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Summary
Loss-of-function variants in PHD Finger Protein 8 (PHF8) cause Siderius X-linked intellectual disability (ID) syndrome, hereafter called

PHF8-XLID. PHF8 is a histone demethylase that is important for epigenetic regulation of gene expression. PHF8-XLID is an under-char-

acterized disorder with only five previous reports describing different PHF8 predicted loss-of-function variants in eight individuals. Fea-

tures of PHF8-XLID include ID and craniofacial dysmorphology. In this report we present 16 additional individuals with PHF8-XLID

from 11 different families of diverse ancestry. We also present five individuals from four different families who have ID and a variant

of unknown significance in PHF8 with no other explanatory variant in another gene. All affected individuals exhibited developmental

delay and all but two had borderline to severe ID. Of the two who did not have ID, one had dyscalculia and the other had mild learning

difficulties. Craniofacial findings such as hypertelorism, microcephaly, elongated face, ptosis, and mild facial asymmetry were found in

some affected individuals. Orofacial clefting was seen in three individuals from our cohort, suggesting that this feature is less common

than previously reported. Autism spectrum disorder and attention deficit hyperactivity disorder, which were not previously emphasized

in PHF8-XLID, were frequently observed in affected individuals. This series expands the clinical phenotype of this rare ID syndrome

caused by loss of PHF8 function.
Introduction

Control of gene expression occurs through the interaction

of a repertoire of regulatory factors. Gene regulation is

complex, and is affected by a number of systems, including

DNA binding proteins, enzymes that modify DNA bases,

microRNA, and a large family of histone modification en-
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zymes.1 The interaction between DNA and histones may

be regulated by methylation of arginine2,3 and lysine

amino acids4 as well as a diverse array of other histone

modifications.5–7 Histone methylation status is controlled

by enzymes that may methylate or demethylate and the

methylation status affects binding of other proteins to spe-

cific regions of the histone tails. Loss-of-function variants
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of PHF8 (MIM: 300560), along with a number of other

genes involved with regulation of histone methylation,

have been associated with intellectual disability (ID) and

developmental disorders in humans.8,9

PHF8 belongs to a sequence-related group of nuclear pro-

teins that function in epigenetic gene regulation.10 PHF8

contains 1,024 amino acids and has multiple domains

including a zinc-finger plant homeodomain (PHD), a Ju-

manji (JmjC) domain, several nuclear localization signal

domains, and a serine-rich region.11–13 The PHD domain

recognizes methylated histones, and the JmjC domain

has catalytic histone demethylation activity.14 PHF8 has

dual functions. The PHD domain preferentially recognizes

trimethylated H3K4 (H3K4me3),15 an epigenetic marker

typically associated with active transcription and the cata-

lytic JmjC domain is responsible for preferential demethy-

lation of H3K9me2.14,16,17 In this way, an epigenetic

marker associated with transcriptional repression is

removed. By recognizing a mark of transcriptional activa-

tion and removing an adjacent modification associated

with transcriptional repression, PHF8 plays a role in

switching genes from a repressed state to an active state.

PHF8 has also been shown to demethylate H3K9me1.

PHF8 orthologs have been studied in various model sys-

tems that show that it plays diverse roles in gene regula-

tion, growth, and development. Examples include regula-

tion via RNA polymerase II,15 regulation of ribosomal

gene transcription,16 development of colorectal cancer,18

and migration of endothelial cells.19 Loss of Phf8 in mouse

embryonic stem cells (mESCs), neural progenitor cells, and

mouse embryonic fibroblasts causes a severe reduction in

proliferation of these cell types.20 Loss of Phf8 also causes

changes in stem cell differentiation. Phf8 knockout in

mESCs shifts differentiation toward cardiac and meso-

dermal cell fate.21

Various neuronal functions for PHF8 have been eluci-

dated. JMJD-1.2, the Caenorhabditis elegans ortholog for hu-

man PFH8, is required for correct axon guidance.22 In addi-

tion, Phf8 null mice were shown to have impaired learning

and memory.23 Interestingly, a previous study found that

mice deficient in Phf8 had a resilience to anxiety and

depression but no difference in learning and memory,

possibly due to using a different background strain.20

Other studies demonstrate that Phf8 plays a role in astro-

cyte differentiation,24 and also the regulation of neuronal

differentiation through the retinoic acid receptor.25

In humans, PHF8 is X-linked and its loss of function

leads to developmental delay and dysmorphology. The first

report of PHF8-XLID was enabled by linkage analysis,

which implicated genes in the Xp11.3-q21.3 region in

midline development, orofacial clefting, and ID in three

related individuals.26 This initial discovery led to the

eponym of Siderius X-linked mental retardation syndrome

(MIM: 300263), which is hereafter called PHF8-X-linked ID

(PHF8-XLID). Six years later, the three individuals

described in the initial report by Siderius et al., were found

to have a 12-base pair deletion affecting the splice donor
2 Human Genetics and Genomics Advances 3, 100102, July 14, 2022
site for intron 8 of PHF8, and causing a frameshift of the

encoded protein. In addition, an unrelated individual

with a stop-gain variant in exon 7 of PHF8was described.11

In 2007, one additional individual was described.27 To our

knowledge, there are only two additional reports

describing individuals with pathogenic PHF8 variants,

but photographic documentation of the phenotype was

not included.12,13

Here, we describe 11 additional variants and 16 individ-

uals affected with predicted PHF8 loss of function. We also

describe five additional individuals with four different

PHF8 variants of unknown significance (VUS). Identifica-

tion of families from clinicians and researchers worldwide

was enabled by MatchMaker Exchange (MME),28

GeneMatcher,29 MyGene2,30 Deciphering Developmental

Disorders,31 and Decipher.32
Materials and methods

We evaluated the facial dysmorphology, development, and behav-

ioral characteristics among a cohort of 16 individuals who were

identified to have predicted loss-of-function variants in PHF8 after

either exome, X-exome, or gene panel sequencing. The five indi-

viduals with a PHF8 VUS had next-generation sequencing-based

testing. Three of the VUS were identified by trio exome

sequencing, and one by analysis of an ID/autism spectrum disor-

der (ASD) gene panel. The parents of all affected individuals gave

written permission to publish clinical information. Written

permission to publish photographs was obtained from the parents

of all affected individuals except for individuals 13, 14, and 21,

who are not included in the image panels. All investigators who

enrolled participants in this study had ethical oversight from their

respective institutional review boards.
Results

We identified 16 male individuals of various ancestries

who harbor predicted loss-of-function variants in PHF8.

Of the individuals in this cohort, nine were of Western Eu-

ropean ancestry, three were Moroccan, two were Asian-In-

dian, and one was Afro-Caribbean. Photographs of the

affected individuals show the wide range of facial dysmor-

phology caused by disruption of PHF8 (Figure 1). In some

individuals, photographs showing the evolution of the

facial dysmorphology with age were available. Two of these

individuals have an elongated face that tended to become

more apparent with age (Figure 2).

Features of affected individuals

Our cohort consisted of 16 individuals with predicted

loss-of-function variants in PHF8. From measurements ob-

tained at the most recent evaluation, six of these individ-

uals had microcephaly, two had macrocephaly, and the

remainder had head circumference within the normal

range. Hypertelorism was observed in 11 individuals and

hypotelorism was seen in one. Five individuals had low-

set ears and, of these, four had posterior angulation of



Figure 1. Facial features of individuals with predicted loss-of-function variants leading to PHF8-XLID
Photographs of individuals 3, 4, 6, 7, 8, 9, 10, 11, 12, and 15.
the ear. An elongated face was seen in eight individuals,

and a borderline long face was seen in an additional three.

When photographic evidence was available, the facial

elongation appeared to become more pronounced with

age. Retrognathia was seen in 10 individuals with a

borderline presentation in one more. A broad nasal tip

was observed in five individuals. Cleft lip/palate was

seen in three individuals, two of which also had a high-

arched palate. A high-arched palate in the absence of

frank orofacial clefting was seen in an additional three

others.

All affected individuals exhibited developmental delay

(DD) and speech delay. All except two individuals had

some degree of ID. There was a wide range of ID: borderline

mild in two, mild in three, moderate in four, and severe in

five. One individual had language delay thought to be due
Hu
to hearing loss, but otherwise he did not have ID. The

other individual who was reported to not have ID had dys-

calculia. Psychomotor DD was seen in 12 affected individ-

uals. Gross motor delay was seen in 12, and fine motor

delay was seen in 14. Five individuals were reported to

have recurrent seizures.

Ophthalmological and auditory abnormalities were also

seen among individuals in our cohort, albeit never in the

same individual. Six individuals had notable ophthalmo-

logic features, which included unexplained unilateral

squint, myopia, astigmatism, and hypermetropia. Audi-

tory abnormalities were observed less frequently than

vision problems, and included one individual who

required ventilation tubes, one who was hearing impaired,

one with unilateral sensorineural hearing loss, and one

with progressive bilateral conductive hearing loss. The
man Genetics and Genomics Advances 3, 100102, July 14, 2022 3



Figure 2. Evolution of the facial features of individuals affected with PHF8-XLID
Photographs of individuals 1, 2, 5, and 16.
reported age at walking for 13 of the 16 individuals was de-

layed with a mean of 20 months and standard deviation of

7 months. Two individuals were not able to walk, and had

to use a wheelchair. Birth length was available from seven

individuals and the mean was 48.25 cm (50th centile);

birth weight was 2.68 kg (10th centile), and birth head

circumference from six individuals had a mean of

33.4 cm (25th centile).

Seven of the individuals in our cohort were diagnosed

with ASD. Seven individuals carried a diagnosis of atten-

tion deficit hyperactivity disorder (ADHD), while only

two individuals were diagnosed with both ASD and

ADHD. The Autism Diagnostic Observation Schedule was

used to diagnose ASD in two individuals, and clinical im-

pressions or unspecified testing was used for the others.

Some individuals were not tested for ADHD, three because

of severe ID. Several were not tested for ASD because it was

not clinically indicated. Aggressive behavior was docu-

mented in five individuals, and two individuals were noted

to have anxiety. The distribution of the craniofacial dys-

morphology features, developmental findings, and behav-
4 Human Genetics and Genomics Advances 3, 100102, July 14, 2022
ioral aspects of the affected individuals is shown in

Figure 3.

Developmental regression, or loss of previously attained

milestones, was not seen in any individual within the

cohort of individuals who have a predicted PHF8 loss-of-

function variant. Feeding issues at infancy were observed

in 10 of the 16 individuals and included inability to breast

feed, requirement for percutaneous endoscopic gastro-

stomy, failure to thrive, typical problems associated with

cleft lip/palate, and excessive drooling. In early childhood

one individual developed gastroesophageal reflux disease,

another was noted to have poor chewing ability and to pre-

fer soft foods.

Brain MRI was obtained for six different individuals and

significant findings were observed in five. Individual 2

showed normal brain MRI findings at age 3 years. Individ-

ual 3 had a mildly increased intensity of the subarachnoid

space and high signal in the white matter around the pos-

terior horns of the lateral ventricles. Individuals 9 and 10,

who are monozygotic twins with consanguineous parents,

had polymicrogyria and cortical dysplasia uponMRI at age
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Figure 3. Features of individuals with
PHF8-XLID
(A) Characteristic dysmorphology fea-
tures.
(B) Delay and neurological features.
(C) Behavioral characteristics. Partially
filled in boxes (gray) indicate borderline
feature.
11 years. Individual 11 had an abnormal signal intensity in

the striatum, normal cerebrum, normal gyri, and abnormal

signal intensity in the caudate nucleus and globus pallidus,

but the thalamus was normal. Individual 16 had tied cra-

nio-occipital malformations without the typical Chiari

malformation, but with a hypoplasia posterior fossa and

a thin corpus callosum. A compilation of the collected clin-

ical data for each individual in this cohort is in Table S1.

Clinical descriptions for a subset of these individuals may

be found in the supplemental material.

PHF8 VUS

We also present five male individuals (17–21 years) who

were identified with a hemizygous VUS in PHF8 following
Human Genetics and Geno
either exome sequencing or gene

panel analysis. No other explanatory

variant was identified for these indi-

viduals. All had mild to severe ID,

and two exhibited regression of previ-

ously attainedmilestones. As with the

individuals in the pathogenic/likely

pathogenic cohort, the facial features

of the individuals with PHF8 VUS are

heterogeneous. Orofacial clefting was

not observed in any of these individ-

uals (Figure 4). Overall, the clinical

phenotype of the individuals with

VUS appears to show a broad range

of phenotypic variability similar to

that seen in patients with predicted

loss-of-function variants.

Genetic investigations

All PHF8 variants in our cohort

were identified by next-generation

sequencing (NGS). One individual

was diagnosed by NGS of a custom

panel of genes known to be associated

with ID, two via a panel designed to

detect genes associated with cleft lip/

palate, and one individual was identi-

fied by X-exome sequencing. The

remainder were identified via exome

sequencing. In three families, addi-

tional affected individuals were iden-

tified following diagnosis in a sibling

or a nephew. Of the 12 mothers who

had children affected with PHF8-
XLID, 10 were shown to be unaffected carriers and 2 did

not have a PHF8 variant suggesting de novo inheritance.

Skewed X-inactivation was tested in 3 of the 10 healthy

carrier mothers. In two of the mothers, completely skewed

X-inactivation was observed and, in the third, the test was

uninformative. A schematic of PHF8 with the placement of

previously reported variants and the variants reported here

is shown in Figure 5. Of the variants we describe

here, four were previously reported in large-scale

sequencing studies.9,33 In addition, several other predicted

loss-of-function PHF8 variants were described in other

next-generation sequencing-based studies,9,34,35 but

detailed clinical information was not included. Previously

reported PHF8 loss-of-function variants,9,11–13,26,27,33–35
mics Advances 3, 100102, July 14, 2022 5



Figure 4. Facial features of individuals
who have intellectual disability and VUS
in PHF8
Photographs of individuals 17, 18, 19,
and 20.
the loss-of-function variants described in this study, and

the VUS we report are listed in Table 1.

Most affected individuals had previous genetic testing.

Microarray was obtained for 13, fragile-X syndrome testing

was obtained for 10, and karyotype was obtained for 8 in-

dividuals. Angelman syndrome was suspected and tested

for in three individuals, and one was tested for myotonic

dystrophy. One individual underwent testing via a gene

panel for ID and DD which was uninformative. Two indi-

viduals underwentmetabolic testing, which included anal-

ysis of amino acids, organic acids, glycosaminoglycans, ol-

igosaccharides, acylcarnitines, and very long chain fatty

acids. The previous genetic and biochemical testing ob-

tained for the individuals in this cohort is in Table S2.

Of the individuals with PHF8 VUS, three had trio exome

sequencing, one had targeted analysis of PHF8, because of

the known PHF8 variant in a maternal half-brother, and

one had a trio ID/ASD gene panel. In all cases, the PHF8

VUS was inherited from an unaffected carrier mother.

None of the mothers were tested for skewed X-inactivation.
Discussion

The five previously published reports describing PHF8-

XLID include photographic documentation of six individ-

uals, and written descriptions of twomore. All six of the in-

dividuals who were described with photographs were

either adult or in late adolescence, so descriptions of

PHF8-XLID in young children has previously not been

available. Six of the eight previously reported individuals
6 Human Genetics and Genomics Advances 3, 100102, July 14, 2022
exhibited facial clefting and this was

viewed as a defining characteristic

feature of PHF8-XLID. It is likely that

this is because cleft lip/palate was a

screening criterion combined with

ID in the first four reports.11,12,26,27

In the Ibarluzea 2020 report, orofacial

clefting was not used as one of the

screening criteria,13 so a predicted

PHF8 loss-of-function variant was de-

tected from a panel of genes known

to cause X-linked ID. In our cohort,

only 3 of the 16 patients with pre-

dicted loss-of-function variants had a

cleft lip/palate and none of the indi-

viduals with VUS had a cleft lip/pal-

ate, consistent with a less severe

phenotype. While cleft lip/palate can

be caused by pathogenic variants in
PHF8, it does not appear to be a consistent diagnostic

feature of PHF8-XLID.

Unbiased screening by either exome, X-exome, or ID gene

panel sequencing reveals the broad range of phenotypic het-

erogeneity andvariable expressivitydisplayedby individuals

whoharbor PHF8 loss-of-function variants. The only clinical

feature common to all individuals wasDD and speech delay.

IDwas seen in all except for two individuals, and the severity

ranged from borderlinemild to severe. Within our cohort of

individuals who had predicted PHF8 loss-of-function vari-

ants, there were three sets of siblings. The clinical features

within these sibling pairswas relatively consistent compared

with the overall cohort. For instance, individuals 6 and7had

either mild or no ID, individuals 3 and 4 had moderate ID,

and individuals 9 and 10, who are consanguineous identical

twins, had severe ID. Inadditionmanyother clinical features

were similar within these sibling pairs.

All except one variant described in the previous reports

of PHF8-XLID were predicted to cause truncation of PHF8

and disruption of the catalytic JmjC domain. The one

exception was a missense variant leading to a Phe279Ser

substitution in the encoded protein.27 In vitro functional

studies demonstrated that the Phe279Ser variant abolished

the lysine demethylase activity of the encoded protein,36

suggesting that aberrant epigenetic regulation of gene

expression leads to the disorder. Five of the loss-of-func-

tion variants we describe (in seven individuals) are located

outside of the JmjC domain. All of these variants either

lead to a frameshift or are predicted to affect splicing.

Notably, the individuals who we describe with predicted

loss-of-function variants outside of the JmjC domain do
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Figure 5. Schematic of PHF8 protein structure annotated with
variants
Known PHF8 variants are indicated with open circles; predicted
loss-of-function PHF8 variants are indicated with red squares,
and predicted PHF8 VUS are indicated with blue diamonds. Pro-
tein domains of PHF8 are color coded. PHD, plant homology
domain; JmjC, jumonji C domain; NLS, nuclear localization
signal.
not have different clinical features or phenotypic severity

than those with variants within the JmjC domain.

Notably, one of the individuals with a loss-of-function

variant outside of the JmjC domain is one of the three pa-

tients in our cohort with a cleft lip/palate. Four of the var-

iants we identified were found by either an ID gene panel, a

cleft lip/palate panel, or X-exome sequencing. Since exome
Hu
sequencing was not used for these individuals, it is possible

that they may have additional but unknown variants that

contribute to their phenotype.

A variant predicted to cause an in-frame deletion of a

serine amino acid at position 969 of PHF8 was reported

in two individuals and a carrier mother.37 However, we

did not include Ser969del as a deleterious variant in this

study for three reasons. First, it is abundantly found in gno-

mAD in both heterozygous males and homozygous fe-

males.38 The second reason is that it is annotated as benign

or likely benign in ClinVar.39 Finally, functional studies

were not done to characterize this variant.

Our cohort includes five individuals with four previously

unreported missense variants. The functional implication

is currently unknown and future study of these VUS could

allow us to better understand the importance of other

PHF8 domains. Functional studies to assess PHF8 activity

would be useful to help characterize these missense vari-

ants. Three reports of microdeletion or unspecified muta-

tion within the Xp11.22 region describe individuals with

phenotypes similar to PHF8-XLID. Although the deletions

in these patients spannedmultiple genes, their phenotypic

features are similar to that seen in individuals with pre-

dicted loss of function of only PHF8.40–42

The methylcytosine epigenetic signatures of various

genes involved in histone methylation have been estab-

lished.43 For example, the epi-signature of Claes-Jensen

syndrome due to pathogenic loss of function of the

X-linked gene KDM5C is significantly different between

unaffected individuals, carrier mothers, and affected

males.44 However, a recognizable epi-signature was not

observed from an analysis of nine males affected with

PHF8-XLID. It is possible that a larger sample size is

needed, or that DNA samples from a tissue other than

blood might be needed to uncover a potentially altered

methylation pattern for this disorder.45

Overall, PHF8-XLID appears to be characterized by DD,

ID, and craniofacial anomalies. Cleft lip or palate is found

in a much smaller percentage of affected individuals who

were found through unbiased sequencing. The phenotypic

variability does not appear to be linked to the variant loca-

tion in individuals who harbor a null allele. Future studies

aimed at evaluating the cause of the variability would be

helpful to predict disease severity and developmental pro-

gression as well as the interpretation of VUS in PHF8.
Ethical oversight

This study was performed in accordance with the ethical

standards detailed in the Declaration of Helsinki. The par-

ents or guardians of all participants provided written

informed consent for inclusion in this study.
Web resources
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Table 1. Known variants in PHF8

Ind. var # PHF8 NM_015107.2 Variant Protein consequence Variant effect Inh. Variant first identified by Source

This study (predicted loss of function)

1 1 del exons 9-10 p.Gly316_Arg380del Intragenic del with frameshift Maternal Gene panel (ID) This study

2 2 c.596þ1G>A Unknown Splice site de novo Trio exome, DDD

3, 4 3 c.862C>T p.(Gln288*) Stop gain Maternal Quad exome, DDD

5 4 c.1996delG p.(Glu666Argfs*163) Frameshift Maternal Proband exome

6,7,8 5 c.1027C>T p.(Gln343*) Stop gain Maternal X-exome

9,10,11 6 c.1731-2A>G Unknown Splice site Maternal Trio exome

12 7 c.1627-1G>A Unknown Splice site de novo Trio exome

13 8 c.738_739insT p.(His247Serfs*3) Frameshift Maternal Trio exome, DDD

14 9 c.2760dupC p.(Thr921Hisfs*19) Frameshift Maternal Trio exome

15 10 c.1965_1966dup p.(Glu656Valfs*174) Frameshift de novo Gene panel (CL/P)

16 11 c.294-1820_597-603del p.Ser98_Thr198del Deletion Maternal Gene panel (CL/P)

This study (variants of unkwown significance)

17 12 c.143A>G p.(Tyr48Cys) Missense Maternal Trio exome This study

18,19 13 c.257C>T p.(Thr86Met) Missense Maternal Trio exome

20 14 c.808C>T p.(Arg270Cys) Missense Maternal Trio ID gene panel

21 15 c.1150G>A p.(Glu384Lys) Missense Maternal Trio exome

PHF8 variants in previously described indviduals

23 c.144C>A p.(Tyr48*) Stop gain Maternal XLID panel (NGS) Ibarluzea et al.13

25,26 c.836C>T p.(Phe279Ser) Missense Maternal Sanger seq Koivisto et al.27

27 c.529A>T p.(Lys177*) Stop gain Not noted Sanger seq Abidi et al.12

28 c.631C>T p.(Arg211*) Stop gain Maternal Sanger seq Laumonnier et al.11

29,30,31 c.943_946þ8del p.(Thr315Leufs*25) Frameshift Maternal Linkage analysis Siderius et al.26

(Continued on next page)
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gnomAD, https://gnomad.broadinstitute.org/

ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/variation/
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CORRECTION

Variants in PHF8 cause a spectrum of X-linked
neurodevelopmental disorders and facial dysmorphology

Andrew K. Sobering,* Laura M. Bryant, Dong Li, Julie McGaughran, Isabelle Maystadt,
Stephanie Moortgat, John M. Graham, Jr., Arie van Haeringen, Claudia Ruivenkamp, Roos Cuperus,
Julie Vogt, Jenny Morton, Charlotte Brasch-Andersen, Maria Steenhof, Lars Kjærsgaard Hansen,
Élodie Adler, Stanislas Lyonnet, Veronique Pingault, Marlin Sandrine, Alban Ziegler, Tyhiesia Donald,
Beverly Nelson, Brandon Holt, Oleksandra Petryna, Helen Firth, Kirsty McWalter, Jacob Zyskind,
Aida Telegrafi, Jane Juusola, Richard Person, Michael J. Bamshad, Dawn Earl, University of Washington
Center for Mendelian Genomics, Anne Chun-Hui Tsai, Katherine R. Yearwood, Elysa Marco,
Catherine Nowak, Jessica Douglas, Hakon Hakonarson, and Elizabeth J. Bhoj*
(Human Genetics and Genomics Advances 3, 100102; July 14, 2022)

The variant description c.1030C>T p.(Gln343*) should have been c.1027C>T p.(Gln343*) three times in the originally

published version of this article. In Table 1 for variant 5 (individuals 6, 7, and 8), in Figure 5, and for individuals 6, 7, and

8 in Table S1. The article has been corrected online. The authors regret the errors.
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