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Abstract

Objective: Interstitial lung disease (ILD) is a serious complication and leading cause of mortality
in patients with systemic sclerosis (SSc). In the current study we explored the role of LMCD1
(LIM and cysteine-rich domains-1) as a novel factor in the pathogenesis of SSc-ILD.

Material and Methods: Expression and effects of LMCD1 were studied lung tissue and
fibroblasts from SSc-ILD patients and control subjects as well as in lung from animal models.

Results: LMCD1 is consistently elevated in lung tissue and in fibroblasts isolated from SSc-ILD
patients as compared to controls. Additionally, LMCDL1 is highly expressed in the lung in two
different animal models of ILD: fibroblast specific protein (FSP)-driven constitutively active
TGFp receptor 1 (FSP-TBR1CA) transgenic and bleomycin-induced mouse models. In lung
fibroblasts from SSc-ILD patients LMCD1 is an essential factor for TGFp-induced generation

of collagen type I, fibronectin, and smooth muscle alpha-actin (SMA). Depletion of LMCD1 by
SiRNA reduces the expression of ECM proteins and lowers transcriptional activity and expression
of SMA, as well as decreases proliferation and contractile activity of SSc-I1LD lung fibroblasts.

In dense fibrotic areas of SSc-1LD lung LMCD1 co-localizes with SMA. In cultured scleroderma
lung fibroblasts LMCD1 co-localizes and interacts with serum response factor (SRF) which
mediates LMCD1-induced contractile activity of lung fibroblasts.

Conclusion: Our study identifies LMCD as a profibrotic molecule contributing to the activation
of myofibroblasts and the persistent fibroproliferation observed in SSc-ILD. Thus, LMCD1 may
be a potential novel therapeutic target for patients with SSc-ILD.
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Introduction

SSc-ILD is a frequent complication and a leading cause of morbidity and mortality in
patients with scleroderma (systemic sclerosis, SSc) (1 — 3). The pathophysiology of SSc-
ILD is characterized by differentiation of fibroblasts to activated myofibroblasts with
enhanced synthesis and secretion of ECM molecules (4 — 6). The mechanisms leading to
lung fibroblast activation with excessive deposition of collagen and other ECM proteins
remain poorly understood. A variety of inflammatory and fibrogenic mediators, such as
transforming growth factor g (TGF), thrombin, platelet-derived growth factor (PDGF),
interleukins, and many others have been reported to be involved in the pathogenesis of
SSc-ILD (7 — 11). The diversity of the potential mediators suggests multiple pathogenic
mechanisms of SSc-1LD and requires complex analysis of the changes that occur in each
patient during the course of development of lung disease.

Several groups of investigators have demonstrated a correlation between fibrosis and SMA-
expressing myofibroblasts in a number of different tissues (12 — 14). It is generally accepted
that lung fibroblasts may differentiate to a myofibroblast phenotype under the influence of
local growth factors and cytokines, such as TGF-f and thrombin (7, 9). The transcriptional
mechanisms mediating transformation of quiescent fibroblast to myofibroblast, however,
have not been fully elucidated.

Proteins that contain LIM domains play a key role in diverse cellular functions, such

as signal transduction, cytoskeleton remodeling, cell adhesion and regulation of gene
transcription (15). The name of the LIM domain is derived from first letters of three
proteins, Lin11, Isl-1, and Mec-3, discovered to contain such motifs. LIM domains represent
double-zinc, finger-like structures that mediate protein-protein interactions within distinct
subcellular locations and facilitate assembly of multimeric protein complexes (16). Several
of the LIM domain-containing proteins have been shown to regulate gene expression by
interacting with a variety of general and cell type-specific transcription factors including
serum response factor (SRF), which is known to bind to the serum response element (SRE)
CArG box (CC(A/T)6GG) found in SMA (17 — 19).

While many of the LIM proteins have been characterized in detail, the cellular functions
of LMCD1 are poorly understood. LMCDL1 is known to mediate thrombin-induced
proliferation and migration of human aortic smooth muscle cells and plays a critical role

in the development of cardiac hypertrophy via nuclear factor of activated T cells signaling
pathway (20 — 22). Overexpression of LMCD1 has been associated with TGFp-induced
epithelial to mesenchymal transition (23), human hepatocellular carcinoma (24), prostate
cancer (25), and alopecia (26). A recently published study demonstrated that LMCD1
regulates tubulointerstitial fibrosis in a mouse model by blocking the activation of the ERK
pathway (27). The current study was undertaken to define the role of LMCD1 in fibrosing
lung diseases, specifically in SSc-ILD.
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Materials and Methods

Animal Models of Lung Fibrosis

All experimental procedures were performed according to guidelines of the Institutional
Animal Care and Use Committee (IACUC) at the Medical University of South Carolina
(MUSC). The FSP-TPR1CA mouse was established in our laboratory as detailed in the
Online Data Supplement. A total of 12 FSP-TBR1CA mice and 12 littermate controls (8
and 12 week old females) were used in this study. Mice with bleomycin-induced ILD were
generated as previously described (28, 29). Briefly, lung injury was induced by intratracheal
instillation of bleomycin (2U/kg in 50 pl of saline) to the C57BL/6 8-week old mice (n = 6,
3 males and 3 females) obtained from Jackson Laboratories (Bar Harbor, ME). The control
mice (n = 6, 3 males and 3 females) received the same volume of saline. Animals were
sacrificed on day 21 by isoflurane overdose; lungs were harvested and processed for tissue
staining using anti-LMCD1 antibody as described below.

Mouse Lung Fixation and Histological Examinations

Sacrificed mice were subjected to midline thoracotomy. The trachea was cannulated, and
the lungs were fixed by instillation of buffered formalin (2%) for 24 hours followed by
perfusion with 70% ethanol for another 24 hours before routine processing and paraffin
embedding. Multiple sections from each lung were stained with hematoxylin and eosin
(H&E) or with trichrome staining for collagen and other extracellular matrix proteins. For
the area analysis of fibrotic changes, a quantitative fibrotic scale (Ashcroft scale) was used
(30). The severity of fibrotic changes in each lung section was given as the mean score
from the observed microscopic fields. Ten fields within each lung section were observed

at magnification of x20, and each field was assessed individually for severity and scored
from 0 (normal) to 8 (total fibrosis). To avoid bias all histological specimens were evaluated
in a blinded fashion. Each specimen was scored independently by two observers, and

the mean of individual scores was presented as the fibrosis score. Immunohistochemistry
was performed using anti-LMCD1 antibody from Novus Biologicals (Centennial, CO)
followed by horseradish peroxidase-conjugated anti-rabbit 1gG (Jackson Immunoresearch,
W. Grove, PA). Color development was based on metal-enhanced 3,3’-diaminobenzidine
(DAB) substrate from Pearce (Rockford, IL). Tissue sections were counterstained for

30 sec by hematoxylin, a nucleus-sensitive dye from Poly Scientific (Bay Shore, NY),
mounted using Cytoseal from Stephan Scientific (Kalamazoo, MI) and viewed under a Zeiss
microscope (Axiovert 35) using a bright-field mode. The microscope images were obtained
digitally (Spot RT Color Digital Camera, Diagnostics Instruments, Sterling Heights, MI)
and quantified in a .tiff file format using ImageJ Fiji software as detailed by Crowe and
Yue (31). Total cells were identified based on their nuclear staining with hematoxylin. The
cells positive for LMCD1 were counted as DAB values over the threshold after background
subtracting.

Lung Hydroxyproline Assay

Mouse lung was hydrolyzed in hydrochloric acid and subjected to hydroxyproline
determination by Ehrlich reaction as previously described (28). Absorbance was measured at
550 nm, and hydroxyproline content was determined from a standard curve.
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Human Lung Tissue Processing and Examinations, Cell Culturing and Transfecting

Lung tissues were collected postmortem from five SSc-1LD patients who fulfilled the 2013
ACR/EULAR classification criteria for SSc (32) and had evidence of lung involvement,

and from four age-, race-, and sex-matched control subjects. The diagnosis of SSc-1LD

was confirmed by histological examination of postmortem lung tissue. Lung tissues were
washed with PBS, fixed in 4% paraformaldehyde, and embedded in paraffin blocks.

Seven pm paraffin sections were collected on slides, deparaffinized in histo-clear, and
rehydrated through a degrading series of ethanol before staining. Antigen retrieval was
performed by Antigen Unmasking solution (MVector Laboratories) and permeabilized for 10
minutes in 0.1% Triton X-100. Nonspecific binding sites were blocked for 40 minutes in
Background Buster (Innova Biosciences). The slides were immunostained with anti-LMCD1
antibody from Novus Biologicals (Centennial, CO) and evaluated as described above (mouse
histological evaluation). For immunofluorescent staining, the slides were co-stained with
anti-LMCD1 and anti-a-Smooth Muscle Actin (SMA) antibodies (Sigma-Aldrich, St. Louis,
MO) followed by rabbit Alexa Fluor 555- and CY5 647-conjugated secondary antibodies
(Life Technology, Carlsbad, CA). After labeling, slides were mounted with ProLong Gold
antifade reagent containing nuclear stain 4”,6-diamidino-2-phenylindole (DAPI), visualized
under Zeiss Axio Imager M2 microscope system, and quantified by Adobe Photoshop

CS3 software using the Count Tool. Cells stained positively for LMCD1 and SMA were
counted directly on the screen by placing markers on the image and counting at least 6
none-overlapping high-power fields at x400 magnification per sample.

Lung fibroblasts were isolated as previously described (33, 34) and used between third and
sixth passages in all experiments. LMCD1 siRNA (150pmol per 100-mm dish, 75pmol/well
for 6-well plates, and 15pmol/well for 24-well plates) from Santa Cruz Biotechnology
(Santa Cruz, CA) was transfected into cells as previously described (35). Scrambled

SiRNA containing a sequence that does not lead to the specific degradation of any known
cellular mRNA was used as a control. Transfection efficiency was routinely tested 48 hours
after transfection by immunoblotting with anti-LMCD1 antibody from Novus Biologicals
(Centennial, CO).

Immunoblotting and Immunoprecipitation Experiments

Cells were collected and analyzed by immunablotting as previously described (36). Anti-
a-SMA and anti-B-actin antibodies were obtained from Sigma-Aldrich (St. Louis, MO);
anti-type | collagen antibody was purchased from SouthernBiotech (Birmingham, AL);
anti-fibronectin antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA)
and anti-LMCD1 antibody was purchased from Novus Biologicals (Centennial, CO). For
immunoprecipitation assay, scleroderma lung fibroblasts were grown to confluence on
100mm plates, kept in serum-free DMEM 4 hours, incubated with TGF for 24 hours,
washed with ice cold PBS, collected with 1ml of ice-cold RIPA buffer, and cleared by
microcentrifugation at 4°C. Next, 2ug of anti-SRF antibody (Sigma) was added, and the
samples were rotated for 90min at 4°C. Immune complexes were isolated on protein G-
sepharose beads (Amersham Pharmacia Biotech, Piscataway, NJ), washed with RIPA buffer,
resolved by gel electrophoresis, and immunoblotted with anti-LMCD1 antibody.
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RNA isolation and RT-PCR analysis

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with or

without profibrotic stimuli, such as thrombin or TGFf in serum-free medium

for 24 hours and subjected to total RNA extraction with the RNA Isolation

Kit from QIAGEN (Valencia, CA) according to manufacturer’s recommendations.

RNA purity and amount isolated was determined by spectrophotometric analysis.

Reverse transcription was performed with the SuperScript 11 First-Strand Synthesis

Kit from Invitrogen (Carlsbad, CA) and RT-PCR was performed with SYBR

Green PCR Master Mix Kit from Bio-Rad (Hercules, CA). PCR primers,

synthesized by Eurofins Genomics (Louisville, KY) were as follows: LMCD1 forward
AAATTGGCCGCTTGCTGATG, LMCD1 reverse CCCACTCGTAGGTGATGGTG;
collagen type | forward CCAGAAGAACTGGTACATCA GCA, collagen type | reverse
CGCCATACTCGAACTGGAAT; fibronectin forward CTGACAGCTCATCCGTGGTT,
fibronectin reverse CTGAGCTGGTCTGCTTGTCA; SMA forward
CCGACCGAATGCAGA AGGA, SMA reverse ACAGAGTATTTGCGCTCCGAA,;
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward GGTCTCCTCTGACTTCA
ACA, GAPDH reverse AGCCAAATTCGTTGTCATAC. RT-PCR was performed on a Bio-
Rad MyIQ single color Real-Time PCR detection system under the following conditions:
95°C for 3 min, followed by 35 cycles at 95°C for 30 sec and 60°C for 1 min. Relative
differential expression of genes was calculated using the method described by Pfaffl (37)
with GAPDH serving as a housekeeping gene. Product size of the gene-specific transcripts
was routinely confirmed by agarose gel. Immunoblotting was routinely used to confirm
inhibition of LMCD1 expression by siRNA: anti-LMCD1 antibody was purchased from
Novus Biologicals (Centennial, CO) and anti-p-actin antibody (as a loading control) was
obtained from Sigma-Aldrich (St. Louis, MO).

Quick Cell Proliferation Assay and Cell Counting

Scleroderma lung fibroblasts transfected with LMCD1 or scrambled siRNA were cultured in
the absence or presence of thrombin and subjected to the Proliferation Assay and cell counts
as described (8).

Luciferase Assay

Cells were cultured in 24-well plates and transfected with SMA promoter luciferase
reporter construct (generously provided by Dr. Gerard Elberg, University of Oklahoma
Health Sciences Center) using Effectene Transfection Reagent (Qiagen). To investigate
effects of LMCD1, cells were co-transfected with LMCD1 siRNA or control siRNA. In
all experiments, green fluorescent protein (GFP) plasmid was co-transfected in order to
standardize for transfection efficiency. The cells were incubated with TGFp for 24h and
lysed in Passive Lysis Buffer according to the Promega luciferase assay system protocol.
The luciferase activity of the cell lysates was measured with luciferase substrate using a
luminometer as previously described (38).
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Collagen Gel Contraction Assays

Collagen lattices were prepared with type | collagen from rat tail tendons as previously
described (7). Lung fibroblasts transfected with LMCD1 siRNA or scrambled siRNA
were suspended in collagen, aliquoted into 24 well plates, and cultured for 24 hours.

In some experiments cells were transfected with either LMCD1-pCMV6 or SRF-pCMV6
using Effectene Transfection Reagent (Qiagen) and cultured with or without SRF inhibitor
CCG-1423 (Selleck Chemicals, Houston, TX). To initiate collagen gel contraction,
polymerized gels were gently released from the underlying culture dish and continued to
culture for another 24 hours in the presence or absence of TGFp. Measurement of the
diameter of each gel was recorded as the average values of the major and minor axes as
previously described (7, 33). Calculation of gel contraction was presented as difference
between diameters of wells and contracted gels.

Immunofluorescent studies in lung fibroblasts

SSc-ILD fibroblasts were cultured to sub-confluence on four-chamber slides, serum starved
overnight, stimulated with or without TGFp for 24 hours, fixed with 4% formaldehyde,

and blocked with PBS containing 5% BSA, 0.1% Triton, and 0.0004% sodium azide.

Cells were incubated overnight with anti-LMCD1 and anti-SRF antibodies (Sigma-Aldrich,
St. Louis, MO) followed by rabbit Alexa Fluor 555- and CY5 647-conjugated secondary
antibody (Life Technology, Carlsbad, CA). Next, slides were washed with PBS, mounted
with ProLong Gold antifade reagent and visualized under Olympus FV10i laser scanning
confocal or Zeiss Axio Imager M2 microscope system.

Cell Fractionation Assay

Lung fibroblasts were cultured in 100 mm plates, serum starved overnight, and stimulated
with or without TGF for 24 hours. Nuclear and cytoplasmic proteins were isolated

using Abcam’s Cell Fractionation Kit following the detailed instructions provided by the
manufacturer. Tubulin antibody from Sigma and Histone-H3 antibody from Cell Signaling
were used to screen purity of cytoplasm and nuclear fraction.

Statistical Analysis

Results

Statistical analyses were performed using analysis of variance models followed by post
hoc testing or nonparametric test as appropriate. The results were considered significant if
p<0.05.

Expression of LMCDL is increased in two animal models of lung fibrosis

We examined the expression of LMCD1 in two different animal models of pulmonary
fibrosis. The FSP-TBR1CA transgenic mouse is characterized by constitutive activation of
the TGFp receptor 1 (39) in fibroblasts and other cells expressing FSP. Recombination

of TBR1CA and FSP-Cre alleles at the genomic DNA level was routinely confirmed in
3-week old pups by genotyping; see Online Data Supplement and Figure S1 for details. The
FSP-TBR1CA mice appeared phenotypically normal but spontaneously developed chronic
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fibrosis in the lung beginning at week 8. Importantly, lung fibrosis in the FSP-TBR1CA
mice appears first in the subpleural portion of the lung showing diffuse involvement of the
alveolar walls with thickening and loss of alveoli (Figure 1A) closely resembling SSc-ILD.
The overall level of fibrotic changes was quantitatively assessed in the 8- and 12-week old
mice using the Ashcroft scoring system. The Ashcroft score was 3.02-fold higher in the
8-week old FSP-TBR1CA mice and 4.44-fold higher in the 12-week old FSP-TBR1CA mice
when compared to the control littermates (Figure 1B).

Progressive increase of collagen in the lungs of FSP-TBR1CA mice was demonstrated by
hydroxyproline assays (Figures 1C). Immunostaining showed that LMCD1 was substantially
elevated in lung tissue from FSP-TBR1CA mice as compared to control littermates (Figure
2A and 2B). Quantification of LMCD1-stained lung tissue from 12-week old FSP-TBR1CA
mice demonstrated significant increase of LMCD1-positive cells, equal to 69.34 + 4.76% of
total cells as compared to 9.55 + 1.82% of cells in lung tissue from the control littermates (p
< 0.0001), Figure 2C).

Bleomycin-induced mouse model of pulmonary fibrosis is described in detail in our previous
publications (28, 29). Immunohistochemistry for LMCDL in serial sections of lung tissue
from mice receiving bleomycin showed that LMCD1 was strongly up-regulated in fibrotic
lung tissue reaching 65.22 + 8.25% of total cells from bleomycin-treated mice, while only
3.28 + 1.22% of cells from saline-treated mice expressed LMCD1 (Figure 2D - F).

Expression of LMCD1 in SSc-ILD

To establish the presence and localization of LMCD1 within lung tissue of SSc-ILD patients,
we employed immunohistochemistry to stain for LMCD1 in sequential sections of lung
tissue from patients with end-stage SSc-ILD and from age-, race-, and sex-matched healthy
control subjects. We observed that LMCD1 expression is dramatically increased in lung
tissue from SSc-1LD patients, mainly in the lung parenchyma where it is seen in association
with inflammatory and fibroproliferative foci (Figure 2G and 2H). Quantitative analysis
demonstrated that expression of LMCDL in lung tissue from patients with SSc-ILD is
significantly higher (p < 0.001) compared with lung tissue from controls. Only 10.37+4.51
% of total cells in control lung tissue expressed LMCD1 as compared to 64.79+12.10 % of
LMCDZ1-positive cells in SSc-ILD lung tissue (Figure 2I).

To determine whether LMCDL1 is expressed in myofibroblasts, we performed double
immunofluorescence staining of SSc-ILD lung sections for LMCD1 and SMA. We observed
that in dense fibrotic areas of SSc-1LD lung 69.18+14.10 % of total cells express LMCD1
and 66.56+14.18 % of total cells express SMA,; importantly, nearly all SMA-positive cells
expressed LMCD1 (Figure 3A-E).

To examine expression of LMCDL1 in isolated scleroderma lung fibroblasts, we used three
SSc-ILD cell lines and three normal lung fibroblast cells lines from matched controls.

We found that mRNA levels of LMCDL1 in SSc-1LD fibroblasts significantly (p < 0.01)
exceeds mRNA levels of LMCDL in normal lung fibroblasts (Figure 3F). We incubated
lung fibroblasts with either thrombin or TGF for 24 hours and observed that thrombin
augments expression of LMCD1 mRNA 3.11-fold in normal and 1.77-fold in scleroderma
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lung fibroblasts. Similar to thrombin, TGFf increased LMCD1 mRNA 2.93-fold in normal
and 1.72-fold in scleroderma lung fibroblasts (Figure 3F).

Effects of LMCD1 depletion on extracellular matrix proteins in SSc lung fibroblasts

To establish whether LMCD1 is involved in generation of ECM in SSc lung fibroblasts,
we knocked down LMCD1 expression by siRNA and used TGFp to stimulate production
of ECM proteins in SSc lung fibroblasts. Immunoblotting experiments demonstrated that
transfection of cells with LMCD1 siRNA resulted in a significant reduction of LMCD1
protein in SSc lung fibroblasts as well as decreasing basal and TGFp-induced levels of
fibronectin, collagen type I, and SMA in SSc lung fibroblasts (Figure 4A).

Effects of LMCD1 depletion on TGFp-induced fibronectin and collagen type | mMRNA

was studied by RT-PCR. Expression of fibronectin mRNA and collagen type | mRNA in
SSc lung fibroblasts stimulated with TGFp in a concentration 2.5 ng/ml for 24h increased
5.3-fold and 19.8-fold respectively as compared to unstimulated cells. Depletion of LMCD1
by siRNA significantly reduced levels of TGFp-induced fibronectin mRNA (1.86-fold, p <
0.01) and collagen type | mRNA (1.94-fold, p < 0.01) (Figure 4B and C).

LMCD1 mediates expression of SMA and contractile activity of SSc-ILD lung fibroblasts

Regulation of TGFB-induced SMA expression by LMCD1 was studied by RT-PCR as well.
We found that depletion of LMCD1 by siRNA significantly reduces basal (2.29-fold, p <
0.001) and TGFB-induced SMA expression (1.97-fold, p < 0.01) (Figure 4D).

To determine whether LMCD1 mediates transcription of SMA in SSc-ILD lung fibroblasts,
we transfected cells with LMCD1 siRNA or scrambled siRNA as a control and performed

a luciferase reporter assay. We observed that TGFp increases the transcriptional activity of
the SMA promoter 8.78-fold in scleroderma lung fibroblasts transfected with control siRNA.
When cells were transfected with LMCD1 siRNA, activity of the SMA promoter induced by
TGFp was reduced by nearly 3.88-fold (Figure 4E).

To investigate whether depletion of LMCD?1 affects contractile activity of SSc lung
fibroblasts, we performed collagen gel contraction assays. We observed that SSc lung
fibroblasts transfected with scrambled siRNA contracted gels to 9.32+1.57 mm, whereas
cells transfected with LMCD1 siRNA contracted gels significantly less (to 4.02+0.94 mm,
p<0.001) (Figure 4F). TGFp further enhanced contractile activity of SSc lung fibroblasts
increasing collagen gel contraction to 11.37+1.4 mm in cells transfected with scrambled
SiRNA,; however, contractile activity of TGFp-stimulated SSc lung fibroblasts significantly
decreased (p<0.001) to 4.78+1.34 mm in cells transfected with LMCD1 siRNA (Figure 4F).

LMCD1 mediates proliferation of SSc-ILD lung fibroblasts

We previously reported that thrombin is one of the strongest inducers of lung fibroblast
proliferation in SSc-ILD (7, 10). To study effects of LMCD1 depletion on thrombin-induced
lung fibroblast proliferation, we employed a quick cell proliferation assay. Basal levels

of viable scleroderma lung fibroblasts transfected with scrambled siRNA were 0.43+0.04
optical density (OD) units. Basal levels of cells transfected with LMCD1 siRNA were
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significantly lower (0.21+0.04 OD units, p < 0.001). Thrombin increased the proliferative
capacity of cells transfected with scrambled siRNA, whereas thrombin-induced proliferation
was significantly reduced to 0.41+0.08 OD in cells transfected with LMCD1 siRNA (p

< 0.001) (Figure 5A), suggesting that LMCD1 mediates thrombin-induced proliferation of
SSc-1LD fibroblasts.

To measure time-dependent effects of LMCD. depletion on thrombin-induced proliferation
of SSc lung fibroblasts, we stimulated siRNA-transfected cells with thrombin for 24h, 48h,
72h, and 96h. The proliferation rate of cells transfected with control siRNA and stimulated
with thrombin was increased 2.13-fold within 24h and further increased 3.23-fold within
96h. Depletion of LMCD1 significantly (p<0.001) inhibited thrombin-induced proliferation
of SSc lung fibroblasts at all time points measured. The proliferation rate of cells transfected
with LMCD1 siRNA and stimulated with thrombin was reduced 2.1-fold within 24h,
1.94-fold within 48h, 2.07-fold within 72h, and 2.1-fold within 96h as compared to cells
transfected with control siRNA (Figure 5B).

Localization pattern of LMCD1 in SSc-ILD lung fibroblasts

We observed that LMCD1 has nuclear, cytoplasmic, and cytoskeletal localizations in SSc-
ILD fibroblasts (Online Data Supplement, Figure S3). To elucidate whether profibrotic
stimuli affect the localization pattern of LMCD1 in lung fibroblasts, we cultured cells in the
presence or absence of TGFp for 24 hours followed by cell fractionation into cytoplasmic
and nuclear fractions. Unexpectedly, we found that LMCD1 was predominantly localized in
the cytoplasm with and without TGF stimulation; TGFB-induced expression of LMCD1
in cytoplasmic and nuclear fractions was proportional to the TGFB-induced expression of
LMCD1 in total cell lysate (Figure 5C).

We found that despite predominant localization in the cytoplasm, LMCD1
immunoprecipitates with SRF, which is known to localize mostly in the nuclei of
proliferating cells (40) suggesting direct interaction between these proteins. We observed
that the immunoprecipitation was enhanced after SSc-1LD fibroblasts were cultured

with TGFp (Figure 5D). To further confirm interaction between LMCD1 and SRF, we
cultured SSc-ILD fibroblasts on glass slides with and without TGFp and performed
immunofluorescent staining of the cells. Immunofluorescent studies confirmed that in SSc
lung fibroblasts, predominant localization of LMCDL1 is the cytoplasm either with or without
TGFp stimulation. However, after stimulation with TGF, cells generate more LMCD1, and
co-localization of LMCD1 with SRF is increased in nuclear, perinuclear, and cytoplasmic
regions (Figure 6 A-J).

SRF is essential for LMCD1-mediated contractile activity of lung fibroblasts.

Data presented in Figure 4 demonstrate that depletion of LMCD1 with siRNA reduces
contractile activity of SSc lung fibroblasts. To investigate whether SRF affects LMCD1-
modulated contractile activity of SSc lung fibroblasts, we co-transfected cells with LMCD1
siRNA and recombinant SFR. Contractile activity of cells co-transfected with LMCD1
SiRNA and empty pCMV6 vector was reduced from 9.47+2.06 mm to 4.25+0.93 mm.
Contractile activity of cells co-transfected with LMCD1 siRNA and SRF in pCMV8,
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however, was 8.97+1.76, similar to SSc-ILD control lung fibroblasts (Figure 6K). These
data demonstrate that overexpression of SRF restores the contractile activity of SSc lung
fibroblasts reduced by LMCD1 siRNA. To verify the importance of SRF in LMCD1-
induced contractile activity of lung fibroblasts, normal lung fibroblasts transfected with
recombinant LMCD1 were cultured in collagen gels in the presence of SRF pathway
inhibitor CCG-1423. Control cells transfected with empty vector were characterized by low
contractile activity (4.38+1.1 mm). Recombinant LMCD1 significantly enhanced contractile
activity of lung fibroblasts by increasing contraction of collagen gels to 8.6+1.562 mm

(p < 0.01) (Figure 6L). SRF inhibition completely blocked LMCD1-induced contractile
activity, decreasing contraction of collagen gels to 4.15+1.09 mm but had no effect on cells
transfected with empty vector suggesting that SRF mediates LMCD1-induced contractile
activity in lung fibroblasts.

Discussion

Despite its clinical and public health significance, the pathophysiology of SSc-ILD or any
other ILD remains insufficiently understood. The current study identifies LMCD1 as a novel
protein involved in major profibrotic signaling in scleroderma lung myofibroblasts.

LMCD1 is a transcriptional cofactor containing a cysteine-rich domain in the N-terminal
region and two double zinc-finger LIM domains in the C-terminal region (20 — 22). The
presence of LIM domains suggests involvement of LMCD1 in protein-protein interactions
as LIM domains are known to mediate communications between transcription factors,
cytoskeletal proteins, and signaling proteins (15, 16).

LMCD1 is expressed in many tissues with highest abundance in skeletal muscle (41).
Here we demonstrate that LMCD1 protein is present in normal lung tissue at very low
levels, whereas it is highly upregulated in SSc-ILD lung tissue. To demonstrate that
LMCD1 is upregulated in mouse fibrotic lung tissues, we studied expression of LMCD1
in two different animal models of ILD: the FSP-TBR1CA transgenic mouse model and the
bleomycin-induced mouse model of pulmonary fibrosis. Animal models of ILD have been
useful in revealing the pathobiology of SSc-1LD and identifying potential new therapeutic
targets (42). We observed that expression patterns of LMCD1 in mouse lung tissue is very
similar to its expression in human lung: low expression in control lung tissue and highly
upregulated expression in fibrotic lung tissue, which suggests that elevated LMCDL1 protein
expression follows from a number of different fibrotic triggers.

Among various cell lines, lung fibroblasts are the most prominent cells that contribute to the
pathogenesis of SSc-ILD (4). We observed that SSc-1LD fibroblasts contain higher amount
of LMCD1 as compared to normal lung fibroblasts and that well-known profibrotic factors
such as thrombin and TGFB further increased expression of LMCD1 in both normal and
scleroderma lung fibroblasts.

Lung fibroblasts derived from SSc-1LD patients are characterized by increased proliferative
capacity and by high expression of ECM proteins such as collagen type | and fibronectin (7,
8). Thrombin is a major mitogen for mesenchymal cells and one of the strongest identified
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proliferative stimulus for fibroblasts (7, 10), whereas TGFp is a major inducer of ECM
genes and proteins in scleroderma fibroblasts (9). Depletion of LMCD1 by siRNA reduced
thrombin-stimulated and basal proliferation of SSc-ILD fibroblasts. Depletion of LMCD1 by
SiRNA also downregulated expression of fibronectin and collagen type 1, signifying a role of
LMCD1 as an important profibrotic molecule in lung fibroblasts.

During progression of the disease, SSc-ILD fibroblasts differentiate to highly contractile
myofibroblasts that synthesize excessive amounts of SMA (7). Here we demonstrate for
the first time that LMCD1 is necessary for transcriptional activity and protein expression
of SMA, which suggests that LMCD1 might work as a positive transcriptional regulator
of myofibroblasts. To examine whether LMCD?1 contributes to the increased contractile
capacities of scleroderma myofibroblasts, we performed contraction assays of floating
collagen gels populated with SSc-ILD fibroblasts. This assay mimics the initial phase of
fibrosis reflecting the induction of the myofibroblast phenotype by various growth factors
(32, 43). We observed that depletion of LMCD1 in SSc-I1LD fibroblasts inhibits basal and
TGFp-induced collagen gel contraction, thus suggesting that LMCD1 may promote the
contractile features seen in SSc-1LD.

It is well established that transcription of SMA is mediated by SRF (19, 44). It is also known
that SRF interacts with several of the LIM domain-containing proteins in smooth muscle
cells and other mesenchymal cells (17 — 19). Expression of SRF in lung mesenchyme

was recently shown to be essential for development of pulmonary fibrosis (45). Here

we demonstrate that SRF co-localizes and interacts with LMCDL1 in scleroderma lung
fibroblasts mediating LMCD1-induced contractile activity of lung fibroblasts.

We postulate that LMCDL1 is an essential profibrotic mediator in ILD that exerts

its fibrogenic effects via interaction with transcription factors. On the other hand, a
predominant cytoplasmic localization pattern of LMCD1 suggests that LMCD1 may
regulate fibrogenesis by targeting cytoplasmic substrates. Further studies including those
using an LMCD1 knockout mouse are necessary to delineate more of LMCD1’s fibrogenic
mechanisms.

In conclusion, the results presented here are the first to demonstrate that LMCD1 is highly
expressed in fibrotic lung tissue and upregulated by prominent profibrotic factors implicated
in the differentiation of fibroblasts to myofibroblasts. As multiple networks of numerous
molecules and cells control the complex processes of tissue injury, repair and remodeling

in SSc-ILD, LMCD1 might serve as a driver of the underlying transcriptional mechanisms
leading to the development of the activated myofibroblasts and producing an overabundance
of ECM proteins leading to lung fibrosis. Thus, LMCD1 may be a potential target for much
needed novel therapy for SSc-ILD as well as other fibrosing lung diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FSP-TBR1CA mice spontaneously develop lung fibrosis.
A, representative histological images of Trichrome-stained lung sections of FSP-TBR1CA

mice (images 2 and 4) and littermate control mice (images 1 and 3) sacrificed at 8 weeks
(images 1 and 2) and 12 weeks (images 3 and 4). B, quantitative evaluation of fibrotic
changes (Ashcroft scores). C, lung collagen content determined by Hydroxyproline assay. N
= 24 (six mice per group). Values are the mean + SD. *statistically significant differences (P
< 0.05) between FSP-TRR1CA and littermate control mice.
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Figure 2. LMCD1 is over-expressed in animal models of pulmonary fibrosis and in lung tissue of
SSc-ILD patients.
Sections of normal lung tissue isolated from littermate controls of 12-week-old FSP-

TPR1CA mice (A), saline-treated C57BL/6 mice (D), human normal lung tissue (G) and
sections of fibrotic lung tissue from 12-week-old FSP-TBR1CA mice (B), bleomycin-treated
C57BL/6 mice (E), and SSc-ILD patients (H) were stained with anti-LMCD1 antibody.
Representative images of 4 samples per each group are presented. C, F and I, quantitative
results of image analysis for LMCD1-positive cells. Cells (total and LMCD1-positive) were
counted on randomly selected 6 non-overlapping high-power fields per each sample. Values
are the mean + SD. * = P < 0.0001.
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Figure 3. Expression of LMCDL1 in lung fibroblasts in areas of dense fibrosis in patients with
SSc-ILD.

Representative images of lung sections from 4 SSc-ILD patients stained with H&E (A),
anti-LMCD1 (B), and anti-SMA (C) antibodies are presented; nuclei are stained with

DAPI. (D) Merged immunofluorescent image of LMCD1 with SMA. (E) Quantification of
LMCD1- and SMA-positive cells. Lung sections from 4 SSc-ILD patients were analyzed at
x400 magnification. Data represent means + SD from randomly selected 6 none-overlapping
high-power fields. F, expression of LMCD1 mRNA in normal (Nml) and scleroderma (SSc)
lung fibroblasts. Cells were cultured in the presence or absence of thrombin or TGFp for

24 h. Data are presented as means + SD. The asterisk represents statistically significant
differences (p<0.01) between SSc and Nml lung fibroblasts. Double asterisks represent
statistically significant differences (p<0.01) between cells treated with thrombin or TGFf vs.
non-treated cells.
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Figure 4. LMCD1 and collagen I, fibronectin, SMA and contractile activity of SSc-1LD lung

fibroblasts.

A, cell lysates were analyzed by Western blot with LMCD1 antibody as a transfection
efficiency control and anti-pB-actin antibody as a loading control. Depletion of LMCD1

by siRNA diminishes mRNA of fibronectin (B), collagen type | (C), and SMA (D) in

SSc lung fibroblasts. E, LMCD1 siRNA reduces TGFp-induced transcriptional activity

of the SMA promoter. Data are expressed as relative luciferase signal normalized by the
green fluorescent protein signal for each individual analysis. F, LMCD1 siRNA attenuates
contractile activity of SSc lung fibroblasts. The degree of collagen gel contraction was
determined as the difference between diameters of well and released gels. All data are
presented as mean values = SD of three independent experiments each performed in
duplicate. The asterisk represents statistically significant differences (p<0.001) between cells
transfected with LMCD1 siRNA versus cells transfected with control siRNA.
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Figure 5.
A and B, effects of LMCD1 on cell proliferation. A, depletion of LMCD1 by siRNA

reduces basal and thrombin-induced proliferation of SSc lung fibroblasts. B, LMCD1 siRNA
inhibits thrombin-induced proliferation of SSc lung fibroblasts in a time-dependent manner.
Data are presented as mean values + SD of three independent experiments. The asterisk
represents statistically significant differences (p<0.001) between cells transfected with
LMCD1 siRNA versus cells transfected with control siRNA. C, localization patterns of
LMCDL in SSc lung fibroblasts. Cytoplasmic (C) and nuclear (N) fractions were isolated
from cells cultured with or without TGFp and immunoblotted with LMCD1 antibody. Total
cell lysate (T) was loaded as a control. Tubulin and Histone-H3 antibodies were used to
confirm purity of cytoplasmic and nuclear fraction. Representative immunoblots of three
independent experiments are presented. D, co-immunoprecipitation of LMCD1 and SRF
in SSc lung fibroblasts. Cells were cultured with or without TGF@, immunoprecipitated
(IP) with SRF antibody, and immunoblotted with LMCD1 antibody. E stands for eluted
interactive complexes. Total cell lysate (T) was used as a positive control. Cell lysate
incubated with Sepharose beads without IP antibody was used as a negative control (NC).
The experiments were performed three times and representative immunoblots are presented.
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Figure 6.
A - J, co-localization of LMCD1 and SRF in scleroderma lung fibroblasts. Cells

were incubated for 24 hours with 2.5 ng/ml TGFp (A - E) or with vehicle (F — J) and
stained with LMCD1 and SRF antibodies as detailed in the Methods. Representative images
of three independent experiments are presented. K, SRF restores contractile activity

of scleroderma lung fibroblasts. Cells were co-transfected with LMCD1 siRNA and
recombinant SRF in pCMV6 and subjected to collagen gel contraction assay as detailed

in Methods. Scrambled siRNA and empty vector were used as controls. L, effect of

SRF inhibitor on LMCD1-induced contractile activity. Normal lung fibroblasts were
transfected with recombinant LMCD1 in pCMV6 and cultured in collagen gels with or
without 300 nM CCG-1423 for 48 hours. Empty pCMV6 and DMSO (CCG-1423 vehicle)
were used as controls. Data in K and L are the mean and SD from three independent
experiments each performed in duplicate. The asterisk represents statistically significant
differences (p<0.01) as compared to controls.
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