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Histone deacetylase inhibition mitigates
fibrosis-driven disease progression in recessive
dystrophic epidermolysis bullosa
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Recessive dystrophic epidermolysis bullosa (RDEB) is a blistering disease caused by mutations in the gene encoding type VI
collagen (C7). RDEB is associated with fibrosis, which is responsible for severe complications. The phenotypic variability observed in siblings
with RDEB suggests that epigenetic modifications contribute to disease severity. Identifying epigenetic changes may help to uncover molecu-
lar mechanisms underlying RDEB pathogenesis and new therapeutic targets.

To investigate histone acetylation in RDEB skin and to explore histone deacetylase inhibitors (HDACI) as therapeutic molecules
capable of counteracting fibrosis and disease progression in RDEB mice.

Acetylated histone levels were detected in human skin by immunofluorescence and in RDEB fibroblasts by enzyme-linked immu-
nosorbent assay (ELISA). The effects of givinostat and valproic acid (VPA) on RDEB fibroblast fibrotic behaviour were assessed by a collagen—
gel contraction assay, Western blot and immunocytofluorescence for a-smooth muscle actin, and ELISA for released transforming growth
factor (TGF)-p1. RNA sequencing was performed in HDACI- and vehicle-treated RDEB fibroblasts. VPA was systemically administered to
RDEB mice and effects on overt phenotype were monitored. Fibrosis was investigated in the skin using histological and immunofluorescence
analyses. Eye and tongue defects were examined microscopically. Mass spectrometry proteomics was performed on skin protein extracts
from VPA-treated RDEB and control mice.

Histone acetylation decreases in RDEB skin and primary fibroblasts. RDEB fibroblasts treated with HDACi lowered fibrotic traits,
including contractility, TGF-p1 release and proliferation. VPA administration to RDEB mice mitigated severe manifestations affecting the eyes
and paws. These effects were associated with fibrosis inhibition. Proteomic analysis of mouse skin revealed that VPA almost normalized
protein sets involved in protein synthesis and immune response, processes linked to the increased susceptibility to cancer and bacterial infec-
tions seen in people with RDEB.

Dysregulated histone acetylation contributes to RDEB pathogenesis by facilitating the progression of fibrosis. Repurposing of
HDACI could be considered for disease-modifying treatments in RDEB.
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Graphical Abstract
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Lay summary

Recessive dystrophic epidermolysis bullosa (or ‘RDEB’) is a rare skin disease that affects fewer than 5,000 people in the USA. A simi-
lar number of people in Europe are affected. RDEB is caused by mutations in the gene that controls the production of a protein called
‘type VII collagen’ (or ‘C7'). A shortage of C7 causes fragile skin that blisters. In severe forms of RDEB, wounds heal slowly and can
even affect a person’s life expectancy. Differences in the disease are common in people (even identical twins) with RDEB who have
similar levels of C7. This suggests that how severe the disease is could be affected by molecular processes that control other genes.
Understanding these processes may help us to find treatments for RDEB.

This study was done in Italy, in collaboration with centres in Germany and Switzerland. We wanted to see whether a chemical modi-
fication called ‘histone acetylation’ (which influences gene activity) is different in RDEB and whether it can be targeted by a specific
treatment.

We found that histone acetylation is reduced in RDEB skin and in skin cells grown in the lab called ‘fibroblasts’. When we increased
histone acetylation in fibroblasts with two drugs called givinostat and valproic acid, the amount of scar tissue produced decreased. This
is important because scar tissue can lead to severe symptoms. We carried out more experiments to study the effects of givinostat and
valproic acid in mice with RDEB. We found that valproic acid reduces the severity of RDEB by decreasing the disease’s harmful effects
and reducing the amount of scar tissue.

Our findings suggest that abnormal histone acetylation contributes to the scar tissue seen in RDEB. Our study shows that valproic
acid could be useful in treating the scarring seen in RDEB and in reducing the effects of the disease. As this drug is used to treat other
diseases, there could be potential for rapid repurposing of it for RDEB.
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What is already known about this topic?

e Transforming growth factor (TGF)-p-driven fibrosis accounts for the development of severe secondary disease manifestations in

recessive dystrophic epidermolysis bullosa (RDEB).

e Combating fibrosis is a subject of interest for the treatment of RDEB.
e Histone acetylation and epigenetic modulators have been identified as potential therapeutics for fibrosis in other disorders.

What does this study add?

e Histone acetylation levels are decreased in the skin and fibroblasts of people with RDEB.
e These levels can be modulated in fibroblasts by treatment with histone deacetylase inhibitors (HDACI), resulting in a moderation of

fibrotic cell features.

e The HDACI valproic acid counteracts disease progression in an RDEB mouse model.

What is the translational message?

e Qur findings provide evidence that a type of histone modification is altered in RDEB skin and may contribute to the modification of

RDEB disease severity and course.

e Histone acetylation can be targeted by epigenetic modulators, which may be of significant relevance in symptom-relief treatments

for RDEB.

e Valproic acid is approved and widely used for neurological disorders; therefore, it could be rapidly repurposed for the treatment of

RDEB.

Recessive dystrophic epidermolysis bullosa (RDEB) is a skin
and mucous membrane blistering disease caused by bial-
lelic mutations in the COL7A7 gene, which encodes type
VIl collagen (C7)." C7 is the major component of anchoring
fibrils — structures that ensure the firm adhesion of stratified
epithelia to mesenchyme.? Defective C7 causes unremitting
blistering and impairs wound healing.®* These effects, com-
bined with prolonged inflammation, promote fibrosis, which
leads to severe secondary systemic manifestations.?®

Transforming growth factor-1 (TGF-B1) has been impli-
cated in RDEB fibrosis.®’ Loss of C7 results in disruption of
dermal protein homeostasis, which may be associated with
altered TGF-B1 bioavailability.28° TGF-B1 induces the differ-
entiation of progenitor cells into myofibroblasts — contractile
cells that release large amounts of extracellular matrix
(ECM).1® Myofibroblasts contribute to wound contraction
and ECM deposition and then undergo apoptosis."" RDEB
skin is populated with apoptosis-resistant myofibroblasts
that help maintain a fibrotic environment by releasing a high
amount of TGF-p1.7

Gene-, protein- and cell-based therapies aimed at increas-
ing C7 levels have been developed;'?'® however, efficacy
and safety issues, as well as costs, are limitations. A topical
gene therapy using a nonreplicating herpesvirus vector has
recently been approved for wound treatment.'*'® Despite
this clinical achievement, a topical approach is not ideal for
a disease with systemic consequences; moreover, the epi-
somic nature of the vector does not allow for permanent C7
expression. In this scenario, the development of approaches
aimed at counteracting fibrosis and its consequences
might represent a therapeutic option. Two antifibrosis
biomolecules — losartan and decorin — have shown promis-
ing results at a preclinical level,’®"” and have been selected

for human therapy in RDEB (EudraCT: 2015-003670-32;
https://www.debra.org.uk/decorin-gel-to-reduce-scarring).

Reduced histone acetylation due to histone deacetylase
(HDAC) hyperactivity is an epigenetic mark of tissue
fibrosis.’®'9 Eighteen HDACs have been identified: 11 are
zinc-dependent and 7 (known as sirtuins) are nicotina-
mide adenine dinucleotide-dependent enzymes.?° HDACs
remove acetyl groups from histone lysine residues, pro-
moting chromatin compaction and repressing transcrip-
tion. By enhancing chromatin relaxation, HDAC inhibitors
(HDACI) promote the transcription of genes with direct
or indirect antifibrotic effects.?’?? Notably, the phenotypic
concordance is low in families affected by RDEB, sug-
gesting a role of epigenetic changes in modifying disease
manifestations.”?3-25

In this study, histone acetylation levels were analysed in
skin and cultured fibroblasts from people with RDEB and
compared with unaffected controls. The antifibrotic abil-
ity of valproic acid (VPA) and givinostat (ITF2357) — two
HDACIi that act on multiple zinc-dependent HDACs (pan-
HDACI) — was tested in RDEB fibroblasts and in an RDEB
mouse model.?6 Givinostat is a hydroxamate in a phase I
clinical trial for Duchenne muscular dystrophy (https://www.
clinicaltrials.gov/study/NCT02851797) and VPA is a short-
chain fatty acid, widely used to treat neurological disorders.

Materials and methods

Patients

Skin biopsies and primary fibroblasts were obtained
from people with and without RDEB (Tables S1, S2; see
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Supporting Information). Patients with RDEB were diag-
nosed by clinical criteria, immunofluorescence antigen map-
ping and COL7AT mutation screening.

Statistical analysis

The numerical results are presented as mean (SD) unless
otherwise stated. When comparing two experimental
groups, an unpaired two-tailed Student’s t-test was per-
formed after checking the data for normality distribution
using the D'Agostino—Pearson test; otherwise, a nonpara-
metric Mann-Whitney U test was used. For three experi-
mental groups, the ordinary one-way AnovA test of variance
followed by Dunnett’s or Tukey's multiple comparison test
was used. Prism version 8.4.3 (GraphPad, San Diego, CA,
USA) was used for statistical analyses. Additional Materials
and methods may be found in the Supporting Information
on the journal website.

Results

Histone acetylation is reduced in skin and cultured
fibroblasts of people with recessive dystrophic
epidermolysis bullosa

Immunofluorescence for acetylated histone 3 (Ac-H3) was
performed on RDEB (n=11) and non-RDEB (n=5) skin sam-
ples (Figure 1a). Fluorescence intensity was lower in RDEB
skin samples. A reduction in Ac-H3 levels was confirmed
by enzyme-linked immunosorbent assay (ELISA) in pro-
tein extracts of primary fibroblasts taken from people with
(n=10) and without (n=7) RDEB (Figure 1b). Western blot
analysis revealed decreased levels of acetylated tubulin in
RDEB fibroblasts vs. non-RDEB cells (Figure 1c), suggesting
that global acetylation activity is affected in RDEB skin.
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Histone deacetylase inhibition counteracts
the fibrotic phenotype of recessive dystrophic
epidermolysis bullosa fibroblasts

Cultured RDEB fibroblasts resemble myofibroblasts as they
release high levels of TGF-p1, express a-smooth muscle
actin (a-SMA) and strongly contract a collagen gel. To test
whether HDAC activity contributes to the profibrotic behav-
jour of RDEB fibroblasts, these cells were treated with two
pan-HDACI - givinostat (ITF2357) and VPA — after defining
the drug concentration and time of administration in prelim-
inary experiments (Figure S1; see Supporting Information).
RDEB fibroblasts were treated with 250 nmol L' givinostat
or 2 mmol L' VPA for 72 h and then seeded in collagen for
contractility assays (n=>5; Figure 2a). Both HDACi exhibited
an inhibitory effect on gel contraction at 8 h, which became
increasingly more evident up to 48 h. a-SMA expression —
assessed by Western blot on proteins extracted from col-
lagen gels — was significantly reduced in four of the five
RDEB primary fibroblast cultures (Figure 2b), whereas it did
not change in cells from treated patient #13, which showed
very low a-SMA expression in the pretreatment condition
(Figure S2; see Supporting Information). The a-SMA expres-
sion data were confirmed by immunofluorescence on fibro-
blasts treated with HDACi for 72 h (Figure 2c). Released
TGF-p1 was significantly reduced in collagen lattice superna-
tants following treatment with givinostat or VPA (Figure 2d).

The release of inflammatory cytokines/chemokines was
assessed by ELISA in lattice supernatants. Panels containing
interleukin (IL)-1a, IL-1B, IL-6, IL-7, IL-8, IL-17A, interferon-y,
tumour necrosis factor (TNF)-a, vascular endothelial
growth factor (VEGF)-A, CCL2 (monocyte chemoattract-
ant protein-1) and CCL7 (MCP-3) were analysed as most
are involved in RDEB chronic inflammation (Figure 2e).4727
Among the molecules found at detectable levels, IL-6
increased and VEGF-A decreased following givinostat and
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Reduced histone acetylation in recessive dystrophic epidermolysis bullosa (RDEB) skin and primary fibroblasts. (a) Representative
immunofluorescence (IF) staining for acetylated histone 3 (Ac-H3) on cryopreserved skin from a healthy control and a patient with RDEB. Nuclear
staining is weaker in the nuclei of the RDEB sample in the epidermis (E) and within the dermis (D). Scale bars=30 um. (Right) Histogram with values
obtained by analysing fluorescence intensity in skin samples from people with RDEB and healthy donors. (b) Enzyme-linked immunosorbent assay
for Ac-H3 in protein extracts of fibroblasts from people with RDEB and healthy controls. (c) Western blot for acetylated (Ac) tubulin and total tubulin,
used as loading control, on proteins extracted from fibroblasts from healthy donors (CTRL) or from people with RDEB. (Right) Histogram showing
values of Ac-tubulin band intensity vs. total tubulin. *P<0.05; **P<0.01. AU, arbitrary unit; OD, optical density.
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VPA treatment, while [L.-8 and CCL7 were increased only
after VPA administration.

Givinostat and sodium valproate transcriptional
effects on recessive dystrophic epidermolysis
bullosa fibroblasts

To characterize the effects of HDACi treatment on RDEB
fibroblasts at the molecular level, RNA sequencing (RNA-
Seq) analysis was performed on cells treated for 30 h. This
timepoint was chosen based on the recovery of H3 acetyl-
ation levels observed by ELISA after 24 h and 48 h of treat-
ment (Figure S3; see Supporting Information).

Principal component analysis showed a separation
between HDACi-treated samples and vehicle-treated ones,
and that samples from the same patient treated with givi-
nostat or VPA were proximate within the plot, indicating that
the two pan-HDACI had similar effects on the gene expres-
sion profile (Figure 3a). A subset of genes was upregulated
(n=965/1619; 59.6%) or downregulated (n=225/663;
33.9%) by both givinostat and VPA (Figure 3b, c).
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Enrichment analysis based on hallmark gene set col-
lection indicated that mRNA for genes involved in apical
junction and Sonic Hedgehog pathways was upregulated,
while mRNA for genes responsible for cell cycle progres-
sion (G,—M transition, E2F targets, Myc targets) was down-
regulated (Figure 3d). In addition, the expression levels of
genes involved in k-Ras signalling up- and down-regulation
were increased. Analysis carried out on KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways confirmed
some results (enrichment of cell junction and cell adhesion
molecules; Sonic Hedgehog signalling) (Figure S4; see
Supporting Information).

Real-time quantitative polymerase chain reaction (QPCR)
validation of a set of differentially expressed genes was per-
formed on RNA samples obtained after a second round of
treatment, and from the fibroblasts of an additional three
patients (n=8; Figure 4a). The expression levels of genes
related to cell proliferation (PCNA, AURKA, TP53, CDK1 and
CDK3) decreased significantly in givinostat-treated fibro-
blasts compared with vehicle-treated fibroblasts; this was
also true for AURKA, TP53 and CDK3 in VPA-treated cells.
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Givinostat and valproic acid treatment exerts antifibrotic properties on recessive dystrophic epidermolysis bullosa (RDEB) fibroblasts.
(a) Representative image of collagen lattice contraction assays 48 h after gel detachment from the well. Dotted red circles indicate collagen
gel edges. Fibroblasts were treated with vehicle (CTRL), 2560 nmol L givinostat (Giv) or 2 mmol L= VPA for 72 h. The cells were then washed,
detached, counted and seeded into wells with collagen. After collagen polymerization, the gels were detached from the wells to allow contraction
and their area analysed at 8 h, 24 h and 48 h. (Bottom) Histogram with individual values of gel areas at 48 h, expressed as percentage of areas at
gel detachment. (b, top) Western blot for a-smooth muscle actin (SMA) showing reduced intensity of the specific signal in proteins extracted from
collagen gels seeded with RDEB fibroblasts pretreated with histone deacetylase inhibitors (HDACI). Vinculin was analysed as a loading control.
(Bottom) Histogram showing individual values of a-SMA/vinculin band intensity. (c, left) Representative immunofluorescence images for a-SMA
(red staining) in RDEB fibroblasts treated or not (CTRL) with HDACi for 72 h. (c, right) Histogram showing fluorescence staining intensity for
a-SMA in RDEB fibroblasts treated with vehicle (CTRL), 250 nmol L givinostat or 2 mmol L= VPA for 72 h. Nuclei are stained with 4’,6-diamidino-
2-phenylindole (DAPI; blue). Scale bars=20 um. (d) Transforming growth factor (TGF)-B1 levels in the supernatants of collagen gels seeded with
RDEB fibroblasts pretreated with HDACi or not (CTRL). Owing to the high variability of TGF-B1 released under the basal condition, values are
expressed as a percentage of the concentrations obtained in vehicle-treated cells (CTRL), which are considered as 100%. (e) Levels of cytokines/
chemokines released in collagen lattice supernatants. Values are normalized to those of CTRL, expressed as 100%. IL, interleukin; MCP, monocyte
chemoattractant protein; VEGF, vascular endothelial growth factor. *P<0.05; **P<0.01; ***P<0.005.
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Transcriptional effects of pan-histone deacetylase inhibitor (HDACI) administration to recessive dystrophic epidermolysis bullosa (RDEB)
fibroblasts. (a) Principal component (PC) analysis plot showing the similarity of samples analysed, after data processing and normalization. HDACi-
treated samples tend to cluster away from vehicle-treated controls (CTRL). (b) Heatmap with normalized expression of transcripts that were similarly
regulated in RDEB fibroblasts after 30 h of givinostat (Giv) or valproic acid (VPA) treatment (red =upregulated; green=downregulated). (c) Total
number of genes regulated after HDACi treatment in RDEB fibroblasts. The number and percentage of genes commonly upregulated (‘up’; red) or
downregulated (‘"down’; blue) after treatment with givinostat and VPA are shown in the intersections. (d) Gene set enrichment analysis based on the
hallmark gene set collection in both VPA- and givinostat-treated cells (red=positively enriched; blue =negatively enriched). The highest-ranked gene
sets are shown according to the adjusted P-value (-log10). NES, normalized enrichment score.

Therefore, cell proliferation was analysed in RDEB fibroblasts
treated with 250 nmol L' givinostat or 2 mmol L' VPA for
24 h, 48 h and 72 h (Figure 4b). At 72 h, the percentage of
proliferating cells treated with givinostat or VPA was signif-
icantly lower than in vehicle-treated cells.

As for adhesion molecules, genes encoding the a3
and B3 subunits of laminin 332 (LAMA3 and LAMB3) and
integrin-a6 (/TGA6), and for two desmosome compo-
nents, desmoglein-2 (DSG2) and plakoglobin (JUP), were
evaluated. All were expressed at higher levels in HDACI-
treated cells vs. untreated ones; significant differences
were found for LAMA3, ITGA6 and DSGZ2 (Figure 4a).
Genes with crucial activities in Sonic Hedgehog signalling
(PTCH, DSH and GLI7) showed undetectable expression
levels in both basal conditions and after HDACI treatment
(data not shown).

Among the genes that did not emerge from enrichment
analysis, SMAD3 and TGFBZ2, which have a role in TGF-p
signalling, and COL5AT and NFKBI, which mediate fibrotic

processes, were differentially expressed by RNA-Seq, but
only COL5AT was confirmed by real-time qPCR as being
significantly decreased (Figure 4a). Downregulation of
DNMT1, which encodes DNA methyltransferase 1 (DNMTT;
responsible for the maintenance of DNA methylation), was
confirmed in cells treated with both HDACi (Figure 4a).
Moreover, the Wnt inhibitors NKD7 and DKK7 were signif-
icantly upregulated (Figure 4c). Analysis of canonical Wnt
signalling activation, investigated by detecting p-catenin
nuclear localization, showed a tendency of nuclear localiza-
tion to be lost in RDEB fibroblasts following HDACi admin-
istration for 72 h (Figure 4d).

Valproic acid counteracts the development of
secondary disease manifestations in recessive
dystrophic epidermolysis bullosa mice

To evaluate the therapeutic potential of HDACi treatment
in RDEB, givinostat and VPA were administered to mice
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Validation of RNA sequencing (RNA-Seq) data. (a) Real-time quantitative polymerase chain reaction (qPCR) analysis to validate differentially
expressed genes identified by RNA-Seq on mRNA from recessive dystrophic epidermolysis bullosa (RDEB) fibroblasts (n=8) treated with
vehicle, givinostat (Giv) 250 nmol L' or valproic acid (VPA) 2 mmol L' for 30 h. Values are normalized to those of vehicle-treated cells (dotted bar).
(b) Proliferation analysis of RDEB fibroblasts treated with histone deacetylase inhibitors (HDACI) for 24 h, 48 h or 72 h, expressed as percentage of
proliferating cells. (c) Real time gPCR analysis of the Wnt inhibitors NKD7 and DKK7 on mRNA from RDEB fibroblasts (n=8) treated for 30 h with
vehicle, givinostat 250 nmol L' or VPA 2 mmol L. Values are normalized to those of vehicle-treated cells (dotted bar). (d) Immunofluorescence for
B-catenin on fibroblasts from people with RDEB (R) treated with vehicle (CTRL), givinostat 250 nmol L-" or VPA 2 mmol L' for 72 h. Loss of nuclear
staining was detected after HDACi treatment, although not uniformly in all patients. Images on the right were obtained by merging p-catenin staining
with nuclear staining [4/,6-diamidino-2-phenylindole (DAPI)]. *P<0.05; **P<0.01; ***P<0.005.

expressing residual levels of C7 (Col7a1fNeo/fiNeo mice), a pre-
clinical model of RDEB (henceforth referred to as 'RDEB
mice’).26:28 Immunofluorescence staining for Ac-H3 was
significantly reduced in the skin of 14-week-old RDEB
mice compared with wild-type (WT) mice (Figure Sba; see
Supporting Information).” Western blot analysis of skin pro-
tein extracts confirmed this reduction (Figure S5b).

HDACi were administered to the animals’ food, starting
at the weaning stage, for 13 weeks (Figure Sbc). Water and
dimethyl sulfoxide (DMSO) were used as control treatments
for VPA and givinostat, respectively. WT littermates were
included as a reference group.

A dosage of 30 mg kg™ daily was chosen for givinostat
because it is close to the maximum dose given systemically
to mice over a long period.?? No clear phenotypic difference
was observed between the treated mice and RDEB con-
trols at the endpoint (data not shown). Accordingly, Ac-H3
levels were not found to be increased in the skin of givi-
nostat-treated mice vs. RDEB controls by Western blot
(Figure S5d). This finding suggests that delivery of givinostat
to the skin was ineffective. The effect of givinostat admin-
istration was not further analysed.

With regard to VPA, a dosage of 1.5 g kg~' daily was
tested.*? VPA- and vehicle-treated RDEB mice were com-
parable in mean weight and forepaw condition at the start

of treatment (Table S3; see Supporting Information). Sixteen
RDEB mice in each experimental group were treated; of
these, nine were euthanized before the endpoint (vehicle
group, n=5; VPA group, n=4), owing to considerable weight
loss and/or poor health condition.

At the endpoint, VPA levels were monitored in the blood
4 h or 24 h after drug administration (Figure S5e); mean
levels were 75 (43) ug mL™" at 4 h (in humans, effective and
nontoxic levels are between 50 and 100 ug mL™"). Histone
acetylation levels in the skin, assessed by Western blot and
immunohistochemistry, were significantly increased in VPA-
treated samples compared with vehicle-treated samples
(Figure Sbf).

Mice treated with VPA showed improved general condition
at the study endpoint (Figure 5a). A gravity score was given,
considering three parameters: alopecia extension, corneal
opacity and mitten deformities (Table S4; see Supporting
Information). All scores were lower in VPA-treated mice than
in those treated with vehicle (Figure 5b, c).

Digit contraction and digit loss were evaluated at 0, 4, 7,
10 and 13 weeks of treatment. No significant differences
were found in digit length (data not shown). Mean digit loss
was reduced in VPA-treated mice starting from 7 weeks and
was significantly lower compared with control RDEB mice at
13 weeks [2.3 (1.9) vs. 3.8 (1.9); P<0.05] (Figure 5d).
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Figure 5 Improved overt phenotype of recessive dystrophic epidermolysis bullosa (RDEB) mice treated with valproic acid (VPA). (a) Representative
images of RDEB mice treated with vehicle (CTRL) or VPA. Control RDEB mice showed a worse overall overt phenotype with wider areas of alopecia,
increased presence of eye abnormalities (corneal opacity, arrow) and increased development of mitten deformities in the forepaws (asterisks).

(b) Gravity score for three parameters: presence and extent of alopecia; corneal opacity; and development of mitten deformities. Score values

[from 1 (best condition) to 3 (worst condition)] for each parameter are provided in Table S4. The scores were higher for the three parameters and
significantly different for alopecia and corneal opacity in vehicle-treated mice compared with VPA-treated mice. Statistical analysis was performed
using a two-tailed Student'’s t-test after testing for normality of sample distribution using the D’Agostino—Pearson test. (c) Global severity score
(overt phenotype) with the sum of the values for the three parameters evaluated. (d) Digit loss, expressed as mean number of digits lost, in vehicle-
treated (CTRL) and VPA-treated RDEB mice. The number of digits lost was progressively higher in vehicle-treated mice vs. VPA-treated mice and
was significantly different after 13 weeks of treatment. *P<0.05; **P<0.01; ***P<0.005.

Valproic acid counteracts skin fibrosis in recessive
dystrophic epidermolysis bullosa mice

The effect of VPA administration was analysed in dorsal skin;
this area is much less exposed to mechanical stress than the
forepaws, so fibrosis might be expected to result mainly
from microenvironmental changes elicited by inadequate C7
rather than from repeated blistering. Strongly reduced hypo-
dermal fat tissue — a trait of fibrotic skin®'-2 — was found in
samples of vehicle-treated mice, while fat tissue thickness
was similar in VPA-treated and WT skin (Figure 6a). Dermal
thickness was comparable among the three experimental
groups.

The analysis of picrosirius red-stained skin sections
showed a decrease in the ratio of large or parallel red/orange
collagen bundles to thin or random green bundles in VPA-
treated mice (Figure 6b). These data indicate that collagen
bundle organization is relaxed following VPA treatment.
Masson'’s trichrome staining, which highlights the amount
of collagen fibres, was similar between vehicle-treated and
VPA-treated mice (not shown).

ELISA of proteins extracted from full-thickness dorsal skin
samples showed decreased levels of TGF-B1 in VPA-treated

mice (Figure 6¢). Immunofluorescence for two markers of
fibrosis — the glycoprotein tenascin C (expressed during
wound healing and in pathological conditions)** and a-SMA —
showed decreased levels in the dermis of VPA-treated mice
vs. those treated with vehicle (Figure 6d, e). ELISA of protein
skin extracts did not reveal a significant difference in the
levels of the inflammatory cytokines IL.-6 and TNF-a among
the experimental groups (Figure 6f).

Having found that cell proliferation was decreased follow-
ing VPA treatment in vitro, skin sections from RDEB mice
were analysed by immunohistochemistry for the prolifer-
ation marker Ki67. A similar mean percentage of stained
nuclei was found in interfollicular basal keratinocytes [WT
9.1% (3.6); RDEB control 8.8% (4.1); RDEB treated with VPA
8.6 (3.3)], while rare isolated positive cells were found within
the dermis of mice from the three experimental groups (data
not shown).

To investigate whether systemic defects were coun-
teracted by VPA treatment, histological sections from the
tongues and eyes of mice were analysed. For tongue tis-
sue, the presence of epithelial filiform papillag, epithelial
hyperplasia and large blisters was evaluated (Figure S6a,
b; see Supporting Information).*536 In RDEB control mice,
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Valproic acid (VPA) treatment counteracts fibrosis progression in the skin of recessive dystrophic epidermolysis bullosa (RDEB) mice.
(a) Representative images of haematoxylin and eosin-stained dorsal skin showing a strong reduction in fat tissue (red bars) in vehicle-treated
RDEB mice. VPA-treated mice showed adipose tissue similar to wild-type (WT) mice (right). Analysis of dermal thickness showed similar values
in the three experimental groups. Scale bars=100 um. Data are expressed as mean (SEM). (b) Picrosirius red staining of dorsal skin specimens
analysed under a polarized filter. Parallel or large fibrillar collagen bundles are stained in red/orange. Stronger red/orange staining is seen in
the skin of vehicle-treated RDEB mice (CTRL) vs. both WT mice and VPA-treated RDEB mice. The histogram (right) shows the differences in
the three experimental groups, with values expressed as red/green ratio (green stains random or thin collagen bundles). Scale bars=100 um.
(c) Enzyme-linked immunosorbent assay (ELISA) for transforming growth factor (TGF)-p1 in proteins extracted form dorsal skin, expressed as pg mL™".
(d) Immunofluorescence for the fibrosis-associated protein tenascin C in the skin. The histogram with individual values (right) shows that the signal
was significantly increased in the skin of vehicle-treated RDEB mice (CTRL) compared with both WT mice and VPA-treated RDEB mice. Scale
bars=50 um. (e) Immunofluorescence for a-smooth muscle actin (SMA) on the dorsal skin of WT, vehicle-treated and VPA-treated mice, and
histogram with individual values (right). a-SMA also stains pericytes surrounding arterioles and is therefore normally detected in the dermis; staining
of individual cells was increased in the dermis of vehicle-treated RDEB mice (arrowheads), while fluorescence intensity was similar in WT mice and
VPA-treated mice. Scale bars=50 um. (f) ELISA for interleukin (IL)-6 and tumour necrosis factor (TNF)-a in skin protein extracts. AU, arbitrary units.

*P<0.05; **P<0.01; ***P<0.005.

extensive blisters, diffused epithelial hyperplasia and loss of
filiform papillae were found. The same defects were pres-
ent in a lower percentage of VPA-treated mice. With regard
to eyes, corneal tissue was analysed by evaluating epithe-
lial hyperplasia, blisters and ulcerations (Figure S6d, e).?®
Epithelial hyperplasia and ulcerations were more frequently
found in vehicle-treated RDEB mice than in those treated
with VPA. Immunofluorescence for TGF-p revealed reduced
staining intensity in the tongue and eye tissue of VPA-
treated mice vs. those treated with vehicle (Figure Séc, f;
see Supporting Information).

Valproic acid administration normalizes
expression of genes involved in protein synthesis
and immune function in the skin of recessive
dystrophic epidermolysis bullosa mice

To delineate the molecular effects of VPA underlying
the attenuation of skin fibrosis in RDEB mice, mass

spectrometry-based proteomic analysis was performed
on proteins extracted from dorsal skin (n=3). Hierarchical
clustering of protein abundance revealed changes that
were grouped into five clusters (Figure S7a; see Supporting
Information). Clusters 1 and 3 included those for which
protein levels differed between VPA- and vehicle-treated
RDEB mice, whereas they were similar between VPA-
treated and WT mice (Figure S7b, d). Pathway enrichment
analyses indicated that downregulated proteins in cluster 1
were associated with ribosomal proteins/translation, while
upregulated proteins in cluster 3 were associated with
immune response and endosome/endocytosis/lysosomes.
For clusters 4 (glycolysis) and 5 (endoplasmic reticulum,
protein transport, protease inhibitor activity), VPA-treated
skin showed decreased expression levels vs. both WT and
vehicle-treated RDEB mice. In contrast to glycolysis, lipid
metabolism and mitochondrial activity were increased in
RDEB mice vs. WT mice and were not affected following
VPA treatment (cluster 2).
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Discussion

RDEB can be highly disabling — the most severe forms can
result in early mortality. There is no curative treatment.
Marked phenotypic variability has been described in siblings
with RDEB, including in monozygotic twins,”?4?% suggest-
ing that epigenetic modifiers may be involved in disease
progression. In this study, we found that reduced histone
protein acetylation is present in RDEB skin and cultured
fibroblasts.

Histone deacetylation has been linked to tissue fibrosis in
different pathologies, where the inhibition of HDACs proved
effective in reverting fibrosis.®” Pan-HDACi administration
was also found to counteract fibrosis in both in vitro and
in vivo skin models of hypertrophic scarring, keloids and
systemic scleroderma.s8-41

We tested the effect of HDACi administration on RDEB
fibroblasts that manifested profibrotic behaviour.6” Two
pan-HDACI — givinostat and VPA — were able to counteract
RDEB fibroblast contractility, reducing a-SMA expression
and TGF-B1 release. The effect of HDACi was then tested
in RDEB mice.?® Following long-term systemic treatment
with VPA, RDEB mice manifested a better disease pheno-
type than those treated with vehicle. Accordingly, skin fibro-
sis was counteracted. These effects were associated with
decreased TGF-f levels. These data indicate that histone
deacetylation sustains TGF-B-dependent progressive fibro-
sis in RDEB and that the systemic administration of pan-
HDACIi counteracts the development of disabling disease
complications.

Transcriptomic analysis in RDEB fibroblasts and proteomic
analysis in VPA-treated mouse skin revealed partly overlap-
ping aspects of HDACi activity. With regard to transcriptom-
ics, the main effect of HDACi administration was a reduction
in the expression of genes involved in cell proliferation.
Consistent with these findings, a decrease in RDEB fibro-
blast proliferation was observed following HDACi adminis-
tration. This reduction in cell proliferation is a known effect
exerted by VPA;*2 however, when the skin of VPA-treated
mice was analysed for Ki67 expression by immunohisto-
chemistry no difference in positive cells was found in the
three experimental groups, both in basal keratinocytes and
in the dermis, where only occasional stained nuclei were
detected. This finding is not surprising if one considers
that — as opposed to cultured fibroblasts — unwounded skin
is in a quiescent status and RDEB mice do not spontane-
ously develop epidermal tumours.?®

Two inhibitors of Wnt — an activator of fibrosis'™ — were
upregulated at the mRNA level after HDACi treatment. This
finding correlates with a reduction in nuclear B-catenin. An
increase in the Wnt inhibitor secreted frizzled-related protein
1 (SFRP1) was reported in keloid fibroblasts treated with
the pan-HDACI trichostatin,*® suggesting that pan-HDACI
may exert antifibrotic activity by inhibiting this pathway.
With regard to RDEB, Wntba ligand expression is increased
in RDEB dermal matrix and cultured fibroblasts following
COL7AT knockdown.** TGF-B was shown to repress the
expression of the Wnt inhibitors Dickkopf-related protein
1 (DKK1) and SFRP1 by inducing DNA methyltransferase
expression which, in turn, promotes gene promoter hyper-
methylation.*® As we found a decrease in DNMTT levels
following HDACI administration, it can be hypothesized that

the interplay of TGF-p, DNMT1 and Wnt sustains the profi-
brotic activity of RDEB fibroblasts, while HDACi administra-
tion counteracts it.

Proteomic analysis of mouse skin revealed interesting
aspects of VPA activity that deserved further evaluation.
The reduction in ribosome proteins — also observed by
RNA-Seq in VPA-treated RDEB fibroblasts — highlights a
decrease in protein synthesis following VPA treatment. In
this regard, the pathway of ribosome biogenesis was found
to be among the most upregulated in human postradiother-
apy fibrotic skin.*6 Moreover, enhanced protein synthesis is
a feature of activated protumorigenic cells.*” VPA is being
tested in cancer treatment at the clinical level, as a co-ad-
juvant in chemotherapy.*849 Decreasing cell activation may
have a role not only in counteracting the development of
a fibrotic environment, but also in halting a protumorigenic
cell behaviour.

HDAC activity is modulated during skin repair and class |
and Il HDACi administration accelerates healing in acute and
delayed wound models by improving the activity of different
cell populations at the wound site.>° Skin repair is delayed
in RDEB mice;® therefore, it may be hypothesized that VPA
treatment also improves the healing of skin and mucosal
lesions. However, it was shown that molecular responses to
skin injury promote a kind of epigenetic memory in epithe-
lial stem cells, even in those distant from the site of injury,
making them ready to respond efficiently to subsequent
wounds.®' These changes may also promote tumorigenesis.
Inhibiting wound-induced epigenetic changes may protect
skin from local and distant cell overactivation and tumori-
genesis.

Proteins involved in immune response [major histocom-
patibility complex (MHC) protein complex], endosomes,
endocytosis and lysosomes clustered and were upregu-
lated in VPA-treated vs. vehicle-treated RDEB mice. Like
people with RDEB, mice with RDEB manifest increased
bacterial skin colonization in lesional and nonlesional skin.5?
This defect is caused by the loss of C7 from secondary
lymphoid organs, resulting in an inability to sustain a proper
innate immune response against bacterial challenges.®? It
has long been known that endosomal/lysosomal proteolysis
generates peptides that bind MHC molecules in antigen pro-
cessing and presentation, a process of fundamental impor-
tance to immunity to pathogens.?3 These proteomic findings
point to a potential effect of VPA in reinforcing an impaired
immune response in RDEB.

Proteomic analysis of mouse skin also indicated that VPA
administration correlated with decreased expression levels
of proteins involved in glycolysis. Glycolytic metabolism has
been associated with fibroblast activation in other fibrotic
skin disorders, such as systemic sclerosis and keloids, %456
and the use of compounds inhibiting glycolysis has been
suggested for the treatment of skin fibrosis.®* Moreover,
these data are in line with the ability of VPA to counter-
act the progression of TGF-B-induced fibrosis, as TGF-p
enhances glycolysis and lactic acid production, which —in
turn — promotes myofibroblast differentiation.®’

Major ECM components, primarily fibrillar collagens, were
not changed significantly in the skin of VPA-treated mice,
as assessed with proteomics, Masson’s trichrome stain-
ing and dermal thickness analysis. These findings support
the concept that abnormal matrix organization, rather than
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increased levels of matrix protein, is associated with skin
fibrosis in RDEB.?’

Inflammation is considered central for the onset and progres-
sion of fibrosis. Release of a subset of cytokines/chemokines
was increased in HDACi-treated RDEB fibroblasts. The in vivo
analysis revealed that IL.-6 and TNF-a did not decrease in the
skin of VPA-treated vs. vehicle-treated skin. These findings
are reminiscent of data obtained on decorin administration
to RDEB mice where antifibrotic effects were not associ-
ated with reduced inflammation.”” It has been shown that
C7 deficiency changes the proteome, which may alter TGF-p
bioavailability in the absence of increased skin inflammation;?
thus, the onset and progression of fibrosis are likely to depend
closely on increased TGF-p rather than on inflammation in an
RDEB pathological context.

To conclude, we have shown that histone acetylation is
altered in the progressive fibrosis paradigmatic skin disorder
RDEB. We also found that the pan-HDACi VPA - by rescu-
ing histone acetylation levels — mitigates fibrosis-mediated
disease complications in an RDEB model. Systemic admin-
istration of HDACi may therefore be considered for counter-
acting fibrosis in symptomatic treatments for RDEB.
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