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Background: Poor outcomes have been widely reported for younger vs. older
breast cancer patients, but whether this is due to age itself or the enrichment of
aggressive clinical features remains controversial. We have evaluated the
clinicopathologic characteristics and genomic profiles of real-world hormone
receptor-positive (HR+)/HER2-negative (HER2-) metastatic breast cancer (MBC)
patients to examine the determinants of outcome for younger vs. older patients
in a single clinical subtype undergoing treatment in the same clinic.

Patients and methods: This study included patients presenting at the Peking
University Cancer Hospital with primary stage IV or first-line metastatic HR
+/HER2- breast cancer who consented to an additional blood draw for
genomic profiling prior to treatment. Plasma samples were analyzed with a
targeted 152-gene NGS panel to assess somatic circulating tumor DNA (ctDNA)
alterations. Genomic DNA (gDNA) extracted from peripheral blood mononuclear
cells was analyzed for germline variants using a targeted 600-gene NGS panel.
Kaplan-Meier survival analysis was performed to analyze disease free survival
(DFS), progression free survival (PFS) and overall survival (OS) in association with
clinicopathologic and genomic variables.

Results: Sixty-three patients presenting with HR+/HER2- MBC were enrolled in
this study. Fourteen patients were < 40 years, 19 were 40-50 years, and 30 were
> 50 years at the time of primary cancer diagnosis. No significant associations
were observed between age and DFS, PFS or OS. Shorter OS was associated with
de novo Stage IV disease (p = 0.002), Luminal B subtype (p = 0.006), high Ki67
index (p = 0.036), resistance to adjuvant endocrine therapy (p = 0.0001) and
clinical stage (p = 0.015). Reduced OS was also observed in association with
somatic alterations in FGFR1 (p = 0.008), CCND2 (p = 0.012), RB1 (p = 0.029) or
TP53 (p = 0.029) genes, but not in association with germline variants.
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Conclusion: In this group of real-world HR+/HER2- MBC breast cancer patients
younger age was not associated with poor outcomes. While current guidelines
recommend treatment decisions based on tumor biology rather than age, young
HR+ breast cancer patients are more likely to receive chemotherapy. Our
findings support the development of biomarker-driven treatment strategies for

these patients.

KEYWORDS

hormone receptor-positive breast cancer, metastatic breast cancer, cfDNA, liquid
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Introduction

Breast cancer is generally a disease of advanced age, with peak
incidence occurring after the age of 50 (1, 2). However, while breast
cancer is relatively less common before the age of 50, it is the most
frequently diagnosed malignancy in younger women worldwide,
and a leading cause of cancer deaths in this age group (3). Of the 2.1
million breast cancer cases diagnosed globally in 2018,
approximately 645,000 cases and more than 130,000 deaths
occurred in women below the age of 50, with incidence and
mortality rates varying according to geographic region and
socioeconomic levels (4). As a proportion of all breast cancer
cases, the highest rates of premenopausal breast cancer incidence
and mortality are reported in Africa and Asia (4). Although the
greatest burden of premenopausal cases and deaths is observed in
countries with a low human development index (HDI), the
incidence of premenopausal breast cancer has been climbing in
high-income countries (4). Thus, despite being relatively less
common, breast cancer in younger women constitutes a
significant component of the global breast cancer burden.

Many previous studies have suggested that breast cancer in
younger women is a more aggressive disease compared to breast
cancer in older women (reviewed) (5-7). Young age at diagnosis has
been reported to be an independent risk factor for worse outcomes
in many studies, with young patients more likely to die of breast
cancer relative to older patients (8-17). Compared to older breast
cancer patients, younger breast cancer patients have been identified
as more likely to present with de novo stage IV disease (11, 16).

Abbreviations: Al, aromatase inhibitor; BAM, binary alignment map; BWA,
Burroughs-Wheeler Aligner; cfDNA, cell free DNA; CHIP, clonal hematopoiesis
of indeterminant potential; CNV, copy number variation; DDR, DNA damage
response; DFS, disease free survival; EOBC, early onset breast cancer; FSH,
follicle-stimulating hormone; HDI, human development index; Her2-, human
epidermal growth factor receptor negative; HR+, hormone receptor positive;
HRD, Homologous recombination deficiency; Indel, small insertion or deletion;
LOBC, late onset breast cancer; MBC, metastatic breast cancer; NGS, next
generation sequencing; OS, overall survival; PCR, polymerase chain reaction;
PES, progression free survival; RTK, Receptor tyrosine kinase; SERM, selective
estrogen receptor modulator; SNV, single nucleotide variation; TNBC, triple

negative breast cancer.
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Young women who present with earlier stage breast cancer have
also been reported as more likely to progress to metastatic disease
and are more likely to develop brain metastases (18, 19). Studies
have also found that young breast cancer patients are more likely to
be diagnosed with larger, higher-grade tumors, a higher Ki67 index
and positive axillary nodes (8, 10-12, 16, 18, 20, 21). Relative to
older breast cancer patients, younger patients have also been
characterized for a higher incidence of the more aggressive TNBC
and HER2+ clinical subtypes (8, 9, 17, 18, 21-24), and a higher
likelihood of harboring BRCA1/2 germ line mutations (24-26). In
addition, comprehensive genomic profiling, which enables the
identification of tumor-related alterations, has demonstrated that
younger breast cancer patients have distinct somatic genomic
profiles, methylation patterns and gene expression signatures
associated with the dysregulation of genes including ESRI,
GATA3 and FGFRI (24, 27-29). Thus, as a group, young breast
cancer patients appear to harbor a variety of clinical, biological and
genetic features consistent with a more aggressive form of disease.

However, despite the enrichment of TNBC and HER2+
subtypes in younger breast cancer patients, similar to older
patients, the majority of cases are HR+/HER2- (9, 17, 18, 21, 23,
24,27). Moreover, while germline mutations in BRCA1/2 are found
with higher frequency among younger vs. older patients, the
majority of younger patients are not BRCA1/2 mutation carriers
(25, 30). On the other hand, menopausal status across younger
breast cancer patients varies considerably as there is wide deviation
around the worldwide average age of menopause at 50 (31). Despite
this variation, age is often used as a proxy for menopausal status in
epidemiologic and clinical studies (4, 32). Thus, the overlap and
variable presence of features across younger breast cancer patients
complicates the issue of whether breast cancer in younger patients
represents a distinct biologic entity that drives aggressive disease
with poor outcomes, or alternatively, reflects a variable enrichment
of unfavorable clinical features (17). Two studies focusing solely on
HER2+ (33) and TNBC (34) breast cancer patients did not find that
young age was associated with poor outcomes. A refined
understanding of these issues is needed to optimize management
paradigms for young breast cancer patients.

In the present study we have characterized a cohort of 63 real
world HR+ Chinese metastatic breast cancer patients undergoing

treatment in a single clinic to compare clinical outcomes in
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association with age and other clinicopathologic features, treatment
regimens and genomic profiles to address whether younger patients
experience worse outcomes relative to older breast cancer patients.

Materials and methods
Patients

Patients presenting at the Peking University Cancer Hospital
with first-line metastatic or primary stage IV, HR+/HER2- breast
cancer from December 2015 —-March 2019 who consented to an
additional blood draw for genomic profiling were enrolled in this
study. This study was approved by an Institutional Review Board
(ethic No. 2016KT75 and ethic No0.2017KT40), and all patients
signed written informed consent for additional blood collection for
genomic profiling. Blood samples (10mL) were prospectively
collected from 63 patients, before any treatment was initiated in
the metastatic setting (Figure 1). Criteria for enrollment included a
pathologically confirmed diagnosis of metastatic relapse or de novo
metastatic disease, with classification of the primary tumor as HR
+/HER2-, as confirmed by immunohistochemical staining. HR+
was defined as 1% positive staining for tumor nuclear estrogen
receptor (ER) and/or progesterone receptor (PR). HER2 staining
was evaluated using a range of (0-3+), with 0 and 1+ classified as
negative, 2+ as equivocal, and 3+ as positive. Fluorescence in-situ
hybridization tests were used to confirm HER2 status when
immunohistochemistry results were equivocal. Menopausal status
at the time of primary breast cancer diagnosis was determined for a
subset of patients using the following criteria to define the
postmenopausal state: i) prior bilateral oophorectomy, ii) age > 60
years iii) age < 60 years and amenorrheic for 12 or more months in
the absence of chemotherapy, tamoxifen, toremifene, or ovarian
suppression with follicle-stimulating hormone (FSH) and estradiol

—)

djuvant therapy
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levels in the postmenopausal ranges, and iv) if taking tamoxifen or
toremifene, and age < 60 years, with FSH and plasma estradiol levels
in the postmenopausal ranges. Endocrine resistance was defined by
a relapse within 2 years of adjuvant endocrine treatment or disease
progression during the first 6 months of first-line endocrine therapy
for MBC per EMSO 2020 guidelines (35).

Plasma cfDNA next generation sequencing

Cell-free DNA (cfDNA) testing was performed at the College of
American Pathologists (CAP) accredited laboratory at Huidu Shanghai
Medical Sciences, Ltd. using the harmonized 152-gene
PredicineCARE"™ NGS hybrid capture-based sequencing assay. The
list of genes covered by this panel is shown in Supplementary Figure 1.
The details of sample processing and profiling, including library
preparation, amplification, hybrid capture and sequencing are
described in Supplementary Methods and have been described
previously (36). In brief, cfDNA was extracted from plasma samples
using the QTAamp circulating nucleic acid kit, after which the quantity
and quality of purified cfDNA were assessed using a Qubit fluorometer
and Bioanalyzer 2100. Five to 30 ng of extracted cfDNA was prepared
for library construction in a sequential process involving end-repair,
dA-tailing, adapter ligation, and PCR amplification. Amplified DNA
libraries with sufficient yields were advanced to hybrid capture with
PredicineCARE"™ panel probes. Purified libraries underwent quality
control analysis with a Bioanalyzer 2100 and were then subjected to
paired-end 2x150bp sequencing using the Illumina NGS platform.

Variant calling

Sequencing data were analyzed using Predicine’s in-house
analysis pipeline, which encompasses the initial analysis of raw

)

First-line therapy
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FIGURE 1

Study design. Plasma samples were collected from 63 HR+/Her2- MBC patients and subjected to NGS profiling using a targeted 152-gene panel to
detect somatic mutations and copy number variations. Outcomes were analyzed in association with patient clinicopathological characteristics,

treatment regimens and genomic profiles.
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sequencing data and culminates in final mutation calling, as
described in Supplementary Methods and a previous publication
(36). Briefly, the process included adapter trimming, barcode
checking, and correction. Cleaned, paired FASTQ files generated
by the pipeline were further aligned to the human reference genome
build hgl9 using the Burrows-Wheeler Aligner (BWA) (version
0.7.15) alignment tool. Consensus binary alignment map (BAM)
files were then derived by merging paired-end reads originated from
the same molecules (based on mapping location and unique
molecular identifiers) as single strand fragments. Single strand
fragments from complementary double strand DNA molecules
were further merged as double stranded. Both sequencing and
PCR errors were deeply suppressed during this process.
Candidate variants, consisting of single nucleotide variants
(SNVs), small insertions and deletions (Indels), and copy number
variations (CNVs) were identified across the targeted regions
covered by the panel. The data analysis was conducted in China.

Germline mutational status

Genomic DNA (gDNA) was extracted from peripheral blood
monocytes and was analyzed for the presence of cancer-associated
germline variants with NGS-based sequencing using the
comprehensive 600-cancer gene PredicineATLAS" ™ panel as
described in Supplementary Methods and a previous publication
(37) and to control for mutations resulting from CHIP (Clonal
Hematopoiesis of Indeterminant Potential). The data analysis was
conducted in China.

Oncogenic signaling pathway analysis

To examine the proportion of mutations within key oncogenic
signaling pathways within the cohort and across age groups, we
filtered the list of genes included in a previous publication
describing oncogenic signaling pathways (38) to include only
those identified as breast cancer driver genes (39, 40), as
described in the Supplementary Methods. The frequency of SNVs
across these genes was analyzed for the entire cohort as well as
across age groups, and statistical significance was evaluated using
the Fisher’s Exact Test. The data analysis was conducted in China.

Statistical analysis

Fisher’s exact and Pearson’s chi-squared tests were performed
to compare the proportions of patients with defined
clinicopathologic variables across age categories and to assess the
frequency of genomic alterations across patient subgroups, with
significance set at p < 0.05. Kaplan-Meier survival analysis was
performed to analyze patient outcomes including disease free
survival (DFES), progression free survival (PFS) and overall
survival (OS) in association with patient age at the time of
primary cancer diagnosis. Outcomes were also analyzed at the
univariate level in association with menopausal status, germline
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status, de novo Stage IV disease, type of adjuvant endocrine
treatment, treatment with adjuvant chemotherapy, endocrine
resistance to adjuvant and relapse therapy, molecular subtype,
clinical stage and somatic gene alterations detected at the time of
metastatic disease diagnosis. OS was also evaluated in association
with age in separate multivariate models that included de novo Stage
IV disease, molecular subtype, Ki67 index, resistance to adjuvant
endocrine therapy and the presence of ctDNA alterations as co-
variates using Cox proportional hazards regression. P-values were
calculated for univariate and multivariate analyses using the log-
rank test, with significance set at p < 0.05. All statistical analyses
were performed using R (version 4.1.0).

Results

Patient clinicopathologic features across
age groups

This study cohort included 63 HR+/HER2- metastatic breast
cancer patients who presented at the Peking University Cancer
Hospital from December 2015 - March 2019 with metastatic
relapse or de novo Stage IV metastatic disease. Last follow up was
in December 2022. Classification of patients based on
clinicopathological characteristics across the three age groups is
summarized in Table 1.

All patients were female and were between the ages of 27 and 82
years (mean = 50.3 years, median = 48.2 years) at the time of
primary cancer diagnosis. Fourteen patients were < 40 years of age,
19 patients were between 40-50 years of age, and 30 patients were >
50 years of age. Menopausal status at the time of primary cancer
diagnosis was confirmed for 48/63 patients according to the criteria
defined in Materials and Methods and varied significantly across
age groups (p = 5.44E-10), with the majority of patients under 50
years classified as premenopausal. Further breakdown of
menopausal status for the three age groups is presented in Table 1.

Germline mutations were detected in 11 genes across 16/63
(25.4%) patients. BRCA2 mutations were detected in 5 patients and
DNMT3A alterations were detected in 2 patients. ALOXI12B, ATM,
BARDI, BRCAI, CHEK2, IDHI, NOTCH3, PMS and RECQL,
mutations were each detected only once. Three patients were
characterized for the presence of two germline mutations: (ATM
and BRIPI), (RAD50 and PMS2) and (IDH1 and TP53) (37).
Although the proportion trended highest in patients < 40 years,
no significant variation in frequencies of germline mutations were
observed across the three age groups (Table 1).

Significant variation across age groups was observed for other
clinicopathological variables, including de novo Stage IV disease (p
< 0.01), type of adjuvant endocrine therapy (p = 6.87E-05), and
molecular subtype classification (p = 0.04). The highest prevalence
of de novo Stage IV disease was observed in patients > 50 years
(40%). Aromatase inhibitors (AlIs) were administered as adjuvant
endocrine therapy to 76.92% of women above the age of 50 vs.
22.22% of women aged 40-50 years and 0% of women age < 40
years, respectively. The proportion of patients classified as Luminal
B was highest in patients > 50 years (86.21%) and < 40 years
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TABLE 1 Patient clinicopathologic features across age groups.

10.3389/fonc.2023.1152575

All Patients Patients < 40 Patients 40-50 Patients > 50 p-value
Mean Age at Primary Diagnosis 50.29 33.82 45.96 60.72
Number of Patients 63 14 19 30
Menopausal Status at Primary Diagnosis (%) 5.44E-10
Premenopausal 32 (66.67%)* 14 (100%) 17 (94.44%) 1 (6.25%)
Postmenopausal 16 (33.33%) 0 1 (5.56%) 15 (93.75%)
Unknown 15
Histology 0.49
IDC 61 (96.83%) 13 (92.86%) 19(100%) 29 (96.67%)
ILC 2 (3.17%) 1 (7.14%) 0 1 (3.33%)
Turnor Grade (%) 0.37
1 6 (9.84%) 1 (7.69%) 2(11.11%) 3 (10%)
2 40 (65.57%) 6 (46.15%) 12 (66.67%) 22 (73.33%)
3 15 (24.59%) 6 (46.15%) 4 (22.22%) 5 (16.67%)
Unknown 2
Tumor Stage (%) 0.03
1 10 (17.24%) 2 (15.38%) 5 (27.78%) 3 (11.11%)
2 18 (31.03%) 7 (53.85%) 5 (27.78%) 6 (22.2%)
3 16 (27.59%) 3 (23.08%) 7 (38.89%) 6 (22.22%)
4 14 (24.14%) 1 (7.69%) 1 (5.56%) 12 (44.44%)
Unknown 5
Molecular Subtype (%) 0.04
Luminal A 16 (26.23%) 3 (23.08%) 9 (47.37%) 4 (13.79%)
Luminal B 45 (73.77%) 10 (76.92%) 10 (52.63%) 25 (86.21%)
Unknown 2
Ki 67 Index (%) 0.68
Low(<20%) 20 (33.33%) 3 (23.08%) 7 (38.89%) 10 (34.48%)
High P 20%) 40 (66.67%) 10 (76.92%) 11 (61.11%) 19 (65.52%)
Unknown 3
De Novo Stage IV (%) 14 (22.22%) 1 (7.14%) 1 (5.26%) 12 (40%) <0.01
Genaline Alteration Status (%) 16 (25.4%) 5 (35.71%) 4 (21.05%) 7 (23.33%) 0.65
Adjuvant Chemothrapy (%) 0.06
Yes 38 (77.55%) 10 (76.92%) 17 (94.44%) 11 (61.11%)
No 11 (22.45%) 3 (23.03%) 1 (15.56%) 7 (38.89%)
Adjuvant Endocrine Therapy (%) 0.04
Yes 43 (87.76%) 12 (92.31%) 18 (100%) 13 (72.22%)
No 6 (12.24%) 1 (7.69%) 0 5 (27.78%)
Adjuvant Radiotherapy (%) 0.51
Yes 26 (53.06%) 5 (38.46%) 11 (61.11%) 10 (55.56%)
No 23 (46.94%) 8 (61.54%) 7 (38.89%) 8 (44.44%)
(Continued)
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TABLE 1 Continued

All Patients Patients < 40 Patients 40-50 Patients > 50 p-value
DFS (%) 0.84
<5yrs 24 (50%) 7 (53.85%) 8 (44.44%) 9 (52.94%)
>5 yrs 24 (50%) 6 (46.15%) 10 (55.56%) 8 (47.06%)
Unknown** 1
Adjuvant Chemotherapy Regimen (%) 0.51
Taxanes 8 (21.05%) 2 (20%) 4 (23.53%) 2 (18.18%)
Anthracyclines 7 (18.42%) 0 5(29.41%) 2 (18.18%)
Both 21 (55.26%) 7 (70%) 7 (41.18%) 7 (63.64%)
Others 2 (5.26%) 1 (10%) 1 (5.88%) 0
Endocrine Therapy Only 11
Adjuvant Endocrine Therapy Regimen (%) 6.87E-05
Al 14 (32.56%) 0 4 (22.22%) 10 (76.92%)
SERM 29 (67.44%) 12 (100%) 14 (77.78%) 3 (23.08%)
Chemotherapy Only 6
Received OFS During Adjuvant Therapy (%) 3 (6.25%) 2 (15.38%) 1 (5.88%) 0 0.35
Chemotherapy Only 6
First-Line Therapy Regimen (%) 0.73
Chemotherapy Only 12 (19.05%) 3(21.43%) 5 (26.32%) 4 (13.33%)
Endocrine Therapy Only 19 (30.16%) 4 (28.57%) 4 (21.05%) 11 (36.67%)
Both 32 (50.79%) 7(50%) 10 (52.63%) 15 (50%)
Adjuvant Endocrine Therapy Resistance (%) 0.07
Yes 5 (11.63%) 3(25%) 0 (15.38%)
No 38 (88.37%) 9 (75%) 18 (100%) 11 (84.62%)
Did Not Receive Endocrine Therapy 6
First-Line Endocrine Resistance (%) 0.51
Yes 15 (24.19%) 3 (21.43%) 3 (15.79%) 9 (31.03%)
No 47 (75.81%) 11 (78.57%) 16 (84.21%) 20 (68.97%)
Unknown 1
Number of Metastasis Sites (%) 0.79
<2 sites 38 (60.32%) 9 (64.29%) 10 (52.63%) 19 (63.33%)
>2sites 25 (39.68%) 5 (35.71%) 9(47.37%) 1 (36.67%)
With Visceral Metastasis, no. (%) 33 (52.38%) 6 (42.86%) 12 (63.16%) 15 (50%) 0.48
FGFR1 Mutation, no. (%) 16 (25.40%) 3 (21.43%) 3 (15.79%) 10 (33.33%) 0.39
Median Disease Free Survival (months) 57.05 50.4 71.4 52.7 0.83
Median Progression Free Survival (months) 13.27 12.18 10.23 15.5 0.87
Median Overall Survival (months) 103.97 89.9 1274 75.5 0.17
Patients Dead Upon Follow-up, no. (%) 40 (63.49%) 9 (64.29%) 11 (57.89%) 20 (66.67%) 0.89

* All percentages based on # of known patients.

**One patient did not undergo surgery due to health issues and was not included in the DFS analysis.
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(76.92%) and lowest in women aged 40-50 years (52.63%). In
keeping with the molecular subtype finding, similar, but
nonsignificant trends were observed for lower prevalence of other
high-risk features among women aged 40-50 years relative to the
other age groups.

Patient outcomes in association with
clinicopathologic features

To assess the contributions of clinicopathologic variables that could
potentially influence clinical outcomes for patients in this cohort,
univariate analyses were performed to evaluate patient outcomes in
association with age and menopausal status at the time of primary
disease diagnosis, germline mutation status, de novo Stage IV disease,
endocrine treatment in the adjuvant and first-line settings, molecular
subtype, Ki67 index, clinical stage and resistance to adjuvant and
relapse endocrine therapy. Disease free survival (DFS) was measured
from the time of surgery following primary diagnosis to the time of
diagnosis of first-line metastatic relapse, with a median time to
metastasis of 57.05 months (Table 1). DFS was measured for 48/49
patients with relapsed metastatic disease but was not determined for

10.3389/fonc.2023.1152575

one patient that did not undergo surgery due to poor health.
Progression free survival (PFS) was measured from the time at
which treatment for metastatic disease was initiated to the time of
metastatic progression, with a median time to progression of 13.27
months (Table 1). PES was measured for 62/63 patients but was not
determined for 1 patient for whom follow up could not be obtained. OS
was measured from the time of surgery or treatment for de novo disease
following primary diagnosis to the time of death, with a median OS of
103.97 months (Table 1). OS was determined for all patients except the
patient who did not undergo surgery at the time of primary diagnosis.

At the univariate level no significant associations were observed
between DFS (p = 0.83), PES (p = 0.87) or OS (p = 0.17) with age
(Figures 2A-C). Median OS was 89.9, 127.4 and 75.5 months for
women <40, 40-50 and >50 years, respectively (Table 1). A similar
pattern across age groups was observed for DFS (50.4, 71.4 and 52.7
months) but not PFS (12.2, 10.2 and 15.5 months) (Table 1). No
significant association between age and OS was observed in separate
multivariate analyses after adjustment for de novo stage IV disease,
ctDNA alterations, luminal B subtype, resistance to adjuvant
therapy or high Ki67 index (Table 2). However, a number of
associations were observed between outcomes and several other
clinicopathologic variables. Significantly shorter DFS was observed
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FIGURE 2

Poor outcomes were not observed in association with younger vs. older age. Kaplan-Meier survival analysis was performed to analyze patient
outcomes including disease free survival (DFS), progression free survival (PFS) and overall survival (OS), in association with age. P-values were
calculated using the log-rank test, with significance set at p < 0.05. No significant associations were observed between DFS (A) or PFS (B) or OS

(C) with age.

TABLE 2 Multivariate analyses.

Variables HR (95% Cl) p-value
Age < 40 0.83 (0.36-1.93) 0.66
Age 40-50 0.64 (0.28-1.44) 0.28
De Novo Stage IV 3.11 (1.20-8.07) 0.02
Age <40 0.64 (0.28-1.45) 0.28
Age 40-50 0.55 (0.26-1.18) 0.12
(Continued)
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TABLE 2 Continued

10.3389/fonc.2023.1152575

VEELI[S HR (95% Cl) p-value
FGFR1 Altered 2.33 (1.15-4.72) 0.02
Age <40 0.93 (0.41-2.11) 0.86
Age 40-50 0.70 (0.30-1.64) 0.41
Luminal B 2.48 (1.01-6.10) 0.05
Age <40 0.71 (0.28-1.84) 0.49
Age 40-50 0.68 (0.27-1.73) 0.42
Adjuvant Endocrine Resistance 35.95 (6.53-197.88) 3.85E-05
Age <40 0.65 (0.29-1.46) 0.29
Age 40-50 0.46 (0.21 -1) 0.05
High Ki67 Status 2.04 (1.02-4.08) 0.04

Overall survival (OS) was also evaluated in association with age in separate multivariate models that included de novo Stage IV disease, the presence of FGFRI alterations, molecular subtype, resistance

to adjuvant endocrine therapy and high Ki67 index as co-variates using Cox proportional hazards regression. In keeping with univariate analysis, OS was not significantly associated with age.

in association with the Luminal B subtype (p = 0.0016) (Figure 3A),
high Ki67 index (p = 0.007) (Figure 3B), and resistance to adjuvant
endocrine therapy (p = 0.0001) (Figure 3C). Significantly shorter
PFS was observed in association with postmenopausal status at the
time of primary diagnosis (p = 0.037) (Figure 3D), endocrine
resistance to relapse endocrine therapy (p = 0.0001) (Figure 3E),
and type of first-line therapy (p = 0.0002) (Figure 3F). No
significant associations were observed between postmenopausal
status and DFS or OS (Supplementary Figure 2). Shorter OS was
observed in association with de novo Stage IV disease (p = 0.0018)
(Figure 4A), luminal B molecular subtype (p = 0.0061) (Figure 4B),
high Ki67 index (p = 0.036) (Figure 4C), resistance to adjuvant
endocrine therapy (p = 0.0001) (Figure 4D) and clinical stage at
primary diagnosis (p = 0.015) (Figure 4E). No significant
associations were observed between any survival outcomes and
germline mutation status (Supplementary Figure 2), type of
adjuvant endocrine therapy or receipt of adjuvant chemotherapy
(Supplementary Figure 3). PFS was not significantly shorter for
patients presenting with de novo vs. recurrent Stage IV disease
(Supplementary Figure 4). DFS, PES and OS were not significantly
shorter for patients when de novo Stage IV patients were excluded
from the analysis (Supplementary Figure 5).

ctDNA alterations in association with
patient clinicopathologic features

Blood samples were collected from 63 patients at the time of
metastatic disease diagnosis, prior to the initiation of treatment

Frontiers in Oncology

(Figure 1). As such, the mutational profiles detected in these samples
reflect the process of primary breast cancer progression and the impact
of adjuvant therapies. The landscape of genomic alterations for the
entire cohort shows that the top 10 most frequently altered genes across
all patients at this timepoint were PIK3CA (46%), TP53 (37%), FGFR1
(25%), ATM (19%) CCNDI (17%), ARIDIA (16%), AKT3 (14%), MYC
(14%), ESR1 (13%) and CCND2 (13%) (Figure 5), similar to previously
reported findings for an overlapping cohort (36). To examine gene
alterations in relation to key patient clinicopathologic variables, we
compared somatic genomic profiles across patients grouped according
to age at primary cancer diagnosis, menopausal status at primary
cancer diagnosis, germline mutation status, type of adjuvant endocrine
therapy, molecular subtype, Ki67 index and tumor grade. No
significant differences in gene alteration frequencies were observed
across age groups, menopausal status, germline mutation status,
molecular subtype, Ki67 index, or tumor grade. However,
comparison of profiles across women who received adjuvant
endocrine therapy revealed a significantly higher prevalence of
FGFRI (p = 0.04), and RBI (p = 0.03) alterations in patients treated
with Als vs. SERMS (Figure 6).

Patient outcomes in association with
ctDNA alterations

Patient outcomes (DFS, PFS and OS) were examined in association
with the top 10 most frequent ctDNA alterations (PIK3CA, TP53,
FGFR1, ATM, CCNDI1, ARIDIA, AKT3, MYC, ESRI and CCND2)
detected across all patients at the time of metastatic disease diagnosis
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Shorter disease free survival and progression free survival in association with clinicopathologic characteristics. Kaplan-Meier survival analysis was performed
to analyze disease free survival (DFS) and progression free survival (PFS) in association with clinicopathologic features. Shorter DFS was observed in
associations with luminal subtype (p = 0.0016) (A), high Ki67 index (p = 0.0066) (B) and resistance to adjuvant endocrine therapy (p = 0.0001) (C). Shorter
PFS was observed in association with postmenopausal status at primary cancer diagnosis (p = 0.037) (D), resistance to relapse endocrine therapy (p =

0.0001) (E) and type of first-line therapy regimen (p = 0.00015) (F).

(Figure 5). Significantly shorter DFS was observed in association with
alterations in FGFRI (p = 0.005) (Figure 7A), TP53 (p = 0.014)
(Figure 7B), and MYC (p = 0.045) (Figure 7C). Significantly shorter
PFES was observed in association with alterations in TP53 (p = 0.004)
(Figure 7D) and APC (p = 0.011) (Figure 7E). Significantly shorter OS
was observed in association with alterations in FGFRI (p = 0.008)
(Figure 8A), TP53 (p = 0.029) (Figure 8B), CCND2 (p = 0.012)
(Figure 8C), and RBI (p = 0.029) (Figure 8D).

Oncogenic signaling pathway analysis

The proportion of patients in the entire cohort with one or more
mutations in a specific oncogenic signaling pathways were: DDR (DNA
Damage Response) (60.32%), PI3K (52.38%), TP53 (52.38%), RTK/RAS
(23.81%), Cell Cycle (14.29%), HRD (Homologous Recombination
Deficiency) (7.94%), Hippo (6.35%) and NOTCH (1.59%). No
statistically significant differences were observed across age groups.

Discussion

Breast cancer in younger women has been widely characterized
as a more aggressive form of disease relative to breast cancer in
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older women (5-7). This has been attributed to a variety of factors
including the enrichment of aggressive TNBC and HER2+ clinical
subtypes among young breast cancer patients (8, 9, 17, 18, 21-24).
However, the majority of young breast cancer cases are HR+ (9, 17,
18,21, 23,24, 27). While HR+ breast cancer patients as a group have
the most favorable prognosis relative to other clinical subtypes,
comparatively poor outcomes have also been reported for younger
vs. older HR+ patients (8-10, 13, 14, 17, 41). Breast cancer in
younger women is particularly common in China (42), where the
average age of diagnosis is 10 years younger than in the U.S (43). In
the current study half of the real-world HR+/HER- MBC patients
were below the age of 50 at the time of primary cancer diagnosis,
providing an opportunity to compare their outcomes with the older
patients presenting in the same clinic. We have compared clinical
outcomes for these patients in association with clinicopathologic
features, treatment regimens and genomic profiles. In this study
cohort, younger patients did not experience inferior outcomes
compared to older patients.

The relationship between age and breast cancer outcomes is
complex and is complicated by a number of factors. First, the
cutoft for delineating younger vs. older breast cancer patients
varies widely across studies, ranging from <35, < 40, <45 and <50
years (9, 10, 13-17, 44, 45). In the present cohort, we compared
outcomes and clinicopathologic variables across three age groups:
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FIGURE 4
Reduced overall survival in association with clinicopathologic characteristics. Kaplan-Meier survival analysis was performed to analyze overall survival (OS) in
association with clinicopathological features. Reduced OS was observed in association with de novo stage IV disease (p = 0.0018) (A), luminal B molecular
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Reduced overall survival in association with genomic alterations. Kaplan-Meier survival analysis was performed to analyze overall survival (OS) in
association with specific genomic alterations. P-values were calculated using the log-rank test, with significance set at p < 0.05. Shorter OS was
observed in association with FGFR1 (p = 0.0082) (A), TP53 (p = 0.029) (B), CCND2 (p = 0.012) (C) and RB1 (p = 0.029) (D) alterations.

to a number of factors including incomplete chemotherapy-
induced amenorrhea, nonadherence to treatment, lower ER
expression levels, hormone resistance, elevated Ki67 levels and
higher tumor grade. Additional variation across studies results
from the comparison of data from large population-based
registries with results from smaller clinical cohorts, both of
which have advantages and disadvantages. While large
population-based studies are better powered to detect differences
across age groups, they are more likely to encompass lower
economic levels that have reduced access to health care,
resulting in enrichment of poor prognostic features. Although
patients in smaller single center cohorts receive the same care,
trends often fail to reach significance. And finally, variable control
of key clinicopathologic features has generated variation in results
across studies. Several reports suggest that the association of
young age with poor outcomes is confined to early-stage breast
cancer patients (11, 12, 15, 16), while other studies controlling for
or focusing exclusively on specific clinical subtypes have failed to
observe an association between young age and poor patient
outcomes (22, 33, 34).

In contrast to age, poor outcomes were significantly associated with
several other clinicopathologic variables in the present study. Reduced
OS was observed in association with de novo Stage IV disease, Luminal B
subtype, high Ki67 index, resistance to adjuvant endocrine therapy, and
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clinical stage at primary diagnosis. While a diagnosis of de novo Stage IV
disease has been reported as more frequent in younger breast cancer
patients and has been invoked to support a more aggressive classification
of breast cancer diagnosed at young age (11, 16), in the present study de
novo Stage IV disease was more common in women over the age of 50.
As aromatase inhibitors constitute standard of care adjuvant endocrine
treatment for postmenopausal women, this therapy regimen was
administered to the majority of patients > 50 years, while those in the
younger age groups mostly received SERMS (47). While no associations
were observed between outcomes and type of adjuvant endocrine
therapy, patients treated with Als had a higher frequency of FGFRI
alterations, which were significantly associated with poor outcomes.

In this study, genomic profiling was performed at the time of
metastatic breast cancer diagnosis, prior to the initiation of treatment
for metastatic disease. Thus, the mutational profiles reflect the process
of primary breast cancer progression and the impact of adjuvant
therapies. Outcomes, including DFS, PES and OS were examined in
association with the top ten most frequent gene alterations observed in
the entire study cohort. Poor outcomes were variously associated with
APC, CCND2, FGFRI, MYC, RBI, and TP53 gene alterations. In
previous studies FGFRI gene alterations have been observed in ~ 7-
27% of all breast cancers (48), have been associated with poor
prognosis, and constitute a critical mechanism underlying the
development of treatment resistance to endocrine suppression via
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Als and SERMs (48-50). While FGFRI alterations, consisting
predominantly of gene amplification events, were detected in 25% of
all the patients in this study, they were significantly more frequent in
women treated with Als (43%) vs. SERMS (10%). Interestingly, while
FGFRI alterations were significantly associated with reduced OS and
DFS, these alterations were not associated with shorter PFS. These data
suggest that the emergence of an FGFRI alteration during adjuvant
therapy may initiate resistance to adjuvant endocrine therapy that
enables accelerated progression to metastatic relapse.

This study has several limitations relating to the small size of the
patient cohort, which restricted comparisons and could result in biased
analyses. First, due to the small number of patients, it was not possible
to evaluate outcomes in association with genomic alterations within age
subgroups. Second, due to the small size of the entire cohort, the
limited number of events precluded simultaneous evaluation of all
pertinent variables within a single multivariate analysis of OS. And
third, as adjuvant endocrine therapy was determined by menopausal
status, with most patients over 50 receiving Als, and those under 50
receiving SERMS, it was not possible to incorporate this variable into
multivariate analysis. Nevertheless, despite these limitations, all
individual multivariate analyses supported the lack of association
between OS and age identified in univariate analysis.

In summary, in this study, inferior clinical outcomes were not
observed for younger HR+//HER2- metastatic breast cancer
patients. Our findings are consistent with other subtype-specific
studies that did not find worse outcomes for young HER2+ or
TNBC patients (33, 34). While current guidelines advocate that
treatment decisions should be based on individual tumor biology
rather than age (51), young HR+ breast cancer patients are more
likely to receive chemotherapy (52-54). The successful combination
of ovarian function suppression with endocrine therapies (55) and
the recent inclusion of premenopausal metastatic HR+ breast
cancer patients in phase III clinical trials testing CDK4/6
inhibitors clearly demonstrated benefit for young HR+ patients
(56), presenting an expanded choice of treatment options. Our
findings illustrate the complexity of clinical, biological and genetic
variables that underly outcomes for HR+ breast cancer patients of
different ages, underscoring the need for biomarker-based
treatment strategies for all patients.
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