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Abstract

Some previous studies in tissue fibrosis have suggested a
profibrotic contribution from elevated expression of a protein
termed either RGCC (regulator of cell cycle) or RGC-32
(response gene to complement 32 protein). Our analysis of public
gene expression datasets, by contrast, revealed a consistent
decrease in RGCC mRNA levels in association with pulmonary
fibrosis. Consistent with this observation, we found that
stimulating primary adult human lung fibroblasts with
transforming growth factor (TGF)-@ in cell cultures elevated
collagen expression and simultaneously attenuated RGCC mRNA
and protein levels. Moreover, overexpression of RGCC in
cultured lung fibroblasts attenuated the stimulating effect of
TGEF-f on collagen levels. Similar to humans with pulmonary
fibrosis, the levels of RGCC were also decreased in vivo in lung
tissues of wild-type mice challenged with bleomycin in both acute
and chronic models. Mice with constitutive RGCC gene deletion

Interstitial lung disease (ILD), and its
defining component, pulmonary fibrosis,
remain serious biomedical problems with no
cure, limited therapeutic options, high
morbidity, and rapid mortality. Excessive

accumulation of scar tissue is particularly
devastating in patients with idiopathic
pulmonary fibrosis (IPF), systemic sclerosis
(scleroderma)-associated ILD (SSc-ILD), and
several other connective tissue diseases,

accumulated more collagen in their lungs in response to chronic
bleomycin challenge than did wild-type mice. RNA-Seq analyses
of lung fibroblasts revealed that RGCC overexpression alone had
a modest transcriptomic effect, but in combination with TGF-
stimulation, induced notable transcriptomic changes that negated
the effects of TGF-(3, including on extracellular matrix-related
genes. At the level of intracellular signaling, RGCC
overexpression delayed early TGF-B-induced Smad2/3
phosphorylation, elevated the expression of total and
phosphorylated antifibrotic mediator STATI, and attenuated the
expression of a profibrotic mediator STAT3. We conclude that
RGCC plays a protective role in pulmonary fibrosis and that its
decline permits collagen accumulation. Restoration of RGCC
expression may have therapeutic potential in pulmonary fibrosis.

Keywords: response gene to complement 32 protein; regulator of
cell cycle protein; lung fibrosis; idiopathic pulmonary fibrosis;
scleroderma lung disease

including rheumatoid arthritis, poly- and
dermatomyositis, and mixed connective
tissue disease. A host of molecular mediators
and processes drive fibrosis in ILD, and
innovative therapeutic targeting of some of
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them has already proven beneficial (1-3).
Nevertheless, better therapies for ILD are
much needed (2), and each newly identified
molecular mediator represents a prospective
therapeutic target.

RGCC (regulator of cell cycle), also
known as RGC-32 (response gene to
complement 32 protein), was recently
described as a new profibrotic mediator in a
different organ, the kidney (4-7). A recent
report (8) similarly suggested that elevated
RGCC may also contribute to early stages of
bleomycin (BLM)-induced acute injury in
mice. RGCC belongs to an ancient, although
poorly characterized, superfamily of
intracellular proteins that are present in all
eukaryotes, including vertebrates, and
contain the conserved sequence motif
KLGDT (Figure 1A). Its two commonly used
names, RGCC and RGC-32, underrepresent
the breadth of its functional activities.
Originally described and characterized by us
(9, 10), this molecule is now known to
contribute to the regulation of the cell cycle
(5, 10, 11), cancer development (11-13),
immune response (14-16), normal and
abnormal angiogenesis (17-19), the biology
of reproduction (19, 20), and metabolic
control (21, 22). Guided by this combined
evidence of RGCC’s involvement in a
spectrum of physiological and
pathophysiological processes, including
fibrosis (4-8), we set out to better define the
role of RGCC in ILD. The findings presented
below argue against the profibrotic role of
elevated pulmonary RGCC and indicate that
in the lungs, RGCC is a protective,
antifibrotic mediator.

Methods

Primary Human Lung Fibroblast
Cultures

Preexisting, already established through
previous research, primary lung fibroblast
cultures from deidentified adult human
donors were used. The University of
Maryland Institutional Review Board has
made a “not human research” determination
about these studies. Normal human lung
fibroblast (NHLF) cultures from 9 distinct
donors were sequentially numbered
NHLF1-NHLF9, and lung fibroblast cultures
from 6 patients with IPF were sequentially
numbered IPF1-IPF6. Details of fibroblast
culture and stimulation conditions are
included in SUPPLEMENTARY METHODS section.

Wild-Type and Genetically
Manipulated Animals

Experiments were performed in wild-type
(WT) female C57BL/6 mice aged 10-12
weeks (The Jackson Laboratory, Bar Harbor,
Maine). Additionally, germline-deficient
RGCC™~ (gene knockout, KO) mice were
generated, bred, housed, and used as
previously described (23). The animals were
treated in accordance with a research
protocol reviewed and approved by the
University of Maryland Institutional Animal
Care and Use Committee. Animals were
maintained in sterile microisolator cages
with sterile rodent feed and water. Daily
maintenance of mice was performed at the
Baltimore VA Medical Center Research
Animal Facility and University of Maryland
Animal Facility, which are approved by the
Association for Assessment and
Accreditation of Laboratory Animal Care.
Acute and chronic bleomycin injuries were
modeled as detailed in SUPPLEMENTARY
METHODS section.

RT-qPCR

Total RNA was isolated from lung tissues
and fibroblast cultures using TRIzol
(Thermo Fisher Scientific) and reversed-
transcribed into cDNA using the SuperScript
First-Strand synthesis kit from Invitrogen
Life Technologies (Carlsbad, California).
RT-qPCR was performed with SYBR Green
PCR Master Mix (Life Technologies, Thermo
Fisher Scientific) and validated primers for
RGCC and COL1A2, which were obtained
from Qiagen (Valencia, California). The
levels of gene expression relative to 18S
rRNA or GAPDH mRNA were calculated
using the using the 24" method.

Western Blotting

Western blotting was performed using the
Novex (ThermoFisher) system per the
manufacturer’s recommendations. All PVDF
membranes were blocked and incubated
with primary and secondary antibodies using
Tris-buffered saline with 0.1% Tween 20 and
5% bovine serum albumin. Specific
antibodies used for Western blotting are
listed in the SUPPLEMENTARY METHODS section.
Membranes were developed using
SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific).

Measurement of Total Lung Collagen
Total lung collagen was measured based on
the quantification of hydroxyproline, using
the colorimetric QuickZyme assay
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(QuickZyme BioSciences, Leiden, the
Netherlands), according to the
manufacturer’s recommendations, as
described. Briefly, following hydrolysis of 50
mg of lung tissue in 500 pl of 6M HCl for 20
hours at 95°C, the hydrolysate was diluted
10-fold with 4M HCl and measured against
serial dilutions of collagen standard. The
results were expressed as g collagen per mg
wet lung tissue.

RNA-Seq

RNA-sequencing analysis of differentially
treated NHLF was performed by Otogenetics
Corporation (Atlanta, Georgia). Detailed
RNA-Seq procedures and analyses are
included in the SUPPLEMENTARY METHODS
section. The RNA-Seq data have been
deposited in the NCBI GEO database
(accession number GSE158542).

Statistical Analyses

Experimental data were expressed as

mean * S.D. values. Differences between
sample groups were calculated using a two-tailed
Student’s ¢ test or a Mann-Whitney U test.

Results

The Expression Levels of RGCC Are
Decreased in Humans and Mice with
Pulmonary Fibrosis

Analysis of our recently reported RNA-Seq
dataset (24) revealed decreased RGCC
mRNA levels in the scarred IPF lung tissues
compared with healthy control and normal-
appearing IPF tissues (Figure 1B). RT-qPCR
analyses for RGCC mRNA in a different set
of lung tissue samples similarly revealed that
the levels of RGCC mRNA were consistently
lower in the lungs of patients with IPF or
SSc-ILD compared with healthy controls
(Figure 1C). Analyses of our single-cell
RNA-Seq dataset (25) for RGCC mRNA
expression uncovered that in the lungs, type
1 alveolar epithelial cells, ciliated epithelial
cells, fibroblasts, and macrophages expressed
notable levels of this mRNA (Figure 1D).
Comparative assessment of RGCC
expression in pulmonary cell types of
patients and controls suggested lower levels
in several cell types, most notably in lung
fibroblasts from fibrotic lungs (Figure 1E).
Subset analyses focused on pulmonary
fibroblasts unveiled that indeed, these cells
expressed RGCC at higher levels in healthy
controls than in ILD patients (Figure 1F).
Western blotting of lung tissue homogenates
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Figure 1. Expression levels of RGCC (regulator of cell cycle) in the lungs of patients with interstitial lung disease (ILD) and healthy controls.
(A) Phylogenetic tree of RGCC proteins by species. Percent similarities with human RGCC are indicated. (B) Normalized DESeqg2 counts from
bulk RNA-Seq of lung samples from macroscopically normal-appearing and scarred areas of with idiopathic pulmonary fibrosis (IPF) lungs (IPFn
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from patients with IPF confirmed lower
RGCC protein expression levels than in
healthy donors (Figure 1G). The difference
in normalized RGCC band densities between
patients and controls was significant by
Mann-Whitney U test (P = 0.032) or close to
significant by two-tailed Student’s ¢ test

(P =0.069). Others also found that RGCC is
pronouncedly expressed in a cell subset
denoted as pulmonary lipofibroblasts and
that lipofibroblasts from healthy controls
express significantly more RGCC than such
cells from the lungs of patients with IPF (26).
It appears that RGCC is decreased, not
elevated, in the lungs of patients with ILD,
particularly, IPF.

Prompted by this inconsistency with
previous reports suggesting a profibrotic role
for RGCC (4, 6-8), we analyzed RGCC
mRNA expression levels in the lungs of
bleomycin-challenged mice utilizing publicly
available gene series expression data
GSE131800 from the National Center for
Biotechnology Information Gene Expression
Omnibus (GEO), as reported in (27). The
expression levels of RGCC mRNA were lower
in pulmonary epithelial cells, fibroblasts, and
macrophages of bleomycin-challenged mice
(see online supplement, Figure E1).
Additional searches of other existing relevant
GEO datasets were performed for changes in
RGCC mRNA levels, revealing lower RGCC
mRNA levels in fibrotic lung tissues as well as
attenuation of RGCC mRNA expression by
stimulation with TGF-f in various cultured
cell types (Table E1).

Guided by this combined evidence of
decreased RGCC expression in human and
mouse tissues and cells in relation to
pulmonary fibrosis, we hypothesized that
RGCC protects against pulmonary fibrosis,
thus challenging the established notion of its
profibrotic role (4-8).

TGF-B Suppresses the Expression of
RGCC in Cultured Lung Fibroblasts
Experiments were performed to determine
whether the difference in RGCC expression

between NHLFs and IPF lung fibroblasts
persists in cell culture. While IPF lung
fibroblasts consistently maintained their
fibrotic phenotype in culture based on
elevated production of collagen and a-SMA,
the differences in basal RGCC expression
between IPF fibroblasts and NHLFs were not
consistently maintained, with apparent
heterogeneity in RGCC expression levels in
each of the groups of cell cultures (Figure
2A). This observation suggested that the
decrease in RGCC levels observed in the lung
tissues (Figure 1) was not intrinsic to the
origin of the cells but was induced by aspects
of the pulmonary milieu in vivo, which were
lost with culture passaging. Consistent with
this notion, NHLFs and IPF lung fibroblasts
similarly responded to stimulation with
rhTGF-B in culture by decreasing the levels
of RGCC mRNA while increasing the levels
of collagen mRNA (Figure 2B) and by
decreasing the levels of RGCC protein
(Figure 2C, P = 0.013, two-tailed paired f test
across all samples).

To determine whether the observed
lower RGCC levels in patients (Figure 1) and
in cell culture (Figures 2B and 2C) might
play a mechanistic role, the effect of plasmid-
mediated overexpression of RGCC in
cultured fibroblasts was assessed. RGCC
overexpression strongly attenuated the
magnitude of the increase in collagen in
response to TGF-[ stimulation in both
primary NHLFs and IPF-derived fibroblasts
(Figure 2D). Similar findings were made in a
separate experiment with NHLF9 and IPF5.

Low RGCC Expression Is Associated
with and Contributes to Pulmonary
Fibrosis in Mice

Consistent with the findings in human lung
tissues and fibroblast cultures (Figures 1 and
2), pronounced declines in the levels of
RGCC mRNA (Figure 3A) and protein
(Figure 3B) were observed following acute
bleomycin injury to the lungs. However,
RGCC™'~ mice accumulated less collagen in
their lungs post-intratracheal bleomycin

challenge than did their WT control
counterparts (Figure 3C). This finding is
consistent with a similar recent observation
of others (8), but it contradicts the notions
developed above regarding the possible
associative and causative links between lower
RGCC and higher collagen levels in
pulmonary fibrosis. To explore this
contradiction, we considered that the acute
bleomycin injury model does not fully
represent the chronic nature of human
pulmonary fibroses. A chronic bleomycin
model was studied in RGCC™~ and WT
mice, in which mice received bleomycin
intraperitoneally twice a week for four weeks
with analyses performed on day 33. The
levels of RGCC were pronouncedly lowered
in chronically bleomycin-challenged mice
(Figure 3B). Fibroblasts outgrown from the
lungs of chronically bleomycin-challenged
mice retained their low RGCC-expressing
phenotype in cell culture after repetitive
passaging (Figure E2). RGCC deficiency did
not affect the dynamics of total body weight
in neither saline nor bleomycin-treated mice
in the chronic bleomycin model (Figure 3D).
Histologically, central areas of the lungs were
spared, whereas peripheral focal pleural
thickening and subpleural peripheral
deposition of collagen combined with mild
cellular infiltrates were similarly observed in
RGCC™~ as well as WT mice (Figure 3E).
Total and differential bronchoalveolar lavage
cell counts were similarly affected by the
chronic bleomycin exposure in both
RGCC™~ and WT groups of mice (Figure
3F). Nevertheless, consistent with the
findings in humans (Figures 1 and 2) and
distinct from the findings in the acute
bleomycin model (Figure 3C), RGCC™~
mice chronically challenged with
bleomycin accumulated more collagen
than their WT counterparts (Figure 3G).
Thus, like humans, RGCC deficiency is
permissive of lung fibrosis in mice in the
chronic bleomycin model, which
reproduces the features of human
pulmonary fibrosis more accurately than
does the acute intratracheal model.

Figure 1. (Continued). and IPFs, respectively) as well as from HC (24). The indicated P value was calculated using the DESeq2 likelihood ratio
tests. (C) RT-gPCR for RGCC mRNA normalized to 18S rRNA levels and further normalized to the average of the control group; in the ILD
group, tissue samples from patients with IPF are denoted with triangles whereas the SSc-ILD tissue samples are denoted with squares. The
indicated P value was calculated using Mann-Whitney U test. (D) Violin plot of RGCC expression in pulmonary cell population clusters (25). (E)
Split dot-plots of RGCC expression in the indicated pulmonary cell types. Blue dots denote HC, whereas red dots indicate patients with ILD
described in (25). (F) Violin plots of RGCC expression in the fibroblast cluster control and ILD lungs (25). (G) Western blotting for RGCC in lung
homogenates obtained from healthy controls (Ctrl) and patients with IPF. The ratios of RGCC band densities to their corresponding GAPDH
bands are indicated above the gels. AT1=alveolar type 1; HC = healthy controls; IPF = idiopathic pulmonary fibrosis; Max = maximum;

Min = minimum; NKT = natural killer T; PM = polymyositis; SSc = systemic sclerosis.
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Figure 2. RGCC expression in primary lung fibroblast cultures. (A) Western blotting of primary fibroblast lysates for COL1, a-SMA, RGCC, and
B-actin. The ratios of COL1, a-SMA, and RGCC band densities to their corresponding B-actin bands as well as statistical significance of
differences between normal human lung fibroblast (NHLF) and IPF fibroblasts are shown in the scatterplots on the right. (B) RT-gPCR for
collagen | («2) and RGCC mRNA in NHLFs and IPF lung fibroblast cultures that were or were not stimulated with 5 ng/ml of TGF-B. Asterisk
indicates significant differences (*P < 0.05) in triplicate TGF-B—stimulated versus control cultures for each condition. (C) Western blotting of
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Transcriptomic Effects of RGCC
Overexpression in Cultured Lung
Fibroblasts

To begin addressing possible mechanistic
reasons for the observed antifibrotic effect of
elevated RGCC expression, transcriptomic
effects of RGCC overexpression in NHLF
were assessed, alone and in combination
with TGF-B-mediated activation. Primary
lung fibroblast cultures from two separate
donors (NHLF6 and NHLF8) were each
transfected with the RGCC-encoding or the
noncoding control (NULL) plasmids, and,
after 24 hours, stimulated with rhTGF-f or
PBS. After an additional 24 hours, cells were
harvested, and their transcriptomes analyzed
by RNA-Seq. Thus, four groups of
differentially activated cells were compared
(Figure E3), with two separate cell cultures
per group: NULL, NULL+TGEF-, RGCC,
RGCC+TGEF-B. Pairwise comparisons of
transcriptomes between these groups are
shown in Figure 4A. Perhaps not
surprisingly, stimulation with TGF-8
affected the expression levels of numerous
genes (Figure 4A, left). Interestingly, the
numbers of upregulated and downregulated
genes were less affected by RGCC
overexpression alone (Figure 4A, middle).
Yet, in combination with TGF-f stimulation,
RGCC overexpression had a greater impact
on the numbers of affected genes (Figure 4A,
right). Genes with the greatest magnitude of
modulation in these comparisons are listed
in Tables E2-E5. These data indicate that the
transcriptomic effect of elevated RGCC
expression alone is relatively modest,
whereas the modulating effect of elevated
RGCC on TGF-B-induced changes are
pronounced.

Further analyses of these transcriptomic
data were performed utilizing Metascape
(28). The lists of up- and downregulated
genes identified by DESeq2 analyses in the
indicated pair-wise comparisons were
analyzed for functional gene enrichment
(Figure 4B), revealing a broad spectrum of
transcriptomic effects of RGCC
overexpression on diverse pathways and
processes. The breadth of such regulation
awaits further exploration. In relevance to
fibrosis, extracellular matrix organization

and morphogenesis were among the top
enriched pathways and processes

(Figure 4B). Of note, top enriched terms
from the list of genes elevated by TGF-3
treatment (NULL+TGF-f versus NULL
elevated) clustered with the enriched terms
from the list of genes attenuated by RGCC
overexpression in TGF-f-treated cells
(RGCC+TGF-f versus NULL+TGF-
decreased). Reciprocally, top enriched terms
from the list of genes whose expression was
attenuated by TGF- treatment
(NULL+TGF- versus NULL decreased)
clustered with the enriched terms from the
list of genes elevated by RGCC
overexpression in TGF-f-treated cells
(RGCC+TGF-f versus NULL+TGF-
elevated). These findings indicate that
elevated RGCC expression broadly negates
the effects of TGF-B stimulation on NHLFs.
Such converse transcriptomic regulation of
the TGF- effects by elevated RGCC is
further illustrated by the Metascape-
generated Circos plot (Figure 4C). A more
detailed analysis of extracellular matrix-
related genes whose expression was elevated
by TGF-@ stimulation and then attenuated
by elevated RGCC is shown in Figure 4D.

Signaling Pathways Affected by
Elevated RGCC Expression

To follow up on the observed interaction
between elevated RGCC and stimulation
with TGF-(3, experiments were performed to
assess the effect of RGCC overexpression on
Smad2/3 phosphorylation (Figure 5A).
RGCC overexpression attenuated early
Smad?2/3 phosphorylation response to
TGF-f stimulation at 15 min in NHLF1.
Similar findings were made in NHLF4. We
then considered known positive and negative
regulators of TGF-{ signaling by revisiting
the RNA-Seq results (Figure 4) for possible
changes in the expression of such regulators.
These analyses revealed that RGCC
overexpression did not affect, either by itself
or in combination with TGF-3 stimulation,
the expression levels of TGFB1, TGFB2,
TGFB3, TGFBR1, TGFBR2, SMADI,
SMAD?2, SMAD3, SMAD4, SMAD?7, JAK1,
JAK3, STAT1, STAT3, STAT6, AP2B1,
BAMBI, NEDDL4, SMURF2, RNF111

(Arkadia), EP300, SKI, or SKIL (SnoN)
genes. It was possible that expression of some
of these regulators was affected by RGCC at
the post-transcriptional level. To address this
possibility, Western blotting analyses of
NULL-transfected or RGCC-overexpressing
NHLFs and IPF-derived fibroblasts were
performed for negative regulators of TGF-3
signaling, Ski and SnoN (Figure E4),
revealing that RGCC overexpression did not
elevate but suppressed the levels of Ski,
indicating that it is an unlikely inhibitory
mediator of the antifibrotic action of RGCC.
The expression of SnoN was minimal, with
or without RGCC overexpression. In similar
experiments, striking observations were
made regarding an important antifibrotic
mediator, STAT1 (29-31), the levels of which
were elevated by RGCC overexpression, and
which was present in its phosphorylated
form (Figure 5B). At the same time, the levels
of JAK1, which is upstream of STAT1 in the
signaling cascade, as well as the levels of
another known regulator of fibrosis, STAT3
(32-34), were decreased (Figure 5B).

Discussion

The presented data indicate that RGCC
expression levels are decreased in pulmonary
fibrosis in humans (Figure 1, Table E1) as
well as in mice challenged with bleomycin,
either acutely or chronically (Figures 3A

and B; Figure E1). Consistent with these
observations and the established notion of
profibrotic regulation by TGF-@3, cultured
primary lung fibroblasts responded to
stimulation with TGF-3 by decreasing the
expression levels of RGCC mRNA (Figure
2B, Table E1) and protein (Figure 2C). These
combined observations raised an important
question as to whether the observed decline
in RGCC levels contributed to the
development of fibrosis mechanistically or,
alternatively, was an independent fibrosis-
associated effect with no causative
mechanistic contribution. In cell culture,
overexpression of RGCC attenuated TGF-
B-stimulated increase in collagen

(Figure 2D), whereas gene deletion of
RGCC in mice in vivo aggravated bleomycin-

Figure 2. (Continued). primary fibroblast lysates for RGCC and GAPDH. NHLF and IPF lung fibroblast cultures were or were not stimulated with
5 ng/ml of TGF-B. The ratios of RGCC band densities to their corresponding GAPDH bands are indicated above the gel. (D) Effect of plasmid-
based RGCC gene delivery to NHLFs and IPF lung fibroblasts on TGF-B—activated type | collagen protein expression. Western blots for type |
collagen, GAPDH, and RGCC are shown. The ratios of collagen band densities to their corresponding GAPDH bands are indicated above the
gels, and the ratios of RGCC bands to GAPDH are shown next to the indications of the plasmids used for cell transfections below the gels.
a-SMA = a-smooth muscle actin; COL1 = collagen type 1; OD = optical density; TGF = transforming growth factor.
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Figure 3. Pulmonary changes induced in WT and RGCC KO mice by acute or chronic bleomycin (BLM) challenges in comparison to similarly
challenged with PBS control animals. (A) RT-gPCR results for RGCC mRNA in the acute bleomycin injury model. (B) Western blotting for RGCC
and GAPDH in lung homogenates obtained from bleomycin-challenged mice in the acute and chronic bleomycin injury models. (C) Total lung
collagen, microgram per milligram of wet lung tissue, after acute bleomycin challenge. (D) Time-dependent changes in total body weight of
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induced fibrosis in the chronic exposure
model (Figure 3G). These observations are
indicative of not only the associative link
between low RGCC and fibrosis but also of a
mechanistic participation of RGCC in the
regulation of the fibrotic process.

The internal consistency of this overall
dataset was challenged by the protective
antifibrotic, instead of augmenting
profibrotic, effect RGCC gene depletion in
the acute bleomycin injury model (Figure
3C). Others (8) made a similar observation in
this model. The inconsistency is likely due to
the inflammation-dependent nature of the
acute bleomycin injury, which models the
substantially less inflammation-dependent
chronic pulmonary fibroses in humans less
accurately than does the chronic bleomycin
model (35-42). The chronic bleomycin
model is also similar to human pulmonary
fibroses in its histopathological appearance
with geographically heterogenous, patchy
involvement, which is distributed mostly
peripherally, sparing the central regions of
the lungs. In the chronic bleomycin model,
RGCC deficiency had no effect on the
dynamics of the total body weight (Figure
3D), pulmonary histopathology (Figure 3E),
or accumulation of inflammatory cells
(Figure 3F), indicating that RGCC deficiency
does not regulate the mild chronic lung
inflammation in this model. Yet, RGCC
deficiency permitted a more pronounced
deposition of collagen in the lungs of
chronically bleomycin-challenged mice
(Figure 3G), making it a regulator of fibrosis,
but not inflammation, in the chronic
profibrotic injury relevant to human disease.
By contrast, RGCC deficiency protects from
the acute inflammation-driven fibrosis by
interacting with fibrosis-propelling immune
mechanisms (8). Similar considerations may
explain the disconnect between our findings
and the previously reported observations in
kidney fibrosis (4-7), which implicated
elevated and not decreased levels of RGCC in
the disease pathogenesis. It is also possible
that pro- and antifibrotic regulation by
RGCC might depend on the affected cell type

(epithelial and endothelial cells, fibrocytes,
pericytes, macrophages, and lymphocytes),
which, in combination with natural
differences and renal and pulmonary
cellularity and physiology, may explain
organ- and tissue-dependent regulation of
fibrosis by RGCC.

To begin addressing possible molecular
pathways that are involved in the direct
antifibrotic regulation by RGCC, RNA-Seq
analyses of transcriptomic changes were
performed (Figure 4). Plasmid-mediated
overexpression of RGCC alone affected the
expression of fewer genes than did
stimulation of NHLFs with rhTGF-
(Figure 4A). However, overexpression of
RGCC resulted in much more pronounced
effects on TGF-B-stimulated NHLFs based
on the counts of up- and downregulated
genes (Figure 4A). We observed, for the first
time to our knowledge, that RGCC
overexpression affected the expression levels
of the genes in several biomedically central
and functionally diverse pathways and
processes, as demonstrated by the gene
ontology enrichment analysis (Figure 4B).
The breadth and impact of such complex
regulation remains to be explored. In
relevance to tissue fibrosis, extracellular
matrix organization and tissue
morphogenesis were among the top
enriched pathways and processes
(Figure 4B). Particularly relevant, genes with
the expression levels attenuated by RGCC in
TGF-B-stimulated cells were similar to
those upregulated by TGF- stimulation
alone based on enrichment clustering,
whereas genes elevated by RGCC
overexpression in TGF-B-stimulated cells
were similar to those downregulated by

TGF-f stimulation alone (Figures 4B and C).

Among connective tissue-related genes
regulated in such a fashion were genes for
collagen chains, elastin, lysyl oxidase-like 3,
prolyl 3-hydroxylases and other genes listed
in Figure 4D. These transcriptomic
observations further support the notion of
antifibrotic regulation by RGCC. The
intrinsic fibroblastic mechanisms through

which RGCC exerts its antifibrotic effect
remain to be elucidated.

At the level of intracellular signaling,
RGCC overexpression delayed
TGF-B-induced Smad2/3 phosphorylation
(Figure 5A), as well as affected the expression
levels of STAT1, JAK1, and STAT3
(Figure 5B). Negative regulators of TGF-3
signaling, Ski and SnoN, were unlikely
mediators of the antifibrotic regulation by
RGCC (Figure E4). The findings in Figure 5B
are interesting for several reasons. First, the
RNA-Seq analyses did not suggest an
RGCC-driven change in the expression of
mRNAs for STAT1, JAKI, or STATS3, yet
these proteins were affected by elevated
RGCC. The complexity of not only
transcriptomic (Figure 4) but also post-
transcriptional proteomic regulation by
RGCC need to be explored in future studies.
Second, although not only the total but also
phosphorylated STAT1 were elevated, the
expression of JAK1 was attenuated in the
presence of RGCC, raising the question
about the upstream mediator of STAT1
phosphorylation. This mechanistic question
also needs to be answered in the future.
Third, the RGCC-driven elevated expression
of total and phosphorylated STAT1,
although occurring for mechanistic reasons
that are yet to be understood, has far-
reaching consequences. STAT1 is the central
mediator of intracellular signaling from
receptors for interferons, IL-27, IL-35, and
IL-39 (29-31). STAT1-mediated regulation
of fibrosis is complex (43-46), with such
complexity driven by several factors. In
addition to signaling from numerous,
functionally diverse receptors, it also
differentially regulates diverse cell types that
are involved in the fibrotic process. Such
differential regulation specifically
contributes to the intricate interplay
between, on the one hand, acute and chronic
inflammation, and on the other hand, the
fibrotic process, which often co-occur in
response to injuries. Furthermore, the
immediate and long-term effects of altered
STAT]1 activity may be different.

Figure 3. (Continued). mice in the chronic bleomycin model. Asterisk indicates significant differences (*P < 0.05) between BLM-treated and
PBS-treated mice. (E) Trichrome staining of lung sections from mice in the chronic bleomycin model imaged at lower (top row) and higher
(bottom row) magnifications. The framed areas of the lower-magpnification images are shown at a higher magnification in the bottom row. Scale
bars (left side of each row), 200 wm. Selected areas of plural thickening are indicated with arrows, and collagen fibers appearing in blue are
indicated with arrowheads. (F) Total and differential cell counts in bronchoalveolar lavage samples from mouse lungs in the chronic bleomycin
model. Asterisk indicates significant increases (*P < 0.05) in bleomycin-challenged animals compared with PBS controls. (G) Total lung
collagen, microgram per milligram of wet lung tissue, after chronic bleomycin challenge. In A, C, and G, the numbers of animals tested in each
group (n) are shown, as well as P values calculated using a two-tailed Student’s t test for the indicated pairwise comparisons. In D, E, and F,
data represent 4-5 animals tested for each experimental condition. Gran = granulocytes; KO = knockout; Lymph = lymphocytes;

M¢ = macrophages; WT = wild-type.
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Figure 4. Transcriptomic effects of RGCC overexpression in NHLFs. (A) Volcano plots [-log1o(P value) versus logx(fold)] of genes in the
indicated comparisons. Selection criteria for up- and downregulated genes included significant differences (P < 0.05) as well as fold-difference
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A 8 T Lk 5 @ @ 3= Nevertheless, STAT1 deficiency is generally
© - © o o o o = profibrotic (43-46), whereas elevated
[r—— - STAT1 expression and activation are
p-Smadz/3 antifibrotic (47, 48) including, in
50 - consistency with Figure 5A, inhibition of
— —— . TGF- signaling through the Smad
I RS e e > Smad2/3 pathway (47).
50- Our findings not only demonstrate the
- — protective role of RGCC in pulmona
16- - . . Rece fibrosis but also lay the ground for ﬁ?[,ure
mechanistic and translational work. In
T L p—— e Y Y 1T addition to the already mentioned need to
KDa understand the molecular mechanisms and
TGFB,mn 0 15 30 45 0 15 30 45 specific functional consequences of
44 4 49 0 06 0 o transriptomic and proteomic regulation by
pasmd 3 3 3 3 O O O O RGCC, many other questions remain to be
z 2z z z g @ R ¢Z answered. Is RGCC similarly protective

against fibrosis in other organs and tissues?
Does RGCC, a reported interactor with cell

o)
-
n
w
N

98 - cycle proteins, regulate cell proliferation
and survival in relevance to fibrosis? Does
64 - PR T RGCC, a known regulator of
epithelial-mesenchymal transition (EMT)
I # p-STATH in renal tubular cells (4, 5) and in cancers
64 - " (7, 49, 50), regulates EMT in the lungs in
. relevance to ILD? More broadly, what are
B the pathophysiological consequences of
98 - e decreased RGCC in cell types other than
fibroblasts, e.g., epithelial cells or
S S e STAT3 macrophages, and what is the therapeutic
64 - potential of broad versus cell-type-specific
restoration of RGCC expression? These
16 - . - RGCC topics will be interrogated in future
studies.
In conclusion, this report links, for the
36 — M- \DDH first time, attenuated—not elevated—

KDa RGCC/RGC-32 expression with a serious

28 2 8 malady, pulmonary fibrosis. More
plasmid 2 Q 2 e specifically, human pulmonary fibrosis and
| L | chronic bleomycin model of pulmonary
NHLF9  NHLF5 fibrosis are associated with and likely
. . . — , driven by lowered expression levels of
Figure 5. Effect of RGCC overexpression on selected intracellular signaling mediators. RGCC/RGC-32. Overexpression of RGCC

(A) Smad?2/3 phosphorylation, after stimulation with rhTGF-8 for indicated times, in NHLF1
transfected with either noncoding NULL or RGCC-encoding plasmids. The ratios of
phosphorylated to total Smad?2/3 densities are indicated above the corresponding Western
blotting gel lanes. (B) Western blotting for indicated intracellular signaling mediators in NHLF
transfected with the RGCC-encoding or control NULL plasmids.

in primary fibroblasts elicits broad,
including antifibrotic, transcriptomic
effects; delays TGF-pB-induced Smad2/3
phosphorylation; induces the levels of total
and phosphorylated antifibrotic signaling

Figure 4. (Continued). between groups. The total numbers of genes meeting the selection criteria for elevated (orange for > 10-fold increase
and green for 2-10-fold increase) or reduced (purple for > 10-fold decrease and blue for 2—10-fold decrease) expression are indicated in each
panel. (B) Pathway and process enrichment analyses of differentially expressed genes were performed in Metascape. Clustering of the resulting
top enriched terms and of the indicated pairwise comparisons is represented as the heatmap. The colors denote the negative logq of P values
for pathway/process enrichment. (C) Metascape-generated Circos visualization of overlaps among gene lists corresponding to indicated
pairwise comparisons. Gene pairs falling into the same enrichment term linkage are represented with blue curves. (D) Changes in the
expression levels of selected indicated extracellular matrix-related genes induced by TGF-B stimulation (red) or RGCC overexpression in
TGF-B-stimulated cells (blue). The elevated expression in response to stimulation with TGF-B is indicated as log, fold difference from NULL-
transfected cells without additional stimulation. The downregulated gene expression in RGCC-overexpressing cells is shown as log, fold
difference from NULL-transfected and additionally TGF-B-treated cells.
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mediator, STAT1; attenuates the levels of a
profibrotic mediator, STAT3; and

al

It is possible that restoration of RGCC/
RGC-32 expression levels may be

ttenuates TGF-B-induced collagen levels.

therapeutic in pulmonary fibrosis. The
mechanistic basis of RGCC/RGC-32
depletion-driven pulmonary fibrosis needs
to be better understood, and the
therapeutic potential of restoration of the

expression of RGCC/RGC-32 needs to be
explored. W

Author disclosures are available with the
text of this article at www.atsjournals.org.
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