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Piwil2 Inhibits Keratin 8 Degradation through Promoting p38-
Induced Phosphorylation To Resist Fas-Mediated Apoptosis
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The piwi-like 2 (piwil2) gene is widely expressed in tumors and protects cells from apoptosis induced by a variety of stress stim-
uli. However, the role of Piwil2 in Fas-mediated apoptosis remains unknown. Here, we present evidence that Piwil2 inhibits Fas-
mediated apoptosis. By a bacterial two-hybrid screening, we identify a new Piwil2-interacting partner, keratin 8 (K8), a major
intermediate filament protein protecting the cell from Fas-mediated apoptosis. Our results show that Piwil2 binds to K8 and p38
through its PIWI domain and forms a Piwil2/K8/P38 triple protein-protein complex. Thus, Piwil2 increases the phosphorylation
level of K8 Ser-73 and then inhibits ubiquitin-mediated degradation of K8. As a result, the knockdown of Piwil2 increases the Fas
protein level at the membrane. In addition to our previous finding that Piwil2 inhibits the expression of p53 through the Src/
STAT?3 pathway, here we demonstrate that Piwil2 represses p53 phosphorylation through p38. Our present study indicates that
Piwil2 plays a role in Fas-mediated apoptosis for the first time and also can affect p53 phosphorylation in tumor cells, revealing a
novel mechanism of Piwil2 in apoptosis, and supports that Piwil2 plays an active role in tumorigenesis.

he PIWI proteins are widely distributed among different ani-

mals and have been implicated in functions related to stem-
cell self-renewal, gametogenesis, epigenetic modulation, trans-
poson control, and embryogenesis (1-8). The human PIWI family
is comprised of four different members, Piwill/Hiwi, Piwil2/Hili,
Piwil3, and Piwil4/Hiwi2 (9). The PIWI proteins are expressed
predominantly in testis and embryo (1, 3, 6,9, 10), and recently, it
has been reported that Piwil2 protein is widely detected in tumors
and protects cells from apoptosis (11-13). Our previous work
showed that human Piwil2 inhibits apoptosis by regulating the
transforming growth factor beta (TGF-B) pathway in HEK293
cells and the STAT3/p53 pathway in tumor cells (12, 13). Further-
more, Piwil2 also exhibited resistance in response to other forms
of stimuli to apoptosis (14-16).

Apoptosis is the process of programmed cell death that may be
initiated by different stimuli, particularly through the stimulation
of death receptors (DRs) like FasR, tumor necrosis factor (TNF)
receptors (TNFRs), and TNF-related apoptosis-inducing ligand
receptors (TRAILRs) or by their respective ligands. The Fas recep-
tor (Fas), also termed Apo-1 or CD95, is a member of the tumor
necrosis factor and nerve growth factor (NGF) receptor family
(17, 18). Apoptotic cell death induced by the Fas-Fas ligand (FasL)
interaction plays a major role in immune modulation (17). The
Fas/FasL pathway also plays an important role in tumorigenesis, as
many tumor cells exhibit low expression of Fas on the membrane
(17, 19).

Keratins are the major intermediate filament proteins and are
important for the mechanical stability and integrity of epithelial
cells and tissues. Research has shown that keratins participate in
intracellular signaling pathways by regulating the cell cycle (20,
21), apoptosis (22-24), and tumorigenesis (25-28). In simple ep-
ithelial cells, keratins 8 and 18 (K8/18) typically are coexpressed as
the primary keratin pair and play an important cytoprotective
role, protecting cells from apoptosis, stress, and injury (23, 24,
29-31). The structure and function of K8/18 probably are regu-
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lated through posttranslational modifications, such as phosphor-
ylation, glycosylation, and ubiquitination, in which phosphoryla-
tion is considered the major contributing factor (21, 23, 32-35).

Here, we present that human Piwil2 interacts with the p38
pathway in tumor cells, inhibiting Fas-mediated apoptosis by
phosphorylating K8 and also suppressing p53 phosphorylation
and p53-induced apoptosis.

MATERIALS AND METHODS

Antibodies. Rabbit monoclonal anti-K8 (2032-1), rabbit monoclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (5632-
1), rabbit monoclonal anti-phospho-K8 (pS73) (1431-s), rabbit mono-
clonal anti-p38 (3008-1), and rabbit monoclonal anti-phospho-p53 (an-
ti-p-p53) (2190-1) were purchased from Epitomics (Burlingame, CA);
rabbit anti-Myc (sc-789), rabbit antihemagglutinin (anti-HA) (sc-805),
and rabbit anti-Piwil2 (sc-67303) were from Santa Cruz Biotechnology
(Dallas, TX); mouse anti-HA (2367), mouse anti-Myc (2267), rabbit anti-
caspase 9 (9502), and rabbit anti-caspase 3 (9662) were from Cell Signal-
ing (Danvers, MA); and mouse anti-p38 (AMO065), mouse anti-p-p38
(AMO063), mouse anti-caspase 8 (AC056), mouse anti-p53 (AP062), and
mouse anti-o-tubulin (AT819) were from Beyotime (Shanghai, China).
Mouse anti-Fas (200411) was from Zen BioScience (Chengdu, China).
Rabbit antiezrin (E1A6172), rabbit anti-Bax (E1A0120), rabbit anti-p-
HSP 27 (E1A6082), and rabbit anti-Na, K ATPase (E1A6109) were from
Enogene (Nanjing, China). Goat anti-HA (A00168) was from GenScript
(Nanjing, China). EasyBlot anti-rabbit IgG (GTX221666-01), which was
used as an immunoprecipitation (IP) secondary antibody, was from

Received 30 May 2014 Returned for modification 25 June 2014
Accepted 5 August 2014

Published ahead of print 11 August 2014

Address correspondence to Yongxin Ma, mayongxin@gmail.com.
S.Jiang, L. Zhao, and Y. Lu contributed equally to this work.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00745-14

November 2014 Volume 34 Number 21


http://dx.doi.org/10.1128/MCB.00745-14
http://mcb.asm.org

GeneTex (Irvine, CA). Western secondary antibodies were from Zhong-
shan Goldenbridge (Beijing, China). Fluorescent secondary antibodies
were from Amyjet (Wuhan, China).

Expression vectors, mutants, and shRNA. Keratin 8 was cloned into
the pcDNA3.1+Myc or pcDNA3.1+HA expression vector. We con-
structed various K8 mutants by segmented PCR and fusion PCR, taking
pcDNA3.1 Myc-K8 as the template. These mutants were cloned into the
expression vector pcDNA3.1+Myc. Other expression vectors were con-
structed in our previous report (13). Short hairpin RNA (shRNA) for
PIWIL2 (shPIWIL2) was synthesized and cloned into shRNA expression
vector pGPU6/GFP/Neo by GenePharma Inc. (Shanghai, People’s Re-
public of China). The core sequence (sense strand, 5 CUA UGA GAU
UCC UCA ACU ACA GAAG 3') has been reported in pervious works (12,
13, 36). For rescue experiments, cells were cotransfected with shPiwil2
and WT Piwil2 expression vector.

Cell culture. HeLa cells and HepG2 cells were maintained in our lab-
oratory as previously described (13). They were cultured in Dulbecco’s
modified Eagle medium (DMEM)-10% fetal bovine serum (FBS) and
transfected by using jetPEI (PolyPlus, Berkeley, CA) according to the
manufacturer’s protocols. All transfections were performed in 6-well
plates. Forty-eight hours after transfection, cells treatments were carried
out in reduced-serum medium (0.2% FBS), and FasL (Peprotech, Rocky
Hill, NJ) was added as indicated to a final concentration of 100 ng/ml for
8 h. Where specified, cells were treated with the proteasome inhibitor
MG132 (Beyotime) at a final concentration of 20 mM. Cells were har-
vested and analyzed by Western blotting using appropriate antibodies. To
inhibit tyrosine kinase activity, HeLa cells were pretreated with 1 uM
staurosporine, 5 wM SP600125, 5 uM SB203580, or 5 uM SB202190
(Beyotime) for different periods of time. All of the following experiments
were repeated at least three times unless stated otherwise.

Subcellular fractionation. Cell plasma membrane proteins were iso-
lated using a plasma membrane protein extraction kit (BioVision, Milpi-
tas, CA) as described by the manufacturer. To isolate the cytoplasmic
component from the nuclear one, cells were treated with a nuclear protein
extraction kit (Beyotime) according to the manufacturer’s instructions.

Co-IP and Western blotting. For coimmunoprecipitation (co-IP)
and Western blotting, cells were lysed 48 h after transfected with the des-
ignated plasmids in universal protein extraction buffers (Bioteke, Beijing,
China). Extracted proteins were immunoprecipitated with special anti-
body and protein A+ G-agarose beads (Beyotime). Bound proteins were
separated using SDS-PAGE, transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA), and detected with specific appro-
priate primary antibodies and horseradish peroxidase-conjugated sec-
ondary antibodies. Specific proteins were visualized using an enhanced
chemiluminescence (ECL) Western blot detection system (Millipore).

For trimeric complex coimmunoprecipitation, cells were transfected
with HA-Piwil2. Extracted proteins were immunoprecipitated with HA
antibody and beads. The complexes were eluted from the beads by 40
pg/ml HA peptide (Zen BioScience) and reimmunoprecipitated with p38
antibody.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde in
PBS for 15 min and permeabilized with 0.5% Triton X-100 for 10 min,
blocked with 1% bovine serum albumin (BSA) for 30 min, incubated
overnight at 4°C with primary antibody, and finally incubated with Dy-
Light 488-labeled, DyLight 555-labeled, or DyLight 350-labeled second-
ary antibody for 1 h at room temperature. Each step was followed by two
5-min washes in PBS. To stain Fas on the cell surface, primary and sec-
ondary antibodies were treated after 4% paraformaldehyde fixation with-
out permeabilization to stain Fas on the cell surface. For nuclear stain,
prepared specimens were counterstained with 5 mg/ml 4’,6-diamidino-
2-phenylindole (DAPI) for 2 min. Fluorescent images were obtained with
a confocal microscope (Olympus, Japan).

Rabbit anti-K8 (2032-1) and rabbit anti-p-p53 (2190-1) were from
Epitomics. Anti-Piwil2 (sc-67303) was from Santa Cruz. Goat anti-HA
(A00168) was from GenScript. Mouse anti-HA (2367) was from Cell Sig-
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naling. Mouse anti-p38 (AM065) and mouse anti-p-p38 (AM063) were
from Beyotime. The antibody staining was validated by shRNA-mediated
downregulation of the target protein.

Apoptosis assay. Apoptotic rates were analyzed with a Coulter Epics
XL flow cytometer (Beckman Coulter, CA) by using an annexin V-Alexa
Fluor/propidium iodide (PI) apoptosis detection kit (Ebioe, China). An-
nexin V-Alexa Fluor/PI staining and fluorescence intensity measurements
were performed according to the manufacturer’s instructions.

Quantitative real-time PCR. Total RNA was prepared using TRIzol
(Invitrogen, Carlsbad, CA) from HeLa cells transfected with Myc-Piwil2
and pcDNA3.1 or shPiwil2 and control mock-transfected shRNA (shNC).
Quantitative PCR was performed in an iCycler IQ real-time PCR detec-
tion system (Bio-Rad, Hercules, CA) with a denaturation step at 94°C for
10 min, followed by 45 cycles of denaturation at 94°C for 20 s, annealing at
50°C for 30 s, and extension at 72°C for 40 s.

Protein sequence analysis. The keratin 8 protein sequence was
determined by the SMART analysis service at http://smart.embl
-heidelberg.de/.

Two-hybrid experiment. Bacterial two-hybrid experiments were per-
formed as described in the protocol provided with the BacterioMatch II
two-hybrid system (Stratagene, Santa Clara, CA). Piwil2 baits were used
to screen a HeLa cDNA library. Keratin 8 was obtained and isolated in the
screening. For the binding assay, K8 was inserted into pBT plasmid, and
p38 and K8 were inserted into pTRG plasmid.

In vitro transcription/translation system. An in vitro protein binding
assay was performed using the TnT quick coupled in vitro transcription/
translation system (Promega, Madison, WI) according to the manufac-
turer’s instructions. The reactions were carried out in 25-pl volumes by
adding 1 pg of plasmid DNA and 1 pl unlabeled methionine to the TnT
mix. We incubated the reaction mix at 30°C for 90 min. Subsequently,
20-p.l aliquots of each of the two proteins were mixed together in 200 pl
binding buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM dithio-
threitol, 0.1% Tween 20) with protease inhibitors (Complete EDTA-free;
Roche Molecular Biochemicals) and incubated on a rotating platform at
4°C for 3 h. Interactions were detected by co-IP and Western blotting
using a specific antibody.

In vitro kinase assays. HA-Piwil2 and HA-p38 were expressed using
an in vitro transcription/translation system (Promega) and then immu-
noprecipitated with anti-HA antibody and beads overnight. The protein
then was eluted by 40 pwg/ml HA peptide from the beads and purified by
Amicon Ultra (Millipore). Myc-K8 also was expressed in vitro and immu-
noprecipitated with anti-Myc antibody and beads. The beads were washed
and used for in vitro kinase assays. Beads were mixed with or without
purified p38 kinase or Piwil2 and 40 .M ATP (Promega) in kinase buffer
(Cell Signaling Technology). Reactions were performed at room temper-
ature for 1 h.

Statistical analysis. Experiments were repeated three times. Western
blot and immunofluorescence results were analyzed using Image] soft-
ware. Differences between experimental groups were determined using
Student’s ¢ test. Statistical significance was accepted when the P value was
<<0.05.

RESULTS

Piwil2 knockdown increases cell sensitivity to Fas-mediated
apoptosis. It is known that Piwil2 inhibits apoptosis induced by
many different stimuli (12, 13, 16). It has not been reported yet
whether Piwil2 can regulate Fas-mediated apoptosis. We exam-
ined the effect of Piwil2 knockdown on Fas-mediated apoptosis by
fluorescence-activated cell sorting (FACS) analysis. With FasL
treatment, an increase in the level of apoptosis was observed in
Piwil2 knockdown cells but not in control mock shRNA (shNC)-
transfected cells (Fig. 1A). We next detected the activation of
caspases, representative members of the Fas signaling pathway.
Piwil2 knockdown highly increased the cleavage of proapoptotic
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FIG 1 Piwil2 loss sensitizes cells to Fas-mediated apoptosis. (A and B) NC (shNC) and Piwil2 knockdown (shPiwil2) cells were mock treated or treated with FasL
(100 ng/ml) and then harvested for apoptosis analysis using FACS assay and Western blot analysis. Error bars indicate SE (N.S. [not significant], P > 0.05;
*, P <0.05). cl., cleaved. (C and D) The impact of Piwil2 depletion on the membrane localization of Fas was determined by membrane (M)/cytosolic (C)
fractionation (C) and immunofluorescence staining (D). Na, K ATPase (membrane) and GAPDH (cytosolic) were used as controls. Green fluorescent
protein (GFP) is expressed from shRNA vectors and indicates the cell outline. The arrows indicate the expression of the shRNA vectors. Anti-Fas was used

for panel D.

caspases 3, 8, and 9 in response to FasL (Fig. 1B, lanes 4 and 8).
Meanwhile, a significant increase of Fas at the plasma membrane
in Piwil2 knockdown cells was observed after cell surface protein
isolation in HeLa (2.4-fold; P < 0.05) (Fig. 1C, lanes 1 and 3) and
HepG2 (2.8-fold; P < 0.05) (Fig. 1C, lanes 5 and 7) cells. Immu-
nofluorescence also showed a higher Fas density in the membrane
of Piwil2 knockdown cells (74% of transfected cells) than in
shNC-transfected cells or untransfected cells without permeabili-
zation for surface stain (Fig. 1D). Given these data, we concluded
that Piwil2 knockdown increased cell sensitivity to Fas-mediated
apoptosis.

Piwil2 interacts with Fas-mediated apoptosis-related pro-
tein K8. To identify novel Piwil2-interacting proteins and their
potential functions in tumor cells, we performed a bacterial two-
hybrid screen of a human HeLa cDNA expression library with
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Piwil2 as the bait. By the sequencing of positive clones, we identi-
fied one Piwil2-interacting peptide as C terminal (amino acids
[aa] 309 to 483) to K8 which is well known to protect the cell from
Fas-mediated apoptosis and injury (23, 24, 31, 37).

We next examined whether Piwil2 could interact with K8 in
vivo. Immunofluorescence experiments showed that K8 was lo-
cated mostly in the cytoplasm and overlapped with Piwil2 (Fig.
2A). To confirm the physical interaction between Piwil2 and K8,
we carried out reciprocal immunoprecipitation of endogenous
Piwil2 and K8 in HeLa cells. Immunoprecipitation and West-
ern blot data revealed that Piwil2 could be coprecipitated with
K8 (Fig. 2B).

The filament domain (pfam00038; aa 90 to 393) is classified as
amodel that may span more than one domain of K8, as described
in GenBank. We performed bioinformatics analysis for K8 protein
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FIG 2 Interaction of Piwil2 and K8. (A) Piwil2 and K8 are colocalized mostly in cytoplasm. Cells were transfected with HA-K8 vector and harvested for
immunofluorescence assay with anti-Piwil2 and mouse anti-HA antibodies. Scale bar, 5 um. (B) Endogenous interactions between Piwil2 and K8 in HeLa cells.
Coimmunoprecipitation was performed with anti-Piwil2 or anti-K8, followed by Western blotting. (C) Filament domain of K8 and the predicted domains by
SMART analysis. (D) Interaction between HA-tagged Piwil2 and different Myc-tagged K8 mutants. (E) Schematic of different K8 deletion mutants. (F)
Interaction between HA-tagged K8 and different Myc-tagged Piwil2 mutants. (G) Schematic of different Piwil2 mutants. All of these assays were performed in

HeLa cells. WB, Western blotting; WT, wild type.

sequence by SMART analysis and got two low-complexity regions
(aa 24 to 62 and aa 416 to 460) and two coiled coils (aa 88 to 241
and aa 297 to 399) (Fig. 2C). Combined with all of the other the
information, we constructed four K8 protein deletion mutants
(Fig. 2E). To further identify the regions where K8 binds to Piwil2,
we examined the ability of Piwil2 to bind with the full-length K8 as
well as various Myc-tagged K8 mutants. Our results showed that
wild-type K8, the filament domain, and the C terminus of the
filament domain interacted with Piwil2 (Fig. 2D). These results
suggested that the Piwil2 binding region in K8 was localized in the
C terminus of the filament domain (aa 309 to 393).

We next mapped the K8 binding region in Piwil2. There are
two functional domains in Piwil2: the PAZ domain and the
PIWI domain. Coimmunoprecipitation experiments showed
that mutants of Piwil2 lacking the PIWI domain, such as d1, d2,
and d5, failed to bind to K8 (Fig. 2F, lanes 2, 3, 7, 10, 11, and
15), while mutants containing the PIWI domain, including d3,
d4, and d6, could bind to K8 (Fig. 2F, lanes 4, 5, 8, 12, 13, and
16). Taken together, these findings further revealed that the K8
binding region in Piwil2 was localized in the PIWI functional
domain.
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The increased sensitivity of Piwil2 knockdown cells to Fas-
mediated apoptosis is related to K8 downregulation. As we have
confirmed that Piwil2 can interact with K8, we wanted to know
whether K8 was related to the increased Fas-mediated apoptosis in
Piwil2 knockdown cells. Western blot analysis showed that the K8
protein level was accumulated by ectopic expression of Piwil2; it
was increased 1.79-fold (P < 0.05) in HeLa cells and 1.35-fold
(P < 0.05) in HepG2 cells. Piwil2 depletion induced a 0.43-fold
decrease (P < 0.05) of K8 in HeLa cells and 0.54-fold decrease
(P < 0.05) in HepG2 cells (Fig. 3A). Immunofluorescence results
also showed significantly decreased K8 fluorescence intensity in
80% of Piwil2 knockdown cells (Fig. 3B); Piwil2 overexpression,
on the other hand, significantly increased K8 fluorescence inten-
sity (65% of total cells). The protein level of K8 could be rescued
by the overexpression of Piwil2 in Piwil2-deficient cells (Fig. 3C).

Previous research showed that actin, K8/18 intermediate
filaments, plectin, and ezrin form a well-organized network on
wild-type hepatocyte surfaces. As ezrin interacts with Fas, the net-
work prevents Fas from targeting the membrane. The loss of
K8/18 alters the early steps of Fas activation through perturbation
of the ezrin/actin (38). Our results showed that Piwil2 knockdown
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FIG 3 Piwil2 increases K8 protein levels. (A) HeLa and HepG2 cells were transfected with Myc-Piwil2, shNC, or shPiwil2 vector. After 48 h, cell lysates were used
for Western blotting with anti-K8. (B) Piwil2 knockdown decreased the K8 fluorescence intensity significantly. HeLa cells were transfected with shNC or shPiwil2
vector and harvested for immunofluorescence assay with anti-K8 antibodies. GFP is expressed from shRNA vectors. Scale bar, 5 pm. (C) Rescue experiments of
the knockdown of Piwil2 on the protein level of K8. HepG2 cells were transfected with shPiwil2 or Piwil2 expression vector as indicated. (D) Piwil2 knockdown
decreased the interaction between K8 and Fas-ezrin complex. HeLa cells were transfected with shNC or shPiwil2 vector, and a coimmunoprecipitation assay was
performed using anti-K8, followed by Western blotting. (E) The impact of K8 on Fas localization in Piwil2 knockdown cells. The level of membrane Fas was
determined by membrane protein separation followed by Western blotting. (F) Both Piwil2 and K8 overexpression reduced the sensitivities of Fas-mediated
apoptosis enhanced by Piwil2 knockdown. (G) Western blot analysis of caspases activation after FasL induction. Cells were transfected with shNC, shPiwil2,
pcDNA3.1, HA-K8, and Myc-Piwil2 plasmids as indicated 48 h before Western blotting. Cells were treated with FasL (100 ng/ml) as indicated. Error bars indicate

SE (*, P < 0.05).

also decreased the binding of K8 to the Fas-ezrin complex (Fig.
3D), while no significant changes were observed in the protein
level of Fas and ezrin. To confirm that the increased Fas-mediated
apoptosis in Piwil2 knockdown cells was mediated by K8, we in-
duced K8 expression by transfected K8 vector in Piwil2 knock-
down cells. Western blot analysis showed that in Piwil2 knock-
down cells, the overexpression of K8 reduced the level of Fas on
the plasma membrane by 65% (P < 0.05) in HeLa cells and 79%
(P < 0.05) in HepG2 cells (Fig. 3E). The ectopic expression of
both K8 and Piwil2 rescued the increased apoptosis in Piwil2
knockdown cells in response to FasL (Fig. 3F). The level of
cleaved caspases in response to FasL in the Piwil2 knockdown
cells also was decreased by overexpression of K8 (Fig. 3G). All
of these data confirmed that the loss of Piwil2 sensitized cells to
Fas-mediated apoptosis by downregulating K8.

Piwil2 inhibits K8 degradation through facilitating the phos-
phorylation of K8 by p38 kinase. As we have confirmed that
Piwil2 could affect the K8 protein level, we next explored the un-
derlying molecular mechanism. In contrast to the protein level,
quantitative real-time PCR showed that Piwil2 had no effect on K8
mRNA levels (Fig. 4A). Thus, the decreased level of K8 in Piwil2
knockdown cells was due to protein degradation. To further eval-
uate the stability of K8, we employed the strategy of suppressing
protein translation by utilizing cycloheximide (CHX) to study the
degradation of K8. After a 6-h treatment with CHX, less than half
of the K8 remained in Piwil2 knockdown cells, in contrast to the
higher level of stability of K8 in control cells (Fig. 4B). The addi-
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tion of MG132 nearly recovered K8 to control levels in the pres-
ence of shPiwil2 and facilitated the detection of K8 ubiquitination.
Notably, knockdown of Piwil2 promoted K8 ubiquitination (Fig.
4C, lanes 1 and 2). Transfection with shPiwil2 alone promoted the
dramatic degradation of K8, so less ubiquitination was detected
compared to that with controls (Fig. 4C, lanes 3 and 4). These
results imply that Piwil2 decreased K8 ubiquitination and then
prevented its ubiquitin-controlled degradation.

Previous studies have shown that phosphorylation protects K8
against ubiquitination and subsequent degradation, but this pro-
tection is not site specific and involves K8 residues S23, S73,
and/or S431, which undergo phosphorylation (34). For this rea-
son, we next examined whether Piwil2 protects K8 from ubiquiti-
nation via phosphorylation. Previous research showed that K8
could be phosphorylated by different kinases, such as protein ki-
nase C (PKC), p38, and Jun N-terminal protein kinase (JNK) (34,
39-41). To search for potential factors in the accumulation of K8
induced by Piwil2, HeLa cells were treated with different kinase
inhibitors after transfection of the Piwil2 expression plasmid.
Western blot analysis showed that after treatment with p38 inhib-
itor, K8 accumulation was blocked in Piwil2-overexpressed cells
(Fig. 4D, lanes 5 and 6). However, the overexpression of Piwil2
still increased the K8 protein level in cells treated with PKC and
JNK inhibitors. This indicated that p38, rather than PKC and JNK,
plays a role in Piwil2-induced accumulation of K8, which was
further confirmed by Western blotting using phosphorylated K8
antibody. The phosphorylation level of K8 was significantly in-
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FIG 4 Piwil2 inhibits degradation of K8 in a phosphorylation-modulated fashion. (A) Real-time PCR confirmed that the K8 mRNA level remains unchanged
after Piwil2 overexpression or Piwil2 knockdown. N.S., P > 0.05 by the Student’s t test. (B) Stability analysis of K8 protein. The cells transfected with shNC or
shPiwil2 were treated with cycloheximide (CHX) at 5 mg/ml for 0 to 6 h. (C) Piwil2 knockdown improved K8 ubiquitination. HeLa cells were cotransfected with
shPiwil2 and HA-ubiquitin plasmids. After 48 h, they were treated with MG132 for 6 h as indicated. K8 was precipitated with anti-K8 antibody, and the
ubiquitination and degradation of K8 were determined by anti-HA-ubiquitin and anti-K8 immunoblotting. (D) P38 inhibitor blocks Piwil2 from upregulating
K8. Cells were transfected with Myc-Piwil2 or pcDNA3.1 and treated with p38, PKC, and JNK inhibitors for 6 h. DMSO, dimethylsulfoxide. (E) P38 is involved
in Piwil2-induced K8 phosphorylation. The inhibition of p38 using SB203580 or SB202190 (1 h of treatment) reduces the Ser-73 phosphorylation of K8, as shown
by Western blotting. The level of p-HSP27 showed that inhibitors are working. (F) Colocalization between endogenous Piwil2 and p38. Cells were stained by
anti-Piwil2 and anti-p38. (G) Colocalization between K8 and p38. Cells were transfected with HA-K8 vector and harvested for immunofluorescence assay with
anti-HA and anti-p38 antibodies. Scale bars, 5 um. The indicated region in the merged panel was shown at a higher resolution (500%) in the X5 panel. (H) Piwil2,
p38, and K8 directly interact in vitro. Cell-free Piwil2, p38, and K8 protein expression was carried out using a TnT system separately, mixed together in binding
buffer with protease inhibitors, and incubated on a rotating platform at 4°C for 3 h. Error bars indicate SE (N.S., P > 0.05).

creased in Piwil2-overexpressing cells (2.79-fold; P < 0.05) (Fig.
4E, lanes 1 and 4) and could be reduced by two p38 inhibitors.
However, phosphorylated p38 (p-p38) was not increased in ec-
topically expressed Piwil2 cells (Fig. 4E, lanes 1 and 4). p38 local-
ized both in the cytoplasm and nucleus, while K8 was colocalized
with p38 mostly in the cytoplasm (Fig. 4F). Endogenous Piwil2
also was observed to colocalize with p38 mostly in the cytoplasm
(Fig. 4G). Furthermore, we asked whether Piwil2 is required for
the interaction of K8 and p38. Therefore, an in vitro protein bind-
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ing assay was conducted to detect direct interaction between Pi-
wil2, K8, and p38. We translated Piwil2, K8, and p38 in vitro and
performed coimmunoprecipitations with each of them. Our re-
sults showed that Piwil2 and K8, p38 and K8, as well as Piwil2 and
P38 can be coimmunoprecipitated in vitro (Fig. 4H). In addition,
interaction between p38, K8, and Piwil2 also was validated by the
two-hybrid experiment (not shown). These findings suggested
that Piwil2 protected K8 from ubiquitination-mediated degrada-
tion by enhancing p38-induced K8 phosphorylation.
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precipitated by anti-p38 antibody followed by Western blotting. (C) In vitro phosphorylation of K8. HA-Piwil2 and HA-p38 were translated and purified in vitro.
Myc-K8 was translated in vitro and immunoprecipitated by Myc antibody with beads. The beads with Myc-K8 were subjected to in vitro phosphorylation in
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Piwil2 enhances the formation of K8-p38 complexes. We
next investigated whether Piwil2 was able to enhance the endoge-
nous interaction between K8 and p38 to increase K8 phosphor-
ylation. An obvious colocalization among Piwil2, K8, and p38 was
observed mostly in the cytoplasm (Fig. 5A). Coimmunoprecipita-
tion experiments also revealed that K8 protein was physically as-
sociated with Piwil2-p38 complex (Fig. 5B). These pieces of evi-
dence suggested that p38, Piwil2, and K8 formed a trimeric
complex. An in vitro experiment showed that Piwil2 facilitated the
phosphorylation of K8 induced by p38 (Fig. 5C). Meanwhile, the
absence of Piwil2 decreased p38 binding to K8 (Fig. 5D). This
result showed that the knockdown of Piwil2 suppressed the
formation of K8-p38 complexes. To further confirm that
Piwil2 promotes p38 binding to K8, we performed immunoflu-
orescence assays. The overexpression of Piwil2 significantly in-
creased p-p38/K8 colocalization in the cytoplasm and de-
creased p-p38 nuclear translocation (63% of total cells) (Fig.
5E). Together, these results suggested that Piwil2 participated
in and enhanced the formation of K8-p38 complex.

We next mapped the p38 binding region in Piwil2. As with K8,
coimmunoprecipitation experiments showed that Piwil2 and its
mutants containing the PIWI domain, including d3, d4, and d6,
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remained capable of binding p38 (Fig. 5F). These results suggested
that the p38 binding region also was localized in the PTWI domain.
Furthermore, the PIWI-deleted mutants failed to increase K8
phosphorylation (Fig. 5H, lanes 3, 4, and 7), confirming the po-
tential role of the PIWI domain of Piwil2.

Piwil2 knockdown increases the phosphorylation of p53.
The tumor suppressor p53 is a well-known regulator of apoptosis.
Our previous work showed that Piwil2 could suppress apoptosis
by inhibiting p53 expression through the Src-STAT3 pathway
(12). We then examined whether Piwil2 also could affect p53 and
p53-induced apoptosis through binding to p38, since p53 is also
an important substrate of p38 (42). The apoptosis ratio induced
by Piwil2 knockdown was partly decreased by p38 inhibitor in
Piwil2 knockdown cells (Fig. 6A). The decrease of Piwil2 increased
the p53 protein level detected in p38 immunoprecipitates (Fig.
6B). Overexpression of Piwil2 rescued the p53 level in Piwil2
knockdown cells (Fig. 6C). However, when treated with p38 in-
hibitors, the p53 level was slightly decreased after knockdown of
Piwil2 (0.80-fold and 0.73-fold; P < 0.05) (Fig. 6D). We also ex-
amined the phosphorylation of p53 and several other proteins that
may have roles in p53-induced apoptosis. The loss of Piwil2 in-
creased the levels of p21, Bax, and phosphorylated p53 proteins.
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When cells were treated with p38 inhibitor, the levels of p21, Bax,
and phosphorylated p53 were significantly reduced in Piwil2
knockdown cells (Fig. 6D). Once activated, p38 mitogen-activated
protein kinase (MAPK) either phosphorylates cytoplasmic targets
or translocates into the nucleus, leading to the regulation of tran-
scription factors involved in cellular responses (43). For example,
after activation by UV irradiation, p38 moves to the nucleus and
phosphorylates p53 (42). In HeLa cells, p-p53 is colocalized with
p-p38 in the nucleus (Fig. 6E). Although Piwil2 did not affect the
total protein and phosphorylation level of p38 (Fig. 6D), we found
that there was an increase in the level of p38 protein in the nucleus
when Piwil2 was knocked down (Fig. 6F). Immunofluorescence
results also showed that Piwil2 knockdown increased p-p53 fluo-
rescence intensity in the nucleus (73% of transfected cells) (Fig.
6G) and the level of p-p38 nuclear translocation (76% of trans-
fected cells) (Fig. 6H). These results demonstrated that phosphor-
ylation of p53 protein increased after Piwil2 knockdown and sug-
gested that p38 also plays a role as an upstream factor of p53 in the
loss of Piwil2-induced apoptosis.

DISCUSSION

Recently, more and more pieces of evidence have confirmed that
Piwil2 is expressed in various tumors or cancer cell lines, playing
important roles in tumorigenesis and protecting cells from apop-
tosis (11, 14, 36). Our previous results also indicate that Piwil2
inhibits apoptosis through TGF-f signaling in HEK293 cells and
suppresses p53 in tumor cells (12, 13). Our current study shows
that Piwil2 knockdown significantly increases epithelial cancer
cell sensitivity to Fas-mediated apoptosis. The protection against
Fas-mediated apoptosis of Piwil2 is partly due to K8. Keratins are
the intermediate filament proteins of epithelial cells. K8/18 are
found mainly in simple-type epithelia and protect cells from in-
jury and apoptosis (23, 31, 44). K8 or K8/18 loss increases the
membrane targets of Fas and the sensitivity to FasL and cisplatin
(24,37, 38). Although Piwil2 and keratin 8 both provide resistance
to apoptosis, by now there is no definite evidence on their rela-
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tionship. Our results indicate that Piwil2 promotes the accumu-
lation of K8, reducing the localization of Fas at the membrane
(Fig. 1C and D and 3E). The overexpression of K8 partly rescues
the Fas-mediated apoptosis ratio of Piwil2 knockdown cells (Fig.
3F and G). We conclude that Piwil2 provides resistance to Fas-
mediated apoptosis through the accumulation of K8.

Our research shows that Piwil2 promotes K8 stability by atten-
uating the ubiquitination and degradation of K8 (Fig. 4C). Al-
though the E3 ligase associated with keratin intermediate filament
protein degradation has not been identified, previous studies have
shown that the phosphorylation of K8 protects it from ubiquiti-
nation and regulates its reorganization (34, 35). Many in vivo
K8/18 phosphorylation kinases have been identified, such as p38
MAPK, JNK, and PKC & (35, 39, 41). Our present study uncovers
that Piwil2 enhances the phosphorylation of K8 to protect K8
from ubiquitination (Fig. 4E). Immunoprecipitation assays dem-
onstrated that Piwil2 knockdown decreased the association of K8
and p38 (Fig. 5D). Previous work showed that p38 kinase inter-
acted with K8 in vitro (35), and we confirmed this by immunopre-
cipitation in vitro and the two-hybrid experiment. We also find
that Piwil2 directly binds to K8 and p38 (Fig. 4H). All these results
suggest that Piwil2 is not necessary for the phosphorylation of K8
by p38, but it does promote it.

Many studies have shown that p38 activation is involved in
apoptosis (45, 46). However, we find that Piwil2 does not activate
p38 but regulates its combining with the substrate. Our previous
research showed that Piwil2 repressed p53 expression by the c-src/
STAT pathway, and in the present work we reveal that Piwil2 also
inhibits p53 phosphorylation by p38. These kinases that phos-
phorylate K8 also activate membrane receptors, transcription fac-
tors, and other downstream protein kinases which regulate gene
expression under various stimuli. For example, MAPK signaling
pathways activate transcription factors (e.g., p53 and c-jun) and
protein kinases (e.g., MK2 and MK3) directly or indirectly (47—
49). The highly abundant K8 can protect tissue from injury by
absorbing stress-activated kinases from untoward substrates
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(50). We also confirmed that overexpressed K8 could absorb
cytoplasmic p38 to the K8 filaments (Fig. 4G, X5). Our results
show that the overexpression of Piwil2 recruits p-p38 to K8 in
the cytoplasm (Fig. 5E), while Piwil2 knockdown increases the
formation of p38-p53 complexes and the nuclear translocation
of p-p38 (Fig. 6B and H). Thus, Piwil2 prevents the phosphor-
ylation of p53 induced by p38 and then inhibits p53, which is
involved in apoptosis.

In summary, Piwil2 is a novel regulator of the Fas/FasL signal-
ing pathway. Our research shows that Piwil2 recruits p38 to K8
and increases the phosphorylation of K8 induced by p38. Piwil2
loss decreases K8, increasing the membrane targeting of Fas and
Fas-mediated apoptosis. Meanwhile, our results have demon-
strated that Piwil2 inhibits p53 phosphorylation and p53-induced
apoptosis through binding to p38 (Fig. 7). Considering that p38
controls a variety of signaling pathways, our research provides a
new perspective on the study of the participation of PIWI proteins
in regulating diverse types of signal transduction.
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