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In conclusion, this study demonstrated the tumor-suppres-
sive effects and major underlying mechanism of efatutazone
involving inactivation of the Akt pathway. Treatment with
efatutazone combined with cetuximab produced a synergistic
effect by negatively regulating both the PI3K-Akt and MAPK
pathways, These results suggest that efatutazone could be used
both alone and in combination with cetuximab as a potential
therapeutic approach for ESCC.
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Introduction histone H2AX at Ser]139 (YH2AX) [7,8,9]. In many cases, YH2AX
. nuclear foci are indicators of DNA double-strand breaks (DSBs)
Hyperthermia is one of the oldest methods used to treat cancer [10] and YH2AX plays a critical role in the recruitment of repair
patients. When hyperthermia is combined with other treatments, a factors to sites of DNA damage [11]. Heat-induced yH2AX
significant improvement m the clinical outcome 15 OPSC""ed [1]. nuclear foci have been suggested to coincide with heat-induced
We have used hyperthermia together with chemoradiotherapy to DNA DSBs, which cause the loss of cell viability [7,8]. Another
. s, S 58 ,8].
treat patients with esophageal cancer and rectal cancer with report showed that DNA DSBs are not associated with heat-
clinical benefit [2,3]. Currently, heat is one of the most potent induced YH2AX nuclear foci, because the recruitment of DSB
sensitizers to the action of ionizing radiation (IR) in cells and in repair factors such as 53BP1 and SMC1 was not observed [9]
human tumors [4], but how heat enhances tumor cytotoxicity is Heat per se induces several steps associated with DNA damage
not fully “1‘({31:5f00f{~ ) . , responses (DDR). Heat induces the autophosphorylation of ATM
One possibility is that heat induces DI'\A damage. DNA 4 8011981 and activates its kinase activity, but this occurs in the
degradation was detected in heat-treated Chinese hamster ovary absence of apparent DNA strand breaks [9]. Prior ATM activation
cells by the alkaline elution method [5]. DNA strand-scissions were by heat may interfere with the normal DDR induced by IR, which

detected as early as 15 minutes-in heat-treated Helaa cells in an in
situ nick translation assay, and ‘the heat-induced DNA scissions
were closely correlated with cytotoxicity |6]. These results suggest
that DNA single-strand breaks or gaps are induced by heat. Heat
also induces the phosphorylation and nuclear foci formation of

is requiredfor the “activation ‘of “cell cycle checkpoints “and
chromosomal DNA DSB repair. Indeed, heat perturbs IR-induced
DDR mediated by 53BP1 and its downstream targets, which may
explain heat radiosensitization [12]. Heat-induced alterations in
chromatin structure cause aberrant activation of DDR and reduce

PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | 55361
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doi:10.1371/journal.pone.0055361.g001

accessibility of DNA repair machinery to the damage sites of the
following IR [4]. Recently, the ATR-Chkl pathway was shown to
be preferentially activated by heat [13]. Selective inhibitors of
ATR or Chkl enhanced heat-induced apoptosis, and their effect
was more prominent than sclective inhibitors of ATM or Chk2,
suggesting the importance of the ATR-Chkl pathway in
protecting cells from heat cytotoxicity. The ATR-Chk] pathway

PLOS ONE | www.plosone.org 2

is activated when replication forks are stalled {14}, and various
factors, including replication protein A (RPA)-coated single-strand
DNA (ssDNA), 5" ends at primer-template junctions, ATR
nteracting protein (ATRIP), TopBP1, Claspin, polymerase alpha,
Rad9-Radi-Hus! (9-1-1) heterotrimeric clamp and Radl7-RFC
clamp loader of 9-1-1, are involved in this process [15]. ATR
kinase phosphorylates multiple downstream targets other than

February 2013 | Volume 8 | Issue 2 | e55361
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Chkl, such as RPA32 [16] and Fancl [17,18], which play an
important role in S phase checkpoint and Fanconi anemia (IFA)
pathway activation, respectively. However, it is not known which
factors are required for heat-induced activation of the ATR-Chk!l
pathway or which downstream targets of ATR kinase are
phosphorylated at high temperature.

To understand the mechanism for heat-induced activation of
the signaling pathways belonging to ATR-Chkl and ATM-Chk2
axes, we performed genetic analysis using human HelLa cells and
chicken DT'40 cells. We found that heat-induced activation of the
ATR-Chk] pathway was largely dependent on Rad9, Radl7,
TopBP1 or Claspin, essential factors for activation of ATR-ChkI
pathway at stalled replication forks. Heat-induced activation of the
ATR-Chk] pathway, however, was not associated with FancD2
monoubiquitination, an indicator of FA pathway activation [19],
or RPA32 phosphorylation |16}, which suggests that heat does not
activate all downstream targets of ATR kinase. ATR and ATM
kinases contributed to heat tolerance in a non-overlapping manner
and simultancous inhibition of ATR and ATM kinases with
cafleine significantly enhanced the cytotoxic effect of hyperther-
mia. This study revealed the evolutionarily conserved roles of heat-
induced activation of DNA damage response.

Results

Heat induction of Chk1 phosphorylation but not of
FancD2 monoubiquitination in ‘Hela cells and chicken
DT40 cells

To analyze cellular responses to heat, Helia and chicken B
lymphoma DT40 cells and their mutants were used as model
systems. A temperature of 5.5°C above the normal culture
temperature (42.5°C for Hela cells, 45°C for D140 cells, normal
culture temperature for Hela cells and D'T40 cells is 37°C and
39.5°C, respectively) was used to provoke hyperthermia, because
this temperature induces cell death via disruption of DNA repair
machinery [8].

As reported previously [13], phosphorylation of Chk] Ser317
and Ser345 and Chk2 Thr68, the primary targets of ATR and
ATM kinases, respectively, was induced when Hela cells were
incubated at 42.5°C (Fig. 1A). Chkl Ser317 and Ser345
phosphorylation was detected as early as 30 minutes afler the
shift to 42.5°C, whereas phosphorylation of Chk2 Thr68 was
detected at 60 minutes (Iig. 1A). In DT40 cells, Chkl Ser345
phosphorylation was detected as early as 15 minutes after the shifi
to 45°C (Fig. 1B). In addition, slower migrating forms of Chk]
(indicated as Chkl* in Fig. 1B), indicating its posttranslational
modification, were induced with similar kinetics -(Fig. 1B).
However, monoubiquitination of FancD2 (Fig. 1B) or FancD2
nuclear foci (IMig. 1C and 1D) were not induced by heat in D'T40
cells. Furthermore, induction of FancD2 monoubiquitination,
RPA32 phosphorylation or RPA70/RPAS32 protein accumulation
was not detected in the chromatin plus nuclear matrix fraction of
heat-treated Helia cells, while such induction was clearly detected
in the chromatin plus nuclear matrix fraction of hydroxyurea
(HU)-treated HeLa cells (Fig. 1E). This result suggests that not all
downstream events of ATR kinase were induced by heat.

Rad9- and Rad17-deficiency suppressed heat-induced
Chk1 Ser345 phosphorylation and enhanced heat
cytotoxicity

The 9-1-1 clamp and the Radl7-RFC clamp loader play
essential roles in activation of the ATR-Chk] pathway at stalled
replication forks [14,20]. We examined the possible involvement

PLOS ONE | www.plosone.org
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of Rad9 and Radl7 in the heat-induced ATR-Chkl pathway and
heat cytotoxicity. First, we performed immuofluorescent staining
of endogenous Rad9 with anti-Rad9 antibody to analyze its
subnuclear localization during heat stress, 'When HeLa cells,
wransfected with siRNA against. GFP (as negative control), were
pre-extracted by ‘Triton X-100 before fixing with' paraformalde-
hyde, Rad9 signal was detécted and visualized as subnuclear foci,
whose intensity reduced significantly-by siRNA-mediated knock-
down of Rad9 (Fig. S1A). This result indicates that this anti-Rad9
antibody specifically  reacted with endogenous Rad9, which
accumulates in-detergent-resistant - subnuclear fraction, possibly
chromatin fraction, in normal culture condition. When Helaa cells
were incubated at 42.5°C for 30 minutes, similar subnuclear foci
of Rad9 were detected, while RPA32 subnuclear foci were not
detected (Iig. S1B). In contrast, when cells were treated with
5mM HU for 3 hours, subnuclear foci of Rad9 were also
detected, but some cells were positively stained with RPA32 (Fig.
S1B, indicated by white arrowheads). Collectively, these results
suggest that Rad9 resided in chromatin fraction even though
RPA32 was not actively accumulated in chromatin fraction when
cells were exposed to heat stress.

When HeLa cells were treated with siRNA targeting Rad9 or
Radl7, heat-induced Chkl-Ser317 and Ser345 phosphorylation
was suppressed, while heat-induced Chk2 Thr68 phosphorylation
was slightly increased (Fig. 2A). SiIRNA-mediated knockdown of
Rad9 or Radl7 in HeLa cells reduced clonogenic viability at the
higher temperature (Fig. 2B). When Rad9- or Radl7-deficient
D40 cells (rad9 or rad17) |21] were incubated at 45°C, Ser345
phosphorylation of Chkl was hardly detectable (Fig. 2C). The rad9
or radl7 cells also exhibited reduced clonogenic viability. at the
higher temperature (Fig. “2D). Tn“addition, the cleaved Chkl
peptide was clearly detected ‘when these cells were shified to
39.5°C aflter a 1-hour incubation at 45°C (Fig. 2L), while that
peptide was hardly detectable when wild-type cells were treated
similarly (Fig. S3E). Because this peptide was not detected in the
presence of the caspase inhibitor, ZVAD-fink (Fig. 2E), the peptide
must have heen produced by caspase-mediated cleavage during
apoptosis induced at 45°C 22,23}, Chkl peptide produced by
caspase-mediated cleavage at Asp299 was detected when cells
undergo apoptosis and a truncated form of Chkl mimicking the
N-terminal - cleavage - {ragment - (residue  1-299) -is implicated in
enhancing apoptotic reactions {22]. Consistently, the increase in
annexin V-positive, Pl-negative population was more prominent
in heat-treated rad9 and radl7 cells than in heat-treated wild-type
cells (Fig. 21). These results indicate that Rad9 and Radl7 were
required for activation of the’ ATR-Chk] pathway by heat and
were involved in the suppression of heat-induced apoptosis, and
contributed to the increase in clonogenic viability. Of note, slower
migrating forms of Chkl (Chk1*) were detected in red9 and rad17
cells, suggesting that this posttranslational modification of Chk!
still occurred in“the absence of Rad9- or Radl7-dependent ATR
activation.

siRNA-mediated knockdown of TopBP1 and Claspin
suppressed heat-induced Chk1 Ser345 phosphorylation
and enhanced heat cytotoxicity ;

In the activation .of ATR-Chkl pathway during stalled
replication forks, Rad9 and Radl7 cooperate with several essential
factors, such as TopBP1 and Claspin [15]: Endogenous TopBP1
was positively stained with anti-TopBP1 antibody by immunoflu-
orescence in detergent pre-extracted Hela cells, whose intensity
decreased significantly by siRNA-mediated knockdown of TopBP/!
(Fig. S1C), confirming the specificity of anti-TopBP1 antibody and
its chromatin localization. When HeLa cells were cultured at

February 2013 | Volume 8 | Issue 2 | e55361

105



Rad9, Rad17, TopBP1 and Claspin in Heat Tolerance

SiGFP  siRad9 siRad17
425C: 0 60 0 60 0 60 (min)

100

a-Rad9 < Rad9
a-Rad17 < Rad17 5
>
a-PS317 * 'a’
Chk1 1 Chk1-P 033
0-PS345 ©
Chk1 <4 Chk1-P S
RI: PS345 Chk1/Chk1: 1 0.5 0.7 -8 siGFP L
" —0— siRad9
o-Chk1 A~ siRad17
10 v T v T 1
“'g;ﬁg P 0 30 60 90 120 150
Exposure time (min
RIl: PT68 Chk2/Chk2: 1 1.1 1.2 P ( )
a-Chk2 | :
a-B-actin
D
Cc WT rad9 rad17 100
45°C: 0 30 60 90 O 30 60 90 0 30 60 90 (min)
a-PS345 4 Chk1.p
Chk1 =
1 Chki* 2
a-Chk1 Chk1 ; 10
a
<Cleaved =
Chk1 ] -B-WT
a-p-actin < B-actin —O— rad9
~A—rad17
1 1] 1 T
0 30 60 90
E DMSO +ZVAD-fmk Exposure time (min)
45°C: 0 60 60 60 O 60 60 60 (min) F 20
R 39.5°C: 60 120 60 120 (min) g ]
rad9 :Chk1* =] i
Chk1 2215 ]
a-Chk1 2ad
a0 e ]
Cleaved eE 2 10
Chki1 2% 1
1 4 Chkt* 2 ]
radi7 :Chk1 R® 5; 5]
o-Chk1 £= 1
< Cleaved < 0 -
Chk1 WT rad9 rad17

Figure 2. Rad9- or Rad17-deficiency inhibited heat-induced Chk1 phosphorylation at Ser345 and enhanced heat cytotoxicity. A.
Western blot. Hela cells were transfected with siRNA for GFP, Rad9 or Rad17 and cultured at 42.5°C for 60 minutes. Non-specific bands were indicated
as *. Rl: relative intensity compared to the sample of siGFP and 42.5°C for 60 minutes. B. Clonogenic survival. HeLa cells were transfected with siRNA
for GFP, Rad9 or Rad17 and cultured at 42.5°C for the indicated time. C. Western blot. Wild-type, Rad9- and Rad17-deficient DT40 cells (WT, rad9 or
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DMSO or caspase inhibitor (50 pM ZVAD-fmk). F. The induction of early apoptotic cells by heat. Early apoptotic cells were detected as annexin V-FITC-
positive, propidium iodide (Pl)-negative population. WT, rad9 and rad17 DT40 cells were cultured at 45°C for 60 minutes and at 39.5°C for
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doi:10.1371/journal.pone.0055361.9002
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42.5°C for 30 min, the detergent-resistant immunofluorescence
signal of TopBP1 was similarly detected, while that of RPA32 was
not (Fig. $1D). When HeLa cells were cultured in the presence of
5mM HU for 3 hours (Fig. SID), the detergent-resistant
immunofluorescence signal of TopBP1 was detected, but in this
case, some cells were also positively immunostained with RPA32
(Fig. SID). These results suggest that TopBPl resided in the
chromatin " fraction even though RPA32 was not actively
accumulated in chromatin fraction when cells were exposed to
heat stress, k

T'o test whether TopBP1 and Claspin are also involved in the
activation of ATR-Chk! pathway by heat or heat tolerance, we
knocked down TopBPI or Claspin by siRNA in Hela cells and
analyzed heat-induced phosphorylation of Chkl and Chk2 or heat
cytotoxicity by measuring clonogenic viability. Heat-induced Chkl
Ser345 phosphorylation was significantly suppressed by siRNA-
mediated knockdown of TopBP1 (Fig. 3A) or Claspin (Fig. 3C),
while heat-induced Chk2 Thr68 phosphorylation was slightly
enhanced (Fig. 3A" and 3C). Furthermore, siRNA-mediated
knockdown of TopBPI (Fig. 3B) or Claspin (Fig. 3D) decreased
clonogenic viability to heat stress significantly. These results
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indicate that TopBP1 and Claspin were also required for the
activation of ATR-Chkl pathway by heat stress and contributed to
the increase in clonogenic viability.

ATM-deficiency results in mild heat sensitivity that is
independent of ATR kinase activity

Next, we examined the possible involvement of ATM kinase
activity in” heat tolerance. In the presence of  ATM inhibitor,
KU55933, heat-induced” Chk2 ‘Thr68 phosphorylation  was

normally "induced (Iig. 4A). Clonogenic viability at the higher
temperature decreased only slightly in the presence of KU55933
(Fig. 4B). ATM-deficient D'T'40 cells (atm) also exhibited slight heat
sensitivity (Ifig. 4C), while heat-induced Ser345 phosphorylation
and slower migrating forms of Chkl (Chkl#) were detected at
normal levels (Fig. S2A). Cleaved Chkl peptide, which was also
suppressed by ZVAD-{imk, was detected when cells were shifted o
39.5°C alter a 1-hour incubation at 45°C (Fig. S2B), and the
increase in annexin V-positive, Pl-negative population was more
prominent in heat-treated afm cells than in heat-treated wild-type
cells (Fig. 4D). To determine whether the ATR-Chkl and ATM-
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Figure 3. siRNA~mediated knockdown of TopBP1 and Claspin suppressed heat-induced Chk1 Ser345 phosphorylation and
enhanced heat cytotoxicity. A. Western blot. Hela cells were transfected with siRNA for GFP, TopBP1#1 or TopBP14£2 and cultured at 42.5°C for
60 minutes, Ri: relative intensity compared to the sample of siGFP and 42.5°C for 60 minutes. B. Clonogenic survival. Hela cells were transfected with

siRNA for GFP or TopBP1#+1 and cultured at 42.5°C for the indicated time.

C. Western blot. Hela cells were transfected with siRNA for GFP or Claspin

and cultured at 42.5°C for 60 minutes. Rl: relative intensity compared to the sample of siGFP and 42.5°C for 60 minutes. D. Clonogenic survival. Hela
cells were transfected with siRNA for GFP or Claspin and cultured at 42.5°C for the indicated time.

doi:10.1371/journal.pone.0055361.g003
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Chk2 pathways contribute to heat tolerance in a non-overlapping
manner, we analyzed cellular responses and clonogenic viability at
the higher temperature in KU55933-treated Hela cells treated
with ATR siRNA. SIRNA knockdown of ATR suppressed heat-
induced Chkl Ser345 phosphorylation and slightly enhanced
heat-induced Chk2 Thr68 phosphorylation (Fig. 4E), and reduced
the clonogenic viability of Hela cells at the higher temperature
(Fig. 4F). KU55933 suppressed the increased phosphorylation of
Chk2 Thr68 (Fig. 4E) and increased the heat sensitivity of HeLa
cells treated with ATR siIRNA (Fig. 4F). This result clearly supports
the idea that the ATR-Chkl and ATM-Chk2 pathways contribute
to heat tolerance in a non-overlapping manner.

Caffeine suppressed heat-induced phosphorylation of
Chk1 Ser345 and Chk2 Thr68 and enhanced heat
cytotoxicity

Caffeine is an inhibitor of both ATM and ATR kinase activity
[24]. We examined whether cafleine had any eflect on heat-
induced phosphorylation of Chkl Ser345 and Chk2 Thr68, and
on heat cytotoxicity. In HeLa cells, heat-induced phosphorylation
of Chkl Ser345 and Chk2 Thr68 was significantly suppressed
when 12 mM cafleine was added to the medium (Fig. 5A).
Clonogenic viability also decreased significantly at the higher
temperature in the presence of cafleine (Ilig. 5B). Consistently, cells
in annexin V-positive, Pl-negative population (Fig. 5C) and in
subG1 population (Iig. S3A) increased significantly in the presence
of cafleine when cells were shifted to 37°C after a 2-hour
incubation at 42,5°C.. Similarly, in D140 cells, 2 mM cafleine
suppressed heat-induced Chkl Ser345 phosphorylation (Fig. S3B)
and significantly decreased clonogenic viability (Mg, 5D). These
eflfects were observed more clearly as the concentration of cafleine
increased (Fig. S3C and S3D). In the presence of 2 mM calleine,
the cleaved Chkl peptide was detected when cells were shifted to
39.57C after a 1-hour incubation at 43°C (Fig. S3LE). Cells in
annexin V-positive, Pl-negative population (Fig. 51) and in subG1
population (Fig. S317) increased significantly in the presence of
cafleine. Even though we were not able to evaluate calleine’s effect
on heat-induced Chk2 phosphorylation in D'T40 cells due to
unavailability of appropriate antibodies, these results suggest that
calleine may have enhanced heat cytotoxicity by suppressing both
ATM and ATR kinase activities. Of note, slower migrating lorms
of Chk1 were still normally detected even in the presence of 8 mM
cafleine, while phosphorylation at Ser345 was nearly completely
abolished (Fig. S3D). This result also suggests that this posttrans-
lational modification of Chkl was not dependent on ATM/ATR
kinase activity.

Caffeine enhanced the heat cytotoxicity of rad9, rad17,
and atm cells by increasing apoptosis

To identify the principal target of cafleine in heat cytotoxicity,
we performed a clonogenic survival assays {or 1ad9, rad17 and aim
cells in the presence of 2 mM cafleine. When 2 mM cafleine was
added to aim cells during heat treatment, heat-induced Chkl
Ser345 phosphorylation was suppressed (Iig. S4A) and clonogenic
viability was decreased (FFig. 6A). Clonogenic viability of rad9
(Fig. 6B) and rad17 (Fig. 6C) cells was also decreased when these
mutant cells were cultured at high temperature in the presence of
2 mM caffeine. A slight increase in the amount of the caspase-
cleaved Chkl peptide was detected when cafleine was added to
heat-treated rad9 (Fig. S4C), radl17 (Fig. S4Dj and atm cells (Iig.
$4B). Consistently, cafleine induced an increase in the number of
cells in annexin V-positive, Pl-negative population among rd9
(Fig. 6L), rad7 (Fig. 6F) and atm (Fig. 6D) cells shifted 1o 39.5°C
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alter a I-hour incubation at 457C. These data further support the
idea that heat-induced activation of both ATM and ATR kinases
contributes to heat tolerance and that calleine enhances heat
cytotoxicity by inhibiting both ATM and ATR kinases.

Discussion

Hyperthermia exerts pleiotropic effects on proliferating cells and
causes cytotoxicity. I'rom the analysis of cellular responses to
hyperthermia, we found that the ATR-Chkl pathway contributes
1o heat tolerance and that Rad9, Rad17, TopBP1 and Claspin are
absolutely required for activation of the ATR-Chkl pathway at
high temperature. ATM-Chk2 pathway was also activated by heat
and cdntributed to heat tolerance mildly but significandy. The
ATR-Chk] and ATM-Chk2 pathways contributed to heat
tolerance in a non-overlapping manner and simultancous inhibi-
tion of ATR and A'TM kinases significantly enhanced cytotoxicity
to hyperthermia.

Rad9 and Rad17 were important for heat-induced activation of
the ATR-Chk! pathway and for heat tolerance (Fig. 2). Rad9 is a
component of the 9-1-1 heterotrimeric clamp that binds to 5” ends
of the primer-template junctions containing exposed regions of
ssDNA, and Rad17 is an essential component of the 9-1-1-clamp
loader complex. Both of these factors are required lor activation of
the ATR-Chkl pathway, particularly when replication forks are
stalled |20}, The involvement of Rad9 and Radl7 in the heat
response suggests that ssDNA and 5’ ends of primer-template

Junctions are  generated  during  hyperthermia. This idea s

supported by our previous study using the in sifu nick translation
method, which revealed the presence of DNA strand scissions in
HeLa cells upon exposure to heat [G]. Such DNA structures might
be formed when DNA synthesis ceases incompletely during
replication process. Furthermore, we also found that heat-induced
Chkl Ser345 phosphorylation was significantly suppressed by
siRNA-mediated  downregulation of TopBP1 (Fig. 3A), which
plays an essential role in the activation of ATR kinase via its
activation domain through direct binding to phosphorylated Rad9
at damaged DNA [25]. SiRNA-mediated downregulation of
Claspin, which is an essential upstream regulator of Chkl [26],
also  suppressed  heat-induced  Chkl Ser345  phosphorylation
(Fig. 3C). These results strongly indicate that common mechanism
is involved in heat-induced activation of the ATR-Chkl pathway.

Heat-induced activation of the ATR-Chkl pathway was not
assoclated with FancD2 monoubiquitination, RPA32 phosphory-
lation or chromatin accumulation of RPA70/RPA32 (Iig. 1L).
This is quite different from cellular responses induced by HU or
DNA crosslinkers, which causes DNA damage associated with
stalled replication forks. During activation of the ATR-Chkl
pathway by DNA damage (IR) or stalled replication forks (HU,
ultraviolet irradiation), ssDNA is coated by the trimeric RPA
complex, which recruits ATR-ATRIP complex to sites of DNA
damage {27]. For the induction of FancD2 monoubiguitination, in
addition to functional FA core complex {19], ATR-mediated
phosphorylation of Fancl [17] and ATRIP binding to RPA70
[28], are required. However, a previous report showed that
RPA32 nuclear foci do not form during hyperthermia |13]. We
ourselves confirmed  this result (Fig. SIB and SI1D). The
recruitment of RPA32 to ssDNA might be inhibited through its
direct sequestering by nucleolin, which relocalizes from the
nucleolus to nucleoplasm and increases its binding to RPA32 by
heat stress [29]. Even though ATRIP is supposed to recognize
RPA-ssDNA complex 1o sense DNA damage [27], other report
shows that RPA32 downregulation do not suppress HU-induced
Chkl Ser345 phosphorylation [30]. In addition, Chkl Ser345
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Figure 4. ATM-deficiency inhibited heat-induced Chk2 Thr68 phosphorylation and enhanced heat cytotoxicity. A. Western blot. Hela
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apoptotic cells induced by these treatments is shown. ¥p=0.0131 (Student's t test). E. Western blot. HelLa cells transfected with siRNA for GFP or ATR
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doi:10.1371/journal.pone.0055361.g004
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doi:10.1371/journal.pone.0055361.g006

phosphorylation occurs in the absence of RPA32 through the
direct binding of ATRIP to DNA in Xengpus system |31]. The
activation of ATR kinase and phosphorylation of Chkl Ser345
could occur in the absence of finctional RPA-ssDNA complex at
damage site during hyperthermia, but the downstream events,

PLOS ONE | www.plosone.org

such as RPA32 phosphorylation or FancD2 monoubicquitination,
might be perturbed because of its absence. -

The heat-induced emergence of slow migrating forms of Chkl
in DT40 cells (Ig.. 1B) indicated that heat induced posttransla-
tional modification(s) of Chkl. The slow migrating forms of Chkl
were also detected even in heat-treated rad9, rad17 (Fig. 2C) and
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atm cells (Fig. S2A). These forms were still detectable even in
caffeine-treated wild type (Fig. S3B), rad9 (Fig. S4C), radl7 (Lig.
S4D) and aim cells (Fig. S4B). This result suggests that such
posttranslational modifications of Chkl occur in ATM- and ATR-
independent manner. This maodification may alter Chkl function
or activity. We are currently interested in this possibility and trying
to clarify its possible role in cellular response to heat and heat
tolerance.

Both the ATR-Chk] and A'TM-Chk2 pathways were activated
by heat and contributed to heat tolerance in a non-overlapping
manner (Fig. 7). Consistent with a previous report |13}, ATR was
preferentially activated by heat and contributed more to heat
tolerance than A'TM. Furthermore, Rad9, Radl7, TopBP1 and
Claspin were required for heat-induced ATR activation and heat
tolerance. Interestingly, not all downstream pathways of ATR
kinase were activated by heat treatment, indicating that ATR
activation by hyperthermia has distinct hiological consequences.
Finally, inhibition of ATM and ATR kinase activity at the same
time by cafleine was elfective way to enhance heat cytotoxicity,
which could have clinical implication. 'The activation of DNA
damage signaling by heat may compromise normal DNA damage
responses. Our findings may provide some clues to understand
why hyperthermia potentiates the cytotoxic eflects of radiation
therapy and chemotherapy and help us to improve hyperthermia
therapeutic strategy.

Materials and Methods

Cell lines, cell culture and reagents

Helaa cells were cultured at 37°C in DMEM supplemented with
10% FBS. 'The chicken B lymphoma cell line D140 and its
mutants (rad9 |21, radl7 [21] or atm [32]) were cultured at 39.5°C
in RPMI1640 supplemented with 10% [etal bovine serum (FBS),
1% chicken serum, penicillin-streptomycin, L-glutamine and p-
mercaptoethanol, as described previously [33]. UCN-01 and
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Figure 7. Model of cellular response to heat stress. See text for
details.
doi:10.1371/journal.pone.0055361.g007
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KU55933 were purchased from Sigma, cafleine was from Nacalai
Tesque, and caspase inhibitor ZVAD-lmk was {rom MBL.

siRNA transfection

The following siRNAs were used: Rad9: 5'-GCAAACUU-
GAAUCUUAGCA-3";  Radl7:  5'-CAAGUACAAGAGUG-
GAUUA-3"; ATR: 5'-CCUCCGUGAUGUUGCUUGA-3' [34].
TopBPI#1: 5 -CUCACCUUAUUGCAGGAGA-3'; TopBPI#2:
5-CUCACCUUAUUGCAGGAGA-3" [35); Claspin: 5'-GCA-
CAUACAUGAUAAAGAA-3',  GFP: 5'-UCUUAAUCGC-
GUAUAAGGC-3". siRNAs were transfected using RNAiMax

(Invitrogen).

Clonogenic survival assay

Clonogenic survival assay was performed with D'T40 cells as
described previously |36] with the following modifications. Bricfly,
1 x 10" cells were suspended in 1 ml culture media with or without
caffeine in an eppendorf tube. After 10 minutes preincubation at
39.5°C, the cells were exposed to heat by placing each tube in a
water bath at 45°C. Afler incubation for the indicated times,
1 %107 cells were plated on methyleellulose-containing media, and
incubated for 1-2 weeks at 39.5°C. Emerging colonies were
counted, For the Hela cell, 2x10% cells were inoculated into
60 mm? plates and incubated at 37°C for 24 howrs. Cells were
exposed to 42.57°C for the indicated times and incubated at 37°C
for 10 days. Emerging colonies were stained with crystal violet and
counted. All experiments were done in wriplicate,

Western blot analysis

For DT40 cells, 5x107 cells were suspended in 1 ml culture
media in an eppendor( tube and incubated at 45°C in water bath.
After incubation for the indicated times, cells were collected by
centrifugation and re-suspended in 1 xSDS sample builer, For
HelLa cells, 5x10° cells were incubated at 42.5°C for the indicated
times and harvested, Collected cells were lysed in RIPA bufler
(1.0% NP40; 50 mM 'TI'ris HCI, pH 8.0; 150 mM NaCl; 0.5%
deoxycholate; 0.1% SDS; 2 mM phenylmethylsulfonyl fluoride
(PMSE); 2 mM NalF and 2 mM NazVO, with protease inhibitor
cocktail (Nacalai Tesque)) for 30 minutes at 4°C. "The protein
concentration of extracts and cleared lysates were determined by
the RC DC Protein Assay Kit (Bio-Rad). Equal amounts of protein
(J0 pg/lane) were subjected to SDS-PAGE. The following
antibodies were used; Anti-chicken FancD2 (kindly provided by
Prof. Komatsu, Radiation Biology Center, Kyoto University), anti-
Chkl (G4, Santa Cruz), anti-Phospho-Chk]1 (Ser345) (#2341, Cell
Signaling), anti-Chk2 (1C12) (#3440, Cell Signaling), anti-
Phospho-Chk2 (Thr68) (#2661, Cell Signaling), anti-Rad9 (M-
389, Santa Cruz), anti-A'TR (#2790, Cell Signaling), anti-Rad17
(H-300, Santa Cruz), anti-B-actin (AC-74, Sigma), anti-TopBP]
(AB3245, Millipore), anti-RPA70 (#2589-1, Epitomics), anti-
RPA32 (#2461-1, Lpitomics), anti-FancD2 (LS-B493, LS Bio),
anti-Claspin (A300-266A, Bethyl) and anti-histone H3 (H9289,
Sigma). Relative intensity of phosphorylation level of Chkl
(Ser345) and Chk2 (Ihr68) were determined by band intensity
measured by Image ] software (NIH).

Cell cycle analysis

Cells were exposed to heat for the indicated times and fixed with
70% cthanol immediately. DNA contents were analyzed using
fixed cells treated with propidium iodide (PI) and RNaseA. The
samples were analyzed using FACSCalibur (BD Biosciences) and
% of subG1 population (<2N) was calculated.
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Detection of early apoptotic cells using Annexin V-FITC

Larly apoptotic cells were detected using an Annexin V-1TTC
apoptosis detection kit (Sigma) as described previously [23].
Briefly, 5x10° cells were resuspended in 0.5 ml of 1x binding
buffer (10 mM HEPLES/NaOH, pH 7.5, 140 mM NaCl, 2.5 mM
CaCly) and stained with 0.5 pg/ml of the amnexin V-FI'TC
conjugate and 2 pg/ml PI for 10 minutes at room temperature
before FACS analysis. Annexin V-FITC-positive, Pl-negative cells
were counted as early apoptotic cells. Experiments were done in
triplicate. ‘

Isolation of chromatin plus nuclear matrix fraction from
Hela cells

Subcellular fractionation was done as described previously [37].
Brielly, cells were resuspended (4x107 cells/ml) in bufler A
(10 mM HEPES [pH 7.9], 10 mM KCI, 1.5 mM MgCl,, 0.34 M
Sucrose, 10% Glycerol, I mM DTT, 0.1 mM PMSI with
protease inhibitor cocktail). 0.1% Triton X-100 was added and
the cells were incubated on ice for 5 minutes. Nuclei were
collected in pellet by low-speed centrifugation (4 minutes, 1,300 x
g, 4°C). Nuclei were washed once in buffer A, and then lysed in
buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 0.1 mM
PMSFE with protease inhibitor cocktail). Insoluble chromatin plus
nuclear matrix fraction was collected in pellet by centrifugation
(4 minutes, 1,700x g, 4°C) and washed once in bufler B. Iinal
pellet was resuspended in 1xSDS buffer and sonicated. Protein
concentration was determined by the RC DC Protein Assay Kit
and appropriate amount of protein was subjected to SDS-PAGE
and Western blot.

Fluorescence immunostaining

Immunostaining was done as described previously [38]. Cells
were grown as monolayers on glass coverslips and pre-extracted in
Buffer I (1% 'I'riton X-100, 10 mM HEPES pH 7.4, 10 mM
NaCl, 3 mM MgCly) for 5 minutes at 4°C. Cells were then fixed
in' 4% paraformaldehyde for 10 minutes at 4°C and permeabilized
further in Bufler 2 (0.5% "I'riton X-100, 20 mM HEPES pH 7.4,
50 mM NaCl, 3 mM MgCl,, 300 mM sucrose) for 5 minutes at
4°C. 'T'o detect endogenous Rad9, RPA32 and TopBPl, the
following primary antibodies were used; Rad9 (IHC-00376,
Bethyl, 1:50 dilution), RPA32 (GTX16855, Genetex, 1:50
dilution) and TopBP1 (AB3245, Millipore, 1:100 dilution). Cells
were stained with an Alexad88- or Alexa594-conjugated second-
ary antibody (Invitrogen) and the nuclei were counterstained with
4',6-diamino-2-phenylindole (DAPL): All images were captured
using a BIOREVO BZ-9000 fluorescence microscope (Keyence).

Supporting Information

Figure S1 Chromatin localization of Rad9 and TopBP1
in HeLa cells. A. Immunofluorescence staining with anti-Rad9
antibody. Hela cells were treated with siRNA of GFP or Rad9,
pre-extracted by detergent and immunostained with anti-Rad9
antibody. Nuclei were counterstained with 4',6-diamino-2-pheny-
lindole (DAPI). White arrowhead indicates a cell in M phase. B.
Coimmunostaining of Rad9 and RPA32. Helaa cells were cultured
at 37°C, 42.5°C or in the presence of 5 mM hydroxyurea (HU),
pre-extracted by detergent and coimmunostained with Rad9 and
RPA32 antibodies. Nuclei were counterstained with DAPL White
arrowheads indicate RPAS2-positive cells. G, Immunofluores-
cence staining with anti-TopBP1 antibody. Hela cells were

PLOS ONE | www.plosone.org
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treated with siRNA of GFP or TopBP1, pre-extracted by detergent
and immunostained with anti-TopBP1 antibody. Nuclei. were
counterstained with DAPL D. Coimmunostaining of TopBP1 and
RPA32. White arrowheads indicate RPA32-positive cells.

(T1FF)

Figure §2- Cellular response to heat in ATM-deficient
DT40 cells. A. Western blot. Wild-type (WT) and ATA-deficient
(atm) DT40 cells were cultured at 45°C for the indicated time. RL:
relative intensity compared to the sample of 45°C for 15 minutes
in WI'DT40 cells. B, Disappearance of the cleaved Chk] peptide
following treatment with the caspase inhibitor, ZVAD-fmk. atm
cells were cultured at 45°C for 60 minutes and at 39.5°C for the
indicated time in the presence or absence of 50 pM ZVAD-fink.
(T1FF)

Figure 83 Caffeine enhanced heat cytotoxicity. A. SubGl
population. HeLa cells were cultured at 42.5°C: for 2 hours and at
37°C for 12 or 24 hours in the presence or absence of 12 mM
caffeine. *p=0.0016, *¥=0.0002 (Student’s ¢ test). B. Western
blot. Wild-type DT40 cells (W) were cultured at 45°C for the
indicated time in the presence or absence of 2 mM cafleine. C.
Clonogenic survival. WT D140 cells were cultured at 45°C for the
indicated time in the presence of various concentration of cafleine.
D. Western blot. W' DT40 cells were cultured at 45°C for
30 minutes in the presence of various concentration of calleine.
RI: relative intensity compared to the sample of 45°C for
30 minutes without cafleine in W' DT40 cells. E. Western blot.
WT DT40 cells were cultured at 45°C for 60 minutes and at
39.5°C for the indicated time in the presence or absence of 2 mM
cafleine. F. SubG1 population. WT D140 cells were cultured at
45°C for 60 minutes and at 39.5”C for 60 minutes in the presence
or absence of 2 mM calleine, *p=0.0069 (Student’s ¢ test).
(TIFF)

Figure S4 Cellular response to heat in the presence of
caffeine in mutant DT40 cells. A. Western blot. ATM-
deficient D140 cells (aim) were cultured at 45°C for the indicated
time in the presence or absence of 2 mM calleine. B=D. Western
blot. aim B), rad9 (C) and 1ed17 (B) D'T40 cells were cultured at
45°C for 60 minutes and at 39.5°C for the indicated time in the
presence or absence of 2 mM cafleine. The percentage of cleaved
Chkl peptide per total,

(T1FF)
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Introduction

Abstract

We evaluated the expression of the androgen receptor (AR) to determine its sig-
nificance in breast cancer. AR expression levels were analyzed in 250 invasive
breast cancers by immunohistochemistry and any association with the clinico-
pathological features was evaluated. AR expression was higher in estrogen recep-
tor (ER)-positive cases than in ER-negative cases (P < 0.0001).- AR expression
was associated with ER level, and it increased with age in ER-positive cases. The
cut-off value was determined to be 75% (Cancer Res. 2009;69:6131-6140), and
AR expression was considered to be high in 155 (62%) cases. High AR expres-
sion significantly correlated with lower nuclear grade (P < 0.0001), ER and pro-
gesterone receptor (PR)  positivity (P < 0.0001 and P = 0.0022), ' HER2
negativity (P = 0.0113), lower Ki67 index (P < 0.0001) and a longer disease-free
survival (DFS) and distant metastasis-free survival (DMFS) (P = 0.0003 and
0.0107). This association between a high AR expression and a good DFS and
DMFES was significant for ER-positive tumors (P < 0.0001 and P = 0.0018);
however, no association existed between AR expression and prognosis for ER-
negative tumors. In patients <51 years old, a high AR expression level signifi-
cantly correlated with a better prognosis, but this was not significant in patients
who were 50 or younger. Multivariate Cox hazard analyses revealed AR expres-
sion to be independently associated with a good prognosis in overall patients
(HR 0.46, P =0.0052) and in the ER-positive cohort (HR 0.34, P = 0.0009). AR
expression is associated with a less aggressive phenotype and a good prognosis
in patients with ER-positive breast cancer. This is considered to be a specific
phenomenon for postmenopausal breast cancer patients.

tion [3-11]. Several studies have demonstrated that the posi-
tivity for AR expression is associated with a better prognosis,

The androgen receptor (AR) is a member of the steroid
receptor subfamily. There is emerging evidence that the
androgen signaling pathway may also play a critical role in
normal and malignant breast tissue [1]. The AR is the most
prevalent sex steroid receptor in malignant breast tumors,
and is expressed in up to 90% of primary tumors and 75%
of metastasis [2]. Previous studies revealed the expression of
the AR to positively correlate with the estrogen receptor o
(ERz) and progesterone receptor (PR) expression, low-
grade, low proliferation activity, and advanced differentia-

especially in patients with ERa-positive breast cancers [1, 7-
10]. In addition, the higher expression levels of the AR were
associated with a better prognosis. This suggests that the AR
may have a tumor-suppressive effect in breast cancer cells
[1, 7,9, 10]. Peters and colleagues showed that the AR is a
direct repressor of ERz signaling in breast cancer cells [1].
Thus, the expression of AR is considered to be a good
prognostic marker for ERz-positive breast cancer; how-
ever, there were some problems in previous studies. For
example, the methods used to determine the positivity of

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of 763
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AR expression were different among the studies [3-11].
Moreover, even when the expression was assessed by
immunohistochemistry (IHC), the cut-off value of the
expression of the AR differed among the studies [1, 7-11].

The role of androgens in the development and progres-
sion of breast cancer has not yet been fully elucidated. The
mechanism underlying estrogen production dramatically
changes before and after menopause. In postmenopausal
females, adipose tissue is the primary source of endoge-
nous estrogen production, rather than the ovary. After
menopause, androgens (which derive mainly from the
adrenal gland) become an important source of estrogens
{12]. The ratio of circulating estrogens and androgens
changes drastically after menopause [13]. Thus, the role of
androgens or the AR in breast cancer might differ by age
or menopausal status. Although previous studies have
examined the effects of androgen based on menopausal
status, the relationship between the role of the AR and the
age of breast cancer patients has not been reported previ-
ously. The present study investigated the expression of the
AR by IHC and the relationship between AR expression
and clinicopathological factors in primary invasive breast
cancer. In addition, we evaluated the clinical significance
of AR expression by age and ER status. In agreement with
previous studies, AR expression correlated with Jess
aggressive features in ER-positive breast cancer. We found
that its expression is significantly associated with a less
aggressive phenotype and a better prognosis in females
aged 51 or older, but not significant in those who were 50
or younger, with ER-positive breast cancer.

Materials and Methods

Patient information

Four hundred sixty-six primary breast cancer patients
underwent surgery in the Department of Surgery and Sci-
ence, Kyushu University Hospital, between 1997 and
2007. Among these patients, cight had stage 1V disease,
29 cases were non-invasive ductal carcinoma and 34 cases
were a special type of invasive cancer. Among the remain-
ing invasive ductal carcinoma cases, a total of 250 cases
for which archival tissue samples were available for an
immunohistochemical analysis were included in this
study. Written informed consent was obtained from all
patients before collecting tissue samples. AJCC/UICC
TNM Classification and Stage groupings were used.

Immunohistochemistry to detect AR
expression

The expression of the AR was analyzed by IHC. Forma-
lin-fixed, paraffin-embedded tissue specimens were used,
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and the sections were deparaffinized with xylene and re-
hydrated. AR expression was analyzed as follows: The sec-
tions were first treated with the target retrieval solution
(pH 9.0) (Dako, Glostrup, Denmark) in a microwave at
99°C for 30 min for antigen retrieval. The slides were
then treated for 30 min with 3% H,O, in methanol to
block the endogenous peroxidase activity. Nonspecific
antibody binding was blocked by incubating the sections
with normal goat serum (Dako) for 10 min. The slides
were then incubated with mouse monoclonal AR antibod-
ies (AR441, diluted 1:50; Dako) [7, 9-11, 14] overnight at
4°C, and the samples were subsequently labeled with the
Envision Detection System (DAB; Dako) for 1 h at room
temperature. The sections were then developed with 3,3'-
diaminobenzidine tetrahydrochloride (Dako) and count-
erstained with 10% Mayer’s hematoxylin, dehydrated, and
mounted. The expression of the AR was scored as the
percentage of nuclear staining in a maximum of 1000
cells per sample.

Evaluation of ER, PR, HER2, and Ki67
expression

The ER, PR, and HER2 status was evaluated as described
previously [15]. The ER and PR were considered to be
positive if 21% of the nuclei of the tumor were stained
by IHC [16-18]. Tumors were considered to be HER2-
positive if they were scored as either 3+ on IHC or as 2+
on THC with HER2 amplification (ratio > 2.0) detected
by fluorescence in situ hybridization [16]. Ki67 was evalu-
ated as described previously [19].

Statistical analyses

All molecular and IMC analyses were performed by investi-
gators blinded to the clinical data. The statistical analyses
were done using the JMP software package, version 9.0.2
(SAS Institute Inc., Cary, NC). The associations between
AR expression and clinicopathological characteristics were
assessed using 7” tests. Survival curves were plotted using
the Kaplan-Meier method and the log-rank test was used
to determine the associations between individual variables
and survival. The survival data were evaluated using a mul-
tivariate Cox proportional hazards model. Differences were
considered to be significant at P < 0.05.

Results

Expression of the AR detected by
immunohistochemistry

AR expression levels were analyzed by IHC. AR immuno-
reactivity was observed in the nuclei of tumor cells.

@ 2013 The Authors, Cancer Medicine published by John Wiley & Sons Ltd.
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Figures 1A and B show representative photographs of low
and high expressions of the AR. The mean percent of AR
expression was 71.1, the median percent was 83.8, and
the range of AR expression was 0-99%. AR expression
was higher in ER-positive cases compared with ER-nega-
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AR Expression in Breast Cancer

tive cases (mean 78.6 & 1.5% vs. 51.8 & 3.9%,
P < 0.0001; Fig. 1C), although the range of immunostain-
ing in both groups was identical (0-99%). The Allred
score of ER expression was available for 59 patients. In
terms of the relationships between ER Allred score and

D 100+ P < 0.0001
S
o
S
]
[0]
a
3
e
<C
0-2 36 7-8
(n=9) (n=10) (n=40)
ER Allred score
F 1007 P=0.0177

<40 41-50 51-60 61-70 =71
(n=25)(n=64)(n=38)(n=29)(n=24)

Age (years old)

Figure 1. Results of the immunohistochemical analysis of androgen receptor (AR) expression levels in breast cancers. Representative images
showing the negative (A) and positive (B) exp@ssions of AR as evaluated by immunohistochemistry. Original magnification, 400x. (C) AR
expressions were higher in estrogen receptor (ER)-positive breast cancer. (D) AR expression levels were associated with ER expression levels. (E)
The relationship between AR expression and age in the ER-negative and ER-positive breast cancers. There were no significant differences in AR
expression levels by age in ER-negative cases; however, AR expression was significantly higher in ER-positive patients who were 51 years old or

older. (F) AR expression increased with age in the ER-positive cases.

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Lid.
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AR expression, AR expression was higher when the ER
Allred score was higher (P < 0.0001; Fig. 1D).

In addition, we found an intriguing phenomenon
wherein AR expression was different by age only in ER-
positive cases. The mean age at natural menopause in
Japanese females is 50 years [20]. Therefore, we divided
all of the cases into two groups by age: <50 and =51 years
old. AR expression was similar in ER-negative cases in
both age groups; however, it was significantly higher in
the older group of patients with ER-positive cancer
(P =0.0007; Fig. 1E). In addition, AR
increased with age in the ER-positive cases (P = 0.0177;
lig. 1T).

expression

Associations between AR expressions and
clinicopathological characteristics

The cut-off values used to classify AR expression were dif-
ferent among previous studies; however, the mean and
median expression percentage and range detected in the
current study are similar to those described in Peters’
study [1]. Thus, in order to evaluate the associations
between AR expression and clinicopathological factors

and prognosis, we determined the cut-off value to be

75% according to their report [1]. AR expression was
thus considered to be high in 155 (62%) and low in 95
(38%) cases. Table 1 shows the associations between the
expression of the AR and the clinicopathological charac-
teristics. High expression of the AR was significantly cor-
related with lower nuclear grade (P < 0.0001), ER and PR
positivity (P < 0.0001 and P = 0.0022), HER2 negativity
(P =0.0113), and lower Ki67 index (P < 0.0001). Most
of the tumors with high AR expression were hormone
receptor-positive and HER2-negative cases (P < 0.0001;
Table 1). There was no significant difference between age
and AR expression in all cases. However, the frequency of
high AR expression was significantly higher in females
>51 years old in the ER-positive cases (P = 0.0088;
Table 1).

Association between AR expression and
prognosis

The association between AR expression and prognosis
was also evaluated. The median follow-up period was
6.6 years (range, 0.5-16.3 years). A high level of AR
expression was associated with a significantly longer dis-
ease-free survival (DFS) and distant metastasis-free sur-
vival (DMFS) than a low AR expression (P = 0.0003 and
0.0107; Fig. 2A and B). This association between high AR
expression and a good prognosis was significant in ER-
positive tumors in terms of both DFS and DMFS
(P < 0.0001 and P = 0.0018; Fig. 2C and D); however,
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Table 1. Associations between androgen receptor (AR) expression
and clinicopathological characteristics.

AR
Factors Low (n = 95) High (n = 155) P-value
Age
<50 45 (47.4) 63 (40.6) 0.2981
=50 50 (52.6) 92 (59.4)
ER positive only
<50 32 (65.3) 57 (43.5) 0.0088
=50 17 (34.7) 74 (56.5)
Lymph node metastasis
Negative 54 (56.8) 90 (58.1) 0.8495
Positive 41 (43.2) 65 (41.9)
Tumor size
T1 39 (30.5) 80 (51.6) 0.1376
T2 49 (51.6) 60 (38.7)
T3 7(7.4) 15(9.7)
Nuclear grade
1 29 (30.5) 81 (52.3) <0.0001
2 19 (20.0) 40 (25.8)
3 47 (49.5) 34 (21.9)
ER
Negative 46 (48.4) 24 (15.5) <0.0001
Positive 49 (51.6) 131 (84.5)
PR
Negative 55 (57.9) 59 (38.1) 0.0022
Positive 40 (42.1) 96 (61.9)
HER2
Negative 69 (72.6) 133 (85.8) 0.0113
Positive 26 (27.4) 22 (14.2)
Subtype
HR+/MHER2— 47 (49.5) 123 (79.4) <0.0001
HR-+/HER2+ 7.4 12(7.7)
HER2 19 (20.0) 10 (6.5)
Triple negative 22 (23.2) 10 (6.5)
Ki67 index (%) 237 £ 15 142 £ 1.2 <0.0001
(mean = SE)
Adjuvant therapy in ER-positive cases
None 241 13 (9.9 0.1413
HT only 18 (36.7) 60 (45.8)
CT only 15 (30.6) 22 (16.8)
HT + CT 14 (28.6) 36 (27.5)

ER, estrogen receptor; PR, progesterone receptor; HT, hormone ther-
apy; CT, chemotherapy.

there was no association between AR expression and DFS
and DMTS in patients with ER-negative tumors (Fig. 2E
and F). Regarding the adjuvant therapies prescribed in
ER-positive cases, there were no significant differences
between the AR-high and AR-low groups (Table 1).
Univariate and multivariate analyses were performed to
assess the differences in DPFS between the groups
(Table 2). In addition to tumor size, lymph node metasta-
sis, nuclear grade, HER2 status, and Ki67 index, AR
expression was found to be significantly associated with
DFS by univariate analysis. The multivariate Cox hazard

@ 2013 The Authors, Cancer Medicine published by John Wiley & Sons Lid.
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Figure 2. Relationship between disease-free survival (DFS) or distant metastasis-free survival (DMFS) and androgen receptor (AR) expression. (A
and B) A high AR expression level was significantly associated with a longer DFS (A) and DMFS (B) in all cases. (C and D) A high AR expression
level was correlated with a better prognosis in ER-positive cases in terms of both DFS (C) and DMFS (D). (E and F) No difference was observed in
relation to AR expression in ER-negative cases in terms of both DFS (E) and DMFS (F).

analyses revealed that AR expression, as well as lymph
node metastasis and nuclear grade, was independently
associated with a good prognosis in the overall study pop-
ulation (high vs. low AR expression: HR, 0.46; 95% confi-
dence interval, 0.26-0.79, P = 0.0052) and the ER-positive
cohort of patients (high vs. low AR expression: HR, 0.34;
95% confidence interval, 0.18-0.64, P = 0.0009; Table 2).

Impact of the expression of the AR on the
prognosis in ER-positive breast cancer by
age

The percentage of tumor cells with AR expression differed
by age in ER-positive cases (Fig. IE and F). Therefore,
the association between AR expression and prognosis was

© 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

evaluated by age in the ER-positive cohort. In patients
<50 years old, there was no significant association
between AR expression and DFS and DMFS (P = 0.1616
and 0.0883; Fig. 3A and B). On the other hand, in
patients who were 51 or older, a high AR expression level
was significantly associated with a better prognosis in
terms of DFS and DMFES (P < 0.0001 and P = 0.0073;
Fig. 3C and D). Therefore, AR expression was considered
to have a profound effect on the prognosis of older
(51 years or older) females with ER-positive breast can-
cer.

In addition, the association between the prescribed
adjuvant hormone therapy and the prognosis according
to AR expression and age was investigated in ER-positive
patients. In the <50-year-old group, the DFS of the
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Table 2. Univariate and multivariate analyses for disease-free survival,

Univariate analysis Multivariate analysis
Factors HR 95% C! P-value HR 95% Cl P-value
All cases
Tumor size T3vs. TN, T2 2.67 1.32-4.92 0.0079 2.8 1.32-5.48 0.0082
LN meta. Positive vs. negative 3.13 1.89-5.35 <0.0001 2.57 1.52-4.45 0.0004
Nuclear grade 3vs. 1,2 2.94 1.80-4.84 =0.0001 1.91 1.02-3.59 0.043
ER Positive vs. negative 0.68 0.41-1.16 0.1545
PR Positive vs. negative 0.98 0.60-1.61 0.9443
HER2 Positive vs. negative 2.25 1.30-3.76 0.0048 1.35 0.73-2.44 0.3261
Ki67 High vs. low 2.11 1.28-3.44 0.0036 1.12 0.61-2.04 0.7229
AR High vs. low 0.41 0.25-0.68 0.0005 0.46 0.26-0.79 0.0052
ER-positive cases
Turmor size T3vs. T1, T2 1.88 0.71-4.14 0.1863
LN meta. Positive vs. negative 3.29 1.76-6.45 0.0002 2.71 1.43-5.37 0.0021
Nuclear grade 3vs. 1,2 3.36 1.80-6.17 0.0002 2.37 1.25-4.43 0.009
PR Positive vs. negative 1.60 0.80-3.57 0.1922
HER2 Positive vs. negative 1.40 0.48-3.25 0.498
Ki67 High vs. low 1.35 0.66-2.58 0.3915
AR High vs. low 0.30 0.16-0.54 0.0001 0.34 0.18--0.64 0.0009

HR, hazards ratio; Cl, confidence interval; ER, estrogen receptor; PR, progesterone receptor; AR, androgen receptor; LN meta., lymph node
metastasis; Ki67, cut-off 20%.
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Figure 3. Impact of androgen receptor (AR) expression on the prognosis of patients with estrogen receptor (ER)-positive breast cancer by age. (A
and B) In the younger (£50-year-old) group, there was no significant association between AR expression and prognosis in terms of disease-free
survival (DFS) (A) and distant metastasis-free survival (DMFS) (B). (C and D) On the other hand, in the older (251-year-old) group, a high AR
expression level was significantly associated with a better prognosis in terms of both DFS (C) and DMFS (D).

patients treated with adjuvant hormone therapy was sig- groups (P = 0.0030 and 0.0026; Fig. 4A and B). On the
nificantly better than that of the patients without adju- other hand, in females who were 51 years old or older,
vant hormone therapy in both the AR-low and AR-high the DFS of the patients treated with adjuvant hormone
768 @ 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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