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Abstract

Background: |L-17F is involved in the pathogenesis of sev-
eral inflammatory diseases, including asthma and COPD.
However, the effects of steroids on the function of IL-17F sig-
naling mechanisms are largely unknown. One of the tran-
scription elongation factors, positive transcription elonga-
tion factor b (P-TEFb) composed of cyclin T1 and cyclin-de-
pendent kinase 9 (CDK9), is known as a novel checkpoint
regulator of gene expression via bromodomain-containing
protein 4 (Brd4). Methods: Human airway smooth muscle
cells were stimulated with IL-17F and the expression of IL-8
was evaluated by real-time PCR and ELISA. Next, the phos-
phorylation of CDK9 was determined by Western blotting.
The CDK9 inhibitor and short interfering RNAs (siRNAs) tar-
geting Brd4, cyclin T1, and CDK9 were used to identify the
effect on IL-17F-induced IL-8 expression. Finally, the effect of
steroids and its signaling were evaluated. Results: IL-17F
markedly induced the transcription of the IL-8 gene and the

expression of the protein. Pretreatment of CDK9 inhibitor
and transfection of siRNAs targeting CDK9 markedly abrogat-
ed IL-17F-induced IL-8 production. Transfection of siRNAs
targeting Brd4 and cyclin T1 diminished IL-17F-induced
phosphorylation of CDK9 and IL-8 production. Moreover,
budesonide decreased CDK9 phosphorylation and markedly
inhibited IL-17F-induced IL-8 production. Conclusions: This
is the first report that P-TEFb is involved in IL-17F-induced
IL-8 expression and that steroids diminish it via the inhibition
of CDK9 phosphorylation. IL-17F and P-TEFb might be novel
therapeutic targets for airway inflammatory diseases.

© 2018 S. Karger AG, Basel

Introduction

We and other groups have independently cloned the
human IL-17F gene [1-3]. The expression of this gene is
increased in the airways of patients with asthma and
COPD, and its levels are correlated with disease severity
[1, 4, 5]. In addition, we have demonstrated that a loss of
single nucleotide polymorphism function in the IL-17F
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gene is inversely correlated with asthma risk and encodes
an antagonist for the wild-type IL-17F [6, 7]. IL-17F is
potentially involved in neutrophilic airway inflammation
[8]. Overexpression of IL-17F in the mouse reveals an in-
creased number of neutrophils in the airways [9, 10].
Neutrophilic airway inflammation is one of the key fea-
tures of severe asthma and COPD. Levels of IL-8 are
markedly higher in sputum, tracheal aspirates, and plas-
ma from asthmatic patients compared with healthy sub-
jects, and its levels are associated with an increased neu-
trophil number [11]. Similarly, itslevels are clearly elevat-
ed in sputum from patients with stable COPD and are
correlated with disease severity [12, 13]. Although the
mechanisms of neutrophil infiltration into the airway
have not been fully identified, emerging evidence has sug-
gested a major involvement of airway smooth muscle
cells (ASMC:s) in the regulation of airway inflammation
through the induction of IL-8 [14-16]. However, the role
of IL-17F in ASMCs remains to be elucidated.

The intercellular signaling mechanism of IL-17F-in-
duced gene expression has become clear [17, 18]. The ex-
tracellular signal-regulated kinase 1/2 (ERK1/2) signaling
pathway is a major upstream signal transduction pathway
for IL-17F [19]. In contrast, its downstream signaling
mechanisms remain to be elucidated. Recently, RNA
polymerase II (Pol II) pausing has been recognized as a
novel and important checkpoint during the process of
transcriptional initiation for gene expression [20]. Pol II
initiates transcription and transitions to early elongation,
but it pauses approximately 20-60 bp downstream of the
transcription start site. This is called promoter-proximal
pausing and is mediated by pausing factors, such as nega-
tive elongation factor (NELF) and 5,6-dichloro-1-p-D-
ribofuranosylbenzimidazole sensitivity-inducing factor
(DSIF) [21]. In contrast, positive transcription elongation
factors act to restart transcription from the promoter-
proximal pausing. Among them, positive transcription
elongation factor b (P-TEFb) has a pivotal role in pause
release by phosphorylating the Pol II carboxy-terminal
domain, NELF and DSIF. P-TEFb is composed of cyclin-
dependent kinase 9 (CDK9) and cyclin T1, and is recruit-
ed via the coactivator bromodomain-containing protein
4 (Brd4) [22]. The activity of P-TEFb depends on CDK9
kinase activity [23]. However, it is currently unknown
whether P-TEFb is involved in IL-17F-induced gene ex-
pression. Moreover, little is known about the effect of ste-
roids on the function of IL-17F and P-TEFb activation.
Corticosteroids are widely used in long-term manage-
ment and acute exacerbations for asthma and COPD.
Therefore, investigation of the regulatory mechanisms of
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IL-17F-induced IL-8 expression in ASMCs may contrib-
ute to the pathogenesis of airway inflammatory diseases.
In this study, we demonstrated, for the first time, activa-
tion of P-TEFb by IL-17F and the effect of steroids.

Methods

Cell Culture

ASMCs were purchased from Lonza (Walkersville, MD, USA)
and cultured in SmBM medium with SmGM-2 SingleQuots (Lon-
za) containing insulin, fibroblast growth factor, gentamicin, 5%
fetal bovine serum, and epidermal growth factor at 37°C with 5%
CO, in humidified air. Confluent cells at passages 2—-4 were used
as described below.

Detection of IL-8 Gene Expression

Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Chatsworth, CA, USA) from 1 x 10° ASMCs at 4, 12, and 24 h
after stimulation with 10 and 100 ng/mL of IL-17F (R&D Sys-
tems, Tokyo, Japan). cDNAs were synthesized from 1 pg of total
RNA using the ReverTra Ace qPCR RT Kit (TOYOBO, Tokyo,
Japan), followed by real-time PCR. The sequences of primers
were as follows: IL-8, forward, 5-TCTGCAGCTCTGTGT-
GAAGG-3', reverse, 5-AAATTTGGGGTGGAAAGGTT-3';
G3PDH, forward, 5-ACCACAGTCCATGCCATCAC-3, re-
verse, 5-TCCACCACCCTGTTGCTGTA-3'. Real-time PCR
was performed using a THUNDERBIRD SYBR qPCR Mix
(TOYOBO), gene-specific primers, and an ABI 7500 real-time
PCR system. The data are presented as the fold induction rela-
tive to the control group. Data are expressed as the mean + SEM
(n = 6 experiments).

Detection of IL-8 Protein Production

Culture supernatants were collected at 4, 12, 24, and 48 h after
stimulation with IL-17F (10, 100 ng/mL). IL-8 protein levels in the
supernatants and cell lysates of IL-17F-stimulated cells were de-
termined with a commercially available ELISA kit (R&D Systems)
according to the manufacturer’s instruction, and expressed per
10° cells. Data are expressed as the mean + SEM (n = 6 experi-
ments).

Effect of Budesonide on IL-17F Induced IL-8 Expression

For analysis of the effect of steroids on IL-8 expression, ASMCs
were treated in the presence or absence of budesonide (Calbio-
chem, Tokyo, Japan) at varying doses, and a vehicle control, 0.1%
DMSO, for 1 h before treatment with IL-17F (100 ng/mL). The
supernatants were collected at 24 h after stimulation. IL-8 protein
levels in the supernatants were determined as described above and
expressed as the mean + SEM (n = 6 experiments).

Detection of CDK9 and p65 by Western Blotting

For analysis of activation of CDK9 and NF-«xB, ASMCs were
treated with IL-17F (100 ng/mL) and in some cases with or without
transfection with the short interfering RNAs (siRNAs; 10 nM) tar-
geting Brd4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
control (Ambion, Tokyo, Japan) using HiPerFect transfection re-
agent (Qiagen). The total cellular extracts (1 x 10° cell equivalents/
lane) were subjected to 7.5-15% Tris-glycine gel electrophoresis
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Fig. 1. IL-17F induced IL-8 gene expression and protein produc-
tion in ASMCs. a IL-8 gene expression by IL-17F. Real-time PCR
was performed as described in Materials and Methods. ASMCs
were stimulated with IL-17F (10, 100 ng/mL) for 4, 12, and 24 h
(n=6).* p <0.05 versus medium control; * p < 0.05 versus 10 ng/

(DRC, Tokyo, Japan), followed by transfer onto polyvinylidene
difluoride membranes (Bio-Rad, Tokyo, Japan). The Abs to CDKO9,
phospho-CDKO9, and phospho-p65 were purchased from Cell Sig-
naling Technology (Cell Signaling Technology, Danvers, MA,
USA). The Abs to p65 (Rel A) and B-actin were purchased from
Santa Cruz Biotechnology.

Effect of CDK9 and Cyclin T1 Inhibition on IL-17F-Induced

IL-8 Expression

For analysis of the involvement of CDK9, ASMCs were treated
in the presence or absence of a CDK9 inhibitor, CDK9 inhibitor II
(Calbiochem), or a vehicle control, 0.1% DMSO, for 1 h before
stimulation with IL-17F (100 ng/mL). The supernatants were col-
lected at 24 h after stimulation for analyses with ELISA. IL-8 pro-
tein levels in the supernatants were determined as described above.
To further confirm the involvement of CDK9, predesigned
siRNAs (10 nM) for CDK9 and cyclin T1 (Santa Cruz Biotechnol-
ogy) and the control (Ambion) were also used for transfection into
ASMC:s as described above. The supernatants were then collected
at 24 h after stimulation with 100 ng/mL of IL-17F and subjected
to analysis by ELISA. Data are expressed as the mean + SEM
(n = 6 experiments).

Effect of Brd4 Inhibition on Activation of CDK9 and

IL-17F-Induced IL-8 Expression

For analysis of the involvement of Brd4, ASMCs were trans-
fected in the presence or absence of predesigned siRNAs (10 nM)
for Brd4 (Santa Cruz Biotechnology) and negative control siRNAs
were used. The siRNA transfection into ASMCs by HiPerFect
transfection reagent was performed as described above. Following
transfection, Western blotting analysis was performed as described

Involvement of P-TEFD in IL-17F-
Induced IL-8 Expression

mL of IL-17F-stimulated cells. b IL-8 protein expression by IL-
17F. ELISA was performed as described in Materials and Methods.
The cells were stimulated with IL-17F (10, 100 ng/mL) for 4-48 h
(n=6).* p<0.05 versus medium control; * p < 0.05 versus 10 ng/
mL of IL-17F-stimulated cells.

above. The Abs used were anti-CDKO9, anti-phospho-CDK9, and
anti-B-actin. The supernatants were collected at 24 h after stimula-
tion with 100 ng/mL of IL-17F. IL-8 protein levels in the superna-
tants were evaluated by ELISA and expressed as the mean + SEM
(n = 6 experiments).

Effect of NF-xB Inhibition on IL-17F-Induced IL-8 Expression

For analysis of the involvement of NF-kB, ASMCs were treated
in the presence or absence of a NF-«B inhibitor, BAY 11-7082
(Calbiochem) at varying doses, or a vehicle control, 0.1% DMSO,
for 1 h before treatment with IL-17F (100 ng/mL). The superna-
tants were collected at 24 h after stimulation for analyses with ELI-
SA. IL-8 protein levels in the supernatants were determined as de-
scribed above. To further confirm the involvement of NF-«B, pre-
designed siRNAs (10 and 100 nM) for NF-kB (Santa Cruz
Biotechnology) and control (Ambion) were also used for transfec-
tion into ASMC:s as described above. The supernatants were then
collected at 24 h after stimulation with 100 ng/mL of IL-17F and
subjected to analysis by ELISA and expressed as the mean + SEM
(n = 6 experiments).

Data Analysis

The statistical significance of differences was determined by
analysis of variance (ANOVA). The values are expressed as the
mean + SEM from independent experiments. Any difference with
p values <0.05 was considered significant. When ANOVA indi-
cated a significant difference, the Scheffe F-test was used to deter-
mine the difference between groups. The Student ¢ test was per-
formed for some assays. p values <0.05 were considered signifi-
cant.
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Fig. 2. Effect of budesonide on IL-8 protein expression. ASMCs
were pretreated with budesonide (0.1, 1, and 10 nM) for 1 h before
the 24-h stimulation of IL-17F (100 ng/mL), and then IL-8 protein
levels in supernatants were measured by ELISA. Data are expressed
as means = SEM (n = 6). * p < 0.05 versus IL-17F-stimulated cells
with vehicle control (DMSO).

Results

Expression of IL-8 Gene and Protein

First, the levels of IL-8 gene expression were evaluated
by real-time PCR. IL-8 gene expression was markedly in-
duced by 100 ng/mL of IL-17F at the 4, 12, and 24 h time
points when compared with the control (Fig. 1a). IL-17F
markedly induced its expression in a dose-dependent
manner at 4 and 12 h after stimulation. The levels of IL-8
protein production were evaluated by ELISA (Fig. 1b).
IL-8 protein was detected in untreated cells, but its levels
in supernatants were markedly increased in a dose-de-
pendent manner, peaking at the 24-h time point, in
ASMC s stimulated with IL-17F when compared with the
control. Moreover, pretreatment of the cells with 0.1, 1,
and 10 nM of budesonide markedly reduced IL-17F-in-
duced IL-8 production in a dose-dependent manner,
while 1 h pretreatment of the cells with vehicle alone did
not affect its production (Fig. 2).

Activation of CDK9 by IL-17F

To examine the involvement of CDK9 in IL-17F-in-
duced IL-8 expression, activation of CDK9 in IL-17F-
stimulated cells was evaluated. CDK9 and p-actin were
equally detected at all time points (Fig. 3a). In contrast, a
transient phosphorylation of CDK9 was seen in ASMCs
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upon stimulation with IL-17F, peaking between 10 and 30
min after stimulation and returning to baseline levels by
60 min.

Effect of CDK9 and Cyclin T1 Inhibition on

IL-17F-Induced IL-8 Expression

Pretreatment of the cells with 10 um of the CDK9 in-
hibitor, CDK9 inhibitor II, markedly blocked IL-17F-in-
duced IL-8 production, while 1 h pretreatment of the cells
with vehicle alone did not affect its production (Fig. 3b).
As shown in Figure 3c, IL-8 production induced by IL-
17F was markedly inhibited in cells transfected with
siRNAs targeting CDK9 or cyclin T1 when compared
with cells transfected with control siRNAs.

Effect of Brd4 Inhibition on Activation of CDK9 and

IL-17F-Induced IL-8 Expression

The cells transfected with siRNAs targeting Brd4
diminished IL-17F-induced CDK9 phosphorylation
(Fig. 3d). In contrast, it was not inhibited by the transfec-
tion with control siRNAs. Similarly, IL-8 production in-
duced by IL-17F was markedly inhibited in the cells trans-
fected with siRNAs targeting Brd4 when compared with
the cells transfected with control siRNAs (Fig. 3c).

NF-«B Inhibition on IL-17F-Induced IL-8 Expression

Next, we sought to examine the involvement of NF-«xB
signaling in IL-17F-induced IL-8 expression. Results
showed that pretreatment of ASMCs with 0.5, 1,and 5 uM
of an NF-«B inhibitor, BAY 11-7082, did not influence
the levels of IL-17F-induced IL-8 protein production
(Fig. 4a). Similarly, the siRNAs targeting p65 did not re-
duce IL-17F-induced IL-8 production (Fig. 4b).

Effect of Budesonide on the Activation of CDK9 and

NF-«B p65

Moreover, when the cells were pretreated with
budesonide, it was noted that the level of IL-17F-induced
CDK9 phosphorylation was diminished as compared to
that seen in the vehicle control (Fig. 5a). In contrast, the
pretreatment of the cells with budesonide or vehicle con-
trol did not affect IL-17F-induced NF-«B p65 phosphor-
ylation (Fig. 5b).

Discussion
The current study provided evidence demonstrating

that the IL-17F signal mediates the Brd4-P-TEFb path-
way to induce the expression of IL-8. Brd4 is located up-

Nakajima et al.
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Fig. 3. Kinetic activation of CDK9 by IL-17F in ASMCs. a The cells
were incubated with IL-17F (100 ng/mL) for different time points
as indicated. Western blotting analysis was performed with Abs
against total (t)-CDK9, phosphorylated (p)-CDKO9, and B-actin as
indicated. The results shown are representative of 3 separate ex-
periments. b Effect of the inhibition for CDK9 on IL-8 protein
expression. ASMCs were pretreated with CDK9 inhibitor II (10
uM) for 1 h before the 24-h stimulation of IL-17F (100 ng/mL), and
then IL-8 protein levels in supernatants were measured by ELISA.
Data are expressed as means £ SEM (n = 6). * p < 0.05 versus
IL-17F-stimulated cells in the absence of the inhibitor. ¢ The vali-
dation of blocking by siRNAs targeting Brd4 (10 nM), CDK9 (10

stream of P-TEFb, since the siRNAs targeting Brd4
blocked the phosphorylation of CDK9. Moreover, the ac-
tivation of P-TEFb is important for IL-8 expression by
IL-17F, since the CDK9 inhibitor and the specific siRNAs
targeting CDK9 and cyclin T1 abrogated its expression.
Furthermore, corticosteroids diminished IL-17F-in-
duced IL-8 expression via the inhibition of CDK9 activa-
tion. Thus, the Brd4-P-TEFb pathway is pivotal for
IL-17F-induced IL-8 expression in ASMCs.

Involvement of P-TEFD in IL-17F-
Induced IL-8 Expression

nM), and cyclin T1 (10 nM) was performed. After transfection of
the siRNAs, ASMCs were stimulated with IL-17F (100 ng/mL) for
24 h. The levels of IL-8 protein production in the supernatants
were measured by ELISA. Data are expressed as means + SEM
(n=6).* p <0.05 versus IL-17F-stimulated cells transfected with
a control siRNA. d Effect of siRNAs targeting Brd4 on IL-17F in-
duced phosphorylation of CDK9. The cells were transfected with
siRNAs targeting Brd4 (10 nM) or control siRNAs (10 nM), and
then ASMCs were stimulated with IL-17F (100 ng/mL) for 30 min.
Western blotting analysis was performed with Abs against (t)-
CDKY, (p)-CDKO9, and B-actin. The results shown are representa-
tive of 3 separate experiments.

Elongation is a critically controlled step in transcrip-
tion regulation by several elongation factors [20]. Among
these factors, P-TEFD has a pivotal role in the pause re-
lease of Pol I and expression of inflammation-mediated
genes, such as IL-8 [24]. The treatment of a CDK inhibi-
tor, 5,6-dichloro-l-B-D-ribofuranosylbenzimidazole, or
siRNAs for cyclin T1 decreased the expression of Dengue
virus-induced IL-8 in Huh7 cells [25]. P-TEFb is also in-
volved in TNF-a-induced IL-8 expression in the bron-
chial epithelial cell line, A549 [24, 26]. In contrast to IL-8,
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sentative of 3 separate experiments.
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b After transfection of the siRNAs (10 and 100 nM) targeting p65,
ASMCs were stimulated with IL-17F (100 ng/mL) for 24 h. The
levels of IL-8 protein production in the supernatants were mea-
sured by ELISA. Data are expressed as means = SEM (n = 6).

treatment of the CDK9 inhibitor did not reduce virus-
induced IFN-B production [27]. These findings suggest
that P-TEFD is involved in the inflammatory cytokine
gene expression. Additionally, little is unknown about the
functional role of P-TEFb in ASMCs, and its association
with IL-17F signaling. Here, we reported, for the first
time, that P-TEFb is involved in regulating IL-17F-in-
duced gene expression.

In this study, knocking down of Brd4 diminished not
only CDK9 phosphorylation, but also inhibited the ex-
pression of IL-8. Recent reports demonstrated that Brd4
plays a major role in the pathogenesis of airway inflam-
mation. Indeed, Brd4 activation in bronchial epithelial
cells was induced by several inflammatory stimuli, such
as RS virus, and diesel exhaust particles that are able to
exacerbate airway inflammation [28, 29]. In addition,
Brd4 regulates IL-1p-induced IL-8 expression in airway
epithelial cells [30]. Brd4 also contributes to ASM prolif-
eration and cytokine release [31, 32]. Moreover, Brd4 is a
member of the bromodomains and extraterminal domain
(BET) family. BET controls human Th17 differentiation
and is necessary for the transcription of Th17 cytokines,
suchasIL-17A and IL-21 [33, 34]. Inhibition of Brd4 sup-
presses Th17 differentiation, suggesting that Brd4 is an
important target for Th17-mediated responses.

While IL-17F induced IL-8 expression via the Brd4-
CDK9 pathway, targeted disruption of cyclin T1 or CDK9
did not completely diminish its expression. P-TEFb is

Nakajima et al.
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mostly composed of CDK9 and cyclin T1, but 20% of the
cellular CDK9 binds to other C-type cyclins, such as cy-
clin T2 and cyclin K [35]. In addition, other CDK iso-
forms, such as CDK4 and CDKS, are also involved in IL-
1-induced IL-8 expression [36]. For these reasons, inhibi-
tion of cyclin T1 and CDK9 might show a partial effect on
its expression.

Interestingly, IL-17F was shown to induce phosphory-
lation of NF-kB p65, but blocking p65 did not reduce
IL-17F-induced IL-8 expression. It is thought that NF-«xB
is generally involved in IL-8 gene expression [37], but in
our study the addition of an NF-kB inhibitor did not re-
duce IL-17F-induced IL-8 expression. Consistent with
this, previous reports have demonstrated that cadmium
or rhinovirus induced IL-8 expression through an NF-
kB-independent pathway in airway epithelial cells [38,
39]. Thus, the exact role of NF-«B signaling may vary de-
pending on the cell types and stimulus used.

The effects of corticosteroids on IL-17F signaling are,
at present, unclear. We reported that budesonide inhib-
ited phosphorylation of CDKOY, leading to decreased IL-8
expression. A previous study has demonstrated that cor-
ticosteroid receptors compete with P-TEFb recruitment
to the IL-8 promotor in A549 [24]. We identified that
corticosteroids inhibited phosphorylation of a subunit of
P-TEFb, CDKO9, leading to decreased IL-8 expression in
ASMCs. Hence, corticosteroids may exert a postinitiation
step in regulating IL-8 gene expression.

Airway neutrophilia is especially seen in the patients
with severe asthma and COPD. However, the mechanism
of neutrophil infiltration is not elucidated. Expression of
IL-17F is increased in the airways of asthma and COPD
patients [1, 7]. In a mouse model, overexpression of IL-
17F induced airway neutrophilia [9, 10]. In particular, IL-
17F is a key effector of neutrophilic reaction against as-
pergillus infection [40]. On the contrary, ASMCs are
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airway inflammatory diseases.
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