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Coronavirus disease 2019 (COVID-19) has spread faster due to the emergence of SARS-CoV-2 variants, which carry an increased risk of infecting patients with comorbidities, such as breast cancer. However, there are still few reports on the effects of SARS-CoV-2 infection on the progression of breast cancer, as well as the factors and mechanisms involved. In the present study, we investigated the impact of SARS-CoV-2 proteins on breast cancer cells (BCC). The results suggested that SARS-CoV-2 M protein induced the mobility, proliferation, stemness and in vivo metastasis of a triple-negative breast cancer (TNBC) cell line, MDA-MB-231, which are involved in the upregulation of NFκB and STAT3 pathways. In addition, compared to MDA-MB-231 cells, the hormone-dependent breast cancer cell line MCF-7 showed a less response to M protein, with the protein showing no effects of promoting proliferation, stemness, and in vivo metastasis. Of note, coculture with M protein-treated MDA-MB-231 cells significantly induced the migration, proliferation, and stemness of MCF-7 cells, which are involved in the upregulation of genes related to EMT and inflammatory cytokines. Therefore, SARS-CoV-2 infection might promote the ability of aggressive BCC to induce the malignant phenotypes of the other non-aggressive BCC. Taken together, these findings suggested an increased risk of poor outcomes in TNBC patients with a history of SARS-CoV-2 infection, which required a long-term follow-up. In addition, the inhibition of NFκB and STAT3 signaling pathways is considered as a promising candidate for the treatment of worsen clinical outcomes in TNBC patients with COVID-19.
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Introduction

Coronavirus disease 2019 (COVID-19) has spread globally since it was first detected in December 2019, resulting in a pandemic that has impacted most nations and resulted in about 250 million illnesses and 5 million deaths (1). COVID-19 is a severe infectious respiratory disease caused by SARS-CoV-2, a new highly contagious virus from the family coronaviridae, like SARS-CoV and MERS-CoV (2). After infection, SARS-CoV-2 causes acute powerful inflammation, which leads to a high mortality rate (2). Although urgent vaccination programs in many countries have helped reduce the number of new cases and the severity of symptom in such cases, the long-term impact of SARS-CoV-2 infection on human health still needs to be investigated.

Among COVID-19 patients, COVID-19–infected cancer patients appear to be more vulnerable than others. Cancer patients have a higher risk of infection, more severe symptoms, and higher mortality rate than non-cancer patients (3). Previous reports have shown that cancer patients had a high incidental diagnosis of SAR2-CoV-2 infection and also suffered worse outcomes than the general population (4–10). Defects in their immune system due to chemotherapy and radiotherapy not only facilitate infection with SARS-CoV-2 (3) but also lead to difficulty enjoying the protective effects of COVID-19 vaccination (11). Furthermore, cancer-related chronic inflammation contributes to more severe symptoms when patients do get infected (3).

In cancer and COVID-19, inflammation is a common characteristic of the pathophysiology. Cytokine storm is a systemic hyperactive immune status characterized by massive cytokine release and is seen in both SARS-CoV-2 infection and cancer (12). Among the cytokines involved in cytokine storm, interleukin-6 (IL6) and tumor necrosis factor α (TNFα) are key proinflammatory cytokines, playing major driver roles in the acute immune response during severe COVID-19 infection (12). IL6 stimulates cancer cell activities and features, such as proliferation, mesenchymal transformation, metastasis, stemness and immune evasion (13, 14). Furthermore, SARS-CoV-2 infection-related cytokine storm and systemic inflammation can induce oxidative stress, DNA damage and genetic instability in normal cells, which trigger the development of benign tumors and malignant transformation in the presence of oncoviruses (15). In addition, Francescangeli et al. suggested that the prolonged inflammation, leukocyte hyperactivation, T-cell impairment and thrombocytosis associated with COVID-19 may create a suitable microenvironment to reawaken dormant cancer cells, particular those with stem-like characteristics that survive after chemotherapy or radiotherapy and have the potential to cause recurrence or metastasis (13, 14). Moreover, Wei et al. also reported a significant increase in serum cancer biomarkers levels in critical cases of COVID-19 disease (16), implying a correlation between SARS-CoV-2 infection and tumorigenesis. Therefore, studying the effects of COVID-19 on cancer is an urgent need in the field of preventive healthcare of cancer patients.

Breast cancer is one of the most frequent cancer types among SARS-CoV-2-infected cancer patients (6, 17, 18). Breast cancer patients infected with SARS-CoV-2 might develop new metastases, progression and death due to tumor progression (8, 9). Therefore, in the present study, we aimed to examine the correlation between SARS-CoV-2 infection and breast cancer progression by studying the effects of SARS-CoV-2 proteins on the phenotypes of different types of human breast cancer cells (BCC), including aggressive MDA-MB-231 cells and non-aggressive MCF-7 cells. In addition, the impact of SARS-CoV-2 proteins on the paracrine effects of aggressive BCC on non-aggressive BCC were also examined.



Materials and Methods


Breast Cancer Cell Culture and Induction With SARS-CoV-2 Protein

The human breast cancer cell lines MDA-MB-231 (ATCC HTB-26) and MCF-7 (ATCC HTB-22) were cultured in Iscove’s modified Dulbecco’s (IMDM) medium (Gibco, Waltham, MA, USA) supplemented with 5% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cells were maintained in humidified incubator with 5% CO2 at 37°C. The medium was changed every two days. On reaching 80% confluence, the cells were trypsinized and subcultured at an initial density of 3.8×104cells/ml in culture medium.

A total of 5×105 cells/ml were then treated by SARS-CoV-2 peptivator Peptide Pools Prot_M (M protein; PepTivator SARS-CoV-2 Prot M, 130-126-702, Miltenyi Biotec, Cologne, Germany), SARS-CoV-2 peptivator Peptide Pools Prot_S (S protein; PepTivator SARS-CoV-2 Prot S, 130-126-700, Miltenyi Biotec) and SARS-CoV-2 peptivator Peptide Pools Prot_N (N protein; PepTivator SARS-CoV-2 Prot N, 130-126-698, Miltenyi Biotec) at concentrations of 60 pmol/ml for 24 h before further analyses.



The Migration Assay

MDA-MB-231 and MCF-7 cells were seeded into each well of a 24-well plate at 2×105 cells/400 µl/well and 1.5×105 cells/300 µl/well, respectively, in cultured medium and incubated for 1 hour before being treated with M protein, S protein and N protein. After 24 h of treatment, Mitomycin C solution (Nacalai Tesque, Kyoto, Japan) was added to the medium at 10 μg/ml for 2 h. A single scratch wound was then created using a 100-µl micropipette tip. The cultured medium was removed and changed to IMDM 0.25% FBS. Pictures were taken right after scratching and 24 h after scratching using a Keyence BZ-X710 microscope system (Keyence Corporation, Osaka, Japan). The migration distance (μm) at 0 and 24 h after wounding was measured using the ImageJ software program (NIH, Bethesda, MD, USA).



The Matrigel Invasion Assay

A suspension of MDA-MB-231 or MCF-7 cells (1×105 cells/200 μl) in IMDM medium was seeded onto a BD Matrigel Basement Membrane Matrix (BD Biosciences, Franklin Lakes, NJ, USA)‐coated 8‐μm BD Falcon cell culture insert transwell (BD Biosciences). A total of 400 μl of IMDM supplemented with 10% FBS was added to the lower compartments of each chamber. The cells were treated with M protein for 24 h. After removing the cells remaining inside the transwell with a cotton swab, the bottom surface of each transwell membrane were then fixed in 4% paraformaldehyde in two minutes, permeabilized in methanol in 20 minutes. Then, the fixed transwell membranes were dipped in Hematoxylin in 30 seconds and washed in distilled water two times, following by dipping in Eosin in 20 seconds and washing in distilled water two times. The membranes were observed under microscope immediately after staining. Five random pictures were taken for each transwell, and the average number of cells was counted using the ImageJ software program. The invasion rate was calculated as follows:

	



The Mammosphere Formation Assay

A suspension of MDA-MB-231 or MCF-7 cells (9.5×103 cells/2 ml) was mixed in MammoCult Basal medium (StemCell Technologies Inc., Vancouver, Canada) containing heparin and hydrocortisone and cultured for 5 days in a 6-well cell culture plate with an ultra-low-attachment surface (Corning; Corning, NY, USA). The mammosphere (diameter ≥100 μm)-forming efficiency (MSFE) was calculated as follows:

	



The Coculture Assay

MCF-7 cells were seeded into each well of a 24-well plate at 1×105 cells/200 µl/well in culture medium and incubated for 2 hours before coculture. A suspension of MDA-MB-231 or MCF-7 cells (1×105 cells/200 μl) seeded onto a 3‐μm BD Falcon cell culture insert transwell (BD Biosciences) was then inserted into an MCF-7 cell-seeded 24-well plate. The cells were treated with M protein for 48 h before undergoing further examinations.



Collection of Conditioned Medium

MDA-MB-231 cells or MCF-7 at the density of 5×105 cells/ml were treated by M protein at concentrations of 60 pmol/ml for 24 h, then the conditioned medium was collected. The conditioned medium was centrifuged at 1000 rpm in 5 minutes, following by another step at 2000 rpm in 20 minutes to remove the cell death and cell debris. In order to inhibit the inflammatory cytokines, neutralizing antibodies were added to conditioned medium, including human anti-TNFα antibody (MAB210, R&D Systems, Minneapolis, MN, USA), anti-IL6 antibody (MAB2061, R&D Systems) and anti-IL8 antibody (MAB208, R&D Systems) at concentrations of 10 μg/ml, 5 μg/ml and 5 μg/ml respectively.



The Proliferation Assay

MDA-MB-231 and MCF-7 cells were seeded into each well of a 96-well plate at 1×104 cells/100 µl/well in culture medium and incubated for 1 hour before being treated with M protein. After 24, 48 and 72 h of treatment, the cell density was determined using a Cell Counting Kit (Dojindo Molecular Technologies, Kumamoto, Japan) 1 h before the absorbance was measured at a wavelength of 450 nm (OD450nm).



Quantitative Reverse Transcription (qRT) PCR Gene Expression Analyses

To investigate the gene expression at the transcriptional level, qRT-PCR was carried out. MDA-MB-231 and MCF-7 cells were seeded into each well of a 6-well plate at 5×105 cells/1 ml/well in culture medium and incubated for 1 hour before being treated with M protein. After 24 hours, total RNA was isolated using Sepasol-RNA Super G (Nacalai Tesque) according to the instruction of the manufacturer. 2 μg of total RNA sample was reverse transcribed into cDNA using RT-PCR ReverTra Ace qPCR RT kit (Toyobo, Kita, Osaka, Japan). 2 µl of cDNA templates was subjected to realtime PCR amplification using THUNDERBIRD SYBR qPCR Mix (Toyobo) in Real-time PCR system QuantStudio 5 (Thermo Fisher Scientific). The qPCR program comprised an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles of denaturation step at 95°C for 15s, annealing and extension step at 60°C for 30s. The sequences of qPCR primers for analysis were listed in Table 1. The expression levels of target genes were analyzed using the ΔΔCt method and normalized to the expression level of internal control housekeeping gene ACTB (β-actin) in each sample by the formula 2-ΔCt.


Table 1 | Primer sequences.





Western Blotting

MDA-MB-231 and MCF-7 cells were seeded into 10cm dish at 3.2×106 cells/6.4 ml/dish in culture medium and incubated for 1 h before being treated with M protein. After 24 h, cells were harvested, and nuclear proteins were extracted using RIPA buffer (25 mM Tris, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholic acid, 0.1% SDS) for 30 min; samples were then centrifuged at 15,000 rpm at 4°C for 10 min. The protein concentration was measured using the Bradford method (Biorad, Hercules, CA, USA).

Protein samples were denatured at 95°C for 3 minutes in sodium dodecyl sulfate (SDS) loading buffer (Wako Pure Chemical, Osaka, Japan) and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (50 μg per sample) and electrotransferred to PVDF membranes (Merck Millipore, Burlington, MA, USA). Membranes were then incubated with primary antibodies, including rabbit anti-pan-STAT3 (8204S; Cell Signaling Technology, Danvers, MA, USA) and rabbit anti-phosphorylated STAT3 (pSTAT3) (8204S; Cell Signaling Technology) at 1:1000 dilution. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Thermo Fischer Scientific) was used as a secondary antibody at 1:10000 dilution. Signals were detected by chemiluminescence HRP substrate (Merck Millipore) in an Image Quant LAS 4000 system (GE Healthcare, Chicago, IL, USA) and analyzed using the ImageJ software program.



The In Vivo Metastasis Assay

Female C57BL/6J mice were bred under specific-pathogen-free (SPF) conditions. All experimental procedures were approved by the University of Tsukuba Institute Animal Care and Use Committee. MDA-MB-231 and MCF-7 cells were seeded into each well of a 6-well plate at 5×105 cells/1 ml/well in culture medium and incubated for 1 hour before being treated with M protein. After 24 h, cells were harvested and resuspended in phosphate-buffered saline (PBS) before injection. The cell suspension (2 ×105 cells/300 μl) was injected into the tail vein, and mice were injected with Cyclosporin‐A (Sigma‐Aldrich) every day for the first week and every 2 days for the second week (200 μl per mouse) for immunosuppression.

After 14 days, the mice were sacrificed by cervical dislocation, and the lungs were collected, fixed with 4% paraformaldehyde (Wako Pure Chemical), and turned into frozen sections. The lung sections were stained by Hematoxylin–Eosin. All sections of each sample were observed under a microscope to find all tumors foci. The tumor foci area was measured by the ImageJ software program.



Statistical Analyses

The results were described as the mean ± standard deviation (SD). Differences were analyzed using the Mann Whitney U-test of the GraphPad Prism 5 software program (GraphPad Software Inc., San Diego, CA, USA). Differences were considered to be significant if P value of ≤0.05.




Results


Different Responses of TNBC Cells and Hormone Dependent Cells to SARS-CoV-2 M Protein

Firstly we examined the effects of SARS-CoV-2 proteins, including membrane protein (M protein), spike protein (S protein) and nucleocapsid protein (N protein) on the migratory ability of aggressive breast cancer cells (BCC), MDA-MB-231 cells, and non-aggressive BCC, MCF-7 cells. The results showed that compared with S and N proteins, M protein shows a significantly greater ability to induce the migration of both MDA-MB-231 and MCF-7 cells (MDA-MB-231: 2.8-fold increase, MCF-7: 1.6-fold increase, Figure 1A). Therefore, we next examined the effects of M protein on the other phenotypes of BCC, including the invasion, proliferation, and stemness. As a result, M protein induced the invasion through Matrigel in both MDA-MB-231 and MCF-7 cells (MDA-MB-231 cells: 2.25-fold increase MCF-7 cells: 2.6-fold increase, Figure 1B). However, while M protein induced proliferation and sphere formation in MDA-MB-231 cells (proliferation: 1.4-fold increase after 72 h of treatment, sphere formation: 2.1-fold increase, Figures 1D, E), MCF-7 cells showed no marked induction of proliferation or stem-like sphere formation after treatment with M protein (Figures 1C, D).




Figure 1 | Responses of BCC to SARS-CoV-2 protein. (A) The migration of BCC in response to SARS-CoV-2 proteins. (B) The BCC invasion assay in response to M protein. (C) The proliferation of BCC in response to M protein. (D) The mammosphere assay of BCC in response to M protein. (E) Lung sections from an in vivo metastasis assay of BCC, arrows indicate tumors in lungs. (F) Number of tumor foci from an in vivo metastasis assay. (G) Tumor sizes from an in vivo metastasis assay in individual mice; each dot indicates a tumor. (H) The mRNA expression of genes related to EMT process in BCC. (I) The mRNA expression of EMT markers in BCC. (J) The mRNA expression of SARS-CoV-2 binding receptor genes in BCC. U, untreated BCC; M, M protein-treated BCC. The scale bars indicate 500 µm. Each value represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01).



We next examined the effects of M protein on the in vivo metastasis of BCC in a lung metastatic mouse model. BCC (including those treated by M protein) were intravenously injected into mice via the tail vein, and then the number of tumor foci and the size of tumors in the lungs were examined (Figure 1E). As a result, mice injected with M protein-treated MDA-MB-231 cells showed significantly more tumor foci in the lungs (2.5-fold increased, Figure 1F) than those injected with untreated MDA-MB-231 cells. In addition, M protein-treated MDA-MB-231 cells tended to form larger tumors with a greater tumor size variability in mouse lungs than untreated MDA-MB-231 cells (Figure 1G). In contrast to MDA-MB-231 cells, MCF-7 cells showed no induced metastatic ability in vivo after treatment with M protein. Mice injected with M protein-treated MCF-7 cells showed no significant difference in the number of tumor foci (Figures 1E, F) from those injected with untreated MCF-7 cells, and although there were some remarkably large tumors (>0.4 mm2) in mice injected with M protein-treated MCF-7 cells, the median tumor size did not remarkably increase compared to those injected with untreated MCF-7 cells (Figure 1G).

Epithelial to mesenchymal transition (EMT) plays an important role in tumor progression and metastasis (19). Upon EMT, carcinoma cells lose epithelial marker expression and cell polarity and instead acquire the mesenchymal morphology, mobility and invasion capabilities critical for tumor invasion and metastasis (19). In addition, cancer cells obtain stem cell-like characteristics through EMT, which facilitates cancer relapse and metastasis (20). Therefore, we next examined the effects of M protein on the expression of genes related to EMT, proliferation and stemness of BCC. The results showed that M protein upregulated the expression of genes related to stemness and EMT, such as Twist (5.4-fold increase), Zeb1 (16-fold increase), HIF-1α (1.5-fold increase) and Snail (7.2-fold increase) in MDA-MB-231 cells, and Twist (3.9-fold increase), Zeb1 (3.7-fold increase), HIF-1α (2.5-fold increase) and Slug (2.7-fold increase) in MCF-7 cells (Figure 1H). In addition, while MDA-MB-231 cells treated with M protein showed an increased expression of mesenchymal markers, including N-Cadherin (2-fold increase) and Vimentin (3.5-fold increase) (19), MCF-7 cells showed no altered expression of these genes by M protein (Figure 1I). Interestingly, the expressions of ACE2 and TMPRSS2, the binding receptors of SARS-CoV-2, were upregulated by the induction of M protein in MDA-MB-231 cells (ACE2: 2.8-fold increase, TMPRSS2: 11.3-fold increase) but not in MCF-7 cells (Figure 1J).

Taken together, these data suggested different responses to SARS-CoV-2 M protein between TNBC cells and hormone-dependent BCC. While M protein induced the in vitro migration and invasion of both MDA-MB-231 and MCF-7 cells, only MDA-MB-231 cells showed the promotion of proliferation, stemness and in vivo metastasis in response to M protein.



Involvement of the NFκB Pathway in the Induction of the Upregulation of EMT Genes and Migration of BCC by SARS-CoV-2 M Protein

SARS-CoV-2 infection is associated with cytokine storm characterized by the massive release of inflammatory cytokines, including IL6, TNFα and IL8 (12, 21). In addition, previous studies have suggested a relationship between inflammatory cytokines and EMT in cancer cells (22). Therefore, we next examined the expression of inflammatory cytokines treated with M protein in BCC. As shown in Figure 2A, after treatment with M protein, MDA-MB-231 cells showed the significant upregulation of TNFα, IL6 and IL8 (TNFα: 6.6-fold increase, IL6: 9.4-fold increase; IL8: 2.6-fold increase). However, M protein showed no effect of inducing the expression of these inflammatory cytokines in MCF-7 cells (Figure 2A).




Figure 2 | NFκB pathway was involved in the upregulation of EMT genes and the induction of migration of BCC by SARS-CoV-2 M protein. (A) Gene expression of inflammatory cytokines in BCC treated with M protein. (B) Protein expression of p65 and p50 in BCC treated with M protein. (C) The mRNA expression of inflammatory cytokines in BCC in the presence of M protein and NFκB inhibitor. (D) The mRNA expression of genes related to EMT process in BCC in the presence of M protein and NFκB inhibitor. (E) The mRNA expression of EMT markers in MDA-MB-231 cells treated with M protein in the presence of NFκB inhibitor. (F) Migration of BCC treated with M protein in the presence of NFκB inhibitor. BAY11-7082 10 μM was used as NFκB inhibitor. U, untreated BCC; M, M protein-induced BCC. The scale bars indicate 500 µm. Each value represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).



Numerous studies have reported the role of the NFκB signaling pathway in the upregulation of inflammatory cytokines, such as IL6, IL8, and TNFα (23). In addition, NFκB activation in breast cancers results in EMT and a stem-like phenotype (23). Therefore, we next examined the involvement of NFκB signaling pathway in the upregulation of inflammatory and EMT genes in M protein-treated BCC. As shown in Figure 2B, both MDA-MB-231 and MCF-7 cells showed an increase in p50 (MDA-MB-231: 1.8-fold increase, MCF-7: 3.2-fold increase) and p65 (MDA-MB-231: 1.5-fold increase, MCF-7: 4.4-fold increase) in response to M protein. Of note, in the presence of an NFκB inhibitor, M protein-treated MDA-MB-231 cells showed the downregulation of inflammatory cytokines (Figure 2C).

Next, we examined the effect of treatment with an NFκB inhibitor on the expression of EMT genes which were upregulated by M protein in MDA-MB-231 and MCF-7 cells. As shown in Figure 2D, treatment with an NFκB inhibitor impaired the expression of EMT genes upregulated by M protein in MDA-MB-231, such as Twist (2.2-fold decrease), Zeb1 (2.5-fold decrease), HIF-1α (2-fold decrease) and Snail (1.4-fold decrease). However, while treatment with an NFκB inhibitor induced the downregulation of Twist expression (2-fold decrease) in M protein-treated MCF-7 cells, no effects on the other genes, such as Zeb1, Slug or HIF-1α, were observed (Figure 2D). In addition, treatment with an NFκB inhibitor resulted in the downregulation of mesenchymal markers, including N-Cadherin (1.7-fold decrease) and Vimentin (1.8-fold decrease) in M protein-treated MDA-MB-231 (Figure 2E). We next examined the effects of NFκB inhibitor on the migration of M protein-treated BCC. As a result, treatment with NFκB inhibitor significantly decreased the migratory ability of both M protein-treated MDA-MB-231 cells and M protein-treated MCF-7 cells (MDA-MB-231: 2-fold decrease, MCF-7: 2.1-fold decrease, Figure 2F).

Taken together, these results suggested that M protein significantly induced the expression of inflammatory cytokines in MDA-MB-231 cells but not MCF-7 cells, which was involved in the upregulation of the NFκB pathway. Of note, the NFκB pathway was also highly involved in the M protein-induced migration of both MDA-MB-231 and MCF-7 cells.



Contribution of STAT3 Pathway Activation to the Induction of the Upregulation of EMT Genes and Migration of BCC by SARS-CoV-2 M Protein

In addition to the NFκB pathway, the Jak/STAT3 pathway is also reportedly involved in the upregulation of genes related to EMT in BCC (24). Therefore, we examined the role of the STAT3 pathway in the responses of BCC to M protein. The results showed that treatment with M protein significantly activated the phosphorylation of STAT3 in both MDA-MB-231 and MCF-7 cells (MDA-MB-231: 2.3-fold increase, MCF-7: 3-fold increase, Figure 3A).




Figure 3 | Activation of STAT3 pathway contributed to the upregulation of EMT genes and the induction of migration of BCC by SARS-CoV-2 M protein. (A) The phosphorylation of STAT3 in BCC treated with M protein. (B) Gene expression of inflammatory cytokines in MDA-MB-231 cells treated with M protein in the presence of STAT3 inhibitor. (C) EMT-related gene expression in BCC treated with M protein in the presence of STAT3 inhibitor. (D) The mRNA expression of EMT markers in MDA-MB-231 cells treated with M protein in the presence of STAT3 inhibitor. (E) Migration of BCC treated with M protein in the presence of STAT3 inhibitor. (F) The phosphorylation of STAT3 in MDA-MB-231 in the presence of M protein and the NFκB inhibitor. Galiellalactone 100 ng/ml (SC-202165; Santa Cruz Biotechnology) was used as a STAT3 inhibitor. BAY11-7082 10 μM was used as an NFκB inhibitor. U, untreated BCC; M, M protein-induced BCC. The scale bars indicate 500 µm. Each value represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01).



In addition, while treatment with a STAT3 inhibitor showed no marked effects on the expression of inflammatory cytokines in MDA-MB-231 cells (Figure 3B), it resulted in the reduced expression of EMT genes upregulated by M protein, such as Twist (2.2-fold decrease), Zeb1 (7.4-fold decrease), HIF-1α (1.95-fold decrease), Snail (1.5-fold decrease) in MDA-MB-231 cells and Zeb1 (1.7-fold decrease) in MCF-7 cells (Figure 3C). In addition, treatment with a STAT3 inhibitor impaired the expression of mesenchymal markers, such as N-Cadherin (2.4-fold decrease), and Vimentin (2.9-fold decrease) in M protein-treated MDA-MB-231 cells (Figure 3D).

Next, we examined the role of the STAT3 pathway in the induced migratory ability of BCC by M protein. As a result, treatment with a STAT3 inhibitor significantly suppressed M protein-induced migration in both MDA-MB-231 and MCF-7 cells (MDA-MB-231: 2.9-fold decrease, MCF-7: 1.5-fold decrease, Figure 3E).

To examine the relationship between the NFκB and STAT3 pathways in M protein-treated MDA-MB-231 cells, we next examined the phosphorylation of STAT3 protein in M protein-treated MDA-MB-231 cells cultured in the presence of an NFκB inhibitor. As shown in Figure 3F, an NFκB inhibitor suppressed the phosphorylation of STAT3 in M protein-treated MDA-MB-231 cells (1.3-fold decrease, p<0.05), suggesting that the activation of the NFκB pathway might trigger the STAT3 pathway in M protein-treated MDA-MB-231 cells.

Taken together, these data suggested that, in MDA-MB-231 cells, M protein activated NFκB, consequently upregulating inflammatory cytokines and the STAT3 pathway, which are involved in the induction of EMT and migration. However, in MCF-7 cells, the activation of both the NFκB and STAT3 pathways was involved in the induction of the expression of EMT genes and migration.



Promotion of Mobility, Proliferation and Stemness of MCF-7 Cells by SARS-CoV-2 M Protein-Treated MDA-MB-231 Cells

Tumors are a heterogenous mixture of different malignant and nonmalignant cells, in which non-aggressive cells can acquire new phenotypes through communication with aggressive cells, promoting malignancy (25). Therefore, to examine the effects of aggressive BCC on non-aggressive BCC, we next cocultured MCF-7 cells, a non-aggressive BCC line, with MDA-MB-231 cells, an aggressive BCC line, and characterized the altered phenotypes of MCF-7 cells. The results showed that coculturing with MDA-MB-231 cells significantly induced the proliferation of MCF-7 cells (1.3-fold increase after 72 h coculturing, Figure 4A) but showed no effects on the sphere formation or migration of MCF-7 cells (Figures 4B, C). We then examined the effects of MDA-MB-231 cells on the gene expression of MCF-7 cells. Coculturing with MDA-MB-231 cells significantly induced the expression of Snail (1.4-fold increase) but showed no effects on the expression of the other EMT genes (Figure 4D). In addition, coculturing with MDA-MB-231 cells upregulated the expression of Vimentin (1.7-fold increase, Figure 4E), a mesenchymal marker in EMT in MCF-7 cells. However, coculturing with MDA-MB-231 cells showed no effects on the expression of inflammatory cytokines, including TNFα, IL6 and IL8 in MCF-7 cells (Figure 4F). Interestingly, coculturing with MDA-MB-231 cells significantly upregulated the expression of ACE2 (2.74-fold increase, Figure 4G), a binding receptor of SARS-CoV-2.




Figure 4 | SARS-CoV-2 M protein-treated MDA-MB-231 cells promoted the mobility, proliferation and stemness of MCF-7 cells. (A) Proliferation of MCF-7 cells cocultured with MDA-MB-231 cells. (B) A mammosphere assay of MCF-7 cells cocultured with MDA-MB-231 cells. (C) Migration of MCF-7 cells cocultured with MDA-MB-231 cells. (D) The mRNA expression of genes related to EMT process in MCF-7 cells cocultured with MDA-MB-231 cells. (E) The mRNA expression of EMT markers in MCF-7 cells cocultured with MDA-MB-231 cells. (F) Gene expression of inflammatory cytokines in MCF-7 cells cocultured with MDA-MB-231 cells. (G) Gene expression of SARS-CoV-2 binding receptors in MCF-7 cells cocultured with MDA-MB-231 cells. (H) Gene expression of SARS-CoV-2 binding receptors in MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (I) Gene expression of inflammatory cytokines in MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (J) Gene expression of EMT markers in MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (K) The mRNA expression of genes related to EMT process in MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (L) Proliferation of MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (M) Mammosphere assay of MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (N) Migration of MCF-7 cells cocultured with M protein-treated MDA-MB-231 cells. (O) Migration of MCF-7 cells in conditioned medium (CM) from M protein-treated MCF7 cells or M protein-treated MDA-MB-231 cells in the presence of anti-TNFα antibody, anti-IL6 antibody and anti-IL8 antibody. The scale bars indicate 500 µm. Each value represents the mean ± SD of triplicate experiments. (ns, no significance; p > 0.05; *p ≤ 0.05; **p ≤ 0.01).



Next, we examined the effects of M-protein on the ability of MDA-MB-231 cells to alter the phenotypes of MCF-7 cells. First, MCF-7 cells were cocultured with M protein-treated MDA-MB-231 cells, and then the gene expression was compared with that of MCF-7 cells treated with M protein directly. The results showed that coculturing with M protein-treated MDA-MB-231 cells induced the expression of ACE2, the SARS-CoV-2-binding receptor, in MCF-7 cells (3.6-fold increase, Figure 4H). Of note, coculturing with M protein-treated MDA-MB-231 cells upregulated the expression of inflammatory cytokines, which was not seen in MCF-7 cells treated with M protein directly (IL6: 2-fold increase, IL8: 5.3-fold increase, and TNFα:1.6-fold increased, Figure 4I). In addition, M protein-treated MDA-MB-231 cells significantly induced the expression of Vimentin (2.2-fold increase, Figure 4J), but showed no effects to upregulated other genes related to EMT in MCF-7 cells (Figure 4K).

We then examined the effects of M protein-treated MDA-MB-231 cells on the phenotypes of MCF-7 cells in comparison to MCF-7 cells treated with M protein directly. The results showed that M protein-treated MDA-MB-231 cells significantly induced the proliferation of MCF-7 cells (1.7-fold increase after 96 h of coculturing, Figure 4L). Notably, M protein-treated MDA-MB-231 cells showed the significant promotion of sphere formation (1.64-fold increase, Figure 4M) and migration (1.43-fold increase, Figure 4N) of MCF-7 cells, findings that were not observed in MCF-7 cells cocultured with MDA-MB-231 cells.

M protein-treated MDA-MB-231 cells showed the upregulation of inflammatory cytokines such as TNFα, IL6 and IL8 (Figure 2A), which were reported to be involved in the EMT and metastasis of BCC (26, 27). Therefore, we speculated the effects of these cytokines on the induced migration of MCF-7 cells by M protein-treated MDA-MB-231 cells. To check this hypothesis, the migration of MCF-7 cells in the conditioned medium-derived from M protein-treated MDA-MB-231 cells (CM) were compared with those in CM with the addition of neutralizing antibodies for TNFα, IL6, and IL8. As shown in Figure 4O, while CM significantly promoted the migration of MCF-7 cells, CM with the addition of neutralizing antibodies, either individually or together, showed no induced effects on the migration of MCF-7 cells. These data suggested that the upregulation of TNFα, IL6 and IL8 contributed to the induced paracrine effects of M protein-treated MDA-MB-231 cells on the migration of MCF-7 cells.

Taken together, these data suggested that, in addition to promoting the metastatic phenotypes of MDA-MB-231 cells, M protein also induces the paracrine effects of MDA-MB-231 cells on other non-aggressive BCC, thereby facilitating cancer progression. Specifically, M protein-treated MDA-MB-231 cells induced migration, proliferation and stemness, which might be involved in the upregulation of inflammatory cytokines and EMT genes, of MCF-7 cells.




Discussion

Numerous studies have suggested that, in addition to having a high risk of SARS-CoV-2 infection, cancer patients might have an increased risk of accelerated cancer progression following infection (6–10). In addition, several case reports showed that breast cancer developed worsened outcomes after being infected by SARS-CoV-2, including new metastases and death due to tumor progression (8, 9). In the present study, our results demonstrated that SARS-CoV-2 M protein stimulated the migration, invasion and expression of EMT genes in both MDA-MB-231 cells, a TNBC cell line, and MCF-7 cells, a hormone-dependent BCC line (28, 29). These results were in line with those of a previous study in which sera from COVID-19 patients induced EMT and Vimentin, Zeb1 and Snail expression in lung, breast and colon cancer cells in vitro (10).

Previous study suggested that breast tumor tissues from TNBC patients showed the expression of ACE2, a receptor of SARS-CoV-2 (30). In the present study, we found that while MCF-7 cells showed the low expression of ACE2 and TMPRSS2 on the cell membrane surfaces, MDA-MD-231 cells exhibited the high expression of these receptors (Supplementary Figure 1). Among subtypes of breast cancer, TNBC is an aggressive type with a poor prognosis and low efficacy of targeted treatment (31). This raises concerns that cancer progression might be exacerbated when TNBC patients are infected with SARS-CoV-2. Of note, our finding suggested that MDA-MB-231 cells, but not MCF-7 cells, showed the induced aggressive phenotypes, including proliferation, stemness and in vivo metastasis by M protein. Therefore, it is necessary to perform further studies with a long-term follow-up of TNBC patients after SARS-CoV-2 infection.

In BCC, the activation of NFκB, a proinflammatory transcription factor, drives the inflammatory responses, proliferation, migration and invasion, leading to cancer development and progression. NFκB is also involved in the expansion of breast cancer stem cells, which are intimately associated with cancer relapse and metastasis. In clinical studies, the enhanced activation of NFκB is associated with the breast tumor size, malignant progression, aggressive behavior and metastases in breast cancer (23). A previous study reported that M protein of coronaviruses triggered the NFκB signaling pathway in MDA-MB-231 cells (32). Consistently, our study showed that M protein of SARS-CoV-2 activated the NFκB pathway, which is responsible for the upregulation of EMT and tumor progression-related genes, such as Zeb1/2, Snail, Twist and HIF-1α, in MDA-MB-231 cells (33). In addition, the activation of the NFκB pathway in M protein-treated MDA-MB-231 cells also induced the expression of inflammatory cytokines, including IL6, IL8, and TNFα, which are involved in tumor initiation and homing and metastasis of BCC (34–36) and might contribute to the amplification of the cytokine storm.

Numerous studies reported that STAT3, a signaling pathway associated with migration, invasion and cell plasticity, is associated with the NFκB pathway and stem-like phenotype of BCC (24, 37, 38). In addition, STAT3 was reported to be activated by inflammatory cytokines, such as IL6, IL8 and TNFα, which enhance breast cancer proliferation, invasion and metastasis through the upregulation of Twist, Snail, Slug, Vimentin and HIF-1α (24). In the present study, our findings suggested crosstalk between the NFκB and Jak/STAT3 signaling pathways through the autocrine expression of IL6, IL8 and TNFα in MDA-MB-231 cells induced by SARS-CoV-2 M protein. Therefore, the NFκB and Jak/STAT3 signaling pathways might be promising targets of treatment for TNBC patients who develop COVID-19 infection.

Tumors are a heterogenous mixture of cancer cells, in which non-aggressive cells can acquire new phenotypes such as malignancy through communication with aggressive cells (25). By coculturing of MCF-7, as a non-aggressive BCC, with MDA-MB-231, as an aggressive BCC, we found that MDA-MB-231 cells induced the proliferation, migration, and the expression of Vimentin, a mesenchymal marker, of MCF-7 cells. Our data are in line with those of previous studies which suggested that TNBC cells induce other subtypes of BCC to transform to an aggressive phenotype (39, 40). Of note, our findings suggested that M protein induction amplified the ability of MDA-MB-231 cells to induce the transition to an aggressive phenotype of MCF-7 cells, including the migration, proliferation, stemness and inflammatory cytokine expression, which were not happened in MCF-7 cells directly treated by M protein (Figure 5). Interestingly, our findings showed that the coculture of MCF-7 cells with M protein-treated MDA-MB-231 cells significantly induced the expression of ACE2 in MCF-7 cells. As ACE2 also serves as a biomarker of EMT and metastasis (15, 41), these data hinted that the upregulation of ACE2 by M protein-induced aggresstive BCC might facilitate the infection of SARS-CoV-2 and metastasis in non-aggressive BCC; suggesting that, in the heterogenous mixture of cells inside tumors, SARS-CoV-2-infected aggressive BCC may affect non-aggressive BCC through secretome and cytokine storm and promote a poor general outcome of tumor progression. Our present data were based on established cell lines instead of patient samples; therefore, it is worth to investigate the effects of SARS-CoV-2 infection on the interaction between aggressive BCC and non-aggressive BCC derived from breast cancer patients.




Figure 5 | Proposed model: In TNBC cells, SARS-CoV-2 M protein activated the NFκB and STAT3 signaling pathways, which are involved in mobility, proliferation and stemness, thereby facilitating in vivo metastasis. In addition, SARS-CoV-2 M protein-treated TNBC cells caused malignant transformation of non-aggressive BCC.



Numerous reports showed the existence of SARS-CoV-2 viral proteins in sera of COVID-19 patients (42–45), suggesting that in addition to the direct infection of SARS-CoV-2 into cells, free viral proteins of SARS-CoV-2 in sera might also affect the surrounding cells. However, although several studies reported the effects of SARS-CoV-2 proteins on numerous types of cells (46–48), how SARS-CoV-2 protein, such as M protein, gets internalized into the cell is still obscured. Therefore, it is noteworthy for a further study to examine whether M protein binds to a specific receptor in the membrane surface of breast cancer cells or is non-selectively internalized into cells through macropinocytosis (49).



Conclusion

In summary, the present study demonstrated the effects of SARS-CoV-2 M protein on the malignant phenotypes of TNBC MDA-MB-231 cells, including the invasion, proliferation, stemness and in vivo metastasis of TNBC MDA-MB-231 cells, which might be involved in the upregulation of EMT genes regulated by the NFκB and Jak/STAT3 signaling pathways. Of note, M protein promoted the ability of MDA-MB-231 cells to induce malignant phenotypes in nonaggressive BCC lines, such as the hormone-dependent line MCF-7. Therefore, our findings suggested an increased risk of poor outcomes in breast cancer patients following SARS-CoV-2 infection, which should be noted while caring for cancer patients with COVID-19.
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Supplementary Figure 1 | MDA-MB-231 cells showed higher expression of SARS-CoV2 binding receptors, ACE2 and TMPRSS2, in comparison to MCF-7 cells. BCC were stained with primary antibodies, including rabbit Anti-ACE2 antibody (GTX101395, Genetex, Irvine, CA, USA) or rabbit Anti-TMPRSS2 antibody (GTX81494, Genetex) following by secondary antibody Goat Anti-rabbit Igg DyLight488 (GTX213110-04, Genetex). The expression of ACE2 and TMPRSS2 was examined by fluorescence activated cell sorting (FACS) analysis.

Supplementary Figure 2 | Full-length blots of Western blot figures. (A) Protein expression of p65 and p50 in MDA-MB-231 and MCF7 cells, which shown in Figure 2B. (B) The phosphorylation of STAT3 protein in MDA-MB-231 and MCF7 cells, which shown in Figure 3A. (C) The phosphorylation of STAT3 protein in MDA-MB-231 and MCF7 cells in the present of NFκB inhibitor, which shown in Figure 3F.
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The majority of breast cancers are estrogen receptor (ER)+ and agents targeting the ER signaling pathway have markedly increased survival for women with breast cancer for decades. However, therapeutic resistance eventually emerges, especially in the metastatic setting. In the past decade disrupted epigenetic regulatory processes have emerged as major contributors to carcinogenesis in many cancer types. Aberrations in chromatin modifiers and transcription factors have also been recognized as mediators of breast cancer development and therapeutic outcome, and new epigenetic-based therapies in combination with targeted therapies have been proposed. Here we will discuss recent progress in our understanding of the chromatin-based mechanisms of breast tumorigenesis, how these mechanisms affect therapeutic response to standard of care treatment, and discuss new strategies towards therapeutic intervention to overcome resistance.
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Introduction

Over 250,000 breast cancer cases are diagnosed in the US each year (1). The majority of breast cancers (70%) express estrogen receptor (ER) and are treated with agents targeting the ER signaling pathway (2). Endocrine therapy has markedly improved the lives of breast cancer patients for decades. More recently the addition of PI3K inhibitors (alpelisib) or CDK4/6 inhibitors (palbociclib, ribociclib, abemaciclib) to antiestrogens has significantly prolonged progression-free survival (PFS) in comparison to anti-estrogens alone in patients with ER+ metastatic breast cancer (3–6). However, de novo and acquired resistance to these treatments remains a major challenge and a high research and clinical priority (5, 7). Research over the past decade has unmasked a key contribution of disrupted chromatin and transcriptional regulatory processes to cancer and in particular, ER+ breast cancer. Laboratory-based functional genetic screens (siRNA, CRISPR), together with molecular profiling of biopsies from patients resistant to targeted therapies have unveiled chromatin modifiers and transcription factors linked to metastatic resistant tumors. Here we review several key epigenetic mechanisms dictating breast cancer tumorigenesis and their roles in therapeutic response in ER+ breast cancer. We also discuss the role of epigenetic factors as promising new targets for overcoming therapeutic resistance in breast cancer.



Epigenetic Mechanisms of ER Signaling

ER is a member of the endocrine or steroid receptor subfamily of nuclear receptors, also known as Type I nuclear receptors. As members of this subfamily, ER and other nuclear receptors such as AR, share a ligand binding-driven activation mechanism, meaning they bind chromatin upon steroid stimulation. Moreover, they have a common structural domain distribution that ensures the presence of: a variable binding site for interaction with cooperating factors at the N-terminus, namely activation function 1 (AF1); a DNA binding domain (DBD); the interdomain hinge, which encompasses a nuclear localization sequence (Hinge); and a specific ligand-binding domain, which also enables the interaction with additional cofactors and is known as activation function 2 (LBD, AF2) (2). While these nuclear receptors exist at the plasma membrane (in their monomeric form) and in the nucleus (dimerized), the major pool of ER (85%) localizes to the nucleus upon estrogen stimulation. Upon the hormonal trigger ER monomers change conformation and dimerize (Figure 1). Dimerized ER is then translocated into the nucleus where it specifically binds at estrogen responsive elements (EREs), with the subsequent induction of the estrogen response (8). This leaves approximately 5% of ER, in its monomeric conformation, that travels to the cell surface upon palmitoylation and subsequently associates with Caveolin-1. ER relies on interactions with several co-regulator proteins to promote or inhibit its activity (Figure 1). Examples include the p160 family proteins (SRC1, GRIP1 and AIB1), namely co-activators, as well as nCOR1 and SMRT, which function as repressors Other cooperating factors consist of pioneer factors, such as FOXA1 (9) or GATA3 (10); ATP-dependent chromatin remodelers, for instance SWI/SNIF complex subunits BRG1, BRM or BAF57; and finally, histone and DNA modifiers, such as acetyltransferases (HATs), deacetylases (HDACs), methyltransferases and demethylases. p160 proteins are responsible for recruiting the co-activators p300 and CBP, and histone methyltransferases CARM1 and PRMT1. p300 and CBP have intrinsic and specific histone acetyltransferase (HAT) activity for H3K14, H4K5, H4K8 and additional lysine residues in histone 2A and 2B subunits. ER can also indirectly interact with other HATs. An example is p300/CBP-associated factor (PCAF), which can self-acetylate or be acetylated by p300, while it acetylates H3K9 and H3K14. On the other hand, PRMT1 is responsible for H4R3 methylation, while CARM1 methylates H3R2, H3R17 and H3R26. However, these methylation modifications are reversible through the action of the lysine-specific demethylase 1 (LSD1), which can specifically demethylate H3K4 and H3K9 (2). Bromodomain protein BRD4 has also been shown to be required for ER-dependent enhancer activation and transcription (11). Finally, ER also interacts with other epigenetic regulators, such as Polycomb repressive complex 1 (PRC1) (12). RING1B, a core PRC1 subunit and a histone H2A ubiquitin ligase, is overexpressed in luminal breast cancers and is a crucial regulator of the dynamic, liganded-ER transcriptional programs (13).




Figure 1 | Mechanism of action of classical and novel endocrine therapies. Schematic diagram depicting, on the left, the canonical estrogen receptor (ER) activating signaling cascade and potential downstream interactor types; and on the right, the different mechanisms of disruption of this signaling pathway upon distinct endocrine therapy strategies, such as, aromatase inhibitors (AI, 1), selective ER modulators (SERMs, 2), selective ER degraders (SERDs, 3) and proteolysis targeting chimeras (PROTACs, 4). E2, estrogen; ER, estrogen receptor; T, tamoxifen; F, fulvestrant; E3, E3 ligase; HMT, histone methyltransferase; HAT, histone acetyltransferase; coA/R, co-activator/repressor; PF, pioneer factor; TSS, transcription start site; ERE, estrogen response element.





Genomic Alterations and Standard of Care Targeted Therapies in ER+ Breast Cancer

Breast cancer was first demonstrated to be a hormone-driven disease by George Beatson in 1896 (14), long before the discovery of ER by Elwood Jensen and Jack Gorski in 1967 (15, 16). These findings ignited the development of endocrine therapies and personalized medicine. Currently, the ER signaling pathway is targeted by selective ER modulators (SERMs) (e.g., tamoxifen), which compete with estrogen for binding to ER; selective ER degraders (SERDs) (e.g., fulvestrant) that are thought to induce ER protein degradation or block ER activity; and aromatase inhibitors (AIs) (e.g., anastrozole, letrozole, exemestane), which deplete estrogen sources by inhibiting the conversion of androgens to estrogens (5) (Figure 1). Of note, it has been recently shown that a number of fulvestrant-like ER degraders suppress ER dependent-transcription mainly by slowing the intra-nuclear mobility of ER (17). In addition, a number of next generation oral SERDs with potentially better pharmacological properties than fulvestrant are in clinical trials (18) (Figure 1). These include rintodestrant (phase I, NCT03455270), elacestrant/RAD1901 (phase 3, NCT03778931), giredestrant/GDC-9545 (phase II, NCT04436744), amcenestrant/SAR439859 (phase III, NCT04478266), camizestrant/AZD-9833 (phase III, NCT04711252), and LY3484356 (phase I, NCT04188548) among others. Recent press news has revealed that giredestrant and amcenestrant did not meet their primary endpoint of improving progression free survival (PFS) while the EMERALD trials of elecastrant showed a 30% reduction in PFS during the 2021 San Antonio Breast Cancer Symposium. Novel therapies that are also in the clinic include the SERMs lasofoxifene (phase II, NCT03781063), bazedoxifene (phase I/2, NCT02448771), the proteolysis-targeting chimeras (PROTAC) ARV-471 (phase 1/2, NCT04072952), and the selective estrogen receptor covalent antagonist (SERCA) H3B-5942 (phase I, NCT04288089). Preclinical work has shown significant single-agent antitumor activity of H3B-5942 in wild-type ER and mutant ER xenograft models that was superior to fulvestrant and whose potency could be improved further in combination with CDK4/6 or mTOR inhibitors (19). The development of these new bioavailable drugs against ER raises hopes that they may improve the lives of patients with resistant ER+ breast cancer.

One of the hallmarks of ER+ breast cancer is its dependence on the phosphatidylinositol-3-kinase (PI3K) pathway, which is highlighted by the frequency of activating mutations in the gene PIK3CA (~40%), coding for the catalytic subunit of PI3K. Other alterations that can lead to hyperactivation of the PI3K pathway in breast cancer include ERBB2 and AKT mutations, and deletions, nonsense and loss-of-function missense mutations in the tumor suppressor PTEN (20, 21). Aberrant activation of the PI3K pathway promotes acquired resistance to anti-ER therapies in preclinical models (22, 23). The clinical significance of the PI3K pathway in ER+ breast cancer has been shown by the approval of PI3K pathway inhibitors in this setting. The mTORC1 inhibitor everolimus, which inhibits a critical PI3K pathway node was approved first in combination with AIs in metastatic breast cancer patients that are refractory to endocrine therapy (24, 25). More recently, in patients with metastatic ER+/PIK3CA mutant breast cancer, the addition of the PI3Kα inhibitor alpelisib was approved in combination with fulvestrant (4). The AKT inhibitor capivasertib in combination with fulvestrant has also shown benefit in preliminary studies in endocrine refractory ER+ breast cancer. This combination may be effective in AKT or PTEN mutant breast cancer (26).More recently, it has been shown that proline rich 11 (PRR11) overexpression amplifies PI3K signaling and promotes endocrine therapy resistance in breast cancer, suggesting that the ER+/PRR11-amplified breast cancers subgroup of tumors can also benefit from treatment with PI3K inhibitors and antiestrogens (27).

While ER and PI3K pathway alterations are the most frequent oncogenic drivers in ER+ breast cancers, other drivers such as cyclin D1 are expressed at a high level, with or without gene amplification. ER activates the CCND1 promoter, while cyclin D1 also binds to and facilitates ER transcriptional activity, reflecting the possible dependence of ER+ tumors on cyclin D1 to initiate the G1-to S-phase transition. Accordingly, addition of CDK4/6 inhibitors (e.g., palbociclib, ribociclib, abemaciclib) to anti-ER therapy have markedly prolonged survival compared to anti-ER therapy alone in ER+ metastatic breast cancers (3, 6). Thus, after decades of endocrine therapy as a single agent the approval of everolimus, alpelisib, and CDK4/6 inhibitors has led to significant progress in breast cancer management. ERBB2 amplification/HER2 overexpression is also found in 10% of ER+ breast cancers and the current standard of care for ER+/HER2+ is a combination of anti-ER and HER2 inhibitors (28). Rare HER2 mutants found in 5% of endocrine-resistance metastatic breast cancer have also been associated with endocrine resistance (29). However, the combination of the HER2 inhibitor neratinib with fulvestrant has shown promise in this setting (30).

An enrichment in mutations in genes coding for transcription factors (TFs), such as GATA3, CTCF, FOXA1, and MYC (31); and chromatin modifiers, such as the histone methyltransferases (KMT2B, KMT2D, KMT2E) and histone demethylases (KDM4A, KDM5B, KDM5C, KDM6A) (20), and SWI/SNF complex subunits (ARID1A, ARID2) (31), have also been observed in ER+ breast cancer. However, the functional relevance of most of these alterations remain to be identified. More recently, the Breast International Group (BIG) molecular screening initiative AURORA identified a driving role for somatic mutations in the TF GATA1 and the chromatin regulator MEN1 among 381 breast cancer patients (32). Apart from TP53, PIK3CA, ESR1, and GATA3, the most frequent alterations in primary and/or metastases in the AURORA cohort were found in the lysine histone acetyltransferase KAT6A (32). KAT6A is also amplified as part of the 8p11 amplicon in 10-15% of breast cancers. In addition to the aforementioned alterations, breast cancers also harbor a variety of rare mutations with low prevalence across subtypes, highlighting the heterogeneity of breast cancer and the need to study these variants to develop targeted therapies matched to the specific molecular alteration of each patient’s tumor.



Transcription Factors and Chromatin Modifiers Affecting Therapeutic Outcome in ER+ Breast Cancer

In the contemporary era, next-generation sequencing technologies, such as whole genome sequencing (WGS) and whole-exome sequencing (WES), have expanded the landscape of genomic variations occurring in cancer, particularly in hormone-dependent breast cancer. Among the most frequently altered genes we find a variety of transcription factors and chromatin remodelers (31, 33). We will focus this part of the review on those examples proven to directly or indirectly impact patient response to standard of care treatment. For more detailed review of chromatin-based mechanisms in breast cancer see Morey and colleagues (7).


Alterations in Transcription Factors Affecting Endocrine Therapy Response

Despite the initial success of targeted endocrine therapies to tackle ER-driven programs, resistance to such treatments eventually emerges. Mutations in ER itself are a prominent example of driver alterations. Recurrent ESR1 mutations localized at the ligand-binding domain (e.g. mutations at residues T537 and D538) have been shown to confer ligand-independent activity, establishing a range of sensitivity to the distinct ER antagonists and hormone depleting agents, such as AIs (34–36). Besides promoting a constitutively active agonist conformation, these alterations lead to an altered ER cistrome and the induction of a pro-metastatic transcriptome (37). ER relies on multiple cooperating factors, such as pioneer factors and coregulators, to regulate the estrogen response. FOXA1 is a driver of luminal breast cancer identity (38), and a crucial pioneer and cooperating factor for nuclear receptor activity (9, 39, 40). Recent work aimed at elucidating the mechanisms that regulate FOXA1 binding to the chromatin, has identified the lysine-specific demethylase 1A (LSD1) to positively regulate FOXA1 binding by demethylating lysine 270 on FOXA1 (41). LSD1 inhibition affected androgen response in prostate cancer and sensitized tumors further to anti-AR therapy (41). We have also shown that FOXA1 binding profiles are influenced by the SWI/SNF complex (42) and the histone methyltransferase KMT2D in breast cancer (43), suggesting a possible role for the chromatin landscape to evoke further differences in DNA binding for FOXA1.

Our work and others have also shown that genomic disturbances in FOXA1 can alter ER transcriptional dynamics, driving endocrine therapy resistance. Specifically, activating missense mutations in the Wing2 loop (e.g. H247Y, S250F, F266L) increase the recruitment of FOXA1 to ER cis-regulatory elements and enhance ER-mediated transcription. Breast cancer-specific mutation SY242CS, on the other hand, incites chromatin accessibility changes, leading to the induction of alternative transcriptomes. Moreover, these and other hotspot mutations were found to be mutually exclusive with ESR1 mutations, and associated with a poorer response to AI therapy in patients (44). In the same line, gene amplification or mutations at the FOXA1 promoter induce enhanced FOXA1 expression and resistance to standard of care ER degraders and modulators respectively (45, 46) (Figure 2). While recent studies characterized the functional outcome of distinct FOXA1 alterations in vitro in other hormone-related cancers, such as prostate cancer (PCa), further in vivo studies are required to assess their effect in response to androgen deprivation therapy (47, 48).




Figure 2 | Transcriptional and epigenetic mechanisms of therapy resistance and potential therapeutic alternatives to overcome them. Top, Alterations in transcription and pioneer factors involved in resistance (brown) and suggested therapeutic strategies against the driven mechanisms (orange). Bottom, Alterations in chromatin organizers and modifiers associated to resistance (grey) and suggested therapeutic strategies against the driven mechanisms (blue). SERD, selective estrogen receptor degraders; SERCA, selective ER covalent antagonists; PROTAC, proteolysis-targeting chimeras. Figure adapted and modified from (5).



Alterations in a variety of ER-related pioneer factors have also been associated with endocrine therapy resistance. One example is GRHL2, a transcription factor classically known for its involvement in epithelial morphogenesis and differentiation, that has been recently characterized as a pioneer factor (49). This novel chromatin opener is enriched at ER loci and cooperates with FOXA1 to drive endocrine therapy resistance in luminal breast cancer. Moreover, increased GRHL2 protein levels are associated with reduced responsiveness to tamoxifen treatment (50, 51). This transcription factor is also amplified in prostate cancer, where it colocalizes with and regulates AR. Its role in the therapeutic response in this context however is ill-defined (52). Another important example is PBX1, which co-occupies 85% of ER loci. Magnani et al. showed that, in fact, this transcription factor is necessary to induce an estrogen-dependent transcriptome distinct from that activated by FOXA1. In line with this, FAIRE-seq experiments revealed that PBX1-bound chromatin is rendered accessible in the absence of estrogen stimulation, demonstrating its pioneering capacity (53). PBX1 has also been shown to regulate ER-dependent transcription upon PI3K inhibition and to sensitize breast cancer cells further to alpelisib (43). Moreover, PBX1 is known to be amplified in metastatic ER+ breast cancers. Importantly, disease-free survival analysis of luminal breast cancer patients from TCGA uncovered PBX1 amplification as a potential biomarker with prognostic value, while the family member with prognostic capacity in PCa has been suggested to be PBX3 (54, 55). PBX1 mediates the expression of a unique NOTCH3 transcriptome that drives endocrine therapy resistance and reduces metastasis-free survival in ER+ cancers (56).

Another bona fide pioneer factor for ER is GATA3, which is mutated in 17% of ER+ metastatic breast cancers (5). However, whether these genomic alterations predict better or worse prognosis in breast cancer remains a controversial issue. In fact, while some studies suggest that GATA3 mutant tumors might have better overall survival (OS) (57), other groups found no difference in OS, but observed better prognosis for GATA3 WT tumors (58). Moreover, a comprehensive massively parallel sequencing analysis of 77 tumors suggested that GATA3 mutations could be positive predictive markers for aromatase inhibitor response (59). The limited experimental evidence suggests that frameshift alterations in this gene might provide a growth advantage compared to cells harboring the WT version. However, these experiments were only conducted in the context of estrogen supplementation, and had no effect on sensitivity to a panel of endocrine treatments or chemotherapies. Furthermore, the mutational repertoire represented in this study only covered a specific frameshift mutation in the ZF2 domain, while leaving most of the truncating alterations in GATA3 unexplored (31, 60). Evidence suggests that GATA2 is the family member with an equivalent role in regulating the AR cistrome in prostate cancer (61). In addition, GATA2 expression is upregulated upon chemotherapy, driving CRPC aggressiveness (62).

ER activity is also regulated by the pioneer function of AP-2. The gene encoding for this transcription factor, TFAP2, is amplified in 4% of luminal breast cancers and its gene and protein expression levels are associated with worse progression free survival (PFS) upon fulvestrant treatment (63). Magnani and colleagues identified another TF, namely YY1 to be associated with clonal enhancers and promoters in breast cancer patients and as a novel critical determinant of ER transcriptional activity (64).

The pro-oncogene MYC is frequently amplified and is a driver of aberrant proliferation and aggressiveness in many tumor types, including basal breast cancers (65). Along with its well-characterized role in triple-negative or basal-like cancers MYC has also been associated with endocrine therapy resistance mechanisms (66, 67). Another important regulator of the ER transcriptional program is the DNA-binding protein CTCF, which is also found to be mutated in luminal breast cancers (20, 68). Recently, single-nucleotide variation (SNVs) at CTCF binding sites have been associated with altered interaction patterns and transcription of ER target genes, leading to endocrine therapy resistance (69). Resistance-associated SNVs were also strongly enriched at ER binding sites. ER reprogramming in endocrine resistant cells was associated with rewiring of ER-bound interactions between active enhancers and promoters and aberrant expression of these target genes, with many of them being involved in ER-signaling and therapy outcome (69). This work suggested that 3D epigenome remodeling may be an important mechanism underlying endocrine therapy resistance in ER+ breast cancer.

Treatment with PI3K (43) or CDK4/6 inhibitors (70) have also been shown to remodel the chromatin landscape of breast cancer, specifically at enhancers. In regards to CDK4/6 inhibitors, AP-1 transcription factors were upregulated on treatment, which in turn were implicated with widespread enhancer activation in breast tumor models (70). PI3K inhibitors on the other hand enhanced chromatin accessibility at ER cis-regulatory elements (discussed at section 6) (43). Further work is needed to delineate the chromatin landscape of breast tumors resistant to PI3K or CDK4/6 inhibitors.

Finally, several coregulators involved in the activation or repression of the ER machinery have been reported to be recurrently altered in metastatic breast cancers. Examples are NCOR1 (71), RUNX, RARA and AP1. However, functional evidence has yet to be gathered in order to establish them as drivers of endocrine therapy resistance. The case is similar for other transcription factors reported to be mutated in metastatic breast cancers, such as TBX3 or CBFB (31, 33).

For a recent comprehensive review on endocrine therapy resistance mechanisms see Hanker and colleagues (5).



Alterations in Chromatin Remodelers Impacting Endocrine Therapy Outcome

Truncating mutations in ARID1A imply loss of function of this SWI/SNF chromatin remodeling complex subunit in ER+ breast cancers (31, 32). Loss of function mutations or deletions in the SWI/SNF nucleosome remodeling components ARID1A and ARID2 are also enriched in metastatic endocrine-resistant breast cancer (31). We and others recently reported that ARID1A loss is associated with a shorter response to SERDs (11, 42). Mechanistically, ARID1A loss reduces chromatin accessibility and SWI/SNF complex binding at the loci of luminal-determining TFs like FOXA1, ER, and GATA3, resulting in a downregulation of luminal gene signatures and a subset of estrogen regulated genes. These findings may provide an explanation for the longstanding clinical observation that ER+ breast tumors exposed to therapy eventually lose ER and become endocrine therapy resistant. Therapeutic pressure may enable the emergence of cells harboring loss of function mutations in ARID1A that confer independence from ER (Figure 2). Enhancer reprogramming which promotes phenotypic plasticity and endocrine therapy resistance in breast cancer has also been observed to be mediated by the coordinated role of GATA3 and AP1 TFs which re-organize enhancer landscape promoting tumor phenotypic plasticity (72). Prostate cancer also utilizes similar mechanisms to overcome androgen- and AR target therapies. It has been shown that lineage plasticity can also promote anti-androgen resistance through the SOX2 transcription factor in a TP53-and RB1 loss background in prostate cancer (73). We anticipate that additional alterations in epigenetic and transcriptional regulators are responsible for lineage plasticity upon therapy in hormone-driven cancers.

Sensitivity to endocrine therapies is impacted in a similar fashion by the perturbed action of chromatin modifiers, such as histone methyltransferases or demethylases. For instance, loss of KMT2C (namely MLL3), one of the six members of the SET family of histone lysine methyltransferases, is reported to drive hormone independence in ER+ breast cancer. KMT2C is one of most mutated or deleted genes in ER+ breast cancer patients, and is associated with shorter disease-free survival upon estrogen deprivation with AIs. Despite the advantage of KMT2C-depleted cells in estrogen-deprived conditions, these cells remain ER-dependent and thus, sensitive to therapies involving ER degraders or modulators (74). Another member of the family, KMT2D, happens to be frequently mutated in this cancer type. While there is not enough scientific evidence to relate these alterations to endocrine therapy sensitivity, our group demonstrated that loss of KMT2D sensitizes breast cancer further to PI3K inhibitors through the downregulation of the ER signaling cascade (43). Thus, it is tempting to hypothesize that loss of function mutations in KMT2D might increase sensitivity to ER-targeted therapies. On the other hand, H3K4 demethylases, such as KDM5 (or JARID1B), have been established as oncogenes in luminal ER breast cancer due to their frequent amplification or overexpression (75). In fact, high levels of KDM5 are reported to increase transcriptional heterogeneity, leading to selection of pre-existing resistant clones and poor prognosis in ER+ breast cancers (76).




Cross-Talk Between Signaling Pathways and Hormone Receptors

One of the first evidences of PI3K and ER signaling crosstalk came from the Breast Cancer Trials of Oral Everolimus-2 (BOLERO-2) phase III clinical trial which demonstrated improvement in progression-free survival (PFS) in endocrine resistant ER+ breast cancer patients treated with the mTOR inhibitor everolimus and exemestane (24). As the first PI3K inhibitors were emerging in the clinic, we and others studied their effects on ER signaling with the goal of identifying the most effective combinatorial therapy for ER+/PIK3CA mutant breast cancer. In this regard, we observed a highly uniform adaptive mechanism, orchestrated by the activation of ER signaling upon PI3Kα inhibition, that limited sensitivity to PI3K inhibitors and could be reversed by the addition of endocrine therapy (77). These preclinical findings paved the way for phase III clinical studies testing the PI3Kα inhibitor alpelisib with fulvestrant in patients with metastatic PIK3CA-mutant ER+ breast cancer and culminated in the approval of alpelisib by the Food and Drug Administration (FDA) in 2019 (4). Of note, in prostate cancer, which is also dependent on AR and PI3K signaling, it has been shown that inhibition of the PI3K pathway activates AR signaling to support tumor survival. Thus, inhibition of oncogenic PI3K increases tumor growth by unleashing ER/AR signaling in breast and prostate respectively. Mechanistically, PI3Kα inhibition enhances ER signaling through loss of phosphorylation of the epigenetic regulator KMT2D by the PI3K effectors AKT and SGK (43, 78), providing a rationale for epigenetic therapy in combination with PI3K inhibition in this setting. For recent reviews on PI3K inhibitors for cancer therapy see (79–81).

HER2 overexpression has been shown to mediate resistance to endocrine therapies through activation of PI3K or MAPK signaling pathways and thus, ER+ HER2+ patients are currently treated with endocrine therapy in combination with HER2 inhibitors (5). More recently, HER2 activating mutations were found in ~5% of endocrine-resistant metastatic breast cancer (31) and were shown to play active roles in driving resistance (29). Combining anti-HER2 therapy neratinib with fulvestrant has proved to be an effective therapeutic strategy for these tumors (30). In addition, alterations in the MAPK pathway such as NF1 loss are frequent in endocrine resistant ER+ metastatic breast cancer (31), and contribute to resistance to fulvestrant via both ER-dependent and ER-independent mechanisms (82). Moreover, nuclear RTKs like FGFR1 have also been shown to influence gene expression in ER+ breast cancer and mediate endocrine therapy resistance (83).



Collaborative Crosstalk of Nuclear Hormone Receptors

Nuclear receptors events in breast cancer have been generally studied as single receptor chromatin binding events. However, it has become apparent that nuclear receptors collaborate with each other to influence each other binding and therapeutic response with greater complexity than previously recognized. Carroll and colleagues (84) have reported that activated progesterone receptor (PR) can reprogram ER enhancer landscape and that progesterone inhibits estrogen-mediated growth of ER increasing the anti-proliferative effects of endocrine therapy. AR has also been shown to facilitate ER chromatin binding and AR inhibition reduced estradiol-mediated proliferation in ER+/AR+ breast cancer cell lines and synergized with tamoxifen and fulvestrant (85). The role of glucocorticoid receptor (GR) and its post-translational modification of GR such as SUMOylation has been also shown to induce or repress a number of ER binding events and potentially influence decisions on breast cancer therapies (86). However, it is still unclear the chromatin-based mechanisms associated with these crosstalk among nuclear receptors.



New Avenues of Epigenetic Therapy

Precision oncology efforts have led to the development of epigenetic drugs and nine drugs are FDA-approved including inhibition of EZH2, IDH, DNMTs, and HDACs. Multiple others are in clinical trials for both solids and hematological malignancies. In ER+ breast cancer, phase II trials (NCT00676663, NCT04190056, NCT00828854) are testing therapeutic efficacy of epigenetic drugs with standard of care therapies. Recently, the HDAC inhibitor entinostat has been explored to re-sensitize ER+ tumors to endocrine therapy (ENCORE301) (NCT00676663) but unfortunately has failed to overcome resistance (results presented by M Connolly et al, San Antonio Breast Cancer Symposium, 2020). HDAC inhibitors are also in clinical trials in combinations with CDK4/CDK6 inhibitors (ribociclib, NCT04315233) in triple negative breast cancer. Histone acetylation catalyzed by histone acetyltransferases such as p300/CBP have been shown to be increased in endocrine resistant breast cancer cells highlighting a need to better understand the role of protein acetylation in breast cancer (7). Interestingly, selective inhibitors against p300/CBP, namely CCS1477 has been shown to inhibit the AR transcription program and is currently being evaluated in clinical trials for metastatic castration resistance prostate cancer (NCT03568656). A better understanding of the epigenetic mechanisms influencing breast cancer progression and therapeutic response will be needed for novel drug discovery efforts and rationale-combinatory treatments.

We have learned thus far, that epigenetic regulators have been implicated in endocrine therapy resistant tumors where they can affect ER-dependent transcription, alter the network of ER cofactors or its crosstalk with other signaling pathways, or induce lineage differentiation to promote tumorigenesis. For instance, tumors with high KDM5B have been associated with a shorter response to endocrine treatment, suggesting that inhibitors of the KDM5 family could improve the response to endocrine agents. Likewise, loss of function mutations in KMT2C or mutations in FOXA1 have been associated with a shorter response to AIs, making ER degraders such as fulvestrant the optimal therapeutic option for the tumors harboring these alterations. In the case of ESR1 LBD mutations, decreased response to AIs is accompanied of a reduced sensitivity to fulvestrant (35) requiring alternative strategies, such as next generation SERDs, (SERCAs) or PROTACs (19, 87–90).

Other studies have shown how loss of function mutations in ARID1A are associated with SERD resistance (42, 91). One of the therapeutic strategies explored in ARID1A mutant cancers has been synthetic lethality. To this end, Carroll and colleagues have suggested exploiting synthetic lethality-based treatment strategies in ARID1A mutant cancers using inhibitors of BET proteins (91). Similar strategies have been proposed for ARID1A mutant ovarian cancer targeting the methyltransferase EZH2 (92). Epigenetic regulators such as KMT2D have also been shown to sensitize ER-driven tumors further to PI3K inhibitors suggesting that small molecule inhibitors against KMT2D could be a promising therapeutic choice in combination with PI3K inhibitors and endocrine therapy (43). Indeed, the development of small molecules that target chromatin regulators has emerged as an active area of current drug discovery efforts. For instance, given the KAT6A amplification in 10-15% of breast cancers, novel compounds against KAT6A/KAT68 (PF-9363) have been developed and analyses in preclinical models demonstrate potent anti-tumor activity in ER+ breast cancer cells and xenografts with KAT6A dysregulation (93).



Conclusion

Over the past decade, the field of transcription and chromatin regulation has grown tremendously and new chromatin-associated processes have emerged as drivers of tumor development and therapeutic response in hormone-driven cancers. These findings have been potentiated by the genomic, transcriptomic, whole-exome, and chromatin accessibility sequencing of breast tumors and preclinical mechanism-based studies using CRISPR-Cas9 screens and whole-genome epigenomic sequencing such as HI-C, CUT & RUN, ATAC-seq and others. Specifically, genomic and transcriptomic analyses of primary breast cancer tumors and matched metastases, coupled with highly curated clinical data, from MSK-IMPACT or AURORA (BIG) initiatives have identified alterations in epigenetic regulators enriched in relapsed metastatic breast cancer (32, 94, 95). A number of these chromatin regulatory processes have begun to be validated and mechanistically delineated in the lab. The systematic integration of such multi-omics analyses of paired biopsies in clinical practice coupled with preclinical mechanistic validation will allow the identification of uncharacterized epigenetic drivers of breast tumorigenesis and therapeutic outcome. In addition, the rapid adoption of technologies that detect circulating tumor-derived cfDNA along with single-cell RNA/ATAC-sequencing will be important to capture the molecular heterogeneity of treatment resistance. Given that some of the genomic mechanisms of endocrine resistance have been found to be at low frequency, future efforts will require greater patient sample size and a focus not only on genomics on a panel of genes but whole-exome sequencing and transcriptomics and chromatin accessibility analyses to provide signatures of therapeutic resistance and response. These efforts would be facilitated by multi-institutional and cooperative data sharing efforts similar to the AURORA initiative. Finally, the identification of novel epigenetic regulators as drivers of breast tumorigenesis and therapeutic response will allow the rational design of novel inhibitors to overcome resistance. In order for these mechanisms to be suitable targets for cancer therapy, future work will need to identify: i) the tumor subtypes that are highly addicted to the chromatin-based mechanism, ii) rationale-based combinatorial strategies, and iii) optimal dosing and scheduling to increase efficacy and safety. This new and exciting body of evidence together with the systematic and integrative pursuit of multi-omics approaches in preclinical and clinical samples will greatly impact the study of chromatin regulatory systems in breast cancer and the identification of new treatment strategies.
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Objectives

To investigate the image quality and diagnostic capability a of whole-lesion histogram and texture analysis of advanced ZOOMit (A-ZOOMit) and simultaneous multislice readout-segmented echo-planar imaging (SMS-RS-EPI) to differentiate benign from malignant breast lesions.



Study design

From February 2020 to October 2020, diffusion-weighted imaging (DWI) using SMS-RS-EPI and A-ZOOMit were performed on 167 patients. Three breast radiologists independently ranked the image datasets. The inter-/intracorrelation coefficients (ICCs) of mean image quality scores and lesion conspicuity scores were calculated between these three readers. Histogram and texture features were extracted from the apparent diffusion coefficient (ADC) maps, respectively, based on a WL analysis. Student’s t-tests, one-way ANOVAs, Mann–Whitney U tests, and receiver operating characteristic curves were used for statistical analysis.



Results

The overall image quality scores and lesion conspicuity scores for A-ZOOMit and SMS-RS-EPI showed statistically significant differences (4.92 ± 0.27 vs. 3.92 ± 0.42 and 4.93 ± 0.29 vs. 3.87 ± 0.47, p < 0.0001). The ICCs for the image quality and lesion conspicuity scores had good agreements among the three readers (all ICCs >0.75). To differentiate benign and malignant breast lesions, the entropy of ADCA-Zoomit had the highest area (0.78) under the ROC curve.



Conclusions

A-ZOOMit achieved higher image quality and lesion conspicuity than SMS-RS-EPI. Entropy based on A-ZOOMit is recommended for differentiating benign from malignant breast lesions.





Keywords: breast neoplasm, magnetic resonance imaging, diffusion weighted imaging, whole lesion, histogram analysis, texture analysis



Introduction

Breast MRI is the most sensitive imaging modality for the evaluation of breast cancer detection, diagnosis, and prognosis (1, 2). Diffusion-weighted imaging (DWI) can be used as an adjunct sequence to dynamic contrast-enhanced MRI (3–6).

Readout-segmented echo-planar imaging (RS-EPI) (7–9) with shortened echo spacing and echo train length (ETL), is associated with less geometric distortions and higher spatial resolution than single short echo-planar imaging (SS-EPI). However, the scan time of RS-EPI is significantly longer than that of SS-EPI. Simultaneous multislice excitation technique (SMS) allows one to acquire several slices in parallel so that fewer slice excitations are required to achieve the same slice coverage (10–12), thus improving the acquisition speed of RS-EPI DWI (13, 14).

The zoomed technique uses 2D radio-frequency pulses to excite a small field of view (FOV) in the phase-encoding direction thus shortening the readout ETL, with improved resolution, less geometric distortions, and less susceptibility artifact (15). The conventional zoomed technique is often associated with aliasing artifacts in the FOV due to the discretized sampling of the excitation k-space with resulting trajectory errors that lead to side excitations. Finsterbuch (16) proposed that a slight rotation of the field of excitation when performing zoomed EPI can mitigate potential aliasing artifacts, in the following referred to advanced ZOOMit (A-ZOOMit). Zoomed EPI DWI has been used on the prostate and other body regions (15, 17, 18). Equipped with complex-averaging and rigid motion registration among different b values and measurements, A-ZOOMit could achieve more excellent image quality and lesion conspicuity (18). Furthermore, no study has been published on breast tumors with the use of A-ZOOMit.

Whole-lesion (WL) histogram and texture analysis (19–21) show the probability distributions of continuous variables and the spatial distributions of gray values, which provides information about tumor heterogeneity. Previous studies (19, 22–24) show that histogram and texture analysis can achieve higher diagnostic accuracy compared with the use of only the mean values of parameters.

Hence, the objective of this study was to explore the image quality and feasibility of the A-ZOOMit and SMS-RS-EPI in clinical practice and to investigate the diagnostic capabilities of the WL histogram and texture analysis of A-ZOOMit and SMS-RS-EPI for further characterization of breast lesions.



Materials and methods


Study population

The local institutional review board approved this study. We obtained written informed consent from all participants. From February 2020 to October 2020, we enrolled 197 women with lesions suspicious for breast cancer on mammography or ultrasonography [i.e., Breast Imaging Reporting and Data System (BI-RADS) categories 4 or 5] who underwent SMS-RS-EPI and A-ZOOMit examinations. The exclusion criteria included the following: patients previously treated for a malignancy (n =10), patients without histopathological results (n = 5), patients with motion artifact (n =10), and patients with no lesion shown in DWI (n =5). For the 13 patients with multicentric or multifocal tumors, lesions with the largest sizes according to the postcontrast images were analyzed. Ultimately, 167 women (mean age, 53 years; age range, 22–82 years), with 167 lesions (mean size, 2.1 cm; range, 0.4–5.7 cm) were enrolled in the study.



Magnetic resonance imaging scanning

All breast MRI examinations were performed on a 1.5-T system (MAGNETOM Aera; Siemens Healthcare, Erlangen, Germany) with a dedicated 18-channel phased-array breast coil. Before DCE-MRI, we performed axial bilateral fat-suppressed T2-weighted fast spin-echo imaging, prototype SMS-RS-EPI, and prototype A-ZOOMit on each patient. A-ZOOMit was performed with a slight rotation of the field of excitation, motion registration, and complex averaging, The other parameters of SMS-RS-EPI and A-ZOOMit are shown in Table 1. Apparent diffusion coefficient (ADC) maps were online-generated for the two DWI sequences.


Table 1 | Sequence parameters for advanced ZOOMit (A-ZOOMit) and simultaneous multislice readout segmented echo-planar imaging (SMS-RS-EPI DWI).





Multireader evaluation of image quality and lesion conspicuity scores

Three breast radiologists, each from a different hospital, independently evaluated and scored the overall image quality and lesion conspicuity of the SMS-RS-EPI and A-ZOOMit images (SK with 9 years of experience, XBQ with 6 years of experience, and LXY with 5 years of experience; **. performed the image quality measurement twice to calculate the intraclass agreement). All three radiologists were blinded to the sequence type when they evaluated the image quality and lesion conspicuity. The radiologists scored the overall image quality on a 5-point quality scale (1 = nondiagnostic, 2 = limited, 3 = diagnostic, 4 = good, and 5 = excellent). The radiologists scored lesion conspicuity on a scale of 1 (lesion not visible) to 5 (excellent visibility).

The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the lesions on DWI with b1,000 were also evaluated. SNR was defined as SNR = SLesion/σnoise, where SLesion is the mean signal intensity of an region of interest (ROI) within the lesion, and σnoise is the standard deviation (SD) of the background noise. CNR was defined as CNR = (SLesion – STissue)/σnoise, where STissue is the mean signal intensity of an ROI on the normal breast tissue.



Histogram and texture analysis based on apparent diffusion coefficient maps

Histogram and texture analyses for the SMS-RS-EPI- and A-ZOOMit-derived ADC maps were performed on the prototype MR Multiparametric Analysis software (Siemens Healthcare, Erlangen, Germany) by radiologists (**. and **) with four steps (19, 25). The four steps of data analysis were as follows:

	1. Data loading: The ADC maps and b value of 1,000 images of both SMS-RESOLVE and A-ZOOMit were loaded to the software.

	2. Seed point drawing: For ADC map analysis, foreground and background seed points were manually drawn inside and outside of the tumor on the three multiplanar reconstruction planes of the b1,000 images of SMS-RESOLVE.

	3. Segmentation: The whole tumor was segmented by the software based on the seed points using a random walker algorithm. Manual adjustments were performed if the initial segmentation result was not satisfactory. The final three-dimensional (3D)-segmented volumes that were created on the b1,000 images were then automatically propagated to the A-ZOOMit maps.

	4. Histogram and texture analyses: The WL histogram and texture analyses on the parametric maps were automatically performed by a one-push button. A total of seven histogram-based statistical features and four texture-based features were extracted. Histogram-based features included mean, SD, median, percentiles (5th and 95th), skewness (measure of asymmetry of the probability distribution), and kurtosis (measure of the shape of the probability distribution). Texture-based features included entropy (measure of the randomness of the gray levels), contrast (measure of the amount of gray-level variations), difference entropy (diff-entropy, measure of the entropy difference), and difference variance (diff-variance, measure of variation in the difference in gray levels between voxel pairs).





Histopathologic analysis

The hematoxylin and eosin staining results and the immunohistochemical analysis of surgical specimens were reviewed in every patient’s medical record. Axillary lymph node metastasis; the expression status of Estrogen receptor (ER), Progesterone receptor (PR), and Human epidermal growth factor receptor-2 (HER2); and Ki-67 were routinely recorded.



Statistical analysis

We described the clinical characteristics using frequencies for categorical

variables and means and ranges for all continuous variables. We compared the differences in clinical characteristics using chi-square tests and the analysis of variance. We used the Student’s t-test or one-way ANOVA in univariate analyses when the data were normally distributed and the Mann–Whitney U test when the data were not normally distributed.

We calculated the average scores from the three readers’ measurements and then used the Wilcoxon signed-rank tests to determine if differences existed between scores. We evaluated the intra- and interclass agreement of the readers’ scores. Then, we calculated the intra- and interclass agreement among the readers’ scores. The intraclass correlation coefficient (ICCintra) was computed from radiologist 1’s two measurements. The interclass correlation coefficients were computed between radiologist 1’s first measurements and radiologist 2’s and radiologist 3’s measurements (ICC1,2 and ICC1,3, respectively). We interpreted an ICC greater than 0.75 as indicative of good agreement.

We used SPSS (v. 26.0; SPSS, Chicago, IL, USA) and MedCalc (MedCalc, Mariakerke, Belgium) for the statistical analyses. We considered a p-value less than 0.05 indicative of statistically significant difference.




Results


Clinical characteristics

There were significant differences in demographic characteristics between patients with malignant lesions (mean age, 55.0 ± 11.7 years; range, 28–81 years) and patients with benign lesions (mean age, 48.5 ± 11.7 years; range, 22–82 years; p = 0.001).



Pathological features

Of the 167 lesions, 110 were malignant, and 57 were benign. There was a significant difference in the lesion size between malignant and benign breast lesions (2.27 ± 0.94 cm vs. 1.71 ± 0.98 cm, p < 0.0001).

The malignant lesions included ductal carcinoma in situ (N = 18), invasive carcinoma of no special type (N = 87), invasive lobular carcinoma (N = 1), invasive solid papillary carcinoma (N = 1), mucinous carcinoma (N = 2), and encapsulated papillary carcinoma with invasion (N = 1). Of the 92 invasive breast cancers in this study, 21 (22.8%) were luminal A cancer, 30 (32.6%) were luminal B cancer, 33 (35.9%) were HER2-positive cancer, and 8 (8.7%) were triple-negative cancer. Of all these invasive cancers, there were 61 (66%) patients who were lymph node–negative, and there were 31 (34%) patients who were lymph node–positive.

Benign lesions included fibroadenoma (N = 24), benign phyllodes tumors (N = 1), fibrocystic change (N = 7), cyst-combined chronic infection (N = 9), papilloma (N = 8), usual ductal hyperplasia (N = 4), and adenosis (N = 4).



Image quality score comparisons of SMS-RS-EPI and A-ZOOMit

The mean overall image quality scores of A-ZOOMit and SMS-RS-EPI showed a statistically significant difference (4.92 ± 0.27 vs. 3.92 ± 0.42, p < 0.0001, respectively, in the multireader study).

For the image quality score of A-ZOOMit images, the ICCintra was 0.94, ICC1,2 was 0.79, ICC2,3 was 0.80, and ICC1,3 was 0.85. For the SMS-RS-EPI, the ICCintra was 0.92, ICC1,2 was 0.85, ICC2,3 was 0.77, and ICC1,3 was 0.75. The details of ICCs are shown in Table 2. A case of b1,000 based on SMS-RESOLVE and A-ZOOMit is shown in Figure 1.


Table 2 | Intra- and interclass correlation coefficients of multireader ratings of image-quality and lesion conspicuity on A-ZOOMit and SMS-RS-EPI.






Figure 1 | Example images of a 35-year-old woman with invasive ductal carcinoma in the left breast (A-C). SMS-RS-EPI image of b1,000 (A); advanced ZOOMit (A-ZOOMit) image of b1,000 (B); dynamic contrast imaging of T1WI (C). A-ZOOMit image showed a better image quality of the satellite nodule (long arrow) and necrosis (short arrow) than the SMS-RS-EPI image.





Lesion conspicuity score comparisons of SMS-RS-EPI and A-ZOOMit

The mean lesion conspicuity scores of the A-ZOOMit and SMS-RS-EPI showed a significant difference (4.93 ± 0.29 vs. 3.87 ± 0.47, p < 0.0001, respectively, in the multireader study).

For the lesion conspicuity score of A-ZOOMit images, the ICCintra was 0.94, the ICC1,2 was 0.77, the ICC2,3 was 0.83, and the ICC1,3 was 0.75. For the SMS-RS-EPI, the ICCintra was 0.90, the ICC1,2 was 0.83, the ICC2,3 was 0.81, and the ICC1,3 was 0.78.



Histogram and texture analyses of ADC in differentiating malignant and benign breast lesions

The histogram and texture features to distinguish between malignant and benign breast lesions are shown in Table 3 and Supplementary Table 1. Imaging examples are shown in Figures 2, 3.


Table 3 | Histogram and texture analysis of apparent diffusion coefficient values based on SMS-RS-EPI and A-ZOOMit between malignant and benign breast lesions.






Figure 2 | Example images of a 60-year-old woman with invasive ductal carcinoma in the left breast (A–D). A-ZOOMit image of b1,000 (A); apparent diffusion coefficient (ADC) map based on A-ZOOMit (B); SMS-RS-EPI image of b1,000 (C); ADC map based on SMS-RS-EPI (D); histogram of segmented tumors based on ADC maps (E, F).






Figure 3 | Example images of a 44-year-old woman with papilloma in the right breast (A–D). A-ZOOMit image of b1,000(a); ADC map based on A-ZOOMit (B); SMS-RS-EPI image of b1,000 (C); ADC map based on SMS-RS-EPI (D); histogram of segmented tumors based on ADC maps (E, F).



The mean, median, and 5th percentile of the ADCs based on A-ZOOMit were significantly lower in the malignant lesions than in the benign tumors (p < 0.0001, < 0.0001, 0.011, respectively). However, the skewness, entropy, and diff-entropy of the ADCs based on A-ZOOMit were significantly higher in the malignant lesions than in the benign tumors (p < 0.0001, < 0.0001, < 0.0001, respectively).

The mean and median value of the ADCs based on SMS-RS-EPI were significantly lower in the malignant lesions than in the benign tumors (p = 0.008, 0.001, respectively). However, the skewness, entropy, and diff-entropy of the ADCs based on SMS-RS-EPI were significantly higher in the malignant lesions than in the benign tumors (p < 0.0001, < 0.0001, < 0.0001, respectively).



Differences of SNR and CNR between SMS-RS-EPI and A-ZOOMit

There was a significant difference of the SNRb1,000 between the SMS-RS-EPI and A-ZOOMit images (30.62 ± 16.95 vs. 58.19 ± 33.34, p < 0.0001). Furthermore, the CNRb1,000 based on SMS-RS-EPI and A-ZOOMit also shown significant difference (19.99 ± 15.10 vs. 37.42 ± 28.12, p < 0.0001 Figure 4).




Figure 4 | The SNR and CNR of b1,000 based on SMS-RS-EPI and A-ZOOMit. (A, B) There was a significant difference of SNR of b1000 based on SMS-RESOLVE and A-ZOOMit (p < 0.001) (A); There was a significant difference of SNR of b1000 based on SMS RESOLVE and A-ZOOMit (p < 0.001) (B).





Results of the receiver operating characteristic curves

To differentiate the benign from malignant breast lesions, the entropy value of ADC (0.78, 95% CI 0.71–0.84) from the A-ZOOMit texture analysis had the highest area under the ROC curve (Figure 5). The details of areas under the ROC curves are shown in Supplementary Table 2.




Figure 5 | Receiver operating characteristic curve of entropy with 95% confidence interval based on A-ZOOMit for the differentiation between benign and malignant lesions.






Discussion

In our study, we found a significantly higher image quality and lesion conspicuity of breast DWI based on A-ZOOMit, with an improved diagnostic performance of texture parameter entropy for differentiating between malignant and benign breast lesions, compared with SMS-RS-EPI.

Previous studies (15, 17, 18) using zoomed EPI were based on the conventional ZOOMit method. In our study, we used advanced ZOOMit, which could be able to further improve the image quality and the accuracy of the ADC estimation. SMS-RS-EPI has already been used in breast cancer diagnosis (14, 26, 27). Hu et al. (27) found that SMS-RS-EPI can significantly reduce the acquisition time and achieve a comparable diagnostic accuracy for the differentiation between malignant and benign breast lesions. In our study, we used identical scan time and the same b values for both A-ZOOMit and SMS-RS-EPI. We wanted to know which sequence would be the most preferred DWI sequence for the breast radiologists on a 1.5-T MRI scanner.

Our results showed that both the image quality and lesion conspicuity based on A-ZOOMit were higher than with SMS-RS-EPI in multireader studies. Furthermore, the appearance of the tumor details shown on A-ZOOMit were more suitable for radiologists’ reading habits. The quantitative evaluation demonstrated that the SNR and CNR of the lesion on A-ZOOMit were also higher than that of SMS-RS-EPI. The better image quality, lesion conspicuity, and higher SNR and CNR of A-ZOOMit can be attributed to the higher number of averaging, the complex averaging scheme, and motion registration. As the zoomed FOV technique was used, neither oversampling in phase-encoding direction nor the saturation band on the back region were needed to avoid the aliasing artifacts for A-ZOOMit; thus, the scan time can be saved, and a higher number of averaging can be used compared to SMS-RS-EPI. Considering the benefits mentioned above, we recommended A-ZOOMit DWI for clinical breast application on a 1.5-T MRI scanner.

Our results show that most of the histogram and texture features of ADC can be used for the diagnosis of breast cancer. Suo et al. (28) also found that the entropy of ADC provided complementary information for evaluating IDC phenotypes. Additionally, in our study, the entropy of ADC based on A-ZOOMit showed the highest area under the ROC curves for the diagnosis of breast cancer, which was consistent with their study. Higher entropy represents higher cellular heterogeneity. Cellular heterogeneity among breast cancers may correlate with the histopathological changes of the hormone receptor status and HER2 status (29, 30). In our study, the HER2-positive cancer counts for 35.9%, which will be shown as a higher entropy value.

Our study had several limitations. First of all, the limited sample size and the imbalanced distribution of benign lesions. Second, we generated and analyzed only 11 commonly used texture features proved valuable in previous clinical applications (31). In addition, anisotropic voxel resolutions in our DWI data may not allow fully appreciating the 3D textural structure of the lesions. In our further study, we will enroll more high-order features to reflect tumor heterogeneity. Third, we used the background noise to estimate the noise level of the lesions for the calculation of SNR and CNR since the individual images were not available. This method is not suitable for estimating the noise when parallel imaging acceleration is used. In our future studies, we will utilize the method described by Reeder SB et al. (32). Fourth, we compared the two newly developed DWI sequences to each other and did not compare them with conventional SS-EPI DWI and/or RS-EPI sequences since many studies (7, 14, 33) have already compared them. Further large-scale multicenter studies could provide an evidence of the effect of advanced DWI methods on diagnostic accuracy.

We concluded that DWI based on A-ZOOMit provides significantly higher image quality and lesion conspicuity than SMS-RS-EPI in our study. Thereby, texture analysis based on A-ZOOMit achieved higher diagnostic accuracy for the differentiation of benign and malignant breast lesions.
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Background

Ductal carcinoma in situ (DCIS) is a malignant, yet pre-invasive disease of the breast. While the majority of DCIS have low risk of recurrence, a subset of women with germline pathogenic variants (PV) in cancer predisposition genes are at increased risk for recurrence. Uptake of genetic testing and subsequent surgical intervention in women with DCIS has not been well-studied. The aim of this study was to evaluate test eligibility parameters, uptake of clinical testing, impact on surgical decision making and second cancer events (SCE) in women with DCIS.



Methods

Four-hundred eighty-four women diagnosed with unilateral DCIS 2001-2020 were eligible for this study. Demographic, commercial genetic test results and surgical procedures were extracted from the database. Test-eligibility was assigned using National Comprehensive Cancer Network (NCCN) criteria. Panel genetic testing was performed in the research laboratory across 94 cancer predisposition genes. Statistical analyses were performed using Fisher’s exact tests and Chi-square analyses with p < 0.05 defining significance.



Results

Forty-four percent of women were test-eligible at diagnosis of which 63.4% pursued genetic testing before definitive surgery; 9.9% pursued testing only after a second cancer event. Bilateral mastectomy (BM) was significantly higher (p<0.001) in women who had testing before definitive surgery (46.9%) compared to those who had testing afterword (10.8%) and in women who underwent testing before definitive surgery with PV (75%) compared to those without PV (37.5%. p=0.045). Of the 39 women with PV, 20 (51.3%) were detected only in the research setting, with 7 (17.9%) of these women not eligible for genetic testing based on NCCN criteria. In women who did not undergo BM at diagnosis, SCE were significantly higher (p=0.001) in women with PV (33.3%) compared to those without PV (11.9%).



Conclusion

Pursuit of genetic testing and subsequent use of risk-reducing surgeries in women with PV was suboptimal in women with a primary diagnosis of DCIS. In conjunction, >50% of PV were detected only in the research setting. Because omission of genetic testing in women with DCIS may represent a lost opportunity for prevention, genetic testing at the time of diagnosis should be standard for all women with DCIS.





Keywords: ductal carcinoma in situ, genetic testing, germline mutation, risk-reducing surgery, recurrence



Introduction

Ductal carcinoma in situ (DCIS) is a disease of the breast in which epithelial cellular proliferation fills terminal ductal lobular units with malignant cells. Although a pre-invasive condition, DCIS is a non-obligate precursor to invasive breast cancer (IBC) (1). Studies of the natural progression of DCIS found that 14-53% of untreated lesions progressed to IBC (2). Current treatment options for DCIS include surgery, radiation and endocrine therapy (1).

The primary goal of treatment of DCIS is to prevent recurrence (3). To avoid over- or under-treating indolent or aggressive DCIS, a number of studies and clinical trials are attempting to identify pathological characteristics and biomarkers associated with risk of recurrence and evaluating whether active surveillance is an acceptable alternative to surgery for some women (4). One subset of women with DCIS who may benefit not only from more extensive breast surgical options including bilateral mastectomy (BM), but bilateral salpingo-oophorectomy as well, are those who harbor pathogenic variants (PV) in cancer predisposition genes associated with increased risk for recurrence and secondary cancers at other sites.

In the United States, guidelines, such as those issued by the National Comprehensive Cancer Network (NCCN), are used to identify those women with breast cancer, both invasive and DCIS, who are likely to benefit from germline genetic testing. Recent studies suggest that a significant number of women with PV do not meet testing criteria (5–7) and thus miss the opportunity to pursue risk-reducing strategies, including BM, at diagnosis. In response, the American Society of Breast Surgeons (ASBS) recommends genetic testing should be offered to all women with breast cancer (8). This study was designed to evaluate how effective current test eligibility parameters are in identifying women with germline mutations in cancer predisposition genes, uptake and timing of genetic testing, choice of risk-reducing surgery in those with PV and second cancer events (SCE) in a cohort of 484 women with a primary diagnosis of unilateral DCIS.



Materials and methods


Patient eligibility and enrollment

All subjects in this study voluntarily agreed to participate in the Clinical Breast Care Project (CBCP). Patients were enrolled and treated at the CBCP member sites of Walter Reed National Military Medical Center (WRNMMC), Bethesda, MD (n=266), Anne Arundel Medical Center, Annapolis, MD (n=159) or Joyce Murtha Breast Care Center, Windber, PA (n=59). Demographic and clinical data and blood samples were collected with approval from the WRNMMC Human Use Committee and Institutional Review Board.



Patient data

Demographic, personal and family health history and lifestyle factors were collected and entered into the CBCP database at the time of diagnosis. Clinical data such as pathological characteristics and germline test results were entered into the CBCP database as they became available. Follow-up data, including any additional cancer events, was collected annually and entered into the CBCP database. Eligibility for germline testing was assigned using National Comprehensive Cancer Network (NCCN) criteria, which includes age at diagnosis and personal and family cancer history, both from the year of diagnosis and criteria from 2021 (version 2.2021). Type of surgical management, local, regional and distant SCE and patient status through December 31, 2021 were collected. Results from clinical genetic testing (n=110) were extracted from the CBCP database.



Data generation and analysis

Genomic DNA was available from 465 women, 92 of whom also had clinical genetic testing performed. Genomic DNA was isolated from blood samples as previously described (9). Sequencing libraries were created using Illumina DNA prep with enrichment kits and the TruSight Cancer panel and sequenced on a MiSeq (Illumina, Inc, San Diego, CA) according to manufacturer’s protocols. Data were analyzed and variants classified as previously described (9). Statistical analyses were performed using Fisher’s exact tests and Chi-square analyses. Statistical significance was defined as p < 0.05.




Results


Cohort characteristics

Four hundred eighty-four women with a primary diagnosis of unilateral DCIS were eligible for this study. The average age at diagnosis in this cohort was 57 years. Average follow-up time was 8.6 years. Fifty-nine (12.2%) women had second cancer events including 13 recurrences (6 ipsilateral DCIS, 7 ipsilateral IBC) and 43 second cancer events (7 DCIS, 36 IBC), ovarian cancer (n=1) and metastatic spread without detection of IBC (n=2). One woman who developed ipsilateral invasive breast cancer died of disease.



Test eligibility

Two-hundred fourteen women met at least one NCCN criteria for genetic testing at the time of diagnosis (Figure 1). An additional 66 women met test criteria from 2021, including 21 women whose test status changed only after subsequent diagnosis of recurrent DCIS (n=3), IBC (n=17) or ovarian cancer (n=1). There was no significant difference in patient self-reported race/ethnicity between risk-groups, however, women who were test-eligible at the time of diagnosis had more relatives with breast, ovarian or pancreatic than those with delayed test-eligibility and second cancer events were lowest in low-risk patients (Table 1).




Figure 1 | Flow-chart detailing patient risk, test uptake and detection of pathogenic mutations. *Two women who had clinical testing limited to BRCA1 and BRCA2 with no PV reported had PV in the ATM and CHEK2 genes detected in the research setting.




Table 1 | Demographic and clinical information for all patients classified as high-risk at the time of diagnosis, high-risk after diagnosis or low-risk using NCCN criteria.





Test uptake

Overall, 39.3% (110/280) of test eligible women underwent clinical genetic testing. Test uptake was significantly higher (p<0.001) in women who were eligible at the time of testing (47.2%) compared to those with delayed eligibility (13.6%). In women who were test-eligible at the time of diagnosis, those that underwent genetic testing were significantly younger than those who did not pursue genetic testing and were more likely to have ≥3 family members with a history of cancer (Table 2).


Table 2 | Demographic and clinical information for patients classified as test eligible at the time of diagnosis who did or did not pursue genetic testing.





Timing of test uptake

Timing of genetic testing varied. Time-to-testing was significantly (p<0.001) longer in women who became eligible after diagnosis (average 8.94 years, range 3.1 -14.9 years) than those who were eligible at the time of diagnosis (average 2.15 years, range 0-18.5 years). Within the test-eligible at diagnosis cohort of women, 63.4% (64/101) pursued genetic testing before definitive surgery. Ten (9.9%) of the women eligible for testing at diagnosis delayed testing until after a second cancer event. Each of the nine women with delayed eligibility for testing pursued clinical genetic testing after a second cancer event.



Overall mutation rates

The mutation frequency of women with clinical test results was 17.3% (19/110). Two women who had clinical testing limited to BRCA1 and BRCA2, had PV in ATM (n=1) and CHEK2 (n=1) detected in the research setting. Eleven (6.5%) of an additional 170 test-eligible women who did not pursue clinical testing had PV detected in the research laboratory. Within the test-ineligible population, 7/204 (3.4%) women had PV. In total, 20/39 (51.3%) PV were detected in women who did not undergo clinical genetic testing. PV were detected in 13 cancer predisposition genes including ATM (n=4), BLM (n=1), BRCA1 (n=1), BRCA2 (n=7), BRIP1 (n=1), CDKN2A (n=1), CHEK2 (n=9), FANCC (n=1), MUTYH (n=10), NBN (n=1), PALB2 (n=1), RAD51D (n=1) and STK11 (n=1) (Table 3). CHEK2 (n=9) and BRCA2 (n=7) had the highest frequency of PV in high-risk women while MUTYH had the most PV in low-risk women.


Table 3 | Variants classified as pathogenic or likely pathogenic according to ACMG classification.





Surgical choices and outcomes

Within the 101 women who underwent clinical genetic testing, BM was significantly higher (p<0.001) in women who had testing before definitive surgery (46.9%) compared to those who had testing after definitive surgery (10.8%). Within the women with clinically-detected PV, 36.8% elected for BM. In women who underwent testing before definitive surgery, BM was significantly higher (p=0.045) in those with PV (75%) compared to those without (42.9%). In women who received negative test results before definitive surgery, the rate of SCE was 0% in women who underwent BM and 6% in those who did not (p=0.212). The number of PV in high- and low-risk women who had SCE is shown in Table 4. In women who did not undergo BM at the time of diagnosis, SCE were significantly higher (p=0.001) in women with PV (10/30; 33.3%) compared to those women without PV (46/388, 11.9%). None of the women with PV died of disease.


Table 4 | Risk-status and germline variants in 59 women with second cancer events.






Discussion

The primary goal of treatment for DCIS is prevention of IBC. Although a significant number of women have indolent forms of DCIS and may be effectively treated using active surveillance rather than surgical interventions (4), those with hereditary forms of DCIS are at increased risk for additional breast cancers, both ipsilateral and contralateral, as well as secondary tumors in other organ sites. For these patients, surgical management may be more extensive and include BM for women with PV in BRCA1, BRCA2, PALB2 and TP53, and BSO for women with PV in BRCA1, BRCA2, BRIP1, RAD51C and RAD51D (10, 11). Identification of women with heritable forms of DCIS is, therefore, critical in surgical decision making and preventing disease recurrence.

Efficacy of germline testing in reducing the risk of additional cancers in patients with DCIS is dependent on several factors, including test-eligibility, timing of genetic testing and treatment decisions based on underlying PV. In this study, 44.2% of women were eligible for testing at diagnosis; this was not significantly different (p=0.944) from a cohort of women with IBC (44.0%) diagnosed over the same time period (9); test uptake was <50% in test-eligible at diagnosis women with DCIS (47.2%) but not significantly lower (p=0.241) than those with IBC (51.8%). In our study, 40.6% (13 of 32) of PV in test-eligible women were not detected clinically. In addition, the frequency of PV in test-ineligible women was 3.4% in women with DCIS, similar to the 4.0% detected in women with invasive breast cancer (9). These data suggest that the use of test-eligibility criteria may create a failed opportunity for prevention; implementation of the the ASBS recommendation that all women with breast cancer should be offered genetic testing (8) may reduce risk of recurrence in women with DCIS.

The timing of genetic testing also is also important as it can lead to changes in surgical decision making. Of the 101 women who were test-eligible at the time of diagnosis with clinical test results, 36 (35.6%) underwent genetic testing after definitive surgery for DCIS, with 10 (9.9%) delaying testing until after a second cancer event. Ten (27.0%) women with delayed testing were found to harbor PV, six of whom had PV in genes for which NCCN recommendations for patient management are available.

Genetic testing results can reduce future cancer risk when women utilize test results to guide treatment. For example, NCCN guidelines suggest risk-reducing mastectomy and BSO should be considered for women with BRCA1 and BRCA2 mutations (12). In our study, of the six women with clinically-detected PV in BRCA2, three underwent BM and BSO at the time of diagnosis and remain cancer free. The remaining three women with PVs in BRCA2 developed ipsilateral breast cancer with one woman having ovarian cancer found incidentally during her subsequent BSO. Each of these three women was test-eligible at the time of DCIS diagnosis and could have potentially prevented additional cancers had they pursued timely genetic testing and risk-reducing surgeries.

While the benefit of risk-reducing surgeries in preventing second cancers in women with DCIS and PV in BRCA1 or BRCA2 are well established, preventing recurrence without overtreatment for women with PV in other genes is more challenging. This is of considerable importance as within our cohort, 31/39 PV were in genes other than BRCA1 and BRCA2. Of note, nine (1.9%) of women had PV in CHEK2 of which two had second cancer events. Currently, enhanced surveillance rather than risk-reducing surgery is recommended for women with CHEK2 PV (12). In conjunction with our results, Petridis et al. found that 5/16 (31%) of women with DCIS and CHEK2 mutations developed contralateral disease (13) and a recent study of germline variants in patients with second breast cancers found that CHEK2 was the most frequently mutated gene in women with second breast cancers (3.4%) (14). Thus, the risk of recurrence for women with DCIS and CHEK2 PV may warrant the use of risk-reducing surgery.

In conjunction with the high frequency of PV in CHEK2, MUTYH (n=10, 2.1%) was the gene with the highest frequency of PV in our study, with two of the 10 women recurring. While a study of over 30,000 women with breast cancer found no significant increase in risk of breast cancer in women with MUTYH (15), a recent study of 165 women with BRCA1/2-negative IBC found that MUTYH was the most commonly mutated gene (3.6%) (16). The use of expanded germline panel testing may add complexity to patients understanding of DCIS and surgical decision making.

There are several limitations to this study. Data were not available for pre- or post-test counseling, thus, it is not possible to determine how many patients did not undergo genetic testing because they were not offered the opportunity and how many declined testing. In addition, the reasons behind surgical decision making were not collected, thus, we were unable to determine why in women who had testing before definitive surgery, 42.9% of women who received negative test results elected to undergo BM and 40% with a BRCA2 PV chose BCS. Rates of contralateral breast cancer are low in women undergoing BCS, with use of radiation associated with lower risk for ipsilateral breast cancer and endocrine therapy associated with risk of contralateral breast cancer (17). BM may, therefore, represent overtreatment for the majority of patients with DCIS. Genetic testing to identify those women with PV at increased risk for SCE provides important information that will allow the patient to develop an individualized and tailored breast cancer treatment plan. Surgical decision should balance the risks and morbidity associated with BM with desired cosmesis, extent of DCIS, concerns about side effects of radiation therapy and fear of recurrence. Finally, although germline status was available for 484 women in this study, the number of women with PV was small. Thus, care must be taken in interpreting risk of SCE or using these data to influence surgical decision making.

In conclusion, 8.1% of women with unilateral DCIS had detectable germline mutations, including 3.4% of women not currently eligible for genetic testing. Less than half of the eligible women pursued genetic testing, and 10% did so only after a second cancer event. Half of the women with PV in genes for which prophylactic surgery should be discussed did not undergo BM and recurred. Given that more than 50% of PV were detected only in the research setting and that SCE were significantly higher in women with PV compared to those without, we suggest that, in accordance with recommendations from the ASBS, germline testing should be offered to all women diagnosed with DCIS, and in fact, should be included as standard-of-care at the time of diagnosis. Future studies to identify the factors associated with the suboptimal pursuit of genetic testing and subsequent risk-reducing surgeries are critical to reduce the risk of second cancer events in women with DCIS.
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Background: Women after mastectomy may decide to either have a breast reconstruction or use an external breast prosthesis. Aim: The aim of the presented research was to evaluate the influence of external breast prosthesis on postural stability in women after mastectomy. Methods and Procedures: In the study 52 women after unilateral mastectomy took part. The study consisted of 4 parts: 1) anthropometric measurements; 2) measurements of upper limb circumference; 3) assessment of weight-bearing (WB); and 4) posturographic tests (PT). Outcomes and Results: Differences in the arm circumferences on the amputated (A) and non-amputated (NA) sides did not confirm the occurrence of lymphedema in limb on amputated side. The results of the WB between the A and NA body sides in both tested conditions, i.e., with open and closed eyes, showed no significant differences between the test with and without an external prosthesis. No statistically differences have been observed between posturometric parameters with and without breast prosthesis during both PT. In comparing the posturometric parameters between the PT with open and closed eyes, the sway path of the center of pressure was statistically significantly longer when eyes were closed in both conditions, i.e., with and without breast prosthesis. Conclusion and Implications: The finding show that 1) external breast prosthesis does not have a significant influence on the symmetry of loading on the A and NA body sides and on the postural stability of women after unilateral mastectomy and 2) exclusion visual control during PT increases postural instability in women after unilateral mastectomy.




Keywords: mastectomy, external breast prosthesis, postural control, stabilographic platform, posturography



1 Introduction

Breast cancer is considered the greatest oncological problem in developed countries and a constantly growing problem in developing countries (1–4). According to the National Cancer Registry, malignant neoplasms are the second most common cause of death in Poland, while breast cancer is the second most common cancer-related cause of death in women (15%) (5). Considering the predicted demographic changes in the Polish population and the fact that the highest percentage of cases is noted in individuals aged >50 years, it can be expected that by 2025, >80,000 women in Poland will develop breast cancer (6).

There are several well-established cancer treatment procedures such as radiotherapy, hormone therapy, chemotherapy, biological treatment, and surgical treatment.

The reduced invasiveness of breast cancer surgical treatment is a widely acknowledged preference; hence, there is a tendency to perform the breast-conserving procedure, which increase the quality of patient’s life (7, 8). Nevertheless, sometimes it is necessary surgical treatment to remove the entire tumor along with the entire mammary gland, the fascia of the pectoralis major, and the lymph nodes (Modified Radical Mastectomy or Simple Mastectomy), which is always associated with a structural and functional deficit (2, 9, 10).

A large proportion of women worldwide decide to undergo breast reconstruction after mastectomy. However, in Poland, only 20%–40% of women decide to undergo this type of surgery after breast removal. Women refuse breast reconstruction because of their age, fear of another surgery, postoperative complications, recurrence of cancer, or financial reasons. Due to the low percentage of breast reconstruction procedures, there is a need to use external breast prostheses in patients after mastectomy (11–13).

In studies on the population of women after mastectomy, the most attention is paid to issues related to psychologic parameters, such as lack of acceptance of one’s own body, reduced attractiveness, and sexuality (14–16). Some studies have also reported numerous functional disorders resulting mainly from an extensive wound, scarring, swelling, limited mobility in the joints of the shoulder girdle, and low muscle strength on the operated side (9, 13, 17).

Recently, post-mastectomy postural control disorders have become the subject of interest of many researchers (4, 9–11, 13, 18–27). The authors attempted to determine whether and how breast prosthesis affects body posture (28) and postural stability (11, 24). There is an agreement in both the existing literature and popular opinion that unilateral mastectomy results in postural control changes in women with breast cancer.

However, most of the abovementioned studies (4, 9–11, 13, 19, 25–27) assessed stability disorders in women after mastectomy by comparing them with their healthy counterparts. Considering the individual nature of regeneration of the body and primarily the course of compensation processes after treatment and unilateral breast amputation, it seems that the assessment of postural control disorders through inter-individual comparisons (women after mastectomy vs. healthy counterpart) may not be reliable.

Therefore, in this study, in addition to assessing the postural stability of women who underwent unilateral mastectomy, an attempt was made to evaluate the impact of external breast prosthesis (EBP) on postural stability by comparing the results of posturographic tests conducted on the same subject under two conditions—1) with EBP and 2) without EBP.

It has been hypothesized that postural stability disorders occur in women who undergo unilateral mastectomy and that the EBP plays a significant role in counteracting postural instability in this population. An additional aim of this study was to identify whether postural stability disorders in women who underwent unilateral mastectomy depended on the time since mastectomy was performed and time of using an EBP.



2 Materials and methods

A total of 52 women who underwent unilateral Modified Radical Mastectomy or Simple Mastectomy and who participated in the European Union program “You’re worth it” were analyzed. The study was conducted in cooperation with the Gliwice Oncology Center and the Amazon Clubs of Zabrze and Gliwice. The program focused on providing comprehensive care and rehabilitation to women who had breast cancer living in the Silesian region. The average age of the participants was 61.8 ± 10.8 years (range: 38–84 years). The mean body weight of the patients was 78.4 kg, body length was 160.0 cm, and body mass index was 30.7. All participants had undergone combination therapy (unilateral Modified Radical Mastectomy or Simple Mastectomy, chemotherapy, and/or radiotherapy). In the study group, 27 women underwent left-sided mastectomy and 25 women underwent right-sided mastectomy. The mean time from surgery was 6.5 ± 7.6 years. All study participants wore an EBP, which was selected by a skilled person. All study participants used a EBP at least during the day. All study participants met the inclusion and exclusion criteria. The characteristics of the study group are presented in Table 1.


Table 1 | Characteristics of the participants.



The inclusion criteria were as follows: 1) female sex, 2) unilateral Modified Radical Mastectomy or Simple Mastectomy, 3) use of EBP for at least 12 h during the day, and 4) provision of a written informed consent to participate in the study.

The exclusion criteria were as follows: 1) dizziness, 2) imbalance or use of medications affecting the body’s balance, 3) nervous system diseases (Parkinson’s disease, post-stroke condition, peripheral nerves paralysis), 4) system disorders and skeletal disorders (posture defects, foot deformities), 5) rheumatic diseases, 6) condition after injuries, 7) metastases to the skeletal system, and 8) mental disorders (depression, dementia).

Before initiating the study, each participant was informed of the purpose and assumptions of the research project and the individual elements of the study. Participants were also informed that participation in the study was completely voluntary and that it was possible to withdraw from the research project without providing any reason. The study was conducted after obtaining written consent from participants. The research design received a positive opinion from the Bioethical Committee of the Medical University of Silesia in Katowice (Resolution No. KNW/0022/KB1/61/18). The study was conducted in accordance with the Declaration of Helsinki.

The examination consisted of four interrelated parts—1) anthropometric measurements; 2) measurements of the circumference of the upper limbs; 3) evaluation of the weight-bearing distribution; and 4) posturographic testing (center of pressure [CoP] measurements).


2.1 Anthropometric measurements

The height and weight of the test person were measured using a scale with a height gauge. The length of the lower limbs was measured using a tensile-resistant sewing tape, measuring the distance between the greater trochanter of the femur and medial ankle separately for the right and left lower limbs.



2.2 Measurements of upper limb circumference

Upper limb circumferences were measured using a tensile-resistant sewing tape. Measurements were conducted at two levels in each participant. The first measurement (brachial circumference) was made approximately 10 cm above the lateral epicondyle of the humerus, while the second measurement (forearm circumference) was made approximately 10 cm below this epicondyle.



2.3 Measurements of weight-bearing distribution and posturographic tests (CoP measurements)

During posturographic examinations, the participants stood barefoot in a relaxed standing position, with the upper limbs along the body and head facing forward. The distance between the medial ankles was approximately 3 cm.

Posturographic examination was performed under twoconditions: 1) with the EBP and then 2) without the prosthesis. Successively, in both conditions following measurements were made:

	Weight-bearing distribution between the A and NA sides of the body with the eyes open and then with eyes closed

	Posturographic test with eyes open and then with eyes closed



A force plate PDM, ZEBRIS (Germany) with FootPrint software, was applied for posturographic examination. Each measurement was recorded three times (3 trial, each lasted for 30 seconds with 30 sec pauses between trials). The mean values from three trials were used for future analysis.

CoP shifts and surface area of the CoP were the basis for the following posturometric parameters:

	1) Path length of the CoP (SPL)

	2) Lateral sway path of the CoP—the length of the short axis of the ellipse – the width of the ellipse (WoE)

	3) Anterior–posterior sway path of the CoP—the length of the long axis of the ellipse – the height of the ellipse (HoE)

	4) Area of the ellipse containing 95% of the recorded points of the projection of the center of pressure into the ground (AoE)

	5) Angle of the ellipse determined by CoP (aoE)



Flowchart describing the study flow is shown in Figure 1.




Figure 1 | Flowchart describing the study flow. EBP, external breast prosthesis.





2.4 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics version 25. The data’s statistical distribution was identified using the Shapiro–Wilk test, and descriptive statistics were calculated. The differences in the weight-bearing distribution, between the A and NA sides of the body, were expressed by the absolute values of the percent load of the A and NA sides and the symmetry index (SI). SI was calculated using the following formula: │XAM-XNA│/avg (XAM, XNA) × 100%, where XAM and XNA are the values of a given parameter on both sides of the body – amputated (XAM) and non-amputated (XNA) (29). The differences in the parameters of the weight-bearing distribution between the A and NA sides of the body and posturometric parameters with and without the EBP, with the eyes open and closed, were analyzed using the Student’s t-test or Wilcoxon’s test. For the variables with a normal distribution, the Student’s t-test was used for statistical calculations, while for variables with a distribution other than the normal, the Wilcoxon test was used for statistical calculations. The statistical significance level was considered at a P-value <0.05. The Mann–Whitney U test was used to identify differences in upper limb circumferences between the A and NA sides. Spearman’s rank correlation test was used to calculate the correlation between the weight-bearing distribution and posturometric parameters and demographic data. Correlation coefficients were interpreted according to Altman’s recommendations: Rs<0.2, weak; 0.21–0.4, low; 0.41–0.6, moderate; 0.61–0.8, high; and 0.81–1, very high.




3 Results

Measurement of the circumference of the upper limbs aimed to identify the presence of lymphedema in the upper limb on the amputated side. The comparison of the corresponding circumferences (brachial and forearm circumferences) between the A and NA limbs are summarized in Table 2.


Table 2 | Differences in upper limb circumferences at the brachial level (circumference 1) and at the forearm level (circumference 2) between the A and NA sides.



The comparative analysis did not show any statistically significant differences in arm circumferences between the A and NA sides. However, significant differences were found in forearm circumferences. The mean difference in the forearm circumferences did not exceed 2 cm.

Based on the value of the SI, participants were divided into the following three subgroups:

	A) SI ≥20—the percentage of load is greater on the amputated side

	B) SI ≥-20—the percentage of load is greater on the non-amputated side

	C) - 20< SI <20—the percentage of load is equal or close to equal on the A and NA sides



The analysis of the distribution of the participants in terms of the weight-bearing distribution between the A and NA sides showed that the dominant tendency was to load both sides of the body evenly. Regardless of the test conditions (with a prosthesis, without a prosthesis, with eyes open and eyes closed), in more than half of the participants, the weight-bearing distribution was equal or close to equal (less than 5% of the difference) between the A and NA sides (Table 3).


Table 3 | Characteristics of the symmetry index in individual trials.



The results of the comparative analysis of the weight-bearing distribution between the A and NA sides of the body, expressed as the percentage of load on the A and NA side, and the SI in both tested conditions, i.e., with and without the EBP, as well as with eyes open and closed, showed no statistically significant differences between the test results performed with and without an external prosthesis (Tables 4, 5).


Table 4 | Comparison of the weight-bearing distribution between the A and NA sides during the trial with and without the EBP while maintaining a free-standing position with the eyes open and closed (N = 52).




Table 5 | Comparison of the weight-bearing distribution between the A and NA sides during the test with eyes open and closed while standing alone with and without the EBP (N = 52).



No statistically significant differences have been observed between the results of posturographic tests conducted with and without an EBP during tests with eyes open and closed (Table 6). The only significant difference was in the angle of the ellipse defined by the projection of the center of gravity. In the test with EBP, the angle of the ellipse showed negative values, while, in the test without prosthesis, it showed positive values. Negative values of the ellipse angle indicate that the resultant of the gravity forces runs diagonally toward the left. Conversely, positive values of this angle indicate that the resultant of gravity forces runs diagonally toward the right (Table 6).


Table 6 | Comparison of the results of posturographic tests conducted with and without EBP during independent standing in a free standing position with eyes open and closed (N = 52).



In comparing the posturometric parameters between the test conducted with eyes open and closed, in both conditions, i.e., with and without an EBP, statistically significant differences were noted in the path length of the CoP. The path of movement in the test conducted both with and without the EBP was statistically significantly longer in the test with eyes closed. Additionally, in the test conducted without the EBP, the HoE was significantly longer in the test with eyes closed. This indicates a significantly greater anterior–posterior CoP scavenging under conditions with visual inspection disabled (Table 7).


Table 7 | Comparison of the results of the posturographic tests with eyes open and closed during self-standing in a free standing position during the tests with and without EBP (N = 52).



In analyzing the correlation between the weight-bearing distribution with demographic data (e.g., age of the participants, time since surgery, height, BMI, and body weight), no significant correlations were found. Exploration the relationship between posturometric parameters and demographic data revealed a several significant weak correlations. The following posturometric parameters: SPL, WoE, HoE and AoE were positively related to age of participants, which means, that the older participant, the worse the posturometric parameters (Table 8).


Table 8 | Correlation of posturometric parameters with the age of the participants.





4 Discussion

This study aimed to assess the impact of EBP on postural stability of women who underwent unilateral mastectomy by comparing the results of the posturographic tests conducted on the same patient under two conditions, i.e., with and without EBP. Although the initial hypothesis that the EBP plays a significant role in maintaining a stable standing posture in women who underwent unilateral mastectomy seemed obvious and significant differences were expected, the study suggests the opposite. Not only did the conducted statistical analysis not confirm the differences in the weight-bearing distribution between the A and NA sides of the body in natural conditions, i.e., with EBP (as already presented above), there were also no significant differences between the tests conducted with and without the EBP. Moreover, in comparing the measurements of postural stability while maintaining a standing position with and without the EBP, no significant differences in the basic posturometric parameters were found, neither in the tests with open eyes nor in the tests with eyes closed.

Additionally, the differences in the arm circumferences on the A and NA sides did not confirm the occurrence of lymphedemas typical for the amputated limb after mastectomy. The hypothesis that the EBP provides better postural stability in women after unilateral mastectomy – in the context of the obtained results – was not confirmed by the conducted studies.

The question whether EBP influences the postural stability of women who underwent mastectomy was not answered by the previous studies. Moreover, the literature on the subject indicates that the EBP does not play such a significant role as it could be assumed in the postural control of women who underwent unilateral mastectomy (11, 28, 30). Karczewska et al., based on studies assessing the influence of external prostheses on the dynamic balance of women who underwent unilateral mastectomy, found that the breast prosthesis did not affect the quality of equivalent reactions in the dynamic study (24). Similarly, in the extensive study conducted by Manikowska et al., who assessed the impact of external breast prostheses of three different weights on the measures of stability in women who underwent unilateral mastectomy, no statistically significant differences were found between posturographic tests conducted with different prostheses and without a breast prosthesis. It was interesting that the values of the weight-bearing distribution and posturometric parameters with the prosthesis, the mass of which was 50% of the amputated breast mass, were closest to the results obtained in the control group consisting of healthy counterparts (11). While examining the influence of EBP of different weights on the activity of the extensor muscles of the spine on the A and NA sides, Hojan et al. also found that the weight of the EBP did not affect the body posture of these women (28). In their subsequent studies, they presented scientific evidence that the weight of the EBP did not affect the biomechanics of the torso (30). Both the previous and presented results may indicate the activity of compensatory mechanisms activated as a result of the breast amputation procedure and organism’s efforts to compensate for the postural symmetry disorder and its control.

Another goal of this study was to assess the dynamic postural stability of women who underwent unilateral mastectomy, a comparison of the stability measures in the posturographic test with eyes open and test excluding visual control in a standing position. Comparison of the postural stability measurements while maintaining the standing position with the EBP in place (i.e., under natural conditions) revealed significant differences between their values recorded during the test under visual control conditions (test with eyes open) and its switch-off conditions (test with eyes closed). The basic posturometric parameter, i.e., SPL, was almost 10% longer when the visual control was turned off than that with the eyes open. Therefore, the results of this study may indicate impairment of dynamic postural control, i.e., under conditions of disabled visual control in women who underwent unilateral mastectomy. Moreover, the abovementioned findings are confirmed by the results of previous scientific studies. Głowacka-Mrotek et al., in studies conducted on a group of patients who underwent unilateral mastectomy, comparing them to a group of healthy women, noted statistically significantly worse results in terms of stability measurements for both open and closed eyes in the group of women who underwent mastectomy. In the posturographic test with eyes open, this concerned the following parameters: maximum back deviation, maximum forward deviation, average Y deviation, average Y velocity, path length, and path surface area (13). However, in the sample with the exception of visual inspection, it concerned maximum backward deviation, maximum forward deviation, mean Y deviation, and path length. Moreover, these results confirm our observations regarding significantly higher HoE (which corresponds to the maximum backward and forward deviation range) recorded in the test without EBP with eyes closed. More recently, Mangone et al. compared the dynamic stability of women who underwent unilateral breast amputation to that of their healthy counterparts. They found that the stability measurements obtained from women who underwent mastectomy are worse both under visual control and after its switching off. They noted significantly worse results in both length of the ellipse and area of the ellipse plotted by the CoP in the test with eyes closed (10). In turn, Montezuma et al. recorded significantly higher maximum CoP velocity in both the tests with eyes open and eyes closed in comparative studies of women who underwent mastectomy and a control group of healthy women. Additionally, these results were significantly worse when the visual inspection was turned off in both groups (4). The abovementioned observations were also confirmed in the literature review on balance and gait studies in women who underwent mastectomy compared to their healthy counterparts (26). Despite the fact that this project did not involve comparative studies with healthy counterparts, the abovementioned previous studies lead to the conclusion that the posturometric parameters obtained in this study differ from the results of the population of healthy women presented in other studies and indicate the presence of symptoms of postural instability in the studied population. In both the previous studies and our study, the stability measurements were correlated with the age of the participants. Most posturometric parameters were worse in older participants. Deterioration of postural stabilization is an indispensable element of the aging process and a physiological phenomenon (31).

It can be assumed that the postural control systems in patients who underwent unilateral mastectomy rely largely on the visual feedback needed to maintain an upright body posture. Therefore, disabling visual control may expose the imperfections of postural control based on proprioceptive mechanisms in women after mastectomy. Some scientific reports that assessed the effect of treatment adjunct to mastectomy, such as neurotoxic chemotherapy, indicate that they may induce symptoms of peripheral neuropathy and lead to disturbances or even loss of proprioception (32–35).

While previous studies referred to the stability measurements obtained in tests with EBP (e.g., of different weights), often with results obtained from healthy counterparts (independent sample comparisons), which could raise doubts regarding homogeneity of the studied groups, our study compared dependent samples, i.e., stability measurements obtained in the tests with the target breast prosthesis with which the patient functions on a daily basis and also without it.

Additionally, the tests conducted with and without the target EBP were compared under two conditions—with and without visual inspection. To the best of our knowledge, these are the first studies using such a methodology.

The study results show that 1) postural stability disorders occur in women who underwent unilateral mastectomy after switching off visual control and 2) EBP does not have a significant influence on the symmetry of loading on the A and NA sides of the body and on the postural stability of women after unilateral mastectomy.

Based on the obtained results, the following conclusion can be drawn: the deficiencies of postural control in women after mastectomy indicate the need to include proprioceptive training as an element of rehabilitation of women after mastectomy.



5 Limitations

Our study has some limitations. Although in the case of the strictly defined purpose of the presented study, it did not matter that much, the study population varied considerably in terms of age, time since mastectomy, and adjuvant treatment methods. Therefore, in further stages of the study, the abovementioned limitations will be considered.

However, the most important limitation was the not fully recognized condition of lymphedema in the upper limb on the amputation side. It is necessary to consider the natural differences between the weight of the upper limbs, e.g., dominant and non-dominant, and this has not been considered in the presented studies. Therefore, in follow-up studies, a segmental analysis of body mass composition, especially the percentage of water in the upper limbs, should be included.
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Background

Patients with hormone receptor-positive, HER2-negative breast cancer who have residual invasive disease after neoadjuvant chemotherapy (NACT) are at a high risk of relapse. PENELOPE-B was a double-blind, placebo-controlled, phase III trial that investigated adding palbociclib (PAL) for thirteen 28-day cycles to adjuvant endocrine therapy (ET) in these patients. Clinical results showed no significant improvement in invasive disease-free survival with PAL.



Methods

We performed a pre-planned cost-effectiveness analysis of PAL within PENELOPE-B from the perspective of the German statutory health insurance. Health-related quality of life scores, collected in the trial using the EQ-5D-3L instrument, were converted to utilities based on the German valuation algorithm. Resource use was valued using German price weights. Outcomes were discounted at 3% and modeled with mixed-level linear models to adjust for attrition, repeated measurements, and residual baseline imbalances. Subgroup analyses were performed for key prognostic risk factors. Scenario analyses addressed data limitations and evaluated the robustness of the estimated cost-effectiveness of PAL to methodological choices.



Results

The effects of PAL on quality-adjusted life years (QALYs) were marginal during the active treatment phase, increasing thereafter to 0.088 (95% confidence interval: −0.001; 0.177) QALYs gained over the 4 years of follow-up. The incremental costs were dominated by PAL averaging EUR 33,000 per patient; costs were higher in the PAL arm but not significantly different after the second year. At an incremental cost-effectiveness ratio of EUR 380,000 per QALY gained, PAL was not cost-effective compared to the standard-of-care ET. Analyses restricted to Germany and other subgroups were consistent with the main results. Findings were robust in the scenarios evaluated.



Conclusions

One year of PAL added to ET is not cost-effective in women with residual invasive disease after NACT in Germany.





Keywords: Penelope-B, Palbociclib, CDKi, (postneo)adjuvant, early breast cancer, cost-effectiveness, Germany



Introduction

Breast cancer is the most frequent cancer among women in Europe. In 2020, about 355,000 new cases were diagnosed, with nearly 95,000 women dying of breast cancer in EU-27 that year (1). About 90% of new breast cancer patients in EU-27 countries are diagnosed at an early stage (2), of which, approximately a third will develop advanced or metastatic disease later in life (3). Prognosis depends on the number of positive axillary nodes, tumor size, tumor grade, lymphatic and vascular invasion, expression of estrogen (ER+) and progesterone receptors, and human epidermal growth factor 2 (HER2) status (4, 5).

In recent years, novel cancer treatments led to patient-relevant improvements in treatment outcomes. In particular, cyclin-dependent kinase (CDK) 4/6 inhibitors, including palbociclib (PAL), combined with endocrine therapy (ET) showed impressive efficacy in ER+ advanced breast cancer (6–8). In hormone receptor-positive breast cancer patients, CDKs modulate cell cycle entry and progression in response to growth signals (9, 10). Inhibition of these kinases with PAL could enhance the activity of other anticancer drugs.

PENELOPE-B follows a series of studies that established the efficacy of PAL in metastatic breast cancer (11). In 2015, the US FDA and, later, also the EMA approved PAL for use in combination with ET for first-line and, subsequently, second-line treatment of postmenopausal women with locally advanced or metastatic disease (12, 13). Since then, several recent and ongoing trials, including PENELOPE-B, have sought to demonstrate its efficacy also in high-risk ER+, HER2-, early breast cancer patients with residual disease after neoadjuvant chemotherapy (NACT) (14–17).

In PENELOPE-B, PAL added to standard adjuvant ET did not statistically improve invasive disease-free survival (iDFS) or overall survival (OS) compared to placebo (16). Findings on these patient-level outcomes expanded the clinical evidence base but were not sufficient to conclude on the value of PAL against competing claims for healthcare resources (18). These value judgments, addressed within the cost-effectiveness framework, integrate societal health state values through the use of preference-based health-related quality of life (HRQoL) measures and costs, thus reflecting efficiency and equity (18, 19). An intervention that does not lead to a meaningful benefit in terms of survival may nonetheless be a good value for money if it leads to a better HRQoL or changes in care-seeking that reduce overall spending in the patient group targeted. Toward this end, we present further, pre-planned analyses of the trial data on the effects of PAL on HRQoL, medical resource use, and cost of care, and address its cost-effectiveness compared to ET alone.



Materials and methods

We performed a within-trial cost-effectiveness analysis of PAL+ET in PENELOPE-B from the perspective of the German statutory health insurance. Information on survival, disease progression, medical resource use, and HRQoL based on the European Quality of Life-5 Dimensions-3 Level (EQ-5D-3L) instrument was collected within the trial. Price weights were obtained from published national databases and the literature (20–25). A validated German valuation algorithm for ED-5D-3L was used to derive quality-adjusted life years (QALYs) (26). Mixed-level models (27) were used to adjust for missing values, stratification, and potential residual imbalances between the study arms at baseline. The evaluation was restricted to a within-trial horizon with a maximum follow-up (FU) of up to 6 years. Incremental costs and effects, discounted at 3%, were compared in each year and cumulatively over the duration of FU. Scenario analyses addressed data limitations and evaluated the robustness of the estimated cost-effectiveness of PAL to methodological choices. The main analysis was conducted on the intent-to-treat (ITT) population; subgroup analyses including by risk strata and country were also performed.


Trial

PENELOPE-B (NCT01864746) was a randomized, double-blind, placebo-controlled, phase III trial that investigated the effects of PAL in early HR+ and HER2- breast cancer patients aged 18 and above (28). Women were eligible if they had residual disease after at least 16 weeks of NACT, were at a high risk of relapse [clinical pathological staging-estrogen receptor grading (CPS-EG) score ≥ 3 or 2 and ypN+ (29)], and subsequently underwent a definitive surgery and/or radiation.

Patients were recruited between February 2014 and December 2017 from 221 centers in Germany, Spain, USA, France, Australia, South Korea, Ireland, Japan, Austria, and UK. Randomization was in 1:1 permuted blocks of alternating size stratified by risk, nodal involvement after surgery, Ki-67 status, age, and region to receive either PAL (125 mg, orally, once daily for 21 days, followed by 1 week off treatment for a total duration of thirteen 4-week cycles) or placebo in addition to adjuvant ET and other standard-of-care treatment according to local guidelines (28). Patients were followed up for a maximum of 6 years. The primary clinical end point of the trial was iDFS.

The trial was approved by the health authorities and ethics committees and conformed to ICH-GCP guidelines and the Declaration of Helsinki. Further details on the trial are available from Loibl et al. (16).



End point

The primary end point for the health-economic sub-study was the incremental cost-effectiveness of PAL+ET expressed as a cost per QALY gained compared to ET (implies placebo+ET here and throughout). The secondary objective was to compare between the arms HRQoL, accrued QALYs, medical resource use, and direct medical costs. The outcomes were assessed yearly and cumulatively within the trial FU. No extrapolation was done due to the lack of clinical differences between the trial arms at the end of FU.



QALYs

The EQ-5D-3L (30, 31) was used to score HRQoL. The questionnaire, asking patients to rank their mobility, self-care, usual activities, pain/discomfort, and anxiety/depression, was completed at baseline (30 days prior to randomization), and during FU visits: bi-monthly during PAL treatment, at end of treatment (EOT), every 6 months in years 2–4, and every 12 months thereafter. The EQ-5D-3L scores were converted to utilities using the German valuation algorithm (26). QALYs were estimated by combining the estimated utilities with time using the “area under the curve” approach (32). For patients who died in the trial, QALYs were set to 0 from the date of death until the end of planned FU.



Medical resource use, price weights, and costs

Medical resource use recorded in the trial covered all care episodes including those related to conditions other than breast cancer. Care episodes occurring at the enrolling and treating medical centers were transferred from the patients’ medical records. Patient diaries were used as the basis for recording the intake of the study drug and care episodes (outpatient physician visits and hospitalizations) occurring outside of the enrolling and treating centers. Information on the medical resource use generally allowed characterization of care episodes with respect to the type of care received, the number of events since last FU, and their duration facilitating costing. Where information was recorded as free text (diagnostic screenings, physician visits, and hospitalizations), coding routines were developed to map these entries into line items that could be consistently costed. See Appendix A1 for further details on recording of resource use in the trial and adjustments for costing.

2020 German price weights (i.e., unit costs) were used to value resources. Drug prices were based on the median listed retail price per tablet (20). Costs of radiotherapy per session were obtained from the literature (24). Physician visits were costed by specialty based on the average fee reported by the National Association of Statutory Health Insurance Physicians [Kassenärztliche Bundesvereinigung (KBV)] (21); 2018 unit costs (the most recent available at the time of analysis) were inflated to 2020 prices using the German gross domestic product deflator (33). Screenings and other diagnostic examinations (i.e., CT, MRI, mammogram), minor surgeries (i.e., biopsy), and lymph drainage massage were also costed from KBV data (22). Physiotherapy costs were based on costs of inpatient hospital rehabilitation from the German Pension Insurance (Deutsche Rentenversicherung) (23). Inpatient hospital stays were costed based on an average cost per day for different types of hospitalization derived by dividing the average cost per stay by the average length of stay from appropriate diagnosis-related groups (DRGs) in the German DRG system (25). See Appendix A1 for unit costs and further details on derivation.

Only resources used after randomization (including postoperative treatments, care related to comorbidities, adverse events, and treatments for recurrent or secondary malignancies) were considered. Costs were calculated per care episode by multiplying the quantity of the resource line item with the respective price weight and then summed. For patients who died during FU, costs were set to 0 from the date of death until the end of planned FU.



Missing values

Missing values were encountered due to partial response (item-level missingness), attrition (loss to FU or withdrawal from the study), and, to the extent that we produced estimates for a given length of FU (as opposed to average FU), missingness due to administrative censoring (i.e., patients followed up for less than 72 months given their date of enrolment). Each of these sources of missing information required its own strategy to address.

Instances of item-level missingness were relatively few, resulting in <1% of missing values in utility and resource use data. These were resolved with information borrowed from the available data or filled with assumptions informed by clinical experts (see Table A4 in Appendix A1 for details). Care episodes that took place in the periods of missed FU were deemed not to pose a significant problem for costs since these were covered during the next FU visit at which the patient was present (i.e., medical records reviewed and relevant information updated since the last visit). Missing utility values were linearly interpolated from the periods just before the missing value and just after. Missing baseline utility values were imputed from the FU visit at the start of the first treatment cycle since the two were on average <30 days apart (patients have only received the first dose of study drug in-between).

Patients lost to FU for multiple consecutive periods were censored at the date of the last FU present; data in subsequent periods in which FU was resumed were not used (<2% of patient-FU records). For patients who died, costs were censored at the time of the previous FU when the patient was alive to reflect missing information on expenditures prior to death. For consistency, data used in regression analyses were further censored to exclude partial year entries, i.e., censoring at the last complete yearly interval.

In total, attrition resulted in 20% of QALYs and 11% of costs missing (see Table A6 in Appendix A1). Attrition was balanced between the study arms and increased from about 13% for QALYs and 7% for costs in the first year to as much as 23% and 38%, respectively, in year 3 before dropping again in the later years. Administrative censoring accounted for another 23% of missing values. Missingness varied by country and was strongly and positively associated with the time of enrollment and CPS-EG score ≥3 (Tables A7–A9 in Appendix A1).



Between-country heterogeneity

We tested and found no evidence of heterogeneity in outcomes among countries (see Table A10 in Appendix A1) (34–36). Thus, the pooled result applies to all countries that participated in the trial, including Germany.



Cost-effectiveness analysis

The main analysis was conducted on the ITT population at 4 years after randomization; results for years 5 and 6 could not be reliably estimated due to high administrative censoring.

As the starting point for the main analysis, mean differences in outcomes were calculated by arm and year of FU. These descriptive results were then compared to regression-adjusted mean differences estimated with mixed models for repeated measures (MMRM) (27). The models adjusted for stratification (37) and addressed missingness under the missing at random assumption (MAR) (27, 38) and potential residual imbalances at baseline (32). The effect of PAL was captured with an interaction between the arm assignment and the year of FU. We modeled residuals using an unstructured covariance matrix that implies independence between patients. All models controlled for risk stratification factors, baseline health utility, and country; cost models additionally controlled for breast cancer treatments received before randomization (first ET with tamoxifen, ovarian ablation with goserelin injections, mastectomy, and reconstruction surgery) and the number of health conditions with ongoing treatment (0, 1, 2, 3, and more). Average marginal effects by year were summed to produce cumulative incremental outcomes for different lengths of FU. Model specification tests are reported in Tables A11 and A12 in Appendix A1. Alternative specifications, allowing for correlation between outcomes using seemingly unrelated regressions (SUR) and adjusting for skewness using generalized linear models (GLMs), were tested in scenario analyses.

The incremental cost-effectiveness ratio (ICER) was calculated as the ratio of cumulative incremental costs to QALYs.



Uncertainty and scenario analyses

The 95% confidence intervals for the incremental QALYs and costs were estimated with nonparametric bootstrap stratified by arm with 5,000 replications. Confidence intervals and p-values were calculated by pooling bootstrapped standard errors over the respective yearly intervals. Regression-adjusted bootstrapped incremental outcomes were plotted on the cost-effectiveness plane.

Scenario analyses addressed data limitations and evaluated the robustness of the estimated cost-effectiveness of PAL to methodological choices and in different populations of interest. We tested our strategy for dealing with missing values by relaxing some of the censoring rules and by using multiple imputation by chained equations (MICE) to impute missing values for each FU year (see Appendix A2 for details on the implementation of MICE) (39, 40). Analyses using imputed data allowed us to further explore between- and within-patient correlations (38).



Technical implementation

All analyses were implemented in Stata/SE version16.1 (41).




Results


Patient characteristics

The PENELOPE-B study population was previously described in Loibl et al. (16). For context, patient characteristics are reported in Table A13 in Appendix A3. We briefly note that Germany recruited over a third of all patients. These differed somewhat from the full study population in the distribution of risk (relatively higher share with CPS-EG score ≥3 in PAL+ET arm, lower with Ki-67 ≤15%), breast cancer treatments at baseline (fewer mastectomies, fewer started ET before PAL or ET with tamoxifen, fewer on goserelin, and fewer hysterectomies), and other illnesses (one illness less chronic or ongoing).



Descriptive results

Clinical results have been previously reported in Loibl et al. (16). To facilitate the interpretation of incremental effects of PAL on HRQoL and costs, we present unadjusted clinical events along with healthcare utilization summaries (Table 1). On average, about 23% of patients relapsed, less than 2% developed a secondary malignancy, and about 10% died during the FU period. These fractions were relatively higher in the German subpopulation, reflecting longer FU and differences in baseline characteristics. In both samples, the fraction reporting an event was higher in the ET arm compared to PAL+ET, although this difference was not statistically significant.


Table 1 | Clinical events and utilization.



Most patients had at least one screening, one visit with a physician, and had taken at least one hormone therapy pill. About half had a hospitalization, and about a quarter received additional ovarian suppression injections. Other types of care were less common. Consistent with differences in clinical events, a higher fraction of patients in the German subpopulation were hospitalized, received targeted therapy, mental health services, and physiotherapy compared to the full study population. With the exception of PAL, there were no statistical differences between the arms in healthcare utilization. Furthermore, mean quantities by type of care were balanced except for PAL and physician visits (about five more in PAL+ET, incurred in the first year; see Table A14 and Figures A7–A12 in Appendix A3 for additional tabulations).

In the full study population, over the average FU of about 2.8 years, patients in the PAL+ET arm gained an additional 0.07 discounted QALYs compared to the ET arm, and this difference was not significant (Table 2). In the German subpopulation, the relative gains were larger (0.23 discounted QALYs) and marginally significant. Differences in total costs were statistically significant and roughly equal to the average cost of 13 months of PAL (EUR 35,000). The second-largest contributor to total costs was hospitalizations, averaging about EUR 2,000 per patient (note that only about 50% had any hospitalizations and about 40% were followed up for more than 4 years), followed by physician visits, and injections for ovarian suppression. In the ET arm, the cost distributions were fairly similar with the exception of PAL and physician visits—patients in PAL+ET arm spent, on average, EUR 500 more on physician visits over the FU period


Table 2 | Quality-adjusted life years and costs.





Regression-adjusted results

The mean yearly differences in outcomes between study arms were cumulated in Table 3 to show the total health-economic effects of PAL throughout the trial FU. Unadjusted effects of PAL on QALYs were marginal during the active treatment phase and increased, favoring PAL, in later years, leading to a sizable and statistically significant effect over years 1–4 (see also Tables A15 and A16 in Appendix A3 for yearly incremental differences). Regression-adjusted estimates of PAL impacts on QALYs were not significant and less favorable than the descriptive result, while the upward time trend was numerically maintained. The cumulative effect over FU years 1–4 added up to 0.09 QALYs gained and was marginally significant. Impacts on costs aligned with the descriptive result, with the bulk of incremental costs accrued in the first year; these increased only marginally throughout FU. The estimated ICER was about EUR 380,000 per QALY gained, which is nearly double the unadjusted ratio, consistent with differences in effectiveness.


Table 3 | Cumulative incremental QALYs, costs, and cost-effectiveness ratios by year of FU without and with regression adjustment.





Uncertainty and scenario analysis

Figure 1 presents the probabilistic distribution of regression-adjusted incremental outcomes cumulated over years 1–4 from a bootstrap resampling with 5,000 replications. The plot highlights the great extent to which the uncertainty in the cost-effectiveness of PAL was driven by uncertainties on its effects on QALYs.




Figure 1 | Bootstrap of regression-adjusted cumulative incremental outcomes plotted on the cost-effectiveness plane, 4 years of FU. Each dot represents a bootstrap replication (out of 5,000) of the cumulative incremental outcomes based on regression-adjusted results estimated at 4 years of FU. The black dot corresponds to the mean incremental QALYs of 0.088 and incremental costs of EUR 33,336 as reported in Table 4 above.



Key scenarios, testing the robustness of the main result, are presented in Table 4 (see Appendix A4 for the full set). Analyses restricted to patients recruited in Germany (scenario 1) yielded a lower point estimate on QALYs with no statistical significance and an estimated ICER exceeding EUR 1,600,000. Otherwise, effects on QALYs were marginally significant across scenarios evaluated [positive in all but the complete case analysis (scenario 16)] and fairly closely clustered around the main result. The highest incremental gains, favoring PAL, were estimated in patients who received at least 80% of PAL doses, patients over 50, patients with ypN equal to 2 or 3, and patients with a risk score ≥ 3 (scenarios 3, 8, 6, and 12). Moreover, strong positive effects of PAL were estimated when data from year 5, based on less than 9% of patients (those enrolled early enough to reach this FU time point and not censored), were included (scenario 15). The estimated incremental gains doubled between years 4 and 5, leading to a total of 0.201 QALYs gained and an ICER of EUR 167,905 over 5 years of FU. Estimates based on multiply imputed data were similarly marginally positive and quantitatively comparable to the base-case results when using MMRM (scenarios 17–19). The incremental costs ranged between EUR 31,178 and 35,974. The largest incremental costs were estimated in patients who received at least 80% of PAL doses, while the lowest—indicating greater cost savings from PAL—were in patients with Ki-67 > 15%. The ICERs were mostly above EUR 300,000 and moved in a predictable pattern with changes in effectiveness. The overall range across scenarios was between EUR 167,905 and 1,603,238 per QALY gained.


Table 4 | Scenario analyses: regression-adjusted, 4 years of FU.






Discussion


Key findings

We analyzed HRQoL and resource use data from the PENELOPE-B trial to estimate from the perspective of the German health statutory insurance the incremental effectiveness, expressed in QALYs, and costs of PAL added to standard-of-care ET in women with early breast cancer and at a high risk of relapse. Our primary result, regression-adjusted for stratification, missing data, and any residual imbalances at randomization, showed positive and marginally significant impacts of PAL on HRQoL at 4 years of FU. These impacts did not translate to differential care-seeking or cost savings, with nearly the full cost of PAL passed on to the system. The ICER was estimated at about EUR 380,000 per QALY gained, implying that PAL was not cost-effective compared to the standard-of-care ET at conventional willingness-to-pay thresholds.

We additionally observed that the effects of PAL on QALYs increased over time. We estimated relatively large and significant QALY gains in year 5, which led to an overall positive and significant cumulative effect over 5 years. This result should be interpreted with caution since few patients were followed this long. While PAL remained not cost-effective, more mature data on the effects of PAL beyond year 4, from PENELOPE-B or other trials, would be required to clarify the longer-term effects and, potentially, also the health-economic properties of PAL. We estimated numerically greater effects when averaged over all participating countries compared to Germany, suggesting that PAL+ET might be more effective in some settings. The differences in the magnitude and statistical significance compared to the full population were consistent with differences in patient characteristics and loss in power due to reduced sample size.



Policy implications and significance

To date, the economic analyses of PAL and other CDKi primarily focused on advanced and metastatic patients (42–47); these studies relied on data from several CDKi trials (48–52) to extrapolate impacts of CDKi to lifetime horizons in cohorts of patients. Overall, these model-based analyses estimated the incremental effectiveness of PAL compared to ET (most often with letrozole) between 0.32 and 1.39 QALYs gained with resulting ICERs, sensitive to price assumptions, between USD 150,000 and 800,000 per QALY (42–47). To our knowledge, this is the first study that evaluated the health-economic properties of PAL in early breast cancer patients. Considered together with the evidence of no clinical benefit shown by Loibl et al. (16), our findings do not support adding PAL to the standard-of-care ET in the adjuvant setting in high-risk patients in Germany.



Limitations

The analysis is subject to several limitations that may have impacted our results. These primarily stem from difficulties of collecting comprehensive resource use data alongside a clinical trial (53). Data collection forms were designed to minimize patient burden leading to some challenges in interpreting and valuing resource use (see Supplementary Materials 1). While these issues may have affected the level of costs, potentially biasing our estimates downward (54), the impact on incremental costs was likely minor since both clinical events and care episodes were well-balanced between the trial arms. Moreover, the costs of the care episodes most affected were relatively small compared to the initial costs of PAL treatment. These considerations were further supported with scenario analyses (Table A17 in Appendix A4, scenarios 13–23).

We carefully considered different sources of missing values in our data and applied appropriate strategies for valid inference. First, administrative censoring did not introduce bias but limited power to infer the impact of PAL over the maximum trial FU. Item-level missingness, to the extent that we could identify it, was relatively limited, leading us to adopt some ad-hoc solutions. We interpolated between FU points to fill in missing utility values and borrowed information from unaffected patients on types and quantities of resources used, which might have introduced some bias. The bigger challenge was dealing with attrition, which increased over the trial FU for both QALYs and costs. Our modeling strategy—MMRM—has been shown to be valid under MAR provided the random-effects structure was correctly specified (38). We used multiple imputation to allow for a more flexible correlation structure in patient random effects over time (38, 39). The estimated effects and their significance aligned well between the two methods.

Finally, we opted to model the outcomes with linear models despite both QALYs and costs being highly (left- and right-) skewed, yielding biased estimates of the mean. The main advantage of this functional form is the ease of interpretation; i.e., the estimated coefficients are directly interpretable as incremental impacts and can also be directly compared to descriptive means. Specifications using GLM with gamma log-link family following MICE that appropriately captured skewness in the data produced estimates that were nearly identical to our main specification (equal for impact on QALYs and higher for the costs with wider confidence intervals), suggesting that the linear models adequately captured the incremental differences between the arms.
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Introduction

Triple-negative breast cancer (TNBC) patients who do not obtain pathological complete response (pCR) after neoadjuvant chemotherapy (NACT) present higher rate of relapse and worse overall survival. Risk factors for relapse in this subset of patients are poorly characterized. This study aimed to identify the predictive factors for relapse in TNBC patients without pCR after NACT.



Methods

Women with TNBC treated with NACT from January 2008 to May 2020 at the Modena Cancer Center were included in the analysis. In patients without pCR, univariate and multivariable Cox analyses were used to determine factors predictive of relapse.



Results

We identified 142 patients with a median follow-up of 55 months. After NACT, 62 patients obtained pCR (43.9%). Young age at diagnosis (<50 years) and high Ki-67 (20%) were signi!cantly associated with pCR. Lack of pCR after NACT resulted in worse 5-year event-free survival (EFS) and overall survival (OS). Factors independently predicting EFS in patients without pCR were the presence of multifocal disease [hazard ratio (HR), 3.77; 95% CI, 1.45–9.61; p=0.005] and residual cancer burden (RCB) III (HR, 3.04; 95% CI, 1.09–9.9; p=0.04). Neither germline BRCA status nor HER2-low expression were associated with relapse.



Discussion

These data can be used to stratify patients and potentially guide treatment decision-making, identifying appropriate candidates for treatment intensi!cation especially in neo-/adjuvant setting.
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Introduction

Triple-negative breast cancer (TNBC) is defined by the lack of estrogen receptor (ER) and progesterone receptor (PR) expression and HER2 gene amplification. TNBCs present aggressive biology, with higher risk of local and distant recurrence compared to other subtypes, rapid progression with short response duration to therapies, and poor survival outcomes. They are typically diagnosed at younger age (1) and are more likely to present as a palpable mass becoming clinically apparent between annual screening mammograms (“interval cancer”) (2). At diagnosis, the majority of TNBC patients present with stage T2 or T3 and have involved lymph nodes and positive lymphovascular invasion (3). Metastatic diseases are more likely to occur in the viscera and brain compared to other breast cancer subtypes with a lower prevalence of bone metastasis (1). Moreover, most of the metastatic disease occurs within 2 or 3 years from diagnosis (1), whereas women who do not relapse during this time have similar survival rates of hormone receptor (HR)-positive BC.

Chemotherapy is the backbone for patients with TNBC in neoadjuvant (NACT), adjuvant, and metastatic setting, and despite its aggressive behavior, TNBC is particularly sensitive to cytotoxic chemotherapy (“triple negative paradox”). In the early stage, it is well established that the long-term outcome of neoadjuvant or adjuvant chemotherapy approach is the same. Nonetheless, NACT, initially used only to convert unresectable tumors into resectable ones, reduces the extent of surgery and improves cosmetic outcomes. Furthermore, the occurrence of a pathological complete response (pCR) after NACT emerged as an indicator of responsiveness to standard therapy. Indeed, patients who obtain pCR—defined as a lack of invasive disease in both breast and lymph nodes—showed improved outcomes in terms of event-free survival (EFS) and OS, whereas residual disease post-NACT is predictive of early recurrences and mortality (4, 5). For all these reasons, NACT became the standard of treatment also for patients with operable disease. However, most patients treated with standard anthracycline- and taxane-based NACT do not experience pCR (5, 6), and data are scarce regarding factors predictive of relapse in this subgroup of patients with residual disease after NACT. The present study aimed to identify factors predictive of relapse in patients with TNBC without pCR after NACT.



Materials and methods


Study population and design

A retrospective review of the electronic medical records of the Unit of Breast Surgery was performed, and 142 patients treated with NACT for early or locally advanced TNBC between January 2008 and May 2020 at the University Hospital of Modena were identified. All the patients with clinical data available, age ≥8 years, and diagnosed with early/locally advanced TNBC (T1–4, N0/+) who underwent NACT were included in the study. Exclusion criteria were diagnosis of hormone-receptor-positive and/or HER2-positive tumors, stage IV cancer, and primary surgery followed by adjuvant chemotherapy.

Tumor-specific characteristics, including tumor and nodal stage, histology, grade, and lymphovascular space invasion, were collected. Furthermore, patient, radiological, and treatment features were evaluated, including age at diagnosis and body mass index (BMI). In particular, data about breast MRI, cytohistological examination from fine-needle aspiration (FNA)/core biopsy, and multicentricity/multifocality or bilaterality were collected. Cytohistological examinations were determined by a pathologist at the time of surgery. Multicentricity/multifocality was defined as more than one foci of tumor in the same breast at the radiological examination before the surgery, independent of quadrant or distance.

The type of NACT, either within clinical trials or based on standard guidelines, and the type of breast and axillary surgery and adjuvant treatments were analyzed. Data about pathological downstaging and pCR, defined as no evidence of invasive disease in the breast and lymph nodes (ypT0/is, ypN0), were collected. In patients not achieving pCR, residual cancer burden (RCB) (7) and tumor-infiltrating lymphocytes (TILs) (8) were assessed. Time from NACT end to surgery and time from surgery to radiation therapy were included in this analysis. Finally, patients’ data concerning germline mutational status of BRCA1 or BRCA2 or about other breast/ovarian hereditary cancer syndrome genes, when available, were included as well.

This retrospective monocentric study was approved by our local Ethical Committee of Area Vasta Emilia Nord (Prot. AOU 25084/20).



Statistical analysis and outcome measures

Baseline differences for clinical and demographic endpoints between patients with and without pCR were assessed by chi-square test or Fisher’s exact test (two-sided) for data analysis. A p-value < 0.05 was considered statistically significant. Outcomes of interest were event-free survival (EFS) and OS, and survival estimates were calculated and reported at 5 years. Time intervals were calculated from diagnosis until death or last follow-up. Patients were censored at the date of last clinical contact. EFS was defined as the time from the date of the diagnosis to the date of the first documented relapse (local, regional, and/or distant), while OS was defined as the time from diagnosis of BC to death/last follow-up. Overall survival and presence/absence of relapse was compared between patients with and without pCR after NACT using the Kaplan–Meier method. Survival estimates were calculated and reported at 5 years, along with their 95% confidence intervals (95% CIs), in the pCR and no pCR group. In patients without pCR, univariate and multivariable Cox analyses were used to determine factors predictive of relapse. Statistical analyses were done using IBM SPSS Statistics for Windows Version 23.0 (IBM Corporation, Armonk, NY, USA).




Results


Patients and treatment characteristics

A total of 142 patients were identified and included in this study. Median follow-up was 55 months (range, 7–155 months). The characteristics of TNBC patients are listed in Table 1. BMI at diagnosis was considered normal (range, 18.5–24.9) in 62.8% of patients. Of the patients, 73.2% underwent genetic testing, and 30% of them presented germline likely pathogenic or pathogenic variants in cancer predisposition genes (24 BRCA1, 4 BRCA2, 1 PALB2, 1 NBN, and 1 ATM). Most of the patients presented clinical tumor stage cT2 (75.2%) and no lymph nodes involvement (56%). TNBCs were predominantly monolateral (97.2%) and unifocal (71.8%).


Table 1 | Characteristics of TNBC patients and histopathological tumor characteristics on tumor biopsy.



Treatment characteristic, response to NACT, and histopathological tumor characteristic on the surgical tissue are shown in Table 2. A total of 109 patients (76.8%) underwent an anthracycline and taxane-based NACT, 6 patients (4.2%) underwent an anthracycline or taxane-based NACT, whereas 27 patients (19.0%) underwent platinum-based NACT. Overall, 60.6% had pre-treatment breast MRI. The average time between neoadjuvant chemotherapy and surgery was 31.4 days (range, 16–74). Seventy-four patients (53.6%) had mastectomy, 83 (58.9%) had sentinel lymph node biopsy (SLNB) performed, and 68 patients (48.6%) had at least 11 lymph nodes removed at the definitive surgery. pCR was obtained in 62 patients (43.9%). After NACT, most of the patients had high nuclear-grade residual (93.8%), high Ki-67 index (62.5%), and no lymphovascular space invasion (LVSI) (72.9%). In 72.9% of cases, Ki-67 index decreased after NACT.


Table 2 | Treatment characteristics, response to neoadjuvant chemotherapy, and histopathological tumor characteristic on surgical tissue.



Adjuvant treatment was prescribed in 29 patients (20.6%) (capecitabine in 7 cases, immunotherapy in 6, capecitabine and immunotherapy in 1 case, olaparib in 3, and other chemotherapy agents in 11 patients), while adjuvant radiotherapy was performed in 86 patients (60.9%). The average time between surgery and radiotherapy was 84.6 days (range, 43–171).



Outcomes

Seven out of 62 patients (9.7%) who achieved pCR relapsed (three patients with loco-regional disease and four with distant metastasis). Among the 80 patients who did not achieve pCR, one was lost to follow-up, and information regarding her tumor residual and outcome are is available. On the other hand, 23 out of 79 patients (29.1%) who did not achieve pCR relapsed. Of those, 12 patients had loco-regional relapse, and 11 had distant disease. As shown in Figure 1, patients who obtained pCR after NACT showed better EFS (5-year EFS 90% vs. 70%, p=0.008) and OS (5-year OS, 95% vs. 69%, p=0.003). Overall, young age at diagnosis (<50 years) and high Ki-67 (≥ 20%) were significantly associated with pCR (Supplementary Table S1). Moreover, although not statistically significant, pCR rate was higher with platinum-based NACT (51.8%) than without platinum agents (42.1%).




Figure 1 | EFS (A) and OS (B) according to pCR. Overall survival and presence or absence of relapse was compared between patients with and without pCR after NACT using the Kaplan–Meier method. Survival estimates were calculated and reported at 5 years, along with their 95% confidence intervals (95% CI), in pCR and no pCR group. (A) Patients who obtained pCR after NACT showed 5-year EFS 90% vs. 70%, p=0.008. Panel (B) represents 5-year OS in patients with and without pCR (95% vs. 69%, p=0.003).





Univariate and multivariable analyses

In univariate analysis, factors associated with relapse in the cohort of patients with residual disease after NACT (79 patients) were BMI > 25, bilateral BC, multifocal disease, clinical T3–T4 stage, clinical N+ stage, RCB III, LVSI, and prescription of adjuvant treatment (Table 3). Interestingly, although not statistically significant, there were trends that suggested an advantage of platinum-based NACT (hazard ratio, 0.05; 95% CI, 0.01–1.009; p=0.06) and worse outcome with TILs <30% (hazard ratio, 3.48; 95% CI, 0.96–12.5; p=0.06), and tumor grade III (hazard ratio, 4.2; 95% CI, 1.4–12; p=0.05) on tumor residual. Among significant factors, bilateral BC and LVSI were excluded from the multivariable analysis because of the few patients with bilateral disease and the rate of unknown data for LVSI. On multivariable analysis, multifocal disease (hazard ratio, 3.77; 95% CI, 1.45–9.61; p=0.005) and RCB III (hazard ratio, 3.04; 95% CI, 1.09–9.9; p=0.04) remained significant independent predictors of relapse. Figure 2 presents EFS for patients not achieving pCR with and without multifocal disease and RCB II vs. RCB III.


Table 3 | Univariate and multivariable analyses of EFS in patients not achieving pCR.






Figure 2 | EFS by (A) multifocal disease and (B) RCB in patients without pCR after neoadjuvant chemotherapy. Panel (A) presents EFS for patients not achieving pCR with and without multifocal disease (yes/no) and panel (B) presents EFS for patients with RCB II vs. RCB III.






Discussion

TNBC shows more aggressive features and has a poorer prognosis than other types of BC (1). In this subgroup of patients, the achievement of pCR after NACT represents one of the most important indicators of improved outcomes in terms of EFS and OS, whereas residual disease post-NACT is predictive of early recurrences and mortality (4, 5). Our study confirms the significant improved outcome (EFS and OS) of patients who obtained pCR after a standard NACT (mostly anthracycline, taxane, and/or platinum). Particularly, in our cohort, patients with pCR had a 5-year EFS of 90%, while those without pCR had a 5-year EFS of 70% [90% vs. 57% in the literature (9)]. On the other hand, the 5-year OS in patients with pCR was 95% compared to 69% of those without pCR (84% vs. 47% in the literature (9)). Furthermore, in line with previous literature (1), most of relapses in both our cohorts occurred within the first 5 years after the diagnosis.

The pCR rate after NACT in our study was 43.9%, which is consistent with data in the TNBC literature that typically range from 37% without platinum agents to 52.1% with the addition of platinum compounds (10). Although not statistically significant, also in our population, pCR rate was higher with platinum-based NACT (51.8%) than without platinum agents (42.1%), and this translated into a positive trend in EFS as well. Moreover, according to previous literature (11–14), younger age (<50 years) at diagnosis and high Ki-67 (≥20%) were associated with significantly increased pCR rate.

Up to 10%–20% of TNBC patients are found to carry deleterious germline BRCA1/2 mutations, and mutation prevalence is even higher in younger patients. Particularly, in a recent analysis of Italian TNBC patients diagnosed ≤60 years without breast and/or ovarian family history, BRCA detection rate was 22.6% (15). Although younger age (<50 years) at diagnosis predicts pCR in our analysis, germline mutational status does not significantly impact on pCR rate or on outcomes in the non-pCR cohort. According to the local testing criteria in use, 73.2% of patients included in this study underwent genetic testing, and 30% of them presented germline likely pathogenic or pathogenic variants in cancer predisposition genes (24 BRCA1, 4 BRCA2, 1 PALB2, 1 NBN, and 1 ATM). The high detection rate of pathogenic variants in this population is justified by the testing criteria that, before 2016, included only TNBC diagnosed before 40 years of age. On the other hand, the rate of pathogenic variants in the non-BRCA genes could be underestimated because multigene panel testing beyond BRCA genes was introduced in our institution only in 2018. Therefore, the evolution of testing criteria over the years may have influenced the detection rate of these gene mutations and may have an impact on the results of our analysis.

The univariable analysis showed a significant association between relapse and BMI > 25, bilateral BC, multifocal disease, clinical T3–T4 stage, clinical N+ stage, RCB III, LVSI, and prescription of adjuvant treatment. Moreover, although not statistically significant likely due to the small sample size, there were trends that also suggested worse outcome with TILs <30% and tumor grade III on tumor residual. With regard to presurgical characteristics, our results are in line with previous literature. Clinical stage at diagnosis was already shown to be one of the major risk factors for recurrence in breast cancer (16–18). Moreover, a recent meta-analysis suggested that overweight is associated with shorter disease-free and overall survival among TNBC patients (19). Among the residual disease features, our findings confirmed the prognostic role of LVSI and TILs in predicting relapse after NACT, as previously showed by an extensive body of literature (20–26). On the other hand, contrary to previous experiences (27–30), we did not observe an increased risk of relapse among patients with high post-treatment Ki-67 value. This discordance may be due to the great variability in Ki-67 evaluation, due to interlaboratory differences in staining methodology, scoring interpretation, and cutoff determination (31). As regards tumor grade, most of the previous studies evaluated tumor grade on biopsies at diagnosis and reported discordant results (32, 33). We did not find a significant association between pretreatment tumor grade and relapse, but a negative trend has been observed in grade III on tumor residual that should be further evaluated in larger cohorts.

Interestingly, in a multivariate model (including BMI > 25, multifocal disease, clinical T3–T4 stage, clinical N+ stage, RCB III, and prescription of adjuvant treatment), BMI, clinical stage, and adjuvant treatment lost significance. The multivariable analysis showed that, in the cohort of patients not achieving pCR, multifocal disease was associated with relapse. For purposes of this analysis, multifocality was defined as the presence of more than one foci in the same breast, regardless of whether they were in the same quadrant or of the distance between the lesions. The role of multifocality in breast cancer is still controversial, and some groups reported a higher rate of relapse and worse outcomes in multifocal tumors, whereas other groups showed that multifocality is not an independent predictor of prognosis in multivariate analysis (33–36).

The multivariable analysis also revealed that RCB III was associated with higher risk of relapse in patients with residual disease after NACT. The RCB score uses the diameter of residual disease, percentage of vital tumor cells, and diameter of the largest involved lymph node to calculate the amount of residual disease. This score has been validated with three distinct prognostic RCB classes in all BC subtypes, with the most significant discriminatory power in TNBC and HER2-positive BC (7, 37, 38). Indeed, our findings are consistent with previous literature and suggest that prospective evaluation of RCB could be considered to become part of standard pathology reporting after NACT, as also recently recommended by the International Collaboration on Cancer Reporting (39). The binary outcome of pCR versus residual disease confers little information, offering no distinction among patients with varied amounts of residual disease. The RCB score has the potential to be used in predicting a patient’s residual risk after NACT in a prospective setting, especially given the increasing options for adjuvant therapy in the setting of residual disease.

Age at diagnosis, germline predisposing gene mutations, BMI, breast MRI, histological subtype, grading, Ki-67, HER2 expression, clinical T or N stage, type of breast or axillary surgery, type of NACT, TILs in the residual tumor, time from NACT end and surgery, and time from surgery to radiation therapy and adjuvant therapy were not independent predictors of relapse in our cohort. Particularly, post-NACT adjuvant systemic treatment did not significantly impact on relapse in our multivariable analyses. In the last decade, several therapies have been investigated as adjuvant strategies in TNBC patients not achieving pCR, including capecitabine and olaparib (40–42). Additionally, immunotherapy is under evaluation in this setting in several clinical trials. Our findings suggest that, despite the addition of further treatments after NACT, the EFS of patient not achieving pCR remains poor, and no improvement has been obtained with the introduction of further adjuvant therapies. According to our findings, the achievement of pCR should remain as the primary aim in these patients and should be pursued by optimizing NACT, for instance by the addition of platinum agents (10, 43) or pembrolizumab (44).

Our study presents some limitations that should be highlighted. First, as a retrospective study, our analysis was limited by selection bias. The sample size is small and derives from a single institution; therefore, our patient population may not accurately represent the patterns of care at other institutions. Additionally, patients received a range of neoadjuvant therapies, and we did not control for the duration of treatment or the delay of dose in this analysis. However, a previous analysis of the I­SPY 2 trial suggested that the prognostic association of both pCR and RCB score is strong, regardless of the type of chemotherapy­based treatment (45). Finally, some data for each variable were missing in our medical records.

To conclude, our study confirmed the poor prognosis of TNBC patients who do not experience pCR after NACT. The challenge nowadays is to define the treatment paradigm for most of the patients who do not obtain pCR. Waiting for more accurate molecular characterization, multifocality, and RCB remain the most significant risk factors independently predicting relapse among patients without pCR. These data can be used to stratify patients in our clinical practice, potentially guiding treatment decisions and intensifying neo-/adjuvant treatments in patients at higher risk of relapse. Prospective clinical trials are needed to explore novel therapeutic approaches aimed at increasing the rate of pCR and improving adjuvant strategies for this high-risk cohort of patients.
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Introduction

The acquisition of a metastatic phenotype is the critical event that determines patient survival from breast cancer. Several receptor tyrosine kinases have functions both in promoting and inhibiting metastasis in breast tumors. Although the insulin-like growth factor 1 receptor (IGF1R) has been considered a target for inhibition in breast cancer, low levels of IGF1R expression are associated with worse overall patient survival.



Methods

To determine how reduced IGF1R impacts tumor phenotype in human breast cancers, we used weighted gene co-expression network analysis (WGCNA) of Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) patient data to identify gene modules associated with low IGF1R expression. We then compared these modules to single cell gene expression analyses and phenotypes of mouse mammary tumors with reduced IGF1R signaling or expression in a tumor model of triple negative breast cancer.



Results

WGCNA from METABRIC data revealed gene modules specific to cell cycle, adhesion, and immune cell signaling that were inversely correlated with IGF1R expression in human breast cancers. Integration of human patient data with single cell sequencing data from mouse tumors revealed similar pathways necessary for promoting metastasis in basal-like mammary tumors with reduced signaling or expression of IGF1R. Functional analyses revealed the basis for the enhanced metastatic phenotype including alterations in E- and P-cadherins.



Discussion

Human breast and mouse mammary tumors with reduced IGF1R are associated with upregulation of several pathways necessary for promoting metastasis supporting the conclusion that IGF1R normally helps maintain a metastasis suppressive tumor microenvironment. We further found that reduced IGF1R signaling in tumor epithelial cells dysregulates cadherin expression resulting in reduced cell adhesion.





Keywords: insulin-like growth factor receptor, metastasis, breast cancer, adhesion, cadherin



Introduction

Metastatic breast cancer is the leading cause of death from breast cancer (1, 2). Several individual genes and associated cellular pathways contribute to a metastatic phenotype but the mechanisms that lead to metastasis are still poorly understood. Receptor tyrosine kinases (RTKs) have been implicated in promoting metastatic properties in tumor cells. RTK domain mutations are not a prominent feature in most cancers; instead, RTK expression level is the general driver of tumorigenesis and metastasis (3–6). A well-known RTK, HER2, has a prominent role in a subclass of breast cancers and has been the focus for successful cancer therapeutics. However, targeting several other RTKs including the epidermal growth factor receptor (EGFR) and the insulin-like growth factor receptor (IGF1R) in breast tumors has been mostly unsuccessful (4, 7, 8). The emerging theme for these receptors is their context- and/or cell-type-dependent functions that change whether they are growth-promoting or growth-inhibiting in the primary tumor or metastatic environment. For example, EGFR signaling promotes growth of primary mammary tumors but suppresses growth of lung metastatic tumors [for review, see (4)]. In the case of the IGF1R, results from mouse models also support a dual function in primary tumor formation and metastasis suppression which may be due to differential actions on proliferation or differentiation depending on the tumor lineage [for review, see (9)].

Expression of IGF1R has been implicated in tumor oncogenesis by promoting tumor cell proliferation and survival (10–12). Due to this oncogenic function, several IGF1R inhibitors have been developed and used in clinical trials. While IGF1R was a clear target, the inhibitors were largely unsuccessful in the clinic (7, 8). There is now evidence that the IGF1R also has tumor or metastasis suppressive functions; IGF1R expression in breast tumors correlates with positive overall patient survival and a more differentiated tumor phenotype (13–15). Consistent with these data, recent analyses using two different patient databases, The Cancer Genome Atlas (TCGA) and the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC), have revealed low IGF1R expression is associated with undifferentiated, triple-negative breast cancer (TNBC) and worse overall survival (16, 17).

In the present study, we utilized the METABRIC patient database (18) and single-cell RNA sequencing of two IGF1R loss-of-function mouse tumor models to uncover how IGF1R signaling regulates intrinsic epithelial cell signaling to suppress metastasis. We identify key pathways necessary for promoting metastasis including downregulation of immune cell infiltration and function and altered tumor cell phenotype and adherence. Here, we show that IGF1R is required to maintain a metastasis suppressive tumor microenvironment. We further show that reduced IGF1R signaling in tumor epithelial cells dysregulates E- and P-cadherin resulting in reduced cell adhesion.



Materials & methods


Animal models

All animal protocols were approved by the Rutgers University Institutional Animal Care and Use Committee (Newark, NJ) and all experiments were managed in accordance with the NIH guidelines for the care and use of laboratory animals. Animal care was provided by the veterinary staff of the division of animal resources in the New Jersey Medical School Cancer Center of Rutgers Biomedical Health Sciences. The MMTV-Wnt1 line on an FVB background [FVB.Cg-Tg(Wnt1)1Hev/J] was obtained as a gift from Dr. Yi Li. The MMTV-Wnt1//MMTV-dnIgf1r (referred to here as DN-Wnt1) line was described previously (19).

Mice carrying floxed alleles of exon 3 of the Igf1r gene (20) were bred with a keratin 8 (K8)-CreERT transgenic line (JAX stock #017947) (21) and with the MMTV-Wnt1 transgenic line to produce female mice that were homozygous for the Igf1r floxed alleles and hemizygous for both the K8-CreERT and MMTV-Wnt1 transgenes referred to as K8iKOR-Wnt1 mice.



K8iKOR-Wnt1 tamoxifen dosage paradigm

The tamoxifen dosage paradigm was determined following a developmental study of the effect of tamoxifen on mammary gland development. Three doses of tamoxifen, 5 mg, 2 mg, 1.5 mg or sesame oil were administered once per day for 3 consecutive days in 4-week-old or 8-week-old FVB mice. Four weeks post-injection, mammary gland development was observed using Carnoy’s fixative to clear whole mounted mammary glands. Mammary glands from control samples injected with sesame oil demonstrated no significant changes in secondary or tertiary branching compared to naïve glands, while mammary gland development was stunted with the 5 mg dose of tamoxifen administered at 4 weeks of age. Similar to 4 weeks of age, mammary gland branching was stunted at 8 weeks of age with the 5 mg dose of tamoxifen but not with lower tamoxifen doses. Thus, for all tumor studies, tamoxifen (2 mg for 3 consecutive days) was administered at the end of puberty (8 weeks) to avoid disturbing mammary gland development (22, 23) and as confirmed in our studies. Age-matched (8 weeks) females were injected with vehicle sesame oil (control) or tamoxifen for 3 consecutive days to delete the floxed Igf1r alleles. Controls for tumor studies included K8-CreERT positive females injected with vehicle or K8-CreERT negative females injected with tamoxifen. No differences were detected between vehicle and tamoxifen injected controls thus these were combined unless otherwise noted in the methods. Lungs and tumors were harvested when they reached 1.5 cm3. We confirmed deletion of Igf1r K8iKOR-Wnt1 by qRT-PCR for Igf1r expression (Supp. Figure 2) and expression of the exon 4 deletion-specific Igf1r transcript in tumors and in FAC-sorted luminal epithelial cells.



Tumor latency and growth curves

Wnt1 and K8iKOR-Wnt1 female mice were palpated every five days for tumors beginning at nine weeks of age or 1 wpi sesame oil or tamoxifen. Since no differences in latency were observed between vehicle and tamoxifen injected controls, we combined these animals for these studies. Tumor growth was measured by caliper bi-weekly once a tumor was identified, and the mouse was sacrificed when the tumor reached 1.5 cm3.



Mammary tumor epithelial cell dissociation

Tumor mammary epithelial cells (MECs) were isolated from Wnt1, DN-Wnt1, and K8iKOR-Wnt1 mice similarly to our prior study (19). Whole tumors were excised and dissociated with the gentleMACs tissue dissociator (130-093-235, protocol m_TDK2) and mouse specific tumor dissociation kit (Miltenyi, 130-096-730). Organoids that retained basement membrane attachments were trypsinized (0.05% Trypsin-EDTA, Gibco) and filtered with a 40 mm cell strainer (BD Biosciences) to isolate a single cell suspension of dissociated tumor MECs. Isolated tumor MECs were counted with a hemocytometer for flow cytometry, FACS, in vitro adhesion assays, and cell culture assays.



Sorting of mammary tumor epithelial cells

Tumor MECs from either Wnt1 or DN-Wnt1 mice (n=4) were isolated for single cells as described above with minor adjustments for depletion of unnecessary cells. Red blood cells were lysed with a lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) for 5 minutes. Tumor MECs were resuspended at 106 cells/ml in FACS buffer (2% BSA, 2% goat serum in PBS) and immunolabeled with fluorochrome-conjugated cell surface antibodies as described in our previous studies (19). Single cells were prepared for FACS as previously described (24) and sorted at 70 psi using a 70-um nozzle on the Beckton Dickenson FACS Aria directly into PBS.



Flow cytometry analysis of lineage-specific tumor epithelial cells

Tumor MECs from K8iKOR-Wnt1 mice injected with sesame oil or tamoxifen were isolated for single cells as described above. Since no differences in flow cytometry analysis were observed between vehicle and tamoxifen injected controls, we combined these animals. Tumor MECs were immunolabled with fluorochrome-conjugated cell surface antibodies at 1x106 cells/100ul FACS buffer as described in our previous studies (17, 19). Cells were labelled for viability using a Live/Dead dye (Invitrogen, L34958) and fixed with 1% paraformaldehyde. Single cells were analyzed using the BD LSRFortessa flow cytometer.



RNA isolation and real-time quantitative PCR

RNA was purified from whole tumor and sorted tumor epithelial cells according to the manufacturer’s protocol (Qiagen). RNA concentration and quality was assayed with the NanoDrop ND-1000 (Thermo Scientific). Epithelial cell and sorted tumor epithelial cell cDNA was transcribed according to manufacturer’s protocol using SuperScript II (Invitrogen) from total RNA (200 ng). Samples were run in technical triplicate to determine relative gene expression by real-time quantitative PCR (qRT-PCR) detected with SsoAdvanced Universal SYBR Green Supermix (BioRad) using the BioRad CFX96 real-time PCR machine according to manufacturer’s instructions. Transcript levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or Gusb for mouse and ß-actin for human, and data were analyzed using the Q-Gene software (BioTechniques Software Library) (25). Primer oligonucleotide pairs for qRT-PCR are provided (Supp. Table 1).



Histology and immunofluorescence

Tumor tissues and lungs from animals with primary tumors (n=4 per genotype) were drop-fixed in 4% paraformaldehyde (PFA), embedded in paraffin, and sectioned at 7 µm. Lung sections from animals with primary tumors were used for hematoxylin and eosin staining. Tumor sections were processed for antigen retrieval for immunofluorescence (IF) as described previously (26). Tissue sections were immunostained with primary antibodies: E-cadherin (1:100; Invitrogen, ECCD-2), P-cadherin (1:100; Invitrogen, MA1-2003), and with species-specific fluorochrome-conjugated secondary antibodies (1:500, Invitrogen).

Fluorescent images were captured using an All-in-One Fluorescent Microscope BZ-X (Keyence, America), and BZ- scientific imaging processing software was used to capture images. At least 5 individual fields were captured at 20X or 40X magnification from tumor sections (n=3 per genotype; 3 sections per genotype averaged). For thicker sections, the Z-stack function was used to capture multiple images on the Z-axis. The Full-focus function was used to select areas at the sharpest focus and obtain the deconvoluted image.



Counting macro and micrometastases in lung sections

Lung tissue from primary and TVI animals were sectioned at 7 µm through the entire lung. For coverage of the entire lung, 3 sections were taken and placed on slides and the next 3 sections were disposed through the entirety of the lung tissue or until reaching 72 individual sections. Representative sections (middle section of each 3 sections) were used for H&E staining. Individual macrometastases were counted by eye and micrometastases were counted at 10X magnification with a brightfield microscope (Olympus Provis AX70) from each H&E-stained slide (n=24).



RNAscope analysis of dominant negative IGF1R expression

RNAScope Multiplex Fluorescent Assay v2 and a human IGF1R probe (Advanced Cell Diagnostics, Inc) was used to determine dnIGF1R RNA expression. Tumor tissues were fixed in 4% PFA, paraffin embedded, and sectioned at 7 µm. Tissue samples were deparaffinized and pretreated with hydrogen peroxide, antigen retrieval, and protease plus reagents. (Mild Reagents Timepoint; RNAScope). Tissue sections were incubated at 40°C (Isotemp Incubator, Fisher Scientific) with either Hs-IGF1R-No-XMm probe (Cat No. 471961), Negative probe (Cat No. 320871), or Positive Probe (Cat No 320881). The probe signal was amplified using Amplification Reagents (RNAScope) and signal was developed using the Multiplex FL v2 HRP-C1, HRP blocker, and Opal 620 fluorophore (Akoya Biosciences, FP1495001KT, 1:3000). Sections were incubated with DAPI (RNAScope) and mounted with ProLong Gold Antifade Mounting medium (Invitrogen). Images were captured on the Keyence BZ-X at 40x and 60x magnification.



Tumor epithelial cell in vitro adhesion assays

Primary tumors were dissociated as described above and incubated in tissue culture on collagen coated plates for 10 hours. Culture media (DMEM/F12, 5% FBS, insulin (5 μg/mL), EGF (5 ng/mL), hydrocortisone (1 μg/mL), 0.1% gentimicin) was removed and cells in suspension were fixed on slides using a cytospin (Shandon Cytospin 3) for 10 minutes at 1500 rpm for immunofluorescence (IF). Cells attached to the collagen matrix were fixed with 4% PFA for 10 minutes at room temperature for IF analysis or lysed with RLT buffer (Qiagen) for RNA isolation and qRT-PCR analysis as described above.

For IF, cells were processed for staining as previously described (27). Cells were stained with primary antibodies: cytokeratin-8 (1:100; TROMA-I, DSHB) and cytokeratin-14 (1:250; Invitrogen, PA5-16722) and with species-specific fluorochrome-conjugated secondary antibodies (1:500, Invitrogen). To visualize cell nuclei, cells were stained with DAPI (1:10,000 in PBS). Images were captured as described above and cells were manually counted using ImageJ.



Single-cell RNA sequencing

Whole Wnt1 (tamoxifen injected, Cre negative), DN-Wnt1, and K8iKOR-Wnt1 tumors were dissociated as described above and tumor cells were filtered with a 70 μm filter directly after dissociation to collect single cells from the entire tumor. Cells were captured using the 10X Chromium system (10X Genomics) and sequenced with the NextSeq 500 (Illumina). Raw reads were barcode deconvoluted and aligned to the reference genome (mm10) via cellranger (v3.1.0). All subsequent processing was performed using the Seurat package within R (v3.1.5). Low quality cells (cells with percentage of reads of mitochondrial origin >10%, with percentage of reads of ribosomal origin >45%, with <1000 feature counts, with >6000 feature counts) were filtered from the dataset, and read counts were normalized using the scTransform method (28). Samples were integrated with the Seurat integrate function (29) and clustered via UMAP according to nearest neighbors. Re-clustering was performed as above on subset clusters based on common annotation types.



WGCNA analysis of METABRIC data for gene module identification

The data generated from 1981 patients within the METABRIC project (18) was used in this investigation. These data were accessed through Synapse (synapse.sagebase.org), including normalized expression data and clinical feature measurements. The associated expression Z scores were downloaded from cBioPortal (30, 31) (https://www.cbioportal.org/). The method of weighted gene co-expression network analysis (WGCNA) (32, 33) was used to identify gene modules with significant statistical association to the phenotypic trait including patient age, tumor size, tumor grade, cancer subtype, and IGF1R expression as Z score.

The analysis was performed within R environment, version 3.6.0, and WGCNA v. 1.68. First, genes with higher expression variance among patient samples (above its quantile) were filtered, resulting in a total of 12394 out of 49576 genes selected. Then, a gene co-expression network was constructed with expression values (normalized) of the selected genes, followed by an adjacency matrix to describe the correlation strength between the nodes. Subsequently, the adjacency matrix was transformed into a topological overlap matrix (TOM), which is a method to quantitatively describe the similarity in nodes by comparing the weighted correlation between two nodes and other nodes. The hierarchical clustering was then applied to identify modules, each containing at least 30 genes (minModuleSize = 30). Finally the eigengene was calculated, the modules were hierarchically clustered, and similar modules were merged (mergeCutHeight = 0.25). A soft-threshold of 6 was chosen which was the lowest power that resulted in a scale free topology fit index to be above 0.9. The correlation between the modules and the clinical data was calculated to identify significant modules correlated with the clinical trait.



Ingenuity pathway analysis

scRNA-seq: Differentially expressed gene sets were identified from the DN-Wnt1 and K8iKOR-Wnt1 compared to Wnt1 mouse tumors for each whole tumor and epithelial cell specific cluster determined from scRNA-seq as described above. These differentially expressed genes were used for IPA enrichment and graphical summary analysis. The top 5 pathways based on significance were plotted by percent genes altered in each pathway. Graphical summaries were generated using the top pathways, cell functions, and target genes identified from differentially expressed genes (DN-Wnt1 vs. Wnt1; K8iKOR-Wnt1 vs. Wnt1) in each cluster.

WGCNA METABRIC analysis: Gene names and expression levels identified from highly correlative co-expression gene modules identified in the WGCNA analysis were uploaded into the IPA software (Qiagen) and analyzed for pathway enrichment. The top 5 pathways based on log-fold change significance for each module were plotted in GraphPad by percentage of total genes up- and down-regulated in each pathway.

Comparison Analysis: Whole tumor gene changes were compared to ME genes where the output is pathway alterations. Here, exact genes were not completely similar, but pathways were comparable.



Statistics

All graphical data were expressed as the mean ± SEM. Statistical comparisons were carried out by GraphPad Prism9 software. The Student’s t-test or non-parametric Mann-Whitney U test was used for two-group comparisons. Specific comparisons are described in figure legends when necessary. For multiple variable analysis, the One-Way ANOVA with Tukey’s Multiple Comparison post-hoc test was performed. For the tumor growth curve and in vitro adhesion analysis, the non-linear regression least squares regression for slope best fit was used to compare differences between each line. The Chi-Square test was used to determine differences between genotypes in the metastasis table. Power calculations were performed based on pilot data to determine the number of tumor samples necessary using a 2-sided hypothesis test, an a = 0.0025, and 80% power.




Results


Low levels of IGF1R correlate with a metastatic gene signature in breast cancer

Recent analysis of TCGA and METABRIC databases have revealed IGF1R expression is reduced in TNBC (16, 17). Furthermore, low levels of IGF1R predict worse overall patient survival across all breast cancer subtypes (17, 34). Recently, we used the human METABRIC database to stratify low and high IGF1R expressing tumors with lymph node positivity, a readout of early-stage metastasis. These analyses revealed that lymph node positivity is ~20% higher in human breast tumors with low IGF1R expression versus those with high IGF1R expression (9). Our previous studies reported IGF1R expression levels in human tumors are inversely correlated with several key target genes that alter the tumor microenvironment (17). These expression analyses of human breast tumors with low IGF1R were performed with genes we identified as dysregulated in our mouse tumor model with reduced IGF1R signaling (17, 19). The findings from human and mouse support the hypothesis that low expression of IGF1R could be used to identify gene signatures associated with aggressive breast cancers. Network-based systems biology has become an important method for analyzing high-throughput gene expression data and gene function mining. One of the well-recognized methods, weighted gene co-expression network analysis (WGCNA), generates not only gene co-expression networks, but also a derived partitioning of clusters of genes (modules) and identifies the central players within the modules (32, 33). To independently stratify genes correlated with either low or high IGF1R expression in human breast cancers, we performed a global unbiased WGCNA utilizing the METABRIC database to identify gene expression modules associated with IGF1R expression Z-score, referred to as IGF1R gene set 1 (IGF1R-GS1; Supp. Figure 1A). The modules with the highest correlation were then used to identify relevant pathways using ingenuity pathway analysis (IPA) (IGF1R-GS1; Supp. Figures 1B–H).

Due to the large number of genes and pathways altered in the IGF1R-GS1, we refined our WGCNA analyses to limit the original data set to those genes with the strongest positive or negative correlation to IGF1R expression (Figure 1A). In this refined gene set (IGF1R-GS2), we identified four gene co-expression modules significantly correlated with low IGF1R (correlation score ≤ -0.25), all of which were also associated with high tumor grade and three of which were associated with TNBC. One additional module significantly associated with high IGF1R (correlation 0.61) was also associated with ER+/PR+ breast cancers and low tumor grade (Figure 1A).




Figure 1 | Defining gene signatures associated with IGF1R expression and tumor phenotype in human breast cancers. (A) Table of refined integrated WGCNA (IGF1R-GS2) showing module and clinical trait association. Each row corresponds to a module eigengene (ME), each column to a clinical measurement. Each cell contains the corresponding correlation and p-value (in parentheses). The table is color-coded by correlation according to the color legend. Green < 0 for negative correlation; Red > 0, for positive correlation. (B–E) Top 5 pathways identified by ingenuity pathway analysis (IPA) revealing key signatures in 4 modules inversely correlated with IGF1R expression. (yellow module=cell cycle signature, greenyellow module=adhesion signature, brown and tan modules=immune signaling signatures).



We then used IPA on the genes from individual modules identified in IGF1R-GS2 to define the pathways associated with the lowest IGF1R Z-scores. These analyses revealed genes involved in control of cell cycle checkpoint regulation and chromosome replication (yellow, Cell Cycle Signature; Figure 1B), and in epithelial adherens junctions (green-yellow, Adhesion Signature; Figure 1C). The two additional modules associated with low IGF1R contained genes involved in immune cell signaling (brown, tan; Figures 1D, E). Taken together, these findings indicate that reduced IGF1R in breast tumors is associated with alterations in intrinsic tumor epithelial cell pathways as well as extrinsic immune microenvironment signatures that promote metastasis.

A major question that arises from the METABRIC WGCNA is whether there is a causative relationship between IGF1R expression and associated gene alterations and, ultimately, phenotype of breast cancer. We published previously that low IGF1R expression predicts poor patient survival across all breast cancer subtypes (17, 19) suggesting negative functional consequences from loss of IGF1R expression. Our goal in this study was to use mouse models to test the hypothesis from the human data that low IGF1R in breast tumors directly contributes to a metastatic phenotype through dysregulated expression of specific cellular pathways.



Mammary epithelial cell specific IGF1R deletion promotes Wnt1 driven tumor metastasis

To test how loss of IGF1R alters the primary tumor phenotype, we made use of two distinct mouse models. In one model developed previously in our lab, IGF1R function is reduced through mammary epithelial expression of a dominant-negative human IGF1R transgene (MMTV-dnIGF1R) in the MMTV-Wnt1 (Wnt1) basal-like breast cancer tumor model [DN-Wnt1; (19);]. In this mouse line, the loss of IGF1R function results in decreased tumor latency and increased lung metastases, while tumor growth is unchanged (19). To model human breast cancers with low IGF1R expression, we also generated a mammary luminal epithelial lineage-specific Igf1r knockout mouse driven from a tamoxifen-inducible Keratin 8 (K8)-Cre, referred to as the K8iKOR line (Figure 2A). Loss of Igf1r was verified in mammary epithelial cells (MECs) isolated from hyperplastic glands in 16-week-old virgin K8iKOR-Wnt1 mice compared to control, Wnt1 mice (Supp. Figure 2A). Decreased Igf1r gene expression was maintained in tumors of the K8iKOR-Wnt1 line (Supp. Figure 2B).




Figure 2 | Luminal loss of IGF1R decreases tumor latency and increases metastasis. (A) Schematic for luminal lineage Igf1r knockout. (B) Latency curve for tumor development in Wnt1, DN-Wnt1, and K8iKOR-Wnt1 animals. For K8iKOR-Wnt1 animals, tumor latency is weeks post tamoxifen injection. Statistic: Mann-Whitney test (C) Growth curve after tumors arise until time of euthanization. Statistic: Non-linear regression best fit for line slopes. (D, E) Graph of the percentage of animals (D) and table of number of animals (E) with metastatic lesions after establishment of a primary tumor. Table Statistic: Chi-square test; p = 0.0251 for Wnt1 vs. DN-Wnt1 and K8iKOR-Wnt1. For Wnt1 controls, vehicle and tamoxifen injected animals were combined as the phenotypes were equivalent. (F) Micrograph images showing examples of metastases in H&E stained lung sections from Wnt1, DN-Wnt1 and K8iKOR-Wnt1 mice with primary tumors.



To determine the effects of luminal epithelial specific Igf1r gene deletion in Wnt1-driven mammary tumorigenesis, we assessed tumor latency rates in the K8iKOR-Wnt1 mouse line compared to the control Wnt1 line and to our prior tumor latency data on the DN-Wnt1 mouse line (19). The mean tumor latency of Wnt1 mice was consistent with previous reports (35, 36), where 50% of control Wnt1 animals formed palpable tumors at 41.7 weeks of age (Figure 2B). Tumor latency was significantly decreased in K8iKOR-Wnt1 mice (12.5 weeks after tamoxifen injection, p<0.0001) (Figure 2B) similar to the DN-Wnt1 mouse line as previously reported (16.6 weeks, p<0.0001) (Figure 2B) (19). Once tumors formed, tumor growth was significantly increased in K8iKOR-Wnt1 compared to control Wnt1 tumors (Figure 2C). These data indicate that decreased expression of Igf1r in luminal epithelial cells accelerates tumor initiation as well as tumor growth in the context of elevated Wnt signaling.

Although the Wnt1 tumors model a basal-like TNBC, these tumors have low metastatic potential (35). In contrast, loss of luminal epithelial Igf1r in the Wnt1 tumors significantly increased the percentage of animals with lung micrometastases (from 13.3% to 78.3%) similar to the high metastatic rate (93.3%) in the DN-Wnt1 mice (Figures 2D–F). Thus, either reduced Igf1r expression or reduced IGF1R function in mammary epithelium promotes metastasis of the primary Wnt1 tumor cells.



Single-cell sequencing of mammary tumors to analyze epithelial IGF1R function in regulating tumor cell heterogeneity

Reduced IGF1R by function or expression results in increased tumor metastasis in the mouse models and aligns with human survival data indicating an inverse relationship between IGF1R expression and overall patient survival (17). The mechanisms by which IGF1R regulates tumor metastasis could include intrinsic epithelial mesenchymal transition (EMT) changes as well as alterations to the tumor microenvironment (TME) secondary to the genetic changes in the tumor epithelium. To reveal underlying mechanisms and cell population changes downstream of alterations in IGF1R, we performed single cell RNA-sequencing (scRNA-seq) on the DN-Wnt1, K8iKOR-Wnt1 and Wnt1 tumors. We initially analyzed scRNA-seq of the whole tumor to profile changes in tumor cell populations when IGF1R is either reduced or attenuated in the tumor epithelium. Wnt1 control, DN-Wnt1 and K8iKOR-Wnt1 tumor cells were plotted together resulting in 17 separate tumor cell populations (Figure 3A). These populations were further defined using cell specific markers resulting in the following distinct cell populations: 7 epithelial, 2 fibroblast (FIBs), 6 macrophage/monocyte (MACs), 1 T-cell, and 1 endothelial (EC) (Figures 3B, C; Supp. Figure 3). Overall, loss of IGF1R expression or function resulted in decreased macrophage and T cell populations and expanded fibroblast populations (Figure 3D). Furthermore, flow cytometry analysis validated increased fibroblasts (Supp. Figures 4A–C) and decreased T cells (17) in tumors with reduced IGF1R function. Ingenuity pathway analysis (IPA) supports the conclusion that loss of IGF1R function promotes an immune evasive TME (Figures 4A, B; Supp. Figure 5). For example, while the cell number is unchanged in MAC Cluster 2 from DN-Wnt1 and K8iKOR-Wnt1 tumors compared to Wnt1 tumors, the immune function pathways are altered with downregulation of genes involved in immune cell activation, antigen presentation, cell adhesion, and infiltration (Figures 4A, B).




Figure 3 | Identifying mammary tumor heterogeneity by single cell RNA-sequencing. (A) Uniform Manifold Approximation and Projection (UMAP) plot of cells from Wnt1, DN-Wnt1, and K8iKOR-Wnt1 tumors resulting in 17 individual clusters. (B) UMAP plot with identification of cluster cell types defined by known markers. (C) Dot plot of cell markers. (D) Percent tumor genotype graph for each cluster. Clusters are ordered by identified tumor cells. MAC and T-cell populations were generally decreased in DN-Wnt1 and K8iKOR-Wnt1 tumors. (MACs = monocytes/macrophages, TC = T cells, FIBs = fibroblasts, EPI = epithelial cells, EC = endothelial cells).






Figure 4 |  (A, B) Macrophage and immune signaling pathways are altered with reduced IGF1R. IPA graphical summary of top pathway alterations in DN-Wnt1 (A) or K8iKOR-Wnt1 (B) compared to Wnt1 tumors from Cluster 2 (MACs). Blue=downregulated; orange=upregulated. (C) IPA canonical pathways heat map of DN-Wnt1 and K8iKOR-Wnt1 compared to Wnt1 tumors and the METABRIC brown (immune signaling signature) module.



Alignment of the immune signature module from the METABRIC data analysis (Figure 1D) revealed several immune signaling pathways in human tumors similarly associated with low IGF1R expression as for the mouse tumors with reduced IGF1R function or expression (Figure 4C). Interestingly, the pathways upregulated in both patient and mouse tumors with reduced IGF1R are important for response to stress signaling and immune cell evasion supporting our prior findings that loss of IGF1R promotes cell stress in human breast cancer cells (17).



Expansion of the metastatic tumor epithelial population with reduced IGF1R

We then asked 1) what are the cells from the DN-Wnt1 or K8iKOR-Wnt1 primary tumors that seed lung metastases and 2) what properties of the epithelial cells from the DN-Wnt1 and K8iKOR-Wnt1 tumors promote metastasis? To address these questions, we restricted the scRNA-Seq analysis to the tumor epithelial cell populations. Unsupervised clustering using UMAP resulted in 10 distinct epithelial populations (E0-E9) consisting of 2,543 cells from Wnt1, DN-Wnt1, and K8iKOR-Wnt1 tumors (Figure 5A). Using Seurat and heat map analysis of known epithelial cell population markers (37) we identified the epithelial clusters as: alveolar (E0), luminal (E4,E6,E7,E8), differentiated luminal (E5), luminal progenitor (E1) and basal (E2, E3, E9), one of which (E9) had high expression of the bipotential cell marker Lgr5 (Figures 5B–E; Supp. Figure 6). Importantly, the basal cell clusters (E2,E3), luminal progenitor cluster (E1), and bipotential cluster (E9) were expanded in one or both the K8iKOR-Wnt1 and DN-Wnt1 tumors (Figure 5D). The expansion of the basal and luminal progenitor populations in the IGF1R deficient tumors was supported by flow cytometry analyses of the DN-Wnt1 tumors (19) and the K8iKOR-Wnt1 tumors (Figures 5F–I). Furthermore, the DN-Wnt1 luminal cells were decreased in each cluster suggesting loss of IGF1R function causes luminal cells to either gain basal markers or to de-differentiate into a more basal phenotype. This is supported by data evaluating K14 expression in sorted tumor luminal cells from tumors with reduced IGF1R (Supp. Figure 7). These data revealed an increase in K14 expression in epithelial populations in the IGF1R deficient tumors (Supp. Figure 7A) which was seen only in the sorted luminal epithelial population in the DN-Wnt1 tumors compared to Wnt1 tumors (Supp. Figure 7B).




Figure 5 | Epithelial cell populations are altered with reduced IGF1R. (A) UMAP plot of re-clustering of epithelial cells from Wnt1, DN-Wnt1, and K8iKOR-Wnt1 tumors resulting in 13 clusters. (B) Dot plot of epithelial cell markers. (C) Heat map of top epithelial cell type markers. Top legend: top row=tumor identity: red=Wnt1, green=DN-Wnt1, blue=K8iKOR-Wnt1; Bottom row=epithelial cell cluster. (D) Percent tumor genotype graph for each cell cluster labelled with each cell type defined by markers. (ALV=alveolar cell, LUM=luminal cell, DL=differentiated luminal cell, LP=luminal progenitor, BAS=basal cell, BIP=basal bipotential progenitor). (E) Violin plot for Lgr5 in each annotated cluster and tumor type. (F) Representative contour plots of flow cytometry of the CD24+/CD29lo (luminal) and CD24+/CD29hi (basal) cell populations and CD24+/CD29lo/CD61- (luminal progenitor) cell population in Wnt1 and K8iKOR-Wnt1 tumors. G-I. Quantification of luminal (G), basal (H), and luminal progenitor (I) populations in Wnt1 and K8iKOR-Wnt1 tumors. Each dot represents an individual tumor. Statistic: Unpaired Student’s t-test.



The bipotential and basal cells are most closely linked to a previously identified metastatic signature (38) (Figure 6A). Expansion of the metastatic bipotential and basal populations is consistent with increased metastasis in the IGF1R deficient tumor models (Figures 2D, E, 6A). Gene Set Enrichment Analysis (GSEA) confirmed enrichment in EMT (Figures 6B, C; Supp. Figure 8) in both the DN-Wnt1 and K8iKOR-Wnt1 tumor epithelial cells, but these analyses began to reveal some distinctions between the two IGF1R deficient tumors. For example, the basal cluster (E2) and the alveolar/luminal clusters (E0, E7) from the DN-Wnt1 tumors showed increased EMT hallmark signature gene expression in the GSEA analysis, whereas the luminal cluster (E7) and bipotential cluster (E9) in the K8iKOR-Wnt1 tumors had the most pronounced GSEA EMT signatures (Figures 6B, C). This is also consistent with the enrichment dot plot analyses where the strongest EMT profile is seen in the luminal cluster in the DN-Wnt1 tumors and in the bipotential cluster in the K8iKOR-Wnt1 tumors (Supp. Figure 8).




Figure 6 | A metastatic and EMT phenotype is enhanced in tumors with reduced IGF1R. (A) Dot plot from all tumors of alignment with metastatic signature. Arrows depict clusters with high expression of markers indicating metastatic cell type. (B, C) GSEA plots for epithelial mesenchymal transition (EMT) hallmark signature in DN-Wnt1 vs. Wnt1 (B) and K8iKOR-Wnt1 vs. Wnt1 (C) for luminal clusters E0 and E7, basal cluster E2, and bipotential basal cluster E9. NES = normalized enrichment score. P values for each comparison are shown on each plot. Nominal p-value was calculated using 1000 permutations, with FDR correction.



Targeted analysis of the whole tumor using an EMT specific RT2 qPCR assay resulted in increased expression in EMT related genes in DN-Wnt1 tumors compared to Wnt1 tumors (Supp. Figure 9A). IPA further revealed key changes in differentiation, cell migration, invasion, and adherence pathways specific to clusters E0, E2, E7, and E9 in the DN-Wnt1 tumors (Supp. Figures 9B–E). Increased EMT transcripts (Figures 6B, C; Supp. Figures 8, 9) support the conclusion that the epithelial populations are gaining mesenchymal characteristics consistent with increased metastatic potential and increased bipotential populations in the IGF1R deficient tumors.



Cell adherence is altered in tumor epithelial cells with decreased IGF1R function

Recently, the Ewald lab reported E-cadherin loss is required for metastatic invasion, and its re-expression is necessary to promote metastatic growth (39). To determine whether cadherin expression is altered in tumors with reduced IGF1R, we screened for cadherin expression in each epithelial cluster from the scRNA-Seq data. As expected, luminal cell types had higher E-cadherin (Cdh1) expression whereas basal cell types had higher P-cadherin (Cdh3) and T-cadherin (Cdh13) expression (Figure 7A). Interestingly, bipotential cells have high expression of E-cadherin, as well as P-cadherin (Figures 7A–C) suggesting a less differentiated cell type. Notably, tumor epithelium with reduced IGF1R resulted in increased P-cadherin expression in DN-Wnt1 and K8iKOR-Wnt1 bipotential cells (Figures 7B–C). Furthermore, E-cadherin expression was reduced in both luminal and basal lineages in sorted DN-Wnt1 tumor epithelial cells compared to Wnt1 cells (Figure 7D). To determine if cadherin expression similarly changes with IGF1R expression in patient tumors, we analyzed the METABRIC dataset and identified a positive correlation of E-cadherin with IGF1R expression but an inverse correlation of P-cadherin and IGF1R expression across all breast tumors (Figure 7E).




Figure 7 | Reduced IGF1R function decreases tumor cell adhesion. (A) Dot plot of various cadherins expressed in epithelial tumor cell clusters. Arrows depict clusters with an increase in P-cadherin in the DN-Wnt1 tumors. (B, C) E-cadherin (B) and P-cadherin (C) expression in annotated epithelial cell types identified with single-cell sequencing in Wnt1, DN-Wnt1, or K8iKOR-Wnt1 primary tumors. (D) RT-PCR for E-cadherin from Wnt1 or DN-Wnt1 sorted luminal and basal epithelial tumor cells. Statistic: Non-parametric Mann-Whitney U test. (E) METABRIC data analysis for E-cadherin or P-cadherin in patient tumors with low IGF1R (IGF1R z-score < -1) or high IGF1R (IGF1R z-score > 1) (p < 2.0x10-16) Statistic: Student’s t-test. (F) Measurement of adhesion from Wnt1 (grey), DN-Wnt1 (green), or K8iKOR-Wnt1 (purple) by delta cell index over time for 6 hours using the real-time xCELLigence assay. n=3; Statistic: Non-linear regression least squares regression for slope best fit p<0.0001 for Wnt1 control compared to DN-Wnt1 or K8iKOR-Wnt1.



To test the functional role of adherence gene changes, we measured tumor epithelial cell adherence in vitro. Adherence was decreased in DN-Wnt1 and K8iKOR-Wnt1 compared to Wnt1 primary tumor epithelial cells in vitro (Figure 7F). Consistent with these findings, DN-Wnt1 primary tumor epithelial cell clusters and single tumor epithelial cells had decreased adherence to collagen matrix compared to Wnt1 primary tumor cells (Supp. Figures 10A–F). In contrast, there was no significant difference between the K8iKOR-Wnt1 and Wnt1 primary tumor epithelial cells in their ability to adhere to collagen (Supp. Figures 10A–F). Immunofluorescence revealed increased K14+ and decreased K8+ cell adherence from DN-Wnt1 compared to Wnt1 primary tumors both in clusters and individual cells (Supp. Figures10F, G). Moreover, the non-adherent cells from the DN-Wnt1 tumors had increased E-cadherin expression indicating it was the luminal epithelial cells with reduced IGF1R signaling that had an adherence deficiency (Supp. Figure 10H). Furthermore, adherent DN-Wnt1 tumor epithelial cells had increased vimentin suggesting mostly basal cell adhesion with reduced IGF1R. These findings support the hypothesis that disruption of IGF1R in both the luminal and basal lineages in the DN-Wnt1 tumors (see below) may be necessary to disrupt adhesion between epithelial cells. These data support changes in adhesion to substrate but without an effect on cell survival. It is also interesting that in our prior study we showed that Wnt1 tumor epithelial cells increase tumorsphere formation frequency in non-adherent conditions after IGF1R inhibition (19).

Although the two IGF1R deficient models are similar in having elevated metastases and increased basal and EMT phenotypes in the epithelial cells (Figures 6B, C, Supp. Figures 7,8), they also show some differences particularly in cell adherence phenotypes (Figure 7F, Supp. Figure 10). Two possible explanations for the discrepancy in the adherence phenotype and gene expression pathway alterations between the two models are the mode and lineage specificity of IGF1R disruption. The DN-Wnt1 model expresses a dominant-negative IGF1R transgene that inhibits IGF1R tyrosine kinase function. In this model, the MMTV promoter is active early in the mammary epithelial lineage such that both lineages express the transgene (40). RNAscope immunofluorescence analysis for the human dnIGF1R transgene confirmed expression in hyperplastic mammary glands and tumors from the DN-Wnt1 mice (Supp. Figures 11A–H). We further verified the expression of the dnIGF1R transgene in both luminal and basal epithelial lineages by performing qRT-PCR for the human dnIGF1R transgene in tumor epithelial cells following FACS (Supp. Figure 11I). In contrast to the DN-Wnt1 model, the K8iKOR-Wnt1 model has an Igf1r gene deletion specifically in the K8 luminal lineage. Thus, disruption of receptor signaling versus complete loss of the receptor could lead to different phenotypes as well as the disruption of the IGF1R in both epithelial lineages compared to the luminal lineage only.



Cell adherence is dysregulated by enhanced P-cadherin expression in epithelial cells with reduced IGF1R function

Since cadherin gene expression levels are altered with reduced IGF1R, we further analyzed protein levels in tumor tissues to correlate with gene expression. Immunostaining of tumors showed decreased E-cadherin and increased P-cadherin protein expression in DN-Wnt1 and K8iKOR-Wnt1 primary tumors compared to Wnt1 tumors (Figures 8A–J). Interestingly, total E-cadherin expression was altered primarily at the protein level in the DN-Wnt1 tumors. Importantly, co-expression of E-cadherin and P-cadherin was increased in DN-Wnt1 and K8iKOR-Wnt1 tumors (Figures 8G–J). Co-expression of P-cadherin with E-cadherin in the primary tumor is a marker of more aggressive, metastatic breast tumors (41–44). Thus, reduced IGF1R was associated with altered E-cadherin and P-cadherin in tumor epithelial cells.




Figure 8 | Altered cadherin expression in tumors with reduced IGF1R. (A–I) Representative images of E-cadherin (green) or P-cadherin (red) immunostaining in Wnt1 (A, D, G), DN-Wnt1 (B, E, H), and K8iKOR-Wnt1 (C, F, I) primary tumors. (J) E-cadherin, P-cadherin, and double positive cell count graphs of primary tumors. Statistic: One-Way ANOVA with Tukey’s Multiple Comparison post-hoc test. K. Adhesion (delta cell index) over time in Wnt1 or DN-Wnt1 primary tumors with empty vector (EV) or E-cadherin overexpression (Ecad). n = 3; Statistic: Non-linear regression. (L) Adhesion (delta cell index) over time in Wnt1 or DN-Wnt1 with P-cadherin knockdown (Pcad KD). n = 3; Statistic: Non-linear regression.



To test the functional role of altered E-cadherin and P-cadherin in cells with attenuated IGF1R, we first transiently re-expressed E-cadherin in DN-Wnt1 primary tumor epithelial cells and measured cell adhesion in vitro. Overexpression of E-cadherin increased epithelial cell adhesion compared to empty vector control (Figure 8K). Furthermore, reducing P-cadherin in DN-Wnt1 primary tumor epithelial cells significantly increased tumor adhesion restoring adhesion back to the level of the Wnt1 tumor cells (Figure 8L). Thus, altering cadherins in DN-Wnt1 primary tumor epithelial cells rescues the compromised adherence suggesting these changes in E- and P-cadherins due to reduced IGF1R are necessary for metastasis.




Discussion

A major question in cancer biology is how do primary tumor cells metastasize to another site? Here we show loss of IGF1R in the primary tumor promotes metastasis by modulating cadherin expression and altering epithelial cell properties to decrease cellular adhesion. While it is well established that epithelial cells gain mesenchymal cell properties to migrate out of the primary tumor (45–49), several recent studies have shown only a subset of mesenchymal properties are necessary for migration and invasion referred to as partial EMT (50–53). While original dogma was that the metastatic process occurs by single tumor epithelial cell migration and invasion, recent observations of collective epithelial cell migration have presented a new mechanism for metastasis that relies on interactions between a mesenchymal-like leader cell with other epithelial cells in the primary tumor (45). Thus, understanding how cell-cell interactions are regulated both in the primary tumor and at distant sites of colonization is critical to determining metastatic potential of tumor cells.

Loss of E-cadherin is a hallmark of EMT and necessary for basal cells to adapt to becoming leader metastatic cells (46). The Ewald lab previously described a process by which the transition of E-cadherin expression is critical for collective invasion (39). Here, we have shown E-cadherin expression is decreased in mouse models with reduced function or expression of IGF1R to drive collective invasion. Prior reports have also linked E-cadherin and IGF1R in breast cancers. Proteomic screening and network analyses of breast cancer cell lines stimulated with either IGF-1 or insulin suggested signaling interactions between the two pathways (54). In subsequent validation of these analyses, the authors demonstrated that knockdown of E-cadherin augmented p-Akt levels particularly in cells stimulated with IGF-1 (54). A subsequent report showed direct interaction between IGF1R and E-cadherin and similarly showed that loss of E-cadherin increased activation of IGF1R signaling (55). Our data seemingly contradict these findings; however, our studies analyzed effects on E-cadherin and adhesion from the perspective of IGF1R reduction rather than the reverse. It is possible that the interaction between the two proteins helps stabilize E-cadherin but also suppresses IGF1R signaling. Our data also reveal that attenuation or reduced IGF1R in the Wnt1-driven tumors augments P-cadherin expression. Interestingly, recent reports have shown acquisition of P-cadherin is necessary for tumor cells to become metastatic. More importantly, the co-expression of P-cadherin and E-cadherin is critical for enhanced metastasis and suggests these cells are exhibiting a partial EMT phenotype. The co-expression of P-cadherin and E-cadherin and a partial EMT phenotype in IGF1R-reduced Wnt1 tumors suggests increased metastatic properties of these tumor cells.

While loss of IGF1R is sufficient to drive a partial EMT phenotype and collective invasion to promote metastasis, alterations in the tumor microenvironment may also be required for increased tumor extravasation. Our previous studies showed heightened cell stress driven by attenuated IGF1R resulted in immune cell evasion and a pro-metastatic tumor microenvironment (17). Single-cell RNA sequencing analysis of tumors with reduced IGF1R recapitulate these previous data by showing depletion of immune cell populations and alterations in immune cell function genes and pathways. Furthermore, stroma changes shown in our previous study (17) could be attributed to expansion of fibroblast populations in tumors with reduced IGF1R function (Figure 3D; Supp. Figure 4). Taken together, it is clear that loss of IGF1R in mammary tumors alters the microenvironment to promote metastasis.

One question that arises from inhibiting IGF1R in our tumor models is whether there may be compensatory expression or activation of the insulin receptor (INSR). In our initial publication on development of the DN-Wnt1 tumor model (19), we found that P/T Akt and P/T Erk were reduced in normal mammary epithelial cells expressing the DN-IGF1R. Moreover, P/T IRS-1 was decreased in the DN-Wnt1 tumors compared to Wnt1 tumors. These data argue against compensation by increased INSR signaling. However, we did see a shift in the Insr-A:Insr-B isoform ratio as well as increased expression of Igf2 mRNA in the DN-Wnt1 tumors supporting an IGF-II/INSR-A signaling loop. From the scSeq data in the current analyses, we observed a reduction in Insr mRNA expression in luminal clusters 5,7 and 8 in both the DN-Wnt1 and K8iKOR-Wnt1 tumors compared to Wnt1 tumors. This was confirmed by RT-PCR analyses (not shown). However, western blot analyses of total INSR expression indicated no significant change in INSR at the protein level (analyzed in DN-Wnt1 tumors vs Wnt1 tumors; not shown). Interestingly, TCGA analysis of human breast tumors revealed a positive correlation between IGF1R and INSR expression (56). Thus, while we cannot entirely rule out an increase in INSR activation in the IGF1R deficient tumor models, there is not a compensatory increase in expression of the INSR.

While a similar metastatic process is observed in the DN-Wnt1 and K8iKOR-Wnt1 primary tumor models, the scRNA-seq analysis revealed clear differences in the genomic profile of the primary tumor cells in these models. Similarly, minor phenotypic differences have been observed when measuring cell adherence. There are two key differences in these models that likely contribute to these findings: 1) the DN-Wnt1 model attenuates the receptor activity whereas the K8iKOR-Wnt1 model is a gene knockout in the luminal epithelium, and 2) the dnIGF1R transgene is expressed in luminal and basal epithelial cells blocking the receptor function in all mammary epithelium, whereas receptor expression is decreased only in the luminal epithelial cells in the K8iKOR-Wnt1 model leaving the basal cell IGF1R intact. Potentially, the loss of IGF1R function in both luminal and basal epithelial cells may lead to the heightened model phenotype because of reduced adherence. These findings emphasize modeling importance.

It is clear from the spontaneous tumor models attenuated or loss of IGF1R decreases tumor latency and increases metastasis. These results are consistent with the clinical data where trials inhibiting IGF1R have been unsuccessful. The interconnectedness of the tumor epithelium and microenvironment is highly complex. The advantage of our models is the ability to study stochastic tumor progression in the context of the microenvironment which reveals this complex tumor biology. Importantly, the mouse modeling data aligns with the human gene expression and pathway analyses (Figure 9) and provides a basis for understanding why loss of IGF1R in human breast cancers is associated with a worse outcome.




Figure 9 | Model for how Reduced IGF1R in Human Breast Tumors (left) and in Mouse Basal-Like Mammary Tumors results in Enhanced Metastasis. The overview panel (left) summarizes human breast cancer data showing inverse correlation between IGF1R expression and patient survival and lymph node positivity [see (9, 17)] and from METABRIC data analyses in the current manuscript showing low tumor IGF1R expression is correlated with gene expression indicating increased tumor cell invasion properties and cell cycle and decreased cell adhesion. Similar pathways were identified from scRNA-Seq of the tumors in the mouse models with reduced IGF1R signaling or expression. Analyses of the mouse models (right) revealed decreased IGF1R signaling in primary tumor epithelium resulted in increased lung metastases and alterations associated with metastasis including increased P-cadherin in E-cadherin-positive cells, increased EMT signatures in luminal and basal cell populations and in decreased E-cadherin and cell adhesion. Created with BioRender.com.
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Introduction

Obesity has been associated with an increased risk of biologically aggressive variants in breast cancer. Women with obesity often have tumors diagnosed at later stages of the disease, associated with a poorer prognosis and a different response to treatment. Human cell lines have been derived from specific subtypes of breast cancer and have served to define the cell physiology of corresponding breast cancer subtypes. However, there are no current cell lines for breast cancer specifically derived from patients with different BMIs. The availability of those breast cancer cell lines should allow to describe and unravel functional alterations linked to these comorbidities. 



Methods

Cell cultures were established from tumor explants. Once generated, the triple negative subtype in a patient with obesity and a patient with a normal BMI were chosen for comparison. For cellular characterization, the following assays were conducted: proliferation assays, chemo – sensitivity assays for doxorubicin and paclitaxel, wound healing motility assays, matrix invasion assays, breast cancer cell growth to estradiol by chronic exposure to leptin, induction of endothelial permeability and tumorigenic potential in athymic mice with normo - versus hypercaloric diets with an evaluation of the epithelium – mesenchymal transformation proteins.



Results

Two different cell lines, were established from patients with breast cancer: DSG-BC1, with a BMI of 21.9 kg/m2 and DSG-BC2, with a BMI of 31.5 kg/m2. In vitro, these two cell lines show differential growth rates, motility, chemosensitivity, vascular permeability, response to leptin with an activation of the JAK2/STAT3/AKT signaling pathway. In vivo, they displayed distinct tumorigenic potential. In particular, DSG-BC2, presented higher tumorigenicity when implanted in mice fed with a hypercaloric diet.



Discussion

To our knowledge, these primary cultures are the first in vitro representation of both breast cancer and obesity. DSG – BC2 presented a more aggressive in vivo and in vitro phenotype. These results support the hypothesis that breast cancer generated in an obese metabolic state may represent a contrasting variant within the same disease. This new model will allow both further comprehension, functional studies and the analysis of altered molecular mechanisms under the comorbidity of obesity and breast cancer.





Keywords: breast cancer, obese adipose tissues, BMI – body mass index, triple negative breast cancer, cell lines, cell culture, leptin and endothelial activation



Introduction

In Mexico, cancer represents the third cause of mortality in women over 40 years of age (1, 2). Among them, breast cancer is the first cause of female mortality associated with neoplastic diseases and hence considered an emergent public health problem (3, 4). This mortality is associated with metastatic invasion of vital organs such as the lung, bone, liver, and brain. Breast cancer incidence and mortality are associated subsequently with two important aspects with regards to the Mexican population: age and overweight. The inversion of the population pyramid predicts an increase in the number of women over 50 years of age in the upcoming decades (5) and an increase in the frequency of obesity and overweight in more than 70% of women in our country (6, 7). In fact, Mexico is considered the country with the highest obesity rates worldwide.

The incidence of breast cancer in obese women is up to three times greater compared to that in women with ideal body weight (8) and is associated with particular biological characteristics. Studies have demonstrated that patients with obesity and cancer have a lower global survival and greater possibility of cancer recurrence. This in turn is caused by hormones involved in obesity, such as adipokines, glucocorticoids, and insulin, secreted in an abnormal fashion and acquire aberrant signaling promoting fat storage (9). This further propagates obesity and an increased production of such hormones, contributing to the development of numerous diseases, among which cancer is highly prevalent. Taking this into consideration, it is important to study whether breast cancer in obese women differs regarding biology and therapeutic susceptibility.

In Mexico, there is but one study that links overweight and obesity as adverse prognostic factors in breast cancer (10, 11). Obesity has been related to multiple cancer subtypes due to the chronic state of inflammation contained in the adipose tissue, the increment in circulating levels of insulin, and the increase in insulin receptors, which favor autonomous growth and alterations in adipokines, hormones, and metabolites associated to epigenetic changes. The systemic changes induced by obesity generate a particular tumorigenic effect, cellular proliferation, cancer progression, and subsequent drug resistance and cancer recurrence (12).

In relation to breast cancer, obesity has been associated with an increased risk of more biologically aggressive variants, notably triple-negative breast cancer. It also promotes invasion and metastasis (13). Women with obesity often have tumors diagnosed at later stages of the disease, which, aside from immuno-phenotype and stage, is thus associated with a poorer prognosis and a different response to treatment.

There are no current cell lines for breast cancer previously derived from patients with different BMI or specifically with an obese phenotype. We aimed to create cell cultures derived from patients with BMI <25and >30 kg/m2 to further investigate differences between the cellular biology and molecular profiles in breast cancer and obesity compared to breast cancer in women with ideal weight. We established two different cell lines, DSG-BC1 and DSG-BC2, derived from a woman with ideal weight and obesity, respectively, both triple-negative immune subtypes, and performed a preliminary biological characterization. To our knowledge, these primary cultures are the first in vitro representation where the influence of the comorbidity of breast cancer and obesity can be compared to breast cancer without overweight or obesity.



Materials and methods


Clinical characteristics

This research protocol was submitted to the research and ethics committee of The ABC Medical Center in Mexico City, approved with registration number ABD 14.04. Inclusion criterion for the study was the following: women with a previous biopsy with a pathological result of breast cancer at any stage, who were subjected to a surgical intervention for the removal of cancer from the breast, in which at least 5 mm3 of tissue was obtained. Once patients signed the informed consent, they were divided into three groups: BMI below 25 kg/m2, BMI between 25 and 30 kg/m2, and those with a BMI over 30 kg/m2. Exclusion criteria included breast cancer recurrence, inflammatory breast cancer or processes, breast trauma, and previous systemic therapy of any kind in relation to the current breast neoplasm. A total of 32 women participated in the study. They were between 37 and 73 years of age with an average age of 55. Of these women, 27 had ductal invasive breast cancer and 5 with lobular infiltrating carcinomas. Regarding their immune phenotype, there were seven triple-negative breast cancers; the rest were hormone positive, including four triple positives with an HER2 amplification. Six women were obese, 13 were overweight, and 13 had a BMI under 25 kg/m2. There were 13 patients who presented comorbidities including diabetes mellitus type II (4), hypertension (2), hypothyroidism (3), hypercholesterolemia (1), hiatal hernia (1), gastroesophageal reflux disease (1), and fibromyalgia (1).



Establishment of cell cultures

Patients were selected from the ABC Medical Center Cancer Center, and signature of the informed consent was obtained. Through a collaboration sub-protocol with surgical oncology, nursing, and pathology, we were able to receive tumor fragments of at least 5 mm3 from excised breast tissue derived from partial or total mastectomies. The tissue fragments were then placed in growth medium for transportation. Once in the sterile Hood, the medium was aspirated, and the explant was placed on sterile gauze to remove excess liquid. The explant was then transferred to a Petri dish where they were cut into approximately 1 mm × 1 mm pieces and spread throughout the dish. Finally, they were attached to the bottom of a 3-cm diameter Petri dish and left to dry for 5 min to assure firm adhesion. After this, 3 ml of growth medium was added, and micrographs of the attached explants were taken with a Primovert inverted microscope (Zeiss). This first image served to keep record of cellular sprouting and growth. Finally, the plates were placed inside an incubator at 37°C under an atmosphere with 5% CO2 and 100% humidity. Cell sprouting and growth were monitored daily. The first cells to spread and proliferate from the explants were fibroblasts with rapid proliferation rates. After approximately 3–6 weeks, tumor cells began to spread from the periphery of the explants. For isolation of these tumor cells, different procedures were evaluated, including the use of collagenase, manual scraping of fibroblast under the dissection microscope based on cell morphology, differential sedimentation rates, and selection of cellular populations using cloning rings. Manual separation and the selection of clonal populations were the most effective in isolating tumor cells and were the sole method used after the initial 10 explants (Figure 1). A total of 32 tumor explants were obtained. They were paired by histology and immunohistochemistry subtype and matched to have a pair with and without obesity. We were able to establish two cell cultures from patients with ductal invasive triple-negative breast cancer, one without obesity (DSG-BC1) and one with obesity (DSG-BC2).



Proliferation assays

For direct cell count, 12,000 cell/well were plated in 48-well plates (Corning Costar), and every 24 h, the cells of three wells were detached with a Trypsin (0.25%)/EDTA (0.02%) solution in phosphate-buffered saline (PBS) (T4049 Sigma Aldrich, St. Louis, MO) and counted in a hemocytomer chamber by loading the two chambers with a 1:1 mixture v/v of the cell suspension with trypan blue solution. For indirect evaluation by measuring the increase in impedance, proliferation was evaluated indirectly by measuring electric impedance using the xCELLigence system. We plated 7,500 cells/well in a final volume of 200 μl/well in xCelligence 16-well E-plates (Cat No. 5469830001, Aligent, Santa Clara, CA). Every cell line was plated in triplicates. Impedance was measured every 30 min throughout 96 h. The cell division rate was calculated using the software provided with the xCelligence equipment and expressed as change in Cell Index/h.



Chemo-sensitivity assays

Both breast cancer cell lines (DSG-BC-1 and DSG-BC-2) were plated in 48-well plates (Corning Costar) at a cell density of 12,000 cells/well. Three wells with cells remained without treatment, three other wells remained without cells, and all wells contained 500 μl growth medium. After 24 h, cells were exposed to increasing doses of paclitaxel or doxorubicin; 48 h later, the medium was removed by aspiration, and the remaining viable cells were fixed with 2% glutaraldehyde in growth medium for 30 min. The glutaraldehyde solution was removed, and all wells were stained with 250 μl of a solution with 0.5% crystal violet (Sigma Aldrich C0775, St. Louis, MO) in 20% methanol and 80% H2O v/v for 15 min, and excess satin was rinsed with tap water and allowed the plates to dry under air current. Crystal violet with 10% acetic acid solution was solubilized and read OD at 570 nm. The OD of the wells with cells was subtracted from the rest of the OD values. OD of the wells with cells but without chemotherapy served to assign 100% viability; the rest of the OD values were normalized and expressed as % viability.



Wound healing motility assays

DSG-BC1 and DSG-BC2 cells were plated in 100 × 15 mm Petri dishes (Corning Costar) previously marked with lines in the exterior of the lower part of the Petri dish to guide the scratching. Cells were plated with growth medium at a cell density of 40,000 cells/cm2. The monolayers reached confluence within 24 h. The monolayers were scratched using a sterile pipette to generate a linear wound in eight different lines/plate. Cell motility was evaluated every 3 h; micrographs were taken for the eight scratched lines for each cell type. Using the image processing software Image J (public domain, Wayne Rasband NIH), the cell-free areas were outlined, and the surface was estimated in pixel units. Cell motility was evaluated as the reduction in cell-free area every 3 h and reported as average and standard deviation.



Sensitization to E2 through chronic exposure to leptin

Sensitization to E2 was performed as previously described (14). Cells (2 × 103) of the different breast cancer cell lines were plated and grown in Roswell Park Memorial Institute (RPMI)-1640 supplemented with 10% fetal bovine serum (FBS) and leptin (100 ng/ml). All the cell lines were grown at 37°C under a 5% CO2 atmosphere saturated with 100% H2O. After 4 days, the medium was replaced with phenol red-free RPMI-1640 supplemented with 10% delipidated FBS and leptin (100 ng/ml) for 24 h. Finally, the medium was replaced with phenol red-free RPMI-1640 supplemented with 5% delipidated FBS and leptin (100 ng/ml); cells were immediately challenged with 0, 10, and 100 nM E2. After 48 h of E2 treatment, cells were fixed and stained with crystal violet as described for the chemo-sensitivity assay.



Preparation of tumor-cell-conditioned medium

Tumor-cell-conditioned medium was prepared as previously described (15). Briefly, each breast cancer cell line was cultured in 20 × 100 mm Petri dishes until it reached 80% confluence. After washing each plate 10 times with 10 ml of PBS/RPMI‐1640 (1:1 v/v) without phenol red (Laboratorios Microlab S.A. de C.V., D.F. Mexico, Mexico), the cells were maintained in 8 ml of serum-free RPMI without phenol red per plate. After 48 h incubation at 37°C under an atmosphere with 5% CO2 and 100% humidity, the culture medium was collected and lyophilized. The resulting powder was dissolved in distilled sterile water (1/10 of the original volume), dialyzed with a PM‐3 Ultrafiltration Membrane (EMD Millipore, Billerica, MA, USA), and sterilized using a 0.22-μm Millex‐GS syringe filter unit and supplemented with protease inhibitor cocktail (cOmpleteTM Protease Inhibitor Cocktail; Roche Applied Science, Indianapolis, IN, USA). The protein concentration was determined using the Bradford reagent assay (Bio-Rad, Hercules, CA, USA). The concentrated conditioned medium (CM) was kept at 4°C until use in a final dilution 1:10 v/v in growth medium.



Evaluation of endothelial activation

Primary human endothelial cells derived from umbilical veins (HUVECs) were isolated from the veins of umbilical cords within 48 h of normal births as previously described (16). Briefly, the vein was canalized and perfused with PBS to remove blood clots from within. Once cleaned, it was sealed, and a 0.2% collagenase solution (Roche, cat. no. 103586, Basel SZ) prepared in PBS was infused and sealed. The cord was submerged in PBS at 37°C for 10 min and then gently massaged. Afterwards, one end was opened to recuperate dislodged endothelial cells in 50-ml test tubes, and the veins were perfused five times with 10 ml PBS. The mixture of endothelial cells, red blood cells, lymphocytes, and collagenase was centrifuged, and the pellet was reconstituted in endothelial growth medium: M199 medium (Thermo Fisher/GIBCO 11150067) supplemented with 10% FBS, glutamine (2mM), heparin (1 mg/ml) (Sigma Aldrich, St. Louis, MO), and endothelial mitogen (0.01 μg/ml) (Biomedical Technologies Inc., Stoughton, MA). Cells were plated in Petri dishes (Corning Costar); after 24 h, non-adherent cells were washed away with PBS, and HUVECs were cultured in endothelial growth medium and expanded for the next 2 weeks. Cells were detached from the plate with a Trypsin (0.25%)/EDTA (0.02%) solution in PBS (T4049 Sigma Aldrich, Saint Louis, MO); Endothelial growth medium was then added and centrifuged. The cell pellet was resuspended in endothelial growth medium and counted to plated 50,000 cell/cm2 for cell permeability assays or for adhesion of U937 cells.



Adhesion of U937 cell to activated endothelial cells

A total of 50,000 HUVECs were plated/well in 24-well plates (Corning Costar) in endothelial growth medium. The cultures reached confluence after 24 h. After treating HUVECs for 3 h with a 1:10 dilution of the concentrated conditioned media from DSG-BC1 or DSG-BC2, the medium was removed, and fresh endothelial growth medium was added. U937 monocytes (1 × 106) were pre-labeled overnight with 1 μCi/ml of 3H-thymidine (NEN, Boston, MA). A total of 250,000 pre-labeled U937 cells were added/well and co-incubated for 3 more hours. At the end of this period, non-adherent cells were removed, and the wells were gently washed with PBS. The radioactivity of the attached cells was counted after cell lysis with 500 μl 0.2 N NaOH and mixed with 3 ml of scintillation fluid (Ultima Gold LLT, Perkin Elmer, Waltham, MA). A triplicate of 250,000 pre-labeled U937 cells were set apart and counted in the scintillation counter. Radioactivity was estimated using a β-Counter (Beckman). The amount of label in adherent cells was normalized using the label of 250,000 pre-labeled cells as 100%.



Changes in endothelial monolayer permeability

For the evaluation of HUVEC monolayer permeability, 12,000 HUVECs cells were plated in a 16-well xCelligence plate and placed in an incubator. When cells reached confluence, an initial reading was conducted to establish a baseline impedance using and RTCADP xCelligence equipment (Agilent, Santa Clara, CA). Afterwards, the conditioned medium was added, and impedance was recorded every 30 min throughout 116 h.



Tumor-cell-conditioned medium

Tumor cells release a variety of bioactive protein factors and metabolites that can be collected in the medium conditioned by the tumor cells. We prepared tumor-cell-conditioned media from DSG-BC1 or DSG-BC2 as previously described (17). Both cell lines were plated at a cell density of 5 × 104 cell/cm2 in 10-mm Petri dishes with 10 ml DMEM/F12K supplemented with 10% FBS and allowed to reach 80%–90% confluency. At that point, the medium was removed, and the cell monolayers were washed five times with 5 ml PBS to remove excess FBS. The cultures were fed with serum-free DMEM/F12K and incubated for 48 h at 37°C with a 5% CO2 atmosphere saturated with H2O. Cell viability was evaluated every 12 h looking for mitotic figures and increase in cell number. After 48 h, the medium was collected and centrifuged at 1,500 rpm for 6 min to remove floating cells. The supernatant was collected and kept 4°C until used in the invasion assay.



Invasion assay

The colorimetric QCM 24-well collagen-based cell invasion assay (Merck ECM508) was used following the vendor’s instructions. Briefly, triplicates with 0.25 × 106 cells/0.25 ml of growth medium (DMEM-F12K supplemented with 10% FBS) were seeded in the upper chambers; in the lower chambers, we added 500 μl of DMEM-F12K supplemented with 10% FBS and incubated at 37°C with a 5% CO2 atmosphere saturated with H2O. After adhesion for 8 h, the medium in the upper chamber was removed and replaced with growth medium without serum for further 12 h. The assay was started by placing different attractants in the lower chamber: growth medium with 10% FBS, growth medium with 20% FBS, growth medium with phorbol-ester-myristate (PMA) 80 nM final concentration or a 1:1 dilution v/v of serum-free medium conditioned by DSG-BC1 or DSG-BC2 in serum-free growth medium. After 24 h, the cells on both sides of the membrane were fixed and stained following the vendors protocol. Cells from the upper surface of the membrane were removed, and the stain from the cells in the lower surface of the filter was extracted and optical density quantified at 599 nm. OD from the wells with growth medium with 10% FBS was used as controls with 100% invasion.



Soft agar colony formation assay

Colony formation was evaluated using a Nobel-soft system as previously described (18). Briefly, in 12-well plates, a two-layer system with 0.6% and 0.3% agarose content was prepared with 2× serum-free growth medium (DMEM-F12K). The second layer contained 2,500 cells/well. The spaces between the wells were filled with sterile water to reduce desiccation and the plates were incubated at 37°C with a 5% CO2 atmosphere saturated with H2O for 3 weeks. Micrographs were taken every 2 days to follow the emergence and growth of 3D colonies. Within the first week, colonies were detected in HeLa cells, which were used in this assay as positive controls.



Cytoplasmic and nuclear extracts

Cytoplasmic and nuclear cell extracts were prepared as previously described (16) from two 10-mm Petri dishes with cell cultures at a confluence of 70%–80%. After scraping the cells in 1 ml PBS, they were subjected to centrifugation at 4,000 rpm for 5 min in a microfuge (Thermo Scientific). The supernatant was removed and the cell pellet frozen by placing the tubes in dry ice with ethanol. Cells were broken by adding 500 μl of a hypotonic buffer [10mM HEPES, pH 7.9, 10mM KCl, 1.5mM MgCl2, 1mM dithiothreitol (DTT), and 0.5mM phenylmethylsulfonyl fluoride (PMSF)] and subjected to centrifugation at 4,000 rpm for 5 min. The supernatant was considered to be enriched with cytoplasmic fraction.

Nuclei were gently resuspended in a hypertonic buffer (20mM HEPES, pH 7.9, 400mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 25% glycerol, 1mM DTT, and 0.5mM PMSF) and incubated in a rotating mixer (SOL BAT Aparatos Científicos) for 30 min. At the end of this incubation, nuclei were centrifuged at 14,000 rpm for 10 min; the supernatant was considered as the nuclear extract. Both extracts were diluted 1:1 con radioimmunoprecipitation assay (RIPA) buffer [150 mM NaCl, 10mM Tris–HCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), and 0.1% Na deoxycholate] supplemented with protease inhibitors (Complete, Roche). Protein concentration was estimated with Bradford reagent in both extracts (BioRad), and equal amounts of protein were diluted in sample buffer to a 1× final concentration (125mM Tris–HCl, pH 6.8, 1% SDS, 10% glycerol, 0.1% bromophenol blue, and 2% 2β-mercaptoethanol).



Western blot

Western blot analysis was performed as previously described (19). Protein content from the cytoplasmic and nuclear extracts were separated using SDS polyacrylamide gel electrophoresis (SDS-PAGE) gels, 7.5% acrylamide for cytoplasmic extracts and 10% for nuclear extracts. Once resolved by electrophoresis, the proteins were transferred to polyvinylidene fluoride (PVDF) immobilon-P membranes (Millipore) and blocked with 5% fat-free milk powder in Tris-buffered saline (TBS) overnight at 4°C. After removing the blocking solution and washing the membranes with TBS, primary antibodies (Santa Cruz Biotechnology) were added diluted in TBS overnight at 4°C: anti-E-cadherin 1:250 (sc-8426), anti-vimentin 1:16,000 (sc-6260), anti-Ep-CAM 1:250 (sc-25308), and anti-β-actin 1:10,000 (sc-47778) for the cytoplasmic extracts, and anti-ZEB-1 1:250 (sc-515797), anti-Nanog 1:250 (sc-293121), and anti-PCNA 1:6,000 (sc-56) for nuclear extracts. At the end of the incubation, the primary antibody dilutions were removed, and the membranes were washed for 30 min with TBS-Tween 20, and the secondary antibody anti-murine-HRP (Thermo Scientific) was added for 1 h. At the end, membranes were washed in TBS and developed with Super Signal West Pico plus (Thermo Scientific) following the vendor’s instructions. Images were captured using the Fusion Fx Imaging System (Vilber Lourmant) and processed with the Evolution capt software.



Tumorigenic assays

A total of 12 × 106 cells of each of the established cell cultures were resuspended in 100 μl of RPMI-1640 and inoculated into the sub-scapular area of athymic Nu/Nu mice to evaluate for tumorigenesis. Tumor growth was evaluated at 6 weeks, after which the mice were euthanized and the tumor was resected for pathological analysis. These animals had free access to water and standard diet H2916 (Harlan, Indianapolis, IN).



Housing and diet: Normocaloric vs. hypercaloric

The protocol for animal experiments was approved and registered at the research and ethics committee of the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubiran (INCMNSZ) with registration number 1549 (377). Nu/Nu female mice were kept in the animal facility of the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán under a protocol approved by the local animal ethics committee. After weaning, the animals were kept under an inverted schedule of 12 h light/12 h darkness in a room at 30°C with free access to water and to AIN-93 normo-caloric diet (20) (Bio-Serv, Flemington NJ) or to an inhouse-prepared high fat/high sugar diet (HFSD) (21). Every 100 g of pelleted diet contained 0.3 g L-cysteine, 0.25 g coline bitartrate, 1 g vitamins, 5 g cellulose, 3.5 g minerals, soy oil, 9 g starch, 11.4 g maltodextrin, 21.3 g sucrose, 24 g casein, 21.88 g lard, and 0.00133 tert-butylhydroquinone (TDHQ) (22). Animal weight was recorded every other day, and NMR was performed every month. Animals were used for the tumorigenesis assay once they reached a weigh of 20 g. Both groups received an implant of 20 × 106 cells from the DSG-BC2 cell lines as described in tumorigenic assay. After 6 weeks, the animals were euthanized, and a necropsy was performed to recover tumors. C57BL/6 female mice were used for comparison of the effect of the hypercaloric diet (HFSD); these animals were kept under an inverted schedule of 12 h light/12 h darkness in a room at room temperature with free access to water and to AIN-93 normo-caloric diet (Bio-Serv, Flemington NJ) or to an inhouse prepared HFSD.



Evaluation of body mass composition by NMR

Body mass composition was analyzed as previously described using an EchoMRI™ nuclear magnetic resonance system (21). Experimental animals were immobilized in restriction cylinders, and NMR signals were captured according to the vendor’s specifications. Animals were briefly exposed to a low-intensity electromagnetic field (0.05 T) for 2 min. Data processing provided lean and fat tissue values in grams; these data could be corrected with the total weight of each animal to express percent body fat or lean mass.



Statistical analysis

The patient sample size was evaluated according to a Bernoulli type assay with the following formula for failure and success: p ± z α/2 √(pq/n), where p was the probability of success. It was established to be 0.75, as 0.25 or 25% of the cell cultures would not develop, corresponding to q. z α/2 was the probability that the confidence interval would contain μ, which was 95% or z=0.025. For n, or the number of explants needed, 32 patients were needed to establish a confidence interval of (0.60–0.90), such that 60%–90% of cell cultures would ultimately develop. All in vitro assays were conducted in triplicate and repeated at least in two or three independent experiments. Statistical significance in these data was established using Student’s t-tests and ANOVA, considering statistical significance with a p-value <0.05 (*) or a p-value <0.01 (**).




Results


Establishment of breast cancer cell lines based on BMI

This study was designed to establish breast cancer cell lines based on patients’ BMI to be able to determine if breast cancer that develops in a patient with a BMI of 18–25 kg/m2 has the same biological properties as the one that develops in a patient with obesity (>30 kg/m2). Tumor explants were obtained from patients with breast cancer and processed to generate cellular colonies attached to the bottom of tissue culture plates. Different methods were evaluated to determine the best way to generate primary cultures enriched in tumor cells (Figure 1). After surgical tumor removal, the pathologist removed small tumor samples (2–5 mm) and placed them in 50-ml sterile tubes with growth medium. Tumor samples were cut into small sections and attached to the surface of a dry Petri dish as described in Materials and methods. In the following 2 weeks, fibroblasts, recognized by their flat extended fusiform morphology, began to sprout out of the explants. Within the next 2 weeks, tumor cell colonies could be detected sprouting out of the explants alongside fibroblast proliferation. Tumor cells presented an ovoid or cuboid morphology with large nuclei, typically with two nucleoli and with filipodia and lamellipodia. We designed a cooperative sub-protocol between surgeons, pathologists, medical oncologists, researchers, and nurses that allowed efficient transfer from the operating room to the tissue culture facility reducing the time from the biopsy procurement to tumor clonal proliferation per explants from 2–3 months to 2–3 weeks.




Figure 1 | Flowchart of sample processing, from tumor explant to primary cultures and tumorigenic assay.



Different methods were tested to obtain cell cultures enriched in tumor cells. The central problem was the elimination of fibroblasts from the primary cultures, which was solved using differential adhesion efficiencies. Cell populations that had emerged from tumor explants were detached using trypsin/EDTA when the Petri dish reached 80% confluence. After centrifugation, the supernatant was removed, and the pellet was resuspended in growth medium. Fibroblasts were allowed to adhere for 20 and 40 min, respectively, and the supernatant enriched in tumor cells was transferred to a new plate. In some instances, we used a cloning ring, specifically when tumor cell colonies grew in areas clearly separated from fibroblasts. To obtain the tumor cell colonies via cloning rings, the rings were sealed with silicone grease and placed around the colony. Tumor cells inside the ring were removed using trypsin/EDTA and placed into a separate Petri dish. An alternative approach implied digesting the tumor fragments with type II collagenase (300 U/ml) for 30 min at 37°C, incubating for 20 min in the incubator. The resulting digestion mixture was centrifuged and the pellet resuspended with growth medium and placed in two wells using differential centrifugation of the supernatant at 45, 100, and 200×g, respectively. This method was not efficient, as although tumoral fragments were disaggregated, the different cell populations including tumor cells, fibroblasts, epithelial cells, and adipocytes could not be separated. The faster proliferation rate of fibroblasts led to cultures dominated by fibroblasts within 7–10 days. The few tumor cells that were able to proliferate generated isolated colonies. The attempt to remove fibroblasts by scrapping proved to be inefficient. Hence, after adhering a tumor explant and collecting the cell populations that emerged within 2–3 weeks, the differential cell adhesion and ring cloning proved to be the most effective way to generate primary tumor cell cultures free from fibroblasts; ergo, they were both utilized in subsequent elaboration of primary tumor cell cultures (23–26).

We were able to establish two triple-negative breast cancer cell lines, one derived from a patient with normal weight (BMI < 25 kg/m2) and the second from a patient with obesity (BMI > 30 kg/m2), corresponding to explants 5 and 7. It is important to mention that the explant number 5, from which later the DSG-BC1 cell line was derived, came from a 59-year-old patient with ductal invasive breast cancer and a BMI of 21.9 kg/m2. Menses began at 14 years and menopause at 47. She had four pregnancies, all resulting in live births. She denied the use of contraception and had only a history of lipoma removal in 2000. The tumor immune phenotype was initially ER+ (92%), PR+ (95%), and HER2-negative tumor. During the late stages of establishing the primary culture, we observed a transformation into a triple-negative phenotype cell culture. With respect to explant number 7, from which later the DSG-BC2 cell line was derived, it came from a 52-year-old patient with invasive ductal carcinoma and a BMI of 31.5 kg/m2. Menses began at 11 years and menopause at 48. She had two pregnancies, both resulting in spontaneous abortions. She had no comorbidities. The tumor was a triple-negative immune phenotype, and the cell line preserved the same triple negative throughout the study. To be able to correlate findings related to differences in breast cancer in patients with obesity versus normal weight, it was essential to compare tumors with the same immune phenotype. We therefore present two triple-negative cell lines DSG-BC1 (BMI = 21.9) and DSG-BC-2 (BMI = 31.5).



Immunophenotyping

Immunohistochemistry was performed using the Ventana BenchMark Ultra platform (Roche) using the following pre-diluted antibodies: anti-estrogen receptor (clone SP1, rabbit monoclonal, Roche), anti-progesterone receptor (clone 1E2, rabbit monoclonal, Roche), and anti-Her2 (clone 4B5, rabbit monoclonal, Roche). The stained slides were evaluated by a board-certified pathologist with extensive experience on breast pathology and immunohistochemistry using the current ER/PR and Her2 CAP/ASCO guidelines, in relation to the previously mentioned importance of the comparison of tumors with the same immune phenotype. Both cell lines were confirmed as triple negative as seen in Figures 2A–D (27, 28).




Figure 2 | Immunophenotyping shows in both triple-negative lines: (A) for DSG -BC1, a Ki67 of 85.85% and a TP53 of 1.3%. (B) The ploidy of DSG-BC1 revealed a hypodiploid DNA content. (C) For DSG -BC2, a Ki67 of 10.81% and a TP53 of 7.27%. (D) The ploidy of DSG-BC2 revealed a hypodiploid DNA content.





Proliferation, migration, and invasion

In an initial proliferation assay, the increase in cell number was analyzed by direct count with a hemocytometer (Figure 3A). Despite having plated the same initial number of cells, DSG-BC2 always related a higher cell count. By 72 h, it had 44% more cells than DSG-BC1. We also evaluated the proliferation rates in early time windows and compared them with the proliferation rates of the MDA-MD-231 and the MCF-7 cell lines. Cell proliferation during the first 50 h after plating was evaluated as an increase in impedance as described in Materials and methods. DSG-BC2 was able to grow 1.92 times faster than DSG-BC1 (Figure 3B). On the other hand, DSG-BC1, MCF-7, and MDA-231 presented very similar growth rates (0.077, 0.76, and 0.73 normalized cell index units/h). In both assays, we observed that the cell line DSG-BC2, derived from a patient with high BMI, presented a higher proliferation rate. The proliferation assays conducted lead to the understanding that DSG-BC2, the cell line of breast cancer and obesity, showed greater rates of proliferation in the three 2D systems assays in comparison to the cell line without obesity. Although this is seen in vitro, it may correlate to aggressive tumor growth in vivo in obese patients.




Figure 3 | Breast cancer cells derived from a patient with obesity display a higher proliferation rate than the one derived from a patient with normal weight. (A) Direct cell counts every 24 h. Numbers above each bar represent the average cell number. (B) Normalized cell index measured every 30 min between 0 and 5 h. The inset represents the slope (change in normalized cell index/h) between 30 (blue vertical lines) and 50 h (red vertical line) of continuous growth. In panel (B), MCF-7 and MDA-MB-231 cell lines were included as reference in cell growth. Experiment performed in triplicates; values represent average +/− standard deviation of the mean, n = 3. Vertical bracket indicates comparison between the two newly described cell lines, p value < 0.05 (*).



Petri dishes containing confluent cultures of DSG-BC1 and DSG-BC2 were scraped with a sterile pipet tip to create linear “wounds.” The separation of the remaining cell edges left a cell-free surface. After 24 h, filipodia and lamellipodia were observed to be emerging from the edges. The wound closing index was estimated with a total close at 72 h for DSG-BC1 and a total closing index at 96 h for DSG-BC2 (data not shown). Since within the timeframe of 72 h cell duplication might contribute to the reduction in free surface, we evaluated the reduction in free surface every 3 h from T0 to T15 hours after generating the linear wounds (Figure 4). The Table 1 shows that the average reduction in free surface was 1.6 times faster in the DSG-BC2 cell line than in the DSG-BC1 cell line. The time frame for wound healing followed every 24 h is consistent with a faster proliferation of DSG-BC2 compared to DSG-BC1, correlating as well to the proliferation assays previously mentioned. The increase in cells in the open space generated when generating the wound follower every 3 h is less likely to be affected by cell division and can be considered to evaluate cellular movement. Hence, the DSG-BC2 breast cancer cell that arose in an obese environment can be seen to “move” faster than its counterpart.


Table 1 | The table presents the average reduction in area (-D Area) every 3h, the bottom line presents the average of the 3 intervals.






Figure 4 | Breast cancer cells derived from a patient with obesity are faster in closing the space in a wound healing assay than the one derived from a patient with normal weight. Wound healing assay. Cells were plated to reach confluence within 24 h as described in Materials and methods. The invasion of the cell-free area was recorded every 3 h at the indicated time points. The cell-free areas were analyzed by Image J.



Both DSG-BC1 and DSG-BC2 where exposed to increasing doses of paclitaxel to estimate IC50 after 48 h of treatment. The dose required for IC50 in both cell lines was within the same order of magnitude; nevertheless, the cell DSG-BC2 line, derived from the patient with high BMI, required 2.4 times more paclitaxel to reach IC50 (Figure 5A). The morphological changes during a time course of 96 h when treated with the IC50 of paclitaxel confirmed approximately 50% cell death after 48 h and 100% cell death after 96 h (Figure 5B). In the same way, both cell lines were exposed to increasing doses of doxorubicin to estimate IC50 after 48 h of treatment. In this case, both cell lines had the same IC50 of 0.3 μg/ml for doxorubicin (Figure 5B). The cytotoxicity assays for the cell lines show that DSG-BC2 needs higher doses of chemotherapy to be able to achieve similar results in terms of IC50 than DSG-BC1. In other words, we observed how breast cancer generated in obesity needed a greater dose of chemotherapy in vitro to achieve IC50.




Figure 5 | Breast cancer cells derived from a patient with obesity display lower chemosensitivity to paclitaxel compared to breast cancer cells derived from a patient with normal weight. Cytotoxicity assay for paclitaxel (A) and doxorubicin (B) after treatment for 48 h. n = 3.



Transformed phenotype and tumorigenic potential of tumor cells correlate with their ability to form 3D colonies when grown in soft agar and with their capacity to invade collagen matrixes. Their commitment in the epithelium–mesenchymal transition (EMT) is also indicative of their aggressiveness. We tested the ability of the DSG-BC1 and DSG-BC2 cell lines to grow by forming 3D colonies in the soft agar using HeLa cells as a positive control. The figure (Figure 6) shows that 2 weeks after initiating the cultures, HeLa cells were able to generate 3D colonies. In contrast, none of the two cell lines DSG-BC1or DSG-BC2 produced any 3D colonies, only isolated groups of a few cells with no indication of mitosis could be detected. The lack of 3D colonies in both cell lines suggests a low tumorigenic potential.




Figure 6 | Breast cancer cells derived from patients with obesity or normal weight are not able to promote deformation of 3D colonies in soft agar. Even after 2 1/2 weeks after plating in the DSG-BC1 or DSG-BC2 in soft agar no 3D colonies could be detected only isolated cell aggregates could be seen (insets with 100× magnification). In comparison, HeLa cells generated multiple 3D colonies (left image with 40× magnification). n= 6.



The ability to migrate across the extracellular matrix is an essential hallmark for invasion and metastasis. We used Boyden chambers with 8-μm pores filled with collagen to test the invasive capacity of the two cell lines DSG-BC1and DSG-BC2 using HeLa cells for comparison. Figure 7 shows that both DSG-BC1and DSG-BC2 were able to invade a collagen matrix with a 63% and 42% higher efficiency compared to HeLa cells. The use of 20% FBS in the lower chamber as attractant led to a further increase in invasion in both cell lines: 67% for DSG-BC1and 43% for DSG-BC2 compared to an increase in 238% in HeLa cells. The use of 80 nM PMA in the lower chamber as attractant increased invasion only in DSG-BC1 (47%), while in HeLa cells, PMA increased invasion (234%). In comparison, HeLa cells showed a stronger response to PMA with a 234% increase in invasion. Finally, we also tested a 1:1 dilution of the conditioned media of each cell line (CM) as attractant. CM had no effect on either DSG-BC1and DSG-BC2. These results suggest that both DSG-BC1and DSG-BC2 have the ability to invade collagen matrix, indicative of an aggressive phenotype.




Figure 7 | Breast cancer cells derived from a patient with obesity presented a higher invasion potential with respect to those derived from patient with normal weight. Invasion assay through collagen filled 8-μm pores. Cells were plated and, after adhesion, starved for 12 h before stimulation with the indicated attractants in the lower chamber as described in Materials and methods. HeLa cells were used as a positive control; 10% FBS supplemented growth medium was used as basal attractant in the lower chamber. Invasion of HeLa cells with this condition was considered 100% increase. Positive controls for invasion were 20% FBS (FBS), 80 nM PMA (PMA), or a 1:1 dilution of CM of each cell line. n=3. Brackets indicate comparisons with p value < 0.05 (*) or a p value < 0.01 (**).



Transformation and tumorigenic potential require EMT; therefore, we analyzed the pression of EMT-molecular markers in both DSG-BC1 and DSG-BC2 and in HeLa, MDA-MB-231, and MCF-7 cells used for comparison. Figure 8 shows the cytoplasmic expression of E-cadherin, EPCAM, and vimentin in cytoplasmic extracts and the expression of ZEB1 and Nanog in corresponding nuclear extracts. Both newly established cell lines DSG-BC1 and DSG-BC2 displayed a strong signal for epithelial markers, the cell adhesion molecules E-cadherin and EPCAM. In contrast, the mesenchymal-specific intermediate filament vimentin was absent in both cell lines. Mesenchymal master regulatory transcription factors ZEB1 and Nanog are weakly expressed in the nuclear extracts of both DSG-BC1 and DSG-BC2 cell lines. MCF-7 cells also expressed a strong signal for epithelial markers E-cadherin and EPCAM, but no vimentin. MCF-7 cells displayed a strongest signal for Nanog. In contrast, HeLa and MDA-MB-231 cells displayed a strong expression of vimentin and ZEB1 but had no Nanog expression. The strong expression of epithelial markers in both DSG-BC1 and DSG-BC2 suggests that the EMT is biased towards the epithelial phenotype. Nevertheless, the weak expression of ZEB1 and Nanog suggest that both cell lines have the potential to initiate the EMT.




Figure 8 | Breast cancer cells derived from patients with obesity and normal weight display a strong expression of epithelial markers and a weak and partial expression of mesenchymal markers.  Western blot in cytoplasmic (left panel) or nuclear extracts (right panel) were performed as described in materials and methods. 40 ug of total protein were separated using SDS-PAGE and after electro-transfer membranes were probed with the indicated antibodies against EMT markers. Antibodies were diluted as described in material and methods. Actin was used as a loading control for cytoplasmic extract analysis, and PCNA served as loading control for nuclear extracts. Representative image of 3 independent experiments.





Endothelial cell activation

Malignancy is related to the secretion of a variety of soluble factors secreted by tumor cells to increase important elements in carcinogenesis, tumor proliferation and metastasis such as increasing vascular permeability and cellular adhesion, phenotypic changes seen in activated endothelial cells. We therefore collected conditioned medium (CM) from DSG-BC1 or DSG-BC2 and processed it as described in Materials and methods before testing their effect on the activation of primary human umbilical vein endothelial cells (HUVECs). The CM prepared from DSG-BC1 contained 39.0 μg protein/ml, compared to 19.0 μg protein/ml present in the CM from DSG-BC2. Endothelial cells treated with TNF (10 ng/ml) were able to bind 27 +/− 2% of the added U937 monocytes, while the treatment with CM from DSG-BC1 or DSG-BC2 promoted the adhesion of 18 +/− 3% and 16 +/− 2% of the added U937 cells, respectively (Figure 9A). The binding of the U937 monocytes to the HUVEC endothelial cells aimed to show how the soluble factors released by tumor cells into the CM can lead to an activated endothelial phenotype that could contribute to a metastatic phenotype.




Figure 9 | Breast cancer cells derived from patients with obesity or normal weight secreted similar amounts of soluble factor capable promoting endothelial cell activation. (A) % Adhesion of 3H-thymidine-labeled U937 cells to HUVECs treated for 3 hours with CM from DSG-BC1 or DSG-BC2 as described in materials and methods. 100% corresponds to the amount of radioactivity in 250,000 U937 cells (white bar). Normalized amount of radioactivity bound in HUVECS treated with TNF (10 ng/ml) or with 1:10 dilution of the CM from DSG-BC1 or DSG-BC2 (gray bars), n = 3. Brackets indicate comparisons with p value < 0.05 (*) or a p value < 0.01 (**). (B) Left panel: micrographs of endothelial cell monolayers at the indicated magnifications, taken before adding CM. Right panel: representative change in impedance in monolayers of HUVECs treated with a 1:10 dilution of CM of the indicated cell lines. CM were prepared as described in materials and methods and added 48 hours after plating (black arrow). Impedance was measured every 30 minutes as described in materials and methods. CM: conditioned media from the indicated cell type.



In addition, we also tested the effect of the CM from both cell lines on the permeability of monolayers of HUVECs measuring impedance and so epithelial permeability (Figure 9B). Impedance increased with time in untreated control HUVECs and stabilized 50 h after addition of control medium (red trace in Figure 9B). In the presence of the CM from DSG-BC1, impedance increased in two waves and was markedly reduced 20 h after its addition (blue trace in Figure 9B). In the presence of the CM from DSG-BC2, impedance fell immediately after its addition (green trace in Figure 9B). After 50 h of treatment, the CM from DSG-BC1 had reduced impedance by 20%, while the CM from DSG-BC2 reduced impedance by 52%. Impedance of endothelial cell monolayers is an indirect measure of epithelial permeability known to be affected during metastasis. The reduction in impedance induced by the CM of both cell lines indicates the presence of bioactive secreted products able to reduce endothelial permeability. The fact that the cell line derived from a patient with higher BMI is suggestive of a more aggressive phenotype. With this, an inference on its metastatic potential may be postulated.



Sensitization of breast cancer cell growth to estradiol (E2) by chronic exposure to leptin

Among the different adipokines liberated by adipose tissue in obesity, leptin has been postulated to contribute to breast cancer tumorigenesis and progression. Treating the newly established cell lines DSG-BC-1 and DSG-BC-2 with leptin (100 ng/ml) for 48 h did not affect cell proliferation (data not shown). Leptin is known to have a wide spectrum of biological effects including the sensitization of breast cancer to estradiol-dependent proliferation (14). MCF-7, DSG-BC1, DSG-BC2, and MDA-MB-231 where pretreated with leptin for 5 days and then challenged with 0, 10, and 100 nM E2 for further 48 h. The histogram in Figure 10 shows that 5-day continuous exposure to leptin sensitized MCF-7 to E2, leading to a 56% increase when treated with 10 nM E2 and a 32% when treated with 100 nM E2. These results are in agreement with previous reports (14). Interestingly, the cell line DSG-BC-2 derived from a patient with obesity presented a 15% increase in proliferation when treated with 100 nM E2, while in DSG-BC-1, breast cancer cells isolated from a patient with normal BMI, pretreated with leptin, led to a 15% decrease in proliferation when stimulated with 100 nM E2. MDA-MB-231 cells displayed no response to E2 or to leptin sensitization. This result suggests that despite the fact that both DSG-BC1 and DSG-BC-2 have a triple-negative phenotype, they express low levels of ER. Our results also indicate that the ER signaling pathway in breast cancer cells derived from an obese patient can be sensitized by leptin, an adipokine normally present in patients with increased dysfunctional adipose tissue.




Figure 10 | Breast cancer cells derived from an obese patient are sensitized to estrogen-proliferation by chronic exposure to leptin. The indicated 4 breast cancer cell lines were cultured as described in materials and methods: treated for 4 days with leptin (100 ng/ml) changed to medium without phenol red and supplemented with lipid free serum for 24 hours before the final stimulation with estradiol (E2) at the indicated concentrations for 48 hrs. Control cultures received no leptin stimulation (empty bars). Sensitization is depicted at the increase in proliferative response (D+). Values are the average of triplicates +/- standard deviation; n = 3. Brackets indicate comparisons with p value < 0.05 (*) or a p value < 0.01 (**).





Leptin activates the JAK2/STAT3/AKT signaling pathway in DSG-BC-1 and DSG-BC-2 breast cancer cells

The sensitization effects suggest that both DSG-BC-1 and DSG-BC-2 cells can respond to leptin. We tested if exposure to a leptin could activate phosphorylation of signaling molecules linked to leptin receptor activation. We treated both DSG-BC-1 and DSG-BC-2 cells and MCF-7 cells with 1,000 ng/ml leptin for 10 and 20 min and evaluated the change in the phosphorylation state of JAK2, STAT3, and AKT through Western blot analysis. Figure 11A shows a representative result of the Western blot analysis, and the histogram in Figure 11B presents the normalized intensity of the phosphorylated signaling proteins. As previously reported, in control MCF-7 cells, leptin induced a transient increase in phosphorylation both of JAK2 and STAT3 in the first 20 min of stimulation, while AKT phosphorylation presented a steady 35% increase. Interestingly the DSG-BC-2 cell line derived from an obese patient displayed a stronger response compared to the DSG-BC-1 cell line derived from a patient with normal BMI. These results strongly suggest that both cell lines present functional leptin receptors and that the JAK2/STAT3/AKT signaling pathway in the cell derived from obese patients presents a stronger response to this adipokine.




Figure 11 | Western blot analysis revealed rapid activation of the JAK/STAT3/AKT signaling pathway in response to leptin both in DSG-BC-1 and DSG-BC-2 breast cancer cell lines. Cells (4 × 105) were plated in six-well plates. After 24 h, cell extracts were prepared at the indicated time points (0, 10, and 20 min) of leptin stimulation (1,000 ng/ml), as described in Materials and methods. (A) Total cell extract (30 μg) was separated in 7.5% SDS-PAGE. Western blot analysis for total JAK2 and phosphorylated JAK2 (pJAK2), total STAT3 and phosphorylated STAT3 (pSTAT3), and total AKT and phosphorylated AKT (pAKT). (B) Histogram of the normalized signals of the indicated phosphoproteins of the panel (A) Phosphoprotein signals were corrected with the signal of beta actin (β-actin); images were digitalized and analyzed using the public ImageJ software.





In vivo experiments

Seven athymic Nu/Nu female mice, fed with a standard diet, were inoculated with 10 × 106 cells of each cell line, DSG-BC1 and DSG-BC2, totaling 14 mice. Seven days after the inoculation, tumor growth was seen in every mouse. The largest tumor was observed in mouse 1 at 14 days with a 10 × 2 mm tumor on the right subscapular area and mouse 2 at 10 days with a 4 × 5 mm tumor on the right subscapular area, both originating in mice inoculated with the DSG-BC2 cell line (29–31). Immunohistochemical analysis for ER, PR, and HER2 confirmed a triple-negative immune phenotype for both DSG-BC1 and DSG-BC2. The histopathological analysis of the tumors in hematoxylin and eosin-stained slides revealed perivascular, neural, and muscular invasion (Figure 12), which was not observed in comparison to tumors generated by DSG-BC1. Although it was corroborated that both tumors had the same triple-negative immune phenotype, DSG-BC2 showed a greater infiltrative nature with the vascular, neural, and muscular invasion, most likely due to the aggressiveness that the metabolic environment in which it was created confers.




Figure 12 | Xenotransplants of the breast cancer cells derived from a patient with obesity displayed a more aggressive tumorigenic and invasive activity compared to those derived from a patient with normal weight. Histopathology of H&E-stained slides from tumors generated 3 weeks after implantation of cell from the DSG-BC2 cell line. Images were taken at the indicated magnifications. White arrows indicate transversal section of a vascular structure (upper right panel), transversal section of a nerve (lower left panel), and transversal section of a muscle fiber (lower right panel). Samples were processed as described in Materials and methods.



To evaluate the influence of an obesogenic in vivo environment, we fed Nu/Nu female mice with a defined normo-caloric rodent diet (AIN93) or a high fat – high sucrose diet (HFGD) as previously described. While HFGD promoted a significant increase in weight in normal C57BL/6 mice, it had a more modest effect in Nu/Nu mice (Figure 13A). Nu/Nu mice fed with the normo-caloric diet AIN93, had on average 5 g lower weight than those fed with HFGD. Despite this difference, no significant change in body mass composition was observed after 3 months (Figure 13A). However, when fed with HFGD, the fat tissue estimated by NMR was higher compared to those fed with AIN93 (Figure 13B). This difference was identified as an increase in subcutaneous fat accumulation. A group of nine Nu/Nu female mice fed with either diet was inoculated with 20 × 106 cells from the DSG-BC2 cell line, and tumor growth was monitored as described in Materials and methods. While in the group of mice fed with AIN93, only one mouse developed a tumor mass. In the group fed with HFSD, six animals developed tumor growth (Figure 13B). The unexpected observation that Nu/Nu mice appear to have a higher basal energy expenditure compared to C57BL/6 mice could explain the marginal effect of HFSD in developing overweight. In addition, metabolic analysis of the sera from both groups of Nu/Nu revealed that with AIN93, glucose metabolism was the main source of aerobic metabolism, while ketone body metabolism was the primary source of energy with HFSD (data not shown). It is possible that these differences are due, at least in part, to the lack of coat in animals of the Nu/Nu strain. This would explain the large difference in the increase in weight when both strains where fed with the hypercaloric diet HFSD (Figure 13A). The greater tumorigenic ability of DSG-BC2 in mice fed with HFSD could pertain to possible growth requirements from the original tumor, which was generated in a metabolically obese environment.




Figure 13 | When fed a hypercaloric diet Nu/Nu female mice mimic a mild overweight condition and favor more frequent tumor development of DSG-BC-2 xenotransplants. Tumorigenesis in female Nu/Nu mice fed with normocaloric (AIN93) o hypercaloric (HFSD) diet from weaning to the end of the tumorigenic assay. Animals were kept as described in materials and methods until they reached a weight of 20 g. (A) Increase in weight once they reached 20 g in Nu/Nu or C57B/6 female mice receiving AIN93 or HFSD (left panel), % of body fat (central panel) and % lean body mass (right panel). (B) Total weight estimated by NMR of Nu/Nu mice fed with the AIN93 or HFSD (left panel). Number of the mice bearing tumors from a total of 9 mice that received 20 x 106 cell of the DSG-BC2 that were fed with either AIN93 or HFSD (right panel); n = 9, p value < 0.05 (*) or a p value < 0.01 (**).






Discussion

Obesity has become an openly recognized risk factor not only for the development of breast cancer but also its aggressiveness and recurrence (15, 32, 33). Women with breast cancer and obesity have a worse disease-free and overall survival despite appropriate local and systemic therapies (34). The importance of this epidemiological comorbidity in Mexico is relevant worldwide (35).

In addition, systemic chemotherapy is less effective, even when dosed appropriately on the basis of actual weight. A central mechanism by which obesity stimulates cancer progression is through chronic, low-grade inflammation in adipose tissue. Counter measures such as exercise in the AIM trial (36) seek to alleviate and reduce systemic inflammation, metabolic diseases, possibly leading to interrelated biomarkers involved in the associations between obesity, exercise, and breast cancer prognosis. Notwithstanding, we currently are in a discovery phase where factors within obesity, adipocytes, and inflammation factors change longstanding paradigms related to cancer treatment. Mechanisms underlying the obesity–cancer relationship are poorly understood (37, 38). Patients who are obese require special treatment considerations for adequate management and optimal therapeutic efficacy (39).

An important element in the connection with breast cancer and the obese setting is the adipose tissue microenvironment with its complex association to inflammatory factors that promote tumor growth, invasion, and metastasis (40). One of the most influential factors is the adipokine leptin, which is an important molecular mediator of the obesity–breast cancer axis. Increase adiposity, and thus increased leptin secretion, promotes tumor cell proliferation as an independent factor for neoplastic aggressiveness, with functions strengthened through interactions with multiple oncogenes, growth factors, and cytokines (41, 42). It has even been proposed as a novel target in therapeutic strategies for breast cancer given the rise in immune therapy and its proinflammatory mediation (43, 44). The evaluation of leptin levels among the two cell lines is an important step needed in their further characterization.

The link between obesity and breast cancer is clearly a multifactorial and dynamic process that includes pre- versus post-menopausal condition, relative abundance of visceral versus subdermic adipose tissue, and ethnicity (45–47). In post-menopausal women, adipokines also contribute to the risk of breast cancer. While circulating levels of leptin have a strong direct correlation to the incidence of breast cancer, high levels of adiponectin have a protective effect (48, 49). This altered adipokine balance has been postulated to drive the increased expression of aromatase in obese adipose stromal cells leading to an increase in biotransformation of androgenic substrates into estrogens (49, 50), and coincides with higher incidence of ER+ breast cancer in obese patients (46, 48). Other hallmarks of malignancy such as motility, invasion, and anti-tumor immunity are promoted by cancer-associated adipocytes (51, 52). In breast cancer linked to obesity, the non-genomic estrogen receptor crosstalk with the PI3K/Akt and MAPK pathways is increased (53), and the genomic methylation state is altered and related to survival expectancy (54). The response to leptin presented in Figures 6, 7 indicates that both cell lines have leptin receptors, although specific proof is still necessary by Western analysis and RT-PCR. In particular, activation of the JAK2/STAT3/AKT signaling pathway further indicates the functionality of these receptors. The fact that a more robust phosphorylation could be observed in DSG-BC-2 derived from an obese patient is in agreement with the postulated role of leptin in the promotion of breast cancer cells in obese patients. The sensitization to E2 is particularly interesting, since it could reveal a crosstalk between ER expression, ER signaling and leptin signaling. Induction of functional ERs has been reported in human breast cancer cells, promoting conversion of ER− to ER+ cells amenable to antiestrogen therapy (55, 56). Nevertheless, a more careful analysis of the signaling events and changes in gene expression must be performed to confirm this view.

Human cell lines have been derived from specific subtypes of breast cancer and have served to define the cell physiology of the corresponding breast cancer subtypes (57). The luminal-A MCF-7 cell line, established in 1973 at the Michigan Cancer Foundation, was derived from a pleural effusion from a 69-year-old white patient with recurrent disease (26, 58). Through functional assays model, cell lines such as MCF-7 cells have led to the identification of a complex epigenetic mechanism where a PAD2-dependent histone H3R26 citrullination facilitates ER transcription activation (59). This cell line has also served to identify the participation of miR23a in the induction of EMT and metastasis in luminal A breast cancer (60). The availability of breast cancer cell lines derived from patients with defined BMI and metabolic alterations related to overweight and obesity will allow to describe and unravel functional alterations linked to these comorbidities (61–63). The triple-negative MDA-MB-231 cell line was derived from a pleural effusion from a 51-year-old Caucasian woman with a metastatic mammary adenocarcinoma with a marked increase in chromosome number, between 65 and 69 (64); nevertheless, no information is available.

Starting with solid tumor biopsies and using standard explant cell culture techniques combined with differential cell adhesion and ring cloning, we established two cell lines DSG-BC1 and DSG-BC2 that display a triple-negative molecular phenotype. DSG-BC1 was derived from a 59-year-old patient with ductal invasive breast cancer and a BMI of 21.9 kg/m2. DSG-BC2 was derived from a 52-year-old patient with invasive ductal carcinoma and a BMI of 31.5 kg/m2.

A comparison of basic biological characteristics revealed differences in their proliferating potential and in their ability to move into a cell-free space in a wound healing assay. They presented minor differences in their sensitivity to paclitaxel but were equally sensitive to doxorubicin. Their secretoma was able to activate endothelial cells inducing similar pro-adhesive phenotypes but displayed a different ability to increase endothelial permeability. The behavior of all these in vitro assays of the DSG-BC2 cell line suggests a more aggressive phenotype with a faster growth rate and motility, lower sensitivity to paclitaxel, and higher ability to induce endothelial permeability. Even more, in the tumorigenic assay in Nu/Nu mice fed with a normo-caloric diet, the DSG-BC2 cell line presented vascular, neural, and muscular invasion compared with the DSG-BC1 cell line. Nevertheless, the most significant difference was their tumorigenic ability when implanted in Nu/Nu mice fed with diets with different caloric content, trying to mimic eutrophic versus adipogenic in vivo metabolic conditions. The DSG-BC2 cell line generated tumors with higher frequency (6/9) when implanted in mice fed with a hypercaloric diet (HFSD) compared to a lower frequency (1/9) in mice fed with the normocaloric diet (AIN93). This result suggests that the obese condition of the patient where this tumor developed left growth requirements imprinted that favored tumor growth in the obesogenic environment created by the hypercaloric diet.

Taken together, the proliferation potential, motility, in vitro invasive capacity, the expression of mesenchymal markers, and in vivo tumorigenicity and invasive capacity suggest that tumor cells generated in an obese individual are more aggressive than their counterparts that arise in patients with normal weight.



Conclusion

We present a novel approach to study the comorbidity of obesity and breast cancer by establishing cell lines derived from patients with breast cancer and with different BMIs. We also report that in addition to differences in the biological characteristic analyzed in vitro, these cells present differences in their tumorigenic capacity when implanted in mice fed with normo- versus hyper-caloric diets. This new model will allow functional studies and the analysis of altered molecular mechanisms under the comorbidity of obesity and breast cancer.
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Background

Our previous study reported higher mRNA levels of the human epidermal growth factor receptor 2 (HER2)-amplicon genes ERBB2 and GRB7 in estrogen receptor (ER)-positive breast cancer patients with relatively high Indigenous American (IA) ancestry from Colombia. Even though the protein expression of HER2 and GRB7 is highly correlated, they may also express independently, an event that could change the patients’ prognosis. In this study, we aimed to explore the differences in ER, HER2 and GRB7 protein expression according to genetic ancestry, to further assess the clinical implications of this association.



Methods

We estimated genetic ancestry from non-tumoral breast tissue DNA and assessed tumoral protein expression of ER, HER2, and GRB7 by immunohistochemistry in a cohort of Colombian patients from different health institutions. We used binomial and multinomial logistic regression models to test the association between genetic ancestry and protein expression. Kaplan-Meier and log-rank tests were used to evaluate the effect of HER2/GRB7 co-expression on patients’ survival.



Results

Our results show that patients with higher IA ancestry have higher odds of having HER2+/GRB7- breast tumors, compared to the HER2-/GRB7- subtype, and this association seems to be stronger among ER-positive tumors (ER+/HER2+/GRB7-: OR=3.04, 95% CI, 1.47-6.37, p<0.05). However, in the multivariate model this association was attenuated (OR=1.80, 95% CI, 0.72-4.44, p=0.19). On the other hand, it was observed that having a higher European ancestry patients presented lower odds of ER+/HER2+/GRB7- breast tumors, this association remained significant in the multivariate model (OR=0.36, 95% CI, 0.13 - 0.93, p= 0.0395). The survival analysis according to HER2/GRB7 co-expression did not show statistically significant differences in the overall survival and recurrence-free survival.



Conclusions

Our results suggest that Colombian patients with higher IA ancestry and a lower European fraction have higher odds of ER+/HER2+/GRB7- tumors compared to ER+/HER2-/GRB7- disease. However, this association does not seem to be associated with patients’ overall or recurrence-free survival.
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Introduction

Breast cancer is the malignancy with the highest incidence (47.8 per 100,000) and mortality rates among women worldwide (13.6 per 100,000) (1). At the molecular level, it is a heterogeneous disease that has been classified into four major intrinsic subtypes (luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-enriched, and basal-like or triple negative) based on tumor’s gene expression profiles (2). Each of these subtypes has a different clinical prognosis. Breast cancer luminal subtypes, characterized by the positive expression of estrogen receptor (ER) and progesterone receptor (PR), often show a well to moderately differentiated phenotype, a low cellular proliferation index, and are associated with a relatively good survival probability. On the other hand, basal-like and HER2-enriched subtypes, both negative for hormone receptors expression, often present an aggressive phenotype; these patients are frequently diagnosed at higher clinical stages with nodal involvement and larger tumors (3, 4).

Differences in the prevalence of breast tumor subtypes by population group have been widely described (5–7). Epidemiologic studies have consistently reported that non-Hispanic White (NHW) women have a higher prevalence of luminal A disease, whilst African American/Black (AA/B) and Hispanic/Latina women have a higher prevalence of basal-like and HER2-enriched subtypes (7–9). Possible contributors to these disparities include differences in the presentation of several reproductive (parity, duration of lactation and age at first birth) and socioeconomic risk factors (socioeconomic status and health insurance) among populations (10–15). Genetic ancestry proportion has also been linked to differences in clinical-pathological characteristics of breast cancer among these population groups, including differences in the distribution of breast cancer subtypes (16–19). A recent study conducted in Peruvian women, a population with relatively high average of Indigenous American (IA) ancestry proportion, reported a 20% increase in the odds of developing HER2-positive breast tumors per every 10% increment in the IA ancestry fraction (OR=1.20, 95% CI, 1.07-1.35, p=0.001) (20), and this association was especially strong for ER-negative tumors. We have also shown that Colombian women with higher IA ancestry (>36%) expressed higher mRNA levels of the ERBB2 gene, although in this study, only ER-positive tumors were analyzed (21).

ERBB2 is located in the 17q12 region, at the so-called HER2 amplicon, and it is usually co-amplified with other genes such as GRB7 (22). Additionally, HER2/GRB7 co-expression has been associated with resistance to anti-HER2 treatments and with poor prognosis (23–25). It has also been reported that HER2 may express independently from GRB7, and this event might confer a different prognosis (22). It is still unclear whether IA ancestry is associated with the co-expression of both proteins, and what it is the linkage between this association with ER expression. Additionally, the clinical implications of HER2/GRB7 co-expression in the Colombian population have not yet been explored. Therefore, in this study we tested differences in ER, HER2 and GRB7 protein expression according to genetic ancestry, as well as the association of different combinations of expression of these proteins with breast cancer survival in Colombian women.



Materials and methods


Sample selection

We revised the clinical-pathological data from breast cancer patients diagnosed between 2013 and 2015 at the Colombian National Cancer Institute (NCI) in Bogotá D.C, a national reference center for cancer treatment that admits patients from all country regions. A cohort of 361 patients were selected according to the following inclusion criteria: 1) histologically confirmed diagnosis of invasive ductal carcinoma (IDC), 2) availability of formalin-fixed paraffin-embedded (FFPE) tissue blocks that contained at least 10% of tumor content from mastectomies or breast-conserving surgeries, and 3) availability of FFPE blocks with no-tumor content. Patients with in situ carcinoma were excluded. In order to enrich the population sample with patients from different regions and different genetic ancestry proportions, we invited other institutions to participate in the study. Breast cancer patients diagnosed at the San Pedro Hospital (SPH) (n=55), the Fundación Valle de Lili (FVL) University Hospital (n=73), and Las Américas Clinic (LAC) (n=28), were also included under the same selection criteria. Biospecimens from a total of 517 patients were included in this study. This research was approved by the ethics committee from all four institutions, and according to the Colombian laws, it was considered that no informed consent was required.



Immunohistochemistry

Immunohistochemistry (IHC) assays were performed on 3 µm thick sections from a single FFPE surgery block with the highest tumor content, using monoclonal antibodies for ER (clone SP1 Roche 05278406001), PR (clone 1E2 Roche 05278392001), HER2 (clone 4B5 Roche 05278368001), Ki67 (clone 30-9 Roche 05278384001) and GRB7 (A-12 sc-376069, Santa Cruz Biotechnology), using the Roche Benchmark XT automated slide preparation system (Roche Ltd., Switzerland). Positive controls were included and 3,3′ diaminobenzidine (DAB) was used as the chromogen.

A single pathologist analyzed the IHC expression of the ER, PR, HER2 and Ki67 biomarkers. Status of hormone receptors was considered positive when they exceeded 1% of nuclear staining in tumor cells. HER2 evaluation followed the recommendations of the American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guideline (26) and was defined as: positive (3+) for complete and intense circumferential membrane within >10% of tumor cells; ambiguous (2+) for incomplete and/or weak/moderate circumferential membrane staining within > 10% of tumor cells, or complete membrane staining but within ≤10% of tumor cells; negative (1+) for incomplete faint membrane staining within >10% of tumor cells; and negative (0+) for absence of staining. HER2 ambiguous (2+) cases with no confirmatory fluorescence in situ hybridization (FISH)/chromogenic in situ hybridization (CISH) test were excluded from the analysis. GRB7 expression was assessed as the percentage of tumor cells with positive membrane/cytoplasmic staining. Cases with ≥10% of GRB7 membrane/cytoplasmic staining were defined as positive, while the remaining cases (<10% staining) were defined as negative.



Genetic ancestry estimation

DNA was extracted from non-tumor paraffin blocks using the AllPrep DNA/RNA FFPE kit (Qiagen, Inc., Valencia, CA, USA) and the RecoverAll Total Nucleic Acid for FFPE kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. Nucleic acid concentration was quantified by NanoDrop ND1000 Spectrophotometer (Thermo Scientific, Wilmington, USA). A panel of 106 Single Nucleotide Polymorphisms (SNPs) previously validated as Ancestry Informative Markers (AIMs) (21) were genotyped at the University of Minnesota Genomics Center, using the Sequenom technology. SNPs with a call rate <90% or that deviated from Hardy-Weinberg equilibrium were removed from the analysis, leaving 87 SNPs for individual genetic ancestry estimation. A total of 495 samples were genotyped and 381 remained after excluding samples with a genotype call rate <85% (NCI= 308/361; FVL= 29/73; SPH= 44/55; LAC= 0/28).

We genotyped 10 duplicate pairs and the overall discordance rate was 0. Quality control of the genotyped data was performed in PLINK 1.9 (27), and the software Admixture 1.3 (28) was used under an admixture model (k=3) to estimate IA, European and African ancestry proportions.



Statistical analysis

All statistical analyses were performed using the RStudio software version 1.2.5019. Continuous variables presented a non-normal distribution and were reported as medians and interquartile ranges (IQR). Categorical variables were summarized as absolute and relative frequencies. We applied a Kruskal–Wallis test to assess differences in genetic ancestry fractions according to the status of ER, HER2 and GRB7, and tumor subtype (ER/HER2); and a Chi-square (X2) test to assess differences in categorical variables. Unknown and not classifiable categories were not included in statistical analysis.

We used a univariate logistic regression model to evaluate the association between the expression of ER, HER2 and GRB7 per every 25% increase in genetic ancestry fractions. A univariate multinomial logistic regression model was used to assess the association between genetic ancestry and: (1) Breast cancer subtypes categorized by ER/HER2 expression and (2) ER/HER2/GRB7 co-expression status. For the multivariate logistic regression model, we included potential cofounding variables such as health institution, clinical stage, and age at diagnosis.

We evaluated differences in overall survival (OS) and disease-free survival (DFS) according to HER2/GRB7 co-expression status using the Kaplan-Meier and log rank test. OS was calculated from the date of diagnosis to the date of death or last follow-up. DFS was calculated from the date of surgery to the date of the first recurrence (local, regional, or distant relapse) or last follow-up. Differences were considered statistically significant if p<0.05.




Results


Patients’ characteristics

Patients’ clinical-pathological characteristics according to health institution are described in Table 1. We observed statistically significant differences in all variables evaluated. At the NCI, we observed a higher percentage of patients diagnosed with breast cancer over the age of 50 (77.0%) with late clinical stages (III/IV: 45.7%) and positive histological invasion (51.5%). Most of the patients from the FVL presented poorly differentiated tumors (Scarff-Bloom Richardson III: 49.2%), had lymph node involvement (76.9%), and 42.5% had deceased at the time of the study. A higher percentage of patients from the SPH presented moderately differentiated tumors (Scarff-Bloom Richardson II: 50.9%) and had the highest proportion of recurrence (32.7%) among all health institutions. Overall, patients from the LAC presented favorable clinical-pathological features such as early clinical stages (I: 60.7%), negative histological invasion (75.0%), and no clinical recurrence at the time of the study.


Table 1 | Clinical-pathological characteristics of patients by health institution.



Statistically significant differences between health institutions were observed for ER/HER2 expression (p<0.001) and Ki67 status (p<0.001). The ER+/HER2- subtype was the most prevalent in all patients, although it was especially frequent among patients from the LAC (82.1%). SPH had a higher number of patients with HER2+ tumors (ER+/HER2+: 20%, ER-/HER2+: 16.4%) and ER-/HER2- tumors were more frequently observed at the NCI (15.2%) compared to other health institutions.



Genetic ancestry distribution according to ER, HER2 and GRB7 breast tumor expression

Genetic ancestry data was available for 73.7% of the cases (381/517). The average genetic ancestry proportions for the European, IA, and African components were 48.9%, 42.1%, and 8.9%, respectively (Figure 1). We observed statistically significant differences in genetic ancestry fractions by health institution (Table 1). European and IA ancestry components were significantly higher in the NCI (0.51) and the SPH (0.58), respectively, whereas African ancestry was higher in the FVL (0.12).




Figure 1 | Genetic ancestry distribution for 381 breast cancer patients from Columbia. Each patient is represented by a vertical bar at the x-axis.



We analyzed differences in genetic ancestry by ER, HER2 and GRB7 status (Table 2). We observed that both HER2 and GRB7 positive cases presented a higher IA ancestry, compared to the negative group (HER2 positive (3+): 0.44 vs. negative (0+/1+): 0.40, p=0.003; GRB7-positive: 0.43 vs negative: 0.41, p=0.019). HER2-negative cases also showed a significantly higher median of European ancestry, compared to the HER2-positive group (0.49 vs 0.44, respectively, p=0.024). Regarding the African component, no statistically significant differences were observed in HER2 and GRB7 expression by this fraction. Similarly, ER expression also did not show any statistically significant changes by genetic ancestry.


Table 2 | Differences of genetic ancestry fractions according to the status of ER, HER2 and GRB7, and their co-expression.



The co-expression analysis of ER/HER2 showed a higher median of IA ancestry in ER+/HER2+ tumors compared to ER+/HER2- group (0.45 vs. 0.40, p=0.023). Interestingly, when GRB7 was included in the co-expression analysis, we observed the highest IA ancestry fraction in the ER+/HER2+/GRB7- group (0.55 vs. 0.40, p=0.02), and the lowest European ancestry values (0.35 vs. 0.49, p=0.009), compared to the ER+/HER2-/GRB7- group. The co-expression analysis (ER/HER2/GRB7) did not show any statistically significant differences by African ancestry (Table 2).



Association of genetic ancestry with ER/HER2/GRB7 breast tumor expression

We assessed the association between genetic ancestry and the expression of ER, HER2, GRB7, and their co-expression in a multivariable model. This analysis showed that every 25% increase in the IA ancestry fraction led to a 1.89 increase in the odds of having HER2-positive breast tumors (OR=1.89, 95% CI, 1.22–2.94, p=0.0043); on the contrary, higher European ancestry was found associated with lower odds of HER2-positive breast tumors (OR=0.58, 95% CI, 0.36 – 0.91, p= 0.0204). After adjusting for potential covariates, the association between IA and European ancestry with HER2 expression was no longer statistically significant (Table 3 and Supplementary Table S1). On the other hand, no statistically significant associations were found between African ancestry and the expression of these proteins (Supplementary Table S2).


Table 3 | Association per every 25% increase in IA ancestry with ER/HER2/GRB7 expression.



Furthermore, we observed that higher levels of IA ancestry and a lower European ancestry fraction was associated with higher odds of ER+/HER2+ breast tumors (IA ancestry fraction: OR= 1.93, 95% CI, 1.13-3.32, p=0.0154; European ancestry fraction: OR= 0.46, 95% CI, 0.26-0.82, p= 0.00882). When GRB7 was included in the co-expression analysis (ER/HER2/GRB7), a stronger association was observed between both IA and European ancestry fractions with ER+/HER2+/GRB7- tumors (IA ancestry fraction: OR= 3.04, 95% CI, 1.47 – 6.37, p=0.00245; European ancestry fraction: OR= 0.23, 95% CI, 0.1-0.52, p=0.000448) (Table 3 and Supplementary Table S1). However, in the multivariate model the reported association between genetic ancestry and the ER+/HER2+/GRB7- subtype remained statistically significant only for the European component (OR= 0.36, 95% CI, 0.13-0.93, p= 0.0395) (Supplementary Table S1). Regarding the African component, the co-expression analysis for ER+/HER2+/GRB7- did not show any statistically significant associations with this ancestry fraction (Supplementary Table S2).



Differences in clinical–pathological characteristics and outcomes by HER2/GRB7 co-expression

We explored differences in the presentation of clinical-pathological features among breast cancer patients according to HER2/GRB7 status (Supplementary Table S3). This analysis showed that HER2+/GRB7- and HER2+/GRB7+ patients were more frequently diagnosed under the age of 50 (39.5% and 39.3% vs. 25.7%, respectively, p=0.036) and presented higher proliferation rates (Ki67 status ≥20%: 71.1% and 87.5% vs. 45.5%, respectively, p<0.001), compared to HER2-/GRB7- patients. However, we observed a higher frequency of less differentiated tumors only for patients with the HER2/GRB7 co-expression, compared to both HER2+/GRB7- and HER2-/GRB7- patients (Scarff-Bloom Richardson III: 53.6% vs. 36.8% and 30.5%, respectively, p=0.007). No statistically significant differences were found for OS and RFS by the co-expression status (Supplementary Figures S1).




Discussion

We aimed to assess the association between genetic ancestry and the protein expression of ER, HER2, and GRB7, along with its clinical implications in Colombian patients with breast cancer. In an effort to have a better representation of the three main ancestry fractions in Colombia (European, IA, and African), breast cancer patients from four different health institutions around the country were included. As a result, we observed a great heterogeneity in the patient’s clinicopathological features according to health institution. This is a problem hospital-based studies in Latin-America often face as a consequence of the different treatment protocols used for cancer management in each health institution, but also the profile of people that live in each specific area. We observed a higher proportion of patients diagnosed at earlier stages in some institutions, while in others, patients presented worse disease outcomes, seen as higher recurrences. This might be closely related to patient’s socioeconomic factors who attend each institution, like insurance regime (subsidized and contributory) and access to health services (29–31). All of these are challenges that need to be addressed in further studies in Latin-American countries (32).

Differences in genetic ancestry were also observed according to health institution. Patients that came from health centers in the Andean region, such as the NCI, showed the highest European ancestry, whereas patients from the FVL and SPH had higher proportions of African and IA ancestry components respectively. This is expected as the FVL is located in Cali, a city in the Colombian Pacific region, where a strong influx of African population happened during colonization (33, 34), explaining the highest fraction of African ancestry in patients from this health institution. On the other hand, the SPH, located in the city of Pasto, has a strong IA influence, and receives more patients from rural areas, explaining the high fraction of IA ancestry in this region (33).

As previously reported, our findings suggest that breast cancer patients with a higher IA ancestry and a lower European component might have an increased risk of developing HER2-positive tumors. As for GRB7, a gene commonly co-expressed with HER2 due to their proximity on chromosome 17, position q12, we only found it associated with IA and European ancestry when we analyzed its expression alone. However, when we analyzed it in a HER2/GRB7 co-expression model, the association was observed only for HER2+/GRB7- tumors, suggesting that the association found with genetic ancestry is mostly driven by the HER2 status. As for the hormone receptor, no statistically significant associations were observed between ER expression alone and genetic ancestry. However, when we analyzed it in a model together with HER2 and GRB7 co-expression, we observed a stronger association with IA and European ancestry among ER-positive tumors. Based on these results, we hypothesize that this protein might have a potential role in the association between genetic ancestry and the protein expression of HER2. Further studies are needed to keep exploring these results.

Population-based studies have showed that Hispanic/Latina women from United States with breast cancer, have a higher proportion of HER2-positive tumors when compared to NHW patients (7, 35, 36). Results from two hospital-based studies from Latin America have consistently reported an association between IA ancestry fraction and HER2 expression (20, 21). The first one, conducted in Colombian breast cancer patients with luminal subtypes reported a higher expression of the ERBB2 gene in patients with higher IA ancestry (>36%) (21), while the second one, conducted in a large population of Peruvian women, consistently reported a higher risk of developing HER2-positive tumors per every 10% increment in the IA ancestry (20). Although we did not find the association with the IA ancestry component in the multivariate model, we still observed a consistent trend. On the other hand, this association was still significant in the multivariate model for the European component, which might be due to the higher contribution of this particular ancestry component among the Colombian population (16, 33). A positive correlation between ER-negative tumors and a higher African ancestry has been widely explored and documented before (19, 37), however, in this study we did not replicate these previous findings, possibly due to the lower representation of this specific component among our Colombian sample population.

So far, the genetic basis of this association remains unclear, however, as a possible explanatory mechanism, it has been proposed that there might be genetic variants located within ancestry-specific genomic regions, with the ability to regulate gene expression. These genetic variants are known as expression Quantitative Trait Loci (eQTLs) (38, 39). This hypothesis is supported by a large study across 33 cancer types from the Cancer Genome Atlas Project (TCGA), where they analyzed germline variant data of 9,899 cases, and reported the presence of ancestry-specific predisposition variants that were associated with an altered expression of the affected genes (e.g., BRCA2 in samples of African ancestry) (40). Moreover, a genome-wide association study conducted in Latinas did find a genetic variant (rs140068132) that is mostly present in populations with IA ancestry, and is associated with a lower risk of ER-negative breast tumors (41, 42). Overall, these latter studies support the hypothesis that genetic ancestry can impact breast cancer phenotype. Further studies are still needed to explore the molecular mechanisms behind this association and to identify potential population-specific eQTLs that predispose Latina women to develop HER2-positive breast tumors.

Ours is the first study in Latin-American women with breast cancer to assess clinical prognosis according to the co-expression of these proteins. ER and HER2 are well-known biomarkers in breast cancer, widely used for prognosis assessment and to guide treatment protocols (43, 44). GRB7, on the other side, has been less explored in the context of breast cancer. Studies that have assessed its expression in tumor samples, suggest the role of GRB7 as an adaptor protein that binds to tyrosine kinase receptors like HER2, to amplify its signal and mediate the activation of several downstream proteins involved in cell migration and survival pathways (45). It has been shown that tumors with HER2/GRB7 co-expression present even higher nuclear grades and lower survival rates, compared with tumors that only express HER2 (46, 47). However, we did not find any significant differences in the OS and DFS according to the co-expression status, suggesting that GRB7 might not impact the prognosis of breast cancer patients. The introduction of anti-HER2 therapies such as trastuzumab and pertuzumab to treatment schemes for HER2-positive breast tumors have significantly improved the patients’ prognosis (48). This could also be related with the fact that no statistically significant differences in the patients’ survival were found by HER2/GRB7 co-expression status.

During this study, we encountered several limitations. The first and most important one was the heterogeneity of the population included by health institution in terms of clinical-pathological characteristics but also by genetic ancestry. As has been reported before, genetic ancestry not only reflects the genetic profile derived from our ancestors, but is also an indirect reflector of other non-genetic exposures related to lifestyle and environmental risk factors associated with human behavior around populations (18, 49–51). It is possible that such factors can impact the tumor phenotype and the course of the disease, acting as cofounding variables. Another limitation was the small sample size, especially when we evaluated ER/HER2/GRB7 co-expression groups, which may have reduced the study’s statistical power, and limited the opportunity to find biological associations. Additionally, we had a low representation of HER2-positive tumors in our sample. We highlight the need for population-based cancer registries in Latin-America to avoid the effects of unmeasured environmental exposure factors on research studies conducted in undeveloped countries (52).

In conclusion, our results suggest that Colombian patients with higher IA ancestry and a lower European component might have higher odds of developing breast luminal tumors with HER2 overexpression but no GRB7, compared to other subtypes. However, this association does not seem to have an impact on the patients’ overall or recurrence-free survival. We highlight the need to conduct new investigations from population-based cancer studies in Latin America to confirm this association and to explore the genetic basis of these findings. This is an important matter as nowadays the healthcare system is moving towards a more personalized medicine model, and it is crucial to keep gathering as much scientific evidence as possible of the potential effects of genetic ancestry on breast cancer phenotype so that, in the future, this variable may contribute to the decision-making process on patients’ disease management.
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Purpose

ERCC5 is a DNA endonuclease and nucleotide excision repair gene; its mutations lead to a lack of activity by this enzyme, causing oxidative DNA damage. This study aimed to assess the role of four selected single nucleotide polymorphisms (SNPs) in ERCC5 and their linkage disequilibrium associated with survival analysis and clinical outcomes in breast cancer.



Patients and methods

Four SNPs (rs751402, rs17655, rs2094258, and rs873601) of the ERCC5 gene were analyzed using the PCR-RFLP technique, followed by sequencing in 430 breast cancer (BC) cases and 430 cancer-free individuals. Statistical analysis was performed using MedCalc 17 and SPSS version 24, while bioinformatic analysis of linkage disequilibrium was performed using Haploview software 4.2.



Results

Multivariate analysis showed that the rs751402 and rs2094258 polymorphisms were significantly associated with an elevated risk of BC (P < 0.001), while the other two SNPs, rs17655 and rs873601, did not show any association (P > 0.001). Survival analysis revealed that rs751402 and rs2094258 had longer overall survival periods (P <0.001) than rs17655 and rs873601. Moreover, rs751402 and rs2094258 also had significantly longer overall survival (log-rank test, P < 0.005) for all three survival functions (positive family history, ER+PR status, and use of contraceptives), while rs17655 and rs873601 did not show any significant association. Only rs873601 showed a strong negative correlation with all the chemotherapeutic groups.



Conclusion

The current results suggest that variations in ERCC5 may contribute to BC development and that their genetic anomalies may be associated with cancer risk and may be used as a biomarker of clinical outcome.
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Introduction

Breast cancer (BC) is one of the most common malignancies and the primary cause of death among females worldwide (1). One in nine women in Pakistan faces this brutal disease (2). The mechanisms underlying breast carcinogenesis have not yet been fully explored and need to be completely understood. Various polymorphisms of genes involved in DNA damage responses play a significant role in cancer development and proliferation. Genes associated with DNA repair pathways are considered candidate genes for cancer susceptibility because reduced repair efficiency may induce carcinogenesis (3). One of the DNA repair pathways is the nucleotide excision repair (NER) pathway, which is significantly associated with cancer risk. Maintaining genomic stability and preventing the propagation of errors in the genome requires efficient DNA repair, and the NER pathway helps in the repair of bulky lesions such as thymine dimers generated by ultraviolet radiation (4). ERCC5 is a vital constituent of the NER mechanism and is called xeroderma pigmentosum group G (XPG). It encodes an endonuclease enzyme, which makes a structure-specific 3’- incision at damaged DNA sites. It can also act non-enzymatically by participating in a 5’ incision with the help of the ERCC1/XPF heterodimer (5). ERCC5 is expressed in different tissues and cell lines, and its deficiency leads to genomic instability, DNA repair faults, and non-functioning gene transcription modulation and thus plays a role in DNA damage and higher breast cancer susceptibility, and regulation of DNA repair is a vital feature in various steps of carcinogenesis. Single nucleotide polymorphisms in ERCC5 may change its activity or expression, affecting DNA repair function, resulting in the alteration of cancer treatment effects, as treatment outcomes depend on the genetic variant of the gene present (6, 7).

Many studies have depicted that XPG polymorphisms are linked with various cancers like gastric, lung, breast, and colorectal (8–11). However, to our knowledge, only a limited number of studies have been conducted on the association analysis of these particular polymorphisms of ERCC5 (rs751402, rs17655, rs2094258, and rs873601) in BC patients and their response to chemotherapy. To investigate the possible influence of ERCC5 on BC, a case-control study was designed to evaluate the active involvement of these selected polymorphisms. Our study highlights the correlation of ERCC5 polymorphisms with various clinicopathological factors, overall survival rates with different survival functions, linkage disequilibrium analysis, and therapeutic outcomes of different chemotherapeutic drugs among breast cancer patients. Linkage disequilibrium analysis was conducted to explore the combined effects of these ERCC5 germline variants on breast carcinogenesis. It is expected that the data generated in the present study will help health practitioners make treatment decisions or provide the best advice based on an assessment of risk.



Materials and methods


Subjects and ethical considerations

The study was approved by the ethical committees of the Institute of Nuclear Medicine, Oncology, and Radiotherapy (INOR) Hospital, Abbottabad, Pakistan, and Fatima Jinnah Women University, Rawalpindi, Pakistan. The sample size was evaluated using a sample size calculator provided by the World Health Organization and validated manually by. Blood samples and demographic details were collected from 430 histologically confirmed breast cancer patients (mean age 47.32 ± 11.7) and healthy controls (mean age 46.3 ± 14.03, P = 0.005), with patients’ consent signed by them to participate in the study (2019–2022). A questionnaire was designed for the collection of clinicopathological details of patients.



Single nucleotide polymorphism selection

Four potential SNPs (rs751402, rs17655, rs2094258, and rs873601) were selected from the National Center for Biotechnology Information SNP data base (http://www.ncbi.nlm.nih.gov/) and SNPinfo (http://snpinfo.niehs.nih.gov/) combined with previously described studies on the characteristics of the East Asian population in HapMap with minor allele frequency (MAF >5%). SNP rs17655 is a non-synonymous SNP (nsSNP) present in exon 15, while the remaining three SNPs are present in the regulatory region of ERCC5 (i.e., the 3′ untranslated region (UTR), the 5′ UTR promoter region, and the 5′ near gene). rs2094258 in the 5′ near gene was predicted to affect transcription factor binding site activity, rs751402 was present in the 5’ UTR promoter region of the gene, and rs873601 in the 3’UTR may have an influence on the splicing and miRNA binding sites.



DNA extraction and polymorphism screening

Blood samples were collected in EDTA vacutainers and stored at −20°C until further use. Genomic DNA was isolated from blood samples by the standard phenol- chloroform method (5) and stored in a refrigerator at 4°C until further analysis. Qualitative analysis of DNA was performed using conventional electrophoresis on a 1% agarose gel and a spectrophotometer. Genotyping of the ERCC5 germline variants rs751402, rs17655, rs2094258, and rs873601 was performed by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP), following a method modified by Guo et al. (12). Primers were obtained from the published literature and are listed in Supplementary Table S1 along with their respective references.



Statistical and survival analysis

Clinicopathological details, demographic characteristics, and ERCC5 variants between BC patients and healthy controls were analyzed using Pearson’s chi- square test (χ2) and Fisher’s exact test. Conditional logistic regression was applied to find the associations between ERCC5 SNPs, clinicopathological details, and breast cancer risk by computing 95% confidence intervals (95% CIs) and odds ratios (ORs). Frequency distribution analysis was performed according to Hardy–Weinberg equilibrium (HWE) statistics. Patient follow- up was performed every 6 months and the homozygous wild variant was taken as a reference in all four ERCC5 SNPs. The overall survival (OS), survival distributions, and OS with three survival functions were estimated using Kaplan–Meier and log- rank tests. The survival distributions among the different classes of chemotherapy drugs were also assessed. Patients were classified based on the chemotherapeutic drugs administered. Taxanes, cytotoxic agents, and a combination of chemotherapeutic drugs were administered to all patients treated with chemotherapy. The frequency of chemotherapeutic drugs in breast cancer with both SNPs was analyzed by the chi- squared test. The correlation between SNPs and chemotherapeutic drugs was also assessed. Linkage disequilibrium analysis was performed using Haploview software 4.2. Significance level was set at P <0.05. All statistical analyses were performed using IBM SPSS version 24 and MedCalc 17.




Results


Subject characteristics

The current study aimed to assess the genetic variations in the DNA excision repair protein ERCC-5 of the nucleotide excision repair pathway in 430 BC patients and 430 healthy controls. The demographic details and genotype frequencies of ERCC5 in patients with BC and healthy controls are shown in Table 1. The demographic parameters studied included family history, age, cancer staging, chemotherapeutic drug type, menopausal status, BMI, treatment type, marital status, and age at menarche. Most BC patients had stage III (39.4%) cancer, while only 16.2% had stage I cancer. Approximately 41.2% and 54.9% of the patients were treated with radiotherapy and chemotherapy, respectively. The data showed that the mean BMI for cases was 27.96 ± 5.64, showing obesity as a risk factor for BC (OR = 1.07, 95% CI = 2.62–3.65). Age, age at menopause, and menarche were evaluated as risk factors for BC (P <0.001). Significant differences were observed in marital status (OR = 0.4, 95% CI = 0.14–0.11, P <0.001), family history (OR = 0.28, 95% CI = 0.1–0.4, P <0.001), and menopausal status (OR = 1.61, 95% CI = 1.27–2.1, P <0.001) (Table 1).


Table 1 | Frequency distribution of demographic factors, chemotherapeutic drugs, and ERCC5 germline variants in BC patients and controls.





Association of ERCC5 germline variants and clinicopathological parameters

To associate the genotype frequency of the assessed SNPs with clinicopathological factors, we applied logistic regression and χ2 tests. In this analysis, clinicopathological factors such as family history, marital status, ER status, PR status, and menopausal status were considered independent factors, and the genotype of all evaluated SNPs was considered a dependent variable, as illustrated in Table 2. The distribution frequency of the homozygous variant type and heterozygous variant type of ERCC5 rs751402 was only associated with patients who used contraceptives rather than the homozygous wild type (OR = 2.8; 95% CI = 1.6–4.9; P = 0.0003). The heterozygous and homozygous variant types of ERCC5 rs17655 were associated with patients who had a positive family history of cancer (OR = 2.1, 95% CI = 0.9–5.04; P = 0.05). There were no statistically significant correlations between the genotype distributions of both SNPs and menopausal, ER/PR, or marital status (Table 2). However, the analysis revealed a strong negative correlation between rs873601 and positive ER/PR status (OR = 3.45, 95% CI = 2.57–4.61; P = −0.04), rs873601 versus contraceptive use (OR = 1.69; 95% CI = 1.07–2.67; P = −0.09), and rs873601 versus menopausal status (OR = 3.35; 95% CI = 2.40–4.66; P = −0.005). No significant correlation was observed between rs873601 and family history (OR = 0.24; 95% CI = 0.15–0.37; P = 0.24), but married women showed a positive correlation (OR = 5.26; 95% CI = 3.93–7.04; P = 0.04) (Table 2). The fourth selected polymorphism rs2094258 showed a strong positive correlation with ER/PR status (OR = 1.23; 95% CI = 0.93–1.62; P = 0.01) and use of contraceptives (OR = 1.07, 95% CI = 0.69–1.68; P = 0.01), whereas a strong negative correlation was observed with marital status (OR = 1.03; 95% CI = 0.79–1.35; P = −0.007), family history (OR = 1.19; 95% CI = 0.82–1.73; P = −0.004), and menopausal status (OR = 1.15, 95% CI = 0.84–1.57; P = −003) (Table 2).


Table 2 | Correlations between clinicopathological parameters and ERCC5 germline variants in patients with breast cancer (n = 430).





Linkage disequilibrium analysis

The analysis of linkage disequilibrium of the evaluated polymorphism of the ERCC5 gene was calculated using Haploview software, as shown in Figure 1. LD values are displayed as r2 and D values. Site 1 represents rs751402, site 2 represents rs17655, site 3 represents rs2094258 and site 4 represents rs873601. Sites 3 and 4 (rs2094258 and rs873601, respectively) exhibited a stronger association with LD among cancer patients than among healthy controls.




Figure 1 | Pairwise linkage disequilibrium plot for evaluated ERCC5 polymorphism in (A) controls (B) BC cases. Site 1 is for rs751402, Site 2 is for rs17655, Site 3 for rs20942584 for rs873601. The darker area indicates higher D’ & r2 value.





ERCC5 variants, survival distributions, and overall survival of breast cancer patients

Kaplan–Meier survival analysis and the log- rank test were used to determine the association between ERCC5 germline variants and overall survival (OS) (Table S2). The rs751402 and rs2094258 polymorphism showed significant association (Log-rank test, P <0.001; Mean GG = 12, AA/AG = 22.3; 95% CI (GG) = 8.7–15.2, AA/AG = 20.8–23.8) (Log-rank test, P = 0.005; Median GG = 27 months, AG/AA = 21 months, 95% CI GG = 25.3–28.3, AA/AG = 16.4–25.5) (Figure S1) (Table S2), respectively, while the other two SNPs; rs17655 and rs873601, did not show any association with OS (Log-rank test, P = 0.3; Median CG + GG = 25; 95% CI = 20.3–29.6) (Log-rank test, P = 0.86; Median AA = 25 months, AG/GG = 26 months, 95% CI AA = 21.4–28.8, AA/AG = 16.4–35.5), respectively (Figure S1). Furthermore, we studied three survival functions: positive family history, ER/PR status, and contraceptive use, with all four evaluated SNP variants. It was found that rs751402 and rs2094258 had significantly longer OS for all three patient survival functions (log-rank test, P < 0.005). The estimated median for BC patients with a positive family history who had homozygous wild type rs751402 was 7 months (95% CI = 0.00–15.4), and for those with homozygous variant type and heterozygous variant type, it was 25 months (95% CI = 21.5–28.4) (Figure S1), and the estimated median having homozygous wild type with positive ER/PR status was 11 months (95% CI = 4.2–17.7), and for homozygous variant type and heterozygous variant type was 26 months (95% CI = 24.5–27.4) (Figure S1). For patients with rs751402 who had used contraceptives, the estimated median was 13 months (95% CI = 9.3–16.6) for homozygous wild type, while for homozygous variant type and heterozygous variant type it was 26 months (95% CI = 24.2–27.75) (Figure S1). No association was found for rs17655 and rs873601 with all three survival functions (log-rank test, P >0.5). For the patients with wild type for all three survival functions (positive family history, ER + PR status, and use of contraceptives) of rs17655, the median was 26 months (95% CI=19.2-32.7), 26 months (95% CI=21.5-30.4), and 25 months (95% CI=16.2-33.7), respectively, and for homozygous variant type and heterozygous variant type, the median was 21 months (95% CI = 15.1–26.8), 25 months (95% CI = 19.8–30.1), and 18 months (95% CI = 3.59–32.4), respectively (Figure S1). Similarly, for the patients with homozygous variant type and heterozygous variant type of rs873601, the median for all three survival functions (positive family history, ER + PR status, used contraceptives) was 26 months (95% CI = 0.00–59.3), 27 months (95% CI = 15.9-38), and 18 months (95% CI = 6.3–29.6), respectively, and for the wild type, the median was 25 months (95% CI = 21.1–28.8), 25 months (95% CI = 21.5–28.4), and 25 months (95% CI = 17.8–32.1) (Figure S1), respectively. For taking into consideration survival functions, evaluation for rs2094258 (positive family history, ER + PR status, used contraceptives), the median for homozygous and heterozygous variant types was 21 months (95% CI = 15.2–26.7), 24 months (18.3–29.6), and 18 months (95% CI = 11.43–24.5), respectively, while for the wild type was 27 months (95% CI = 24.7–29.2), 27 months (95% CI = 25.2–28.7), and 27 months (95% CI = 16.4–24.5), respectively (Figure S1).



Survival distributions for different chemotherapeutic drugs classes

Chemotherapeutic drug- related data were available for only 236 patients, possibly because they were not taking those drugs or had missing records from the files. We categorized all chemotherapeutic drugs given in different classes: cytotoxic drugs, taxanes, others, cytotoxic and taxanes, and all three were given together in combination. Patients were followed up every six months to inquire about their health condition, monitor the effectiveness of drugs, and for survival analysis. Genetic analysis was conducted to evaluate the association of SNPs with the response to a particular chemotherapeutic drug type. The outcomes are summarized in Table 3. We were unable to find any association between the respective chemotherapeutic drugs and rs17655 (P >0.001), whereas rs751402 showed a significant association (P <0.001). The overall survival for all the drugs administered was not statistically significant (log-rank test, P = 0.09). Survival differences for different drugs were compared through Breslow, Tarone–Ware, and the Log-rank test, which showed insignificant results for all drugs given (Log-rank test, P = 0.09; median = 18; 95% CI = 14.9–21.08) (Figure 2).


Table 3 | Genotyping frequency and correlation of ERCC5 germline variants with chemotherapeutic drugs in breast cancer patients.






Figure 2 | Illustrating survival distributions for different chemotherapeutic drugs classes among breast cancer patients.






Discussion

The present study was designed to associate single nucleotide polymorphisms of ERCC5 (rs751402, rs2094258, rs17655, and rs873601) with breast cancer and associated risk factors. A significantly higher rate of variants at rs751402 and 2094258 was observed in breast cancer patients than in non-cancerous individuals, while the other two evaluated SNPs did not show any association. Only rs17655 was present in the exonic region, whereas the remaining three were present in the regulatory region of ERCC5. The present study reported elevated BC risk with a positive family history, showing similar results to previously reported literature (13, 14). The present study also reported that increased BC risk was linked to late menopause and early menarche, which is concordant with the literature (15). To maintain genome integrity, regulation of the NER pathway is essential, and ERCC5 is a multifunctional gene that encodes structure-specific endonucleases (16). Studies have found an association between ERCC5 genetic variations and different cancers (8). The current study reported a significant association between variant types of rs751402 and rs2094258 with an elevated risk of breast cancer. At present, very few studies are available with respect to the mentioned polymorphisms and breast cancer. Significant correlation of variant genotypes of rs751402, rs2094258, and rs873601 has been stated with colorectal cancer susceptibility (17). Pongsavee and Wisuwan (4) also reported a significant association of rs751402 with breast cancer in a Thai population. Wang et al. (7) had described no association of rs17655 with BC among the Han population of northwest China and a significant association of rs751402 with breast carcinogenesis. A meta-analysis showed that rs873601 was significantly associated with overall risk, and another meta-analysis showed that this polymorphism is involved in the development and severity of colorectal cancer (8, 18). Guo et al. (12) investigated the role of rs17655 and rs751402 in the development of gastric cancer in a Chinese population and found that the mutant genotype of rs751402 significantly increased gastric cancer risk compared to the wild type, but rs17655 did not. Several meta-analyses have found that the rs17655 polymorphism might not confer susceptibility to breast cancer, and the results are still inconsistent (6, 19). Our study showed short survival due to delayed medical aid, a diverse medical history, and an advanced disease stage. Patients with early medical aid have higher 5- year survival rates than those with delayed presentation (88% and 12%, respectively) (20). Most of the patients in the present study had advanced stages of disease because they were from rural areas and mostly lacked disease knowledge and had financial constraints to go for therapeutic options and a good diet. Looking for medical aid early, before the advanced stage, implies a better prognosis and ultimately improves survival rates.



Conclusion

In conclusion, two SNPs (rs751402 and 2094258) may play a role in the etiology of breast cancer in Pakistan. This is the first report of the association between ERCC5 (rs751402, rs2094258, rs17655, and rs873601) and breast cancer risk in Pakistan. The literature is limited in this area; therefore, for more pronounced results, studies with larger sample sizes are needed. Furthermore, late menopause, positive ER/PR status, and a positive family history are contributing factors to breast cancer development.
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Breast cancer is the most frequent female malignant tumor, and the leading cause of cancer death in women worldwide. The most common subtype of breast cancer is hormone receptor positive that expresses the estrogen receptor (ER). Targeting ER with endocrine therapy (ET) is the current standard of care for ER positive (ER+) breast cancer, reducing mortality by up to 40% in early- stage disease. However, resistance to ET represents a major clinical challenge for ER+ breast cancer patients leading to disease recurrence or progression of metastatic disease. Salient drivers of ET resistance are missense mutations in the ER gene (ESR1) leading to constitutive transcriptional activity and reduced ET sensitivity. These mutations are particularly prominent and deleterious in metastatic breast cancer (MBC). In addition to activating ESR1 point mutations, emerging evidence imposes that chromosomal translocation involving the ESR1 gene can also drive ET resistance through the formation of chimeric transcription factors with constitutive transcriptional activity. Although these ESR1 gene fusions are relatively rare, they are enriched in ET resistant metastatic disease. This review discusses the characteristics of ER fusion proteins and their association with clinical outcomes in more aggressive and metastatic breast cancer. The structure and classification of ER fusion proteins based on function and clinical significance are also addressed. Finally, this review summarizes the metastatic phenotypes exhibited by the ER fusion proteins and their role in intrinsic ET resistance.
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Introduction

Despite significant advances in breast cancer screening and treatment, mortality rates remain high with nearly 2.3 million new cases diagnosed and more than 650 000 patients dying each year worldwide according to the World Health Organization (1). The most common breast cancer subtype is hormone receptor positive, expressing the ER and/or progesterone receptor, accounting for approximately 75% of breast cancers (2). ER is a nuclear transcription factor that drives breast cancer development and growth. ER is comprised of four domains (3), an N-terminal activation function-1 (AF-1), a central DNA binding domain followed by a hinge region and the C-terminal ligand binding domain (LBD) that contains the ligand- dependent activation function (AF-2). Following estrogen binding, ER dimerizes and translocate to the nucleus where it binds to DNA at estrogen response elements (ERE) to regulate the transcription of multiple genes involved in tumor progression (3). ER functions as part of a transcriptional complex including (1) other transcription factors, such as Activator Protein 1 (AP1), Transcription Factor SP1 (SP1), Nuclear Factor-κB (NF-κB) and E2F Transcription Factor 1 (E2F1) (4–8); (2) co-factors that regulate chromatin structure, such as Nuclear Receptor Coactivator 1 (SRC-1), Nuclear Receptor Coactivator 2 (TIF2), Glutamate Receptor Interacting Protein 1 (GRIP-1), Amplified in Breast Cancer 1 (AIB1), CREB binding protein (CBP), p300 and the p300/CBP-associated factor (pCAF) (9–16); (3) pioneer factors that modulate ER binding to chromatin, such as Forkhead Box A1 (FOXA1), GATA Binding Protein 3 (GATA3), Pre-B-cell Leukemia Transcription Factor 1 (PBX1), and transducin-like enhancer protein 1 (TLE1) (17–23). ET is the mainstay treatment in ER+ breast cancer (24), and these treatment options include selective estrogen receptor modulators (SERMs), aromatase inhibitors (AI), selective estrogen receptor degraders (SERDs), and selective estrogen receptor covalent antagonists (SERCAs). SERMs, such as tamoxifen antagonize ER by reducing co-factor binding (25). AIs block the conversion of testosterone to estrogen and SERDs, such as fulvestrant, competitively bind ER and lead to proteasomal degradation (25). SERCA H3B-5942 inactivates ER by targeting Cys530 to enforce a distinct antagonist conformation (26, 27). Combination of ET with inhibitors for cyclin dependent kinase 4/6 (CDK4/6), mammalian target of rapamycin (mTOR), or  phosphatidylinositol-4,5- biphosphate 3-kinase catalytic subunit alpha (PIK3CA) is integral part of the treatment in metastatic ER+ breast cancer and represent major improvements in progression free survival (28).

While ET reduces mortality by up to 40% in early-stage disease and highly effective in controlling metastatic disease, therapeutic resistance remains a momentous clinical issue (29, 30). At most, 20% of resistant cases lose ER expression (31) and in many patients the ER transcriptional axis remains active, however, in an altered fashion. To date, multiple mechanisms of acquired resistance to ET have been investigated and identified. These include (1) altered expression of transcription factors and co-regulatory proteins (e.g. SP1, AP1, NF-κB, SRC-1, AIB1, FOXA1) (18, 32–37), (2) modification of ER by miRNAs (e.g. miR-148, miR-152 and miR-221/222) (38–41), (3) increased crosstalk between ER/HER2/SRC3 (42), (4) amplification of tyrosine kinase receptors (e.g. fibroblast growth factor receptor 1 and 2 or insulin-like growth factor receptor 1) (43–46), (5) aberrant expression of cell cycle proteins (e.g. c-Myc, p21 and p27) (47–52) and (6) immune system-dependent resistance regulated via the NF-κB pathway (53) or chemokines activated PI3K/Akt/mTOR signaling (54, 55). Additional mechanism of ET resistance is the acquisition of somatic mutations in ESR1 that are present in up to 50% of MBC patients (56–61). Widely studied examples are point mutations in the LBD (Y537S and D538G) that confer ER constitutive activity and exhibit decreased ET sensitivity (57, 59).

Studies have shown that chimeric proteins are powerful drivers of cancer with tremendous clinical impact (62). Larotrectinib, the first pan-cancer drug against the NTRK gene fusions demonstrated rapid responses in both adult and pediatric cancer patients (63–68). Driven by deep transcriptomic sequencing studies, several pathological gene fusions have been identified in aggressive (luminal B, basal like, or endocrine resistant breast cancer) breast cancers (69–72). These include fusion proteins associated with ER such as ESR1-CCDC170 (73–75), and ESR1-YAP1 (76) and non ER related fusions such as CTNNBL1-RAF1, ACTL6A-PIK3CA, S6KCI-AKT3 (71), SEC16A-NOTCH1 (77), SEC22B-NOTCH2 (72), and ETV6-NTRK3 (78). A number of these fusions promote tumor growth, and patients expressing these fusion proteins have more rapid disease progression and shorter survival than fusion-negative patients (70, 71, 75, 79). Identifying the full spectrum of the ESR1 gene fusions and characterizing their role in intrinsic ET resistance is critical for developing novel and effective targeted therapies.



ESR1 fusions are acquired and enriched in MBC

RNA-seq analysis conducted by Veeraraghavan and colleagues on 990 primary TCGA breast samples identified the first ESR1 gene fusion, ESR1-e2>CCDC170 (Table 1), in a subset (2.1%) of Luminal B breast tumor samples (75, 82). This fusion is formed by tandem-duplication, it retains the first two non-coding exons of ESR1 (ESR1-e2) connected to various sequences from the coiled-coil domain containing 170 (CCDC170) gene (Figure 1). The promoter trap drives aberrant expression of CCDC170 and produces N-terminal truncated forms of the CCDC170 protein (ΔCCDC170) (75). The authors also provided functional evidence that this fusion promotes more aggressive oncogenic phenotypes in ER+ breast cancer cells, such as increased cell migration, invasion, and reduced tamoxifen sensitivity. Utilizing RNA sequencing, Li and colleagues (76) described the first inter-chromosomal ESR1 fusion in a patient-derived xenograft from ET resistant MBC (Luminal A subtype, skin metastasis). This fusion is formed by a translocation event that brought ESR1 exons 1 to 6 (ESR1-e6) on chromosome (chr) 6q into the yes associated protein 1 gene YAP1 locus on chr11q (ESR1- e6>YAP1; Table 1), replacing the LBD of ESR1 with the transactivation domain (TAD) sequence from YAP1 (Figure 1). Although Li and colleagues conducted limited functional studies, overexpression of ESR1-e6>YAP1 in ER+ breast cancer cells conferred estradiol-independent growth in their study (Table 1). Lei and colleagues (80) and Gou and colleagues (81) provided additional mechanistic data for the ESR1-e6>YAP1 fusion and described its functional properties in driving estrogen-independent growth, constitutive expression of ER target genes, and anti-estrogen resistance. Several years later, two additional ESR1 fusions, ESR1-e2 fusion with the acidic residue methyltransferase 1 gene, C6orf211/ARMT1 (ESR1-e2>C6orf211/ARMT1) and ESR1-e6 fusion with a-kinase anchoring protein 12 gene, AKAP12 (ESR1-e6>AKAP12) were identified in AI resistant breast cancer by Giltnane and colleagues (Table 1) (82) with no functional data available (Table 1). Using whole genome sequencing, Robinson and colleagues (83) identified three additional ESR1 fusions (Table 1) including fusionsaryl hydrocarbon receptor nuclear translator 2 gene, ARNT2 (ESR1-e6>ARNT2-e18); protein-L-isoaspartate O-methyltransferase gene, PCMT1 (ESR1-e6>PCMT1); AT-rich interaction domain 1B gene, ARID1B (ESR1-e6>ARID1B), but the functional properties of these fusions were investigated only later on by Gou and colleagues (81). Hartmaier and colleagues also described the expression of ESR1-e6>AKAP12 in ER+ MBC and identified several novel ESR1 fusions (84). The authors also established that ESR1 fusion proteins are enriched in ER+ MBC (Table 1) and contribute to ET resistance. Hartmaier and colleagues described eight novel ESR1 fusion proteins (Table 1), all with junctions between ESR1 exon 6 and 7. ESR1-e6>fusions included DAB adaptor protein 2 gene, DAB2 (ESR1-e6>DAB2); glycogenin-1 gene, GYG (ESR1-e6>GYG1); SRY-box transcription factor 9 gene, SOX9 (ESR1-e6>SOX9); pleckstrin homology and RhoGEF domain containing G1, PLEKHG1 (ESR1-e6>PLEKHG1); trafficking from ER to Golgi regulator, TFG (ESR1-e6>TFG); and sodium/potassium transporting ATPase interacting 2, NKAIN2 (ESR1-e6>NKAIN2). ESR1-e7>fusions included mitochondrial isozyme of C1-tetrahydrofolate (THF) synthase, MTHFD1L (ESR1-e7>MTHFD1L) and cyclin dependent kinase 13, CDK13 (ESR1-e7>CDK13). The authors emphasized that many genetic rearrangement events are not expressed or translated into functional protein products, therefore they utilized an array of techniques (DNA and/or RNA sequencing, PCR and immunoblot) to investigate fusion protein expression (Table 1). As example, ESR1-e6>DAB2 and ESR1-e6>GYG1 were detected by DNA and/or RNA sequencing, and immunoblot, and in vitro studies established that these fusions were stable and active. The authors were able to detect ESR1-e6>SOX9, ESR1-e7>MTHFD1L, ESR1-e6>PLEKHG1, ESR1-e6>NKAIN2, ESR1-e6>AKAP12, and ESR1-e7>CDK13 only by DNA sequencing with low confidence in producing fusion transcripts. Utilizing anchored multiplex PCR, Matissek and colleagues (71) identified an additional ESR1 fusion protein (Table 1) with junction between ESR1 exon 4 and 3’ fusion partner cytochrome C oxidase assembly factor 5, COA5 (ESR1-e4>COA5). The role of this fusion in MBC and ET resistance is currently unknown. Lei and colleagues (80) conducted a comprehensive study and identified several novel ESR1 fusions (Table 1). The protocadherin 11 X-linked fusion (ESR1-e6>PCDH11X) was identified from a male patient with ER+ MBC. Inter-chromosomal ESR1 translocations included the nucleolar protein 2 homolog gene, NOP2 (ESR1-e6>NOP2), and aldo-keto reductase family 1 member D1 (ESR1-e6>AKR1D1). Fusion with DNA polymerase eta gene, POLH (ESR1-e7>POLH) was formed by intra-chromosomal translocation. In this study, the authors also identified the ESR1-e4>CCDC170 and ESR1-e5>CCDC170 fusions. Lei and colleagues conducted functional studies and provided further evidence that ESR1-e6>YAP1 and ESR1-e6>PCDH11X, identified from ER+ MBC, encoded stable and functional fusion proteins and promoted estrogen-independent growth, induced cellular motility, constitutive expression of ER target genes, and anti-estrogen resistance. Seven additional ESR1-e6>fusions (Table 1) were identified by Priestley and colleagues in ER+ MBC, including aqryl hydrocarbon receptor nuclear translocator 2, ARNT2 (ESR1-e6>ARNT2); LIM domain containing preferred translocation partner in lipoma, LPP (ESR1-e6>LPP); nuclear receptor coactivator 1, NCOA1 (ESR1-e6>NCOA1); transcription factor 12, TFC12 (ESR1-e6>TCF12); clathrin interactor 1, CLINT1 (ESR1-e6>CLINT1); glutamate receptor interacting protein 1, GRIP1 (ESR1-e6>GRIP1) and trinucleotide repeat containing adaptor 6B, TNRC6B (ESR1-e6>TNRC6B). Functional characterization of these fusions were investigated by Gou and colleagues (81, 85) (Table 1). Except ESR1-e6>TCF12, all ESR1-e6>fusions promoted estrogen-independent growth. It is noteworthy that up to date, only few ESR1 fusions (ESR1-e2>CCDC170, ESR1-e4>CCDC170, ESR1-e5>CCDC170, ESR1-e6>NOP2, ESR1-e6>AKR1D1, ESR1-e6>POLH) were detected in primary breast cancer samples (Table 1).


Table 1 | Summary of ESR1 gene fusions identified in breast cancers.






Figure 1 | Schematic structure of ESR1-e2>CCDC170 and ESR1-e6>fusion proteins. Non-coding exons (e) 1 and 2 are shown as white boxes, while encoding domains in the ESR1 codon structure are presented in gray. ER is comprised of four domains: N-terminal activation function-1 (AF-1), DNA binding domain (DBD), hinge region and C-terminal ligand binding domain (AF-2/LBD). ESR1-e2>CCDC170 fusion proteins retain the first two non-coding exons of ESR1 (ESR1-e2) and link to the coiled-coil domain containing 170 (CCDC170) gene generating truncated CCDC170 proteins (ΔCCDC170). ESR1-e6>fusions preserve the first 6 exons of ESR1 (ESR1-e6), while replace the LBD by a 3’ fusion partner.





Structure and function of ESR1-e6>fusion proteins in MBC

The ESR1-e2>CCDC170 fusion protein consists of the 5′ untranslated region of ESR1 to the coding region of CCDC170, generating N-terminally truncated CCDC170 proteins (ΔCCDC170) expressed under the ESR1 promoter (Figure 1) (75, 82). Structural studies have revealed that this structure is distinct from the ESR1-e6>fusions identified from ET resistant MBC. Despite the diversity among the ESR1-e6>fusions, they share a common structure whereby the first 6 exons of ESR1 (ESR1-e6) are preserved, retaining the hormone-independent transactivation domain (TAD) as well as the DNA-binding domain of ER whereas the LBD is lost and replaced with a functional domain of the 3’ fusion partner (Figure 1) (76, 81, 84). This structure is strongly associated with estrogen independent growth and ET resistant metastatic ER+ breast tumors. The loss of a functional LBD suggests a clear pathological impact, leading to complete resistance to the activity of current ER antagonists, which all bind to the LBD. As expected, several ESR1-e6>fusions (ESR1-e6>YAP1, ESR1-e6>PCDH11X, ESR1-e6>SOX9 and ESR1-e6>ARNT2-e18) remained stably expressed in the presence of fulvestrant and promoted ET-resistant growth of T-47D and MCF7 cells (80, 81). In contrast, the expression of ER mutant constructs that lack the LBD had decreased transcriptional activity, suggesting that the presence of the 3’ partner is essential for the ER fusion activity (80, 81, 84). The fact that multiple different 3’ partners have the same effect and drive ET resistance and malignant phenotypes, indicates that the enhanced activity of the ER fusions is not dependent on a specific 3’ partners. These findings suggest that the 3’ partner may be important for the stability of ER and possibly the dimerization of ER, however, an intact LBD is not required for ER activity in the context of the ER fusions.

It is important to note that not all ESR1-e6>fusions produce stable proteins with clear transcription factor (TF) or co-activator (CoA) functions, and only a subset of the ESR1-e6>fusions are activating fusions. The number of studies investigating the activity of ESR1-e6>fusions is limited, the function of some fusions are still unknown. Further studies are required to investigate and fully validate the stability and activity of ESR1-e6>fusions. Some ESR1-e6>fusions such as ESR1-e6>YAP1, ESR1-e6>SOX9, ESR1-e6>ARNT2, ESR1-e6>LPP, ESR1-e6>NCOA1, ESR1-e6->PCDH11X, ESR1-e6>CLINT1, ESR1-e6>GRIP1 and ESR1-e6>TNRC6B produce stable and active fusion proteins that are positive regulators of transcription (80, 81). ESR1-e6->DAB2 has cell type specific transcriptional activity- active in MCF7 but not T47D cells. In contrast to transcriptionally active ESR1-e6>fusions, multiple ESR1- e6>fusions (e.g. ESR1-e6>TCF12, ESR1-e6>ARID1B, ESR1-e6>NOP2) were identified as transcriptionally inactive despite producing stable fusion protein, adding to the complex landscape of ESR1- e6>fusion proteins. None of the 3’ partner genes of these latter ESR1-e6>fusions are known to be a TF or CoA and the wild-type protein is not nuclear-localized (80, 81). As hypothesized by Gou and colleagues (81), these transcriptionally inactive ESR1-e6>fusions could (1) encode tumor suppressors, (2) be active exclusively in the presence of a specific set of coactivators, or (3) act as dominant negative regulators interrupting the function of the remaining intact wild-type protein activity.



Activating ESR1 fusion proteins drive endocrine resistance and metastatic phenotypes

When first described, ESR1-e2>CCDC170 in ER+ breast cancer cells led to enhanced growth and reduced sensitivity to tamoxifen (75) suggesting a role for ESR1-e2>CCDC170 in ET resistance. Additional pre-clinical studies (74, 75, 79) showed that the expression of ESR1-e2>CCDC170 fusions in ER-positive breast cancer cells resulted in increased cell migration, increased colony formation, and increased cell proliferation as evidenced by the increase in the number of cells in S-G2/M phase. Li and colleagues (74) provided detailed evidence supporting the function of ESR1-e2>CCDC170 in promoting breast cancer cell survival and endocrine resistance both in vitro and in xenograft models. Their mechanistic study suggests that ESR1-e2>CCDC170 fusions bind and stabilize the HER2/HER3/SRC complex and enhance the activation of SRC/PI3K/AKT signaling during ET in vitro and in vivo. This study also suggested a potential strategy to manage ESR1-e2>CCDC170 positive patients by combining the HER2 inhibitor lapatinib and/or SRC inhibitor dasatinib with ET.

A series of publications clearly demonstrated that ESR1-e6>fusions were identified from ER+ MBC patients and most ESR1-e6>fusion proteins are drivers of ET resistance (69, 76, 80, 81, 84). Functional properties of these ESR1-e6>fusions include estradiol-independent growth and constitutive expression of ER target genes leading to ET-resistant proliferation and epithelial-mesenchymal transition (EMT) genes facilitating metastasis. The latest and most comprehensive study by Gou and colleagues (81) functionally screened multiple ESR1-e6>fusions and 4 were found to promote estradiol-independent cell growth, migration, EMT and resistance to fulvestrant. The ESR1-e6>YAP1, ESR1-e6>PCDH11X, ESR1-e6>SOX9, and ESR1-e6>ARNT2-e18 fusions promoted cell proliferation and migration in a hormone-independent and fulvestrant-resistant manner in multiple ER+ cell models. Although the four other ESR1-e6>fusions included in this study (ESR1-e6>DAB2, ESR1-e6>GYG1, ESR1-e6>PCMT1, and ESR1-e6>ARID1B) produced stable proteins, they did not promote ET-resistant growth. Moreover, RNA-seq showed that ER-positive breast cancer cells expressing ESR1-e6>YAP1, ESR1-e6>PCDH11X, ESR1-e6>SOX9 and ESR1-e6>ARNT2-e18 fusions upregulated the same cluster of ER target genes that were observed in the control cells stimulated by estradiol and drove constitutive expression of these ER target genes in the absence of estrogen. Pathway analysis also revealed that these transcriptionally active ESR1-e6>fusion proteins upregulated two EMT-related genes, SNAI1 (Snail) and VCAN (versican). The other ESR1-e6>fusions (ESR1-e6>GYG1, ESR1-e6>PCMT1, and ESR1-e6>ARID1B) did not induce estradiol-independent activation of ER and EMT target genes, despite the fact that they translocated to the nucleus. Additional functional studies showed the transcriptionally active ESR1-e6>YAP1 and ESR1-e6>PCDH11X fusions induced cell motility in vitro and promoted metastasis to the lung in cell-line xenograft models as well as in a PDX model harboring the ESR1-YAP1 fusion.



ESR1 fusions as potential biomarkers and novel therapeutic vulnerabilities in breast cancer

Next generation sequencing (NGS) methods such as DNA-based comprehensive whole genome (WGS) or RNA-based transcriptome (WTS) sequencing have been extensively used to describe gene fusions in multiple cancer types (86–90). WGS detects gene fusions based on hybrid-capture methods and still considered the most unbiased approach to identify fusion events, especially in large gene panels. WGS is highly sensitive and can be used on fresh, snap frozen and formalin fixed specimens. Still and all, WGS does not indicate the expression of the gene fusions, and the detection of fusion variants involving large DNA intronic regions is poor (86, 91). WTS have the overall advantage of detecting transcriptionally expressed gene fusions and the sequencing is not affected by intronic regions. Moreover, WTS does not require a priori knowledge of gene fusion partners, can distinguish splicing isoforms, quantify fusion transcripts, and it requires low input material. WTS approaches can be based on hybrid-capture or amplicon-based methods using classical or anchor multiplex PCR (86, 92–94). Matissek and colleagues reported anchored multiplex PCR (AMP) as an effective approach to identify gene fusions in cancer, including ER+ metastatic breast cancer (71). AMP was also validated in their study and applied to cohorts of (1) 110 of early-stage and advanced ER+ breast cancer patients (Clinical Genotyping Cohort) and (2) 63 of advanced ER+ breast cancer patients with matched primary and metastatic samples (Matched Primary/Metastasis Cohort). 14 patients in the Clinical Genotyping Cohort harbored intergenic exon–exon fusions, including the in-frame fusion of ESR1 to CCDC170. The authors emphasized that the identified fusion junction sequences involved at least one precise exon boundary. 10 of 63 patients in the Matched Primary/Metastasis Cohort harbored gene fusions in either the primary or metastatic samples. Collectively, AMP detected fusions in 24 of 173 breast cancer patients (14%) in this study, including 11 primary tumors. Combined with complementary “break-apart” fluorescence in situ hybridization (FISH) analysis, they further validated AMP as detection technique for clinically relevant fusions. As example, break-apart of ESR1 was present in primary tumors and metastases from a patient whose tumors demonstrated the ESR1-e4>COA5 fusion upon AMP analysis. Additionally, the ESR1-e2>CCDC170 fusion detected by AMP was also confirmed upon FISH analysis for ESR1. A disadvantage of WTS is that it only identifies expressed fusion genes and not adequate for gene fusion analysis at DNA level. Moreover, biological material is often short, resulting in poor quality RNA and false positive sequencing results. For multiplex PCR approach, the primer design and PCR bias like allele dropout can also impact analysis result (86, 92–94).

ESR1-e6>fusion genes have been detected by NGS methods (Table 1), techniques that are not yet employed routinely in the clinic. Analysis of plasma circulating tumor DNA to detect ESR1 point mutations by droplet digital PCR (ddPCR) is now done in the clinic and clinical trials are investigating the use of these assays in real-time (95–97). Obtaining circulating DNA from liquid biopsies conserves the genomic landscape of the tumor suggesting that this less invasive detection methods may efficiently identify ESR1 fusions, particularly in metastatic ET resistant ER+ breast cancer. Indeed, Hartmaier and colleagues (84) used this approach to provide additional evidence of ESR1 fusion recurrence following extensive ER-targeted endocrine therapies. They obtained target capture sequencing data and examined a cohort of 9542 solid breast tumors and a cohort of 254 ctDNA samples from patients with advanced breast cancer. They successfully identified the ESR1-e6>SOX9, ESR1-e7>MTHFD1L, ESR1-e6>PLEKHG1, and ESR1-e6>TFG fusions (Table 1) in four solid tumors and the ESR1-e6>NKAIN2, ESR1-e6>AKAP12, and ESR1-e7>CDK13 (Table 1) fusions in 3 ctDNA samples. While there are several commercial platforms available and the cost of ctDNA assay is acceptable in the clinic, the concentration of ctDNA in plasma correlates with tumor size and stage, thus this assay is likely to be useful for late-stage breast cancer patients only (98).

As aforementioned, several ESR1-e6>fusion proteins are inactive and therefore not clinically actionable. As a potential efficient approach for screening samples for the presence of ESR1 fusions that drive ET failure in MBC, Gou and colleagues (81) developed a 24-gene expression signature that is specific for the presence of transcriptionally active ESR1 fusion proteins. Specifically, they identified 24 Hallmark genes, including 19 genes in the estrogen response gene set (CHST8, MAPT, OLFM1, PDZK1, RASGRP1, MPPED2, GREB1, MYB, GFRA1, PGR, ELOVL2, ADCY1, NPY1R, TFF1, ACOX2, SGK1, STC2, CALCR and KRT13), two genes in the EMT gene set (VCAN and COL3A1), and three genes shared in both gene sets (CXCL12, GJA1 and TGM2). To compare the transcriptional profile of ESR1-e6>fusions with known activating ESR1 LBD point mutations (Y537S and D538G), Gou and colleagues performed RNA-sequencing on T47D cells that overexpressed either several ESR1 fusion proteins (ESR1-e6>ARNT2-e2, ESR1-e6>LPP, ESR1-e6>NCOA1, ESR1-e6>CLINT1, ESR1-e6>TNRC6B and ESR1-e6>GRIP1), or the Y537S and D538G point mutations. ESR1-e6>ARNT2-e2, ESR1-e6>LPP, ESR1-e6>NCOA1, ESR1-e6>CLINT1 and ESR1-e6>TNRC6B demonstrated elevated expression of this gene signature with expression levels comparable to the Y537S and D538G point mutants. Since the LBD point mutants and translocated ESR1 fusions activate a similar pathogenic transcriptional pattern, the gene signature was named “MOTERA” for Mutant or Translocated Estrogen Receptor Alpha. This signature was examined in 20 ER+ patient-derived xenografts and in 55 ER+ MBC samples and successfully identified cases harboring ESR1 fusions.

Gou and colleagues further confirmed the overlap in the transcriptional properties of ESR1-e6>fusions and ESR1 LBD point mutants in several PDX models and MBC cases. ET-resistant PDXs harboring LBD point mutations (e.g. BCM15100, WHIM20, WHIM40, and HCI013 for ESR1-Y537S; WHIM37 and WHIM43 for ESR1-D538G) highly expressed the MOTERA signature, similar to the PDX naturally expressing the ESR1-e6>YAP1 (WHIM18) fusion. The expression levels of the MOTERA genes were not affected by E2 supplementation in the ESR1-e6>YAP1 expressing PDX or PDXs harboring the LBD point mutations. Furthermore, the MOTERA scores of PDXs expressing WT ESR1 was significantly lower than those of expressing the LBD mutations or the ESR1-e6>YAP1 fusion. Similar to the PDX models, MOTERA gene expression was significantly elevated in MBC tumors harboring the Y537S and D538G point mutations or the ESR1-e6>ARNT2-e18 fusion, and the signature score distinguished the LBD point mutations and the ESR1-e6>ARNT2-e18 fusion from WT ESR1.

In addition to the mechanistic studies, evaluating the potential of targeting these fusion proteins for the development of new targeted therapies is critical. Due to the formation and unique structure of ESR1-e6>fusions, all known ET options that target the LBD are ineffective. Lei and colleagues (80) targeted ER signaling regulated by ESR1 fusions by using Palbociclib, a CDK4/6 inhibitor for MBC. ESR1-e6>YAP1 and ESR1-e6>PCDH11X induced cell proliferation was sensitive to a CDK4/6 inhibition, and a PDX naturally expressing the ESR1-e6>YAP1 fusion was also responsive to Palbociclib treatment. Since ESR1 fusion driven growth of ER-positive breast cancers remained sensitive to CDK4/6 inhibition, the presence of an ESR1-e6>fusion could be a putative biomarker to stratify patients for CDK4/6 inhibitor therapy after resistance to endocrine treatment or continued CDK4/6 inhibitor therapy with a second targeted therapy after resistance to first line treatment for metastatic disease with endocrine therapy in combination with a CDK4/6 inhibitor. It is also hypothesized that CDK4/6 inhibition could be beneficial for patients with ESR1 fusions. Further mechanistic and preclinical studies are expected to introduce additional ESR1 fusions sensitive to CDK4/6 inhibitor therapy and expand on the data from patients harboring ESR1 fusions to examine their CDK4/6 inhibitor responses.

To further explore therapeutic strategies that target ESR1 fusions, Gates and colleagues (99) showed that pharmacological inhibition of ESR1-e6>YAP1 fusion with the proteosome inhibitor MG132, blocked ESR1-e6>YAP1 mediated activation of ER target genes. In the same study, bortezomib, a specific 26S proteasome inhibitor, also suppressed growth driven by the ESR1-e6>YAP1 fusion. Bortezomib was tested in a phase II clinical trial in postmenopausal women with ER+ MBC who had progressive disease after prior aromatase inhibitor therapy. The patients were randomized to fulvestrant and bortezomib versus fulvestrant alone groups. In this study, there was no significant difference in progression free survival, which was the primary end point. However, the combination was overall well tolerated and may have enhanced activity in patients who have an ESR1 fusion (100).



Conclusion and future directions

ET resistance in ER+ breast cancer patients remain a significant clinical problem. The ESR1 fusion proteins are emerging as a mechanism of ET resistance and the studies discussed in this review, deepened our understanding of the prevalence of the ESR1 fusion proteins and the mechanisms by which they drive resistance. The most prevalent and clinically significant ESR1 fusions can be divided into the ESR1-e2>CCDC170 and ESR1-e6>fusion genes. ΔCCDC170, identified in Luminal B breast cancer and generated by ESR1-e2>CCDC170 led to enhanced growth and reduced sensitivity to ET in MBC. ESR1- e6>fusions were identified in ET-resistant MBC and are formed by inter-chromosomal translocation fusing ESR1 exons 1 to 6 into a 3’ fusion partner, replacing the LBD of ESR1. ESR1-e6>fusions drive estradiol-independent growth and constitutive expression of ER target genes leading to ET-resistance.

ESR1 fusions were identified in more aggressive forms of breast cancer (ET resistant MBC and Luminal B breast cancer) and can guide the diagnosis and the development of therapeutic strategies to treat a subset of patients with tumors that harbor these ESR1 alterations. As for the ESR1-e6>fusion genes, only a handful of functionally active ESR1 fusion proteins have been studied to date and therefore ESR1 fusion events remain an understudied form of somatic mutation in breast cancer. The incidence of these ESR1 fusions is still not well understood, but the studies discussed here collectively suggest that the frequency of ESR1 fusions may be higher in heavily pre-treated metastatic samples and when using more sensitive detection techniques.

The discovery of the ESR1 LBD point mutations has sparked enthusiasm for the development of a new generation of compounds that not only combat existing ER mutants but also inhibit secondary mutations in ER. Indeed, novel oral SERDs and SERCAs are being developed, and likely to be approved in the clinic. Similar to the emergence of ESR1 LBD mutations that render ligand independent activity, it is likely that the adoption of more potent SERDs and SERCAs will lead to adaptive mechanisms of resistance that are either ER independent or ER dependent but independent of the LBD. It is currently unclear which mechanisms of resistance may emerge following novel SERD and SERCA treatments.

Although, ESR1 gene fusions are rare, the frequency of these fusions may increase under the selective pressure of more effective SERDs and SERCAs. Therefore, better understanding of the mechanism of action of these fusions that lack the LBD, yet drive tumor progression in ER+ MBC, will be critical for the identification of vulnerabilities to target these fusions.
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A Corrigendum on 


ESR1 fusions and therapeutic resistance in metastatic breast cancer

 by Nagy Z and Jeselsohn R (2023) Front. Oncol. 12:1037531. doi: 10.3389/fonc.2022.1037531


In the published article, there was an error. In the main text, some ESR1-e6>fusions that Gou and colleagues characterized were incorrectly referred to as transcriptionally inactive.

A correction has been made to “Structure and function of ESR1- e6>fusion proteins in MBC” section, Paragraph 2. This sentence previously stated:

“ESR1-e6>YAP1, ESR1-e6>SOX9, ESR1- e6>ARNT2, ESR1-e6>LPP, and ESR1-e6>NCOA1 produce active fusion proteins that are positive regulators of transcription (80, 81). In contrast to transcriptionally active ESR1-e6>fusions, multiple ESR1-e6>fusions (ESR1-e6>TCF12, ESR1-e6>ARID1B, ESR1- e6>PCDH11X, ESR1-e6>NOP2, ESR1-e6>DAB2, ESR1- e6>CLINT1, ESR1-e6>GRIP1 and ESR1-e6>TNRC6B) were identified as transcriptionally inactive despite producing stable fusion protein, adding to the complex landscape of ESR1- e6>fusion proteins.”

The corrected sentence appears below:

“The number of studies investigating the activity of ESR1-e6>fusions is limited, the function of some fusions are still unknown. Further studies are required to investigate and fully validate the stability and activity of ESR1-e6>fusions. Some ESR1-e6>fusions such as ESR1-e6>YAP1, ESR1-e6>SOX9, ESR1- e6>ARNT2, ESR1-e6>LPP, ESR1-e6>NCOA1, ESR1-e6->PCDH11X, ESR1-e6>CLINT1, ESR1-e6>GRIP1 and ESR1-e6>TNRC6B produce stable and active fusion proteins that are positive regulators of transcription (80, 81). ESR1-e6->DAB2 has cell type specific transcriptional activity- active in MCF7 but not T47D cells. In contrast to transcriptionally active ESR1-e6>fusions, multiple ESR1-e6>fusions (e.g. ESR1-e6>TCF12, ESR1-e6>ARID1B, ESR1-e6>NOP2) were identified as transcriptionally inactive despite producing stable fusion protein, adding to the complex landscape of ESR1- e6>fusion proteins.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Background

Cyclin dependent kinase inhibitors (CdK4/6i) changed the course of hormone receptor positive (HR+) HER2 negative (HER2-) metastatic breast cancer (mBC). To date, no factors have been shown to predict response to CdK4/6i. Neutrophil-to-lymphocyte ratio (NLR), an indicator of the host systemic inflammatory response, is an independent prognostic factor for survival in cancers. We conducted this study to evaluate the impact of NLR on survival in mBC patients treated with first line CdK4/6i.



Methods

All mBC patients treated with first line CdK4/6i between November 2015 and December 2019 were retrospectively included. The biomarker threshold was defined using ROC curves. We analyzed progression free survival (PFS), overall survival (OS), 12-month PFS and response rate according to NLR in univariable and multivariable analysis.



Results

A total of 126 patients treated with palbociclib (n=101), ribociclib (n=18) or abemaciclib (n=7) were included, with a median follow-up of 33 months [range: 2.9–57]. Median age was 65 years [29-86], 40% patients had good performance status (ECOG-PS 0). Most patients (71%) were included at the metastatic relapse stage and 29% had only bone metastases. Median PFS and median OS were 27 and 51 months, respectively. High NLR (≥ 2.53) was significantly associated with worse PFS (Hazard Ratio (HR)=0.50, CI95% = [0.32–0.79]) and worse OS (HR=0.45, [CI95%: 0.23–0.87]). In multivariable analysis, NLR and ECOG PS were independently factors associated with PFS (p=0.016 and p=0.001, respectively).



Conclusion

High NLR was associated with worse PFS and OS in HR+ HER2- mBC patients treated with first line CdK4/6i. NLR is a reliable and inexpensive prognostic marker, easily accessible in routine clinical practice, which could help optimize the therapeutic strategy. These results need to be confirmed in larger prospective studies.





Keywords: metastatic breast cancer, NLR, cyclin dependent kinase inhibitor, prognostic factor, hormone dependent cancer



Introduction

Breast cancer (BC) is the most common malignancy among women and one of the leading causes of death by cancer worldwide (1) despite effective early detection methods and new therapeutic advances. Around 6-10% of BC are diagnosed with de novo metastatic disease and 25-30% present a metastatic relapse (2). Metastatic breast cancer (mBC) has a poor survival with a 5-year relative survival rate dropping to around 38% vs. 96% for early BC (eBC), in Europe (3). Approximately 70% of BC are hormone receptor positive (HR+) and human epidermal growth factor receptor 2 negative (HER2-). Endocrine therapy (ET) is the main treatment for patients with HR+/HER2- mBC. The advent of cyclin-dependent kinase inhibitors (CdK4/6i) has considerably improved the prognosis. They are now the gold standard for first line treatment of HR+/HER2- mBC without extensive visceral involvement (3–6).

Prognostic factors are important in estimating outcomes and identifying the optimal treatment for each patient. Some clinical or histological markers are commonly used and validated in HR+/HER2- mBC such as poor Eastern Cooperative Oncology Group Performance Status (ECOG-PS), higher tumor grade and Ki67 expression, negative progesterone receptor (PR) status, prior therapy, sites and number of metastases (multiple vs single), and shorter time to progression to mBC (7). The choice of first-line treatment is crucial, as it affects patients’ outcome. However, until now no predictive factor of response to CdK4/6i and ET has been identified. Novel biomarkers are needed to help personalize first line treatment.

Over the last decade, host systemic inflammatory response have been shown to be involved in tumor growth, invasion, angiogenesis and progression (8, 9). This inflammation could be assessed by pretreatment peripheral differential leukocyte count with estimation of lymphocyte count and the calculation of more informative ratios such as neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte-to-monocyte ratio (LMR) and estimation of lymphocyte count. Several studies in different stages of solid cancers (10–12), including BC, evaluated these ratios and they are now acknowledged as predictive and prognostic factors. In a metanalysis, it was highlighted that high pretreatment NLR was an independent poor prognostic factor for overall survival (OS) and progression-free survival (PFS) in all-stage BC, with the strongest association in the HR+/HER2- subgroup (13). Koh et al. (14) revealed in a prospective study that both NLR and PLR are independently associated with an increased risk of mortality in all-stage BC. However, these inflammation biomarkers have mostly been evaluated in the (neo)adjuvant chemotherapy setting for eBC (15, 16), particularly in triple-negative BC (TNBC) (17). Data remains limited and inconsistent for mBC (18). High LMR before neoadjuvant chemotherapy was reported as a favorable prognostic factor in eBC regardless of HR/HER2 status (19), but no data has been reported for mBC HR+/HER2-.

The aim of our study was to assess the prognostic impact of NLR, lymphopenia, PLR and LMR on survival and response rates in women receiving first line CdK4/6i in association with ET for locally advanced or mBC.



Methods


Population

We carried out a retrospective single center study at the Comprehensive Cancer Center François Baclesse in Caen, France, as recommended by REMARK (REporting recommendations for tumor MARKer prognostic studies) for the evaluation of prognostic tumor marker (20). All adult women who received CdK4/6i for histologically proven HR+/HER2- locally advanced or mBC from November 2015 to December 2019 were included. Patients receiving any of the European Medicines Agency (EMA) or Food and Drug Administration (FDA)-approved CdK4/6i (palbociclib, ribociclib, abemaciclib) in association with ET as first-line treatment were included. Patients were excluded if they had received other prior first-line treatment or presented with visceral crisis.



Endpoint

We collected the general characteristics of patients (e.g., age, ECOG-PS, menopausal status), their disease (e.g., TNM staging, hormone receptor expression and SBR (Scarff Bloom Richardson) grade from the primary tumor site or a current metastatic lesion) and prior therapy (adjuvant treatment, palliative radiotherapy or corticosteroid therapy). Results of the blood test performed at the latest the week before starting treatment were collected. NLR was defined as the absolute neutrophil count divided by the absolute lymphocyte count, PLR was defined as the absolute platelet count divided by the absolute lymphocyte count and LMR was defined as the absolute lymphocyte count divided by the absolute monocyte count. Lymphopenia was defined by absolute lymphocyte count (ALC) below 1.5 G/L. Tumor imaging (by computed tomography scan) was performed every 3 cycles and disease response was classified by the radiologist according to the Response Evaluation Criteria in Solid Tumors [RECIST, version 1.1 (21)] as complete response (CR), partial response (PR), stable disease (SD) or progressive disease (PD). Objective response rate (ORR) corresponded to the proportion of patients in whom a CR or PR was observed. Disease control rate (DCR) represented the percentage of patients with either CR, PR, or SD as the best overall response. PFS was defined as the time elapsed between CdK4/6i initiation and radiological progression, death or lost to follow-up. Overall survival (OS) was defined as the time elapsed between CdK4/6i initiation and death from any cause. Adverse events (AE) collected at each medical visit were graded according to National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) version 5.0.



Objectives

The primary objective was to assess the PFS according to pretreatment NLR.

Secondary objectives included assessment of 12-month PFS, OS, ORR and DCR according to pretreatment NLR; assessment of PFS and OS according to lymphopenia, PLR and LMR and evaluation of safety.



Statistical analysis

Descriptive analysis of data provided frequencies and percentages for qualitative variables, and median and extreme values for quantitative variables. Survival curves were estimated by the Kaplan Meier method, and compared by the log-rank test. Multivariable analysis for PFS and OS was performed using Cox’s proportional hazards regression model including biological markers significantly associated with survival at a significance level of 0.10 and adjusted on clinical parameters. A stepwise model selection was performed through Akaike’s Information Criterion optimization, corresponding to significance-based selection at a significance level of 0.157. The optimal cut-off values for the NLR, PLR and LMR to predict 1-year progression were determined by maximizing the product of sensitivity and specificity, through receiver operating characteristics (ROC) curve analysis. The characteristics of high NLR and low NLR patients were compared by χ2 test (or Fisher’s exact test, in case of observed values per category < 5) for the qualitative variables, and by the Student’s t-test for the quantitative variables (or Wilcoxon non-parametric test if data were not normally distributed). Statistical tests and confidence intervals were calculated with an overall risk of 5%. All incident cases were assessed (no calculation of the number of subjects needed). Analyses were conducted using R software, version 4.0.2 (https://cran.r-project.org/bin/windows/base/).



Ethic

The study was in accordance with national regulations regarding research involving human subjects. Registration in the CIL (Correspondant Informatique et Libertés) register was carried out for this study. Patients non-opposition to the use of their data was sought after verification of vital status. All data were anonymized for statistical analysis.




Results


Population

From November 2015 to December 2019, 126 patients were included, with a median follow-up of 33 months (range, 2.9 to 57) (Figure 1: Flow-chart). The median age at inclusion was 65 years (range, 29 to 86). Thirty-six (28.6%) patients presented with de novo mBC. 37 patients (29.4%) had bone metastases only, of whom 14 were de novo metastatic. The mean disease-free interval (DFI), time between the end of adjuvant treatment before starting any ET and tumor recurrence, was 124.6 months (range, 1 to 360 months). Only 2 patients, one in each NLR group, received chemotherapy in the year preceding the introduction of treatment (last injection 48 days and 51 days before). Thirty patients (23.8%) received radiotherapy within 90 days of beginning ET and CdK4/6i, for a median time interval of 21 days (range, 3 to 66 days). Ten patients had a concomitant prescription of corticosteroid therapy at the first intake of CdK4/6i, with a mean dosage of 35.5 mg. The most commonly prescribed CdK4/6i was palbociclib (n=101, 80%), followed by ribociclib (n=18, 14%) and abemaciclib (n=7, 6%), combined with ET (aromatase inhibitor +/- LHRH analogue for 104 patients (82.5%) or fulvestrant for 22 patients (17.5%)). To the pretreatment stage, median and range of neutrophil, lymphocyte, platelet, and monocyte counts were 3.46 G/L [1.19;14.73], 1.44 G/L [0.14;4.40], 267 G/L [101;622] and 0.49 G/L [0.10;1.30], respectively. Patient characteristics are presented in Table 1.




Figure 1 | Flow-chart.




Table 1 | Patient characteristics at baseline.





Overall population outcomes

The median PFS time was 27 months (CI95%= [21–36]), with a 12-month PFS rate of 73.8% (CI95%= [65.7–81.2]). At the end of the follow-up, 61.9% patients (n=78) progressed with first-line metastatic therapy and 31.7% patients (n=40) died. The median OS was 51 months. DCR was 92.1% (16 RC, 64 PR and 36 SD, i.e. 116 patients) and ORR was 63.5% (80 patients).



Prognostic value of NLR

The optimal NLR cut-off value to predict progression within 12 months after metastatic diagnosis was 2.53; 64 patients (50.8%) were classified in the high NLR group (NLR ≥ 2.53). The two groups were similar except for pretreatment ECOG-PS and the occurrence of radiotherapy within 90 days. (Table 2). PFS was significantly better in the low NLR group (Figure 2: PFS and OS probability according to pretreatment NLR) with a median of 39 months compared to the high NLR group with a median of 21.5 months (HR=0.50, [CI95%: 0.32–0.79], log-rank p=0.002). The 12-month PFS rate for the low NLR group was 80.7% [CI95%: 71.4–91.1] versus 65.5% [CI95%: 55.0–78.4] for the high NLR group (Table 3). In a subgroup analysis excluding patients who received radiotherapy within 90 days, we observed the same difference of PFS between the two NLR groups with a HR=0.49 ([CI95%: 0.29–0.83]) in favor of low NLR group.


Table 2 | Patient characteristics at baseline according to NLR groups.






Figure 2 | PFS and OS probability according to pretreatment NLR.




Table 3 | 12-month PFS rate according to biomarkers.



Low NLR was significantly associated with better OS, HR=0.45 ([CI95%: 0.23–0.87], log-rank p=0.015). Median OS was 43 and 56 months for the high NLR and low NLR group, respectively (Figure 2: PFS and OS probability according to pretreatment NLR).

Distribution of response was significantly different between the low NLR and the high NLR groups (p=0.041), with better response in the low NLR (Table 4). We observed more CR in the low NLR group (n=12, 19.4%) than in the high NLR group (n=4, 6.2%). ORR was 66.2% in the low NLR group and 60.9% in the high NLR group; DCR was 96.8% and 87.5% respectively.


Table 4 | Best response according to NLR.





Prognostic value of lymphopenia and other ratios

Lymphopenia group (n=67 patients) had shorter median PFS, 21 months versus 36 months for patients with normal ALC (HR=0.52, [CI95%: 0.30–0.90], log-rank p=0.068) (Figure 3: PFS and OS probability according to pretreatment ALC). The 12-month PFS rate was 78.0% [CI95%: 68.1–89.3] in the normal ALC group and 68.7% [CI95%: 58.4–80.7] in the lymphopenia group (Table 3). OS was greater in the normal ALC with a 10 months differential on median OS (51 vs 41 months, HR=0.58 [CI95%: 0.30–1.10], log-rank p= 0.09).




Figure 3 | PFS and OS probability according to pretreatment ALC.



The optimal PLR cut-off was 174.4, accounting for 68 patients (54%) in the high PLR group. Pretreatment PLR did not influence PFS (HR=0.73, [CI95%: 0.47–1.15], log-rank p=0.17) with median PFS of 22.6 months in the high PLR group and 36 months in the low PLR group (Table 3). The optimal LMR cut-off was 3.3, accounting for 60 patients (48%) in the high LMR group. Pretreatment LMR did not influence PFS (HR=0.75, [CI95%: 0.48–1.18], log-rank p=0.21), with median PFS of 36 months in the high LMR group and 24.5 months in the low LMR group (Table 3). There was no association between PLR or LMR and OS.



Multivariable analysis

In multivariable analysis, NLR< 2.53 and lymphopenia were included in the model, with adjustment on dose reduction, occurrence of grade 3/4 toxicity, de novo metastatic cancer, bone metastases, radiotherapy within 90 days, SBR grade, RP status and ECOG-PS status. Selection model retained NLR< 2.53 and ECOG PS as independently factors associated with PFS, with respectively p=0.016 and p=0.001. NLR< 2.53 was an independent protector factor with a HR=0.57 ([0.36–0.90]). An impaired of general status (ECOG-PS 1, 2 or 3) was associated with worse survival (HR=2.3 [1.37–3.79]) in multivariable Cox model (Supplementary Table 1).



Safety

The most frequently reported AE were hematologic toxicities with neutropenia (n=110 patients, 87.3%), anemia (n=79, 62.7%) and thrombocytopenia (n=38, 30.2%). Grade 3/4 neutropenia was observed in 57 patients (45%). Only few patients experienced grade 3/4 anemia (n=12, 9.5%) and thrombocytopenia (n=2, 1.6%). Dose reductions were required for 52 patients (41.3%). We also reported 7 venous thromboembolism (VTE) events (n=5.6%), including 2 pulmonary embolism (PE) (n=1.6%) and 5 deep vein thrombosis (DVT) (n=4.0%), and all with Palbociclib which represented 6.9% of patients treated with Palbociclib. None stopped treatment. Two patients (n=1.6%) were suspected of developing interstitial lung disease (ILD), both receiving Palbociclib and with high NLR.




Discussion

Our study highlighted that pretreatment high NLR (≥ 2.53) was a prognostic biomarker associated with worse PFS and OS in women treated with first-line CdK4/6i and ET for metastatic or locally advanced HR+/HER2- breast cancer.

Low NLR appears to be an independent protective factor for PFS and OS with more than 50% risk reduction of progression or death (HR=0.44, [CI95%: 0.23–0.87] for OS). Our results are consistent with previous studies. Four recent meta-analyses corroborate our findings showing that NLR is an independent prognostic factor for PFS and OS in patients with BC at different stages (13, 22, 23), especially for luminal A subtype (24). Wariss et al. (25) reported an association between high NLR and worse OS in 2,374 eBC and mBC patients, for patients with luminal subtypes. In another study concerning mTNBC, NLR> 2.5 at diagnosis was a useful predictor of poor OS, regardless of the subsequent treatment (26). In HR+/HER2- eBC, high NLR (>2.25) after neoadjuvant chemotherapy was correlated with poorer disease free survival (DFS) and OS, especially in patients with non-pathologic complete response (pCR) (15). No consensus has been reached to define a cut-off or threshold value for each factor (NLR, lymphopenia, PLR or LMR). We first determined these cut-offs with ROC curves. In our study, NLR cut-off was similar to those found in the literature mostly ranging between 2 and 5. A meta-analysis conducted in BC reported a median NLR cut-off value of 2.5 in 10 out of 15 studies (13). Among different parameters studied, NLR was the only biomarker to show a difference on OS. The median PFS of 27 months in our study was similar to that expected and obtained in the registration trials of CdK4/6 inhibitors (5, 27, 28). To our knowledge, until now our study is the first to report significative prognostic impact of NLR on survival and a benefit in response rates to first line CdK4/6i and ET for HR+/HER2- mBC.

Cell death secondary to breast tumor cells expressing pro-apoptotic ligands and reduced thymic function have been suggested as possible mechanisms of peripheral lymphopenia observed in metastatic patients (29). Lymphopenia and NLR are two complementary prognostic factors. Lymphopenia is multifactorial and can be associated with patient characteristics (age, ECOG-PS) (30) or tumor burden and evolves with previous therapies. Increased systemic inflammation markers have been reported in lymphopenic patients, with an inverse increase in the percentage of peripheral neutrophils in response to the expression of pro-inflammatory cytokines such as IL-6 and IL-7, CD4+CD8+ double-positive (DP) thymocytes and an age-related decrease in thymic function or combinatorial T cell receptor diversity (30). The median age was similar between the two groups of pretreatments NLR, but they differed on ECOG-PS: patients in the high NLR group had a worse ECOG-PS. After adjustment on ECOG-PS, NLR was still significantly associated with poorer PFS.

In our study, we observed that more patients with high NLR received radiotherapy within the previous 90 days. This may be explained by the fact that radiotherapy induced lymphopenia can persist for several months (31). In multivariate analysis, we observed that the occurrence of radiotherapy was not associated with PFS. In our study, radiotherapy is not an independent poor prognostic factor and the prolonged lymphopenia may be multifactorial, partly secondary to cancer itself. Systemic treatments (corticosteroid therapy, chemotherapy) could also alter NLR and ALC. We did not observe significant difference regarding corticosteroid therapy between the two NLR groups at baseline. Only one patient in each NLR group received chemotherapy in the months before introduction CdK4/6i but none had presented a disease progression at the time of analysis.

Tumors are infiltrated by leucocytes and produce cytokines and chemokines. Lymphocytes, whether in peripheral blood or as tumor-infiltrating lymphocytes, play a major role in controlling disease progression. In a population of HR+/HER2 mBC patients already treated at least for one metastatic line, we previously showed that those with pretherapeutic ALC< 1.5 G/L had significantly shorter PFS time (6 vs. 10 months, p=0.004), shorter OS time (20 vs. 33 months, p=0.018) and more disease progression at first imaging evaluation (32). The difference on PFS and OS was demonstrated from the onset of lymphopenia. For this reason, we have selected a lymphocyte count of 1.5 G/L to. Although the results are not significant probably due to the lack of power, our study provided further evidence that lymphopenia is a negative prognostic factor for PFS and OS for patients receiving CdK4/6i.

It is necessary to thoroughly understand the impact of the immune system on tumor control. On the one hand, neutrophils, B lymphocytes and some CD4+ T cells may stimulate cancer growth. On the other hand, cytotoxic CD8+ T cells are crucial components of tumor-specific cellular adaptive immunity as T­helper (TH) 1, TH17, CD4+ T cells and Natural Killer cells are in the tumor microenvironment are. They inhibit tumor growth by producing interferon gamma, subsequently leading to angiostasis, cell cycle inhibition, apoptosis and tumor phagocytosis by macrophages (9). A retrospective study of 1,902 patients with eBC showed that a high total and peripheral CD8+ T cell count was associated with significantly longer breast cancer-specific survival (BCSS) (33). More specifically, in patients with ER-positive tumor, the total number of infiltrating CD8+ T cells was not significantly associated with patient outcome, whereas peripheral CD8+ count was associated with longer BCSS (33). Furthermore, Coffelt et al. demonstrated that elevated neutrophil counts induced by BC tumor cells suppressed CD8+ T cells and promoted metastasis through immunosuppression (34). CdK4/6i have been reported to increase tumor immunogenicity by overcoming two principal mechanisms of tumor immune evasion. They limit the proliferation of regulatory T cells leading to reduced immunosuppression and enhance antitumor immunity by increasing T cell activation, promoting T cell tumor infiltration, and expanding the functional capacity of tumor cells to present antigens (35, 36). This may explain that NLR could be a good biomarker to predict survival and response to CdK4/6i.

Other biomarkers evaluated had no significant impact on survival. PLR has been described as a reliable prognostic marker in many cancers including BC (37, 38). Concerning LMR in the BC neoadjuvant chemotherapy setting, a recent study confirmed this result in a multivariable analysis and showed that patients with low LMR had shorter DFS (16).

Immune status is emerging as an essential biomarker of the tumor biology and microenvironment with an impact on patient outcome. Other biomarkers, such as tumor infiltrating lymphocytes (TILS) and circulating tumor cells (CTC), are still being evaluated in clinical research as prognostic factors but are not easily obtained in routine clinical practice (7).

Despite adjustment on confounding factors, our study had some limitations. Due to the retrospective nature, we were unable to collect the values of some inflammation parameters (albumin, C-reactive protein and LDH). Also we did not have complete information on other discriminating factors of immune response, such as number of B cells, T cells or CD4/CD8 ratio, as these are not routinely performed. The sample size is limited and results must be interpreted with caution. Especially, PLR and LMR were not significant on the primary outcome possibly due to a lack of power, but also because the cut-off determined was not sufficiently discriminating. Moreover, as previously mentioned, there is no NLR threshold recognized in the literature in either breast cancer or any solid cancer, possibly due to its recent identification as a potential prognostic factor. Thus, our 2.53 cut-off NLR obtained by ROC curves requires internal and external validation in future studies.

Our study is the first one concerning the NLR prognostic factor for HR+ HER2- mBC population in first line metastasis only, and treated in this setting with cdk4/6 inhibitors and endocrinotherapy. Our population is therefore notably homogeneous, that increasing the power. Indeed, other studies were interested in the NLR prognostic factor, but their population was inhomogeneous as they included patients at the localized and metastatic stage (39), or metastatic patients only and under cdk4/6 inhibitors but all lines combined without information on previous treatments (40, 41). In this sense, it is an original study.

Nevertheless, in view of these first interesting results, it prompted us to design a prospective study (NCT05303129) in order to complete, confirm and improve these results more powerfully.



Conclusion

Our study highlights NLR as new interesting biomarkers for mBC patients treated with CdK4/6i in the first-line setting. It can be used in routine clinical practice related to it availability, easy-to-use, reliable and inexpensive prognostic factor. These results may allow us to identify different prognostic groups. There are currently few prognostic factors in mBC. To date, none have been validated and are commonly used in first-line metastasis in patients receiving CDK4/6i. Our next project is to validate our results in a prospective study (NCT05303129).
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Breast tumorigenesis relies on complex interactions between tumor cells and their surrounding microenvironment, orchestrated by tightly regulated transcriptional networks. C/EBPβ is a key transcription factor that regulates the proliferation and differentiation of multiple cell types and modulates a variety of biological processes such as tissue homeostasis and the immune response. In addition, C/EBPβ has well-established roles in mammary gland development, is overexpressed in breast cancer, and has tumor-promoting functions. In this review, we discuss context-specific roles of C/EBPβ during breast tumorigenesis, isoform-specific gene regulation, and regulation of the tumor immune response. We present challenges in C/EBPβ biology and discuss the importance of C/EBPβ isoform-specific gene regulation in devising new therapeutic strategies.
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1.  Introduction.

Transcription factors regulate gene expression by recognizing and binding specific DNA sequences such as promoters and enhancers, resulting in either direct or indirect activation or repression of gene transcription. Transcriptional regulation of gene expression is a fundamental biological process that is often modified during cancer initiation, progression, and metastasis (1, 2). Cancer cells adopt mechanisms to escape immune surveillance, evade growth signals, and invade surrounding tissues, and transcription factors are instrumental in driving gene expression programs that aid in acquiring these properties. While much is known about the signaling pathways affecting breast cancer cell growth and apoptosis, fewer studies have addressed transcription factor regulation of gene expression in both the tumor cells and the surrounding microenvironment. CCAAT/enhancer binding protein beta (C/EBPβ), which has long been postulated to promote tumorigenesis and metastasis (3, 4), has more recently emerged as an important transcription factor in both tumor and immune cells.

C/EBPβ is a transcription factor that is one of six members of the C/EBP family, each with highly conserved DNA-binding and basic leucine zipper domains, which form homodimers or heterodimers with one another to bind DNA (5, 6). Three different protein isoforms of C/EBPβ may be translated from the intronless gene: liver-enriched activating protein (LAP) 1 (also referred to as *LAP), LAP2 (also referred to as LAP), and liver-enriched inhibitory protein (LIP) (5). LAP1 and LAP2 act as transcriptional activators, but LIP lacks the N-terminal transactivation domain while retaining dimerization and instead acts as a dominant negative transcriptional repressor (3, 5). Post-translational modifications are responsible for dictating the transcriptional activity, subcellular localization, and protein-protein interactions of C/EBPβ. C/EBPβ is naturally held in a repressed state by its two regulatory domains that sterically hinder its transactivation domain (6, 7). Sequential phosphorylation at Thr188 followed by Ser184 or Thr179 results in a conformational change where the intramolecular repression of the transactivation domain is relieved, allowing for transcriptional activation. Phosphorylation of C/EBPβ is regulated by many different pathways (8, 9) including Ras-MAPK (10, 11), protein kinases A and C (12), Ca2+/calmodulin dependent protein kinase (13), glycogen synthase kinase 3β (GSK3β) (14), and CDK-cyclin A complexes (15).

C/EBPβ regulates genes involved in proliferation, differentiation, tissue homeostasis, and the immune response in multiple tissue types (4, 8, 16). In the mouse mammary gland, C/EBPβ is required for proper mammary gland development, cellular differentiation, and stem cell activity (17–19). The gene encoding C/EBPβ is generally not mutated in human breast cancers (20). However, increased expression of C/EBPβ is associated with more proliferative and aggressive tumors (21), and a small subset of mammary neoplasms has been shown to have amplification of Cebpb (22). Increased C/EBPβ mRNA and protein expression has been associated with triple negative breast cancer (TNBC) (23, 24), although it is unknown whether C/EBPβ expression is altered in other breast cancer subtypes. In syngeneic tumor models, knockdown of C/EBPβ results in decreased tumor latency (25) and tumors with unique histopathologies that include increased inflammation and necrosis (24). The dominant negative isoform LIP is of particular interest, as it has been shown to induce proliferation of mammary epithelial cells (17, 26) and is highly expressed in ERneg tumors with a high proliferative index, compared to ER+ breast cancers (4, 26, 27). LIP-deficient transgenic mice (CebpbΔuORF) have decreased spontaneous tumor incidence and delayed tumor onset (28–30), whereas mice with elevated LIP (Wap-LIP or Cebpb-/L) have increased tumor development (4, 31). These studies exemplify the importance of C/EBPβ isoform-specific regulation of gene expression. In this review, we will discuss several mechanisms by which C/EBPβ modulates breast cancer progression, and its implications in therapeutics.



2.  Growth-regulatory functions.

Sustained proliferative signaling and evasion of growth suppression during cell cycle progression are important processes to ensure the success of tumor progression (32). C/EBPβ has been suggested to mediate these processes through interactions with key cell cycle regulators, including cyclin D1 (33), which is required for cell cycle progression through the G1 phase (34). The cyclin D1 gene (CCND1) is frequently amplified in human breast cancer, and similar to C/EBPβ, has a critical role in the differentiation of mammary epithelial cells during pregnancy (35–37). While mammary epithelial cells from C/EBPβ-/- mice have a block in cell cycle progression at the G1/S transition, cyclin D1 levels remained unchanged, suggesting that C/EBPβ regulation of cell cycle progression is not dependent on cyclin D1 (38). However, cyclin D1 binds to and activates LAP1 to promote mammary epithelial cell differentiation independent of LAP2 and LIP, suggesting a unique interplay between C/EBPβ and cyclin D1 is required for cell differentiation (39). The block in cell cycle progression was associated with decreased cyclin E expression, increased p27 stability, and decreased CDK2 activity (38). The retinoblastoma protein (Rb), a tumor suppressor and G1 checkpoint regulator, has also been shown to directly activate C/EBPβ during cell cycle progression. In addition, C/EBPβ can bind and activate Rb, causing aberrant function of the protein in a pro-tumorigenic fashion (40–43). Furthermore, C/EBPβ has been shown to bind E2F1 and E2F2 to activate E2F targets through CBP/p300, ultimately recruiting chromatin remodeling complexes (44–46). The effect of C/EBPβ binding to either Rb or E2F is not limited to modulating gene transcription but may have an anti-tumorigenic effect by promoting cell cycle exit. In MCF10A cells, the Rb:E2F-dependent senescence pathway requires C/EBPβ for program activation (43). While a direct interaction with Rb:E2F and C/EBPβ has yet to be shown, C/EBPβ acts synergistically with Rb:E2F to repress S-phase associated genes, and C/EBPβ-null cells fail to enter senescence (43, 47).

Additional seemingly paradoxical functions of C/EBPβ are seen in other growth regulation pathways related to transforming growth factor beta (TGFβ). TGFβ normally functions as a growth inhibitor for epithelial cells, acting as a tumor suppressor. In response to TGFβ, LAP2 complexed with FoxO-Smad activates the p15INK4b promoter, while LAP2 complexed with E2F4/5-Smad to repress c-Myc, providing key anti-growth signals. During the switch to metastatic cancer, tumor cells evade growth inhibitory functions of TGFβ by upregulating LIP, causing a block in C/EBPβ-induced p15INK4b activation and relieving c-Myc repression (48). As mentioned previously, TNBC cells have been shown to express a high LIP : LAP ratio, supporting an oncogenic role for LIP (4, 27, 48). These diverse phenotypes demonstrate both anti-tumor and pro-tumor properties of C/EBPβ, which can be attributed to isoform-specific gene regulation (9, 26, 44).



3.  Epithelial-mesenchymal transition.

In addition to growth-promoting and growth-inhibitory functions, C/EBPβ has been associated with epithelial-mesenchymal transition (EMT), a process where cancer cells acquire mobility and invasive properties due to loss of cell-to-cell junctions (49). TGFβ is a well-known inducer of EMT, and studies have shown that loss of C/EBPβ during the TGFβ response promotes EMT by reducing C/EBPβ-mediated CDH1 (E-cadherin) transcription (25), suggesting that loss of C/EBPβ is required for EMT. Additionally, in a mouse model used to study the effect of obesity on post-menopausal hormone receptive negative breast cancer, obesity-induced C/EBPβ chromatin binding resulted in elevated expression of MMP9 and claudin-1 (50). In mammary epithelial cells, LIP, but not LAP1/2, is induced by H-Ras and was shown to inhibit singleminded 2 (SIM2) gene expression (51). SIM2 is a tumor suppressor that is downregulated in mammary epithelial cells at periods where LIP is the dominant C/EBPβ isoform. SIM2 represses MMP3 and SLUG (52), both of which induce EMT (53, 54). Knockdown of SIM2 is associated with decreased E-cadherin and increased MMP2, N-cadherin and vimentin (55). These reports suggest that LIP may indirectly induce EMT by repressing SIM2. A recent study shows that LIP promotes cell migration in untransformed MCF10A cells and LAP expression reduces migration in TNBC cell lines (BT-20 and BT-549) (56). In contrast, overexpression of LAP2 in MCF10A cells in vitro has been shown to induce EMT-like morphologies, accompanied by delocalized E-cadherin and increased vimentin (57). Several studies have shown that LAP2 binds to and activates cyclooxygenase-2 (COX-2) gene expression (58–65), which promotes TGFβ-induced EMT in a PGE2-dependent manner (66). Together, these reports suggest C/EBPβ isoform-specific roles in regulating EMT, although further studies are required to define these mechanisms.



4.  Tumor-promoting inflammation.


4.1.  Tumor-derived C/EBPβ.

Tumor-promoting inflammation is another hallmark of cancer, where cancer cells adopt inflammatory mechanisms to promote their growth and survival (32). C/EBPβ, initially identified as nuclear factor for interleukin-6 expression (NF-IL6) (67, 68), has important roles in mediating the inflammatory response. Early studies indicated that C/EBPβ binds to an IL-1 response element in the IL-6 promoter to drive IL-6 and IL-8 transcription. C/EBPβ and other C/EBP family members can directly interact with the Rel homology domain between NF-κB subunits p50, p65 and c-Rel, stabilizing NF-κB, leading to synergistic transcriptional activation of IL-6 and IL-8 (69, 70). C/EBPβ can also positively regulate NF-κB by binding and inactivating IκBα, the canonical inhibitor of NF-κB (71). In breast cancer cells, C/EBPβ can act in synergy with STAT3 to activate c-Jun activation domain-binding protein (Jab)-1, which regulates cycle control, apoptosis, and DNA repair (72). More recently, STAT3 was shown to stabilize C/EBPβ in H-Ras transformed mammary epithelial cells, to cooperatively induce the transcription of cancer-promoting inflammatory cytokines (70, 73). C/EBPβ was also shown to directly bind to the STAT5 promoter, facilitating TNBC cell growth and invasion in vitro (23). These results demonstrate that with other key transcription factors, C/EBPβ coordinately promotes the induction of various inflammatory cytokines during tumor progression.

Chemokine signaling facilitates leukocyte recruitment and activation and can dictate the balance between the pro- and anti-tumor immune response. In the tumor microenvironment, tumor and immune cells, such as tumor-infiltrating macrophages, secrete chemokines to promote immune evasion, growth and survival of tumor cells, angiogenesis, and metastasis (74). Cebpb-/- mice have defective helper T cell function and lymphoproliferative diseases (75), which are in part due to alterations in cytokine and chemokine production. Knockdown of C/EBPβ in mouse mammary tumor 4T1 cells results in increased expression of various chemokines such as in CCL6, CCL7, CCL8, CCL12, CCL27, CCL28, and CXCL16 expression, although whether C/EBPβ directly inhibits these chemokines was not addressed (24). Other studies have shown that tumor-derived C/EBPβ directly activates various chemokines, including CCL2, CCL5, CXCL12 and CXCR4 (76–80). In contrast, LIP was shown to bind to and inhibit the CCL2 promoter (78), and LIP can indirectly activate CXCR4 by inhibiting the CXCR4 repressor YYI (80). These opposing roles for LIP in chemokine activation/inhibition may be due to microenvironment- and tumor context-specificity, however, further studies are required to address these differences. C/EBPβ has also been shown to cooperate with ATF to activate RANKL (81). Notably, while a number of studies have shown altered chemokine expression in cancer cells after C/EBPβ knockdown, few studies have validated whether and how LAP/LIP directly bind to chemokine promoters.

In addition to recruiting tumor-promoting immune cells, breast cancer cells evade cytotoxic effector cells by downregulating the expression of receptor-bound recognition proteins. Transformed cells actively downregulate immunogenic surface receptors to avoid immune recognition and destruction by cytotoxic CD8+ T cells (82–84). A recent study showed that deletion of C/EBPβ in human breast cancer cells (BT-20) results in the de-repression of genes involved in immune visibility, where MHC I and MHC II gene sets were significantly upregulated as compared to wildtype (56). In another study, C/EBPβ-silenced 4T1 cells were shown to have significantly upregulated expression of MHCIIα, MHCIIβ and HLACIIγ (24). While functional antigen presentation assays were not performed, C/EBPβ-silenced 4T1 tumors displayed a significant increase in CD3+ lymphocytes in vivo (24). Finally, C/EBPβ was shown to repress type I and type II interferon response genes in a mouse model of Ras-induced squamous papilloma (85). These studies suggest that C/EBPβ may aide in immune escape, although further investigation is required to define the specific mechanisms.



4.2.  Myeloid-derived C/EBPβ.

While studies have focused on how tumor-derived C/EBPβ inhibits or promotes tumorigenesis, C/EBPβ is also expressed in immune cells, and in particular has important roles in myeloid cells. C/EBPβ has well-established roles in myelopoiesis (86, 87), and overexpression of LAP1 or deletion of C/EBPβ in THP-1 cells causes decreased monocyte proliferation (88). More recently, C/EBPβ was shown to be required for Ly6C+ monocyte differentiation into Ly6C- cells, through a mechanism involving C/EBPβ activation of Nr4a1 (89). In addition, Cebpb-/- bone marrow-derived macrophages have impaired phagocytic function (75, 90). Macrophage-derived C/EBPβ also modulates the balance between pro- and anti-inflammatory signals during tissue repair. In the wound healing process, pro-inflammatory cytokines such as IL-6, TNFα and IL-1β induce C/EBPβ activation in macrophages, which in turn activates these cytokines in a feedback loop to modulate inflammation (87, 91). While transcription factor regulation of macrophages has been studied in response to injury, less is known about how macrophage C/EBPβ regulates tumor progression. In a syngeneic mouse model of early-stage breast cancer progression, Cebpb was highly expressed in numerous macrophage populations identified by single cell RNA sequencing, as well as in Ly6c2+ monocytes, and S100a8+ neutrophils, the latter of which likely give rise to MDSCs (92). In metastatic melanoma, macrophages with high C/EBPβ expression had significantly higher activation of the IL6-JAK-STAT3 signaling pathway (93). These data suggest that C/EBPβ may have crucial roles in regulating the functions of tumor-infiltrating macrophages, although further investigation is required to validate this idea.

C/EBPβ has been shown to be a key transcription factor regulator of MDSCs. C/EBPβ is required for the differentiation and expansion of MDSCs in the bone marrow of septic mice, by inducing miR-21a, miR-21b and miR-181b in a STAT3-dependent manner (94, 95). In tumor models, genetic ablation of C/EBPβ from MDSCs isolated from tumors impairs T-cell suppressor activity (96). C/EBPβ can induce arginase I expression in response to injury (97, 98), providing one potential mechanism for C/EBPβ-mediated immune-suppressive function of MDSCs during cancer progression. In colon cancer cells, Gao et al. identified a long noncoding RNA, termed lnc-C/EBPβ, which binds to LIP to inhibit the activation of C/EBPβ target genes, such as Arg1, Nos2, Nox2 and Cox2, and thus negatively regulates immune-suppressive functions of MDSCs (99). In TNBC, LAP2 was shown to promote the recruitment of MDSCs by activating G-CSF and GM-CSF through a tumor-specific glycolysis-dependent pathway (100, 101). Together, these studies suggest that both tumor- and myeloid-derived C/EBPβ are important regulators of MDSC immune-suppressive function.




5.  Discussion.

C/EBPβ has emerged as a critical transcription factor for successful breast tumor progression, promoting cancer cell growth and survival, metastasis, inflammation, and potentially immune evasion (Figure 1). C/EBPβ has also been implicated in therapeutic resistance. In colorectal cancer, FOXO1/C/EBPβ/NF-κB signaling is required for CCL20-dependent recruitment of regulatory T cells, which confer chemoresistance to 5-fluorouracil (102). Radiation resistance of nasopharyngeal carcinoma has been attributed to the PGC1α/C/EBPβ/CPT1A axis (103), and C/EBPβ is required for therapeutic resistance in NRF2-activated non-small cell lung cancer (104). Thus, C/EBPβ may be an attractive target in overcoming therapeutic resistance.




Figure 1 | Transcription factor C/EBPβ regulates several hallmarks of cancer. C/EBPβ influences the cell cycle and epithelial-mesenchymal transition of breast cancer cells, as well as the tumor microenvironment.



While transcription factors have traditionally been considered “undruggable,” emerging studies have focused on overcoming the challenges associated with targeting transcription factors as a therapeutic strategy (105, 106). A recent study demonstrated the ability of a selective peptide C/EBPβ antagonist, ST101, to induce ubiquitin-dependent C/EBPβ degradation, resulting in tumor growth inhibition in xenograft models (107). Similarly, cell-penetrating peptides Bpep and Dpep have been designed to act as leucine zipper decoys with specificity for tumor C/EBPβ (108). Other studies have shown that LIP can be inhibited by pharmacological inhibition of mTORC1, suggesting that rapamycin analogues may be an effective therapeutic strategy (29, 109). Synthetic analogues of helenalin covalently bind and inhibit C/EBPβ and have been shown to reduce proliferation in acute myeloid leukemia cells in vitro (110, 111). In non-small cell lung cancer, metformin reduced tumor growth via the AMPK/C/EBPβ/PD-L1 axis (112). The efficacy of these small molecule inhibitors in breast cancer has yet to be determined.

Despite emerging studies demonstrating the importance of C/EBPβ in breast cancer progression, much remains to be learned about the gene regulatory networks induced by C/EBPβ during tumor progression. The complexity of C/EBPβ isoform-specific gene regulation (Table 1) has largely hindered our understanding of C/EBPβ-induced gene expression in both tumor and immune cells. LAP1/LAP2 and LIP can have opposing functions within the same pathway or program, yet many valuable studies lack details on which isoform of C/EBPβ regulates gene expression and protein function. The lack of isoform-specific antibodies continues to present a significant challenge for both basic science and clinical studies (44). For example, defining isoform specificity at different stages of breast cancer progression may provide insights on whether isoform expression, and downstream targets, are of prognostic value. Despite these limitations, advances in genetic mouse models and gene editing technology has recently allowed for the study of individual isoforms, by using approaches that delete C/EBPβ while simultaneously overexpressing LAP2 or LIP (31). Future studies should focus on understanding isoform-specific functions in both the tumor and immune cells, which will have critical implications for developing therapeutic strategies that target either specific C/EBPβ isoforms, such as LIP, or C/EBPβ-induced target pathways.


Table 1 | Isoform-specific regulation of gene expression and protein function.
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Introduction

Breast cancer diagnosis and treatment have been shown in studies to have a negative impact on patients’ physical, psychological, and social well-being, as well as overall quality of life. Psychologically, it’s linked to sadness, anxiety, and demoralisation. Stigma contributes to the hidden burden of breast cancer as a chronic illness. Research on the elements that breast cancer survivors encounter as influences on stigma associated to the disease is lacking. Based on the lived experiences of breast cancer survivors, this study sought to investigate the factors that lead to the manifestations of both self- and public breast cancer stigma.





Methods

Individual semi-structured interviews with 24 patients diagnosed with breast cancer were performed, followed by five focus groups with 25 patients diagnosed with breast cancer. Interviews were verbatim transcribed and analysed using thematic framework analysis.





Results

Two major themes have emerged from the data: a) Breast cancer stigma among breast cancer survivors, highlighting the various manifestations of stigma and the variables that influence them; including disease-related factors, patients’ views of cancer, public perceptions of breast cancer, family and interpersonal dynamics, and b) Stigma resilience and empowerment, emphasising the necessity of sociocultural transformation and coping strategies to preserve resilience.





Conclusions

To improve the well-being of breast cancer survivors, practitioners and health policymakers should be aware of the breast cancer stigma that underpins patients’ emotional and behavioural outlooks and its potential consequences on patients’ quality of life. They need to develop interventions to address the different stages of cancer stigma taking into consideration sociocultural influences, norms, and beliefs.





Keywords: breast cancer, stigma, survivor, manifestations, Arab, Middle East, Jordan, factors (individual factors contextual factors)





Introduction

Breast cancer is the most common female cancer worldwide and particularly in the Middle East (1). Breast cancer is Jordanian women’s most prevalent malignancy and the leading cause of cancer-related death (2). According to Jordan’s Cancer Registry (JCR), breast cancer is the most common cancer among females 38.5%, accounting for around 20.8% of all cancer diagnoses (2). Breast cancer in Jordan, similar to other low- and middle-income neighbouring countries, has a variety of distinguishing characteristics. The median age at presentation is 52 years, ten years younger than the median age in developed countries. Additionally, about a third of patients present with locally advanced or metastatic disease, highlighting the critical nature of early detection programmes (3).

Breast cancer diagnosis and treatment have been proven in studies to have a significant detrimental impact on patients’ physical, psychological, and social well-being, as well as and overall quality of life (4). Psychologically, it’s connected to depression, anxiety, and demoralisation in cancer patients (5). Breast cancer treatment modalities typically include a combination of surgery, chemotherapy, radiotherapy, targeted or hormonal therapy (6). Nearly every breast cancer patient has a surgical resection as part of their cancer treatment, which may cause disfigurement or changes in body image. Patients are stigmatised regardless of whether they have mastectomy or breast conserving surgery (4, 7). Throughout the course of the disease, the psychosocial burden of the disease and its ramifications such as poor social support, role functioning issues, and family crisis may further contribute to stigmatisation (8). As a result of recent breakthroughs in cancer treatment modalities and quality of care, the life-changing burden of cancer has shifted from treatment and mortality rates to a spectrum of medical and non-medical issues known as survivorship (9). Cancer survivors are confronted with a plethora of cancer treatment’s long-term adverse effects that may be a culprit in breast cancer stigmatisation. The most prevalent symptoms of which include fatigue, vasomotor symptoms, sexual dysfunction, musculoskeletal symptoms, neuropathy, and cognitive changes. Further, they may potentially develop cancer-induced conditions like osteoporosis, cardiac toxicity, obesity, infertility, and secondary malignancies (10). Breast cancer management as a chronic disease necessitates a focus on stigma as a contributor to the illness’s hidden burden (11). Stigma is a term that refers to a sense of isolation, exclusion, devaluation, and criticism that occurs throughout a social process or personal experience and has an impact on the results of physical, psychological, and social adjustment (4). Disease-related stigma is “the stigmatisation of an illness, which may be directed towards an individual or a group of people with the illness.” (5) It has detrimental consequences from diagnosis to completion (12), and to some extent, it will deter patients from seeking medical help, causing them to frequently attempt to conceal their condition from others and delay seeking medical care (13). Internalisation of cancer-related stigma results in low self-esteem and poor mental health, smaller social networks and less social potential to obtain support, and increased anticipation of social rejection, all of which negatively impact quality of life (5). Cancer is considered a socially stigmatised disease in many cultures, but some aspects of stigma are more prevalent than others (14). Previous research suggested a pervasive stigma associated with cancer. According to an early study, 52% of women with breast cancer in the United States of America reported feeling avoided or dreaded (14). Recent research has proven the high prevalence of cancer stigma in the U.S. and across many nations, including but not limited to, Japan, England, and Korea (15–18). Marlow and Wardle (19) used a web-based questionnaire to investigate public attitudes toward cancer patients in the United Kingdom. The researchers defined policy opposition (e.g., more government funding spent on cancer care and treatment) and financial discrimination as unfavourable reactions to cancer patients in addition to avoidance (e.g., It is acceptable for banks to refuse to make loans to people with cancer). Similarly, Balmer et al. (20) investigated how non-cancer adult populations in high-income nations react to cancer, concluding that individuals frequently avoid discussing it. Because cancer causes fear, healthy people rarely bring it up in ordinary conversation. Typically, cancer is rarely discussed until it becomes a personal concern (21). Existing studies mostly focus on prevention, access/barriers to medical care, and treatment experience, with few evaluating cancer stigmata during survivorship. As medical treatment has improved dramatically over the past few decades, a growing proportion of cancer patients are now survivors. More research on the long-term health effects of cancer stigma is required to fully understand what patients go through from cancer diagnosis through survivorship (14). Moreover, whereas previous literature focused on the disease itself as a stigma that affected all individuals equally, it is now more pertinent to analyse cancer-related characteristics such as cancer type, visibility, and the likelihood that the disease will impede the individual’s ability to achieve personal goals or interact in social contexts. A modern concept of cancer-related stigma should focus on cancer survivors as “targets,” with cognizance of how others see them, their interpretations social settings, and their motives and goals (22).

There is a dearth of research examining the most prevalent aspects and influencing factors of breast cancer-related stigma experienced by breast cancer survivors. In this study, we use qualitative methods to bridge this gap and offer new insights that can be used to empower health programme developers and policymakers by identifying crucial areas in which this population could benefit from education to change perceptions and dispel misinformation and by developing culturally relevant breast health promotion programmes for Jordan and comparable Middle Eastern Arabic cultures.





Methods and materials




Study design

The study used semi-structured interviews and focus groups to collect qualitative data as part of a larger project on breast cancer survivors’ experiences and a patient-centred holistic digital platform for cancer supportive care. The qualitative methodology was chosen to examine of cancer survivors’ lived experiences, attitudes, and behaviours (23). Semi-structured interviews were used to obtain women’s experiences and perspectives (24, 25). Focus groups were used to explore detailed attitudes and experiences of participants, revealing similarities and differences as perspectives and views were shared (26). The interview schedule was based on a priori framework and a review of studies examining experiences with breast cancer survivors. The topic guide was influenced by the Trajectory of Breast Cancer (TBC) framework developed by Simit et al. (27), who synthesised stories from a heterogeneous group of women with different types of breast cancer. They varied in age, disease stage, treatment regimen, country of origin, and other characteristics (27). This review’s scope allowed for a broad analysis of international breast cancer narratives. It provided a breast cancer timeline so researchers to consider breast cancer experiences relative to TBC time-points. Specifically, the framework included the time-point ‘survivorship,’ which is important given the rising number of breast cancer survivors (27). This highlights the complicated illness of breast cancer and the need for support before, during, and after active treatment (5). The topic guide covered three sections: the first section explored cancer challenges and the patient journey; the second section focused on communication with healthcare professionals, treatment challenges, and follow up; and the third section explored social support sources, care pathway constraints, coping strategies, and online resources for adjusting to the illness. The interview guide includes prompts. A pilot interview with a breast cancer survivor was audiotaped and transcribed verbatim before the study began to ensure clarity, flow, format, and structure of the questions. This interview was excluded from the final analysis. See the supplementary document for the full interview guide.





Ethical considerations

This qualitative study was approved by Jordan University Hospital (JUH) approval number: (10/2019/8990) and Kingston’s university ethical requirements for scientific research (Approval number/1416). Before the study, participants gave written and verbal consent. Specifically, verbal consent was obtained from members participating in online group discussions.





Data collection

Participants were recruited from oncology outpatient clinics at Jordan University Hospital, a large tertiary semi-governmental hospital in Amman. Purposeful sampling was used to reflect the whole population of breast cancer survivors by identifying those articulate, reflective, and willing to share their experience with the interviewer (28). Inclusion criteria were: 1) diagnosis of primary breast cancer with or without recurrence from all stages (I-IV), 2) adult female aged 18 and over, 3) completed curative or salvage therapy (i.e., in follow up stage or surveillance) and 4) cognitively able to comprehend the implications of consent and participate in an interview or focus group. Two breast oncologists identified 73 patients for the study. The cancer nurse specialist called them and invited them to participate. The nurse sent them a predesigned participant information sheet (PIS) on the study’s aims and objectives via WhatsApp. Nine patients declined to participate. The lead female investigator (SJM), who has considerable experience in qualitative research, contacted the 64 patients who joined to discuss the interviews and address any queries. Participants were also assured of the anonymity and confidentiality of all information collected for the study. Participants’ demographics and medical records were collected before interviews/focus groups. The investigator (SJM) assigned participants a 1:1 interview or a focus group. Thirty-three patients preferred an interview while 31 were scheduled for a focus group. Before conducting the interviews, 15 patients dropped out, leaving 24 for the semi-structured 1:1 interview, and 25 participated in five online focus groups. Except for participants 4 and 24, who participated in a focus group., all were interviewed once (29) The data coding continued until theoretical saturation was reached and no new concepts were discovered by repeated reviewing and coding. After codes were complete, themes were developed. Themes were saturated after 22 interviews and 4 focus groups. All scheduled interviews and focus groups were held as planned (30, 31). Face-to-face Interviews were conducted between (2/1/2020 and 28/2/2020) and lasted from 42-147 minutes (average time 67 minutes). During the interviews, no one else was present. Participants were informed of the research’s purpose and signed consent forms were collected before the interviews. Focus groups were held online between (30/4/2020 and 18/6/2020) via Skype due to COVID-19 restrictions. For focus groups, verbal consent was obtained from all members before starting. Flexible question order and probing questions were used to explore some issues in depth.





Data analysis

All interviews were audiotaped in Jordanian Arabic, transcribed verbatim by the first author (SJM) and later translated to English (SJM). Two bilingual colleagues (RK and SN-G) who are fluent in Arabic and English reviewed the translated transcripts. Field notes were only taken after a 1:1 interview. No transcripts were returned to participants for feedback who were unknown to the interviewer. The study used framework methodology, a form of qualitative thematic analysis that integrates five interconnected steps to provide a systematic and rigorous audit route (32–34). The framework approach to data analysis entails five stages: familiarisation with all data, establishment of a thematic framework (based on a priori objectives, concerns, and topics expressed by participants), indexing (systematic coding of the data), charting (grouping the data thematically in charts and comparing within and across participants), and mapping and interpretation (exploration of the themes in relation to overarching patterns and explanation of the findings) (32). The framework methodology is compatible with deductive and inductive reasoning, and Gale et al. (32) advocate a combined approach. Deductive approaches use pre-selected themes and codes based on prior literature, pre-existing beliefs, or the research question, while inductive approaches derive themes from data through open (unrestricted) coding and theme refinement. According to Gale et al. (32), a mixed strategy is optimal when the research attempts to discover unanticipated aspects of the participants’ experience or how they assign meaning to phenomena while exploring some specific challenges. This paper uses a hybrid and will focus on two overarching themes related to breast cancer stigmatisation during survivorship, as revealed by the 1:1 interview and focus groups. The “health stigma and discrimination framework” was used as a theoretical framework to analyse emerging data on breast cancer stigma (5). To establish initial themes, one author (SJM) coded all transcripts. Two authors (RK and SN-G) contributed to the conceptualization and development of the thematic framework and consistency review of emerging themes and codes. Regular researcher meetings ensured rigour of preliminary codes. Overarching themes are organised into specific themes and subthemes based on data analysis (35, 36). To provide “referential adequacy” and “tell the story” and show data analysis conclusions, quotations were used throughout the text. This reveals the researchers’ understanding, differentiates the research participants’ voices from the researchers’, and allows readers to build their own interpretations (35, 37). All quotes are cited as interview/FG (survivor number, age in years). To evaluate, apply, and synthesise study results, the Standards for Reporting Qualitative Research SRQR was used (38).






Results




Participants

In total, 49 women with median age at diagnosis was 46 (range, 32 to 65) participated in interviews or focus groups. Twenty-nine were married, 11 were single, 7 were divorced/separated, and 2 were widowed. Most participants were diagnosed in stages I or II, and the length of survivorship ranged from 1 to 23 years. Most of the study population was highly educated with (12/49) having a master’s or doctorate degree and (24/49) holding an undergraduate degree. The characteristics of the participants are listed in Tables 1, 2.


Table 1 | Breast cancer survivors’ interviews (n=24).




Table 2 | Breast cancer survivors’ focus groups (n=25).







Themes

Two overarching themes emerged from the data 1) Breast Cancer Stigma experiences during survivorship (Figure 1); 2) Stigma resilience and empowerment mechanisms (Figure 2).




Figure 1 | Breast cancer stigma during survivorship.






Figure 2 | Stigma resilience and empowerment strategies.






Theme 1: Breast cancer stigma experiences during survivorship

The stigmatisation process during survivorship involves a complex interaction of disease-related issues, patients’ views of the illness, sociocultural factors, interpersonal and family relationships, all of which contribute to the stigma of breast cancer as a “lived reality.” Three subthemes were identified in relation to breast cancer-related stigma manifestations throughout survivorship: a) perceived cancer - related stigma (PCS) b) secondary stigma or associative stigma; and c) anticipated stigmatisation. The quotations in Boxes 1-4 provide further evidence for these themes.




Perceived cancer-related stigma (PCS)

The subtheme, perceived breast cancer-related stigma during survivorship, referred to how cancer survivors’ perceptions (attitudes, beliefs, and experiences) are impacted by a variety of influential factors and circumstances that contribute to a stigma latency during survivorship. These issues include the physical effects of cancer treatment (visible short-term effects of treatment-induced physical changes such as alopecia, nail changes, skin changes, and post-surgical sequelae), long term effects of treatment, and the failure or inadequacy of financial assistance for aesthetic and reconstructive surgery.


“I lost my hair after the second cycle. I didn’t expect how swiftly it would fall out. Afterward, I cried so much, and I broke the mirror. My whole family, even my husband, came to my side to help me feel better. I remember that time; I’m glad it’s over. You might think that after 13 years, all of the negative effects will have gone away, but it will still leave scars in one’s heart.” Interview 1 (S1, 51)

“I took the mirror out of the bathroom because just looking at myself reminds me of my condition, it’s like a disease signature.”. FG1 (S5, 41)

“I’m sure someone will notice something wrong when they look at me. I used to be sensitive, but not any longer. This is a naive way of thinking; cancer problems extend much beyond body image. For example, my relationships with others have changed; I used to have many friends, but now I only have a few since they don’t understand what it’s like to live with this condition for a long period”. Interview 7 (S7, 52)



Other quotes related to the physical effects of the treatment are provided in box 1.1. Several participants reported experiencing lymphedema, osteoporosis, a lack of strength, and pain as the most common long-term physical side effects of the treatment. They believe that these side effects are inevitable and that they have little control over them, which leaves them feeling helpless.


“Since I’ve been sick for nine years, I’m feeling weak and tired. My bones hurt, my arm hurts, my sight isn’t what it used to be, and every part of my body hurts. I can’t tell anyone because they’ll be bored, and they won’t get me. The doctors won’t be able to fix everything even if I come to the hospital. Some people say that this condition can be treated, but the effects can’t be treated.” Interview 21 (S21, 49)



Younger survivors in reproductive age (24/49 survivors, ≤ 45 years at the time of diagnosis) indicated that the long-term effects of treatment, particularly the adverse effects of hormone medication, robbed them of their feeling of youth and femininity. They gained weight and felt and looked older than their actual age.


“My period stopped four years ago after I finished my therapy. The doctors informed me it could be because of the therapy, which has made me frustrated; I no longer feel like a young lady.” FG 5 (S6, 43)



Several participants expressed that, despite their eligibility for breast reconstruction or having a prosthesis, they could not afford it, in contrast to the costs of therapy, which are covered by the Ministry of Health. In addition, prothesis failure and its complications exacerbated the issue and hindered the patients’ ability to maintain or improve their body image.


“I just wished the doctor would show me a picture of how my breast will look after mastectomy or a video; I don’t like how it looks, but I have to accept it. My doctor has told me that reconstruction is an option, but that surgery is out of the question for me. When I asked, they told me that the Ministry of Health only covers treatment costs, and that reconstruction is not a treatment.” Interview 8 (S8, 44)

“Having a silicon implant to boost my self-esteem and confidence didn’t work for two years, so now I’m going to the clinic to get rid of the problems that came from it.” Interview 19 (S19, 45)



Additionally, patients’ perceptions of the illness, which include (cancer identity and alienation; different experiences and emotions associated with cancer; cancer as a vicious cycle and religious fatalism), contributed to perceived cancer-related stigma.

As a group, cancer survivors share a common experience because of their body changes. Some participants claimed that having cancer gives them a new identity, which has been associated with social detachment or alienation, such as not participating in sad ceremonies or funerals, avoiding people and not actively interacting with peer patients in an effort to avoid adopting this identity.


“I don’t like going to the cancer centre because you just see cancer patients; it depresses me; that’s why I chose to be treated here in the hospital, because there are other patients like diabetics and arthritis, not just cancer.” FG1 (S1, 44)



According to cancer survivors, the disease was associated with cancer-specific feelings and emotions (fear, distress, anxiety, sadness, and despair). These views originate from treatment, incapacitation, recurrence, and death, and might be reinforcing elements in the disease’s perceived stigmatisation.


“When I hear of someone who lost their battle with cancer or who had a recurrence, it reminds me of myself and my journey, and how difficult it was, …………, I still feel sad for this sad ending.” Interview 16 (S16, 57)

“Yes, as you progress, you’ll feel better and your morale will rise, especially when they say you’re cured and everyone is happy after finishing the treatment stage, yes, the big fears and worries go away, but there is still an entrenched fear of cancer returning, which is why I come here for follow-ups every three months Interview 23 (S23, 46)

“I don’t feel down all the time, but I become really worried between follow-ups, especially if there are new results, or if I have certain symptoms, such as adverse effects, or if I am waiting for an imaging report, waiting for test results is stressful and overwhelming” Interview 4 (S4, 55)



Other informants viewed cancer as an empty circle that will come back.


“The doctor told me it was triple negative, but I didn’t understand what that meant at the time, they don’t tell you everything, just drop by drop, I came here to the clinic because I finished chemotherapy 3 months ago and they ran a PET scan, the doctors discovered a likely spread in the pelvis, I don’t know what to say, I don’t want to stay at home because my family is even more upset than me, especially my sister who knew everything from the beginning, it’s an empty circle.” Interview 17 (S17, 38)



Additional quotes related to patients’ perceptions of the disease are provided in Box 1.

According to the participants, societal perceptions of cancer and cultural ideas and discourses such as the ingrained nature of cancer fear, exhibiting pity as an inferiority signal instead of compassion, and society’s prejudice and judgmental unfavourable stance on cancer all play a role in internalising cancer stigma.


“I didn’t tell anyone about my condition because I didn’t want to have that look of pity in their eyes that truly hurts, that they feel sorry for me.” FG 5 (S4, 58)



Further, some cancer survivors’ outlook on the disease was influenced by their religious beliefs. Fatalism is the belief that one’s health is beyond one’s ability to control. For instance, cancer fatalism is the belief that death is inevitable when cancer is present. In a religious setting, fatalism also refers to the belief that health outcomes are predetermined or under the control of a higher power, primarily God.


“ I don’t know why I got the disease, and I believe in the prophet Mohammad hadith.” What is meant for us will find its way to us. What is not meant for us will never come to us. It is Allah’s will, and this is my fate, I think that it’s my destiny to get this disease and I can’t do anything about it”. Interview 21 (S21, 49)

“My sisters don’t care and don’t want to listen to me when I told them about screening, they said that no one knows the future except God, they said they might have other kinds of cancer, there are many causes and one death.” Interview 13 (S13, 54)



Additional quotes on community’s perceptions of the disease and cultural and religious beliefs influencing perceptions are provided in Box 1.


 BOX 1 Perceived cancer-related stigma (PCS).

Physical effects of the treatment

1.1. “When my doctor told me that even if he performed reconstruction surgery, my breasts would never be the same as before, I burst into tears, but I reminded myself that this was the best we could do. He told me that you are fortunate because many women are not candidates for reconstructive surgery. So, I'd never be the same as I used to be. The illness alters your personality. Not just one thing, but several.” Interview 8 (S8, 44)

1.2. “I was beautiful and athletic before cancer, but I can't seem to get back into shape. As a result of Tamoxifen, I gained a lot of weight and experienced hot flashes; my doctor advised me to continue taking it for at least 7 years or the cancer would return. It's giving me a lot of side effects, but I have to take it because my fear of cancer returning is so strong that if I don't have to go through chemotherapy again, you better kill me, and I'm feeling helpless.” Interview 19 (S19, 45)

Patients’ perceptions of the disease

1.3. "Seeing another cancer patient having chemotherapy or looking like a cancer patient will remind you of yourself and your experience; other people will not know or comprehend how the sickness transforms us from the inside out. Interview 4 (S4, 55)

1.4. “In the beginning, everyone told me that this was a dangerous disease, and I needed to undergo regular check-ups... " I used to feel a lump in my breast when I put my hand there. Of course, I was very afraid, and my nerves were very tired. I was on edge at the time." Interview 12 (S12, 52)

1.5. “My greatest concern is that the disease would recur, not because I am terrified of death, but because I do not want to start over with treatments, particularly chemotherapy, which is excruciating and dreadful." Interview 14 (S14, 67)

1.6. “Cancer, in general, makes you fragile and emotional; it also changes your perspective on life; you begin to see things differently; we keep it to ourselves. FG4 (S4, 69)

Society’s perception of the disease and cultural beliefs and discourses

1.7. " On Facebook, people only discuss cancer after someone dies from it; in our culture, they only mention two points: someone had cancer and, after a while, she lost her struggle with cancer; they don't even use the word cancer." FG1 (S2, 37)

1.8."I know they're not intentionally trying to make me feel bad, but I can no longer go to the funerals of my family members who have died. I don't know how I became this way; before my cancer diagnosis, I was a very gregarious person, but I can't stand by and see others grieve or go to funerals. People who are close to me won't understand, and social norms and duties make me feel like I'm a prisoner of this illness. I often wait 3 or 4 days before attending sorrowful events since my heart can't handle it". FG4 (S1, 59)

1.9. “I know God will reward me for all the suffering. I start to think about it and it makes me feel bad. I know that our lives are in God's hands.”. Interview 16 (S16, 57)







Secondary or associative stigma

The second subtheme, “associative stigma” as a manifestation of breast cancer stigmatisation, relates to the experience of stigma by cancer survivors’ family members. According to the responses, associative stigma may be influenced by family history and genetic predisposition, motherhood and disease burden, cancer, and marital status, and living with extended family.


“When I received my diagnosis, it was the worst shock of my life; I was just 42 years old and a university doctor, and I love my job. My siblings were really supportive, and they went out of their way to help me. But there is a hidden side of the story; as I already said, I am BRACA2 positive, and my aunt died from the same condition. I’m still not sure how it will affect us socially, but as for me, I’m keeping it to myself, only few people know, and as a family, we’re keeping it to ourselves.” FG1 (S1, 44)

“In general, people are more aware that breast cancer can spread in families. This isn’t true for everyone, but only those who have been properly educated on the subject. In the end, this could affect someone’s chances of getting married or her social status, because society isn’t willing to change, and the collective mind can’t be changed. It’s because if they know that you have a gene, they might think that you’re a “flawed person.” FG1 (S2, 37)

“I was divorced after 11 years of marriage and without children; someone wants to propose to me, and I want to be a mother; I underwent oocytes cryopreservation since the doctor told me it was the only way to get pregnant and have children in the future. However, there is a slim probability that it will be successful. I’m not sure if he’d still come back and propose. You are also aware of the changes that occur following surgery. It’s difficult to put into words.” Interview 24 (S24, 37)



Further quotes on associative stigma can be found in Box 2.


 BOX 2 Associative “secondary stigma”.

2.1. “I don't know who is going to take care of my autistic child, I am the only one who can take care of him, crying.” Interview 8 (S8, 44)

2.2. “When I got the disease, my little child was 2 years old and my daughter was 7,now my daughter is 17 and can take care of her brother if I’m gone, I’m grateful to God and my doctor that I was able to survive despite all the suffering, I told my doctor I didn’t want to get chemo again.so he prescribed a mouth pill, we decided not to tell anyone it had returned, and my children have no idea what it means. I don't want them to hear about the condition from other people because they are still young children.” Interview 21 (S21, 49)

2.3. "I don’t talk much about it with my family as long as I am ok. We only share positive thoughts, no one like to talk about something related to cancer, I am concerned about my daughters, I don’t want them to experience what happened to me, it’s a brutal disease. Interview 13 (S13, 54)

2.4. “My ex-husband was quite supportive during therapy; now, after four years, he has married another; I simply informed him that I wish to divorce”. Interview 5 (S5. 48)

2.5. "I am divorced, my family is upset because we see marriage as a long-term commitment, no one in our family is divorced, I have no choice, and I am unable to begin a new relationship." FG3 (S2, 39)

2.6. “I was diagnosed when I was 32 years old; I am still alive, but I have lost many things; my mother and brother are aware of my disease; my father has another wife, and we are a large family; they are unaware……. “I had both of my breasts removed. Because everyone in our small town knows everyone else, many of whom are family, we didn't tell anyone; I'm not sure if they did a genetic test, but my doctor advised me to get both breasts removed. I didn't have the energy to inquire why at the time.” Interview 22 (S22, 37)







Anticipated stigmatisation

The third subtheme explores the elements that contribute to the expression of anticipated stigmatisation among cancer survivors. These elements contribute to cancer diagnosis concealment in a variety of contexts as an adaptive response to identity threat or as a strategy for stigma resilience. Several survivors stated that they concealed their cancer diagnosis at work or from non-cancer healthcare providers. Additionally, several women acknowledged concealing their diagnosis from extended family members and disclosing it selectively to others.


“I had annual mammograms for seven years because I am educated, and I used to go with my friends. After noticing a discharge from my nipple, I rushed to the hospital, where I was referred to an oncologist. He told me to contact him if the discharge changed colour, such as if it turned bloody. When the discharge turned brown, I was terrified. Following a biopsy and an MRI, my doctor discovered ductal carcinoma in situ and performed ductal excision. Seven years were squandered performing mammograms. And they could only identify it with an MRI; I told my doctor I would have paid a thousand JD (1400$) to perform the test myself, he said it is not routinely required. I cried a lot after the doctor removed all of my breast tissue and removed my nipple. I asked my doctor to never use the term (cancer) in the medical report, simply the phrase “mammary ducts excision,” as I do not want anyone in the workplace to know I had cancer, I want to get promoted and pursue my career.” Interview 10 (S10, 45)

“During chemotherapy, I used to cover my face when I visit the cancer centre since my students are training there and I don’t want them to notice me, now I only come to see the surgeon here in the clinic” FG1 (S1, 44)

“I work in the private sector; when I informed them, I wanted to start my treatment procedure, they refused to give me an unpaid vacation; they stated I could come back and apply after I recovered.” Unfortunately, they hired someone else because, as you know, women in our community aren’t supposed to support their families financially, but I don’t want to lose my job. Then I applied for another Job, not telling them I had cancer because it was none of their business.” FG5 (S6, 43)

“I can’t work as long as I used to, I don’t have the stamina, I can’t tell my supervisor what’s going on with me, like hot flashes, how my hormones and period changes are impacting me, and all my co-workers are guys.” Interview 23 (S23, 46)

“I didn’t feel this way because I never told anyone about my disease. I also didn’t quit my job, so I’m always working.” Interview 10 (S10, 45)

“I never told a dentist or other doctor that I had cancer. I didn’t even tell the pharmacist when I bought a drug.” Interview 10 (S10, 45)

“My husband told me not to tell anyone from his family because they might start interfering and putting pressures, my parents are old, so I only told them that it’s a benign lump because my sister had breast cancer and died 15 years ago.” Interview 19 (S19, 45)



Further quotes to support the sub-theme anticipated stigmatisation are provided in Box 3.


 BOX 3 Anticipated stigmatisation.

3.1. "I took annual vacation and didn't tell anyone at work except my manager, who was quite encouraging and I told her to keep it a secret." Interview 7 (S7, 52)

3.2." When I was diagnosed I started planning my life for the next 5 years and I told my sons, I thought it's hopeless and I decided to retire early since the treatment takes a long time and I don't want to be in this working environment, and I didn't tell anybody". FG5 (S4,58)

3.3."I just didn't tell anyone except a few close friends and family members because I knew they would talk about it behind my back and hurt us. I can't take any more emotional pain because I'm already full.” Interview 16 (S16, 57)








Theme 2: Stigma resilience and empowerment

Despite the wide stigma experienced and perceived, the second theme describes the strategies and adaptations used by some cancer survivors to overcome stigmatisation adversities (Figure 2). This theme includes a sub-theme on coping strategies, which covers the following: a) positive acceptance; “Cancer has changed me profoundly, and I became a better person as a result. Because of what I’ve been through, I’ll be more attentive to the needs of others, and I’ll always do my best to get others close to me in order for them to remember how beautiful I was, because life is short and there should be something influential, we can do for others, because we’re only here for a little time.” Interview 9 (S9,43) b) self-disclosure of diagnosis; “I was diagnosed with cancer and treated at the hospital where I work. Everyone knows and has been very supportive, especially my doctor. This has given me the chance to switch to a more positive role. My doctor always calls me to support women who come to the clinic. When they see me, they cheer up and say, “Impossible! You never look as you had it before!” Interview 2 (S 2,49) c) self-esteem and self-compassion; “ You hear a lot of stories, some of which make you sad. I tell myself how lucky I am compared to those who have advanced cases or diseases that can’t be cured……… even though I’m suffering, where I’ve been and how strong I was when I was smashed to pieces.” Another informant said, “I tell myself, life is beautiful,” all the time. Sometimes I can’t feel it, but I keep reminding myself of my blessings. If nothing is good, there is bad and there is worse. This keeps me going.” Interview 15 (S15,55) and d) Islamic religiosity’s fatalistic health views and behaviour- According to some participants, this is a response to cancer as a chronic illness that brings them calm and tranquilly and aids in coping with disease adversities and social challenges.


“As I already said, the tumour was discovered in a miraculous manner. (She said, “I went to the hospital for an abdominal CT scan because I was experiencing kidney colic pain. The hospital called me two days later to tell me that they had found a lump in the lower part of my breast. That’s how my story began.) When I think of how early the disease was discovered, I am reminded of God’s mercy and care, there are some things in life that we can’t control or predict, and we will be tested in different ways in this life and rewarded in the afterlife.” Interview 24 (S24, 37)



More quotes on this sub-theme are provided in Box 4.

The other subtheme is related to sociocultural change to increase awareness, support and tackle stigma. Cancer survivors indicated that empowerment and increased engagement in support programmes necessitate a sociocultural transformation at the national level, as well as the development of formal psychosocial support services.


“No one cares about those who survive. They only get treatment…. which is good compared to other countries, but we don’t have formal psychosocial programmes to help empower women and meet their needs.” FG 3(S2,39)

“We need new ways to speak about cancer in the media that reflect the reality of the disease and the challenges in our society and to motivate people to react positively and become more engaged; also, many women in our country are disempowered and require support, as well as novel ways to reach out to the public.” FG5 (S2, 71)



Other quotes to support this sub-theme are provided in Box 4.


 BOX 4 Stigma resilience and empowerment.

Coping strategies

Islamic religiosity’s fatalistic health views and behaviour

4.1. “I always remind myself how much God cares about me.”, Interview 15 (S15, 55)

4.2 “Because our ages and our lives are all in God’s hands, we should be faithful, which is very vital, I mean acceptance and faith, will be half the way to mental relief and wellbeing. Though the diagnosis itself is a major milestone, life goes on and we must cope.” FG 5 (S2, 71)

4.3.”I see this struggle as a blessing in disguise because it brought me closer to God. He is the only one who knows the pain, and he will pay me back in the afterlife.” Interview 2 (S2, 49)

4.4. “I like to be around people, and I don’t care what they think of me because I become more self-conscious. Since my diagnosis, my life has been guided by a hadith from the Prophet Mohammed. (Never a believer is stricken with a discomfort, an illness, an anxiety, a grief or mental worry or even the pricking of a thorn but Allah will expiate his sins on account of his patience).” FG5 (S2, 71)

Sociocultural change to increase awareness, support and tackle stigma

4.5. “Before I had the disease, I used to think like every one, every one fears cancer, our society think that all cancers are the same, it leads to death eventually, every year we see this ultra-positive pink campaign “promise us you will get checked”, we hear lots of positivity like it will be highly curable, but when I get into the experience the society still fear the disease, they don’t know what does it mean to go through all this, they don’t know how our lives changed upside down, we have awareness campaigns but we need support programs and the awareness programs should focus on the rest of the journey not only screening and treatment.” FG5 (S4, 58)

4.6. “It’s going around like the flu! When I come to follow up, I see new women coming in to check for symptoms; nearly every one of us knows someone who has the disease; we have a screening programme, but I believe it is insufficient; I believe we need more effective awareness programmes to educate the public, family, and caregivers; and these initiatives should be tailored to our cultural and societal norms.” FG1 (S2, 37)

4.7.”We can’t make national support programmes or support groups until we fix cultural problems. If we don’t, many women won’t join…”FG1 (S1, 44)









Discussion

This study addressed the social construction of breast cancer-related stigma as a “lived reality” through Jordanian breast cancer survivors’ narratives and experiences. We sought to comprehend self and public breast cancer stigma, as well as the elements that contribute to its manifestations, which stem from cancer survivors’ conceptions, beliefs, and lived experiences with the disease as a chronic condition. Other factors include social interactions, cultural and religious beliefs, societal norms, and discourse. Two overarching themes emerged from the data. The first theme- breast cancer stigma during survivorship - portrayed the various manifestations of cancer-related stigma during survivorship as a complex interaction of disease-related factors, family dynamics and interpersonal relationships, patient perceptions of the disease, and public perceptions and sociocultural beliefs and attitudes. Our findings revealed that PCS (5) was influenced by short- and long-term cancer-related physical consequences (for example, alopecia, mastectomy, and weight gain). Previous research indicated that regaining physical and psychological health following a breast cancer diagnosis may be a long and challenging process for survivors (especially in terms of body image issues) (4). Financial constraints to restoring a healthy body image or the failure of cosmetic procedures, according to our results, are among the factors that contribute to disease stigmatisation. A substantial body of evidence suggests that PCS adversely impacts breast cancer patients’ attitudes, behaviours, psychological, and quality of life (4, 40, 41). Almost all the breast cancer patients who underwent treatment suffered from significant side effects. The majority of survivors experienced significant and long-lasting physical alterations, clinical symptoms, sleep disturbances, and lifestyle changes that reduced their quality of life (8). Therefore, survivors’ inability to adjust and manage long-term effects of treatment such as weight gain, fatigue, and osteoporosis also contribute to the inability to restore physical well-being. PCS is prevalent among women with breast cancer and stigmatisation includes negative feelings and attitudes (such as frustration, despair and depressive emotions, negative attitude and decreased healthcare seeking behaviour) as well as social avoidance of survivors (42). As the disease causes physical, psychological, and social morbidity, cancer stigma has been identified as an impediment to health promotion (43). The entrenched fear of the disease at the both the individual and public level, as well as the threat of death as it is perceived as a vicious cycle due to fear of recurrence or progression, may contribute to the stigma associated with cancer. This study corroborates with previous studies indicating that breast cancer and its treatment bestow a long-term identity change and confer a “cancer identity, “which is the basis for this judgement (11). Manifestations included social isolation, avoiding other cancer patients, and fatalistic beliefs and appearance-based judgments. The stigma associated with breast cancer is a concern. PCS has negative impacts on patients and their families at home, in the community, and at work. Anticipated stigmatisation refers to the anticipation of prejudice from others if a health problem becomes known (5). This is manifested by concealing diagnosis in different situations. This can be explained by the identity threat model proposed by Kapp et al. (44) and its components “situational threat” and “personal attributions” that enable cancer survivors to evaluate potentially harmful cues in a variety of situations (e.g., the workplace, social interactions/contexts, and the healthcare system) in different ways. Disease concealment may promote resilience and adaptation by allowing cancer survivors to selectively process disease origins, features, and effects. Although stigma sensitivity due to cancer-induced physical alterations is unique from other social stigmas, its psychosocial manifestations may be conducive to social stigma. Patients who are more sensitive or conscious of being stigmatised because of their cancer may feel more threatened by their identity. The desire to protect themselves from any threats that they perceive as endangering their professional or personal development contributes to the stigma experienced by cancer survivors, which may sustain their self-esteem in the short term but perpetuate negative stereotypes in the long run (22, 44). Cancer has a unique stigma, yet there is no universal agreement that having cancer places a person in a single stigmatised group or category. Cancer survivors vary in how much they internalise their cancer identity as part of their self-identification and this may be influenced by cultural and religious beliefs about cancer’s lethality, poor reputation, and taking control of one’s life. Those who internalise and identify with stigmatised beliefs, whether actual or perceived, may identify more as a cancer “sufferer” than as a cancer “survivor,” which conveys a positive connotation (44). The latency and dynamic nature of breast cancer-related stigma may be explained using Jones et al. (45) theory of social stigma that identified six distinguishing characteristics: concealability, course, disruptiveness, aesthetic quality, origin, and risk. “Concealability” relates to how easy patients may conceal their cancer. For example, breast cancer mastectomy is less concealable than gastrointestinal cancer. “Course” focuses on people’s perceptions about cancer prognosis and death. Cancer is commonly linked with death, even though advances in cancer therapy have enabled most cancer patients (approximately 60%) to live for a considerable period following diagnosis (46). Therefore, stigmatisation varies by stage and cancer continuum (treatment vs remission). “Disruptiveness” refers to how much cancer interferes with relationships and communication. Impaired psychosocial functioning or a poor prognosis among cancer survivors may impede contact with others who are hesitant or unsure how to approach them (15, 19). “Aesthetic” refers to the degree to which cancer makes people aesthetically unpleasant. Bilateral mastectomy or unsymmetrical breasts can cause significant disfigurement. Female chemotherapy-induced alopecia may be more aesthetically unpleasant than in male patients. Aesthetic concerns were mostly expressed by younger participants in this study. “Origin” refers to whether patients are thought to be responsible for their cancer (e.g., smoking, obesity, poor diet, or lifestyle). Because breast cancer is sometimes thought to be hereditary (due to genetic susceptibility (e.g., BRACA1/2 germline and family history)) (3), having a family member with cancer makes people feel as if their feeling of security is jeopardised or that they are not immune to cancer.

Associative or secondary stigma refers to the experience of stigma by relatives or friends of stigmatised group members or among healthcare practitioners who offer treatment to stigmatised group members (5). This was also identified among breast cancer survivors and is consistent with Arab culture. Arab women feared their husbands would divorce them or take a second wife if they were no longer fertile or sexually attractive, compromising family integrity (46). Protecting and promoting the well-being of their families was a top priority for many Jordanian and Arab women. Some mothers hide their diagnoses from their children to spare them sadness. Our findings suggest internalised stigma may undermine mothers’ protective sensations, especially in extended families (47, 48). In their sociocultural context, it is not uncommon for Arab women who are aware of a family history or genetic predisposition to assume that their daughters or sisters have a lower likelihood of marrying or having children and to blame themselves. As a result, people prefer not to share anything that could jeopardise or stigmatise their family’s integrity or reputation (47–49), and families frequently respond to social stigma and its attendant harm to family well-being by maintaining strict concealment regarding breast cancer (47–49). This can lead to delays in seeking medical evaluation or early detection (50). This is of concern considering that the median age of the study population is relatively young.

The second theme describes stigma resilience and empowerment based on sociocultural change and coping strategies used by survivors to counter the stigmatisation process. Our findings show that empowered breast cancer survivors may play a key role in promoting early detection by sharing positive experiences of successful breast cancer survivorship. Cultural awareness programmes should go beyond early diagnosis to shed light on the survivorship phase, improve public understanding of “survivorship” identity, debunk misconceptions, and provide specific psychological support initiatives to boost survivors’ health wellbeing. Awareness campaigns must be tailored to the different sociocultural norms and religious standards of the community or subcommunities, as well as the specific needs of survivors. It should reduce fear and stigma and encourage routine screenings. The goal of cancer education is to increase people’s knowledge of the causes and prognosis of breast cancer, addressing its progression, aetiology, disruptiveness, and risk (14). Further, the media is a key cultural venue that promotes illness-related structural stigma, such as in the workplace, so transformative reforms are needed in how cancer topics are communicated to the public. Self-compassion, positive acceptance of diagnosis, and self-disclosure of illness are partially aligned with earlier diagnosis and improve resilience (51). Islamic religion and religious fatalism were also good influences on resilience; this is congruent with research on Islamic philosophy of disease. In this respect, breast cancer was seen to be a test of faith delivered by God (47, 52). To pass this exam, survivors interpreted it as a call for tolerance, patience and acceptance. Such behaviour would be forever rewarded through the atonement of sins and reward in the hereafter (“Al-Akhira”).




Study strengths and limitations

The study was conducted in one hospital. Despite this, Jordanian cancer survivors are typically treated in multiple treatment facilities due to resource constraints. As a result, their interactions with the entire healthcare system may be reflected in their experiences. limitations of the study were that it only included Jordanian cancer survivors who were eligible for government treatment funding schemes. Non-Jordanians with cancer were not included, even though some are refugees with greater unmet needs due to existing socioeconomic inequities. Moreover, the study included a homogeneous group of cancer survivors, most of whom were in stages I and II. Only two survivors with incurable metastatic disease underwent salvage chemotherapy for stages III and IV. For advanced incurable cancers, further research is warranted as the stigmatisation process varies with the course of disease progression (i.e. early vs. relapse or metastatic) cancer.






Conclusions

Breast cancer-related stigma is a latent and hidden burden of the disease during survivorship, according to this study’s findings. Health policy makers and oncology practitioners need to allocate more attention and resources to reducing cancer-related stigma among the public and creating psychosocial supportive programmes for cancer survivors who are at risk of stigmatisation.
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Background

The incidence of breast cancer is increasing globally; however, survival outcomes vary and are lower in developing countries.





Methods

We analyzed the 5- and 10-year survival rates for breast cancer according to the type of healthcare insurance (public vs. private) in a referral center for cancer care in the Brazilian southeast region. This hospital-based cohort study included 517 women diagnosed with invasive breast cancer between 2003 and 2005. The Kaplan–Meier method was used to estimate the probability of survival, and the Cox proportional hazards regression model was used to assess prognostic factors.





Results

The 5- and 10-year breast cancer survival rates were as follows: private healthcare service survival rate of 80.6% (95% CI 75.0–85.0) and 71.5% (95% CI 65.4–77.1), respectively, and public healthcare service survival rate of 68.5% (95% CI 62.5–73.8) and 58.5% (95% CI 52.1–64.4), respectively. The main factors associated with the worst prognosis were lymph node involvement in both healthcare services and tumor size >2 cm only in public health services. The use of hormone therapy (private) and radiotherapy (public) was associated with the best survival rates.





Conclusions

The survival discrepancies found between health services can be explained mainly by the difference in the stage of the disease at the time of diagnosis, indicating inequalities in access to the early detection of breast cancer.





Keywords: survival analysis, cohort study, breast neoplasm, prognosis, neoplasm staging





Background

Among the malignant neoplasms that affect women, breast cancer (BC) is associated with high morbidity and mortality worldwide (1), including in Brazil (2). Although BC incidence remains high in high-income countries, these countries have already experienced a tendency to reduce mortality, while middle- and low-income countries show an increased incidence with still high BC mortality (1). Combining population screening with advances in cancer treatment has been identified as an important factor in reducing mortality and the consequent expansion of the number of survivors in high-income countries (3), which reinforces the understanding that the existing differences in availability and access to early cancer diagnosis and treatment contribute to justifying the disparity observed between regions (3, 4).

The relative 5-year BC survival in Brazil increased from 68.7% between 2000 and 2004 to 75.2% between 2010 and 2014, according to surveillance data produced by the CONCORD-3 study. These percentages are lower than those found in North America and Oceania, which have values close to 90% (5). Meanwhile, the 5-year BC survival in Brazil, estimated through hospital-based studies in recent decades, has ranged from 75% to 87% (6–12), while the 10-year BC survival has ranged from 41% to 78.7% (7, 10, 12–14).

Survival analysis is widely used in oncology, especially in BC assessment, because it provides information on the effectiveness of diagnosis and treatment. Furthermore, when performed using population data, it can contribute to identifying specific characteristics of disease behavior and its prognostic factors (14, 15).

Prognostic factors are fundamental in supporting the adoption of adequate criteria for therapeutic approaches. Staging (6, 16, 17), tumor size, lymph node status (6, 9, 11, 13), and hormone receptor (HR) status (8, 11) are classic BC prognostic factors, for which there is sufficient scientific evidence to support their strong association with survival. Individual characteristics, such as age at diagnosis (18), race (13, 17, 19), and socioeconomic profile (20, 21), and those related to health services, such as therapeutic approaches (11), access, and type of health services (public or private) (22–25), have also been identified as prognostic factors that can influence BC survival.

Since 1988, Brazil has had a public health system, the Sistema Único de Saúde (SUS), which has recognized health as a right and works through a universal system delineated by territories and hierarchical networks at integrated care levels (26). In addition, private health services (individual or corporate plans) serve 24.5% of the Brazilian population, composed mainly of formal workers who are part of corporate health insurance plans (26, 27). In the context of BC, some evaluations indicate that there are differences between public and private health services regarding diagnosis and treatment in Brazil, suggesting that public health service users present with a more advanced stage of BC at diagnosis and, consequently, have a worse prognosis (12, 25, 28).

Considering the relevant role of health services in cancer care, this study aimed to evaluate the 5- and 10-year BC survival rates according to the type of healthcare service (public vs. private) in a reference center in the Zona da Mata Mineira, Minas Gerais State, Brazil.





Method

This hospital-based cohort study included women diagnosed with BC between January 2003 and December 2005 who underwent surgical and/or complementary treatment (chemotherapy, radiotherapy, or hormone therapy).

All women were assisted at a regional oncology referral center located in the city of Juiz de Fora, Minas Gerais, Brazil. In 2019, the municipality presented a population estimate of 568,873 inhabitants (29), which is the hub of healthcare in the southeast macro-region of Minas Gerais State, comprising 94 municipalities, and considered as a reference in the diagnosis and treatment of several medical specialties (30). The oncology reference center where the study was conducted provides care for the public health system (SUS) and the private healthcare system, which is accredited by the High Complexity Assistance Unit in Oncology (UNACON) with radiotherapy, chemotherapy, and cancer surgery services (31).

Data from the institution’s Hospital Cancer Registry were used to recruit information from patients. Data collection was carried out in a standardized form through a review of medical records by a team previously trained and advised by specialists in pathology and oncology. The retrieval of information on the follow-up of women to access vital status (defined as a determination of date of death or date last known alive) was obtained from the consultation of hospital records, the National Mortality Information System, National Registries of the Deceased (32), and the Individual Taxpayer’s Registry (33), in addition to a telephone call made by the institution’s Hospital Cancer Registry and contact with the patients’ mastologist. Among the 563 women identified, 45 patients with carcinoma in situ and one who died less than 30 days after diagnosis were excluded. We analyzed 517 women with invasive cancer, which corresponded to the study population.

The evaluated variables included three dimensions: 1) sociodemographic variables, such as age at diagnosis (<50, 50–60, ≥60 years), skin color (white and non-white), and education level (high/medium, low); 2) tumor aspects: tumor size (≤2 cm, >2 cm), lymph node involvement (present or absent), stage (initial—I, intermediate—II, advanced—III and IV), hormone receptor (positive, negative, not evaluated), and expression of biomarkers such as hormone receptors (HRs) (estrogen and/or progesterone) and human epidermal growth factor receptor-type 2 (HER2) [yes = HR± and Her2+ or HR+ and Her2−; no = HR− and Her2− (triple-negative tumor subtype)]; and 3) characteristics related to health services, such as performing tumor immunohistochemical expression according to the St. Gallen surrogate classification for breast cancer subtypes (34) (done, not done), the average time between diagnosis and first treatment (in days), type of surgery (conservative or radical), and chemotherapy/radiotherapy/hormone therapy use (no, yes). The 5- and 10-year overall BC survival rates were calculated using the time interval between the date of the histopathological report and the date of death or the end of follow-up. Women who remained alive at the end of the follow-up and follow-up losses on the date of the last contact were censored at 60 months (for a 5-year analysis) or 120 months (for a 10-year analysis). All deaths were treated as failures. To assess differences in the distribution of variables, the χ² test was used; when necessary, Fisher’s exact test was used. For the survival estimates and their comparison in relation to the studied variables, the Kaplan–Meier method and the log-rank test were used. The Cox proportional hazards regression model was used to assess prognostic factors by computing the hazard ratio (HR) and the corresponding 95% confidence interval (95% CI). The variable selection for the modeling process was based on clinical relevance and its statistical significance in the univariate analysis, considering the same variables for adjustment at 5 and 10 years in both services (public and private). The variables included in the multiple analyses were removed using the backward elimination process.

All analyses were performed using the Stata software package (version 16.0, StataCorp, TX, USA), and the research was approved by the Research Ethics Committee of the Federal University of Juiz de Fora (reference no. 2.038.397). The level of statistical significance was set at 5%. The quality of adjustment was assessed based on the likelihood ratio and overall measure of adjustment quality.





Results

Of the 517 women evaluated, 248 (48.1%) were assisted in private healthcare and 269 (51.9%) in public healthcare. Table 1 shows the distribution of women according to the study variables stratified by the type of health service assistance (private or public).


Table 1 | Distribution of study variables according to the type of healthcare services for the hospital-based cohort.



The most frequent characteristics found in both services were as follows: age group over 60 years, white skin color, residence in the municipality of the regional oncology referral center (Juiz de Fora), underwent tumor immunohistochemical expression, first treatment within 15 days of diagnosis, intermediate stage (II), tumor size >2 cm, positive hormone receptors, identified biomarker expression, and had undergone chemotherapy, radiotherapy, and hormone therapy (Table 1).

Among the women assisted in public healthcare, in the 10-year follow-up, higher percentages of death (39%, p < 0.001), low schooling level (63%, p < 0.001), non-white skin color (31.5%, p < 0.001), tumor size >2 cm (69.1%, p < 0.001), lymph node involvement (49.2%, p < 0.05), and advanced stage (III and IV) (37.3%, p < 0.001) were observed, compared with those assisted by private healthcare.

Considering the characteristics related to healthcare services, having not performed immunohistochemical tumor expression (23.1%, p < 0.001) and the use of hormone therapy (40.1%, p = 0.04) were more frequent in the public healthcare service than in the private healthcare service. No significant differences were identified in relation to the type of surgery and chemotherapy or radiation therapy according to the type of health service. The average time between diagnosis and first treatment was 11.78 days (95% CI 1.76–21.80) in the private healthcare service and 18.6 days (95% CI 10.34–26.87) in the public healthcare service.

Regarding the biological aspects of the tumor, significant differences were observed between public and private health services concerning positive hormone receptors (73.1% vs. 65.8%, p = 0.005), whereas no significant difference was observed in the absence of any qualified tumor biomarkers (triple-negative tumor subtype) (21.5% vs. 16.3%, p = 0.16).

The overall 5-year BC survival rates were 80.6% (95% CI 75.0–85.0) in the private health service and 68.5% in the public health service (95% CI 62.5–73.8), respectively, while the 10-year BC survival rates were 71.5% (95% CI 65.4–77.1) and 58.5% (95% CI 52.1–64.4), respectively.

Table 2 shows the 5- and 10-year BC survival rates according to the type of healthcare for the study variables. Unadjusted survival function estimates that indicated better survival (p < 0.05), at 5 and 10 years, were observed among white women with tumors <2 cm, initial (I) and intermediate (II) stages, positive hormone receptors, and who underwent conservative surgical treatments and hormone therapy. The survival percentages of these characteristics in private health services were greater than those in public health services.


Table 2 | Distribution of the 5- and 10-year breast cancer survival rates, according to the type of healthcare services and study variables, for the hospital-based cohort.



In the first 5 years of follow-up, the absence of an immunohistochemical profile was associated with lower survival among women from both health service types (Table 2). In this condition, the overall 5-year BC survival was 65.9% (95% CI 45.9–80.0, p < 0.05) in private health services and 56.6% (95% CI 42.8–68.3, p < 0.05) in public health services, in which 23.1% had not performed the immunohistochemical profile, a percentage significantly higher than that found in the private health service (12.5%, Table 1).

In the public health service, better 5- and 10-year survival rates were found among women who received radiotherapy (76% and 64%, respectively). Such a difference was not observed in women who were assisted in private health services.

In private health services, the prognostic factors independently associated with the risk of death, at 5 and 10 years, were the stage at diagnosis and the use of hormone therapy. While advanced staging (III and IV) was associated with an increased risk of death (5 years: HR = 11.4; 95% CI 3.75–34.9; 10 years: HR = 7.87; 95% CI 3.40–18.2), the use of hormone therapy had a protective effect (5 years: HR = 0.34; 95% CI 0.17–0.67; 10 years: HR = 0.38; 95% CI 0.21–0.66). In addition, non-white skin color was associated with a higher 10-year risk of death (HR = 1.14; 95% CI 1.01–4.96), with a trend toward a higher 5-year risk (HR = 2.23; 95% CI 0.88–5.67).

Having undergone radical surgery and the absence of hormone receptors and HER2 were associated with a higher risk of death only in the univariate analysis.

Regarding the public health service, an almost five-fold increased risk of death was observed at 5 and 10 years among women with advanced staging (HR = 4.66) compared with the initial staging. A significantly higher risk of death was also found among non-white women, when compared with white women, in 5 years (HR = 1.98; 95% CI 1.19–3.28) and 10 years (HR = 1.91; 95% CI 1.23–2.97). Hormone therapy and radiotherapy maintained the protective effect throughout the entire evaluation period, indicating that women treated with these treatments survived longer than those who were not treated with these therapeutic modalities (hormone therapy—5 years: HR = 0.28; 10 years: HR = 0.44; radiotherapy—5 years: HR = 0.47; 10 years: HR = 0.52). In addition, the use of chemotherapy reduced the risk of death by 50% at 10 years (HR = 0.51; 95% CI 0.29–0.89).

Table 3 shows the adjusted association measures of the Cox models for the 5- and 10-year BC survival rates according to the type of health services used. The 5- and 10-year overall BC survival curves for significant variables in the univariate analysis (log-rank test) according to the type of health service are illustrated in Figures 1, 2, respectively.


Table 3 | Adjusted measures of association of the Cox models for 5 and 10-year breast cancer survival rates, according to type of health care service.






Figure 1 | The 5-year breast cancer survival curves, according to the type of healthcare services. (A) Private (B) Public.






Figure 2 | The 10-year breast cancer survival curves, according to the type of healthcare services. (A) Private (B) Public.







Discussion

The overall 5- and 10-year BC survival rates were higher in the private healthcare service than in the public healthcare service. The advanced stage at diagnosis was the main factor independently associated with the worst prognosis in both health services. Therapeutic approaches to hormone therapy (in both health services), radiotherapy, and chemotherapy (in the public health service) were associated with better prognosis, whereas non-white race/skin color was associated with worse prognosis in both health services.

According to the international literature, these findings reinforce the differences in access to diagnosis and treatment in more vulnerable populations, such as those found in the Concord study, which was conducted on five continents and showed marked differences in 5-year BC survival between high-income countries (USA and Australia: ~90%) and low-income countries (South Africa: ~40%) (5). Other studies carried out in North American populations also reinforce that advanced stage at diagnosis, low socioeconomic status, and non-white race are associated with lower BC survival and are important determinants for identifying health disparities in this population (35–37).

Brazilian hospital-based studies, which mostly only evaluated women who were assisted in public health services, showed a 5-year BC survival equal to or greater than 75% (6–12), while the 10-year BC survival assessments pointed out a greater range of values, ranging between 41% and 78.7% (7, 10, 12–14). The 5-year BC survival rate found in these studies was higher than that obtained in the present study for women assisted in public health services (68.5%), which was not observed in private health services. To interpret these differences in survival, the higher percentage of characteristics suggestive of better BC prognosis in women who participated in some of these studies, such as earlier stages and positive estrogen and progesterone receptors, must be taken into account (7, 11). In line with the findings of the present study, a study that evaluated health inequities in BC survival in Brazil also observed a worse survival rate in women treated at the public health service compared with those treated at private health services, which was related to advanced staging at BC diagnosis in the public health service (25).

The 10-year overall survival of BC found in the public health service (58.5%) was higher than that observed in a study carried out at the SUS reference center for BC treatment in Joinville, State of Santa Catarina, in the southern region of Brazil (41%) (14). However, it was lower than the 10-year survival found in a university teaching hospital in Belo Horizonte, Minas Gerais (64.5%) (12). Again, these findings may be due to the difference in the distribution of BC stages between regions, since advanced stages were more frequent in Santa Catarina than in Minas Gerais, which concentrated higher percentages of early stages and well-differentiated tumors, characteristics associated with the best survival (12, 14, 23).

Most of the differences found in BC survival according to the type of health service are explained mainly by the difference in the disease stage when women arrived at the health service, indicating inequalities in access to the early detection of BC (12, 23). When the National Cancer Control Policy in Brazil was instituted (38) in 2005, and with its subsequent insertion in the strategic action plan for coping with chronic non-communicable diseases (39), an expansion of access to mammography was observed for the age group of 50 to 69. Another important breakthrough observed was the approval of legal regulations in Brazil, which established a 30-day deadline for diagnostic confirmation and a 60-day deadline to begin treatment (40). In the present study, we observed a high percentage of women who started treatment within 30 days (over 80%) in both types of health services, indicating that access to treatment after BC diagnostic confirmation occurs in a timely manner in both services. However, obstacles in the structure and limited investments in the public cancer care network continue to harm access to early BC diagnosis, recommendations, and timely treatment. These are probably the greatest challenges to enabling a cancer control policy in Brazil that guarantees equity in access to information, tracking, diagnosis, and therapeutic approaches.

The presence of lymph node involvement and tumor size >2 cm are classic prognostic factors associated with a worse prognosis and, consequently, lower survival (6, 7, 9, 13, 14, 18). Lymph node involvement was associated with a higher risk of death in both types of healthcare services, while larger tumor size was associated with a higher risk of death only in the public health service. Women who received treatment in private health service exhibited BC at earlier stages when compared with those treated at the public health service, a finding that corroborates the results of other national studies (12, 23). Such findings suggest greater difficulty in accessing diagnostic confirmation methods and mammographic screening within the Brazilian public health service (41–43), as well as lower percentages of adherence to mammographic screening (43, 44).

The risk of death among non-white women who used the public health service was significantly higher in 5 and 10 years, which can be explained by the higher percentage of advanced stages among women being treated in the public health service. Interestingly, non-white skin color was also associated with the highest risk of death in 10 years among women treated in private health services, showing racial inequalities related to BC control, even in the private network. National and international studies that have investigated BC survival have used skin color as an indirect way of measuring ‘women’s socioeconomic conditions (13, 19, 25, 45–47). Such differences should consider the difficulty in accurately defining skin color due to the intense miscegenation of the Brazilian population and the fact that, in this study, we obtained this information from the individual perceptions of health service professionals. In Brazil, Cabral et al., in their evaluation of Brazilian women with more vulnerable social profiles, such as black skin color and low education, showed long intervals between diagnosis and treatment, regardless of the stage of the disease (48). Our results corroborate those obtained in a study carried out in the southern region of the Mississippi Delta in the United States, which showed high rates of advanced stages in black women in the region, regardless of tumor subtype (20). Racial disparities were also found among African-American women when compared with European-American women, indicating that race/skin color is an important prognostic factor for BC survival. Even when tumor factors are controlled, women of African descent have a higher risk of death from BC, which suggests some secondary effects related to ethnic factors. At diagnosis, these women also have more advanced and aggressive tumors, with a disproportionate chance of survival, most likely due to inadequate access to healthcare as well as socioeconomic disadvantages (35). It is important to highlight that although tumor staging is one of the mediating factors of racial disparities in BC survival identified in several studies, it does not explain all inequalities in prognosis. Other important factors already identified are differences in treatment, the prevalence of comorbidities, and in more recent studies, the interactions between genetic and environmental factors that are mediated by epigenetic modifications (35–37). Another important aspect to emphasize is that racial disparities in BC survival are detected even in models that are also adjusted for socioeconomic variables, indicating that the race/skin color variable is not only a proxy for socioeconomic status, although the latter also plays a role in racial disparities in healthcare (19, 35–37).

The recommendation for hormone therapy was relatively high in both groups (positive hormone receptor status >65% for both health services), which may explain the better survival for women who received this therapeutic modality in both types of health services. However, a higher percentage of unevaluated hormone receptors was found in the public health service than in the private health service (8.2% public vs. 2.0% private; p = 0.005), which points to disparities in access to diagnostic and therapeutic methods between health services. Hormone therapy was also associated with a better prognosis in a study carried out on Brazilian women by Mendonça et al. (6), De Moraes et al. (7), and Guerra et al. (25).

We verified worse survival for tumors with no expression of any biomarker (triple-negative tumor subtype), corroborating the worst prognosis of this specific tumor subtype and reinforcing the need for a deeper understanding of molecular characteristics to provide more effective treatments. Similar results have been reported by Gonçalves et al. (49) comparing triple-negative and non-triple-negative tumors. In the present study, the distribution of this tumor subtype was similar between both healthcare services, which strengthens the impression that from a biological point of view, the populations under comparison were similar. In the multivariate analysis, we observed that other tumor factors independently influenced survival, such as tumor size in the public health service and lymph node involvement in both health services—factors that are related to the more advanced stage of the disease. These findings were similar to those observed by Fayaz et al. (50) in a 10-year survival study of patients with triple-negative tumors, where staging and lymphovascular invasion were the most relevant prognostic factors for the lowest survival.

Regarding the local therapeutic approach, radiotherapy was associated with better BC survival in 5 and 10 years only at public health services, which is in line with the findings of a study carried out in the western Brazilian Amazon region (11). The distribution of radiotherapy offered in the oncology care network and the displacements needed to arrive at the treatment site can partially explain the difficulties related to accessing this treatment in Brazil (51). Radiotherapy requires complex equipment infrastructure, physical facilities, and highly trained human resources so that it is offered in an appropriate way to the population, conditions that, together, limit its distribution and offer in the SUS network (51). In a study conducted in New Mexico, USA, a two-fold risk of death was identified in women who did not receive radiotherapy compared with those who used the therapies indicated by the National Comprehensive Cancer Network (NCCN) guidelines (52). The use of radiotherapy after conservative surgery reduces the rate of locoregional recurrence and the risk of death from BC, according to a meta-analysis conducted in 2011 by the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), which included more than 10,000 women with pathologically negative or positive lymph nodes (53). Other studies reinforce the beneficial effect of radiotherapy after mastectomy and adjuvant chemotherapy, even among high-risk cases with lymph node involvement, large tumors, compromised surgical margins, or even in the presence of a combination of risk factors, such as age ≤50 years, triple-negative tumor, high tumor grade, and lymphovascular invasion (54, 55).

For women treated in the public health service, the protective effect of chemotherapy on long-term BC survival (10 years) was also identified. It should be noted that current chemotherapy is more effective, with a reduction in BC mortality with the use of more active regimens, especially in patients with more advanced stages of the disease, when compared with the absence (non-recommendation) of chemotherapy (56).

Although the study has limitations inherent to the use of secondary data, hospital-based cancer registries (HCRs) are recognized as important centers for collecting information on the quality of cancer care. In Brazil, accredited oncology services are required to keep HCRs active and updated, transferring information regarding the care and treatment of cancer patients to the National Cancer Institute (INCA), which uses these data to compare the quality of care provided by oncology services and promote public health policies (57). In the healthcare services where our study was conducted, the HCR has been consolidated and has been in operation since 2000. In addition, a hospital cohort allows greater access to patient follow-up, which contributes to minimizing losses of follow-up that usually occur in cohort studies; a hospital-based cohort allows the adoption of different strategies to retrieve follow-up information, contributing to minimizing the impact of these losses as well as making it possible to recover some selected socioeconomic information through telephone contact, as was carried out for all cases in this study. Although the mean follow-up time was longer in the private network than in the public network, both for the 5-year survival analysis (private: 53.6 months; 95% CI = 51.8–55.3; public: 47.8 months; 95% CI = 45.5–50.0) and 10-year survival analysis (private: 92.4 months; 95% CI = 87.7–97.1; public: 80.5 months; 95% CI = 75.2–85.8), more deaths were identified in the public network than in the private network, and loss to follow-up was not significantly different between health services. As a result of the strategies adopted to retrieve the information, we identified very few losses over 60 months (private: 4.0%; public: 7.4%) and 120 months (private: 18.3%; public: 15.2%).

Furthermore, even in the face of difficulties in evaluating therapeutic recommendations due to the scarcity of available information, the main predictive factors that could influence the use of these therapies were considered during the analysis. On the other hand, the results emphasized the importance of the information produced by health services, which makes it possible to identify the challenges faced, particularly in the public health service responsible for the cancer care of the majority of the Brazilian population (42), as well as makes it possible to produce relevant content to support BC control practices and improve service quality.





Conclusions

There was a greater BC survival rate in the private healthcare service at 5 and 10 years compared with the public health service, with a worse prognosis related to the advanced stages of the disease and non-white skin color. Hormone treatment contributed to the reduction of the risk of death in both services, pointing to the sustained protective effect in the private network over 10 years, most likely as a result of better guidance of the recommended treatment.

The results of this study strongly emphasize the influence of social inequality on the prognosis of breast cancer in Brazil, highlighting the need, mainly on the part of the public authorities, to reinforce strategies for BC prevention aimed at health education and communication, disease and risk factor surveillance, and early detection, in addition to guaranteeing access to the recommended treatment for all identified cases, especially in the public healthcare network.
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Background

Breast cancer during pregnancy (PrBC) is a rare condition known for its aggressive clinical behavior. The presence of tumor-infiltrating lymphocytes (TILs) has been shown to have a significant impact on the prognosis of these patients. Despite some biological characteristics of the tumor that may differ depending on the gestational age, little is known about the dynamics of the immune landscape within the tumor microenvironment (TME) in PrBC. Therefore, in this study, our objective was to gain comprehensive insights into the relationship between gestational age at breast cancer diagnosis and the composition of the TME.





Methods

n = 108 PrBC were selected from our institutional registry and categorized based on the gestational age by trimester. For all cases, TILs were profiled according to the International TILs Working Group recommendations, and subtyped by CD4, CD8, and forkhead box P3 (FOXP3) immunohistochemistry. PD-L1 was tested according to the combined positive score (CPS) using the IHC 22C3 pharmDx assay, with a cutoff value of ≥10 for positivity. The statistical approach encompassed Fisher’s and Chi-squared tests, with appropriate adjustments for multiple comparisons, logistic regression models, and survival analyses based on the Kaplan–Meier method.





Results

The proportion of patients with poorly differentiated (G3) neoplasms increased as the gestational age advanced (first trimester, n = 25, 56.8%; second trimester, n = 27, 69.2%; third trimester, n = 21, 87.5%; p = 0.03). The histologic subtypes as well as the hormone receptor (HR) and HER2 status did not show significant changes across different pregnancy trimesters. In the HR+/HER2– subtype, there was a higher proportion of tumors with high/moderate TILs in the early phases of pregnancy, similar to FOXP3 expression (TILs: first trimester, n = 10, 35.7%; second trimester, n = 2, 10.5%; third trimester, n = 0; p = 0.02; FOXP3: first trimester, n = 10, 40%; second trimester, n = 3, 15.8%; third trimester, n = 0; p = 0.03). The median follow-up for our cohort was 81 months. Patients who relapsed after a breast cancer diagnosis during the first trimester were more frequently PD-L1-negative, unlike those with no disease recurrence (n = 9, 100% vs. n = 9, 56.3%; p = 0.03; hormone therapy and n = 9, 100% vs. n = 7, 53.9%; p = 0.02; chemotherapy). No statistically significant differences were seen among the three trimesters in terms of survival outcome.





Conclusion

The TME dynamics of HR+/HER2− PrBC vary based on gestational age, suggesting that immune tolerance expression during later gestational age could explain the increased aggressiveness of tumors diagnosed at that stage.





Keywords: breast cancer during pregnancy, pregnancy-associated breast cancer, PD-L1, Foxp3, tumor microenvironment, breast cancer, tumor-infiltrating lymphocytes (TILs)




1 Introduction

Breast cancer is a commonly occurring malignancy during pregnancy, accounting, albeit rare, for ~4% of early-onset breast cancers (EOBCs) (1, 2). The clinical characteristics of breast cancer during pregnancy (PrBC) often manifest as advanced tumor stage, nodal involvement, and poorly differentiated histologies, indicating a more aggressive disease presentation (3, 4). Existing guidelines recommend the adoption of breast cancer standard treatment protocols for patients with PrBC (5, 6). However, it is important to consider potential modifications to these approaches due to possible delays in the diagnosis caused by physiological changes that occur during pregnancy (6–8).

There have been reports highlighting the similarities between the immunological characteristics and mechanisms at the maternal–fetal interface and those observed in tumors (9, 10). These similarities include the mechanisms involved in maternal–fetal tolerance and tumor-host immunoediting (11). Regulatory T cells (Tregs) and programmed death-ligand 1 (PD-L1) play pivotal roles in embryo implantation and induction of maternal–fetal tolerance during pregnancy (12–14). However, the potential impact of these changes on breast cancer development and progression remains a subject of debate (15). In our previous work, we conducted a comprehensive characterization of the tumor microenvironment (TME) in a large cohort of PrBC cases (16). Our findings revealed distinctive immunological and biological features of PrBC compared to conventional EOBC. Significant differences were observed between the two groups regarding the presence of tumor-infiltrating lymphocytes (TILs) and their subpopulations, as well as the expression of PD-L1. Patients with PrBC exhibited a significantly higher risk of relapse and mortality compared to those with EOBC, particularly among those with CD8+ TILs. However, the prevalence of TILs and their prognostic significance in PrBC remain controversial, with some studies reporting a low prevalence of TILs and others observing similar clinical outcomes to EOBC (17–24).

Several studies have examined the clinicopathological alterations and prognoses associated with breast cancer diagnosed at different gestational ages (3, 25). It has been observed that the histopathological characteristics of the tumors vary significantly across gestational trimesters. Specifically, individuals diagnosed later during pregnancy often exhibit a hormone receptor (HR)-negative phenotype and experience worse clinical outcomes (3). These findings suggest the existence of distinct biological profiles of PrBC that are influenced by gestational age. Taken together, there is a need to elucidate PrBC biological dynamics and better understand the role of the immune system in these tumors. Our objective was to offer a comprehensive understanding of the correlation between the gestational age at PrBC and the varying composition of the TME.




2 Materials and methods



2.1 Patients and tissue specimens

The patients included in this study were jointly diagnosed and treated at the European Institute of Oncology (IEO), Milan, Italy, and Fondazione IRCCS Ca` Granda – Ospedale Maggiore Policlinico, Milan, Italy, between February 2002 and November 2017. The study received ethical approval from the local Ethical Committees under protocol numbers #620_2018bis and #UID3472. From our datasets, we retrieved all patients with PrBC and categorized them based on the trimester in which they were diagnosed. Representative formalin-fixed, paraffin-embedded (FFPE) blocks were carefully selected to construct tissue microarrays (TMAs) for subsequent analyses. Specifically, we generated four TMAs, each containing 180 tumor cores, resulting in a total of 720 tissue spots (with an average of 6.9 tumor samples per patient; range, 5–7 samples). For each case, the TMA sampling included both the core and periphery (i.e., invasive front) of the tumor, as well as matched normal epithelial breast tissue (i.e., glandular tissue with at least one non-neoplastic terminal ductal-lobular unit adjacent to the tumor). Our TMA protocol was optimized for immunohistochemistry (IHC) studies targeting intratumor heterogeneity in FFPE archival tissue blocks of breast cancers (26). Each case underwent thorough review, reclassification, and regrading based on the latest World Health Organization (WHO) classification of breast tumors (27) and the Nottingham histologic grading system (28). Pathologic restaging was performed following the 8th edition of the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (29). The molecular subtypes of breast cancer were determined based on the status of ER, PgR, Ki67, and HER2, following the recommendations of the St. Gallen International Expert Consensus (30).




2.2 Tumor-infiltrating lymphocyte analysis

TIL levels were assessed on 4-µm-thick hematoxylin and eosin-stained full-face sections at a ×200 magnification based on the recommendations of the International TILs Working Group (31). TIL percentage was reported only for the stromal compartment as the area of stromal tissue occupied by mononuclear inflammatory cells (including lymphocytes and plasma cells) over the total intratumoral stromal area. TILs outside of the tumor border and around ductal carcinoma in situ and normal terminal duct-lobular units were not counted. TIL percentage was recorded both as a continuous value and as sub-categories [i.e., negative (<1%), low (1%–20%), moderate (21%–50%), and high (>50%)].




2.3 Immunohistochemical analysis

The HR [i.e., estrogen receptor (ER) and progesterone receptor (PgR)], Ki67, and HER2 status were updated according to the latest breast biomarker reporting guidelines v1.5.0.1 published by the College of American Pathologists in March 2023 (available at: https://www.cap.org/protocols-and-guidelines/cancer-reporting-tools/cancer-protocol-templates, accessed 20 May 2023). HER2-low and ER-low tumors were identified using the established methodologies comprehensively described in previous studies (32–34). Subsequently, lymphocyte subtyping was performed by IHC using antibodies against CD4, CD8, and forkhead box P3 (FOXP3) on a Dako Omnis automated staining platform (Agilent, Santa Clara, CA, USA), as previously described (35–37). The presence and relative proportions of CD4−, CD8−, and FOXP3+ cells within the TME were evaluated as the percentage of positive TILs (31, 38). Then, CD4 and FOXP3 were recorded as dichotomous variables based on the cutoff value of 1%. CD8 was categorized as negative (<1%), low (1%–30%), moderate (31%–50%), and high (>50%). PD-L1 was tested according to the combined positive score (CPS) using the IHC 22C3 pharmDx assay on a Dako Link 48 platform (Agilent, Santa Clara, CA, USA), with a cutoff value of ≥10 for positivity (39–41). For each run, both positive and negative controls were included. Necrotic areas, as well as intraductal components, were excluded from the analysis. The methods and scoring systems employed are detailed in Supplementary Table S1.




2.4 Statistical analysis

Categorical variables were summarized as counts and percentages, while for continuous variables, means and standard deviations (SD) or median and Quartile 1 (Q1), Quartile 3 (Q3) were used. Normal distributions of continuous variables were tested using the Shapiro–Wilk test. Differences in the baseline characteristics between trimesters were assessed using Fisher’s exact or Chi-squared tests, and Wilcoxon rank-sum test or generalized linear models after testing for homoscedasticity (Levene test), for categorical and continuous variables, respectively. Likewise, the differences between patients who experienced progression and patients who did not, and between patients who died during follow-up and patients alive at the end of the follow-up were analyzed. The association with cancer progression or death during the follow-up was analyzed by survival analysis according to the Kaplan–Meier method and the log-rank test. Two-tailed p-values <0.05 were considered statistically significant. The analyses were performed using SAS statistical package, version 9.4 (SAS Institute Inc., Cary, NC).





3 Results



3.1 Correlation between gestational age and PrBC clinicopathological features

A total of 108 women with PrBC were included in this study (age range, 22–44 years; follow-up time, 1–247 months; median time, 81 months). The majority of the patients were diagnosed during the first trimester (n = 44, 40.7%) followed by the second trimester (n = 39, 36.1%) and the third trimester (n = 25, 23.2%). The demographic and clinicopathologic characteristics of patients in each trimester of pregnancy are provided in Table 1, while the heatmap in Figure 1 presents a detailed individual-level analysis of these characteristics. The proportion of patients with high histologic grades (G3) demonstrated a significant increase with advancing gestational age (first trimester: n = 25, 56.8%; second trimester: n = 27, 69.2%; third trimester: n = 21, 87.5%; p = 0.03). This observation was accompanied by a lower proportion of patients with low tumor stage (T1) in the later periods (first trimester: n = 25, 56.8%; second trimester: n = 15, 38.5%; third trimester: n = 6, 24.0%; p = 0.02), suggesting a more aggressive tumor behavior associated with increased gestational age. However, there were no significant changes in breast cancer subtypes or the HR and HER2 status according to the trimester of pregnancy (Table 1). Additionally, no statistically significant associations were found when comparing the prevalence of high histologic grade (G3) with breast cancer subtypes in patients diagnosed with PrBC in the last trimester (Supplementary Table S2).


Table 1 | Clinicopathological characteristics of the patients included in the study, categorized according to the respective pregnancy trimester.






Figure 1 | Heatmaps illustrating selected clinicopathologic and immune-related features of breast cancers during pregnancy (PrBC) categorized by trimester. Each column represents a patient, and each row represents a specific parameter, color-coded according to the legend below. TILs, tumor-infiltrating lymphocytes; FOXP3, forkhead box P3; PD-L1, programmed death-ligand 1; LVI, lymph-vascular invasion; LumA, luminal A; LumB, luminal B; TNBC, triple-negative breast cancer; N/A, not available.






3.2 Gestational age-dependent variations in the tumor microenvironment of PrBC

The analysis of TME dynamics across trimesters in the overall PrBC population did not reveal any statistically significant differences (Supplementary Table S3). However, when examining the tumor subtypes, we observed distinct patterns in HR+/HER2– breast cancers. In this subgroup of PrBC, the proportion of tumors with high/moderate TILs was significantly higher in the early phases of pregnancy compared to the later phases (first trimester: n = 10, 35.7%; second trimester: n = 2, 10.5%; third trimester: n = 0; p = 0.02). This finding corresponded to a higher proportion of patients with FOXP3+ TILs in the first months, which progressively decreased (first trimester: n = 10, 40%; second trimester: n = 3, 15.8%; third trimester: n = 0; p = 0.03), as shown in Table 2 and Figure 2. These findings highlight the dynamic changes in the TME of PrBC, specifically in HR+/HER2– tumors, with variations in immune composition based on gestational age.


Table 2 | Distribution of tumor-infiltrating lymphocyte (TIL) subpopulations and PD-L1 expression across pregnancy trimesters, categorized by breast cancer subtypes.






Figure 2 | Immunograms showing the distribution of selected immune-related features in different pregnancy trimesters, focusing on the HR+/HER2− subtype. PrBC, breast cancer during pregnancy; HRs, hormone receptors; TNBC, triple-negative breast cancer; PD-L1, programmed death-ligand 1; TILs, tumor-infiltrating lymphocytes; FOXP3, forkhead box P3. Significant correlations among the different subset of patients (color-coded based on the legends) are highlighted with a star (*).






3.3 Loss of PD-L1 expression as a potential indicator of disease recurrence in early pregnancy

The incidence of disease recurrence and death did not show significant differences among the trimesters, as detailed in Supplementary Figure S1, Supplementary Table S4, and Supplementary Table S5. Additionally, a higher proportion of patients who experienced disease recurrence or death showed a lack or low presence of TILs, as well as the absence of FOXP3+ and CD4+ cells. In contrast, the presence of CD8+ TILs was predominantly observed in patients with worse clinical outcomes, although statistical significance was not reached. These observations were confirmed after stratification for PD-L1 status. However, when considering score = 1 as a cutoff value for CPS, a higher proportion of patients with PD-L1 negative tumors experienced disease recurrence compared to those with CPS ≥ 1. This trend was observed across all trimesters, but statistical significance was limited to the first trimester in both endocrine therapy and chemotherapy groups (n = 9, 100% vs. n = 9, 56.3%; p = 0.03 and n = 9, 100% vs. n = 7, 53.9%; p = 0.02, respectively), as shown in Tables 3, 4. Similarly, a higher frequency of deceased patients had a lack of PD-L1 expression compared to those who survived during the follow-up period, although statistical significance was not reached (as indicated in Supplementary Table S6 and Supplementary Table S7). These results suggest that the progression of PrBC may be influenced by PD-L1 expression, observed during the early stages of pregnancy.


Table 3 | Disease progression based on the tumor immune characteristics in patients treated with endocrine therapy.




Table 4 | Disease progression based on the tumor immune characteristics in patients treated with chemotherapy.







4 Discussion

In this study, we characterized the PrBC immune landscape dynamics based on gestational age and demonstrated that the anti-tumor immune response varies throughout pregnancy. Our study unveiled diverse immunological patterns across trimesters, linked to distinct clinical outcomes. With increasing gestational age, tumor behavior became more aggressive. TIL composition varied notably throughout trimesters, with a higher proportion of tumors having high/moderate TILs and FOXP3+ cells in early pregnancy, gradually declining over time. Notably, low PD-L1 expression was associated with first-trimester disease relapse.

Certain clinicopathologic characteristics in PrBC, such as advanced stages at diagnosis, high grade, and increased lymph node involvement, can vary throughout each trimester of pregnancy (42–45). It has been previously observed that breast tumors in the later stages of pregnancy are significantly more frequently of a higher grade compared to those in the first trimester (3, 6, 25). Consistent with this, our findings showed an increased prevalence of poorly differentiated neoplasms with advancing gestational age. Not surprisingly, a lower proportion of patients had stage I tumors in later pregnancy phases, confirming the relationship between advanced gestational age and breast cancer aggressiveness. We also observed a non-significant but more pronounced proportion of Ki67 high score, LVI, and nodal involvement in the third trimester. Taken together, these findings suggest more aggressive tumor biology and provide the potential rationale for adjusting the management of high-risk individuals.

When considering the fetus as a graft, it is intriguing to contemplate the deliberate and regulated response of the maternal immune system, which has implications for both the TME and the host’s overall immune capabilities. Evaluating different breast cancer subtypes, we found that TILs were higher in early pregnancy but decreased as gestation progressed in HR+/HER2– PrBC, suggesting a progressive increase in tumor immune tolerance. High TILs in breast cancer are linked to better long-term outcomes (46–48). Consistent with this, our findings revealed that patients with worse clinical behavior were more common in the last trimester, where tumors with high/moderate TILs were less frequently observed. FOXP3+ TILs were higher in early pregnancy, gradually decreasing, confirming their role in establishing immune tolerance (16, 49). Analyzing patient survival, we discovered that all cases of disease recurrence in the first trimester were PD-L1 negative, irrespective of therapy, indicating the impact of TME dynamics, like PD-L1 expression, in early pregnancy on PrBC outcomes. These results suggest that the immune response within HR+/HER2– breast cancers varies throughout pregnancy, with a higher presence of TILs and FOXP3+ TILs in the early stages. This may indicate a more active immune response against the tumor during the initial months, potentially contributing to better clinical outcomes. As the pregnancy progresses, the proportion of tumors with high/moderate TILs and FOXP3+ TILs decrease, suggesting a potential shift in the immune landscape and immune tolerance mechanisms. During pregnancy, the maternal host undergoes adaptive changes in the immune system to protect the semi-allogenic fetoplacental unit, involving attenuation of adaptive immunity and protection from innate immune defense mechanisms (50). Malignant cells can modify metabolism and signaling pathways in the TME to enhance their survival (51). These modifications can occur through various mechanisms, including the regulation of Tregs (52). Tregs play a role in immunological tolerance and can contribute to tumor immune evasion by suppressing immune responses against cancer cells. By modulating the TME and influencing the activity of Tregs, malignant cells can create an environment that supports their survival and growth. Treg cells increase during early pregnancy, likely due to their role in implantation and placental invasion of maternal tissues (49, 53, 54). Upregulated PD-L1 expression in breast cancer contributes to immunosuppression by binding to PD-1 and suppressing T-cell response (55–57). Our findings highlight the importance of tailored clinical management based on trimester and immunological profile in PrBC.

This study has limitations that should be acknowledged. Firstly, using TMAs to assess biomarker expression may not fully capture intratumor heterogeneity. To address this, we performed re-analysis on corresponding full-face sections when heterogeneity was observed. Additionally, the small sample size and potential confounding factors may impact the clinical significance of our results, particularly for HER2+ and TNBC. Further multicentric studies are needed to gain a comprehensive understanding in these subgroups. The use of a limited IHC panel with only four immune biomarkers is another inherent limitation. Expanding the examination with spatial and multiplex technologies would provide deeper insights into the immune dynamics in PrBC. Furthermore, owing to the retrospective nature of the study, comprehensive data on specific lifestyle factors were not available. Future studies should consider incorporating detailed information on lifestyle factors to enhance our understanding of PrBC. Despite these limitations, our findings offer novel insights into the TME and biology of PrBC, potentially linking to the clinical course of patients.

In conclusion, our study suggests that immune tolerance events are involved in early gestational PrBC and that decreased TILs and FOXP3 in later months may contribute to disease aggressiveness. Understanding similarities and differences between the maternal immune system and the TME provides novel insights for tailored patient management. Consideration of trimester-specific immune profiles is important for PrBC clinical decision-making. Further research is needed to uncover underlying mechanisms and their impact on outcomes.
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Study cohorts, incidence (for patient cohort > n=100), clinical characteristics, identification sites and validation methods are detailed. Functional ESRI domains preserved in the gene fusion, in frame expression and function of ESRI fusions are also noted.

Study cohorts and
incidence

cohort of 990 TCGA breast
samples; 21 of 990 tumors
(21%)

cohort of 22 patient-derived
xenografts; 1 of 22 tumors

cohort of 15; 2 of 15
tumors

cohort of 15; 1 of 15
tumors

cohort of 91 breast cancer
patients (MET500 cohort);
Tof9l

cohort of 91 breast cancer
patients (MET500 cohort);
Tof91

cohort of 91 breast cancer
patients (MET500 cohort);
1of91

cohort of 6 patient-matched
breast cancer samples
(University of Pittsburgh
Health Science Tissue
Bank); 1 of 6 tumors

cohort of 6 patient-matched
breast cancer samples
(University of Pittsburgh
Health Science Tissue
Bank); 1 of 6 tumors.

cohort of 9542 breast
tumors (5216 from
metastatic disease) from
patients with advanced
breast cancer (Foundation
Medicine); 1 of 9542
(0.01%)

cohort of 9542 breast
tumors (5216 from
metastatic disease) from
patients with advanced
breast cancer (Foundation
Medicine); 1 of 9542
(0.01%)

cohort of 9542 breast
tumors (5216 from
metastatic disease) from
patients with advanced
breast cancer (Foundation
Medicine); 1 of 9542
(0.01%)

cohort of 9542 breast
tumors (5216 from
metastatic disease) from
patients with advanced
breast cancer (Foundation
Medicine); 1 of 9542
(0.01%)

cohort of 254 CtDNA
samples from patients with
advanced breast cancer
(Foundation Medicine); 1
of 254 tumors (0.39 %)
cohort of 254 ctDNA
samples from patients with
advanced breast cancer
(Foundation Medicine); 1
of 254 tumors (0.39 %)
cohort of 110 advanced ER
+ breast cancer patients
(Clinical Genotyping
Cohort); 1 of 110 (0.9%)
cohort of 25 breast cancers

cohort of 81 primary breast
cancers [neoadjuvant AT
(NeoAl) Trials}; 1 of 81

cohort of 81 primary breast
cancers [neoadjuvant Al
(NeoAl) Trials]; 1 of 81
cohort of 728 TCGA breast
tumors; 1 of 728 (0.13%)

cohort of 728 TCGA breast
tumors; 1 of 728 (0.13%)

cohort of 728 TCGA breast
tumors; 1 of 728 (0.13%)
cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

cohort of 2520 pairs of
tumor and normal tissues
(The Hartwig Medical
cohort)

Clinical
characteristics
primary; luminal B
subtype

endocrine therapy
resistant, metastatic ER
+

carly stage (stage I-111)
and non-metastatic ER+

early stage (stage I-11T)
and non-metastatic ER+

metastatic ER+

metastatic ER+

metastatic ER+

supraclavicular lymph
node metastasis; ER+

bone metastasis; ER+

metastatic ER+ (solid
tumor; liver metastasis)

late-stage, endocrine-
refractory (solid tumor;
local reoccurrence)

late-stage, endocrine-
refractory, metastatic
(solid tumor; liver
metastasis)

late-stage, endocrine-
refractory, metastatic
(solid tumor; liver
‘metastasis)

Stage IV, endocrine
refractory (tDNA)

Stage IV, endocrine
refractory (ctDNA)

metastatic ER+

late stage, endocrine-
refractory, metastatic
ER+

primary, treatment-
naive, ER+

primary, treatment-
naive, ER+

primary

primary

primary

metastatic ER+

metastatic ER+

metastatic ER+

metastatic ER+

metastatic ER+

metastatic ER+

metastatic ER+

Detection  Reference for
methods detection

RNA
sequencing;
PCR

(75)

RNA
sequencing

(76)

RNA
sequencing;
Nano-string;
PCR
RNA
sequencin
Nano-string;
PCR

(82)

whole exome  (83)
sequencing

whole exome  (83)
sequencing
whole exome (83)

sequencing

whole-genome  (84)
sequencing
RNA
sequencing
PCR
immunoblot
whole-genome
sequencing
RNA
sequencing
PCR
immunoblot

(81)

comprehensive  (84)
genomic

profiling

comprehensive  (84)
genomic
profiling

comprehensive  (34)
genomic

profiling

comprehensive
genomic
profiling

(84)

RNA
sequencing

comprehensive
genomic
profiling

(84)

comprehensive
genomic
profiling

1)

anchored
multiplex PCR

@

RNA
sequencing

(80)

RNA (80)
sequencing

RNA
sequencing

(80)

RNA
sequencing
PCR
RNA
sequencing

(80)

(80)

RNA
sequencing

(80)
whole-genome ~ (55)
sequencing

whole-genome (85

sequencing

whole-genome
sequencing

(85)

(85)

whole-genome
sequencing

whole-genome
sequencing

(85)

whole-genome
sequencing

(85)

whole-genome ~ (85)
sequencing

ESR1 break
point exon

exon 2

exon 6

exon 2

exon 6

exon 6

exon 6

exon 6

exon 6

exon 6

exon 6

exon 7

exon 6

exon 6

exon 6

exon 7

exon 4

exon 6

exon 6

exon 6

exon 7

exon 4

exon 5

exon 6

exon 6

exon 6

exon 6

exon 6

exon 6

exon 6

Frame

SUTR-CDS

in-frame

SUTR-CDS

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

in-frame

out-of-frame

in-frame

out-of-frame

out-of-frame

in-frame

in-frame

in frame

in-frame

in-frame

in-frame

in-frame

Functional fusion
expression

stable expression; produce
truncated CCDCI70 protein
(rather than a chimeric
protein)

stable expression and active
fusion protei

unknown

unknown

stable expression and active
fusion protein

stable expression and
inactive fusion protein

stable expression and
inactive fusion protein

stable expression and active
context-dependent fusion
protein

stable expression and
inactive fusion protein

stable expression and active
fusion protein

unknown

unknown

unknown

unknown

unknown

unknown

stable expression and active
fusion protein

stable expression and
inactive fusion protein

N/A

stable expression and
inactive fusion protein

N/A

N/A

stable expression and active
fusion protein

stable expression and a
fusion pro

stable expression and active
fusion pro

stable expression and
inactive fusion protein

stable expression and active
fusion protein

stable expression and active
fusion protein

stable expression and active
fusion protein

Function

increased cell
migration and
anchorage independent
growth;

increased colony-
formation;

reduced tamoxifen

ity

estrogen independent  (76)
growth; (30)
(81)

(75)

sensit

fulvestrant resistant
growth;

constitutive expression
of ER and EMT-like
nal

programs;
increased cell motility
and

development of lung
metastasis

unknown

unknown

estrogen independent
growth;

fulvestrant resistant
growth;

constitutive expression
of ER and EMT-like
transcriptional
programs;
increased cell motility

(81)

no role in estrogen 1)
independent and ET

resistant growth

no role in estrogen (1)
independent and ET
resistant growth

estrogen independent  (81)
growth in MCE7 but
not T47D cells

no role in estrogen
independent and ET
resistant growth

1)

estrogen independent
growth;

fulvestrant resistant
growth;

constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility

84
@1

unknown

unknown

unknown

unknown

unknown

unknown

estrogen independent
growth;

fulvestrant resistant
growth;

constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility
and

development of lung
metastasis

(80)
1)

no role in estrogen
independent and ET
resistant growth

N/A

(80)

no role in estrogen (80)
independent and ET
resistant growth

N/A

N/A
estrogen independent  (81)
growth;

ET resistant growth;
constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility
estrogen independent
growth;

ET resistant growth;
constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility

81)

estrogen independent  (51)
growth;

ET resistant growth;
constitutive expression

of ER and EMT-like
transcriptional

programs;

increased cell motility

no role in estrogen (81)
independent and ET

resistant growth

estrogen independent  (81)
growth;

ET resistant growth;
constitutive expression

of ER and EMT-like

programs;
increased cell motility

estrogen independent
growth;

ET resistant growth;
constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility

(81)

estrogen independent
growth;

ET resistant growth;
constitutive expression
of ER and EMT-like
transcriptional
programs;

increased cell motility

(81)

Reference for
function
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Characteristics

Age groups
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Unmarried

Married

Family History

No

Yes

Menopausal status
Premenopausal
Postmenopausal
Chemotherapeutic drugs
Cytotoxic

Taxanes + Cytotoxic
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Taxanes + others
Cytotoxic + Taxanes + others
rs17655

cc

CG

GG

rs751402

GG

AG

AA

52094258

GG

AG

AA

rs873601

AA

AG

GG

Frequency

30

172

177
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49
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Percent

35

20

23
15

0.2

18.6

16

Frequency
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SNPs vs Homozygous wild type No  Variants types (homozygous, heterozygous) No

Parameters (%) (C) (95% Cl)

ERCC5 rs751402 vs

Menopausal status 37 (56.1) 183 (50.3) 0.38 1.2 (0.7-2.1) 0.8
Premenopausal

Postmenopausal 29 (43.9) 181 (49.7) 03 0.79 (0.46- 0.86

1.34)

Family History 18 (27.3) 114 (31.3) 0.5 0.8 (0.4-1.4) 0.65
Positive ER/PR 45 (68.2) 282 (77.5) 0.1 0.6 (0.3-1.1) 1.6
status

Contraceptive use 25 (36.4) 63 (17.1) 0.0003 2.8 (1.6-4.9) 3.6
Married 64 (97) 361 (99.4) 0.1 0.2 (0.04-1.6) 14

ERCC5 rs17655 vs

Menopausal status

Premenopausal 206 (50.6) 14 (60.9) 03 0.6 (0.2-1) 095
Postmenopausal 201 (49.4) 9(39.1) 0.4 0.65 (0.27- 0.9
1.55)

Family History 121 (29.7) 11 (47.8) 0.07 2.1 (0.9-5.04) 179
Positive ER/PR 311 (76.4) 16 (69.6) 0.4 0.7 (0.2-1.7) 0.7
status

Contraceptive use 84 (20.7) 2(8.7) 0.1 0.3 (0.08-1.5) 14
Married 404 (99) 22 (100) 0.6 0.5 (0.02-9.5) 04

ERCC5 rs2094258 vs

Menopausal status

Premenopausal 102 (51) 118 (51.3) 0.9 0.9 (0.6-1.4) 0.06

Postmenopausal 98 (49) 112 (48.7) 0.9 1.15 (0.84- 0.9
1.57)

Family History 61 (30.5) 71 (30.9) 0.9 1.19 (0.82- 0.94
1.73)

Positive ER/PR 153 (76.5) 174 (75.7) 0.8 1.23 (0.93- 1.47

status 1.62)

Contraceptive use 42 (20.61) 45 (19.7) 0.7 1.07 (0.69- 0.33
1.68)

Married 198 (1) 228 (99.1) 0.8 1.03 (0.79- 0.2
1.35)

ERCC5 rs873601 vs

Menopausal status

Premenopausal 153 (51) 67 (51.5) 0.6 0.9 (0.6-1.3) 04

Postmenopausal 157 (49) 63 (48.5) 0.8 3.35 (2.4- 7.14
4.66)

Family History 102 (34) 30 (23.1) 0.02 0.24 (0.15- 6.44
0.37)

Positive ER/PR 224 (74.7) 103 (79.2) 0.2 3.45 (2.57- 8.33

status 4.61)

Contraceptive use 53 (17.7) 33 (25.6) 0.03 1.69 (1.07- 225
2.67)

Married 297 (99.3) 128 (98.5) 0.47 5.26 (3.93- 112

7.04)
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SNPs vs drug type

Homozygous wild typeNo

Variants types (homozygous, heterozygous)
2

Chi-Square

Pearson

ERCCS5 rs751402 vs
Cytotoxic drugs
Taxanes + Cytotoxic
Cytotoxic + Others
Taxanes + Others

Cytotoxic + Taxanes +
Others

ERCCS rs17655 vs
Cytotoxic drugs
Taxanes + Cytotoxic
Cytotoxic + Others
Taxanes + Others

Cytotoxic + Taxanes +
Others

ERCCS5 152094258 vs
Cytotoxic drugs
Taxanes + Cytotoxic
Cytotoxic + Others
Taxanes + Others

Cytotoxic + Taxanes +
Others

ERCCS5 rs873601 vs
Cytotoxic drugs
Taxanes + Cytotoxic
Cytotoxic + Others
Taxanes + Others

Cytotoxic + Taxanes +
Others

33 (53.3)
19 (317)
9 (15)
0(0)

0(0)

63 (31.7)

101 (50.8)
20 (10.1)
13 (6.5)

2(1)

39 (36.1)
55 (50.9)
9(8.3)
5 (4.6)

0(0)

32 (19.5)
107 (65.2)
11 (6.7)
12 (7.3)

2(12)

No (%) )

P <0.001
35 (19.9)
115 (65.3)

11 (6.3)

13 (7.4)

2(L1)

P >0.001
4 (28.4)
33 (89.2)
0(0)
0(0)

0(0)

28 (21.9)

79 (61.7)
11 (8.6)
8(6.3)

2 (1.6)

P >0.001
35 (48.6)
27 (37.5)
9 (12.5)
1(14)

0(0)

Correlation

02
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-0.26
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Disease recurrence after chemotherapy (r

First trimester Second trimester Third trimester
\[e} Yes (\[e} Yes No Yes
(n=16) (n=12) p-value (n=17) (n=15) p-value (n=13) (n=9) p-value
TILs, n (%) 1.000 0229 1.000
<20% 11 (68.8) 9 (75.0) 11 (64.7) 13 (86.7) 10 (76.9) 7(77.8)
>20% 5(312) 3 (25.0) 6(35.3) 2(13.3) 3(23.1) 2(222)
PD-LI(CPS), 1 (%) 0.019* 1.000 1.000
<1 7(53.9) 10 (100.0) 12 (70.6) 11(73.3) ‘ 7 (70.0) 7(77.8)
21 6 (46.2) 0(0.0) 5(29.4) 4(267) 3(30.0) 2(222)
FOXP3, n (%) 0.680 0.131 0.285
<1% 6 (46.2) 6 (60.0) 8 (47.1) 11(73.3) 10 (90.9) 6 (66.7)
>1% 7(53.8) 4(40.0) 9(52.9) 4(26.7) 1(9.1) 3(333)
CD4, n (%) 0.089 0389 1.000
<1% 7 (53.9) 9 (90.0) 10 (58.8) 11(73.3) 6 (60.0) 5 (55.6)
21% 7 (53.9) 9 (90.0) 10 (58.8) 11(73.3) 6 (60.0) 5 (55.6)
CD8, 1 (%) 0.604 0319 1.000
<1% 3(23.1) 1 (10.0) 1(5.9) 3(20.0) 2(20.0) 1(11.1)
>1% 10 (76.9) 9(90.0) I | 1(5.9) 3(20.0) I 2(20.0) 1(1L1)

TILs, tumor-infiltrating lymphocytes; FOXP3, forkhead box P3; PD-L1, programmed death-ligand 1; CPS, combined positive score. Significant associations (p < 0.05) are highlighted with an
asterisk (*).
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Disease recurrence after endocrine treatment (n = 64)

First trimester Second trimester Third trimester
(\[} Yes No Yes Yes
(n=19) (n=29) p-value (n=13) (n=10) p-value (n=4) p-value
TILs, (%) ‘ ‘ 1.000 1.000 0308
<20% 12 (63.2) 6 (66.7) 12 (92.3) 9 (90.0) 9 (100.0) 3 (75.0)
>20% 7(36.8) 3(333) 1(7.7) 1(10.0) 0(0.0) 1(25.0)
PD-LI(CPS), n (%) 0.027* 1.000 1.000
<1 9 (56.3) 9 (100.0) 11 (84.6) 9 (90.0) 7 (87.5) 4(100.0)
21 7 (43.8) 0(0.0) 2(154) 1(10.0) 1(125) 0(0.0)
FOXP3, n (%) 1.000 1.000 0333
<1% 8 (50.0) 5 (55.6) 11 (84.6) 8 (80.0) 8 (100.0) 3 (75.0)
21% 8(50.0) 4 (444) 2 (154) 2(20.0) 0(0.0) 1(25.0)
CD4, n (%) 0.364 0.339 0.548
<1% | 11 (68.8) 8 (88.9) 9 (69.2) 9 (90.0) 6(75.0) 2 (50.0)
21% 5(31.3) 1(111) 4(308) 1(10.0) 2(250) 2(50.0)
CD8, n (%) 1.000 0.281 0491
<1% 2(12.5) 1(11.1) 1(7.7) 3(30.0) 3(37.5) 0 (0.0)
21% 14 (87.5) 8 (88.9) 12 (92.3) 7 (70.0) 5 (62.5) 4 (100.0)

TILs, tumor-infiltrating lymphocytes; FOXP3, forkhead box P3; PD-L1, programmed death-ligand 1; CPS, combined positive score. Significant associations (p < 0.05) are highlighted with an
asterisk (*).
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HR+/HER2— HR-/HER2— HER2+

n=58 n=36 n=14
First Second Third First Second Third First Second Third
trimester  trimester trimester trimester trimester  trimester p- trimester  trimester  trimester
n=28 =19 n=11 =13 n=13 n=10 n=3 n=7 n=4
TILs, n (%) 0.022* 0.245 0.539
<20% » 18 (64.3) 17 (89.5) 11 (100.0) 11 (84.6) 8 (61.5) 5(50.0) 2(66.7) 5(71.4) 4 (100.0)
>20% 10 (35.7) 2 (105) 0(0.0) 2 (154) 5(38.5) 5 (50.0) 1(33.3) 2(28.6) 0 (0.0)
I PD-L1 (CPS), n 0.668 0.068 o
(%)
<10 23(92.0) | 19 (100.0) = 10 (100.0) 11 (100.0) | 13 (100.0) = 7 (77.8) 2(1000)  7(100.0) | 3 (100.0) |
=10 2(8.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 2(222) 0 (0.0) 0(0.0) 0(0.0)
PD-L1 (CPS), n 0.668 0.068 =
(%)
<10 23 (92.0) 19 (100.0) | 10 (100.0) 11 (100.0) | 13 (100.0) 7(77.8) 2 (100.0) 7 (100.0) | 3 (100.0)
>10 2 (8.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2(222) 0 (0.0) 0(0.0) 0 (0.0)
FOXP3, n (%) 0.028* 1.000 ‘ 0.276
<1% 15 (60.0) 16 (84.2) 10 (100.0) 6 (54.6) 6 (46.2) 5(55.6) 1 (50.0) 4(57.1) 4 (100.0)
>1% 10 (40.0) 3 (15.8) 0 (0.0) 5 (45.4) 7 (53.8) 4 (44.4) 1 (50.0) 3(42.9) 0 (0.0)
CD4, n (%) 1.000 0.194 0.746
<1% 19 (76.0) | 14 (73.7) 8 (80.0) 9 (81.8) 10 (769) | 4 (44.4) 2(1000) | 4(57.1) 2 (66.7)
21% 6(24.0) 5(26.3) 2(20.0) 2(182) 3(23.1) 5 (55.6) 0 (0.0) 3 (42.9) 1(33.3)
CD8, n (%) 0.224 0.075 1.000
<1% 2 (8.0) 2 (105) ‘ 3 (30.0) 5 (45.5) 1(7.7) 7 (11.1) 0 (0.0) 2 (28.6) 0 (0.0)
>1% 23 (92.0) 2 (10.5) 7 (70.0) 6 (55.5) 12 (92.3) 8 (88.9) 2(100.0) = 5(71.4) | 3 (100.0)

HR, hormone receptors; FOXP3, forkhead box P3; PD-L1, programmed death-ligand 1; CPS, combined positive score. Significant associations (p < 0.05) are highlighted with an asterisk (*).
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First trimester

Second trimester

Third trimester

n=44 n=39 n=25
Age at diagnosis, year 0.139
Mean + SD 345+4.7 352+37 36.6 £3.9
Min, max 22,44 29,41 27,43
Histological type, (%) 0.759
NST (ductal) 42 (95.5) 37 (94.5) 23 (92.0)
Other 2 (4.5) 2(51)
LVI, n (%) 20 (45.5) 19 (48.7) 13 (52.0) 0.869
T, n (%)
T1 25 (56.8) 15 (38.5) 6 (24.0)
T2 14 (31.8) 16 (41.0) 17 (68.0)
T3/4 5(11.4) 8(20.5) 2(8.0)
N+, n (%) 20 (45.5) 22 (56.4) 13 (52.0) 0.604
M+, n (%) 1(23) 2(5.6) 2(8.0) 0.619
G3 histology, 1 (%) 25 (56.8) 27 (69.2) 21 (87.5) 0.034*
ER+, n (%) 2(4.6) 4(10.3) 3(12.0) 0.243
Low 30 (68.2) 19 (48.7) 11 (44.0)
Positive
PgR+, 1 (%) 29 (65.9) 19 (48.7) 11 (44.0) 0.139
Ki67-high, n (%) 29 (65.9) 30 (76.9) 21 (84.0) 0.226
HER2+, n (%) 0.468
Low 14 (31.8) 9 (23.0) 6 (24.0)
Positive 3(6.8) 7 (18.0) 4 (16.0)
Subtypes, 1 (%) 0385
HR+/HER2- 28 (63.6) 19 (48.7) 11 (44.0)
HER2+ 3(6.8) 7 (18.0) 4 (16.0)
HR-/HER2- 13 (29.6) 13 (33.3) 10 (40.0)

SD, standard deviation; NST, no special type; LVI, lymph vascular invasion; ER, estrogen receptor; PgR, progesterone receptor. Significant associations (p < 0.05) are highlighted with an

asterisk (*).
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Private

5 years 10 years
Variables v IC 95% IC 95%
Staging
Initial (1) 1 1
Intermediate (IT) 1.40 0.39-5.04 0.6 131 0.52-3.30 0.6
Advanced (Il e IV) 114 3.75-34.9 <0.001 7.87 3.40-182 <0.001
Skin color
White 1 1
Non-white 223 0.88-5.67 0.09 224 1.01-4.96 0.05
Chemotherapy
No 1 1
Yes 118 0.46-3.02 07 1.52 0.70-3.29 03
Radiotherapy
No 1 1
Yes 0.65 0.24-1.74 04 075 0.35-1.61 05

Hormone therapy

No 1 1
Yes 0.34 0.17-0.67 0.002 0.38 0.21-0.66 0.001
Public

5 years 10 years
Variables HR" IC 95% p HR" IC 95% p
Staging
Initial () 1 1
Intermediate (II) 1.98 0.65-5.97 02 1.79 0.75-4.25 02
Advanced (III e IV) 1.66 1.63-13.3 0.004 4.66 2.05-10.6 <0.001
Skin color
White 1 1
Non-white 1.98 1.19-3.28 0.008 1.91 1.23-2.97 0.004
Chemotherapy
No 1 1
Yes 0.62 0.33-1.18 02 051 0.29-0.89 0.02
Radiotherapy
No 1 1
Yes 0.47 0.27-0.82 0.008 0.52 0.31-0.88 0.01
Hormone therapy

No 1 1

Yes 0.28 0.16-0.49 <0.001 044 0.28-0.71 0.001

HR, hazard ratio.
CI, confidence interval.
* Also adjusted for age at diagnosis (continous).
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Variables &

95% Cl p % 95% Cl % 95% Cl 95% Cl
Private Public
5 years 10 years 5 years 10 years
85.0 717  654-77.1 . 62.5-73.8 ¢ -64.4

Age
<50 823 70.9-89.5 0.44 77.6 65.5-85.8 0.14 62.9 52.6-71.5 0.09 529 42.5-62.3 0.22
50-60 84.9 73.1-91.9 76.8 63.3-85.9 80.3 67.2-88.6 66.2 51.7-77.2
260 77.3 68.5-83.9 65.5 55.7-73.6 67.7 57.7-75.7 59.8 49.5-68.7
Skin color
White 823 76.6-86.8 0.02 734 66.8-78.9 0.02 744 67.3-80.2 <0.001 | 652 57.4-71.9 <0.001
Non-white 611 35.3-79.2 50 25.9-70.0 552 43.8-65.2 435 32.5-54.0
Education
High/medium | 83.3 76.5-88.2 0.66 73.7 66.0-79.9 0.87 721 61.5-80.2 0.64 61 49.9-70.4 0.61
Low 80.4 65.8-89.3 726 56.6-83.5 68.8 60.1-75.9 57.8 48.8-65.8

Tumor immunohistochemical expression”

Done 826 76.8-87.1 0.02 73 66.3-78.6 0.12 719 65.2-77.6 0.01 59.8 52.5-66.3 0.10

Not done 659 45.9-80.0 62.5 425-772 56.6 42.8-68.3 544 40.4-66.4

Tumor size

<2cm 91.0 83.9-95.1 <0.001  83. 74.5-89.0 <0.001 88.3 78.6-93.7 <0.001 | 8Ll 70.2-88.4 <0.001
>2 cm 73.7 64.9-80.6 63.4 53.9-71.5 619 54.3-68.8 50.7 42.7-58.0 ‘

Lymph node involvement

Negative 87.3 80.7-91.8 <0.001 79.2 71.2-852 <0.001 752 66.6-81.8 0.10 68.9 59.7-76.3 0.01
Positive 709 60.5-79.1 614 50.5-70.6 655 56.5-73.0 513 42.0-59.8

Staging

Initial 95.1 87.4-98.1 <0.001 89.5 80.0-94.6 <0.001 90.6 76.9-96.4 <0.001 83.2 67.9-91.6 <0.001
Intermediate 90.6 82.7-94.9 81.1 714-87.8 812 72.1-87.6 729 62.7-80.8

Advanced 477 34.9-59.3 358 24.1-47.7 492 39.8-57.9 367 27.8-456

Hormone receptor (HR)

Positive 865 80.6-90.8 <0.001 789 72.0-844 <0.001 779 71.0-83.5 <0.001 | 641 56.2-70.9 0.03
Negative 65.7 523-76.5 53.8 39.7-65.9 57.8 453-68.5 56.1 43.5-66.7
Expression of biomarkers?

Yes 84.7 78.9-89.1 0.02 76.1 69.3-81.6 0.02 757 68.8-81.4 0.01 625 54.8-69.2 0.13

No 69.9 52.3-82.1 59.9 415-742 59.9 449-71.9 57.6 42.6-69.9

Type of surgery

Conservative 88.7 81.7-93.2 0.01 80.7 72.3-86.7 0.01 774 68.8-83.9 0.02 66 56.5-73.9 0.05
Radical 77.1 68.1-83.9 66.7 56.7-74.9 643 555-71.8 55.7 46.6-63.9
Chemotherapy

No 817 722-88.2 0.80 754 65.0-83.1 0.42 63.4 52.1-72.7 0.13 53.5 419-63.8 0.13
Yes 79.9 72.5-85.5 69.5 61.2-76.4 711 63.8-77.2 61 53.2-67.9
Radiotherapy

No 86.1 73.0-93.1 0.53 77.2 62.5-86.7 0.59 53.0 36.6-67.1 <0.001 | 473 31.1-619 0.01

Yes 82.1 75.7-87.0 734 66.0-79.4 76.0 69.4-81.4 64.1 56.8-70.5

Hormone therapy
No 59.8 47.5-70.1 <0.001 483 36.0-59.6 <0.001 457 35.8-55.0 <0.001 409 31.1-50.4 <0.001

Yes 89.4 83.7-93.2 815 74.5-86.7 833 76.5-88.3 70.1 62.1-76.8

*Log-rank test for each variable.

PAccording to St. Gallen surrogate classification for breast cancer subtypes.

“HR: estrogen and/or progesterone hormone receptor.

4Biomarkers: yes = HR* and Her2* or HR" and Her2" (non-triple-negative); no = HR™ and Her2" (triple-negative).
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Sequence Parameter

Diffusion mode

b values (s/mm?)
Average

Repetition time (ms)
Echo time
Orientation

FOV (mm?)

Scan matrix

Slice thickness (mm)
Slices

Readout segments
Oversampling in PE dir.
No. of Sat.band

Fat suppression
Voxel size
Acquisition time
Bandwidth (Hz/Px)
Accel factor PE
Accel factor slice

PE dir.

A-ZOOMit

3D diagonal
0,1,000
bo (7). brooo (21)
5,700
83
Transversal
340*158
220*102
4
26
1
0
0
SPAIR
1.5*1.5*4
2:57
988

P>A

SMS-RS-EPI

3D diagonal
0,1,000
bo (2), bi,000 (6)
3,780
78
Transversal
340155
220*100
4
26
5
50%

2
SPAIR
1.5%1.5*4
3:01
668

P>A

SMS-RS-EPI; simultaneous multislice (SMS) readout segmented echo-planar imaging;
FOV, field of view; Px, pixel; PE, phase encoding. Sat. band, saturation band, which was
used to suppress the signal from the back, to avoid the aliasing artifact; P, posterior; A,

anterior; dir., direction.
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Variable

NLR ‘ 0041°
>253 o 1(62) 35 (547) 17 (266) 8(125) ‘ ‘
<253 3 12 (194) 29 (46.8) 19 (306) 2(32) ‘ ‘

NLR, Neutrophil to Lymphocyte Ratio; CR, Complete response; PR, partial Response; SD, Stable disease; PD, Progressive disease.
a
p< 0.05.
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Primer Sequence

B-Actin CTCGCCTTTGCCGATCC
TCTCCATGTCGTCCCAGTTG

Vimentin CCGTTGAAGCTGCTAACTACCAAGAC
GTGGGTATCAACCAGAGGGAGTGAAT

N-Cadherin GTGGAGGAGAAGAAGACCAGGACTATG
CTAACAGGGAGTCATATGGTGGAGCTG

IL6 ACAAGAGTAACATGTGTGAAAGCAG
TATACCTCAAACTCCAAAAGACCAG

IL8 GAGAGTGATTGAGAGTGGACCAC
CACAACCCTCTGCACCCAGTTT

TNFo TCCTTCAGACACCCTCAACC
AGGCCCCAGTTTGAATTCTT

Snail AACTACAGCGAGCTGCAGGACTCTAA
CCTTTCCCACTGTCCTCATCTGACA

Twist AGCCGCAGAGACCTAAACAA
CACGCCCTGTTTCTTTGAAT

Slug CTCCTCTTTCCGGATACTCCTCATCT
CCAGGCTCACATATTCCTTGTCACAG

Zeb1 CAGCTCTGGGTGGAGAAGAC
CCTGACCCACTTCCAACAGT

HIF-10 TTACCGAATTGATGGGATATGAG
TCATGATGAGTTTTGGTCAGATG

ACE2 AGGAGGTCTGAACATCATCAGTG
GGGATCAGAGATCGGAAGAAGAAA

TMPRSS2 AATCGGTGTGTTCGCCTCTAC

CGTAGTTCTCGTTCCAGTCGT
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Univariate Multivariate

OR (95% Cl) OR (95% Cl)
ER status
Negative 1.00 1.00
Positive 0.87 (0.58-1.39) 0.5065 1.02 (0.63 - 1.66) 0.9180

HER2 status*

Negative (0+/1+) 1.00 1.00

Positive (3+) 1.89 (1.22 - 2.94) 0.0043 ‘ 1.48 (0.89 - 2.46) 0.1289
GRB7 status
Negative 1.00 1.00

Positive 1.59 (0.98 - 2.55) 0.0566 1.39 (0.78 - 2.44) 0.2559

ER/HER2 subtype

ER+/HER2- 1.00 1.00

ER+/HER2+ 1.93 (1.13 - 3.32) 0.0154 1.61 (0.84 - 3.09) 0.1480
ER-/HER2+ 1.72 (0.92 - 3.16) 0.0795 1.18 (0.50 - 2.67) 0.6808
ER-/HER2- 1.04 (0.63 - 1.71) 0.8528 1.07 (0.58 - 1.92) 0.8144

ER/HER2/GRB7 co-expression™

ER+/HER2-/GRB7- 1.00 1.00

ER+/HER2+/GRB7- 3.04 (147 - 6.37) 0.00245 1.80 (0.72 - 4.44) 0.1950
| ER+/HER2+/GRB7+ 1.31 (0.64 - 2.58) ‘ 0.436 1.36 (0.56 - 3.20) 0.477

ER-/HER2+/GRB7+ 2.14 (1.07 - 4.22) 0.0279 1.43 (0.52 - 3.78) 0.473

ER-/HER2+/GRB7- 0.88 (0.21 - 2.84) 0.8510 0.82 (0.13 - 3.63) 0.809

ER-/HER2-/GRB7- 1.05 (0.63 - 1.73) 0.8294 1.06 (0.58 - 1.91) 0.8317

OR, odd ratio; CI, confidence interval; IA, Indigenous American.

*HER2 equivocal (2+) cases with no confirmatory result (n=42) were excluded from the analysis.
*HER2-/GRB7+ tumors (n=2) were excluded from the analysis because of low representation.
The multivariate model was adjusted by health institution, age of diagnosis and clinical stage.
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Age of diagnosis

<50 years 83 (23.0) 27 (37.0) 25 (45.5) 6(21.4)
>50 years 278 (77.0) 40 (54.8) 30 (54.5) 21 (75.0) <0.001*
Unknown 0(0.0) 6(82) 0(0.0) 1(3.6)
AJCC Clinical stage
I1(1 Ta, Ib) 40 (11.1) 10 (13.7) 4(73) 17 (60.7)
11 (ITa, TIb) 156 (43.2) 29 (39.7) 30 (54.5) 10 (35.7)
<0.001*
TII (1T, ITIb, Tc)/TV 165 (45.7) 28 (38.4) 18 (32.7) 1(3.6)
Unknown 0(0.0) 6(82) 3(5.5) 0(0.0)
Scarff-Bloom Richardson
1 30 (8.3) 9 (13.8) 21 (382) 8 (28.6)
11 192 (53.2) 24 (36.9) 28 (50.9) 19 (67.9)
<0.001*
TII 138 (38.2) 32 (49.2) 4(7.3) 1(3.6)
Unknown 1(0.3) 0(0.0) 2(36) 0(0.0)
Tumor size
7 <20 mm 96 (26.6) 26 (35.6) 18 (32.7) 0(0.0)
>20 mm 253 (70.1) 46 (63.0) 28 (50.9) 1(3.6) 0.206"
Unknown 12 (3.3) 1(14) 9 (16.4) 27 (96.4)
Histological invasion
Negative 139 (38.5) 28 (38.4) 26 (47.3) 21 (75.0)
Positive 186 (51.5) 5 (61.6) 25 (45.5) 7 (25.0) 0.005"
Unknown 36 (10.0) 0 (0.0) 4(7.3) 0(0.0)
Lymph node involvement
Negative 188 (52.1) 12 (23.1) 11 (25.0) 1(10.0)
Positive 173 (47.9) 40 (76.9) 33 (75.0) 9 (90.0) <0.001*
Unknown 0(0.0) 21 (28.8) 11 (20.0) 18 (64.3)
Ki67 status
High (220%) 213 (59.0) 29 (39.7) 31 (56.4) 4(14.3)
Low (<20%) 148 (41.0) 44 (603) 23 (41.8) 24 (85.7) <0.001*
Unknown 0(0.0) 0 (0.0) 1(1.8) 0(0.0)
ER/HER2 tumor subtype
ER+/HER2- 204 (56.5) 50 (68.5) 26 (47.3) 23 (82.1)
ER+/HER2+ 34 (94) 8 (11.0) 11 (20.0) 3(10.7)
<0.001%
ER-/HER2+ 21 (5.8) 7 (9.6) 9 (16.4) 1(3.6)
ER-/HER2- 55 (15.2) 8 (11.0) 5(9.1) 1(3.6)
Not classifiable 47 (13.0) 0(0.0) 4(73) 0(0.0)
Clinical recurrence
Negative 247 (68.4) 24 (329) 30 (54.5) 28 (100.0)
Positive 87 (24.1) 22 (30.1) 18 (32.7) 0(0.0) <0.001*
Unknown 27 (7.5) 27 (37.0) 7(127) 0(0.0)
Vital state
Alive 277 (76.7) 41 (56.2) 32 (58.2) 28 (100.0)
Deceased 83 (23.0) 31 (42.5) 6(10.9) 0(0.0) <0.001*
Unknown 1(0.3) 1(14) 17 (30.9) 0(0.0)
Genetic ancestry (median [IQR])
European ancestry fraction [0.4(;.,5(;.59] [03(;"4;62] [0.22.,3(?.44] Not available <0.001°
1A ancestry fraction [0.32‘,4(‘)).48] [0.1(;;3;_42] [0.52',508.69] Not available <0.001°
African ancestry fraction [0.0(;.,0(:.12] [0.0(;"102.21 | [0.0(()!.,0;,08] Not available <0.001°

NCI, National Cancer Institute; FVL, Fundacion Valle de Lili; SPH, San Pedro Hospital; LAC, Las Américas Clinic; ER, estrogen receptor; IA, Indigenous American; IQR, interquartile

range.

Statistical tests: “Fisher’s exact test, *Kruskal-Wallis
Unknown and not classifiable categories were not included in the statistical analysis.
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ER status
0.48 0.41 0.07
iti 2
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0.651 0.396 0536
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Negative 88
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HER2 status*
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itiv
osttive 0.34, 057 0.37,057 0.03,0.13
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Negative (0+/1 273
egatve (015 0.42, 058 0.32, 0.50 0.03, 0.12
GRBY7 status
S ” 0.47 043 0.06
itiv
osttive 0.42, 0.56 0.40, 054 0,02, 0.10
0.256 0.019 0276
) 0.49 0.41 0.07
Regative 2 0.42, 0.59 0.32,050 0.03,0.12
ER/HER2 subtype*
0.49 0.40 0.07
ER/HERG He 0.42, 0.59 0.31,050 0.03,0.12
ER+/HER2+ 39 943 045 006
0.34, 053 0.40,055 0.03,0.15
0.053 0.023 0452
0.50 043 0.05
ER-/HER2+ z 0.38, 0.60 0.34,057 0,01, 0.09
RS - 0.51 042 0.06
041,056 0.33,050 0.03,0.12
ER/HER2/GRB7 co-expression”
0.49 0.40 0.07
ER+/HER2-/GRE7- 27 043,059 0.31,0.49 0,03, 0.12
ER+/HER2 it 0.35 055 0.06
+/GRB7- 027,042 0.42,063 0.03,0.13
ER+/HER2+/GRB7 5i 0.47 043 0.07
% 0.42,0.56 0.39,051 0.03,0.15
0.009 0.020 0558
ER-/HER2+/GRB7 » 0.45 048 0.05
+ 0.36,0.57 0.40,058 001, 0.07
0.60 035 0.07
ER-/HER2+/GRB7- 7 047, 0.62 0.28, 0.47 0.04, 0.11
051 [ 0.42 0.07
ER-/HER2-/GRB7- 4
Re/HER2-/GRE7 s 0.41, 0.56 0.33,050 0.03,0.12

1A, Indigenous American; IQR, interquartile range.

*HER?2 equivocal (2+) cases with no confirmatory result (n=42) were excluded from the analysis.
“HER2-/GRB7+ tumors (n=2) were excluded from the analysis because of low representation.
Statistical test: Kruskal-Wallis.
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Characteristic

Total
Age at diagnosis
<50
=50
Unknown
Genetic mutation
No
Yes
Unknown
BMI
<25
=25
Unknown
Bilateral disease
No
Yes
Unknown
Multifocal disease
No
Yes
Unknown
Histology on tumor biopsy
Ductal
Other
Unknown
Grade on tumor biopsy
i
11
Unknown
Ki-67 on tumor biopsy
<20
220
Unknown
HER2 on tumor biopsy
0
1+/2+(ISH negative)
Unknown
Clinical T stage
T1
T2
T3
T4
Unknown
Clinical N stage
No
N+

Unknown

N(%)

142

68 (47.9%)
74 (52.1%)
0

73 (70.2%)
31 (29.8%)
38

86 (62.8%)
51 (37.2%)
5

138 (97.2%)
4 (2.8%)
0

102 (71.8%)
40 (28.2%)
0

131 (93.6%)
9 (6.4%)
2

4(3.3%)
119 (96.7%)
19

10 (7.1%)
132 (92.9%)
0

57 (41.0%)
82 (58.9%)
3

19 (13.5%)
106 (75.2%)
6 (4.2%)
10 (7.1%)
1

80 (56.3%)
62 (43.7%)
0

four patients (53.6%) had mastectomy, 83 (58.9%) had sentinel
lymph node biopsy (SLNB) performed, and 68 patients (48.6%) had
at least 11 lymph nodes removed at the definitive surgery. pCR was
obtained in 62 patients (43.9%). After NACT, most of the patients
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Characteristic

Total
MRI
No
Yes
Unknown
Time NACT-Surgery
<30 days
>30 days
Type surgery
Conservative
Mastectomy
Unknown
SLNB
No
Yes
Unknown
Type of NACT
Anthracycline and taxane-based
Anthracycline or taxane-based
Platinum-based

Unknown

ypT

Unknown
LN assessment
<10
>10
Unknown
pCR
No
Yes
Unknown
Residual cancer burden
1
I
111
Unknown
TILs on residual tumor
<30%
=30%
Unknown
Grading on residual tumor
11
111
Unknown
Ki-67 on residual tumor
<20
=20
Unknown
Ki67 pre- vs. post-NACT
Stable/increased
Decreased
Unknown
LVSI on residual tumor
No
Yes
Unknown
Adjuvant treatment
No
Yes
Unknown
Time surgery-RT
<90 days
>90 days

N (%)

142

56 (39.4%)
86 (60.6%)
0
Median 31.4 days (16-74)
63
74

64 (46.4%)
74 (53.6%)
4

58 (41.1%)
83 (58.9%)
1

109 (76.8%)
6 (4.2%)
27 (19.0%)
0

67 (47.9%)
73 (52.1%)
2

117 (82.9%)
24 (17.1%)
1

72 (51.4%)
68 (48.6%)
2

79 (56.1%)
62 (43.9%)
1

3 (3.9%)
59 (77.6%)
14 (18.4%)

3

39 (51.3%)
37 (48.7%)
3

4(6.2%)
61 (93.8%)
14

27 (37.5%)
45 (62.5%)
7

19 (27.1%)
51 (72.9%)
9

35 (72.9%)
13 (27.1%)
31

112 (79.4%)
29 (20.6%)
1
Median, 84.6 days (43-171)
44
21

MRI, magnetic resonance imaging; NACT, neoadjuvant chemotherapy; SLNB, sentinel
lymph node biopsy; LN, lymph node; pCR, pathological complete response; LVSI,

lymphovascular space invasion; RT, radiotherapy.
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Univariate analysis Multivariate analysis

Characteristic HR (95% P-values HR (95% P-values
CI) Cn

Age at diagnosis

<50 Ref
250 0.7 (0.31-1.48) 0.34
Genetic mutation
No Ref
Yes 0.9 (0.6-1.6) 0.96
BMI
<25 Ref Ref
225 0.32 (0.12-0.8) 0.021 0.67 (0.23-1.94) 0.46
Bilateral disease
No Ref
Yes 4.3 (1.3-14.5) 0.01
Multifocal disease
No Ref Ref
Yes 32 (1.5-6.7) 0.002 3.77 (1.45-9.61) 0.005
MRI
No Ref
Yes 0.7 (0.3-1.4) 0.36
Histology on tumor biopsy
Ductal Ref
Other 0.8 (0.19-3.4) 0.78
Grade on tumor biopsy
i Ref
i 1.001 (1-1.001) 0.19
Ki-67 on tumor biopsy
<20 Ref
220 0.9 (0.99-1.006) 0.66
Clinical T stage
T1-T2 Ref Ref
T3-T4 34 (1.4-9) 0.02 1.35 (0.49-2.36) 0.07
HER2 low on tumor biopsy
No Ref
Yes 0.7 (0.4-1.1) 0.16
Clinical N stage
NO Ref Ref
N+ 24 (1.1-5) 0.02 3.77 (1.48-9.63) 0.06
Time NACT surgery
<30 days Ref
230 days 0.9 (0.94-1) 0.13
Type surgery
Conservative Ref
Mastectomy 1.8 (0.8-4.5) 0.14
SLNB
No Ref
Yes 1 (0.97-1.007) 1
LN assessment
<10 Ref
>10 1.01 (1.001- 0.05
1.04)
Type of NACT
Anthra + tax Ref
Anthra/Tax 2.98 (0.87-10.1) 0.80
Plat + other 0.41 (0.14-1.13) 0.85
agents
Anthra/tax Ref
Plat + other 0.05 (0.01- 0.06
agents 1.009)
Residual cancer burden
1 Ref
i 218 0.63
(0.001->100)
111 0.58 (0.33-089) 0.04
I Ref Ref
i 8.57 (3.58-21.3) 0.001 3.04 (1.09-9.9) 0.04
TILs on residual tumor
230 Ref
<30 3.48 (0.96-12.5) 0.06
Tumor grade on residual tumor
I Ref
111 4.2 (14-12) 0.05
Ki-67 on residual tumor
<20 Ref
>20 0.61 (0.09-3.36) 0.81
Ki-67 pre- vs. post-NACT
Stable/increased Ref
Decreased 1(0.99-1.01) 0.72
LVSI on residual tumor
No Ref
Yes 11 (3-36) 0.001
Adjuvant CHT
No Ref Ref
Yes 29 (1.5-6) 0.03 1.89 (0.21-2.14) 0.54
Time surgery-RT
<90 days Ref
>90 days 0.99 (0.99-1) 0.09

BMI, body mass index; MRI, magnetic resonance imaging; T, tumor; HER2, human epidermal growth factor receptor; N, node; NACT, neoadjuvant chemotherapy; SLNB, sentinel lymph
node biopsy; LN, lymph node; Anthra, anthracycline-based chemotherapy; Tax, taxane-based chemotherapys Plat, platinum-based chemotherapy; LVSI, lymphovascular space invasion;
CHT, chemotherapy; RT, radiotherapy.
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FU, years Incremental QALYs, n p-value Incremental costs, EUR p-value ICER, EUR

Unadjusted
1 0.003 (-0.011; 0.017) 0.668 31,422 (30,632, 32,211) <0.001 10,248,892
12 0.021 (-0.010; 0.053) 0.178 32,884 (31,817; 33,950) <0.001 1,529,645
1-3 0.064 (0.003; 0.124) 0.040 32,995 (31,606; 34,384) <0.001 517,925
1-4 0.160 (0.041; 0.280) 0.009 33,636 (31,892; 35,380) <0.001 209,934
Regression-adjusted
1 0.000 (-0.012; 0.013) 0.959 31,441 (30,658; 32,224) <0.001 93,371,819
1-2 0.013 (-0.019; 0.045) 0.437 32,863 (31,799; 33,926) <0.001 2,579,213
1-3 0.049 (-0.008; 0.107) 0.094 32,865 (31,490; 34,239) <0.001 667,611
1-4 0.088 (~0.001; 0.177) 0.054 33,336 (31,640; 35,033) <0.001 380,001

The table shows mean and 95% confidence interval for cumulative incremental impacts of PAL on QALY and costs over the respective years of FU. The unadjusted estimates were obtained
by summing the incremental mean differences between FU years. Regression-adjusted estimates were obtained by summing the average marginal effects of PAL predicted for each year of FU
from mixed-level linear models estimated on the full study population including data from all countries; see text for details. Data were censored to include patients who were present or dead
at the end of each yearly FU. The total number of patient-year records used in the estimation was 2,987 for QALYs and 3,576 for costs. Unadjusted and regression-adjusted incremental
impacts by arm and year of FU are reported in Tables A15 and A16 and mean totals by year in Figure A7 in Appendix A3.

FU, follow-up; ICER, incremental cost-effectiveness ratio; QALYs, quality-adjusted life years.
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1 Heterogeneity
Population
Population
Population

Risk factor

2
3
4
5
6 Risk factor
7 Risk factor
8 Risk factor
9 Risk factor
10 Risk factor
11 Risk factor
12 Risk factor

13 Data limitations
14 Data limitations

15  Data limitations
16 Missing values
17 Missing values

18  Correlation between
outcomes

19 Skewed outcomes

Scenario

Base case

Patients recruited in Germany

Per protocol population*

Patients randomized and treated
Patients who received 80% of PAL doses
Patients with ypN 0-1

Patients with ypN 2-3

Age < 50 years

Age > 50 years

Patients with Ki-67 < 15%

Patients with Ki-67 > 15%

Patients with CPS-EG score 2 and ypN+
Patients with CPS-EG score > 3

Excluded non-breast-cancer
hospitalizations

Included imputed expenditure in the
year of death

Include data through year 5
Complete case analysis
MICE, OLS

MICE, SUR

MICE, GLM

Incremental QALYs, p-value

n
0.088 (~0.001; 0.177) 0.054
0.021 (~0.141; 0.184) 0797
0.097 (0.007; 0.186) 0035
0.086 (~0.003; 0.174) 0.058
0.174 (0.087; 0.261) <0.001
0.084 (~0.035; 0.203) 0.167
0.104 (~0.029; 0.237) 0.126
0.034 (~0.086; 0.155) 0579
0.157 (0.024; 0.289) 0.020
0.088 (~0.003; 0.179) 0.059
0.078 (~0.134; 0.290) 0472
0.062 (~0.065; 0.188) 0341
0.094 (~0.030; 0.219) 0.138
0.088 (~0.001; 0.177) 0.054
0.088 (~0.001; 0.177) 0.054
0.201 (0.069; 0.332) 0.003
~0.027 (~0.079; 0.025) 0311
0.103 (0.015; 0.191) 0022
0.096 (0.000; 0.192) 0.051
0.103 (0.015; 0.190) 0.021

Incremental costs, p-value

EUR

33,336 (31,640; 35,033)
33,668 (30,308; 37,028)
33,381 (31,618; 35,144)
33,904 (32,240; 35,568)
35,974 (34,392; 37,556)
32,542 (30,203; 34,881)
34,071 (31,521; 36,620)
34,672 (32,267; 37,076)
31,822 (29,468; 34,176)
33,873 (31,839; 35,907)
31,335 (28,061; 34,10)
33,415 (30,533; 36,297)
33,401 (31,266; 35,535)
33,178 (31,571; 34,786)

33,293 (31,591; 34,995)

33,749 (31,450; 36,048)
34,672 (32,745; 36,598)
33,287 (31,655 34,919)
35,070 (31,502; 38,638)

33,288 (31,669; 34,907)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

<0.001

ICER

378,818
1,603,238
344,134
394,233
206,747
387,405
327,606
1,019,765
202,688
384,920
401,731
538,952
355,330
377,023

378,330

167,905
Detrimental
323,175
365,313

323,184

The table presents the estimated regression-adjusted mean (95% confidence interval) differences between the arms in QALYs gained and costs incurred at 4 years of FU. The estimates were
obtained by summing the average marginal effects of PAL predicted for each year of FU from mixed-level linear models; see text for details. Unless stated otherwise, data on QALYs and
costs were censored to only include patients who were present or dead at the end of each yearly FU; item-missingness was relatively few and filled according to the algorithms detailed in the
text. * See Loibl et al. (2021) (16)for exclusion of patients from per-protocol analysis. Scenarios 16-19 entailed multiple imputation with chained equations; missing values were filled
following predictive mean matching (radius, five patients). Further details on MICE are in Appendix A2. The full set of scenarios evaluated are reported in Table A17 in Appendix A4
FU, follow-up; ICER, incremental cost-effectiveness ratio; GLM, generalized linear model; OLS, ordinary least squares; PAL, palbociclib; SUR, seemingly unrelated regressions; QALYs,

quality-adjusted life years.
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Population All countries Germany

Arm PAL + ET (N = 631) ET (N=619) p-value PAL+ET (N=218) ET (N=214) p-value

Clinical events

FU, years® 4.13 £ 0.84 4.13 +£0.84 0.958 4.35+0.98 4.38 £ 0.95 0.802
Relapsed, % 227 233 0.801 292 316 0.586
Number of relapses, n 1.63 + 1.06 1.68 + 1.22 0.971 1.54 + 1.06 1.73 + 1.06 0.148
Developed a secondary malignancy, % 16 18 0.791 18 19 0.979
Died, % 9.8 111 0.446 164 172 0.830

Any service use by type, %

PAL 99.7 0.8 <0.001 99.5 0.5 <0.001
Hospitalization 454 44.7 0.818 514 50.7 0.888
Screening 98.9 99.2 0.583 99.5 98.6 0.308
Physical examinations and specialist visits” 99.8 99.8 0.990 100.0 99.5 0.313
Targeted therapy 8.6 11.0 0.151 10.1 14.4 0.170
Hormone therapy 100.0 99.8 0.313 100.0 100.0 <0.001
Ovarian suppression® 233 255 0.367 15.1 20.0 0.184
Radiation therapy 57 5.8 0.939 7.3 8.4 0.690
Chemotherapy 132 10.7 0.171 15.1 14.9 0.941
Mental health or physiotherapy 4.0 4.2 0.836 9.2 7.9 0.637
Of those with any service use number of visits/days of therapy/number of pills, n
PAL 324+ 95 336 £ 63 0.947 325+93 364+ 4 0.604
Hospitalizations 713 FopilL 0.828 9+10 11+12 0.135
Screening 7+5 7+4 0.164 85 7£5 0.104
Physical examinations and specialist visits” 33+12 29 £11 <0.001 34+13 29+13 <0.001
Targeted therapy 172 + 133 196 + 154 0.369 186 + 138 210 + 183 0.655
Hormone therapy 766 £ 397 769 £ 421 0.821 747 + 398 794 £ 463 0.143
Ovarian suppression® 1917 18 £17 0.641 I3ETT 1112 0.281
Radiation therapy 17+ 12 19413 0.531 18 £ 10 2215 0.557
Chemotherapy 228 £ 196 280 £212 0.054 201 + 147 309 £ 222 0.046
Mental health or physiotherapy 32441 17+13 0.349 37+44 23410 0924

Continuous variables are summarized, with a mean + SD. Significance of differences in the number of clinical events and care episodes between the arms was assessed with Fisher’s exact test
for binary, continuity-corrected chi-square test for categorical, and Wilcoxon test for continuous parameters. “FU refers to the number of years between patient entry date and study end
date irrespective of event; *Excluding visits related to administration of ovarian suppression, including examinations by physicians, referral, and follow-up visits related to screenings and
hospitalizations; ‘Included goserelin or other luteinizing hormone-releasing hormone (LHRH) injections but not surgery or radiotherapy that were covered under the respective event types;
4SD missing since only one patient received PAL in ET arm in Germany.

ET, endocrine therapy; FU, follow-up; PAL, palbociclib.
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Population All countries Germany

Arm PAL + ET (N =631) ET (N=619) p-value PAL +ET (N=218) ET (N =214) p-value

Quality of life, n

FU, years® 2.82 £ 1.39 274+13 0.152 3.03 £ 1.48 269 + 1.44 0.012
Missingb QALYs, % 42.1 429 0.042 37.3 42.1 0.192
Baseline utility 0.90 £ 0.13 0.89 +0.14 0.205 091 £ 0.12 0.90 +0.12 0.464
Total QALYs 2.50 £ 1.31 242 +122 0.188 2.65 + 1.40 239+1.33 0.054
Total discounted QALY's 234 £120 227 £1.12 0.188 247 £1.28 224 £122 0.055
Costs, EUR
FU, years® 338 £ 1.16 3.28 £ 1.00 0.060 3.46 £ 1.30 3.29 £ 1.00 0.111
Missingb costs, % 336 348 0.353 30.7 327 0.617
PAL 33,193 £ 9,921 279 £ 3,138 <0.001 33,233 £9,812 175 + 2,557 <0.001
Hospitalization 2,272 + 7450 2,302 + 6,605 0.706 3,044 + 5,198 4,048 + 7,508 0.661
Screening 374 + 437 338 + 352 0.474 334 + 315 323 + 320 0.386
Physical examinations and specialist visits*® 1,912 + 805 1,457 + 574 <0.001 1,947 + 885 1,454 + 674 <0.001
Targeted therapy 1,516 + 6,348 2,216 £ 8,177 0.135 1,925 + 7,261 3,125 + 10,366 0.156
Hormone therapy 305 + 225 309 + 244 0.725 299 + 246 320 + 285 0.752
Ovarian snppressiond 1,628 + 4,482 1,701 + 4,490 0.398 716 + 2,370 793 + 2,587 0.221
Radiotherapy 285 + 1,415 315 £ 1,541 0.915 389 + 1,593 535 £ 2,162 0.659
Chemotherapy 33+ 114 33121 0.225 33 + 100 50 + 152 0.893
Mental health or physiotherapy 322 + 3,840 151 + 965 0.839 872 + 6,469 357 + 1,368 0.682
Total costs 41,841 + 16,384 9,102 + 13,145 <0.001 42,792 + 17,050 11,180 + 15,281 <0.001
Total discounted costs 40,237 + 15,392 8,510 + 12,253 <0.001 41,137 + 15,872 10,490 + 14,337 <0.001

Continuous variables are summarized, with a mean + SD. Significance of differences in sample characteristics between the arms were assessed with Fisher’s exact test for binary, continuity-
corrected chi-square test for categorical and Wilcoxon test for continuous parameters. *FU refers to the number of years between patient entry date and last reported outcome; "Missing
describes the average fraction of patient-year records missing per patient within the 6-year FU period (includes both attrition and missing due to administrative censoring); “Excluding visits
related to administration of ovarian suppression, including examinations by physicians, referral, and follow-up visits related to screenings and hospitalizations; “Includes goserelin or other
luteinizing hormone-releasing hormone (LHRH) injections and not surgery or radiotherapy that are captured under the respective event types.

ET, endocrine therapy; FU, follow-up; PAL, palbociclib; QALYs, quality-adjusted life years.
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Age at Diag- Age Educationt Occupation Family history/ Cancer Treatment Trajectory of ~ Years of sur-
nosis (Years)  (years) Gene positivity Stage  modality0 care vivorship
FG1_S1 44 doctorate single nurse/academic yes/genetic mutation n S4C+R+H under treatment 2
2 (aesthetics)
FG1_S2* 35 37 doctorate divorced psychologist/social worker no 1 S4CH+R+H follow up 5
FGLS3 52 58 secondary married housewife no m ST follow up 6
FGI_S4 a 46 ‘masters. married ‘math teacher yes 1 S°+C+R follow up 5
FG2.S1 52 masters married government employee (civil yes 1 S4CHH follow up 8
a4 engineer)
FG2_S2 68 general married housewife no 1 s"+C follow up 11
57 education
FG2.53 50 51 undergraduate  married retired (Iab technician) no 1 SEHCHRAT follow up 4
FG2_S4 49 55 undergraduate  married self-employed no n SRLCHRAT follow up 6
FG3_S1 50 56 undergraduate  married housewife no n SMCHH follow up 6
FG3_S2 3 39 undergraduate  divorced software engineer yes n SMHCHRAH Follow up 7
FG3_83 51 54 secondary Married housewife No 1 S$+C™°+R+T Follow up 3
FG3_$4 64 general widowed cooking from home No n SRHCHRAHAT Follow up 6
58 education
FG3_S5 62 67 secondary widowed housewife No n SMHCHRAT Follow up s
FG3_56 4 57 masters single nutritionist No 1 S"HCHRAHAT Follow up 9
FG4_S1 52 59 ‘masters. single retired nurse Yes n SYHCHR+H Follow up 7
FG4_S2 60 73 secondary married housewife No n SMCHH Follow up 1)
FG4.S3 38 42 undergraduate  married pharmacist No 1 SHCHRAH Follow up 1
FG4_S4 65 69 secondary married housewife No 1 SRHCHR+HAT Follow up 4
FG4_S5 38 41 undergraduate  married human resources Yes n SYHCHR+H Follow up 3
EGS_S1 35 38 secondary single administrative clerk No n S*CHR+H Follow up 3
FGS_S2 48 71 undergraduate  married retired (social worker) No 1 SRCHR+H Follow up 23
FG5_S3 51 56 undergraduate  married retired/Government (legal affairs) No i} SYHCHR+H Follow up 5
FG5_S4 3 58 masters married retired/banker No 1 SSHRHH Follow up 10
FG5_S5 a2 45 undergraduate single accounting auditor No p S*+C+R+H Follow up 3
FG5_56 a 3 masters single computer engineer Yes 1 SRAH Follow up 2

£ (39) htpsi//wwi.scholaro.com/pro/Countries/Jordan/Education.-System,
0 SR, Modified Radical Mastectomy.

Sw, wide local excision.

Sc, Breast conserving surgery.

R, Radiotherapy.

C, Chemotherapy.

Cneo, Neoadjuvant chemotherapy.

H, Hormonal therapy.

T, Targeted therapy.
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ID  Age at Diagnosis Age Education# No. of Occupation Family history/Gene Cancer Treatment Trajectory Years of

(Years) (years) children positivity Stage. modalityd of care  survivorship
1 44 51 undergraduate married 3 nurse no u SMHCHR+H follow up 7
2 37 9 undergraduate  single 0 office administrator yes 1 SHCHR+H follow up 2
3 El 58 undergraduate | married 3 housewife no I steT follow up 7
pe 49 55 undergraduate | married 3 self.employed no o SEHCHRAT follow up 6
5 ' 8 masters separated 2 housewife yes u SPHCHRAT follow up 5
6 40 45 secondary married 1 housewife unknown n STHCHR+T follow up 5
7 6 52 undergraduate | married 2 teacher yes u SMHCHRAH follow up 6
8 43 4 secondary married ) ‘housewife unknown n st Follow up 1
|9 39 ) undergraduate | separated 2 teacher yes o SUHCHRIH follow up 4
10 43 4 undergraduate  single 0 government employee yes 0 SRHH follow up 2
1 40 43 undergraduate married 3 teacher yes n S 4CHR4H follow up 3
2 47 52 secondary married 6 housewife no n SE4CHRAH follow up 5
13 51 54 undergraduate ‘married 3 teacher yes n S*HCHRHAT follow up 3
14 55 67 secondary married 7 retiredteacher unknown m SHCMRAT follow up 2
15 9 55 masters separated 1 pharmacist no n SSHCHRH follow up 6
16 9 57 doctorate married 4 academia (linguistics) yes n SUHCMRAH follow up 8
17 38 undergraduate | single 0 temporary unemployed no/genetic mutation Triple st follow up 2
36 negative
18 7 general married 4 housewife unknown I SUHCHRAH follow up 13
60 education
1 2 5 undergraduate | married 2 unemployed (Tourism) yes n SS4CHRH follow up 3
20 60 7 undergraduate | single 0 nutritionist unknown u S4CHRAH follow up 1
21 49 undergraduate ‘married 5 housewife no v ste follow up 9
0 +R+H32n line chemo
2 37 undergraduate | single 0 non-governmental nolgenetic mutation 1 Bilateral mastectomy ~ follow up 5
32 organisation (NGO) +CHR+H
2 3 16 undergraduate | separated 2 civil engineer no 1 SRHCHReH follow up 3
24 35 37 doctorate divorced 0 psychologist/social worker no 1 S4CHH follow up 2

£ (39) httpsi/Jwww.scholaro.com/pro/Countries/Jordan/Education.-System.
0 SR, Modified Radical Mastectomy.

Sw, wide local excision.

Sc, Breast conserving surgery.

R, Radiotherapy.

C, Chemotherapy.

Cneo, Neoadjuvant chemotherapy.

H, Hormonal therapy.

T, Targeted therapy.
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Stigma Resilience and empowerment strategies

Sociocultural change to increase
awareness, support and tackle stigma

Coping Strategies

Positive acceptance
e Culturally congruent awareness program

* Formal Psychosocial support scheme(s) self-disclosurecfdiaghosis

Self-esteem and Self-compassion

Islamic religiosity fatalistic health beliefs and
behaviours
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Breast Cancer Experiences During Survivorship

Perceived Breast Cancer Anticipated
Related Stigma tigma Stigmatisation

Family factors associated with stigma Concealing diagnosis from the

Physical effects of the treatment * Family history and genetic workplace

Patients’ perceptions of the disease predisposition Concealing diagnosis from other

Public perceptions of Cancer, cultural * Motherhood and burden of the disease healthcare providers/non cancer
, e

beliefs and discourses * Cancer and marital status specialists

Non-self disclosure of cancer
diagnosis

* Living with extended family
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Isoform
LAP1

LAP2

LIP

Tsoform unknown or not
specified

Gene or protein
Binds cyclin D1

Binds FoxO-Smad complex

Binds E2F4/5-Smad complex

Delocalized expression of E-cadherin and increased expression of
vimentin

Increased expression of E-cadherin and decreased expression of
vimentin

Activates COX-2 expression

Inhibits LAP2 from binding FoxO-Smad complex

Inhibits LAP2 from binding E2F4/5-Smad complex
Inhibits SIM2

Inhibits CCL2 expression

Binds and inhibits YY1

Binds Rb

Binds E2F1 and E2F2

Interacts with Rb:E2F

Regulates Rb/E2F/cyclin E pathway

Binds NF-xB

Binds IxBo.

Interacts with STAT3

Activates STATS5 expression
Activates CCL2 and CCL5 expression
Regulates CXCL12 expression
Inhibits MHCI and MHCIT

Activates arginase I expression

Result
Mammary epithelial cell differentiation

Tumor suppressor pI5INK4b promoter is
activated

Proto-oncogene c-Myc promoter is repressed

EMT phenotype is expressed

Epithelial phenotype is maintained

EMT phenotype is expressed

Blocks transcription of tumor suppressor
pISINK4b

Proto-oncogene c-Myc is expressed

EMT phenotype is expressed

Reduces pro-inflammatory phenotype
CXCR4 expression is activated

Activates C/EBP, activates Rb

Recruits chromatin remodeling complexes
Induces cell senescence

Reduces monocyte proliferation

IL-6 and IL-8 expression is activated

NF-xB is not inhibited

Stabilizes C/EBP, activates Jab-1
JAK/STAT pathway is activated

Promotes metastasis

CXCR4/CXCLI2 axis promotes metastasis.
Reduced antigen recognition

Macrophages take on anti-inflammatory
phenotype

References

(33,38, 39)

(48)

(48)

(57)

(25)

(58-66)

(48)

(48)
(51)
(78, 113)
(80)
(40, 42)
(45, 46)
(43,47)
(88)

(67-69, 76, 100, 114,
115)

(71)
(70,72, 73)
(23)
(76-78, 116-119)
(79, 80)

(24, 56)

(97,98)
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Women who underwent
unilateral mastectomy
(n =52)

Measurements of weight-bearing
distribution and posturographic tests

With the EBP Without the EBP

Weight-bearing distribution
in the test with the eyes open

Weight-bearing distribution
in the test with eyes closed

Basic posturometric parameters
in the test with eyes open
Basic posturometric parameters
in the test with eyes closed

Weight-bearing distribution
in the test with the eyes open

Weight-bearing distribution
in the test with eyes closed

Basic posturometric parameters
in the test with eyes open
Basic posturometric parameters
in the test with eyes closed
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Age at Diagnosis

Ethnicity
Non-Hispanic Black
Asian/Pacific Islander
Hispanic
Non-Hispanic White
Other/Unknown
Family history®

0

1

2

>3
Disease-recurrence
Yes

No

"p-value for women who were test eligible at compared to after diagnosis.

High-risk at diagnosis (n=214)

52.3 years
N (%)

46 (21.5%)
7 (3.3%)
7 (3.3%)

152 (71.0%)
2 (0.9%)

419 (19.2%)
53 (24.9%)
75 (35.2%)
44 (20.7%)

28 (13.1%)
186 (86.9%)

°p-value for high-risk compared to low-risk women.
“Family history of breast, ovarian and pancreatic cancer through third degree family members.

High-risk after diagnosis (n=66)

53.0 years
N (%)

2 (18.2%)
3 (4.5%)
2 (3.0%)
9 (74.3%)
0 (0.0%)

6 (24.2%)
6 (69.7%)
3 (4.6%)
1 (1.5%)

21 (31.8%)
5 (68.2%)

p-value®

0.680

0.879

<0.001

<0.001

Low-risk (n=204)

62.8 years
N (%)

34 (16.7%)
12 (5.9%)
6 (2.9%)

148 (72.5%)
4 (2.0%)

139 (68.1%)
65 (31.9%)
0 (0.0%)
0 (0.0%)

10 (4.9%)
194 (95.1%)

p-value’

<0.001

0.417

<0.001

<0.001
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High-risk tested (n=101) High-risk not tested (n=113) P-value

Age at Diagnosis 49.1 years 55.1 years 0.002
N (%) N (%)

Ethnicity 0.455
Non-Hispanic Black 25 (24.7%) 21 (18.6%)

Asian/Pacific Islander 4 (4.0%) 3 (2.7%)

Hispanic 4 (4.0%) 3 (2.7%)

Non-Hispanic White 68 (67.3%) 84 (74.3%)

Other/Unknown 0 (0.0%) 2 (1.7%)

Education 0.146
<college degree 38 (37.6%) 55 (48.7%)

>college degree 59 (58.4%) 51 (45.1%)

Unknown 4 (4.0%) 7 (6.2%)

Family History 0.028
0 22 (21.8%) 20 (17.7%)

1 24 (23.8%) 29 (25.7%)

2 27 (26.7%) 48 (42.5%)

>3 28 (27.7%) 16 (14.1%)
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Patient Pathogenic variant Testing before definitive
surgery

Test-eligible with clinical testing

17 BRCA2: exact mutation from clinical lab not provided v

48" NM_007194.4(CHEK2):c.470T>C (p.Ile157Thr)

68 NM_007194.4(CHEK2):c.906delA (p.Glu302fs)

156 NM_000077.4(CDKN2A):c.301G>T (p.Gly101Trp)

188 NM_024675.4(PALB2):c.509_510delGA (p.Arg170fs) N

190 NM_001048174.2(MUTYH):c.1103G>A (p.Gly368Asp)

364 NM_012222.2(MUTYH):c.724C>T (p.Arg242Cys)

369 NM_007194.4(CHEK2):c.85C>T (p.GIn29Ter)

379 NM_000059.4(BRCA2):c.518delG (p.Gly173fs) v

416 NM_000059.4(BRCA2):c.3975_3978dupTGCT (p.Ala1327fs) v

429 NM_000059.3(BRCA2):c.8902_8913del ACCGTGTGGAAinsTCCC y
(p.Thr2968fs)

431 NM_000059.4(BRCA2):c.5946delT (p.Ser1982fs) v

445 NM_032043.2(BRIP1):c.1045G>C (p.Ala349Pro)

168 STK11: partial gene deletion v

476 CHEK2: deletion exons 9-10 v

504 NM_000051.4(ATM):c.6706G>T (p.Glu2236*)

505 NM_000059.4(BRCA2):c.1310_1313del (p.Lys437fs)

518 NM_001048174.2(MUTYH):c.1103G>A (p.Gly368Asp)

559 NM_007194.4(CHEK2):c.470T>C (p.Ile157Thr)

Test-eligible with research results

82 NM_000057.4(BLM):c.1933C>T (p.GIn645%)

97 NM_000059.3(BRCA2):c.2842dupG (p.Val948fs)

120 NM_002485.5(NBN):c.698_701del (p.Lys233fs)

143¢ NM_000051.4(ATM):c.6228del (p.Leu2077fs)

230 NM_002878.3(RAD51D):c.694C>T (p.Arg232*)

240°¢ NM_007194.4(CHEK2):c.1100delC (p.Thr367fs)

276 NM_007194.4(CHEK2):c.1100delC (p.Thr367fs)

293 NM_007194.4(CHEK2):c.349A>G (p.Argl17Gly)

297 NM_000136.3(FANCC):c.355_360delinsA (p.Ser119fs)

319 NM_007194.4(CHEK2):c.1100delC (p.Thr367fs)

405 NM_001048174.2(MUTYH):c.1351G>T (p.Glu451Ter)

427 NM_012222.2(MUTYH):c.724C>T (p.Arg242Cys)

511 NM_007294.4(BRCA1):c.4035delA (p.Glul346fs)

Test-ineligible with research results

181
231
237
339
388
423
469

NM_001048174.2(MUTYH):c.452A>G (p.Tyr151Cys)
NM_000051.3(ATM):c.7096G>T (p.Glu2366*)
NM_001048174.2(MUTYH):c.452A>G (p.Tyr151Cys)
NM_000051.4(ATM):c.1564_1565delGA (p.Glu522fs)
NM_001048174.2(MUTYH):c.1103G>A (p.Gly368Asp)
NM_001048174.2(MUTYH):c.1103G>A (p.Gly368Asp)
NM_001048174.2(MUTYH):c.1103G>A (p.Gly368Asp)

"BCS, breast conserving surgery; UM, unilateral mastectomy; BM, bilateral mastectomy; BSO, bilateral salpingo oophorectomy.
®Patients became eligible for testing only after development of a second breast tumor.
“IBC, invasive breast cancer.
g )
OC, ovarian cancer.

“Patients had genetic testing of BRCA1 and BRCA2 done clinically; ATM and CHEK2 mutation detected in the research setting.

Surgery at
diagnosis®

BM/BSO
UM

BM

BCS
BM/BSO
BCS
BCS
BCS/BSO
BM/BSO
BCS
BM/BSO

BCS/BSO
BCS

BM

BM

BCS

BCS

BCS
BCS

BCS
UM
BM

BCS
BM

BCS
BCS
BCS
UM
BCS
BCS
BCS
BCS

BCS
BCS
BCS
BCS
BCS
UM
BCS

Recurrence

Contralateral IBC®

Ipsilateral IBC

Ipsilateral IBC
Ipsilateral IBC

Ipsilateral IBC

Ipsilateral IBC and
oc!
Ipsilateral DCIS

Contralateral IBC

Ipsilateral DCIS

Ipsilateral IBC
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Ipsilateral DCIS Contralateral DCIS Ipsilateral Contralateral Invasive Ovary Metastatic with no IBC”

Invasive
High-Risk"
High-penetrance 0 (0%) 0 (0%) 3 (12.5%) 1(8.3%) 0 (0%) 0 (0%)
Moderate- 91 (14.3%) 0 (0%) 2 (8.3%) 1(8.3%) 0 (0%) 0 (0%)
penetrance
Other €1 (14.3%) 0 (0%) 1 (4.2%) 0 (0%) 0 (0%) 0 (0%)
No PV 5 (71.4%) 3 (100%) 18 (75.0%) 10 (83.3%) 1 2 (100%)

(100%)

Low-Risk
High-penetrance 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Moderate- 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
penelrance
Other 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
No PV 28 (100%) 1 (100%) 3 (100%) 4(100%) 0 (0%) 0 (0%)

"IBC, invasive breast cancer.

*’High-penetrance genes: BRCA2, moderate penetrance genes: ATM, BRIP1, CHEK2.
°1 of 3 patients had recurrent disease.

“This patient had recurrent disease.

“This patient had recurrent disease.

2 of 5 patients had recurrent disease.

55 of 18 patients had recurrent disease.

"] of 2 patients had recurrent disease.

') of 3 patients had recurrent disease.
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Radiologist 1 Radiologist 3

A-ZOOMit

Image Quality

Radiologist 1 0.94 (0.84-0.91) 0.75 (0.50-0.99)
Radiologist 2 0.79 (0.60-0.97) 0.83 (0.68-0.98)
Lesion Conspicuity

Radiologist 1 0.90 (0.87-0.93) 0.80 (0.71-0.89)
Radiologist 2 0.83 (0.71-0.96) 0.80 (0.70-0.90)
SMS-RS-EPT

Image Quality

Radiologist 1 0.92 (0.90-0.94) 0.78 (0.66-0.89)
Radiologist 2 0.85 (0.69-1.0) 0.77 (0.63-0.91)
Lesion Conspicuity

Radiologist 1 0.86 (0.82-0.89) 0.80 (0.71-0.89)
Radiologist 2 0.80 (0.69-0.90) 0.81 (0.70-0.92)

Data in parentheses represent the 95% confidence interval. SMS-RS-EPI; simultaneous
multislice (SMS) readout-segmented echo-planar imaging.
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Characteristics

A-ZOOMit
Mean
Median

5th percentile
Skewness
Diff-entropy
Entropy
SMS-RS-EPI
Mean
Median
Skewness
Diff-entropy
Entropy

SMS-RS-EPI; simultaneous multislice (SMS) readout-segmented echo-planar imaging; SD, standard deviation. * symbol represent significant difference.

Benign Lesions

1.29 +0.28
1.30 £ 0.29
0.63 + 0.31
-0.18 + 0.54
211+ 0.18
3.09 +0.21

1.18 £ 0.28
1.20 £ 0.32
-0.26 + 0.57
2.15+0.19
313+ 025

Malignant Lesions

1.14 £ 0.23
1.12 £ 0.25
0.52 +0.21
0.21 +0.56
227 £0.19
327+ 0.19

1.07+ 0.22
1.05 + 0.24
0.20 + 0.51
225+ 0.13
329 £0.12

p-values

<;0.0001*
<;0.0001*
0.011
<;0.0001*
<;0.0001*
<0.0001*

0.008
0.001*
<;0.0001*
<;0.0001*
<;0.0001*
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Women diagnosed with unilateral DCIS
2001-2020 (n=484)

Classified as low-risk

Classified as high-risk

Classified as high-risk
at diagnosis (n=214)

after diagnosis (n=66) (n=204)

High-risk
without clinical
genetic testing

(n=113)

High-risk
without clinical
genetic testing

(n=57)

High-risk with
clinical genetic
testing (n=101)

High-risk with
clinical genetic
testing (n=9)

High-risk High-risk High-risk High-risk High-risk High-risk High-risk High-risk Low-risk Low-risk
with without with without with without with without with without

pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic pathogenic

mutations mutations mutations mutations mutations mutations mutations mutations mutations mutations
(n=17) (n=84) (n=8%) (n=107) (n=2) (n=7) (n=5) (n=52) (n=7) (n=197)
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Private Public

\EUELE

Status in 10 years

Alive 182 734 164 61.0 <0.001
Dead 66 266 105 390

Age

<50 68 274 100 372 0.07
50-60 61 246 57 212

>60 119 480 112 416

Location

Juiz de Fora | 135 544 144 535 0.88
Other cities 113 456 125 465

Skin color

White 220 88.7 183 68.0 <0.001
Non-white 19 77 84 312

Education

High/medium 164 66.1 92 342 <0.001
Low 48 194 140 520

Immunohistochemical tumor pattern®

Done 218 875 207 769 <0.001
Not done 31 12,5 62 23.1

Tumor size

<2cm 113 456 80 29.7 <0.001
>2cm 126 50.8 179 66.5

Lymph node involvement

Negative 145 585 132 49.1 0.04
Positive 96 387 128 47.6

| Staging
Initial (I) 83 335 46 17.1 <0.001
Intermediate (IT) 97 39.1 105 39.0
Advanced (III and IV) 66 26.6 118 439

Hormone receptor (H| R4

Positive 181 730 177 658 <0.001
Negative 62 25.0 70 26.0

‘ Not evaluated 5 20 22 82
Expression of biomarkers®
Yes 200 80.7 186 69.1 0.16
No 39 157 51 19.0

1 Type of surgery
Conservative 128 516 123 457 0.19
Radical 112 452 136 50.6
Chemotherapy
No 96 387 91 338 0.23
Yes 152 61.3 178 66.2
Radiotherapy
No 51 206 44 164 0.30
Yes 184 742 198 736
Hormone therapy 7

No 76 30.7 108 40.1 0.03

Yes 172 69.3 161 59.9

*The total (n; %) of the variables may differ depending on the presence of missing data.

®Chi-square test (or Fisher’s exact test, when indicated); significant if p < 0.05.

“According to St. Gallen surrogate classification for breast cancer subtypes.

9HR: estrogen and/or progesterone hormone receptor.

“Biomarkers: yes = HR* and Her2* or HR" and Her2™ (non-triple-negative); no = HR™ and Her2™ (triple-negative).
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Parameters eyes open eyes closed open eyes eyes closed

with EBP without EBP with EBP without EBP p-value p-value
Mean + SD Mean + SD Mean + SD Mean + SD
SPL (cm) 67.70 + 21.95 63.70 + 14.74 73.78 + 22.75 70.05 + 18.54 0.260 0.116
WoE (cm) 215+ 127 223+ 191 2.01 + 1.08 215+ 2.14 0572 0.920
HoE (cm) 4.07 + 1.64 370 + 143 439 + 1.88 4.66 + 1.87 0227 0.141
AoE (cm?) 7.50 + 6.85 6.62 + 626 7.46 + 6.00 8.87 + 12.14 0355 0584
a0F (°) -4.05 £ 17.37 537 + 1845 -3.40 + 1641 -1.59 £ 10.30 0.001* 0756

*Student’s t-test; p-value, statistical significance test value; statistically significant differences are printed in bold; EBP, external breast prosthesis; SPL, path length of the CoP; WoE, width of
the ellipse; HoE, height of the ellipse; AoE, area of the ellipse; aoF, the angle of the ellipse.
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Parameters with EBP without EBP with EBP without EBP

eyes open eyes closed eyes open eyes closed p-value p-value
Mean + SD Mean + SD Mean + SD Mean + SD
SPL (cm) 67.70 £ 21.95 73.78 £ 22.75 63.70 £ 14.74 70.05 + 18.54 0.001 0.000
WoE (cm) 215+ 127 2.01 £ 1.08 223+ 191 215+ 214 0336 0.923
HoE (cm) 4.07 £ 1.64 439+ 1.88 370 £ 143 4.66 + 1.87 0210 0.004
AoE (cm?) 7.50 £ 6.85 7.46 £ 6.00 6.62 £ 6.26 8.87 £ 12.14 0707 0.059
20E (°) -4.05 + 17.37 -3.40 £ 1641 537 £ 1845 -1.59 + 10.30 0728 0.078

p- value, statistical significance test value; statistically significant differences are printed in bold; EBP, external breast prosthesis; SPL, path length of the CoP; WoE, width of the ellipse; HoE,
height of the ellipse; AoE, area of the ellipse; aoE, the angle of the ellipse.
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Posturometric parameters

SPL (cm)

WOoE (cm)
HoE (cm)
AoE (cm?)
aoE (°)

0.31
0.30
0.31
0.37
-0.01

with EBP
eyes open
p-value r
0.025 0.40
0.033 0.20
0.025 025
0.007 0.30
0931 -0.02

Age of the participants

eyes closed

p-value

0.003
0.148
0.075
0.033
0.883

r

0.26
027
0.18
0.32
0.15

without EBP

eyes open
p-value

0.066
0.052
0.207
0.019
0.288

r

0.31
0.19
0.12
0.20
0.06

eyes closed

p-value

0.028
0.180
0.406
0.162
0.693

r, Spearman’s rank correlation coefficient; p-value, value of the correlation significance test; statistically significant differences are printed in bold; EBP, external breast prosthesis; SPL, path
length of the CoP; WoE, width of the ellipse; HoE, height of the ellipse; AoE, area of the ellipse; aoFE, the angle of the ellipse.
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Parameters A NA p-value

Mean + SD Median Min-Max Mean + SD Median Min-Max
circumference 1- brachial 23.42 + 3.86 22 18 -33 22.06 + 3.64 22 17 - 29 0.156
circumference 2- forearm 3044 + 4.54 30 21-42 2871 + 3.64 28 21 -39 0.039

p-value - statisti

cal significance test value; statistically significant differences are printed in bold; A, amputated side; NA, non-amputated side.
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Parameters

Mean + SD
with EBP 215 £17.33
without EBP 038 +19.42

EBP, external breast prosthesis; SI, symmetry index.

eyes open
Median

-4
2

Min-Max

-48 - 48
-56 - 56

Sl

Mean + SD

-0.54 £ 16.84
1.54 + 18.29

eyes closed

Median

Min-Max

-48 - 72
-56 - 48
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Parameters eyes open
with EBP without EBP
Mean + SD Mean + SD
load on the A (%) 49.46 + 4.33 50.10 + 4.86
load on the NA (%) 50.54 + 4.33 49.90 + 4.86
SI 13.08 £ 11.43 1531 £ 11.71

eyes closed

with EBP
Mean + SD

49.87 £ 4.21
50.13 +4.21
11.62 + 12.10

without EBP
Mean + SD

50.38 + 4.57
49.62 + 4.57
13.54 + 12.25

eyes open

p-value

0.327*
0.438
0.143

*Student’s t-test; p-value - statistical significance test value; EBP, external breast prosthesis; SI, symmetry index; A, amputated side; NA, non-amputated side.

eyes closed

p-value

0.346*
0.346*
0.397
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Parameters with EBP

eyes open eyes closed
Mean + SD Mean + SD
load on the A (%) 49.46 + 433 49.87 + 421
load on the NA (%) 50.54 + 4.33 50.13 + 4.21
SI 13.08 + 11.43 1162 + 1210

*Student’s t-test; p-value, statistical significance test value; EBP, external breast prosthesis; SI, symmetry index; A, amputated side; NA, non-amputated side.

without EBP

eyes open
Mean + SD

50.10 + 4.86
49.90 + 4.86
1531 £ 1171

eyes closed
Mean + SD

50.38 + 4.57
49.62 + 4.57
13.54 + 12.25

with EBP

p-value

0.394
0.394
0.328

without EBP

p-value

0.662*
0.662*
0.185
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Parameters

Age (years)

Height (cm)
Weight (kg)
BMI (kg/m”

Time since surgery (years)

Mean + SD

61.8+10.8
160.0 £ 6.0

784+ 172
30.7 £ 6.6
6.5+76

Mastectomy Group N=52

Median

62.5
160.5
77.5
29.4
3.0

Min-Max

38 -84

144 -173
51-126
17.4 - 47.3
0.5 - 350





