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Abstract

Objectives—Although uterine cancer is the fourth most common cause for cancer death in 

women worldwide, the molecular underpinnings of tumor progression remain poorly understood. 

The High Mobility Group A1 (HMGA1) gene is overexpressed in aggressive cancers and high 

levels portend adverse outcomes in diverse tumors. We previously reported that Hmga1 transgenic 

mice develop uterine tumors with complete penetrance. Because HMGA1 drives tumor 

progression by inducing matrix metalloproteinase (MMP) and other genes involved in invasion, 

we explored the HMGA1-MMP-2 pathway in uterine cancer.

Methods—To investigate MMP-2 in uterine tumors driven by HMGA1, we used a genetic 

approach with mouse models. Next, we assessed HMGA1 and MMP-2 expression in primary 

human uterine tumors, including low-grade carcinomas (endometrial endometrioid) and more 

aggressive tumors (endometrial serous carcinomas, uterine carcinosarcomas/malignant 

mesodermal mixed tumors).
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Results—Here, we report for the first time that uterine tumor growth is impaired in Hmga1a 
transgenic mice crossed on to an Mmp-2 deficient background. In human tumors, we discovered 

that HMGA1 is highest in aggressive carcinosarcomas and serous carcinomas, with lower levels in 

the more indolent endometrioid carcinomas. Moreover, HMGA1 and MMP-2 were positively 

correlated, but only in a subset of carcinosarcomas. HMGA1 also occupies the MMP-2 promoter 

in human carcinosarcoma cells.

Conclusions—Together, our studies define a novel HMGA1-MMP-2 pathway involved in a 

subset of human carcinosarcomas and tumor progression in murine models. Our work also 

suggests that targeting HMGA1 could be effective adjuvant therapy for more aggressive uterine 

cancers and provides compelling data for further preclinical studies.
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1. Introduction

Uterine cancer is the most frequently diagnosed gynecologic malignancy in the United 

States and the fourth most common cancer in American women. In addition, it is the sixth 

most common cancer in women worldwide [1-3]. Moreover, the incidence of uterine cancer 

has been increasing over the last two decades, possibly due to increasing obesity rates, and 

the death rate for uterine corpus cancer has been rising since 2000 [2-3]. The five year 

survival rate for women with distant metastases is less than 20% reflecting the limited 

treatment options available [1-3]. Thus, further study has the potential to significantly 

benefit women's health. Carcinomas are the most frequent type of uterine cancers, with 

endometrioid carcinomas being the most common subtype. The majority of endometrioid 

carcinomas are low-grade, with indolent behavior in most cases [1-2]. They are generally 

treated with surgery alone and have favorable outcomes. In contrast, uterine serous 

carcinomas are less common and are, by definition, high-grade, with generally aggressive 

behavior even when present at lower stages. Uterine sarcomas are relatively uncommon, 

comprising only ∼5% of all uterine cancers. They occur in older women, behave 

aggressively, and are often associated with poor outcomes. Carcinosarcomas are high-grade 

uterine cancers with both malignant epithelial (carcinomatous) and mesenchymal 
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(sarcomatous) components. The 5-year survival for carcinosarcomas is 24-50% for all stages 

[3]. Adenosarcomas are even less common, but have significantly better survival rates than 

carcinosarcomas [3]. Despite the high overall prevalence of uterine cancers, the molecular 

events that lead to the distinct subtypes are poorly understood.

The high mobility group A1 (HMGA1) gene is overexpressed in diverse, refractory tumors 

[4-31], including uterine carcinomas and sarcomas [4-5]. The HMGA1 gene encodes the 

HMGA1a and HMGA1b chromatin remodeling proteins, which function in modulating gene 

expression [6, 30-31]. HMGA1 proteins are members of the HMGA family of AT-hook 

DNA binding proteins that consists of HMGA1a, HMGA1b, and HMGA2 [30-32]. HMGA1 
is enriched in aggressive cancers and embryonic stem cells [4-31; 33-34]. In a previously 

published pilot study of 19 primary tumors, we found that HMGA1 is overexpressed in 

high-grade uterine cancers, but not in normal uterine tissue, benign tumors, or most low-

grade neoplasms of the uterus [4]. We also discovered that Hmga1a transgenic mice develop 

aggressive lymphoid tumors and uterine sarcomas by 9 months of age with complete 

penetrance [4, 10]. Together, these findings highlight a central role for HMGA1 in diverse 

high-grade tumors.

Matrix metalloproteases (MMPs) are a family of over 20 zinc-dependent proteinases 

important to the homeostasis of the extracellular matrix [35-40]. They were originally 

characterized based on their ability to degrade the extracellular matrix and basement 

membrane, which facilitates tumor cell invasion, migration, intravasation into the 

circulation, extravasation out of the bloodstream, and ultimately metastasis. In some tumors, 

MMP activity correlates with cellular invasiveness and metastatic potential [35-36; 40]. 

More recently, MMPs were shown to exert other important biologic effects relevant to 

cancer including the processing of critical proteins involved in angiogenesis, apoptosis, 

chemotaxis, cell migration, and cell proliferation [35-39]. Surprisingly, tumor suppressor 

functions have also been identified for MMP family members [37, 40]. We previously found 

that HMGA1 up-regulates expression of MMP-2 in lung cancer cells, but only in poorly 

differentiated tumors, indicating that this pathway could drive tumor progression and 

anaplasia in a subset of poorly differentiated, stem-like lung cancers [23]. HMGA1 also up-

regulates expression of MMP-2 in prostate cancer [11]. In addition, HMGA1 induces 

MMP-9 in pancreatic cancer [35] and MMP-13 in breast cancer tumor models [30], 

suggesting that the HMGA1-MMP axis is important in diverse human cancers.

Here, we discovered that the Hmga1-Mmp-2 pathway is important in uterine tumorigenesis 

using a genetic approach in mice. In primary human tumor samples, we also found that 

HMGA1 is up-regulated in most tumors, with highest levels in the more aggressive, high-

grade carcinosarcomas and serous tumors. We also found that the HMGA1-MMP-2 pathway 

was up-regulated, in a subset of carcinosarcomas. These findings indicate that HMGA1 

could serve as a therapeutic target in aggressive uterine carcinomas and sarcomas. Although 

further studies are needed, our findings also suggest that the HMGA1-MMP-1 pathway may 

be a rational target for cancer therapy in a subset of carcinosarcomas, thus highlighting the 

role for personalized therapy in these aggressive tumors.
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2. Materials and methods

2.1 Primary tumor samples, RNA preparation and quantification, and quantitative RT-PCR

A total of 76 primary uterine tumor samples (29 endometrioid carcinomas, 30 

carcinosarcomas and 17 serous carcinomas) were obtained from de-identified patient 

samples. Sufficient RNA was generated from 24 endometrioid carcinomas, 23 

carcinosarcomas, and 14 serous carcinomas using Trizol as we previously described [4-5]. 

From the RNA, cDNA was prepared, and HMGA1a and MMP-2 mRNA levels were 

assessed by quantitative RT-PCR (qRT-PCR) as we previously described [4-5].

To expand our sample size of primary uterine tumors, we also compared gene expression in 

the Cancer Genome Atlas (TCGA) database from uterine corpus and endometrial carcinoma 

(UCEC), which included 546 primary uterine tumors and 35 normal uterine tissue controls 

for expression of HMGA1 and MMP-2. TCGA UCEC expression data, version 2015_11_01, 

was downloaded using the Broad Institute's firehose application (https://

gdac.broadinstitute.org/). Clinical data, including histology, was downloaded from the 

TCGA data portal (https://tcga-data.nci.nih.gov/tcga/).

2.2 Generation of Hmga1a transgenic–Mmp-2 null mice

The Hmga1a mice have been previously reported [4, 10]. Briefly, the murine Hmga1a cDNA 

is driven by the H-2K promoter and immunoglobulin μ enhancer, which is expressed in 

MHC Class 1 expressing cells, including B and T cells [10], uterine tissue [4], and intestinal 

epithelium [17]. All mice (100%) develop lymphoid malignancy by 5-10 months and die 

from their disease by 8-13 months [10]. The female mice also develop uterine sarcomas with 

complete (100%) penetrance [4]. The Mmp-2 null mice (a kind gift from Dr. Lynn 

Matrisian) were also previously described [37]. To generate mice that are both transgenic for 

Hmga1a and null for Mmp-2, we mated Hmga1a males with Mmp-2-/- mice. Hmga1a males 

were used because the females are infertile [4]. First, we generated mice that are transgenic 

for Hmga1a and heterozygous for the Mmp-2 alleles (Mmp-2+/-). The Hmga1a transgenic-

Mmp-2+/- males were then crossed again with Mmp-2-/- mice to generate mice that are 

transgenic for Hmga1a and homozygous null for Mmp-2 (designated Hmga1a-Mmp-2-/-). 

We generated groups of mice (n=5-8/group; Table 1) from each genotype for comparison, 

including: Hmga1a-Mmp-2-/- (n=7), Hmga1a-Mmp-2+/- (n=7), Hmga1a-Mmp-2+/+ (n=7), 

nontransgenic-Mmp-2-/- (n=5), nontransgenic-Mmp-2+/- (n=8), nontransgenic-Mmp-2+/+ 
(n=6). All mice were maintained on a C57Bl6 background and the genotype was determined 

by PCR. The presence of the Hmga1a transgene was assessed using the primers 5′-

TAAGCTTGATGTCATGAGCGAG and 5′-CCTGAGACTTCCACACTGATG, which 

produced a 565 base pair PCR fragment specific to the transgene. As a PCR control, primers 

specific to mouse beta-2 microglobulin (T5′-ACCCACCGGAGAATGGGAAG and 5′-

TCTTGGGCTCGGCCATACTG) were used, which produced a 237 base pair fragment. The 

Mmp-2 genotype was assessed as previously described.

2.3 Histopathological analysis of uterine tumors

Tissues were fixed and analyzed as we described [4, 10]. Uterine weights were obtained and 

relative tumor sizes were estimated by dividing the uterine weight by the total body weight 
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as we previously described [4, 10]. Spleen weights and relative lymphoid tumor sizes were 

also obtained as previously described [22].

2.4 Chromatin immunoprecipitation and silencing HMGA1

Chromatin immunoprecipitation experiments were performed in MES-SA uterine 

carcinosarcoma cells as previously described [4, 12, 19] using MES-SA cells (human uterine 

carcinosarcoma cells, ATCC). Proteins cross-linked to chromatin were immunoprecipitated 

with the following antibodies: HMGA1 [12], histone H3 (as positive control), or IgG (as a 

negative control). The MMP-2 promoter region with the consensus HMGA1 DNA-binding 

site was amplified from the immunoprecipitated protein-DNA complexes using the forward 

and reverse primers 5′- GGGGAAAAGAGGTGGAGAAA -3′ and 5′- 

CGCCTGAGGAAGTCTGGAT -3′, respectively [12].

2.5 Statistical analysis

Statistical significance was assessed by the Student's t-test and Mann-Whitney test. To 

determine if HMGA1 and MMP-2 expression correlate, both Pearson's and Spearman's 

correlations were calculated. P<0.05 was considered significant.

For analysis of primary tumor and normal tissue gene expression data from TCGA, the 

association between gene expression and histological type (endometrioid, serous or 

carcinosarcomas) was assessed by linear regression. Because two different RNAseq 

platforms, IlluminaHiSeq and IlluminaGa were used for the UCEC dataset, platform was 

included as a covariate in the analysis to account for possible batch effects.

3. Results

3.1 Deficiency of Mmp-2 interferes with uterine tumorigenesis in Hmga1 transgenics

To define the role of Mmp-2 in the development of tumorigeneis in the Hmga1a transgenic 

model, we crossed the Hmga1a transgenics with mice null for Mmp-2 (Mmp-2-/-), to 

generate mice with each of the following genotypes: Hmga1a-Mmp-2-/- (n=7), Hmga1a-
Mmp-2+/- (n=7), Hmga1a-Mmp-2+/+ (n=7), and nontransgenic Mmp-2-/- (n=6), Mmp-2+/- 
(n=8), Mmp-2+/+ (n=5) (Table 1). The total uterine weight (grams; p = 0.045), which 

reflects tumor burden [4], and relative uterine weight (uterine weight/body weight; p = 

0.049), which reflects relative tumor burden [4], were significantly decreased in the Hmga1a 
mice that were null for Mmp-2 (Fig. 1A-C). The total and relative uterine weights were also 

decreased in the Hmga1a-Mmp-2+/- mice, although this did not reach statistical significance 

in the relatively small sample sizes. Histopathologically, the tumors with Mmp-2 deficiency 

were similar in appearance to those with wildtype Mmp-2 (Fig. 1D). There was no 

difference in mean body weights in all groups and there were no significant differences in 

the uterine weightss in the nontransgenic Mmp-2-/-, Mmp-2+/-, Mmp-2+/+ mice (Table 1). 

Of note, absolute spleen weights and relative spleen weights, which reflect the lymphoid 

tumor burdens [10], showed a trend towards decreasing size in Hmga1a transgenics that 

were deficient for Mmp-2, although this did not reach statistical significance in the small 

samples sizes studied (Supplementary Fig. 1; Supplementary Table 1).
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3.2 HMGA1 is overexpressed in primary high grade, aggressive uterine tumors

Our previous study showed that HMGA1 is overexpressed in uterine carcinosarcomas and 

leiomyosarcomas [4]. To compare HMGA1 expression in uterine carcinosarcomas to that of 

pure endometrial carcinomas, we assessed mRNA expression in primary human tumors, 

including: 1) low-grade endometrioid carcinomas, 2) serous carcinomas, and, 3) 

carcinosarcomas by qRT-PCR. We discovered that HMGA1 levels are significantly higher in 

the carcinosarcomas and serous carcinomas as compared to the endometrioid carcinomas 

(Fig. 2A). Interestingly, HMGA1 expression was significantly higher in the carcinosarcomas 

as compared to the endometrioid carcinomas (P=0.0021) and in the serous carcinomas as 

compared to the endometrioid carcinomas (P=0.0004). The levels of HMGA1 in the serous 

carcinoma and carcinosarcoma samples were similar (Fig. 2A).

3.3 HMGA1 expression correlates with MMP-2 expression in primary carcinosarcomas

Next, we sought to determine whether expression levels of HMGA1a and MMP-2 are 

correlated in human uterine tumors. To this end, we measured HMGA1a and MMP-2 
expression in the primary uterine tumors, including the endometrioid carcinomas, serous 

carcinomas, and carcinosarcomas. There was no correlation between HMGA1a and MMP-2 
mRNA expression in the pure carcinomas. There was, however, a significant, positive 

correlation between HMGA1a and MMP-2 mRNA in the carcinosarcomas (Fig. 2B; r = 

0.42, P<0.05). Taken together, these results suggest that HMGA1 could drive tumor 

progression in uterine carcinosarcomas by up-regulating MMP-2 to promote metastatic 

disease.

3.4 HMGA1 binds directly to the MMP-2 promoter in a human uterine carcinosarcoma cells

Because we found that HMGA1a expression is positively correlated with MMP-2 in 

carcinosarcomas, we sought to determine if HMGA1 binds directly to the MMP-2 promoter 

in carcinosarcoma cells to up-regulate its expression. We therefore performed chromatin 

immunoprecipitation experiments in the MES-SA uterine carcinosarcoma cell line. We 

found that HMGA1 binds to the MMP-2 promoter in a highly conserved region near the 

transcription start sites (Fig. 3A).

3.5 HMGA1 and MMP-2 expression in uterine tumors from TCGA

To expand our study sample size of primary tumors, we investigated independent gene 

expression analyses from TCGA (Fig. 3B). Similar to our results from primary tumor 

samples, we found that HMGA1 is significantly overexpressed in all uterine tumors 

compared to normal uterine tissue (Supplementary Fig. 2; P<0.00001). In addition, HMGA1 
was highest in the aggressive serous carcinomas (P<0.00001) and carcinosarcomas 

(P<0.00001) as compared to the more indolent endometrioid tumors. In contrast to our 

analysis of 30 primary carcinosarcomas, however, we did not find a correlation between 

HMGA1 and MMP-2 in this larger dataset of carcinosarcomas, nor was there a correlation in 

normal uterine tissue, endometrioid or seous tumors (Supplementary Fig. 3). The basis for 

this difference is unclear, but suggests that the HMGA1-MMP-2 pathway may only be up-

regulated in a subset of carcinosarcomas. Taken together, these data are consistent with the 

model whereby increasing expression of HMGA1 drives both tumor initiation and tumor 
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progression in uterine tumors, and higher levels reprogram cancer cells to more aggressive 

phenotype. The HMGA1-MMP-2 pathway is activated in a subset of carcinocarcomas, 

which could contribute to driving tumor progression (Fig. 4).

Discussion

Cancers of the uterine corpus are among the most common gynecologic malignancies in 

developed countries, accounting for about 6% of female cancers in the US [1-4]. This past 

year, approximately 46,000 new cases were diagnosed with over 8,000 deaths in the US 

alone and the incidence is rising. Endometrial endometrioid carcinomas are the most 

common uterine cancers, comprising over 80% of uterine cancers. They arise from the 

endometrium, usually in the setting of endometrial hyperplasia, and are often cured by 

surgery alone as they tend to be indolent. Serous carcinomas also arise from the 

endometrium, but primarily occur in post-menopausal women with atrophic endometrium, 

and generally behave more aggressively. In contrast, carcinosarcomas are mixed tumors with 

both malignant epithelial and mesenchymal components. Like serous tumors, they tend to be 

high-grade or poorly differentiated and behave aggressively. The molecular underpinnings 

that give rise to more aggressive uterine cancers are poorly understood, particularly in the 

carcinosarcomas. Here, we focused on HMGA1 because it encodes a chromatin remodeling 

protein that correlates with poor differentiation status and adverse clinical outcomes in 

diverse tumors [6,20]. Emerging evidence also indicates that HMGA1 drives tumor 

progression by co-opting pathways involved in stem cells, an epithelial-mesenchymal 

transition, and metastatic progression [6, 17, 27]. In addition, prior studies suggest that 

MMPs cooperate with HMGA1 during tumor progression [11, 23, 36].

MMPs are key proteolytic enzymes that contribute to the ability of tumors to invade 

surrounding tissues and intravasate into the vascular system, thus setting up early events 

required for metastatic progression [35-39]. MMPs are also required for angiogenesis, which 

likewise involves degradation of the vascular basement membrane and extracellular matrix 

followed by migration of vascular endothelial precursors into the surrounding tissue. During 

the proteolysis of the basement membrane, MMPs release endogenous extracellular matrix 

and angiogenic factors (VEGF, TGF-beta) that are sequestered in the basement membrane 

[35-39]. MMPS are held in check by tissue inhibitors or metalloproteases (TIMPs) and 

studies suggest that nonmetastatic tumors secrete higher levels of TIMPS and thereby 

prevent tumor invasion and angiogenesis. The discovery of MMPs as essential factors in 

tumor invasion and metastatic progression led to the development of pharmacologic 

inhibitors, although early clinical trials were uniformly disappointing. Limitations of the 

early clinical trials included lack of MMP specificity, inconsistent pharmacokinetics in 

cancer patients, and drug intolerance [35]. In addition, most patients treated in the early 

trials had advanced disease, which could limit the efficacy of therapy with MMP inhibitors. 

A subset of MMPs has tumor-suppressor effects, and inhibitors could potentially enhance 

tumor progression [37, 40]. Recent work also indicates that MMPs regulate innate immunity 

and host defense [39]. Thus, the current challenge in the field will be to elucidate the 

specific roles of MMPs in tumor progression and host defense so that more effective 

inhibitors can be developed.
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In this study, we investigated the HMGA1-MMP-2 pathway because HMGA1 had been 

shown to directly activate MMP-2 expression in experimental models of prostate cancer [11] 

and poorly differentiated lung cancer [23]. In fact, prior studies in other tumors provide 

additional evidence that MMP and HMGA1 proteins cooperate to drive neoplastic 

transformation in diverse tumor types. For example, in the breast cancer cells (MCF-7), 

MMP-13 was identified as a gene induced in cells engineered to express high levels of 

HMGA1a or HMGA1b [30]. Studies in prostate cancer cells showed that HMGA1 increases 

levels of the precursor protein to MMP-2, MT-MMP-2 [11]. HMGA1 also induces MMP-9 
expression and promotes tumor invasion through the PI3K/Akt pathway in pancreatic cancer 

cells [36]. Work from our group uncovered the link between MMP-2 and HMGA1 in poorly 

differentiated lung cancers [23]. More recently, HMGA1 gene and protein levels were found 

to correlate significantly with MMP-9 gene and protein expression as well as other markers 

of invasion and angiogenesis of malignant gliomas [24]. In fact, the 5′ promoter regions of 

many MMP genes include consensus DNA binding sites for HMGA1 [11, 23-24, and Resar 

unpublished data].

Here, we found that MMP-2 deficiency impaired the growth of the uterine tumors that were 

induced by HMGA1 in a mouse model, although there was no consistent effect on the 

lymphoid tumors. This finding suggests that uterine tumors induced by HMGA1 in this 

model are dependent on MMP-2 for growth at the stage in which we measured tumor size, in 

contrast to the lymphoid tumors, which may depend on other HMGA1 pathways [10, 12, 

21-22]. In primary human carcinosarcomas, we also found a positive correlation between 

HMGA1 and MMP-2, but only in a subset of these tumors. This relationship was not 

observed in primary tumors from the TCGA database, although the basis for this difference 

could not be discerned from this study. It is possible that carcinosarcomas rely on transient 

activation of this pathway for early invasion, after which selective pressures from the tumor 

microenvironment no longer require functional MMP-2. Alternatively, there may be 

molecularly distinct subtypes of carcinosarcomas, including those in which the HMGA1-

MMP-2 pathway contributes to tumor progression. Finally, different methodologies to assess 

MMP-2 could rely on differential sensitivities of detection. It has become clear that HMGA1 

orchestrates many tumor progression and stem cells pathways, which appear to be cell-type 

and context specific. Further studies will be needed to determine under which contexts the 

HMGA1-MMP-2 pathway functions in uterine carcinosarcomas.

In conclusion, we also found that HMGA1 is highly overexpressed in primary high-grade, 

poorly differentiated tumors, including aggressive serous carcinomas and carcinosarcomas, 

as compared to the more differentiated and indolent endometrioid tumors or normal uterine 

tissue. We also found that HMGA1 and MMP-2 expression are positively correlated in a 

subset of primary human carcinosarcomas. Moreover, we report for the first time that 

HMGA1 binds directly to the MMP-2 promoter in poorly differentiated, cultured human 

uterine carcinosarcoma cells. Finally, we show that growth of uterine sarcomas is impaired 

in Hmga1 transgenics that are deficient in Mmp-2, providing additional evidence that 

targeting this pathway could be beneficial in the treatment of a subset of uterine cancers. Our 

results further highlight the role of HMGA1 in driving tumorigenesis in poorly 

differentiated, aggressive human uterine tumors and suggest that HMGA1 could be a 

rational therapeutic target. Further studies with a focus on personalized medicine will be 
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needed to define subsets of patients who may respond to therapy to interrupt the HMGA1-

MMP-2 pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Deficiency of Mmp-2 impairs uterine tumorigenesis in Hmga1 transgenic 

mice

• HMGA1 is overexpressed in aggressive human uterine carcinosarcomas and 

serous carcinomas

• HMGA1 and MMP-2 are positively correlated in a subset of human 

carcinosarcomas

• HMGA1 occupies the MMP-2 promoter in human carcinosarcoma cells

• Targeting the HMGA1 pathways could disrupt progression of aggressive 

uterine tumors
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FIGURE 1. Deficiency of Mmp-2 interferes with uterine tumorigenesis in Hmga1 transgenics
A. Mean uterine tumor weights (grams) in Hmga1 transgenic mice with Mmp-2 that was 

wildtype (+/+; n=7), heterozygous (+/-; n=7), or null (-/-; n=7) as compared to wildtype 

(nontransgenic) mice with Mmp-2 that was wildtype (+/+; n=6), heterozygous (+/-; n=8), or 

null (-/-; n=5). * denotes P = 0.045. B. Relative tumor burden in Hmga1 transgenic or 

wildtype mice with Mmp-2 that was wildtype (+/+), heterozygous deficiency (+/-) or null 

(-/-). * denotes P = 0.049. The number of mice/group is indicated above.
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C. Gross necropsy shows a significant decrease in uterine tumor size in the Hmga1 
transgenic mice that are null for Mmp-2 as compared to Hmga1 transgenics that are 

wildtype for Mmp-2. D. Histopathologic findings in tumors from Hmga1a transgenics 

wildtype or deficient for Mmp-2
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FIGURE 2. HMGA1is overexpressed in more aggressive uterine tumors and correlates positively 
with MMP-2expression in carcinosarcomas
A. HMGA1 mRNA expression is highest in the high grade serous and carcinosarcoma 

tumors as compared to endometrioid tumors. * denotes P = 0.002 and ** denotes P = 0.004.

B. HMGA1 and MMP-2 expression correlate positively in the carcinosarcomas (r = 0.42, 

P<0.05).
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FIGURE 3. HMGA1 binds directly to the MMP-2 promoter to regulate MMP-2 expression
A. Chromatin immunoprecipiation was performed with sheared chromatin form human 

MES-SA carcinosarcoma cells after cross-linking proteins bound to DNA with 

formaldehyde. Quantity of immunoprecipitated DNA with the following antibodies (all from 

Upstate, except for the HMGA1 antibody, which is from Abcam): HMGA1, Histone H3 

(positive control), or rabbit IgG (negative control); bars represent relative enrichment as the 

mean percent of total input DNA +/- standard deviations as assessed by quantitative RT-PCR 

performed in triplicate. The primers used to amplify the HMGA1 binding site in the MMP-2 
promoter were previously described [23].

B. HMGA1 is highly overexpressed in the more aggressive primary tumors with adverse 

outcomes, including serous and carcinosarcomas, as compared to endometrioid tumors. 
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Gene expression data was retrieved from TCGA database. (Specific datapoints are shown in 

Supplementary Fig. 2).
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FIGURE 4. Model for the HMGA1-MMP-2 pathway in uterine carcinosarcomas
HMGA1 induces multiple transcriptional networks which activate tumor initiation, tumor 

progression, and stem cell pathways, including induction of the MMP-2 gene in a subset of 

high-grade carcinosarcomas. The inactive, pro-MMP-2 protein is generated and 

subsequently cleaved to an active form by a complex that includes a membrane-type MMP 

(MT-MMP) and tissue inhibitor of metalloproteinase (TIMP-2, itself a protease). The active 

MMP-2 drives tumor cell mobility, invasion, migration and angiogenesis and the HMGA1-

MMP-2 pathway could then collectively culminate in tumor progression.

Hillion et al. Page 18

Gynecol Oncol. Author manuscript; available in PMC 2018 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hillion et al. Page 19

Table 1
Relative uterine weights/uterine tumor burdens in Hmga1 transgenic - Mmp-2-/- mice and 
controls

Genotype Number of mice/genotype Body weight (grams) Uterine weight (grams) Relative uterine weight

Hmga1-Mmp-2-/- 7 25.08 +/- 2.50 0.89 +/- 0.40 3.58 +/- 1.62

Hmga1-Mmp-2+/- 7 26.41 +/- 2.66 1.11+/- 0.73 4.25 +/- 2.93

Hmga1-Mmp-2+/+ 7 26.57 +/- 2.27 2.11 +/- 1.27 7.78 +/- 4.45

Nontransgenic Mmp-2-/- 5 25.75+/- 2.38 0.15 +/- 0.02 0.58 +/- 0.11

Nontransgenic Mmp-2+/- 8 23.91+/- 2.39 0.10 +/- 0.02 0.42 +/- 0.10

Nontransgenic Mmp-2+/+ 6 23.70+/- 1.78 0.13 +/- 0.03 0.55 +/- 0.13
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