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ABSTRACT

Accumulating evidence suggests that mitogen-activated protein kinases (MAPKs) regulate macroautophagy/
autophagy. However, the involvement of dual-specificity protein phosphatases (DUSPs), endogenous inhibitors
for MAPKSs, in autophagy remains to be determined. Here we report that DUSP1/MKP-1, the founding member
of the DUSP family, plays a critical role in regulating autophagy. Specifically, we demonstrate that DUSP1
knockdown by shRNA in human ovarian cancer CAOV3 cells and knockout in murine embryonic fibroblasts,
increases both basal and rapamycin-increased autophagic flux. Overexpression of DUSPT had the opposite
effect. Importantly, knockout of DuspT promoted phosphorylation of ULK1 at Ser555, and BECN1/Beclin 1 at
Ser15, and the association of PIK3C3/VPS34, ATG14, BECN1 and MAPK, leading to the activation of the
autophagosome-initiating class Ill phosphatidylinositol 3-kinase (Ptdins3K) complex. Furthermore, knockdown
and pharmacological inhibitor studies indicated that DUSP1-mediated suppression of autophagy reflected
inactivation of the MAPK1-MAPK3 members of the MAPK family. Knockdown of DUSPT sensitized CAOV3 cells
to rapamycin-induced antigrowth activity. Moreover, CAOV3-CR cells, a line that had acquired cisplatin
resistance, exhibited an elevated DUSP1 level and were refractory to rapamycin-induced autophagy and
cytostatic effects. Knockdown of DUSPT in CAOV3-CR cells restored sensitivity to rapamycin. Collectively, this
work identifies a previously unrecognized role for DUSP1 in regulating autophagy and suggests that
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suppression of DUSP1 may enhance the therapeutic activity of rapamycin.

Introduction

Autophagy is a highly conserved process by which cytoplasmic
materials are encapsulated in double-membrane compartments,
phagophores, that mature into autophagosomes, allowing the
subsequent degradation of the cargo following fusion of the latter
with lysosomes." Autophagy is a constitutive process and plays a
critical role in the degradation of long-lived proteins and aged/
dysfunctional organelles. However, autophagy is also induced by
nutrient and energy deficiency, and as a response to cellular
damage induced by a variety of exogenous stressors."” As such,
constitutive and inducible autophagy has critical roles in cellular
housekeeping and maintenance of homeostasis. Although gener-
ally viewed as being a prosurvival process, there are numerous
cases in which autophagy appears to directly mediate or contrib-
utes to cell death.* Extensive literature documents the prosur-
vival functions of autophagy, and the induction of autophagy in
tumors during chemotherapy often provides a survival advan-
tage,”® but there are cases in which autophagy mediates the cyto-
toxic effects of stressors and therapeutics, and promoting
autophagy causes cancer cell death or sensitizes cancer cells to
other chemotherapeutics.>* In addition, autophagy is increas-
ingly recognized as a critical player in cancer development, but
its role in cancer is complex. For example, mutations resulting in
the loss or silencing of Becnl or Atg5 are pro-tumorigenic, and

can promote chromosome rearrangements and aneuploidy.””
Similarly, autophagy occurring in cancer-associated stromal cells
can promote the survival and growth of neighboring tumors.'*"!

Mammalian MAPKs mainly consist of MAPKS8/JNKI,
MAPKY9/JNK2, MAPK10/JNK3, MAPK11/p388, MAPK12/p38y,
MAPK13/p388, MAPK14/p38«c, MAPK1/ERK2, and MAPK3/
ERKI1 (hereafter referred to primarily as MAPK/JNK, MAPK/p38
and MAPK/ERK, respectively),'>"* each of which are activated by
diverse stimuli. In response to stimuli, MAPKs are activated
through the reversible phosphorylation of both threonine and
tyrosine residues of the TXY motif in the catalytic domain by
upstream dual-specificity kinases. These upstream kinases, named
MAP kinase kinases (MKKs/MEKs), include MAP2K1/MKKI,
MAP2K2/MKK2, MAP2K3/MKK3, MAP2K4/MKK4, MAP2K6/
MKK6 and MAP2K7/MKK?7, which are in turn activated by
MAPK kinase kinases."*'® Activated MAPKs phosphorylate a
number of substrates and subsequently modulate many signaling
pathways and processes including autophagy.'>'”*

Since phosphorylation is required for the activation of
MAPKs, dephosphorylation by members of the DUSP (dual-
specificity protein phosphatase) family plays a critical role in
controlling MAPK signaling. The DUSP family contains 11
members, including DUSP1, DUSP2, DUSP4, DUSP5, DUSP6,
DUSP7, DUSP8, DUSP9, DUSP10, DUSP16 and STYXL1.*

CONTACT Gen Sheng Wu 8 wug@karmanos.org @ Molecular Therapeutics Program, Karmanos Cancer Institute, Departments of Oncology and Pathology, Wayne

State University School of Medicine, Detroit, Ml 48201, USA.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kaup.

© 2016 Taylor & Francis


http://www.tandfonline.com/kaup
http://dx.doi.org/10.1080/15548627.2016.1203483

1792 (&) J.WANGET AL

DUSP1 is the founding member of the DUSP family and was
originally identified as a growth factor and stress inducible
gene.”' ** DUSP1 is a dual-specificity protein phosphatase that
dephosphorylates both the threonine and tyrosine residues on
members of all 3 major MAPK subfamilies—MAPK/JNK,
MAPK/p38, and MAPK/ERK.*>*” DUSP1 is involved in the
regulation of the cell cycle and apoptosis.”®*** Importantly,
DUSP1 is overexpressed in several cancers, including ovarian
cancer.>*® DUSP1 inhibits the induction of cell death by sev-
eral apoptotic stimuli.’***”** Furthermore, studies with lung
and ovarian cancer cells demonstrate a clear correlation
between increased DUSP1 expression and acquired chemore-
sistance.>*"® Furthermore, studies have shown that DUSP1 can
protect cells from chemotherapy-induced apoptosis.”” How-
ever, it is not known whether DUSP1 plays a role in autophagy.

In this study we investigated the effects of DUSPI knock-
down and overexpression on basal and rapamycin-induced
autophagy in 3 different cellular models. In all 3 models both
basal and inducible autophagic activities were inversely related
to DUSP1 level. The effects of DUSP1 were primarily due to its
inactivation of MAPK/ERK, which positively regulated auto-
phagy. We also evaluated the therapeutic use of rapamycin to
treat human ovarian cancer cells. Rapamycin significantly
reduced proliferation via a mechanism that was dependent
upon the induction of autophagy. However, sensitivity to rapa-
mycin was significantly compromised in variant ovarian cancer
cells that were unable to mount an autophagic response due to
the upregulated expression of DUSPI.

Results

Knockdown or knockout of DUSP1 leads to an increase in
MAP1LC3-1I/LC3-Il levels whereas its overexpression has
an opposite effect

MAPILC3/LC3 is a cytosolic protein that is incorporated into
the membranes of phagophores. Prior to its incorporation,
LC3-1 is converted into LC3-II by a post-translational modifi-
cation in which phosphatidylethanolamine is covalently
attached. Cellular LC3-II content is commonly used as a
marker of autophagy and as an index of autophagosome forma-
tion.” CAOV3 ovarian cancer cells exhibited basal expression of
LC3-II (Fig. 1A). Knockdown of DUSPI in CAOV3 cells
increased LC3-II levels (Fig. 1A). In order to determine if the
observed result was cell-line specific, we analyzed LC3-II levels
in 2 additional model systems. Like DUSPI knockdown
CAOV3 cells, LC3-II levels were greater in duspl ™'~ mouse
embryonic fibroblasts (MEFs) derived from Duspl knockout
mice, relative to MEFs derived from wild-type mice (Fig. 1B).
Conversely, DUSPI-overexpressing human ovarian cancer
TOV112D cells exhibited lower LC3-II levels than empty vector
control cells (Fig. 1C).

To further confirm the role of DUSP1 in regulating LC3-II
levels, we treated nontarget ShRNA control and DUSPI knock-
down CAOV3 cells with rapamycin, a well-characterized
inducer of autophagy.>* Figure 1D shows that both basal and
rapamycin-induced LC3-II levels were higher in DUSPI knock-
down cells. Furthermore, SQSTM1/p62 levels were decreased
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Figure 1. Correlations between DUSP1, LC3-Il and SQSTM1 levels. Western blot analyses of DUSP1, LC3-I, LC3-Il, ACTB or SQSTM1 (upper panel) and quantification of LC3-
Il (lower panel) in (A and D) CAOV3 cells stably transfected with DUSP1 shRNA (sh-DUSP1) or nontarget control shRNA (Nontarget), (B, E and G) Dusp1™'* and dusp1~/~
MEFs, and (C and F) TOV112D cells stably transfected with DUSP7 cDNA or empty vector. Cells (D-F) were left untreated or treated with 5 M rapamycin (Rap) for 20 h
prior to being harvested for western blot analyses. Cells (G) were left untreated or treated with 20 .M cisplatin for 24 h prior to being harvested for western blot analysis.
Data represent mean=SD of 3 independent experiments. *, P < 0.01 and **, P < 0.005, statistically significant.



in DUSPI knockdown cells (Fig. 1D). This is significant because
SQSTMI is involved in autophagic degradation of protein
aggregates and damaged mitochondria, and reductions in
SQSTM1, coupled with increased LC3-II levels, are indicative
of functional autophagy.” Similar results were obtained in
duspl~'~ MEFs (Fig. 1E), and opposite results were obtained in
DUSPI-overexpressing TOV112D cells (Fig. 1F). Importantly,
an inverse relationship between functional autophagy and
DUSPI1 level was also observed in Duspl™* and duspl™'~
MEFs following treatment with cisplatin (Fig. 1G), another
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inducer of autophagy.*’ Taken together, these data suggest that
DUSPI1 may negatively regulate autophagy.

To further define the role of DUSP1 in regulating autophagy,
we used multiple approaches to monitor autophagosome devel-
opment/accumulation. The first approach employed fluores-
cence microscopy to assess the incorporation of stably expressed
GFP-LC3 into fluorescent punctate structures (Fig. 2A-C). Fluo-
rescent GFP-LC3 puncta were relatively absent in untreated
nontarget shRNA CAOV?3 cells (Fig. 2A) and wild-type Dusp1™*'*
MEFs (Fig. 2B), but apparent in rapamycin-treated cells. In
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Figure 2. Inverse relationship between DUSP1 expression and autophagic vesicle formation. (A-C) Representative fluorescence images (upper panels) and quantification
of GFP-LC3 puncta (lower panels) in (A) CAOV3 cells with DUSPT shRNA (sh-DUSPT) or nontarget shRNA, (B) Dusp1*'* and duspl’/’ MEFs and (C) TOV112D cells stably
transfected with DUSP1 cDNA or empty vector. Cells were left untreated or treated with 5 .M rapamycin for 20 h prior to image capture. Bright puncta denote autopha-
gosomal structures. (D) Representative indirect immunofluorescent images of endogenous LC3. DUSPT shRNA or nontarget shRNA CAOV3 cells were left untreated or
treated with 5,M rapamycin for 20 h prior to being processed for immunofluorescent detection of LC3. Red puncta denote autophagic vesicle structures (upper panel)
and quantification of LC3 puncta (lower panel). Data represent mean + SD of 3 independent experiments, in each of which 20 or more cells were counted. (E) Representa-
tive electron micrographs (upper panel) and quantification of autophagic vesicles (lower panel). DUSPT shRNA or nontarget shRNA CAOV3 cells were left untreated or
treated with rapamycin (5 1M, 20 h). Arrows denote autophagic vesicles. Nucl, nucleus. Scale bars: (A-D) 10 pm; (E) 1.7 um (upper panels), 600 nm (lower panels). *, P <

0.01 and **, P < 0.005, statistically significant.
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contrast, fluorescent GFP-LC3 puncta were easily observed in
untreated DUSPI knockdown CAOV3 (Fig. 2A) and duspl ™'~
MEF (Fig. 2B) cells, and increased in number following rapa-
mycin treatment (Fig. 2A, B). This indicates that knockdown
of DUSPI increases autophagosome accumulation. Conversely,
GFP-LC3 fluorescence was primarily punctate in nontreated
vector control TOV112D cells, but mostly diffuse and non-
punctate in DUSPI-overexpressing TOV112D cells (Fig. 2C).
Although rapamycin treatment enhanced the conversion of
GFP-LC3 into fluorescent puncta in DUSPI-overexpressing
TOVI112D cells, there was still considerable diffuse cyto-
plasmic fluorescence (Fig. 2C). In addition, we used antibodies
to LC3 and indirect immunofluorescence to monitor endoge-
nous LC3 incorporation into puncta in CAOV3 cells stably
expressing nontarget control shRNA or DUSPI shRNA
(Fig. 2D). Untreated nontarget shRNA CAOV3 cells exhibited
few LC3 puncta, which increased after treatment with rapamy-
cin (Fig. 2D). In contrast, endogenous LC3 puncta were easily
observed in DUSPI knockdown cells in the absence of rapa-
mycin treatment, and markedly increased following rapamycin
treatment (Fig. 2D). Finally, we used transmission electron
microscopy to determine if organelles consistent with auto-
phagosomes could be identified, and if their abundance corre-
lated with our proxy (i.e, LC3-II, GFP-LC3 puncta)
measurements of autophagy. Vesicles with double membranes,
a structural feature unique to autophagosomes, were easily
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observed and abundant in both nontreated and rapamycin-
treated DUSPI knockdown CAOV3 cells (Fig. 2E). In contrast,
autophagic vesicles were markedly fewer in nontarget sShRNA-
expressing CAOV3 cells (Fig. 2E). Taken together, these data
strongly suggest that DUSP1 negatively regulates both consti-
tutive and inducible autophagy.

The cellular LC3-II level reflects not only the rate of auto-
phagosome formation, but also the efficiencies of autophago-
some fusion with lysosomes, and subsequent lysosomal
degradation of LC3-11> In order to determine if the observed
inverse relationship between LC3-1I and DUSP1 levels reflected
effects on autophagosome maturation, we treated cells with
bafilomycin A; (BafA;), which inhibits both autophagosome-
lysosome fusion and lysosome-mediated degradation of fused
autophagosomes and their cargo.*' If LC3-II levels are similar
in BafA;-treated and nontreated cells, such results are generally
interpreted as a block in autophagosome maturation/degrada-
tion and an inhibition of autophagic flux. Conversely, normal
autophagic flux is assumed if BafA, treatment increases LC3-II
levels. Furthermore, if BafAl-treatment enhances the accumu-
lation of LC3-II above what is observed following some treat-
ment/manipulation, it is assumed that the increased LC3-II
accumulation occurring as a consequence of the treatment/
manipulation reflects increased autophagosome formation.
Treatment of CAOV3 (Fig. 3A), MEF (Fig. 3B) and TOV112D
(Fig. 3C) cells with BafA; increased both basal and rapamycin-
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Figure 3. Effects of DUSP1 on autophagic flux. (A-D) Western blot analyses of DUSP1, LC3, SQSTM1 and ACTB (upper panel) and quantification of LC3 (lower panel). (A
and D) DUSPT shRNA (sh-DUSP1) or nontarget shRNA CAOV3 cells. (B) Dusp1™/*+ and dusp1~/~ MEFs. (C) Stable DUSPT overexpression and empty vector control TOV112D
cells. Cells were left untreated, or treated with 5 .tM rapamycin and/or 10 nM bafilomycin A; (A-C) or 10 ng/ml E64d (D) for 20 h before being harvested for western blot
analyses. Data represent mean=SD of 3 independent experiments. *, P < 0.01 and **, P < 0.005, statistically significant.



induced LC3-II levels, as well as basal SQSTM1 levels. These
effects of BafA, were independent of DUSP1 level (Fig. 3A-C).
However, greater accumulations of LC3-II always occurred in
DUSP1-deficient cells (Fig. 3A-C). Similar results were
obtained in CAOV3 cells treated with the lysosomal protease
inhibitor E64d (Fig. 3D). Collectively, these data suggest that
autophagosome formation and flux are increased in DUSP1-
deficient cells.

DUSP1 inhibits MAPK/ERK-mediated autophagy

Given that phospho-MAPKs are the only known substrates of
DUSP1,>* it seemed logical that the effects of DUSP1 defi-
ciency had to be related to the activities of one or more of these
MAPKs. Figure 4A shows that DUSP1-deficient CAOV3 cells,
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relative to cells transfected with nontarget shRNA, exhibited
higher basal levels of phosphorylated (activated) MAPKs. Inter-
estingly, treatment of DUSP1-deficient CAOV3 cells with rapa-
mycin decreased basal phosphorylated MAPK/JNK and
MAPK/p38, without having an obvious effect on MAPK/ERK
phosphorylation (Fig. 4A). To address whether MAPK/ERK
plays a role in DUSP1 modulation of autophagy, duspl™'~
MEFs were left untreated, or treated with the MAPK/p38 inhib-
itor SB203580, the MAPK/JNK inhibitor SP600125, or the
MAP2K inhibitor U0126 for 24 h. Each agent suppressed the
phosphorylation of its respective kinase target (Fig. 4B).
Whereas SP600125 had marginal effects on basal LC3-II levels,
the MAPK/p38 and MAPK/ERK inhibitors markedly enhanced
and reduced, respectively, basal LC3-II levels (Fig. 4B). Further-
more, the MAPK/ERK inhibitor U0126 reduced both basal and
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Figure 4. Effects of DUSP1 on MAPK activities and role of MAPKs in autophagy. (A) Western blot analyses of LC3, MAPK/p38, p-MAPK/p38, MAPK/ERK, p-MAPK/ERK,
MAPK/INK, and p-MAPK/JNK in control nontarget shRNA (nontarget) and DUSPT shRNA (sh-DUSPT) CAOV3 cells (upper panel) and quantification of LC3 (lower panel).
Cells were left untreated or treated with 5 ;«M rapamycin for 20 h prior to being harvested. (B) Western blot analyses of LC3, CREB, p-CREB, MAPK/ERK, p-MAPK/ERK, JUN
and p-JUN in dusp?~'~ MEFs treated with MAPK inhibitors (upper panel) and quantification of LC3 (lower panel). Cells were left untreated or treated with 10 1M
SP600125 (SP), 10 M U0126 (U) or 5 1M SB203580 (SB) for 24 h prior to being harvested for western blot analyses. (C) Western blot analyses of LC3, MAPK/ERK, and p-
MAPK/ERK in nontarget and sh-DUSPT CAQV3 cells treated with rapamycin (5 ©M, 20 h), in the presence or absence of 10 .«M U0126 (upper panel; LE, long exposure; SE,
short exposure) and quantification of LC3 (lower panel). (D) Western blot analyses of MAPK/ERK and LC3 in sh-DUSP7 CAOV3 cells transfected with control siRNA (si-Con-
trol) or MAPK1-MAPK3 siRNA (si-MAPK1/3) (left panel) and quantification of LC3 (right panel). Cells were left untreated or treated with 5 tM rapamycin for 20 h prior to
being harvested. (E) Dusp7™" and dusp1~'~ MEFs were left untreated or treated with U0126 and then harvested for immunoprecipitation (IP) with antibody to BECN1.
Immunoprecipitated proteins were analyzed by western blot with anti-BECN1, BECN1 phosphorylated at Ser15 (p-BECN1), phosphorylated MAPK/ERK and total MAPK/
ERK. Whole cell lysates were used as input control. Data in (A-D) represent mean + SD of 3 independent experiments. *, P < 0.01 and **, P < 0.005, statistically

significant.
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rapamycin-induced LC3-II levels in both nontarget and DUSP1
shRNA knockdown CAOV3 cells (Fig. 4C). Comparable results
were obtained if we knocked down MAPK/ERK by siRNA
(Fig. 4D). Specifically, knocking down MAPK/ERK expression
reduced both basal and rapamycin-induced LC3-II levels.
Importantly, the phosphorylation of BECN1 at Serl5, a post-
translational modification critical to BECN1’s role in initiating
autophagy,*® was significantly increased in duspl~'~ MEFs, as
compared to Duspl™* MEFs (Fig. 4E). Moreover, Duspl
knockout enhanced the association of BECN1 and phosphory-
lated MAPK/ERK, and the inhibition of MAP2K activity by
U0126 significantly decreased the association of p-BECNI1
(Ser15) and phosphorylated active MAPK/ERK (Fig. 4E). Col-
lectively, these data suggest that MAPK/ERK activity plays a
positive role in autophagy and that DUSP1 targets MAPK/ERK
to inhibit MAPK/ERK-mediated autophagy.

Dusp1 knockout promotes autophagy through
ULK-mediated formation/activation of an
ATG14-BECN1-PIK3C3 complex

To understand the mechanism by which Duspl knockout or
knockdown promotes autophagy, we first examined if MTOR
(mechanistic target of rapamycin [serine/threonine kinase]), a
well-characterized suppressor of the initiation of autophagy,**
is altered in duspl~/~ MEFs. RPS6KB/p70S6K is a downstream
substrate of MTOR kinase, and its phosphorylation at Thr389
by MTOR is commonly used as a surrogate index of MTOR
activity. As shown in Figure 5A, phospho-RPS6KB (at Thr389)
was detected in both Duspl™* and duspl™'~ cells, and phos-
phorylation at Thr389 was inhibited by treatment with rapamy-
cin, an inhibitor of MTOR activity. We detected in duspl™'~
cells, but not DuspI™* cells, increased phosphorylation of
ULKT1 at Ser555 (Fig. 5B), which is a pro-autophagic activating

post-translational modification.*” Levels of phosphorylated (p)-
BECNI1 (at Ser15), a site phosphorylated by ULK1,* were also
increased in duspl™'~ cells (Fig. 5B). Knockdown of MapkI-
Mapk3 by their siRNAs in duspl™'~ MEFs significantly
decreased basal and rapamycin-induced p-ULK1 (Ser555) and
p-BECNI1 (Ser15) levels (Fig. 5C). These data suggest that the
activation of BECN1 by phosphorylation at Serl5 in part
depends on MAPK/ERK activity.

Increased levels of p-ULK1 (Ser555), and p-BECN1 (Ser15)
in duspl™'~ cells are conducive to the formation and activation
of PIK3C3 complexes needed for initiation of autophagosome
formation.*>*>*® Coprecipitation analyses indicated that anti-
bodies to PIK3C3 pulled down increased amounts of ATG14
and p-BECNI (Serl5) in duspl™'~ cells, relative to Duspl™’*
cells (Fig. 6A). These increases were observed under basal con-
ditions, as well as after rapamycin treatment. Furthermore, acti-
vated MAPK1/ERK2 and MAPK3/ERK1 coprecipitated with
the PIK3C3-BECN1-ATG14 complexes (Fig. 6A). Importantly,
knockdown of MapkI-Mapk3 in duspl™'~ MEFs decreased
PIK3C3-associated p-BECNI1 (S15) and ATGI14 complexes
(Fig. 6B). In addition, we found that U0126 inhibits Duspl
knockout-induced LC3 punctate staining (Fig. 6C), and that
overexpression of a constitutively active Map2kl itself, an
upstream activator of MAPK/ERK, is sufficient to increase the
accumulation of LC3 punctate structures (Fig. 6D). Thus, these
data strongly suggest that MAPK/ERK promotes autophagy by
affecting the formation of PIK3C3-BECN1-ATG14 complexes.

Cisplatin-resistant ovarian cancer cells upregulate DUSP1
expression and are resistant to rapamycin

DUSP1 is often upregulated in cancer cells as they acquire
resistance to chemotherapeutics such as cisplatin.*>*’ We
established a cisplatin-resistant CAOV3 cell line (i.e., CAOV3-
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CR) by selection with increasing cisplatin doses over a 6-month
period (Fig. 7A). Compared to parental CAOV3-P cells,
CAOV3-CR cells expressed higher levels of both basal and cis-
platin-induced DUSP1, and lower levels of cisplatin-induced
phosphorylated MAPK/ERK (Fig. 7B). Importantly, CAOV3-
CR cells expressed lower basal and rapamycin-induced accu-
mulations of LC3-II and higher SQSTM1 levels than CAOV3-P
cells (Fig. 7C). These data are consistent with the results
obtained from TOV112D cells (Fig. 1C,F) in which overexpres-
sion of DUSP1 suppressed both basal and inducible autophagy.
In addition, we asked if the antiproliferative activities of rapa-
mycin are dependent on the induction of autophagy. Figure 7D
shows that CAOV3-P cells were more sensitive than CAOV3-
CR cells to rapamycin, as scored in an MTT assay (Fig. 7D), as
well as in a cell counting assay (data not shown).

To further define the role of DUSP1 in modulating the sensitiv-
ity of CAOV3 cells to rapamycin we transfected CAOV3-CR and
CAOV3-P cells with nontarget or DUSPI siRNAs. Figure 8A
shows that knockdown of DUSPI in CAOV3-CR cells facilitated
MAPK/ERK activation and greatly enhanced rapamycin-mediated
accumulation of LC3-II. A similar result was obtained with MEFs
transfected with Duspl siRNA (Fig. 8B). MTT assays indicated
the DUSPI knockdown enhanced the effects of rapamycin in
CAOV3-P cells, and sensitized previously resistant CAOV3-CR
cells to rapamycin (Fig. 8C).

Discussion

Previous studies have implicated MAPK/ERK, MAPK/JNK
and MAPK/p38 as being involved in, or a modifier of
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dent experiments. **, P < 0.005, statistically significant.

autophagy.'”'” However, it was not known if their endoge-
nous negative regulator, DUSP1, also plays a role in auto-
phagy. In this study, we used multiple parameters to
monitor autophagy and showed in 3 different cell model sys-
tems that knockdown or knockout of DUSPI increased con-
stitutive/basal and rapamycin-inducible autophagy; whereas
overexpression of DUSPI had opposite effects. Our data
strongly suggest that DUSP1 negatively regulates autophagy.

Because knockdown or knockout of DUSPI enhanced both
inducible and constitutive autophagy, and MAPKs are the only
known substrates for DUSP1,>** these findings suggest that
DUSP1 must act on MAPKs to inhibit autophagy. The role of
individual MAPKSs in autophagy is variable, and possibly cell-con-
text dependent. Knockdown and inhibitor studies suggest that
MAPK/ERK is necessary for the induction of autophagy in some
cell models,"*® but that elevated, persistent activity can suppress
autophagosome maturation.*” MAPK/JNK appears to be a posi-
tive modulator of autophagy via its ability to phosphorylate BCL2
and BCL2L1/BCL-XL, thus disrupting BCL2-BECN1 binding and
facilitating BECN1 interaction with the PIK3C3 complex, which is
required for initiation of phagophore formation.>”' As for
MAPK/p38, reports have appeared indicating that it is both an
activator'”'** and inhibitor’>>* of autophagy. In this study, we
showed that DUSPI knockdown increased the level of phosphory-
lated/activated MAPK/ERKs, MAPK/JNKs and MAPK/p38. Of
the 3 MAPKs, only inhibition of MAPK/ERK by the MAP2K
inhibitor U0126 strongly suppressed autophagy in DUSPI knock-
down cells, a result that was confirmed by knockdown with
siRNAs against MAPKI1/ERK2-MAPK3/ERKI. In addition, we
found that rapamycin-induced autophagy was abolished by
U0126 or MAPK/ERK knockdown by siRNAs. Thus, we conclude
that the enhancement of both basal and inducible autophagy by
downregulating DUSP1 reflects, at least in part, a MAPK/ERK-
dependent process.

The increased basal and rapamycin-induced autophagic activity
in duspl™’~ cells, relative to DuspI™’* cells, correlated with
increased content of the PIK3C3-BECN1-ATG14 complex. This
complex is responsible for the initiation of phagophore formation.
Furthermore, the BECNI1 associated with the complex was phos-
phorylated at a site that enhances PIK3C3 kinase activity. Hence,
the elevated autophagic activity observed in duspl ™'~ cells reflects,
at least in part, a greater capacity for initiating phagophore forma-
tion. Interestingly, coprecipitation studies indicated that phosphor-
ylated/active MAPK/ERKs were a component of the PIK3C3-
BECNI1-ATG14 complex. We currently do not know the role
MAPK/ERKSs play in this complex, which is under investigation.

ULK1 activity plays a critical role in the generation/activa-
tion of the PIK3C3 complex needed to initiate phagophore for-
mation. The activity of ULK1 is negatively regulated by MTOR,
and inhibition of MTOR activates ULK, leading to autophagy
induction.”® In the current study, duspl~'~ cells exhibited ele-
vated levels of phosphorylated ULK1 (at Ser555) and BECN1
(at Ser15). In essence, ULK1 phosphorylates BECN1 at Ser15
and promotes PIK3C3-BECN1-ATG14 complex formation and
activation in duspl™'~ cells. Given that enhanced autophagy
occurred in duspl ™'~ cells, which could be suppressed by phar-
macological inhibition or knockdown of MAPK/ERKSs, it seems
that ULK1 activation in duspl™'~ cells is related to elevated
MAPK/ERK activity.

An interesting outcome of the MAPK inhibitor studies was
that treatment with the MAPK/p38 inhibitor SB203580
markedly enhanced the basal accumulation of LC3-II in
DUSP1-deficient cells. This result is consistent with the effects
of the MAPK/p38 inhibitor SB202190 in colon cancer cells,”**
and suggests that MAPK/p38-mediated signaling may suppress
basal autophagy. Since both MAPK/ERK and MAPK/p38 activ-
ities are increased in DUSP1-deficient CAOV3 cells (Fig. 4A),
the observed increase in basal autophagy most likely represents



an aggregate of the 2 activities in which MAPK/ERK signaling
predominates. Notably, the situation is less complicated in the
case of rapamycin-induced autophagy in DUSP1-deficient cells
since active MAPK/p38 levels were reduced in rapamycin-
treated cells.

MTOR is both an inhibitor of autophagy and an activator of
processes necessary for protein synthesis and cell division. As
such, inhibitors of MTOR such as rapamycin are used as inducers
of autophagy or as cancer therapeutics. Indeed, rapamycin and its
analogs have been used as a single modality, and in combinational
protocols, in the treatment of many forms of cancer, including
ovarian cancer.”>” In our studies rapamycin suppressed the pro-
liferation of ovarian CAOV3 cells in a concentration-dependent
fashion. Knockdown of DUSPI induced autophagy and markedly
enhanced the efficacy of rapamycin’s cytostatic effects. Thus, rapa-
mycin-mediated induction of autophagy appears to contribute to
the therapeutic properties of rapamycin in CAOV3 cells. We do
not know the mechanism by which autophagy contributes to
rapamycin’s effects on cell viability. However, several studies have
implicated autophagy as having a role in mediating the antiproli-
ferative properties of some therapeutics.>*°

Previous studies showed that DUSP1 can be induced by cis-
platin and that its induction contributes to cisplatin resis-
tance.”*”** Consistent with these findings, we observed that
basal levels of DUSP1 were higher and MAPK/ERK activities
were lower in cisplatin-resistant CAOV3-CR cells compared to
the parental cells from which they were derived. Furthermore,
basal and rapamycin-induced autophagy were markedly
reduced in CAOV3-CR cells, as indicated by reduced LC3-II
and elevated SQSTM1 levels. Because knockdown of DUSPI in
CAOV3-CR cells increased basal and rapamycin-induced
LC3-II levels, it appears that DUSP1 plays a negative role in
regulating autophagy in ovarian cancer cells that have devel-
oped acquired cisplatin resistance. Then, the question becomes
what advantage does reducing autophagy provide CAOV3-CR
cells. We speculate that the reduced capacity for autophagy in
the CAOV3-CR cell line may be a secondary consequence
(albeit a negative one) of the prosurvival mechanisms that were
preferentially selected during continual exposure to cisplatin.
For example, cisplatin causes the activation of MAPK/ERK,
MAPK/JNK and MAPK/p38 in OV433 and 2008 ovarian can-
cer cells.*>*® Apoptosis occurring in 2008 ovarian cancer cells
following cisplatin treatment can be suppressed by cotreatment
with MAPK/JNK and MAPK/p38 inhibitors.”® Interestingly,
the anti-apoptotic activities of BCL2 are reduced/eliminated by
its phosphorylation at Ser87 and Thr56 by MAPK/p38,”” and
at Ser70 by MAPK/JNK.*® Given that DUSP1 dephosphorylates
and inactivates MAPK/ERK, MAPK/JNK and MAPK/p38, its
overexpression would help preserve the anti-apoptotic activities
of BCL2, but inadvertently suppress autophagy in CAOV3-CR
cells due to an inhibition of MAPK/ERK activity.

We have also shown that knockdown of DUSPI markedly
enhanced the sensitivity of CAOV3-CR cells to the antigrowth
activities of rapamycin. The antigrowth properties of rapamy-
cin can be attributable to not only its effects on protein transla-
tion, but also its ability to activate MAP3K5/ASK1- MAPK/
JNK-mediated apoptosis in cells with mutant TP53/p53.°" The
parental line from which CAOV3-CR cells were derived has a
mutated TP53 that results in chain termination at codon 136.%
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Presumably, knockdown of DUSPI in the CAOC3-CR cell line
would facilitate activation of the MAP3K5 pathway. Irrespec-
tive of the basis for why DUSPI knockdown sensitized
CAOV3-CR cells to cisplatin, our finding is significant since
ovarian tumors commonly develop resistance to cisplatin, and
rapamycin analogs are increasingly being used as anticancer
agents for ovarian cancer.’®>’ Suppression of DUSPI activity
or expression may be a means to potentiate the therapeutic
activity of rapamycin analogs in cancer clinical trials.

In summary, this study makes the following novel observa-
tions: 1) DUSP1 negatively regulates autophagy mediated by
MAPK/ERKSs; 2) the antigrowth activity of rapamycin on ovar-
ian cancer cells is autophagy dependent; and 3) autophagy is
suppressed by DUSPI in ovarian cancer cells that have devel-
oped acquired cisplatin resistance. Recognition that DUSP1
inhibits autophagy is fundamental to our understanding of the
mechanisms involved in the regulation of autophagy.

Materials and methods
Reagents

Cisplatin (P4394), bafilomycin A; (B1793) and anti-ACTB anti-
body (AC-74) were purchased from Sigma. Rapamycin (13346)
was purchased from Cayman. Rabbit polyclonal DUSPI antibody
(SC-370) was purchased from Santa Cruz Biotechnology. Rabbit
antibodies against SQSTMI (5114), LC3 (2775), ATG5 (2630),
and total and phosphorylated MAPK/ERK (9102 and 9104),
MAPK/p38 (9212 and 9211), MAPK/JNK (9252 and 9251),
CREB (9197 and 9198), JUN (9165 and 9164), RPS6KB (9202 and
9205), ULK1 (8054), p-ULKI1 at Ser555 (5869), BECN1 (3738), p-
BECNI at Serl5 (13825), and PIK3C3/VPS34 (4263) were pur-
chased from Cell Signaling Technology. Antibody against ATG14
(PD016) was purchased from MBL. Mouse antibody against
SQSTM1 (ab56416) was purchased from Abcam. E64d (324890)
was purchased from EMD Millipore. The constitutively active
mutant Map2kI plasmid (pMCL-HA-Map2k1-R4F) was kindly
provided by Dr. Raymond Mattingly (Wayne State University), as
described previously.*®

Cell lines, culture conditions and treatment

The human ovarian cancer cell lines TOV112D and CAOV3
were described previously.®* Cell lines were maintained in
MCDB105/M199 (Sigma, M2154 and M6395) or DMEM
(Gibco, 12800-017), supplemented with 10% fetal bovine serum
(Sigma, F2442) and antibiotics at 37°C in a humidified atmo-
sphere consisting of 5% CO, and 95% air. Duspl knockout
MEFs (duspl™'~ MEFs) and their matched wild-type MEFs
(Dusp1*'™ MEFs) were described previously.*”

Construction of DUSP1-expressing vectors and
generation of DUSP1-overexpression and DUSP1-
knockdown cell lines

A full-length DUSP1 cDNA was amplified from pIRES2-EGFP
as described® using a GC-rich PCR system (Roche Applied
Science, 12140306001) and the following primers: 5-GGAAT
TCATGGTCATGGAAGTGGGC-3" and 5-CGGGATCCTCA
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GCAGCTGGGAGAGG-3'. The PCR conditions were as fol-
lows: 95°C for 3 min; 10 cycles at 95°C for 30 sec, 62°C for
30 sec, and 72°C for 135 sec, and then 25 cycles at 95°C for
30 sec, 62°C for 30 sec, and 72°C for 215 sec. The amplified
fragment was isolated from a 1% agarose gel, digested with
BamHI and EcoRI and subcloned into pNTAP (Stratagene,
240101) to generate pNTAP-DUSPI. To generate DUSPI sta-
ble expression cells, TOV112D cells were transfected with
either pPNTAP or pNTAP-DUSP! using Lipofectamine 2000
reagent (Invitrogen, 11668027). Transfected cells were selected
with 800 pug/mL G418 (Life Technologies, 10131027) for 4
wk, and individual clones were isolated as described else-
where.”® To generate cell lines whose DUSPI was stably
knocked down, CAOV3 cells were transfected with DUSPI
shRNA (SHGLY) or nontarget shRNA control vector
(SHC002) from Sigma and selected by growth in medium
containing 0.15 pug/ml puromycin. Western blot analyses were
used to identify clones that either had markedly elevated or
reduced levels of DUSPI.

Generation of cisplatin-resistant CAOV3 cells

Parental CAOV3 cells (CAOV3-P) were gradually exposed to
increased concentrations of cisplatin starting from 0.1 to
0.8 ug/ml for over 6 mo to select cisplatin-resistant cells
(CAOV3-CR), as described previously.47

Electron microscopy

Cells were fixed with 0.1 M phosphate buffer (pH 7.2) containing
2.5% gluteraldehyde at room temperature for 2 h and then post-
fixed with 1% osmium tetroxide for 90 min. The fixed cell pellets
were dehydrated in graded ethanol and then embedded in 100%
eponate resin (TED PELLA, INC, 18010). Tissue blocks were sec-
tioned to a thickness of 80 nm and placed on 200 mesh rhodium/
copper grids (Ernest F Fullam, Inc., 62130). The grids were coun-
terstained with saturated uranyl acetate and lead citrate. The sec-
tions were then examined under a Zeiss EM 900 electron
microscope (Carl Zeiss AG). Cells with double-membrane vacuoles
and an intact nucleus were recorded as autophagic cells.

Knockdown of DUSP1, MAPK1/ERK2-MAPK3/ERK1 and
Mapk1-Mapk3 expression by short interfering RNA (siRNA)

On-TARGETplus SMARTpool siRNAs for DUSPI (L-
003484-02), Duspl (M-040753-01), MAPKI1/ERK2-MAPK3/
ERK1 (L-003555-00/L-003592-00), Mapkl/Erk2-Mapk3/Erkl
(M-040126-01/M-040613-01) and corresponding control
nontarget siRNAs (D-001810-10) were purchased from
Dharmacon Research. The transfection was performed as
suggested by the manufacturer’s instructions with slight
modifications, as described previously.*” Briefly, cells were
plated at 6 x 10° cells per well in 6-well plates. The next
day, cells were transfected with DUSPI siRNA, MAPKI-
MAPK3 siRNA, Mapkl-Mapk3 siRNA, or nontarget control
siRNA using Lipofectamine 2000. After 3 d, transfected cells
were left untreated or treated with 5 uM rapamycin for
20 h, and then harvested for subsequent western blot
analysis.

MTT assays

The MTT assay was performed in 96-well plates as previously
described.*® Typically, there were 4 wells per treatment group.

Detection of exogenous GFP-LC3 by direct fluorescence
and endogenous LC3 by indirect immunofluorescence

Cells were transfected with a GFP-LC3 expression vector for 24 h
and then selected with G418 for 3 wk. Cells stably expressing GFP-
LC3 were obtained and live cell fluorescence was recorded under
an inverted fluorescence microscope (Olympus IX70). To detect
endogenous LC3 by indirect immunofluorescence, cells grown on
chamber slides were fixed with 3.5% formaldehyde, followed by
treatment with 0.2% Triton X-100 (Sigma, T8787) in phosphate-
buffered saline (Life Technologies, 70-013-032) for 10 min. After
incubation with 1% BSA (Sigma, A2153) for 30 min, cells were
incubated with a primary rabbit antibody against LC3 at 4°C over-
night. The slides were then incubated with Texas red-conjugated
anti-rabbit secondary antibodies (ThermoFisher, T-2767) for
30 min. The resulting cells were then incubated with DAPI. The
slides were mounted with a coverslip and sealed with nail polish.
Fluorescence was observed under a Zeiss LSM780 confocal micro-
scope. We scored 20 or more cells per experiment, in each of 3
independent experiments, for the quantification of fluorescent LC3
puncta.

Western blot analysis

Whole cell lysates were prepared as described previously®® and
protein concentration was determined using the Protein Assay
Kit (Bio-Rad, 500-0006). Cell lysates (50 (g) were electrophor-
esed through 12% or 15% denaturing polyacrylamide gels and
transferred to a PVDF membrane (Millipore, IPVH00010). The
blots were probed or reprobed with primary antibodies, and
bound antibody was detected using anti-rabbit or mouse HRP-
or fluorescence-linked secondary antibodies (ThermorFisher,
35568 and Cell Signaling, 7076), and Enhanced Chemilumines-
cence (ECL) ECLplus Reagent (Pierce, 80196) or the Odyssey
infrared imaging system (LI-COR Biosciences) according to the
manufacturer’s protocol.

Statistical analysis

Statistical analyses were performed using Student ¢ test. The
data are presented as the mean + SD, and p value < 0.05 was
considered significant.

Abbreviations

BafA, bafilomycin A,

BECN1 Beclin 1, autophagy related

CREB cAMP response element binding
protein

DUSP1/MKP-1 dual-specificity protein phosphatase 1

MAPK mitogen-activated protein kinase

MAPILC3/LC3 microtubule-associated protein 1 light
chain 3

MAP2K/MKK/MEK  mitogen-activated protein kinase kinase



MEFs mouse embryonic fibroblasts

MTOR mechanistic target of rapamycin (ser-
ine/threonine kinase)

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide

PIK3C3 phosphoinositide-3-kinase, class 3

PtdIns3K class III phosphatidylinositol 3-kinase

SQSTM1/p62 sequestosome 1

shRNA short hairpin RNA

siRNA small interfering RNA
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