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Abstract
Piwil2 (mili in mouse or hili in humans), a member of the PIWI/Argonaute gene family, plays
important roles in stem cell self-renewal, RNA silencing, and translational regulation in various
organisms. Recent demonstration of stable Piwil2 expression in pre-cancerous stem cells and in
various human and animal tumor cell lines suggests its association in tumorigenesis. Here, we
show that cisplatin induces chromatin relaxation in Mili-Wild type (WT) mouse embryonic
fibroblasts (MEFs), but not in Mili-knockout (KO) MEFs. Moreover, in contrast to Mili-WT
MEFs, Mili-KO MEFs showed a discernable H3 hypoacetylation response upon cisplatin
treatment. Levels of the histone acetyltransferase (HAT), p300, were dramatically different due to
a consistent cisplatin post-treatment decrease in Mili-WT and an increase in Mili-KO MEFs.
Concomitant reduction of specific HAT activity of p300 could explain the decrease of H3
acetylation in Mili-KO MEFs. Our data also shows Mili is required for maintaining the
euchromatic marks in MEFs upon cisplatin treatment. In addition, Mili-KO MEFs exhibited a
significant deficiency in repairing cisplatin-induced DNA damage and displayed higher sensitivity
to cisplatin. Further analysis revealed that Piwil2 was also enhanced in two completely different
cisplatin-resistant ovarian cancer cell lines. Interestingly, knockdown of Piwil2 expression in these
two cell lines also resulted in their enhanced sensitivity to cisplatin and decreased their efficiency
for removing cisplatin-induced DNA intrastrand crosslinks (Pt-GG). The overall data showed that
Piwil2 is a key factor in regulating chromatin modifications especially in response to cisplatin. To
conclude, the overexpression of Piwil2 in some cancers could lead to cellular cisplatin resistance,
possibly due to enhanced chromatin condensation affecting normal DNA repair.
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1. Introduction
The piwi family genes are defined by highly conserved PAZ (Piwi/Argonaute/Zwille) and
Piwi (P-element induced wimpy testis) domains and play important roles in stem cell self-
renewal [1], spermatogenesis [2], RNA silencing [3], translational regulation [3] and
chromatin remodeling [4, 5] in various organisms. Piwil2 (mili in mouse or hili in humans),
a member of the PIWI/Argonaute gene family [6], is exclusively expressed in germ line
stem cells of testis in normal adults [2], but is widely expressed in various types of tumors,
including prostate, breast, gastrointestinal, ovarian and endometrial cancer of human and in
breast tumors, rhabdomyosarcoma and medulloblastoma of mouse [7]. The findings that
Piwil2 is widely expressed at early stages of various types of cancers [7] and can be detected
in precancerous stem cells [8], indicate that it might play an important role in tumor
initiation. It has also been reported that Piwil2 inhibits apoptosis and stimulates proliferation
through activation of Stat3/Bcl-XL pathway. Inhibition of constitutive signaling pathways by
repression of Piwil2 expression can inhibit tumor cell growth in vitro and in vivo, which
provides a novel means for therapeutic intervention in human cancer [7].

Cisplatin is one of the most potent anti-tumor agents, which displays clinical activity against
a wide variety of solid tumors. However, the effective use of cisplatin is limited by the
development of cisplatin resistance in cancer cells. The anti-neoplastic activity of cisplatin
results from cisplatin-induced DNA damage. Cisplatin forms primarily 1, 2-intrastrand
crosslinks between adjacent purines in DNA, e.g. cis-Pt(NH3)2d(GpG) (Pt-GG) and cis-
Pt(NH3)2d(ApG) (Pt-AG). These lesions contribute to 90% of total damage introduced by
cisplatin [9]. The cisplatin-induced intrastrand crosslinks are mainly removed by nucleotide
excision repair (NER). Thus, increase of this DNA repair capacity is believed to confer
resistance to platinum-based chemotherapy, while decrease of NER efficiency is thought to
enhance the sensitivity of cancer cells to cisplatin [10].

NER offers the most versatile choice among all repair systems operational in living cells in
terms of lesion recognition. This highly conserved DNA repair system can eliminate a wide
variety of helix-distorting lesions. In eukaryotic cells, the efficient repair of DNA damage is
complicated by the fact that the genomic DNA is packaged through histone and non-histone
proteins into chromatin, a highly condensed structure that hinders DNA accessibility and its
subsequent repair. Therefore, the cellular repair machinery has to circumvent this barrier to
gain access to the damaged site. In general, histone modifications, especially lysine
acetylation, orchestrate the chromatin accessibility [11].

Early cytological studies have distinguished two types of chromatin: euchromatin and
heterochromatin [12]. Heterochromatin was originally defined as the portion of the genome
that remains condensed, relatively inaccessible, and harbors characteristic histone H3 lysine
9 hypoacetylation, H3 lysine 9 hypermethylation and H3 lysines 4 and 79 hypomethylation.
In contrast, euchromatin is a lightly packed form of chromatin that is rich in gene
concentration, and is often (but not always) under active transcription. Its histone
modification marks are hyperacetylation of lysine 9 and hypermethylation of lysine 4 and 79
of H3. The DNA damage in heterochromatin is generally repaired more slowly than that in
euchromatin [13]. Importantly, the euchromatin and heterochromatin states are dynamic and
inter-convertible. For example, genes normally active in a euchromatin domain will
typically be silenced when placed adjacent to or within a heterochromatic domain by
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chromosome rearrangement or transposition [12]. In S. cerevisiae, sub-telomeric silent
chromatin (heterochromatin) is partially disrupted during the DNA damage response and
reestablished following recovery [14, 15]. Therefore, the state of chromatin upon DNA
damage plays a crucial role in the subsequent DNA repair process. Here, we showed that
Piwil2 plays an important role in histone acetylation and sustainment of euchromatin
decondensed state following cisplatin treatment in mammalian cells. Meanwhile, Piwil2-
deficient cells exhibited reduced NER efficiency and enhanced sensitivity to cisplatin.

2. Materials and Methods
2.1. Cell lines, MEFs, and treatment

The human ovarian cancer cell line A2780 and its resistant subline CP70 were kindly
provided by Dr. Paul Modrich (Duke University). Another A2780-derivative resistant
subline CDDP was kindly provided by Dr. Karuppaiyah Selvendiran and Dr. Periannan
Kuppusamy (The Ohio State University). Ovarian cancer cell line 2008 and its resistant cell
line 2008C13 were kindly provided by Dr. Francois X. Claret (University of Texas - M. D.
Anderson Cancer Center). The A2780-derivative and 2008-derivative cisplatin-resistant cell
lines were produced by intermittent, incremental exposure of the sensitive parental cell line
to various concentrations of cisplatin, as described before [16, 17]. Mili-WT and –KO MEFs
were generated from 13.5-day-old embryos of mili WT and KO mice [2] and provided by
Dr. Jianxin Gao (The Ohio State University) and were grown in DMEM containing 20%
fetal bovine serum (FBS). For cisplatin treatment, cells were maintained in medium with the
desired doses of cisplatin (Sigma, St. Louis, MO) for 1 h, and then washed with PBS and
followed by incubation in fresh cisplatin-free medium for varying times post-treatment.

2.2. MNase digestion
MNase digestion assay, as described previously [18], was used to study chromatin
relaxation. Briefly, MEFs were treated with cisplatin and lysed in hypotonic cell lysis buffer
(10 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1 mM dithiothreitol, 25% glycerol, 0.2% Nonidet
P-40, 0.5 μM spermidine, 0.15 μM spermine, and protease inhibitor mixture) for 10 min.
Nuclei were pelleted by centrifugation and resuspended in 200 μl MNase buffer (10mM
Tris-HCl, pH 8.0, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl2, and 1 mM CaCl2) and
digested with MNase (Sigma) at room temperature for 5 min. The reaction was then stopped
by adding 5 X stop solution (0.1 M EDTA, 0.01 M EGTA, pH 8.0). DNA was isolated by
phenol/chloroform and separated on a 1.8% agarose gel.

2.3. Western blot analysis
Whole cell lysates were prepared by boiling cell pellets for 10 min in lysis buffer, as
described before [16]. After protein quantification, equal amounts of proteins were loaded,
separated on a polyacrylamide gel, and transferred to a nitrocellulose membrane. Protein
bands were immuno-detected with the following antibodies: Rabbit anti-XPC (1:5,000) and
anti-DDB2 (1:1,000) antibodies were generated in our laboratory. Mouse anti-XPA
(1:1,000), mouse anti-XPF (1:500), rabbit anti-ERCC1 (1:1,000), rabbit anti-p300 (1:1,000),
and mouse anti-Tubulin (1:2,000) antibodies were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Rabbit anti-XPG (1:2,000) antibody was purchased
from Bethyl Laboratory (Montgomery, TX). Rabbit anti-AcH3 (K9,14) (1:20,000), rabbit
anti-AcH3 (K9) (1:1,000), rabbit anti-MeH3 (K4) (1:1,000), and rabbit anti-histone H3
(1:1,000) antibodies were purchased from Millipore (Billerica, MA). Rabbit anti-
phosphorylated H3 (S10) (1:1,000), rabbit anti-AcH3 (K18) (1:1,000), rabbit anti-MeH3
(K9) (1:1,000), and rabbit anti-HP-1α (1:1,000) antibodies were purchased from Cell
Signaling Technology (Danvers, MA). Mouse anti-Piwil2 IgM antibody was generated
provided by Dr. Jianxin Gao (The Ohio State University).
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2.4. Immunoprecipitation and HAT assay
Whole cell extract was prepared from MEFs as described [19]. Briefly, cells were lysed in
lysis buffer containing 50 mM Tris-HCl, pH7.5, 5 mM EDTA, 0.1% Nonidet P-40, and 250
mM NaCl supplemented with protease inhibitor and phosphorytase inhibitor cocktail (Roch
Applied-Science) for 10 min at 4 °C, and sonicated for 5 seconds. The lysates were
centrifuged at 18,000 g for 10 min. The supernatants were saved and protein concentration
was determined using Bio-Rad protein assay kit. p300 proteins were immunoprecipitated
from 1.5 mg of total cell lysats with 2 μg of the anti-p300 antibody and 30 μl of protein A/G
beads (Calbiochem, Gibbstown, NJ) by incubating overnight with rotation at 4 °C. The
beads were washed 4 times with lysis buffer, and used in HAT activity assay (kit from
BioVision, Mountain View, CA). After the HAT assay, the p300 protein was eluted from
beads and subjected to Western blotting to evaluate the p300 protein levels.

2.5. Cell survival assay
CDDP and 2008C13 cells were seeded in 60-mm plates after 48 h transfection with Piwil2
siRNA, and treated with cisplatin for 1 h. Cells were further cultured in drug-free medium
for 10 days. Colonies of > 100 cells were counted after staining with methylene blue. MEFs
were seeded in 96-well plates at an initial density of 1 × 103, incubated for 24 h, and treated
with increasing doses of cisplatin for 1 h. Cultures were incubated for another 5 days, fixed
with 3.7% formaldehyde for 30 min, and stained with 1.0% methylene blue for 30 min. 100
μl solvent (10% acetic acid and 50% methanol) was added to each well to dissolve the cells
and, optical density (OD) of the released color was read at 660 nm. The relative cell survival
was calculated with the values of mock-treated cells set as 100%.

2.6. Immuno-slot blot (ISB) assay
Cancer cells were pre-treated with hydroxyurea (HU) for 24 h, MEFs were grown to
confluence and further kept in serum-free medium for 24 h to arrest cell growth. All cells
were treated with cisplatin for 1 h, washed twice with PBS, and further cultured in HU
containing medium (cancer cells) or HU-free medium (MEFs) for the desired time periods.
The DNA was isolated, and the same amounts of denatured DNA were applied to
nitrocellulose membranes. Cisplatin-induced DNA intrastrand cross-links (Pt-GG) were
detected with anti-Pt-GG antibody as described before [16]. The intensity of each band was
quantified, and the lesion concentrations were determined from a reference standards run in
parallel to calculate the relative amounts of Pt-GG remaining at each time point.

2.7. RNAi
siRNA SMARTpools designed to target human Piwil2 were purchased from Dharmacon Inc
(Denver, CO). A scramble non-targeting siRNA, synthesized by Dharmacon, Inc., was used
in control experiments. Different siRNA (50 nM) were transfected into CDDP or 2008C13
cells using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA) according to
the manufacture’s instruction.

3. Results
3.1. Mili deficiency blocks DNA damage-induced chromatin relaxation and histone
acetylation in MEFs

DNA lesions must be promptly recognized and repaired within the context of highly
condensed chromatin fibers. Access to the DNA damage is facilitated by acetylation of
histones H3 and H4, and critical involvement of chromatin remodeling factors to relax the
chromatin structure around damaged sites [20]. To understand whether Piwil2 is involved in
chromatin decondensation, especially in response to exposures of DNA damaging agents,
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we assessed the accessibility of chromatin to micrococcal nuclease (MNase) digestion in
Mili-WT and -KO MEFs following cisplatin treatment. Fig. 1A shows that in Mili-KO
MEFs chromatin exhibits a greater condensed state than Mili-WT MEFs, as reflected by the
lesser MNase digestion in Mili-KO compared with Mili-WT MEFs. Accordingly, upon
cisplatin treatment, WT MEFs exhibit significantly increased MNase susceptibility, while
the extent of MNase digestion was not enhanced in cisplatin treated Mili-KO MEFs (Fig.
1A). These results indicated that both intrinsic and DNA damage-induced chromatin
decondensation are compromised in the absence of Piwil2. We next assessed the acetylation
of histone H3 in Mili-WT and -KO MEFs. As shown in Fig. 1B and C, cisplatin treatment
caused a consistent increase of histone H3 acetylation at lysines 9,14 in WT cells up to 24 h.
In contrast, H3K9,14Ac initially decreased significantly upon cisplatin treatment of Mili-KO
MEFs at 1 and 4 h, and recovered later by 8 h time points. In addition, no obvious decrease
of H3K18Ac was found in Mili-WT MEFs at 1 and 4 h upon cisplatin treatment. On the
other hand, cisplatin treatment caused a continuous decrease of H3K18Ac that completely
failed to recover by 24 h in Mili-KO MEFs. Phosphorylation of histone H3 at serine 10
(pH3S10) increased at 1 h and restored to its original level at 4 h time points in both Mili-
WT and KO MEFs (Fig. 1B,C). These data indicated that Piwil2 is a key factor regulating
histone H3 acetylation, but not phosphorylation upon DNA damage.

Since acetylation status is controlled by histone acetyltransferase (HAT) and histone
deacetylase (HDAC) activities, we wanted to investigate which process is affected by the
absence of Piwil2. Sodium butyrate is a classical and specific inhibitor of HDAC. Treatment
of both Mili-WT and Mili-KO MEFs with sodium butyrate showed the accumulation of total
acetylated H3 (K9,14) in both cisplatin- and mock-treated cells. Nevertheless, cisplatin-
induced reduction of H3K9,14Ac was still observed in Mili-KO MEFs (Fig. 1D), indicating
that cisplatin-induced decrease of histone H3 acetylation in Piwil2-deficient cells cannot be
attributed to enhanced HDAC activity. Thus, we assessed the effect of cisplatin on total
HAT activity in both WT and Mili-KO MEFs. As shown in Fig. 1E, the HAT activity is
comparable between WT and Mili-KO MEFs, and cisplatin treatment did not change the
cellular HAT activity in WT MEFs, but significantly reduced the total HAT activity in Mili-
KO MEFs, which is consistent with the overall change of histone H3 acetylation described
above. Combined data suggest that Piwil2 deficiency blocks cisplatin-induced histone
acetylation through the inhibition of cellular HAT activity.

3.2. Piwil2 increases the specific p300 HAT activity upon cisplatin treatment
p300 is believed to be one of the key DNA damage-responsive HATs responsible for histone
H3 acetylation [21]. We investigated whether Piwil2 has an influence on p300 in WT and
Mili-KO MEFs. Surprisingly, we demonstrated that p300 decreased in WT MEFs, while
increased in Mili-KO MEFs upon cisplatin treatment (Fig. 2A,B). Since a concomitant
increase of HAT activity and degradation of p300 has been previously reported in mouse
embryonal carcinoma cells treated with retinoic acid [19], we analyzed the p300 HAT
activity in both cell types following cisplatin treatment. For this, p300 was
immunoprecipitated from equal amounts of whole cell extracts of WT and KO MEFs with
and without cisplatin treatment. HAT activity of immunoprecipitated p300 was determined
in parallel with the quantitation of recovered protein by Western blotting. As shown in Fig.
2C, the total p300 HAT activity is comparable between WT and KO MEFs. However,
cisplatin treatment decreased the total p300 HAT activity in WT MEFs but had no
discernable effect on this activity in KO MEFs. We then calculated the specific HAT
activity of p300 by normalizing the total p300 HAT activity to the amount of precipitated
p300 protein. The results showed that the absolute specific HAT activity increased
significantly in WT MEFs, and actually did decrease in KO MEFs upon cisplatin treatment
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(Fig. 2D). These data sets demonstrated that Piwil2 is influencing the selective depletion of
p300 and concomitant increase in its HAT activity in cells following cisplatin treatment.

3.3. Mili maintains the euchromatic marks following cisplatin treatment of mammalian cells
Piwi has been reported to associate with chromatin and promote the euchromatic character
of sub-telomeric heterochromatin in Drosophila [4]. To explore whether Piwil2 plays a
similar role in the equilibrium between euchromatin and heterochromatin in mammalian
cells following DNA damage, we analyzed the euchromatic and heterochromatic marks in
both Mili-WT and -KO MEFs treated with cisplatin. Since the most obvious change of
histone acetylation was observed within 4 h of cisplatin treatment (Fig. 1B), we focused on
the early alteration of euchromatic and heterochromatic marks in MEFs following cisplatin
treatment. As shown in Fig. 3A, the steady-state levels of trimethylation of H3 at lysine 4
(H3K4Me3), trimethylation of H3 at lysine 9 (H3K9Me3), and HP-1α are lower in KO than
those in WT MEFs. Considering the concomitant lower level of total histone H3 in KO
MEFs, it seems that Mili deficiency reduces the abundance of histones and histone H3
methylation. Despite the different levels of methylated histone H3 and HP-1α in WT and
KO MEFs, the dynamics of euchromatic and heterochromatic marks upon cisplatin
treatment are distinct between WT and KO MEFs (Fig. 3A, B). For examples, the
euchromatic mark H3K9Ac increased significantly in WT MEFs at 2 h following cisplatin
treatment, but had no obvious change in KO MEFs at the same time point. In addition, both
euchromatic marks, i.e., H3K4Me3, and heterochromatic marks, i.e., H3K9Me3 and HP-1α,
did not exhibit a notable change upon cisplatin treatment of WT MEFs at various time
points. On the contrary, the euchromatic mark H3K4Me3 decreased, while the
heterochromatic marks H3K9Me3 and HP-1α increased significantly in Mili-KO MEFs at 2
and 4 h upon cisplatin post-treatment. These results indicated that Piwil2 is integral to the
maintenance of euchromatic marks in mammalian cells following cisplatin treatment.

The transition from euchromatin to heterochromatin is supposedly initiated by histone
deacetylation [22]. Therefore, we wanted to understand whether HDAC is also involved in
cisplatin-induced formation of heterochromatin in Mili-KO MEFs. Again, we used the
specific HDAC inhibitor Sodium butyrate to inhibit the cellular HDAC activity. We found
that treatment with Sodium butyrate reversed the increase of heterochromatic marks
H3K9Me3 and HP-1α in KO MEFs following cisplatin treatment (Fig. 3C). Given the
finding that HDAC does not contribute to cisplatin-induced hypoacetylation of histone H3
K9,14 in Mili-KO MEFS (Fig. 1D), we speculate that HDAC may enhance heterochromatic
marks through deacetylating other acetylated histones, and Piwil2 can interfere with HDAC
for maintaining the euchromatic marks in mammalian cells.

3.4. Piwil2-deficient cells exhibit high sensitivity to cisplatin and reduced NER for
removing cisplatin-induced intrastrand crosslinks

Given the role of Piwil2 in chromatin modifications upon DNA damage described above, we
reasoned that Piwil2 may ultimately be acting in facilitating DNA repair. To test this
hypothesis, we determined the removal rates of cisplatin-induced intrastrand crosslinks (Pt-
GG) in WT and Mili-KO MEFs by using immuno-slot blotting (ISB) assay with anti-Pt-GG
antibody. As shown in Fig. 4A, WT MEFs removed cisplatin-induced Pt-GG much rapidly;
about 80% and 90% Pt-GG were lost at 8 and 24 h, respectively. In contrast, Mili-KO MEFs
showed attenuated removal of Pt-GG; less than 20 and 30% Pt-GG was lost at 8 and 24 h,
respectively. We next assessed the cisplatin sensitivity of WT and Mili-KO MEFs after 1 h
cisplatin treatment with clonogenic survival assay. As shown in Fig. 4B, Mili-KO MEFs are
more sensitive to cisplatin treatment compared with WT MEFs. Collectively, these data
indicated that the absence of Piwil2 significantly affects the cells’ ability to remove
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cisplatin-induced DNA intrastrand crosslinks. As a result, the cells deficient in Piwil2
exhibit the higher sensitivity to cisplatin treatment.

Since NER is the main pathway to remove cisplatin-induced DNA intrastrand crosslinks, we
determined the expression levels of various NER factors, at both transcript and protein
levels, in Mili-WT and KO MEFs. Although Mili-KO MEFs exhibited deficient NER, the
mRNA levels of XPA, XPF, XPG and ERCC1 in these cells are relatively higher than those
in WT cells (Supplementary Fig. S1A). Moreover, protein levels of XPC, XPG, ERCC1 and
DDB2 are also higher in Mili-KO MEFs than WT MEFs (Supplementary Fig. S1B). These
results indicated that the cellular levels of NER factors are unlikely to be responsible for the
decreased NER capability of Piwil2-deficient cells, and further support that loss of Piwil2-
mediated chromatin remodeling as the main contributor to reduced NER capacity in these
cells.

3.5. Enhanced expression of Piwil2 is one of the key factors contributing to the cisplatin
resistance in human ovarian cancer cell lines

Piwil2 is widely expressed in tumors, including human ovarian cancer [7]. Since Piwil2 can
modulate chromatin remodeling and DNA repair upon cisplatin treatment, as described
above, we wanted to explore whether Piwil2 expression is related to cisplatin resistance in
human ovarian cancer cell lines. We first assessed the level of Piwil2 expression in two
cisplatin-sensitive ovarian cancer cell lines and their resistant variants. We found that
cisplatin-resistant lines, CDDP and 2008C13, derived from A2780 and 2008 ovarian cancer
cell lines, respectively, display dramatically higher level of Piwil2 protein compared with
their corresponding parental cell lines (Fig. 5A,C). We then knocked down the expression of
Piwil2 with siRNA and determined its influence on cisplatin sensitivity. Piwil2 siRNA
transfection can knock down about 70% of Piwil2 in CDDP cells and 80% Piwil2 in
2008C13 cells (Fig. 5B,D). Clonogenic survival analysis showed that Piwil2 knockdown
sensitized both CDDP and 2008C13 cells to cisplatin, with IC50 decreasing from 49.2 μM to
32.5 μM in CDDP cell line (Fig. 5E), and 70.8 μM to 50.4 μM in 2008C13 cell line (Fig.
5F), indicating that enhanced expression of Piwil2 is one of the contributing factors in
cisplatin resistance of some cancer cells. We further determined the effect of Piwil2
knockdown on the removal of cisplatin-induced DNA damage in these human cancer cells.
CDDP and 2008C13 cells, transfected with Piwil2 or control siRNA for 48 h, were
subjected to cisplatin treatment. The amount of initially formed Pt-GG in the genomic DNA
and the removal of Pt-GG were detected. A significant decrease in the repair of Pt-GG was
observed at 8 and 24 h in both CDDP and 2008C13 cells transfected with Piwil2 siRNA as
compared with the cells transfected with control siRNA (Fig. 5G & H). These results
indicated that increased Piwil2 expression in human ovarian cancer cell lines CDDP and
2008C13 contributes to the cisplatin resistance, probably by enhancing the repair of
cisplatin-induced DNA damage.

4. Discussion
4.1. Piwil2 and histone acetylation upon cisplatin treatment

Histone acetylation functions in the relaxation of chromatin structure, which occurs in
transcriptionally active regions during gene expression, and also in response to DNA
damage [18, 20, 21, 23–25]. In terms of DNA repair, the modulation of chromatin structure
caused by acetylation is thought to facilitate the access of DNA damage repair proteins to
the embedded lesions [26, 27]. We clearly show that in the absence of Piwil2 histone H3 in
MEFs is hypoacetylated in response to cisplatin treatment, indicating the importance of
Piwil2 in histone acetylation upon DNA damage. Additionally following cisplatin treatment,
H3K9,14Ac showed an initial decrease followed by a recovery at 8 hour, while the
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H3K18Ac displayed a consistent discernable decrease. These results indicated that
acetylation of histone H3 at different residues may have different function(s). Given histone
acetylation/deacetylation is a dynamic process, the acetylation status of H3, which changes
by cisplatin treatment in Mili-KO MEFs, can be restored back at specific times
corresponding to the completion of its putative function.

p300 is a general transcriptional co-activator that controls many biological activities. Its
HAT activity endows p300 with the capacity to activate transcription by influencing
chromatin structure and function through acetylation of nucleosomal histones and other
transcription factors [28–30]. The HAT activity of p300 is upregulated through
phosphorylation by protein kinase A (PKA) [19]. Moreover, p300 can also be inactivated by
degradation through ubiquitin-proteasome pathway [31, 32]. Cisplatin treatment is reported
to strongly reduce the expression of p300 protein in human ovarian cancer cell lines, and
this reduction results in its repressed transcription [33]. Here, we show that cisplatin
significantly reduces the expression of p300 in WT MEFs, while increases it in the absence
of Piwil2. Interestingly, the reduction of p300, which might affect the global repression of
transcription, was accompanied with the increase of specific HAT activity in WT MEFs
upon cisplatin treatment, and Piwil2 is required in these processes. It is noteworthy that the
concomitant increase of HAT activity and degradation of p300 was also reported previously
during retinoic acid-induced differentiation of mouse embryonic carcinoma cells [19], and
suggested that there are at least two subpopulations of p300, one having HAT activity and
persisting during DNA repair, whereas the other is devoid of this activity and is degraded.
Therefore, we posit that the Piwil2-mediated increase of specific HAT activity of p300 is
instrumental in the acetylation of histones around the cisplatin-induced DNA lesions. Piwil2
deficiency in Mili-KO MEFs halts the increase of p300 specific HAT activity, and
consequently inhibits the histone acetylation in response to cisplatin.

In this study, we also noted that Mili-KO MEFs exhibit intrinsic resistance to MNase
digestion. It has been established that chromatin structure can be altered by two main
mechanisms. One is histone modifications [34], and another is chromatin remodeling by
multi-protein complexes that utilize the energy derived from ATP hydrolysis [35]. We did
not find obvious difference in the steady-state level of histone H3 acetylation between Mili-
KO and WT MEFs. Although our data show a reduced steady-state level of euchromatin
mark H3K4Me3 in Mili-KO MEFs compared with WT MEFs, we also found the reduced
heterochromatin mark H3K9Me3 in Mili-KO MEFs compared with WT MEFs. Thus, the
difference in chromatin structure between Mili-KO and WT MEFs is hard to explain by only
the differences of histone methylation status found in this study. The other histone
modifications, e.g., acetylation, phosphorylation, and ubiquitylation of histone H3 and H4,
as well as the ATP-dependent chromatin remodeling may contribute to the different intrinsic
chromatin structure between Mili-KO and WT MEFs.

4.2. Piwil2 and euchromatin/heterochromatin dynamics
A considerable body of literature indicates equilibrium between active euchromatin and
silent heterochromatin in eukaryotic cells. We show that cisplatin treatment does not disrupt
this equilibrium in normal MEFs, as reflected by unchanged euchromatic/heterochromatic
marks. However, cisplatin treatment resulted in increased heterochromatic marks and
concomitant global decrease of euchromatic marks in MEFs deficient in Piwil2. Piwil2 has
already been linked to epigenetic code for heterochromatin formation [5]. Although Piwi in
Drosophila has a global function in heterochromatic silencing, Piwi promotes the
euchromatic character of sub-telomeric region in Drosophila and its transcriptional activity
[4]. Our findings in this study indicated that Piwil2 also plays an important role in
maintaining the dynamic equilibrium between euchromatin and heterochromatin following
cisplatin treatment in mammalian cells. It is well documented that DNA damage can induce
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global repression of transcription in cells [36–38]. The cisplatin-induced increase of
heterochromatin formation in Mili-KO MEFs may reflect the global transcriptional
repression, whereas Piwil2-mediated maintenance of euchromatic features counteracts the
global silence and promotes the transcription of some DNA repair genes, such as XPC, (as
documented in Supplementary Fig. S2). On the other hand, euchromatic marks relax
chromatin and facilitate the repair of DNA damage, while heterochromatin halts the repair
of DNA lesions [13]. Thus, Piwil2-mediated maintenance of euchromatic marks could be
one of the mechanisms contributing to the enhanced DNA repair capacity.

The mechanism through which Piwil2 prevents heterochromatization is still unclear. Yin
and Lin [4] have proposed a heterochromatin/euchromatin counter-balance model, according
to which Piwi associates with piRNAs, a novel class of small RNAs that interact with Piwi
proteins. The Piwi-piRNA complex then binds to piRNA-corresponding genomic sequences,
and an unknown component in the complex prevents heterochromatization. As our results
demonstrate that inhibition of HDAC could block the cisplatin-induced increase of
heterochromatic marks in Mili-KO MEFs, we speculate that the cisplatin-activated HDAC,
responsible for heterochromatization, may be inhibited by the presence of Piwil2.
Consequently, the euchromatin status is maintained.

4.3. Piwil2 and cisplatin resistance of cancer cells
Although both mouse and human Piwil2 genes are specifically expressed in testis, an
enhanced expression of Piwil2 also occurs in various cancer cell lines and tumors [7],
indicating a relationship between Piwil2 and tumor development. In this study, we have not
only found that Piwil2 is expressed in various human ovarian cancer cell lines, but also
demonstrated its role in the cisplatin resistance of cancer cells. Piwil2 has been reported to
inhibit apoptosis through activation of Stat3/Bcl-XL pathway [7], and this is one of the
mechanisms contributing to the cisplatin resistance in the cancers with enhanced Piwil2
expression. In this study, we have now identified another mechanism of Piwil2-mediated
cisplatin resistance. We show that both Piwil2 knockdown in human cancer cells and Mili-
KO in MEFs compromised the removal of Pt-GG following cisplatin treatment, indicating
that Piwil2 can facilitate the repair of cisplatin-induced DNA intrastrand crosslinks to help
cells survive the DNA damage inflicted by platinum-based chemotherapeutic agents.
Evidence for increased repair of DNA damage in resistant cancer cells has been
demonstrated by many groups [see the review, [10]], and increased DNA repair is believed
to be one of the mechanisms for developing cisplatin resistance. Therefore, repression of
Piwil2 expression to curtail repair in tumor cells provides a novel means for therapeutic
intervention in human cancer.

In summary, we have demonstrated that Piwil2 plays a role in the cellular chromatin
acetylation and relaxation following treatment with DNA damaging agents. Piwil2 is also
required for the maintenance of the equilibrium between euchromatin and heterochromatin
in response to cisplatin treatment in mammalian cells. Moreover, we indicated that Piwil2 is
critical to the functional NER to remove cisplatin-induced DNA damage, and enhanced
Piwil2 is one of the mechanisms contributing to the development of cisplatin resistance in
human ovarian cancer cells. Given the established relationship between DNA repair and
chromatin remodeling, we speculate that Piwil2 promotes chromatin relaxation through
preventing heterochromatization, and consequently enhances DNA repair. As a result,
cisplatin resistance develops in Piwil2-overexpressed tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mili is required for cisplatin-induced chromatin relaxation and histone acetylation. (A) Mili-
WT and KO MEFs were treated with cisplatin for 1 h, further cultured in drug-free medium
for another 1 h. The nuclei were isolated and subjected to MNase treatment. The genomic
DNA was then isolated and resolved in agarose gel. The intensity of each lane was scanned
and the ratio of DNA<2Kb to total DNA was calculated. The experiment was repeated three
times. Bars represent SD. *: p < 0.05 compared with WT control. (B) Mili-WT and KO
MEFs were treated with cisplatin for 1 h, further cultured in drug-free medium for various
time periods. The phosphorylated and acetylated histone H3 was detected using Western
blotting. (C) Quantitative analysis of modified histone H3 from the blot in (B), normalized
to Tubulin. (D) MIli-WT and Mili-KO cells were pre-treated with Sodium butyrate for 0.5 h,
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before being treated with cisplatin for 1 h in the presence of butyrate. The cells were then
cultured in the presence of butyrate for another 1 h. Acetylated H3 was detected using
Western blotting. The band intensities were quantitatively assessed by scanning programs,
and normalized to Tubulin levels. (E) Mili-WT and KO MEFs were treated with cisplatin for
1 h, further cultured in drug-free medium for another 2 h. The nuclear extract was prepared,
the HAT activity was assayed and expressed with OD values. The HAT activity is an
average of three independent repeats. Bars represent SD. *: p < 0.01 compared with control.
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Fig. 2.
Mili is required for concomitant reduction of p300 protein and increase of specific HAT
activity of p300 in response to cisplatin treatment. (A) Mili-WT and KO MEFs were treated
with cisplatin for 1 h, and further cultured in drug-free medium for the indicated time
periods. p300 was detected using Western blotting. (B) Quantitative analysis of p300 from
the blot in (A), normalized to Tubulin. (C) Mili-WT and KO MEFs were treated with
cisplatin for 1 h, washed and further cultured for another 2 h. p300 was immunoprecipitated
from equal amount of whole cell extract, and assayed for HAT activity, which is expressed
as the OD values. Results are the mean of three independent experiments. Bars represent
SD. *: p < 0.05 compared with its corresponding control. After the HAT assay, the p300
immunoprecipitates were subjected to Western blot analysis to evaluate the p300 protein
levels. (C), Specific activity of p300 HAT normalized to p300 protein level (Bars: SD, n=3).
**: p < 0.01 compared with their corresponding control.
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Fig. 3.
Mili is required for the maintenance of euchromatic marks in MEFs following cisplatin
treatment. (A) Mili-WT and KO MEFs were treated with cisplatin for 1 h and further
cultured in drug-free medium for indicated time periods. The different marks of euchromatin
and heterochromatin were detected using Western blotting. (B) The band intensities were
quantitatively assessed by scanning programs, normalized to Histone levels, and the changes
of various marks in MEFs were plotted at 1 and 2 h post-treatment (Bars: SD, n=2). *: p <
0.05, **: p < 0.01 compared with their corresponding protein level changes in Mili-WT. (C)
Mili-KO MEFs were pretreated with Sodium butyrate for 0.5 h, and then treated with
cisplatin for 1 h followed by culturing in Butyrate-containing medium for 1 and 2 h. The
heterochromatic marks were determined through Western blotting. Relative amount of
H3K9Me3 and HP-1α at various times post-cisplatin treatment were quantified relative to
the respective untreated levels and normalized to Tubulin controls.
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Fig. 4.
Mili-KO MEFs exhibit high sensitivity to cisplatin and deficient NER for removing
cisplatin-induced intrastrand crosslinks. (A) Mili-WT and KO MEFs were treated with
cisplatin for 1 h, further cultured for the indicated time periods. The initial and remaining Pt-
GG level were detected by ISB assay with anti-Pt-GG antibody (Bars: SD, n=3). (B) WT
and Mili-KO MEFs were treated with cisplatin for 1 h. The cells were further cultured in
drug-free medium for 5 days. The relative survival of cells was determined by methylene
blue staining (Bars: SD, n=4).
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Fig. 5.
Enhanced Piwil2 protein level in cisplatin-resistant ovarian cancer cell lines is responsible
for their low sensitivity to cisplatin and high DNA repair capacity. (A) The protein level of
Piwil2 in human ovarian cancer cell line A2780, 2008 and their corresponding variants were
detected by Western blotting. (B) Piwil2 was knocked down with target specific siRNA in
CDDP and 2008C13 cells followed by Western blotting of protein extracts. (C) Quantitative
analysis of Piwil2 from the blot in (A). The experiments were repeated twice, Bars: SD, **:
p < 0.01 compared with A2780 cell line. (D) Quantitative analysis of Piwil2 from the blot in
(B). The experiments were repeated twice, Bars: SD, *: p < 0.01 compared with 0 h group.
(E, F) Piwil2 or control siRNA was transfected into CDDP and 2008C13 cells for 48 h, cells
were treated with cisplatin for 1 h, and the relative survival was determined by colony
forming assay after 10 days culture (average values of three experiments). Bars represent
standard deviation (SD). (G, H) CDDP and 2008C13 cells were treated with cisplatin for 1 h
after Piwil2 or control siRNA transfection. The cells were further cultured for the indicated
time periods. The initial and remaining levels of Pt-GG were detected using ISB assay. The
relative percentage of Pt-GG remaining at different time points is an average of three
independent repeats. Bars represent SD.
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