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SUMMARY

Autosomal recessive mutations in G6PC3 cause isolated and syndromic congen-
ital neutropenia which includes congenital heart disease and atypical inflamma-
tory bowel disease (IBD). In a highly consanguineous pedigree with novel muta-
tions in G6PC3 and MPL, we performed comprehensive multi-omics analyses.
Structural analysis of variant G6PC3 and MPL proteins suggests a damaging ef-
fect. A distinct molecular cytokine profile (cytokinome) in the affected proband
with IBD was detected. Liquid chromatography-mass spectrometry-based prote-
omics analysis of the G6PC3-deficient plasma samples identified 460 distinct pro-
teins including 75 upregulated and 73 downregulated proteins. Specifically, the
transcription factor GATA4 and LST1 were downregulated while platelet factor
4 (PF4) was upregulated. GATA4 and PF4 have been linked to congenital heart
disease and IBD respectively, while LST1 may have perturbed a variety of essen-
tial cell functions as it is required for normal cell-cell communication. Together,
these studies provide potentially novel insights into the pathogenesis of syn-
dromic congenital G6PC3 deficiency.

INTRODUCTION

Several familial syndromes can present with neutropenia including severe congenital neutropenia, or Kost-
mann syndrome, cyclic neutropenia, Hermansky-Pudlak syndrome, warts, hypogammaglobulinemia, infec-
tions, and myelokathexis syndrome, Barth syndrome (X-linked dilated cardiomyopathy with neutropenia),
poikiloderma with neutropenia, and glycogen storage disease type 1b, among others (Banka, 2016). The
severity and pattern of neutropenia, the nature of complications, and the co-existing non-hematological
phenotypes all assist in making the likely correct clinical diagnosis.

Mutations in several genes including ELANE and HAXT (being the most common) have been identified as
causes of severe congenital neutropenia (SCN) (Dale et al., 2000; Klein et al., 2006). The advent of next-gen-
eration sequencing (NGS)-based mutation analysis allows comprehensive testing of patients with neutro-
penia of different etiologies. Consequently, more patients with monogenic SCN neutropenia including
G6PC3 deficiency are likely to be diagnosed.

G6PC3 (glucose-6-phosphatase, catalytic, subunit 3) mutations have been identified as a cause of congenital
neutropenia, initially in 2 consanguineous pedigrees (Boztug et al., 2009). Since then, over 90 cases have
been described, and the spectrum of disease phenotype has been reviewed (Banka, 2016; Banka and Newman,
2013). The glucose-6-phosphatase enzyme is involved in glycogenolysis, with 3 known catalytic subunits being
present in humans. G6PC3 encodes the glucose-6-phosphatase enzyme which is expressed ubiquitously in hu-
mans, in contrast to G6PC1 (expressed in the small intestine) and G6PC2 (expressed in the liver). The G6PC3
gene maps to chromosome 17g21 (GRCh38:44,070,699-44,076,343) and consists of 6 exons.

G6PC3 deficiency may manifest as (i) a non-syndromic SCN, (ii) the so-called classic G6PC3 deficiency with
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Figure 1. Family pedigree and Sanger sequencing

The large consanguineous family with G6PC3 deficiency has 3 affected patients (2 sisters: IV-1, 2 and their double cousin,
IV.6). The Sanger sequencing chromatograms show homozygosity (indicated —/—) and heterozygosity (+/—) for the novel
G6PC3mutation. The novel MPL heterozygous mutation is also shown as (+/—) in multiple family members including IV.6.

syndrome, involving non-myeloid hematopoietic cell lineages and neonatal pulmonary hypertension and
thymic hypoplasia (Banka et al., 2010; Dursun et al., 2009). Inflammatory bowel (like) disease has been
reported in some cases and small series with G6PC3 deficiency (Begin et al., 2012; Cullinane et al., 2011;
Desplantes et al., 2014; Glasser et al,, 2016). Hypo-glycosylation of gp91P"®%, the electron-transporting
component of the NADPH oxidase, had been demonstrated in patients with neutropenia and G6PC3 defi-
ciency (Hayee et al., 2011). Failure to eliminate the phosphorylated glucose analog (1,5-anhydroglucitol-6-
phosphate; 1,5AG6P) was found to cause neutropenia in patients with G6PC3 deficiency (Veiga-da-Cunha
et al.,, 2019). Activating mutations in THPO and MPL are also known to cause thrombocytosis which may
predispose to thromboembolism (Dasouki et al., 2015).

Proteomics studies are being increasingly used in the search for biomarkers for many human diseases
including inflammatory bowel disease (IBD). Several proteomics studies suggested different protein signa-
tures which were identified in serum, feces, and colonic epithelia of affected patients (summarized in Ben-
nike et al., 2014). Examples of these diverse biomarkers include anti-Saccharomyces cerevisiae antibodies,
perinuclear anti-neutrophil cytoplasmic antibody, C-reactive protein, calprotectin, lactoferrin, annexin A1,
lymphocyte cytosolic protein 1 (aka L-plastin), proteasome activator subunit 1, and many others.

In this study, we performed extensive whole-exome and proteome analyses (with special emphasis on the
cytokinome) in 3 consanguineous family members from Southern Saudi Arabia (Figure 1) with G6PC3 defi-
ciency and secondary (atypical) IDB and thrombocytosis. We identified novel mutations in G4PC3, MPL as
well as multiple cytokines and novel proteomic biomarkers. This complex and unique multi-omic fingerprint
may help improve the understanding of the mechanisms and help identify novel treatment opportunities.

RESULTS
Clinical and molecular analyses

The clinical features and results of routine clinical investigations are summarized in Tables 1 and 2. While all 3
G6PC3-deficient patients had severe failure to thrive and very low body mass index, only patient IV.6 had been
diagnosed with IBD (atypical Crohn disease). Recurrent chest infections and resultant bronchiectasis and
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Table 1. Clinical characteristics of individuals affected with G6PC3 deficiency.

Clinical
manifestations Patient V.1 Patient IV.2 Patient IV.6
Infections Skin and chest Skin and chest Skin; otitis media; recurrent
E.coli UTIl and abdominal sepsis
Gl Childhood FTT, diarrhea/steatorrhea;  Childhood FTT, diarrhea/steatorrhea; Childhood FTT, diarrhea/steatorrhea;
no bowel symptoms in adulthood no bowel symptoms in adulthood severe |BD with stricture disease
Respiratory Bronchiectasis, class 1 pulmonary Bronchiectasis, respiratory failure, Not significant
hypertension class IV pulmonary hypertension;

lung transplantation candidate
Cardiac Fenestrated ASD with bidirectional Dilated RV with RVH, TR, raised RVSP ASD repaired at age 8
flow (mainly left to right); moderately
dilated RA, RV, and main PA

Skeletal Generalized osteopenia; Microcephaly, mid face hypoplasia; Oligoarthritis, generalized osteopenia,
underdeveloped sinuses thoracic spine kyphosis; generalized facial dysmorphism
osteopenia
Growth ~ Weight  25.9 kg at age 17 29.4 atage 16 17kg at age 20
BMI 14 12.7 11.6
Height <3 centile <3rd centile <3rd centile

ASD, atrial septal defect; BMI, body mass index; FTT, failure to thrive; IBD, inflammatory bowel disease; PA, pulmonary artery; RV, right ventricle; RVH, right ven-
tricular hypertrophy; RVSP, right ventricular systolic pressure; TR, tricuspid regurgitation.

secondary pulmonary hypertension occurred in siblings IV.1 and 2 but not their cousin (IV.6). All 3 patients had
congenital heart disease (atrial septal defect) requiring repair in patient IV.6. Pan-T-cell lymphopenia was found
in two patients (IV.2, and IV.6). Interestingly, serum IgE deficiency in combination with hyper-gammaglobuline-
mia was present in all 3 G6PC3-deficient patients in this family. However, no mutations in IGHE (which encodes
IgE) or its receptors (FCERTA, MS4A2, FCER1G; FCER2) were found. A common variant in MS4A2 (which en-
codes FCER1B) previously thought to predispose to atopy was found in 2 of the 3 patients.

Sanger sequencing of the CFTR and SBDS genes was negative. Pathogenic or likely pathogenic variants in
the 3 patients’ exomes are listed in Table 3. All 3 patients were homozygous for a novel homozygous
missense mutation in exon 4 of G6PC3 (c.479C > T, p.Ser160Leu) which was also confirmed by Sanger
sequencing and segregation analysis (Figure 1). This mutation has not previously been reported in the ho-
mozygous state in various public databases including dbSNP, 1000G, ESV, ExAC, gnomAD, and our private
Saudi Genome Program database (https://www.saudigenomeprogram.org/). Only a single (African) het-
erozygous individual (allele frequency: 0.000004061) was recently identified in the gnomAD database
(https://gnomad.broadinstitute.org/).

Also, a homozygous ¢.154C > T (p.Arg52Cys) missense variant in exon 1 of MBL2 was observed in patient
IV.1. In silico analysis of this variant also predicted it to be damaging and has been associated with MBL2
deficiency which is reported to be common in Caucasians (Choteau et al., 2016).

Additionally, the exome of patient IV.6 (but not her cousins IV.1 and 2) showed a very rare (allele frequency:
3.255 x 107%), possibly damaging heterozygous MPL variant (Chr1:43804948:43804948: NM_005373:ex-
on4:c.398C > T, p.P133L) which was also confirmed by Sanger sequencing and segregation analysis (Fig-
ure 1). While all 3 patients had intermittent thrombocytosis, it was most marked in patient IV.é.

Interestingly, we also detected a novel homozygous mutation in HBG T (NM_000559: c.*6_*3delinsCTCT) in
all 3 affected G6PC3-deficient patients in addition to another novel homozygous splicing mutation in KLF1
(NM_006563:ex0n2:12996130-12996956:-14:840; GC > —) in patient IV.6 only which probably explains the
elevated HbF levels observed in these patients.

In silico structural analysis of G6PC3 and MPL mutations

G6PC3 is a 346-amino acid protein, predicted to contain nine transmembrane helices that span the endo-
plasmic reticulum (ER) membrane, with the active site lying inside the ER lumen (Ghosh et al., 2004).
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Table 2. Routine laboratory investigations

Laboratory results

Patient IV.1

Patient IV.2

Patient IV.6

Neutrophil count x107/L,
Median (range)
Lymphocyte x10%/L,
median (range)

Platelet counts, x10%/L,
median (range)

Hb g/L, median (range)

Bone marrow

Bone marrow karyotype
IgA (normal: 0.7 - 4 g/L)
I1gG (normal: 7-16 g/L)
IgM (normal: 0.4-2.3 g/L)
IgE (normal: 5-500 KU/L)

Pediatric: 0.5 (0.11-2.25)
Adult: 0.34(0.24-1.77)"
2.95 (1.59-3.27)

498 (344-777)

108 (84-130)

Pediatric: Unremarkable

with no maturation arrest

Adult: hypoplastic myelopoiesis
and left shift with abnormal
segmentation of myeloid precursors

46, XX
1.9
27.8
0.63
<2

Pediatric: 0.31 (0.09-1.76)
Adult 2.385 (0.4-4.57)°
2.4 (1.2-8.5)

392 (179-738)

100 (77-127)

Pediatric: marked left-shifted
granulopoiesis and active
erythropoiesis and megakaryopoiesis
Adult: myeloid hyperplasia, left shifted
and minimal maturation and some

with increased granulation
46, XX

2.93

56.6

0.77

<2

Pediatric: 1.39 (0.8-6.2)
Adult: 1.65 (0.67-17.2)

0.49 (0.14-2.17)

498 (150-1074)

97 (58-147)

Adult: Left shifted

myelopoiesis

46, XX
1.72
23.3
2.5

2.5

Absolute CD3+, CD4+, and
CD8+ T-cell lymphopenia

T-cell subsets Normal T-cell subsets T-cell lymphopenia; intact expression

of MHC class | and Il antigens

®Initial (pediatric) studies were done in early childhood (3-5 years of age). Follow-up (adult) studies were done between 14 and 17 years of age.

Prediction of the 3D protein structure based on different threading templates such as the crystal structure
of the transmembrane PAP2 type phosphatidylglycerol phosphate phosphatase from Bacillus subitilis (see
transparent methods) revealed that Ser160 is located close to the end of the fourth transmembrane helix,
near the ER luminal side. Ser160 is in close contact with neighboring helix 1 and is predicted to be involved
in buried hydrogen bond intramolecular interactions with Arg161, Thr30, and the backbone carbonyl of
Trp26 (Figure 2, G6PC3-A, B). Thus, Ser160 plays an important role in tethering helices 1 and 4 together.
The mutation Ser160Leu would disrupt this interaction network and cause steric clashes (Figure 2,
G6PC3-C). Hence, Ser160Leu would destabilize the interface between helices 1 and 4 and thus affect
the tertiary structure of this region, which could reduce the catalytic efficiency of the enzyme or the effi-
ciency of coupling to the transporter protein glucose 6-phosphate translocase (SLC37A4).

The amino acid residue Pro133 maps to the extracellular domain of MPL which contains two cytokine recep-
tor homology regions (CHRs), each composed of two fibronectin type Il (FNIII) domains. Pro133 is part of
the linker connecting the first and second FNIII of the N-terminal CHR (CHR1). The structure of this CHR1
region can be inferred based on a ~28% sequence identity with the erythropoietin receptor (Figure 3, MPL-
A). Computational modeling suggests that substituting Pro133 by a larger and more hydrophobic leucine
affects the stability and dynamics of this region (Figure 3; MPL-B). Given that the relative orientation of the
FNIII domains critically affects signaling through cytokine receptors (Syed et al., 1998), the Pro133Leu mu-
tation is expected to perturb MPL activation and signaling.

Protein expression changes between G6PC3-deficient patients and control subjects

Peripheral blood plasma samples from the 3 subjects diagnosed with G6PC3 deficiency causing complex
neutropenia in addition to IBD in patient IV.6, as well as 6 healthy subjects, were analyzed using liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). A total of 460 unique protein species were identified
(Table S1) of which 148 were significantly differentially expressed (=2 to o fold change and p < 0.05) be-
tween G6PC3 deficient and normal control subjects (Table S2). Classification of those 148 proteins based
on their biological processes and molecular functions identified 4 major groups including the immune sys-
tem, homeostasis, small molecule transport, and vesicle-mediated transport, respectively (Figures 4, 5, and
6). However, a 21-protein subpanel was represented in the pathway analysis of multiple signaling networks
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Table 3. Pathogenic or likely pathogenic variants in the 3 patients’ exomes including cytokinome profiles

Gene?® (mutation/variant) Disease association® Patient V.1 Patient IV.2 Patient IV.6

G6PC3:NM_138387:exon4:c.479C > SCN4 (AR), Dursun syndrome hmz hmz hmz

T:p.S160L

MPL:NM_005373:exon4:¢c.398C > T:p.P133L CAMT (AR), thrombocythemia (AD), wt wt het
MFMM (som)

HBG 1:NM_000559%:c.6_"3delinsCTCT HbF (QTL1) hmz hmz hmz

KLF1:NM_006563:ex0n2:12996130- HPFH (AD), CDA type 4 wt wt hmz

12996956:-14:840

MS4A2 (FCER1B): susceptibility to atopy het wt hmz

NM_001256916:exoné:c.575A > G:p.E192G

CCL15:NM_032965:exon1:c.5A > T:p.K2M None hmz hmz hmz

CXCR2:NM_001557:exon3:c.1075A > None wt het het

T:p.T359S

IFNAR1:NM_000629:exon8:c.1143 + 12G > A None het wt wt

IFNAR2:NM_000874:exon7:¢c.611C > IMD45 (AR) het wt wt

G:p.T204R

IFNW1:NM_002177:exon1:c.247A > None wt wt het

G:p.M83V

IL1T0RA:NM_001558:exon1:c.67 + 11G > C IBD28 (AR) het wt het

IL16:NM_172217:exon4:c.643T > C:p.S215P None het wt het

ILT8R1:NM_003855:exonb:c.626-7C > T None het wt het

ILTR1:NM_001288706:exon12:¢c.1211-4T > C None het wt het

ILTRL1:NM_016232:exon11:c. None het wt het

1501_1502delinsAG

IL2TR:NM_021798:exon9: IMD56 (AR), high IgE (AD) het wt wt

¢.1381dupG:p.A460fs

AD, autosomal dominant; AR, autosomal recessive; CAMT, congenital amegakaryocytic thrombocytopenia; CDA, congenital dyserythropoietic anemia; CCL15,
chemokine, cc motif, ligand 15; CXCR2, chemokine, CXC motif, receptor 2; G6PC3, glucose-6-phosphatase catalytic 3; HBG1, hemoglobin gamma A; het, het-
erozygous mutant; hmz, homozygous mutant; HPFH, hereditary persistent fetal hemoglobin; IBD, inflammatory bowel disease; IMD, immunodeficiency; IFNART,
interferon-alpha-beta- and omega receptor 1; IFNAR2, interferon-alpha-beta- and omega receptor 2; IFNW1, interferon, omega-1; IL10RA, interleukin 10 recep-
tor alpha; IL16, interleukin 16; IL18R1, interleukin 18 receptor-1; IL1R1, interleukin 1 receptor-1; IL1RL1, interleukin 1 receptor-like 1; IL21R, interleukin-21 receptor;
KLF1, Kruppel-like factor 1, MFMM, myelofibrosis with myeloid metaplasia; MPL, myeloproliferative virus oncogene; QTL, quantitative trait locus; SCN, severe
congenital neutropenia; som, somatic; wt, wild type.

Cytokinome refers to patient-specific rare DNA variants.

“Disease-gene association data are based on OMIM database “www.omim.org”.

using the ingenuity pathway analysis (IPA, Qiagen) (Figures 7 and 8, networks 1 and 2, respectively) and
STRING network database analysis tools (Figure 9). The functional annotations and the expression profiles
and other characteristics of these proteins are detailed in Figure 5.

Interestingly, several globin chain proteins (HBA1, HBB, HBD, and HBZ) as well as immune-related proteins
(C6, IL6R, LST1, JCHAIN, MBL2, and TRGC2) were downregulated. However, the neutrophil defensins,
DEFA1, DEFA4, and neutrophil gelatinase-associated lipocalin (LCN2) were not differentially expressed.
In addition, several downregulated proteins associated with known monogenic disorders were found
including C6 (complement 6 deficiency), angiotensinogen (hypertension, renal tubular dysgenesis),
GATA4 (congenital heart disease), thalassemia (HBA1, HBB, HBD, HBZ), MBL2 (chronic infections),
PLOD2 (Bruck syndrome 2), SERPINF1 (osteogenesis imperfecta type VI, Ol6), and WASHC4 (autosomal
recessive mental retardation, MR41).

Perturbation of glutathione homeostasis is also evidenced by the dysregulation of the key enzymes gluta-
thione peroxidase (GPX3) and glutaredoxin 2 (GLXR2) which were upregulated and downregulated,
respectively. GPX3, glutathione peroxidase, is a plasma protein that protects cells, enzymes, and lipids
against oxidative stress (peroxidation). GLRX2, glutaredoxin 2, is a glutathione-dependent hydrogen

iScience 24, 102214, March 19, 2021 5
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Figure 2. Computational assessment of the impact of the G6PC3 mutation

(A) Homology model produced with I-TASSER of the region comprising the residues 1-195. Ser160 is highlighted as
yellow stick model, and the orientation of the protein with respect of the ER membrane is shown.

(B). Predicted intramolecular interactions between helices 1 and 4, mediated by Ser160. Hydrogen bonds are indicated
with dashed lines.

(C) The substitution of Ser160 for leucine (gray sticks) would destabilize the interface between the two helices, altering the
tertiary structure of the region.

donor for ribonucleotide reductase with a predominantly nuclear and a minor mitochondrial isoform (Lund-
berg et al., 2001); upon oxidative stress, the iron-sulfur cluster serves as a redox sensor for the activation of
GLRX2 (Lillig et al., 2005).

Kynurenine formamidase (AFMID) was significantly overexpressed, and kynurenine was elevated (unpub-
lished data) suggesting a perturbation in tryptophan catabolism.

DISCUSSION

We describe here a highly consanguineous pedigree with a novel exon 4 mutation in G6PC3 associated
with a variably severe phenotype not concordant with the severity of neutropenia. G6PC3-related neutro-
penia is thought to be a rare entity, but given the varying severity of the disorder, from cyclical neutropenia
to a severe life-threatening immunocompromised state and the spectrum of non-hematological complica-
tions, it is almost certainly underdiagnosed. It is also likely that in patients where the cardiac, neurodeve-
lopmental, and gastrointestinal manifestations are more severe than the degree of neutropenia, which may
be mild or near normal such as in our index case-patient IV.1, SCN may not be suspected at all. The (novel)
G6PC3 exon 4 mutation we identified in this family has not, to our knowledge, been previously reported
and may represent a candidate founder mutation, leading to a phenotype consistent with previous reports
of G6PC3 mutations most of which impair its enzyme activity. Lin et al. (2015) showed that 14 out of 16
missense G6PC3 mutations abolished its enzymatic activity. Indeed, our computational structural analysis
suggests that this novel mutation destabilizes the protein’s 3D structure and stability at the ER luminal side.
Recently, an unrelated Saudi Arabian pedigree was reported with a ¢.974T > G, p.Leu325Arg mutation and
thrombocytopenia (Alangari et al., 2013). Conversely, we observed in our family thrombocytosis in associ-
ation with neutropenia. While both thrombocytopenia and thrombocytosis may be seen clinically in sick
individuals and are usually attributed to a toxic effect on myelopoiesis, alternatively, this effect may be
mediated via variant(s) in the MPL-THPO axis (Dasouki et al., 2015). We, therefore, examined the gDNA
from these 3 affected individuals for possibly damaging mutations and identified a rare heterozygous,
potentially damaging, activating MPL mutation (c.398C > T, p.P133L). Our structural analysis localized it
in a region involved in binding to its THPO ligand and hence predicted that it affects ligand recognition
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Figure 3. Computational assessment of the impact of the MPL mutation

(A) Shown is the homology model of MPL CHR1 (magenta), produced based on the 28% identical structure of the CHR of
EPOR (gray) bound to erythropoietin (yellow; PDB id 4cné). Pro133 is highlighted as a green sphere model.

(B) Zoom into the region of Pro133 (shown as a green stick model). The substitution of Pro133 by a leucine (orange) would
increase the hydrophobic interaction and hence structural and dynamic coupling of both FNIIl domains of CHR1. CHR,
cytokine receptor homology region; EPOR, erythropoietin receptor; FNIII, fibronectin type Ill; MPL, myeloproliferative
leukemia virus oncogene.

and signal initiation. Previously, it was shown that the deletion of the MPL CHR1 region has activating ef-
fects (Sabath et al., 1999), whereas point mutations in this region can have opposing effects, resulting in
either gain or loss of function (Stockklausner et al., 2015). In the family reported by Alangari et al., no mu-
tation analysis of MPL or THPO was reported.

In this progeny, we noticed striking variability in phenotype and disease severity arising from the same
mutation. We suspect that other genomic and epigenetic variations likely account for these phenotypic dif-
ferences. The list of genotypes for multiple loci identified in their exomes shown in Table 3 might explain
additional hematological phenotypes such as elevated HbF and thrombocytosis, immune phenotypes such
as low serum IgE levels and hypergammaglobulinemia, and the IBD phenotype.

Serum IgE deficiency is defined as anisolated significant decrease (<2.5KU/L) in serum IgE level (combined with
normal levels of other immunoglobulins). While selective serum IgE deficiency is still not recognized as a pri-
mary immunodeficiency disorder, it has been detected in seemingly healthy individuals, as well as in association
with certain infections, sinopulmonary disease, non-allergic airway disease, autoimmunity, and various immu-
nodeficiencies. In Lta (lymphotoxin) knockout mice, diminished serum IgE levels were associated with non-
allergic Th1-mediated inflammatory airway disease (Kang et al., 2003). Also, IgE (a mucosal antibody) had
been shown to possess antitumor activities both in vitro against pancreatic cancer (Fu et al., 2008; Reali
etal., 2001) and in mouse models (Nigro et al., 2009; Daniels-Wells et al., 2013). These data suggest that serum
IgE deficiency detected in our G6PC3-deficient patients may not be a completely benign finding.

Mutations in the mannose-binding lectin 2 (MBL2) have been implicated in predisposition to recurrent in-
fections, albeit not consistently. Up to 10% of healthy individuals may have mannose-binding lectin defi-
ciency (MBLD) and be asymptomatic. Moreover, variants have been associated with MBLD and a more
severe phenotype in Crohn disease (Choteau et al., 2016).

In addition to the G6PC3 deficiency-related neutropenia and MBL2 deficiency, additional (environmental, ge-
netic, and epigenetic) factors likely contributed to the recurrent chestinfections and bronchiectasis observed in
individuals IV.1 and 2. Although deaths due to respiratory failure have been reported, there are no reports to
our knowledge of lung transplantation in individuals with G6PC3 deficiency (Desplantes et al., 2014).

The human neutrophil proteome contains approximately 4100 proteins, including 7 which account for 50%
including the antimicrobial proteins DEF3A, S100A8, LYZ, and CTSG being among the most abundant
(Grabowski et al., 2019) which we did not detect in our proteomics study. However, we detected the
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Figure 4. Biological process and molecular functional classification of the 148 differentially expressed proteins
between CSN and control samples
Immune system- (16) and homeostasis (9)-related proteins were most the commonly represented.

neutrophil defensins, DEFA1, DEFA4, and LCN2 which were not differentially expressed. In addition to our
study and the study of Grabowski et al. (2019), we could not find any other proteomics studies that examine
monogenic neutropenia. The neutrophil-based proteomic biomarkers they detected in SCN, chronic gran-
ulomatous disease, and leukocyte adhesion deficiency 1 and 2 caused by mutations in ELANE, CYBA and
CYBB, and ITGB2 and SLC35C1, respectively, were disease specific and did not overlap with the profile
caused by G6PC3 deficiency.

In our G6PC3-deficient individuals, in addition to congenital neutropenia which results in the loss of the
known antimicrobial functions of neutrophils, we observed dysregulation of additional factors that may
have exacerbated this primary defect, including the leukocyte-specific transcript 1 (LST1), the (myeloid spe-
cific) monocyte-specific differentiation factor (CD14), and MBL2 that have diverse immune functions.

LST1is an extensively alternatively spliced major histocompatibility class (MHC) Il gene with 13 (800-nucle-
otide) interferon gamma-inducible transcripts and is expressed in lymphoid tissues, T cells, macrophages,
and histiocyte cell lines (Holzinger et al., 1995; Weidle et al., 2018). LST1 promotes the assembly of intercel-
lular tunneling nanotube formation (Schiller et al., 2012) which used is for the transfer of organelles (Rustom
et al., 2004), soluble markers (Watkins and Salter 2005), and electrical signals (Wang et al., 2010). Recently,
the myeloid leukocyte-specific transmembrane LST1/A isoform was shown to function as an adapter protein
that recruits the protein tyrosine phosphatases SHP-1 and SHP-2 to the plasma membrane, thus effecting
negative regulation of signal transduction which is necessary for controlling the cell response (Draber
et al., 2013). Also, the proinflammatory expression of LST1 in human IBD and non-IBD colitis was shown
not to be restricted to immune cell populations (Heidemann et al., 2014). Taken together, this evidence
strongly suggests a significantrole for LST1 in the pathogenesis of immune dysfunction in G6PC3 deficiency.

Several patients with G6PC3 deficiency and IBD or IBD-like disorder have been described, although the
mechanism(s) of this association is not known (Begin et al., 2013; Chandrakasan et al., 2017). In Table 3,
we hypothesize that the novel genomics-based immune/cytokine signature profile which we identified in
patient IV.6 but not in her two cousins without IBD is potentially IBD related. However, additional confirma-
tory studies are needed. Infliximab, a chimeric anti-TNF alpha monoclonal antibody, is used to treat patients
with various autoimmune disorders including IBD (Crohn disease). Similarly, as reported by Begin et al., in-
fliximab resulted in clinical improvement, albeit transient. Platelet factor 4 (PF4, CXCL4) is an index of
platelet activation and thromboembolic risk (Simi et al., 1987). Elevated plasma and colonic mucosa PF4
levels correlated with disease activity (Simi et al., 1987; Ye et al., 2017; Sobhani et al., 1992) and response
to treatment with infliximab in patients with IBD (Crohn disease) (Meuwis et al., 2008). Consequently, the up-
regulation of plasma PF4 levels we observed in this study may have a similar implication.

The GATA factors (1-6) are zinc-finger 'WGATAR’ DNA motif binding proteins that regulate diverse path-
ways associated with embryonic morphogenesis and cellular differentiation (Patient and McGhee, 2002).
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Figure 5. Biological process and molecular functional classification of the 148 differentially expressed proteins
between CSN and control samples

GATA4 is essential for cardiac morphogenesis as well as the development of the liver, pancreas, and swim
bladder (Holtzinger and Evans, 2005). Heterozygous loss-of-function mutations in GATA4 are associated
with a variety of cardiac malformations including (atrial, ventricular, and atrioventricular) septal defects
and tetralogy of Fallot (Garg et al., 2003). The finding of low expression of GATA4 in the plasma of our 3
patients with G6PC3 deficiency and congenital heart disease suggests a link which requires additional

studies.

Conclusions

G6PC3 deficiency is a complex multisystem disorder with neutropenia as the main phenotype and IBD-like

disease having been described in some patients. Proteomics profiling in monogenic neutropenia is disease
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Figure 6. Differential protein expression in patients with G6PC3 deficiency
Heatmap of protein expression in 3 patients with severe congenital neutropenia (CSN) caused by G6PC3 deficiency and 6
healthy controls. Patient plasma samples and controls were pooled separately and run in triplicates.

specific. Using extensive genomics (including genomic cytokine profiling) and proteomics analyses, we
identified a unique IBD-related profile including perturbations in several cytokines, LST1. We also observed
the downregulation of GATA4 which may potentially explain the congenital heart disease seen in some
patients with G6PC3 deficiency. Further studies are needed to elucidate the underlying mechanisms of sol-
uble and membrane-expressed LST1 and GATA-mediated phenotypic defects as well as the role of kynur-
enine in the regulation of mucosal intestinal immunity and inflammation.
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Figure 7. IPA network analysis of differentially expressed proteins in G6PC3 deficiency

Ingenuity Pathway Analysis (IPA)-based network 1 of the 148 differentially expressed protein panel. The network is
displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node
color intensity indicates the expression of genes: red is upregulated and green is downregulated in plasma. The fold
change values of differentially expressed proteins are indicated under each corresponding node. Node shapes indicate
the functional class of the gene product as shown in the key.
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Figure 8. IPA networks analysis of differentially expressed proteins in G6PC3 deficiency

Ingenuity Pathway Analysis (IPA)-based network 2 of the 148 differentially expressed protein panel. The network is
displayed graphically as nodes (gene/gene products) and edges (the biological relationship between nodes). The node
color intensity indicates the expression of genes: red is upregulated and green is downregulated in plasma. The fold
change values of differentially expressed proteins are indicated under each corresponding node. Node shapes indicate
the functional class of the gene product as shown in the key.

Limitations of the study

In this study, we used genome-wide (exome) and MS-based plasma proteomics analyses to identify genomic
and proteomic alterations in a highly consanguineous family with G6PC3 deficiency-related complex pheno-
types. Apart from the novel G6PC3 and MPL variants which are likely to be directly related to the patients
phenotypes and given the small sample size and incomplete knowledge about the other genomic variants
shown in Table 3 and potential complex interactions between them, their exact role in this complex disease
cannot be confirmed. Although MS-based comparative proteomics has increasingly become a powerful tool
for biomedical research of complex monogenic and polygenic disorders, its analytical depth is still limited
and several biochemical pathways playing a role in neutrophil dysfunction may have not been detected.
Also, changes in protein abundance alone cannot characterize the entire pathology or underlying mecha-
nism(s) of a complex disease like syndromic G6PC3 deficiency. The use of fully characterized healthy controls,
which we could not use in our proteomics study, is highly desirable as it is more likely to reveal real differences in
expression not related to genetic background. Also, the pooling of patients’ plasma samples prevented us
from potentially correlating specific differentially expressed proteins with varying clinical phenotypes.

Resource availability
Lead contact

Majed Dasouki, MD, Department of Genetics, Department of Pathology & Laboratory Medicine, King
Faisal Specialist Hospital & Research Center, MBC-03-30. PO Box 3354. Riyadh, 11,211. Saudi Arabia, Cur-
rent email: majed.dasouki.md@adventhealth.com.

Material availability

This study did not generate new unique reagents.

¢? CellPress

OPEN ACCESS

iScience 24, 102214, March 19, 2021 11



mailto:majed.dasouki.md@adventhealth.com

¢? CellPress

OPEN ACCESS

McLL

. 8 PIK3CG™
BCL2L11 ~

‘x N

c2
— c1e8

«Y i
Z : QA

Figure 9. The inter-relationships and functional characteristics of some of the 21 identified proteins as mapped in
STRINGS pathway analysis database

Some of these molecules function as enzymes, coagulation factors, transporters, transcription regulators, and
homeostasis and differentiation regulators. Others act as kinases, peptidase or growth factors, and cytokines. (The
connecting network analyses were done, and the above figures were generated in Ingenuity Pathway Analysis program
[IPA, version 8.7] and string, respectively). AGT, angiotensinogen; AKT1, AKT serine/threonine kinase 1; BCL2L11, BCL2-
like 11; C1QA, complement component 1, q subcomponent, A chain; C1QB, complement component 1, g
subcomponent, B chain; C2, complement component 2; F9, coagulation factor IX; FOS, FOS protooncogene; FOSB,
FOSB protooncogene; FOSL1, FOS-like antigen 1; FOSL2, FOS-like antigen 2; HBA1, hemoglobin-alpha locus 1; HBB,
hemoglobin-beta locus; IL4, interleukin 6; IL6R, interleukin 6 receptor; JUND, oncogene JUN-D; MCL1, myeloid leukemia
sequence 1; PIK3CG, phosphatidylinositol 3-kinase catalytic gamma; REN, renin; SERPINC1, serpin peptidase inhibitor
clade C (antithrombin) member 1.

Data and code availability
The published article includes all data sets/code generated or analyzed during this study.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.
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Materials and Methods

The 3 affected young adult patients (1V.1, 2, 6) and their parents (Fig.1) were enrolled in an IRB approved

protocol (RAC 2060-021) at the King Faisal Specialist Hospital & Research Center.

Patient clinical reports

Patient 1VV.1 whose gestation was complicated by polyhydramnios and born at full term, was first seen at
8 months of age with history of diarrhea and steatorrhea, failure to thrive (weight & height <5" centile)
and neutropenia that was not responding to GCSF. Shwachman-Diamond syndrome was suspected,
however, molecular genetic testing was negative (table 1). She was also commenced on pancreatic
enzyme replacement with some improvement. She also had recurrent skin and chest infections and needed
IV antibiotics at times. She was followed clinically until the age of 6 and was subsequently lost to follow
up. She left school at 7th grade due to her recurrent medical problems, mainly breathlessness. Currently,

she is 20 years old.

She is still under-weight with a low BMI of 11.6. She had a similar facial phenotype to her paternal
cousin (patient 1V.6) with a depressed nasal bridge and full lips. She had no significant bowel symptoms.
She has been relatively well and had the mildest phenotype, with an adequate ANC being maintained on
GCSF 2-3 times per week. There was mild hypoxemia with saturations of 93-97%. She had absolute
neutrophil count of <0.5 x10"9/L and positive (IgG and IgM) anti-neutrophil antibodies. Bone marrow
evaluation revealed hypercellularity (90%) with hypoplastic myelopoiesis and left shift with abnormal
segmentation of myeloid precursors. Cytogenetic studies including FISH for myelodysplastic syndrome
(MDS) panel (59-, -5, 79-, -7, trisomy 8, MLL, 20q) as well as Fanconi anemia (DEB) chromosome
breakage analyses were negative. Chest CT scan examination showed bronchiectasis and mild mediastinal

lymphadenopathy with mucoid impaction, cystic changes, bronchial wall thickening and air trapping.

Patient V.2 is the younger sister to patient V.1, and had severe congenital neutropenia, with neutrophil

count of <0.1 x10"9/L during childhood. She had a similar history of failure to thrive, chronic



malodourous diarrhea, steatorrhea which improved with pancreatic enzyme replacement therapy, and
recurrent skin and chest infections requiring hospitalization. She had developmental delay and was also
noted to have right arm and leg hemi-hypertrophy. She also was lost to follow up for several years. On
return to clinic, there was an intervening history of severe recurrent chest infections. Her nutritional
condition was poor and she had a low BMI. She has bilateral chest crepitation and a CT scan that
confirmed bronchiectasis, which had been complicated by recurrent severe infections, right heart failure

and hypoxia and was therefore considered as a candidate for lung transplantation. She is 19 years old.

Patient 1V.6, the cousin of patients IV.1 and 1V.2 presented since early childhood with failure to thrive,
steatorrhea and diarrhea for which she received pancreatic enzyme replacement therapy. She was noted to
have mild dysmorphic features including low set ears, depressed nasal bridge, full lips and long fingers.
Although she had recurrent urinary tract infections, imaging revealed no urogenital malformations. She
was also found to have moderate to large secundum atrial septal defect (ASD) for which she underwent
repair at 8 years of age. She also gave a history of recurrent skin infections requiring oral and systemic
antibiotics. She had only a mild intermittent neutropenia, with a median ANC of 1.39 (0.8 — 6.2 x 10"9)
which did not require GCSF support. Having been lost to follow up for 11 years, mainly due to social
reason, she then presented at 16 years of age weighing only 13 kg with a BMI of 12.7 and history of
frequent diarrhea, fever and an oligo-arthritis. Colonoscopy revealed extensive ulceration and strictures.
She also had esophageal strictures requiring dilatation. She was managed as having “atypical” Crohn’s
disease, and was treated initially with steroids, azathioprine and 5-aminosalicylic acid (5-ASA).
Numerous upper and lower Gl biopsies revealed gastritis, colitis inflammatory exudate, ulceration; but no
granulomas were noted. Abdominal MRI imaging revealed stricture disease of the bowel and
hepatosplenomegaly, and transfusion related iron overload, but no urogenital abnormalities. She required
bowel resection due to iatrogenic bowel perforation during endoscopy. The bowel resection specimen
revealed transmural inflammation, with acute inflammation and bacterial growth at the site of perforation.

More recently, she received infliximab, with transient improvement in symptoms. As an adult, she



presented with mild intermittent neutropenia requiring occasional therapy with GCSF. Neutrophils were
morphologically normal. Other investigations revealed T-cell lymphopenia, elevated IgG, low IgE and an
elevated HbF (table 2). Bone marrow was normocellular with myelopoiesis that was mildly prominent
without significant dysplasia. Bone marrow karyotype was normal (46,XX) and peripheral blood
chromosome breakage with DEB (diepoxybutane) was negative as well. Following recent infections, she
was given GCSF 5 ug/kg 3 days per week. She died at 23 years of age at home, presumably due to

complications secondary to neutropenia and infection.

Molecular studies

Standard Sanger sequencing of the entire coding sequence of CFTR and SBDS genes was done in patients

IV.1and IV.6.

Whole Exome Sequencing (WES)

WES was performed as described previously (Saudi Mendeliome Group, 2015). Briefly, one hundred
nanograms of each DNA sample were treated to obtain the lon Proton AmpliSeq library. DNA was then
amplified in twelve separate wells using Exome Primer Pools, AmpliSeq HiFi mix (Thermo Fisher,
Carlsbhad, CA, USA), and 10 amplification cycles. All twelve PCR pools were combined in one well and
subjected to primer digestion performing incubation with FuPa reagent (Thermo Fisher, Carlsbad, CA,
USA). Amplified Exome targets were ligated with lon P1 and lon Xpress Barcode adapters. After
purification, libraries were quantified using gPCR with the lon Library Quantification Kit (ThermoFisher,
Carlsbad, CA, USA). The prepared exome library was further used for emulsion PCR on an lon OneTouch
System and templated lon Sphere particles were enriched using lon OneTouch ES, both procedures
following the manufacturer’s instructions (ThermoFisher, Carlsbad, CA, USA). The template-positive lon
Pl lon Sphere particles were processed for sequencing on the lon Proton instrument (ThermoFisher,

Carlsbad, CA, USA). Approximately 15-17 Gb of DNA sequence was generated per sequencing run. Reads



were mapped to the UCSC hg19 (http://genome.ucsc.edu/) and variants identified using the Saudi Human

Genome Program (SHGP) pipeline (Saudi Mendeliome Group, 2015.; Mustafa et al., 2018).
Computational structural analysis of mutants

Protein sequences of GBPC3 and MPL were retrieved from the Uniprot database (accession codes Q9BUM1
and P40238, respectively). I-TASSER (Yang and Zhang, 2015) and SwissModel (Waterhouse et al., 2018)
were used to produce tertiary structure predictions. G6PC3 was modelled with I-TASSER (C-score of -
3.02, estimated TM-score of 0.37+0.13) based on several threading templates, including the PAP2 type
phosphatidylglycerol phosphate phosphatase from Bacillus subtilis (PDB ID: 5JKI), with a sequence
identity of 23% to G6PC3. The 3D structure of residues 1-195 could be inferred with highest confidence,

with a mean estimated local accuracy of 6.00 A vs 11.71 A for the rest of the sequence.

The tertiary and quaternary structures of the first two fibronectin type-I11 (FNIIT) domains of MPL (residues
28-283) were modelled using SwissModel, based on ~28% sequence identity with the human erythropoietin
receptor EpoR. Modelling using the entire fragment 28-283 resulted in a relatively poor QMEAN score of
-5.0 for the monomer, based on several experimental templates (e.g. PDB IDs 1EER, 1CN4, 6MOJ, 6MOE).
Deleting a long MPL-specific loop (residues 196-236) in the second domain increased the score to an
acceptable QMEAN of -3.7 (e.g. for template 6MOE), showing that the low score for the entire fragment
is largely due to the poorly modelled insertion. Models were manually inspected, and mutations were

evaluated, using the Pymol program (pymol.org).
Plasma proteomics analysis in G6PC3 deficiency
Sample preparation

Peripheral blood samples obtained from the 3 subjects (IV.1, 2, 6) affected with G6PC3 deficiency and 6
healthy individuals without a history of hematological disorders were subjected to expression proteome

analysis using label-free quantitative liquid chromatography-mass spectrometry (LC-MS) analysis.



Approximately 5 ml of peripheral blood was subjected to Ficoll centrifugation and the extracted plasma
was depleted of high abundance proteins using the human albumin removal kit (Agilent Technologies). 2-
DE gels of individual samples were run in duplicate as a quality control measure and assessed for both
qualitative and quantitative changes prior to pooling. Only samples with high degree of similarity as
judged by 2-DE signatures were pooled together into the analysis group while samples with marked
variations were excluded. However; all samples that were left out of the pools together with other samples
were used in the validation for individual variability of the observed changes in the pooled samples. The
G6PC3 deficient samples (group 1) were pooled as well as the 6 healthy control samples (group 2). Each
pool was run in triplicate. For each of the two study sample groups, 100 pg complex protein mixture was
subjected to in-solution digestion and protein concentrations were adjusted to 1 pg/ul at the end of
digestion as previously described (Alayia et al., 2016; Colak et al., 2016). For absolute quantitation, all
samples were spiked with yeast alcohol dehydrogenase (ADH; P00330) and approximately 3 pg protein

digests were loaded onto the analytical column for LC/MS analysis.

Expression Proteomics analysis by mass spectrometry

The digested peptides were run on a Nano-Acquity liquid chromatography Synapt G2 tandem mass
spectrometry (Waters Corporation). Quantitative proteomics data were generated for the sample groups as
previously described (Alayia et al., 2016; Colak et al., 2016). Data acquisition using ion mobility
separation experiments (HDMSE) was performed and data were acquired over a range of m/z 50-2000 Da
over 120 min acquisition time. All samples were analyzed in triplicate runs using the MassLynx programs
(version. 4.1, SCN833; Waters) and Progenesis QI for proteomics (Progenesis QIfp version 2.0.5387;
Nonlinear Dynamics, Waters Corporation) was used for all automated data processing and database
searching. The generated peptide masses were searched against the unified non-redundant databases

(Uniprot/SwissProt Human protein sequence database).

Proteome bioinformatics and data analysis



Progenesis QI for proteomics (QIfP) V3.0 was used to identify proteins that are significantly differentially
expressed between the sample groups followed by filtering for only statistically (ANOVA), significantly
regulated proteins (P<0.05 and a fold change >1.5). While the Progenesis QI algorithm partially takes into
consideration the issue of multiple testing and the False Discovery Rate, we used adjusted p-value or g-
value and have applied power threshold as well as a minimum of 2-fold change as criteria to define our
differentially expressed proteins. Also, ‘Hi3’ absolute quantification was performed using ADH as an

internal standard to give an absolute amount of each identified protein.

For network analysis of differentially expressed proteins, we used the Ingenuity Pathway Analysis (IPA)
software (Qiagen) where sample source and species of sample origin were selected while “other diseases

or cell types or tissues” were excluded to search for protein-protein interactions.
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