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Background: Pathogenic missense variants in cell division
control protein 42 (CDC42) differentially affect protein
function, causing a clinically wide phenotypic spectrum variably
affecting neurodevelopment, hematopoiesis, and immune
response. More recently, 3 variants at the C-terminus of CDC42
were proposed to similarly impact protein function and cause a
novel autoinflammatory disorder.

Objectives: We sought to clinically and functionally classify
these variants to improve patient management.

Methods: Comparative analysis of the available clinical data
and medical history of patients was performed. In vitro and

in vivo studies were carried out to functionally characterize
individual variants.

Results: Differently from what had previously been observed for
the p.R186C change causing neonatal-onset cytopenia,
autoinflammation, and recurrent hemophagocytic
lymphohistiocytosis, p.C188Y and p.*192Cext*24 promoted
accelerated protein degradation. Unprenylated CDC42°"%%Y did
not behave as a membrane-bound protein, whereas the residual
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CDC42*192Cext*24 mytant replicated the CDC42%'%¢C behavior,
being targeted to the Golgi apparatus in a palmitoylation-
dependent manner. Assessment of in vitro polarized migration
and development in Caenorhabditis elegans documented a loss-
of-function behavior of the p.C188Y and p.*192Cext*24
variants. Consistently, the 3 pathogenic variants were associated
with different clinical presentations, with dysmorphisms,
severity, and age of onset of cytopenia and extent of
autoinflammation representing major differences.
Conclusions: Pathogenic variants at the CDC42 C-terminus
differently impact protein stability, localization, and function,
and cause different diseases, with p.R186C specifically
associated with neonatal-onset pancytopenia and severe
autoinflammation/hemophagocytic lymphohistiocytosis
requiring emapalumab and bone marrow transplantation, and
p.C188Y and p.*192Cext*24 causing anakinra-sensitive
autoinflammation. (J Allergy Clin Immunol 2022;150:223-8.)

Key words: CDC42, NOCARH syndrome, autoinflammation, HLH,
MAS, cytopenia, anakinra, emapalumab, palmitoylation, Golgi
apparatus

INTRODUCTION

Cell division control protein 42 (CDC42) belongs to the Rho
family of small monomeric guanosine triphosphate hydrolases. It
orchestrates several cellular processes, including cell division,
polarity, and migration, and controls development and physiology
of various systems, including the nervous, immune, and hemato-
poietic ones.'> CDC42 function is regulated by reversible local-
ization of the protein at the cytoplasmic leaflet of the plasma
membrane and other intracellular membranes, which is mediated
by geranyl-geranylation, a carboxy-terminal (C-terminal) post-
translational lipidation at Cys,'®® and CDC42 binding to multiple
regulatory proteins. Pathogenic missense CDC42 variants differ-
ently impacting protein function have been reported to cause a
wide spectrum of neurodevelopmental phenotypes with variable
hematopoietic dysfunction.>”’ More recently, in 4 pediatric pa-
tients, we identified a de novo missense mutation (p.R186C) at
the C-terminus to uniquely affect CDC42 localization and cause
a distinctive condition termed NOCARH (Neonatal-Onset Cyto-
penia, Autoinflammation, and Recurrent Hemophagocytic lym-
phohistiocytosis [HLH]).” In NOCARH, the immunologic and
hematopoietic involvement may occur early in life without
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Abbreviations used
CDC42: Cell division control protein 42
C-terminal/-terminus: Carboxy-terminal/-terminus
HLH: Hemophagocytic lymphohistiocytosis
HSCT: Hematopoiestic stem cell transplantation
LoF: Loss of function
NOCARH: Neonatal-Onset Cytopenia, Autoinflammation,
and Recurrent Hemophagocytic
lymphohistiocytosis
WT: Wild-type

evidence of neurodevelopmental defects. Our original finding was
confirmed by other reports documenting the peculiar functional
impact and clinical features associated with the p.R186C substi-
tution.*'" Independently, Gernez et al'” described inflammatory
and hematological phenotypes of 4 patients heterozygous for 3
variants affecting the CDC42 C-terminus (p.R186C, p.C188Y,
and p.*192Cext*24)."?

Here, we analyze the functional and clinical impact of those
variants, providing evidence that they are functionally and
clinically distinct.

RESULTS AND DISCUSSION

We previously showed that CDC42R'86C is geranyl-
geranylated at Cys'®® within the C-terminal canonical cysteine
(C), aliphatic amino acid (A), any amino acid (X) motif.>” This
mutant is also aberrantly palmitoylated, resulting in Golgi-
selective membrane trapping.®’ In striking contrast, both
p-*192Cext*24 and p.C188Y impair CDC42 geranyl-
geranylation by altering the C-terminal cysteine (C), aliphatic
amino acid (A), any amino acid (X) motif. No additional lipid
modifications were predicted at the CDC42°'%8Y C_terminus
(GPS-Lipid, http://lipid.biocuckoo.org/webserver.php), whereas
palmitoylation at 3 sites (Cys'®%, Cys'?, and Cys**®) was antici-
pated for the CDC42"192Cext*24 muytant (GPS-Palm, http://
gpspalm.biocuckoo.cn/download.php) (Fig 1, A). Given the role
of lipidation in controlling CDC42 targeting to cellular compart-
ments,13 both mutants were predicted to be mislocalized. Immu-
nofluorescence analysis on COSI1 cells transiently transfected to
express wild-type (WT) CDC42 or each mutant confirmed proper
distribution of CDC42%7T in cytosol and membranes, and the
Golgi-restricted localization of palmitoylated CDC42R'#¢C (Fig
1, B, left). As expected, Golgi sequestration of CD(C42R186C
was reverted by treatment with 2-bromopalmitate, a general in-
hibitor of protein palmitoylation. This subcellular relocation of
CDC42R186C resembled the WT protein localization, consistent
with a proper prenylation (Fig 1, B, right). In line with the lack
of lipidation at the C-terminus, the CDC42°'88Y mutant did not
show any significant targeting to intracellular membranes and
was characterized by an aberrant massive nuclear localization
(Fig 1, B). Differently, CDC42*192Cext*24 accumulated in the
Golgi similarly to CDC428'8¢€, Golgi targeting of this mutant
was dependent on palmitoylation, as demonstrated by treating
cells with 2-bromopalmitate treatment (Fig 1, B, right). Similar
to CDC42°"88Y  Jack of lipidation in 2-bromopalmitate—treated
CD(C42"192Cext*24 a5 associated with nuclear translocation, con-
firming the peculiar mislocalization resulting from
impaired prenylation. To identify the cysteine residue(s) at the
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CD(C427192Cext™24 C_terminus serving as substrate(s) for palmi-
toylation, a set of amino acid substitutions (C188G, C192G,
and C200G) or a combination of them (C188G+C192G,
C188G+C200G, and C192G+C200G) was introduced, and
the subcellular localization of these mutants was assessed in
COSI1 cells (Fig 1, C). As shown, the 3 residues variably contrib-
uted to Golgi sequestration, with Cys'®® playing a minor role in
this process. These data indicate that 2 palmitoylation modifica-
tions are mandatory for Golgi targeting of CDC42"192Cext*24,
Overall, these findings demonstrate a substantially diverse
behavior of CDC42°'Y compared with CDC42%192Cext*24
and CDC42R'*°¢,

Then we assessed whether p.C188Y and p.*192Cext*24 affect
protein expression/stability by western blot analysis using lysates
of transiently transfected COS]1 cells in the absence and presence
of the protein synthesis inhibitor cycloheximide and the protea-
some inhibitor MG132 (Fig 2, A). As we previously showed,
p.R186C did not affect protein levels.® In contrast, substantially
reduced levels of both p.C188Y and p.*192Cext*24
mutants were observed, with a barely detectable expression of
CDC427192Cext"24  Treatment with MG132 rescued levels of
cycloheximide-treated proteins, indicating accelerated proteaso-
mal degradation. Overall, these data documented a disruptive
impact of p.*192Cext*24 and p.C188Y on protein stability, sup-
porting their distinct functional behavior compared with
CDC42R'3C The occurrence of accelerated protein degradation
in CDC42°"88Y and CD(C42*192Cext*24 strongly pointed to a loss-
of-function (LoF) effect as the underlying mechanism of action
for both mutations.

Previous functional characterization of the NOCARH-
associated CDC42R'8%C protein documented its hypomorphic
behavior in terms of polarized migration in NIH3T3 cells and
developmental processes controlling Caenorhabditis elegans
vulval development.® We used the 2 experimental systems to
compare the behavior of the p.C188Y and p.*192Cext*24 var-
iants. Wound healing assay in transiently transfected NIH3T3
cells documented LoF of both p.C188Y and p.*192Cext*24
(Fig 2, B; see Fig E1 and Videos E1-ES5 in this article’s Online
Repository at www.jacionline.org). Consistently, C elegans
lines ubiquitously overexpressing CDC-42°"%¥Y under the con-
trol of a heat-shock—inducible promoter displayed a severe
reduction in the prevalence of both protruding vulva and multi-
vulva phenotypes compared with animals overexpressing the
WT protein or the CDC-42R'86C mutant (Fig 2, C). The
p-*192Cext*24 variant was not modeled in this system because
the C-terminal tail of the protein differs substantially between
the 2 species. These data support a severe hypomorphic effect
of p.C188Y on Wiskott—Aldrich Syndrome protein (WASP)
signaling mediating vulval morphogenesis and complete LoF
on RAS/mitogen-activated protein kinase signaling controlling
vulval induction.” Taken together, our findings demonstrate a
definite difference in the functional consequences of the 3
C-terminal CDC42 variants (Table I).

Analysis of the available clinical data from the literature and
intramural clinical records indicates that the 3 CDC42 variants are
associated with distinct clinical phenotypes (Table II), mirroring
the collected functional observations. Although only 2 subjects
among the 9 patients heterozygous for p.R186C were reported
to have minor facial dysmorﬁsm,12 this feature was observed in
all individuals carrying the p.C188Y and p.*192Cext*24 vari-
ants.'” Polymorphic erythematous skin rash was documented in
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FIG 1. Pathogenic C-terminal CDC42 variants differently impact protein lipidation and localization. A, In sil-
ico prediction of C-terminus lipidation in disease-causing CDC42%"86C, CDC42"192Cext"24 and CDC42¢188Y
proteins. B, Subcellular localization of CDC42 proteins in untreated (/eft) and 2-BP-treated (right) transfected

COS1 cells. C, Single and double substitutions of cysteine residues in CDC42

*192Cext*24 i nair Golgi-

restricted localization. Scale bars, 10 pm. 2-BP, 2-Bromopalmitate.

all patients with p.R186C and in none of those carrying the other
variants. In p.R186C heterozygous patients, rash did not appear to
be clinically relevant with the exception of a single subject
showing a severe psoriasiform dermatitis that did not improve af-
ter hematopoiestic stem cell transplantation (HSCT).” Consid-
ering the hematological involvement, severe neonatal-onset
trilinear pancytopenia was reported as the predominant feature
of all patients carrying p.R186C.*'? In contrast, neutropenia
was not reported in patients carrying p.C188Y or
p-*¥192Cext*24, and anemia and thrombocytopenia appear to
occur later in life in individuals heterozygous for the p.C188Y
substitution. Notably, the patient with p.*192Cext*24 presented
with neonatal-onset anemia and thrombocytopenia, and subse-
quently developed a transfusion-dependent thrombocytopenia,
for a few months only, showing an intermediate phenotype.
Remarkably, although treatment with the IL-1 inhibitor anakinra
was used in most patients carrying C-terminal variants (9 of 12),
thrombocytopenia and anemia improved only in patients carrying
the p.C188Y or p.*192Cext*24 changes.'? No effect or marginal
effect of anakinra, even at high dose, on thrombocytopenia and
anemia was reported in patients with the p.R186C variant (Fig
3, A), with the exception of 1 of the p.R186C-affected patients.'”
Neutropenia was found in all patients carrying the p.R186C

variant, and persisted despite high-dose anakinra and G-CSF
(Fig 3, B). Thus, among the pathogenic CDC42 variants,
p.R186C is unique in causing neonatal-onset severe trilineage
dyshematopoiesis, possibly due to decreased content of hemato-
poietic progenitor cells.® Cytopenias in these individuals per-
sisted despite therapy with anakinra that, on the other hand,
partially controlled systemic inflammation.

Because HLH is a key severe feature in several of these
patients, we searched for clinical and laboratory data fulfilling the
2 sets of available criteria for HLH/macrophage activation
syndrome (HLH 2004 criteria and the macrophage activation
syndrome in systemic juvenile idiopathic arthritis criteria),'*'> or
for statements from the authors that at least 1 of these sets of
criteria was fulfilled. In 5 of 9 patients heterozygous for the
p-R186C substitution, the above conditions were met and HLH
was reported as present.

In the remaining 4 patients, data were not sufficient to
demonstrate fulfillment of the criteria. In contrast, among the 3
patients with p.C188Y or p.*192Cext*24, HLH was reported only
in 1 subject with apparent response to anakinra.

Death occurred in 5 of the p.R186C-carrying patients, mostly
while being prepared for HSCT. No information on survival for 1
early-onset apparently severe subject was reported.'” One
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FIG 2. Pathogenic CDC42 variants variably affect protein function. A, CDC42"192¢xt*24 and CDC42°'%8Y un-
dergo accelerated degradation via proteasome. B, CDC42"192Cext"24 and CDC42°"%8Y abolish polarized
migration in NIH3T3 cells. Migration-fold changes were calculated with respect to cells overexpressing
WT CDC42 at 8.5 hours after scratch. C, CDC42C"88Y affects vulval development in Caenorhabditis elegans.
GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
TABLE I. Distinctive functional features associated with C-terminal variants of CDC42
Functional feature R186C Cc188Y *192Cext*24

Protein function

Prenylation Yes
Palmitoylation Yes
Accelerated degradation No
Mislocalization Golgi-restricted

Cell function
Polarized migration

Vulval development (Caenorhabditis elegans)
Muv phenotype
Pvl phenotype

Reduced

Reduced

Slightly reduced

No (predicted)

No

Yes
Nuclear/cytoplasmic

No (predicted)
Yes

Yes
Golgi-restricted
Loss Loss

No data available
No data available

Absent
Strongly reduced

Muv, Multivulva phenotype; Pvl, protruding vulva phenotype.

survivor was described with apparently mild disease responsive to
anakinra,'” and 1 with early-onset severe disease that led to suc-
cessful HSCT at age 24 months.” One of our patients survived: a
very severe HLH flare was successfully treated with the IFN-v in-
hibitor emapalumab, and subsequently HSCT.® IFN-vy neutraliza-
tion did not revert cytopenias that were corrected only by HSCT,
consistently with the impact of p.R186C on hematopoietic pro-
genitor cells.”

Overall, multiple lines of evidence indicate that the identified
mutations involving the C-terminal tail of CDC42 are
functionally and clinically different. First, in vitro and in vivo
data support the view that the 3 variants differently perturb
CDC42 function, having variable consequences on lipidation,
stability, subcellular localization, and intracellular signaling.
Second, they result in different clinical phenotypes with

different presentations, onset, and severity of cytopenias and
response to therapeutic IL-1 targeting. In particular, efficacy
of IL-1 inhibition in individuals with unprenylated CDC42 is
in agreement with previous reports, indicating that prenylation
defects of Rab family guanosine triphosphate hydrolases in
patients homozyogous for LoF mutations of the gene encoding
the mevalonate kinase are causative of an IL-1-dependent auto-
inflammatory disease.'®'” In the patients with unprenylated
CDC42, anemia and thrombocytopenia appear to be dependent
on inflammation because they are reverted by IL-1 inhibition. In
contrast, in patients with p.R186C, cytopenia is in general not
responsive to IL-1 inhibition. Available data suggest that the
p-R186C substitution triggers overactivation of several inflam-
matory pathways with increased production of IL-1, IL-6, TNF,
IL-18, IFN-, and CXCL9.*”"'? IL-1 overproduction appears to
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Feature

R186C

Cc188Y

*192C*24

Reported patients
Facial dysmorphisms

Neonatal-onset pancytopenia
Trasfusion-dependent anemia
Response to IL-1 inhibition*
Thrombocytopenia

Response to IL-1 inhibition*
Neutropenia

Response to IL-1 inhibition*
Myelofibrosis (MF)

Acute myeloid leukemia

Skin polymorphic erythematous rash
Additional skin manifestations

Autoinflammation
Response to IL-1 inhibition*

HLH syndrome
Response to IL-1 inhibition

HSCT

9 (references 8-11)
1 (mild, not further specified)

1 (mild, low-set ears, mild arched palate)

Yes, severe

Yes, severe

Yes, in 2
Yes, in 1

Psoriasiform erythroderma in 1 case

Yes

Partial
Yes in 5
Yes in 1
No in 4

Performed in 3 cases, survived and cured (2

cases)

2 (reference 12)
Yes (frontal bossing, hypertelorism,

depressed nasal bridge in 1; frontal

bossing, macrocephaly, thin sparse hair,

and depressed nasal bridge in 1)
No
Yes
Yes
1 (mild)
Yes

Not reported

Absent

Absent

No

Nodular lesions in 1 case, macular
lesions in 1 case

Yes

Complete

Yes in 1 patient
Yes in 1 patient

Not performed

1 (reference 12)
Yes (frontal bossing)

No
Yes
Yes
Yes, severe
Yes

Not reported

Absent

Absent

No

Macular and
purpuric rash

Yes

Complete

No

Not performed

All mutations were de novo except for 2 siblings who inherited a paternal mosaicism. '

CRP, C-reactive protein; MAS, macrophage activation syndrome; sJIA, systemic juvenile idiopathic arthritis.
*#Six patients heterozygous for the R186C amino acid substitution and all subjects carrying the other variants were treated with the IL-1 inhibitor anakinra.

TResponse judged on the basis of available data (fever, rash, CRP, and glucocorticoid dose).

1We considered as having HLH those patients in which fulfillment of the HLH-2004 criteria and/or the MAS in sJIA criteria was reported. Insufficient data for the other 4 patients
(ie, lack of absolute values related to laboratory workflow) do not allow to assess fulfillment of HLH criteria.
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be responsible for some of the autoinflammatory features; over-
production of IL-18 drives IFN-y and HLH, which may be
fatal.® HSCT should be considered ideally when the disease is
controlled, because it may lead to resolution of inflammation,
cytopenia, and absence of HLH recurrence.

FIG 3. Impact of different treatments on cytopenia in the long-term survivor affected subject harboring the
p.R186C variant. A, Hemoglobin and platelet counts. B, Neutrophil counts. Full clinical information of the
subject is reported in Lam et al® (patient 1). Hb, Hemoglobulin; Plt, platelet.
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Key messages

e p.R186C results in an aberrantly palmitoylated CDC42
protein constitutively targeted to the Golgi. The associ-
ated disorder, NOCARH syndrome, is characterized by
neonatal-onset pancytopenia and HLH, and requires
treatment with emapalumab (IFN-y-blocking antibody)
to manage HLH flares, and bone marrow transplantation
for full recovery.

p-C188Y impairs CDC42 geranyl-geranylation and causes
accelerated protein degradation and impaired membrane
translocation. This mutant is associated with an autoin-
flammatory condition responsive to anakinra.

p-¥192Cext*24 impairs CDC42 geranyl-geranylation and
causes accelerated CDC42 degradation. The residual pro-
tein is aberrantly palmitoylated and targeted to the Golgi.
The associated condition is characterized by neonatal-
onset anemia and thrombocytopenia, and autoinflamma-
tion responsive to anakinra.
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