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peak RT splitting = true, intensity profiling = maximum,
gap/peak ratio = 5%, refinement threshold = 80, consis-
tency threshold = 1. The detected peaks were grouped in
isotopic clusters using Chromatogram Isotopic Peak Clus-
tering: minimum charge = I, maximum charge = 10, max-
imum missing peaks = 0, first allowed gap position = 10,
RT window = 0.02 min, m/z tolerance = 5 ppm, isotope
shape tolerance = 10, minimum cluster size ration = 0.5,

Cytometric bead array

Concentration of C-X-C motif chemokine 10 (CXCL10)
in CSF was determined by cytometric bead array (CBA)
(BD Biosciences, San Jose, CA) according to the manufac-
turer’s instructions.

Enzyme-linked immunosorbent assay

Concentrations of secreted protein acidic and rich in
cysteine (SPARC) (R&D Systems, Minneapolis, MN) and
vascular cell adhesion molecule-1 (VCAMI) (Abcam,
Cambridge, MA) in 105 plasma samples were measured
with commercial enzyme-linked immunosorbent assay
(ELISA) kit following the manufacturer’s instructions. A
multivariate logistic regression was applied to construct a
new diagnostic model for HAM/TSP utilizing three fac-
tors, SPARC, VCAMI, and viral load, as described previ-
ously."

Resulit

Quantitative proteome profiling of CSFs
from HAM/TSP patients

CSFs from 6 ACs and 51 HAM/TSP patients (Table 1)
were processed according to the schematic workflow of
this study (Fig. 1). Nonredundant 68,077 peptides from
57 individuals were detected and quantified on the
Expressionist proteome server system, meanwhile 14,451

Table 1. Clinical characteristics of the CSF specimens.

Group N Age (2:SD) Gender (M/F}
AC 6 55.7 (£15.8) 4/2
HAM1_3 7 57.9(£14.2) 3/4
HAM4_6 35 59.3 (£11.0) 1124
HAM7_11 9 61.6 (£8.0) 1/8
Total 57 59.1 (117 19/38

CSF, cerebrospinal fluid; AC, asymptomatic carriers; HAM1_3, HAM/
TSP patients whose Osame’s motor disability score from 1 to 3;
HAM4_6, HAM/TSP patients whose Osame’s motor disability score
from 4 to 6; HAM7_11, HAM/TSP patients whose Osame's motor dis-
ability score from 7 to 11.

Novel Severity Grade Markers for HAM/TSP

Figure 1. Schematic overview of severity grade marker screening.
Cerebrospinal fluids (CSFs) from six asymptomatic carriers (ACs) and
51 HAM/TSP patients were analyzed by LO/MS/MS. Candidate
peptides whose intensities had correlation with severity grades were
isolated according to Pearson product-moment correlation coefficient.
Candidate peptides were identified using Protein/Peptide identification
database established by 2D-LC/MS/MS. HAM/TSP, human T-cell
leukemia virus-1 associated myelopathy/tropic spastic paraparesis.

CSF peptides (1871 proteins) were identified by parallel
2D-LC/MS/MS analysis. To evaluate quantitative reliabil-
ity of our LC/MS-based proteome profiling, observed rel-
ative comcentrations of CXCL10 (Interferon gamma
Inducible protein 10, CXCL10) were compared to clinical
data which were measured by CBA (Fig. 2A). The result
showed strong correlation (R* = 0.911) between two mea-
surements, indicating that our LC/MS-based quantifica-
tion results were highly credible even in the low
concentration range (1-20 ng/mlL).

Next, to interpret proteome-wide alterations in CSF
environment of HAM/TSP patients, 1345 or 1750 proteins
identified from AC or HAM/TSP patients group, respec-
tively (Fig. 2B), were classified according to cellular com-
ponent (CC, Fig. 2C and D) or biological process (BP,
Fig. 2E and F) using DAVID Functional Annotation Tool.
The CC analysis revealed that proteins expressed in cell
projection and plasma membrane were enriched in CSF
of HAM/TSP patients, in addition to specific enrichment
of viral proteins. This may reflect increased invasive activ-
ity of HTLV-1-infected cells into spinal cord, which is
often observed in HAM/TSP patients. Further BP analysis
indicated that proteins involved in cell adhesion, cell
motion, cell migration, cytoskeleton, and cell structure
disassembly were highly enriched in CSF of HAM/TSP
patients. These features also denoted proteome-wide envi-
ronmental change in spinal cord, inducing active migra-
tion and/or invasion of lymphocytes. Proteins related to
cell death and cell growth might associate with spinal
inflammation in HAM/TSP patients.

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association, 3
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Table 2. List of 16 severity grade markers for HAM/TSP.

Novel Severity Grade Markers for HAM/TSP

UniProt Amino acid numbers Pearson’s correlation
accession Protein name of identified peptide coefficient (R) P-value
QINZK5 Adenosine deaminase CECR1 247-258 0478 5.15E-04
Q12860 Contactin-1 634-647 -0.,425 9.94E-04
Q14118 Dystroglycan 222-232 -0.463 2.89E-04
Q8N251 Latent-transforming growth factor 310-323 -0.463 2.90E-04
beta-binding protein 4
QoY5Y7 Lymphatic vesse! endothelial hyaluronic 8-18 ~0.49% 9.15E-05
acid receptor 1
Q16653 Myelin-oligodendrocyte glycoprotein 14-25 -0.444 5.40E-04
Qoulig N-acetylglucosamine-1-phosphotransferase 47-56 ~0.442 5.72E-04
subunit gamma
P13591 Neural cell adhesion molecule 1 586-597 -0.459 3.31E-04
P36955 Pigment epithelium-derived factor 133--141 -0.454 3.83E-04
QIUHG2 ProSAAS 14-24 —-0.444 5.42E-04
PO9486 Secreted protein acidic and rich in cysteine 124133 —0.523 3.01E-05
PO9486 Secreted protein acidic and rich in cysteine 156-164 —0.477 1.75E-04
PO9486 Secreted protein acidic and rich in cysteine 252262 —0.457 3.55E-04
Q92563 Testican-2 139148 —-0.424 1.03E-03
Q06418 Tyrosine-protein kinase receptor TYRO3 279~290 -0.438 1.04E-03
P19320 Vascular cell adhesion protein 1 581590 0.430 9.35E-04

HAM/TSP, human T-cell leukemia virus-1 associated myelopathy/tropic spastic paraparesis.

Statistical analysis for screening severity
grade marker candidates

To extract biomarker proteins showing stoichiometric
increase/decrease in accordance with progression of
HAM/TSP, numerical classes (0, 1, 2, and 3) were given
to four clinically relevant severity groups (AC, HAM/TSP
OMDS 1-3, 4-6, and 7-11, respectively) (see Table S1).
Then quantitative correlation between severity classes and
68,077 peptide intensities was ranked with Pearson’s cor-
relation analysis. Peptides with the lowest 100 P-values
(Table S2) were next subjected to protein identification
analysis by 2D-LC/MS/MS, resulting in successful identifi-
cation of 14 proteins derived from 16 peptides (Table 2).
In addition to Pearson’s correlation coefficients and P-
values in Table 2, LC/MS-based quantitative profiles of 16
peptides were illustrated with box plots (Fig. 3). Com-
pared to a traditional severity grade marker neopterin
(R = 0.4105, P = 1.12E-03), any of identified proteins
showed better potential to be utilized as CSF disease state
biomarkers.

SPARC and VCAM-1 as HAM/TSP severity
grade markers in plasma

To further narrow down the biomarker candidates and
establish plasma-based less-invasive diagnostics, we
examined plasma levels of the 14 proteins by ELISA
assays measuring 71 training cases (Table 3). The results
revealed that a couple of proteins, SPARC and VCAM]I,
showed the same correlation in plasma with CSF levels
(IRl > 0.4 and P < 0.05) (Fig. 4A and B). Therefore, we
attempted construction of the combination biomarker
diagnostics using newly identified two proteins and
HTLV-1 viral load, all of which are measurable from
small volume of blood samples. In order to halt the pro-
gression of HAM/TSP and maintain better quality of life
for patients, both early diagnosis of HAM/TSP onset and
therapeutic intervention at appropriate time point are
essential. On the basis of these clinical requirements, we
made two logistic regression models which maximized
area under the curve (AUC) of ROC curves comparing
ACs with HAM/TSP patients (onset predictor; (1)) or

Figure 2. Summary of CSF proteome. (A) Evaluation of LC/MS-based quantification analysis. The relative concentrations of CXCL10 cytokine
calculated by mass spectrometric analysis were compared to independent measurements by cytometric bead array {CBA). (B) Venn diagram of
identified proteins in 57 CSF analyses. The Gene Ontology (GO} analysis using DAVID Bioinformatics Resources displayed enriched cellular
components of CSF proteins in ACs (C) or HAM/TSP patients (D). The enriched biological functions of CSF proteins in ACs (E} or HAM/TSP
patients (F) were also shown. Expression Analysis Systematic Explorer (EASE) enrichment scores were shown. CSF, cerebrospinal fluid; CXCL10,
C-X-C motif chemokine 10; ACs, asymptomatic carriers; HAM/TSP, human T-cell leukemia virus-1 associated myelopathy/tropic spastic

paraparesis.
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Figure 3. Panels of identified severity grade marker candidates for HAM/TSP. Box plots of 16 peptides derived from 14 candidate proteins are
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peptides are as follows: *1; 124-133, *2; 156164, *3; 252-262. HAM/TSP, human T-cell leukemia virus-1 associated myelopathy/tropic spastic

paraparesis; SPARC, secreted protein acidic and rich in cysteine.

Table 3. Clinical characteristics of the plasma specimens,

Group N Age (+SD) Gender (M/F)
Training cases
AC 37 51.5 (£13.2) 1324
HAM1_3 4 55.0 (4.7} 31
HAMA4_6 20 60.5 (£10.8) 4/16
HAM7_11 10 62.0 (+8.2) 2/8
Test cases
AC 18 54.2 (+12.3) 4/14
HAM1_ 3 - 2 59.5 (£12.0) 072
HAM4_6 9 56.8 (:£14.9) 4/5
HAM7_11 5 71.2 (£2.9) 0/5

AC, asymptomatic carriers; HAM1_3, HAM/TSP patients whose
Osame’s motor disability score range from 1 to 3; HAM4_6, HAM/TSP
patients whose Osame's motor disability score range from 4 to 6;
HAM7 _11, HAM/TSP patients whose Osame's motor disability score
range from 7 to 11.

ACs + HAM/TSP OMDS 1-3 with HAM/TSP OMDS
4-11 (therapeutic intervention predictor; {2)).

P(x)
+0.009322 (VCAMI)
+0.1142 (Viral Load) (1)
, P(x)
iog<l—_—_@> = —11.73 — 0.01808 (SPARC)
+0.009651 (VCAM1)
+0.09151 (Viral Load) )

Finally, we assessed our prediction models using 105
plasma samples (71 training samples with 34 independent
test samples). The AUC of ROC curves in Figure 4C and
D demonstrated significantly higher diagnostic powers of
our three-factor models for both onset prediction

[ © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association,



M. Ishihara et al.

A Plasma SPARC B
9. Rs = - 0.3728
YT p=8.99 x 10%

o :
- .
(]
E g E
2 & 2
o
8.—
S
AC 1.3 46 7 11
c AC vs. HAM grade 1-11 D
L= =
- AUC =90.897
2
.
7]
e .
@
72}
. = 3 fACtOrs
«==+: Viral Load
o -

i H

1-Spesificity

Novel Severity Grade Markers for HAM/TSP

Plasma VCAM1
| Rs =0.4306
ol| P=454 x 108 __
(=3
Q.
o~
o
o
g“ AC
HAM grade 1-3
HAM grade 4-6
o HAM grade 7-11
¥ H i i
AC 13 46 7.1
AC + HAM grade 1-3 vs, HAM grade 4-11
o ¢ - Q
- AUC =0.879.
-
=
2
‘»
s .
]
v
. === 3 factors
«=«+: Viral Load
Lo

*

1-Spesificity

Figure 4. Construction of plasma-based diagnostic models. Plasma SPARC (A) and VCAMY (B) were measured by ELISA assays. Pearson’s
correlation coefficient showed significant correlation between severity and novel markers, The three-factor logistic regression models {plasma
SPARC, VCAM1, and HTLV-1 viral load) were validated with 105 samples in order for prediction of HAM/TSP onset (C) and appropriate
therapeutic intervention point (D). The three-factor models showed better diagnostic performances than those of viral load only. Values of area
under the curve (AUC) were shown. SPARC, secreted protein acidic and rich in cysteine; VCAMT, vascular cell adhesion molecule-1; ELISA,
enzyme-linked immunosorbent assay; HTLV-1, human T-cell leukemia virus-1; HAM/TSP, human T-cell leukemia virus-1 associated myelopathy/

tropic spastic paraparesis.

(AUC = 0.897) and treatment initiation point prediction
(AUC = 0.879), compared to two-factor models

(AUC = 0.861 and 0.856, respectively), SPARC (AUC =

0.748 and 0.736, respectively), VCAMI1 (AUC = 0.768
and 0.774, respectively), and HTLV-1 viral load
(AUC = 0.756 and 0.726, respectively) (Figs. S2, $3).
Additionally, sensitivity and specificity of three-factor
model for onset prediction were 86.0% and 81.8%,
respectively, whereas those for treatment initiation point
prediction were 81.8% and 82.0%, respectively (Table 4).
These diagnostic yields were significantly better than those
of previously reported biomarkers CSF neopterin, CSF
CXCL10, and serum soluble IL-2 receptor (sIL-2R) (Table

® 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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§3). Thus, our three-factor diagnostics can provide valid
and noninvasive routine test for HTLV-1 carriers and
HAM/TSP patients, leading to precise disease control and
better clinical outcome.

Discussion

An objective and scientifically evident diagnosis should be
the basis of any medical actions. However, for HAM/TSP
patients, clinical decisions have been made based on
subjective health complaints mainly. Although HTLV-1
viral load, serum sIL-2R, and CSF neopterin are recently
accepted as severity grade indicators for HAM/TSP,® only
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Table 4. Prediction of HAM/TSP onset and the point of therapeutic intervention.

Onset Point of therapeutic intervention
SPARC + Viral SPARC + Viral
Predictors 3 factors VCAM1 SPARC VCAM1 load 3 factors VCAM1 SPARC VCAMI foad
Training set (n = 71)
Sensitivity % 85.3 82.4 76.5 79.4 55.9 80.0 733 76.7 60.0 53.3
Specificity % 81.1 67.6 45.9 62.2 89.2 82.9 80.5 48.8 854 82.9
Positive predictive 80.6 70.0 56.5 65.9 82.6 77.4 73.3 52.3 75.0 £69.6
value %
Negative predictive 85.7 80.6 68.0 76.7 68.8 85.0 80.5 74.1 74.5 70.8
value %
AUC 0.897 0.839 0.669 0.754 0.732 0.881 0.846 0.667 0.773 0.699
Test set (n = 105)
Sensitivity % 86.0 88.0 82.0 80.0 62.0 81.8 79.5 81.8 56.8 61.4
Specificity % 81.8 69.1 49.1 63.6 83.6 82.0 80.3 54.1 82.0 78.7
Positive predictive 81.1 72.1 59.4 66.7 775 76.6 74.5 56.3 69.4 67.5
value %
Negative predictive 86.5 86.4 75.0 77.8 70.8 86.2 84.5 80.5 72.5 738
value %
AUC 0.897 0.861 0.748 0.768 0.756 0.879 0.856 0.736 0.774 0.726

3 factors, logistic regression madel using SPARC, VCAM1, and HTLV-1 viral load; HAM/TSP, human T-cell leukemia virus-1 assodiated myelopathy/

tropic spastic paraparesis; AUC, area under the curve of ROC analysis.

relative increase/decrease of these biomarkers is valuable
to assess efficiency of treatment. In this study, we success-
fully established predictive models which quantitatively
define HAM/TSP disease status directly from plasma
SPARC, VCAM1, and HTLV-1 viral load. This three-fac-
tor prediction model can be easily involved in routine
medical examinations for ACs to monitor HAM/TSP
onset because three biomarkers are measurable from a
single blood collection without any invasive procedures
such as CSF collection. Because progression of HAM/TSP
tends to be rapid typically within a few years since the
onset,'* our prediction model for treatment initiation
point will effectively prevent delay of deciding therapeutic
intervention for early stage HAM/TSP patients.
Concerning physiological consideration of a new bio-
marker SPARC, the expression is specifically restricted
within glial cells in nervous system including spinal
cord.”® In addition, encephalitis induced by N-methyl-p-
aspartic acid (NMDA) in mice resulted in downregulation
of SPARC in glial cells.” These facts suggested that
plasma level of SPARC in HAM/TSP patients decrease
along with the diminished number of glial cells caused by
spinal cord degeneration and reduced expression of
SPARC in glial celis which are pathological characteristics
of HAM/TSP. On the other hand, CSF neopterin is
known as an inflammatory small bioclogical compound
upregulated in many inflammatory neurologic diseases,
such as multiple sclerosis, HIV encephalopathy, and Lyme
neuroborreliosis,">™"” indicating that neopterin cannot
describe spinal cord degeneration specifically. Therefore,

SPARC in plasma or CSF can be considered as more
specific biomarker for HAM/TSP compared to CSF neop-
terin. Another new biomarker VCAMI is expressed on
the surface of endothelial cells, whose soluble form is
known to be upregulated in plasma during the process of
inflammation.'® In HAM/TSP patients, VCAM1 is upreg-
ulated in inflammatory region within spinal cord.'
Hence, diagnostic features of VCAMI are more disease-
oriented than neopterin, but VCAMI1 can be measured
from noninvasive blood specimens.

In conclusion, proteome-wide quantitative profiling of
CSFs identified 14 severity grade biomarkers for HAM/
TSP, Two of them, SPARC and VCAMI, were
confirmed to be useful for plasma-based diagnosis of
HAM/TSP onset and severity grades. It has long been
difficult to expect a sudden onset of HAM/TSP after
decades of asymptomatic phase in 0.5% of HTLV-1 car-
riers. Routine examination of our triple biomarkers will
contribute to early diagnosis of HAM/TSP, leading to
appropriate management of disease before suffering
severe symptoms.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table §1. Osame’s Motor Disability Score (OMDS). ,
Table S2. List of peptides with the lowest 100 P-values.
Table §3. Prediction of HAM/TSP onset and point of
therapeutic intervention with existing markers.

Figure SI. Data acquired in LC/MS/MS analyses were
loaded on Refiner MS and 2D-planes represented by mass-
to-charge ratio and retention time were generated, To
eliminate peaks originated from chemical noises on 2D-
planes, four-step Noise Subtraction was conducted. All
samples were aligned by retention times and 2D-planes
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were merged into a single plane to determine peptide-
derived peaks in Summed Peak Detection algorithm.
Quantitative information accompanying each peptide was
extracted after isotope clustering and statistical analyses
were performed.

Figure S2. The classifiers for HAM/TSP onset established
with two factors, SPARC and VCAMI1 were appraised by

M. tshihara et al.

area under the curve of ROC curve. Red lines indicate the
ROC curves of (A) two factors, (B} SPARC, and (C)
VCAMI. Black broken lines show ROC curve of viral load.
Figure S3. The classifiers which distinguished HAM 4-11
from the others were evaluated by AUC. Red lines indicate
ROC curves of (A) two factors, (B) SPARC, and (C)
VCAMI. Black broken lines indicate viral load.
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H2AX for y-H2AX production and DNA repair
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The presence of phosphorylated histone H2AX (g-H2AX) is associated with the local
activation of DNA-damage repair pathways. Although g-H2AX deregulation in cancer has
previously been reported, the molecular mechanism involved and its relationship with
other histone modifications remain largely unknown. Here we find that the histone methyl-
transferase SUV39H2 methylates histone H2AX on lysine 134. When H2AX was mutated to
abolish K134 methylation, the level of g-H2AX became significantly reduced. We also found
lower g-H2AX activity following the introduction of double-strand breaks in Suy39h2
knockout cells or on SUV39H2 knockdown. Tissue microarray analyses of clinical lung and
bladder tissues also revealed a positive correlation between H2AX K134 methylation and
g-H2AX levels. Furthermore, introduction of K134-substituted histone H2AX enhanced
radio- and chemosensitivity of cancer cells. Overall, our results suggest that H2AX
methylation plays a role in the regulation of g-H2AX abundance in cancer.
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he structural subunit of chromatin is the nucleosome,
which consist of a histone octameric core constituted of
four different histone types: H2A, H2B, H3 and H4. These
nuclear histones can undergo a variety of chemical modifications
such as acetylation, methylation, ublquxtmatmn, sumoylation,
poly ADP-ribosylation and phosphorylation!. The combination
of these dynamic modifications form the so-called ‘histone code’,
which influences gene e ression, the DNA-damage response
(DDR) and DNA repair®>. Histone H2AX is a member of the
histone H2A family and accounts for ~10% of total H2A
molecules in normal human fibroblasts. However, the amounts of
H2AX significantly vary between cell types?S. H2AX plays a
critical role in the DDR following induction of double-strand
breaks (DSBs). When DSBs occur, H2ZAX accumulates near the
DNA breakage sites and is quickly phosphorylated by members
of the phosphatidyl-inositol-3-kinase-related kinases family,
including ataxia  telangiectasia-mutated (ATM), ataxia
telangiectasia and Rad3-related (ATR) and DNA-activated
protein kinase’. This phosphorylated form of histone H2AX is
referred to as g-H2AX and is a marker of DNA damage. g-H2AX
accumulates at sites of damaged chromatin within seconds of the
formation of a DSB and triggers the accumulation of several
components involved in the DDR signalling cascade®®. In
addition to phosphorylation, ubiquitination of H2AX has also
been reported!®. Several studies have highlighted the functions of
RING finger ubiquitin ligases, RNF2, RNF8 and RNF168, in
promoting accumulation of repair proteins at DSBs in an MDC1
(mediator of DNA-damage checkpomt protem 1)-dependent
manner™ ™4, A number of in vitro and in vivo studies have
demonstrated that phosphorylatlon and ubiquitination of H2AX
play a central role in reguiatmg various cellular responses to
DSBs, including DNA repair and cell cycle checkpoints'>!
Furthermore, as DSBs are the most deleterious DNA damages
that cause genomic instability and enhance the risk of
tumorigenesis, deregulation of g-H2AX seems to be linked to
human cancer!”13,

Suppressor of Vanegat:on 3-9 Homologue 2 (SUV39H2),
also known as KMTIBY, is a SET-domain-containing
methyltransferase that selectively methylates H3K9. The
expression of Suv39h2—the murine homologue of human
SUV39H2—is restricted to the testis in adult tissues and the
endogenous Suv39h2 protein was shown to be enriched at
heterochromatin during the first meiotic prophase and in the
early stages of spermatogenesis. During mid-pachytene, Suv39h2
specifically accumulates with chromatin of the silenced sex
chromosomes present in the XY body. In addition, Suv39h2
histone methyltransferase activity appears to play an important
role in regulatmg higher-order chromatin dynamics during male
meiosis?®, On the other hand, the biological significance of
SUV39H2 deregulation in human tumorigenesis is almost
unknown. In the present study, we demonstrate that SUV39H2
methylates histone H2AX, and that the H2AX methyianon is
critical for g-H2AX accumulation in human cancer.

Results

SUV39H2 methylates H2AX and is overexpressed in cancer. To
investigate the possible function of methylation in the regulation
of H2AX, we conducted in vitro methyltransferase assays against
H2AX using a variety of histone methyltransferases. SUV39H?2, a
SET-domain-containing histone methyltransferase reported to
methylate H3K9 (refs 20,21), was found to be able to methylate
histone H2AX (Fig. 1a). The histone methyltransferase activity of
SUV39H2 appears to play an important role in regulating chro-
matin structure and dynamics, whereas the biological significance
of SUV39H2 deregulation in human tumorigenesis is still largely

unexplored. Hence, we investigated the role of SUV39H2 and its
relation to H2AX modification in human cancers.

We first examined expression levels of SUV39H2 in 16 normal
and 14 lung cancer tissues (9 non-small-cell lung carcinoma
(NSCLC) cases and 5 SCLC cases) using quantitative real-time
PCR analysis, and found that SUV39H2 was significantly
upregulated in cancer cells compared with that in normal tissues
(Fig. 1b,c). We subsequently conducted immunohistochemical
analysis of SUV39H2 in lung cancer and normal tissues, and
found that SUV39H2 was overexpressed in 217 out of 328
archival NSCLC cases in accordance with the Oncomine
database, while no staining was observed in normal organs,
except for the testis (Fig. 1d,e). Expression profile analysis by
complementary DNA microarray using a large number of clinical
cases also revealed overexpression of SUV39H2 in cervical,
bladder, oesophageal and prostate cancers, as well as in
osteosarcomas and soft tissue sarcomas (Supplementary Table 1).

SUV39H2 is critical for chemo- and radiosensitivity. To
investigate the role of SUV39H2 in human cancer and the
relationship between SUV39H2 and g-H2AX, we examined the
effect of SUV39H2 knockdown on radio- and chemosensitivity of
cancer cells, because g-H2AX is considered as a key regulator
of the DNA repair system after DSBs, which causes chemo/
radio-resistance of cancer cells®. The lung squamous carcinoma
RERF-LC-AI cells overexpressing SUV39H2 (Supplementary
Fig. 1) was treated with control small interfering RNA (siRNA)
or two different siRNAs directed to SUV39H2 for 48 h, followed
by irradiation with 3 or 6 Gy of ionizing radiation. Subsequent
cell viability analysis revealed that SUV39H2 knockdown
enhanced the sensitivity of RERF-LC-AI cells to radiation
(Supplementary Fig. 2a). We also examined the effect of
SUV39H2 knockdown on chemosensitivity. RERF-LC-AT cells
were transfected with. control siRNA and either of two
independent SUV39H2 siRNAs, and then treated with various
concentrations of cisplatin or doxorubicin 48h after siRNA
transfection. Cell viability IC50 values after 48h cisplatin
treatment were calculated to be ~ 10 M for the control siRNA,
and 0.38 mM and 0.21 M for siSUV39H1#1 and siSUV39H1#2,
respectively. Those for the doxorubicin treatment were 2.21 ndvi
for the control siRNA, and 0.096 and 0.066 nM for siSUV39H1#1
and siSUV39H1#2, respectively (Supplementary Fig. 2b), further
supporting SUV39H2 as playing a role in chemosensitivity.

Lysine 134 on histone H2AX is dimethylated by SUV39H2. We
next examined the relationship between SUV39H2-dependent
histone H2AX methylation and g-H2AX production. We first
performed liquid chromatography-tandem mass spectrometry
(MS/MS) to identify the site of methylation for histone H2AX,
and found that lysine 134 was dimethylated by SUV39H2
(Fig. 2a). To validate this result, we prepared recombinant
H2AX-K134A—where lysine 134 is substituted for alanine—and
performed an in vitro methyltransferase assay (Fig. 2b). The
intensity of the band corresponding to histone H2AX methyla-
tion was significantly diminished in the K134A mutant compared
with that of wild-type H2ZAX (H2AX-WT), suggesting that lysine
134 of histone H2AX is a novel substrate of SUV39H2. Lysine 134
is located in a peptide region unique to H2AX among the H2A
family members and is located near serine 139. Serl39-
phosphorylated H2AX is known as g-H2AX (Fig. 2¢). As lysine
134 is highly conserved from Danio rerio to Homo sapiens, we
postulated that methylation of this site might be critical for the
regulation of histone H2AX functions and the production of
g-H2AX (Fig. 2d).
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Figure 1| SUV39H2 is overexpressed in human lung cancer, (a) In vitro methyltransferase analysis of SUV39H2. Recombinant histone H2AX and
3H-SAM were incubated in the presence or absence of recombinant SUV39H2, and the reaction products were analysed by SDS-PAGE followed by
fluorography (upper panel) and stained for total protein{lower panel). (b) SUV39H2 mRNA levels in 14 lung cancer cases (NSCLC: 9 cases; SCLC: 5 cases)
and 16 normal tissues. {€) Quantitative real-time PCR analysis was performed in 14 lung cancer samples and 16 normal tissues (the brain, breast, colon,
oesophagus, eye, heart, liver, pancreas, rectum, spleen, stomach, kidney, bladder, testis, placenta and lung) and the result is shown by box-whisker plot. For
statistical analysis, Kruskal-Wallis (*P < 0.05) and Student's t-test (**P < 0.05) were performed. (d) Representative cases for positive SUV39H2 expression
in lung cancer tissues and normal adult tissues. ADC, adenocarcinoma; SCC, squamous cell carcinoma. Original magnification, x 100 (lung x 200).
(e) Expression levels of SUV39H2 in 65 normal iung samples, 19 large cell lung carcinoma samples, 45 lung adenocarcinoma samples and 27 squamous
cell lung carcinoma samples. SUV39H2 is overexpressed in all three types of lung cancer. Expression profile is derived from Oncomine database.

To investigate this possibility, we generated an antibody against a
synthetic peptide containing dimethylated K134 and confirmed its
affinity and specificity by enzyme-linked immunosorbent assay
(Fig. 2e). To verify the quality of the H2AX K134-methylation
antibody, we prepared both H2AX-WT and H2AX-K134A
recombinant proteins, and performed in vitro methyltransferase
assays using recombinant SUV39H2 protein as an enzyme source.
The methylation signal of HZAX-WT was clearly observed in the
presence of SUV39H2, while the signal was absent when H2AX-
K134A protein was used as a substrate (Fig. 2f). Using this
antibody, we performed immunocytochemical analysis after
transfection of a SUV39H2 expression vector into Hela cells, to
further verify SUV39H2-dependent H2AX K134 methylation
in vivo, and detected a strong staining of K134-methylated H2AX
in SUV39H2-overexpressing Hela cells (Fig. 2g). Furthermore, we
expressed FLAG-H2AX-WT or a FLAG-H2AX K134A, along with
an influenza hemagglutinin (HA) control or HA-SUV39H2, into
293T cells. Western blot analysis of FLAG-immunoprecipitated
protein with anti-K134-methylated H2AX exhibited a specific
signal when both H2AX-WT and SUV39H2 proteins were co-
expressed, but no signal was detected in H2AX KI134A mutant
(Fig. 2h). Taken together, these data indicate that SUV39H2
methylates histone H2AX on lysine 134 both in vitro and in vivo.
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H2AX K134 methylation is critical for y-H2AX production. To
examine the physiologic significance of H2AX K134 methylation
for g-H2AX production, we transfected either of siNegative
control {siNC; control), siEGFP (control), SUV39H2-siRNA#1 or
SUV39H2-siRNA#2 into RERF-LC-AI cells. Forty-eight hours
after transfection, the cells were treated with 1 nmM doxorubicin
for 2h. Western blot analysis detected high levels of g-H2AX in
the cells treated with the control siRNAs, but significantly less
g-H2AX was present when the cells were pre-treated with
siSUV39H2s (Fig. 3a,b). The observed decrease in g-H2AX pro-
duction following SUV39H2 knockdown appeared not to be
caused by changes in quantity or activity of ATM and ATR
kinases, as the amounts of ATM and ATR—responsible for
H2AX serine 139 phosphorylation—as well as those of phospho-
ATM (active-form of ATM) and phospho-Chk2 (Checkpoint
kinase 2, a substrate of ATM and ATR) were unchanged.
Importantly, given that the suppression of H2AX K134 dime-
thylation following knockdown of SUV39H2 was clearly observed
in the endogenous H2AX proteins after immunoprecipitation
(IP) with an H2AX antibody (Fig. 3c), SUV39H2 appears to be a
fundamental regulator of endogenous H2AXK134 dimethylation.
In addition, we confirmed that doxorubicin-induced DSBs did
not affect SUV39H2 expression and H2AX K134 methylation
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Figure 2 | SUV39H2 methylates lysine 134 on histone H2AX both in vitro and in vivo. (a) The MS/MS spectrum corresponding to the dimethylated
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value in Mascot Database search results are shown, respectively, (b) Validation of K134 methylation on histone H2AX. Recombinant histone H2AX-WT or
H2AX-K134A proteins and *H-SAM were incubated in the presence of recombinant SUV39H2, and the reaction products were analysed by SDS-PAGE
followed by fluorography. The membrane was stained with Ponceau S (lower panel). (¢) Amino acid sequence alignment of human histone H2A family.
Lysine 134 is located in the unique sequence portion of H2AX. (d) Amino acid sequence alignment of H2AX unique sequence portion. (e) Determination of
the titre and specificity of the anti-dimethylated K134 H2AX antibody analysed by enzyme-linked immunosorbent assay. (f} Validation of the anti-
dimethylated K134 HZAX antibody. Recombinant H2ZAX-WTor H2ZAX-K134A proteins and SAM were incubated in the presence or absence of recombinant
SUV39H2, and the reaction products were analysed by WB analysis. The intensity of each H2AX K134 dimethylation signal was normalized by the
corresponding H2AX. SAHH, S-adenosyl-i-homocysteine hydrolase. Results are the mean £s.d. (n=3). (g) Immunocytochemical analysis of Hela

cells. Cells were stained with an anti-FLAG antibody (green), an anti-H2AX K134me2 antibody (red) and 4’,6-diamidino-2-phenylindole dihydrochloride
(DAP} (blue)). Non-transfected Hela cells were used as negative control. Scale bars, 10 um. (h) 293T cells were co-transfected with a FLAG-H2AX-WT
or a FLAG-H2AX-K134A, and an empty vector (HA-Mock) or HA-SUV39H2. The samples were immunoblotted with anti-dimethylated K134 H2AX
and anti-FLAG antibodies following 1P with anti-FLAG. Results are the meants.d. (n=3).

levels (Fig. 3d). To validate the effect of SUV39H2 on y-H2AX
production, we performed immunocytochemical analysis using
the anti-y-H2AX antibody and detected significant decrease of
v-H2AX levels following knockdown of SUV39H2 (Fig. 3ef),
consistent with the western blotting (WB) results. These data
suggest that SUV39H2 plays a critical role in y-H2AX activation.
We next prepared Suv39h2-null (Suv39h2~/~) mouse embryo-
nic fibroblast (MEF) cells from Suv39h2 knockout mouse??, to
confirm the knockdown experiments. Both Suv39h2 =/~ and
Suv39h2-WT MEFs were treated with 1 uM doxorubicin for 2h
before lysis. Western blot analysis confirmed significantly lower
levels of y-H2AX activity in Suv39h2 =/~ MEFs compared with
that in Suv39h2-WT MEFs (Supplementary Fig. 3). Moreover, we

4 NATURE ¢

examined laser-induced y-H2AX activity in Suv39h2~/— and
Suv39h2-WT MEFs, and confirmed that Suv39h2~/— cells
showed reduced y-H2AX compared with Suv39h2-WT cells
(Supplementary Fig. 4).

To further evaluate the effect of H2AX K134 methylation on
v-H2AX production in vivo, we co-expressed FLAG-H2AX-WT
or FLAG-H2AX-K134A with HA-SUV39H2 in HeLa cells before
treatment with doxorubicin. IP and WB analysis show that
v-H2AX was induced to a higher level in the presence of H2AX-
WT, compared with two H2AX-K134A or K134R (Fig. 4a,b and
Supplementary Fig. 5). In addition, we found that the amount
of phospho-ATM and ATR bound to H2AX were decreased
in K134-substituted H2AX. Furthermore, we co-expressed
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Figure 3 | SUV39H2 is critical for y-H2AX production. (a) Effects of SUV39H2 knockdown on the y-H2AX levels. RERF-LC-Al cells were transfected
with two control siRNAs (siNC and siEGFP) and SUV39H2 siRNAs (#1 and #2), and were treated with 1uM of doxorubicin 48 h after transfection

with siRNAs. Cells were harvested 2 h after treatment with doxorubicin, followed by SDS-PAGE. Western blotting was performed using anti-SUV39H?2,
anti-SUV39HT, anti-dimethylated K134 H2AX, anti-y-H2AX, anti-H2AX, anti-phospho-ATM, anti-ATM, anti-ATR, anti-phosph-Chk2 and anti-o-Tubulin
(internal control) antibodies. (b) The intensity of y-H2AX levels was normalized by «-Tubulin and averaged. Results are the mean +s.d. (n=3). P-values
were calculated using Student’s t-test (*P< 0.05). (¢) RERF-LC-Al cells were transfected with two control siRNAs (siNC and siEGFP) and SUV39H2 siRNAs
(#1 and #2), and were treated with 1uM of doxorubicin 48 h after transfection with siRNAs. Cells were harvested 2 h after treatment with doxorubicin
and IP was conducted using an anti-H2AX antibody. Input and immunoprecipitated samples were immunoblotted with anti-SUV39H2, anti-o-Tubulin,
anti-dimethylated K134 H2AX and anti-H2AX antibodies. (d) RERF-LC-Al and Hela cells were treated with 1uM of doxorubicin for 2 h before lysis.
The samples were immunoblotted with anti-SUV39H2, anti-H2AXK134me2 and anti-a-Tubulin antibodies. The intensity of SUV39H2 and H2AK134me2
levels was normalized by o~Tubulin expression levels. Results are the mean* s.d. (n=3). (&) Immunocytochemical analysis of RERF-LC-A! cells. Cells were
transfected with control siRNA and SUV39H2 siRNA, and were treated with 1M of doxorubicin 48 h after transfection with siRNAs for Th. Cells were

stained with an anti-SUV39H2 antibody (green), an anti~y-H2AX antibody
2 h after treatment with doxorubicin, Scale bar, 10 pm, (f) y-H2AX intensit
Results are the means ks.d. of ten independent cells. P-values were calcul

H2AX-WT or H2AX-K134A with SUV39H2 in H2AX~/~
MEFs to validate the relationship between H2AX K134
methylation and y-H2AX production. First, we confirmed that
overexpressed H2AX-WT and H2AX-K134A were appropriately
incorporated into chromatin of H2AX™/~ MEF cells by
immunocytochemistry (ICC; Supplementary Fig. 6), and then
conducted WB analysis following purification of the chromatin
fraction (Supplementary Fig. 7). y-H2AX production in
H2AX ™/~ MEF cells overexpressing H2AX-K134A was clearly
suppressed compared with H2AX =/~ MEEF cells overexpressing
H2AX-WT, confirming the critical role of H2AX K134
dimethylation in y-H2AX production.

To explore the relationship between H2AX K134 methylation
and H2AX S139 phosphorylation in more detail, we prepared
biotin-conjugated unmodified H2AX and K134 dimethylated
H2AX peptides encompassing amino acids 121-142 (Fig. 4¢), and
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(red) and 4',6-diamidino-2-phenylindole dihydrochioride (DAPI (blue))
y examined in e was quantified with the Image J software and averaged.
ated using Student's t-test (***P<0.007).

conducted . in vitro kinase and pull-down assays. Biotin-
conjugated peptides were mixed with lysates from Hela cells
treated with doxorubicin and pulled down with Dynabeads
M-280 streptavidin followed by WB analysis (Fig. 4c,d). The
K134 dimethylated H2AX peptide exhibited a much higher level
of H2AX S139 phosphorylation than the unmodified H2AX
peptide. We also observed that the amount of phospho-ATM and
ATR bound to the Kl34-dimethylated H2AX peptide was
significantly higher compared with the unmodified peptide,
consistent with the above data (Fig. 4e). Moreover, we also
conducted the in vitro kinase assay of H2AX peptides using
immunoprecipitated ATM as the source of enzyme (Fig. 4f), The
K134-dimethylated peptide showed notably higher H2AX S139
phosphorylation compared with the unmodified and K134R
peptides (Fig. 4g). In addition, KU-55933, an ATM kinase
inhibitor, diminished H2AX S139 phosphorylation of the
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Figure 4 | H2AXK134 methylation by SUV39H2 plays an important role in y-H2AX production. (a) FLAG-H2AX-WT or a FLAG-H2AX-K134A were
co-expressed with HA-SUV39H2 and treated with 1uM of doxorubicin 48 h post transfection. The samples were immunoblotted with anti-H2AXK134me2,
anti-y-H2AX, anti-FLAG, anti-phospho ATM and ATR antibodies after immunoprecipitating with anti-FLAG M2 agarose. Input protein levels of phospho-
ATM, ATR, a-Tubulin and HA are also shown. (b) Quantification of WB results shown in a. y-H2AX, phospho ATM and ATR levels after doxorubicin
treatment normalized by FLAG or «-Tubulin expression levels and averaged. Results are the meants.d. (n=23). (¢} In vitro kinase and pull-down assay.
Biotin-tagged unmodified H2AX peptides or bictin-tagged K134 dimethylated H2AX peptides were mixed with enzyme source (whole-cell lysates of Hela
cells). Peptides were precipitated and immunoblotted with an anti-y-H2AX antibody. (d) The intensity of y-H2AX signal was normalized by peptide amount
and averaged. Results are the means £ s.d. (n=3). (e) Comparison of ATR and phospho-ATM amounts bound to unmodified-H2AX peptides and K134~
dimethylated H2AX peptides. Biotin-tagged peptides were mixed with 5 il of enzyme source (whole-cell lysates of Hela cells). Peptides were precipitated
and immunoblotted with anti-ATR and anti-phospho-ATM antibodies. Results are the means £ s.d, (n=3). (f) The schematic drawing of strategy for in vitro
kinase assays. (g) Biotin-tagged unmodified H2AX peptides, biotin-tagged K134-dimethylated H2AX peptides and biotin-tagged K134R H2AX peptides
were mixed with enzyme source (immunoprecipitated ATM) in the presence or absence of KU-55933. The samples were immunoblotted with an anti-y-

H2AX antibody.

K134-dimethylated peptide. These results further support our
hypothesis that dimethylated K134 is critical for H2AX S139
phosphorylation.

We next examined the effect of H2AX K134 methylation on
the localization of the tumour suppressor p53-binding protein 1
(TP53BP1)—one of the important mediators within the DSB
repair machinery—following treatment with doxorubicin. As
previously observed!", TP53BP1 formed foci that co-localized
with y-H2AX in the WT MEFs; however, it was widely
distributed in the Suv39h2~/— MEFs (Fig. 5a). Similarly,
TP53BP1 localization was lost in RERF-LC-AI cells when
SUV39H2 was knocked down (Fig. 5b).

Correlation of H2AX K134 methylation and y-H2AX in
cancer. To examine the relation between H2AX K134 methyla-
tion and 7y-H2AX levels in clinical tissues, we conducted
immunohistochemical analysis using tissue microarray compris-
ing 154 cases of lung cancer. As shown in Fig. 5c, the signal
intensity of both H2AX K134 methylation and y-H2AX was

notably higher in lung cancer tissues compared with normal
tissues. We calculated the Spearman’s correlation coefficient by
ranks with ties, to clarify the statistical correlation between the
two histone H2AX modifications. The Spearman’s p-value of
0.823 (P<0.0001; Fig. 5d and Supplementary Table 2) supports a
direct correlation between H2AX K134 methylation and y-H2AX
levels. This result was also confirmed in clinical bladder tissues
(Fig. 5¢,f and Supplementary Table 3).

H2AX K134 methylation regulates chemo- and radio-
sensitivity. To further evaluate the effect of H2AX K134
methylation on y-H2AX production and DNA repair, we estab-
lished a dominant-negative experimental system. HeLa cells were
transfected with either FLAG-H2AX-WT or FLAG-H2AX-
K134A, with or without co-expression of HA-SUV39H2. After
48h, cells were treated with 1uM Doxorubicin for 2h and
harvested for WB analysis (Fig. 6a). SUV39H2 overexpression
clearly enhanced both H2AX K134 dimethylation and S$139
phosphorylation on the H2AX-WT proteins, but not the in
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Figure 5 | H2AXK134 methylation and y-H2AX [evels are correlated in clinical tissues. (a) Immunocytochemical analysis of MEF-WT and MEF-
Suv39h2 /. Cells were treated with 1M of doxorubicin for Th and stained with an anti-y-H2AX antibody (red), an anti-TP53BP1 antibody (green) and
4 6-diamidino-2-phenylindole dihydrochloride (DAPL; blue). Scale bar, 10 um. (b) Immunocytochemical analysis of RERF-LC-Al cells after knockdown of
SUV39H2. Cells were transfected with siNC and siSUV39H2. After 48 h, siRNA-transfected cells were treated with 1uM of doxorubicin for Th and staihed
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data are described in Supplementary Table 2. (d) Correlation of staining between K134-methylated H2AX and y-H2AX was statistically calculated
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and y-H2AX in clinical bladder tissues was statistically calculated using Spearman's correlation coefficient by ranks with ties.

K134-substituted proteins (Fig. 6a). We repeated the WB analysis
(Supplementary Fig. 8) and quantified levels of H2AX K134
dimethylation and y-H2AX (Fig. 6b), which showed a strong
correlation between the histone H2AX K134 methylation and
v-H2AX. To examine whether exogenous H2AX proteins are
appropriately incorporated into chromatin, HelLa cells transfected
with FLAG-H2AX-WT or FLAG-H2AX-K134 were stained with
anti-FLAG antibody after synchronizing the cells (Fig. 6c). The
FLAG-tagged H2AX-WT and H2AX-K134A proteins that over-
lapped the strong 4',6-diamidino-2-phenylindole stainings were
detected in the heterochromatin regions in the nucleus?>%4
In mitotic cells, we found co-localization of the exogenous
H2AX proteins with condensed chromosomes, further indicating
that the exogenous H2AX-WT and H2AX-K134A proteins
were appropriately incorporated into the chromatin. We also
confirmed the incorporation of exogenous H2AX-WT and
H2AX-K134A into chromatin by WB after chromatin
fractionation (Supplementary Fig. 9).

Using this dominant-negative system, we also examined the
effect of K134 methylation on radio- and chemosensitivity.

e

H2AX-K134A-overexpressing HeLa cells exhibited significantly
lower viability than H2AX-WT-overexpressing Hela cells
following radiation treatment (Fig. 7ab). Sensitivity was also
shown to be dose dependent by colony-formation assay (Fig. 7¢
and Supplementary Fig. 10). We examined the cell cycle status in
the two cell lines without radiation and found no difference
(Fig. 7d,e}. With regard to the effect of H2AX K134 methylation
on chemosensitivity, IC50s of both cisplatin and doxorubicin
treatment were significantly lower in the H2AX-K134A-over-
expressed Hela cells (cisplatin: WT =4.82uM, K134A=1.26
UM; doxorubicin: WT = 4.82 pM, K134A = 1.26 uM; Fig. 76). In
summary, attenuation of H2AX K134 methylation appears to
enhance both radio- and chemosensitivity of cancer cells.

Discussion

In the present study, we showed that the histone methyltransfer-
ase SUV39H2 methylates histone H2AX on lysine 134, and that
this is critical for the production of y-H2AX in cancer cells
(Supplementary Fig. 11). Our binding assays revealed that the
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diamidino-2-phenylindole dihydrochloride (DAPI; blue) 13h after release from Gy arrest. Scale bars, 10 um.

lack of methylation at K134 reduces the affinity between the
kinases responsible for y-H2AX production and H2AX
(Fig. 4b.e).

SUV39H2 can also methylate histone H3 lysine 9 and this
methylation is considered to be important for organizing
heterochromatin®®. Given that chromatin structure is likely to
be important for DNA repair processes, the dynamics of relevant
histone modifications during this step may play important roles
in organizing the process appropriately. Indeed, histone H3 K9
methylation was also reported to be a regulator of the DNA repair
pathway?>?, indicating that SUV39H2 might regulate this
pathway through the methylation of both histone H2AX K134
and H3 K9. Further functional analyses may clarify the dynamics
of histone modifications, the involvements of other proteins and
their mutual relations in the DDR following induction of DSBs in
cancer cells.
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It has previously been reported that constitutive endogenous
v-H2AX foci are rare in normal primary human cells and
tissues®”. However, cancer cells and tissues show different degrees
of constitutive -;'wHZAX activity in the absence of exogenously
induced DSBs?*"%%, Moreover, y-H2AX is also a prognostic
marker for several types of human cancer, and increased y-H2AX
levels are significantly associated with poorer prognosis of triple-
negative breast cancer, endometrial cancer and NSCLC?-3L,
These results imply that high v-H2AX expression levels may be
involved in a more aggressive, highly proliferating tumour
phenotype and resistance to anti-cancer treatment’’. Given that
SUV39H?2 is significantly upregulated in various types of tumour
tissues (Supplementary Table 1), it is possible that constitutive
SUV39H2 overexpression in cancer cells may cause aberrant
v-H2AX expression, and that cancer cells might acquire more
malignant phenotype, including chemo- and/or radioresistance.
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Figure 7 | SUV39H2-dependent H2AXK134 methylation regulates radiosensitivity and chemosensitivity of cancer cells. (a) Hela cells were

transfected with a FLAG-H2AX-WT or a FLAG-H2AX-K134A expression vector and HA-SUV39H2, then irradiated with 6 or 10 Gy of ionizing radiation
24 and 72 h post transfection. Cell viability was measured 24 h after the second irradiation, Results are the mean £ s.d. (n=3). P-values were calculated
using Student’s t-test (**P<0.01), n.s,, not significant. (b) Expression of FLAG-H2AX-WT and FLAG-H2AX-K134A in Hela cells from a. Samples were
immunoblotted with anti-FLAG and anti-a-Tubulin antibodies. (¢) Clonogenicity assays of Hela cells transfected with H2AX-WT and H2AX-K134A.
Cells were irradiated with O, 2, 4, 6 and 10 Gy of jonizing radiation 24 h post transfection. Subsequently, the cells were cuftured in EMEM with 0.8 mgmi !
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(f) Hel.a cells overexpressing FLAG-H2AX-WT or FLAG-H2AX-K134A with HA-SUV39H2 were treated with cisplatin or doxorubicin 24 h post

transfection. Cell viability was measured 48 h after the drug treatment.

Importantly, y-H2AX is considered to be a drug target>~8
and peptide inhibitors of y-H2AX have already been reported as
potential chemotherapeutic agents*>3®. Inhibition of y-H2AX
through interference with upstream kinase activities using
caffeine, wortmannin and LY294002 resulted in significantly
increased tumour cell radiosensitivity®®, In addition, VE-821, a
novel specific inhibitor of ATR?!, increased sensitivity of cancer
cells to radiation and/or chemotherapy*? 45, These findings
suggest that regulation of y-H2AX production through the
inhibition of SUV39H2-depedent H2AX K134 methylation could

NATLRE
NATURE

be an attractive target for drug development. Indeed, as the
expression level of SUV39H2 in normal tissues is low (Fig. 1d,
and Supplementary Figs 12 and 13), this molecule could represent
an ideal target for cancer therapy. Moreover, our knockdown
experiments using Cell Counting kit-8 (CCK-8), Giemsa and
fluorescence-activated cell sorting and clonogenicity assays
revealed that SUV39H2 appears to possess oncogenic activity
(Supplementary Fig. 14). According to our expression profile
analysis, SUV39H1 is also overexpressed in some cancers.
Moreover, knockdown of SUV39H2 significantly diminished
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the y-H2AX production even though SUV39H1 expression levels
were not changed (Fig. 3a), suggesting that SUV39H2 is a critical
factor that regulates y-H2AX production. Taking these findings
into account, we propose a SUV39H2 inhibitor could be used
alone or in combination with DNA-damaging agents or
radiotherapy in cancer patients with aberrant SUV39H2
expression.

Methods

Cell culture and clinical tissues. NCI-H1781, A549, SK-MES-1, NCI-H2170,
NCI-H520, DMS 114, 293T, Hela, SW780 and COS-7 cells were from the
American Type Culture Collection in 2001 and 2003, and were tested and
authenticated by DNA profiling for polymorphic short tandem-repeat markers
(Supplementary Table 4). SBC-3, SBC-5 and RERE-LC-AI cells were from the
Japanese Collection of Research Bioresources in 2001 and were tested and
authenticated by DNA profiling for polymorphic short tandem-repeat markers
(Supplementary Table 4). ACC-LC-319 cells were from the Aichi Cancer Center in
2003, and were tested and authenticated by DNA profiling for single-nucleotide
polymorphism, mutation and deletion analysis (Supplementary Table 4). The
SW780 line was established in 1974 by A. Leibovitz from a grade I transitional
cell carcinoma.

All cell fines were grown in monolayers in appropriate media: DMEM for
RERF-LC-AL 293T and COS-7 cells; Eagle’s minimum essential medium for
SK-MES-1, SBC-3, SBC-5 and Hel.a cells; RPMI1640 medium for NCI-H1781,
ACC-LC-319, A549, NCI-H2170, NCI-H520 and DMS 114 cells; Leibovitz's L-15
for SW780 ceils supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic/antimycotic solution (Sigma-Aldrich). SAEC cells were maintained in
small airway epithelial cell basal medium supplemented with 52 ugmi~! bovine
pituitary extract, 0.5ngml ™! human recombinant epidermal growth factor,

0.5 pgml~ ! hydrocortisone, 0,5 pgmi™ ! epinephrine, 10 pgml ! transferrin,
5pgml™? insulin, 0.1 ngml ™! retinoic acid, 6.5ngml™ ! triiodothyronine,

50 pugml ~ ! Gentamicin/Ampbotericin-B (GA-1000) and 50 pgml ™! fatty acid-
free BSA. All cells were maintained at 37 °C in humid air with 5% CO, condition,
except for SW780 cells (without CO,). Cells were transfected with FuGENE 6 or
FuGENE HD (Roche Applied Science) according to manufacturer’s protocols 647,
The use of all clinical materials in this study was approved by Ethics Committees of
Institute of Medical Science at the University of Tokyo.

Antibodies. The following primary antibodies were used: anti-FLAG (rabbit,
F7425; Sigma-Aldrich; dilution used in WB: 1:3,000, ICC: 1:500), anti-FLAG
{mouse, M2; Sigma-Aldrich; dilution used in ICC: 1:500), anti-HA (Y-11; Santa
Cruz Biotechnology; dilution used in WB: 1:500), anti-SUV39H1 (#8729; Cell
Signaling Technology; dilution used in WB: 1:500), anti-H2AX (07-627; Millipore;
dilution used in WB: 1:500, IP: 1:250), anti~y-H2AX (05-636; Millipore; dilution
used in WB: 1:500, ICC: 1:250, immunohistochemistry: 1:250), anti-ATM (ab2629;
Abcam; dilution used in WB: 1:500), anti-phospho-ATM (ab81292; Abcam; dilu~
tion used in WB: 1:500), anti-ATR (#2790; Cell Signaling Technology; dilution
used in WB: 1:500), anti-phospho-Chk2 (#2661; Cell Signaling Technology; dilu-
tion used in WB: 1:500), anti-o-Tubulin (T6199; Sigma-Aldrich; dilution used in
WB: 1:500), anti-TP53BP1 (Clone BP13; Millipore; dilution used in ICC: 1:250) for
RERF-LC-AI cells, anti-TP53BP1 (#4937; Cell Signaling Technology; dilution used
in ICC: 1:250) for mouse MEF cells, anti-H2A (ab13923; Abcam; dilution used
in WB: 1:1,000), anti-histone H3 (ab1791; Abcam; dilution used in WB: 1:1,000),
anti-histone H4 {#2592S; Cell Signaling Technology; dilution used in WB: 1:1,000),
anti-ATM (Ab-3; Calbiochem; dilution used in IP: 1:100) for IP and anti-ACTB
(#25928; Cell Signaling Technology; dilution used in WB: 1:1,000). An anti-
SUV39H2 antibody {Sigma-Aldrich; dilution used in WB: 1:250, ICC: 1:250) and
an anti-K134 di-methylated H2AX antibody (Sigma-Aldrich; dilution used in WB:
1:500, ICC: 1:250, immunohistochemistry: 1:250) were produced in rabbit
immunized with a synthetic peptide.

Quantitative real-time PCR. For quantitative real-time PCR reactions, specific
primers for all GAPDH (housekeeping gene), SDH (housekeeping gene) and
SUV39H2 were designed (primer sequences in Supplementary Table 5). PCR
reactions were performed using the LightCycler 480 System (Roche Applied
Science) and VHA 7 real-time PCR system (Life Technologies, Carlsbad, CA),
following the manufacturer’s protocol. Messenger RNA levels were normalized
to GAPDH and SDH expression.

In vitro methyltransferase assay. For the in vitro methyltransferase assay,
recombinant Histone H2AX (#14-576, Millipore) was incubated with recombinant
SUV39H2 enzyme using 1 pCi S-adenosyl-1-[methyl->H]-methionine (SAM;
PerkinElmer) as the methyl donor in a mixture of 10 pi of methylase activity
buffer (50 mM Tris-HCI at pH8.8, 10 mM dithiothreitol and 10 mM MgCly), for
2h at 30°C¥5!, Proteins were resolved on a 5-20 % SDS-PAGE gel (Ready Gel;
Bio-Rad) and visualized by MemCode Reversible Stain (Thermo Scientific) and
fluorography.

Mass spectrometry. Histone H2AX samples that reacted with SUV39H2

were separated on SDS-PAGE and stained with Simply Blue Safe Stain (Life
Technologies). The excised Histone H2AX bands weére reduced in 10mM tris
(2-carboxyethyl) phosphine (Sigma-Aldrich) with 506 mM ammonium bicarbonate
(Sigma-Aldrich) for 30 min at 37 °C and alkylated in 50 mM iodoacetamide
(Sigma-Aldrich) with 50 mM ammonium bicarbonate for 45 min in the dark at
25°C. Trypsin GOLD (Promega) solution was added with the enzyme to protein
ratio at 1/50- (w/w) and incubated at 37°C for 16 h. The resulting peptides were
extracted from gel fragments and separated on a 0.1 X 200 mm homemade C;y
column using 45 min linear gradient from 2% to 35% acetonitrile in 0.1% formic
acid, with flow rate at 200 nl min ~ L, The eluting peptides were analysed with
HCTultra ETD II mass spectrometer {Bruker Daltonics). The acquired MS and
collision-induced dissociation {CID) MS/MS spectra were processed with Compass
DataAnalysis 4.0 (Bruker Daltonics) and BioTools 3.1 software (Bruker Daltonics),
followed by the database search on in-house Mascot server ver.2.3.01 (Matrix
Science). We accepted the peptide identifications satisfying the Expectation value
<0.05 in Mascot Database search.

Western blotting. Samples were prepared from the cells lysed with CelLytic M cell
lysis reagent {Sigma-Aldrich) containing a complete protease inhibitor cocktail
(Roche Applied Science)>!, and whole cell lysates or IP products were transferred
to nitrocellulose membrane, Protein bands were detected by incubating with
horseradish peroxidase (HRP)-conjugated antibodies (GE Healthcare) and
visualizing with enhanced chemiluminescence (GE Healthcare). We declare that
our blots were evenly exposed in each membrane and that the blots are not clopped
to the bands.

Immunocytochemistry. Cultured cells were fixed in 4% paraformaidehyde in
0.1 M phosphate buffer (pH 7.4) at room temperature for 30 min, permeabilized in
0.1% Triton X-100 (Sigma-Aldrich) for 3 min on ice and blocked with 3% BSA for
1h at room temperature®. Fixed cells were incubated with primary antibodies
overnight at 4 °C, incubated with Alexa Fluor-conjugated secondary antibody
(Molecular Probes, Life Technologies) and observed using a Leica confocal
microscopy (SP5 Tandem Scanner Spectral 2-Photon Confocal).

Immunohistochemical analysis. SUV39H2 expression and status of histone
H2AX K134 methylation status and 5139 phorsg%horglation in clinical tissues were
examined by immunchistochemical analysis*>>%52-57_ EnVision + kit/HRP kit
(Dako) was-applied and slides of paraffin-embedded lung tumour specimens were
processed under high pressure (125 °C, 305) in antigen-retrieval solution, high pH
9 (52367, Dako), treated with peroxidase-blocking reagent and then treated with
protein-blocking reagent (K130, X0909, Dako). Tissue sections were incubated with
a rabbit anti-SUV39H2, a rabbit anti-H2AXK134me2 polyclonal antibody and a
mouse anti-y-H2AX antibody, followed by HRP-conjugated secondary antibody
(Dako). Antigen was visualized with substrate chromogen (Dako liquid DAB
chromogen; Dako). Finally, tissue specimens were stained with Mayer’s
haematoxylin (Hematoxylin QS; Vector Laboratories, Burlingame, CA, USA) for
20's to discriminate the nucleus from the cytoplasm, The intensity of H2AXK134
methylation and H2AXS139 phosphorylation was evaluated using the following
criteria: strong positive (scored as 2+ ), brown staining in >50% of tumour cells
completely obscuring cytoplasm; weak positive (14 ), any lesser degree of brown
staining appreciable in tumour cell cytoplasm; and absent (scored as 0), no
appreciable staining in tumour cells. Cases were accepted as strongly positive if two
or more investigators independently defined them as such,

Fluorescence-activated cell sorting, SW780 and A549 cells were treated with
$siSUV39H2 or control siRNAs (siEGFP and siNC) and cultured in a CO, incubator
at 37°C for 72 h. Aliquots of 1 x 10° cells were collected by trypsinization and
stained with propidium iodide following the manufacturer’s instructions (Cayman
Pharma, Neratovice, Czech Republic). Cells were analysed by FACScan (Beckman
Coulter, Brea, CA) with MultiCycle for Windows software (Beckman Coulter) for
detailed cell cycle status®S. The percentages of cells in Go/G,, $ and Go/M phases of
the cell cycle were determined from at least 20,000 ungated cells.

Coupled cell cycle and cell proliferation assay. A 5'-bromo-2'-deoxyuridine
(BrdU) flow kit (BD Pharmingen, San Diego, CA) was used to determine the cell
cycle kinetics and to measure the incorporation of BrdU into DNA of proliferating
cells?®5459-81 The agsay was performed according to the manufacturer’s protocal.
Briefly, cells were cultured in the presence of 10 uM of BrdU for 30 min at 37°C.
Next, both floating and adherent cells were pooled from triplicate wells per
treatment point, fixed in a solution containing paraformaldehyde and the detergent
saponin, and incubated for 1 h with DNase at 37 °C (30 pg per sample). Fluorescein
isothiocyanate-conjugated anti-BrdU antibody (1:50 dilution in Wash buffer; BD
Pharmingen) was added and incubation continued for 20 min at room
temperature. Cells were washed in Wash buffer and total DNA was stained with
7-amino-actinomycin D (20 ul per sample), foliowed by flow cytometric analysis
using FACScan (Beckman Coulter) and total DNA content (7-amino-actinomycin
D) was determined by using CXP Analysis Software Ver. 2.2 (Beckman Coulter).
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Immunoprecipitation. Transfected 293T cells or Hela cells were lysed with
CelLytic M cell lysis reagent (Sigma-Aldrich) containing a complete protease
inhibitor cocktail (Roche Applied Science). In a typical IP reaction, 300 pg of
whole-cell extract was incubated with an optimum concentration of primary
antibody. After the beads had been washed three times in 1 mi of TBS buffer
(pH 7.6), proteins that bound to the beads were eluted by boiling in Lane Marker
Reducing Sample Buffer (Thermo Scientific).

siRNA transfection. siRNA oligonucleotide duplexes were purchased from Sigma-
Aldrich for targeting the human SUV39H2 transcript. siNC was used as a control
siRNA. The siRNA sequences are described in Supplementary Table 6. siRNA
duplexes {100 nM final concentration) were transfected into biadder and lung
cancer cell lines with Lipofectamine 2000 (Life Technologies)®*~®

Mouse embryonic fibroblast. Mouse Suv39h2 WT and Suv39h2 =/~ MER cells
were established by Dr Thomas Jenuwein group®?. Cells were cultured with DMEM
supplemented with 10% FBS, 1% antibiotic/antimycotic solution (Sigma-Aldrich),
2mM t-glutamine, 0.1 mM B-mercaptoethanol, 1 x non-essential amino acid
solution (Life Technologies) and sodium pyruvate. Phenotype of MEF cells were
confirmed by CCK 8 (Dojindo) and coupled cell cycle and cell proliferation assay.
Mouse H2AX ™/~ MEEF cells were established by Dr Andre Nussenzweig group’
and cells were cultured with DMEM supplemented with 10% FBS and 1%
antibiotic/antimycotic solution (Sigma-Aldrich). We confirmed that exogenous
FLAG-tagged H2AX-WT and H2AX-K134A proteins were appropriately
incorporated inte chromatin {Supplementary Fig. 6).

In vitro kinase and pull-down assay. Hela cells were lysed with CelLytic M cell
Iysis reagent (Sigma-Aldrich) containing protease and phosphatase inhibitors 2h
after treatment with 1 pM of doxorubicin and used as enzyme source. Biotin-tagged
unmethylated H2AX peptide (Biotin-SATVGPKAPSGGKKATQASQEY) or
biotin-tagged methylated H2AX peptide (Biotin-SATVGPKAPSGGK[me2K]
ATQASQEY) is mixed with different amount of doxorubicin-induced Hel.a cell
lysates in the kinase buffer (50 mM HEPES, pH 7.5, 50 mM potassiurn chloride,
5mM magnesium chloride, 10% glycerol, 1 mM ATP and 1 mM dithiothreitol) for
90 min at 30 °C. Peptides were precipitated with Dynabeads M-280 streptavidin
(Life Technologies) and the samples were separated on SDS-PAGE using the
Tris-Tricine Precast Gel (456-3063, Bio-Rad}. Subsequently, WB was performed
using an anti-y-H2AX antibody (Millipore). The nitrocellulose membrane for the
WB was stained with MemCode Reversible Stain (Thermo Scientific) to quantify
the amount of peptides.

Dominant-negative experiments. Hela cells were cultured for 24h and trans-
fected with a FLAG-H2AX-WT expression vector, a FLAG-H2AX-K134A
expression vector or a FLAG-Mock {Empty) vector and an HA-SUV39H2
expression vector using FuGENE HD transfection reagent (Roche Applied
Science). Cells were harvested 48 h after transfection and lysed with CelLytic M cell
lysis reagent (Sigma-Aldrich) containing a complete protease inhibitor cocktail
(Roche Applied Science). Samples were separated by standard SDS-PAGE and
subsequently immunoblotted with anti-H2AK134me2, anti-y-H2AX antibody,
anti-H2AX, anti-FLAG and anti-z-Tubulin antibodies. Endogenous or exogenous
H2AX K134 methylation and y-H2AX levels were quantified by GS-800 calibrated
imaging densitometer (Bio-Rad).

Radiosensitivity and chemosensitivity experiments, With regard to the
knockdown experiment, we cultured RERF-LC-AI cells for 24 h and transfected
control siIRNA (siNC) and two independent SUV39H2 siRNAs into the cells, After
48 h, the cells were irradiated with 3 or 6 Gy of ionizing radiation by cabinet X-ray
system (Newco), and cel viability was measured by CCK-8 (Dojindo) 24 h after
irradiation. In addition, RERF-LC-AI cells were treated with various concentrations
of cisplatin or doxorubicin 48 h after treatment with siRNAs, and the cells were
cultured for additional 48 h. Subsequently, cell viability was measured by CCK-8
and the SigmaPlot software (Systat Software) was used to calculate IC50. As for the
dominant-negative experiment, HeLa cells were transfected with a FLAG-H2AX-
WT or a FLAG-H2AX-K134A expression vector with an HA-SUV39H2 expression
vector using FuGENE HD (Roche Applied Science} reagent. After 24 and 72h,
transfected Hela celis were irradiated with 6 or 10 Gy of ionizing radiation by
cabinet X-ray system (Newco) and cell viability was measured by CCK-8 (Dojindo)
24 h after the second irradiation. In addition, vector-transfected HelLa cells were
treated with various concentrations of cisplatin or doxorubicin 24 h after the
transfection, and the cells were cultured for additional 48 h. Next, cell viability was
measured by CCK-8. IC50 was calculated with the SigmaPlot software.

Colony formation assays. Hela cells, cultured in EMEM with 10% FBS, were
transfected with a p3xFLAG-H2AX-WT vector or a p3xFLAG-H2AX-K134A

containing 0.8 mgml ~! of Geneticin/G-418 for 15 days. The colony number was
caleulated by GS-800-calibrated densitometer and results are the means £ s.d. of
three independent experiments. P-values were calculated using Student’s #-test.

Statistical analysis. Each experiment has been repeated at least three times.
Values were presented as the mean plus or minus s.d. Statistical analyses were
performed using unpaired Student’s f-test (two groups) and Kruskal-Wallis one-
way analysis of variance (more than two groups). Significant difference between
groups was noted when P-value was <0.05.
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