
Am J Cancer Res 2013;3(1):34-45
www.ajcr.us /ISSN:2156-6976/ajcr0000166

Review Article
Role of heparan sulfatases in ovarian and breast cancer

Ashwani Khurana1, Daniah Beleford1, Xiaoping He1, Jeremy Chien2, Viji Shridhar1

1Department of Experimental Pathology, Mayo Clinic College of Medicine, Rochester, MN, USA; 2Department of 
Cell Biology, University of Kansas Medical Center, Kansas City, KS, USA

Received December 13, 2012; Accepted January 3, 2013; Epub January 18, 2013; Published January 25, 2013

Abstract: Endosulfatases HSulf-1 and -2 (also referred to as Sulf1 and -2) represent a family of enzymes that modu-
late heparin binding growth factor signaling. Heparan sulfatase 1 (HSulf-1) and heparan sulfatase 2 (HSulf-2) are 
two important 6-O endosulfatases which remove or edit 6-O sulfate residues of N-glucosamine present on highly 
sulfated HS. Alteration of heparan sulfatases have been identified in the context of several cancer types. Many can-
cer types either exhibit increased or decreased HSulfs expression at the transcript levels. Specifically, HSulf-1 was 
found to be downregulated in early-stage ovarian tumors, hepatocellular carcinoma, and metastatic breast cancer 
patients. HSulf-2 was found to be upregulated in ductal carcinoma in situ and invasive ductal carcinoma, whereas 
limited information is present about HSulf-2 expression in different stages of ovarian cancers. Here, we review the 
important role of these sulfatases play in ovarian and breast cancers in terms of tumorigenesis such as angiogen-
esis, chemoresistance, apoptosis, growth factor signaling, hypoxia and metastasis. These recent discoveries have 
added significant understanding about these sulfate editing enzymes. 

Keywords: Ovarian and breast cancer, heparin binding growth factor signaling, tumorigenesis, angiogenesis, che-
moresponse and metastasis

Introduction

Sulfatases represent a large class of enzymes 
(17 sulfatase enzymes have been character-
ized in humans) and majority of them require 
acidic pH for their activities and are lysosomal 
resident enzymes [1]. Heparan sulfatases 
belong to a category of sulfatases which acts at 
neutral pH conditions and are predominantly 
localized at ER, golgi apparatus, cell surface 
and extracellular compartments [1]. These sul-
fate editing enzymes act on HSPG components 
present on glycosaminoglycans (GAGs) and gly-
colipids [2]. Acidic sulfatases are catabolic sul-
fatases residing in lysosome whereas neutral 
pH acting sulfatases are regulatory sulfatases 
[3]. The substrates of these sulfatases, GAGs 
are classified further into four classes: keratin 
sulfate (KS), chondroitin sulfate (CS), dermatan 
sulfate (DS), and heparan sulfate (HS) [4]. 
These sulfated glycopolymers are attached to a 
variety of proteins to form proteoglycans (PGs). 
Heparan sulfates present on these PGs are 
synthesized by HS biosynthetic enzymes and 

upon synthesis are subjected to HS editing 
enzymes heparan sulfatases.

Identification and structure

Heparan sulfatase 1 (HSulf-1) and heparan sul-
fatase 2 (HSulf-2) are two important 6-O endo-
sulfatases which remove or edit 6-O sulfate 
residues of N-glucosamine present on highly 
sulfated HS [5]. These are extra cellular sulfa-
tases and hence can act on cell surface as well 
as extracelullar substrates carrying sulfated 
HSPGs. HSPGs in turn promote cell signaling by 
providing binding sites for growth factors and 
chemokines, which form ternary complex 
between their cognate receptors and HSPGs 
acting as co-receptors. N-Glucosamine 6-O sul-
fate moiety remodeling by heparan sulfatases 
is achieved by their enzymatic activity which 
has been shown to regulate the activity of vari-
ous heparan binding growth factors such as 
bFGF2, Wnt, VEGF, HGF, amphiregulin and 
SDF-1 [6]. Among the different sulfate moieties 
throughout the HS chains, glucosamine 
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6-O-sulfation has been demonstrated to modi-
fy interaction between HSPG and several 
ligands such as Wnt, BMP, bFGF2, VEGF, SDF-1 
alpha, HGF and GDNF [6-11]. It is noteworthy 
that this is the only sulfate moiety which is regu-
lated post-synthetically. Some of these growth 
factors form ternary complexes with their cog-
nate receptors as well as surrounding HSPG 
resulting in ligand-mediated activation. 
Heparan sulfatases removes 6-O-sulfate moi-
ety and thus modulate bioavailability of these 
ligands to their receptors- thus either limit or 
potentiate signaling (Figure 1). Heparan sulfa-
tases acquire enzymatic activities by modifica-
tion of a critical cysteine residue in its active 
site and generation of special amino acid C-a-
formylglycine via oxidation of cysteine residue 
[12, 13]. This process is highly conserved 
among the species. Apart from this post-trans-
lational modification, heparan sulfatases are 
also subjected to glycosylation. This glycosyl-
ation predominantly occurs at aspargine (N) 
residues which are spread across the protein. 
More recently it has been shown that 
N-glycosylation affects activities and trafficking 
of quail Sulf1 [14]. For example, non-glycosylat-
ed endogenous form of HSulf-2 was detected in 
renal carcinoma cell lines which was defective 
in its extracellular secretion [15]. 

At the molecular level, there is a considerable 
homology between HSulf-1 and HSulf-2 (64%), 
and this homology is high in the N-terminal sul-
fatase domain of HSulfs that harbors 
C-formylglycine residue, critical for enzymatic 
activation [5]. HSulfs also exhibit several furin 
cleavage sites [5, 16] .C-terminal domains of 
HSulfs are less conserved and might play 
important role in substrate recognition and 
could account for differential substrate speci-
ficities among HSulf-1 and HSulf-2 [5].

Function

To understand the physiological roles played by 
heparan sulfatases during development, HSulf-
1 and HSulf-2 knockout mice were generated 
[17-19]. While no gross changes in either Sulf-1 
or Sulf-2 mice were observed, double knockout 
mice show prenatal lethality [17]. These mice 
exhibit severe abnormalities in skeletal sys-
tems, CNS, kidneys including reduced body 
size. From these observations, it is clear that 
both enzymes have overlapping functions. 
Biochemically, loss of HSulf-1 and HSulf-2, 
modulated UA(2S)-GlcNS(6S) disaccharide 
units within the S-domains of HS chains [20]. In 
addition to 6-O sulfation, changes in 2-O and 
N-sulfation were also observed which has been 

Figure 1. Proposed model of HSulfs in heparin binding growth factor signaling (HB-GF). In the presence of HSulfs 
the ternary complex formed between the HB-GF, its cognate receptor, and its co-receptor, HSPG is disrupted due to 
the removal of 6-O sulfation moieties on HSPGs critical for binding HB-GF. This results in attenuated signaling down-
stream resulting in reduced proliferation and growth. In the absence of HSulfs, the ternary complex formed between 
the HB-GF, its cognate receptors and its co-receptors HSPG is intact resulting in enhanced downstream signaling. 
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ascribed to changes in the levels of sulfotrans-
ferases [21]. 

More recently, HSulf-1 loss has also shown to 
enhance spontaneous cartilage degeneration 
and surgically induced osteoarthritis [8]. Sulf-/- 
mice exhibited increased MMP13 levels which 
were further induced upon FGF2 treatment. 
However, in contrast to enhanced FGF2 medi-
ated MMP-13 induction, BMP-7 mediated 
induction of target genes such as col2a1, 
aggrecan, and noggin was diminished in 
Sulf-/- mice.

Role in tumorigenesis

Alteration of heparan sulfatases have been 
identified in the context of several cancer types. 
Many cancer types either exhibit increased or 
decreased HSulfs expression at the transcript 
levels [22-27]. Specifically, HSulf-1 was found 
to be downregulated in early-stage ovarian 
tumors, hepatocellular carcinoma, and meta-
static breast cancer patients [28, {Narita, 2007 
#26, 29]. HSulf-2 was found to be upregulated 
in ductal carcinoma in situ and invasive ductal 
carcinoma [30], whereas limited information is 
present about HSulf-2 expression in different 
stages of ovarian cancers. Loss of HSulf-1 is 
specific for specific histologic subtypes of 
breast cancer, such as lobular carcinoma [23]. 
Similarly, increased HSulf-1 expression was 
associated with increased overall survival [29]. 
The data obtained from various gene chip 
arrays, TMA’s and identification of genetic 
changes associated with cancer types indi-
cates alterations in HSulf-1 or HSulf-2 tran-
script levels. Subsequently, in vitro examination 
of role of HSulfs revealed that HSulf-1 and 
HSulf-2 expression is lacking in majority of the 
ovarian, breast and renal cancer cells [15, 22, 
29]. Interestingly, highly metastatic ovarian 
cancer cells such as SKOV3, TOVG21G are 
devoid of HSulf-1 [22]. Similarly, metastatic 
breast cancer cells such as MDA231 and 
MDA468 do not express either HSulf-1 or HSulf-
2 [29, 31]. Over-expression of HSulf-1 or HSulf-
2 in these cells suggest a tumor suppressor 
activity of HSulf1 in these cells [9, 31]. Indeed 
HSulf-2 was reported as p53 target gene [32]. 
Significantly, HSulf-1 overexpressing tumor 
cells exhibit limited or reduced angiogenesis 
via attenuated VEGF signaling pathway, indicat-
ing a key signaling pathway affected by HSulf-1 
[9]. Functionally, HSulf-1 overexpression dimin-

ishes KDR/VEGF, bFGF2 signaling at the cell 
surface and promotes sensitivity to various 
therapeutic agents such as doxorubicin and 
histone deacetylase inhibitor aphicidin in hepa-
tocellular cancer cells [33]. Therefore, HSulf-1 
activity is consistent with the function of a 
putative tumor suppressor.

HSulfs have also been reported to promote Wnt 
signaling, which is activated in a variety of 
tumor types and plays a significant role in tumor 
growth. Similarly, pro-angiogenic roles of sulfa-
tases have also been reported [24]. At cell sur-
face, sulfatase-2 have shown to upregulate 
glypican 3 which in turn enhances Wnt pathway 
in hepatocellular carcinoma [34]. These reports 
suggest that HSulfs promote tumorigenesis via 
upregulating autocrine activation of Wnt signal-
ing. In this regard, HSulfs activities are consis-
tent with the function of a putative oncogene. 
These reports highlight the contrasting roles of 
HSulfs in specific cancers. At present, it is not 
clear how and under what conditions heparan 
sulfatase activities results in distinctive out-
comes. Another feature which adds to the com-
plexities, is the distribution of Sulfs in the stro-
mal and epithelial component of the tumors. 
How HSulfs expression in stroma would influ-
ence metastatic breast cancer cells that are 
devoid of the HSulf? This can be explained by 
“reservoir hypothesis”. According to this hypoth-
esis, increased affinity of growth factor due to 
the absence of HSulf-1 would render aggres-
sive growth of the tumors. Another aspect of 
this theory is stroma usually act as reservoir of 
the growth factor ligands bound to HSPGs, and 
that the presence of HSulf-1 in the stroma 
would result in the release of those growth fac-
tors or the increased bioavailability of these 
ligands and thus enhancing or diminishing adja-
cent tumor growth depending upon type of 
growth factor being mobilized. Similarly, it is 
conceivable that the restoration of HSulf-1 
expression inside the tumors by either drugs or 
chemically active recombinant extracellular 
protein will have an effect on heparan binding 
growth factors and consequently on tumor 
growth. However, tumor type, HSulf isoforms 
(HSulf-1 and/or HSulf-2) and predominant path-
way activation (either Wnt or bFGF2) might 
result in opposing effect of HSulf’s on tumor 
growth. Additionally, because of the secretory 
nature HSulf-1, they could also act on adjacent 
tumors or proximal tumors cells that do not 
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express HSulf-1. In support of this hypothesis, 
recent study demonstrates that Wilms tumor 
(WT1) promotes the expression of Sulf-1 and 
Sulf-2 in mice podocytes and modulates VEGF-A 
and bFGF2 signalling in glomerular endothelial 
cells [35], indicating that Sulfs promote bio-
availability of ligands to proximal cells albeit in 
the context of kidney development. These data 
indicate that HSulf’s might play important roles 
in regulating tumor growth by altering the tumor 
mciroenvironment and heparan binding growth 
factor signaling depending upon its tissue 
distribution. 

Although both HSulf-1 and HSulf-2 perform cat-
alytically similar activities towards heparan sul-
fates, whether they have overlapping functions 
has been addressed in a variety of mouse mod-
els as discussed above. Further, differences 
observed in tissue distribution of HSulf-1 and 
HSulf-2 might be partly explained by their pro-
moter region. HSulf’s certainly do not share the 
same promoter and 3’UTR sequences on their 
mRNA’s. Therefore their expression might be 
influenced by the bioavailability of transcription 
factor or mRNA destabilizing or stabilizing fac-
tors to account for the differences in expres-
sion patterns observed in several cancer types. 
Apart from the differences in expression pat-
terns of HSulf-1 and HSulf-2 in cancer types, it 
should also be noted that the presence of 
HSulfs in stroma might have distinctive roles in 
tumor development. Indeed one of the studies 
reported the observation of higher levels of 
HSulf-2 expression in stroma of metastatic 
breast cancer than in normal stroma [36]. 
Molecular mechanisms by which increased lev-
els of HSulf-2 expression in stroma contribute 
towards breast tumorigenesis remain to be 
addressed. Paradoxically, HSulfs have been 
shown to induce Wnt signaling [7]. Various can-
cer types exhibit increased Wnt signaling, which 
suggest that HSulf1 expression during carcino-
genesis will promote Wnt signaling and hence 
cancer growth. However, it should be noted 
that the predominant mechanisms of Wnt path-
way activation in various tumor types are the 
result of mutations in genes involved in Wnt 
pathway and not due to autocrine Wnt activa-
tion. Given that breast cancer lacks any muta-
tion in Wnt pathway but exhibit characteristics 
of Wnt activation, in these cancers perhaps 
presence of HSulfs can account for autocrine 
Wnt activation. Recently, our lab investigated 

the relationship between HSulf-2 and ductal 
carcinoma in situ of the breast by utilizing a 
unique cell line MCF10DCIS.com which 
expresses HSulf-2 and has the ability to form 
ductal lesion similar to those found in DCIS 
pathology of human breast. HSulf-2 knockdown 
decreased tumor size, promoted apoptosis and 
retained comedo lesions for longer period of 
time [37]. Notably, apoptosis was predominant-
ly limited to inner center or luminal area of com-
edo structures in HSulf-2 depleted xenografts 
[37]. HSulf-2 knockdown selectively promotes 
inner luminal cells of the lesions to apoptosis. 
More importantly, HSulf-2 silencing resulted in 
the upregulation of the numbers and size of 
comedo structures with intact basement mem-
brane. A striking feature of HSulf-2 depleted 
xenografts is the maintenance of integrity of 
basement membrane even at later stages 
(week 7) of DCIS to IDC progression. 
Mechanistically, how might HSulf-2 presence 
would alter or promote basement membrane 
disintegration? This is important question that 
requires further investigation. Interestingly, 
HSulf-2 depleted xenografts also show reduced 
expression and activities of MMP9 but not 
MMP2 and MMP14. Whether HSulf-2 directly 
regulates MMP9 expression in cell culture 
model remains to be determined and so is the 
pathway mediating MMP9 expression that is 
altered by HSulf-2. Nonetheless, our observa-
tion points to the significance of HSulf-2 expres-
sion in the basement membrane disintegration 
in DCIS.com model. While HSulf-2 might have 
an impact on the invasion and the basement 
membrane disintegration, it might also play 
role in luminal filling of comedo structures. It is 
noteworthy that luminal filling of ductal lesions 
are generally thought to be driven by activation 
of oncogene such as Erb2 and EGFR, which pro-
pel cell proliferation and concurrently inhibit 
cell death by resisting anoikis [38]. Similarly, 
the process of anoikis (matrix de-attachment 
mediated cell death) results in lumen formation 
in pre-malignant cells such as MCF10A when 
cultured in matrigel. Over-expression of BCl-2 
have been demonstrated to induce luminal fill-
ing in MCF10A cells [39]. Indeed, matrix de-
attachment also resulted in the decrease in 
HSulf-2 expression in multiple breast cancer 
cell lines. Further HSulf-2 depletion sensitized 
the cells to matrix deattachment cell death. 
From these findings, we can envisage that 
HSulf-2 plays an important role by providing 
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survival signal to the cells in the center of the 
role of matrix de-attachment. Paradoxically, in 
vivo analysis of control MCF10DCIS xenograft 
indicates that HSulf-2 is expressed at center of 
the ductal lesions in addition to other patterns 
of its expression as described before. One pos-
sibility for this observation is that cells are 
expressing high levels of HSulf-2 in inner center 
of the ductal lesions due to nutrient stress and 
other yet unknown factors participating in in 
vivo environment. The presence of high levels 
of HSulf-2 supports the survival of the central 
cells of the ductal lesions by resisting anoikis 
mediated cell death. This is further vindicated 
by our observation that HSulf-2 knockdown 
increases the number of necrotic comedo duc-
tal lesions with intact basement membrane in 
the in vivo xenografts.

Endothelial functions of HSulf’s

While much of the focus of the above men-
tioned studies are on HSulfs expression in can-
cer types, it should be noted that HSulfs alter 
heparan binding growth factors, such as VEGF 
and bFGF2, that promote endothelial functions. 
HSulf-1 has been shown to attenuate VEGF sig-
naling and hence inhibits the development of 
tumor vasculature [9]. How normal vasculature 
and cancer vasculature differ in terms of HSulfs 
expression is an interesting aspect that can 
lead to novel differential targeting strategies. 
Transcriptome-wide analysis of laser captured 
blood vessels from human skin and chronic 
wound-edge tissue revealed significant upregu-
lation of HSulf-1 at the wound site along with 
other candidate genes such as periostin, a 
highly angiogeneic protein [40]. However, 
whether HSulf-1 is angiostatic or angiogenic in 
this particular experimental setting is unknown. 
However, it is tempting to speculate that wound 
healing process is tightly regulated both by 
growth factors as well as cytokines. The inflam-
mation at the wound healing site is implicated 
in the elaboration of growth factors and cyto-
kines at the wounding site. Thus, it may be pos-
sible that the resulting changes are an outcome 
of net balance of angiostatic and angiogenic 
switch modulated by inflammation at the wound 
sites. This is further supported by the fact that 
various genes identified at the wounding site in 
fact have shown to be upregulated by inflam-
mation. Therefore, it is likely that HSulf-1 may 
be upregulated by inflammatory cytokines 
which then act to restrain growth factor signal-

ing. Another challenging question that remains 
to be addressed relates to the identification of 
substrates for HSulfs. Whether there exist over-
lapping as well as distinct substrates for HSulfs 
is unknown. However, substrate binding 
domains are not conserved in HSulf-1 and 
HSulf-2 whereas heparan binding domain are 
highly conserved. These unkown aspects of 
HSulf biology remains an important area of 
future research. 

Regulation of HSulfs expression

Earlier reports have suggested that HSulfs are 
lost in 70% of the ovarian and 60% of breast 
cancers [22, 23]. Specifically in ovarian can-
cers, it has been shown that HSulf-1 promoter 
is methylated in several cancer cell lines as well 
as primary tumors. Treatment of various 
demethylating agents such as 5-Aza and 
LBH589 restores HSulf-1 levels in these cell 
lines [28] However, more recently, transcrip-
tional factors were identified to regulate HSulf-
1 expression. Among them is the variant 
Hepatocyte Nuclear Factor (vHNF), which acts 
as a repressor and is highly expressed in clear 
cell ovarian tumors [41]. Interestingly, among 
the various histologies of ovarian cancer, clear 
cell tumors have maximal loss of HSulf-1 and 
conversely they express vHNF-1 alpha [41]. 
Subsequently, it has been shown that TGF-b 
upregulates HSulf-1 expression and alters the 
heparan sulfate sulfation [42]. HSulf-1 in turn 
negatively regulates Smad 2/3 phosphoryla-
tion and TGF beta target genes such as fibro-
nectin and smooth muscle actin expression 
[42]. Mechanisms by which TGF beta regulate 
HSulf-1 transcription or increase the mRNA sta-
bility have not been investigated. 

Interestingly, it has been shown that hypoxia (a 
prevalent stress condition of tumor microenvi-
ronment resulting from the decreased blood 
supply and the increased oxygen demand 
imposed by rapid cell proliferation) downregu-
lates HSulf-1 in breast cancer cells in a hypoxia 
inducible factor-1 dependent manner [29]. 
These findings suggest that low oxygen tension 
can alter heparan sulfate 6-O sulfation by 
reducing HSulf-1 levels. Similarly, this hypothe-
sis was further tested in clear cell renal carci-
noma (ccRCC). ccRCC often exhibit loss of a 
tumor suppressor von Hippel- Lindau (VHL) 
[15]. VHL loss results in the development of 
highly vascular tumors due to the stabilization 
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of the master transcription factor HIF-1 alpha 
[43]. HIF-1 alpha triggers myriad of cellular 
responses resulting in changes in metabolism, 
EMT and cellular resistance to radio- and che-
mo-therapy [44-46]. Similar to what was 
observed in breast cancer studies, it was found 
that both HSulf-2 and HSulf-1 were downregu-
lated under hypoxia in a HIF-1 alpha dependent 
manner [15, 29]. Thus, these recent data point 
to tumor suppressor role of HSulf-1 in solid can-
cer. Given hypoxia is widely observed in various 
cancer types irrespective of VHL status, it can 
be envisaged that hypoxia might serve as an 
inhibitory signal for heparan sulfatases in vari-
ety of solid cancers. Mechanistically, it has 
been documented that loss of sulfatases under 
VHL deficient conditions or due to hypoxia, cul-
minated in the enhanced activation of bFGF2 
signaling and the upregulation of vimentin (EMT 
marker protein) in renal cancer cells [15]. This 
observation is also supported by finding that 
under hypoxia, heparan sulfate binding growth 
factor signaling pathways, such as CXCR4/SDF, 
FGFR2/bFGF2 and c-Met/HGF cell signaling, 
are enchanced either due to upregulation of 
their respective receptors at the cell surface, or 
defective turnover in case of FGFR2 under 
hypoxic conditions [47-50]. Furthermore hypox-
ia triggers invasive and migratory phenotype of 
the cancer cells [51]. Interestingly, ectopic 
expression of HSulf-1 under these conditions 
interfere hypoxia mediated cell migration in 
response to bFGF2 [29]. This pathway has been 
implicated in many cancer types including 
breast and ovarian [52, 53]. The proposed 
model of hypoxia-mediated Sulfs suppression 
and its effect on growth factor signaling is pro-
vided in Figure 2. Further characterization of 
the effect of HSulf-1 and/or HSulf-2 over-
expression on low oxygen-induced changes 
and its target genes will provide additional 
insights on the HSulf’s functions in the context 
of changes occurring in tumor microenviron-
ment. Consistent with its potential role in 
hypoxia and tumor microenvironment, previous 
reports suggest that HSulf-1 overexpression in 
highly aggressive breast cancer cell line 
MDA468 attenuates angiogenesis [9]. 

Unlike HSulf-1, the tumor suppressor function 
of HSulf-2 in breast cancer is still not clearly 
defined. Previous report suggests that its 
expression was found to be increased in breast 
cancer [24]. However, another study indicated 
that over expression of HSulf-2 in MDA231 can-

cer cells markedly attenuated lung metastatic 
using tail vein model [31]. Both studies have 
their limitations as well as advantages. Tail vein 
methodology is well established measure of 
metastatic potential of candidate genes. 
However, it does not reflect the full spectrum of 
dissemination of cancer cells. Moreover, mech-
anistically how HSulf-2 modulate metastasis is 
not clear. Similarly, microarray analysis of can-
didate genes does not faithfully reflect corre-
sponding changes in HSulf-2 at protein levels. 
Therefore, further studies are needed to define 
the exact role of HSulf-2 in breast cancer 
tumorigenesis. 

Mechanistically, HSulfs have been shown to 
attenuate bFGF2 signaling. bFGF2-FGFR2 path-
way is critical in cell proliferation and hence 
tumor growth. Presence of HSulf-1 in tumors 
might inhibit FGFR2 signalling and hence inhibit 
tumor growth. Alternatively, HSulfs are activa-
tors of Wnt signaling, therefore their over-
expression in tumors might explain autocrine 
activation of Wnt signaling. Another important 
aspect of recent findings is the demonstration 
that HSulf2 knockdown upregulates vimentin 
expression. Vimentin is a mesenchymal marker 
and is induced in epithelial to mesenchymal 
transition (EMT) that is also upregulated under 
hypoxic conditions [54]. Therefore, hypoxia-
mediated downregulation of HSulf2 may repre-
sent a mechanism by which vimentin is upregu-
lated by hypoxia, and HSulfs may play an 
important role in EMT process. However, cau-
tion should be exercised while interpreting 
these data generated through in vitro use of 
long passaged cell lines. Therefore, further 
studies utilizing more appropriate mouse mod-
els and human derived cancer tissues are war-
ranted to strengthen above findings and to vali-
date whether similar phenomenon operate in 
cancer progression.

HSulf-1 promoter and genomic structure

The HSulf-1 gene spans 211-kb genomic frag-
ment on chromosome 8q13.3. We previously 
reported that our analysis of the cDNA and 
gene agreed with that reported by Morimoto-
Tomita et al. [5] with one notable exception. 
Morimoto-Tomita et al. reported the presence 
of a 280-bp noncoding exon in the 5’-UTR that 
they called exon 1 [5], and we denote here as 
exon 1A. In addition to this sequence, we have 
identified two other noncoding exons, one 5’ to 
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this exon (314 bases, which we denote as exon 
1) and another 3’ to this sequence (165 bases, 
which we noted as exon 2). To determine which 
of these exons, 1, 1A, or 2, are present in tran-
scribed message, primers in exons 1 and 5 
were utilized to amplify a 950-bp 5’-UTR from 
normal ovarian epithelial cells, HMEC, and nor-
mal kidney. All of the cDNAs amplified lack exon 
1A. Instead, two different splice variants were 
amplified, a less abundant one lacking exon 1A 
but containing exons 1 and 2 (corresponding to 
RefSeq Accession: NM_015170), and a more 
abundant one lacking both exon 1A and exon 2 
(corresponding to RefSeq Accession: 

NM_001128204) (data not shown). Exon 1A 
contains the CpG island and acts as a promoter 
which we will designate as promoter P2. 
Methylation of this region in ovarian cancer cell 
lines and primary tumors is associated with the 
loss of HSulf-1 transcript [55]. An alternate pro-
moter P1, upstream of exon 1 [22] contains 
specific transcription factor binding sites that 
play a critical role in regulating HSulf-1 tran-
script (Figure 3B). UCSC Genome Browser View 
of 5’ Region of HSulf-1 is shown in Figure 3A. As 
indicated, we have shown that hypoxia-respon-
sive elements within the P1 promoter play a 
critical role in hypoxia-mediated downregula-

Figure 2. Proposed model of regulation of HSulfs under hypoxic conditions. HSulfs catalytically removes sulfate 
moiety from 6-O sulfated heparan sulfate on HSPGs. Desulfation of HS results in decreased FGF2 binding sites on 
co-receptors (HSPGs) and hence decreased signaling. However under low oxygen conditions (a prevalent condition 
in solid tumors) or when VHL is inactive, HIF-1α is stabilized and shuts down the transcription of HSulfs and de-
creased its levels resulting in increased sulfation of 6-O-sulfated HS on HSPGs. This increased 6-O sulfation state 
favors FGF2 signaling, cell migration and invasion. 
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tion of HSulf-1 in breast cancer [29]. Our addi-
tional studies in ovarian cancer have shown the 
presence of vHNF binding elements negatively 
regulating the expression of HSulf-1 in clear cell 
cancers of the ovary [41]. Our unpublished data 
also indicate another transcription factor, CEBP 
beta that is negatively modulated by flavopiri-
dol, represses HSulf-1 transcription. Very little 
is known about the differential usage of these 
promoters in cancer. In general, when a com-
mon downstream exon contains the translation 
initiation site resulting in the same open read-
ing frame, no variation in the resulting proteins 
is generated, as is the case with HSulf-1 pro-
tein. It is well established that alternate pro-
moter usage may be tissue specific or develop-
mentally regulated. Alternate promoter usage 
may also play a role in stress response (chemo-
therapeutic and /or metabolic stress) and may 
result in differences in their translational effi-
ciencies due to secondary structure of the 
mRNAs affecting their stability and translation. 
In the quail model, Sahota and Dhoot reported 
the presence of a shorter alternatively sliced 
isoform of Sulf1B that inhibits wnt signaling as 
opposed to the previously described Sulf1A iso-
form that promotes wnt signaling. No such iso-
form has been described in humans [56].

Therapeutic targeting

HSulfs have also been reported to promote 
chemosensitivity towards paclitaxel and cispla-
tin [55]. Indeed HSulf-1 was identified to be lost 
in recurrent tumors which were resistant to 
these drugs. In vitro and in vivo analysis sug-
gests that tumor cells expressing HSulf-1 rap-
idly undergo cell death upon treatment with 
paclitaxel and cisplatin. Consensus for HSulf-2 
as a target gene has been developed in breast 
cancer, where it has been found to be overex-
pressed. In this context, compound OKN007 
has been shown to inhibit HSulf-2 activities and 
a potent inhibitor of tumor growth in MCF-7 
derived mouse xenografts [57]. Further valida-
tion of this agent as a single and/or adjauvant 
therapy may reveal novel role of this enzyme in 
breast tumorigenesis. Recently, in an attempt 
to identify inhibitors of HSulf-2, by serendipity 
we found that proteasomal inhibitors such as 
MG132, lactacystine and FDA approved drug 
Velcade (Bortezomib) abolished HSulf-2 expres-
sion in multiple cancer cells lines including cell 
lines of breast cancer. Further, bortezomib 
treatment effectively attenuated tumor size 
and decreased HSulf-2 expression with concur-
rent accumulation of caspase 3, cleaved PARP 

Figure 3. A: UCSC Genome Browser View of 5’ Region of HSulf-1. Coordinates are based on human reference 
genome GRCh37/hg19 Assembly. RefSeq annotations of exons are presented in the top track. Encode data, con-
sisting of RNA sequencing, enhancer/promoter-associated histone mark (H3K4Me1), Promoter-associated histone 
mark (H3K4Me3), DNaseI hypersensitive clusters, and select transcription factor ChIP sequencing tracks are also 
shown. Collectively, these data indicate two alternative promoters for HSulf-1. B: Schematic representation of Sulf-1 
gene. P1- is promoter1 5’ of Exon 1 and P2 is promoter 2 in Exon 1A that contains the CpG island. Both P1 and P2 
are underlined.
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and Bim. Brtezomib mediated repression of 
HSulf-2 could not be reversed upon addition of 
pan-caspase inhibitor or reactive oxygen scav-
enger (NAC), suggesting that suppression was 
not the consequence of cell death program. 
How bortezomib treatment leads to HSulf-2 
downregulation remains to be determined. 
Also, these effects of bortezomib can result in 
alteration of many proteins or transcription fac-
tors that are actively degraded or have high pro-
tein turnover rate.

Conclusion

Although contrasting roles of both HSulf’s have 
been documented in the literature, it has been 
largely accepted that HSulf’s represent a 
unique extracellular sulfate editing enzymes 
which are differentially expressed depending 
upon cancer type. It has been well established 
that HSulfs promote Wnt signaling and attenu-
ate heparan binding growth factor signaling 
such as bFGF2. More recently HSulfs has been 
shown to be negatively regulated by master 
transcription factor hypoxia inducible factor-1 
alpha and positively by von Hippel-Lindau tumor 
suppressor gene. This further lends support to 
our notion that these enzymes might play 
unique role under altered tumor microenviron-
ment and hence tumor progression. HSulfs 
have been linked to important aspects of 
tumorigenesis such as angiogenesis, chemore-
sistance, apoptosis, growth factor signaling, 
hypoxia and metastasis. These recent discover-
ies have added significant understanding about 
these sulfate editing enzymes. Strategies 
either to restore HSulfs in aggressive tumors 
deficient of HSulfs or development of small 
molecular inhibitors of HSulf for tumors that 
overexpress HSulfs which further potentiate 
Wnt signalling might pave way for novel ways of 
treatment of cancer. 
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