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Figure 3. Identification of PARP-| as an interacting protein of kD) as interacting proteins of Cl20rf48. (b) Western blot analysis

C120rf48. (a) Silver-staining of the immunoprecipitated complex sepa-
rated on SDS-PAGE. Protein complexes were coimmunoprecipitated
by anti-Flag M, agarose from the lysates of the HEK293 cells trans-
fected with Flag-Cl20rf48 (right lane) or with mock (left lane). Two
differential bands as well as Flag-C120rf48 (63 kD) were observed,
and LC-MS/MS analysis identified PARP-1 (110 kD) and HSP90z (90

recombinant C120rf48 protein in vitro. As shown in
Figures 4a and 4b, we observed that addition of
C120rf48 protein significantly enhanced the incorpo-
ration of Iszl)]NAI)+ to recombinant PARP-1 pro-
tein in a dose-dependent manner when damaged
DNA was coincubated, while this enhancement of
PARP-1 automodification by Cl12orf48 was not
observed in the absence of damaged DNA (data not
shown). Furthermore, we transiently introduced
Cl120rf48 into HEK293 cells and measured the
PARP-1 activities in their lysates by the colorimetric
PARP assay. In this experiment, PARP-1 in the cell
extracts were activated by incubation with nicked
DNA as described in Materials and Methods. As a
result, we observed that PARP-1activities in the cell
extracts were significantly enhanced by overexpres-
sion of C12o0rf48 (Fig. 4¢).

Reduction of PARP-1 Activity by Depletion
of Cl20rf48 in PDAC Cells

To examine the effect of Cl2orf48 on the
PARP-1 activity in PDAC cells, we knocked

18

using anti-PARP-1 antibody confirmed that PARP-1 protein was coim-
munoprecipitated with Flag-Cl20rf48 protein. (c) Flag-Cl2orf48
expression vector was transfected to HEK293 cells without or with
PARP-1-Myc expression vector. Cell lysates were immunoprecipitated
by anti-Myc antibody. Flag-C120rf48 protein was coimmunoprecipi-
tated with Myc-tagged PARP-| protein.

down the expression of C120rf48 or PARP-1 itself
in two PDAC cell lines, KLM-1 and SUIT-2, and
measured the acuvities of PARP-1 in their cell
lysates by the colorimetric PARP assay. The
knockdown effects on CiZorf48 and PARP-1
expression in KLM-1 and SUIT-2 cells were con-
firmed with anti-C120rf48 and anti-PARP-1 anti-
bodies (Fig. 5a). Concordant with Cl120rf48
expression, the PARP-1 activities to modify his-
tone H1 were decreased to 40.8 and 34.8% in
ClZorf48-depleted  KLM-1 and SUIT-2 cells,
respectively, compared with the control cells
(Fig. 5b). The magnitude of chis suppressive
effect of C120rf48 on PARP-1 activity was almost
same as the effect when PARP-1 itself was
knocked down (Fig. 5b). Furthermore, we exam-
ined the level of poly(ADP-ribosylation in the
Cl1Zorf48-depleted cells by Western blot analysis
using anti-poly (ADP-ribose) (PAR) antibody. As
shown in Figure 5¢, poly(ADP-ribosyl)ated pro-
teins were detected at high molecular weights of
more than 250 kD in the siEGFP-transfected
control cells, while these poly(ADP-ribosylarion
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Figure 4. Regulation of PARP-1 activity by Cl20rf48. (a) Effect of of recombinant C120rf48 protein. (c) HEK293 cells were transfected with
Cl20rf48 on the auto(ADP-ribosyl)ation of PARP-1 in vitro. PARP-1 was Cl20rf48-expressing vector and harvested at indicated time points. The
automodified by incorporation of [32P]NAD+A Lanel, purified recombi- expression of Cl20rf48 was quantified by the immunoblot (left panel).
nant Cl20rf48 protein alone; lane2, both recombinant Ci2orf48 and The activities of PARP- to modify histone HI were measured using the
recombinant PARP-1 protein; lane3, recombinant PARP-| alone. (b) In colorimetric PARP assays (right panel). These experiments were per-
vitro PARP-1 auto(ADP-ribosyljation was enhanced by increasing amount formed three times (*P < 0.05, **P < 0.0001, Student’s ¢ test).
was drastically reduced in the cells treated with Sensitization of PDAC Cells to DNA Damage

C120rf48-siRNA or PARP-1-siRNA. PARP-1 is by Ci20rf48 Depletion
known to be the primary target for PARP-1-medi-
ated (ADP-ribosylation in vivo, with greater than
90% ot PAR found on PARP-1 (Ogata et al., 1981;
Huletsky et al,, 1989; I>’Amours et al, 1999). increase the susceptibility of cells to DNA dam-
Automodificd PARP-1 is detected clearly as a aging agents (Daniel et al., 2009; Horton et al.,
high-molecular form due to poly (ADP-riobse) for- 2(")()(5). Given the findings that C120rf48 could
mation. Therefore, it seemed that most of PAR N
proteins detected here were  originated  from C120rf48 depletion could sensitize cancer cells to
auto(ADP-ribosylDated PARP-1. It suggested that various DNA  damaging agents. As expected,
depletion of C120rf48 could decrease PARP-1 en- C120rf48-depleted KLM-1 cells showed much
zymatic activity both in vivo and in vitro. In addi-
tion, depletion of PARP-1 by siRNA in KLM-1
and SUI'T-2 cells (Supplementary Fig. 1) induced
significant reduction in the number of viable cells.

PARP-1 activity is relevant for the ability of
cells to repair damaged DNA. It has been
reported that inhibition of PARP-1 activity could

regulate PARP-1 activity, we assessed that the

higher sensitivities to Adriamycin treatment, UV
irradiation, and H,0O; treatment (Fig. 6a). These
findings suggested that C120rf48 might protect
! : cancer cells from cell death following the DNA
']:ogeck‘m’r, these findings presumably explain that damage or cellular stresses in cancer cells through
C120rf48 depletion lead to thAc reduction of pan- the regulation of poly(ADP-ribosyhation activicy
creatic cancer cell viability, in part, through its of PARP-1.

direct interaction with PARP-1. However, it can-

not be excluded that other C120rf48-specific and

PARP1-independent effects can also affect cancer Effect of C120rf48 in Cell-Cycle Checkpoint

cell viability, and further study is required to clar- Cell-cycle checkpoints are considered to facili-
ify the roles of C120rf48 in cancer. tate. DNA repair before entering the next cell-
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Figure 5. Cl2orf48-depletion reduced PARP-1 activity in PDAC
cell extracts. (a) Western blot analysis using anti-C|20rf48 and anti-
PARP-1 antibodies confirmed knockdown effects of Cl20rf48 and
PARP-1 expression in KLM-| cells and SUIT-2 cells. (b) The activities
of PARP-1 in the Cl20orf48-depleted or PARP-1-depleted cells were
measured by the colorimetric PARP assays. *P < 0.005 by Student's t
test. (c) PARP-1 enzymatic activities were investigated by anti-PAR
antibody. Lane | and 2, recombinant PARP-1 protein; lane 3-6, KLM-|

cycle phases. Loss or attenuation of the check-
point function may increase chances to cause
gene mutations and chromosomal aberrations by
affecting completion of the appropriate DNA
repair. To test the effect of Cl20rf48 depletion
on the cell-cycle progression, KLM-1 cells were
synchronized at the Gl-phase with aphidicolin
treatment. After the release from the cell-cycle
arrest, the cells depleted Cl12orf48 or PARP-1
entered into S-phase much faster than those
treated with the control siEGFP (Fig. 6b). Six
hours after the release from the arrest, approxi-
mately 73.3% of Cl2orfd48-depleted cells and
75.7% of PARPI-depleted cells were already at
S-phase. On the other hand, only 26.1% of the
control cells (siEGFP) entered to S-phase. These
findings indicated that depletion of C120rf48 or
PARP-1 in PDAC cells could have some check-
point dysfunction and resulted in very rapid pro-
gression from G1 to S-phase. We subsequently
investigated the involvement of Cl120rf48 in the

1B
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cell extracts transfected with indicated siRNA. Automodified PARP-|
was detected at high molecular weights (>250 kD) only in the mix-
ture with nicked DNA (Lane 2), but not the mixture without nicked
DNA (Lane ). Poly(ADP-ribosyljated proteins were observed at
higher molecular weights (>250 kD) in the lysates of the siEGFP-
transfected KLM-1 cells (Lanes 4 and 6). However, these poly(ADP-
ribosyl)ation was diminished in the extracts of KLM-| cells treated
with PARP-1-siRNA (Lane 3) or Cl20rf48-siRNA (Lane 5).

cell-cycle  checkpoints after DNA  damage by
measuring the cell population at each cell-cycle
phase after y-irradiation. KLM-1 cells transfected
with C120rf48-siRNA or siEGFP (as a control)
were exposed to 3 Gy of y-irradiation, and col-
lected at various time-points after irradiation.
Subsequent FACS analysis showed that C120rf48
depletion in KLM-1 cells enhanced G2/M arrest,
compared with the control cells (Fig. 6¢). Simi-
larly, PARP-1 inhibitors were reported to enhance
the G2 arrest after y-irradiation (Nozaki et al.,
1994). Taken together, our data implied that a
decrease of PARP-1 activity in C12orf48-depleted
cancer cells resulted in an enhancement of G2
arrest after y-irradiation.

DISCUSSION

In this study, we focused on a novel gene
Cl1201f48, one of the genes that were identified to be
eransactivated in PDAC cells through our genome-
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Figure 6. Cl20orf48-depletion sensitized PDAC cells to DNA dam-
age. (a) The survival was reduced in the Cl2orf48-depleted KLM-|
cells after the exposure to DNA damaging agents. Data are shown as
the averaged value from three experiments. X-axis represents the
concentration of Adriamycin (left) and H,O, (right) or the intensity
of UV for DNA damaging. Y-axis represents the relative ratio of the
cell numbers that was calculated in absorbance of the diameter by
comparison with the absorbance value of damage-negative cells as a
control. *P < 0.05, by Students t test. (b) FACS analysis demon-
strated S-phase progression of synchronized KLM-1 cells. Cells were

wide expression profile analysis (Nakamura et al.,
2004). Its overexpression was also observed in other
therapy-resistant malignancies, such as cholangiocar-
cinoma (Jinawath et al., 2006), castration-resistant
prostate cancer (Tamura et al.,, 2007), and relapsed
small-cell lung cancer (Taniwaki et al., 2006), indi-
cating that it might be featured at therapy-resistant
or aggresive malignancies. On the other hand, its
expression was hardly detectable in any normal
adult organs except the testis, implicating C120rf48
to be a cancer-testis antigen. Depletion of C120rf48
in some of PDAC cells resulted in significant reduc-
tion of cancer cell viability and survival, implying its
critical roles in pancreatic carcinogenesis.
Importantly, we demonstrated that C12o0rf48
protein could physically interact with PARP-1 and
positively regulate the enzymatic activity of PARP-
1, suggesting that C120rf48, termed PARP-1 bind-
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synchronized at Gl-phase by aphidicolin treatment and released into
S-phase by culturing in aphidicolin-free media. The population of S-
phase was calculated. (c) The effects of Cl20rf48 depletion on the
population of G2/M phase after v-irradiation in KLM-1 cells. The
KLM-1 cells with or without Cl20rf48 depletion were irradiated at
the dose of 3 Gy, and then collected at the indicated time points for
flow cytometry analysis. X-axis represents the time points after v-
radiation; Y-axis shows the relative population changes of G2/M phase
by comparison with the G2/M population value of the KLM-1 cells
without irradiation.

ing protein (PARPBP), might be involved in multi-
ple cellular processes including DNA  repair,
chromartin modification, cell-cycle progression and
genomic stability through the interaction and regu-
lation of PARP-1. PARP-1, as a DNA nick-sensor,
binds to DNA single-strand breaks (SSBs) and
double-strand breaks (IDSBs), and has an emerging
and indispensable role in their repair. In regard to
DNA  damage signaling, PARP-1 is promptly
stimulated and recruits the enzymes required for
DNA repair to the site of DNA damage. Hence,
the activity of PARP-1 plays a key role in signaling
and initiating these processes. We demonstrated
that Cl2orf48-depletion sensitized some of PDAC
cells to DNA damage, suggesting that C120rf48 is
likely to participate in the process of DNA repair
through the regulation of PARP-1. Recent studies
indicated that PARP-1 could be stimulated through
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its binding to nucleosomes, and modulate chroma-
tin structures (Kim et al., 2004). Although the
underlying mechanisms of PARP-1 in the modula-
tion of chromatin structure are largely unknown,
our resules indicate that C120rf48 could possibly be
involved in the chromatin modulation as well.
Hence, development of drugs inhibiting the inter-
action between Cl120rf48/PARPBP and PARP-1
should be a good therapeutic approach to achieve
very specific cytotoxicy to some of pancreatic can-
cer cells with minimum risk of adverse effects to
normal organs.

C120rf48 has no known functional motif or
conserved domain. However, a previous study on
a mouse homologue of Cl2o0rf48 protein sug-
gested its high binding affinity to single-stranded
DNA and polyA homopolymers (Borsu et al.,
2000). Cell-cycle checkpoints are essentially criti-
cal to ensure the fidelity of cell division in cells
for verification of each of the cell-cycle processes
that need to be accurately completed before
going into the next phase. In our studies, we
showed that knockdown of C12orf48 as well as
PARP-1 caused the failure of the G1/S cell-cycle
checkpoint which would usually prevent the rep-
lication of cells having defects in DNA. Hence,
this G1/S checkpoint failure induced by depletion
of Cl20rf48 or PARP-1 in cancer cells could
increase a possibility of accumulation of genetic
mutations and/or genomic instability, resulting in
growth retardation of cancer cells. Moreover,
knockdown of C120rf48 in cancer cells enhanced
G2/M arrest in PDAC cells after y-irradiation,
consistent with previous reports describing that
PARP-1 inhibitors enhanced the G2 arrest after
v-irradiation (Nozaki et al., 1994). However, since
the underlying mechanism of PARP-1 enzymatic
activity in G2-arrest regulation is unclear, addi-
tional studies will be required to clarify it
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Regulation of histone modification and chromatin
structure by the p53-PADI4 pathway
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Histone proteins are modified inresponse to various external signals; however, their mechanisms
are still not fully understood. Citrullination is a post-transcriptional modification that converts
arginine in proteins into citrulline. Here we show in vivo and in vitro citrullination of the arginine 3
residue of histone H4 (cit-H4R3) in response to DNA damage through the p53-PADI4 pathway.
We also show DNA damage-induced citrullination of Lamin C. Cit-H4R3 and citrullinated
Lamin Clocalize around fragmented nuclei in apoptotic cells. Ectopic expression of PADI4 leads
to chromatin decondensation and promotes DNA cleavage, whereas Padi4™/~ mice exhibit
resistance to radiation-induced apoptosis in the thymus. Furthermore, the level of cit-H4R3 is
negatively correlated with p53 protein expression and with tumour size in non-small cell lung
cancer tissues. Our findings reveal that cit-H4R3 may be an ‘apoptotic histone code’ to detect
damaged cells and induce nuclear fragmentation, which has a crucial role in carcinogenesis.
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| n response to DNA damage, various protein kinases phosphor-
- ylate p53 at its amino terminus leading to the stabilization and
i accumulation of p53 protein’?. As a guardian of the genome,
P53 transactivates a number of its target genes to induce cell-cycle
arrest or apoptosis and subsequently eliminates cells with risk of
malignant transformation®. Morphological changes such as chro-
matin condensation, DNA laddering, nuclear lamina breakdown
and nuclear fragmentation are characteristic of apoptotic cell death,
although the role of p53 during these dynamic nuclear events has
not been elucidated.

We have isolated a number of p53-target genes including
p53AIP1, p53R2, p53RDL1 and XEDAR*?, and implicated the
molecular mechanisms by which p53 regulated the cell fate, death
or survival, by regulating the expression levels of these genes. We
recently reported a p53-regulated posttranscriptional modification

of many proteins through the transcriptional regulation of PADI4
(ref. 10) that converts an arginine residue in proteins to a citrul-
line residue, known as citrullination or deimination!!. This reac-
tion is mediated by the Ca®*-dependent enzyme peptidylarginine
deiminase. Citrullination of proteins causes a loss of positive
charge and resulls in a significant biochemical effect. Bacterial
infection has been indicated to stimulate PADI4-mediated hyper-
citrullination of histones in neutrophils and subsequently promoted
highly decondensed extracellular chromatin structure called NET
(neutrophil extracellular trap) that could capture and kill microor-
ganisms'>13. On the other hand, citrullinated peptides/proteins are
recognized as non-self proteins and subsequently activate immune
systems. Citrullinated myelin basic protein in the brain is consid-
ered as a putative autoantigen associated with multiple sclerosis'4.
In addition, autoantibodies against citrullinated peptides derived
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Figure 1] Citrullination of core histones in the damaged cells. (a) Histones extracted from U-2 OS cells 48 h after ADR treatment (lane 2) were
immunoblotted with anti-modified citrulline (anti-MC) antibody (left panel). U-2 OS cells without ADR treatment were used as a negative control (lane
1). CBB stain is shown in the right panel to ensure equal loading. Whole-cell extracts were subjected to immunoblotting with anti-PADI4, anti-p53 or
anti-B-actin antibody. (b) siRNA against PADI4 was trasfected 10h before DNA damage treatment. siEGFP was used as a control. Purified histones were
immunoblotted with anti-MC antibody (upper left panel). Whole-cell extracts were subjected to immunoblotting with anti-PADI4, anti-p53 or anti-B-
actin antibody (lower left panel). Quantitative PCR analysis of PADI4 or PADI3 expression (right panel). Error bars represent range (n=2). GAPDH was

used for normalization of expression levels. (¢) Histones were extracted from PADI4-introduced or mock-transfected HEK293T cells, and immunoblotted
with anti-MC antibody. Whole-cell extracts were subjected to immunoblotting with anti-PADI4 or anti-B-actin antibody. (d) In vitro citrullination followed
by western blotting with anti-MC, anti-citrullinated histone H4R3 (cit-H4R3), anti-citrullinated histone H3R2,8,17 (cit-H3R2,8,17), or anti-His-tag (6xHis)
antibody. Each recombinant histone was incubated with wild-type or mutant PADI4 protein in the presence of 1073 M of calcium at 37°C for 1h,

(e) Alignment of amino-acid sequences of the N-terminal regions of histone#2A and Ha.
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from filaggrin or fibrin have been established as specific markers
for rheumatoid arthritis!>~17. Furthermore, we have revealed that a
functional haplotype of the PADI4 gene is associated with rheuma-
toid arthritis!8. Thus, activated PADI4 function has been shown to
be associated with the pathogenesis of rheumatoid arthritis through
induction of the antigenicity of proteins. Here we investigate the
physiological role of p53-PADI4 signalling in the DNA damage
response by using PADI4 deficient mice as well as clinical cancer
tissues. In this study, we revealed the crucial role of PADI4 in the
apoptotic pathway and human carcinogenesis.

Results

Citrullination of core histones in response to DNA damage.
As histones H3 and H4 were shown to be citrullinated by PADI4
(refs 19,20), we assessed whether core histones are citrullinated in
response to DNA damage. Acid-extracted histones from adriamycin
(ADR)-treated U-2 OS cells were immunoblotted with an antibody
against a chemically modified form of citrulline (anti-MC antibody).
Western blot analysis revealed the citrullination of three of four
core histones in a PADI4-dependent manner (Fig. la,b). Ectopic
expression of PADI4 also induced the citrullination of at least two
core histones (Fig. 1¢). To further characterize this modification,
purified histones were treated with recombinant PADI4. Antibodies
against specific citrulline residues (cit-H3R2,8,17 or cit-H4R3) as
well as anti-MC antibody could detect PADI4-treated histones H3
and H4, respectively (Fig. 1d). Interestingly, anti-cit-H4R3 antibody
cross-reacted with citrullinated H2A, probably owing to the high
similarity between histones H4 and H2A (Fig. 1d.e).

p53-PADIA4 citrullinates histone H4R3. Western blotting of core
histone proteins purified from ADR-treated U-2 OS cells indicated
citrullination of H4R3 by DNA damage (Fig. 2a), but the citrullina-
tion was blocked by small interfering RNA (siRNA) against p53 or
PADI4 (Fig. 2b). Concordantly, ectopic introduction of PADI4 into
cells induced the citrullination of H4R3 (Fig. 2c). Although PADI4
was reported to function as demethylase of mono-methyl-H4R3
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in vitro'*20, PADI4 activation did not affect H4R3 methylation
status in our experimental system (Supplementary Fig. S1).

We also found the citrullination of histone H3 at its N terminus
in non-treated U-2 OS cells and HEK293T cells (Supplementary
Fig. S1), but these modifications were hardly detectable with anti-
MC antibody, probably because of the low sensitivity of this anti-
body to the citrullination at its N terminus of histone H3 (Fig. 1a,c).
Although citrullination of H3 was slightly increased by ectopic
expression of PADI4 or by ADR treatment, siPADI4 did not affect
H3-citrullination level (Supplementary Fig. S1). Because citrullina-
tion of H3 was observed in HEK293T and U-2 OS cells without any
stresses, we suspect that other PADI family members might also be
involved in H3 citrullination in these cells.

Localization of citrullinated histone H4 at fragmented nuclei.
To investigate the physiological role of PADI4-mediated histone
citrullination, we examined chromatin structure and subcellular
localization of cit-H4R3 in PADIl4-introduced HEK293T cells.
Immunocytochemical analysis revealed the weak and irregular
staining of nuclei with 4,6-diamidino-2-phenylindole (DAPI), a
characteristic feature of chromatin decondensation (Fig. 3a). In
contrast, cit-H4R3 displayed a dot-like staining pattern around the
decondensed nuclei in cells expressing HA-PADI4 (Fig. 3a). Frac-
tionation of chromatin obtained from PADI4-introduced HEK293T
cells?! suggested that cit-H4R3 was enriched in S1 (soluble in diva-
lent metal; transcriptional active) and S2 (soluble in EDTA; tran-
scriptional inactive) fractions, compared with P fraction (insolu-
ble compact chromatin) (Fig. 3b). As apoptosis is associated with
dynamic changes of nuclear structure, we examined the localiza-
tion cit-H4R3 in apoptotic cells. At 48h after treatment with ADR,
cit-H4R3 was localized around the fragmented nuclei in U-2 OS
cells, but it was not detected in the cells, additionally treated with
siRNA against PADI4 (Fig. 3¢,d). Similar results were observed in
ADR-treated MCF7 cells (Supplementary Fig. S2a,b). In addition,
cit-H4R3 expression was significantly correlated with the level of
apoptosis induction demonstrated by the TdT-mediated dUTP nick
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Figure 2 | Citrullination of histone H4R3 in the damaged cells. (a) Western blotting for histones extracted from ADR-treated U-2 OS cells (Jane 2)

using antibodies against citrullinated histone H4R3 (cit-H4R3) or citrullinated histone H3R2,8,17 (cit-H3R2,8,17). Whole-cell extracts were subjected to
immunoblotting with anti-PADI4, anti-p53 or anti-B-actin antibody. U-2 OS cells without ADR treatment were used as a control (lane 1). (b) SiRNA against
PADI4 or p53 was transfected 10 h before ADR treatment. siEGFP was used as a control. Extracted histones were immunoblotted with anti-cit-H4R3
antibody. Whole-cell extracts were subjected to immunoblotting with anti-PADI4, anti-p53 or anti-B-actin antibody. CBB staining was shown to ensure
equal loading. (¢) Histones were extracted from HEK293T cells transfected with plasmid-expressing HA tagged-wild-type PADI4, mutant PADI4 (D350A
or D473A), or mock and immunoblotted with anti-cit-H4R3 antibody. Whole-cell extracts were subjected to immunoblotting with anti-HA or anti-B-actin

antibody.
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Figure 3 | Localization of cit-H4R3 around the fragmented nuclei during apoptosis. (a) Representative image of HA-PADI4-transfected HEK293T cells
stained with anti-citrullinated histone H4R3 (cit-H4R3) antibody (Alexa Fluor 488) and anti-HA antibody (Aleza Fluor 594) (left panel) The proportion of
cit-H4R3-positive cells stratified by HA-PADI4 expression was indicated (right panel). Error bars represent s.d. (n=4). **P<0.01 by Student'’s t-test. Scale
bars, 20 um. (b) Chromatin fractionation followed by western blotting. Isolated nuclei from HEK293T cells transfected with PADI4-expressing plasmids
were digested with MNase. Digested nuclei were fractionated into three fractions: transcriptionally active (51), transcriptionally inactive (52) and insoluble
compact chromatin (P). Aliquots from S1, S2 and P fractions were separated by SDS-PAGE and then analysed by western blotting using anti-cit-H4R3
antibody. (¢) Representative image of ADR-treated U-2 OS cells stained with anti-cit-H4R3 antibody (Alexa Fluor 488). Cells were treated with 2ugmi?
of ADR for 2h and fixed 48 h later. Scale bars, 20 um. {(d) Representative image of ADR-treated U-2 OS cells stained with anti-citrullinated histone H4R3
antibody (Alexa Fluor 488). Each cell line was treated with 2pugmi™" of ADR for 2 h and fixed 48 h later. Each siRNA was transfected 10 h before the ADR
treatment. siEGFP was used as a control. Scale bars, 20 um. (e) Co-staining of U-2 OS cells with TUNEL (FITC) and anti-cit-H4R3 antibody (Alexa Fluor
594) at 48 h after treatment with 2 ugml =1 of ADR for 2 h (left panel). The proportion of TUNEL positive cells stratified by cit-H4R3 expression was
indicated (right panel). Error bars represent s.d. (n=7). **P<0.01 by Student's t-test. Scale bars, 20 um.

end labeling (TUNEL) assay in ADR-treated U-2 OS cells (Fig. 3e).
These findings indicated that cit-H4R3 was associated with the
decondensed soluble chromatin in apoptotic cells.

PADI4 promotes DNA fragmentation. In neutrophils, histone
hypercitrullination is known to mediate NET formation that is
associated with highly decondensed chromatin structures??. As
chromatin decondensation was shown to increase the accessibility
of DNase, we hypothesized that PADI4 promotes nuclear fragmen-
tation. Micrococcal nuclease (MNase), which can digest chromatin
at the linker DNA region into solubilized poly- and mono-nucleo-
some-size fragments, was used to evaluate the accessibility of DNA
as well as chromatin compaction. MNase treatment of purified chro-
matin produced fragmented-nucleosomes more effectively in cells
transfected with wild-type PADI4 than those with mutant PADI4 or
mock (Fig. 4a). This result was confirmed by SDS-PAGE in which
core histones from soluble nucleosome were stained with Coomas-
sie brilliant blue (CBB) (Fig. 4b). ADR treatment also enhanced
DNA cleavage (evaluated by histones in soluble nucleosome), but
pretreatment with the siPADI4 remarkably suppressed MNase-
mediated DNA digestion (Fig. 4¢). Taking these observations into
account, our findings revealed that PADI4 increased the accessibil-
ity of DNA and subsequently promoted the DNA fragmentation.

4

p53-PADIA citrullinates Lamin C at its carboxy terminus. Next,
we introduced PADI4 into HEK293T cells and performed immnu-
nocytochemical analysis using anti-MC antibody. The results
clearly indicated the citrullination of nuclear membrane proteins
in cells expressing HA-PADI4 (Fig. 5a). Lamin family proteins are
the main components of the nuclear lamina and are essential for
various nuclear processes including apoptosis. Western blotting
using nuclear extracts from PADI4-introduced HEK293T cells
revealed the band shift of Lamin C protein, but not those of other
Lamin proteins (Fig. 5b). Furthermore, we detected the citrullina-
tion of immunopurified Lamin C protein from PADI4-introduced
HEK293T cells using anti-MC antibody (Fig. 5¢). Because Lamins
A and C share 566 amino acids of their N-terminal portions, six car-
boxy-terminal amino acids (VSGSRR) specific for Lamin C is likely
to contain a target(s) of citrullination (Supplementary Fig. S3a).
Hence, we constructed plasmids expressing various types of mutant
Lamin C and examined the citrullination of each mutant protein.
Western blotting with anti-MC antibody revealed that substitu-
tion of both 571st and 572nd arginine residues caused a significant
reduction of protein citrullination (Fig. 5d). Accordingly, we raised
an antibody against citrullinated Lamin C at these two arginine
residues (Supplementary Fig. $3b). This antibody clearly recognized

27the citrullinated Lamin C in PADI4-introduced HEK293T cells as
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Figure 4 | Regulation of DNA cleavage by PADI4. (a) Chromatin was isolated from HEK293T cells transfected with PADI4 expressing plasmid. Chromatin
extracted from equal numbers of cells was digested with MNase at 37 °C for 2 min. Soluble DNA released from MNase-treated chromatin were subjected
to agarose gel electrophoresis. Arrow heads denote mono- and poly-nucleosomal DNAs. (b) Chromatin was isolated from HEK293T cells transfected with
PADI4-expressing plasmid. Chromatin extracted from equal numbers of cells was digested with MNase at 37 °C for 2 min. Soluble core histones released
from MNase-treated chromatin were subjected to SDS-PAGE. CBB staining for input chromatin is shown as controls, Input chromatin was subjected

to immunoblotting with anti-HA antibody. (¢) Chromatin was isolated from U-2 OS cells treated with ADR. Each siRNA was transfected 10 h before

DNA damage treatment. siEGFP was used as a control. Chromatin extracted from equal numbers of cells was digested with MNase at 37 °C for 2 min.
Soluble core histones released from MNase-treated chromatin were subjected to SDS-PAGE. CBB staining for input chromatin is shown as controls. Input
chromatin was subjected to immunoblotting with anti-PADI4 antibody. Arrow head indicates MNase.

well as ADR-treated U-2 OS cells (Fig. 5¢). In addition, immuno-
cytochemistry revealed that the citrullinated Lamin C was local-
ized predominantly around the fragmented nuclei in the damaged
U-2 OS (Fig. 5f) and MCF7 cells (Supplementary Fig. S4a).
Furthermore, cit-Lamin C expression was significantly correlated
with the apoptotic cells in ADR-treated U-2 OS cells (Supplementary
Fig. S4b), suggesting the involvement of citrullination of Lamin C in
the nuclear fragmentation during apoptosis. Taken together, PADI4
could mediate the critical steps of apoptotic cell death through the
citrullination of the core histones and Lamin C.

Padi4~/~ mice exhibits apoptosis resistance. To further inves-
tigate the physiological function of Padi4, we generated Padi4~/~
mice (Supplementary Fig. $5). Padi4~/~ mice were grossly normal
in terms of survival, physical appearance and organ morphology.
Then, we prepared messenger RNAs of thymuses from y-ray-irradi-
ated mice. The result of quantitative real-time PCR demonstrated
that Padi4 mRNA was significantly increased after DNA damage
in wild-type mice but not in Padi4-deficient mice, compared with
2141 a5 a positive control (Fig. 6a). We also detected the y-ray-
induced PADI4 expression in U-2 OS cells in a dose-dependent
manner (Supplementary Fig. $6a). Immunohistochemical analysis
of in vivo citrullination of H4R3 in Padi4*/* mice exhibited the sig-
nificant signal of cit-H4R3 in thymus at 24 h after y-ray irradiation,
although cit-H4R3 was not detected in Padi4 =/~ mice (Fig. 6b).
Concordantly, the numbers of TUNEL-positive and cleaved cas-
pase-3-positive-cells were decreased in Padi4™/~ mice (Fig. 6¢,d).
We also found that X-ray irradiation induced expressions of mouse
Padi4 and human PADI4 in a p53-dependent manner (Supplemen-
tary Fig. S6b-d). Subsequently, we examined by western blotting,
the level of cleaved caspase-3 in X-ray-irradiated thymus and found
the significant reduction of cleaved caspase-3 in Padi4~/~ mice
(Fig. 6e), turther supporting a critical role of Padi4 in the apoptotic
process.

Frequent missense mutations of PADI4 in cancer cell lines. To
verify the biological and clinical significance of PADI4 in human

in 22 breast, 21 colorectal and 37 lung cancer cell lines (Supple-
mentary Table S1). We identified six missense mulations in six cell
lines, among which the wild-type PADI4 allele was lost in three cell
lines (Supplementary Fig. S7a). As these mutations were not likely
to affect the mRNA expression level (Supplementary Fig. S7b), we
constructed plasmid vectors expressing either of six mutant PADI4
proteins and transfected either of these plasmids into HEK293T
cells. Although T79 mutation did not affect enzymatic activity, five of
six mutations lead to the remarkable decrease in enzymatic activity
(Fig. 7a). Interestingly, T79 was not strictly conserved, while other
five mutations were highly conserved among 14 mammalian specics
(Supplementary Table S2). These findings suggested the complete
loss of PADI4 activity in MDA-MB-435S and SK-BR-3 cells. In con-
cordance with this result, ectopic expression of p53 using adenovi-
rus vector expressing p53 (Ad-p53) in MDA-MB-435S cells did not
induce H4R3 citrullination, while H4R3 citrullination was observed
in MDA-MB-231 cells in which wild-type PADI4 was retained
(Fig. 7b). Moreover, citrullination of H4R3 was significantly asso-
ciated with apoptosis induction of Ad-p53-infected MDA-MB-231
cells (Supplementary Fig. $7c), indicating a critical role of PADI4-
mediated histone H4 citrullination in a p53-related pathway. Simi-
larly, Ad-p53 infection enhanced citrullination of Lamin C only in
cells in which both PADI4 alleles are intact (Supplementary Fig.
§7d). Because PADI4 was expected to function as a homodimer??,
our findings suggested that mutant PADI4 would exhibit domi-
nant-negative activity. Although PADI4 was mutated in LoVo cells,
citrullination of Lamin C was remarkably increased in these cells.
We assume that PADII, PADI2 and PADI3 belonging to the PADI
family might mediate the citrullination of Lamin C in LoVo cells
because of relatively high levels of expression of these three members
(Supplementary Fig. S7e).

PADI4 is a potential tumour suppressor. We examined the cit-
rullination of H4R3 by tissue microarrays consisting of 309 NSCLC
tissues (Fig. 7¢). Clinicopathological analysis revealed that cit-H4R3
was associated with smaller tumour size (P=0.0136 by Student’s
t-test, Table 1). We also found that 5-year survival rate in patients

carcinogenesis, we performed DNA sequencing of the PADI4 gene) 8with cit-H4R3 expression (58.1%) was slightly longer than that in
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HA-PADI4 expression was indicated (right panel). Error bars represent s.d. (n=9). **P<0.07 by Student's t-test. Scale bars, 20 um. Cells were incubated
with 5umol ™1 of A23187 for Th before fixation. (b) Western blotting for nuclear extracts from HEK293T cells transfected with wild-type PADI4, mutant
PADI4 (D350A or D473A), or mock plasmid using each anti-Lamin antibody. (¢) HEK293T cells were transfected with the indicated plasmids. Cell
extracts were immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-MC, anti-Flag, or anti-HA antibody. (d) HEK293T cells
were transfected with the indicated plasmids. Cell extracts were immunoprecipitated using anti-Flag antibody, followed by immunoblotting with anti-MC,
anti-Flag, or anti-HA antibody. (e) Whole-cell extracts from PADI4-transfected HEK293T cells or ADR-treated U-2 OS cells were subjected to western
blotting using antibody against citrullinated Lamin C at arginine 571 and arginine 572 residues (cit-Lamin C), Lamin C, PADI4, or B-actin. Each siRNA was
transfected 10 h before DNA damage treatment. siEGFP was used as a control. (f) Representative image of ADR-treated U-2 OS cells stained with anti-cit-

Lamin C antibody (Alexa Fluor 488). Scale bars, 20 um.

patients without cit-H4R3 expression (52.7%), although the differ-
ence was not statistically significant (P=0.24 by log-rank test; Fig.
7d). As many of p53 mutations lead to a prolonged half-life of p53
protein, immunohistochemistry of p53 is commonly used to detect
p53 mutations in various cancers®423, Interestingly, the positive p53
staining was inversely associated with cit-H4R3 staining (P=0.0079
by Student’s t-test), indicating the regulation of chromatin modifi-
cation by p53 in human carcinogenesis {Table 1).

Discussion

Accumulating evidence indicate that a combination of genetic and
epigenetic alterations contribute to the development and progression
of human cancers?®. Among many genes altered in cancer tissues, the
P53 gene was mutated in nearly half of all tumours?’~2% however, the
roles of p53 in histone modifications and chromatin structure have
not been characterized. Here we clearly demonstrated the crucial
roles of p53-PADI4 pathway in citrullination of H4R3 and Lamin C
in response to DNA damage as well as in nuclear fragmentation.

A certain type or a combination of histone modifications termed
as ‘histone code’? are translated into a meaningful biological out-
come such as gene expression and chromatin structure. Histone
H2AX is phosphorylated at serine 139 residue (y-H2AX) on exter-
nal damage, and recruits DNA repair complex to promote chromatin

in H2B, which was induced on several apoptotic stimuli including
DNA damage®?, was proposed as a ‘death code, but its physiological
significance remains to be determined. Histone methylation, phos-
phorylation and acetylation are reversible processes that are regu-
lated by histone-modifying enzymes®. In contrast, citrullination
is a chemically stable modification, and decitrullination enzymes
have not yet been discovered, Therefore, histone citrullination
is considered to be an irreversible cellular process. As histone H4
citrullination is associated with apoptosis of damaged cells as well as
neutrophilic death triggered by NET formation, histone H4 citrulli-
nation could be defined as a functional apoptotic histone code.

Li et al. previously reported that PADI4 negatively regulated the
p21WAFL expression through the interaction with p53 at a p21 WAL
promoter region in ultraviolet-irradiated U-2 OS cells¥. In
addition, PADI4 was shown to be transactivated in various cancer
tissues®”, and siPADI4 or PADI4 inhibitor (Cl-amidine) suppressed
proliferation of U-2 OS cells®, suggesting PADI4 to function as an
oncogene. However, the frequent inactivating mutations of PADI4
in cancer cell lines as well as apoptosis-resistance in Padi4-null mice
implied the possible role of PADI4 as a tumour suppressor. This
discrepancy could be partially due to the difference in the experimen-
tal conditions. We analysed the effects of PADI4 knockdown using
irradiated mice or ADR-treated cells, whereas Li et al. analysed U-2

remodelling?132. Recently, phosphorylation of serine 14 residue® 9OS cells under the non-stress condition or after ultraviolel treatment.
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Figure 6 | The role of Padi4 in DNA damage induced apoptosis in vivo. (a) Quantitative real-time PCR analysis of Padi4 and p21%¥afl expression in
thymuses from y-ray-irradiated Padi4 ™/~ or Padi4*/* mice (3 Gy). Error bars represent range (n=2). Gapdh was used for normalization of Padi4

expression levels. Mice were sacrificed 24 h after irradiation with 3 Gy of y-

ray. (b) Representative images of thymus sections from y-ray-irradiated

Padi4=/= or Padi4*/* mouse 24 h after irradiation with 3 Gy of y-ray stained for citrullinated histone H4R3 (cit-H4R3) (left panel, X40).

The proportion of positive cells in Padi4 =/~ or Padi4*/* mouse was indicated (right panel). Error bars represent s.d. (n=4). **P<0.01 by Student's
t-test. (c) Representative images of TUNEL staining for thymus sections from y-ray-irradiated Padi4d =/~ or Padi4*/* mouse 24h after irradiation

with 3Gy of y-ray (left panel, X40). The proportion of positive cells in Padi4 ™/~ or Padi4*/* mouse was indicated (right panel). Error bars represent
s.d. (n=4).**P<0.01 by Student’s t-test. (d) Representative images of cleaved-caspase-3 staining in thymus sections from y-ray-irradiated Padi4 =/~
or Padi4*/* mouse 24h after irradiation with 3 Gy of y-ray (left panel, X40). The proportion of positive cells in Padi4 ™/~ or Padi4*/* mouse was
indicated (right panel). Error bars represent s.d. (n=4). *P<0.05 by Student's t-test. (e) Whole-cell extracts of thymus from X-ray-irradiated Padi4 =/~

or Padi4*/* mice were subjected to immunoblotting with anti-cleaved cas

pase-3, anti-caspase-3 or anti-f-actin antibody (left panel). Mice were

sacrificed 48 h after irradiation with 3 Gy of X-ray. The ratio between cleaved caspase-3 and B-actin from independent samples (n=4 for Padi4 ™/~ mice
and n=2 for Padi4*/* mice) was indicated (right panel). *P<0.05 by Student's t-test.

Although ADR- or y-ray-treatment remarkably increased PADI4
expression, ultraviolet-treatment did not induce PADI4 expression
in U-2 OS cells (Supplementary Fig. S8a). In addition, expression
levels of p21"W¥/T in thymus in the Padi4*/* and Padi4~'~ mice
after y-ray irradiation were not significantly different (Fig. 6a). Sim-
ilarly, siPADI4 treatment did not affect the expression of p53-target
genes including p21"AF! in ADR-treated U-2 OS cells (Supplemen-
tary Fig. S8b). Moreover, siPADI4-treated U373MG cells exhibited
resistance to p53-induced apoptosis (Supplementary Fig. $8¢). In
fact, we observed the citrullination of histone H4R3 in 51.5% of
lung cancer tissues, suggesting the activation of PADI4 in a large
proportion of cancer tissues, as suggested in the previous report>’.
However, cancer tissues are persistently exposed to oxidative stress
compared with adjacent normal tissues®®, activation of PADI4
would be related with cellular stress condition. Taken together,
we assume that PADI4 could predominantly function as a tumour

Although the molecular mechanism of how PADI4 increases
DNA accessibility was not fully elucidated, loss of positive charge
by citrullination was shown to induce conformational changes
of histone H4 N terminal®’. DNA-histone interaction is charge-
dependent, and changes in the charge of the histone tails are con-
sidered to weaken histone-DNA interaction®!. Moreover, we found
that the interaction between core histones and nucleophosmin was
inhibited by citrullination (Supplementary Fig. $8d). Any or all
of these changes can affect the structure and folding of individual
nucleosome that could lead to a more open and permissive chro-
matin environment. The role of PADI4 in chromatin remodelling
was shown in the previous papers*?43. We also reported that DNA
damage induced PADI4 expression and the citrullination of various
proteins in our previous study'®. To our knowledge, this is the first
report demonstrating the important role of histone H4R3 citrulli-
nation in human carcinogenesis and the p53-mediated apoptotic

suppressor that mediates the apoptotic process of damaged cells. ~ 3()pathway.
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Figure 7 | Involvement of PADI4 in carcinogenesis. (a) Whole-cell extracts from HEK293T cells transfected with wild-type or mutant PADI4 were
subjected to western blotting using anti-citrullinated Lamin C (cit-Lamin C), anti-citrullinated nucleophosmin (cit-NPM), anti-citrullinated histone H4R3
(cit-H4R3), anti-HA, or anti-B-actin antibody (upper panel). For quantification, band intensities were normalized to the signal in cells transfected with
wild-type PADI4 (lower panel). (b) MDA-MB-231 and MDA-MB-435S cells were infected with adenovirus vector expressing p53 (Ad-p53). Histones were
subjected to western blotting using anti-cit-H4R3 (left panel). Representative images of Ad-p53-infected cells stained for cit-H4R3 is shown in right panel.
Scale bars, 20 um. () cit-H4R3 or p53 expression in NSCLC tissues (magnification X10). (d) Kaplan-Meier analysis of survival in patients with NSCLC

according to the expression of cit-H4R3 (P=0.24, log-rank test).

Methods

Cell culture and transfections. Cell lines were purchased from American Type
Culture Collection, Lonza Biologics, or Japanese Collection of Research Biore-
sources. Cells were transfected with plasmids using FuGENES6 (Roche). Replication-
deficient recombinant viruses Ad-p53 or Ad-LacZ, expressing p53 or LacZ, respec-
tively, were generated and purified, as described previously®. siRNA oligonucleotides,
commercially synthesized by Sigma Genosys, were transfected with Lipofectamine
RNAIMAX reagent or Lipofectamine 2000 reagent (Invitrogen). Sequences of
oligonucleotides are shown in Supplementary Table $3. For treatment with calcium
ionophore, cells were incubated with 5 UM of A23187 (Calbiochem) for 1h at 37°C.

Plasmid construction. Complementary DNA fragments of Lamin A, Lamin B1,
Lamin B2 and Lamin C were amplified and cloned into pCAGGS vector. PADI4
expression plasmids were previously described!?. Plasmids expressing mutant
PADI4 or Lamin C were generated using the inverse PCR methods or by using the
reverse primer conlaining point mutation at either or both of arginine 571 and
572 residues, respectively. The primer sequences for cloning and mutagenesis are
shown in Supplementary Table $3.

Knockout mice. We amplified a 5,837 bp fragment containing exon 1 and exon 2
of Padi4 using C57BL/6 genomic DNA as a template. The targeting vector was
designed to replace exon 1 and 2, including the transcription initiation site, by
mouse PGK-1 promoter and the neomycin-resistance gene (Supplementary

Fig. $5a). We introduced the linearized targeting vector by electroporation into
embryonic stem cells, and identified two independent targeted 12951 embry-

onic stem cell clones by Southern blot analysis. We generated chimeric males by
the aggregation method and crossed them with C57BL/6 females, and verified
germline transmission by Southern blot analysis (Supplementary Fig. $5b,¢). All
Padi4~/~ mice used in this study had been backcrossed for ten generations into
the C57BL/6 background. We used RT-PCR to determine the presence of the
Padid transcript (Supplementary Fig. $5d). p53-deficient mice were provided from
RIKEN BioResource Center (Ibaragi, Japan)**. Genotypes were confirmed by PCR
analysis. The primer sequences are indicated in Supplementary Table $3. All mice
were maintained under specific pathogen-free conditions and were handled in ac-
cordance with the Guidelines for Animal Experiments of the Institute of Medical
Science (University of Tokyo, Tokyo, Japan).

DNA damaging treatment. For treatment with genotoxic stress, cells were
continuously incubated with 2ugml =" ADR for 2h, y-irradiated using a Cs-137
source (Gamma cell-40, Atomic energy of Canada), ultraviolet-irradiated using an
ultraviolet cross-linker (XL-1500, Spectronics corporation), or X-irradiated using
an X-ray irradiation system (MBR-1520R-3, Hitachi). Mice were also y-irradiated
using a Cs-137 source (Gamma cell-40, Nordion) or X-irradiated using an X-ray
irradiation system (MBR-1520R-3, Hitachi).

Quantitative real-time PCR. Peripheral blood mononuclear cells were obtained
by separating blood cells in a Ficoll gradient (Amersham). Peripheral blood
mononuclear cells were incubated with phytohaemagglutinin for 72 h and exposed
to an X-ray irradiation. Total RNA was isolated from mouse tissue or human cells
using RNeasy spin column kits (Qiagen) according to the manufacturer’s instruc-
tion. Blood RNA of irradiated mice was prepared using Mouse RiboPure-Blood
RNA Isolation Kit (Ambion). Complementary DNAs were synthesized with the
SuperScript Preamplification System (Invitrogen). Quantitative real-time PCR
was conducted using the SYBR Green I Master on a LightCycler 480 (Roche). The
primer sequences are indicated in Supplementary Table $3.

Immunoprecipitation. Cell extracts from HEK293T cells transfected with
plasmids encoding Flag-Lamins and/or HA-PADI4s were prepared by adding
HBST buffer (10mM HEPES at pH 7.4, 150 mM NaCl and 0.5% TritonX-100).
Extracts were precleared by incubation with protein G-Sepharose 4B (Zymed) and
mouse IgG at 4°C for 1 h. Precleared cell extracts were then incubated with anti-
Flag affinity gel (Sigma) at 4°C for 2h. The beads were washed 4 times with 1 ml
of ice-cold HBST buffer, and immunoprecipitated proteins were released from the
beads by boiling in sample buffer for 2 min.

Western blotting. To prepare whole-cell extracts, cells or tissues were lysed in
chilled HBST buffer for 30 min on ice and centrifuged at 16,000g for 15min.
Histones were purified in acidic condition as previously described?®. Samples were
subjected to SDS-PAGE and immunoblotting using standard procedures. To detect
citrullinated proteins, blots of deiminated proteins were treated with medium for
chemical modification at 37°C for 3h, and, then, modified citrulline residues were
detected with an anti-modified citrulline antibody (anti-MC antibody, Upstate).

31 Bands were quantified by the Image ] software.
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Table 1] Association between citrullinated HAR3-positivity
and clinicopathological parameters in NSCLC patients. ‘

Total cit-H4R3 P value
n=309 Positive Negative Positive versus
negative
n=159 n=150

Gender
Male 214 100 14 0.0138™
Female 95 59 36

Age (years)
<65 135 67 68 NS (0.6463)
=65 174 92 82

Histological type
ADC 192 10 82 0.0099**
scC 82 35 47
Others 35 14 21

Smoking status
Never 90 60 30 0.0007*~
Smoker 219 99 120

pT factor
T1 132 80 52 0.0136™"
T2+T3 177 79 98

pN factor
NO 204 104 100 NS (0.9044)
N1+N2 105 55 50

p53
Positive 130 55 75 0.0079~
Negative 179 104 75

Abbreviations: ADC, adenocarcinama; NS, no significance; SCC, squarnous-cell carcinoma;
Others, large-cell carcinoma plus adenosquamous-cell carcinoma.
“*P<0.05 (Fisher's exact test).

Antibodies. To develop an antibody against Cit571-572 Lamin C, a Lamin C
peptide (LHHHHVSGSCitCit) was chemically synthesized and used to immunize
rabbits. The positive antisera were further purified by immune-affinity purification
using a Lamin C Cit571-572 peptide. Anti-citrullinated nucleophosmin (NPM)
antibody was prepared as previously described!V. Polyclonal anti-MC antibody
(17-347) and anti-citrullinated arginine 3 of histone H4 antibody (07-596) were
purchased from Upstate. Anti-B-actin monoclonal antibody (A5441) and Anti-Flag
monoclonal (F3165) and polyclonal (F7425) antibodies were purchased from
Sigma. Anti-p53 monoclonal antibody (OP140) and anti-Lamin B antibody
(NA12) were purchased from Calbiochem. Anti-HA monoclonal (sc-7392) and
polyclonal (sc-805) antibodies were purchased from Santa Cruz Biotechnology.
Anti-HA rat monoclonal antibody (3F10) was purchased from Roche. Anti-6xHis
monoclonal antibody (631212) was purchased from Clontech. Anti-PADI4 poly-
clonal antibody (ab50332), anti-citrullinated histone H3 antibody (ab5103) and
anti-mono methyl histone H4 antibody (ab17339) were purchased from Abcam.
Anti-Lamin A/C antibody (#2032 or #4777), anti-caspase-3 antibody (#9662) and
anti-cleaved caspase-3 (#9661) were purchased from Cell signaling. List of antibod-
ies and the concentrations used are shown in Supplementary Table $4.

In vitro citrullination assay. Recombinant histone proteins were purchased from
Millipore. Glutathione S-transferase (GST) fusion PADI4 and NPM1 proteins were
generated as previously described!". His-tagged proteins were generated by cloning
of their coding sequences into pET21a or pET28a vector (Novagen). Proteins were
expressed in Escherichia coli and purified on Ni-NTA agarose (Qiagen) by standard
methods. Deimination reactions were carried out as previously described!?.

GST pull-down assay. Core histones were purified from HEK293T cells using
Histone Purification Kit (Active motif). GST-NPM (1 pig) and core histones (1 pig)
were separately incubated with PADI4 (1 1g) or PADI4-D350A (1 ug) for 1hat
37°C with 1 mM of CaCl2. PADI4-treated NPM1 and histones were mixed and
stored on ice for 1 h. The mixture was incubated at 4°C for 2h with 20 of a
glutathione~Sepharose 4B bead suspension (Amersham Pharmacia). After the
beads were washed extensively, proteins were eluted from the beads by incubation

with SDS sample buffer, separated by SDS-PAGE, and visualized by silver staining. 372
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Immunocytochemistry. Immunocytochemistry was performed as previously
described!®. Before incubating with anti-MC antibody, cells were treated with
medium for chemically modifying citrulline residues at 37°C for 3 h. For co-stain-
ing of TUNEL and citrullinated proteins, cells were immunostained followed by
TUNEL reaction for 1h at 37°C using the kit (In Situ Cell Death Detection Kit,
Fluorescein, Roche). Quantification was performed by counting around 100 cells
from more than 4 independent fields.

Immunohistochemistry. Frozen sections of mouse thymus were used for im-
munohistochemistry and TUNEL staining. Immunohistochemistry was performed
using the immunohistochemistry EnVision (Dako) method. TUNEL staining was
performed using Apoptosis in situ Detection Kit (Wako) according to the manu-
facturer’s instruction. Tissue microarrays were constructed in our laboratory, and
staining and statistical analysis were performed as previously described?®.

Mutation analysis. Genomic DNA was purified from 80 cancer cell lines by stand-
ard protocol®. The list of cell lines is shown in Supplementary Table S1. 16 coding
exons of the PADI4 gene were amplified, purified and sequenced. The sequences of
primers used in this analysis are indicated in Supplementary Table $3.

Chromatin fractionation. S1, S2 and P chromatin fractions from HEK293T cell
nuclei were prepared according to previously described procedures?” with minor
modifications. HEK293T cells were transfected with PADI4-expressing plasmid.
The collected cells were incubated in cell homogenization buffer (10 mM Tris at
pH 8.0, 10mM MgCly, 0.5% NP40 and 1 mM DTT) on ice for 10 min. The nuclear
pellet was obtained by centrifugation and resuspended in MNase digestion buffer
(15mM Tris pH 7.4, 15mM NaCl, 60mM KCl, 0.25 M sucrose, 1 mM CaCly). The
pellet was then treated with MNase (New England Biolabs) for 2 min at 37°C. The
solution was centrifuged to obtain the supernatant (S1). The pellet was resus-
pended in 0.1 mM EDTA, incubated at 4°C for 30 min, and centrifugated to obtain
the chromatin fraction (P) and supernatant (S2). The proteins contained in each
fraction were separated by 15% SDS-PAGE and detected by western blotting.

MNase assay. The nuclear pellet (Input) was treated with MNase as shown above.
The reaction was terminated by adding the stop solution (0.5mM EGTA, 25mM
EDTA). After centrifugation at 14,000g for 5min, DNA was extracted from the
aqueous phase and analysed on agarose gel. Histone proteins collected from the
aqueous phase (Sup) and pellet (Ppt) were separated by SDS-PAGE.

Cell death assay. Cells were infected with 20 multiplicity of infection (MO1) of
Ad-p53 at 7h after transfection of siRNA oligonucleotide. 60 h after infection cells
were incubated with TUNEL reaction mixture for 1h at 37°C using the kit (In Situ
Cell Death Detection Kit, Fluorescein, Roche). Apoptotic cells were quantified by
fluorescence-activated cell sorting analysis.
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LC-MALDI MS applied to efficient serum
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Abstract

results.

Background: Serum is an ideal source of biomarker discovery and proteomic profiling studies are continuously
pursued on serum samples. However, serum is featured by high level of protein glycosylations that often cause
ionization suppression and confound accurate quantification analysis by mass spectrometry. Here we investigated
the effect of N-glycan and sialic acid removal from serum proteins on the performance of label-free quantification

Results: Serum tryptic digests with or without deglycosylation treatment were analyzed by LC-MALDI MS and
quantitatively compared on the Expressionist Refiner MS module. As a result, 345 out of 2,984 peaks (11.6%)
showed the specific detection or the significantly improved intensities in deglycosylated serum samples (P < 0.01).
We then applied this deglycosylation-based sample preparation to the identification of lung cancer biomarkers. In
comparison between 10 healthy controls and 20 lung cancer patients, 40 peptides were identified to be
differentially presented (P < 0.01). Their quantitative accuracies were further verified by multiple reaction
monitoring. The result showed that deglycosylation was needed for the identification of some unique candidates,
including previously unreported O-linked glycopeptide of complement component C9.

Conclusions: We demonstrated here that sample deglycosylation improves the quantitative performance of
shotgun proteomics, which can be effectively applied to any samples with high glycoprotein contents.

Background

Since analyses of the serum proteome hold great pro-
mise for non-invasive detection of cancers and other
diseases, various techniques for quantitative proteomic
profiling have been developed to identify novel protein
biomarkers [1,2]. These include labeling methods using
stable isotopes such as ICAT (Isotope-coded affinity
tags) [3], *CNBS (2-nitrobenzenesulfenyl) [4], SILAC
(Stable isotope labeling with amino acids in cell culture)
[5] and iTRAQ (Isobaric tags for relative and absolute
quantification) [6]. Control and test samples are labeled
with reagents with different isotopic composition of
1213, 115N and/or 9180, and detected simulta-
neously by mass spectrometry so that the intensities of
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“Laboratory for Biomarker Development, Center for Genomic Medicine,
RIKEN, Tsurumiku-Suehirocho1-7-22, Yokohama, Japan

Full list of author information is available at the end of the article

( ) BiolVed Central

isotopically resolved peak-pairs (or peak groups) repre-
sent the quantitative ratio of control and test samples.
Although the precision of quantification is very high
(typically 10% relative standard deviation) [7] because of
the identical separation and detection, isotopic labeling
limits the number of samples to be directly compared,
which makes it unsuitable for analysis of a large number
of clinical samples needed for biomarker discoveries. In
contrast, label-free quantification methods deal with
independently-acquired mass spectrometry data from
essentially unlimited number of samples. Quantification
based on ion intensities (extracted ion chromatograms)
is known to have at least three orders of linear dynamic
range [8,9], and can potentially cover wide proteome in
complex samples such as serum. It is advantageous that
label-free systems do not involve sample mixing prior to
detection because target proteins that are only presented
in test samples are effectively diluted by mixing with

© 2011 Toyama et al; licensee BioMed Central Ld. This is an Open Access article distributed under the terms of the Creative Commons
Atrribution License (http//creativecommons.org/licenses/oy/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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control samples, rendering them more difficult to detect.
Therefore, label-free quantification has emerged as an
alternative approach for biomarker discovery, which
requires sufficient sample sizes to overcome individual
variability in clinical samples and technical bias in sam-
ple preparation and analysis batch [10].

High content of glycoproteins is another feature of
serum that should be considered when performing
quantitative proteomic analysis. Recent advances in gly-
coproteomic analysis using mass spectrometry have
made it possible to exhaustively identify N-linked glyco-
peptides and their glycosylation sites [11,12]. These
techniques involve enrichment of glycopeptides followed
by enzymatic cleavage of N-glycans in order for efficient
mass spectrometric analysis. Deglycosylation can be
coupled with the incorporation of '*O stable isotope
resulting in +3 Da mass shift of asparagine residues,
which allows deterministic identification of glycosylation
sites [13]. As these studies indicated, most of serum
proteins are heavily glycosylated, however, potential
effect of glycopeptides on ionization suppression of co-
existing peptides had been overlooked. Glycopeptides
carry large, hydrophilic carbohydrate moieties, which
can cause substantial ionization suppression [14], ham-
pering precise quantification particularly at low-concen-
tration range.

To elucidate the extent to which the ionization of
peptides is interfered by glycopeptides, the first part of
this study describes the changes caused by serum degly-
cosylation in the MS peak profiles obtained by label-free
shotgun proteomic analysis. Having shown the utility of
deglycosylation, we next applied this principle to the
biomarker screening of lung cancer. Because of the vast
number of incidence and high mortality rate, lung can-
cer is considered to be one of the highest priorities for
biomarker development. Using the serum samples of 10
healthy control, 10 early-stage (Stage I-11) cases and 10
advanced stage (Stages 11Ib-1V) cases, we conducted a
study that uniquely combined sample deglycosylation,
label-free MALDI and multiple reaction monitoring
(MRM) mass spectrometry [15] and verified the result
by western blotting. Taken together, we show herein
that enzymatic removal of carbohydrate moieties results
in recognizable improvement in the data quality of shot-
gun proteomics in terms of sensitivity and reproducibil-
ity, which should facilitate quantitative analysis of
glycoprotein-rich samples.

Results

Quantitative MS analysis of deglycosylated serum

In order to examine the effect of deglycosylation on data
content and quality, tryptic digest of serum proteins was
prepared with or without the removal of N-glycans and
sialic acids (n = 6), and analyzed on the LC-MALDI
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label-free quantification platform as summarized in Fig-
ure 1. Figure 2 shows the 2-dimensional MS signal
intensity maps after data processing by Expressionist
Refiner MS (Genedata). In total, 27,357 single peaks
were detected, comprising 4,444 groups of peaks each
representing unique peptide species (termed “peak clus-
ters”). Examples of the differences in the peak profile
between deglycosylated and untreated samples are illu-
strated in the 2D map. The broken box in Figure 2a
shows emergence of prominent peaks, and the expanded
views in Figure 2c and 2d (arrows) illustrate the loss of
intact glycopeptide peaks. The peak clusters subjected to
comparative analysis were selected by eliminating peaks
that were not presented in all of the 6 replicate runs.
This filtering was performed separately for deglycosy-
lated and untreated samples, yielding 2,984 and 2,610
peak clusters, respectively. Deglycosylation thus resulted
in 14.3% increase in the number of reproducibly detect-
able peaks. The signal intensities of these peak profiles
were then directly compared by t-test as summarized in
the volcano plot (Figure 3). 221 peak clusters displayed
altered intensities, of which 188 were higher in deglyco-
sylated samples and 33 peak clusters vice versa (P <
0.01). Present/absent search revealed that 157 peak clus-
ters were found specifically in deglycosylated samples
(Figure S-1, Additional File 1). Combined, 345 of 2,984
peak clusters (11.6%) detected in deglycosylated samples
were enhanced by deglycosylation, as opposed to 33 of
2,610 peak clusters (1.3%) in untreated serum.

The composition of the peak profiles was analyzed by
exhaustive MS/MS analysis, resulting in 1,735 peptide
identifications, including 153 originally-glycosylated pep-
tides that were identified with '®O-incorporated N-gly-
cosylation sites (Table S-2, Additional File 1). By
matching the peptide IDs to the statistical analysis, we
found that 97 of 345 peak clusters overrepresented in
deglycosylated serum were originally-glycosylated pep-
tides. These peak clusters emerged as the product of
deglycosylation and accounted for most of the major
fold-changes in the volcano plot as indicated with
squares in Figure 3. The remaining 248 peak clusters, as
well as the 33 peak clusters that diminished by deglyco-
sylation, were non-glycopeptides. There were no appar-
ent features common to these peptides. Rather, signal
intensities were affected by the local peptide composi-
tion, such that alleviation of suppressive analytes led to
signal enhancement and emergence of competing ana-
lytes led to diminished signal. The result shown here,
that the number of enhanced peaks was by far greater
than those that diminished, suggest that the ionization
suppression effect exerted by intact glycopeptides was
more extensive than the deglycosylated counterpart.

To investigate whether deglycosylation had any effect
on the quality of quantitative data, reproducibility of six
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Figure 2 Representative 2-dimesional signal intensity maps visualizing the peptide profiles of (A) tryptic digest of deglycosylated
serum, and (B) untreated serum, within the range of m/z 800-4000, and 25-110 minutes of retention time. An example of obvious peak
appearance in deglycosylated serum is indicated by broken boxes. (C) and (D) display the expanded views of the closed box in deglycosylated
sample and untreated sample, respectively. The rectangles outlining the MS signal represent peak detection and their color coordination
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Figure 3 Volcano plot showing the difference in the peptide
profiles of deglycosylated and untreated serum sample. Crosses
represent peak clusters identified as normal peptides or not
identified in the analysis, and squares represent deglycosylated
peptides identified with +3 Da modification.

replicating runs was evaluated by calculating the correla-
tion coefficients of the intensities of 2,356 clusters that
were detected in all 12 runs. The correlation coefficients
were calculated for all 15 possible combinations of 6
individual replicates within the experimental group.
They ranged from 0.895 to 0.916 with mean value 0.899
(n = 15) in the untreated group and from 0.898 to 0.944
with mean value 0.914 (n = 15) in the deglycosylated
group, suggesting that deglycosylation generally results
in more reproducible data than the untreated (P <
0.002, t-test). Furthermore, coefficients of variation (CV)
of the signal intensities for the same 2,356 peak clusters
were calculated and compared between the two experi-
mental groups (Figure 4). The frequency distribution of
CV showed that deglycosylationtreatement resulted in
slightly lowering the median CV from 34% to 31%. It is
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Figure 4 A frequency distribution plot of the coefficients of
variations (CV) calculated for each of the 2,356 common peak
clusters. Bars represent the frequency percentage and lines
represent the cumulative frequency. Filled bars and boxes, replicates
with deglycosylation; blank bars and crosses, untreated replicates (n
= 6).
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clear from these data that the effect of deglycosylation
well extends to non-glycosylated peptides and enhances
sensitivity and reproducibility.

Lung cancer biomarker screening
Deglycosylation-LC-MALDI platform was applied to the
profiling of serum proteins for lung cancer biomarker
screening. Control and lung cancer sera were immuno-
depleted, deglycosylated, purified on SDS-PAGE, in-gel
digested and analyzed by LC-MALDI in the same way
as described above. 30 mass chromatograms were pro-
cessed simultaneously on Expressionist Refiner MS, and
23,453 peaks were detected, which were grouped into
6,186 peak clusters. Then we compared the two experi-
mental groups, control (n = 10) and lung cancer (n =
20) by t-test and identified 63 peak clusters showing P <
0.01. In addition, 13 peak clusters were selected that
have valid value of less than or equal to 2 in one experi-
mental group and greater than 50% valid value propor-
tion in the other. The total of 76 clusters was manually
inspected and retrospective MS/MS was acquired by
selecting the highest-expressing sample and the fraction
spot of maximum elution for optimum MS/MS acquisi-
tion efficiency. As a result, 25 candidate proteins, com-
prising 40 candidate peptides, were identified (Table 1).
Next, these candidates were verified at peptide level by
the MRM-based relative quantification analysis using the
same preparation batch of serum tryptic digest as used
for MALDI MS analysis as it is previously reported that
LC-MALDI measurement is the most significant source
of technical variability above sample preparation [16]
(see Table S-3, Additional File 1 for the list of MRM
transitions). This strategy was aimed at eliminating
false-positive results from the long list of candidates and
facilitating the selection of appropriate target for valida-
tion study. Of the 23 peptides that we found working
MRM transitions, 11 peptides showed significant corre-
lation (P < 0.05 by Pearson’s correlation coefficient) in
results obtained by MRM and MALDI MS, and 10 pep-
tides (6 proteins) fulfilled P < 0.05 in both analyses.
These peptide candidates were derived from ceruloplas-
min, complement C3, complement component C9,
inter-alpha-trypsin inhibitor heavy chain H3, inter-
alpha-trypsin inhibitor heavy chain H4 and kininogen-1.
The quantification results were summarized as dot-plots
in Figure 5 to illustrate the potential performance of the
10 peptides as biomarker candidates. Raw data was nor-
malized to the total detection and the samples were
grouped as normal control, early stage (Stage 1/11) and
advanced stage (stage 1IIb/1V) lung cancer cases. As the
P-values indicate, most of the candidates showed signifi-
cant response to cancer state even at early stages.
Further verification was performed by western blotting
of complement C3 protein. Interestingly, expression of



