Baseline imrvage (0 min)

. Fig. 1. a The Discovery machine (INDEC
Inc.), which provides fluorescent images
(emission wavelength >520 nm by long-
pass filter) by blue-light (450-490 nm) ex-
citation, with which the baseline and fluo-
rescent images were taken. b, ¢ White-light
image and chromoendoscopic image: the
endoscopic diagnosis was Ra, 0-Is+Ila
(LST-G), 40 mm in size, cTis. d Endoscop-
ic white-light image of a resected specimen.
e White-light image of a resected specimen
taken by Discovery. f Fluorescent images
after spraying gGlu-HMRG with blue light;
rapid fluorescent increase was observed in
the tumor regions. g Purple lines on histo-
logical mapping showed tubular adenocar-
cinoma. h Histological finding of the blue
box on the histological mapping indicated
colonic well-differentiated tubular adeno-
carcinoma. HE stain. x40.

1 min

Fluorescent Activity

Twenty (67%) of the images were fluorescently positive
for the tumor region after 15 min, and 10 (33%) were neg-
ative. The mean tumor sizes in the positive and negative
groups were 42 and 32 mm, respectively. Of the 13 adeno-
mas, 7 (54%) lesions were positive and 6 (46%) were nega-
tive. Of the 17 carcinomas in adenomas, 13 (76%) lesions
showed positive fluorescence and 4 (24%) were negative.
According to the macroscopic type, 16 LST-G lesions
(80%) and 4 LST-NG lesions (40%) were positive (table 2).
Eighteen (75%) of 24 lesions were positive in 50 pM gGlu-
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12 min

15 min

HMRG, and 2 (33%) of 6 lesions were positive in 500 pM.
Among the 17 carcinomas in adenoma, 12 (80%) of 15 le-
sions were positive in 50 uM and 1 (50%) of 2 lesions was
positive in 500 uM. No histological tissue damage by gGlu-
HMRG was seen in any of the resected specimens. Of the
20 positive lesions, some showed a heterogeneous fluores-
cent increase in the tumor region. An example case was an
LST-G lesion 40 mm in size located in the upper rectum.
This lesion was removed by ESD. The resected specimen
was fixed on a black board and baseline images were ob-
tained. A rapid and heterogeneous fluorescent increase was
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Table 1. Clinicopathological characteristics of colorectal tumors
(n=30)

Age, years 68+7
Sex B

Male T 15

Female - s : 15
Location L :

Right colon ‘ , 15

Left colon 5 9

Rectum 6
Endoscopic treatment '

ESD : 27

Endoscopic mucosal resection’ 3.
Size, mm 39+13
Macroscopic type :

LST-G 20

LST-NG 10
Histology «

Adenoma . 13

Carcinoma in adenoma 17
GGT fluorescent activity

Positive 20 (67)

Negative 10 (33)

Values are mean + SD or number with percentage in parenthe-
ses.

Table 2. Fluorescent imaging of colorectal lesions with gGlu-HMRG

Positive ‘Negative
(n=20) (n=10)
Size, mm 42+11 32+1
Macroscopic type
LST-G (n = 20) 16 (80) 4 (20)
LST-NG (n = 10) 4 (40) 6 (60)
Histology
Adenoma (n = 13) 7(54) - 6(46)
Carcinoma in adenoma (n = 17) 13 (76) 4 (24)

Values are mean  SD or number with percentage in parenthe-
ses.

observed in the tumor regions after spraying gGlu-HMRG.
The histological diagnosis was of a well-differentiated tu-
bular adenocarcinoma, pTis, ly0, v0, VMO, HMO (fig. 1b-
h). One 40-mm LST-G lesion located in the cecam was also
removed by ESD. This lesion had a positive fluorescent ac-
tivity in a tiny area after spraying gGlu-HMRG. The histo-
logical diagnosis was of a well-differentiated tubular ade-
nocarcinoma in adenoma, p'Tis, ly0, v0, VMO0, HMO0, and

Fluorescent Imaging of Colorectal
Tumors Using GGT

DIG369367.indd 73

the distribution of the adenocarcinoma component on his-
tological mapping was approximately consistent with the
tiny area of positive fluorescent activity (fig. 2).

Discussion

GGT expression is considered to be associated with a
‘resistance phenotype’ exhibited by preneoplastic trans-
formed cells [18]. GGT is overexpressed in various hu-
man cancer types in vivo [19-21] and is therefore consid-
ered to be a potential biomarker for early cancer detec-
tion. This association between GGT and neoplastic
transformation was highlighted in several experimental
models of chemical carcinogenesis in laboratory animals
[18]. The previous literature showed that GGT activity

.was organ dependent, and the activity was high in several

cancer cells, such as the lung, ovary, liver and bile duct
[19-21]. Urano [29] reported that GGT fluorescent activ-
ity was significantly enhanced to about 60% of the cul-
tured cancer cells. Mitsunaga et al. [23] also reported that
gGlu-HMRG could improve endoscopic detection of
colitis-associated colon cancer in a mouse model of ulcer-
ative colitis.

In this study, we successfully observed tumor regions
as being fluorescently positive by topically spraying of
¢Glu-HMRG. This method showed a rapid and specific
fluorescent increase upon reaction with GGT without any
histological tissue damage in an ex vivo model. This is a
valuable finding relating to the ex vivo fluorescent imag-
ing of human colorectal LSTs.

Generally, two major categories of fluorescent probes
have been used in molecular imaging: ‘always-on” and
‘activatable’. Always-on probes, such as positron emis-
sion tomography, have the disadvantage of high back-
ground signal, which requires considerable time to clear
to achieve adequate target-to-background ratios. On the
other hand, several activatable probes, such as cathepsins,
have lower background signal, but the activation process
often requires hours to days, impeding the practicality for
real-time clinical use in endoscopy [30].

In the present study, overall GGT fluorescent activity
was positive in 67% of the specimens. Lesions with a car-
cinoma component were characterized by higher fluores-
cence than those with an adenoma component alone,
which might imply that there was a relationship between
the malignant potential of the cells and GGT fluorescent
activity. In addition, some lesions with positive GGT ac-
tivity revealed heterogeneous fluorescent activity (fig. 1b-
h). This might be associated with a histological heteroge-
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Fig. 2. a, b White-light image and chromo-
endoscopic image: the endoscopic diagno-
sis was cecum, 0-Ila (LST-G), 40 mm in
size, cTis. ¢ Endoscopic white-light image
of a resected specimen. d White-light im-
age of aresected specimen taken by Discov-
ery. e Fluorescent images after spraying
gGlu-HMRG with blue light; positive fluo-
rescent activity was seen in a tiny area, as
shown by the yellow arrow. f Histological
mapping: the green lines show tubular ad-
enoma and the narrow range of purple
lines show tubular adenocarcinoma. g His-
tological finding of the blue box on the his-
tological mapping indicated colonic ade-
noma. HE stain. x40. h Histological finding
of the yellow box on the histological map-
ping indicated colonic well-differentiated
tubular adenocarcinoma. The distribution
of the adenocarcinoma component on his-
tological mapping was approximately con-
sistent with a partially positive GGT fluo-
rescent activity. HE stain. x40.

neity between adenoma and adenocarcinoma due to the
well-known adenoma-carcinoma sequence. Some lesions
showed partial GGT fluorescent activity and we experi-
enced an interesting case of intramucosal adenocarcino-
ma in adenoma (fig. 2). This case showed that the par-
tially positive fluorescent activity and positive area was
approximately consistent with the adenocarcinoma com-
ponent.

This was a pilot study using ex vivo specimens and did
not show significant clinical features associated with pos-
itive fluorescent imaging by gGlu-HMRG spraying. In
addition, the study used two gGlu-HMRG concentra-
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tions of 50 and 500 yM. Of 17 carcinomas in adenomas,
the proportion of positive fluorescent activity in 50 and
500 uM were 80% (12/15 lesions) and 50% (1/2 lesions),
respectively. Given the small samples, it was difficult to
analyze the differences in fluorescent increase between
the two gGlu-HMRG concentrations. Further investiga-
tion is needed to confirm the safety and feasibility of this
technique in humans prior to the future application of
this fluorescent imaging for clinical diagnosis.

In conclusion, topically spraying gGlu-HMRG enabled
rapid and selective fluorescent imaging of colorectal tu-
mors owing to the upregulated GGT activity in cancer cells.
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Upon DNA damage, tumor suppressor p53 determines cell fate by
repairing DNA lesions to survive or by inducing apoptosis to eliminate
damaged cells. The decision is based on its posttranslational mod-
ifications. Especially, p53 phosphorylation at Ser46 exerts apoptotic
cell death. However, little is known about the precise mechanism of
p53 phosphorylation on the induction of apoptosis. Here, we show
that amphiregulin (AREG) is identified for a direct target of Ser46
phosphorylation via the comprehensive expression analyses. Ser46-
phosphorylated p53 selectively binds to the promoter region of AREG
gene, indicating that the p53 modification changes target genes by
altering its binding affinity to the promoter. Although AREG belongs
to a family of the epidermal growth factor, it also emerges in the
nudeus under DNA damage. To darify nuclear function of AREG, we
analyze AREG-binding proteins by mass spectrometry. AREG interacts
with DEAD-box RNA helicase p68 (DDX5). Intriguingly, AREG regu-
lates precursor microRNA processing (i.e., miR-15a) with DDX5 to re-
duce the expression of antiapoptotic protein Bcl-2. These findings
collectively support a mechanism in which the induction of AREG
by Ser46-phosphorylated p53 is required for the microRNA blogenes:s
in the apoptotic response to DNA damage

microarray | Drosha | miRNA processing

omeostasis is maintained by a balance between cell pro-
liferation and cell death. Activation of oncogenic tran-
scription factor (e.g., c-Myc) and growth factor [e.g., epidermal
growth factor (EGF) family proteins] destroys the balance,
leading to tumorigenesis. EGF family contains transforming
growth factor a (TGF-a), heparin binding-EGF, and amphi-
regulin (AREG). These growth factors are catalyzed by matrix
metalloproteases (MMPs) at the plasma membrane, which ena-
bles them to act as a ligand for EGF receptor (EGFR) (1).
MMPs are frequently overexpressed in tumors, suggesting that
EGF family proteins, besides AREG, mainly function as tumor
facilitators. In this context, AREG is exerted as a bifurictional
growth modulator (2). However, a mechanism for AREG-mediated
growth suppression remains unclear. AREG is initially synthesized
as a pro-AREG that encodes 252 aa. Pro-AREG is translocated to
the cell surface and then processed by one of MMPs, ADAM17.
-Soluble AREG directly binds to EGFR as a ligand to transmit
growth signal (3). However, AREG is not able to activate EGFR
signaling effectively compared with other EGFR ligands (4). It is
well established that AREG translocates to the plasma mem-
brane; however, few reports showed that AREG localizes in the
nucleus (5, 6). Recent study has demonstrated that AREG trans-
locates to the inner nuclear membrane by a retrograde trafficking
and attenuates global transcription (7). Taken together, AREG
has multiple functions not only as a ligand for EGFR.
Tumor suppressor pS3 transactivates numerous target genes in
response to DNA damage to prevent tumorigenesis. The target

www.pnas.org/cgi/doi/10.1073/pnas. 1313675111

genes exhibit diverse functions including cell cycle arrest, DNA
damage repair, or apoptosis induction (8). The intracellular
functions and localization of p53 are regulated by its post-
translational modifications. Especially, Ser46 phosphorylation is
a key modification to eliminate cancer cells by inducing apoptosis
(9). Previously, we have demonstrated that DYRK2 phos-
phorylates p53 at Ser46 under severe DNA damage (10, 11). We
also found that DYRK2 is activated by ataxia-telangiectasia
mutated (ATM), which senses DNA damage, and triggers apo-
ptotic cell death (12). If Ser46 phosphorylation could be induced
by chemical compounds, the compounds might enable tumor
cells to induce cell death. Therefore, Ser46 phosphorylation
could be a molecular target for cancer therapy. Recent study
demonstrated that Ser46 phosphorylation-dependent apoptosis
is also induced by mutant huntingtin (mHtt) (13). Because the
mHit elicits ROS reproduction and mitochondria dysfunction,
DNA damage response is constitutively activated in the mHtt-
expressing cells, Thus, Ser46 phosphorylation is widely linked in
human disease development. However, it is unclear how Ser46-
phosphorylated p53 induces cell death.

Here, we report that AREG is identified as a Ser46 phosphory-
lation responsible gene by the microarray analysis. AREG interacts
with DEAD-box RNA helicase p68 (DDX5) to regulate precursor
microRNA processing. In this regard, Serd6-phosphorylated p53
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facilitates tumor suppressive miRNA maturation via AREG, lead-
ing to apoptotic cell death.

Results

Identification of AREG as a Direct Target of Phosphorylated p53 at
Ser46. In an attempt to isolate target genes of p53 that are es-
pecially phosphorylated at Ser46, p53-deficient H1299 lung ade-
nocarcinoma cells or SaOS-2 osteosarcoma cells were transfected
with Flag vector, Flag-p53 wild type (WT), or the Flag-p53 mu-
tant in which Ser46 was replaced by Ala (S46A). As shown pre-
viously, ectopic expression of p53-WT in pS53-deficient cells
was sufficient for induction of Ser46 phosphorylation (14). We
obtained similar convincing evidence for Serd6 phosphorylation
with p53-WT, but not p53-S46A (Fig. S14). To explore target
genes that depend on Ser46 phosphorylation, we purified mRNA
from these transfected cells to apply the microarray analysis.
Whereas ~54,000 probe sets were analyzed, to isolate p53 target
genes, we compared gene expression profiles in p53-WT-trans-
fected cells with those in the empty vector-transfected cells. As
targets for p53, 793 or 1,804 probes, which were more than 1.5-
fold increase, were chosen in H1299 or SaOS-2 cells, respectively.
To further screen out target genes induced by phosphorylated p53
at Ser46, the expression profiles in p53-WT-transfected cells
were compared with those in the p53-S46A transfectant. As tar-
gets for phosphorylated p53 at Ser46, 11 or 28 probes, which were

‘more than a 1.5-fold increase, were chosen in H1299 or SaOS-2

cells, respectively. Eventually, one probe has been selected, which

A

H1299 cells $a08-2 cells

Flag-p53 WT
._._._g..g.__....... »1.5
Flag vector

Flag-pS3 WT >4
Flag vector

793 probes 1804 probes
Flag-p53 WT Flag-p53 WT
i A LA ZRgp W s

Flag-p53 S46A Flag-p53 S46A

11 probes 28 probes

~. ~

Amphiregulin
B C

16 ¢

Flag-p53
WT S46A

R d

*
Vector

IB: anti-AREG

iB: aglnp-p&'ﬁ (Ser46)

IB: anti-Flag
R

IB: anti-Tubulin

AREG mRNA levels

Fig. 1. Identification of target genes that are induced in a Serd6 phos-
phorylation-specific manner. (A) Numbers of GeneChip probes that are more
than 1.5-fold up-regulated by Flag-p53 WT overexpression, compared with
Flag vector and Flag-p53 S46A mutant expressing cells. AREG was identified
by microarray analysis from both H1299 and Sa0S$-2 cells. (B) H1299 cells
were transfected with Flag-vector, Flag-p53 WT, or the S46A mutant. Total
RNA was analyzed by semiquantitative real-time PCR. *P < 0.05. (C) H1299
cells were transfected with Flag-vector, Flag-p53 WT, or the S46A mutant.
Cell lysates were subjected to immunoblot analysis with anti-AREG, anti-
phospho-p53 (Ser4d6) [p-p53 (Serd6)], anti-Flag, or anti-tubulin.
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conforms the criteria for the transcriptional elevation, in a Ser46
phosphorylation-dependent manner in both cell lines (Fig. 14).
Surprisingly, the probe was coded for AREG that is known as
a member of EGF. Analysis of microarray data indicated that
induction of AREG mRNA in p53-WT is significantly higher than
that in p53-S46A (Fig. 14). To verify this finding, we performed
real-time RT-PCR and semiquantitative RT-PCR. In concert
with the microarray data, expression of p53-WT markedly
increased AREG mRNA in H1299 cells (Fig. 1B and Fig. S1B).
Moreover, in comparison with transfection with p53-WT, in-
duction of AREG expression was diminished in cells transfected
with p53-S46A (Fig. 1B and Fig. S1B). Taken together, these
findings demonstrated that the transcription of AREG is up-
regulated by Ser46-phosphorylated pS53. To further examine
AREG expression in protein levels, H1299 cells were transfected
with p53, then cell lysates were analyzed by Western blotting. In
accordance with mRNA levels, AREG protein was highly in-
ducible in cells transfected with p53-WT (Fig. 1C). By contrast,
introduction of p53-S46A was little, if any, effect on inducible
AREG expression (Fig. 1C), suggesting its dependency on Ser46
phosphorylation in protein levels.

p53 Binds to and Transactivates the AREG Promoter. To define the |

potential p53-responsive elements in the AREG promoter, we
searched the consensus p53-binding site (15) and found two
matches for this sequence within 500 bp of the AREG initiation
codon (Fig. 24). To confirm that p53 binds to these elements
in vivo, we performed chromatin immunoprecipitation (ChIP)
assays. Chromatin was isolated from H1299 cells transfected with
Flag vector, Flag-p53-WT, or Flag-p53-S46A and was immuno-
precipitated with an anti-Flag antibody. Immunoprecipitated
DNA was then analyzed by PCR with primers amplifying the
AREG promoter region encompassing the putative p53-binding
consensus elements (p53-CE; —561 to —361). The elements
were specifically immunoprecipitated with anti-Flag in p53-WT-
transduced cells, suggesting that p53 actually binds to AREG pro-
moter in vivo (Fig. 2B). Moreover, there was no remarkable occu-
pancy of p53-S46A on the p53-CE of AREG promoter (Fig. 2B),
indicating that Ser46 phosphorylation is prerequisite for re-
cruitment of p53 to the AREG promoter. To extend this finding in
the physiological condition, human osteosarcoma U20S cells were
left untreated or treated with adriamycin (ADR). The analysis of
ChIP showed that there was little immunoprecipitation of DNA
fragments containing p53-CE in unstimulated cells (Fig. 2C).
By contrast, occupancy of the AREG promoter by p53 was mark-

edly increased after ADR stimulation (Fig. 2C). As a control, there /

was no detectable p53 occupancy of a control region (CR; —853
to —695) in the AREG promoter upstream to the p53-CE (Fig. 2C).
Importantly, there was little, if any, p53 occupancy in cells pre-
treated with pofitherin-o, a specific p53 inhibitor (Fig. 2C). Previous
study showed that DYRK2 is responsible for Ser46 phosphorylation
in response to DNA damage (10). In this context, the demonstra-
tion that there was also little, if any, immunoprecipitates of p53-CE
by silencing DYRK?2 supports a model in which Ser46 phosphory-
lation triggers the p53 occupancy of AREG promoter (Fig. 2C).
To further prove the role of Serd46 phosphorylation for the
promoter binding, we performed ChIP analysis with the anti-
phospho-p53 (Ser46) antibody. Initially, we validated whether
this antibody is useful for the immunoprecipitation. The results
demonstrated that endogenous phosphorylated p53 is success-
fully immunoprecipitated with the antibody in nonsilencing
siRNA (control siRNA)-transfected cells after DNA damage
(Fig. 524). Notably, in the absence of DYRKZ2, there was little, if
any, immunoprecipitation of p53 (Fig. S24), indicating that the
phospho-Serd6-specific antibody is applicable for immunopre-
cipitation with high specificity. To verify the result, we monitored
the endogenous phosphorylation levels of p53 (Fig. S2B). As
shown previously, phosphorylation of pS3 at Serd6 was abrogated
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Fig. 2. AREG is a direct target gene of p53. {A) Schematic diagram of AREG
promoter and p53 consensus motif. Capital letters indicate nucleotides that
match the p53 consensus sequence. (B) H1299 cells were transfected with
Flag-vector, Flag-p53 WT, or the S46A mutant. For ChIP assay, chromatin—
protein complexes were immunoprecipitated with anti-Flag. Precipitated
chromatin fragments were amplified by PCR with specific primers for p53-CE
in the AREG promoter. {(C) U20S cells were transfected with nonsilencing
siRNA (control siRNA) or DYRK2-specific siRNA, and then left untreated or
treated with ADR and/or p53 inhibitor. Chromatin-protein complexes were
immunoprecipitated with normal mouse IgG or anti-p53. Real-time PCR
amplification was performed to analyze the chromatin-immunoprecipitated
fragments by using primers that are designed for AREG promoter (AREG), or
the outside of AREG promoter control region (CR). The data were normai-
ized with the level of input control. (D) H1299 cells were cotransfected with
pGL3 vector, AREG-Luc, or Ap53CE-AREG-Luc and Flag-p53 WT or the S46A
mutant, and then treated with 0.5 pg/mL ADR for 24 h. The relative increase
in luciferase activity was compared with cells transfected with pGL3 vector.
**P < 0.01. (F) U20S cells were transfected with the reporter vectors and the
control siRNA or p53-specific siRNA, and then treated with 10 M ETO for
24 h. Luciferase assays were performed as described above.

in DYRK2 knockdown cells. Based on these findings, we per-
formed ChIP analysis with this antibody. The results showed that
phosphorylated p53 is recruited to the AREG promoter under
genotoxic stress. By contrast, the recruitment was diminished by
knocking down DYRK?2 (Fig. S2C). These results strengthen the
evidence that phosphorylated p53 at Ser46 is specifically recruited
to the AREG promoter in response to DNA damage.

To establish whether p53 binding is functionally relevant, we
investigated the p53-CE in the AREG promoter for the ability to
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drive a luciferase reporter gene (AREG-Luc) in response to
cotransfection of p53 into H1299 cells {Fig. 2D). In concert with
findings obtained from ChIP analysis, upon exposure to ADR,
the luciferase activity was significantly up-regulated in cells
transduced with p53 WT (Fig. 2D). By contrast, ectopic expres-
sion of p53-S46A attenuated ADR-induced luciferase activity in
comparison with that of p53-WT (Fig. 2D). Deletion of p53-CE in
AREG-Luc (Ap53CE-AREG-Luc) completely abrogated the
luciferase activity in p53-WT-transfected cells after DNA dam-
age (Fig. 2D). Identical effects were obtained in p53-S46A-
transfected cells (Fig. 2D). To confirm that endogenous p53 plays
a role in the induction of AREG by DNA damage, U20S cells
were transfected with AREG-Luc or Ap53CE-AREG-Luc fol-
lowed by treatment with etoposide (ETO). As found in trans-
fected H1299 cells, DNA damage enhanced the luciferase
activity, whereas the absence of p53-CE completely impaired its
induction (Fig. 2E). Significantly, silencing p53 conferred re-
sistance to the augment of ETO-induced luciferase activity re-
gardless of the presence or absence of p53-CE (Fig. 2E). Taken
together, these findings indicated that p53 transactivates AREG
via p53-CE on the AREG promoter in response to DNA damage.

p53 Induces AREG in Response to DNA Damage. To determine
whether p53 physiologically induces AREG expression after
genotoxic stress, U20S cells were transfected with a control
siRNA or a siRNA targeting for p53 (p53 siRNA) followed by
treatment with ADR. Analysis of real-time RT-PCR revealed
that upon exposure of cells to ADR, AREG mRNA was in-
creased at relatively later periods (Fig. 34), which specifically
coincided with the level of Serd6 phosphorylation (14). Impor-
tantly, abrogation of p53 expression completely suppressed in-
crement of AREG mRNA after ADR treatment (Fig 34),
indicating that DNA damage-induced augment of AREG mRNA
requires p53. To extend these findings in protein levels, U20S
cells were transfected with the control siRNA, or the p53 siRNA
followed by ADR exposure. As shown for the mRNA levels, the
expression of AREG was elevated at 24 h in mock-transfected
U20S cells (Fig. S3), indicating relatively later-phase induction
similar to Ser46 phosphorylation. In sharp contrast, there was no
detectable AREG expression in cells silenced for p53 (Fig. S3).
These results demonstrated that AREG is a target of p53 in
response to DNA damage. Given that Ser46-phosphorylated
p53 is recruited to the AREG promoter (Fig. 2 B and D), we
assessed whether AREG expression coincides with the Ser46
phosphorylation level. AREG was detectable at 24 h after ADR
exposure in accordance with Serd46 phosphorylation (Fig. 3B).
However, in DYRK2 knockdown cells, AREG expression was
not up-regulated by DNA damage (Fig. 3B and Fig. S2B). Im-
portantly, DNA damage-induced Ser46 phosphorylation was
markedly attenuated in DYRK2 knockdown cells. Taken to-
gether, AREG is induced by p53 in a Ser46 phosphorylation-
specific manner. :

Accumulating lines of evidence show that AREG is trans-
ported to the plasma membrane and is secreted to act as a ligand
for EGFR (16). However, recent study demonstrated that in-
tracellular AREG translocates to the inner nuclear envelope and
then regulates chromatin remodeling (7). These reports thus
suggest that AREG function is diverse, which is determined by
its cellular localization. Given that AREG is shedded by
ADAM17 on the cell surface and secreted from cells, we mea-
sured the AREG levels in the cell culture media. Of note, AREG
was initially discovered in MCF-7 cells (17). As reported pre-
viously, AREG was released to extracellular fluid in response to
TPA stimulation in MCF-7 cells (Fig. 3C). In contrast, AREG
production was attenuated by cotreatment with ADAM17 in-
hibitor, TAPIL. Importantly, there was little, if any, increase
AREG production in response to various DNA damage stimuli.
Furthermore, in U20S cells, AREG production levels were
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Fig. 3. AREG is induced by p53 in response to DNA damage. (A) U20S cells
were transfected with control siRNA or p53 siRNA to reduce endogenous p53
expression. At 48 h after transfection, cells were left untreated or treated
with ADR for the indicated times. Total RNA was analyzed by semi-
quantitative real-time PCR. (B) U20S cells were transfected with control
siRNA or DYRK2 siRNA and then treated with ADR for the indicated times.
Cell lysates were subjected to immunoblot analysis with the indicated anti-
bodies. (C) MCF-7 and U20S cells were treated with 100 nM TPA, 10 uM TAPI,
2 pg/mb ADR, or 20 uM ETO for 24 h. The amount of secreted AREG in the
culture medium was measured by ELISA. The data were normalized to values
from each untreated cells. The results are represented as mean + SD
obtained from triplicate ELISA values. (D) U20S cells were treated with 10
uM ETO for 24 h. Cells were immunostained with anti-AREG (FITC). The
nuclei were detected with DAPI.

remained unchanged even after treatment with TPA or geno-
toxin (Fig. 3C). These data indicated that AREG is independent
from the shedding by ADAM17 in the DNA damage response.
To examine where AREG localizes under DNA damage condi-
tion, U20S cells were immunostained with anti-AREG antibody
(Fig. 3D). As similarly shown for Western blotting (Fig. 3B),
AREG expression was increased after DNA damage. Notably,
AREG was not expressed in the plasma membrane, but pre-
dominantly localized in the nucleus upon ETO treatment (Fig.
3D). Collectively, these results suggest that AREG is induced by
p53 and is targeted to the nucleus in response to DNA damage.

AREG Interacts with DDX5 and Drosha. To characterize nuclear
function of AREG, we intended to identify AREG-associated
protein by mass spectrometry. U208 cells were transfected with
YFP-vector or YFP-tagged AREG, and cell lysates were immu-
noprecipitated with anti-GFP antibody. Immune complexes were
analyzed by 2-Dimensional Image Converted Analysis of Liquid
(2DICAL) chromatography and mass spectrometry (18). By
2DICAL analysis, the 79 peaks were statistically significant be-
tween the immunoprecipitates from AREG-YFP and YFP (P <
0.05). The MS peaks were subjected to. MS/MS analysis to
identify amino acid sequences (Table S1). Mascot search showed
that DDX5 was identified as an AREG binding protein (Fig. S4 A
and B). The MS peak of immunoprecipitated AREG was
detected by these analyses (Fig. S4 € and D). To confirm this
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finding, U20S cells were transfected with YFP-vector or AREG-
YFP followed by immunoprecipitation with anti-GFP antibody.

The analysis with anti-DDX5 revealed that AREG was inter-

acted with DDXS5 in cells (Fig. S5). To extend this finding,
DDX5 was immunoprecipitated in the presence or absence
of ETO. The results demonstrated that endogenous DDX5
interacts with AREG upon genotoxic stimuli (Fig. 44, Left).
Given that DDXS5 is one of the components of Drosha complex,
we determined whether Drosha also interacts with AREG.
Endogenous Drosha was immunoprecipitated with anti-Drosha
followed by immunoblot analysis with anti-AREG antibody.
The results demonstrated that endogenous Drosha interacts with
AREG in the presence of ETO (Fig. 44, Center). These results
support our model in which- AREG modulates the microRNA
processing with DDX5-Drosha complex. To clarify subcellular
localization of DDX5 following DNA damage, U20S cells were
immunostained with anti-DDX5 and anti-AREG antibodies. As
shown previously, AREG localized in the nucleus under the
DNA-damaged condition (Fig. 3D). In this circumstance, DDX5
colocalized with AREG in the nucleus (Fig. 4B). Taken together,
these findings demonstrate that nuclear AREG interacts with
DDXS5 upon genotoxic stress.

AREG Regulates microRNA Processing To Induce Apoptosis. Previous

study has shown that DDX5 engages microRNA processing,

especially among the converting step from primary microRNA
(miRNAs) to precursor miRNA (19). DDXS5 regulates miRNAs
(i.e., miR-15a) biogenesis in response to DNA damage. In ad-
dition, because Ser46 phosphorylation is an indispensable mod-
ification for p53-dependent apoptosis, it is plausible that AREG
exerts induction of apoptosis. Based on these findings, we hy-
pothesized that AREG regulates tumor suppressive miRNAs
processing via DDX5 interaction. To address this possibility,
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indicated antibodies. Cell lysates were also analyzed by Western blotting. (B)
U20S cells were treated with 10 pM ETO for 24 h. Cells were immunostained
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Control

ETO 24h

Taira et al.

L




precursor miRNA was isolated from U20S cells and then ana-
Iyzed by real-time PCR. As shown by Suzuki et al. (19), pre-miR-
15a was increased by DNA damage, whereas pri-miR-15a levels
remained unchanged (Fig. 54 and B). This data thus confirmed
that miR-15a expression is posttranscriptionally regulated. In
AREG knockdown cells, pre-miR-15a levels were significantly
reduced, indicating that AREG modulates miR-15a processing
(Fig. 5B). Because a major target of the miR-15a is antiapoptotic
protein Bcl-2 (20), we examined Bel-2 expression under the same
conditions (Fig. 5C). Bcl-2 expression was declined upon severe
DNA damage. By contrast, the decrease was little, if any, ob-
served in AREG knockdown cells. This finding indicates that
AREG regulates Bcl-2 expression through processing of miR-
15a. To assess whether endogenous AREG is involved in apo-
ptosis induction, U20S cells were transfected with the control
siRNA or the AREG siRNA followed by treatment with ADR.
Silencing AREG significantly attenuated apoptosis elicited by
ADR (Fig. 5D). To further investigate whether AREG regulates
apoptosis induction via the miRNA biogenesis, miR-15a in-
hibitor was cotransfected with control siRNA or AREG siRNA.
In the control siRNA-transfected U20S cells, DNA damage-
induced apoptosis was remarkably suppressed in the presence of
miR-15a inhibitor (Fig. 5D). This result supported that miR-15a
is a prerequisite miRNA for apoptosis induction. In contrast,
apoptosis induction was not attenuated by AREG depletion re-
gardless of miR-15a inhibitor transfection, suggesting that
AREG induces apoptosis via miR-15 induction (Fig. 5D).
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Fig.5. AREG induces apoptosis in response to DNA damage. (A and B) U20S
cells were transfected with control or AREG-specific siRNA and then treated
with ADR for the indicated times. Total RNA was amplified with pri-miR-15a
specific primers (A) or pre-miR-15a-specific primers (B). Data represent
mean + SD of relative induction. n.s., not significant; *P < 0.05. (C) U20S
cells were transfected with control siRNA or AREG siRNA and treated with
ADR for indicated times. Cell lysates were analyzed by Western blotting
with indicated antibodies. Relative band intensity (anti-Bcl-2) is shown. (D)
U20S cells were transfected with control siRNA, AREG siRNA, or miR-15a
inhibitor and then treated with ADR for 24 h. Apoptotic cells were
quantified by TUNEL assays. Data represent the mean = SD: n.s., not sig-
nificant; *P < 0.05.
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Fig. 6. The model of AREG-mediated apoptosis regulation. In response to
DNA damage, AREG is induced by p53 and interacts with DDX5 and Drosha.
The AREG complex contributes to biogenesis of DNA damage-induced
microRNAs including miR-15a that targets antiapoptotic factor Bcl-2. AREG
regulates apoptosis induction via the microRNA processing.

To examine whether AREG modulates the microRNA bio-
genesis besides miR-15a, the expression levels of other precursor

.miRNAs were monitored by real-time PCR. Given that miR-34

is one target for p53 in response to DNA damage (21), we an-
alyzed pri-miR-34 expression in U20S cells. As shown pre-
viously, pri-miR-34 expression increased following genotoxic
stimuli. In AREG-silencing cells, pri-miR-34 expression was in-
duced at a comparable level to that in control siRNA-transfected
cells. This finding demonstrated that miR-34 transcription is-
induced by DNA damage, which is independent of AREG (Fig.
S64). Pri-miR-143 expression remained unchanged after ADR
treatment in both transfectants (Fig. S6B). These results suggest
that AREG is not involved in microRNA transcription. We
further examined expression levels of pre-miR-34 and pre-

miR-143 under the same experimental conditions. They were

increased by DNA damage. By contrast, in AREG knockdown
cells, they were markedly attenuated, suggesting that AREG
regulates the processing of miR-34 and miR-143 (Fig. S6 C
and D). Taken together, these findings indicate that AREG
contributes to the miRNA biogenesis, not only in miR-15, but
also other miRINAs.

We also examined whether DDXS or DDX17 modulates
AREG-mediated apoptotic cell death. U20S cells were
cotransfected with AREG siRNA and DDX5 siRNA or DDX17
siRNA. Apoptosis induction was monitored by TUNEL assay. As
previously shown (Fig. 5D), AREG knockdown was associated
with the attenuation of apoptotic cell death compared with the
control siRNA transfection (Fig. S7). Importantly, additional
knockdown of DDXS5 or DDX17 had no further effect on apo-
ptosis induction (Fig. S7). These results suggest that AREG is
essential for the process of precursor microRNAs involved in
apoptosis regulation. ,

Taken together, these findings demonstrated that AREG
induces apoptosis in response to genotoxic insult by modulating
the microRNA processing within the Drosha complex (Fig. 6).

Discussion

Tumor suppressor p53 has a great variety of function to prevent
tumor progression. Especially, apoptotic induction is an effective
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mechanism for tumor elimination. Despite phosphorylation of
p53 at Ser46 that dramatically induces apoptosis, how phos-
phorylated p53 induces apoptosis remains unclear. To identify
Ser46 phosphorylation-responsible genes, gene expression pro-
files from p53 WT cells were compared with those from S46A
mutant. We successfully identified AREG as a phospho-Ser46
responsible gene. Notably, Ser46 phosphorylation allows p53 to
target the AREG promoter. Given that Ser46-phosphorylated
p53 induces the expression of p53AIP1 that promotes apoptosis
(14), Ser46 phosphorylation changes promoter affinity of p53 to
the promoters with proapoptotic genes.

Recent studies demonstrated the function of p53 in the micro-
RNA biogenesis. miR-34 was originally identified as a microRNA
that is directly transactivated by p53 (21, 22). Suzuki et al. showed
that p53 facilitates microRNA processing with Drosha (19). Thus,
P53 directly regulates microRINA expression at both transcriptional
and posttranscriptional levels. The present study shows that p53
engages microRNA production via AREG, which is a target for
P53, indicating that p53 indirectly modulates the microRNA bio-
genesis. In this context, p53 modified the microRNA biogenesis in
the various steps. In response to DNA double-strand break,
ATM phosphorylates downstream effectors to transduce the
damage signal. ATM regulates the microRNA biogenesis via
KSRP phosphorylation (23). Taken together, these tumor sup-
pressive factors regulate the microRNA biogenesis, suggesting
that dysregulation of microRNA metabolism is observed in
tumors. Accumulating evidence has demonstrated that microRNA
levels are decreased in tumors (24), and that defects in microRNA
processing are observed in tumor (25). In these regards, post-
transcriptional regulation for the microRNA biogenesis is fun-
damental for tumor inhibition. We reported that DYRK2-depleted
cells contribute to tumorigenesis in vivo (26, 27). In the current
study, AREG expression remained little, if any, detectable in the
DYRK?2 knockdown cells. Loss of AREG could not suppress
Bcl-2 expression under severe DNA damage mainly due to the
failure of pri-miR-15a processing. In this context, the defect in
the microRNA biogenesis might accelerate tumorigenesis.
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AREG was originally identified in MCFE7 cells treated with
TPA. Furthermore, AREG is well known as a bifunctional

_protein for cell growth (17). Initially, AREG is synthesized as

a precursor protein, and the precursor is transported to the
plasma membrane and proteolytically cleaved by ADAM17 (28).
Cleaved AREG binds to EGFR to facilitate receptor phos-
phorylation. Thus, secreted AREG functions as a ligand to
promote proliferation. In contrast, other reports suggested
that AREG has a tumor inhibitory function (2, 17). Intriguingly,
AREG translocates to the inner nuclear membrane to induce
heterochromatinization, thereby suppressing transcription (7).
In ovarian cells, AREG localizes in the nucleus (5, 6); how-
ever, nuclear function of AREG has remained to be eluci-
dated. In the present study, we clarified that nuclear AREG
modulates tumor suppressive miRNA expression via mictoRNA
processing to inhibit tumor growth. AREG possesses two nuclear
localization sequences; however, machinery of nuclear traffick-
ing of AREG is not fully understood. Elucidation of the regu-
lation for intracellular localization of AREG is requisite for
characteristics of its function.

Materials and Methods

Experimental details are described in SI Materials and Methods. All results
are expressed as mean values + SD of at least three independent experi-
ments. Unpaired Student t test was used to generate statistical analysis. All
microarray data (29) have been deposited in the ArrayExpress database
under accession no. E-MEXP-2556.
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S Materials and Methods

Cell Culture. U20S cells were cultured in RPMI medium 1640
supplemented with 10% (vol/vol) heat-inactivated FBS, 100 units/
mL penicillin, and 100 mg/mL streptomycin. H1299 cells, SaOS-2
cells, and MCF-7 cells were grown in DMEM containing 10% FBS
and supplements. Cells were treated with adriamycin (ADR;
Sigma-Aldrich) or etoposide (ETO; Sigma-Aldrich).

Microarray Analysis. H1299 cells and SaOS-2 cells were transfected
with Flag-tagged p53 wild type or S46A mutant. Total RNA were
purified and used for microarray analysis by using the Human
Genome U133 plus 2.0 array (Affymetrix) as described (1). The

results from Genechip analysis are available at www.ebi.ac.uk/ -

arrayexpress, under accession no. E-MEXP-2556.

Plasmid and siRNA. Human p53 was cloned into pcDNA3-FLAG
vector (2). Alanine-substituted mutant of p53 was constructed by
site-directed mutagenesis. Promoter region of amphiregulin
(AREG) was cloned into the pGL3 basic vector. Human AREG
was subcloned into the pEYFP vector (3). The control siRNA and
DYRK2-, p53-, and AREG-specific siRNA were purchased from
Qiagen and Invitrogen. Plasmids or siRNA were transfected by
using FuGENE9 (Roche) or Lipofectamine RNAi MAX (Invi-
trogen), respectively. The miR-15a inhibitor was obtained from
Ambion. The inhibitor was transfected by using Lipofectamene
2000 (Invitrogen).

Immunoblot, Immunoprecipitation, and Immunofiuorescence Analyses.
Cell lysates were prepared as described (4). Lysates were separated
by SDS/PAGE and transferred to nitrocellulose membrane. The
membranes were incubated with anti-phospho-p53 (Ser46) (Bio-
academia), anti-p53 (Santa Cruz Biotechnology), anti-Flag (Sigma-
Aldrich), anti-GFP (Nacalai tesque), anti-Bcl-2 (Zymed), anti-
DYRK2 (Human Protein Atlas), anti-DEAD-box RNA helicase
p68 (DDX5) (Millipore), anti-DDX17 (abcam), anti-Drosha (Santa
Cruz Biotechnology), or anti-tubulin (Sigma-Aldrich). Polyclonal
antibody to amino acids 233-250 of the human AREG was gen-
erated (5). Immune complexes were incubated with secondary an-
tibodies and visualized by chemiluminescence (Perkin-Elmer). For
immunoprecipitation, lysates were incubated with anti-GFP (MBL),
anti-DDXS5, or anti-Drosha for 2 h at 4 °C. Immune complexes were
precipitated by protein G. For immunofluorescence, cells were left
untreated or treated with ETO for 24 h. Cells were fixed in
methanol for 5 min and permeabilized with 1% Triton X-100 for 15
min. After washing once with PBS, cells were blocked with goat
serum in PBS for 1 h. After washing with PBS-T (0.05% Tween-20)
three times, cells were incubated with anti-AREG and/or anti-
DDX5. Immune complexes were then stained with a goat anti-
rabbit secondary antibody-conjugated FITC or a goat anti-mouse

oy

. Kimura J, Kudoh T, Miki Y, Yoshida K (2011) Identification of dihydropyrimidinase-
related protein 4 as a novel target of the p53 tumor suppressor in the apoptotic
response to DNA damage. Int J Cancer 128(7):1524-1531.

. Yoshida K, Liu H, Miki Y (2006) Protein kinase C delta regulates Serd6 phosphorylation of
p53 tumor suppressor in the apoptotic response to DNA damage. J Biol Chem 281(9):
5734-5740. .

. Nakayama H, et al. (2012) Cell surface annexins regulate ADAM-mediated ectodomain
shedding of proamphiregulin. Mol Biol Cell 23(10):1964~1975.

4. Taira N, Nihira K, Yamaguchi T, Miki Y, Yoshida K (2007) DYRK2 is targeted to the
nucleus and controls p53 via Serd6 phosphorylation in the apoptotic response to DNA
damage. Mol Cell 25(5):725-738.

5. Isokane M, et al. (2008) Plasma-membrane-anchored growth factor pro-amphiregulin

- binds A-type lamin and regulates global transcription. J Celf Sci 121(Pt 21):3608-3618.
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secondary antibody-conjugated rhodamine. Nuclei were stained
with DAPI (Vector Laboratories).

Densitometric Analysis. The band intensity was calculated by the
densitometric analysis with the ImageJ program. The score was
normalized by the signal intensity of nondamaged cells.

Semiquantitative Real-Time PCR. Precursor microRNA expression
was analyzed by real-time PCR as described (6).

Reporter Assay. Luciferase activities were measured at 48 h after
transfection by using the Bright-Glo Luciferase assay system
(Promega) according to the manufacturer’s protocol. The relative
increase in activity compared with cells transfected with pGL3
vector was determined as described (7).

Chromatin Immunoprecipitation (ChiP) Assay. ChIP assay was per-
formed as described (8). Immunoprecipitation was carried out
with normal mouse IgG, anti-Flag, anti-p53, or anti-phospho-p53
(Ser46). Immunoprecipitated DNA fragments were amplified and
subjected to semiquantitative RT-PCR. The data were normalized
for the level of input control. The following primers were used
for ChIP assays. For AREG promoter, 5'-gtacttttacatctaaatacgga-3’
and 5’-gtgcgtaaggattcgetgagaggaa-3’; Control region (CR), 5'-
catatccacctggetttgaacat-3' and 5’-ggccagaatttcaaatcecctcac-3'.

AREG Production. Cells were plated onto 96-well culture plate and
treated with 12-O-tetradecanoylphorbol-13-acetate (TPA), TNF-
alpha protease inhibitor (TAPI), ADR, or ETO for 24 h. The
amount of secreted AERG was measured by using human am-
phiregulin DuoSet (R&D Systems) according to the manu-
facturer’s protocol.

Mass Spectrometry Analysis. U20S cells were transfected with YFP
vector or YFP-tagged AREG. After 48 h, cells were harvested and
cell lysates were immunoprecipitated with GFP antibody, and
then binding proteins were eluted with 10% (vol/vol) sodium
deoxycholate (SDC) solution. Samples were digested with se-
quencing grade modified trypsin (Promega) overnight. For LC-
MS analysis, peptides were purified and resuspended with 0.1%
formic acid. Acquired data from LC-MS were analyzed and quan-
tified by using 2DICAL software (9).

Apoptosis Assay. Transiently transfected U20S cells were cultured
with poly-D-lysine—coated 4-well chamber slides. Apoptosis was
detected by TUNEL assays by using DeadEnd Fluorometric
TUNEL System (Promega). Statistical comparisons within the
treatment groups were made by the Student ¢ test. A P value of <
0.05 was considered to be statistically significant.

6. Suzuki Hl, et al. (2009) Modulation of microRNA processing by p53. Nature 460(7254):
529-533.

7. Liu H, Lu ZG, Miki Y, Yoshida K (2007) Protein kinase C delta induces transcription of

the TP53 tumor suppressor gene by controlling death-promoting factor Btf in the

apoptotic response to DNA damage. Mo/ Cell Biol 27(24):8480-8491.

Nihira K, et al. (2010) Pim-1 controls NF-kappaB signalling by stabilizing RelA/p65. Cell

Death Differ 17(4):689-698.

. Ono M, et al. (2006) Label-free quantitative proteomics using large peptide data sets
generated by nanoflow liquid chromatography and mass spectrometry. Mol Cell
Proteomics 5(7):1338~1347.
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were subjected to immunoblot analysis with anti-p53. (B) Cell lysates were analyzed by Western blotting with indicated antibodies. (C) Chromatin—protein
complexes were immunoprecipitated with anti-p-p53 (Ser46). Precipitated chromatin fragments were amplified by real-time PCR with specific primers for the
AREG promoter. *P < 0.05.
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hours. Cell lysates were subjected to immunoblot with anti-AREG (Top), anti-p53 (Middle), or anti-tubulin (Bottom).
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Fig. S4. Mass spectrometric analysis for AREG binding protein. The MS data were obtained from three independent experiments. The results from 2DICAL
analysis were shown in A and C. The MS peaks were developed in various combinations of axes; the m/z (x axis) and intensity axes (y axis) (Upper Left), the
signal intensity (Left; y axis) and a box-and-whisker diagram (Upper Right), a grayscale intensity pattern of the RT (Lower Left; x axis), the m/z (x axis), and RT
(y axis) (Lower Right). The results from Mascot search were shown in 8 and D. The results from A and B showed the MS peak of 493 m/z matched DDX5. The MS
peak of 602 m/z matched AREG (C and D).
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Table $1. List of peptides from YFP-AREG immunocomplex

Relative ratio

Protein ID (compared with YFP-vector) Sequence
AREG 5.57 THSMIDSSLSK
DDX5 1.47 APILIATDVASR
DDX5 1.48 LLQLVEDR
DDX5 1.32 QVSDLISVLR
DDX5 1.55 WNLDELPK
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introduction

Abstract

Treatment of advanced oral squamous cell carcinoma (OSCC) requires the inte-
gration of multimodal approaches. The aim of this study was to identify predic-
tors of tumor sensitivity to preoperative radiotherapy/chemotherapy for OSCC
in order to allow oncologists to determine optimum therapeutic strategies with-
out the associated adverse effects. Here, the protein expression profiles of for-
malin-fixed paraffin-embedded (FFPE) tissue samples from 18 OSCC patients,
termed learning cases, who received preoperative chemotherapy and/or radio-
therapy followed by surgery were analyzed by quantitative proteomics and vali-
dated by immunohistochemistry in 68 test cases as well as in the 18 learning
cases. We identified galectin-7 as a potential predictive marker of chemotherapy
and/or radiotherapy resistance, and the sensitivity and specificity of the galec-
tin-7 prediction score (G7PS) in predicting this resistance was of 96.0% and
39.5%, respectively, in the 68 test cases. The cumulative 5-year disease-specific
survival rate was 75.2% in patients with resistant prediction using G7PS and
100% in patients with sensitive prediction. In vitro overexpression of galectin-7
significantly decreased cell viability in' OSCC cell line. Therefore, our findings
suggest that galectin-7 is a potential predictive marker of chemotherapy and/or
radiotherapy resistance in patients with OSCC.:

and approximately 40% of all head and neck cancer
cases [2]. Histopathologically, squamous cell carcinoma

Oral cancer is the sixth most common cancer worldwide,
with an annual incidence of ~275,000 cases. However,
unlike many other cancers, the incidence of oral cancer
is increasing [1]. In Japan, the number of patients diag-
nosed with oral cancer was 2100 in 1975 and 6900 in
2005, and this number is estimated to increase to 7800
by 2015, when it will represent 1% of all cancer cases

(SCC) is the most common cancer of the oral cavity,

~accounting for >90% of all oral cancer cases. Despite

recent improvements in multimodal therapies, the sur-
vival rate of these patients remains poor because of fre-
quent locoregional and/or distant recurrences. These
statistics highlight the urgent need for treatment alterna-
tives [3].

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of 1
the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.



Galectin-7 in OSCC

Treatment of advanced head and neck SCC requires the
integration of multimodal approaches. Interest in neoadju-
vant chemotherapy has recently regenerated because of its
survival benefits, particularly when a taxane—cisplatin—flu-
orouracil regimen is applied instead of the standard cis-
platin—fluorouracil regimen [4-6]. Usually, tumor
response to neoadjuvant chemotherapy predicts its
response to radiotherapy. The prognostic indicators of
favorable outcome would allow oncologists to make a
more rational selection of therapeutic strategies without
the unnecessary toxicities of neoadjuvant chemotherapy.

Over the past decade, gene expression in oral SCC
(OSCC) has been studied extensively using microarray
techniques. However, gene expression is not always corre-
lated with the level of expression of the corresponding
protein [7]. Furthermore, although the use of fresh mate-
rial is required for most analytical approaches, human tis-
sue samples are not always available in sufficient quantity.
As an alternative, formalin-fixed paraffin-embedded
(FFPE) tissue blocks can be routinely collected and stored
as samples for research purposes after pathological diag-
nosis. A method of extracting proteins from FFPE tissues
in the form of tryptic peptides was recently developed,
and the methodology is compatible with a variety of mass
spectrometry (MS)-based proteomics [8].

This study aimed to identify potential predictive
markers of chemotherapy and/or radiotherapy resistance
in patients with OSCC using quantitative proteomic
analysis of FFPE biopsy tissues.

Patients and Methods

Patients

This retrospective study included 86 patients diagnosed
with resectable OSCC and treated at the Tokyo Medical
and Dental University Hospital Faculty of Dentistry
(TMDU, Tokyo, Japan) between January 2001 and
December 2011 (Table 1). The diagnosis was confirmed
by histological examination of tissue biopsies surgically
removed from the center of the cancerous tissue. The
FFPE samples were fixed in formalin, embedded in paraf-
fin, and stored at room temperature. Thereafter, all
patients received preoperative chemotherapy and/or
radiotherapy, followed by surgical primary tumor resec-
tion with or without neck dissection. After the chemo-
therapy and/or radiotherapy, treatment outcome was
evaluated using the response evaluation criteria in the
solid tumors (RECIST) guidelines. Cases of progressive
disease (PD) or stable disease (SD) were assigned to the
resistant group (Group R), whereas those who achieved a
partial response (PR) or complete response (CR) were
assigned to the sensitive group (Group S). This protocol

S. Matsukawa et al.

was reviewed and approved by the Ethics Committee
Board of the TMDU.

As learning cases, 18 biopsy samples were prepared
(Table 1), including nine samples from Group R patients
and nine samples from Group S patients. As test cases, 68
samples were prepared (Table 1), including 25 samples from
Group R patients and 43 samples from Group S patients.

Preoperative chemotherapy and/or
radiotherapy

Patients assigned to the S/R group received a daily frac-
tional dose of radiotherapy (2 Gy; 5 days/week) for a
total dose of 34-50 Gy using a 4MV LINAC (Varian,
CA). Radiation was delivered to the primary tumor site
and the cervical nodes for patients with nodal involve-
ment. Concomitant chemotherapy with S-1 (Taiho Phar-
maceutical Co., Tokyo, Japan) was orally administered
twice a day after a meal for five consecutive days per
week. The individual doses were calculated on the basis
of body surface area (total 1000-3000 mg).

Patients assigned to the P/R group received a fractional
daily dose of radiotherapy for a total dose of 50 Gy.
Concomitant chemotherapy with carboplatin (CBDCA) or
cisplatin (CDDP) was administered once a day using the
selective intra-arterial infusion method via the superficial
temporal artery [9]. The daily dose of CBDCA ranged from
10 to 30 mg, with a total dose of 495-725 mg. The daily
dose of CDDP was 8 mg, with a total dose of 280 mg.

Patients in the pretreatment PF/R group received a
daily fractional dose of radiotherapy for a total dose of
50 Gy. Concomitant chemotherapy with intravenous
CDDP (80 mg/mz), followed by 5-fluorouracil (5-Fu)
(800 mg/m? per day) as a continuous 24-h infusion for
five consecutive days, was administered.

Patients in the PF group received intravenous CDDP
(60, 70, or 80 mg/m?), followed by 5-Fu (600, 700, or
800 mg/m® per day) as a continuous 24-h infusion for
five consecutive days. These patients received one or two
cycles of treatment.

Patients in the pretreatment S group were administered
oral §-1 twice a day after meals during the waiting period
before surgery (total, 600~2100 mg).

Finally, patients in the pretreatment R group only
received a daily fractional dose of radiotherapy (2.5 Gy
for 4 days/week), with a total dose of 40 Gy.

Peptide extraction

The proteins were extracted from the FFPE samples in the
form of tryptic peptides using the Liquid Tissue MS
Protein Partitioning Kit (Expression Pathology, Rockville,
MD) according to the manufacturer’s protocol. The

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Table 1. Clinical characteristic;s and expression profile of galectin-7.

Galectin-7 in OSCC

Patient Prediction Pre Response
no. Case Group Gender Age Primary site Differentiation TN Stage G7S  G7NL score C/R  to therapy
1 Learning GroupR F 61 Mandibula Grade 2 T4NT  4A 29 2 —-2.78 PF+ NC
SRR
2 Learning GroupR M 60  Maxillary sinus  Grade 3 T3N2c 4C 0 0 -1.97 PR NC
3 Learning GroupR ™M 50  Floor of mouth Grade 2 T3N2b 4A 455 2 -1.82 SR NC
4 Learning GroupR M 57  Tongue Grade 1 T2N1 3 484 2 ~1.65 SR NC
5 Learning GroupR M 79  Tongue Grade 2 T3NT 3 484 2 —1.65 SIR NC
6 Learning GroupR M 32 Tongue Grade 1 T2N2b 4A 315 1 -1.38 SR NC
7 Learning GroupR M 57  Tongue Grade 1 T3N2b 4A 577 2 -1.10 PF+ PD
SR
8 Learning GroupR M 68  Mandibula Grade 2 T4N2b 4A 449 1 -0.61 PF NC
9 Learning GroupR M 47  Tongue Grade 2 T2NO 2 466 1 —0.51 PF NC
10 Learning GroupS M 72 Floor of mouth Grade 2 T3N2c 4A 725 2 -0.25 SRR PR
11 Learning Group S M 50  Tongue Grade 1 T2NO 2 346 0 0.04 S PR
12 Learning GroupS M 82  Tongue Grade 1 T2NO 2 56.8 1 0.09 S PR
13 - Learning GroupS M 59  Tongue Grade 2 T3NO 3 616 O 1.61 SIR PR
14 Learning GroupS M 61 Tongue Grade 1 T2NO 2 66.5 0 1.90 S PR
15 Learning Group S M 68  Lower gingiva Grade 1 T2NO 2 666 O 1.90 SIR PR
16 Learning GroupS M 76  lower gingiva  Grade 1 T2N2b 4A 787 0 2.60 S PR
17 Learning GroupS M 29  Tongue Grade 2 T2NO 2 8.4 0 2.70 SIR PR
18 Learning GroupS M 53  Lower gingiva Grade 1 T2N1 3 833 O 2.87 S PR
19 Test GroupR M 58  Mandibula - Grade 2 T4N2b 4A 241 2 -3.06 S NC
20 Test GroupR M 70  Floor of mouth Grade 2 T2N2c 4A 453 1 -2.95 R NC
21 Test GroupR M 57  Maxillary sinus  Grade 2 T4N1T 4B 1.4 1 -2.55 PR NC
22 Test GroupR F 66  Maxillary sinus  Grade 2 T3N2b 4A 127 1 —2.47 SIR NC
23 Test GroupR M 45  Tongue Grade 3 T3N2b 4A 344 2 —2.46 PF NC
24 Test GroupR M 60  Tongue Grade 2 T4AN2c 4A 353 2 -2.41 S NC
25 Test GroupR F 81  Lower gingiva Grade 3 T4ANO  4A 16.6 1 —2.25 R NC
26 Test GroupR F 72 Buccal mucosa Grade 1 T4N2b 4A 0 0 -1.97 R NC
27 Test GroupR M 67  Uppergingiva Grade 3 T2N1 3 06 O -1.93 S NC
28 Test GroupR M 53  Soft palate Grade 3 T4N1  4A 8.14 0 ~1.50 R NC
29 Test GroupR M 59  Buccal mucosa Grade 2 TAN2b 4A 316 1 —-1.38 R NC
30 Test GroupR M 53  Mandibula Grade 1 TAN2b 4A 334 1 -1.27- R NC
31 Test GroupR M 68  Mandibula Grade 2 TAN2b 4A 56.1 2 -1.20 S NC
32 Test GroupR F 54 Tongue Grade 2 T2N2b 4A 37 1 —1.06 S NC
33 Test Group R F 52 Llower gingiva Grade 2 T4N2c 4A 608 2 -0.93 S NC
34 Test GroupR M 61 Retromolar Grade 1 TANT  4A 407 1 —0.85 S NC
trigone

35 Test GroupR M 41 Tongue Grade 3 T2N2c  4A 202 0O -0.79 R NC
36 Test GroupR M 66  Mandibula Grade 1 T4N2b 4A 43 1 -0.72 S NC
37 Test GroupR M 74  Lower gingiva Grade 2 T4NZb  4A 68 2 —0.51 S NC
38 Test GroupR M 69  Tongue Grade 2 T3N2b 4A 258 0 -0.47 PF NC
39 Test GroupR M 57  Mandibula Grade 1 T4NO  4A 318 0 -0.12 R NC
40 Test GroupR M 64  Tongue Grade 2 T3N2c 4A 75 2 -0.10 PF NC
41 Test GroupR M 62  Maxila Grade 2 T4NT  4A 33 0 -0.05 SRR NC
42 Test GroupR M 57  Tongue Grade 2 T2NO 2 331 O -0.04 SIR NC
43 Test GroupR M 64  Tongue Grade 2 T3N2b 4A 724 1 0.99 S NC
44 Test GroupS M 57  Maxillary sinus  Grade 2 T3NO 3 07 2 —4.42 PR PR
45 Test GroupS M 52  Lower gingiva Grade 2 T2N2b  4A 135 2 —4.38 SRR PR
46 Test Group S M. 55  Tongue Grade 3 T3N2b 4A 6.63 1 —2.83 PF PR
a7 Test GroupS M 74  Upper gingiva Grade 3 T4N2b 4A 994 1 —2.64 SIR PR
48 Test GroupS M 62  Tongue Grade 3 T3NO 3 109 1 —2.58 SR PR
49 Test GroupS M 71 Buccal mucosa Grade 3 T3N2b 4B 399 2 -2.14 PF PR
50 Test GroupS F | 76  Upper gingiva  Grade 2 TANO  4A 0 0 -1.97 SR PR
51 Test Group S F 52 Tongue Grade 3 T3NO 3 21 0 ~1.85 SIR PR
52 Test GroupS M 50  Tongue Grade 1 T2NO 2 62 0 -1.61 S/IR PR
© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 3
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Table 1. Continued.

Patient Prediction Pre Response
no. Case Group Gender Age Primary site Differentiation TN Stage G7S  G7NL score C/R  to therapy
53 Test GroupS M 49  Tongue Grade 2 T3N1 3 279 1 —1.60 PF PR
54 Test GroupS M 48  Llowergingiva Grade 1 T4NO  4A 311 1 -1.41 SR PR
55 Test GroupS M 62 Llowergingiva Grade2 = T3N2b 4A 331 1 -1.29 SR PR
56 Test GroupS M 58  Floor of mouth Grade 2 T2N2c  4A 19 0 -1.28 R PR
57 Test GroupS M 61 Upper gingiva  Grade 3 TANO  4A 122 0 -1.26 PR PR
58 Test GroupS M 59  Floor of mouth Grade 2 T4N2c  4A 337 1 -1.26 PF PR
59 Test GroupS F 67  Tongue Grade 2 T2N2c  4A 348 1 -1.19 PF PR
60 Test Group S F 64  Upper gingiva  Grade 2 T3NO 3 371 1 -1.06 SIR PR
61 Test GroupS M 58  lower gingiva  Grade 2 T3NT 3 59 2 -1.03 SRR PR
62 Test Group S M 54  Lower gingiva  Grade 2 T2N2b 4A 167 0 —1.00 SIR PR
63 Test GroupS M 69  Tongue Grade 2 T3NO 3 208 O -0.76 SR PR
64 Test GroupS M 65  Tongue Grade 1 T3NO 3 265 0 -0.43 PF PR
65 Test Group S F 40  Tongue Grade 2 T2N2b 4A 279 0 —0.35 SIR PR
66 Test GroupS M 54  Lower gingiva  Grade 2 T4NO  4A 283 0 -0.32 R PR
67 Test GroupS M 55  Tongue Grade 1 T3NT 3 309 0 -0.18 SR PR
68 Test Group S M 59  Floor of mouth Grade 2 T2NO 2 523 1 -0.17 SIR PR
69 Test GroupS M 67  Floor of mouth Grade 2 T4N1  4A 3111 0 -0.16 SIR PR
70 Test Group S F 64  Lower gingiva  Grade 1 T4N1T  4A 356 0 0.10 SIR PR
71 Test GroupS M 65  Tongue Grade 1 T3NT 3 80 2 0.19 PF PR
72 Test GroupS M 66  Floor of mouth Grade 2 T3NO 3 60.7 1 0.31 PF PR
73 Test GroupS M 65  Retromolar Grade 2 T2N0 2 414 0 0.44 R PR
trigone

74 Test GroupS M 75  Upper gingiva  Grade 3 T4N2c  4A 414 0 0.44 S/IR PR
75 Test Group S F 62  Maxila Grade 1 TANO  4A 426 O 0.51 PF/R PR
76 Test Group S F 52 Tongue Grade 2 T2NO 2 431 0 0.53 SR PR
77 Test Group S M 59  Tongue Grade 1 T3N2¢c 4A 47 0 0.76 R PR
78 Test GroupS M 48  Tongue Grade 2 T3N2b 4A 515 0 1.03 PF PR
79 Test GroupS M 62 Buccal mucosa Grade 2 T2NO 2 528 O 1.10 S/IR PR
80 Test Group S F 46 Tongue Grade 2 T3NO 3 543 0 1.18 S/R PR
81 Test Group S M 45  Lower gingiva  Grade 1 T4N1  4A 544 0 1.19 S/IR PR
82 Test Group S M 45 Floor of mouth  Grade 1 T2NO 2 552 0 1.24 S/R CR
83 Test Group S M 56  Tongue Grade 3 T3NO 3 559 0 1.28 SIR PR
84 Test Group S F 62  Lower Gingiva  Grade 2 T3NO 3 602 O 1.53 R PR
85 Test GroupS M 58  Soft palate Grade 2 T3NO 3 69.9 0 2.09 SIR PR
86 Test Group S M 68  Lower gingiva  Grade 1 TANO  4A 716 0 2.19 SR PR

Group R, resistant group; Group S, sensitive group; M, male; F, female; Pre C/R, preoperative chemotherapy and/or radiotherapy; S/R, S-1 + radia-
tion; P/R, carboplatin or cisplatin + radiation; PF/R, cisplatin and 5-fluorouracil + radiation; PF, cisplatin and 5-fluorouracil; S, S-1; R, radiation; CR,
complete remission; PR, partial response; SD, stable disease; PD, progressive disease.

extracted peptides were desalted through a C18 ZipTip
(Millipore, Billerica, MA).

Liquid chromatography-mass spectrometry

Eighteen samples (nine from Group R and nine from
Group S) were blinded, randomized, and measured in
duplicate with a linear gradient of 0-80% acetonitrile in
0.1% formic acid at a speed of 200 nL/min for
60 min using a nano-flow high-performance liquid
chromatography (HPLC; NanoFrontier nLC; Hitachi
High-technologies, Tokyo, Japan) that was connected to a
triple time-of-flight mass spectrometer (5600 Triple TOF;

AB Sciex, Framingham, MA). The system detected peptide
peaks every 1 sec, with a mass-to-charge ratio (m/z)
ranging from 400 to 1600. The MS peaks were detected,
normalized, and quantified using in-house 2DICAL (two-
dimensional image-converted analysis of liquid chromatog-
raphy and mass spectrometry) software as described
previously [10]. A serial identification (ID) number was
assigned to each MS peak from ID1 to ID70510.

Protein identification by MS/MS

The MS/MS spectra were aligned with a tolerance of
40.5 m/z and a retention time (RT) of #0.4 min. Then,
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