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Abstract

Existing therapeutic approaches to treat cholangiocarcinoma (CCA) have limited effectiveness, 

prompting further study to develop novel therapies for CCA. Here we report a novel mechanistic 

role for the heparan sulfate editing enzyme sulfatase 2 (SULF2) in CCA pathogenesis. In silico 

analysis revealed elevated SULF2 expression in human CCA samples, occurring partly through 

gain of SULF2 copy number. We examined the effects of knockdown or overexpression of SULF2 

on tumor growth, chemoresistance, and signaling pathway activity in human CCA cell lines 

in vitro. Upregulation of SULF2 in CCA leads to increased PDGFRβ-YAP signaling activity, 

promoting tumor growth and chemotherapy resistance. To explore the utility of targeting SULF2 

in the tumor microenvironment for CCA treatment, we tested an anti-SULF2 mouse monoclonal 

antibody 5D5 in a mouse CCA xenograft model. Targeting SULF2 by monoclonal antibody 5D5 
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inhibited PDGFRβ-YAP signaling and tumor growth in the mouse xenograft model. Conclusion: 

These results suggest that SULF2 monoclonal antibody 5D5 or related agents may be potentially 

promising new therapeutic agents in CCA.
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Introduction

Cholangiocarcinoma (CCA) is an epithelial malignancy arising from the biliary duct. It 

is the most common biliary malignancy and the second most common primary hepatic 

malignancy after hepatocellular carcinoma (HCC) (1, 2). CCAs represent approximately 

3–5% of all malignancies of the gastrointestinal system (3). In recent decades several studies 

report a rising incidence of CCAs globally (4, 5). The reason for this change is unclear. 

Risk factors associated with CCAs include cysts and stones in the bile ducts, cirrhosis, 

chronic hepatitis B and C virus infection, inflammatory bowel disease, primary sclerosing 

cholangitis, liver fluke infestation, diabetes, alcohol, and smoking (3, 6). However, these 

known risk factors account for only a minority of CCA cases. CCA is one of the most 

lethal cancers with a dismal 5-year survival rate of less than 10% (7). Surgical resection 

remains the mainstay of potentially curative treatment of CCA; however, the majority of 

patients present with advanced disease not amenable to surgical resection. Gemcitabine 

and platinum-based chemotherapy is the current standard first-line chemotherapy for 

unresectable or metastatic CCA. Unfortunately, the efficacy of chemotherapy is limited, 

with an overall survival rate of <1 year (8). Thus, there remains a critical need to develop 

novel therapies for treatment of CCA.

Heparan sulfate proteoglycans (HSPGs) are composed of a core protein and heparan sulfate 

(HS) side chains. They are present on the cell surface as well as in the extracellular 

matrix. HS chains bind to and modulate the availability and signaling of multiple growth 

factor and cytokine ligands and receptors, consequently, HSPGs regulate many key cell 

signaling pathways, including fibroblast growth factor (FGF), heparin-binding epidermal 

growth factor (HB-EGF), vascular endothelial growth factor (VEGF), Wnt/β-catenin, and 

transforming growth factor-β (TGF-β) pathways (9, 10). Sulfatase 1 (SULF1) and sulfatase 

2 (SULF2) are heparan sulfatase editing sulfatases that remove 6-O sulfate moiety within HS 

chains and alter the affinity of the HS chains for growth factors and growth factor receptors, 

thus modulating HSPG function in cell signaling pathways (11). Our group has shown that 

the two human sulfatases SULF1 and SULF2 have differential effects on different receptor 

tyrosine kinase and Wnt/β-catenin signaling in hepatocellular carcinoma (HCC). In some 

HCCs, SULF1 suppresses tumor growth by inhibiting the co-receptor function of HSPGs 

in multiple receptor tyrosine kinase signaling pathways, particularly inhibiting the FGF2 

signaling pathway (12–15). In contrast to this tumor suppressor effect of SULF1, in the 

majority of HCCs both SULF1 and SULF2 appear to enhance tumor growth and progression 

through activation of the Wnt and TGF-β signaling pathways (16, 17). SULF2 appears 
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to have broad oncogenic effects in HCC, increasing HCC cell growth by upregulating 

glypican 3 (GPC3), which is the most highly expressed HSPG in HCC, promoting the 

release of FGF2 and Wnt from GPC3 to bind to their cognate receptors and enhancing 

both receptor tyrosine kinase and Wnt/β-catenin signaling (18, 19). Our previous studies 

have shown that SULF2 knockout or suppression of SULF2 levels or activity suppresses 

HCC tumorigenesis (18–20), while transgenic overexpression is associated with increased 

tumorigenesis (21). The oncogenic effects of SULF2 are also mediated in part through the 

tumor microenvironment (22).

The role of the SULF1 and SULF2 sulfatases in CCA is as yet unexplored, as is the potential 

for translation to therapy against CCA. So far no agent targeting sulfatases is available in 

the clinic. To address this gap, we performed this study to answer the questions: (1) What is 

the expression of SULF2 in CCA? (2) What is the effect of SULF2 on CCA growth? (3) Is 

there a mechanistic role for SULF2 in CCA? (4) Does anti-SULF2 antibody 5D5 suppress 

CCA tumor growth in vivo? (5) Does inhibition of SULF2 using the monoclonal antibody 

5D5 abrogate signaling pathways mediating CCA progression? (6) Are other heparan sulfate 

related signaling molecules involved in regulation of CCA progression?

By in silico analysis of SULF2 expression in human CCA samples, we found elevated 

SULF2 expression in human CCA, occurring partly through the gain of SULF2 gene 

copy number. Next, we examined the effects of knockdown or overexpression of SULF2 

in human CCA cell lines, and assessed their effects on tumor growth, chemoresistance, 

and signaling pathways in vitro. Finally, we tested the effects of SULF2 monoclonal 

antibody 5D5 on tumor signaling and growth in a mouse CCA xenograft model. Our 

findings indicate that SULF2 is upregulated in CCA, leading to increased activity of platelet-

derived growth factor receptor beta (PDGFRβ)-Yes-associated protein (YAP) signaling and 

delineating a novel SULF2-PDGFRβ-YAP signaling axis that promotes CCA tumor growth 

and chemotherapy resistance. Targeting SULF2 by monoclonal antibody 5D5 inhibited 

PDGFRβ-YAP signaling and tumor growth in vivo in a mouse CCA xenograft model. 

Further studies exploring the clinical translation of this antibody in human CCA are 

indicated.

Experimental Procedures

Cell lines and patient derived xenografts

Established human intrahepatic cholangiocarcinoma cell lines HuCCT1 and CCLP1 were 

used for the experiments. The HuCCT1 cell line was cultured in Roswell Park Memorial 

Institute 1640 (RPMI1640; Gibco) supplemented with 5% fetal bovine serum and 0.1% 

primocin (Invitrogen); CCLP1 was cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Gibco) supplemented with 5% FBS and 0.1% primocin (Invitrogen). Both cell 

lines were grown at 37°C in a 5% CO2 incubator. SULF2 expression was examined 

in both HuCCT1 and CCLP1 cells before transfection with plasmids expressing either 

an shRNA targeting SULF2 or one encoding SULF2. The normal human cholangiocyte 

cell line (NHC) was a gift from Dr. Nicholas LaRusso and was cultured in H69 media. 

PAX165, LIV27, LIV31, LIV61 and LIV63 are patient derived xenografts (PDX) from CCA 

surgically resected at Mayo Clinic (Supplementary Table 4). Each of the cell lines was tested 
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for mycoplasma using the Universal Mycoplasma Detection Kit from ATCC (#30–1012K, 

Manassas, VA).

Celigo imaging cytometer for cell proliferation and apoptosis assays

HuCCT1 scrRNA and HuCCT1 shSULF2 cells, or CCLP1 Vector and CCLP1 SULF2 cells 

were plated in 96-Well plates (#3603, Corning, NY) at the same density. Imaging and 

direct counting were performed on the Celigo imaging cytometer (Nexcelom Biosciences, 

Lawrence, MA) over multiple time points for the cell proliferation assay. For the apoptosis 

assay, cells were either untreated or treated with 1uM, 5uM, and 10uM of cisplatin for 

24h or 48h (with the condition labeled in the Figure). Next, cells were incubated with 

Annexin V FITC (Nexcelom CS1–0114, 1:100), Propidium Iodide (PI) (Nexcelom CS1–

0116, 1:500) and Hoechst 33342 (Nexcelom, CS1–0128, 4 μg/ml) in Annexin V binding 

buffer (Nexcelom CS1–0115) for 30 minutes in the dark at room temperature. Stained 

cells were then imaged and analyzed on the Celigo imaging cytometer. Annexin V is a 

member of the annexin family of intracellular proteins that binds to phosphatidylserine (PS) 

in a calcium dependent manner. PS is normally only found on the intracellular leaflet of 

the plasma membrane in healthy cells, but during early apoptosis, PS translocates to the 

external leaflet. Fluorochrome-labeled Annexin V can then be used to specifically target 

and identify the PS on the surface of apoptotic cells. Propidium Iodide (PI) solution is a 

membrane-exclusion dye that permeates cells with compromised cell membranes and binds 

to DNA. Early apoptotic and healthy cells with intact membranes will exclude PI, while 

dead cells (including late stage apoptotic and necrotic cells) with compromised membranes 

are stained. Hoechst 33342 stains all nuclei. Accordingly, the stained cells in three categories 

were quantified as early apoptotic (Annexin V stained only), late apoptotic (both Annexin V 

and PI stained) and dead (all PI stained).

Production of SULF2 monoclonal antibody

5D5 monoclonal antibody was produced by immunizing sulf2 null mice with recombinant 

human SULF2 and shown to specifically react with SULF2 but not SULF1 (23). An 

irrelevant mouse IgG (QED Bioscience Inc., San Diego, California) was used as the control.

Statistical analysis

RNA sequencing data with clinical information are available in Gene Expression Omnibus 

(accession number GSE107943), which was published in our previous paper (24). The Xena 

browser was used to compare transcript expression of the Cancer Genome Atlas (TCGA) 

tumor samples to corresponding Genotype-Tissue Expression (GTEx) normal samples (25). 

All statistical analyses were performed using GraphPad Prism 8 (San Diego, CA, USA). All 

data represent at least 3 independent experiments using cells from separate cultures and are 

expressed as the mean ± SEM. Two-tailed Student’s t-test or one-sample t-test was used for 

statistical analyses. When comparing percent of mice with a tumor volume of less than 500 

mm3 in the two groups, differences between the curves were analyzed using the log-rank 

and Wilcoxon test. Second order polynomial test was used to compare the growth curves 

between groups. P<0.05 was statistically significant.
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Results

SULF2 Is Up-Regulated in Human CCA

First, we performed in silico analysis of SULF2 mRNA expression in different human 

cancer types from the Cancer Genome Atlas (TCGA) project database, compared to the 

equivalent normal human tissues from the Genotype-Tissue Expression (GTEx) project 

portal. The results show that many cancers have higher SULF2 mRNA expression than 

their corresponding normal tissues, and that CCA is one of the highest SULF2 expressing 

cancers, with an absolute median expression of 53.49 (FPKM) and a 3.09-fold increase over 

the expression in benign liver tissue (Fig. 1A). In the TCGA cholangiocarcinoma project, 

RNA-sequencing (RNA-seq) analysis showed significant upregulation of SULF2 mRNA in 

36 CCA samples in comparison with 9 adjacent normal tissue samples (Fig. 1B; P=0.0003). 

In a South Korea CCA RNA-seq dataset, we also observed higher SULF2 mRNA expression 

in 29 CCA samples in comparison with 28 adjacent normal tissues (Fig. 1C; P=0.0003). 

Finally, in a Mayo Clinic CCA RNA-seq dataset, the SULF2 mRNA expression in 48 CCA 

samples was upregulated compared with 37 adjacent normal tissues (Fig. 1D; P<0.0001). 

All three RNA-seq datasets showed upregulation of SULF2 in human CCA compared with 

adjacent normal tissue. Further, we examined the relationship of SULF2 copy number 

alterations with SULF2 mRNA expression. In the TCGA CCA samples, 13 out of 35 CCAs 

(37.1%) had gain of SULF2 copy number and also showed a significantly higher SULF2 

mRNA expression than tumors with diploid SULF2 copy number (Fig. 1E; P=0.02). This 

indicates that gain of SULF2 copy number may be one mechanism for upregulated SULF2 

expression in CCA. Finally, to confirm that SULF2 protein expression is consistent with 

the observed SULF2 mRNA expression, we performed Western immunoblotting of lysates 

from a normal human cholangiocyte cell line (NHC) as well as five different patient derived 

xenografts (PDX) established in immunodeficient mice using freshly obtained tissue from 

CCA surgical resections, designated PAX165, LIV27, LIV31, LIV61 and LIV63 (26, 27). 

All five PDX expressed high levels of SULF2 protein compared to NHC (Fig. 1F).

Knockdown of SULF2 Decreases CCA Cell Proliferation and Resistance to Cisplatin 
Induced Apoptosis

Since most CCAs over-express SULF2, we examined the effects of downregulation of 

SULF2 on cell growth, apoptosis and cell death in a CCA cell line in vitro. After confirming 

that the HuCCT1 CCA cell line expresses high levels of SULF2 mRNA, we stably knocked 

down SULF2 in HuCCT1 cells using a plasmid construct expressing short hairpin RNA 

(shRNA) targeting the SULF2 mRNA. SULF2 mRNA expression in the stable clones was 

quantitated by qRT-PCR. SULF2 mRNA was significantly decreased in the HuCCT1 cells 

transfected with SULF2-targeting shRNA (HuCCT1 shSULF2) compared with the HuCCT1 

transfected with scrambled shRNA (HuCCT1 scrRNA) (86.7% decreased, Supplementary 

Fig. 1A). Cell proliferation was evaluated by direct cell counting in the Celigo imaging 

cytometer. Decreased SULF2 expression was associated with substantially decreased cell 

growth of HuCCT1 cells, with a 32.3% reduction in cell number at 3 days (Fig. 2A; 

P<0.0001). Western immunoblotting for SULF2 and Ki-67 as a marker of cell proliferation 

showed that suppression of SULF2 protein expression was accompanied by decreased cell 

proliferation (Fig. 2B). Apoptosis was also assessed using the Celigo imaging cytometer. 
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Knockdown of SULF2 did not impact the percentage of early-stage apoptotic, late-stage 

apoptotic, or dead cells (Fig. 2C, Supplementary Fig. 2A). Immunoblots also showed no 

difference in the expression of Caspase 9, Pro-Caspase 8, cleaved Caspase 8, Pro-Caspase 

3, and cleaved Caspase 3 between the HuCCT1 scrRNA and HuCCT1 shSULF2 cells 

(Fig. 2D, Supplementary Fig. 2B). However, when cells were treated with cisplatin at 

different concentrations (1uM, 5uM, and 10uM) for 24h, the percentage of dead cells in 

the HuCCT1 shSULF2 group increased significantly compared to the HuCCT1 scrRNA 

group at all concentrations of cisplatin (Fig. 2E, Supplementary Fig. 3, 4A; P=0.005, 

P<0.0001, P<0.0001 respectively). The percentage of late-stage apoptotic cells was also 

significantly higher in the HuCCT1 shSULF2 group than the HuCCT1 scrRNA group at 

the concentration of 10uM cisplatin after 24h (Fig. 2E; P=0.0009). Further, when cells 

were treated with 10uM cisplatin for 48h, the percentages of early apoptotic, late-stage 

apoptotic, and dead cells all significantly increased in the HuCCT1 shSULF2 cells in 

comparison to the HuCCT1 scrRNA cells (Fig. 2E, Supplementary Fig. 4B; P=0.005, 

P<0.0001, P<0.0001 respectively). Immunoblot also showed increased expression of cleaved 

Caspase 8 and cleaved Caspase 3, with corresponding decreased expression of Pro-Caspase 

8 and Pro-Caspase 3 in the HuCCT1 shSULF2 group compared to the HuCCT1 scrRNA 

group (Fig. 2F). These data reveal that knockdown of SULF2 decreases resistance of CCA 

cells to cisplatin induced apoptosis.

Forced Expression of SULF2 Promotes CCA Cell Proliferation and Resistance to Cisplatin 
Induced Apoptosis

To determine whether increased expression of SULF2 in SULF2-negative CCA cells 

produces opposing effects to those of suppression of SULF2 expression, we transfected 

a plasmid construct encoding SULF2 or control plasmid vector into the SULF2 negative 

CCLP1 cholangiocarcinoma cell line. Western immunoblotting and qRT-PCR confirmed 

that CCLP1 SULF2 cells express SULF2 at a high level compared with CCLP1 Vector 

cells (Fig. 3B; Supplementary Fig. 1B). To investigate the effect of forced expression of 

SULF2 on CCA cell growth, we quantitated cell proliferation by direct cell counting on 

the Celigo imaging cytometer. CCLP1 SULF2 cells grew significantly faster than CCLP1 

Vector cells (29.7%, P<0.0001; Fig. 3A). Western immunoblotting for SULF2 and Ki-67 as 

a marker of cell proliferation showed that forced expression of SULF2 was accompanied 

by increased cell proliferation (Fig. 3B). Apoptosis assays showed that in the absence of 

cisplatin, forced expression of SULF2 slightly decreases CCLP1 apoptosis (Fig. 3C, E); 

however, on treatment of CCLP1 cells with 10uM cisplatin for 48h, the percentage of early 

apoptotic, late-stage apoptotic, and dead cells, which were all increased substantially by 

cisplatin treatment, all decreased significantly in the CCLP1 SULF2 group in comparison to 

the CCLP1 Vector group (Fig. 3D, E; P=0.006, P=0.005, P=0.003 respectively). These data 

revealed that forced expression of SULF2 promotes CCA cell proliferation and enhances 

resistance to cisplatin induced apoptosis.

Knockdown of SULF2 downregulates PDGFRβ-YAP signaling

Next, we examined the potential mechanism of regulation of CCA growth and apoptosis by 

SULF2. The Hippo pathway effector Yes-associated protein (YAP) is transcriptionally active 

in many tumor types, including a majority of human CCA. YAP activity has been linked 
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to proliferation and chemotherapy resistance of CCA. phosphorylation of the serine127 

residue of YAP by a kinase module consisting of MST1/2 and LATS1/2 sequesters YAP 

in the cytosol and limits transcriptional activity (28). Previous work by Dr. R. Smoot and 

colleagues suggests that PDGFR signaling regulates YAP nuclear localization and cognate 

gene expression via Src family kinase (SFK)-mediated YAP tyrosine357 phosphorylation 

(29). Tyrosine357 phosphorylation of YAP also appears to promote its association with 

the transcription factor TBX5, promoting CCA cell viability by inducing expression of 

the anti-apoptotic regulator Mcl-1 (29). To determine whether the effects of SULF2 are 

mediated through PDGFR-YAP signaling, we examined the effect of knockdown or forced 

expression of SULF2 on PDGFRβ and YAP phosphorylation in CCA cells.

We found that knockdown of SULF2 in the HuCCT1 cell line decreased the level 

of phospho-PDGFRβ, phospho-YAPY357, and Cyclin D1 as assessed by Western 

immunoblotting, but did not change the levels of phospho-YAPS127 or phospho-ERK (Fig. 

4A, B, Supplementary Fig. 5A). By contrast, forced expression of SULF2 in the CCLP1 

cell line increased the levels of phospho-PDGFRβ, phospho-YAPY357, and Cyclin D1, but 

did not change the levels of phospho-YAPS127 or phospho-ERK (Fig. 4A, B, Supplementary 

Fig. 5A). Knockdown of SULF2 in HuCCT1 cells also significantly decreased the mRNA 

levels of four transcriptional targets of YAP signaling, CTGF, MCL1, CYR61 and PDGFB 

(p<0.05) (Figure 4C). By contrast, forced expression of SULF2 in the CCLP1 cell line 

significantly increased the mRNA levels of CTGF, MCL1, CYR61 and PDGFB (Figure 

4C). Additionally, immunofluorescence showed significantly decreased phospho-YAPY357 

in HuCCT1 shSULF2 cells compared to HuCCT1 scrRNA cells (Figure 4D, Supplementary 

Fig. 5B). These data suggest that SULF2 regulates CCA proliferation and chemotherapy 

resistance at least in part via regulation of PDGFRβ-YAP signaling.

Targeting SULF2 by monoclonal antibody 5D5 suppresses growth of CCA tumor 
xenografts in nude mice

Based on these in vitro findings, we next explored the effect of an anti-SULF2 mouse 

monoclonal antibody designated 5D5 in the treatment of CCA cell line xenografts in nude 

mice. 1×106 HuCCT1 cells were injected subcutaneously into the flanks of nude mice. 

When the tumor volume reached 100 to 200 mm3, the mice were randomized into 2 

groups of 10 mice each. The active treatment group received an intraperitoneal injection 

of SULF2 monoclonal antibody 5D5 at 40mg/kg three times a week while the control 

group received mouse IgG antibody at 40mg/kg three times a week for 35 days. The tumor 

size and the weight of the mice were measured three times a week during the treatment 

period. Treatment with the SULF2 monoclonal antibody 5D5 significantly reduced the CCA 

xenograft tumor size in mice compared with mouse IgG antibody (P<0.0001, Fig. 5B). The 

body weights of the two groups showed no differences (Supplementary Fig. 6B). At the end 

of the study, tumor xenograft weights were significantly decreased by SULF2 monoclonal 

antibody 5D5 in comparison with mouse IgG antibody (P=0.005, Fig. 5D). H&E slides of 

the xenografts were analyzed by the pathologist Dr. Torbenson. The percentage of necrosis 

was scored on each slide, rounded to the nearest 10%. 1% was used when there was 

necrosis, but very focal. The percentage of tumor necrosis was significantly increased 

by SULF2 monoclonal antibody 5D5 in comparison with mouse IgG antibody (P=0.04, 
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Fig. 5E). Thus, targeting SULF2 by monoclonal antibody 5D5 suppressed CCA cell line 

xenograft growth in nude mice.

SULF2 monoclonal antibody 5D5 inhibits PDGFRβ-YAP signaling in vivo

Finally, we determined whether the inhibition of CCA tumor growth by the anti-SULF2 

specific monoclonal antibody 5D5 was associated with effects on cell proliferation, 

apoptosis, and PDGFRβ-YAP signaling in vivo. To confirm that SULF2 monoclonal 

antibody treatment suppressed CCA tumor proliferation in vivo, we performed 

immunohistochemistry using antibodies against Ki67. The Ki67 positive nuclear percentage 

in the SULF2 monoclonal antibody 5D5 treated group was significantly decreased by 48.3% 

compared to the mouse IgG antibody control group (P<0.0001, Fig. 6A, B). By contrast, 

Cleaved caspase-3 immunohistochemistry and TUNEL assays showed no differences in 

caspase 3 activation or apoptosis between the SULF2 monoclonal antibody 5D5 treated 

group and mouse IgG antibody control group (Fig. 6A, B). Consistent with our in vitro 

experiment, Western blotting of tumor tissue protein extracts showed that 5D5 treatment 

significantly reduced the levels of phospho-PDGFRβ, phospho-YAPY357, total YAP and 

Cyclin D1 (Fig. 7A). Additionally, immunofluorescence revealed that phospho-YAPY357 

was substantially lower in tumors from 5D5 treated mice than in tumors from mouse 

IgG treated mice (Fig. 7B). These data suggest that the anti-SULF2 monoclonal antibody 

5D5 mediates suppression of CCA xenograft growth through inhibition of PDGFRβ-YAP 

signaling in vivo.

Effects of SULF2 in extrahepatic cholangiocarcinoma

Since most of the data we acquired was from patients with intrahepatic CCA, we explored 

the potential effects of SULF2 in extrahepatic CCA. We abstracted the extrahepatic CCA 

data from the Mayo Clinic RNA sequence dataset and compared SULF2 gene expression in 

extrahepatic CCA to adjacent normal tissue (Supplementary Figure 7A). In a proportion of 

extrahepatic CCA, SULF2 mRNA expression was upregulated compared to paired adjacent 

normal tissue. The P value was not significant, likely due to the small sample size (N=9). 

For SULF2 protein expression, western immunoblotting also showed that the extrahepatic 

CCA cell line WITT expresses a higher level of SULF2 protein compared to normal human 

cholangiocytes (NHC). In contrast, another extrahepatic CCA cell line, EGI-1, has lower 

SULF2 levels than NHC (Supplementary Figure 7B). Similar to our observation in the 

intrahepatic CCA cell line CCLP1, forced expression of SULF2 in EGI-1 cells increased the 

levels of phospho-YAPY357 and Cyclin D1 (Supplementary Figure 7C).

Effects of other heparan sulfate related signaling molecules in cholangiocarcinoma

To determine whether there is a general effect of modulation of heparan sulfate related 

signaling molecules in progression of cholangiocarcinoma, we examined the levels of 

heparanase, which cleaves the heparan sulfate side chains of heparan sulfate proteoglycans, 

VEGFR1, encoded by the FLT1 gene, and EGFR. Western blotting of PDX protein extracts 

showed that compared with NHC, CCA PDXs have significantly decreased heparanase 

levels, but no significant difference in the levels of VEGFR1 and EGFR (Supplementary 

Figure 8A). Western blotting of protein extracts from HuCCT1 xenografts showed that 

compared to IgG treatment, 5D5 treatment significantly reduced the levels of heparanase, 
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VEGFR1 and EGFR (Supplementary Figure 8B). These results suggest that other signaling 

pathways modulated by the sulfatases are also potential targets for anti-SULF2 antibodies 

and other therapeutics in CCA.

Taken together, our results suggest that SULF2 increases the activity of the PDGFRβ-YAP 

pathway to promote tumor growth and chemotherapy resistance. Targeting SULF2 by 

monoclonal antibody 5D5 inhibits the PDGFRβ-YAP pathway and CCA growth in a mouse 

model (Fig. 8).

Discussion

CCA is one of the most lethal cancers with limited and relatively ineffective treatment 

options. Novel molecular targeted therapies are in critical need for CCA treatment. The 

results of this study provide novel insights into the role of SULF2 in the pathogenesis of 

CCA. The principal findings of this study are as follows: (i) SULF2 is upregulated in human 

CCA compared with adjacent normal tissue, in some tumors through the gain of SULF2 

copy number; (ii) SULF2 modulates CCA cell proliferation and resistance to cisplatin 

induced apoptosis in vitro; (iii) SULF2 activates the PDGFRβ-YAP pathway signaling, 

which may explain the dependency on SULF2 for CCA proliferation and resistance to 

cisplatin induced apoptosis; (iv) Targeting SULF2 by monoclonal antibody 5D5 inhibits the 

activity of the PDGFRβ-YAP pathway and suppresses CCA xenograft growth in vivo.

HSPGs in the extracellular matrix or on the cell surface can sequester growth factor ligands 

and cytokines in a sulfation-dependent manner and release the factors when desulfated 

by heparan sulfate-editing endosulfatases. SULF1 and SULF2 are human heparan sulfate-

editing endosulfatases shown to be involved in carcinogenesis in several tissues, including 

the liver (12, 30, 31). However, a functional role for these sulfatases in CCA has not been 

elucidated. In the present study, analysis of three different human CCA and adjacent normal 

tissue RNA sequence datasets showed that SULF2 was upregulated in CCAs compared to 

adjacent normal tissue. Further analysis showed 37.1% of CCAs in the TCGA dataset show 

gain of SULF2 copy number and a significantly higher SULF2 mRNA expression level 

than CCAs that are diploid at the SULF2 locus. This indicates that gain of SULF2 copy 

number may be one mechanism for upregulated SULF2 expression in CCA. Modulation 

of SULF2 expression by shRNA mediated knock-down of SULF2 in SULF2-expressing 

HuCCT1 CCA cells and forced expression by transfection of SULF2 encoding constructs 

into SULF2-negative CCLP1 CCA cells showed that SULF2 promotes cell proliferation and 

chemoresistance in CCA cells. This is the first study to demonstrate a tumorigenic effect of 

SULF2 in CCA.

To determine the specific mechanistic role of SULF2 in CCA, we investigated the effects 

of SULF2 on PDGFRβ-YAP signaling in CCA. Although previous studies from our group 

and others have implicated SULF2 in the regulation of several signaling pathways, the 

key downstream pathway mediating SULF2 signaling is still unknown and is likely to 

be different in different cellular contexts (18, 32, 33). YAP, the effector of the Hippo 

pathway, is a transcriptional co-activator that has increased activity in many cancers 

including CCA. YAP activity has been linked to tumor growth and chemotherapy resistance. 
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Interestingly, the Hippo pathway does not have a dedicated cell-surface receptor and 

consequently is regulated via cross-talk with other signaling pathways (34, 35). Previous 

studies have demonstrated that a PDGFR-SFK cascade regulates YAP activation via tyrosine 

phosphorylation in CCA (29). Since PDGFR signaling is regulated by heparan sulfate, 

we developed the hypothesis that SULF2 regulates CCA tumorigenesis through effects 

on PDGFRβ-YAP signaling. In experiments exploring this hypothesis, we found that 

knockdown of SULF2 in the SULF2-overexpressing HuCCT1 CCA cell line downregulated 

the levels of phospho-PDGFRβ, phospho-YAPY357, and transcriptional targets of YAP 

signaling. Consistent with this result, forced expression of SULF2 up-regulated the levels 

of phospho-PDGFR-β, phospho-YAPY357, and CyclinD1. Thus, we demonstrated for the 

first time that the effects of SULF2 appear to be exerted in part through regulation of 

PDGFRβ/YAP signaling in CCA. In terms of the machinery by which SULF2 regulates 

phosphorylation of PDGFRβ, SULF2 may alter PDGFRβ activation via its potential effects 

on PDGF bioavailability, given that PDGFs interact with HSPGs and this interaction is 

influenced by 6-O sulfation (36–38). However, other mechanisms may also exist. Indeed, 

VEGF-A, a factor known to bind HSPGs in a sulfatase-dependent manner, can directly 

activate PDGFRβ (39). Furthermore, we observed a slight but consistent change in the 

total levels of PDGFRβ. This change could be due to the composition of the ECM, given 

that PDGFR levels are affected by alterations in the composition or amount of HSPGs 

(40). Thus, further studies will explore the machinery by which SULF2 regulates PDGFRβ 
activity in CCA.

Similar to our observation in the intrahepatic CCA, in a proportion of extrahepatic CCA, 

SULF2 mRNA and protein expression is upregulated. Forced expression of SULF2 in the 

extrahepatic CCA cell line EGI-1 increased the levels of phospho-YAPY357 and Cyclin 

D1. Thus it appears that SULF2 is also upregulated and oncogenic in a proportion of 

extrahepatic CCA.

Accumulating evidence has shown that the complex interplay between cancer cells and their 

microenvironment can have profound implications on tumorigenesis and progression (33, 

41). Sulfatases modify HSPGs in the tumor microenvironment and influence exogenous 

ligand availability (42, 43). Interestingly, the HS mimetic PI-88 (muparfostat), originally 

designed as an inhibitor of heparanase in the late 1990s, strongly inhibits SULF2 function 

(44), and has antiproliferative and antiangiogenic properties in preclinical animal models. 

Unfortunately, PI-88 was not successfully translated into clinical use (22, 45). To explore 

the utility of targeting SULF2 for treatment of CCA, we employed the SULF2 monoclonal 

antibody 5D5 to treat subcutaneous CCA xenografts in nude mice. In this preclinical animal 

model, we showed for the first time that the 5D5 monoclonal antibody suppresses tumor 

growth, and consistent with our previous experiments, suppresses PDGFRβ-YAP activity 

in vivo. These findings confirm SULF2 monoclonal antibody therapy as a potentially 

promising new therapeutic agent in CCA. Western blotting of HuCCT1 xenograft protein 

extracts showed that compared to IgG treatment, 5D5 treatment also significantly reduced 

the levels of the heparan sulfate related proteins VEGFR1, EGFR, and heparanase. Our 

future studies will pursue the mechanistic understanding of the effects of the sulfatases and 

anti-SULF agents on these additional signaling pathways.
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In summary, we have demonstrated SULF2 as a potential therapeutic target by which 

CCA increases the activity of the PDGFRβ-YAP pathway to promote tumor growth and 

chemotherapy resistance. Targeting SULF2 by monoclonal antibody 5D5 showed inhibition 

of the PDGFRβ-YAP pathway and CCA growth in a mouse model. In the future, targeting 

SULF2 in combination with conventional cancer therapies may improve the clinical 

outcome of CCA patients.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CCA cholangiocarcinoma

HCC hepatocellular carcinoma

HSPG heparan sulfate proteoglycan

HS heparan sulfate

FGF fibroblast growth factor

HB-EGF heparin-binding epidermal growth factor

VEGF vascular endothelial growth factor

TGF-β transforming growth factor-β

SULF1 sulfatase 1

SULF2 sulfatase 2

GPC3 glypican 3

PDGFRβ platelet-derived growth factor receptor beta

YAP Yes-associated protein

PBS phosphate-buffered saline

qRT-PCR quantitative real time PCR
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TCGA The Cancer Genome Atlas

shRNA small hairpin RNA

PDGF platelet-derived growth factor

SFK Src family kinase

TBST Tris-buffered saline and Tween 20

WB western blotting
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Figure 1: SULF2 Expression is Increased in Many Human Cancers, Including 
Cholangiocarcinomas, at mRNA and Protein Levels.
(A) In silico analysis of SULF2 expression in human normal tissue from the Genotype-

Tissue Expression (GTEx) project and The Cancer Genome Atlas (TCGA) program cancer 

samples. SULF2 gene expression is in units of log2(FPKM+1). (B) In the TCGA dataset, 

SULF2 gene expression in CCA is compared to expression in adjacent normal tissue. Gene 

expression is in units of log2(FPKM+1). (C) In a South Korean RNA sequence dataset, 

SULF2 gene expression in CCA is compared to adjacent normal tissue. SULF2 gene 

expression is in units of RPKM. (D) In a Mayo Clinic RNA sequence dataset, SULF2 
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gene expression in CCA is compared to adjacent normal tissue. SULF2 gene expression 

is in units of RPKM. (E) Of the TCGA CCA samples, 13 out of 35 CCAs (37.1%) 

show gain of SULF2 copy number, which is associated with a significantly higher SULF2 

mRNA expression level than is seen in diploid CCAs (F) Western immunoblotting shows 

that five CCA PDXs express high levels of SULF2 protein compared to normal human 

cholangiocytes (NHC). **: p<0.01, ****: p<0.0001.
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Figure 2: Knockdown of SULF2 Decreases CCA Cell Proliferation and Resistance to Cisplatin 
Induced Apoptosis.
(A) HuCCT1 scrRNA or HuCCT1 shSULF2 were cultured counted by the Celigo imaging 

cytometer daily for 3 days. Decreased SULF2 expression was associated with substantially 

decreased HuCCT1 cell growth (n=10). (B) Western immunoblotting for SULF2 and Ki-67 

showed that suppression of SULF2 protein expression was accompanied by decreased 

cell proliferation marker Ki-67. (C) Statistical analysis of HuCCT1 scrRNA or HuCCT1 

shSULF2 apoptosis assay. NS, not significant (n=10). (D) Western immunoblotting showed 

no difference in the expression of Caspases 3, 8 and 9 between the HuCCT1 scrRNA group 
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and HuCCT1 shSULF2 knockdown group. (E) Statistical analysis of HuCCT1 scrRNA or 

HuCCT1 shSULF2 apoptosis assays after treatment with cisplatin at concentrations of 1uM, 

5uM, and 10uM for 24h or 48h (n=10 each). (F) HuCCT1 scrRNA or HuCCT1 shSULF2 

cells were treated with 10uM cisplatin for 48h. Western immunoblotting showed increased 

cleaved Caspase 8 and cleaved Caspase 3, and decreased pro-caspase 8 and pro-caspase 3 in 

HuCCT1 shSULF2 cells compared to HuCCT1 scrRNA cells.
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Figure 3: Expression of SULF2 Promotes CCA Cell Proliferation and Resistance to Cisplatin 
Induced Apoptosis.
(A) CCLP1 Vector or CCLP1 SULF2 were cultured for 3 days and counted daily in the 

Celigo imaging cytometer (n=10). (B) Western immunoblotting for SULF2 and Ki-67 as 

a marker of cell proliferation showed that forced expression of SULF2 was accompanied 

by increased cell proliferation. (C) Representative images of apoptosis assays using the 

Celigo imaging cytometer. CCLP1 Vector or CCLP1 SULF2 without cisplatin treatment 

are stained by Fluorochrome-labeled Annexin V (green), Propidium Iodide (PI, red), and 

Hoechst 33342 (blue). The cells were cultured for 48h in 0uM cisplatin (D) Representative 
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images of apoptosis assays using the Celigo imaging cytometer. CCLP1 Vector or CCLP1 

SULF2 cells were treated with 10uM cisplatin for 48h. (E) Statistical analysis of CCLP1 

Vector or CCLP1 SULF2 apoptosis assays of untreated cells or cells treated with 10uM 

cisplatin for 48h (n=10).
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Figure 4: The knockdown of SULF2 downregulates PDGFRβ-YAP signaling while upregulation 
of SULF2 enhances YAP signaling.
(A) Western immunoblotting showed that knockdown of SULF2 in HuCCT1 cells decreased 

the levels of phospho-PDGFRβ, phospho-YAPY357, and Cyclin D1. In contrast, forced 

expression of SULF2 in CCLP1 cells increased the levels of phospho-PDGFRβ, phospho-

YAPY357, and Cyclin D1. (B) knockdown of SULF2 in HuCCT1 cells or forced expression 

of SULF2 in CCLP1 cells did not change the levels of phospho-YAPS127 or phospho-ERK. 

(C) knockdown of SULF2 in HuCCT1 cells significantly decreased the mRNA levels of 

CTGF, MCL1, CYR61, and PDGFB; by contrast, forced expression of SULF2 in the CCLP1 
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cell line significantly increased the mRNA levels of CTGF, MCL1, CYR61 and PDGFB. 

(D) Representative IF images of HuCCT1 scrRNA or HuCCT1 shSULF2 cells stained for 

phospho-YAPY357 (green), total YAP (red), and DAPI (blue). 400×.
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Figure 5: Targeting SULF2 using anti-SULF2 monoclonal antibody 5D5 suppresses tumor 
growth in nude mice.
(A) Illustration of mouse xenograft experiment. (B) Treatment with the 5D5 antibody 

significantly reduced tumor size compared to mouse IgG antibody (n=10). (C) 

Representative image of tumor xenografts at the end of the study. (D) Tumor xenograft 

weight was significantly decreased by 5D5 compared to mouse IgG (n=10). (E) 

Representative H&E staining of tumor xenografts showed viable (black arrow) and necrotic 

(black triangle) glands. (200×). The percentage of necrosis was scored on each slide. 
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SULF2 monoclonal antibody 5D5 significantly increased the percentage of tumor necrosis 

in comparison with mouse IgG antibody.
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Figure 6: SULF2 monoclonal antibody 5D5 inhibits tumor proliferation in vivo.
(A) Representative immunohistochemical staining of HuCCT1 tumor xenografts treated 

with control IgG and anti-SULF2 5D5 antibody for Ki67 (upper panel ), Cleaved Caspase 

3 (middle panel), and apoptosis by TUNEL labeling (lower panel); 400×. (B) Statistical 

analyses of quantification for Ki67 staining, Cleaved Caspase 3 staining, and TUNEL 

labeling (n=8–10).
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Figure 7: SULF2 monoclonal antibody 5D5 inhibits PDGFRβ-YAP signaling in vivo.
(A) Western blot of xenograft tissue protein extracts showed that treatment with anti-SULF2 

5D5 antibody significantly reduced the levels of phospho-PDGFRβ, phospho-YAPY357, 

total YAP and Cyclin D1 compared to IgG treated xenografts (n=5,5). (B) Representative 

IF images of HuCCT1 tumor xenografts treated with control IgG and anti-SULF2 5D5 

antibody stained for phospho-YAPY357 (green), and DAPI (Blue). 400×.
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Figure 8: Working model for the effect of SULF2 monoclonal antibody 5D5 on PDGFRβ-YAP 
signaling in CCA.
SULF2 increases the activity of the PDGFRβ-YAP pathway to promote tumor growth and 

chemotherapy resistance. Targeting SULF2 by monoclonal antibody 5D5 showed inhibition 

of the PDGFRβ-YAP pathway and CCA growth in a mouse model.
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