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Abstract

Background: BMAL1 is a transcriptional activator of the molecular clock feedback network. Besides its role in
generating circadian rhythms, it has also been shown to be involved in the modulation of cell proliferation,
autophagy and cancer cell invasion. However, the role of BMAL1 in pulmonary fibrogenesis is still largely unknown.
In this study, we investigated the crosstalk between BMAL1 and the signaling transduction and cellular activities of
TGF-β1, a key player in lung fibrogenesis.

Methods: Lungs from wild type and TGF-β1-adenovirus-infected mice were harvested and homogenized for
isolation of RNA and protein. RT-PCR and Western Blotting were employed to measure the expression level of clock
genes and TGF-β1-induced downstream target genes. siRNA against human BMAL1 gene was transfected by using
lipofectamine RNAiMAX to knockdown the endogenous BMAL1 in both lung epithelial cells and fibroblasts.

Results: Our results showed that TGF-β1 is able to up-regulate BMAL1 expression in both lung epithelial cells and
normal lung fibroblasts. In animal models of pulmonary fibrosis, BMAL1 expression was also significantly higher in
adenovirus-TGF-β1-infected mice than in the control group. Interestingly, BMAL1 was mostly found in a
deacetylated form in the presence of TGF-β1. Importantly, siRNA–mediated knockdown of BMAL1 significantly
attenuated the canonical TGF-β1 signaling pathway and altered TGF-β1-induced epithelial-mesenchymal transition
and MMP9 production in lung epithelial cells. In addition, BMAL1 knockdown inhibited the fibroblast to
myofibroblast differentiation of normal human lung fibroblasts.

Conclusions: Our results indicate that activation of TGF-β1 promotes the transcriptional induction of BMAL1.
Furthermore, BMAL1 is required for the TGF-β1-induced signaling transduction and pro-fibrotic activities in the lung.
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Background
Idiopathic pulmonary fibrosis is a chronic, progressive,
irreversible, and age-related lung disease that has no
known cause and few treatment options. This disease
was once thought to be a chronic inflammatory process,
but current evidence indicates that the fibrotic response
is driven by abnormally activated alveolar epithelial cells
[1–3]. The injured epithelial cells are the primary source
of mediators for the development of pulmonary fibrosis,
producing a number of growth factors and cytokines, in-
cluding platelet-derived growth factor, transforming

growth factor β (TGF-β), tumor necrosis factor α
(TNFα), endothelin-1 and connective tissue growth fac-
tor. Among them, TGF-β1 plays a pivotal role in the de-
velopment of lung fibrosis. It stimulates the fibroblast to
myofibroblast differentiation (FMD), the epithelial to
mesenchymal transition (EMT) and the production of
matrix metalloproteinases (MMPs) to promote the for-
mation of the fibroblast and myofibroblast foci. These
foci produce excessive amounts of extracellular matrix,
like collagen, resulting in scarring and destruction of the
lung architecture [4, 5]. As a matter of fact, TGF-β
signaling is consistently found to be upregulated in hu-
man pulmonary fibrosis and several experimental lung
fibrotic diseases [6–8]. Transduction of active TGF-β1
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gene expression induces fibrogenesis in the lung [9, 10]
and blockage of the bioactivity of TGF-β1 inhibits
matrix production, and represses the progress of lung
fibrosis [11, 12].
TGF-β1 is secreted in a latent form that must be

activated by cleavage for function. It binds to its het-
erodimeric receptor on the cell membrane of target
cells to activate the receptor’s serine/threonine kinase
activity. The activated receptor recruits and phosphor-
ylates the R-Smad protein, Smad2/3, which then
forms a complex with the Co-Smad, Smad4. The
complexes then translocate into the nucleus to regu-
late transcription of the target genes in cooperation
with other co-factors [13, 14]. Besides the canonical
Smad2/3 pathway, TGF-β1 can also activate mitogen-
activating protein kinases (MAPKs) (ERK, p38 and
JNK), phosphatidylinositol 3 kinase/Akt and small
GTPases in a cell-specific manner [15–17].
Circadian rhythms occur around a 24-h oscillation in

behavior and physiology associated with the solar day.
These daily rhythms are driven by a network of
transcriptional-translational feedback loops that exist in
essentially all tissue and cell types of the organism [18].
Brain and muscle Arnt-like protein 1 (BMAL1), is one of
the core elements of these feedback loops. BMAL1 be-
longs to the family of bHLH-PAS domain transcription
factors. It binds to canonical E-box motifs (CACGTG)
as a heterodimer with circadian locomotor output cycles
kaput (CLOCK) or neuronal PAS domain protein 2
(NPAS2) on its target promoters to activate transcrip-
tion. They include the Pers (Period1, 2 and 3) and Crys
(Chryptochrome 1 and 2), whose protein products accu-
mulate in the cytoplasm and ultimately translocate to
the nucleus. Once in the nucleus, Pers and Crys associ-
ate with BMAL1/CLOCK complex and suppress gene
activation. Meanwhile, this transcriptional negative feed-
back loop is the subject of an extensive posttranslational
control through which oscillations are critically sus-
tained and adjusted to a period of ~24 h [19, 20].
BMAL1 is an essential component of the molecular

feedback network. Inactivation of BMAL1 in mice re-
sults in a complete loss of circadian rhythm under
constant dark conditions [21]. BMAL1−/− mice is
characterized by significantly reduced lifespan com-
pared to their wild-type littermates and displayed
various symptoms of premature aging as early as
5 months of age with inefficient epidermal self-
renewal, less subcutaneous fat, organ shrinkage. This
early aging phenotype correlates with increased levels
of reactive oxygen species in several tissues [22].
Meanwhile, BMAL1 knockout cells express lower
amounts of the miRNA-23b/-27b/-24-1 cluster, which
targets transforming growth factor beta receptor 2
and Smad proteins [23]. In addition, BMAL1 has also

been identified as a candidate gene for susceptibility
to hypertension and Type II diabetes [24].
Whereas BMAL1 has been reported to regulate the

expression of genes involved in different physiological
and pathological activities, the expression of BMAL1
itself is under the influence of internal and external
environmental events. Rev-Erbα and retinoic acid
receptor-related orphan receptor alpha (RORα), two
downstream targets of BMAL1, have been recognized
to compete the ROR response elements at the pro-
moter region of BMAL1 to regulate the level of
BMAL1 [25, 26]. In addition, the expression of
BMAL1 has also been reported to be regulated by
glucocorticoid, glucagon, melatonin, and TNFα in dif-
ferent systems [27–30]. However, TGF-β2 has been
found to profoundly inhibit the expression of several
circadian clock genes, such as Period genes, rev-erbα,
and the clock-controlled genes Dbp and Tef, without
influencing the level of BMAL1 in NIH3T3 fibroblasts
and HT22 neurons [31]. In this study, we assessed
the role of TGF-β1 in the expression of clock genes
both in vivo and in vitro. We found that overexpres-
sion of TGF-β1 in mouse lungs altered the expression
profile of circadian clock genes and elevated the
expression level of BMAL1 in lung fibroblasts and
epithelial cells.
The lung has been demonstrated to exhibit robust

circadian rhythm in culture. Using the Per2: luc
transgenic mice, Dr. Gibbs’ group recorded biolumin-
escence circadian oscillation in lung slices [32]. Fur-
thermore, another group revealed that a number of
genes that are involved in regulation, maintenance
and repair of the lung tissues show oscillation in their
expression levels [33]. Recently, BMAL1 has been re-
ported to be an important mediator of inflammatory
response. Targeted deletion of BMAL1 in lung epithe-
lium augments inflammation in response to tobacco/
cigarette smoke [34]. Targeted loss of BMAL1 in
bronchiolar cells induces an exaggerated inflammatory
response to lipopolysaccharide and impaired host re-
sponse to streptococcus pneumonia infection [27].
However, it is still largely unknown whether clock
genes, especially BMAL1, are involved in the develop-
ment of lung fibrosis. To answer this question, the
current study investigated the relationship between
BMAL1 and TGF-β1-induced signaling transduction
and cellular activities, which play a pivotal role in
lung fibrosis. Briefly, we found that siRNA-mediated
knockdown of BMAL1 significantly attenuated TGF-
β1-induced signaling transduction cascades and
physiological functions in both lung fibroblasts and
epithelial cells, suggesting the BMAL1 is required for
the proper conduction of TGF-β1 signals and the
fibrogenesis in the lung.
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Methods
Antibodies and reagents
Recombinant human TGF-β1 and TNFα were purchased
from R&D Systems (Minneapolis, MN). Lithium chloride
(LiCl) was purchased from Sigma-Aldrich (St. Louis,
MO) and SB216763 from Selleckchem.com (Houston,
TX). Antibodies to E-Cadherin (E-cad), β-actin,
GAPDH, Smad3, phosphor-Smad3 (Ser423/425), Akt,
phospho-Akt (Ser473), GSK3β, phospho-GSK3β (Ser9),
peroxidase-conjugated goat anti-mouse and goat anti-
rabbit secondary antibodies were purchased from Cell
Signaling (Danvers, MA). Antibody to alpha-smooth
muscle actin (α-SMA) was purchased from Sigma
Aldrich (St. Louis, MO). Antibodies to fibronectin extra
domain A (FN-EDA) and type-1 collagen (col-1) were
purchased from Abcam (Cambridge, MA). Antibody to
BMAL1 was purchased from Novus (Littleton CO).
Acetyl-BMAL1 (K538) antibodies were from EMD
Millipore (Billerica, MA) and Ameritech Biomedicines
(Houston, TX). Plasminogen activator inhibitor type 1
(PAI1) antibody was obtained from Peprotech (Rocky
Hill, NJ).

Cell culture and transfection
The immortalized human small airway epithelial cell line
HPL1D was provided by Dr. Takahashi and maintained in
Ham’s F12 medium supplemented with 1 % fetal bovine
serum (FBS), 5 μg/ml insulin, 5 μg/ml human transferrin,
10−7 M hydrocortisone, and 2 × 10−10 M thyronine at 37 °C
[35]. The human lung adenocarcinoma A549 cell line was
obtained from American Type Culture Collection (ATCC,
Manassas, VA) and maintained in Dulbecco’s minimal es-
sential medium (DMEM) (Invitrogen, Eugene‚ OR) supple-
mented with 10 % FBS, 10 units/ml penicillin, and 10 μg/
ml streptomycin (Invitrogen). Normal human lung fibro-
blasts (NHLFs) were purchased from Lonza (Allendale, NJ)
and maintained in FGM-2 medium following manufac-
turer’s instructions.
siRNAs against human BMAL1(siBMAL1), a mixture

of 4 siRNA oligos, and all-star control siRNA (siCtrl)
were purchased from Qiagen (Valencia, CA). Cells were
seeded onto 6-well cell culture plates and 20 μM of
siRNA were transfected by using lipofectamineRNAi-
MAX (Invitrogen). Cells were treated with TGF-β1 and
TNFα one day’s later. During treatment with recombin-
ant human TGF-β1, A549 cells were cultured in DMEM
plus 0.5 % FBS and NHLF were cultured in FBM plus
0.2 % bovine serum albumin (BSA). Cells were harvested
48 or 72 h following transfection for isolating RNA or
proteins.

Animals and TGF-β1 adenovirus exposure
C57BL/6 mice (Charles River) were maintained in 12-h
light, 12-h dark cycles with free access to food and

water. All procedures were performed in accordance
with protocols approved by the Institutional Animal
Care and Use Committee of Tulane University. TGF-β1
adenovirus (advTGF-β1) or control green fluorescent
protein virus (advGFP) were gifts from Dr. Gilbert F.
Morris (Tulane University). 3 × 108 plaque-forming units
(PFU) virus in 50-μl sterile saline were given to mice
intratracheally. Mice were sacrificed on day 7 after instil-
lation. Left lungs were fixed for trichrome and immuno-
staining staining and right lungs were harvested and
homogenized in liquid nitrogen for real time quantitative
PCR and western blot analysis.

Histology and immunostaining
Masson’s trichrome staining and analysis was performed
as previously described [36]. VECTASTAIN Elite ABC
Kit, Bloxal, Avidin/Biotin Blocking Kit, DAB Peroxidase
Substrate Kit, and Vector Hematoxylin were obtained
from Vector Laboratories (Burlingame, CA, USA). Buffer
components Triton X-100 (TX-100) and Tween-20 were
purchased from Sigma and glycine was purchased from
Fisher Scientific (Pittsburgh, PA, USA).
For immunohistochemical analysis, paraffin embedded

samples were incubated in BLOXALL™ Blocking solution
(Vector Laboratories, Burlingame, CA, USA) for 10 min
before proceeding with antigen retrieval. Slides were in-
cubated for 20 min in 0.5 % ammonium chloride and
rinsed in PBS then incubated in 0.3 M Glycine for 10 m.
Slides were permeabilized (PBS,0.1 % Triton X-100,
0.5 % Tween 20 ) and blocked (PBST, 2 % BSA, 10 %
goat serum) for 30 min. The primary antibodies of
BMAL1 (Novus) was used at dilutions of 1:200, and in-
cubated for 30 min followed by diluted biotinylated sec-
ondary antibody for another 30 min. Slides were then
incubated with Vectastain®ABC Reagent and DAB ac-
cording kit instructions, and the nuclei counterstained
with haematoxylin and mounted with Permount mount-
ing medium. For the analysis of the Masson’s Trichrome
staining, 5–7 fields per mouse at 20× in three mice ana-
lyzed per group. The IHC analysis for BMAL1 was done
in 5–8 fields per mouse at 20× in three mouse per group
(advGFP/advTGF-β1). Images were captured at the same
magnification with similar contrast, using an Olympus
BX60 microscope equipped with epifluorescence optics
(Olympus, Melville, NY) and a charge-coupled device
camera (DP71, Olympus ) with associated software Cell
Sens Standard. All numerical values are expressed as
mean ± SEM. TIFF/JPEG file images were then exported
and analyzed using ImageJ (imagej.nih.gov).

Quantitative real-time reverse transcription-PCR
Total RNA was isolated with RNeasy Plus mini kit (Qiagen)
following the manufacturer’s protocol and the concentra-
tion was measured using NanoDrop spectrophotometer
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from Thermo Scientific (Wilmington, DE). Real-time
quantitative reverse transcription-PCR (qRT-PCR) analysis
was performed using an iCycler device (Bio-Rad Laborator-
ies, Hercules, CA) and SYBR green supermix (Bio-Rad) ac-
cording to the manufacturer’s instructions, along with
gene-specific primers (Table 1). The specific gene’s cycle
threshold (Ct) values were normalized to the housekeeping
gene 36B4 and compared with the control group that was
assigned a value of 1 to calculate the relative fold change in
expression. The results represented three independent
experiments.

Western blot
Cells were lysed by 1 × RIPA buffer (Cell Signaling
Technology) containing 1 mM PMSF (Sigma Aldrich).
An equal amount of proteins were separated by a 4–
12 % Novex Tris-Glycine SDS polyacrylamide gel
(Invitrogen) followed by transfer onto polyvinylidene
difluoride membranes (0.45 μm, Invitrogen). Membranes
were blocked in 5 % non-fat milk in Tris-buffered saline
containing 0.05 % Tween 20 (TBST) buffer for 1 h at
room temperature and then incubated with the appro-
priate primary antibodies overnight at 4 °C. After
washing 3 × 10 min with TBST, blots were incubated
with peroxidase-conjugated goat anti-mouse or goat
anti-rabbit secondary antibodies for 1 h at room
temperature. An ECL plus western blotting detection kit
(GE Healthcare, Buckinghamshire, UK) was used for
generating chemiluminescent signals. All western blots
were repeated at three times and densitometry analysis
was performed using National Institutes of Health (NIH)
ImageJ software and normalized with β-actin.

Immunofluorescence
A549 cells cultured on 8-well chamber slides were fixed
with ice cold methanol for 10 min at −20 °C freezer.
Fixed cells were then incubated with phosphate-buffered
saline (PBS) containing 0.02 % Tween 20 (PBST) with
10 % goat serum and 5 % BSA for 1 h followed by anti-
E-cad antibodies (1:200) in PBST containing 1 % BSA for
1 h at room temperature. After three washes with PBS,
the cells were incubated with Alexa 594-conjugated goat
anti-rabbit secondary antibody (1:1000, Invitrogen) for
1 h, which was followed by another three washes with
PBS. Cells were then stained with DAPI for 10 min at
room temperature. After washing by PBS, the chambers
were removed and the slides were mounted with Pro-
Long Gold Antifade Mountant (Life Technologies,
Grand Island, NY) and covered with cover slips. Cells
were examined with an Olympus BX43 microscope
(OLYMPUS Corporation, Tokyo, Japan).

Gelatin zymography
HPL1D cells transiently transfected with siBMAL1 or
control siRNA were treated with TNFα (10 ng/ml) and/
or TGF-β1 (5 ng/μl). Conditioned medium was collected
48 h after the treatments and processed for gelatin
zymography. 20 μl of unconcentrated conditioned
medium was used for gelatin zymography using precast
Novex gelatin zymogram gels (Invitrogen) as described
previously [37].

Migration assay
HPL1D cells in 6-well plates were transfected with
siRNA against BMAL1 for 24 h and followed by

Table 1 Primer sequences for RT-PCR

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3')

h-α-SMA GAAGAAGAGGACAGCACT TCCCATTCCCACCATCAC

h-Collagen-1 CGGAGGAGAGTCAGGAAGG CACAAGGAACAGAACAGAACA

36B4 CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG

h-E-cad ATTCTGATTCTGCTGCTCTTG AGTCCTGGTCCTCTTCTCC

h-PAI1 GGCTGGTGCTGGTGAATGC AGTGCTGCCGTCTGATTTGTG

h-FN GGAGAGAGTCAGCCTCTGGTTCAG AGTCCACTGGGCGCTCAGGCTTGTG

m-BMAL1 TTTGGGCTAGCTGTGGATAG AAATATCCACATGGGGGACT

m-Per1 CATCTCAGCGGAGTTCTCAT CTGGTAGATGGGTTGTCCTG

m-Per2 CTGACGCACACAAAGAACTG GTAGGAAGGCACATCCACAC

m-Per3 GAGGCACACTAAGCCCAGTA CGCGAAGGTATCTGTGTTCT

m-Npas2 TGGGAATCCACGATAAGAAA GGAATTCTGGAATCGTTGTG

m-Nr1d1 GCTTCTCTCAGTTCCCACAA GGCATTGAAGTTACCAGGTG

m-Nr1d2 TGCAGAATGACACCTTAGCA GGCATGCTCTCAGATGAGTT

m-DBP ACCTGACTTCCTCCTTGTCC CCCGGGTTCTCAAGATTTAT

h-BMAL1 GGAAAAATAGGCCGAATGAT TGAGCCTGGCCTGATAGTAG

h-MMP9 TGACAGCGACAAGAAGTG CAGTGAAGCGGTACATAGG
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treatment of TGF-β1 at 5 ng/ml for another 24 h. Cells
were then seeded in the 24-well transwell non-coated in-
serts (CORNING, Corning, NY) at a density of 5 × 104

in triplicates. Full F12 media containing 5 % FBS were
added in the bottom chambers. Following incubation for
24 h, the cells were stained following the manufacturer’s
instructions. The membranes were removed and
mounted on microscope slides with immersion oil. The
slides were imaged by Aperio ScanScope slide scanner
(Leica Biosystems, Buffalo Grove, IL), and the total cell
numbers were counted using ImageJ software.

Statistical analysis
Differences were evaluated using Student’s t test or
ANOVA, and p < 0.05 was considered as statistically sig-
nificant. Data are expressed as the mean ± S.E.M.

Results
TGF-β1 elevates BMAL1 expression both in vitro and in
vivo
In order to delineate the circadian clock gene expression
pattern in lung fibrosis, qRT-PCR was employed to in-
vestigate the mRNA levels of circadian clock genes in
advTGF-β1-induced lung fibrosis model. C57BL/6 mice
were exposed to a replication-deficient adenovirus en-
coding active TGF-β1 (advTGF-β1) or control (advGFP)
via oropharyngeal instillation as a model for lung fibrosis
(5 mice per group) [10, 36, 38]. Mice were sacrificed
7 days later and lungs were harvested for further ana-
lysis. The results of qRT-PCR analyses showed an up-
regulation of BMAL1 and NPAS2 and down-regulation
of Per1, Per2, Per3, Rev-erbα, RORα and DBP in
advTGF-β1 mice (Fig. 1). Previously BMAL1 was shown
to regulate the transcriptional control of key compo-
nents of the TGF-β pathway in other tissues [39]. There-
fore, we choose to interrogate the role of BMAL1, as a
putative regulator of the TGF-β1 signaling pathway dur-
ing lung fibrogenesis [23].
In the next set of experiments, the protein expression

levels of BMAL1 were investigated and the Densitometry
analysis of Western blots showed that BMAL1 was up-
regulated in advTGF-β1 group, with a moderate but sig-
nificant increase of 19 % compared to control group
(Fig. 2a). The result was further confirmed by Immuno-
histochemistry. Briefly, we confirmed a significant tissue
remodeling and collagen deposition, measured by tri-
chrome staining, after exposure to advTGF-β1 compared
to control. The changes in collagen deposition and al-
veolar wall thickness were concomitant with an increase
in BMAL1 staining (Fig. 2b). The results revealed a
significant increase in the expression of BMAL1 in the
fibrotic tissue.
It is known that post-translational modification on

BMAL1 mediates its activity [40]. To better understand

the changes on BMAL1, we evaluated the levels of acety-
lated BMAL1 (K538), by western-blot from whole lung
tissues. The results showed that acetyl-BMAL1 was
down-regulated by 65 % in advTGF-β1 groups in com-
parison with the advGFP control mice (Fig. 2c). The re-
sults suggest that TGF-β1 signaling may regulate
BMAL1 at multiple levels, including the mRNA and
post-translational modifications.
To further clarify the effect of TGF-β1 on BMAL1 ex-

pression, we investigated the expression level of BMAL1
in response to TGF-β1 in three different lung cell lines,
including epithelial cells (normal lung epithelial cell line
HPL1D and human lung adenocarcinoma epithelial cell
line A549) and normal human lung fibroblasts (NHLFs).
Both epithelial cells and fibroblasts are major resources
of myofibroblasts in response to TGF-β1 during the de-
velopment of lung fibrosis. Results from Western blot
analysis showed that BMAL1 was up-regulated by TGF-
β1 treatment at protein level in all three cell lines inves-
tigated (Fig. 3a). We also confirmed that TGF-β1 re-
duced the level of acetyl-BMAL1 in HPL1D cells
(Fig. 3b). At the cellular level, repeated circadian oscilla-
tions can be induced by serum shock [41]. To evaluate
the effects of TGF-β1 in BMAL1 oscillations, a time-
course analysis for BMAL1 by real-time qRT-PCR was
performed. The results indicated that BMAL1 mRNA
level increased at multiple time points, from zt8 to zt20
following TGF-β1 stimulation in HPL1D cells (Fig. 3c).

Knockdown of BMAL1 attenuated TGF-β1-induced FMD
Since TGF-β1 is able to up-regulate BMAL1 expression
in the lung, we have interrogated the function of
BMAL1 in TGF-β1 induced activities in the lung. For
this, we transfected a mixture of four siRNA oligos tar-
geting different sequences of human BMAL1 gene to
knock down the expression of BMAL1 in NHLFs,
HPL1D and A549 cells, and the effects of BMAL1
knockdown on the TGF-β1-induced activities were in-
vestigated. To eliminate the possibility of nonspecific si-
lencing effects, AllStars Negative Control siRNA, a
nonsilencing siRNA that was thoroughly tested and vali-
dated with no homology to any known mammalian gene,
was included as a negative control. As shown in the
Western blot results, the expression of BMAL1 was
markedly reduced by siRNA transfection in NHLFs
(Fig. 4c). It is well documented that TGF-β1 promotes
FMD and matrix deposition, reflected by the up-
regulation of α-SMA and col-1 expression, in fibroblasts.
When BMAL1 level was down, the TGF-β1-induced α-
SMA expression was significantly attenuated, but not
the col-1 expression (Fig. 4a, c). Meanwhile, the TGF-
β1-induced PAI1 expression was also significantly atten-
uated by BMAL1 knockdown (Fig. 4b, c).
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Knockdown of BMAL1 attenuated TGF-β1-induced EMT
TGF-β1 promotes EMT of lung epithelial cells, which is
one of the possible sources of myofibroblast accumula-
tion in the fibrotic lung [42, 43]. siRNA against BMAL1
was transfected into HPL1D cells for 24 h, followed by
TGF-β1 treatment at a concentration of 5 ng/ml for an-
other 48 h. Real-time quantitative RT-PCR analysis
showed that siRNA transfection effectively knocked
down the expression of BMAL1 by 57 % in HPL1D cells

(Fig. 5a). RT-PCR and Western blot analyses revealed
that TGF-β1-induced loss of epithelial cell marker, E-cad
was partially reversed by BMAL1 knockdown at both
mRNA and protein levels (Fig. 5b, d, e). Meanwhile, the
TGF-β1-induced expression of one of the mesenchymal
markers, FN-EDA was significantly attenuated by
BMAL1 knockdown (Fig. 5c, d, f ). Similar results were
obtained with A549 cells. BMAL1 knockdown partially
reversed TGF-β1-induced loss of epithelial cell marker

Fig. 1 Expression of circadian clock genes in TGF-β1 adenovirus-infected (advTGF-β1) mouse lungs. a-h C57BL/6 mice were administered 3 × 108

PFU of advTGF-β1 or advGFP by oropharyngeal aspiration. The lung was harvested at day 7 post exposure to advTGF-β1. Real-time qRT-PCR
analysis was conducted to investigate the expression of clock genes, as indicated in each panel on the top. * p < 0.05 vs. advGFP control
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E-cad as revealed in Western blot analysis (Fig. 6a) and
immunofluorescent staining (Fig. 6b) . In addition, up-
regulation of FN-EDA, a mesenchymal marker, was re-
vealed by Western blot analysis (Fig. 6a). Furthermore,
using a TGF-β1 signaling target RT2 Profiler PCR Array,
we determined that the expression of several other TGF-
β1-induced genes including TGFBI, THBS1, PDGFB,
TMEPA1 and JUNB, were also significantly attenuated
in BMAL1-deficient cells (data not shown).

siRNA-mediated knockdown of BMAL1 attenuated TGF-
β1-induced-MMP9 production
TGF-β1 has been shown to induce the production of
MMP9 in several different cell lines, and MMP9 level is

elevated in lung fibrosis [44–48]. Our qRT-PCR and gel-
atin zymographic results demonstrated that TGF-β1
alone had no effect on the MMP9 production in HPL1D
cells (Fig. 7a, b). However, when we treated HPL1D cells
with TGF-β1 together with TNFα, the MMP9 levels in-
creased as much as 300-fold at mRNA level as revealed
by real-time qRT-PCR analysis (Fig. 7a). Meanwhile,
knockdown of BMAL1 significantly attenuated the up-
regulation of MMP9 induced by TGF-β1 and TNFα by
28 % (Fig. 7a). Both pro- and active MMP9 in cell cul-
ture medium were measured by zymographic analysis
and the results showed the level of pro-MMP9, but not
the active form of MMP9, was down-regulated by
BMAL1 knockdown (Fig. 7b). However, BMAL1 did not

Fig. 2 Expression of BMAL1 in advTGF-β1-infected mouse lungs. a Densitometric analysis of Western blots of BMAL1 protein expression in the
lung homogenate from advTGF-β1-infected mice and Adv-GFP. b Representative images and quantification of Immunohistochemistry analysis to
quantify BMAL1 expression and Masson’s trichrome staining to evaluate collagen deposition in lungs from advTGF-β1-infected mice versus
Adv-GFP. Positive collagen deposition appears blue. Image J quantification of the respective staining is presented. Data represents the mean ±
S.E.M., n > 5, * p < 0.05 vs. advGFP control. c Western blot analysis of acetyl-BMAL1 in the lung homogenate of advTGF-β1-infected mice.
Quantification of BMAL1 and acetyl-BMAL1 levels was done by ImageJ and the densities were normalized by β-actin, * p < 0.05 vs. advGFP control
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affect the production of TGF-β1-induced MMP2 pro-
duction (Fig. 7b).

siRNA-mediated knockdown of BMAL1 attenuated TGF-
β1-induced cell migration
It is well known that cells that undergo EMT acquire in-
creased migratory capabilities. As demonstrated above,
BMAL1 is required for the TGF-β1-induced EMT and
MMP9 production; we next examine whether the TGF-
β1-induced epithelial cell migration requires BMAL1.
siBMAL1 was transfected into HPL1D cells for 24 h
followed by TGF-β1 treatment for another 48 h. Equal
numbers of cells were then seeded in uncoated transwell
inserts. F12 medium containing 5 % of FBS were added

in the bottom chambers as chemoattractant. After incu-
bation for 24 h, cells that passed through the membrane
were stained with Diff-Quik solution following manufac-
turer’s instruction and the cell numbers were counted.
As shown in Fig. 8, TGF-β1 promoted the migration of
HPL1D cells by 2-fold which was markedly alleviated by
BMAL1 knockdown.

BMAL1 regulates Smad3 activation in alveolar epithelial
cells
Smad2/3 signaling pathway is the canonical TGF-β1
signaling pathway responsible for the expression of a
number of TGF-β1 target genes. We next examine
the effect of BMAL1 on the Smad2/3 activation in

Fig. 3 Expression of clock gene BMAL1 in response to TGF-β1 in lung cell lines. a Western blot analysis of BMAL1 protein expression in response
to TGF-β1 treatment for 24 h in NHLFs, HPL1D, and A549 cells. * p < 0.05 vs. corresponding no treatment group (NT). b HPL1D cells were treated
with TGF-β1 at 5 ng/ml for 24 h and Western blot analysis was performed using antibodies against acetyl-BMAL1 (K538). * p < 0.05 vs. NT.
c HPL1D cells were treated with TGF-β1 at 5 ng/ml after serum-shock by incubating in media containing 50 % horse serum for 2 h. Cells pellets
were harvested every 4 h. Real-time qRT-PCR analysis was employed to investigate the expression level of BMAL1. * p < 0.05 vs. corresponding
time points in no treatment (NT) group
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lung epithelial cells. Following transfection siBMAL1
into the HPL1D cells for 3 days, cells were stimulated
with TGF-β1 at 5 ng/ml for 30 min. The activation of
Smad3 was measured by the western blot using
phospho-specific antibodies. Our results showed phos-
phorylation of Smad3 was markedly attenuated in
cells transfected with siBMAL1 in HPL1D lung
epithelial cells (Fig. 9a). Meanwhile, the total expres-
sion levels of Smad3 was not affected in the cells
transfected with siBMAL1 compared to the control
siRNA (Fig. 9a).
Besides the classic Smad2/3 pathway, the Akt sig-

naling pathway has been reported to be involved in
the FMD of lung fibroblast cells [49]. We found that
knockdown of BMAL1 decreased the TGF-β1-induced
phosphorylation of Akt without affecting the total
expression level of Akt (Fig. 9b).

BMAL1 regulates Smad3 activity in a glycogen synthase
kinase-3 beta (GSK3β) dependent manner
It has been reported that GSK3β interacts with Smad3
to negatively regulate Smad-mediated transcription re-
sponses [50]. Meanwhile, the phosphorylation of GSK3β
at Ser9, which inactivates GSK3β [51] has been demon-
strated to be subject to the regulation of circadian
rhythm [52]. Therefore, we hypothesized that GSK3β
mediates the regulation of TGF-β1-induced Smad3 acti-
vation by BMAL1. To test this hypothesis we first inves-
tigated whether BMAL1 is involved in the degradation
of GSK3β in alveolar epithelial cells. Phospho-specific
antibody reacting with phosphorylated Ser9 of GSK3β
was employed to detect the inactive form of GSK3β. As
shown in Fig. 10a, knockdown of BMAL1 in A549 cells
dramatically down-regulated the levels of GSK3β (S9)
without affecting its total level, suggesting that

Fig. 4 Effect of BMAL1 on TGF-β1-induced FMD. NHLFs were transiently transfected with siBMAL1 or control siRNA (siCtrl) for 48 h. During the last
24 h of transfection, the cells were treated with TGF-β1 at 1 ng/ml. Real-time qRT-PCR analysis was employed to investigate the expression of α-
SMA (a) and PAI1 (b), * p < 0.05 vs. siCtrl-NT; ** p < 0.05 vs. siCtrl-TGF-β1. c Western blot analysis was carried out to investigate the TGF-β1-
induced α-SMA, PAI1 and col-1 expression in response to BMAL1 knockdown. Densitometry analysis by ImageJ is presented. * p < 0.05 vs.
corresponding control siRNA groups stimulated with TGF-β1 (siCtrl-TGF-β1)
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knockdown BMAL1 increases the level of active form of
GSK3β.
In the next experiment, using inhibitors of GSK3β,

we found that GSK3β inhibitors, LiCl and SB216763,
were able to partially rescue the effects of BMAL1
knockdown on Smad3 phosphorylation, as seen in
Western blot analysis (Fig. 10b). Therefore, the effect
of BMAL1 on TGF-β1-induced Smad3 activation may

be partially mediated through GSK3β, which needs
further investigation.

Discussion
Deregulation of circadian clock genes have been
implicated in loss of cell cycle control, impaired DNA
damage repair, and tumor formation [53]. The circadian
clock also regulates the NRF2/glutathione-mediated

Fig. 5 Effect of BMAL1 on TGF-β1-induced EMT of HPL1D lung epithelial cells. HPL1D cells were transiently transfected with siBMAL1 or siCtrl for 48 h.
During the last 24 h of transfection, the cells were treated with TGF-β1 at 5 ng/ml. Real-time qRT-PCR analysis was employed to investigate the
expression of BMAL1 (a), E-cad (b) and FN-EDA (c). d HPL1D cells were transiently transfected with siBMAL1 or siCtrl for 72 h. During the last 48 h of
transfection, the cells were treated with TGF-β1 at 5 ng/ml. Western blot analysis was carried out to investigate the E-cad and FN-EDA expression.
e & f Densitometry analysis of Western blots in (d). * p < 0.05 vs. corresponding control siRNA groups stimulated with TGF-β1 (siCtrl-TGF-β1)
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antioxidant defense in the mouse lung [54]. Our in vivo
studies demonstrated that TGF-β1 alters the expression
of the clock genes, named BMAL1, NPAS2, Per1, Per2,
Per3, Rev-erbα, RORα and DBP. Nevertheless, to deter-
mine the full effects of TGF-β1 in the circadian clock
regulation in vivo, further studies will be necessary using
mice exposed to different light/dark time, and analysis
every 4 h, during the course of 24–36 h. This study fo-
cused in the specific role of the transcription factor
BMAL1 in the process of fibrogenesis, taking in count
that BMAL1 occupancy is known in more than 150 sites,
including genes that encode central regulators of meta-
bolic and rhythmic processes [55]. In addition, BMAL1
has also been reported to be involved in cell prolifera-
tion and cancer cell invasion through regulating different
signaling pathways [56–58]. Here, we demonstrated that
BMAL1 participates in the process of myofibroblast

differentiation mediated by TGF-β1. We propose that
the cell-intrinsic clock machinery and the expression of
specific clock genes, such as BMAL1, could be crucial in
the understanding of the biology of myofibroblast, a key
player in pulmonary fibrosis as well as tumor
progression.
TGF-β1 dependent signaling and metabolic repro-

gramming are essential components of EMT, metastasis
and tissue fibrosis [59, 60]. Interestingly, BMAL1 binds
both Hif1α and Vegfa to directly control specific path-
ways such as glucose metabolism and triglyceride metab-
olism [61]. BMAL1 also plays an important role in
cellular differentiation, as shown in studies with brown
adipocytes, through direct transcriptional control of key
components of the TGF-β pathway [39]. Furthermore,
promoter analysis in other cell types revealed that TGF-
β regulators such as Smad7, Lefty, Smurf2, Smad9, Itga6

Fig. 6 Effect of BMAL1 knockdown on TGF-β1-induced EMT of A549 human lung carcinoma cells. a A549 cells were transiently transfected with
siBMAL1 or siCtrl for 72 h. During the last 48 h of transfection, the cells were treated with TGF-β1 at 5 ng/ml. a Western blot analysis was carried
out to investigate the expression of EMT markers and BMAL1. * p < 0.05 vs. corresponding control siRNA groups stimulated with TGF-β1 (siCtrl-
TGF-β1). b Immunofluorescent staining of E-cad in response to BMAL1 knockdown in A549 cells, 20× magnification, red, E-cad; Blue, DAPI
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as well as modulators of Bmp and Notch signaling
contain putative Bmal1/Clock-binding sites within their
proximal and distal promoter regions [23]. The present
study demonstrated that abrogation of BMAL1 prevents
the mesenchymal-like morphology induced by TGF-β1,
confirming that inhibition of BMAL1 abrogates TGF-β1-
induced gene expression and myofibroblast differenti-
ation. Our findings indicate that inhibition of BMAL1
expression prevents not only EMT but also FMD, two

major differentiation processes involved in the patho-
physiology of pulmonary fibrosis as well as stromal sup-
port during tumor progression. We demonstrated that
TGF-β1-induced expression of PAI1, which is overex-
pressed in pulmonary fibrosis and lung carcinoma, is
inhibited upon inactivation of BMAL1 in alveolar epithe-
lial cells as well as lung fibroblasts. Previous studies
mechanistically support those findings, as site-directed
mutagenesis studies suggest that heterodimers BMAL1/

Fig. 7 Effect of BMAL1 on MMP9 production. HPL1D cells were transiently transfected with siBMAL1 or siCtrl for 48 h. During the last 24 h of
transfection, the cells were treated with TGF-β1 at 5 ng/ml and/or TNFα at 10 ng/ml. Cell pellets were harvested for RNA isolation and
conditioned media were collected for zymography. a Real-time qRT-PCR analysis of MMP9 in HPL1D cells; b Gelatin zymographic analysis of
MMP9 activity in HPL1D cells
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CLOCK act on two canonical E-boxes to regulate PAI1
promoter activity [62].
Studies on the suprachiasmatic nucleus revealed that

GSK3β pathway regulates circadian gene expression by
controlling BMAL1 protein stability in vivo [52]. GSK3β

specifically phosphorylates BMAL1 and primes it for
ubiquitination, followed by proteasomal degradation
[63]. Our study of lung epithelial cells revealed that
GSK3β phosphorylation (inactivation) is reduced upon
down-regulation of BMAL1 expression, indicating that

Fig. 8 Effect of siBMAL1 on HPL1D cell migration. HPL1D cells in 6-well plates were transfected with siBMAL1 or siCtrl for 48 h and treated with
TGF-β1 for 24 h. Equal numbers of cells were seeded in non-coated transwell inserts and cultured for another 24 h. Cells migrated through the
membranes were stained and the membranes were mounted on slides with immersion oil. a Representative membranes showing cells migrated
through transwells. b Quantification of numbers of cells migrated through membranes. The slides were scanned by slide scanner and the total
cell numbers were counted with ImageJ software. * p < 0.05 vs. siCtrl-NT; ** p < 0.05 vs. siCtrl-TGF-β1
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BMAL1 regulates GSK3β degradation and that BMAL1
and GSK3β mutually control each other.
Mechanistically, GSK3β inhibits profibrotic transform-

ing growth factor-β1/Smad3 signaling, probably via
interaction with Smad3, as reported in cardiac fibro-
blasts. Deletion of GSK3β or inactivation can increase
Smad3 transcriptional activity [64]. Active GSK3β medi-
ates phosphorylation of Smad3, promoting Smad3 ubi-
quitination and inhibition the Smad3 transcriptional
activity [64, 65]. Our results showed that inhibition of
Smad3 activation by BMAL1 knockdown was partially
reversed by GSK3β inhibitors. Therefore, we proposed
that BMAL1 contributes to the TGF-β1 induced Smad3
activation through a mechanism that involves the regula-
tion of GSK3β.
TGF-β1/Smad3 signaling pathway has critical func-

tional roles in the development of both emphysema and
fibrosis in the lung [66–70]. For example, null mutation
of Smad3 protects mice against fibrosis induced by bleo-
mycin [70]. Disruption of TGF-β1 signaling by Smad3

inactivation has also been shown to promote emphy-
sema and resistance to pulmonary fibrosis [69]. In fact,
recent studies revealed that targeted deletion of BMAL1
in lung epithelium promotes inflammation and emphy-
sema [34]. Nevertheless, the susceptibility to pulmonary
fibrosis has not been established. Our results suggest
that BMAL1 could play a key role in determining the
type of response to lung injury. A recent study revealed
that BMAL1 is a substrate of S6K1, implicating BMAL1
as a translational factor [71]. Those studies linked for
the first time the circadian clock with the mTOR signal-
ing pathway, a pathway known to be altered by TGF-β1
in pulmonary fibrosis [36, 71]. From the translational
point of view, it is important to recognize that clock-
amplitude enhancing small molecules can help to retard
or even reverse some of the physiological decline and
improve metabolic and physiological well-being [72].
Then, direct regulators of the circadian clock genes
could contribute to modulate the progression of lung
cancer and pulmonary fibrosis. For example, melatonin,

Fig. 9 Effect of BMAL1 knockdown on TGF-β1-induced signaling transduction. a HPL1D cells in 6-well plates were transfected with siBMAL1 or
siCtrl for 48 h and stimulated with TGF-β1 at 5 ng/ml for 30 min. The level of phosphorylated Smad3 was detected with phospho-specific
antibodies. The total level of Smad3 was also investigated. b NHLFs in 6-well plates were transfected with siBMAL1 or siCtrl for 48 h and
stimulated with TGF-β1 at 1 ng/ml for 18 h. The levels of phosphorylated and total Akt were detected with specific antibodies. * p < 0.05 vs.
corresponding control siRNA groups stimulated with TGF-β1 (siCtrl-TGF-β1)
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a pineal hormone that helps maintain circadian rhythm,
was reported to prevent pulmonary fibrosis mediated by
bleomycin and endoplasmic reticulum stress in animal
models [73, 74]. Melatonin also inhibits the proliferation
of the pro-fibrotic fibroblasts derived from scleroderma
patients and the migration of human lung adenocarcin-
oma A549 cell lines [75–79]. Mechanistically, melatonin
blocks the expression of the clock gene BMAL1, via re-
pression of RORα transcriptional activity [80]. Further-
more, Melatonin’s blockade of BMAL1 expression is
associated with the decreased expression of Sirtuin 1
(SIRT1), a nutrient sensing deacetylase, which interacts
with CLOCK to regulate BMAL1 acetylation [81, 82].
Interestingly, knockdown of SIRT1 can effectively inhibit
TGF-β1 signaling and exerts potent antifibrotic effects,
establishing SIRT1 as a key regulator of fibroblast activa-
tion in systemic sclerosis [83]. Those findings suggest a
regulatory pathway against fibrogenesis that is Mela-
tonin/Sirt1/Bmal1 dependent.

Conclusions
In conclusion, we demonstrated that activation of TGF-
β1 promotes the transcriptional induction of BMAL1.
TGF-β1 promotes high levels of deacetylated BMAL1,
probably through a SIRT1-dependent mechanism. And

finally, BMAL1 expression induced by TGF-β1 in the
lung has a profibrotic role. Nevertheless, the pathways
involved in the crosstalk between TGF-β1 signaling and
the circadian clock still need further investigation as well
as the translational relevance in cancer and fibrogenesis,
considering the notion of a relationship between sleep
disruption, aging, obesity and cancer [84, 85]. With the
future development of clock regulating small molecules,
pharmacological agents targeting sleep and circadian
clocks promise future applications in age and metabolic
related lung diseases.
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