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The heparin-degrading endosulfatases sulfatase | (SULFI) and sulfatase 2 (SULF2) have opposing effects in hepatocarcino-
genesis despite structural similarity. Using mRNA expression arrays, we analyzed the correlations of SULF expression with
signaling networks in human hepatocellular carcinomas (HCCs) and the associations of SULF expression with tumor phe-
notype and patient survival. Data from two mRNA microarray analyses of 139 and 36 HCCs and adjacent tissues were
used as training and validation sets. Partek and Metacore software were used to identify SULF correlated genes and their
associated signaling pathways. Associations between SULF expression, the hepatoblast subtype of HCC, and survival were
examined. Both SULFI and 2 had strong positive correlations with periostin, IQGAPI, TGFBI, and vimentin and inverse
correlations with HNF4A and IQGAP2. Genes correlated with both SULFs were highly associated with the cell adhesion,
cytoskeletal remodeling, blood coagulation, TGFB, and Wnt/B-catenin and epithelial mesenchymal transition signaling path-
ways. Genes uniquely correlated with SULF2 were more associated with neoplastic processes than genes uniquely corre-
lated with SULFI. High SULF expression was associated with the hepatoblast subtype of HCC. There was a bimodal effect
of SULFI expression on prognosis, with patients in the lowest or highest tertile having a worse prognosis than those in
the middle tertile. SULFs have complex effects on HCC signaling and patient survival. There are functionally similar associ-
ations with cell adhesion, ECM remodeling, TGFB, and WNT pathways, but also unique associations of SULFI and SULF2.
The roles and targeting of the SULFs in cancer require further investigation. ~ © 2010 Wiley-Liss, Inc.

INTRODUCTION

Sulfatase 1 (SULF1) and sulfatase 2 (SULF2)
are heparin-degrading endosulfatases that act on in-
ternal glucosamine 6-O-sulfate modifications within
heparan sulfate proteoglycans and modulate hepa-
rin-binding growth factor signaling. Emerging evi-
dence suggests that the SULFs play important
roles in the pathogenesis of a number of cancers.
SULF1 and SULF2 are structurally similar
enzymes, but have been shown to have opposite
effects on liver cancer cells in vitro and in vivo.
SULF1 has a tumor suppressor function through
inhibition of receptor tyrosine kinase signaling by
desulfation of heparan sulfate proteoglycans that
act as coreceptors for heparin binding growth fac-
tors and their cognate receptor tyrosine kinases
(Lai et al., 2003, 2004b). The tumor suppressor
effect of SULF1 has been reported in hepatocellu-
lar carcinoma (HCC) (Lai, et al., 2004b,2006), head
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and neck (Lai et al., 2004a), myeloma (Dai et al.,
2005), pancreatic (Li et al., 2005), breast (Narita
et al., 2007), and ovarian cancer (Lai et al., 2003).
In contrast SULF2 has been shown to have an on-
cogenic effect through activation of the receptor
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tyrosine kinases and their downstream MAPK and
Akt pathways (Lai et al., 2008), and also through
activation of the Wnt signaling pathway (Nawroth
et al., 2007). The oncogenic role of SULF2 has
been demonstrated in HCC (Lai et al., 2008), lung
(LLemjabbar-Alaoui et al., 2010), breast (Morimoto-
Tomita et al, 2005), and pancreatic cancers
(Nawroth et al., 2007). Somewhat paradoxically,
emerging evidence suggests that while SULF1 and
SULF?Z have opposing effects on receptor tyrosine
kinase signaling, they both activate Wnt pathway
signaling in cancer cells (Nawroth et al., 2007).
While SULF1 and SULF2 have highly-conserved
N-terminal sulfatase domains, their COOH-termi-
nal regions have divergent structures. The COOH-
terminal regions contain charged domains that bind
to heparan sulfate chains, and the differences in
the heparan sulfate recognition sites in these
regions may account for the differences in the
functional effects of SULF1 and SULF2. The
observed similarities and differences in SULF1
and SULF2 action in cancer are consistent with
observations made on their effects in knockout
mouse models, which show that although the two
enzymes show some functional redundancy, knock-
outs of the two enzymes have similar but not iden-
tical effects on heparan sulfate structure and
mouse phenotypes (Lamanna et al., 2006; Lum
et al., 2007; Kalus et al., 2009). Given the limited
information available on the role of SULF1 and
SULF?Z in hepatocarcinogenesis, we undertook this
study to characterize the disease states and signal-
ing pathways associated with SULF1 and SULF2
in human HCCs examined using high density oli-
gonucleotide mRNA gene expression analysis. Fur-
ther, we assessed the effects of SULF1 and
SULF?2Z expression on overall patient survival.

MATERIALS AND METHODS

Patient Characteristics of Training and Validation
Datasets

Training dataset

Clinical information and microarray data avail-
able from a previous analysis were used as the
training data set for this study (Lee et al., 2006).
Briefly tumor and adjacent benign tissues from
139 HCC patients undergoing surgical resection
for HCC were obtained from centers in Asia,
Europe, and the United States. The median age
of the individuals was 57 and median follow-up
was 23.4 months; 73.3% were male and 74
patients died during the follow-up period.

Validation dataset

The 36 patients included in the validation
analysis had surgical resection of HCC between
December, 2001 and December 2007 at a single
institution, Keimyung University Dong-San Med-
ical Center, Daegu, Korea. Gene expression
profiling of the HCC tissues and adjacent benign
tissues was performed. The study protocol was
approved by the Institutional Review Board for
the use of human subjects at the Keimyung Uni-
versity School of Medicine, and all participants
provided written informed consent.

Microarray Gene Expression Profiling
Training dataset

RNA from HCC and adjacent benign tissue
from the 139 HCCs was analyzed at the US
National Cancer Institute using the Qiagen
Human Array-Ready Oligo Set (version 2.0),
which contains 70-mer probes for 21,329 genes.
CsCl density-gradient centrifugation was used to
isolate total RNAs from frozen liver tissue. Total
RNA from 19 normal livers were used as the ref-
erence for all microarray experiments. A Cy-5/Cy-
3 dye swap strategy was used as described previ-
ously (Lee et al., 2006). Expression ratios of each
gene (tumor/adjacent benign tissue) were aver-
aged from duplicate experiments. Valid SULF1
and SULF2 expression levels were available in
118 and 139 HCC samples, respectively.

Validation dataset

RNA from HCC and adjacent benign tissue
from 36 patients with HCC was analyzed on the
Illumina gene expression platform. The quality of
total RNA was checked by gel electrophoresis and
RNA concentrations were determined using an
Ultrospec 3100 pro spectrophotometer (Amersham
Bioscience, Buckinghamshire, UK). Biotin-labeled
cRNA samples were prepared for hybridization
according to the recommended sample labeling
procedure: 500 ng of total RNA was used for
cDNA synthesis, followed by an amplication/label-
ing step (in vitro transcription) to synthesize bio-
tin-labeled ¢cRNA using the Illumina® TotalPrep
RNA Amplification kit (Ambion, Austin, TX).
cRNA concentrations were measured by the Ribo-
Green method (Quant-iT™ RiboGreen® RNA
assay kit; Invitrogen-Molecular Probes, ON, Can-
ada) using a Victor’ spectrophotometer (Perki-
nElmer, CT) and cRNA quality was checked on a
1% agarose gel. Labeled, amplified material (1,500
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ng per array) was hybridized to Version 3 of the
[llumina Human-6 BeadChip (48 K) (Illumina, San
Diego, CA). Array signals were developed using
Amersham fluorolink streptavidin-Cy3 (GE Health-
care Bio-Sciences, Little Chalfont, UK) following
the BeadChip manual. Arrays were scanned with
an Illumina BeadArray Reader confocal scanner
(BeadStation 500GXDW; Illumina).

Statistical Analyses
Identification of SULFI and 2 correlated genes

A Pearson correlation comparison was per-
formed comparing gene expression of SULF1 or
SULF2 and each of 21,329 genes available in the
data set for the 139 patients. Correlation coeffi-
cients and two-sided test P values were calcu-
lated under the null hypothesis of no correlation.
The significance level was set at oo < 0.001. The
step up false discovery rate (FDR) was calculated
to adjust for multiple testing. The estimated
FDR for the 0.001 cutoff was 0.02 for SULF1
and 0.01 for SULF2. The analyses were per-
formed using Partek software (http://www.partek.-
com/). Lists of genes that had significant
correlation with SULF1 (P < 0.001) but not with
SULF2 (P > 0.001) were defined as SULF1
unique and genes that had significant correlation
with SULF2 (P < 0.001) but not with SULF1 (P
> 0.001) were defined as SULF2 unique. Lastly,
genes that had significant correlation with both
SULF1 (P < 0.001) and SULF2 (P < 0.001)
were defined as SULF1 and SULF2 shared.

MetaCore pathway analysis

MetaCore  software  (http://www/genego.com/
metacore.php) was used to investigate the diseases
and pathways associated with the SULF1 unique,
SULF2 unique, and SULF1 and SULF2 shared
gene sets. Genes with P < 0.001 were included in
the following analyses using the default Metacore
reference database. Diseases and pathways with
which the SULF correlated genes were associated
more highly than would be expected by chance
were identified. The significance of the association
with each disease or pathway was estimated by
hypergeometric test P value.

Association of SULFI and SULF2 expression with the
hepatoblast phenotype of HCCs

Our previous study of the 139 HCCs identified
a subclass of HCCs with a hepatoblast or progeni-
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tor cell signature, allowing classification of HCCs
into hepatoblast/progenitor cell and mature hepa-
tocyte subtypes (Lee et al., 2006). The associa-
tion between SULF1 and SULF2 expression and
the hepatoblast subtype was examined using
Fisher’s exact test for trend.

Survival Analysis

Of the 139 individuals, 26 (17 underwent liver
transplantation and 9 received palliative treatment)
were not included in the survival analysis. Survival
of the two groups of patients defined by SULF1
expression below versus above the median, and of
the three groups of patients defined by tertiles of
SULF1 expression, lower third, middle third, and
upper third, were compared. Survival probabilities
were estimated using the Kaplan-Meier method
and the differences in the overall survival were
compared using the log rank test.

Validation

Gene expression profiles of 48,803 probes from
36 individual HCC tissue samples and adjacent
benign tissue were obtained. Expression ratios of
each gene (tumor/adjacent benign tissues) were
used for the validation of (1) pathways and dis-
eases associated with SULF1 unique, SULF1
and SULF2 shared, and SULF2 unique gene sets
and (2) the correlation between SULF1 or
SULF2 expression and that of individual genes.

Immunohistochemistry and Immunocytochemistry

Immunohistochemical staining was performed
as previously described (L.ai et al., 2006). Paraf-
fin-embedded blocks of HCC xenografts estab-
lished from empty vector, SULF1, or SULF2
stably transfected Hep3B cells in nude mice were
cut (4 um) and incubated with polyclonal anti-f3-
catenin antibody followed by processing in an
autostainer  (Dako  Corporation) using the
EnVision+ protocol. For immunocytochemistry,
stable Hep3B HCC cell clones transfected with
SULF1, SULF2 or vector control were used as
previously described (Lai et al., 2004b, 2008).
Cells growing in eight-well chamber slides were
fixed with 4% formaldehyde. Slides were incu-
bated in anti-B-catenin antibody (mAb, 1:200) for
1 hr at room temperature, followed by incubation
with Anti-mouse Alexa 488 (Invitrogen) for 1 hr
at room temperature. Slides were mounted with
DAPI and observed using a confocal microscope

(Zeiss LSM-510) as described (Lai et al., 2004b).
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*SULF1 unique (n=320)
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Top 10 diseases

1. Aortic Aneurysm 1. Liver Diseases 1. Amyloid Neuropathies, Familial

2. Aortic Diseases 2. Pathologic Processes 2. Carcinoma, Hepatocellular

3. Aneurysm 3. Adenocarcinoma 3. Amyloid Neuropathies

4. Oligodendroglioma 4. Neoplasms by histologic type 4. Carcinoma

5. Aortic Aneurysm, Thoracic 5. Cerebrovascular Disorders 5. Neoplasm, Glandular and Epithelial
6. Aortic Aneurysm, Abdominal 6. Neoplasm, Glandular and Epithelial 6. Neoplasms by Site

7. Papilloma, Intraductal 7. Carcinoma 7. Alzheimer disease, early onset

8. Herpesviridae Infections 8. Liver Neoplasms 8. Lewy Body Disease

9. Crohn Disease 9. Vascular Diseases 9. Calculi

10. Sarcoma, Kaposi 10. Fibrosis 10. Liver Neoplasms

Top 10 signaling pathways

1. Cytoskeleton remodeling_TGF_Wnt and 1. Cell adhesion_Chemokines and adhesion 1. Development_PIP3 signaling in
cytoskeletal remodeling 2. Cell adhesion _Extracellular matrix cardiac myocytes

2. Cell adhesion_Chemokines and adhesion remodeling 2. Development_IGF-1 receptor signaling

3. Cytoskeleton remodeling_cytoskeleton 3. Blood coagulation-Blood coagulation 3. Cytoskeleton remodeling_Reverse
remodeling 4. Cytoskeleton remodeling_TGF_Wnt and signaling by ephrin B

4. Cytoskeleton remodeling_Regulation of cytoskeletal remodeling 4. Signal transduction_cAMP signaling
actin cytoskeleton by Rho GTPases 5. Cytoskeleton remodeling_cytoskeleton 5. Apoptosis and survival_nAChR in

5. Immune response_IL-17 signaling remodeling apoptosis inhibition and cell cycle
pathways 6. Regulation of metabolism_Bile acids progression

6. Cytoskeleton remodeling_CDC42 in regulation of glucose and lipid metabolism 6. Translation _Regulation activity of
cellular processes via FXR EIF4F

7. Immune response_|IL-7 signaling in B 7. Cytoskeleton remodeling_Regulation 7. Cell adhesion_Plasmin signaling
lymphocytes of actin cytoskeleton by Rho GTPases 8. Development_Notch signaling Pathway

8. Cell adhesion _Extracellular matrix 8. Cytoskeleton remodeling_Integrin outside- 9. Transcription_CREB pathway
remodeling in signaling 10. Butanoate metabolism

9. Development_Slit-Robo signaling 9. Development_TGF-beta-dependent

10. Cell adhesion_Role of tetraspanins in the induction of EMTvia RhoA, PI3K and ILK.

integrin-mediated cell adhesion

10. Cell adhesion_Integrin-mediated cell

adhesion and migration

Figure 1. Diseases and pathways associated with SULF correlated
genes. Genes included in SULFI unique, SULF2 unique, SULFI and
SULF2 shared were identified using Partek Software and diseases and
pathways associated with individual list of genes were selected using
Metacore Software and sorted by ascending order of P value. *The
SULFI unique included genes that had significant correlation with
SULFI (P < 0.001) but not with SULF2 (P > 0.001). **The SULFI
and SULF2 shared included genes that had significant correlation with
SULFI (P < 0.001) and SULF2 (P < 0.001). ** The SULF2 unique

RESULTS

Genes Correlated with SULF mRNA Expression

A total of 983 and 2,486 genes were correlated
with SULF1 and SULF2, respectively, while 663
genes were correlated with both SULF1 and
SULF2, at a P value <0.001 (Fig. 1). The expres-
sion of SULF1 and SULF2 were significantly corre-
lated with each other, with a correlation coefficient
of 0.41 (P = 3.8E-06) (Fig. 2). Table 1 shows the list
of the top 40 genes included in the SULF1 and 2
shared gene set, selected by P value and ranked by »
value of correlation with either SULF1 or SULF2
from highest to lowest. Lists of the top 40 genes in
the SULF1 unique and SULF2 unique groups are
provided as Supporting Information Tables 1 and 2.

included genes that had significant correlation with SULF2 (P <
0.001) but not with SULFI(P > 0.001). P value for diseases ranges
from 5.7E-12 to 7.2E-07 and P value for pathways ranges from |.6E-
08 to 1.3E-03 in SULFI unique gene set. P value for disease ranges
from 4.0E-23 to 9.9E-20 and P value for pathways ranges from 7.6E-
14 to 6.7E-06 in SULFI and SULF2 shared gene set. P value for dis-
ease ranges from 5.7E-09 to 6.9E-07 and P value for pathways ranges
from 2.1E-06 to |.5E-04 in SULF2 unique gene set.

Periostin (POSTN), which is associated with the
epithelial-mesenchymal transition (EM'T) and extra-
hepatic recurrence of HCC, had the highest positive
correlation with SULF1. IQGAP1, which encodes a
key regulator of cell adhesion and migration, had
the third highest positive correlation with SULF2
while IQGAP2 had the second highest inverse corre-
lation with SULF2. HNF4A, the major transcrip-
tional regulator of hepatocellular differentiation, had
the highest inverse correlation with SULF2.
TGFB1, and multiple additional TGFB regulated
genes, most of which have been implicated in the
EMT or in cell adhesion, migration, invasion, metas-
tasis or angiogenesis, also had highly significant posi-
tive correlations with both SULF1 and SULF2.
These genes include CDK2AP1, COLGA3,

Genes, Chromosomes & Cancer DOI 10.1002/gcc
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SULF2 =
log 2 fold change r=o4
(tumor/benign) p = 3.8E-06
.
L] . )
L 1 : s .
. * SULF1
log 2 fold change

(tumor/benign)

Figure 2. Correlation between SULF| and SULF2 expression (log
2 tumor/benign expression ratio). The ratios of SULF expressions in
tumor versus adjacent benign tissues were expressed as log 2 fold
changes and their correlation was demonstrated in a scatter plot.

COL1A2, COL6A2Z, Lumican (LUM), collagen
binding protein 2 (SERPINH1), tissue inhibitor of
metalloprotease-1 (TIMP1), tissue inhibitor of met-
alloprotease-2 (TIMP2), filamin A (FLLNA), and
vimentin (VIM).

Diseases Associated with SULF Correlated Genes

The top 10 diseases that were most highly asso-
ciated with SULF1 unique, SULF1 and SULF2
shared, and SULF2 unique gene sets are shown in
Figure 1. Five of the 10 disease entities most
highly associated with the SULF1 and SULF?2
shared gene set were neoplasms and liver neo-
plasm was the eighth most significant disease.
SULF1 unique genes were associated with dis-
eases involving connective tissues and blood ves-
sels, while, in contrast, SULF2 unique genes were
still associated with neoplasms, including HCC,
neuropathies, and dementia. Table 2 shows the list
of known HCC-associated genes whose expression
is significantly correlated with SULF1 or SULF2
in HCCs at the P < 0.0001 level of significance (»
> 0.5 or » < —0.5 for either SULF1 or SULF2).
The gene lists are almost identical and include
genes involved in cell adhesion, extracellular ma-
trix (ECM) and cytoskeletal remodeling pathways.
Several of the genes, including TGFB1 and VIM,
are associated with the EMT, a key phenotypic
process in cancer that is associated both with the
cancer stem cell phenotype and with tumor inva-
sion and metastasis.

Pathways Associated with SULF Correlated Genes

Next, we explored the molecular signaling

pathways associated with SULF1 and SULF?2
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expression (Fig. 1). The cell adhesion (chemo-
kines, extracellular matrix remodeling, and integ-
rin-related cell adhesion and remodeling),
cytoskeleton remodeling (TGFB, Wnt, regulation
of actin cytoskeleton by Rho GTPases, and integ-
rin outside-in signaling), blood coagulation, bile
acid regulation of glucose and lipid metabolism,
and TGF-beta-dependent induction of EMT via
RhoA, PI3K and ILK (Supporting Information
Fig. 1) were the pathways most highly associated
with the SULF1 and SULF2 shared gene sets.
Pathways associated with the SULF1 unique
gene set included cytoskeleton remodeling
(TGFB, Wnt, regulation of actin cytoskeleton by
Rho G'TPases and CDC42), cell adhesion (che-
mokines and extracellular matrix remodeling),
immune response (I1.-17 and 11.-7 signaling), and
Slit-Robo signaling in development. Several path-
ways involved in developmental signaling, cell
cycle progression, transcriptional, and translational
regulation were associated with SULF2 unique
genes.

Recent results have suggested that both
SULF1 and SULF?2 activate Wnt pathway signal-
ing in cancer, including pancreas cancer and
HCC (Nawroth et al.,, 2007; Lai et al., 2010;
Lemjabbar-Alaoui et al., 2010). There is also evi-
dence suggesting that both SULF1 and SULF2
are transcriptionally regulated by TGFB (Yue
et al., 2008). Given the association of SULF1 and
SULF2 expression with the TGFB, Wnt cytos-
keletal remodeling pathway, we therefore exam-
ined the correlations between SULF1, SULF2,
and Wnt and TGFp pathway molecules. Table 3
shows the list of SULF1 or SULF2 correlated
genes that are associated with the cytoskeletal
remodeling, TGFB, and Wnt pathways (P <
0.0001). Examination of the list of pathway genes
significantly correlated with expression of SULFs
reveals several cancer-associated genes and path-
ways, including TGFB1, PLAU, PLAUR, AKT3,
and TP53. Cancer phenotypes associated with
these genes include the EMT, the cancer stem
cell compartment, and cancer cell invasion and
metastasis.

We next investigated the effect of SULF1 and
SULF2 on PB-catenin expression and localization
in HCC cells. Figure 3 shows that both SULFs
increase expression of cellular B-catenin in
Hep3B cells. Control transfection with an empty
plasmid vector shows a lower level of B-catenin
staining. In experiments examining Hep3B xeno-
grafts in nude mice, SULF1 and SULF2 both
increased the expression of B-catenin. However,
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TABLE 2. List of HCC-Associated Genes Correlated with SULFI or SULF2 Expression

Gene symbol Protein name SULFI SULF2
TIMP2 Metalloproteinase inhibitor 2 0.52 0.71
HK Hexokinase | 047 0.66
COL6A3 Collagen alpha-3(VI) chain 0.63 0.65
COLIA2 Collagen alpha-2(l) chain 0.64 0.58
SI100A6 Protein S100-A6é 0.54 0.64
TGFBI Transforming growth factor beta-| 0.63
GSTPI Glutathione S-transferase P 0.42 0.62
F2R Proteinase-activated receptor | 0.58 0.52
VIM Vimentin 0.49 0.58
THYI Thy-1 membrane glycoprotein 0.58 0.45
SPARC Proliferation inducing protein 0.58 0.42
KRTI9 Keratin, type | cytoskeletal 19 0.58
LGALSI Galectin-| 0.54 0.57
PDGFRA Alpha-type platelet-derived growth factor receptor 0.57
ETSI Protein C-ets-1 0.39 0.56
GMNN Geminin 0.55 0.55
COL4AlI Collagen alpha-1(IV) chain 0.48 0.55
PLAU Urokinase-type plasminogen activator 0.54 0.50
CXCR4 C-X-C chemokine receptor type 4 0.45 0.53
SI00A 14 S100 calcium binding protein Al4 0.53 0.43
CYR6I Cysteine-rich angiogenic inducer 0.53 0.40
FKBP10 FK506-binding protein 10 0.53
TPM4 Tropomyosin alpha-4 chain 0.47 0.52
BASPI Brain acid soluble protein | 0.42 0.51
LAPTMS5 Lysosomal protein transmembrane 5 051 0.42
JAGI Jagged | 0.50
Pro2086 Transferrin —0.52
ABCC2 Canalicular multispecific organic anion transporter | —0.52

SULFI or SULF2 correlated genes (P < 0.0001 and r > 0.5 or <—0.5) associated with HCC were generated from Metacore software.

expression of SULF1 and SULF2 in the sulfat-
ase-negative Hep3B cells induce different pat-
terns of P-catenin localization; B-catenin staining
was more prominent in the cell membrane in
SULF1 transfected cells while cytosolic and nu-

clear B-catenin staining was predominant in
SULF2 transfected cells.

Association Between SULFI and SULF2
Expression, the Hepatoblast Phenotype, and
Patient Survival

Twenty-one (15%) of the 139 HCCs examined
had a gene expression pattern consistent with the
hepatoblast subtype of HCCs (Lee et al., 2006).
Because of the association between SULFs and
EMT-associated pathways, and the several hepa-
toblast/stem/progenitor cell related genes, such as
'TGFB1, vimentin (VIM), and periostin (POSTN)
in the list of genes correlated with SULF1 and
SULF2 expression, we examined the association
of SULFs with the mature hepatocyte and hepa-
toblast/progenitor cell phenotypes. Only 5% or
less of HCCs within the lower tertiles of SULF1
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or SULF2 expression had a gene expression pat-
tern consistent with the hepatoblast phenotype.
This proportion increased as SULF expression
increased to over 30% of HCCs in the highest
tertile of SULF expression (Fig. 4; P trend =
0.0001 for both SULF1 and SULF2). Of note, 5
and 7 of the 10 HCCs with the highest SULF1
and SULF2 expression, respectively, were of the
hepatoblast subtype of HCC.

As SULF1 has a tumor suppressor effect in
liver cancer cells, while paradoxically high
SULF1 expression was associated with the poor
prognosis hepatoblast subtype of HCC, we
explored the association of SULF1 expression
with patient survival. The expression levels of
SULF1 and SULF2 were higher in tumor than
adjacent benign tissues in more than two thirds
and half of the samples, respectively (Figs. 5A
and 5B). When we examined the survival of
patients with tumor SULF1 expression classified
into two groups, survival of patients with SULF1
expression below the median was not different
than that of those with SULF1 expression above
the median (Fig. 5C). However, when patients
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TABLE 3. List of Cytoskeleton Remodeling, Wnt, TGFB Pathway-Associated Genes Correlated with SULFI or SULF2 Expression

r

Gene symbol Protein name SULFI SULF2
ACTA2 Actin, aortic smooth muscle 0.65 0.44
TGFBI Transforming growth factor beta-| 0.63
LAMBI Laminin subunit beta-| 0.61
VCL Vinculin 0.39 0.56
COL4AI Collagen alpha-1(IV) chain 0.48 0.55
PLAU Urokinase-type plasminogen activator 0.54 0.50
PLAUR Urokinase plasminogen activator surface receptor 0.52 0.39
AKT3 RAC-gamma serine/threonine-protein kinase 0.49
ARPCIB Actin-related protein 2/3 complex subunit |B 0.48 0.40
FZDI Frizzled-1 0.46
MSF Septin 9 0.43
DSTN Destrin 0.43

COL4A2 Collagen alpha-2(IV) chain 0.42 0.42
BCARI Breast cancer anti-estrogen resistance protein | 0.42
ACTNI Actin alpha | 0.38 0.41
PIK3CD Phosphoinositide-3-kinase 0.41
CFLI Cofilin-1 0.41
KRAS2 k-ras p2| protein 0.39
TP53 Cellular tumor antigen p53 0.38
ACTGI Actin, cytoplasmic 2 0.37 0.37
LIMKI LIM domain kinase | 0.37 0.35
LIMK2 LIM domain kinase 2 0.37

RACI Ras-related C3 botulinum toxin substrate | 0.37

ARPC2 Actin-related protein 2/3 complex subunit 2 0.36
ARPC3 Actin-related protein 2/3 complex subunit 3 0.35
MAPK13 Mitogen-activated protein kinase |3 0.35
MMP7 Matrilysin 0.32

RHEB GTP-binding protein Rheb —0.32
PLG Plasminogen —0.35
ZFYVE9 Novel serine protease —0.36

CFL2 Cofilin-2 —0.38

PIK3RI1 Phosphatidylinositol 3-kinase regulatory subunit alpha —0.44

SULFI or SULF2 correlated genes (P < 0.0001) associated with cytoskeleton remodeling, Wnt, TGF beta pathway were generated from Metacore

software.

were classified into tertiles by SULF1 expression,
high or low SULF1 expression was associated
with poor survival whereas patients with interme-
diate (mid) SULF1 expression had better survival
(Fig. 5D). Our previous study has shown that sur-
vival of patients with high SULF2 expression is
significantly worse than that of patients with low
SULF2 expression (Lai et al., 2008).

Validation of Training Set Results Using the
Validation Microarray Dataset

For validation of the training set results using
the validation data set, we selected six genes for
examination; these were POSTIN, the gene with
the highest correlation with SULF1 which has
been shown to upregulate the expression of
EMT marker genes and be associated with extra-
hepatic recurrence of HCC; HNF4A, a gene with

the highest negative correlation with SULF2
which is the major transcriptional driver of liver
differentiation; IQGAP1, the oncogenic RAC1 ac-
tivator which is a key regulator of cell adhesion
and migration; IQGAP2, which appears to func-
tion as a tumor suppressor, counteracting the
effect of IQGAP1; TGFB1, which is a major
driver of the EM'T and is likely the main inducer
of the SULF1 and SULF2 shared gene expres-
sion set; and VIM, a well known marker of the
EMT. Since the six genes of interest (POSTN,
HNF4A, IQGAP1, IQGAP2, TGFBI1, and VIM)
are known to play important roles in carcinogene-
sis and their associations with SULF1 and
SULF2 were biologically plausible, the correla-
tions between SULF1 or SULF2Z and the six
genes were examined in a validation HCC data-
set (Table 4). Associations between the SULFs
and the six genes were confirmed and were
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[}-catenin

Hep3B Vector

Figure 3. P-catenin expression pattern in HCC cells and HCC
xenografts stably expressing SULFI or SULF2. A, B, and C show
immunocytochemical staining of B-catenin by confocal microscopy.
(A) Hep3B cells stably transfected with Vector control; (B) Hep3B
cells stably transfected with SULFI; (C) Hep3B cells stably trans-

significant, except for the association between
SULF1 and HNF4A, and SULF2 and both
IQGAPs, which showed the expected trends
without statistical significance.

Similar to the training dataset, three of the ten
most significant diseases associated with the
SULF1 and SULF2 shared gene set were malig-
nancies. The SULF1 unique genes were associ-
ated with vascular or connective disease (9 out of
10 most significant diseases) while the SULF2
unique gene set had strong associations with neo-
plasms (6 of the 10 most significant diseases) and
connective tissue diseases (Supporting Informa-
tion Fig. 2).

When considering the broader associations of cell
signaling pathways with SULF1 and SULF2 shared
gene sets in the validation dataset, cell adhesion
(cell-matrix interactions), development (skeletal
muscle, cardiac—Wnt/B-catenin, NOTCH, VEGF,
IP3 and integrin-mediated, angiogenesis, hedgehog
signaling, and ossification and bone remodeling),
Wnt signal transduction, muscle contraction, inter-
feron gamma signaling in inflammation, and connec-
tive tissue proteolysis were the most significant
associated pathways. Similar to the training dataset,
cell adhesion (ECM remodeling, chemokines, cell-
matrix glycoconjugates, and integrin signaling), cyto-
skeleton remodeling (TGF and Wnt signaling),
development (EDG5 and EDGS3, Slit-Robo, and
Hedgehog and PTH signaling), and blood coagula-
tion were highly associated with the SULF1 unique
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fected with SULF2. D, E, and F show [-catenin immunohistochemical
staining of Hep3B-derived xenografts in nude mice. (D) Vector con-
trol; (E) SULFI; (F) SULF2. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 4. The association of SULFI and SULF2 with the mature
hepatocyte and hepatoblast/progenitor cell phenotypes. Patients were
classified into tertiles by SULFI and SULF2 expression and the associ-
ation of SULFI and SULF2 with the mature hepatocyte and hepato-
blast/progenitor cell phenotypes were tested by Fisher’s exact test
for trend.

gene set, while several receptor signaling pathways,
including IGF-1, G-protein signaling, and PDGF
signaling as well as translational regulation were sig-
nificant pathways associated with the SULF2
unique gene set (Supporting Information Fig. 2).

DISCUSSSION

In the present study, we show that the ex-
pression of the heparan sulfate proteoglycan
endosulfatases SULF1 and SULF2 are strongly
correlated in  HCCs. SULF1 and SULF2
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Figure 5. Association between the SULFI and SULF2 expression
and overall survival. (A) The ratios of SULFI expression in tumor
versus adjacent benign tissues were expressed as log 2 fold
changes. (B) The ratios of SULF2 expression in tumor versus adja-
cent benign tissues were expressed as log 2 fold changes. The fig-
ure was modified from Lai et al. (2008). (C) Overall survival
proportion of individuals with SULFI expression below the median
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were compared to those with SULFI expression above the median
by log rank test. (D) Patients were classified into tertiles by
SULFI expression and survival of individuals with medium SULFI
expression and low or high SULFI expression compared using the
log rank test. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE 4. Correlation Between SULFs and POSTN, HNF4A, IQGAPs, TGFBI, and VIM in the Training and Validation Dataset

Training dataset

Validation dataset

SULFI SULF2 SULFI SULF2
r P r r P r P

SULF2 0.41 3.88E-06 | 0.43 0.00871 | 0
POSTN 0.72 9.22 E-17 0.48 2.42-07 0.76 9.04 E-08 0.57 3.03 E-04
HNF4A —0.40 7.91E-06 —0.64 5.27E-17 -0.18 0.27315 —0.48 0.00287
IQGAPI 0.48 3.29E-08 0.68 1.38E-20 0.39 0.01586 0.21 0.2138l1
IQGAP2 —0.35 8.97E-05 —0.57 8.62E-14 —-0.50 0.00152 -0.27 0.10419
TGFBI 0.33 2.57E-04 0.62 |.63E-16 0.37 0.02633 0.34 0.03771
VIM 0.49 |.40E-08 0.58 7.29E-14 0.51 0.00137 0.33 0.04540

correlated genes had strong associations with neo-
plasms, including HCC, and with cell adhesion,
chemokine, extracellular matrix, cytoskeletal
remodeling, TGFB, and WNT pathways. High
expression of both SULFs was associated with
the hepatoblast phenotype. Patients with inter-
mediate (mid) SULF1 or low SULF2 expression
had the best survival.

A significant number of the SULF1 and
SULF2 correlated genes were overlapping (Fig.
1). The result is not surprising given the struc-
tural and functional similarity between SULF1
and SULF2. Five of ten diseases that were asso-
ciated most highly with SULF1 and SULF2
shared gene sets were neoplasms, which high-
lights the roles of the SULFs in carcinogenesis.
In contrast to the SULF1 unique gene set, the
SULF2 unique gene set was highly associated

with neoplastic processes. Similar trends were
also observed in the validation data set.

A number of publications have now associated
SULF1 and SULF2 with multiple cellular signal-
ing pathways, suggesting that they affect or are
associated with a wide range of important cellular
functions. Molecules and pathways associated
with the SULFs include multiple receptor tyro-
sine kinases (Lai et al., 2004b, 2008), angiogene-
sis (Narita et al.,, 2006; Uchimura et al., 2006;
Fujita et al, 2010), Wnt/B-catenin (Nawroth
et al., 2007; Lai et al., 2010), hedgehog (Danesin
et al., 2006), bone morphogenetic protein (Viv-
iano et al., 2004), TGFB (Yue et al., 2008), and
TP53 (Chau et al., 2009). We have shown that
SULF1 and SULF2 have opposing effects in
liver cancer cell lines, particularly mediated by
effects on signaling by receptor tyrosine kinases
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such as FGF2, HGF, and HB-EGF (Lai et al,
2003, 2004b, 2008). SULF1 has been shown to
inhibit receptor tyrosine kinase signaling, presum-
ably by desulfating heparan sulfate proteoglycan
coreceptors that are required for receptor tyrosine
kinase signaling while SULF2 activates receptor
tyrosine kinase signaling by desulfating RTK-spe-
cific sulfate moieties of storage type heparan sul-
fate proteoglycans, resulting in release of growth
factors from extracellular stores and increasing
the binding of growth factors to their receptors.
In contrast, SULF1 and SULF2 both activate
Wnt signaling presumably by desulfating Wnt-
specific sulfate moieties of storage type heparan
sulfate proteoglycans, resulting in release of Wnt
ligands from extracellular stores and increasing
the binding of Wnts to their Frizzled receptors
(Dhoot et al., 2001; Ai et al., 2003; Nawroth
et al.,, 2007). To further comprehensively exam-
ine the cellular signaling programs coordinately or
oppositely regulated by SULF1 and SULF2, we
examined the gene expression signatures that cor-
relate with SULF1 and SULF2 expression in
HCC. We reasoned that this analysis would iden-
tify critical pathways involved in SULF1 and
SULF2-mediated effects and identify potential
target molecules and pathways for further exami-
nation in vitro and in vivo. The cell adhesion,
blood coagulation and TGFB-Wnt-cytoskeletal
remodeling pathways were most significantly
associated with SULF expression. This is consist-
ent with studies from our group and others associ-
ating the SULFs with the Wnt and TGFB
pathways, and confirms a profound association
worthy of more detailed exploration. Aberrant
activation of the Wnt pathway is common in hep-
atocarcinogenesis, as was recently shown in a
meta-analysis of eight independent gene profiles
in which one of three HCC subtypes was charac-
terized by Wnt pathway activation (Hoshida
et al., 2009). Recent results from our group have
shown that SULF2 activates the oncogenic Wnt
signaling pathway (Lai et al, 2010). Here we
show that although both SULF1 and SULF?2
increase B-catenin expression in HCC cells,
SULF1 primarily induces membrane expression,
while nuclear staining is prominent in SULF2
transfected cells. These differences in SULF1
and SULF2-mediated localization of -catenin
and their functional consequences remain to be
further investigated.

There was a significant association between
SULFs and genes and pathways associated with
the dedifferentiated phenotype. For example,
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HNF4A had the strongest inverse correlation
with SULF2 expression in the entire set of
genes in the training data set. HNF4A plays an
important role in the regulation of hepatocyte
differentiation and prevention of the EMT.
Down-regulation of HNF4A is associated with a
dedifferentiated HCC phenotype and tumor pro-
gression while up-regulation of HNF4A restores
the differentiated phenotype of tumors with less
invasive features (Lazarevich et al.,, 2004; Yin
et al, 2008). A recent study has shown that
expression of HNF4A prevented tumor progres-
sion and metastatic tumor formation in a mouse
model (Yin et al., 2008). Interestingly, forced
expression of HNF4A dramatically decreased the
B-catenin level in HepG2 cells, suggesting a reg-
ulatory role of HNF4A on Wnt/B-catenin pathway
activation in HCCs (Yin, et al., 2008). Although,
there has been no rigorous evaluation of the rela-
tionship between SULF2 and HNF4A, SULF2
does have an HNF4A binding site at position 702
in the upstream promoter region. Taken together,
these results suggest a regulatory role of HNF4A
on SULF2 expression. What is as yet unclear is
whether SULF2 is upstream or downstream of
the Wnt/B-catenin pathway in HNF4A regulation
of the HCC phenotype. Strong correlations were
also found between both SULF1 and SULF2 and
TGFB1, VIM, and POSTN expression. TGFB1
has both tumor suppressive and oncogenic prop-
erties. The tumor suppressor function of TGFB
is mainly mediated by growth inhibitory and pro-
apoptotic early responses while the oncogenic
function is mediated by Wnt pathway activation,
which promotes the epithelial to mesenchymal
transition (EMT) and tumor cell invasion and
metastasis (Benetti et al., 2008; Battaglia et al,
2009; Hoshida et al., 2009; Mishra et al., 2009).
Exposure to oncogenic stimuli shifts TGFB sig-
naling from tumor suppression to oncogenesis
(Battaglia, et al., 2009; Murata et al., 2009). More
recently, a proportion of progenitor cell subtype
HCCs has been shown to express a late TGFB
gene expression signature which is associated
with progression and a poor outcome in HCCs
(Coulouarn et al., 2008).To the best of our knowl-
edge, only one study has investigated the rela-
tionship between SULFs and TGFB, showing
that TGFB1 up-regulates SULF1 expression in
normal human lung fibroblasts and in mice
treated with adenovirus encoding active TGFB1
(Yue et al., 2008). Increased SULF2 was also
observed in mice treated with adenovirus encod-

ing active TGFB1 (Yue et al., 2008). VIM is a
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member of the intermediate filament protein
family, is a well known mesenchymal marker that
is involved in the epithelial-mesenchymal transi-
tion, and regulates cancer invasiveness and me-
tastasis in HCC (Hu et al., 2004). POSTN had
the highest positive correlation and tenth highest
correlation with SULF1 in the training and vali-
dation data sets, respectively. Although the role
of POSTN is not well known in HCC, one study
has shown that POSTN expression was associated
with extrahepatic recurrence of HCC (lizuka
et al.,, 2006). POSTN is known to interact with
multiple cell-surface receptors and pathways to
promote cancer cell survival, epithelial-mesenchy-
mal transition (EM'T), invasion, and metastasis
(Ruan et al., 2009; Hong et al., 2010). Addition-
ally, IQGAP1 and IQGAP2Z had the third strong-
est positive and the second strongest negative
correlations with SULF2 in the training data set.
The IQGAPs also integrate various signaling
pathways such as calcium/calmodulin, BRA, and
CDC42 signaling (Ho et al, 1999; Ren et al,
2008). IQGAP1 is known to activate MAPK sig-
naling and the Wnt/B-catenin pathway, enhancing
cell migration and proliferation and impairing
cell-cell adhesion (Kuroda et al., 1998; Briggs
et al, 2002; Mataraza et al., 2003; Roy et al,
2004, 2005; Schmidt et al., 2008; Wang et al,
2008; Zhou et al., 2009). IQGAP2 is a component
of a multifunctional scaffolding complex with
IQGAP1, B-catenin, and E-cadherin in normal
hepatocytes. Loss of IQGAP2 appears to activate
the Wnt/B-catenin pathway (Schmidt et al., 2008).
There have been no reports of the association
between SULF and IQGAP expression. No pre-
vious studies have identified the association
between SULFs and VIM, POSTN, IQGAPs.
Further investigation of the functional association
between TGFBI1, vimentin, POSTN, IQGAPs,
and SULFs in human HCC is clearly needed.
We next analyzed the association between
expression of the SULFs and the hepatoblast/pro-
genitor cell phenotype. Lee et al. (2006) previ-
ously classified HCCs into two subclasses based
on similarity to a fetal hepatoblast/progenitor cell
gene expression pattern. Individuals with HCCs
that have a hepatoblast gene expression pattern
had poor survival compared with those with a
mature hepatocyte gene expression profile (Lee
et al., 2006). Figure 4 demonstrates the increasing
proportion of hepatoblast phenotype HCCs as the
expression of SULF1 and SULF2 increases.
Recent studies have also shown that Wnt path-
way activation is important for maintaining cancer

cells with stem cell-like progenitor features (Mis-
hra et al., 2009; Yamashita et al.,, 2009). The
strong association between SULF1 and SULF?2
expression, EM'T associated genes, the hepato-
blast phenotype of HCC, and the Wnt/B-catenin
pathway suggest that SULFs may modulate the
Wnt/B-catenin pathway and thus promote the
EMT process. It remains to be validated with
experiments whether SULF1 and SULF2 are
directly involved in the EMT process through
Wnt pathway activation in human HCCs.

We have been intrigued by the apparently par-
adoxical effects of SULF1 and SULF2Z in HCC
cell lines and human HCGCs. In established cell
lines, SULF1 has a tumor suppressor effect that
appears to be mediated by inhibition of heparan
sulfate-dependent receptor tyrosine kinase signal-
ing both in vitro and in in vivo mouse xenografts
(Lai et al., 2004b, 2006). In contrast, SULF2 has
an oncogenic effect on cell lines, both in vitro
and in vivo which is at least partly mediated by
activation of receptor tyrosine kinase signaling
(Lai et al., 2008). Contrary to the demonstrated
function of SULF1 as a tumor suppressor in
HCC cell lines, expression of SULF1 is mostly
higher in HCC than in adjacent benign tissues
and approximately a third of HCCs express
SULFT1 at high levels greater than 1.5x the level
in adjacent benign tissue (log 2 of 1.5 = 0.59;
upper dotted horizontal line on Fig. 4A). In addi-
tion, as shown above, nearly 40% of patients with
high tumor SULF1 expression have the hepato-
blast phenotype of HCC, which has relatively
poor survival (Lee et al., 2006).

We therefore explored the association of
SULF1 and SULF2 expression in human HCCs
with patient survival. This examination revealed
the striking observation that the disparate effects
of SULF1 on receptor tyrosine kinase (inhibition)
and WN'T pathway (promotion) may be reflected
in a bimodal effect on patient survival, with low
SULF1 abrogating the tumor suppressor effect of
SULF1 on receptor tyrosine kinase signaling and
leading to worse patient survival and high
SULF1 promoting the oncogenic effect of
SULF1 via EMT and also resulting in worse
patient survival. Patients with mid SULF1
expression therefore have a better survival than
those with either high or low SULF1 expression.
In contrast to SULF1, SULF2 appears to have a
unimodal effect in HCC, causing activation of
both the receptor tyrosine kinase and WN'T" path-
ways so that elevated SULF2 expression is asso-
ciated with a worse patient outcome, both in
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probability of recurrence and overall survival (Lai
et al., 2008).

In summary, SULF1 and SULF2 appear to
have complex roles in the regulation of cell sig-
naling in HCGCs. There is substantial functional
similarity in modulating cell adhesion, ECM
remodeling, and WN'T pathways. On the other
hand, SULF2 appears to be associated with neo-
plastic processes independent of SULFI1. The
complete elucidation of the mechanistic bases for
these effects could have substantial value in pro-
viding the rationale for strategies for targeting
SULF1 and SULF2 or their associated molecules
and pathways in treatment of HCC. It is perhaps
already instructive that the heparan sulfate mi-
metic agent PI-88, which has been in clinical tri-
als for treatment of HCC, was initially thought to
have its primary mechanism of action as a hepara-
nase inhibitor, but has been shown recently to
have a profound inhibitory effect on SULF1 and
SULF2 activity (Hossain et al., 2010). Newer and
perhaps more selective agents currently in devel-
opment may enhance our ability to target these
enzymes in cancer (Dredge et al., 2010).

REFERENCES

Ai X, Do AT, Lozynska O, Kusche-Gullberg M, Lindahl U,
Emerson CP, Jr. 2003. QSulfl remodels the 6-O sulfation
states of cell surface heparan sulfate proteoglycans to promote
Wht signaling. ] Cell Biol 162:341-351.

Battaglia S, Benzoubir N, Nobilet S, Charneau P, Samuel D,
Zignego AL, Athi A, Brechot C, Bourgeade MF. 2009. Liver
cancer-derived hepatitis C virus core proteins shift TGF-beta
responses from tumor suppression to epithelial-mesenchymal
transition. PL.oS One 4:¢4355.

Benetti A, Berenzi A, Gambarotti M, Garrafa E, Gelati M, Dessy
E, Portolani N, Piardi T, Giulini SM, Caruso A, Invernici G,
Parati E, Nicosia R, Alessandri G. 2008. Transforming growth
factor-betal and CD105 promote the migration of hepatocellu-
lar carcinoma-derived endothelium. Cancer Res 68:8626-8634.

Briggs MW, Li Z, Sacks DB. 2002. IQGAP1-mediated stimulation
of transcriptional co-activation by beta-catenin is modulated by
calmodulin. ] Biol Chem 277:7453-7465.

Chau BN, Diaz RL, Saunders MA, Cheng C, Chang AN, Warr-
ener P, Bradshaw ], Linsley PS, Cleary MA. 2009. Identification
of SULF2 as a novel transcriptional target of p53 by use of
integrated genomic analyses. Cancer Res 69:1368-1374.

Coulouarn C, Factor VM, Thorgeirsson SS. 2008. Transforming
growth factor-beta gene expression signature in mouse hepato-
cytes predicts clinical outcome in human cancer. Hepatology
47:2059-2067.

Dai Y, Yang Y, MacLeod V, Yue X, Rapraeger AC, Shriver Z,
Venkataraman G, Sasisekharan R, Sanderson RD. 2005. HSulf-1
and HSulf-2 are potent inhibitors of myeloma tumor growth in
vivo. ] Biol Chem 280:40066-40073.

Danesin C, Agius E, Escalas N, Ai X, Emerson C, Cochard P,
Soula C. 2006. Ventral neural progenitors switch toward an oli-
godendroglial fate in response to increased Sonic hedgehog
(Shh) activity: Involvement of Sulfatase 1 in modulating Shh
signaling in the ventral spinal cord. ] Neurosci 26:5037-5048.

Dhoot GK, Gustafsson MK, Ai X, Sun W, Standiford DM, Emer-
son CP, Jr. 2001. Regulation of Wnt signaling and embryo pat-
terning by an extracellular sulfatase. Science 293:1663-1666.

Dredge K, Hammond E, Davis K, Li CP, Liu L, Johnstone K,
Handley P, Wimmer N, Gonda T], Gautam A, Ferro V, Bythe-
way 1. 2010. The PG500 series: Novel heparan sulfate mimetics

Genes, Chromosomes & Cancer DOI 10.1002/gcc

as potent angiogenesis and heparanase inhibitors for cancer
therapy. Invest New Drugs 28:276-283.

Fujita K, Takechi E, Sakamoto N, Sumiyoshi N, Izumi S, Miya-
moto T, Matsuura S, Tsurugaya T, Akasaka K, Yamamoto T.
2010. HpSulf, a heparan sulfate 6-O-endosulfatase, is involved
in the regulation of VEGF signaling during sea urchin develop-
ment. Mech Dev 127:235-245.

Ho YD, Joyal JL, Li Z, Sacks DB. 1999. IQGAP1 integrates
Ca2+/calmodulin and Cdc42 signaling. ] Biol Chem 274:464—
470.

Hong L, Sun H, Lv X, Yang D, Zhang ], Shi Y. 2010. Expression
of periostin in the serum of NSCLC and its function on prolif-
eration and migration of human lung adenocarcinoma cell line
(A549) in vitro. Mol Biol Rep 37:2285-2293.

Hoshida Y, Nijman SM, Kobayashi M, Chan JA, Brunet JP,
Chiang DY, Villanueva A, Newell P, Ikeda K, Hashimoto M,
et al. 2009. Integrative transcriptome analysis reveals common
molecular subclasses of human hepatocellular carcinoma. Can-
cer Res 69:7385-7392.

Hossain MM, Hosono-Fukao T, Tang R, Sugaya N, van Kuppe-
velt TH, Jenniskens GJ, Kimata K, Rosen SD, Uchimura K.
2010. Direct detection of HSulf-1 and HSulf-2 activities on
extracellular heparan sulfate and their inhibition by PI-88. Gly-
cobiology 20:175-186.

Hu L, Lau SH, Tzang CH, Wen JM, Wang W, Xie D, Huang M,
Wang Y, Wu MC, Huang JF, Zeng WF, Sham ]S, Yang M,
Guan XY. 2004. Association of Vimentin overexpression and he-
patocellular carcinoma metastasis. Oncogene 23:298-302.

lizuka N, Tamesa T, Sakamoto K, Miyamoto T, Hamamoto Y,
Oka M. 2006. Different molecular pathways determining extra-
hepatic and intrahepatic recurrences of hepatocellular carci-
noma. Oncol Rep 16:1137-1142.

Kalus I, Salmen B, Viebahn C, von Figura K, Schmitz D,
D’Hooge R, Dierks T. 2009. Differential involvement of the
extracellular 6-O-endosulfatases Sulfl and Sulf2 in brain devel-
opment and neuronal and behavioural plasticity. ] Cell Mol
Med 13:4505-4521.

Kuroda S, Fukata M, Nakagawa M, Fujii K, Nakamura T,
Ookubo T, Izawa I, Nagase T, Nomura N, Tani H, Shoji I,
Matsuura Y, Yonehara S, Kaibuchi K. 1998. Role of IQGAP1, a
target of the small G'TPases Cdc42 and Racl, in regulation of
E-cadherin- mediated cell-cell adhesion. Science 281:832-835.

Lai J, Chien ], Staub J, Avula R, Greene EL, Matthews TA,
Smith DI, Kaufmann SH, Roberts LR, Shridhar V. 2003. Loss
of HSulf-1 up-regulates heparin-binding growth factor signaling
in cancer. ] Biol Chem 278:23107-23117.

Lai JP, Chien ], Strome SE, Staub ], Montoya DP, Greene EL,
Smith DI, Roberts LR, Shridhar V. 2004a. HSulf-1 modulates
HGF-mediated tumor cell invasion and signaling in head and
neck squamous carcinoma. Oncogene 23:1439-1447.

Lai JP, Chien JR, Moser DR, Staub JK, Aderca I, Montoya DP,
Matthews TA, Nagorney DM, Cunningham JM, Smith DI,
Greene EL, Shridhar V, Roberts LLR. 2004b. hSulfl Sulfatase
promotes apoptosis of hepatocellular cancer cells by decreasing
heparin-binding growth factor signaling. Gastroenterology
126:231-248.

Lai JP, Yu C, Moser CD, Aderca I, Han T, Garvey TD, Murphy
LM, Garrity-Park MM, Shridhar V, Adjei AA, Roberts LR.
2006. SULF1 inhibits tumor growth and potentiates the effects
of histone deacetylase inhibitors in hepatocellular carcinoma.
Gastroenterology 130:2130-2144.

Lai JP, Sandhu DS, Yu C, Han T, Moser CD, Jackson KK, Guer-
rero RB, Aderca I, Isomoto H, Garrity-Park MM, Zou H, Shire
AM, Nagorney DM, Sanderson SO, Adjei AA, Lee ]S, Thor-
geirsson SS, Roberts LR. 2008. Sulfatase 2 up-regulates glypi-
can 3, promotes fibroblast growth factor signaling, and decreases
survival in hepatocellular carcinoma. Hepatology 47:1211-1222.

Lai JP, Oseini AM, Moser CD, Yu C, Elsawa SF, Hu C, Naka-
mura I, Han T, Aderca I, Isomoto H, Garrity-Park MM, Shire
AM, Li ], Sanderson SO, Adjei AA, Fernandez-Zapico ME,
Roberts LR. 2010. The oncogenic effect of sulfatase 2 in
human hepatocellular carcinoma is mediated in part by glypican
3-dependent Wnt activation. Hepatology 52:1680-1689.

Lamanna WC, Baldwin R], Padva M, Kalus I, Ten Dam G, van
Kuppevelt TH, Gallagher JT, von Figura K, Dierks T, Merry
CL. 2006. Heparan sulfate 6-O-endosulfatases: Discrete in vivo
activities and functional co-operativity. Biochem ] 400:63-73.

Lazarevich NL, Cheremnova OA, Varga EV, Ovchinnikov DA,
Kudrjavtseva EI, Morozova OV, Fleishman DI, Engelhardt NV,
Duncan SA. 2004. Progression of HCC in mice is associated



SULFI AND SULF2 IN HEPATOCELLULAR CARCINOMA 135

with a downregulation in the expression of hepatocyte nuclear
factors. Hepatology 39:1038-1047.

Lee JS, Heo ], Libbrecht L, Chu IS, Kaposi-Novak P, Calvisi
DF, Mikaelyan A, Roberts LR, Demetris AJ, Sun Z, Nevens F,
Roskams T, Thorgeirsson SS. 2006. A novel prognostic subtype
of human hepatocellular carcinoma derived from hepatic pro-
genitor cells. Nat Med 12:410-416.

Lemjabbar-Alaoui H, van Zante A, Singer MS, Xue Q, Wang YQ,
Tsay D, He B, Jablons DM, Rosen SD. 2010. Sulf-2, a heparan
sulfate endosulfatase, promotes human lung carcinogenesis.
Oncogene 29:635-646.

Li ], Kleeff J, Abiatari I, Kayed H, Giese NA, Felix K, Giese T,
Buchler MW, Friess H. 2005. Enhanced levels of Hsulf-1 inter-
fere with heparin-binding growth factor signaling in pancreatic
cancer. Mol Cancer 4:14.

Lum DH, Tan ], Rosen SD, Werb Z. 2007. Gene trap disruption
of the mouse heparan sulfate 6-O-endosulfatase gene, Sulf2.
Mol Cell Biol 27:678-688.

Mataraza JM, Briggs MW, Li Z, Entwistle A, Ridley AJ, Sacks
DB. 2003. IQGAP1 promotes cell motility and invasion. J Biol
Chem 278:41237-41245.

Mishra L, Banker T, Murray ], Byers S, Thenappan A, He AR,
Shetty K, Johnson L, Reddy EP. 2009. Liver stem cells and he-
patocellular carcinoma. Hepatology 49:318-329.

Morimoto-"Tomita M, Uchimura K, Bistrup A, Lum DH, Egeblad
M, Boudreau N, Werb Z, Rosen SD. 2005. Sulf-2, a proangio-
genic heparan sulfate endosulfatase, is upregulated in breast
cancer. Neoplasia 7:1001-1010.

Murata M, Matsuzaki K, Yoshida K, Sekimoto G, Tahashi Y, Mori
S, Uemura Y, Sakaida N, Fujisawa ], Seki T, Kobayashi K,
Yokote K, Koike K, Okazaki K. 2009. Hepatitis B virus X pro-
tein shifts human hepatic transforming growth factor (T'GF)-
beta signaling from tumor suppression to oncogenesis in early
chronic hepatitis B. Hepatology 49:1203-1217.

Narita K, Staub ], Chien J, Meyer K, Bauer M, Friedl A, Ramak-
rishnan S, Shridhar V. 2006. HSulf-1 inhibits angiogenesis and
tumorigenesis in vivo. Cancer Res 66:6025-6032.

Narita K, Chien ], Mullany SA, Staub ], Qian X, Lingle WL,
Shridhar V. 2007. Loss of HSulf-1 expression enhances auto-
crine signaling mediated by amphiregulin in breast cancer. ]
Biol Chem 282:14413-14420.

Nawroth R, van Zante A, Cervantes S, McManus M, Hebrok M,
Rosen SD. 2007. Extracellular sulfatases, elements of the Wnt

signaling pathway, positively regulate growth and tumorigenic-
ity of human pancreatic cancer cells. PLoS One 2:¢392.

Ren JG, Li Z, Sacks DB. 2008. IQGAP1 integrates Ca2+/calmod-
ulin and B-Raf signaling. | Biol Chem 283:22972-22982.

Roy M, Li Z, Sacks DB. 2004. IQGAP1 binds ERK2 and modu-
lates its activity. ] Biol Chem 279:17329-17337.

Roy M, Li Z, Sacks DB. 2005. IQGAP1 is a scaffold for mitogen-
activated protein kinase signaling. Mol Cell Biol 25:7940-7952.
Ruan K, Bao S, Ouyang G. 2009. The multifaceted role of perios-

tin in tumorigenesis. Cell Mol Life Sci 66:2219-2230.

Schmidt VA, Chiariello CS, Capilla E, Miller F, Bahou WE. 2008.
Development of hepatocellular carcinoma in Iqgap2-deficient
mice is IQGAP1 dependent. Mol Cell Biol 28:1489-1502.

Uchimura K, Morimoto-Tomita M, Bistrup A, Li J, Lyon M, Gal-
lagher J, Werb Z, Rosen SD. 2006. HSulf-2, an extracellular
endoglucosamine-6-sulfatase, selectively mobilizes heparin-
bound growth factors and chemokines: Effects on VEGF, FGF-
1, and SDF-1. BMC Biochem 7:2.

Viviano BL, Paine-Saunders S, Gasiunas N, Gallagher ], Saunders
S. 2004. Domain-specific modification of heparan sulfate by
Qsulfl modulates the binding of the bone morphogenetic pro-
tein antagonist Noggin. ] Biol Chem 279:5604-5611.

Wang Y, Wang A, Wang F, Wang M, Zhu M, Ma Y, Wu R. 2008.
IQGAP1 activates Tef signal independent of Racl and Cdc42
in injury and repair of bronchial epithelial cells. Exp Mol
Pathol 85:122-128.

Yamashita T, Ji J, Budhu A, Forgues M, Yang W, Wang HY, Jia
H, Ye Q, Qin LX, Wauthier E, Reid LM, Minato H, Honda M,
Kaneko S, Tang ZY, Wang XW. 2009. EpCAM-positive hepato-
cellular carcinoma cells are tumor-initiating cells with stem/pro-
genitor cell features. Gastroenterology 136:1012-1024.

Yin C, Lin Y, Zhang X, Chen YX, Zeng X, Yue HY, Hou ]JL,
Deng X, Zhang JP, Han ZG, Xie WF. 2008. Differentiation
therapy of hepatocellular carcinoma in mice with recombinant
adenovirus carrying hepatocyte nuclear factor-4alpha gene. He-
patology 48:1528-1539.

Yue X, Li X; Nguyen HT, Chin DR, Sullivan DE, Lasky JA.
2008. Transforming growth factor-betal induces heparan sulfate
6-O-endosulfatase 1 expression in vitro and in vivo. ] Biol
Chem 283:20397-20407.

Zhou ], Liang S, Fang L, Chen L, Tang M, Xu Y, Fu A, Yang ], Wei
Y. 2009. Quantitative proteomic analysis of HepG2 Cells treated
with quercetin suggests IQGAP1 involved in quercetin-induced
regulation of cell proliferation and migration. Omics 13:93-103.

Genes, Chromosomes & Cancer DOI 10.1002/gcc



