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Developmental and epileptic encephalopathies (DEEs) represent a large clinical and genetic heterogeneous group of neurodevelopmen-

tal diseases. The identification of pathogenic genetic variants in DEEs remains crucial for deciphering this complex group and for accu-

rately caring for affected individuals (clinical diagnosis, genetic counseling, impacting medical, precision therapy, clinical trials, etc.).

Whole-exome sequencing and intensive data sharing identified a recurrent de novo PACS2 heterozygousmissense variant in 14 unrelated

individuals. Their phenotype was characterized by epilepsy, global developmental delay with or without autism, common cerebellar

dysgenesis, and facial dysmorphism. Mixed focal and generalized epilepsy occurred in the neonatal period, controlled with difficulty

in the first year, but many improved in early childhood. PACS2 is an important PACS1 paralog and encodes a multifunctional sorting

protein involved in nuclear gene expression and pathway traffic regulation. Both proteins harbor cargo(furin)-binding regions (FBRs)

that bind cargo proteins, sorting adaptors, and cellular kinase. Compared to the defined PACS1 recurrent variant series, individuals

with PACS2 variant have more consistently neonatal/early-infantile-onset epilepsy that can be challenging to control. Cerebellar abnor-

malities may be similar but PACS2 individuals exhibit a pattern of clear dysgenesis ranging from mild to severe. Functional studies

demonstrated that the PACS2 recurrent variant reduces the ability of the predicted autoregulatory domain to modulate the interaction

between the PACS2 FBR and client proteins, which may disturb cellular function. These findings support the causality of this recurrent

de novo PACS2 heterozygous missense in DEEs with facial dysmorphim and cerebellar dysgenesis.
Epilepsy is a common neurologic disorder of childhood,

affecting approximately 7 in 10,000 children before 2 years

of age and often associated with developmental delay/in-

tellectual disability (ID).1 The developmental and epileptic
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encephalopathies (DEEs) are a group of severe infantile-

and childhood-onset epilepsies characterized by develop-

mental slowing or regression in the context of recurrent

seizures and frequent interictal epileptiform discharges,
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often on a background of developmental delay.2 The DEEs

have a wide range of etiologies, including both acquired

and genetic causes. These include specific congenital or ac-

quired structural brain lesions, metabolic disorders, chro-

mosomal anomalies, copy-number variants (CNV), or

single gene defects.3–5 Variants in hundreds of genes

have been associated with epilepsy to date, with a variety

of inheritance patterns or arising de novo.6 Although genes

encoding ion channels correspond to one third of the ep-

ilepsy-associated genes, others can affect diverse molecular

pathways involved in membrane excitability, synaptic

plasticity, presynaptic neurotransmitter release, postsyn-

aptic receptors, transporters, cell metabolism, and many

processes important in early brain development.7,8

The identification of pathogenic genetic variants related

to the epileptic disorders, including the DEEs, remains

crucial, providing more precise definition of the clinical

diagnosis, allowing accurate genetic counseling, impacting

medical management including precision therapy in some

cases, linking families to appropriate support/family

groups, and opening options for gene-specific clinical tri-

als.9 Currently available next-generation sequencing

strategies exhibit a diagnostic yield of 20%–50% in epi-

lepsy broadly.10–15 The yield is higher (�60%–83%) in

individuals with onset <2 months of age and in certain

groups such as Ohtahara syndrome.16,17 Whole-exome

sequencing (WES) studies demonstrated the importance

of de novo single-nucleotide variations (SNVs) in

DEEs.18–20 WES has also become a powerful approach for

identifying new genes that underlie Mendelian disorders

when previous approaches, including chromosomal mi-

croarray analysis and epilepsy gene panel testing, have

failed.21–29

Previously, WES identified a de novo missense variant,

GenBank: NM_018026.2 (c.607C>T), in PACS1 (MIM:

607492) in two unrelated individuals with unexplained

ID and strikingly similar facial dysmorphisms.30 This

variant is highly recurrent and is now reported in 19 unre-
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lated individuals with ID.30–32 PACS1 encodes a trans-

Golgi-membrane traffic regulator that directs protein cargo

and several viral-envelope proteins, with high expression

during human embryonic brain development and downre-

gulation after birth.33–36 The p.Arg203Trp substitution

triggers cytoplasmic aggregates from altered PACS1, leads

to protein-trafficking defects, and most likely abrogates

the ability of the protein to perform its normal function.

This was the first report of variants in a phosphofurin

acid cluster sorting protein leading to human disease.

Mutant pacs1 zebrafish embryos showed craniofacial

defects driven by aberrant specification and migration of

cranial neural-crest cells, most likely due to a dominant-

negative effect.30

We identified a recurrent de novo missense variant in

PACS2, in individuals with neonatal/early-infantile-onset

DEEs, with or without extra-neurological features. Using

trio WES, we first identified (Supplemental Data) a

heterozygous missense variant (chr14:g.105834449G>A;

GenBank: NM_001100913.2; c.625G>A) (ClinVar

SUB3731210) in PACS2 (MIM: 610423), predicted to result

in a glutamate-to-lysine substitution (p.Glu209Lys) (Fig-

ure 1, Table 1; individuals 1 and 2) in two unrelated indi-

viduals with DEE and facial dysmorphism. WES had been

performed according to standard procedures using the Agi-

lent CRE Capture kit on an Illumina HiSeq 2000. Raw data

had been processed as previously describe.37 Sanger

sequencing (polymerase chain reaction, PCR) in both indi-

viduals and their parents confirmed the presence of the

variant in the individuals and absence in the parents,

consistent with de novo occurrence. This variant, absent

from the gnomAD and EVS databases (see Web Resources),

involves a highly conserved amino acid located in an acid

hydrophobic domain of the PACS2 protein that leads to

polarity and protein conformation changes and is pre-

dicted to be damaging by PolyPhen-2 and SIFT (see Web

Resources). By data sharing through GeneMatcher,38

GeneDx (see Web Resources), and French AnDDI-Rares
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Figure 1. Clinical and Imaging Features
(A) Pictures of individuals 1 (a, b), 2 (c, d), 3 (e, f), 5 (g, h), 7 (i, j), and 11 (k, l): variable facial dysmorphism.
(B) Spectrum of posterior fossa abnormalities in the PACS2 cohort. Sagittal T1 weighted (m–p, u–x), axial T2 weighted (t, y–ab), axial T1
weighted (q, s), and coronal T2 weighted (r) imaging for subject 2 at 5 years of age (m, q), subject 4 at 3 weeks of age (n, r), subject 5 at
7 days of age (o, s), subject 9 at 1 week of age (p, t), subject 10 at 1 month of age (u, y), subject 12 at 3 months of age (v, z), subject 13 at
23 months of age (w, aa), and subject 14 at 2.5 years of age (x, ab). Of 8 subjects with centrally reviewed imaging, there was prominence
of the cisterna magna (asterisk in o) in all but subject 13 (w) and widening of the foramenMagendie in all subjects except subject 12 (v).
Mild inferior vermian hypoplasia was also evident in subjects 2 (m), 4 (n), 5 (o), and 14 (x). Cerebellar hemisphere dysplasia was present
in subjects 2 (q), 4 (r), 5 (s), 12 (z), and 13 (aa) manifest as unusual centrifugal orientation of the folia bilaterally in subjects 2 (q, arrows)
and 12 (z, arrows) and on the left side only in subject 5 (s, arrow). Distortion of the foliar pattern was present without centrifugal orien-
tation in subjects 4 (r) and 13 (aa). Subtler foliar distortion was visible in subjects 9 (t) and 14 (ab).
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Table 1. Detailed Extra-neurological Phenotype of Individuals with PACS2 p.Glu209Lys

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6

Gender F F M F M M

Gestational age (WG) 38 37 38 35 37 40

Birth Parameters

Weight �0.3 SD median þ2 SD þ1.8 SD �1.7 SD þ2.5 SD

Length þ0.6 SD NA NA NA �0.9 SD þ2 SD

OFC þ0.4 SD NA NA NA �2.3 SD >3 SD

Growth Parameters

Age at last follow-up 16 year 4 year 15 year 8 year 19 mo 8 year

Weight þ1 SD median þ1.6 SD þ1.5 SD �1.0 SD þ0.5 SD

Height þ2 SD median þ0.7 SD �0.8 SD �1.8 SD þ2 SD

OFC median þ1 SD �0.7 SD þ0.4 SD �1.9 SD þ2 SD

Facial Dysmorphism

Synophris þ þ þ þ � �

Hypertelorism þ þ þ þ � �

Down-slanting palpebral fissures þ þ þ þ � þ

Broad nasal root � þ � þ þ �

Thin vermillon of upper lip þ þ þ þ þ þ

Wide mouth with downturned corners þ þ þ þ þ/� �

Prominent incisors þ � þ þ NA �

Widely spaced teeth þ � þ � NA �

Everted vermillon of lower lip þ � þ � � þ

Distal limb anomalies slender fingers � 2/3 syndactyly
of toes

� V finger clinodactyly,
variant transverse
palmar crease

finger pads

Hematological Anomalies

Neutropenia moderate � � � � NA

Anemia � þ � þ þ NA

Eye/hearing features moderate myopia � � strabismus strabismus strabismus astigmatism,
myopia, anisocoria

Additional clinical features metatarsus
varus

dextrocardia cryptorchidism none none small ventricular septal
defect, testis ectopia

Abbreviations: F, female; M, male; m, median; mo, months; NA, not available; SD, standard deviation; year, years; * no details available.
network (see Web Resources), we ascertained 12 additional

individuals harboring the same de novo heterozygous

missense variant, GenBank: NM_018026.2; c.607C>T

(p.Glu209Lys) (Figure 1). Three of the individuals had

been detected through a targeted method to identify genes

with significant clustering patterns of de novo variants in a

dataset of 4,061 de novo missense mutations from pub-
998 The American Journal of Human Genetics 102, 995–1007, May 3
lished trio WES studies of 5,302 individuals with ID and

developmental anomalies.29 All individuals’ variants were

identified by research or clinical diagnostic WES, initially

as candidate gene variants, and there were not alternative

genetic or non-genetic diagnoses.

This recurrence strongly supported the implication of

the PACS2 c.607C>T (p.Glu209Lys) missense variant in
, 2018



Individual 7 Individual 8 Individual 9 Individual 10 Individual 11 Individual 12 Individual 13 Individual 14

M F F M M F F F

at term 37 at term at term 39.5 34 33 39

þ1 SD �3 SD median NA median þ0.5 SD �0.5 SD þ0.6 SD

þ1 SD �1.5 SD �2 SD NA �1 SD �1.5 SD median þ0.9 SD

median �2.3 SD median NA median NA median �0.1 SD

16 mo 5 year 3 year 7 year 12.5 year 9 mo 3.5 year 5.5 year

þ1.5 SD �1 SD median þ1.3 SD þ2.5 SD þ1 SD median �2 SD

�1 SD �0.5 SD �0.7 SD þ1.8 SD �1 SD - median �0.4 SD

�1 SD �1 SD �1.0 SD þ0.4 SD median �1.5 SD þ1 SD �1.4 SD

� � þ ‘‘mildly
dysmorphic’’*

� � � �

� þ � � þ þ �

þ þ � � � þ �

þ þ þ þ þ þ þ

� þ þ þ þ þ þ

� þ � þ þ þ �

NA � � � NA NA �

NA � � þ NA NA �

� � � � � þ þ

� � � bilateral palmar
crease

broad and tapering
short fingers, V finger
brachyclino-dactyly

V finger
clinodactyly

- right transverse
palmar crease,
V finger
clinodactyly

� � � � � � � �

mild � � � � � � �

� hypermetropic
astigmatism

myopia,
astigmatism,
cortical visual
impairment

� hypermetropic
astigmatism, frequent
otitis

� � �

cryptorchidism, 1 cm
café au lait birthmark,
mild conductive
hearing loss, poor
feeding, frequent ear
and respiratory
infections

none dysphasia,
accessory caudally
placed nipples

none micropenis, unilateral
cryptorchidism, infantile
hypertrophic pyloric
stenosis, velopharyngeal
hypotonia, central
precocious puberty

brachycephaly,
inverted
nipples

atrial septal
defect,
sacral pit

features
consistent
with Chinese
heritage
human disease, supported further by its absence in

gnomAD and EVS. However, becauseWES frequently iden-

tifies de novo variants in individuals with ID and epilepsy

and more than 60% of the variants are missense, interpre-

tation represents a great challenge. Many factors are

considered when evaluating the significance of candidate

genes, including recurrence, strikingly similar phenotypic
The Amer
outcomes in recurrent variants, previous evidence of over-

lap with pathogenic copy-number variation, localization

of the variant in the protein, variant burden among

healthy individuals, and membership of the candidate

gene in disease-implicated protein networks.39

Detailed retrospective phenotyping of the 14 indi-

viduals with the recurrent PACS2 p.Glu209Lys variant
ican Journal of Human Genetics 102, 995–1007, May 3, 2018 999



Table 2. Detailed Neurological Features of Individuals with PACS2 p.Glu209Lys

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6

Developmental Features

Sitting age 8 mo 20 mo 6 mo NA 16 mo 16 mo

Walking age 22 mo NA 18 mo 18 mo 18 mo 22 mo

Speech delay þ þ þ þ þ þ

DD/ID þ þ þ þ þ þ

Neurological Features

Hypotonia þ NA NA NA � �

Nystagmus � þ � � þ �

Stereotypies � þ (transient) � � � þ

Others increased tendon
reflexes

wide-based gait � � visual problems �

Psychiatric/
behavioral
features

� sleeping and behavioral
disturbances

� mild autistic disorder � obsessive compulsive
disorder

Epilepsy Details

Age of onset 6 days 4 days 4 days 7 days 2 days 2 days

Seizure types focal GTCs NA GTCs clonic and GTC NA

Longest
seizure-free
interval or
age at last
seizure

NA 6 mo NA 2 years, immediate
recurrence after
withdrawal of
valproate

9 mo status epilepticus
3 mo, 3.5 years;
status epilepticus
without fever:
3.5 year:

EEG
features

NA neonatal to 3.5 mo:
focal spikes, normal
background; 1 year:
normal

NA neonatal: excess
discontinuity, excessive
multifocal sharp
waves / generalized
bursts of epileptic
activity þ MF sharp
waves

neonatal: normal;
4 months: generalized
slowing with MF
sharp waves and
frequent focal seizures

neonatal: left temporal
spikes; 3.5 year (awake
only): left paroxysmal
temporal rolandic
spikes, generalized
slowing.

Brain MRI
(age)

mild foliar
distortion of
the left cerebellar
hemisphere,
mega cisterna
magna* (5 yr)

inferior vermian
hypoplasia with
prominent foramen
Magendie and cisterna
magna, severe foliar
distortion of cerebellar
hemispheres with
centrifugal orientation,
hypothalamic fusion
anomaly (5 yr)

increased
subarachnoid
spaces* (NA)

mild inferior vermian
hypoplasia with a
patulous foramen
Magendie and mega
cisterna magna,
mild distortion
of the cerebellar
folia (3 wk)

retrocerebellar
arachnoidal cyst, inferior
vermian hypoplasia
with prominent foramen
Magendie and a mega
cisterna magna, severe
foliar distortion of the
left cerebellar hemisphere
with centrifugal
orientation, hypothalamic
fusion anomaly (7 d)

normal* (10 d);
normal* (4 mo)

(Continued on next page)
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Individual 7 Individual 8 Individual 9 Individual 10 Individual 11 Individual 12 Individual 13 Individual 14

NA 10 mo 18 mo 12 mo 9 mo 7 mo 12 mo 11 mo

not walking 27 mo not walking 24 mo 24 mo NA 36 mo 36 mo

þ þ þ þ þ NA few single words þ

mild þ þ þ þ þ mild mild

axial � diffuse diffuse � þ axial diffuse

� � � � þ (transient) � � �

� � þ þ � þ (transient) þ �

slightly increased
tone in hands

� � � � � increased tendon
reflexes

wide-based gait

� atypical social
and behavioral
features

atypical social
and behavioral
features

autism
spectrum
disorder

autism
spectrum
disorder

� � selective mutism

2 days 2 weeks 2 days 1–2 mo 1 day 3 days 2 weeks 3 days

focal with tonic
stiffening and
autonomic features,
later clonic

focal, later
tonic

focal tonic,tonic-
clonic, and
myoclonic, later
GTCs and
generalized tonic

clonic seizure
with eye
deviation,
later GTC

focal
(stopped at
2 months),
later GTCs

focal tonic-clonic
and tonic; status
epilepticus

focal tonic-clonic,
later focal or
generalized

tonic, later tonic
or GTCs

NA 2 years, off
AEDs since
3.5 year

2 years 2 years NA NA NA NA

6–7 wk: MF
epileptiform
activity; 9 mo:
normal

6 wk: subtle
aberration R
frontocentral
and L
temporal

neonatal: excess
discontinuity,
excess MF sharp
waves; 2 year:
intermittent
generalized slowing,
intermittent L
temporal slowing

4 mo:
normal;
17 mo: rare
generalized
spikes

neonatal:
epileptic
discharges,
Lrolandic
region

neonatal: excess
MF spikes and
sharp waves,
especially bilateral
temporal regions;
2 mo: background
poorly organized
high amplitude
background, lack
of state change,
MF spikes

6 d: normal;
neonatal/infantile:
MF epileptiform
activity, high
amplitude slow
spikes bilateral
temporal; 17 mo:
diphasic spikes
at vertex, field
to right
frontocentral
region,
enhanced in
sleep
3 year: ESES

neonatal: excessive
L and R central
and temporal
sharp waves;
10 mo: frequent
L frontocentral
region spikes;
22 mo: diffuse,
frontally
predominant
2-3 Hz spike
or polyspike and
wave, up to
500uV.
3 year: mild
generalized
slowing, frequent
Left temporal
epileptiform
discharges

inferior vermian
hypoplasia, left
retrocerebellar cyst,
causing distortion
of the smaller
left cerebellar
hemisphere and
thinning of the
overlying bones*
(2 mo)

normal*
(neonatal)

mega cisterna
magna and
patulous foramen
Magendie, subtle
cerebellar foliar
distortion,
hypothalamic
fusion anomaly
(1 wk)

mega cisterna
magna,
patulous
foramen
Magendie
(1 mo)

thick corpus
callosum,
inferior
vermian
hypoplasia*
(12.5 yr)

mega cisterna
magna, severe
foliar distortion
with centrifugal
orientation
(3 mo)

moderate
cerebellar foliar
distortion (23 mo)

mild scattered
subarachnoid
hemorrhage
structurally normal
(2 mo); prominent
cisterna magna
and patulous
foramen magendie
with subtle
foilar distortion
(left side
predominant)
(31 mo)

(Continued on next page)
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Table 2. Continued

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6

Treatment carbamazepine phenobarbital,
valproate

carbamazepine phenobarbital, P5P,
pyridoxine, valproate

levetiracetam,
phenobarbital
carbamazepine

topiramate

Abbreviations: d, day; DD/ID, developmental delay or intellectual disability; ESES, electrical status epilepticus of sleep; GTC, generalized tonic clonic seizure; L, left;
m, months; MF, multifocal; mo, month; NA, not available; P5P, pyridoxal-5-phosphate; R, right; unsup., unsupported; * brain MRI not reviewed by neurologist
E.Y. from Boston Children’s hospital.
demonstrated a consistent phenotype characterized by

neonatal- to early-infantile-onset epilepsy, global develop-

mental delay with variable autistic features, facial dysmor-

phism, and cerebellar dysgenesis (Tables 1 and 2, Figure 1;

see Supplemental Note). All individuals presented with

early epilepsy, the majority with onset in the first 2 weeks

of life (13/14 case subjects), with one individual presenting

in the 2nd month. The predominant seizure types were

focal motor, and some had accompanying autonomic,

tonic, and generalized tonic-clonic seizures (GTCs). One

individual had myoclonic seizures. Neonatal seizures

captured on EEG had either clear focal onset (often multi-

focal) or at times diffuse attenuation with later focal fea-

tures. Most often neonatal seizures were focal and over

time GTCs and tonic seizures were seen, including at times

episodes of status epilepticus. Data from older individuals

suggest that the epilepsy may resolve in early childhood

for at least a subset. Early EEGs often showed excess sharp

waves with or without mild excess discontinuity but more

severe encephalopathy patterns such as burst suppression

or hypsarrhythmia were not seen in this cohort. Over

time, focal, multifocal, or generalized epileptiform activity

were reported, and electrical status epilepticus of sleep was

seen in a single individual in correlation with develop-

mental regression. While late follow-up EEG data are

limited, it has shown (when available) generalized or focal

slowing in some and normalization of the background in

others, with or without epileptiform activity. EEG and evo-

lution for this cohort of individuals are summarized in

Table 2. Overall, the epilepsy appears to start as focal

neonatal and evolve to mixed focal and generalized epi-

lepsy with status epilepticus in many individuals. Epilepsy

appears most difficult to control in infancy with improve-

ment after the first year of life. While larger cohorts and

longer follow-up are needed for further epilepsy pheno-

typic characterization, there are clear patterns seen even

in this initial cohort of 14 individuals. Variable degrees of

global developmental delay were observed in all case sub-

jects and behavioral disturbances in a subset (8/14 case

subjects). Neurological examination evidenced hypotonia

(7/11 case subjects), hand stereotypies (6/14 case subjects),

nystagmus (3/14 case subjects), increased reflexes or pyra-

midal syndrome (2/14 case subjects), and wide-based gait

(2/14 case subjects). Aside from wide-based gait, no defin-
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itive cerebellar features were noted, but the individuals

were not systematically screened prospectively and many

individuals have severe motor impairment. Facial dysmor-

phisms were variable including coarse features, hypertelor-

ism, broad nasal root, and thin superior lip (Figure 1).

Additional features included variable minor distal limb fea-

tures (8/14 case subjects) and hematological disturbances

(5/13 case subjects) (Table 1). Brain MRI demonstrated

dysgenesis of the cerebellar folia in at least 9/14 case sub-

jects including 7/8 case subjects available for review of

original data by a board-certified pediatric neuroradiologist

(E.Y.) (Figure 1B, Table 2). It was at times subtle and not

mentioned on the clinical reports. Mega cisterna magna

and inferior vermian hypoplasia were additionally seen

in 8/14 and 6/14 case subjects, respectively (Figure 1B,

Table 2). Three individuals had a hypothalamic fusion

anomaly (Figure 1B, Table 2).

In the literature, 16 individuals have been described with

microdeletion of chromosome 14q32.33, encompassing

PACS2.40 The common phenotype of these individuals in-

cludes varying degrees of developmental delay or ID and

facial dysmorphism, but less consistently epilepsy (4/12

case subjects) or febrile seizures with normal EEG (1/12

case subjects). Indeed, although seizures seem prevalent

in individuals with a ring chromosome 14,41 their relation-

ship with terminal chromosome 14q deletions remains un-

clear, especially since seizures in the 4-year-old boy with

the smallest deletion (0.31 Mb) were possibly related to

an independent family susceptibility, since his mother

and maternal grandmother also had epilepsy.40 The rela-

tionship between PACS2 haploinsufficiency has been less

clearly demonstrated and may be less penetrant than in

this series of individuals with a recurrent missense variant

in PACS2.

The present findings are consistent with prior reports of

developmental delay/ID, facial dysmorphism, and variably

epilepsy in individuals with a recurrent missense variant in

the related gene PACS1. Indeed, 19 unrelated individuals

affected with ID have been reported with a recurrent causal

de novo variant (p.Arg203Trp) in PACS1.30–32 Despite the

important PACS1/PACS2 homology, these hotspot variants

do not occur at homologous positions but rather appear

to affect specifically each protein function, resulting in

disease (Figure S1). Moreover, individuals with PACS1
3, 2018
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p.Arg203Trp or PACS2 p.Glu209Lys variants present with

some clinical similarities such as constant ID, speech delay,

dysmorphic facial appearance (arched eyebrows, hyperte-

lorism with downslanting palpebral fissures, bulbous nasal

tip, wide mouth with downturned corners, and thin upper

lip), as well as frequent hypotonia, behavioral distur-

bances, cryptorchidism, and cerebellar abnormalities.

Cerebellar dysgenesis is now well defined in both cohorts

of individuals with PACS1 p.Arg203Trp and PACS2

p.Glu209Lys, making a strong argument to consider this

feature as a genetically determined abnormality. While

neonatal seizures appear a consistent feature in individuals

with the recurrent PACS2 variant, febrile or afebrile sei-

zures occurred in 12/19 individuals with the PACS1 recur-

rent variant, being well controlled with anti-epileptic

drugs.30–32 Details of the epilepsy in this cohort are

limited. The epilepsy appears to have earlier onset and be

more often refractory in infancy for the individuals with

the recurrent PACS2 variant. While cardiac malformations

occur commonly in individuals with the recurrent PACS1

variant, only one individual with the recurrent PACS2

variant present with dextrocardia.31 These differences

may reflect differences between the role of PACS1 and

PACS2 proteins, or alternately may reflect differential im-

pacts of the variants on protein function.

The PACS1 and PACS2 genes are broadly expressed, with

selective enrichment in peripheral blood lymphocytes and

spinal cord, respectively (GTEx data). Although they are

both transcribed in brain tissue, PACS1 and PACS2 protein

levels are differentially distributed at the cellular level, the

former being enriched in neuronal centers while the latter

is enriched in glial cells-enriched white matter. PACS2 en-

codes a multifunctional sorting protein involved in nu-

clear gene expression and pathway traffic regulation,

whereas PACS1 is a trans-Golgi-membrane regulator that

directs phosphorylated cargo molecules.36,42 Both proteins

harbor cargo(furin)-binding regions (FBRs) that bind cargo

proteins, sorting adaptors, and cellular kinase.36 PACS1

and PACS2 appear highly localized during human prenatal

brain development (see Allen Brain Atlas).33,35 The canon-

ical 963-amino acid PACS1 and 889-amino acid PACS2 pro-

teins are important paralogs, sharing overall 54% sequence

identity and nearly 80% sequence identity in the �150 aa

cargo (furin) binding regions (FBRs) which binds client
The Americ
proteins at acidic clusters that can be phosphorylated by

casein kinase 2 (CK2), as well as at a helices.43 The ID-asso-

ciated PACS1 p.Arg203Trp mutation is located in the

PACS1 FBR and, consequently, reduces the interaction

of PACS1 with client proteins. However, the PACS2

p.Glu209Lys mutation reported here is located C-terminal

to the FBR in the disordered middle region (MR)

(Figure 2A). In PACS1, the MR contains an autoregulatory

domain, which includes a CK2 phosphorylatable acidic

cluster that reversibly binds the FBR to modulate access to

client proteins.44 Because the PACS2 p.Glu209Lys muta-

tion is located in the corresponding acidic cluster in the

PACS2 MR, it suggests that mutation of this segment may

also alter the ability of the nearby PACS2 FBR to interact

with client proteins. We therefore compared the ability of

HA-tagged PACS2 or PACS2 p.Glu209Lys to interact with

Flag-tagged client proteins, including the histone deacety-

lases SIRT1 and HDAC1 as well as the ion channel TRPV1.

Co-immunoprecipitation analysis showed that each of

the client proteins interacted, to a greater extent with

PACS2 p.Glu209Lys than with WT PACS2 (Figure 2B),

suggesting that the PACS2 mutation reduces the ability

of the predicted autoregulatory domain to modulate the

interaction between the PACS2 FBR and client proteins,

which may disturb cellular function.

PACS2 has roles in both the nucleus and cytoplasm.43 In

the nucleus, PACS2 controls the SIRT1-p53-21 axis to pro-

mote cell cycle arrest following DNA damage response

by directly inhibiting SIRT1-dependent deacetylation of

p53.45 In the cytoplasm, PACS2 regulates endoplasmic

reticulum (ER) homeostasis, ER-mitochondria communica-

tion, autophagy, and endosomal trafficking of ion chan-

nels, receptors, and enzymes.42,46 In response to death

ligands, PACS2 switches to a pro-apoptotic effector that

coordinates trafficking steps leading toBim- andBid-depen-

dent lysosomal andmitochrondria outermembraneperme-

abilization, respectively, to trigger activation of executioner

caspases and cell death.46,47 Phosphorylation of PACS2

Ser437 by mTORC2/Akt promotes binding to 14-3-3 pro-

teins. The phosphorylation state of PACS2 Ser437 acts like

a molecular switch that separates PACS2’s broad anabolic

(survival) and catabolic (apoptotic) roles.43

The multi-functional roles for PACS2 in cell and tissue

homeostasis suggest that the p.Glu209Lys mutation may
an Journal of Human Genetics 102, 995–1007, May 3, 2018 1003



Figure 2. PACS2 Variant Location
(A) Schematic of PACS1 and PACS2 illustrating the proposed domains (ARR, atrophin-1-related region; FBR, furin (cargo)-binding region;
MR, middle region; CTR, C-terminal region) and residues important for partner protein binding (AP-1, adaptor protein complex 1; CK2,
protein kinase CK2; GGA, Golgi-associated g-adaptin ear homology domain ARF-interacting protein), with location of PACS1 and PACS2
missense variants responsible for intellectual disability.
(B) HCT116 cells, which can be efficiently transfected with plasmids, expressing the indicated proteins were harvested inmRIPA (50mM
Tris-HCl [pH 8.0] plus 1% NP-40, 1% deoxycholate, and 150 mMNaCl) containing proteinase inhibitors (0.5 mM PMSF, 0.1 mM each of
aprotinin, E-64, and leupeptin) and phosphatase inhibitors (1 mM Na3VO4 and 20 mM NaF). The FLAG-tagged cargo proteins SIRT1,
HDAC1, or TRPV1 were immunoprecipitated with anti-Flag antibody (Sigma #F7425) and co-precipitating HA-tagged PACS2 or
PACS2 p.Glu209Lys was detected by western blot using anti-HA antibody (Cell Signaling Technology #3724S) and developed with
the Pierce ECL Western Blotting Substrate (ThermoFisher) using a FluorChem E image acquisition system (ProteinSimple). Signals
were quantified using the AlphaView image analysis software package (ProteinSimple) and normalized to wild-type PACS2. Data are
mean 5 standard deviation, n ¼ 4.
alter a putative regulatory domain that alters binding of

PACS2 to one or more client proteins critical for neuron

communication, neurogenesis, or cerebellar development.

The increased interaction between PACS2 p.Glu209Lys

and SIRT1 or HDAC1 suggest the mutation may alter de-

acetylase functions, such as the control of p53, that impact

epilepsy or cerebellar development.48–50 Similarly, the

increased interaction between PACS2 p.Glu209Lys and

TrpV1 suggest an altered function of one or more ion

channels, contributing indirectly to channelopathies

associated with excitability disorders.51 Finally, the
1004 The American Journal of Human Genetics 102, 995–1007, May
p.Glu209Lys mutation may affect important roles for

mTORC2/Akt and 14-3-3 in neuronal migration and den-

dritic arborization.52,53

In conclusion, the recurrent de novo missense variant re-

sulting in PACS2 p.Glu209Lys in 14 unrelated individuals

with a well-defined phenotype supports causality of

PACS2 variant in DEE with facial dysmorphism and cere-

bellar dysgenesis. The pathogenic p.Glu209Lys variant

disturbs the interaction between PACS2 and its related pro-

teins, which may alter one or more cellular functions that

underlie this neurodevelopmental disease.
3, 2018
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