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Ficure 2. Multivariate correlations between the analyte concentra-
tions. Scatterplot matrices are on the right, and statistical values appear
on the left. Concentrations of Apo Al, ApoCIIl, ApoE, TTR,
complement component C3, and 02M were highly correlated with
each other (P < 0.0001). The level of complement factor H was
correlated only with the levels of Apo Al and a2M (P < 0.05).
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Ficure 3. Correlations of the MD in Humphrey visual field analysis
with aqueous Apo Al (A), ApoE (B), TTR (C), and complement factor
H (D). The x-axes represent the levels of analytes, and the y-axes
represent the MD values (dB). Scaiterplots show that the MD values
correlated positively with the levels of Apo Al, ApoE, TTR, and
complement factor H (P = 0.0258, 0.0117, 0.0081, and 0.0271,
respectively), and their coefficients of correlation were 0.31, 0.35,
0.37, and 0.31, respectively.
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revealed high correlations among levels of Apo Al, ApoClll,
ApoE, TTR, complement component C3, and a2M in these
cases (P < 0.0001 in all combinations except for complement
component C3-ApoClIIl, P = 0.0026). The level of complement
factor H, however, was weakly correlated only with levels of
Apo Al and 02M (P = 0.0281 and 0.0452, respectively).

Relationships of IOP and Visual Field Severity to
Levels of AD-Related Proteins in the Aqueous
Humor of OAG Eyes

Additional analyses were performed to determine clinical
characteristics that were associated with levels of AD-related
proteins in the aqueous humor obtained from OAG patients.
Statistical analysis revealed that age, preoperative IOP value,
number of glaucoma eye drops, and duration of glaucoma
therapy were not significantly correlated with the level of any
protein measured (data not shown). The mean deviation (MD)
value in the Humphrey visual field analysis correlated
positively with levels of Apo Al, ApoE, TTR, and complement
factor H (P = 0.0258, 0.0117, 0.0081, and 0.0271, respective-
ly), although the correlations were not strong (coefficients of
correlation were 0.31, 0.35, 0.37, and 0.31, respectively) (Fig.
3).

DiscussioNn

The aqueous humor provides nutrients to avascular tissues,
such as the lens, cornea, and trabecular meshwork, in the
anterior ocular segment and, in humans, drains mainly through
the conventional outflow pathway. The aqueous humor
contains various biologically active factors, such as cytokines
and growth factors, and some of these factors may be
associated with the pathophysiology of glaucoma.l>-1° The
multiplex bead immunoassay is a recently developed technique
that is highly sensitive compared with the enzyme-linked
immunosorbent assay,?® and it allows simultaneous measure-
ment of the levels of numerous cytokines and growth factors in
a small aqueous humor sample.?:?2 Past studies, including
ours, reported that the new technique can be a useful and
reliable method for assessing biologically active factors in the
aqueous humor samples.?23-25 Qur present investigation
revealed, via the multiplex bead immunoassay, detectable
levels of AD-related biomarkers, Apo Al, ApoClll, ApoE, TTR,
complement factor H, complement component C3, and a2M,
in human aqueous humor samples obtained from patients with
cataract or OAG.

In the present study, human aqueous humor samples
obtained from both ExG and POAG patients had elevated
levels of Apo Al, ApoClll, ApoE, TTR, and a2M. Elevated levels
of these biomarkers cannot be explained simply by an impaired
blood-aqueous barrier by following reasons. Firstly, there were
no significant differences in any of the factors measured in the
present study between POAG and ExG, though ExG eyes were
thought to have more disrupted blood-aqueous barrier
compared with POAG. Secondly, levels of complement factor
H and complement component C3 were not elevated in OAG
patients compared with the controls. Finally, the levels of o2-
macroglobulin and complement factor H were negatively
correlated with each other (P = 0.0452). Increased local
production in the glaucomatous anterior ocular segment may
be another explanation. Although the ciliary epithelium
reportedly expressed some of the analytes,?% their physiologic
roles in the anterior ocular segment remain elusive.

Statistical analysis revealed that number of glaucoma eye
drops and duration of glaucoma therapy were not significantly
correlated with the level of any protein measured. However,
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the effects of pre-operative glaucoma eye drops might be
masked, because many of glaucoma patients had received full
medication before surgery. For instance, 47 (90.0%), 48
(92.3%), and 46 (88.5%) of 52 glaucoma patients received
eye drops of B-blockers, prostaglandin analogues, and carbonic
anhydrase inhibitors at the time of surgery, respectively. Thus,
we did not have enough sample number of glaucoma patients
without eye drops, and therefore we cannot exclude the
possibility that glaucoma eye drops affect the aqueous levels of
AD-related biomarkers.

The present study is the first to provide evidence of the
correlation between aqueous levels of AD-related biomarkers
and the severity of visual field defects in OAG patients. The MD
value correlated positively with the aqueous levels of Apo Al,
ApoE, TTR, and complement factor H (P = 0.0258, 0.0117,
0.0081, and 0.0271, respectively). However, coefficients of
correlation were relatively low (<0.4), and therefore additional
studies with large sample sizes are needed to conclude that
aqueous levels of those biomarkers truly reflect the severity of
the visual field defect.

Apos make lipids water soluble by binding, thereby forming
lipoproteins transporting lipids. Although the APOE genotype
was reportedly related to AD-associated risk,* the level of ApoE
was not elevated in the CSE?7-2° In contrast, previous results
about the association of the APOE genotype with OAG were
controversial,3%31 and in the present study and a past study, the
aqueous humor of OAG eyes demonstrated an increased level
of ApoE.1! Other Apos were also found, by using proteomics
techniques, to be related to AD.3? One interesting result was
that ApoE-containing lipoproteins had the potential to protect
retinal ganglion cells against glutamate-induced apoptosis.?? In
that study, a2M, another AD-related biomarker whose level was
increased in OAG eyes in our study here, interfered with the
neuroprotective effects of ApoE-containing lipoproteins, be-
cause ApoE and o2M utilize a common receptor, the low
density lipoprotein receptorrelated protein 1. In addition,
levels of a2M were high in both human POAG eyes and rat
glaucoma model eyf:s,14 and o2M had neurotoxic effects on
retinal ganglion cells.3%35 Although the exact pathophysiologic
roles of ApoE and o2M in glaucomatous eyes have not been
fully clarified, increased levels of ApoE and a2M in the aqueous
humor of glaucomatous eyes suggest a link between these
proteins and glaucoma pathophysiology.

TTR (which was previously called prealbumin) transports
thyroxine and retinol and was reported to be a potential
biomarker of AD, although past reports about AD-related
changes in TTR in CSF have been controversial.?”3% In the eye,
TTR is expressed in the ciliary epithelium and RPE,26:37:38 and
eyes with POAG contain more TTR in the aqueous humor
compared with cataractous eyes.'?'3 In the present study, the
aqueous level of TTR increased not only in eyes with POAG,
but also in eyes with EXG. In contrast, Bouhenni et al. reported
that the level of TTR decreased in the aqueous humor of eyes
with primary congenital glaucoma.’® A wellknown TTR-
related disease is familial amyloid polyneuropathy,“-4? and
patients with this disease often develop secondary glaucoma.*?
Data therefore suggest that, although the role of aqueous TTR
in glaucoma pathophysiology is unclear, TTR might be related
to glaucomatous changes in the anterior chamber.

In conclusion, the findings of our study described here
revealed that both EXG patients and POAG patients manifested
elevated levels of biomarkers of AD, such as apolipoproteins,
o2M, and TTR, in the aqueous humor. Levels of those analytes
correlated with each other and may reflect the severity of
glaucoma.
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Abstract Squamous cell carcinoma (SCC) is one of the
most common skin cancers. Because its potential to recur
and metastasize leads to a poor prognosis and significant
mortality, it is necessary to develop new early diagnostic
tools and new therapeutic approaches. In this study, we
found protein levels of ERK1 and ERK2 were increased in
SCC cell lines without changing mRNA levels and that
ERK1/2 mediates abnormal cell proliferation in these cells.
Then, mechanisms underlying the overexpression of ERK1/2
in SCC were investigated focusing on microRNA. We found
that miR-214 is the regulator of ERK1, whereas ERK?2 is
regulated by miR-124 and miR-214. Expression of miR-124
and miR-214 was significantly down-regulated in SCC in
vitro and in vivo. Treatment with 5-aza-deoxycytidine and
trichostatin A synergistically recovered the miR-124/-214
down-regulation in SCC cell line. However, bisulphite se-
quencing revealed the methylation status of miR-124/-214
promoter was not increased in the SCC cell line and tumor
tissue. Taken together, the down-regulation of miR-124/-214
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in SCC is most likely caused, at least in part, by hypermethy-
lation of other promoter regions rather than the miR-124/-214
promoter. Supplementation of these microRNAs in the SCC
cell line reduced the abnormal cell proliferation by normaliz-
ing ERK1/2 levels. Additionally, serum concentration of miR-
124 was correlated with miR-124 expression levels in the
tumor tissues and inversely correlated with tumor progression.
On the other hand, miR-214 was not detected in the serum.
Investigation of the regulatory mechanisms of keratinocyte
proliferation by microRNA may lead to develop new bio-
markers and treatments using microRNA.

Keywords Cancer - Skin - RNA

Introduction

Basal cell carcinoma, cutaneous squamous cell carcinoma
(SCC), and malignant melanoma are the three major types of
skin cancer. SCC is a malignant neoplasm of keratinocytes [1].
Although SCC can be seen in many other organs, including the
esophagus, urinary bladder, and lungs, cutaneous SCC is char-
acterized by its strong correlation with chronic sun exposure.
Most of primary SCCs are considered to be low risk cancers,
and are usually treatable, but their potential to recur and metas-
tasize leads to a poor prognosis and significant mortality [2].
Therefore, it is necessary to develop new diagnostic tools for
early detection and new therapeutic approaches. However, the
pathogenesis of this tumor is still not completely understood.
Recently, several publications revealed tumor cells of
SCC have abnormalities in signal transduction pathways.
For example, p53, ATF3, TGF-f3/Smad, mTORCI1, c-Jun
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NH(2)-terminal kinase (JNK), fibroblast growth factor re-
ceptor 3, and Src have been reported to be involved in the
carcinogenesis of SCC [3-10]. In addition, gene mutations
in p53 have been found in SCC [11]. Murao et al. also
reported that 70 % of SCC show methylation of CpG
islands in promoter regions of genes involved in RB1/
plé or p53 pathway [12]. These genetic or epigenetic
factors may lead to abnormal cell proliferation seen in
SCC.

In this study, we found that ERK protein level was
increased in SCC cell lines, and it mediates abnormal
cell proliferation in these cells. We then investigated
mechanisms underlying the overexpression of ERK in
SCC, focusing on microRNA (miRNA). miRNAs, short
ribonucleic acid molecules that are only 22 nucleotides
long on average, are post-transcriptional regulators that
bind to complementary sequences in three prime un-
translated regions (3’ UTRs) of mRNAs, leading to gene
silencing. Our study demonstrated down-regulation of
miR-124 and miR-214 causes the overexpression of
ERK in SCC.

Materials and methods
Cell lines

The human cutaneous SCC cell line, DIM-1, was obtained
from RIKEN BRC (Tsukuba, Japan). The human pharyn-
geal SCC cell line, HTB-43, and control Asian keratinocyte
cell line, KJB-100, were from ATCC (Manassas, VA) and
DS PHARMA (Osaka, Japan), respectively. HaCaT was
kindly provided by Dr. Fusenig (German Cancer Research
Center, Heidelberg, Germany).

Patient material

Skin specimens were obtained from 20 SCC patients (14
males and 6 females; age range, 58-91 years). Control skin
samples were obtained from five patients with seborrheic
keratosis (SK). Serum samples were obtained from 32 SCC
patients (20 males and 12 females) and 27 healthy
volunteers.

Institutional review board approval and written informed
consent were obtained according to the Declaration of
Helsinki.

Protein array
Panorama Ab Microarray-Cell Signaling kit (Sigma-Aldrich,
Deisenhofen, Germany) was used for protein array [13,14].

The complete list of antibodies can be found at Sigma-Aldrich
website.

@ Springer

Immunocytochemistry

An immunocytochemical study was performed using anti-
p44/42 MAPK (ERK1/2) antibody (Cell Signaling, Beverly,
MA) [15].

Western blot analysis

Immunoblotting was performed with an antibody against
ERK1/2 or actin (Santa Cruz, CA) [16].

RNA isolation and quantitative real-time polymerase chain
reaction

Total RNA was extracted from cultured cells using ISOGEN
(Nippon Gene, Tokyo, Japan), or from paraffin-embedded
sections with RNeasy FFPE kit (Qiagen, Valencia, CA).
c¢DNA was synthesized from total RNA with PrimeScript RT
reagent Kit (Takara Bio Inc, Shiga, Japan). The primer set for
GAPDH was purchased from SA Biosciences (Frederick,
MD), and the primers for ERK1 or ERK2 were from Takara.
DNA was amplified for 40 cycles of denaturation for 15 s at
95 °C and annealing for 30 s at 65 °C.

miRNA isolation from cells or tissues and PCR analysis

miRNA isolation from total RNA was performed using RT?
gPCR-Grade miRNA Isolation Kit (SA Bioscience). For
miRNA polymerase chain reaction (PCR) array, cDNA
was mixed with RT? SYBR Green/ROX qPCR Master
Mix, and the mixture was added into a 96-well RT? miRNA
PCR Array (SABiosciences). PCR was performed on a
Takara Thermal Cycler Dice (TP800)® following the man-
ufacturer’s protocol [17].

For quantitative real-time PCR, primers for each miRNA
(SABioscience) and template were mixed with SYBR Pre-
mix Ex Tagll (Takara Bio Inc). DNA was amplified for 40
cycles of denaturation for 5 s at 95 °C and annealing for 30 s
at 60 °C [17].

Isolation and detection of serum miRNAs

miRNA isolation from sera was performed with miRNeasy
RNA isolation kit (Qiagen, Valencia, CA), following the man-
ufacturer’s instructions with minor modifications [18-20]. To
note, 100 pul of serum were supplemented with 5 pl of S fimol/pl
synthetic non-human miRNA (Caenorhabditis elegans miR-
39, Takara) as controls providing an internal reference for
normalization of technical variations between samples.

For quantitative real-time PCR, primers for each miRNA
and templates were mixed with SYBR Advantage qPCR
Premix (Takara). DNA was amplified for 40 cycles of de-
naturation for 5 s at 95 °C and annealing for 20 s at 60 °C.

—124 -
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Table 1 A summary of the up-
regulated (>2-fold) proteins in Protein Gene accession number Fold change
the SCC cell line
p19INK4d NP_524145.1 4.93
NAK NP_037386.1 3.11
Zyxin NP_035907.1,XP_216124.3,NNP_003452.1 3.05
Protein kinase C (PKC) NP_036845.2,NP_035232.1,NP_997700.1 2.53
NP_036760.1,NP_032881.1,NP_002735.3
Protein array was perfonned as NF-kB NP_032715.2,NP_003989.2 247
described in “Materials and Protein kinase Cb2 NP_036845.2 2.39
methods.” The fold change in p300 CBP NP_064389.2,NP_003875.3,NP_001019423.1 222
the expression (the value in .
DJM-1/the value in KJB-100) MAP kinase2 (ERK2) NP_036079.1,NP_620407.1,NP_446294.1 2.13
was calculated for each protein. Heat shock factor 1 XP 001075095.1,NP_032322.1,NP_005517.1 2.07
Proteins with more than 2-fold MAPI light chain NP_955794.1 2.02

difference are shown

Transcript levels of each miRNA were normalized
to those of cel-miR-39.

Transient transfection

siRNAs against ERK1 or ERK2 were purchased from Dhar-
macon (Lafayette, CO). miRNA mimics were from Qiagen.

Reverse transfection was performed as described previously
[16].

Cell count and BrdU incorporation

Cells were plated at a density of 2x10* cells/well in 24-
well culture plates. After 72 h, cells were detached from
the wells by trypsin treatment and counted using a
Coulter® Particle Counter (Beckman Coulter, Fullerton,
CA) [16]. The cell proliferation activity was also eval-
uvated by BrdU ELISA kit (Roche, Basel, Switzerland)
[21].

Table 2 A summary of the down-regulated (<0.5-fold) proteins in the
SCC cell line

Protein Gene accession number Fold change

ADAM17 NP_003174.3, NP_033745.4, 0.34
and NP_064702.1

TRAIL NP_003801.1 0.43

Pinin NP_002678.2, NP_032917.2, 0.46
and XP_347238.1

E2F1 NP_005216.1 0.48

Belx NP_612815.1, NP_113723.2, 0.49

and NP_033873.3

Protein array was performed as described in “Materials and methods”.
The fold change in the expression (the value in DJM-1/the value in
KJB-100) was calculated for each protein. Proteins with more than 2-
fold difference are shown

Luciferase reporter assay

The 3'UTR segment of ERK1 or ERK2 was amplified
by PCR from human genomic DNA and inserted into
pGL3 control vector (Promega Madison, WI) down-
stream of the stop codon for luciferase. Cells were
transfected with luciferase constructs and miRNA
mimics by employing Lipofectamine RNAIMAX (Invi-
trogen, Carlsbad, CA). Renilla luciferase reporter con-
struct was also included in the transfections to correct
for variations in the transfection efficiency. The activi-
ties of Renilla and firefly luciferases were determined in
cell lysates using Dual-Glo Luciferase Assay system
(Promega) 48 h after transfection.

Bisulphite sequencing

Genomic DNA was treated with sodium bisulphite using
Epitect plus Bisulfite conversion kit (Takara). The meth-
ylation status of S5'promoter region of miR-124 and
miR-214 was analyzed by bisulfite genomic sequencing.
miR-124 promoter region was amplified with following
primers: forward, TGAGTGAGAGGATTGTAGTAGGT,
reverse, CCTCCATCACTAAATAAAAACAC. And
miR-214 promoter region was amplified by: forward,
TTTGGAGATTTTGTTTCGTC, reverse, CAACGATC-
CATAACGTTACTCT. PCR products were subcloned
into TOPO TA cloning vector (Invitrogen, San Diego,
CA) and sequenced.

Chemical skin carcinogenesis regimen

Skin carcinogenesis was initiated according to a standard
7,12-dimethylbenzanthracene (DMBA)/PMA chemical reg-
imen; 50 pg of DMBA (Sigma-Aldrich) was applied topi-
cally to the shaved back skin of 8-week-old female mice
(n=06), followed by weekly topical application of 5 pug of the
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Fig. 1 The expression level and role of ERK in human SCC cell lines and
control keratinocyte cell lines. a Human control keratinocyte cell lines
(KJB-100 and HaCaT) and SCC cell lines (HTB43 and DIM-1) were
stained with an anti-p44/42 MAPK (ERK1/2) antibody. Original magnifi-
cation, x40. b, ¢ Cells were cultured independently until they were conflu-
ent. Cell lysates were subjected to immunoblotting with an antibody against
ERK1/2. Actin was used as a loading control (b). The protein levels of
ERK1 (white bars) and ERK2 (black bars) quantitated by scanning densi-
tometry and corrected for the levels of actin in the same samples are shown
relative to those in KJB-100 (1.0). *P<0.05, compared with the values in
KJB-100 (c). d KJB-100 and DIM-1 were incubated independently, and
their mRNA was purified. A quantitative real-time PCR analysis was
performed to determine the mRNA expression levels of ERK1 and

@ Springer

ERK2 (normalized to GAPDH). The values in KJB-100 were set at 1. e
Cell lysates were obtained at the indicated times after cycloheximide
treatment. An immunoblot analysis of ERK protein expression was per-
formed. The density of ERK1 (dotted line) and ERK2 (solid lines) cor-
rected for actin in the same samples was expressed as a percent of the value
at time 0 and plotted. £ KJB-100 and DJM-1 were plated in 24-well plates
and transfected with control siRNA, ERK1 siRNA, and/or ERK2 siRNA.
After 72 h, the cell numbers were counted by Coulter® Particle Counter
(white bars). At the same time, cells were labeled with BrdU and analyzed
by ELISA (black bars). *P<0.05 in comparison to the values in DIM-1
transfected with control siRNA. g Cells were transfected with control
siRNA, ERK1 siRNA, and/or ERK2 siRNA and were incubated for
72 h. Immunoblotting was performed as described in (b)
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Table 3 A summary of the up-regulated microRNAs in the SCC cell line

Gene name Fold change Gene name Fold change Gene name Fold change
let-7g 14.83 miR-16 18.90 miR-29a 13.09
let-7i 9.25 miR-17 50.91 miR-30c 8.22
miR-10a 12.64 miR-18a 28.25 miR-205 8.75
miR-10b 18.38 miR-19a 112.99 miR-301a 14.72
miR-15a 32.22 miR-20a 18.25 miR-378 8.88

microRNAs were purified from KJB-100 and DJM-1, and the microRNA expression profile in each cell type was evaluated using PCR array. The
raw threshold cycle (Ct) was normalized using the values of small RNA housekeeping genes. The fold change (1/2the raw Ct of cach microRNA~Ct of
housekeeping genes y \ag calculated. microRNAs with more than 8-fold difference (3 Ct difference in AACT method) are shown

tumor promoter, PMA (Sigma-Aldrich), over 20 weeks as
described [22]. This protocol was approved by the Commit-
tee on Animal Research at Kumamoto University.

Statistical analysis

Data are expressed as the means=+standard deviation of at least
three independent experiments. Statistical analysis was carried
out with Mann—Whitney test for comparisons of medians.
Correlations were assessed by Pearson’s correlation coeffi-
cient. P values of <0.05 were considered to be significant.

Results

ERK protein expression is up-regulated in human SCC cell
lines

As an initial experiment, an antibody microarray was used to
identify differences in the expression pattern of various

proteins involved in biological functions, including apoptosis
and cell cycle regulation, between a control human Kkeratino-
cyte cell line, KIB-100, and a human cutaneous SCC cell line,
DJM-1. Ten among 725 proteins were found to be increased
more than 2-fold in DJM-1, while five proteins were down-
regulated more than 0.5-fold in the protein array (Tables 1 and
2). Among them, the expression of MAP kinase 2 (ERK2)
protein, which is implicated in abnormal cell proliferation of
various cancer cells [23-25], was increased by 2.13-fold in
DJM-1 compared with that in KJB-100.

To confirm this result, we compared ERK expression
between control keratinocytes and SCC cell lines. Im-
munocytochemical analysis showed increased ERK1/2
expression in DJM-1 and pharyngeal SCC cell line,
HTB-43, compared with KJB-100 and HaCaT (another
control keratinocyte cell line) (Fig. 1a). By immunoblot-
ting, the protein expression of both ERK1 and ERK2 in
DIM-1 and HTB-43 were significantly up-regulated in
comparison to that in KJB-100 and HaCaT (Fig. 1b, c).
The levels of phosphorylated ERK protein were also

Table 4 A summary of the down-regulated microRNAs in the SCC cell line

Gene name Fold change Gene name Fold change Gene name Fold change
let-7a 0.02 miR-127-5p 0.08 miR-193a-5p 0.06
let-7b 0.17 miR-128a 0.09 miR-200c 0.12
let-7f 0.04 miR-132 0.11 miR-203 0.10
miR-1 0.02 miR-133b 0.02 miR-206 0.10
miR-21 0.02 miR-142-5p 0.02 miR-212 0.07
miR-34c-5p 0.07 miR-143 0.13 miR-214 0.08
miR-96 0.02 miR-144 0.02 miR-215 0.05
miR-122 0.03 miR-146a 0.09 miR-218 0.02
miR-124 0.09 miR-150 0.07 miR-372 0.04
miR-125a-5p 0.12 miR-183 0.03 miR-373 0.04
miR-125b 0.06 miR-184 0.04

microRNAs were purified from KJB-100 and DJM-1, and the microRNA expression profile in each cell type was evaluated using PCR array. The
raw threshold cycle (Ct) was normalized using the values of small RNA housekeeping genes. The fold change (1/2he raw Ct of each microRNA-Ct of
housekeeping genes ) yag calculated. microRNAs with more than 8-fold difference (3 Ct difference in AACT method) are shown
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Fig. 2 Expression levels of
miR-124 and miR-214 in the
human SCC cell line. a miRNA
was extracted from the indicat-
ed cell lines. The relative ex-
pression levels of miRNAs
were determined by quantitative
real-time PCR (normalized to
U6). The values in KIB-100
were set at 1. b DIM-1 was
incubated in the presence or tr
absence of 1 uM 5-AdC and/or 0
1 uM of trichostatin for 96 h. A
quantitative real-time PCR
analysis was performed to
evaluate the expression levels
of miRNAs. *P<0.05, com- 4 ¢
pared with the values in un-
treated cells (1.0, white bars). ¢
The diagram shows nine CpG
sites within the indicated pro-
moter region of miR-124 and
five sites within miR-214 pro-
moter. At least five clones were
analyzed for methylation status
of the promoter region of miR-
124 and miR-214 in KJB-100
(dotted lines) and DIM-1 (solid
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increased in DJM-1, but the phosphorylation rate (phos-
phorylated ERK/total ERK) was similar between KJB-
100 and DJIM-1 (data not shown). Therefore, ERK1/2
was constitutively up-regulated in SCC cell lines. How-
ever, the mRNA expression of ERK1 and ERK2 was
not altered in DJIM-1 compared with KJB-100 (Fig. 1d).
In addition, when de novo protein synthesis was blocked by
cycloheximide, a protein synthesis inhibitor, decrease ratio of
ERK1/2 protein was not different between KJB-100 and
DJM-1 (Fig. 1e). Taken together, our results suggested ERK
protein expression was likely to be increased in SCC cell lines
at the post-transcriptional level.

We then determined whether the increased ERK protein
expression contributes to abnormal cellular behaviors of the
SCC cell line. DJM-1 has a higher proliferation rate than
KIB-100 cells, which was illustrated by increased cell
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miR-124 miR-214

number and BrdU incorporation (Fig. 1f). The knockdown
of ERK1 and/or ERK2 by specific siRNAs (Fig. 1g)
resulted in the inhibition of such abnormally increased cell
number and BrdU incorporation of DJM-1. On the other
hand, in KJB-100, the cell number and BrdU incorporation
were not significantly affected by the transfection. Thus, the
inhibitory effect of these siRNAs on cell proliferation oc-
curred only in DJM-1, indicating that the overexpression of
ERK proteins is one of the main pathways mediating the
abnormal cell proliferation seen in SCC.

The expression of miR-124 and miR-214 is decreased
in SCC cell line

We then asked how ERK protein is down-regulated in
DIM-1 without any changes in the mRNA levels. We
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hypothesized that miRNA(s) are involved in this pro-
cess, because miRNAs usually regulate the translation
of targets and do not alter mRNA levels. miRNA ex-
pression profile in each cell type was evaluated using
miRNA PCR array consisting of 88 cancer-related miR-
NAs (Tables 3 and 4). There were several overexpressed
or suppressed miRNAs in DJM-1 compared with KJB-
100. Among them, according to miRNA target gene
prediction using TargetScan (http:/www.targetscan.org/)
and Miranda (http://www.microrna.org/microrna/
home.do), miR-132, miR-212, or miR-214 are potent
regulators of ERK1, and miR-124, miR-132, miR-212,
or miR-214 may regulate ERK2. Real-time PCR with
specific primers revealed that the levels of miR-124 and
miR-214 were decreased in HTB-43 as well as DIM-1
compared with KJB-100 and HaCaT (Fig. 2a). However,
miR-132 expression was not decreased in HTB-43 while
miR-212 was decreased in HaCaT. Thus, only miR-124
and miR-214 seemed to be specifically decreased in
both SCC cell lines.

The treatment of DIM-1 with 5-aza-deoxycytidine (5-
AdC), a cytosine analogue refractory to methylation,
recovered the down-regulation of both miR-124/-214
slightly (Fig. 2b). Furthermore, trichostatin A, an inhib-
itor of histone deacetylase, synergistically enhanced the
inducible effect of 5-AdC on miR-124/-214 expression,
but the expression of miR-132/-212 was not affected by
5-AdC and/or trichostain (Fig. 2b). However, miR-124
promoter and miR-214 promoter was not hypermethy-
lated in DJM-1 compared with KJB-100 by methylation-
specific PCR (not shown) or bisulfite sequencing
(Fig. 2c): the methylation status of miR-124 promoter
was slightly increased in DIM-1 compared with KJB-
100 by bisulfite sequencing (Fig. 2c), but there was no
significant difference. Similarly, miR-214 promoter was
highly methylated both in KJB-100 and DJM-1. Thus,
the down-regulation of miR-124/-214 in DJIM-1 may be
caused by hypermethylation but not by methylation of
their promoter regions themselves.

We then determined the correlation of ERK protein ex-
pression with miR-124 and miR-214 levels (Table 5). Sup-
plemental expression of miR-124 by the transfection of
miRNA mimic into SCC cell lines resulted in the down-
regulation of ERK2 protein, but not ERK1 (Fig. 3a), con-
firming the possibility that ERK2 is the target of miR-124.
On the other hand, overexpression of miR-214 mimic
resulted in the down-regulation of both ERK1 and ERK2
(Fig. 3b). The transfection of other miRNA mimics
specific for miR-132 or miR-212 did not affect ERK1/
2 protein expression (Fig. 3c). Thus, the decreased
expression of miR-124 and miR-214 may specifically
contribute to the overexpression of ERK1/2 proteins in
SCC cells.

Table 5 Sequence alignment analysis of the microRNAs and 3'UTR
of ERK1 or ERK2

Position in the 3° UTR
ERK1 mRNA 466-473 ++*UUCUGGCUGCCCCAACCUGCUGA -+
[1 HHTTH
miR-214 GACGGACAGACACGGACGACA
ERK2 mRNA 3592-3598 ++-UGCUUUGUACUGUUGGUGCCUUC: -
[ THTH
miR-124 CCGUAAGUGGCG—CACGGAAU
ERK2 mRNA 349-356 ++-UUUUCUACAUGAUGC—CCUGCUGA- -+
I e
miR-214 GACGGACAGACACGGACGACA
ERK2 mRNA 1168-1174 -*CAAAUAUUUCUGAUACUGCUGAG- -
T
miR-214 GACGGACAGACACGGACGACA
ERK2 mRNA 2737-2744 --*UGUAAGCAAAAAAUU-CCUGCUGA---
[ THTH
miR-214 GACGGACAGACACGGACGACA

To further determine the direct binding of miRNAs to
ERK 3'UTR, we performed a luciferase reporter gene
assay. miR-124 mimic reduced only the luciferase activ-
ity of ERK1 3'UTR, while miR-214 mimic inhibited the
activity of both ERK1 and ERK2 (Fig. 3d). The inter-
dependence of miR-124 and miR-214 were then studied:
Simultaneous overexpression of miR-124 and miR-214
further reduced the activity of ERK2 (Fig. 3d), suggest-
ing that the two miRNAs independently mediate ERK2
luciferase activity, and both miRNAs are necessary for
the regulation of ERK2. On the other hand, miR-132
and miR-212 did not affect the luciferase activities
(Fig. 3¢). In addition, the mRNA levels of ERK1 and
ERK2 were not affected by miR-124 or miR-214 mimic
(Fig. 3f), indicating these miRNAs regulated ERK ex-
pression post-transcriptionally.

We then examined the role of miRNAs in the abnormal
proliferative activity of keratinocytes via ERK1/2 in SCC.
The cell number and BrdU incorporation of DIM-1 were
decreased by the transfection of miR-124 or miR-214 mimic
(Fig. 3g). miRNA mimic specific for miR-132 or miR-212 did
not affect cell proliferation as well as ERK protein expression,
as described above. This result supports our hypothesis that the
down-regulation of miR-124 and miR-214 induces ERK pro-
tein expression and stimulates the proliferation of SCC cells.

ERK protein expression is up-regulated and miR-124/-214
expression is decreased in SCC in vivo

To confirm the in vitro results, we evaluated in vivo expres-
sion of ERK and miR-124/-214 in SCC tissues. First, we
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Fig. 3 The regulation of ERK expression by miR-124 and miR-214 in
the SCC cell line. a, b DIM-1 were transfected with miR-124 (a) or
miR-214 (b) mimic. After 72 h, cell lysates were obtained and sub-
jected to immunoblotting to detect ERK and actin. The protein levels
of ERK1 (white bars) and ERK2 (black bars) quantitated by scanning
densitometry and corrected for the levels of actin in the same samples
are shown relative to those in cells treated with control mimic (1.0). ¢
DJM-1 were transfected with miRNA mimics. After 72 h, cell lysates
were obtained and subjected to immunoblotting as described in a. d
DJM-1 were transfected with pGL3 luciferase reporter containing 3’
UTR segment of ERK1 (1-776 bp, white bars) or ERK2 (1-4,585 bp,
black bars) and the indicated miRNA mimics. The total amounts of
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miRNAs were kept constant by adding a control miRNA. The bar
graph shows the relative luciferase activity; activity in cells treated
with control mimic was set at 1. e DIM-1 were transfected with pGL3
luciferase reporter containing 3'UTR segment of ERK1 or ERK2 and
the indicated miRNA mimics, as described in (d). f DIM-1 were
transfected with the indicated miRNA mimics. The mRNA levels of
ERK1 (white bars) and ERK2 (black bars) were determined by real-
time PCR. The values in cells treated with control mimic were set at 1.
g DIM-1 was transfected with the indicated miRNA mimics. The cell
numbers and BrdU incorporation were measured as described in
Fig. 1f. *P<0.05 in comparison to the values in cells transfected with
mimic control (1.0)
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Fig. 4 The expression of ERK1/2, miR-124 and miR-214 in SCC tissues
in vivo. a Tumor tissues were obtained from patients with SCC or SK.
These samples were homogenized and lysed in lysis buffer. Immunoblot-
ting was performed as described in Fig. 1b. Three representative results for
five SCC and SK tissue samples are shown. b miRNA was purified from
three SCC and three SK tissue samples. The relative expression levels of
miRNAs were determined by quantitative real-time PCR. *P<0.05 in
comparison to the values in SK tissues (1.0). ¢ The total proteins were
extracted from five stage I SCC, five stage II SCC, and three stage IIl SCC
samples. ERK expression was determined by immunoblotting and quanti-
tated as described in Fig. 1c. *P<0.05, compared with the values in stage [
samples (1.0). d The correlation of ERK protein expression (determined by
immunoblotting, quantitated by scanning densitometry and corrected for
the levels of actin in the same samples) with miR-124 levels (dotted line) or

miR-214 levels (solid line) determined by real-time PCR in each SCC
sample. Correlations were assessed by Pearson’s correlation coefficient.
The maximum value of ERK and miRNA expression levels was set at 1. e
Methylation status of the promoter region of miR-124 and miR-214 in SK
(dotted lines) and SCC (solid lines) tissues in vivo was determined by
bisulfite sequencing as described in Fig. 2c. The methylation status is
shown as the percentage of methylated cytosines/number of clones. £
Normal and SCC tissues were obtained from the same mice. Cell lysates
were extracted and subjected to immunoblotting for detection of ERK1/2
protein, Actin was used as a loading control. Three representative results for
six SCC and normal tissues are shown. g The expression of miRNAs was
determined by quantitative real-time PCR using the total miRNA obtained
from three normal mouse tissues and three SCC tumor tissues. *P<0.05
compared with the values in normal tissues (1.0)

@ Springer

-131-



78

J Mol Med (2013) 91:69-81
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compared the protein expression of ERK by immunoblot-
ting using cell lysates obtained from the tumor tissues of
SCC and SK, a benign proliferation of keratinocytes
(Fig. 4a). ERK1/2 protein level was increased in SCC tis-
sues compared with SK tissues, consistent with the in vitro
results. Also, as expected, the expression of both miR-124
and miR-214 was significantly decreased in SCC, but miR-
132 was not (Fig. 4b). miR-212 expression tended to be
decreased in SCC tissue, but it was not significant due to
high variation between samples. In addition, ERK protein
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levels were increased in samples from a higher stage of SCC
(Fig. 4c). The miR-214 levels were significantly and in-
versely correlated with ERK protein expression in the same
tissues (#=—0.64; p=—0.01, Fig. 4d). In addition, although
not statistically significant, miR-124 also tended to be in-
versely correlated with ERK expression (r=—0.57; p=0.06).
Consistent with the in vitro results, in vivo methylation
status of the promoter regions of miR-124/-214 did not
show any significant differences between SK and SCC
samples (Fig. 4e). To further confirm these results, we next
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Fig. 6 A schematic representation of the miR-124/-214-ERK1/2 cas-
cade in SCC tumor cells. In SCC keratinocytes, the down-regulation of
miR-124/-214 in SCC is most likely caused, at least in part, by hyper-
methylation of other promoter regions rather than the miR-124/-214
promoter. The decreased miR-124/-214 expression results in up-
regulation of ERK1/2 protein expression without altering the mRNA
levels. The increased ERK1/2 mediates the hyperproliferation of SCC
tumor cells

determined the expression of ERK and miRNAs in a mouse
SCC model treated with DMBA and PMA [22]. When SCC
tissues were compared with normal tissues from the same
mice, ERK1/2 overexpression and miR-124/-214 down-
regulation were observed in SCC tissues (Fig. 41, g). Taken
together, miR-124/-214-ERK1/2 pathway may play an im-
portant role in the pathogenesis of SCC both in vitro and in
vivo.

The serum concentration of miR-124 is decreased in SCC
patients

Finally, we determined the serum concentrations of miR-
124/-214 and evaluated the possibility that serum levels of
these miRNAs can be a disease marker for SCC.

There have been no previous reports demonstrating
the expression of miR-124/-214 in cell-free body fluid.
To validate that these miRNAs are indeed detectable in
human serum, miRNAs were extracted from the sera of
healthy individuals and the levels of miR-124 or miR-
214 were determined by quantitative real-time PCR
[18-20,26] (Fig. 5a). miR-214 was not detected in the
serum, while the amplification of miR-124 was ob-
served, and Ct values were increased by serial dilution
of the miRNA. Thus, miR-124, but not miR-214, was
thought to be detectable and quantifiable in the serum
using our method.

Serum samples were obtained from 32 patients with
cutaneous SCC (stage I~III). Twenty-seven healthy con-
trol subjects were also included in this study. As shown

in Fig. 5b, serum miR-124 levels in SCC patients were
lower than those in healthy controls, but not significant
(p=0.11). However, when these SCC patients were
grouped according to TNM classification system (21
stage I patients, 8 stage II patients, and 3 stage III
patients), the stage II/III patients showed a significantly
lower miR-124 concentration compared with healthy
controls (p<0.005) and stage I patients (p<0.05). Nota-
bly, the miR-124 levels of all 11 patients with stage II/
III SCC were almost the same as the background levels.
This result suggested that serum miR-124 level might
be a new tumor marker for SCC. Furthermore, as shown
in Fig. 5c, miR-124 expression in tumor tissues from
SCC patients with lower serum miR-124 levels were
significantly decreased in comparison to those with
higher serum levels, suggesting that serum miR-124
levels reflect miR-124 expression in the tumor tissue.
miR-124 levels in tumor tissues from SCC patients with
higher serum miR-124 levels were still significantly
lower than those in SK patients. On the other hand,
serum SCC antigen was elevated (>1.5 ng/ml) in only 9
out of 32 patients (five stage I patients and four stage
I/II patients). The serum miR-124 level was not cor-
related with the serum levels of SCC antigen (r=—0.01,
p=0.52; Fig. 5d).

Serum miR-132 levels were not significantly different
between healthy controls and SCC patients (Fig. 5e) while
miR-212 was not detected in the serum.

Discussion

In this study, we have presented three major findings.
First, we found ERK1/2 protein to be overexpressed in
SCC post-transcriptionally. This ERK overexpression
may be responsible for the abnormal cell proliferation
in SCC. A protein array analysis showed ERK2 protein
expression was increased in SCC by more than 2-fold
while ERK1 not. Because the array analysis was per-
formed as a single experiment, a statistical significance
could not be evaluated. Therefore, we confirmed the
result using a different method, accompanied by statis-
tical analysis: immunoblotting showed both ERK1 and
ERK2 were significantly up-regulated in SCC cell lines.
The overexpression of ERK has been reported in many
types of cancers, including oral SCC [25]. In addition,
the most recent studies indicate that one of the adverse
effects of BRAF inhibitor vemurafenib, a new agent
against malignant melanoma, is the development of
cutaneous SCC, and such SCC may be caused by the
transactivation of downstream ERK signaling [27,28].
Thus, it is important to clarify the association between
ERK signaling and the pathogenesis of SCC.
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Second, we found that the expression of miR-124 and
miR-214 was down-regulated in SCC both in vitro and in
vivo, and that supplementation of these miRNAs in DJM-1
normalized its abnormal cell proliferation via the down-
regulation of ERK. In breast cancer, miR-17-5p was
reported to cause carcinogenesis by altering the expression
of HMG box-containing protein 1 [29]. Our results suggest
that miRNAs are also involved in the pathogenesis of cuta-
neous SCC.

Third, we investigated serum miRNA levels in SCC
patients. Increasing evidence has recently shown that serum
miRNAs can be used as biomarkers, especially for various
malignant tumors [30,31]. For example, serum miR-221
level is increased in melanoma patients, and elevation of
serum miR-221 level is useful for predicting the presence of
a tumor [26]. In our study, the serum concentration of miR-
124 was significantly decreased in patients with stage II/III
SCC. To date, although SCC antigen is a known tumor
marker for SCC, the serum levels of SCC antigen usually
remain within normal limits in patients with smaller-sized,
nonmetastatic SCC or SCC in situ, while they are signifi-
cantly elevated in patients with large, invasive, or metastatic
SCC [32]. Thus, the identification of another tumor marker
sensitive for early stage SCC is urgently needed for early
diagnosis. Our results indicate serum miR-124 level may be
more sensitive biomarker of the tumor than SCC antigen,
because all of the eight stage I SCC patients and three stage
III patients in our study showed low serum miR-124 levels
while only two of the eight stage II patients and two of the
three stage III patients had elevated SCC antigen levels.

Numerous studies have suggested not only up-regulated
but also down-regulated circulating miRNAs can be used to
discriminate patients with various cancers from healthy
controls [33]: for example, miR-24 in prostate cancer or
let-7f, miR-20b, and miR-30e-3p in nonsmall cell lung
cancer [34,35]. Although the mechanism by which a local-
ized tumor can decrease the serum miRNA level is still
unknown, we hypothesized systemic hypermethylation of
the miRNA loci can cause such decrease. Our study using 5-
AdC and trichostatin A revealed the down-regulation of
miR-124 is caused, at least partly, by hypermethylation.
However, the promoter of miR-124 in the SCC cell line
was not hypermethylated in comparison to controls.
Therefore, the miR-124 level in SCC is most likely con-
trolled by hypermethylation of other promoter regions
(e.g., genes in the RB1/pl6 or p53 pathway, as described
in “Introduction”) rather than the miR-124/-214 promoter,
and the low serum miR-124 level in SCC patients may be
caused by systemic hypermethylation (e.g., due to sys-
temic sun exposure).

Taken together, a hypothetical model of the hyperprolif-
eration seen in SCC tumor cells was provided by our results
as shown in Fig. 6. Further investigation of the regulatory

) Springer

mechanism(s) underlying the abnormal keratinocyte prolif-
eration induced by miRNAs in the skin may lead to the
development of useful biomarkers for early detection of this
tumor and to new treatments using miRNA.
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Abstract

Chronic inflammation has received much attention as a risk factor for carcinogenesis. We recently reported that
Angiopoietin-like protein 2 (Angptl2) facilitates inflammatory carcinogenesis and metastasis in a chemically induced
squamous cell carcinoma (SCC) of the skin mouse model. In particular, we demonstrated that Angptl2-induced
inflammation enhanced susceptibility of skin tissues to "preneoplastic change" and "malignant conversion" in SCC
development; however, mechanisms underlying this activity remain unclear. Using this model, we now report that
transgenic mice overexpressing Angptl2 in skin epithelial cells (K14-Angp#/2 Tg mice) show enhanced oxidative stress
in these tissues. Conversely, in the context of this model, Angp#/2 knockout (KO) mice show significantly decreased
oxidative stress in skin tissue as well as a lower incidence of SCC compared with wild-type mice. In the chemically
induced SCC model, treatment of K14-Angpr2 Tg mice with the antioxidant V-acetyl cysteine (NAC) significantdy
reduced oxidative stress in skin tissue and the frequency of SCC development. Interestingly, K14-Angp#2 Tg mice in
the model also showed significantly decreased expression of mRNA encoding the DNA mismatch repair enzyme
Msh2 compared with wild-type mice and increased methylation of the Msh2 promoter in skin tissues. Msh2
expression in skin tissues of Tg mice was significantly increased by NAC treatment, as was Msh2 promoter
demethylation. Overall, this study strongly suggests that the inflammatory mediator Angptl2 accelerates chemically
induced carcinogenesis through increased oxidative stress and decreased Msh2 expression in skin tissue.

Implications: Angptl2-induced inflammation increases susceptibility to microenvironmental changes, allowing
increased oxidative stress and decreased Msh2 expression; therefore, Angptl2 might be a target to develop new
strategies to antagonize these activities in premalignant tissue. Mol Cancer Res; 12(2); 1-11. ©2013 AACR.

Introduction

The connection between cancer and inflammation was first
made in the 19th century (1). Since then, epidemiologic
studies have confirmed the idea that chronic inflammation
underlies many cancers (2). Recently, we reported that
Angiopoietin-like protein 2 (Angptl2) acts as a chronic
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inflammatory mediator in several pathologic settings (3-6),
and demonstrated that increased Angptl2 expression in skin
tissues promotes inflammation and accelerates carcinogenesis
in a chemically induced squamous cell carcinoma (SCC) of
the skin mouse model by increasing susceptibility to "pre-
neoplastic change” and "malignant conversion” (7). In nor-
mal cells, initiating oncogenic mutation is considered essen-
tial to promote a "preneoplastic change," which, if unre-
paired, is then followed by proliferation and acquisition of
cellular survival capacity, allowing accumulation of additional
mutations (8-10). Potentially oncogenic mutations can be
antagonized by DNA repair mechanisms, some mediated by
members of the mismatch repair (MMR) family, which
corrects base mispairings or repairs larger insertion/deletion
loops (IDL; refs 11-14). In the MMR system, three homo-
logs of the bacterial MutS protein—Msh2, Msh3, and
Msh6—form heterodimers that recognize DNA damage
(15). Loss-of-function mutations or epigenetic silencing of
MMR genes increase genomic microsatellite instability
(MSI), increasing the rate of DNA replication errors (16).
Genetic and biochemical studies indicate that Msh2 is a
critical component of all MMR complexes and, consequently,
Msh2-null mutants are predicted to completely the lack
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MMR response (17, 18). Significantly, loss or mutation of
mammalian Msh2 increases the probability of developing
certain types of tumors (19).

In this study, we report that K14-Angp#2 Tg mice, which
show accelerated skin tissue inflammation and greater fre-
quency of chemically induced SCC, showed enhanced
oxidative stress in skin tissues and decreased expression of
Msh2, likely due to increased methylation of the Msh2
promoter. Interestingly, treatment of these mice with the
antioxidant N-acetyl cysteine (NAC) significantly reduced
oxidative stress in skin tissue and SCC frequency. Further-
more, Msh2 mRNA expression in skin tissue of Tg mice
significantly increased following NAC treatment in parallel
with demethylation of the Msh2 promoter region. Overall,
these findings suggest that Angptl2-induced inflammation
increases susceptibility to microenvironmental changes
allowing accumulation of oncogenic DNA mutations.

Materials and Methods
Mice

Male mice were used for the experiments. Mice were
housed in a temperature-controlled room with a 12-hour
light/dark cycle. Food and water were available ad libitum
unless otherwise noted. Mice were fed a normal diet (CE-2;
CLEA, Japan). For some experiments, NAC (40 mmol/L)
was administered in drinking water from 7 weeks after birth
until the end of the experiments. For chemical carcinogen-
esis assays, K14-Angptl2 Tg (3) and Angprl2 KO (3) were
backerossed to the FVB/N strain for more than 10 genera-
tions. During the course of the experiment, we observed no
significant difference in body weight between K14-Angprl2
Tg and wild-type littermate mice or between Angprl2 KO
and wild-type littermates. In addition, we observed no
significant difference in body weight between these groups,
with or without NAC treatment. All experiments were
performed according to the guidelines of the Institutional
Animal Committee of Kumamoto University.

Chemically induced skin carcinogenesis

We performed chemical skin carcinogenesis experiments
using K14-Angpti2 Tg mice, Angpt{2 KO mice, and respec-
tive wild-type littermates as controls, as described previously
(20, 21). Briefly, 50 ug of the chemical initiator mutagen
7,12-dimethylbenzanthracene (DMBA; Sigma) was applied
topically to the shaved skin on the back of 8-week-old male
mice, followed by weekly topical application of 5 lig of the
tumor promoter phorbol ester 12-O-tetradecanoylphorbol
13-acetate (PMA; Sigma) over 20 weeks. Raised lesions of a
minimum diameter of 1 mm present for at least 1 week were
scored as papillomas. Large papillomas were defined as
papillomas of 3 mm or more in diameter. Mice were killed
after 45 weeks or at 8 weeks after the first diagnosis of SCC.
SCC evaluation was carried out clinically and histologically
by two independent dermatologists using specified standards
(20-22). Clinically, SCCs are significantly larger and grow
more rapidly than papillomas. Histologically, papillomas
show loss of polarity and anaplasia of the nuclei localized to
the epidermis. However, SCCs are invasive carcinomas of

the surface epidermis. SCCs proliferate downward into the
dermis. The ratio of malignant conversion was calculated for
each group of mice as the total number of SCC divided by
the number of large papillomas and expressed as a percent-
age. The two-sided unpaired Student #test was used to
analyze differences in the number of tumors per mice with
or without NAC treatment.

Immunoblot analysis

Skin tissues were homogenized in lysis buffer (10 mmol/L
NaF, 1 mmol/L NazVOy, 1 mmol/L EDTA, 300 mmol/L
NaCl, 50 mmol/L Tris-HCl, pH 7.5, and 1% Triton X-100).
Extracts derived from supernatants were subjected to SDS—
PAGE electrophoresis, and proteins were electrotransferred to
nitrocellulose membranes. Immunodetection was performed
using an ECL kit (Amersham) according to the manufac-
turer's instructions. Antibodies against 4-hydroxy-2-nonenal
(4-HNE; Santa Cruz Biotechnology), Hsc70 (B-6; R&D
Systems), Rad51, Brca2, Atm, Atr, Ku70, Ku80, and Msh2
(Cell Signaling Technology), and Angptl2 (3) were used.

Immunohistochemical staining

Skin tissues were fixed by perfusion with 4% paraformal-
dehyde in PBS (pH 7.4), washed in PBS for 15 minutes,
dehydrated through a graded series of ethanols and xylene,
and embedded in a single paraffin block. Sections (5 pwm)
were cut, air-dried, deparaffinized, and pretreated wich 5
mmol/L periodic acid for 10 minutes at room temperature to
inhibit endogenous peroxidase. Specimens were incubated
for 1 hour with 50- to 100-fold diluted polyclonal antibody
against Angptl2 (3) or Msh2 (Cell Signaling Technology),
and then washed 3 times with PBS for 5 minutes. Sections
were incubated with biotinylated anti-mouse IgG or anti-
rabbit IgG (1:200 dilution; Vector Laboratories). Immu-
nostaining was performed using the peroxidase-labeled avi-
din-biotin—complex method (1:100 dilution; DAKO). Sec-
tions were counterstained with hematoxylin.

DNA extraction and bisulfate modification

DNA was isolated from skin tissues using the SDS/
proteinase K method. DNA concentration was determined
spectrophotometrically at 260 nm. DNA bisulfite treatment
was used to convert unmethylated CpG sites o UpG
without modifying methylated sites, thus allowing them to
be distinguished by restriction digestion using the Com-
bined Bisulfite Restriction Analysis (COBRA) assay (17).
Bisulfite treatment of genomic DNA was performed using
the MethylEasy Xceed Rapid DNA Bisulphite Modification
Kit (Human Genetic Signatures) according to the manu-
facturer's instructions. CpG-methylated NIH 313 mouse
genomic DNA (New England Biolabs) served as a positive
control and underwent bisulfite modification as described
earlier. NIH 3T3 mouse genomic DNA (New England
Biolabs) served as a negative control. The proportion of
methylated versus unmethylated product (digested vs.
undigested) was quantified by densitometry (23). Densi-
tometric analysis was performed using Multi Gauge soft-
ware (Fujifilm).
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PCR and restriction digestion

Msh2 primers were specially designed for the COBRA
assay as described previously (17). Sequences used were 5'-
TGGCGGTGTAGTTTAAGGAGA-3' (forward) and 5'-
TCTTAAACACCTCGCGAACC-3' (reverse), generating
a 195-bp amplification product (17). PCR amplifications
were performed using TaKaRa EpiTaq HS (for bisulfite-
treated DNA; Takara Bio) according to the manufacturer's
instructions. After amplification, PCR products were digested
with Mbol (Promega), which cuts DNA harboring a d
(GATCQ) target site only if the site is retained after bisul-
fite-mediated deamination. Samples were separated on 2%
agarose gels, which were then stained with ethidium bromide.
The proportion of methylated versus unmethylated product
(digested vs. undigested) was quantified by densitometry
(17, 23) using MultiGauge version 3.1 software (Fuji Film).

Calculation of survival data

A Kaplan—Meier log-rank test was applied to analyze
mouse survival data using JMP7 software (SAS Institute).
A P value of less than 0.05 was considered significant.

Real-time quantitative RT-PCR

For mouse skin tissues, total RNA was isolated using the
TRIzol reagent (Invitrogen). DNase-treated RNA was reverse
transcribed with a PrimeScript RT reagent Kit (Takara Bio).
PCR products were analyzed with a Thermal Cycler Dice
Real Time system (Takara Bio), and relative transcript
abundance was normalized to that of /85 mRNA. PCR
oligonucleotides were as follows: mouse Msh2: forward, 5'-
GCCCAGGATGCCATTGTTAAAG-3, reverse, 5'-AAC-
GGGTGCTGCGTTTGAC-3": mouse I18S: forward, 5'-
TTCTGGCCAACGGTCTAGACAAC-3', reverse, 5'- CC-
AGTGGTCTTGGTGTGCTGA-3": mouse IL-18: for-
ward, 5'- TCCAGGATGAGGACATGAGCAC-3', reverse,
5/- GAACGTCACACACCAGCAGGTTA-3": mouse IL-6:
forward, 5'- CCACTTCACAAGTCGGAGGCTTA-3,
reverse, 5'- GCAAGTGCATCATCGTTGTTCATAC-
3’. Results were analyzed using the two-tailed Student
t-test with Excel software (Microsoft). A P value of less
than 0.05 was considered significant.

Clinical characterization of patients

For ANGPTL2 and MSH2 immunostaining, we obt-
ained normal abdominal skin tissues, as well as tissues
derived by curative resection from patients with actinic
keratosis and squamous cell carcinoma on the face (at
Kumamoto University). Diagnostic evaluation of human
samples was carried out by two independent dermatologists
clinically and histologically. All studies were approved by the
Ethics Committee of Kumamoto University. Written
informed consent was obtained from each subject.

Results

Increased oxidative stress parallels Angptl2 expression in
mouse skin tissues

Initially, we confirmed our previous findings regarding
differences in susceptibility to chemically induced carcino-
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Figure 1. Chemical skin carcinogenesis is accelerated in skin tissues
constitutively expressing Angptl2 and suppressed in Angpt/2-deficient
tissues. A and B, representative photographs showing the same mouse
(in each row) throughout the time course of chemical skin carcinogenesis
from both K14-Angptl2 Tg and wild-type littermates (A) and Angptl2 KO
and wild-type littermates (B) at 10 (left), 15 (middle), and 20 (right) weeks
after initiation of chemical application.

genesis among K14-Angptl2 Tg, wild-type, and Angpt/l2 KO
mice by estimating the frequency and time course of SCC
development in mice of all three genotypes. As we previously
reported, increased Angptl2 expression in skin tissues accel-
erated carcinogenesis in the SCC model (Fig. 1A), whereas
Angptl2 loss antagonized carcinogenesis (Fig. 1B). Seven
weeks after initiation of chemical treatment, K14-Angpz/2
Tg, Angpti2 KO, and respective wild-type mice showed little
evidence of papillomas or SCC in chemically treated skin
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