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Sulfate plays an important role in maintaining normal structure
and function of tissues, and its content is decreased in certain can-
cers including lung carcinoma. In this study, we investigated tumor
growth in a mouse model of hyposulfatemia (Nas1™~) and com-
pared it to wild-type (Nas1*/*) mice. Lung epithelial tumor cells
(TC-1 cell line) were injected subcutaneously into male Nas1™~
and Nas1*/* mice on a mixed 129Sv and C57BL/6 genetic back-
ground. Tumor sections were stained with anti-glycosaminoglycan
antibodies to assess the distribution of proteoglycans and Gomor-
i's trichrome to detect collagen. After 14 days, tumor weights were
markedly increased (by ~12-fold) in Nas1~’~ mice when compared
with Nas1*/* mice. Histological analyses of tumors revealed
increased (by =~2.4-fold) vessel content, as well as markedly
reduced collagen and immunoreactivity against glycosamino-
glycan structural epitopes in the tumors from Nas1~”~ mice. No sig-
nificant differences were found for the growth of cultured TC-1
cells supplemented with Nas1™~ or Nas1*/* serum, as determined
by 3H-thymidine incorporation, implying that the cell culture con-
ditions may not reflect the in vivo situation of enhanced tumor
growth. This study has revealed increased tumor growth and an
altered extracellular tumor matrix in hyposulfatemic Nas1™~ mice.
These findings highlight the importance of blood sulfate levels as
a possible modulator of tumor growth, and could lead to future
cancer studies in humans with altered sulfate homeostasis. (Cancer
Sci 2010; 101: 369-373)

S ulfate (SO,*7) is an abundant anion in the human body and
is essential for numerous cellular and metabolic pro-
cesses." SO,*” conjugation or sulfonation of glycosaminogly-
cans (GAGs) is imyortant for maintaining the structure and
function of tissues.”” Heparan sulfate proteoglycans (HSPGs)
are a group of variably sulfonated GAGs found at the cell sur-
face and extracellular matrix, which play a major role in regulat-
ing growth factor signaling in tumors.”” In particular, the sulfate
content of HSPGs is a critical factor in modulating tumor growth
and angiogenesis.” Desulfonation of HSPGs by sulfatases pro-
motes the release of growth factors that enhance tumor
growth,® and increased sulfatase activity is associated with a
poor prognosis in patients with hepatocellular carcinoma, breast,
and pancreatic cancers.®™ In addition, the removal of highly
sulfonated regions of HSPGs, using heparanase I, leads to accel-
erated tumor growth, neovascularization, and decreased apopto-
sis in a mouse model of lung carcinoma.””” Highly sulfonated
HSPGs or heparins, as well as sulfonated polymers such as lami-
narin sulfate, act as inhibitors of heparanase activity and have
beneficial outcomes in preventing tumor growth and angiogene-
sis in vivo.”’ These studies highlight the importance of sulfate
in modulating tumor growth and angiogenesis.

SO,* is obtained directly from the diet and from the oxida-
tion of sulfur containing amino acids, methionine and cyste-
. (2,10) . .
ine. Importantly, a sufficient supply of sulfate and its
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universal sulfonate donor, 3’-phosphoadenosine 5’-phosphosul-
fate (PAPS), need to be maintained for sulfonation reactions to
function effectively." " Circulating sulfate levels are maintained
by the NaS1 sulfate transporter, which is expressed in the kidney
where it mediates the first step of sulfate reabsorption."'*'® We
generated a NaS1 null (Nas1™"~) mouse which exhibits hyposul-
fatemia, hypersulfaturia, decreased hepatic sulfonation capacity,
reduced intestinal sulfomucin content, and decreased circulating
dehydroepiandrosterone sulfate (DHEA-S) levels.!*'” This
mouse model provides important insights into the physiological
consequences of hyposulfatemia and the function of the NaS/
gene, which is yet to be linked with human disease. These stud-
ies are relevant to single nucleotide £olymorphisms (R12X and
N174S) in the human NaS1/ gene,(1 which lead to 100% and
60% loss of function, respectively."? The aim of this study was
to determine the growth of tumor cells injected subcutaneously
into hyposulfatemic Nas1™~ mice and compare them to wild-
type (Nas1**) normosulfatemic mice. Our findings show
increased tumor growth and vascularization, as well as reduced
tumor core necrosis, collagen content, and immunoreactivity to
heparan sulfate (HS), HS-, and chondroitin 4-sulfate- (C4S) epi-
topes in tumors from Nasl ™~ mice when compared to Nas1*/*
mice.

Materials and Methods

Mice. We previously generated Nasl1™~ mice in which the
NaSI gene was disrupted by targeted mutagenesis.' Nas1 ™~
mice exhibit hyposulfatemia (0.22 mMm, ~75% decrease) and
increased urinary sulfate excretion (Fractional Excretion Index
sulfate = 1.02; ~4-fold increase). Studies were performed on
male mice at 3 months of age with a mixed genetic background
(129Sv and C57BL/6). Mice were fed a standard rodent chow
(no. AIN93G; Glen Forrest Stockfeeders, Glen Forrest, Austra-
lia) and water ad libitum, and were used for approved experi-
ments in accordance with the guidelines of the University of
Queensland Animal Ethics Committee.

Tumor growth in vivo. In order to study tumor growth
in vivo, this study used a model epithelium tumor cell line, TC-
1, which is derived from primary lung epithelial cells co-trans-
formed with human p%]gillomavirus type 16 (HPV16) E6/E7 and
c-Ha-Ras oncogenes.®” In vivo, TC-1 cells injected subcutane-
ously in the mouse neck scruff form a single tumor mass that
grows aggressively in synergic C57BL/6 mice.?"*? Tumor
cells were cultured in DMEM supplemented with 5% fetal
bovine serum. We injected 1 x 10° TC-1 cells subcutaneously
into the neck scruff of anesthetized Nas1™~ and Nas1™* mice.
Tumors were excised from mice at 14 days after tumor cell
injection, photographed and weighed, and then pieces of tumor
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were taken for histological and immunohistological analyses.
Tumors were digitally measured (Scionlmage; Scion Corp.,
Frederick, MD, USA) and tumor cross-sectional areas calculated
by the formula (length/2 x width/2) X © as previously
described.?

Histopathological and immunohistochemical analyses. Tumors
were dissected into approximately 50 volumes of 10% buffered
formalin and fixed for 3 days prior to paraffin embedding.
Embedded tissues were sectioned, stain with Giemsa, or by the
Gomori’s trichrome method to detect collagen,®* and examined
by light microscopy. The vessel density of 10 randomly selected
high-powered (magnification, x200) tumor sections, excluding
the necrotic cores, was scored blinded to genotype (n =5 per
group). The immunohistochemistry was performed using the
mouse-on-mouse (MOM) immunodetection kit (Vector Labora-
tories, Burlingame, CA, USA). Antigen epitopes were unmasked
by immersing the tissue sections in 0.01 M sodium citrate buffer
(pH 6.0) in a pressurized high-temperature (121°C) decloaking
chamber (Applied Medical, Rancho Santa Margarita, CA, USA)
for 4 min and rinsing with deionized water. The slides were then
incubated with 3% v/v H,O, to block endogenous enzyme
activity, followed by two washes of 50 mm Tris-HCI1 (pH 7.2)
containing 0.15 M NaCl (TBS). The tissues were left either
undigested or digested chondroitinase ABC (0.05 U/mL) or
heparinase III (0.01 U/mL) in phosphate buffer (pH 7.2) at
37°C for 2 h. The tissue sections were incubated with the MOM
blocking reagent at room temperature (RT) for 1 h then washed
twice for 2 min with TBS. The sections were incubated with
5 pg/mL anti-HS (Mab10E4) or HS stub (Mab3G10) antibodies
(Seikagaku, Tokyo, Japan), or the anti-C4S stub antibody
(Mab2B6) diluted 1/500 (a gift from Prof. Bruce Caterson, Car-
diff University, UK) at 4°C for 16 h prepared in MOM diluent.
The sections were washed twice with TBS for 2 min before and
after incubating with biotinylated antimouse Ig diluted 1/500
(GE, Piscataway, NJ, USA) at RT for 1 h followed by incuba-
tion with streptavidin—horseradish peroxide diluted 1/250 (GE)
at RT for 30 min. The slides were washed four times with TBS
before developing with Nova Red (Vector Laboratories) and
counterstaining with hematoxylin.

TC-1 cell growth in culture. We cultured TC-1 cells in
DMEM supplemented with 2% or 5% serum from Nasl™~ or
Nas1** mice and cell growth was determined by *H-thymidine
incorporation. Briefly, 1 x 10* log-phase TC-1 cells were cul-
tured in 96-well flat bottom plates containing 2 or 5% mouse
serum in 200 pL. DMEM. Each sample was tested in triplicate.

After 24 h of culture, 1 uCi of *H-thymidine was added per well
and incubated for 48 h. Cells in individual wells were harvested
on an automated FilterMate harvester (PerkinElmer, Waltham,
MA, USA) and counts per min determined using a TopCount
analyzer (PerkinElmer).

Statistical ana )/ses The statrstlcal significance of differences
between Nasl™~ and Nasl*’* groups was assessed by an
unpaired Student’s ¢-test with P < 0.05 considered significant.

Results

Enhanced TC-1 tumor growth and vascularization in Nas1™/~
mice. To compare the growth of tumors, mice received a subcu-
taneous injection of TC-1 cells and were then sacrificed 14 days
after injection, with the tumors removed for analysis. Nasl™
mice showed markedly larger tumors (0.25 +0.16 cm?,
mean + SD) when compared to Nas1** mice (0.05 + 0.01 cm )
(Fig. la ,b). Tumor weights were increased by ~12-fold in
Nas1™~ mice (147.4 + 60.2 mg) when compared to Nasl™™*
mice (12.6 = 1.5 mg) (Fig. Ic), demonstrating that tumor
growth is enhanced in the hyposulfatemic NaS1 null mice. Our
initial observations revealed macroscoplcally visible blood ves-
sels on the surface of tumors from Nas1™~ mice (Fig. 1a) but
not in Nas1™* mice. Blood vessel formation is essential for
tumor growth and development, and 1ncreased vessel density is
a hallmark of enhanced tumor growth In order to ascertain
whether vessel density was altered in Nasl mice, we quanti-
tated the number of vessels in tumor sections from Nasl™"~ and
Nas1** mice (Fig. 1d,e). Tumor vessel density was signifi-
cantly 1ncreased by ~2.4-fold in Nas1™~ mice (15.1 + 3.2 ves-
sels/mm?) when compared to Nasl™* mice (6.3 1.6
vessels/mm?) (Fig. 1f) whrch is consistent with the increased
tumor growth in Nas1™"~ mice.

Histological assessment of tumors. Slnce tumor growth and
vessel density was increased in Nasl™~ mice, we aimed to
determine any drfferences in the gross, histological structure of
the tumors from Nasl™~ and Nasl** mice. We observed a
necrotic core in all tumors from Nas1** mice (Fig. 2b), but not
in Nas1™~ mice (Fig. 2a), i })lymg that the increased vessel
content in tumors from Nasl™~ mice was providing sufficient
nutrients for cell survival in the tumor core. In addition, we
observed markedly reduced collagen staining in tumors from
Nasl™~ mice (Fig. 2c) when compared to Nasl** mice
(Fig. 2d). Tumors from Nasl ™~ mice showed collagen staining
predominantly in the peripheral region (Fig. 2¢), whereas colla-
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2 Fig. 1. TC-1 tumor growth in Nas1™~ and Nas1*/*
0- P=10.028 mice. (a) Representative photograph showing
increased tumor size in Nas1™”~ mice (n = 5) when
- [+ compared to Nas1*/* mice (n=5). Blood vessels
were observed on the tumors from Nas1™/~ mice
U] (arrowhead) but not from Nas1*/* mice. Bar, 1 cm.
NE 20.0 The individual (n =5 per group) (b) tumor cross-
E16 0- sectional areas and (c¢) weights and medians,
-~ ranges, and P-values from the Student’s t-test are
%12 0- shown. (d,e) Representative photomicrographs
9 ’ showing an increased number of tumor vessels in
2 8.0 Nas1™~ mice (n=5) when compared to Nas1*/*
- mice (n =5). Bar, 200 um. (f) Individual (n =5 per
8 4.0 group) vessel densities, medians, ranges, and
o P=0.0006 P-values from the Student’s t-test are shown.
0 Photographs and data are representative of three
==+ experiments.
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Fig. 2. Histological assessment of tumors from Nas1™’~ and Nas1*/*
mice. (a,b) Representative photomicrographs (n =5 per group)
showing necrosis in the core of tumors from Nas1*/* mice, but not in
Nas1™’~ mice. Bar, 2 mm. (c,d) Representative photomicrographs
(n=5 per group) showing collagen staining primarily in the
peripheral region (arrow) of tumors from Nas1™~ mice, whereas
abundant staining was detected throughout the tumors from Nas1*/*
mice. Bar, 1 mm.

gen was detected throughout the tumors from Nasl*™* mice
(Fig. 2d), suggesting a reduced collagen content in the extracel-
lular matrix of tumors from Nas1™~ mice.

Immunohistochemical determination of GAG distribution in
tumors. Since GAGs play an important role in modulating
tumor growth and angiogenesis (reviewed in ref.?®), we com-
pared the abundance and distribution of GAGs in tumors from
Nas1™~ and Nas1*’* mice. Tumors from Nas1™~ mice showed
weak immunostaining to native heparan sulfate (HS), or the HS-
stub (remaining after heparinase digestion) and chondroitin 4-
sulfate- (C4S) stub (remaining after chondroitinase digestion),
which were predominantly distributed to the peripheral region
of tumors in Nas1™~ mice, whereas they were immunolocalized
throughout the tumors from Nas1** mice (Fig. 3). These data
demonstrate a markedly reduced GAG-content in the extracellu-
lar matrix of the tumors in Nas1™~ mice.

Assessment of cultured TC-1 cell growth supplemented with
serum from Nas1™~ mice. Cultured TC-1 cells were supple-
mented with serum obtained from Nasl™~ or Nas1** mice to
determine whether the hyposulfatemia in Nasl™~ mice
(0.2 mm, ~75% decrease compared to Nas1** mice) leads to
enhanced cell growth in cell culture. No significant differences
were found for "H-thymidine incorporation in TC-1 cells supple-
mented with either 2% or 5% serum from Nasl ™~ or Nasl**
mice (Fig. 4), implying that serum derived from hyposulfatemic
Nas1™~ mice did not lead to increased TC-1 cell growth and
that such cell culture conditions may not reflect the in vivo situa-
tion of enhanced tumor growth in Nas1™~ mice.

Fig. 3 Distribution of native HS, and HS-, and C4S-stubs in tumors
from Nas1™~ and Nas1*’* mice. Representative photomicrographs
showing that HS, HS-stub (following heparintinase digestion) and C4S-
stub (following digestion with chondroitinase ABC) immunoreactivity
was markedly reduced and localized to the periphery of tumors from
Nas1™’~ mice when compared to Nas1*’* mice. Bar, 500 um (top
panels) and 100 um (bottom panels).
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Fig. 4. Growth assessment of cultured TC-1 cells supplemented with
2 or 5% serum from Nas1™’~ and Nas1*’* mice. Individual com values
(mean of triplicate cultures), median, range, and P-values from the
Student’s t-test are shown.

Discussion

Nas1~™”~ mice show increased tumor growth and vascularization,
as well as reduced tumor core necrosis, collagen content, and
immunoreactivity to the native HS, and HS-, and C4S- epitopes.
These abnormal features may be a result of reduced sulfate
availability in the tumor, secondary to hyposulfatemia that is
characteristic of the Nasl™~ mice."* However, we cannot
completely exclude the possibility that the altered steroid and
Insulin-like growth factor 1 (IGF-1) homeostasis in Nasl™
mice""*'” may contribute to the tumor phenotype that we
describe. The increased tumor growth in Nasl™~ mice is of
high relevance to human cancers associated with altered sulfate
homeostasis, including hepatic, gastric, colorectal, and lung car-
cinomas®’ " and suggests that hyposulfatemia plays a role in
modulating tumor growth.

Interest in the oncogenetics of sulfate metabolism has
expanded following the association of human sulfotransferase
polymorphisms with numerous neoplasias, includiné lun%,
mouth, breast, gastric, colorectal, and bladder cancers. 7,32-35)
Several prote %lycan sulfotransferase-deficient mice have been
characterized,“*” but tumor growth in these models has yet to be
studied. A sufficient supply of sulfate is required for sul-
fotransferases to function effectively.'" This finding led us to
investigate sulfonated proteoglycans in tumors from hyposulfa-
temic (~0.2 mM serum sulfate) Nasl™~ mice and compare
those to normosulfatemic (~1.0 mm serum sulfate) Nasl™™*
mice. We found reduced 1mmunoreact1v1ty against HS, HS-, and
C4S-stubs in the tumors from Nas1™~ mice, which is of particu-
lar relevance to tumor biology because the sulfonated proteogly-
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cans play an important role in mediating tumor growth and
angiogenesis.” This is consistent with our data, showmg
increased tumor growth and vessel density in the N as1™’~ mice.
Whilst decreases in the content of sulfonated Proteoglycans have
been well documented in human cancers,” it is not clear
whether the reduced sulfonated proteoglycan content in tumors
from Nasl™~ mice are primary or secondary responses to
enhanced tumor growth. Nonetheless, our murine model shows
that hyposulfatemia may contribute to decreased sulfonated pro-
teoglycan content in tumors with enhanced growth.

There is evidence that decreased collagen levels in the extra-
cellular matrix (ECM) can decrease the mechamcal stlffness of
tumors, which leads to increased tumor growth.**> This ﬁnd—
ing led us to compare the collagen content of tumors in Nas1 ™
and Nas1™* mice. Histological analyses revealed an abundant
distribution of collagen throughout the tumors from Nasl™™
mice, whereas tumors from Nasl™~ mice showed markedly
reduced collagen staining, which was restricted to the periphery
of the tumor. These findings, together with the decreased content
of proteoglycans demonstrate an altered tumor ECM in
Nas1™~ mice that is more permissive of enhanced growth.

Although tumor growth was markedly enhanced in our hypos-
ulfatemic mice, we were unable to show increased growth of
cultured TC-1 cells supplemented with serum from Nasl™
mice. It is likely that the tumor microenvironment in Nasl™~
mice does not mimic the cell culture conditions used in our
study. Indeed, numerous studies have shown that the host micro-
environment plays an active role in mediating tumor growth, as
well as cancer metastasis.®”’ There was no evidence of TC-1
cell metastasis in the Nas1™"~ mice, and this issue warrants fur-
ther investigation. Taken together, our findings indicate the
importance of the host microenvironment when studying tumor
growth.

In summary, this study revealed enhanced tumor growth in
hyposulfatemic Nasl ™~ mice. This finding suggests that circu-
lating sulfate may play an important role in the modulation of
tumor growth. The significance of this study is relevant to
humans with hyposulfatemia and prompts future assessment of
cancer patients with altered sulfate homeostasis.
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