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Abstract

REV-ERBa is a nuclear heme receptor, transcriptional repressor and critical component of the
molecular clock that drives daily rhythms of metabolism. Evidence reveals that REV-ERBa also
plays an important regulatory role in clock-dependent lung physiology and inflammatory
responses. We hypothesize that cigarette smoke (CS) exposure influences REV-ERBa abundance
in the lungs, facilitating a pro-inflammatory phenotype. To determine the impact of REV-ERBa
activation in the CS-induced inflammatory response we treated primary human small airway
epithelial cells (SAECs) with CS extract (CSE) or lipopolysaccharide (LPS) in the absence or
presence of pre-treatment with the REV-ERBa agonist GSK 4112. We also exposed adult
C57BL/6J (WT) and Rev-erba global KO mice to CS (10 and 30 days) and measured pro-
inflammatory cytokine release. Our data reveal that pre-treatment with GSK 4112 reduced
CSE/LPS induced pro-inflammatory cytokines release from both SAECs and mouse lung
fibroblasts (MLFs). Furthermore, REV-ERBa KO mice show a greater inflammatory response to
10 and 30 days of CS, including increased neutrophil lung influx, pro-inflammatory cytokine
(IL-6, MCP-1 and KC) release, and pro-senescence marker (p16) when compared to WT mice.
These data demonstrate that REV-ERBa is a critical regulator of CS-induced lung inflammatory
responses.

Graphical abstract

Cigarette smoke (CS) causes reduction in nuclear receptor REV-ERBa and its knockout mice
exposed to acute CS showed increased lung inflammatory and pro-senescence responses /n vivo.
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1. Introduction

The nuclear heme receptor REV-ERBa is an integral part of the molecular clock that drives
daily rhythms of behavior, metabolism and inflammatory-immune responses [1-3]. REV-
ERBa may play an important regulatory role in clock-dependent lung physiology and
inflammatory responses. REV-ERBa acts as part of a repressor complex, binding to and
interacting with HDAC3 and NCoR. As part of the molecular clock, REV-ERBa (and its
paralog REV-ERBp) regulates the timing and amplitude of brain and muscle arnt like
protein 1 (BMALLY) [4]. BMALL binds to and interacts with the CLOCK protein, forming
the primary activator complex of the circadian clock. REV-ERB acts in concert with, but
antagonistic to, the activators retinoic acid-like orphan receptor alpha/gamma (RORa/y).
Together, these proteins (REV-ERB and ROR) form what is commonly referred to as the
“stabilizing loop” of the molecular clock [5-8]. We have shown that the mRNA and protein
abundance of Rev-erba was reduced in both airway and alveolar cellular compartments of
lungs from emphysematous mice and patients with chronic obstructive pulmonary disease
(COPD), particularly during exacerbations [9]. Though these data would suggest that REV-
ERBa plays an important role in the clock-mediated response to cigarette smoke (CS)-
induced lung inflammation, there is currently little to no appreciation of how REV-ERBa
contributes to the processes of DNA damage/repair and stress-induced premature senescence
(SIPS) during the development of COPD. We hypothesize that the CS-mediated reduction in
REV-ERBa abundance potentiates lung cellular senescence and inflammatory responses.
Further, we postulated that activation of REV-ERBa/p with small molecule agonists would
dampen the inflammo-senescent response to CS in the lung.

2. Materials and Methods

All the key biological and/or chemical resources that are used in this study were validated
and authenticated (methods and resources) and are of scientific standard from commercial
sources. We used a rigorous and unbiased approach throughout execution of the
experimental plan (e.g. /n vitro cells and in vivo mouse samples) and during analysis of the
data so as to ensure that our data are reproducible. Our results adhere to NIH standards of
reproducibility and scientific rigor. All experiments for animal studies were performed in
accordance with the standards established by the United States Animal Welfare Act, as set
forth by the National Institutes of Health guidelines. The research protocol for mouse studies
was approved by the University Committee on Animal Research Committee of the
University of Rochester, Rochester, NY.

2.1 Cell Culture

Primary mouse lung fibroblasts were isolated and digested with Liberase (Roche) for 1 h at
room temperature as described previously [10]. Cells were washed using RPMI medium,
and initially grown in DMEM-F12 containing 10% FBS for 10 days with media change on
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alternate days under low oxygen concentration (3%). The primary mouse lung fibroblasts
were grown in Eagle’s minimum essential medium with FBS (10%). Human primary small
airway epithelial cells (SAECs) from COPD patients were obtained from Lonza and cultured
as described by us previously [10].

2.2 Cell treatment

SAEC and MLF were treated with CS extract (CSE: 0.25%) or LPS (1 pg/ml) alone or pre-
treated with and without GSK 4112 (20 pM) for 2 or 6 hours. After 24 hrs media was
recovered and the levels of pro-inflammatory cytokines IL-6 and IL-8 was measured.

2.3. Cigarette smoke exposure

These mice were housed under a 12:12 light-dark (LD) cycle with lights on at 6 a.m. and fed
with a regular diet and water ad /ibitum unless otherwise indicated. For CS exposure, mice
were kept in a standard 12:12 L:D cycle with lights on from 6 am-6 pm throughout the
experiment. C57BL/6J (WT) littermates WT and Rev-erba global KO mice (males and
females, 3-5 months old) obtained from Ronald Evans, PhD, at Salk Institute for Biological
Studies, La Jolla, CA [11]., were exposed to CS at a concentration of ~250-300 Total
Particular Matter (TPM mg/m3) for 2 hrs each day for 10 (acute) and 30 (sub-chronic) days
of exposure for 5 hrs each day (5 days/week) using the Baumgartner smoking machine [12].
We have previously determined that CS exposure to mice at 3—10 days induces lung
inflammatory responses [10]. In this experiment, we have exposed mice for 30 days as a
model of sub-chronic exposure to validate and extend the CS responses we observed with
our acute exposure model.

2.4. Differential inflammatory cell counts

Cytospin slides were prepared at 50,000 cells/slide and differential cell counts (~500 cells/
slide) were performed on cytospin-prepared slides stained with Diff-Quik (Dade Behring,
Newark, DE, USA) for 10 days Air and CS exposed mice.

Flow cytometric analysis of immune inflammatory cells was performed using cell-type
specific monoclonal antibodies in one month exposed samples. Briefly, the BAL cell were
re-suspended in 1 ml 1x PBS for cell counting using cellometer to determine the total cell
counts/ml. Approximately 2.0-4.0 x 10° cells were stained in 1x PBS using cell-type
specific markers for 30 min., then washed and re-suspended in 0.1 ml of 1x PBS for
analysis. Markers, such as LY6B.2 Alexa fluor 488 -conjugated antibody for neutrophils
(Novus Biologicals Cat# NBP213077AF488), F4/80 PE-conjugated antibody for
macrophages (BioLegend Cat #123109) were used. Flow cytometry data acquisition was
performed on a BD Accuri flow cytometer (BD Accuri C6 software) and analyzed using the
FlowJo software.

2.5. Pro-inflammatory cytokine analysis

Levels of pro-inflammatory mediators (IL-6, MCP-1, MIP-2 and KC) in bronchoalveolar
lavage fluid (BALF) from 10 or 30 days exposure experiments or conditioned media from
SAECs and MLFs were assayed by using ELISA kit according to the manufacturers’
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instructions (R&D Systems, Minneapolis, MN, USA) for mouse and human cells (Life
Technologies, MA).

2.6. Immunoblotting

Immunoblotting was used to measure the level of cellular senescence markers (p16 and p21)
in air- and CS-exposed mouse lung tissue extracts. Lung tissues were excised at the time of
sacrifice and snap frozen. Protein was extracted and subjected to PAGE. Blots were exposed
to anti-p21 (Santa Cruz, SC-397) or anti-p16 (Santa Cruz, sc-54309) primary antibodies
overnight at 4C (1:1000), followed by secondary antibody incubation for 1 h at room
temperature (1:5000 dilutionECL (Bio-Rad) was used for detection and images were taken
with Bio-Rad (ChemiDoc MP, Imaging system), and normalized against their respective -
actin bands using the densitometry.

2.6. Statistical analysis

Data are presented as means + SD. Statistical analysis of significance was calculated using
one-way Analysis of Variance (ANOVA) for multigroup comparisons using GraphPad Prism
6. All of the data are presented as mean = SEM. P <0.05 is considered a threshold for
significance.

3. Results

3.1. Pre-treatment of primary human SAECs and MLFs with REV-ERBa. agonist GSK 4112
reduces pro-inflammatory cytokine release following exposure to CSE in vitro

We pre-treated human small airway epithelial cells (SAEC) obtained from patients with
COPD and primary mouse lung fibroblasts (MLF) with the REV-ERBa. agonist GSK 4112
[12] (20 uM/ml for 2 or 6 hrs) prior to CSE (0.25%) or LPS (1 pg/ml) exposure, and
measured inflammatory responses 24h post-treatment. We found that pre-treatment with
GSK 4112 agonist significantly inhibited IL-6 and IL-8 release in SAECs and IL-6, KC and
MIP-2 release in MLFs (Fig. 1).

3.2. CSinduced inflammatory response in Rev-erba KO mice

We have determined the role of REV-ERBa in regulating lung inflammatory responses to
acute and sub-chronic CS exposures. Increased inflammatory responses were observed in
Rev-erba KO mice as compared to WT mice following both acute and sub-chronic CS
exposures. Total inflammatory cells and neutrophils (number or % of total cells) were
increased after both 10 day acute and one month of sub-chronic CS exposures in WT and
Rev-erba KO mice (Fig. 2A-B). Moreover, one month of CS exposure produced a greater
response in Rev-erba KO mice relative to WT animals (Fig 2B) as depicted in % of counted
cells.

3.3. CS exposure increased pro-inflammatory cytokines in Rev-erba KO mice

Rev-erba KO mice show increased inflammatory responses to acute 10 days CS exposure as
compared to WT mice (Fig. 3A). This was associated with a significant increase in IL-6 (P<
0.05) and an apparent trend towards increases in MCP-1 and KC (P = 0.0597) in BALF from
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CS exposed Rev-erba KO mice exposed to CS vs air groups after 10 days of CS exposures.
Similar data were found after 30 days of sub-chronic exposure in lungs for a trend in
increased MCP-1 and KC by CS exposures in Rev-erba KO mice compared to air exposed
groups (Fig 3B).

3.4. CS exposure significantly increased pro-senescence markers in Rev-erba KO mice

Immunoblot analysis of p16 and p21 in lung tissue homogenates from mice after 10 and 30
days of air or CS exposure show increased p16 without appreciable increase in p21 in Rev-
erba KO mice compared to air (Fig. 4A-B).

4. Discussion

The heme receptor REV-ERBa., encoded by Nrld1, regulates the expression of genes
involved in circadian rhythms [13, 14] metabolism [2, 3, 15] and inflammatory responses
[16-19]. REV-ERBa and RORa provide stability and precision the timing of the molecular
clock [20]. Not surprisingly, abnormal molecular clock function has been shown to hasten
the appearance of chronic diseases associated with inflammation and aging [21, 22]. We
have shown that the mRNA and protein levels of REV-ERBa. were reduced in lung tissue
(airway epithelium and type 11 cells) of mice with emphysema, and in COPD patients
without any change in REV-ERBp [9, 23] when compared to healthy nonsmokers. We
hypothesize that CS exposure reduces the abundance of REV-ERBa specifically, which is
associated with increased lung inflammatory and senescence responses.

We found that pre-treatment with the REV-ERB agonist GSK 4112 significantly inhibited
pro-inflammatory cytokine release in SAECs and MLFs following CSE or LPS exposure /in
vitro. These data are particularly exciting, as they suggest a general anti-inflammatory effect
of enhanced REV-ERB signaling across multiple pro-inflammatory mediators (CSE and
LPS).

Our data show that REV-ERBa deficient mice exhibit inflammatory and senescence
responses in the lung. We have shown that the protein levels of REV-ERBa were reduced in
mouse lung with emphysema and in lungs of COPD patients [9]. This is consistent with the
finding that the expression of Nrld1 (encoding REV-ERBa) in mouse lung tissue is
suppressed by CS [13]. Acute and sub-chronic CS exposures in Rev-erba. KO mice show a
phenotype of increased pro-inflammatory mediators release (IL-6, MCP-1 and KC). This
increase may be associated with upregulating their gene transcription by decreased
recruitment of NcoR1/HDAC3 co-repressors [6], as CS is shown to downregulate HDAC2
and disruption of HDAC repressor complex in lungs [24, 25]. This is one of the mechanisms
for CS-induced lung inflammatory response by REV-ERBa..

Our data further suggest that CS-mediated REV-ERBa reduction may be permissive for the
development of cellular senescence and inflammatory responses. However, the molecular
mechanism through which REV-ERBa regulates the development and amplitude of chronic
CS-induced lung cellular senescence and inflammatory responses remain unknown.
Furthermore, it has yet to be determined whether selective activation of REV-ERBa. in the
lungs attenuates CS-induced lung inflammation and senescence responses in a long-term
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model of CS exposures. Further, development of improved agonists (e.g. SR series
developed by Burris and colleagues; [7]) should provide more detailed and accurate
information regarding its anti-inflammatory effects /n vivo as the currently available agonist
GSK 4112 has some solubility and bioavailability issues in mouse.

Persistent DNA damage results in SIPS and senescence-associated secretory phenotype
(SASP) by forming senescence-associated heterochromatin foci [26, 27]. CS-induced DNA
damage response may cause an inflammatory phenotype in senescent cells [28, 29]. Our data
reveal that REV-ERBa KO mice exhibit enhanced lung cellular pro-senescence and
inflammatory responses in the lung. Our assertion is that suppression of REV-ERBa. levels
in the lungs produced by chronic CS enhances the development of cellular senescence and
increases the magnitude of inflammatory responses that eventually lead to COPD/
emphysema. One of the reasons for this anti-inflammatory response involves interaction of
REV-ERBa with RORa. on pro-inflammatory genes [6, 18, 30, 31], and disruption of this
complex may culminate in various pro-inflammatory, DNA damage, and pro-senescence
responses.

Overall, REV-ERBa plays an important role in regulating CS-induced lung inflammatory
responses. Our findings have great translational potential for the development of
pharmacological therapies based on targeting REV-ERBa (clock based treatment) to
ameliorate lung inflammatory and cellular senescence responses in COPD progression and
exacerbations.
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Fig. 1. REV-ERBa agonist attenuates pro-inflammatory responseto CSE and LPSin vitro
(A) Human small airway epithelial cells (SAEC) from chronic obstructive pulmonary

disease (COPD) patients were pre-treated with veh (DMSO) or REV-ERBa agonist

(GSK4112: 20 uM/ml) for 6 h followed by treatment with CSE (0.25%) for 24 h. (B) Mouse
lung fibroblasts (MLF) from C57BL/6J mice were pre-treated with veh or GSK4112 for 2 h

followed by treatment with LPS (1 pug/ml) for 24 h. CSE-induced IL-6, and IL-8 and LPS-

induced IL-6, KC, and MIP-2 release in conditioned medium was measured by ELISA after

24 h treatment. Data are shown as mean + SEM, n=3-6 per group. ™ /<0.01,

KKKk

vs. respective control; #/<0.05, ## p<0.01, ### pP<0.001 vs. CSE or LPS.
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Fig. 2. Lung inflammatory cell influx in CS exposed Rev-erba KO and WT mice
Wild-type littermates and Rev-erba KO mice were exposed to room air, 10 days (acute) or

30 days (sub-chronic) of CS. Total cell counts per ml in BAL, macrophages, and neutrophils
in WT or REV-ERBa KO mice exposed to room air, (A) acute CS (10 days) or (B) sub-
chronic CS (30 days). In (A and B) data are presented as total cell counts per ml in BAL
fluid while in (B) macrophage and neutrophil levels are presented as a percentage of total
cells. For 10 days CS exposure, the number of total cells in BALF was counted in at least
500 cells stained with Diff Quik on a hemocytometer. For one month CS exposure, the cell
counts were determined using a flow cytometer (See Methods). In A and B, data are shown
as mean + SEM, n=4-6 per group for one month Air and CS exposures, and n=3-8 per
group except for Rev-erba KO and Air n=2 per group for 10 days. */<0.05 and ™ /<0.001
vs WT-AIr or Rev-erba KO-Air.
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Fig. 3. Rev-erba KO mice show pro-inflammatory responsesto CS exposure
Wild-type littermates and Rev-erba KO mice were exposed to acute CS exposure for (A) 10

days or (B) sub-chronic for 30 days. Levels of pro-inflammatory mediators (IL-6, MCP-1
and KC) were measured in BAL fluid obtained from acute 10 d and 30 d air- or CS-exposed
mice by ELISA. Some of the analyses were repeated based on availability of the samples to
reproduce the findings. Data are shown as mean + SEM, n=4-6 per group for one month Air
and CS exposures, and n=3-8 per group except for Rev-erba KO and Air n=2—4 per group
for 10 days. £<0.059 vs WT Air group, and ***/<0.001 vs WT-Air or Rev-erba. KO-Air.
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Fig. 4. Rev-erba KO mice show increased cellular senescence markersin responseto acute CS
exposure
Wild-type littermates and Rev-erba KO mice were exposed to acute CS exposure for (A) 10

days (acute) or (B) sub-chronic for 30 days. Immunoblot analysis of pro-senescence markers
p16 and p21 in lung tissue homogenates from WT and Rev-erba. KO mice. After
densitometry analysis, levels of p16 and p21 were normalized against respective loading
control B-actin. Data are shown as mean = SEM, n=2—4 per group. “P< 0.05 vs WT; # p<
0.05 vs WT-CS.
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