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monoallelic DDB1 variants is associated with
a neurodevelopmental syndrome

Susan M. White,1,2,* Elizabeth Bhoj,3 Christoffer Nellåker,4,5,6 Augusta M.A. Lachmeijer,7
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Summary
The DNA damage-binding protein 1 (DDB1) is part of the CUL4–DDB1 ubiquitin E3 ligase complex (CRL4), which is essential for DNA

repair, chromatin remodeling, DNA replication, and signal transduction. Loss-of-function variants in genes encoding the complex com-

ponents CUL4 and PHIP have been reported to cause syndromic intellectual disability with hypotonia and obesity, but no phenotype

has been reported in association with DDB1 variants. Here, we report eight unrelated individuals, identified through Matchmaker

Exchange, with de novo monoallelic variants in DDB1, including one recurrent variant in four individuals. The affected individuals

have a consistent phenotype of hypotonia, mild to moderate intellectual disability, and similar facies, including horizontal or slightly

bowed eyebrows, deep-set eyes, full cheeks, a short nose, and large, fleshy and forward-facing earlobes, demonstrated in the composite

face generated from the cohort. Digital anomalies, including brachydactyly and syndactyly, were common. Three older individuals have

obesity. We show that cells derived from affected individuals have altered DDB1 function resulting in abnormal DNA damage signatures

and histone methylation following UV-induced DNA damage. Overall, our study adds to the growing family of neurodevelopmental

phenotypes mediated by disruption of the CRL4 ubiquitin ligase pathway and begins to delineate the phenotypic and molecular effects

of DDB1 misregulation.
DNA integrity is essential for properDNA function and, thus,

human health. Preserving DNA integrity is difficult because

many cell-intrinsic and cell-extrinsic factors cause thousands

of damage events every day.1 The DNA damage response

signaling pathway maintains genome stability by sensing

damage events and activating relevant DNA repair mecha-

nisms.2 DDB1 (MIM: 60045) encodes the damage-specific

DNA-binding protein 1, DDB1, which plays a vital role in

theDNAdamage response, specifically in thenucleotide exci-

sion repair pathway where it functions as part of the CUL4–

DDB1 ubiquitin E3 ligase complex (CRL4).3 The CRL4

complexhasalsobeen found to function inothercellularpro-

cesses, including regulation of chromatin remodeling, DNA

replication, and signal transduction.4–8 Haploinsufficiency
1Victorian Clinical Genetics Services, Murdoch Children’s Research Institute,

Melbourne, Melbourne, VIC 3010, Australia; 3Children’s Hospital of Philadel

Reproductive Health, University of Oxford, Oxford OX3 9DU, UK; 5Institute

of Oxford, Oxford OX3 7DQ, UK; 6Big Data Institute, Li Ka Shing Centre for

UK; 7Department of Genetics, Division Laboratories, Pharmacy and Biomedic

Utrecht, the Netherlands; 8Children’s Hospital of Eastern Ontario Research Ins

netics, Department of Paediatrics, Maine Medical Center, Portland, ME 04012,

Center, New York, NY 10032, USA; 11Department of Genetics and Developme
12Division of Child Neurology, Department of Neurology, Columbia Universi

genetik, Universitätsklinikum Düsseldorf, Heinrich-Heine-Universität Düsseld

Medical Center Leipzig, Leipzig 04103, Germany; 15Vestische Kinder- und Jug
16Department of Clinical Genetics, United Laboratories, Tartu University Hosp

Institute of Clinical Medicine, University of Tartu, L. Puusepa 2, 51014 Tartu,

MIT and Harvard, Boston, MA 01242, USA; 19Murdoch Children’s Research Ins

Diego, San Diego, CA 92123, USA; 21North York General Hospital, Toronto, O

Canada

*Correspondence: sue.white@vcgs.org.au

https://doi.org/10.1016/j.ajhg.2021.03.007.

The Ame

� 2021 American Society of Human Genetics.
ofCUL4B (MIM: 300304) and PHIP (MIM: 612870), two addi-

tionalCRL4 complex components, has been shownto lead to

overlapping forms of syndromic intellectual disability.

Pathogenic variants in CUL4B cause X-linked Cabezas

syndrome (MIM: 300354), characterized by intellectual

disability, seizures, brain malformations, behavioral issues,

central obesity, macrocephaly, hypogonadotropic hypogo-

nadism, and dysmorphic facial features.9 Pathogenic PHIP

variants cause Chung-Jansen syndrome (MIM: 617991),

characterized by intellectual disability, hypotonia, behavioral

issues, obesity, and dysmorphic facial features.10,11

Pathogenic DDB1 variants have not yet been described

in humans, although homologs of DDB1 have been

shown as essential proteins in model organisms where
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Figure 1. Face, hand, and feet and com-
posite photographs
(A) Facial photographs of individuals 1, 2, 3,
4, and 5 showing horizontal eyebrows, short
nose, and full cheeks.
(B) Composite image of individuals with
DDB1 variants showing key distinctive fea-
tures of horizontal eyebrows, short nose,
full cheeks, and large ear lobes.
(C) Photograph of hand in individual 2
showing brachydactyly and proximally
placed thumb. Photograph of feet in indi-
viduals 2 and 4 showing syndactyly and
brachydactyly.
tissue-specific and global absence of the protein in mice

and zebrafish often results in embryonic lethality, but no

gross phenotype was observed for heterozygous knockout

mice within the first year of life.12–14

Therefore, it is likely that DDB1 is also an essential gene,

and pathogenic variants may cause a human phenotype

resembling those of CUL4B- and PHIP-related conditions.

Herein, we present eight unrelated individuals (Figure 1)

with de novo heterozygous DDB1 variants. Because each of

the affected individuals was an isolated case in their family,

they were predicted to have either a de novo or recessive

condition and exome/genome sequencing was performed

at their respective genetics centers. Assessment of all

potential recessive or de novo variants for each affected

individual was conducted and a list of candidate variants

for each individual is provided in Table S2. Each individual

harbored a de novo monoallelic DDB1 variant, each of

which was predicted to be likely deleterious (Table S3).
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All variants clustered within the

first mono-functional DNA-alkylating

methyl methanesulfonate (MMS1)

domain of DDB1 (Figure 2), and inter-

estingly, we observed one recurrent

protein change in four individuals,

c.637G>A (GenBank: NM_001923.4)

(p.Glu213Lys [GenBank: NP_001914.

3]), and two different substitutions

at the same residue, p.Arg188Trp

and p.Arg188Gln. Each individual’s

data were submitted to Matchmaker

Exchange with the DDB1 variant’s

having been identified as a plausible

disease candidate. Detailed phenotype

comparison showed a strong clinical

overlap, and this cohort of affected in-

dividuals was assembled (Table 1).

Consistent features were hypotonia

(7/8 individuals) and mild-moderate

developmental delay or intellectual

disability (8/8 individuals). Growth

was variable. Two individuals had

weight over the 97th centile and all

three older individuals had a BMI in
the obese range for their age. Malformations occurred in

six individuals and included renal (2/8), cardiac (1/8),

and anorectal malformations (2/8) and craniosynostosis

(1/8). Brachydactyly was common and most noticeable

in the feet (6/8 individuals), and two individuals had cuta-

neous toe syndactyly. Using photographs from the cohort,

we generated a composite face.15 This illustrated the key

dysmorphic features: horizontal or slightly bowed eye-

brows, which were dark in two individuals with fair scalp

hair; mild narrowing of the palpebral fissures; full cheeks;

a short nose; and large, fleshy and forward-facing ear lobes

(Figure 1; see supplemental notes and Table S4 for more

detailed phenotypic information).

An assessment of gnomAD showed that DDB1 is

missense- and CNV-depleted (Z ¼ 5.67 and 1.30, respec-

tively) and intolerant to LoF variants (pLI ¼ 1.0, o/e ¼
0.13 [0.08–0.24]). Eukaryotic homologs of DDB1 were

aligned, and conservation among the sequences is quite



Figure 2. Protein domains of DDB1 and de novo variants found in affected individuals
DDB1 contains theMMS1 and CPSF protein domains. TheMMS1 domain is homologous to the N-terminal region of MMS1; the protein
itself protects against replication-dependent DNA damage in Saccharomyces cerevisiae and belongs to the DDB1 family of CUL4 adaptors.
The function of the CPSF domain, homologous to the C terminus of the CPSF A subunit, is unknown but may be involved in RNA/DNA
binding. All eight individuals had one de novo DDB1 missense variant, all of which were located within the coding region of the MMS1
domain and are listed above the schematic. Numbers above the schematic denote amino acid positions.
high, notably including the residues of interest in the

affected individuals, which further demonstrates conserva-

tion of these sites (Figure S1C). Given the highly similar

phenotype observed in these individuals with de novo

apparently deleterious variants in what appears to be an

essential protein, DDB1 represented a strong candidate

gene for the observed phenotypes.

All DDB1 variants were missense, excepting the deletion

found in individual 1. To assess the impact of the

DNA deletion at the intron 4-exon 5 boundary found in in-

dividual 1, we performed splicing studies by using

lymphoblasts from individual 1. This revealed a deletion

of nucleotides c.551_559 within the transcript, corre-

sponding to p.Asp184_Gln186del, and immunoblot anal-

ysis demonstrated no noticeable change in protein levels

as a result (Figures S1A and S1B). On the basis of this result,

it is not clear whether this variant is a gain- or loss-of-func-

tion variant, similar to the other variants in the cohort.

As our cohort’s variants consisted of several missense

variants and one in-frame deletion in the MMS1 domain

of DDB1, the mutation mechanism was unclear. To deter-

mine whether DDB1 was sensitive to dosage perturbation

and associated with human phenotypes when deleted or

duplicated, we interrogated the Decipher database for dele-

tions or duplications of DDB1.16 No individuals were iden-

tified where haploinsufficiency for DDB1 was associated

with a phenotype. One individual was identified with a

maternally inherited duplication including the DDB1

gene and another individual had a de novo 134Mb deletion

including DDB1 along with many other genes. No further

conclusions could be garnered from these observations.

We next sought to investigate DDB1 function in lym-

phoblasts from individuals 2 and 4. A key function of

DDB1 is to recognize and bind to areas of UV-induced

DNA damage. We began by evaluating DDB1 levels in

lymphoblast cells from control and affected individuals

under basal conditions, as well as following UV induction

of DNA damage. All experiments were conducted with a

minimum of three replicates with different controls, and
The Ame
representative images are shown. Immunoblot analysis of

total protein extracts and qPCR of mRNA showed some-

what variable levels of DDB1 before and after DNA dam-

age, all of which were within the range observed in

controls (Figures 3A, 3B, and S2A). We conclude that

overall DDB1 mRNA and protein levels are not signifi-

cantly altered in cells from affected individuals. On the

basis of these analyses, however, we cannot distinguish

whether mutant DDB1 is expressed equivalently to wild-

type or whether there is compensation from the opposing

allele.

To assess DNA damage signaling we began by

measuring gH2AX, a marker of DNA damage that local-

izes to double-stranded breaks. Cells were again treated

with UV, and immunoblot analysis was conducted. We

found that gH2AX is induced in both control and affected

lymphoblasts, as expected, but these levels are not

sustained for as long after DNA damage in affected cells

compared to controls. We next assessed a second marker

of DNA damage response, phosphorylation of Thr68 on

CHK2 (p-Thr68-CHK2), a protein kinase that functions

in the cell cycle arrest and apoptosis pathways following

DNA damage. As expected, p-Thr68-CHK2 was increased

after UV exposure in all cells, but interestingly, these

levels appear noticeably higher 1 h after DNA damage in

both affected samples compared to control lymphoblasts

(Figures 3A and S2A). These data suggest that the DNA

damage response is altered in DDB1 cells from affected

individuals. We next sought to investigate whether an

altered DNA damage response affected growth of these

cells. Cellular proliferation of the lymphoblast cells was

assessed through cell counts at days 0–10, and we deter-

mined that the DDB1 variants do not cause altered

lymphoblast proliferation rates compared to control

(Figures 3C and S2B). Moreover, when cells were sub-

jected to DNA damage by UV, despite differences in

DNA damage signaling, no significant differences in

proliferation were observed between control and affected

lymphoblasts (Figures 3C and S2B).
rican Journal of Human Genetics 108, 749–756, April 1, 2021 751



Table 1. Phenotype information for individuals with DDB1 variants

Individual P1 P2 P3 P4 P5 P6 P7 P8

Gender female female male female female male male female

Age at last assessment 17 y 9 y 2 m 10 y 8 m 3 y 13 y 22 m 2 y 11 m 1 y

Molecular data

DDB1 variant (g)
Hg19

chr11:
61094361_61094369del

chr11:
61094353G>A

chr11:
61094352C>T

chr11: 61094278C>T chr11:
61083980A>C

DDB1 variant (c)
(NM_001923.4)
variant (p)
(NP_001914.3)

c.551_559del
(p.Asp184_Gln186del)

c.562C>T
(p.Arg188Trp)

c.563G>A
(p.Arg188Gln)

c.637G>A (p.Glu213Lys) c.1285T>G
(p.Phe429Val)

Phenotypic features

Hypotonia moderate mild nil moderate moderate moderate moderate moderate

Intellectual disability moderate moderate DD mild (IQ ¼ 69) mild mild-moderate mild moderate DD moderate DD

Craniofacial thick, light-blonde
eyebrows; deep-set,
upslanting palpebral
fissures; epicanthic
folds; short nose in early
childhood; very full
cheeks; thin upper
vermilion; wide mouth;
large ears with large and
long ear lobes

horizontal, dark
eyebrows synophrys;
long palpebral
fissures with lateral
extension;
epicanthus inversus;
long dark eyelashes;
short nose;
underdeveloped alae
nasi; mid-face
hypoplasia; full
cheeks; low-set, large
ears with long fleshy
lobes

synophrys; short
palpebral fissures; full
cheeks; large earlobes

horizontal, dark
eyebrows with
medial broadening;
lateral extension;
lateral extension to
palpebral fissures;
short nose; mid-face
hypoplasia; thin
upper vermilion;
large ears with fleshy
lobes

dark, horizontal,
heavy eyebrows;
round face; mild
midface hypoplasia;
full cheeks;
protruding upper lip;
thin vermillion
retrognathia
asymmetric;
occlusion of teeth;
large fleshy ears and
earlobes

medial broadening of
eyebrows;
telecanthus; lateral
extension to
palpebral fissures;
epicanthus; long
eyelashes; short nose,
retrognathia; thin,
tented upper
vermilion; low set,
fleshy ears

deep-set eyes;
epicanthus;
hypotelorismconvergent
strabismus; nystagmus;
short and upturned nose;
underdeveloped alae
nasi; full cheeks; large,
simple ears

medial broadening of
eyebrows;
telecanthus proptosis
epicanthus inversus;
flat nasal bridge; mid-
face hypoplasia

Malformations anterior anus and recto-
vaginal fistula

accessory band across
left ventricle of heart,
horseshoe kidney,
anterior ectopic anus,
dysgenesis of corpus
callosum

nil nil horseshoe kidney
with left vesico-
ureteric reflux,
pelvicalyceal
dilatation and
megaureter

nil mild left hydronephrosis metopic cranio-
synostosis

Hands and feet small hands and feet,
short fourth
metacarpals,
brachydactyly

2–3 toe syndactyly,
brachydactyly

short toes short toes short toes NR 2–3 toe partial syndactyly NR

Other joint laxity, ADHD,
anxiety,
hypothyroidism,
recurrent otitis media,
obesity

joint laxity, truncal
obesity

frequent otitis media mild joint laxity,
bilateral hip
dysplasia, obstructive
sleep apnea

mild joint laxity NR gastro-esophageal reflux NR

NR, not reported; DD, developmental delay.
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Figure 3. DDB1 missense variants in lymphoblast cells result in altered DNA damage signatures and histone methylation following
UV damage
(A) Immunoblot analysis on total extracts from control and affected lymphoblast cells. Untreated cells are shown at the 0 h time point,
whereas the other time intervals indicate the number of h following UV exposure. Total DDB1 and the levels of gH2AX and p-Thr68-
CHK2 phosphorylation were assessed: DDB1 was found to be unchanged and gH2AX and p-Thr68-CHK2 levels were induced as
expected, p-Thr68-CHK2 to a higher level than controls and gH2AX to a similar level as controls but was not sustained.
(B) Real-time PCR analysis on extracts from lymphoblast cells showing transcript levels ofDDB1 before and after UVexposure are similar
between cells from affected individuals and control individuals.
(C) Cell proliferation of control and affected lymphoblast cells was measured by harvesting and counting cells on each of the specified
days after initial plating, either with or without UV exposure.
(D) Immunoblot analysis of total extracts from control and affected lymphoblast cells. Untreated cells are shown at the 0 h time point,
whereas the other time intervals indicate the number of h following UV exposure. Levels of various histone H3 methylations were as-
sessed and found to be abnormal in cells from affected individuals. Immunoblots in this figure are representative images of at least three
biological replicates, and graphed data represent the mean of three biological replicates; error bars depict standard error of the mean.
Given the altered DNA damage signaling in cells from

affected individuals, we hypothesized that other DDB1-

regulated pathways may also be affected. The CUL4-

DDB1 complexes interact with multiple WD40-repeat pro-

teins, including WDR5 and the Polycomb-group protein
The Ame
EED, which are core components of histone methylation

complexes necessary for histone H3 methylation at K4 or

K27, respectively.4,17,18 More recently, it has also been

shown that DDB1- and CUL4-associated factor 8

(DCAF8), another WD40-repeat protein, interacts with
rican Journal of Human Genetics 108, 749–756, April 1, 2021 753



CRL4 to ubiquitinate H3 in adult mouse hepatocytes,

which promotes methylation of H3K9.19 Because of these

associations between H3 methylation and WD40-repeat

proteins that interact with CRL4, we investigated whether

there were any changes in H3K4, H3K9, and H3K27

methylation in cells from affected individuals.

H3K27me3 did not seem to be affected by DDB1 variants,

as levels were increased at 6 h and 24 h after UV exposure

in both control and lymphoblast cells from affected indi-

viduals (Figures 3D and S2C). The general trend for

H3K4me1, H3K4me3, and H3K9me3 was increased levels

at 6 h after DNA damage in control lymphoblasts, which

start to return to basal levels after 24 h (Figures 3D and

S2C). In both affected lymphoblast cells, H3K4me1 and

H3K4me3 protein levels appeared to be increased

compared to control cells without induction of DNA dam-

age. H3K4 andH3K9methylation in affected lymphoblasts

were then increased later than in the control after UV

exposure, sometimes beginning 6 h after UV and generally

elevated 24 h after treatment as well. However, the increase

in these histone modifications in lymphoblasts from

affected individuals following DNA damage was some-

times subtle because of the abundance of these marks at

baseline. Together, these results suggest that increased

histone methylation may occur later and may also be

sustained for longer periods of time following UVexposure

in cells from affected individuals (Figure 3D). Given the

abnormal DDB1 downstream effects, and the identifica-

tion of eight individuals with a highly similar phenotype,

we conclude that we have identified a unique condition

caused by monoallelic de novo variants in the MMS1

domain of DDB1.

DDB1 functions in a complex with CUL4 and PHIP.

Loss-of-function variants in genes encoding these pro-

teins, CUL4B and PHIP, have been observed in individuals

with syndromic intellectual disability. This suggests a

common pathogenic mechanism for this family of pheno-

types.9,10 Seven of the eight individuals in this have

missense variants in DDB1, including one recurrent pro-

tein change, p.Glu213Lys, and two different substitutions

at the same amino acid residue (p.Arg188Trp and

p.Arg188Gln), while the remaining variant is an in-frame

deletion of three amino acids. This suggests these may

function through a dominant negative or gain-of-func-

tion mechanism, although loss-of-function cannot be

excluded.

Data from a recent study investigating regional missense

variant constraint demonstrate that the DDB1 transcript

has two distinct sub-genic regions, both of which are

observed to contain less than half of the expected number

of missense variants and together span the entire gene.20

Interestingly, transcripts and regions of transcripts that

have the fraction of expected variation observed as %0.6

represent 14% of the coding region of the human genome

but contain89%of all theClinVarpathogenicmissense var-

iants.20 Therefore, it remains a possibility that because the

entireDDB1 transcript is depleted ofmissense variants, var-
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iants outside of the MMS1 domain may still have yet to be

identified as contributing to this neurodevelopmental dis-

order. This is further supported by the fact that themajority

of DDB1 is comprised of threeWD40 b-propeller structures;

the affected residuesAsp184 toGlu213 are all present inone

of them, Phe429 is present in the second,while the third re-

maining WD40 b-propeller overlaps the CPSF domain.21

Because WD40 b-propellers have no catalytic activity and

instead function together as protein-protein or protein-

DNA interactionplatforms, alterationswithin these regions

most likely impact a number of overlapping DDB1 interac-

tions.22 Although the functional studies showed clear

effects downstream of DDB1, it was not possible to

discern a mutational mechanism. For the variants

p.Asp184_Gln186del, p.Arg188Gln, and p.Phe429Val, pre-

sent in individuals 1, 3, and 8, respectively, no functional

studies were able to be undertaken because cells were not

available. Nevertheless, the phenotypic similarity across

the cohort led us to conclude that the rare, deleterious

DDB1 variants in individuals 1, 3, and 8 were also highly

likely to be pathogenic. Phenotypic features in common

across the CUL4B-, PHIP-, and DDB1-related conditions

include intellectual disability and obesity, and there is

some intriguing similarity in the facial dysmorphism of all

three phenotypes and digital features in the CUL4B- and

DDB1-related phenotypes.9–11 In contrast to our cohort,

brain malformations, tremor, macrocephaly, and hypogo-

nadotropichypogonadismare common features inCabezas

syndrome and behavioral issues are frequently reported for

both Cabezas and Chung-Jansen syndromes.

The common phenotype of obesity is interesting

because there is growing evidence linking the CRL4 com-

plex with control of adipogenesis. WDTC1, which is

known to suppress adipogenesis, is a member of the

CRL4 complex. Obesity is observed in humans and mice

when expression of WDTC1 is reduced.23–25 Moreover,

disruption of the interaction between WDTC1 and DDB1

in vitro leads to adipogenic gene expression.26 The CRL4

complex also has a role in the regulation of glucose meta-

bolism, promoting hepatic gluconeogenesis.27 Of interest,

one individual in our study had hypoglycemia in the

neonatal period, and it is therefore possible that the

DDB1 variant in this individual adversely affected the

control of glucose homeostasis.

DDB1 and DDB2 form the UV-DDB complex, which is

integral to the nucleotide excision repair process.3 Bi-

allelic variants in DDB2 (MIM: 600811) cause xeroderma

pigmentosum group E (MIM: 278740), a neurocutaneous

syndrome causing skin cancers and dermatological and

ocular features.28 Although DDB1 is a protein involved

in DNA repair, we did not observe the cardinal phenotypes

seen in DNA repair disorders, such as growth restriction,

skin alterations, premature aging, and a predisposition to

malignancy. In addition, most DNA repair disorders are

caused by bi-allelic loss-of-function variants. These find-

ings further support a dominant negative or gain-of-func-

tion mechanism for the DDB1 variants in this study or
2021



could be explained by an additional yet unknown func-

tion for DDB1. In lymphoblasts from affected individuals

from our study, we find altered DNA damage signaling

through changes in gH2AX and Chk2 phosphorylation,

consistent with DDB1’s playing an important role in

repair following UV damage. Somatic DDB1 variants are

reported in breast, lung, and gastrointestinal malig-

nancies, and the CRL4 complex demonstrates aberrant

function in many different malignancies.29 Interestingly,

within the Catalogue Of Somatic Mutations In Cancer

(COSMIC), missense variants at the Arg188 residue are

found in nine samples, making it the most frequently

affected amino acid of DDB1.29 Of the samples in

COSMIC with missense variants at the Arg188 residue,

p.Arg188Trp is one of the nine and p.Arg188Gln repre-

sents another five, although neither of these variants

were studied to determine their functional impact, so it

is unclear whether DDB1 acts primarily as a tumor sup-

pressor or oncogene in these contexts. Although there is

no cancer involvement in the cohort described here, this

may represent yet another gene family in which germline

variants cause a neurodevelopmental phenotype and

somatic variants cause cancer.29,30

In summary, we have used genomic sequencing to iden-

tify de novo variants inDDB1 in eight unrelated individuals

with overlapping phenotypes of intellectual disability and

hypotonia with a facial gestalt of maxillary hypoplasia,

small nose, lateral extension of the palpebral fissures, and

straight eyebrows. Functional characterization in cells

from affected individuals showed altered DDB1 function

resulting in abnormal DNA damage signatures and histone

methylation following UV-induced DNA damage. Our

findings extend the disease association of components of

the CRL4 and UV-DDB complexes, inform the phenotypic

understanding of this disorder, and provide insight into

the molecular pathogenesis of this condition.
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