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EXPANDING THE MUTATION SPECTRUM 
IN ICF SYNDROME: EVIDENCE FOR 
A GENDER BIAS IN ICF2

Van den Boogaard et al. 2017, Clinical Genetics Oct;92(4):380-387
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ABSTRACT

Background: Immunodeficiency, centromeric instability, and facial anomalies (ICF) 
syndrome is a rare, genetically heterogeneous, autosomal recessive disorder. Patients 
suffer from recurrent infections caused by reduced levels or absence of serum 
immunoglobulins. Genetically, 4 subtypes of ICF syndrome have been identified to 
date: ICF1 (DNMT3B mutations), ICF2 (ZBTB24 mutations), ICF3 (CDCA7 mutations), and 
ICF4 (HELLS mutations).
Aim: To study the mutation spectrum in ICF syndrome.
Materials and methods: Genetic studies were performed in peripheral blood 
lymphocyte DNA from suspected ICF patients and family members.
Results: We describe 7 ICF1 patients and 6 novel missense mutations in DNMT3B, 
affecting highly conserved residues in the catalytic domain. We also describe 5 new ICF2 
patients, one of them carrying a homozygous deletion of the complete ZBTB24 locus. In 
a meta-analysis of all published ICF cases, we observed a gender bias in ICF2 with 79% 
male patients.
Discussion: The biallelic deletion of ZBTB24 provides strong support for the hypothesis 
that most ICF2 patients suffer from a ZBTB24 loss of function mechanism and confirms 
that complete absence of ZBTB24 is compatible with human life. This is in contrast to 
the observed early embryonic lethality in mice lacking functional Zbtb24. The observed 
gender bias seems to be restricted to ICF2 as it is not observed in the ICF1 cohort.
Conclusion: Our study expands the mutation spectrum in ICF syndrome and supports 
that DNMT3B and ZBTB24 are the most common disease genes.

15127-vandenboogaard-layout.indd   136 09/01/2018   15:26



137

Expanding the mutation spectrum in ICF syndrome

6

INTRODUCTION

Immunodeficiency, centromeric instability, and facial anomalies (ICF; OMIM 
#242860/#614069) syndrome is a rare, autosomal recessive disorder. Patients suffering 
from this characteristic triad have a severely decreased life expectancy if left untreated. 
In ICF syndrome, the primary immunodeficiency is characterized by an absence or 
strong reduction of serum immunoglobulins in the presence of circulating B-cells, 
leading to recurrent and eventually fatal infections of mainly the gastro-intestinal and 
respiratory tracts1; 2. Although humoral immunodeficiency is pronounced in patients 
with ICF syndrome, opportunistic infections observed in about 20% of the patients 
also suggest involvement of a T-cell dysfunction2. Currently, patients are most often 
treated by intravenous immunoglobulin therapy and few cases underwent successful 
hematopoietic stem cell transplantation1-4. ICF syndrome patients present with a 
distinct but variable set of facial anomalies, including, but not limited to, hypertelorism, 
flat nasal bridge, and epicanthus1; 2.
	 The cytogenetic hallmark of ICF syndrome is centromeric instability. Upon 
phytohemagglutinin stimulation of lymphocytes, aberrant chromosomal 
configurations can be observed in metaphase spreads. These aberrant configurations 
mainly involve the centromeric regions of chromosomes 1, 9, and 16 and correlate 
with CpG hypomethylation of repeats located in these (peri)centromeric regions5; 6. 
The combination of a compromised humoral immune response, the abnormal facial 
appearance, and cytogenetic abnormalities is diagnostic for all ICF syndrome patients.
	 ICF syndrome is a genetically heterogeneous disease. In recent years the number 
of disease genes has expanded from one to four, with still few cases left unexplained. 
About half of the cases carry biallelic mutations in the DNA methyltransferase 3B 
(DNMT3B; ICF1) gene, the first identified disease gene7; 8. ICF1 patients most often carry 
missense mutations in the catalytic methyltransferase domain of DNMT3B, leading to 
partial loss of function. Nonsense mutations in DNMT3B are only found in combination 
with missense mutations, suggesting that complete loss of DNMT3B activity is not 
compatible with life, which is consistent with Dnmt3b knock-out studies in mice2; 9.
	 We and others have described mutations in the zinc finger and BTB (Broad-Complex, 
Tramtrack, and Bric a Brac) domain containing 24 (ZBTB24; ICF2) gene in some patients 
negative for mutations in DNMT3B2; 4; 10-14. Most often, homozygous nonsense mutations 
were identified, which are predicted to lead to an absence of full length protein in 
patients. In addition, a few ICF2 cases with homozygous or compound heterozygous 
missense mutations in ZBTB24 have been described. More recently, missense mutations 
in the cell division cycle associated 7 (CDCA7; ICF3) gene and splice site, missense, and 
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nonsense mutations in the helicase, lymphoid specific (HELLS; ICF4) gene were found 
to underlie ICF syndrome in almost all patients negative for mutations in DNMT3B and 
ZBTB2415.
	 Here we report the identification of seven ICF1 cases with previously unreported 
mutations in DNMT3B. Additionally, we present five ICF2 cases, carrying both known 
and novel mutations, including one case with a homozygous deletion of the complete 
ZBTB24 gene. With these new cases included, the total number of genetically confirmed 
ICF cases reported to date is 77 (including patient 2 from Franceschini et al.16 with 
ZBTB24 mutations (unpublished F.Licciardi)), of which 56% have mutations in DNMT3B, 
31% have mutations in ZBTB24, and the remaining 13% have mutations in CDCA7 or 
HELLS. This study, combined with earlier mutation reports1; 2; 4; 11; 12; 15; 17-21, also revealed a 
gender bias specific to the ICF2 population with 79% of all ICF2 patients being male. In 
summary, we expand the mutation spectrum for the two most common genetic causes 
of ICF, show that complete absence of the ZBTB24 locus is compatible with human life, 
and identify a gender bias in ICF2.

MATERIALS AND METHODS

Patients
Nine ICF families were studied after informed consent and the study protocol was 
approved by the relevant institutional review boards. All patients fit the immunological, 
cytogenetic, and clinical criteria for ICF syndrome. Detailed clinical and immunological 
information is provided in the results section and in the Tables S1 and S2.

Sanger sequencing of ICF disease genes
For all index cases, DNMT3B and/or ZBTB24 variant analysis was performed by Sanger 
sequencing after polymerase chain reaction (PCR) amplification. For DNMT3B the exons 
encoding the catalytic domain (exons 16-23) were analysed using intronic primers at 
a position of at least 50 nucleotides from the splice donor or acceptor site. For ZBTB24 
all coding exons (exons 2-7) were analysed using intronic primers at a position of at 
least 50 nucleotides from the splice donor or acceptor site. Primers and amplification 
conditions were published previously10; 22. For exon 19 of DNMT3B a new primer pair 
was used (DNMT3Bex19fwd2: 5’-ACTGGTAGGCATCACCCTGA-3’ and DNMT3Bex19rev2: 
5’-CACCCACCAATCATCACTGC-3’). The DNMT3B genomic sequence was obtained from 
Ensemble (build 37) [GRCh37:20:31350191:31397162] (Genomic Refseq: NG_007290.1, 
Transcript Refseq: NM_006892.3). The ZBTB24 genomic sequence was obtained from 
Ensemble (build 37) [GRCh37:6:109781719:109806439] (Genomic Refseq: NG_029388.1, 
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Transcript Refseq: NM_014797.2). The functional consequences of variants were 
predicted using SIFT23, Mutation Taster24, PolyPhen-225, and PROVEAN26. Identified 
variants have been submitted to the Leiden Open Variant Database (http://databases.
lovd.nl/shared/genes/DNMT3B; http://databases.lovd.nl/shared/genes/ZBTB24).

SNP array analysis
For family Rf1875 a single nucleotide polymorphism (SNP) Array analysis was performed 
with the Human Cyto 12-SNP genotyping array (Illumina, San Diego, California, USA), 
according to the manufacturer’s instructions, to identify the breakpoints of the 
chromosome 6 deletion.

Statistical analysis
For the review of patient numbers and gender distributions we only included genetically 
confirmed cases with sufficient clinical follow up (including patient 2 from Franceschini 
et al.16 with ZBTB24 mutations (unpublished F.Licciardi)). A possible gender bias in the 
different subtypes of ICF was analysed using a non-parametric Chi-square test (SPPS 
version 23, IBM) under the null hypothesis of equal distribution between genders, which 
is expected for autosomal recessive disorders. Two confirmed ICF1 patients were added 
to the analysis as missing values because of discrepancies in gender between different 
publications they were reported in (PB and PM from Jiang et al.)1; 21; 27.

RESULTS

Clinical description of ICF syndrome patients
All twelve ICF patients that we describe in this report display facial dysmorphism 
characteristics and delayed development as previously described (Table S1). Recurrent 
infections were frequent: six out of seven ICF1 patients and all five ICF2 patients had 
suffered from bronchopneumonia, and one ICF1 patient and two ICF2 patients had 
suffered from meningitis. Until now, opportunistic infections, such as Candida and 
Pneumocystis jirovecii, have not been reported in the ICF1 patients in this study and 
were only observed in one ICF2 case (Table S1). Almost all ICF2 patients reported 
previously display a variable degree of intellectual disability2; 12. Among the ICF2 
patients reported in this study there is one with normal intelligence, whereas the 
others showed intellectual disability (Table S1). At first analysis and before initiation of 
intravenous immunoglobulin substitution (IVIG), all evaluable ICF1 and ICF2 patients 
displayed (strongly) decreased serum IgG and IgM levels, except for one ICF1 patient 
having a normal IgM concentration (Table S2). IgA showed a normal level in one ICF2 
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case and was (strongly) decreased in the remaining seven evaluable ICF patients. After 
diagnosis, all patients were treated with IVIG. Peripheral blood B cells were present in 
normal numbers in six out of seven ICF1 patients and one out of five ICF2 patients and 
(strongly) decreased in the remaining cases.

ICF1 patient mutations
In seven ICF patients from four different families, mutations in DNMT3B were identified 
(Fig. 1A). In total, six missense mutations in DNMT3B were found, which have not 
previously been reported in ICF syndrome. Five of them have not previously been 
described in dbSNP, the National Heart, Lung, and Blood Institute Exome Sequencing 
Project (ESP) Exome Variant Server or the Exome Aggregation Consortium (ExAC) Browser. 
The mutation DNMT3B c.2221G>A (p.G741R) has been described heterozygously in three 
out of 121,408 exomes in the ExAC database and dbSNP (rs769823434), a frequency 
concordant with the recessive nature of ICF syndrome.
	 All six missense mutations affect highly conserved residues in the catalytic domain 
of DNMT3B (Fig 1B). Each missense mutation is predicted as damaging or deleterious 
by at least two out of four prediction tools (Table S3). In two ICF1 families the patients 
(Rf1648-2.1, Rf1771-2.1, 4.2, and 4.3) carry a homozygous missense mutation in DNMT3B 
(Fig. 1C, 1D, S1A and S1B). In the two other ICF1 families the patients (Rf1840-2.1 and 2.2, 
Rf1693-2.4) carry compound heterozygous missense mutations (Fig 1E, 1F, S1C and S1D) 
in DNMT3B. All homozygous or compound heterozygous mutations were identified in 
both or only one parent, respectively, as expected for the recessive inheritance pattern 
of ICF syndrome (Table S1).

ICF2 patient mutations
In four ICF2 patients from four different families we identified nonsense mutations 
in ZBTB24. In a fifth family a microdeletion affecting several genes, including the 
complete ZBTB24 locus, was identified (Fig. 2A). The affected individuals from the non-
consanguineous family Rf1225 and the consanguineous families Rf1461 and Rf1462 carry 
a one base pair deletion on both alleles, which is predicted to create a frameshift and 
a premature stopcodon in ZBTB24 (Fig. 2B, 2C, 2D, S2A, S2B and S2C). Their parents are 
all heterozygous carriers of this mutation. This mutation has been previously described 
in one other ICF2 patient10. The ICF2 patient Rf1759B-2.1 (case 1 in Franceschini et al. 
199516) carries a homozygous duplication in ZBTB24 (Fig. 2E and S2D), which creates a 
premature stopcodon. Both non-consanguineous parents are heterozygous carriers of 
this mutation. This mutation is described heterozygously in one out of 121,392 exomes 
in the ExAC database and dbSNP (rs770082593), again in concordance with the rare 
and recessive nature of ICF syndrome. Rf1875 is a consanguineous family (Fig. 2F, 2G),
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FIGURE 1. DNMT3B mutations in ICF1 families. (a) Schematic representation of the DNMT3B 
protein (GenBank: NP_008823.1). The identified amino acid changes of the ICF1 families are 
indicated. (b) Multiple-sequence alignment (MSA) of DNMT3B across distinct species for 
DNMT3B mutations in the ICF1 families. MSA was performed with ClustalOmega and alignment 
was viewed in Jalview and colored as in ClustalX. (c-f) Overview of the ICF1 pedigrees and 
their DNMT3B mutations. For families with multiple ICF patients, probands are indicated with an 
arrow. ICF, immunodeficiency, centromeric instability, and facial anomalies.
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FIGURE 2. ZBTB24 mutations in ICF2 families. (a) Schematic representation of the ZBTB24 
protein (GenBank: NP_055612.2). The identified amino acid changes of the ICF2 families are 
indicated. (b-e) Overview of the ICF2 pedigrees and their ZBTB24 mutations. (f) Overview of 
pedigree Rf1875 and (g) schematic overview of the deletion on chromosome 6 which was 
identified in this family. ICF, immunodeficiency, centromeric instability, and facial anomalies.
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in which patient Rf1875-2.2 carries a homozygous deletion on chromosome 6 that 
includes ZBTB24 and several other genes. Both parents carry this deletion heterozygously, 
while the genotype of the brother is unknown.

Clinical heterogeneity
The ZBTB24 mutation c.917delA was found in a total of four ICF2 patients from four 
unrelated families from Turkey. This suggests that this is a founder mutation. Three 
of these families are described in this paper, while the fourth family was previously 
described (P1 in de Greef et al. 201110 and P49 in Weemaes et al. 20132). To assess 
whether there is clinical heterogeneity among patients carrying an identical mutation, 
we compared the clinical characteristics of the four male ICF2 patients carrying the 
c.917delA mutation. We found that the patients from these four families have similar 
facial anomalies and they all show signs of intellectual disability. In addition, they all 
have infections, such as bronchopneumonia, however only two (including patient P1 
with a reported Candida infection10) have opportunistic infections. IgM serum levels 
are strongly decreased in all of them, whereas IgA levels are strongly decreased in 
one of them (out of three evaluable cases), and IgG levels are strongly decreased in 
three of them (except in P110). Finally, B cell numbers are strongly decreased in one, 
decreased in two, and normal in one (patient P1) of them. They were all treated with 
IVIG. We also identified two ICF1 patients from one family (Rf1840) which are compound 
heterozygotes for two missense mutations in DNMT3B (c.1750A>G and c.2468G>C). 
They share similar facial anomalies and bronchopneumonia, however only one of them 
shows signs of intellectual disability (Rf1840.2.2). They both have strongly decreased 
IgA levels and normal B-cell numbers. IgM and IgG are strongly decreased in the boy 
(Rf1840.2.2) and normal and decreased, respectively, in the girl (Rf1840.2.1).
	 Finally, we identified three ICF1 patients from one family (Rf1771) with the same 
DNMT3B mutation (c.2009G>A). However, two of these patients (twin Rf1771-4.2 and 
4.3) were born in 2016, which currently limits the comparison of their phenotypes with 
that of the third patient (Rf1771-2.1, born in 2013).

Gender bias in ICF2
With the identification of mutations in twelve ICF syndrome cases, a total of 77 
genetically confirmed ICF patients has been reported1; 2; 4; 11; 12; 15; 17-21. 56% of the ICF 
syndrome patients carry mutations in DNMT3B, 31% carry mutations in ZBTB24, 6.5% 
carry mutations in CDCA7, and 6.5% carry mutations in HELLS (Fig. 3A). We observed a 
gender bias in the ICF2 population, with 19 male patients and only 5 female patients out 
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of 24 patients reported (Fig. 3B). This gender bias is statistically significant (χ2 (1) = 8.167, 
p = 0.004) and seems to be specific for ICF2 as it is not observed for the ICF1 cohort or 
the overall ICF syndrome patient population (Fig. 3B).

Subtypes
ICF1 (n=43)
ICF2 (n=24)
ICF3 (n=5)
ICF4 (n=5)

(a)

(b)

ICF1

Total

ICF4

ICF3

ICF2

0,876

0,655

0,655

0,004

p-value (χ2)
Male Female

50% 50%0%

45 30

19 5

21 20

3 2

2 3

0,083

FIGURE 3. Subtype and gender distribution in ICF, immunodeficiency, centromere instability, 
and facial anomalies (ICF) syndrome. (a) Subtype distribution of the ICF patients described in 
the literature and in this study. (b) Gender distribution of the ICF patients described in the 
literature and in this study. P-values are calculated with the Chi-square test. Out of the 43 
reported ICF1 cases, 41 were included in this analysis, 2 were added as missing values. P-values 
in red reflect a statistically significant difference. 

DISCUSSION

In seven ICF1 patients we identified a total of six DNMT3B missense mutations, which 
have not previously been described in ICF1. However, in Rf1840 the arginine residue at 
postion 823 is replaced by a proline (R823P) and this residue was previously reported 
to be mutated into a glycine (R823G) in ICF119. All mutations we identified affect 
highly conserved residues in the catalytic domain of DNMT3B, which is in line with the 
majority of the previously described ICF1 mutations2. Multiple missense mutations 
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in the catalytic domain have been shown to reduce the methyltransferase activity 
of DNMT3B28; 29. Therefore, we expect that the mutations identified in this study also 
reduce the catalytic activity of DNMT3B. Three of the newly identified ICF1 patients are 
from one family and carry the same homozygous missense mutation. Comparison of 
their clinical phenotypes may facilitate a better understanding of clinical variability at 
later ages, which is observed in the ICF1 affected siblings from the family Rf1840.
	 We also identified ZBTB24 mutations in five previously unreported ICF2 patients. In 
four ICF2 patients homozygous nonsense mutations in ZBTB24 were found. Nonsense 
mutations are the most common type of mutations in ICF2, indicating that most ICF2 
patients are expected to completely lack production of ZBTB24 protein. In concordance, 
we also identified an ICF2 patient (Rf1875) with a homozygous deletion on chromosome 
6 that includes ZBTB24 and several other genes. This indicates that complete absence 
of ZBTB24 is compatible with human life and supports the conclusion that most ICF2 
patients suffer from a ZBTB24 loss of function. In contrast to humans, a Zbtb24 BTB 
domain deletion in mice, which leads to non-functional Zbtb24 protein, was found to 
be embryonic lethal30.
	 The deletion in ICF2 patient Rf1875-2.2 is not confined to ZBTB24 but includes SMPD2, 
MICAL1, AK9, and parts of PPIL6 and FIG4. Most of these genes have not been implicated 
in disease. PPIL6 is a member of the Cyclophilin Family of Peptidyl-Prolyl Isomerases with 
unknown activity31. SMPD2 is predicted to encode a sphingomyelin phosphodiesterase, 
which is able to hydrolyze sphingomyelin in vitro, but its in vivo function is unclear32. 
MICAL1 is involved in cytoskeleton dynamics via its mono-oxygenase domain that can 
oxidize target proteins, such as actin, or produce reactive oxygen species33. Reduced 
levels of MICAL1 were detected in the temporal neocortex of patients with temporal 
lobe epilepsy (TLE) as well as in the hippocampus and temporal lobe of a rat model 
for TLE after seizures34. AK9 is one of the nine adenylate kinases (AK), which regulate 
adenine nucleotide ratios. Some AK isoforms have been related to human disease, but 
for AK9 no relation to disease has been identified35. In contrast, mutations in FIG4 are 
associated with Charcot-Marie-Tooth disease type 4J (CMT4J)36, Yunis-Varón syndrome 
(YVS)37, amyotrophic lateral sclerosis (ALS)38, and polymicrogyria39. FIG4 encodes a 
5’-phosphoinositide phosphatase involved in endosomal trafficking and autophagy39. 
In patient Rf1875-2.2 the first exon of FIG4, which contains the start codon, is deleted, 
possibly resulting in the absence of full length FIG4 protein in Rf1875-2.2. This patient 
suffers from epilepsy, which is not a common feature of the ICF syndrome, however 
was reported in a family where FIG4 mutations were linked to polymicrogyria. Although 
none of the other deleted genes have been linked to human disease, we cannot rule out 
contribution of any of those to the clinical presentation in this patient. Therefore, careful 
follow up with extra attention on co-morbidities normally not seen in ICF is warranted 
for this patient.
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	 With the addition of twelve genetically confirmed patients, we re-analyzed the 
frequencies of the different ICF subtypes. For ICF1 and ICF2 we find similar frequencies, 
as previously reported2. ICF3 and ICF4 are much less frequent than ICF1 and ICF2. 
Unexpectedly, for ICF2 we found a significant gender bias, with 79% males and only 21% 
females. This suggests that lacking functional ZBTB24 is more deleterious for females. 
The mechanistic basis for this difference is currently unclear and warrants further 
studies focusing on the function of ZBTB24 during (female) development and perhaps 
X-chromosome inactivation, since ZBTB24 seems to colocalize with heterochromatin12. 
Currently, the limited number of female patients makes it difficult to study phenotype/
genotype relations or to compare their phenotypes with those of male ICF2 patients.
	 In summary, in this report we describe the mutations and clinical characteristics 
of seven ICF1 cases and five ICF2 cases. We expand the ICF1 mutation spectrum 
with six new DNMT3B mutations and the ICF2 mutation spectrum is extended with 
a nonsense mutation and a homozygous deletion of chromosome 6, which includes 
the entire ZBTB24 locus. For ICF2 we identify a gender bias towards male cases, which, 
in combination with the embryonic lethality in mice lacking functional Zbtb24, is 
intriguing and will require follow up studies into the function of ZBTB24.
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SUPPLEMENTARY FIGURE S1. DNMT3B mutations in ICF1 families. (a-d) Overview of the ICF1 
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families with multiple ICF patients, probands are indicated with an arrow.
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Supplementary tables

SUPPLEMENTARY TABLE 1. Overview of the clinical data of the ICF patients.

Patient

ICF1 ICF2

Rf1648-2.1 Rf1771-2.1 Rf1771-4.2 Rf1771-4.3 Rf1840-2.1 Rf1840-2.2 Rf1693-2.4
Total this

study

Weemaes 
et al.

EJHG 2013 Rf1225-2.1 Rf1461-2.1 Rf1462-2.1 Rf1759B-2.1 Rf1875-2.2
Total this

study

Weemaes 
et al.

EJHG 2013

Year of birth 2004 2013 2016 2016 2007 2009 2009 2011 2012 2001 1985 1995

Gene defect DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24

Mutation Paternal Allele c.2003C>T c.2009G>A c.2009G>A c.2009G>A c.1705A>G c.1705A>G c.1973A>G c.917delA c.917delA c.917delA c.909dup Deletion

Mutation Maternal Allele c.2003C>T c.2009G>A c.2009G>A c.2009G>A c.2468G>C c.2468G>C c.2221G>A c.917delA c.917delA c.917delA c.909dup Deletion

Patients included 7 23 5 13

Facial anomalies 7/7 21/22 5/5 13/13

hypertelorism +  +  +  +  -  4/5 14/18 +  +  +  +  +  5/5 7/13

flat nasal bridge -  +  +  +  +  +  +  6/7 13/16 +  +  +  +  +  5/5 8/9

epicanthus +  -  +  +  +  +  +  6/7 14/17 +  +  +  +  -  4/5 7/8

up-turned nose +  -  +  +  +  +  -  5/7 6/9 +  +  +  -  3/4 4/7

macroglossia -  -  -  -  -  -  0/6 5/11 +  -  +  -  2/4 1/5

telecanthus -  -  -  -  +  +  2/6 3/11 +  +  +  +  -  4/5 2/4

micrognathia +  -  +  +  -  +  4/6 5/12 +  +  -  -  +  3/5 3/8

low-set ears +  +  -  -  +  +  -  4/7 6/14 +  +  +  +  4/4 5/7

round face +  +  +  +  +  +  +  7/7 8/10 +  +  +  -  3/4 6/8

Growth and development

gestional age < 37 weeks -  -  -  -  -  -  -  0/7 3/20 +  -  -  +  -  2/5 1/7

birth weight  < P10 +  -  -  -  +  -  2/6 9/20 +  +  +  +  -  4/5 4/6

failure to thrive -  -  +  -  -  +  -  2/7 8 -  -  -  -  -  0/5 3

delay in motor development -  -  -  +  1/4 9/16 -  +  +  -  +  3/5 7/8

delay in speech development +  -  +  2/3 14/16 +  +  +  +  +  5/5 11/13

Malformations

congenital +  1 7 2

cerebral 2 2

Intelligence

normal +  +  2/5 11/20 +  1/5 0/13

retardation +  +  +  3/5 9/20 +  +  +  +  4/5 13/13

Neurology

seizures 0 3 -  -  -  +  +  2 1

Gastrointestinal problems

diarrhea +  1 7/14 -  -  -  -  -  0 2/6

Infections

otitis +  1 8/13 +  1 2/6

bronchopneumonia +  +  +  +  +  +  -  6/7 16/16 +  +  +  +  +  5/5 5/7

sepsis  5 1

meningitis +* 1 +** +** 2

Candida 4 +  1 2

Pneumocystis jirovecii 2 +  1 2

cytomegalovirus -  +  -  -  -  -  -  1 2 +  -  -  -  -  1

Malignancy 2 1

The gene defects and clinical data of the ICF patients described in this study are listed per patient. Columns 9 and 16 list the total number of patients displaying the 
respective trait/total number of patients of which data on the respective trait is reported. As a comparison the same data are listed from an earlier study in column 10 and 
17 1. *: Pseudomonas, **: Streptococcus pneumoniae
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Supplementary tables

SUPPLEMENTARY TABLE 1. Overview of the clinical data of the ICF patients.

Patient

ICF1 ICF2

Rf1648-2.1 Rf1771-2.1 Rf1771-4.2 Rf1771-4.3 Rf1840-2.1 Rf1840-2.2 Rf1693-2.4
Total this

study

Weemaes 
et al.

EJHG 2013 Rf1225-2.1 Rf1461-2.1 Rf1462-2.1 Rf1759B-2.1 Rf1875-2.2
Total this

study

Weemaes 
et al.

EJHG 2013

Year of birth 2004 2013 2016 2016 2007 2009 2009 2011 2012 2001 1985 1995

Gene defect DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B DNMT3B ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24 ZBTB24

Mutation Paternal Allele c.2003C>T c.2009G>A c.2009G>A c.2009G>A c.1705A>G c.1705A>G c.1973A>G c.917delA c.917delA c.917delA c.909dup Deletion

Mutation Maternal Allele c.2003C>T c.2009G>A c.2009G>A c.2009G>A c.2468G>C c.2468G>C c.2221G>A c.917delA c.917delA c.917delA c.909dup Deletion

Patients included 7 23 5 13

Facial anomalies 7/7 21/22 5/5 13/13

hypertelorism +  +  +  +  -  4/5 14/18 +  +  +  +  +  5/5 7/13

flat nasal bridge -  +  +  +  +  +  +  6/7 13/16 +  +  +  +  +  5/5 8/9

epicanthus +  -  +  +  +  +  +  6/7 14/17 +  +  +  +  -  4/5 7/8

up-turned nose +  -  +  +  +  +  -  5/7 6/9 +  +  +  -  3/4 4/7

macroglossia -  -  -  -  -  -  0/6 5/11 +  -  +  -  2/4 1/5

telecanthus -  -  -  -  +  +  2/6 3/11 +  +  +  +  -  4/5 2/4

micrognathia +  -  +  +  -  +  4/6 5/12 +  +  -  -  +  3/5 3/8

low-set ears +  +  -  -  +  +  -  4/7 6/14 +  +  +  +  4/4 5/7

round face +  +  +  +  +  +  +  7/7 8/10 +  +  +  -  3/4 6/8

Growth and development

gestional age < 37 weeks -  -  -  -  -  -  -  0/7 3/20 +  -  -  +  -  2/5 1/7

birth weight  < P10 +  -  -  -  +  -  2/6 9/20 +  +  +  +  -  4/5 4/6

failure to thrive -  -  +  -  -  +  -  2/7 8 -  -  -  -  -  0/5 3

delay in motor development -  -  -  +  1/4 9/16 -  +  +  -  +  3/5 7/8

delay in speech development +  -  +  2/3 14/16 +  +  +  +  +  5/5 11/13

Malformations

congenital +  1 7 2

cerebral 2 2

Intelligence

normal +  +  2/5 11/20 +  1/5 0/13

retardation +  +  +  3/5 9/20 +  +  +  +  4/5 13/13

Neurology

seizures 0 3 -  -  -  +  +  2 1

Gastrointestinal problems

diarrhea +  1 7/14 -  -  -  -  -  0 2/6

Infections

otitis +  1 8/13 +  1 2/6

bronchopneumonia +  +  +  +  +  +  -  6/7 16/16 +  +  +  +  +  5/5 5/7

sepsis  5 1

meningitis +* 1 +** +** 2

Candida 4 +  1 2

Pneumocystis jirovecii 2 +  1 2

cytomegalovirus -  +  -  -  -  -  -  1 2 +  -  -  -  -  1

Malignancy 2 1

The gene defects and clinical data of the ICF patients described in this study are listed per patient. Columns 9 and 16 list the total number of patients displaying the 
respective trait/total number of patients of which data on the respective trait is reported. As a comparison the same data are listed from an earlier study in column 10 and 
17 1. *: Pseudomonas, **: Streptococcus pneumoniae
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SUPPLEMENTARY TABLE 2. Serum levels of the different immunoglobulin isotypes and 
numbers of peripheral blood B cells at first analysis.

ICF1 ICF2
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Patients included x x x x x x x 7 23 x x x x x 5 13

IgG

Patients analyzed x x x x x x x 7 13 x x x x x 5 12

Normal 0 1 0 2

Decreased x x 2 1 x 1 4

Strongly decreased x x x 3 11 x x x x 4 6

Inconclusive* x x 2 0 0 0

IgA

Patients analyzed x x x x x x x 7 19 x x x x x 5 13

Normal 0 0 x 1 5

Decreased x 1 0 x 1 0

Strongly decreased x x x 3 13 x x 2 4

Inconclusive* x x x 3 6 x 1 4

IgM

Patients analyzed x x x x x x x 7 19 x x x x x 5 13

Normal x 1 3 0 1

Decreased 0 0 x x 2 3

Strongly decreased x x x x x x 6 16 x x x 3 9

B-cells

Patients analyzed x x x x x x x 7 9 x x x x x 5 8

Normal x x x x x x 6 4 x 1 7

Decreased x 1 2 x x 2 0

Strongly decreased 0 3 x x 2 1

The serum immunoglobulin levels of the ICF patients described in this study are categorized as normal, decreased and 
strongly decreased for each isotype using reference values for age-matched healthy controls according to Kanariou et al., 
19952. Peripheral blood B-cell numbers are categorized as normal, decreased and strongly decreased based on reference 
values for age-matched healthy controls according to Comans-Bitter et al., 1997 3. As a comparison, the same data are listed 
from an earlier study 1. For some patients from this earlier study IgG data is not included because of IVIG treatment already 
initiated at time of first analysis. In other cases data are lacking because they were not included at first analysis.
*: Inconclusive: measured IgA concentrations as well as lower threshold for normal range in healthy age-matched controls 
are at or below the sensitivity level of the quantitative assay applied; two ICF1 cases were diagnosed at 4 months of age and 
the measured decreased IgG levels might be from maternal origin.
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SUPPLEMENTARY TABLE 3. Variant predictions for identified DNMT3B missense variants

c.2003C>T, (p.T668I) c.1750A>G, (p.I584V) c.2468G>C, (p.R823P)

SIFT Deleterious (score: 0) Deleterious (score: 0) Deleterious (score: 0.01)

Mutation 
Taster

Disease causing (p-value: 1) Disease causing (p-value: 
0.995)

Disease causing (p-value: 1)

PolyPhen-2 
HumVar

Probably damaging (score: 
0.984)

Possibly damaging (score: 
0.610)

Benign (score: 0.180)

PROVEAN Deleterious (score: -5.692) Neutral (score: -0.854) Deleterious (score: -6.419)

c.1973A>G, (p.N658S) c.2221G>A, (G741R) c.2009G>A, p.(R670Q)

SIFT Tolerated (score: 0.16) Deleterious (score: 0.02) Deleterious (score: 0)

Mutation 
Taster

Disease causing (p-value: 
0.924)

Disease causing (p-value: 1) Disease causing (p-value: 1)

PolyPhen-2 
HumVar

Benign (score: 0.266) Probably damaging 
(score: 0.993)

Possibly 
damaging (score: 0.630)

PROVEAN Deleterious (score: -4.638) Deleterious (score: -7.378) Deleterious (score: -3.817)
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