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Abstract. Background/Aim: A recent study suggested that
solute carrier family 35 member A2 (SLC35A2) is related to
poor prognosis in patients with breast cancer. SLC35A2
transports uridine diphosphate-galactose from the cytosol to
the lumen of the endoplasmic reticulum and Golgi. Materials
and Methods: Immunohistochemical expression of SLC35A2
was evaluated using tissue microarrays. Cell growth,
migration, and invasion of breast cancer cells were
examined following loss- and gain-of-expression of
SLC35A2. Results: Normal breast tissue exhibited SLC35A2
immunoreactivity in the nucleus. A progressive increase in
cytoplasmic expression from in situ carcinoma to invasive
carcinoma was observed. There was a correlation between
cytoplasmic SLC35A2 expression and breast cancer stage
(p<0.001). MDA-MB-468 and MCF-7 cells transfected with
SLC35A2 shRNA had unchanged cell viability but
significantly reduced cell migration and invasion. In
contrast, MDA-MB-231 and HCC1806 cells transfected with
the SLC35A2 expression vector showed increased migration.
Conclusion: Breast cancer progression is accompanied by
differential expression patterns of SLC35A2. The migratory
or invasive capacity of breast cancer cells is associated with
SLC35A2 expression.
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Solute carrier proteins are the largest group of transporters
that control essential physiological functions of cells (1).
Among solute carrier proteins, nucleotide sugar transporters,
such as the solute carrier family 35 (SLC35), supply
substrates for glycosylation (2). Glycosyltransferases that
catalyze the transfer of sugar moieties to proteins and lipids
are transmembrane proteins with glycosylation reactions
occurring in the lumen of the endoplasmic reticulum (ER) or
the Golgi apparatus. Nonetheless, the substrates for
glycosylation are synthesized either in the cytosol or the
nucleus. SLC35 transporters are therefore necessary to
transport nucleotide sugars across the lipid bilayer
membranes of the ER and Golgi. Currently, the SLC35
family comprises 31 member proteins and is divided into
seven subfamilies, from SLC35A to SLC35G (3).

A recent bioinformatics study disclosed that SLC35A2
was substantially related to poor prognosis in patients with
breast cancer (4). The human SLC35A2 gene is located on
chromosome Xp11.23 and encodes the uridine diphosphate
(UDP)-galactose transporter. In the normal human mammary
gland, the mRNA expression of SLC35A2 is low (5). Up-
regulation of SLC35A2 has been previously reported in
colon cancer (6). However, it remains unknown whether
breast cancer tissue exhibits differential SLC35A2 protein
expression patterns, and the biological roles of SLC35A2 in
breast cancer cells are still to be defined. In this study, we
investigated SLC35A2 expression in breast tumors using
immunohistochemical staining and explored its functional
implications through an approach involving loss- and gain-
of-expression of SLC35A2 in breast cancer cells.

Materials and Methods

Immunohistochemistry. Two tissue microarrays of breast neoplasms
used in this study were obtained from US Biomax Inc., Rockville,
MD, USA. The BB08015 set contained 48 tissue cores from 24
patients (ductal carcinoma in situ, n=20; invasive ductal carcinoma,
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n=4). The BC08118a set contained 100 tissue cores from 100
patients (invasive ductal carcinoma, n=80; invasive lobular
carcinoma, n=5; other carcinoma, n=5; normal breast tissue, n=10).
The tissue microarray slides were subjected to deparaffinization,
rehydration, and antigen retrieval. The slides were then incubated
with primary antibody at 1:100 dilution at 4°C overnight. Rabbit
anti-human SLC35A2 polyclonal antibody (catalog number
HPA036087) was purchased from Sigma-Aldrich, St. Louis, MO,
USA. Diaminobenzidine (DAB) was used for color development
and hematoxylin for counterstaining. Negative control slides were
included by omitting primary or secondary antibodies.
Quantification of SLC35A2 expression was based on the intensity
of cytoplasmic immunoreactivity in breast epithelial cells (7).
Intensity variation in the staining was semiquantitatively scored as
0, 1+, 2+, and 3+.

Cell cultures. Human breast cancer cell lines MDA-MB-468, MCF-
7, MDA-MB-231, and HCC1806 were obtained from the American
Type Culture Collection (Manassas, VA, USA). MDA-MB-468 and
MDA-MB-231 cells were maintained in Leibovitz’s L-15 Medium
supplemented with 10% fetal bovine serum (FBS). MCF-7 cells
were grown in Eagle’s Minimum Essential Medium supplemented
with 10% FBS, whereas HCC1806 cells were grown in RPMI-1640
Medium supplemented with 10% FBS. All cell lines were
maintained at 37°C in a humidified atmosphere with 5% CO2. Cells
were authenticated using short tandem repeat analyses and tested
for mycoplasma contamination.

Transfection. For knockdown experiments, shRNA constructs in a
lentiviral green fluorescent protein (GFP) vector (catalog number
TL309328) were purchased from OriGene Technologies (Rockville,
MD, USA). MDA-MB-468 and MCF-7 cells were transfected with
a control shRNA or shRNA against SLC35A2 using Lipofectamine
3000 Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and
selected with puromycin. For over-expression experiments, a CMV
promoter-driven over-expression vector (catalog number EX-
X0168-M46) was purchased from GeneCopoeia, Rockville, MD,
USA. MDA-MB-231 and HCC1806 cells were transfected with an
empty vector or SLC35A2-expression vector using Lipofectamine
3000 Reagent and selected with G418. Transfection efficiency was
evaluated using fluorescence microscopy for GFP detection.
Knockdown efficacy was confirmed by immunoblotting.

Western blot analysis. Proteins extracted from whole cell lysates
were subjected to electrophoresis on a 12% polyacrylamide gel
followed by transfer to a polyvinylidene difluoride membrane (8).
The membrane was blocked in 5% skim milk for 1 h and then
incubated with a primary antibody against SLC35A2 (1:3,000
dilution; catalog number ab222854; Abcam, Cambridge, UK) at 4°C
overnight. o-Tubulin (catalog number T5168; Sigma-Aldrich) or
GAPDH (catalog number ab9485; Abcam) was used as a loading
control.

Cell viability. A colorimetric CellTiter Aqueous One Solution Cell
Proliferation (MTS) Assay (Promega, Madison, WI, USA) was used
to measure the effect of modulation of SLC35A2 expression on the
viability of human breast cancer cells (9). Stably transfected breast
cancer cells were grown in 96-well plates. After 24 to 96 h, the
MTS reagent was added to the washed cells and incubated for 120
min at 37°C before absorbance at 490 nm was measured.
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Transwell assay. Transwell assays were carried out using modified
Boyden chambers as previously described (10). Stably transfected
breast cancer cells were seeded in serum-free medium onto the
Transwell insert with 8.0 pum-pore polycarbonate membrane (catalog
number 3422; Corning Life Sciences, Tewksbury, MA, USA). For
the invasion assay, we used a chamber in which the inserts were
pre-coated with the extracellular matrix Matrigel (catalog number
354480; Corning Life Sciences). The cells that migrated or invaded
through the insert membrane were stained with Diff-Quik (Sysmex,
Kobe, Japan) and counted under a microscope.

Statistical analysis. The relationship between immunohistochemical
SLC35A2 expression and tumor stage was determined using the
Cochran-Armitage trend test (11). Otherwise, data from three or
more independent experiments were compared using an unpaired
Student’s #-test or analysis of variance. A two-sided p-value <0.05
was considered statistically significant.

Results

Expression of SLC35A2 in breast neoplasms. We performed
immunohistochemical staining in two commercial tissue
microarrays to evaluate the expression of SLC35A2 in breast
neoplasms. As shown in Figure 1A, normal breast tissue
exhibited SLC35A2 immunoreactivity in the nucleus. There
was undetectable or faint SLC35A2 immunoreactivity in the
cytoplasm. For ductal carcinoma in situ, a wane in nuclear
SLC35A2 expression was noted. In situ proliferation was
accompanied by heterogenous, mild to moderate cytoplasmic
SLC35A2 immunoreactivity. For invasive ductal or lobular
carcinoma, a coarsely granular pattern with perinuclear
accentuation was observed. In a minority of samples, diffuse
homogeneous cytoplasmic staining was present. Altogether,
differential SLC35A2 expression patterns were associated
with malignant transformation of the breast epithelium.

Significance of SLC35A2 expression. We quantified
cytoplasmic SLC35A2 expression in a total of 84 female
patients with invasive ductal carcinoma. Mild (1+), moderate
(2+), and strong (3+) cytoplasmic staining were present in 21
(25%), 36 (43%), and 27 (32%) patients, respectively.
Interestingly, we observed a positive association between
SLC35A2 expression and tumor-node-metastasis stage
(p<0.001, Figure 1B). Furthermore, SLC35A2 expression was
positively associated with patient age (p=0.001). There was
no association between SLC35A2 expression and tumor grade
(p=0.110). Collectively, cytoplasmic over-expression of
SLC35A2 in breast cancer was parallel to tumor progression.

Effects of SLC35A2 modulation on cell viability. Based on
our preliminary screening, MDA-MB-468 and MCF-7 cells
had relatively high SLC35A2 expression, while the
expression of SLC35A2 in MDA-MB-231 and HCC1806
cells was relatively low. Accordingly, MDA-MB-468 and
MCEF-7 cells were transfected with SLC35A2 shRNA to
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Figure 1. Immunohistochemical expression of SLC35A2 in breast cancer neoplasms. (A) Representative microphotographs of immunohistochemical
staining of SLC35A2 in normal breast tissue, ductal carcinoma in situ, invasive ductal carcinoma, and invasive lobular carcinoma. Original
magnification, x200; inset, x400. (B) A violin plot shows the association between SLC35A2 expression and tumor-node-metastasis (TNM) stage in
84 patients with invasive ductal carcinoma.

knockdown SLC35A2 expression, and MDA-MB-231 and  not influence cell growth in MDA-MB-468 and MCF-7 cells
HCC1806 cells were transfected with the SLC35A2  (Figure 2B). Similarly, over-expression of SLC35A2 in
expression vector to enhance SLC35A2 expression (Figure ~MDA-MB-231 and HCC1806 cells had no effect on cell
2A). Nonetheless, knockdown of SLC35A2 expression did  viability (data not shown).
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Figure 2. Modulation of SLC35A2 expression in breast cancer cells and its effect on cell growth. (A) Human breast cancer cell lines MDA-MB-468
and MCF-7 were transfected with a control shRNA or shRNA against SLC35A2, while MDA-MB-231 and HCC1806 were transfected with an empty
vector or SLC35A2-expression vector. The expression of SLC35A2 was evaluated using immunoblotting. (B) Cell growth was determined by the

CellTiter Aqueous One Solution Cell Proliferation (MTS) assay.

Effects of SLC35A2 modulation on cell migration and
invasion. We conducted Transwell assays to evaluate the
effects of SLC35A2 up-regulation or down-regulation on the
migratory or invasive capacity of breast cancer cells. Of
interest, knockdown of SLC35A2 expression significantly
reduced cell migration and invasion in MDA-MB-468 and
MCEF-7 cells (Figure 3). Conversely, SLC35A2 over-
expression had the opposite effect. Over-expression of
SLC35A2 significantly increased the migratory ability of
MDA-MB-231 and HCC1806 cells (Figure 4A). Invasive
ability also tended to increase following SLC35A2 over-
expression, but the difference did not reach statistical
significance (Figure 4B). Taken together, experimental
evidence suggests a linkage between SLC35A2 expression
and the migratory and invasive capacity of breast cancer cells.

Discussion
We observed an over-expression of cytoplasmic SLC35A2 in

breast malignancies compared to normal breast tissue.
Additionally, there was an increase in expression levels from in

situ carcinoma to invasive carcinoma, and a strong positive
relationship between SLC35A2 expression and disease stage
was noteworthy. In agreement with our findings, a study
showed that the top five protein-coding genes closely correlated
to the poor prognosis of breast cancer were SLC35A2, QPRT,
CD24, DCTPP1, and CCDC24 (12). Our in-house analysis of
The Cancer Genome Atlas (TCGA) data revealed that the
HER2-enriched subtype had the highest SLC35A2 expression,
while luminal A and normal-like subtypes had the lowest
SLC35A2 expression. However, information regarding the
status of hormonal receptors and HER2 was unavailable for
patients included in the tissue microarrays of the current study.

SLC35A2 encodes the X-linked transporter that carries
UDP-galactose from the cytosol to the lumen of the ER and
Golgi apparatus. It is so far the only known transporter of
UDP-galactose in mammals, and mutations in the SLC35A2
gene have been linked to SLC35A2-congenital disorders of
glycosylation (CDG) (13). However, an alternative UDP-
galactose transporter has been proposed (14). The role of
SLC transporters in cancer research is emerging as a new
field of investigation. A recent CRISPR-Cas9 screening
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identified an increased resistance to the DNA-damaging
agent cisplatin in the SLC35A2-deficient cells (15).
MetaCore pathway analysis of SLC35A2 co-expressed genes
suggests that SLC35A2 may play a role in cell cycle
regulation (4). Nonetheless, we found that cell growth was
not affected by modulation of SLC35A2 expression in the
present study. The interaction between SLC35A2 expression
and the DNA damage response deserves further study.

Our loss- and gain-of-expression studies suggest that
SLC35A2 participates in cell migration and invasion in breast
cancer cells. Invasion of adjacent tissue and seeding at distant
sites to form metastases are the hallmark of cancer and the
leading causes of cancer deaths (16). Consistent with our
findings, a previous study found that up-regulation of SLC35A2
in colon cancer was frequently observed in patients with lymph
node or distant metastasis (6). The study showed that the
expression of sialyl Lewis A and sialyl Lewis X determinants
was significantly induced by transfection with SLC35A2, which
led to an enhanced adhesion of cancer cells to vascular E-
selectin (6). In breast cancer, galactosylceramide and
galactosyltransferase, an enzyme responsible for the synthesis
of galactosylceramide, have a profound effect on tumorigenic
and metastatic properties (17). Given that SLC35A2 is involved
in the synthesis of galactosylceramide in the ER (3), it is
possible that SLC35A2 promotes metastatic spread of breast
cancer cells through multiple downstream molecules.

The underlying mechanisms resulting in aberrant
expression of SLC35A2 during breast tumor progression are
still unknown. In colon cancer, hypoxia induced robust
expression of SLC35A2 and other adhesion molecules (18).
We analyzed the TCGA data and corroborated a moderate,
positive relationship between the expression of SLC35A2
and hypoxia inducible factor-1a. Hypoxia is a well-known
regulator of cancer progression and metastasis (19). It is
tempting to investigate whether differential SLC35A2
expression in breast cancer is related to the hypoxic tumor
microenvironment and whether breast cancer progression can
be hindered by targeting SLC35A2 activity or expression.

In conclusion, differential expression patterns of
SLC35A2 were observed during breast cancer development
and progression. We found that SLC35A2 expression in
breast cancer cells is associated with an increased ability to
migrate and invade. SLC35A2 may represent a prognostic
biomarker and therapeutic target in the management of
patients with breast cancer.

Conflicts of Interest
The Authors declare no competing interests in relation to this study.
Authors’ Contributions

Liu CL, Cheng SP, and Chang YC conceived the study, designed, and
performed experiments, analyzed data, and wrote the manuscript.

268

Huang WC, Chen MJ, and Lin CH provided technical support and
conceptual advice. Chen SN assisted in carrying out the experiments.
All Authors read the manuscript and approved the final version.

Acknowledgements

This work was supported by research grants from MacKay
Memorial Hospital (MMH-E-110-10 and MMH-E-111-08).

References

César-Razquin A, Snijder B, Frappier-Brinton T, Isserlin R,
Gyimesi G, Bai X, Reithmeier RA, Hepworth D, Hediger MA,
Edwards AM and Superti-Furga G: A call for systematic research
on solute carriers. Cell 162(3): 478-487,2015. PMID: 26232220.
DOI: 10.1016/j.cell.2015.07.022

Hadley B, Litfin T, Day CJ, Haselhorst T, Zhou Y and Tiralongo
J: Nucleotide sugar transporter SLC35 family structure and
function. Comput Struct Biotechnol J 7/7: 1123-1134, 2019.
PMID: 31462968. DOI: 10.1016/j.csbj.2019.08.002

Song Z: Roles of the nucleotide sugar transporters (SLC35
family) in health and disease. Mol Aspects Med 34(2-3): 590-
600, 2013. PMID: 23506892. DOI: 10.1016/j.mam.2012.12.004
Ta HDK, Minh Xuan DT, Tang WC, Anuraga G, Ni YC, Pan SR,
‘Wu YF, Fitriani F, Putri Hermanto EM, Athoillah M, Andriani V,
Ajiningrum PS, Wang CY and Lee KH: Novel insights into the
prognosis and immunological value of the SLC35A (solute carrier
35A) family genes in human breast cancer. Biomedicines 9(12):
1804, 2021. PMID: 34944621. DOI: 10.3390/biomedicines9121804
Nishimura M, Suzuki S, Satoh T and Naito S: Tissue-specific
mRNA expression profiles of human solute carrier 35
transporters. Drug Metab Pharmacokinet 24(7): 91-99, 2009.
PMID: 19252338. DOI: 10.2133/dmpk.24 .91

Kumamoto K, Goto Y, Sekikawa K, Takenoshita S, Ishida N,
Kawakita M and Kannagi R: Increased expression of UDP-
galactose transporter messenger RNA in human colon cancer
tissues and its implication in synthesis of Thomsen-Friedenreich
antigen and sialyl Lewis A/X determinants. Cancer Res 6/(11):
4620-4627,2001. PMID: 11389099.

Chang YC, Chen CK, Chen MJ, Lin JC, Lin CH, Huang WC,
Cheng SP, Chen SN and Liu CL: Expression of 3f-
hydroxysteroid dehydrogenase type 1 in breast cancer is
associated with poor prognosis independent of estrogen receptor
status. Ann Surg Oncol 24(13): 4033-4041, 2017. PMID:
28744792. DOI: 10.1245/s10434-017-6000-6

Liu CL, Cheng SP, Chen MJ, Lin CH, Chen SN, Kuo YH and
Chang YC: Quinolinate phosphoribosyltransferase promotes
invasiveness of breast cancer through myosin light chain
phosphorylation. Front Endocrinol (Lausanne) /7: 621944, 2021.
PMID: 33613454. DOI: 10.3389/fendo.2020.621944

Chang YC, Lin CH, Lin JC, Cheng SP, Chen SN and Liu CL:
Inhibition of 3f-hydroxysteroid dehydrogenase type 1
suppresses interleukin-6 in breast cancer. J Surg Res 247: 8-14,
2019. PMID: 31004874. DOI: 10.1016/j.jss.2019.03.024

10 Liu CL, Chen MJ, Lin JC, Lin CH, Huang WC, Cheng SP, Chen
SN and Chang YC: Doxorubicin promotes migration and
invasion of breast cancer cells through the upregulation of the
RhoA/MLC pathway. J Breast Cancer 22(2): 185-195, 2019.
PMID: 31281722. DOI: 10.4048/jbc.2019.22.e22



in vivo 37: 262-269 (2023)

11 Kuo CY, Liu CL, Tsai CH and Cheng SP: Learning curve
analysis of radiofrequency ablation for benign thyroid nodules.
Int J Hyperthermia 38(7): 1536-1540, 2021. PMID: 34727824.
DOI: 10.1080/02656736.2021.1993358

12 Yue Z, Shusheng J, Hongtao S, Shu Z, Lan H, Qingyuan Z,
Shaoqiang C and Yuanxi H: Silencing DSCAM-AST suppresses
the growth and invasion of ER-positive breast cancer cells by
downregulating both DCTPP1 and QPRT. Aging (Albany NY)
12(14): 14754-14774, 2020. PMID: 32716908. DOI: 10.18632/
aging.103538

13 Ng BG, Sosicka P, Agadi S, Almannai M, Bacino CA, Barone
R, Botto LD, Burton JE, Carlston C, Chung BH, Cohen JS,
Coman D, Dipple KM, Dorrani N, Dobyns WB, Elias AF,
Epstein L, Gahl WA, Garozzo D, Hammer TB, Haven J, Héron
D, Herzog M, Hoganson GE, Hunter JM, Jain M, Juusola J,
Lakhani S, Lee H, Lee J, Lewis K, Longo N, Lourenco CM,
Mak CCY, McKnight D, Mendelsohn BA, Mignot C, Mirzaa G,
Mitchell W, Muhle H, Nelson SF, Olczak M, Palmer CGS,
Partikian A, Patterson MC, Pierson TM, Quinonez SC, Regan
BM, Ross ME, Guillen Sacoto MJ, Scaglia F, Scheffer IE, Segal
D, Singhal NS, Striano P, Sturiale L, Symonds JD, Tang S,
Vilain E, Willis M, Wolfe LA, Yang H, Yano S, Powis Z, Suchy
SF, Rosenfeld JA, Edmondson AC, Grunewald S and Freeze
HH: SLC35A2-CDG: Functional characterization, expanded
molecular, clinical, and biochemical phenotypes of 30
unreported Individuals. Hum Mutat 40(7): 908-925, 2019.
PMID: 30817854. DOI: 10.1002/humu.23731

14 Maszczak-Seneczko D, Wiktor M, Skurska E, Wiertelak W and
Olczak M: Delivery of nucleotide sugars to the mammalian
Golgi: a very well (un)explained story. Int J Mol Sci 23(15):
8648, 2022. PMID: 35955785. DOI: 10.3390/ijms23158648

15 Girardi E, César-Razquin A, Lindinger S, Papakostas K,
Konecka J, Hemmerich J, Kickinger S, Kartnig F, Giirtl B,
Klavins K, Sedlyarov V, Ingles-Prieto A, Fiume G, Koren A,
Lardeau CH, Kumaran Kandasamy R, Kubicek S, Ecker GF and
Superti-Furga G: A widespread role for SLC transmembrane
transporters in resistance to cytotoxic drugs. Nat Chem Biol
16(4): 469-478, 2020. PMID: 32152546. DOI: 10.1038/s41589-
020-0483-3

269

16 Fares J, Fares MY, Khachfe HH, Salhab HA and Fares Y:
Molecular principles of metastasis: a hallmark of cancer
revisited. Signal Transduct Target Ther 5(7): 28, 2020. PMID:
32296047. DOI: 10.1038/s41392-020-0134-x

17 Owczarek TB, Suchanski J, Pula B, Kmiecik AM, Chadalski M,
Jethon A, Dziegiel P and Ugorski M: Galactosylceramide affects
tumorigenic and metastatic properties of breast cancer cells as
an anti-apoptotic molecule. PLoS One 8(7/2): e84191, 2013.
PMID: 24391908. DOI: 10.1371/journal.pone.0084191

18 Koike T, Kimura N, Miyazaki K, Yabuta T, Kumamoto K,
Takenoshita S, Chen J, Kobayashi M, Hosokawa M, Taniguchi
A, Kojima T, Ishida N, Kawakita M, Yamamoto H, Takematsu
H, Suzuki A, Kozutsumi Y and Kannagi R: Hypoxia induces
adhesion molecules on cancer cells: A missing link between
Warburg effect and induction of selectin-ligand carbohydrates.
Proc Natl Acad Sci USA 101(21): 8132-8137, 2004. PMID:
15141079. DOI: 10.1073/pnas.0402088101

19 Wicks EE and Semenza GL: Hypoxia-inducible factors: cancer
progression and clinical translation. J Clin Invest 132(11):
35642641, 2022. PMID: 35642641. DOI: 10.1172/JCI159839

Received September 13, 2022
Revised November 5, 2022
Accepted November 7, 2022



