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Long noncoding RNA H19X is a key mediator
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TGF-p is a master regulator of fibrosis, driving the differentiation of fibroblasts into apoptosis-resistant myofibroblasts and
sustaining the production of extracellular matrix (ECM) components. Here, we identified the nuclear long noncoding RNA
(IncRNA) H19X as a master regulator of TGF-B-driven tissue fibrosis. H19X was consistently upregulated in a wide variety

of human fibrotic tissues and diseases and was strongly induced by TGF-p, particularly in fibroblasts and fibroblast-related
cells. Functional experiments following H19X silencing revealed that H19X was an obligatory factor for TGF-p-induced ECM
synthesis as well as differentiation and survival of ECM-producing myofibroblasts. We showed that H19X regulates DDIT4L
gene expression, specifically interacting with a region upstream of the DDIT4L gene and changing the chromatin accessibility
of a DDIT4L enhancer. These events resulted in transcriptional repression of DDIT4L and, in turn, in increased collagen
expression and fibrosis. Our results shed light on key effectors of TGF-p-induced ECM remodeling and fibrosis.

Introduction

During the development of fibrosis, the organ parenchyma is
replaced with a collagen-rich, stiff connective tissue, leading to
organ dysfunction and failure as seen, for example, in end-stage
liver disease or idiopathic pulmonary fibrosis (IPF). Fibrosis is also
a dominant pathological feature of many chronic autoimmune
diseases, including systemic sclerosis (SSc), rheumatoid arthritis,
Crohn’s disease, and systemic lupus erythematosus. SSc is a proto-
type fibrotic disease and is often used as a model disease to identify
key mechanisms of tissue remodeling in fibrosis (1, 2). SSc is asso-
ciated with high morbidity and the highest mortality among the
rheumatic diseases; it has a standardized mortality ratio of 3.53 and
average loss of life expectancy of 16 to 34 years (3). The hallmarks
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of SSc are abnormalities of the vasculature and immune system,
eventually leading to fibrosis in multiple organs, including the skin,
lungs, and heart. SSc has a chronic course, and particularly in the
diffuse cutaneous subset the disease is often rapidly progressing (4).
Despite advances in the identification of potential molecular tar-
gets, specific treatments for fibrotic diseases, including SSc, are lim-
ited, and there is a high clinical need for novel therapeutic concepts.

Fibroblasts from patients with fibrotic diseases display charac-
teristic features, including overproduction of collagen and enhanced
secretion of cytokines and chemokines. They also express higher
levels of adhesion molecules, such as integrins, and receptors for
TGF-B and PDGF (5). Moreover, they show an increased resistance
to apoptosis mediated by death receptor FAS (6). A major hallmark
of these cells is their differentiation into highly activated myofi-
broblasts. Myofibroblasts express . smooth muscle actin (aSMA)
in their stress fibers and exhibit enhanced matrix adhesion and
contractile properties (7). In addition, they release large amounts
of extracellular matrix (ECM) components such as collagens and
fibronectin (8). Resident fibroblasts transiently differentiate into
myofibroblasts during the early stages of physiological wound heal-
ing and undergo apoptosis during the resolution stages. However, in
scarring tissues, myofibroblast persistency contributes to fibrogen-
esis, a process also found in fibrotic diseases (9). Additionally, selec-
tive targeting of antiapoptotic proteins in activated myofibroblasts
has been tested as a therapeutic strategy for fibrosis (10).
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Figure 1. H19X is upregulated in skin from patients with SSc from different cohorts in a variety of fibrotic disorders and in physiological DW
healing. Heatmap showing 20 most significantly deregulated IncRNA in skin derived from patients with SSc as revealed by RNA-Seq analysis; H19X
is indicated by the arrow (cohort 1) (A). H19X differential expression in SSc versus HC skin in the PRESS cohort (B), and cohort 3 (C), as measured

by RNA-Seq. H19X differential expression as measured by gPCR in cohort 4, normalized to GAPDH and RPLPO (D). H19X differential expression in
ILD-SSc versus HC lung as measured by gPCR with normalization to GAPDH and RPLPQO (E). H19X differential expression in IPF (F), Crohn’s disease
(G), PSC (H), and DWs measured by gPCR with normalization to GAPDH and RPLPQ (l). Data are presented as single values and median. Differential

expression analysis was carried out on variance stabilized counts using DEseq2 package 44 (A-C). Mann-Whitney test (D-F and 1). Kruskal-Wallis
test (G and H). *P < 0.05, **P < 0.01, ***P < 0.001.
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TGF-B is the master regulator of physiological wound heal-
ing and fibrosis by inducing the differentiation of fibroblasts into
myofibroblasts (11, 12). The TGF-B canonical pathway involves
phosphorylation of TGF-pR1, which in turn phosphorylates and
activates SMAD2/3 that can then bind SMAD4 (13). These com-
plexes accumulate in the nucleus where they act as transcription
factors and participate in the regulation of target gene expression,
leading to ECM production and myofibroblast differentiation (14).

Research in recent years has shown that noncoding RNAs play
a central role in the regulation of gene expression (15, 16). Long
noncoding RNAs (IncRNAs) are defined as noncoding RNA tran-
scripts longer than 200 bp and are mostly uncharacterized and
unannotated. In general, IncRNAs have more specific expression
profiles than protein coding transcripts, being expressed in a
manner specific to cell type, tissue, developmental stage, or dis-
ease state (17). LncRNAs exert their gene regulatory functions via
a variety of mechanisms. Maternally expressed gene 3 (MEG3),
for example, is a nuclear IncRNA that modulates the expression
of TGF-p pathway target genes by regulating the chromatin struc-
ture of their distal enhancers (18). MEG3 has been found down-
regulated in the human fibrotic liver (19) and in murine cardiac
fibrosis (20). Other IncRNAs regulate the behavior of other types
of molecules (21), such as microRNAs. For example, myocardial
infarction-associated transcript (MIAT) captures miR-24, a TGF-$
regulatory miRNA, via a sponge-like activity and promotes cardi-
ac fibrosis (22). Upregulation of the maternally imprinted IncRNA
H19 has been implicated in renal fibrosis by suppressing the activ-
ity of miR-17, leading to increased fibronectin expression (23).

In this study, we identified and functionally characterized a
profibrotic IncRNA H19X as a central regulator of myofibroblast
differentiation and survival. We were able to show that the induc-
tion of HI9X was a conditio sine qua non for the profibrotic effects
of TGF- and might be a key driver of myofibroblast persistence
and fibrosis in a wide variety of TGF-B-driven fibrotic diseases.

Results

LncRNA HI9X is upregulated in a variety of fibrotic diseases. SSc is a
prototype fibrotic disease. To identify IncRNAs potentially involved
in the pathogenesis of fibrotic diseases, we performed whole tran-
scriptome RNA-Seq on skin biopsies from severely affected patients
with SSc with active, untreated, early diffuse cutaneous SSc and age-
and sex-matched healthy controls (HCs) (2 =5 SSc vs. n =5 HCs).
In this screening experiment, H19 X-linked coexpressed IncRNA
(H19X) was identified as one of the most consistently and strong-
ly upregulated IncRNAs (P = 0.022, Figure 1A) in skin biopsies of
patients with SSc. H19X, also known as MIR503HG, is an intergen-
ic IncRNA and its gene is located on chromosome X. None of its 5
annotated transcript variants has a coding potential as demonstrat-
ed by in silico analysis using CPAT, a coding potential assessment
tool (Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI135439DS1).

We confirmed the upregulation of the IncRNA H19X in 3 addi-
tional independent SSc cohorts. Using RNA-Seq, H19X was found
significantly upregulated (P < 0.0001, Figure 1B) in skin biopsies
of patients with early diffuse cutaneous SSc who were enrolled in
the large multicenter SSc cohort study PRESS (Prospective Regis-
try of Early Systemic Sclerosis) (n = 48 SScvs. n =33 HCs).

jci.org  Volume130  Number9  September 2020

The Journal of Clinical Investigation

We then extended our analysis to cohorts of SSc patients with
more diverse disease duration and disease severity. HI9X was
upregulated by RNA-Seq in skin samples from patients with SSc in
the third SSc cohort compared with skin from HCs (n = 14 SSc vs.
n =6 HCs, P = 0.07, Figure 1C). In the fourth cohort (n = 6 SSc vs.
n =6 HCs), we analyzed the expression of H19X with an indepen-
dent technique. Using quantitative PCR (qQPCR), the expression of
H19X was found to be 4.3-fold higher in SSc skin samples com-
pared with HC skin samples (P = 0.0043, Figure 1D). To assess
whether H19X is also upregulated in affected internal organs of
patients with SSc, we extracted total RNA from lung samples of
patients with SSc-associated interstitial lung disease (SSc-ILD)
and HCs. H19X was significantly upregulated in lungs of patients
with end-stage SSc-ILD undergoing lung transplantation (n = 11
SSc-ILD vs. n = 11 HCs, P = 0.0181, Figure 1E). These data from
multiple cohorts covering a wide range of clinical SSc phenotypes
showed that H19X is upregulated in SSc, not only in the skin, but
also in the lungs of affected patients.

To assess whether H19X might be upregulated in general in
fibrotic processes, we analyzed its expression in additional fibrot-
ic disorders. We measured H19X expression in total RNA isolat-
ed from the lung tissue of patients with IPF (n = 11 IPF vs. n = 11
HCs), and a significant upregulation of H19X was also confirmed
in these patients compared with controls (P = 0.0256, Figure 1F).
Similarly, H19X was upregulated in RNA extracts from fibrotic
ileum of patients with Crohn’s disease (n = 8) versus nonfibrotic
control ileum from the same subject (P = 0.0298, n = 8) and versus
ileum from HCs (P = 0.0353, n = 4, Figure 1G). Furthermore, H19X
expression was increased in livers of patients with primary scleros-
ing cholangitis (PSC) compared with normal healthy liver samples
(n=4PSCvs. n=9 HCs, P = 0.051, Figure 1H), while no increase
was found in alcoholic liver disease with cirrhosis and nonalcohol-
ic fatty liver disease. Pathological fibrosis is often considered as a
chronic uncontrolled wound healing process since it has overlap-
ping mechanisms with the physiological wound healing process.
Therefore, we analyzed H19X expression in tissue derived from
dermal wounds (DWs). Strikingly, H19X was found to be 12.77-
fold higher in DWs than in normal control skin tissue (n = 9 DWs
vs.n =8 HC, P = 0.0006, Figure 1I). All together, these data sug-
gest that H19X is upregulated in a wide variety of diseases and pro-
cesses that involve physiological (wound healing) and pathological
(fibrosis) tissue remodeling. When a statistically meaningful anal-
ysis was possible, we compared the expression of H19X in wom-
en and men, but we could not observe any significant difference.
Therefore, we could not find evidence that H19X is involved in the
increased prevalence of fibrotic diseases in females such as SSc
(Supplemental Figure 1, A-C).

TGF-f is a strong inducer of HI9X expression in fibroblasts.
TGF-B is a key cytokine in tissue remodeling and fibrosis, which
led us to analyze whether the increased expression of H19X in
fibrotic tissues is associated with the expression of TGF-p path-
way genes. Using the RNA-Seq data from the PRESS cohort, H19X
expression significantly correlated with the expression of sever-
al TGF-B pathway mediators (Kyoto Encyclopedia of Genes and
Genomes [KEGG] Pathway Database; ref. 24, Figure 2A, and Sup-
plemental Table 2). Moreover, PAII mRNA, a well-characterized
TGF-B marker for TGF-f} pathway activation (25), was increased
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Figure 2. H19X is induced by TGF-f in a time- and dose-dependent manner in fibroblasts and related cell types. Correlation of H19X expression with
TGF-B pathway genes (KEGG Pathway Database). Significant correlations are highlighted in pink (Pearson P < 0.05). Genes with significant correlations
and Pearson'’s correlation coefficients r > | 0.5 | are marked in red (A). H19X expression after 6 hours of 10 ng/mL TGF-p stimulation in SSc and HC dermal
fibroblasts either in complete medium (10% FBS) or starvation medium (1% FBS) (B). Dose response curve of TGF-B-induced expression of H19X. SSc
fibroblasts were stimulated with different concentrations of TGF-p (0.01-10 ng/mL) for 6 hours in 10% FBS. Time-dependent induction of H19X by TGF-f.
SSc dermal fibroblasts were stimulated for 1-48 hours with 10 ng/mL TGF-B in 10% FBS medium (C). SSc fibroblasts were stimulated with PDGF-BB (20
ng/mL), IL-1B (10 ng/mL), IL-4 (10 ng/mL), IL-13 (10 ng/mL), or IL-17a (10 ng/mL) for 6 hours in 1% FBS medium (D). H19X expression in SSc fibroblasts after
6 hours of 10 ng/mL TGF-B stimulation and concomitant chemical inhibition of TGF-BR1 with SD208 (100 nM) or SB431542 (10 uM) in 10% FBS medium
(E). Silencing of TGFBR2 and SMADs in SSc fibroblasts using 50 nM siRNA for a total of 54 hours and stimulated with TGF-f for the last 6 hours in 1% FBS
medium (F). Correlation of H19X expression with different cell type-specific gene signatures. Significant correlations are highlighted in pink (Pearson P <
0.05). Fibroblast gene signature is marked in red (G). Stimulation of other types of fibroblasts or fibroblast-like cells with 10 ng/mL of TGF-B for 6 hours in
1% FBS medium (H). Stimulation of other cell types with 10 ng/mL of TGF-B for 6 hours in 10% FBS medium (1). H19X expression was measured by gPCR
and normalized to GAPDH and RPLPO. Fold change was calculated respective to untreated control set as 1(dashed line). Data are presented as single
values and mean (n = 3-7) biological replicates. t test (B, C, H, and 1) and 1-way ANOVA (D-F). *P < 0.05, **P < 0.01, ***P < 0.001.
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in most of the fibrotic tissues we analyzed, suggesting a TGF-p sig-
naling activation parallel to the H19X upregulation (Supplemental
Figure 2, A-F).

Therefore, we hypothesized that TGF-B could be involved
in the regulation of H19X expression. Indeed, stimulation with
TGF-f resulted in a strong upregulation of H19X in primary der-
mal fibroblasts from patients with SSc (P = 0.0136) as well as from
HCs (P = 0.0127, Figure 2B), cultured in complete medium with
10% FBS. The TGF-p-driven induction of HI9X was even stronger
when fibroblasts were cultured in starvation medium containing
1% FBS (P = 0.0413 SSc, P = 0.0249 HC, Figure 2B). The TGF-B-
induced upregulation of H19X was dose dependent, with a steady
increase over biologically relevant TGF-B concentrations (26)
(0.1-10 ng/mL in complete medium with 10% FBS, Figure 2C).
Time course experiments showed that the upregulation of H19X
by TGF-B was strongest at 6 hours, reaching an 8-fold increase in
fibroblasts cultured in complete medium with 10% FBS, indicating
an early response of H19X to TGF-f. Although smaller, there was
a consistent induction of H19X across all measured time points
(1-48 hours, Figure 2C). Other profibrotic and proinflammato-
ry cytokines such as IL-1p, IL-4, IL-13, and IL-17a did not induce
H19X after 6 or 24 hours of stimulation. A mild absolute induction
was observed after 6 hours of PDGF-BB stimulation (P = 0.0041),
and a mild downregulation was recorded after 24 hours of IL-13
stimulation, but not at other time points (P = 0.0030, Figure 2D
and Supplemental Figure 3A).

SMAD proteins play a major role in canonical TGF-$ signal-
ing via TGF-BR1 activation. To unravel the signaling mechanisms
involved in TGF-B-dependent H19X induction, we treated fibro-
blasts with SB431542 and SD208, the selective inhibitors of TGF-
BR1in parallel to TGF-B stimulation. The TGF-B-driven induction of
H19X significantly diminished after TGF-BR1 blockage (P < 0.001
SB431542 and P=0.0017 SD208, Figure 2E). To analyze whether the
canonical TGF-f pathway plays a role in the TGF-B-induced expres-
sion of H19X, SMAD3, SMAD4, and TGFBR2 were silenced using
respective siRNAs. Indeed, the TGF-B-induced expression of H19X
was reduced in silenced samples compared with scrambled controls
(P=0.0001SMAD3 siRNA, P=0.0006 SMAD4 siRNA, P=0.0002
TGFBR2 siRNA, Figure 2F and Supplemental Figure 3B). These data
provide further evidence that the TGF-p canonical pathway is a key
regulatory pathway of H19X expression.

Moreover, in the PRESS cohort, the expression of H19X pos-
itively correlated with the fibroblast signature (27) (R = 0.59, P <
0.0001), whereas there was less or no correlation for other cell
types (Figure 2G and Supplemental Table 3). To assess the cell
types in which H19X can be induced by TGF-p, several cell lines
were treated with TGF-B. A strong increase in H19X expression,
comparable to that observed in dermal fibroblasts, was found in
rheumatoid arthritis synovial fibroblasts (P = 0.0043, Figure 2H),
in the foreskin fibroblast cell line BJ5TA (P = 0.040, Figure 2H),
and in fibroblast-like cells, such as pulmonary artery smooth mus-
cle cells (P = 0.0723, Figure 2H). In contrast, when we stimulated
other cell types with TGF-B for 6 hours, including CD14* cells
from patients with SSc, human microvascular endothelial cells,
and human keratinocytes (HKs), a decrease or a mild induction in
H19X expression was observed (P = 0.0039, HK, Figure 2I). These
data indicate that H19X is a TGF-B-regulated IncRNA and that its
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induction by TGF-B is cell type dependent. Specifically, fibroblasts
of different origins and fibroblast-like cells exhibited the strongest
induction by TGF-B, further supporting the hypothesis that HI9X
might play a role in fibrosis.

HI9X mediates the profibrotic effects of TGF-§ by promoting
ECM production and myofibroblast differentiation. To study which
genes are affected by the dysregulation of H19X in fibrotic tis-
sues, we silenced H19X in SSc fibroblasts for 120 hours and stim-
ulated with TGF-B for the last 72 hours (Supplemental Figure 4A).
First, we used a targeted approach by analyzing a specific set of
TGF-B-responsive genes known for their important roles in fibro-
sis, including genes encoding ECM components (collagenlal,
COLIAI and fibronectin, FNI) and myofibroblast marker mole-
cules (a-smooth muscle actin, ACTA2). We observed a strong and
consistent reduction in the expression of these genes after HI9X
silencing using 2 different sets of H19X antisense oligonucleotides
(ASOs, Supplemental Figure 4C). In order to have a broader over-
view on H19X target genes, microarray analysis was performed
(Supplemental Figure 4D). At an FDR of less than 5% and absolute
log, fold change (FC) greater than 0.5, 162 genes were significant-
ly downregulated, and 155 genes were significantly upregulated
in TGF-p-stimulated cells after H19X silencing compared with
TGF-B-stimulated scrambled controls. As analyzed by gene set
enrichment analysis (GSEA) of 162 downregulated genes, H19X
silencing had a strong effect on genes involved in ECM produc-
tion. Gene ontology gene sets such as ECM structural constitu-
ents, collagen containing ECM, ECM, and ECM components were
among the top 10 gene sets (Figure 3A). Moreover, different col-
lagens (COL8A2, COL15A1, and COL3A1I), other ECM genes and
ECM-related genes (elastin, ELN; EGF-containing fibulin-like
ECM protein, EFEMPI; podocan, PODN; dermatopontin, DPT;
metalloproteinase inhibitor 3, TIMP3; microfibril-associated pro-
tein 4, MFAP4; secreted frizzled related protein 2, SFRP2; nicast-
rin, NCSTN; tenascin C, TNC; fibulin-5, FBLN5; glypican 6, GPC6;
IGF-binding protein 3, IGFBP3;IGF-binding protein 7, IGFBP7; and
fibulin-2, FBLN2) were among the top downregulated genes (log,
FC <-0.5, Figure 3B). These data suggest that the upregulation of
H19X observed in fibrotic tissue might promote ECM remodeling.

Given these results, we further characterized the role of H19X
in the production of ECM components and in the differentiation
of fibroblasts into ECM-producing myofibroblasts (Supplemental
Figure 4A). Basal fibronectin expression was significantly reduced
at the protein level after H19X silencing in SSc fibroblasts (P =
0.0051, Figure 3C). Moreover, protein secretion of total collagens
(P=0.0188, Figure 3D) and procollagenlal (P=0.0007, Figure 3D)
into the supernatant of SSc fibroblasts was impaired as revealed by
Sircol assay and ELISA, respectively. Western blot analysis showed
that H19X silencing in SSc fibroblasts reduced the production of
aSMA at the protein level (Figure 3E). Immunofluorescence stain-
ing of oSMA fibers and phalloidin staining of stress fibers after
H19X silencing in SSc fibroblasts was also strongly reduced, fur-
ther confirming that H19X is a crucial factor in TGF-B-mediated
actin fiber formation and myofibroblast differentiation (Figure
3F). Furthermore, SSc fibroblasts displayed a reduced capacity
to contract collagen gel matrix after H19X silencing (P = 0.0026
basal condition and P = 0.0007 after TGF- stimulation, Figure
3G). These data show that H19X expression influenced ECM gene
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Figure 3. H19X silencing reduces ECM production and myofibroblast activation. H19X was silenced in dermal SSc fibroblasts with 25 nM ASO for a total of
120 hours and stimulated with TGF-B for the last 72 hours in 1% FBS medium. Gene ontology enrichment analysis (GSEA software) performed on significantly
downregulated genes (FDR < 0.05 and absolute log, FC < -0.5) from microarray analysis (A). Heatmap showing significant ECM-related downregulated genes
as measured by microarray analysis (FDR < 0.05 and log, FC > 0.5) (B). The protein levels of fibronectin and aSMA were analyzed by Western blot. Pictures

are representative of n = 6-7 biological replicates. The protein level was semiquantified by densitometric analysis. For Western blot, semiquantification fold
change was calculated compared with control set as 1 (dashed line) (C and E). The secretion of procollagenlal and pan-collagen into supernatants of SSc fibro-
blasts was quantified with ELISA and Sircol, respectively (D). aSMA and stress fiber formation were assessed by immunofluorescence staining. Scale bar: 50
um. Pictures are representative of n = 5 biological replicates (F). Cell contraction capacity was evaluated by gel contractility assay. The picture is representative
of n = 6 biological replicates (G). Data are presented as single values and mean (n = 5-7). One-way ANOVA (C-E and G). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. H19X silencing triggers fibroblast apoptosis. H19X was silenced
in dermal SSc fibroblasts with 25 nM ASO for a total of 120 hours and stim-
ulated with TGF-p for the last 72 hours in 1% FBS medium. Gene ontology
enrichment analysis performed on significantly upregulated genes (FDR
<0.05 and absolute log, FC >0.5) as revealed by microarray analysis (A).
Heatmap showing significant upregulated genes that are relevant for cell
cycle and proliferation as measured by microarray analysis (FDR < 0.05 and
log, FC >0.5) (B). H19X was silenced in SSc fibroblasts with 25 nM ASO for
a total of 120 hours and stimulated with TGF-p for the last 48 hours in 1%
FBS medium. Cells were stained with Hoechst 33342 and percentages of
cells in G1and G2/S, were acquired by flow cytometry. Dot plots are repre-
sentative for n = 3 biological replicates (C). H19X was silenced in SSc fibro-
blasts with 25 nM ASO and in parallel stimulated with TGF-B. xCELLigence
real-time measurement of cell proliferation. Measurement of the cell index
normalized to the cell index value at the time of transfection (24 hours).
Experiment was recorded for 180 hours after cell transfection. Represen-
tative normalized cell index curve of n = 5 biological replicates, variation is
presented as SD of 4 technical replicates of the representative biological
replicate (D). The slope of the cell index curve was calculated separately for
the exponential growth phase and the late phase of the curve (E). Lumi-
nescence (for annexin V) as a measure of apoptosis was recorded every 6
hours starting 24 hours until 120 hours after cell transfection. Fold change
was calculated respective to scrambled control. *indicates significance

for untreated cells, *indicates significance for TGF-B-stimulated cells (F).
Caspase-3/7 activity measured at 88 hours after cell transfection (f). Data
are presented as single values and mean (n = 3-5). One-way ANOVA (C, E,
and G). Two-way ANOVA (F). *P < 0.05, **P < 0.01, ***P < 0.001.

regulation and myofibroblast differentiation. Because mitochon-
drial deacetylase Sirtuin-3 has recently been shown to be down-
regulated by TGF-B- mediating effects on collagen synthesis (28),
we investigated whether H19X could be involved in the dysregu-
lated expression of SIRT3 in fibrosis. Although we could confirm
that protein levels of SIRT3 were reduced after TGF- treatment,
H19X silencing did not affect SIRT3 protein expression, indicating
that in this case the TGF-B effects on SIRT3 are independent of
H19X (Supplemental Figure 4E).

HI9X regulates cell cycle and proliferation. We continued with
the analysis of the 155 upregulated genes after H19X silencing
(FDR < 0.05 and log, FC > 0.5, Supplemental Figure 4D). Gene
ontology analysis revealed a strong involvement of H19X in cell
cycle regulation (top 10 pathways shown in Figure 4A). Among
the genes with the strongest upregulation (Figure 4B), there were
CCNDI, CCNA2, CCNB2 encoding for cyclins (cell-cycle regu-
lators); CDC20 (regulator of the anaphase promoting complex);
PTTGI (regulatory protein of cell cycle progression); and MCM4
(involved in DNA replication). In order to confirm the role of H19X
in regulating the cell cycle, we performed Hoechst 33342 staining
and cell-cycle analysis by flow cytometry after HI9X downregula-
tion and TGF-p treatment. Consistent with our microarray results,
H19X silencing led to a higher percentage of living fibroblasts in
the S/G2 phase of the cell cycle, both at the basal level and after
TGF-f stimulation (Figure 4C and Supplemental Figure 5A).

Indeed, H19X downregulation (Supplemental Figure 4B) led
to changes in the proliferation of SSc fibroblasts as measured by
xCELLigence real-time proliferation experiments. In the expo-
nential phase, H19X-silenced fibroblasts showed a significant
increase in cell proliferation compared with controls (P < 0.0001
basal condition and P = 0.0029 after TGF-B stimulation, Figure
4, D and E). In the late phase of the xCELLigence curve, starting
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on average at around 104 hours after transfection, a strong reduc-
tion in the cell index was observed for H19X-silenced cells with
and without TGF-B stimulation (P = 0.0002 basal condition and
P = 0.0078 in the presence of TGF-B, Figure 4, D and E). These
data suggest that H19X silencing might lead to late induction of
cell death. Therefore, we hypothesized that H19X could exhibit
antiapoptotic effects on myofibroblasts, promoting their survival,
which then leads to uncontrolled ECM deposition.

HI19X promotes profibrotic effects of TGF-§3 by favoring myofibro-
blast survival. Myofibroblasts are apoptosis-resistant cells, but they
are in close proximity to the apoptotic threshold (10). As recently
demonstrated, targeting apoptosis-resistant myofibroblasts might
be an effective antifibrotic treatment strategy (10). Based on our
results of the xCELLigence real-time proliferation experiments,
we performed annexin V live measurements after H19X silencing
with and without TGF- stimulation using the same experimental
design that we used for the xCELLigence analysis (Supplemental
Figure 4B). Luminescence (for annexin V) and fluorescence (DNA
dye) measurements were recorded between 24 and 126 hours
after transfection of SSc fibroblasts. Already at 42 hours, we could
record a significant difference in annexin V signals in H19X-si-
lenced fibroblasts in comparison with scrambled transfected cells
for both untreated and TGF-B-stimulated cells. This effect steadi-
ly increased until 72 hours (Figure 4F). Until about 36 hours after
cell transfection, H19X-silenced cells were protected from necro-
sis. A delayinincreased fluorescent signal was recorded starting at
54 hours after cell transfection for untreated cells and 66 hours for
TGF-p-stimulated cells, marking the start of the necrotic process
(Supplemental Figure 5B). Moreover, we also tested caspase-3/7
activity as a measure of activation of the apoptotic cascade after
H19X silencing and parallel TGF-p stimulation. Indeed, 88 and
120 hours after cell transfection, a strong and consistent induc-
tion of caspase-3/7 activity was recorded after H19X silencing and
TGF-B stimulation (P < 0.001, Figure 4G and Supplemental Fig-
ure 5C). In summary, these results suggest that H19X is 