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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is considered to be the deadliest cancer type in the world.
Chemotherapy resistance, including gemcitabine, is the main reason for poor prognosis in PDAC patients. Increased
aerobic glycolysis is involved in chemotherapy resistance in PDAC. Fructose-1,6-bisphosphatase (FBP1) is one of the
key enzymes in the process of gluconeogenesis and negatively regulates aerobic glycolysis. FBP1 loss is common in
PDAC patient specimens and is associated with gemcitabine resistance by activating the MAPK pathway. While the
regulatory mechanism of FBP1 in pancreatic cancer remains un-elucidated. Here, we found that ubiquitin-specific
protease 44 (USP44) was down-regulated in PDAC patients, and USP44 might be a prognostic marker for PDAC
patients. USP44 inhibit tumor cells progression and regulated gemcitabine resistance in PDAC. Importantly, we
revealed USP44 promoted FBP1 deubiquitination to increase FBP1 protein expression in pancreatic cancer, which
might be one of the underlying mechanisms of USP44 impeding the progression of pancreatic cancer. Collectively,
the recognition of USP44 in the stabilization of FBP1 indicates USP44 might be considered as a new prognostic
marker for pancreatic cancer therapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is
considered to be the deadliest cancer type in
the world [1]. Surgical resection combined with
systemic chemo-radiotherapy is applied for
PDAC patients [2]. Despite the standard treat-
ment is surgical intervention followed by adju-
vant chemotherapy with or without radiothera-
py, a considerable portion of the patient cannot
benefit from this approach due to inoperable
disease and therefore, their treatment is con-
sidered palliative rather than curative intent
[3, 4]. Gemcitabine, a DNA synthesis inhibitor,
based chemotherapy has been used for the
treatment of advanced pancreatic cancer
patients and demonstrated a positive effect on
prolonging the survival time of those patients

from 1990s [5]. Moreover, it has been reported
that nab-Paclitaxel (a potent anticancer medi-
cation which can promote microtubule (MT)
assembly, inhibit MT depolymerization, and
change MT dynamics required for mitosis and
cell proliferation) plus gemcitabine regimens
show better outcomes than gemcitabine alone
[6]. Besides, FOLFIRINOX [(5-fluorouracil, leu-
covorin, irinotecan (a topoisomerase | inhibitor),
oxaliplatin (@ DNA synthesis inhibitor))] regimen
significantly improves the survival rate com-
pared with gemcitabine alone [7]. While inher-
ent resistance to chemo-therapy leads to a
poor prognosis in PDAC patients [8]. Although
genetic mutation, tumor microenvironment and
cancer stem cell were responsible for chemo-
therapy resistance in pancreatic cancer, the
underlying mechanism of chemotherapy resis-
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tance is not fully understood [9]. Thus, under-
standing the pathogenesis of PDAC and devel-
oping new therapeutics would improve the sur-
vival of pancreatic cancer patients.

Increased aerobic glycolysis is involved in pro-
moting tumor progression and chemotherapy
resistance in pancreatic cancer [10]. Gluconeo-
genesis antagonizes the process of aerobic
glycolysis [11]. Fructose-1,6-bisphosphatase
(FBP1), one of the key enzymes of gluconeo-
genesis, help fructose-1,6-bisphosphate trans-
forming into fructose-6-phosphate [11]. Previ-
ous researches revealed FBP1 loss is common-
ly in PDAC patients [12, 13]. Recently, we re-
ported FBP1 down-regulation activates the
IQGAP1-ERK-Myc axis, which is responsible for
gemcitabine and BET inhibitors resistance [12,
14]. As a result, understanding the regulatory
mechanism of FBP1 would help develop attrac-
tive therapeutic strategies for PDAC treatment.
Studies have documented TRIM28 promoted
degradation of FBP1 in liver cancer cells [15],
but the underlying mechanism of FBP1 loss in
PDAC has not been well understood.

Deubiquitinases could remove ubiquitin modifi-
cations to antagonize E3 ligase induced degra-
dation of target proteins [16]. In the present
study, we show that ubiquitin-specific protease
44 (USP44) was downregulated in pancreatic
cancer patient specimens. USP44 could inhibit
cancer cell progression and regulate the sensi-
tivity of gemcitabine by suppressing glycolysis.
Moreover, we determined that USP44 directly
deubiquitinated FBP1 and blocked the activa-
tion of ERK. To sum up, our results highlight
that the USP44 modulates the sensitivity of
gemcitabine by stabilizing FBP1 in pancreatic
cancer.

Materials and methods
Cell culture

Pancreatic cancer cell lines (PANC-1 and BxPC-
3) were purchased from the Chinese Academy
of Science Cell Bank. All cell lines were cultured
in Dulbecco’s modified Eagle’smedium (DMEM)
medium (Invitrogen, USA) containing 10% fetal
bovine serum (FBS) (HyClone, USA) at 37°Cina
5% CO, incubator.

Plasmids, antibodies, and chemicals

Mammalian expression vectors for Myc-USP44
recombinant proteins were generated using the
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pcDNA3.1 backbone vector. USP44 mutants
were generated by using the KOD-Plus-Mu-
tagenesis Kit (Toyobo, Japan). The USP44 anti-
body (@b205032) was purchased from Ab-
cam (working dilution 1:1000); FBP1 antibody
(@b109732) was purchased from Abcam (work-
ing dilution 1:1000); GAPDH antibody (ab8245)
was from Abcam (working dilution 1:5000);
Phospho-p44/42 MAPK (ERK1/2) antibody
(9101) was from Cell signaling Technology and
p44/42 MAPK (ERK1/2) antibody (9102) was
from Cell signaling Technology. Gemcitabine
was obtained from Eli Lilly and Company (Indi-
anapolis, USA).

Western blot of cells and tissue specimens

The ethics of using human tissue (11 pairs of
matched pancreatic cancer/adjacent noncan-
cerous tissues) was approved by the local eth-
ics committee (Tongji Medical College, China),
and written informed consent was obtained
from patients prior to surgery exactly as de-
scribed previously [14]. The cells or the tissue
specimens were subjected to lysis buffer (Be-
yotime, China) containing 1% protease and
phosphatase inhibitors. The protein concentra-
tion was quantified via a protein assay kit
(Pierce Biotechnology, USA). Equal amounts of
protein for each sample were loaded and sepa-
rated using SDS-PAGE gels, followed by trans-
ferring to PVDF membranes (Pierce Biotech-
nology, USA). The membranes were subsequ-
ently blocked in 5% not-fat milk for 1 h at room
temperature, followed by incubation with pri-
mary antibody overnight at 4°C. The mem-
branes were then washed with 1 x TBST and
incubated with a secondary antibody for 1 h.
Finally, the membranes were treated with ECL
detection reagents and exposed to X-ray films.

Real-time RT-PCR

Total RNA was isolated from the cells using
Trizol reagent (Thermo Fisher Scientific, USA).
cDNA was synthesized from 1 ug RNA using a
cDNA Reverse Transcription kit (PrimeScript™
RT reagent Kit, Code No. RRO37A), and real-
time PCR analysis was carried out with a PCR
kit (TB Green™ Fast qPCR Mix, Code No.
RR430A) according to the manufacturer’s pro-
tocols [17]. The two kits were purchased from
Takara Bio Inc. (Shigo, Japan). All the values
were normalized to B-actin, and the 2-AACt
method was used to quantify the fold change.
The primers used for RT-qPCR are provided as
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follows: FBP1, forward (5-3’): ACATCGATTGC-
CTTGTGTCC, reverse (5-3"): CCACCAAAATGAA-
CTCCCCG; USP44, forward (5’-3’): CAGGACTAA-
GTGGAGCA, reverse (5-3’): CCACGAAAGGCAG-
GAATGAG; B-actin, forward (5-3’): CCCTGGC-
TCCTAGCACCAT, reverse (5-3’): AGAGCCACCA-
ATCCACACAGA.

Tissue microarray and immunohistochemistry
(IHC)

The tissue microarray slides were purchased
from Outdo Biobank (Shanghai, China) (HPan-
AdeO60CD-01) [17]. The tissue microarray
specimens were immunostained with USP44
(Abcam, ab205032, dilution 1:1000) and FBP1
antibodies (Abcam, ab109732, dilution 1:4000)
as described previously [17]. Staining intensity
was scored in a blinded fashion: 1 = weak stain-
ing at 100 x magnification but little or no stain-
ing at 40 x maghnification; 2 = medium staining
at 40 x magnification; 3 = strong staining at 40
x magnification [15]. The degree of immunos-
taining was scored by two independent pathol-
ogists who were blinded to the clinical details.
The IHC scores were calculated by the percent-
age of positive cells x the staining intensity.

RNA interference

The lentivirus-based control and gene-specific
shRNAs were purchased from Sigma-Aldrich.
293T cells were transfected with shRNA plas-
mids and viral packaging plasmids (pVSV-G and
pPEXQV) by Lipofectamine 2000. 24 h after
transfection, the medium was replaced with
fresh DMEM, containing 10% FBS and 1 mM of
sodium pyruvate. Next, 48 h -post-transfection,
the virus culture medium was collected and
added to the PANC-1 and BxPC-3 cells supple-
mented with 12 yg/ml of polybrene. 24 h after
infection, the infected cells were selected with
10 g /ml of puromycin. The shRNA sequence
information is provided as follows: shUSP44#1:
5-CCGGCGGATGATGAACTTGTGCAATCTCGAGA-
TT GCACAAGTTCATCATCCGTTTTTG-3’; shUSP4-
4#2: 5'-CCGGTACACTGCCTA CTGCTATAATCTCG-
AGATTATAGCAGTAGGCAGTGTATTTTTG-3’; shFB-
P1#1: 5-CCGGCCTTGATGGATCTTCCAACATCTC-
GAGATGTTGGAAGATCCATCAAGGTTTTTG-
3’; shFBP1#2: 5-CCGGCGACCTGGTTATGAACA-
TGTTCTCGA GAACATGTTCATAACCAGGTCGTTT-
T7G-3".
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Cell proliferation assay

MTS[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um, inner salt] assay was performed to detect
the cell viability according to the manufactur-
er’s instructions (Abcam, USA). In brief, cells (1
x 102 cells) were plated in 96-well plates with
100 pl of culture medium. After 72 h, 20 ul of
MTS reagent (Abcam, USA) was added to each
well of the cells and incubated for 1 hour at
37°C in standard culture conditions. The absor-
bance was measured in a microplate reader at
490 nm.

Generation of PDAC xenografts in nude mice

The BALB/c-nu mice (4-5 weeks of age, 18-20
g) were purchased from Vitalriver (Beijing,
China) and randomly divided into four groups
(n = 4/group) for the subcutaneous inoculation
with 5 x 108 of PANC-1 cells infected with sh-
Control or shFBP1, shUSP44 or both shFBP1
plus shUSP44 lentivirus in the left dorsal flank
of the mice. The tumors were examined every
other day for 21 days; the length and width
measurements were obtained with calipers to
calculate the tumor volumes by using the equa-
tion (L x W?)/2. On day 21, the animals were
euthanized, and the tumors were excised and
weighed. All the animal experimental proce-
dures were approved by the Ethics Committee
of Tongji Medical College, Huazhong University
of Science and Technology.

Correlation analysis using the GEPIA web tool

The online database Gene Expression Profiling
Interactive Analysis (GEPIA, http://gepia.can-
cerpku.cn/index.html) [18] was used to analyze
the RNA sequencing expression data described
previously [17]. GEPIA performs a pairwise ge-
ne correlation analysis for any given set expres-
sion data using Pearson correlation statistics.

In vitro deubiquitin assay

PANC-1 cells were transfected with Flag-FBP1
and HA-UB for 24 h. The whole-cell lysate was
undergoing immunoprecipitaion by using flag
antibody to get the purified FBP1. Myc-USP44
protein was translated in vitro following the
manufacture protocol of TNT ® Quick coup-
led Translation System Technical (Promega,
#TMO45). The in vitro translated USP44 and
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the purified FBP1 were mixed in a buffer (50
mMTris-HCI, pH 7.5 and 4 mM DTT) and incu-
bated for 2 h at 37°C. Then, the reaction and
samples were sent for western blotting analy-
sis.

Statistical analysis

Statistical analyses were performed with one-
sided or two-sided paired Student’s t-test for
single comparison and one-way ANOVA with a
post hoc test for multiple comparisons. A P
value < 0.05 was considered statistically sig-
nificant. All the values are expressed as the
mean + SD.

Results
USP44 inhibits pancreatic cancer progression

The biologic role and underlying mechanism of
the USP44 in pancreatic cancer have not been
studied. Firstly, we used the tissue microarray
(TMA) (n = 41 PDAC specimens, n = 25 normal
pancreatic specimens) to examine the expres-
sion level of USP44 in PDAC tissues. The im-
munohistochemistry (IHC) data indicated that
USP44 expression was lower in PDAC than in
non-tumor pancreatic tissues (Figure 1A and
1B). Meanwhile, the Western blot analysis
showed USP44 was decreased in cancer tis-
sues compared with adjacent non-tumor pan-
creatictissues (Figure 1C and 1D). Furthermore,
we analyzed whether USP44 was associated
with the prognosis of PDAC patients through
The Human Protein Atlas dataset, and found
that USP44 down-regulation was negatively
correlated with prognosis in pancreatic cancer
patients (Figure 1E).

Given that USP44 functions as a positive bio-
marker for the prognosis of PDAC, the biological
role of USP44 need to be further elucidated-
in pancreatic cancer cells. We first performed
knocking down USP44 in both BxPC-3 and
PANC-1 cells (Figure 1F). We demonstrated
USP44 knockdown significantly promoted pan-
creatic cancer cell proliferation (Figure 1G).
Conversely, the ectopic expressed USP44
inhibited the growth of pancreatic cancer cells
(Figure 1H and 11). Moreover, we demonstrated
the knockdown of USP44 increased the inva-
sive activities of pancreatic cancer cells (Figure
1) and 1K). Therefore, our results suggest
USP44 inhibits cancer cell progression in PDAC.
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USP44 overcomes gemcitabine resistance by
suppressing glycolysis in pancreatic cancer
cells

Gemcitabine based chemotherapy is the first
choice for pancreatic cancer in the last decades
[8]. While, due to the acquisition of chemoresis-
tance, gemcitabine could not improve the out-
come of PDAC patients [5]. To determine wheth-
er USP44 regulated the sensitivity of gem-
citabine, the IC50 values of gemcitabine after
USP44 knocked down or overexpressed in pan-
creatic cancer cells (PANC-1 and BxPC-3, res-
pectively) was evaluated (Figure 2A and 2B).
We found that the IC50 values of gemcitabine
in the USP44-knockdown group were higher
than which in the control group (Figure 2A). In
contrast, the overexpression of USP44 de-
creased the IC50 values of gemcitabine (Figure
2B). The above data indicated USP44 was one
of the key mediators for modulating gemci-
tabine sensitivity, but the mechanism was
unclear. It has been well documented that pan-
creatic cancer cells present increased gluco-
se consumption and shift cellular metabolism
from oxidative phosphorylation to glycolysis,
which leads to gemcitabine resistance [19].
Intriguingly, we found down-regulation of USP44
enhanced the ability of pancreatic cancer cells
to utilize glucose and produce lactate (Figure
2C). Conversely, USP44 overexpression decrea-
sed glucose utilization and lactate production
in pancreatic cancer cells (Figure 2D). To fur-
ther explore the mechanism of USP44 regulat-
ing glucose metabolism, we examined many
key enzymes (such as FBP1, PKM2, and HK2)
in glycolysis or gluconeogenesis and revealed
that the knockdown of USP44 down-regulated
FBP1 but not PKM2 or HK2 in PANC-1 cells
(Figure 2E). Moreover, USP44 inhibition only
decreased the protein level FBP1 in PANC-1
cells (Figure 2E and 2F). On the contrary, over-
expressed USP44 up-regulated the protein
level of FBP1 in PANC-1 cells (Figure 2G and
2H). Previous studies have suggested that
FBP1 acts as a key enzyme in the process of
gluconeogenesis and undermined FBP1 results
in gemcitabine resistance. In our study, FBP1
was regulated by USP44, and our data also indi-
cated the knockdown of FBP1 attenuated the
decrease in the IC50 values of gemcitabine-
induced by USP44 overexpression (Figure 2I).
Thus, our findings indicate that FBP1 play a sig-
nificant role in the process of USP44-mediated
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Figure 1. USP44 inhibits pancreatic cancer progression. (A and B) Tissue microarray specimens were stained with
USP44, the IHC image (A) and the IHC score of USP44 (B) are shown. ***P < 0.001. (C and D) 11 paired pancreatic
adenocarcinoma tissues (T) and the adjacent non-tumor tissues (N) was subjected to Western blot analysis (C).
USP44 expression levels were quantified by using Image J software. P = 0.0035. (E) The overall survival rate of
PDAC patients was determined by the Human Protein Atlas. The P valued was shown. (F and G) BxPC-3 and PANC-
1 cells were infected with indicated constructs for 48 h. The cells underwent RT-gPCR analysis (F) and MTS assay
(G). Data are presented as the mean values + SD (n = 3). ***P < 0.001. (H and |) BxPC-3 and PANC-1 cells were
transfected with indicated plasmids for 48 h. The cells were sent for RT-qPCR analysis (H) and MTS assay (l). Data
are presented as the mean values + SD from 3 replicates. ***P < 0.001. (J and K) BxPC-3 and PANC-1 cells were
infected with indicated shRNA. 48 h post-infection, the cells were collected for the transwell migration assay. The

image of transwell is shown in (J) and the relative qualification data are present in (K) Data are present as the mean
values + SD (n = 3). ***P < 0.001.
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Figure 2. USP44 overcomes gemcitabine resistance by suppressing the glycolysis in pancreatic cancer cells. (A)
Both PANC-1 and BxPC-3 cells were infected with indicated shRNAs. After 48 h, the cells were treated with a serial
concentration of gemcitabine for another 24 h. The cell growth rate was evaluated using the MTS assay. The IC50
values of gemcitabine in each group are also shown. (B) BxPC-3 and PANC-1 cells were transfected with indicated
plasmids for 24 h. The cells were treated with various concentration of gemcitabine for another 24 h. The cell prolif-
eration rate was evaluated by MTS assay. The IC50 values of gemcitabine in each group are also shown. (C and D)
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PANC-1 and BxPC-3 cells were infected with indicated shRNA. 48 h post-infection, the spent medium was sent for
analysis of glucose utilization (C) and lactate secretion (D). Data are present as the mean values + SD (n=3). ***pP
< 0.001. (E and F) PANC-1 cells were infected with indicated shRNAs. After 72 h, the cells were collected for Western
blot analysis (E) and RT-gPCR analysis (F). The data are shown as the mean values + SD (n = 3). n.s., not significant.
(G and H) PANC-1 cells were transfected with Flag-FBP1 and a serial dose of HA-USP44. After 24 h, the cells were
collected for Western blot analysis (G) and RT-qPCR analysis (H). The data are presented as the mean values + SD
(n =3). n.s., not significant. (I) PANC-1 cells were infected with indicated shRNAs. 48 h post-infection, the cells were
transfected with indicated plasmids for another 24 h. The cells growth rate was evaluated using the MTS assay for

calculating the IC50 values of gemcitabine in each group.

gemcitabine sensitivity and glucose metabo-
lism changes in PDAC.

USP44 stabilizes FBP1 in pancreatic cancer

USP44 up-regulated FBP1 protein expression
without affecting its mMRNA levels (Figure 2E-H).
Since USP44 is a well-known deubiquitinase to
stabilize its target protein [20], we want to veri-
fy whether FBP1 is the direct target of USP44.
Firstly, reciprocal co-IP assays between FBP1
and USP44 was performed and we found that
both ectopically expressed and endogenous
USP44 interacted with FBP1 in 293T and PANC-
1 cells respectively (Figure 3A and 3B). To fur-
ther confirm the interaction between FBP1 and
USP44, the FBP1 recombinant constructs were
synthesized as reported previously [14]. GST
pull-down assay was performed to determine
which region of FBP1 mediate its interaction
with USP44. We found that FBP1 E1 (aa 1-57)
bind with USP44 in vitro (Figure 3C). Inconsistent
with the results in PANC-1 cells (Figure 2E),
USP44 knockdown decreased FBP1 protein
expression in BxPC-3 cells (Figure 3D). Then,
overexpressed wild-type (WT) USP44 but not
the deubiquitinase-activity-deficient mutant CI
[21] increased the level FBP1 protein in pancre-
atic cancer cells (Figure 3F). We also found nei-
ther the overexpression nor knockdown of
USP44 had any overt effect on the mRNA level
of FBP1 (Figure 3E and 3G). In agreement with
these results, the USP44 knockdown short-
ened the half-life of FBP1 (Figure 3H) and
diminished the ubiquitination level of FBP1
(Figure 3l). Furthermore, we also observed that
USP44 wide type but not deubiquitinase-activi-
ty-deficient mutant Cl decreased the ubiquiti-
nation level of FBP1 in PANC-1 cells (Figure 3J).
Besides, the direct deubiquitination of FBP1 by
USP44 was determined in Figure 3K. Taken
together, we identified that USP44 as a deubig-
uitinase of FBP1 in pancreatic cancer cells.

We recently reported that TRIM28 is a bona
fide E3 ubiquitin ligase of FBP1 [15]. We were
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interested in determining whether USP44 influ-
ences the TRIM28-mediated proteasomal deg-
radation of FBP1. Our data showed that TRIM28
destabilized FBP1 by decreasing the protein
expression and increasing the polyubiquitina-
tion of FBP1, but this effect was abolished by
the overexpression of USP44 (Figure 3L and
3M). Therefore, our findings demonstrate that
USP44 stabilizes FBP1 and that the TRIM28-
mediated ubiquitination of FBP1 can be dimin-
ished by USP44.

FBP1 protein levels rather than mRNA levels
are positively correlated with USP44 in PDAC
specimens

To determine whether FBP1 protein expression
is correlated with USP44 protein levels in PDAC
specimens, the TMA of PDAC patients (n = 39)
was employed to test these two proteins’
expression through IHC assay. The IHC score
was calculated through multiplying the stain-
ing intensity and the percentage of positively
stained cells [14]. The IHC images of FBP1 and
USP44 are shown in Figure 4A. USP44 level
was correlated with the FBP1 expression posi-
tively in the PDAC specimens (Figure 4B). Next,
the correlation between the mRNA levels of
FBP1 and USP44 was determined based on the
GEPIA web tool. This result showed there was
no correlation between FBP1 mRNA and USP44
MRNA in pancreatic cancer patient specimens
(Figure 4C), which was consistent with our find-
ings in both BxPC-3 and PANC-1 cells. Together,
our findings suggest that FBP1 protein levels
rather than FBP1 mRNA levels are positively
correlated with USP44 in PDAC patient spe-
cimens.

USP44 impedes pancreatic cancer cell growth
through the FBP1-MAPK pathway

Previous studies have shown that FBP1 loss
up-regulates the phosphorylation of ERK, and
the restoration of FBP1 inhibits tumor cell pro-
liferation in pancreatic cancer cells [12]. Since

Am J Cancer Res 2019;9(8):1722-1733



USP44 stabilizes FBP1

A c
Myc-USP44 + + +  MycUSP44 + + +
Flag-FBP1 + + +  FlagFBP1 + + +

5% of Input

>
w
FBP = GST-FBP1
MycUsP4s IS FlagFeP 1T B‘;a e T oS 285
Flag-FEP1 Sl Mycusps S INRGSHERINCsTaR
) o = Q
isg %2
- P T
B P —'PE
R E
£5¢ E%3

(Coomassie blue staining)

D  shControl + F Flag-FBP1+ + + + + + H |
shUSP44#1 + MyO—USPMWT p— | shControl +
shUSP44#2 + Myc-USP44 CI | CHX shControl shUSP44 ShUSP44#1 .
Bl TimehY 0 1 2 4 8 0 1 2 4 8
rer1 S g - - shUSP44#2 -
1 0.05 0.01 101522 081010 FEP | SRGSERwS —=| (o= HA-UB + + +
UsP44 RN Myc_ USP44 e I MG132 + + +
GAPDH | GAPDH = e e o on o o e
BxPC-3 GAPDH [
IP:FBP1
G FBP1 IB:HA
= _ ——shControl
- [}
51 ) FBP1 % FBP1 21 -=-shUSP44
=1, n.s. o
< L] n.s. ‘30,
- | ey B ror SN
E038 g, - g0& usP44 [ | 2
) X £
208 s 204 caroH [N
302 £ 02
shgom?ol + ¢ 0 0= 2 4 8
shUSP44#1 + FlagFBP1 + + + + + Timé(h)
shUSP44#2 + Myc-USP44 WT et
Myc-USP44 Cl —
/ « : L e v W
Flag-FBP1 + ye-
woldlivd + £ 7T HAUB +  + Flag-FBP1 + + + + HATRIM28 ~ +  +
Myc-USP44 + 3
MycUSPasCl y Flag RIS Myc-USP44 P
MG132 + + + + HA = Flag-FBP1 + + + +
Myc-UB + + + +
IP-Flag IP:Flag Myc [ MG132 + + + +
IB:HA 1B:HA GAPDH IP: Flag N
[ o - 5 1B:Myc -
>
! ~. 2y
iRl Flag SN § 5 Flag-FeP1 N
Fiao NN My B pu e’ raze [ 2
Flag g1 Myc-USP44 [ |~
_ S o
3 o GAPDH
HA [ = HA-TRIM28 + + —
GAPDH - MycUsPas Dol

Flag-FBP1 + + + +

Figure 3. USP44 stabilizes FBP1 in pancreatic cancer. (A) 293T cells were transfected with Flag-FBP1 and Myc-
USP44 for 24 h. Whole-cell lysate (WCL) were collected for Western blot analysis of reciprocal co-immunoprecipi-
tation (co-IP). (B) The WCL of PANC-1 were used for Western blot analysis of reciprocal co-immunoprecipitation of
endogenous FBP1 and USP44 proteins. (C) Schematic diagram depicting a set of GST-FBP1 recombinant protein
constructs. Western blot analysis of USP44 proteins in PANC-1 pulled down by GST or GST-FBP1 recombinant pro-
teins. (D and E) BxPC-3 cells were infected with indicated shRNAs for 72 h. The cells were collected for Western blot
analysis (C) and RT-qPCR analysis (D). The data are presented as the mean values £ SD (n = 3). n.s., not significant.
(F and G) PANC-1 cells were transfected with indicated plasmids for 48 h. The cells were collected for Western blot
analysis (E) and RT-gPCR analysis (F). The data are presented as the mean values + SD (n = 3). n.s., not significant.
(H) PANC-1 cells were infected with indicated shRNAs for 72 h. 50 ug/ul of cycloheximide (CHX) was added to the
culture-medium of PANC-1 cells. The WCL of cells were collected for Western blot analysis at different time points as
indicated. The protein expression level of FBP1 was normalized to the protein level of GAPDH and then to the value
at the 0 h time point. (I) PANC-1 cells transfected with the indicated plasmids for 24 h. The cells were treated with
20 uM of MG132 for 8 h before harvest for Western blotting analysis. (J) PANC-1 cells transfected with the indicated
plasmids for 24 h. The cells were treated with 20 uM of MG132 for 8 h before harvest for Western blotting analysis.
(K) Purified FBP1, and USP44 were incubated for 2 h and the reaction was harvested for Western blotting analysis.
(L) Western blot analysis of WCL after PANC-1 cells were transfected with indicated constructs for 24 h. (M) PANC-1
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cells transfected with the indicated constructs for 48 h. The cells were treated with 20 yM of MG132 for 8 h before

harvest for Western blotting analysis.
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Figure 4. FBP1 protein levels rather than FBP1 mRNA levels are positively correlated with USP44 in PDAC speci-
mens. A. The TMA sections (n = 39 for PDAC) were stained with FBP1 or USP44 respectively. B. Correlation analysis
of the IHC scores of FBP1 and USP44 in TMA sections. Pearson’s product-moment correlation co-efficiency and the
p-values are also shown. C. Correlation between the mRNA expression levels of USP44 and FBP1 in human pancre-

atic cancer samples was determined by The GEPIA web tool.

USP44 promoted FBP1 deubiquitination and
stabilized FBP1 protein expression, we wanted
to determine whether USP44 regulates tumor
growth via the FBP1-MAPK pathway. FBP1,
USP44 or both were overexpressed in PANC-1
cells with the indicated transfection plasmids.
We found that the co-over expression of USP44
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and FBP1 decreased the phosphorylation of
ERK to a greater extent than the overexpres-
sion of USP44 or FBP1 alone in PANC-1 cells
(Figure 5A). The MTS assay also demonstrated
the co-overexpression of USP44 and FBP1 had
the lowest cell proliferation rate (Figure 5B). In
contrast, the knockdown of FBP1 and USP44
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Figure 5. USP44 impedes pancreatic cancer cells growth through FBP1-MAPK pathway.( A and B) PANC-1 cells were
transfected with indicated constructs for 48 h. The cells were collected for Western blot analysis (A) and MTS assay
(B). Data are presented as the mean values + SD (n = 3). **P < 0.01; ***P < 0.001. (C and D) PANC-1 cells were
infected with indicated shRNAs for 72 h. The cells were collected for Western blot analysis (C) and MTS assay (D).
Data are presented as the mean values + SD (n = 3). **P < 0.01; ***P < 0.001. (E-G) PANC-1 cells were infected
with indicated shRNAs for 72 h. The cells were harvested and injected subcutaneously into the nude mice. After 21
days, the tumors were collected, photographed and measured. Data are presented as the mean values + SD (n =

4). n.s., not significant; *P < 0.05; ***P < 0.001.

alone increased the phosphorylation of ERK in
PANC-1 cells (Figure 5C). Importantly, the in-
creased phosphorylation of ERK caused by the
co-knockdown of FBP1 and USP44 was less
than that of the sum of the knockdown of either
FBP1 or USP44 alone (Figure 5D). Furthermore,
the MTS assay and animal studies showed that
the co-knockdown of FBP1 and USP44 induced
less tumor cell growth than that of the sum of
the knockdown of either FBP1 or USP44 alone
in vivo and in vitro (Figure 5D-G). These data
suggest that USP44 impedes tumor cell growth
through the FBP1-MAPK pathway in pancreatic
cancer.

Discussion

The specific role of USP44 in cancer is still con-
troversial. It has been documented that USP44
inhibits tumor progression through regulating
centrosome positioning and suppresses can-
cer cell progression in human lung cancer [22].
USP44 was also acted as a key regulator of
APC/C by repressing Cdc20-APC/C activity [23].
Moreover, the USP44 down-regulation by its
CpG island promoter methylation was found as
an early event in colorectal neoplasia [24]. In
contrast, some researchers have demonstrat-
ed that USP44 stabilizes histone H2Bto enhan-
ce the function of N-CoR, which is required for
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breast cancer cells invasion [20]. Moreover, up-
regulated USP44 is found in cancer stem cell
(CSC) subpopulations and contributes to agg-
ressive behaviors in breast cancer [25]. Fur-
thermore, USP44 promotes cancer cell pro-
gression by stabilizing securin in glioma [26].
The specific role of USP44 in PDAC is still eluci-
dated. Here, our findings suggest USP44 is
down-regulated in pancreatic cancer, and the
depletion of USP44 contributes to a poor prog-
nosis of PDAC patients. Our results further
demonstrate USP44 impedes cancer cell prolif-
eration and glycolysis through stabilizing FBP1
in pancreatic cancer.

Gemcitabine based chemotherapy could im-
prove the survival time of patients with resect-
ed PDAC [8]. While resistance to gemcitabine is
a major issue of pancreatic cancer chemother-
apy [5]. The mechanism of gemcitabine resis-
tance is complicated [27]. Kras mutation is
found in 90% of pancreatic cancer patients
[28]. Kras mutation activates the MAPK path-
way, which is one of the key reasons for gem-
citabine resistance in pancreatic cancer [29].
We have previously reported that FBP1 could
bind with IQGAP1 and block the activation of
the MAPK pathway by down-regulation of the
phosphorylation level of ERK in pancreatic can-
cer cells [12]. In our study, we demonstrated
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USP44 modulated glycolysis and was closely
related to gemcitabine resistance. We screen
some of the key enzymes in regulating the glu-
cose metabolism and occasionally found that
FBP1 was decreased after knockdown of
USP44 in PANC-1 cells. Then, we have proved
that FBP1 is a bona fide substrate of USP44.

Collectively, we systematically investigate the
role of USP44 in PDAC. Our results showed
USP44 is decreased in PDAC specimens and is
associated with poor prognosis of pancreatic
cancer patients. USP44 impedes tumor cell
progression and modulates the sensitivity of
gemcitabine in PDAC. Especially, we showed
USP44 acts as a negative regulator in glycolysis
by stabilizing FBP1. The recognition of USP44
as the deubiquitinase of FBP1 made USP44 as
a new candidate for pancreatic cancer
therapy.
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