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Solute carrier family members control essential physiological functions and are
tightly linked to human diseases. Solute carrier family 35 member F2 (SLC35F2) is
aberrantly activated in several malignancies. However, the biological function and
molecular mechanism of SLC35F2 in papillary thyroid carcinoma (PTC) are yet to be
fully explored. Here, we showed that SLC35F2 was prominently upregulated in PTC
tissues at both protein and mRNA expression level compared with matched adjacent
normal tissues. Besides, the high expression of SLC35F2 was significantly associated
with lymph node metastasis in patients with PTC. CRISPR/Cas?-mediated knockout
of SLC35F2 attenuated the tumorigenic properties of PTC, including cell prolifera-
tion, migration and invasion and induced G1 phase arrest. In contrast, ectopic
expression of SLC35F2 brought about aggressive malignant phenotypes of PTC
cells. Moreover, SLC35F2 expedited the proliferation and migration of PTC cells by
targeting transforming growth factor-p type | receptor (TGFBR1) and phosphoryla-
tion of apoptosis signal-regulating kinase 1 (p-ASK-1), thereby activating the mito-
gen-activated protein kinase signaling pathway. The malignant behaviors induced by
overexpression of SLC35F2 could be abrogated by silencing of TGFBR1 using a
specific inhibitor. We conducted the first study on SLC35F2 in thyroid cancer with
the aim of elucidating the functional significance and molecular mechanism of
SLC35F2. Our findings suggest that SLC35F2 exerts its oncogenic effect on PTC
progression through the mitogen-activated protein kinase pathway, with depen-
dence on activation of TGFBR-1 and apoptosis signal-regulating kinase 1.
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1 | INTRODUCTION

The incidence of thyroid cancers has increased steadily in recent
years. It accounts for 96% of endocrine system cancers and is one
of the most rapidly increasing cancers in China.*™® Papillary thyroid
carcinomas (PTC) are the predominant type of thyroid cancer and
are slow growing and well-differentiated. Although a majority of PTC
exhibit indolent behavior, a subset of PTC behave aggressively, with
early-dissemination to local lymph nodes and oppression to organs,
suggesting that some important determinants of clinical behavior
exist.* Therefore, identification of molecular markers that could pre-
dict the metastatic potential of these lesions early on and new pre-
vention strategies are urgently needed.

Solute carrier family 35 member F2 (SLC35F2) belongs to the
solute carrier family, which is a superfamily of membrane-bound car-
riers involved in transportation of all kinds of substrates, such as
metabolites, cofactors, vitamins, nutrients, ions and drugs.> The SLC
gene superfamily controls essential physiological functions and its
disturbance may result in diseases like malignancies. For example, Xu
et al found that amplification of SLC12A5 plays a strong tumorigenic
role and is associated with poor prognosis of patients with colorectal
cancer.® SLC39A6 promotes aggressiveness of esophageal squamous
carcinoma cells by increasing intracellular levels of zinc and activates
phosphatidylinositol 3-kinase (PI3K) pathway.” SLC35, a group of
nucleotide sugar transporters, currently comprises at least 31 homol-
ogous molecular species from SLC35A to SLC35G. SLC35A2 func-
tions as a UDP-galactose transporter, whose substrate is required
for galactosylation. In addition, SLC35D2 has been reported to
translocate UDP-glucose into the Golgi as a substrate for heparan
sulfate synthesis.® However, only one-third of the whole solute car-
rier family members have been studied in detail. Little is known
about most of the members in the SLC35 family, and SLC35F2 is
one of them. The expression of SLC35F2 was initially found in ataxia
telangiectasia.” Subsequently, Nishimura et al discovered that it had
the highest expression level in human adult salivary glands (detected
by RT-PCR).1° Bu et al report that SLC35F2 was highly expressed in
non-small cell lung cancer (NSCLC) tissues, was associated with the
pathological stage and had prognostic value in NSCLC.*' Nyquist
et al found that SLC35F2 expression was linked to intratumor andro-
gen levels and was regulated by the androgen receptor axis signaling
in prostate cancer.}? Recently, a study verified SLC35F2 as a cargo
of anti-cancer drug YM155 and determined that lack of SLC35F2
was capable of conferring drug resistance.r® Therefore, SLC35F2
could be used as a clinical biomarker for YM155 susceptibility.

Currently, very little is known regarding SLC35F2 expression in
many types of cancer and its role in carcinogenesis and related path-
ways of carcinogenesis. In the present study, we, for the first time,
uncovered the function of SLC35F2 in PTC. This protein is highly
expressed in PTC tissues compared with the adjacent normal tissues
and is positively correlated with lymph node metastasis. Ectopic
expression of SLC35F2 evokes malignant phenotypes of PTC cells,
such as proliferation, migration and invasion in vitro and in vivo,

while SLC35F2 abrogation shows the opposite effects. Both gain-of-
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function and loss-of-function studies verify the pivotal roles of
SLC35F2 in cell cycle control by regulating multiple G1/S transition-
related proteins. Moreover, our finding provides new insight into the
mechanism of the SLC35F2/transforming growth factor-f type |
receptor (TGFBR1)/apoptosis signal-regulating kinase 1 (ASK-1) axis
in contributing to the activation of MAPK pathway and suggests that
SLC35F2 and its related signaling pathways could be novel targets
for the treatment of PTC.

2 | MATERIALS AND METHODS

2.1 | Tissue samples

All tissues were obtained from Huashan Hospital of Fudan Univer-
sity from patients diagnosed with PTC who underwent resection
between 2015 and 2016. The patients enrolled in this study had
not received radioiodine therapy or chemotherapy before surgery.
A total of 42 pairs of fresh PTC tissue samples and their corre-
sponding non-tumorous thyroid tissues were collected during sur-
gery and frozen into liquid nitrogen immediately for further
research. The study was approved by the ethics committee of Hua-
shan Hospital, Fudan University and all patients provided written
informed consent.

2.2 | Cell culture

BCPAP and KTC-1 cells were kindly provided by Stem Cell Bank,
Chinese Academy of Sciences. Cultured cells were maintained in a
humidified, 5% CO, atmosphere at 37°C. BCPAP and KTC-1 cells
were maintained in RPMI 1640 (Gibco, USA) supplemented with
10% FBS (Gibco, USA) and 1% non-essential amino acids (NEAA,
Gibco, USA). Human immortalized thyroid cells, Nthy-ori 3-1, were
preserved in our laboratory and grown in DMEM supplemented with
10% FBS (Gibco, USA).

2.3 | RNA extraction and real-time PCR

Total RNA from thyroid cancer cells was extracted using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) and first-strand cDNA was
synthesized using PrimeScript RT Reagent Kit (TaKaRa Biotechnol-
ogy, Shiga, Japan) at 37°C for 15 minutes, 85°C for 5 seconds and
then at 4°C. Quantitative real-time PCR was subsequently performed
using an ABI 7900 instrument (Applied Biosystems, Foster City, CA,
USA). The relative expression levels were determined using the

272AC method. Each experiment was performed in triplicate.

2.4 | Immunohistochemistry

Immunohistochemistry analysis and HE staining were performed
according to standard protocols. After treatment with 3% hydrogen
peroxide for 30 minutes in a 37°C incubator, antigen retrieval was per-
formed by incubating the slides in a microwave oven for 15 minutes in

0.01 mol/L citrate buffer (pH 6.0). The immunohistochemistry score
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was calculated as previously described.** In brief, the expression of
SLC35F2 was scored according to the percentage of positive-stained
tumor cells and the intensity of staining. The final immunoreactivity
score was obtained by 2 independent researchers by multiplying the

percentage and the score for each case was from O to 9.

2.5 | Western blot

Cell lysates were harvested by RIPA lysis buffer on ice. An equal
amount of 20 g total cell lysates were separated on 8%-12% SDS-
PAGE gel and electrophoretically transferred to polyvinylidene fluoride
(PVDF) membranes. Following blocking with 5% BSA at room temper-
ature for 2 hours, membranes were then incubated with primary anti-
bodies overnight at 4°C. Finally, membranes were detected with the
SuperSignal West Dura Extended Duration Substrate (Thermo Scien-
tific). The following antibodies were used to explore protein expres-
sion: anti-SLC35F2 antibodies (AV43971, Sigma-Aldrich), anti-B-actin
(#4970), anti-CDK2 (#2546), anti-CDK4 (#12790), anti-CDKé6
(#13331), anti-Cyclin D1 (#2978), anti-Cyclin D3 (#2936), anti-p27
Kipl (#3686), anti-p21 Waf1/Cipl (#2947), anti-p18 INKA4C (#2896),
anti-ERK1/2 (#4695), anti-p-ERK1/2 (Thr202/Tyr204, #4370), anti-
INK (#9252), anti-p-JNK (Thr183/Tyrl85, #4668), anti-p38 MAPK
(#8690), anti-p-p38 MAPK (Thr180/Tyr182, #4511), anti-ASK-1
(#8662), anti-phosphorylation of apoptosis signal-regulating kinase 1
(p-ASK-1) (Thr845, #3765) (Cell Signaling Technology) and anti-
TGFBR1 (CY2905, Abways, China).

2.6 | Establishment of solute carrier family 35
member F2 knockout and overexpression cell lines

For knockout of SLC35F2, the targeted gRNA expression oligos
were introduced into the lentiCRISPR v2 vector, with an empty lenti-
CRISPR v2 vector used as a control. Constructed vectors were con-
firmed by DNA sequencing. These plasmids were transfected into
293T packaging cells to generate lentivirus, which was then used to
infect BCPAP and KTC-1 cell lines. Meanwhile, a full-length of
SLC35F2 cDNA was sub-cloned into the pCDH plasmid, which was
transfected into 293T cells using Lipofectamine 2000 (Invitrogen)
reagents. The lentivirus supernatant was used to infect target cell
lines. For selection of stable SLC35F2 knockout and overexpression
cell lines, cells were infected with lentivirus for 48 hours and further
selected with puromycin (2.0 pug/mL) for 14 days. The efficiency of
SLC35F2 deletion was confirmed by western blot. Overexpression of
SLC35F2 was determined through quantitative RT-PCR (qRT-PCR)
and western blot.

2.7 | Cell proliferation and colony formation

Proliferation ability of thyroid cancer cells was measured using Cell
Counting Kit-8 reagent (CCK8, Dojindo, Japan). Approximately,
1 x 10° cells were seeded per well into 96-well cell culture plates;
10 uL CCK-8 reagents were added to each well and incubated for
2 hours at 37°C. Absorbance was read at 450 nm on a microplate

reader (Multiskan GO, Thermo Scientific). For colony formation
assay, parental or SLC35F2 knockout cells (500 cells/well) were pla-
ted into the 35-mm dish and cultured for 14 days. The medium was
changed at 3-day intervals. Cells on the plates were fixed with 4%

paraformaldehyde and stained with crystal violet.

2.8 | Flow cytometry for apoptosis and cell cycle

A PE Annexin V Apoptosis Detection Kit (BD Biosciences, Rockville,
MD, USA) was applied to measure cell apoptosis. Cells were gently
trypsinized and washed with cold PBS twice, resuspended in 500 plL
Annexin V binding buffer; then 5 uL 7-AAD and 2.5 uL Annexin V
were added to each sample, which were incubated in the dark for
15 minutes at room temperature, and analyzed with a FACSCaliber
flow cytometer (BD Biosciences). For cell cycle analysis, cells were
washed with PBS twice and fixed with 70% ethanol at 4°C overnight.
After centrifugation, cells were washed and resuspended in 500 pL
BD Pharmingen PI/RNase staining buffer (BD Biosciences). Then cells
were incubated for 15 minutes at room temperature and analyzed on

the same flow cytometer.

2.9 | Cell migration and invasion assay

For transwell migration and invasion assays, cells were suspended in
RPMI 1640 without serum in the upper chamber and medium sup-
plemented with 20% FBS was used as a chemoattractant in the bot-
tom chamber. Then cells were incubated at 37°C for 24 hours
(migration assay) or 48 hours (invasion assay). Cells remaining on the
upper chamber were removed by cotton swab and the migrated or
invaded tumor cells were fixed by 4% paraformaldehyde and stained
by 0.1% crystal violet solution. At least 5 visual fields under the
microscope were photographed each time and the number of cells

was calculated using Image) software.

2.10 | Animal models

All animal procedures were performed under the approval of the
Animal Ethics Committee of Fudan University. Sixteen female BALB/
¢ nude mice (Shanghai SLAC Laboratory Animal, China) aged
5 weeks were housed in a 12 hours light/12 hours dark cycle with
free access to sterilized murine diet and water. The mice were ran-
domly divided into 4 groups (n = 4 per group) and were subcuta-
neously injected with BCPAP cells (3 x 10° cells/mouse in 150 ul
PBS) in their left flanks. Tumor growth was measured every 4 days.
Tumor volume was calculated with a caliper and evaluated using the
formula: (length x width?)/2. Five weeks post-injection, the mice
were killed and the tumors were weighed; IHC and HE staining were
performed.

2.11 | Statistical analysis

Data are presented as mean 4+ SD and analyzed using Student'’s t
test and the y2-test for comparisons among the groups. A paired t
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test was used for paired PTC and corresponding normal thyroid sam-
ples. Association between the two gene expression levels was ana-
lyzed by Pearson correlation test. Statistical analysis was performed
with GraphPad Prism 7.0 software (La Jolla, CA, USA). P < .05 was

considered a significant statistical difference.

3 | RESULTS

3.1 | Solute carrier family 35 member F2
overexpression in papillary thyroid carcinoma tissues
is positively correlated with lymph node metastasis

By analyzing data from Gene Expression Profiling Interactive Analy-
sis (GEPIA, http://gepia.cancer-pku.cn/index.html) and GSE3678
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3678),*°
we found that SLC35F2 expression was significantly overexpressed
in human PTC tissues (Figure 1A). To verify the robustness of data
mining results, we first explored the expression of SLC35F2 in PTC
cell lines, quantified by gRT-PCR and western blotting (Figure 1B).
SLC35F2 was elevated in 2 PTC cell lines (BCPAP and KTC-1) com-
pared to that in an immortalized thyroid follicular cell line Nthy-ori
3-1. We further detected SLC35F2 expression level in 42 pairs of
PTC tissues and their adjacent non-cancerous tissues using gRT-PCR
and western blotting. The results revealed that both SLC35F2 mRNA
and protein levels were markedly upregulated in PTC tissues com-
pared to normal tissues (Figure 1C,D). Then, to unveil the correlation
between SLC35F2 expression and patients’ clinicopathological char-
acteristics, patients were divided into 2 groups according to the ratio
of SLC35F2 mRNA expression in tumor tissues to adjacent normal
tissues (Table 1). Among the 42 PTC cases, 29 (69.0%) patients were
defined as the high group with this ratio above 2-fold and 13
(31.0%) patients were defined as the low group with the ratio below
2-fold. Strikingly, SLC35F2 expression was closely correlated with
the presence of lymph node metastasis (P = .0109). Next, we used
immunohistochemistry staining in another cohort containing 40 pa-
tients to verify the clinical relevance of SLC35F2 in PTC, consistent
with prior findings, IHC analysis of paired PTC and adjacent normal
tissues also confirmed its overexpression at the protein level (Fig-
ure 1E). Moreover, patients with lymph node metastasis had higher
SLC35F2 staining scores than those without lymph node metastasis
(Figure S1). Taken together, our results demonstrate that SLC35F2 is
an oncoprotein, whose expression is closely associated with lymph
node metastasis.

3.2 | Solute carrier family 35 member F2 is
required for papillary thyroid carcinoma cell
proliferation

To further investigate the biological function of SLC35F2 overex-
pression in PTC progression, BCPAP and KTC-1 cell lines that stably
knock out or overexpress SLC35F2 were established. We used a len-
tiCRISPR v2 vector and designed sgRNA against exon 7 of SLC35F2.
As CRISPR-Cas9 knockout system causes indel mutation, the level of
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SLC35F2 mRNA expression was not significantly changed in
SLC35F2-KO cells. Western blotting confirmed that SLC35F2 pro-
tein expression was efficiently downregulated in BCPAP and KTC-1
cells using the CRISPR/Cas9 System (Figure 2A). Respectively, west-
ern blotting and gRT-PCR verified the overexpression of SLC35F2 in
SLC35F2-OE cells compared to BCPAP and KTC-1 cells with empty
pCDH vector (Figure 2C,E). CCK-8 assay was carried out to deter-
mine the effects of SLC35F2 on cell proliferation and a cell growth
curve was constructed. Our results showed that knockout of
SLC35F2 remarkably decreased cell viability in PTC cell lines from
24 hours after seeding cells (Figure 2B). In contrast, overexpression
of SLC35F2 dramatically accelerated cell growth in BCPAP and KTC-
1 cells (Figure 2D). The above results emphasized a crucial role of
SLC35F2 in PTC cell proliferation.

3.3 | Solute carrier family 35 member F2 expedites
cell cycle coordinating with some critical cyclin-
dependent kinases and cyclins

Given the essential role of SLC35F2 in cell proliferation, we used
flow cytometry to analyze the cell cycle distribution and cell apop-
tosis in SLC35F2 knockout cells to elaborate the effects of
SLC35F2 on cell growth. The cell cycle analysis demonstrated that
silencing of SLC35F2 increased the percentage of cells in G1 phase,
thereby inducing cell cycle arrest at G1 phase, which was in agree-
ment with its inhibitory effects on proliferation (Figure 3A,B). Con-
versely, ectopic expression of SLC35F2 accelerated G1/S phase
transition and increased S-phase proportion (Figure 3C,D). Consid-
ering SLC35F2 could expedite PTC cell growth through promoting
G1/S transition, we applied western blotting to investigate whether
SLC35F2 exerts its oncogenic activity through modulation of cer-
tain cyclins and cyclin-dependent kinases. As shown in Figure 3E
and F, the protein levels of CDK2, CDK4, CDKé6, Cyclin D1 and
Cyclin D3, key G1/S transition markers, were reduced in the
SLC35F2-KO group compared with the control group. In contrast,
knockout of SLC35F2 elevated the expression of cell cycle inhibi-
tors, including p27 Kipl, p21 Waf1/Cipl and p18 INK4C. The
opposite results were observed in the overexpressing SLC35F2
group, which demonstrated that overexpression of SLC35F2 might
contribute to quickening cell cycle progression and confer a growth
advantage to these cells through interactions with cyclin-dependent
kinases and cyclins. Corroborating the protein levels, our gRT-PCR
results for SLC35F2 knockout in KTC-1 cells also demonstrated a
significant decrease in the expression of genes involved in G1/S
cell cycle transition and an increase in genes of cell cycle inhibitors
(Figure 3G). Subsequently, the effect of SLC35F2 on cellular apop-
tosis was explored. However, FACS analysis revealed that there
was no significant difference in Annexin V-positive cells between
control and KO groups. The same results were observed between
vector and SLC35F2-OE groups (Figure S2). To summarize, these
findings suggest that SLC35F2 promotes PTC cell growth through
regulation of cell cycle progression rather than induction of cell
apoptosis.
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FIGURE 1 Solute carrier family 35 member F2 (SLC35F2) is frequently upregulated in papillary thyroid carcinoma (PTC) tissues compared
to that of adjacent non-tumor tissues. A, Expression profile of SLC35F2 mRNA in PTC tissues (n = 7) and paired normal thyroid tissues (n = 7;
GSE3678) (left panel); expression profile of SLC35F2 mRNA in primary PTC tissues (n = 512) and normal thyroid tissues (n = 337; data from
GEPIA) (right panel). B, Western blotting and quantitative RT-PCR analysis of SLC35F2 expression in human immortalized thyroid follicular
cells and PTC cell lines. C, gRT-PCR analysis of SLC35F2 mRNA expression in 42 PTC samples and paired adjacent non-tumor tissues. D,
SLC35F2 protein level in 14 paired primary PTC tissues and adjacent non-tumor tissues determined by western blotting. E, Representative
immunohistochemistry (IHC) staining images showing the expression of SLC35F2 in PTC tissues and non-tumor tissues (*P < .05, ***P < ,001)

3.4 | Knockout of solute carrier family 35 member
F2 inhibited papillary thyroid carcinoma cell migration
and invasion in vitro

Tumor metastasis is an important cause of cancer-related death. As
SLC35F2 was closely associated with patients’ lymph node metasta-
sis, we speculated that SLC35F2 could influence PTC cell motility.

Transwell experiments with or without Matrigel were used to assess

the effect of SLC35F2 on cell invasion and migration, respectively.
Both BCPAP and KTC-1 cells exhibited obvious weakened migration
and invasion capabilities, as judged by fewer migrated and invaded
cells in the SLC35F2-KO group (Figure 4A-D). Our loss-of-function
experiments collectively suggest that SLC35F2 is required for both
PTC cell migration and invasion. We also evaluated if the genetic
knockout of SLC35F2 impacts colony-formation ability. Colony for-

mation assay was performed in a 35-mm dish. The results revealed
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TABLE 1 Correlation between solute carrier family 35 member
F2 (SLC35F2) expression level and clinicopathological factors in
papillary thyroid carcinoma patients

SLC35F2 expression

Characteristics Number High group Low group P-value
Age
<45 16 10 6 4715
>45 26 19
Gender
Male 12 10 2 .2053
Female 30 19 11
T Stage
T1+ T2 25 20 5 0626
T3 + T4 17 9 8
Mutlifocality
Unifocal 24 18 6 .3353
Multifocal 18 11
Lymph node metastasis
NO 20 10 10 .0109*
N1a + N1b 22 19 3
TNM stage
| 19 11 8 .3264
1l 16 13
I+ v 7 5
*P < .05.

that silencing SLC35F2 not only drastically reduced the number of
colonies formed by BCPAP and KTC-1 cells, but decreased the col-
ony size of cancer cells, supporting the idea that SLC35F2 influence

PTC cell colony-formation capacity (Figure 4E,F).

3.5 | Solute carrier family 35 member F2 promotes
papillary thyroid carcinoma progression through
activating transforming growth factor-f type |
receptor/apoptosis signal-regulating kinase 1/
mitogen-activated protein kinase pathway

So far, the related downstream pathway for SLC35F2 has not been
reported. Therefore, we aimed to identify the potential pathways by
which SLC35F2 contributes to the malignant phenotype of PTC
cells. We performed Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis on the GSE3678
dataset using DAVID Bioinformatics Resources 6.7.1¢ A list of genes
that have strong co-expression correlation (Pearson r value >.7 or <
—.7) with SLC35F2 were extracted from this dataset (Table S1). GO
enrichment analysis showed that these genes were tightly associated
with cell proliferation and intracellular signaling cascade, supporting
the role of SLC35F2 in PTC development (Figure 5A and Table S1).
Meanwhile, KEGG enrichment analysis demonstrated that the MAPK
pathway is among the most significantly altered pathways (Figure 5B
and Table S1). Therefore, we assessed several critical cellular protein
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kinases in MAPK pathway. Interestingly, we discovered that suppres-
sion of SLC35F2 inhibited the phosphorylation of ERK1/2, p38
MAPK and JNK at protein levels. However, the total ERK1/2, p38
MAPK and JNK were almost unchanged (Figure 5C). The activity of
phosphor-p38 MAPK, phosphor-JNK and phosphor-Erk1/2 is directly
implicated in the progression of PTC. The phosphorylation status of
these proteins represents the activation of MAPK pathway, which is
a key molecular signaling pathway involved in thyroid cancer. Simi-
larly, overexpression of SLC35F2 increased protein levels of phos-
phorylated ERK1/2, p38 MAPK and JNK, and vice versa (Figure 5D).
Meanwhile, we observed an increased p-ERK, p-p38 MAPK and p-
JNK expression in PTC specimens compared with their normal coun-
terparts (Figure S3). To further clarify the mechanism by which
SLC35F2 activates MAPK pathway, we noticed that transforming
growth factor-B type | receptor (TGFBR1) and apoptosis signal-regu-
lating kinase 1 (ASK-1), core members of the MAPK pathway, were
emerged in the co-expression gene list (Table S1). According to the
TCGA THCA dataset, the expression level of SLC35F2 was positively
correlated with TGFBR1 (r = .7225, P < .0001, n = 513) and ASK-1
(r =.7006, P <.0001, n = 513) (Figure 5e). TGFBR1, a receptor of
for TGF-B ligand, was less studied in PTC. We analyzed the expres-
sion of TGFBR1 in our cohort and found that TGFBR1 was upregu-
lated in PTC samples. The clinical relevance between SLC35F2 and
TGFBR1 was also investigated and results showed that TGFBR1
expression is strongly linked to SLC35F2 (r = .6840, P < .0001) (Fig-
ure 5f). We next tested whether SLC35F2 promotes PTC progres-
sion through TGFBR1 and ASK-1. Western blotting results showed
that knockout of SLC35F2 attenuated the protein expression of
TGFBR1 and phosphorylated ASK-1 (Thr845) whereas total ASK-1
was unchanged, and opposite results were observed in SLC35F2-OE
group (Figure 5G,H). RT-PCR analysis indicated that SLC35F2 also
influenced the expression of TGFBR1 at transcriptional level (Fig-
ure S4). To further elucidate the role of TGFBR1 in PTC initiated by
SLC35F2, SB431542 (10 pmol/L, Selleckchem), a specific inhibitor of
TGFBR1 kinases, was used to inhibit the downstream targets, includ-
ing ASK-1, ERK1/2, JNK and p38 MAPK in KTC-1 cells with SLC35F2
overexpression. We found that SB431542 abolished the ability of
SLC35F2-induced enhanced cell migration and invasion of KTC-1 cells
(Figure 6A,B). Furthermore, SB431542 impaired the effects of
SLC35F2 overexpression on cell growth (Figure 6C). We found that
elevated p-ASK-1, JNK and p38 MAPK phosphorylation can be atten-
uated by SB431542 in the SLC35F2-OE group (Figure 6D). In sum-
mary, these results present convincing evidence to support our
emerging view that SLC35F2 contributes to the progression of PTC
through the TGFBR1-mediated MAPK pathway activation.

3.6 | Knockout of solute carrier family 35 member
F2 ameliorates the growth potential of papillary
thyroid carcinoma cells in vivo

Finally, to investigate the effects of SLC35F2 on regulation of thy-
roid cancer progression in vivo, we established xenograft tumor
models using BCPAP cells. Equal amountS of BCPAP-OE and
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lysates were probed with anti-SLC35F2 antibody. B, SLC35F2 knockout markedly inhibited PTC cell proliferation quantitated by CCK-8 assay.
C, Overexpression efficiency of SLC35F2 in BCPAP and KTC-1 cells were confirmed by western blot. D, SLC35F2 overexpression stimulates
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SLC35F2 (*P < .05, **P < .01, ***P < .001)

BCPAP-KO and their corresponding control cells were injected subcu-
taneously into nude mice. After observing for 36 days, implanted con-
trol BCPAP cells exhibited fast tumor formation and significant
increases in tumor growth and weight compared to mice implanted
with SLC35F2-KO cells (Figure 7A-C). In contrast, tumors formed by
SLC35F2-overexpressing cells were larger and heavier than the
tumors formed by control cells (Figure 7E-G). Immunohistochemistry
results of SLC35F2-overexpressing tumors displayed a higher positive
rate of Ki-67 and SLC35F2 (Figure 7H), whereas SLC35F2-silenced
tumors displayed a dramatic reduction in the protein expression of Ki-
67 and SLC35F2 compared to control cells (Figure 7D). These in vivo
data are consistent with the above in vitro results, confirming the
oncogenic role of SLC35F2 in PTC progression in vivo.

4 | DISCUSSION

It is generally assumed that approximately 10% of all human genes

are transporter-related, consistent with the biological significance of

transporters, channels and pumps.l” A previous study has reported
that over 456 SLC transporters in 52 subfamilies constitute the SLC
superfamily.*® The SLC transporter family is one of the least studied
groups of genes compared to other gene families of similar stature.
Technical barriers such as structural biology characterization and
non-available high-quality antibodies of most of SLC impeded
research in this area. Defining their endogenous natural substrates is
especially challenging.?’ Genome-wide association studies revealed
that approximately 190 different SLC had been found mutated in
human disease, including PTC. Solute carrier family 5A (SLC5A), the
sodium iodide symporter (NIS), mediates the transport of iodine
anion (I7) into thyroid follicular cells to facilitate thyroid hormone
biosynthesis.2® Gene polymorphism of SLC5A conferred the risk for
differentiated thyroid cancer.? Hu et al found that the hypermethy-
lation of SLC5A8 has been associated with advanced stage of
tumors, multifocality and extrathyroidal invasion in PTC.?2 Besides,
methylation of SLC5A8 is associated with the BRAFY6°°F mutation,
which is the most frequent genetic event during the development of

PTC.2% In the current study, we present both in vitro and in vivo



HE ET AL - 649
Cancer Science R llaam
(A) KTC-1 (B) 100
Control SLC35F2-KO © o Il Control
E’ 80 1 3 SLC35F2-KO
& c
8 60
H b 2 401
kS
‘_ ‘L & 204
L DR M M A 0
G1 G2
C - D 100 -
( ) KTC-1 Vector SLC35F2-0OE ( ) o BN Vector
g ¥ = 3 SLC35F2-OF
-1 =
8 601
5 3 2 .
2 E 2 40 —_—
k]
. & N ﬁ . Ill
L D S N B il sy 2 0- v Iil. .
G1 S G2
(E) BCPAP KTC-1 (F) BCPAP KTC-1
Control SLC35F2-KO Control SLC35F2-KO Vector SLC35F2-OE Vector SLC35F2-OE
CDK2 | SR s M e | 33K0a CDK2 | woe @l | | s ammp
CDKA | u e | | — 30 kDa CDK4 | aumms SN | | ~== @D
CDKe | - W s | 36kDa CDKG | ey || - -
Cyclin D1| “— S | 36 kDa Cyclin D1 - — TR
Cyclin D3 | #— - 31kDa Cyclin D3| #e D || e S
P27 Kip1 | s @END | NS SN 27 Da P27 Kip1 | s s | | S
P21 Waf1/Cip1| M «_— s SR | oD p21 Waft/Cipl| e —
P18 INKAC | s S A @S | 18 kDa P18 INKAC | s s | | Sl
B-actin | NS | AR S | .o B-actin | WIS SHEED | | eE—— —_—
(G) @
Il Control ke
= dede
2 ,| 3 sLcasF2ko l )
w —_
@
o
& 3-
<
=
(i
E 24
2 Rkt 2 = =
E
o

33 kDa

30 kDa

36 kDa

36 kDa

31 kDa

27 kDa

21 kDa

18 kDa

45 kDa



650 - HE et AL
BRIV pancer Scielce

FIGURE 3 Cyclin-dependent kinases and cyclins are involved in solute carrier family 35 member F2 (SLC35F2)-regulated cell cycle
progression. A, Effects of SLC35F2 knockout on cell cycle by FACS. B, Cell cycle distribution showed that inhibition of SLC35F2 induced cell
cycle arrest at G1 phase. C, Flow cytometry analysis of the cell cycle of SLC35F2 overexpression and empty vector control cells. D, Ectopic
expression of SLC35F2 promoted G1/S phase transition and increased S-phase proportion. E, F, Protein levels of CDK2, CDK4, CDK®, Cyclin
D1, Cyclin D3, p27 Kip1, p21 Waf1/Cip 1 and p18 INK4C were detected by western blotting in indicated PTC cells. G, Relative mRNA
expression levels of some cell cycle related genes analyzed by gPCR in SLC35F2-KO group compared to control KTC-1 cells. Data were
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evidence clarifying the role of SLC35F2 in promoting PTC tumorige- metastasis of thyroid cancer cells. Notably, SLC35F2 may serve as
nesis from research on clinical samples and cell lines. We performed an important predictor of lymph node metastasis for PTC patients.
knockout of SLC35F2 by CRISPR/Cas9 in PTC cells and observed However, the underlying mechanism responsible for aberrant expres-
that silencing SLC35F2 significantly inhibited proliferation, abolished sion of SLC35F2 in PTC is still unknown. Epigenetic changes such as

colony-formation abilities and attenuated the invasion and histone acetylation or methylation of its promoter might result in
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elevated expression of SLC35F2 and the mechanism remains to be
further investigated.

Accumulating evidence reveals that sustaining proliferative sig-
naling through the deregulated cell cycle is an essential step during
carcinogenesis.>*?> Cyclin-dependent kinase (CDK)-cyclin complexes
have been described as the critical regulatory enzymes in the cell
cycle.?® CDK4 and CDKé are the main interphase CDK, activated by
cyclin D1, D2 and D3, and form CDK4/6-cyclin D complexes,
orchestrating the advance of the cell cycle entry and progression
through G1 phase.27 In contrast, CDK inhibitors (CKI), such as the
cip/Kip family proteins, p21 Waf/Cipl and p27 Kip1, bind to and
inhibit the activity of the above CDK-cyclin complexes, which are
participated in the negative control of cell cycle progression.?®
Numerous CDK inhibitors were expected to be an effective strategy
because many tumorigenic events eventually drive proliferation by
subverting CDK4 or CDK6 complexes in the G1 phase of the cell

cycle 2?30 Therefore, clarifying the mechanism concerning the

dysregulation of cell cycle regulator will be of great importance. Sun
et al previously demonstrated a new miR-144/E2F8/Cyclin D1 regu-
latory axis controlling PTC development.3! Here, we proved that
SLC35F2 could regulate cell cycle progression by accelerating G1/S
phase transition without affecting apoptosis of PTC cells, suggesting
that SLC35F2 may be a novel modulator of the cell cycle. Further-
more, gain-of-function and loss-of-function studies have demon-
strated that SLC35F2 modulates multiple cyclin-dependent kinases,
including CDK2, CDK4, CDKé, Cyclin D1 and Cyclin D3, and
represses p27 Kipl, p21 Waf1/Cipl and p18 INKA4C expression at
both mRNA and protein level correspondingly. Strikingly, p21 Waf1/
Cip1l was obviously upregulated upon SLC35F2 knockout and vice
versa. Elevated p21 Waf1/Cipl expression inhibited the activity of
Cyclin D1 and D3/CDK 4 and 6 for G1/S transition, which possibly
explained why the proliferation abilities of PTC were remarkably
influenced during this process. We propose that these aberrant
expression of cell cycle markers regulated by SLC35F2 may disrupt
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cell cycle control, in turn promote cell proliferation, and conse-
quently facilitate the development of PTC.

Transforming growth factor-f pathway is one of the most com-
monly altered cellular signaling pathways in human cancer, which
plays a crucial role as both a tumor suppressor in early stage carcino-
genesis and pro-metastatic factor in advanced stages of tumors.3%32

TGFp isoforms exert their cellular effects by binding to the TGF-$

type Il receptor (TGFBR2), and this binding facilitates activation of
TGFBR1 kinase, which leads to the activation of Smad and non-
Smad pathway, thereby regulating the transcription of specific
genes.>*%> The non-Smad pathway acts through the intracellular
MAPK signaling cascades (ERK1/2, JNK1/2/3 and p38MAPK being
the 3 major branches of the stress-induced activation of the MAPK
pathway).>® MAPK cellular signaling pathway, frequently activated in
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the thyroid carcinogenesis, transmits growth signals from the plasma
membrane to the nucleus and plays a central part in promoting can-
cer cell proliferation and survival.®”-%? Shen et al report that miRNA-
106a directly targeting RARB influence the viability, apoptosis, dif-
ferentiation of PTC, and alter the iodine uptake function by regulat-
ing MAPK pathway.*® Here, we unravel for the first time that
SLC35F2 exerts its oncogenic effect on PTC progression mainly
through the MAPK pathway, with dependence on the induction and
activation of TGFBR-1 and ASK-1. Knockout of SLC35F2 decreased
TGFBR1 expression, leading to reduction of phosphorylated ASK-1,
ERK1/2, JNK and p38MAPK, further indicating that targeting
TGFBR1 can nullify the pro-tumor signals of MAPK pathway. Con-
versely, ectopic expression of SLC35F2 induced the opposite expres-
sion of these proteins. Moreover, inhibition of TGFBR1 can rescue
p-ASK-1, p-JNK and p-p38 MAPK expression and malignant pheno-
types, such as proliferation, migration and invasion in SLC35F2 over-
expressing cells. ASK-1, also known as MAP3KS5, participates in
stress-induced apoptosis. Overexpression of ASK-1 activates JNK
and p38MAPK, and induces apoptosis through the mitochondrial cell
death pathway.** However, elevated p-ASK-1 (phosphorylation at
Thr845) by SLC35F2 did not affect cell apoptosis. All these points
raised the possibility that the elevated phosphorylated-ASK-1 pro-
voked other downstream pathways, which compensated the effects
of ASK-1 triggered apoptosis. In addition, we first found that ASK-1
is the downstream target of TGFBR1 for the reason that using the
inhibitor targeting of TGFBR1 can abolish SLC35F2-induced elevated
p-ASK-1 expression. Taken together, these results support the
hypothesis that activation of MAPK signaling is a critical downstream
event responsible for the SLC35F2/TGFBR1/ASK-1 signal axis in cell
proliferation and metastasis of PTC.

Solute carrier family members are closely linked to carcinogen-
esis in different types of cancer. To the best of our knowledge,
this is the first study to present a comprehensive set of clinical
and experimental evidence establishing SLC35F2 as an oncogenic
factor that facilitates PTC tumor progression and metastasis. In
addition, the newly identified SLC35F2/TGFBR1/ASK-1 axis not
only provides novel insight into the cellular mechanisms that medi-
ate MAPK pathway activation in human PTC cells, but also repre-
sents a novel, potential therapeutic target for the treatment of
PTC.
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