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ER stress potentiates insulin resistance
through PERK-mediated FOXO
phosphorylation
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Endoplasmic reticulum (ER) stress is emerging as a potential contributor to the onset of type 2 diabetes by making
cells insulin-resistant. However, our understanding of the mechanisms by which ER stress affects insulin response
remains fragmentary. Here we present evidence that the ER stress pathway acts via a conserved signaling
mechanism involving the protein kinase PERK to modulate cellular insulin responsiveness. Insulin signaling via
AKT reduces activity of FOXO transcription factors. In some cells, PERK can promote insulin responsiveness.
However, we found that PERK also acts oppositely via phosphorylation of FOXO to promote FOXO activity.
Inhibition of PERK improves cellular insulin responsiveness at the level of FOXO activity. We suggest that the
protein kinase PERK may be a promising pharmacological target for ameliorating insulin resistance.
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Newly synthesized proteins in the secretory pathway are
folded, processed, and assembled in the endoplasmic re-
ticulum (ER). Misfolded proteins are eliminated via the
ER-associated degradation (ERAD) pathway to ensure that
only correctly folded proteins exit the ER (Nakatsukasa
and Brodsky 2008). When substrates exhaust the regula-
tory capacity of the ERAD pathway, misfolded proteins
accumulate, leading to a stress response that halts protein
translation and increases the production of molecular
chaperones involved in protein folding (Wu and Kaufman
2006). ER stress signaling is mediated through three parallel
pathways, including the protein kinases Ire1 and PERK
and the transcription factor ATF6 (Malhi and Kaufman
2011). PERK is best known for its ability to inhibit protein
biosynthesis through phosphorylation of eIF2a. Whether
it has additional regulatory roles in the ER stress pathway
remains to be addressed.

ER stress is associated with metabolic disturbance and
obesity. ER stress is activated under conditions of cellular
nutrient overload, including lipotoxicity (Malhi and Gores
2008). Elevated ER stress is known to cause insulin

resistance. However, the molecular pathways through
which ER stress impairs cellular insulin response remain
incompletely understood. Regulation of the nuclear lo-
calization of the Forkhead transcription factor FOXO is
a key output of insulin signaling (for review, see Huang and
Tindall 2007). Insulin signaling via phosphatidylinositol-
3-kinase (PI3K) leads to elevated AKT activity. AKT-
mediated phosphorylation of FOXO creates binding sites
for 14-3-3 proteins, which promotes cytoplasmic locali-
zation of FOXO, thereby lowering its activity in the
nucleus. ER stress has been linked to this pathway via
Ire1-mediated activation JNK signaling (Urano et al. 2000;
Ozcan et al. 2004). JNK phosphorylates the insulin re-
ceptor substrate (IRS) proteins and limits activation of
PI3K/AKT signaling in response to insulin. Lower AKT
activity leads to elevated nuclear FOXO activity. Here we
report a parallel mechanism through which the ER stress
pathway acting via the protein kinase PERK overrides
insulin-induced suppression of the FOXO activity.

Results

ER stress promotes FOXO activity independent of AKT

To identify new regulators of insulin signaling, we per-
formed an RNAi screen for modifiers of FOXO activity
(Zhang et al. 2011). Because insulin signaling via AKT
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leads to inactivation of FOXO family transcription fac-
tors, FOXO overexpression can challenge the regulatory
capacity of the insulin pathway. This provides a sensitive
assay for modulators of pathway activity (Junger et al.
2003; Hietakangas and Cohen 2007). Hrd3 (CG10221), an
ERAD protein, was among the FOXO modifiers identified
in the RNAi screen. Depletion of Hrd3 enhanced the
FOXO overexpression phenotype in the Drosophila eye,
further reducing eye size (P < 0.001) (Fig. 1A; quantifica-
tion in Supplemental Fig. S1A). On its own, Hrd3 de-
pletion had no effect on eye size (Fig. 1B). Efficacy of the
RNAi transgene was verified by PCR (Supplemental Fig.
S1B). Enhancement of the FOXO overexpression pheno-
type was also observed when one copy of the endogenous
Hrd3 gene was removed, providing a genetically inde-
pendent confirmation of the interaction (Supplemental
Fig. S1C).

Hrd3 is a component of the ERAD complex (Carvalho
et al. 2006; Smith et al. 2011). Dysfunction of the ERAD
complex activates the ER stress response and leads to
elevated expression of the ER chaperone BiP (Baumeister
et al. 2005). BiP mRNA levels increased in Hrd3-depleted
cells (Fig. 1C), confirming that the cells were under ER
stress. Hrd3 depletion was then used to probe FOXO

activity in S2 cells. FOXO activity is regulated at multiple
levels, including nuclear localization (Huang and Tindall
2007). FOXO was predominantly nuclear in cells devoid
of growth factors, but upon insulin stimulation, FOXO
shifted toward the cytoplasm (Fig. 1D). Depletion of Hrd3
by RNAi limited the insulin-induced increase in cyto-
plasmic FOXO (P < 0.001) (Fig. 1D). The effect of Hrd3
depletion was comparable with that of inhibiting insulin
signaling by depleting PI3K (Fig. 1D). Induction of ER
stress using tunicamycin mimicked the effect of Hrd3
depletion and limited the insulin-induced shift of FOXO
into the cytoplasm (Supplemental Fig. S1D). Tunicamycin
treatment also enhanced the FOXO overexpression phe-
notype in vivo (P < 0.01) (Supplemental Fig. S1E). These
findings suggest that ER stress can increase FOXO activity
by promoting nuclear localization of FOXO.

To ask whether the effect of ER stress on FOXO was
mediated by regulation of AKT activity, we examined
insulin-induced phosphorylation of AKT in Hrd3-depleted
S2 cells. No reduction in the level of AKT phosphorylation
was observed, compared with control insulin-stimulated
cells (Fig. 1E). Furthermore, tunicamycin-induced ER
stress did not reduce the amount of FOXO bound to 14-3-
3e (Fig. 1F). Thus, in S2 cells, ER stress appears to act on

Figure 1. ER stress promotes nuclear localization of FOXO. (A) Photomicrographs of Drosophila adult eyes expressing UAS-FOXO
under GMR-Gal4 control. +Hrd3 indicates coexpression of a UAS-Hrd3RNAi transgene together with UAS-FOXO. Eye size was reduced,
on average, by 30%, indicating potentiation of the effects of FOXO (n = 9 eyes of each genotype; P < 0.001). Quantification is in
Supplemental Figure S1A. (B) Adult eyes expressing GMR-Gal4 alone or together with UAS-Hrd3RNAi. Eye size was unchanged.
Histogram: average eye area 6 SD; n = 7. (C) S2 cells were treated to deplete Hrd3 transcript by RNAi or with control dsRNA. mRNA
levels were measured by quantitative real-time RT–PCR. (Right) RNAi reduced Hrd3 transcript by ;80%. Bip transcript increased; (**)
P < 0.01, Student’s t-test. FOXO and Ire1 transcripts were unaffected. Data represent the average of three independent experiments 6

SD. (D) Quantification of subcellular localization of a FOXO-GFP transgene expressed in Drosophila S2 cells. Cells were grown in
serum-free medium and deprived of insulin prior to treatment. (Left panel) No added insulin. (Second panel) Insulin-treated (10 mg/mL,
30 min). (Third and fourth panels) Insulin-treated 4 d after treatment with dsRNA to deplete Hrd3 or PI3K, as a positive control. (N+CN)
Cells with predominantly nuclear localization plus cells with comparable levels in the nucleus and cytoplasm; (C) predominantly
cytoplasmic, as described (Zhang et al. 2011). A Fisher’s exact test was used to assess the difference in cytoplasmic FOXO comparing
insulin-stimulated cells with and without Hrd3 depletion; (***) P < 0.001. (E) Immunoblots of S2 cells treated with insulin and dsRNAs,
as indicated. (Top panel) Antibody to S505 phosphorylated Drosophila AKT. (Bottom panel) Antibody to total Drosophila AKT protein.
Samples in lanes 1–4 were run on the same gel; intervening lanes were removed between the two sets. (F) Immunoblot to monitor the
interaction between FOXO-GFP and 14-3-3e-HA. S2 cells were transfected to express the proteins and treated with insulin with or
without tunicamycin to induce ER stress. GFP-tagged FOXO was recovered using GFP trap beads, and blots were probed with anti-GFP
and anti-HA to visualize bound 14-3-3.
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FOXO localization by a mechanism independent of AKT.
These findings raised the possibility that ER stress might
be able to override the regulation of FOXO activity by
insulin signaling.

ER stress acts via PERK to regulate FOXO activity

The protein kinases Ire1 and PERK are activated upon
ER stress. Activation of ER stress by depletion of Hrd3
led to an increase in Ire1 levels (Supplemental Fig. S2A).
However, we did not observe any effect of Ire1 over-
expression on FOXO nuclear export (Supplemental Fig.
S2B). In an RNAi screen, depletion of Ire1 was reported
to modestly reduce FOXO abundance but not to affect
nuclear localization (Mattila et al. 2008). We confirmed
that depletion of Ire1 by >50% did not affect insulin-
induced relocalization of FOXO to the cytoplasm or
FOXO mislocalization caused by depletion of Hrd3
(Supplemental Fig. S2C–E). Furthermore, depleting Ire1
by RNAi or removing one copy of the Ire1 gene did not
modify the FOXO overexpression phenotype in vivo
(Supplemental Fig. S2F). Thus, it appears unlikely that

the effects of ER stress on FOXO are mediated by Ire1 in
Drosophila. However, feedback from Ire acting via JNK
on IRS might affect FOXO activity in other cellular
contexts (Ozcan et al. 2004).

In contrast, depletion of PERK by two independent
RNAi lines counteracted the effects of FOXO overexpres-
sion, leading to an increase in eye size (Fig. 2A; Supple-
mental Fig. S3A). PERK depletion had no effect on its own
(Fig. 2A). The RNAi transgene gave >80% depletion of the
perk transcript (Supplemental Fig. S3B). In S2 cells, PERK
depletion prevented the effect of ER stress on FOXO
localization (Fig. 2B). Again, PERK depletion had no effect
on its own. Next, we made use of the larval fat body to
examine the effects of ER stress on endogenous FOXO
protein, visualized by antibody labeling. ER stress caused
by Hrd3 depletion induced nuclear accumulation of FOXO,
and this was prevented by simultaneous depletion of
PERK (Fig. 2C). Conversely, PERK overexpression in vivo
strongly elevated the mRNA level of 4E-BP (Fig. 2D),
a well-established transcriptional target of FOXO. This
increase was blunted by reducing FOXO activity (Fig. 2D).
These observations suggest that PERK contributes signif-

Figure 2. ER stress acts via PERK to regulate FOXO activity. (A) Adult eyes from animals expressing GMR-Gal4 alone or with UAS-
FOXO. (Right panels) Coexpressed UAS-PERKRNAi. Histogram: average eye area 6 SD; n $ 7. Depletion of PERK offsets the effects of
FOXO overexpression, increasing eye area; (**) P < 0.01, Student’s t-test. (B) Quantification of subcellular localization of FOXO-GFP in
insulin-stimulated S2 cells. Cells were treated with dsRNA to deplete PERK, Hrd3, or both, as indicated. PERK depletion had no effect
but counteracted the effect of Hrd3 depletion. A Fisher’s exact test was used to assess the difference in cytoplasmic FOXO comparing
Hrd3 depletion and codepletion of Hrd3 and PERK; (***) P < 0.001. (C) Immunolabeling of endogenous FOXO protein in larval fat body
cells. Anti-FOXO is shown in green. Nuclei were labeled with DAPI (blue). Fat body cells are polyploid. ppl-Gal4 was used to drive
UAS-RNAi transgenes for Hrd3 and PERK in fat body cells, as indicated. Hrd3 depletion increased nuclear FOXO (center), compared
with the ppl-Gal4 control (left). Simultaneous depletion of PERK reduced nuclear FOXO accumulation. The ratio of nuclear to
cytoplasmic FOXO label was quantified using DAPI to define the nucleus. (Note that the larger salivary gland cells at the bottom do not
express the Gal4 driver.) Ratios are shown in the histogram at right. (***) P < 0.001. (D) 4E-BP mRNA level measured by quantitative
PCR. (Left) RNA from third instar wing discs expressing EP-PERK under Nubbin-Gal4 control. PERK transcript increased 14-fold.
(Right) FOXO activity was reduced using the dominant-negative alleles FOXO21/FOXO25. Data represent the average 6 SD for three
independent experiments; (*) P < 0.05.
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icantly to mediating the effects of ER stress on FOXO
activity.

GCN2 is a protein kinase related to PERK. GCN2
and PERK have both been shown to mediate the effects
of ER stress by phosphorylation of eIF2a in human cells
(Hamanaka et al. 2005). However, unlike PERK, depletion
of GCN2 did not potentiate the effects of FOXO over-
expression in Drosophila.

PERK-mediated FOXO phosphorylation induced
by ER stress

Drosophila FOXO-GFP was purified from ER-stressed
cells and analyzed by mass spectrometry for phosphory-
lated peptides (Supplemental Table S1). To study the
contribution of these potential phosphorylation sites
in mediating the effects of ER stress on FOXO activity,
we prepared serine-to-alanine substitution mutants for
several of the candidate sites (Supplemental Fig. S4;
Supplemental Table S1). None of the mutants tested
compromised the ability of insulin stimulation to induce
cytoplasmic localization of FOXO. Nuclear localization
of the FOXO S243A mutant was comparable with that of
unmodified FOXO in response to insulin (Fig. 3A). How-
ever, S243A FOXO was refractory to ER stress-induced
nuclear localization compared with the control protein
(Fig. 3B). Flies expressing FOXO S243A in the eye were
insensitive to the effect of Hrd3 depletion, compared with

flies expressing intact FOXO (Fig. 3C). To further assess
the role of S243 in mediating the effects of PERK on
FOXO activity, we coexpressed the two forms of FOXO
with PERK in vivo. PERK overexpression had much less
effect on eye size when coexpressed with FOXO S243A
than with intact FOXO (Fig. 3D). Mutations at the other
five sites tested were less effective in reducing the effects
of ER stress on FOXO localization or activity (Supple-
mental Fig. S4). Taken together, these findings suggest
that S243 is a key site through which PERK regulates
FOXO localization.

Conservation of PERK/FOXO regulation in human
cells

To investigate whether PERK regulates FOXO in human
cells, we made use of a luciferase reporter containing the
human IRS-2 promoter as a readout of FOXO1 activity
(Puig and Tjian 2005). H1299 cells lack endogenous FOXO1
but express FOXO3 (Zhao et al. 2010). Expression of
FOXO1 in H1299 cells increased reporter expression.
Expression of human PERK alone had little effect, but
PERK potentiated the effect of FOXO1 (Fig. 4A). Compa-
rable results were obtained in H1299 cells transfected to
express PERK, FOXO3, and a luciferase reporter contain-
ing four synthetic FOXO3 sites (4FRE) (Teleman et al.
2008) and in MCF7 cells transfected to express PERK with
FOXO1 or FOXO3 (Supplemental Fig. S5A–C).

Figure 3. Regulation of FOXO activity by PERK-dependent phosphorylation. (A) Localization FOXO-GFP in S2 cells in response to
insulin. (Left) Insulin stimulated with intact FOXO-GFP. (Right) S243A-FOXO-GFP. Data represent the average 6 SD for three
independent experiments. (B) Localization of S243A mutant FOXO-GFP in response to ER stress. (Left) Control with intact FOXO-GFP.
(Middle) Hrd3 depletion shifted FOXO toward the nucleus. (Right) S243A FOXO was refractory to Hrd3 depletion. Data represent the
average 6 SD for three independent experiments. (***) P < 0.001 comparing C between FOXO and S243A FOXO in Hrd3-depleted cells
(Fisher’s exact test). (C) Effects of ER stress on eye size in animals expressing UAS-FOXO versus UAS-FOXO-S243A with GMR-Gal4.
(Right) Eyes coexpressing UAS-Hrd3RNAi to induce ER stress. Histogram: average area 6 SD; n $ 9 eyes. Depletion of Hrd3 potentiated
the effect of FOXO ([***] P < 0.001) but did not have a significant effect on S243A (NS). The difference between the two +Hrd3 samples
was significant (P < 0.001). (D) Effects of PERK overexpression on eye size in animals expressing UAS-FOXO versus UAS-FOXO-S243A
with GMR-Gal4. (Left) PERK overexpression reduced the size of eyes expressing UAS-FOXO more than those expressing UAS-FOXO-
S243A. Histogram: average area 6 SD, n = 10 eyes; (***) P < 0.001. (Right) Immunoblots showing FOXO-GFP protein visualized with
anti-GFP. Anti-kinesin was used to monitor loading.
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To identify potential PERK phosphorylation sites on
human FOXO1, we performed an in vitro kinase assay
using purified FOXO1 and PERK proteins, followed by
mass spectrometry. Five phospho-sites were detected
(Supplemental Table S2). Mutation of FOXO1 S261 to
alanine had no effect on PERK-induced FOXO1 activity
(Supplemental Fig. S5D). The other four sites—S298,
S301, S303, and S311—were clustered in a single pep-
tide that corresponds to the region of Drosophila FOXO
containing S243.

To assess the contribution of ER stress to phosphory-
lation of these sites, we performed SILAC (stable isotope
labeling by amino acids in cell culture) mass spectrome-
try on samples of human FOXO1 immunopurified from
control MDA-MB231 cells and cells treated with tunica-
mycin. Six peptides showed increased phosphorylation
on serine or threonine residues in the ER-stressed sam-
ples (Supplemental Tables S3, S4). Phosphorylation of the
peptide containing S298, S301, S303, and S311 was en-
riched 1.5-fold in FOXO1 from ER-stressed cells. Phos-
phorylation was observed on S298 alone or on S298 in
combination with either S301 or S303. These sites were
also phosphorylated by PERK in vitro. The corresponding
peptide was also phosphorylated in FOXO1 and FOXO3
in ER-stressed H1299 cells (Supplemental Table S5). We
prepared alanine substitution mutants for S298, S301,
and S303 to assess the contribution of these sites to me-
diating the effects of PERK on FOXO1. The S298A mutation
reduced the responsiveness of FOXO1 to PERK (Fig. 4B),
but mutation of S301 or S303 had little or no effect
(Supplemental Fig. S5D). The observation that S298A
accounts for approximately half of the effect of PERK on
FOXO1 suggests that other phospho-sites also contribute
to mediating the effects of ER stress on FOXO1 in vivo.

Previous reports have identified other phosphorylation
sites through which FOXO activity can be regulated.
Phosphorylation of FOXO1 on S249 by CDK1 has been
reported to reduce interaction with 14-3-3, thereby in-
creasing FOXO activity (Yuan et al. 2008). However,

CDK2-mediated phosphorylation of FOXO1 at S249 was
reported to increase cytoplasmic localization of FOXO
and reduce its activity (Huang et al. 2006). Thus, the role
of S249 remains unclear. MST1 has also been reported to
phosphorylate FOXO1 and FOXO3 on several residues,
among which phosphorylation of S207 in FOXO3 was
found to reduce interaction with 14-3-3 (Lehtinen et al.
2006). The MST1 target site in FOXO1 is inside the con-
served DNA-binding domain and corresponds to S147 in
Drosophila FOXO. Mutation of Drosophila FOXO to S147A
did not have a significant effect on nuclear accumulation
in response to ER stress (Supplemental Fig. S4D).

Opposing activity of AKT and PERK on FOXO

Insulin signaling via PI3K activates AKT and increases
phosphorylation of FOXO, creating 14-3-3-binding sites,
which promotes cytoplasmic accumulation of FOXO (for
review, see Huang and Tindall 2007). Consequently, FOXO
activity is expected to be higher under conditions of low
insulin pathway activity. Conversely, our findings sug-
gest that PERK potentiates FOXO activity. S298 is not
among the FOXO1 sites phosphorylated by AKT, which
include T24, S256, and S319 (Greer and Brunet 2005). This
raised the possibility that PERK-mediated phosphoryla-
tion of FOXO might be able to counteract the effects of
AKT, in effect opposing the effects of the insulin pathway.

To test this possibility, we used a cellular assay to model
insulin resistance and monitored the effects of PERK
depletion on FOXO activity. H1299 cells were serum-
starved to remove insulin and treated with the PI3K
inhibitor LY294002 to further reduce AKT activity. Under
these conditions, endogenous FOXO3 activity increased,
as monitored using a FOXO3 luciferase reporter (Fig. 5A),
while simultaneous depletion of PERK by siRNA treat-
ment lowered FOXO3 activity (Fig. 5B). Next, we exam-
ined the effects of reduced PERK activity on endogenous
FOXO1 and FOXO3 targets in HEPG2 liver cells (which
express both FOXO1 and FOXO3). HEPG2 cells were de-
prived of serum and treated with the PI3K inhibitor to
lower AKT activity. Several FOXO targets showed a con-
sistent pattern of increased expression under these condi-
tions (Medema et al. 2000; Nakae et al. 2003; Martinez-Gac
et al. 2004; Puig and Tjian 2005), and this increase too
was offset by depletion of PERK (Fig. 5C). Thus, endoge-
nous PERK activity contributes to FOXO activation un-
der conditions in which the inhibitory effects of AKT are
removed. These observations support the idea that PERK
acts in opposition to AKT in the regulation of FOXO
activity.

Feedback regulation linking the ER stress and insulin
pathways

We noted that the insulin receptor (INSR) was among the
FOXO1 targets up-regulated in HEPG2 cells under low
AKT activity and that this was offset by depletion of
PERK activity (Fig. 5C, INSR). This suggested that PERK,
acting via FOXO1, could promote cellular insulin re-
sponsiveness by increasing INSR expression. If so,
depletion of PERK should lower insulin signaling and

Figure 4. Human PERK regulates FOXO activity. (A,B) Lucif-
erase reporter assays for human FOXO1 activity. H1299 cells
were transfected to express a FOXO1-responsive luciferase re-
porter derived from the IRS-2 gene. Cells were cotransfected to
express intact human FOXO1 or S298A mutant FOXO1 and
PERK as indicated. Data represent the average 6 SD for three or
more independent experiments. (A) PERK potentiated the effects
of FOXO1; (**) P < 0.01, Student’s t-test comparing FOXO1 with
and without PERK. (B) S298A mutant FOXO1 was refractory to
the potentiating effects of PERK; (***) P < 0.001 comparing intact
and S298A FOXO1 with PERK, Student’s t-test.
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AKT activity. We confirmed that this takes place in
PERK-depleted HepG2 cells (Fig. 5D).

Discussion

Regulatory interplay between ER stress and the insulin
pathway operates at multiple levels, suggesting that fine-
tuning this balance is of some importance to cellular
metabolism. In this study, we presented evidence that
PERK can act directly on FOXO to increase FOXO activity.
PERK can also act indirectly via AKT to lower FOXO
activity. This relationship has the topology of an incoher-
ent feed-forward motif (Alon 2007). Such motifs provide
stability in the output signaling systems, allowing initial
activation followed by inhibition to limit the response.

ER stress acts by at least three independent routes to
control AKT activity. PERK acts via FOXO to up-regulate
INSR levels, which increase AKT activity. PERK has
recently been reported to promote AKT activity by acting
as a lipid kinase via DAG (Bobrovnikova-Marjon et al.
2012). Regulatory feedback between ER stress and insulin
signaling also operates at another level. ER stress has
been shown to act via Ire1 and JNK to phosphorylate the
IRS and thereby reduce insulin signaling and Akt activa-
tion (Ozcan et al. 2004). Thus, at least three distinct
mechanisms link activity of the ER stress pathway to
control of insulin pathway activity. We note that the
SILAC data showed increased phosphorylation of three
AKT sites (T24, S256, and S319) in addition to increased
phosphorylation of the PERK site S298 in cells subjected
to ER stress.

Additionally, AKT feeds back to limit PERK activity.
Increased AKT activity has been reported to lower PERK
activity (Mounir et al. 2011). We also noted that PERK
mRNA levels were increased in cells with low AKT
activity (Fig. 5C). Inhibitory feedback from AKT to PERK
would reinforce the dampening effect of AKT on the
output of the ER stress pathway and also provides a means
for insulin or growth factor signaling via AKT to modu-

late the effects of ER stress mediated by PERK. The extent
to which these feedback systems operate may depend on
cellular and physiological context.

Genetic models of obesity, such as the ob/ob mouse, as
well as diet-induced obesity have been found to induce
ER stress (Ozcan et al. 2004). Obesity-induced ER stress,
acting via PERK on FOXO, would enhance the effects of
obesity-induced insulin resistance, in which Ire1 lowers
insulin responsiveness. Obesity-induced ER stress should
also synergize with other causes of insulin resistance to
exacerbate the cellular metabolic imbalance. Therefore,
regulation of FOXO activity emerges as a nodal point on
which the effects of obesity on cellular insulin respon-
siveness converge. Chronic elevation of FOXO activity
may contribute to disease progression. In this context, it
is noteworthy that reducing FOXO1 activity by removing
one copy of the FOXO1 gene has been shown to improve
insulin sensitivity in genetic and diet-induced models of
insulin resistance in mice (Nakae et al. 2002; Kim et al.
2009).

This study raises the possibility that pharmacological
inhibition of PERK could provide a useful therapeutic
approach for combating the effects of ER stress in pro-
gression to diabetes. Use of chemical chaperones to
overcome ER stress has been reported to decrease insulin
and glucose levels and improve glucose and insulin toler-
ance in insulin-resistant ob/ob mice (Ozcan et al. 2006).
A similar finding has been reported using the chemical
chaperone sodium phenylbutyrate in obese diabetic
humans (Xiao et al. 2011). The ER stress pathway may
provide a fruitful source of targets for new therapeutics to
treat diabetes and metabolic syndrome.

Materials and methods

Fly genetics

Df(3R)Exel9013, Df(3R)BSC636, UAS-RNAi-PERK (BL), and EP-
PERK flies were obtained from the Bloomington Stock Center.

Figure 5. Depletion of human PERK limits FOXO activity. (A) Luciferase reporter assays for endogenous FOXO3 activity in H1299
cells. H1299 cells were transfected to express a FOXO3-responsive luciferase reporter containing four synthetic FOXO3-binding sites
(4FRE). Cells were serum-starved to reduce insulin signaling and treated with the PI3K inhibitor LY294002 to further reduce AKT
activity. Data represent the average 6 SD for six independent experiments. (***) P < 0.001. (B) FOXO3 Luciferase assays as in A, except
that cells were treated with siRNA to deplete endogenous PERK or were left untreated. Data represent the average 6 SD for three
independent experiments. (**) P < 0.01. (C) Normalized mRNA levels of FOXO1 targets measured by quantitative PCR. HEPG2 cells
were serum-starved to reduce insulin signaling and treated with the PI3K inhibitor LY294002 to further reduce AKT activity. Four of
the 14 FOXO targets tested showed a consistent increase in mRNA levels (gray bars) compared with control cells in normal medium
(open bars). (Black bars) PERK siRNA treatment. (*) P < 0.05 with/without PERK siRNA treatment. Efficacy of PERK siRNA treatment
is shown at the far right. (D) Immunoblot of HepG2 cells treated with insulin and with siRNA to deplete endogenous PERK. (Top panel)
Probed with antibody to S473 phosphorylated human AKT. (Bottom panel) Probed with antibody to total AKT protein.
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UAS-RNAi-Hrd3, UAS-RNAi-Ire1, UAS-RNAi-PERK, and UAS-
RNAi-Ire1 were from the Vienna Drosophila RNAi Center.

S2 cell culture and treatments

S2 cells were grown at 25°C in SFM (Gibco) supplemented with
L-glutamine. dsRNA was prepared using MegascriptT7 (Ambion)
with the following templates: Hrd3 #1, nucleotides 1801–2200
of Hrd3 coding sequence (FBpp0083858); Hrd3 #2, nucleotides
2800–3138 of FBtr0084467. If not specified, Hrd3 RNAi refers
to sequence #1; PI3K, nucleotides 358–857 of Pi3K92E coding
sequence (FBpp0083348); PERK, nucleotides 1045–1506 of
FBpp0078417; Ire1, nucleotides 391–883 of FBpp0112161; and
GFP, nucleotides 17–633 of EGFP2 were used as control. S2 cells
were treated with 37 nM dsRNA. Cells were transfected using
Effectene (Qiagen) with pMT-FOXO-GFP, pMT-Gal4, and pUASP-
14-3-3e-HA (provided by Pernille Rørth). CuSO4 (0.7 mM) was
used to induce FOXO 14-3-3e and Ire1 expression.

Human cell culture and treatments

H1299, MCF7, and HepG2 cells were maintained at 37°C in
DMEM supplemented with 10% FBS. Cells were transfected
using FuGENE 6 or Lipofectamine 2000 with pcDNA-FOXO1
(Puig and Tjian 2005), pcDNA-FOXO3 (generated by Aurelio
Teleman from Addgene1787), pCMV-PERK (SC117132 from
OriGene), and pEGFP-N1. pEGFP-N1-FOXO3 was generated at
XhoI and BamHI sites using pcDNA-FOXO3 as a template. PERK
siRNA (Qiagen, SI02223718) was transfected using HiPerFect
reagent. For SILAC mass spectrometry experiments, MDA-
MB231cells were maintained in SILAC-DMEM (Thermo Fisher
Scientific) supplemented with 10% dialyzed FBS (Thermo Fisher
Scientific) and penicillin/streptomycin for at least six cell di-
visions in order to achieve uniform incorporation. Light me-
dium was supplemented with 0.8 mM L-lysine:HCl and 0.4 mM
L-arginine:HCl (Sigma). Heavy medium was supplemented with
0.8 mM L-lysine:2HCl (U-13C6 and U-15N2) and 0.4 mM
L-arginine:HCl (U-13C6 and U-15N4) (Cambridge Isotope).
Cells were transfected with pcDNA-FOXO1 using TurboFect
to express FOXO1-V5 for 2 d. Cells in light medium were left
untreated, and cells in heavy medium were treated with tunica-
mycin for 4 h. FOXO1-V5 was purified using Protein-G Sepharose
beads (GE) and anti-V5 (Invitrogen) in RIPA buffer supplemented
with protease inhibitor and phosphatase inhibitor (Roche).

Antibodies

Antibody to Drosophila FOXO was from Puig et al. (2003).
Antibodies to phospho-S505-AKT (Drosophila), phospho-S473-
AKT (human), AKT, and Myc were from Cell Signaling Tech-
nology. Anti-GFP was from Invitrogen (A6455). HA antibody was
from Roche. Anti-kinesin was from Cytoskeleton. For immuno-
blotting, samples were homogenized in SDS sample buffer,
boiled, and resolved by SDS-PAGE before transfer to nitrocellu-
lose membranes for antibody labeling.

In vitro kinase assay

Purified PERK was purchased from Invitrogen (PV5106). Kinase
assays were conducted according to the manufacturer’s protocol
in 13 kinase buffer (PV3189) for 1 h at 25°C. His-tagged FOXO1
was expressed in Escherichia coli and purified by nickel chelate
chromatography.

Mass spectrometry

SDS-PAGE and in-gel digestion Immunoprecipitated samples
were run on an SDS-PAGE using a NuPAGE 4%–12% Bis-Tris

gel (Invitrogen). The FOXO bands were excised followed by in-gel
digestion (Shevchenko et al. 2006), with minor modifications.
Gel pieces were washed with 50 mL of 50 mM ammonium
bicarbonate and destained with 50 mL of 50% acetonitrile/
25 mM ammonium bicarbonate for 10 min. Reduction was carried
out by covering the gel pieces with 10 mM DTT for 30 min at
56°C; alkylation was carried out with 55 mM iodoacetamide
for 15 min in the dark at room temperature. Fifty microliters
of 50 mM ammonium bicarbonate was used for washing, and
50 mL of 100% acetonitrile was used for shrinking twice for
10 min. Thirty microliters of 13 ng/mL sequencing-grade trypsin
(Promega) was added to each well for 30 min at 4°C before 25 mM
ammonium bicarbonate was added to cover the gel pieces.
Samples were incubated for 3 h at 37°C. Supernatants containing
peptides were cleared by centrifugation. Twenty microliters of
5% formic acid was added to each well followed by 20 mL of 100%
acetonitrile for peptide extraction. Both steps were repeated.

Liquid chromatography/mass spectrometry analysis Vacuum-
dried sample was reconstituted in 0.1% formic acid and analyzed
using nanoHPLC coupled to an LTQ Orbitrap classic, LTQ
Orbitrap XL, Q-Exactive, or LTQ Velos (Thermo Fisher Scien-
tific). Peptides were trapped onto a C18 precolumn and separated
on an analytical column using a 2- to 4-h gradient ranging from
2% to 40% acetonitrile/0.1% formic acid, followed by a 5-min
gradient ranging from 40% to 80% acetonitrile/0.1% formic
acid. For Q-Exactive, survey full-scan mass spectrometry spectra
(m/z 310–2000) were acquired with a resolution of r = 70,000, an
AGC target of 1 3 106, and a maximum injection time of 2 msec.
The 10 most intense peptide ions in each survey scan with an
intensity threshold of 40,000, underfill ratio of 1%, and charge
state $2 were isolated sequentially with an isolation window
of 2 Th to a target value of 20,000 and a maximum injection time
of 50 msec and fragmented in the high-energy collision cell by
high-energy collision dissociation using a normalized collision
energy of 27%. The tandem mass spectrometry was acquired
with a resolution of 17,500 and a starting mass of m/z 100. A
dynamic exclusion was applied using an exclusion duration of
10 sec. For LTQ Orbitrap, survey full-scan mass spectrometry
spectra (m/z 310–1400) were acquired with a resolution of r =

60,000 at m/z 400, an AGC target of 1 3 106, and a maximum
injection time of 1000 msec. The 10 most intense peptide ions
in each survey scan with an ion intensity of >2000 counts and
a charge state $2 were isolated sequentially to a target value of
5000 and fragmented in the linear ion trap by collision-induced
dissociation (CID) using a normalized collision energy of 35%.
A dynamic exclusion was applied using a maximum exclusion
list of 500 with one repeat count, repeat duration of 45 sec, and
exclusion duration of 30 sec. For LTQ Velos, we used mass
spectrometry scans ranging from 310 to 1400 m/z, AGC target
3 3 104, and maximum injection time of 10 msec. The 20 most
intense ions with an ion intensity >1000 and a charge state
excluding 1 were sequentially isolated to a maximum AGC
target value of 1 3 104 for a maximum of 100 msec and frag-
mented by either CID using a normalized collision energy
of 30% or electron transfer dissociation (ETD). For ETD, the
following parameters were used: reagent ion source temp of
160°C, reagent ion source emission current of 50 mA, reagent
ion source electron energy of �70.00 V, reagent ion source CI
pressure of 20 psi, reagent vial 1 ion time of 50, reagent vial 1 AGC
target of 1 3 105, reagent vial 2 ion time of 50, reagent vial 2 AGC
target of 1 3 105, and supplemental activation energy of 15. For
both ETD and CID, a dynamic exclusion list was applied using
an exclusion list size of 500, one repeat count, repeat duration of
45 sec, and exclusion duration of 30 sec, as well as a mass width of
1.0 low and 1.5 high. Expiration count was disabled.
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Data processing and database search

Raw file processing for unlabeled samples was carried out using
Mascot Daemon (version 2.3.2, Matrix Science). A data import
filter for precursor masses from 700 to 4000 Da with a minimum
scans per group of 1 and a minimum peak count of 10 was used.
Mascot search was performed using the UniProt Drosophila

database (released on_2010_09, 34043 entries) or IPI Human
database (ipi.HUMAN.v3.68.decoy.fasta or ipi.HUMAN.v3.86.
decoy.fasta). For the SILAC-labeled samples, the raw files were
processed using MaxQuant version 1.2.0.18 using the default
parameters. An Andromeda search was carried out using the
IPI Human database (ipi.HUMAN.v3.86.decoy.fasta). In both
the Mascot and Andromeda searches, trypsin was specified as
the enzyme, and there were two allowed missed cleavages.
Carbamidomethyl (C) was set as a static modification, while the
dynamic modifications were acetyl (protein N-term), oxidation
(M), and phosphorylation (S/T/Y). The tolerance for the pre-
cursor masses was 7 parts per million (ppm), and the tolerance
for fragments was 0.5 Da for samples analyzed on LTQ Orbitrap.
Tolerance for the precursor masses was 2 Da, and the tolerance
for fragments was 0.8 Da for samples analyzed on LTQ Velos.
The tolerance for fragments was 20 ppm for samples analyzed
on Q-Exactive.

Statistical analysis

Statistical analysis used the Fisher’s exact test (for categorical
data) and Student’s t-test (for normally distributed data). All
data are presented as average 6 SD. P < 0.05 was considered
significant.
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Summary
The Hippo pathway has a central role in coordinating

tissue growth and apoptosis. Mutations that compromise

Hippo pathway activity cause tissue overgrowth and

have been causally linked to cancer. In Drosophila,

the transcriptional coactivator Yorkie mediates Hippo

pathway activity to control the expression of cyclin E and

Myc to promote cell proliferation, as well as the expression

of bantam miRNA and DIAP1 to inhibit cell death. Here we

present evidence that the Hippo pathway acts via Yorkie

and p53 to control the expression of the proapoptotic gene

reaper. Yorkie further mediates reaper levels post-

transcriptionally through regulation of members of the

miR-2 microRNA family to prevent apoptosis. These

findings provide evidence that the Hippo pathway acts

via several distinct routes to limit proliferation-induced

apoptosis.

� 2013. Published by The Company of Biologists Ltd. This is an

Open Access article distributed under the terms of the Creative

Commons Attribution License (http://creativecommons.org/

licenses/by/3.0), which permits unrestricted use, distribution

and reproduction in any medium provided that the original

work is properly attributed.
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Introduction
Cell proliferation is intimately linked with cell death. Cues that

drive cell growth and division also induce apoptosis (Pelengaris

et al., 2002). In an abnormal cell proliferation scenario, such as

cancer, cells adopt a variety of strategies to overcome cell death

(Hanahan and Weinberg, 2011). Many signaling pathways that

drive tissue growth have been found to coordinate cell

proliferation and apoptosis during animal development. Defects

in these pathways quite often cause tissue overgrowth or cancer.

The Hippo pathway is one such signaling pathway, acting as a

negative growth regulator. Mutations in several members of the

pathway lead to tumorigenesis, implicating them as tumor

suppressors (Cai et al., 2010; Pan, 2010). The core pathway

comprises a kinase cascade including the Hippo and Warts

kinases with their adaptors Salvador (Sav) and Mats (Moberg

et al., 2001; Tapon et al., 2002; Harvey et al., 2003; Udan et al.,

2003; Wu et al., 2003). Several proteins have been implicated as

upstream regulators of this kinase cascade by genetic studies,

including Merlin/NF2, Expanded and the atypical cadherin, Fat

(Hamaratoglu et al., 2006; Silva et al., 2006; Yu et al., 2010).

Downstream, the Warts kinase directly phosphorylates and

inactivates transcriptional coactivators including YAP, TAZ,

and in Drosophila, Yorkie (Yki) (Huang et al., 2005; Zhao et al.,

2007; Zhao et al., 2008; Zhao et al., 2010). YAP/TAZ and Yki

function to promote cell proliferation and inhibit apoptosis. These

proteins possess no DNA binding activity and therefore bind to

transcription factors including Scalloped/TEAD to activate their

targets.

Genetic studies have identified functional targets of Yki with

positive roles in cell proliferation, including cycE and Myc, as

well as negative regulators of apoptosis, including the Drosophila

Inhibitor of Apoptosis Protein (DIAP1) and the antiapoptotic

microRNA bantam (Moberg et al., 2001; Moberg et al., 2004;

Huang et al., 2005; Nolo et al., 2006; Thompson and Cohen,

2006; Neto-Silva et al., 2010). These studies have suggested that

the Hippo pathway can balance proliferative drive with limitation

of proliferation-induced apoptosis. This combination of roles

may also explain the potency of mammalian YAP in control of

tissue growth and its ability to induce cancer when overexpressed

(Dong et al., 2007; Pan, 2010).

The tumor suppressor p53 is another key regulator coordinating

cell division and cell death. Activation of p53 by the DNA damage

checkpoint or other cell cycle abnormalities, leads to growth arrest,

and initiates apoptosis. Activated p53 binds DNA and directs

expression of downstream genes including p21, which inhibits the

activity of cyclin–CDK complexes and activates cell cycle

checkpoints to halt cell division (Gartel and Radhakrishnan, 2005).

In addition, p53 promotes transcription of the proapoptotic genes

Bax, PUMA and Apaf-1 to induce cell death. Recent studies in

human cells have identified the ASPP1 protein (apoptosis-stimulating

protein of p53-1) as a key mediator of p53-induced apoptosis (Aylon

et al., 2010; Vigneron et al., 2010). The Hippo pathway kinase Lats,
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the mammalian homolog of Warts, phosphorylates ASPP1 and forms
a complex with ASPP1 and p53 to activate the proapoptotic
transcription program. Phosphorylation of ASPP1, however, can be

antagonized by another Lats substrate YAP.

The upstream control of the apoptosis program is conserved in
Drosophila, with p53 serving as a mediator of the DNA damage
checkpoint. However, the effector program involves a set of

insect-specific proapoptotic genes: reaper, head involution

defective (hid), grim and sickle (skl) (Steller, 2008). The
proapoptotic activity of these four proteins results from their
ability to bind and inactivate DIAP, which in turn inhibits

caspases. In mammals the corresponding functions are provided
by Apaf-1 to cleave and activate caspases instead of derepression
of caspases (Pop et al., 2006). Previous studies in Drosophila

have shown that the bantam microRNA acts to repress hid to
limit proliferation induced apoptosis (Brennecke et al., 2003).
bantam mediates interaction between the EGFR and Hippo

growth control pathways (Herranz et al., 2012). microRNAs of
the miR-2 seed family have also been shown to regulate the
expression of the proapoptotic genes reaper, grim and skl (Stark

et al., 2003; Brennecke et al., 2005; Leaman et al., 2005;
Thermann and Hentze, 2007) and to limit apoptosis in the
developing nervous system (Ge et al., 2012).

In view of the importance of the Hippo pathway in regulating
proliferation-induced apoptosis, we have examined other modes

of action for Yki. Here we provide evidence for additional
parallel pathways involving Yki, p53 and the miR-2 family of
microRNAs in controlling the expression of reaper another key

proapoptotic gene. Yki acts via regulation of p53 on reaper

transcription. In some tissues, Yki acts independently via
members of the miR-2 family to regulate expression of reaper

post-transcriptionally. Our findings place Yki at the center of a
network of regulatory relationships balancing cell proliferation,
p53-dependent checkpoints, proapoptotic genes and miRNAs in
control of tissue growth.

Results
Hippo pathway controls apoptosis by limiting reaper expression

The transcription coactivator Yorkie mediates Hippo pathway
activity to control gene expression in Drosophila. We used RNAi
to deplete yorkie (yki) mRNA from S2 cells, to assess the

contribution of the Hippo pathway to expression of genes
involved in regulation of apoptosis. Depletion of yki mRNA was
effective, and resulted in increased expression of reaper mRNA

and a smaller increase in hid mRNA (Fig. 1A, **P,0.01). To
test this relationship in a growing tissue yki was overexpressed in
the wing imaginal disc under control of nubbin-Gal4. yki

overexpression decreased the level of reaper mRNA (Fig. 1B,

P,0.01; control for yki mRNA level in supplementary material
Fig. S1A). Thus Yki appears to negatively regulate expression of
reaper.

Does regulation of reaper contribute to the growth regulatory

activity of the Hippo pathway in vivo? We made use of patched-

Gal4 (ptc-Gal4) to direct depletion of yki in a defined region of
the wing (shaded in Fig. 1C). Expression of a UAS-ykiRNAi

transgene under ptc-Gal4 control reduced the area of the relevant
region of the wing (Fig. 1C). This effect was quantified by
measuring the ratio of the width of the vein 3–4 region to that of

the vein 4–5 region (indicated by solid and dashed red lines,
upper left panel of Fig. 1C). Depletion of yki reduced the relative
size of the region where the Gal4 driver was expressed (Fig. 1D).

This effect was partially offset by concurrently limiting reaper

expression using a chromosomal deletion, Df(3L)XR38, which

removes reaper and skl, but not the adjacent grim and hid genes
(Peterson et al., 2002). Df(3L)XR38 on its own showed no effect
on growth, but limited the undergrowth caused by yki depletion

(Fig. 1C,D; P,0.001). These observations suggest that increased
expression of reaper contributes to the effects of yki depletion in

vivo.

Yki acts via induction of p53 activity

Previous reports have shown that p53 can directly regulate reaper

expression in Drosophila (Brodsky et al., 2000; Peterson et al.,
2002; Zhou and Steller, 2003). This raised the possibility that Yki
might act via p53 to control reaper during tissue growth in vivo.

To test this we used the ptc-Gal4 UAS-ykiRNAi undergrowth
assay. Coexpression of a dominant negative form of p53
(p53DN) partially suppressed the tissue undergrowth caused by

depletion of yki (Fig. 2A; P,0.001). Expression of p53DN on its
own had no effect on growth. Similarly, reducing p53 activity by
introducing a null allele of the p53 gene also partially suppressed
the effects of engrailed-Gal4 UAS-ykiRNAi on tissue growth

(Fig. 2B; P,0.05). The p53 mutant had no effect on its own.

p53 can also be activated through the caspase Dronc (Nedd2-

like caspase, Nc (Wells et al., 2006; Shlevkov and Morata,
2012)). This raised the possibility that depletion of Yki by RNAi
could lead to reduced DIAP1 expression and thereby trigger
Dronc-mediated activation of p53. To address this possibility, we

depleted both Yki and Dronc from S2 cells and found that the
increase in reaper mRNA levels was not reduced compared to
cells depleted of Yki only, as might have been expected if the

effects of Yki depletion were mediated through this feedback
loop (Fig. 2C). Furthermore, reaper mRNA levels were higher in
wing discs coexpressing UAS-DIAP1 and UAS-YkiRNAi compared

to UAS-YkiRNAi alone (Fig. 2D, P,0.05; DIAP1 overexpression
quantified in supplementary material Fig. S1B). The increase in
reaper levels may reflect improved survival of Yki-depleted cells
when expressing DIAP1. Caspase activation due to low DIAP1

levels also seems unlikely to explain the effects of Yki depletion
on reaper mRNA levels.

In mammalian cells expressing the oncogenic form of H-Ras,
Lats, a component of the Hippo pathway, has been shown to
phosphorylate ASPP1 and form a complex with ASPP1 and p53
to direct expression of pro-apoptotic genes (Aylon et al., 2010;

Vigneron et al., 2010). To ask whether Drosophila ASPP
(CG18375) might also be involved in the context of Yki
regulation of p53 activity in normal tissue growth, we assessed

the effects of removing one copy of the ASPP gene on reaper

mRNA levels in wing discs. Quantitative RT-PCR showed that
reaper mRNA was reduced by ,25%, when ASPP mRNA was

reduced to ,50% in these discs (Fig. 2E; **P,0.01). Next, we
assessed the effects of depleting ASPP by RNAi and the effects
of removing one copy of the ASPP gene in the ptc-Gal4 UAS-

ykiRNAi undergrowth assay. In both scenarios reduced ASPP
activity partially restored growth of the yki-depleted tissue
(Fig. 2F,G; ***P,0.001).

Taken together, these observations suggest that the Hippo
pathway acts through Yki and p53 to control reaper expression.
The involvement of ASPP, suggests that this regulation is likely

to be mediated through Yki binding to Lats/Wts and competing
for ASPP1 phosphorylation, as described in mammalian cell
culture models (Aylon et al., 2010; Vigneron et al., 2010). Here
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we present evidence that limiting reaper levels by manipulating

p53-ASPP1 activity contributes to suppressing the tissue growth

effects of the Hippo pathway. This observation is consistent with

a model in which the Hippo pathway regulates p53 activity to

control proliferation-induced apoptosis.

Yki regulates miRNA expression to control reaper level

Previous reports have shown that microRNAs of the miR-2 seed

family (Fig. 3A) can regulate reaper, grim and skl (Stark et al.,

2003; Leaman et al., 2005; Brennecke et al., 2005; Thermann and

Hentze, 2007). This prompted us to ask whether there might be a

miRNA-based mechanism by which the Hippo pathway controls

reaper expression. As a first step we asked which of the miR-2

family miRNAs is subject to regulation by the Hippo pathway in

S2 cells. Depletion of yki in S2 cells by RNAi led to a significant

reduction in the levels of expression of miR-2a and b (P,0.05,

Fig. 3B; miR-13a/b were on average lower, but the effect was

variable and so not statistically significant). miR-11 was not

significantly changed. miR-6 is expressed at very low levels in S2

cells.

As a first step to address how Yki might regulate miR-2

expression, we sought to identify cis-regulatory control elements

that direct expression of miR-2 loci in S2 cells. miR-2a-1, miR-2a-2

and miR-2b-2 are expressed as a cluster of 3 miRNAs located in an

intron of the spitz gene (Fig. 3C). A 1.9 Kb DNA fragment

covering the intronic sequences upstream of the miRNA cluster

and spanning the next upstream exon proved sufficient to direct

expression of a luciferase reporter gene in S2 cells (Fig. 3C;

supplementary material Fig. S2A). We then used this luciferase

reporter to assess the effects of depleting yki by RNAi. Expression

of the miR-2a cluster reporter decreased significantly in yki-

depleted cells (Fig. 3D), suggesting that Yorkie regulates

transcription of the miR-2a cluster.

To further assess this regulation in vivo, we first asked whether

overexpressing members of the miR-2 family could rescue the

ptc-Gal4 UAS-ykiRNAi undergrowth assay. Coexpression of a

miR-2a/2b cluster transgene or a miR-11 transgene suppressed the

undergrowth of yki-depleted tissue caused by elevated reaper

mRNA (Fig. 4A,B; P,0.001). Expression of miR-2a/2b or miR-

11 on their own had no effect on growth. Next we introduced a

Fig. 1. Yorkie regulates reaper activity in tissue growth control. (A) Histogram showing the levels of reaper (rpr), hid, grim, skl, GAPDH and yki mRNAs
measured by quantitative RT-PCR. S2 cells were treated with dsRNA to deplete yki (grey bars) or GFP as control (white bars). The yki RNA measurement shows that
the RNAi treatment was effective. GAPDH serves as a control. Total RNA was extracted and normalized for cDNA synthesis. RNA levels were normalized to kinesin

mRNA. Error bars represent standard deviation from 3 independent experiments. (*) Student’s t-test for hid vs GAPDH: P,0.05; (**) Student’s t-test for rpr vs
GAPDH: P,0.01. (B) Histogram showing the levels of rpr and GAPDH mRNAs measured by quantitative RT-PCR. RNA was extracted from wing imaginal discs
expressing nub-Gal4 alone (white bars) or nub-Gal4 with a UAS-Yki transgene. Error bars represent standard deviation from 3 independent experiments.

(**) Student’s t-test for rpr vs GAPDH: P,0.01. (C) Photomicrographs of adult wings of the indicated genotype. The domain of ptc-Gal4 expression is shaded in the
upper left panel. Left panels: ptc-Gal4 control flies. Right panels ptc-Gal4 driving expression of a UAS-ykiRNAi transgene to reduce yki mRNA levels in the ptc-Gal4

expression domain. Upper panels: control flies with 2 copies of the proapoptotic genes. Lower panels: flies carrying one copy of Df(3L)XR38. (D) Quantification of
the effects of the treatments in panel C on the size of the ptc-Gal4 expression domain. Data are represented as the ratio of the width of the region between veins 3–4
(solid red line) to the region between veins 4–5 (dashed red line, measured along the posterior crossvein). In normal flies this ratio is ,1.2:1. Note that there was no
effect of ptc-Gal4 driven Yki RNAi on the size of the region between veins 4–5 (not shown), so the ratio reflects reduction of the L3–4 region. *** indicates
statistically significant increase in the width of the ptc-Gal4 expression domain when one copy of the rpr and skl genes were removed (P,0.001).
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miR-2a sensor into the ptc-Gal4 UAS-ykiRNAi assay to report miR-

2a activity in vivo. The sensor transgene expresses GFP under

control of the ubiquitously-expressed tubulin promoter and

carries two miR-2a sites in its 39 UTR (as described

(Brennecke et al., 2005)). However, depletion of yki had no

effect on the expression of the miR-2a reporter in wing imaginal

discs (supplementary material Fig. S3). Although ectopically

expressing members of miR-2 family could suppress undergrowth

of yki RNAi tissue, the negative result with the miR-2a reporter

suggests that the effects of Yki on reaper are not mediated by

regulation of miR-2a expression in the wing discs. To ask

whether this regulation occurred in other tissues in vivo, in

addition to S2 cells, we expressed UAS-ykiRNAi ubiquitously

under tubulin-Gal4 control and found a significant reduction of
miR-2a and b in the whole 3rd instar larvae (Fig. 4C; P,0.05).
These findings suggest that the Hippo pathway contributes to
control of apoptosis through regulation of miR-2 expression in

some but not all tissues.

Discussion
Studies conducted in mammals and Drosophila have suggested
that the downstream effectors of the Hippo pathway, YAP/TAZ
and Yki direct expression of multiple targets linking cell division

and cell death. Identified targets include the cell cycle regulator
cycE and the cellular growth effector Myc (Huang et al., 2005;
Neto-Silva et al., 2010). When the level of Hippo pathway

Fig. 2. p53 mediates the effects of Yorkie. (A) Photomicrographs of adult wings of the indicated genotype. Left panels: ptc-Gal4 control flies. Right panels ptc-

Gal4 driving expression of a UAS-ykiRNAi transgene to reduce yki mRNA levels in the ptc-Gal4 expression domain. Upper panels: control flies without
expressing any other transgene. Lower panels: flies expressing a dominant negative form of p53, UAS-p53DN transgene. Histogram at right shows quantification of
the effects on growth of the ptc-Gal4 expression domain. Error bars represent standard deviation from measurement of at least 8 wings for each genotype.
*** indicates statistically significant increase in the width of the ptc-Gal4 expression domain when p53 activity was reduced (P,0.001). (B) Photomicrographs of
adult wings of the indicated genotype, as in panel A, except that en-Gal4 was used to drive transgene expression in the posterior compartment (shaded), and the
ratio of anterior (A) to posterior (P) was measured. Lower panels: flies carrying two copies of a null allele of p535A-1-4. Histogram shows quantification of the

effects on growth of the P compartment. Error bars represent standard deviation from at least 4 wings for each genotype. * indicates statistically significant increase in
the width of the ptc-Gal4 expression domain when p53 activity was reduced (P,0.05). (C) Histogram showing the levels of rpr, yki and Dronc (Nc) mRNAs.
S2 cells were treated with dsRNA to deplete yki (grey bars) or both yki and Nc (black bars) or GFP as a control (white bars). Total RNA was extracted and normalized
for cDNA synthesis. RNA levels were normalized to kinesin mRNA. Error bars represent standard deviation from 3 independent experiments. (*) Student’s t-test
for rpr vs GAPDH: P,0.05; (**) Student’s t-test for rpr vs GAPDH: P,0.01. (D) Histogram showing the levels of rpr, rp49 and yki mRNAs measured by
quantitative RT-PCR. RNA was extracted from wing imaginal discs expressing nub-Gal4 alone (white bars) or nub-Gal4 with UAS-Yki RNAi and UAS-DIAP1

transgenes. RNA levels were normalized to kinesin mRNA. Error bars represent standard deviation from 6 independent experiments. (*) Student’s t-test for rpr vs

rp49: P,0.05; (**) Student’s t-test for rpr vs rp49: P,0.01. (E) Histogram showing the levels of rpr, GAPDH and ASPP mRNAs. RNA was extracted from
wing imaginal discs of 3rd instar control larvae (+/+) or Df(2R)AA21/+ larvae (gray bars). RNA levels were normalized to rp49 mRNA. Error bars represent standard
deviation from 3 independent experiments. (**) Student’s t-test for rpr vs GAPDH: P,0.01. (F) Photomicrographs of adult wings of the indicated genotype, as
in panel A. Lower panels: flies expressing a UAS-ASPPRNAi transgene to reduce ASPP mRNA levels in the ptc-Gal4 domain. Histogram shows quantification of
the effects of the UAS-ASPPRNAi transgene alone (left) and together with UAS-ykiRNAi. Left and right pairs were from separate experiments. The ratio of the L3–4 to
L4–5 width is constant at ,1.2:1 in all experiments. Error bars represent standard deviation from at least 7 wings for each genotype. *** indicates statistically

significant increase in the width of the ptc-Gal4 expression domain when ASPP activity was reduced (P,0.001). (G) Photomicrographs of adult wings of the
indicated genotype, as in panel A. Lower panels: flies carrying one copy of Df(2R)AA21, which removes the ASPP gene. Error bars indicate standard deviation from
at least 5 wings for each genotype. *** indicates statistically significant increase in the width of the ptc-Gal4 expression domain when one copy of ASPP was
removed (P,0.001).
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activity is sufficient, more cycE binds to CDK2 to promote the

transition from G1 to S phase promoting cell division (Hinds

et al., 1992). Meanwhile, elevated Myc activates numerous target

genes for ribosome assembly and cellular growth (Grewal et al.,

2005). Myc activation is sufficient to induce apoptosis

(Pelengaris et al., 2002), and YAP/TAZ/Yki act in parallel to

limit apoptosis to ensure balance in the coordinated drive for cells

to grow and divide.

Yki acts at multiple levels to control apoptosis. Yki directs

expression of the Drosophila Inhibitor of Apoptosis Protein,

DIAP1 (Huang et al., 2005). We have provided evidence that Yki

acts via regulation of p53 activity to regulate reaper

transcription. Yki acts in parallel in some tissues via regulation

of miR-2 family miRNAs to regulate reaper activity. miR-2 has

been shown to regulate translation of repaer mRNA (Thermann

and Hentze, 2007). In addition, Yki mediated regulation of

bantam miRNA expression (Nolo et al., 2006; Thompson and

Cohen, 2006) controls hid transcript levels (Brennecke et al.,

2003). Thus, Yki is at the center of a network of regulatory

relationships involving p53-dependent checkpoints, proapoptotic

genes and expression of multiple miRNAs in control of

proliferation induced apoptosis (illustrated in Fig. 4D).

Why use a variety of parallel effector mechanisms? Our findings

suggest that there may be tissue-specific differences in pathway use.

As well, use of multiple pathways allows for the possibility that

their activity may be regulated in a manner that depends on

physiological context. This may be advantageous in adapting

control of growth and apoptosis to the needs of different tissue types

during development and in the adult for homeostasis and tissue

repair. Diverse modes of regulation may also reflect the importance

of having adequate checkpoints to limit proliferation. Bypassing

apoptosis and negative growth regulatory signals are important

steps along the path to cancer (Hanahan and Weinberg, 2011).

Materials and Methods
Fly strains
Df(3L)XR38, which removes rpr and skl, but not hid and grim, is described by

Peterson et al. (Peterson et al., 2002) and was provided by Kristin White. UAS-

p53DN is described by Brodsky et al. (Brodsky et al., 2000). GUS-p53DN

(p53.Ct), p535A-1-4, Df(2R)AA21 flies were obtained from the Bloomington Stock
Center. UAS-RNAi-yki (transformant ID: 40497 and 104523) and UAS-RNAi-ASPP

lines were from the Vienna Drosophila RNAi center. UAS-miR-2a/2b and miR-2a

GFP sensor flies were described by Stark et al. (Stark et al., 2003). UAS-miR-11

transgene was described by Szuplewski et al. (Szuplewski et al., 2012).

Cell culture and treatments
S2 cells were grown at 25 C̊ in SFM (Gibco) supplemented with L-glutamine.
dsRNA was prepared using MegascriptT7 (Ambion) with the following templates:

yki, nucleotides 331–875 of yki 215AA isoform coding sequence; Dronc,

nt649–1122 of the ORF; GFP, nt 17–633 of EGFP2. S2 cells were treated

with 37 nM dsRNA. The primers used to clone the 1.9 Kb DNA fragment before

miR-2a cluster into pGL3-Basic by SLIC at XhoI site were: forward,

59-GCGTGCTAGCCCGGGCTCGAGAAACTTTTGTTTGGTTTTGGAATATA-

CATATATGTATGTGTG-39; reverse, 59-AAGCTTACTTAGATCGCAGATC-

TGTTTCGATTCGATGAGAGCCGAGGTG-39. The primers used to clone the
1.5 Kb DNA fragment before miR-2b-1 using the same method were: forward,

59-GCGTGCTAGCCCGGGCTCGAGTTTAAATGTGCTTTTTTAAATAGCGA-

GCCACTG-39; reverse, 59-AAGCTTACTTAGATCGCAGATTGAATATTGT-

TGACAACATGTCACTGCCAC-39.

Quantitative RT-PCR
Total RNA was extracted from S2 cells or wing imaginal discs and treated with
DNase-1 to eliminate genomic DNA contamination. Reverse transcription to

synthesize the first strand used oligo-dT primers and Superscript RT-III

(Invitrogen). PCR was performed and analyzed on Applied Biosystems 7500

fast real-time PCR system. The following primers were used: yki-f,

Fig. 3. Yorkie regulates miR-2a cluster expression in S2 cells. (A) Sequence alignment of Drosophila miR-2 family miRNAs. The seed region is shown in blue
to recognize reaper mRNA. (B) Histogram showing the levels of miR-2, miR-13, miR-11 and U27 measured by quantitative RT-PCR. S2 cells were treated with

dsRNA to deplete yki (grey bars) or left untreated (white bars). Small RNA U27 serves as a control. Total RNA was extracted and normalized for cDNA synthesis.
RNA levels were normalized to small RNA U14. Gray line indicates separate experiments. The ratio of U27 between untreated and yki RNAi sample is constant
at 1:,0.8 in all experiments. Error bars represent standard deviation from at least 3 independent experiments. Student’s t-test for miR-2 vs U27: *P,0.05, **P,0.01.
(C) Schematic representation of the miR-2a cluster locus. Arrow lines represent transcripts of spi gene: thick parts indicate exons; thin parts indicate introns.
microRNAs of miR-2 family were represented as black dots. The 1.9 kB cis-regulatory fragment directing luciferase reporter is shown as thick gray line below.
(D) Luciferase assays showing activation of reporter directed by a 1.9 Kb DNA fragment of miR-2a cluster cis-regulatory element (C). S2 cells were treated with

dsRNA to deplete yki (right bar) or GFP as a control (left bar). Error bars represent standard deviation from 3 independent experiments. (**) Student’s t-test ,0.01.
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59-GAGCAGGCAGTTACCGAGTC-39; yki-r, 59-TCCATGAAGTCGTTCGA-

TCA-39; rpr-f, 59-TTGCGGGAGTCACAGTGGA-39; rpr-r, 59-TGCGATGGC-

TTGCGATATTT-39; hid-f, 59-CCTCTACGAGTGGGTCAGGA-39; hid-r,

59-CGTGCGGAAAGAACACATC-39; grim-f, 59-TGGGAAAGGCAGGC-

TCAATCAAAG-39; grim-r, 59-ACTCGTTCCTCCTCATGTGTCC-39; skl-f,

59-ACCAACTTAAGCACCAACTAAGGC-39; skl-r, 59-TGCGCTAGTTCT-

CACCAACG-39; DIAP1-f, 59-TTGTGCAAGATCTGCTACGG-39; DIAP1-r,

59-CACAGCGGACACTTTGTCAC-39; Dronc-f, 59-GAAGTCGGCCGATAT-
TGTGGAC-39; Dronc-r, 59-GCTCATTCCGGAGCTTGCTAAC-39; ASPP-f,

59-GACCGACGATGTCCTGTGAATATC-39; ASPP-r, 59-GCGACAACTGA-

TTGCGGTACATC-39. Kinesin, rp49 and GAPDH, which were mentioned by

Zhang et al., were used as house-keeping genes (Zhang et al., 2011). Data were

normalized at least to the two having similar behaviors.

For microRNA quantification, reverse transcription and PCR were performed

using TaqManH MicroRNA Assays from Applied Biosystems.

Immunostaining and microscopy
Wandering 3rd instar larvae were collected and dissected. Tissues were fixed in

PBS with 4% paraformaldehyde at room temperature for 20 min, then rinsed and

washed in PBST (PBS+0.05% Triton X-100) before blocked in PBST+5% BSA.
Anti-GFP and Anti-Gal4 were incubated at 4 C̊ overnight. Secondary antibodies

were incubated at room temperature for 2 hrs with DAPI. Wing imaginal discs

were mounted and imaged using a Zeiss LSM700 confocal microscope.
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The high proliferation rate of cancer cells, together with environmental factors such as hypoxia and nutrient
deprivation can cause Endoplasmic Reticulum (ER) stress. The protein kinase PERK is an essential mediator in
one of the three ER stress response pathways. Genetic and pharmacological inhibition of PERK has been reported
to limit tumor growth in xenograft models. Here we provide evidence that inactive PERK interacts with the
nuclear pore-associated Vault complex protein and that this compromises Vault-mediated nuclear transport of
PTEN. Pharmacological inhibition of PERKunder ER stress results is abnormal sequestration of the Vault complex,
leading to increased cytoplasmic PTEN activity and lower AKT activation. As the PI3K/PTEN/AKT pathway is
crucial for many aspects of cell growth and survival, this unexpected effect of PERK inhibitors on AKT activity
may have implications for their potential use as therapeutic agents.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

The phosphatidylinositol-3-kinase (PI3K)/PTEN/AKT pathway is
crucial for many aspects of cell growth and survival. PI3K and AKT
are overactive in many cancers because of PTEN inactivation [1]. Acti-
vation of PI3K via the insulin-signaling pathway leads to phosphoryla-
tion of phosphatidylinositol-4,5-diphosphate (PIP2) to produce
phosphatidylinositol-triphosphate (PIP3) at the plasma membrane.
Elevated PIP3 level promotes phosphorylation and activation of AKT
by PDK1. Thus kinase activity of PI3K on membrane lipids is a key
mediator of growth factor signaling. The output of PI3K activity is
counteracted by the phosphoinositide phosphatase PTEN, which
converts PIP3 to PIP2, thereby reducing the increase in AKT activity
in response to growth factors. AKT transduces growth factor signals
by phosphorylation of transcription factors including members of the
FoxO Forkhead transcription factor family. Elevated growth factor
signaling leads to increased AKT-mediated phosphorylation of FoxO
proteins, which promotes their retention in the cytoplasm. Reciprocally,
low AKT activity allows higher nuclear activity of FoxO proteins.

In normal cells, PTEN is detected in both cytoplasmic and nuclear
compartments. It is clear that cytoplasmic PTEN acts as a negative
regulator of PI3K/AKT, but the function of nuclear PTEN remains un-
known [2]. PTEN is imported into the nucleus by different mechanisms,
n).

. This is an open access article under
including the nuclear pore associated Vault complex [3], a conserved ri-
bonucleoprotein particle found in higher eukaryotes. The Vault complex
has a barrel-shaped structure. Constituents include themajor vault pro-
tein (MVP, which constitutes N70% of total complex mass), poly (ADP-
ribose) polymerase 4 (PARP4), telomerase-associated protein (TEP1)
and a small RNA (vRNA) [4]. Expression of MVP has been reported to
correlate with the degree of malignancy in certain cancer types, imply-
ing a direct involvement of Vaults in tumor development and
progression [5]. It has also been demonstrated that the Vaults are
upregulated in multidrug-resistant (MDR) human cancer cells and
downregulated in MDR-revertant cell lines. However, the function of
this complex is still largely unclear.

Endoplasmic reticulum (ER) stress response is an adaptive mecha-
nism that responds to protein misfolding in the secretory pathway. ER
stress signaling is mediated by three parallel pathways, involving the
protein kinases Ire1 and PERK and the ATF6 transcription factor [6]. ER
stress has been linked to the PTEN/AKT pathway via Ire1-mediated
activation of JNK signaling. JNK phosphorylates the insulin receptor sub-
strate (IRS) proteins and limits activation of PI3K/AKT [7]. In addition,
PERK inhibits protein translation by phosphorylating eIF2α.

ER stress plays an important role in cancer cell survival and
resistance to anti-cancer treatment [8–14]. The high proliferation rate
of cancer cells challenges the cells capacity to fold, assemble and trans-
port proteins through the secretory pathway, a condition that can in-
duce ER stress. Moreover, as tumors grow, cells experience nutrient
deprivation and hypoxia, which can activate the ER stress pathway
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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[9–11]. Indeed, phosphorylation of eIF2α by eIF2α Kinase3 (also known
as PRKR-like endoplasmic reticulum kinase, PERK) has been shown to
confer a survival advantage for tumor cells under hypoxic stress [15].
A recent report has presented evidence that a small molecule inhibitor
of PERK can inhibit growth of human tumor samples in xenograft
models [16].

Previously we reported that ER stress potentiates insulin resistance
through PERK-mediated FoxO phosphorylation [17]. PERK-mediated
phosphorylation was shown to potentiate FoxO transcription factor
activity. PERK opposes the activity of the insulin/AKT pathway, mediat-
ed via regulation of FoxO activity. We hypothesized that PERKmight be
a promising pharmacological target for ameliorating insulin resistance.
PERK inhibition was predicted to reduce FoxO activity. Here we report
that pharmacological inhibition of PERK had a paradoxical effect, lead-
ing to increased FoxO activity. We provide evidence that inactive PERK
protein interacts with Vault complex proteins leading to increased cyto-
plasmic PTEN activity. This lowers PI3K/AKT signaling, resulting in an
increase in nuclear FoxO activity. The unexpected effects of PERK
inhibitors on activity of the PI3K/AKT pathway have implications for
the potential use of PERK inhibitors as therapeutic agents in cancer
and metabolic disease.

2. Material and methods

2.1. Human cell culture and treatments

HEK293T, HeLa andMDA-MB-231H1299 andHepG2 cells were pur-
chased from ATCC (Manassas, VA). Cell lines were cultured with high
glucose DMEM media supplemented with 10% FBS at 37 °C and 5%
CO2. Cells were transfected using FuGENE 6 with pcDNA-FoxO1,
Fig. 1.Characterization of PERK inhibitors. (A) In vitro kinase assays using purified PERK protein
at the indicated concentrations. Compounds 1–3 are described in [20]. Compound 4 is descri
MDA-MB-231 cells. Cells were incubated with compounds for 48 h or 72 h at the indicated con
pcDNA-FoxO3, pCMV-PERK and pEGFP-N1. pCMV-MVP was from
OriGene (SC114118). pcDNA-GFP-PTEN was from Addgene (10759).
K622M mutation was introduced into pCMV-PERK using QuickChange
II XL kit with primers 5′-ACTGCAATTATGCTATCATGAGGATCCGTCTC
CCC-3′ and 5′-GGGGAGACGGATCCTCATGATAGCATAATTGCAGT-3′.

For SILAC mass spectrometry experiments, H1299 cells were main-
tained in SILAC-DMEM (Thermo Fisher Scientific) and penicillin/
streptomycin for at least six cell divisions. Light medium was supple-
mented with 0.8 mM L-lysine: HCl and 0.4 mM L-arginine: HCl
(Sigma). Heavy medium was supplemented with 0.8 mM L-lysine:
2HCl (U-13C6 and U-15 N2) and 0.4 mM L-arginine: HCl (U-13C6 and
U-15 N4) (Cambridge Isotope). Light-labeled cells were transfected to
express PERK-Flag and heavy-labeled cells were transfected to express
PERKK622M-Flag.

2.2. Kinase assay

PERK kinase was purchased from Carna and Invitrogen. 65nM PERK
and 1 μl of compound at 26X assay concentrations in 15 μl of reconstitu-
tion buffer were added to a 384-well plate and incubated at room
temperature for 15 min. FL-PP20 and ATP in substrate buffer were
added and the plate was incubated at room temperature for 3 hours.
The reaction was terminated with 45 μl of termination buffer. The
reactions in the absence of ATP or compounds were used as controls.
Data were collected on a LabChip EZ Reader II (Caliper).

2.3. Cell proliferation assay

Cell proliferationwasmeasured using Cell Titer-Glo Luminescent Cell
Viability Assay (Promega) following the manufacturer's instructions.
(purchased fromCarna and Invitrogen). The dose response of the 4 compoundswas tested
bed in [21]. (B) Cytotoxicity of the compounds was determined for HEK293T, HeLa and
centrations.
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Cells were seeded at 2000/well the day before the experiment. Serial di-
lutions of the compounds were added to each well and cultured at 37 °C
in 5% CO2. After 48 h or 72 h, an equal volume of Cell Titer Glo reagent
was added to each well. Plates were rocked on rotator for 2 h. 100 μl so-
lution from eachwell was transferred to a 96well opaque plate, and total
light emitted was measured on the Tecan Safire II.
2.4. Quantitative RT-PCR

Total RNA was extracted using QIAGEN RNeasy Mini Kit and treated
with On-Column DNase (QIAGEN RNase-free DNase Set) to eliminate
genomic DNA contamination. Reverse transcription to synthesize the
first strand was done using oligo-dT primers and Superscript RT-III
(Invitrogen). PCR was performed using power sybr green Master Mix
(Applied Biosystems) and analyzed on ABS 7500 fast real-time PCR
system.

Results were normalized to KIF, Rp132 and Actin. The following
primers were used: KIF, 5′-GCTCAACAGATGGCGTAATGGG-3′ and 5′-
GAAAGCTTCCAAGTTGGCTTTCTC-3′; Rp132, 5′-ATCTCCTTCTCGCTGGCG
ATTG-3′ and 5′-AGGTGAGGAAGAATCCTGGAAGG-3′; Actin, 5′-GATGCG
TAGCATTTGCTGCATGG-3′ and 5′-TGAGGCTAGCATGAGGTGTGTG-3′;
Firefly, 5′-CCGCCGTTGTTGTTTTG-3′ and 5′-CTCCGCGCAACTTTTTC-3′;
Renilla, 5′-CGGACCCAGGATTCTTTT-3′ and 5′-TTGCGAAAAATGAAGA
CCT-3′; PERK, 5′-TACAGCTGGCCTCTATACATTCCC-3′ and 5′-AAGACATT
GTAGAAGCTG CCAGAG-3.
2.5. Immunoaffinity purification of protein complexes

Cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors (Roche). Proteins complexes were purified with
anti-FlagM2 agarose beads (Sigma) or GFP-trap beads (Chromotek)
and eluted using 3X Flag peptide or SDS sample buffer. The affinity-
purified protein complexes were subjected to liquid chromatography-
mass spectrometry analysis as described beloworwere used forwestern
blot analysis.
2.6. Mass spectrometry and data analysis

Eluted protein complexes were separated by one-dimensional
4–12%NuPage Novex Bis–Tris Gel (Invitrogen), stained using the Colloi-
dal Blue Staining Kit (Invitrogen) and digested with trypsin using
published procedures [18]. Samples were analyzed on an Orbitrap XL
(Thermo Fisher). Survey full scan MS spectra (m/z 300–1400) were ac-
quired with a resolution of r=60,000 atm/z 400, an AGC target of 1e6,
and amaximum injection time of 500ms. The tenmost intense peptide
ions in each survey scan with an ion intensity of N2000 counts and a
charge state ≥2 were isolated sequentially to a target value of 1e4 and
fragmented in the linear ion trap by collisionally-induced dissociation
using a normalized collision energy of 35%. A dynamic exclusion was
applied using a maximum exclusion list of 500 with one repeat count,
repeat, and exclusion duration of 30 s. SILAC peptide and protein quan-
tification was performed with MaxQuant [19] version 1.3.0.5 using
default settings. Database searches of MS data were performed using
Uniprot human fasta (2013 July release, 88354 proteins) with tryptic
specificity allowing maximum two missed cleavages, two labeled
amino acids, and an initial mass tolerance of 6 ppm for precursor ions
and 0.5 Da for fragment ions. Cysteine carbamidomethylation was
searched as a fixedmodification, and N-acetylation and oxidizedmethi-
onine were searched as variable modifications. Labeled arginine and
lysine were specified as fixed or variable modifications, depending on
the prior knowledge about the parent ion. Maximum false discovery
rates were set to 0.01 for both protein and peptide. Proteins were
considered identified when supported by at least one unique peptide
with a minimum length of seven amino acids.
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2.7. Immunoblotting

Cells were homogenized in SDS sample buffer, boiled and resolved
by SDS-PAGE before transfer to nitrocellulose membranes for antibody
labeling. Odyssey Infrared System or Image J was used for protein quan-
tification. Antibodies to PERK, AKT p308, AKT p473 and AKT were from
Cell Signaling. Anti-GFP was fromMolecular Probes. MVP antibody was
from BD Signal Transduction.

MVP siRNA (Qiagen, SI00118391 and SI03057516), PARP4 siRNA
(Qiagen, SI03063172) and PTEN siRNA (Qiagen, SI03116092) was
transfected using DharmaFECT and HiPerFect reagents.

3. Results

3.1. PERK regulates FoxO independent of its kinase activity

Four previously described small molecule inhibitors of PERK ki-
nase [20,21] were synthesized and screened by in vitro PERK kinase
assay (Fig. 1A, Table 1), cell proliferation assays (Fig. 1B, Table 1)
and using the KINOMEscan® platform (Tables S1–S2). The com-
pounds were further tested for interaction with three other eIF2α
Fig. 2. PERK regulates FoxO independent of its kinase activity. (A) Immunoblot to visualize the
dilutions of compound 2 (cpd2). The slowermigrating forms correspond to phosphorylated PER
express a luciferase reporter containing four synthetic FoxO3 sites. Cells were cotransfected to e
represent the average of 3 independent experiments. Error bars: ± SD. * p b 0.05, ** p b 0.0
cotransfected to express intact PERK or PERKK622M and FoxO3 as indicated. Data were normal
of 3 independent experiments. Error bars: ± SD. ** p b 0.01, Student's t-test. (D) Luciferase rep
responsive luciferase reporter derived from the IRS-2 gene. Cells were cotransfected to expres
of the FoxO1 + PERK samples expressing, and represent the average of 3 independent experim
kinases (Tables S3–S4). Compounds 2 and 3 (cpd2, cpd3) showed
better selectivity for PERK while cpd2 was the least cytotoxic. cpd2
showed the best overall profile (Table 1). Next, we tested the inhib-
itory efficacy of cpd2 in vivo. HepG2 cells were treated with
Tunicamycin to induce ER stress and endogenous PERK protein was
visualized by immunoblotting (Fig. 2A, Figure S1). Activation of
PERK by ER stress leads to auto-phosphorylation and a shift in electro-
phoretic mobility during SDS-PAGE. cpd2 showed inhibition of PERK in
HEPG2 cells at concentrations greater than 500 nM (Fig. 2A, Figure S1).

We have previously reported that PERK overexpression increased
FoxO transcription factor activity in luciferase reporter assays, and
reciprocally that depletion of PERK by siRNA treatment reduced FoxO
activity [17]. To assess the effects of the PERK inhibitors on FoxO activity
we performed luciferase assays in H1299 cells expressing FoxO3 and a
luciferase reporter containing four synthetic FoxO3 sites with andwith-
out PERK overexpression (4FRE; Fig. 2B). cpd2 and cpd3 had little effect
on FoxO3 activity in control cells. In cells overexpressing PERK, we
observed a modest decrease in FoxO3 activity at concentrations up to
~150 nM, and a sharp increase at higher concentrations (Fig. 2B).

Activation of FoxO at higher concentrations of PERK inhibitor was
unexpected, as depletion of PERK protein by siRNA treatment lowers
level of PERK phosphorylation in HepG2 cells treated with Tunicamycin (TM) and series of
K. (B) Luciferase reporter assays for human FoxO3 activity. H1299 cells were transfected to
xpress human FoxO3 and PERKwith series dilutions of compound 2 or 3 as indicated. Data
1, *** p b 0.001, Student's t-test. (C) FoxO3 luciferase assays as in B, except cells were
ized to the average of the FoxO3 + PERK samples expressing, and represent the average
orter assays for human FoxO1 activity. H1299 cells were transfected to express a FoxO1-
s intact PERK or PERKK622M and FoxO1 as indicated. Data were normalized to the average
ents. Error bars: ± SD. * p b 0.05, Student's t-test.
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FoxO activity [17]. We therefore considered the possibility that the
presence of an inhibited PERK protein might have indirect effects
on FoxO activity. To test this, we produced a catalytically inactive
mutant, PERKK622M. Expression of PERKK622M or native PERK had lit-
tle effect on FoxO3 reporter activity in H1299 cells; however when
co-expressed with FoxO3, PERKK622M increased reporter activity
considerably more than native PERK (Fig. 2C, ** p b 0.01, Figure S2).
Similar results were obtained in cells co-transfected to express
FoxO1 and a luciferase reporter containing the human IRS-2 promot-
er as readout of FoxO1 (Fig. 2D, * p b 0.05, Figure S3). We conclude
that an inactive PERK protein, whether catalytically inactive or
chemically inhibited, can increase FoxO activity. This poses an appar-
ent paradox: depletion of PERK protein produced an opposite effect
than inhibiting PERK activity.
Fig. 3. Inactive PERK interactswith Vault complex. (A) SILAC pull-downworkflow.H1299 cellsw
SILAC media. Flag immunoprecipitation was used to recover PERK and bound proteins for mas
preferentially interactedwith PERKK622Mvs native PERKwith ap value (Ratio Significance) b 0.05
molecules (red). Gray circles indicate PARP4. vRNA (empty circles) at the end of cap region co-l
and PERK or PERKK622M. H1299 cells were transfected to express the indicated proteins. GFP-ta
anti-PERK. Input shows 1% of the lysate. IP and input sampleswere run on the samegel. Intervenin
and PERK as in D. H1299 cells were treated with cpd2, as indicated. Input shows 1% of the lysat
3.2. Inactive PERK interacts with Vault complex

To test the possibility that active and inactive forms of PERK might
interact differently with other proteins, we performed SILACmass spec-
trometry on proteins that immunopurified together with Flag tagged
PERK and PERKK622M (Fig. 3A). The MVP, PARP4 and TEP1 proteins
were among the top 10 proteins enriched for binding to PERKK622M

compared to native PERK (p b 0.01, Table S5, Fig. 3B). eIF2α, another
PERK target, was not enriched (eIF2S1, Fig. 3B). The occurrence of
these 3 proteins among the top 10was striking because all 3 are compo-
nents of the Vault complex (Fig. 3C). The Vault complex is located in the
cytoplasm and on the outer surface of the nuclear envelope [22]. Many
different roles have been proposed for the Vault complex, including
nucleo-cytoplasmic transport [23,24].
ere transfected to express PERKK622M-Flag or intact PERK-Flag and grown inHeavy vs Light
s spectometric analysis. (B) Ratio–intensity plot. The red data points indicate proteins that
. (C) Diagramof theVault complexmodified from [4]. The capsid structure consists ofMVP
ocalizes with TEP1 (blue). (D) Immunoblots to monitor the interaction betweenMVP-GFP
gged MVPwas recovered using GFP-trap beads, and blots were probed with anti-GFP and
g lanes havebeen removed. (E) Immunoblots tomonitor the interaction betweenMVP-GFP
e. IP and input samples were run on the same gel. Intervening lanes have been removed.
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To further explore the interaction between PERK and Vault complex
components, we transfected cells to express a GFP-tagged MVP. Purifi-
cation of GFP-MVP on GFP trap-beads showed much stronger binding
to PERKK622M, compared to native catalytically-active PERK (Fig. 3D,
Figure S4A). Interestingly, a longer exposure of the immunoblot showed
that the native PERK protein that was recovered bound to MVP was
mostly the faster-migrated unphosphorylated form of the protein,
which co-migrated with the catalytically-inactive PERKK622M protein
(Fig. 3D). However, native catalytically-active PERK was effectively
recovered by binding to MVP when its catalytic activity was inhibited
by treatment with compounds 2, similar to PERKK622M (Fig. 3E,
Figure S4B and S4C). This suggested that the (auto)-phosphorylation
status of PERK influences its interaction with the vault complex.
3.3. PERK regulates PI3K/AKT pathway via Vault-mediated PTEN
localization

MVP was previously identified as a PTEN-binding protein in a yeast
two-hybrid screen [25]. MVP bindingwas shown to be critical for nucle-
ar transport of PTEN in human cells [3]. In light of this, we askedwheth-
er the difference in binding of the two PERK forms to MVP would affect
PTEN localization. Expression of the PERKK622M mutant, which binds
MVPmore effectively, led to an increase in cytoplasmic PTEN compared
to native PERK (Fig. 4A). This suggested that interaction with the
PERKK622M mutant protein compromised Vault-complex activity.

PTEN is a tumor suppressor that downregulates AKT signaling by
reducing the output of PI3kinase at the cell membrane. To address the
contribution of the Vault complex to PTEN activity, we made use of
siRNAs to deplete the Vault proteins MVP or PARP4, and monitored
insulin-induced activation of AKT. Depletion of MVP or PARP4 sup-
pressed insulin-dependent phosphorylation of AKT (Fig. 4B, C). Similar-
ly, expression of PERKK622M, which compromises Vaults activity and
consequently elevates cytoplasmic PTEN, also resulted in a reduction
of AKT phosphorylation level compared to native PERK (Fig. 4D).
Fig. 4. PERK regulates AKT via Vaults-mediated PTEN. (A) Left panels: GFP-PTEN (green) in cel
with DAPI (blue). Images were selected to present cells showing the averages of quantification
PTEN-GFP was quantified using DAPI to define the nucleus. p-value: Mann-Whitney test. (B) L
to deplete MVP. Antibody specific to pS473 and pT308 were used to monitor AKT phosphory
were run on the same gel, with intervening lanes removed (vertical gap). Right panel: Histog
left panels. Data represent the average of 3 independent experiments. Error bars: ± SD. ** p b 0
phorylation and total AKT in cells treated with siRNA to deplete PARP4 and insulin, as indicated
sentative lanes in left panels. Data represent the average of 3 independent experiments. Error
pT308 AKT in cells treated with insulin. Cells were transfected to express PERK or PERKK622M

panel: Histogram showing the normalized ratio of pT308/AKT indicated for representative lan
SD. ** p b 0.01, Student's t-test.
Taken together these findings are consistent with a role for MVP in
nuclear transport and an increase in cytoplasmic PTEN activity [3].

To further assess the effect of inhibiting PERK onAKT activation, cells
were treated with insulin to activate the AKT pathway and with
Tunicamycin to induce ER stress. Tunicamycin treatment, due to activa-
tion of Ire-1 [7], caused amild reduction in AKT phosphorylation, which
was further reduced by treatment with the PERK inhibitor compound 2
(Fig. 5A, B). PERK inhibitors had little or no effect in cells that had not
been treated to induce ER stress (Fig. 5C, Figure S5). In cells depleted
of MVP (Fig. 5A) or PTEN (Fig. 5B) by siRNA treatment, the PERK inhib-
itor no longer had any discernible effect on AKT phosphorylation level.
This implicates MVP/PTEN as an essential part in the mechanism by
which inhibition of PERK influences the AKT pathway.

4. Discussion

Our findings provide evidence that the effect of PERK inhibition on
the PI3K/AKT pathway depends on the presence of MVP. The data are
consistent with a model in which binding to inhibited PERK lowers
Vault complex activity, resulting in increased cytoplasmic PTEN activity.
We noted that ER stress increased the level of PERK mRNA (Fig. 5D),
suggesting an adaptation mechanism to increase PERK levels under
chronic stress conditions. Under normal conditions, when ER-stress
has not been induced, PERK inhibitors appear to have little or no
measurable effect on the PI3K/AKT pathway.

4.1. Implications for use of PERK inhibitors

The observations reported here have implications for the prospec-
tive use of PERK inhibitors as cancer therapeutics [16,20]. Tumors are
subject to hypoxia and nutrient deprivation, features that can be
exploited therapeutically [8,9]. Hypoxia triggers ER stress and ER stress
responses have been observed in a variety of cancers (e.g. [10,11,26].
Manipulations to block ER stress pathway activity have been shown to
ls expressing PERK-Flag or PERKK622M-Flag. Anti-Flag is shown in red. Nuclei were labeled
s on the right panel. Right panel: scatter plot showing the ratio of cytoplasmic to nuclear
eft panels: AKT phosphorylation status in HepG2 cells treated with insulin and/or siRNA
lation. Anti-AKT and anti-Tubulin were used as loading controls. Upper panel: samples
ram showing the normalized ratio of pT308/Tubulin indicated for representative lanes in
.01, Student's t-test. (C) Left panels: Immunoblot to visualize the level of AKT T308 phos-
. Right panel: Histogram showing the normalized ratio of pT308/AKT indicated for repre-
bars: ± SD. * p b 0.05, Student's t-test. (D) Left panels: Immunoblot to visualize AKT and
as indicated. Samples were run on the same gel, with intervening lanes removed. Right
es in left panels. Data represent the average of 3 independent experiments. Error bars: ±



Fig. 5. Inhibiting PERK under ER stress regulates AKT viaMVP/PTEN. (A) Left panels: Immunoblot to visualize Tubulin and pT308 AKT in cells treatedwith insulin, Tunicamycin, compound
2 and/or siRNA to deplete MVP, as indicated. Samples were run on the same gel, with intervening lanes removed. Right panel: Histogram showing the normalized ratio of pT308/Tubulin
indicated for representative lanes in left panels. Data represent the average of 3 independent experiments. Error bars: ± SD. (N.S.) not significant; ** p b 0.01, Student's t-test.
(B) Immunoblot to visualize Tubulin and pT308 AKT in cells treated with insulin, Tunicamycin, compound 2 and/or siRNA to deplete PTEN, as indicated. (C) Left panels: Immunoblots
to visualize the level of AKT T308 phosphorylation. Cells were treated with insulin and compound 2 as indicated. Tubulin was used as loading control. Samples were run on the same
gel, but intervening lanes have been removed as indicated. Right panel: Histogram showing the normalized ratio of pT308/Tubulin indicated for representative lanes in left panels.
Data represent the average of 3 independent experiments. Error bars: ± SD. (N.S.) not significant; * p b 0.05, Student's t-test. (D) Histogram showing the levels of PERKmRNAmeasured
by quantitative RT-PCR. HepG2 cells were treated with Tunicamycin for 24 h to induce ER stress or DMSO as control. Data represent the average of 3 independent experiments. Error
bars: ± SD. ** p b 0.01, Student's t-test.
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limit growth of cancer cells inmouse xenograftmodels [10,11,15]. Small
molecule inhibitors of PERK have also been reported to slow the growth
of human cancers in xenograft models [16,20].

Our findings have highlighted the molecular interaction between
pharmacologically inhibited PERK and the PI3K/AKT pathway. Inactivated
PERK interactswith Vault complex proteins and limits their ability to pro-
mote nuclear localization of PTEN. The resulting shift in PTEN to the cyto-
plasm leads to reduced activation of AKT by growth-factor PI3K signaling
pathways. This interaction has little functional consequence in normal
cells. But, in ER-stressed cells, treatment with PERK inhibitors leads to re-
duced AKT activation. Given the prevalence of ER stress in tumors, this in-
teractionmay have functional significance. In this context, it is interesting
that elevated expression of MVP is frequently observed in multidrug re-
sistant cancers [27]. Given that inhibited PERK binds MVP and lowers
the ratio of nuclear PTEN, our model raises the possibility that cancers
with low MVP and high PERK expression might be more sensitive to the
effects of PERK inhibitionon theAKTpathway,whereas thosewith elevat-
ed MVP might be relatively resistant.

5. Conclusions

ER stress elevates the expression and activity of PERK kinase.
Pharmacological inhibition of PERK under ER stress then enhances the
sequestration of nuclear pore associated Vault-complex by inactive
PERK, and consequently compromises the nuclear transport of PTEN,
creating an unexpected effect on the AKT pathway. This drug-induced
link may have implications for therapeutic use of PERK inhibitors.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cellsig.2014.12.010.
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2016 年江苏省基础研究计划（自然科学基金） 
等拟立项目公示 

 
为深化拓展科技创新工程，建设更高水平的创新型省份，根

据《江苏省科技计划项目立项工作操作规程》，经组织申报、专

家评审、厅长办公会票决审定等立项程序，现将 2016 年省基础

研究计划（自然科学基金）、重点研发计划（社会发展）、科技型

创业企业孵育计划等拟立项目共 1891 项名单予以公示（见附

件），公示时间自 2016 年 6 月 8 日至 6 月 14 日。公示期间如对

项目有异议，请向我厅书面反映，凡以单位名义反映情况的材料

要加盖单位公章，以个人名义反映情况的材料需具实名并附联系

方式。 

我厅郑重声明：省科技厅领导及其工作人员从未向项目申

报、承担单位布置与省科技厅正常管理工作无关的任何工作，从

未要求项目申报、承担单位提供与省科技厅正常管理工作无关的

任何服务，如推销各种产品、书籍，甚至以各种理由索要钱款等。

请各地科技部门增强防范意识，严防上当受骗，并及时提醒相关

工作人员和有关企业提高警惕，遇到有关情况请及时与我厅联系

核实，情节严重者请及时向当地公安部门报案，予以追查。 

咨询电话： 

江 苏 省 科 学 技 术 厅  
 



1、省基础研究计划（自然科学基金）：省科技厅社发处 孙

彦 025-83363439。 

2、省重点研发计划（社会发展）：省科技厅社发处 丛兴忠 

025-84215986。 

3、省科技型创业企业孵育计划：省科技厅高新处 张迪 

025-83379768。 

举报电话： 

联系人：省监察厅驻省科技厅监察室  赵小平 

电  话：025-83350162、15951610699。 

 

附件：1. 2016年省基础研究计划（自然科学基金）拟立项目

清单 

2. 2016年重点研发计划（社会发展）拟立项目清单 

3. 2016年省科技型创业企业孵育计划拟立项目清单 

                         

江苏省科学技术厅 

2016 年 6 月 7 日 

 

说明：公示项目名称为申报单位所填写，合同签订时将

进一步予以规范。  
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附件1-3

序号 姓名 所在单位

1 何学敏 南京邮电⼤大学

2 赵璇 东南⼤大学

3 邹德成 扬州⼤大学

4 尹万健 苏州⼤大学

5 穆蕊 苏州⼤大学

6 何成 南京航空航天⼤大学

7 王佳栋 江苏⼤大学

8 郭晓倩 中国矿业⼤大学

9 朱茂春 江苏⼤大学

10 郭各朴 南京师范⼤大学

11 王奎 苏州⼤大学

12 顾宇 南京理⼯工⼤大学

13 王婧 南京理⼯工⼤大学

14 郭⽟玉杰 南京航空航天⼤大学

15 顾红 南京财经⼤大学

16 王海⾦金 南京邮电⼤大学

17 蔡红明 南京理⼯工⼤大学

18 周圣⾼高 苏州⼤大学

19 李东 中国科学院紫⾦金⼭山天⽂文台

20 钱江 河海⼤大学

21 胡志成 南京航空航天⼤大学

22 周效尧 南京师范⼤大学

23 尚旭东 南京师范⼤大学泰州学院

24 董慧媛 南京邮电⼤大学

25 阚威威 南京理⼯工⼤大学

2016年江苏省自然科学基⾦金青年基⾦金获得者名单
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序号 姓名 所在单位

998 屈阳 江苏⼤大学

999 杨俊俊 江苏省苏北⼈人民医院

1000 陈冬寅 南京医科⼤大学
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