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Abstract

The objective was to explore changes in gene expression in Wnt pathway genes in skin samples of black South Africans with
diffuse cutaneous systemic sclerosis (dcSSc). Affected (forearm) and unaffected (upper back) skin samples of eight Black South
Africans with active early dcSSc were compared to skin samples from seven ethnically matched control subjects. The Wnt
Pathway Plus RT? Profiler qPCR Array was used to determine gene expression and analyzed for differential expression between
cases and controls. Selective validation was done using single-gene TagMan assays. Several genes were similarly upregulated in
both affected and unaffected skin of the dcSSc patients compared to controls. These included the Wnt ligands WN77A and
WNT10A, the frizzled receptors FZD8 and FZD9, intracellular signaling proteins AXI/N/ and AXIN2, and the pathway target
genes FGF4 and MMP?7. Principal component analysis revealed patients clustering into two groups, which co-segregated with
clinical features of interstitial lung disease and/or inflammatory myopathy, or the absence of an inflammation phenotype. These
two groups showed paradoxical gene expression of the genes 7CF7, SOX17, and FRZB in affected and unaffected skin. This
study provides further evidence of dysregulation of gene expression at various levels of the Wnt signaling pathway in dcSSc.
Moreover, principal component analysis showed two distinct patient clusters of gene expression, which co-segregated with the
presence or absence of clinical inflammatory features, and may reflect different pathological pathways in deSSc.
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The fibroblast and its activated phenotype, the myofibroblast,
play a pivotal role in the overproduction of extracellular matrix
(ECM) and fibrosis. Fibrosis results from increased synthesis of
collagen and other ECM proteins, coupled with reduced degra-
dation of the ECM in systemic sclerosis (SSc) [1]. Much of the
present evidence points to the transforming growth factor-beta
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(TGF-)-SMAD signaling pathway playing a central role in
myofibroblast activity and fibrosis in SSc.

The Wnt signaling pathway, one of the morphogen path-
ways, is primarily involved in embryogenesis. It is also known
to modulate fibroblast function directly and indirectly via
crosstalk between the canonical Wnt/{3-catenin and TGF-f3
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signaling pathways [2]. Dysregulation of the canonical Wnt
pathway has been observed in various fibrotic disorders, in-
cluding SSc [3].

Dysregulation of the canonical Wnt pathway has been ob-
served in both animal models and human studies in SSc. In the
tsk mouse model of SSc, perturbations in Wnt/{3-catenin sig-
naling have been shown to aggravate markers of injury and
fibrosis in a variety of different tissues [4]. Increased Wntl0b
expression has been observed in mice with bleomycin-
induced fibrosis [5]. Variable dysregulation of the canonical
Wnt pathway has been observed in human skin samples of
SSc, such as dysregulation of WIF'/ in a study of 9 patients [6].
In a further study using microarray technology, of the 1800
differentially expressed genes, 4 were of the Wnt pathway
including WIF1, FRZB, FZD7, and SFRP4 [7]. Moreover,
TGF-3 was found to stimulate the canonical Wnt pathway
by decreasing expression of the Wnt antagonist DKK1 [8].

To better understand the Wnt signaling changes in diffuse
cutaneous SSc (dcSSc), and in the absence of studies in black
Africans in whom dcSSc is the predominant subset, we exam-
ined differential gene expression of 84 genes in the Wnt signaling
pathway in black South Africans with dcSSc. The study was
approved by the Human Research Ethics Committee (Medical),
Faculty of Health Sciences, University of the Witwatersrand, and
all participants consented in accordance with the Declaration of
Helsinki guidelines.

Materials and methods

Nine black South African patients who fulfilled the 1980 ACR
SSc classification criteria [9], had dcSSc as defined by LeRoy
and Medsger [10], and < 5-year disease duration were recruited
for the study. Each patient underwent two 4-mm punch biopsies
from (1) clinically affected skin (henceforth referred to as
“affected skin”), 4 cm proximal to the ulna styloid on the dorsum
of the left forearm, and (2) clinically unaffected skin (henceforth
referred to as “unaffected skin”) from the upper back. Control
skin samples were obtained from seven otherwise healthy indi-
viduals undergoing plastic surgery, three from the breast and four
from the forearm regions. All skin samples were stored in
RNAlater (Qiagen) then transferred into Qiazol (Qiagen) before
RNA was purified using the RNeasy miRNA kit (Qiagen). RNA
quality was assessed using the Bioanalyzer (Agilent
Technologies). Samples were labeled as “P” for affected skin
and “B” for unaffected skin samples from patients and “C” for
control skin samples.

Reverse transcription and Wnt qPCR Array
RT? PreAMP ¢cDNA Synthesis Kit and RT? PreAMP Pathway

primer mix specific for the Wnt pathway (Qiagen) were used
to amplify cDNA after which samples were added to a Human
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Fig. 1 Principal component analysis plots and heatmap showing P>
significantly differentially expressed Wnt pathway genes in SSc patients
compared to controls. a This plot clearly shows the two sub-groups of
SSc patient samples clustering separately from each other and from the
control samples. b Affected SSc skin (forearm) samples (P1-P9) and the
controls, with two clear clusters forming for the patients. The P1 sample
clusters with the control samples. ¢ Unaffected SSc skin (back) samples
(1B-9B) and the controls, once again with two distinct clusters forming
for the patient samples. The B1 sample does not cluster with either patient
cluster or the control cluster. As the two samples from patient 1 do not
cluster in the two patient clusters, data from this patient were excluded
from further analyses. d The colored bars represent the gene clusters
observed where the significantly downregulated genes in SSc patients
(affected and unaffected skin) compared to controls are in the green
cluster. Genes that are significantly upregulated in SSc patients
(affected and unaffected skin) compared to controls are in the red
cluster. Heterogeneous upregulation of genes in SSc skin is observed in
the blue gene cluster. The orange and purple gene clusters are those genes
differentially expressed in a pattern that suggests these genes could be the
cause of differentiating the patient into the distinct clusters as observed in
the PCA plots

Whnt Signaling Pathway RT? Profiler gPCR Array (Qiagen)
and run on the ABI 7900HT Real-Time PCR machine
(Applied Biosystems).

Validation

Reverse transcription was done using the High Capacity RNA-
to-cDNA kit (Thermo-Fisher Scientific). Pre-designed TagMan
gene expression assays were obtained from Thermo-Fisher
Scientific. Samples were run in triplicate for each assay on the
ABI 7900HT Real-Time PCR machine. Genes were selected
based on the magnitude of differential expression (fold change)
from the qPCR array results, statistical significance (p value), and
their purported role in the Wnt signaling pathway.

Data analysis

Wnt qPCR array data were analyzed using the R/Bioconductor
package HTqPCR. Gene expression was normalized to the ex-
pression of two housekeeping genes (ACTB and HPRT1I); there-
after, differential expression calculated using the 2 AAC method
was considered significant with a fold change > 2 and an adjusted
p value <0.05 (Benjamini-Hochberg rule). TagMan assay raw
data were analyzed using relative quantification software on the
ABI 7900HT Real-Time PCR machine, followed by differential
expression analysis using the R/Bioconductor software packages,
ReadqPCR and NormgPCR.

Results

On the basis of the findings on principal component analysis
(PCA), patient 1 was excluded because the affected skin (P1)
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was positioned within the control samples (C) and the unaffected
skin sample (1B) did not cluster with any group (Fig.1a). The
remaining eight patients included in the comparative analysis
were mainly female (n =7), with a mean (SD) disease duration
of 31.5 months (15.6), modified Rodnan skin score of 18.3
(11.7), and active disease as defined by the Valentini disease
activity score [11] of 4.2 (1.7). Other clinical features of note
were interstitial lung disease (ILD) in four patients and inflam-
matory myopathy (IM) in three cases. All had been treated with
immunosuppressive agents. Six patients had been treated for
either ILD or severe skin disease with a combination of low-
dose oral prednisone (10 mg/day) and intravenous cyclophos-
phamide for 6 months, followed by either azathioprine in four
cases or mycophenolate mofetil in two cases. Two patients had
been treated with oral methotrexate. Details of patient demo-
graphic data can be found in Supplementary Table 1.

Further PCA analysis showed from the eight patients, clus-
tering of gene expression into two distinct groups, each con-
taining both affected and unaffected skin samples (Fig. 1a).
Affected skin samples P2, P4, P6, and P8 (group 1) clustered
separately from the second cluster P3, P5, P7, and P9 (group
2) (Fig. 1b) and the unaffected skin samples for the same
patients formed two clusters (Fig. 1c).

Closer examination of the heatmap (Fig.1d) showed several
groups of genes with different overall expression patterns, color-
coded according to the observed differential expression. Fifteen
genes were significantly upregulated in both affected and unaf-
fected skin in dcSSc samples compared to controls (red cluster)
(Supplementary Table 2). These included genes of Wnt signaling
molecules WNT7A and WNT7B; frizzled receptors FZD6, FZDS,
and FZD9; and Wnt pathway antagonists AXINI/ and AXINZ.
The genes that showed the largest magnitude of increased ex-
pression were FGF4 and PITX2. Conversely, WNT5B, a known
initiator of the non-canonical Wnt pathway, and CCNDI,
CCND2, and MMP?7, all of which are downstream target genes
of the activated Wnt signaling pathway, were downregulated
(green cluster) in both affected and unaffected skin
(Supplementary Table 2). The genes that were validated using
the TagMan assay were WNT7A, WNT5B, FZD2, AXINI, and
LEFI. In all cases, the direction of the differential expression was
consistent with the original gPCR array findings, although the

magnitude (fold change) was lower with the TagMan assay
(Table 1).

The pattern of gene expression observed in the orange and
purple gene clusters (Fig. 1d) show distinct differences for affect-
ed and unaffected skin samples according to patient groups 1 and
2. There was paradoxical dysregulation of the genes TCF7,
SOX17, and FRZB for the two patient clusters, groups 1 and 2.
Of interest is that the gene expression clustering in patient group
1 co-segregated with patients who had either inflammatory fea-
tures of interstitial lung disease (ILD) and/or inflammatory my-
opathy (IM), or the absence thereof (group 2).

Within the control group, there was variable gene expression,
including MYC, WIFI, EP300, and VANGL2. These differences
appear to be related to the site of the skin sample, the forearm
(samples 1, 2, 6, and 7) and breast (samples 3, 5, and 8) (Fig. 1d).

Discussion

The present study in black South Africans with early active
dcSSc provides further evidence of dysregulation of the ca-
nonical Wnt pathway in SSc. For 18 of the 84 genes, there was
no significant difference in gene expression between affected
and unaffected skin, as previously reported [6].

Of the Wnt ligands that were upregulated, WNT7A and
WNT10A were upregulated by 8- and 6-fold, respectively in both
affected and unaffected skin. Activation of WNT7A and WNT7B
has previously been shown to be profibrotic by increasing the
expression of COL! and therefore increasing collagen synthesis
in multipotent mural mesenchymal progenitor cells [12].
WNTI10A is an inducer of both the canonical and the non-
canonical Wnt pathway. Although WNT10A has not been previ-
ously found to be upregulated in skin biopsy specimens of SSc
patients, it has been reported to have a profibrotic role in the
development of idiopathic pulmonary fibrosis [13].

Several of the frizzled receptor genes were upregulated in
both affected and unaffected skin, most notably FZD9 and
FZD8. Frizzled receptor activation is known to block (3-
catenin degradation, the latter playing a critical role in target
gene transcription via TCF/LEF1 binding in the nucleus.
FZD§8 expression was shown to be induced in the

Table 1 Differential expression
values for the five genes chosen

Affected skin vs controls

Unaffected skin vs controls

for validation, observed in both

the gPCR array experiment and Gene Relative fold change
the TagMan validation (qPCR array)
experiments AXINI 4.24

LEFI 6.09

FZD2 6.00

WNT7A  8.09

WNT5B  —9.59

Relative fold change  Relative fold change Relative fold change
(TagMan) (qPCR array) (TagMan)

3.63 4.67 1.90

2.80 5.67 1.19

1.11 6.21 2.64

1.51 8.30 2.59

—1.55 -9.97 —-3.10
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bleomycin-induced fibrosis mouse model, and, conversely,
lung fibrosis was reduced in FZD§8-deficient mice [14].
Moreover, several of the frizzled genes have been found to
be upregulated in experimental renal fibrosis following ob-
structive injury [15]. Together, these findings indicate that
upregulation of frizzled receptor genes play a profibrotic role.

AXINI and AXIN2 are intracellular negative regulators of
Whnt signaling. They function by binding to GSK3[3 and f3-
catenin, promoting the degradation of (3-catenin [16]. In the
present study, although AXINI and AXIN2 were upregulated
in both affected and unaffected skin, their gene expression was
numerically higher in unaffected skin suggesting that the up-
regulation of these AXIN genes is a possible compensatory
phenomenon in an attempt to reduce fibrosis.

Several of the downstream target genes showed altered
gene expression. Fibroblast growth factor 4 (FGF4) displayed
the highest magnitude of differential expression, 20-fold
higher in affected and unaffected skin compared to controls.
The fibroblast growth factors are a family of peptides with
pleotropic vascular and connective tissue effects. They play
an important role in early embryonic development with re-
spect to cell differentiation, morphogenesis, and proliferation
but also contribute to wound healing. FGF2 has been ob-
served to be upregulated in Asian patients with both decSSc
and limited cutaneous SSc [17].

The downregulation of MMP7 by 3-fold in the present
study is intriguing since most other studies have shown up-
regulation. In a bleomycin-induced fibrosis model, they con-
firmed increased MMP?7 protein expression by epithelial cells
and also noted that MMP7 '~ knockouts were protected from
bleomycin-induced fibrosis [18].

The clustering of genes that co-segregate with the presence of
clinical inflammatory features of ILD/IM or the absence thereof
is akin to the previously proposed molecular phenotypes of
“diffuse-proliferative” and “inflammatory” gene expression pat-
terns [19]. In the present study, there was paradoxical dysregula-
tion of TCF7, SOX17, and FRZB, wherein one cluster (patient
group 1) of these genes is upregulated in affected skin and down-
regulated in unaffected skin and vice versa for the other cluster
(patient group 2). The genes that show these paradoxical expres-
sions have not been previously implicated in fibrosis. In our
study, there was both increased and decreased expression of
TCF7, this gene, when coupled to LEF1, plays an important role
as a nuclear transcription factor in the Wnt/3-catenin response.
Similarly, SOX17 was downregulated in affected skin samples
for patients 2, 4, 6, and 8. SOX17 acts as a transcription regulator
that binds target promoter DNA and promotes degradation of
activated CTNNBI thereby inhibiting the Wnt signaling path-
way [20]. It would be interesting to investigate if the gene signa-
tures observed in this study could be used as biomarkers of
response to immunosuppressive therapy. This has been shown
with a different set of genes in a prospective study in which the
immunosuppressant mycophenolate mofetil was used.

Some of the limitations of the study were that we were
unable to do immunohistochemistry to localize and correlate
gene and protein expression to specific cells. We used whole
skin punch biopsy samples that contain various cell types
including fibroblasts, epithelial cells, keratinocytes, and lym-
phocytes. Thus, the observed gene expression values are an
average across all the cells and not fibroblasts only.
Immunosuppressive drug therapy is another potential con-
founder although given the small sample size, we were unable
to observe any relationship between the specific drugs and
gene expression patterns. Notwithstanding these limitations,
the major strength of this study is the homogeneity of the
patient cohort with respect to the clinical phenotype of early
active deSSc and black ethnicity.

In conclusion, we observed dysregulation of several genes
in the Wnt signaling pathway, many of which have not been
reported previously. Furthermore, PCA showed two distinct
patient clusters, which co-segregated with the presence or ab-
sence of clinical inflammatory features and may reflect differ-
ent pathological pathways in SSc.
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