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Abstract
Objective: To study the role of HMGAZ2 in promoting angiogenesis in uterine leiomyoma (LM).

Design: This study involved evaluation of vessel density and angiogenic factors in leiomyomas
with HMGAZ overexpression; examining angiogenic factor expression and AKT signaling in
myometrial and leiomyoma cells by introducing HMGAZ overexpression in vitro; and exploring
vessel formation induced by HMGAZ overexpression both in vitro and in vivo.

Setting: University research laboratory.
Patients: None.
Interventions: None.

Main Outcome Measures: The main outcome measures include vessel density in leiomyomas
with HMGAZ or MEDI2 alteration; angiogenic factor expression in primary leiomyoma and in
and in vitro cell model; and vessel formation in leiomyoma cells with HMGAZ overexpression in
vitro and in vivo.

Results: Angiogenic factors and receptors were significantly upregulated at mRNA and protein
levels in HMGA2-LM. Specifically, HMGA2-LM exhibited increased expression of VEGFA,
EGF, bFGF, TGFa, VEGFRI1, and VEGFRZ compared to MED12-LM and myometrium.
Overexpression of HMGAZin MM and LM cell lines resulted in increased secretion of
angiogenesis-associated factors. Secreted factors promoted human umbilical vein endothelial cell
(HUVEC) migration, tube formation, and wound healing. HMGAZ overexpression upregulated
IGF2BP2 and pAKT, and silencing the /GFZBPZ gene reduced pAKT levels and reduced HUVEC
migration. Myometrial cells with stable HMGAZ overexpression exhibited increased colony
formation and cell growth in vitro and formed xenografts with increased blood vessels.
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Conclusions: HMGA2-LM have a high vasculature density, which likely contributes to tumor
growth and disease burden of this leiomyoma subtype. HMGAZ2 plays an important role in
angiogenesis and the involvement of IGF2BP2-mediated pAKT activity in angiogenesis, which
provides a potential novel target for therapy for this subtype of LM.
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Uterine leiomyomas (LM) are the most common benign neoplasm in reproductive-aged
women, and up to 70% of women develop LM (1). Current medical therapies show no
significant long-term benefits, and hundreds of thousands of patients with LM end up
undergoing myomectomy or hysterectomy (2). Several driver gene mutations/alterations
(including MED12[mediator complex subunit 12], HMGAZ [high mobility group AT-hook
2], FH [fumarate hydratase], and COL5/6) have been identified in LM, with about 10%—
15% of LM being due to HMGAZ overexpression (3, 4). LM with different driver gene
mutations seem to target different molecular pathways that determine LM growth behavior
(3) and deserve further investigation. Previous studies and clinical observation demonstrated
that LM with HMGAZ overexpression (HMGA2-LM) tend to be larger, with an increased
growth rate compared to those without HMGAZ overexpression (5-7). Although many
oncogenic properties of HMGAZ in malignant tumors have been characterized (8), little is
known about HMGAZin LM development and growth.

HMGAZ2-LM may not easily to be recognized from other usual type LM by histology, but
HMGAZ overexpression is commonly seen in LM variants of intravascular leiomyomatosis
(9), hydropic leiomyoma (5), and lipoleiomyoma (10). All of these leiomyoma variants tend
to have high vessel density and increased vessel proliferation (5) in comparison to usual-type
LM. Usual-type LM are vascular-poor and slow-growing tumors. This difference has raised
the interesting question as to whether HMGAZ2 promoted LM growth through regulation of
vessel formation. Currently, no published data clearly describe the association of driver gene
mutations with specific histologic features of LM. Therefore, identification of HMGA2-LM
remains a challenge. By reviewing histology from LM with known gene alterations of
MEDI12or HMGAZ overexpression (11), we observed that HMGA2-LM were usually
cellular and hypervascular, with a wide range of growth patterns. Global gene expression
analysis between leiomyomas harboring different driver gene alterations showed that
insulin-like growth factor 2 mRNA-binding protein 2 (/GFZBPZ2) and insulin-like growth
factor 2 (1GF2) were significantly upregulated in HMGAZ2-LM (3). Another study
demonstrated that /GF2BPZ2is directly regulated by HMGA2 (12) through binding to the
AT-rich regulatory region located in the first intron. The association of tumor angiogenesis
with HMGAZ overexpression remains largely unknown.

In this study, we demonstrate higher vessel density and increased expression of angiogenic
genes in HMGAZ2-LM compared to MED12-LM (MED12-mutated LM). Both in vitro and
in vivo studies have shown that overexpression of HMGAZ promotes expression and
secretion of angiogenesis factors in HMGAZ-overexpressed myometrial and leiomyoma
cells, stimulating human umbilical vein endothelial cell (HUVEC) cell motility, migration,
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proliferation, and vessel network formation. Finally, the important role of /GFZBP2in the
HMGAZ2-driven angiogenesis is demonstrated.

MATERIALS AND METHODS

Tumor Tissue Collection

Human myometrial and leiomyoma tissues were collected from premenopausal women
undergoing hysterectomy or myomectomy at Northwestern Memorial Hospital, which was
approved by the Northwestern University Institutional Review Board (IRB number
STU00018080). Written informed consent was obtained from each patient. A total of 27
HMGAZ2-LM and 24 MED12-LM (mutation confirmed by Sanger sequencing) with matched
myometria were used for this study. Many HMGA2-LM were from myomectomy
specimens, and only nine matched myometria were available for study. Patients taking
hormonal contraceptives or gonadotropin-releasing hormone agonists/antagonists within 3
months of tissue collection were excluded from the study following the Institutional Review
Board-approved protocol.

Tissue Microarrays and Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissues of HMGA2-LM (n = 24) and MED12-LM
(n = 24) were selected for each case, and 2-mm tissue cores were taken to create tissue
microarrays (TMAS). Briefly, a hollow needle from the Manual Tissue Arrayer MTA-1
(Beecher Instruments) was used to remove 2-mm-diameter tissue cores from regions of the
FFPE tissues, and then the tissue cores were inserted into a recipient paraffin block in a
precisely spaced, array pattern. After setting the block on an uncharged slide overnight at
37°C, a preheated (70°C) slide was used to flatten the TMA surfaces. Then, the TMAs were
sectioned at 4 ym. The first and last slides of each TMA were stained with hematoxylin and
eosin (H&E) for quality assurance. Immunohistochemical (IHC) staining was done for
human HMGAZ2, CD34, and Ki-67 and for mouse CD31. IHC procedures were performed
on a Ventana Nexus automated system as described previously (11). Antibody information is
summarized in Supplemental Table 1. Immunostains were scored semiquantitatively by
percentage and intensity by two pathologists. Intensity was scored as negative (0), weak
(1+), moderate (2+), or strong (3+), and the percentage of positive tumor cells was scored
from 0% to 100%. Selected IHC markers were scanned by virtual digital means (13).

Reverse Transcription — Polymerase Chain Reaction

Total RNA from cell lines was isolated with TRIZOL reagents (Invitrogen, Carlsbad, CA),
and RNA from formalin-fixed paraffin-embedded tumors (27 HMGA2-LM, 14 MED12-LM
and matched MM) were extracted by High Pure FFPET RNA Isolation Kit (Roche)
according to the manufacturer’s protocol. RNA concentration was measured with the
NanoDrop (ND-1000, Saarbriicken, Germany), and cDNA was synthesized from 1 g of
total RNA by PrimeScript RT Reagent kit (TaKaRa). Quantitative reverse transcription—
polymerase chain reaction (RT-PCR) was performed using a SYBR green PCR mix (Applied
Biosystems) in an Applied Biosystems 7900HT Real-Time PCR System. mRNA expression
from each sample was calculated by normalization using endogenous control GAPDH. The
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experiments were repeated in triplicate. Primer information is listed in Supplemental Table
2.

HMGAZ2 Constructs and Stable Overgrowth

Stable HMGAZ overexpression was established in immortalized myometrial and leiomyoma
cell lines. The human myometrial cell line myo-hTERT and the leiomyoma cell line DD-
HLM cells were kindly provided by C. Mendelson (UT Southwestern) and A. Al Hendy
(UIC), respectively. Myo-hTERT cells were grown in DMEM/F12 medium with 10% fetal
bovine serum (FBS). HMGAZ overexpression plasmids were obtained from Origene
(Origene). Lentivirus was produced in HEK293T cells. For stable infection, 1 x 10° cells
were plated in six-well plates with 2 mL of medium without antibiotics. After overnight
incubation, the medium was replaced by 1 mL of Opti-MEM Reduced-Serum Medium
(Gibco) containing 50 w4 of concentrated lentiviral particles and 8 mg/mL of polybrene per
well. Fresh medium containing 2 mg/mL of puromycin (Invitrogen, USA) was added to each
well 24 hours later and then selected for 2 weeks.

Transient Transfection for RNA Interference

IGFZBPZ2 siRNA and control siRNA were purchased from Santa Cruz and used for
transfecting cells with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
protocol. Briefly, 5 x 104 cells/well were plated into a six-well plate for 24 hours to reach
70% confluency. After diluting 6 zL siRNA (150 pmol) and 7.5 zL Lipofectamine 3000
reagent by using 250 L Opti-MEM medium (Gibco Laboratories) separately, they were
mixed and incubated for 5 minutes at room temperature. Then the siRNA-lipid complex was
added to the medium, and the cells were incubated for 2 days at 37°C. The efficiency of
IGFZBPZinhibition was assessed by Western blot.

Sodium Dodecyl Sulfate — Polyacryamide Gel Electrophoresis and Western Blotting

Myometrial and leiomyoma cells were lysed using RIPA lysis and extraction buffer with
protease and phosphatase inhibitors (Thermo Fisher Scientific). The protein concentration
was determined by BCA Protein Assay kit (Thermo Fisher Scientific). Equal amounts of
proteins were separated by sodium dodecyl sulfate — polyacryamide gel electrophoresis
(SDS-PAGE) and subsequently transferred to polyvinylidene difluoride (PVVDF) membranes.
Blots were sequentially incubated with 5% milk and the following primary antibodies:
HMGAZ2, p-actin, IGF2BP2, pAKT, and AKT. Antibody information is summarized in
Supplemental Table 1. After overnight incubation, the membranes were blotted by specific
horseradish peroxidase — conjugated goat anti-rabbit or goat anti-mouse secondary
antibodies (Bio-Rad and detected by a Western blotting detection kit (Advansta). All the
unedited scans of Western blot are shown in Supplemental Figure 3. The experiments were
repeated in triplicate.

Growth Curve and Colony Formation

To measure cellular proliferation, the WST-1 assay (Roche) was performed. In brief, 100 zL
of cells were seeded at 103 cells/well in 96-well plates with culture medium. At indicated
time points, 10 L of WST-1 reagent was added to each well and then incubated for 3 hours
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at 37°C. Absorbance values at 490 nm were determined with a Micro-plate Reader (Bio-
Rad, Hercules, CA). Data were presented as the percentage of cell viability relative to that of
the first day. For the clonogenic assay, single-cell suspensions were seeded in six-well plates
and cultured for 3 weeks. Next, the medium was carefully aspirated, and cell colonies were
prepared by fixation with methanol. Colonies were then stained by Crystal Violet,
photographed, and scored. Colonies of more than 50 cells were counted as the surviving
fraction. The experiments were repeated in triplicate.

Preparation of Conditioned Media and HUVEC Culture

For conditioned media (CM), equal amounts of LM and MM cells with or without HMGAZ
overexpression were cultured with serum-free media for 48 hours, and then the CM were
stored at —70°C until use. HUVEC (kindly provided by Dr. W. Muller, NU) were cultured in
Human Endothelial Medium (Gibco) plus 10% FBS.

HUVEC Tube Formation

The ability of HUVEC to form network structures when cultured in different CM was tested
on a matrix of Matrigel basement membrane (BD). First, 60 z/well of Matrigel was plated
onto 96-well plates and incubated for 30 minutes at 37°C. A total of 1.0 x 10* HUVEC were
resuspended in 100 L of the different CM containing 10% FBS. After 4—6 hours of
incubation at 37 °C, cells were stained using Calcein AM (Invitrogen) and tube-like
structures were photographed using a fluorescence microscope (Olympus). The experiments
were repeated in triplicate.

Transwell and Wound-Healing Assay

The cell migration assay was performed using the Transwell system (Corning Costar).
HUVEC were harvested and suspended in serum-free medium, then 200 ¢L of cell
suspension (1.0 x 10° cells) was added into the upper chamber. CM were supplemented with
10% FBS, and then 700 gL of the mixture was added into the lower chamber. After
treatment for 4-6 hours, the nonmigrated cells were removed from the top of the insert
membrane using cotton swabs. The migrated cells attached to the bottom side surface of the
membrane were fixed with methanol and stained with 0.2% Crystal Violet. The successfully
migrated cells were photographed under an Olympus light microscope and counted on
average of five random fields per chamber. For the wound-healing assay, HUVEC were
cultured to confluence in six-well plates. The monolayer was scratched using a 10 -zl
pipette tip and then cultured under normal conditions. Migration distance at 0 and 12 hours
was measured to determine the rate of cell migration for each group. The experiments were
repeated in triplicate.

Angiogenesis Protein Array

The expression profiles of angiogenesis-related proteins were analyzed using the Proteome
Profiler Human Angiogenesis Antibody Array (R&D Systems, which could detect the
relative levels of 55 angiogenesis-related proteins simultaneously. The experiments were
performed according to the manufacturer’s instructions and as previously reported (14). The
membranes used chemiluminescence for visualization after standard immunaoblotting
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procedures. Membranes were scanned and quantified with ImageJ software (https://
imagej.nih.gov/lj). The average intensity of the signal of the duplicate spots for each protein
was determined and followed by background subtraction of the negative control spots on the
membrane.

Xenograft Tumor Model

All animal experiments were performed with the approval of Institutional Animal Care and
Use Committee (IACUC) at Northwestern University. Female NOD scid gamma (NSG,
catalog no. 005557) mice (aged 4-6 weeks) were purchased from Jackson Laboratory and
housed in a strict barrier environment for immunodeficient mice. The NSG mice were
injected subcutaneously in bilateral flanks with control or HMGAZ2-overexpressed myo-
hTERT cell suspensions (5 x 108 cells in 100 L of phosphate-buffered saline solution)
mixed with matrigel. A total of 13 controls (vector) and 14 test (HMGAZ overexpression)
xenografts were prepared. Euthanasia of mice was performed after 15 weeks of
implantation, and graft size was measured. Graft volume was calculated according to the
following formula: TV (cm3) = a x b2 x wt/6, where a is the longest diameter and b is the
shortest diameter. Hematoxylin and eosin staining and immunostains were performed on
sections from embedded tissue samples.

Statistical Analysis

RESULTS

GraphPad Prism software was used for statistical analysis. Immunostain score data are
presented as median and ranges for the entire xenograft samples. Other data are presented as
mean and standard deviation. Student’s ~test was used to determine statistical significance.
A Pvalue < .05 was considered statistically significant.

HMGAZ2-LM and Vessel Density

HMGAZ2-LM contained fewer fibroblasts with increased extracellular matrix density than
MED12-LM. Tumor cells tended to have relatively small round/oval nuclei similar to those
typically present in hydropic leiomyoma (5). In contrast, MED12-LM showed classical
storiform thick bundles, and tumor cells demonstrated elongated and “cigar”-shaped nuclei.
We therefore reviewed and selected those LM with specific histologic and nuclear features
for HMGAZ expression analysis. Among the candidate cases, LM with strong and diffuse
immunoreactivity for HMGAZ2 (Fig. 1B) were selected as HMGA2-LM and included in this
study. A total of 27 cases of HMGA2-LM, 14 cases of MED12-LM (mutation confirmed by
Sanger sequencing), and 23 matched myometrium tissues (nine HMGA2-MM and 14
MED12-MM) were examined by real-time RT-PCR. HMGA2-LM had at least a 20- to 80-
fold increase in HMGAZ expression in comparison to MED12-LM and MM (Fig. 1C).
These findings are consistent with results detected by immunohistochemistry (Fig. 1B). As
illustrated in Figure 1A, HMGAZ2-LM are usually large, with tan—white cut surfaces. Further
histological evaluation revealed that the most striking feature of HMGAZ2-LM was its high
vasculature density of thin- and thick-walled vessels supported by immunostain for CD34
(Fig. 1D). When comparing vessel density, HMGA2-LM (n = 27) had significantly higher
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total and thick-walled vessel densities than MED12-LM (n = 14) (A< .01 and P<.001) (Fig.
1E and 1F).

Angiogenic Factors in HMGA2-LM and MED12-LM and Human Angiogenesis Array
Analysis in HMGA2 Overexpression

We then measured the expression of nine angiogenesis-associated genes by real-time RT-
PCR (Fig. 2A, Supplemental Table 2). A significant upregulation of /GF2, bFGF, TNFa,
VEGFA, VEGFR1, and VEGFRZwas observed in HMGA2-LM compared to MED12-LM
and matched MM (Fig. 2B), except that VEGFA was higher in both HMGA-LM and
HMGA2-MM. All six upregulated genes showed moderate to strong correlation with
HMGAZ expression (Fig. 2C). These findings suggest that HMGAZ overexpression is
associated with the upregulation of angiogenesis factors.

To investigate the role of HMGAZin the regulation of angiogenesis, stable HMGAZ2
overexpression was established by /enti-hmga2into myo-hTERT cells (MM"™332) and DD-
HLM (LMMMYa2) (Fig. 2D). Quantitative RT-PCR analysis revealed that MM"™332 had a 1.5-
to 10-fold increase in VEGFA, VEGFRI, VEGRZ, TGFB, bFGF, and EGF expression in
comparison to controls (MMVeCto") (Fig. 2E). Using the Human Angiogenesis Array, many
angiogenic proteins were up-regulated in CM from LM"™332 compared to LMVector
(Supplemental Fig. 1A). Upregulated pro-angiogenic factors included HB-EGF, CXCL16,
Prolactin, EGF, NGR1- g1, VEGF-C, MMP-8, PD-ECGF, FGF-acidic, Endoglin, IL-15,
FGF-4, FGF-basic, and VEGFA; downregulated anti-angiogenic factors included TIMP-1
and Serpin B5 (Fig. 2F). Quantitative expression analysis of all 55 angiogenic factors is
summarized in Supplemental Figure 1B.

HMGAZ2 Enhances Angiogenesis in Vitro

The role of HMGAZ2 in vessel formation was investigated by several functional assays using
CM from cell lines with or without HMGAZ overexpression. First, when collected CM was
used for the endothelial cell tube formation assay, the number of complete network
structures formed by HUVEC was significantly higher in the CM from MMNM9a2 ang
LMhmM3a2 compared to the corresponding controls (LMVECtor and MMVecton) (Figure 3A and
3B). Next, HUVEC motility and cell migration were measured using a transwell assay and
the scratch-healing assay. Both MMN™M332 and |LMN™332 showed increased migration of
HUVEC through the transwells (Fig. 3C and Supplemental Figure 2A), as well as increased
cell motility in the scratch-healing assay (Fig. 3D and Supplemental Figure 2B). Thus,
HMGAZ overexpression in LM and MM promoted the release of factors that increase
HUVEC motility and migration.

Insulin-like growth factor 2 mRNA binding protein 2 (/GF2BP2) plays an important role in
recruiting endothelia by modulating IGF-mediated activation of the IGF type-I receptor on
endothelial cells (15). Also, /GF2BPZ2is significantly upregulated in HMGAZ2-LM (3, 16).
HMGAZ overexpression in MMN™M3a2 and | MNM32a2 cel| lines resulted in increased levels of
IGF2BP2 and pAKT compared to LMVECOr gnd MMVECor cells (Fig. 3E and Supplemental
Figure 3C). Silencing /GFZ2BPZ2resulted in reduced pAKT levels, but did not affect HMGA2
levels (Fig. 3F and Supplemental Fig. 3D). Silencing /GF2BP2in both MM™M322 angd
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LMhmga2 cel| lines resulted in CM that attenuated migration of HUVEC through transwells
compared to CM from control siRNA-transfected MMM9a2 and |LM"MYa2 cells (Fig. 3G and
3H). These data indicate that IGF2BP2 could mediate the HMGAZ2-driven angiogenesis in
MM and LM cells.

HMGAZ2 Promotes Myometrial Cell Growth and Vessel Formation in Vivo

To demonstrate the role of HMGAZ2 on angiogenesis in vivo, we used our previously
established xenograft model of human myometrial and leiomyoma in mice (17). HMGAZ2
overexpressed in MM cells (myo-hTERT) were used in this study. We first evaluated MM
cell growth ex vivo by colony formation assay, WST-1 assay (Fig. 4A), and three-
dimensional (3D) spheroid culture (Fig. 4B) (16). MMNM922 showed a significantly greater
colony formation and higher viability than that of MMVecto" (Fig. 4A). In spheroid cultures,
MMhM3a2 had strong and diffuse immunoreactivity for HMGA2, whereas MMVeCor showed
weak immunoreactivity for HMGA?2 (Fig. 4B). MMMMY22 also had a significantly higher
Ki-67 proliferation index than MMVectr control (Fig. 4B).

Cell pellets (5 x 10%) of MMNMY22 and MM VeCtor were prepared with Matrigel (see Materials
and Methods) and implanted into the back subcutaneous soft tissue of NSG mice. A total of
13 controls (MMVECo") and 14 test (MMP™MY82) xenografts were prepared. Implants were
palpable at 10 weeks and reached 5 mm in diameter by 12 weeks. Mice were euthanized at
15 weeks and xenografts were collected (Fig. 4C). The volume of MM"M9a2 grafts was
larger than that of MIMVector xenografts (Fig. 4C). As observed with hematoxylin and eosin
staining, control and test xenografts revealed spindle cell morphology.
Immunohistochemistry demonstrated higher immunoreactivity for HMGA2 in MMhmya2
than in MMVeCr (Fig. 4F), and MMN™M322 xenografts had a significantly higher Ki-67
proliferation index than MMVector xenografts (Fig. 4D and 4F). To evaluate the vessel
density inside xenograft nodules, immunostaining for mouse CD31 was performed on all
xenografts. As illustrated in Figure 4E and 4F, MMNM9a2 had significantly more vasculature
within xenografts than MIMVeCor \essel density at x 20 magnification ranged from 20 to 55
vessels per field in MMMM3a2 xenografts and from 3 to 33 vessels per field in MMVvector
xenografts. These findings further demonstrated that HMGAZ is one of the potent functional
genes in regulating and promoting angiogenesis within uterine smooth muscle cells.

DISCUSSION

HMGAZ2 is a nonhistone chromatin protein that enhances DNA replication by maintaining
DNA architecture and regulating transcription factors (18). Its primary functions involve
cellular growth and differentiation. Expression of HMGAZis mainly restricted to the
embryonic stage and is nearly undetectable in adult tissues (19). On the other hand, adult
tissues with aberrant HMGAZ expression are readily encountered in neoplastic processes,
thereby highlighting HMGAZ’s property as a driving factor of oncogenesis. Upregulation of
HMGAZhas been identified in numerous tumors, both epithelial and mesenchymal (19). For
example, about 10%—-15% of leiomyomas harbor HMGAZ overexpression, largely
contributed by gene rearrangement (11). Mas et al. demonstrated that overexpression of
HMGAZ could transform myometrial cells toward leiomyoma cells that, in vivo, were able
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to develop into leiomyomata (20); thus indicating HMGAZ’srole in leiomyoma
tumorigenesis. Zaidi et al. provided additional in vivo evidence that HMGAZ overexpression
in differentiated mesenchyme has a causal role in producing mesenchymal tumors (21).
Furthermore, HMGAZ expression was shown to be positively associated with human
mesenchymal stem cell self-renewal and even to promote disease progression (22, 23).
Rommel et al. showed that CD34-positive hematopoietic stem cells from healthy individuals
and leukemic cells from cancer patients expressed higher levels of HMGAZ2 (24). Although
multiple studies have investigated HMGAZ s relation to stem cells and its driving role as an
oncogene in mesenchymal neoplasms, little knowledge is understood about HGMAZ's
influence on angiogenesis.

Our previous work showed that nearly 80% of hydropic LM had HMGAZ overexpression
and had significantly higher vessel density than conventional and other variants of LM, in
line with prior observations by Clement et al. (5, 25). Tumor cells overexpressing HMGAZ
are observed predominantly in cords, in concentrated around vessels, and comprising the
walls of thick vasculature (Fig. 1). In addition, a cellular rim/perivascular layer of CD34
IHC-positive pericytes is seen in hydropic LM overexpressing HMGAZthat is not seen in
conventional LM (5). We theorized that these tumor- and vessel-supporting pericytes,
possibly stem cells, could play a role in tumorigenesis by maintaining vascularity or tumor
progenitor cells. Our prior findings thus led us to evaluate HMGAZ2 ‘s role in angiogenesis.
To the best of our knowledge, this is the first study to investigate the association of HMGA2
and angiogenesis in a mesenchymal neoplasm, specifically uterine leiomyoma.

Because of the increased vascularization in HGMA2-LM tumors, we set out to study the role
of HMGAZ in angiogenesis. In this study, we demonstrated that HMGAZ2 enhances the
secretion of angiogenic factors, promotes HUVEC tube formation and motility/migration,
increases levels of IGF2BP2 and pAKT, increases proliferation in MM spheroids, and
increases angiogenesis in MM xenografts. The increased angiogenesis due to HMGA2 has
been shown to occur in other systems. Zhu et al. demonstrated that knockdown of HMGAZ
impaired the angiogenic functions of mouse endothelial progenitor cells, and, in turn,
upregulation of HMGAZimproved angiogenic activity (26). In another study, knockdown of
HMGAZin let-7 transgenic mice gave rise to tortuous retinal vessels and defective pericyte
coverage (27). HMGAZ2 was even found to promote angiogenesis in oral squamous cell
carcinoma (28). These findings together indicate that HMGAZ overexpression plays a
significant and positive role in vasculogenesis. The upregulation of angiogenesis-associated
factors by HGMAZ2 was observed in MM and LM cells, implicating its role in upregulating
angiogenesis. Others have shown similar associations between HMGAZ2 and angiogenic
function. For instance, Zha et al showed that in gastric carcinoma cells HMGA2-bound
DNA fragments enriched by ChIP include those involved in VEGF signaling and TGF-8
signaling pathways (29). In another study, HMGAZ2 transcriptionally regulated angiogenesis-
related genes VEGF-A, VEGF-C, and FGF-2in oral squamous cell carcinoma cell lines
(28). This understanding of HMGAZ highlights its potency as an oncogene driving
angiogenesis on a molecular level in neoplastic cells.

We also observed that overexpression of HMGAZ upregulated insulin-like growth factor
binding protein 2 (IGF2BP2), as well as pAKT levels. Silencing /GF2BPZ2 expression by
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SiRNA (in HMGAZ2-stable cells) reduced pAKT levels and partially blocked HMGAZ-
promoting angiogenesis, indicating that HMGAZ promotes pAKT signaling and
angiogenesis through IGF2BP2. This is consistent with a study in which IGF2BP2 promoted
cancer cell proliferation by activating the PI3BK/AKT pathway in pancreatic tumors (30).
Several studies in different cell types also noted that HMGAZ was associated with AKT/
mTOR activity (31, 32). The AKT/mTOR signaling pathway plays an important role in
angiogenesis by regulating multiple critical steps, including endothelial cell survival,
migration, and capillary-like structure formation (33, 34). One study demonstrated that
IGFZBPZis directly regulated by HMGAZ2 (12), binding to the AT-rich regulatory region
located in the first intron. Moreover, it has been shown that nuclear factor—xB (NF-xB)
binds to a site immediately adjacent to the AT-rich regulatory region and regulates /GF2BP2
gene, cooperating with HMGAZ2 protein. HMGA2-LM can ultimately enhance pAKT
activity (16). The HMGA2/IGF2BP2/AKT-mTOR axis provides mechanistic understanding
of the increased angiogenesis observed in HMGA2-LM.

The increased angiogenesis observed in MMNM332 xenografts accompanied by a
significantly higher proliferation index (Ki-67 percentage) than MMVectr indicates with
confidence that HMGAZ significantly regulates angiogenesis in uterine smooth muscle cells.
To our knowledge, this is the first report that demonstrates HMGAZ2 promoting angiogenesis
using in vivo models. We also previously observed prominent CD34-positive pericytes in
HMGA2-LM (5). It is well known that vessel walls are lined with endothelial cells, the
neovascular functions of which are supported by adjacent pericytes. A recent study
suggested that HMGAZ is an essential architectural transcription factor for mesenchymal
and pericyte differentiation, as well as self-renewal and tumorigenic capabilities (35). The
differential role of pericytes in HMGA2-LM warrants further investigation.

In summary, our data reveal that HMGAZ2-LM have a high density of both thin- and thick-
walled vessels, which likely contributes to the tumor growth and disease burden of this
leiomyoma subtype. We demonstrated a direct role of HMGAZ on angiogenesis and the
involvement of IGF2BP2-mediated pAKT activity in angiogenesis. Our data suggest that
inhibiting angiogenesis or targeting vessel formation in HMGAZ2-LM could have beneficial
therapeutic implications for patients. This understanding of HMGAZs oncogenic potential is
clinically relevant when considering that HMGAZ2-LM grow to large sizes with increased
morbidity compared to other LM subtypes (3, 4, 11).
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FIGURE 1.
HMGAZ2-LM and vessel density. (A) Examples of the gross appearance of HMGA2-LM. (B)

Immunohistochemistry for HMGAZ in tissue microarray of HMGA2-LM (n = 24) and
MED12-LM (n = 24). (C) Dot plot illustrating HMGAZ expression in HMGA2-MM (n = 9),
HMGA2-LM (n = 27), MED12-MM (n = 14), and MED12-LM (n = 14) detected by real-
time reverse transcription—polymerase chain reaction (log ratio). (D) Examples of HMGA2-
LM for histology by hematoxylin and eosin, HMGAZ2 overexpression (HMGA2
immunostain), and vessel distribution (CD34 immunostain). (E, F) Scatter plots illustrating

CD34 HMGA2 H&E

Thick vesselsffield

154

10

1
- ’
....... %

Fertil Steril. Author manuscript; available in PMC 2021 November 01.

1 ||
HMGA2-LM MED12-LM



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 14

total vessel density (E) and specifically thick-walled vessel density (F) in HMGA2-LM (n =
27) versus MED12-LM (n = 14), counted under a microscope at x10 magnification. */<.05;
**P<,01; ***P<,001.
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FIGURE 2.
Angiogenic factors in HMGA2-LM and MED12-LM and angiogenic factor array analysis in

cell lines with stable HMGAZ overexpression. (A, B) Heatmap and histograms showing
relative expression of nine select angiogenic factors in HMGA2-MM (n = 9), HMGA2- LM
(n=27), MED12-MM (n = 14), and MED12- LM (n = 14). (C) Correlation analysis of
HMGAZ expression with six angiogenic factors. */<.05; **/<.01; ***A<.001. (D) Western
blot illustrating stable HMGAZ overexpression. (E) Expression analysis of select angiogenic
factor mMRNA levels by reverse transcription—polymerase chain reaction in cell lines with
stable HMGAZ overexpression versus control cells. */<.05 (F) Histogram illustrating
angiogenesis-related proteins production in LM cells with and without HMGAZ2
overexpression.
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HMGAZ promotes angiogenesis and mediates IGF2BP2/pAKT activity in human umbilical

vein endothelial cell (HUVEC) migration. (A) Tube formation of HUVEC in the CM from

LM and MM cells without (control) and with HMGAZ overexpression. (B) Histogram
demonstrating the number of complete tubes and significance analysis. (C) Histogram
showing the number of migrated HUVEC (Transwell assay) in the CM from LM and MM
cells without (control) and with HMGAZ overexpression. (D) Histogram showing the
relative migration rate of HUVEC after scratching in the CM from LM and MM cells
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without (control) and with HMGAZ overexpression. *P<.05; **F<.01. (E) Western blot
analysis illustrating pAKT and IGF2BP2 expression in LM and MM cells with and without
HMGAZ2 overexpression. (F) Expression analysis of HMGA?2 and pAKT in LM and MM
cells after silencing /GFZBPZ expression. (G, H) HUVEC migration analysis in the CM
from LM and MM cells without (control) and with HMGAZ overexpression, as well as
silencing /GF2BP2.
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FIGURE 4.

Colony formation, WST-1 assay, spherical culture, and mouse xenografts of myometrial
cells with HMGAZ overexpression. (A) Colony formation (left) and WST-1 (right) in MM
cell line with and without HMGAZ overexpression. (B) Three-dimensional (3D) ex vivo
spheroids (see Materials and Methods) were sectioned and examined in routine hematoxylin
and eosin and immunostainsfor HMGA?2 and Ki-67 (enlarged images to better view of Ki-67
positive cells). Dot plot showing the cell proliferation index (Ki-67 count) in nine spheroids
of myometrial cell lines with and without HMGAZ overexpression. *P<.05; ***p<,001. (C)
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Examples of the dissected xenografts of myometrial cells with and without HMGAZ
overexpression from NOD scid gamma (NSG) mice and the volume of MMM9a2 (n = 14)
and MMVector (n = 13) xenografts at time of collection. (D, E) Ki-67 index and number of
vessels detected by mouse CD31 in xenografts of MMNM3a2 and MMVeCIor x pc 05; **p< 01.
(F) Examples of xenograft sections examined by hematoxylin eosin and immunostains for
HMGAZ2 expression, Ki-67 (cell proliferation marker), CD31 (highlighted vessels) in
MMN™M3a2 and MMVECr are illustrated.
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