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: : ~ IFN-a production, but not inflammatory cyto-
k; PiasmacytothC : L kines such as IL-6 and TNF-a. By contrast,
CpG-A alone moved into late endosomes and
lysosomes within ¢cDCs. Interestingly, not only
CpG-A bur also CpG-B could stimulate the
TLRO signaling within static early endosomes,
resulting in the production of IFN-a. Thus,
extracellular Hsp90 has the ability to direct asso-
ciated CpGs into static early endosomes, leading
to interferon regulatory factor 7 activation and
IFN-a production.

Why, however, are DNA~Hsp90 complexes
retained in early endosomes but not in late
endosomes or lysosomes in DCs? We found that
endocytosed CpG-A~Hsp90 complexes were
selectively rransferred into Rab5°, early endo-
somal antigen (EEA)-1* static early endosomes.
Very recently, Lakadamyali ez 2/. have shown

that early endosomes are comprised of two dis-
tinct populations, a dynamic population that
is highly mobile on microtubules and matures
rapidly toward the late endosome and a static
population that matures much more slowly [63].
Cargos destined for degradation, including low-
density lipoprotein, EGF and influenza virus, are
internalized and targeted to the Rab5*, EEAL-
dynamic population of early endosomes, there-
after trafficking to Rab7* late endosomes. By
contrast, the recycling transferrin is delivered to
Rab5*, EEA1" static early endosomes, followed
by translocation to Rab11* recycling endosomes.
They also found that cargos trafficked into these
static early endosomes were retained for longer
periods and not translocated into late endosomes
and lysosomes. Thus, our observation that the
CpG-A-Hsp90 complex was retained in static
early endosomes, leading to sustained activation
of DCs and IFN-a production, is consistent
with their findings (Fieurs 2).

Hsp90 as a possible accelerator for
autoimmune diseases
; pDCs normally do not respond to self-DNA,
2‘9“{;‘9: Hsggo(";\c)laﬁ g (;Iog?tge:es en?ance lc?ducl?[gn of IZN-(;» by gnurme ~ which may reflect the fact that viral/bacterial
. dendritic cells. s complexes induce roduction . .
plasmacytoid DCs to a !’Z:‘vei tvé]ofofd hlghper than that mduc(;dpby CpG-A alyone DNA sequences contain fnumple CpG nucleo-
(B) Conventional DCs produce IFN-a. when stimulated with Hsp90-CpG-A complex tides that bind and activate TLRY, whereas
but not when stimulated with CpG-A alone. Hsp90 alone does not have any effect ~ mammalian selDNA contains fewer such
_on IFN-o production. Data are presented as means + standard error of the mean of motifs, which are most likely masked by meth-
triplicate we!ls** : . ylation. Recent evidence, however, suggests that
D%<§egtor?csceli p<0; OO? pa!red student t tESt e sel:DNA has the potential to trigger TLR9 but
: may fail to do so because it fails to access the
observed IFN-a production was shown to be TLR9-containing endolysosomal compart-
TLRY-dependent. We found that Hsp90- ments. One of the mechanisms to which this
chaperoned CpG-A was localized and retained  effect is attributed is the fact that DNase easily

within static early endosomes for longer periods

in ¢DGCs, thereby eliciting TLR9 signaling for

and rapidly breaks down extracellular DNA,
thereby hampering selt-DNA localization into
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endocytic compartments. The importance of
this mechanism in preventing autoimmune
responses has been shown by the fact that
mice deficient in DNase II develop systemic
lupus erythemarosus (SLE)-like syndrome (s4].
Recently, it has been demonstrated that pDCs
do sense and respond to self-DNA in human
autoimmune diseases. Therefore, we examined
whether Hsp90 targets selFDNA into static early
endosomes, resulting in IFN-a production by
human pDCs {s0}. Upon Hsp90-mediated
enforced endosomal translocation, both human
selt-DNA and CpG-ODN could activate DCs
via TLRY to produce IFN-a. Previous studies
have demonstrated the presence of autoantibod-
ies to Hsp90 165,66] and enhanced expression of
Hsp90 in peripheral blood mononuclear cells
of patients with active SLE [67,68], suggesting a
role of Hsp90 in the pathogenesis. In addition,
Hsp90 has been shown to localize both in the
cytoplasm and nucleus [69]. Moreover, under
stressful conditions, it has been shown that
cytosolic Hsp90 translocates to the nucleus [70].
This suggests that Hsp90 may bind sel-DNA
within the nucleus. When cells undergo necrosis,
selEDNA associated with endogenous Hsp90
could be released into the extracellular space
and mighe trigger IEN-a production by pDCs.
Our findings support the idea that Hsp90, an

endogenous danger signal molecule found in sera

of SLE patients, might be the key mediator of

pDC activation in SLE. Thus, Hsp90 may acti-
vate innate immunity to selfFDNA by forming a
complex with selDNA that is delivered to and
retained within early endocytic compartments
of pDCs to trigger TLR9 and induce IFN pro-
duction. Thus, we determined a fundamental
mechanism by which pDCs sense and respond
to selEDNA coupled with Hsp90. Our data
suggest that, through this pathway, pDCs drive
autoimmunity in autoimmune diseases. Several
host factors other than Hsp90 that can convert
selEDNA into a trigger of DC activation have
been reported. Endogenous cationic antimicro-
bial peptide LL37 (also known as CAMP) (711,
autoantibodies {721 and HMGB!1 {59} have been
demonstrated to do so by forming a complex
with host-derived DNA. Together, these find-
ings indicare that the ability of some of DAMPs
to convert sel-DNA into a trigger of high levels
of IFN-o. production depends on the capacity of
DAMPs to concentrate and retain DNA in static
early endosomes, thus enabling the selective and
sustained activation of early endosomal TLRO.

Cross-presentation mediated by HSP:
pivotal role of Hsp90

HSPs inherently act as molecular chaperones, and
in our opinion, from an immunological point
of view, the most characteristic finding is that
HSPs can bind antigenic peptides within cells.
Therefore, immunization with a HSP-antigenic

) Extracellular HspQOIORMSO targets. chaperoned molecules into static early

- ’en&osomes. Earl ly endosomes are compnsed of static early. endosomes (RabS* and EEA-1%) and

jdynarmc early endoso (Rab5* and EEA-T).

Hsp90/ORP15O antigen or Hsp90-CpG-A complexes

are preferentially targeted and retained in static early endosomes of DCs, leading to efficient antigen
:,cross presentation as well as sustained activation of Toll-like receptor 9 and IFN-o. production._ :
Hsp: Heat—shock _protein; LDL l_ow densaty hpoprotem
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peptide complex elicits antigen-specific cytotoxic
T-cell responses. Therefore, extracellular HSP
can deliver associated antigens into the MHC
class I presentation pathway of antigen-present-
ing cells, a process called cross-presentation,
thus inducing antigen-specific CD8* T-cell
responses. However, the underlying mechanism
for introduction of an exogenous antigen into
a cross-presentation pathway remains unclear,
and the precise mechanism for intracellular anti-
gen translocation and the processing pathway
have not been fully elucidated. Recent evidence
indicates that exogenous antigens can be pro-
cessed through at least two distinct pathways,
one involving access of exogenous antigens
to the classical MHC class I loading pathway
(TAP-dependent) and the other involving
unconventional post-Golgi loading of MHC
class I molecules in endocytic compartments
(TAP-independent) 73. One or both of these
pathways can contribute to cross-presentation
depending on the source of exogenous antigens
such as soluble proteins, immune complexes or
peptides chaperoned by HSPs.

We first demonstrated that extracellular
Hsp90-peptide complexes generated in vitro
were efficiently cross-presented by DCs and
recognized by peptide-specific CTLs via a
TAP-independent ‘endosome-recycling’ path-
way because DCs derived from TAP-knockout
mice were fully functional in cross-presentation
of an Hsp90—peptide complex [74]. Next, we
showed that cross-presentation of extracellular
Hsp90—ovalbumin (OVA) protein complexes
to specific CD8* T cells involved both clas-
sical proteasome-TAP-dependent and TAP-
independent endosome-recycling pathways
175). Using confocal microscopy, we found
that the internalized extracellular Hsp90 and
OVA colocalized with cytosolic proteasomes.
To investigate whether endogenous Hsp90
was responsible for cross-presentation of the
exogenous Hsp90—-OVA complex, we treated
DCs with the Hsp90-specific inhibitor radici-
col in a cross-presentation assay. The results
showed that treatment of DCs with radicicol
did not affect the cross-presentation of exog-
enous Hsp90-OVA, suggesting that endog-
enous Hsp90 might not be responsible for the
exogenous Hsp90-mediated cross-presentation.
Strikingly, when an anti-Hsp90 monoclonal
antibody was introduced into DCs, the colo-
calization of internalized Hsp90-chaperoned
OVA and proteasomes was abolished, resule-
ing in inhibition of TAP-dependent cross-
presentation of OVA. Thus, extracellular Hsp90

may play a pivotal role in the translocation of
chaperoned antigens for proteasomal degrada-
tion in the cytosol. By contrast, a high con-
centration of soluble OVA (200 mg/ml) was
cross-presented by DCs, although the cross-
presentation was considerably less efficient than
that of a Hsp90—-OVA complex (20 pg/ml of
OVA). Interestingly, this cross-presentation was
radicicol-sensitive, indicating that endogenous
Hsp90 played an important role in the cross-
presentacion of exogenous OVA. Udono ez al.
have elegantly demonstrated that endogenous
Hsp90a was required for cross-presentation
of exogenous OVA using DCs derived from
Hsp90a-knockout mice [76]. Their findings
also suggest that endogenous Hsp90, as well as
exogenous Hsp90, might help the exogenous
Hsp90-OVA complex translocate into cyto-
sol at the cytosolic face for cross-presentation
(Frure 3). By contrast, OVA chaperoned by
Hsp90 was not presented by MHC class 1T mol-
ecules in vitro or in vivo, although the antigen
was exogenously loaded onto DCs. To confirm
these observations, we investigated the desti-
nation of Hsp90—OVA complexes and soluble
OVA after its uptake in DCs, using confocal
laser microscopy. Hsp90-chaperoned OVA was
observed to colocalize with early endosomes,
recycling endosomes, and proteasomes but
not lysosomes. By contrast, soluble OVA was
detected in early endosomes to lysosomes but
not in recycling endosomes, ER or proteasomes.
These findings indicated that Hsp90-OVA
complexes and soluble OVA were sorted into
different organelles. Thus, extracellular Hsp90
might be essendial for translocation of chaper-
oned antigens from the extracellular milieu into
the cytosol, resulting in proteasomal degrada-
tion for cross-presentation. These results have
revealed a novel mode of involvement of Hsp90
in antigen presentation by DCs: exogenous
Hsp90 preferentially introduces the chaperoned
antigen into the MHC class I pathway, resulting
in efficient cross-presentation. Since there is a
classical paradigm that extracellular antigens are
presented by MHC class I molecules, it seemed
significant to find that Hsp90 changed the des-
tination of the associated antigen on antigen
presentation. Calderwood’s group has recently
reported that the SREC-1 acts as an Hsp90
receptor for cross-presentation on DCs {77]. As
described previously, Lakadamyali ez 2/, dem-
onstrated that early endosomes are comprised of
two distinct populations: a dynamic population
that matures rapidly toward the late endosome
and lysosome, and a static early endosome that
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'MHC class |

proteasome. Resu!tant peptlde are !mpor‘ced intc the ER

,:onto newly synthesized MHC class 1 molecule
ER: Endoplasmxc reticulum; OVA Ova|bumm

martures much more slowly [63]. Interestingly,
Burgdorf er al. demonstrated that a mannose
receptor introduces exogenous OVA specifically
into an EEA-1*, Rab5* static early endosomal
compartment for subsequent cross-presentation
178.791. These observations are consistent with
dynamics of extracellular Hsp90 demonstrated
by us. By contrast, OVA endocytosed by a SR
did nor colocalize with EEA-1; instead, it colo-
calized with LAMP-1 in the lysosome as shown
here, leading o presentation in the context of
MHC class Il molecules. Thus, we expect that
Hsp90-specific receptors such as SREC-1 mighe
introduce the Hsp90-OVA complex into the
static early endosome for cross-presentation.
Furthermore, we have recently shown that an
ER-resident Hsp70 family member, oxygen-
regulated protein 150 (ORP150), localized to
static early endosomes after endocytosis, lead-
ing to antigen cross-presentation when pulsed
onto DCs 80}. These CTLs induced by immu-
nization with Hsp90/ORP150 peptide com-
plexes could inhibit established tumor growth,
indicating that Hsp90/ORPI50 peptide com-

plexes act as cancer vaccines. Importantly, the

‘Hsp90 are processed by endosoma!
jathway onto MHC c!ass | moiecu(es

1 a TAP ependent fashx\oh‘ahd are loaded :

Hsp90/ORP150-mediated cross-presentation
pathway for exogenous peptides has been
shown to be an endosome-recycling pathway,
not a conventional TAP-dependent pachway.
Targeting static early endosomes is the key fea-
ture of Hsp90/ORP150 for inducing innate as
well as adaptive immune responses. These find-
ings provide a rationale for the development of
Hsp90-based vaccination strategies for cancer
as well as viral immunicy.

Future perspective

Can all HSPs target chaperoned molecules
to static early endosomes? It has been shown
that Hsp90 and ORP150 could be rargeted to
static early endosomes after endocytosis, lead-
ing to antigen cross-presentation when pulsed
onto DCs. Whether chis is the case for other
HSPs, however, remains to be determined. More
importantly, the HSP receptor responsible for
targeting to static early endosomes should be
clarified. Elucidation of the molecular basis
for sorting HSPs to static endosomes will also
be necessary to establish HSP-based cancer
vaccines.
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HSP release & HSP receptors

cells (DCs).
Spatiotemporal regulation of HSPs

Conclusion

the need for an adjuvant.

Heat-shock proteins are key players in orchestrating innate & adaptive immunity
= Extracellular heat-shock proteins (HSPs) behave as endogenous danger signals for activation of innate immune responses through
binding to Toll-like receptors (TLRs).
= Extracellular HSPs can bind innate ligands and augment innate immune responses through spatiotemporal regulation of chaperoned
ligands.
= Extracellular HSP-antigen complexes are cross-presented by antigen-presenting cells via both a TAP-independent endocytic pathway
and a TAP-dependent pathway.

= Extracellular Hsp90/0ORP150 is targeted to static early endosomes within DCs.
s Extracellular Hsp90—self-DNA/CpG-A complex can stimulate IFN-a. production by DCs via spatiotemporal regulation.

= Both extracellular Hsp90 and endogenous Hsp90 may be involved in translocation of exogenous antigen from the endosome to the
cytosol for degradation by proteasome, leading to antigen cross-presentation.

= HSPs are released from cells by passive and active mechanisms in response to several kinds of stress.
= TLRs and scavenger receptors have been identified as receptors for HSPs expressed on antigen-presenting cells such as dendritic

= HSPs can link innate and adaptive immune responses, leading to amplified immune responses.
= HSPs are attractive candidates for vaccine development due to their ability to target DCs and to induce specific cytotoxic T cells without

= Elucidation of the molecular basis for sorting HSPs to static endosomes should lead to the establishment of HSP-based cancer vaccines.
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Abstract Focal inflammation causes systemic fever. Can-
cer hyperthermia therapy results in shrinkage of tumors by
various mechanisms, including induction of adaptive im-
mune response. However, the physiological meaning of
systemic fever and mechanisms of tumor shrinkage by hy-
perthermia have not been completely understood. In this
study, we investigated how heat shock influences the adap-
tive immune system. We established a cytotoxic T lympho-
cyte (CTL) clone (#IM29) specific for survivin, one of the
tumor-associated antigens (TAAs), from survivin peptide-
immunized cancer patients’ peripheral blood, and the CTL
activities were investigated in several temperature condi-
tions (37-41 °C). Cytotoxicity and IFN-y secretion of
CTL were greatest under vh39 °C condition, whereas
they were minimum under 41 °C. To address the molecular
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mechanisms of this phenomenon, we investigated the apo-
ptosis status of CTLs, expression of CD3, CD8, and
TCRaf3 by flow cytometry, and expression of perforin,
granzyme B, and Fas ligand by western blot analysis. The
expression of perforin and granzyme B were upregulated
under temperature conditions of 39 and 41 °C. On the other
hand, CTL cell death was induced under 41 °C condition
with highest Caspase-3 activity. Therefore, the greatest cyto-
toxicity activity at 39 °C might depend on upregulation of
cytotoxic granule proteins including perforin and granzyme
B. These results suggest that heat shock enhances effector
phase of the adaptive immune system and promotes eradi-
cation of microbe and taumor cells.

Keywords Heat shock - CTL - Perforin - Survivin

Abbreviations

CTL Cytotoxic T lymphocyte

TAA Tumor-associated antigen

HLA  Human leukocyte antigen

PBMC Peripheral blood mononuclear cell
mAb Monoclonal antibody

HSP Heat shock protein

Introduction

Inflammation is defined by four classical signs, pain (dolor),
heat (calor), redness (rubor), and swelling (tumor), caused by
secretion of inflammatory cytokines (e.g., IL-13, TNFa, and
IL-6) from inflammatory cells (Bernheim et al. 1979). Inflam-
matory cytokines induce the secretion of prostaglandin E2
from endothelial cells of the central nervous system, and
prostaglandin E2 acts in the hypothalamic area, resulting in
fever. Although fever is one of the well-described symptoms of
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Table I Summary of antibodies
Antigen Company Clone Dilution Application
CD3 Beckman Coletr UCHT1 Flow cytometry
CD8 BD SK1 Flow cytometry
TCRap Thermo scientific BMAO31 Flow cytometry
HLA-A24 -8 C7709A2.6 Culture sup. Flow cytometry
Fas Ligand MBL CH-11 1000 Western blot
Perforin SIGMA 3B4 1000 Western blot
Granzyme B R&D systems 351927 1000 Western blot
HSP90 Enzo Life Sciences ACS88 1000 Western blot
HSP70 Enzo Life Sciences 1000 Western blot
Fas Ligand R&D systems #154922 1000 Western blot
B-actin SIGMA AC15 2000 Western blot

*Kind gift from Dr. P. G. Coulie

inflammation, the physiological meanings on adaptive immu-
nity involving cytotoxic T lymphocytes (CTLs) still remain
unclear.

Hyperthermia for cancer treatment has been of clinical
interest for many years, though the exact anti-tumor mech-
anism remains unclear. Several reports have indicated that
heat treatment enhanced adaptive immune response by CTL
cross-priming due to induction of heat shock proteins
(HSPs). HSPs associated with antigenic peptides and HSPs
induced by heat treatment in cancer cells enhance cancer-
specific adaptive immune responses by cross-priming
(Bachleitner-Hofmann et al. 2006; Brusa et al. 2009; Sato
et al. 2009, 2010; Shi et al. 2006; Torigoe et al. 2009). On
the other hand, the direct effects of heat treatment on estab-
lished CTLs remain unknown.

Fig. 1 Establishment of CTL
clone #IM29. a Schematic

summary of establishment of
CTL clone. Survivin tetramer-
positive cells were single-cell-

LN

4.0%

55N
Single cell
Sorting

In this study, we investigated the effect of heat treatment
on a CTL clone specific for survivin, one of the tumor-
associated antigens (TAAs; Hirohashi et al. 2002). Heat
treatment (39 °C) of CTLs enhanced the cytotoxicity and
the secretion of IFN-y of CTLs, whereas heat treatment with
higher temperature (41 °C) abrogated CTL functions. To
address the molecular mechanism of this phenomenon, we
examined changes in the expression of several molecules in
CTLs and found that the expression of cytotoxic granule
proteins (perforin and granzyme B) is enhanced by heat
treatment. On the other hand, the expression of CD3, CD8,
and TCR B did not show any difference. The viability of
CTLs was abrogated and apoptotic cells were increased by
higher heat treatment (41 °C). These findings indicate that
heat treatment of CTLs at 39 °C enhances CTL functions
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partially by upregulation of perforin and granzyme B, and
that heat treatment of CTLs at 41 °C abrogates CTL func-
tions partially by inducing apoptosis. Augmentation of CTL
functions by heat treatment might be one significant reason
of fever induced by inflammation and also one mechanism
of hyperthermia.

Materials and methods
Cells and antibodies

T2-A24 cells, human leukocyte antigen (HLA)-A24
gene-transduced T2 cells, were a kind gift from Dr. K.
Kuzushima (Nagoya, Japan). The cells were cultured in
RPMI1640 (SIGMA) supplemented with 10 % FBS
(Life Technologies) and 800 pg/ml of G418 (Life Tech-
nologies). K562 cells were obtained from ATCC and

A LDH release assay
50
2 40r *P<0.05 -
> *
g %0r
=
‘G _ =
o 20 ——37°C
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L 10- *[ —&—39°C
;\ * |-a—a41C
° | \ |
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Fig. 2 Heat treatment enhances CTL functions. a Cytotoxicity of CTL
clone #IM29 in several temperature conditions. Cytotoxicity of CTL
clone #IM29 using T2-A24 cells pulsed with survivin peptide was
evaluated by LDH release assay under several temperature conditions
(37, 39, and 41 °C). Asterisks represent significant difference (P<0.05,
¢ test). Data are mean+SD. b IFN-y secretion of CTL clone #IM29 in
several temperature conditions. IFN~-y secretion of CTL clone #IM29
using T2-A24 cells pulsed with survivin peptide was evaluated by
ELISA under several temperature conditions (37. 39, and 41 °C). Data
are mean. ¢ Cytotoxicity of CTL clone #IM29 using aCella TOX assay.
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cultured in RPMI1640 supplemented with 10 % FBS.
The antibodies used in this study are summarized in
Table 1.

Establishment of CTL clone #IM29

A survivin peptide-specific CTL clone was established
from peripheral blood of a 44-year-old patient with rectal
carcinoma who was treated with survivin peptide immu-
nization and IFNo (Kameshima et al. 2011). Survivin
peptide-specific CTLs were stained with survivin
peptide-HLA-A24 complex tetramer and were single-
cell-sorted by FACS Aria II (BD) into a round-
bottomed 96-well plate at single cell per well. The CTL
was incubated with irradiated 8x10* peripheral blood
mononuclear cells (PBMCs) in AIM-V (Life Technolo-
gies) medium supplemented with 10 % human AB serum
(kindly provided by Dr. Tatsuo Usui, Hokkaido Red

B 600
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=
5 } }
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D CTL clone #IM29 39°C
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Cytotoxicity of CTL clone #IM29 using T2-A24 cells pulsed with
survivin peptide was evaluated by aCella TOX assay under several
temperature conditions (37, 39, and 41 °C). Asterisks represent signif-
icant difference (P<0.05, ¢ test). Data are mean + SD. d Cytotoxicity of
CTL clone #IM29 in 39 °C condition. CTLs were preincubated in 39 ©
C for 1 day before cytotoxicity assay. Cytotoxicity of CTL clone
#IM29 was evaluated with survivin peptide-pulsed T2-A24 cells, con-
trol peptide (HIV)-pulsed T2-A24 cells and K562 cells in 39 °C.
Asterisks represent significant difference compared with HIV peptide-
pulsed T2-A24 cells or K562 cells (P<0.05, ¢ test). Data are mean=SD
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Cross Blood Center, Sapporo, Japan), 200 IU of IL-2
(R&D Systems), and 5 pg/ml of PHA (SIGMA). Grow-
ing wells were transferred into a 24-well plate and fed
every 3 days with AIM-V supplemented with 10 %
human AB serum and 200 1U of IL-2. On day 34, clones
were assessed by survivin tetramer staining and HIV-
tetramer as a negative control (Fig. 1a). Tetramers were
obtained from MBL Co., Ltd. (Nagoya, Japan).

Cytotoxicity assay and IFN-y ELISA

CTL clone #IM29 were preincubated at 3741 °C for 1 day
before cytotoxicity assay and IFN-y ELISA. Survivin
peptide-pulsed T2-A24 cells were seeded into a 96-well
plate at 5x10% cells/well. CTL clone #IM29 cells were
seeded at several effector/target (£/7) ratios, then incubated
at 37-41 °C for 6 h. Cytotoxicity of CTL clone #IM29 cells
was examined by using an LDH cytotoxicity detection kit
(TAKARA BIO Inc., Osaka, Japan) and aCella TOX kit
(Cell Technology, Inc., Mountain View, CA) according to
the manufacturer’s protocol.

Ten thousand survivin peptide-pulsed T2-A24 cells and
3x10% of CTL clone #29 cells were co-cultured in a 96-well
plate at 37—41 °C for 12 h, and then IFN~y concentrations in
supernatants were measured by using a Human IFN gamma
ELISA Xit (Thermo Scientific) as described in the manu-
facturer’s protocol.

Live images of cytotoxicity were recorded by the
OLYMPUS FLUOVIEW FV 300-171BG-SP system
(OLYMPUS). Briefly, T2-A24 cells were transduced
with GFP-plasmid using a Nucleofector V kit
(Amaxa). GFP-positive T2-A24 cells were pulsed with
survivin peptide and co-cultured with CTL clone #IM29
cells at an E/T ratio=10, and cultured in 37-41 °C for
4 h and live image were recorded.

Flow cytometry

For detection of HLA-A24 of T2-A24 cells, T2-A24 cells
were stained with anti-HLA-A24 mAb (C7709A2.6, kind
gift from Dr. P. G. Coulie, Brussels, Belgium) for 1 h,
washed three times with PBS, stained with FITC-labeled
anti-mouse IgG+M antibody (KPL, 200 times dilution)
for 30 min, and washed again one time with PBS. T2-
A24 cells were analyzed by a FACS Calibur (BD).

After treatment of CTL clone #IM29 cells at
37-41 °C for 12 h, the expression of CD3, CD8, and
TCRxf3 was examined by ad FACS Calibur. After
staining with first antibodies (summarized in Table 1),
CTL clone #IM29 cells were stained with FITC-labeled
anti-mouse IgG+M antibody and then analyzed by a
FACS Calibur. Mean fluorescent intensity was calculat-
ed by CELL Quest software (BD).

@__ Springer
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Western blot

Western blot analysis was performed as described previous-
ly (Nakatsugawa et al. 2011). Anti-perforin, granzyme B,
Fas ligand, HSP90, and f3-actin mAbs were used at 1,000x,
1,000%, 1,000x%, 1,000%, and 2,000x dilutions, respectively
(summarized in Table 1). The specific bands were quantitied
by using Image J software (NIH).

Detection of apoptosis

Apoptotic cells were detected by staining with anti-annexin V
antibody and propidium iodide (PI) using annexin V FLUOD
staining kit (Roche) according to the manufacturer’s protocol
and then analyzed by a FACS Calibur. For detection of dead
cells, CTLs were stained with Trypan Blue (Life Technologies)
and % dead cells were calculated by Countess Automated Cell
Counter (Life Technologies). Caspase-3 activity was measured
by using APOPCYTO Caspase-3 Colorimetric Assay Kit
(MBL, Nagoya, Japan) according to the manufacturer’s proto-
col. CTLs were preincubated under 37-41 °C conditions for
24 h, before caspase-3 assay.

N\
mAb ()

o| 10° 10" 102 10 10* | 37°C
§ FL1-H e 390C
° == 41°C
© ]
Is) b

] anti-HLA-A24

109 10! 102 108 104

FL1-H
>

FITC-labeled surface molecule

Fig. 3 Heat shock did not alter HLA-A24 expression on T2-A24 cells.
The expression of HLA-A24 on T2-A24 cells under several tempera-
ture conditions was evaluated by a FACS Calibur. Mean fluorescent
intensity (MFI) are listed in ESM 5
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Results

Establishment of survivin-derived antigenic peptide-specific
CTL clone

To establish a CTL clone specific for cancer cells, we sorted
survivin peptide-specific CTLs using survivin peptide-

A CTL clone #IM29
' 37°C  ~=39°C === 41°C
A
control CcD3

Cell Counts

HLA-A24 complex tetramer (Fig. la). Sorted CTLs were
grown in 96-well plates and a survivin tetramer-positive
CTL clone (#IM29) was cstablished (Fig. 1a). CTL clone
#IM29 recognized survivin peptide-pulsed T2-A24 cells at
different E/T ratios, whereas it did not recognize control
peptide-pulsed T2-A24 cells or K562 cells, indicating that
CTL clone #IM29 is specific for survivin peptide (Fig. Ib).
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Fig. 4 Expression of several molecules of CTL in several temperature
conditions. a Flow cytometer analysis of surface molecules on CTL clone
#IM29 cells under several temperature conditions. CD3, CD8 and TCRaf3
expression on CTL clone #IM29 under several temperature conditions was
analyzed by using a flow cytometer. Mean fluorescent intensity (MFT) are
listed in ESM 6. b Western blot analysis of CTL clone #IM29 under
several temperature conditions. Perforin, granzyme B, Fas ligand and
HSP90 protein expression in CTL clone #IM29 under several temperature
conditions was analyzed by western blot analysis. 3-Actin was uses as a
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internal positive control. Data are representative Western Blot pictures. ¢
Quantification of protein expression in CTL clone #IM29 uunder several
temperature conditions. Western blot bands were analyzed, and quantified
by Image J software (NIH). Perforin, granzyme B, Fas ligand, and HSP90
expression were standardized by -Actin. Data are relative expression of
perforin, granzyme B, Fas ligand and HSP90. d Heat shock did ot alter
Fas expression on T2-A24 cells. The expression of Fas on T2-A24 cells
under several temperature conditions was evaluated by a FACS Calibur.
Mean fluorescent intensity (MFT) are listed in ESM 7

@ Springer



762

A, Takahashi et al,

Heat treatment enhanced CTL functions

To address the effects of heat treatment on CTL func-
tions, we evaluated CTL functions under several tem-
perature (37-41 °C) conditions (Fig. 2a, b, ¢ and
Electronic supplementary material (ESM)). Cytotoxicity
of CTL was significantly enhanced in 39 °C condition
compared with 37 °C condition, whereas the cytotoxic-
ity was decreased in 41 °C condition by LDH release
assay (Fig. 2a). IFN-y secretion also showed similar
pattern as cytotoxicity with highest IFN-y secretion in
39 °C condition (Fig. 2b). To confirm the cytotoxicity
results using LDH release assay, we performed aCella
TOX assay. aCella TOX assay also showed that the
cytotoxicity of CTL was greatest in 39 °C condition,
and minimum in 41 °C (Fig. 2c¢). The specificity of
CTL was not altered in 39 °C condition indicating that
heat shock enhances only antigenic peptide-specific
cytotoxicity, but not non-specific cytotoxicity (Fig. 2d).

Heat shock induced the HSP70 expression in T2-A24
cells (Supplemental data 4), whereas the expression of
HLA-A24 molecule on T2-A24 cells was not enhanced
under heat shock conditions (Fig. 3).

Heat treatment upregulated the expression of perforin

CTLs recognize target cells through cell surface mole-
cules, including CD3, CD§, and TCR«f3, and kill target
cells by secretion of cytotoxic granule proteins includ-
ing perforin and granzyme B. We investigated the ex-
pression of these molecules in CTLs under several
temperature conditions (Fig. 4a and b). The expression
of CD3, CD8, and TCRxf on the surface of CTLs
were almost the same in all temperature conditions
(37-41 °C; Fig. 4a and b). On the other hand, the
expression of perforin and granzyme B were enhanced
in high temperature conditions (39 °C and 41 °C) com-
pared with its expression in 37 °C condition (Fig. 4b
and ¢). Fas ligand protein, another cytotoxic molecule
expression and Fas expression on T2-A24 cells did not
show any increase (Fig. 4b and d).

Heat treatment (41 °C) increased apoptotic cell death
of CTLs

Since CTL activity was minimum in the condition of 41 °C,
we investigated the cell conditions of CTLs in several

A 4 37°C 39°C 41°C
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Fig. 5 Apoptotic cell death was induced under 41 °C condition. a
Detection of apoptosis under several temperature conditions. Apoptotic
cell death was detected by anti-annexin V and propidium iodide (PI)
staining under several temperature conditions. Percentages represent
apoptotic cells (annexin V-positive and Pl-negative cells). b Percent
dead cells was increased in 41 °C. CTLs were preincubated in 37-41 °©
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C for 1 day. CTLs were stained with Trypan Blue and %dead cells were
counted by Countess Automated Cell Counter. Asterisks represent
significant difference (P<0.05, f test). Data are mean+SD. ¢ Caspase
3 was activated in 41 °C. CTLs were preincubated in 37-41 °C for
1 day. Caspase 3 activities were measured by APOPCYTO Caspase-3
Colorimetric Assay Kit. Data are mean+SD
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temperature conditions. Trypan Blue staining of CTLs cul-
tured in several temperatures revealed that the percentage of
dead cells was highest in 41 °C condition (Fig. 5b). To
address the type of cell death, annexin V and PI staining
was performed to detect apoptotic cell, which were greater
at 41 °C than in other temperature conditions (Fig. 5a); and
Caspase-3 activity was highest in the 41 °C condition
(Fig. 5¢). Thus, the CTL cell death partially by apoptosis
under 41 °C condition might be the reason of low CTL
activity in high temperature.

Discussion

The physiological meaning of fever caused by inflammation
has been a major issue for a long time. In this study, we
showed for the first time that CTL activity was upregulated
by heat treatment. Results of the cytotoxicity assay and IFN-
v assay showed that CTL activity was greatest at 39 °C and
that it was the minimum at 41 °C. These observations
indicate that fever caused by systemic inflammatory cyto-
kine release enhances CTL functions, and this might en-
hance eradication of pathogens. The enhancement of
cytotoxicity might depend on upregulation of cytotoxic
granule proteins including perforin and granzyme B. After
secretion from CTLs, perforin is inserted into the plasma
membrane, make pore and lyse target cells. Upregulation of
cytotoxic granule proteins might not be involved in the
enhancement of IFN-y secretion, suggesting the existence
of another molecular mechanism to enhance CTL functions
by heat shock.

The exact molecular mechanisms by which cytotoxic
granule proteins are upregulated in heat-treated CTLs re-
main unclear. Since we treated CTLs at 39 °C, it may be
transcription enhanced due to the activation of heat shock
factor-1 (HSF1); however, there is no HSF1-binding site
(heat shock element) in the promoter region of perforin
and granzyme B. (Pipkin et al. 2010) Another possible
explanation is stabilization of perforin protein by heat treat-
ment. Heat treatment induces upregulation of several chap-
erone proteins including HSPs by HSF1, and thus
association with these chaperone proteins may stabilize
and prolong the life span of cytotoxic granule proteins.
Further analysis is needed to clarify the exact molecular
mechanisms.

Hyperthermia is one treatment modality for cancers,
but the exact mechanisms by which it works to suppress
cancers remain unclear. Adaptive immune systems in-
duced by antigenic peptides bound to HSPs might be
mechanisms (enhancement of induction phase of CTL).
In this study, we showed that heat treatment enhanced
the cytotoxicity activity of CTLs (enhancement of ef-
fector phase of CTL). Therefore, heat treatment will
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enhance both induction and effector phases of adaptive
immune system. These two mechanisms should act syn-
ergistically, and the adaptive immune system should
have a role in hyperthermia.

In summary, we showed for the first time that heat treat-
ment of CTLs enhanced CTL functions. Upregulation of
cytotoxic granule proteins may play a role in this phenome-
non. Enhancement of CTL functions by heat treatment might
have a role in CTL functions in fever and hyperthermia.
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Abstract Aberrant DNA methylation has been implicated in
the development of hepatocellular carcinoma (HCC). Our aim
was to clarify its molecular mechanism and to identify useful
biomarkers by screening for DNA methylation in HCC.
Methylated CpG island amplification coupled with CpG is-
land microarray (MCAM) analysis was carried out to screen
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for methylated genes in primary HCC specimens [hepatitis B
virus (HBV)-positive, n=4; hepatitis C virus (HCV)-positive,
n=>5; HBV/HCV-negative, n=7]. Bisulfite pyrosequencing
was used to analyze the methylation of selected genes and
long interspersed nuclear element (LINE)-1 in HCC tissue
(n=57) and noncancerous liver tissue (#=50) from HCC
patients and in HCC cell lines (#=10). MCAM analysis
identified 332, 342, and 259 genes that were methylated in
HBV-positive, HCV-positive, and HBV/HCV-negative HCC
tissues, respectively. Among these genes, methylation of
KLHL35, PAXS5, PENK, and SPDYA was significantly higher
in HCC tissue than in noncancerous liver tissue, irrespective
of the hepatitis virus status. LINE-1 hypomethylation was also
prevalent in HCC and correlated positively with KLHL35 and
SPDYA methylation. Receiver operating characteristic curve
analysis revealed that methylation of the four genes and
LINE-1 strongly discriminated between HCC tissue and non-
cancerous liver tissue. Our data suggest that aberrant hyper-
and hypomethylation may contribute to a common pathogen-
esis mechanism in HCC. Hypermethylation of KLHL35, PAX,
PENK, and SDPYA and hypomethylation of LINE-1 could be
useful biomarkers for the detection of HCC.

Keywords Hepatocellular carcinoma - DNA methylation -
CpGisland - LINE-1 - Biomarker

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon human malignancies, worldwide [1]. Chronic infection
by hepatitis B virus (HBV) and hepatitis C virus (HCV) are
well-documented risk factors for the development of HCC,
while chronic alcoholism and various environmental factors,
including aflatoxin B1, are also believed to be important risk
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factors [2, 3]. The development and progression of HCC is
often a complex, multistep process entailing the evolution of
normal liver through chronic hepatitis and cirrhosis to HCC,
but HCC can also arise in a noncirrhotic liver. In either case,
the process is influenced by multiple genetic changes, in-
cluding allelic deletions, chromosomal losses and gains,
DNA rearrangements, and gene mutations [4]. In addition,
a growing body of evidence suggests that epigenetic
changes such as DNA methylation and histone modification
also play crucial roles in hepatocarcinogenesis.

Two seemingly contradictory epigenetic events coexist in
cancer: global hypomethylation, which is mainly observed
in repetitive sequences throughout the genome, and regional
hypermethylation, which is frequently associated with CpG
islands within gene promoters [5]. Hypermethylation of
CpG islands is a common feature of cancer and is associated
with gene silencing. Although the classical two-hit theory
posits that tumor suppressor genes are inactivated by gene
mutation or deletion, it is now recognized that DNA hyper-
methylation is a third mechanism by which inactivation of
tumor suppressor genes occurs, and that it plays a significant
role in tumorigenesis. In contrast to the CpG islands, repet-
itive DNA elements are normally heavily methylated in
somatic tissues. About 45 % of the human genome is com-
posed of repetitive sequences, including long interspersed
nuclear elements (LINEs) and short interspersed nuclear
clement [6], and studies have shown that methylation of
such repetitive elements can serve as a surrogate for the
global methylcytosine content [7]. In that regard, LINE-1
hypomethylation is known to occur during the development
of various human malignancies, including HCC [8, 9].

HCC is generally diagnosed at an advanced stage of
tumor progression, and a large fraction of HCC cases are
fatal. Thus, a better understanding of the underlying molec-
ular mechanisms and identification of genes critical for early
detection of HCC and therapeutic intervention would be
highly desirable. Although a number of hyper- or hypome-
thylated loci have been identified in HCC [10-12], only a
few studies have been conducted to unravel the genome-
wide methylation status [13—15]. In the present study, we
carried out genome-wide CpG island methylation analysis
in a set of primary HCC specimens, with and without
hepatitis virus infection. We also evaluated the hypomethy-
lation of LINE-1 and assessed its association with aberrant
CpG island hypermethylation in HCC.

Materials and methods
Tissue samples and cell lines

A total of 57 primary HCC specimens (HBV-positive, n=
21; HCV-positive, n=21; HBV/HCV-negative, n=15) were
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obtained through surgical resection or needle biopsy at
Sapporo Medical University Hospital. Corresponding sam-
ples of noncancerous liver tissue were also obtained from 50
patients. HBV surface (HBs) antigen and anti-HCV anti-
body were measured serologically. An informed consent
was obtained from all patients before collection of the speci-
mens. The ten liver cancer cell lines (HT17, PLC/PRE/5,
Li-7, huH-1, HuH-7, HepG2, Hep3B, HLE, HLF, and JHH-4)
used have been described previously [11]. To analyze resto-
ration of gene expression, cells were treated with 2.0 uM
S-aza-2'-deoxycytidine (5-aza-dC) (Sigma, St Louis, MO,
USA) for 72 h, replacing the drug and medium every 24 h.
Genomic DNA was extracted using the standard phenol-
chloroform procedure. Total RNA was extracted using
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) and then
treated with a DNA-free kit (Ambion, Austin, TX, USA).
Genomic DNA and total RNA from normal liver tissue from
a healthy individual were purchased from BioChain
(Hayward, CA, USA).

Methylated CpG island amplification coupled with CpG
island microarray

Methylated CpG island amplification (MCA) was per-
formed as described previously [13]. Briefly, 500 ng of
genomic DNA was digested with the methylation-sensitive
restriction endonuclease Smal (New England Biolabs,
Ipswich, MA, USA), after which it was digested with the
methylation-insensitive restriction endonuclease Xmal. The
adaptors were prepared by addition of the oligonucleotides
RMCAI12 (5'-CCGGGCAGAAAG-3") and RMCA24 (5'-
CCACCGCCATCCGAGCCTTTCTGC-3"). After ligation
of the digested DNA to the adaptors, PCR amplification
was carried out. Using a BioPrime Plus Array CGH
Genomic Labeling System (Invitrogen), MCA amplicons
from the HCC samples were labeled with Alexa Fluor 647,
while amplicons from a normal liver sample was labeled
with Alexa Fluor 555. The labeled MCA amplicons were
then hybridized to a custom human CpG island microarray
containing 15,134 probes covering 6,157 unique genes
(G4497A; Agilent Technologies, Santa Clara, CA, USA)
[16]. After washing, the array was scanned using an
Agilent DNA Microarray Scanner (Agilent technologies),
and the data were processed using Feature Extraction software
ver. 10.7 (Agilent Technologies). The data were then analyzed
using GeneSpring GX ver. 11 (Agilent Technologies).

Methylation-specific PCR

Genomic DNA (1 pg) was modified with sodium bisulfite
using an EpiTect Bisulfite Kit (Qiagen, Hilden, Germany),
and methylation-specific PCR (MSP) was performed as
described previously [17]. Briefly, PCR was run in a 25-pl
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volume containing 50 ng of bisulfite-treated DNA, 1x MSP
buffer [67 mM Tris—HCI (pH 8.8), 16.6 mM (NH4),SOy,,
6.7 mM MgCl,, and 10 mM 2-mercaptoethanol], 1.25 mM
dNTP, 0.4 uM each primer, and 0.5 U of JumpStart REDTaq
DNA Polymerase (Sigma). The PCR protocol for MSP
entailed 5 min at 95°C; 35 cycles of 30 s at 95°C, 30 s at
60°C, and 30 s at 72°C; and a 7 min final extension at 72°C.
Primer sequences and PCR product sizes are shown in
Supplementary Table 1.

Bisulfite pyrosequencing analysis

Bisulfite pyrosequencing analysis was performed as de-
scribed previously [17]. The PCR protocol entailed 5 min
at 95°C; 45 cycles of 1 min at 95°C, 1 min at 60°C, and
1 min at 72°C; and a 7-min final extension at 72°C.
PCR products were then bound to Streptavidin Sepharose
beads HP (Amersham Biosciences, Piscataway, NJ); after
which, the beads containing the immobilized PCR prod-
uct were purified, washed, and denatured using a 0.2 M
NaOH solution. After addition of 0.3 pM sequencing
primer to the purified PCR product, pyrosequencing
was carried out using a PSQI96MA system (Qiagen,
Hilden, Germany) and Pyro Q-CpG software (Qiagen).
Primer sequences and PCR product sizes are shown in
Supplementary Table 1.

Quantitative RT-PCR

Single-stranded ¢cDNA was prepared using SuperScript 111
reverse transcriptase (Invitrogen). Quantitative RT-PCR was
carried out using TagMan Gene Expression Assays
(KLHL35, Hs00400533_ml; PAX5, Hs00172003_m1;
PENK, Hs00175049_ml; SPDYA4, Hs00736925_m1;
GAPDH, Hs99999905 m1l; Applied Biosystems, Foster
City, CA, USA) and a 7500 Fast Real-Time PCR System
(Applied Biosystems) according to the manufacturer's
instructions. SDS1.4 software (Applied Biosystems) was
used for comparative delta Ct analysis, and GAPDH served
as an endogenous control.

Statistical analysis

To compare differences in continuous variables between
groups, ¢ tests or ANOVA with post hoc Tukey's tests were
performed. Fisher's exact test or chi-squared test was used
for analysis of categorical data. Receiver operator charac-
teristic (ROC) curves were constructed based on the levels
of methylation. Values of P<0.05 (two-sided) were consid-
ered statistically significant. Statistical analyses were carried
out using SPSS statistics 18 (IBM Corporation, Somers, NY,
USA) and GraphPad Prism ver. 5.0.2 (GraphPad Software,
La Jolla, CA, USA).
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Results
Genome-wide CpG island methylation analysis in HCC

To screen for CpG island hypermethylation in HCC, we
carried out methylated CpG island amplification coupled with
CpG island microarray (MCAM) analysis using a set of HCC
tissue specimens (HBV-positive, n=4; HCV-positive, n=5;
HBV/HCV-negative, n=7). As in an earlier study in which
the same array system was used, we utilized a signal ratio
(Cy5/Cy3) of >2.0 as the criterion for a methylation-positive
probe [13]. The average number of methylated probe sets in
the HCC specimens was 566 (range 159-846). To assess the
association between hepatitis virus infection and methylation
status, we categorized the HCC specimens according to their
viral status. The average numbers of methylated probe sets in
HBV-positive, HCV-positive, and the HBV/HCV-negative
HCC specimens were 574, 598, and 539, respectively, which
did not significantly differ (P=0.840). Interestingly, however,
the numbers of methylated probe sets were more varied
among HBV/HCV-negative HCCs, which is indicative of
their varied pathological backgrounds (Fig. 1a).

To identify commonly methylated genes in HCC, we select-
ed genes that were methylated in at least two tumors in each
group. Among the HBV-positive HCCs, 443 probe sets
(corresponding to 332 unique genes) satisfied this criterion.
Among the HCV-positive HCCs, 476 probe sets (342 unique
genes) satisfied the criterion, and among the HBV/HCV-nega-
tive HCCs, 348 probe sets (259 unique genes) satisfied the
criterion. Collectively, 714 probes (514 unique genes) were
selected as commonly methylated genes. Of those, 137, 146,
and 47 probe sets were methylated in only HBV-positive,
HCV-positive, or HBV/HCV-negative HCC tissues, respective-
ly (Fig. 1b). By contrast, a large number of genes were meth-
ylated in multiple categories, and 169 probe sets were
methylated in all three groups (Fig. 1b). Consistent with the
above results, unsupervised hierarchical clustering analysis
demonstrated that some genes were methylated irrespective of
the hepatitis virus status, and that HCV-positive HCCs
exhibited the largest number of methylated genes (Fig. lc,
Supplementary Fig. 1). Gene ontology analysis of the com-
monly methylated genes revealed that genes related to “multi-
cellular organismal process,” “developmental process,” and
“system development” are significantly enriched among the
methylated genes (Supplementary Table 2). In addition, path-
way analysis suggested that some of the methylated genes are
involved in differentiation and development (Supplementary
Fig. 2).

Identification of novel genes methylated in HCC

Our MCAM analysis suggested that some genes were meth-
ylated in a hepatitis virus-specific manner, but a larger
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Fig. 1 Genome-wide analysis of CpG island methylation. a MCAM
analysis was carried out using a series of HCC tissue specimens (HBV-
positive, n=4; HCV-positive, n=>5; HBV/HCV-negative, NBNC, n=7).
MCAM data were categorized into three groups based on the hepatitis
virus status, and the numbers of methylated genes in the respective
categories are shown. b Venn diagram analysis of the methylated genes
in the indicated categories. ¢ Gene tree view of the MCAM analysis
results. A set of 714 probes (514 unique genes) were selected as
commonly methylated genes, after which, hierarchical clustering was
performed. Each row represents a single probe

number were commonly methylated in HCC. Because re-
cent studies have suggested that aberrant DNA methylation
could be a useful diagnostic marker for HCC, we next aimed
to identify novel genes frequently methylated in HCC.
Among the genes commonly methylated irrespective of
hepatitis virus status, we selected 14 (KLHL35, PAXS,
PENK, SPDYA, LTBP2, DLXI, PGBDI, WNT94,
ADRAIA, RHOBTBI, GDNF, WNT1l, MLL, and PLECI)
and carried out MSP to assess their methylation status in a
series of HCC cell lines (Supplementary Fig. 3). We found
that four (KLHL35, PAXS5, PENK, and SPDYA) of the genes
were frequently methylated in HCC cell lines, but showed
only little or no methylation in normal liver tissue from a
healthy individual (Supplementary Fig. 3). We therefore
used quantitative bisulfite pyrosequencing to further analyze
the methylation levels of these four genes (Supplementary
Figs. 4 and 5).

To determine the extent to which these genes are aberrantly
methylated in primary tumors, we analyzed a set of primary
HCC specimens (HBV-positive, n=21; HCV-positive, n=21;
HBV/HCV-negative, n=15) and corresponding noncancerous
liver tissues from the same patients (HBV-positive, n=18;

‘2_1 Springer

395

HCV-positive, n=18; HBV/HCV-negative, n=14). Bisulfite
pyrosequencing analysis revealed the methylation levels of
the four genes to be significantly higher in tumor tissues than
in their noncancerous counterparts (KLHL335,37.9 vs. 10.4 %,
P<0.001; PAXS, 23.4 vs. 7.7 %, P<0.001; PENK 41.1 vs.
22.0 %, P<0.001; SPDYA, 49.7 vs. 19.3 %, P<0.001)
(Supplementary Fig. 6). Moreover, these genes were frequent-
ly methylated in HCCs, irrespective of the hepatitis virus
infection (KLHL35, HBV-positive, 37.5 vs. 9.9 %, P<0.001;
HCV-positive, 38.3 vs. 9.0 %, P<0.001; HBV/HCV-negative,
37.7 vs. 13.0 %, P<0.001; P4X5, HBV-positive, 22.2 vs.
7.6 %, P=0.014; HCV-positive, 26.5 vs. 7.2 %, P<0.001;
HBV/HCV-negative, 20.7 vs. 8.5 %, P=0.017; PENK, HBV-
positive, 45.1 vs. 20.9 %, P<0.001; HCV-positive, 39.2 vs.
23.5 %, P=0.001; HBV/HCV-negative, 38.2 vs. 21.3 %,
P=0.006; SPDYA, HBV-positive, 51.5 vs. 19.8 %, £<0.001;
HCV-positive, 46.6 vs. 15.3 %, P<0.001; HBV/HCV-nega-
tive, 51.3 vs. 23.7 %, P<0.001) (Fig. 2a). The association
between the methylation of each gene and the clinicopatho-
logical features are shown in Table 1. Methylation of KLHL35
and PAXS was correlated with greater age, and SPDYA4 meth-
ylation was moderately correlated with higher PIVKA-II lev-
els, but we found no other significant correlations (Table 1).
We also generated an ROC curve and observed that methyl-
ation of the four genes discriminated strongly between tumor
tissues and noncancerous liver tissue, suggesting that methyl-
ation of these genes could be a useful tumor marker (Fig. 2b).
The most discriminating cutoffs for KLHL35, PAXS, PENK,
and SPDYA were 14.8 % (sensitivity, 82.5 %; specificity,
88.0 %), 12.5 % (sensitivity, 63.2 %; specificity, 94.0 %),
28.4 % (sensitivity, 70.2 %, specificity, 96.0 %), and 30.3 %
(sensitivity, 86.0 %; specificity, 94.0 %), respectively.

Analysis of KLHL35, PAXS5, PENK, and SPYDA
methylation and expression

We next tested whether methylation of KLHL35, PAXS,
PENK, and SPYDA was associated with their silencing in
HCC. Bisulfite pyrosequencing analysis revealed that the
degree to which these genes were methylated varied among
the HCC cell lines, but it was always much higher than in
normal liver tissue from a healthy individual (Fig. 3a).
Quantitative RT-PCR analysis confirmed an inverse rela-
tionship between methylation and expression of KLHL35

Fig. 2 Quantitative methylation analysis of the genes identified by
MCAM. a Summary of the bisulfite pyrosequencing analysis of
KLHL35, PAXS5, PENK, and SPDYA in tumor tissue (7) and noncan-
cerous liver tissue (N) from HBV-positive, HCV-positive, and HBV/
HCB-negative (NBNC) HCC patients. b ROC curve analysis of the
methylation of the indicated genes. The area under the ROC curve
(AUC) for each site conveys its utility (in terms of sensitivity and
specificity) for distinguishing between HCC tissue and corresponding
noncancerous liver tissue from the same HCC patients
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and PAXS in the cell lines and normal liver tissue (Fig. 3b),
whereas methylation of PENK and SPDYA did not correlate

100 - specificity (%)
significantly with their expression levels. The expression of
PENK was undetectable in seven HCC cell lines and in
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Table 1 Association between clinicopathological features and DNA methylation in HCC

N KLHL35 methylation PAXS5 methylation PENK methylation SPDYA methylation LINE-{ methylation
Mean SD  Pvalue Mean SD  Pvalue Mean SD Pvalue Mean SD  Pvalue Mean SD P value
Age
<63 24 30.3 17.7 0.003 183 17.1 0.026 417 193 0.583 512 179 0.945 494 148 0.571
>64 23 472 185 323 241 44.8  19.6 509 15.0 472 106
Sex
M 39 375 203 226 209 40.2  19.6 50.1 18.1 478 133
F 18 372 22,0 0953 252 199 0.652 43.1 196 0.602 487 167 0.771 515 120 0.318
Virus
HBV 21 356 203 231 245 443 194 50.7 154 504 139
HCV 21 38.3 19.5 265 19.0 39.2 188 46.6  19.6 502 122
NBNC 15 361 222 0.900 207 17.2 0.698 382  21.0 0.603 513 18.0 0.668 447 129 0.359
Child-Pugh
A 44 392 200 255 223 434 196 514 156 43.6 124
B 3 297 182 0426 199 11.8 0.672 41.0 17.1 0.842 453 295 0.536 446  20.6 0.609
PIVKA-IT (mAU/ml)
<21 16 40.0 195 240 257 421 19.1 535 1441 48.0 ILS
22-66 16 358 118 234 142 446 140 429 159 529 107
>67 15 40.1 269 0.795 283 248 0.802 428 249 0933 57.1 16.6 0.039 438 151 0.136
AFP (ng/ml)
<74 16 39.3 193 25.8 241 414 190 494 170 474 9.2
7.5-55.0 16 449 202 31.1 0 232 515 156 55.0 167 50.6 134
>55.1 15 31.1 18.7 0.150 18.1 16.3  0.256 363 21.0 0.078 487 158 0.509 469 157 0.695
Cirrhosis
0 27 353 234 222 222 40.0 22.1 51.8 182 477 147
1 24 40.7 16.5 0.353 25.7 203 0.559 442  17.8 0467 50.5 15.8 0.795 492  11.3 0.687
Vascular invasion
0 42 38.3 18.5 240 210 439 195 52.3 151 482  12.8
1 9 357 289 0.353 231 233 0.559 331 215 0467 46.1 242 0.795 493 151 0.687
TNM stage
1 6 295 154 150 9.8 50.6 121 433 208 584 118
2 20 37.7 204 246 203 447 193 53.7 118 47.5 132
3 13 454 143 244 234 43.0 193 55.5 138 448 10.6
4 6 324 286 0335 309 284 0.639 294 233 0.262 41.6 255 0.181 475 16.1 0200
Multiple cancer
0 33 383 221 262  23.9 439 2038 51.1 18.5 488 142
1 13 38.6 143 0.964 224 169 0.609 41.7 164 0.732 50.5 10.7 0.911 483 85 00916
NBNC HBV/HCV-negative

normal liver tissue, irrespective of the methylation status
(Fig. 3b). Conversely, although SPDYA was highly methylated
in a majority of HCC cell lines, its expression was detectable
in all cells, and most of the HCC lines exhibited greater
SPDYA expression than did normal liver tissue (Fig. 3b).
The above results suggest that KLHL35 and P4X5 are epige-
netically silenced in HCC cells. Consistent with that idea,
treating methylated cell lines with a DNA methyltransferase
inhibitor, 5-aza-dC, restored the expression of KLHL35 and
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PAX5 (Fig. 3¢). On the other hand, the expression of PENK
and SPDYA does not appear to be affected by methylation.

Analysis of LINE-1 methylation and its association
with gene hypermethylation

It was previously reported that LINE-1 is frequently hypo-
methylated in HCC, though most of those studies focused
on HBV-positive tumors. Similarly, by using the bisulfite



