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Abstract
Objectives: PIWIL2 is widely expressed in various
tumours and implicated in playing a role in tumouri-
genesis. For a more thorough study of PIWIL2
functions in tumour cells, we aimed to establish
PIWIL2-specific transcript knock-down/knockout
HepG2 cell lines using transcription activator-like
effector nuclease (TALEN) technology. Furthermore,
we proposed to use the cell models to explore
PIWIL2 functions in TGF-b signalling in HepG2 cells.
HepG2s are human hepatocellular carcinoma cells.
Materials and methods: We established PIWIL2
knock-down or knock-out cell lines in HepG2
using TALEN technology. Next, we sought to use
the cell line models to investigate effects of full
length PIWIL2-specific transcripts in cell prolifera-
tion induced by TGF-b.
Results: First, we established PIWIL2-specific tran-
script mono-allele and bi-allele knockout HepG2 cell
lines. By using the cell line models, we found that
specific transcript knockdown of full length PIWIL2
can suppress cell proliferation, while ectopic expres-
sion of PIWIL2 enhanced proliferation of HepG2 by
suppressing the TGF-b pathway. Furthermore, we
demonstrated that PIWIL2 can interact with HSP90
to prevent formation of HSP90–TbR complexes,
which promote degradation of TbRs.
Conclusions: Taken together, our study revealed
critical negative regulation of TGF-b signalling by
PIWIL2 in HepG2 tumour cells, and provided an
effective strategy to study specific gene transcript
functions in cells.

Introduction

PIWI proteins contain two highly conserved domains
(PIWI and PAZ domains), and have multiple biological
functions in stem cell self-renewal, gametogenesis,
embryogenesis and transposon control, in diverse organ-
isms ranging from Drosophila to humans (1–6). In Dro-
sophila, piwi is required in somatic cell signalling, to
maintain germline stem cells, and to have a role as cell-
autonomous promoter of germline stem cell division (2).
piwi in zebrafish (ziwi and zili) has an effect on germ cell
differentiation, early embryogenesis and transposon
silencing (5,7,8). Three PIWI proteins are expressed in
mice: MIWI, MILI and MIWI2, and their deficiency can
cause incompleted spermatogenesis (9–11). Four mem-
bers of the PIWI subfamily have been identified in the
human genome (PIWIL1/Hiwi, PIWIL2/Hili, PIWIL3 and
PIWIL4/Hiwi2). In normal tissues, PIWIL2 (located on
chromosome 8q24), is mainly expressed in testis and in
the embryo (12). Also, it has been reported that PIWIL2
and its variants PIWIL2-Like (PL2L) proteins exist
widely in various types of human cancer and tumour cell
lines, suggesting that they may play roles of oncogenic
fate determinants. PL2L proteins so far reported include
PL2L80, PL2L60, PL2L50 and PL2L40 (12–16).

The transcription activator-like effector nuclease
(TALEN) system has been shown to be a new tool to
generate gene knockout in zebrafish, rats and cell lines
(17–19). Due to a double recognition target site,
TALEN technology is highly specific to the target gene.
TALENs are fusion proteins which contain a DNA-bind-
ing domain and a Fok I endonuclease domain. The two
TALENs bind to their target sites in a genome at an
appropriate distance. Then, two Fok I components
dimerize and cause double-strand breaks, resulting in
stimulation of breakage repair mechanisms in cell nuclei
(17,20). Breakage is repaired by non-homologous end-
joining (NHEJ), which frequently generates small inser-
tions or deletions. Here, we screened frameshift mutant
as the HepG2 PIWIL2 knockout cell model to investi-
gate PIWIL2 functions in TGF-b signalling.
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TGF-b signalling is highly controlled in normal
cells, and has been found to play diverse roles in regu-
lating growth, differentiation and immune response as
well as development in multi-organ systems (21–26).
Active TGF-b initiates signalling by binding to type I
(TbRI) and type II (TbRII) receptors. TbRI is phosphor-
ylated by TbRII, then it phosphorylates and activates
members of the Smad family of tumour suppressors
(termed R-Smads), including Smad2 and Smad3 (27).
TGF-b induces inhibition of proliferation in many cell
types, by repressing expression of oncogenes and induc-
ing expression of cyclin-dependent kinase inhibitor p21
(28–31). TGF-b signalling acts as a paracrine suppressor
on proliferation of hepatocytes in normal liver tissue
(32). Also, in hepatocellular carcinoma (HCC) cells,
TGF-b can induce senescence and tumour growth inhi-
bition, and these effects are relevant to expression of
p21 and p15 (33). A recent study also shown that atten-
uation of TGF-b signalling appears to be needed for
development of HCC, but also there is requirement for
TGF-b signalling, for survival and malignancy (34).

We have previously reported that PIWIL2 can regu-
late TGF-b signalling in HEK293 cells (35). Thus, we
next explored whether expression of PIWIL2 in HepG2
tumour cells would be able to promote cell proliferation
by attenuating TGF-b signalling. Early research has also
shown that PIWIL2 and PL2L proteins exist in tumour
cells and that they may have different functions (14).
Here we used TALEN technology to establish PIWIL2-
specific transcript mono-allele and bi-allelic knockout
HepG2 cell lines in which we could explore the func-
tions of PIWIL2 rather than PL2L proteins. By using
these cell models and PIWIL2 ectopic expressed HepG2
cells, we demonstrated that PIWIL2 promoted degrada-
tion of TbRs and attenuated TGF-b signalling. It then
lead to suppression of TGF-b-induced growth inhibition,
revealing critical negative regulation of TGF-b signal-
ling by PIWIL2 in these tumour cells.

Materials and methods

Expression vectors, shRNA and antibodies

PIWIL2, HSP90 and ubiquitin expression vectors are
maintained in our laboratory as previously described (35).
shPIWIL2 is PIWIL2 siRNA expression vector, and RNA
interference sequence (50 ACC GGC CTG GGT TGA
ACT AAA 30) was cloned into pGPU6/GFP/Neo plasmid
(GenePharma, Shanghai, China). Rabbit anti-PIWIL2
antibody was obtained from Santa Cruz Biotechnology
(USA) as were goat anti-HSP90 antibody and rabbit anti-
Smad4 antibody. Rabbit anti-p21 antibody, rabbit anti-
phospho-Smad3 antibody, rabbit anti-Smad2 antibody,

rabbit anti-Smad3 antibody and rabbit anti-GAPDH
antibody were purchased from Epitomics (USA). Rabbit
anti-phospho-Smad2 antibody, rabbit anti-TbRI antibody,
rabbit anti-TbRII antibody and mouse anti-HA antibody
were obtained from Cell Signaling Technology (USA).
Mouse anti-Myc antibody was purchased from
Zhongshan Goldenbridge (Beijing, China).

Cell culture, transfection and treatment

HepG2 cells are permanently maintained in our labora-
tory. Here, they were cultured in DMEM/10% FBS and
transfected by using jetPRIME (PloyPlus, France)
according to the manufacturers’ protocols. Forty eight
hours after transfection, cell treatments were carried out
in reduced-serum media (0.2% FBS), and TGF-b
(Peprotech, USA) was added as indicated, to final con-
centration of 10 ng/ml. Where specified, cells were trea-
ted with proteasome inhibitor MG132 (Zhongshan
Goldenbridge) at final concentration of 20 lM. Cells
were harvested and analysed by western blotting using
appropriate antibodies. All following experiments were
repeated at least three times unless stated otherwise.

Knockout of PIWIL2 using TALEN technology

PIWIL2 knockout cell lines were acquired by transcrip-
tion activator-like effector nuclease (TALEN) technology.
TALEN plasmids were purchased from ViewSolid Bio-
tech (Beijing, China). Target sequences of TALENs are
as follows: GCC AGG CTG TAC GGA T and CCA
AAG GTT TAG AAG CT for PIWIL2 gene exon2,
which is located on chromosome 8p24. Between the two
binding sites is an 18 bp spacer with Msc I sequence
(GCC AGG CTG TTG GCC ACA, Msc I underlined) for
enzyme digestion identification. To obtain PIWIL2
knockout cells, the pair of TALEN plasmids was
co-transfected to HepG2 cells at molar ratio of 1:1, using
6-well plates. After 72 h culture, cells were digested with
trypsin and counted. Then, they were subcultured into
96-well plates and subjected to single cell cloning. After
individual cell clones expanded, genomic DNA was
extracted from the clones using TransDirectTM Animal
Tissue PCR Kit (TransGen Biotech, Beijing, China).
Genomic DNA extracted from these monoclonal HepG2
cells was amplified by PCR (Forward primer, 50 GAG
GGA TTG TTA ATG AAG GAT GTT T 30; Reverse pri-
mer, 50 ACT TTG AAA TCC ATT ACT TCC TCT G
30). PCR products were digested by endonuclease Msc I
(Thermo Scientic, USA) for identification. Then, identi-
fied PCR products containing mutated sites were cloned
into pMD19-T vector (Takara, Japan) and sequenced, to
identify whether the mutation was frameshift mutation.
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Single strand conformation polymorphism assay (SSCP)

We used single strand conformation polymorphism
(SSCP) analysis to screen PIWIL2 bi-allele mutant
monoclonal cell lines. As DNA fragments for SSCP
analysis would be 200–300 bp, primers were designed
for PCR (Forward primer, 50 CTT TCC GAC CAT
CGT TCA 30; Reverse primer, 50 CTC TGG CTT TCC
AAA TAC AT 30). Monoclonal cells were collected and
genomic DNA was extracted for PCR amplification.
PCR products were mixed with equal volumes of
2 9 SSCP loading buffer (95% formamida, 20 mM

EDTA, 0.05% xylene cyanol, 0.05% bromophenol blue,
pH 8.0), heated to 96 °C for 10 min, then rapidly
cooled on ice for 5 min. Products were then separated
by electrophoresis with 15% non-denaturing polyacryl-
amide gel, and detected by silver staining. In detail, gels
were fixed in 7.5% acetic acid for 30 min after electro-
phoresis, washed three times in ddH2O for 2 min, then
washed in 15% formaldehyde for 5 min, followed by
immersion in silver nitrate solution for 20 min. Gels
were developed by merging with 3% Na2CO3 solution
pre-cooled to 4 °C. Finally the reaction was stopped
with 7.5% acetic acid.

Co-immunoprecipitation and western blotting

Cells were lysed in universal protein extraction buffer
(BioTeke, Beijing, China) applied with protease inhibitor
cocktail (Roche, Switzerland) 48 h after transfection. For
co-immunoprecipitation, extracted proteins were immuno-
precipitated with 1 lg antibody and 30 ll protein A+G
agarose beads (Beyotime, Shanghai, China), then precipi-
tated by centrifugation at 1000 g for 5 min. Complexes
were washed four times in ice-cold PBS Buffer (pH 7.4).
For western blotting, proteins were mixed with 5 9 SDS
loading buffer (BioTeke) and heated to 95 °C for 8 min
before separating with 4–12% SDS-PAGE. Proteins were
then transferred to polyvinylidene difluoride membranes
(Millipore, Massachusetts, USA), and detected with
appropriate primary antibodies and horseradish peroxi-
dase-conjugated secondary antibodies. Finally, mem-
branes were visualized using chemiluminescent HRP
substrate (Millipore).

Immunofluorescence

Cells were fixed for 15 min in 4% formaldehyde in PBS,
permeabilized for 10 min with 0.5% Triton X-100,
blocked in 1% BSA for 30 min, incubated with relevant
primary antibody overnight at 4 °C and finally incubated
with FITC-labelled, or Cy3-labelled secondary antibody
(Beyotime) for 2 h at room temperature. Each step was
followed by two 5 min washes in PBS. Prepared

specimens were counterstained with 5 mg/ml DAPI for
2 min and observed using a fluorescence microscope
(Olympus, Japan).

Cell viability assay

Cell viability was determined using a cell counting kit-8
(CCK-8, Beyotime) based on WST-8. WST-8 existing in
CCK-8 solution reacts with mitochondrial dehydrogenase,
and results in orange formazan deposition. A linear rela-
tionship between cell number and shade was used to eval-
uate cell proliferation. Briefly, HepG2 cells (2 9 103)
were seeded in 96-well plates in DMEM (100 ll) contain-
ing 10% foetal bovine serum, and cultured overnight.
After advisable plasmid transfection for 4 h, medium was
renewed with fresh medium and TGF-b either added or
not added, and continuously cultured for 72 h. CCK-8
solution (10 ll) was added to each of the 96-well plates,
and cultures were incubated for 90 min at 37 °C. Absor-
bance at 450 nm was measured using an automatic micro-
plate reader (BioTeke, Beijing, China). A standard curve
was be set up to deduce cell number .Experiments were
performed in sextuplicate and repeated three times.
Results were further analysed using Origin 8.0 software.

Results

Establishment of PIWIL2 mono-allelic knockout cell
lines

First, we examined whether the TALEN system was
useful on the HepG2 cell genome. To test this, the pair
of TALEN plasmids were co-transfected to HepG2 cells
over a concentration gradient. To evaluate efficiencies of
genome editing, nucleotide sequences of TALEN cleav-
age sites were identified by PCR amplification based on
genomic DNA extracted from TALEN-transfected cells.
Then PCR products were digested by Msc I and agarose
gel electrophoresis was performed (Fig. 1b).

PCR products amplified from TALEN-transfected
cells had incomplete digestion (annotated as Edited
DNA) compared to controls. Results showed that plas-
mids could, indeed, be useful for knocking out PIWIL2
in HepG2 cells. Genome editing activities were con-
firmed at a level in the order of 10%, through gray
analysis (data not shown).

To establish stable knockout cell lines, TALEN-trans-
fected cells were subcultured in 96-well plates to obtain a
monoclonal cell line. Then, expanded monoclonal cells
were identified by Msc I digestion (Fig. 1c). By screening
and sequencing, we obtained three mutant cell lines
(Fig. 2a). For further identification, the TALEN pair-tar-
geted region was amplified by PCR and subjected to
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pMD19-T cloning and sequencing. As shown in Fig. 2b,
pMD19-T vectors labouring PCR products of clone
Mutant #1 (In Fig. 2a) were analysed by PCR and Msc I
digestion. Then they were sequenced to identify allelic
mutants (data not shown). Finally, we detected two mono-
allele frameshift mutant cell lines. We used the 14 bp
deleted result for further testing.

Abnormal chromosome numbers (aneuploidy) and
structural chromosomal aberrations are invariably found
in tumour cells, and this may induce abnormal states of
gene copies. We were informed by websites (http://
www.dsmz.de and http://hepg2.com) that HepG2 cells
do not usually have numerical abnormality on chromo-
some 8 where PIWIL2 is located. Also, analysis of Msc

I digestion showed that the mutant DNA band accounted
for around 50% of our obtained PIWIL2 mono-allelic
mutant cells.

Establishment of PIWIL2 bi-allelic knockout cell lines

Based on the PIWIL2 mono-allelic knockout cell lines,
we continued to generate bi-allelic knockout cells. We
used single strand conformation polymorphism analysis
(SSCP) to screen the bi-allelic mutants (Fig. 3a). Com-
pared to Msc I digestion, this method can reveal the
mutation with no change at the Msc I site. Similarly,
genomic DNA of mutants identified by SSCP was
amplified by PCR and subjected to pMD19-T cloning

(a)

(b) (c)

Figure 1. Effects of TALEN on HepG2 genomic DNA. (a) Schematic diagram of the screening experiment. HepG2 cells were transfected with
the pair of TALEN plasmids. Seventy two hours later, cells were subjected to single cell cloning in 96-well plates. After individual cell clones
expanded, genomic DNA was extracted from these cells. The TALEN pair target region was amplified by PCR and subjected to pMD19-T cloning
and sequencing. (b) The HepG2 cell genome was edited by the pair of TALEN plasmids. Cells were transfected with TALEN plasmids (lane 2 and
4: 1 lg, lane 3 and 6: 2 lg), and cultured for 72 h before DNA was extracted for PCR, then Msc I digestion. NC represents negative controls with
no transfection. (c) Screen mutants by Msc I digestion analysis of TALEN target region. Lanes 6 and 12 show partial digestion, regarded as mutants
(annotated as Mut) for further testing.

(a)

(b)

Figure 2. Screen and analysis of PIWIL2
mono-allelic mutations. (a) Sequencing and
alignment of mutations. PCR products ampli-
fied from wild type and mutants genomic
DNA were sequenced. The TALEN pair tar-
get sequences were coloured in blue. The
deleted sequences of allele were indicated
with black box on the other allele. The sizes
of deletions were shown with 4. An unex-
pected mutation (GT ? TG) in clone Mutant
#3 was observed and underlined. (b) An allele
analysis of clone Mutant #1. The PCR prod-
ucts were cloned into pMD19-T vector. Eigh-
teen positive clones were analysed by PCR
amplification and Msc I digestion.

© 2014 John Wiley & Sons Ltd Cell Proliferation, 47, 448–456

PIWIL2 loss suppresses HepG2 cell growth 451



and sequencing. Sequence alignment results showed that
we obtained two PIWIL2 bi-allelic knockout cell lines
(Fig. 3b). Clone #7 showed a renewed Msc I site on one
allele, and #8 showed Msc I site losing both alleles.
They both have second frameshift mutations, one having
a 1 bp deletion and the other a 14 bp deletion. Further
identification for PCR amplification and restriction endo-
nuclease analysis was in accordance with the sequencing
results (Fig. 3c). Compared to controls, TALEN targeted
region of clone #7 had partial digestion by Msc I, while
the region of clone #8 could not be cut.

Further, western blot analysis showed that the 110KD
band was reduced or undetectable, indicating that the full
length transcript encoding intact PIWIL2 protein was
mono-allelic (PIWIL2+/�) or bi-allelic knocked out (PI-
WIL2�/�) (Fig. 3d). In these knockout cells, we did not
find any reduction of PL2L proteins. Interestingly, we
observed that PL2L80 level was upregulated in PIWIL2�/
� cells, while not notably alternated in PIWIL2+/� cells.

PIWIL2 suppressed cell population growth by inhibiting
TGF-b signalling in HepG2 cells

After obtaining PIWIL2+/� and PIWIL2�/� cell lines
using the TALEN system, we tested cell proliferation
levels. Normal HepG2, PIWIL2+/� and PIWIL2�/�

cells of equal number were respectively seeded into 96-
well plates. Respectively after 3, 4 and 5 days, we used
CCK-8 assay to evaluate cell proliferation levels.
Results showed that loss of PIWIL2 reduced HepG2 cell
proliferation (Fig. 4). Previous study indicated that
TGF-b signalling induced senescence and inhibited

(a)

(b)

(c) (d)

Figure 3. Identification of PIWIL2 bi-alle-
lic knockout cell lines. (a) Single strand con-
formation polymorphism (SSCP) analysis to
screen monoclonal bi-allele mutant cell lines.
NC represents normal HepG2 cells. Control
represents 14 bp deleted PIWIL2 mono-allelic
knockout cell line. Compared to controls,
lanes 6, 7 and 8 indicated second mutation.
Remarkable differences with controls –
marked with arrows. (b) Identification of PI-
WIL2 bi-allelic knockout cell lines. Mutants
in (a) were further identified by pMD19-T
cloning and sequencing to analyse allelic
mutations. Clones #7 and #8 respectively rep-
resent cell lines chosen as mutants in lanes 7
and 8 in (a). Other mutants did not have
frameshift mutations on one allele (data not
shown). Nucleotide sequences of mutated
alleles – indicated with dashes. (c)Further
identification with PCR amplification and
restriction endonuclease analysis of the two
cell clones in (b). NC represents normal
HepG2 cells. (d) Western bolt analysis of
expression of PIWIL2 in normal HepG2, PI-
WIL2+/� and PIWIL2�/� cells.

Figure 4. Loss of PIWIL2 reduced HepG2 cell proliferation. Cell
proliferation levels of normal HepG2, PIWIL2+/� and PIWIL2�/�
cell lines. Clone #7 and clone #8 represent the two PIWIL2 knockout
cell lines mentioned earlier. Respectively at days 3, 4 and 5, we used
CCK-8 assay to evaluate cell proliferation levels.
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tumour growth in HCCs (33). Thus, we next explored
association between PIWIL2 and TGF-b signalling in
HepG2 cell population growth.

As mentioned above, the PIWIL2+/� cells had lower
levels of 110kD protein encoded by the full-length PI-
WIL2 transcript, while PL2L proteins were not obviously
altered. In PIWIL2�/� cells, we observed that the
PL2L80 was upregulated. For simplicity, we chose the PI-
WIL2+/� cells model to explore effects of PIWIL2 rather
than PL2L variants in TGF-b signalling. The Smad path-
way is downstream of TGF-b receptors, which can induce
upregulation of cell cycle inhibitor p21 (36,37). Initially,
normal HepG2 cells and PIWIL2+/� cells were treated by
TGF-b stimulation. We then checked the effects on the
TGF-b pathway induced by PIWIL2 deficiency. Western
blot analysis showed that loss of PIWIL2 promoted phos-
phorylation of Smad2/3, while levels of p21 induced by
TGF-b were also prominently upregulated; also, amounts
of Smad2/3/4 total protein levels were not notably altered.
These occurred in cells treated or not treated with exoge-
nous TGF-b stimulation. We also detected TbRI and
TbRII levels to confirm whether PIWIL2 attenuated TGF-
b signalling at TGF-b receptor protein level. Results
showed that TbR levels increased when PIWIL2 was
knocked down (Fig. 5a). These findings indicated that
PIWIL2 downregulated TGF-b receptors and inhibited
TGF-b signalling.

To further confirm that PIWIL2 plays a role in
attenuating Smad2/3 phosphorylation and p21 expres-
sion, we overexpressed PIWIL2 by transfecting
PIWIL2 expression vector over a concentration gradi-
ent, and analysed effects on expression of p21 and
activation of Smad2/3 induced by TGF-b. Over-
expression of PIWIL2 reduced expression of p21,
TbRI, TbRII and phosphorylation of Smad2/3 induced
by TGF-b, while expression of Smad2/3 was not
notably altered. (Fig. 5b). All above results suggested
that PIWIL2 reduced TGF-b signalling at the level of
TbRs and attenuated downstream events, in a dose-
dependent manner.

Finally, we detected effects of PIWIL2 on HepG2
cell proliferation meditated by TGF-b. CCK-8 assay
showed that ectopic expression of PIWIL2 positively
regulated proliferation of HepG2 cells (Fig. 5c). In
pcDNA3.1- or shPIWIL2-transfected cells, treatment
with TGF-b induced obvious proliferation inhibition
compared to untreated cells. However, when over-
expressed PIWIL2, TGF-b-induced proliferation inhibi-
tion was attenuated, and there was no significant differ-
ence between proliferation levels in cells treated or not
treated with TGF-b (Fig. 5d). These results suggest that
existence of PIWIL2 promoted tumour cell proliferation
by weakening proliferation inhibition of TGF-b
signalling.

(a) (b)

(c) (d)

Figure 5. PIWIL2 promoted cell popula-
tion growth by inhibiting TGF-b signalling
in HepG2 cells. (a) Knockdown of PIWIL2
upregulated p21, TbRI, TbRII and phosphor-
ylated Smad2/3 with or without TGF-b stimu-
lation. Normal HepG2 and PIWIL2+/� cells
were treated or not treated with TGF-b for
2 h before harvesting. (b) Ectopic expression
of PIWIL2 reduced level of p21, TbRI, TbRII
and prevented Smad2/3 activation. HepG2
cells were transfected with PIWIL2 over a
concentration gradient and treated with TGF-
b before cells were harvested. (c) and (d) PI-
WIL2 attenuated TGF-b-induced population
growth inhibition. HepG2 cells were respec-
tively transfected with pcDNA3.1, PIWIL2,
shControl and shPIWIL2, and cultured in
complete medium with or without TGF-b
stimulation for 96 h before cells were analy-
sed with CCK-8. Each experiment was per-
formed in triplicate. *Indicates P < 0.05. N.S.
indicates P > 0.05.
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PIWIL2 promoted degradation of TbRs

We detected the effect on TbR stability induced by PI-
WIL2. Cells were treated with proteasome inhibitor
MG132 for 6 h, and TGF-b was added for the last 2 h.
In PIWIL2 overexpressing cells, TbRI levels were
reduced by PIWIL2, paralleling loss of phosphorylated
Smad2/3, while Smad2/3 protein levels remained stable.
These alterations were reversed by MG132 treatment, to
some extent (Fig. 6a), suggesting that PIWIL2 attenu-
ated stability of TbR proteins, promoted degradation of
TbRI, and blocked Smad2/3 phosphorylation, thus caus-
ing inhibition of TGF-b signalling.

PIWIL2 regulated degradation of TbRs via HSP90

HSP90, the 90-kDa heat-shock protein, is an abundant
molecular chaperone which can stabilize TbRs and pre-
vent ubiquitination and degradation of TbRs(38). We
have also previously reported HSP90 to be a critical factor

involved in regulation of TGF-b signalling, induced by
PIWIL2 in HEK293 cells (35). Thus, we explored
whether a similar mechanism existed in HepG2 tumour
cells. Western blotting results revealed that in cells
co-transfected with HSP90 and PIWIL2, TbR reduction
and downstream events mediated by PIWIL2 could be
rescued (Fig. 6b). Then we examined whether PIWIL2
would interact with HSP90 in tumour cells. To confirm
the physical interaction between PIWIL2 and HSP90, we
carried out reciprocal immunoprecipitation of endogenous
PIWIL2 and HSP90 in HepG2s (Fig. 6c). Co-immunopre-
cipitation experiments revealed that PIWIL2 bound to
HSP90. Also, immunofluorescence experiments showed
that PIWIL2 was located mostly in the cytoplasm, and
overlapped with HSP90 (Fig. 6d). These data indicate that
PIWIL2 can interact with HSP90 in HepG2 cells.

Following this, we detected the effect of PIWIL2 on
binding ability of HSP90 and TbR. When PIWIL2 was
knocked out, co-immunoprecipitation experiments
showed that HSP90 had stronger combining capacity with

(a) (b) (c)

(d) (e)

(f) (g)

Figure 6. PIWIL2 regulated degradation of TbRs via HSP90. (a) PIWIL2 promoted TbR degradation. HepG2 cells were transfected with Myc-
PIWIL2, treated with MG132 for 6 h, and TGF-b for the last 2 h. (b) Reduction of TbRs and downstream events mediated by PIWIL2 was rescued
by overexpression of HSP90. (c) Endogenous interactions between PIWIL2 and HSP90 in HepG2 cells. Co-IP was performed with anti- PIWIL2 or
anti-HSP90, followed by western blotting. (d) Both PIWIL2 and HSP90 were co-localized mainly in cytoplasm. HepG2 cells were transfected with
Myc-PIWIL2 and harvested for immunofluorescence with anti-Myc and anti-HSP90 antibodies. (e) PIWIL2 reduced interaction of HSP90 and
TbRs. Normal and PIWIL2 knockdown cells were treated with MG132 before harvesting, and lysates were subjected to immunoprecipitation with
anti-HSP90 antibody. (f) PIWIL2 attenuates interaction of HSP90 and TbRs. HepG2 cells were transfected with Myc-PIWIL2 over a concentration
gradient. Forty eight hours later, cells were treated with MG132 before harvesting, and lysates were subjected to immunoprecipitation or western
blot analysis. (g) PIWIL2 improved TbRI ubiquitination. HepG2 cells were co-transfected with Myc-PIWIL2 and HA-ubiquitin, then treated with
MG132 and stimulated with TGF-b before harvesting. HA-ubiquitin was precipitated with anti-HA antibody, then ubiquitination and degradation of
TbRI were determined by immunoblotting with anti-TbRI antibody.
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TbRs (Fig. 6e). Furthermore, endogenous TbRI was im-
munoprecipitated by HSP90 from PIWIL2 overexpressing
HepG2 cell lysates over a concentration gradient, using
TbRI antibody. PIWIL2 overexpression reduced combin-
ing capacity of HSP90 with TbRI (Fig. 6f).

Finally, we tested whether PIWIL2 would promote
TbR ubiquitination. HepG2 cells were transfected with
Myc-PIWIL2 and HA-ubiquitin. Endogenous TbRI was
co-immunoprecipitated with HA-tag ubiqutin and ubiqui-
tination of TbRI was detected by TbRI antibody. Less
ubiquitination of TbRI was detected in PIWIL2 overex-
pressing HepG2 cells compared to controls. When sup-
plied with MG132, ubiquitination of TbRI was
significantly higher in PIWIL2 overexpressing cells in
contrast to controls (Fig. 6g). These studies implied that
PIWIL2 competed with TbRs for HSP90, to weaken TbR
stability, promote its degradation, and finally to negatively
regulate TGF-b signalling in HepG2 tumour cells.

Discussion

PIWIL2 has been widely reported to exist in a variety of
tumour cells (13,15,16). Recent research has also shown
that PIWIL2 variants exist in tumour cells and express
PL2L proteins, which may have different functions from
full-length PIWIL2 (14). Thus it has been necessary to
explore mechanisms of PIWIL2 and its variants, in tumo-
urigenesis. In our study, we first used TALEN technology
to establish PIWIL2 mono-allelic and bi-allelic knockout
cell line models. Protein expression analysis showed
reduction in undetected full length PIWIL2. Interestingly,
we also found that with totally absent PIWIL2, upregula-
tion of PL2L80 was detected, while not notably alternated
in PIWIL2+/� cells (Fig. 4d). Thus, for simplicity, PI-
WIL2+/� cells were chosen as the cell model to explore
effects of PIWIL2 in TGF-b signalling.

The present study in cell models revealed that exis-
tence of PIWIL2 maintained HepG2 cell proliferation
(Fig. 4). Recent studies showed that TGF-b stimulation
induced senescence and inhibited tumour growth in
HCCs (33,34). We have previously reported that PI-
WIL2 regulated TGF-b signalling in HEK293 cells (35).
So next we explored whether cell proliferation inhibition
induced by PIWIL2 loss was related to TGF-b signal-
ling. Also, it has been reported that many components
of TGF-b signalling (such as TGF-b type I and type II
receptors) can be inactivated by different mechanisms in
human tumour cells (39,40). Here our study showed that
PIWIL2 promoted degradation of TbRs and suppressed
TGF-b signalling.

By using the established specific transcript knock-
down of PIWIL2 cell line models and performing trans-
fection in HepG2 cells, we have been able to present

several pieces of evidence demonstrating that PIWIL2
blocks formation of HSP90–TbR complexes, weakens
stability of TbR and finally promotes tumour cell prolifer-
ation. Our present study reveals critical negative regula-
tion of TGF-b signalling by PIWIL2 in these tumour
cells, and provides a more comprehensive insight into
roles of PIWIL2. In addition, PIWIL2 mono-allelic and
bi-allelic knockout provides a novel strategy to investigate
functions of a gene, its proteins and variants in cells.
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