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modifying syndecan-4 and the tumor microenvironment
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Abstract: Breast cancer is the leading cause of cancer-related deaths in women worldwide. Several studies have
indicated that abnormal chondroitin sulfate (CS) chains accumulate in breast cancer tissues; however, the func-
tions and dysregulation of CS synthases are largely unknown. Here, we demonstrate that chondroitin polymerising
factor (CHPF) is frequently upregulated in breast cancer tissues and that its high expression is positively associated
with tumor metastasis, high stages, and short survival time. CHPF modulates CS formation in breast cancer cells.
Additionally, we found that CHPF promotes tumor growth and metastasis accompanied by an increase in G-CSF
levels and the number of myeloid-derived suppressor cells in tumor tissue. We revealed that tumor cell-derived G-
CSF is co-localised with CS on the cell surface. Interestingly, our study is the first to identify that syndecan-4 (SDC4)
is modified by CHPF and that it is involved in CHPF-mediated phenotypes. Moreover, breast cancer patients with
high expression of both SDC4 and CHPF had worse overall survival compared to other subsets, which implied the
synergistic effects of these two genes. In summary, our results indicated that the upregulation of CHPF in breast
cancer contributes to the malignant behaviour of cancer cells, thereby providing novel insights on the significance
of CHPF-modified SDC4 in breast cancer pathogenesis.
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Introduction Glycosaminoglycans (GAGs) are unbranched

polysaccharide chains which can exist as free

Although the recent advancements in breast
cancer therapies using novel mechanisms,
involving actionable cancer mutations and the
immune system, breast cancer remains the
leading cause of cancer death in women world-
wide [1, 2]. Accumulating evidence indicates
that patients with advanced tumor stages,
characterised by large tumor size, lymph node
invasion, skin invasion, or distal metastasis,
are tightly regulated by the tumor microenviron-
ment (TME) [3, 4]. Moreover, the cellular and
extracellular components of TME directly gov-
ern the outcomes of chemotherapy and immu-
notherapy in breast cancer [5-8]. Thus, a thor-
ough understanding of the change in the TME is
crucial for improving the survival of breast can-
cer patients.

chains, such as hyaluronan, or covalently link
to core proteins such as proteoglycans (PGs).
GAGs and PGs are major components of extra-
cellular matrix in both normal and tumor tissue,
and they are also abundant on the surface of
cancer cells. Chondroitin sulfate (CS) is a mem-
ber of the GAG family, which is covalently linked
to the core protein, forming chondroitin sulfa-
te proteoglycans (CSPGs). Increasing evidence
on the relationship between dysregulation of
CSPGs and breast cancer cell proliferation,
invasion, and metastasis has been reported.
For instance, versican is deposited in the tu-
mor stroma, which is associated with aggres-
sive phenotypes and relapse in node-negative
breast cancer [9, 10]. In contrast, low levels of
decorin in invasive breast carcinomas are asso-
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ciated with poor outcomes, and decorin has
been shown to possess anti-angiogenic activi-
ties [11, 12]. Importantly, CSPG4 (NG2) is con-
sidered as a target for the antibody-based
immunotherapy of triple-negative breast can-
cer and several other types of cancer [13, 14].
The CS side chains of CSPGs are known to
exert bioactivity; however, the alternations of
CS chains on the PGs or the dysregulation of
CS-modifying enzymes require further elucida-
tion.

In humans, the biosynthesis of CS chains is ini-
tiated by the linkage of N-acetylgalactosamine
(GalNAc) to a tetrasaccharide structure, gluc-
uronic acid (GlcA)-GalNAc-GalNAc-xylose, on a
core protein. Next, the elongation (polymeriza-
tion) of CS chain is catalyzed by a group of
bifunctional CS synthases (CHSY1, CHPF, CH-
PF2, and CHSY3), which have dual 1-3 gluc-
uronosyltransferase and [1-4 N-acetylgalac-
tosaminyltransferase activities. One single CS
chain can be composited by up to 50 repeats of
GlcA-GalNAc disaccharide units, and each CS
unit could be further classified according to
their modifications [15-17]. For instance, CS is
often O-sulfated at C-4 (4-O-sulfated CS) or
at C-6 (6-0O-sulfated CS) on the GalNAc residue
by sulfotransferases (CHST family) catalysis.
Depending on the spectrotemporal expression
of the CS synthases and CS sulfotransferases,
a single CS chain usually consists of a series of
variably sulfated units.

The biological functions of CS chains on CSPG
are endorsed by their affinity to various ad-
hesion molecules, trans-membrane proteins,
growth factors, and cytokines [16, 18]. We have
previously found that CHSY1 promotes the for-
mation of aggressive phenotypes of HCC cells
by activating the Hedgehog signalling pathway.
Inhibition of this pathway with vismodegib
decreased the CHSYZ1-induced migration, inva-
sion, and lung metastasis of HCC cells [19]. Our
study also indicated that dermatan sulfate
epimerase 1 modulated the tumor-infiltrated
immune cell population and regulated CCL5
signalling in HCC cells [20]. In glioma cells, we
used a human phosphor-receptor tyrosine
kinase array to identify the selective regulation
of PDGFRA signalling by CHSY1 [21]. These
studies suggest that the differential expression
of CS synthases and CS-modifying enzymes
directly changes the content and structure of
CS inthe TME, which may modulate the immune
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response and regulate diverse cellular signal-
ling pathways in tumor tissues.

In this study, we focused on the CS polymerisa-
tion enzymes, which build the elemental struc-
ture of CS in breast cancer. We found that CHPF
is frequently overexpressed in breast cancer
and its high expression is associated with poor
survival. Therefore, we hypothesised that CHPF
can regulate the malignant growth of breast
cancer cells by modulating the functions of
CSPG in the TME.

Materials and methods
Cell culture and transfection

MCF7, SK-BR-3, MDA-MB-468, MDA-MB-435,
MDA-MB-231, HS578T, 4T41, and JC were ob-
tained from the American Type Culture Collec-
tion (Manassas, VA) in 2014, and cultured in
DMEM (Life Technologies) containing 0.1 mM
sodium pyruvate, 10% FBS (5% FBS for 4T1
cells), 2 mM L-glutamine, 100 IU/mL penicillin,
and 100 pg/mL streptomycin. Empty pCMV6
and Chpf-pCMV6 plasmids were transfected
to 4T1 cells using TOOLstrong Transfection
Reagent (BIOTOOLs, TW). The transfected cells
were selected with 600 pug/mL of G418. For
gene silence experiments, ON-TARGETplus
SMARTpool siRNA against CHPF or Sdc4, and
non-targeting control siRNA were purchased
from Dharmacon. Cells were transfected with
20 nmol of siRNA using Lipofectamine RNAIMAX
(Invitrogen). For shRNA transfection, pLKO/
CHPF-shRNA plasmids (5-GCTGTGGCCTCCAC-
GTATTTA-3’), and nontargeting pLKO plasmids
were purchased from National RNAi Core
Facility (Academia Sinica, Taipei, Taiwan). The
short hairpin RNA (shRNA) plasmids were trans-
fected and selected with 1.0 ug/ml of puromy-
cin for 10 days.

Reagents and antibodies

Full length Chpf cDNA clone were purchased
from OriGene. Chondroitinase ABC, B-D-xylop-
yranoside, and CCKS8 reagent was purchased
from Sigma-Aldrich. Mouse monoclonal anti-
body against CHPF (sc-376183) and Syndecan-
4 (sc-12766) was purchased from Santa Cruz.
Antibodies against Z0-1, E-cadherin, B-catenin,
N-cadherin, Vimentin were purchased from Cell
Signaling Technology. Antibodies against chon-
droitin sulfate (CS56) and ACTB were pur-
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chased from GeneTex, Inc. The antibodies
against mouse F4/80-FITC, Ly6G-Alex488,
CD45-PerCP, Grl-Violet 510, CD11b-PE, and
I-A/I-E-FITC (MHCII) were all purchased Bio-
legend. G-CSF antibody (bs-1023R) was pur-
chased from Bioss Inc.

Tissue array and immunohistochemistry

Paraffin-embedded human breast cancer tis-
sue microarrays were purchased from Shang-
hai Outdo Biotech. Arrays were incubated with
CHPF antibody (1:200) in 5% bovine serum
albumin/PBS and 0.1% Triton X-100 (Sigma) for
16 h at 4°C. UltraVision Quanto Detection
System (Thermo Fisher Scientific Inc.) was used
to amplify primary antibody signal. The specific
immunostaining was visualized with 3,3-diami-
nobenzidine (DAB) and counterstained with
hematoxylin (Sigma). The staining intensity
were graded by microscopy by two scorers
blinded to the clinical parameters. Images were
obtained by Tissue FAX Plus Cytometer.

Immunoprecipitation and CSPG identification

For immunoprecipitation assay, cell lysates
(0.8 mg) were incubated with 4 pg of antibody
at 4°C for 16 h. Protein L sepharose beads
(BioVision Inc) was then added to lysates for 3
h for pulldown CS56 antibody (mouse IgM).
Protein A/G sepharose beads (Thermo Fisher
Scientific Inc) was used to capture SDC4 anti-
body (mouse 1gG). The pull-downed proteins
were then separate by 7.5% or 12% SDS-PAGE,
and visualized by Stain-Free Imaging Technology
(Bio-Rad) or applied to Western blotting. For
CSPG identification, protein bands were in-gel
digestion by trypsin chromatography based
(LC-based) and applied to tandem mass spec-
trometry (LC MS/MS, Dionex Ultimate 3000
RSLCnano system Hybrid mass spectrometer).
The data files obtained following LC-MS/MS
analysis were processed in the SwissProt,
Mascot version 2.5, and Percolatorl,2.

Animal experiments

The 4T1 orthotopic mouse model of spontane-
ous breast cancer metastasis was performed
referring to a previous report [22]. In brief,
1x10° cells will injected into BALB/c mouse
mammary fat pad, and the primary tumors
were removed after 3 weeks. Lung metastasis
was measured one month after the surgery. All
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animal experiments in this study were reviewed
and approved by the Institutional Animal Care
and Use Committee (IACUC) of Chung Shan
Medical University Experimental Animal Center.

Flow cytometry and myeloid-derived suppres-
sor cells (MDSC) isolation

Breast cancer cells were detached with 10 mM
EDTA and stained with CS56 antibody at 1:100
dilutions on ice for 30 min. Cells were incubat-
ed with FITC-conjugated anti-mouse IgM anti-
body on ice for 30 min. For analyzing tumor infil-
trated myeloid cells, 100 mg of primary 4T1
tumor tissues were excised at day 21 (n = 7 for
each group). Disaggregation cell suspension
was filtered through cell strainer to remove cell
clumps and briefly treated with ACK buffer to
remove red blood cells. Cells were spin down
and blocking by anti-CD16/32 for 15 minutes
before surface antigen staining. The MDSC
population (CD45*MHCII-CD11b*Gr1") was iso-
lated by cell sorter (BD FACSAria).

Cell viability assay

Cells (2 x 10%) were seeded into 96-well plates
with culture medium. Cell viability was analyzed
by CCK8 assay at 0O, 24, 48, and 72 hours fol-
lowing manufacture’s protocol (Sigma-Aldrich).
Four wells per group of each time point were
measured by OD 450 nm, and two wells of only
media were used to measure the background
absorbance. The experiments were repeated
for three times, and relative fold changes were
shown.

Cell invasion assay

Transwell inserts for 24-well plate (Corning)
with Matrigel (BD Biosciences) coated porous
filters (pore size 8 um) were used to evaluate
cell cell invasion. 2 x 10* cells in 0.2 ml serum-
free DMEM were seeded into inserts, and 0.6
ml DMEM containing 10% FBS was added in
lower part of the well. For measuring MDSC-
induced cell invasion, 4T1 cells (2 x 10%) in 5%
FBS-DMEM were seeded into inserts, freshly
isolated MDSC (5 x 10%) in 5% FBS-DMEM was
added in lower part of the well. Cells were
stained by crystal violet and counted after 24
hour incubation. Independent experiments
were repeated for three times, and average
number of cells per microscopic field over three
fields of each filter.
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Confocal microscopy

The z-stacked confocal images of immunofluo-
rescence staining were captured with a confo-
cal microscope, Leica TCS SP8. Each confocal
image illustrated is the stack of five series of
scans in cell or tumor tissue section (1.5 um in
total thickness).

Statistical analysis

Data analysis was performed using GraphPad
Prism 6. Two-sided Fisher exact test was used
for comparisons between CHPF expression and
clinicopathologic features of breast cancer tis-
sue array. Kaplan-Meier analysis and the log-
rank test were used to estimate survival rate. P
< 0.05 was considered statistically significant.

Results

Upregulation of CHPF in breast cancer tis-
sues is associated with decreased patient
progression-free survival, overall survival, and
metastasis

Abnormal expression of CS synthases leads to
dysregulation of CS formation in cancer cells
and the TME. Several independent breast can-
cer datasets in the ONCOMINE database indi-
cated that gene expression of CHPF was sig-
nificantly upregulated in cancer tissues (Figure
S1A). Analysis of gene expression of three
major bifunctional CS synthases (CHSY1, CHPF,
and CHPF2) was performed using Betastasis
(http://www.betastasis.com/). High expression
of CHPF was significantly associated with poor
overall survival (P = 0.036, n = 225, Figure
S1B). Thus, we further evaluated the expres-
sion of CHPF in different subtypes and tumor
stages using The Cancer Genome Atlas (TCGA)
dataset, which contains 104 normal tissues
and 947 tumor tissues. The results indicated
that all breast cancer subtypes (luminal A, nor-
mal-like, luminal B, HER2-enriched, and basal-
like) express higher CHPF levels than the nor-
mal tissues (Figure 1A and Table S1). Addi-
tionally, the expression of CHPF in each stage
(stages |, II, lll, and IV) was significantly higher
than that in the normal tissues. The mean
expression levels of CHPF gradually increased
with no statistical significance in stages Ill and
IV (Figure 1B and Table S2). Moreover, we found
that the expression of CHPF was not associat-
ed with lymph node metastasis but was signifi-
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cantly increased in patients with distant metas-
tasis (Figure 1C and 1D). Further analysis of
overall survival (OS) and progression-free sur-
vival (PFS) revealed that high expression of
CHPF was significantly associated with decre-
ased overall survival and PFS. Interestingly, sig-
nificant differences appeared in the subsets
of patients in stages Ill and IV (n = 227) but
not those in stages | and Il (n = 720, Figure 1E
and 1F). We further analyzed OS and PFS in
each breast cancer subtype. High expression of
CHPF is associated with decrease of OS in bas-
al-like patients and decrease of PFS in luminal
B patients (Figure S2). To validate TCGA data
and examine protein expression of CHPF in can-
cer tissue, we performed immunohistochemis-
try (IHC) with CHPF antibody on a tissue array
that contained 133 primary breast cancer tis-
sue samples from another independent cohort.
Under our staining conditions, we found that
CHPF was expressed mainly in the paranuclear
cytoplasm of cancer cells. The intensity of the
staining was scored according to the percent-
age of CHPF-positive cells in each sample (O:
negative; +1: < 20%; +2: 20%-50%; +3: > 50%;
Figure 1G). Our results indicated that 37.6%
(50/133) of the tested samples revealed strong
CHPF staining (+2 and +3) and that CHPF inten-
sity is positively associated with high tumor
stage (Table 1). Consistently, high expression
of CHPF was associated with poor patient 0OS
(Figure 1H). Overall, these results suggested
that CHPF is frequently upregulated in breast
cancer patients and its expression correlates
with poor prognosis.

CHPF modulates CS formation and enhances
the malignant phenotypes of breast cancer
cells

To investigate the function of CHPF in breast
cancer, we first analysed its expression in
human and mouse breast cancer cell lines. The
expression level of CHPF was relatively high in
MDA-MB-231 cells and low in 4T1 and JC cells
(Figure 2A). Then, we stably overexpressed
Chpf in 4T1 and JC cells and silenced CHPF in
MDA-MB-231 cells (Figure 2B). Flow cytometry
with CS56 antibody revealed that the overex-
pression of CHPF increased the CS-positive cell
population, while CHPF silencing moderately
decreased the CS56-positive cell population
(Figure 2C). These results indicated that CHPF
modulated CS formation in breast cancer cells.
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Figure 1. CHPF is frequently upregulated in human breast cancer and associated with poor prognosis. (A) Com-
parison of CHPF gene expression in breast cancer subtypes and normal breast tissue in TCGA dataset. ****P <
0.0001. (B) Comparison of gene expression of CHPF in patients with different stages of breast cancer in TCGA data-
set. ****P < 0.0001. (C) Gene expression of CHPF in patients with or without lymph node invasion. (ns: non-signifi-
cant). (D) Gene expression of CHPF in patients with or without distance metastasis. *P < 0.05. Survival analysis (E)
and progression-free survival (F) of CHPF expression in breast cancer patients in TCGA dataset (n = 947), low stages
(l'and Il) and high stages (lll and IV) subsets. The median FPKM value of CHPF was used. (G) Immunohistochemistry
of CHPF on a breast cancer tissue array. The staining was visualised in brown colour using a 3,3-diaminobenzidine
liquid substrate system. All sections were counterstained with haematoxylin. Representative images of different
staining intensities are shown. Amplified images are shown at the bottom right of each image. Scale bars: 50 pm.
(H) Kaplan-Meier analysis of the overall survival for breast cancer tissue array cases (n = 133, P = 0.0002).
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Table 1. Correlation of CHPF expression with clinicopathological

features of Breast cancer tissue array

mokines in the TME [16, 25].
Thus, we profiled the quantities

CHPF expression

P value (Two-sided

of important cytokines and che-
mokines in dissected primary

Factor (I(;oav:/jffi) (+H2ig;n(d5i))3) Fisher's exact test) tumor tissue using multiplex im-
Age <5Oyears 28 14 0.566 t”:]“:oassay'l quk_data(lihlowff
> 50 vears 55 36 at several cytokines (IL-1a, IL-

AJCC Stages | +1I ' 63 26 0.007** 6, 1-12, and G-CSF) and chemo-
: kines (CCL2, CCL3, CCL4, and

it 20 24 CCL5) are increased in Chpf tu-

Grade Grade Il 63 31 0.116 mors (Figure 3C) Among these
Grade Ill 20 19 secretory factors, G-CSF was

ER (IHC) Positive 61 29 0.085 dramatically surged in Chpf-over-
Negative 22 21 expressing tumors. G-CSF is a

PR (IHC) Positive a7 23 0.283 key inflammatory component
Negative 36 27 that facilitates granulocytic MD-

HER2 (IHC)  Positive 33 22 0.717 SC accumulation in various hu-
Negative 50 28 man tumors [26-28]. Consistent

**P < 0.01. with the aforementioned sen-

Phenotypic analysis showed that overexpres-
sion of Chpf significantly enhanced cell viability
in 4T1 and JC cells, while the silencing of CHPF
suppressed cell viability in MDA-MB-231 and
MDA-MB-468 cells. Additionally, overexpres-
sion of Chpf drastically enhanced transwell cell
invasion, while the silencing of CHPF inhibited
cell invasion (Figure 2E). Since breast cancer
invasion is strongly associated with the reacti-
vation of epithelial-mesenchymal transition
(EMT) [23, 24], we examined the expression of
epithelial markers ZO-1, E-cadherin, and B-ca-
tenin, and mesenchymal markers, N-cadherin
and vimentin, using western blotting. Our
results revealed that overexpression of Chpf
promoted EMT in both 4T1 and JC cells (Figure
2F).

CHPF promotes tumor growth, metastasis, and
MDSC accumulation in tumor tissues

We used orthotopic transplantation breast can-
cer animal models to evaluate the effects of
CHPF on tumor growth, metastasis, and cyto-
kine expression (36). Primary tumors were sur-
gically removed at the third week and sponta-
neous lung metastasis was measured four
weeks after tumor removal. The results indicat-
ed that overexpression of Chpf increased tu-
mor weight (Figure 3A) and spontaneous lung
metastasis was significantly enhanced (Figure
3B). Several studies have shown that CS chains
can modulate the binding of cytokines and che-
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tence, an increased number of

MDSCs (MHCII'CD11b*Gr1") in
Chpf-overexpressing tumor tissues were ob-
served using flow cytometry (Figures 3D and
S3). The tissue sections were further stained
with macrophage (F4/80) and granulocyte
markers (Ly6G) and G-CSF to identify G-CSF
producers. We found a low number of macro-
phages and granulocytes that were G-CSF posi-
tive, and also found that 4T1 cancer cells could
be the major contributors to G-CSF accumula-
tion in the tumor tissue (Figure 3E and 3F).

CHPF enhances G-CSF binding to the cell
surface CS and activates MDSC-induced cell
invasion

Previous studies indicate that invasive breast
cancer cells, such as 4T1 and MDA-MB-231,
constitutively express high levels of G-CSF
[28, 29]. Thus, we used these cell lines to anal-
yse the effects of CHPF on G-CSF production.
Quantitative reverse transcription PCR (qRT-
PCR) showed that the gene expression of G-
CSF (CSF3) was not regulated by CHPF levels
(Figure 4A). However, overexpression of CHPF
increased G-CSF protein levels in 4T1 cells. In
contrast, silencing of CHPF decreased G-CSF
levels in MDA-MB-231 cells (Figure 4B). We
suggest that CHPF-modified CS may facilitate
G-CSF accumulation surrounding the cancer
cells. The distribution of cell surface CS and
G-CSF was analysed using confocal microsco-
py. The results indicated that overexpression of
Chpf significantly increased the co-localisation

Am J Cancer Res 2021;11(3):812-826



CHPF promotes breast cancer malignancy

© W ~—
gi gl 8 = Mock . Chpf
oo, @O ~ o 2.57% 14.1%
S =S 5 =S S 5 9 O a0 00
~ o T T~ T O c 5 I -
L 5 < < 5 < = 0 O O - a0
C2dg9ad39 ¢ <.
2 @ - = = CHPF -— - 200 200
CHPF S R e =2 s o S100  ACTE = i e A T
Ctr sh CHPF sh
- - @ 5% 14.59
Total & - 208%| *
protein Total nE:
E =] protein “ B :
[ ] - g ;
: 4 o =
- =8 =9 L ]
4T1 MDA-MB-231 CS56
D & 4T D JC i MDA-MB-231 o MDA-MB-468
> 6 o4 238 - 28 - .
5 0 Mock * 5 O Mock * S 7 | OCtrsh G, | OCtrsi
§ 51 mChpf 53 | mChpf 66— ® CHPF sh -‘:"67 @ CHPFsi
B 4 ko) o o *
& g 57 851
=37 =2 =4 ESE
=g £ =3 A = 3
S 21 4 821 82
=1 S >1 A z 1
30 20 - 20 30
. Oh 24h 48h o Oh 24h 48h G Oh 24h48h72h & Oh 24h 48h 72h
e 8
g 4m % F a1 JC
=300 - e 3 x x s 4040
2 g = 8§88 388 3%
3200 | | S6 286 g0
5 | i g
g 100 5 = 200
g 0 - O g ZO_1 — -.—— E
= Mock Chpf : o 1.0
o
° » E-cad e v 0.0
EBOO ek 8 ‘
D600 =
8400 B-catenin e
8200 5
g 0 O N-cad — >
= Mock Chpf ¢ E
Q
o _ MDA-MB-231  _ Vimentin —— €
© 80 @ o o
= 50 = =
E © 3
g 40 ** -8 g ACTB -_—— - — &
ko] 20 [Ty
5 0 o
I
g CtrshCHPF G &
£ sh

Figure 2. CHPF regulates CS formation and malignant phenotypes in breast cancer cells. A. Western blots of CHPF in
breast cancer cell lines. Total protein staining was considered as a loading control. B. Stable overexpression of CHPF
in 4T1 cells and shRNA knockdown of CHPF in MDA-MB-231 cells. The expression levels of CHPF were analysed us-
ing western blotting. ACTB and total protein staining were used as the loading control. C. Flow cytometry using CS56
antibody. Percentage of CS56-positive population is shown. D. CCK8 assay reveals the relative cell viability of Chpf-
overexpressed clones and CHPF-silenced clones. Data are represented as the mean + SD from three independent
experiments. *P < 0.05, **P < 0.01. E. Transwell invasion assay reveals relative cell mobility of Chpf-overexpressed
clones and CHPF-silenced clones. Representative images are shown on the right. Data are expressed as the mean
+ SD from three independent experiments. **P < 0.01, ***P < 0.001. F. Western blotting of ZO-1, E-cadherin (E-
cad), B-catenin, N-cadherin (N-cad), and vimentin in Chpf-overexpressed 4T1 and JC cells. Representative images
are shown. ACTB was used as the loading control. The relative signal intensities are shown on the right. **P < 0.01
and ***P < 0.001 compared to control (mock).
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Figure 3. CHPF promotes tumor growth, metastasis, and MDSC accumulation in tumor tissue. Overexpression of
Chpfincreases tumor weight (A) and lung metastasis (B) of 4T1 tumor model (n = 6; *P < 0.05). Images of dissected
tumors and lungs are shown on the left. Arrows indicate lung tumor nodules. Scale bars: 1.0 cm. (C) Cytokine and
chemokine levels in 4T1 tumor tissues. Tumor tissue lysate (100 mg) is analysed using multiplex immunoassay. *P
< 0.05, **P < 0.01. (D) Chpf increases infiltrated MDSC numbers in tumor tissue. Representative images of gating
Gr1 high (Gr1") and Grl intermediate (Gr1™) MDSCs are shown on the right. The mean * SD are shown on the left
(n=7). *P<0.05, **P < 0.01. (E) Immunostaining of F4/80 and G-CSF in 4T1 tumor sections. (F) Immunostaining
of Ly6G and G-CSF in 4T1 tumor sections. Amplified images are shown at the bottom right of each image. Scale
bars: 20 pm.

of CS and G-CSF on the cell surface. In addi- CSF decreased when [B-D-xylopyranoside was
tion, cell surface co-localisation of CS and G- used to suppress CS formation (Figure 4C).
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and 4T1 cells induced 4T1 cell invasion. Mock or Chpf-overexpressed cells in the transwell were co-cultured with
or without freshly isolated MDSCs and incubated in 5% FBS-DMEM for 24 h. Invasive cells were counted and the
representative images are shown on the right. Data are expressed as the mean + SD from three independent experi-

ments. ***P < 0.001.

Previous studies indicate that tumor-derived
G-CSF not only promotes the generation of
MDSCs but also facilitates the formation of a
premetastatic niche [28, 30]. To evaluate the
effects of MDSCs on the invasion of cancer
cells, we isolated MDSCs (MHCII'CD11b*Gr1M)
from 4T1 tumor tissues and co-cultured them
with 4T1-mock or Chpf-overexpressing cells.
The results revealed that overexpression of
CHPF significantly promoted MDSC-induced
cell mobility (Figure 4D).

Syndecan-4 is modified by CHPF and contrib-
utes to CHPF-mediated malignancy in breast
cancer

It can be seen in Figure 2C that CHPF regulates
cell surface CS formation. To identify the PGs
that were modified by CHPF, protein lysates
from mock and Chpf-overexpressed cells were
immunoprecipitated using CS56 antibody. The
protein bands from SDS-PAGE were purified
and analysed using mass spectrometry (Figure
5A). Using our experimental conditions, we
identified that Syndecan-4 (SDC4) was the only
PG with increased levels in Chpf-overexpressed
4T1 cells, and SDC4 was detected in MDA-
MB-231 cell lysates after CS56 immunoprecipi-
tation (IP). SDC4 is generally considered as a
heparan sulfate proteoglycan (HSPG); however,
it can carry CS chains depending on the cellular
enzyme expression profile [31]. We digested all
types of CS in the protein lysate using chondroi-
tinase ABC and found that the molecular weight
of SDC4 shifted to 60 kDa in the Chpf-over-
expressing lysate, suggesting that CHPF added
CS chains on SDC4 (Figure 5B). We also con-
firmed that the overexpression of Chpf did not
modulate the gene expression of SDC4 (Figure
5C). To examine whether SDC4 participated in
CHPF-induced cell invasion, the expression of
SDC4 was silenced by siRNA in mock and Chpf-
overexpressed clones. The results indicated
that the silencing of SDC4 suppressed CHPF-
induced cell invasion. Additionally, the silencing
of SDC4 decreased the CHPF-enhanced cellu-
lar G-CSF in protein levels but not in mRNA lev-
els (Figure 5E and 5F). Next, SDC4 IP assay
was used to evaluate G-CSF binding to SDC4.
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The results demonstrated that G-CSF was
captured by immobilized SDC4 in Chpf-over-
expressing lysate (Figure 5G). These data sug-
gest that CS modification on SDCA4 is critical for
CHPF-mediated cell invasion and G-CSF bind-
ing to SDCA4.

Next, we studied the relationship between
CHPF and SDC4 in human breast cancer
samples. Interestingly, although there was no
significant difference in the overall survival
between patients with SDC4 high and SDC4
low expressions in TCGA breast cancer patients,
the subset with high expression of both SDC4
and CHPF was significantly associated with
poor overall survival and short median survival
time compared to that of the subset with low
expression of SDC4 and CHPF (Figure 5G).

Discussion

Alterations in the biosynthesis of glycans usu-
ally occur when glycosyltransferases are dys-
regulated, which results in abnormal glycans in
the TME, directing crucial physiological func-
tions in cancer progression in all types of malig-
nant tumors [32-34]. In this study, we found
that the upregulation of CHPF exacerbated
poor prognostic breast cancer population, es-
pecially in high tumor stages and triple-nega-
tive (basal-like) subsets. We proposed novel
functions of CHPF in promoting cancer cell
malignancies as well as increasing G-CSF in the
TME. Importantly, our study is the first to dem-
onstrate that CHPF modifies CS on SDC4,
which is involved in CHPF-mediated pheno-
types. Breast cancer patients with high expres-
sion of both SDC4 and CHPF had the worst
overall survival compared to other subsets,
which implied the synergistic effects of these
two genes.

A few years ago, a distinct type of CS structure,
which was detected exclusively in the human
placenta using a recombinant malaria parasite
protein (r'VAR,CSA), has been found to appear
in 90% of breast tumors [35, 36]. The cru-
cial CS-modifying enzymes that contribute to
rVAchsA binding have been identified, includ-
ing CSGALNACTs, CHSY1, CHPF, and CHST11

Am J Cancer Res 2021;11(3):812-826
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Figure 5. Syndecan-4 is involved in CHPF-mediated breast cancer malignancy. A. Immunoprecipitation (IP) of 4T1
cell lysate using CS56 antibody. The immunoprecipitated protein is separated using 8% SDS-PAGE and visualised
using stain-free technology (Bio-Rad). The red arrowheads indicate the CHPF-enhanced proteins after IP. The black
arrowhead indicates the heavy chains of the antibody. B. CHPF modifies Syndecan-4 (SDC4). Western blots of SDC4
in mock or Chpf-overexpressed cell lysates. Chondroitinase ABC (ChABC) was used to digest CS in the cell lysate. C.
Relative mRNA expression of SDC4 in mock or Chpf-overexpressed 4T1 cells. D. Silencing of SDC4 by siRNA sup-
presses CHPF-induced cell invasion. The mock or Chpf-overexpressed cells were transfected with non-targeting con-
trol siRNAs (Ctr si) or SDC4 specific siRNAs (SDC4 si) and subjected to transwell invasion assay. Data are expressed
as the mean + SD from three independent experiments. ***P < 0.001, *P < 0.05. The representative images are
shown on the right. E. Silencing of SDC4 decreases CHPF-enhanced G-CSF accumulation. Protein levels of G-CSF
and SDC4 were examined using western blotting. ACTB was used as loading the control. F. Relative mRNA expres-
sion of CHPF, SDC4, and G-CSF in the transfected cells. ***P < 0.001 compared to their control. G. CHPF enhanced
G-CSF binding to SDC4. Immunoprecipitation (IP) of mock and Chpf-overexpressed 4T1 cell lysates with anti-SDC4
antibody or non-specific IgG control for 18 h at 4°C. Western blots of G-CSF and SDC4 after IP, and 40 pg of input
proteins were shown at right. H. High expression of SDC4 with CHPF is associated with poor overall survival in breast
cancer patients. Kaplan-Meier analysis of overall survival was performed according to gene expression. The median
survival is shown on the right.
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[37]. However, only CHST11, the CS 4-O-sul-
photransferase, has been reported to be asso-
ciated with poor overall survival of breast can-
cer patients and is involved in the formation of
surface P-selectin ligands in aggressive breast
cancer cells [35, 38]. Here, we propose that
CHPF is frequently upregulated in breast can-
cer tissues, which could be a CS synthase that
facilitates abnormal CS formation. We searched
for CHPF co-expressed genes using cBioPortal
(1904 samples of breast cancer) and found
that CHST3 (CS 6-0O-sulphotransferase) is sig-
nificantly associated with CHPF and not with
CHST11 [39]. These findings imply that upre-
gulation of CHPF may favour 6-O-sulfated CS
formation in breast cancer cells, since CS56
immunoreactivity requires CHST3-mediated
6-0O-sulfated CS [37]. Our results from CS56
immunostaining and flow cytometry should par-
tially reflect the CHPF-modified CS in breast
cancer cells. In addition, a previous study pro-
posed that strong CS56 staining of cancer
cells, not in the tumor stroma, correlates with a
decrease in recurrence-free survival and over-
all survival of breast cancer patients [40]. It
might be worthy to further investigate the rela-
tionship between CHPF and CHST3 in breast
cancer tissues.

G-CSF produced by tumor cells is known to
stimulate tumor progression by facilitating
tumor angiogenesis, promoting metastasis,
and increasing MDSC-mediated immunosup-
pression in TME [41, 42]. Wnt1-FGFR-induced
mTOR activation has been proposed to enhan-
ce G-CSF expression in breast cancer models
[43]. Although CS is suggested to regulate vari-
ous growth factor signalling [16, 44], we did not
detect the gene expression of G-CSF that was
regulated by the overexpression or silencing of
CHPF, thereby suggesting that CHPF-regulated
G-CSF levels could be post-translational.

The negatively charged CS and HS chains dis-
play various affinities for growth factors and
cytokines. Differential density and sulfation
patterns of PGs generate concentration gradi-
ents for these secretory factors [16, 25]. Our
data demonstrated that CHPF increased the
levels of several inflammatory cytokines in 4T1
orthotopically transplanted tumor tissues, and
the increase in G-CSF was the most significant
factor among the tested factors. Further, using
immunostaining and western blotting, we
showed that the increase in G-CSF was cancer
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cell derived. Additionally, elevated G-CSF levels
accompany increasing MDSCs in CHPF-over-
expressing tumor tissues. These results are
consistent with those of previous studies in
breast cancer models [28, 29]. Furthermore,
confocal microscopy revealed an increase in
G-CSF/CS56 co-localisation on the cell surface
and western blotting showed that G-CSF pro-
tein levels were regulated by CHPF. These data
suggested a novel interaction between CHPF-
modulated CS and G-CSF in the breast cancer
TME.

Interestingly, we identified SDC4 as one of the
CHPF-modified PGs in breast cancer cells using
CS56 IP and protein identification approaches.
Syndecan family (SDC1, SDC2, SDC3, and
SDC4) are type | transmembrane PGs that are
found on the surface in a development, cell-
type-, and tissue-specific manner [45]. A previ-
ous study indicated that the SDC4 bearing CS
and HS in mammary gland cells and the highly
sulfated CS on SDC4 display a strong affinity
for growth factors [31]. Our western blot data
indicated that expression of CHPF in breast
cancer cells enhanced CS chains on SDC4, and
a partial decrease in G-CSF protein levels in
SDC4-silenced cells (Figure 5E). In addition, IP
of SDC4 indicated CHPF enhances G-CSF bind-
ing to SDC4. Although we cannot exclude that
other CSPGs also participated in the accumula-
tion of G-CSF on cell surface and tumor tissue,
our results suggested that CHPF-modified
SDC4 is at least one of the CSPGs trapping
G-CSF on the cell surface.

Several studies have indicated that SDC4 is
overexpressed in a subset of breast cancer
[46, 47] and can regulate breast cancer cell
mobility [48, 49]. We found that silence of
SDC4 did not influence cell invasion in the low
Chpf-expressing 4T1 cells (mock transfectants),
but inhibited CHPF-induced cell invasion to a
great extent. These in vitro studies suggested
that there are G-CSF/MDSC independent me-
chanisms participates in CHPF-mediated phe-
notypical changes, and the CS bearing SDC4
may have crucial functions in breast cancer cell
malignancy. Importantly, the significant decre-
ase in overall survival in breast cancer patients
with high expression of both CHPF and SDC4 is
in agreement with our hypothesis.

In conclusion, the results obtained in this study
suggest that CHPF may enhance tumor malig-

Am J Cancer Res 2021;11(3):812-826



CHPF promotes breast cancer malignancy

nancy in multiple ways and SDC4 could be
a crucial mediator involved in CHPF-induced
malignant behaviours of breast cancer cells.
This study not only shows a pathophysiological
role of CHPF in breast cancer cells but also con-
tributes to the understanding of their synergis-
tic effects with SDC4 in breast cancer progres-
sion. These findings suggest a possible prog-
nostic factor and therapeutic target for breast
cancer.
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Figure S1. Expression of CS synthases in breast cancer patients. A. Expression of CHPF is significantly up-regulated
in several breast cancer datasets from ONCOMINE database. B. Overall survival analysis of three major bifunctional
chondroitin sulfate synthases (CHSY1, CHPF, and CHPF2) in breast cancer patients by Betastasis.com (http://www.
betastasis.com/).
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Table S1. Summary of multiple comparison of CHPF expression in breast cancer subtype

Comparisons (number of cases) Mean Diff. 95% CI of diff. Significant P Value
Normal (104) vs. Normal-like (35) -1.483 -1.95t0-1.02 Yes < 0.0001
Normal (104) vs. LumA (483) -1.293 -1.55t0-1.04 Yes < 0.0001
Normal (104) vs. LumB (190) -1.047 -1.34t0-0.76 Yes < 0.0001
Normal (104) vs. Her2 (73) -1.636 -2.00 to -1.27 Yes < 0.0001
Normal (104) vs. Basal-like (166) -1.381 -1.681t0-1.08 Yes < 0.0001
Normal-like (35) vs. LumA (483) 0.1898 -0.23t0 0.61 No 0.9504
Normal-like (35) vs. LumB (190) 0.4359 -0.002 to 0.87 No 0.0521
Normal-like (35) vs. Her2 (73) -0.1532 -0.64t00.34 No 0.9987
Normal-like (35) vs. Basal-like (166) 0.1017 -0.34t0 0.54 No > 0.9999
LumA (483) vs. LumB (190) 0.2460 0.042 t0 0.45 Yes 0.0062
LumA (483) vs. Her2 (73) -0.3430 -0.64 t0 -0.044 Yes 0.0117
LumA (483) vs. Basal-like (166) -0.08817 -0.30t0 0.13 No 0.9791
LumB (190) vs. Her2 (73) -0.5890 -0.921t0-0.26 Yes < 0.0001
LumB (190) vs. Basal-like (166) -0.3342 -0.59 t0-0.081 Yes 0.0017
Her2 (73) vs. Basal-like (166) 0.2549 -0.079 to 0.59 No 0.3209

Table S2. Summary of multiple comparison of CHPF expression within breast cancer stages

Comparisons (number of cases) Mean Diff. 95% CI of diff. Significant P Value
Normal (104) vs. Stage | (165) -1.293 -1.582 t0-1.004 Yes < 0.0001
Normal (104) vs. Stage Il (555) -1.260 -1.506 t0-1.013 Yes < 0.0001
Normal (104) vs. Stage Il (210) -1.355 -1.632 t0 -1.079 Yes < 0.0001
Normal (104) vs. Stage IV (17) -1.592 -2.196 t0 -0.9886 Yes < 0.0001
Stage | (165) vs. Stage Il (555) 0.03357 -0.1710 t0 0.2381 No > 0.9999
Stage | (165) vs. Stage Il (210) -0.06235 -0.3023 10 0.1776 No 0.9981
Stage | (165) vs. Stage IV (17) -0.2990 -0.8866 to 0.2887 No 0.8117
Stage Il (555) vs. Stage Il (210) -0.09593 -0.2828 to 0.09097 No 0.8035
Stage Il (555) vs. Stage IV (17) -0.3325 -0.9006 to 0.2355 No 0.6543
Stage Ill (210) vs. Stage IV (17) -0.2366 -0.8183 t0 0.3451 No 0.9467
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Figure S2. Overall survival and progression-free survival analysis according to expression of CHPF in different breast cancer subtypes. (A) Overall survival (B)
progression-free survival (PFS). luminal A (LumA), luminal B (LumB), HER2-enriched (Her2), and Triple-negative (basal-like).
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Figure S3. Representative gating strategy for myeloid-derived suppressor cell population in tumor tissue.
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