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Long noncoding RNA H19X is a key mediator
of TGF-B-driven fibrosis
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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).
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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


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://www.jci.org/articles/view/135439#sd
https://www.jci.org/articles/view/135439#sd
https://www.jci.org/articles/view/135439#sd
https://www.jci.org/articles/view/135439#sd
https://doi.org/10.1172/JCI135439DS1

The Journal of Clinical Investigation

RESEARCH ARTICLE

A B =1%FBSTGFg C
==10% FBS TGFB
' 107155 : o TGFBR1 1284 * 8 15
: : 64- ° *
i !« GDF6 < < * *
P 3 |« BMPR2 S ndpE s . * B e
i S 10-104 3 T . T ** 104 ¥
Y i o TGFBR2 o 16 . . © "
: ! TGFB3 2 g [e] & 2 4
[ = e S . S 4
- b THBS1 5 4. o <
g 1074 ETGFB1 s o |, S 5
P ' e 27 o 24
: ! x 4LELEE-ELl= S A
I i 1 i 1 05 T T O T T T T 0 T T T T T T
-1.0 -0.5 0.0 0.5 1.0 P \2\0 0.010.1 1 10 1 3 6122448
Pearson correlation coefficient (r) @ TGFB, ng/mL Stimulation hours
6h stimulation TGFB 10 ng/mL
D E F *x% fodadd
39 * 104 - - 20 Fkk
. *kk i untreated
L] *%k —
é é 8 os é 154 ) == TGFB
T 2-4py T T o
s |l 3 © S s
S . 5 ] S 104 ..
< . ° < <
S . S 47 . S . _
z Tq------ e ke] * 3 oel |®
o o ° O 54 Pe b
bo! % 24 b0 ol [
x H ﬂ x x .
\ JressliaB 7 s liUlS
T T T T T T T T T T T T I I I I
QD RN D a0
& YIS 3 F S LSS St T
& N & T AT K NS RE
QO RS Q;'b& x ‘bx C':"b 5o Qb\ C}’b 5o X Qg,
@ AN OGNSR
2T SV NN AN N e
NN D D &§ D D &§
%@
G ' 10-3 : H 64+ *k I 34
1 ' . . *
E 104 L oFi x 2= [+ x .
Lo 1 pe Fibroblast 3 : 3 —
LS s 5 T 199 T2
' ~- ' (0] (0]
NS ! o> 8- ()
R : & s
P @ 102+ : 5 47 5
b3 1 k) ol === =T
............ PR « 5 S i 6 2_ B L[]
V01014 ' 0 w5
I i 1 i 1 05 T T T 0 I I I
-1.0 -0.5 0.0 0.5 1.0 O £ v O +
Pearson correlation coefficient (r) °.>® ‘?~% §’§ @Q’ Q\ A
Q\Q & Q Q\Q 00
S
9

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

RESEARCH ARTICLE

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 a direct
potent mediator of prolonged myofibroblast survival, potentiating
TGF-p-driven ECM production and progressive tissue fibrosis.
Inducing apoptosis of myofibroblasts by H19X silencing could be
a therapeutic strategy to selectively remove ECM-overproducing
cells from fibrotic tissues (10).

HI9X has a human-specific function in fibrosis. Next, we
wanted to see whether H19X is conserved in mice and whether
mouse models can be used to further characterize its function.
A putative murine H19X transcript is annotated in the Nation-
al Center for Biotechnology Information (Supplemental Figure
6A), and it was previously reported that the microRNAs asso-
ciated with H19X (miR-503 and miR-424) have orthologous
microRNAs in opossum, platypus, chicken, and xenopus (29).
The genomic region spanning human and mouse transcripts has
60% homology. However, the homologous parts consist main-
ly of introns, and the annotated human and mouse transcripts
profoundly differ. In addition, we analyzed the expression of the
putative murine H19X (mH19X) in different well-established
mouse models of fibrosis. These analyses showed that the puta-
tive mH19X was downregulated rather than upregulated in the
lung tissues of mice with bleomycin-induced lung fibrosis, and
its expression in skin did not differ between control mice and
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different fibrotic mouse models (bleomycin-induced skin fibro-
sis, tight skin mouse-1, injections of adenovirus overexpressing a
constitutively active TGF-BR1, Supplemental Figure 6B). More-
over, the putative mH19X was not induced when murine dermal
fibroblasts were stimulated with TGF-f for different time peri-
ods (Supplemental Figure 6C). These data suggest that the puta-
tive mH19X is differentially regulated and expressed in mouse
fibrotic conditions and that mouse models cannot be used for
functional analysis of the ortholog human gene.

The profibrotic effects of H19X are largely independent from
miR-424 and miR-503. The H19X gene is localized on chromo-
some X, and the H19X gene locus encodes 2 microRNAs. The
MIR424 sequence partially overlaps with the first exon of H19X,
and MIR503 is embedded in the first intron (Supplemental Fig-
ure 7A). Therefore, we tested the hypothesis that H19X could
exert its function, acting as a microRNA reservoir allowing a
rapid release of the 2 microRNAs (30). Indeed, the expression
of miR-424 and miR-503 was induced by TGF-p at 6 hours, 24
hours, and 72 hours (P < 0.05, Figure 5A). In contrast to H19X,
the expression of these microRNAs was highest at 72 hours and
24 hours, respectively, and the early peak at 6 hours was not
observed in SSc dermal fibroblasts. Moreover, the expression of

jci.org  Volume130 Number3  September 2020

miR-424 and miR-503 was reduced after H19X silencing (Figure
5B). These data argue that H19X could potentially function as a
reservoir for these 2 microRNAs.

To test this hypothesis, we first silenced miR-424 (Supple-
mental Figure 7B) and miR-503 (Supplemental Figure 7C) in SSc
fibroblasts. In contrast to the strong downregulation of COLIAI,
FNI, and ACTA2 seen with H19X silencing (Supplemental Figure
4C), we could detect only a minor downregulation of FNI after the
silencing of miR-424, but not miR-503 (Supplemental Figure 7, B
and C). The expression of COLIAI and ACTA2 was not affected
by the silencing of these 2 microRNAs. In the next step, we simul-
taneously downregulated H19X and overexpressed the 2 microR-
NAs to explore whether the co-upregulation of miR-424 and
miR-503 could rescue the H19X-induced phenotype in H19X-si-
lenced fibroblasts. However, the simultaneous overexpression of
miR-503 and miR-424 could not restore the reduced expression
of COLIAI, FN1, and ACTA2 induced by H19X silencing (Figure
5C). These results were also confirmed by the simultaneous over-
expression of miR-424 and miR-503 without H19X silencing (Sup-
plemental Figure 8). These data suggest that minor profibrotic
effects of HI9X might be partially due to the microRNA reservoir
function of H19X as observed for FNI expression; however, the
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Figure 6. H19X is a nuclear IncRNA that interacts with the DNA. SSc fibroblasts were stimulated for 6 or 48 hours with TGF-f in 1% FBS medium, and
FISH staining was performed targeting H19X. Scale bar: 10 um. Pictures are representative of n = 4 biological replicates. Percentage of nuclei positive for
H19X staining (A). Cell fractions were obtained from SSc fibroblasts stimulated with TGF-{ for 6 or 48 hours. H19X expression was analyzed by qPCR. Fold
change was calculated respective to untreated control (B). Data are presented as single values and mean (n = 4). t test (A). One-way ANOVA (B). **P < 0.01,
***P < 0.001. Heatmap showing expression of the gene with the closest transcription start site to the putative sites of H19X interaction with the genome
as measured by microarray analysis after H19X silencing; DDIT4L is highlighted in red (C).

microRNA reservoir function of HI9X cannot explain the strong
and widespread antifibrotic effects observed after H19X silenc-
ing. This suggests that H19X exerts most of its functions through a
microRNA reservoir-independent mechanism.

HI19X is a nuclear transacting IncRNA that binds to noncoding
DNA regulatory elements across distinct chromosomes. The cellular
localization can give a first indication about the IncRNA mecha-
nism of action. Therefore, we conducted H19X FISH staining of
unstimulated and stimulated (TGF-p for 6 hours and 48 hours) SSc
fibroblasts. We detected increased numbers of tightly localized,
bright nuclear foci in TGF-B-treated cells (P = 0.0093 at 6 hours
of TGF-B and P = 0.0049 at 48 hours of TGF-B, Figure 6A). This
pattern resembled the type of FISH staining reported for X-inactive
specific transcript (XIST), a well-characterized IncRNA, which is a
part of the X chromosome inactivation center (31). The specificity

of the results was confirmed by H19X silencing and by using GAP-
DH FISH staining as validation of the method (Supplemental Fig-
ure 9, A and B). The nuclear localization of H19X was further con-
firmed by cell fractionation, where nuclear H19X expression was
highest after 6 hours of treatment with TGF-f (P < 0.0001, Figure
6B). XIST expression was used to confirm successful cell fraction-
ation (Supplemental Figure 9C).

Given the nuclear expression of H19X, we hypothesized
that H19X regulates the profibrotic responses of fibroblasts by
controlling gene expression at the transcriptional level. The pat-
tern of H19X nuclear foci (Figure 6A) might indicate that H19X
acts at distant genomic sites as previously described for anoth-
er X-linked IncRNA (FIRRE) (32) or that it regulates the genes
in its immediate genomic neighborhood, spreading over the
locus from the site of its production, as observed for XIST (31).
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Figure 7. H19X targets DDITAL via 3D genomic interaction and chromatin
rearrangements. BJ5TA cells were stimulated with TGF-f for 6 hours in 1%
FBS medium. ChIRP peaks for H19X capture are shown as fold enrich-
ment relative to input for 2 sets of probes (even, odd, red tracks). ChIRP
tracks for H3K27ac (light blue) and H3K4me1 (dark blue) were obtained
from publicly available data sets (57). ATAC-Seq tracks showing varia-
tions in chromatin accessibility after H19X silencing. H19X was silenced in
dermal SSc fibroblasts with 25 nM ASO (light green) and compared with
SSc fibroblasts transfected with scrambled control (dark green) (A). Hi-C
data (58) obtained from publicly available data sets revealed interactions
between H19X binding site, the active enhancer, and DDIT4L promoter.
Query regions: DDIT4L promoter, DDIT4L enhancer (chr4:100294478), H19X
binding site (chr4:100375842). Peak signals indicate interaction events
and are highlighted by red circles (B). Schematic representation of DDIT4L
gene (blue) and its regulatory elements: DDIT4L enhancer (green, in light
green it is highlighted where H19X silencing caused variation in chromatin
accessibility) and H19X binding site (red) (C).

As revealed by microarray analysis of gene expression, none
of the neighboring genes spanning 1 Mb from the H19X locus
was affected by H19X silencing (Supplemental Figure 10A and
Supplemental Table 4). This suggests that HI9X might exert its
profibrotic function at distant genomic regions, involving sites
across different chromosomes.

To identify genomic regions that directly interact with the H19X
transcript, we performed chromatin isolation by RNA purification
and sequencing (ChIRP-Seq) in the fibroblast cell line BJ5TA after
6 hours of TGF-p stimulation. ChIRP-Seq is an affinity capture assay
that allows the identification of genomic binding sites for a specific
IncRNA. Telomerase RNA component probes were used to validate
the method. LacZ probes were used as the negative control as previ-
ously described (33). After probe hybridization and pull down, RNA
retrieval was assessed. On average, 15.89% and 16.77% of HI9X RNA
was retrieved with the even probe set and odd probe set respectively
(Supplemental Figure 10B). Additionally, a specific peak at the H19X
transcription start site (TSS) was identified, supporting the validity
of the method (Supplemental Figure 10C). Based on ChIRP-Seq,
we identified 71 peaks that were common for H19X, even and odd,
corresponding to genomic regions that physically interacted with the
H19X transcript (Supplemental Table 5). HI9X ChIRP peaks were
spread across several chromosomes, suggesting that H19X acts as a
transacting IncRNA and exerts its gene regulatory function by mod-
ulating distant DNA regulatory elements.

HI19X regulates DDIT4L expression via 3D genomic interac-
tions and chromatin rearrangements. If genes interacting with
the 71 identified H19X-bound genomic regions are regulated by
H19X, their transcription should be changed after H19X silenc-
ing (Supplemental Figure 4D). To address this, we first identified
genes that were potentially regulated via HI9X-DNA interaction
by annotating the 71 regions with the closest downstream TSS.
Then, we looked for gene expression changes of the aforemen-
tioned genes in our microarray data set, where we identified 28
genes with TSS potentially interacting with one of the H19X-
bound genomic regions (Figure 6C). Among these genes, DNA
damage-inducible transcript 4-like protein (DDIT4L, Figure 7A)
had a TSS about 190 kb downstream of the H19X interaction
site, and at the same time displayed increased expression after
H19X silencing in all of the 5 samples paired that were analyzed.
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Given that the physical interaction of H19X could also influ-
ence other genes in the same genomic region as DDIT4L, we
checked the expression of DDIT4L-neighboring genes (1 Mb up
and downstream) in the microarray data from the H19X silenc-
ing experiment (Supplemental Figure 4D). However, none of the
neighboring genes of DDIT4L were changed by H19X silencing,
suggesting a specific regulation of H19X with DDIT4L (Supple-
mental Figure 10D). Taken together, these results identified
DDIT4L as a candidate factor mediating the profibrotic effects
of TGF-p-induced H19X.

In order to define how the interaction of H19X with the genome
is influencing DDIT4L expression, we searched publicly available
data sets in the WashU Epigenome Browser (34). We aimed to identi-
fy DNA regulatory elements that are in proximity with the H19X site
of interaction and that might regulate DDIT4L expression. Specifi-
cally, we looked for active enhancers in primary dermal fibroblasts
distal to the DDIT4L gene as defined by the presence of histone
marks: histone 3 lysine 27 acetylation (H3K27ac) and histone 3lysine
4 monomethylation (H3K4me1). With this strategy, we identified an
active enhancer 95 kb upstream of the DDIT4L TSS and 56 kb down-
stream of the H19X binding site (Figure 7A). The same enhancer is
also annotated in Ensembl (35) for the fibroblast cell line IMR90 and
adult normal human dermal fibroblasts (NHDF-AD, Supplemen-
tal Figure 11). GeneHancer (36) is another database that predicts
interactions between enhancers and genes, integrating data derived
from different techniques such as capture Hi-C, promoter-specific
genome conformation assay, and expression quantitative trait loci
(eQTLs). Data for the DDIT4L promoter derived from GeneHancer
predicted a likelihood interaction with the enhancer we had identi-
fied on the bases of eQTLs (37) (P=4.6 x 107). This analysis supports
the hypothesis that this enhancer directly regulates the expression of
DDIT4L (Supplemental Figure 11).

Then, we searched for additional evidence for a role of H19X
in determining the chromatin conformation of this particular
enhancer by performing the assay for transposase-accessible
chromatin using sequencing (ATAC-Seq) after HI9X knockdown
and TGF-B stimulation in SSc fibroblasts. With this technolo-
gy, we observed changes in chromatin rearrangements within
the DDIT4L enhancer region (chr4:100294478-100294699),
indicating that the open chromatin of the enhancer closes upon
H19X silencing (Figure 7A).

Therefore, we hypothesized that HI9X association with
the genome could influence the chromatin conformation of the
enhancer, which in turn regulates the expression of DDIT4L. For
this purpose, we searched publicly available data sets to identify
3D interactions using 3D Genome Browser (38) in the fibroblast
cell line IMR90 with a resolution of 10 kb. Hi-C data visual-
ized in 3D Genome Browser revealed interactions between the
H19X binding site, the active enhancer, and the DDIT4L pro-
moter. When using the DDIT4L promoter region as a query, a
peak signal in the proposed DDIT4L enhancer region indicat-
ed a chromatin interaction event, further supporting the role of
the enhancer in regulating DDIT4L expression. Notably, when
using the enhancer region (chr4:100294478) as a query, a peak
signal both in the DDIT4L promoter and at the site of H19X
binding indicated a chromatin interaction event. Consistently,
when using the H19X binding site (chr4:100375842) as a query,
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Figure 8. DDITAL is a repressor of TGF-p-induced collagen production. H19X was silenced in dermal SSc fibroblasts with 25 nM ASO for a total of 120
hours and stimulated with TGF-f for the last 72 hours in 1% FBS medium. The mRNA and protein levels of DDIT4L were analyzed by qPCR and Western
blot respectively. Pictures are representative of n = 5 biological replicates (A). SSc fibroblasts were transfected with 25 nM of ASO and 50 nM of siRNA for
120 hours and stimulated with TGF-f for the last 72 hours in 1% FBS medium. Expression of DDIT4L, H19X, and COL1AT was analyzed by gPCR (untreat-
ed samples) (B). gPCR data were normalized to GAPDH and RPLPO. Data are presented as single values and mean (n = 5-6). Fold change was calculated
respective to untreated control set as 1 (dashed line). One-way ANOVA (A and B). *P < 0.05, **P < 0.01, ***P < 0.001.

apeak signal in the enhancer region indicated a chromatin inter-
action event (Figure 7B). All together, these data indicate that
H19X might be crucial to sustain the chromatin conformation
necessary for the regulation of DDIT4L expression, promot-
ing 3D genomic interactions between the active enhancer and
DDIT4L promoter (Figure 7C).

DDIT4L mediates the collagen-inducing effects of HI9X. To
further prove a functional role of DDIT4L, we next investigated
whether its expression is regulated by TGF-B. DDIT4L expression
was consistently repressed by TGF-p stimulation at the mRNA and
protein level as confirmed by qPCR (P < 0.0001) and Western blot
(Figure 8A), respectively. Moreover, H19X silencing resulted in
DDIT4L induction as measured by qPCR (P = 0.0159 basal condi-
tion and P = 0.0085 in the presence of TGF-, Figure 8A and Sup-
plemental Figure 12A) and Western blot (Figure 8A), confirming
the microarray results. Furthermore, DDIT4L silencing (Supple-
mental Figure 12B) increased the expression of COLIAI that was
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reduced by H19X downregulation (Figure 8B and Supplemental
Figure 12C), whereas it did not change the expression of the cell
cycle genes Cyclin A2 (CCNA2) and Cyclin D1(CCNDI) (Sup-
plemental Figure 12D). These data showed that TGF-p-induced
H19X mediated its profibrotic effects by disabling the transcrip-
tion of DDIT4L, which acts as an inhibitor of the TGF-p pathway.

Discussion

In this study, we have identified IncRNA H19X as a key mediator
ofthe TGF-B-induced effects on matrix remodeling in fibroblasts
and related cell types. Matrix remodeling promoted by TGF-f is
of paramount importance in physiology (e.g., wound healing)
(39, 40) and fibrotic diseases (11, 41, 42). Targeting TGF-f has
thus been tested as a therapeutic strategy in fibrotic diseases,
but this approach was limited by its overall toxicity and the lack
of appropriate drugs (43, 44). Thus, the detection of key compo-
nents of TGF-B-induced fibrosis that could be therapeutically
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targeted has a high translational potential for the large group of
fibrotic diseases that display a high unmet clinical need.

LncRNAsrepresent a class of molecules that can provide novel
insights into the mechanistic aspects of regulation of gene expres-
sion (45). In comparison with other well-characterized IncRNAs,
very little is known about the function and mechanism of H19X.
H19X has been found to be downregulated in cancer. In vitro stud-
ies demonstrated that in tumor cells, HI9X overexpression inhib-
ited cell proliferation, cell invasion, and migration (46-48). H19X
was also reported to be induced by hypoxia to promote angiogene-
sis (49). No other reports about H19X are published to date.

We propose a profibrotic mechanism according to which the
presence of H19X is required for the remodeling effects of TGF-p,
including ECM production and contraction, as well as myofibro-
blast differentiation and survival. Targeting of H19X strongly
inhibited these TGF-p effects, putting H19X as a central media-
tor of tissue remodeling. Moreover, we demonstrated that HI9X
is strongly induced by TGF-f in fibroblasts and related cell types.
In our experimental settings, we used SSc as a paradigm disease
in order to elucidate its role in TGF-p-induced ECM remodeling
and myofibroblast activation. Nevertheless, we showed that H19X
was deregulated in a wide variety of tissues and fibrotic diseases,
such as skin fibrosis, lung fibrosis, fibrotic ileum of patients with
Crohn’s disease, the liver of patients with PSC, and tissue under-
going physiological wound healing. This suggests that target-
ing the H19X pathway might be beneficial in preventing fibrosis
across a number of fibrotic diseases and states.

Additionally, we have identified DDIT4L as an effector of
the H19X-driven effects on collagen production following a
robust and stringent strategy. First, we explored the possibility
that H19X exerts its function by working as a reservoir for miR-
503 and miR-424. However, we could observe only minor effects
after microRNA gain- and loss-of-function studies that could not
explain the strong effects of H19X on ECM remodeling. LncRNA
transcription can directly affect the expression of neighboring
genes. In our experimental settings, the loss of profibrotic fea-
tures observed after H19X silencing was not mediated by HI9X
neighboring genes. However, when combining publicly avail-
able histone mark data sets, ATAC-Seq experiments, and pub-
licly available data sets for 3D interactions, we determined that
H19X was necessary to maintain the open chromatin of a DDIT4L
enhancer, most likely via 3D interactions.

Publications on DDIT4L are limited. Some studies have point-
ed to a role in cell growth by regulating the mTOR signaling path-
way (50, 51). DDIT4L was also identified as potential predictor of
radiation-induced fibrosis (52). Here, we demonstrated that under
physiological, unstimulated conditions, the presence of DDIT4L
inhibited ECM production. With activation of the TGF-f path-
way, the transcription of H19X expression was induced, leading
to a direct physical association of H19X RNA with a DNA regu-
latory element upstream to the DDIT4L gene that interacts with
the DDIT4L locus, thereby suppressing DDIT4L transcription.
As a result, the inhibition of the TGF-p pathway by DDIT4L was
blocked, leading to TGF- pathway activation and increased col-
lagen production (Supplemental Figure 13). These results do not
exclude the possibility that mechanisms other than via DDIT4L
are contributing to the profibrotic effects of H19X.
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Alimitation of our study is the inapplicability of our in vitro and
ex vivo human findings to an in vivo mouse model. H19X is poorly
conserved in mice. We also showed that the putative mH19X reg-
ulation differed from the human ortholog and that murine fibrotic
models cannot be used for translational purposes. Considering the
broad biological effects of TGF-p on tissue remodeling and the key
role of H19X in this process, as shown in this paper, it is also very
likely that factors in addition to DDIT4L are involved in mediat-
ing its effects. For example, in our experiments, we could not find
evidence that DDIT4L is responsible for the effects of HI9X on
the cell cycle. In this regard, appropriate annotation of the other
70 genomic regions might help to identify such additional factors.
Genetic deletion of this region followed by gene expression stud-
ies could address this issue and provide a broader overview of the
molecular mechanisms of HI9X.

In summary, we have identified a IncRNA HI19X as being
consistently upregulated across different types of TGF-B-driven
fibrotic diseases. Moreover, H19X was found highly upregulated
in skin tissue undergoing wound healing, providing additional
evidence that H19X expression might be related to a physiologi-
cal and pathological mutual mechanism. TGF- is the master reg-
ulator of both wound healing and fibrosis. H1I9X downregulation
followed by microarray analysis and functional assays revealed
that the induction of H19X was a conditio sine qua non for TGF-B-
induced profibrotic effects. At last, we have identified DDIT4L
as an effector of the H19X response and as a repressor of TGF-p-
induced collagen synthesis. We also described a molecular mech-
anism whereby H19X modifies the accessibility of an enhancer
distal to the DDIT4L gene, altering DDIT4L expression, which
sheds light on the players in TGF-p-induced profibrotic effects.

Methods
Additional methods are detailed in the Supplemental Methods.

Patients. Skin biopsies were obtained from the forearm of
patients with SSc and HC donors. All patients fulfilled the American
College of Rheumatology/European League Against Rheumatism
(ACR/EULAR) 2013 classification criteria (53). Lung samples were
obtained from patients with SSc-ILD and IPF undergoing lung trans-
plantation. Patients were fulfilling the respective classification and
diagnostic criteria. Normal lung tissues were obtained from organ
donors whose lungs were not used for lung transplantation, as previ-
ously described (54). Small intestine samples were taken from fibrot-
ic (stenosis) and nonfibrotic tissue (resection margin) of the terminal
ileum of patients with Crohn’s disease fulfilling the Montreal classi-
fication criteria (55). Site-matched healthy colon was obtained from
adenocarcinoma patients undergoing right-sided hemicolectomy.
Liver samples were taken from healthy donors and from explanted
livers from patients undergoing liver transplantation. Tissue from
normal skin wounds was obtained from volunteers by excisional
biopsies, and HC skin was taken from surgeries of patients with non-
inflammatory, nononcological diseases.

RNA-Seq and reverse transcription qPCR from tissue. Skin tissue
was homogenized and samples processed for RNA extraction with the
QIAGEN RNeasy Fibrous Tissue kit according to the manufacturer’s
protocol. Skin biopsies from 3 different cohorts were used for RNA-
Seq analysis (cohort 1, PRESS and cohort 3). Poly (A) enrichment for
cohort 1 or ribosomal depletion for PRESS and cohort 3 were carried
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out, respectively. After retrotranscription, cDNA was used to generate
Illumina sequencing libraries according to the manufacturer’s proto-
col. Libraries were then sequenced on a HiSeq 2500. Alternatively,
RNA extracted from tissue was retrotranscribed with the Transcriptor
First Strand cDNA Synthesis kit (Roche), and qPCRs were performed
with 2x SYBR Green Master Mix (Promega) on an Agilent Technolo-
gies Stratagene Mx3005P qPCR system.

Primary dermal fibroblast culture. Primary dermal fibroblasts from
HCs and patients with SSc were derived by outgrowth from 3 mm
punch biopsy or skin resected from donors undergoing surgery. Fibro-
blasts were cultured in DMEM (MilliporeSigma) containing 50 U/mL
penicillin and 50 pg/mL streptomycin (Gibco) and 10% FBS (Gibco)
and 100 pM 2-mercaptoethanol (Gibco). Fibroblasts from passages
4-10 in monolayer culture were used for the experiments. Cells were
maintained in a 5% CO, humid 37°C incubator.

RNA interference (RNAi). Dermal SSc fibroblasts were transfected
with 25 nM ASO (Antisense LNA GapmeRs, QIAGEN), 50 nM Flex-
iTube siRNA (QIAGEN), 100 nM Ambion Pre-miR miRNA Precursor
or 100 nM Ambion Anti-miR (Thermo Fisher Scientific) using Lipo-
fectamine 2000 (Thermo Fisher Scientific) at a final concentration
of 1.67 uL/mL. Cells were incubated with the transfection mix for 6
hours, then washed with PBS. Eventually, fresh complete medium was
added to the culture. Custom-designed ASO sequences are provided
in Supplemental Table 6.

Microarray and gPCR from cells. Total RNA from cells was isolated
with Zymo Quick-RNA MicroPrep RNA isolation kit. RNA was ampli-
fied and purified using a TotalPrep RNA Amplification Kit (Applied
Biosystems/Ambion) and reverse transcription was performed using
a T7 Oligo(dT) primer to synthesize cDNA containing a T7 promoter
sequence. In vitro transcription was used to amplify and label multi-
ple copies of biotinylated cRNA. The amplified cRNA was hybridized
on Illumina HT-12 arrays. Alternatively, RNA and random hexamers
were used to carry out reverse transcription using the Transcriptor
First Strand ¢cDNA Synthesis kit (Roche). Subsequent qPCRs were
performed with 2x SYBR green master mix (Promega) on an Agilent
Technologies Stratagene Mx3005P qPCR system.

Western blot. Cells were lysed with RIPA buffer (MilliporeSigma)
supplemented with phosphatase inhibitors (PhosphoStop, Roche) and
the protease inhibitor cocktail (cOmplete ULTRA Tablets, Roche).
Protein concentration was measured by the colorimetric BCA method
according to the manufacturer’s protocol (Thermo Fisher Scientific).
Proteins were separated by SDS-PAGE and transferred to a nitrocellu-
lose membrane overnight at 4°C. Membranes were blocked for 1 hour
at room temperature in Tris-buffered saline and Tween-20 (Thermo
Fisher Scientific) (TBST) containing 5% milk and probed overnight with
the following antibodies: Fibronectin (1:1000, ab2413, Abcam), aSMA
(1:1000, A2547, MilliporeSigma), SMAD3 (1:5000, ab40854, Abcam),
SMAD4 (1:5000, ab40759, Abcam), TGF-BR2 (1:250, 701683, Ther-
mo Fisher Scientific), DDIT4L (1:1000, AM26767PU-N, Origene), and
GAPDH as loading control (1:10,000, no. 2118, Cell Signaling Technol-
ogy). HRP-conjugated secondary antibodies were used for detection
with ECL substrate (SuperSignal West Pico Plus, Thermo Fisher Scien-
tific). Image] software was used to semiquantify the signal.

Secreted collagen analysis. SSc dermal fibroblasts were transfect-
ed with ASO as previously described, starved for 24 hours (1% FBS
medium), and treated with TGF-f in starvation medium for 72 hours.
Pan-collagens or procollagenlol were measured in the supernatants
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with Sircol Assay (Biocolor Life Science Assays) or ELISA (R&D Sys-
tems) respectively per the manufacturer’s instructions. Absorbance
was recorded at 555 nm for Sircol and 450 nm ELISA in Synergy HT
(BioTek) plate reader. For both assays, samples were measured in
triplicates. Mean absorbance was calculated and concentrations/total
amount were determined using the respective standard curves.

Cell contraction assay. ASO transfected cells were harvested and
counted. After 24 hours in starvation medium, 1 x 10° cells for each
condition were seeded in a collagen gel matrix in a 48-well plate at
the time of TGF-B stimulation (Cell Contraction Assay, Cell Biolabs).
Pictures of the contracted collagen gels were acquired 72 hours after
TGF-f stimulation. Image] software was used to measure the gel
areas. Data are reported as a percentage of gel contraction.

Immunofluorescence and phalloidin staining. Cells were seeded
in 8-chamber glass slides (Lab-Tec). Cells were transfected with 25
nM ASO 24 hours after seeding. After 24 hours of starvation and an
additional 72 hours of TGF-f stimulation, cells were fixed in ice-cold
methanol-acetone (7:3, both MilliporeSigma) for 10 minutes at -20°C,
washed 3 times with PBS, blocked with PBS/10% FBS for 20 minutes
at room temperature, and then incubated with primary anti-aSMA
antibody (1:100, A2547, MilliporeSigma) for 1 hour. After 3 washes in
PBS, cells were stained with the secondary antibody for 45 minutes
at room temperature. For staining of stress fibers, cells were fixed in
4% paraformaldehyde (PFA) (MilliporeSigma) for 5 minutes, washed
3 times in PBS, permeabilized in PBS 0.1% Triton X-100 (MilliporeSig-
ma), and washed again 3 times in PBS. Finally, cells were stained with
50 pg/mL of fluorescent-labeled phalloidin (MilliporeSigma) for 40
minutes at room temperature. Nuclei were counterstained with DAPI
solution (1 pg/mL, Roche). Images were acquired with an Olympus
BX53 microscope equipped with a DP80 camera.

Hoechst 33342 staining and flow cytometry. Fibroblasts were trans-
fected with 25 nM ASO as previously described for 72 hours and stim-
ulated with TGF-p for the last 48 hours. Next, cells were harvested,
washed with PBS, and stained with Hoechst 33342 at a final concentra-
tion of 5 uM for 30 minutes at 37°C. Single-cell suspensions were ana-
lyzed by flow cytometry using BD FACS Aria III. Data were analyzed
with FlowJo software, version 8. The gating strategy is presented in
Supplemental Figure 4A. Propidium iodide was used to exclude dead
cells. Hoechst 33342 was used to assess DNA content and the percent-
age of cells in the different cell cycle phases G1 and S/G2.

Real-time proliferation assay. Cellular impedance was used to
assess proliferation with the xCELLigence RTCA DP instrument
(ACEA Biosciences). Briefly, cells were seeded in E-Plate VIEW 16
PET (ACEA Biosciences) and transfected after 24 hours with H19X
ASO or control. Fibroblasts were simultaneously treated with 10
ng/mL TGF-B. Measurements were recorded every half an hour up
to 180 hours after cell transfection. RTCA software 2.0 (ACEA Bio-
sciences) was used to analyze the data. Data were normalized at
the time of transfection. The curve slope, as quantification of cell
proliferation, was calculated separately for the exponential growth
phase and the late phase specifically for each patient. Every condi-
tion was tested in quadruplicates.

Apoptosis assays. Cell were seeded in a solid white 96-well plate
(Nunclon Delta Surface, Thermo Fisher Scientific) transfected and stim-
ulated using the same experimental setup described for real-time prolif-
eration experiments. RealTime-Glo Annexin V Apoptosis and Necrosis
Assay (Promega) was used to analyze apoptosis and necrosis as per the
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manufacturer’s instructions 24 hours after transfection. Luminescence
was used to assess the exposure of phosphatidylserine on the external
surface of the cell membrane during the apoptotic process. Necrosis
was detected with a fluorescent DNA dye. Both signals were measured
in a Synergy HT (Biotek) plate reader up to 120 hours after cell transfec-
tion. All conditions were tested in quadruplicates. The Caspase-Glo 3/7
Assay (Promega) was used as an orthogonal method to assess caspase-3
and caspase-7 enzymatic activity at 88 and 120 hours after transfection
as described by the manufacturer’s protocol.

Fluorescent in situ hybridization (FISH). Fifty-six Stellaris RNA
FISH probes against H19X transcript were designed using Stellaris
Probe Designer tool version 4.2 (Biosearch technologies, Supplemen-
tal Table 8). Every probe was labeled with CAL Fluor Red 610 reporter
dye. Cells were grown on 18 mm round cover glasses in 12-well plates,
fixed in 4% PFA, washed twice with PBS, and permeabilized in 70%
ethanol for 1 hour at 4°C. Hybridization was carried out in 150 mm
tissue culture plates; bottom lined with a water-saturated paper tow-
el and a single foil of Parafilm (MilliporeSigma) placed on top of the
paper towel. Hybridization buffer containing 1 pL probe stock solution
was dispensed on the Parafilm and the cover glass was flipped, cell side
down, on the hybridization buffer. Cells were incubated in the dark
overnight at 37°C. After washing, cell nuclei were counterstained with
DAPI solution (1 ug/mL). Cover glasses were then washed one more
time and mounted on slides. Images were acquired with an Olympus
BX53 microscope equipped with a DP80 camera. DesignReady Stellar-
is RNA FISH Probes, direct against human GAPDH labeled with CAL
Fluor Red 610 dye (VSMF-2149-5, Biosearch Technologies) were used
as positive control. Cells incubated with hybridization buffer without
probes were used to assess background signal negative control.

Cell fractionation. Cells were detached, washed with PBS, and cen-
trifuged at 500 g at 4°C for 5 minutes. Cell pellets were resuspended
in hypotonic lysis buffer (10 mM Tris-HCI pH 7.5, 10 mM NacCl, 3 mM
MgCl,, 0.3% NP-40, and 10% glycerol) supplemented with RNase inhib-
itor (SUPERase-In, Thermo Fisher Scientific) and incubated in ice for
20 minutes. Next, cells were centrifuged at 1000 g at 4°C for 3 minutes.
Cytoplasmic supernatant was taken and RNA precipitated in ethanol and
150 mM sodium acetate at -20°C for at least 1 hour. Nuclear pellets were
washed with the hypotonic lysis buffer and centrifuged at 200 g at 4°C
for 2 minutes. Precipitated cytoplasmic RNA was pelleted, washed in ice-
cold 70% ethanol, and centrifuged again at 17,000 g at 4°C for 5 minutes.
Finally, Trizol was added to all the fractions and RNA was extracted.

ChIRP. ChIRP experiments were carried out as previously
described (56). BJ5TA cells were starved for 24 hours and stimulated
with TGF-B for 6 hours. Next, 20 million cells per ChIRP reaction were
harvested, washed with PBS, and cross-linked at room temperature
with 1% glutaraldehyde (glutaraldehyde solution, MilliporeSigma) for
10 minutes on a shaker. Fixation was quenched with one-tenth volume
0f 1.25 M glycine (Carl Roth) at room temperature for 5 minutes. Cells
were washed once with ice-cold PBS and resuspended in 10 times the
mass of the pellet of lysis buffer (50 mM Tris-HCl pH 7,10 mM EDTA,
1% SDS) supplemented with protease inhibitor cocktail (cOmplete
ULTRA Tablets, Roche) and RNase inhibitor (SUPERase-In, Thermo
Fisher Scientific). Lysates were sonicated in Bioruptor Pico (Diageno-
de) with the following settings: 30 seconds on and 30 seconds off, for
atotal of 1 hour and 40 minutes. DNA shearing between 100 and 500
pb was checked on 1% agarose gel after reverse cross-linking with 100
ug protease K (Thermo Fisher Scientific) of 10 pL lysate for 45 minutes
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at 50°C and DNA fragment purification using DNA Clean & Concen-
trator (Zymo Research). Then, samples were centrifuged at 16,100 g
at 4°C for 10 minutes. Ten microliters for INPUT were saved for later
use. Two milliliters of hybridization buffer (750 mM NaCl, 1% SDS,
50 mM Tris-HCI pH 7, 1 mM EDTA, 15% formamide) supplemented
with protease inhibitor cocktail and RNase inhibitor and 100 pmol of
biotinylated probes were added to 1 mL of chromatin per ChIRP reac-
tion. Hybridization was carried out overnight at 37°C with shaking.
One hundred microliters of prewashed streptavidin magnetic beads
(Dynabeads Streptavidin C1, Thermo Fisher Scientific) were added
to the hybridization reaction and incubated at 37°C for 45 minutes
with shaking. Beads were then washed 5 times with washing buffer
(2x SSC, 0.5% SDS) using a magnetic stand. RNA extraction was per-
formed on a small fraction in order to assess RNA retrieval. DNA was
isolated by resuspending beads in 150 uL elution buffer (50 mM NaH-
CO,, 1% SDS) supplemented with 15 ug RNase A and 15 U of RNase H
and incubated at 37°C for 30 minutes with shaking. Supernatant was
separated using a magnetic stand. Similarly, DNA was also extracted
from the INPUT sample. DNA was treated with protease K (Thermo
Fisher Scientific) for 45 minutes at 50°C. Three hundred microliters of
phenol/chloroform/isoamyl alcohol were then added and the samples
spun down at 16,100 g for 5 minutes at 4°C. The aqueous phase was
collected. DNA was precipitated overnight at -20°C with 30 pL NaOAc
and 900 uL. 100% EtOH, spun down at 16,100 g for 30 minutes at 4°C,
and then washed with 1 mL of 70% EtOH. Eventually, the DNA pellets
were air dried, and resuspended in 20 pL of 10 mM Tris-Cl, pH 8.5.
DNA samples were than processed for library preparation following
the Illumina protocol. Biotinylated probes used for ChIRP targeting
HI19X are listed in Supplemental Table 8. Commercially available
biotinylated probes against LacZ were used as negative control (Mag-
na ChIRP Negative Control Probe Set, Merck).

ATAC-Seq. ATAC-Seq libraries were prepared from 50,000 trans-
fected and TGF-B-stimulated fibroblasts. Cells were harvested, washed
in PBS, and resuspended in lysis buffer (10 mM Tris-HCI pH 7.4,10 mM
NaCl, 3 mM MgCl,, 0.1% NP-40). Next, cells were centrifuged at 500
g at 4°C for 10 minutes. Transposition reaction was performed on the
nuclei preparation with the NexteraTn5 Transposase (Nextera kit, Illu-
mina) and incubated at 37°C for 30 minutes. Transposed DNA was puri-
fied with the MinElute PCR Purification Kit (QIAGEN) and amplified
by PCR. The sequencing was performed on a NextSeq 500 platform.

Data availability. PRESS RNA-Seq data accession code:
GSE130955. Go to https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE130955. Enter token cfmxwywifxgrvot into the box. RNA
sequencing files for cohort 3 are deposited at the European Genome-
phenome Archive database under EGAO00000000316, https://www.
ebi.ac.uk/ega/organisations/EGAO00000000316. RNA microarray
data accession code: GSE139334. Go to https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE139334. Enter token wrmlkwgstfgrvgv into
the box. ChIRP-Seq and ATAC-Seq accession code: PRJEB34589. To
review ENA accession PRJEB34589, go to https://www.ebi.ac.uk/ena/
data/view/PRJEB34589.

Statistics. Median and nonparametric tests were used for assess-
ing statistical significance when the population could not be assumed
to be normally distributed after Shapiro-Wilk and Kolmogorov-Smirn-
ov normality tests. Normally distributed data were presented as mean
and single values and a paired, 2-tailed parametric ¢ test was used.
When more than 2 groups were compared, a 1-way or 2-way ANOVA
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test was performed depending on the number of analyzed variables.
The correlation coefficient between H19X expression and cell type
gene expression signature and TGF- pathway effectors was calculat-
ed using Pearson’s correlation. P values of less than 0.05 were consid-
ered significant; n refers to the number of biological replicates.

Study approval. Approval for the use of human biological sam-
ples was obtained from the local ethics committee of the Canton of
Zurich, Switzerland. All patients and controls signed written informed
consent forms. All mice were bred under specific pathogen—free con-
ditions, and all studies were approved by the local ethics committee of
the veterinary office of the Canton of Zurich.
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