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Abstract: Rho-kinase inhibitor Y27632, which is a factor in conditional reprogramming culture, induces airway pro-
genitor clone formation. To investigate whether Y27632 enhances airway progenitor cells in nasal epithelium, pri-
mary cultures of HNECs transfected with human telomerase reverse transcriptase (hnTERT-HNECs) were treated with
Y27632. In TERT-HNECs treated with Y27632 for 5 days, upregulation of p63, gap junction molecules Cx26, Cx30,
Cx43, cytochrome P450 enzymes CYP2C9, CYP2C18, CYP39A1, CYP4B1, CYP2G1P, CYP4Z1, and KLF families
KLF10 and KLF11 were observed compared to the control. Downregulation of tight junction molecules claudin-4, -7,
and -23 was observed. Circumfential submembrane F-actin was also induced. The functions of gap junctional inter-
cellular communication (GJIC) and the epithelial barrier were upregulated. Knockdown of p63 by siRNAs of TAp63
or ANp63 inhibited Cx26, Cx43 and CYP2C18, and induced claudin-1, and -4. Knockdown of KLF11 prevented p63
expression and enhancement of the epithelial barrier function by Y27632. In nasal mucosal tissues from patients
with allergic rhinitis (AR), localized alteration of p63, KLF11, RhoA, Cx30 and claudin-4 was observed. Treatment
with Y27632 in long-term culture induced airway progenitor cells via KLF11 in p63-positive human nasal epithelium.
Airway progenitor cells of nasal epithelium induced by Y27632 is important in understanding upper airway disease-
specific characteristics.
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Introduction tion induces reorganization of apical F-actin
and affects paracellular permeability but does
not alter the distribution or detergent solubility

of tight junction proteins [7].

The airway epithelium of the human nasal
mucosa interacts with various environmental
agents and acts as a physical barrier that pro-

tects against inhaled substances and patho-
gens [1-3]. A defective epithelial barrier with
decreased expression of tight junction proteins
is found in patients with chronic rhinosinusitis
(CRS) and nasal polyps (NPs) [4, 5].

Rho-kinase inhibitor Y27632, which is a factor
in conditional reprogramming culture, induces
airway progenitor clone formation [6]. Y-27632-
treatment alters expression of genes funda-
mental to the formation of the basal cell cyto-
skeleton, cell-cell junctions, and cell-extracellu-
lar matrix (ECM) interactions [6]. ROCK inhibi-

The abundance of mRNAs of gap junction mol-
ecules connexin26 (Cx26), Cx30 and Cx43 is
increased in CRS compared to normal mucosa
[8]. Rho is involved in regulation of the as-
sembly of Cx43 gap junctions, which is depen-
dent on the formation of E-cadherin adherens
junctions in corneal epithelium [9]. Y-27632
enhances gap junctional intercellular communi-
cation (GJIC) in NIH3T3 cells [10].

Transcriptional factor p63, which is a member
of the p53 family and has two distinct isoforms,
TAp63 and aNp63, plays an important role in
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the proliferation and differentiation of various
epithelial basal cells [11]. Loss of ANp63 sig-
nificantly reduces epithelial proliferation and
increases E-cadherin expression in human air-
way epithelial cells (26). p63 and aNp63 are
upregulated in the epithelium of chronic rhino-
sinusitis (CRS) and nasal polyps (NPs) [5, 12].
p63 negatively regulates the epithelial tight
junctional barrier of the nasal epithelium [5].

Human telomerase reverse transcriptase
(hTERT)-transfected HNECs (hTERT-HNECSs) can
be used as a stable model for studying regula-
tion of the nasal epithelial response [3, 5, 13].
Y27632 stabilizes telomere length during the
course of long-term culture [14].

In the present study, when hTERT-HNECs were
treated with Rho-kinase inhibitor Y27632 in
long-term culture, Y27632 induced airway pro-
genitor cells, indicated as changes of gap junc-
tions, tight junctions, F-actin and cytochrome
P450 enzymes in hTERT-HNECs. These chang-
es induced by Y27632 were regulated via p63
and KLF11.

Materials and methods
Ethics statement

The protocol for human study was reviewed
and approved by the ethics committee of the
Sapporo Medical University School of Medicine.
Written informed consent was obtained from
each patient who participated in the investiga-
tion. All experiments were carried out in accor-
dance with the approved guidelines and with
the Declaration of Helsinki.

Antibodies and reagents

A mouse monoclonal anti-p63 (DAK-p63) anti-
body was obtained from Dako (Tokyo, Japan).
Rabbit polyclonal anti-p63, anti-RhoA, anti-
CYP2C18 antibodies and a mouse monoclonal
anti-KLF11 (KLF5J027) antibody were obtained
from Abcam (Cambridge, MA, USA). A rabbit
polyclonal anti-p40 (aNp63) antibody was
obtained from NICHIREI BIOSCIENCES INC.
(Tokyo, Japan). A rabbit polyclonal anti-aNp63
antibody was obtained from BioLegend (Tokyo,
Japan). Rabbit polyclonal anti-connexin (Cx)26,
Cx30, anti-claudin (CLDN)-1, anti-CLDN-4, anti-
CLDN-7, anti-occludin (OCLN), and anti-tricellu-
lin (TRIC) antibodies as well as mouse monoclo-
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nal anti-Cx43 (3D8A5), anti-OCLN (OC-3F10),
and anti-CLDN-4 (3E2C1) antibodies were from
Zymed Laboratories (San Francisco, CA). A rab-
bit polyclonal anti-LSR antibody was obtained
from Novus Biologicals (Littleton, CO, USA). A
rabbit polyclonal anti-actin antibody was
obtained from Sigma-Aldrich Inc. (St. Louis,
MO). Alexa Fluor 488 (green)-conjugated anti-
rabbit IgG, and Alexa Fluor 594 (red)-conjugat-
ed anti-mouse IgG antibodies and Axea Fluor
594 (red)-phalloidin were from Molecular
Probes, Inc. (Eugene, OR). A Rho kinase inhibi-
tor Y27632 was obtained from Sigma-Aldrich
Inc. (St. Louis, MO). PKCa inhibitor G6 6976
and p38 MAPK inhibitor SB203580 were pur-
chased from Calbiochem-Novabiochem Cor-
poration (San Diego, CA). HRP-conjugated poly-
clonal goat anti-rabbit IgG was from Dako A/S
(Glostrup, Denmark). The ECL Western blotting
system was from GE Healthcare UK, Ltd.
(Buckinghamshire, UK).

GeneChip analysis

Microarray slides were scanned using a
3D-GENE human Oligochip 25k. (TORAY, Tokyo,
Japan) and microarray images were automati-
cally analyzed using AROS™, version 4.0
(Operon Biotechnologies, Tokyo, Japan).

Immunohistochemical analysis

Human nasal tissues were obtained from
patients with each 12 hypertrophic rhinitis or
chronic sinusitis who underwent inferior turbi-
nectomy at Sapporo Medical University, the
Sapporo Hospital of Hokkaido Railway Com-
pany, or the KKR Sapporo Medical Center
Tonan Hospital. Informed consent was obtained
from all patients and this study was approv-
ed by the ethics committees of the above
institutions.

The tissues were embedded in paraffin after
fixation with 10% formalin in PBS. Briefly,
5-um-thick sections were dewaxed in xylene,
rehydrated in ethanol, and heated with Vision
BioSystems Bond Max using ER2 solution
(Leica) in an autoclave for antigen retrieval.
Endogenous peroxidase was blocked by incu-
bation with 3% hydrogen peroxide in methanol
for 10 min. The tissue sections were then
washed twice with Tris-buffered saline (TBS)
and preblocked with Block Ace for 1 h. After
washing with TBS, the sections were incubated
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Table 1. List of gene probes up- or downregulated in hTERT-HNEC

treated with Y27632

cultured in serum-free bron-
chial epithelial cell basal

medium (BEBM, Lonza Walk-

Fold-change

Gene name ID GeneBankID Vs Y27632 ersville, Inc.; Walkersville,
Cx26 0pHSV0400000655  XM011535049.1 2.92 MD) supplemented with bo-
Cx30 H200004912  NMO001110221.2 3.89 vine pituitary _extract (1%

v/V), 5 ug/ml insulin, 0.5 ug/
Cx43 H200005947 NMO000165.4 258 )

ml hydrocortisone, 50 pg/
CLDN4 H300004950 NM001305.4 0.19 ml gentamycin, 50 pg/mi am-
CLDN7 H200017305 NM001185023.1 0.44 photericin B, 0.1 ng/ml reti
CYP2C9 H300007405 NMOO00771.3 3.30 noic acidy 10 ”g/m| transfer_
CYP2C18  CHsGV10002772 NM000772.2 6.68 rin, 6.5 pg/ml triiodothyro-
CYP4B1 H200000168 NR135003.1 2.28 nine, 0.5 ug/ml epinephrine,
CYP2G1P  opHsVO400000206  NR040249.1 2.79 0.5 ng/ml epidermal growth
CYP4Z1  opHsV04000002772 NM178134.2 2.80 factor (Lonza Walkersville,
KLF10 0pHSV04000004957 NM001032282.3 2.28 Inc.), 100 U/ml penicillin and
KLF10 AHSV10002596 NR103760.1 2,63 1OOA‘I‘§/, ”;]' Stre‘g‘omyc'l(?'%'
KLF11 CHsGV10003420  NMO003597.4 2.07 ma-Aldrich) and incubate

with anti-p63, anti-ANp63, anti-KLF-11, anti-
RhoA, anti-Cx30 and anti-CLDN-4 antibodies
(1:400) for 1 h. The sections were then washed
three times in TBS and incubated with Vision
BioSystems Bond Polymer Refine Detection kit
DS9800. After three washes in TBS, a diamino-
benzidine tetrahydrochloride working solution
was applied. Finally, the sections were counter-
stained with hematoxylin.

Cell culture and treatments

The cultured HNECs were derived from muco-
sal tissues of each 6 patients with hypertrophic
rhinitis or chronic sinusitis who underwent infe-
rior turbinectomy at Sapporo Medical University,
the Sapporo Hospital of Hokkaido Railway
Company, or the KKR Sapporo Medical Center
Tonan Hospital. Informed consent was obtained
from all patients and this study was approved
by the ethics committees of the above
institutions.

The methods for primary culture of human
nasal epithelial cells were as reported previ-
ously [15]. Some primary cultured HNECs were
transfected with the catalytic component of
telomerase, the human catalytic subunit of the
telomerase reverse transcriptase (hTERT) gene,
as described previously [15]. The cells were
plated on 35-mm or 60-mm culture dishes
(Corning Glass Works, Corning, NY), which were
coated with rat tail collagen (500 pg of dried
tendon/ml 0.1% acetic acid). They were then
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in a humidified, 5% COZ: 95%
air incubator at 37°C. In
this experiment, 2nd and 3rd passaged cells
which maintained cellular function were used.
Some cells cultured with or without FBS, were
treated with 10 uM Y27632 (Rho kinase
inhibitor).

SiRNA experiment

For knockdown of human TAp63 and human
ANp63, Stealth™ Select RNAi against the genes
was synthesized by Invitrogen (Carlsbad, CA).
For knockdown of human KLF11, mission
esiRNA targeting the gene was synthesized
by Sigma-Aldrich Inc. (St. Louis, MO). The
sequences were as follows: siRNA of TAp63
(sense: 5-GGAAUGACUUCAACUUUGA-3’; anti-
sense: 5-UCAAAGUUGAAGUCAUUCC-3’), siRNA
of aNp63 (sense: 5-ACAAUGCCCAGACUCAAU-
U-3’; antisense: 5-AAUUGAGUCUGGGCAUUG-
U-3’), and siRNA of KLF11 (EHU015881).
hTERT-HNECs cultured at 24 h after plating
were transfected with 100 nM siRNAs using
Lipofectamine™ RNAIMAX Reagent (Invitrogen)
for 48 h. A scrambled siRNA sequence (BLOCK-
iT Alexa Fluor fluorescent, Invitrogen) was
employed as control siRNA.

Western blot analysis

The hTERT-transfected HNECs were scraped
from a 60 mm dish containing 300 ul of buffer
(1 mM NaHCO, and 2 mM phenylmethylsulfo-
nyl fluoride), collected in microcentrifuge tubes,
and then sonicated for 10 s. The protein con-
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Figure 1. A. Western blotting for RhoA, p63, Cx26, Cx30,
Cx43, claudin-1, -4, -7, OCLN, TRIC, LSR, and CYP2C18
in hnTERT-HNECs treated with 10 uM Y27632 for 5 days.
B. The corresponding expression levels are shown as
bar graphs.

centrations of the samples were determined
using a BCA protein assay reagent kit (Pierce
Chemical Co.; Rockford, IL). Aliquots of 15 pul of
protein/lane for each sample were separated
by electrophoresis in 5-20% SDS polyacryl-
amide gels (Wako, Osaka, Japan), and electro-
phoretically transferred to a nitrocellulose
membrane (Immobilon; Millipore Co.; Bedford,
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UK). The membrane was saturated for 30 min
at room temperature with blocking buffer (25
mM Tris, pH 8.0, 125 mM NaCl, 0.1% Tween 20,
and 4% skim milk) and incubated with anti-
RhoA, anti-p63, anti-aNp63, anti-Cx26, anti-
Cx30, anti-Cx43, anti-CLDN-1, anti-CLDN-4,
anti-CLDN-7, anti-OCLN, anti-TRIC, anti-LSR,
anti-CYP2C18, anti-KLF11 and anti-actin anti-
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Figure 2. (A) Phase-contrast images and (B) images of immunocytochemical staining for p63, RhoA, CLDN-4, CLDN-
7, Cx30, Cx43 F-actin and KLF11 in hTERT-HNECs treated with 10 uM Y27632 for 5 days. Bar: 20 ym.
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A control
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Measurement of gap junction-
al intercellular communication
(GJIC)

Lucifer yellow (5% wt/vol, Sig-
ma) was injected into individu-
al cells through sharp micro-
electrodes (Sterile Femtotips
Il; Eppendorf, Hamburg, Ger-
many). Photographs docume-
nting the extent of dye coupling
were taken 3 min after the end
of the injection using an invert-

B 4000 - ed fluorescence microscope
—~ 3500 equipped with an appropriate
& i
£ | contiol filter (Olympus, Tokyo, Japan).
o 3000
£ —=—Y27632 Measurement of transepitheli-
£ 2500 al electrical resistance (TEER)
o |
~ 2000
o hTERT-transfected HNECs we-
LLH 1500 re cultured to confluence in
- 1000 the inner chambers of 12-mm

Transwell inserts with 0.4-um

500 pore-size filters (Corning Life
0- ‘ i , Sciences). TER was measured
Oh 24 h 48 h 72h using an EVOM voltmeter with

an ENDOHM-12 (World Preci-

Figure 3. (A) GJIC shown by Lucifer yellow dye and (B) TEER values repre- sion Instruments, Sarasota,

senting barrier function in hTERT-HNECs treated with 10 uM Y27632 for 3

days. Bar: 20 pm.

bodies (1:1000) at room temperature for 1 h.
Then it was incubated with HRP-conjugated
anti-mouse and anti-rabbit IgG antibodies at
room temperature for 1 h. The immunoreactive
bands were detected using an ECL Western
blotting system.

Immunocytochemistry

hTERT-transfected HNECs grown in 35mm
glass-coated wells (lwaki, Chiba, Japan), were
fixed with cold acetone and ethanol (1:1) at
-20°C for 10 min. After rinsing in PBS, the cells
were incubated with anti-p63, anti-RhoA, anti-
Cx30, anti-CX43, and anti-KLF11 antibodies
(1:100) overnight at 4°C. Alexa Fluor 488
(green)-conjugated anti-rabbit 1gG and Alexa
Fluor 592 (red)-conjugated anti-mouse IgG
(Invitrogen) were used as secondary antibod-
ies. The specimens were examined and photo-
graphed with an Olympus IX 71 inverted micro-
scope (Olympus Co.; Tokyo, Japan) and a confo-
cal laser scanning microscope (LSM510; Carl
Zeiss, Jena, Germany).
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FL) on a heating plate (Fine,
Tokyo, Japan) adjusted to
37°C. The values were expre-
ssed in standard units of ohms per square cen-
timeter and presented as the mean + SD. For
calculation, the resistance of blank filters was
subtracted from that of filters covered with
cells.

Data analysis

Signals were quantified using Scion Image Beta
4.02 Win (Scion Co.; Frederick, MA). Each set of
results shown is representative of at least three
separate experiments. Results are given as
means + SEM.

Results

Upregulation of p63, gap junction proteins,
cytochrome P450 (CYP) enzymes, Kruppel-
like factor (KLF) families and downregulation
of tight junction proteins by treatment with
Y27632 in hTERT-HNECs

To investigate the effects of Y27632 in hTERT-
HNECs, we first performed GeneChip analysis

Am J Transl Res 2019;11(2):599-611
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of hTERT-HNECs treated with Y27632 for 5 In hTERT-HNECs treated with Y27632, upregu-
days and selected gene probes that were regu- lation of gap junction molecules Cx26, Cx30,
lated more or less than 2-fold compared to the Cx43, cytochrome P450 enzymes CYP2C9,
controls and the Y27632-treatment (Table 1). CYP2C18, CYP39A1, CYP4B1, CYP2G1P, CY-
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Figure 5. Images of immunocytochemical staining for p63, Cx30, Cx43, and CLDN-4 in hTERT-HNECs transfected
with siRNAs of p63 and ANp63. Bar: 20 um.
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Figure 6. A. Western blotting for KLF11 and p63 in hTERT-HNECs treated
with 10 uM Y27632 for 5 days after transfection with siRNAs of p63 and
ANp63 for 2 days. The corresponding expression levels are shown as bar
graphs. B. TEER values representing barrier function in hTERT-HNECs treat-
ed with 10 uM Y27632 for 3 days after transfection with siRNAs of p63 and
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P4Z1, and KLF families KLF10 and KLF11
were observed compared to the control.
Downregulation of tight junction molecules
CLDN-4, -7, and -23 was also observed.

To confirm these changes, we performed
Western blotting and immunocyotochemistry.
In Western blotting, Y27632 induced expres-
sion of p63, Cx26, Cx30, Cx43 OCLN, TRIC, LSR
and CYP2C18, while RhoA was decreased
(Figure 1A, 1B). In phase contrasts images, cell
volume was increased by treatment with
Y27632 compared to control (Figure 2A).
Cx30- and Cx43-positive spots were increased
and expression of CLDN-4 and CLDN-7 was
decreased at the membranes (Figure 2B).
Submembranes circumfential F-actin was also
induced (Figure 2B).
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blotting, upregulation of RhoA,
CLDN-1, and CLDN-4, and
downregulation of Cx26, Cx-
30, TRIC, and CYP2C18 were
observed (Figure 4A, 4B). The
immunocytochemical results
showed that Cx30- and Cx43-
positive spots were decreased
and expression of CLDN-4 was increased at the
membranes (Figure 5).

KLF11-kockdown prevents upregulation of
p63 and epithelial barrier by treatment with
Y27632 in hTERT-HNECs

Treatment with Y27632 induced KLF11mRNA
(Table 1). To investigate whether Y27632 func-
tioned via KLF11 in HNECs, hTERT-HNECs were
transfected with siRNAs ofKLF11. Knockdown
of KLF11 by the siRNA prevented upregulation
of p63 by Y27632 in Western blotting (Figure
6A). Furthermore, KLF11-knockdown inhibited
the upregulation of the epithelial barrier
induced by Y27632 (Figure 6B). The immunocy-
tochemical results showed that KLF11-
knockdown prevented the upregulation of
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Figure 7. Images of immunocytochemical staining for KLF11, Cx30, Cx43, and CLDN-4 in hTERT-HNECs hTERT-
HNECs treated with 10 uM Y27632 for 5 days after transfection with siRNAs of p63 and ANp63 for 2 days. Bar: 20
um.

Cx30- and Cx43-positive spots and downregu-
lation of CLDN-4 induced by Y27632 (Figure 7).

Expression patterns of p63, aNp63, KLF11,
RhoA, Cx30 and CLDN-4 in the nasal epithe-
lium of allergic rhinitis (AR)

We performed immunohistochemical analysis

for p63, aNp63, KLF11, RhoA, Cx30 and CLDN-
4 in the normal nasal epithelium and that of AR.
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The immunohistochemical results showed that
expression of p63, aNp63, KLF11, Cx30 and
RhoA was upregulated, and CLDN-4 expression
was downregulated in the nasal epithelium of
AR (Figure 8).

Discussion

In this study, we first found that Rho-kinase
inhibitor Y27632 alone induced airway progeni-
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Figure 8. Images of immunohistochemical staining of p63, p40 (ANp63), KLF11, RhoA, Cx30, CLDN-4 in normal
nasal mucosal tissues and those from patients with allergic rhinitis (AR). Bar: 50 ym.

tor cells of hTERT-human nasal epithelium in ditional reprogramming of various epithelial
vitro. Y27632 and feeder cells induce the con- cells (CRC) [16]. Y27632 induces airway pro-
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genitor clone formation [6]. It also leads led to
the selective expansion of the numbers of
basal epithelial stem cells during the critical
early stages of culture [17]. On the other hand,
it is possible to immortalize primary human
adult cells with exogenous human telomerase
reverse ftranscriptase (hTERT). Some cells
immortalized with hTERT alone have disrupted
differentiation. In the present study, we used
hTERT-human nasal epithelial cells that were
not immortalized [15]. Y27632 stabilizes the
telomere length during the course of long-term
culture [14]. In the present study, Y27632 alone
without feeder cells induced airway progenitor
cells indicated as changes of gap junctions,
tight junctions, F-actin and cytochrome P450
enzymes in hTERT-HNECs. These results sug-
gested that treatment with Y27632 in long-
term culture might affect hTERT expression in
hTERT-HNECs.

p63 contributes to the formation and mainte-
nance of differentiated pseudostratified bron-
chial epithelium [18]. p63 and aNp63 are
upregulated in the epithelium of chronic rhino-
sinusitis (CRS) and nasal polyps (NPs) [5, 12].
In hTERT-HNECs, which mostly p63-positive
nuclei, knockdown of p63 by siRNAs of TAp63
or aNp63 induces expression of CLDN-1 and -4
with an increase of Spl activity and enhances
the barrier and fence functions [5]. p63 nega-
tively regulates nasal epithelial tight junction
proteins and their functions in hTERT-HNECs
[5]. Inthe present study, treatment with Y27632
in long-term culture, induced p63 in hTERT-
HNECs. Furthermore, with the knockdown of
p63 by siRNAs of TAp63 or aNp63, upregula-
tion of RhoA, CLDN-1, CLDN-4 and downregula-
tion of Cx26, Cx30, TRIC, and CYP2C18 were
observed. It was thought that Y27632 induced
airway progenitor cells via p63.

Kruppel-like factor-11 (KLF11) constitutes a
family of transcription factors involved in the
regulation of diverse metabolic networks [19.
20]. However, the role of KLF11 remains
unknown in airway progenitor cells. In the pres-
ent study, Y27632 induced KLF11 mRNA and
the knockdown of KLF11 by the siRNA prevent-
ed the upregulation of p63 and the epithelial
barrier induced by Y27632. It is possible that
KLF11 induced by Y27632 might enhance air-
way progenitor cells via p63.

In CRS and NPs, disruption of the epithelial bar-
rier is observed with decreased expression of
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tight junction proteins [4, 5]. Gap junction mol-
ecules are increased in CRS [8]. In the nasal
epithelium of AR, expression of p63, aNp63,
KLF11, Cx30 and RhoA was upregulated and
CLDN-4 expression was downregulated. In
hTERT-HNECs, treatment with Y27632 en-
hanced GJIC with an increase of gap junction
molecules and the epithelial barrier, and
decreases of tight junction molecules and
induction of F-actin. Airway progenitor clone for-
mation by Y27632 in long-term culture in part
indicated the phenomenon of AR in vitro.

Conclusions

In conclusion, Y27632 in long-term culture
induces airway progenitor cells via p63 and
KLF11 in hTERT-human nasal epithelial cells.
Airway progenitor cells of nasal epithelium
induced by Y27632 is important in understand-
ing airway disease-specific characteristics such
as AR.
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