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High B3GALT5 expression confers poor
clinical outcome and contributes to tumor
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Abstract

Background: Existence of breast cancer stem cells (BCSCs) is implicated in disease relapse, metastasis, and
resistance of treatment. 31,3-Galactosyltransferase 5 (B3GALT5) has been shown to be a pro-survival marker for
BCSCs. However, little is known about the prognostic significance of B3GALT5 in breast cancer.

Methods: Paired tissues (tumor part and adjacent non-tumor part) from a cohort of 202 women with breast cancer
were used to determine the expression levels of B3GALT5 mRNA by qRT-PCR. Kaplan-Meier and multivariable Cox
proportional hazard models were used to assess survival differences in terms of relapse-free survival (RFS) and
overall survival (OS). Both breast cancer cells and cancer stem cells (BCSCs) were used to see the in vitro effects of
knockdown or overexpression of B3GALT5 on cell migration, invasion, and epithelial-to-mesenchymal transition
(EMT). A patient-derived xenograft (PDX) model was used to see the in vivo effects of knockdown of B3GALT5 in
BCSCs on tumor growth and metastasis.

Results: Higher expression of B3GALT5 in 202 breast cancer tissues, especially in adjacent non-tumor tissue,
correlated with poor clinical outcomes including shorter OS and RFS in all patients, especially those with early stage
breast cancer. In vitro studies showed B3GALT5 could enhance cell migration, invasion, mammosphere formation,
and EMT. Of note, B3GALT5 upregulated the expression of 3-catenin and EMT activator zinc finger E-box binding
homeobox 1 (ZEB1) pathway in BCSCs. In vivo studies showed B3GALTS5 expression in BCSCs is critical for not only
tumor growth but also lymph node and lung metastasis in PDX mice.

Conclusion: Our results demonstrated the value of B3GALT5 as a prognostic marker of breast cancer, especially
among the early stage patients, and its crucial roles in regulating EMT, cell migration, and stemness thereby
promoting breast cancer progression.
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Introduction

Breast cancer is the most common cancer among women
worldwide and the second leading cause of cancer-related
mortality in women [1]. Despite the improvements in
multidisciplinary therapy have led to increasing chances
for cure in ~70-80% of patients with early stage breast
cancer, metastatic disease is not considered curable [2].
Only 5-10% of cases are genetically predisposed [3]; the
pathogenetic mechanisms of most breast cancer remain
largely unknown. Epithelial-to-mesenchymal transition
(EMT) and the presence of breast cancer stem cells
(BCSCs) are two of the features associated with tumor ag-
gressiveness, treatment resistance, metastasis, and poor
prognosis [4—6]. Targeting EMT- and cancer stem cells
(CSCs) might be a very desirable addition to the existing
therapeutic armamentarium for breast cancer.

Recently, targeting therapies directed against kinases
have emerged as the mainstay of cancer treatment. Ac-
tually, aberrant glycans or glycosylation is a very com-
mon occurrence in cancer, which has yet to be exploited
as target for cancer therapy except for GD2. Glycoconju-
gates, including glycoprotein, glycolipid, and proteogly-
can, play important roles in EMT and maintenance of
CSCs [7, 8]. B1,3-Galactosyltransferase 5 (B3GALT5) is
an enzyme of type I chain carbohydrate synthase in
mammals. The generation of glycolipid stage-specific
embryonic antigen-3 (SSEA-3) is catalyzed by B3GALT5
[9]. It has been reported that expression of BBGALTS5 is as-
sociated with cancer progression and can serve as cancer
marker for diagnosis in gynecological cancers [10] and
prognosis in hepatocellular carcinoma [11]. In breast can-
cer, tumor-associated glycans are usually associated with
cell adhesion, migration, proliferation, tumor growth, and
metastasis [12, 13]. In BCSCs, the expression of SSEA-3 has
been reported and the B3GALT5-regulated SSEA-3 expres-
sion is crucial by its pro-survival activity [14, 15]. However,
little is known regarding the clinical relevance of B3GALT5
in breast cancer subgroups and its biological function.

In this study, we aimed to delineate the clinical signifi-
cance of B3GALT5 and to investigate its involvement in
EMT and BCSCs of breast cancer.

Material and methods

Cell culture

Breast cancer cell line MDA-MB-231 was purchased from
American Type Culture Collection (ATCC) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco
Life Technologies, CA, USA) containing 100 units/ml
penicillin and 100 pg/ml streptomycin sulfate, supple-
mented with 10% (v/v) fetal bovine serum (FBS) (growth
medium) at 37 °C in 5% CO,. Monolayer cultures of H2K¢
~ ALDH" cells sorted from BC0634 PDX tumor from a
patient with luminal type (PR+) breast cancer were desig-
nated as AS-B634 as established in our previous study
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[16]. AS-B634 were cultured in minimum essential
medium (MEM) (Gibco Life Technologies, CA, USA) con-
taining 1 mM sodium pyruvate, 2 mM GlutaMAX, and
10 pg/ml insulin, supplemented with 10% (v/v) FBS at
37°C in 5% CO..

Animal models

AS-B634 were transfected with scrambled negative con-
trol (Catalog#465372, Invitrogen) or B3GALTS5 siRNA
(Catalog#314585B11, Invitrogen) for 72h. Transfected
cells were mixed with matrigel (356237, BD Bioscience,
CA, USA) for subcutaneous injection into the mammary
fat-pads of 6—-8-week-old female NSG mice which were
purchased from The Jackson Laboratory (Bar Harbor,
ME, USA) and maintained under specific pathogen-free
conditions at Laboratory Animal Center in Chang Gung
University (Taoyuan, Taiwan). Tumor formation was
monitored weekly after inoculation. The protocol for
animal experimentation was approved by the Institu-
tional Animal Care and Utilization Committee of Chang
Gung Memorial Hospital at Linkou, Taoyuan, Taiwan
(Permit number: CGU106-055).

Patient samples

Human breast cancer tissues were obtained from the pa-
tients diagnosed between April 2005 and December
2012 in the department of surgery and pathology, at the
Tri-Service General Hospital, Taipei, Taiwan. The use of
human tissues for this study was approved by the Insti-
tutional Review Board of the Human Subjects Research
Ethics Committee of Academia Sinica and Tri-Service
General Hospital, Taipei, Taiwan. Written consent was
obtained from patients before the collection of samples.
Post-operation, human breast cancer tissues were col-
lected for RNA extraction. The clinicopathological data
of the patients were described in Supplementary Fig. S1.
Tumor and adjacent non-tumor breast tissues from pa-
tients were obtained at the time of initial surgery and
fully encoded to protect patient confidentiality.

Small interfering RNA and transfection

Scrambled negative control small interfering RNA oligo-
nucleotides (siRNA) and siRNA against B3GALT5
(HSS115774) and siRNAs against ZEB1 (HSS110548 and
HSS186235) were purchased from ThermoFisher (CA,
USA). The catalog number of si-Ctrl, si-B3GALT5-1, si-
B3GALT5-2, si-ZEB1-1, and si-ZEB1-2 were #465372,
#314585B11, #314585C01, #10620318, and #10620319,
respectively. The siRNA transfection experiments were
carried out using supermix reagent (ThermoFisher, CA,
USA) with 100 nM siRNA according to the manufac-
turer’s instructions. After siRNA transfection for 48 h,
cells were used for the indicated experiments.
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Plasmids and lentiviruses

For plasmid construction, full-length coding sequences of
human B3GALTS5 from B3GALT5 (NM_006057) Human
Tagged ORF Clone (Origene, MD, USA) were cloned with
pLenti6/V5 Directional TOPO Cloning Kit (ThermoFisher,
CA, USA) according to the manufacturer’s instructions.
Viral supernatant was collected 48 h after transfection and
then filtered with 0.45-um filters. MDA-MB-231 cells were
transduced with lentiviruses carrying vector overexpressing
B3GALTS5 or control vector at a multiplicity of infection
(MOI) of 10 in the presence of 8 ug/ml polybrene (Sigma-
Aldrich, MO, USA) for 12h. Cells were selected with
10 pg/ml blasticidin (Catalog #A1113903, ThermoFisher,
CA, USA) for more than 1 month to generate stable clones
of blasticidin-resistant cells.

RNA preparation and quantitative reverse-transcription
real-time PCR

Total RNA was extracted from cells with TRIzol reagent
(Invitrogen, CA, USA) according to the manufacturer’s in-
structions. The cDNA was reverse-transcribed from 2 pg
of RNA by using the Super-Script III First-Strand synthe-
sis kit (Invitrogen, CA, USA). The 5 ng cDNA was applied
to SYBR Green QPCR system. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as endogen-
ous controls. The SYBR probes for the detection of
B3GALTS5 (Hs00707757_s1) and GAPDH (Hs99999905_
m1) were purchased from Applied Biosystems. B3GALT5
(F) 5'-ATCAGGCAGCCATTCAGCAA-3’, (R) 5'-ACGT
CGCCAGAAAACACGTA-3’; GAPDH (F) 5'-GTCTCC
TCTGACTTCAACAGCG-3', (R) 5'-ACCACCCTGT
TGCTGTAGCCAA-3'; ZEB1 (F) 5'-GGCATACACC
TACTC AACTACGG-3', (R) 5'-TGGGCGGTGTAGAA
TCAGAGTC-3". The Q-PCR assay was performed with
Brilliant SYBR Green QPCR Master Mix (#04673484001,
Roche, Basel, Switzerland) by 7500 Fast real-time PCR sys-
tem (ThermoFisher, CA, USA). The relative amount of
GAPDH mRNA was applied for normalization by using
the comparative Ct method.

Western blot

Western blot was performed according to regular proto-
col. Briefly, cell lysates of treated cells were extracted
and transferred onto PVDF membranes. Membranes
were blocked in PBS supplemented with 0.5% (v/v)
Tween 20 (PBST) plus 10% (w/v) nonfat milk for 1h
followed by incubation with primary (1:100 to 2000)
antibodies at 4°C overnight. The membrane was then
scanned by a Typhoon9400 Variable Mode Imager (GE
Health Life Sciences, Uppsala, Sweden) to detect the
fluorescent signals released from catalyzed ECF substrate
(GE Healthcare, Little Chalfont, UK). Primary antibodies
used were as follows: ZEB1 (Catalog #3396, Cell Signal-
ing Technology), p-actin (Catalog #A5441, Sigma-
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Aldrich), p-catenin (Catalog #05-665, Sigma-Aldrich),
histone (Catalog #MAB1276, Sigma-Aldrich), and GAPD
H (Catalog #GTX100118, GeneTex). The results of
Western blots were quantified by Image Quant 5.2 soft-
ware (GE Healthcare, Little Chalfont, UK).

Transwell cell migration and invasion assay

For migration assay, 4x 10* cells in 100l serum-free
medium were seeded on top of the filter membrane
(80um pores) in a transwell insert (6.5mm diameter)
(Corning, NY, USA). 10% FBS (v/v) was supplemented in
medium and placed in the lower chamber as a chemo-
attractant. Cells were allowed to migrate at 37 °C for 15h,
and the transwell insert was removed from the plate for fix-
ation and staining with crystal violet. The migrated cells on
the underside of the filter membrane were viewed with an
inverted microscope and counted for cell numbers. For in-
vasion assay, similar procedures were performed but with
60 pl matrigel placed onto the upper chamber of transwell
and incubated at 37 °C for 1 h before seeding the cells.

Cell proliferation assay

At 48 after siRNA transfection, cells were trypsinized
and seeded at 1 x 10 cells per well into 6-well plates. Cells
were trypsinized for determination of viable cell number
every 24 h (Countness™ II FL, Invitrogen, CA, USA).

Mammosphere assay

Cultured cells were trypsinized and seeded at 2000 cells
per well into 96-well low-attachment plates (Corning,
NY, USA) and cultured in DMEM/F12 medium (Lonza,
MD, USA) containing 0.4% (w/v) bovine serum albumin,
20 ng/ml basic fibroblast growth factor (PeproTech, NJ,
USA), 20 ng/ml EGF (PeproTech), 5 pg/ml insulin, and
B27 supplement (Gibco Life Technologies, CA, USA).
The numbers of mammospheres (size > 50 um diameter)
were counted under an inverted microscope after 7 days’
culture.

Statistical analysis

The prognostic performance of genes was calculated by
the receiver operating characteristic curve. The Youden
index (sensitivity + specificity — 1) was used to determine
the optimal cut-off value for high versus low gene ex-
pression level. Survival curves were plotted by Kaplan—
Meier method with the log-rank test applied for com-
parison. Quantitative data were expressed as mean + SD
or mean + SEM as described in the figure legends. Statis-
tical analysis was determined by Student’s ¢ test, Mann—
Whitney U test, or Kruskal-Wallis test with Dunn mul-
tiple comparison for significance. * = P<0.05, ** = P<
0.01, *** = P<0.001.
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Results

High expression of B3GALT5 in adjacent non-tumor tissue
is an independent poor prognostic factor for breast
cancer

To explore the clinical relevance of B3GALT5 expres-
sion in breast cancers, we performed qRT-PCR analysis
to examine B3GALTS5 mRNA expression levels in tumor
and adjacent non-tumor tissues obtained from 202
breast cancer patients. Their clinical characteristics and
demographic information were summarized in Supple-
mentary Fig. S1. The B3GALT5 mRNA levels in tumor
(Fig. 1a and c¢) and adjacent non-tumor tissue (Fig. 1b
and d) were shown according to different molecular sub-
types of breast cancer. In the tumor tissue, B3GALTS
mRNA levels were significantly higher in the luminal B
subtype (P =0.035) and TNBC subtype (P =0.001) than
the HER-2-positive subtype (Fig. la). Similarly, signifi-
cantly higher B3GALT5 mRNA levels were found in
TNBC subtype (P =0.008) than non-TNBC subtype (Fig.
1c). As to the adjacent non-tumor tissue, we found more
significantly higher BSGALTS mRNA levels in TNBC sub-
type than the other three subtypes (P =0.002 vs HER-2-
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positive subtype; P = 0.024 vs luminal A subtype; P = 0.003
vs luminal B subtype) (Fig. 1b). Consistently, the
B3GALT5 mRNA levels were significantly higher in
TNBC subtype (P =0.005) than non-TNBC subtype (Fig.
1d). On the other hand, the B3GALT5 mRNA levels in
tumor and adjacent non-tumor tissue showed no signifi-
cant correlation with either stages or grades of breast can-
cer (Supplementary Fig. S2).

We further conducted univariate (Table 1) and multi-
variate (Table 2) Cox proportional hazard regression
analyses to assess the impact of the expression levels of
B3GALTS on breast cancer recurrence and patient sur-
vival. The results indicate that relapse-free survival (RES)
correlated with age greater than 45years (HR = 2.90,
P=0.02), and the higher expression of B3GALTS in ad-
jacent non-tumor parts (HR = 5.08, P=1.7E-07) and
tumor part (HR = 2.54, P=3.8E-03). The overall sur-
vival (OS) correlated with the higher AJCC cancer stages
I-IV (HR = 2.81, P=2.5E-04), and higher expression
of B3GALTS in adjacent non-tumor part (HR = 2.63,
P =47E-03). Similarly, in multivariate analysis, RFS and
OS were both correlated with the higher AJCC cancer
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Fig. 1 Expression levels of B3GALT5 in tumor and adjacent non-tumor parts of breast cancer tissues. The mMRNA expression levels of B3GATL5 in
breast cancer tissues (n =202) were determined by gqRT-PCR. The CT value of each specimen was normalized to the average of control and
presented as minus delta threshold cycle (—dCt). a, b The values of —deltaCt of B3GALT5 in tumor part (a) and adjacent non-tumor part (b) of
cancer tissues of breast cancer patients with luminal A, luminal B, Her2, and TNBC types were compared by Kruskal-Wallis test with Dunn
multiple comparison. ¢, d The values of —deltaCt of B3GALT5 in tumor part (a) and adjacent non-tumor part (b) of cancer tissues of breast cancer
patients with luminal A, luminal B, Her2, and TNBC types were compared by Kruskal-Wallis test with Dunn multiple comparison. ¢, d The values
of —deltaCt of B3GALT5 in tumor part (c) and adjacent non-tumor part (d) of cancer tissues of breast cancer patients with non-TNBC and TNBC
types were compared by Mann-Whitney U test and t test (not equal variance), respectively
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Table 1 Univariate Cox proportional regression analysis of
factors associated with breast cancer recurrence and survival

Variable RFS 0s
HR P value HR P value

Age

245 290 0.02 2.06 0.06
Grade

Il 1.9E+7 1.00 2.34 041

Il 3.2E+7 1.00 4.10 0.16
AJCC

=1V 1.74 0.08 281 2.5E-04
Subtype

Luminal A 1.14 0.80 1.14 0.77

Luminal B 1.23 0.69 1.04 0.94

TNBC 201 0.20 1.24 0.69
TNBC

TNBC 1.75 0.10 1.15 0.72
B3GALT5_N

High 5.08 1.7E-07 263 4.7E-03
B3GALT5_T

High 2.54 3.8E-03 1.50 0.26

B3GALT5_N adjacent non-tumor part, B3GALT5_T tumor part

stages III-IV (HR = 2.40, P=7.9E-03, and HR = 3.06,
P =1.0E-04, respectively) and expression of B3GALTS in
adjacent non-tumor tissue (HR = 4.20, P = 5.1E-05, and
HR = 2.50, P = 0.02, respectively).

Therefore, to investigate whether high expression of
B3GALTS was a significant predictor of recurrence of
breast cancer, we performed Kaplan—Meier analysis on
202 breast cancer patients. The RFS in patients with
high expression of BSGALTS in tumor tissue was signifi-
cantly worse than those with low expression of
B3GALT5 (P=0.002) (Fig. 2a), while similar trend was
observed for OS (Fig. 2b) although it did not reach stat-
istical significance (P = 0.25). The adverse impact of high
expression of B3GALTS5 found on REFS is consistent with

Table 2 Multivariate Cox proportional regression analysis of
factors associated with breast cancer recurrence and survival

Variable RFS oS

HR P value HR P value
Age = 45 237 0.08 1.84 0.14
Subtype Luminal A 0.98 0.97 1.29 0.59
Subtype Luminal B 1.02 097 1.07 0.90
Subtype TNBC 1.16 0.80 1.05 093
AJCC -V 240 7.9E-03 3.06 1.0E-04
B3GALT5_N High 4.20 5.1E-05 2.50 0.02
B3GALT5_T High 1.80 0.10 091 0.82

B3GALT5_N adjacent non-tumor part, B3GALT5_T tumor part
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Kaplan—Meier analysis using GSE1456 database, which
reveals that breast cancer patients with higher B3GALTS
expression has shorter RFS than those with low B3GALTS
expression (P=0.007) (Supplementary Fig. S3). To our
surprise, Kaplan—Meier plots of adjacent non-tumor tissue
also show that both RFS (Fig. 2c) and OS (Fig. 2d) in pa-
tients with high expression of BBGALTS were significantly
worse than those with low expression (RFS: P < 0.0001;
OS: P=0.003). We further determined the prognostic sig-
nificance of B3GALTS expression in both tumor and adja-
cent non-tumor tissue among different subsets of breast
cancer patients, including stages I-II (n = 158), stages I-1I
and luminal A (n = 68), and stages I-II and luminal B (n =
52), as shown in the Kaplan—Meier analysis of RES (Sup-
plementary Fig. S4) and OS (Supplementary Fig. S5). The
adverse impacts of high expression of B3GALTS5 in non-
tumor parts on RFS (Fig. 2e) and OS (Fig. 2f) were found
most significant in patients with early stage and luminal A
and B subtypes (P = 9.5E-04 and P = 5.4E-04, for RFS and
OS, respectively). In addition, in tumor tissue of TNBC
patients (Supplementary Fig. S6), high expression of
B3GALTS had adverse impact on RES (P =0.004) but not
OS. Taken together, the results indicated the adverse
prognostic significance of high expression of B3GALTS in
breast cancer, especially for patients with early stage hor-
monal receptor positive tumors.

Knockdown of B3GALT5 attenuates cell migration and
invasion in breast cancer stem cells derived from BC0634
PDX

To elucidate the biological functions of B3GALT5 in
breast cancer that contribute to its adverse prognostica-
tion, we first evaluated the impacts of B3BGALT5 knock-
down on migration and invasion of breast cancer cells.
We used AS-B634 which were cultured from BCSCs
harvested from BC0634 patient-derived xenograft (PDX)
tumor from a patient with luminal type (PR+) breast
cancer established in our laboratory for silencing
B3GALTS5 and breast cancer cell line MDA-MB-231 for
overexpressing B3GALT5 to investigate its roles in
breast cancer. Successful silencing of BBGALT5 with two
clones of siRNA in AS-B634 cells was confirmed by reduc-
tion of B3GALT5 mRNA compared with si-Control (P <
0.001) (Fig. 3a) and downregulation of its downstream tar-
get SSEA-3, as detected by flow cytometry (Fig. 3b and c).
As shown in Figs. 3d—g, transwell cell migration (Fig. 3d
and e) and invasion (Fig. 3f and g) assays revealed that si-
lencing of B3GALTS significantly reduced migration and
invasion ability of AS-B634 compared to si-Control.

Overexpression of B3GALT5 promotes cell migration and
invasion in MDA-MB-231 breast cancer cells

We then examined the effects of overexpression of
B3GALTS5 on the migration of breast cancer cells. Stable
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Fig. 2 High expression of B3GALT5 in breast cancer tissue correlates with poor clinical outcome. Relapse-free survival (RFS) and overall survival
(OS) comparing the 202 breast cancer patients with high (black) and low (gray) expression of B3GALT5 in tumor and adjacent non-tumor parts
was analyzed. a-d Kaplan—-Meier plots of RFS (a, ) and OS (b, d) for patients with breast cancer in relation to the expression levels of B3GALTS in
tumor parts (a, b) and adjacent non-tumor parts (c, d) of the cancer tissues. e, f Kaplan-Meier plots of RFS (e) and OS (f) for patients with stages
I-Il and luminal A and B breast cancer in relation to the expression levels of B3GALT5 in adjacent non-tumor parts of the cancer tissues. P values
were calculated by log-rank test

clone of MDA-MB-231 overexpressing B3GALT5 by in-
fection with lentiviruses carrying vector expressing
B3GALTS5. Efficiency of B3GALT5 overexpression was
confirmed by significant increase in mRNA levels (P <
0.001) (Fig. 4a) and upregulation of SSEA-3 expression
by flow cytometry (Fig. 4b and c). As shown in Figs. 4d—
g, overexpression of B3GAL5 in MDA-MB-231 cells sig-
nificantly potentiates the migration (Fig. 4d and e) (P <
0.001) and invasion (Fig. 4f and g) (P<0.01) activity.
Taken together, these findings suggest that B3GALT5
plays a key role in the migration and invasion ability in
breast cancer.

B3GALTS5 regulates epithelial-to-mesenchymal transition
(EMT), ZEB1 expression, and B-catenin nuclear
translocation

Along with the above-mentioned migration and invasion
studies, we found knockdown of B3GALT5 also signifi-
cantly attenuated the growth of AS-B634 cells (Fig. 5a)
indicating that BBGALT5 might contribute to cell prolif-
eration. We also noticed that silencing of B3GALT5 ex-
pression in AS-B634 cells substantially altered the cell
morphology from fibroblast-like morphology with triangu-
lar shaped cells and tapering end to epithelial like round or
cuboidal cells with loss of tapering ends (Fig. 5b). In con-
trast, overexpression of B3GALT5 in MDA-MB-231 cells
altered the cell morphology into longer and narrower fibro-
blastic morphology (Fig. 5b). These morphological changes

suggest that B3BGALT5 might be involved in the epithelial-
to-mesenchymal transition (EMT) process. To further
determine if B3GATL5 regulates EMT, we examined the
expression of zinc finger E-box binding homeobox tran-
scription factor 1 (ZEB1), which is the key factor to activate
EMT and promote metastasis in cancers [17, 18]. As shown
in Fig. 5¢, downregulation of B3GALT5 in AS-B634 cells
decreased ZEB1 expression to 0.2 fold of si-Control
whereas overexpression of B3GAL5 in MDA-MB-231 cells
increase ZEB1 expression to 8.2 fold of vector control. We
further investigated the possible mechanism by which the
expression of ZEBI is regulated. It has been shown that ac-
tivated [p-catenin could undergo nuclear translocation and
induce ZEBI1 transcription [19]. In our study, decreased
ZEB1 accompany with reduced active form of [B-catenin
were found upon B3GALT5 knockdown. Overexpression
of B3GALT5 in MDA-MB-231 cells showed the opposite
results. We further found the subcellular localization of
ZEB1 upstream regulator P-catenin was regulated by
B3GALT5. B3GALTS5 silencing reduced the nuclear trans-
location of active P-catenin (Fig. 5d, left panel), whereas
B3GALTS5 overexpression increased it (Fig. 5d, right panel).
These observations suggest that BBGALT5 might regulate
ZEB1 via B-catenin and thereby modulating ZEB1-induced
EMT. We further examined the effect of knockdown of
ZEB1 in migration and invasion abilities of BBGALT5 over-
expressing cell. As shown in Fig. 5e, ZEB1 was successfully
downregulated by either siRNA-1 or siRNA-2. Silencing of
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ZEB1 in B3GALT5 overexpressing MDA-MB-231 cells by
two ZEBI siRNAs significantly reduced their abilities in migra-
tion (Fig. 5f) and invasion (Fig. 5g). These findings indicate
that B3GALT5 modulate migration and invasion via ZEB1.

B3GALT5 contributes to mammosphere formation in vitro
and tumor growth and metastasis in vivo

In suspension cultures, BCSCs could be enriched as
mammospheres [20] which is an indicator for functional
characterization of cancer stem cell with strongly tumor
initiating potential [21]. To understand the possible in-
volvement of B3GALT5 in maintaining BCSC-like prop-
erty, mammosphere formation capacity was analyzed in
B3GALT5 knockdown cell lines. Knockdown of

B3GALTS5 in AS-B634 cells resulted in a significant re-
duction in the number of spheres compared to si-
Control, P<0.001 (Fig. 6a and Supplementary Fig. S7).
These results thus suggest that B3BGALTS5 is engaged in
enhancing mammosphere formation.

To further investigate whether B3GALT5 affects tumor
growth in vivo, breast cancer with B3GALT5-silenced AS-
B634 cells were injected into mammary fad of NSG mice.
As shown in Fig. 6b and ¢, knockdown of B3GALTS5 sig-
nificantly suppressed tumor growth rate and decreased
tumor size compared to si-Control. We also noted the ab-
sence of lymph node metastasis in mice bearing tumor of
B3GALTS5-knockdown AS-B634 cells, as compared to
lymph node metastasis in 4/6 mice bearing control AS-



Liao et al. Breast Cancer Research (2021) 23:5 Page 8 of 13
p
a MDA-MB-231 d f ) Invasion assa
1500~ M
o
2 210004 =
a4
é S o “
8T 500
v
0+
b Ctrl OE
' isotype Ab
H Ctrl ¥
. w o
400 B OF o)
£ 300
3
O
O
200
100
€ g
0] Migration assay Invasion assay
100 100 102 100 10t 100 10° —
[o SSEA3 (FITC) g 4004 = 10004
1500+ ks _g *k
o .
- c o T
Fro = c
< 10004 D =
S o 200+ o 5004
© o
& 3 ©
g 500+ - T
© ©
2 N
S £
0- = 0 0- T
Ctrl OE Ctrl OE Ctrl OE
Fig. 4 Effects of B3GALT5 overexpression on cell migration and invasion. a mRNA expression of B3GALT5 in MDA-MB-231 cells transfected with
vector control plasmids (Ctrl) or B3GALTS overexpression plasmids (OE) as determined by gRT-PCR. b, ¢ Expression of B3GALT5 downstream
target SSEA-3 detected by flow cytometry. d, f Representative pictures of transwell cell migration and invasion assays of MDA-MB-231. Scale bar
100 um. e, g Quantitation of migrated or invaded cells per well. Data were shown as mean + SD for three independent experiments. ***P < 0.001,
**P <001 by t test

B634 tumor (Fig. 6d). Consistently, the number of meta-
static lesions in the lungs in the mice bearing tumor of
B3GALT5-knockdown AS-B634 cells is significantly de-
creased compared with si-Control, P <0.001 (Fig. 6e and
f). The lung metastatic foci were further enumerated and
grouped by their sizes as determined by their cell numbers
per locus (Supplementary Fig. S8). As shown in the heat-
map (Fig. 6g), knockdown of B3GALTS results in an over-
all reduction in the number and size of metastatic foci.
These results suggested that B3GALT5 contributes to
tumor growth and metastasis in vivo.

Discussion

In the present study, we provide the first evidence for
the predictive value of B3GALT5 mRNA expression in
the outcome of breast cancer patients. Higher expression

of B3GATLS5 in adjacent non-tumor part of the breast
cancer tissue from patients with early stage and luminal
type strongly correlates to worse RFS and OS. This find-
ing suggests that B3GATLS expression may be a useful
biomarker for the decision-making of treatment options,
e.g., aggressive treatments may be considered for those
who have high B3GATL5 expression. To date, there is
only one report showing BBGALTS5 expression in breast
carcinoma tissues as determined by immunohistochem-
istry (IHC) [22] positively correlated with the stages and
poor disease-free survival. However, there was no infor-
mation on the prognostic value of B3GALT5 expression
in early-stage disease nor the difference of its expression
among molecular subtypes. Although IHC is widely used
and less expensive as compared to genomics-based tech-
nologies, the available antibodies for B3GALT5
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including the antibody used in this study displayed cross  diagnostic assay that quantifies the likelihood of distant

reactivities with many undefined proteins and thus may
not accurately reflect BBGALT5 expression levels.

Here we showed significant higher expression of
B3GALTS in TNBC subtype of breast cancer tissues and
provided the first evidence for the poor prognostic sig-
nificance of B3GALTS expression in early stage breast
cancer. To date, only 2 assays have been clinically vali-
dated and approved by US Food and Drug Administra-
tion (FDA) for guiding the treatment of early-stage
breast cancer (ESBC): the 70-gene signature (Mamma-
Print®) and the 21-gene Recurrence Score (RS) assay
(Oncotype DX®) [23, 24]. MammaPrint® is the first assay
to be approved by US FDA to predict the clinical out-
come of women with ER-positive or negative, lymph
node-negative breast cancer [25]. Oncotype DX" is a

breast cancer recurrence in women with newly diag-
nosed ESBC. Oncotype DX° is recommended as the
treatment guidelines by the American Society of Clinical
Oncology (ASCO) [26]. In patients with ER-positive
ESBC, the benefit of adjuvant chemotherapy is often
questionable and may not apply to all patients. With the
help of Oncotype DX°/ MammaPrint®, the treatment
decision-making might be refined to personalized plan
and spare patients from the unnecessary treatment-
related adverse events. However, both assays are quite
complex and costly. Once the prognostic impact of
B3GALTS5 in early-stage breast cancer could be validated
in further large clinical cohort, BBGALT5 might provide
a novel simple and feasible candidate gene for predica-
tion of recurrent risk of ESBC.
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Mechanistically, we found B3GALT5 could regulate cell
proliferation, migration, and invasion through EMT acti-
vator ZEB1 in breast cancer cells as well as other proper-
ties of BCSCs, such as mammosphere formation, tumor
initiation, and metastasis. ZEB1 is implicated as a prime
element of a network of transcription factors that control
cell proliferation, EMT, and cancer metastasis [27, 28] in
various cancers including breast cancer [29, 30], pancre-
atic cancer [17], and lung cancer [31]. We found that
overexpression of B3GALT5 altered cell morphology to-
ward EMT and increased ZEB1 expression, whereas
knockdown of B3GALTS5 reduced EMT and cell prolifera-
tion as well as decreased ZEB1 expression. Given that
Wnt/B-catenin signaling regulated EMT and might act as
upstream of ZEB1 [19], we further demonstrated that
B3GATLS5 overexpression induced the nuclear transloca-
tion of active B-catenin along with ZEB1 upregulation and
vice versa upon knockdown of B3GALTS5.

Previous report of Cheung et al. [15] showed
knockdown of B3GALT5 induces apoptosis in breast

cancer cells. Chuang et al. [22] further demonstrated
knockdown of B3GALT5 in breast cancer cells dis-
rupts caveolin-1 and focal adhesion kinase complex to
induce apoptosis via dissociation of RIP from the
complex to induce Fas-dependent pathways. We
herein provide further experimental evidence that
B3GATL5 regulates EMT and cell proliferation in not
only breast cancer cells but also BCSCs via activation
of B-catenin and EMT regulator ZEB1. This is, to our
knowledge, the first report linking B3GALT5 to EMT
and p-catenin/ZEB1 axis in breast cancer. Moreover,
we provided the first evidence for the important role of
B3GALT5 in lymph node and lung metastasis of breast
cancer, using PDX-derived BCSCs implantation model.
Knockdown of B3GALT5 in BCSCs AS-B634 significantly
retarded tumor growth and reduced metastasis. The re-
sults are in agreement with a recent report showing that
ZEB1-driven EMT program may contribute to early nodal
metastasis in breast cancer patients [32, 33]. The molecu-
lar regulation of B3GALT5 on [-catenin activation and
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ZEB1 expression is also currently under extensive
investigation.

The molecular targets of B3GALTS5 that contribute to
cell proliferation, EMT, and metastasis have not yet been
elucidated. BBGALTS5 was reported to participate in the
synthesis of histo-blood group antigens Lewis a (Le(a)),
Lewis b (Le(b)), and sialyl-Lewis a (sLe(a)) [34]. Of note,
sLe(a) is not only the selectin ligand involved in cancer
metastasis but also the epitope of tumor marker CA 19.9
antigen which is presumed to be synthesized by
B3GALTS5 [35, 36]. Greater expression of sLe(a) or CA
19-9 correlates with metastasis and poor outcome in
colon cancer patients [37]. Whether B3GALT5 directly
regulates the activation of B-catenin/ZEB1 axis via glyco-
sylation or indirectly via other target glycoprotein/glyco-
lipid is of worth for further study.

Notably, we found the expression of B3GALTS in adja-
cent non-tumor part of the breast cancer tissue to be
more significantly correlated to clinical outcome when
compared to the tumor part. This is in line with studies
which also showed that expression of ZEB1- and ZEBI1-
associated genes were significantly higher in adjacent
normal tissue than in primary tumor [32, 33]. A similar
report demonstrated the gene expression in histologi-
cally normal-appearing tissue adjacent to prostate tumor
was of significance for the prediction of clinical recur-
rence [38]. The studies suggested that there is a bio-
logical field effect in primary cancer that might be a
marker for aggressive disease. The “field cancerization”
theory was first described in 1953 by Slaughter et al. and
has long been debated [39]. A recent comprehensive
study analyzed the transcriptomes of healthy, normal tis-
sue adjacent to the tumor, and tumor tissues in 6506
samples across eight tissues and corresponding tumor
types and found normal tissue adjacent to the tumor
transcriptomically represented a unique intermediate
state between healthy and tumor. Moreover, they dem-
onstrated a pan-cancer mechanism of pro-inflammatory
signals from the tumor stimulates an inflammatory re-
sponse in the adjacent endothelium [40]. Thus, it is pos-
sible that the clinical significance of high B3GALT5
expression in adjacent non-tumor part of the cancer tis-
sues might be associated with higher ZEB1 expression
and other important but unrevealed role of B3GALTS5 in
regulation of tumor microenvironment to facilitate
tumor progression. Further in-depth study will be
needed to clarify the molecular mechanisms involved.

Conclusions

We have demonstrated that high B3GALTS5 expression
serves as a poor prognostic marker for breast cancer pa-
tients including those with early stage diseases. Our
studies have provided novel finding that B3GALTS plays
a role in facilitating lymph node and lung metastasis

Page 11 of 13

through B-catenin/ZEB1 pathway, suggesting B3GATL5
might be potential target for tackling BCSCs, cell prolif-
eration, and EMT in breast cancer.
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202 breast cancer patients. Figure S2. Correlation between B3GATLS
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of B3GALT5 mRNA by using gRT-PCR. Statistical analysis was performed
One-way ANOVA analysis. Figure S3. Expression levels of B3GALTS in
tumor of breast cancer tissues. The GSE1456 dataset was used to plot the
survival curve comparing the patient with high (black) and low (gray) ex-
pression of B3GALT5. Figure S4. Higher expression of B3GALTS5 in breast
cancer tissue correlates with poor clinical outcome (RFS). Kaplan-Meier
plots of relapse-free survival (RFS) comparing the 202 breast cancer pa-
tients with high (black) and low (gray) expression of B3GALT5 in tumor (a-
) and adjacent non-tumor parts (d-f) of patients with stage I-Il (a and d),
and stage |-l & Luminal A (b and e), and stage I-Il & Luminal B (c and f)
breast cancer were analyzed. Figure S5. Higher expression of B3GALTS in
breast cancer tissue correlates with poor clinical outcome (OS). Kaplan-
Meier plots of overall survival (OS) comparing the 202 breast cancer pa-
tients with high (black) and low (gray) expression of B3GALT5 in tumor (a-
) and adjacent non-tumor parts (d-f) of patients with stage I-Il (a and d),
and stage |-l & Luminal A (b and e), and stage I-Il & Luminal B (c and f)
breast cancer were analyzed. Figure S6. Kaplan-Meier analyses of TNBC
patients. Kaplan-Meier plots of RFS (a and ¢) or OS (b and d) comparing
the TNBC breast cancer patients with high (black) and low (gray) expres-
sion of B3GALT5 in tumor (a and b) and adjacent non-tumor parts (c and
d) were analyzed. Figure S7. Knockdown of B3GALT5 inhibits mammo-
sphere formation. AS-B634 cells transfected with control siRNA (si-Ctrl) or
B3GALTS siRNA (si-B3GALT5-1 and -2) and the representative pictures of
mammosphere were shown. Scale bar: 250 um. Figure S$8. Quantification
of lung metastasis. Lung sections were stained with H&E. Counting of the
pre-metastatic colonies were based on the cell numbers per colony. Rep-
resentative pictures were shown. Scale bar: 100 um.
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