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Abstract

Existing anti-angiogenic approaches to treat metastatic hepatocellular carcinoma (HCC) are
weakly effectual, prompting further study of tumor angiogenesis in this disease setting. Here we
report a novel role for the sulfatase 2 (SULF2) in driving HCC angiogenesis. Sulf2-deficient mice
(Sulf2 KO) exhibited resistance to diethylnitrosamine-induced HCC and did not develop
metastases like wild-type mice (Su/f2WT). The smaller and less numerous tumors formed in
Sulf2 KO mice exhibited a markedly lower microvascular density. In human HCC cells, SULF2
overexpression increased proliferation, adhesion, chemotaxis and endothelial tube formation in a
paracrine fashion. Mechanistic analyses identified the extracellular matrix protein periostin
(POSTN), a ligand of avp3/5 integrins, as an effector function in SULF2-induced angiogenesis.
POSTN silencing in HCC cells attenuated SULF2-induced angiogenesis and tumor growth in vivo.
The TGFB1-SMAD pathway was identified as a critical signaling axis between SULF2 and
upregulation of POSTN transcription. In clinical specimens of HCC, elevated levels of SULF2

Correspondence: Lewis R. Roberts, M.B. Ch.B., Ph.D. (Corresponding Author), Division of Gastroenterology and Hepatology, Mayo
Clinic College of Medicine, 200 First Street SW, Rochester, MN 55905, roberts.lewis@mayo.edu, Phone: 507-538-4877; Fax:
$07-284-0762.

These authors contributed equally to this work.

The authors have declared that no conflict of interest exists.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chen et al. Page 2

correlated with increased microvascular density, POSTN levels and relatively poorer patient
survival. Together, our findings define an important axis controlling angiogenesis in HCC and a
mechanistic foundation for rational drug development.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a highly vascular tumor and angiogenesis plays an
important role during malignant progression of HCC. Angiogenesis is a process regulated by
multiple growth factors, including vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and basic fibroblast growth factor (FGF) (1). HCCs require
new vessel formation both to sustain tumor growth and to facilitate local invasion (2). Tumor
cells secrete pro-angiogenic growth factors which induce a self-perpetuating cycle of
progressive tumor growth. Drugs targeting angiogenesis have proven to be effective anti-
tumor agents in multiple cancers including colorectal cancer and renal cell carcinoma (3, 4).
In the case of HCC, traditional chemotherapeutics are not effective treatment options and
indeed sorafenib, an antioangiogenic agent, is currently the only drug approved for HCC
management (5). Sorafenib is a multi-kinase inhibitor that inhibits VEGF receptors, PDGF
receptors, ¢c-KIT, and BRAF. Unfortunately, sorafenib shows only limited effectiveness
against advanced HCC and most patients have only modest survival benefit with significant
side effects. There is therefore an urgent need to develop more effective anti-angiogenic
strategies for HCC derived from a basic understanding of the pathogenesis of this
malignancy.

Heparan sulfate proteoglycans (HSPGs) play important roles in cancer progression. HSPGs
on the cell surface or in the extracellular matrix act as storage sites for key pro-angiogenic
factors including FGF, TGFP and VEGF. Growth factors also utilize HSPGs as co-receptors
for their tyrosine kinase receptors (6—8) Sulfation of particular saccharide moieties of
HSPGs is required for growth factor signaling. Sulfatase 2 (SULF2) catalyzes the removal of
6-O-sulfate groups from heparan-sulfate (HS) disaccharide units of HSPGs, decreasing the
affinity of HSPGs for heparan-sulfate binding ligands and thus releasing the ligands from
sequestration sites and making them available for signaling (9). In our previous study,
SULF2 was overexpressed in 60% of human HCCs and was associated with worse prognosis
and more rapid recurrence. Further, SULF2 expression promoted proliferation of HCC cells
in vitro and correlated with larger tumor volume and poor survival of nude mice bearing
HCC xenografts in vivo (10, 11). Mechanistically, SULF2 enhanced FGF-mediated
extracellular signal regulated kinase (ERK) and WNT/B-catenin signaling (10, 12). In this
study we define a novel pathway regulated by SULF2, which stimulates angiogenesis in
HCC. SULF2 is an enzyme involved in post-translational modification of heparan sulfate
proteoglycans (HSPG) by catalyzing the removal of 6-O-sulfate groups from HS
disaccharide units of HSPGs, thus modulating the affinity of HSPGs for growth factors and
regulating their release and downstream pathway activation. Using a Su/f2 knockout mouse
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model, we define a new role for SULF2 in tumor progression of HCC involving the
regulation of tumor angiogenesis. Further, we show that the mechanism by which SULF2
modulates angiogenesis is through the up-regulation of POSTN in TGFp-SMAD dependent
manner, an important modulator of angiogenesis in different tumors (13,14). Together the
findings of this study propose the SULF2-POSTN axis as a novel target for the development
of anti-angiogenic therapies for HCC.

MATERIALS AND METHODS

A comprehensive list of all the reagents, kits, antibodies and primers used in this study is
found in Supplementary Table 1 and Supplementary Table 2.

Animals

SulfZ knockout (Su/f2-KO) mice were generated by gene trap insertional mutagenesis (strain
name: B6;129P2-Sulf2Gt (PST111)Byg/Mmucd). The homozygous mice were shown to
have mild skeletal abnormalities, including premature fusion of the sacral vertebrae and
occasional fusion in the sternebrae (15). Homozygous (Hm) KO mice were 13% smaller
than their WT littermates at 4 weeks but appeared otherwise normal. Crosses of homozygous
mice had lower fecundity than heterozygous crosses. There was no obvious liver
abnormality on histology of the Hm KO mouse livers and liver transaminase levels were
normal. Su/f2-KO mice were crossed with B6;129PF2J mice (catalog No. 100903) from
Jackson Laboratory (Bar Harbor, ME, USA) to maintain the strain background. The care and
use of the animals for these studies were reviewed and approved by the Mayo Clinic
Institutional Animal Care and Use Committee.

Diethylnitrosamine-induced liver tumor in mice

Diethylnitrosamine (DEN) was used as carcinogen to induce primary liver tumors. DEN is a
genotoxic drug and its use has been well established in mouse models for
hepatocarcinogenesis (16). At 14 days of age, mice received a single intraperitoneal
injection of DEN (15 mg/kg body weight). At 21 days of age, mice were separated by sex
and genotyped. Littermates with negative genotypes were used as wild type (WT) controls.
Only male mice were included in the analysis as female mice rarely developed tumors with
DEN. All mice were sacrificed at 8 months and their liver and lungs examined for tumors.
The liver weight, number of visible tumors and size of visible tumors were recorded.

Analysis of human HCC microarray gene expression data

HCC tumor and adjacent benign tissues were obtained at surgical resection from 139
individuals at centers in Asia, Europe and the United States. The details of the microarray
gene expression profiling were previously reported by Lee et al (17). Kaplan Meier analysis
was used to compare overall survival between patients with high versus low POSTN
expression. Partek software was used to identify SULF2-associated angiogenic factors.

TCGA gene expression analysis

MRNA expression data from HCC specimens (200 tumors; 50 surrounding normal liver
tissues) was obtained from The Cancer Genome Atlas (TCGA). The file containing level 3
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normalized RSEM (RNA-Seq by Expectation Maximization) data from the Firehose run of
the Broad Genome Data Analysis Center was downloaded on Dec 17th 2014 [http://
gdac.broadinstitute.org]. Fold change for POSTN transcript was calculated as the ratio of
gene expression values of tumor to normal, with the median sample value of normal tissues
used as baseline. A ratio of log2 (tumor/normal) greater than or equal to 1.0 (a fold change
of tumor vs. normal greater than or equal to 2) was considered increased, and a ratio of log2
(tumor/normal) less than or equal to —1.0 was considered decreased. Spearman analysis was
used to analyze correlation between POSTN and SULF2.

Cell Lines and rhPOSTN and rhTGFB1 treatments

Hep3B and PLC/PRF/5 cell lines (SULF2-negative) were obtained from American Type
Culture Collection (Manassas, VA, USA) and cultured in complete Minimum Essential
Media (MEM) with 10% fetal bovine serum (FBS). Huh-7 cells (SULF2-positive) were
obtained from the Japan Health Science Research Resources Bank (HSRRB, Osaka, Japan)
and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% FBS. Human
hepatic sinusoid endothelial cells (HHSECs) and human umbilical vein endothelial cells
(HUVECS) were obtained from ScienCell Research Laboratories (Carlsbad, CA, USA).
Both HHSECs and HUVECSs were cultured in EGM-2 Culture Medium. Cell Authentication
was performed by short tandem repeat (STR) analysis (GENEWIZ, South Plainfield, NJ
07080) based on the Approved American National Standards (ANSI).

For recombinant human POSTN (rhPOSTN) treatments, 20 ng/mL of rhPOSTN was used
unless otherwise noted. For recombinant TGFR1 (rhTFGB1) treatments, 2—-10 ng/mL
rhTGFP1 was added to the cells directly in the medium. For the ChIP assay, Huh-7 cells
were incubated with 5 ng/mL rhTGF1 in serum-free medium for 1 hour.

Cell transfection

A recombinant plasmid expressing full-length human SULF2 cDNA cloned into the
pcDNA3.1 expression vector from Invitrogen (Grand Island, NY, USA) was used as a
SULF2-expressing plasmid (17). Hep3B cells were grown to 60-80% confluence and
transfected with SULF2-expressing plasmid or vector plasmid using FUGENEG6 Transfection
Reagent from Roche (Indianapolis, IN, USA). Short-hairpin RNAs (shRNAS) cloned into
lentivirus vector pLKO.1-puro were chosen from the human library (MISSION TRC-Hs 1.0)
and purchased from Sigma-Aldrich (St. Louis, MO, USA). Non-target control ShRNAs
(pLKO.1 NTC vector, Sigma) contain a hairpin insert that generates siRNAs but contains
five-base pair mismatches to any known human gene. The target sequences used for SULF2
shRNA constructs were HW11: CAAGGGTTACAAGCAGTGTAA and HW13:
CCACAACACCTACACCAACAA. Lentivirus particles were produced by transient
transfection of these two different ShRNAs targeting HSulf-2 (pLKO.1-HSulf-2) (shSULF2)
and pLKO.1 NTC (scrRNA) along with packaging vectors (pVSV-G and pGag/pol) in 293T
cells as previously described (18). Huh-7 cells were grown to 80% confluence and infected
with lentivirus particles. Small interfering RNAs (siRNAs) targeting POSTN (siPOSTN)
from Santa Cruz (Santa Cruz, CA, USA) were transfected following the manufacturer’s
protocol. Non-targeting siRNAs (control siRNA) from Santa Cruz (Santa Cruz, CA, USA)
were utilized as a negative control.
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Production of Conditioned Media (CM)

Hep3B cells transfected with SULF2-expressing plasmid or empty vector plasmid and
Huh-7 cells infected with lentivirus containing shSULF2 or scrRNA for 48 hours were
grown to 70%—-80% confluency and washed 3 times with phosphate buffered saline (PBS)
and then incubated in fresh media containing 0.5% FBS for 48 hours. Conditioned media
(CM) were harvested, centrifuged at 1000 rpm for 10 minutes to remove cell debris, filtered
through a 0.22-pm filter and stored at 4°C. Hep3B cells were also co-transfected with
SULF2 and siPOSTN or control siRNA and their CM were harvested.

Co-culture experiments

SULF2-downregulated Huh-7 and SULF2-overexpressing Hep3B cells and their respective
controls were seeded in 6-well co-culture dishes. HHSECs and HUVECs were cultured on
0.4-um pore size cell culture inserts from BD Biosciences (San Jose, CA, USA) for 24 hours
at 1x10° cells/well and then maintained in medium containing 0.5% FBS. Inserts were
placed in the insert companion plate for 48 hours, which allow diffusion of media
components but prevent cell migration. Independent experiments were carried out at least
three times.

RNA extraction and Quantitative real-time PCR analysis

Total RNA was extracted using RNAeasy mini Kit (Qiagen, CA, USA). cDNA synthesis was
performed using High Capacity cDNA Reverse Transcription kit from Applied Biosystems
(Grand Island, NY, USA) to transcribe 2 ug of total RNA. mMRNA levels were quantified by
real-time reverse transcription polymerase chain reaction (RT-qPCR) in ABI 7300 system.
Each mRNA level was normalized by comparison to 18S ribosomal RNA in the same
samples. All reactions were performed in triplicate. Primer sequences are listed in
Supplementary Table 2.

Western blot analysis

Whole cell lysates and tissues from mice were extracted in lysis buffer and quantified using
BCA protein assay kit (Pierce, IL, USA). Equal amounts of protein (20 ug/lane) were
separated on 4-15% sodium dodecy! sulfate-polyacrylamide gel electrophoresis and then
transferred to polyvinylidene fluoride membranes (Millipore, MA, USA). After blocking for
1 hour with 5% BSA and washing with TBST, the membranes were probed with polyclonal
or monoclonal antibodies against SULF2, POSTN, phospho-FAK, FAK, phospho-AKT,
AKT and B-actin by incubation at 4°C overnight. Subsequently, goat anti-mouse or goat
anti-rabbit horseradish peroxidase-conjugated secondary antibodies were used to detect
antigen antibody complexes. Immune complexes were visualized using the HyGLO HRP
detection kit from Denville scientific (Metuchen, NJ, USA) and exposed to X-ray films. p-
actin was used to control for equal loading. Each experiment was repeated at least 3 times.

Immunohistochemical staining

For immunohistochemical (IHC) staining, tumor tissues were fixed in formalin, embedded in
paraffin, cut into 4 pm sections and stained with antibody against CD31 and VEGFR2.
Negative controls were set up by replacement of the primary antibody with 1% BSA-TBS.
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For quantification of tumor microvascular density (MVD), CD31-positive cells were
identified by a brown precipitate in the cytoplasm of endothelial cells; vessels in each
section were counted in five microscope fields (19).

Immunofluorescence (IF) staining and confocal microscopy

Frozen sections of tumor tissues from either Su/f2-KO or WT mice were permeabilized with
0.1% Triton X-100 in PBS for 30 minutes. Sections were then blocked for 1 hour at room
temperature with 5% goat serum and incubated with anti-heparan sulfate (HS) antibody
(RB4EA12) overnight at 4°C. Sections were then rinsed in PBS and incubated with Alexa
Fluor 594—conjugated anti-rabbit IgG from Invitrogen (Carlsbad, CA, USA) for 1hour at
room temperature. The content of sulfated disaccharides was validated using High
Performance Liquid Chromatography (HPLC) as previously described. Disaccharide peaks
were identified by reference to the consistent elution positions of authentic disaccharide
standards.

HHSECs and HUVECSs were seeded on 8-well culture slides and incubated for 48 hours
with conditioned media from Huh-7 cells infected with scrRNA or shSULF2, Hep3B cells
transfected with empty vector or SULF2 and Hep3B cells transfected with siPOSTN or
control siRNA. Cells were rinsed with PBS at room temperature and fixed for 20 minutes
with 2.5% formaldehyde in piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES). They were
then rinsed with PBS and blocked with 5% normal goat serum for 1 hour at 37°C. After
incubation with antibody against POSTN, p-FAK, p-AKT, VEGFB, MMP2, MMP9,
PDGFA and PDGFB for 1 hour at 37°C, they were rinsed in PBS and incubated with Alexa
Fluor 488—conjugated anti-mouse from Molecular Probes (Grand Island, NY, USA) for 1
hour at room temperature, subsequently mounted with Prolong Gold anti-fade reagent with
DAPI from Invitrogen (Carlsbad, CA, USA). Slides were examined by confocal microscopy
(Zeiss LSM-510).

Enzyme-linked immunosorbent assay (ELISA)

TGFB1 concentrations were measured using a human TGFp1 immunoassay kit from Abcam
(Cambridge, MA, USA). POSTN concentrations were measured using a human POSTN
immunoassay kit from MyBioSource (San Diego, CA, USA). Samples were prepared
following the manufacturer protocol.

Cell proliferation, chemotaxis, and adhesion assays

HHSECs (1x103) and HUVECs (2x103) cells were seeded in a 96-well culture plate for 3
hours and washed 3 times with PBS. After confirmation of cellular adhesion to the plates,
the medium was replaced with each CM. Different concentrations of recombinant human
POSTN (rhPOSTN) and siPOSTN were also used to treat HHSECs and HUVECSs. Twenty-
four, 48 and 72 hours after treatment, endothelial cell viability was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT) assays from ATCC
(Rockville, MD, USA). The absorbance was determined at 570 nm. Experiments were
carried out in triplicate.
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The chemotaxis of endothelial cells to different CM was measured by Transwell assay.
HHSECs (5x10%) or HUVECs (5x10%) in 500 uL serum-free medium were added into 24-
well chambers with 8-pm pore size from BD Biosciences (San Jose, CA, USA). Then 750
uL of each CM supplemented with 0.5% FBS were used as a chemo-attractant in the lower
compartment. After 24-hour culture at 37 °C, the migrated cells, adhering to the lower
surface of the membrane, were fixed with 100% methanol, stained with crystal violet and
counted under a light microscope. Migrated cells were counted in five randomly selected
microscopic fields for each chamber and chemotaxis was expressed as the number of
migrated cells per field. Each experiment was performed in triplicate.

For measurement of cell adhesion, HHSECs and HUVECs were cultured in CM for 12 hours
and resuspended in respective CM at a density of 2x10° cells/mL, followed by addition of
100 pL cell suspension to each well of 96-well plates. Following incubation for 1 hour at
37°C, unattached cells were removed by rinsing twice with PBS. Cells were then stained
with Crystal Violet for 10 minutes. Plates were read at 570 nm. Different concentrations of
rhPOSTN and siRNA were also used to treat HHSECs and HUVECSs. Each experiment was
performed in triplicate.

Xenografts model and adenovirus infection protocol

Hep3B cells (1.75%108) were seeded in MEM medium supplemented with 10% FBS and
cultured overnight. For the infection, adenoviruses were obtained from Vector BioLabs
(Malvern, PA, USA) and used at concentrations suggested by the manufacturer. Four
experimental groups were design: 1) Ad-CMV-Null:Ad-GFP-U6-scrmb-shRNA (Empty
vector + sScrRNA); 2) Ad-h-SULF2:Ad-GFP-U6-scrmb-shRNA (SULF2 + scrRNA); 3) Ad-
CMV-Null:Ad-GFP-U6-h-POSTN-shRNA (Empty vector + shPOSTN); 4) Ad-h-SULF2:
Ad-GFP-U6-h-POSTN-shRNA (SULF2 + shPOSTN). In all the groups, the ratio between
the SULF2 overexpressing adenovirus and the adenovirus used to knockdown POSTN was
of 0.5:1.5, respectively. The efficiency of SULF2 overexpression and POSTN knockdown
was tested by RT-gPCR and Western immunoblotting (data not shown). Seventy-two hours
after infection, cells were harvested by trypsinization, washed with PBS and reconstituted
with matrigel (1:10) (BD Biosciences) in MEM medium to a final volume of 0.1 mL/mouse.
Twenty-four 4-5 week old male NOD/SCID mice were injected subcutaneously in the right
flank (at sacroiliac joint level) with 5x10° adenovirus-infected Hep3B cells/mouse. Tumor
growth was monitored three times a week and measured using a digital Vernier caliper to
calculate the tumors volume (V=(a x b2)/2). Mice were cared for and handled in accordance
with institutional and National Institutes of Health guidelines and after 40 days were
sacrificed and tissue collected.

Cell tube formation assay

Evaluation of tube formation by endothelial cells was performed using In Vitro
Angiogenesis Assay Kit from Millipore (Temecula, CA, USA). Briefly, ECMatrix gel
solution was thawed, mixed with diluent buffer, and placed in a precooled 96-well plate. The
plate was then placed at 37°C for 1 hour to enable the matrix solution to gel. HHSECs and
HUVECSs were cultured in CM for 12 hours and resuspended in respective CM at a density
of 2x10° cells/mL. 100 uL of the cell suspension was loaded onto the surface of the gelled
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matrix and incubated at 37°C for 6 hours. Images were acquired using Zeiss Axioplan 2
(bright-field, x100) with attached Zeiss Axiocam and Axio Vision 4.6.3 software, and tubule
length was measured using Image J image analysis software from NIH (Bethesda, MD,
USA). Different concentrations of rhPOSTN and siPOSTN were also used to treat HHSECs
and HUVECs. Each experiment was performed in triplicate.

Immunoprecipitation

Huh7 and Hep3B cells grown in 10-cm dishes were washed twice with ice-cold phosphate-
buffered saline (PBS) and lysed on ice for 10 minutes in 1 mL of radioimmunoprecipitation
assay (RIPA) lysis buffer with protease inhibitor. Cellular debris was removed by
centrifugation at 10,0009 for 10 minutes. The supernatant was transferred to a new tube, and
1 mg of mouse IgG and 20 mL volume of resuspended Protein A/G Plus-Agarose Sepharose
added (Santa Cruz, CA, USA). After incubation for 30 minutes on ice, the beads were
pelleted by centrifugation at 25,000 rpm for 5 minutes at 4°C, and the supernatant was
transferred to a new tube. The protein concentration was measured and diluted to
approximately 100 mg/mL of total cell protein with PBS. The lysate was incubated with 10
mL of mouse anti-TGFBR3 antibody on ice for 1 hour, and TGFBR3 protein was
immunoprecipitated by Protein A/G PLUS-Agarose Sepharose (20 mL) overnight at 4°C.
Immune complexes were pelleted by centrifugation for 5 minutes at 1,000g at 4°C, washed 4
times with RIPA buffer, and eluted from the beads by boiling in 40 mL of 1" sample buffer
for 3 minutes. About 20 mL of the sample was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Western immunoblot analysis was performed using anti-
TGFB1 and anti-TGFBR3 antibodies.

Chromatin immunoprecipitation (ChIP) assay

ChIP was conducted as previously described (20). Briefly, 1 hour after TGFB1 treatment,
Huh-7 cells (10x106) were cross-linked with 1% formaldehyde, followed by cell lysis. DNA
was sheared using a Bioruptor 300 (Diagenode, Denville, NJ) to fragment DNA to ~600 bp.
Aliquots of the sheared chromatin were then immunoprecipitated using magnetic beads and
a SMAD3 antibody or a normal rabbit 1gG. Following immunoprecipitation, cross-links
were removed, and immunoprecipitated DNA was purified using spin columns and
subsequently amplified by quantitative PCR. PCR primers were designed to amplify regions
of the POSTN promoter containing potential SMAD binding sites. The sequences of the
primers are listed in Supplementary Table 2. Samples for quantitative SYBR PCR were
performed in triplicate using the C1000 Thermal Cycler (Bio-Rad, Hercules, CA). Results
are represented as Percentage of Input.

Statistical Analyses

All data represent at least three independent experiments using cells from separate cultures
and are expressed as the mean + SEM. Chi square test was used to compare categorical
variables and Student’s t test was used to compare continuous variables. Differences
between the Kaplan-Meier curves of HCC patients with up-regulated and down-regulated
SULF2 expression in their initial HCC tissue as compared to the adjacent benign tissue were
analyzed using the Log Rank and Wilcoxon test. P values of less than 0.05 were considered
to be statistically significant.
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RESULTS

SULF2 loss impairs DEN-induced HCC

To define the role of Su/f2in a biologically relevant HCC model, we generated a Su/f2-KO
mouse. Heterozygous (Hz) KO mice were crossed with each other and progeny were given a
single intraperitoneal injection of DEN on day 14 (Supplementary Figure 1A). On day 21,
the mice were separated by sex, genotyped and RT-qPCR was used to confirm that the
expression of Su/f2was progressively and significantly lower in Hz KO and homozygous
(Hm) KO mice compared to Su/f2WT mice (£<0.001, Supplementary Figure 1B). Western
immunoblotting was also used to confirm knockdown of Su/f2 protein expression in both the
normal liver and tumor cells (Supplementary Figure 1C). We used an anti-heparan sulfate
(HS) antibody (RB4EA12) detecting 6-O-sulfated HSPG to confirm the functional
consequences of Su/f2inactivation in the liver. As expected, Su/f2Hm KO mice had higher
levels of 6-O-sulfated HSPGs than Su/f2Hz KO or Su/f2WT mice (Supplementary Figure
1D). Analysis of liver heparan sulfate glycosaminoglycans (HSGAGS) by purification,
digestion to their constituent disaccharides, and high-performance liquid chromatography
(HPLC) confirmed that liver tissue from Su/f2Hz KO mice had higher levels of 6-O-sulfated
HSPGs compared to Su/f2WT mice (Supplementary Figure 1E).

Assessment of the phenotype of Su/f2inactivation on DEN-induced liver tumorigenesis
revealed that compared to Su/f2WT mice (n=13), Su/f2Hz KO mice (n=11) had
substantially fewer and smaller tumors, and Su/f2Hm KO mice (n=10) had the fewest and
smallest tumors (Figure 1A, Supplementary Figure 2A). Hematoxylin-eosin staining showed
the typical features of HCC in all 3 groups with enlarged round hyperchromatic nuclei, high
nuclear-cytoplasmic ratios, and moderate micro- or macrovesicular fat globules in the
cytoplasm (Figure 1B). Significantly smaller proportions of Hm and Hz KO mice had =5
tumors/mouse and tumor volume =35 mm3 compared with WT mice (£<0.01 in Hm KO and
F£<0.05 in Hz KO, Figure 1C). Su/f2Hm KO mice also had significantly lower body weight
and liver weight than WT mice (Supplementary Figure 2B). Tumor incidence was not
different between the three groups (Supplementary Figure 2B). Also, we found that 23%
(3/13) of the Su/f2WT and 17% (2/11) of the Hz KO mice developed lung metastases, in
contrast, none of the Hm KO mice had lung metastases (p<0.05) (Figure 1D).

SULF2 promotes angiogenesis in HCC

The above findings provide strong evidence for a role of Su/f2in HCC tumor progression.
Since angiogenesis is considered to be crucial for tumor growth and dissemination, we then
evaluated the influence of Su/f2on angiogenesis. To this end, liver tumors generated in
Sulf2Hm KO mice were examined by immunohistochemistry for the endothelial cell marker
CD31 followed by calculation of microvascular density (MVD). HCCs from Su/f2Hm KO
mice had lower MVD than tumors from Su/f2WT mice (A< 0.001, Figure 2A). Similar to
CD31, expression of the angiogenic marker VEGFR2 showed down-regulation in tumors
from Su/f2Hm KO mice compared to Su/f2WT animals (Figure 2B).

Tumor angiogenesis involves the proliferation and migration of endothelial cells. Hence, we
examined whether these cellular functions were affected by SULF2 in a paracrine manner
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with /n vitro experiments. Hep3B cells, which are constitutively low SULF2 expressing
cells, were transfected with control vector or SULF2, and Huh-7 (high SULF2 expressing
cells) were transfected with scrambled shRNA (scrRNA) or SULF2 shRNA (shSULF2).
Conditioned media (CM) from above cells were used to treat human hepatic sinusoidal
endothelial cells (HHSECs) and human umbilical vein endothelial cells (HUVECS). Tube
formation and chemotaxis of HHSECs and HUVECSs were increased after treatment with
CM from high SULF2-expressing HCC cells (Hep3B SULF2), compared to CM from low
SULF2-expressing cells (Huh-7 shSULF2), (£<0.05 for tube length except HUVEC treated
with Huh-7-derived CM (/<0.01), A<0.001 for chemotaxis except HHSEC treated with
Hep3B-derived CM (A<0.01), Figure 2C and 2D). Similarly, viability and adhesion of
HHSECs and HUVECS increased after treatment with CM from high SULF2-expressing
HCC cells compared to control cells (A<0.01 except HUVEC viability under Hep3B-derived
CM (P<0.05) and HHSEC adhesion under Hep3B-derived CM (/<0.05), Supplementary
Figure 3A and 3B). Thus we were able to demonstrate that SULF2 regulates angiogenesis
both in vivoand in vitro by increasing angiogenic potency of endothelial cells.

SULF2-induced angiogenesis is dependent on POSTN

To determine the mediators of SULF2-induced HCC angiogenesis, we conducted an /n silico
study to identify potential candidate effectors of this phenomenon (Supplementary Figure
4A). We identified 178 candidate genes selected from 738 publications (Supplementary
Table 3 and Supplementary Table 4). We then performed a correlation analysis of these 178
candidates with SULF2 expression in a microarray gene expression analysis of 139 resected
human HCCs and identified the top 10 angiogenic factors most significantly correlated with
SULF2 expression (Supplementary Figure 4B). We also added 15 well-established
angiogenic factors (Supplementary Figure 4C), which were not in the top 10 to create a
comprehensive list of 25 pro-angiogenic candidates (17, 21). We then evaluated the
expression of these 25 candidates in Hep3B cells overexpressing SULF2 or not and Huh-7
cells transfected with scrRNA or shSULF2. We found that overexpression of SULF2 in
Hep3B cells increased expression of 15 of the 25 candidates examined. Among these,
POSTN, a pro-angiogenic extracellular matrix protein secreted by tumor or stromal cells
(22-24) was the most highly correlated gene, being induced approximately 6-fold by the
overexpression of SULF2 (/£<0.001, Figure 3A). In contrast, down-regulation of SULF2 in
Huh-7 cells significantly suppressed POSTN expression (A<0.001, Figure 3B). /n vitro, we
confirmed using RT-gPCR (/<0.001, Figure 3C), Western blotting (Figure 3D),
immunofluorescence (Figure 3E) and ELISA (~<0.01, Figure 3F), that SULF2
overexpression in hepatocytes increased POSTN expression and secretion. Analysis of the
DEN-induced HCCs showed a 4.1 fold higher expression of POSTN in WT mice compared
to Sulf2Hm KO mice (P<0.01, Supplementary Figure 5A and 5B).

To further study the effect of SULF2 on POSTN expression in the tumor microenvironment
we used an /n vitro co-culture model of HCC cells with endothelial cells. Co-culture with
SULF2-expressing Hep3B cells increased POSTN expression, and subsequently increased
levels of phospho-AKT and phospho-FAK, known downstream effector of POSTN(12), in
both HHSECs and HUVECs when compared to co-culture with SULF2-negative Hep3B
cells. Conversely, suppression of SULF2 expression in Huh7 cells resulted in decreased
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POSTN expression and decreased levels of phospho-AKT and phospho-FAK in co-cultured
HHSECs and HUVECs (Figure 4A and 4C, respectively). Immunofluorescence showed
similar results (Figure 4B and 4D). To confirm that the activation of P13 kinase pathway was
indeed POSTN-mediated we co-transfected SULF2-expressing Hep3B cells with either
scrRNA or siPOSTN and showed that the previously observed increase in phospho-Akt and
phospho-FAK were aborted when POSTN was suppressed (Figure 4A-4D, last 2 columns).

To define if SULF2-induced POSTN expression was required for the activation of
endothelial cells, SULF2 was overexpressed in Hep3B cells and the cells were then
subsequently co-transfected with either siRNA targeting POSTN or control scrambled
SiRNA. CM was collected 24 hours later. Treatment of HHSECs and HUVECs with CM
from SULF2-expressing Hep3B cells co-transfected with siPOSTN decreased endothelial
cell viability (/£<0.05), adhesion (P<0.01), chemotaxis (P<0.01 in HHSEC and ~<0.05 in
HUVEC) and tube formation (£<0.05 in HHSEC and A<0.001 in HUVEC) when compared
with CM from SULF2-expressing Hep3B cells co-transfected with control siRNA (Figure
5A). Further analysis using a similar experimental setting in a Hep3B xenograft model
showed that inactivation of POSTN impairs SULF2-induced tumor growth (Figure 5B) and
vessel density (data not shown).

To further confirm the effect of POSTN on endothelial cells, we directly treated HHSEC and
HUVEC cells with recombinant human POSTN (rhPOSTN) and showed that this led to
increased angiogenic potency of endothelial cells as assessed by cell viability (£<0.05 in
HHSEC and ~<0.01 in HUVEC), adhesion (~<0.001) and tube formation assay (~<0.01)
(Figure 5C).

Given the previous evidence that SULF2 promotes angiogenesis by increasing the
expression of several angiogenic factors in HCC (Figure 3A and 3B), we hypothesized that
the SULF2-mediated increased expression of angiogenic factors was partly mediated by
activation of the POSTN pathway. Therefore, we examined the mRNA expression profile of
Hep3B cells after transfection with SULF2 plasmid followed by co-transfection with either
siPOSTN or control siRNA. As hypothesized, targeting the POSTN pathway in SULF2-
expressing Hep3B cells by transfection with siPOSTN led to a decrease in the mMRNA
expression of the angiogenic factors VEGFB, MMP2, MMP9, PDGFA and PDGFB
(P<0.001 for PDGFB, A<0.01 for MMP9 and A<0.05 for the others, Figure 5D). In
summary, these data indicate that POSTN expression is a key mediator of SULF2-dependent
angiogenesis.

SULF2 increases POSTN expression via activation of the TGFp pathway

Next, we investigated the mechanism by which SULF2 induces POSTN expression. Since
SULF2 acts via the modulation of growth factor-dependent pathways and TGFp has been
reported to transcriptionally induce POSTN (25, 26) we evaluated if SULF2 induced
POSTN via activation of the TGFp pathway. We treated HCC cells with low or high SULF2
expression with TGFB1 and found that expression of SULF2 in Hep3B cells led to activation
of TGFB1 downstream signaling, as evidenced by increase in phospho-Smad2 and phospho-
Smad3 expression, and enhanced TGFp1-induced POSTN expression (Figure 6A). Similar
findings were confirmed by examining POSTN mRNA expression in HCC cells and POSTN

Cancer Res. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 12

protein expression in the CM (Figure 6B). We found by immunocytochemistry and Western
immunoblotting higher levels of TGFB1 and POSTN in SULF2 expressing cells compared
with the controls (Figure 6C and 6D). We then explored the mechanism by which SULF2
activates the TGFB pathway. Of the 3 receptors, TGFBR1, TGFBR2, and TGFBR3/
betaglycan, we identified TGFBRS3 as a potential target for desulfation by SULF2, as it is an
HSPG. TGFBRS3 functions as a storage co-receptor for the TGFR1 ligand at the cell surface,
sequestering the ligand and thus inhibiting TGFB1 signaling (27). To confirm this effect in
HCC cells, Huh-7 cells with low or high SULF2 expression were treated with TGFB1 and
their cell lysates were then immunoprecipitated using antibodies against TGFBR3. This
revealed that the interaction between TGFB1 and TGFBR3 was reduced in SULF2
expressing cells (Figure 6E), likely thus increasing TGFB1 availability. This hypothesis is
further confirmed by ELISA demonstrating that conditioned medium from SULF2
expressing cells had higher concentrations of TGFB1 in a time dependent manner when
compared to parental control vector transfected cells (Figure 6F). After that, we confirmed
that SULF2-mediated stimulation of POSTN is TGFp-dependent by demonstrating that the
increase in POSTN expression and secretion in SULF2 expressing cells can be blocked by
treating the cells with the TGFBR inhibitor SB431542 (Figure 6G). Finally, we confirmed by
ChlIP assay that POSTN is downtream of TGFP1 pathway effector such as Smad3 (Figure
6H). To summarize, we demonstrate that SULF2 promotes the release of TGF1 from
TGFBRS, thereby leading to activation of the TGFp pathway, which in turn transcriptionally
enhances expression and secretion of POSTN.

Correlated expression of SULF2 and POSTN in human HCC predicts poor prognosis

Finally, to determine the translational significance of our findings, we examined the
expression of SULF2 and POSTN in human HCCs. We first used microarray data from 139
resected human HCC tumors and showed that SULF2 expression in human HCCs was
positively correlated with more than 70 (40%) of the 178 angiogenesis related genes we
identified earlier, including VCAM1, PDGFRa, and PDGFRB (Supplementary Table 3).
Further, in tumors highly expressing SULF2, the mRNA levels of the neovascularization
markers CD31 and CD34 were higher than in tumors with low SULF2 expression (£<0.001
for CD31 and /<0.05 for CD34, Figure 7A). Thus SULF2 expression appears to be
associated with angiogenesis in human HCCs. Also, a subset of human HCCs overexpressed
POSTN (Figure 7B, right panel) and POSTN expression was positively correlated with
SULF2 (/<0.002, Figure 7B, left panel). Survival analysis showed that patients with HCC
tumors expressing high levels of POSTN had a significantly worse prognosis than those with
low POSTN expression (P=0.01, Figure 7C). To validate these findings, we used an
independent dataset of 200 HCC tumors and 50 peritumoral benign liver tissues from The
Cancer Genome Atlas (TCGA) project. The details of analysis are described in
MATERIALS AND METHODS. We were able to confirm that POSTN was indeed
significantly overexpressed in human HCC tumor tissue when compared to surrounding
normal liver and that POSTN expression significantly positively correlated with SULF2
expression (£<0.0001, Figure 7D). Also, high POSTN expression was confirmed to be
associated with poorer overall survival (P=0.002, Figure 7E). Thus we show that in human
HCC, SULF2 and POSTN appear to be co-expressed and confer a poor prognosis.
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DISCUSSION

In this study we demonstrated for the first time that SULF2 has a pro-angiogenic role in
HCC, one of the major driver of the observed tumor progression. Upon DEN treatment,
Sulf2HmKO mice had substantially fewer and smaller tumors with absence of lung
metastases and lower MVD. We demonstrate that SULF2 expression in the tumor cells
enhances the angiogenic potency of endothelial cells in a paracrine fashion thus promoting
angiogenesis. Further, our /in-vivo, in-vitro and human HCC data identify POSTN as a novel
key downstream mediator of SULF2-dependent angiogenesis and show that RNAI targeting
of POSTN in HCC cells attenuates SULF2-induced angiogenesis. Thus we establish the
SULF2-POSTN axis as a novel target for development of new anti-angiogenic therapies for
HCC.

Angiogenesis is stimulated by the enlarging tumor mass, which secretes pro-angiogenic
factors which, in turn, induce the activation and proliferation of endothelial cells in a
paracrine fashion, resulting in the sprouting of new vessels from pre-existing ones. SULF2, a
heparan sulfate 6-O-sulfatase, releases growth factors from extracellular storage sites and
facilitates tumor progression (28-31). But its role in modulating angiogenesis in HCC has
not been studied before. In the present study, we examined the role of SULF2 in mediating
angiogenesis during HCC progression using /n vitroand in vivo assays. As SULF2 functions
by desulfating HSPG chains and thereby regulating the interactions of HSPGs with HS-
binding growth factors, cytokines and receptors, we hypothesized that SULF2 mediates the
paracrine effects of HCC cells on angiogenesis by regulating the local concentration of
angiogenic growth factors in the tumor microenvironment through HSPG desulfation and
release of HSPG-bound angiogenic factors on the cell membrane and in the extracellular
space. Although results from our previous studies and from other research groups have
implicated SULF2 in the regulation of several growth factor signaling pathways, the key
downstream pathway mediating SULF2 signaling is still unknown and is likely to be
different in different cellular contexts and for different functional effects (17, 30, 32).

Through an extensive literature search and /n vitro experiments, we identified for the first
time that POSTN was the most highly regulated downstream angiogenic target of SULF2 in
HCC. Up-regulation of SULF2 expression in HCC cells was accompanied by both increased
expression and secretion of POSTN, confirming SULF2 can modulate POSTN levels in the
extracellular matrix. POSTN is an extracellular matrix protein that is overexpressed in a
number of human cancers and has been shown to promote angiogenesis by enhancing the
pro-angiogenic potency of endothelial cells (33). In this study, we found down-regulation of
POSTN and its downstream signaling substrates phospho-Akt and phospho-FAK in DEN-
induced HCCs. Thus, the /n vivo evidence suggests that POSTN expression and POSTN
pathway activation in HCC was SULF2 dependent. Further, using /n vitro co-culture models,
we demonstrate that increased expression of SULF2 stimulates POSTN expression in both
HUVECs and HHSECs. Keeping in line with this, we found that SULF2-dependent
secretion of POSTN by HCC cells led to activation of POSTN downstream signaling
through phospho-FAK and phospho-AKT in endothelial cells. This SULF2-dependent
activation of POSTN pathway in the endothelial cells resulted in enhancement of endothelial
cell function as measured by endothelial cell viability, adhesion, chemotaxis and tube
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formation. These effects were confirmed in HUVECSs and also shown for the first time in
HHSECs, liver specific endothelial cells which exist in the unique liver microenvironment
(34). Although POSTN was found to be the most significant downstream mediator of
SULF2-dependent angiogenesis, we did find that several other pro-angiogenic factors like
VEGFB, MMP-2, MMP-9, PDGFA and PDGFB were also overexpressed in SULF2-
expressing cells (Figure 3A and 3B). To further clarify the role of POSTN in the induction
of the other angiogenic factors we performed /n vitro experiments by blocking POSTN
expression in SULF2-expressing cells. This resulted in inhibition of the expression of the
SULF2-induced angiogenic factors mentioned above, thus suggesting that SULF2 requires
POSTN expression to fuel the ongoing production of angiogenic factors, thus promoting
angiogenesis of HCC. Activation of this axis appears to be reflected in patient clinical
outcomes, as patients with high POSTN expression in their HCC tumor tissues have
substantially worse prognosis.

After the approval of sorafenib for treatment of advanced HCC, there was great hope that
other molecular targeted therapies for HCC would soon follow. Unfortunately, thus far,
multiple subsequent phase 111 clinical trials have failed to identify a safe and more effective
drug for HCC (35). Hence it is critical to identify novel anti-angiogenic drug targets for
treatment of HCC. SULF2 is overexpressed in a majority of HCCs and associated with poor
prognosis (36). In view of its ability to regulate multiple angiogenic factors in HCC, SULF2
is likely to be upstream of many of the currently targeted angiogenic pathways. Interestingly,
HS mimetic PI-88, an inhibitor of SULF2 function, displays strong anti-angiogenic potency
(37). Further this study uses two different datasets to demonstrate for the first time that
POSTN is overexpressed in a subset of human HCCs and that patients with high POSTN
expression have poor prognosis. Hence both SULF2 and POSTN may serve as biomarkers
for more aggressive disease. Consequently inhibition of SULF2-POSTN axis may be a
useful therapeutic strategy in combination with other treatments for HCC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Knockout of SULF2 inhibits HCC progression

A. Representative images of livers from Su/fZWT, Sulf2Hz KO and Suff2Hm KO mice,
carrying tumors after DEN-treatment. At 14 days of age mice received a single
intraperitoneal injection of DEN. All mice were sacrificed at 8 months old and their liver
and lungs were examined for tumors. B. Hematoxylin-eosin (H&E) staining of
representative tumors from Sulf2WT, Sulf2Hz KO and Su/fZHm KO mice showed typical
HCC. C. Bar graphs showed that significantly smaller proportions of Su/f2Hm KO and
Sulf2Hz KO mice presented =5 tumors/mouse (top panel) and tumor volume =35 mm?3
(lower panel) compared with Su/f2WT mice. D. Bar graph representing lung metastasis
incidence (left panel) and H&E staining (right panel) showed that Su/f2WT mice developed
lung metastasis but Su/f2Hm KO did not. *P< .05; **A< .01.
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Figure 2. SULF2 expression promotes angiogenesisin HCCs
A. DEN-induced HCCs from Su/f2Hm KO mice had decreased MVD compared to tumors

from Su/f2 WT mice, as shown by CD31 immunohistochemical staining (left panel, 200x)

and quantification of tumor microvascular density (right panel). For quantification of MVD,

CD31-positive cells were identified by a brown precipitate in the cytoplasm of endothelial
cells; vessels in each section were counted in five microscope fields. B. VEGFR2

immunohistochemical staining of HCC tumors from DEN-induced Suv/2 WT and Su/f2Hm
KO mice showed increased staining in Su/fZ-expressing tumors (400x). Tumor tissues were

fixed in formalin, embedded in paraffin, sectioned and stained with antibody against
VEGFR2. C and D. Tube formation (C) and chemotaxis (D) of HHSECs and HUVECs,
measured after 12 hours treatment with conditioned medium (CM) from high SULF2-
expressing Hep3B or low SULF2-expressing Huh-7, showed that the expression status of
SULF2 in the CM can affect tumor angiogenesis. */A< .05; ** A< .01; ***P< ,001.
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Figure 3. POSTN isakey downstream signaling molecule mediating SULF2 induced HCC

angiogenesis

A and B. Relative mRNA expression of 25 pro-angiogenic factors in (A) Hep3B cells
transfected with control or SULF2 overexpressing vectors or (B) Huh-7 transfected with
scrRNA or shSULF2. Together, these results showed that POSTN was the most highly

correlated gene to SULF2 expression status. C,D and E. Relative expression of POSTN at
MRNA level (C), protein level (D) and by immunofluorescence staining (E) in Hep3B cells
overexpressing SULF2, Huh-7 transfected with siSULF2, and their corresponding controls
showed that the expression of POSTN was dependent of the levels of SULF2. F. ELISA
performed in the CM of the four different group of cells described above showed that
SULF2 regulates the secretion of POSTN protein to the medium. */< .05; ** A< .01; ***p< .
001.
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Figure 4. SULF2 modulates par acrine activation of POSTN pathway in endothelial cells
A and B. Immunoblotting analysis (A) and immunofluorescence (B) of POSTN and its

signaling molecules p-FAK and p-AKT expressed in HHSECs co-cultured for 48 hours with
Hep3B SULF2 or Huh-7 shSULF2 cells and their respective controls, as well as co-cultured
with high SULF2-expressing Hep3B cells in which POSTN is targeted by siRNA. C and D.
Immunoblotting analysis (C) and immunofluorescence (D) of POSTN and its signaling
molecules p-FAK and p-AKT expressed in HUVECs co-cultured for 48 hours with Hep3B
SULF2 or Huh-7 siSULF2 cells and their respective controls, as well as co-cultured with
high SULF2-expressing Hep3B cells in which POSTN is targeted by siRNA.
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Figure 5. SUL F2-mediated promotion of angiogenesisis POST N-dependent
A. HHSECs and HUVECs cells were incubated for 12 hours with CM from SULF2-

overexpressing Hep3B cells co-transfected with siPOSTN, and then collected and tested for
cell viability, adhesion, chemotaxis and tube formation. Results showed a decrease in the
angiogenic potency of the cells when POSTN expression was donwregulated.. B.
Representation of the tumor volume of subcutaneous mouse xenografts. Combinations of
Hep3B cells infected with adenovirus containing either shSULF2 or control vector (empty
vector) along with shPOSTN or scramble control (scrRNA) were injected subcutaneously in
the right flank of NOD/SCID mice (6 mice per group). Tumor volume was measured 3 times
a week up to the end point of the experiment. C. Viability, adhesion and tube formation
ability of HHSECs and HUVECSs were augmented after treatment with increasing
concentrations of recombinant human (rh) POSTN. D. Relative mRNA expression of
SULF2-associated angiogenic factors in Hep3B SULF2 cells co-transfected with either
control siRNA or siPOSTN. Results of immunofluorescence staining confirmed the results
of RT-PCR, where the downregulation of the POSTN expression led to a decrease in the
expression of angiogenic factors VEGFB, MMP2, MMP9, PDGFA and PDGFB. */< .05;
**p< 01; *** <001,
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Figure 6. SULF2 increases POSTN expression via activation of the TGFp pathway
A. Immunoblotting of Hep3B cell lysates with low or high SULF2 expression showed

inducction of POSTN after recombinant (rh) TGFp1 treatment along with the activation of
the TGFP1 downstream pathway. B. POSTN expression analyzed by RT-gPCR and ELISA
in HCC cells with low or high SULF2 expression after TGFR1 treatment confirmed the
results obtained at protein level. C. Immunofluorescence showed higher levels of TGFp1
and POSTN in high SULF2 expressing HCC cells compared to the controls, for both times
tested. D. Immunoblotting of Hep3B and PLC/PRF/5 cell lysates after treatment with
rhTGFB1 during 0, 24, 48 and 72 hours. Results showed induction of TGFp1 and POSTN
expression in a time dependent manner. E. Immunoprecipitation revealed loss of interaction
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between TGFB1 and TGFBR3 in Huh-7 cell lysates with high SULF2 expression. F. ELISA
showed higher concentrations of TGFB1 in the CM from high SULF2-expressing cells
compared with controls, and that the increment is time-dependent. G. POSTN expression
analyzed by RT-gPCR and ELISA in HCC cells with high SULF2 expression after treatment
with rhTGFB1, in the presence or absence of a TGFBR inhibitor treatment (SB431542).
Results showed that the SULF2-mediated stimulation of POSTN is TFGB1-dependent. H.
Bioinformatics analysis of the POSTN promoter identified two regions with candidate
SMAD (S) binding sites upstream of their first exon and primers for g-PCR were design to
amplify these sites. ChIP assay performed in Huh-7 cells after 1 hour treatment with 5
ng/mL rhTGFp1 in the absence of FBS confirmed binding of Smad3 transcription factor to
the POSTN gene promoter in the Site#2. *P< .05; **F< .01.
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Figure 7. SULF2 and POSTN are co-expressed in human HCC and associated with poor patient
survival

A. Relative mRNA expression of CD31 and CD34 in HCC specimens. For this analysis,
samples have been divided in high SULF2 and low SULF2 expressing tumors. Results,
presented as fold of change between HCC tumor and adjacent benign tissues, showed that
the MRNA levels of CD31 and CD34 were elevated in high-SULF2 expression than in low-
SULF2 expression HCC. B. POSTN is overexpressed in a subset of human HCCs and its
expression is positively correlated with SULF2 expression. C. Patients with HCC tumors
expressing high levels of POSTN had a significantly worse prognosis than those with low
POSTN expression. D. Analysis of The Cancer Genome Atlas (TCGA) data shows that
POSTN was significantly overexpressed in tumor tissues when compared to peritumoral
benign tissues (left panel) and POSTN expression is positively correlated with SULF2
expression (right panel). E. High POSTN expression was confirmed to be associated with
poorer overall survival in TCGA dataset. */< .05; *** < .001.
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