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ABSTRACT 66 

 67 

Background: Severe congenital neutropenia presents with recurrent infections early in life 68 

due to arrested granulopoiesis. Multiple genetic defects are known to block granulocyte 69 

differentiation, however a genetic cause remains unknown in approximately 40% of cases. 70 

Objective: We aimed to characterize a patient with severe congenital neutropenia and 71 

syndromic features without a genetic diagnosis. 72 

Methods: Whole exome sequencing results were validated using flow cytometry, Western 73 

blotting, co-immunoprecipitation, quantitative PCR, cell cycle and proliferation analysis of 74 

lymphocytes and fibroblasts and granulocytic differentiation of primary CD34+ and HL-60 cells. 75 

Results: We identified a homozygous missense mutation in DBF4 in a patient with mild extra-76 

uterine growth retardation, facial dysmorphism and severe congenital neutropenia. DBF4 is 77 

the regulatory subunit of the CDC7 kinase, together known as DBF4-dependent kinase (DDK), 78 

the complex essential for DNA replication initiation. The variant allele demonstrated impaired 79 

ability to bind CDC7, resulting in decreased DDK-mediated phosphorylation, defective S phase 80 

entry and progression and impaired differentiation of granulocytes associated with activation 81 

of the p53-p21 pathway. The introduction of WT DBF4 into patient CD34+ cells rescued the 82 

promyelocyte differentiation arrest. 83 

Conclusion: Hypomorphic DBF4 mutation causes autosomal recessive severe congenital 84 

neutropenia with syndromic features. 85 

 86 

 87 

Key messages: 88 

- Hypomorphic DBF4 mutation causes autosomal recessive severe congenital 89 

neutropenia with syndromic features. 90 

- Hypomorphic DBF4 is associated with activation of the p53-p21 pathway in 91 

hematopoietic cells. 92 

 93 
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Capsule summary: 94 

A homozygous hypomorphic mutation in DBF4 causes severe congenital neutropenia with 95 

syndromic features associated with activation of the p53-p21 pathway in hematopoietic cells. 96 

 97 

Keywords: DBF4, DNA replication, inborn errors of immunity, primary immunodeficiency, 98 

neutropenia, perturbed growth, facial dysmorphism, genetics, mutation. 99 

 100 

Abbreviations: 101 

CDC (cell division cycle), CDK (cyclin-dependent kinase), CMG (CDC45-MCM-GINS), DDK 102 

(DBF4-dependent kinase), DMSO (dimethyl sulfoxide), EdU (5-ethynyl-20-deoxyuridine), G-103 

CSF (granulocyte-colony stimulating factor), GINS (Go-Ichi-Ni-San), MCM2-7 104 

(minichromosome maintenance complex proteins 2 to 7), PBMCs (peripheral blood 105 

mononuclear cells), qPCR (quantitative polymerase chain reaction), TCR (T cell receptor), WT 106 

(wild-type). 107 
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INTRODUCTION 109 

 110 

Severe congenital neutropenia is an inherited bone marrow failure syndrome characterized by 111 

persistently low peripheral neutrophil counts from birth. Patients typically present with recurrent 112 

infections and exhibit a promyelocyte differentiation arrest1. Severe congenital neutropenia is 113 

frequently associated with extra-hematopoietic features. The pathological mechanisms driving 114 

the granulocyte maturation arrest vary depending on the affected pathway1, with 40% of cases 115 

still lacking a genetic causality2. 116 

 117 

DNA replication is essential for all dividing cells, and uses highly conserved pathways between 118 

cell types. Mutations in more than 20 DNA replication-associated genes cause monogenic 119 

disease which often present with developmental defects and perturbed growth, but also 120 

differentially impact specific tissues and cell types3. Mutations in thirteen DNA replication 121 

factors (REQCL4, MCM4, POLE1, POLE2, POLA1, GINS1, POLD1, POLD2, MCM10, TOP2B, 122 

PRIM1, RPA1, GINS4) present with a convergent phenotype of perturbed growth, facial 123 

anomalies and variable immune cell defects4-21. While immune defects are shared among 124 

multiple DNA replication-associated syndromes, only GINS1 and GINS4 deficiency are 125 

associated with congenital neutropenia, demonstrating a gene-specific as well as cell type-126 

specific basis for sensitivity3,10,21. 127 

 128 

DNA replication origins are ‘licensed’ by the recruitment of two minichromosome maintenance 129 

complex proteins 2 to 7 (MCM2-7) during the G1 phase. Next, additional replication factors, 130 

e.g. the go-ichi-ni-san (GINS) complex and cell division cycle (CDC) 45, are recruited 131 

converting the licensed origin into two CDC45-MCM-GINS (CMG) helicases that are ‘fired’ 132 

during S phase.22 The recruitment of replication factors to the licensed origin is regulated by 133 

two kinases, cyclin-dependent kinase (CDK) and dumbbell former 4 (DBF4)-dependent kinase 134 

(DDK).23,24 DDK is a complex comprised of the CDC7 kinase and its regulatory subunit DBF4. 135 

Its primary function is to phosphorylate MCM2-725,26, allowing the recruitment of other 136 
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replication factors23,24,27,28 and release of helicase activity.29 Additional, incompletely 137 

understood, roles for the DDK in S phase checkpoint signaling, translesion DNA synthesis and 138 

replication fork metabolism have recently emerged.30 139 

 140 

DDK is essential for DNA replication initiation in all organisms studied31-34, and is regulated by 141 

periodic degradation of DBF4 outside of late G1/S phase35-37. DBF4 is a rate-limiting DNA 142 

replication factor in S. cerevisiae38. CDC7 and DBF4 knockout mice are early embryonic lethal, 143 

and inactivation of CDC7 or DBF4 in murine embryonic stem cells arrests DNA synthesis and 144 

causes cell death39-41. Partial defects in DDK may, however, be tolerated, as p53-deficiency 145 

delays embryonic lethality of CDC7 knockout39, and CDK may compensate for its role in some 146 

contexts42. Here we identify a patient harboring homozygous hypomorphic DBF4 mutation with 147 

severe congenital neutropenia and syndromic features. The hypomorphic DBF4 variant 148 

exhibits impaired CDC7-binding and DDK-mediated phosphorylation, resulting in delayed S 149 

phase entry and progression. The association of these hypomorphic effects with defective 150 

granulocyte maturation demonstrates the cell type-specific sensitivity of granulocyte 151 

progenitors to DBF4 hypomorphism. 152 

  153 
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METHODS 154 

 155 

Study approval 156 

Written informed consent was obtained from the patient, his relatives and all healthy controls. 157 

The UZ/KU Leuven ethics committee approved this study (S52653). 158 

 159 

Genetic analysis 160 

Whole exome sequencing, analysis and Sanger sequencing were performed as previously 161 

described43,44. For further details, see the Methods section in this article’s Online Repository. 162 

 163 

Co-immunoprecipitation 164 

HEK293T cells were transfected with plasmids encoding FLAG-tagged wild-type (WT) or 165 

mutant DBF4 using the Lipofectamine 3000 kit (Invitrogen, Waltham, MA). After 48 hours, cells 166 

were lysed in lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1% triton-167 

X, 10% glycerol) supplemented with 1x Pierce protease inhibitors (Thermo Scientific, Waltham, 168 

MA) and 1x PhosSTOP (Roche, Basel, Switzerland). Protein concentration was quantified by 169 

Bradford Protein Assay (Bio-Rad, Hercules, CA). Precleared lysate was incubated overnight 170 

with anti-FLAG antibody (F7425, Merck Millipore, Burlington, MA) at 4°C. The antibody-protein 171 

complex was used to resuspend Dynabeads Protein G (Invitrogen) and incubated at 4°C for 1 172 

hour, washed and resuspended in 2x NuPAGE LDS Sample buffer (Invitrogen) and 100 mM 173 

dithiothreitol. For quantification, the IP CDC7 band was normalized to the IP FLAG band. 174 

 175 

Western blot 176 

Western blotting was performed as previously described44,45. For further details, see the 177 

Methods section in this article’s Online Repository. 178 

 179 

T cell cell cycle, proliferation, phospho-flow and apoptosis assay 180 
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For details on the procedures used in experiments with stimulated T cells, see the Methods 181 

section in this article’s Online Repository. 182 

 183 

Quantitative PCR 184 

Total RNA isolation and qPCR was performed as previously described44. For further details, 185 

see the Methods section in this article’s Online Repository. 186 

 187 

Fibroblast growth curve and serum starvation assay 188 

Exponentially-growing fibroblasts were seeded in a 6-well plate in 3 ml of complete DMEM and 189 

harvested at the indicated time points. Total cell numbers and viability were assessed with 190 

trypan blue (Gibco) exclusion using a TC20 Automated Cell Counter (Bio-Rad). 191 

Exponentially-growing fibroblasts were plated in 6-well plates and serum starved in DMEM 192 

(Gibco) supplemented with 10 mM HEPES (Gibco) and 0.5% FBS (Tico Europe, Amstelveen, 193 

the Netherlands) for 72 hours. After synchronization, cells were released in DMEM (Gibco) 194 

supplemented with 10 mM HEPES (Gibco), 1x MEM Non-Essential Amino Acids Solution 195 

(Gibco) and 20% FBS (Tico Europe) for the indicated duration. One hour before harvest 10 µM 196 

EdU was added. Cells were collected, washed and stained with Fixable Viability Dye eFluor 197 

780 (Invitrogen). Fibroblasts were fixed using the Foxp3 Transcription Factor Fixation kit 198 

(Invitrogen) and EdU visualized using the Click-iT EdU Pacific Blue Flow Cytometry Assay Kit 199 

(Invitrogen). DNA was stained using FxCycle PI/RNase Staining Solution (Invitrogen). Cells 200 

were acquired on a BD FACSCanto II and analyzed using FlowJo software. 201 

 202 

Fibroblasts single cell cycle progression assay 203 

Exponentially growing fibroblasts were seeded, serum-starved and released as described 204 

above with the addition of 20 µM EdU (Invitrogen), 100 ng/ml nocodazole (Sigma-Aldrich, Saint 205 

Louis, MO) with or without TAK-931 (MedChemExpress, NJ) to the release medium. 206 

Fibroblasts were stained, acquired and analyzed as described above. 207 

 208 
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HL60 cells differentiation 209 

HL60 cells were differentiated to granulocyte-like cells as previously described44. For further 210 

details, see the Methods section in this article’s Online Repository. 211 

 212 

Lentivirus production 213 

Lentivirus was produced as previously described46. For further details, see the Methods section 214 

in this article’s Online Repository. 215 

 216 

CD34+ cell isolation, transduction and granulocytic differentiation 217 

Isolation, transduction and granulocytic differentiation of CD34+ cells were performed as 218 

previously described44,47. For further details, see the Methods section in this article’s Online 219 

Repository. 220 

 221 

Statistics 222 

The mean of groups was compared using an unpaired T test or ordinary one-way ANOVA with 223 

Tukey’s multiple comparisons test when appropriate. A p-value <0.05 was considered 224 

significant. Statistics was performed using GraphPad Prism 9.3.1. 225 
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RESULTS 227 

 228 

Homozygous hypomorphic DBF4 mutation in a patient with syndromic severe 229 

congenital neutropenia 230 

The male proband was born at term to consanguineous parents of Turkish descent (Fig 1, A). 231 

His birth weight was 3090 g (-0.9 SD). From 2 months of age, he repeatedly presented with 232 

otitis media, once complicated by mastoiditis, and oral candidiasis, requiring three hospital 233 

admissions by age 1 year. Fever, high inflammatory parameters, and poor neutrophilic 234 

response were noted. At presentation in our tertiary reference center, complete blood count 235 

showed leukopenia with complete agranulocytosis and absolute lymphopenia (see Table E1 236 

in the Online Repository). Lymphocytes proliferated in response to mitogens, and had a low 237 

response to recall antigens (see Table E2 in the Online Repository). Bone marrow biopsy 238 

revealed a promyelocyte differentiation arrest compatible with severe congenital neutropenia 239 

(Fig 1, B; see Table E1 in the Online Repository). Daily subcutaneous injections of 7.5 µg/kg 240 

granulocyte-colony stimulating factor were initiated which normalized the patient’s neutrophil 241 

counts (Fig 1, C; see Table E1 and Fig E1 in the Online Repository). 242 

 243 

Until age 7 years the patient had transient anemia, with suboptimal nutritional status, and 244 

transient relative lymphopenia (see Fig E1 in the Online Repository). During infectious 245 

episodes leukopenia, including absolute neutropenia, and absolute lymphopenia would recur 246 

(Fig 1, C; see Fig E1 in the Online Repository). Chronic hypergammaglobulinemia was also 247 

noted (see Fig E1 in the Online Repository). Despite normal granulocyte counts, multiple 248 

treatment escalations and/or hospitalizations were required for infections (Fig 1, C; see Fig E1 249 

in the Online Repository). Chest-computed tomography obtained at age 7 years showed 250 

bronchiectasis, which spurred initiation of antibiotic prophylaxis with cefuroxime-axetil and 251 

daily positive expiratory pressure mask physiotherapy. Azithromycin maintenance (3 x 10 252 

mg/kg weekly) was initiated at age 8.5 years, significantly reducing the frequency of infections 253 

(see Fig E1 in the Online Repository). Flow cytometry performed between the age of 9 to 21 254 

Jo
urn

al 
Pre-

pro
of



12 
 

years revealed non-specific signs of T cell dysfunction with normal numbers of T, B and NK 255 

cells (see Table E3 in the Online Repository). A chromosome fragility assay performed at age 256 

18 years was unrevealing (see Table E2 in the Online Repository). Additionally, both mild facial 257 

dysmorphism (synophrys, prominent nasal bridge and pointed chin) and growth retardation, 258 

partially responsive to enteral feeding support, were observed. The patient is now a young 259 

adult, with height -1.0 SD and weight -2.8 SD (see Fig E2 in the Online Repository). He suffers 260 

from mild intellectual disability (WISC-III IQ 50 at age 10 years) and is in adapted schooling. 261 

 262 

Clinical genetic testing at the time of presentation revealed no pathogenic mutation in ELANE, 263 

HAX1 and G6PC3. We then performed family whole-exome sequencing, with 33 homozygous, 264 

3 compound heterozygous and 42 de novo variants (see Table E4-E6 in the Online 265 

Repository), of which the lead was a homozygous mutation in DBF4 (c.627A>C, p.K209N). 266 

The variant allele and its segregation with disease were confirmed by Sanger sequencing (Fig 267 

1, A and D). The c.627A>C DBF4 variant is reported only once in heterozygous state (allele 268 

frequency 4.01x10-6) in the gnomAD v2.1.1 database, affects a conserved residue (Fig 1, E), 269 

is predicted deleterious by in silico tools (SIFT: 0.05, PolyPhen-2: 0.991, CADD score: 25.8 270 

with a DBF4-specific mutation significance cutoff of 3.13)48-51, and is rarer and has a higher 271 

CADD score than homozygous variants reported in gnomAD v2.1.1 (Fig 1, F). These features 272 

identified the DBF4 variant as the key candidate for further investigation. 273 

 274 

The DBF4 protein harbors three conserved motifs: N, middle (M) and C. Motif N is responsible 275 

for DDK docking on MCM2, while motifs M and C enable CDC7 binding and activation (Fig 1, 276 

G)25,52. As residue K209 is located in close proximity to motif M, we investigated potential 277 

effects of K209N on CDC7 binding. We performed co-immunoprecipitation assays using 278 

FLAG-tagged DBF4 alleles in HEK293T cells. Overexpression efficiency of FLAG-tagged WT 279 

and variant DBF4 was similar, indicating normal protein stability (Fig 1, H). Co-280 

immunoprecipitation showed that the K209N variant significantly reduced CDC7-binding 281 

capacity, compared to the WT allele (Fig 1, H and I). This effect does not exclude additional 282 
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potential detrimental effects of the K209N substitution, with motif M also being demonstrated 283 

to contribute to CDC7 kinase activity53 and the analogous residue participating in MCM4-284 

binding in S. cerevisiae26. Together, we identified a rare homozygous DBF4 variant 285 

hypomorphic for CDC7 binding in a patient with syndromic severe congenital neutropenia. 286 

 287 

The K209N DBF4 variant is associated with a functional impact on S phase entry 288 

We utilized patient T cells, an intact primary cell population, to evaluate the functional 289 

consequences of reduced DDK formation. We stimulated PBMCs with anti-CD3 and anti-CD28 290 

and discriminated cell cycle stages by flow cytometry (Fig 2, A). Following stimulation, a cell 291 

cycle defect in patient T cells was observed, with a persistent decrease in the percentage of 292 

cells entering S phase compared to healthy controls (Fig 2, A and B; see Fig E3 in the Online 293 

Repository). This defective entry translated into impaired proliferation of patient cells (Fig 2, C 294 

and D). The cell cycle and proliferation defects occurred distal from T cell receptor (TCR) 295 

signaling, as evident by normal phosphorylation of extracellular signal-regulated kinase and 296 

upregulation of activation markers CD25 and HLA-DR (see Fig E3 in the Online Repository). 297 

Together, this demonstrates that patient T cells have an S phase entry and proliferation defect 298 

upon stimulation, despite intact TCR signaling. 299 

 300 

At the molecular level, DBF4 gene and protein expression were similar in stimulated T cells 301 

from the patient and healthy controls. Phosphorylation of MCM2 at two DDK-dependent 302 

residues was intact, albeit associated with increased CDC7 protein expression in patient T 303 

cells (Fig 2, E; see Fig E4 in the Online Repository). We found gene and protein expression of 304 

CDK inhibitor CDKN1A (encoding p21) to be increased in stimulated patient T cells (Fig 2, E; 305 

see Fig E4 in the Online Repository), potentially related to the cell cycle and proliferation defect 306 

as p21 can mediate a G1 arrest54,55. p21 upregulation seemed to be driven by altered p53 307 

protein dynamics, as p53 protein but not gene expression was increased (Fig 2, E; see Fig E4 308 

in the Online Repository). Markers for DNA-damage, such as S15-p53 and S139-H2AX 309 

phosphorylation56,57, and DNA replication stress, such as S8-RPA32/2 and S317-CHK1 310 
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phosphorylation58,59, were not elevated in patient cells, arguing against this being the source 311 

of p53 stabilization (Fig 2, E; see Fig E4 in the Online Repository). The G1 arrest combined 312 

with activation of the p53-p21 pathway is reminiscent of activation of the p53-dependent DNA 313 

replication origin activation checkpoint60-62. This checkpoint functions to ensure that replicating 314 

cells only enter S phase when sufficient DNA replication origins are licensed. When insufficient 315 

origins are licensed, the Forkhead transcription factor FOXO3 activates the p14-Mouse double 316 

minute 2 homolog (MDM2)-p53-p21/Dickkopf homolog 3 (DKK3) pathway which arrests cells 317 

in G162. Although gene expression of FOXO3 was comparable between stimulated T cells from 318 

the patient and healthy controls, gene expression of CDKN2A (encoding p14), which is known 319 

to stabilize the p53 protein by degrading its negative regulator MDM263,64, and Wnt/β-catenin 320 

signaling antagonist DKK3 were significantly increased, raising the possibility of (partial) 321 

activation of the DNA replication origin activation checkpoint in stimulated patient T cells (see 322 

Fig E4 in the Online Repository). Increased p53 protein expression can not only result in cell 323 

cycle arrest, but also in apoptosis. We observed a significantly increased percentage of early 324 

apoptotic cells in stimulated T cells, especially CD8+ T cells, from the patient compared to 325 

healthy controls, and a trend towards increased gene expression of PMAIP1, a pro-apoptotic 326 

p53 target gene (Fig 2, F and G; see Fig E4 in the Online Repository). Together, these data 327 

suggest that the cell cycle and proliferation defects observed in patient T cells are mediated 328 

by activation of the p53-p21 pathway. 329 

 330 

Next, to study the role of DBF4 in the observed proliferative defects, we used primary dermal 331 

fibroblasts. Patient fibroblasts grew at a similar rate as healthy controls (see Fig E5 in the 332 

Online Repository). Nevertheless, patient exponentially-growing fibroblasts showed increased 333 

expression of total MCM2, accompanied by a proportional increase in S40/41-MCM2 334 

phosphorylation and a 40-50% reduction in S139-MCM2 phosphorylation when normalized to 335 

total MCM2 (Fig 3, A; see Fig E5 in the Online Repository). Similar to stimulated T cells, CDC7 336 

protein expression was increased (Fig 3, A; see Fig E5 in the Online Repository). We did not 337 

observe activation of the p53-p21 pathway in patient fibroblasts, p21 protein expression was 338 
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even significantly decreased (Fig 3, A; see Fig E5 in the Online Repository). The reduction in 339 

DDK activity in patient fibroblasts was accompanied by defective entry into S phase. Using 340 

synchronization in G0 by serum starvation, and release by serum addition, we observed a 341 

persistent decrease in the percentage of cells entering S phase compared to healthy controls 342 

(Fig 3, B and C; see Fig E5 in the Online Repository). We also noted a slower accumulation of 343 

patient fibroblasts in G2/M, suggesting that patient fibroblasts have an S phase entry and 344 

progression defect (Fig 3, B and C; see Fig E5 in the Online Repository). By releasing 345 

synchronized fibroblasts into medium containing EdU and nocodazole, which halts cells in 346 

mitosis, we could monitor progression through a single cell cycle. Using this system, again 347 

fewer patient fibroblasts entered the cell cycle at an early time-point with entry substantially 348 

delayed, and more patient fibroblasts had sub-G1 DNA content at a later time-point (Fig 3, D 349 

and E; see Fig E6 in the Online Repository). The only known function of DBF4 is to regulate 350 

CDC7 kinase activity30, therefore given the lower CDC7 binding capacity of the DBF4 variant 351 

allele, the cell cycle defects in both stimulated T cells and serum-starved fibroblasts and the 352 

decrease in S139-MCM2 phosphorylation in unchallenged fibroblasts we reasoned that the 353 

DBF4 variant allele must be hypomorphic for cell cycle progression. If so, additional DDK 354 

inhibition should induce a more prominent phenotype in patient fibroblasts. The single cell 355 

cycle progression assay allowed us to test the role of DDK function in the patient phenotype, 356 

using the most specific DDK inhibitor described thus far, TAK-93165. Following 357 

synchronization, we observed a relative reduction in G2/M patient fibroblasts upon treatment 358 

with TAK-931 compared to healthy controls, consistent with an elevated sensitivity towards 359 

DDK inhibition for S-G2/M progression (Fig 3, D and F; see Fig E6 in the Online Repository). 360 

The increased sensitivity was associated with an increased percentage of patient fibroblasts 361 

in S phase, indicating that the patient fibroblasts with delayed S phase entry also show delayed 362 

S phase progression upon DDK inhibition (Fig 3, D and G). Together, these data reveal that 363 

the defect in S phase entry, progression and S139-MCM2 phosphorylation is coupled with an 364 

increased sensitivity to DDK inhibition, providing evidence that the DBF4 variant allele is 365 

hypomorphic for cell cycle progression. 366 
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 367 

Promyelocyte differentiation arrest is rescued by WT DBF4 expression and associated 368 

with p53-p21 pathway activation 369 

To investigate the necessity for DDK activity during granulocytic differentiation, we turned to 370 

the human promyelocytic leukemia cell line HL60. HL60 cells differentiate into neutrophil-like 371 

cells upon exposure to dimethyl sulfoxide (DMSO). After 6 days of differentiation in the 372 

presence of TAK-931, we observed an accumulation of promyelocytic cells with a decrease in 373 

the percentage of neutrophil-like cells (Fig 4, A and B). Significant cell death occurred with 374 

increasing concentrations of TAK-931 (see Fig E7 in the Online Repository), potentially related 375 

to the p53null status of HL60 cells60. Nevertheless, cell death after 6 days of differentiation 376 

occurred predominantly in differentiating CD11b+ cells (see Fig E7 in the Online Repository). 377 

Thus, in this in vitro model of human granulopoiesis, DDK activity seems to be necessary for 378 

human granulocytic differentiation. 379 

Having established a link between human granulopoiesis and DDK activity, we sought to 380 

recapitulate the patient’s neutropenia phenotype in vitro. Peripheral blood CD34+ cells from 381 

the patient and two healthy controls were differentiated into granulocytes through in vitro 382 

culture. Morphologic assessment and flow cytometry showed a granulocyte differentiation 383 

arrest at the promyelocyte stage in patient cells, recapitulating the in vivo findings (Fig 4, C 384 

and D, see Fig E7 in the Online Repository). This phenotype was associated with increased 385 

CDKN1A gene expression in patient-derived cells after 16 days of differentiation (Fig 4, E). 386 

Both CDKN1A gene expression and p53 protein expression were increased in ex vivo 387 

granulocytes (Fig 4, E and F). We also observed a slightly increased percentage of early 388 

apoptotic myelocytes among patient cells compared to healthy controls (see Fig E7 in the 389 

Online Repository). The activation of the p53-p21 pathway and increased apoptosis rate in 390 

patient granulocytic cells agree with our findings in stimulated T cells and differentiating HL60 391 

cells treated with TAK-931, and suggest that differentiating granulocytes past the promyelocyte 392 

stage are particularly sensitive to decreased DDK activity. Finally, to establish a causal 393 

relationship between the promyelocyte differentiation arrest and the DBF4 variant allele, we 394 

Jo
urn

al 
Pre-

pro
of



17 
 

introduced WT DBF4 into patient CD34+ cells through lentiviral transduction. WT DBF4 395 

expression, but not GFP expression, normalized the percentage of promyelocytes and 396 

myelocytes and slightly increased the percentage of metamyelocytes and neutrophils among 397 

patient cells after 13 days of differentiation (Fig 4, C and D), providing definitive genetic 398 

evidence for a phenotype-genotype relationship. 399 

 400 

DISCUSSION 401 

 402 

We report a homozygous mutation in DBF4 associated with mild facial dysmorphism, growth 403 

retardation, mild intellectual disability and severe congenital neutropenia. This phenotype 404 

shows both significant overlap with previously reported DNA replication-associated 405 

syndromes, especially GINS1 and GINS4 deficiency3,10,20,21, and also distinct immunological 406 

features. For example, in functional DBF4, GINS1 and GINS4 deficiency T and B cells seem 407 

to be relatively spared, while deficiencies in subunits of the replicative DNA polymerases ε and 408 

δ are associated with a combined immunodeficiency without neutropenia7,8,10-12,14,20,21. 409 

Furthermore, other DNA replication-associated syndromes have no immunological phenotype, 410 

providing further evidence for a gene-specific effect rather than an inevitable consequence of 411 

cell cycle defects3,21. 412 

 413 

The addition of functional DBF4 deficiency to GINS1 and GINS4 deficiency as a genetic cause 414 

of congenital neutropenia suggests a common class of functional effect. Typically, a 415 

promyelocyte arrest is observed in the bone marrow, suggesting a unique vulnerability during 416 

this stage of granulopoiesis1. With GINS1, GINS4 and functional DBF4 deficiency driving 417 

neutropenia, this suggests a specific dependency on these factors, but not other DNA 418 

replication factors with documented disorders, during the differentiation of promyelocytes to 419 

mature neutrophils, and marks a new category of congenital neutropenia: those caused by 420 

defects in DNA replication factors. A potential explanation of this new category is the high 421 

proliferation occurring at the promyelocyte/myelocyte stage of human granulopoiesis, followed 422 
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by cell cycle arrest to allow differentiation66,67. Accordingly, gene expression of DBF4 and other 423 

DNA replication factors is higher in promyelocytes compared to mature neutrophils67. The 424 

granulocyte differentiation arrest in GINS1 deficiency is characterized by the accumulation of 425 

both promyelocytes and, unlike our patient, myelocytes in the bone marrow, and was 426 

associated with only few infections and intact emergency granulopoiesis10. Similarly, the 427 

GINS4-deficient patients only required intermittent G-CSF treatment20, arguing for a more 428 

severe congenital neutropenia phenotype in the DBF4 patient.  Other DNA replication-429 

associated syndromes do not present with neutropenia, suggesting this is a gene-specific 430 

phenotype3,21. 431 

The increased severity of neutropenia in the DBF4 hypomorphic patient, compared to GINS1- 432 

and GINS4-deficient patients and, in particular, other DNA replication-associated syndromes, 433 

can be explained by either a quantitative or qualitative defect. While increasing severity of DNA 434 

replication impairment could result in increased cellular phenotype due to only quantitative 435 

effects, the data presented here on other leukocytes argues for a qualitative difference. While 436 

the neutropenia in functional DBF4 deficiency is more severe, the opposite is true for the 437 

growth and NK cell phenotype. In contrast to our patient, GINS1-deficient patients suffer from 438 

severe intra-uterine growth retardation and near complete NK lymphopenia.10 Likewise, 439 

decreased fibroblast proliferation was only observed in GINS1-deficient patients.10 These 440 

differences suggest that the various clinical manifestations of DNA replication-associated 441 

syndromes are driven by differential sensitivity of certain cell types to deficiencies in specific 442 

DNA replication factors. Alternatively, these differences might reflect non-redundant roles of 443 

DNA replication factors in specific cell types unrelated to DNA replication. 444 

 445 

A potential explanation for the qualitative model of cellular manifestations of DNA replication-446 

associated syndromes is the biochemical impact of deficiency. In contrast to GINS1 deficiency, 447 

both functional DBF4- and GINS4-deficient cells did not show evidence of increased DNA 448 

damage, arguing that this is not a prerequisite for the neutropenia phenotype10,20. Our 449 

experiments indicate that the DBF4 K209N variant has lower CDC7 binding capacity than the 450 
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WT protein, but we found evidence of lower MCM2 DDK-specific phosphorylation only at S139, 451 

and not at S40/41, in unchallenged fibroblasts. Although both DDK-dependent S40/41 and 452 

S139 MCM2 phosphorylation are essential for DNA replication initiation in human cells68, it was 453 

recently shown that the threshold of S139-MCM2 phosphorylation, but not S40/41-MCM2 454 

phosphorylation, necessary to activate baseline versus dormant DNA replication origins is 455 

higher for the latter69. These data provide a possible explanation why we only observe a defect 456 

in S139-MCM2 phosphorylation in unchallenged patient fibroblasts, and could indicate 457 

defective dormant origin activation. Despite cell cycle and proliferation defects, we were unable 458 

to detect a DDK-dependent MCM2 phosphorylation defect in stimulated T cells. The 459 

differences observed between fibroblasts and T cells argue in favor of cell type-specific effects 460 

of functional DBF4 deficiency and/or differential regulation of MCM2 post-translational 461 

modifications. Nevertheless, in contrast to fibroblasts, we found that DBF4 hypomorphic 462 

hematopoietic cells (i.e. stimulated T cells, ex vivo granulocytes and differentiating CD34+ 463 

cells) inappropriately activated the p53-p21 pathway. p53-p21 serves to stall cell cycle 464 

progression and induce apoptosis, processes that might disproportionally affect 465 

granulopoiesis. This hypothesis is supported by the finding of p53-p21 pathway activation in 466 

patient hematopoietic cells as this pathway is implicated in several bone marrow failure 467 

syndromes, including 5q- syndrome, Diamond-Blackfan anemia, Fanconi anemia, 468 

Shwachman-Diamond(-like) syndromes and dyskeratosis congenita70-75. Direct evidence of 469 

p53-p21 pathway involvement in bone marrow failure comes from germline gain-of-function 470 

mutations in TP53 and loss-of-function mutations in MDM4, a negative regulator of p53, which 471 

cause bone marrow failure syndromes with enhanced p53 transcriptional activity76,77. These 472 

data implicate activation of the p53-p21 pathway as the molecular basis for the cell type-473 

specific effect of DBF4 hypomorphism on neutrophil precursors. 474 

How functional DBF4 deficiency causes p53-p21 pathway activation remains an open 475 

question. Our data from stimulated T cells seem to exclude DNA damage and replication stress 476 

as culprits. Activation of the DNA replication origin activation checkpoint seems plausible as 477 

CDC7 knockdown and pharmacological DDK inhibition activate this checkpoint in 478 
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untransformed dermal fibroblasts60-62. We found increased gene and/or protein expression of 479 

nearly all components of this pathway in stimulated patient T cells, except for the initiating 480 

Forkhead transcription factor FOXO3. It is, however, noteworthy to mention that the activity of 481 

FOXO transcription factors is primary regulated by changes in their subcellular localization78. 482 

Additionally, the cellular models used to elucidate the molecular architecture of this checkpoint 483 

employed near-complete CDC7 knockdown or pharmacological DDK inhibition, potentially 484 

allowing room for intermediate phenotypes to arise in conditions with residual DDK activity. We 485 

did not observe activation of this checkpoint in exponentially-growing patient fibroblasts, 486 

suggesting that sufficient residual DDK activity remains for fibroblasts to proliferate normally. 487 

This is also supported by the lack of a growth deficit in patient fibroblasts. 488 

Activation of the p53-p21 pathway is also interesting from a therapeutic standpoint, as it might 489 

be related to G-CSF efficacy. G-CSF induces granulopoiesis through upregulation of 490 

nicotinamide adenine dinucleotide (NAD)-dependent sirtuin-1, which is subsequently able to 491 

activate emergency granulopoeisis79. Sirtuin-1 is a deacetylase with the ability to target p53 492 

and attenuate its transcriptional activity80. Accordingly, G-CSF treatment suppressed CDKN1A 493 

gene expression in primary myeloid bone marrow cells from healthy controls81 and inhibition 494 

of NAD production resulted in p53 activation, p21 upregulation and diminished granulocytic 495 

differentiation of human induced pluripotent stem cells82. Additionally, administration of vitamin 496 

B3 (nicotinamide, precursor of NAD) resulted in increased peripheral granulocyte count in 497 

healthy controls79 and improved response to G-CSF in severe congenital neutropenia 498 

patients83. Altogether, these data suggest that the activation status of the p53-p21 pathway 499 

might be related to the efficacy of G-CSF treatment in congenital neutropenia patients. 500 

 501 

In conclusion, we report a novel DNA replication-associated inborn error of immunity 502 

characterized by syndromic severe congenital neutropenia as a result of a homozygous 503 

hypomorphic DBF4 mutation. Our findings add DBF4 to the list of genetic causes of severe 504 

congenital neutropenia and implicate inappropriate activation of the p53-p21 pathway in its 505 

pathogenesis. This report also adds to the growing literature suggesting that mutations in DNA 506 
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replication factors can lead to convergent phenotypes of perturbed growth, facial anomalies 507 

and diverse immune cell defects21. 508 
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FIGURE LEGENDS 744 

 745 

Fig 1 Homozygous hypomorphic DBF4 mutation in a patient with syndromic severe 746 

congenital neutropenia. A, Schematic representation of the kindred. B, Hematoxylin and 747 

eosin stain of a bone marrow core biopsy taken at age 19 years after withdrawing G-CSF 748 

treatment for two days. Normocellular bone marrow with a prominent paratrabecular cuff of 749 

immature myeloid cells without maturation towards the central intertrabecular zone. Virtually 750 

no band or segmented neutrophils are observed. Bone marrow eosinophilia is present. 751 

Magnification 40x, scale bar 50 µm. C, Absolute neutrophil counts during follow-up. Horizontal 752 

dashed lines indicate upper and lower reference value. D, Sanger chromatograms showing 753 

sequencing results of the DBF4 variant identified in the kindred. E, Protein alignment of DBF4 754 

orthologs showing conservation of relevant residues across species. F, CADD score versus 755 

mean allelic frequency (MAF) for the K209N DBF4 variant as compared to homozygous DBF4 756 

variants reported in the gnomAD v2.1.1 database. G, Domain structure of the DBF4 protein. 757 

H, Co-immunoprecipitation of endogenous CDC7 with FLAG-tagged WT and mutant DBF4 in 758 

HEK293T cells A representative Western blot is shown. I, Quantification of three independent 759 

co-immunoprecipitation experiments. Values are represented as mean +/- SD. Unpaired two-760 

sided T test. 761 

 762 

Fig 2 Impaired S phase entry and proliferation in patient T cells. A, Cell cycle analysis of 763 

72 hours stimulated T cells. B, Quantification of percentage of T cells in different cell cycle 764 

phases after 72 hours of stimulation (n=4 biological replicates). C, Proliferation dye dilution 765 

assay in T cells stimulated for the indicated time. D, Quantification of T cell proliferation after 766 

stimulation for the indicated time (n=3 biological replicates). E, Western blot showing protein 767 

expression in 72 hour stimulated T cells (n=2 biological replicates). The upper target band in 768 

the S40/41-MCM2 blot is marked by an asterisk, the lower band is unspecific (See Fig E3 in 769 

the Online Repository). F, Apoptosis assay in 72 hour stimulated T cells. G, Quantification of 770 
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apoptotic CD8+ T cells after 72 hours of stimulation (n=3 biological replicates). Values are 771 

represented as mean +/- SD. Unpaired two-sided T test. 772 

 773 

Fig 3 Perturbed S phase entry and progression, and heightened sensitivity to DDK 774 

inhibition in patient fibroblasts. A, Western blot showing protein expression in exponentially-775 

growing passage 8 dermal fibroblasts (n= 2 biological replicates). Uncropped blot and 776 

quantification are shown in Fig E5 in the Online Repository. The upper target band in the 777 

S40/41-MCM2 blot is marked by an asterisk, the lower band is unspecific (See Fig E3 in the 778 

Online Repository). B, Cell cycle analysis of serum-starved fibroblasts released into the cell 779 

cycle for the indicated time. C, Quantification of the percentage of fibroblasts in different cell 780 

cycle phases 18 hours after release from serum starvation (n=3 biological replicates). D, Single 781 

cell cycle progression assay of serum-starved fibroblasts released into the cell cycle in the 782 

presence of nocodazole +/- TAK-931. E, Quantification of the percentage of fibroblasts in G2/M 783 

after release from serum starvation in the presence of nocodazole for the indicated time (n=4 784 

biological replicates). F, Quantification of fibroblasts in G2/M 48 hours after release from serum 785 

starvation in the presence of EdU, nocodazole and TAK-931 as a percentage of fibroblasts 786 

released without TAK-931 (n=4 biological replicates). G, Quantification of the percentage of 787 

fibroblasts in S phase 48 hours after release from serum starvation in the presence of EdU, 788 

nocodazole and TAK-931 (n=4 biological replicates). Values are represented as mean +/- SD. 789 

Unpaired two-sided T test. 790 

 791 

Fig 4. p53-p21 pathway activation impairs neutrophil differentiation. A, Promyelocytic 792 

HL60 cells differentiation assay in the presence or absence of TAK-931. HL60 cells were 793 

differentiated for 6 days in the presence of DMSO. B, Quantification of the percentage of 794 

promyelocyte-like and metamyelocyte/neutrophil-like HL60 cells after 6 days of differentiation 795 

(n=4 biological replicates). C, Granulocytic differentiation of peripheral blood CD34+ cells for 796 

13 days. Patient CD34+ cells were transduced with lentivirus encoding GFP or WT DBF4. D, 797 
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Quantification of the percentage of promyelocytes, myelocytes and 798 

metamyelocytes/neutrophils after 13 days of granulocytic differentiation (n=2 biological 799 

replicates for untransduced conditions, n=1 experiment for transduced conditions). E, 800 

CDKN1A gene expression analysis of day 16 differentiated CD34+ cells and peripheral blood 801 

(PB) and bone marrow (BM) ex vivo granulocytes (n=2 technical replicates). F, Western blot 802 

showing p53 protein expression in ex vivo granulocytes (n=1 experiment). Values are 803 

represented as mean +/- SD. One-way ANOVA with correction for multiple comparisons. 804 
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