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Global analysis of human glycosyltransferases reveals novel
targets for pancreatic cancer pathogenesis
Rohitesh Gupta1, Frank Leon1, Christopher M. Thompson1, Ramakrishna Nimmakayala1, Saswati Karmakar1, Palanisamy Nallasamy1,
Seema Chugh1, Dipakkumar R. Prajapati2, Satyanarayana Rachagani1, Sushil Kumar1 and Moorthy P. Ponnusamy1,3

BACKGROUND: Several reports have shown the role of glycosylation in pancreatic cancer (PC), but a global systematic screening of
specific glycosyltransferases (glycoTs) in its progression remains unknown.
METHODS: We demonstrate a rigorous top-down approach using TCGA-based RNA-Seq analysis, multi-step validation using RT-
qPCR, immunoblots and immunohistochemistry. We identified six unique glycoTs (B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and
MGAT3) in PC pathogenesis and studied their function using CRISPR/Cas9-based KD systems.
RESULTS: Serial metastatic in vitro models using T3M4 and HPAF/CD18, generated in house, exhibited decreases in B3GNT3, FUT3
and GCNT3 expression on increasing metastatic potential. Immunohistochemistry identified clinical significance for GCNT3,
B4GALNT3 and MGAT3 in PC. Furthermore, the effects of B3GNT3, FUT3, GCNT3 and MGAT3 were shown on proliferation, migration,
EMT and stem cell markers in CD18 cell line. Talniflumate, GCNT3 inhibitor, reduced colony formation and migration in T3M4 and
CD18 cells. Moreover, we found that loss of GCNT3 suppresses PC progression and metastasis by downregulating cell cycle genes
and β-catenin/MUC4 axis. For GCNT3, proteomics revealed downregulation of MUC5AC, MUC1, MUC5B including many other
proteins.
CONCLUSIONS: Collectively, we demonstrate a critical role of O- and N-linked glycoTs in PC progression and delineate the
mechanism encompassing the role of GCNT3 in PC.
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BACKGROUND
Pancreatic cancer (PC) is one of the most lethal cancers globally.1

While there are a multitude of domains, which contribute to the
aggressiveness of this cancer, treatment options are limited.
Various approaches have been investigated in an effort to address
the poor survival rate of PC; however, substantial progress has yet
to be achieved.2 This is mainly due to two factors: unavailability of
a reliable diagnostic marker and poor mechanistic insights of
disease pathogenesis. The discovery of CA19-9 as a diagnostic
marker for PC has helped to address some of the challenges.3–5

CA19-9 is a sLea-type glycan structure found either on cell
membranes or on circulating secretory glycoproteins. The
discovery of this marker towards the diagnosis of PC has helped
in understanding the importance of glycogenes in PC.
Glycosylation is an ubiquitous post-translation modification

(PTM) process that results in the addition of carbohydrates onto a
variety of structures, including proteins.6 A multitude of
membrane-bound or circulatory proteins are glycosylated. This
PTM alters their biological functions. Among known glycosylation
processes, O- and N-linked glycosylation are most commonly
known to regulate protein functions on ser/thr motifs and
asparagine residues, respectively. In cancerous conditions, phy-
siological glycan-synthesis processes are disrupted leading to the

synthesis of truncated Tn- (GalNAc), T- (Galβ1,3GalNAc) and Sialyl-
Tn (Neu5Acα2,3GalNAc) structures on protein backbone.7 In
addition, glycans involved in metastasis such as sLex and sLea

are mostly upregulated driving the progression of PC.8 The above
stated glycans are mostly O-linked whereas N-linked hybrid and
complex glycans are increased leading to cancer progression.7 The
synthesis of truncated and novel glycans during malignant
conditions is governed by variety of glycosyltransferases. In this
context, as there are more than 200 glycosyltransferases that act
to regulate glycosylation, it is imperative to utilise an unbiased
global approach to identify glycogenes involved in PC.9

In this study, we investigated the involvement of major
glycosyltransferases in PC using a top-down approach. Using the
TCGA RNA-Seq. dataset, PC cell lines, human and mouse tissues
we identified the top-upregulated glycoTs in PC. Herein, KPC (LSL-
KrasG12D/+, LSL-Trp53R172H/+, Pdx-1-Cre) mouse was used, which
represents pancreatic ductal adenocarcinoma in mice. From this,
we narrowed down to 6 glycoTs by comparing their transcrip-
tional and translational levels in different in vitro and in vivo
models. Following this identification, CRISPR-Cas9-mediated silen-
cing of B3GNT3, GCNT3, FUT3 and MGAT3 was conducted, which
resulted in distinct genotypic and phenotypic results in PC cell line
HPAF/CD18. We identified the mechanism governing the action of
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GCNT3 in PC. Overall, this study attempts to evaluate key glycoTs
participating in PC progression and metastasis.

METHODS
Antibodies and reagents
Antibodies for B3GNT3, B3GNT6, B4GALNT3, FUT3, FUT6, MGAT3,
ST6GalNAc-I, mucins, epithelial-mesenchymal transition (EMT) and
stem cell markers were utilised herein (Supplemental Table I).
Primers were designed for the variety of glycosyltransferases and
were purchased from Eurofins Genomics LLC (Supplemental
Table II). CRISPR/Cas9 sgRNA were purchased from Genscript
(Supplemental Table III).

Cell culture
Human pancreatic cancer cell lines (MIAPaCa-2, Capan-1, HPAF/
CD18) were purchased from ATCC. HPNE was a kind gift from Dr.
Michel Ouellete (Department of Internal Medicine, University of
Nebraska Medical Center, Omaha, NE). MIAPaCa-2, Capan-1 and
HPAF/CD18 were cultured in DMEM, High glucose supplemented
with 10% FBS. HPNE was cultured in DMEM: M3 Base (3:1 volume
ratio), 5% FBS, EGF.10 All the experiments were carried out using
early passages of these cell lines. For CRISPR/Cas9 editing, HPAF/
CD18 luciferase-positive cells were used and cultured under same
conditions.

TCGA RNA-Seq. data analysis
Normalised expression of all known glycosyltransferases (n= 207)
was selected from RNA-Seq. data for TCGA pancreatic cancer
subjects and stratified about the median proportion of malignant
cells present in the sample as calculated using the ABSOLUTE
purity score reported in TCGA (high cellularity, n= 74; low
cellularity, n= 75) and adjacent normal sample (n= 3).11 The
fold-change of each gene was calculated using the geometric
mean between each paired group combination (high vs. low, high
vs. normal, low vs. normal).

In silico analysis of glycoTs in PC datasets
The Michigan portal (www.mipanda.org) and the gepia database
(http://gepia.cancer-pku.cn/), which can be used for the analysis of
next generations sequencing (NGS) data, was utilised. Herein,
pancreatic samples specific data for B3GNT3, B3GNT6, B4GALNT3,
GCNT3, FUT3, FUT6 and MGAT3 were obtained. The data were
downloaded using the website and plotted henceforth.12,13

IHC analysis
For antibody concentration optimisation, we obtained tissue slides
from the tissue science facility. For this, the tissue sections (4 µm)
were cut and mounted on super-frost, positively charged glass
slides. Different antibody concentration was used to stain the
tissues. The universal secondary antibody from Impress reagent kit
(VECTOR, Burlingame, CA) were employed for mouse/rabbit
generated antibody. For goat antibodies, anti-goat HRP was used.
After incubation with the primary and secondary antibody and
subsequent washing, the colour was developed with the
peroxidase kit (VECTOR).

Data analyses
For uniformity in scoring, each sample was given a composite
score based on intensity and extent of tissue staining. Intensity
was graded on a four-point scale: −, +, ++, and+ ++. These
values were given a numeric score – [0], +[1], ++[2] and+ ++[3].
The extent of staining was graded on a four-point scale: 1 (0–24%),
2 (25–49%), 3 (50–74%) and 4 (75–100%). The composite score
was obtained by multiplying the two values together and ranged
from 0 to 12. The identity of histological stages of pancreatic
cancer (PC) tissues and normal pancreas (NP) was determined by
an independent pathologist at UNMC.14

Genetically engineered KPC mice model
The present study was conducted in accordance with U.S. Public
Health Service, “Guidelines for the care and use of laboratory
animals”, ARRIVE guidelines and with approval of the UNMC
Institutional Animal Care and Use Committee (IACUC).
The mouse specimens used in the study were procured
from the KPC and age-matched littermate control mice
generated as per UNMC-IACUC-approved breeding (18-161-01-
FC) and experimental (17-135-01-FC) protocols.15 The detailed
explanation of the KPC mouse model and animal euthanasia is
included as a method in the supplemental document (Sup-
ply2019.doc).

RNA isolation, cDNA synthesis and qRT-PCR analysis
Total RNA was isolated using optimised and established
protocols in our lab15,16 from human PC cell lines (HPNE,
MIAPaCa-2, Capan-1 and HPAF/CD18, RNAeasy kit (Qiagen, CA,
USA). Similar approaches were adapted to isolate total RNA
(mirVana miRNA isolation kit (Thermo Fisher Scientific) from
histologically confirmed human normal pancreas, pancreatic
tumour (Tissue Bank UNMC- IRB186-14-EP) and KPC (LSL-
KrasG12D/+, LSL-Trp53R172H/+, Pdx-1-Cre) C57BL/6 mice of either
sex. Based on the tissues available at the time, we derived RNA
from pancreatic tumours of 5 (N= 2) and 25 weeks (N= 3) of
age along with normal pancreas (N= 3) from littermate control
mice. Briefly, human cell lines, human and mouse tissues were
extracted in RLT buffer in 1% β-mercaptoethanol, followed by
cDNA synthesis using 2 μg of RNA for each sample. Quantitative-
PCR (CFX Connect™ Real-Time system, Bio-Rad) was performed
in 96-well plates with 1 μl of cDNA per sample with glycosyl-
transferases gene-specific primers and SYBR Green master mix
reagent (Thermo Fisher Scientific). Gene expression data from
qRT-PCR were collected, analysed and visualised using CFX
Maestro Software accompanied by Real-Time PCR system. Data
were double normalised based on β-actin expression and
specific glycosyltransferases gene expression for respective
control samples.

Growth assay
For this, control and KD cells were cultured in DMEM (with 10%
FBS) media and seeded at concentrations of 3000–4000 cells/well.
After every 24 h for a total of 7 days, cells were incubated with
10 ul of MTT (5 mg/mL) in plain DMEM (90ul) for 3–4 h. Thereafter,
cells were lysed by adding 200 ul of DMSO and incubated for
15–20min. Absorbance was measured at 570 nm with the
background reading calculated at 640 nm using ELISA plate
reader.

Immunoblots, mucin blots and lectin blots assay
HPNE, MIAPaCa-2, Capan-1 and HPAF/CD18 cells were lysed in
RIPA buffer and protein was extracted from the lysates by freeze-
thaw and syringe passage methods. Standard immunoblot
conditions were used for running and transfer processes. For
probing, following antibodies were used: anti-OCT3/4, anti-SOX2,
anti-SOX9, anti-CD44, anti-b-catenin, anti-E-cadherin, anti-ZO1,
anti-Zeb1, anti-Snail, anti-MUC4, anti-MALII, anti-B3GNT3, anti-
B4GALNT3, anti-FUT3, anti-GCNT3, anti-FUT6, anti-MGAT3. β-actin
was used for normalising immunoblots. Secondary antibody
conjugated to HRP was used. For mucin blotting, 2% agarose
gel was prepared and run on a horizontal gel for 4–5 h. Following
electrophoresis, protein was transferred overnight by the capillary
action. For lectin blotting, standard western blot techniques were
used except that the blocking was performed in 3% BSA (Jackson
Immunoresearch Labs, Inc.) and secondary incubation was
performed in 3% BSA. Antibody used in this case where
biotinylated (Vector Labs, CA, USA) and probed with
streptavidin-HRP. In all cases, a chemiluminescent HRP kit was
used (Bio-Rad, CA, USA).17
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CRISPR/Cas9 gene editing
Knockdown for B3GNT3, GCNT3, FUT3 and MGAT3 was performed
using the CRISPR/Cas9 system in HPAF/CD18 cells. Briefly, cells
were transfected with the gene-specific sgRNA ligated to CRISPR/
Cas9 vector (pSpCas9 BB-@A-GFP, GenScript, NJ, USA) using either
Turbofect or Polyplus reagents and following the manufacturer’s
recommendation. After 48 h of transfection, GFP positive cells
were sorted as either single or double cells and seeded into a 96-
well plate. After 4–6 weeks, the clones were collected and checked
for knockdown using immunoblot.15,18

Colony formation assay
Cells were seeded in triplicates at concentration of 500–1000 cells/
well in six-well plates. After 14–20 days of growth, the cells were
fixed with ice-cold methanol for 20min and stained with crystal
violet stain solution (0.1% w/v in methanol). Colonies were
counted using the “Find Maxima” function on ImageJ software
available freely from NIH.19

Wound-healing (scratch) assay
Cell migration was evaluated in B3GNT3, GCNT3, FUT3 and MGAT3
using the control and knockdown cells using a wound-healing
assay as described previously.20 Wound closure was evaluated in
the control and knockdown cells using ImageJ software.

Mass spectrometry-based proteomics
The protocol for mass spectrometry-based proteomics is
expanded in the supplemental file.

Statistical analysis
ANOVA and/or Student’s t-test was used to determine the
statistical rigor in all the experiments. A p-value of ≤0.05 was
considered statistically significant.

RESULTS
Top-down transcriptomic analysis reveals overexpression of
B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3 in PC
There are more than 200 glycosyltransferases that facilitate the
enzymatic addition of a variety of carbohydrate structures in
the human cell.21 In this study, the variable expression of these
enzymes in pancreatic cancer was evaluated using different
systems. Initially, analysis of the expression of all the glycosyl-
transferases from the RNA-Seq. data in the TCGA dataset were
conducted. For this, the cases were classified as high cellularity
(tumour), low cellularity (tumour) and normal patient samples.
Some of the glycoTs genes such as GCNT3, GALNT5, FUT3, B3GNT6
and B3GNT3 were more than 19-fold overexpressed in tumour
samples. For further analysis in cells and tissues, we considered all
those enzymes that were more than 2-fold overexpressed in
tumourous samples (Fig. 1a). GlycoTs genes overexpressed are as
follows: A4GNT, ABO, ALG1L, B3GALT5, B3GNT3, B3GNT5, B3GNT6,
B3GNT7, B4GALNT2, B4GALNT3, B4GALT4, C1GALT1, CHPF, COL-
GALT2, FUT2, FUT3, FUT6, FUT9, GALNT12, GALNT3, GALNT5,GCNT3,
HAS1, HAS2, HAS3, LFNG, MGAT3, PYGB, ST6GALNAC1, ST8SIA2,
UGT1A6, UGT1A7, UGT1A8, UGT2B4, UGT2B7 and UGT8. In addition,
ST3GAL1, ST6GALNAC2 and GCNT1 were also screened due to
their important role in O-glycosylation.
Next, we selected these genes for further analysis by RT-qPCR in

HPNE, MIAPaCa-2, Capan-1 and HPAF/CD18 cell lines. Among the
noted glycoTs, 22 genes were found to be significantly
upregulated in aggressive PC cell lines Capan-1 and HPAF/CD18.
The significantly overexpressed genes are ABO, B3GALT5, B3GNT3,
B3GNT6, B3GNT7, B4GALNT2, B4GALNT3, FUT2, FUT3, FUT6, FUT9,
GALNT3, GALNT5, GCNT3, MGAT3, ST6GALNAC1, ST6GALNAC2,
UGT1A6, UGT1A7, UGT1A8, UGT2B4 and UGT2B7 (Fig. 1b). Based
on the results from Capan-1 and HPAF/CD18, we selected the top
20 upregulated genes identified for analysis in other in vitro and

PC tissue-based models. A PC progression model was used,
wherein HPNE cell lines were induced with E6E7, E6E7st, E6E7KRas
and E6E7stKRas, respectively. In this in vitro progression model,
HPNE cells become aggressive following the introduction of KRas
mutation along with other oncogenes.22 We found that many
genes including B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and
MGAT3 were elevated significantly in the HPNE E6E7stKRas sample
as compared to the HPNE control. In addition, for some of these
genes, the fold-change values increased progressively on intro-
duction of KRas (Fig. S1).
Based on the above results, relative expression of top-regulated

O-linked and N-linked glycogenes were identified in human and
mouse PC tissues. In human tissues, many genes including B3GNT3,
B4GALNT3, FUT6, FUT9 and GCNT3 were elevated (Fig. 1c). Homo-
logous genes for these glycoTs were identified in mouse. The list is
as follows: Abo, B3galt5, B3gnt3, B3gnt6, B3gnt7, B4galnt2, B4galnt3,
Fut2, Fut9, Galnt3, Galnt5, Gcnt3, Mgat3, St6galnac1 and St6galnac2.
Pancreatic tissues from (LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx-1-
Cre) KPC mouse at the age of 5 and 25 weeks were isolated.
These tissues were compared with the pancreas from normal
mouse. We consistently found that as compared to the normal
pancreatic tissue, Abo, B3gnt6, B4galnt3 and Fut2 were highly
upregulated in mouse PC tissues (Fig. 1d). In contrast to mouse
tissues, ABO and FUT2 were not differentially expressed in human
cell lines or tissues. Based on the above findings, we selected 6
genes (B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3)
for further analysis (Table SIV). We found that B3GNT3, FUT3,
FUT6 and MGAT3 exhibited poor-overall survival in pancreatic
patient samples as reported on the gepia dataset (Fig. 1e–h).
Moreover, the relative expression of these six genes was also
evaluated using mipanda, gepia and cbioportal databases (Figs. S2,
S3). In coherence with the RT-PCR data, all of these genes
demonstrated elevated expression in tumour samples compared
to the normal. In addition, FPKM values were also reported for all
these six genes based on the TCGA analysis that showed increased
expression in high and low cellularity samples versus normal
(Figure S3B–H).

Protein expression profiling reveals differential role for B3GNT3,
B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3 in metastatic PC cell
lines
All the six glycogenes identified above were further evaluated at
protein level in HPNE, MIAPaCa-2, Capan-1 and HPAF/CD18 cell
lines. Some of the genes studied in the current work are as
presented in the cartoon for O-glycan extension (Fig. 2a). We
found higher protein levels for all these genes, namely B3GNT3,
B4GALNT3, GCNT3, MGAT3, FUT3 and FUT6 in either capan-1 or
HPAF/CD18 or both (Fig. 2b). In order to study the role of these
glycoTs in metastasis, we systematically developed metastatic
sub-lines for T3M4 and HPAF/CD18. These sub-lines were
generated by collecting cells that migrated from the trans well
chamber after time point of 24 h (M1), 12 h (M2), 12 h (M3), 6 h
(M4) and 3 h (M5) (Fig. 2c). Herein, levels of GCNT3 and B3GNT3
decreased from P to M5 in both T3M4 and HPAF/CD18 cell lines.
FUT3 level decreased only in T3M4 cell line. Similarly, MGAT3
participated in metastasis in T3M4 and HPAF/CD18 cell lines
whereas increased expression of B4GALNT3 was observed only in
T3M4 cell line (Fig. 2d–f).

Immunohistochemistry reveals increased staining for GCNT3,
MGAT3 and B4GALNT3 in human pancreatic tissue microarray
To further evaluate the clinical significance of these glycoTs, we
conducted immunohistochemistry for B3GNT3, B4GALNT3, FUT3,
GCNT3 and MGAT3 on human pancreatic tissue microarrays.
Pathologically, the tumours were comprised of ductal adenocarci-
noma, adenosquamous carcinoma and neuroendocrine carcino-
mas (Males= 12, Females= 4). Also, these tumour tissues were
comprised of AJCC stages IIA and IIB. We found the acinar cells
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stained more positive for all the glycoTs when compared to the
ductal cells in normal tissues. B3GNT3 had higher (p > 0.05) and
FUT3 had equivalent (p > 0.05) expression in the ductal compart-
ments of tumour tissues as compared to the control tissues

(Fig. S4A, B). We found that the expression of B4GALNT3 (p=
0.0003) and MGAT3 (p= 0.01) was significantly higher in PC as
compared to normal pancreas (Fig. 2g, h). For GCNT3, the mean
H-score was higher in PC as compared to normal pancreas and
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Fig. 1 Transcriptomic analysis of glycoTs. a Heatmap based on the RNAseq analysis for more than 200 glycoTs in high cellularity (tumour),
low cellularity (tumour) and normal patients as obtained from the TCGA datasets. b RT-qPCR analysis for 39 glycoTs in HPNE, MIAPaCa-2,
Capan-1 and HPAF/CD18 cell lines. c RT-qPCR analysis for the 17 glycoTs in human tissues based on normal pancreas (N= 3) and pancreatic
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this difference was found to be significant through ANOVA (p=
0.008) (Fig. 2i).

B3GNT3 inhibits malignancy whereas FUT3, GCNT3 and MGAT3
induces it in PC cells
To evaluate the functional consequences of increased glycoTs
expression, we performed CRISPR/Cas9-based gene editing for 6
glycoTs in HPAF/CD18 cell line. Amongst these, B3GNT3, GCNT3,
FUT3 and MGAT3 showed successful KD using the CRISPR/Cas9
constructs (Fig. S5A–D). Colony formation assays were conducted
using these four cell systems. Significantly different effects were
observed in all cases. B3GNT3 knockdown lead to increased
colony formations compared to control cells (Fig. 3a). Knockdown
of GCNT3 lead to a 20% reduction in colonies compared to the
control cells (Fig. 3b).23 Significantly, fewer colonies were formed
in FUT3 and MGAT3 knockdown cells (Fig. 3c, d). To determine the
individual roles that glycoTs impart on cancer cell motility, wound-
healing assay was conducted for all the CRISPR/Cas9 constructs.
The ability to repair wounds was significantly increased in B3GNT3
knockdown cells compared to the control cells at 24-h timepoint
(Fig. 3e). GCNT3 knockdown decreased wound closure at 24-h
timepoint but this difference was found to be statistically
insignificant (Fig. 3f). Similarly, knockdown of both FUT3 and
MGAT3 showed decrease in wound closure at 24-h timepoint
(Fig. 3g, h). Overall, these findings suggest that B3GNT3 inhibits PC
and the remaining three genes promotes it.

B3GNT3, FUT3 and MGAT3 knockdown has independent
oncogenic regulators
In order to explore the mechanisms governing proliferation
capacity and motility of these KD systems, various oncogenes
were investigated. We observed decreased expression of E-
cadherin and increased expression of β-catenin in B3GNT3
knockdown cells. For both FUT3 and MGAT3 knockdown cells,
there was higher expression of E-cadherin and ZO-1. In FUT3
knockdown cells, we also found lower expression of Snail,
suggesting an influence by multiple EMT driving factors on
motility (Fig. 4a–c).24–26 As EMT is associated with the progression
and metastasis of tumour, the genotypic findings adhere with the
phenotypic results obtained above. We have established the role
of MUC4, a high molecular weight mucinous glycoprotein, in
motility, invasion and metastasis of pancreatic cancer, thus we
focused on MUC4 in the current study.27 Its expression was
reduced significantly in FUT3 and MGAT3 KD cells, whereas
B3GNT3 KD showed no change in MUC4 protein expression
(Fig. 4a–c, S5 E). Since, stem cell markers are identified as one of
the regulatory elements that participate in tumorigenicity,28,29 the
role of these glycoTs on such genes was assessed. To this end,
B3GNT3 knockdown elevated the expression of SOX2 and SOX9
(Fig. 4a). Also, there was elevated expression of Oct3/4, Integrin β1
and Integrin β5 (data not shown). This supported the increase in
proliferation and motility observed in B3GNT3 KD cells. FUT3 KD
reduced the expression of SOX2 (Fig. 4b) whereas β-catenin was
reduced in MGAT3 KD cells (Fig. 4c). P glycoprotein (MDR1) levels
were similar across all the KD cell lines. Based on the findings for
B3GNT3, FUT3 and MGAT3 a schema illustrating their function is
presented. This explains in a concise way, roles played by these
genes in regulating MUC4 expression and other oncogenes
(Fig. 4d).

Talniflumate, GCNT3 inhibitor, reduces growth and migration in
T3M4 and CD18 cell lines
Rao et al. identified an inhibitor, Talniflumate, affecting the
expressions of GCNT3 in pancreatic cancer pathogenesis. We used
this inhibitor in the current study to elucidate its function in
distinct pancreatic cancer cell lines. To this end, we identified the
expression of GCNT3 in T3M4 as compared to HPNE and found its
expression to be higher in T3M430 (Figure S5F). For both T3M4 and

CD18 cell lines, we observed significantly reduced colony
formation and migration in talniflumate treated samples as
compared to the DMSO control. The concentration of talniflumate
used was 100 uM. This analysis further affirmed that GCNT3 loss
indeed reduces the proliferation and migratory capacity of PC
(Fig. 5a–d).

Loss of GCNT3 suppresses tumorigenesis by regulating β-catenin/
MUC4 axis in PC cells
We observed reduced growth profile for GCNT3 KD cells as
compared to the control when studied consecutively for 5 days.
This difference in the growth profile was found to be significant
and thus confirmed that loss of GCNT3 reduces cell proliferation
(Fig. 6a). We even observed that the expression of integrin β1,
β531 and cyclin D1 reduced in GCNT3 KD cells as compared to the
control (Fig. 6d). Downregulation of these genes adhered with
the results obtained for the growth and colony formation assay.
We next studied EMT and stem cell markers to further explore the
function of GCNT3. We found no change in E-cadherin but
decrease in Zeb-1. Also, various stem cell markers such as Oct 3/4,
SOX2, SOX9 were downregulated suggesting suppression of
tumorigenic behaviour (Fig. 6e). We next evaluated MUC4
expression and found that loss of GCNT3 highly reduced the
binding by 8G7 antibody on MUC4. To this end, we looked at the
upstream molecules of MUC4 and found that Snail and β-catenin
levels are reduced in GCNT3 KD cells32 (Fig. 6f, S5G). Also,
GCNT3 significantly correlated with β-catenin as found using R2
and gepia database (Fig. 6b, c). This analysis further confirms their
co-expression and regulation of β-catenin by GCNT3. Thus, we see
that GCNT3 with poor-overall survival in PC pathogenesis
regulates it by participating in various pathways including cell
cycle markers, stem cell markers and β-catenin/MUC4 axis.
(Fig. 6g).

Proteomics reveals mechanistic insights due to the loss of GCNT3
To further delineate the mechanism governing the loss of GCNT3
in PDACs, we performed mass spectrometry-based proteomics
analysis. To this end, whole-cell proteomics was performed on the
control CD18 cells as compared to the GCNT3KD. We found
majority of proteins associated with the control and GCNT3KD
samples and about similar proteins specific to either samples
(Fig. 6h). Using panther, we identified that various pathways
including DNA replication, O-antigen synthesis, Integrin signalling,
N-acetylglucosamine metabolism etc. were downregulated
(Fig. 6i). Complete list of pathways downregulated in GCNT3KD
is reported as Table S4. MUC5AC (p < 0.05) and MUC5B (p < 0.05)
were significantly downregulated in GCNT3KD sample including
many other proteins. Also, we found that CTNNB1P1 protein,
which is the β-catenin interaction protein and inhibits wnt/
β-catenin signalling was upregulated in GCNT3KD. This implicates
that GCNT3 mediates PDAC progression and metastasis by
regulating the β-catenin/MUC4 axis. More mechanistic insights
on this aspect is part of our future studies and will be explored in
greater depth later.

DISCUSSION
Pancreatic cancer initiation requires alterations in several biologi-
cal factors including epigenetics, transcriptomics, metabolomics
and post-translational modification.1,2,33–35 A variety of studies has
focused on the role of post-translational modifications in
pancreatic cancer. While these studies have shown the effects of
O- and N-glycosylated genes in the progression of pancreatic
cancer, a global analysis using an unbiased approach for targeting
glycoTs is still missing. In the current study, we followed a top-
down approach to identify key glycoTs upregulated in pancreatic
cancer using TCGA RNA-Seq. data. After the multi-step validation,
we identified B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3
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as top-upregulated genes in aggressive pancreatic cancer cell
lines Capan-1 and HPAF/CD18. Among these, we successfully
identified the functions of B3GNT3, GCNT3, FUT3 and MGAT3 in
pancreatic cancer cells.
We have previously shown that the loss of C1GALT1, which is an

O-glycan branching enzyme, contributes to PC aggressiveness
using a KPC and KPCC mouse model. This gene participates in the
formation of both Core-1 and Core-2 branches on O-glycan and
thus is an important post-translational regulatory element.36,37 In
this study, we identified B3GNT3 and GCNT3 as two of the top-
upregulated genes involved in the extension of Core-1 and Core-2
glycans, respectively. While B3GNT3 primarily adds GlcNAc to

galactose, resulting in the extended Core-1 glycans, GCNT3 forms
GlcNAc in the β1,6 linkage to GalNAc resulting in a trisaccharide
Core-2 glycan.38–40 In addition, B3GNT3 also results in an
extension of polylactosamine structures on Core-2 O-glycan.41,42

Various studies have shown that B3GNT3 is involved in the
progression of colon, pancreatic, hepatocellular cancers, among
others.42,43 In contrast, loss of B3GNT3 has been shown to result in
increased migration and invasion in neuroblastoma cells.44 In
coherence to the observations in neuroblastoma cells, the current
study finds that loss of B3GNT3 results in increased proliferation
and invasion. This suggests that B3GNT3 may behave differently
when expressed in malignant cells of different cancers. In addition,
we found an increase in the stem cell markers Oct3/4, SOX2 and
SOX9 in the loss of B3GNT3 which suggests that this glycoT
negatively regulates stem cell markers in HPAF/CD18 cells.18,45 In
contrast, an earlier study from our group on B3GNT3 showed its
role in the maintenance and self-renewal of pancreatic cancer
stem cells.46 The mechanistic insights leading to these differences
for B3GNT3 are current unknown. Furthermore, since acceptor
specificity and reaction kinetic analysis for B3GNT3 is not known,
we believe that its loss will result in an exposure of Galβ1,3GalNAc
residues on the glycoproteins thus making the action by GCNT1
and GCNT3 more catalytically favourable.36 This contributes to
higher sLex synthesis and increased tumour invasion and
metastasis (Fig. S5E).8,47 Thus, the findings in our study are in
accord with the traditional understanding of the role that B3GNT3
may play in regulating cancer cell migration and metastasis. While
B3GNT3 loss increased invasion, GCNT3 loss reduced invasion.
Downregulation of GCNT3 has been earlier shown to reduce
invasion and migration in non-small cell lung cancer.48 Also, Rao
et al. showed higher incidence of GCNT3 in human pancreatic
tissues and 10-month-old Kras-induced genetically engineering
mouse model.30 Higher expression of GCNT3 was associated with
poor survival. The same group further identified talniflumate as an
inhibitor of GCNT3, which also reduced mucin expression. In the
current study, we also reported reduced colony and wound
healing on treatment of talniflumate. Additionally, we report
mechanism of GCNT3 regulation of PC by looking at various
oncogenes forming part of EMT and stem cell. We also found that
β-catenin/MUC4 axis acts as the regulatory factor in PC
pathogenesis. An earlier study from our group has shown
regulation of MUC4 by β-catenin and this axis was shown to be
affected in the current study. To further delineate the mechanism,
we performed proteomics in GCNT3 KD cells and found that
mucins are downregulated. Additionally, proteomics analysis
reported upregulation of CTNNBIP1 gene, which negatively
regulates wnt/β-catenin signalling. Since other studies have not
shown an effect of GCNT3 on EMT, stem cell and β-catenin/MUC4
axis, our study is the first to propose a possible mechanism by
which GCNT3 may regulate PC.
FUT3 participates in O-linked glycan synthesis whereas MGAT3

is an N-linked glycoenzyme.49,50 FUT3 adds the terminal sugar
fucose by α1,3 and α1,4 linkage resulting in the formation of sLex

and sLea type glycan.51–53 Loss of FUT3 has been implicated in
reducing tumour metastases and progression in a variety of
cancers.54–56 Zhan et al. found that knockdown of FUT3 in Capan-
1 cells decreased proliferation and migration. Furthermore, FUT3
KD inhibited EMT markers and suppressed tumour formation in
orthotopically implanted animals.57 Similarly, in the current study,
we observed reduced proliferation and migration in FUT3KD cells.
In addition to the reduction in EMT markers, we also observed loss
of SOX2 expression.58 This reduction in stem cell markers indicates
that the loss of FUT3 may reduce metastatic burden.
MGAT3 is a bisecting enzyme that adds GlcNAc onto the

mannosylated N-glycan. MGAT3 has been implicated in various
cancers due to the important role it plays in reducing the hybrid
and complex structures on N-glycans. MGAT3 participates in the
developmental process as exhibited in an animal model. Loss of
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MGAT3 retards the liver tumour burden when induced using
diethylnitrosamine.59,60 Moreover, higher levels of MGAT3 has
been observed in metastatic colorectal cancer cell lines.61

However, in breast cancer and hepatocarcinoma, MGAT3 loss
has been shown to increase proliferation and invasion.62–65 Thus,
MGAT3 plays a cancer-dependent promotor or suppressor role. In
the current study, we found inhibition in proliferation and invasion
on loss of MGAT3 expression. EMT markers were also down-
regulated as compared to the control and there was a decrease in

β-catenin levels in MGAT3 KD cells, implicating its role in the
observed phenotypic differences.
Altogether, we have systematically analysed the role of B3GNT3,

MGAT3, FUT3 and GCNT3 in pancreatic cancer and illustrated the
mechanism of GCNT3 in PC. We believe this study will provide
impetus to carry out further analysis in delineating the mechan-
isms governing PC. We plan to independently implant orthotopi-
cally these KD cell systems and understand the impact these
glycoTs may have on the tumour progression and metastasis in PC.

a 0 h

b

c

0 h

CD18 assay
T3M4 assay

CD18 scratch assay

T3M4 scratch assay

Control Talniflumate
(100 μM)

Control Talniflumate
(100 μM)

Control Talniflumate
(100 μM)

Control Talniflumate (100 μM)

400 80

60

40

20

0

300

200

100

0

48 h

24 h 60 h

24 h 60 h

C
on

tr
ol

Tr
ea

tm
en

t
C

on
tr

ol
Tr

ea
tm

en
t

C
ou

nt
s 

(A
U

)

d

C
ou

nt
s 

(A
U

)

100

75

50

25

0

W
ou

nd
 c

lo
su

re
 (

%
)

W
ou

nd
 c

lo
su

re
 (

%
) 100

75

50

25

0

Fig. 5 Talniflumate, GCNT3 inhibitor, was used at the concentration of 100uM and treated along with the DMSO control to T3M4 and
CD18 cells. a–bWound-healing results generated for the T3M4 and CD18 cells at different time points (N= 3). c–d Colony formation assay was
conducted for T3M4 and CD18 cells by seeding 500–1000 cells/well and culturing in low medium condition to identify tumorigenicity
potential. Images were taken after 14–20 days depending on the colonies formed in different cell systems (N= 3). * indicates p < 0.05,
** indicates p < 0.001 and *** indicates p < .0001 in all the cases. Wherever lesser number of colonies with smaller size were present, it was
relatively difficult to photography colonies. Here, AU indicates Arbitrary Unit as the colonies were counted using automated ImageJ method.

Global analysis of human glycosyltransferases reveals novel targets for. . .
R Gupta et al.

1669



a b c

d e f

g h i

0
0.25
0.5

0.75

2.5

2.0

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5

–2.0
–6 –4 –2 0

GCNT3

GCNT3

2 4 6

1

1 2 3 4 5

P
ro

lif
er

at
io

n
in

de
x 

(M
T

T
)

C
T

N
N

B
1

5

0 2 4 6 8

6

7

8

C
T

N
N

B
1

Days

GCNT3 KD Proliferation
rate 

Control

GCNT3 KD

P-value = 0.00057

p-value = 0.00057

Correlation plotCorrelation plot
R = 0.25

R = 0.25

Con
tro

l

GCNT3 
KD

Con
tro

l

GCNT3 
KD

Con
tro

l

GCNT3 
KD

Cyclin D1

Integrin β1

Integrin β5

β-Actin

β-Actin

PGlyco

SOX9

SOX2

E-Cad

Zeb1

Oct 3/4

β-Cat

MUC4

Snail

Low GCNT3 TPM
High GCNT3 TPM
Logrank p = 0.022

HR(high) = 2.8

n(high) = 25
n(low) = 25

p(HR) = 0.028

1.0

0.8

0.6

P
er

ce
nt

 s
ur

vi
va

l

0.4

0.2

0.0

0 20 40
Months

60 80

Overall survival

281 2135

Control GCNT3KD

Panther pathway

Each color represents
pathway

Fig. 6 Effect of loss of GCNT3 on oncogenic pathways. a Cell proliferation rate studied for the control and GCNT3 KD cells using MTT assay at
different days. b, c Correlation plot obtained for GCNT3 and β-catenin using R2 and gepia database. In both the cases, significant correlation
with p < 0.05 was obtained. dWestern blot showing changes in genes involved in cell cycle for the control and GCNT3 KD. e, fWestern blot for
the EMT, stem cell markers and β-catenin/MUC4 axis shown to support the proposition that GCNT3-dependent tumour suppression is
b-catenin/MUC4 dependent. g Survival plot for the GCNT3 obtained using gepia database showing poor-overall survival with higher GCNT3
expression. h Venn diagram showing the proteins found in the control and GCNT3 KD system and those that were common to both the cell
systems. i Panther based pathway analysis using the significantly downregulated proteins in the GCNT3 KD with respect to the control set.

Global analysis of human glycosyltransferases reveals novel targets for. . .
R Gupta et al.

1670



ACKNOWLEDGEMENTS
We also greatly appreciate the technical help of Ms. Kavita Mallya. Vikas Kumar and
Eric Troudt conducted proteomics at the mass spectrometry core facility of
the UNMC.

AUTHOR CONTRIBUTIONS
M.P.P., R.G. contributed to the design of the study, statistical analysis and
interpretation of the data and wrote the manuscript. F.L., R.N., S.K., P.N., S.R.
performed the experiments. S.C. designed sgRNA for CRISPR/Cas9 experiments and
provided reagents. D.R.P. analysed the experiments. C.M.T and S.K. analysed TCGA-
RNA-seq data. All authors read and approved the final manuscript.

ADDITIONAL INFORMATION
Ethics approval and consent to participate The present study was conducted in
accordance with U.S. Public Health Service, “Guidelines for the care and use of
laboratory animals”, ARRIVE guidelines and with approval of the UNMC Institutional
Animal Care and Use Committee (IACUC). Ethical approval was taken based on the
IRB guideline # UNMC- IRB186-14-EP.

Data availability Data generated during this study are included in this article and its
supplementary files.

Competing interests The authors declare no competing interests.

Funding information The authors in this article were supported primarily by the
following grants from the National Institutes of Health (R01 CA210637, P01 CA217798
and F31 CA243469), and the Nebraska Department of Health and Human
Services LB595.

Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-020-0772-3.

Note This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Bellon, E., Gebauer, F., Tachezy, M., Izbicki, J. R. & Bockhorn, M. Pancreatic cancer

and liver metastases: state of the art. Updates Surg. 68, 247–251 (2016).
2. Munkley, J. The glycosylation landscape of pancreatic cancer. Oncol. Lett. 17,

2569–2575 (2019).
3. Luo, G., Fan, Z., Cheng, H., Jin, K., Guo, M., Lu, Y. et al. New observations on the

utility of CA19-9 as a biomarker in Lewis negative patients with pancreatic cancer.
Pancreatol.: Off. J. Int. Assoc. Pancreatol. (IAP) [et. al]. 18, 971–976 (2018).

4. Luo, G., Jin, K., Cheng, H., Liu, C., Guo, M., Lu, Y. et al. Carbohydrate antigen 19-9 as
a prognostic biomarker in pancreatic neuroendocrine tumors. Oncol. Lett. 14,
6795–6800 (2017).

5. Santucci, N., Facy, O., Ortega-Deballon, P., Lequeu, J. B., Rat, P. & Rat, P. CA 19-9
predicts resectability of pancreatic cancer even in jaundiced patients. Pancreatol.:
Off. J. Int. Assoc. Pancreatol. (IAP) [et. al]. 18, 666–670 (2018).

6. Boscher, C., Dennis, J. W. & Nabi, I. R. Glycosylation, galectins and cellular sig-
naling. Curr. Opin. Cell Biol. 23, 383–392 (2011).

7. Pinho, S. S. & Reis, C. A. Glycosylation in cancer: mechanisms and clinical impli-
cations. Nat. Rev. Cancer 15, 540–555 (2015).

8. Perez-Garay, M., Arteta, B., Llop, E., Cobler, L., Pages, L., Ortiz, R. et al. alpha2,3-
Sialyltransferase ST3Gal IV promotes migration and metastasis in pancreatic
adenocarcinoma cells and tends to be highly expressed in pancreatic adeno-
carcinoma tissues. Int. J. Biochem. Cell Biol. 45, 1748–1757 (2013).

9. Vester-Christensen, M. B., Bennett, E. P., Clausen, H. & Mandel, U. Generation of
monoclonal antibodies to native active human glycosyltransferases. Methods Mol.
Biol. (Clifton, NJ). 1022, 403–420 (2013).

10. Nimmakayala, R. K., Seshacharyulu, P., Lakshmanan, I., Rachagani, S., Chugh, S.,
Karmakar, S. et al. Cigarette Smoke Induces Stem Cell Features of Pancreatic
Cancer Cells via PAF1. Gastroenterology 155, 892–908.e6 (2018).

11. Cancer genome atlas research network. Integrated genomic characterization of
pancreatic ductal adenocarcinoma. Cancer Cell 32, 185–203. (2017).

12. Tang, Z., Li, C., Kang, B., Gao, G., Li, C. & Zhang, Z. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic Aacids Res.
45(W1), W98–w102 (2017).

13. Niknafs, Y. S., Pandian, B., Gajjar, T., Gaudette, Z., Wheelock, K., Maz, M. P. et al.
MiPanda: a resource for analyzing and visualizing next-generation sequencing
transcriptomics data. Neoplasia (N. Y., NY). 20, 1144–1149 (2018).

14. Hein, A. L., Seshacharyulu, P., Rachagani, S., Sheinin, Y. M., Ouellette, M. M.,
Ponnusamy, M. P. et al. PR55alpha subunit of protein phosphatase 2A supports
the tumorigenic and metastatic potential of pancreatic cancer cells by sustaining
hyperactive oncogenic signaling. Cancer Res. 76, 2243–2253 (2016).

15. Chugh, S., Barkeer, S., Rachagani, S., Nimmakayala, R. K., Perumal, N., Pothuraju, R.
et al. Disruption of C1galt1 gene promotes development and metastasis of
pancreatic adenocarcinomas in mice. Gastroenterology 155, 1608–1624 (2018).

16. Lakshmanan, I., Rachagani, S., Hauke, R., Krishn, S. R., Paknikar, S., Seshacharyulu,
P. et al. MUC5AC interactions with integrin beta4 enhances the migration of lung
cancer cells through FAK signaling. Oncogene 35, 4112–4121 (2016).

17. Gnanapragassam, V. S., Jain, M. & Batra, S. K. Analysis of tumor-associated mucin
glycotopes by Western transfer methods. Methods Mol. Biol. (Clifton, NJ). 980,
331–340 (2013).

18. Barkeer, S., Chugh, S., Batra, S. K. & Ponnusamy, M. P. Glycosylation of cancer stem
cells: function in stemness, tumorigenesis, and metastasis. Neoplasia (N. Y., NY).
20, 813–825 (2018).

19. Seshacharyulu, P., Rachagani, S., Muniyan, S., Siddiqui, J. A., Cruz, E., Sharma, S.
et al. FDPS cooperates with PTEN loss to promote prostate cancer progression
through modulation of small GTPases/AKT axis. Oncogene 38, 5265–5280 (2019).

20. Seshacharyulu, P., Ponnusamy, M. P., Rachagani, S., Lakshmanan, I., Haridas, D.,
Yan, Y. et al. Targeting EGF-receptor(s) - STAT1 axis attenuates tumor growth and
metastasis through downregulation of MUC4 mucin in human pancreatic cancer.
Oncotarget 6, 5164–5181 (2015).

21. Shimma, Y., Saito, F., Oosawa, F. & Jigami, Y. Construction of a library of human
glycosyltransferases immobilized in the cell wall of Saccharomyces cerevisiae.
Appl. Environ. Microbiol. 72, 7003–7012 (2006).

22. Campbell, P. M., Groehler, A. L., Lee, K. M., Ouellette, M. M., Khazak, V. & Der, C. J.
K-Ras promotes growth transformation and invasion of immortalized human
pancreatic cells by Raf and phosphatidylinositol 3-kinase signaling. Cancer Res.
67, 2098–2106 (2007).

23. Chugh, S., Meza, J., Sheinin, Y. M., Ponnusamy, M. P. & Batra, S. K. Loss of N-
acetylgalactosaminyltransferase 3 in poorly differentiated pancreatic cancer:
augmented aggressiveness and aberrant ErbB family glycosylation. Br. J. Cancer
114, 1376–1386 (2016).

24. Aiello, N. M., Brabletz, T., Kang, Y., Nieto, M. A., Weinberg, R. A. & Stanger, B. Z.
Upholding a role for EMT in pancreatic cancer metastasis. Nature 547, E7–e8
(2017).

25. Krebs, A. M., Mitschke, J., Lasierra Losada, M., Schmalhofer, O., Boerries, M., Busch,
H. et al. The EMT-activator Zeb1 is a key factor for cell plasticity and promotes
metastasis in pancreatic cancer. Nat. Cell Biol. 19, 518–529 (2017).

26. Wang, S., Huang, S. & Sun, Y. L. Epithelial-mesenchymal transition in pancreatic
cancer: a review. BioMed. Res. Int. 2017, 2646148 (2017).

27. Singh, A. P., Moniaux, N., Chauhan, S. C., Meza, J. L. & Batra, S. K. Inhibition of
MUC4 expression suppresses pancreatic tumor cell growth and metastasis.
Cancer Res. 64, 622–630 (2004).

28. Valle S., Martin-Hijano L., Alcala S., Alonso-Nocelo M., Sainz B., Jr. The ever-evolving
concept of the cancer stem cell in pancreatic cancer. Cancers 10, 33–58 (2018).

29. Nimmakayala, R. K., Batra, S. K. & Ponnusamy, M. P. Unraveling the journey of
cancer stem cells from origin to metastasis. Biochim. Biophys. Acta Rev. Cancer
1871, 50–63 (2019).

30. Rao, C. V., Janakiram, N. B., Madka, V., Kumar, G., Scott, E. J., Pathuri, G. et al. Small-
molecule inhibition of GCNT3 disrupts mucin biosynthesis and malignant cellular
behaviors in pancreatic cancer. Cancer Res. 76, 1965–1974 (2016).

31. Schwartz, M. A. & Assoian, R. K. Integrins and cell proliferation. Regulation of
cyclin-dependent kinases via cytoplasmic signaling pathways. J cell sci. 114,
2553–2560 (2001).

32. Pai, P., Rachagani, S., Lakshmanan, I., Macha, M. A., Sheinin, Y., Smith, L. M. et al.
The canonical Wnt pathway regulates the metastasis-promoting mucin MUC4 in
pancreatic ductal adenocarcinoma. Mol. Oncol. 10, 224–239 (2016).

33. Hessmann, E., Johnsen, S. A., Siveke, J. T. & Ellenrieder, V. Epigenetic treatment of
pancreatic cancer: is there a therapeutic perspective on the horizon? Gut 66,
168–179 (2017).

34. Kong, B., Bruns, P., Behler, N. A., Chang, L., Schlitter, A. M., Cao, J. et al. Dynamic
landscape of pancreatic carcinogenesis reveals early molecular networks of
malignancy. Gut 67, 146–156 (2018).

35. Le, A., Rajeshkumar, N. V., Maitra, A. & Dang, C. V. Conceptual framework for
cutting the pancreatic cancer fuel supply. Clin. Cancer Res.: Off. J. Am. Assoc.
Cancer Res. 18, 4285–4290 (2012).

Global analysis of human glycosyltransferases reveals novel targets for. . .
R Gupta et al.

1671

https://doi.org/10.1038/s41416-020-0772-3
https://doi.org/10.1038/s41416-020-0772-3


36. Gupta, R., Matta, K. L. & Neelamegham, S. A systematic analysis of acceptor
specificity and reaction kinetics of five human alpha(2,3)sialyltransferases: Pro-
duct inhibition studies illustrate reaction mechanism for ST3Gal-I. Biochem. Bio-
phys. Res. Commun. 469, 606–612 (2016).

37. Ju, T., Aryal, R. P., Kudelka, M. R., Wang, Y. & Cummings, R. D. The Cosmc con-
nection to the Tn antigen in cancer. Cancer biomarkers: Sect. A Dis. markers 14,
63–81 (2014).

38. Cherian, R. M., Jin, C., Liu, J., Karlsson, N. G. & Holgersson, J. A panel of recom-
binant mucins carrying a repertoire of sialylated O-glycans based on different
core chains for studies of glycan binding proteins. Biomolecules 5, 1810–1831
(2015).

39. Yeh, J. C., Ong, E. & Fukuda, M. Molecular cloning and expression of a novel beta-
1, 6-N-acetylglucosaminyltransferase that forms core 2, core 4, and I branches. J.
Biol. Chem. 274, 3215–3221 (1999).

40. Yeh, J. C., Hiraoka, N., Petryniak, B., Nakayama, J., Ellies, L. G., Rabuka, D. et al.
Novel sulfated lymphocyte homing receptors and their control by a Core1
extension beta 1,3-N-acetylglucosaminyltransferase. Cell 105, 957–969 (2001).

41. Shiraishi, N., Natsume, A., Togayachi, A., Endo, T., Akashima, T., Yamada, Y. et al.
Identification and characterization of three novel beta 1,3-N-acet-
ylglucosaminyltransferases structurally related to the beta 1,3-galactosyl-
transferase family. J. Biol. Chem. 276, 3498–3507 (2001).

42. He, M., Wu, C., Xu, J., Guo, H., Yang, H., Zhang, X. et al. A genome wide association
study of genetic loci that influence tumour biomarkers cancer antigen 19-9,
carcinoembryonic antigen and alpha fetoprotein and their associations with
cancer risk. Gut 63, 143–151 (2014).

43. Zhang, W., Hou, T., Niu, C., Song, L. & Zhang, Y. B3GNT3 expression is a novel
marker correlated with pelvic lymph node metastasis and poor clinical outcome
in early-stage cervical cancer. PloS ONE 10, e0144360 (2015).

44. Ho, W. L., Che, M. I., Chou, C. H., Chang, H. H., Jeng, Y. M., Hsu, W. M. et al. B3GNT3
expression suppresses cell migration and invasion and predicts favorable out-
comes in neuroblastoma. Cancer Sci. 104, 1600–1608 (2013).

45. Herreros-Villanueva, M., Zhang, J. S., Koenig, A., Abel, E. V., Smyrk, T. C., Bamlet, W.
R. et al. SOX2 promotes dedifferentiation and imparts stem cell-like features to
pancreatic cancer cells. Oncogenesis 2, e61 (2013).

46. Barkeer, S., Chugh, S., Karmakar, S., Kaushik, G., Rauth, S., Rachagani, S. et al. Novel
role of O-glycosyltransferases GALNT3 and B3GNT3 in the self-renewal of pan-
creatic cancer stem cells. BMC Cancer 18, 1157 (2018).

47. Mondal, N., Buffone, A. Jr, Stolfa, G., Antonopoulos, A., Lau, J. T., Haslam, S. M.
et al. ST3Gal-4 is the primary sialyltransferase regulating the synthesis of
E-, P-, and L-selectin ligands on human myeloid leukocytes. Blood 125, 687–696
(2015).

48. Li, Q., Ran, P., Zhang, X., Guo, X., Yuan, Y., Dong, T. et al. Downregulation of N-
Acetylglucosaminyltransferase GCNT3 by miR-302b-3p decreases non-small cell
lung cancer (NSCLC) cell proliferation, migration and invasion. Cell. Physiol. Bio-
chem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 50, 987–1004 (2018).

49. Bhaumik, M., Seldin, M. F. & Stanley, P. Cloning and chromosomal mapping of the
mouse Mgat3 gene encoding N-acetylglucosaminyltransferase III. Gene 164,
295–300 (1995).

50. Priatel, J. J., Sarkar, M., Schachter, H. & Marth, J. D. Isolation, characterization and
inactivation of the mouse Mgat3 gene: the bisecting N-acetylglucosamine in

asparagine-linked oligosaccharides appears dispensable for viability and repro-
duction. Glycobiology 7, 45–56 (1997).

51. Ishibashi, Y., Inouye, Y., Okano, T. & Taniguchi, A. Regulation of sialyl-Lewis x
epitope expression by TNF-alpha and EGF in an airway carcinoma cell line. Gly-
coconj. J. 22, 53–62 (2005).

52. Li, S. S., Ip, C. K. M., Tang, M. Y. H., Tang, M. K. S., Tong, Y., Zhang, J. et al. Sialyl
Lewis(x)-P-selectin cascade mediates tumor-mesothelial adhesion in ascitic fluid
shear flow. Nat. Commun. 10, 2406 (2019).

53. Mondal, N., Dykstra, B., Lee, J., Ashline, D. J., Reinhold, V. N., Rossi, D. J. et al.
Distinct human alpha(1,3)-fucosyltransferases drive Lewis-X/sialyl Lewis-X
assembly in human cells. J. Biol. Chem. 293, 7300–7314 (2018).

54. Cai, Y. J., Zheng, X. F., Lu, C. H., Jiang, Q., Liu, Q. & Xin, Y. H. Effect of FUT3 gene
silencing with miRNA on proliferation, invasion and migration abilities of human
KATO-III gastric cancer cell line. Cell. Mol. Biol. (Noisy-le.-Gd., Fr.). 62, 15–20 (2016).

55. Esposito, M., Mondal, N., Greco, T. M., Wei, Y., Spadazzi, C., Lin, S. C. et al. Bone
vascular niche E-selectin induces mesenchymal-epithelial transition and Wnt
activation in cancer cells to promote bone metastasis. Nat. Cell Biol. 21, 627–639
(2019).

56. Julien, S., Ivetic, A., Grigoriadis, A., QiZe, D., Burford, B., Sproviero, D. et al. Selectin
ligand sialyl-Lewis x antigen drives metastasis of hormone-dependent breast
cancers. Cancer Res. 71, 7683–7693 (2011).

57. Zhan, L., Chen, L. & Chen, Z. Knockdown of FUT3 disrupts the proliferation,
migration, tumorigenesis and TGF-beta induced EMT in pancreatic cancer cells.
Oncol. Lett. 16, 924–930 (2018).

58. Herreros-Villanueva, M., Bujanda, L., Billadeau, D. D. & Zhang, J. S. Embryonic stem
cell factors and pancreatic cancer. World J. Gastroenterol. 20, 2247–2254 (2014).

59. Yang, X., Bhaumik, M., Bhattacharyya, R., Gong, S., Rogler, C. E. & Stanley, P. New
evidence for an extra-hepatic role of N-acetylglucosaminyltransferase III in the
progression of diethylnitrosamine-induced liver tumors in mice. Cancer Res. 60,
3313–3319 (2000).

60. Stanley, P. Biological consequences of overexpressing or eliminating N-
acetylglucosaminyltransferase-TIII in the mouse. Biochim. Biophys acta 1573,
363–368 (2002).

61. Sethi, M. K., Thaysen-Andersen, M., Smith, J. T., Baker, M. S., Packer, N. H., Hancock,
W. S. et al. Comparative N-glycan profiling of colorectal cancer cell lines reveals
unique bisecting GlcNAc and alpha-2,3-linked sialic acid determinants are asso-
ciated with membrane proteins of the more metastatic/aggressive cell lines. J.
Proteome Res. 13, 277–288 (2014).

62. Song, Y., Aglipay, J. A., Bernstein, J. D., Goswami, S. & Stanley, P. The bisecting
GlcNAc on N-glycans inhibits growth factor signaling and retards mammary
tumor progression. Cancer Res. 70, 3361–3371 (2010).

63. Miwa, H. E., Koba, W. R., Fine, E. J., Giricz, O., Kenny, P. A. & Stanley, P. Bisected,
complex N-glycans and galectins in mouse mammary tumor progression and
human breast cancer. Glycobiology 23, 1477–1490 (2013).

64. Guo, R., Cheng, L., Zhao, Y., Zhang, J., Liu, C., Zhou, H. et al. Glycogenes mediate
the invasive properties and chemosensitivity of human hepatocarcinoma cells.
Int. J. Biochem. Cell Biol. 45, 347–358 (2013).

65. Li, S., Mo, C., Peng, Q., Kang, X., Sun, C., Jiang, K. et al. Cell surface glycan
alterations in epithelial mesenchymal transition process of Huh7 hepatocellular
carcinoma cell. PloS ONE 8, e71273 (2013).

Global analysis of human glycosyltransferases reveals novel targets for. . .
R Gupta et al.

1672


	Global analysis of human glycosyltransferases reveals novel targets for pancreatic cancer pathogenesis
	Background
	Methods
	Antibodies and reagents
	Cell culture
	TCGA RNA-Seq. data analysis
	In silico analysis of glycoTs in PC datasets
	IHC analysis
	Data analyses
	Genetically engineered KPC mice model
	RNA isolation, cDNA synthesis and qRT-PCR analysis
	Growth assay
	Immunoblots, mucin blots and lectin blots assay
	CRISPR/Cas9 gene editing
	Colony formation assay
	Wound-healing (scratch) assay
	Mass spectrometry-based proteomics
	Statistical analysis

	Results
	Top-down transcriptomic analysis reveals overexpression of B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3 in PC
	Protein expression profiling reveals differential role for B3GNT3, B4GALNT3, FUT3, FUT6, GCNT3 and MGAT3 in metastatic PC cell lines
	Immunohistochemistry reveals increased staining for GCNT3, MGAT3 and B4GALNT3 in human pancreatic tissue microarray
	B3GNT3 inhibits malignancy whereas FUT3, GCNT3 and MGAT3 induces it in PC cells
	B3GNT3, FUT3 and MGAT3 knockdown has independent oncogenic regulators
	Talniflumate, GCNT3 inhibitor, reduces growth and migration in T3M4 and CD18 cell lines
	Loss of GCNT3�suppresses tumorigenesis by regulating &#x003B2;nobreak-nobreakcatenin/MUC4 axis in PC cells
	Proteomics reveals mechanistic insights due to the loss of GCNT3

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




