
Oncogene (2020) 39:4103–4117
https://doi.org/10.1038/s41388-020-1260-1

ARTICLE

Hexosamine pathway inhibition overcomes pancreatic cancer
resistance to gemcitabine through unfolded protein response and
EGFR-Akt pathway modulation

Francesca Ricciardiello1
● Yang Gang 2

● Roberta Palorini1 ● Quanxiao Li2 ● Marco Giampà1 ● Fangyu Zhao2
●

Lei You2
● Barbara La Ferla1 ● Humberto De Vitto1,4

● Wenfang Guan3
● Jin Gu 3

● Taiping Zhang2
● Yupei Zhao2

●

Ferdinando Chiaradonna 1

Received: 12 October 2019 / Revised: 4 March 2020 / Accepted: 5 March 2020 / Published online: 31 March 2020
© The Author(s), under exclusive licence to Springer Nature Limited 2020

Abstract
Different evidence has indicated metabolic rewiring as a necessity for pancreatic cancer (PC) growth, invasion, and
chemotherapy resistance. A relevant role has been assigned to glucose metabolism. In particular, an enhanced flux through
the Hexosamine Biosynthetic Pathway (HBP) has been tightly linked to PC development. Here, we show that enhancement
of the HBP, through the upregulation of the enzyme Phosphoacetylglucosamine Mutase 3 (PGM3), is associated with the
onset of gemcitabine (GEM) resistance in PC. Indeed, mRNA profiles of GEM sensitive and resistant patient-derived tumor
xenografts (PDXs) indicate that PGM3 expression is specifically increased in GEM-resistant PDXs. Of note, PGM3 results
also overexpressed in human PC tissues as compared to paired adjacent normal tissues and its higher expression in PC
patients is associated with worse median overall survival (OS). Strikingly, genetic or pharmacological PGM3 inhibition
reduces PC cell growth, migration, invasion, in vivo tumor growth and enhances GEM sensitivity. Thus, combined treatment
between a specific inhibitor of PGM3, named FR054, and GEM results in a potent reduction of xenograft tumor growth
without any obvious side effects in normal tissues. Mechanistically, PGM3 inhibition, reducing protein glycosylation, causes
a sustained Unfolded Protein Response (UPR), a significant attenuation of the pro-tumorigenic Epidermal Growth Factor
Receptor (EGFR)-Akt axis, and finally cell death. In conclusion this study identifies the HBP as a metabolic pathway
involved in GEM resistance and provides a strong rationale for a PC therapy addressing the combined treatment with the
PGM3 inhibitor and GEM.

Introduction

Pancreatic cancer (PC) one of the most lethal types of
cancer, is the fourth leading cause of cancer deaths in the
USA [1], and will be the second leading cause of cancer
deaths by 2030 [2]. Nearly 80% of patients are at an
advanced stage and have lost an operation opportunity
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when diagnosed for lack of typical clinical symptoms in
the early stage. Chemotherapy is the main treatment for
these PC patients. Presently, monotherapy or combination
treatment based on GEM is one of the most widely used
schemes for PC [3]. However, these standard che-
motherapies appear poorly effective in patients due to the
development of resistance, which remains a significant
clinical challenge and contributes to overall poor patient
prognosis [4]. Exploring the mechanism of chemoresis-
tance and finding new therapeutic targets for PC are of
great significance for improving the prognosis of PC
patients.

GEM-resistance has been associated with different
mechanisms such as GEM transport and metabolism,
tumor microenvironment and activation of survival sig-
nals (i.e., Epidermal Growth Factor Receptor (EGFR),
Akt) [4, 5]. Furthermore, epithelial-to-mesenchymal
transition (EMT) phenotype and cancer stem cells turn
out to be also involved in chemoresistance [6]. Efficacy
of GEM is also linked to its effect on cancer metabolism
[7–9]. Of note, PC exhibits several metabolic alterations,
including increased glucose and glutamine utilization and
fatty acid synthesis [10]. Interestingly, a part of glucose,
glutamine and Acetyl Coenzyme A are redirected in HBP
and evidence indicate that increased flux through the
HBP is necessary for PC cell survival, as well as for GEM
resistance [7, 11–13]. This pathway, by sensing the
availability of nutrients, couples metabolic flux to cell
growth [13, 14] providing substrate for the N-glycosy-
lation (N-gly) of plasma-membrane and secretory pro-
teins and for the O-glycosylation (O-gly) of numerous
nuclear and cytoplasmic proteins [13]. Consequently, the
HBP has emerged as a regulator of several tumor features
i.e., cell cycle [15], cell signaling and metabolism [16],
stress response [17], and DNA damage repair [18].
Remarkably, oncogenic forms of KRAS, characterizing
around 90% of PC, have been associated with increased
levels of N-gly and O-gly [12, 19]. Given that GEM-
resistance is due to multiple mechanisms, HBP inhibition,
simultaneously targeting distinct features of tumor biol-
ogy, could be really effective in avoiding drug resistance
in PC tumor.

In this study, we investigated the effects of HBP
inhibition by means of a novel inhibitor of the HBP’s
enzyme PGM3, FR054 [20, 21]. Our results indicate that
GEM-resistance in PC is associated with enhancement of
PGM3 expression and HBP flux that may cause a sus-
tained activation of EGFR-Akt axis, this latter almost
completely blunted by FR054. Therefore, our work
reveals the rational for a combined therapy with the
PGM3 inhibitor and GEM in PC patients.

Results

PGM3 is over-expressed in pancreatic GEM resistant
PDX mice and in PC patients

To identify new molecular markers for GEM resistance, we
treated 66 PC patient-derived tumor xenografts (PDXs)
with GEM for 3 weeks and evaluated their response by
measuring tumor growth inhibition rate (TGI%). According
to the TGI%, PDXs were classified in four groups: top 25%
for TGI as sensitive group (n= 16), PDXs between
25–50% as relative sensitive group (n= 17), PDXs
between 50–75% as relative resistant group (n= 17), and
the last 25% as resistant group (n= 16). Since we were
interested in resistant PDXs as compared to sensitive ones,
our further analyses were performed by considering only
the sensitive and resistant groups in which the average TGI
% was 125.7% and 33.7%, respectively (Fig. 1a). The
PDXs’ tumors in the sensitive group decreased sig-
nificantly after GEM treatment, while GEM showed little
effect on PDXs’ tumors in the resistant group (Fig. S1). In
order to clarify the molecular characteristics of drug-
resistant and sensitive PDXs, we examined the messenger
RNA (mRNA) profiles of PDX tumors from sensitive and
resistant groups (data not shown). Among the differentially
expressed genes between the two groups, the gene PGM3/
AGM1, encoding for the HBP enzyme PGM3, was sig-
nificantly upregulated in the resistant group (data not
shown). Positive regulation in GEM resistant PDXs as
compared to sensitive ones was confirmed by qPCR ana-
lysis of PGM3 mRNA (Fig. 1b). Then, we also analyzed
the levels of PGM3 by immunohistochemistry (IHC) in 99
PC tissues from patients, showing that it was more highly
expressed in the cancer tissues (Fig. 1c, d). In particular, in
66 patients who had both cancer and adjacent normal tis-
sues, we also found a PGM3 score significantly higher in
cancer tissues than paired adjacent normal ones (Fig. 1e).
Most notably the Kaplan-Meier analysis revealed that PC
patients with high PGM3 level (n= 70) had significantly
worse median OS than those with low PGM3 level (n= 25)
(10 vs. 43 months; p= 0.012; Fig. 1f). In addition, even
though there was no significant correlation between PGM3
level and clinicopathological parameters (Table S1), uni-
variate and multivariate analyses revealed that PGM3 level
was negatively correlated with OS in both analyses, indi-
cating that a high level of PGM3 is an independent prog-
nostic risk factor for PC patients (Table S1).

To investigate in vitro whether GEM-resistance was
related to PGM3 expression, we evaluated three different
PC cell lines, BxPC-3, MIA PaCa-2 and PANC-1, for their
GEM-sensitivity. Upon treatment with increasing

4104 F. Ricciardiello et al.



concentration of GEM, the three cell lines were analyzed in
terms of proliferation (Fig. S2a, c) and death (Fig. S2b, d).
BxPC-3 cells were the most sensitive while PANC-1 and
MIA PaCa-2 cells were more resistant. Noteworthy is that
the resistant cells MIA PaCa-2 and PANC-1 showed a
significant basal higher expression of PGM3, mirroring the
IHC analysis in PC patients, and of total protein O-gly as
compared to BxPC-3 cells (Fig. S3a–c). In addition, ana-
lysis of PGM3 mRNA level (Fig. S3d, e), PGM3 protein
level (Fig. S3f), as well as protein O-gly (Fig. S3f) upon
increasing doses of GEM, indicated that PGM3 expression
and protein O-gly are specifically enhanced in time-
dependent and dose-dependent manner in resistant PANC-
1 and MIA PaCa-2 cells, since, GEM sensitive BxPC-3
cells showed a completely opposite trend (Fig. S3g).

To further assess the association between GEM and PGM3
expression, we generated BxPC-3 and PANC-1 cells in
which PGM3 had been knocked out by short interfering RNA
(siPGM3) or over-expressed (PGM3 OE) (Fig. S4a, b). The
knocking out and the over-expression of PGM3 significantly
increased and decreased, respectively, GEM sensitivity in
both cell lines confirming that PGM3 plays a role in PC
response to GEM treatment (Fig. 2a–d). These results agreed

with the in vivo data (Fig. 1), indicating a positive correlation
between PGM3 expression and GEM resistance.

PGM3 contributed to aggressive phenotype of PC
cells by regulating proliferation, invasion, migration
and mice tumor growth

Given that enhanced protein glycosylation in cancer has
been associated with increased proliferation, EMT and
metastasis [22], we used the recombinant BxPC-3 and
PANC-1 cell lines (siPGM3 and PGM3 OE) to test the
effect of changing PGM3 level on proliferation, migration
and invasion. Reduction of PGM3 expression significantly
decreased cell proliferation (Fig. 2e, f), invasion (Fig. 2g, h)
and migration (Fig. 2j, k). Conversely, proliferation
(Fig. S4c, d), invasion (Fig. S4e, f) and migration (Fig. S4g,
h) were enhanced by PGM3 over-expression. To investigate
the in vivo tumor function of PGM3, subcutaneous PC
models were generated. Human BxPC-3 and MIA PaCa-2
cells stable expressing either scramble or PGM3 short
hairpin RNA (shRNA) were inoculated in SCID mice. The
inoculation of the shPGM3 cells produced tumors that grew
at a significantly slower rate either for BxPC-3 (Fig. 2i–m)

Fig. 1 PGM3 is upregulated in
GEM resistant PDXs and
negatively correlated with
prognosis in PC. a TGI% of
sensitive and resistant PDXs
when treated with GEM.
b mRNA expression of PGM3
in sensitive and resistant PDXs
tissues. c Representative pictures
of PGM3 in PC (up) and
adjacent tissues (down).
Magnification ×40, scale bars
200 μm. Enlarged areas are
shown in boxes: magnification
×200, scale bars 100 μm. d–e
IHC score of PGM3 in PC and
adjacent tissues. f Kaplan-Meier
survival analysis between high
and low PGM3 level groups.
Data are mean ± SEM. ***p <
0.001 (T-student).

Hexosamine pathway inhibition overcomes pancreatic cancer resistance to gemcitabine through unfolded. . . 4105



Fig. 2 PGM3 contributed proliferation, invasion, migration, che-
moresistance in vitro and tumor growth in mice. a–b GEM sensi-
tivity of siPGM3 BxPC-3 (a) and PANC-1 (b) cells. c–d GEM
sensitivity of PGM3-OE BxPC-3 (c) and PANC-1 (d) cells. e–f Pro-
liferation, (g–h) invasion and (j–k) migration of siPGM3 BxPC-3 and

PANC-1 cells. i–n Tumor volume, (l–o) weight and (m–p) pictures
of mice injected with shPGM3 or control BxPC-3 and PANC-1 cells.
Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001
(T-student).
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or MIA PaCa-2 cells (Fig. 2n–p), revealing the involvement
of PGM3 in PC in vivo growth as well.

PGM3 inhibitor FR054 enhances PC cell growth
arrest and apoptosis

Since we have previously demonstrated the inhibitory effect
of a novel compound, named FR054, on enzymatic activity
of PGM3, as well as on proliferation of several breast
cancer cells [20, 21], here, we decided to evaluate its effects
also on GEM-sensitive and GEM-resistant PC cells. FR054
treatment, in concentration-dependent and time-dependent
manner, reduced significantly cell proliferation (Fig. 3a–c),
viability (Fig. 3d, e) and colony formation and size in all
treated PC cell lines (Fig. 3f–h). To detail the cell death
mechanism induced by FR054 treatment, we measured
Annexin V (AV)-positive and Propidium Iodide (PI)-posi-
tive cells upon single or daily treatment with FR054. After
72 h treatment with 500μM FR054 the percentage of cell
death (Fig. 3j, AV-positive and PI-positive cells) was
similar to that shown in Fig. 3e. However, especially upon
daily treatment, the cells were mostly AV-positive (Fig. 3k)
and showed Caspase-3 activation (Fig. 3i–m) suggesting an
apoptotic cell death mechanism. Importantly, FR054 treat-
ment of non-tumoral human pancreatic ductal epithelial line
(HPDE) induced cell growth arrest (Fig. S5a) without
inducing cell death (Fig. S5b, c), excluding at least in this
in vitro model, a toxic effect of FR054. Altogether these
findings confirmed an important role of PGM3 in PC cells
proliferation and survival.

FR054 treatment provides in vitro and in vivo
enhanced GEM efficacy

Previous data indicate that PGM3 is involved in PC pro-
liferation and GEM response, since its genetic or pharma-
cologically induced inhibition interferes with both
processes. Therefore, we decided to evaluate if FR054
could enhance GEM efficacy in PC GEM-resistant cells, in
resistant freshly isolated PDX derived tumor cells (PDTCs)
and in GEM-resistant xenograft mice. As shown in Fig.
4a–d, combined treatment in MIA PaCa-2 and PANC-1 cell
lines with 500 μM FR054 and 1 μM GEM (clinical dose)
[23], yielded significantly greater growth inhibition and cell
death than both agents alone. To further validate these
results we also treated PDTCs from 17 different PDXs (all
expressing an oncogenic form of KRAS) with different
doses of the two drugs. Calculation of the half maximal
inhibitory concentration (IC50) of FR054 and GEM, ranging
from 85.66 to 1467 μmol/L, and from 1.48 × 10−8 to
0.0179 μmol/L, respectively (Table S3), indicated a sub-
stantial variation of sensitivity between individual patient-
derived models. Accordingly to the average IC50 of GEM

and FR054, PDTCs were sorted into 5 resistant and
12 sensitive to GEM or FR054 (Table S3). Remarkably, the
combined treatment between FR054 and GEM increased
GEM-sensitivity in four of five GEM-resistant PDTCs
(Fig. 4e and Table S3). Importantly, the correlation ana-
lysis showed that the IC50 of FR054 and GEM were
positively related to the level of PGM3 mRNA in PDTCs
(Fig. S6a, b), and that the IC50 of FR054 was positively
correlated with IC50 of GEM (Fig. S6c), suggesting that
high PGM3 level may lead to resistance to FR054 and
GEM. These findings were further confirmed in treated
xenograft mice. Indeed mice inoculated with GEM-
resistant PANC-1 cells showed a significant tumor
growth inhibition either under GEM and FR054 single
treatments or upon combined treatment. In particular, the
latter treatment appeared significantly stronger as com-
pared to single ones (Fig. 4f–h). Moreover, treated mice
did not lose weight (Fig. S7a) or show signs of kidney and
liver toxicity (Fig. S7b, c) as compared to control and
GEM treated mice. Conversely, serum analysis in combi-
nation therapy as compared to GEM alone, showed ame-
lioration in some parameters (see Red Blood Cells (RBC)
and Hemoglobin (Hb)) suggesting limited toxicity
(Fig. S7d). Most notably, the combined treatment induced
a stronger tumor growth inhibition also in GEM-resistant
PDX mice -PDX-5- (Fig. 4j–i), further substantiating the
efficacy of FR054 as an adjuvant therapy in PC cells and
tumor treated with GEM.

PGM3 inhibition alone and in combination with GEM
induces a sustained activation of the pro-apoptotic
UPR protein Chop in resistant PC cells

Based on our previous findings demonstrating that the
inhibition FR054-dependent of PGM3 caused a reduction of
protein N-gly and O-gly and activation of the UPR [21], we
decided to evaluate both effects also in PC cells. Confocal
microscopy or flow cytometric analysis by using the lectin
Phaseolus vulgaris (PHA-L), able to recognize membrane
tri-/tetra-antennary structures, showed a significant decrease
of PHA-L reactivity in all PC cells upon 48 h of FR054
treatment (Fig. 5a–c). In addition, more prolonged treatment
with FR054 (72 h) reduced also O-gly in both MIA PaCa-2
and BxPC-3 cells and induced a clear change in the O-gly
protein pattern of PANC-1 cells, validating the inhibitory
effect of FR054 on HBP (Fig. S8a). In association with the
membrane protein N-gly reduction, PC cells, despite a dif-
ferent temporal trend, modulate mRNAs, such as DDIT3/
CHOP, XBP1, ATF4, and HSPA5 (Fig. 5d), and proteins,
such as ATF4, phosphorylated elongation factor 2α (p-
elF2α) and Chop (Fig. 5e), tightly associated to UPR acti-
vation. Notably, Chop protein, an important transcription
factor associated with the UPR-induced apoptosis, was
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Fig. 3 Targeting PGM3 induces cell growth arrest and apoptosis.
a–c Cell number and (d–e) cell survival of PANC-1, MIA PaCa-2, and
BxPC-3 cells upon different doses of FR054. f–h Representative
images of cell colony assay upon single treatment with vehicle

(medium) or 500 μm FR054. Quantization of (j) AV/PI positive cells,
(k) AV positive cells and (i–m) Caspase-3 activation upon 48 h of
single or daily FR054 treatment. Data are mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001 (T-student).
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Fig. 4 FR054 synergizes with GEM and suppresses in vitro and
in vivo proliferation. (a–c) Cell viability and (b–d) death of MIA
PaCa-2 and PANC-1 cells upon single treatment with FR054 and
GEM alone or their combination (24, 48 and 72 h). e Proliferation of
PDTCs treated with FR054 and GEM alone or their combination

(48 h). f and j Tumor volume, (g and k) image and (h and i) weight of
PANC-1 and PDX-injected mice upon treatment with FR054 and
GEM alone or their combination, respectively. Data are mean ± SEM.
*p < 0.05; **p < 0.01; ***p < 0.001 (T-student).
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Fig. 5 FR054 induces a sustained activation of UPR. a Confocal
microscopy (magnification ×40, scale bar 20 μm) and (b–c) FACS
analysis of PHA-L staining in PANC-1, MIA PaCa-2, and BxPC-3
cells treated for 48 h with FR054. d mRNA expression in PC cells

following 24 h and 48 h FR054 treatment. e Representative western
blots and band quantization of UPR proteins. Data are mean ± SEM.
*p < 0.05; **p < 0.01; ***p < 0.001 (T-student).
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highly expressed (Fig. 5e), nuclear localized (Fig. S8b) and
with a trend of expression comparable to Caspase-3 clea-
vage (Fig. 5e) particularly in FR054 treated samples,

suggesting that pharmacological PGM3 inhibition, causing
a decrease in protein glycosylation, leads to UPR activation
and finally to cell death.
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ER stress and UPR are upregulated in many cancers, thus
presenting the possibility of an association with drug-
resistance [reviewed in [24]] and specifically GEM-
resistance [25]. Therefore, we examined UPR activation
upon single or combined treatment in PANC-1, MIA PaCa-
2, and BxPC-3 cells, with a focus on the Chop protein
whose increased level of expression may shift the function
of the UPR from pro-survival, i.e., under drug treatment, to
pro-apoptotic [25, 26]. As shown in Fig. S8c, d, in GEM-
resistant cells PANC-1 and MIA PaCa-2, Chop expression
increased at a significantly higher level in single or com-
bined FR054 treated samples as compared to GEM alone.
Conversely, in GEM-sensitive BxPC-3 cells, Chop
increased in all treated samples but in particular in the GEM
alone treated sample. Having established that further
experiments are required in order to understand better the
relation between GEM-sensitivity and UPR activation,
altogether these data suggest that a strong UPR activation
induces PC cell death, increasing GEM sensitivity, and that
the greater sensitivity of BxPC-3 cells may be also the
consequence of the GEM-dependent activation of the UPR
pro-apoptotic protein Chop.

FR054 alone or in combination with GEM
downregulates the EGFR membrane localization
and activity in PC cells and xenograft tumors

Our previous data indicated that FR054 induces a sig-
nificant reduction of tri/tetra antennary N-gly membrane
proteins; thus, it could impact on signaling necessary to
tumor survival and proliferation. Among the different
receptors, EGFR has been described as essential to PC
initiation, maintenance, aggressiveness and cancer resis-
tance to therapy [27]. In addition, EGFR activation and
localization is controlled by its glycosylation state [28, 29].
By using an antibody recognizing the EGFR extracellular
domain, we demonstrated that EGFR membrane localiza-
tion was significantly reduced after FR054 treatment
(Fig. 6a, b). Since membrane localization is associated to
catalytic activity of EGFR and activation of downstream
signaling pathways, we evaluated the phosphorylation of

EGFR tyrosine 1068 and of Akt serine 473. Both sig-
nificantly decreased upon FR054 treatment (Fig. 6c). To
determine if GEM and/or FR054 sensitivity were associated
to EGFR signaling activation, we evaluated EGFR signaling
under single and combined treatments in PC cells. As
shown in MIA PaCa-2 cells, GEM treatment significantly
activated both EGFR and Akt without changing
EGFR membrane localization (Fig. 6d, e). Strikingly,
FR054 significantly inhibited the positive effect of GEM on
EGFR signaling, as it induced a reduction in membrane
localization and EGFR and Akt activation as compared to
GEM alone (Fig. 6d, e). Noteworthy is the fact that also in
GEM-resistant PANC-1 cells, EGFR membrane localization
was induced by GEM and drastically reduced by FR054
alone or in combination (Fig. S9a), further suggesting that
PGM3 inhibition could restore GEM sensitivity by down-
regulation of EGFR activity. This hypothesis was corro-
borated by analysis of EGFR signaling in sensitive BxPC-3
cells. Indeed, upon GEM treatment, a reduction of EGFR
membrane localization and a significant decrease in EGFR
and Akt phosphorylation were observed, effects that were
further increased by FR054 co-treatment (Fig. 6d, f).
Altogether these findings pointed out EGFR signaling
inhibition as a key event in producing GEM cytotoxicity.
Taking in consideration that almost 10% of PC patients
show a wild type form of KRAS, we decided to test if
FR054 could improve GEM efficacy also in KRAS wild
type cell line BxPC-3. As expected from previous findings,
a significant reduction in cell survival was observed in
combined treatment as compared to single ones (Fig. S9b),
and hence suggesting that enhancement of HBP is asso-
ciated to PC survival under normal and stress conditions
i.e., GEM treatment.

Our in vitro findings indicated that combined treatment
could be effective against PC by upregulating the pro-
apoptotic protein Chop and downregulating EGFR signal-
ing. To determine whether these mechanisms of drug action
were observed also in vivo, tissues from PANC-1 and PDX-
5 sacrificed mice treated with single drugs or their combi-
nation, were used to evaluate the effect of FR054 and GEM
either alone or in combination by IHC. Figure 7a, b show
that Chop and Caspase-3 are highly expressed in the FR054
treated groups. Conversely, the same tissues show an
opposite trend for Ki67 (proliferative marker), EGFR
phosphorylation and PGM3. Most notably, EGFR phos-
phorylation level and PGM3 expression are both enhanced
in GEM treated samples (Fig. 7a, b) and almost completely
inhibited by FR054 co-treatment, mirroring the previous
in vitro data. Collectively, the results from the mouse
models reveal that the activation of UPR and the inhibition
of EGFR signaling could explain the efficacy of combining
GEM and FR054 against PC.

Fig. 6 FR054 inhibits EGFR-Akt axis. Confocal microscopy ana-
lysis of membrane EGFR staining in (a) MIA PaCa-2 and (b) BxPC-3
cells treated with FR054 for 48 h (magnification ×40, scale bar 25 μm).
c Protein expression and band quantization for p-EGFR and p-Akt in
MIA PaCa-2 and BxPC-3 upon FR054 treatment. d Confocal micro-
scopy analysis of membrane EGFR staining in MIA PaCa-2 and
BxPC-3 upon treatment with FR054 and GEM alone or their combi-
nation (magnification ×40, scale bar 25 μm). Protein expression and
band quantization for p-EGFR and p-Akt in (e) MIA PaCa-2 and
(f) BxPC-3 upon treatment with FR054 and GEM alone or their
combination. Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p <
0.001 (T-student).
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Fig. 7 IHC and HE staining of PANC-1 and PDX-5 xenograft
tumors. a–b Representative pictures (left) of the IHC of Chop, Casp-
3, p-EGFR, PGM3, Ki67, their HE staining and IHC score (right) of
PANC-1 xenograft (a) and PDX-5 (b) tumors. Magnification ×40,

scale bar 200 μm. Enlarged areas are shown in boxes: magnification
×200, scale bar 100 μm. Data are mean ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001 (T-student).
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Discussion

Although GEM remains the most used chemotherapeutic
drug in PC, it has a low response since a rapid development
of resistance often follows the initial sensitivity in patients.
New therapies exploiting synergism with GEM are
addressed either to more aggressive regimens (i.e., GEM
plus Nab-paclitaxel) or to inhibition of some resistance
mechanisms [3, 30, 31]. To note, accumulating evidence
indicates that also cancer metabolic alterations influence
GEM resistance in PC [7–9, 32].

Here, we reveal an important metabolic mechanism
underlying GEM-resistance in PC. Indeed, we identify that
PC GEM-resistant PDX mice and cell lines upregulate
PGM3 expression, a key enzyme of HBP. Noteworthy is
that PGM3 and HBP levels increase only in GEM-resistant
PC cells since sensitive ones show a completely opposite
trend, suggesting a causative correlation between GEM-
resistance and PGM3 expression. This causative role is
further suggested by the positive relation between the IC50

of GEM and the PGM3 mRNA level and by the indivi-
duation of PGM3 as unfavorable prognosis marker in our
patient cohort. Notably, PGM3 has been identified as an
unfavorable prognostic marker also in renal, cervical and
breast cancer [33]. Association between PC growth and
HBP activation has been already observed upon hypoxia or
oncogenic KRAS activation [11, 12]. In both cases,
accordingly to our results, direct inhibition of HBP pathway
causes a decrease in cell proliferation and survival.

From a mechanistic point of view, an increased flux
through HBP, achieved by enhancing of PGM3, may
represent an efficient mechanism to induce a multifactorial
response such as GEM-resistance. Indeed, different findings
revealed that an enhancement of HBP flux concurrently
influences several aspects of tumor biology. For instance,
increased expression of the HBP’s enzyme Glucosamine
fructose-6-phosphate aminotransferase 1 (GFAT1) or pro-
tein O-gly positively controls proliferation, migration and
chemoresistance by increasing for example the stability and
activity of different oncogenes [34–37]. Accordingly, here,
we demonstrate that GEM-resistant tumor and PC cells, in
contrast to the sensitive models, show higher levels of
PGM3 and O-gly either at basal state or under GEM
treatment. The important role of PGM3 in PC growth and
GEM-resistance is also well documented by the experi-
ments with PGM3 silenced and over-expressed in which a
direct role of PGM3 in proliferation, migration, invasion,
tumor growth in mice and GEM-resistance is shown.

Mechanistically, we show that chemical inhibition of
PGM3 alone or in combination with GEM treatment favors
a pro-apoptotic UPR activation associated with a strong
inhibition of EGFR signaling. Importantly, recent evidence

suggests that drugs enhancing ER stress cause PC cell death
[38] and modulate the chemosensitivity [25, 39, 40].
Accordingly, our experiments show that resistant and sen-
sitive cells have a completely opposite behavior regarding
UPR modulation upon GEM treatment, suggesting that
UPR activation, i.e., by inhibiting PGM3, may be an
effective approach to overcome GEM-resistance. Regarding
EGFR, enhanced activity has been already associated to
GEM resistance in PC [41], indeed new therapies exploiting
synergy between GEM and EGFR inhibition are an
important ongoing clinical effort. Besides, our in vitro and
in vivo data suggest that the opposite EGFR response to
GEM in sensitive and resistant cells is a key determinant for
GEM-resistance. Indeed, FR054-dependent attenuation of
EGFR activation is tightly linked to its ability to enhance
GEM sensitivity in resistant cells or mice. However, the
ability of FR054 to reduce PC cell growth independently
from GEM sensitivity further substantiates PGM3 inhibition
as a therapeutic approach.

In conclusion, while we recognize that the mechanism of
action of FR054 in PC deserves further studies, we believe
that therapeutic approaches involving PGM3 inhibition in
combination with GEM require immediate clinical investi-
gation for this deadly tumor.

Materials and methods

Cell lines

Human PC cell lines PANC-1 and MIA PaCa-2 and BxPC-
3 were routinely cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) and RPMI, respec-
tively, supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin and 10% fetal bovine
serum. All cell lines were purchased from the American
Type Culture Collection (ATCC) and tested for mycoplasm
every two months.

The normal human pancreatic duct epithelial (HPDE) cells
were routinely cultured in Keratinocyte-SFM medium, sup-
plemented with 2mM L-glutamine, human recombinant Epi-
dermal Growth Factor 1–53 (EGF 1–53), Bovine Pituitary
Extract (BPE), 100U/mL penicillin, 100mg/mL streptomycin.

siPGM3 and PGM3 overexpressed cell lines

siRNA targeting PGM3 and a scramble control siRNA were
purchased from Guangzhou RiboBio Co., LTD. (Guangz-
hou, China). A full length PGM3 cDNA (NM_001199917.2)
was fused into a pcDNA 3.1 empty vector to generate
pcDNA3.1-PGM3 expression construct. See Supplementary
material for details.
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Clinical specimens

The clinical pancreatic cancer specimens were obtained
from patients who received surgery in the Peking Union
Medical College Hospital and employed for the construction
of a tissue microarray (TMA) and PDXs models. The clinical
and pathologic data of patients were obtained from the same
hospital. All patients were provided informed consent for the
tumor samples. The program was approved by the Ethics
Committee of Peking Union Medical College Hospital.

Generation and resuscitation of pancreatic cancer
PDX models

The generation and resuscitation of pancreatic cancer PDX
models were conducted as described previously [42]. See
Supplementary material for details.

The treatment of pancreatic cancer models

All animal experiments were performed according to the
institutional ethical guidelines of Peking Union Medical
College. Mice were in specific pathogen free (SPF) condi-
tion. For GEM treatment on PDX models, twelve PDXs
models were randomly divided into two groups, 6 mice in
each group when the volume of the tumor reaches
100–300 mm3. One group is administrated by GEM, 60 mg/
kg, IP, Q4D*6 for three weeks, and the other group was
treated with physiological saline at the same way. The
behavior of animals was monitored every day after
administration. The calculation of tumor growth inhibition
rate (TGI%) is described in Supplementary material. For
FR054 and GEM combined treatment, the subcutaneous
xenograft tumor mouse models of PANC-1 or PDXs were
constructed. See Supplementary material for details.

Xenograft tumor mouse models

5 × 106 PC cells with PGM3 stably knocked down or the
control cells were injected subcutaneously into 5 mice for
group. The tumor volume was measured by vernier calipers
and the mice were weighed every three days. Tumor
volume was calculated using the formula (a × b × b)/2,
where a and b are the major and the minor tumor axis,
respectively. The mice were sacrificed after two months.
The tumors were separated and weighed.

The isolation, propagation, and treatment on PDTCs

Conditional reprogram methods to get PDTC, as previously
published [43], have been used. Feeder cells were plated
into 96-well plate at 3 × 104/well. Single cell suspension
from PDXs was inoculated into the 96-well plate containing

feeder cells at 2000–5000/well. Cell plates were cultured in
a 5% CO2 incubator at 37 °C. After 24 h, GEM or FR054
with proper concentration was added into the 96-well plate,
and the cells were counted by Edu method. Feeder cells and
Edu (RUO-00501#1T and RUO-00401#150T, Beijing
Zhikangbo Pharmaceutical Oncology Medical Research
Co,.Ltd. China) according to the manufacturer’s protocol
after 48 h. See Supplementary material for more details.

Cell treatment and cell viability and proliferation
evaluation

Where not differently specified, all the experiments with the
cells were performed after seeding in growth medium fol-
lowed by further 24 h before GEM and FR054 treatments.
GEM was purchased from Sigma-Aldrich. FR054 was
synthesized either by our laboratories [20, 21] or by WuXi
AppTec Co., Ltd (Tianjin, China). For siPGM3 and
PGM3oe cell lines, Cell Counting Kit-8 (CCK-8) reagent
(Dojindo, Tokyo, Japan) was used to perform growth assays
following the manufacturer’s protocol.

See Supplemental methods for details.

Cell migration and invasion assays

Cell migration and Matrigel cell invasion assays were
conducted as described previously [44]. See Supplementary
material for details.

Western blot analysis

25 to 50 μg of total protein were resolved by SDS-PAGE,
transferred to the nitrocellulose membrane and incubated
overnight with specific antibodies. See Supplementary
material for details.

Confocal microscopy analyses

For detection of cell surface expression of N-linked glyco-
proteins and of membrane EGFR, cells were stained with
PHA-L and membrane EGFR antibody (against the extra-
cellular domain of human EGFR), respectively. See Sup-
plementary material for details.

RNA extraction and semiquantitative RT-PCR
analysis

See Supplementary material for details.

Flow cytometric analysis

All flow cytometric analyses were performed using the flow
cytometer CytoFLEX, Beckman Coulter. Both the
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acquisition and the analysis of the data were performed with
the CytExpert Software. See Supplementary material for
details.

Immunohistochemistry analysis

PGM3 (H00005238-M01, Abnova, Taiwan, China) anti-
body was used to measure PGM3 expression in TMA by
IHC as previously described [45]. The adjacent cancer tis-
sue per PC patient verified by pathology were defined as
Normal. See Supplementary material for details.

Statistics

For experiments with cell lines, unless otherwise noted, all
results are presented as mean ± SEM and as mean ± SD
from three or more independent experiments and statistical
significance (*p < 0.05, **p < 0.01, ***p < 0.001) is deter-
mined using Student’s t-test.

For mice experiments, each experiment was repeated at
least three times. Data were measured by Student’s t-test
(two-tailed) and analyzed using one-way ANOVA. All
statistical tests were performed using the Statistical Program
for Social Sciences (SPSS16.0 for Windows, USA) and
were two-sided. P value of <0.05 was regarded as statisti-
cally significant. IC50 of FR054 in PDTCs was calculated
by Nonlinear regression using Graphpad Prism 6.0 for
windows (USA). Correlation between PGM3 expression
and clinical parameters was calculated by Pearson chi-
square tests. Risk factors for pancreatic cancer patients have
been calculated by COX-regression analysis.
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