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PHIP variants associated with Chung-
Jansen syndrome disrupt replication
fork stability and genome integrity

Neysha Tirado-Class," Caitlin Hathaway,' Wendy K. Chung,?*
and Huzefa Dungrawala’

"Department of Cell Biology, Microbiology and Molecular Biology, University of South Florida, Tampa, Florida
33620, USA; 2Department of Pediatrics, 3Depar‘cment of Medicine, Columbia University, New York, New York
10032, USA

Abstract Chung—Jansen syndrome (CJS) is a rare, autosomal dominant disorder character-
ized by developmental delay, intellectual disability/cognitive impairment, behavioral chal-
lenges, obesity, and dysmorphic features. CJS is associated with heterozygous variants in
PHIP (Pleckstrin-Homology Interacting Protein), a gene that encodes one of several sub-
strate receptors for Cullin4-RING (CRL4) E3 ubiquitin ligase complex. Full-length PHIP,
also called DCAF14, was recently identified to function as a replication stress response pro-
tein. Herein, we report the identification of two PHIP missense variants identified by exome
sequencing in unrelated individuals with CJS. The variants p.D488V and p.E963G occur in
different functional elements of DCAF14-WDA40 repeat domain and pleckstrin homology-
binding region (PBR), respectively. Using DNA fiber assays, we reveal that cells expressing
either variant exhibit defective replication fork progression in conditions of replication
stress. Furthermore, unlike wild-type DCAF14, both variants fail to accomplish DNA replica-
tion after exposure to genotoxic stress indicating a critical role of DCAF14 in protecting
stalled replication forks. Thus, we have identified replication defects associated with CJS
variants and predict replication-associated genome instability with CJS syndrome.

[Supplemental material is available for this article.]

INTRODUCTION

Macromolecular machines called replisomes duplicate both genetic and epigenetic informa-
tion during each S phase of the cell cycle. DNA replication is inherently challenged by var-
ious endogenous and exogenous obstacles that stall ongoing replication forks, causing
replication stress (Zeman and Cimprich 2014). Sources of replication stress include collisions
with ongoing transcription machinery, DNA helix distorting lesions, and difficult to replicate
genomic regions. Stalled replication forks must be stabilized and protected from fork col-
lapse to ensure accurate and efficient duplication of the genome (Saldivar et al. 2017).
Multiple pathways promote replication fork stability to safeguard genome integrity, and
many function in the ATR (ataxia telangiectasia mutated and rad3 related) checkpoint signal-
ing cascade. Protein components in this pathway stabilize forks, protect newly synthesized
DNA, and induce cell cycle arrest to ensure damage is repaired and forks restarted in a timely
manner for ensuing mitosis.

Defects in DNA replication and replication stress response cause syndromes often
characterized by developmental delay, intellectual disabilities, and increased cancer
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predisposition (Bellelli and Boulton 2021). Loss-of-function variants in proteins that promote
prereplication complex formation, origin activation, and replication frequently cause microce-
phalic dwarfism. For example, hypomorphic variants in the prerecognition complex cause
Meier—Gorlin syndrome (MGORS) because of perturbed replication dynamics (Ladha 2011).
Defects in ATR and the obligatory ATR-binding protein ATRIP cause Seckel syndrome (SS)
because replication stress response is compromised in SS patients (O'Driscoll et al. 2003;
Ogi et al. 2012; Mokrani-Benhelli et al. 2013). There is a group of genetic syndromes due to
defects in accurate processing and repair of stalled replication forks that include Werner syn-
drome (WRN), Bloom syndrome (BLM), and Schimke immune-osseous dysplasia disorder
(SIOD) characterized by severe developmental abnormalities and accelerated aging
(Boerkoel et al. 2002; Cunniff et al. 2017; Oshima et al. 2017). Thus, there are human genetic
disorders directly linked to DNA replication and stress response that highlight the need and op-
portunities to address disease characteristics in individuals affected by faulty DNA replication.

Chung-Jansen syndrome (CJS) is an autosomal dominant disorder associated with
Developmental Delay, Intellectual Disability, Obesity, and Dysmorphism (DIDOD)
(OMIM #617991). The syndrome is caused by de novo or rarely inherited largely predicted
loss of function variants in pleckstrin-homology interacting protein (PHIP), a gene on
Chromosome 6q14.1. De novo variants in PHIP were first identified by exome sequencing
in individuals with intellectual disability (de Ligt et al. 2012). Multiple follow-up studies later
identified more than 25 individuals with clinical phenotypes of CJS harboring heterozygous
de novo variants predicted to disrupt PHIP function (Webster et al. 2016; Jansen et al. 2018;
Craddock et al. 2019). A smaller number of de novo missense variants predicted to be del-
eterious have also been identified in individuals with features of CJS (Webster et al. 2016;
Jansen et al. 2018; Craddock et al. 2019). PHIP codes for three distinct isoforms in humans:
an 1821-amino-acid-long full-length protein called DDB1- and CUL4-associated factor 14
(DCAF14), a 902-amino-acid protein lacking the amino terminus named PHIP (Farhang-
Fallah et al. 2000), and an 1019-amino-acid protein lacking the carboxyl terminus called
NDRP (Kato et al. 2000). Previous studies have predicted that disruptions in DCAF14 are
the primary driver of CJS phenotypes (Jansen et al. 2018). DCAF14 functions as a substrate
receptor for a highly conserved Cullin4-DDB1 (CRL4) E3 ubiquitin ligase family that functions
as critical mediators of genome stability and cellular survival (Jin et al. 2006). DCAF14 has a
WD40-repeat domain, two bromodomains, and pleckstrin-homology interacting domain
(PBR). The PBR region is responsible for mediating the interaction of PHIP with the pleckstrin
homology domain of insulin receptor substrate-1 (Farhang-Fallah et al. 2000). Although bro-
modomains recognize acetylated lysine residues on histones and nonhistone proteins
(Fujisawa and Filippakopoulos 2017), the WD40-repeat domains in multiple DCAFs contain
highly conserved WDXR motifs responsible for DCAF interaction with the adaptor protein
DDB1 of CRL4 complexes (Jin et al. 2006).

DCAF14 promotes pancreatic p-cell mitogenesis (Podcheko et al. 2007), regulates meta-
phase-to-anaphase transition (Jang et al. 2020), and is a biomarker for metastatic melanoma
(De Semiretal. 2012). Additionally, DCAF14 also functions in regulating key aspects of DNA
replication. DCAF14/RepID regulates origin initiation events by recruiting CUL4 to chroma-
tin (Jang et al. 2018). DCAF14 is also recruited to stalled replication forks and stabilizes newly
synthesized DNA to prevent replication fork collapse (Townsend et al. 2021). However, the
molecular mechanism of CJS syndrome is currently not established. Thus, we sought to
determine whether PHIP variants disrupt the replication stress response function of
DCAF14 at stalled replication forks.

In this study, we describe the identification and characterization of two PHIP variants in
individuals with CJS. Both missense variants, p.D488V and p.E963G, are in known functional
domains of DCAF14. Using site-directed mutagenesis for functional analyses, we demon-
strate that the disease variants are incapable of supporting DNA replication in conditions
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of replication stress. Furthermore, p.D488V causes collapse of stalled replication forks into
double-strand breaks (DSBs). Importantly, both disease variants induce 53BP1 bodies in
the subsequent G, phase after exposure to genotoxic stress, indicating compromised ge-
nome stability. Thus, our study associates PHIP loss-of-function CJS variants with defective
DCAF14 function in stabilizing stalled replication forks.

RESULTS

Identification of PHIP Variants

Both participants had exome sequencing and were found to have heterozygous de novo
PHIP variants (Table 1). The p.E963G variant is also reported in another patient (#360936)
in DECIPHER. We compiled a list of all published PHIP variants to compare the mode of
inheritance, potential deleteriousness scores from prediction algorithms, and location in a
known functional domain (Table 2). More than 60% of the variants were confirmed as de
novo. Both PHIP de novo variants, p.D488V and p.E963G, exhibit high score annotations
for deleteriousness by PolyPhen-2, PROVEAN, and Mutation Taster. Additionally, amino
acid residues 488 and 963 are located in known functional domains of DCAF14, the
WD40-repeat domain, and the PBR domain, respectively (Fig. 1A).

Clinical Presentation of Features

PHIPO20 is a 4.8-yr-old female with a de novo c. 2888A > G p.E963G PHIP variant detected
on trio exome sequencing. She was born at 40 wk of gestation with a birth weight of 2.75 kg
(Z=-1.4) and length of 49 cm (Z=-0.2). She was briefly hypoglycemic as a newborn. She
had feeding difficulty and was irritable as an infant. As she developed she was hypotonic
and had gross and fine motor delay, dyspraxia, excessive clumsiness and difficulty with co-
ordination, and speech delay. Medically she had orthopedic issues: hip dysplasia and scolio-
sis, and her hip dysplasia required surgery at 1 yr of age. She had vision issues including
myopia, strabismus, and difficulty with depth perception. She had gastrointestinal issues in-
cluding gastroesophageal reflux disease, irritable bowel and chronic constipation, and an
umbilical hernia. Her current weight is 17 kg (Z=—0.5) and height is 1.04 m (Z=-0.8). She
has unilateral 2-3 toe syndactyly. She fatigues easily. She has neurobehavioral issues includ-
ing anxiety, attention disorder, mood swings, sensory processing disorder, sensitivity to
sound, and autism. Her Vineland adaptive behavioral scale composite score was 77 (mean
100 and standard deviation of 15), communication subscore of 76, daily living skills subscore
of 81, socialization subscore of 81, and motor skills subscore of 78.

PHIP023 is a 4-yr-old female with a c.1463 A>T p.D488V PHIP variant detected on trio
exome sequencing. She was born at 38 wk of gestation with a birth weight of 2.9 kg (Z=-1)
and length of 48.5 cm (Z=—-0.4) and had no neonatal complications. She has medically been
largely healthy. She has vision issues including myopia and astigmatism. She has a history of
chronic constipation. Her current weight is 14 kg (Z=—1.1) and her height is 94 cm (Z=—1.6).

Table 1. Variants identified in this study

HGVS DNA HGVS protein Variant Predicted dbSNP/dbVar
Gene Chromosome reference reference type effect ID Genotype
PHIP 6q14.1 c.1463A>T p.D488V Missense Loss of function None Heterozygous
PHIP 6q14.1 c.2888A>G p.E963G Missense Loss of function None Heterozygous

(HGVS) Human Genome Variation Society, (dbSNP) Database for Short Genetic Variations, (dbVar) Database for Genomic Structural Variation.
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Table 2. List of published PHIP variants

PolyPhen- Mutation-  Functional ACMG
Variant® Inheritance 2 PROVEAN Taster domain classification® Reference
c.50T>C p.F17S De novo 0.007 -5.133 155 Unknown LP Webster et al. 2016
€.2902C>T p.R968* De novo Jansen et al. 2018
€.298_299del p.L100Ifs*13 De novo Jansen et al. 2018
c.328C>A p.R110S De novo 0.997 -5.148 110 Unknown LP Jansen et al. 2018
c.328C>T p.R110C De novo 1.000 —6.841 180 Unknown LP Jansen et al. 2018
c.340+2T>Cp.(?) Unknown, not LP Jansen et al. 2018
maternal
c.340+2T>Cp.(?) Unknown, not LP Jansen et al. 2018
maternal
€.3595delG p.V1199Ter De novo P Craddock et al.
2019
¢.540_541insA Paternal LP Craddock et al.
p.G181RfsTer12 2019
c.598_599delACinsT Unknown, not LP Craddock et al.
p.T200LfsTer8 paternal 2019
c.686C>T p.S229L De novo 0.997 -4.195 145 WD40 LP Craddock et al.
2019
c.774dup p.P259Tfs*9 Not known LP Jansen et al. 2018
c.779delT p.L260Wfs*48 De novo Webster et al. 2016
c.820C>T p.Q274* De novo Jansen et al. 2018
c.860C > A p.S287Y De novo -1.105 144 WD40° LP Craddock et al.
2019
c.919_923del p.I1307fs De novo P Jansen et al. 2018
c.1050delT p.F349fs31 Unknown, not LP Jansen et al. 2018
maternal
c.1463 A>T p.D488V De novo 0.99 —-7.838 152 WD40° VUS This study
c.1562A> G p.K521R De novo 0.997 -2.513 26 unknown LP Craddock et al.
2019
c.1653+1G>Ap.(?) Unknown, not LP Jansen et al. 2018
maternal
c.1663C>T p.Q555* Paternal LP Jansen et al. 2018
c.1900C>T p.Q634* Unknown, not LP Jansen et al. 2018
maternal
c.2744 _2747del De novo P Craddock et al.
p.K915S5fsTer15 2019
c.2888A>G p.E963G De novo 0.97 —6.388 98 PBR VUS This study®
c.3161delT p.L1054Ter De novo P Craddock et al.
2019
c.3447T7>G p.Y1149* De novo De Ligt et al. 2012
c.3447T7>G p.Y1149* De novo Jansen et al. 2018
c.3571C>T p.Q1191* De novo Jansen et al. 2018
c.3782 +3_3782 + 6delAAGT Unknown, not LP Craddock et al.
IVS32 + 3_IVS32 + 6delAAGT maternal 2019
c.3787C>G p.Q1263E De novo 0.001 —1.802 29 unknown VUS Jansen et al. 2018
¢.3801_3805del p.11268fs De novo P Jansen et al. 2018

(Continued on next page.)
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Table 2. (Continued)

PolyPhen- Mutation-  Functional ACMG
Variant® Inheritance 2 PROVEAN  Taster domain classification® Reference
c.3892C>T p.R1298* De novo P Jansen et al. 2018
c.4060A>T p.R1354* Not known LP Jansen et al. 2018
c.4415_4418del p.E1472Afs*2  De novo P Jansen et al. 2018
c.4570delT p.S1524LfsTer22 Unknown Craddock et al.

2019

?Scores and functional domains determined only for missense variants (highlighted in gray). Score annotations (PolyPhen-2: red = Probably damaging, orange =
possibly damaging, green =benign; PROVEAN: red = deleterious, green = neutral; MutationTaster: red = disease causing).

®American College of Medical Genetics and Genomics (ACMG) classification (P = Pathogenic, LP = Likely Pathogenic, VUS = Variant of unknown significance).
“Residue present in WD40 repeat.

dAlso reported in an unrelated individual on DECIPHER (unknown inheritance).
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Figure 1. Domain map of DCAF14 with pathogenic variants. (A) Schematic diagram of an 1821-amino-acid-
long DCAF14 with predicted functional domains. PHIP pathogenic variants listed in Table 2, excluding splice
variants, are depicted. Pathogenic variants aspartic acid to valine at aa488 and glutamic acid to glycine at
aa?63 are highlighted. (B) DNA chromatograms to validate point mutations by site-directed mutagenesis
are indicated.
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She has unilateral 3-4 toe syndactyly and hypertrichosis on her forehead and lower back. Her mile-
stones were delayed. She sat independently at 12 mo and started walking at 15-18 mo. She has
history of mild hypotonia that improved with age, fine motor and gross motor delay, and exces-
sive clumsiness and difficulty with coordination. She has neurobehavioral issues including mood
swings, shyness, difficulty socializing, and reluctance to try new things. Her Vineland adaptive
behavioral scale composite score was 100, communication subscore of 103, daily living skills sub-
score of 104, socialization subscore of 92, and motor skills subscore of 108.

Variants Exhibit Defective DNA Replication

Recent studies demonstrate critical genome maintenance functions of DCAF14 in promoting
stalled fork stability by preventing replication fork collapse into double-strand breaks
(Townsend et al. 2021). Furthermore, genetic analyses indicate that DCAF14 functions are
CUL4-dependent because depletion of CUL4B and DDB1 mimic DCAF14 functions in rep-
lication fork protection. Because both disease variants are predicted to disrupt DCAF14
function and are present in functional domains of DCAF14, we hypothesized that both var-
iants compromise the ability of DCAF14 to mediate replication fork stabilization (Fig. 1A). To
test this hypothesis, we utilized a cDNA construct expressing epitope-tagged DCAF14 un-
der the influence of constitutive cytomegalovirus (CMV) promoter. Full-length DCAF14 is ex-
pressed at the predicted molecular weight and rescues replication-associated phenotypes in
DCAF14 knockout U20S cell lines indicating the phenotypes are specific to DCAF14
(Townsend et al. 2021). Using site-directed mutagenesis, we generated DCAF14 cDNA con-
structs with missense variants either at amino acid 488 (Asp — Val) or amino acid 963 (Glu —
Gly). Both mutant constructs were verified by DNA sequencing (Fig. 1B).

Next, we assessed whether replication is compromised in cells expressing pathogenic
variants of DCAF14. For this purpose, we expressed the three cDNA constructs (DCAF14
wild-type, DCAF14 D488V, and DCAF14 E963G) in DCAF14 knockout U20S cells to
near-identical levels (Fig. 2A) and performed DNA fiber-labeling analyses (Fig. 2B).
Cells were pulsed with thymidine analog CldU for 30 min followed by IdU for 30 min
in presence of replication fork stalling agent camptothecin (CPT). CPT acts by trapping
topoisomerase I-DNA bound complex resulting in replication-associated DSBs. Single
replicating molecules of DNA were isolated and quantified and IdU/CIdU ratios were
plotted to assess changes in lengths of both IdU and CldU labels (Fig. 2B). Fiber elonga-
tion rates remain unaltered in unperturbed conditions (data not shown). Although mock
transfected DCAF14 knockout cells display reduced |dU/CldU ratios in the presence of
CPT, complementation with DCAF14 wild-type rescues the IdU/CIdU ratios to levels ob-
served in U20S. In comparison, expression of both variants, D488V and E963G, fails to
restore |[dU/CldU ratios in the presence of CPT (Fig. 2C). A reduction in IdU/CldU ratios
suggests that the newly synthesized DNA is subjected to degradation in the presence of
added replication stress. To test this idea, we performed nascent strand degradation as-
says wherein cells are sequentially pulsed with CldU and IdU analogs for 30 min followed
by exposure to replication-stalling reagent hydroxyurea (HU) for 4 h (Fig. 2D). Conditions
wherein replication fork protection is intact display IdU/CldU ratios close to 1, whereas
reduced IdU/CIdU ratios are indicative of nascent DNA digestion. DCAF14 wild-type
complemented cells restore replication fork protection consistent with previous studies
(Townsend et al. 2021). In contrast, both D488V and E963G mutants fail to prevent na-
scent DNA digestion indicating that both disease variants disrupt DCAF14 function in
protecting nascent DNA from degradation.

Impaired Genome Stability in Cells Expressing PHIP Pathogenic Variants

Perturbed DNA replication or defective function in stress response proteins undermine ge-
nome stability. We aimed to determine the consequences of impaired replication on
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Figure 2. DCAF14 pathogenic variants exhibit defective replication fork progression. (A) An immunoblot for
U20S and DCAF14 knockout (KO) cells complemented with indicated constructs is shown. (Vec) Empty vector
control, (WT) wild-type DCAF14. (B) A schematic for DNA fiber—labeling analyses. A representative immuno-
fluorescence image of DNA fibers is shown. White arrows denote dual-labeled replication tracts utilized for
quantification purposes. (C) DCAF14 KO cells expressing indicated constructs were pulse-labeled for DNA fi-
ber analyses in the presence of CPT and harvested for immunostaining. (D) DCAF14 KO cells expressing indi-
cated constructs were pulse-labeled as shown for nascent strand degradation assays. Graphs are
representative of at least two biological replicates and include a U20S sample as control. At least 100 fibers
were analyzed. Horizontal lines depict median values. P-values were derived using Mann-Whitney test using
0.05 as a cutoff.

genome stability in cells expressing the CJS variants. First, we performed neutral comet as-
says to assess DSB formation in conditions of replication stress because failure to deal with
replication stress often causes irreversible collapse into DSBs. DCAF 14 knockout cells com-
plemented with wild-type DCAF14 are able to reverse elevated break formation in the pres-
ence of CPT, indicating break formation is DCAF14-specific (Fig. 3A,B). While the D488V
variant is unable to rescue break induction, expressing the E963G variant phenocopies
wild-type DCAF14 in rescuing breaks. To further corroborate this result, we analyzed chro-
matin-bound intensity of single-strand DNA (ssDNA)-binding protein RPA32 (Fig. 3C,D)
and exposed BrdU in nondenaturing conditions (Fig. 3E,F) by quantitative imaging.
Immunofluorescence studies indicate that the D488V variant fails to suppress elevated
ssDNA in DCAF14 knockout cells after exposure to CPT (Fig. 3D,F). These results suggest
that the aspartic acid residue at amino acid 488 plays a critical role in preventing formation
of DSBs.

Underreplicated regions of the genome are transmitted to daughter cells following mi-
totic division and are shielded from unscheduled repair or breakage by 53BP1 bodies
(Lukas et al. 2011). Thus, we sought to establish whether the replication defects in cells ex-
pressing the disease variants generate 53BP1 bodies. For this purpose, cells were treated
with CPT for 24 h to induce DNA damage and released into fresh media for 3 h to allow com-
pletion of mitosis. Cells were scored for 53BP1 foci formation and stained for PCNA to differ-
entiate replicating cells from nonreplicating cells. Exposure to CPT increases 53BP1 foci
formation in PCNA-negative nuclei as expected (Fig. 3G). Whereas wild-type DCAF14 sup-
presses the phenotype, cells expressing either D488V or E963G display increased 53BP1
foci levels similar to mock-transfected knockout cells (Fig. 3H). Thus, cells expressing both
DCAF14 disease variants fail to replicate DNA completely resulting in compromised ge-
nome integrity.
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Figure 3. Increased genome instability is associated with DCAF14 pathogenic variants. (A) Representative im-
ages fora comet assay are shown. (B) Tail moments were measured for the indicated samples using neutral comet
assay and graphed as box and whisker plots. (Vec) Empty vector control, (WT) wild-type DCAF14.
(C) Representative images for RPA32 staining are shown. (D) Cells were left either untreated or treated with
100 nM camptothecin (CPT) for 4 h. Post-detergent extraction and fixation, cells were stained for RPA32 and in-
tensities were analyzed by quantitative imaging. To identify replicating population, cells were pulsed with EAU for
10 min and subjected to Click chemistry to isolate S-phase nuclei. Red horizontal lines represent median values
and approximately 250 nuclei were analyzed for each condition. (E) Representative images for native BrdU stain-
ing are shown. (F) Cells were pulsed with BrdU for 10 min followed by 100 nM CPT for 4 h. Nuclei were probed
with anti-BrdU using nondenaturing conditions. Red horizontal lines represent median values and a minimum of
350 nuclei were analyzed for each condition. (G) Representative images for 53BP1 foci and proliferating cell nu-
clear antigen (PCNA) staining are shown. (H) 53BP1 foci were measured in PCNA-negative nuclei after release
from 24 h of treatment with CPT. Mean = SEM were plotted for each sample. The graph is representative of at
least two biological replicates. A minimum of 75 nuclei were assessed for each condition. P-values in all graphs
were derived using Mann-Whitney test using 0.05 as cutoff. (a.u.) arbitrary units.
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DISCUSSION

In this study, we identify and characterize two PHIP variants in unrelated individuals with clas-
sical features of CJS. Both variants are missense variants and occur in known functional
domains of DCAF14. Using cell-based assays, we observe defective replication in
both D488V- and E963G-variant-expressing cells in conditions of replication stress. Conse-
quently, the underreplicated regions of the genome are left exposed, indicative of increased
genome instability. Thus, deficiencies in mediating replication fork stability are possibly
linked to the clinical presentation of CJS.

Although the E963G variant does not protect stalled forks from DSB formation, the
D488V variant fails to prevent replication fork collapse, indicating both the WD40 domain
and the PBR domain of DCAF14 control fork stabilization using different mechanisms. The
WD40 domain of DCAF14, and other DCAFs for CRL4 complexes, functions as a bridge
to recruit DCAFs to CUL4 scaffold (Jin et al. 2006). Although the substrates targeted for
ubiquitination are currently unknown for CRL4PCAF14 " the mechanism of action for
DCAF14 in DNA replication is attributed to its ability to interact with the ubiquitin ligase com-
plex (Jang et al. 2018; Townsend et al. 2021). Indeed, loss of CRL4 subunits CUL4B and
DDB1 also cause defective replication fork progression (Townsend et al. 2021).
Furthermore, loss-of-function variants in CUL4B are also associated with overlapping symp-
toms of intellectual disability (Tarpey et al. 2007), implicating a critical role of the CRL4P<A™
complex in genome maintenance. In this light, a recent study highlights DCAF14-mediated
trivalent nucleosome recognition for CRL4 recruitment to chromatin for gene expression
(Morgan et al. 2021) and further demonstrates the significance of DCAF14 in regulating sev-
eral chromatin-related processes.

PHIP encodes three functional isoforms (Farhang-Fallah et al. 2000; Kato et al. 2000;
Podcheko et al. 2007). Our results indicate that full-length DCAF14 is the functional isoform
defective in CJS and is consistent with results highlighted in previous reports (Jansen et al.
2018; Craddock et al. 2019). The two individuals with PHIP variants are still relatively young
(age 4-yr-old) and have typical features of CJS at this age. They are largely medically healthy
and have correctable vision issues and gastrointestinal issues of constipation and reflux dis-
ease. Growth at this age is slightly below population average for height and weight.
Development is delayed, and there are already behavioral features of autism or autistic-
like symptoms. Notably, there is a range of adaptive behavior skills, and one individual
scored at approximately the population mean in all domains yet has a typical CJS behavioral
profile. This neurobehavioral profile is particularly interesting among the monogenic condi-
tions associated with autism in that many individuals are not intellectually disabled.
Importantly, genome instability has not been clinically investigated in CJS individuals, and
itis unclear if the observed cellular phenotypes of fork instability might increase predisposi-
tion to certain malignancies.

Although the clinical presentation of CJS is distinct from syndromes caused by defects in
either DNA replication or the replication stress response, CJS individuals have consistent
features of neurocognitive and behavioral issues, dysmorphisms, and skeletal abnormalities.
Biallelic variants in ATR are associated with facial dysmorphisms, clinodactyly, and learning
disability (Mokrani-Benhelli et al. 2013). Biallelic DONSON variants are associated with mi-
nor skeletal abnormalities such as clindactyly and syndactyly, coupled with mild intellectual
disability (Reynolds et al. 2017). Whether these overlapping clinical features are all due in
part to PHIP dysfunction is unknown. In contrast, clinical features of obesity are unique to
CJS and are possibly linked to the replication-independent functions of PHIP. The tissue
abundance of various PHIP isoforms is not known, and the distinct features could result
from altered expression or activity of PHIP isoforms in a cell-type and tissue-specific manner.
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In comparison, clinical features unique to replisome disorders highlight the role of canonical
replisome components in unperturbed conditions. Although replication elongation rates re-
main unaltered in cells lacking DCAF14 (Townsend et al. 2021), elongation is compromised
in the presence of DNA-damaging agents indicating a vital role of DCAF14 in stabilizing
stalled replication forks.

In summary, the characterized CJS variants exhibit molecular phenotypes associated
with defective replication fork stability and perhaps extend to previously identified individ-
uals with either missense variants or nonsense PHIP variants. Future studies are essential to
validate the observed genotype-phenotype relationship linking PHIP deficiency to genome
integrity using patient-derived cell lines. Additionally, use of patient-derived cell lines will
help address stress response defects in the context of PHIP heterozygosity. Detailed clinical
characterization of CJS individuals will provide further insight into the phenotypic represen-
tation of CJS and help design effective strategies for symptom management.

METHODS

Exome Sequencing

Trio exome sequencing and Sanger sequencing validation were performed with 100-bp
paired-end reads as previously described (Tanaka et al. 2015). Refer to Supplemental
Table S1 for a sequencing coverage table.

Cell Culture

U20S cell lines were cultured in DMEM media with 7.5% FBS and 5% CO.. All transfections
were performed with FuGene HD.

Synthesis of Expression Constructs

A mammalian vector expressing full-length DCAF14 was purchased from Origene
(RC217114). Point mutations for the individual disease variants were introduced using
QuikChange Il site-directed mutagenesis kit and constructs were validated by DNA
sequencing.

Synthesis of DCAF14 Knockout (KO) Cell Lines

U20S DCAF14 KO cell lines were generated by gene editing using CRISPR-Cas?9, as previ-
ously described (Townsend et al. 2021). Briefly, U20S cells were cotransfected with pSpCas?
(BB)-2A-Puro with guide RNA vectors targeting exonl-intron1 junction and exon 4 using
FugeneHD transfection reagent. Two days post—puromycin selection, cells were harvested
and seeded in 96-well dishes to isolate single cell clones. Individual clones were screened
for DCAF14 editing by PCR and immunoblotting. A single representative DCAF14 KO clone
was used in this study.

Immunofluorescence

For 53BP1 foci analyses, cells were detergent-extracted, fixed, and probed with 53BP1 and
PCNA antibodies. Cells without detectable PCNA staining were scored for 53BP1 bodies.
For RPA32 analysis, cells were preextracted prior to fixation to visualize chromatin-bound
RPA32. After image acquisition, RPA32 intensities in EdU-positive nuclei were analyzed us-
ing Cell Profiler. For native BrdU analyses, cells were pulsed with 10 pM BrdU for 10 min fol-
lowed by 100 nM CPT treatment for 4 h. DNA fiber—labeling analyses was performed using
protocols described previously (Jackson and Pombo 1998). In brief, cells were pulsed with
20 uM ClIdU for 30 min followed by 100 uM IdU for 30 min in the presence of 100 nM
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CPT. For nascent strand degradation assays, cells were sequentially pulsed with CldU and
IdU for 30 min followed by exposure to 4 mM HU for 4 h. After drug treatments, cells
were harvested, lysed, and DNA stretched on slides using gravity. DNA was fixed with a
3:1 solution of methanol:acetic acid and slides were stored in —20°C overnight. The follow-
ing day, DNA was denatured in 2.5 N HCl and blocked using goat serum with 0.1% TX-100.
DNA was then costained with primary antibodies for IdU and CldU followed by staining with
secondary antibodies. Images were acquired on Keyence BZ-X800 using a 60x oil objective.
For RPA32 and BrdU quantification, images were analyzed using Cell Profiler. Hybrid cell
count module on the Keyence BZ-X analyzer software was used to quantify 53BP1 foci.

Antibodies

The following antibodies were used: 53BP1 (Abcam ab21083), RPA32 (Abcam ab2175),
PCNA (Santa Cruz sc-56), mouse anti-BrdU (BD Biosciences347580), rat anti-BrdU (Abcam
ab6326), DCAF14 (Novus NBP2-33883), and KU70 (Abcam ab92450).

Neutral Comet Assays

Double-strand break formation was assessed using a comet assay kit from Trevigen. Tail mo-
ments were measured using Comet Score software and the data were presented as box and
whisker plots.

ADDITIONAL INFORMATION

Data Deposition and Access

Variant data have been deposited in ClinVar (https://ncbi.nlm.nih.gov/clinvar/) and can be
found under accession numbers SCV002546353 and SCV002546354.
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