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USP49 negatively regulates tumorigenesis and
chemoresistance through FKBP51-AKT signaling
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Abstract

The AKT pathway is a fundamental signaling pathway that medi-
ates multiple cellular processes, such as cell proliferation and
survival, angiogenesis, and glucose metabolism. We recently
reported that the immunophilin FKBP51 is a scaffolding protein
that can enhance PHLPP-AKT interaction and facilitate PHLPP-
mediated dephosphorylation of AKT at Ser473, negatively regulat-
ing AKT activation. However, the regulation of FKBP51-PHLPP-AKT
pathway remains unclear. Here we report that a deubiquitinase,
USP49, is a new regulator of the AKT pathway. Mechanistically,
USP49 deubiquitinates and stabilizes FKBP51, which in turn
enhances PHLPP’s capability to dephosphorylate AKT. Furthermore,
USP49 inhibited pancreatic cancer cell proliferation and enhanced
cellular response to gemcitabine in a FKBP51-AKT-dependent
manner. Clinically, decreased expression of USP49 in patients with
pancreatic cancer was associated with decreased FKBP51 expres-
sion and increased AKT phosphorylation. Overall, our findings
establish USP49 as a novel regulator of AKT pathway with a critical
role in tumorigenesis and chemo-response in pancreatic cancer.
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Introduction

The serine/threonine kinase AKT, also known as protein kinase B

(PKB), is a central node in cell signaling downstream of growth

factors, cytokines, and other cellular stimuli. AKT functions as a

central module to regulate multiple cellular functions, including cell

proliferation and survival, angiogenesis, and glucose metabolism

(Bellacosa et al, 2005; Engelman et al, 2006; Manning & Cantley,

2007). AKT hyper-activation is associated with diverse pathophysio-

logical states including tumorigenesis and chemoresistance

(Vivanco & Sawyers, 2002; Luo et al, 2003). As a serine/threonine

kinase, AKT controls these cellular functions by phosphorylating

multiple substrates. For instance, AKT phosphorylates BAD on

Ser136, which in turn creates a binding site for 14-3-3 proteins,

releasing BAD from its target proteins and promoting cell survival

(Datta et al, 1997, 2000; del Peso et al, 1997). AKT regulates cell

growth and cell proliferation by phosphorylating TSC2 and PRAS40

(Manning et al, 2002; Kovacina et al, 2003). In addition, AKT phos-

phorylates and activates endothelial nitric oxide synthase (eNOS),

which in turn stimulates vasodilation, vascular remodeling, and

angiogenesis (Dimmeler et al, 1999; Fulton et al, 1999; Morbidelli

et al, 2003). Furthermore, AKT regulates glycogen synthesis by

phosphorylation and inhibition of GSK3 (Cross et al, 1995).

The phosphatidylinositol 3-kinase (PI3K) is a critical upstream

kinase of AKT signaling (Brazil & Hemmings, 2001). One of the

main functions of PI3K is to synthesize the second messenger PtdIns

(3,4,5)P3 (PIP3) from PtdIns(4,5)P2 (PIP2). PIP3 will further bind

the pleckstrin homology (PH) domain of AKT and recruit AKT to

the plasma membrane, where AKT is phosphorylated at Thr308 and

Ser473 and activated (Alessi et al, 1997; Stephens et al, 1998;

Sarbassov et al, 2005). Ubiquitination of AKT by the TRAF6 and

Skp2-SCF E3 ligases is also important for its recruitment to the

plasma membrane (Yang et al, 2009; Chan et al, 2012). Full AKT

activity requires phosphorylation of both Thr308 and Ser473.

Thr308 is phosphorylated by the 3-phosphoinositide-dependent

protein kinase PDK1 (Alessi et al, 1997), whereas Ser473 is phos-

phorylated by mammalian target of rapamycin (mTOR) complex 2

(mTORC2) (Sarbassov et al, 2005). A recent study showed AKT

S477/T479 phosphorylation by CDK2 to be a critical layer of the

AKT activation mechanism to regulate its physiological functions

(Liu et al, 2014). On the other hand, AKT Thr308 and Ser473 phos-

phorylation can be dephosphorylated by protein phosphatase 2A

(PP2A; Kuo et al, 2008; Padmanabhan et al, 2009; Rodgers et al,
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2011) and PH domain leucine-rich repeat protein phosphatase

(PHLPP; Gao et al, 2005; Brognard et al, 2007), respectively.

PHLPP-AKT signaling is regulated in multiple layers, including tran-

scription, posttranslational modification, and protein–protein inter-

action. For example, PHLPP was reported to be targeted by miR-206

or miR-190, which in turn activates AKT signaling (Beezhold et al,

2011; Cai et al, 2013); PHLPP-AKT axis is regulated by ubiquitina-

tion–deubiquitination modification (Li et al, 2009, 2013; Zhiqiang

et al, 2012; Gangula & Maddika, 2013). Previously, our laboratory

showed that a scaffolding protein FKBP51 enhances dephosphoryla-

tion of AKT on Ser473 by connecting AKT to PHLPP (Pei et al,

2009). Previous studies also suggested the transcript of FKBP51 is

regulated by androgen receptor (AR; Jaaskelainen et al, 2011;

Magee et al, 2006) and FKBP51 balances the AR signaling and PI3K-

AKT pathway in prostate cancers (Carver et al, 2011; Mulholland

et al, 2011). However, the regulation of this FKBP51-PHLPP-AKT

signaling axis remains largely unknown.

Ubiquitin-specific peptidase 49 (USP49) is a deubiquitinase

containing ubiquitin-specific protease domain and UBP-type zinc

finger domain. Except for a report suggesting USP49 regulates

cotranscriptional pre-mRNA splicing through deubiquitinating H2B

(Zhang et al, 2013), the cellular function of USP49 remains largely

unknown. Here, we report that USP49 regulates cancer cell prolifer-

ation and cancer cell response to therapeutic drugs through the AKT

pathway. Mechanistically, USP49 deubiquitinated and stabilized

FKBP51, which in turn enhanced dephosphorylation of AKT at

Ser473. In addition, depletion of USP49 increased pancreatic cancer

proliferation and chemoresistance in an AKT-dependent manner.

Furthermore, USP49 is downregulated in pancreatic cancers, which

is correlated with the low expression of FKBP51 and increased phos-

phorylation of AKT at Ser473 suggesting USP49 may function as a

potential prognostic marker in pancreatic cancer.

Results

USP49 is a FKBP51 binding protein

AKT is a serine/threonine-specific protein kinase that plays a key

role in multiple cellular processes such as glucose metabolism,

apoptosis, cell proliferation, transcription, and cell migration

(Bellacosa et al, 2005; Engelman et al, 2006; Manning & Cantley,

2007). Previous study in our laboratory suggested FKBP51 (FK506-

binding protein 51) acts as a scaffolding protein for AKT and PHLPP

and promotes dephosphorylation of AKT, which in turn inhibits

tumor cell proliferation (Pei et al, 2009). In addition, FKBP51 levels

determine cellular sensitivity to chemotherapeutic drugs. However,

how FKBP51 is regulated remains unclear. To further study the

regulation of FKBP51-PHLPP-AKT axis in pancreatic cancer develop-

ment, we used cells stably expressing FLAG-FKBP51 to perform

tandem affinity purification and mass spectrometry analysis. In

addition to known FKBP51 interacting proteins such as AKT1 and

HSP90 (Nair et al, 1997; Pei et al, 2009), we identified a deubiquiti-

nation enzyme, USP49, as a major FKBP51-associated protein

(Fig 1A). We confirmed the USP49-FKBP51 interaction by coim-

munoprecipitation. As shown in Fig 1B, USP49 coimmunoprecipi-

tated with FKBP51. Reciprocal immunoprecipitation with FKBP51

antibodies also brought down USP49 (Fig 1C) suggesting an

interaction between USP49 and FKBP51 in cells. We also confirmed

that FKBP51 interacts with PHLPP1, PHLPP2, AKT1, and AKT2 in

SU86 cells by co-IP assay (Fig EV1A). To determine whether the

USP49-FKBP51 interaction is direct, we generated and purified

recombinant USP49 and FKBP51. Purified His-USP49 was able to

interact with GST-FKBP51 under cell-free conditions, suggesting a

direct interaction between USP49 and FKBP51 (Fig 1D).

USP49 deubiquitinates and stabilizes FKBP51

Since USP49 is a deubiquitination enzyme, we hypothesized that

USP49 could regulate the protein level of FKBP51. As shown in

Fig 2A, when we depleted USP49 using two different USP49-specific

short hairpin RNAs (shRNA), we found that downregulation of

USP49 decreased FKBP51 protein level with no effect on FKBP51

mRNA level (Figs 2A and EV1B). In addition, the decrease in

FKBP51 level could be reversed by the addition of proteasome inhi-

bitor MG132, suggesting that USP49 regulates FKBP51 levels in a

proteasome-dependent manner. Furthermore, reconstitution of wild-

type USP49 but not the catalytically inactive mutant (USP49CA) in

USP49-depleted cells restored FKBP51 protein levels (Figs 2B and

EV1C). These results confirmed the specificity of our USP49 shRNAs

and suggested USP49 deubiquitination activity is essential for regu-

lation of FKBP51. However, depletion of USP49 did not affect

PHLPPs or AKT protein levels (Fig EV1D). To further establish that

USP49 regulates FKBP51 stability, we treated cells with cyclo

heximide (CHX) and determined the half-life of FKBP51. As shown

in Fig 2C, FKBP51 stability was dramatically decreased in USP49-

depleted cells. These results demonstrate that USP49 stabilizes

FKBP51 in cells. We next examined whether USP49 regulates the

level of FKBP51 ubiquitination in cells. As shown in Fig 2D, overex-

pressing wild-type USP49 resulted in a significant decrease in poly-

ubiquitination of FKBP51, while overexpressing USP49CA mutant

failed to alter FKBP51 ubiquitination. Conversely, knocking-down

USP49 increased polyubiquitination of FKBP51 (Fig 2E). These

results suggest that USP49 deubiquitinates FKBP51 in cells. To

determine whether USP49 directly deubiquitinates FKBP51, we

performed an in vitro deubiquitination assay. We purified wild-type

USP49 and USP49CA mutant from bacteria, and ubiquitinated

FKBP51 from cells expressing FLAG-FKBP51 and His-Ub under

denaturing conditions. We then incubated USP49 and ubiquitinated

FKBP51 in a cell-free system. We found WT USP49 but not the

USP49CA mutant dramatically deubiquitinated FKBP51 in vitro

(Fig 2F). Taken together, these results suggest that USP49 deubiqui-

tinates FKBP51 both in vitro and in vivo.

USP49 regulates cell proliferation and tumor growth through the
AKT pathway

We have shown that USP49 regulates FKBP51 stability in cells. Our

previous study clarified FKBP51 as a scaffolding protein for AKT

and PHLPP and that it promotes dephosphorylation of AKT, which

in turn inhibits tumor cell proliferation. We next examined whether

USP49 regulates AKT signaling in a FKBP51-dependent manner. As

shown in Fig 3A, depletion of USP49 significantly increased the

phosphorylation of AKT on serine 473 (S473), which is regulated

by the FKBP51-PHLPP axis. However, the phosphorylation of AKT

on Threonine 308 (T308) did not change in USP49-depleted cells
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(Fig 3A). Moreover, both AKT1 and AKT2 S473 phosphorylation

were dramatically increased in USP49-depleted cells (Fig EV2A and

B). We also examined the phosphorylation of downstream

substrates of AKT, such as GSK-3b and FOXO1 (Cross et al, 1995;

Nakae et al, 1999). We found depletion of USP49 also enhanced

the phosphorylation of GSK-3b (pSer9 on GSK-3b) and FOXO1

(pSer256 on FoxO1) (Fig 3A). In addition, depletion of USP49 did

not further increase the phosphorylation of AKT, GSK-3b, and

FOXO1 in FKBP51 knockdown cells (Fig 3A). On the other hand,

overexpression of FKBP51 in USP49 knockdown cells completely

reversed the effect of USP49 shRNA of upregulating the phosphory-

lation of AKT (Fig 3B). Taken together, these results suggest

that USP49 regulates AKT signaling in a FKBP51-dependent

manner. Since AKT signaling is critical for pancreatic cancer cell

proliferation, we next asked whether USP49 functions as a tumor-

suppressing protein by regulating FKBP51-AKT pathway. Downreg-

ulation of USP49 by two different shRNAs both markedly increased

pancreatic cancer cell proliferation, while USP49 knockdown had

no apparent effect on proliferation of cells depleted of FKBP51

(Fig 3C). We also observed similar phenomenon in two other

pancreatic cancer cell lines, CFPAC-1 and Capan-2 (Fig EV2C–F). In

addition, a similar effect was observed when cancer cells were

cultured in soft agar (Fig 3D). Notably, restoring FKBP51 expres-

sion fully reversed the tumor-promoting effect of USP49 shRNAs

(Fig 3E). We conclude from these data that USP49 inhibits pancre-

atic cancer cell growth by stabilizing FKBP51. To further confirm

whether the tumor-suppressing function of USP49 is dependent on

FKBP51-AKT axis, we examined cancer cell proliferation following

treatment with the AKT inhibitor MK-2206. As shown in Fig 3F,

treatment with MK-2206 totally abolished AKT phosphorylation

suggesting it is efficient in blocking AKT signaling. Notably, deple-

tion of USP49 dramatically increased pancreatic cancer cell prolifer-

ation in vehicle-treated cells but not MK-2206-treated cells

(Fig 3G), suggesting that USP49 has no additional effect on cell

proliferation when AKT is blocked. Furthermore, we depleted

USP49 and PHLPP1/2, both individually and in combination, in

SU86 cells. As shown in Fig EV2G, knockdown of USP49 dramati-

cally increased the phosphorylation of AKT on serine 473 in control

cells. However, in PHLPP1/2 knockdown cells, further depletion of

USP49 did not affect the phosphorylation of AKT. Furthermore,

depletion of USP49 markedly increased pancreatic cancer cell

proliferation, while USP49 knockdown had no further effect on

proliferation of cells depleted of PHLPPs (Fig EV2H). Taken

together, these results suggest that USP49 regulates AKT by regulat-

ing FKBP51-PHLPP-AKT axis.

To investigate the biological function of USP49 in pancreatic

cancer cells in vivo, we subcutaneously implanted USP49-depleted

SU86 cells into nude mice and monitored tumor growth for 4 weeks.

Mice bearing USP49 shRNA-expressing SU86 cells showed increased

tumor growth throughout the experiment compared to mice

implanted with control shRNA-infected cells (Fig 3H). Twenty-five

days after tumor cell implantation, we observed a fivefold increase in

tumor volume (Fig 3I) and a fourfold increase in weight of tumors

formed by USP49-depleted SU86 cells (Fig 3J). Notably, restoring

FKBP51 expression reversed the tumor-promoting effect of USP49

knockdown (Fig 3H–J). We examined the expression of USP49,

FKBP51, and phospho-Akt levels in tumors obtained from the in vivo

tumorigenesis experiments. As shown in Fig EV2I, FKBP51 level was
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Figure 1. USP49 is a FKBP51 binding protein.

A List of FKBP51-associated proteins identified by mass spectrometric analysis. SU86 cells stably expressing FLAG-SBP-FKBP51 were generated and FKBP51 complexes
were subjected to mass spectrometric analysis.

B, C SU86 cell lysates were subjected to immunoprecipitation with control IgG, (B) anti-USP49, or (C) anti-FKBP51 antibody. The immunoprecipitates were then blotted
with the indicated antibodies.

D Purified recombinant GST, GST-FKBP51, and His-USP49 were incubated in cell-free conditions. The interaction between FKBP51 and USP49 was then examined.
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Figure 2. USP49 deubiquitinates and stabilizes FKBP51.

A SU86 cells stably expressing control or USP49 shRNAs were treated with vehicle or MG132. Half of the cells are lysed, and Western blot was performed with the indicated
antibodies. Lower panel: The mRNAs were extracted from the rest of the cells and subjected to qRT–PCR. Error bars represent the SEM of three independent experiments.

B SU86 cells stably expressing control (Ctrl) or USP49 shRNAs were transfected with the indicated constructs. After 48 h, half of the cells were lysed and Western blot
was performed with the indicated antibodies. Lower panel: The mRNAs were extracted from the rest of the cells and subjected to qRT–PCR. Error bars represent the
SEM of three independent experiments.

C SU86 cells stably expressing control (Ctrl) or USP49 shRNAs were treated with CHX (0.1 mg/ml) and harvested at the indicated times. Cells were lysed and cell lysates
were then blotted with the indicated antibodies. Lower panel: quantification of the FKBP51 protein levels relative to b-actin. Error bars represent the SEM of three
independent experiments.

D Cells transfected with the indicated constructs were treated with or without MG132 for 4 h before harvest. FKBP51 was immunoprecipitated and immunoblotted
with the indicated antibodies.

E Cells stably expressing control (Ctrl) or USP49 shRNAs were treated with MG132 for 4 h before harvest. FKBP51 was immunoprecipitated and immunoblotted with
the indicated antibodies.

F Deubiquitination of FKBP51 in vitro by USP49. Ubiquitinated FKBP51 was incubated with purified USP49 or USP49CA in vitro and then blotted with the indicated
antibodies.
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dramatically decreased and p-AKT was increased in USP49-depleted

samples. In addition, overexpression of FLAG-FKBP51 rescued the

effect of USP49 depletion on AKT phosphorylation. Furthermore, we

stably overexpressed the phospho-mimetic AKT (AKTS473D) in

SU86 cells and found that knockdown of either USP49 or FKBP51

dramatically increased cell proliferation and tumorigenesis in control

cells but not in cells stably overexpressing the phospho-mimetic AKT

(Fig EV3A–C). These results confirm that USP49 regulates cell

proliferation and tumorigenesis in an AKT-dependent manner. Taken

together, these results suggest that loss of USP49 promotes tumori-

genesis through downregulation of FKBP51.

USP49 expression correlates with FKBP51 and pAKT-S473 levels
in clinical pancreatic cancer samples

We and others have reported that AKT is hyper-phosphorylated and

activated in pancreatic cancer (Pei et al, 2009; Liu et al, 2010,

2016). We also reported that FKBP51 is downregulated in pancreatic

cancer (Pei et al, 2009). To determine the relevance of regulation of

FKBP51-AKT signaling by USP49 in patients, we performed

immunohistochemical staining of p-AKT, FKBP51, and USP49 on

the pancreatic cancer tissue microarrays. As shown in Figs 4A–C

and EV4A and B, downregulation of USP49 was detected in 74%

(188 of 254) of pancreatic cancer samples, while 72% (125 of 174)

of adjusted normal pancreatic tissues showed positive staining for

USP49, suggesting loss of USP49 expression in human pancreatic

tumors. We also observed downregulation of FKBP51 and upregula-

tion of AKT S473 phosphorylation in pancreatic cancer (Fig 4A–C).

Moreover, a significantly positive correlation between FKBP51 and

USP49 protein levels (P < 0.0001 R = 0.455) was observed in these

pancreatic carcinomas (Fig 4D). In addition, as shown in Fig 4E, we

tested the correlation between USP49 and AKT phosphorylation

(p-Ser473) in the same pancreatic cancer samples and observed a

strong negative correlation between USP49 and AKT phosphoryla-

tion (P < 0.0001 R = �0.315) because 76% (143 of 188) of USP49-

low samples had high AKT phosphorylation level. These results

indicate that USP49 is downregulated in pancreatic cancers, which

is positively correlated with FKBP51 expression and negatively

correlated with AKT phosphorylation on Ser473. Furthermore, we

examined the relationship between the expression of USP49,

FKBP51, and pAKT473 and clinical outcome. As shown in Fig 4F–H,

the pancreatic cancer patients with low USP49 and low FKBP51

expression had significantly decreased overall survival (OS).

However, high pAKT473 expression in patients with pancreatic

cancer was associated with decreased OS. Taken together, our

results suggest that USP49 expression may function as an indepen-

dent prognostic predictor for pancreatic ductal adenocarcinoma

(PDAC) patients.

USP49 regulates response of pancreatic cancer cells to
chemotherapy through AKT pathway

Because the FKBP51-PHLPP-AKT pathway also plays an important

role in chemosensitivity, we next examined whether USP49 plays a

role in pancreatic cancer response to chemotherapy. USP49 protein

level was detected in multiple pancreatic cancer cell lines. As shown

in Fig 5A, USP49 expression is significantly decreased in a high

percentage of the pancreatic cancer cell lines; MiaPaCa2 and BxPC3

showed very low expression of USP49. SU86 and Capan-2 showed

50% decrease in USP49 expression compared to normal pancreatic

cell line (HPDE6). To test the role of USP49 in pancreatic cancer cell

response to chemotherapy, we overexpressed USP49 in BxPC3 and

MiaPaCa2 cells (Figs 5B and EV5A), which express USP49 at very

low levels. The cells were subsequently treated with gemcitabine.

As shown in Figs 5C and EV5B, overexpression of USP49 dramati-

cally sensitized cells to gemcitabine. Next, multiple classes of

chemotherapeutic drugs, including cisplatin and etoposide, were

used to treat these cells. BXPC3 cells with overexpression of USP49

were significantly more sensitive to these drugs (Fig 5D and E).

Conversely, we depleted USP49 with shRNA in SU86 and Capan-2

cells and treated them with gemcitabine (Figs 5F and EV5C). Down-

regulation of USP49 resulted in increased resistance to gemcitabine

(Figs 5G and EV5D), cisplatin, and etoposide (Fig 5H and I).

However, overexpression or downregulation of USP49 did not

further change response to gemcitabine in cells treated with AKT

inhibitor MK-2206 (Fig 5K and L). These results establish an impor-

tant role of USP49 in regulating chemo-response through AKT

signaling in pancreatic cancers.

Overall, our results suggest that USP49 negatively regulates AKT

activation by stabilizing FKBP51 scaffolding protein and that hyper-

activation of AKT caused by the loss of USP49 might contribute to

tumor proliferation and cancer cell resistance to chemotherapy.

Discussion

Pancreatic ductal adenocarcinoma is one of the most lethal cancers,

with a 5-year survival rate of 5% at diagnosis (Baer et al, 2015).

Figure 3. USP49 regulates cell proliferation and tumor growth through the AKT pathway.

A SU86 cells stably expressing the indicated shRNAs were lysed and cell lysates were then blotted with the indicated antibodies.
B SU86 cells stably expressing USP49 shRNAs were transfected with the indicated constructs. After 48 h, cells were lysed and cell lysates were blotted with the

indicated antibodies.
C, D (C) Cell proliferation and (D) anchorage-independent growth in soft agar of the cells from (A) was assessed.
E Cell proliferation of the cells from (B) was assessed.
F SU86 cells stably expressing USP49 shRNAs were treated with MK-2206 (1 lM) for 4 h, cells were lysed and cell lysates were then blotted with the indicated

antibodies.
G Growth curves of USP49 shRNA-transduced SU86 cells cultured in the presence or absence of the AKT inhibitor MK-2206 (1 lM) were measured by MTS assay.
H–J SU86 cells stably expressing USP49 shRNAs were stably infected with retrovirus encoding FKBP51. 2 × 106 cells were subcutaneously injected into nude mice.

Tumor volumes (I) were measured at indicated days. Mice were sacrificed after 4 weeks. Tumor images were acquired as shown in (H) and tumor weights were
measured as shown in (J). n = 5; data points in (I) represent mean tumor volume � SD. Data points in (J) represent mean tumor weight � SD.

Data information: Data in (C–E and G) represent mean � SEM of three independent experiments. Statistical analyses were performed with the ANOVA. **P < 0.01.
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Figure 4. USP49 expression is correlated with FKBP51 and pAKT-S473 in clinical pancreatic cancer samples..

A Representative images of immunohistochemical staining of USP49 and FKBP51 in normal and pancreatic carcinoma.
B Quantification of USP49, FKBP51, and p-AKT(S473) protein levels in normal and pancreatic carcinoma. Statistical analyses were performed with the v2 test.
C Representative images of immunohistochemical staining of USP49 and p-AKT(S473) in normal and pancreatic carcinoma.
D Correlation study of USP49 and FKBP51 in pancreatic carcinoma. Statistical analyses were performed with the v2 test. R, Pearson correlation coefficient.
E Correlation study of USP49 and pAKT-Ser473 in pancreatic carcinoma. Statistical analyses were performed with the v2 test. R, Pearson correlation coefficient.
F–H Survival analysis of PDAC patients by Kaplan–Meier plots and log-rank tests. Patients were categorized into high and low expression of USP49, FKBP51, and pAKT-

Ser473 based on IHC staining scores. Censored groups entail non-cancer deaths or those lost to follow-up at last recorded follow-up.
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Eighty percentage of patients develop local metastatic tumor at diag-

nosis. In these advanced stage patients, limited response to current

therapies results in an extremely poor prognosis (Stathis & Moore,

2010). A better understanding of the molecular events involved in

pancreatic cancer will help improve diagnosis and predictability of

patient response to existing therapies. This will allow us to design

new targeted therapeutic strategies with reduced adverse effects,

allowing improved treatment response for this lethal pathology.

The AKT pathway is a fundamental signaling pathway that medi-

ates multiple processes, such as cell proliferation, survival, and

motility (Bellacosa et al, 2005; Engelman et al, 2006; Manning &

Cantley, 2007). Increased activation of AKT pathway has been

implicated in triggering tumorigenesis and conferring resistance to

chemotherapy (Vivanco & Sawyers, 2002; Luo et al, 2003). AKT

signaling pathway is highly relevant to pancreatic tumors (Baer

et al, 2015; Sharma et al, 2015). More than 50% of pancreatic

adenocarcinomas demonstrate activation of AKT. Recent reports

also suggested that AKT is phosphorylated and thus activated under

basal conditions in a variety of pancreatic cancer cell lines, possibly

contributing to the anti-apoptotic resistance (Parsons et al, 2010).

Furthermore, significant positive correlation between activation

of AKT and poor survival was reported in pancreatic cancer

(Yamamoto et al, 2004). Thus, inhibiting AKT pathway may be a

promising strategy to retard pancreatic cancer growth and overcome

chemoresistance. Our previous study clarified the immunophilin

FKBP51 as a scaffolding protein that can enhance PHLPP-AKT inter-

action and facilitate PHLPP-mediated dephosphorylation of AKT at

Ser473 (Pei et al, 2009). This led to the hypothesis that FKBP51

could act as a tumor-suppressing protein in the context of the AKT

signaling pathway. Alteration in FKBP51 expression may result in

chemoresistance in pancreatic cancers. Other groups have also con-

firmed the role of FKBP51-PHLPP-AKT cascade in tumorigenesis.

For instance, downregulation of FKBP51 and preventing PHLPP-

mediated AKT inhibition contribute to castrate-resistant prostate

cancer (CRPC) proliferation. As a downstream target of androgen

receptor, FKBP51 mediates the crosstalk between PI3K and AR path-

way, which is one of the mechanisms for CRPC development

(Carver et al, 2011; Mulholland et al, 2011). Another group showed

that FKBP51 inhibits proliferation and stimulates apoptosis of

glioma cells through AKT pathway (Yang et al, 2015). However, the

role of FKBP51 in cancer is still controversial (Li et al, 2011;

Staibano et al, 2011). FKBP51 was also reported to promote mela-

noma cancer cell proliferation through activation of the NF-kappaB

pathway (Romano et al, 2015).

Whether FKBP51-PHLPP-AKT pathway can be regulated in

pancreatic cancer remains an unanswered question. Identifying new

regulators of this pathway may contribute to improved understand-

ing of the molecular events involved in pancreatic cancer and clarify

new potential therapeutic targets in pancreatic cancer. In this study,

by performing tandem affinity purification, we identified FKBP51

binding protein, USP49, functions as a deubiquitinates and stabilizes

FKBP51, which in turn facilitates PHLPP-mediated dephosphoryla-

tion of AKT-Ser473. Thus, our study identified a new player in AKT

signaling pathway. Furthermore, we propose that USP49 regulates

tumorigenesis and chemoresistance in pancreatic cancer in an AKT-

dependent manner. The evidence is as follows: First, depletion of

USP49 increased pancreatic cancer cell proliferation in vitro, tumori-

genesis in vivo, and chemoresistance. On the other hand, overex-

pression of USP49 sensitized cancer cells to chemotherapy.

However, the effects mediated by USP49 in cancer cell proliferation

and chemoresistance were blunted by depletion of FKBP51 and inhi-

bition of AKT. Overall, our study demonstrates USP49 as a new

regulator of FKBP51-PHLPP-AKT pathway in pancreatic cancers. A

previous study suggested USP49 deubiquitinates H2B-ub and regu-

lates RNA splicing (Zhang et al, 2013). H2B-ub has also been shown

to regulate FKBP51 transcription (Jaaskelainen et al, 2012).

However, in our study, USP49 directly binds and stabilizes FKBP51

but does not affect its transcription, suggesting deubiquitination is

the major regulation of FKBP51 by USP49. In addition, the FKBP51

gene is deleted in a small percentage of pancreatic cancer cases

(1.8% TCGA), which cannot explain the large percentage of weak

IHC staining of FKBP51 in pancreatic cancers. We propose that

FKBP51 is downregulated in pancreatic cancer at the posttranscrip-

tional level. Downregulation of USP49 maybe a potential mecha-

nism. Indeed, low expression of USP49 in pancreatic cancer

correlates with low FKBP51 expression in these samples. These

evidences strongly support our hypothesis and clarify a physiologi-

cal relationship between USP49 and FKBP51 in pancreatic cancer.

Furthermore, the biological function of USP49 in sensitizing pancre-

atic cancer cell to gemcitabine is potentially important. Because

gemcitabine represents the first line treatment for advanced and

metastatic PDAC, therapeutic interventions targeting USP49 may

improve outcome in combination with existing therapies. AKT is a

central node in cell signaling downstream of growth factors, cytoki-

nes, and other cellular stimuli. AKT functions as a central module to

regulate multiple cellular functions, including cell proliferation and

survival, angiogenesis, and glucose metabolism. AKT is critical for

cellular homeostasis; however, AKT hyper-activation is associated

Figure 5. USP49 regulates response of pancreatic cancer cells to chemotherapy through the AKT pathway.

A Cell lysates from pancreatic cancer cell lines were blotted with USP49 and FKBP51 antibodies. Lysates from normal pancreatic (HPDE6-E6E7c7) epithelial cells were
used as a control.

B BXPC3 cells were stably infected with retrovirus encoding control (Ctrl) or FLAG-USP49. Cells were lysed and cell lysates were blotted with the indicated antibodies.
C–E Cells from (B) were treated with (C) gemcitabine, (D) etoposide, or (E) cisplatin. Cell survival was determined.
F SU86 cells stably expressing USP49 shRNAs were lysed and cell lysates were blotted with indicated antibodies.
G–I Cells from (F) were treated with (G) gemcitabine, (H) etoposide, or (I) cisplatin and cell survival was determined.
J BXPC3 cells stably infected with retrovirus encoding control (Ctrl) or FLAG-USP49 were treated with MK-2206 (1 lM) for 4 h, cells were lysed and cell lysates were

then blotted with the indicated antibodies.
K Cells from (J) were treated as indicated, and cell survival was determined.
L Cells from Fig 3G were treated as indicated, and cell survival was determined.

Data information: The data presented are mean � SD (n = 6).
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with diverse pathophysiological states including tumorigenesis and

chemoresistance. AKT activity should be tightly controlled, but total

inhibition of AKT may not be a good strategy for chemotherapy

since it kills not only cancer cells but also normal cells. AKT inhibi-

tors are slowly advancing through clinical assessment. Among the

inhibitors in clinical development are both allosteric inhibitors such

as MK2206 and ATP competitive catalytic inhibitors such as

GSK690693. In early-phase clinical trials, both the allosteric and

catalytic inhibitors of AKT have shown toxicities similar to those

observed with the PI3K inhibitors, such as hyperglycemia, rash,

stomatitis, and gastrointestinal side effects. USP49 regulates AKT

Ser473 phosphorylation through FKBP51-PHLPP axis. We speculate

that activation of USP49 in cells may modestly adjust AKT overacti-

vation but not totally abolish AKT activation, which may be less

toxic and reduce the side effects of chemotherapy. In the future, we

will screen and attempt to identify USP49 specific activators to

elevate USP49 activity in cancer cells, which will in turn inhibit

AKT activation and sensitize PDAC to chemotherapy.

Materials and Methods

Cell culture, plasmids, and antibodies

HEK293T and human pancreatic cancer cell lines SU86, BXPC3,

CFPAC-1, Capan-2, MiaPaCa2, and PANC-1 were purchased from

ATCC and the identities of all cell lines were confirmed by the Medi-

cal Genome Facility at Mayo Clinic Center (Rochester, MN) using

short tandem repeat profiling upon receipt. The cell lines were

maintained in RPMI1640 with 10% FBS. HPDE6-E6E7c7 cells were

maintained in keratinocyte serum-free medium supplemented with

epidermal growth factor and bovine pituitary extract.

HA-FLAG-USP49 was purchased from Addgene (Plasmid #22586,

provided by Dr. Wade Harper) and subcloned into pET28a vector

(Clontech). USP49CA mutant was generated by site-directed muta-

genesis (Stratagene).

Anti-USP49 and FKBP51 antibodies were purchased from

Proteintech (18066-1-AP, 14155-1-AP). Antibodies against AKT

(#9272), phospho-AKT (Ser473) (#9271), phospho-AKT (Thr308),

GSK3b (#9315), and phospho-GSK3b (#9316) were purchased from

Cell Signaling Inc (Boston, MA). Antibodies against p-Foxo1

(p-Ser256) and Foxo1 were purchased from Santa Cruz (Santa Cruz

Biotechnology, Santa Cruz, CA). Anti-FLAG (m2) and anti-HA

antibodies were purchased from Sigma.

Tandem affinity purification

Cells stably expressing empty vector or FLAG-tagged FKBP51 were

lysed with high salt NETN buffer (20 mM Tris–HCl, pH 8.0,

300 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5%

Nonidet P-40) containing 50 mM b-glycerophosphate, 10 mM NaF,

and 1 lg/ml each of pepstatin A and aprotinin on ice for 25 min.

Cell lysates were diluted 1:1 with NET buffer (NETN buffer without

NaCl) and incubated with anti-FLAG beads (Sigma) overnight at

4°C. After washing with NETN buffer five times, the bound proteins

were eluted with FLAG peptide for 1 h at 4°C. Protein samples

were resolved by sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS–PAGE) and stained with Coomassie blue. The

eluted proteins were detected by mass spectrometry performed by

the Taplin Biological Mass Spectrometry Facility at Harvard.

Co-immunoprecipitation (co-IP) assay

SU86 cells were harvested and washed by PBS. Then, cells were

lysed with NETN buffer (20 mM Tris–HCl, pH 8.0, 100 mM NaCl,

1 mM EDTA, 0.5% Nonidet P-40) containing 50 mM b-glycerophos-
phate, 10 mM NaF, and 1 mg/ml each of pepstatin A and aprotinin.

Whole cell lysates obtained by centrifugation were incubated with

2 lg of indicated antibody and protein A or protein G Sepharose

beads (Amersham Biosciences) for 4 h at 4°C. After washing with

NETN buffer for three times, the immunocomplexes were separated

by SDS–PAGE. Immunoblotting was performed following standard

procedures.

Protein stability assay

To examine FKBP51 protein turnover, cycloheximide (0.1 mg/ml)

was added to cell culture medium and cells were harvested at the

indicated time points. Cells were then lysed in NETN buffer and cell

lysates were subjected to Western blot with anti-FKBP51, anti-

USP49, and anti-b-actin as indicated. Then, we quantified of the

FKBP51 protein levels relative to b-actin by ImageJ.

In vivo and in vitro deubiquitination assay

For the in vivo deubiquitination assay, HEK293T cells were trans-

fected with HA-USP49 wild-type (WT) or mutant Cys 262 to Ala (CA

mutant). After 2 days, cells were treated with MG132 (50 lM) for

4 h before being harvested. The cells were lysed in 120 ll 62.5 mM

Tris–HCl (pH 6.8), 2% SDS, 10% glycerol, 20 mM NEM, and 1 mM

iodoacetamide and directly boiled for 15 min. Then, the cell lysates

were diluted 10 times with NETN buffer containing protease inhibi-

tors, 20 mM NEM, and 1 mM iodoacetamide and centrifuged to

remove cell debris. The cell extracts were subjected to immuno

precipitation with the indicated antibodies for 4 h at 4°C. After

washing with NETN buffer (containing 20 mM NEM and 1 mM

iodoacetamide) for four times, the immunocomplexes were sepa-

rated by SDS–PAGE and blotted with anti-Ub antibody.

For the deubiquitination assay in vitro, HEK293 cells were trans-

fected together with the FLAG-FKBP51 and His-Ub expression

vectors. After 2 days, the cells were treated with MG132 (50 lM)

for additional 4 h, cells were lysed and ubiquitinated proteins were

purified from the cell extracts with His beads under denatured

conditions. Ubiquitinated proteins were eluted and diluted with

FLAG-lysis buffer (50 mM Tris–HCl pH 7.8, 137 mM NaCl, 10 mM

NaF, 1 mM EDTA, 1% Triton X-100, 0.2% Sarkosyl, 1 mM DTT,

10% glycerol, and fresh proteinase inhibitors). Ub-FKBP51 was then

further purified with FLAG beads and then eluted with FLAG-

peptides. The recombinant GST-USP49 and USP49CA proteins were

expressed in BL21 cells and purified following standard protocol.

For the in vitro deubiquitination assay, ubiquitinated proteins were

incubated with recombinant USP49 in deubiquitination buffer

(50 mM Tris–HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 10 mM DTT,

5% glycerol) for 4 h at 37°C. After reaction, FKBP51 was immuno-

precipitated with anti-FKBP51. The immunocomplexes were sepa-

rated by SDS–PAGE and blotted with indicated antibody.
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Cell survival assay

Three thousand cells per well were plated in 96-well plates. After

24 h, cells were treated with indicated drugs. Etoposide and

cisplatin were purchased from Sigma-Aldrich (St. Louis, MO) and

gemcitabine was provided by Eli Lilly (Indianapolis, IN). After incu-

bation with drugs for 72 h, the plates were read in a Safire2 micro-

plate reader (Tecan AG, 14 Switzerland). Assays were performed in

triplicate with the CellTiter 96 AQueous Non-Radioactive Cell Prolif-

eration Assay (Promega Corporation, Madison, WI).

Cell proliferation assay

To measure the cell proliferation, equal numbers of cells were

plated in 24-well plates in 10% serum containing medium. After

1 day, cells were washed with PBS and then fixed with 10%

methanol and stained with 0.1% crystal violet on the indicated

days. After staining for 30 min in room temperature, wells were

washed three times with PBS, then air dried. The dye was extracted

with 10% acetic acid. The absorbance of the crystal violet solution

was measured at 590 nm.

Soft agar colony-formation assays

SU86 cells were infected with lentivirus encoding the indicated

shRNAs. After selected with puromycin, the indicated stable knock-

down cells (5,000 cells per well in 6-well plates) were plated in

0.3% (w/v) low-melting temperature agarose on a 0.6% (w/v)

agarose base layer, both of which contained complete medium.

After 2 weeks, colonies were counted at room temperature under a

light microscope (ECLIPSE 80i; Nikon) using a 4× NA 0.10 objective

lens (Nikon).

Athymic nude mice tumor formation assay

SU86 cells infected with lentivirus encoding the indicated shRNAs

together with FLAG-tagged FKBP51 were injected subcutaneously

and bilaterally into the flank of 5-week-old male athymic nude NCr

nu/nu (NCI/NIH) mice using 19-gauge needles. Each mouse

received two injections of a 200 ll mixture of 2 × 106 cells in 100 ll
of 1 × PBS and 100 ll of growth factor reduced MATRIGEL (BD

Biosciences). Tumor growth was monitored for 4 weeks and tumor

volume was calculated using the formula: 0.5 × L × H × W. At the

end of the study, the tumors were surgically removed, weighed, and

processed. Data were analyzed using ANOVA test. Mice were

subjected to euthanasia if they display pain or distress, such as

lethargy, lying down, not eating or drinking, weight loss greater

than 10% body weight, or difficulty in breathing. According to the

blinding procedures, two persons as a group performed all the mice

experiment. One person performed the experiments and another

one totally blinded to the experiment group measured the tumor

volume and weight and analyzed the data.

Tissue microarray

The tissue arrays of pancreatic cancer samples were purchased

from US Biomax (PA1001a, HPan-Ade150CS-01, PA483c) and

Shanghai Outdo Biotech Company (HPan-Ade180 Sur-02).

Immunohistochemical staining of USP49 (dilution 1:500), FKBP51

(dilution 1:500) and p-AKT-Ser473 (dilution 1:200) were carried out

using IHC Select� HRP/DAB kit (Cat. DAB50, Millipore). The

immunostaining was blindly scored by pathologists. The IHC score

was calculated by combining the quantity score (percentage of posi-

tive stained cells) with the staining intensity score. The quantity

score ranges from 0 to 4, that is 0, no immunostaining; 1, 1–10%

of cells are stained; 2, 11–50% are positive; 3, 51–80% are positive;

and 4, ≥81% of cells are positive. The staining intensity was scored

as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). The score for

each tissue was calculated by multiplying the intensity with the quan-

tity score (the range of this calculation was therefore 0–12). An IHC

score of 9–12 was considered a strong immunoreactivity; 5–8, moder-

ate; 1–4, weak; and 0, negative. Samples with IHC score of more than

4 were considered to be high, and less than 4 were considered to be

low. The score of tumor tissue was determined by comparing to the

staining intensity of normal tubules on the same slide. v2 test and the

Pearson correlation coefficient were used for statistical analysis of the

correlation between USP49, FKBP51, and p-AKT-Ser473.

Patients’ specimens and follow-up

Tissue microarray (TMA) chips that contain 99 cases of paired

PDAC tumor and peri-tumor specimens were purchased (HPan-

Ade180 Sur-02; Shanghai Outdo Biotech Company). All specimens

spotted on TMA chips included complete postoperative follow-up

for a period of 3–7 years. These tissue samples had been obtained

before any anticancer treatment and with prior written consent from

patients. The overall survival (OS) for the corresponding patients

was calculated from the day of surgery to the day of death or to the

last follow-up (censored patients).

Statistics

For cell proliferation and soft agar assays, data are represented as

the mean � SEM of three independent experiments. For cell

survival assay, data are represented as the mean � SD (n = 6). For

the animal studies, data are represented as the mean � SD of 5

mice. Statistical analyses were performed with Student’s t-test,

ANOVA, or v2 test. Statistical significance is represented in figures

by: *P < 0.05; **P < 0.01.

Expanded View for this article is available online.
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