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A gain-of-function variant in the Wiskott-Aldrich syndrome gene
is associated with a MYH9-related disease-like syndrome
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 The gain-of-function
p.1294T variant in
WASp causes a
disease combining

While loss-of-function variants in the WAS gene are associated with Wiskott-Aldrich
syndrome and lead to microthrombocytopenia, gain-of-function variants of WAS are
associated with X-linked neutropenia (XLN) and the absence of microthrombocytopenia.
Only a few XLN families have been reported so far, and their platelet phenotype was not
described in detail. To date, no renal involvement was described in XLN. In the present

neutropenia, macro-
thrombocytopenia,
proteinuria, and renal
failure.

The expanded
phenotypic spectrum
associated with gain-
of-function WAS
variants supports
renal function
assessment in these
patients.

study, we report exome sequencing of individuals from 3 generations of a family with a
dominant disease combining neutropenia, macrothrombocytopenia, and renal failure.
We identified a heterozygous missense gain-of-function variant in the WAS gene
(c.881T>C, p.I294T) that segregates with the disease and is already known to cause XLN.
There was no pathogenic variant in MYH9, TUBB1, or ACTN1. This is the first report of a
WAS gain-of-function variant associated with both the hematological phenotype of XLN
(neutropenia, macrothrombocytopenia) and renal disease (proteinuria, renal failure)
with glomerular tip lesion hyalinosis and actin condensations in effaced podocytes foot
processes.

Introduction

The Wiskott-Aldrich syndrome protein (WASp) is a key regulator of the actin cytoskeleton in the hemato-
poietic lineage." Loss-of-function variants in the WAS gene are associated with X-linked thrombocytope-
nia and Wiskott-Aldrich syndrome, characterized by microthrombocytopenia, eczema, immunodeficiency,
and an increased incidence of autoimmunity and malignancies.? Gain-of-function variants of WAS cause
an excessive polymerization of the actin cytoskeleton in neutrophils and lead to X-linked neutropenia
(XLN).2# Only 3 gain-of-function variants of WAS (p.S270P, p.I290T, and p.1294T) have been reported
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to cause the latter syndrome in humans.®® In addition to neutrope-
nia, these variants were also associated with features such as
monocytopenia, large platelets, mild lymphopenia, reversal of the
normal CD4%/CD8" lymphocyte ratio, and reduced natural killer
cells, but the kidney was never involved. The association between
kidney impairment and hematological features is known in the auto-
somal dominant MYHO9-related disorder (MYHO9RD). Variants in
MYH9 cause a variable association of macrothrombocytopenia,
deafness, cataract, and glomerular nephropathy.®"" Here, we report
a detailed clinical description and genomic analyses of a family with
inherited platelet and kidney disease over 3 generations.

Methods

The research protocol was approved by the institutional review board
of Strasbourg University Hospitals (CPP-EST DC-2013-1990), and
written informed consent was obtained from all participants. Copy num-
ber variation analysis was done by array Comparative Genome Hybridi-
zation using the 4 X 180K oligo platform (Agilent). X-chromosome
inactivation ratios were determined as previously described.'® Exome
sequencing and analysis were performed as described elsewhere,'®
and segregation of the identified WAS variant was confirmed by
Sanger sequencing. The morphological analysis of platelets was per-
formed using light and electron microscopy. Platelet aggregation study
was performed as described previously."* Full details of experimental
procedures are included in the supplemental Methods.

Results and discussion

We report a multiplex nonconsanguineous family of European origin
with affected individuals over 3 generations (Figure 1A). The dis-
ease appeared in the second generation with patient 1.3 showing
large platelets on hemogram and blood smear, marked neutropenia,
and monocytopenia. She also had variable proteinuria, around
1 gram per day, without developing end-stage chronic kidney dis-
ease during her lifetime. She had neither immunosuppression nor
hemorrhagic syndrome and died at age 89 from pleural tuberculo-
sis. Her husband (Il.4) was healthy.

Patient 1I.3 had known albuminuria since age 16 and was diag-
nosed with albuminuria and nephrotic syndrome without renal insuf-
ficiency at age 18. Dyslipidemia and arterial hypertension were also
diagnosed. He had no hypocomplementemia. Corticosteroid therapy
did not improve proteinuria, and hemodialysis had to be started due
to the degradation of his kidney function. He died of an unknown
cause at the age of 24 following a febrile coma during one of the
first hemodialysis sessions. No hematological explorations were per-
formed on this patient.

Patient lll.4 had albuminuria, firstly reported at age 10. At age 17, he
was hypertensive but had no renal insufficiency (serum creatinine at
9 mg/L). A renal biopsy at age 18 showed 22 glomeruli that were
congestive, with a discrete endocapillary hypercellularity, but without
thickening of the basement membrane and abnormal deposits upon
light microscopy. Convoluted tubular cells showed a somewhat gran-
ular cytoplasm, and some tubes contained albuminous cylinders. In
some exceptional convoluted tubes, tubular cells were multi-
nucleated. These abnormalities were reported as extremely minor
and did not allow the pathologist to make a definite diagnosis. Elec-
tron microscopy was performed on the epoxy-embedded biopsy
specimens from that period for the purpose of this study. It showed
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focal and segmental hyalinosis with tip lesions of the glomerular tuft
similar to those seen in tip lesion focal segmental glomerulosclerosis
(FSGS)."® In addition, similarly to what was shown in N-WASp~—defi-
cient mice, bulky electron-dense patches of granular actin were
observed in effaced foot processes.'® No extracellular osmiophilic
granular deposits were found. Macrothrombocytes were observed in
a glomerular capillary lumen with abnormal organelle distribution
(supplemental Figure 1). Repeated hemograms confirmed macro-
thrombocytopenia and permanent neutropenia. Functional studies of
platelets showed normal or close to normal aggregation. Of note, the
patient never presented a hemorrhagic syndrome. At the age of 37,
he started chronic hemodialysis and underwent kidney transplanta-
tion at the age of 53. Since transplantation, he has had 2 episodes of
severe pneumonia but no recurrence of proteinuria to date.

The pediatric history of patients IV.2 and IV.3 is unknown. Proteinuria
was found in adulthood in both sisters, neither of which had
nephrotic syndrome. Before angiotensin-converting enzyme inhibitors
were started, proteinuria was at 1 to 2 g per day and selective for
albumin. Both also had leuconeutropenia and variable macrothrom-
bocytopenia with anisocytosis, including a subpopulation of large
platelets and a high immature platelet fraction in IV.3 (17%). IV.2
presented with ear infections in childhood, but none had serious or
recurrent infections. In patient V.2, electron microscopy of a renal
biopsy also revealed tip lesion FSGS (without immune granular
deposits), but the lesions were more discrete than in her father (1l.4).
A few small patches of granular actin were seen in effaced foot pro-
cesses. Optical microscopy, immunostainings for immunoglobulin-G
(IgG), IgA, IgM, fibrinogen, and complement were all normal.

To date, the phenotypes of children V.1 and V.2 have not been
explored. The summary of the phenotypes of this family is presented
in Table 1.

Exome sequencing of subjects II.3, lIl.4, lI.5, IV.2, and IV.3 revealed
the pathogenic missense variant ¢.881T>C (NM_000377.3) in the
X-chromosome gene WAS that is present at heterozygous or
hemizygous state in all affected females and males, respectively
(Figure 1B). At the protein level, the variation p.294T affects a
conserved residue located in a helix structure and close to the
phosphotyrosine 291. This variant has already been reported in
patients with XLN.>® There are 2 other rare missense variants seg-
regating with the disease that are located in the ZC4H2 and
HSPBS8 genes (supplemental Table 1). The former is known to
cause the rare neurodevelopmental Wieacker-Wolff syndrome, and
the latter was associated with type lla distal hereditary motor neu-
ronopathy and axonal type 2L Charcot-Marie-Tooth diseases.'”"®
But given the unrelatedness of the phenotypes, these 2 genes are
very unlikely to account for the disease in this family. As the pheno-
type resembles that of MYHORD, we validated by Sanger sequenc-
ing of all 40 MYH9 exons and the intron—exon junctions in subject
ll.4 that no pathogenic variant was present in this gene. Sequenc-
ing of tubulin B-1 (TUBB1) and a-actinin 1 (ACTNT) in lll.4 was
uneventful, and the search for Fabry disease was negative in IV.2.
Finally, May-Hegglin syndrome was ruled out because of the
absence of precipitates of myosin heavy chains in leukocytes
(Déhle's bodies) in subject lIl.4 (data not shown).

Platelet function assessment, including adenosine diphosphate, col-
lagen, arachidonic acid, thrombin, and ristocetin-induced aggrega-
tion tests, were normal. The morphological analysis showed the
presence of large platelets with marked anisocytosis (40% immature
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Healthy donor

Subject 111.4

Figure 1. Pedigree, validation of the WAS variant, and electron microscopy of platelets. (A) Pedigree of the family. Generations are designated by Roman and
subjects by Arabic numerals. Squares and circles represent male and female subjects, respectively. Solid (black) symbols indicate patients, while open (white) symbols
indicate unaffected family members. Individuals labeled with a star (II.3, lll.4, 1.5, IV.2, and IV.3) were subjected to exome sequencing. (B) Sanger sequencing and
intrafamilial segregation pattern of the c.881T>C WAS variant. The genotypes of the different family members are indicated between parentheses. The arrow indicates the
position of the variant. The reference sequences are presented in color. The alternative alleles observed in each individual are shown above (Y: C or T; dots: identical to
reference sequence). (C) Transmission electron microscopy images showing the ultrastructure of platelets from a healthy donor (a,b) and subject ll.4 (c-g). Wide-field
electron micrographs of platelets show the increased platelet size and heterogeneous content in subject II.4 (c) compared with control platelets (a). The arrow points to a
platelet with high content and the arrowhead to a platelet with low content (e). Higher magnifications are shown to illustrate the compact appearance (d,f) and gray

appearance (g) of the platelets. a, a granules; 8, dense granules; ocs, open canalicular system.
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Table 1. Summary of phenotypes in affected individuals of a family with the WASp p.1294T variant

Patients
.3 .3 .4 Iv.2 Iv.3
Renal features
Renal failure leading to No Yes, followed by renal Yes, and death at age 24 No No
ESRD transplantation
Renal disease: age of Fifth decade Albuminuria at age 10 Second to third decade Third decade Third decade
diagnosis
Proteinuria Yes, 500 mg-1 g/d 2-3 g/d NA 1-2 g/d under antiproteinuric 0.5 g/d under
treatment antiproteinuric treatment
Renal biopsy NA, No biopsy Yes, when renal failure had NA, biopsy failed No Yes
not yet started
Light microscopy NA Discrete endocapillary NA NA No lesions observed
hypercellularity. Signs of
albuminuria (intratubular
droplets). No other lesions
Immunostaining NA No deposits of IgG, IgM, IgA, NA NA Rare unspecific C3
fibrinogen, C3 deposits
Electron microscopy NA Discrete mesangial NA NA Slight mesangial
hypercellularity, signs of hypercellularity, no deposits
albuminuria (intratubular observed
droplets), no other lesions or
deposits
Hematological features
Platelet involvement Yes Yes NA Yes, discrete Yes, discrete
Platelet count 90 Giga/L Variable: 35-100 Giga/L 135-160 Giga/L 150 Giga/L
Platelet aggregation tests NA Normal NA Normal Normal
Mean platelet volume 15-18 femtoliters 17-19 femtoliters NA 12.5-13 femtoliters 13 femtoliters
Platelet anisocytosis Yes Yes NA Yes Yes
Dohle bodies No No NA No No
Immature platelet fraction NA 40% NA 14.2% 17.0%
Neutropenia Yes Yes NA Yes Yes
Neutrophil count Variable, 0.15-1.5 Giga/L 0.35-0.5 Giga/L NA Variable 0.8-1.6 Giga/L 1.6 Giga/L
Infections Few Occasionally severe after Frequency unknown, died of Few Few
transplantation (ENT, 2 sepsis during hemodialysis
episodes of pneumonia)
Hemorrhagic syndrome No No NA No No
Other features
Visual or hearing No No NA No No

impairment

ENT, ears, nose & throat; ESRD, end-stage renal disease; F, female; M, male; NA, not available.

platelet fraction in subject ll.4). Electron microscopy confirmed the
presence of approximately 20% giant platelets (>17 fL). Some
platelets had a gray appearance, containing few organelles and an
open canalicular system, while others were crowded with organelles
(Figure 1B). A similar abnormal distribution of platelet granules has
been described in a Myh9™’~ mouse model.?°

Loss-of-function variants in WAS have already been associated with
renal disease, mainly IgA nephropathies characterized by an
increase of IgA with defective glycosylation.?'2® It has been sug-
gested that immune complex deposition and insufficient immune
complex clearance may be involved in the pathophysiology of renal
disease in Wiskott-Aldrich syndrome patients.?®?® Here, we show
for the first time that a gain-of-function variant can also lead to
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kidney impairment. The resemblance with MYHORD could be partly
explained by the fact that MYH9 and WAS gene products are both
involved in actin polymerization and can be part of the same muilti-
protein complex together with the WASp-interacting protein.®2%
Although the protein WASp has not been reported to be expressed
in the podocyte in literature, histological slides of human glomeruli
stained for WASp and accessible on the human protein
atlas server®” show evident glomerular staining (www.proteinatlas.
org/ENSG00000015285-WAS/tissue/kidney#img). In  addition,
transcripts of WASp have been reported in kidney tissues at
the GTExPortal (https://gtexportal.org/home/multiGeneQueryPage/
WAS) and in kidney organoids at the Single Cell Portal
(https://singlecell.broadinstitute.org/single_cell/study/SCP211/human-
kidney-organoids-atlas ?genes=WAS#study-visualize). The glomerular
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proteinuria in the present family might therefore be attributed to exces-
sive actin polymerization in the podocyte with tip lesion FSGS.

Acknowledgments

The authors thank Bernard Louis, Jean Muller, Audrey Kochman,
and Ouria Tahar for their help. They also thank Laurent Mesnard
and Pierre-Louis Tharaux for their critical reading of the
manuscript.

This work was supported by the Strasbourg’s Interdisciplinary
Thematic Institute (ITI) for Precision Medicine, TRANSPLANTEX
NG, as part of the ITI 2021-2028 program of the University of
Strasbourg, CNRS and INSERM, funded by IdEx Unistra [ANR-
10-IDEX-0002] and SFRI-STRAT'US [ANR-20-SFRI-0012] to
S.B.; Institut National de la Santé et de la Recherche Médicale
UMR_S 1109, the Institut Universitaire de France, and MSD-
Avenir grant AUTOGEN, all to S.B.; the University of Strasbourg
(including Initiative d'Excellence IDEX UNISTRA) to S.B. and
R.C.; the European Regional Development Fund (European
Union) INTERREG V program PERSONALIS to R.C. and S.B;
Fondation pour la Recherche Médicale (FRM) Programme «Chi-
mie pour la Médecine 2018» to D.M., S.C., and R.C.

References

Authorship

Contribution: D.M., AD., and R.C. designed research, performed
research, and wrote the manuscript; A.E., AM,, J.O., SK, and C.O.
performed research; G.T., A-LF, B.G, M.C, LW, and MK. ana-
lyzed data and reviewed the manuscript; and B.M., C.G., S.C,, and
S.B. designed research and reviewed the manuscript.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

ORCID profiles: D.M., 0000-0002-5804-671X; A.D., 0000-
0001-9058-7295; A.E., 0000-0001-9620-4961; A.M., 0000-0003-
1646-2325; J.O., 0000-0001-6792-5399; B.G., 0000-0002-0015-
7425; LW, 0000-0003-2943-2192; B.M., 0000-0001-6772-
7165; C.G., 0000-0003-1303-4210; S.C., 0000-0002-0525-
4291; R.C., 0000-0002-7036-442X.

Correspondence: Seiamak Bahram, Centre de Recherche
d'Immunologie et d'Hématologie, 4 rue Kirschleger, 67085
Strasbourg Cedex, France; e-mail: siamak@unistra.fr; and Raphael
Carapito, Centre de Recherche d'Immunologie et d’Hématologie,
4 rue Kirschleger, 67085 Strasbourg Cedex, France; e-mail:
carapito@unistra.fr.

1. Thrasher AJ, Burns SO. WASP: a key immunological multitasker. Nat Rev Immunol. 2010;10(3):182-192.
2. Massaad MJ, Ramesh N, Geha RS. Wiskott-Aldrich syndrome: a comprehensive review. Ann N Y Acad Sci. 2013;1285(1):26-43.

3.  Keszei M, Record J, Kritikou JS, et al. Constitutive activation of WASp in X-linked neutropenia renders neutrophils hyperactive. J Clin Invest. 2018;

128(9):4115-4131.

4.  Westerberg LS, Meelu P, Baptista M, et al. Activating WASP mutations associated with X-linked neutropenia result in enhanced actin polymerization,
altered cytoskeletal responses, and genomic instability in lymphocytes. J Exp Med. 2010;207(6):1145-1152.

5. Kobayashi M, Yokoyama K, Shimizu E, et al. Phenotype-based gene analysis allowed successful diagnosis of X-linked neutropenia associated with

a novel WASp mutation. Ann Hematol. 2018;97(2):367-369.

6. Beel K, Cotter MM, Blatny J, et al. A large kindred with X-linked neutropenia with an 1294T mutation of the Wiskott-Aldrich syndrome gene.

Br J Haematol. 2009;144(1):120-126.

7. Ancliff PJ, Blundell MP, Cory GO, et al. Two novel activating mutations in the Wiskott-Aldrich syndrome protein result in congenital neutropenia.

Blood. 2006;108(7):2182-2189.

8. Devriendt K, Kim AS, Mathijs G, et al. Constitutively activating mutation in WASP causes X-linked severe congenital neutropenia. Nat Genet. 2001;

27(3):313-317.

9. Pecci A, Ma X, Savoia A, Adelstein RS. MYH9: Structure, functions and role of non-muscle myosin IIA in human disease. Gene. 2018;664:

152-167.

10. Sekine T, Konno M, Sasaki S, et al. Patients with Epstein-Fechtner syndromes owing to MYH9 R702 mutations develop progressive proteinuric

renal disease. Kidney Int. 2010;78(2):207-214.

11. Althaus K, Greinacher A. MYHO9-related platelet disorders. Semin Thromb Hemost. 2009;35(2):189-203.

12. Lau AW, Brown CJ, Penaherrera M, Langlois S, Kalousek DK, Robinson WP. Skewed X-chromosome inactivation is common in fetuses or newborns
associated with confined placental mosaicism. Am J Hum Genet. 1997;61(6):1353-1361.

13. Molitor A, Prud’homme T, Miao Z, et al. Exome sequencing identifies a novel missense variant in CTSC causing nonsyndromic aggressive

periodontitis. J Hum Genet. 2019;64(7):689-694.

14. Cazenave JP, Ohlmann P, Cassel D, Eckly A, Hechler B, Gachet C. Preparation of washed platelet suspensions from human and rodent blood.

Methods Mol Biol. 2004;272:13-28.

15. D'Agati VD, Fogo AB, Bruijn JA, Jennette JC. Pathologic classification of focal segmental glomerulosclerosis: a working proposal. Am J Kidney Dis.

2004;43(2):368-382.

16. Schell C, Baumhakl L, Salou S, et al. N-wasp is required for stabilization of podocyte foot processes. J Am Soc Nephrol. 2013;24(5):713-721.

17. Hirata H, Nanda |, van Riesen A, et al. ZC4H2 mutations are associated with arthrogryposis multiplex congenita and intellectual disability through
impairment of central and peripheral synaptic plasticity. Am J Hum Genet. 2013;92(5):681-695.

L b]OOd advances 27 SEPTEMBER 2022 - VOLUME 6, NUMBER 18

WAS GAIN-OF-FUNCTION VARIANT AND RENAL DISEASE 5283


https://orcid.org/0000-0002-5804-671X
https://orcid.org/0000-0001-9058-7295
https://orcid.org/0000-0001-9058-7295
https://orcid.org/0000-0001-9620-4961
https://orcid.org/0000-0003-1646-2325
https://orcid.org/0000-0003-1646-2325
https://orcid.org/0000-0001-6792-5399
https://orcid.org/0000-0002-0015-7425
https://orcid.org/0000-0002-0015-7425
https://orcid.org/0000-0003-2943-2192
https://orcid.org/0000-0001-6772-7165
https://orcid.org/0000-0001-6772-7165
https://orcid.org/0000-0003-1303-4210
https://orcid.org/0000-0002-0525-4291
https://orcid.org/0000-0002-0525-4291
https://orcid.org/0000-0002-7036-442X
mailto:siamak@unistra.fr
mailto:carapito@unistra.fr

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

Irobi J, Van Impe K, Seeman P, et al. Hot-spot residue in small heat-shock protein 22 causes distal motor neuropathy. Nat Genet. 2004;36(6):
597-601.

Tang BS, Zhao GH, Luo W, et al. Small heat-shock protein 22 mutated in autosomal dominant Charcot-Marie-Tooth disease type 2L. Hum Genet.
2005;116(3):222-224.

Pertuy F, Eckly A, Weber J, et al. Myosin IIA is critical for organelle distribution and F-actin organization in megakaryocytes and platelets. Blood.
2014;123(8):1261-1269.

Dupuis-Girod S, Medioni J, Haddad E, et al. Autoimmunity in Wiskott-Aldrich syndrome: risk factors, clinical features, and outcome in a
single-center cohort of 55 patients. Pediatrics. 2003;111(5 Pt 1):e622-e627.

Imai K, Morio T, Zhu Y, et al. Clinical course of patients with WASP gene mutations. Blood. 2004;103(2):456-464.

Shimizu M, Nikolov NP, Ueno K, et al. Development of IgA nephropathy-like glomerulonephritis associated with Wiskott-Aldrich syndrome protein
deficiency. Clin Immunol. 2012;142(2):160-166.

DeSanto NG, Sessa A, Capodicasa G, et al. IgA glomerulonephritis in Wiskott-Aldrich syndrome. Child Nephrol Urol. 1988-1989;9(1-2):118-120.

Lin CY, Hsu HC. Acute immune complex mediated glomerulonephritis in a Chinese girl with Wiskott-Aldrich syndrome variant. Ann Allergy. 1984,
53(1):74-78.

Krzewski K, Chen X, Orange JS, Strominger JL. Formation of a WIP-, WASp-, actin-, and myosin lIA-containing multiprotein complex in activated
NK cells and its alteration by KIR inhibitory signaling. J Cell Biol. 2006;173(1):121-132.

Uhlén M, Fagerberg L, Hallstrom BM, et al. Proteomics. Tissue-based map of the human proteome. Science. 2015;347(6220):1260419.

5284 MARX et al 27 SEPTEMBER 2022 - VOLUME 6, NUMBER 18 & blOOd advances



	TF1

