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ABSTRACT. Objective. Scleroderma renal crisis (SRC) is a life-threatening complication of systemic sclerosis

(SSc) strongly associated with anti-RNA polymerase III antibody (ARA) autoantibodies. We investigated
genetic susceptibility and altered protein expression in renal biopsy specimens in ARA-positive patients with
SRC.

Methods. ARA-positive patients (n = 99) with at least 5 years’ follow-up (49% with a history of SRC) were
selected from a well characterized SSc cohort (n = 2254). Cases were genotyped using the Illumina Human
Omni-express chip. Based on initial regression analysis, 9 single-nucleotide polymorphisms (SNP) were
chosen for validation in a separate cohort of 256 ARA-positive patients (40 with SRC). Inmunostaining of
tissue sections from SRC or control kidney was used to quantify expression of candidate proteins based upon
genetic analysis of the discovery cohort.

Results. Analysis of 641,489 SNP suggested association of POU2F1 (rs2093658; P=1.98 x 10%), CTNND2
(51859082; P = 5.58 x 10°5), HECW?2 (£s16849716; P = 1.2 x 104), and GPATCH2L (1s935332; P =
4,92 x 107%) with SRC. Further, the validation cohort showed an association between rs935332 within the
GPATCH2L region, with SRC (P = 0.025). Immunostaining of renal biopsy sections showed increased
tubular expression of GPATCH2L (P = 0.026) and glomerular expression of CTNND2 (P = 0.026) in
SRC samples (n = 8) compared with normal human kidney controls (n = 8), despite absence of any genetic
replication for the associated SNP.

Conclusion. Increased expression of 2 candidate proteins, GPATCH2L and CTNND?2, in SRC compared
with control kidney suggests a potential role in pathogenesis of SRC. For GPATCH2L, this may reflect

genetic susceptibility in ARA-positive patients with SSc based upon 2 independent cohorts.

Key Indexing Terms: autoantibody, catenin, genetics, hypertension, renal, scleroderma

Systemic sclerosis (SSc) is a multisystem rheumatic disorder with
a high case-specific mortality owing to internal organ complica-
tions of the disease. The pattern and frequency of internal organ
manifestations reflect the different antinuclear antibody reactiv-
ities that are a hallmark of SSc!. These include anticentromere
(ACA), antitopoisomerase 1 (ATA), and anti-RNA polymerase
III (ARA) antibodies. Frequency of major complications of SSc
differs between these clinical and immunological subgroups.

For example, ATA associates with interstitial lung disease? and
ACA with pulmonary arterial hypertension (PAH) in certain
subgroups>. A strong association has been observed between the
presence of ARA and the occurrence of scleroderma renal crisis
(SRC)*5.

SRC is a life-threatening complication of SSc characterized
by accelerated-phase hypertension (HTN) and acute kidney
injury®. SRC was almost universally fatal until the late 1970s,
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when its management was revolutionized by the introduction of
angiotensin-converting enzyme inhibitors. Nevertheless, in the
modern era 40-50% of SRC cases result in early death or renal
replacement therapy and the 5-year survival is as low as 50% in

some series’*S.

The different occurrence of SRC in specific subgroups of SSc,
the observation that even within the highest risk groups only
a minority of SSc cases develop SRC, and the evidence that it
generally occurs only in early-stage disease are all consistent with
a genetic predisposition to SRC that may be independent of the
inherited risk of SSc itself. Data regarding the genetic contribu-
tion to risk of SRC are limited; a single study reports the pres-
ence of MHC class I haplotypes, such as HLA-DRB1*04:07 and
HLA-DRB1*13:04, as independent risk factors for developing
SRC.

Our study has used a novel approach by looking at cases
of SRC in the antinuclear antibody (ANA) group at highest
risk, comparing cases that develop SRC with those that appear
to be protected from development of SRC during long-term
follow-up. This strategy provides a platform of clinical and
serological homogeneity in which we hypothesize that genetic
susceptibility factors may be most relevant.

MATERIALS AND METHODS

Patient demographics. For this study patients with SRC (n = 99) were
selected from a tertiary UK referral center for SSc. All patients met the
1980 American College of Rheumatology (ACR) or 2013 ACR/European
League Against Rheumatism classification criteria for SSc!°.

To define timing and frequency of SRC in contemporary SSc, we
reviewed retrospective clinical and laboratory follow-up data for 2254
patients seen in the center that included 134 SRC episodes (see Results).
Working on the assumption that ARA-positive patients who reached
60 months of follow-up without SRC were “SRC-negative,” a group of
99 ARA-positive patients with at least 5 years’ follow-up data was assem-
bled. The cohort was roughly evenly split for presence of SRC; 48 were
SRC-positive and 51 were SRC-negative (Table 1A). Sex, ethnicity, and
other clinical features were typical of the whole cohort of diffuse cutaneous
SSc cases. Only European ancestry patients were included for genetic anal-
ysis and 4 European ancestry ARA-positive patients with SRC in the overall
cohort were excluded.

All patients gave prior consent for genetic analysis and histological
examination, and the Hampstead Research Ethics Committee approved the
study (NRES ref. 6398).

Genetic analysis. Genotyping of the Royal Free cohort was performed using
the Illumina HumanOmniExpress bead array chip at the UCL genomics
center. All data underwent quality control checks for Hardy-Weinberg equi-
librium and genotyping rate in PLINK v1.07'1.

After filtering of single-nucleotide polymorphisms (SNP), a case-con-
trol logistic regression was performed in PLINK, comparing patients with
and without SRC to determine genetic signature difference between the 2
groups. Further statistical analysis was performed in R v3.4.1 (R Foundation
for Statistical Computing)!2. There was no imputation of ungenotyped
variants.

The top 9 autosomal SNP with p < 1.2 x 10 were selected for genetic
validation in an independent population. In accord with other recent studies
using small samples, the level of significance used to select those SNP for
replication in the second cohort was set well below conventional genome-
wide association study (GWAS) criteria as it was considered that SNP may

Tiable 1A. Clinical and demographic features of the discovery cohort (UK).

Characteristic SRC,n =48 No SRC During
Follow-up, n =51
Male 8(17) 8 (16)

Age at SSc onset, yrs, mean (range)  50.3 (22-7
(28-7

0)  50.1(20-76)
Age at SRC, yrs, mean (range) 0

European ancestry 48 (100) 48 (100)

Diffuse skin involvement 37 (77) 51 (100)

PAH 3(6) 1(2)

ILD 12 (25) 10 (20)

Values are n (%) unless otherwise specified.

Table 1B. Characteristics of the validation cohort (USA).

Characteristic SRC,n =40 No SRC During
Follow-up, n =216

Male 7 (18) 34 (16)

Age at SRC, yrs, mean (range) 57 (44-82)

European ancestry 40 (100) 216 (100)

Diffuse skin involvement 31(78) 164 (76)

Values are n (%) unless otherwise specified. SRC: scleroderma renal crisis;
SSc: systemic sclerosis; PAH: pulmonary arterial hypertension; ILD: inter-
stitial lung disease.

still be relevant in the context of the enriched cohort design of this work
and the plan for additional functional validation of potential candidate
proteins by immunostaining of SRC biopsy specimens. All subjects were
of North European ancestry and were not related. In the validation cohort,
genotyping was undertaken using TagMan SNP genotyping assays'® using
primers detailed in Supplementary Table 1 (available with the online version
of this article).

Histological analysis. Histological validation was performed to investigate
candidate protein expression in SRC biopsy specimens. Eight SRC biopsy
samples were identified from Royal Free Hospital patients. None were
related and they were independent of the samples used for the genetic
analysis in this study. Renal biopsies were performed as part of routine
clinical practice, and so were undertaken 7 to 14 days after onset of SRC
once the blood pressure had stabilized and clotting studies were normal to
reduce the risk of biopsy. The biopsies provide information for diagnosis
confirmation and risk stratification. These were compared with 8 normal
kidney control samples (donated to the UCL Centre for Nephrology by
the UK National Health Service Blood and Transplant). Kidney tissues
were assessed with polyclonal anti-CTNND2 and anti-GPATCH2L
IgG antibodies (Abcam). Distribution of CTNND2 and GPATCH2L
staining in glomerular, tubular, interstitial, and vascular compartments
was scored blind by 2 of the investigators and scores were aggregated. In
brief, there are 2 scores for each compartment — proportion of tissue
with positive staining (0—4) and intensity of staining (0-3). These were
multiplied together to give a total score (0-12) for each of the tubules,
vessels, glomeruli, and interstitium. For localization within the glomerulus
with immunofluorescence, nuclei were counterstained with 4’,6-diamid-
ino-2-phenylindole (DAPI) and endothelial cells were stained with
anti-von Willebrand factor (vWF) antibodies.

RESULTS
Definition of serological risk for SRC. A cohort of 2254 patients
with SSc with information on antibody specificity was initially
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analyzed. Of those, 390 (17.3%) were male and 811 (36%) had
the diffuse cutaneous subset of SSc. ARA was positive in 258
(11.5%) patients, ACA in 639 (28.4%), ATA in 508 (22.5%),
U3RNP in 91 (4%), and PmScl in 102 (4.5%). Cumulative inci-
dence of SRC for the cohort as a whole at 12, 24, 36, and 60
months was 3.3%, 4.3%, 4.8%, and 5.6%, respectively.

Of all ARA-positive subjects, 59 (22.9%) had developed
SRC. Cumulative incidence of SRC at 12, 24, 36, and 60 months
in this subgroup was 12.5%, 18%, 20.4%, and 21.4%. Figure 1
shows cumulative incidence of SRC by antibody subgroup. The
high frequency of SRC in ARA-positive cases together with a
tendency for earlier occurrence compared with other specifici-
ties makes this an especially informative group for exploration of
genetic susceptibility to SRC.

Genetic analysis. Ninety-nine ARA-positive patients with
follow-up of at least 5 years (48 with renal crisis and 51 without)
were analyzed. Characteristics are summarized in Table 1,
including an indication of the frequency of major organ-based
complications and concurrent malignancy in the cohort. In
addition to their autoantibody homogeneity, the 2 groups were
similar in terms of age, sex, and ethnicity. Limited additional
phenotypic data were available for the validation cohort that was
selected to be similar in terms of ANA and ethnicity, and with
robust categorization by SRC status.

GWAS analysis in a UK discovery cobort. Genotype data under-
went quality control checks for Hardy-Weinberg equilibrium
(HWE) and genotyping rate in PLINK (HWE p < 0.001, geno-
typing rate > 90%). There were 2309 SNP removed for miss-
ingness and 77,122 failed minor allele frequency (MAF) filters
(MAF < 0.01).

After quality control, 641,489 SNP were analyzed between
the 2 groups (Supplementary Figure 1, available with the online
version of this article). Genomic inflation factor A was 1.10357
and the quantile-quantile plot performed. The presence of
relatives and/or duplicates was assessed by computing identi-
ty-by-descent estimation using PLINK.

Results of this GWAS are illustrated in Figure 2. SNP with a
GWAS Pvalue < 3 x 107 are annotated on the figure. In contrast
with the majority of previous GWAS analyses in SSc, including
the only previously documented association with SRC, there was
no marked association with the MHC on chromosome 6.

Genetic validation in an independent US cobort. We selected 9
autosomal SNP from the top associations for a further validation
analysis in 256 ARA-positive subjects. Characteristics of these
individuals are summarized in Table 1B. They were derived from
a cohort used and described in other studies of SSc geneticsM,
and the serological testing is validated wherever possible with
central testing using ELISA specific for anti-RNA polymerase
I11 autoantibody!>. The top 9 SNP from the Royal Free Hospital
cohort and the findings for each in the validation cohort are
summarized in Table 2.

Of these 9 SNP, only 1 showed replication of significant asso-
ciation in this second cohort, for the replicated SNP. This SNP
(rs935332) is in the region of GPATCH2L (G patch domain

containing 2-like) on chromosome 14. Polymorphisms within
this gene region were previously seen to confer significant risk
for diastolic HTN in other robust GWAS analyses'®!7. While
this replication reached nominal significance with a nominal
uncorrected P value < 0.05, it should be noted that with 9 SNP
tested, an appropriate threshold for replication could be set at
0.05/9, which is 0.0055, a value that no SNP met. For this reason
additional histological validation in renal biopsy specimens was
sought for GPATCH2L, as outlined below.

Altered tissue expression of GPATCH2L and CTNND?2 in SRC.
To determine whether genes associated with the SNP variants
identified in the discovery cohort might show altered protein
expression in SRC, we performed immunostaining in renal
biopsy specimens from SRC and in healthy renal tissue. First,
we stained for GPATCH2L protein to investigate whether there
was differential expression in SRC biopsies. There was signifi-
cantly increased expression of GPATCH2L protein in SRC
samples, localized mainly to the tubular and vascular endothe-
lial structures. As described in Materials and Methods, a total
biopsy staining score was calculated for control (median 1, range
0-4) and SRC (median 11, range 9-21) samples that confirmed
highly increased expression in SRC (P = 0.0009). Using cate-
gorical analysis of the tubular staining that was the most striking
difference between SRC and control biopsies, there was positive
staining (total score > 1) in all 8 SRC biopsies, but in only 3 of
8 controls (P = 0.026; Fisher exact test). Figure 3 shows repre-
sentative sections of SRC (Figure 3A-D) together with IgG
(Figure 3E) and normal healthy kidney control (Figure 3F), and
tabulated quantification for each biopsy specimen is provided in
Supplementary Table 2 (available with the online version of this
article). Together with the genetic association for ARA-positive
SRC in both discovery and validation cohorts in genetic analysis,
these results provide strong support for GPATCH2L being rele-
vant to susceptibility and potentially implicated in SRC patho-
genesis. This is notable given previous association of SNP in this
region with diastolic HTN in other studies!”.

Although the validation genetic analysis achieved only
nominal significance for GPATCH2L, among the top associated
SNP from the discovery cohort that were tested, we considered
that another candidate SNP linked to CTNND2 warranted
further evaluation in the renal biopsy samples, based upon mech-
anistic plausibility and genetic data from other studies in SSc!®.
As further evidence of a shared underlying etiopathogenesis,
ARA positivity has also been associated with high long-term risk
of PAHY.

Blinded scoring of CTNND2 expression in SRC biopsy
samples versus normal human kidney controls showed distinct
glomerular staining, absent in all 8 control samples, in 5 of 8 SRC
samples (P = 0.026; Fisher exact test). Again, the total biopsy
staining score was significantly increased in SRC (median 12,
range 1-17) compared with control biopsies (median 3, range
0-8; P = 0.0135). Consensus scores for individual renal biopsy
specimens are summarized in Supplementary Table 2 (available
with the online version of this article). Bright-field staining of

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2020. All rights reserved. I—

Stern, et al: Scleroderma renal crisis

3

Downloaded on April 18, 2024 from www.jrheum.org


http://www.jrheum.org/

S_ Cumulative incidence of SRC
Q5
%‘5 —— Other
'é Sr_ i —— ATA
= —— U3RNP PmScl
59
EST
S <o
=)
o N
w O
[1}]
T2
Ec s
17} —T
[ g =]
[
E d I I T I I I
- 0 24 48 72 96 120
Time from disease onset (months)
Number at risk
Other 656 602 533 474 409 332
ACA 639 623 584 528 482 416
ATA 508 477 417 349 296 242
ARA 258 189 165 136 108 89
U3RNP 91 80 68 58 50 40
PmScl 102 95 86 71 65 58

Figure 1. Association of SRC with autoantibody reactivity. Kaplan-Meier analysis of the cumulative incidence of SRC according
to circulating autoantibody among 2254 patients in the Royal Free Hospital cohort. Number of individuals at risk of SRC is
documented at 24-month intervals up to 10 years. ACA: anticentromere antibody; ATA: antitopoisomerase 1 antibody; ARA:

anti-RNA polymerase III antibody; SRC: scleroderma renal crisis.

B o 1511708596
® 1510008833 @ 3327835
1316849716 9181859082
4 =
~ 37
ko
2
2
I 9
1 -
[

1 2 & 4 5 6 7 8 9

11

Chromosome

Figure 2. Common-variant SNP association with SRC in ARA-positive systemic sclerosis. Manhattan plot of GWAS anal-
ysis for the occurrence of SRC among ARA-positive patients in the UK cohort. X-axis shows chromosomal position. Y-axis
shows the negative log value of the logistic regression P value for each SNP. SNP with GWAS p < 3 x 107 are annotated
on the figure. ARA: anti-RNA polymerase III antibody; GWAS: genome-wide association study; SNP: single-nucleotide

polymorphism; SRC: scleroderma renal crisis.

18 21

o 53761556

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2020. All rights reserved. I—

4

Downloaded on April 18, 2024 from www.jrheum.org

The Journal of Rheumatology 2020;47:doi:10.3899/jrhenm. 190945


http://www.jrheum.org/

Tiable 2. Candidate single-nucleotide polymorphisms (SNP; n = 9) associated with scleroderma renal crisis (SRC) in the discovery cohort (UK) and their asso-
ciation with SRC in the validation cohort (USA).

UK Discovery Cohort USA Validation Cohort

ChromosomeSNP Gene BP Al MAF P, Unadjusted GC OR (95% CI) Al MAF P OR (95% CI)
1 152093658 POU2FI 167355192 G 0490  7.37E-06  1.98E-05 0.24(0.12-045) G 0.359  0.787 1.07 (0.65-1.76)
2 1516849716 HECW2 197195099 G 0.049 0.00012  0.0002512  6.11(221-16.85) G 0.1977  0.962 1.02 (0.56-1.84)
3 1511708596 C30rf20 14689393 A 0.050  2.28E-05 5.53E-05 7.05(2.58-19.29) A 0.137 0223  0.60(0.26-1.37)
3 157643629 1QCJ-SCHIP1 158778092 G 0324 2.02E-05 4.96E-05 3.52(1.95-635) G 0471 0.728 0.918(0.568-1.485)
3 152118096  Nearto OTOLI 161525058 © 0.240  5.62E-05 0.0001257  3.455(1.86-6.38) C 0368 0.598  0.87(0.53-1.45)
4 rs10008833  Nearto EPHAS 66136223 G 0.133  2.05E-05 S.02E-05  4437(2.17-9.06) G 0.168  0.078 1.66 (0.94-2.92)
5 51859082 CITNND2 11372743 G 0272 5.58E-05  0.000125 3599 (1.9-678) G 0423 09714  0.99 (0.61-1.62)
6 152327835  LOC101928354 14570894 A 0.080  7.14E-05 0.0001563 4987 (2.14-11.57) A 0.177 0258 1.40 (0.78-2.50)
14 1935332 GPATCH2L 76699590 © 0.059  4.92E-05 0.0001114 6.11(2.38-15.67) C 0.184 0.025 1.86 (1.08-3.20)

Al: minor allele (in controls); BP: base pair position; GC: genomic-control corrected P values; MAF: minor allele frequency in controls; SNP: single-nucleo-

tide polymorphism.

representative sections is shown in Figure 4A with appropriate
controls (Figures 4B—C). Immunofluorescence images showed
anti-CTNND?2 antibody staining in the glomeruli localizing to
the capillary loops. Double-staining using the endothelial marker
vWF showed collocation with CTNND?2, strongly suggesting
expression in endothelial cells, which would be consistent with
microvascular perturbation in the glomeruli of SRC, associated
with altered wingless type (Wnt) signaling pathway activity
(Figures 4H-T).

DISCUSSION

This study used the high risk of SRC in cases of SSc with ARA,
together with the fundamental observation that SRC is very
rare in established SSc more than 3 years from first non-Ray-
naud phenomenon symptom, to powerfully enrich a rare disease
population?’. Our approach of using enriched cohorts with high
susceptibility to a disease complication in GWAS has some simi-
larity to a more conventional extreme phenotype design, which
has also proven successful in rare diseases where careful pheno-
typing can overcome some of the limitations of a necessarily
small sample size. Where an extreme phenotype study examines
rare causal variants, our focus was on finding susceptibility alleles
among functional genetic variants.

Previous studies explored the genetic association for ARA
and identified MHC alleles associated with this autoantibody?!.
In addition, cohort studies have investigated associations of the
MHC with SRC and identified associations in addition to those
associated with ARA% In our GWAS analysis it is notable that
there is no “Manhattan peak” at chromosome 6, representing the
lociassociated with MHC. MHC associations are an almost-uni-
versal finding in GWAS of complex autoimmune disease??.

Our results using GWAS analysis for common-variant SNP
in a discovery cohort from the UK, and then testing candidate
SNP in a second independent validation cohort from the USA,
identified only 1 SNP that was associated in both studies. Since
GPATCH2L showed nominal replication in the US cohort,
we went on to determine protein expression. A possible role in
pathogenesis was supported by our results showing increased

expression of the GPATCH2L protein in SRC. This protein is
associated with altered RNA processing and could be a marker
of cell perturbation that is known to occur in multiple cellular
compartments in SS¢, and could be relevant to development
of hallmark pathologies such as SRC. Overexpression is most
clearly observed in renal tubular epithelial structures, which are
not generally regarded as a primary site of SRC pathology, but
protein expression in the tubular epithelium plays a critical role
in control of both intravascular volume and arterial tone, so it is
certainly plausible that disruption of transcription in this region
could be associated with disorders of arterial blood pressure.
While no mechanism for an association between GPATCH2L
and essential HTN has been demonstrated, a single molecular
basis explaining the link with SRC and essential HTN is feasible
and may be elucidated in future work, including investigation of
any association with outcomes, such as renal recovery or survival,
that may differ for ARA-positive SRC compared with other anti-
body subsets?3.

As well as defining possible genetic susceptibility to SRC,
we expected that our enriched cohort design might also suggest
possible pathogenetic relevance for genes linked with other SNP
associated with SRC risk in our discovery cohort. Based upon
other previously published studies, we were especially interested
in the SNP rs1859082 (P = 0.000029) on chromosome 5, which
lies within the CTNND?2 or delta 2 catenin (D2C) gene. It is
notable that the same gene CTNND2 was associated with PAH
in SSc in a previous genetic study using a combination of direct
sequencing and association analysis'®. This association is mech-
anistically compelling, as CTNND2 is an armadillo-related
protein that regulates cell-to-cell adhesion through its interac-
tion with the cadherins?*252627, This gene is associated with
Wht regulation and has been associated with altered migration
and adhesion in cancer cells?®. A recent study demonstrated
that hypoxia-inducible factor 1-alpha (HIFI-alpha) regulated
CTNND?2 expression and that this could be important in
modulating Wt signaling?®. Hypoxia and HIF1-a signaling
were previously implicated in SSc pathogenesis. The Whnt
pathway is increasingly recognized to be associated with fibrosis
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SRC IgG control NHK GPATCH2L

Figure 3. Expression of GPATCH2L protein in normal human kidney (NHK) and scleroderma renal crisis (SRC) core biopsy samples. Immunostaining of renal
crisis biopsy specimens showed consistently increased staining of GPATCH2L protein compared with healthy control kidney tissue, suggesting that altered
expression may result from genetic differences within the ARA-positive cohort, as supported by discovery and replication genetic analysis. Arrows indicate repre-
sentative positive staining in glomerular (g), tubular (t), and vascular endothelial (¢) structures. Panels A-D show different staining intensity and distribution
in 4 representative SRC samples. Panel E is an IgG-negative control SRC specimen and panel F shows only very low level of staining that is representative of the
healthy control kidney sections. Detailed staining scores for individual biopsies are summarized in Supplementary Table 1 (available with the online version of
this article).
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Figure 4. Immunohistochemistry images of normal human kidney (control) and renal crisis core biopsy samples. Inmunoperoxidase shows staining of anti-D2C
antibodies in (A) renal crisis versus (B) normal tissue. Panel C shows IgG control staining of renal crisis kidney. To further delineate glomerular immunofluores-
cence, images demonstrate (D,E) glomerular endothelial cells (YW, green) as a background capillary tuft. Panels F and G show cell nuclei within the glomerulus
are demonstrated in conjunction with D2C (DAPI, blue; D2C, red). No collocation is seen in (H) healthy kidney, but in (I) renal crisis sample D2C appears
to collocate with the capillary endothelium distinct from the cell nuclei (vVWF + D2C + DAPI). Detailed staining scores for individual biopsies are summarized
in Supplementary Table 1 (available with the online version of this article). D2C: delta 2 catenin; DAPI: 4,6-diamidino-2-phenylindole; vWF: von Willebrand

factor.
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and is reported to be altered in SSc, potentially primed by
upregulated transforming growth factor p (TGF-B) signaling®.
Demonstration of altered delta catenin expression in SRC is
notable even if our genetic data do not support a general role in
SRC susceptibility across cohorts. There is substantial evidence
that delta catenin is not only involved in early development,
cell-cell adhesion, and cell motility in neuronal cells, but that it
also plays an important role in vascular endothelial cell motility
and pathological angiogenesis®! and in SSc fibrosis®2. This could
be highly relevant to the pathogenesis of SRC. Regulation of
Rho GTPases as downstream targets of TGF-f in tissue repair
is also supportive of the potential relevance in SSc and preclin-
ical models of SSc33. A previous clinical trial of a topical Wt
inhibitor in SSc suggested beneficial effects on tissue remod-
eling and adipogenesis34. E-cadherin and Wt signaling influ-
ence the release and differentiation of circulating progenitor
cells, including endothelial to mesenchymal transition>3¢. It is
plausible that variants in the CTNND2 gene have a role in the
dysregulation of endothelial progenitor cells that is observed in
scleroderma vasculopathy?”-38, Both PAH and SRC are prolif-
erative vasculopathic complications of SSc, albeit in different
vascular beds, and it is notable that the same common variant
was associated with SSc in a study that investigated genetic asso-
ciation for PAH in SSc!8.

Our immunofluorescence studies demonstrate CTNND2
in nonnucleated fragments within the glomerular capillary
tuft. The typical histopathological finding of SRC is throm-
botic microangiopathy (TMA) with obstructive fibrin thrombi
within the glomerular capillaries or arterioles, often containing
fragmented red blood cells and platelets®*0. A previous iz vitro
model of TMA demonstrated cell-to-cell adhesion between red
blood cells and endothelial cells as opposed to simple mechan-
ical sequestration*!, CTNND2 would be a potential mediator
of such adhesion, and further investigation is justified into the
role this protein plays in susceptibility to organ injury in other
forms of TMA.

A strength of this study is the enriched phenotype method
made possible by the very strong risk of SRC conferred by ARA
and by the rarity of SRC more than 5 years after onset of SSc.
This offers the possibility of identifying genetic risk of a specific
organ complication within a rare disease group, and this is the
first study of this kind to date, to our knowledge. Using this
method, we have provided candidates for further investigation of
the genetic risk of SRC and evidence that these candidates may
be functionally relevant.

However, there are inevitable limitations. First, none of the
SNP associations identified in the discovery cohort reached
conventional GWAS levels of signiﬁcance42, although this
level may be considered too conservative for a small hypothe-
sis-generating study, such as the present analysis, with potential
for independent genetic replication and corroborative histo-
logical analysis43. This is not surprising given the small sample
size we examined, but makes replication approaches particu-
larly important for interpretations of our results. It also means

that our findings must be interpreted with caution, and that it
is possible that other SNP with associations were not selected
for genetic validation. These associations may emerge in future
genetic analyses of SRC. Nevertheless, the novel method used to
detect difference within a well-phenotyped subgroup may justify
investigation of associations seen at a lower P value, as success-
fully reported in other recent SSc functional genomic studies
where weaker genetic associations have been supported by
robust histological and functional assays44. Second, there were
differences in allele frequency between the 2 cohorts examined
for some SNP that may reflect differences in population genetic
structure. Some investigators suggest that population structure
analyses of cases and controls with GWAS data do not separate
cases and controls, as only a few loci of usually modest effect
are different in frequency between them. Apparent differences
in population structure may be more likely when testing small
numbers of matched cases and controls from a highly enriched
disease subset.

It is also possible that bias may be introduced from requiring
long-term survival of atleast 5 years for the non-SRC cohort to be
outside the risk period for this complication. However, in other
studies we have shown that overall survival in ARA-positive cases
is good and that most mortality arises from SRC and associated

(:omplications45

, so we consider that differences independent of
SRC risk are unlikely to confound our results. Another limitation
is that our findings may be relevant only to SRC associated with
ARA. We previously observed that SRC outcomes may differ
according to ANA reactivity, with ARA-positive patients having
better overall survival and being more likely to discontinue dial-
ysis than non-ARA cases?3. Perhaps the most important mecha-
nistic limitation is the application of the GWAS approach, using
a common-variant analysis platform for a disease area in which
rare causal variants might be of prime importance. In future
studies, an adaptive approach with extreme phenotyping could
identify such variants.

At the time of case selection for the study there was no
agreed expert consensus definition of SRC. This has now been
proposed®, and our definition for this study is largely in accord
with the suggested criteria. Future studies should use the new
consensus definition to facilitate cross-study comparison. The
overall frequency of SRC in the discovery cohort aligns with
other published series from a larger series of patients managed in
the same center®>.

We have demonstrated genetic association with SRC in
ARA-positive cases of SSc of a common-variant SNP previously
associated with essential HTN, and showed significantly altered
expression of the GPATCH2L protein in SRC biopsies. Our
approach also identified strong overexpression of CTNND?2 in
SRC glomerular endothelium that is absent from healthy kidney
samples, supporting a potential role for altered Wnt signaling in
SRC pathogenesis.

ONLINE SUPPLEMENT

Supplementary material accompanies the online version of this article.
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