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Introduction
Thanks to next-generation sequencing (NGS) approaches, the list 
of genetic syndromes that cause thrombocytopenia has grown in 
recent years and now includes over 40 genes (1). However, there are 
still patients with presumed constitutional thrombocytopenia who 

lack a molecular etiology despite extensive genetic testing. With-
in this group, an increasing number of human pathologies have 
highlighted the interplay between the actin cytoskeleton and Ras 
homology (Rho) GTPases, signaling proteins with crucial roles in 
triggering multiple immune functions. Through their interactions 
with a broad range of effectors and kinases, they regulate cytoskele-
tal dynamics, cell polarity, and immune cell trafficking and prolifer-
ation. Defects in Rho GTPases lead to various immune pathologies, 
including combined immune deficiencies (2). Variants in genes 
encoding Rho GTPase effectors, such as MYH9, a member of the 
ARP2/3 complex, WASP, and DIAPH1, are associated with inher-
ited human thrombocyte disorders (3), Wiskott-Aldrich syndrome 
and its clinical triad comprising microthrombocytopenia, eczema, 
and immunodeficiency being the most prominent example (4).

The ubiquitously expressed small GTPase Ras-related protein 1B (RAP1B) acts as a molecular switch that regulates 
cell signaling, cytoskeletal remodeling, and cell trafficking and activates integrins in platelets and lymphocytes. 
The residue G12 in the P-loop is required for the RAP1B-GTPase conformational switch. Heterozygous germline 
RAP1B variants have been described in patients with syndromic thrombocytopenia. However, the causality and 
pathophysiological impact remained unexplored. We report a boy with neonatal thrombocytopenia, combined 
immunodeficiency, neutropenia, and monocytopenia caused by a heterozygous de novo single nucleotide substitution, 
c.35G>A (p.G12E) in RAP1B. We demonstrate that G12E and the previously described G12V and G60R were gain-of-
function variants that increased RAP1B activation, talin recruitment, and integrin activation, thereby modifying late 
responses such as platelet activation, T cell proliferation, and migration. We show that in our patient, G12E was a 
somatic variant whose allele frequency decreased over time in the peripheral immune compartment, but remained 
stable in bone marrow cells, suggesting a differential effect in distinct cell populations. Allogeneic hematopoietic stem 
cell transplantation fully restored the patient’s hemato-immunological phenotype. Our findings define monoallelic 
RAP1B gain-of-function variants as a cause for constitutive immunodeficiency and thrombocytopenia. The phenotypic 
spectrum ranged from isolated hematological manifestations in our patient with somatic mosaicism to complex 
syndromic features in patients with reported germline RAP1B variants.
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org/10.1172/JCI169994DS1). Intriguingly, hemorrhagic manifes-
tations were more important than expected, given platelet counts 
requiring repeated platelet transfusions. At M8, neutropenia per-
sisted. Hypogammaglobulinemia and low CD4+, CD8+, and naive T 
cell counts (Table 2) were consistent with CID. However, P1 did not 
suffer from severe infections under antimicrobial prophylaxis (tri-
methoprim-sulfamethoxazole, valacyclovir) and immunoglobulin 
substitution. BM smear at M18 showed decreased cellularity for age 
and only rare, abnormal, hypolobed megakaryocytes (Figure 1A).

Given the severe immunohematological condition, P1 received 
a 10/10 HLA allele-matched unrelated hematopoietic stem cell 
transplantation (HSCT) at the age of 2 years after myeloablative 
conditioning with busulfan, fludarabine, and antithymocyte glob-
ulin. He achieved 100% donor chimerism and excellent hemato-
logical and immunological reconstitution (Table 1 and Table 2). At 
last follow-up 62 months after HSCT, P1, aged 7.2 years, was alive 
and well and off treatment.

Overall, the association of severe early onset thrombocytopenia, 
neutropenia, monocytopenia, and CID, corrected by allogenic HSCT, 
was consistent with an inborn hematopoietic and immune disorder.

P1 carries a monoallelic de novo RAP1B c.35G>A p.G12E vari-
ant. WES on genomic DNA (gDNA) from PBMCs revealed the 
heterozygous single nucleotide substitution c.35G>A in the ubiq-
uitously expressed RAP1B gene (NCBI ID, NM_001010942.3, 
Chr12:68648759) causing p.G12E in P1, but not in his parents. 
Sanger sequencing confirmed that this variant was de novo (Fig-
ure 1B). RAP1B RNA was present in P1 PBMCs, which carried the 
c.35G>A variant in a heterozygous state. We considered RAP1B a 
strong candidate, as its GTP-bound active form mediates integrin 
activation in platelets and lymphocytes (7–10). RAP1B-G12E vari-
ant (hereafter referred to as G12E) was absent in public (Genome 
Aggregation Database [gnomAD]) (11) and in-house databases and 
had not been described in patients, to our knowledge, at the time we 
started our investigations. It was predicted deleterious according to 
in silico tools including Combined Annotation Dependent Depletion 

Here we report a patient with neonatal thrombocytopenia and 
bleeding diathesis associated with neutropenia, monocytopenia, 
and combined immunodeficiency (CID). Whole-exome sequenc-
ing (WES) analysis identified a monoallelic de novo RAS-related 
protein 1b (RAP1B) variant, a gene encoding a factor of the cyto-
skeleton/Rho-GTPase network. Heterozygous RAP1B germline 
variants have been recently described in patients with syndromic 
thrombocytopenia (ST) associated with multiple clinical features 
ranging from facial dysmorphia, microcephaly, and neurodevel-
opmental delay to organ involvement, particularly brain, heart, 
kidney, and skeletal abnormalities (5, 6). While these patients 
developed mild neutro- and lymphopenia, they had no clinical his-
tory suggesting an associated immunodeficiency. However, nei-
ther their immune nor platelet function had been investigated. It 
has been speculated that germline gain-of-function (GOF) RAP1B 
variants may be causative, but so far, no comprehensive functional 
studies have been performed.

Our study provides evidence that the RAP1B variant in our 
patient as well as two recently described RAP1B variants in patients 
with ST were GOF variants impairing platelet activation. Thus, our 
study defines monoallelic GOF RAP1B variants as cause for prima-
ry immunodeficiency associated with thrombocytopenia.

Results
Clinical and immune-hematological phenotype. A full-term eutrophic 
boy (patient 1 [P1]), born to nonrelated White parents, present-
ed neonatal petechiae without any other clinical features. Whole 
blood count (WBC) revealed severe thrombocytopenia, lymph-
openia, neutropenia, and monocytopenia (Table 1). At 1 week of 
age, bone marrow (BM) smear was hypocellular, displaying rare 
megakaryocytes. BM biopsy at the age of 3 months (M3) showed 
megakaryocyte maturation defects and granular hypoplasia, while 
BM immune phenotype and karyotype were normal. Extensive eti-
ological investigations were negative (Supplemental Table 1; sup-
plemental material available online with this article; https://doi.

Table 1. P1’s hematological features

Before HSCT HSCT After HSCT
Age 3 d 9 d 2 wk 3 wk Ref.  

values
5 wk 4 mo 6 mo 8 mo 12 mo Ref.  

values
13 mo 15 mo 18 mo 23 mo Ref.  

values
24 mo 49 mo 56 mo Ref.  

values
Hemoglobin  
(g/dl)

18 17.3 14.6 13.1 13–20 9.1 9.5 9.6 10.2 11.9 9.5–13.5 9.6 9.8 9.9 7.6 11–14 11 11.5 11–14

Platelets ×103  
(/μl)

18 21 20 12 150–450 15 20 22 26 26 150–450 20 15 27 16 150–450 243 296 150–450

MPV  
(fl)

10.7 8.4–10.7 8.4 8.4–10.7 9.1 9.1 8.4–10.7

Leukocytes  
(/μl)

5,900 4,330 1,860 1,360 6,000–
21,000

1,290 880 2,340 2,140 2,100 6,000–
17,500

850 1,100 1,000 1,000 5,000–
17,000

8,200 8,800 5,000–
17,000

Neutrophils  
(/μl)

2,620 580 500 1,500–
5,000

320 260 1,690 1,170 1,190 1,500–
8,500

320 600 500 400 1,500– 
8,500

4,400 4,400 1,500–
8,500

Monocytes  
(/μl)

440 390 250 400– 
3,000

310 120 330 410 270 300– 
1,500

180 200 100 200 300– 
1,500

300– 
1,000

Lymphocytes  
(/μl)

990 800 650 4,054–
7,048

640 510 360 540 130 3,320–
7,006

350 384 400 400 3,873– 
6,141

2,700 3,130 2,340–
5,028

P1’s hematological parameters before and after HSCT at different ages compared with age-matched hospital reference values. MPV, mean platelet volume; 
Ref., reference.

https://doi.org/10.1172/JCI169994
https://doi.org/10.1172/JCI169994DS1
https://www.jci.org/articles/view/169994#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

3J Clin Invest. 2024;134(17):e169994  https://doi.org/10.1172/JCI169994

follicle and buccal swab cells (obtained 7 months after HSCT) car-
ried the RAP1B c.35G>A variant (Figure 2A). As buccal swab may 
not contain only recipient oral mucosal epithelial cells, but also 
donor-derived circulating leukocytes from saliva, VAF in buccal 
swab may be underestimated. NGS confirmed that the RAP1B 
variant was absent in P1 primary fibroblasts and both parents’ 
peripheral blood (Figure 2A), with VAFs below the established cut-
off for somatic variants (15, 16).

Collectively, these results indicate that RAP1B c.35G>A is a de 
novo somatic variant, present in cells and tissues originating from 
different embryonic layers (Figure 2, A and B) such as ectoderm (oral 
mucosal epithelial cells and hair follicles) and mesoderm (hemato-
poietic cells), but absent in mesoderm-derived primary fibroblasts.

VAF in P1 PBMCs and cultured cells decreased over time, but 
remained stable in BM cells. The earliest available DNA sample from 
peripheral blood at M8 revealed a VAF of 39.8% corresponding to 

(CADD) score (12) (score 31), PolyPhen-2 (13) (score 1), and Sorting 
Intolerant From Tolerant (SIFT) (14) (score 0). G12 is located in the 
RAP1B active site within the P-loop (Figure 1C), in which only 2 oth-
er missense variants have been reported in gnomAD (11) (Figure 
1, D and E). RAP1B is highly evolutionary conserved from yeast to 
humans (Figure 1F) and among other human GTPases (Figure 1G).

RAP1B c.35G>A is a somatic variant in P1. WES raw data revealed 
that among the 257 reads covering the region of interest, only 108 
(42%) carried the RAP1B c.35G>A variant in P1 gDNA from PBMCs 
at M12. This suggested a slight imbalance between WT and mutated 
alleles. Sanger sequencing showed that P1 primary fibroblasts did not 
carry the variant, while microsatellite analysis confirmed their identi-
ty (Supplemental Figure 1, A and B), arguing for a somatic mutation.

Variant allele frequency (VAF) analysis by high-throughput 
sequencing in different cell types from P1 (Supplemental Table 
2) indicated that all PBMC samples prior to HSCT as well as hair 

Table 2. P1’s immunological phenotype

Before HSCT HSCT After HSCT
Age 6 mo 8 mo Ref. values 13 mo 15 mo 18 mo 21 mo 23 mo Ref. values 24 mo 49 mo 56 mo Ref. values

CD3+ (/μl) 261 1,900–5,900 230 234 239 281 212 2,542–4,933 2,207 2,191 1 578–3,707

CD4+ (/μl) 140 1,400–4,300 126 123 123 135 122 1,573–2,949 1,207 1,114 870–2,144

CD8+ (/μl) 80 500–1,700 85 88 89 110 68 656–1,432 665 703 472–1,107

CD31+CD45RA+/CD4+ (%) RTE 33 60–72 32 22 59 57–65 60 56.6 57–65

CD45RO+/CD4+ (%) memory 28 28 44.5 35.1 27 15.6–27.5

CD45RA+CCR7+/CD8+ (%) naive 1.5 52–68 40 35 72.1 52–68 61 57–92.4

CD45RA–CCR7+/CD8+ (%)  
central memory

58.5 3–4 5.5 0.5 19.4 3–4 5.5 5.9–22.3

CD45RA–CCR7–/CD8+ (%)  
effector memory

10 11–20 36 7.5 3.8 11–20 25 11–20

CD45RA+CCR7–/CD8+ (%) TEMRA 30 16–28 18.5 57 3.5 16–28 8.5 16–28

CD19+ (/μl) 100 776–2,238 85 111 92 110 70 733–1,338 665 528 434–1,274

CD16+CD56+ (/μl) 125 230–801 26 31 50 110 27 186–724 121 135 155–565

Nonstimulated proliferation (cpm/103) 0.63 0.7–2

PHA induced proliferation (cpm/103) 48 >50

IgG (g/L) 1.92
Start
IRT

2.4–4.4 4.89 6.38 7.04 10.1 4.82–8.96 5.84
Stop
IRT

7.64 4.8–9

IgA (g/L) 0.09 0.27–0.86 0.43 0.08 0.13 0.33 0.33–1.22 0.34 1.06 0.41–1.41

IgM (g/L) <0.2 0.34–1.14 0.29 0.14 0.16 0.18 0.25–1.53 0.58 1.19 0.54–1.53

TCRgd CD3+ (%) 1.7 0.2–14

CD127loCD25+/CD4+ (%) regulatory 4.9 2.9–7.4

Va7+CD161+/CD3+ (%) MAIT 1.39 0.5–10

Va24+Vb11+CD161+/CD3+ (%) NKT 0.65 >0.1

CD21+CD27+/CD19+ (%) memory B 17.3 >10

IgD+IgM+/CD19+CD21+CD27+ (%) marginal zone B 36 31–51

IgD–IgM–/CD19+ CD21+CD27+ (%) switched B 51.4 21–49

CD14+CD16– (%) classical monocytes 9.7 2.5–11

CD14+CD16+ (%) intermediate monocytes 1.9 0.7–2

CD14+CD16++ (%) nonclassical monocytes 1.6 1–6.5

CD11c+CD123loHLADR+ (%) myeloid DC 1.41 1.4–8.4

CD11c–CD123hiHLADR+ (%) plasmacytoid DC 0.60 0.3–6

P1’s immunological parameters before and after HSCT at different ages compared with age-matched hospital reference values. IRT, immunoglobulin 
replacement therapy; RTE, recent thymic emigrants; TEMRA, T effector memory RA cells; MAIT, mucosal-associated invariant T cells.
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P1 platelets had normal size, as evaluated by flow cytometry 
(Figure 3C) and automated platelet counter (Table 1). Howev-
er, ultrastructure analysis by transmission electron microscopy 
(TEM) revealed abnormal platelet morphology, with platelet 
shape being more round than discoid (Figure 3D). RAP1B pro-
tein expression in P1 platelets was decreased by 35% compared 
with controls (P < 0.001), but recovered normal levels follow-
ing HSCT (Figure 3E).

Due to P1’s young age and severe thrombocytopenia, exten-
sive studies of platelet function were not feasible. The activation 
of integrin αIIbβ3 is essential for platelet aggregation. We evaluated 
its activation by flow cytometry using PAC1 antibody, which recog-
nizes its active conformation (Figure 3F). P1 had a distinct platelet 
population (10%) with unusual integrin αIIbβ3 activation in unstim-
ulated conditions, confirmed in 2 independent experiments. 
After HSCT, αIIbβ3 activation in P1 resting platelets was normal. 
To confirm this unusual integrin activation, we plated unstimu-
lated washed platelets onto fibrinogen matrix in order to analyze 
platelet morphology (Figure 3G). In this assay, the engagement of 
activated integrin αIIbβ3 with fibrinogen, its ligand, induces an out-
side-in signaling responsible for platelet activation, cytoskeleton 
reorganization, and morphological changes, including membrane 
extensions named filopodia occurring prior to full platelet spread-
ing. In the control, 28.4% ± 2.0% platelets showed a discoid shape 
(corresponding to resting platelets) and only 2.4% ± 1.2% platelets 
a spread shape (corresponding to platelets at the last step of acti-
vation). While P1 had a significant decrease in the percentage of 
nonactivated platelets (7.5% ± 1.1% discoid platelets, P < 0.001), 
for the benefit of fully activated ones (21.4% ± 2.0% spread plate-
lets; P < 0.001), there was no overexpression of integrin αIIbβ3 or 
other key platelet receptors such as glycoprotein (GP)VI, GPIbα, or 
GPIX (data not shown). Together, these results confirm the pres-
ence of an unusual spontaneously active conformation of integrin 
αIIbβ3 in P1 unstimulated platelets.

RAP1B-G12E is a GOF variant. To explore the impact of 
RAP1B-G12E in P1 cells, we performed migration assays. P1 pri-
mary fibroblasts migrated normally (Supplemental Figure 1C), a 
result consistent with the absence of the RAP1B variant in these 
cells. We next evaluated spontaneous and SDF-1α–mediated in 
vitro migration of freshly isolated PBMCs. SDF-1α (or CXCL12) 
chemoattractant is the canonical ligand of the CXCR4 receptor. 
The activation of the CXCL12/CXCR4 axis is involved in migra-
tion, chemotaxis, and proliferation in lymphocytes (20) and con-
tributes, through inside-out signaling, to increase lymphocyte 
integrin affinity (21). Fibronectin is the ligand of VLA-4 (α4/β1 
CD49d/CD29) integrin. Its interaction with the high-affinity 
integrin could, in turn, through outside-in signaling, activate 
downstream cascades modifying actin dynamics and mediating 
cell migration (22).

P1 and control PBMCs showed no significant difference in cell 
migration assays. Nonetheless, upon fibronectin coating, P1 PBMCs 
migrated more than control cells in all conditions (Figure 4A), while 
WBC distribution, LFA-1, and VLA-4 integrin subunit expression were 
roughly similar in P1 and control PBMCs (Table 1 and data not shown). 
These findings suggest a basal overactivation of the VLA-4/fibronec-
tin axis in P1 lymphocytes that may increase migration through out-
side-in signaling, supporting that RAP1B-G12E is a GOF variant.

79.6% cells carrying the RAP1B c.35G>A variant in a heterozygous 
state, compared with 43.9% at M24 (Figure 2A), suggesting a del-
eterious effect of the somatic variant, with progressive loss of cells 
carrying this variant in peripheral blood. There were no significant 
WBC modifications (Table 1) concomitant to this decrease. We 
studied the percentages of RAP1B c.35G>A positive cells in differ-
ent FACS-sorted immune subpopulations. At M21, 75.7% of CD19+ 
B cells carried the variant, but only 36.6% to 38.8% of CD4+, CD8+, 
and NK cells (Figure 2C), suggesting that RAP1B c.35G>A had a 
distinct deleterious impact on different cell populations. The T cell 
receptor (TCR) rearrangement profiles of P1 T lymphocytes at M8, 
M12, and M23 did not show major differences, arguing against a 
clonal selection process underlying the decreased VAF in the T cell 
compartment (data not shown).

We next studied the VAF in P1 B lymphoblastoid cell line 
(B-LCL) cells. The percentages of B-LCL cells carrying the vari-
ant progressively decreased from 74.9% to 19.5% after 40 days 
of culture (Figure 2D), suggesting a counterselection of B-LCL 
cells carrying RAP1B c.35G>A, as observed in peripheral blood 
(Figure 2A). In contrast to the progressive decrease of the vari-
ant in P1 peripheral blood cells (Figure 2A), the percentages 
remained stable in BM samples obtained at age 1 week and M7 
(Figure 2E), arguing against a deleterious impact of the variant 
in this cell compartment. To confirm this observation, we sorted 
and cultured P1 CD34+ cells for 2 weeks as previously described 
(17). We did not observe any significant decrease in RAP1B 
c.35G>A VAF (Figure 2F).

RAP1B-G12E is associated with severe thrombocytopenia and 
abnormal platelet function. Since RAP1B is essential to platelet 
function (8, 18, 19), we next studied P1 platelets. From birth 
until HSCT, P1 presented platelet counts ranging between 
15,000 and 30,000/μL, also when treated with the throm-
bopoietin receptor agonist romiplostim (Figure 3, A and B). 

Figure 1. RAP1B variants and RAP1B protein structure. (A) May-Grün-
wald-Giemsa staining of P1 BM smear at age of M18 showing reduced 
richness for the patient’s age, elements at all stages of maturation, 
predominance of the granular lineage, absence of atypical cells, and 
presence of rare hypolobed megakaryocytes (black arrowheads). Original 
magnification, ×500 (left); ×1,000 (center and right). (B) P1 pedigree and 
familial segregation. Sanger sequencing of RAP1B in whole peripheral 
blood from P1 and his parents shows the heterozygous RAP1B c.35G>A 
(p.G12E) variant in P1 (red arrow), but not in P1’s parents, confirming its de 
novo nature. (C) Ribbon representation of the 3D structure of rat Rap1B 
bound to a nonhydrolyzable GTP analog (GppNHp, pdb 3X1X) (42). The 
sequences of rat Rap1B and human RAP1B are identical, except for C139 in 
the human sequence, which is replaced by serine in the rat sequence. This 
surface residue is far from the nucleotide-binding site. P-loop, switch I, 
and switch II regions are shown in pink. Magnesium ion is shown in green, 
water molecules in red, and the residues G12, A59, and G60, which have 
been found mutated in patients (Table 3), are in blue. (D) CADD score and 
amino acid position of all human RAP1B missense variants listed in gno-
mAD (11) as of February 6, 2023. RAP1B variants reported in patients are 
shown in red: G12E (P1) and G12V, A59G, and G60R (P2, P3, and P4) (5, 6). 
(E) Schematic representation of the secondary structure of human RAP1B 
with G domain–containing P-loop (G1), switch I and switch II (G2 and G3), 
G4, and G5 functional domains (33, 61), and hypervariable region. (F) Multi-
ple sequence alignment of RAP1B G1–G3 functional domains from different 
species (62). (G) Multiple sequence alignment of G1–G3 functional domains 
of human small GTPases: RAP1B, RAP1A, HRAS, NRAS, and KRAS (62).
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To confirm this hypothesis, we analyzed RAP1B activity 
through pull-down assays in order to determine the amount of 
active GTP-RAP1B among total RAP1B protein. RAP1B activation 
was increased in P1 B-LCL cells containing 80% of RAP1BWT/G12E 
cells compared with control and P1 B-LCL cell populations har-
boring low percentages of RAP1BWT/G12E cells (Figure 4B), confirm-

ing that RAP1B-G12E is a GOF variant. P1 B-LCL RAP1BWT/G12E  
showed increased percentages of cells in S-phase compared with 
healthy donor (HD) B-LCL cells (Figure 4, C and D). P1 B-LCL 
cells with high percentages of RAP1BWT/G12E cells proliferated more 
than 4 HD B-LCL cells or P1 B-LCL cells with low percentages of 
RAP1BWT/G12E (Figure 4E). P1 RAP1BWT/G12E B-LCL cells in culture 

Figure 2. Characterization of P1 RAP1B G12E somatic variant. (A) Proportion of RAP1BWT/G12E cells (%) in gDNA samples determined by RAP1B c.35G > A (RAP1B 
G12E) VAF analysis using NGS (Supplemental Table 2). Absence of RAP1BWT/G12E cells in P1’s parents’ peripheral blood (16). RAP1BWT/G12E cells are absent in P1 meso-
derm-derived primary fibroblasts, but present in P1 mesoderm–derived peripheral blood (before HSCT), ectoderm-derived hair follicles, and buccal swab (obtained 
7 months after HSCT). (B) Schematic representation of the process of gastrulation generating the 3 primary germ layers (ectoderm, endoderm, mesoderm). (C) 
Quantification of RAP1BWT/G12E cells (%) using NGS in P1 PBMCs (at M21) sorted into CD19+ B cells, CD3+CD4+ T cells, CD3+CD8+ T cells, and CD56+ NK cells (Supple-
mental Table 2). (D) Quantification of RAP1BWT/G12E cells (%) in P1 B-LCL cells cultured over 40 days. B-LCL cells were established from P1 PBMCs obtained at M18. 
VAF was analyzed using EditR (63) (Supplemental Table 2). (E) Quantification of RAP1BWT/G12E cells (%) using NGS in sorted P1 BM mononuclear cells harvested 
at the ages of 1 week and M7: B cells (CD45+CD34–CD19+), pro–B cells (CD45+CD34+ CD19+), myeloid cells (CD45+CD11b+), and hematopoietic stem progenitor cells 
(HSPCs) (CD45+CD34+CD19–) (Supplemental Table 2). (F) Quantification of RAP1BWT/G12E cells (%) by NGS (Supplemental Table 2) in sorted P1 HSPCs harvested at M7 
after 14 days in culture. FACS images of P1 and control HSCP cells after 14 days in culture. numbers above bars indicate the percentages of RAP1BWT/G12E cells.
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exhibited higher proportions of apoptotic cells compared with 
HD B-LCL cells (Figure 4F). Taken together, data for cell cycle, 
cell division, and cell apoptosis indicated enhanced proliferation 
in P1 RAP1BWT/G12E B-LCL cells.

B-LCL cells carrying the RAP1B-G12E variant present abnormal 
morphological features. Given the observation that P1 PBMCs seem 
to migrate quite efficiently even without SDF-1α, we wanted to 
explore P1 cell morphology. It had been shown that activated Rap1 

Figure 3. Characterization of P1 platelets. (A) P1 platelet counts before and after HSCT. (B) Representative blood smears of HD and P1 after May-Grünwald-Giem-
sa staining. Arrows indicate platelets. (C) Platelet size evaluated by flow cytometry. Each dot represents the mean forward scatter (FSC-H) of washed platelets. 
HDs, n = 65; P1, n = 2. (D) Platelet ultrastructure analyzed by TEM. The box-and-whisker plots represent platelet morphology (n = 100) defined by the ratio between 
the large and the small cell diameter. In C and D, whiskers represent the 5th to 95th percentiles, the box corresponds to the interquartile range, the center line 
indicates the median, and the cross indicates the mean. (E) RAP1B expression evaluated by Western blotting (representative of at least 4 experiments). Graph 
(lower panel) represents RAP1B expression after normalization by CD41 expression. Data are represented as mean of the relative expression (HDs set to 1) ± SEM. 
HDs, n = 14; P1, before HSCT and after HSCT, n = 4. Dashed lines indicate that the samples were derived from the same gel but were noncontiguous. (F) Integrin 
αIIbβ3 activation evaluated in unstimulated platelets by flow cytometry using PAC1 antibody, which recognizes the active conformation of the integrin. The cyto-
grams represent the traces of HD (black line) and of P1 before (red) and after HSCT (green). Graph (lower panel) represents the percentage ± SEM of PAC1-positive 
platelets. HDs, n = 6; P1, n = 1. W, weeks before HSCT; W+, weeks after HSCT. (G) Spreading of HD and P1 platelets before HSCT onto fibrinogen matrix analyzed 
by epifluorescence microscopy using fluorescently labeled phalloidin. Graph (lower panel) represents the percentage of discoid platelets (white), platelets with 
filopodia (light gray), and spread platelets (dark gray). Scale bars: 10 μm. Statistical significance was determined for D by 2-tailed Student’s t test and for E and G 
by 1-way ANOVA with Dunnett’s multiple-comparisons test. ***P < 0.001.
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-G60R, which had been identified in patients with ST in the course 
of our investigations (5, 24). Of note, the G12V variant had been 
reported previously to lead to a constitutively activated protein 
(24). First, we determined RAP1B activation by measuring relative 
RAP1B-GTP abundance through pull-down assay. RAP1B acti-
vation was increased in HEK293T cells transfected with vectors 
containing G12E, G12V, or G60R or cotransfected with equimolar 
combinations of RAP1B-WT and 1 RAP1B variant when compared 
with cells transfected with RAP1B-WT (Figure 6A). These results 
suggest that the RAP1B-G12E, -G12V, and -G60R variants exert a 
dominant GOF effect.

We next evaluated the impact of G12E, G12V, and G60R in 
the human erythroleukemia (HEL) cell line, which recapitulates 
megakaryocytic hallmarks (25, 26), including integrin αIIbβ3 activa-
tion. HEL cells expressing G12E exhibited significantly increased 
RAP1B activation (by 4.4-fold, P < 0.001) compared with cells 
expressing RAP1B-WT (Figure 6B), higher than cells expressing 
G12V (2.8-fold of RAP1B-WT activation; P < 0.01) or G60R (2.4-
fold, P < 0.05). We next investigated talin-1 recruitment to integ-
rin β3 in unstimulated HEL cells expressing G12E, G12V, or G60R 
by proximity ligation assay (PLA), which generates a fluorescent 
dot only when the 2 proteins are at a distance of 40 nm or less. 
The quantification of fluorescent dots per cell showed a signif-
icant increase in talin-1/β3 association in HEL cells expressing 
G12E (2.2-fold; P < 0.001), G12V (1.9-fold; P < 0.01), and G60R 
(1.3-fold; P < 0.05) compared with RAP1B-WT, confirming that 
RAP1B-G12E, -G12V, and -G60R were able to act on integrin acti-
vation without any stimulation (Figure 6C). Finally, to elucidate 
the consequences concerning integrin activation, we studied inte-
grin αIIbβ3 conformation in HEL cells by flow cytometry in resting 
conditions. Integrin αIIbβ3 in HEL cells expressing G12E and G12V 
was abnormally activated (P < 0.05 and P < 0.01, respectively) 
compared with WT (Figure 6D). Taken together, these results 
indicate that RAP1B GOF variants G12E and G12V induce integrin 
αIIbβ3 activation due to expression of constitutively active RAP1B.

We next assessed the functional consequences of G12E in T cell 
function. We investigated proximal T cell activation as well as late 
responses. In P1 T cells, global tyrosine phosphorylation and MAPK 
pathway activation (Tyr, PLCγ, ZAP-70, ERK1/2) after TCR stimu-
lation were comparable to those of healthy controls. Furthermore, 

induced T cell polarity, also in the absence of chemokines (7, 23). 
When compared with immortalized B-LCL cells from HDs after 
spreading, P1 B-LCL cells showed altered microtubule organiza-
tion (Figure 5A) as well as altered actin cytoskeleton (Figure 5B). 
P1 cells were also more rounded than HD cells.

Functional studies in human cell lines confirm the GOF nature of 
RAP1B variants. We next sought to study the impact of the G12E 
variant in human cell lines. We included also RAP1B-G12V and 

Figure 4. P1 lymphocytes functional analysis. (A) Analysis of P1 PBMC 
spontaneous and chemoattractant-induced migration in the absence 
(left) or presence (right) of fibronectin coating (100 mg/ml) using Transwell 
devices. Experiments were repeated twice in triplicates. One representative 
of 2 independent experiments is shown. SDF-1α (CXCL12, 1,500 ng/mL) was 
used as chemoattractant. Means of triplicates (with SD) are represented for 
patient and control cells in the graphs. At the time of the test, P1 PBMCs 
carried 52.5%RAP1BWT/G12E cells. (B) RAP1B activation, calculated as the ratio 
RAP1B-GTP/RAP1B total expression, was evaluated in P1 and control B-LCL 
cells by Western blotting after pull-down assay. P1 B-LCL cell bulk popula-
tions used for the experiment contained 80%, 14%, and 4% RAP1BWT/G12E 
cells. The blot is representative of 2 independent experiments. (C) Analysis of 
the relative proportion of P1 and control B-LCL cells in G1, S, and G2 cell-cycle 
phases after double staining with anti-BrdU monoclonal antibody and PI. P1 
B-LCL cell bulk populations contained 70% and 10% RAP1BWT/G12E cells. Two 
different healthy B-LCL cell unrelated controls (1 age matched) were used for 
normalization. Experiments were performed in triplicate for 2 independent 
experiments. The representative graph shows the gated populations. Statis-
tical significance was determined by Mann-Whitney U test. **P < 0.01; ***P 
< 0.001. (D) Percentages of RAP1BWT/G12E cells in sorted G1, S, and G2 phase 
populations after cell-cycle analysis. P1 B-LCL cell bulk population contained 
70% RAP1BWT/G12E cells. (E) Representative histograms(left) showing cell divi-
sions by CellTrace Violet staining of synchronized HDs (gray histograms) and 
P1 (blue and red histograms) B-LCL cells after 6 days of culture. P1 B-LCL cell 
bulk contained 0% (light blue), 2% (dark blue), 60% (light red), or 70% (dark 
red) RAP1BWT/G12E cells. Dot plots graph (right) showing index of proliferation 
of HD and P1 B-LCL cells calculated from FACS histograms shown in the 
left panel (with same color code) at indicated time of culture. Each symbol 
corresponds to 1 individual HD (black) or P1 (blue or red). Data are from 1 of 2 
independent experiments. (F) Representative FACS dot plots (left) depicting 
annexin V and 7-AAD expressions of HD and P1 B-LCL cells containing 0% 
or 70% RAP1BWT/G12E cells for 0 and 24 hours. Dot plot graph (right) showing 
apoptotic cells (annexin V+ and 7-AAD+) of HD and P1 B-LCL cells calculated 
from FACS dot plots shown in the left panel with color code as in E at indi-
cated time of culture. Each symbol corresponds to 1 individual HD (black) or 
P1 (blue and red). Data are from 1 of 2 independent experiments.

Figure 5. RAP1B G12E leads to altered cell morphol-
ogy in B-LCL. (A) Altered microtubule organization 
of immortalized P1 B lymphoblastic cell lines after 
spreading. Green corresponds to microtubules stain-
ing. Blue corresponds to nucleus staining. Coverslips 
were coated with anti-CD44 antibody. Cells from P1 
were rounder and had altered microtubule organiza-
tion compared with HD cells. (B) Altered actin cyto-
skeleton in immortalized P1 B lymphoblastic cell lines 
after spreading. Red corresponds to actin staining. 
Blue corresponds to nucleus staining. P1 cells were 
more rounded than HD cells. Scale bars: 15 μm.
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Discussion
We identified a de novo heterozygous single nucleotide substitu-
tion c.35G>A in RAP1B, p.G12E, in a 2-year-old boy with an unde-
scribed hematological disorder associated with CID, neutrope-
nia, and monocytopenia as well as severe thrombocytopenia and 
platelet dysfunction. The ubiquitously expressed and evolutionary 
conserved RAP1B was a strong candidate, as it mediates, through 
inside-out signaling, integrin activation (27), which is essential for 
platelet activation and lymphocyte migration (7, 8, 28). Rap1b-de-
ficient mice present defective integrin activation, leading to abnor-
mal platelet function and impaired development, adhesion, and 
homing in B cells (7, 8, 10, 28, 29). Deficiency of a single Rap1 pro-
tein is associated with an intermediate platelet phenotype, more 
severe for Rap1b than for Rap1a deficiency, whereas Rap1a/b–dou-
ble-knockout in a murine megakaryocyte model leads to severe 
thrombocytopenia and platelet dysfunction (8). At the protein 
level, human RAP1B shares 95% sequence homology and similar 
intracellular and tissue distribution with RAP1A, which is encod-
ed by a distinct gene (NCBI ID, NM_002884.4) at 1p13.3 (29, 30). 
However, in human hematopoietic cells, RAP1B expression is 2.5- 
to 4-fold higher than RAP1A expression (31, 32), and different post-
translational modifications determine cellular localization (33), 
suggesting that the 2 proteins are not functionally redundant.

RAP1B belongs to the superfamily of GTPases, molecular 
switches that regulate a plethora of cellular events (34). These small 
(20–30 kDa) monomeric proteins switch between an inactive GDP-
bound OFF state and an active GTP-bound ON state and require 
GTPase activating proteins to enhance intrinsic GTPase activity 
and guanine exchange factors to efficiently stimulate GDP dissoci-
ation and hence GTP entry to switch them on (35). The interaction 
between residues located in the P-loop and switch I and II functional 
regions with the γ-phosphate groups of GTP, GDP, and Mg2+ induc-
es a conformational change in the GTPase, thereby modifying its 
affinity for putative effector molecules that, upon their interaction, 
trigger downstream pathways (33, 34). G12 is located in the P-loop 
within the GTP-binding active site (Figure 1, C–G) (24) and is highly 
conserved across species and other small GTPases that orchestrate 
cell signaling, trafficking, and morphology pathways with exquisite 
temporal and spatial specificity while sharing a high sequence simi-
larity. The important structural and functional role of G12 is further 
supported by an in vitro model in which Rap1-G12V gives rise to a 
constitutively activated protein (7, 24). Any substitution of the high-
ly conserved small amino acids within the GTP-binding active site 
by amino acids with longer side chains is predicted to have a sub-
stantial impact on GTPase activity. In particular, P1’s G12E variant 
is expected to disturb the GTP-binding site. This may have import-
ant consequences for the position of the K16 lateral chain, which 
bonds with the nucleotide β and γ phosphates and on the interface 
that RAP1B may establish with effector proteins (24).

In public databases, only 2 missense variants had been report-
ed in the P-loop and none in the switch I and II domains (Figure 1D) 
(11), highlighting the importance of these evolutionarily conserved 
RAP1B domains. During the course of our investigations, monoal-
lelic germline RAP1B variants have been reported in patients who 
presented not only with thrombocytopenia, but also with additional 
clinical features ranging from facial dysmorphia/microcephaly and 
neurodevelopmental delay to abnormalities in brain, heart, kidney, 

late responses such as proliferation and cytokine secretion were 
not altered after TCR stimulation (data not shown). Given the lim-
ited sample availability and the difficulty of maintaining the G12E 
somatic variant in cultured lymphocytes, we then transduced T cell 
blasts from HDs with lentiviral vectors expressing mCherry reporter 
gene and RAP1B-WT or -G12E, -G12V, and -G60R. The percentag-
es of mCherry-expressing cells decreased over time in T cell blasts 
transduced with the different RAP1B GOF variants compared with 
WT-RAP1B or empty mCherry vector (Figure 6E), consistent with 
the results obtained in transduced HEL cells (Supplemental Figure 
1D). This indicated that exogenous expression of RAP1B variants 
may impair survival and/or proliferation of cultured T cell blasts.

Activation-induced cell death, also referred to as restimula-
tion-induced cell death, was increased in T cell blasts transduced 
with RAP1B-G12E, -G12V, or -G60R compared with RAP1B-WT 
and empty vector (Figure 6F). Cell proliferation in response to 
TCR stimulation was decreased in T cell blasts transduced with 
G12E and G12V (P < 0.01) or G60R (P < 0.05) compared with 
RAP1B-WT (Figure 6, G–I).

Collectively, these data demonstrate that P1’s monoallelic de 
novo RAP1B-G12E variant as well as the reported G12V and G60R 
are GOF mutations. Our results suggest that increased basal RAP1B 
activation may lead, through inside-out signaling, to a high integ-
rin-affinity conformation that triggers, upon ligand interaction, 
downstream signaling cascades, modifying thereby lymphocyte 
migration, proliferation, and apoptosis as well as platelet activation.

Figure 6. RAP1B-G12E, -G12V, and -G60R variants in overexpression 
models. (A) RAP1B-GTP activation evaluated by Western blotting after 
pull-down assay. HEK293T cells were transfected with vectors containing 
RAP1B-WT, RAP1B variants, or equimolar RAP1B-WT and RAP1B variant 
combinations. Values were compared with RAP1B-WT transfected cells (set 
to 1). Data from 5 independent experiments. (B) RAP1B-GTP activation in 
RAP1B-transduced HEL cells compared with nontransduced HEL cells (set to 
1). Data from 5 independent experiments. (C) Talin-1/β3 integrin association 
was determined by Duolink proximity ligation assay in transfected HEL 
cells. Graph represents the relative number of fluorescent dots per cell in 
comparison with nontransfected HEL cells (set to 1). At least 50 transfected 
HEL cells per condition; data from 8 independent experiments. (D) Integrin 
activation in RAP1B-transfected HEL cells evaluated by flow cytometry 
measuring Oregon Green 488–labeled fibrinogen binding in unstimulated 
conditions. Graph represents the normalized integrin activation index, 
calculated as the ratio between MFI of each studied variant compared with 
RAP1B-WT transfected HEL cells. Data from 9 independent experiments. (E) 
Analysis of RAP1B-transduced T cell blasts over time. Cells were cultured in 
medium containing 15% DC-FBS and IL-2 at 100 U/ml. (F) Activation-induced 
cell death or apoptosis in RAP1B-transduced T cell blasts in response to 
increased concentrations of anti-CD3 antibody (OKT3) after 6 hours of stim-
ulation. (G) Proliferation of RAP1B-transduced T cell blasts in the presence 
of 2.5 μg/ml coated anti-CD3 antibody and 100 U/ml IL-2, performed in tripli-
cate. Graph represents the normalized proliferation index of transduced cells 
at days 3 and 4 compared with nontransduced and RAP1B-WT transduced 
cells. (H) Representative overlaid FACS histograms showing cell divisions by 
CellTrace Violet staining of transduced T cell blast with lentivirus expressing 
empty vector (light gray), RAP1B-WT (gray), RAP1B-G12E (red), RAP1B-G12V 
(orange), and RAP1B-G60R (blue) variants at day 4 after stimulation. (I) 
Graph corresponds to the distribution of transduced T cell blasts in different 
cell divisions calculated from FACS histograms in H. Error bars represent 
SEM. Statistical significance was determined for A by Mann-Whitney U test 
and for B–D by 1-way ANOVA, followed by Dunnett’s multiple-comparisons 
test. *P < 0.05; **P < 0.01; ***P < 0.001.
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which was consistent with a quantitative and qualitative platelet 
impairment. The abnormal integrin αIIbβ3 activation pattern in P1 
platelets prior to HSCT as well as the abnormal hematological and 
immunological parameters normalized after HSCT. This suggests 
that the underlying defect in P1 was intrinsic to the hematopoietic 
compartment. Increased RAP1B activation in P1 G12E cells sug-
gested that G12E is a GOF variant, in line with reported in vitro data 
for G12V (24). Overexpression models using human HEK293T 
and HEL cell lines further confirmed that G12E, G12V, and G60R 
are GOF mutations. The activation of downstream signaling cas-
cades (35) is enabled by active RAP1B through the recruitment of 
talin-1 and its subsequent binding to the cytoplasmic tail of β inte-
grin, which results in integrin activation in hematopoietic cells (27, 
39–41). When recapitulating the molecular steps required for inte-
grin αIIbβ3 activation in platelets in a RAP1B overexpression model 
in HEL cells, RAP1B-G12E, -G12V, and -G60R showed increased 
talin-1 recruitment to the intracytoplasmic β3 integrin domain.

Interestingly, in Rap1B, A59 and G60 form a peptide bond 
and are part of the conserved DxxG motif at the start of switch II 
(42). Although the recently described RAP1B-A59G variant was 

and skeleton, hereafter referred to as ST: first G12V and G60R, then 
A59G (5, 6), and most recently, G12E (36) (see P2 to P6; Table 3). It 
has been speculated that these RAP1B variants may be causative for 
ST, but to date, no comprehensive functional studies have confirmed 
their causality and pathophysiological impact. A59G and G60R 
result in substitutions of evolutionarily conserved amino acids in the 
switch II domain, which changes conformation upon RAP1B activa-
tion, allowing for downstream effector target interaction (35).

P1’s hemato-immunological and bleeding phenotype is rem-
iniscent of that of patients with mutations in genes involved in 
platelet and leukocyte integrin activation. For instance, mutations 
in KINDLIN3, which cause dysfunction in integrins necessary for 
platelet aggregation and leukocyte function, lead to severe bleed-
ing and infections in leukocyte adhesion deficiency type III (37, 
38). In platelets, engagement of integrin αIIbβ3 with fibrinogen, its 
ligand, triggers outside-in signaling that leads to platelet activa-
tion and cytoskeleton reorganization (28, 39). Increased activation 
pattern of integrin αIIbβ3 resulted in abnormal spreading of unstim-
ulated P1 platelets on fibrinogen matrix. Platelet dysfunction was 
also suspected due to increased bleeding susceptibility in P1, 

Table 3. Clinical and immune-hematological phenotype of patients carrying RAP1B variants

P1 P2 P3 P4 P5 P6
RAP1B variant c.35G>A, p.G12E+/– c.35G>A, p.G12E+/– c.35G>T, p.G12V+/– c.176C>G, p.A59G+/– c.178G>C, p.G60R+/– RAP1B c.178G>A, p.G60R+/–

Proposed underlying mechanism GOF GOF GOF GOF GOF GOF
Sex M F F M M M
Variant reported as Somatic Germinal Germinal Germinal Germinal Germinal

VAF in peripheral blood 26% to 46% (NGS)A NA 46.5% (33/71 reads) NA 43% (81/188 reads) NA
Hematological phenotype

Anemia Yes (<10 g/dl) Yes (NA) Yes (NA) Yes (NA) No (NA) NA
Neutropenia Yes (350/μL) Yes (NA) NA No (NA) No (NA) NA
Lymphopenia Yes (800/μL) Yes (NA) Yes (NA) Yes (600–1,000/μL) Yes (1,300/μL) NA
Thrombocytopenia Yes (18,000/μL) Yes (5 to 16,000/μL) Yes (30 to 50,000/μL) Yes (56 to 99 000/μL) Yes (10 to 20,000/μL) Yes (NA)
Bleeding severity Moderate-severe Mild-moderate Minor Minor Minor-mild NA
Lymphoproliferation No NA Splenomegaly NA NA NA
Karyotype and CGH Normal Normal karyotype Normal Normal Normal NA
Telomere length Normal NA NA NA NA NA

Clinical features
Congenital anomalies No Multiple Multiple Multiple Multiple Multiple
Facial dysmorphism No Yes Yes Yes Yes Yes
Ocular malformations No Yes NA NA NA NA
Microcephaly No Yes Yes Yes Yes NA
Brain MRI abnormalities No Yes Yes Yes Yes NA
Seizures/abnormal EEG No NA NA NA NA NA
Neurodevelopmental disorders No Yes Yes Yes Yes Yes
Muscular hypotonia No Yes Yes Yes NA Yes
Congenital heart defects No Yes No Yes Yes NA
Renal anomalies No Yes Yes No Yes Yes
Skeletal malformations No NA Yes Yes NA NA

Endocrine manifestations No Yes Yes No NA NA

Treatment Transfusions, HSCT NA NA NA NA NA
Status at last follow-up Alive (7 years) Alive (16 years) Alive (36 years) Alive (23 years) Alive (13 years) Alive (5 years)

Abnormal findings are in bold. P3 and P5 were reported by Niemann et al. (5), P4 by Miller et al. (6), and P2 and P6 by Pardo et al. (36). AVariable VAF for 
RAP1B c.35G>A (see Figure 2). NA, not available; CGH, comparative genomic hybridization.
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for accumulation of mature and degenerating neutrophils in the 
BM (50). This may explain why RAP1B GOF variants may not be 
as deleterious in hematopoietic precursors.

The main shortcoming of our study resides in the fact that we 
could not perform in vitro megakaryopoiesis and platelet formation 
assays on patient cells due to restricted samples from our young throm-
bocytopenic patient undergoing HSCT. There were rare hypolobed 
megakaryocytes in BM smears and biopsy. We used a method adapt-
ed from Chen et al. (51) to evaluate in vitro the formation of proplate-
let-like features in Dami cells, a human megakaryocytic cell line, by 
transfecting RAP1B-WT, -G12E, or -G12V. While our results suggest-
ed that RAP1B variants may act on proplatelet-like formation, as the 
percentages of Dami cells forming proplatelet-like extensions were 
significantly reduced in RAP1B-G12E (P = 0.0011) and -G12V (P = 
0.0057) (data not shown), we cannot extrapolate to platelet formation 
in the patient from this nonphysiological model using a drug (myosin 
II inhibitor) instead of the patient’s CD34+ stem cells. Further studies 
are thus required to precisely determine the effect of RAP1B GOF 
variants on human megakaryopoiesis and platelet formation. Murine 
Rap1A and Rap1B share 95% identity, and yet the phenotype of the 
isoform-specific knockout is different in mice. Therefore, investi-
gations in a knockin mouse model may not faithfully reproduce the 
human phenotype. The low yield of induced pluripotent stem cell–
derived (iPSC-derived) platelet preparations is another limiting factor 
for more comprehensive functional studies.

In conclusion, we demonstrate that P1’s monoallelic RAP1B-
G12E is a de novo somatic mutation causing CID and severe 
thrombocytopenia associated with neutropenia and monocyto-
penia. We show that G12E and the previously reported RAP1B-
G12V and -G60R are dominant GOF variants leading to increased 
RAP1B activation and integrin activation in hematopoietic cells. 
The activated integrin pattern may trigger, through outside-in sig-
naling, downstream pathways involved in cytoskeletal remodeling 
and migration in hematopoietic cells, including platelets, lympho-
cytes, and BM precursors. The impact of this overactivation varies 
among distinct cell types and seems to have differential — benefi-
cial, neutral, or detrimental — effects in the central hematopoietic 
or peripheral blood compartment.

De novo postzygotic variants that cause monogenic diseas-
es may be underestimated and missed by genetic testing if the 
VAF in peripheral blood is low. If these variants appear early in 
embryogenesis, they may result in somatic mosaicism, which adds 
complexity to the clinical and biological phenotype. Our findings 
illustrate the phenotypic continuum of monoallelic RAP1B GOF 
variants ranging from isolated primary immunodeficiency and 
thrombocytopenia in a patient with somatic mosaicism to com-
plex syndromic features in patients with germline mutations.

Methods
Sex as a biological variable. We report a single male patient. However, 
both male and female patients carrying RAP1B variants have been 
reported (Table 3). Sex was not considered as a biological variable.

Cells and cell culture. See Supplemental Methods.
Immunological analysis. For T cell blast proliferation assays, cells 

were cultured without IL-2 for 72 hours for synchronization. Lympho-
cytes were then cultured during 3 to 7 days in complete medium alone 
or with 100 U/ml IL-2 in the presence of 0.1, 1, or 10 μg/ml coated 

not included in our assays, it can be assumed that this variant may 
have effects on RAP1B function similar to those that can be extrap-
olated from previous studies on other small GTPase proteins. The 
crystal structure conformations of H-Ras were subjected to multi-
variate clustering analysis. The results showed that H-Ras G12V in 
the P-loop and A59G in the switch II region facilitate faster sam-
pling of large-scale conformational transitions (43). In syndromic 
patients with neurological and dysmorphic features and muscu-
loskeletal abnormalities, Scala et al. identified 7 RAC3 variants, 
including A59G, in the switch II region, recognized as a mutation-
al hot spot among the small GTPase proteins RAC1, RAC3, and 
CDC42. Suppression of GTP-hydrolysis activity was observed for 
A59G (44). Finally, a cluster analysis on conformational changes 
of the GDP/KRAS complex showed that A59G and D33E highly 
affected the structural flexibility and internal dynamics of the 
switch domains and changed the free energy profiles of KRAS 
(45). The exquisite specificity and high evolutionary conservation 
of small GTPases may explain why the same substitutions in con-
served residues are involved in many diseases (2, 9, 34, 46, 47).

Although RAP1B is expressed ubiquitously, P1 did not present 
any associated syndromic features, unlike patients with syndromic 
thrombocytopenia, who also exhibit neurodevelopmental retarda-
tion, growth delay, and congenital birth defects, including cardio-
vascular, genitourinary, neurologic, and skeletal malformations as 
well as microcephaly and facial dysmorphia (Table 3) (5, 6). This 
highlights the somatic nature of the RAP1B variant in P1 in con-
trast to the germline variants in ST patients. Interestingly, in P1, 
the G12E somatic variant was present in cells and tissues originat-
ing from different embryonic layers such as ectoderm (oral muco-
sal epithelial cells and hair follicles) and mesoderm (hematopoiet-
ic cells). However, it was absent in primary fibroblasts, which also 
derive from mesoderm. This suggests that the postzygotic somatic 
mutation may have occurred during early embryogenesis prior to 
gastrulation, when the blastula reorganizes into the primary germ 
layers (48). The somatic mosaicism in P1 not only explains the dis-
crepancy between the severe hemato-immunological phenotype 
and complete absence of syndromic features, but also provides 
an opportunity to observe the in vivo effect of the G12E variant in 
P1’s various tissues and cell populations. We may speculate that a 
strong detrimental impact has prevented the presence of RAP1B-
G12E mutated cells in diverse nonhematopoietic (neural, cardiac, 
musculoskeletal) tissues. The recent identification of a patient 
with syndromic thrombocytopenia due to a germline heterozy-
gous RAP1B-G12E variant (P2 in Table 3) (36) clearly illustrates 
the deleterious effect of this variant in a wide range of tissues.

The observed GOF effect of RAP1B-G12E in P1’s cells with 
regard to apoptosis, proliferation, and/or survival may explain the 
detrimental consequences in P1’s different peripheral hemato-im-
munological cell compartments. Interestingly, RAP1B-G12E does 
not seem to have the same deleterious effect in P1’s BM cells. In a 
Rap1b-knockout zebrafish model, Notch signaling and its mediat-
ed specification were necessary for hematopoietic stem cell devel-
opment (31) and required integrin adhesion to fibronectin through 
Rap1b activation (49). This is reminiscent of dominant mutations 
in CXCR4, responsible for WHIM (warts, hypogammaglobulin-
emia, immunodeficiency, and myelokathexis) syndrome, that 
lead to enhanced and prolonged β integrin activation responsible 
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(1:1,000, AF488, catalog 16-237, Sigma-Aldrich) and DAPI (1:1,000, 
catalog D1306, Thermo Fisher) for actin cytoskeleton. Mowiol mount-
ing media (pH 7.4) was made with 6 g glycerol (analytical grade), 2.4 
g Mowiol 4-88 (Calbiochem, catalog 475904), 6 ml Aqua dest, 12 ml 
0.2 M TRIS buffer pH 74, and 2.5% DABCO (anti-bleaching reagent 
1,4-diazabicyclo[2.2.2]octan; Fluka, catalog 33480). The solution was 
stirred for 4 hours and incubated for 2 hours at room temperature, 
then 10 minutes at 50°C, centrifuged at 5,000 g for 15 minutes, and 
supernatant collected. Slides were mounted with Mowiol and ana-
lyzed by confocal microscopy (Leica SP8).

Image analysis was performed using Fiji, version 2.7.0, sing maxi-
mum intensity Z projection of confocal stacks with an applied γ of 0.6 
for better cell shape visualization.

Migration assays. PBMC migration assay was performed using 
Incucyte ClearView 96-well Chemotaxis Plate (Essen BioScience, 
catalog 4582), 100 mg/ml fibronectin coating (Sigma-Aldrich, catalog 
P-4707), and 1,500 ng/mL SDF-1α (CXCL12) (R&D Bio-Techne, cata-
log 350-NS-050) according to the Chemotaxis Cell Migration Gener-
al Protocol (Essen BioScience). Scheduled images were sequentially 
acquired every hour using ×10 magnification. Optimized definition 
parameters in IncuCyte S3 Live-Cell Analysis Instrument were used 
to generate masks, process images, and create graphs. Migration rate 
was evaluated with the IncuCyte Live Cell Analysis System (IncuCyte 
S3, Essen Bioscience) using the normalized area (0 to 1) corresponding 
to the cells in the upper reservoir over time. Primary fibroblast migra-
tion assay was performed using ImageLock 96-well microplate (Essen 
BioScience, catalog 4379) and IncuCyte S3 Live-Cell Analysis Instru-
ment according to IncuCyte ZOOM 96-Well Scratch Wound protocol 
and the manufacturer’s instructions. Age-matched controls and P1’s 
primary fibroblasts were seeded in 96-well culture plates and cultured 
until confluency. A scratch was made, plates were then installed in the 
IncuCyte ZOOM system, and scheduled images at ×10 magnification 
were taken in each well every hour. Optimized scratch wound defi-
nition parameters in the IncuCyte S3 Live-Cell Analysis Instrument 
were used to generate masks, process images, and generate data. 
Scratch closure rate was evaluated with IncuCyte software, expressed 
as percentages of relative wound density and wound confluency.

Expression vectors. For cloning details, see Supplemental Methods.
Preparation of washed platelets. Venous blood from HDs or patient was 

collected in 10% ACD/A buffer (75 mM sodium citrate, 44 mM citric acid, 
136 mM dextrose, pH 4.5). Platelets were washed as previously described 
(59) in the presence of apyrase (100 mU/Ml; Sigma-Aldrich, catalog 
A6535) and prostaglandin E1 (1 μM; Sigma-Aldrich, catalog P5515) to min-
imize platelet activation. Platelet counts were adjusted to 3 × 108 platelets/
mL in Tyrode’s buffer (137 mM NaCl, 2 mM KCl, 0.3 mM NaH2PO4, 1 mM 
MgCl2, 5.5 mM glucose, 5 mM N-2-hydroxyethylpiperazine-N0-2-ethane-
sulfonic acid, 12 mM NaHCO3 and 2 mM CaCl2, pH 7.3).

Platelet spreading analysis. Glass coverslips were coated with 100 
μg/mL human fibrinogen in PBS at 4°C overnight and then blocked 
with 5% BSA. Washed platelets (3 × 106 platelets) were plated to fibrin-
ogen-coated glass coverslips in the presence of apyrase (5 U/mL) and 
indomethacin (4.5 μM) in order to prevent platelet amplification and 
incubated for 30 minutes at 37°C. After washing, platelets were fixed 
for 15 minutes with 4% paraformaldehyde, permeabilized with 0.2% 
Triton X-100, and blocked with 1% BSA; platelet morphology was 
detected by labeling cytoskeletal F-actin using Alexa Fluor 488–phal-
loidin (0.3 μM). Finally, the coverslips were mounted to slides and 

anti-CD3 antibody (clone OKT3, Thermo Fisher Scientific, catalog 
14-0037) or anti–CD3/CD28-coated beads (Invitrogen GmbH) as pre-
viously described (52, 53). Activation-induced cell death in response 
to anti-CD3 antibody (OKT3) stimulation was measured as previously 
described (54) in transduced T cell blasts. Apoptotic cells were ana-
lyzed after 6 hours of stimulation with increased concentrations of anti-
CD3 antibody. Analyses of TCR stimulation, cytokine secretion, and 
calcium flux were performed as previously described (52, 53, 55). For 
B-LCL cell proliferation analysis, cells were washed 3 times in PBS and 
starved overnight for synchronization in RPMI medium supplemented 
with 0.1% FBS. Then, B-LCL cells were labeled with CellTrace Violet 
dye (Life Technologies, catalog C34557), cultured for 3 and 6 days in 
complete medium, and harvested. Cell proliferation was assessed using 
CellTrace Violet dilution by flow cytometry according to the manufac-
turer’s instructions. Proliferation index was calculated using FlowJo2 
software, version 10.7.1, as the total number of divisions/cell that went 
into division. B-LCL cell cycle assays were performed using double 
staining with an anti-BrdU monoclonal antibody and propidium iodide 
(PI) as previously described (56). For B-LCL cell apoptosis, cells were 
synchronized overnight in RPMI medium supplemented with 0.1% 
FBS. Afterwards, B-LCL cells were cultured for 6 hours, 12 hours, and 24 
hours in complete RPMI medium. Then cells were harvested, and apop-
totic and necrotic cells were assessed using annexin V+ (BioLegend, 
catalog 640906) and 7-AAD+ (BioLegend, catalog 420403) staining by 
flow cytometry according to the manufacturer’s instructions.

Molecular genetic assays. See Supplemental Methods.
WES. WES was performed in trio on gDNA extracted from whole 

blood from P1 and his parents. For details, see Supplemental Methods.
Gene-targeted sequencing. RAP1B c.35G>A (G12E) VAF was deter-

mined by NGS in a targeted 2-PCR approach in gDNA samples as pre-
viously described (57). For details, see Supplemental Methods.

Immunostaining and cell sorting. Cell staining and flow cytome-
try–based phenotypic analyses of PBMCs were performed according 
to standard flow cytometry methods. For integrin subunit and CXCR4 
receptor analysis, PBMCs were stained with anti-CD11a FITC (β2 sub-
unit of LFA-1, clone HI111, BioLegend, catalog 301206), anti-CD18 
phycoerythrin (PE) (α2L subunit of LFA-1, clone 1B4/CD18, BioLeg-
end, catalog 373408), anti-CD29 PE (β1 subunit of VLA-4, clone 
TS2/16, BioLegend, catalog 303004), and/or anti-CD49d APC (α4 
subunit of VLA-4, clone 9F10, BioLegend, catalog 304308) as pre-
viously described (58) and with anti-CXCR4 BV421 (clone 12G5, BD 
Biosciences, catalog 566282) fluorescent-conjugated antibodies. For 
cell-sorting details, see Supplemental Methods.

B-LCL cell spreading. For B-LCL cell spreading, B-EBV cells were 
cultivated in complete RPMI and activated with soluble IL-4 (10 ng/
ml) for 24 hours. Coverslips were coated in PBS with anti-CD44 anti-
body for 3 hours (catalog 103046, BioLegend). Cells were placed in 
warm media and incubated on coverslips for 24 hours at 37°C. After 
incubation, cells were washed with PHEM buffer 1× and fixed in form-
aldehyde 4%/glutaraldehyde 0.2%/Triton X-100 0.5% in PHEM 
buffer 2× for 12 minutes at room temperature. PHEM buffer 1× was 
obtained after dilution of PHEM 2× (120 mM PIPES, 50 mM HEPES, 
20 mM EGTA, 4 mM Mg acetate dissolve in Milli-Q H2O adjusted to 
pH 7.3 with NaOH) with Milli-Q H2O.

Cells were stained in PBS with 1% FBS for 30 minutes at room 
temperature using phalloidin AF647 (1:300, catalog A30107, Thermo 
Fisher) or anti–α-tubulin (1:500) with coupled secondary antibody 
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formed using equimolar 1:1 combinations of RAP1B-WT with each 
RAP1B-G12E, -G12V, and -G60R vector. Forty-eight hours after trans-
fection, more than 85% of HEK293T transfected cells were mCherry 
positive. HEL cells were transduced with viral supernatant containing 
vectors for RAP1B-WT, -G12E, or -G12V in the presence of 6 μg/mL 
polybrene. Two weeks after transduction and expansion, transduced 
HEL cells were sorted at the Flow Cytometry Core Facility of Insti-
tut Necker Enfants Malades (INEM). Transduction efficiency was 
evaluated by scoring mCherry transgene expression by flow cytom-
etry (Accuri C6 flow cytometer). More than 90% of transduced cells 
were mCherry positive and remained stable over time. RAP1B acti-
vation (RAP1B-GTP/RAP1B) was determined in B-LCL, transfected 
HEK293T cells, and transduced HEL cells using active Rap1 Pull-
Down and Detection Kit (Thermo Fisher Scientific, catalog 1612). 
RAP1B was detected by Western blotting using rabbit polyclonal IgG 
anti-RAP1B antibody (0.3 μg/mL, Proteintech, catalog 10840-1-AP).

Statistics. Results are reported as mean ± SEM. Graphs and statis-
tical analyses were performed using GraphPad Prism software, ver-
sion 9.4.1 (GraphPad Software). Data were compared using 2-tailed 
Student’s t test,Mann-Whitney U test, or 1-way ANOVA followed by 
post hoc test for multiple comparisons, as indicated in the figure leg-
ends. Differences were considered significant when P < 0.05.

Study approval. The institutional INSERM and Necker-Enfants 
Malades Hospital Review Boards approved this study. AP-HP obtained 
a favorable opinion from the Comité de Protection des Personnes 
for this research (CPP Ile de France II) on March 11, 2015. Written, 
informed consent was obtained from the patient’s parents in accor-
dance with the Helsinki Declaration. HD cells were obtained under 
agreement EFS C-CPSL-UNT N°20/EFS/005.

Data availability. Values for all data points in graphs are reported 
in the Supporting Data Values file.
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immunofluorescence images were acquired on an epifluorescence 
microscope (Nikon, Eclipse 600). Recorded images were analyzed 
using ImageJ software (NIH).

Platelet TEM. Washed platelets were fixed by incubation for 1 hour 
at room temperature with 1.25% glutaraldehyde in 0.1 M phosphate 
buffer, pH 7.2, centrifuged for 10 minutes at 1,100 g, and washed once 
in phosphate buffer. Platelets were kept in 0.2% glutaraldehyde at 4°C 
until processing for standard TEM analysis of platelet morphology, as 
previously described (60).

Talin-1 to β3 integrin association by PLA. 105 HEL cells expressing 
RAP1B-WT, -G12E, or -G12V were plated on fibrinogen-coated cov-
erslips (10 μg/mL) for 30 minutes at 37°C. Adherent cells were fixed 
with 4% paraformaldehyde in cytoskeleton buffer (0.1 M PIPES, 2 M 
glycerol, 1 mM EGTA, 1 mM MgCl2 pH 6.9) for 15 minutes, then per-
meabilized for 5 minutes in the same buffer containing 0.2% Triton 
X-100. Fixed cells were incubated overnight at 4°C with the mono-
clonal antibody directed against integrin αIIbβ3 (clone P2; 2 μg/mL) 
and the rabbit polyclonal antibody directed against talin-1 (5 μg/mL). 
PLAs were performed according to the manufacturer’s instructions 
(Duolink InSitu, Sigma-Aldrich) using oligonucleotide-coupled sec-
ondary antibodies against mouse and rabbit primary antibodies (PLA 
probes). When a pair of PLA probes has bound to primary antibodies 
in close proximity (<40 nm), a fluorescent dot is observed by epifluo-
rescence microscope (Nikon, Eclipse 600). The number of fluorescent 
dots per cell was quantified using ImageJ software in at least 50 trans-
fected mCherry-positive HEL cells.

Integrin αIIbβ3 activation in platelets and HEL cells. Activation of 
integrin αIIbβ3 in platelets was evaluated in diluted whole blood (1/10 
in Tyrode’s buffer) after incubation with FITC anti-human activated 
αIIbβ3 integrin (PAC1) and PE–anti-human CD42b (clone HIP1) for 20 
minutes at room temperature according to the manufacturer’s instruc-
tions. The samples were analyzed directly by flow cytometry (Accuri 
C6 Plus flow cytometer, BD Bioscience). Platelets were identified from 
other blood cells by their specific marker, CD42b. The activation of 
integrin αIIbβ3 in RAP1B-expressing HEL cells was evaluated by quan-
tification of soluble fibrinogen binding to cells. Briefly, 5 × 105HEL 
cells were incubated for 10 minutes at room temperature with 20 μg/
mL Oregon Green488–labeled human fibrinogen (Invitrogen, catalog 
F-7496). After arrest of the labeling by dilution, fibrinogen binding 
was determined by flow cytometry (Accuri C6 Plus flow cytometer) in 
mCherry-positive cells.

RAP1B expression. Washed platelets (3 × 108/mL) were lysed in Lae-
mmli sample buffer (10 mM HEPES, 2% SDS, 10% glycerol, and 5 mM 
EDTA). Proteins were reduced by incubation with 25 mM DTT, then 
separated by electrophoresis using NuPage 4%–12% Bis-Tris Protein 
gel (Invitrogen) and transferred to nitrocellulose membrane, which 
was incubated with the primary antibodies rabbit anti-human RAP1B 
(0.3 μg/mL) or mouse anti-CD41 (0.2 μg/mL, clone SZ22), used as 
loading controls for normalization. Immunoreactive bands were visu-
alized with enhanced chemiluminescence detection reagents (ECL) 
using a G:BOX Chemi XT16 Image System and then quantified using 
Gene Tools, version 4.03.05.0 (Syngene).

RAP1B activation. RAP1B activation was analyzed in P1 and 
HD B-LCL, transfected HEK293T cells, and transduced HEL cells. 
HEK293T cells were transfected with pLVX-EF1α-IRES-mCherry 
RAP1B-WT, -G12E, -G12V, and -G60R vectors using the jetPRIME 
Transfection Kit (Polyplus, catalog 114-15). Cotransfections were per-
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