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HMGA?2 alleviates ferroptosis by promoting GPX4 expression in

pancreatic cancer cells
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Pancreatic cancer is one of the most malignant tumor types and is characterized by high metastasis ability and a low survival rate.
As a chromatin-binding protein, HMGA2 is widely overexpressed and considered an oncogene with various undefined regulatory
mechanisms. Herein, we demonstrated that HMGAZ2 is highly expressed in pancreatic cancer tissues, mainly distributed in epithelial
cells, and represents a subtype of high epithelial-mesenchymal transition. Deletion of HMGA2 inhibits tumor malignancy through
cell proliferation, metastasis, and xenograft tumor growth in vivo. Moreover, HMGA2 enhanced the cellular redox status by
inhibiting reactive oxygen species and promoting glutathione production. Importantly, ferroptotic cell death was significantly
ameliorated in cells overexpressing HMGA2. Conversely, HMGA2 deletion exacerbated ferroptosis. Mechanistically, HMGA2
activated GPX4 expression through transcriptional and translational regulation. HMGA2 binds and promotes cis-element
modification in the promoter region of the GPX4 gene by enhancing enhancer activity through increased H3K4 methylation and
H3K27 acetylation. Furthermore, HMGA2 stimulated GPX4 protein synthesis via the mTORC1-4EBP1 and -S6K signaling axes. The
overexpression of HMGA?2 alleviated the decrease in GPX4 protein levels resulting from the pharmacologic inhibition of mTORC1.
Conversely, compared with the control, HMGA2 deletion more strongly reduced the phosphorylation of 4EBP1 and S6K. A strong

positive correlation between HMGA2 and GPX4 expression was confirmed using immunohistochemical staining. We also
demonstrated that HMGA2 mitigated the sensitivity of cancer cells to combination treatment with a ferroptosis inducer and
mTORC1 inhibition or gemcitabine. In summary, our results revealed a regulatory mechanism by which HMGA2 coordinates GPX4
expression and underscores the potential value of targeting HMGA2 in cancer treatment.
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INTRODUCTION

Pancreatic cancer is one of the most malignant types of tumors and
the fourth leading cause of cancer-related death in both sexes [1].
Pancreatic cancer often goes undetected with rapid progression
until it reaches an advanced stage and spreads, making it difficult
to diagnose in time [2]. The clinical treatments for pancreatic cancer
can be divided into three parts: surgery, chemotherapy, and
radiotherapy [3]. Because of the high radio-resistance of pancreatic
cancer and the inability of adjacent organs to tolerate high doses of
radiation, the only method for curing pancreatic cancer is the
combination of complete resection and systemic chemotherapy.
However, recent studies have suggested that pancreatic cancer has
a heterogeneous cell composition and a cold tumor microenviron-
ment [4], leading to resistance to neoadjuvant chemotherapy and/
or radiotherapy [5].

Ferroptosis, a recently discovered form of regulated cell death,
is iron-dependent and results from excessive lipid peroxidation.
Glutathione peroxidase 4 (GPX4) is a type of selenoenzyme that
contains cysteine and functions as a redox-active enzyme [6]. By
reducing the abundance of oxidative substrates and detoxifying

lipid peroxidation products, GPX4 protects cells from oxidative
damage and inhibits ferroptosis. The antioxidative function of
GPX4 depends on cysteine, a redox-active residue located in the
catalytic site. The primary pathway for acquiring cysteine in cancer
cells involves amino acid transporter solute carrier family 7
membrane 11 (SLC7A11), which transfers extracellular cystine to
the intracellular compartment, where it is reduced to cysteine [7].
GPX4 knockout mice experience stillbirth during embryonic
development [6, 8], and sperm lacking GPX4 are highly susceptible
to oxidative damage, resulting in infertility [9]. Protein synthesis is
an energy-intensive process that requires close coordination with
nutrient and energy supplies, particularly selenoproteins [10]. The
integration of environmental and nutritional factors to regulate
protein synthesis plays a pivotal role in this process. Cancer cells
can regulate gene expression to adapt to different stress
conditions, whether they originate internally or from external
stimuli, and selectively synthesize proteins that are most urgently
needed [11, 12]. The mechanistic target of rapamycin complex
(mTORC) is a critical eukaryotic signaling network that coordinates
cell physiology with environmental conditions [13]. In protein
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synthesis, mTORC1 phosphorylates two key effectors, p70S6
kinase 1 (S6K) and elF4E-binding protein (4EBP), to enhance
mRNA translation. Phosphorylated S6K can activate several
substrates that promote mRNA translation initiation [14, 15]. In
addition, mTORC1 directly phosphorylates 4EBP, thereby promot-
ing 5’ cap-dependent transcription [16].

High mobility group AT-hook 2 (HMGA2) belongs to the high
mobility group A (HMGA) family [17]. HMGA proteins can regulate
the transcriptional activity of several genes by interacting with
transcriptional regulators and altering chromatin structure, thus
affecting various biological processes [18]. HMGA2 protein is
highly expressed during embryonic development but is poorly
expressed in adult tissues. However, it is significantly increased in
tumor cells [19]. The carcinogenic activity of HMGA2 involves
several mechanisms, including its contribution to cell cycle
progression. HMGA2 competitively inhibits retinoblastoma protein
(RB), a tumor suppressor protein, through interaction with RB via
the second AT-hook domain, promoting cell cycle progression
[20, 21]. Moreover, HMGA2 can directly bind to its promoter
region to promote cyclin A expression, further contributing to cell
cycle progression [16]. In cancer treatment, HMGA2 can assist
cancer cells in repairing DNA damage and overcoming cell cycle
repression induced by drugs. Epithelial-mesenchymal transition
(EMT) is a key factor in cancer progression and drug resistance
[22, 23]. In a previous study, HMGA2 was identified as the
upstream regulatory molecule of the TGFB/Smad pathway,
enhancing the phosphorylation of Smad3 to induce EMT [24]. In
pancreatic cancer, HMGA?2 is related to E-cadherin, vimentin, and
N-cadherin, which are the characteristic changes associated with
EMT [25]. Decreased drug sensitivity is the leading cause of
treatment failure in cancer, particularly in pancreatic cancer. The
functions of HMGA2, such as DNA repair and the promotion of
EMT, can be exploited by cancer cells. Furthermore, a recent study
reported that HMGA2 enhances gastric cancer cell survival via the
mTOR/P-gp pathway [26], indicating the role of HMGA2 in
regulating protein synthesis.

In this study, we demonstrated that HMGA2 promotes
pancreatic cancer cell growth and exhibits antiferroptotic effects
by activating the mTORC1 pathway and enhancing GPX4
translation. This reveals crosstalk between HMGA2 GPX4 levels
and ferroptosis.

MATERIALS AND METHODS

Data collection and processing

Bulk gene transcriptome data and clinical information for pancreatic
cancer patients were obtained from the Gene Expression Omnibus (GEO)
and the International Cancer Genome Consortium (ICGC). The datasets
GSE28735, GSE57495, GSE62452, GSE71729, GSE79668, GSE84219,
GSE85916, GSE124230, and GSE172356 were obtained from GEO. The
projects from the ICGC were PACA-AU, PACA-CA, PAAD-US, and PAEN-AU.
Batch correction of the expression data (log2(FPKM + 1)) was performed
using the ComBat function from the sva package (R package version
3.50.0) [27] in R language. Bulk proteomics data and clinical information for
pancreatic ductal adenocarcinoma (PDAC) patients were obtained from
the Clinical Proteomic Tumor Analysis Consortium (CPTAC). Single-cell RNA
sequencing data of human pancreatic cancer [28] were downloaded from
GEO with accession ID GSE155698, which contains 16 PDA tissue samples,
3 adjacent normal pancreas samples, 16 PBMC samples isolated from
human PDA patients, and 4 PBMC samples isolated from healthy
volunteers. The gene expression matrices were combined and analyzed
using the Seurat R package [29]. We performed quality filtering to remove
cells with fewer than 500 expressed genes, fewer than 500 unique
molecular identifiers (UMIs), more than 10% UMIs derived from
mitochondrial genes, and log10(expressed genes/UMIs) greater than
0.75. Then, we normalized and scaled the gene expression matrices using
SCTransform. Subsequently, the Harmony algorithm was employed to
integrate scRNA-seq data across different patients [30]. For cell type
identification, we first applied a graph-based clustering approach by using
the FindNeighbors and FindClusters functions. Then, the clusters were
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further annotated into seven major cell types according to the original
article. The epithelial subpopulation was also identified by a pipeline
similar to that described above. The differentially expressed genes in
different cell lineages were calculated using the Seurat FindMarkers
function with the “MAST” algorithm. The Metascape web server was used
to perform functional enrichment based on GO biological processes,
hallmark gene sets, and KEGG pathways.

Cell culture and reagents

Typical human pancreatic cancer cell lines, PANC-1, MIAPaCa-2, and BXPC-
3, were obtained from Procell Life Science and Technology (Wuhan, China)
via certified short tandem repeat (STR) profiling. BXPC-3 cells were cultured
in RPMI-1640 medium, while PANC-1 and MIAPaCa-2 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) (VivaCell,
Shanghai, China) and 1% streptomycin/penicillin (Beyotime, China) at
37°C and 5% CO,. RSL3 (GC12431) and erastin (GC16630) were obtained
from GlpBio (California, USA), while gemcitabine (HY-17026), ferrostatin-1
(HY-100579), torin1 (HY-13003), rapamycin (HY-10219), and AZD8055 (HY-
10422) were obtained from MedChemExpress (MCE) (State of New
Jersey, USA).

Cell infection

To establish constitutive expression, a lentivirus carrying the HMGA2
protein coding region (Gene ID: 8091) or sgRNA targeting HMGA2 was
acquired from GeneChem Biotechnology (Shanghai, China). To achieve
constitutive effects, puromycin selection was conducted to obtain stable
cell lines. The fused FLAG-HMGA?2 overexpression lentiviral vector was
constructed by Miaolin Biology (Wuhan, China) and transfected into
MIAPaCa-2 cells for ChIP experiments.

Cell viability, cell death, and migration assays

To assess cell death, cells were seeded on microscope cover glasses and
treated as indicated. Subsequently, the cells were washed twice with
phosphate-buffered saline (PBS) and stained with propidium iodide (PI)
(Roche). The sections were studied using an inverted fluorescence
microscope (TCS SP8, Leica). Cell growth was determined using a Cell
Counting Kit-8 (CCK-8) and colony formation assays. In the CCK-8 assay,
each type of cell (PANC-1 and MIAPaca-2 at 1500 cells/well, BXPC-3 at 2000
cells/well) was seeded into a 96-well plate with at least three replicates for
different culture times. CCK-8 solution was added, and the absorbance at
0OD450 was measured using an iMark microplate absorbance reader (Bio-
Rad, California, USA). For colony formation assays, each cell type (PANC-1
and MIAPaCa-2 at 1000 cells/well, BXPC-3 at 2000 cells/well) was seeded
into six-well plates and cultured for 15-20 days. Subsequently, the cells
were stained with 0.1% crystal violet to quantify positive colonies.
Transwell assays (NEST Biotechnology, Wuxi, China) were used to assess
cell migration. A total of 2 x 10* cells were seeded in the upper chamber
with FBS-free medium, while medium containing 10% FBS was added to
the lower chamber. After 48 h of culture, the cells in the lower chamber
were fixed with 4% PFA and stained with crystal violet.

Cellular ROS, lipid peroxidation, and GSH detection

The cellular ROS levels were assessed by staining with 2,7-dichlorofluor-
escin diacetate (DCFH) (Merch, Darmstadt, Germany) for 30 min at 37 °C
and then analyzed using a flow cytometer. For the analysis of lipid
peroxidation, cells were stained with BODIPY-C11 (Invitrogen) or evaluated
by measuring malondialdehyde (MDA) levels using a lipid peroxidation
MDA assay kit (Beyotime, China) following the manufacturer’s instructions.
Glutathione (GSH) levels were detected according to the standard protocol
of the GSH and GSSG Assay Kit (#50053, Beyotime, China).

Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA extraction was performed using TRIzol reagent (Thermo Fisher),
and cDNAs were synthesized using a reverse transcription kit (CW2569M,
CWBIO, China). RT-gPCR was performed using SYBR Green mix (Roche, USA).
Gene expression was normalized to that of B-actin and calculated using
the 2722 method. The data are presented as the means +SDs of three
biological replicates. The primers used are listed in the Supplemental Table.

Western blotting and antibodies
Cells were lysed using standard RIPA strong buffer supplemented with 1%
PMSF and a proteinase cocktail (Solarbio, China). The protein concentration
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was determined using a BCA protein assay kit (GK10009, GLPBio). Equal
amounts of protein were loaded onto SDS-PAGE gels, transferred to PVDF
membranes, and blocked with 5% skim milk. Specific primary antibodies
were applied at 4 °C overnight. A chemiluminescence system (Tanon 5200,
Tanon, China) was used for exposure. The following antibodies were used:
-actin (AC038, 1:10,000), P70S6 kinase 1 (A2190, 1:1000), phospho-p70 S6
kinase-T389 (AP1389, 1:1000), HRP goat anti-rabbit IgG (AS014, 1:5000),
and HRP goat anti-mouse IgG (AS003, 1:5000) from ABclonal Technology
(Wuhan, China); GPX4 (ab231174, 1:1000) and FACL4 (ab155282, 1:1000)
from Abcam (Shanghai, China); HMGA2 (#61041, 1:1000) from Active Motif
(California, USA); and FLAG (#14793, 1:2000) from Cell Signaling
Technology (Shanghai, China).

Pancreatic cancer tissue chip and immunohistochemical
staining

Pancreatic cancer tissue chips were purchased from Shanghai Outdo
Biotech Co. Ltd (cat: OD-CT-DgPan 01-007). Informed consent was
obtained from all subjects, and a total of 81 pairs of patients with
pancreatic cancer on the chips were studied. Tissues were dewaxed and
subjected to peroxidase blocking and antigen retrieval. Then, primary
antibodies against GPX4 (ab231174, 1:400) from Abcam (Shanghai, China),
HMGA?2 (#61041, 1:200) from Active Motif (California, USA), SMA (M0851,
1:2000) from DAKO (Beijing, China), Vimentin (#5741, 1:500) and
diaminobenzidine (DAB) were used for staining. Immunohistochemical
staining was evaluated by experienced pathologists in a double-blinded
manner. Image-Pro Plus (IPP) was used to analyze the staining intensity.
The staining intensity was quantified using the integral optical
density (I0D).

Chromatin immunoprecipitation (ChIP) and quantitative PCR
ChIP experiments were conducted as previously described [22]. Briefly,
2% 10° cells were crosslinked with 1% formaldehyde for 10 min at room
temperature. Following cell lysis, the cells were sonicated by a Bioruptor
(Diagenode) for 30 min to obtain fragmented DNA. ChIP was incubated
with the appropriate antibodies against mono-methyl-histone H3 (Lys4)
(H3K4me1, #5326), acetyl-histone H3 (Lys27) (H3K27ac, #8173), and FLAG
(#14793) from Cell Signaling Technology (Shanghai, China), followed by a
pull-down assay using protein A/G-conjugated beads. The collected DNA
was then used for quantitative PCR (gqPCR) analysis. The primer sets used
are listed in the Supplementary Table.

RNA sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen, Germany) and
sequenced at CapitalBio Technology (Beijing, China) as described
previously [23]. Independent triplicate samples were used for sequencing.
Data analysis was conducted using ClusterProfiler R and KOBAS 3.0 soft-
ware. Pathway enrichment analysis of DEGs was performed through the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The RNA
sequencing data were submitted to the National Genomics Data Center of
China (NGDC) under accession number PRJCA021355.

In vivo xenograft assay

Four- to six-week-old NOD-SCID mice (strain no. T001492) (weighing
20-25 g) were obtained from Jiangsu GemPharmatech Co., Ltd (Nanjing,
China) for in vivo xenograft experiments. Cultured PANC-1 sgNC or
sgHMGA?2 cells (3 x 10°) were subcutaneously transplanted into the right
flank of all mice via randomization to experimental groups. The tumor
volume was measured every 2 days, starting 5 days post-transplantation,
and calculated using the following formula: tumor volume = (long x
wide?) x 1/2. At the end of the experiment, the tumors were imaged and
weighed after the mice were euthanized. A total of seven mice were used
in each group, and no blinding methods were used. All animal procedures
were performed according to protocols approved by the Animal Care
Committee of Ningbo University.

Luciferase reporter assay
The 128 bp long core promoter region or the 484 bp long proximal
enhancer region was cloned and inserted into the luciferase reporter
vector pGL4.10. The clone primer sets used are listed in the
Supplementary Table.

Luciferase reporter analysis was performed according to the manufac-
turer's protocol (Promega). Briefly, the constructed reporter vector was
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transfected into MCOK- or HMGA2-overexpressing PANC-1 cells via GP-
transfect-Mate from Shanghai GenePhama Biotechnology (Shanghai,
China). At 48h post transfection, the cells were lysed for luciferase
measurement, and firefly luciferase activities were normalized to Renilla
luciferase activities.

Statistical analysis

For the analysis of publicly available transcriptomic data, the Wilcoxon test
was performed. The Pearson method was used to evaluate correlations.
The graphical results are presented as the mean + standard deviation (SD)
of three independent replicates, and Student’s t-test was performed for the
statistical analysis using GraphPad Prism 8.3 software. A p-value < 0.05
was considered to indicate statistical significance. * indicates p <0.05,
** indicates p < 0.01.

RESULTS

HMGA2 is highly expressed in pancreatic cancer and promotes
cancer cell malignancy

To understand the significance of HMGA2, we compared the
expression of HMGA2 between pancreatic cancer and normal
tissues using publicly available RNA sequence data and proteomic
data. Compared with those in normal tissues, significantly greater
HMGA?2 transcription (p = 4e-8) and protein expression (p = 6e-5)
were detected in tumor tissues (Fig. 1A, B). Moreover, the HMGA2
expression level was negatively correlated with survival
(p =0.00036) (Fig. 1C). Our results were also supported by a
published reference [31] showing that HMGA2 was significantly
upregulated in pancreatic carcinoma (log,FC =2.99, adjusted p
value = 9.81e-57), and the constructed prognostic model showed
that HMGA2 was strongly correlated with survival (hazard ratio =
1.53, Bonferroni correction p = 5.47e-07). In addition, high HMGA2
expression was positively associated with the expression of the
proliferation markers Ki67 and PCNA (Fig. S1A, B) and the invasion
and metastasis markers MMP9, SNAIL, and TWIST1 (Fig. S1C-E).
Furthermore, we revealed a unique feature of HMGA2 expression
in pancreatic cancer based on single-cell RNA sequencing data
obtained from the publicly available GSE155698 dataset [28]. As
indicated in Fig. 1D, HMGA2 was almost entirely expressed in
epithelial cells among the 15 subtypes. Epithelial cells were
divided into 9 clusters and HMGA2 was expressed mainly in
cluster 4 (Fig. 1E). DEG analysis revealed 921 highly expressed
genes in cluster 4 (Fig. S1F), and functional enrichment of the top
DEGs (log,FC>3, n=81) indicated that EMT- and cell
proliferation-related pathways were activated significantly
(Fig. 1F). These results indicated the significance of HMGA2 in
pancreatic cancer.

We confirmed significantly high expression of HMGA2 in
patients with pancreatic cancer. A more advanced tumor stage
was associated with higher HMGA2 levels according to
immunohistochemical (IHC) staining of a total of 63 PAAD
samples from the pancreatic cancer tissue chip (Fig. 2A). An
obvious positive correlation between HMGA2 and Vimentin
expression was detected (Fig. S2A). We also performed double
IHC staining for HMGA2 and oSMA, a marker of cancer-
associated fibroblasts. Both proteins were highly expressed in
cancer tissue, with aSMA signals in the connective tissue and
HMGA?2 located within cancer cells (Fig. 2B). To further elucidate
the function of HMGA2, we modulated its expression in widely
used pancreatic cancer cell lines. The overexpression of HMIGA2
in  MIAPaCa-2 and PANC-1 cells promoted cell growth
(Fig. 2C, D), while HMGA2 deletion inhibited cell growth in
PANC-1 (Fig. 1E) and BXPC-3 cells (Fig. S2B). Furthermore, we
observed that HMGA2 overexpression increased clonal growth
and cell migration in MIAPaCa-2 and PANC-1 cells (Fig. 2F, G),
while HMGA2 deletion inhibited clonal growth in PANC-1 cells
(Fig. S2C). Importantly, slower growth (Fig. S2D) and smaller
tumor sizes (Fig. 2H) were observed in HMGA2-deleted cells
than in control vector-treated cells after subcutaneous
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Fig. 1

Features of HMGA2 expression in pancreatic cancer. A The transcriptome expression of HMGA2 in RNA-seq datasets from 869

pancreatic cancer tissues and 417 adjacent normal tissues. B Proteomic expression of HMGA2 in PDAC samples from CPTAC patients. C The
survival probability of patients with pancreatic cancer with high or low HMGA2 expression is shown as the median expression value of
HMGAZ2. The data were collected from the TCGA database. D The UMAP plot shows the categorization of single cells from human pancreatic
cancer cells into different cell types (left) and the single-cell expression levels of HMGA2 (right). E Reclustering of epithelial cells from
D revealed that HMGA2 was highly expressed in the epithelial cluster 4 subtype. F Functional enrichment analysis of the marker genes of
epithelial cluster 4 (log2FC >3 and p value adjusted < 0.01) via the Metascape web server.

implantation into SCID mice. These results suggested that
HMGA2 promoted cancer cell malignancy.

HMGA2 is correlated with ferroptosis signaling and influences
the cellular redox status

To understand how HMGA?2 affects cellular status, we analyzed
datasets from TCGA and GTEx (https://www.gtexportal.org/
home/index.html) and divided them into two groups, HMGA2-
low and HMGA2-high, using the median expression value of
HMGA2 to collect DEGs for functional pathway analysis. In
addition to known regulatory pathways such as the cell cycle,
DNA replication, and retinoblastoma genes in cancer, HMGA2
was significantly correlated with ferroptosis (Fig. 3A). Further-
more, gene set enrichment analysis (GSEA) of the TCGA
database indicated that high expression of HMGA2 was
strongly associated with the ferroptosis signaling pathway
(p =0) (Fig. 3B). Ferroptosis results from lipid ROS accumulation
due to an imbalance in the cellular redox status. As indicated, a
significant decrease in cellular ROS (Fig. 3C) and lipid
peroxidation (Fig. 3F) occurred, along with an increase in GSH
(Fig. 31) in MIAPaCa-2 cells overexpressing HMGA2. Conversely,
increased cellular ROS (Fig. 3D, E) and lipid peroxidation
(Fig. 3G, H) and decreased GSH (Fig. 3J, K) were detected in
both PANC-1 and BXPC-3 cells with HMGA2 deletion. Thus, our
results suggested that HMGA2 is important for regulating
cellular ferroptosis.
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HMGA2 confers resistance to ferroptotic cell death

The induction of ferroptotic cell death is an effective therapeutic
approach for cancer treatment. Thus, ferroptotic cell death was
evaluated in HMGA2-altered cancer cells using RSL3 and erastin,
two widely accepted chemical inducers of ferroptosis. As
indicated, cell survival was negatively correlated with the
concentration of RSL3 (Fig. 4A, B) or erastin (Fig. S3A, B), and
increased cell viability was observed in the HMGA2-
overexpressing cells. Conversely, HMGA2 deletion promoted cell
death in response to RSL3 treatment (Fig. 4C). Furthermore, fewer
Pl-positive signals were detected in the HMGA2-overexpressing
cells (Fig. 4D), and more Pl-positive signals were detected in the
HMGA2-deleted cells (Fig. 4E), as shown by PI staining after RSL3
treatment. Moreover, cellular lipid peroxidation, indicated by the
MDA level, was significantly decreased in HMGA2-overexpressing
cells (Fig. 4F) and increased in HMGA2-deleted cells (Fig. 4G).
Importantly, the difference in cell death between cells with
HMGA2 overexpression (Fig. 4H, 1) or deletion (Fig. 4J, K) and
control cells was reversed after treatment with the ferroptosis-
specific inhibitor ferrostatin-1. Our results strongly indicated that
HMGA2 confers resistance to ferroptosis.

HMGA2 enhances GPX4 transcription

GPX4 plays a vital role in adjusting cellular status and negatively
regulating ferroptosis. We investigated whether GPX4 expression
changed after altering HMGA2 levels. We confirmed that GPX4
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Fig. 2 HMGA2 is highly expressed in pancreatic cancer and promotes cancer cell malignancy. A Representative images of IHC staining
showing HMGA2 expression in pancreatic cancer tissue. The graph bar represents the results of the quantitative analysis. The intensity of
HMGA?2 staining was quantified using the integral optical density (IOD). The scale bar indicates 100 pm. B Representative images of HMGA2
and aSMA [HC double-stained pancreatic cancer tissue. Cell growth detection after HMGA2 overexpression in MIAPaCa-2 (C) and PANC-1 cells
(D) or after HMGA2 deletion in PANC-1 cells (E). Cell viability was assessed using a Cell Counting Kit-8 (CCK-8) (n=4). The efficiency of
overexpression or deletion was confirmed using Western blotting, as indicated. The band intensity was quantified by ImageJ software.
Evaluation of the effect of HMGA2 overexpression on the clonal growth and migration of MIAPaCa-2 (F) and PANC-1 cells (G). H Xenograft
tumor model investigating the role of PANC-1 sgNC and PANC-1 sgHMGA2 in SCID mice. The graph bar represents the average tumor weight.
The data are presented as the means + SDs for each group of mice (n=7). * indicates p < 0.05, ** indicates p < 0.01.

protein expression increased in HMGA2-overexpressing cells (Fig.
5A, B) and decreased in HMGA2-deleted cells (Fig. 5C, D).
Immunohistochemical staining of HMGA2 and GPX4 in 63
pancreatic cancer tissue chip samples revealed intense GPX4
staining in high HMGA2-expressing samples (Fig. 5E). Importantly,
a significant positive correlation between HMGA2 and GPX4 was
detected (p =0.0074) after statistical analysis. We also observed
that GPX4 mRNA was increased in HMGA2-overexpressing cells
(Fig. 5F, G) and decreased in HMGA2-deleted cells (Fig. 5H, I). A
significant correlation between HMGA2 and GPX4 was suggested
based on TCGA data analysis (Fig. S4A). Other key genes related to
ferroptosis, such as SLC7A11 and ACSL4, showed various degree
of differences in HMGA2 overexpression or deletion status (Fig.
S4B-D).

Interestingly, we detected three putative enhancer regions
indicated by high levels of H3K27ac, a well-known enhancer
marker, based on the UCSC genome browser for humans
(GRCh38/hg38) (Fig. S4E). Therefore, we conducted a ChIP
experiment to determine whether alterations in HMGA2 affect
the histone modification status of enhancers, leading to changes
in GPX4 transcription. As shown in Fig. 5J, significantly greater
modifications of the enhancer markers H3K4me1 and H3K27ac
were detected in the enhancer 3 and promoter regions of GPX4 in
HMGA2-overexpressing PANC-1 cells than in control cells.
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Conversely, decreased levels of both enhancer markers were
detected in HMGA2-deleted cells. However, although the H3K27ac
level was altered by HMGA2 at the enhancer 2 position, there was
no change in the H3K4me1 level. Moreover, no detectable signal
was detected for either H3K4mel or H3K27ac in HMGA2-
overexpressing cells. The FLAG-HMGA2 fusion protein was
introduced into and overexpressed in MIAPaCa-2 cells (Fig. S4F).
A ChIP experiment was conducted with FLAG antibodies to
determine the binding of HMGA2 to the DNA sequence. As
indicated, HMGA2 significantly bound to the enhancer 3 and
promoter regions (Fig. 5J). Through a luciferase reporter assay, we
confirmed the transcriptional activation of HMGA2 on the
enhancer 3 and promoter regions of the GPX4 gene (Fig. 5K).
These results indicated that alterations in HMGA2 directly
regulated histone modifications at the proximal promoter region
to regulate GPX4 transcription.

HMGA2 activates mTORC1 signaling

To further understand why GPX4 upregulation occurred, we
applied cycloheximide (CHX) to inhibit protein synthesis. A similar
decrease in the rate of GPX4 degradation was observed between
MOCK and HMGA2 cells, indicating that HMGA2 did not affect
GPX4 protein degradation (Fig. S5A). We performed RNA
sequencing to study the cellular effects comprehensively and
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Fig.3 HMGA2 is correlated with ferroptosis signaling and influences the cellular redox status. Cell signaling pathway analysis (A) and gene
set enrichment analysis (GSEA) (B) based on HMGA?2 expression levels. Datasets from TCGA and GTEx were collected and divided into two
groups, HMGA2-low and HMGA2-high, based on the median expression value of HMGA2 to collect DEGs for functional pathway analysis.
Evaluation of cellular ROS (C), lipid peroxidation (F), and GSH levels (I) in MIAPaCa-2 cells overexpressing HMGA?2. Evaluation of cellular ROS
(D, E), lipid peroxidation (G, H), and GSH levels (J, K) in HMGA2-depleted PANC-1 and BxPC3 cells (n = 3). Cellular ROS were assessed using
DCFH staining, and lipid peroxidation was assessed using BODIPY™ 581/591 C11 staining followed by flocytometry analysis. GSH was assessed
using GSH and GSSG Assay Kits. The p value was determined by Student’s t test and is indicated in the figure.

identified the genes whose expression changed after HMGA2
overexpression. As shown in Fig. 6A, 1921 upregulated and 2015
downregulated genes were identified. KEGG analysis indicated
that the PI3K-AKT-mTOR signaling pathway was the most
significantly regulated pathway (Fig. 6B). Moreover, GPX4 mRNA
translation is regulated by mTORC1 signaling [32], which is a key
downstream mechanism in the KRAS pathway [33]. First, we
confirmed that HMGA2 is a downstream target of KRAS using
trametinib, an inhibitor of KRAS signaling (Fig. S5B). Subsequently,
we evaluated the mTORC1 downstream genes p70S6 kinase (S6K)
and eukaryotic translation initiation factor 4E-binding protein 1
(4EBP1). As indicated in Fig. 6C, D, increased phosphorylation of
S6K and 4EBP1 was confirmed in HMGA2-overexpressing cells.
Conversely, HMGA2-deleted cells showed decreased S6K and
4EBP1 phosphorylation, corresponding to downregulated GPX4
expression (Fig. 6E, F).

HMGA2 promotes GPX4 protein synthesis through mTORC1
signaling

To further confirm whether HMGA2-altered mTORC1 signaling, we
tested two widely used mTORC1 inhibitors, Torin1 and rapamycin.
As shown in Fig. 7A, B, Torin1 and rapamycin inhibited the
phosphorylation of both S6K and 4EBP1. Conversely, compared
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with MOCK cells, HMGA2-overexpressing cells exhibited signifi-
cantly greater phosphorylation levels of both S6K and 4EBP1 (Fig.
7A, B). In HMGA2-deleted cells, the phosphorylation levels of both
S6K and 4EBP1 were significantly lower than those in control cells
(Fig. 7C). Furthermore, AZD8055, an inhibitor of both mTORC1 and
mMTORC2 complexes, was also applied. Similarly, compared with
control cells, HMGA2-overexpressing cells exhibited significantly
greater phosphorylation levels of both S6K and 4EBP1 (Fig. 7D),
while HMGA2-deleted cells exhibited lower phosphorylation levels
(Fig. 7E).

HMGA2 alleviates sensitivity to combination treatment with a
ferroptosis inducer and mTORC1 inhibition

Ferroptosis induction is an effective therapeutic approach for
cancer treatment [34]. We determined whether HMGA2 affects
sensitivity to mTORC1 inhibition combined with RSL3 treatment.
As shown in Fig. 8A-C, a significant reduction in cell survival was
observed after combination treatment with RSL3 and mTORC1
inhibitors such as rapamycin, AZD, or Torin1l compared to
treatment with a single reagent alone. In contrast, HMGA2-
overexpressing cells had significantly greater survival rates
(Fig. 8A), while HMGA2-deleted cells had lower survival rates
(Fig. 8B, Q). Similar effects were observed with a combination of
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Fig.4 HMGA2 confers resistance to ferroptosis cell death. Cell viability analysis of the effects of HWGA?2 alteration in MIAPaCa-2 (A) and PANC-
1 (B) cells with HMGA2 overexpression and PANC-1 cells with HMGA2 deletion (C) after RSL3 treatment (n = 4). Representative images of cell death
indicated by propidium iodide (PI) staining after HMGA2 overexpression in MIAPaCa-2 cells (D) and HMGA2 deletion in PANC-1 cells (E) treated
with RSL3. The scale bar indicates 100 um. Lipid peroxidation analysis of HMGA2-overexpressing MIAPaCa-2 cells (F) and HMGA2-deleted PANC-1
cells (@) after RSL3 treatment was performed using a Lipid Peroxidation MDA Assay Kit (n = 3). The evaluation of cell survival of cells with HMGA2
overexpression in MIAPaCa-2 (H) and PANC-1 cells (I), and HMGA?2 deletion PANC-1 (J) and BXPC3 cells (K) treated with RSL3 and ferrostatin-1
(Ferr), a ferroptosis inhibitor (n =4). The p value was determined using Student’s t test. * indicates p < 0.05; ** indicates p < 0.01.
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Fig. 5 HMGA2 enhances GPX4 transcription. Detection of GPX4 protein expression in HMGA2-overexpressing MIAPaCa-2 (A) and PANC-1
cells (B) and HMGA2-depleted PANC-1 (C) and BXPC3 cells (D) using western blotting. The band intensity was quantified by ImageJ software.
E Immunohistochemical staining analysis of HMGA2 and GPX4 expression in pancreatic cancer tissue. The scale bar indicates 100 ym. The
correlation between HMGA2 and GPX4 expression was determined by statistical analysis. Detection of ferroptosis-related gene expression
using RT-qPCR in HMGA2-overexpressing MIAPaCa-2 (F) and PANC-1 cells (G) and HMGA2-deleted PANC-1 (H) and BXPC3 cells (I) (n=3).
J Enrichment analysis of the enhancer markers H3K4me1 and H3K27ac and of FLAG-HMGA?2 fused to the cis-elements of the GPX4 promoter
region using ChIP-gPCR. K Luciferase activity assay demonstrating the transcriptional activation of GPX4 enhancer 3 and its promoter by
HMGA2. The p value was determined by Student’s t-test.

Cell Death and Disease (2024)15:220 SPRINGER NATURE



Z. Luo et al.

Case vs Control

8 - p reguiated genes ] [|WP3932: Focal adhesion: PI3K-Akt-mTOR-signaling pathway
* Down regulated genes 1 WP2880: Glucocorticoid receptor pathway
« Nonegulated genes ] WP5115: Network map of SARS-CoV-2 signaling pathway
| WP2877: Vitamin D receptor pathway
6 X | WP4718: Cholesterol metabolism with Bloch and Kandutsch-Russell pathways
=9 ] WP289: Myometrial relaxation and contraction pathways
g ] WP558: Complement and coagulation cascades
T | WP3945: TYROBP causal network in microglia
> ] WP2291: Deregulation of Rab and Rab effector genes in bladder cancer
o4 ] WP3624: Lung fibrosis
= 1 WP4963: p53 transcriptional gene network
= ] WP5101: Congenital generalized lipodystrophy
=2 | WP5218: Extrafollicular B cell activation by SARS-CoV-2
o | WP2572: Primary focal segmental glomerulosclerosis (FSGS)
v2 ] WP497: Urea cycle and metabolism of amino groups
1 WP3888: VEGFA-VEGFR2 signaling pathway
WP4197: Immune response to tuberculosis
WP3527: Pre-implantation embryo
WP2855: Dopaminergic neurogenesis
0 — WP4258: IncRNA in canonical Wnt signaling and colorectal cancer
-10 5 0 5§ 10 15 0 1 2 3 5
log2(fold change) -0g10(p value)
MIAPaCa-2 PANC-1 PANC-1 BXPC-3
MOCK HMGA2 MOCK HMGA2 sgNC sgHMGA2 sgNC sgHMGA2
—_— P-S6K w=ww ammme P-S6K P-S6K ' = P-S6K
1.00 2.05 1.00 1.63 1.00 0.74 1.00 046
- B -
N S6K Nt —  S6K &?—- S6K E = seK
1.00 1.30 1.00 1.47 1.00 063 1.00 0.83
S S PaEBP1 - == P4EBPIgme = P4EBP1IF W p_seBp1
1.00 1.69 1.00 1.57 1.00 071 1.00 053
2 B EBP1 S R 4EBP1 SR S 4EBPT M WM 4EBP1
1.00 1.27 1.00 1.22 1.00 0.59 1.00 0.66
N W Actin W W  Actin | WS- Actin sSSP e Actin
1.00 1.08 1.00 1.06 1.00 0.86 1.00 093

Fig. 6 HMGA2 activates mTORC1 signaling. A Demonstration of alterations in gene expression based on RNA sequence in HMGA2-
overexpressing MIAPaCa-2 cells compared to control cells. B The 20 most notably enriched KEGG pathways significantly changed the
expression of genes identified from the RNA sequences after HMGA2 overexpression. Western blot detection of the mTORC1 downstream
genes p70S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and their phosphorylation status in HMGA2-
overexpressing MIAPaCa-2 (C) and PANC-1 cells (D) and in HMGA2-deleted PANC-1 (E) and BXPC3 cells (F). The band intensity was quantified

by ImageJ software.

gemcitabine, a widely used first-line clinical drug for pancreatic
cancer, and mTORC1 inhibitors (Fig. 8D-F).

We also assessed whether HMGA2 regulates the effects of
combination treatment with gemcitabine and RSL3. As indicated,
combination treatment with gemcitabine and RSL3 had a
significant synergistic effect on cell survival. However, HMGA2
overexpression considerably reduced cell survival (Fig. 8G), while
HMGA?2 deletion increased cell sensitivity to treatment (Fig. 8H, I).
Notably, cell survival was considerably restored by treatment with
the ferroptosis inhibitor ferrostatin-1, emphasizing the importance
of ferroptosis in pancreatic cancer treatment.

DISCUSSION

Pancreatic cancer is one of the most malignant cancers and is the
leading cause of cancer-related death. The development of
effective therapies for pancreatic cancer remains an enormous
challenge. Although the use of neoadjuvant chemotherapy and/or
radiotherapy has increased, it remains largely refractory to
treatment [3]. This is particularly relevant given the physical
barrier created by the tumor microenvironment and heterogene-
ity of cancer cell subtypes in pancreatic cancer, which can hinder
the delivery of chemotherapy and lead to treatment failure [35].
Ferroptosis has emerged as an effective approach to cancer
therapy, and it involves four main pathways: iron metabolism,
GPX4 regulation, lipid metabolism, and a novel sex hormone-
related pathway [36, 37]. Given the unique tumor microenviron-
ment in pancreatic cancer and the distinct characteristics of
ferroptosis, effective regulation of the ferroptosis pathway in
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pancreatic cancer may significantly improve the effectiveness of
chemotherapy.

HMGA?2 is frequently overexpressed in various cancer types and
plays critical roles in tumor development, including promoting cell
cycle progression, DNA repair, EMT, and chemoresistance, making it a
pivotal regulator of cancer progression and a potential therapeutic
target [18, 38]. In this study, we found that HMGA2 is highly expressed
in pancreatic cancer and enhances resistance to cell death induced by
chemotherapy. Given the unique tumor microenvironment in
pancreatic cancer and the distinct characteristics of ferroptosis,
effective regulation of the ferroptosis pathway in pancreatic cancer
may significantly improve the effectiveness of chemotherapy.

Our results indicate that ferroptosis inducers, such as gemcita-
bine, are more effective in treating pancreatic cancer than are
conventional chemotherapies. GPX4, a key regulator of lipid
peroxidation and a central player in ferroptosis, is a potential
target for modulating ferroptosis in cancer cells. In our study, we
observed that HMGA2 overexpression significantly increased GPX4
expression, leading to increased cell survival under treatment with
RSL3 or gemcitabine. This finding emphasizes the crucial link
between ferroptosis and resistance to cell death. Recent research
has revealed that rapamycin treatment decreases GPX4 protein
levels, and high-concentration rapamycin treatment can potently
inhibit 4EBP1 phosphorylation [32, 39], suggesting a potential
interaction between ferroptosis and the mTOR pathway. In our
study, we first demonstrated a positive correlation between
HMGA2 and GPX4, where HMGA2 overexpression increased GPX4
levels in pancreatic cancer cells, reducing lipid peroxidation under
the ferroptosis inducer RSL3.

Cell Death and Disease (2024)15:220



PANC-1
Rapamycin(nM) Torin1(nM)
MOCK HMGA2 MOCK HMGA2
dP S $ & & N N
S L S 2SS
- — —— . — v GPX4
1.001.001.181.641.77 1.24 1.001.161.161.52 1.89 1.23
S W= = cB= P-4EBP1
1.000.97 0.63 1.28 1.01 0.43 1.000.91 0.20 1.400.83 0.57
W BEE T m WS e 4EBP1
1.001.63 2.352.51 436 2.76 1.001.271.371.77 2751.57
—— -—— — = == = == == P-S6K
1.001.340.76 0.96 0.97 0.54 1.000.99 0.991.37 1.530.93
———— — — ————— o SOK
1.001.011.121.021.140.93 1.000.891.081.16 1.26 1.07
PR r———— -— > > ww w— we Actin
1.001.111.091.211.191.51  1.000.97 0.97 0.87 0.75 0.88
PANC-1
Rapamycin(nM) Torin1(nM)
sgNC sgHMGA2 sgNC sgHMGA2
d O . o . O S .
FL L S S
_— P — - — — - e GPX4
1.000.920.570.300.280.32 1.001.401.830.57 0.740.84
EsaEmwma - = .. P4EBP1
1.000.76 0.340.620.530.24 1.001.53 1.650.98 1.05 0.52
'EE LT T B 4EBP1
1.000.770.781.001.641.50 1.002.142.57 1.81 2.68 2.32
[ —— . -— e - - — P-S6K
1.000.630.380.11 0.050.66 1.001.37 1.220.36 0.27 0.22
- —— . e G - . e e ams  SOBK
1.000.630641.151.031.12 1.001.161.231.06 1.31 1.79
—— — — > — — - Actin

1.001.191.381.261.351.35

1.000.76 0.77 0.750.750.73

Z. Luo et al.

MIAPaCa-2
Rapamycin(nM) Torin1(nM)
MOCK HMGA2 MOCK HMGA2

o e
LS &8
s — —— —
1.000.851.191.33 1.96 2.49
R 1 4
1.002.302.921.824.1 4
¥ oo am
1.001.051.441.532.73 4.44
1.000.18 0.29 1.06 0.90 2.53
-_—————=
1.000.58 0.64 0.551.12 1.60
T Gy S G S —
1.00 0.98 0.88 1.09 0.83 0.63

D

MIAPaCa-2
AZD8055(M)

MOCK HMGA2

Q
Lo S o

£ S
1.001.251.08 1.50 1.47 1.70
; P-4EBP1
1.000.170.131.870.190.15
—-— - . 4EBP1
190 1.301.261.441.221.00
0 o0 #m e e PS6K
1.00 0.31 0.250.68 0.51 0.46
— e m === 6K
1.00 0.811.431.541.741.63
- e e o= @ /ctin
1.000.900.951.01 0.890.91

E

BXPC-3
AZD8055(uM)

sgNC sgHMGA2

N
6&\6 SN o

—— — — — . GPX4 M —— . GPX4
1.001.222.172.041.97 2.24 1.00 0.48 0.56 0.83 0.60 0.43
= . . & -~ P4EBP1 & .. P-4EBP1
1.000.620.320.97 1.140.36 1.000.56 0.70 1.27 0.48 0.30
B s 4EBP1 g E—T
1.000.71 0.83 0.78 0.62 0.87 1.000.740.721.29 0.91 0.61
- s o W == ew P-S6K EESE L - P-S6K
1.000.550.621.00 0.75 0.90 1.001.190.700.53 0.72 0.33

1.000.46 0.56 0.75 0.41 0.68
- e e GG -
1.000.87 0.85 0.99 0.92 0.88

D o ————
) 1.000.66 0.64 0.84 0.68 1.13 i
in e Actin

1.001.091.070.991.171.02

Fig. 7 HMGA2 promotes GPX4 protein synthesis through mTORC1 signaling. Western blot detection of the mTORC1 downstream genes
p70S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and their phosphorylation status in PANC-1 (A) and
MIAPaCa-2 (B) cells overexpressing HMGA2 and in PANC-1 cells with HMGA2 deletion (C) treated with the mTORC1 inhibitor rapamycin (Rap)
and Torin1 for 2 h. Concentrations of rapamycin and Torin1 are indicated. Detection of S6K and 4EBP1 and their phosphorylation status in
HMGA2-overexpressing MIAPaCa-2 (D) and HMGA2-deleted BXPC-3 (E) cells treated with AZD8055, an mTORC1 and mTPRC2 inhibitor. The

band intensity was quantified by ImageJ software.

HMGA2, an oncogene widely reexpressed in various cancers,
regulates tumor cell functions through diverse mechanisms. It
contains three AT-rich regions known as AT-hooks and functions
as a transcription factor. HMGA?2 also recruits histone acetyltrans-
ferases (HATSs) to specific gene promoters to promote H3K27 and
H3K9 acetylation [40]. Histone modifications are vital for regulat-
ing gene transcription efficiency, and H3K4 methylation and
H3K27 acetylation are biomarkers of enhancer activity [41].
Increased levels of H3K4Me and H3K27Ac indicated increased
GPX4 transcription in HMGA2-overexpressing cells. Furthermore,
the direct binding of HMGA2 to the proximal promoter was
confirmed. Thus, our findings indicate that HMGA2-altered cis-
element modifications in the promoter region of the GPX4 gene,
impacting gene transcription efficiency. Based on the prediction of
transcription factors via the UCSC genome browser for humans
(GRCh38/hg38), p65 and SP1 were identified as candidates within
the GPX4 promoter region [42]. Whether p65 and SP1 form
complexes with HMGA2 and whether HMGA2 alters the working
status of the transcription factor complex and chromatin spatial
conformation require further research.

The mTOR activation pathway is a crucial biosynthetic signal
that regulates protein synthesis by phosphorylating downstream
molecules such as the eukaryotic initiation factors 4EBP1 and S6K
[43]. Herein, we demonstrated that HMGA2 can activate the mTOR
signaling pathway by increasing the phosphorylation of down-
stream molecules. Importantly, the inhibitory effects of mTOR
inhibitors are counteracted by HMGA2 overexpression. However,
the precise mechanisms underlying the activation of the mTOR

Cell Death and Disease (2024)15:220

pathway by HMGA2 and specific downstream targets still need to
be clarified. The mTORC1 pathway is complex and is responsible
for various kinds of cellular stress and has various effects on cells.
HMGA?2 is closely related to RAS signaling, which acts as an
upstream regulator of the PI3K-AKT-mTORC1, RAF-MEK, and NF-kB
pathways [33]. RAS-ERK signaling can activate mTORC1, and the
MEK inhibitor trametinib (GSK1120212), according to our present
results, and U0126, according to a published paper [44],
demonstrated that HMGA2 was a downstream target of RAS
signaling. It has been reported that HMGA2 overexpression can
induce the phosphorylation of AKT and mTOR [45]. A recent paper
reported that HMGA2 can activate the transcription of IGF2BP,
which in turn activates AKT-mTOR through the signal transduction
of the IGF2-IGF1R interaction in sarcoma [46]. It was also reported
that the HMGA protein can form a complex with NF-kB, which was
reported to activate GPX4 transcription, to enhance target gene
transcription through an enhanceosome model [38]. However, the
precise target or partner of HMGA2 that directly activates
mTORC1 signaling still needs to be clarified. Furthermore, a
previous study indicated that HMGA1 can bind RNA and play a
critical role in the pre-mRNA splicing of the presenilin-2 gene [47].
Therefore, it is also possible that HMGA2 has an ability similar to
that of HMGA1 to bind to mRNA for the translational regulation of
GPX4. One key point to consider is that when HMGA?2 is deleted or
mTOR inhibitors are applied, GPX4 protein expression is not
entirely abolished. This finding suggested that other pathways
may regulate the resistance of pancreatic cancer cells to
ferroptosis, which warrants further exploration.
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Fig.8 HMGA2 alleviates sensitivity to a combination treatment with a ferroptosis inducer and mTORC1 inhibition. Cell viability analysis of
the effects of combination treatment with RSL3 and the mTORC1/2 inhibitors rapamycin (Rap), Torin1, and AZD8055 (AZD) in HMGA2-
overexpressing MIAPaCa-2 (A), HMGA2-deleted PANC-1 (B) and BXPC-3 cells (C) (n = 4). Cell viability analysis of the effects of combination
treatment with gemcitabine (GEM) and the mTORC1/2 inhibitors Rap, Torin1, and AZD on HMGA2-overexpressing MIAPaCa-2 (D) and HMGA2-
deleted PANC-1 (E) and BXPC-3 cells (F) (n = 4). Cell viability analysis of the effects of the combination treatment of RSL3, GEM, and ferrostatin-
1 (Ferr) and the mTORC1/2 inhibitors Rap, Torin1, and AZD on HMGA2 overexpression in MIAPaCa-2 (G) and HMGA2-deleted PANC-1 (H) and
BXPC-3 cells (I) (n=4). The p value was determined using a two-tailed unpaired Student’s t-test and is indicated.

In summary, our study elucidates the mechanism by which
HMGA2 enhances resistance to cell death in pancreatic cancer by
inhibiting ferroptosis. This occurs through the activation of the
mTOR signaling pathway and the consequent increase in GPX4
levels. These findings provide a potential target for future
therapeutic approaches to overcome chemoresistance in pan-
creatic cancer.

DATA AVAILABILITY

Data are available according to the request to corresponding authors.

REFERENCES

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin.
2023;73:17-48.
Neoptolemos JP, Palmer DH, Ghaneh P, Psarelli EE, Valle JW, Halloran CM, et al.
Comparison of adjuvant gemcitabine and capecitabine with gemcitabine
monotherapy in patients with resected pancreatic cancer (ESPAC-4): a multi-
centre, open-label, randomised, phase 3 trial. Lancet. 2017;389:1011-24.

2.

3. Kolbeinsson HM, Chandana S, Wright GP, Chung M. Pancreatic cancer: a
review of current treatment and novel therapies. J Invest Surg. 2023;
36:2129884.

SPRINGER NATURE

. Hwang WL, Jagadeesh KA, Guo JA, Hoffman Hl, Yadollahpour P, Reeves JW, et al.

Single-nucleus and spatial transcriptome profiling of pancreatic cancer identifies
multicellular dynamics associated with neoadjuvant treatment. Nat Genet.
2022;54:1178-91.

. Nichetti F, Rota S, Ambrosini P, Pircher C, Gusmaroli E, Droz Dit Busset M, et al.

NALIRIFOX, FOLFIRINOX, and gemcitabine with Nab-paclitaxel as first-line che-
motherapy for metastatic pancreatic cancer: a systematic review and meta-
analysis. JAMA Netw Open. 2024;7:€2350756.

. Ingold |, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium

utilization by GPX4 is required to prevent hydroperoxide-induced ferroptosis.
Cell. 2018;172:409-.e21.

. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends Cell Biol.

2016;26:165-76.

. Ingold |, Aichler M, Yefremova E, Roveri A, Buday K, Doll S, et al. Expression of a

catalytically inactive mutant form of glutathione peroxidase 4 (Gpx4) confers a
dominant-negative effect in male fertility. J Biol Chem. 2015;290:14668-78.

. Puglisi R, Maccari |, Pipolo S, Conrad M, Mangia F, Boitani C. The nuclear form of

glutathione peroxidase 4 is associated with sperm nuclear matrix and is required
for proper paternal chromatin decondensation at fertilization. J Cell Physiol.
2012;227:1420-7.

. Moinard C, Fontaine E. Direct or indirect regulation of muscle protein synthesis

by energy status? Clin Nutr. 2021;40:1893-6.

. Buccitelli C, Selbach M. mRNAs, proteins and the emerging principles of gene

expression control. Nat Rev Genet. 2020;21:630-44.

Cell Death and Disease (2024)15:220



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

. Carlisle AE, Lee N, Matthew-Onabanjo AN, Spears ME, Park SJ, Youkana D, et al.

Selenium detoxification survival. Nat Metab.

2020;2:603-11.

is required for cancer-cell

. Martinez-Outschoorn UE, Peiris-Pagés M, Pestell RG, Sotgia F, Lisanti MP. Cancer

metabolism: a therapeutic perspective. Nat Rev Clin Oncol. 2017;14:11-31.

. Shaywitz AJ, Courtney KD, Patnaik A, Cantley LC. PI3K enters beta-testing. Cell

Metab. 2008;8:179-81.

. Munda A, Zerjav M, Schroers HJ. First report of phytophthora citricola occurring

on Fagus sylvatica in Slovenia. Plant Dis. 2007;91:907.

. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell.

2017;169:361-71.

. Hashemi M, Rashidi M, Hushmandi K, Ten Hagen TLM, Salimimoghadam S,

Taheriazam A, et al. HMGA2 regulation by miRNAs in cancer: affecting cancer
hallmarks and therapy response. Pharmacol Res. 2023;190:106732.

. Zhang S, Mo Q, Wang X. Oncological role of HMGA2 (Review). Int J Oncol.

2019;55:775-88.

. Chiappetta G, Avantaggiato V, Visconti R, Fedele M, Battista S, Trapasso F, et al.

High level expression of the HMGI (Y) gene during embryonic development.
Oncogene. 1996;13:2439-46.

Seville LL, Shah N, Westwell AD, Chan WC. Modulation of pRB/E2F functions in
the regulation of cell cycle and in cancer. Curr Cancer Drug Targets.
2005;5:159-70.

Fedele M, Visone R, De Martino |, Troncone G, Palmieri D, Battista S, et al. HMGA2
induces pituitary tumorigenesis by enhancing E2F1 activity. Cancer Cell.
2006;9:459-71.

Boumahdi S, de Sauvage FJ. The great escape: tumour cell plasticity in resistance
to targeted therapy. Nat Rev Drug Discov. 2020;19:39-56.

Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic link and
clinical implications. Nat Rev Clin Oncol. 2017;14:611-29.

Morishita A, Zaidi MR, Mitoro A, Sankarasharma D, Szabolcs M, Okada Y, et al.
HMGA?2 is a driver of tumor metastasis. Cancer Res. 2013;73:4289-99.

Gong J, Wang Y, Jiang B, Xu B, Hu C. Impact of high-mobility-group A2 over-
expression on epithelial-mesenchymal transition in pancreatic cancer. Cancer
Manag Res. 2019;11:4075-84.

Jiang L, Zhang Y, Guo L, Liu C, Wang P, Ren W. Exosomal microRNA-107 reverses
chemotherapeutic drug resistance of gastric cancer cells through HMGA2/mTOR/
P-gp pathway. BMC Cancer. 2021;21:1290.

Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for
removing batch effects and other unwanted variation in high-throughput
experiments. Bioinformatics. 2012;28:882-3.

Steele NG, Carpenter ES, Kemp SB, Sirihorachai VR, The S, Delrosario L, et al.
Multimodal mapping of the tumor and peripheral blood immune landscape in
human pancreatic cancer. Nat Cancer. 2020;1:1097-112.

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al.
Comprehensive integration of single-cell data. Cell. 2019;177:1888-.e21.
Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast, sensitive
and accurate integration of single-cell data with Harmony. Nat Methods.
2019;16:1289-96.

Posta M, Gyérffy B. Analysis of a large cohort of pancreatic cancer transcriptomic
profiles to reveal the strongest prognostic factors. Clin Transl Sci. 2023;16:1479-91.
Zhang Y, Swanda RV, Nie L, Liu X, Wang C, Lee H, et al. mTORC1 couples cyst(e)
ine availability with GPX4 protein synthesis and ferroptosis regulation. Nat
Commun. 2021;12:1589.

Buscail L, Bournet B, Cordelier P. Role of oncogenic KRAS in the diagnosis,
prognosis and treatment of pancreatic cancer. Nat Rev Gastroenterol Hepatol.
2020;17:153-68.

Shi L, Chen H, Chen K, Zhong C, Song C, Huang Y, et al. The DRD2 antagonist
haloperidol mediates autophagy-induced ferroptosis to increase temozolomide
sensitivity by promoting endoplasmic reticulum stress in glioblastoma. Clin
Cancer Res. 2023;29:3172-88.

Halbrook CJ, Lyssiotis CA, Pasca di Magliano M, Maitra A. Pancreatic cancer:
advances and challenges. Cell. 2023;186:1729-54.

Liang D, Feng Y, Zandkarimi F, Wang H, Zhang Z, Kim J, et al. Ferroptosis sur-
veillance independent of GPX4 and differentially regulated by sex hormones.
Cell. 2023;186:2748-.€22.

Zhang C, Liu X, Jin S, Chen Y, Guo R. Ferroptosis in cancer therapy: a novel
approach to reversing drug resistance. Mol Cancer. 2022;21:47.

Mansoori B, Mohammadi A, Ditzel HJ, Duijf PHG, Khaze V, Gjerstorff MF, et al.
HMGA?2 as a critical regulator in cancer development. Genes. 2021;12:269.
Liu'Y, Wang Y, Liu J, Kang R, Tang D. Interplay between MTOR and GPX4 signaling
modulates autophagy-dependent ferroptotic cancer cell death. Cancer Gene
Ther. 2021;28:55-63.

Cell Death and Disease (2024)15:220

Z. Luo et al.

40. Dangi-Garimella S, Sahai V, Ebine K, Kumar K, Munshi HG. Three-dimensional
collagen | promotes gemcitabine resistance in vitro in pancreatic cancer cells
through HMGA2-dependent histone acetyltransferase expression. PLoS ONE.
2013;8:64566.

41. Hogg SJ, Beavis PA, Dawson MA, Johnstone RW. Targeting the epigenetic reg-
ulation of antitumour immunity. Nat Rev Drug Discov. 2020;19:776-800.

42. Xie Y, Kang R, Klionsky DJ, Tang D. GPX4 in cell death, autophagy, and disease.
Autophagy. 2023;19:2621-38.

43. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease.
Nat Rev Mol Cell Biol. 2020;21:183-203.

44. Watanabe S, Ueda Y, Akaboshi S-i, Hino Y, Sekita Y, Nakao M. HMGA2 maintains
oncogenic RAS-induced epithelial-mesenchymal transition in human pancreatic
cancer cells. Am J Pathol. 2009;174:854-68.

45. Yu K-R, Park S-B, Jung J-W, Seo M-S, Hong I-S, Kim H-S, et al. HMGAZ2 regulates the
in vitro aging and proliferation of human umbilical cord blood-derived stromal
cells through the mTOR/p70S6K signaling pathway. Stem Cell Res.
2013;10:156-65.

46. Carrabotta M, Laginestra MA, Durante G, Mancarella C, Landuzzi L, Parra A, et al.
Integrated molecular characterization of patient-derived models reveals ther-
apeutic strategies for treating CIC-DUX4 sarcoma. Cancer Res. 2022;82:708-20.

47. Manabe T, Ohe K, Katayama T, Matsuzaki S, Yanagita T, Okuda H, et al. HMGA1a:
sequence-specific RNA-binding factor causing sporadic Alzheimer's disease-
linked exon skipping of presenilin-2 pre-mRNA. Genes Cells. 2007;12:1179-91.

ACKNOWLEDGEMENTS
This work was supported by the Keynote Research Project of Ningbo City (2023Z171).

AUTHOR CONTRIBUTIONS

Ziyang Luo, Qingfang Zheng, Shazhou Ye, Yanguo Li, Chengjiang Fan, Jiayi Chen,
Jianing Chen, Yuxin Lei analyzed the data and performed the experiments. Ziyang
Luo, Qingfang Zheng, Qi Liao, and Yang Xi wrote the manuscript. The research
designed by Yang Xi and supervised by Qi Laio and Yang Xi. All authors read and
approved the final publication.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06592-y.

Correspondence and requests for materials should be addressed to Qi Liao or
Yang Xi.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http:/
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

11


https://doi.org/10.1038/s41419-024-06592-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HMGA2 alleviates ferroptosis by promoting GPX4 expression in pancreatic cancer�cells
	Introduction
	Materials and methods
	Data collection and processing
	Cell culture and reagents
	Cell infection
	Cell viability, cell death, and migration�assays
	Cellular ROS, lipid peroxidation, and GSH detection
	Real-time quantitative polymerase chain reaction (RT&#x02012;qPCR)
	Western blotting and antibodies
	Pancreatic cancer tissue chip and immunohistochemical staining
	Chromatin immunoprecipitation (ChIP) and quantitative�PCR
	RNA sequencing
	In vivo xenograft�assay
	Luciferase reporter�assay
	Statistical analysis

	Results
	HMGA2 is highly expressed in pancreatic cancer and promotes cancer cell malignancy
	HMGA2 is correlated with ferroptosis signaling and influences the cellular redox�status
	HMGA2 confers resistance to ferroptotic cell�death
	HMGA2 enhances GPX4 transcription
	HMGA2 activates mTORC1�signaling
	HMGA2 promotes GPX4 protein synthesis through mTORC1 signaling
	HMGA2 alleviates sensitivity to combination treatment with a ferroptosis inducer and mTORC1 inhibition

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




