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TGF-b Upregulated Mitochondria Mass through
the SMAD2/3→C/EBPb→PRMT1 Signal Pathway in
Primary Human Lung Fibroblasts

Qingzhu Sun,*,† Lei Fang,† Xuemei Tang,* Shemin Lu,‡ Michael Tamm,† Daiana Stolz,†

and Michael Roth†

Tissue remodeling of subepithelial mesenchymal cells is a major pathologic condition of chronic obstructive pulmonary disease

and asthma. Fibroblasts contribute to fibrotic events and inflammation in both airway diseases. Recent mechanistic studies

established a link between mitochondrial dysfunction or aberrant biogenesis leading to tissue remodeling of the airway wall in

asthma. Protein arginine methyltransferase-1 (PRMT1) participated in airway wall remodeling in pulmonary inflammation.

This study investigated the mechanism by which PRMT1 regulates mitochondrial mass in primary human airway wall fibro-

blasts. Fibroblasts from control or asthma patients were stimulated with TGF-b for up to 48 h, and the signaling pathways

controlling PRMT1 expression and mitochondrial mass were analyzed. PRMT1 activity was suppressed by the pan-PRMT

inhibitor AMI-1. The SMAD2/3 pathway was blocked by SB203580 and C/EBPb by small interference RNA treatment. The

data obtained from unstimulated cells showed a significantly higher basal expression of PRMT1 and mitochondrial markers in

asthmatic compared with control fibroblasts. In all cells, TGF-b significantly increased the expression of PRMT1 through

SMAD2/3 and C/EBPb. Subsequently, PRMT1 upregulated the expression of the mitochondria regulators PGC-1a and heat

shock protein 60. Both the inhibition of the SAMD2/3 pathway or PRMT1 attenuated TGF-b–induced mitochondrial mass and

C/EBPb and a-SMA expression. These findings suggest that the signaling sequence controlling mitochondria in primary human

lung fibroblasts is as follows: TGF-b→SMAD2/3→C/EBPb→PRMT1→PGC-1a. Therefore, PRMT1 and C/EBPb present a

novel therapeutic and diagnostic target for airway wall remodeling in chronic lung diseases. The Journal of Immunology,

2019, 202: 37–47.

A
irway remodeling is the result of increased airway
smooth muscle (ASM)mass and of fibroblast dysfunction
(1, 2). In the past years, new evidence suggested an

essential role of mitochondria in the pathogenesis of chronic

inflammatory respiratory diseases (3). Microscopic analysis of
lung tissues from patients with chronic inflammatory respira-
tory diseases, such as pulmonary arterial hypertension, asthma,
and chronic obstructive pulmonary disease (COPD), revealed

the accumulation of dysmorphic mitochondria and provided
the first evidence of mitochondria dysfunction in diseased

lungs (4, 5). Recent studies focusing on the mechanistic aspects
suggested that mitochondria dysfunction or aberrant biogenesis

contributed or caused the pathogenesis of chronic inflammatory
respiratory diseases (6). In vitro studies showed that increased

proliferation of ASM cells, obtained from patients with severe
asthma, was mitochondria controlled, whereas proliferation of
control cells was independent from mitochondria (7). However,

the mechanism controlling the mitochondria mass in fibroblasts
of patients with chronic inflammatory lung diseases was not

well studied.
In asthma, the TGF-b is the best studied stimulator of pro-

fibrotic processes that drive airway wall remodeling (8). TGF-b

is produced by several cell types, including epithelial cells,
eosinophils, macrophages, and fibroblasts. It is involved in the

damage of the bronchial epithelium, subepithelial fibrosis,
ASM remodeling, microvascular changes, and increased mucus

production (9, 10). Furthermore, TGF-b may also contribute to
the development of glucocorticoid resistance and, thereby, di-

minish the antiproliferative effect of steroids (11). In an animal
model of chronic asthma, TGF-b induced lung tissue remod-

eling through PRMT1 expression in lung fibroblasts (12), but
its function in human cells was not investigated. To treat airway
wall remodeling in asthma, the underlying pathologic mecha-

nisms have to be better understood (13).
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PRMT1 regulates posttranslational arginine methylation of
proteins that play important roles in signal transduction, allowing
cells to respond to changes and events in the extracellular milieu.
The role of protein acetylation and phosphorylation has been
extensively discussed in the context of chronic inflammatory
pulmonary diseases (14–16). Arginine methylation of histones and
other cellular proteins catalyzed by PRMT1 represents a novel
protein modification that was implicated in the following: intra-
cellular signaling, DNA repair, RNA processing, protein–protein
interaction, and the regulation of gene expression (17). PRMT1
upregulated extracellular matrix deposition through ERK1/2–
STAT1 signaling, both in human fibroblast (18) and ASM cells
(19). Therefore, it is not surprising that PRMT1 had been impli-
cated in contributing to mitochondria function.
This study further investigated details of the TGF-b–activated

signal pathway that augmented PRMT1 expression and caused
mitochondria dysfunction in human primary fibroblast. The find-
ings suggested PRMT1 as a novel regulator of mitochondria mass
and dysfunction through the following signaling sequence:
SMAD2/3→C/EBPb→PRMT1→PGC-1a.

Materials and Methods
Cell isolation and characterization

Lung tissue specimens were obtained from the clinic of pneumology
(University Hospital Basel, Basel, Switzerland), with the approval of the
local ethical committee (EK:05/06) and written consent of each tissue
donor (n = 6) who underwent endobronchial biopsy for other reasons.

Primary human lung fibroblasts were isolated as previously described,
and cells were propagated under standard cell culture conditions (37˚C,
100% humidity, 5% CO2, 95% air) (20). Fibroblast growth medium con-
sisted of RPMI 1640 supplemented with 10% FBS, 1 mM sodium pyru-
vate, 13 nonessential amino acid mix, and 10 mM HEPES (all from Life
Technologies, Grand Island, NY). All experiments were performed in
fibroblasts between passages 2 and 8.

Cell stimulation and small interfering RNA treatment

Fibroblasts were seeded into six-well plates, allowed to adhere, serum
deprived overnight, and then stimulated with 5 ng/ml TGF-b. PRMT1
activity was inhibited by 2 h of preincubating cells with AMI-1 (10 mM)
before stimulation, and p-SMAD2/3 was blocked by SB203580. For
knockdown experiments, fibroblast cells were pretreated with C/EBPb
small interfering RNAs (siRNA) according to the manufacturer’s protocol
(Takara Bio, Kyoto, Japan) for 48 h. The siRNA and the corresponding
control sequence were used at a final concentration of 50 nM and were
transfected into fibroblasts with HiPerFect Transfection Reagent (Takara
Bio) for 48 h.

Plasmid construction and transfection of pcDNA3.1-PRMT1

The full-length cDNA of PRMT1 was amplified from fibroblast cell mRNA
by RT-PCR with primers (59-CGG GAT CCC GAT GGC AGC CGA G-39
and 59-CCC TCG AGG GTC AGC GCA TCC GGT AGT CGG-39) and
was cloned into a pcDNA3.1+ vector to construct the pcDNA3.1-PRMT1
recombinant plasmid. The recombinant plasmid pcDNA3.1-PRMT1 was
transiently transfected into primary fibroblasts for 24 or 48 h with Lip-
ofectamine 2000 (Invitrogen, Carlsbad, CA). The expression of PRMT1
and PGC-1a in fibroblasts was measured by real-time quantitative PCR
(RT-qPCR).

Immunofluorescence and MitoTracker staining

For immunofluorescence analysis, fibroblasts were seeded on 10-mm
glass slides and allowed to adhere overnight with or without TGF-b
stimulation. Fibroblasts were fixed in 4% paraformaldehyde in PBS for
2 3 5 min. Immunofluorescence staining was performed as described
previously (18). Briefly, Abs specific to either PRMT1, C/EBPb, or
PGC-1a (all from Abcam) were diluted 100-fold in 2% BSA–PBS,
applied to the slides, incubated at 4˚C overnight, followed by three
washes with PBS, and subsequently incubated (1 h, room temperature)
with PE-labeled secondary Abs (goat anti-rabbit IgG Ab for PRMT1
and PGC-1a, or FITC-labeled goat anti-mouse IgG Ab for C/EBPb (all
from Santa Cruz Biotechnology, Santa Cruz, CA). Nuclei were stained
by DAPI.

For MitoTracker staining, 80% confluent cells were incubated for 30 min
with serum-free medium containing 100 nM MitoTracker probe (Invi-
trogen; Thermo Fisher Scientific, Basel, Switzerland) under growth
condition. Following three washes with PBS, cells were fixed, and nuclei
were stained with DAPI. All images were captured by an Olympus BX61
fluorescence microscope (Olympus Optical, Tokyo, Japan).

Fibroblast proliferation

Direct cell count was performed using an improved Neubauer chamber
slide. Fibroblasts were seeded onto six-well plates (0.25 3 105 cells per
well) and allowed to adhere overnight, then serum deprived overnight and
transiently transfected with C/EBPb siRNA (48 h) or 10 mM AMI-1 (2 h)
before being stimulated with TGF-b. The cell number was counted 24 h
after stimulation.

Western blotting

Cells were lysed in RIPA buffer, and the protein concentration was
quantified with a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Equal amounts of denatured proteins (20 mg) were separated in 8–16%
SDS–PAGE (Thermo Fisher Scientific) and subsequently electrotransferred
onto polyvinylidene fluoride membranes. The proteins of interest were
detected with Abs specific to the following: PRMT1 or PGC-1a (Abcam),
p-SMAD2/3, total SMAD2/3, C/EBPb, or GAPDH (all from Cell
Signaling Technology, Danvers). Protein bands were visualized by incu-
bation of membranes with species-specific secondary HRP-conjugated Abs
(Abcam) by chemiluminescence substrate (Thermo Fisher Scientific).

RT-qPCR

RT-qPCR was performed by an Applied Biosystems 7300/7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA) with Power SYBR
Green PCR Master Mix (Applied Biosystems) for quantification. Gene
expression was normalized to b-actin or to U6 snRNA, respectively. Purity
of PCR products was confirmed by melting curve analysis, and all data
were reanalyzed using the 2-DDCt (relative quantification) method. The
information for all primers is shown in Table I.

Statistical analysis

The null hypothesis was that no treatment had any effect on signaling,
PRMT1 expression, or proliferation. A p value ,0.05 was regarded as
significant. All data are expressed as mean6 SEM. The statistical analysis
was performed by Mann–Whitney U test for the comparison between
groups. The effect of inhibitors on PRMT1 and remodeling was analyzed
by one-way ANOVA.

Results
Constitutive upregulated expression of PRMT1 and
mitochondria markers in fibroblasts of asthma patients

Primary fibroblasts obtained from asthma patients expressed sig-
nificantly more PRMT1 and mitochondria markers, including
PGC-1a, Hsp60, and cytochrome C compared with fibroblasts
obtained from nonasthma patients. (Fig. 1A, 1B, Supplemental
Fig. 1). The disease-specific upregulated expression of the above-
named proteins was confirmed on the mRNA level by RT-qPCR
(Table I, Fig. 1C).

TGF-b1 stimulated the expression of PRMT1 and PGC-1a

The regulatory mechanism controlling TGF-b1 (5 ng/ml)–induced
PRMT1 expression in human lung fibroblasts was further analyzed
at various time points (0, 1, 6, 12, 24, and 48 h). The results
showed a significant upregulation of C/EBPb after 1 h, which
lasted over 24 h (Fig. 2A, Supplemental Fig. 2). PRMT1 expres-
sion significantly increased between 12 to 48 h. PGC-1a showed
the slowest response to TGF-b1 but became significant between
24 to 48 h (Fig. 2A).
In fibroblasts of asthma patients, the basal expression level of

C/EBPb, PRMT1, and PGC-1a was higher compared with control
fibroblasts (Fig. 2A, Supplemental Fig. 2). TGF-b1 stimulation
further increased C/EBPb and PRMT1 expression but had no
effect on PGC-1a levels (Fig. 2A). Analysis of protein expression
was performed for all Western blots by densitometry (Fig. 2B–D).
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TGF-b1 stimulated the expression of PRMT1 and PGC-1a
through SMAD2/3

Next, the role of SMAD2/3 in the TGF-b1–stimulated ex-
pression of PRMT1 in human lung fibroblasts was analyzed
at various time points (15, 30 min, 1 h, and 3 h). TGF-b1 ac-
tivated SMAD2/3 within 3 h, and this event was suppressed by
SB203580 (Fig. 3A). In control and asthmatic fibroblasts, the
expression of all TGF-b1–induced proteins, C/EBPb, PRMT1,
and PGC-1a, was suppressed by SB203580 (Fig. 3B). Analysis of
protein expression was performed for all Western blots by den-
sitometry (Fig. 3C).

C/EBPb knockdown reduced TGF-b–induced expression of
PRMT1 and PGC-1a

To confirm the role of C/EBPb in PRMT1 expression, fibro-
blasts from control or asthma subjects were transfected with
C/EBPb siRNA over 48 h. In control fibroblasts, TGF-b in-
creased PRMT1 and PGC-1a expression, which was prevented
in fibroblasts treated with C/EBPb siRNA (Fig. 4A). Analysis
of protein expressions of all Western blots by densitometry was

performed in control fibroblasts (Fig. 4B). In nonstimulated
fibroblasts of three asthma patients, 48-h transfection with
C/EBPb siRNA significantly reduced the constitutive high
expression of C/EBPb, PRMT1, and PGC-1a (Fig. 4C), and
analysis of all Western blots by densitometry is depicted in
Fig. 4D.

PRMT1 controlled the expression of PGC-1a

The role of PRMT1 on the expression of PGC-1a was studied
by transfecting control fibroblasts with a recombinant plasmid,
pcDNA3.1-PRMT1 (empty plasmid pcDNA3.1+ served as con-
trol) over 24 or 48 h. The transfection of cells with the plasmid
pcDNA3.1-PRMT1 significantly increased the expression of
PRMT1 and of PGC-1a (Fig. 5A). The analysis of all Western
blots by densitometry is shown in Fig. 5B.
In cells treated with the PRMTenzyme activity inhibitor AMI-1,

the expression of C/EBPb, PRMT1, and PGC-1a was decreased to
basal levels (Fig. 6). These data were confirmed by immunofluo-
rescence staining showing that TGF-b1–stimulated PGC-1a ex-
pression was prevented by AMI-1 (Fig. 6).

Table I. Information of primers for RT-qPCR

Gene Name Species Sequence (59-39) Size (bp)
Annealing

Temperature (˚C)

PRMT1 Homo sapiens Forward 59-TTGACTCCTATGCCCACT-39 126 60
Reverse 59-CCACATCCAGCACCACC-39

PGC-1a H. sapiens Forward 59-CCTGCATGAGTGTGTGCTCT-39 135 62
Reverse 59-CAGCACACTCGATGTCACTCC-39

COL1A1 H. sapiens Forward 59-GGACACAGAGGTTTCAGTGGT-39 184 60
Reverse 59-CACCATCATTTCCACGAGCA-39

Fibronectin H. sapiens Forward 59-ACAAACACTAATGTTAATTGCCCA-39 257 60
Reverse 59-AACTCCCAGGGTGATGCTTG-39

GAPDH H. sapiens Forward 59-CGGCAAGTTCAACGGCACAG-39 148 65
Reverse 59-GAAGACGCCAGTAGACTCCACGAC-39

FIGURE 1. PRMT1 and mitochondria markers upregulated in human primary lung asthma fibroblast. (A and B) Primary lung fibroblasts were isolated from human

control lungs (n = 5) and asthmatic lungs (n = 5). PRMT1, PGC-1a, Hsp60, Hsp70, and cytochrome C expression was detected byWestern blot. GAPDHwas used as

housekeeping control. (C) The mRNA expression of PRMT1, PGC-1a, COL1A1, and fibronectin were determined by RT-qPCR and normalized to b-actin. The

results were expressed as means 6 SEM. Comparison of control to asthmatic fibroblast by Mann–Whitney U test (n = 5 for each group): *p , 0.05, **p , 0.01.
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TGF-b–stimulated mitochondria mass is regulated by C/EBPb
and PRMT1

TGF-b significantly increased the mitochondria mass in all fibro-
blasts. The PRMT1 inhibitor AMI-1 significantly reduced the
mitochondria mass in TGF-b–stimulated cells (Fig. 7). A similar
reducing effect on TGF-b–stimulated mitochondria mass was ob-
served when the cells had been incubated with SB203580 (Fig. 7).

Treatment with either AMI-1 or SB203580 also decreased
TGF-b–induced expression of C/EBPb, PRMT1, and a-SMA

immunofluorescence (Fig. 8), suggesting that PRMT1 signaling

plays a role for myofibroblast differentiation. In conclusion, the

results indicate that in asthma PRMT1 and C/EBPb play a cru-

cial role in subepithelial fibrosis and inflammation which is

summarized in Fig. 9.

FIGURE 2. TGF-b stimulated the expression of PRMT1 and PGC-1a. (A) Representative Western blots of the kinetic for TGF-b–stimulated expression

of C/EBPb, PRMT1, and PGC-1a in primary fibroblast from controls (n = 3) and asthma patients (n = 3). Protein band density of (B) C/EBPb, (C) PRMT1,

and (D) PGC-1a was measured by ImageJ software, and the relative expression was normalized to GAPDH. The results were expressed as mean 6 SEM.

Comparison of unstimulated control fibroblasts to other groups by Mann–Whitney U test: *p , 0.05, **p , 0.01. Comparison of unstimulated asthmatic

fibroblasts to TGF-b1 stimulated cells: ^p , 0.05.
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Discussion
Fibroblasts contribute to the subepithelial fibrosis and inflamma-
tion in chronic inflammatory airway diseases. Recent studies
suggested a link between mitochondria dysfunction or aberrant

biogenesis to the pathogenesis of asthma, and they were assumed
to have a causative role in structural airway wall remodeling. This

study demonstrates the sequential signaling cascades that may

underlie TGF-b1–induced tissue remodeling in fibroblasts of

FIGURE 3. TGF-b stimulated the

expression of PRMT1 and PGC-1a

through SMAD2/3 pathway. (A)

TGF-b–induced phosphorylation of

SMAD2/3 was assessed in the pres-

ence and absence of the chemical

inhibitor SB203580 (SB, 10 mM) for

15, 30 min, 1 h, and 3 h by Western

blots in control fibroblasts. (B) Pro-

tein band density was measured

(ImageJ software), and the expres-

sion was normalized to GAPDH. (C)

The expression of C/EBPb, PRMT1,

and PGC-1a was determined in

the same samples by Western blots

(n = 3, each group). (D) Protein band

density was measured (ImageJ soft-

ware), and the expression was nor-

malized to GAPDH. The results

were expressed as mean 6 SEM and

analyzed by Mann–Whitney U test.

Comparison of unstimulated control

fibroblasts to other groups: *p ,
0.05, **p , 0.01. Comparison of

asthmatic fibroblasts to unstimulated

control cells: ^p, 0.05, ^^p , 0.01.

The Journal of Immunology 41



asthma patients: TGF-b1→SMAD2/3→C/EBPb→PRMT1→PGC-
1a→mitochondria mass. The presented data indicate that TGF-b1
and C/EBPb are upstream of PRMT1 and PGC-1a expression as
summarized in Fig. 9.
Among all cytokines and chemokines that can be produced by

bronchial epithelial cells, TGF-b1 was recognized as an important
factor inducing proliferation of subepithelial fibroblasts and as a
driving force of cell differentiation and activation. Increased levels
of TGF-b1 have been reported in bronchoalveolar lavage fluids
and biopsy specimens of asthma patients (21, 22), and TGF-b1
expression correlated with the degree of subepithelial fibrosis (23,
24). In healthy humans, the concentration of circulating TGF-b

ranges from 0.26 to 20 ng/ml (25–27), whereas in asthma patients,

the circulating TGF-b concentration ranges from 38 to 215 ng/ml

(28, 29). TGF-b1 induced mitochondria dysfunction in alveolar

macrophages and epithelial cells (30, 31), whereas the effect of

TGF-b1 on mitochondria dysfunction in subepithelial fibroblasts

is less clear.

Mitochondria are regarded as the powerhouse of cells by
generating ATP, and their dysfunction was linked to the path-

ogenesis of various chronic diseases, including diabetes, can-

cers, asthma, and COPD (32, 33). Mitochondria are the key

regulators of cellular processes and function as cellular oxygen

sensors, as modulators of intracellular signaling pathways, as
a source of intracellular reactive oxygen species, and as elici-

tors of apoptosis. Abnormal mitochondria function contrib-

uted to the pathogenesis of chronic lung remodeling diseases,

including asthma (7), COPD (34), and pulmonary arterial hy-

pertension (35). Mitochondria damage and altered function in
airway epithelial cells was reported in experimental allergic
asthma (33). However, the pathologic mechanism for how
mitochondrial abnormalities contribute to or cause asthma was
investigated in ASM and in epithelial cells but not in airway
wall fibroblasts.
Cytochrome C and heat shock protein-60 (Hsp60) are two typical

markers for mitochondria. Cytochrome C is a component of the

FIGURE 4. The knockdown of C/EBPb reduced PRMT1 expression. (A) Control fibroblasts were transfected with either control siRNA (small inter-

ference [si]-Con) or C/EBPb siRNA (si-C/EBPb) alone or followed by stimulation with TGF-b (5 ng/ml) for 48 h. The effect of C/EBPb suppression was

verified on the expression of the following: C/EBPb, PRMT1, and PGC-1a by Western blots. (B) C/EBPb, PRMT1, or PGC-1a band density was measured

(ImageJ software) and normalized to GAPDH (n = 3). (C) Asthmatic fibroblasts (n = 3) were transfected with either control siRNA (si-con) or C/EBPb

siRNA (si-C/EBPb) for 48 h, and the protein expression for C/EBPb and PRMT1 was detected by Western blots. (D) C/EBPb, PRMT1, or PGC-1a band

density was measured (ImageJ software) and normalized to GAPDH. Comparison of indicated groups (B) or si-con to si-C/EBPb group (D) by Mann-

Whitney U-test: *p , 0.05, **p , 0.01, ***p , 0.001.
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electron transport chain in mitochondria. The heme group of cy-
tochrome C accepts electrons from the B-C1 complex and trans-
fers electrons to the cytochrome oxidase complex. Extracellular

succinate rises when the integrity of cytochromes B and C1 of the
electron transport chain is compromised, either by inhibitors or by
metabolic reprograming (36).

FIGURE 6. Blocking PRMT1 enzyme activity decreased TGF-b–induced PGC-1a and C/EBPb expression. Representative Western blots (n = 3) of PRMT1

inhibition by AMI-1 in TGF-b–stimulated asthmatic and control fibroblasts over 48 h. Immunofluorescence: control fibroblasts were stimulated with TGF-b for

24 h in the presence or absence of AMI-1, and PGC-1a expression (red) was detected by immunofluorescence microscopy. Nuclei were stained by DAPI.

FIGURE 5. PRMT1 expression is controlled by

PGC-1a. (A) Control fibroblasts were transfected with

recombinant plasmid pcDNA3.1-PRMT1 (5 mg/well,

six-well plate) or plasmid pcDNA3.1+ (mock trans-

fection) for 24 and 48 h. The expression of PRMT1 and

PGC-1a was detected by Western blots (n = 4). (B)

PRMT1 and PGC-1a band density was measured

(ImageJ software) and normalized to GAPDH. The

results were expressed as mean 6 SEM and analyzed

by Mann–Whitney U test. Comparison of pcDNA3.1-

PRMT1 to mock transfection: *p , 0.05, **p , 0.01.
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Hsp60, a mitochondrial stress protein, is a member of the
chaperon family that is induced under conditions of cellular
stress and injury. Circulating Hsp60 has been documented in
asthma (37). The expression of Hsp60 was induced by mito-
chondrial impairment, and Hsp60 was located in both the
mitochondria and cytosol. Hsp60 is essential for the folding
and assembly of newly imported proteins into the mitochon-
dria (38, 39). Hsp60 is secreted by a number of cell types,
which may contribute to the severity of symptoms in allergic
airway inflammation (40). As we showed in Results, cyto-
chrome C and Hsp60 were constitutively expressed in asth-
matic fibroblasts, which correlated to the mitochondrial mass.
Furthermore, the inhibition of the SMAD2/3 pathway or
PRMT1 enzyme activity decreased the expression of cyto-
chrome C and Hsp60.
PGC-1a is a transcriptional coactivator and important met-

abolic regulator of the cellular energy metabolism, including
cholesterol catabolism, fatty acid oxidation, and gluconeo-
genesis in various organs (41, 42). One of the primary effects of
PGC-1a is the activation of mitochondria biogenesis and oxi-
dative phosphorylation (43, 44). In this study, PGC-1a was
constitutively increased in fibroblasts of asthma patients and
in TGF-b–stimulated control fibroblasts. The methylation of
PGC-1a by PRMT1 was reported, which may explain how
PRMT1 enhanced the mitochondrial biogenesis (45). In non-
alcoholic fatty liver disease, PRMT1 was increased, and
PRMT1 siRNA reduced lipogenic markers, including PGC-
1a (46). Currently, it is unclear if PGC-1a functions as a

coactivator (47) or substrate for PRMT1 (48). In this study,
PGC-1a expression was increased in asthmatic fibroblasts and
caused the increase of mitochondria mass. PGC-1a expression
was induced in control fibroblasts by TGF-b1 or by transfection
with a PRMT1 expression vector. Thus, the alteration the
PGC-1a affected the content of mitochondria in airway wall
fibroblasts.
Subepithelial fibrosis is a consequence of increased TGF-b1

expression, which activates myofibroblasts to produce extracel-
lular matrix components such as collagens and fibronectin.
TGF-b1 also enhanced the migration of ASM cells, reduced
antiapoptotic signaling, and stimulated proliferation (9, 49). In
the context of TGF-b1 signaling, allergen-challenged SMAD3-
deficient mice showed reduced numbers of peribronchial myofi-
broblasts and decreased peribronchial fibrosis (50). Suppressing
TGF-b1 by either blocking the SMAD3 pathway or by adminis-
tration of anti–activin A, significantly reduced peribronchial fi-
brosis, ASM cell proliferation, and mucus production (51). In this
study, TGF-b activated SMAD2/3 signaling and elevated PGC-1a
and fibroblast proliferation.
C/EBPb is a key mediator of TGF-b1–induced gene activity,

and its malfunction contributed to the progression of breast cancer
(52). C/EBPb was expressed upon the induction of cell differen-
tiation and it induced the expression of C/EBPa and PPAR-g (53).
It is known that C/EBPs controlled the promoter of mitor-
ibosomal protein S12 and mitochondrial seryl-tRNA ligase,
which regulated the mRNA translation of Hsp60, required for
protein folding in mitochondria (54, 55). In this study, changes of

FIGURE 7. The inhibition of PRMT1 or SMAD2/3 decreased mitochondria mass and proliferation of fibroblasts. Immunofluorescence mi-

croscopy of mitochondria in control fibroblasts stimulated by TGF-b in the absence and presence of AMI-1 or SB203580 (SB) at 48 h. The

mitochondrial mass was visualized by MitoTracker staining (red). Representative Western blots of Hsp60 in the presence and absence of either

AMI-1 or SB at 24 or 48 h. Incubation of fibroblasts with either C/EBPb siRNA (small interference [si]-C/EBPb) or AMI-1 for 48 h reduced TGF-

b–induced proliferation (n = 3). Results are expressed as mean 6 SEM and were analyzed by Mann–Whitney U test. Comparison of untreated

cells to TGF-b stimulation: ^p , 0.05. Comparison of si-C/EBPb and AMI-1 treatment on TGF-b–stimulated fibroblast proliferation: *p , 0.05,

**p , 0.001.

44 TGF-b UPREGULATED MITOCHONDRIA MASS THROUGH PRMT1



C/EBPb expression affected the expression and action of PRMT1
and PGC-1a, and all three factors were constitutively upregulated in
fibroblasts of asthma patients. These results suggest that C/EBPb is
an important regulator of the mitochondria mass in fibroblasts.

This study provided additional evidence that TGF-b1–dependent
fibroblast remodeling in asthma may be controlled by inhibition of
PRMT1 or C/EBPb. Therefore, both factors present novel diag-
nostic and therapeutic targets in asthma.

FIGURE 8. PRMT1 inhibition decreased fibroblast differentiation. Immunofluorescence microscopy of the effect of PRMT1 or SMAD2/3 inhibition on

the expression of TGF-b–induced C/EBPb (green), PRMT1 (red), and fibrilar a-SMA (green) proteins. Images are representative for results obtained in

cells of controls (n = 3) and asthma patients (n = 3).

FIGURE 9. The mechanism by which TGF-b con-

trols fibroblast activity in asthma through SMAD2/3→
C/EBPb→PRMT1→PGC-1a signaling. In human lung

fibroblasts, TGF-b stimulation activates SMAD2/3

signaling, which induces the expression of C/EBPb.

C/EBPb is essential for PRMT1 upregulation, which

orchestrates PGC-1a, mitochondria mass, and fibro-

blast proliferation. Therefore, PRMT1 and C/EBPb

may play a crucial role in fibrotic processes and present

a novel therapeutic target in chronic inflammatory

pulmonary diseases.
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S. Hajdu, and S. Aharinejad. 2011. Elevated transforming growth factor-beta 1
(TGF-b1) levels in human fracture healing. Injury 42: 833–837.

28. Manuyakorn, W., W. Kamchaisatian, K. Atamasirikul, C. Sasisakulporn,
C. Direkwattanachai, and S. Benjaponpitak. 2008. Serum TGF-beta1 in atopic
asthma. Asian Pac. J. Allergy Immunol. 26: 185–189.

29. Jiang, K., H. B. Chen, Y. Wang, J. H. Lin, Y. Hu, and Y. R. Fang. 2013. Changes
in interleukin-17 and transforming growth factor beta 1 levels in serum and
bronchoalveolar lavage fluid and their clinical significance among children with
asthma. Transl. Pediatr. 2: 154–159.

30. Grunwell, J. R., S. M. Yeligar, S. Stephenson, X. D. Ping, T. W. Gauthier,
A. M. Fitzpatrick, and L. A. S. Brown. 2018. TGF-b1 suppresses the type I IFN
response and induces mitochondrial dysfunction in alveolar macrophages. J.
Immunol. 200: 2115–2128.

31. Patel, A. S., J. W. Song, S. G. Chu, K. Mizumura, J. C. Osorio, Y. Shi, S. El-Chemaly,
C. G. Lee, I. O. Rosas, J. A. Elias, et al. 2015. Epithelial cell mitochondrial
dysfunction and PINK1 are induced by transforming growth factor-beta1 in
pulmonary fibrosis. PLoS One 10: e0121246.

32. Harbauer, A. B., R. P. Zahedi, A. Sickmann, N. Pfanner, and C. Meisinger. 2014.
The protein import machinery of mitochondria-a regulatory hub in metabolism,
stress, and disease. Cell Metab. 19: 357–372.

33. Mabalirajan, U., A. K. Dinda, S. Kumar, R. Roshan, P. Gupta, S. K. Sharma,
and B. Ghosh. 2008. Mitochondrial structural changes and dysfunction
are associated with experimental allergic asthma. J. Immunol. 181: 3540–
3548.

34. Aravamudan, B., A. Kiel, M. Freeman, P. Delmotte, M. Thompson, R. Vassallo,
G. C. Sieck, C. M. Pabelick, and Y. S. Prakash. 2014. Cigarette smoke-induced
mitochondrial fragmentation and dysfunction in human airway smooth muscle.
Am. J. Physiol. Lung Cell. Mol. Physiol. 306: L840–L854.

35. Gomez-Arroyo, J., S. Mizuno, K. Szczepanek, B. Van Tassell, R. Natarajan,
C. G. dos Remedios, J. I. Drake, L. Farkas, D. Kraskauskas, D. S. Wijesinghe,
et al. 2013. Metabolic gene remodeling and mitochondrial dysfunction in failing
right ventricular hypertrophy secondary to pulmonary arterial hypertension. Circ
Heart Fail 6: 136–144.

36. Iyer, D., N. Mishra, and A. Agrawal. 2017. Mitochondrial function in allergic
disease. Curr. Allergy Asthma Rep. 17: 29.

37. Yang, M., T. Wu, L. Cheng, F. Wang, Q. Wei, and R. M. Tanguay. 2005. Plasma
antibodies against heat shock protein 70 correlate with the incidence and severity
of asthma in a Chinese population. Respir. Res. 6: 18.

38. Deniset, J. F., T. E. Hedley, M. Hlavá�cková, M. N. Chahine, E. Dibrov,
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