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colon cancer

Biangin Guo', Xiaopeng Xiong?, Sumati Hasani*3, Yang-An Wen?, Austin T. Li*®, Rebecca Martinez®, Ashley T. Skaggs®* and
X

Tianyan Gao(®?*?

© The Author(s) 2021

Aberrant activation of endoplasmic reticulum (ER) stress by extrinsic and intrinsic factors contributes to tumorigenesis and
resistance to chemotherapies in various cancer types. Our previous studies have shown that the downregulation of PHLPP, a novel
family of Ser/Thr protein phosphatases, promotes tumor initiation, and progression. Here we investigated the functional interaction
between the ER stress and PHLPP expression in colon cancer. We found that induction of ER stress significantly decreased the
expression of PHLPP proteins through a proteasome-dependent mechanism. Knockdown of PHLPP increased the phosphorylation
of elF2a as well as the expression of autophagy-associated genes downstream of the elF2a/ATF4 signaling pathway. In addition,
results from immunoprecipitation experiments showed that PHLPP interacted with elF2a and this interaction was enhanced by ER
stress. Functionally, knockdown of PHLPP improved cell survival under ER stress conditions, whereas overexpression of a
degradation-resistant mutant PHLPP1 had the opposite effect. Taken together, our studies identified ER stress as a novel
mechanism that triggers PHLPP downregulation; and PHLPP-loss promotes chemoresistance by upregulating the elF2a/

ATF4 signaling axis in colon cancer cells.
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INTRODUCTION

The PHLPP family of phosphatases, consisting of PHLPP1 and
PHLPP2 isoforms, belongs to the PPM superfamily of Ser/Thr
protein phosphatases [1, 2]. Following the initial discovery of
PHLPP as a protein phosphatase of AKT [3, 4], a number of studies
have provided strong evidence supporting a pleiotropic role of
PHLPP in inhibiting the initiation and progression of colon cancer
by suppressing multiple oncogenic signaling pathways [5-9].
Consistent with a tumor suppressor role of PHLPP, loss of PHLPP
expression was frequently identified in different cancer types,
including leukemia, colorectal, pancreatic, and nonsmall cell lung
cancer [7, 10-12], and lower PHLPP expression was found to be
associated with increased malignancies and poor survival
[10, 13, 14]. Moreover, studies on determining molecular
mechanisms underlying PHLPP downregulation have identified
the proteasome-dependent protein degradation as a major
pathway leading to decreased PHLPP expression under cellular
stress conditions, such as inflammation, hypoxia, and nutrient
deprivation [15-17]. Although PHLPP-mediated regulation of AKT
signaling has often been cited as a major underlying mechanism,
how PHLPP-loss provides a survival advantage to cancer cells,
especially under stress conditions, remains elusive.

Increased demand for ER-dependent protein synthesis, often
driven by activation of oncogenic pathways, is needed to support
cell growth and proliferation during tumorigenesis [18]. If the ER
capacity to handle protein biogenesis is overwhelmed, improperly
folded proteins accumulate in ER leading to a cellular state called
ER stress [18, 19]. Reversible phosphorylation on Ser51 (S51) of
elF2a is a highly conserved regulatory event activated in response
to ER stress. The phosphorylation of elF2a reduces global
translation but preferentially increases ATF4 translation, a master
regulator controlling the transcription of key genes involved in the
integrated stress response (ISR) [20]. Treatment with chemother-
apy agents often induce ER stress. As a part of the ISR, the
activation of elF2a/ATF4 signaling axis is known to play a key role
in the induction of autophagy, which contributes to the
development of chemoresistance [18, 21]. Thus, a better under-
standing of molecular mechanisms that regulate ER stress and ISR
is needed to improve the anticancer efficacy of standard
chemotherapy drugs.

In this study, we determine the functional effect of PHLPP-loss
on regulating chemosensitivity. We showed that chemotherapy-
induced ER stress stimulated PHLPP downregulation by enhancing
proteasome-mediated degradation. Knockdown of PHLPP
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increased the phosphorylation of elF2a and promoted autophagy
induction. Functionally, increased PHLPP expression was asso-
ciated with improved responses to chemotherapy agents in colon
cancer cells. Taken together, our findings demonstrate that PHLPP
serves as a stress sensor to control chemosensitivity by regulating
elF2a-mediated ISR.

MATERIALS AND METHODS

Cells and reagents

Human colon cancer cell lines HCT116 and SW480 cells were cultured in
McCoy’s 5A and DMEM supplemented with 10% fetal bovine serum (FBS,
MilliporeSigma, MO, USA) and 1% penicillin-streptomycin, respectively.
These cells were purchased from ATCC and authenticated using short
tandem repeat (STR) DNA profiling (Genetica, OH, USA). Stable PHLPP1 and
PHLPP2 knockdown cells were generated using lentivirus-based RNAi as
described in previous studies [5, 7]. SW480 cells stably expressing vector,
HA-PHLPP1 (a N-terminal truncated form of PHLPP1 originally termed
PHLPP1a [1, 3]) or HA-PHLPP2 were described in previous studies [5]. To
express WT PHLPP1 or a phosphorylation-deficient PHLPP1/4A (full-length
PHLPP1 containing S1359A/T1363A/S1379A/S1381A mutations [22]) in
HCT116 cells, the coding sequence of HA-PHLPP1 or HA-PHLPP1/4A was
cloned into pBabe-puro retroviral vector. Tunicamycin, irinotecan, oxali-
platin, and MG-132 were purchased from MilliporeSigma.

Immunoprecipitation and western blot analysis

Cells were harvested and detergent-solubilized cell lysates were obtained
as described previously [5, 7, 8, 17]. Equal amounts of cell lysates were
resolved by SDS-PAGE and subjected to western blot analysis. To examine
the interaction between elF2a and PHLPP, the solubilized cell lysates were
incubated with either the anti-HA high-affinity antibody or the anti-PHLPP1
or PHLPP2 antibodies and protein A/G agarose beads (Thermo) at 4 °C for
overnight. The beads were washed three times with lysis buffer and the
immunoprecipitated proteins were analyzed by SDS-PAGE and Western
blotting. The phospho-elF2q, total elF2a, ATF4, and LC3 antibodies were
obtained from Cell Signaling. The PHLPP1 and PHLPP2 antibodies were
from Bethyl laboratories. The -actin and the anti-HA high-affinity
antibodies were from MilliporeSigma.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from human cancer cells using the PureLink RNA
Mini Kit (Thermo, Fisher Scientific). Equal amounts of RNA (usually 100 ng
of total RNA for each condition) were used as templates for the synthesis of
cDNA using High Capacity cDNA Reverse Transcription kit (Thermo). The
cDNAs obtained were combined with gene-specific primers listed in
Supplementary Table S1 and SYBR Green Master Mix (Thermo). The final
concentration of primers used was 500 nM. RT-qPCR reactions were carried
out using QuantStudio 3 real-time PCR systems (Thermo). The relative gene
expression was calculated based on the AACT method and all values were
normalized to the level of 3-actin.

Drug treatment and cell viability assay

To determine cell viability in 2D culture, equal numbers of cells were
seeded into 12-well plates. Subsequently, cells were treated with DMSO,
tunicamycin (4 pg/ml), or irinotecan (10 uM) for 48 h in complete growth
media. The cell viability was determined either by counting the number of
live cells using an automated cell counter (Beckman-Coulter) or by staining
with the alamarBlue Cell Viability Reagent (Thermo). The relative cell
survival was calculated by normalizing numbers of surviving cells in the
drug-treated group to that of the DMSO-treated group.

To determine cell viability in 3D culture, equal numbers of cells were
mixed with 50% Matrigel in complete growth media and seeded into 24-
well plates. Subsequently, cells were treated as described above for 48 h.
The relative cell survival was determined using the CellTiter-Glo 3D viability
assay (Promega) and normalized to the DMSO treatment group.

Statistical analysis

Data from at least three independent experiments are expressed as means
with SD as indicated in figure legends. Statistical analysis was performed
using the Student t test for pairwise comparisons and one-way ANOVA for
multiple comparisons. The relative mRNA expression results represent the
average of three separate RT-qPCR experiments with four replicates for
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each gene in each experiment. For the Gene Set Enrichment Analysis
(GSEA), RNA sequencing data were obtained from the TCGA COAD dataset.
Correlations between the expressions of PHLPP and the other genes were
quantified by Spearman’s correlation coefficient. The genes were then
ordered from highest to lowest based on the correlation coefficient. This
ranked list was inputted into the GSEA Desktop Application [23] to identify
pathways that are associated with PHLPP expression.

RESULTS

ER stress induces downregulation of PHLPP proteins via a
proteasome-dependent mechanism in colon cancer cells

To determine the effect of ER stress on PHLPP expression, we
treated colon cancer cells with tunicamycin, an ER stress inducer
by inhibiting N-linked glycosylation. We found that tunicamycin
treatment induced a time-dependent downregulation of both the
PHLPP isoforms in HCT116 and SWA480 cells. As expected, the
expression of ATF4 and the phosphorylation of elF2a were
increased confirming the activation of ER stress (Fig. 1a). In
addition, we analyzed the expression of autophagy-related genes
downstream of ATF4 as well as PHLPP using RT-gPCR. Interest-
ingly, the expression of PHLPP mRNAs was not significantly altered
in cells treated with tunicamycin whereas ATF4 target genes,
including LC3B (MAPILC3B), beclin1 (BECNT), and ATG12, were
induced by ER stress (Fig. 1b).

We next treated HCT116 and SW480 cells with irinotecan, a
clinically used chemotherapy drug in colon cancer. Consistently,
the expression of both the PHLPP isoforms was decreased upon
treatment, which coincided with increased phosphorylation of
elF2a and expression of ATF4 suggesting activation of ER stress
(Fig. 2a). This decrease of PHLPP proteins was not due to the
decrease of mRNA expression as results from RT-gPCR analysis
revealed the expression of PHLPP mRNAs remained unchanged or
increased (Fig. 2b). The expression of ATF4 target genes, including
MAPILC3B, BECN1, and ATG12, was increased confirming the
induction of elF2a/ATF4-dependent ISR (Fig. 2b). Similar down-
regulation of PHLPP proteins was observed in HCT116 and SW480
cells treated with oxaliplatin, another commonly used chemother-
apy drug, as ER stress was induced in these cells (Supplemental
Fig. S1).

Since the expression of PHLPP mRNAs was not decreased upon
the induction of ER stress, we treat cells with proteasome inhibitor
MG-132 to determine if PHLPP downregulation is mediated via
proteasome degradation. Indeed, both tunicamycin- and
irinotecan-induced PHLPP downregulation was partially rescued
by MG-132 treatment (Fig. 3), suggesting that ER stress promotes
proteasome-dependent degradation of PHLPP. Additionally, we
found that MG-132 treatment largely prevented the degradation
of PHLPP proteins induced by oxaliplatin (Supplemental Fig. S2).
Taken together, our results identified chemotherapy-induced-ER
stress as a new mechanism that promotes PHLPP downregulation
through the proteasome.

Knockdown of PHLPP potentiates ER stress-induced activation
of elF2a/ATF4 signaling in colon cancer cells

Since ER stress is known to activate autophagy downstream of the
elF2a/ATF4 signaling pathway, we determined the effects of
PHLPP-loss on modulating the autophagy phenotypes. Interest-
ingly, knockdown of either PHLPP isoform increased the levels of
elF2a phosphorylation both basally and in tunicamycin-treated
SW480 cells (Fig. 4a). In addition, the levels of LC3-Il were elevated
in PHLPP knockdown cells compared to that of control cells under
ER stress (Fig. 4a). As a result, the expression of ATF4 target genes,
including ATG12, MAP1LC3B, and BECNT, was increased in PHLPP
knockdown cells both basally and in tunicamycin-treated cells
(Fig. 4b). Furthermore, we found that silencing PHLPP isoforms
resulted in similar increases in the levels of p-elF2a and LC3-lI
proteins, as well as the expression of ATF4 target genes following
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Fig. 1 Tunicamycin-induced ER stress induces PHLPP downregulation. a HCT116 and SW480 cells were treated with tunicamycin for the
indicated time. Cell lysates were analyzed for the expression of PHLPP1, PHLPP2, ATF4 and elF2a and p-actin using Western blot. The
phosphorylation status of elF2a was detected using the phospho-elF2a (p-elF2a) antibody. The relative expression levels of PHLPP1 and
PHLPP2 were obtained by normalizing to p-actin. b The relative expression of LC3B (gene name MAPTLC3B), BECNT (beclin1), ATG12, PHLPP1,
and PHLPP2 mRNA was determined using RT-qPCR following the treatment with tunicamycin for 24 h in HCT116 and SW480 cells. Data
represent the mean + SD (1p < 0.0001, & p <0.001 and *p < 0.05).

A HCT116 SW480
Irinotecan (h) o 4 8 24 0 4 8 24
PHLPP1 | w e | [ pos w720

1 15 05 02 1 06 03 02

pHLpp2|—~~—~ <||——-— -|—150

1 14 08 04 1 09 06 03
e el L i
porrea i re we e[~ — — —1] &
eIF2a|-—-——-———-| |-—— D —'—37
B-actin l——-—— | | —-r %0
B HCT116 SW480
394 1 3 O Control
— LI LIS . 4 B lrinotecan

—
— —

Relative mRNA
expression
N
nN

Qv o e" & <V
Q \/O Q>Q/O \b\g \2‘\3

Fig. 2 Chemotherapy drug treatment induces ER stress and PHLPP downregulation. a HCT116 and SW480 cells were treated with
irinotecan for the indicated time. Cell lysates were analyzed for the expression of PHLPP1, PHLPP2, ATF4, p-elF2a, elF2a, and f-actin using
Western blot. The relative expression levels of PHLPP1 and PHLPP2 were obtained by normalizing to p-actin. b The relative expression of
MAPTLC3B (LC3B), BECN1, ATG12, PHLPP1, and PHLPP2 mRNA was determined using RT-qPCR following the treatment with irinotecan for 24 h in
HCT116 and SW480 cells. Data represent the mean + SD (1 p <0.0001 and # p < 0.01).
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Fig. 3 Inhibition of proteasome attenuates ER stress-induced

PHLPP degradation in colon cancer cells. a HCT116 and SW480
cells were treated with tunicamycin for 24 h and MG-132 (10 uM)
was added during the last 8 h of the treatment. The expression of
PHLPP1, PHLPP2, and f-actin was analyzed using Western blot. The
relative expression levels of PHLPP1 and PHLPP2 were obtained by
normalizing to p-actin. b HCT116 and SW480 cells were treated with
irinotecan for 24 h and MG-132 was added during the last 8 h of the
treatment. The expression of PHLPP1, PHLPP2, and f-actin was
analyzed using Western blot. The relative expression levels of
PHLPP1 and PHLPP2 were obtained by normalizing to p-actin.
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irinotecan treatment (Fig. 4c—d), indicating elevated ER stress
responses in PHLPP knockdown cells. Given that ER stress is also
known to activate IRE1 via a phosphorylation-dependent mechan-
ism [24], we determined if PHLPP downregulation alters IRE1-
dependent unconventional splicing of XBPT mRNA. Interestingly,
while the levels of spliced XBP1T mRNA (XBP1s) were largely
upregulated in tunicamycin-treated cells, knockdown of PHLPP
isoforms did not potentiate the effect of IRE1 on promoting
XBP1 splicing (Supplemental Fig. S3). Thus, PHLPP-mediated
regulation of ISR is likely due to its ability to control elF2a
phosphorylation upon activation of ER stress.

We next determine if PHLPP interacts with elF2a to regulate its
phosphorylation. To this end, the interaction between PHLPP
isoforms and elF2a was examined using co-immunoprecipitation
experiments. Stable SW480 cells expressing vector, HA-PHLPP1 or
HA-PHLPP2 were immunoprecipitated with the anti-HA antibody
and endogenous elF2a was found co-immunoprecipitated with
both PHLPP isoforms (Fig. 5a). Interestingly, the amount of elF2a
interacting with PHLPP was increased upon tunicamycin treat-
ment, suggesting that ER stress promotes the association between
PHLPP and elF2a (Fig. 5a). In addition, the levels of elF2a
phosphorylation were decreased in PHLPP overexpressing cells
both basally and in tunicamycin-treated cells as shown in the
input (Fig. 5a). Note that the HA-PHLPP1 protein expressed in
SW480 cells was a N-terminal truncated form that originally
named PHLPP1a in previous publications [25]. Since the
N-terminal extension on PHLPP1 has recently been shown to
regulate PHLPP-mediated cell cycle control [26], we analyzed the
binding of the endogenous PHLPP1 (containing the N-terminal
extension) and PHLPP2 with elF2a. Consistently, the interaction
between both the PHLPP isoforms and elF2a was detected using
co-immunoprecipitation experiments and the amount of elF2a

O Sh-Control
O Sh-PHLPP1
= Sh-PHLPP2

O Sh-Control
O Sh-PHLPP1
@ Sh-PHLPP2

Fig.4 Knockdown of PHLPP1 or PHLPP2 enhances ER stress-induced autophagy response in colon cancer cells. a Control (sh-Control) and
PHLPP knockdown (sh-PHLPP1 and sh-PHLPP2) SW480 cells were treated with DMSO or tunicamycin for 12 h. Cell lysates were analyzed for
the expression of PHLPP1, PHLPP2, p-elF2q, elF2a, LC3, and p-actin using Western blot. The position of LC3-l and LC3-Il was marked by arrows.
b The relative expression of ATG12, MAP1LC3B (LC3B) and BECNT mRNA in DMSO or tunicamycin-treated cells was determined using RT-qPCR.
Data represent the mean + SD (1 p < 0.0001, & p <0.001, # p<0.01, and * p < 0.05). ¢ Control (sh-Control) and PHLPP knockdown (sh-PHLPP1
and sh-PHLPP2) SW480 cells were treated with DMSO or irinotecan overnight. Cell lysates were analyzed for the expression of PHLPP1,
PHLPP2, p-elF2q, elF2a, LC3, and p-actin using Western blot. d The relative expression of ATG12, MAP1LC3B (LC3B) and BECNT mRNA in DMSO
or irinotecan treated cells was determined using RT-qPCR. Data represent the mean + SD (1 p < 0.0001, & p < 0.001, # p <0.01, and * p < 0.05).
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Fig. 5 PHLPP interacts with elF2a. a Stable SW480 cells expressing vector control, HA-PHLPP1 or HA-PHLPP2 were treated with DMSO or
tunicamycin for 3 h. Cell lysates were immunoprecipitated using the anti-HA mAb. The presence of PHLPP and elF2a in the
immunoprecipitates was detected using the HA or elF2a antibodies, respectively. The levels of p-elF2a and total elF2« in the input were
analyzed using Western blot. b SW480 cells were treated with DMSO or tunicamycin for 3 h. Cell lysates were immunoprecipitated using rabbit
IgG, anti-PHLPP1 or anti-PHLPP2 antibodies. The presence of PHLPP1, PHLPP2, and elF2a in the immunoprecipitates was detected using the
corresponding antibodies. ¢ The Gene Set Enrichment Analysis (GSEA) was performed using the TCGA COAD RNA-seq dataset to identify
genes that have positive or negative correlations with PHLPP1 and PHLPP expression. Enrichment plots showed significant correlation of the

formation of the ternary complex and subsequently the 43S complex with the expression of PHLPP1 (NES =-2.70, FDR g-val =

PHLPP2 (NES =-4.04, FDR g-val = 0.0000) in colon cancer patients.
associated with PHLPP proteins was increased in cells treated with
tunicamycin (Fig. 5b). To address if PHLPP regulates elF2a
phosphorylation at the level of PERK, co-immunoprecipitation
experiments were conducted using antibodies against PHLPP.
However, the interaction between the PHLPP and PERK was not
detected (data not shown). In addition, we monitored PERK
phosphorylation by detecting the appearance of higher molecular
weight species upon the induction of ER stress. While knockdown
of PHLPP increased elF2a phosphorylation both the basically and
upon tunicamycin treatment, decreased PHLPP expression had no
effect on the pattern PERK phosphorylation (Supplemental Fig.
S4). Together, these results suggest that PHLPP negatively
regulates elF2a phosphorylation through its interaction with
elF2a.

To support a functional connection between the PHLPP and
elF2q, the Gene Set Enrichment Analysis (GSEA) was performed
using TCGA Colon Adenocarcinoma (COAD) dataset to identify
gene sets that correlate with PHLPP1 and PHLPP2 expression

Cell Death and Disease (2021)12:960

0.0000) and

[27-29]. Enrichment plots showed significant negative correlation
of PHLPP1 (NES=-2.70, FDR g-val =0.000) and PHLPP2 (NES
=-4.04, FDR g-val =0.000) with the “formation of the ternary
complex and subsequently the 43s complex”, a process regulated
by elF2a phosphorylation (Fig. 5c). Collectively, our data
suggested that PHLPP plays a role in negatively regulating the
phosphorylation of elF2a and ER stress-induced PHLPP degrada-
tion potentiates elF2a/ATF4 signaling.

Downregulation of PHLPP expression contributes to
chemoresistance

As ER stress-induced upregulation of autophagy response is
known to promote chemoresistance, we next determined if PHLPP
expression regulates cell survival under ER stress conditions.
Control and PHLPP knockdown HCT116 and SW480 cells were
treated with tunicamycin or irinotecan and the numbers of cells
survived were quantified. As shown in Fig. 6a, b, PHLPP knock-
down cells were significantly more resistant to both tunicamycin-

SPRINGER NATURE
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Fig. 6 Downregulation of PHLPP promotes colon cancer cell survival. a-b Control (sh-Control) and PHLPP knockdown (sh-PHLPP1 and sh-
PHLPP2) HCT116 (a) and SW480 (b) cells grown in 2D culture were treated with tunicamycin or irinotecan for 48 h. c-d Control (sh-Control) and
PHLPP knockdown (sh-PHLPP1 and sh-PHLPP2) HCT116 (c) and SW480 cells (d) grown in 3D Matrigel were treated with tunicamycin or
irinotecan for 48 h. The relative cell survival in PHLPP knockdown cells was normalized to sh-Control cells. Data shown in all bar graphs

represent the mean +SD (n=3, & p<0.001, # p<0.01 and *p < 0.05).

and irinotecan-induced cell death. Moreover, control and PHLPP
knockdown colon cancer cells were cultured in 3D Matrigel and
treated with tunicamycin or irinotecan. Similarly, silencing either
PHLPP isoform rendered the cells more resistant to ER stress (Fig.
6¢, d).

Furthermore, we determined if increased levels of PHLPP
expression enhance chemosensitivity. To this end, HCT116 cells
were transfected with a control vector, full-length PHLPP1 or
PHLPP1/4A, a phosphorylation-deficient mutant PHLPP1. Our
previous studies have identified four phosphorylation sites within
the phosphatase domain of PHLPP1 that facilitate the
proteasome-dependent degradation and mutating all four Ser
and Thr residues to Ala (PHLPP1/4A) increases protein stability
[22]. To determine relative cell survival, HCT116 cells expressing
vector, PHLPP1, and PHLPP1/4A were cultured in 3D Matrigel and
subjected to tunicamycin or irinotecan treatment. Interestingly,
higher levels of both WT PHLPP1 and PHLPP1/4A mutant
remained in cells treated with tunicamycin or irinotecan when
compared to control cells; and PHLPP1/4A mutant proteins were
relatively more resistant to ER stress-induced degradation (Fig. 7a,
b). As controls, the degradation of endogenous PHLPP2 was not
affected by the overexpression of PHLPP1 proteins. In addition,
overexpression of PHLPP1 and PHLPP1/4A decreased elF2a
phosphorylation but had no effect on the appearance of PERK
phosphorylated species (Fig. 7a, b). Functionally, increasing levels
of PHLPP1 significantly decreased cell survival in both PHLPP1 and
PHLPP1/4A expressing cells indicating enhanced sensitivity to
both the tunicamycin and irinotecan. Consistent with increased
protein stability, PHLPP1/4A mutant was more effective at
decreasing cell survival (Fig. 7¢, d). In addition, overexpression of
PHLPP1 or PHLPP2 also rendered cells more sensitive to ER stress
in SW480 cells (Supplemental Fig. S5). Taken together, results from
our study showed that the expression of PHLPP is sensitive to ER
stress-induced protein degradation; and loss of PHLPP promotes
the activation of elF2a/ATF4 signaling through increased phos-
phorylation of elF2a. As a consequence, PHLPP downregulation
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provides a pro-survival advantage for cancer cells under cellular
stress conditions (Fig. 7e).

DISCUSSION
It has been widely recognized that ER stress-induced unfolded
protein responses are commonly associated with solid tumors
[18, 30]. Both tumor intrinsic factors and conditions presented by
the tumor microenvironment can lead to the activation of ER
stress that controls the balance of apoptosis and cell survival. In
particular, the induction of ER stress-mediated ISR downstream of
elF2a/ATF4 signaling has been identified as one of the major
mechanisms contributing to chemotherapy resistance [18]. In our
efforts to determine the mechanisms by which the expression of
PHLPP proteins is downregulated in colon cancer, we found that
ER stress stimulates proteasome-mediated PHLPP degradation.
However, since MG-132 treatment only partially rescues PHLPP
expression and a previously identified ubiquitination-resistant
PHLPP1/4A mutant still undergoes delayed degradation under ER
stress conditions, future studies are needed to determine if ER
stress also inhibits the translation of PHLPP proteins. Mechan-
istically, downregulation of PHLPP potentiates elF2a/ATF4-
mediated autophagy response as a result of increased S51
phosphorylation of elF2a. Consistently, our informatic analysis of
TCGA COAD dataset revealed that PHLPP expression is negatively
associated with the formation of the preinitiation complex, an
elF2a phosphorylation-dependent process required for protein
translation initiation. To define the functional significance of
PHLPP-loss, we demonstrated that silencing PHLPP expression
renders cancer cells resistant to chemotherapy drugs whereas
overexpression of PHLPP increases chemosensitivity. Together, our
study identifies a novel role of PHLPP in regulating cell survival
under ER stress conditions.

Our previous studies have shown that cellular stress
conditions, such as hypoxia and nutrient deprivation [16, 17],
can lead to PHLPP downregulation by promoting proteasome-
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Fig.7 Overexpression of PHLPP decreases colon cancer cell survival. a-b HCT116 cells expressing either vector, PHLPP1 or PHLPP1/4A were
treated with tunicamycin for 24 h (a) or irinotecan for 48 h (b). Cell lysates were analyzed for the expression of PHLPP1, PHLPP2, PERK, p-elF2q,
elF2a, and f-actin using Western blot. c-d HCT116 cells expressing either vector, PHLPP1 or PHLPP1/4A were cultured 3D and treated with
tunicamycin (c) or irinotecan (d) for 48 h. The relative cell survival was quantified and normalized to vector control cells. Data represent the
mean + SD (n=3, # p<0.01 and 9 p <0.0001). e A diagram shows that ER stress stimulates PHLPP degradation via a proteasome-dependent
mechanism. This downregulation of PHLPP promotes the integrated stress response by enhancing elF2a phosphorylation and ATF4-mediated
activation of autophagy. Thus, PHLPP-loss represents a new mechanism underlying chemoresistance in colon cancer.

dependent degradation. This stress-induced PHLPP-loss acti-
vates cell survival pathways downstream of AKT/mTOR signal-
ing [7, 16, 17]. Here we identified ER stress as another tumor-
associated stress signal that stimulates PHLPP degradation to
potentiate elF2a/ATF4 signaling. Since solid tumors are known
to rely on ER stress-mediated IRS for tumor initiation and
progression [18, 30], our findings suggested that this persistent
ER stress may lead to the loss of PHLPP phenotype frequently
observed in colon and other cancer types. Given that the
expression of PHLPP proteins can be downregulated by various
stress conditions, we reasoned that this post-translationally
controlled mechanism triggers a rapid self-protective response
to activate multiple pro-survival pathways. However, by
degrading a pleiotropic tumor suppressor, cancer cells hijack
this “first responder” reaction to drive tumorigenesis and
chemoresistance. Consistently, reduced PHLPP expression has
been associated with resistance to both cytotoxic- and
targeted-therapies in other types of cancer [13, 16, 31, 32].
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Furthermore, we showed that the expression of PHLPP controls
the phosphorylation status of elF2a at S51 site. Previous studies
have identified GADD34- and CReP-containing PP1c complex as
phosphatases of elF2q; [20, 33, 34]; however, the effects of these
PP1 complexes on elF2a phosphorylation have only been
examined in non-cancer cells and neither of the complexes has
been implicated in regulating chemosensitivity. Since the expres-
sion of GADD34 increases whereas CReP remains unchanged
during ER stress [33, 34], we reasoned that chemotherapy-induced
PHLPP degradation represents a distinct mechanism to promote
cell survival under ER stress by upregulating elF2a phosphoryla-
tion. To support the notion that PHLPP functions as a new
phosphatase of elF2a, we showed in this study that the expression
levels of PHLPP negatively correlate with elF2a phosphorylation at
S51 and the interaction between the endogenous PHLPP and
elF2a is readily detected by co-immunoprecipitation experiments.
Interestingly, the induction of ER stress strengthens the interaction
between PHLPP and elF2a suggesting that PHLPP may be

SPRINGER NATURE



B. Guo et al.

recruited to elF2a as a negatively feedback mechanism to
suppress prolonged inhibition of elF2a. However, our results do
not rule out the possibility that PHLPP-mediated dephosphoryla-
tion is indirect. Further characterization how ER stress promotes
the direct interaction between PHLPP and elF2a will help better
understand the role of PHLPP as a phosphatase toward elF2a.
Functionally, silencing PHLPP potentiates ER stress-induced
autophagy as indicated by increased levels of autophagy-related
genes downstream of ATF4 and higher levels of LC3-Il expression.
In contrast to our finding that decreased PHLPP expression
potentiates ER stress-induced autophagy, it has been shown
previously that knockdown of PHLPP1 attenuates the chaperone-
mediated autophagy by enhancing lysosomal Akt/mTOR activa-
tion [35]. It is likely that the functional interplay between PHLPP
and autophagy can be differentially controlled by upstream
signaling. Moreover, a recent study demonstrated that the
phosphorylation of elF2a at S51 is required for a large numbers
of structurally distinct pharmacological agents to induce autop-
hagy regardless of upstream kinases involved [36]. Future studies
are needed to determine if PHLPP-mediated regulation autophagy
represents a common mechanism to control cell survival when
elF2a phosphorylation is induced.

In summary, results from our study identified ER stress as a
new mechanism contributing to PHLPP downregulation in colon
cancer. Given our findings that PHLPP-loss plays a pivotal role in
orchestrating a multitude of pro-survival responses downstream
of cellular stress signals, the levels of PHLPP expression may be
used to predict the effectiveness of anticancer agents.
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