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1 | INTRODUCTION

Neutropenia beyond one year of age is defined as an absolute
neutrophil count (ANC) < 1500/uL and can be either acquired

Amos J. Simon%3 |
Ortal Barel>* | VeredKunik® | AmosToren® | Ginette Schiby® |

Gideon Rechavi®* | AtarlLev? |

Hannah Tamary?’ |

| RazSomech23*

Abstract

Background: The SRP54 (signal recognition protein 54) is a conserved component of the ribonu-
cleoprotein complex that mediates cotranslational targeting and translocation of proteins to the
endoplasmic reticulum. In 2017, mutations in the gene have been described as a cause of congen-
ital neutropenia with or without pancreatic insufficiency, and since then, only limited cases were
added to the literature.

Methods: Two patients with neutropenia underwent hematological, immunological, and genetic
work-up, including lymphocyte phenotyping, immunoglobulins, and complement levels, antineu-
trophil and antinuclear antibodies, bone marrow FISH panel for myelodysplastic syndrome,

whole-exome sequencing, and in silico proteomic analysis.

Results: Clinical findings in the two families revealed a wide spectrum of immunological and
clinical manifestations, ranging from mild asymptomatic neutropenia during febrile illnesses to
severe neutropenia and life-threatening infection requiring leg amputation. Immunological and
hematological work-up showed isolated neutropenia with normal lymphocyte subpopulations,
immunoglobulin and complement levels, and negative autoimmune tests. Bone marrow aspira-
tions showed variability ranging from normal myelopoiesis to myeloid maturation arrest at the
promyelocytic stage, with normal FISH panel for myelodysplastic syndrome. Genetic analysis
identified a novel, de novo, in-frame deletion in the SRP54 gene, c.342-344delAAC, p.T115del. In
silico proteomic analysis suggested impaired SRP54 protein function due to reduced GTP activity
and stability.

Conclusions: We describe congenital neutropenia with variable clinical presentation in novel
mutation of the SRP54 gene.
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or congenital.! Acquired etiologies are more common and include
infection related, drug induced and immune mediated. In contrast, con-
genital etiologies due to inherited genetic defects are extremely rare
with an estimated incidence rate of 10 to 15 cases per million births.
The congenital neutropenias are a heterogeneous group of syndromic
or nonsyndromic blood disorders with broad genetic and phenotypic

Abbreviations: ANC, absolute neutrophil count; GTP, guanosine triphosphate;

variability. Some of the disorders include extrahematological man-

MDS, myelodysplastic syndrome; PMBCs, peripheral blood mononuclear cells;

SDS, Shwachman-Diamond syndrome; SRP, signal recognition protein; WES, whole-exome

sequencing.

ifestations (e.g., Shwachman-Diamond syndrome [SDS]), whereas
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others manifest as pure isolated neutropenia.l® In 2017, Carapito
et al* reported three patients with mutations in the signal recognition
particle 54 (SRP54) gene as a cause of inherited neutropenia, and
since then only a few cases were added to the literature.>® The SRP54
protein is a conserved component of the ribonucleoprotein complex
that mediates cotranslational targeting and translocation of proteins
to the endoplasmic reticulum.”® Bellanné-Chantelot et al®> showed
that SRP54 mutations lead to ER stress and autophagy in myeloid pre-
cursor cells and neutrophil granulocytes. Our understanding of SRP54
mutations is far from complete; reported cases were genetically and
phenotypically heterogeneous, though are typically characterized by
isolated severe neutropenia with a promyelocytic arrest. The minor-
ity of cases manifested with Shwachmam-Diamond like-syndrome
including exocrine pancreatic insufficiency and clinically significant
neurologic abnormalities.

Here we describe two unrelated families, evaluated in two indepen-
dent centers, presenting with congenital neutropenia, ultimately found
to carry the same novel mutation in the SRP54 gene. We describe their
clinical characteristics,immunological, hematological, genetic, and pro-

teomic investigation.

2 | METHODS

2.1 | Clinical date

We evaluated patients at the “Edmond and Lily Safra” Children’s Hos-
pital, Sheba Medical Center, in Tel Hashomer (patient 1) and at the
Schneider Children’s Medical Center (patient 2). The patients were
interviewed and examined by the authors. Medical records were
obtained from the electronic registry of the hospital. Informed consent
was obtained, and all procedures were performed in accordance with
the ethical standards of the institutional and/or national research com-
mittee and with the Helsinki declaration and its later amendments or
comparable ethical standards.

2.2 | Immunological and hematological investigations

2.2.1 | Lymphocyte subset determination

Cell-surface markers of peripheral blood mononuclear cells (PBMCs)
were determined by immunofluorescent staining and flow cytometry
(Navios, Beckman Coulter, Brea, CA, USA) using anti-CD3, anti-CD20,
anti-CD16, and anti-CD56 antibodies from BD Biosciences and anti-
CD4 and anti-CD8 antibodies from Beckman Coulter.

2.2.2 | Measurement of immunoglobulins and complement
levels

Serum levels of C3, C4, and immunoglobulins were measured by means
of particle-enhanced immunonephelometry using the BN Il System
(Siemens Healthcare Diagnostics, Marburg, Germany) as per the man-

ufacturer’s instructions.

2.2.3 | Fluorescence in situ hybridization (FISH) analyses

FISH analyses of bone marrow cells were performed with the Cytocell
Multiprobe MDS panel (Cytocell, http://www.cytocell.co.uk/) including
probes for 5p/5q,i(17q), t(8,21), 11(q23), 7a/7q, and 20q.

2.2.4 | Whole-exome and Sanger sequencing

Whole-exome sequencing (WES) was performed using an Agilent v5
SureSelect capture kit and lllumina 2500 sequencing technology. For
each sample, paired-end reads (2 x 100 bp) were obtained, processed,
and mapped to the genome. We used the BWA mem algorithm (ver-
sion 0.7.12)? for alignment of the sequence reads to the human ref-
erence genome (hgl19). The HaplotypeCaller algorithm of GATK ver-
sion 3.4 was applied for variant calling, as recommended in the best
practice pipeline.l® KGG-seq v.08 was used for annotation of iden-
tified variants!! and in-house scripts were applied for filtering based
on family pedigree and local data set of variants detected in previ-
ous sequencing projects. SRP54 mutations were validated by dideoxy
Sanger sequencing in patient and family members. PCR amplification
products were directly sequenced using BigDye 3.1 Terminator chem-
istry (Applied Biosystems) and separated on an ABI 3500 genetic ana-
lyzer (Applied Biosystems). Data were evaluated using Sequencer v5.0

software (Gene Codes Corporation).

2.3 | Protein modeling and analysis

2.3.1 | Modeling of SRP54 T115del mutation

The 3D structural model of wild-type and mutated GTPase het-
erodimer of human SRP54 and SR proteins was constructed using
the SWISS-MODEL protein structure homology-modeling server,12
using the PDB structure 513q as the template for structure prediction.
Although the wild-type structures of SRP54 and SR proteins exist
(PDB 513q), we used the same 3D modeling algorithm to construct
both structures to avoid differences that may arise due to the modeling

process.

2.3.2 | Structural analysis
Discovery Studio Visualizer (version 16.1.0.15350); BIOvIA, D. S.

(2015). ]Discovery studio modeling environment. San Diego, Das-
sault Systemes, Release, 4] was used to calculate the hydrogen bonds
between SRP54 and GTP.

2.3.3 | Stability analysis

We used the FoldX algorithm13:14 to assess the effect of the T115del
mutation on the stability of the SRP54-SR complex. FoldX is based
on empirical energy terms that were compared and correlated with
experimental data of a large number of mutations in monomeric pro-
teins and protein-protein complexes.13 FoldX (version 4) was applied
to the modeled SRP54-SR complex in the following manner: (i) the 3D
structures of wild-type and mutated SRP54 in complex with SR were
optimized using the FoldX RepairPDB function, (ii) the stability of the
wild-type and mutated SRP54-SR structures were calculated using
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FIGURE 1 Family Pedigrees. Pedigrees of F-A
the two studied affected families (A and B),
harboring the same de novo mutation. Filled
black circles or squares depict the patients.
Empty circles or squares depict WT genotypes
with no clinical symptoms. F = father,

M = mother, P = patient, S = sibling. Asterisks
indicate clinical phenotypes of the five patients
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the FoldX stability function, (iii) AAG values were obtained using the

following equation:
AAG = AGmutant - AGwild-type

The structure is considered to be destabilized if AAG > 1 kcal/mol,
neutral if 0 < AAG < 1 kcal/mol, and stabilized if AAG < O kcal/mol.

3 | RESULTS

3.1 | Clinical presentation

We describe here patients 1 and 2 from two unrelated families (P1-A
and P4-B; Figure 1) which were evaluated for neutropenia. Patient
1, an eight-year-old female, was referred for evaluation of persistent
neutropenia at one year of age and has been followed up since then.
She was born at 42 weeks of gestation after an uneventful pregnancy.
Birth weight was 3.1 kg (appropriate for gestational age); she had no
dysmorphic features or visible bony abnormalities. The patient was the
second child of healthy nonconsanguineous Israeli parents of mixed
Ashkenazi and Iragi Jewish descent, and there was no family history of
hematological disease or primary immunodeficiency (Figure 1). At the
age of eight months, she presented with severe isolated neutropenia
(180/uL) that was initially attributed to Parainfluenza virus infection,
yet upon follow-up tests, the severe-moderate isolated neutropenia
persisted without cyclic pattern. She later presented with chronic
gingivitis with recurrent episodes of flare-ups that responded well to
antibiotic treatment. No life-threatening bacterial infections occurred
up to date. Her growth parameters showed height and weight in
the 20th to 25th percentiles, and no gastrointestinal, neurological,

or abnormal neurodevelopmental manifestations were observed.
Stool studies for fecal elastase were normal (632 ug/g, normal lev-
els > 200 pg/g), and pancreatic ultrasound showed normal anatomy
without lipomatosis. Echocardiography test showed normal heart
structure and function. She currently receives granulocyte colony-
stimulating factor (G-CSF) treatment at the dose of 5 ug/kg/day, with
improvement in the neutrophil counts (> 1000/uL) and her chronic
gingivitis.

Patient 2, a two-year-old male, was referred at the age of six months
due to neutropenia and has been followed up since then. During the
pregnancy, the mother had CMV seroconversion. Amniocentesis was
not performed, and CMV infection was ruled out after birth. Brain
sonography, after birth, demonstrated few cysts around the right tha-
lamus and in the left caudothalamic groove. At the age of two months,
one cyst was noted in the caudothalamic groove (6 mm). No further
brain imaging has been done due to normal neurological development.
He had no dysmorphic features or visible bony abnormalities. The
absolute neutrophil count was 6200/ uL after birth, and 930/uL at the
age of 2 weeks. At four months, during febrile illness, his absolute neu-
trophil count was 600/ uL. Since then, he suffered from recurrent infec-
tions including pneumonia and acute otitis media and was diagnosed
with hyperactive airway disease. At the ages 7 and 10 months, he had
two episodes of febrile seizures, and his neutrophil counts were 100-
900/uL with normal hemoglobin and platelet counts. Upon follow-up
tests, the severe-moderate isolated neutropenia persisted without a
cyclic pattern. His growth parameters showed height and weight in
the 10th to 20th percentiles, and no gastrointestinal, neurological, or
abnormal developmental manifestations were observed. Stool studies
for fecal elastase showed moderate to mild exocrine pancreatic insuffi-
ciency (186 ug/g, normal levels > 200 ug/g) and pancreatic ultrasound

showed normal anatomy without lipomatosis. Echocardiography test
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TABLE 1 Immunological investigation
Lymphocyte
subpopulations References
(cells/uL) Patient 1 Patient 2 values
Lymphocytes 5197 N.D. 2300-5400
T(CD3") 2910 N.D. 1400-3700
T helper (CD4+) 1923 N.D. 700-2200
T cytotoxic (CD8*) 987 N.D. 490-1300
B (CD20%) 1559 N.D. 390-1400
NK (CD3-CD16%/ 520 N.D. 130-720
CD56%")
Double-negative 67 N.D. 16-140
(CD4-CD8 CD3*ap")
Serum immunoglobulins N.D.
(mg/dL)
18G 743.00 448.00 360-1500
IgA 30.50 29.20 21-180
1gM 70.80 115.00 24-170
Serum complement
(mg/dL)
C3 227.00 N.D. 90-180
c4 37.60 N.D. 10-40
Antineutrophil Negative Negative
antibody
Antinuclear antibody Negative Negative

N.D., not done.

showed normal heart structure and function. At the age of 11 months,
G-CSF treatment was initiated. His current treatment is 7.5 ug/kg/day
leading to normalization of the absolute neutrophil counts and res-
olution of his recurrent infections. Family history revealed four out
of eight members with congenital neutropenia and variable pheno-
type (Figure 1). Patient’s 2 father (P3-B; Figure 1) was diagnosed with
congenital neutropenia and epilepsy, with neutrophil counts of 100-
600/uL. He is being treated with G-CSF at a dose of 2 ug/kg/day with a
good clinical and laboratory response. His brother (P1-B; Figure 1) had
severe congenital neutropenia with neutrophil count of 200/uL. He
suffered from a severe life-threatening infection that led to leg ampu-
tation. Bone marrow aspiration revealed a hypoplastic marrow with
severe hypoplasia of the myeloid lineage and maturation arrest. His sis-
ter (P2-B; Figure 1) has a tendency to develop mild neutropenia dur-
ing febrile ilinesses, with no severe infections. Patient’s 2 father (P3-B;
Figure 1) is of a Jewish Libyan origin and the mother healthy (S1-B; Fig-
ure 1) is of Jewish Ashkenazy/Iranian origin. Patient 2 has one healthy
older sibling (S2-B; Figure 1).

3.2 | Immunological and hematological investigation

Both patients’ blood counts revealed isolated neutropenia, nor-
mal serum concentrations of immunoglobulins, and negative tests
for antineutrophil antibodies as well as for antinuclear antibodies
(Table 1). Patient 1 also had immunological assessment of periph-

eral blood lymphocyte subpopulations, including double-negative
T-lymphocytes and serum complement components C3 and C4, which
were all normal (Table 1). In patient 1, bone marrow evaluation showed
mild hypocellularity with promyelocytic maturation arrest, whereas
other cell lineages were normal (Figure 2). Patient’s 2 bone marrow
evaluation revealed normal myelopoiesis. For both patients, no cyto-
genetic abnormalities were detected by the MDS FISH panel. Patient
1 had normal karyotype study; patient 2 had unsuccessful karyotype

study due to nonevaluable metaphases.

3.3 | Geneticinvestigation

WES was performed to both families (Figure 1) and revealed a novel,
de novo, in-frame deletion in the SRP54 gene, ¢.342-344delAAC;
p.T115del, which was confirmed by direct Sanger sequencing (Figure
S1A). WES did not reveal any other mutations known to be involved in
congenital neutropenia. The mutation putatively affects a highly con-
served amino acid located in the GTPase domain of the protein (Figure
S1B). The variant is exceedingly rare and could not be found in gnomAD
nor in our in-house cohort of 2000 Israeli exomes.

The presence of the same mutation in two unrelated white fami-
lies, in the relatively small population of Israel, prompted exploration
of identity by descent. However, no evidence of a familial relation-
ship between the two families was found. In addition, using the 1000
Genomes Project SNPs, we investigated common SNPs surrounding
the mutation. The SNP analysis for both families revealed a lack of
a common haplotype, suggesting that families are unrelated to each
other.

3.4 | Protein modeling and analysis

Following our genetic results, we analyzed the spatial location of the
identified mutation and the hydrogen bonds formed with the corre-
sponding GTP molecule. The number of hydrogen bonds between wild-
type SRP54 and GTP is presented in Figure 3B. Figure 3A shows the
spatial location of SRP54 (cyan, flat ribbon) residues K114, T115,T116,
and T117 (by element, ball and stick) as well as the location of its SR
(green, flat ribbon) and GTP molecules (purple, stick). Figure 3B shows
the close network of hydrogen bonds formed between SRP54 residues
K114,T115,and T116. The GTP molecule forms three hydrogen bonds
with residue K114 (yellow), three hydrogen bonds with T115 (dashed
green), and two hydrogen bonds with T116 (orange). Figure 3D shows
the change in hydrogen bond formation upon T115del mutation. Simi-
lar to Figure 3A, Figure 3C shows the spatial location of SRP54 (cyan,
flat ribbon) residues K114, T116, and T117 (by element, ball and
stick) as well as the location of its SR (green, flat ribbon) and GTP
molecules (purple, stick). Figure 3D shows the hydrogen bonds formed
between the GTP molecule and residues K114, T116, and T117. It can
be seen that only one of the three hydrogen bonds between K114
and the GTP molecule is left and one of the two hydrogen bonds
formed between the GTP molecule and T116 remains upon the dele-
tion of T115. In total, six hydrogen bonds are lost between SRP54
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FIGURE 2 Bone marrow biopsy of patient 1. (A) Histology of the bone marrow biopsy with cellularity about 60% (hypocellular for the patient's
age). H&E, x100. (B) Magnification of a more cellular area shows maturation arrest in promyelocytic stage (marked by ovals and arrows). H&E,

x600

residues K114, T115, T116, and the GTP molecule upon p.T115del
mutation.

Overall, our structural analysis indicated that one GTP molecule
forms a total of 19 hydrogen bonds with the wild-type SRP54 pro-
tein, whereas there are a total of 18 hydrogen bonds with the mutated
protein. However, the residues that form the hydrogen bonds in the
mutated protein are different from those of GTP molecule bonds in the
wild-type structure (data not shown).

Moreover, our stability analysis indicated a AAG value of 2.85.
Namely, the mutation affects the stability of the complex by destabi-

lizing it.

4 | DISCUSSION

In this study, we identified a novel, de novo, mutation in the SRP54
gene resulting from in-frame deletion of the amino acid threonine in
the highly conserved G1 GTPase domain of the protein, as the cause
of congenital neutropenia in five patients from two different kindreds.
Patients were of different ages and ethnicities, with a wide spectrum
of immunological and clinical manifestations, ranging from mild asymp-
tomatic neutropenia during febrile illnesses to severe neutropenia and
life-threatening infection. Currently, 27 mutated cases of the SRP54
gene were reported in the literature.#¢ Most of them resulted from
de novo mutations as in our report. Indeed, small insertions and dele-
tions are the second most abundant form of human genetic varia-
tion after single-nucleotide variants and comprise 18% of all recorded
mutations causing human inherited disease.1>

The SRP54 gene encodes a highly conserved protein, a key part
of the ribonucleoprotein complex that mediates cotranslational tar-
geting and translocation of proteins. SRP54 is a multidomain pro-
tein consisting of three parts: N-terminus (N domain), GTPase domain
(G domain), which contains five specific G elements (G1-G5), and a

C-terminal domain (M domain). The M domain attaches SRP54 to the
ribosome-nascent chain complex, whereas the G and N domains target
the complex to the endoplasmic reticulum by GTP-dependent interac-
tion between SRP54 and the membrane-bound SRP54 receptor. Thus,
this dynamic mechanism couples synthesis of proteins to their translo-
cation across membranes or insertion into membranes.16:17

From a protein functional point of view, Carapito et al* suggested
that the p.T115A missense mutation directly affected GTP binding due
to aloss of hydrogen bonds between T115 and the GTP molecule. Addi-
tionally, bone marrow mononuclear cells from the reported patient
had a nearly complete abolished GTPase activity. Given that the novel
p.T115del mutation affects the same highly conserved position within
the GTPase domain of the protein, which has a crucial rule in GTP and
receptor binding, and causes the loss of six hydrogen bonds between
SRP54 and the GTP molecule, it is most likely that GTP binding is
impaired. Moreover, our stability analysis results indicate a less stable
complex, which further support the possibility of impaired interaction
with the GTP molecule. Previous studies have shown that GTP binding
to both SRP54 and SR leads to the formation of a stable “docked com-
plex,” which is necessary® but not sufficient? to promote release of
the signal peptide from SRP. Considering the probable reduced affin-
ity to the GTP molecule, our stability analysis may further support
the influence of reduced GTP binding on complex stability and protein
activity.

Our findings further highlight the phenomenon of variable expres-
sivity in primary immunodeficiencies in general and in congenital
neutropenia specifically. Previous studies, in genes associated with
SCID, including RAG1/2, ADA, and DCLRE1C?9-25 and genes associated
with CN, including ELANE2627 and SBDS,%8 revealed a variable clinical
phenotypes in individuals with the same genetic mutation, even
in the same family. Moreover, subanalysis of the cohort published
by Bellanné-Chantelot et al® reveals intrafamilial and interfamilial
immunological and clinical variability within patients harboring the

same mutation. Currently, the reason for variable expressivity in
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FIGURE 3 Molecular model of the N and G domains of WT and mutated SRP54, its SR, and corresponding GTP molecules. (A) SRP54, SR, and
GTP arein cyan, green, and purple, respectively. Residues K114, T115,T116, and T117 are shown ball and stick by charge. (B) Close-up of the WT
residues K114, T115,T116,and T117. Hydrogen bonds between the corresponding GTP and K114, T115, and T116 are presented in yellow,
dashed green, and orange, respectively. According to the model, eight hydrogen bonds are formed between these residues and the GTP molecule.
(C)SRP54, SR, and GTP are in cyan, green, and purple, respectively. Residues K114, T115,T116, and T117 are shown ball and stick by charge. (D)
Close-up of mutated residues K114, T116, and T117. Hydrogen bonds between the corresponding GTP and SRP54 residues K114 and T116 are
presented in yellow and orange, respectively. According to the model, all hydrogen bonds between deleted T115 and the corresponding GTP
molecule are lost. Moreover, two of three hydrogen bonds formed with K114, and one of the two hydrogen bonds between the GTP molecule and

T116 are lost

patients with SRP54 gene mutations is unknown. A possible expla-
nation could be the influence of genetic modifiers in neutrophils.
For example, expression quantitative trait loci (eQTL) are genomic
regions that regulate gene expression at the genetic and epigenetic
levels.2? Neutrophil eQTL are markedly enriched for trait-associated
variants especially in patients with autoimmune, immune dysregu-
lation, and infectious diseases.3? Furthermore, age and sex affected
the human transcriptional responses to microbial challenges.3!
Moreover, several studies report that the transcription factors, LEF-
1,32 GFI-1,3% C/EBPp,3* the granulocyte colony-stimulating factor
receptor3® and the activation of genes related to the Wnt3a/p-catenin
pathway3¢ are all linked to granulocytes homeostasis and severe
congenital neutropenia phenotype and therefore may act as modifying

genes.

5 | CONCLUSIONS

We describe a novel mutation in the SRP54 gene resulting from an in-
frame, de novo, deletion of the amino acid threonine in position 115 of
the protein as a cause of congenital neutropenia. Our analysis suggests
that the mutation impair protein activity through reduced GTP bind-
ing and complex stability. Moreover, we show that the same genetic
mutation can lead to congenital neutropenia with variable phenotypic

expressivity.
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