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A B S T R A C T   

Oxidative stress is increased in several cancers including prostate cancer, and is currently being 
exploited in cancer therapy to induce ferroptosis, a novel nonapoptotic form of cell death. High 
mobility group A2 (HMGA2), a non-histone protein up-regulated in several cancers, can be 
truncated due to chromosomal rearrangement or alternative splicing of HMGA2 gene. The pur
pose of this study is to investigate the role of wild-type vs. truncated HMGA2 in prostate cancer 
(PCa). We analyzed the expression of wild-type vs. truncated HMGA2 and showed that prostate 
cancer patient tissue and some cell lines expressed increasing amounts of both wild-type and 
truncated HMGA2 with increasing tumor grade, compared to normal epithelial cells. RNA-Seq 
analysis of LNCaP prostate cancer cells stably overexpressing wild-type HMGA2 (HMGA2-WT), 
truncated HMGA2 (HMGA2-TR) or empty vector (Neo) control revealed that HMGA2-TR cells 
exhibited higher oxidative stress compared to HMGA2-WT or Neo control cells, which was also 
confirmed by analysis of basal reactive oxygen species (ROS) levels using 2′, 7′-dichlorofluorescin 
diacetate (DCFDA) dye, the ratio of reduced glutathione/oxidized glutathione (GSH/GSSG) and 
NADP/NADPH using metabolomics. This was associated with increased sensitivity to RAS- 
selective lethal 3 (RSL3)-induced ferroptosis that could be antagonized by ferrostatin-1. Addi
tionally, proteomic and immunoprecipitation analyses showed that cytoplasmic HMGA2 protein 
interacted with Ras GTPase-activating protein-binding protein 1 (G3BP1), a cytoplasmic stress 
granule protein that responds to oxidative stress, and that G3BP1 transient knockdown increased 
sensitivity to ferroptosis even further. Endogenous knockdown of HMGA2 or G3BP1 in PC3 cells 
reduced proliferation which was reversed by ferrostatin-1. In conclusion, we show a novel role for 
HMGA2 in oxidative stress, particularly the truncated HMGA2, which may be a therapeutic target 
for ferroptosis-mediated prostate cancer therapy.   
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1. Introduction 

High mobility group A2 (HMGA2) is a non-histone protein that acts as an architecture transcription factor influencing structural 
aspects of enhancesomes through a network of protein:protein and protein:DNA interactions which leads to transcriptional regulation 
of target genes [1,2]. Studies have shown that an elevated level of HMGA2 protein is associated with several types of cancer, including 
pancreatic carcinoma [3], lung carcinomas [4], carcinoma of oral cavity [5], and prostate cancer (PCa) [6]. The truncated version of 
HMGA2 is caused by a translocation breakpoint at the third exon in the gene, which leads to the deletion of a section of its C-terminus 
and 3′UTR. [7], or via alternative splicing [8]. Overexpression of the truncated form of HMGA2 has already been observed in uterine 
leiomyoma cancer [9] and myeloid leukemia [10], yet its part in prostate cancer is still unknown. Moreover, its mode of action has not 
been studied previously. 

Excessive generation of reactive oxygen species (ROS) leads to oxidative stress [11], which has been associated with PCa pro
gression [12,13]. Cytosolic NADPH oxidases (NOX) are considered as the major source of ROS generation, while mitochondrial 
oxidative metabolisms are also another source; ROS generated by NOX activation can reduce the mitochondrial membrane potential, 
leading to mitochondrial ROS formation and subsequent activation of NOX, thus, these processes increase total intracellular ROS 
production in a vicious circle [14]. The redox balance between mitochondrial reduced glutathione (GSH) and its oxidized form (GSSG) 
is maintained with the help of other reduced agents such as NADPH [15]. The GSH/GSSG ratio is a commonly used indicator of 
oxidative stress. Generally, this ratio is 1:100, but it can reduce to 10:1 and even 1:1 in times of stress [16]. In response to oxidative 
stress, the GTPase-activating protein SH3 domain-binding protein 1 (G3BP1) has been found to initiate the formation of stress granules 
in the cytoplasm [17]. Overexpression of G3BP1 has been observed in a number of cancers including gastric cancer, breast cancer and 
renal cell carcinoma [18]. 

Ferroptosis is a form of nonapoptotic cell death that was recently discovered, and unlike autophagy or apoptosis, relies on iron and 
ROS, thus, oxidative stress pathways are responsible partly for ferroptosis [19]. Specifically, ferroptosis, a specific type of cell death 
caused in part by oxidative stress is mediated by the accumulation of lipid peroxides, which are formed as a result of ROS-induced 
damage to cell membrane lipids [19]. This accumulation leads to the dysfunction of cell membrane and ultimately cell death. 
Some studies even suggest that ferroptosis may play a role in the development of certain diseases, such as cancer, neurodegeneration, 
and cardiovascular disease [20]. Ferroptosis can be promoted by both membrane-mediated ROS driven by NOX and 
mitochondrial-mediated ROS, or by disarming the antoxidant defense system [21]. Moreover, erastin and RSL3 act as ferroptosis 
indcuers to promote ferroptotic cell death. Speifically, RSL3 inhibits glutathione peroxidase 4 (GPX4), and loss or inhibition of GPX4 
leads to induction of ferroptosis in cencer cells [22]. Interestingly, ferroptosis inducers such as erastin and RSL3 are being explored for 
combination therapy with chemotherapeutic agents such as cisplatin, temozolomide and enzalutamide in lung cancer, glioblastoma 
and prostate cancer, respectively [22–24]. 

The aim of this study is to investigate the mechanistic role of truncated HMGA2 in relation to PCa progression and compare it to 
wild-type HMGA2. Although we have previously shown that truncated HMGA2 increases cell proliferation and migration [25], we did 
not examine a mechanism. 

2. Materials and methods 

2.1. Cell culture and reagents 

Prostate cancer cell lines (RWPE1, 22Rv1, DU145, PC3) were obtained from the American Type Culture Collection (Manassas, VA). 
C4-2, ARCaP-E and ARCaP-M cells were a kind gift from Dr. Leland Chung (Cedars Sinai Medical Center, Los Angeles, CA). LNCaP cells 
overexpressing either wild-type HMGA2 (HMGA2-WT), truncated HMGA2 (HMGA2-TR), or Neo control (Neo) were generated pre
viously [25]. The cells were grown in RPMI-1640 (Lonza, Alpharetta, GA) supplemented with 10% (v/v) FBS from (Atlanta biological, 
Flowery Branch, GA), 50 μg/ml penicillin, and 100 μg/ml streptomycin, except for RWPE1 cells which were grown in 
keratinocyte-SFM media supplemented with keratinocyte supplements (ThermoFisher Scientific, Grand Island, NY). All cells were 
maintained at 37 ◦C with 5% CO2 in a humidified incubator. Nitrocellulose membranes and iodoacetamide were from Bio-Rad 
(Hercules, CA). CM-DCFDA was from Invitrogen (Eugene, OR). Mouse monoclonal anti-α-tubulin was purchased from 
Millipore-Sigma (Burlington, MA). Anti-mouse G3BP1 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Goat 
monoclonal anti-HMGA2 was purchased from R&D Systems (Minneapolis, MN) for immunofluorescence and anti-HMGA2 (Thermo
Fisher, Waltham, MA) for Western blot analyses. The protease inhibitor cocktail was from Roche Molecular Biochemicals (Indian
apolis, IN). Smartpool small interfering RNA (siRNA) for G3BP1 and control siRNA and Dharmafect 1 transfection reagent were 
purchased from Horizon Discovery (Boyertown, PA). MTS assay was from Promega (Madison, WI). HRP-conjugated sheep anti-mouse 
and donkey anti-rabbit secondary antibodies were purchased from GE Healthcare Life Sciences (Marlborough, MA) and donkey 
anti-goat secondary antibody was purchased from Santa Cruz Biotechnology. RSL3 and ferrostatin-1 were purchased from ApexBio 
(Houston, TX). 

2.2. Cell culture and reagents 

Prostate tumors with matched normal tissues were obtained from Protein biotechnologies, Ramona, CA. Protein Biotechnologies 
Inc. provides pharmaceutical, biotechnology, government, and academic institutions with human clinical specimen derivatives. Tis
sues are obtained through a global network of participating medical centers that employ IRB approved protocols and strict ethical 
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guidelines to ensure patient confidentiality and safety. 
Prostate normal and cancer tissue cDNA array (TissueScan, Prostate Cancer cDNA Array III- CAT#: HPRT103) was purchased from 

OriGene (Rockville, MD). All samples were collected under IRB approved protocols. All human subjects are fully informed and are 
explicitly asked for their consent to future research use of their samples, even in cases where such uses are unknown. De-identified and 
coded patient numbers (Case IDs) ensure the privacy of donors in accordance with the Health Insurance Portability and Accountability 
Act (HIPPA). 

2.3. Prostate patient tissue lysates 

Prostate tumors with matched normal tissues were obtained from Protein biotechnologies (Ramona, CA). Samples utilized were 
benign prostatic fibrosis (cat# T3-003-T-1), normal prostate tissue (cat# T3-020-N-1, T3-022-N-1), prostatic adenocarcinoma Grade I 
Gleason 5 (cat# T3-023-N-1), prostatic adenocarcinoma GradeII Gleason 7 (cat# T3-024-N-1), prostatic adenocarcinoma Grade III 
Gleason 9 (cat# T3-025-N-1), prostatic adenocarcinoma Grade I Gleason 4 (cat# T3-033-N-1), prostatic adenocarcinoma Grade II 
Gleason 5 (cat#T3-036-N-1), prostatic adenocarcinoma Grade III Gleason 9 (cat# T3-037-N-1). Identical procedures are used to 
prepare all patient samples. Specimens are flash frozen to − 120 ◦C within 5 min of removal to minimize autolysis, oxidation, and 
protein degradation. Tissue specimens are homogenized in modified RIPA buffer (PBS, pH 7.4, 1 mM EDTA, and protease inhibitors) to 
obtain the soluble proteins, and centrifuged to clarify. 

2.4. Western blot analysis 

Total protein cell lysis from 1X10 [6] cells was collected in 1X modified RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.02% 
NaN3, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate) containing 1.5X protease inhibitor cocktail, 1 mM phenylmethylsulfonyl 
fluoride (PMSF), and 1 mM sodium orthovanadate inhibitor. The lysates were freeze-thawed at − 80 ◦C/4 ◦C for three cycles, and then 
centrifuged at 13,500 rpm for 30 min at 4 ◦C. The supernatants were collected, and the proteins were quantified using BCA assay 
(Promega, Madison, WI). For each sample, 30–50 μg of the cell lysates were resolved using 10% SDS-PAGE gel and transferred to 
nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). Membranes were blocked in 5% milk (TBS-T with 0.05% Tween-20) 
or 3% BSA (Buffer#8: 25 mM Tris, 0.5 M NaCl, 0.05% Tween 20, pH 7.4: for HMGA2) and incubated with primary antibody. Sub
sequently, the membranes were incubated with secondary antibody, developed using Luminata Forte ECL prime reagent (Milipore, 
Billerica, MA), and visualized by AmershamTM Imager to detect the protein expression. The membranes were stripped using Restore 
Western blot stripping buffer (Pierce Biotechnology, Rockford, IL) prior to re-probing with a different antibody. 

2.5. Quantitative real-time PCR 

The human TissueScan quantitative PCR (qPCR) Prostate Cancer Array III (HPRT103; OriGene, Rockville, MD) which is provided as 
cDNA was utilized for determining the mRNA expression of HMGA2-WT and HMGA2-TR in clinical samples. This array contains 48 
tissues covering 9 normal tissues and 39 prostate cancer tissues (18-Stage II, 19-Stage III, and 2-Stage IV). The primers synthesized 
using IDT website include HMGA2-WT, Forward 5′- GATCCAACTGCTGCTGAGGT-3’; Reverse 5′- AGGCAGACCTAGGAAATGGC-3’; 
HMGA2-TR, Forward 5′ GCCGTCTTCAGCCCAGG-3’; Reverse 5′-CCTAGGTCTGCCTCTTGGCCGT-3’. Relative quantification of 
HMGA2-WT and HMGA2-TR expression was normalized to housekeeping gene β-actin (forward- and reverse-) supplied with the array 
kit using the ΔCT method. Gene expression was defined as the threshold cycle number (CT). Mean fold change in expression of the 
target genes were calculated using the comparative CT method (RU; 2− ΔCt). 

2.6. Immunofluorescent staining 

5 × 10 [3] cells were plated into 16 well chamber slides (Bio-Tek, Nunc, Winooski, VT), fixed with methanol/ethanol 1:1 vol for 5 
min, and blocked with 5% goat serum (Thermo Fisher; Minneapolis, MN). Subsequently, slides were incubated with primary antibody 
in Dako antibody diluent solution (Dako, Camarillo, CA) for 1 h at room temp. Slides were washed with 1X TBS-T (Dako, Camarillo, 
CA), then incubated with secondary antibody (anti-rabbit Oregon green 488 or anti-mouse Alexa red 594 from Invitrogen, Carlsbad, 
CA) in the dark for 1 h at room temp. Slides were washed with 1X TBS-T and double deionized water and subsequently counterstained 
with DAPI (1 μg/ml, Santa Cruz Biotechnology, Santa Cruz, CA). Slides were mounted using Fluorogel mounting medium (Electron 
Microscopy Sciences, Hatfield, PA). Fluorescence microscopy was performed using Zeiss microscope and AxiovisionRel 4.8 software. 

2.7. Immunoprecipitation (IP) 

2 × 10 [6] cells were plated overnight followed by subcellular fractionations for LNCaP cells overexpressing HMGA2 (WT and TR) 
per the manufacturer’s instructions (Subcellular Protein Fractionation Kit; Thermo Scientific; Waltham, MA). Briefly, cells at 80–90% 
confluence were lysed in a series of buffers containing protease inhibitors (25X) with CERI (100 μl), CERII (5.5 μl), or NER (50 μl). 
Whole cell lysate from LNCaP HMGA2-WT and LNCaP HMGA2-TR cells were also collected. Additionally, centrifugation steps were 
performed to obtain a non-nuclear fraction and an intact nuclear pellet, followed by further lysing to isolate the nuclear fraction. We 
have previously shown that wild-type HMGA2 is nuclear/cytoplasmic while truncated HMGA2 in LNCaP cells was predominantly 
cytoplasmic [26]. Therefore, 1 mg of nuclear or cytoplasmic fraction from LNCaP HMGA2-WT, and 1 mg cytoplasmic fraction for 
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LNCaP HMGA2-TR was incubated with 5 μg HMGA2 antibody overnight at 4 ◦C on a rocking platform. Protein A/G PLUS Agarose 
Beads (1:10, Santa Cruz Biotechnology) were added to each sample for 2 h at 4 ◦C with gentle agitation. Beads were washed 2X in 1X 
PBS (max speed for 5 min at 4 ◦C), boiled in laemmli sample buffer for 5 min, and supernatant run on 10% SDS-PAGE followed by 
Western blot with anti-G3BP1 (1:500). 

2.8. Transfection with G3BP1 or HMGA2 siRNA 

Transient transfections as per the manufacturer’s instructions were performed with 30 nM of non-silencing ON-TARGET plus 
SMARTpool control siRNA (Catalog # D-001810-10-05), HMGA2 siRNA (Catalog # L-013495-00-0005) or G3BP1 siRNA (Catalog# L- 
012099-00-0005) obtained from Thermo Scientific - Dharmacon, Lafayette, CO. Briefly, cells were plated at density of 1.5 × 10 [5] 
cells in 6-well plates in RPMI media with 10% FBS, without antibiotic, and incubated overnight at 37 ◦C. Smartpool small interfering 
RNAs (30 nM) for G3BP1, HMGA2 or control siRNA (30 nM), were transfected into LNCaP HMGA2-WT or -TR using DharmaFECT1 or 
PC3 cells using DharmaFECT2 transfection reagent from Dharmacon (Chicago, IL) following manufacturer’s recommendations. After 
48 or 72 h cells were processed for immunofluorescence, cell viability, and Western blot analysis. 

2.9. Metabolomics 

2.9.1. Metabolite extraction and MS sample preparation 
Metabolite extraction was performed as described previously [27]. LNCaP cells overexpressing HMGA2 WT, TR or Neo were 

washed twice with cold PBS and polar metabolites were subsequently extracted with cryogenically cold 80% methanol/water mixture 
(LC-MS grade water (Sigma, MO, USA) and LC-MS grade methanol (Fischer Scientific, PA, USA) were used). Methanol extracted 
samples were dried using a speed vacuum evaporator (Savant Speed Vac® Plus, Thermo Electron Corporation, USA) to evaporate the 
methanol and lyophilized by using a freeze dry system (Labconco, Kansas City, USA) to remove the water. 

2.9.2. LC-MS/MS experiment and analysis 
Lyophilized samples were dissolved in equal amounts of LC-MS grade water and applied to LC-MS/MS analysis, using a multiple 

reaction monitoring (MRM) method by utilizing AB SCIEX 5500 QTRAP, as described previously [27]. Data acquisition was performed 
by using AnalystTM1.6 software (AB SCIEX) and peaks were integrated by using MultiquantTM (AB SCIEX). Peak areas were 
normalized by using respective protein concentrations and the resultant peak areas were subjected to relative quantification analyses 
with MetaboAnalyst 2.0 [28]. 

2.9.3. RNA-seq analysis 
RNA was isolated from LNCaP cells overexpressing HMGA2-WT, HMGA2-TR, and Neo control using the Qiagen kit as per man

ufacturer’s instructions. The concentration and integrity of the RNA using the Nano Drop 2000C Spectrophotometer. Subsequently, 
extracted RNA was stored at − 80 ◦C until being shipped on dry ice to the Genomic Services Laboratory at Hudson Alpha Discovery 
(Huntsville, AL) for RNA Seq analysis. Briefly, the mRNA was fragmented and copied into first-strand cDNA, followed by second-strand 
cDNA synthesis. The cDNA fragments then went through an end repair process, the addition of a single “A” base, and then ligation of 
the adapters. Subsequently, the products were then purified and enriched with PCR to create final cDNA library which were prepared 
using the Illumina TruSeq RNA Sample Preparation Kit (Illumina) as dictated by the TruSeq protocol. The libraries were amplified with 
15 cycles of PCR and contained TruSeq indexes within the adapters. Finally, amplified library yields were quantified. After KAPA 
quantification and dilution, the libraries were clustered 4 per lane and sequenced on an Illumina HiSeq200 instrument. Gene Ontology 
Enrichment and Visualization Tool was applied to analyze enriched gene ontology terms of the HMGA2 gene. These terms include 
biological processes, cellular components, and molecular functions based on the online platform Gorilla (http://cbl-gorilla.cs. 
technion.ac.il). Bioinformatic analysis was further conducted to identify differentially expressed genes of HMGA2-WT and HMGA2- 
TR cells individually compared to LNCaP Neo cells. Outcomes were uploaded into Qiagen’s Ingenuity Pathway Analysis (IPA) sys
tem for core analysis and then overlaid with the global molecular network in the Ingenuity pathway knowledge base. IPA was per
formed to identify canonical pathways, functions, and gene networks that are significant to HMGA2 isoforms and to further categorize 
differentially expressed genes in specific functions. 

2.10. Proteomic profiling of LNCaP cells with WT/TR HMGA2 overexpression 

2.10.1. Cell lysis, reduction, alkylation, and trypsin digestion 
We prepared non-nuclear (cytoplasmic) fraction from LNCaP Neo (control), cytoplasmic fraction from LNCaP HMGA2-TR, and 

nuclear fraction from LNCaP HMGA2-WT using TheromoFisher Subcellular Protein Fractionation kit, and replicate samples were 
added into 100 μl of 200 mM TEAB (Sigma-Aldrich, St. Louis, MO). Reduction was performed by adding 5 μl of 200 mM Tris (2- 
carboxyethyl) phosphine TCEP (Sigma-Aldrich, St. Louis, MO) and incubating for 1 h at 55 ◦C. Subsequently, alkylation was carried out 
by adding 5 μl of 375 mM iodoacetamide and incubating for 30 min without light at room temperature. Protein precipitation was 
performed with 1 ml prechilled acetone overnight at − 20 ◦C. The acetone-precipitated protein pellets were resuspended with 100 μl of 
200 mM TEAB, and 2.5 μg of sequencing grade modified trypsin (Promega Corp., Madison, WI) was applied to digest each replicate 
overnight at 37 ◦C as previously done [29]. 
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2.10.2. TMT isobaric labeling, fractionation, desalination 
According to the manufacturer’s protocol, tandem mass tags TMT (Thermo Scientific) with different molecular weights (126–131 

Da) (Thermo Scientific, Waltham, MA) were applied as isobaric tags for quantification analysis as previously described [30]. 

2.10.3. LC-MS/MS analysis, database search, and TMT quantification 
Peptides were analyzed on a LTQ-Orbitrap XL (Thermo Scientific) interfaced with an Ultimate 3000 Dionex LC system (Dionex, 

Sunnyvale, CA) by using high mass resolution to identify peptides and high energy collision dissociation (HCD) to quantify reporter 
ions as previously described [31]. MS scans were acquired in profile mode and MS/MS scans in centroid mode, respectively. The 
protein search engine Sequest (Thermo Scientific) was used for peptide matching and protein identification. The minimum number of 
peptides used for identification and quantification of proteins was one unique peptide. For TMT quantification, the ratios of TMT 
reporter ion intensities in MS/MS spectra (up to six reporter ions ranging from m/z 126.12 to m/z 131.14) from raw data sets were used 
to calculate fold changes of proteins between control and HMGA2 wild-type/truncated. 

2.11. Reactive oxygen species (ROS) assay 

LNCaP Neo, LNCaP HMGA2-WT or HMGA2-TR cells were cultured to approximately 80% confluency. Cells were trypsinized, 
counted and 1 × 10 [4] cells resuspended in 20 μM of CM-DCFDA (which measures hydrogen peroxide) and incubated at 37 ◦C for 1 h. 
The reaction was stopped on ice and the cells were centrifuged. Cells resuspended in PBS were plated in a 96-well black clear bottom 
plate and read immediately at 485 nm excitation and 535 nm emission using a BioTek plate reader. 

2.12. Cell viability assay 

Cell viability was assayed using MTS assay as per manufacturer instructions. Briefly, 1.5 × 10 [3] cells were plated to each well of a 
96 well plate and incubated overnight at 37 ◦C. The next day, media was removed and treatments performed with either DMSO control 
or ferroptosis inducer RSL3 (0.12–4 μM) for 72 h, plus or minus ferroptosis inhibitor, Ferrostatin-1 (1 μM). Cell viability was subse
quently measured at 490 nm wavelength. For siRNA treatments, control and G3BP1 or HMGA2 siRNA treatments were added to the 
appropriate wells for 24 h prior to treatment with ferroptosis inducer RSL3 (4 μM) for another 24 h. Cell viability was subsequently 
measured at 490 nm wavelength using a BioTek plate reader. 

Fig. 1. HMGA2-WT and -TR Expression in PCa and Breast cancer Cell Lines and Patients Tissue 
(A) Western blot analysis shows the expression of HMGA2 protein in prostate cancer and breast cancer cell lines, HMGA2-WT displays a higher 
molecular weight at about 23 KDa while the HMGA2-TR displays a lower molecular of about 17 KDa. (B) Western blot analysis measured the protein 
levels of both HMGA2-WT and -TR in prostate cancer patient tissue displaying different Stage/Gleason scores. (C) RT-PCR measured the mRNA 
levels in cDNA array. (D) Immunohistochemical analysis was performed using prostate tissue microarray with HMGA2 antibody in normal prostate 
tissue, hyperplasia, and chronic inflammation prostate tissue. Scale bar; 100 μm. Magnification 20X, inset 40X. Statistical analysis was conducted 
utilizing GraphPad Prism; (****p < 0.0001, ***p < 0.001, **p < 0.01). Bars represents SD of the mean. Alpha-tubulin was used as a loading control. 
Results are representative of 3 independent experiments. 
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2.13. Immunohistochemistry 

We examined the expression of HMGA2 in normal, benign, and chronic inflammation human prostate tissue (US BiomaxPR8011a) 
by immunohistochemistry (IHC). IHC was performed using the Avidin-biotin method as previously described [31]. Images were ac
quired using the Leica Aperio VERSA. 

2.14. Statistical analysis 

Results are reported as mean ± SD from 3 experiments. Statistical significance was assessed using GraphPad Prism software by 
paired Student’s t-test and considered significant at P < 0.05. 

3. Results 

3.1. HMGA2 wild-type and truncated expression in higher in prostate cell lines and tissue 

We have previously explored the expression of HMGA2 protein in prostate cell lines [25]. We confirmed by Western blot analysis 
that expression of wild-type HMGA2 is low in RWPE1 normal transformed prostate epithelial cells, but aggressive ARCaP-E/M and 
MDA-PCa-2a/2b prostate cancer cells express the highest levels of wild-type HMGA2 (approx. 23 kDa), although interestingly, the 
HMGA2 protein in MDA-PCa-2a/2b is a slightly higher molecular weight (approx. 25 kDa) possibly due to post-translational modi
fications (Fig. 1A). The lower molecular weight HMGA2-TR (approx. 17 kDa) is relatively high in RWPE1, DU145, PC3 prostate cells 
and MDA-MB-231 breast cancer cells, moderate in ARCaP-E/M, and low in LNCaP, 22Rv1, C4-2, MDA-PCa-2a/b, and MCF-7 breast 
cancer cells (Fig. 1A). HMGA2 mRNA and protein expression was further examined in patient tissue. We utilized protein lysate from 
PCa patient tissue. Results indicate that both HMGA2 isoforms are expressed with increasing levels with PCa gleason grade/stage when 
compared to normal patients (Fig. 1B). Similar findings are obtained from qPCR utilizing primers specific for either HMGA2-WT or 
HMGA2-TR (primers generated against exon 4 that is exclusive to truncated due to alternative splicing) in patient mRNA array 
(Supplemental Fig. 1, Fig. 1C). For further investigation, we stained normal, benign hyperplasia and chronic inflammation prostate 
tissue with HMGA2 antibody. We observe the cytoplasmic localization of HMGA2 utilizing immunohistochemistry staining for 
HMGA2, particularly in chronic inflammation tissue, which indicates that HMGA2 is associated with oxidative stress (Fig. 1D). We 

Fig. 2. LNCaP Cells Stably Overexpressing Truncated HMGA2 Display Cytoplasmic Localization and Increased Reactive Oxygen Species 
LNCaP cells stably overexpressing wild-type HMGA2 (HMGA2-WT), truncated HMGA2 (HMGA2-TR) or empty vector control (Neo) were assayed by 
(A) immunofluorescence with anti-HMGA2 antibody, and DAPI to stain the nucleus. HMGA2-WT displays a nuclear/cytoplasmic localization while 
HMGA2-TR is predominantly cytoplasmic. Magnification 40X. (B) Overexpression of HMGA2-WT and HMGA2-TR is associated with morphological 
changes compared to Neo control as shown by brightfield microscopy. Magnification 20X; Inset 40X. (C) Western blot analysis shows expression of 
HMGA2 in LNCaP Neo, LNCaP HMGA2-WT, and LNCaP HMGA2-TR with quantification of the blot using Image J (NIH). (D) ROS was measured 
using DCFDA which shows that HMGA2-TR increases ROS generation. Metabolomics analysis reveals that (E) NADP/NADPH ratio is increased while 
(F) there is significant decrease in GSH/GSSG ratio in HMGA2-TR compared to HMGA2-WT and Neo. Statistical analysis was done with GraphPad 
Prism; (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Bars represents SD of the mean. Results are representative of 3 independent 
experiments. 
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have previously published nuclear expression of HMGA2 in metastatic PCa patient tissue [25]. Therefore, both HMGA2 wild-type and 
truncated isoforms can be found in PCa patients and increase with tumor progression, while high expression of cytoplasmic HMGA2 is 
found in prostate tissue displaying chronic inflammation. 

3.2. LNCaP cells stably overexpressing truncated HMGA2 display cytoplasmic localization and increases oxidative stress more than wild- 
type HMGA2 

As we have previously published [25], we confirm that HMGA2-WT displays nuclear and some cytoplasmic localization while 
HMGA2-TR overexpression is predominantly cytoplasmic (Fig. 2A). Their morphologies are also distinct from Neo control cells 
(Fig. 2B). We also confirmed HMGA2 overexpression in LNCaP cells by Western blot analysis (Fig. 2C). Additionally, we measured the 
ROS levels in these cells which shows a significant increase with the HMGA2-TR, while HMGA2-WT showed decreased levels of ROS 
compared to Neo control (Fig. 2D). Furthermore, we performed metabolomics analysis with LNCaP cells overexpressing HMGA2- WT, 
-TR or Neo control followed by samples processing and analysis of mitochondrial oxidative enzymes. The results show that the 
antioxidant enzyme GSH and GSH/GSSG ratio are reduced in HMGA2-TR, while the NADPH/NADP ratio is significantly higher in 
HMGA2-TR cells compared to Neo control, moreover, HMGA2-WT had intermediate levels (Fig. 2E and F). This suggests that 

Fig. 3. RNA-Seq Reveals Upregulated and Downregulated Genes in HMGA2-WT and HMGA2-TR Cells 
mRNA from LNCaP Neo, HMGA2-WT and HMGA2-TR cells was utilized to perform RNA-Seq analysis. Schematic view of data from RNA-seq from 
HMGA2-WT and HMGA2-TR (A) upregulated, and (B) down-regulated genes as compared to Neo. (C) Further analysis was performed using GOrilla 
software which revealed upregulated (red) and downregulated (green) genes. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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HMGA2-TR, not HMGA2-WT has an important role in promoting oxidative stress via ROS, while both HMGA2WT and to a higher 
extent HMGA2-TR decrease GSH:GSSG ratio indicative of reduced antioxidant capacity. 

3.3. RNA-Seq reveals HMGA2-WT and TR upregulated and downregulated genes 

We wanted to look further into specific pathways involved in wild-type vs truncated HMGA2 signaling. RNA-Seq analysis was 
performed with LNCaP Neo, LNCaP HMGA2-WT and LNCaP HMGA2-TR cells and data normalized to LNCaP Neo control cells. We 
created a Venn Diagram summarizing the overlap between HMGA2-WT and HMGA2-TR up-regulated genes (Fig. 3A) and down- 
regulated genes (Fig. 3B). In total 1086 upregulated and 936 down regulated expressed genes are detected when comparing 
HMGA2-WT to the Neo control whereas 460 up-regulated and 762 down-regulated genes are revealed when HMGA2-TR is compared 
to Neo control (Fig. 3A and B). Additionally, we utilized Gene Ontology Enrichment Analysis and Visualization Tool (Gorilla) which 
reveals several long non-coding RNAs that are upregulated in LNCaP HMGA2-TR cells (Fig. 3C). 

3.4. RNA-seq analysis shows that truncated HMGA2 promotes oxidative stress pathways 

To further investigate signaling pathway analysis, RNA-Seq data from HMGA2 isoforms individually compared to Neo control was 
placed into a gene set enrichment analysis (GSEA). Enrichment plots revealed that LNCaP HMGA2-TR cells has several up-regulated 
oxidative stress response pathways such as UV response and xenobiotic metabolism (Fig. 4A). The generation of ROS by UV radiation is 
one of the mechanisms through which UV light can manifest its possible detrimental effects on health [32]. Interestingly oxidative 
phosphorylation is shown to be up-regulated in both HMGA2-TR and HMGA2-WT when both isoforms were individually compared to 
Neo control (Fig. 4A and B). As expected HMGA2-WT also shows up-regulation of epithelial mesenchymal transition (EMT) which 
agrees with our recently published data that wild-type but not truncated HMGA2 induces EMT [25]. We further analyzed this data 
using Ingenuity Pathway Analysis (IPA) to determine the top canonical pathways which shows a number of pathways in common 
(hepatic fibrosis, axonal guidance), while some distinct in wild-type (andrenomedullin signaling) vs. truncated HMGA2 cells (tumor 
microenvironment pathway) (Table 1). Additionally, IPA analysis reveals the top up- and down-regulated genes of the two HMGA2 
isoforms (Tables 2 and 3). These tables reveal that several up-regulated genes in truncated HMGA2 overexpressing cells are involved in 
oxidative stress, such as SLC22A3, SEMA3A, FOXG1, and EYA4 (Table 2). We also utilized ingenuity pathway analysis (IPA) to predict 
inhibited pathways in blue and activated pathways in orange in LNCaP HMGA2-TR (Fig. 4C) and HMGA2-WT (Fig. 4D) cells that 

Fig. 4. RNA-Seq Reveals that Truncated HMGA2 is Involved in Oxidative Stress 
Gene Set Enrichment Analysis (GSEA) of RNA-Seq data detects pathways regulated by (A) HMGA2-TR and (B) HMGA2-WT cells when compared to 
Neo control. Ingenuity Pathway Analysis (IPA) shows prediction of upregulated (orange) and downregulated (blue) pathways in (C) HMGA2-TR and 
(D) HMGA2-WT cells compared to Neo control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Table 1 
Top canonical pathways of HMGA2-WT and HMGA2-TR cells compared to Neo control. 

Table 2 
Top 10 up- and down regulated genes of HMGA2-TR cells compared to Neo control. 
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interestingly shows a number of neuronal pathways predicted to be upregulated in wild-type HMGA2 overexpressing cells, while a 
number of pathways involved in cell migration are downregulated in truncated HMGA2 overexpressing cells. Overall, truncated 
HMGA2 increases oxidative stress pathways. 

3.5. Cytoplasmic HMGA2 interacts with oxidative stress protein, G3BP1 

In order to further explore the differing roles of wild-type vs. truncated HMGA2, we employed a proteomics approach. Since wild- 
type HMGA2 is mainly nuclear, we isolated nuclear extract from LNCaP cells overexpressing HMGA2-WT and utilized this to 
immunoprecipitate with the HMGA2 antibody. Since truncated HMGA2 is predominantly cytoplasmic, we utilized whole cell extract 
from LNCaP cells overexpressing HMGA2-TR to immunoprecipitate with HMGA2 antibody. Proteomic analysis was subsequently 
performed to examine all HMGA2-interacting proteins. The Venn diagram shown represents some of the proteins that bind to either 
wild-type or truncated HMGA2 compared to IgG control (Fig. 5A) with the full list of proteins shown in Supplemental Fig. S2–S4. There 
were much fewer proteins bound uniquely to wild-type HMGA2 (KRT10) possibly because nuclear lysate was used, whereas whole cell 
lysate was used for truncated HMGA2-binding proteins, which pulled down cytoplasmic interacting proteins such as GTPase-activating 
protein SH3 domain-binding protein 1 (G3BP1) (Fig. 5A). We decided to focus on G3BP1 because it is a cytoplasmic stress granule 
protein that responds to oxidative stress [33] and our previous experiments indicate theat HMGA2 regulates oxidative stress. To 
confirm these findings, we first examined the basal expression of G3BP1 in LNCaP HMGA2-WT and -TR by immunofluorescence, which 
reveals high expression of cytoplasmic G3BP1 in LNCaP HMGA2-TR compared to HMGA2-WT (Fig. 5B). Subsequent 
co-immunoprecipitation with HMGA2 antibody and Western blot with G3BP1 utilizing nuclear cell extract from LNCaP HMGA2-WT or 
cytoplasmic fraction from LNCaP HMGA2-TR shows an interaction between G3BP1 with truncated HMGA2, but not with nuclear 
wild-type HMGA2 or IgG control (Fig. 5C). As a control, we repeated co-immunoprecipitation with HMGA2 antibody and Western blot 
with G3BP1 utilizing whole cells lysate from LNCaP HMGA2-WT cells which now showed an interaction with G3BP1 (Fig. 5C). Since 
LNCaP HMGA2-WT does display both cytoplasmic and nuclear HMGA2 expression as shown in Fig. 1A, the fact that there is no G3BP1 
interaction with nuclear fraction but only whole cell lysate, suggests that cytoplasmic but not nuclear HMGA2 may interact with 
G3BP1 in LNCaP prostate cancer cells. We knocked down G3BP1 utilizing siRNA in both LNCaP HMGA2-WT and-TR cells and 
confirmed knockdown by immunofluorescence (Fig. 5D). Additionally, we measured ROS levels after knocking down G3BP1 in both 
LNCaP HMGA2-WT and -TR; results indicate that knocking down G3BP1 significantly increases ROS in the HMGA2-TR cells, while in 
HMGA2-WT cells ROS levels are decreased (Fig. 5E). This suggests that truncated HMGA2 may interact with stress response protein, 
G3BP1, to control oxidative stress which increases even more if G3BP1 is down-regulated. However, wild-type HMGA2 interaction 
with G3BP1 does not appear to be involved with oxidative stress. 

Table 3 
Top 10 up- and down-regulated genes of HMGA2-WT compared to Neo control. 
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3.6. Truncated HMGA2 promotes sensitivity to Ferroptosis Induction that is exacerbated by G3BP1 silencing 

Next, we examined whether increased ROS in HMGA2-TR cells will exhibit better responses to compounds known to be more 
effective in high oxidative stress environments such as ferroptosis inducer RSL3. First, LNCaP-Neo, -WT and -TR cells were treated with 
various doses of RSL3 for 72 h. RSL3 shows a significant decrease in cell viability only at higher concentration of 4 μM in HMGA2-TR 
cells compared to both HMGA2-WT and Neo control cells (Fig. 6A). However, the rate of decline in cell viability is more pronounced in 
HMGA2-TR cells even though at lower RSL3 concentrations, its cell viability is higher compared to LNCaP Neo and HMGA2-WT cells 
(Fig. 6A). HMGA2-WT shows higher sensitivity to RSL3 compared to LNCaP Neo at concentrations ranging from 0.25 to 2 μM (Fig. 6A). 
Ferroptosis induction by RSL3 could be reversed by ferroptosis inhibitor, ferrostatin-1 (Fer-1, Fig. 6B and C). Treatment with Fer-1 
alone in LNCaP HMGA2-WT and -TR cells did not affect cell viability (Supplemental Fig. 2). Additionally, we knocked down 
G3BP1 in HMGA2-TR cells and confirmed knockdown by Western blot analysis (Fig. 6D). Subsequently, cells were treated with 4 μM 
RSL3 followed by cell viabilty assay which indicates a significant induction of ferroptosis when G3BP1 was silenced in HMGA2-TR cells 
and treated with RSL3 (Fig. 6E), without affecting apoptosis or increasing necrosis (Supplemental Fig. 3). Therefore, truncated HMGA2 
as well as HMGA2-WT in part promotes vulnerability to ferroptosis-inducing compound RSL3, which is exacerbated by G3BP1 
knockdown in HMGA2-TR cells. 

3.7. Endogenous knockdown of G3BP1 and HMGA2 in PC3 cells promotes ferroptosis sensitivity 

To further investigate G3BP1 and HMGA2 involvment in ferroptosis sensitively, we utilized cells with endogenous levels of G3BP1 
and HMGA2. Our previous study [25] and Fig. 1A indicates predominantly high expression of truncated HMGA2 in PC3 cells. We 
treated PC3 cells transfected with control siRNA or HMGA2 siRNA plus DMSO, 4 μM of RSL3, or RSL3 combined ferroptosis inhibitor, 
ferrostatin-1 at a concentration of 1 μM followed by cell viability. There was a trend towards reduced viability with RSL3 treatment 
which was not significant, however, HMGA2 knockdown significantly reduced cell viability which was reversed by ferrostatin-1 
(Fig. 7A). HMGA2 silencing in PC3 cells was confirmed by Western blot analysis (Fig. 7B). A similar trend was observed with 
G3BP1 knockdown, in which reduced cell viability was antagonized by ferrostatin-1 (Fig. 7C). G3BP1 knockdown was confirmed by 
Western blot analysis (Fig. 7D). Treatment with Fer-1 alone in PC3 cells did not affect cell viability (Supplemental Fig. 4). Thus, this 
data further confirms that HMGA2 and G3BP1 are involved in ferroptosis in PC3 cells. 

Fig. 5. G3BP1 Interacts with cytoplasmic HMGA2 
(A) Nuclear fraction of HMGA2-WT cells and whole cell lysates of HMGA2-TR cells were utilized to perform immunoprecipitation (IP) with HMGA2 
antibody or IgG control followed by proteomics to identify HMGA2-interacting proteins. Venn diagram represents different proteins that interact 
with HMGA2, but not IgG, in HMGA2-WT and HMGA2-TR cells with KRT1 common to both. (B) Immunofluorescence shows the expression of 
G3BP1 in LNCaP Neo, HMGA2-WT and HMGA2-TR cells. (C) We isolated nuclear fraction or whole cell lysate from HMGA2-WT cells or whole cell 
lysate from HMGA2-TR cells and performed IP with HMGA2 antibody or IgG control followed by Western blot with G3BP1. We performed transient 
knockdown of G3BP1 in HMGA2-WT and HMGA2-TR cells followed by (D) immunofluorescence with HMGA2 and G3BP1 antibody including DAPI 
stain for the nucleus, or (E) ROS analysis using DCFDA stain. Statistical analysis was done with GraphPad Prism; (****p < 0.0001, *p < 0.05). Bars 
represents SD of the mean. Magnification 40X. Results are representative of 3 independent experiments. 

T. Campbell et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e14810

12

4. Discussion 

According to GLOBOCAN 2020, PCa is the most commonly diagnosed cancer in men in 112 countries including USA, while PCa 
accounts for the fifth most common cause for cancer death globally [34]. Mortality is largely due to metastasis, with bone being the 
main site of PCa metastasis [35]. HMGA2 is a non-histone protein that is up-regulated in several cancers and is associated with 
metastasis [36]. It is worth noting that the upregulation of HMGA2 in PCa is not a single event, but a multistep process that involves a 
complex interplay between genetic and epigenetic factors, leading to the progression of the disease however, several factors have been 
proposed. For instance epigenetic modifications such as DNA methylation and histone modifications have been proposed as mecha
nisms of HMGA2 upregulation in PCa [37]. Additionally, Let-7 miRNA suppresses HMGA2 expression by binding to the 3′UTR of 
HMGA2, and loss of Let-7 miRNA or loss of the 3′UTR in cells expressing truncated HMGA2 can lead to increased expression of HMGA2 
and other oncogenic targets which leads to cancer development and progression [38]. Growth factors such as transforming growth 
factor-beta (TGF-β) can also transcriptionally upregulate HMGA2 [39]. Due to the rearrangement of chromosome 12 where HMGA2 is 
located, or alternative splicing, a new isoform of HMGA2 protein (truncated HMGA2) will arise, lacking the 3′UTR region [8,40]. We 
have previously shown that overexpression of truncated HMGA2 in LNCaP PCa cell lines display predominantly cytoplasmic locali
zation, while nuclear/cytoplasmic localization is displayed in LNCaP cells overexpressing wild-type HMGA2 which promotes EMT 
[25]. Additionally, we published that early grade prostate cancer tissue expresses predominantly cytoplasmic HMGA2 while higher 
grade and metastatic tissue display more nuclear HMGA2 expression [25]. In the present study, truncated HMGA2 protein expression is 
detected in normal transformed prostate epithelial cells (RWPE1) and some prostate cancer cell lines, whereas wild-type HMGA2 
appears to be associated with metastatic cell lines (except for C4-2), which would follow high nuclear expression of HMGA2 previously 
reported in bone metastatic patient tissue [25]. Interestingly, IHC staining of hyperplasia and more so chronic inflammatory prostatic 
tissue indicates HMGA2 staining within the cytoplasm, suggesting a possible association of cytoplasmic HMGA2 with oxidative stress. 
However, the Western blot in Fig. 1 with the benign prostatic fibrosis does not show high levels of truncated HMGA2, which may be 
because even though chronic inflammation leads to fibrosis, it is not the only contributing factor to fibrosis. A study conducted by Zong 
et al., reported for the first time the cytoplasmic expression of HMGA2 in normal skin tissue, while, HMGA2 translocated into the 
nucleus in carcinoma tissue samples [41]. Additionally, in the present study, HMGA2 mRNA and protein levels were investigated in 
patient tissue which shows an increase of HMGA2 wild-type and truncated isoform expression with increasing PCa gleason grade/
stage, when compared to normal prostate. 

Fig. 6. Truncated HMGA2 Promotes Sensitivity to Ferroptosis Induction that is Exacerbated by G3BP1 Silencing 
(A) LNCaP Neo, HMGA2-WT cells or HMGA2-TR cells were treated with various concentrations of ferroptosis inducer RSL3 for 72 h followed by cell 
viability analysis using MTS assay. RSL3 treatments were repeated in the presence or absence of 1 μM ferrostatin-1 and cell viability assayed in (B) 
HMGA2-WT cells, or (C) HMGA2-TR cells. (D) HMGA2-TR cells were treated with control or G3BP1 siRNA followed by Western blot analysis. (E) 
HMGA2-TR cells were co-treated with control or G3BP1 siRNA plus 4 μM RSL3 followed by MTS assay. Statistical analysis was done with GraphPad 
Prism; (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Bars represents SD of the mean. Results are representative of 3 independent 
experiments. 
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Next, we utilized LNCaP model overexpressing wild-type or truncated HMGA2 to delineate differential functions of wild-type vs. 
truncated HMGA2 to gain an understanding of why a prostate cancer cell would benefit from either isoform. Interestingly, LNCaP cells 
overexpressing truncated HMGA2 (HMGA2-TR) displays higher ROS than LNCaP cells overexpressing wild-type HMGA2 (HMGA2- 
WT) or empty vector Neo control cells. We observe that the antioxidant enzyme GSH and GSH/GSSG ratio were reduced in HMGA2-TR 
compared to Neo control cells, while the NADPH/NADP ratio is significantly higher in HMGA2-TR cells. The increased NADP/NADPH 
ratio could be due to higher NOX activation leading to increased ROS production as has been previously observed in platelets [42]. 
However, even though HMGA2-WT cells do not increase ROS, they have intermediate GSH:GSSG and NADPH:NADP ratios that are 
higher than Neo control but lower than HMGA2-TR cells. It is possible that the moderate levels of GSH:GSSH and NADP:NADPH are 
sufficient to effectively neutralize the ROS produced by the cells, leading to a decrease in overall ROS levels. However, further studies 
are needed to determine the exact mechanism by which ROS levels are decreased in HMGA2-WT. This data suggests that truncated 
HMGA2 has a more pronounced role in promoting oxidative stress compared to wild-type HMGA2. 

We further investigated the differential role of wild-type vs. truncated HMGA2 utilizing RNA-seq analysis, which reveals several 
upregulated and downregulated genes. GSEA of the RNA-Seq data shows that truncated HMGA2 upregulates pathways involved in 
oxidative stress response. Certain oxidative stress genes uniquely upregulated by truncated HMGA2 includes SLC22A3 which is known 
to facilitate heat stress-induced oxidative DNA damage [43]. Other genes upregulated by truncated HMGA2 include SEMA3A, FOXG1, 
and EYA4. Neurons under stressed conditions have also been shown to express SEMA3A and mediate microglial apoptosis [44], while 
FOXG1 affects oxidative stress in OC-1 cells [45]. EYA4, a protein when overexpressed in mice led to apoptosis of spinal ganglion 
neurons and caused hearing loss, a disorder caused by increased oxidative stress [46]. The genes downregulated by truncated HMGA2 
have less to do with stress; In fact, ALDH3A1 has recently been shown to play an essential role in protecting cellular proteins against 

Fig. 7. Endogenous HMGA2 and G3BP1 Mediate Ferroptosis in PC3 Cells 
(A) PC3 PCa cells were treated with control or HMGA2 siRNA plus or minus 4 μM RSL3 and 1 μM ferrostatin-1 for 72 h followed by cell viability 
analysis using MTS assay. (B) Knockdown of HMGA2 was confirmed by Western blot analysis. (C) PC3 cells were treated with control or G3BP1 
siRNA plus or minus 4 μM RSL3 and 1 μM ferrostatin-1 for 72 h followed by cell viability analysis using MTS assay. (B) Knockdown of G3BP1 was 
confirmed by Western blot analysis. Statistical analysis was done with GraphPad Prism; (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Bars 
represents SD of the mean. Results are representative of 3 independent experiments. 
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aggregation under stress conditions [47] while AKR1C3 has shown to be a novel EMT driver in prostate cancer metastasis through 
activating ERK signaling [48], and CLDN1 promotes mesenchymal transformation in HCC cells [49]. Additionally, CXCL2 and CXCL8 
are among the truncated HMGA2 downregulated genes that have also been shown in literature to be downregulated in an immortalized 
mesenchymal stem-like cell (MSC) line overexpressing truncated HMGA2 [50]. These genes are intrestingly involved in the polari
zation of macrophages toward anti-inflammatory phenotypes [51], and also contributes to tumor progression by promoting migration 
and invasion of cancer cells [52]. As expected RNA-Seq shows that wild-type HMGA2 upregulates the EMT pathways which agrees 
with our previous study that wild-type but not truncated HMGA2 promotes EMT [25]. Upregulated proteins by wild-type HMGA2 
includes PLXDC2, which is affiliated with immune regulation [53], and PEG10, known to be involved in EMT [54]. Interestingly, both 
wild-type and truncated HMGA2 upregulate oxidative phosphorylation pathway. HMGA2 involvement with oxidative phosphoryla
tion could be due to its involvement with insulin growth factor 2 mRNA binding protein 2 (IGF2BP2), a direct transcriptional target of 
HMGA2, which has been shown to regulate oxidative phosphorylation [55]. 

We report that cytoplasmic but not nuclear HMGA2 interacts with G3BP1, a cytoplasmic RNA binding protein found in stress 
granules (SGs) within the cytoplasm that responds to oxidative stress [56]. Interestingly, the interaction of G3BP1 with cytoplasmic 
HMGA2 appears to be important to control oxidative stress in cells overexpressing truncated but not wild-type HMGA2. High levels of 
ROS are thought to be involved in oncogenic transformation and intrestingly, due to truncated HMGA2 missing its C-terminus and 
3′UTR, it may be more oncogenic than wild-type HMGA2. The C-terminus may contribute to the distinct functions seen between 
wild-type and truncated HMGA2. It is plausible that in response to increased oxidative stress triggered by truncated HMGA2, stress 
granules are formed which involves G3BP1 interacting either directly or indirectly with HMGA2 to regulate oxidative stress; this will 
need to be explored further. Furthermore, another protein that interacts with truncated HMGA2 from the proteomics data is protease 
serine 3 (PRSS3). Studies have shown that PRSS3 is up-regulated in metastatic pancreatic cancer [57] and malignant prostate cancer 
[58]. Our proteomic results further shows that both wild-type and truncated HMGA2 interacts with Keratin, Type I cytokeratin (KRT1) 
while only truncated HMGA2 interacts with Keratin, Type I Cytoskeletal 10 (KRT10) which belongs to the intermediate filament 
proteins that are involved in hyper-proliferative activity of cholesteatoma [59]. In ovarian cancer, overexpression of KRT10 has been 
associated with cisplatin-resistance by targeting PTEN in vitro [60] and in vivo [61] to overcome multi-drug resistance, so it will be 
informative to dissect the interaction between KRT10 and truncated HMGA2 in prostate cancer cells. 

Recently, ferroptosis has gained importance as an iron-dependent programmed cell death induced by accumulation of lipid per
oxidation and ROS [62,63]. High oxidative stress environment as is found in cancer promotes sensitivity to ferroptosis-inducing agents, 
making this a promising therapy for cancer [64]. Our data indicates that cells overexpressing truncated HMGA2 display greater 
vulnerability to RSL3 ferroptosis inducer, as compared to wild-type HMGA2, which can reversed by ferrostatin-1 (ferroptosis inhib
itor). Literature has previously shown that stress granule protein G3BP1 interacts with cytoplasmic lncRNA P53RRA, and that this 
lncRNA promotes ferroptosis and apoptosis [65]. When we silienced G3BP1 in HMGA2-TR cells and treated with ferroptosis inducer 
RSL3, there was a greater vulnerability to ferroptosis compared to control siRNA, thus showing a new link between HMGA2, G3BP1 
and ferroptosis in LNCaP cells. A limitation of our study is the detailed mechanistic interaction between HMGA2 and G3BP1. A possible 
mechanism could include studying GPX4, a major regulator of ferroptosis as it plays a crucial role in protecting cells from oxidative 
stress; studies have shown that GPX4 regulates G3BP1-mediated stress granule formation [65]. Studies have shown that GPX4 can 
suppress the activity of G3BP1, leading to the inhibition of cell growth and migration. [66] It is plausible that HMGA2 may regulate 
GPX4. This further supports the notion that interaction between truncated HMGA2 and G3BP1 in the cytoplasm may work to control 
elevated ROS, increasing susceptibility to ferroptosis which is further promoted by G3BP1 knockdown, this process could be down
stream of GPX4 or work in a positive feedback look to carry out these complex functions. Another interesting possibility is supported by 
a previous study that TGF-β1can reduce the expression of xCT, a subunit of System xc− that contributes to glutathione (GSH) synthesis 
and protects cells against ferroptosis [67]. This study shows that TGF-β1 represses xCT expression via Smad3 activation, decreases GSH 
levels, enhances lipid peroxidation and RSL3-mediated ferroptosis in hepatocellular carcinoma cells with an early TGF-β1 signature, 
but not in carcinoma cells with late TGF-β1 signature that display EMT. Similar to our findings, reductions in GSH levels and increases 
in ROS were the largest in PLC/PRF/5 cells (41.2%) cells that represent early TGF-β1 signature but GSH decrease was more modest in 
Huh7 cells (26.4%) that represent late TGF-β1 signature/EMT with no effect on ROS upon TGF-β1 treatment [67]. Their explanation 
for the lack of increase in ROS despite partial decrease in GSH is that TGF-β1 might have induced mild oxidative stress that could be 
compensated by intracellular amount of GSH still present in this cell line. We can use this to similarly explain why despite some 
decrease in GSH in LNCaP HMGA2-WT cells (known to display EMT), there was no increase in ROS levels compared to Neo even after 
G3BP1 knockdown. However, LNCAP HMGA2-TR cells that do not display EMT acts like the early TGF-β1 signature whereby there is 
larger decrease of GSH levels accompanied by higher ROS. Overall, increased ROS in LNCaP HMGA2-TR cells make them more 
vulnerable to ferroptosis. Our GO analysis suggest some genes that may be involved in ferroptosis such as MXRA8 downregulated in 
HMGA2-TR cells; this gene has been recently associated with ferroptosis in glioma [68]. Upregulated gene ACSBG1 in HMGA2-TR cells 
is reported to be a pro-ferroptotic factor in heat-induced ferroptosis for cancer therapy [69]. TM6SF1 upregulated in HMGA2-TR cells 
is shown to be a ferroptosis related gene in lung adenocarcinoma [70]. FTH1 gene is downregulated in both HMGA2-WT and -TR cells; 
this encodes a member of ferritin that is an iron storage and antioxidant molecule and regulates ferroptosis [68,71]. Thus ferroptosis 
inducers could be a possible therapy for prostate cancer cells overexpressing truncated HMGA2. Of note, HMGA2-WT cells were also 
vulnerable to ferroptosis when compared to Neo control cells, that may be linked to their intermediate decrease in GSH:GSSG ratio that 
was lower than Neo, but not HMGA2-TR cells. Therefore, wild-type HMGA2 may also contribute sensitivity to ferroptosis to a lesser 
degree. 

To validate using PC3 cells that is published to endogenously express high levels of truncated HMGA2, RSL3 treatment led to a 
slight but not significant decrease in cell viability, however, knockdown of HMGA2 or G3BP1 decreased cell viability significantly 
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which was restored by co-treatment with RSL3 and ferrostatin-1, confirming the role of these proteins in ferroptosis. A previous study 
reveled that providing reduced glutathione or the radical-trapping antioxidant ferrostatin-1 to ferroptotic dying cells can rescue and 
promote their recovery [72]. Recently, data supports induction of ferroptosis as a new therapeutic strategy for advanced prostate 
cancer as a monotherapy and in combination with second-generation antiandrogens such as enzalutamide [22]. 

Overall, this study is the first to perform a comprehensive analysis of the mechanistic function of wild-type vs. truncated HMGA2 in 
prostate cancer. We reveal that truncated HMGA2 can increase oxidative stress more than wild-type HMGA2; both isoforms interact 
with stress protein, G3BP1 within the cytoplasm; and both isoforms decrease GSH:GSSG ratio. This confers vulnerability to ferroptosis, 
more so in cells expressing truncated HMGA2 that display higher levels of HMGA2, higher ROS and lower antioxidant status compared 
to wild-type HMGA2 cells. This novel pathway reveals prostate cancer patients who overexpress HMGA2 associated with increased 
oxidative stress may be more sensitive to ferroptosis and offers ferroptosis inducers as a possible therapeutic approach for patients 
overexpressing HMGA2. 
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