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Prognostic significance and
immune infiltration analysis of
HMGAZ2 in endometrial cancer

Peng Jiang ®*, Jiaxin Yu", Yunfeng Zheng*, Chenfan Tian",
Yuan Tu?, Chunxia Gong? Hangkun Yu®, Yi Luo*
and Zhuoying Hu*

tDepartment of Gynecology, The First Affiliated Hospital of Chongging Medical University,
Chonggqing, China, ?2Department of Gynecology, Women and Children's Hospital of Chongging
Medical University, Chongging, China

Background: HMGA?2, as a transcription factor, facilitates oncogenesis and
malignant progression by coordinating cell cycle dysregulation, compromising
DNA repair machinery, and suppressing cancer cell apoptosis. However, its roles
in prognostication and tumor immune microenvironment modulation in
endometrial cancer (EC) remain incompletely defined.

Methods: We systematically analyzed HMGAZ2 expression patterns and clinical
prognostic value in EC using bioinformatics strategies, including TCGA and GTEX
data mining, as well as single gene expression analysis. Functional enrichment
analysis (GSEA and KEGG) identified HMGA2-associated pathways. The
correlation between HMGA2 and immune infiltration was assessed via TIMER
and TISIDB. Subsequent in vitro (proliferation, migration, colony formation) and
in vivo (xenograft models) experimental were used to validate HMGAZ2's role in
promoting EC progression. The correlation between HMGA2 and macrophage
markers (CD86 and CD206) was validated through clinical tissue samples by IHC.
Finally, a recurrence-predictive nomogram incorporating HMGA2 with
clinicopathological parameters was established.

Results: HMGA2 exhibited significant upregulation in endometrial cancer (EC)
tissues and correlated with poor patient prognosis. Immunoassay showed that
high expression of HMGA2 was negatively correlated with infiltration of various
immune cells, especially M1 macrophages. Cytological experiments showed that
knocking down HMGA?2 significantly inhibited EC cell proliferation, migration,
invasion, and drug resistance, while overexpression of HMGA2 promoted the
above phenotype; Animal experiments showed that knocking down HMGA2
significantly inhibited the growth of EC tumors and the expression of M1
macrophage marker CD86. The combination of HMGA?2 inhibitors and targeted
macrophage immunotherapy (CD47 monoclonal antibody) had the better tumor
suppression effect. Clinical sample analysis found that high expression of HMGA2
was significantly negatively correlated with CD86 and positively correlated with
CD206 expression. Patients with low HMGA2 expression showed enhanced
immune therapy responsiveness. The nomogram model based on HMGA2 and
clinical pathological parameters showed better predictive performance
(AUC=0.855, sensitivity=79.0%, specificity=76.8%).
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Conclusion: HMGA?Z is a potential diagnostic and prognostic biomarker for the
EC. HMGA2 may drive the occurrence and development of EC by inhibiting the
infiltration of immune cells, especially M1 macrophages. Therapeutic targeting of
HMGA?Z2 is a novel strategy for EC intervention.

endometrial cancer, HMGA2, immune, prognostic value, macropha ge polarization

1 Introduction

Endometrial cancer (EC) ranks among the most prevalent
gynecologic malignancies. Over the past three decades, its global
incidence has surged by 132%, with a growing prevalence among
younger women - particularly notable in patients under 40 years
where case numbers have doubled (1). While two-thirds of EC
patients present with early-stage disease amenable to surgical cure,
those with advanced or recurrent disease face poor outcomes.
Current management of metastatic EC increasingly incorporates
targeted therapies against VEGF, mTOR, and immune checkpoints
(2, 3). Despite therapeutic advances, the identification of novel
biomarkers remains crucial for improving EC diagnosis and
personalized treatment strategies.

HMGA?2, a chromatin-remodeling protein encoded on
chromosome 12q13-15, regulates transcription via AT-hook-
mediated DNA binding (4, 5). Crucially, this oncoprotein exhibits
near-negligible expression in normal tissues but is aberrantly
overexpressed across multiple malignancies—including breast,
ovarian, and lung cancers—where it drives tumorigenesis through
cell-cycle dysregulation, apoptosis suppression, and DNA repair
alteration (4, 6-8). These findings establish HMGA?2 as a
multifunctional oncogenic driver and emerging therapeutic target
in solid tumors.

Despite its documented roles in other cancers, HMGA2’s
prognostic and immunomodulatory functions in EC remain
poorly defined. Preliminary evidence suggested that the
overexpression of HMGA2, through the control of transcription,
is related to the pathogenesis of EC (9). Given EC’s rising incidence
and the urgent need for biomarkers guiding immunotherapy
deployment, systematic characterization of HMGA2 represents a
critical research priority for optimizing risk-adapted therapy.

This study investigates HMGA2’s prognostic value and
immunomodulatory roles in EC. Our preliminary data suggested
HMGA?2 contributed to the occurrence and development of EC
through transcriptional regulation of tumor proliferation and
immune microenvironment suppression. We further developed
an integrated prognostic model combining HMGA2 expression
with clinicopathological features to identify high-risk patients for
tailored clinical management.
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2 Materials and methods

2.1 Bioinformatics tools for analyzing the
differential expression of HMGA2

Differential expression of HMGA2 between endometrial
carcinomas and adjacent normal tissues was initially analyzed
using the Diff Exp module of TIMER. Pan-cancer validation was
subsequently performed via the cross-cancer analysis module of
Sangerbox. For TCGA-UCEC cohort-specific profiling, UALCAN
(a web-based platform for multi-omics TCGA data mining) was
employed to quantify HMGA2 expression levels across FIGO stages
and histological subtypes, simultaneously assessing its promoter
methylation status. Associations with molecular subtypes were
investigated using TISIDB. Protein-level validation was conducted
through immunohistochemical images of clinical specimens
retrieved from The Human Protein Atlas (HPA) (10), which
integrates transcriptomic and proteomic data for spatial tissue
mapping. For specific websites information for all bioinformatics
tools was provided in Supplementary Table 1.

2.2 Kaplan—Meier survival analysis

Kaplan-Meier Plotter (11) was used to analyze the overall
survival (OS) and recurrence-free survival (RFS) of HMGA2 in
endometrial cancer to evaluate the prognostic of HMGA2 (patients
were divided into HMGA2-high/low groups by optimal cut-
off values).

2.3 PPl network and functional enrichment
analysis

The protein-protein interaction (PPI) network of HMGA2 was
generated using GeneMANIA (12) with the following parameters:
physical interactions, co-expression, and genetic interactions
sourced from BioGRID, IMEx, and GEO datasets; an algorithm-
optimized weighting (FDR<0.05 implicit filter); and a maximum
resultant gene limit of 20. HMGA2 was specified as the primary
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query node. Subsequently, HMGA2-coexpressed genes were
retrieved from cBioPortal (13), selecting the top 1,000 genes
ranked by statistical significance (Spearman’s correlation; P<0.05).
Following co-expression network construction, these genes were
subjected to functional enrichment analysis via Metascape (14),
performing Gene Ontology (GO) annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis.
Results were visualized using Wei Sheng Xin (15), a cloud-based
bioinformatics platform for analytical graphics.

2.4 Immune infiltration analysis

To delineate the relationship between HMGA2 and tumor
immune microenvironment in endometrial carcinoma,
transcriptomic data from TCGA-UCEC (via TIMER) were
analyzed. Immune infiltration metrics, including immune/
stromal/ESTIMATE scores, were quantified using the ESTIMATE
algorithm (16). Tumor purity was computationally derived as:
Purity = cos (0.6049872018 + 0.000146788 x ESTIMATE score)
(17). The differential expression of immune/stromal/ESTIMATE
scores and tumor purity between high and low HMGA2 groups
were evaluated, and the survival differences in patients with
different immune scores were explored. TISIDB (18) integrates
multiple databases including TCGA and PubMed, allowing for
the pre-calculation of the correlation between genes and immune
functions for various tumors. We evaluated HMGA?2 associations
with tumor-infiltrating lymphocytes abundance, immune
checkpoint inhibitors, and immunostimulatory molecules.

2.5 Immunotherapy response and
chemotherapy response

Utilizing the Genomics of Drug Sensitivity in Cancer (GDSC)
database (19), which systematically catalogs tumor cell drug response
profiles for therapeutic target discovery, we evaluated correlations
between HMGA2 expression and pharmacodynamic indicators.
Specifically, Spearman analyses determined relationships with: (i)
chemotherapeutic sensitivity (paclitaxel and cisplatin) in vitro
efficacy, quantified by half-maximal inhibitory concentration
[IC50], where lower IC50 values denote enhanced sensitivity); and
(ii) immune checkpoint inhibitor responsiveness (predicted via
Tumor Immune Dysfunction and Exclusion [TIDE] scores,
wherein higher scores indicate poorer immunotherapy sensitivity).

2.6 Gene set enrichment analysis
Gene set enrichment analysis (GSEA) (20) was performed using

the C5 and BioCarta gene sets in GSEA software (version 4.3.2),
with a statistical significance threshold of P<0.05.

Frontiers in Immunology

10.3389/fimmu.2025.1559278

2.7 Patient cohort

This retrospective cohort study enrolled stage I-III endometrial
carcinoma patients (staged per 2009 FIGO criteria (21) who
underwent primary surgical resection between January 2018 and
December 2021 at the First Affiliated Hospital and Women and
Children’s Hospital of Chongqing Medical University. Exclusion
criteria comprised: non-standard surgical management;
sarcomatous histopathology; metastatic disease; synchronous
malignancies; neoadjuvant chemo/radiotherapy; or loss to follow-
up. For all included cases, clinical records were collected,
encompassing demographic parameters (age, BMI), pathological
characteristics (histological subtype/grade, myometrial/cervical
stromal invasion, lymphovascular space invasion [LVSI]), serum
CA125 levels, and adjuvant therapy regimen after surgery.

Prepare paraffin sections of postoperative tissue specimens from
patients stored in the pathology center for subsequent
immunohistochemical analysis. Additionally, 30 pairs of fresh
cancer tissues and adjacent normal endometrial tissues were
collected for subsequent qRT-PCR and Western Blotting
experiments. The postoperative adjuvant therapy, follow-up, and
definition of recurrence for patients can be found in previously
published literature (22). This study was conducted in compliance
with the Declaration of Helsinki and obtained ethics clearance
(Approval No. 2024-315-01 and 2023-002) from the institutional
review boards of all participating hospitals.

2.8 Immunohistochemistry

Patient pathological paraffin sections were obtained from the
pathology center for IHC analysis, following the same steps as
previously published literature (23). The following primary
antibodies are used for IHC staining: HMGA2 (Abcam, ab97276;
1:500 dilution), Ki-67 (Proteintech, 27309-1-AP; 1:1000 dilution),
CD86 (Abcam, ab243887; 1:500 dilution), and CD206 (Proteintech,
18704-1-AP; 1:4000 dilution). Immunohistochemical assessments were
performed according to standardized protocols. For HMGA?2 and Ki-
67, tumor cells exhibiting nuclear brownish-yellow granular staining
were defined as positive. Five randomly selected high-power fields (40x
objective) were evaluated in maximally active tumor regions. Per field,
100 tumor cells were counted to calculate the mean positive percentage
(0-100%). Staining intensity was stratified into four-tiered scoring: 1
(negative), 2 (weak), 3 (positive), and 4 (strong). The final histoscore
(range 1-4) was computed as: [staining intensity score] X [positive
percentage]. P53 expression was classified as mutant-type when
demonstrating complete absence or strong diffuse nuclear staining
(>80% cells), otherwise wild-type. CD86" and CD206" cells were
manually quantified across entire 1 mm cores with results expressed
as mean counts per mm® (24). All sections underwent blind
independent evaluation by two certified pathologists, with
discordances resolved through joint re-examination (25).
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2.9 Cell culture

Human endometrial cancer cell lines Ishikawa and HEC1-A
were purchased from Nanjing Baso Biotechnology Co., Ltd.
(Nanjing, China). Cells were cultured using DMEM medium
(Gibco, China) containing 10% fetal bovine serum (FBS)
(UElandy, Suzhou, China) and 2% penicillin-streptomycin
(Biosharp, Beijing, China), and placed in a humidified incubator
(Thermo Scientific, China) at 37°C with 5% CO, (26).

2.10 Transfection

HMGA?2 lentivirus was Obtained from Gikai Biotechnology
Company. Ishikawa and HECI1-A cells were inoculated in a six-well
plate and culture overnight to achieve approximately 30% confluence
after 24 hours, then the lentivirus was transduced according to the
manufacturer’s instructions (MOI=20). The culture medium was
changed after 24 hours of transfection, and then continued to
expand the cells. A portion of the cells were taken for qRT-PCR and
WB to verify transfection efficiency (27). The sequence of HMGA2
siRNA: shHMGA2#1, AGTCCCTCTAAAGCAGCTCAA;
shHMGA2#2, CTCCTAAGAGACCCAGGGGAA.

2.11 Western blotting

Following cell lysis, supernatants were centrifuged (12,000 xg,
10 min, 4°C) and protein concentrations determined using a
bicinchoninic acid (BCA) assay kit (Beyotime Biotechnology,
China). Protein lysates (30 pg per lane) were resolved on 10%
SDS-PAGE gels at 80 V for 30 min followed by 120 V for 90 min,
then electrotransferred onto PVDF membranes (250 mA, 80 min).
Membranes were blocked in 5% (w/v) non-fat dry milk/TBST for
1.5 h at 25°C prior to overnight incubation at 4°C with primary
antibodies prepared in blocking buffer: anti-HMGA2 (Abcam,
ab97276; 1:10,000) anti-Ki-67 (Santa Cruz, sc-23900; 1:500) anti-
N-cadherin (Proteintech, 82968-1-RR; 1:10000) anti-E-cadherin
(Proteintech, 20874-1-AP; 1:50000) anti-Vimentin (Proteintech,
80232-1-RR; 1:20000) and anti-GAPDH (Proteintech, 60004-1-Ig;
1:50000). After TBST washes (3 x 10 min), membranes were probed
with HRP-conjugated secondary antibodies (goat anti-mouse IgG,
ZenBio ASGO31IN, 1:10000 or goat anti-rabbit IgG, ZenBio
N19JU46, 1:50000) at 25°C for 60 min. Protein bands were
detected using ECL substrate with chemiluminescent imaging
performed on an Azure c600 system (28).

2.12 RNA extraction and quantitative real-
time PCR

Total RNA was extracted from cell lines using trizol reagent
(vazyme, China). ABScript III RT Master Mix (MCE, USA) with
gDNA remover was performed for qPCR, cDNA was synthesized with
random primers; qRT-PCR reactions were performed with BrightCycle
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Universal SYBR Green qPCR Mix with UDG (MCE, USA). B-actin was
used as an internal control. The primers were synthesized by Chengdu
Meiji (28). Primer sequences were as follows: HMGA2: Sense primer:
5-CGGTGAGCCCTCTCCTAAG-3’; Anti-sense primer: 5-CTCC
AGTGGCTTCTGCTTTC-3%; B-actin: Sense primer: 5-AGAAAA
TCTGGCACCACACCT-3’; Anti-sense primer: 5-GATAGCA
CAGCCTGGATAGCA-3’.

2.13 Proliferation, migration and invasion
assays

Cellular proliferation was assessed using a CCK-8 assay
(Dogindo, China). Briefly, 1.0 x 10° cells/well were seeded in 96-
well plates and pre-cultured for 24 h at 37°C under 5% CO,. At 0,
24, 48, and 72 h post-seeding, cells were incubated with 100 pl of
CCK-8 reagent diluted 1:10 in serum-free medium for 2 h at 37°C.
Absorbance was measured at 450 nm using a microplate reader
(Thermo Scientific, China), with blank subtraction
for normalization.

Migration capacity was evaluated via scratch assay. Cells grew in
6-well plates until 290% confluency. A standardized wound was
created using a sterile 200 pl pipette tip (mean scratch width: 500 +
50 um). After washing with PBS, cells were maintained in serum-
free medium. Migratory progression was documented at 0 and 48 h
using an inverted phase-contrast microscope (Olympus IX73).
Quantification was performed by calculating wound closure rate:
% Closure = [(Ag — A4g)/Ao] X 100, where A represents wound area
measured with Image]J software.

Invasion potential was analyzed using Matrigel-coated
Transwell chambers (Corning, 8 um pores). Cells (1 x 10*/well)
in serum-free DMEM were plated in the upper chamber, with
DMEM containing 30% FBS as chemoattractant in the lower
compartment. After 24 h incubation at 37°C/5% CO,, invaded
cells were fixed with 4% paraformaldehyde (Biosharp, China) for 15
min, stained with 0.1% crystal violet (Beyotime, China) for 20 min,
and washed three times with PBS. Cell counts were obtained from
>3 random fields per chamber under an inverted microscope at
100x magnification (29).

2.14 Colony formation assay

Ishikawa and HEC1-A cells were seeded in 6-well plates at 3,000
cells/well. Following 24-hour adherence, cells were treated with
paclitaxel (HY-B0015, MedChemExpress), cisplatin (HY-17394,
MedChemExpress), and ciclopirox (CPX, an inhibitor targeting
HMGA2) (HY-B0450, MedChemExpress) at specified
concentrations for 14 days (30-32). Colonies were then fixed with
4% paraformaldehyde (White Shark, China) for 20 min, stained
with 0.1% crystal violet (Beyotime, China) for 30 min, and
quantified by counting macroscopic colonies containing >50 cells
(diameter >0.5 mm). Three independent biological replicates were
performed, with colony counts expressed as mean * standard
deviation (33).
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2.15 Subcutaneous tumor model of
xenotransplantation

Subcutaneous xenograft models were established in 4-week-old
female BALB/c nude mice (n=5/group; Chengdu Yaokang
Biotechnology, China) by injecting 1x107 lentivirus-transduced
EC stable cells suspended in 100 puL PBS into the right thigh
region. Tumor progression was monitored twice weekly via digital
caliper measurements, with volumes calculated as 0.5 x (major axis)
x (minor axis)®>. Mice were humanely euthanized by cervical
dislocation under isoflurane anesthesia after 4 weeks.

Fifteen 4-week-old female BALB/c nude mice underwent
subcutaneous inoculation of Ishikawa cells into the right thigh.
Seven days post-implantation, mice were randomized into three
experimental groups (n=5 per group): (1) vehicle control; (2) CPX
(HY-B0450, MedChemExpress, 100 mg/kg oral gavage three times
daily); and (3) CPX (100 mg/kg oral gavage t.i.d.) + intraperitoneal
anti-human CD47 mAb (HY-P99706, MCE, 1 mg/kg twice weekly)
(32, 34). Following 21 days of intervention, euthanasia was
performed prior to tumor excision, with subsequent volumetric
analysis via caliper measurement using the formula 0.5 X maximal
diameter x (perpendicular diameter) . All animal experimental
procedures were approved by the Animal Ethics Committee of
Chongqing Medical University (Approval No. JACUC-CQMU-
2024-0991) and were performed in accordance with the
institution’s guidelines for the care and use of laboratory animals.

2.16 Establishment and validation of the
nomogram model

The training cohort (n=560) comprising endometrial cancer
(EC) patients from the First Affiliated Hospital of Chongging
Medical University was utilized to develop and internally validate
a recurrence prediction nomogram. External validation employed
an independent cohort (n=272) from the affiliated Women and
Children’s Hospital. Univariate Cox regression initially screened
HMGA?2 expression and clinicopathological parameters for
recurrence association (P<0.05 retention threshold). Significant
predictors subsequently entered multivariate Cox analysis to
identify independent factors (final inclusion criterion: P<0.05).
These predictors were integrated into a nomogram constructed
with R 4.3.2 (survival and rms packages). The optimal 3-year
recurrence-free survival (RES) risk threshold was determined by
maximizing the Youden index via ROC analysis. According to this
threshold, both cohorts were stratified into high- and low-risk
groups. Kaplan-Meier curves with log-rank tests compared RFS
distributions, while calibration plots assessed concordance between
nomogram-predicted probabilities and actuarial recurrence rates.

2.17 Statistical analysis

To compare the differences between the two groups, the chi-
square test was used for categorical variables, and the t-test and
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rank-sum test were used for continuous variables. Statistical
analysis was conducted using the SPSS Statistics 27.0 (IBM
statistics, Chicago, Illinois, USA) and the GraphPad Prism 9.0
software (La Jolla, CA, USA). All experiments were performed in
triplicate. P-value <0.05 was considered to indicate a statistically
significant difference.

3 Results

3.1 Differential expression and prognostic
analysis of HMGAZ2 in EC

Comprehensive pan-cancer analysis of TCGA data revealed
significant HMGA2 upregulation in multiple malignancies
compared to matched normal tissues, including endometrial
cancer (Figures 1A, B). HMGA?2 expression demonstrated strong
correlations with advanced tumor staging, aggressive molecular
subtypes, and high-grade histopathology (Figures 1C-E).
Immunohistochemical validation using HPA samples showed
weak cytoplasmic staining in normal endometrium, contrasting
with moderate-to-strong immunoreactivity in UCEC specimens
(Figure 1F). This differential expression pattern was consistently
replicated in our institutional cohort (Figure 1G), molecular
confirmation via RT-qPCR and western blotting of 30 matched
tumor-normal pairs confirmed profound HMGA?2 transcript and
protein overexpression in EC tissues (Figures 1H, I).

Importantly, HMGA2 overexpression in TCGA-UCEC dataset
correlated with key clinicopathological risk factors including
histological subtypes (P=0.029) and grade (P<0.001), TP53
mutation status (P<0.001), and adjuvant radiotherapy
requirement (P=0.030; Supplementary Table 2). These
associations were externally validated in our institutional cohort,
where high HMGA?2 expression consistently correlated with
aggressive disease features including FIGO stage (P<0.001), LVSI
(P=0.004), histological subtypes (P=0.048) and adjuvant treatment
(P=0.002, Supplementary Table 3). Kaplan-Meier analyses further
established HMGA?2 as a robust prognostic determinant, wherein
high expressers exhibited significantly reduced RFS (TCGA:
HR=1.8, P=0.052; institutional cohort: HR=2.010, P=0.002) and
OS (TCGA: HR=1.94, P=0.0035; institutional cohort: HR=3.261,
P<0.001), with concordant findings across both cohorts
(Figures 1J-M).

3.2 DNA methylation and function
enrichment of HMGA2 in EC

DNA methylation is an epigenetic modification, and its overall
reduction is closely related to the occurrence, development, and
cellular carcinogenesis of tumors (35). We obtained the methylation
level of the HMGA?2 promoter in endometrial cancer and normal
tissues from UALCAN. Compared to normal tissues, the
methylation level of the HMGA2 promoter in endometrial cancer
was significantly reduced, especially in stage III tumors, where the
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decrease was most pronounced, leading to reduced chromosomal
stability and increased tumorigenesis (Supplementary
Figures 1A, B).

To explore the interacting proteins and potential biological
functions of HMGA2, we used the GeneMANIA to generate a
protein interaction network diagram for HMGA2. As shown in
Supplementary Figure 1C, HMGA2 was mainly co-expressed with
HMGALI, E4F1, and UBNI, and these proteins were primarily
involved in chromatin assembly and disassembly, DNA
packaging, and transcription regulation. Then, GO and KEGG
pathway analyses were conducted, consistently revealing the
association of HMGA2 with cell proliferation and tumor related
pathways (Supplementary Figures 1D, E).

3.3 The immune infiltration of HMGAZ2 in
EC

Immune infiltration dynamics demonstrated significant
associations with tumor progression and clinical outcomes.
Utilizing the TIMER database, we investigated HMGAZ2’s role in
modulating the endometrial cancer immune microenvironment.
We observed a negative correlation between high expression of
HMGA2 and infiltration of most immune cells (B cells, T cells,
macrophages, etc.), with the strongest negative correlation observed
with macrophage infiltration (r=-0.32, P=2.31e-08; Figures 2A, B).
ESTIMATE algorithm analysis further revealed significantly
elevated stromal scores (P<0.01), immune scores (P<0.01), and
ESTIMATE scores (P<0.001) alongside reduced tumor purity
(P<0.001) in HMGA2-low tumors (all vs HMGA2-high;
Figures 2C, D). Critically, superior progression-free survival was
associated with heightened immune score (HR=0.52, P=0.01),
ESTIMATE score (HR=0.61, P=0.06), and Tumor purity
(HR=1.92, P=0.02), confirming that HMGA2-mediated
immunosuppression may contribute to poor prognosis through
inhibition of anti-tumor immunity (Figures 2E-G).

Building on evidence of HMGA2-mediated immunosuppression,
we further explored the correlation between lymphocyte infiltration,
immune checkpoint inhibitors, and immune checkpoint stimulators in
EC with HMGA2. The results showed that HMGA2 was mainly
negatively correlated with immune cell infiltration, including
eosinophils, monocytes, macrophages, and activated B cells. Similarly,
it was also significantly negatively correlated with immune checkpoint
inhibitors and activators. Among them, we found that the expression of
HMGA2 was significantly negatively correlated with the expression of
M1 macrophage marker CD86 (r=-0.186, P=1.3e-05; Supplementary
Figure 2). In summary, these findings suggested that patients with high
HMGA2 expression levels may have less immune cell infiltration
(especially M1 macrophages infiltration) at the tumor site and may
be less responsive to immune checkpoint inhibitor therapy.

Mechanistic dissection through GSEA confirmed HMGA2’s
central role in macrophage ontogeny, demonstrating coordinated
enrichment in macrophage activation (NES = 2.01, P = 0.0),
proliferation (NES = 1.79, P = 0.0), and differentiation (NES =
2.02, P = 0.0) (Supplementary Figure 3). Spatial validation in dual-
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center cohorts (training cohort n=560 and validation cohort n=262,
the comparison of baseline data between the two cohorts was shown
in Supplementary Table 4) via multiplex immunohistochemical
analyses quantified HMGA2-driven protumorigenic remodeling:
high-HMGA?2 tumors exhibited elevated Ki-67 proliferative index
(P<0.001), concomitant depletion of M1-like immunostimulatory
macrophages (CD86" cells, P<0.001) and expansion of M2-like
immunosuppressive subsets (CD206" cell, P<0.001) (Figure 3). This
phenotypic switch of M2/MI1 establishes HMGA2 as a pathological
driver of macrophage repolarization toward immune-
evasive niches.

3.4 HMGA2 modulated the proliferation,
migration, and invasion of EC cells

HMGA?2 was significantly overexpressed in EC tissues. To define
its functional impact, lentiviral-mediated transduction (pLKO.1-
shHMGA2/pLVX-HMGA?2) established Ishikawa and HEC1-A cell
models with stable knockdown or overexpression (Supplementary
Figure 4). Subsequent cellular functional assays demonstrated that
HMGA?2 knockdown significantly suppressed proliferation, migration
and invasion. Synchronously, we found that after HMGA2
knockdown, the proliferation marker Ki-67 and migration related
markers N-cadherin and Vimentin decreased, while the expression
level of E-cadherin increased (Figure 4). Conversely, HMGA2
overexpression amplified oncogenic phenotypes proportionally.

The tumor-promoting role was corroborated in vivo using ShRNA-
transduced Ishikawa xenografts (BALB/c nude, n=5/group).
shHMGA2#1 tumors exhibited 4.5-fold slower growth kinetics
(Figures 5A, B: day24 volume 69.3 + 52.Imm® vs 312.9 + 110.3
mm?®, p<0.001) and 77.9% reduction in terminal tumor weight
(Figure 5C: 76.2 + 57.3mg vs 344.2 121.4mg, p<0.01).
Immunohistochemical profiling of xenografts revealed coordinated

+
molecular alterations: HMGA?2 silencing attenuated the expression of
Ki-67 (IHC score 2.6 + 0.2% vs 1.6 + 0.4%, p<0.001), while modulating
tumor-associated macrophages—CD86" M1 density decreased by
83.2% (5.0 + 3.7 vs 29.8 + 7.3 cells/mm?, p<0.001), whereas CD206"
M2 infiltration increased 2.7-fold (42.0 + 8.9 vs 15.6 + 4.2 cells/mm?,
p<0.001) (Figures 5D-H). Spearman analysis confirmed HMGA2
positively correlated with Ki-67 (r=0.6408, p=0.0459) and CD206
(r=0.7338, p=0.0157), but inversely with CD86 (r=-0.7876,
p=0.0068), indicating its dual role in driving carcinogenesis and
sculpting immunosuppressive niches (Figures 5I-K).

3.5 Chemotherapy and immunotherapy
response of HMGA2 in EC

Given that most endometrial carcinomas are adenocarcinomas
where immunotherapy-chemotherapy combinations constitute
first-line therapy for advanced/recurrent disease (1), we
pharmacologically profiled HMGA2 using GDSC database. High
HMGA?2 expression correlated with primary resistance to
conventional chemotherapeutics (Figure 6A) and impaired
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Characteristics of HMGA2 in immune cells infiltration. (A) Relationship between HMGA2 expression and immune infiltration level generated from
TIMER. (B) Clustering of MCP-counter scores for the correlation of HMGA2 with immune and non-immune stromal cell populations in UCEC
according to TCGA databases. (C, D) Differential expression level of HMGA2 with immune scores, stromal scores, estimate scores and tumor purity
in UCEC. (E-G) OS curves of different levels of immune scores, estimate scores and tumor purity. Notes: (**p < 0.01, ***p < 0.001, ns, not

significant).

responsiveness to immune checkpoint inhibitors (Figure 6B).
Conversely, the HMGA2-low cohort exhibited enhanced drug
sensitivity and superior immunotherapy outcomes (Figures 6C,
D). Mechanistically, this chemoresistance and immune evasion
phenocopied the HMGA2-induced immunosuppressive
microenvironment characterized by CD206" TAM expansion and
CD86" depletion, implicating distinct therapeutic implications:
HMGA2-high tumors are candidates for targeted pathway
inhibition, whereas HMGA2-low tumors may derive maximal
benefit from immunotherapeutic approaches.
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Complementary to pharmacogenomic predictions, HMGA2
depletion potentiated the cytotoxic effects of conventional
chemotherapeutics in endometrial cancer models. Colony formation
assays revealed that HMGA2 knockdown significantly augmented
paclitaxel/cisplatin efficacy, the number of clones has significantly
decreased compared to the control group (Figure 6E), while HMGA2
overexpression completely reversed the aforementioned effects
confirming HMGA2-driven
chemoresistance. In vitro cloning experiments, the application of
HMGA?2 inhibitors significantly inhibited the colony formation of

(Supplementary Figure 5),
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EC cells (Figure 7A), while in xenograft models (Ishikawa/BALB/c
nude), HMGA2 pharmacologic inhibition (po. 100 mg/kg three times
daily) significantly suppressed tumor growth versus vehicle (53.1%
volume reduction; p=0.01) (Figure 7B). Strikingly, combinatorial
blockade of HMGA2 and CD47 checkpoint (anti-CD47 mAb 1 mg/
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kg biweekly, the main function is to enhance the phagocytic activity of
macrophages towards tumor cells) synergistically amplified antitumor
efficacy, achieving near-complete regression (85.1% suppression;
p<0.001 vs monotherapies), establishing dual-targeting strategy as a
promising therapeutic paradigm (Figures 7B-D).
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3.6 The model for predicting EC
recurrence based on HMGAZ2 and clinical
pathological parameters

We further explored the clinical application value of HMGA2 in
EC. Firstly, in the training cohort, HMGA2 emerged as an independent
recurrence predictor on multivariate Cox regression after adjusting
clinicopathological confounders. Alongside established risk factors

Frontiers in Immunology 12

(age, FIGO stage, LVSI, CA125, myometrial invasion, histological
subtypes, P53; all P<0.05), HMGA2 overexpression significantly
correlated with reduced REFS (HR=1.603, 95%CI 1.012-2.540;
P=0.044) (Supplementary Table 5). The integrated prognostic model
incorporating HMGA2 demonstrated superior discriminative power
(AUC: 0.855 vs 0.593 for HMGA?2 alone, 0.812 for clinical factors;
Supplementary Figure 6), with HMGA?2 contributing a large weight on
nomogram among 8 variables (Figure 8).
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The nomogram demonstrated high calibration accuracy, with
internal and external calibration curves at 1/3/5-year intervals
showing strong agreement between predicted and observed
recurrence-free probabilities (Figure 9). ROC curve and the
maximum Youden index indicated that the optimal threshold for
the nomogram model predicting 3-year recurrence of endometrial
cancer was 0.868 (Supplementary Figure 7). Based on this
threshold, we stratified patients into clinically distinct risk
cohorts: High-risk recurrence group (nomogram score <0.868)
and Low-risk recurrence group (>0.868). Kaplan-Meier analysis
confirmed significant survival disparity, with consistent outcomes
across both cohorts (detailed rates in Supplementary Figure 8).

4 Discussion

HMGA?2, as a non-histone transcription factor, can influence
various biological processes. The overexpression of HMGA2 is a
characteristic of malignant tumors (36). For example, HMGA2
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mediated the occurrence of triple-negative breast cancer by
activating the NF-kB/IL-6/IL-8/STAT3 axis (37); HMGA2
activated the mTOR signaling pathway to inhibit ferroptosis,
thereby enhancing the death resistance of pancreatic cancer and
reducing chemotherapy sensitivity (38). Some studies have also
shown that high expression of HMGA2 weakened the inhibitory
effect of miR-302a-5p/367-3p on the malignant behavior of
endometrial cancer cells, thereby promoting the progression of
EC and being associated with poor prognosis in EC patients (9).
In this study, we utilized bioinformatics techniques and real
clinical data to explore the differential expression and prognostic
levels of HMGA?2 in endometrial cancer. The results indicated that
HMGA?2 expression was significantly upregulated in endometrial
cancer, was significantly associated with poor clinical and
pathological features of EC, and that patients with high HMGA2
expression had significantly decreased overall survival and disease-
free survival rates. These suggested that HMGA2 had good
diagnostic and prognostic predictive value in endometrial cancer.
KEGG enrichment analysis showed that HMGA2 was associated
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FIGURE 8
Nomogram model for predicting the 1-, 3-, and 5-year RFS rates of endometrial cancer patients. To predict the 1-, 3-, and 5-year RFS rates of
endometrial cancer patients, draw the vertical line segment to the "Points” axis to get the corresponding score of each predictor, and calculate the
total score of all predictors. Draw the vertical line segment from the “Total Points” axis to the “1-year RFS", “3-year RFS", and “5-year RFS” axis to get
the corresponding 1-year, 3-year and 5-year RFS rates of endometrial cancer patients.

with tumor pathways such as cell cycle regulation, cell proliferation,
Hippo signaling pathway, and TGF-beta signaling pathway.
Functional experiments also indicated that knocking down
HMGA? significantly inhibited the proliferation, migration, and

invasion

of EC tumor cells. These results collectively confirm its
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Existing studies have shown that HMGA2 interacted with
certain immune cells. Xu et al. confirmed that HMGA2 reduced
the sensitivity of colorectal cancer (CRC) cells to CD8+-T cell-
mediated cytotoxicity through the miRNA-200c-3p/LSAMP/Wnt
axis, promoting tumor development (39). The overexpression of

HMGA?2 in CRC cells promoted macrophage recruitment and M2
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polarization by upregulating STAT3-mediated CCL2 secretion,
thereby promoting tumor immune suppression in CRC (40).
However, there are few studies reporting on the relationship
between HMGA2 and immune infiltration in EC. In this study,
we explored the relationship between HMGA2 and immune
infiltration. Significant inverse correlation between HMGA2
expression and immune infiltration, particularly macrophage
depletion. The immunohistochemical analysis results of our
patients showed that high HMGA2 associated with reduced M1
marker CD86 yet elevated M2 marker CD206. At the same time, the
efficacy of immune checkpoint inhibitors was significantly
negatively correlated with HMGA?2 expression. These findings
suggested that HMGA2 may reprogram tumor-associated
macrophages towards an immunosuppressive M2 phenotype in
EC. Consequently, patients with high HMGA?2 exhibit primary
immunotherapy resistance, whereas low expressors are potential
responders. Notably, dual targeting strategies demonstrate promise:
HMGA?2 depletion sensitizes tumors to chemotherapy, while
combining HMGA2/CD47 blockade synergistically enhances anti-
tumor efficacy.

Finally, to determine the prognostic significance of HMGA?2 in
EC, univariate and multivariate Cox regression analyses identified
HMGA2 as an independent predictor of recurrence. Integrating
HMGA?2 with key clinicopathological parameters yielded a novel
prognostic model demonstrating superior predictive accuracy
compared to conventional models. Stratifying patients into high-
and low-recurrence risk groups at the model’s optimal threshold
revealed significantly worse survival outcomes in the high-risk
group. This necessitates intensified postoperative follow-up and
multimodal therapeutic approaches for high-risk patients, who were
predominantly characterized by high HMGA2 expressions.
Notably, elevated HMGA?2 levels correlated with suppressed
immune infiltration, suggesting HMGA2-high patients may
benefit from targeted HMGA?2 inhibition, whereas HMGA2-low
patients, potentially more immunotherapy-sensitive, might derive
greater advantage from immunotherapeutic strategies.

This study suggests that HMGA2 promotes endometrial
carcinogenesis and progression, potentially by modulating
immune infiltration levels, highlighting its value as a biomarker.
However, a notable limitation is the lack of in-depth investigation
into the precise mechanisms by which HMGA?2 influences
macrophage differentiation, which should be elucidated in
future studies.

5 Conclusion

In summary, this study demonstrates that HMGA2 expression
is associated with poor prognosis in endometrial cancer (EC),
promoting disease progression potentially by inhibiting M1-
polarized macrophage differentiation. Furthermore, patients
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exhibiting low HMGA2 levels showed enhanced sensitivity to
immunotherapy. These findings underscore HMGA?2’s potential
utility as both a prognostic biomarker and a predictor of
immunotherapy response. The development of models
incorporating HMGA?2 expression offers a valuable tool for risk
stratification and has significant potential for informing clinical
decision-making regarding treatment selection.
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