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Although tumor protein D52 (TPD52) family proteins were first identified nearly 20 years
ago, their molecular regulatory mechanisms remain unclear. Therefore, we investigated the
post-transcriptional regulation of TPD52 family genes. An RNA immunoprecipitation (RIP)
assay showed the potential binding ability of TPD52 family mRNAs to several RNA-binding
proteins, and an RNA degradation assay revealed that TPD52 is subject to more prominent
post-transcriptional regulation than are TPD53 and TPD54. We subsequently focused on
the 30-untranslated region (30-UTR) of TPD52 as a cis-acting element in post-transcrip-
tional gene regulation. Several deletion mutants of the 30-UTR of TPD52 mRNA were con-
structed and ligated to the 30-end of a reporter green fluorescence protein gene. An RNA
degradation assay revealed that a minimal cis-acting region, located in the 78-280 region
of the 50-proximal region of the 30-UTR, stabilized the reporter mRNA. Biotin pull-down
and RIP assays revealed specific binding of the region to T-cell intracellular antigen 1
(TIA-1) and TIA-1-related protein (TIAR). Knockdown of TIA-1/TIAR decreased not only the
expression, but also the stability of TPD52 mRNA; it also decreased the expression and
stability of the reporter gene ligated to the 30-end of the 78-280 fragment. Stimulation of
transforming growth factor-β and epidermal growth factor decreased the binding ability of
these factors, resulting in decreased mRNA stability. These results indicate that the
78-280 fragment and TIA-1/TIAR concordantly contribute to mRNA stability as a cis-acting
element and trans-acting factor(s), respectively. Thus, we here report the specific interac-
tions between these elements in the post-transcriptional regulation of the TPD52 gene.

Introduction
Tumor protein D (TPD) 52 family proteins were first identified nearly 20 years ago [1], and four
members (i.e. TPD52, 53, 54 and 55) have since been identified (reviewed in refs [2,3]). The mammalian
TPD52 and related proteins all contain a coiled-coil motif and harbor proline, glutamic-acid, serine and
threonine (PEST) sequences at the N- and C-terminals [4,5]. The first recognized member of this protein
family was TPD52, which was identified as an overexpressed gene in various cancer cells [1]. Since then,
much information has been accumulated on this protein family. For instance, TPD52 interacts with
MAL2 [6], annexin V1 [7], syntaxin 1 and VAMP2 [8]. Recent investigations have suggested that TPD52
may be a novel vaccine target (reviewed in ref. [9]). In addition, other members of the protein family,
such as TPD53, 54 and 55, have been reported to be highly expressed in colon [10,11], ovary [12–14],
testis [15] and prostate cancers [16,17], and lymphomas [18], leukemia cells [18,19] and brain tumors
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[20]. Furthermore, we recently reported that TPD52 and 54 are highly expressed in oral squamous carcinoma cells
(OSCCs) and affect cell attachment to the extracellular matrix, cell migration and Akt/protein kinase B activation
[21,22], suggesting an important role of TPD52 family genes on growth and metastasis in OSCCs as well as in
other cancer cells. Although these studies revealed a variety of physiological and pathological functions for the
TPD52 family of proteins in the metabolism of not only cancer cells, but also of normal cells, and strongly sug-
gested that the expression of these genes is highly regulated in various steps, the molecular regulatory mechanisms
underlying these functions remain poorly understood.
Post-transcriptional gene regulation, such as RNA processing, RNA export and RNA degradation, plays an

important role in gene expression as well as in transcription, translation and post-translation, and many studies
concerning molecular post-transcriptional mechanisms have been reported (reviewed in refs [23,24]).
RNA-binding proteins (RBPs) and/or non-coding RNAs, such as microRNAs, bind to cis-acting elements
within mRNAs, and this interaction determines the fate of mRNA stability (reviewed in ref. [25]). Although it
was recently reported that guanosine- and uridine-rich or uridine-rich element sequence motifs were found in
many coding and non-coding RNAs [26], in mammalian cells, adenosine- and uridine-rich elements (AREs)
are the most well-known cis-acting elements of mRNA that act as a target for rapid RNA degradation (reviewed
in ref. [27]). AREs range in size from 50 to 150 nucleotides. Generally, they contain multiple copies of the
penta-nucleotide AUUUA motif, and have a high content of uridine (U) residues and sometimes of adenosine
(A) residues (reviewed in refs [28,29]). AREs are capable of binding to RBPs, such as Hu-antigen R (HuR)
(reviewed in ref. [30]), ARE-binding factor-1 (AUF-1) (reviewed in ref. [31]), tristetraprolin (TTP) (reviewed in
refs [32,33]), nuclear factor 90 (NF-90) (reviewed in ref. [34]) and T-cell intracellular antigen 1 (TIA-1)/
TIA-1-related protein (TIAR) (reviewed in ref. [35]). Such interactions can induce the stabilization or destabil-
ization of RNA mediated by mechanisms that depend on the RBPs. Indeed, mRNA stability is an important
factor in the control of gene expression. Many studies have shown that the mRNA 30-untranslated region
(30-UTR) plays an important role in the regulation of gene expression at the post-transcriptional level, and it is
well known to stabilize or destabilize other mRNAs encoding a wide range of cytokines, growth factors and
proto-oncogenes (reviewed in refs [32,36–38]).
In general, the 30-UTRs of human TPD52 family mRNAs are longer than the coding regions; in particular,

that of TPD52 mRNA is quite long at ∼3300 nucleotides, and it harbors 15 AUUUA pentamer motifs. This
evidence led us to hypothesize that the 30-UTRs of TPD52 family mRNAs are involved in the post-
transcriptional regulation of their own gene expression as a cis-acting element, and we thus focused on the role
of this structure in RNA stability. As a result, we uncovered in the present study that the 30-UTRs of TPD52,
53 and 54 mRNAs regulate the expression of their respective genes in a post-transcriptional manner by altering
mRNA stability, and that TIA-1/TIAR binds to one of the minimal cis-acting elements (∼200 nucleotides in
length) of the 30-UTR of TPD52 mRNA as a trans-acting factor, playing a critical role in stabilizing TPD52
mRNA, which undergoes a negative feedback loop downstream from transforming growth factor-β (TGF-β)
and epidermal growth factor (EGF) signaling.

Materials and methods
Cell cultures
Normal human periodontal ligament fibroblasts (Lonza, Basel, Switzerland), SAS cells [39] and HeLa cells
(kind gifts from Dr Niitsu, Sapporo Medical University) were grown in high-glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. All cells were maintained at 37°C in an atmos-
phere containing 5% CO2 and 100% humidity.

Reagents
Recombinant human TGF-β1 and EGF were purchased from R&D (Minneapolis, MN, U.S.A.). Actinomycin
D, endoribonuclease-prepared small interfering RNAs (esiRNAs) for human TIA-1 and TIAR, and control
esiRNA (for firefly luciferase) were purchased from Sigma–Aldrich (St Louis, MO, U.S.A.). Anti-HuR,
anti-TIA-1/TIAR, anti-AUF-1, anti-TTP and anti-NF-90 antibodies as well as preimmune rabbit IgG were pur-
chased from Santa Cruz (Dallas, TX, U.S.A.). Anti-TIA-1 and anti-TIAR antibodies were purchased from
Medical & Biological Laboratories (Aichi, Japan). Anti-lamin B1 and anti-α-tubulin antibodies were purchased
from Cell Signaling Technology (Danvers, MA, U.S.A.). Anti-TPD52 antibody was purchased from Abcam
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(Branford, CT, U.S.A.), and anti-TPD53 and 54 antibodies were purchased from Proteintech (Rosemont, IL, U.
S.A.). Unless otherwise specified, the other reagents were purchased from a standard supplier.

Protein preparation and Western blot analysis
Total cellular proteins were prepared as described previously [40]. Proteins from the nuclear and cytosolic frac-
tions were extracted using the CelLytic NuCLEAR Extraction Kit (Sigma–Aldrich). For Western blot analysis,
20 mg of protein was subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) on a
4–20% gradient gel (Bio-Rad, Hercules, CA, U.S.A.). The blot was then transferred onto a polyvinylidene
difluoride membrane with iBlot 2 (Thermo Fisher, Waltham, MA, U.S.A.). The subsequent blocking, primary
antibody reaction, secondary horseradish peroxidase-conjugated antibody (GE Healthcare, Buckinghamshire,
U.K.) reaction and washing steps were performed as described previously [40]. The bands were visualized using
Amersham ECL Western Blotting Detection Reagents (GE Healthcare) and a ChimiDoc XRS Plus ImageLab
System (Bio-Rad).

RNA immunoprecipitation assay
The RNA immunoprecipitation (RIP) assay was carried out using the RiboCluster Profiler RIP assay kit
(Medical & Biological Laboratories) and protein G sepharose beads (Sigma–Aldrich) according to the manufac-
turers’ protocols. Cellular RNA was pulled down with anti-HuR, anti-TIA-1/TIAR (or anti-TIA-1 and
anti-TIAR), anti-AUF-1, anti-TTP and anti-NF-90 antibodies, and preimmune rabbit IgG. The co-precipitated
RNA was purified and sequentially subjected to RT-PCR for TPD52, 53 and 54, and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (Figure 1) or green fluorescent protein (GFP) (Figures 6 and 9).

Purification of total RNA, cDNA synthesis, RT-PCR and RT-qPCR
Total cellular RNA was purified using TRIsol (Thermo Fisher, Waltham, MA, U.S.A.). Ten nanograms of total
RNA were reverse-transcribed using the iScript cDNA Synthesis Kit (Bio-Rad), and an aliquot of the reverse-
transcribed cDNA was diluted 1:20 to prepare the reaction mixture for PCR or qPCR. PCR and qPCR were
carried out with Takara Ex Taq (Takara Bio, Shiga, Japan) and the KAPA SYBR FAST qPCR kit (Kapa
Biosystems, Boston, MA, U.S.A.), respectively. For qPCR, statistical analysis was performed using the Bio-Rad
iQ5 analysis software. The fold change in gene expression was calculated using the 2�DDCt method. The gene

Figure 1. Binding profiles of ARBPs to human TPD52 family mRNAs.

(A) Intracellular distribution of ARBPs in SAS cells. Whole cellular (W), nuclear (N) and cytosolic (C) proteins were purified from

SAS cells cultured in the absence of a growth factor, and 20 mg of each was subjected to Western blot analysis for HuR, TIA-1/

TIAR, TTP, NF-90, Lamin B1 (an internal control for nuclear proteins) and α-tubulin (an internal control for cytosolic proteins).

(B) Binding profiles of ARBPs to TPD52 family mRNAs. SAS cells were subjected to an RIP assay and subsequent RT-PCR (30

cycles for amplification) for TPD52, 53, 54 and GAPDH using preimmune rabbit IgG (a negative control) and anti-HuR, TIA-1/

TIAR, TTP and NF-90 antibodies. On the left lane, 1 mg of total input RNA of SAS cells was subjected to RT-PCR (30 cycles)

for TPD52, 53 and 54 as positive controls.
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expression was first normalized to GAPDH for the nuclear run-on assay or 18S rRNA for the other assays
within each sample group. All of the primer sequences are presented in Table 1 (qPCR primer pairs).

Nuclear run-on assay
The assay was carried out by supplying biotin-16-UTP (Roche Diagnostics, Mannheim, Germany) to nuclei,
and labeled transcripts were bound to streptavidin–agarose beads (Sigma–Aldrich), as described previously
[41]. The subsequently pulled down RNA was subjected to RT-qPCR. The transcriptional activity of each gene
was normalized against GAPDH.

RNA degradation assay
The assay was carried out by adding actinomycin D (10 mg/ml) to cell cultures, as described previously [42].
Total cellular RNA was isolated at timed intervals and used for RT-qPCR, as described above.

Molecular constructs
The full-length 30-UTR sequences of human TPD52, 53 and 54 cDNA were amplified from the cDNA of SAS
cells using an RT-PCR technique with gene-specific primer pairs (Table 1) in which a terminal codon is
located at the 50-end of each sense primer. The amplified cDNAs were ligated into pcDNA3.1 NT-GFP-TOPO
(Thermo Fisher) using a TOPO technique. The proper constructs, in which the sense strand 30-UTR of TPD52,

Table 1 Primer pairs (sense and antisense strands) used for PCR, qPCR and
mutagenesis PCR in the present study

TPD52 qPCR Sense GAGGAAGGAGAAGATGTTGC
Antisense GCCGAATTCAAGACTTCTCC

TPD53 qPCR Sense ACGAAGATGCAGTAGCC
Antisense GTCTCAACCCTCTCCTC

TPD54 qPCR Sense CATGGACTCCGCCGGCCAAG
Antisense CCCACTGTGGACAGGGCAGC

TIA1 qPCR Sense TCCCGCTCCAAAGAGTACATATGAG
Antisense AAACAATTGCATGTGCTGCACTTTC

TIAR qPCR Sense CAACTGGAAAATCCAAAGGCTATGG
Antisense GACGCAATTCCTCCACAGTACACAG

18S RNA qPCR Sense TCCTGCCAGTAGCATATGCTG
Antisense AGAGGAGCGAGCGACCAAAGG

GAPDH qPCR Sense GCTCTCCAGAACATCATCCCTGCC
Antisense CGTTGTCATACCAGGAAATGAGCTT

GFP qPCR Sense GCTACATACGGAAAGCTTACCC
Antisense CGAAAGGGCAGATTGTGTC

TPD52 30-UTR Full Sense TGAGATTCCTACCTTTGTTC
Antisense GTTGCCAAATAGCATTTATT

TPD53 30-UTR Full Sense TAAGTCCAGCCAGCGTGCAG
Antisense GTCATTAAAATCAATTCTTT

TPD54 30-UTR Full Sense TAAGCCTGTGGTTGCTTCAC
Antisense AAAGGAATGCTTTATTGACA

TPD52 30-UTR 1-2073 Sense Same as TPD52 30-UTR Full Sense
Antisense TCTAGAAAAGTGATTCTCCATT

TPD52 30-UTR 1-870 Sense Same as TPD52 30-UTR Full Sense
Antisense GGTAGATGTCTAGATCTAAACTTTCA

TPD52 30-UTR 871-3523 Sense TGAAGCTGGTAAAAATGACAATATC
Antisense Same as TPD52 30-UTR Full Antisense

TPD52 30-UTR 2073-3523 Sense TGACATCTACCTATACTTAATCTAA
Antisense Same as TPD52 30-UTR Full Antisense

TPD52 30-UTR 78-280 Sense CCTTTGATGCCATGAATTTCTACCA
Antisense TCATGGCATCAAAGGGCAATTCCACC
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53 or 54 cDNA was ligated to the end of the GFP gene (Figure 3A), were amplified, and these chimeric gene
constructs were designated as ‘GFP-TPD52 Full’, ‘GFP-TPD53 Full’ or ‘GFP-TPD54 Full’, respectively. For the
construction of deletion mutants (Figures 4A and 5A) of the 30-UTR of human TPD52 cDNA, several techni-
ques were employed. For the construction of GFP-TPD52 30-UTR 1-2073, 1-870, 871-3523 and 2073-3523, the
deletion mutants were amplified by PCR from GFP-TPD52 Full as a template using primer pairs (TPD52
30-UTR 1-2073, 1-870, 871-3523 and 2073-3523 in Table 1) and ligated into the pcDNA3.1 NT-GFP-TOPO
vector. For the construction of GFP-TPD52 30-UTR Δ871-2072, GFP-TPD52 Full was digested by XbaI and
was self-ligated by T4 ligase (Takara Bio). For the construction of GFP-TPD52 30-UTR 1-280 and 1-77,
GFP-TPD52 Full was double-digested by DdeI and EcoRV, and EcoT22I and EcoRV, respectively. After enzym-
atic digestion, the vectors were blunted by T4 DNA polymerase and self-ligated by T4 ligase (Takara Bio). For
the construction of GFP-TPD52 30-UTR 78-280, a mutagenesis PCR was carried out using the PrimeSTAR
Mutagenesis Basal Kit (Takara Bio) and mutagenesis primers (TPD52 30-UTR 78-280 in Table 1). The con-
structs of all wild-type and deletion-mutant genes were confirmed by nucleotide sequencing.

Flow cytometry analysis
In the present study, we employed a GFP protein located downstream from the cytomegalovirus (CMV) pro-
moter (pcDNA3.1 NT-GFP; Thermo Fisher) as a reporter gene, as described previously [43]. The cells were
seeded in a six-well culture plate in the presence or absence of TGF-β1 or EGF (10 ng/ml each). Control GFP
(pcDNA3.1 NT-GFP control vector) and chimeric GFP vectors with or without esiRNA were (co-)transfected
into the cells using Lipofectamine 2000 (Thermo Fisher). The next day, the expression of GFP protein was
measured by flow cytometry (FACSVerse, BD Bioscience, San Jose, CA, U.S.A.). To ensure equal transient
transfection of the reporter gene [44,45], each experiment was repeated more than five times, and results that
were reproducible more than three times were used.

RNA biotin pull-down assay
The assay was carried out as described recently [46] with a slight modification. The sequences of several dele-
tion mutants of human TPD52 30-UTR were ligated into pGEM3Zf(−) (Promega, Madison, WI, U.S.A.), and
the ligated and unligated pGEM3Zf(−) were linearized by digestion with XbaI. In addition, the sequence of
full-length 30-UTR of TPD52 mRNA was ligated into pGEM T-Easy (Promega) by a TA-cloning technique,
and the clone, in which the sense strand was positioned from the T7 promoter, was selected and linearized by
digestion with SalI. Subsequently, the linearized plasmids were used as templates for the synthesis of biotiny-
lated RNA probes. Biotinylated RNA was transcribed by T7 RNA polymerase (Roche Diagnostics) in the pres-
ence of 0.35 mM biotin-16-UTP. After 4 h of incubation at 37°C, 1 ml of RQ1 DNase (Promega) was added to
the reaction mixture and was incubated for another 15 min. Non-incorporated nucleotides were removed using
a G-25 microspin column (GE Healthcare) and subsequent ethanol precipitation. For RNA–protein binding,
5 mg of biotinylated RNA probe and 100 mg of cytosolic protein from SAS cells were incubated at 4°C for 16 h
in 500 ml of 1× IP buffer (Sigma–Aldrich) supplemented with 5 ml of protein inhibitor cocktail (Sigma–
Aldrich) and 5 ml of RNase inhibitor (Takara Bio). The RNA–protein complexes were precipitated using 20 ml
of streptavidin–agarose beads (Sigma–Aldrich) in 500 ml of 1× IP buffer at room temperature for 4 h. The
beads were washed five times with 1× IP buffer and once with 0.1× IP buffer (500 ml each time), and precipi-
tated using a centrifuge. The beads were then directly denatured with 1× SDS–PAGE sample buffer (Bio-Rad)
containing 5% of 2-mercaptoethanol (Wako, Osaka, Japan), and the extracts were directly subjected to Western
blot analysis.

Statistical analysis
Unless otherwise specified, all experiments were repeated at least three times, and similar results were obtained
in the repeated experiments. Statistical analysis of the repeatability of the assay results was carried out using a
paired Student’s t-test. Data are expressed as the means ± standard deviation of triplicate data.

Results
TPD52 family mRNAs bind to RBPs
As shown in Supplementary Figure S1, the 30-UTR of the human TPD52 cDNA is much longer than the
coding region, and it harbors 15 AUUUA pentamers and several AUUUA pentamer-like sequences, suggesting
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its ability to bind to RBPs. Although TPD53 and 54 cDNAs also have these features, the length of their cDNAs
is shorter than that of TPD52. Therefore, we first investigated whether TPD52 family mRNAs are capable of
binding to several representative RBPs, including HuR, TIA-1/TIAR, AUF-1, TTP and NF-90 (Figure 1).
Western blotting analysis (Figure 1A) revealed the presence of RBPs in the cytosolic and nuclear fractions of
SAS cells. However, the subcellular distribution differed for each RBP. For instance, TIA1/TIAR located pre-
dominantly in the cytosol, whereas NF-90 located predominantly in the nucleus. AUF-1 and TTP located pre-
dominantly in the nucleus, whereas HuR uniformly existed in both the nucleus and the cytosol. Next, cells
were subjected to the RIP assay (Figure 1B). TPD52 and 53 mRNAs bound to all of the RBPs, whereas TPD54
mRNA bound to only TIA-1/TIAR, AUF-1 and NF-90. The results that the preimmune rabbit IgG did not
bind to TPD52, 53 and 53 mRNAs, and that NF-90 bound only to GAPDH mRNA were in agreement with
the results of a previous study [47], and demonstrated the stringency of the RIP assay.

The stability of TPD52 mRNA is altered in cell-specific and
stimulation-specific manners
Since the results from the previous subsection indicated the possibility that TPD52 family mRNAs might be post-
transcriptionally regulated, we investigated the relationships between the steady-state amount, transcriptional
activity and stability of TPD52, 53 and 54 mRNAs in SAS cells (Figure 2). TPD52 family proteins, with the excep-
tion of TPD55, were reported to be robustly expressed in several types of cancer cells [10–22], and many studies
have reported that these cells generally secrete various growth factors, including TGF-β1 and EGF, in an autocrine
manner, resulting in the up-regulation of various oncogenes and the enhancement of cell proliferation; thus, it
was suggested that these growth factors might modulate the expression of TPD52 family genes, although the
molecular relationship between these growth factors and TPD52 family genes has scarcely been reported.

Figure 2. TPD52 family genes undergo post-transcriptional regulation.

SAS cells were cultured in the absence (open boxes and solid lines) or presence of 10 ng/ml of TGF-β1 (closed boxes and

hatched lines) or EGF (shaded boxes and dotted lines) for 24 h, and then the cells were subjected to RT-qPCR for steady-state

mRNA (A), a nuclear run-on assay (B), Western blotting analysis using 20 mg of total cellular protein (C) and an RNA

degradation assay (D and E) for TPD52, 53 and 54. For RT-qPCR for the steady-state mRNA and the nuclear run-on assay, the

values of control cells (A and B) were designated as ‘1’, and relative values are shown. For the RNA degradation assay, the

steady-state amount of RNA at time 0 was designated as ‘1’, and relative values with the SD are plotted on a semi-logarithmic

graph. At the bottom of (D), the calculated half-life (t1/2) of each mRNA is shown in hours (E). *P < 0.05 versus each control.
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RT-qPCR for steady-state mRNAs (Figure 2A) revealed that the steady-state mRNA level of TPD52 was increased
by stimulation with TGF-β1 and EGF. However, those of TPD53 and 54 barely changed (P > 0.05). Western blot-
ting analysis (Figure 2C) results for the protein expressions of TPD52, 53 and 54 were in agreement with the
total amount of each mRNA. Nuclear run-on (Figure 2B) and RNA degradation (Figure 2D,E) assays showed
that the transcriptional activities of the TPD53 and 54 genes reflected the amount of steady-state mRNA, and
that mRNA stability was barely changed by stimulation with TGF-β1 and EGF. However, for the TPD52 gene,
the transcriptional activity did not always correspond with the amount of steady-state mRNA: namely, the tran-
scriptional activity was strong for the amount of steady-state mRNA detected. Importantly, the RNA degradation
assay demonstrated that the stability of TPD52 mRNA decreased faster after stimulation with TGF-β1 and EGF
(Figure 2D). These results indicated that the mRNA stability of TPD52 plays a more important role in the post-
transcriptional regulation of gene expression when compared with TPD53 and 54.

The 30-UTR of TPD52 family mRNAs is mainly involved in post-transcriptional
regulation
To investigate the role of the 30-UTRs of TPD52 family mRNAs in post-transcriptional regulation, we carried
out a reporter assay employing GFP as a reporter [43–45]. As shown in Figure 3A, the 30-UTRs of TPD52, 53
and 54 mRNAs were ligated to the 30-end of a GFP gene downstream from a CMV promoter. Then, the
control GFP vector (Control GFP) and three chimeric vectors (GFP-TPD52, 53 and 54) were transfected into
SAS cells, and flow cytometry was carried out to measure the intensity of GFP fluorescence (Figure 3B).
Contrary to our expectation, the 30-UTRs of TPD52, 53 and 54 showed enhancing effects on the expression of
the reporter gene: namely, the 30-UTR of TPD52 mRNA strongly enhanced the expression of the reporter,

Figure 3. Effects of the 30-UTRs of TPD52 family mRNA on post-transcriptional regulation using the GFP reporter gene

system.

(A) A schematic representation of the chimeric GFP reporter genes. Full-length cDNAs of human TPD52, 53 or 54 mRNA 30-UTR
were ligated to the 30-end of the GPF gene downstream from a CMV promoter. (B–D) Control (black) and chimeric GFP

(GFP-TPD52 (red), 53 (orange) and 54 (blue)) genes were transfected into SAS cells, and the cells were cultured for 2 days in the

absence of a growth factor. Then, the cells were subjected to flow cytometry (B), RT-qPCR (C) for steady-state mRNA and an

RNA degradation assay (D) for the GFP reporter gene. For measuring steady-state mRNA, the value of the control GFP mRNA

was designated as ‘1’, and relative values are shown. For the RNA degradation assay, the amount of mRNA at time 0 was

designated as ‘1’, and relative values with the SD are plotted on a semi-logarithmic graph. At the bottom of the RNA degradation

assay, the calculated half-life (t1/2) of each control and chimeric gene is shown in hours. *P < 0.05 versus each control.
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whereas that of TPD53 and 54 mRNAs showed weaker effects. Next, we investigated the effects of the 30-UTRs
of TPD52, 53 and 54 mRNAs on the stability of reporter mRNA. The amount of steady-state mRNA correlated
to the expression level of the reporter (Figure 3C). Importantly, the enhanced amount of steady-state reporter
mRNA was dependent on mRNA stability (Figure 3D). These results indicated that the 30-UTRs of TPD52, 53
and 54 mRNAs harbor RNA stabilizers, and that the TPD52 mRNA has a stronger RNA-stabilizing effect than
TPD53 and 54 mRNAs. Therefore, we subsequently focused on the 30-UTR of TPD52 mRNA and further
investigated its detailed functions in the following experiments.

A minimal cis-acting element of TPD52 mRNA is located at the 50-proximal
region of the 30-UTR
We attempted to seek out the element involved in the strong enhancement of the mRNA stability of the
reporter gene. First, we constructed five deletion mutants of the 30-UTR of the TPD52 mRNA (1-2073 to
2073-3523 in Figure 4A). The full-length 30-UTR showed the strongest enhancing effect for the stability of the
reporter gene mRNA, while the deletion mutants of the 1-2073 and 1-870 fragments showed the second and
third strongest stabilizing effect, respectively (Figure 4B). Interestingly, the deletion mutants lacking the
871-3523 and 2073-3523 fragments destabilized the reporter genes, indicating that these fragments contain one

Figure 4. Identification of a minimum functional cis-acting element in the human TPD52 mRNA 30-UTR for reporter GFP

gene expression (1).

(A) A schematic representation of the deletion cDNAs. Full-length (Full) or deletion-mutant (1-2073 to 2073-3523) cDNAs of the

human TPD52 mRNA 30-UTR were ligated to the 30-end of the GPF gene downstream from a CMV promoter. At the top, the

restriction enzymes used for the construction of the deletion mutants are shown (see ‘Materials and methods’). (B) RNA

degradation assay. Control GFP and chimeric GFP-TPD52 deletion-mutant genes (shown in A) were transfected into SAS cells,

and the cells were cultured for 2 days in the absence of a growth factor. Then, the cells were subjected to an RNA degradation

assay for GFP reporter gene stability. On the right side, the calculated half-life (t1/2) of each control and chimeric gene is shown

in hours. *P < 0.05 versus the control.
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or more destabilizing cis-elements, even though the stabilizing elements are present elsewhere. Therefore, we
concluded that the 1-870 fragment harbors the strongest cis-element that enhances mRNA stability. Next, dele-
tion mutants with shorter sequences from the 1-870 region were constructed (1-280, 1-77 and 78-280 in
Figure 5A). The results of the RNA degradation assay (Figure 5B) showed that the full-length 30-UTR enhanced
the stability of the reporter mRNA the most, followed by the 1-870 and 1-280 fragments. The 1-77 fragment
showed a very weak effect, suggesting little involvement of the 1-77 fragment within the 1-280 region.
Importantly, the 78-280 fragment still showed stabilizing effects, although the effect was weaker than that of
the full-length 30-UTR. These results indicate that a minimal cis-acting element for enhancing RNA stability
exists in the 78-280 region.

The 78-280 region binds to TIA-1/TIAR
Next, we searched for a trans-acting factor capable of binding to the 78-280 region. The biotin pull-down
(Figure 6A) and RIP (Figure 6B) assays showed that the 1-280 and 78-280 fragments bound only to TIA-1/
TIAR, and not to HuR, AUF-1, TTP or NF-90, even though the full-length 30-UTR bound to all of the
AU-rich element binding proteins (ARBPs). These results indicated that TIA-1/TIAR, at the least, is a trans-
acting factor that binds to the cis-acting 78-280 fragment, and this binding might regulate the stability of
TPD52 mRNA.

Figure 5. Identification of a minimum functional cis-acting element in the human TPD52 mRNA 30-UTR for reporter GFP

gene expression (2).

(A) A schematic representation of the deletion cDNAs. Full-length (Full) or deletion-mutant (1-870 to 28-280) cDNAs of the

human TPD52 mRNA 30-UTR were ligated to the 30-end of the GPF gene downstream from a CMV promoter. At the top, the

restriction enzymes used for the construction of the deletion mutants are shown (see ‘Materials and methods’). (B) RNA

degradation assay. Control GFP and chimeric GFP-TPD52 deletion-mutant genes (shown in A) were transfected into SAS cells,

and the cells were cultured for 2 days in the absence of a growth factor. Then, the cells were subjected to an RNA degradation

assay for GFP reporter gene stability. On the right side, the calculated half-life (t1/2) of each control and chimeric gene is shown

in hours. *P < 0.05 versus the control.
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Knockdown of TIA-1/TIAR decreases the stability of TPD52 mRNA
The roles of TIA-1 and TIAR on the stability of TPD52 mRNA were investigated by employing esiRNAs
against TIA-1 and TIAR in SAS cells. Western blotting analysis (Figure 7A) revealed successful knockdown of
TIA-1 and TIAR by each esiRNA. The nuclear run-on assay (Figure 7B) showed no decrease in TPD52 tran-
scriptional activity (P > 0.05 for each cell type). However, RT-qPCR for steady-state RNA (Figure 7C) showed a
significant decrease in TPD52 mRNA, indicating that the effects were caused not at the transcriptional level,
but at the post-transcriptional level. Furthermore, the RNA degradation assay (Figure 7D) revealed that knock-
down of TIA-1 and TIAR triggered a decrease in the stability of TPD52 mRNA, demonstrating that the TPD52
mRNA-stabilizing ability of TIA-1 and TIAR is due to their role as a trans-acting factor. The same experiments
were carried out in HeLa cells and fibroblasts (Supplementary Figure S2); similar results were observed in these
cells as in SAS cells, suggesting that the important role of TIA-1 and TIAR as a trans-acting factor in stabilizing
TPD52 mRNA is not dependent on cell type.

Specific interaction between the 78-280 fragment and TIA-1/TIAR
Then, we investigated the 78-280 fragment-specific effects on expression and RNA stability of the reporter via
knockdown of TIA-1 and TIAR in SAS cells (Figure 8). As expected, the expression and mRNA stability of the
control fragments were not affected by knockdown of TIA-1 or TIAR (Figure 8A,D). However, the expression
and mRNA stability of the GFP full-length 30-UTR were slightly attenuated by knockdown of TIA-1 and TIAR
(Figure 8B,E). The expression of the GFP 78-280 fragment was also decreased by TIA-1 and TIAR knockdown
(Figure 8C), and notably, the stability of these mRNAs was more significantly decreased when compared
with full-length RNAs (Figure 8F), indicating the 78-280 region as a crucial cis-acting element for the stability
of TPD52 mRNA. These results indicated that the 78-280 fragment and TIA-1/TIAR function in maintaining
mRNA stability as a cis-acting element and trans-acting factor(s), respectively, and that the specific
interaction between them might play a critical role, at least in part, in the post-transcriptional regulation of the
TPD52 gene.

Figure 6. Binding profiles of the cytosolic proteins of SAS cells to the human TPD52 mRNA 30-UTR fragment.

(A) Biotin pull-down assay. Four biotin-labeled RNA fragments (pGEM, 1-280, 1-77 and 78-280) corresponding to the ones

shown in Figure 5A were incubated with cytosolic protein from SAS cells cultured in the absence of a growth factor. The

biotin-labeled RNA–protein complex was pulled down using streptavidin–sepharose beads. Then, the co-precipitated proteins

were eluted and were subjected to Western blot analysis for HuR, TIA-1/TIAR, AUF-1, TTP, NF-90 and GAPDH. (B) RIP

assay. Control GFP and three chimeric GFP-TPD52 deletion-mutant genes (1-280, 1-77 and 78-280) were transfected into

SAS cells, and the cells were cultured for 2 days in the absence of a growth factor. Then, the cells were subjected to an RIP

assay for the GFP gene using anti-HuR, TIA-1/TIAR, TTP and NF-90 antibodies and preimmune IgG (as a negative control).

On the left lane, 1 mg of total input RNA was also subjected to RT-PCR for the GFP gene. The amplification cycle of

subsequent RT-PCR was 25.
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Stimulation of TGF-β and EGF decreased not only the binding of TIA-1/TIAR to
the 78-280 region, but also the stability of reporter mRNA
As described in Figure 2, stimulation of TGF-β and EGF decreased the stability of TPD52 mRNA, resulting in
a negative feedback loop in the subsequent gene expression. Therefore, we investigated the effects of these
growth factors on the binding profile of the 30-UTR of TPD52 mRNA and on expression and mRNA stability
of chimeric reporter genes (Figure 9). Western blotting analysis (Figure 9A) showed that stimulation of TGF-β
and EGF scarcely altered the total cellular protein expression or subcellular distribution of TIA-1 and TIAR.
Biotin pull-down (Figure 9B) and RIP (Figure 9C) assays showed little effect of these growth factors on the
binding of TIA-1 and TIAR to full-length 30-UTR of TPD52 mRNA, while those proteins did not bind to
control RNAs. Interestingly, however, the binding ability of TIA-1 and TIAR to the 78-280 region, a minimal
cis-acting element for mRNA stability, was significantly decreased, although the binding affinity was weaker
than that of full-length 30-UTR. Furthermore, the expression of the reporter GFP protein, measured by flow
cytometry (Figure 9D), was decreased by the stimulation of the growth factors, and the RNA degradation assay
(Figure 9E) showed that these effects were caused by the decrease in mRNA stability. Of note, the decreasing
ability of TGF-β and EGF on the stability of the reporter gene was more effective for the 78-280 region than

Figure 7. Effects of the knockdown of TIA-1 and TIAR on the transcriptional activity and steady-state expression of the

TPD52 gene.

(A) Western blotting analysis. Control esiRNA, esiRNA for TIA-1 and TIAR or a combination were transfected into SAS cells.

After 24 h, the medium was replaced with fresh medium, and the cells were cultured in the absence of a growth factor for

another 24 h. Then, total cellular proteins were collected, and 20 mg of each was subjected to Western blotting analysis for

TIA-1, TIAR and GAPDH (an internal control). (BD) Control esiRNA (black), esiRNA for TIA-1 (red) and TIAR (orange) or a

combination (green) were transfected into SAS cells. After 24 h, the medium was replaced with fresh medium, and the cells

were cultured in the absence of a growth factor for another 24 h. Then, the cells were subjected to a nuclear run-on assay (B),

RT-qPCR for total cellular RNA (C) and an RNA degradation assay (D) for TPD52. The gene expression was first normalized to

GAPDH (for the nuclear run-on assay) or 18S rRNA (for RT-qPCR) within each sample group; the value of the control esiRNA

was designated as ‘1’, and relative values are shown. For the RNA degradation assay, the steady-state amount of RNA at time

0 was designated as ‘1’, and relative values with the SD are plotted on a semi-logarithmic graph. At the bottom, the calculated

half-life (t1/2) of each control and chimeric gene is shown in hours. *P < 0.05 versus the control esiRNA.
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for full-length, suggesting that this region may be a crucial cis-acting element on mRNA stability in the negative
feedback loop, which is triggered by the stimulation of TGF-β and EGF.

Stimulation of TGF-β and EGF has additive effects on decreased protein
expression and mRNA stabilization of the reporter gene in TIA-1/
TIAR-knocked-down cells.
Finally, we examined the additive or synergistic effects of TGF-β and EGF along with knockdown of TIA-1 and
TIAR on reporter genes. The GFP reporter gene assay (Supplementary Figure S3) showed that the expressions

Figure 8. Effects of knockdown of TIA-1 and TIAR on expression and mRNA stability of the GFP chimeric reporter gene.

Control GFP and chimeric GFP-TPD52 full (GFP-Full) and deletion-mutant (GFP-78-280), as shown in Figure 5A, in the

presence of control esiRNA (black), esiRNA for TIA-1 (red) and TIAR (orange), or a combination of esiRNAs (green), were

co-transfected into SAS cells, and the cells were cultured for 2 days. Then, the cells were subjected to flow cytometry (AC) for

GFP reporter gene expression and an RNA degradation assay (D–F) for GFP reporter gene stability. On the right side, the

calculated half-life (t1/2) of each control and chimeric gene is shown in hours. *P < 0.05 versus the esiRNA control.
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Figure 9. Effects of TGF-β and EGF on the binding profile of TIA-1 and TIAR to 30-UTR of TPD52 mRNA and on

expression and mRNA stability of the GFP chimeric reporter gene. Part 1 of 2

(A) Western blotting analysis. SAS cells were cultured in the absence (−) or presence of 10 ng/ml of TGF-β1 or EGF for 24 h.

Then, whole cellular (W), nuclear (N) and cytosolic (C) proteins were purified, and 20 mg of each was subjected to Western blot

analysis for TIA-1, TIAR, Lamin B1 and α-tubulin. (B) Biotin pull-down assay. SAS cells were cultured in the absence (−) or
presence of 10 ng/ml TGF-β1 or EGF for 24 h, and then cytosolic proteins were purified. Three biotin-labeled RNA fragments

(pGEM, Full and 78-280) corresponding to the ones shown in Figure 5A were incubated with the cytosolic proteins from SAS

cells. The biotin-labeled RNA–protein complex was pulled down using streptavidin–sepharose beads. Then, the co-precipitated

proteins were eluted and subjected to Western blot analysis for TIA-1 and TIAR. (C) RIP assay. Control GFP (Control), chimeric
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of the GFP-Full and -78-280 reporter genes were decreased by induction of esiRNAs for TIA-1 and TIAR, and
were more effectively attenuated by stimulation of TGF-β and EGF, while these growth factors and esiRNAs
had no effect on GFP-Control. RNA degradation assay (Figure 10) showed that the decreasing effects on
reporter gene expression were caused by decreased mRNA stability. Knockdown of TIA-1 and TIAR decreased
mRNA stability of GFP-Full and GFP-78-280, and the decreasing effects were more prominent in GFP-78-280
than in GFP-Full, in agreement with the results in Figure 8. Stimulation of TGF-β and EGF showed more
decreased mRNA stability in these reporter genes, and these effects were likely to be additive, not synergistic.
Of note, the stability of GFP-78-280 mRNA was most unstable by the combination of TGF-β/EGF stimulation
and knockdown of TIA-1/TIAR (t1/2 < 0.37 h). These results reinforced the notion that the 78-280 region is a
key cis-acting element of a negative feedback loop for mRNA stability, which is regulated by the binding of
TIA-1/TIAR as a trans-acting factor and is located downstream from TGF-β and EGF stimulation.

Discussion
Since the first identification of TPD52, many physiological and pathological roles for TPD52 family genes have
been demonstrated [2,3]. However, to the best of our knowledge, there have been no reports on the molecular
mechanisms underlying their gene expression. Recently, we found that TPD52 and 54 concordantly regulate
growth, invasion and metastasis in OSCCs (unpublished data), indicating crucial physiological and/or patho-
logical roles of TPD52 and 54 in OSCCs, as were also observed in other cancer cells. In the present study, we
were interested in and investigated the molecular regulatory mechanism of TPD52 family genes, particularly at
the post-transcriptional level, in OSCCs, such as SAS cells. The RIP assay (Figure 1) revealed specific binding
of TPD52, 53 and 54 mRNAs to RBPs, and the RNA degradation assay (Figure 2) indicated the involvement of
the post-transcriptional regulation of the mRNAs in RNA stability. We thus hypothesized that the 30-UTRs of
TPD52, 53 and 54 mRNAs might play a more important role in RNA instability than in RNA stability.
However, to our surprise, the reporter gene and RNA degradation (Figure 3) assays demonstrated the promin-
ent positive involvement of TPD52 mRNA in RNA stability. The 30-UTR of TPD52 mRNA is much longer
than the coding region, and it harbors 15 AUUUA pentamer motifs (Supplementary Figure S1). The AUUUA
pentamer motif is a well-known ARE that is found in many RNAs [48,49], and it plays a crucial role in the sta-
bilization or destabilization of mRNAs [50,51]. Moreover, the number of AREs present in the 30-UTR is
important as there is an inverse relationship between the number of AREs and mRNA stability or instability
[52]. Hence, the results of the present study suggested that the 30-UTRs of TPD52, 53 and 54 potentially have
enhancing effects on RNA stabilization, not on destabilization, and are subject to a negative feedback loop by
cellular stimulation, such as by TGF-β and EGF. Moreover, the effect was observed more prominently in the
30-UTR of TPD52 than in those of TPD53 and 54. Therefore, we subsequently focused on the 30-UTR of
TPD52 mRNA in mRNA stability.
In our experiments, we searched for a minimal cis-acting element that could stabilize reporter mRNA

(Figures 4 and 5). We found that the 78-280 fragment stabilized reporter mRNA as strongly as the full-length
30-UTR. These results demonstrated that the fragment acts as a strong minimal enhancing cis-element. The fact
that the 30-UTR of TPD52 mRNA is very long strongly suggests that other minimal enhancing cis-elements
might also exist there and they might be capable of binding to a variety of RBPs, including TIA-1 and TIAR.
More importantly, several deletion mutants (871-3523 and 2073-3523) showed a destabilizing effect, indicating

Figure 9. Effects of TGF-β and EGF on the binding profile of TIA-1 and TIAR to 30-UTR of TPD52 mRNA and on

expression and mRNA stability of the GFP chimeric reporter gene. Part 2 of 2

GFP-TPD52 full (Full) and GFP-78-280 (78-280) genes were transfected into SAS cells. After 24 h, the medium was replaced

with fresh medium, and the cells were cultured in the absence (−) or presence of 10 ng/ml TGF-β1 or EGF for another 24 h.

Then, the cells were subjected to an RIP assay for the GFP gene using anti-TIA-1 and TIAR antibodies. The amplification cycle

of subsequent RT-PCR was 25. (D and E) Flow cytometry and RNA degradation assay. Control GFP, chimeric GFP-TPD52 full

and GFP-78-280 genes were transfected into SAS cells. After 24 h, the medium was replaced with fresh medium, and the cells

were cultured in the absence (black) or presence of 10 ng/ml TGF-β1 (red) or EGF (green) for another 24 h. Then, the cells were

subjected to flow cytometry (D) for GFP reporter gene expression and an RNA degradation assay (E) for GFP reporter gene

stability. For the RNA degradation assay, the steady-state amount of RNA at time 0 was designated as ‘1’, and relative values

with the SD are plotted on a semi-logarithmic graph. At the bottom, the calculated half-life (t1/2) of each control and chimeric

gene is shown in hours. *P < 0.05 versus the control.
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that these fragments contain one or more negative cis-elements affecting mRNA stability. These fragments may
overcome the effects of stabilizing elements and may trigger rapid mRNA degradation. More detailed experi-
ments will be required to determine the relationship between and involvement of these stabilizing and/or

Figure 10. Effects of TGF-β and EGF on mRNA stability of the GFP chimeric reporter gene.

Control GFP and chimeric GFP-TPD52 full and GFP-78-280 genes, as shown in Figure 5A in the presence of control esiRNA,

esiRNA for TIA-1 and TIAR, were co-transfected into SAS cells. After 24 h, the medium was replaced with fresh medium, and

the cells were cultured in the absence (black) or presence of 10 ng/ml of TGF-β1 (red) or EGF (green) for another 24 h. Then,

the cells were subjected to an RNA degradation assay for GFP reporter gene stability. The steady-state amount of RNA at time

0 was designated as ‘1’, and relative values with the SD are plotted on a semi-logarithmic graph. At the bottom, the calculated

half-life (t1/2) of each control and chimeric gene is shown in hours. *P < 0.05 versus the control.
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destabilizing cis-elements. However, in the present study, we decided to focus on the 78-280 fragment, as a
minimal mRNA-stabilizing cis-element, and we are planning to investigate the balance between stabilizing and/
or destabilizing cis-elements in future studies.
The biotin pull-down and RIP assays (Figure 6) showed the specific binding of the 78-280 fragment to TIA-1/

TIAR, and knockdown experiments (Figure 7 and Supplementary Figure S2) revealed that the proteins play a crit-
ical role in the stability of TPD52 mRNA in cancer and normal cells. Furthermore, the reporter and RNA degrad-
ation assays using deletion mutants (Figure 8) showed the specific interaction between the 78-280 fragment and
TIA-1/TIAR rather than between full-length and TIA-1/TIAR, demonstrating the important role in the post-
transcriptional regulation of the TPD52 gene, particularly in RNA stability. Thus, these results revealed that the
78-280 fragment may have a crucial role in the stability of TPD52 mRNA, although the precise functions of other
regions remain unclear. Based on the results in Figure 1, other portions of the 30-UTR of TPD52 mRNA might
be capable of binding to TIA-1/TIAR and of positively and/or negatively regulating mRNA stability. This indi-
cates the existence of a more precise and intricate mechanism for the post-transcriptional regulation of TPD52,
and more detailed experiments on this will be required in the future. TIA-1/TIAR is not only a component of a
stress granule, but also one of the most well-known RBPs; it constitutively binds to U-rich and AU-rich RNA
sequences [53,54]. However, the detailed mechanisms behind its effects remain unclear. In addition, TIA-1/TIAR
is reported to be involved in the translation [46,55,56] and alternative splicing [57–59] of many mRNAs.
However, knockdown of TIA-1 and TIAR (Figure 7 and Supplementary Figure S2) resulted in no differences in
the levels of steady-state mRNAs, suggesting that TIA-1/TIAR has little involvement in the translation of TPD52,
although its involvement in alternative splicing requires further investigation.
Furthermore, we revealed that the interaction between 30-UTR and TIA-1/TIAR is regulated by the stimula-

tion of TGF-β and EGF, whereby mRNA stability undergoes a negative feedback loop (Figures 9 and 10 and
Supplementary Figure S3); namely, the interaction between the 78-280 region, not full-length 30-UTR, and
TIA-/TIAR was negatively regulated by TGF-β and EGF stimulation, although the binding affinity between the
78-280 region and TIA-1/TIAR is weaker than that between full-length 30UTR and TIA-1/TIAR. In addition,
the mRNA stability of the reporter was decreased by stimulation of these growth factors, and this negative regu-
latory effect was always observed more prominently in GFP-78-280 than in GFP-full. As GFP-78-280 was a
minimal cis-acting element, which was stripped from other positive or negative cis-acting elements, the reporter
gene might be more susceptible to the negative feedback loop caused by the growth factors. These results may
account for the discrepancy in mRNA stability between GFP-full and GFP-78-280 shown in Figure 8; i.e. other
cis-acting elements could mask and/or overcome the rapid response of the 78-280 region to mRNA stability,
although cis-acting functions of other regions in the 30-UTR remain to be investigated. To the best of our
knowledge, post-translational modifications (e.g. phosphorylation) of TIA-1/TIAR have not been reported, and
it is unclear how the stimulation of these growth factors modulates the binding affinity and determines what
protein intervenes between the cis-acting element and trans-acting factor. Previous studies have reported that a
processing body and a stress granule, which play an important role in post-transcriptional regulation of mRNA,
consist of many RBPs as mercenaries for transportation, stabilization and translation of mRNAs (reviewed in
refs [60–62]). Therefore, in order to examine the detailed mechanism of feedback loops, more precise experi-
ments are necessary in the future. However, taken together, we revealed here that the stability of TPD52
mRNA undergoes a negative feedback loop downstream from the stimulation of TGF-β and EGF, and that the
78-280 region plays a crucial role in the regulatory mechanism.
Based on the findings of the present study, we concluded that the expression of TPD52 is subject to post-

transcriptional modifications that affect the stability of mRNA independently of translation. Furthermore, we
identified TIA-1/TIAR as a trans-acting factor protein that binds to a cis-acting fragment located in the 78-280
proximal region of the 30-UTR of TPD52 mRNA. The 30-UTR might harbor other cis-acting regions, and other
trans-acting RBPs might also bind there, resulting in the formation of a processing body and/or a stress granule
[62]. However, to the best of our knowledge, we are the first to report the post-transcriptional regulatory mech-
anism of the TPD52 gene downstream from TGF-β and EGF signaling, and further studies to elucidate the
detailed mechanisms underlying the expression of this gene are ongoing.
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Squamous cell carcinoma (SCC) is one of themost common cancers of the head and neck region worldwide and is generally treated
surgically in combination with radiotherapy and/or chemotherapy. However, anticancer agents have numerous serious side effects,
and alternative, less toxic agents that are effective as chemotherapeutics for SCC are required.The Paeoniaceae family is widely used
in traditional Chinese medicine. We examinedmethanol and butanol extracts of Paeonia lutea (P. lutea) leaves for their potential as
an anticancer agent. Both extracts decreased the proliferation of SCC cells, induced apoptotic cell death, and modulated migration,
adhesion, chemotaxis, and haptotaxis in an extracellular matrix- (ECM-) dependent manner due to altered expression of several
integrin subunits. Subsequently, SCC cells were subcutaneously transplanted into athymic nude mice; the extracts reduced the
metastasis of SCC cells but had little effect on the volume of the primary tumor or survival or body weight of the mice. The results
suggest that the extracts may hold promise for preventing cancer metastasis.

1. Introduction

Squamous cell carcinoma (SCC) is one of the most com-
mon cancers of the head and neck region worldwide, with
more than sixty thousand patients diagnosed each year
[1]. Commonly, SCC is treated surgically in combination
with radiotherapy and/or chemotherapy. However, treatment
outcome is unsatisfactory, with 20% to 50% of patients
developing regional recurrence and/or distant metastasis
[2]. In addition, anticancer agents often cause a variety of
serious side effects; for example, cis-platinum (II) diammine
dichloride (CDDP), which is often used for chemotherapy
of SCC, causes nephrotoxicity [3], neurotoxicity [4], nausea,
vomiting [5], ototoxicity [6], and xerostomia (dry mouth) [7,
8]. Hence, less toxic chemotherapeutics for SCC are required.

The Paeoniaceae family is widely used in traditional Chi-
nese medicine. Previous studies reported that the root barks
of Paeoniaceae are used as therapeutics for various diseases
such as diabetes [9], Alzheimer’s disease [10, 11], arthritis [12],
inflammation [13], sepsis [14], brain-ischemia-reperfusion
injury [15], and virus infections [16, 17]. Moreover, several
studies have reported anticancer effects of Paeoniaceae family
preparations [18–23].

Traditional Chinese medicine has been used to treat a
variety of diseases for several thousands of years; therefore,
we launched an interinstitutional collaborative project in 2010
to evaluate the therapeutic potential of herbal extracts for
disorders of the head and neck region [23–26]. Here, we
examined methanol and butanol extracts of Paeonia lutea (P.
lutea) leaves for their potential as an anticancer agent. Our
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results indicate that these extracts modulate the migration
and adhesion of SCC cells to the extracellular matrix (ECM)
by altering integrin subunit expression in vitro and reduce
metastasis of the cells in vivo; however, transplanted tumor
growth and survival of the recipient animals were essentially
unaffected.

2. Materials and Methods

2.1. Plant Materials and Preparation of Plant Extracts. P.
lutea leaves were collected from Tsukuba Peony Garden
(Tsukuba, Ibaraki, Japan) in October 2012. A voucher speci-
men (UTHS1210) was deposited at the Laboratory of Natural
Products Chemistry, Graduate School of Life and Environ-
mental Sciences, University of Tsukuba. The leaves were air
dried for 2 days at room temperature (dry weight, 350 g)
and then extracted with methanol (4 L) for 1 week. The
extraction was repeated once. The two methanol extracts
were combined and concentrated in vacuo at 38∘C to give the
methanol extract (ME, 80.1 g). The extract was partitioned
with ethyl acetate three times (800mL each) and H

2
O

(800mL). The ethyl acetate was evaporated to afford ethyl
acetate soluble materials (EA, 28.5 g). The H

2
O layer was

partitioned with butanol three times (600mL each) to give
butanol-soluble (BU, 20.5 g), butanol-insoluble (BW, 2.1 g),
and H

2
O-soluble materials (W, 16.5 g). Finally, aliquots of

each of these materials were dissolved in phosphate-buffered
saline (PBS) at a concentration of 1mg/mL and sterilized
by passage through a Millex syringe filter (Merck Millipore,
Billerica, MA).

2.2. Cell Culture and Anchorage-Independent Growth Assay.
SAS cells, a human oral SCC cell line [27], were cultured in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM;
Wako, Osaka, Japan) supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin solution (Sigma-
Aldrich, St. Louis, MO) at 37∘C, 5% CO

2
, and 100% humidity.

Anchorage-independent growth assay was carried out using
a commercial kit (Cytoselect 96-Well In Vitro Tumor Sensi-
tivity Assay kit, Cell Biolabs, San Diego, CA) as described
previously [28].

2.3. Cell Growth and Apoptosis Assays. One thousand cells
were seeded into each well of a 96-well tissue culture plate.
After 48 h, the cells were assayed using the tetrazolium salt 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay, as described previously [29]. The activities
of caspases 3/7, 8, and 9 were measured using a Caspase-
Glo (Promega, Madison, WI) and GloMax-Multi+ Detection
System (Promega) according to the manufacturer’s protocol.
Genomic DNA fragmentation was investigated using a com-
mercial kit (Apopladder EX; Takara, Shiga, Japan) according
to the manufacturer’s protocol.

2.4. Protein Preparation and Western Blotting Analysis. Total
cellular protein was prepared as described previously [30].

Protein concentration was measured using Quick Start Brad-
ford Reagent (Bio-Rad, Hercules, CA) using bovine serum
albumin (BSA) as a standard. Protein aliquots were stored
at −80∘C until use. For Western blot analysis, 20𝜇g of total
cellular protein was subjected to sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE) on a 4% to 20%
gradient gel (Bio-Rad); then the blot was transferred onto
a polyvinylidene difluoride membrane (Life Technologies,
Carlsbad, CA). Blocking, 1st and horseradish-peroxidase-
conjugated 2nd antibody reactions and washing were con-
ducted as previously described [28]. The chemiluminescence
signals were visualized using Amersham ECL Western Blot-
ting Detection Reagents (GE Healthcare UK Ltd., Bucking-
hamshire, UK) and ChimiDoc XRS Plus ImageLab System
(Bio-Rad). The 1st and 2nd antibodies were purchased from
common suppliers.

2.5. Adhesion, Wound Healing, and Migration Assays. The
cells were grown in a monolayer culture in the presence
or absence of the various P. lutea leaf extracts. After 3 d,
the cells were assayed. Adhesion and wound healing assays
were carried out using commercial kits (CytoSelect 48-Well
Cell Adhesion Assay, CytoSelect 24-Well Wound Healing
Assay, Cell Biolabs) according to themanufacturer’s protocol.
To assay migration, a chemotaxis chamber containing a
membrane with 8mm pores (Chemotaxicell, Kurabo, Osaka
Japan) was coated with 50𝜇g/mL bovine type I colla-
gen (Koken, Tokyo, Japan) or 50 𝜇g/mL bovine fibronectin
(Sigma-Aldrich) according to the manufacturer’s protocol
and was set into each well of a 24-well culture plate. After
drying the Chemotaxicell membrane, 500 𝜇L of DMEMwith
or without 10% FBS was added to the bottom of the well as
a chemoattractant, 200𝜇L of DMEM containing 2 × 104 cells
was added to the chamber, then the plate was incubated for
24 h at 37∘C, 5% CO

2
, and 100% humidity. The membranes

were then washed, removed from the chamber, fixed with
4% formaldehyde (Wako, Osaka, Japan), and stained with
crystal violet (Wako). The membranes were examined under
an optical microscope and photographs (×400) were taken.

2.6. Animals. The care and treatment of the experimental
animals complied with the Showa University Guidelines for
Animal Experiments, and the experimental protocol was
approved by the Animal Experimentation Committee of
Showa University. The dorsal flank of four-week-old female
athymic Balb/c nu/numice (CLEA Japan, Tokyo) was subcu-
taneously injected with a PBS-suspension of 1 × 106 SAS cells,
as described previously [30]. After 1 week, tumor formation
was measured (approximately 10mm3), and the mice were
divided into 6 groups (control, ME, EA, BU, BW, and W).
Therefore, the 7th day after SAS cell injection was designated
“day 1,” thereafter. Each herbal extract was suspended in PBS
at the concentration of 2mg/mL and 100mg/kg body weight
was orally administrated using a sterilized feeding needle
once every three days for 40 or 70 days. In the control group,
only PBS (0.1mL) was administrated. The body weight and
diameters (large and small) of eachmouseweremeasured and
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the tumor volume was determined by direct measurement
and calculated using the formula [30]𝜋/6× (large diameter)×
(small diameter)2. On day 40 or 70, the mice were sacrificed,
and the tumors together with the surrounding soft tissue,
liver, and lungs were harvested for histochemical analysis.

2.7. Histochemistry and Immunohistochemistry. The tissue
was fixed, embedded, sliced, and subjected to hematoxylin-
eosin (HE) staining as described previously [31]. Immuno-
histochemistry was conducted as described previously [31].
After 24 h incubationwith a 1/50 dilution of primary antibody
for human cytokeratin 10/13 (Santa Cruz Biotechnology,
Santa Cruz, CA), the slide was incubated with Simple Stain
MAX-PO (Nichirei, Tokyo, Japan) and visualized using
Envision HRP/Kit (Dako, Kyoto, Japan); the manufacturer’s
suggested protocol for each commercial kit was used.

2.8. Statistical Analysis. Unless otherwise specified, all exper-
iments were repeated at least twice, and similar results
were obtained in the repeat experiments. Statistical analysis
for mouse survival was determined by the log rank test.
Other statistical analyses were carried out using two-tailed,
unpaired Student’s 𝑡-test. Data are expressed as means ±
standard deviation of at least three data items. A 𝑝 value <
0.05 was considered significant.

3. Results

3.1. Extracts of P. lutea Leaves Decreased Proliferation of SCC
Cells in an Anchorage-Independent Manner, but No EffectWas
Observed on Monolayer Cultures. We first investigated the
effects of the P. lutea leaf extracts on the proliferation of
SCC cells (Figure 1). Only 100 𝜇g/mL EA had a significant
effect on monolayer cultures ((a) and (b)). In contrast, all
extracts showed a significant growth-inhibitory effect on
soft agar cultures using the MTT assay (c). Importantly,
phase-microscopy images (d) indicated that all the extracts
decreased both the number and size of SCC cells compared
to the control culture. These results suggest that extracts of
P. lutea leaves are likely to reduce both the proliferation and
malignancy of SCC cells.

3.2. Extracts of P. lutea Leaves Induce Apoptotic Cell Death of
SCC Cells in Soft Agar Culture. We tested the hypothesis that
the reduced MTT activity was due to apoptotic cell death by
investigating the apoptotic effects of the extracts (Figure 2).
Caspase activity assays (a) revealed that 10–100mg/mL of
EA significantly increased caspase 3/7 and 9 activities in a
monolayer culture, whereas all the extracts strongly increased
caspase activities in a soft agar culture. On the other hand, a
DNA ladder assay (b) showed almost no DNA fragmentation
in monolayer cultures treated with any of the extracts,
whereas significant DNA fragmentation was observed in
all the test soft agar cultures, in disagreement with the
caspase assays. Furthermore, we examined the effects of the
extracts onmodulating apoptosis-related protein expressions
by Western blotting analysis (c). In both monolayer and soft

agar cultures, EA and BU reduced the expression of Bcl-2,
a mitochondrial antiapoptotic protein, but the expression of
other proteins (p53, Bcl-XL, Bax, Bad, Bid, Bak, and XIAP)
was essentially unaltered. These results indicate that EA and
BU might affect the mitochondrial apoptotic pathway, in an
anchorage-independent manner.

3.3. Extracts of P. lutea Leaves Decreased the Adhesion of
ECM. Next, we examined the effects of adhesion, migration,
and invasion in an ECM-dependent manner (Figure 3). Cell
adhesion assays (a) showed that EA and BU reduced the
attachment of SCC cells to type I collagen (Col I) and
fibronectin (FN); similar results regarding cellmigrationwere
obtained using a cell migration assay (b). Furthermore, a
cell invasion assay (c) showed that EA and BA reduced SAS
cell invasion of Col I and FN and that the effects were
independent of a chemoattractant. Those results imply that
EA and BU extracts decrease both chemotaxis and haptotaxis
of SCC cells through the ECM, thereby potentially preventing
the invasion and metastasis of SCC cells.

3.4. Extracts of P. lutea Leaves Decreased the Expression
of Several Integrin Subunits. The adhesion, migration, and
invasion of various cells, including cancer cells, rely on
integrin proteins. We therefore investigated whether the
extracts modulate the expression of major integrin subunits.
Western blotting analysis indicated that BW and W had
little effect on the expression of integrin subunits (Figure 4):
the expression of 𝛼4, 𝛽3, 𝛽4, and 𝛽5 integrin subunits was
attenuated by EA andBU, but expression of the other subunits
was essentially unchanged. These results suggest that the
altered response of SAS cells to the ECM is at least partly due
to modulation of the expression of several integrin subunits.

3.5. Extracts of P. lutea Reduce Metastasis of SCC Cells. The
results of the above in vitro experiments prompted us to
investigate in vivo whether the extracts might be useful as a
novel anticancer medicine. Each extract was orally adminis-
trated to SCC-transplanted nude mice (Figure 5). Contrary
to our expectation, neither survival (a), body weight (b),
nor tumor growth ((c) and (d)) was affected by the extracts
compared to the control group. Furthermore, histochemical
analysis (Figure 6) showed that all extracts had little effect
on the primary tumor. Liver and lung tissues were examined
to determine the effects of the extracts on metastasis. HE
staining showed no obviousmetastatic tumor cells. Immuno-
histochemistry for cytokeratin 10/13, a representative marker
of SCC cells, showed positive cells in the control andME, BW,
and W extracts mice, indicating micrometastasis from the
primary tumor. Interestingly, however, administration of EA
and BU extracts significantly reduced the number of positive
cells. These results indicate that EA and BU extracts of P.
lutea exhibit pharmacological effects to decrease hepatic and
pulmonary metastasis from epidermal SCC and suggest that
the extracts may hold promise as anticancer therapeutics.
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Figure 1: Growth-inhibitory effects of extracts of P. lutea leaves. SAS cells were grown in a monolayer ((a) and (b)) or on soft agar ((c) and
(d)) culture. Methanol (ME), ethyl acetate (EA), butanol (BU), butanol-insoluble (BW), and water (W) extracts of P. lutea leaves were added
to the culture medium at 0 (control) and 1, 10, or 100𝜇g/mL. After 7 d, the cells were subjected to MTT assay ((a) and (c)) and crystal violet
staining (b) or examined under a phase-contrast microscope (d). Data in (a) and (c) are means ± standard deviations of 3 cultures; the mean
of the control cultures is taken as “1.” ∗𝑝 < 0.05 versus control. Bars, 100 𝜇m (b) and 200 𝜇m (d).
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Figure 2: Apoptosis-induced effects of P. lutea leaf extracts. SAS cells were grown in a monolayer or on soft agar culture. Methanol (ME),
ethyl acetate (EA), butanol (BU), butanol-insoluble (BW), and water (W) extracts of P. lutea leaves were added to the culture medium at 1 to
100𝜇g/mL ((a) and (b)), 10 to 100 𝜇g/mL (c), or 0𝜇g/mL (control). After 3 d, the cells were subjected to caspase 3/7, 8, and 9 assays (a), a DNA
ladder assay (b), orWestern blotting analysis for apoptosis-related proteins (p53, Bcl-2, Bcl-XL, Bax, Bad, Bid, Bak, and XIAP) using GAPDH
as an internal control (c). Data in (a) are means ± standard deviations of 3 cultures; the mean of the control cultures is taken as “1.” ∗𝑝 < 0.05
versus control.



6 Evidence-Based Complementary and Alternative Medicine

C
ol

 I
FN

BS
A

10 100 10 100 10 100 10 100 10 100

ME EA BU BW W

U
nc

oa
t

(𝜇g/mL)
Control

(a)

C
ol

 I
FN

U
nc

oa
t

10 100 10 100 10 100 10 100 10 100

ME EA BU BW W
(𝜇g/mL)

Control

(b)

C
ol

 I
FN

U
nc

oa
t

C
ol

 I
FN

U
nc

oa
t

10 100 10 100 10 100 10 100 10 100

ME EA BU BW W
(𝜇g/mL)

Control

At
tr

ac
ta

nt
: (

—
)

At
tr

ac
ta

nt
: F

BS

(c)

Figure 3: Effects of P. lutea leaf extracts on cell adhesion to ECMs. SAS cells were grown in a monolayer culture in the presence or absence
(control) of methanol (ME), ethyl acetate (EA), butanol (BU), butanol-insoluble (BW), and water (W) extracts of P. lutea leaves at 10 to
100𝜇g/mL. After 3 d, the cells were subjected to adhesion (a), wound healing (b), and migration (c) assays for ECM (type I collagen (Col I),
fibronectin (FN), and BSA) or an uncoated surface (Uncoat). 10% FBS was used as a chemoattractant or not (—) in the migration assay (c).
Bars, 100𝜇m (a and c) and 1mm (b).
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Figure 4: Effects of P. lutea leaf extracts on expression of integrin proteins. SAS cells were grown in a monolayer culture in the presence or
absence (control) of methanol (ME), ethyl acetate (EA), butanol (BU), butanol-insoluble (BW), and water (W) extracts of P. lutea leaves at 10
to 100 𝜇g/mL. After 3 d, total cellular proteins were purified and 20 𝜇g aliquots were subjected to Western blotting for 𝛼1, 𝛼2, 𝛼3, 𝛼4, 𝛼5, 𝛼v,
𝛽1, 𝛽2, 𝛽3, and 𝛽4 integrins. GAPDH was used as an internal control.

4. Discussion

The Paeoniaceae family has been widely used in traditional
Chinese medicine for thousands of years. Recent studies
have revealed that extracts of Paeoniaceae may provide
alternative anticancer therapeutics [18–23] and prompted us
to investigate the extracts of P. lutea leaves for their anticancer
potency. We first conducted in vitro studies to determine
the effects of P. lutea leaf extract on proliferation (Figure 1)
and apoptosis (Figure 2) of SCC cells. The extracts decreased
proliferation and induced apoptotic cell death mainly by a
mitochondrial signaling pathway, similar to Paeoniaceae root
extracts [32]. Interestingly, the effects were more prominent
in anchorage-independent cultures. Since proliferation and
migration in an anchorage-independentmanner reflect prop-
erties of malignant cancer cells [33], those results suggested
that the extracts could be useful as an anticancer agent.

We next examined whether the extracts modulate adhe-
sion to ECM and affect ECM-dependent migration, chemo-
taxis, and haptotaxis (Figure 3). EA and BU extracts signif-
icantly decreased adhesion to Col I and fibronectin. Several
previous studies have reported that adhesion to ECM plays
an important role in the invasion and metastasis of cancer
cells [33, 34].Thus, the present results suggest that the extracts
might also decrease invasion and metastasis. Furthermore,
adhesion between ECM and normal and cancer cells is
supported by integrins, in particular 𝛼5𝛽1 integrin, a main
component of the fibronectin receptor [35]. However, West-
ern blotting analysis for variousmajor integrin subunits (Fig-
ure 4) showed essentially no modulation of the expression of
𝛼5 or 𝛽1 subunits by the extracts, although 𝛼4, 𝛽3, 𝛽4, and 𝛽5

integrin subunit expressionwas suppressed by the EA andBU
extracts. Further studies, for example, on integrin-dependent
signaling pathways and on other adhesion molecules, are
required to resolve this discrepancy. Nevertheless, the present
study demonstrated that EA and BU extracts modulate the
expression of several integrin subunits, thus decreasing the
invasion and metastasis of SCC cells in vitro.

The potential utility of the extracts for clinical use
was investigated by an animal experiment and subsequent
histochemical examination. A dose of 100mg/kg body weight
was chosen based on our previous studies [36–38]. The
extracts were orally administrated to SAS-cell-transplanted
nude mice, and the survival and body weight of the mice and
the volume of the primary tumor were measured (Figure 5).
In contrast to the in vivo results, no antitumor effects
were observed. HE staining and subsequent histochemical
examination of the primary tumor, liver, and lung (Figure 6)
showed no effect of the extracts. Cytokeratin 10/13 is highly
expressed in SCC cells [39, 40], including SAS cells, and
immunohistochemistry for cytokeratin 10/13 is indicative of
metastasis of tumor cells in liver and lung. Mice given the
extracts for 70 days showed positive cells in the organ (liver
and lung). However, administration of EA and BU extracts
significantly decreased the number and size of cytokeratin
10/13-positive tumor cells, suggesting that the extracts may
have potency for reducing hepatic and pulmonary metastasis
of epidermal SCC.

Our results demonstrate that EA and BU extracts of P.
lutea have pharmacological effects of preventing the metasta-
sis of SCC cells. The chemical composition, side effects, and
minimum required dosage of the extracts of the extraction
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Figure 5: Effects of P. lutea leaf extracts on mouse survival and tumor growth in SAS-cell-xenograft nude mice. One million SAS cells were
subcutaneously injected into the dorsal flank of nude mice (see Section 2). After 7 d, the mice were divided into 6 groups: vehicle (black
lines in (a), (b), and (c) and control in (d)) methanol (red lines and ME), ethyl acetate (blue lines and EA), butanol (yellow lines and BU),
butanol-insoluble (green lines and BW), and water (orange lines and W) extracts of P. lutea leaves were administrated once every three days
at a concentration of 100mg/kg body weight in PBS. Mouse survival Kaplan Meier plot in %, body weight in grams, and tumor volume in
×103mm3 of each group are depicted in (a), (b), and (c), respectively; images of a representative mouse in each group were taken at d 40 and
70 (d). Bars, 1 cm.
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are currently being investigated in detail and will be reported
in the near future.
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Abstract. �����RN�� ���RN��� ��� �������� �� ������ �����-�����RN�� ���RN��� ��� �������� �� ������ �����-
g������, ��������� ��� ���� g��w��, �����by fu��������g �� b��� 
�u��� �u��������� ��� ����g����. H�w����, ��� �x�������� 
�������� ��� ����� �f ��RN�� �� ���� �qu���u� ���� �����-
���� �OSCC� ������ ���g��y u�k��w�. W� �y�������z�� ���� 
oral cancer may have a unique miRNA profile, which in turn 
��y ���y � �������� ���� �� ���� ������ �����������, ���g���-
����, ���g����� ��� ���g�����. W�, �����f���, �������g���� ��� 
expression profiles of 29 OSCC tumors and 7 normal oral 
�u����� �������. T�� ��RN� �x�������� �������� �� OSCC 
w��� �x������ by T�qM��-b���� �����RN� ����y�. W� w��� 
�ub��qu����y �b�� �� ������fy ��� ���������� �f ������-������� 
miRNAs through analysis of the miRNA expression profiles. 
I� �����u����, OSCC ����u�� w��� ���w� �� ���� � u��qu� 
miRNA profile pattern when compared with that in normal 
����u��. T�� ������� ��u�y ��y ������� u��fu� ��f�������� 
f�� fu����� �������g����� �f ��� fu�������� ����� �f ��RN�� �� 
OSCC �����������, ���g�������, ���g����� ��� ���g�����.

Introduction

O��� ������, w���� �� ���u����g �� �� ���������g f��qu���y 
w����w���, �� ��� ��x�� ���� ������ ����g����y �� �u����. 
T��� y��� �����, �� �� ��������� ���� ~600,000 ��w ����� w��� 
�����, w��� ���y 40-50% �f �������� w��� ���� �qu���u� ���� 
��������� �OSCC� ��k��y �� �u����� f�� 5 y����. D������ 
���b���� �u�g��y ��� ��������� ������y, ���g-���� �u������ 
�f �������� w��� ���� ������ ��� ���w� �� ����������� ���� 
��� ���� f�w ������� �1,2�. T��� �� ��������y �u� �� ��� ���� 
�������� ���g����� �f �������� w��� �y��� ���� ����������. 
� ������ u�����������g �f ��� �����u��� b���� �f ��� ��g��y 
����g���� ���������� �f ���� ������ ���b���� w��� ������� 
stratification is therefore needed.

�����RN�� ���RN��� ��� ���-�����g ����� RN�� �~22 
�u���������� ���� ��gu���� ����-��������������� g��� �x�������� 
by �����f����g w��� ��� ����������� �f ���g�� �RN��. � ���g�� 
��RN� ��� ��gu���� ��� �x�������� �f ������� g����, w���� 
���� ���� ���-����� �f ��� �������-�����g g���� ��� ���ug�� 
�� b� u���� ������������� ������� �f ��RN��. ��RN�� ��� 
�������� �� � ������y �f ����u��� ���������, ����u���g ��� 
��gu������ �f ����u��� ��ff�����������, �����f������� ��� ����-
����� �3,4�. I� ��������, �b������ �x�������� �f ��RN�� �� 
k��w� �� ���u�� �����u� �u��� ����g�������, ������y ������-
fied by their miRNA profiles (5,6). However, little is known 
�b�u� ��� ��RN� �x�������� �������� �� fu������ �� ���� 
������ �7,8�.

Specific overexpression or underexpression of miRNAs 
��� b��� ���������� w��� ������u��� �y��� �f �u���� �5,9,10�. 
I� ��� ���� b��� �ugg����� ���� ��RN� �����x�������� ��u�� 
���u�� �� ��w���gu������ �f �u���-�u�������� g����, w���� 
u�����x�������� ��y ���� �� ����g��� u���gu������ �9�. M��� 
����������y, �� ��� b��� �ugg����� ���� ��RN� �x�������� 
��g���u��� ��u�� b� u��� �� ������� ��� �u����� �� ������� 
�u��� �y���, ����u���g �u�g ������ ��� ������� �y�����y��� 
��uk����, �� w��� �� �� ������� ��� �������� �� �����������y. 
��RN�� ��y �����f��� ����� �� b� ����� �������u��� ���g��� 
f�� � w��� ���g� �f ��������, ����u���g ������ �11�.

In the present study, we examined the expression profiles of 
��RN�� �� OSCC, ��������g ��ff�������� �x�������� b��w��� 
normal and cancer tissues. These findings may further facili-
���� ��� ��������� �������u��� ��� ���g������ u�� �f ��RN�� 
�� OSCC.

Materials and methods

Clinical samples and cell lines. Tw���y-���� OSCC ������� 
��� 7 ���� �u����� ������� w��� �b������ f��� ���� ������ 
�������� w�� u����w��� �u�g��y �� S��w� U��������y f��� 
����� 2004 �� N����b�� 2008. W������ ��f����� ������� 
w�� �b������ f��� ��� �������� ����� �� �������g, ��� ������� 
were maintained at -80˚C until use. OSCC samples were 
��������������y �x������ f�� ������������� �f ������ ���� 
������� by �w� ����������� �������g����; ���y w��� ��������� 
�� ������ ������ ����� w��� ��������y. F�� �����u��� ����y���, 
29 samples containing ≥50% cancer cells were used. Normal 
oral mucosa was extracted at a sufficient margin from the 
������, ��� ��� �b����� �f � �u���� ��y�� ��� ������ ����� w�� 
confirmed microscopically. The present study was certified by 
��� E����� C�������� �f ��� S��w� U��������y.
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RNA preparation. ��RN� w�� �������� w��� ��� R������ 
��� T���� Nu����� ���� I�������� k�� �������� B���y�����, 
D��������, G�����y� ��������g �� ��� k�� ��������. RN� 
y���� ��� ��� �260/280 ����� w��� ��������� w��� � N���D��� 
ND-100 ������������ �N���D��� T�������g���, W�����g���, 
DE, US��.

Reverse transcription. ��RN�� w��� ������� ��������b�� 
w��� ��� T�qM�� ��RN� R������ T������������ k�� �������� 
B���y������, u���g 60 �g ����� RN� ��� ����� �f ��RN� 
specific stem-loop primers (Megaplex RT Primers Pool A and 
B; ������� B���y������. �f��� ������� �������������, ��� �DN� 
was preamplified with Megaplex PreAmp Primers (Pool A and 
B� ��������g �� ��� ��������������� �f ��� �u������ �������� 
B���y������.

TaqMan low density arrays. D�ff�������� �x�������� �f 768 
��RN�� w�� ���������� u���g T�q��� �����RN� ����y 
�2.0 �������� B���y������, w��� �� � ��� B ���� f�� ����. T�� 
����y ����� ���� ����u��� ��� RNU48 ���������� �� � ������-
�z����� ��g���. Ex�������� ������ �f ���� ���u�� ��RN� w��� 
����u���� u���g ��� ����������� ��������� �y��� �C�� ������, 
w��� �������z����� �� RNU48 �2-∆ΔC��. T�� f���-����g� �� 
���� ��RN� w�� ����u����� f��� ��� ��ff������ �� �x�������� 
������ b��w��� �u��� ����u�� ��� ������ ����u��. 

miRNA target prediction. T��g��S��� �����://www.���g������.
��g/� w�� u��� �� ����yz� ��������� ���g�� g���� �f ��� ����gu-
����� ��RN��. 

Results

Differential expression of miRNAs between normal oral 
mucosa and oral cancer tissues. To define the role of miRNAs 
in OSCC, we investigated the expression profiles of 29 OSCC 
�u���� ��� 7 ������ ���� �u����� �������. T�� 29 OSCC 
����u� ������� w��� �f �����u� ���g�� ��� �������g���� g����� 
�T�b�� I�. T�qM��-b���� �����RN� ����y� �f 768 ��ff����� 
��RN� ���g��� w��� ���f�����, ��������g � ����� �f 177 ������-
�b�� ��RN��. V������ ����� ���w ��ff�������� �x�������� 
b��w��� ������ ��� ������ ����u�� �F�g. 1�. W� �ub��qu����y 
����u����� ��� ��g��� �f ��ff�������� �x��������, ��������g 
���� ��RN�� >4-f��� u���gu����� �� ��w���gu����� ��u�� b� 
���������� �� ��������� ��RN��. ��R-31*, ��R-31, ��R-135b, 
��R-193�-5�, ��R-103, ��R-224, ��R-93, ��R-200�, ��R-183, 
��R203, ��R-21 ��� ��R-223 w��� ���w� �� b� u���gu�����, 
w���� ��R-133�, ��R-376�, ��R-411, ��R-30�-3�, ��R-489, 
��R-139-5�, ��R-483-5�, ��R-30�-3�, ��R-409-3�, ���-7� 
��� ��R-486-5� w��� ���w� �� b� ��w���gu����� �� OSCC 
�T�b��� II ��� III�.

Differential expression of miRNAs between non-metastatic (-) 
and metastatic (+) OSCC. �� �������� �y��� ���� ���������� 
�� �������y ���������� w��� ���� ������ ���g�����, w� �ub��-
qu����y ����� �� ��������� w������ ��RN� �x�������� w�� 
���������� w��� �u����� �� OSCC ��������. V������ ����� 
���w ��� ��ff�������� �x�������� �f ��RN�� �� ���-���������� 
�-� ��� ���������� �+� OSCC �F�g. 2�. W� �ub��qu����y ����u-
lated the level of significance of the differential expression 
b��w��� ����� g��u��. ��R-489, ��R-483-5� ��� ��R-1291 

w��� ���w� �� b� ��w���gu����� �� OSCC �T�b�� IV�. I� ����-
����, � �������� ���� ����� w�� u��� �� ������fy ��� �w� g��u�� 
�F�g. 3�, ����g �� w��� 82% ���u���y.

Discussion

��RN�� ��� � ��w ����� �f ���-�����g ����� RN�� ���� 
��gu���� ���� �����f������� ��� �����u� ����u��� fu������� by 
�����f����g w��� ��� ����������� �f ��� ���g�� �RN�� �3,4,12,13�. 
R����� ��u���� ���� ������������ ���� ������� �x�������� 
�f ��RN�� ���u��� �����u� �u��� ����g������� �14,15�. 

T�b�� I. D���g������ ��� �������� f���u��� �f ��� OSCC 
��������.

C������������� � �%�

G�����
   M��� 20 �69�
  F����� 9 �31�
S��k��g ��b��
  P������� 8 �28�
  N�g����� 21 �72�
D���k��g ��b��
  P������� 9 �31�
  N�g����� 20 �69�
WHO classification
  W��� 10 �34�
  M������� 8 �28�
  P��� 11 �38�
YK g����
  1 1 �4�
  2 3 �10�
  3 13 �45�
  4 12 �41�
L���� ���u������
  P������� 10 �34�
  N�g����� 19 �66�
�g� �y�����
  >65 21 �72�
  ≤65 8 (28)
S��g�
  Ⅰ 6 (21)
  Ⅱ 9 (31)
  Ⅲ 3 (10)
  Ⅳ 11 (38)
T ����u�
  Ⅰ 6 (21)
  Ⅱ 14 (48)
  Ⅲ 2 (7)
  Ⅳ 7 (24)
N ����u�
  N0 15 �51�
  N1 4 �13�
  N2 10 �36�
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H�w����, ������ �� k��w� �b�u� ��� ���� �f ��RN�� �� OSCC. 
In this study, we investigated the miRNA expression profiles 
of normal oral mucosa and OSCC tissues. miRNA profiling in 
B ���� �y������ �16�, �������� �17�, ��� ����� ������ �18� w�� 
������u��y ���f�����; ��w����, �� ��� b��� �f �u� k��w���g�, 
this is the first comprehensive miRNA profiling study of oral 
������ ����ug� �x��u����� ����y���.

��RN� ����y��� w�� ���f����� u���g T�qM�� �����RN� 
����y �2.0, w���� �������� �f 768 ��������� ��RN� �����. � 
����� �f 177 ��RN�� w��� �������� �� ��� ���� ������ ����u�� 
��� ������ ���� �u����. V������ ���� ����y��� �ub��qu����y 
�������� �b������ �x�������� �f ��RN�� �� OSCC �F�g. 2�. 
This result suggests that miRNA expression profiles differ 
b��w��� ������ ��� �b������ �����.

F�gu�� 2. C��������� �f ��RN� �x�������� b��w��� ���-���������� ��� ���������� OSCC. V������ ����� �f 177 ��RN�� ����yz�� f�� ���������� b��w��� 
���-���������� ��� ���������� OSCC. T�� ����� �f ��ff�������� ��RN� �x�������� b��w��� ���-���������� ��� ���������� OSCC �� ������� �� ��� x-�x��, 
��� ��� P-value of a FDR-corrected Wilcoxon signed-rank test of the differences (-1* log10 scale) is indicated on the y-axis. miRNAs significantly different 
b��w��� ��� �w� g��u�� ��� b�x�� �� g����. 

F�gu�� 3. � �������� ��k��g ����� w�� ������u���� �� ������fy ��� ���� 
������ ������� ��������g �� ���������� u���g ��RN� �x�������� u���g � 
training set of oral cancers (n=29). miR-489 (Ct-value ≤10.8; high expres-
sion) and miR-483-5p (Ct-value ≤12.1; high expression) resulted in the most 
���u���� ���������� �82% ���u���y� f�� ������fy��g ��� ������� ���� ��� �w� 
������������g g��u��.

F�gu�� 1. C��������� �f ��RN� �x�������� b��w��� OSCC ��� ������ ���� �u����. V������ ����� �f 177 ��RN�� ����yz�� f�� ���������� b��w��� OSCC 
��� ������ ���� �u����. T�� ����� �f ��ff�������� ��RN� �x�������� b��w��� OSCC ��� ������ ���� �u���� �� ������� �� ��� x-�x��, ��� ��� P-���u� �f � 
FDR-corrected Wilcoxon signed-rank test of the differences (-1* log10 scale) is indicated on the y-axis. miRNAs significantly different between the two groups 
��� b�x�� �� ��� ��� g����.
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T� ������fy ��������� ������-������� ��RN��, w� ����u����� 
��� ��g��� �f ��ff�������� �x�������� �f ��RN�� b��w��� ������ 
���� �u���� ��� OSCC ����u��. Tw���� ��RN�� ���R-31*, 
��R-31, ��R135b, ��R-193�-5�, ��R-103, ��R-224, ��R-93, 
��R-200�, ��R-183, ��R-203, ��R-21 ��� ��R-223� w��� 

significantly upregulated in most of the cancer tissue samples 
�������� w��� ��� ������ ���� �u����. T���� ���w��g >4-f��� 
u���gu������ w��� ���������� ��������� ��RN��; �����y, 
��R-31*, ��R-31, ��R-135b, ��R-193�-5�, ��R-103, ��R-224, 
��R-93, ��R-200�, ��R-183, ��R-203, ��R-21 ��� ��R-223.

T�b�� II. D�ff���������y �x������� ��RN�� ���w��g ��������� �x�������� �� OSCC �������� �� ������ �u����.

�����RN� F���-����g� �C�-C�/C�-N� FDR C��������� �������� Pu������ ���g��

���-��R-31*  0.60 0.008 9�21.3 RSBN1, �RHGEF2, IDE, NR5�2, SH2D1�
���-��R-31  0.29 0.020 9�21.3 RSBN1, �RHGEF2, IDE, NR5�2, SH2D1�
���-��R-135b  0.68 0.004 1q32.1 �NGPT2, GK5, NR3C2, GULP1, LOC221710 
���-��R-193�-5�  0.77 0.013 17q11.2 HSPB6, ZNF385C, ITSN1, OLIG3, USO1
���-��R-103  0.76 0.007 5q34 DICER1, TMEM16C, NF1, FOXP1, HRB
���-��R-224  0.71 0.029 Xq28 ZDHHC20, �FF3, U2SURP, C8��f44, TTC3
���-��R-93  0.64 0.003 7q22.1 FGD4, PKD2, M�P3K2, ZNFX1, PDCD1LG 
���-��R-200�  0.27 0.004 12�13.31 ZEB1, F�M122C, ZEB2, LRP1B, WIPF1
���-��R-183  0.82 0.001 7q32.2 �B�T, �K�P12, PIGX, PTPN4, REV1
���-��R-203  0.22 0.040 14q32.33 ZNF281, C�MT�1, B3GNT5, LIFR, �BCE1
���-��R-21  0.54 0.014 17q23.1 �NF367, GPR64, YOD1, PHF14, PLEKH�1
���-��R-223  0.27 0.003 Xq12 FBXW7, SP3, P�X6, C13��f31, PURB

F���-����g�� ��� �x������� �� ��� ����� �f OSCC C� ���u�� ��. ������ �u���� C� ���u��. FDR, f���� ��������y ����. T�� ��� �u������ ���g��� 
identified with TargetScan are included.

T�b�� III. D�ff���������y �x������� ��RN�� ���w��g ��������� �x�������� �� OSCC �������� �� ������ �u����.

�����RN� F���-����g� �C�-C�/C�-N� FDR C��������� �������� Pu������ ���g��

���-��R-133�  3.13 0.019 18q.11.2 SYT2, LHFP, CCBL2, BRUNOL4, TTP�L
���-��R-376�  1.55 <1�-03 14q32.31 �RFGEF1, P�PSS2, G�BRG2, SYF2, �RFGEF2 
���-��R-411  1.52 <1�-03 14q32.31 ELFN1, SLC4�7, C16��f52, C21��f91, SPRY4
���-��R-30�-3�  1.75 <1�-03 6q13 NUFIP2, ZNF85, RUNDC2B, FIGN, POU4F1
���-��R-489  1.36 0.010 7q21.3 ETNK1, P�RM1, CWC25, NRIP1, PNISR
���-��R-139-5�  1.65 <1�-03 11q13.4 TMF1, USP6NL, TBX1, SC�PER, NDRG2
���-��R-483-5�  1.33 0.010 11�15.5 SELO, MPZ, SRSF4, SLC12�5, RNF165
���-��R-30�-3�  1.54 0.006 1�34.2 NUFIP2, ZNF85, RUNDC2B, POU4F1, DSN
���-��R-409-3�  1.42 0.006 14q32.31 MRPL35, LRRN4CL, POMP, MTF2, TMEM65
���-���-7�  1.29 0.025 21q21.1 C14��f28, FIGNL2, HMG�2, LIN28B, TRIM71
���-��R-486-5�  1.49 0.025 8�11.21 FOXO1, GPX8, PTEN, TR�PPC6B, TWF1
 
F���-����g�� ��� �x������� �� ��� ����� �f OSCC C� ���u�� ��. ������ �u���� C� ���u��. FDR, f���� ��������y ����. T�� ��� �u������ ���g��� 
identified with TargetScan are included.
 

T�b�� IV. D�ff���������y �x������� ��RN�� ���w��g ��������� �x�������� �� ���-���������� ��� ���������� OSCC.

�����RN�  F���-����g� �C�-C�/C�-N� FDR C��������� �������� Pu������ ���g��

���-��R-489  1.27 0.004 7q21.3 ETNK1, �LS2CR13, HRH4, LONRF2, SFRS7
���-��R-1291  1.18 0.017 12q13.11 �QP1, �RID3B, MECP2, M�P3K9, PGM5
���-��R-483-5�  1.22 0.005 11�15.5 R�B3IP, ZBTB26, PG�M1, C5��f42, RB�K
 
F���-����g�� ��� �x������� �� ��� ����� �f OSCC C� ���u�� ��. ������ �u���� C� ���u��. FDR, f���� ��������y ����. T�� ��� �u������ ���g��� 
identified with TargetScan are included.
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��R-21 ��� b��� �������g���� w����y �� �����u� �u��� 
����g������� ����u���g ��������g���� ����g������� ��� 
g���b������� �� � �u������ ����g���� ��RN� �5,19-26�. 
M�������, �b�������y �x������� ��R-203 ��� b��� �������� 
�� ����� �27�, b����� �28� ��� ������� ������ �29-31�, w���� 
��R-31 �� ���� k��w� �� ���� ����g���� fu������� �� ������-
g��� ������ �32�. U���gu������ �f b��� ��R-31 ��� ��R-31* 
by �������y �f ���-��R-31 w�� ���� ���w� �� ������� OSCC 
����g������y �33�. Ou� ���u��� ���� ��������� ���� ��R-31 ��� 
��R-31* ���� � b����g���� fu������ �� ������ �����������. 
H�w����, � ���� �� ���� ������ ��� y�� �� b� ���u������, ��� 
��� fu������ �f ����� ���������� �� �u��� ������ ������� 
u������. ��R-133�, ��R-376�, ��R-411, ��R-30�-3�, ��R-489, 
��R-139-5�, ��R-483-5�, ��R-30�-3�, ��R-409-3�, ���-7� ��� 
��R-486-5� ���w�� � >4-f��� ��w���gu������ �T�b�� III�. 
P�����u��y, ��R-133� w�� ���w� �� b� ��w���gu����� �� 
b����� ������ ����u�� ��� ���������� w��� ���� ���g����� �34�, 
w���� ���-7� �� ���������y ������� �� �u��� g��w�� ����b����� �� 
�������� ������ �35�.

C������� �y��� ���� ���������� ��� � ���g� ������ �� 
��� ���g����� �f OSCC. W�, �����f���, ���f����� ������� 
���� ����y��� ��������g �� ��� ���������� �����. T���� ��w�-
��gu����� ��RN�� ���R-489, ��R-1291 ��� ��R-483-5�� 
�T�b�� IV� w��� ��������, ��� �ub��qu����y, � �������� ���� 
����� w�� ������u���� �� ������fy ���-���������� ��� ����-
������ OSCC u���g W�k� ��f�w���. Ou� ����� ������� ��� �w� 
g��u�� w��� 82% ���u���y �F�g. 3�. T��� ����� ��y �����f��� 
���� ��������� �� ����������g ��� ���g����� �f OSCC ��������, 
�����g �� � ���������� ���k�� �f ����������. 

I� �u����y, �u� f�����g� ������fy��g ������-������� 
��RN�� �� OSCC �ugg��� ���� ���� ������ ��y ���� � u��qu� 
��RN� �x�������� ������� �� ��� �������u�� �����. Fu����� 
�������g������ ��� ��w ��qu���� �� ��������� ��� �����u��� 
fu������� ��� ���������� �f ����� ��RN�� �� w��� �� ����� 
��������� u�� �� ���g������ ���/�� ���g������ ���k��� �� ���� 
������. 
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Abstract Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a pleiotropic neuropeptide considered to be a
potent regulator of astrocytes. It has been reported that
PACAP also affects astrocytoma cell properties, but the pro-
liferative effects of this peptide in previous reports were
inconsistent. The purpose of this study was to search for
correlations between malignant potential, PACAP/PACAP
receptor expression, and the proliferative potential of four
astrocytoma cell lines (KNS-81, KINGS-1, SF-126, and
YH-13). Immunohistochemical observations were performed
using astrocyte lineage markers with a view to establishing
malignant potential, which is inversely correlated to differen-
tiation status in astrocytoma cells. YH-13 showed the most
undifferentiated astrocyte-like status, andwas immunopositive
to a cancer stem cell marker, CD44. These observations sug-
gest that YH-13 is the most malignant of the astrocytoma cell
lines tested. Moreover, the strongest PAC1-R immunoreactiv-
ity was observed in YH-13 cells. Using real-time PCR analy-
sis, no significant differences among cell lines were detected
with respect to PACAP mRNA, but PAC1-R and VPAC1-R
mRNA levels were significantly increased in YH-13 cells

compared with the other cell lines. Furthermore, when cell
lines were treated with PACAP (10−11 M) for 3 days, the YH-
13 cell line, but not of the other cell lines, exhibited a signif-
icantly increased cell number. These results suggest that
PACAP receptor expression is correlated with the malignant
and proliferative potential of astrocytoma cell lines.

Keywords PACAP . Astrocytoma . Proliferation . PAC1-R .

VPAC1-R .Malignancy

Introduction

Astrocytoma is a form of primary tumor arising from astro-
cytes. Glioblastoma multiforme, the most aggressive astrocy-
toma, usually occurs more frequently in the adult brain than in
the spinal cord. Because of this tumor’s potential to grow
quickly, the median survival time is only 12–15 months fol-
lowing diagnosis, even if the patient receives optimal medical
treatment (Ahmed et al. 2014), keeping in mind that truly
effective drugs have yet to be developed to treat high-grade
astrocytomas. This is partly because our present understand-
ing of the pathology of astrocytomas has limited the develop-
ment of therapeutic interventions.

Pituitary adenylate-cyclase activating polypeptide
(PACAP) is a neuropeptide that exists in 38- and 27-amino
acid residue forms (Miyata et al. 1989, 1990). PACAP belongs
to the vasoactive intestinal polypeptide (VIP)/secretin/gluca-
gon family, and its closest paralog is VIP. PACAP and VIP
share three types of receptors (PAC1-R, VPAC1-R, and
VPAC2R), with both PACAP and its receptors widely
expressed throughout the brain (Arimura and Shioda 1995;
Shioda 2000). PACAP has a pleiotropic role in the central
nervous system, functioning as a neurotransmitter,
neuroprotectant, and promoting factors for neural stem cell
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differentiation (Shioda et al. 2006; Watanabe et al. 2007;
Ohtaki et al. 2008). Moreover, PACAP regulates astrocytes
as well as neurons (Masmoudi-Kouki et al. 2007; Nakamachi
et al. 2011a).

PACAP also affects glioma cells. Based on elevated cAMP
levels, Robberecht et al. first suggested a role played by
PACAP receptor expression in human glioma cells
(Robberecht et al. 1994). Later, the effect of PACAP on the
proliferation of astrocytoma cells was studied by several
groups, but conflicting results were obtained (Vertongen
et al. 1996; Dufes et al. 2003; Sokolowska and Nowak
2008; D'Amico et al. 2013). We believe that these differences
were caused by variations in the malignancy levels of the
astrocytoma cells used in the respective studies. As such, the
purpose of the present study is to clarify the relation between
astrocytoma malignancy and the proliferative effects of
PACAP in vitro using a number of different ascytoma cell
lines.

Materials and Methods

Human Astrocytoma Cell Lines

Four human astrocytoma cell lines (KNS-81, KINGS-1, SF-
126, and YH-13) were obtained from the Health Science
Research Resources Bank (Osaka, Japan). The KINGS-1 cell
line was established from grade 3 astrocytoma tissue, while
SF-126 and YH-13 were established from grade 4 astrocyto-
ma tissue (or glioblastomamultiforme) according to theWHO
classification of tumors of the central nervous system (Louis
et al. 2007). The KNS-81 cell line was generated from astro-
cytoma tissue whose malignancy was not recorded.

Cell Culture

Stocks of the four cell lines were defrosted in a 37 °C water
bath and then mixed with minimum essential medium (MEM)
medium (Invitrogen, Carlsbad, CA, USA) supplemented with
20 % fetal bovine serum (FBS). After centrifugation at
1,500 rpm and 4 °C, the supernatant was removed, the pellet
was dissolved in MEM medium with 20 % FBS and
antibiotic-antimycotic agents (Invitrogen) and cells were in-
cubated in a 5 % CO2/air incubator at 37 °C. When the
incubated cells reached subconfluence, they were detached
by treatment with trypsin-EDTA (Invitrogen) for 5 min. The
detached cells were collected and centrifuged at 1,500 rpm for
5 min at 4 °C. The pellet was suspended in the medium, and
seeded on 100 mm culture dishes for passage, 60 mm dishes
for immunocytochemistry, and 96-well plates for CyQUANT
assay. Extra pellets were maintained at −80 °C for real-time
PCR analysis.

Immunocytochemistry

Cultured cells were fixed with 4 % paraformaldehyde in
0.05 M phosphate buffer, pH 7.2 for 30 min at 4 °C. After
washing with phosphate buffered saline (PBS), the cells were
incubated in 5 % normal horse serum with 0.25 % Triton
X-100 in PBS for penetration and blocking. The cells were
then incubated with primary antibody in blocking buffer for
18 h at 4 °C. The antibodies used were: rat anti-CD44 (1:1000;
TONBO Biosciences, San Diego, CA, USA), mouse antiglia
fibrillary acidic protein (GFAP, 1:500; Sigma, St. Louis, MO,
USA), mouse anti-A2B5 IgM (1:200, EMDMillipore Corpo-
ration, Billerica, MA, USA), mouse antiglutamate synthase
(GS, 1:500, EMDMillipore Corporation), mouse antineuronal
nuclei (NeuN, 1:1,000; EMD Millipore Corporation), rat
antimyelin basic protein (MBP, 1:500; EMD Millipore Cor-
poration), rat anti-CD11b (1:500; Serotec, Oxford, UK), or
PAC1-R (Suzuki et al. 2003). After incubation with
Alexa488-labeled secondary antibodies (Invitrogen), cells
were treated for 10 min with 4′,6-diamidino-2-phenylindole
(DAPI, 1:10,000). After mounting with aqueous mounting
medium on cover slips, the immunoreactivity of cells was
measured with the aid of a fluorescence microscope (AXIO
Imager Z1, Carl Zeiss, Germany). All of the above procedures
were carried out on three cells from three independently
prepared cultures.

Real-Time PCR Analysis

Total RNAwas isolated by TRIzol Reagent (Invitrogen) from
cell pellets prepared from each of the cell lines, and comple-
mentary DNA was generated by reverse-transcriptase
(PrimeScript RT reagent kit, TaKaRa BIO INC., Kyoto, Ja-
pan). PCR primer sets for human PACAP, PAC1-R, VPAC1-
R, VPAC2R, and GAPDH mRNA sequences are listed in
Table 1. Real-time PCR was performed using SYBR Premix
Ex Taq II reagent (TaKaRa BIO INC) and an ABI PRISM
7900 instrument (Applied Biosystems, Lincoln, CA, USA).
Relative gene expression was calculated using the compara-
tive delta Ct method, and normalized with respect to the
GAPDH housekeeping gene. The specificity of PCR products
was confirmed by dissociation curve with a single peak at the
final PCR step.

CyQUANTAssay

Astrocytoma cells were seeded at 100 cells/cm2 on 96-well
plates and treated with human PACAP38 (final concentration
10−13 to 10−7 M in PBS) or PBS as control. After 3 days of
treatment, the medium was removed and plates were stored at
−80 °C. The number of cells was measured by CyQUANT kit
(Invitrogen) following the manufacturer’s instructions.
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Statistical Analysis

Data were expressed as mean±SEM. Multiple comparisons
were made by ANOVA with Tukey-Kramer multiple-
comparison tests. P values of less than 0.05 or less than 0.01
were considered to indicate statistical significance for all
analyses.

Results

Characterization of Astrocytoma Cell Lines
by Immunocytochemistry

We first checked the differentiation level of astrocytoma cells
by immunostaining with astrocyte and glial progenitor
markers given that malignant astrocytoma cell have been
described to show an undifferentiated glial-like phenotype
(Jellinger 1978; Piepmeier et al. 1993). Anti-GFAP (marker
for mature astrocytes but not immature glial cells such as
radial glia), anti-GS (marker for astrocytes and astrocytoma
cells), and anti-A2B5 (glial progenitor cell marker) antibodies
were used (Fig. 1). GFAP immunoreactivity was observed in
the KNS-81 and KINGS-1 cell lines, but not in SF-126 or YH-
13. On the other hand, GS immunoreactivity was detected in
the KNS-81, KINGS-1, and SF-126 cell lines, but not in YH-
13. In contrast, immunoreactivity to A2B5 was observed in
SF-126 and YH-13, but not in KNS-81 and KINGS-1 cell
lines. To confirm that these cells were derived from astrocytes,
other cell markers, such as antibodies against NeuN (as a
neuronal marker), MBP (as an oligodendrocyte marker), and
CD11b (as a microglial marker) were also tested. Immunore-
activities against these antibodies were not observed in any of
the cell lines (Fig. 2). CD44 is a receptor for hyaluronic acid
and is used as a marker for cancer stem cells and as an
indicator of high-invasive potential (Wiranowska et al. 2006;
Anido et al. 2010). Only marginal CD44 immunoreactivity

was observed in KNS-81 and KINGS-1 cells, but strong
immunoreactivity was observed in SF-126 and YH-13 cells
(Fig. 3). PAC1-R immunoreactivity was observed all cells,
with the signal intensity increasing in the following order:
KNS-81 < KINGS-1 < SF-126 < YH-13 (Fig. 3).

mRNA Levels of PACAP/PACAP Receptors in Astrocytoma

mRNA levels for PACAP and its receptor were measured in
the four astrocytoma cell lines by real-time PCR analysis.
While differences in ADCYAP1 (gene for PACAP) mRNA
levels were not statistically significant between the cells lines
(KINGS-1, 100 %; KNS-81, 82.1 %; SF-126, 111.3 %; and
YH-13, 68.9 %) (Fig. 4a), large variations were seen for
ADCYAP1R1 (gene for PAC1-R) mRNA levels, which in
order of ranking were KINGS-1 < KNS-81 < SF-126 < YH-
13, with normalized levels of 100, 130.3, 147.5, and 656.0 %,
respectively. In this way, ADCYAP1R1mRNA expression for
the YH-13 cell line was significantly increased compared with
the other astrocytoma cell lines (Fig. 4b). The VIPR1 mRNA
level for YH-13 (4,720.3 %) was significantly higher than that
for the other cell lines (KINGS-1, 100 %; KNS-81, 68.9 %;
SF-126, 92.9 %) (Fig. 4c). VPAC2R mRNA was below the
level of detection in all of the astrocytoma cell lines tested
(data not shown).

CyQUANT Proliferation Assay

The effect of PACAP on the proliferative activity of the four
astrocytoma cell lines was measured by CyQUANT assay.
When employed at concentrations ranging from 10−13 to
10−7 M, PACAP did not affect the number of KNS-81,
KINGS-1, or SF-126 cells in culture compared with the PBS
control groups. However, for YH-13 cells in culture, treatment
with 10−11 M PACAP significantly increased the number of
cells compared with PBS treatment (Fig. 5) indicating a pro-
liferative effect of PACAP on YH-13 cells at this
concentration.

Discussion

This study was designed to compare the effects of PACAP and
its receptor expression on the differentiation status of four
human astrocytoma cell lines. GFAP is an intermediate fila-
ment protein that is expressed in mature astrocytes but not in
immature glial cells such as radial glia (Pixley and de Vellis
1984). On the other hand, the A2B5 antibody binds to gan-
gliosides and is used as glial progenitor marker (Fok-Seang
andMiller 1992). Xia et al. (2003) suggested that astrocytoma
cells share similar antigenicity with astrocytes, and that the
A2B5-positive astrocytoma cells exhibited a higher

Table 1 Primer sequences used for real-time PCR analyses

Oligo Name Sequence (5′ to 3′)

Adcyap1-F GTGAGGTAAGCAAGCTCCAACAGAC

Adcyap1-R CTCGATCTGATTGCTGGGTGAA

Adcyap1r1-F CTCACCACTGCCATGGTCATC

Adcyap1r1-R GCCCTCAGCATGAACGACAC

Vipr1-F CATTGCCTGTGGTTTGGATGAC

Vipr1-R GGATAGCTGTGGCGACCAGAA

Vipr2-F AGTGGCGTCTGGGACAACATC

Vipr2-R AATCTGGGAACGTCTCTGACCATC

GAPDH-F GCACCGTCAAGGCTGAGAAC

GAPDH-R TGGTGAAGACGCCAGTGGA
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recurrence rate than A2B5-negative astrocytoma. In our study,
GFAP immunoreactivity was observed in KNS-81 and
KINGS-1 cells, but not in SF126 or YH-13 cells. On the other
hand, A2B5 immunoreactivity was observed in SF-126 and
YH-13 cells, but not KNS-81 or KINGS-1 cells.

GS is a an enzyme that plays a key role in the
metabolism of nitrogen. It is a commonly used marker
for astrocytes and astrocytoma cells, where an inverse

correlation between histological malignancy and degree
of GS expression has been observed (Akimoto 1993;
Anlauf and Derouiche 2013). Here, GS immunoreacitivty
was observed in KNS-81, KINGS-1, and SF126 cells, but
not in YH-13 cells (Fig. 1). Moreover, immunoreactivity
for CD44, which is known as an astrocytoma stem cell
marker, was weak in KINGS-1 cells, and stronger in SF-
126 and YH-13 cells (Fig. 3). Taken together, these

KNS-81 KINGS-1 SF-126 YH-13

GFAP

A2B5

GS

50 µm

Fig. 1 Characterization of astrocytomas by immunostaining with astrocyte and glial progenitor markers. Cultured astrocytoma cells were immuno-
stained with antibodies against GFAP, GS, and A2B5.Green shows immunoreactivity to antibodies. Nuclei counterstained with DAPI are shown in blue

NeuN

MBP

CD11b

50 µm

KNS-81 KINGS-1 SF-126 YH-13

Fig. 2 Characterization of astrocytomas by immunostaining with neuro-
nal cell markers. Cultured astrocytoma cells were immunostained with
antibodies against NeuN (neuronal marker), MBP (oligodendrocyte

marker), and CD11b (microglia marker). Evidence of any green color
would be indicative of immunoreactivity against these antibodies. Nuclei
counterstained with DAPI are shown in blue
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immunohistochemistry observations suggest that the malig-
nancy of the astrocytoma cell lines used here (in the order
of strength) is YH-13, followed by SF-126, KINGS-1, and
KNS-81. These findings also imply that the malignant
character of the original astrocytoma tissue used to prepare
these cell lines was maintained. Immunoreactivity for other
neuronal cell markers (NeuN, MBP, and CD11b) was not
observed in the four cell lines (Fig. 2), indicating that they
are cells from astrocytomas and not other types of brain
tumor cells.

PACAP mRNA levels were not significantly different
among the astrocytoma cell lines, but PAC1-R and
VPAC1-R mRNA levels in YH-13 were significantly
greater than the others (Fig. 4). Similary, strong PAC1-
R immunoreactivity was also observed in YH-13 cells
(Fig. 3). In consideration of the character of the astro-
cytoma cell lines, PAC1-R and VPAC1-R mRNA levels
of cells with high-malignant potential were greater than
those of low-malignant potential.

The results of the CyQUANT assay, a highly sensi-
tive, fluorescence-based microplate assay for determin-
ing numbers of cultured cells (Jones et al. 2001),
showed that PACAP, employed at a concentration of
10−11 M, stimulated an increase in the number of YH-
13 cells compared with control PBS-treated cells, but
this effect was not seen in the other cell lines (Fig. 5).
These differences in sensitivity to PACAP seem to cor-
relate with PAC1-R and VPAC1-R expression levels. As
such, conflicting results from previous reports on the
effects of PACAP on astrocytoma proliferation and ma-
lignancy (see “Introduction” section) may be explained
in part by differences in the expression levels of
PACAP receptors.

We previously reported that PAC1-R immunoreactivity
was increased in reactive astrocytes induced by brain ischemia
or spinal cord injury (Tsuchikawa et al. 2012; Nakamachi
et al. 2013). PACAP treatment of cultured reactive astrocytes
induced by scratch injury significantly increased the number

PAC1-R

CD44

50 µm

KNS-81 KINGS-1 SF-126 YH-13

Fig. 3 Characterization of astrocytomas by immunostaining with anti-
CD44 or anti-PAC1-R antibodies. Cultured astrocytoma cells were im-
munostained with antibodies against CD44 and PAC1-R. Green shows

immunoreactivity to these antibodies. Nuclei counterstained with DAPI
are shown in blue
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392 J Mol Neurosci (2014) 54:388–394



of Ki67-positive proliferating cells in vitro (Nakamachi et al.
2011b). These data imply that malignant astrocytes and reac-
tive astrocytes display similar characteristics, making it pos-
sible therefore to choose between low-malignant type astro-
cytoma cell lines (e.g., KNS-81) and high-malignant type cell
lines (e.g., YH-13) as models of resting and reactive astro-
cytes, respectively.

It has also been reported that PACAP protects astrocytes
against oxidative stress-induced apoptosis (Masmoudi-Kouki
et al. 2011). Although the results in this study provide some
information showing that PACAP increased the number of
highly malignant astrocytoma cells, it remains unclear wheth-
er PACAP stimulates proliferation or survival. In addition, it is
known that PACAP induces the differentiation of neural stem
cells into astrocytes (Watanabe et al. 2007; Nakamachi et al.
2011a), implying that PACAP may influence differentiation
status or, in other words, the malignancy level of astrocytoma
cells. Further studies focusing on the function of PACAP on
astrocytoma cells is therefore warranted.

In conclusion, we have shown here that PACAP receptor
expression is correlated with malignant potential, and that this
effect may underlie differences in PACAP sensitivity exhibit-
ed by astrocytoma cell lines. Further study on the effects of
PACAP on astrocytoma cells could help to elucidate charac-
teristics of malignant astrocytoma cells, on their high

proliferative and invasive potential, and on their resistance to
chemotherapy.
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Summary

Pituitary adenylate cyclase-activating peptide (PACAP) is a neuropeptide

expressed in the central nervous system and peripheral organs. Previous studies

revealed the role and distribution of PACAP in the rodent testis, however, its

presence in the human testis and in testicular germ cell tumors is not known.

We used RT-PCR and immunohistological observations to investigate whether

human testicular tissue and testicular germ cell tumors contain PACAP. The

mRNAs for PACAP and its receptors were detected in total RNA extracted

from human testes. PACAP immunoreactivity was observed in spermatogonia

and spermatids from normal testes. In contrast, diffuse PACAP immunoposi-

tivity was observed in seminoma tumor cells, while only faint immunoreactiv-

ity was observed in embryonal carcinoma cells. Our data suggest that PACAP

may play a role in human spermatogenesis and in testicular germ cell tumor

development.

Introduction

Pituitary adenylate cyclase-activating peptide (PACAP) is a

neuropeptide that was initially isolated from the ovine

hypothalamus (Miyata et al., 1989). PACAP belongs to the

vasoactive intestinal polypeptide (VIP)/secretin/glucagon

family, with VIP being its closest analogue. PACAP and

VIP share three types of receptors: the PAC1 receptor

(PAC1R), and the VPAC1 and VPAC2 receptors (VPAC1R,

VPAC2R). The affinity of PAC1R for PACAP is more than

1000 times higher than its affinity for VIP, indicating that

PAC1R is a relatively selective receptor for PACAP

(Harmar et al., 2012). PACAP has pleiotropic functions

that contribute to neurotransmission, neuroprotection,

vasodilatation, immunomodulation and neural develop-

ment (Shioda et al., 2006; Vaudry et al., 2009; Nakamachi

et al., 2011). In rodents, PACAP and its receptors are

widely distributed in the central nervous system and

peripheral organs including the testis (Arimura et al.,

1991). While histological studies have shown that PACAP

immunoreactivity is present in the developing acrosome of

the rat spermatid (Shioda et al., 1994; Li et al., 2004), no

studies as yet have examined the nature of PACAP expres-

sion in the human testis.

Testicular germ cell tumors are common in young men

(Boujelbene et al., 2011). Their prevalence is increasing

steadily, although the underlying causes of such tumors

are still poorly understood. PACAP and its receptors are

widely expressed in cancer cells such as human malignant

tumors (Reubi et al., 2000; Moretti et al., 2006). To be

more specific, malignant tumors of the lung and colon

have been shown to expresses PACAP (Godlewski and

Lakomy, 2010; Szanto et al., 2012). This could also be the

case with respect to testicular tumors, however, no such

report of the fact has been made. The purpose of this

study, therefore, was to describe the distribution of

PACAP and its receptors in normal human testicular

tissue and in testicular germ cell tumors.
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Material and method

Patients and tissue preparation

Human testicular tumor samples were obtained from

patients undergoing high orchiectomy as a surgical ther-

apy for testicular tumor. Single sample of normal

testicular tissue was obtained from testicular biopsy pro-

cedure. Twenty-two cases (age range: 35–55) underwent

operative therapy from July 2006 to June 2012. Of these,

15 cases involved seminomas, three cases were embryonal

carcinomas and four other cases were malignant lym-

phoma or mixed types. Eight cases of testicular tumor

(five seminomas and three embryonal carcinomas) and a

single case of normal testis were enrolled in this study.

The Institutional Review Board of Kanto Central Hospital

approved the use of tissue specimens for further study

(approval number: 23-2-002).

Tissues were embedded in paraffin after fixation with

6% paraformaldehyde for pathological diagnosis. Five

micro meter thick paraffin sections stained with Hemat-

oxylin and eosin (HE) were used for routine pathological

examination and tumor grading. Tumors were classified

according to the TNM classification (Eble, 2004). Table 1

shows the characteristics of patients and tumors. Testicu-

lar tumor markers in blood serum were assessed using kits

to measure lactate dehydrogenase (LDH; Wakojunyaku,

Osaka, Japan), a-fetoprotein (AFP; Abbott Japan, Chiba,

Japan) and beta-human chorionic gonadotrophin (b-hCG;
Siemens Healthcare Diagnostics Japan, Tokyo, Japan) as a

routine aspect of the clinical diagnosis.

Reverse transcription polymerase chain reaction

(RT-PCR)

Reverse transcription polymerase chain reaction (RT-

PCR) was performed according to the methods outlined

in a previous report (Nakamachi et al., 2012) with minor

modification. Briefly, human brain and testis total RNA

were purchased from Clontech Laboratories, Inc.

(#636530 and # 636533, Mountain View, CA, USA). The

total RNAs were reverse transcribed into cDNA using the

PrimeScript RT reagent kit (TaKaRa BIO INC., Kyoto,

Japan). As a negative control, the RT reaction was per-

formed without reverse transcriptase (RT-). PCR was per-

formed with SYBR Premix Ex Taq II reagent (TaKaRa

BIO INC) using a GENEAMP PCR system 2700 (Applied

Biosystems; Lincoln, CA, USA) with primer sets for

human Adcyap1 (PACAP), Vip, Adcyap1r (PAC1R),

Vpac1r, Vpac2r and two housekeeping genes, Actb

(b-actin) and Gapdh (Table 2). The PCR products were

visualised by electrophoresis on a 2.5% agarose XP gel

(Nippon gene, Toyama, Japan) with added ethidium

bromide.

Immunostaining of PACAP

Immunostaining was performed according to a previous

report (Nakamachi et al., 2008) to detect the expression

of PACAP in testicular and tumor tissue. Briefly, 5 micro

meter sections were deparaffinised and boiled with citrate

buffer (10 mmol l�, pH 6.0 for 30 min). Sections were

then quenched with H2O2 with absolute methanol for

30 min. After blocking with 5% normal horse serum for

60 min, sections were incubated overnight at 4 °C with

rabbit anti-PACAP antibody (1 : 200, Bachem/Peninsula

Laboratories; T-4473, San Carlos, CA, USA). Biotinylated

anti-rabbit IgG antibody and Avidin-Biotin enzyme Com-

plex (Vector Laboratories, Burlingame, CA, USA) were

used. The immunolabelling was developed with 3,3’-di-

aminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO,

USA). The antigen pre-absorption test was performed

as negative control. PACAP antibody was mixed with

10-7 mol/L of PACAP and incubated overnight. After

centrifugation at 15000 9 g for 10 minutes, sections were

treated with supernatant instead of PACAP antibody.

Table 1 Characteristics of patients and testicular tumor tissue samples

No Age Side

Pathological

diagnosis

AFP

(ng ml�1)

LDH

(IU l�1)

b-hCG

(mIU ml�1) TNM stage

1 43 Bilateral Normal – – – –

2 37 Left Seminoma 2.3 222 62.2 pT1N0M0

3 35 Right Seminoma 2.1 258 0 pT2N0M0

4 39 Left Seminoma 3.6 337 6.5 pT2N1M0

5 55 Right Seminoma 5.15 694 3.7 pT1N0M0

6 39 Left Seminoma 2.7 148 2.9 pT1N0M0

7 36 Right Embryonal ca. 3.4 454 0 pT2N1M0

8 39 Left Embryonal ca. 8.4 232 0 pT2N0M0

9 40 Right Embryonal ca. 22.07 264 0 pT1N0M0

AFP, alpha fetoprotein; LDH, lactate dehydrogenase; bHCG, beta subunit of human chorionic gonadotrophin.
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Results

Expression of PACAP, VIP and its receptors mRNA

in human testis

We first evaluated by RT-PCR the mRNA expression of

PACAP, VIP and their receptors in normal human

testicular tissue. The mRNAs of all PACAP-related genes

were detected in human brain tissue which was used as

a positive control (Fig. 4). Two housekeeping genes,

Actb and Gapdh, were detected at similar levels in the

total mRNA of control brain and testis. PACAP levels in

the testis were similar to that in brain, while levels of

VIP mRNA were much lower or absent. Weak signals

for all three types of PACAP receptors were observed in

the testis. The reverse transcriptase-free negative control

(RT-) showed no signal at all in the brain and testis

total mRNA, suggesting that the PACAP, VIP and recep-

tor signals were derived from mRNA, not genomic

DNA.

Localization of PACAP immunoreactivity in testis

Tissue sections of normal human testis subjected to HE

staining indicated the presence of normal spermatozoa in

the seminiferous tubules (Fig. 1a–b). In sections

immunostained with PACAP antibody, immunoreactivity

was observed on the round spermatids and spermatogo-

nia in the seminiferous tubules (Fig. 1e–f). Spermatogo-

nia near the basal membrane of the seminiferous tubules

were mostly PACAP immunopositive (Fig. 1f). Negative

control sections showed no detectable signal in the sper-

matids or spermatogonia (Fig. 1c).

Localization of PACAP immunoreactivity in testicular

germ cells

Seminoma tumor cells were immunopositive for PACAP

(Fig. 2). HE staining showed typical patterns of semino-

ma with an eosinophilic cytoplasm, but syncytiotrophob-

lastic cells were not observed (Fig. 2a). PACAP

immunoreactivity was observed in the nuclei, cytoplasm,

and plasma membrane of seminoma tumor cells (Fig. 2c–
d). In the case of embryonal carcinoma tumor cells, a

typical histological pattern, with irregular nuclei and

eosinophilic granular cytoplasm, was observed with HE

staining (Fig. 3a). Low-intensity PACAP immunoreactiv-

ity was observed in embryonal carcinoma tumor cells

compared with the seminoma tumor cells (Fig. 3c–d). No
immunoreactivities were observed in negative control

seminoma (Fig. 2b) and embryonal carcinoma (Fig. 3b)

sections.

Discussion

The testes express many bioactive peptides which are typi-

cally associated with the nervous system. For example, the

PACAP/VIP/secretin/glucagon family was shown to be

expressed in the rodent reproductive system (Li & Arim-

ura, 2003). We have shown here that the mRNA for PA-

CAP and its receptors is expressed in human testicular

tissue, which is the first time PACAP expression in the

human testis has been described. In rodent, PACAP and

PAC1R expression and localization has been demon-

strated. PACAP immunoreactivity in adult rodent testis

was observed in round/elongated spermatids, and its

mRNA was detected in spermatogonia, spermatocytes and

spermatids; in contrast, expression was decreased in the

Table 2 Primer sequences and PCR conditions

Gene

Encoding

protein Sequence

Amplicon

length (bp) Cycle

Adcyap1 PACAP Forward GTGAGGTAAGCAAGCTCCAACAGAC 149 28

Reverse CTCGATCTGATTGCTGGGTGAA

Adcyap1r1 PAC1R Forward CTCACCACTGCCATGGTCATC 98 28

Reverse GCCCTCAGCATGAACGACAC

Vip VIP Forward ACCCTGTACCAGTCAAACGTCACTC 198 28

Reverse GAAGTTGTCATCAGCTTTGCTCCA

Vipr1 VPAC1R Forward CATTGCCTGTGGTTTGGATGAC 134 28

Reverse GGATAGCTGTGGCGACCAGAA

Vipr2 VPAC2R Forward AGTGGCGTCTGGGACAACATC 157 28

Reverse AATCTGGGAACGTCTCTGACCATC

Actb b-actin Forward TGGCACCCAGCACAATGAA 186 20

Reverse CTAAGTCATAGTCCGCCTAGAAGCA

Gapdh GAPDH Forward GCACCGTCAAGGCTGAGAAC 138 20

Reverse TGGTGAAGACGCCAGTGGA

PACAP, pituitary adenylate cyclase-activating polypeptide; VIP, vasoactive intestinal polypeptide.
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spermatozoa (Arimura & Shioda, 1995; Li & Arimura,

2003). PACAP immunoreactivity was also observed here

in human spermatogonia and round spermatids (Fig. 1)

in a similar manner to that in rodents, suggesting that

PACAP is associated with spermatogenesis and spermio-

genesis in the human testis.

(a) (b)

(c) (d)

Fig. 2 Distribution of pituitary adenylate cyclase-activating polypeptide (PACAP) immunoreactivity in seminoma tumor cells. Series of photomicro-

graphs of Hematoxylin and eosin (HE)-stained seminoma tumor cells(a), negative control section stained using the antigen pre-absorption test (b)

and immunostained with PACAP antibody (c, d). Images are shown at low (a – c) and high (d) magnification. Scale bar represents 100 lm (a – c)

and 40 lm (d).

(a) (b) (c)

(d) (e) (f)

Fig. 1 Distribution of pituitary adenylate cyclase-activating polypeptide (PACAP) immunoreactivity in the normal human testis. Representative

images of Hematoxylin and eosin (HE)-stained sections of human testicular tissue (a, b), negative control section stained using the antigen pre-

absorption test (c) and immunostained with PACAP antibody (d–f). Black arrows indicate spermatids and arrow heads shows spermatogonia (d–f).

Images are shown at low (a, d) and high (b, c, e, f) magnification. Scale bar represents 100 lm (a, d) and 40 lm (b, c, e, f).
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In relation to PACAP receptor expression, PAC1R

immunoreactivity and mRNA were detected in the sper-

matid acrosomes in rodent seminiferous tubules (Li &

Arimura, 2003; Li et al., 2004). Although all three types

of PACAP receptor mRNAs were detected in human tes-

ticular tissue samples (Fig. 4), a precise localization of

PACAP receptors in the seminiferous tubule is necessary

if a proper understanding of PACAP function in the testis

is to be gained.

The function of PACAP in spermatogenesis and fertili-

sation was recently reported by Brubel and colleagues

(Brudel et al. 2012), who showed that PACAP increases

sperm motility in human spermatozoa and that PACAP-

deficient mice have an abnormal sperm morphology. Fur-

thermore, it has been reported that sperm penetration

through the oocyte investment, cumulus cell layer and

zona pellucida was enhanced by PACAP treatment (Tanii

et al., 2011). These reports indicate that PACAP contrib-

utes to spermatogenesis and sperm motility. PACAP

could also be associated with male infertility, and serve as

a candidate to increase fertility potential.

Testicular germ cell tumors are classified broadly into

seminoma and non-seminomatous tumors based on diag-

nosis by the HE staining of testicular tissue sections. Non-

seminomatous tumors, however, have various or mixed

histological patterns, and in some cases are difficult to

diagnose with HE staining only (Young, 2008). Non-

seminomatous tumors also show a poor prognosis in

comparison with seminoma (International Germ Cell Can-

cer Collaborative Group, 1997), making a precise diagnosis

is essential for their proper management. In the past, only

a few classical tumor markers such as placental alkaline

phosphatase (PLAP), AFP and hCG were available to

Fig. 4 Expression of pituitary adenylate cyclase-activating polypeptide

(PACAP), VIP and their receptors in human testis and brain. Equivalent

amounts of total mRNA (25 ng lane�1) were used for RT-PCR. PCR

primer sequences and the PCR conditions used are given in Table 2.

RT+, RT reaction with reverse transcriptase; RT-, RT reaction without

reverse transcriptase.

(a) (b)

(c) (d)

Fig. 3 Distribution of pituitary adenylate cyclase-activating polypeptide (PACAP) immunoreactivity in embryonal carcinoma tumor cells. Series of

photomicrographs of Hematoxylin and eosin (HE)-stained embryonal carcinoma cells (a), negative control section stained using the antigen

pre-absorption test (b) and immunostained with PACAP antibody (c, d). Images are shown at low (a–c) and high magnification (d). Scale bar

represents 100 lm (a–c) and 40 lm (d).
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detect testicular tumors. Several novel tumor markers such

as OCT4 (Jones et al., 2004), SOX2 and SOX17 (de Jong

et al., 2008) have now been identified. However, their

specificities and sensitivities are sometimes inadequate for

a differential diagnosis to be made of non-seminomatous

germ cell tumors. The intracrine function of cytosolic

PACAP and a strong PAC1R signal in the nuclear fraction

of rodent testicular germ cells were demonstrated by Li

et al., (2004). It has reported that PACAP treatment of iso-

lated testicular nuclei stimulates calcium release from these

nuclei ( Doan et al., 2012). In our study, the cytoplasm

and nuclei of testicular tumor cells were immunoreactive

for PACAP, suggesting that a similar function or potency

of PACAP may also occur in human testicular tumor cells.

PACAP expression in human cancer differs between pri-

mary organs(Reubi et al., 2000). We showed here that

PACAP immunoreactivity was positive in both types of tes-

ticular tumors analyzed. The intensity of PACAP immu-

noreactivity in seminoma sections was greater than that in

embryonal carcinoma cells. This observation suggests that

PACAP may serve as a new candidate in the differential

diagnosis of testicular germ cell tumor pathologies.

In conclusion, PACAP is expressed in the normal

human testis, as well as in human seminoma and embry-

onal carcinoma tumor cells. Our results suggest that

PACAP may play a role in spermatogenesis and testicular

germ tumor development. Evaluation of the function and

distribution of PACAP in the testis may contribute to the

development of new approaches to treat male infertility.

Moreover, while the observation of PACAP immunoreac-

tivity in testicular tumor cells is an important one,

further investigation is however required to develop a

new diagnostic procedure to detect testicular germ cell

tumors based on PACAP expression.
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PACAP suppresses dry eye signs by stimulating
tear secretion
Tomoya Nakamachi1,2, Hirokazu Ohtaki2, Tamotsu Seki2, Sachiko Yofu2, Nobuyuki Kagami2,

Hitoshi Hashimoto3,4,5, Norihito Shintani3, Akemichi Baba6, Laszlo Mark7,8,9,10, Ingela Lanekoff11, Peter Kiss12,

Jozsef Farkas2,12, Dora Reglodi12 & Seiji Shioda13

Dry eye syndrome is caused by a reduction in the volume or quality of tears. Here, we show

that pituitary adenylate cyclase-activating polypeptide (PACAP)-null mice develop dry

eye-like symptoms such as corneal keratinization and tear reduction. PACAP

immunoreactivity is co-localized with a neuronal marker, and PACAP receptor (PAC1-R)

immunoreactivity is observed in mouse infraorbital lacrimal gland acinar cells. PACAP eye

drops stimulate tear secretion and increase cAMP and phosphorylated (p)-protein kinase A

levels in the infraorbital lacrimal glands that could be inhibited by pre-treatment with a

PAC1-R antagonist or an adenylate cyclase inhibitor. Moreover, these eye drops suppress

corneal keratinization in PACAP-null mice. PACAP eye drops increase aquaporin 5 (AQP5)

levels in the membrane and pAQP5 levels in the infraorbital lacrimal glands. AQP5 siRNA

treatment of the infraorbital lacrimal gland attenuates PACAP-induced tear secretion. Based

on these results, PACAP might be clinically useful to treat dry eye disorder.
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D
ry eye syndrome, also known as keratoconjunctivitis sicca,
is a common eye disease caused by a reduction in the
volume or quality of tears. Tear components are

secreted from the main lacrimal gland, accessory lacrimal gland
(Krause and Wolfring glands), meibomian gland, and the corneal
and conjunctival epithelia in humans. A thin layer of tear film
containing water, lipid electrolytes and B10 mg ml� 1 protein
comprising different tear proteins, covers the ocular surface,
thereby maintaining and protecting the eye. The major categories
of dry eye are the aqueous tear-deficient type, in which the
lacrimal glands fail to produce enough of the watery component
of tears to maintain a tear film, and the evaporative type, in which
impaired lipid secretion from the meibomian glands destabilizes
the tear film1. Dry eye syndrome correlates with old age and
affects females to a larger degree2. The number of patients
diagnosed with the condition has increased in recent years,
which could be due to the popularity of video display use
(computer vision syndrome) or the wearing of contact lenses3,4.
The orthodox strategy for the treatment of dry eye syndrome is
symptomatic therapy, such as tear replacement using artificial
tears. Although artificial tears provide temporary symptomatic
relief, they do not address the underlying pathophysiology of dry
eye syndrome, and the outcome is not always satisfactory5.

Pituitary adenylate cyclase-activating polypeptide (PACAP;
encoded by the gene Adcyap1), which exists in 27- or 38-amino-
acid isoforms, was originally discovered in extracts of ovine
hypothalamus6,7. The amino-acid sequence of PACAP—a
member of the vasoactive intestinal polypeptide (VIP)/secretin/
growth hormone-releasing hormone family of peptides—shows a
68% sequence homology with VIP. PACAP and VIP share three
different receptors: the VPAC1 and VPAC2 receptors (VPAC1-R
and VPAC2-R; gene names: Vipr1 and Vipr2) and the PAC1-
receptor (PAC1-R; encoded by the gene: Adcyap1r1) with
different splice variants8,9. The affinity of PAC1-R for PACAP
is more than 1,000 times higher than its affinity for VIP,
indicating that PAC1-R is a relatively selective receptor for
PACAP (ref. 10). The amino-acid sequences of PACAP27 and
PACAP38 are highly conserved among mammals, and those of
mouse and human are identical. PACAP is distributed mainly in
the central nervous system, but it is also detected in the testis,
adrenal gland, digestive tract and other peripheral organs10. The
amino-acid sequence of PAC1-R is conserved with a 96.6%
homology between mouse and human. Adcyap1r1 mRNA is
widely detected in the central nervous system and peripheral
organs, including the adrenal gland, testis, anterior pituitary
gland, pancreas and placenta10.

PACAP is a multi-functional peptide that can act as a
neurotrophic factor, neuroprotectant, neurotransmitter, immuno-
modulator and vasodilator10–13. During the past 10 years, PACAP-
null (Adcyap1� /� ) mice have been generated by several
laboratories and their phenotypes have been analysed14–16.
Recently, we observed that corneal keratinization, associated with
a decreased tear volume, frequently occurs in Adcyap1� /� mice. It
has been reported that PACAP immunopositive nerve fibres were
observed in cat lacrimal gland17, but PACAP and PACAP receptor
expression and function in lacrimal glands has not been well
studied to date. To address this interesting finding, we investigate
the effects and underlying mechanism of action of PACAP on
lacrimal gland tear secretion in PACAP-null mice, as well as in
mice treated with topical eye drops.

Results
Dry eye-like signs in the Adcyap1� /� mouse. During the
routine housing of Adcyap1� /� mice in our animal facility, we
unexpectedly discovered that some mice exhibited cloudiness of

the cornea (Fig. 1a). The ocular surface appeared white and
sandy, and blood vessels could be seen in the cornea (Fig. 1b).
Based on fluorescein staining, which is commonly used to
visualize corneal injury, strong fluorescence was observed in the
central part of the cornea in these mice (Fig. 1c). On examination
of this pathology, we discovered that the corneal epithelial cells
were hypertrophied and the surface was keratinized (Fig. 1d). To
quantify the degree of corneal keratinization, corneas were
classified into four grades with the aid of a dissecting microscope
(from Grade 0, denoting normal, to Grade 3 signifying
hypertrophy of the surface and keratinization, as shown in
Supplementary Fig. 1). Wild-type and Adcyapþ /� male mice
over the age of 20 weeks had normal corneas, whereas about 40%
of Adcyap1� /� male mice over 30 weeks of age had Grade 3
corneas (Fig. 1e). In female mice, all groups showed a higher
frequency of keratinization than that observed in male mice
(Fig. 1f). In female Adcyap1� /� mice, the percentage of animals
showing corneal keratinization was o20% in animals younger
than 10 weeks of age, but increased with age to 90% of animals
over 30 weeks of age (Fig. 1f). These data indicate that corneal
keratinization frequently occurs in older Adcyap1� /� mice, and
particularly in female animals.

Because keratinization is a common feature of dry eye disorder,
we postulated that the corneal keratinization was caused by a
reduction in tear fluid or quality. To test this, the tear secretion
level in Adcyap1� /� mice was measured using the cotton thread
method. As expected, tear secretion levels of male and female
Adcyap1� /� mice were reduced compared with those of
wild-type mice aged 10 weeks or younger (Fig. 1g,h). The tear
volume in eyes with corneal keratinization was significantly
reduced compared with that of Grade 0 eyes (Fig. 1i,j), while the
tear volume and the corneal grade were weakly though
significantly inversely correlated (r¼ � 0.242, P¼ 0.007, two-
tailed Spearman’s correlation test). On histological examination,
the infraorbital lacrimal gland, conjunctiva and corneal neural
network of Adcyap1� /� mice were found to be morphologically
normal (Supplementary Fig. 2a–c). Taken together, these
observations suggest that Adcyap1� /� mice exhibit a dry eye-
like phenotype with a reduction in tear volume and corneal
damage, despite the structure of the infraorbital lacrimal gland,
conjunctiva and neural network of the cornea remaining normal.

Distribution and function of PACAP in the lacrimal gland.
Based on the above data, we hypothesized that the PACAP/PAC1-R
system was associated with altered tear secretion by the lacrimal
gland, the major source of tear secretion. To test this, we first
examined PACAP/PAC1-R expression and distribution in the
mouse infraorbital lacrimal gland. Using the RT-PCR method,
Adcyap1 and Adcyap1r1 mRNAs were detected in gland extracts,
producing a signal with the same band size as that obtained from an
eye ball sample that was used as a positive control (Fig. 2a). PACAP
immunoreactivity was observed around acinar cells, and co-localized
with immunoreactivity for the neuronal marker NeuN (Fig. 2b,c),
and the parasympathetic neuronal marker choline acetyltransferase
(ChAT) (Fig. 2d). The PACAP antibody recognized PACAP38 but
not VIP (Supplementary Fig. 3a). PAC1-R immunoreactivity was
observed on the basal side of acinar cells and ducts, but did not
co-localize with smooth muscle actin as a myoepithelial cell marker
(Fig. 2e,f). The PACAP and PAC1-R immunoreactivities were
abolished by pre-absorption of the antibody with antigen
(Supplementary Fig. 3b,c). PACAP38 was detected in wild-type, but
not Adcyap1� /� mouse tears by matrix-assisted laser desorption/
ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS),
and nanospray desorption electrospray ionization (nano-DESI)
Orbitrap MS/MS (Supplementary Figs 4 and 5).
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To investigate the function of PACAP in the lacrimal gland,
PACAP38 was delivered in the form of eye drops to wild-type
mice, and the level of tear secretion was measured using the
cotton thread method (Fig. 3a). Eye drops containing 10� 10

to 10� 8 M PACAP38 significantly increased tear secretion from
15 to 45 min after treatment, with levels returning to baseline by
120 min (Fig. 3b). The basal tear secretion level and PACAP-
induced tear secretion level did not differ significantly between
males and females (Supplementary Fig. 6). PACAP27-containing
eye drops also stimulated lacrimation, whereas the structurally
related peptide VIP did not (Fig. 3c,d). Given that it has been
reported that PACAP38, rather than PACAP27, is predominantly
expressed in mammalian tissues10, PACAP38 was used in
the following experiments. When PACAP was administered
unilaterally, tear secretion was only induced on the
PACAP-treated side (Supplementary Fig. 7). When corneas
were pre-treated with the topical anaesthetic Benoxil to
suppress the corneal reflex, the basal lacrimation level
decreased, but PACAP still elicited a significant increase in tear

secretion (Supplementary Fig. 8). PACAP can thus induce tear
secretion under topical anaesthesia, showing that it has a direct
effect on the infraorbital lacrimal gland in the absence of the
corneal/conjunctival reflex. Moreover, when the acute to
semi-acute toxicological effect of PACAP38 (10� 7 M) eye
drops was evaluated at a concentration 1,000 times higher than
an effective dose of PACAP38 (10� 10 M) 48 h after the eye drop
treatment, no morphological changes were observed in the
corneas or in the infraorbital lacrimal glands (Supplementary
Fig. 9). In addition, we examined the effect of PACAP on
angiogenesis in vitro using human endothelial cells and
fibroblasts in co-culture systems. No changes were observed in
either the PACAP38 or PACAP6–38 (a PAC1-R and VPAC2-R
antagonist)-treated groups (Supplementary Fig. 10). These data
suggest that PACAP eye drops act locally to stimulate lacrimation
without causing acute to semi-acute toxicity or eliciting a corneal
reflex. Mice have two lacrimal glands (the infraorbital and
exorbital glands) (Supplementary Fig. 11a), both of which were
found to express PAC1-R and VPAC1-R (Supplementary
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Figure 1 | Corneal keratinization and reduction of tear volume in Adcyap1� /� mice. (a–d) Low- and high-power images of the corneal surface showing

pathological changes. Scale bars, 10 mm in a, 2 mm in b and c, and 50mm in d. (e,f) Scoring of corneal keratinization in wild-type, Adcyap1þ /� and

Adcyap1� /� mice as described in Supplementary Fig. 1. The classification was evaluated on both sides, and the highest grade was used for the grading of

male (e) and female (f) mice at different ages. (g,h) Tear volume measured with the cotton thread method in wild-type, Adcyap1þ /� and Adcyap1� /�

mice at different ages. The total wet cotton thread length from both eyes is shown for male (g) and female (h) mice. *Po0.05, **Po0.01 versus wild-type

mice. (i,j) Relationship between the wet cotton thread length and the corneal grade in female Adcyap1� /� mice. The dot plot graph shows the wet

thread length for each eye of each grade expressed in terms of the mean±s.e. value (i). *Po0.05 versus Grade 0. The bar graph (j) shows the wet thread

length of Grade 0 and Grades 1–3, based on the data in Fig. 1i.
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Fig. 11b). Although PACAP still significantly stimulated
lacrimation in a mouse model in which the exorbital lacrimal
gland had been removed, it could not stimulate tear secretion in a
second model in which both lacrimal glands had been removed
(Fig. 3e,f). These findings indicate that the target organ
for PACAP administered in an eye drop formulation is the
infraorbital lacrimal gland.

We next examined the signalling cascade associated with
PACAP-induced lacrimation. Pre-treatment with PACAP6–38
significantly suppressed PACAP-induced tear secretion (Fig. 3g),
whereas VIP6–28 (a VPAC1-R and VPAC2-R antagonist) did not
suppress tear secretion (Fig. 3h). Moreover, a single drop of
PACAP6–38 (10� 8 M) to the ocular surface reduced the level of
normal lacrimation at the 15 and 60 min time points post-
administration (Fig. 3g). The intravenous infusion of PACAP also
increased tear secretion in a manner that could be inhibited by
co-treatment with PACAP6–38 (Supplementary Fig. 12). These
results indicate that PACAP eye drops stimulate lacrimation via
an action on PAC1-R.

PACAP eye drops to Adcyap1� /� mice. We also used PACAP-
containing eye drops on Adcyap1� /� mice. PACAP38 (10� 10 M)
drops increased tear secretion in these mice as well as in their wild-
type counterparts, suggesting that PACAP transiently restores tear
secretion in Adcyap1� /� mice (Fig. 4a). We subsequently tested
the effects of repeated administration of PACAP38 on the eyes of
Adcyap1� /� mice (one eye treated with PACAP38, the other with
saline) with a view to preventing corneal keratinization. After 3
weeks of treatment, the injury score had increased in saline-treated
eyes, but was still at the pre-treatment level in PACAP-treated eyes
(Fig. 4b,c). Angiogenesis and ocular hyperaemia were not observed
in PACAP-treated eyes (Fig. 4b).

Signalling associated with PACAP-induced tear secretion. To
determine the pathway related to PACAP-induced tear secretion,
we next investigated the signalling pathways downstream of
PAC1-R, focusing on the adenylate cyclase (AC)-cAMP-depen-
dent pathway. As determined by ELISA, the cAMP level in mouse
infraorbital lacrimal glands was increased at 15 min and peaked
30 min after the application of PACAP38-containing eye drops
(Fig. 5a). The signal for phosphorylated (p) protein kinase A
(PKA), a cAMP-dependent protein kinase, was significantly
increased at 30 min (Fig. 5b), while pre-treatment with the AC

inhibitor SQ22536 or with PACAP6–38 7.5 min before the
administration of PACAP eye drops significantly suppressed
the PACAP-induced phosphorylation of PKA (Fig. 5c). Pre-
treatment with the AC inhibitor dramatically suppressed
PACAP-induced tear secretion (Fig. 5d).

Aquaporin expression in wild-type and Adcyap1� /� mice. The
aquaporins (AQPs) are a family of water channel proteins that are
expressed in numerous tissues and organs, with expression of the
AQP4 and AQP5 subtypes being reported in the lacrimal gland18.
To evaluate the relationship between PACAP-induced tear
secretion and AQPs, we examined AQP4 and AQP5
immunoreactivities in the infraorbital lacrimal gland in wild-type
and Adcyap1� /� mice. AQP5 immunoreactivity was identified on
the apical side of acinar cells in wild-type mice, but only weak
immunoreactivity was observed in these cells in Adcyap1� /� mice
(Fig. 6a). AQP4 immunoreactivity was observed on the basal side
of acinar cells in both wild-type and Adcyap1� /� mice, without
any obvious difference between the two (Fig. 6a). The specificity of
the AQP4 and AQP5 immunoreactivities was confirmed using an
antigen pre-absorption test for AQP5 antibody or comparison with
a primary antibody-free (AQP4 antibody) negative control
(Supplementary Fig. 3d,e). On immunoblotting, the AQP5 signal
was found to be significantly lower in the infraorbital
lacrimal glands of Adcyap1� /� mice than in those of wild-type
animals, but the AQP4 signal was almost the same in both cases
(Fig. 6b).

The trafficking of AQP5 protein from the cytosol to the
membrane contributes to increased water permeability19. After
fractionation and immunoblotting, the AQP5 signal in the
membrane fraction was significantly lower in Adcyap1� /�

mice than in wild-type mice, but was not significantly different
in the cytosolic fraction (Fig. 6c). In contrast, the APQ4 signals in
the cytosolic and membrane fractions were similar for the two
groups (Fig. 6c).

AQP5 expression and distribution after PACAP eye drops. The
phosphorylation of AQP5 has been postulated to initiate its
trafficking to the membrane20,21. On this basis, the cellular
localization and degree of phosphorylation of AQP5 was
evaluated in PACAP-treated infraorbital lacrimal glands. Thirty
minutes after treatment with 10� 10 M PACAP, AQP5
immunoreactivity on the apical side of acinar cells was greater
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than that in the saline-treated, SQ22536-pre-treated or PACAP6–
38-pre-treated groups (Fig. 7a,b). The AQP5 levels in the
total lysates of the infraorbital lacrimal gland extracts
showed no difference between the groups at 30 min (Fig. 7c).
However, the AQP5 signal in infraorbital lacrimal gland extracts
immunoprecipitated with a pan-phospho antibody was clearly
detectable in the PACAP-treated group, but was less obvious

in the other groups (Fig. 7c). An AQP4 signal was not detected
in the sample immunoprecipitated with the pan-phospho
antibody (Supplementary Fig. 13). The AQP5 signals in the
membrane fractions were increased 30 min after treatment
with PACAP compared with the other groups (Fig. 7d,e). To
elucidate the contribution of AQP5 to PACAP-induced
tear secretion, an AQP5 gene-silencing experiment was
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designed (Fig. 8a). When infraorbital lacrimal glands were
treated with AQP5 siRNAs, the Aqp5 mRNA level was
significantly decreased by about 70%, whereas the Aqp4 mRNA
level remained almost the same 24 h after the siRNA
treatment compared with the control group (Fig. 8b,c). AQP5
siRNA treatment reduced AQP5 immunoreactivity in the
infraorbital lacrimal glands, but not AQP4 immunoreactivity
(Fig. 8d). The AQP5 siRNA treatment significantly decreased
the basal level of tear secretion, and PACAP-induced
tear secretion was attenuated 24 h after the siRNA treatment
(Fig. 8e).

Taken together, these findings suggest an underlying mechan-
ism whereby PACAP and its receptor are expressed in mouse
infraorbital lacrimal glands. PACAP stimulates tear secretion via
an AC/cAMP/PKA cascade, which in turn stimulates AQP5
translocation from the cytosol to the membrane of lacrimal acinar
cells to bring about an increase in water permeability (Fig. 8f).

Discussion
Dry eye syndrome is more common in women than in men,
particularly in older patients2. This study has made use of the
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discovery of a new Adcyap1� /� mouse phenotype, namely the
manifestation of corneal keratinization, which was particularly
apparent in female mice as a function of age, the overall
implication being that Adcyap1� /� mice manifest dry eye-like
signs. The tear-secreting response to PACAP eye drops and the
basal level of tear secretion were, nevertheless, similar between
male and female wild-type mice (Supplementary Fig. 6). It has
been suggested that the sex difference in dry eye syndrome in
humans is due to the influence of female sex hormone levels22.
Given that female Adcyap1� /� mice exhibit decreased serum
progesterone levels23, dry eye-like symptoms in these animals
may be due to an imbalance in their sex hormone levels.

Animal models that mimic dry eye disorder have been
established by several groups24,25. One type of dry eye is the
aqueous-deficient model, which mimics the dry eye symptoms
caused by autoimmune diseases such as Sjögren’s syndrome,
removal or irradiation of the lacrimal gland, or neuronal pathway
dysfunction. Another type is the evaporative dry eye model, as
seen with meibomian gland dysfunction, environmental stress
such as exposure to a dry environment, and pharmaceutically
induced tear film instability caused by a decrease in oil or mucin
secretion in the tears as evidenced by dry eye symptoms1.
However, a dry eye model arising from a specific endocrine
imbalance has not been reported to date. We have shown
that Adcyap1� /� mice exhibit (1) reduced lacrimation
when left untreated, (2) increased lacrimation upon PACAP
administration and (3) a morphologically normal lacrimal gland.
These findings suggest that the impairment of lacrimal
secretion in Adcyap1� /� mice results from lacrimal gland
dysfunction rather than developmental or structural

abnormalities. Moreover, Adcyap1� /� mice spontaneously
develop corneal keratinization with aging, implying that this
mouse phenotype could serve as a novel non-Sjögren’s type
aqueous-deficient dry eye model arising from lacrimal gland
dysfunction.

AQP family genes and proteins are expressed in the eye and its
accessory organs26,27. It has been reported that AQP5
immunoreactivity is markedly decreased in the lacrimal acinar
cells of people with Sjögren’s syndrome, a chronic autoimmune
disorder with impairment of the moisture-producing glands28.
The reduced expression of AQP5 suggests that this protein may
be related to the decrease in tear secretion in this disease. On the
other hand, Verkman’s group reported that AQP5 KO mice do
not exhibit an altered tear volume29. However, the same group
recently published data showing that the Naþ content of tears
from AQP5 KO mice is significantly higher than that of wild-type
mice30, suggesting that the ion concentration in AQP5 KO mouse
tears is elevated due to decreased water secretion into the
tear fluid. In our study, AQP5 gene silencing-attenuated
PACAP-induced tear secretion, as well as the basal level of tear
secretion. Taken together, we propose that AQP5 is associated
with water secretion into the tear.

It has been reported that the activation of cAMP/PKA can
induce the translocation of AQP5 from the cytosol to the
apical membrane31,32. Moreover, X-ray analysis of the
structure of human AQP5 has revealed that phosphorylation at
the C-terminal is required for the conformational change
for trafficking21. Although the relationship between membrane
trafficking and phosphorylation of AQP5 is not yet fully
understood, in the case of AQP2, the closest paralog of AQP5,
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a key event for membrane trafficking is the phosphorylation of a
C-terminal site by PKA (refs 33,34). Here, we demonstrate that
PACAP eye drops induce an elevation of cAMP, pPKA and
pAQP5 levels and membrane trafficking of AQP5 in the mouse
infraorbital lacrimal gland, suggesting that PACAP is a regulator
of AQP5 trafficking in this gland.

Gilbard and collaborators reported that topical administration
of a cAMP inducer such as VIP stimulates tear secretion in a
rabbit model of keratoconjuctivitis sicca35 and in patients with
dry eye disease36. However, they did not further study the nature
of the target organ, or how reagents stimulate tear secretion. Here,
we have demonstrated that PACAP stimulates tear secretion from
the infraorbital lacrimal gland via a PAC1-R/cAMP/PKA/AQP5
cascade. Moreover, PACAP had a much greater effect on tear
secretion than VIP. It should be noted that the Gilbard study used
a high concentration of VIP (2� 10� 6 M) as eye drops in their
rabbit model, whereas we used 10� 10 M and 10� 8 M, the same
as our effective doses of PACAP in mice. We also found that
PAC1-R is the main receptor for PACAP-induced tear secretion.
The affinity of PACAP for PAC1-R is 1,000 times higher than
that of VIP, implying that the higher concentration of VIP may
be able to stimulate tear secretion via PAC1-R. Taken together,
these results suggest that cAMP signalling is an important step for
tear secretion, and that PACAP is an endogenous tear regulator in
the lacrimal gland, with much greater potential than VIP to
stimulate lacrimation.

Tear fluid includes several antibacterial proteins, growth
factors and secretary mucin for corneal maintenance37,38. As it
has been reported that systemic infusion of PACAP alters the
composition of tears, especially the keratin family of proteins in
rats39, PACAP may regulate tear protein secretion as well as tear
fluid secretion. It is also well known that tear secretion is
important for corneal healing40, and for this reason we postulated
that a reduction in tear fluid would be an important factor
underlying corneal keratinization in the Adcyap1� /� mouse,
and that PACAP could protect the corneal surface by stimulating
tear secretion. Moreover, we used MALDI-TOF MS and
nano-DESI MS/MS to identify the presence of PACAP in
mouse tear fluid, a finding that may imply that PACAP is
secreted from the lacrimal gland into the tear fluid, thereby
directly affecting the cornea. However, it remains questionable
from which tissues in tear fluid PACAP is derived. The PACAP
could be coming from corneal and conjunctival nerve endings
released by dromic (parasympathetic or sympathetic nerves) or
anti-dromic (sensory nerves) stimulation, conjunctival goblet cells
or stratified squamous cells, or the meibomian glands. If the
corneal keratinization in Adcyap1� /� mice is due to evaporative
water loss caused by a reduced volume of tears, it could be
postulated that lid closure (for example, reversible closure, using
cyanoacrylate glue) in Adcyap1� /� mice would inhibit the
development of this phenotype. Future studies will be needed to
clarify the source of PACAP in tear fluid and the corneal healing
effects of PACAP.

Although our findings indicate the potential of PACAP as a
stimulator of tear production in mice, there are still problems that
would need to be resolved in relation to drug development. First,
the human and mouse lacrimal apparatuses are structurally
different. In mice, the exorbital lacrimal glands are located near
the ear on the lateral side of the skull, and connect with the
excretory ducts into the eyelid. The infraorbital lacrimal glands
and the lipid-secreting Harderian glands are found in the orbit of
the eye. In humans, one main lacrimal gland is located in the
lacrimal fossa of each orbit next to the eye ball; this connects with
excretory ducts in the upper fornix. However, over 50 accessory
lacrimal glands are scattered over the inner surfaces of the lower
and upper eyelids, and the lipid-secreting meibomian gland is

located in the tarsal plate of the upper and lower eyelids41.
We anticipate that PACAP eye drops will not reach the main
lacrimal gland in humans because of its location, making the
target of PACAP the accessory lacrimal glands. However, it is still
an open question whether PACAP only affects the lacrimal gland,
or whether the corneal and conjunctival epithelia, and the
intraorbital lipid-secreting gland are also involved. In any future
clinical trials of PACAP on dry eye patients, it will be important
to clarify the expression of PACAP and PACAP receptors in
tear-secreting tissue, including the lacrimal glands, as well as the
effect and target of PACAP eye drops in humans. Moreover, we
showed that PACAP eye drops did not cause any adverse reaction
in acute to semi-acute phase at a concentration of 10� 7 M
(Supplementary Fig. 9), or in chronic eye drop treatment at a
concentration of 10� 10 M for 3 weeks in Adcyap1� /� mice
(Fig. 4). However, these toxicological evaluations may not be
sufficient for safety trials of PACAP eye drops to proceed on
healthy volunteers. Further suitable toxicological tests will be
required before a clinical trial.

In this study, PACAP38 eye drops at the lower dose of 10� 10

M stimulated mouse lacrimation for o1 h. Even if the effects of
PACAP are similar in mice and humans, this short period
of action would pose a problem in a clinical setting. We believe
that the short-acting effect of PACAP in our study was due to
the PACAP eye drops being washed from the ocular surface
by lacrimation. One solution could be to formulate an ointment
to provide sustained release. However, low doses of bioactive
peptides have both advantages and disadvantages in terms of drug
development. A low dose of peptide-based medicine offers
good efficacy, safety and high selectivity and potency. In contrast,
there are issues in relation to instability, short half-life and
rapid elimination42. These problems would need to be overcome
if PACAP were to be developed as an effective stimulator of
lacrimation.

In conclusion, our results highlight a new function of PACAP
as a stimulator of tear production initiated via the PAC1-R/AC/
cAMP/PKA/AQP5 cascade. We found that PACAP eye drops
induce tear secretion and suppress the progression of corneal
keratinization in Adcyap1� /� mice. Topical administration of
cyclosporine has been developed for dry eye patients to provide
an anti-inflammatory effect; however, eye drops focusing on
tear-stimulating mechanisms are still in the developmental stage.
The findings from our work are encouraging and should provide
the impetus for further preclinical and clinical studies on the
efficacy of PACAP eye drops to treat dry eye patients.

Methods
Animals. All experimental procedures involving animals were approved by the
Institutional Animal Care and Use Committee of Showa University (08116, 09110,
50021, 51033, 510043, 52007, 52013, 53020, 53025). The Adcyap1� /� mice on the
C57BL/6 background were established by Dr Akemichi Baba15 and were bred and
maintained under specific pathogen-free conditions in the animal facility of Showa
University. Animals were housed in a facility with a 12-h/12-h light/dark cycle and
were given free access to water and standard rodent chow. Eight to twelve weeks
old mice were used, excepting Figs 1 and 4, and Supplementary Figs 1 and 2 with 8
to over 30 weeks old mice. In this study, both male and female mice were used as
described in the figure legends.

Evaluation of corneal scoring. Keratinization of the cornea was classified into
four grades (Grades 0–3) by visual observation under a dissecting microscope as
follows: Grade 0 (normal)¼ no observable abnormality; Grade 1¼ clouded cornea;
Grade 2¼ angiogenesis; and Grade 3¼ hypertrophy of the corneal epithelium as
shown in Supplementary Fig. 1a–d. The evaluation of corneal score was performed
in a blinded fashion. The corneal keratinization of wild-type, Adcyap1þ /� , and
Adcyap1� /� mice was evaluated on both sides, and the higher grade was used for
the grading of the animals in Fig. 1e,f.

Corneal fluorescein staining. Corneal injuries were visualized with fluorescein
staining. Adcyap1� /� and wild-type mice were anaesthetized with an
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intraperitoneal (i.p.) injection of pentobarbital, and 2 ml of fluorescein solution
(1mg ml� 1) dissolved in saline were dropped on the cornea. After letting the animal
blink five times, excess drops were wiped off with a cotton swab. Photographs were
taken with a digital camera (CAMEDIA C5050, Olympus, Tokyo, Japan) connected
to a stereoscopic microscope.

PACAP-containing eye drops and cotton thread tear test. The rate of lacrimal
secretion was determined with the cotton thread test using standardized phenol
red-impregnated cotton threads (Zone-Quick; Menicon Co. Ltd, Nagoya, Japan).
Mice were anaesthetized with an i.p. injection of pentobarbital to suppress
autonomic nervous system reflexes that could have affected tear secretion. The
basal level of tear secretion was evaluated by insertion of the thread under the lower
eyelid for 30 s, after which the bilateral length of the colour-changed thread that
had absorbed the tear fluid was measured in millimeters. The test solution,
PACAP38 (10� 6–10� 12 M (Peptide Institute, Osaka, Japan), PACAP27
(10� 10 M, Peptide Institute), VIP (10� 8 M or 10� 10 M, Peptide Institute) or
saline was then applied to both ocular surfaces. The mice were forced to blink their
eyes five times, and their eyes were then kept closed during all subsequent steps to
prevent drying of the surface of the cornea.

Excess drops were wiped off with a swab 7.5 min after application of the eye
drops, and tear secretion was checked at 15-min intervals from 15 to 120 min after
the eye drops had been administered. At each measurement time, the thread was
kept on the lower conjunctival sac of each eye for 30 s. The tear volume in the no eye
drop study (Fig. 1; Supplementary Fig. 12) was performed without anaesthesia. The
total length of wet cotton thread was measured for both sides (Figs 1d,e, 3, 4 and 5;;
Supplementary Figs 8 and 12), and in other specific experiments (Figs 1f,g and 8;
Supplementary Fig. 7), the length was evaluated on each side. The PACAP receptor
antagonist PACAP6–38 (Peptide Institute), VIP receptor antagonist VIP6–28
(Sigma, St Louis, MO, USA), adenylate cyclase inhibitor SQ22536 (Sigma-Aldrich)
or topical anaesthetic 0.4% oxybuprocaine hydrochloride (Benoxil; Santen
Pharmaceutical Co., Ltd., Osaka, Japan) was applied 7.5 min before the
administration of eye drops containing 10� 10 M PACAP38 or saline. When Benoxil
was pre-administered, the loss of the corneal reflex was confirmed by stimulating the
corneal surface with a blunt plastic tip before PACAP or saline treatment.

Histology. Adult C57BL/6 mice (Charles River Japan, Kanagawa, Japan) were
anaesthetized with sodium pentobarbital (50 mg kg� 1, i.p.) and perfused with
phosphate-buffered saline (PBS) followed by 2% paraformaldehyde in PBS.
Immediately afterwards, the infraorbital lacrimal glands were removed and fixed in
the same fixative for 24 h at 4 �C. Fixed tissues were embedded in paraffin for
histopathological studies with hematoxylin and eosin staining, or frozen sections
were used for double-labelling immunofluorescence staining.

Toxicology of the PACAP eye drops. In acute to semi-acute toxicology experi-
ments, 2ml of 10� 7 M PACAP or saline were applied as eye drops, and the eye ball
and accessory organs of treated animals were fixed with formaldehyde 48 h later. The
acute to semi-acute toxicological effects of PACAP on the cornea and infraorbital
lacrimal gland were evaluated based on hematoxylin and eosin staining.

Double-labelling immunofluorescent staining. The following primary antibodies
were used according to standard protocols43. Eight-mm-thick frozen sections were
blocked in 5% normal horse serum for 1 h and incubated overnight at 4 �C in
mixtures of the following primary antibodies: rabbit anti-PACAP antibody (1:2000;
Peninsula Laboratories, Inc., Belmont, CA, USA), rabbit anti- PAC1-R antibody
(1:200; raised by using the N-terminal residue as an antigen44), mouse anti-smooth
muscle actin antibody (1:200; R&D Systems, Inc. Minneapolis, MN, USA), mouse
anti-NeuN antibody (1:1000; Millipore, Billerica, MA, USA), goat anti-ChAT
antibody (1:100; Millipore), rabbit anti-AQP4 antibody (1:250; Millipore) and
rabbit anti-AQP5 antibody (1:100; Millipore). Immunoreactivity was detected
using an Alexa 488- or 546-labelled goat anti-mouse IgG, goat anti-rabbit IgG or
donkey anti-goat IgG antibodies (1:800; Invitrogen) following a 90-min incubation
at room temperature. After washing with PBS, the sections were incubated for
5 min with 4’,6-diamidine-2-phenylindole dihydrochloride (DAPI, 1:10,000; Roche
Diagnostics, Indianapolis, IN, USA) to stain cell nuclei. Labelling was imaged with
a fluorescence microscope (Axio Imager Z1 with Apotome, Carl Zeiss,
Oberkochen, Germany). In the antigen absorption test, PACAP, PAC1-R or AQP5
antibody solution was incubated with a final concentration of 1 mM of antigens in
5% normal horse serum in PBS overnight at 4 �C. After centrifugation at 10,000g
for 20 min, the supernatant was used instead of the primary antibody.

Reverse transcriptase PCR. Total RNA was isolated from mouse infraorbital
lacrimal glands with an RNAeasy kit (Qiagen, Hilden, Germany). Reverse tran-
scription was performed with random primers. Mouse Adcyap1 primers, forward;
50-ATG ACC ATG TGT AGC GGA GCA AGG CTG G-30 , reverse; 50-CTA CAA
GTA TGC TAT TCG GCG TCC-30 (product size 525 bp), and mouse Adcyap1r1
primers, forward; 50-CCT GTC GGT GAA GGC CCT CTA CAC A-30 , reverse;
50- CCC AGC CCA AGC TCA AAC ACA AGT C-30 (798–801 bp product for the
hip or hop form, and 717 bp product for the short form), mouse Vpacr1 primers,

forward; 50- GTA TGG ATG AGC AGC AAC AGA CTG-30 , reverse; 50- TTG ATG
ATG GTG TCC CAG CAC-30 (product size 487 bp), mouse Vpacr2 primers,
forward; 50-CAT CTC TGT GCT GGT CAA GGA C-30 , reverse; 50- CGC CAT
CTT CTT TTC AGT TCA C-30 (product size 654 bp), mouse Gapdh primers,
forward; 50- GCC AAG GTC ATC CAT GAC AAC-30, reverse; 50-GTC CAC CAC
CCT GTT GCT GTA-30 (product size 498 bp), and mouse Actb primers, forward;
50-GTG GGC CGC TCT AGG CAC CAA-30 , reverse; 50-CTC TTT GAT GTC
ACG CAC GAT TTC-30 (product size 540 bp) were mixed with the EX taq kit
(TAKARA Bio, Otsu, Japan) with the PCR conditions of penetration for 15 s at
95 �C, annealing at 50 �C for 30 s, elongation at 72 �C for 1 min with a final
extension at 72 �C for 10 min. The PCR products were separated by gel
electrophoresis on an agarose gel and visualized with an illuminometer. Image of
the gel have been cropped for presentation. The uncropped images in Fig. 2a are
shown in Supplementary Fig. 14.

Real-time PCR. RNA isolation was followed by the reverse transcriptase PCR
method. Reverse transcription into complementary DNA was achieved using the
reagents and protocol of the PrimeScript RT reagent kit (TaKaRa BIO, Kyoto, Japan).
The PCR primer set was as follows: mouse Aqp4 primers, forward; 50-CTT TCT
GGA AGG CAG TCT CAG-30 , reverse; 50-CCA CAC CGA GCA AAA CAA AGA
T-30, mouse Aqp5 primers, forward; 50-GGG TAA CCT GGC CGT CAA TG-30 ,
reverse; 50-TGA CCG ACA AGC CAA TGG ATA A-30 , and mouse Gapdh primers,
forward; 50-TGT GTC CGT CGT GGA TCT GA-30, reverse; 50-TTG CTG TTG
AAG TCG CAG GAG-30. Real-time PCR was performed using SYBR Premix Ex Taq
II reagent (TaKaRa BIO Inc.) and an ABI PRISM 7900 instrument (Applied
Biosystems, Lincoln, CA, USA). Relative gene expression was calculated using the
comparative delta Ct method with the Ct values of the housekeeping gene, Gapdh.
mRNA levels were normalized, with the percentage for control groups taken as 100%.

Repeated eye drop study. Adcyap1� /� female mice were given eye drops
containing 10� 10 M PACAP or saline, 2 ml per eye (unilaterally), 2 times per day,
6 days per week for 3 weeks. We selected 18 female Adcyap1� /� mice based on
similar average pre-treatment corneal keratinization scores on both sides. The
scoring method was the same as the previous evaluation for each side separately.

cAMP enzyme immunoassay. Enzyme-linked immunoassays for cAMP were
performed using a cAMP enzyme immunoassay (EIA) kit (Cayman Chemicals,
Grand Rapids, MI, USA) following the manufacturer’s instructions. In brief,
C57/BL6 mice were anaesthetized, and 2 ml of 10� 10 M PACAP was applied to
both ocular surfaces. Both infraorbital lacrimal glands were removed at 0, 7.5, 15 or
30 min after the application of the eye drops (n¼ 8). They were then homogenized
in 200 ml of 5% trifluoroacetic acid on ice. After centrifugation at 1,500g for 10 min,
the lysate was mixed with 1 ml of ether for 10 s. After removal of the ether, the
aqueous layer was acetylated according to the EIA kit manufacturer’s instructions
and used for the EIA assay. The absorption in each well was measured with a plate
reader (POLARstar Omega; BMG LABTECH GmbH, Offenburg, Germany).

Immunoblotting. For western blot analysis, mice were euthanized by decapitation
and their infraorbital lacrimal glands were immediately removed. The infraorbital
lacrimal glands were then homogenized in cold lysis buffer (10 mM Tris-HCl,
0.15 M NaCl and 1% Triton X-100) with a protease inhibitor cocktail (Sigma).
Homogenates were centrifuged at 12,000g for 30 min at 4 �C and the resultant
supernatant was collected as the total cell lysate, which was subsequently diluted
with SDS sample buffer (250 mM Tris-HCl (pH 6.8), 4% SDS, 40% glycerol, 4%
2-mercaptoethanol and 0.002% bromophenol blue) and incubated for 12 h at 4 �C.
This lysate sample (30mg) was electrophoresed on a 7.5% polyacrylamide gel
containing 0.1% SDS at 100 V. The protein bands were then transferred from the
gel to polyvinylidinene fluoride membranes (Bio-Rad Laboratories, Inc. Hercules,
CA, USA) for 3 h at 100 mA. The membrane was initially blocked with 2%
Blockace (Dainihon Pharmaceutics, Osaka, Japan) in Tris- buffered saline with
Tween 20 (TBS-T) for 1 h at room temperature and probed overnight with a mouse
monoclonal antibody for PKA (1:1,000, Cell Signaling Technology, Danvers, MA),
pPKA (1:1,000, Cell Signaling Technology), AQP4 (1:2,000, Millipore), AQP5
(1:4,000, Millipore), GAPDH (1:2,000, Millipore), or pan-cadherin (1:4,000,
Abcam, Cambridge, UK) at 4 �C. After incubation with a sheep anti-mouse IgG
HRP-conjugated antibody (1:2,000; GE Healthcare Bioscience, Little Chalfont, UK)
for 1 h at room temperature, protein bands were revealed using a SuperSignal West
Dura Extended Duration Substrate (Thermo Fisher Scientific Pierce Biotechnology,
Rockford, IL, USA) and exposed onto X-ray Film. Subcellular protein fractionation
(cytosolic and membrane fractions) was performed using the ProteoExtract
Subcellular Proteome Extraction Kit according to the manufacturer’s instructions
(Calbiochem, Hessen, Darmstadt, Germany). The fractions were precipitated using
a ProteoExtract Protein Precipitation Kit (Calbiochem). Precipitated protein was
then dissolved in lysis buffer and the protein content was measured. Equivalent
amounts of proteins (5 mg) for each fraction of subcellular fractionation were used
for immunoblotting. GAPDH and pan-cadherin signals were used as the internal
controls for cytosolic and membrane proteins, respectively. Image of the membrane
have been cropped for presentation. The uncropped images in Figs 5–7 are shown
in Supplementary Fig. 14.
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Immunoprecipitation. All immunoprecipitations were carried out using the
immunoprecipitation kit Catch and Release v2.0 (Millipore) following the
manufacturer’s instructions. In brief, mouse infraorbital lacrimal gland lysate was
obtained 30 min after the application of eye drops. Four-hundred microgram
protein from the cell lysate, 1 mg of a mouse anti-pThy, -pSer, or -pThr
(pan-phospho) IgG antibody (AnaSpec Inc, San Jose, CA, USA) for the capture
antibody or a normal mouse IgG (Millipore) as the control antibody, and 10 ml of
the antibody capture affinity ligand (total 500 ml) were mixed and placed in a Catch
and Release v2.0 spin column containing prepacked immunprecipitation capture
resin. After end-over-end shaking for 16 h at 4 �C, the column was centrifuged,
washed 3 times and then eluted with 70 ml of the elution buffer. The eluent was
analysed by immunoblotting.

Removal of lacrimal glands. Under inhalation anaesthesia with sevoflurane, the
hair from under the ear to the outer canthus of the eyes was shaved, and a 15 mm
incision was made. In the exorbital lacrimal gland removal model, the exorbital
lacrimal gland, which is located under the ear, was exposed and removed. In the
infraorbital and exorbital lacrimal gland removal model, the exorbital lacrimal
gland and the lacrimal duct were first isolated. The infraorbital lacrimal gland was
exposed by pulling the lacrimal duct, after which both lacrimal glands were
removed. The skin was then sutured and the animals were kept warm during their
recovery from anaesthesia. The tear secretion level was checked before and after
surgery.

Semi-quantification of AQP5 immunoreactivity in lacrimal acini. The densities
of AQP5 immunoreactivity in the mouse infraorbital lacrimal gland 30 min after
administration of eye drops containing saline, PACAP38, PACAP38þ SQ22536, or
PACAP38þPACAP6–38 was evaluated. AQP5 immunostaining was performed
following the above method. One hundred pictures of acini from 10 infraorbital
lacrimal glands (10 acinus pictures/lacrimal gland) from five wild-type mice in
each group were cut out with grey scale. Using Image J software (ver. 1.44p), the
average density in the apical membrane, and in four spots of 1 mm2 in the
cytosolic area were measured. The value of the apical membrane density was
determined using the cytosolic density value as background. The quantification
was performed with a blinded test, masking sample data for another person
who used image J.

AQP5 siRNA treatment in vivo. An HPLC grade of non-target negative control
and three types of mouse AQP5 siRNAs (sequence was shown in Supplementary
Table 1) were designed and purchased from BONAC Corporation (Fukuoka,
Japan). Mouse AQP5 siRNAs (10 mM� 3 siRNAs) or negative control siRNA
(30 mM) were mixed with an equal volume of atelogene local use (KOKEN, Tokyo,
Japan) and gently incubated for 1 h at 4 �C. One day after the removal of the
exorbital lacrimal gland, the siRNA was applied to surround the infraorbital
lacrimal gland. AQP5 siRNA and control siRNA were used on opposite sides. The
next day, mice were anaesthetized with pentobarbital, after which PACAP38
(10� 10 M) or saline eye drops were administered. At the 15, 30, 45 and 60 min
time points, the tear secretion level was measured using the cotton thread method.
The infraorbital lacrimal gland was then removed and the AQP4 and AQP5 levels
were checked by real-time PCR and immunostaining.

Whole-cornea immunostaining. After euthanasia, the epithelial layer of the
cornea was scraped off under a stereoscopic microscope. The eye ball was excised,
then fixed in 4% paraformaldehyde for 2 h at room temperature. The cornea was
dissected and washed 3 times with phosphate-buffered saline (PBS), after which it
was incubated with blocking buffer (1% Triton X-100 and 10% normal horse serum
in PBS) for 1 h. The cornea was then incubated with primary antibody
(Neurofilament 200, 1:500, Sigma, St Louis, MO) diluted in blocking buffer for 3
days at 4 �C, washed four times in PBS, and incubated with a secondary antibody
(alexa546-labelled anti-rabbit IgG, 1:500) diluted in the blocking buffer for 4 h at
room temperature. After final washing in PBS, the cornea was mounted surface
side up on a glass slide with aqueous mounting medium. Labelling was imaged with
a fluorescence microscope (Axio Imager Z1 with Apotome, Carl Zeiss,
Oberkochen, Germany).

Dot blotting. PACAP38 or VIP (1 ml of 0.2 to 25 pmolml� 1) was dropped on a
nitrocellulose membrane. After drying, the membrane was washed in Tris buffered
saline with Tween 20 and blocking buffer, followed by immunoblotting as
described above. A primary anti-PACAP antibody (1:4,000; Peninsula Laboratories,
Belmont, CA, USA) was used in the dot blotting study.

MALDI-TOF mass spectrometry of intact PACAP38 in tear samples. Tear
samples were collected from mice by application of sterile filter paper strips (n¼ 5,
Schirmer paper), and PACAP38 was measured using MALDI-TOF mass spectro-
metry. Aqueous solutions of the standard and tear samples were loaded onto the
target plate (MTP 384 massive target T, Bruker Daltonics, Bremen, Germany) by
mixing 1.0 ml of each solution with the same volume of a saturated matrix solution,

prepared fresh every day by dissolving a-cyano-4-hydroxycinnamic acid in
acetonitrile/0.1% trifluoroacetic acid (1/2, v/v). The mass spectrometer used in this
work was an Autoflex II TOF/TOF (Bruker Daltonics) operated in the linear mode.
Ions were accelerated under delayed extraction conditions (140 ns) in the positive
ion mode with an acceleration voltage of 20.00 kV. The instrument uses a 337 nm
pulsed nitrogen laser, model MNL-205MC (LTB Lasertechnik Berlin GmbH,
Berlin, Germany). External calibration was performed in each case using the
average masses of the Bruker Peptide Calibration Standard (#206195, Bruker
Daltonics). Protein masses were acquired within a range of 1,000–8,000 m/z. Each
spectrum was produced by accumulating data from 800 consecutive laser shots.
Bruker FlexControl 2.4 software was used for control of the instrument and Bruker
FlexAnalysis 2.4 software for spectrum evaluation.

Nanospray desorption electrospray ionization Orbitrap MS/MS analyses of
PACAP38 in tear samples. Nanospray desorption electrospray ionization
(nano-DESI) was used to acquire MS/MS spectra directly from Schirmer paper
containing tears (n¼ 6). The nano-DESI probe consisted of two fused silica
capillaries (ID 50mm, OD 150mm, Polymicro Technologies, Molex, Lisle, IL)
positioned at an angle to each other45. A solvent, consisting of methanol/water
(9/1, v/v) with 2% formic acid, was propelled, at 0.5 ml min� 1, through the primary
capillary, forming a liquid bridge to the secondary capillary. The secondary
capillary transported the solvent to the mass spectrometer inlet for nanospray
ionization. The filter paper was soaked with 10 ml 0.1% trifluoroacetic acid
(99%, Sigma-Aldrich) on a regular glass slide. The glass slide was placed on a
motorized x,y,z-stage (Newport Corporation, Irvine, CA, USA) to position the
sample under the nano-DESI probe46,47. Material was extracted from the wet
surface of the Schirmer paper by the nano-DESI probe and analysed using a
QExactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The instrument mass resolving power was set to 70,000 (m/Dm) and a
high voltage of 3 kV was applied to the primary capillary. Selective ion monitoring
was set to m/z 648.5±2, corresponding to PACAP38 (z¼ 7) and tandem mass
spectrometry was performed at m/z 648.5±1 Da, using higher energy
collision-induced dissociation with a normalized collision energy of 20 applied.
The same settings were used for the PACAP38 standard, wild-type mouse samples
and PACAP� /� mouse samples.

Effect of PACAP on angiogenesis. The experiments on endothelial cell tube
formation were conducted in 24-well dishes using an angiogenesis kit (Kurabo,
Okayama, Japan), according to the manufacturer’s instructions. Human umbilical
vein endothelial cells and fibroblasts were co-cultured in medium containing
vascular endothelial growth factor (final 10 mg l� 1) with various concentrations of
PACAP38 (10� 9, 10� 6 M) and PACAP6–38 (10� 8, 10� 6 M), with the medium
exchanged on days 4, 7 and 9. On day 11, the cells were washed and directly fixed
in the wells with 70% ice-cold ethanol for 30 min. The fixed cells were serially
incubated with 1% bovine serum albumin (BSA) in the buffer, a mouse
monoclonal antibody against human CD31, an alkaline phosphatase-conjugated
goat anti-mouse IgG, and a nitro-blue tetrazolium chloride (NBT)/5-bromo-4-
chloro-30-indolylphosphatase p-toluidine salt from the kit, and then washed and
photographed. The images were analysed using Angiogenesis Image Analyzer
software (Kurabo) to measure the gross area of the CD31-positive tubes
(the area of endothelial tubes) and the length of CD31-positive tubes in culture.
Data are shown as a percentage of the area of the endothelial cell tubes in the
untreated cultures.

Systemic infusion of PACAP38. Systemic infusion of PACAP was done as in our
previous study48. Briefly, PACAP38 (5 nmol kg� 1) or PACAP38 plus PACAP6–38
(50 nmol kg� 1) was injected into the jugular vein with vehicle (0.1% BSA in saline)
under inhalation anaesthesia with sevoflurane. A PE10 polyethylene tube
connected to an Alzet osmotic pump (0.5 ml h� 1; DURECT Corporation,
Cupertino, CA, USA) that was filled with the vehicle, PACAP38 (32 pmolml� 1), or
PACAP plus PACAP6–38 (320 pmol ml� 1) was then inserted for continuous
administration. Tear volume was measured with the cotton thread method four
days after the infusion commenced.

Statistical analyses. Data are presented as the mean±s.e. (n¼ sample size). The
effects of treatments were analysed with the Mann–Whitney U-test (Figs 1i,j and
4c), the two-tailed Student’s t-test (Figs 6b,c and 8b,c), one-way ANOVA followed
by the Dunnett test (Figs 3b, 5a–c and Fig. 7e) or a one-way ANOVA followed by
the Tukey test (Figs 1g,h, 3c–h, Figs 5d and7b and Fig. 8e and Supplementary
Figs 6–8, 10 and 12). The two-tailed Spearman’s correlation test was used to
identify correlations between corneal grade and tear volume in Adcyap1� /� mice.
Differences due to the treatments were considered as significant for values of
Po0.05.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information Files.
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Supplementary Figure 1. Scale of corneal keratinization in mice. Low-power pictures of the 

corneal surface (a-d) and hematoxylin-eosin staining of the corneal surface (e-f) are shown. 

Keratinization of the cornea was classified into four grades (Grades 0-3) by visual 

observation as follows: (a,e) Grade 0 (normal) = no observable abnormality, (b,f) Grade 1 = 

clouded cornea caused by the irregularity of the substantia propia, (c,g) Grade 2 = 

angiogenesis in the substantia propia, and irregularities of the corneal surface, and (d,h) 

Grade 3 = hypertrophy of the corneal epithelium and keratinization. Scale bar, 2 mm in a-d, 

and 50 µm in e-f. Arrows indicate newly formed blood vessels.
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Supplementary Figure 2. Histological observation of lacrimal glands, conjunctival 

tissues and corneal nerve fibers in female wild-type and PACAP-/- mice. Representative 

pictures of the lacrimal glands (LG; a), conjunctival tissues (CJ; b) and Neurofilament 

200 immunoreactivity on corneal flat mounts before the onset of keratinization (c) are 

shown. A wild-type cornea to which the primary antibody was not applied was used as a 

negative control. Scale bar, 50 µm in a, b, and 200 µm in c.
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Supplementary Figure 3. Confirmation of the specificity of PACAP, PAC1-R, AQP5 
and AQP4 antibodies. (a) Dot blotting analysis using PACAP antibody on a membrane 
treated with different doses of PACAP38 and VIP. (b-d) Antigen-absorption tests of 
PACAP, PAC1-R and AQP5 antibody on lacrimal gland section. (e) Comparison with 
AQP4 immunostaining and a primary antibody-free negative control. The same 
exposure times were used for the panels on the left and the right. 
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Supplementary Figure 4. MS spectrum analysis of mouse tears. (a-c) Typical MALDI 
TOF MS spectrum of the PACAP38 standard (a) and tears from wild-type (b) and 
PACAP-/- (c) mice. The position of the PACAP38 peptide peak (m/z 4535.4) is 
indicated by the black arrows in b and c. 



Supplementary Figure 5. Representative nano-DESI SIM spectra of 648.5 ±2 for (a) 
PACAP38 standard (z=7), (b) wild-type mouse sample, showing the peaks of 
PACAP38 and (c) PACAP-/- mouse sample without any peaks corresponding to 
PACAP38. The intensity of 100% relative abundance for the standard is 2.8e6 and 
1.1e5 for the PACAP-/- mouse sample. Nano-DESI MS/MS spectra of 648.5 ±1 
(precursor ion) for (d) PACAP38 standard with the m/z of the three most intense 
fragments annotated, (e) three mass spectra zoomed in to show the respective three 
fragments from the wild-type mouse sample and (f) three mass spectra showing the 
same m/z range as in b without any detected fragments for the PACAP-/- mouse 
sample.
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Supplementary Figure 6. PACAP eye drop test in male and female wild-type mice. PACAP 

(10-10 M) was administered in the form of eye drops, and the tear  secretion level was 

measured using the cotton thread method. The basal tear secretion level and the 

PACAP-induced tear secretion level did not differ significantly between the male and female 

animals (one-way ANOVA).
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Supplementary Figure 7. Unilateral PACAP eye drop test in male wild-type mice. (a) Two 

groups were prepared. Group 1: PACAP38-treated right side and saline-treated left side; 

Group 2: saline-treated right side and PACAP38-treated left side (n = 5 per group). (b) 

Summary of both groups (n = 10 per side, one-way ANOVA). PACAP only induced tear 

secretion on the PACAP38-treated side. 
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Supplementary Figure 8. Correlation between PACAP-induced tear 

secretion and corneal reflection. Following pre-treatment with the topical 

anesthetic, Benoxil, the tear secretion level with or without PACAP38 eye 

drops was examined in male wild-type mice (n = 10 per group, one-way 

ANOVA). **:P < 0.01 vs. the saline-treated group.  
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Supplementary Figure 9. Histopathological observation of the cornea and lacrimal gland 

after administration of PACAP eye drops. The cornea and lacrimal gland from a male 

wild-type mouse were examined 48 h after application of 10-7 M PACAP or saline eye 

drops. No pathological changes were observed.
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Supplementary Figure 10. Effect of PACAP on angiogenesis in vitro. Effect of 

PACAP and PACAP6-38 on tube formation by endothelial cells assessed with an 

angiogenesis kit using a human umbilical vein endothelial cell and fibroblast 

co-culture system. Administration of PACAP at 10-9 or 10-6 M with or without 10-6 

M PACAP6-38 did not affect either the area of CD31-positive tubes (a) or the 

length of the CD31-positive tubes (b) in culture (n = 6 per group). There was no 

significant difference between the treatment groups (one-way ANOVA test)
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Supplementary Figure 11. Expression of PACAP receptors mRNA in infraorbital 

and/or exorbital lacrimal glands. (a) Macroscopic images of the infraorbital and 

exorbital lacrimal glands, in male mice. Scale bar, 5 mm. (b) PACAP receptor mRNA 

expression in the infraorbital and exorbital lacrimal glands detected by RT-PCR.
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Supplementary Figure 12. Systemic infusion of PACAP38 in male wild-type 

mice. Effects of systemic inject ion of PACAP38 or PACAP38 with 

PACAP6-38 on tear secretion in mice (n = 6 per group, one-way ANOVA). *P 

< 0.05, **P < 0.01.



saline PACAP

IP with  
pan-phosho IgG

IP with 
normal IgG

anti-pPKA

anti-PKA

saline PACAP

Total lysate
(Non-IP)

anti-pPKA

anti-PKA

anti-pPKA

anti-PKA

IP with 
normal IgG

IP with 
pan-phosho IgG

saline PACAP

anti-AQP4

Total lysate
(Non-IP)

a
b

Supplementary Figure 13. Western blot analysis using saline- or PACAP-treated 

infraorbital lacrimal glands of male wild-type mice and an immunoprecipitation (IP) method. 

(a) Detection of PKA and pPKA with either an anti-PKA antibody with recognition for total 

PKA, including pPKA, or an anti-pPKA-specific antibody in the total lysate, or after IP with 

either a pan-phospho IgG or a normal IgG. The pPKA signal was increased in the total 

lysate from PACAP-treated lacrimal glands, but the total PKA signal did not appear to 

change. Both pPKA and total PKA signals were increased in the extracts from the 

PACAP-treated lacrimal glands that were immunoprecipitated with a pan-phospho IgG, but 

there was no detectable signal in any extract that was immunoprecipitated with a normal 

IgG. (b) Detection of AQP4 with an anti-AQP4 antibody in the total lysate, or after IP with 

either a pan-phospho IgG or a normal IgG. The AQP4 signals in the total lysate did not differ 

between saline- and PACAP-treated lacrimal glands. AQP4 signals were not detected after 

IP with either a pan-phospho IgG or a normal IgG.
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Supplementary Table 1.  The sequences  of mouse AQP5 and control siRNAs.

siRNA NAME  5’- Sequence -3’ Grade  MW  

mAQP5#1  CCA UCG AG C UGA CGG CAC AdTdT  HPLC  6667.1  

UGU GCC GUC AGC UCG AUG GdTdT  HPLC  6678.1  

mAQP5#2  GGA UGG GAU GGG AGC AGA AdTdT  HPLC  6891.3  

 UUC UGC UCC CAU CCC AUC CdTdT  HPLC  6438.9  

mAQP5#3  GCU CUU CAG GAG AGA GAU AdTdT  HPLC  6733.2  

UAU CUC UC U CCU GAA GAG CdTdT  HPLC  6567.0  

Negative 

control  

UAC UAU UCG ACA CGC GAA GdTdT  HPLC  6653.1  

CUU CGC GUG UCG AAU AGU AdTdT  HPLC  6647.1  

Three types of mouse AQP5 siRNA and non-target negative control siRNAs were 

designed and purchased from BONAC Corporation.
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ABSTRACT
Xerostomia, or dry mouth, is a common syndrome that is generally

treated with artificial saliva; however, no other effective methods have
yet been established. Saliva secretion is mainly under the control of the
autonomic nervous system. Pituitary adenylate cyclase-activating poly-
peptide (PACAP) is recognized as a multifunctional neuropeptide in vari-
ous organs. In this study, we examined the effect of PACAP on saliva
secretion, and detected the distribution of the PACAP type 1 receptor
(PAC1R) in major salivary glands, including the parotid, submandibular,
and sublingual glands, in 9-week-old male C57BL/6 mice. Intranasal
administration of PACAP 38 increased the amount of saliva secreted,
which was not inhibited by atropine pretreatment. Immunohistochemical
analysis showed that PAC1R was distributed in the three major salivary
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ated duct cells, whereas in the submandibular gland, a strong PAC1R
immunoreaction was detected in tall columnar epithelial cells in the gran-
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significantly increased the concentration of epidermal growth factor in
saliva. These results suggest that PACAP directly regulates saliva secre-
tion by controlling the absorption activity in the ducts, and that pillar
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Saliva has many biological functions such as the pro-
motion of digestion, protection of the oral cavity, masti-
cation, deglutition, taste, and insertion of dentures;
hence, it is considered to be an essential component of
human health (Pedersen et al., 2002; Llena-Puy, 2006;
Mese and Matsuo, 2007; Furuta and Yamashita, 2013).
In mammals, salivary glands are divided into the major
and minor salivary glands (Amano et al., 2012). The
major salivary glands include the parotid, submandibu-
lar, and sublingual glands.

Xerostomia, or dry mouth, is a symptom of oral dry-
ness caused by a change in the composition of saliva or
reduced saliva flow (van der Putten et al., 2011). This
symptom is generally very common and is usually
treated with artificial saliva. Secretion of saliva is regu-
lated by several neuropeptides released from autonomic
nerve endings (Proctor and Carpenter, 2007). Pituitary
adenylate cyclase-activating polypeptide (PACAP) is a
neuropeptide that belongs to the secretion/glucagon/
vasoactive intestinal peptide (VIP) family (Arimura,
1992), and has shown potent neurotrophic and neuropro-
tective effects in several in vivo and in vitro models of
brain injury (Arimura et al., 1994; Banks et al., 1996;
Uchida et al., 1996; Nakamachi et al., 2011).

Furthermore, recent studies have indicated that
PACAP also regulates the function of the exocrine
glands. It has been hypothesized that PACAP functions
in the sthenic secretion of tears in the lacrimal gland,
and thus may be effective for treating dry eyes (Elsås
et al., 1996; Gaal et al., 2008). Several studies also sug-
gested that PACAP regulates saliva secretion, and dem-
onstrated its anti-apoptotic effect in the salivary glands
(Tobin et al., 1995; Mirfendereski et al., 1997; Kabr�e
et al., 1998; Yanaihara et al., 2000; Kamaishi et al.,
2004).

PACAP can interact with three subtypes of receptors:
PAC1R and the VIP type I and II receptors. PAC1R is
the preferred subtype for PACAP interaction, whereas
the others are shared receptors between PACAP and
VIP (Harmar et al., 1998). However, few studies have
examined the exact location of these receptors in the sal-
ivary glands. Intranasal (i.n.) administration of neuro-
peptides is a safe and simple method. Given that PACAP
was shown to enter tissues such as the brain via i.n.
administration (Nonaka et al., 2005, 2012), in this study,
we examined the effect of i.n. PACAP administration on
salivation and investigated the exact localization of
PAC1R in the major salivary glands in mice.

MATERIALS AND METHODS

Mice

The experimental protocols were reviewed and
approved by the Animal Care Committee of Showa Uni-
versity. Thirty male C57BL/6 mice (aged 8 weeks) were
purchased from Sankyo Laboratory Service Corporation
(Tokyo, Japan) and maintained under normal conditions
at the Laboratory Animal Center of Showa University

for at least 7 days before the experiments. Five mice
were used for histological and immunohistochemical
analysis. The remaining 25 mice used for physiological
and biochemical analysis were divided into 3 groups: a
control group, a PACAP treatment group, and a PACAP
plus atropin treatment group, as described in detail
below.

Intranasal Administration of PACAP

The mice were bilaterally given an i.n. administration
of 2 lL of saline solution containing 10210 mol/mL
PACAP38 (Sigma-Aldrich, St. Louis, MO) as described
previously (Nonaka et al., 2005, 2012). The 2-lL solution
was delivered to the nasal cavity by pushing a small
cannula attached to a 10-lL syringe through the right
and left nares (total volume: 4 lL/mouse).

Evaluation of Saliva Secretion

A cotton ball (3 mm in diameter) was prepared and
weighed on an analytic electronic scale. The first cotton
ball was inserted under the tongue of the mouse. Saliva
secretion was then determined as the difference in the
weight of the cotton ball before and after saliva collec-
tion. The procedure for saliva collection using the cotton
ball was conducted at 1 and 2 hr after i.n. administra-
tion of PACAP. Control mice were given an i.n. adminis-
tration of saline.

To inhibit the effect of the parasympathetic nervous
system on saliva secretion, some mice were pretreated
with an intraperitoneal injection of atropine (5 mg/kg
body weight) before i.n. administration of PACAP.

Measurement of Epidermal Growth Factor
(EGF) Content in Saliva

EGF levels in the saliva samples were measured by
an enzyme-linked immunosorbent assay (ELISA) using
the Mouse EGF Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN).

Histological and Immunohistochemical
Analyses

The three major glands, the parotid, submandibular,
and sublingual glands, were dissected after cervical dis-
location. Specimens were cut into small pieces and fixed
with 4% paraformaldehyde in phosphate-buffered saline
(PBS) overnight at 48C. After fixation, the specimens
were immersed in 5, 15, and 30% sucrose, embedded in
Tissue–Tek O.C.T Compound (Sakura Finetek USA, Tor-
rance, CA), and quick-frozen in a mixture of acetone and
dry ice.

Five-micrometer-thick frozen sections were air-dried
for 60 min and rinsed in PBS. Some of the sections were
stained with hematoxylin-eosin. For immunohistochemi-
cal detection of PAC1R, the other sections were incubat-
ed with rabbit anti-mouse PAC1R antibody (Nakamachi
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et al., 2008) overnight at 48C after being treated with
0.3% H2O2 in methanol for 30 min and then with 5%
normal goat serum in PBS containing 5% bovine serum
albumin and 0.025% Triton X-100. After washing with
PBS, the sections were incubated with goat anti-rabbit
IgG antibody (Vector Laboratories, Burlingame, CA), fol-
lowed by an avidin-biotin-horseradish peroxidase com-
plex (Vector Laboratories). After washing, the sections
were further incubated with a mixture of the DAB detec-
tion kit (KPL, Gaithersburg, MD). Counterstaining was
conducted using methyl green. For control experiments,
the first antibody was pretreated with an excess of
PACAP 38 before application to the sections.

Ultrastructural Analysis

Specimens were fixed with a mixture of 2% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, post-fixed in 2% osmium tetroxide,
dehydrated using a graded series of ethanol, passed
through propylene oxide, and embedded in EPON 812
(TAAB, Berks, UK). Ultra-thin sections were stained
with uranyl acetate and lead citrate.

Statistical Analyses

Statistical significance was evaluated using the Stu-
dent’s unpaired t-test, where P values< 0.01 were con-
sidered significant.

RESULTS

Effect of PACAP on Saliva Secretion

Intranasal administration of PACAP significantly
increased saliva secretion at 1 hr, which then returned
to basal levels at 2 hr after the treatment (Fig. 1a). The
PACAP-induced enhancement of saliva secretion was not
inhibited by the pretreatment with atropine (Fig. 1b).

Immunohistochemical Localization of PAC1R in
the Major Salivary Glands in Mice

Parotid gland. The parotid gland is a pure serous
gland that consists of acini and intercalated, striated,
and collecting ducts. The acini were very small, consist-
ing of 3–4 tall pyramidal cells with a strongly basophilic
cytoplasm, and had basally located, large, spherical
nuclei. The intercalated ducts were short and narrow
and lined by low cuboidal cells with large central nuclei
(Fig. 2a,b).

Immunohistochemically, striated cells showed a strong
immunoreaction to PAC1R; however, no intense immu-
noreactions were identified in the intercalated ducts
(Fig. 2c).

Sublingual gland. The sublingual gland is a
small and compact mucous gland that consists of acini
and intercalated, striated, and collecting ducts (Fig. 2d).
The mucous cells were cuboidal or columnar basally in
the cytoplasm, and the nuclei were flattened and pressed
to be basal in the cytoplasm (Fig. 2d,e). The intercalated
ducts were short and narrow and lined by a low cuboidal
epithelium. The main excretory duct was lined by a
stratified columnar epithelium.

Immunohistochemical localization of PAC1R was
detected in the striated duct cells. A weak reaction was
also detected in the intercalated duct cells (Fig. 2f).

Submandibular gland. The mouse submandibu-
lar gland is a pure serous gland, characterized by the
presence of granular ducts, which were located between
the intercalated and striated ducts (Fig. 2g). The granu-
lar ducts display sexual dimorphism, and is well devel-
oped in male than in female mice. The acini contained
tall pyramidal cells with a pale basophilic cytoplasm and
central nuclei (Fig. 2g,h).

Immunoreaction of PAC1R was detected in cells in the
granular ducts (Fig. 2i). These immunopositive cells
showed a columnar shape, which is referred to as pillar

Fig. 1. Effect of PACAP on salivation. (a) A significant increase in salivation was induced at 60 min after
intranasal administration of 4 lL of a saline solution containing 10210 mol/mL PACAP38. (b) The effect of
PACAP was not inhibited by atropine pretreatment. *P< 0.01.
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cells (Fig. 3a). Some of the cells in the striated ducts
also showed PAC1R-positive staining (Fig. 2i).

Absorption Control

No immunoreaction of PAC1R was observed in any of
the three major salivary glands in the control samples.

Ultrastructure of Pillar Cells in the Granular
Ducts

Ultrastructural observations indicated that the pillar
cells had an oblong shape and microvilli extending to
the apical lumen (Fig. 3b). The cells did not contain any
developed secretory granules in the cytoplasm (Fig. 3b).

PACAP-Mediated Changes in the Salivary
Content of EGF

PACAP treatment significantly increased the level of
EGF in the saliva (Fig. 4), from a control level of
53.67 6 4.256 to 97.33 6 16.38 lg/mg following i.n.
administration of PACAP.

DISCUSSION

In this study, we intranasally administered PACAP to
mice to evaluate the effects on saliva secretion and the
potential underlying mechanism with the ultimate aim
of developing a new potential target for xerostomia
treatment. Intranasal administration is a noninvasive
route for drug delivery and is widely used for the local
treatment of rhinitis or nasal polyposis. Since drugs can

Fig. 2. Histological structure (a, b, d, e, g, h) and immunohisto-
chemical localization of PAC1R (c, f, i). (a, b, c) The parotid gland con-
tained serous acini, and PAC1R was expressed in the striated ducts.
(d, e, f) Most of the acini of the sublingual gland were comprised of

mucous cells. PAC1R-expressing cells were localized in the striated
ducts. (g, h, i) The submandibular gland contained well-developed
granular ducts. PAC1R was expressed in the striated duct. Bars 5 50
lm.
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be absorbed into the systemic circulation through the
nasal mucosa, this route may also be used for treat-
ments of a wide range of acute or chronic conditions
requiring considerable systemic exposure (Grassin-
Delyle et al., 2012). Indeed, our previous study indicated
that PACAP was infused into the brain and peripheral
blood following nasal administration (Nonaka et al.,
2012).

In this study, PACAP enhanced saliva secretion, sup-
porting previous reports (Tobin et al., 1995; Mirfendere-
ski et al., 1997; Kabr�e et al., 1998; Yanaihara et al.,
2000; Kamaishi et al., 2004). The PACAP-induced
enhancement of saliva secretion was not inhibited by
pretreatment with atropine, demonstrating that PACAP
directly influences the salivary glands. Our preliminary
experiment using PACAP labeled with 131I showed the
direct accumulation of labeled PACAP in the three major
mouse salivary glands following i.n. administration.
These results strongly suggested the presence of PAC1R
in the salivary glands.

Immunoreactions of PAC1R were mainly detected in
the striated duct cells in all salivary glands. It has been
reported that neuropeptides stimulate saliva secretion
via myoepithelial cell contraction (Ferreira and Hoff-
man, 2013). In this study, strong immunoreaction of
PAC1R was detected in the striated ducts of the parotid
and sublingual glands. Therefore, the PACAP-induced
increase in the amount of secreted saliva may have been
caused not by enhancement of saliva secretion in the aci-
nar cells but rather by inhibition of saliva resorption in
the striated ducts.

In the submandibular gland of mice, the granular
duct is located between the striated duct and intercalat-
ed duct. Furthermore, granular epithelial cells in the
granular ducts contain growth factors in their granules
(Gresik and Azmitia, 1980; Miyagi et al., 2006). Several
studies have suggested that growth factors in the saliva
play important roles in homeostasis and wound healing
of the mucosa (Marcinkiewicz et al., 1998; Eckley et al.,

Fig. 3. Immunohistochemical and transmission electron micrographs of pillar cells in granular ducts. (a)
Immunohistochemical localization of PAC1R. Strong reactions were detected in the pillar cells. Bar 5 25
lm. (b) Pillar cells contained no secretory granules in the cytoplasm. Bar 5 2 lm.

Fig. 4. Effect of PACAP on EGF concentration in the saliva. PACAP
treatment increased the EGF concentration at 60 min after intranasal
administration of a 4 lL of saline solution containing 10210 mol/mL
PACAP38.
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2013). In particular, EGF in the saliva has been sug-
gested to induce epithelial regeneration after physical
and chemical aggression (Noguchi et al., 1991; Marcin-
kiewicz et al., 1998; Ohshima et al., 2002).

Strong immunoreactions of PAC1R were observed in
the granular ducts, and PAC1R-positive cells were scat-
tered throughout granular ducts; based on their mor-
phology, these cells are commonly known as pillar cells
or dark cells (Amano et al., 1993; Mori et al., 1998; Sato
and Miyoshi, 1998; Ishii et al., 2005; Amano et al.,
2012). A previous ultrastructural study indicated that
these cells do not contain well-developed secretory gran-
ules but do contain basic fibroblast growth factor in the
cytoplasm (Amano et al., 1993); however, their exact
function is not known. Mori et al. (1998) determined the
expression of S100A1 in the pillar cells and suggested
the involvement of these cells in the secretion of secreto-
ry granules from granular cells in the granular ducts. In
this study, we observed an increased concentration of
EGF in the saliva following PACAP treatment. These
results suggest that pillar cells stimulated the secretion
of EGF from granular cells. However, further studies are
needed to examine the precise role of pillar cells in
salivation.

Immunopositivity for PAC1R in striated duct of sub-
mandibular glands was weaker than that in the parotid
and sublingual glands. In this study, we could not mea-
sure the amount of saliva from each gland. Submandibu-
lar gland is the largest gland in mouse three major
salivary glands. Compared to the size of each gland, the
increase of saliva secretion seemed to be insufficient.
The main function of PACAP in submandibular gland
might be the regulation of growth factor secretion not
the inhibition of saliva resorption. In this study, some of
the cells in striated duct of submandibular gland showed
strongly expressed PAC1R. Sato and Miyoshi (1998)
showed the dark or pillar cells in striated duct of sub-
mandibular gland. Therefore, these immunopositive cells
might the precursor of pillar cells. Further ontogenic
study is necessary for the development of pillar cells.

The PACAP-induced enhancement of saliva secretion
returned to normal levels at 2 hr after the treatment.
Neuropeptides such as VIP and calcitonin gene-related
peptide also stimulate saliva secretion (Ekstr€om and
Ekman, 2005). Recently, cyclodextrin (CD) has also been
used as a carrier in a drug delivery system (Challa
et al., 2005). Indeed, we reported the effectiveness of CD
for the rapid tissue penetration of neuropeptides. Fur-
thermore, the amount of neuropeptides in the tissue dif-
fered depending on the specific type of CD used (Nonaka
et al., 2012). Therefore, the combination of PACAP, other
neuropeptides, and CD might be an effective strategy for
the treatment of xerostomia.

In this study, immunoreaction of PAC1R was not
restricted on cell membrane. Previous studies also dem-
onstrated the intracellular localization of PAC1R (Ander-
son et al., 2005; Nakamachi et al., 2008; Fahrenkrug
and Hannibal, 2011). It has been demonstrated that
PAC1R was rapidly internalized into the cytoplasm (Ger-
mano et al., 2001). To clearly show the localization of
PAC1R on cell membrane, Merriam et al. (2013) treated
the culture cells with Pitspot 2 to inhibit the receptor
internalization.

In conclusion, PACAP regulates salivation and the lev-
els of salivary components by directly binding to PAC1R,

which is expressed in the striated ducts and pillar cells.
Collectively, our results demonstrate the potential effec-
tiveness of using PACAP for treating xerostomia.
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