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De Novo Variants in CDK19 Are Associated with
a Syndrome Involving Intellectual Disability and
Epileptic Encephalopathy

Hyung-lok Chung,1,2,3,11 Xiao Mao,4,5,11 Hua Wang,4,5 Ye-Jin Park,1 Paul C. Marcogliese,1,2

Jill A. Rosenfeld,1 Lindsay C. Burrage,1 Pengfei Liu,1,6 David R. Murdock,1 Shinya Yamamoto,1,2

Michael F. Wangler,1,2 Undiagnosed Diseases Network, Hsiao-Tuan Chao,1,2,7,8,9 Hongyu Long,10

Li Feng,10 Carlos A. Bacino,1 Hugo J. Bellen,1,2,3,* and Bo Xiao10,*

We identified three unrelated individuals with de novo missense variants in CDK19, encoding a cyclin-dependent kinase protein family

member that predominantly regulates gene transcription. These individuals presented with hypotonia, global developmental delay,

epileptic encephalopathy, and dysmorphic features. CDK19 is conserved between vertebrate and invertebrate model organisms, but

currently abnormalities inCDK19 are not known to be associatedwith a human disorder. Loss ofCdk8, the fly homolog ofCDK19, causes

larval lethality, which is suppressed by expression of human CDK19 reference cDNA. In contrast, the CDK19 p.Tyr32His and

p.Thr196Ala variants identified in the affected individuals fail to rescue the loss ofCdk8 and behave as null alleles. Additionally, neuronal

RNAi-mediated knockdown of Cdk8 in flies results in semi-lethality. The few eclosing flies exhibit severe seizures and a reduced lifespan.

Both phenotypes are fully suppressed by moderate expression of the CDK19 reference cDNA but not by expression of the two variants.

Finally, loss of Cdk8 causes an obvious loss of boutons and synapses at larval neuromuscular junctions (NMJs). Together, our findings

demonstrate that human CDK19 fully replaces the function of Cdk8 in the fly, the human disease-associated CDK19 variants behave

as strong loss-of-function variants, and deleterious CDK19 variants underlie a syndromic neurodevelopmental disorder.
Infantile spasms are caused by dysfunction of the devel-

oping nervous system and begin in the first 2 years of

life, most commonly between 4 and 8 months of age.1

Infantile spasms are a symptom of generalized brain

disturbance and can be caused by infection,2 develop-

mental brain abnormalities,3 or genetic disorders such as

Down syndrome (MIM: 190685), tuberous sclerosis

(MIM: 191100),4 ARX-related disorders (MIM: 300419),

and CDKL5 pathogenic variants (MIM: 300672).5 Much

progress has been made in the past few years in the identi-

fication of genes responsible for infantile spasms, but for

many the overall prognosis is poor.6

Cyclin-dependent kinase 19 (CDK19 [MIM:614720]) and

its paralog, CDK8 (MIM: 603184), are members of the tran-

scriptional CDKs. Unlike other CDKs, these transcriptional

CDKs are less involved in cell-cycle regulatoryprocesses and

aremore involved in transcription.7CDK19andCDK8both

interact with cyclin C (MIM: 123838) and mediators.

CDK19 forms a CDK module by interacting with MED12L

(MIM: 611318) and MED13L (MIM: 608771), whereas

CDK8 does so by interacting with MED12 (MIM: 300188)

and MED13 (MIM: 603808).8 Note that MED13L and

MED12 are known disease genes associated with intellec-

tual disability.9,10 This CDK module interacts with the
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core mediators to regulate RNA polymerase II to control

transcriptional activity. CDK8 has been a focus of some

studies because it has been implicated in a number of

important pathways, including those involving WNT

signaling, KRAS, and Notch in cancers.11,12 In contrast,

much less is known about CDK19.

Initially, CDK19 was thought to function similarly or

redundantly to CDK8 given that they share 84% amino

acid sequence similarity and 97% identity in the kinase

domain.13 However, significant functional differences

have been uncovered. Recently, in vitro studies have shown

that CDK19 and CDK8 participate in mutually exclusive

complexes,14 and knockdown studies in cell lines of cervi-

cal cancer7 and colon cancer14 showed that they regulate

the expression of different genes. Overall, CDK19 appears

to have more specialized roles than CDK8. It is worth

noting that complete loss of Cdk8 is lethal in mice,15

whereas complete loss of Cdk19 is viable.16 However,

neurologic phenotypes have not yet been reported with

homozygous loss of Cdk19.

Through collaboration with the Undiagnosed Diseases

Network (UDN) and Xiangya Hospital in China, we identi-

fied three individuals who came from three independent

families and have de novo missense CDK19 variants.
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Figure 1. Clinical Features of Probands
(A) Front view of proband 1 at age 21 years.
Distinctive features include thin, sparse,
arched eyebrows; curly hair; mild hypote-
lorism; a prominent bulbous nose; a wide
mouth with wide spaced teeth; a thin up-
per lip; and a long smooth philtrum.
(B) Facial profile of proband 1 at age 23
years shows midface retrusion.
(C) Photograph of proband 1 from the
newborn period shows mild hypotelorism
and fleshy nose.
(D) Dysmorphic facial features, including
hypotelorism and a prominent nose with
a bulbous tip, were observed in proband 2.
(E and F) T1 (E) and T2 (F) brain MRI im-
ages for proband 2 show mild atrophy.
(G) Dysmorphic features, including ocular
hypertelorism; a prominent nose with a
bulbous tip,;U-shaped vermillion and
arched upper lip; and a large mouth were
observed in proband 3.
(H and I) T1 (H) and T2 (I) brain MRI
images for proband 3 show delayed
myelination.
Proband 1 was a participant in the UDN study at Baylor

College of Medicine. Probands 2 and 3 were each recruited

to the Xiangya hospital Epilepsy Cohort, which aims to

elucidate the genetic basis of epilepsy and epilepsy-related

neurodevelopmental disorders. Probands 2 and 3 were re-

cruited to the study during 2018 and 2019. Both of them

underwent detailed medical-history collection and phys-

ical examination by neurologists. Informed consent for

the diagnostic and research studies and publication

including photos was obtained for all subjects (see Supple-

mental Information). Proband 1 is currently a 25-year-old

female with a long-standing history of severe develop-

mental delay and intellectual disability. She was born after

a full-term pregnancy to non-consanguineous parents.

Dysmorphic facial features were noted at birth (Figure 1A

and Table 1). She presented at 4 months of age with poor

head growth and delayed developmental milestones. She

crawled and sat at 9 months and spoke three words by

12–15 months. At 15 months of age, she developed gener-

alized tonic-clonic seizures that were refractory to multiple

anti-epileptic medications and led to neurologic regression

with loss of speech. She walked at 5 years of age with the

help of orthotics. In addition, she has significant joint
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laxity resulting in many joint disloca-

tions and a history of severe pica. Her

clinical features, including hypoto-

nia, ataxia, mouthing behaviors, con-

stipation, seizures, hand flapping,

and absent speech, were considered

to be similar to those of Angelman

syndrome (MIM: 105830), but ge-

netic testing for that syndrome was

negative. Her physical exam at 25

years old showed dysmorphic fea-
tures such as hypotelorism, straight eyebrows, a prominent

nose with a bulbous tip, midface hypoplasia, and a large

mouth with widely spaced teeth (Figures 1A–1C). Her

height was 159.5 cm (37th percentile), her weight was

55.7 kg (30th percentile), and her head circumference was

52.5 cm (5th percentile). She has mild scoliosis. Her neuro-

logical exam was notable for acquired microcephaly, ab-

sent speech, diffuse hypotonia, symmetrically reduced re-

flexes, raking grasp, and a wide-based gait with an

inverted and inward-turned left foot. She continues to

have a generalized tonic-clonic seizure every 2–3 weeks,

weekly complex partial seizures described as episodes of

eye fluttering and eye dilation with altered consciousness,

and a few nocturnal seizures per week. Current antiepi-

leptic medications include daily valproic acid and clonaze-

pam as needed. Her seizures had previously responded well

to a ketogenic diet. Prior genetic testing included normal

chromosome analysis (46, XX); normal Angelman methyl-

ation studies; normal sequencing of UBE3A (MIM:

601623); FOXG1 (MIM: 164874), CDKL5, and MECP2

(MIM: 300005) sequencing including deletion and dupli-

cation studies; and a normal chromosomal microarray. A

repeat chromosomal microarray with SNP analysis



Table 1. Clinical Features of Affected Individuals with De Novo CDK19 Variants

Proband Proband 1 Proband 2 Proband 3

CDK19 variant de novo, c.586A>G (p.Thr196Ala) de novo, c.586A > G (p.Thr196Ala) de novo, c.94T > C (p.Tyr32His)

Sex female male male

Age 25 years 2 years 1 year

Global developmental delay yes yes yes

Epilepsy yes yes/infantile spasms yes/infantile spasms

Hypotonia yes yes yes

Intellectual disability yes not applicable not applicable

Dysmorphic features yes yes yes

Scoliosis yes no no

Brain MRI borderline microcephaly mild atrophy delayed myelination

Other findings autism, ataxia,
short stature

not applicable small calculus at both kidneys
revealed a benign small duplication on 5p. In addition, she

had a clinical proband exome sequencing (ES) that re-

vealed only heterozygous variants of uncertain signifi-

cance in genes associated with autosomal disorders, which

were all inherited from an unaffected parent. Thus, she was

referred to the UDN for further evaluation and received trio

whole-genome sequencing (WGS). A de novo coding

variant was identified in CDK19 (Genbank: NM_015076.

4, exon 6, c.586A>G[ p.Thr196Ala]) and confirmed by

Sanger sequencing (Table 1).

Proband 2 is a 2-year-old male. He was born after a

normal 38-week gestation to non-consanguineous parents.

At 10 weeks of age, he developed episodes of cyanosis. At

6months of age, he developed generalized tonic-clonic sei-

zures. 1 month later, the individual developed infantile

spasms occurring in clusters dozens of times per day. Elec-

troencephalogram (EEG) showed hypsarrhythmia with

burst suppression. Parenteral adrenocorticotropic hor-

mone (ACTH) injections and oral antiepileptic drugs,

including sodium valproate and topiramate, failed to con-

trol the seizures. A ketogenic diet was tried but did not help

to control seizures. At 16 months of age, levetiracetam was

added but was ineffective. Currently, a combination of so-

dium valproate, topiramate, and lamotrigine are being

used. The individual has delay in developmental mile-

stones. At present, he is able to lift his head, although

barely, but is unable to track objects, roll, sit, or crawl. He

does not babble. MRI brain findings showed mild brain at-

rophy (Figures 1E and 1F), and neurological examination

showed diffuse hypotonia. His dysmorphic facial features

include hypotelorism, a prominent nose with a bulbous

tip, and a large mouth with widely spaced teeth

(Figure 1D and Table 1). His height is 86 cm (28th percen-

tile), his weight is 11.5 kg (32th percentile), and his head

circumference is 47.5 cm (29th percentile). Clinical ES

and SNP array (for copy number variants) were performed,

but no pathogenic variants were identified (see Supple-
The Ame
mental Information). A trio-ES identified a de novo coding

variant in CDK19 (GenBank: NM_015076.4, exon 6,

c.586A>G [p.Thr196Ala]). Sanger sequencing confirmed

the result.

Proband 3 is an 18-month-old male. He was born at

39 weeks’ gestation to non-consanguineous parents. No

abnormalities were identified at birth or at his 1 month

evaluation. Developmentally, he was unable to hold his

head at 6 months of age. He could sit without support at

12 months of age but could not crawl until the latest eval-

uation at 18 months old. His brain MRI showed delayed

myelination (Figures 1H and 1I), and a neurologic exam

was significant for diffuse hypotonia (Table 1). At 9months

of age, he developed daily atonic seizures. EEG studies re-

vealed hypsarrhythmia. After he was given ACTH for

1 week, the drug was stopped because of a concomitant

infection and immunosuppression concerns. Since then,

various antiepileptic drugs have been used and have been

unable to control the seizures. Recent examination find-

ings were significant for dysmorphic features, including

ocular hypertelorism, a prominent nose with a bulbous

tip, a highly arched palate, U-shape vermillion of the upper

lip, a large mouth with widely spaced teeth, an arched up-

per lip, and a single transverse palmar crease in his right

hand (Figure 1G and Table 1). His height is 90 cm

(99.8th percentile), his weight is 15.5 kg (99.9th percen-

tile), and his head circumference 48 cm (67.9th percentile).

Target gene-panel analysis was performed, but no patho-

genic variants were found (Supplemental Information).

Trio-ES was performed, and a de novo variant was identified

(CDK19, GenBank: NM_015076.3, exon 1, c.94T>C

[p.Tyr32His]). Sanger sequencing validated the variant.

Neither CDK19 variant (neither p.Tyr32His identified in

proband 3 nor p.Thr196Ala identified in probands 1 and 2)

is present in control population databases such as gno-

mAD.17 The pLI score of CDK19 is 1, which indicates a

high probability of intolerance to loss of function, and
rican Journal of Human Genetics 106, 717–725, May 7, 2020 719



Table 2. The Pathogenicity of Two De Novo CDK19 Variants

Genomic position
(hg19) 6:111136246 6:110953293

Variant (de novo) GenBank:
NM_015076.3:
c.586A>G

GenBank:
NM_015076.3: c.94T>C

Amino Acid
change

p.Thr196Ala p.Tyr32His

CADD 26.6 27.8

SIFT 0.001 damaging 0.000 damaging

PolyPhen2
HDIV

0.999 probably
damaging

1.000 probably damaging

PolyPhen2
HVAR

0.995 probably
damaging

0.995 probably damaging

LRT 0.000 deleterious 0.000 deleterious

Mutation Taster 1 disease causing 1 disease causing

PROVEAN �4.53 damaging �4.27 damaging

M-CAP 0.113 damaging 0.178 damaging
the missense Z score of CDK19 is 3.56, indicating that the

gene is also intolerant to missense variation. Furthermore,

variant pathogenicity prediction through several tools

strongly indicates that these variants are likely pathogenic

(Table 2).

The sole homolog of CDK19 in the fly is Cdk8. The hu-

man genome carries two homologs of Cdk8 (CDK8 and

CDK19). Overall, fly Cdk8 and CDK19 share 75% similarity

and 68% identity.18,19 The serine-threonine kinase domain

that phosphorylates the mediator complex to control tran-

scription13 is very well conserved, with 99% homology

(Figure 2A).

We first generated UAS-transgenic flies with the CDK19

variants p.Tyr32His and p.Thr196Ala, as well as the refer-

ence CDK19 cDNA. To examine whether there are any

functional differences between the reference CDK19 and

variants, we ubiquitously overexpressed CDK19 cDNAs

by using a strong ubiquitous driver, tubulin Gal4 (Tub-

Gal4), in a wild-type background. Expression of the refer-

ence CDK19 does not affect viability, but the variants

caused a decrease in viability to 69% (CDK19, p.Tyr32His)

or 53% (CDK19, p.Thr196Ala). Hence, the variants func-

tion differently in vivo than does the reference, and our

data suggest that these variants are most likely dominant

mutations (Figure 2B).

To determine whether the reference CDK19 or variants

can replace the loss of function of Cdk8, we performed

rescue experiments with a Cdk8K185 null allele.20 Homozy-

gotes of Cdk8K185 are third-instar-larval lethal. To avoid

confounds from potential autosomal-recessive second-

site mutations on the chromosome, we performed the

rescue experiments in Cdk8K185 Cdk8 Df flies that are also

third-instar-larval lethal (Figure 2C). Using actin-Gal4 to

ubiquitously express fly Cdk8 or human CDK19 reference

cDNA fully rescued the lethality of Cdk8K185/Df, whereas
720 The American Journal of Human Genetics 106, 717–725, May 7,
expression of either CDK19 p.Tyr32His or p.Thr196Ala

failed to rescue the lethality. These findings suggest that

both CDK19 p.Tyr32His and CDK19 p.Thr196Ala are

loss-of-function mutations (Figure 2C). Hence, both alleles

correspond to dominant loss-of-function mutations.

CDK19 is known to be highly expressed in the nervous

system.19,21 We therefore performed a neuronal-specific

knockdown by using two independent RNAi transgenes

(Cdk8 RNAi-1 and Cdk8 RNAi-2).22 Both RNAis signifi-

cantly reduce the level of Cdk8 transcript to 5% (RNAi-1)

or 10% (RNAi-2) of wild-type controls, respectively

(Figure S1). All animals die as pupae by ubiquitous expres-

sion of Cdk8 RNAi-1. However, for RNAi-2, about 95% of

the animals die at the pupal stage, but 5% of the flies

eclose. These escapers can only live for ~5 days, but co-

expression of the reference human CDK19 fully rescued

the pupal lethality and lifespan decrease (Figure 3A). How-

ever, co-expression of either variant (CDK19 p.Tyr32His or

p.Thr196Ala) failed to rescue lethality (Figure 3A), again

showing that these variants are pathogenic.We next exam-

ined whether Cdk8 is required in neurons or glia. We

knocked down Cdk8 in neurons with the elav-Gal4 driver

and in glia with the pan-glial driver repo-Gal4. Neuronal

knockdown of Cdk8 causes lethality, and only 7%–10%

of flies eclose (Figure 3B), which is similar to the lethality

observed with ubiquitous expression of Cdk8 RNAi (da >

Cdk8 RNAi) (Figure 3A). However, glial knockdown of

Cdk8 via repo-gal4 does not cause lethality or other

obvious behavioral defects (climbing or longevity), sug-

gesting that Cdk8 is required in neurons. The lethality

observed upon neuronal knockdown is fully suppressed

by co-expression of the human CDK19 reference, but we

observed no rescue when the variants were co-expressed

(Figure 3B), suggesting that both Cdk8 and CDK19 share

conserved function in the nervous system across species.

Given that all three probands exhibit medically refrac-

tory epilepsy, we performed ‘‘bang sensitivity’’ assays in

flies. This assay can induce seizures in flies, as observed

in potassium-channel mutants (Shaker) that have severe

bang sensitivity and display seizure-like phenotypes.23,24

Upon vortexing the flies for 10 s, normal flies right them-

selves within a few seconds, but flies that are sensitive to

mechanical stress show stereotypical cycles of shaking

and paralysis for many seconds and up to a minute.25

These uncoordinated movements resemble seizures and

have been documented to be suppressed by anti-convul-

sive drugs.24 We found that neuronal knockdown of

Cdk8 results in very severe bang sensitivity in young flies

(3 days old), and these flies need about ~45 s on average

to recover from the vortex paradigm, whereas control flies

recover in a few seconds (Figure 3C). Co-expression of the

human reference CDK19 fully suppressed the seizures, but

co-expression of CDK19 variants failed to rescue the bang-

sensitivity defects (Figure 3C). In summary, loss of either

Cdk8 or CDK19 is associated with severe seizures. Finally,

neuronal knockdown of Cdk8 (elav > Cdk8 RNAi; UAS-

lacZ) decreases the lifespan of the escapers to ~10 days,
2020
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Figure 2. Cdk8 Is Functional Fly Homo-
log of Human CDK19
(A) The domain that includes the variants
is fully conserved from fly to human.
(B) Strong ubiquitous expression of
CDK19 reference is not toxic, but expres-
sion of the variants is toxic to flies.
Numbers indicate the ratio of observed/ex-
pected flies.
(C) Ubiquitous expression of reference
CDK19 rescued the larval lethality observed
in Cdk8K185/Cdk8 Df flies, whereas the
expression of variants CDK19 failed to
rescue the larval lethality. Numbers indi-
cate the ratio of observed/expected flies.
whereas control flies live ~75 days (elav > luciferase RNAi).

Again, this decrease in lifespan is fully restored by co-

expression of reference CDK19 but not by co-expression

of CDK19 variants.

To determine whether the subcellular localization of

CDK19 is affected in the variants, we stained adult-fly

CNS expressing the human reference CDK19 or variants

in a background in which Cdk8 is knocked down by

RNAi.We find that both reference and variants are similarly

expressed and that they are all localized to the perinuclear

space and cytoplasmofmost neurons in adult CNS (Figure 4

and Figure S2A). We also observed that both reference and

variants are similarly localized to the nucleus in a few neu-

rons in the adult CNS (Figures 4A–4B, white arrow), and

larval CNS (Figure S2B). In summary, the variants do not

affect the localization or abundance of CDK19, and the pro-

tein is localized to perinuclear cytoplasm.

Finally, to explore the consequences of the CDK19 vari-

ants at synapses, we investigated the loss-of-function phe-

notypes at the larval Drosophila NMJ, a well-established

model for synapse development and function.26–29 We as-
The American Journal of Human
sessed the loss-of-function pheno-

types of Cdk8 at NMJs by expressing

Cdk8 RNAi in neurons via the elav-

Gal4 driver. As shown in Figure 5,

we observed a significant decrease

(~30%) in the total number of bou-

tons, showing that loss of Cdk8 af-

fects synapse formation (Figures 5A

and 5B). However, the number of

branches is similar to the number in

controls (Figure 5C). In summary,

loss of Cdk8 affects synapse develop-

ment at NMJs.

Although CDK8 and CDK19 are

very similar, several studies have

documented that their functions are

not redundant.30,31 CDK8 is known

to be highly expressed in the bladder

and esophagus, whereas CDK19 is

highly expressed in the brain.14

Recently, de novo variants in CDK8
have been linked to a syndromic neurodevelopmental

disorder.32

Analyses of the Database of Genomic Variants (DGV)

show thatmany individuals in the control population carry

adeletion that encompasses thegene, indicating that lossof

one copy of CDK19 might not cause obvious clinical fea-

tures. However, Mukhopadhyay et al.30 reported a female

individual who had a translocation disrupting the gene

and who presented with bilateral congenital retinal folds,

microcephaly, and mild intellectual disability. Finally,

given that the pLI score forCDK19 in the gnomADdatabase

is 1, and the observed number of loss-of-function variants

over expected loss-of-function variants is very low

(observed versus expected, 0.03), CDK19 is severely con-

strained for loss-of-function variation. This can be recon-

ciled with our observations: ubiquitous overexpression of

the human reference cDNA CDK19 in a wild-type

Drosophila background is not toxic, but expression of vari-

ants significantly reduced viability (Figure 2B), suggesting

a dominant feature associated with the variants. We argue

that this is a dominant-negative function because the two
Genetics 106, 717–725, May 7, 2020 721
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Figure 3. Loss of Cdk8 Resulted in
Lethality, Seizure, and Lifespan Decrease
in Flies
(A) Ubiquitous expression of Cdk8 RNAi
caused lethality, and it can be rescued
by co-expression of human reference
CDK19, whereas it cannot be rescued by
co-expression of CDK19 variants (n ¼ 8
crosses per each genotype). Statistical ana-
lyses were performed via one-way ANOVA
followed by a Tukey post-hoc test. Results
are means 5 SEM, ***p < 0.001.
(B) Neuronal expression of Cdk8 RNAi
caused severe lethality, but glial expres-
sion of Cdk8 RNAi did not cause any
lethality. Co-expression of human refer-
ence CDK19 rescued the lethality, whereas
co-expression of CDK19 variants failed to
rescue the lethality (n ¼ 9 crosses per
each genotype). Statistical analyses were
performed via one-way ANOVA followed
by a Tukey post-hoc test. Results aremeans
5 SEM, ***p < 0.001; n.s., not significant.
(C) Flies that lost Cdk8 in neurons exhibit
strong bang sensitivity, which can be fully
rescued by expression of human reference
CDK19, whereas they fail to be rescued
by expression of the variants. Statistical
analyses were performed via one-way
ANOVA followed by a Tukey post-hoc
test. Results are means 5 SEM, ***p <
0.001; n.s., not significant.
(D) Lifespan of flies that co-express human
reference CDK19 or the variants withCdk8
RNAi (n > 50 per each genotype).
variants fail to rescue the lethality or neurologic pheno-

types observed in the flies that lost Cdk8 (Figures 2 and 3).

Given that CDK19 interacts with mediator complex pro-

teins, nonsynonymous variants in CDK19 might cause

dominant-negative effects.

In summary, we describe a syndrome associated with

global developmental delay, hypotonia, dysmorphic fea-

tures, andepilepsy in three individuals fromthreeunrelated

families harboring de novomissense variants in CDK19. On

the basis of our experiments, we argue that CDK19 plays a

critical role in neurodevelopment and synapse formation

and function, supporting the observation that it causes a

neurodevelopmental syndrome with epilepsy in humans.
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Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.04.001.
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Figure 4. CDK19 Is Localized to the Peri-
nuclear Space and Cytoplasm of Most
Neurons but Expressed in the Nucleus in
a Few Neurons
(A) Localization of CDK19 in humanized
flies (elav > Cdk8 RNAi; UAS-CDK19 refer-
ence). Dashed boxes indicate the region
that are magnified in images below. White
arrow indicates the neuron that expresses
CDK19 in nucleus. Scale bar: 10 mm.
(B) Localization of variant CDK19 in the
flies (elav > Cdk8 RNAi; UAS-CDK19
p.Thr196Ala).
(C) Localization of variant CDK19 in the
flies (elav > Cdk8 RNAi; UAS-CDK19
p.Tyr32His). Scale bar: 10 mm.
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Figure 5. Loss of Cdk8 Caused a Severe
Synapse Loss in Larval NMJs
(A) Representative images of larval NMJs of
each genotype (Control, elav > luciferase
RNAi [top]; Cdk8 loss, elav > Cdk8
RNAi;UAS-LacZ [middle]; and rescued flies,
elav > Cdk8 RNAi;UAS-CDK19 reference
[bottom]).
(B) Quantification of the number of total
boutons in NMJs (n ¼ 14 [control], n ¼
23 [Cdk8 loss], n ¼ 25 [rescued flies]).
Statistical analyses were performed via
one-way ANOVA followed by a Tukey
post-hoc test. Results are means 5 SEM,
***p < 0.001.
(C) Quantification of the length of bou-
tons of NMJs (n ¼ 14 [control], n ¼ 23
[Cdk8 loss], n ¼ 25 [rescued flies]). Statisti-
cal analyses were performed via one-way
ANOVA followed by a Tukey post-hoc
test. Results are means 5 SEM, n.s., not
significant.
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Figure S1: Two independent RNAis can efficiently reduce the transcripts level.  

 
 
 
 
 
 
 
 



 
 
 

 
 

Figure S2: CDK19 reference and variants are similarly expressed in CNS of flies. 

(A) The relative intensity of CDK19 signal in adult fly CNS is comparable when we overexpressed 

the CDK19 reference or CDK19 variants (n = 4 for CDK19 reference, n = 4 for CDK19 p. 

Tyr32His and n = 3 for CDK19 p. Thr196Ala). Statistical analyses are one-way ANOVA followed 

by a Tukey post-hoc test. Results are mean ± s.e.m; n.s., not significant. 

 
 

Supplemental Materials and Methods 

Informed consent 

 Informed consent was obtained from the parents of proband 1 for participation in the 

Undiagnosed Diseases Network study at Baylor College of Medicine. This protocol has been 

approved under the oversight of the National Institutes of Health Institutional Review Board. 

Additionally, informed consent was obtained for publication of photos shown here. Patient 2 and 

3 were recruited to the Xiangya hospital Epilepsy Cohort which aims to elucidate the genetic basis 



of epilepsy and epilepsy related developmental disease. Patients were recruited to the study during 

2018 to 2019. Both of them underwent detailed medical history collection and physical 

examination by neurologists. DNA was extracted from peripheral venous blood using the Genomic 

DNA kit from Aidlab. This study was approved by the Ethics Committee of Xiangya hospital, 

Central South University (No.201605577). Informed consents were obtained from both enrolled 

participants for publication of photos shown here. 

 
 

Genetic analysis  

Trio whole genome sequencing (WGS) was performed for proband 1 at Baylor Genetics (BG) 

as part of the Undiagnosed Diseases Network (UDN). The library is prepared using a PCR free 

550-bp insert size protocol by the KAPA Hyper Prep kit. The library is subjected to sequence 

analysis on Illumina NovaSeq 6000 platform for 150 bp paired-end reads. The following quality 

control metrics of the sequencing data are generally achieved: average sequenced coverage over 

the genome > 40X, >97.5% target base (digital exome) covered at >20X, SNP concordance to 

genotype array: >95%. BG WGS data were aligned to the hg38 reference sequence on the Illumina 

Dragen pipeline. For compatibility with the BCM UDN annotation pipeline based on the Codified 

Genomics (Houston, TX) interpretation tool, the BAM files were first converted back to FASTQ 

files and then realigned to the hg19 reference. Variant calling was then performed on the realigned 

BAM files and subsequent VCFs were annotated. We filtered for rare variants that had a frequency 

of <0.01 in gnomAD (https://gnomad.broadinstitute.org/) and in our local database which consists 

of over 750 samples.  For our initial analysis, we focused on de novo variants, and genes with 

biallelic variants where at least one variant was in the coding region or at a canonical splice site.  

Trio ES of probands 2 and 3 was performed using the HiSeq2500 system (Illumina, San Diego, 

CA, USA) with a mean depth of 100X. The ES data was analyzed by using a customized pipeline,32 



and ANNOVAR software was used to annotate the data33. Public databases (ESP6500, 

1000genomes, ExAC, gnomAD) were used to filter variants with frequencies higher than 0.001. 

Variants in exonic regions and splicing regions were remained after removing variants in UTR 

regions, non-coding regions and intronic regions. Synonymous variants were also filtered. Sanger 

sequencing was used to validate trio ES results. A de novo variant in EFCAB13 (c.583C>G) and 

compound heterozygous variants in ADGRE1 (c.587C>T, c.662G>A) were additionally identified, 

however, all these 3 variants were predicted to be tolerable or not conserved.  

A de novo variant in WDR63 (c.449A>G) was identified in proband 3, however this variant 

was predicted to be tolerable or not conserved. We also identified compound heterozygous variants 

in CEP164 (c.548T>A, c.3965C>T) and PKD1 (c.191G>C, c.4343C>T). All the four variants 

were predicted to be tolerable, and the patient 3 showed no clinical features to related the diseases 

related to CEP164 or PKD1 (Nephronophthisis (CEP164, OMIM #614845) and polycystic kidney 

disease (PKD1, OMIM #173900)).  

 

Drosophila genetics 

The following stocks were obtained from the Bloomington Drosophila Stock Center (BDSC) at 

Indiana University: y1 w*; P {Act5C-GAL4} 25FO1/CyO, y+ (RRID: BDSC_441434), w[*];da-

GAL4 (RRID : BDSC_5460), w[1118]; P{GAL4}repo/TM3, Sb1 (RRID: BDSC_7415), P{GAL4-

elav.L}2/CyO (RRID: BDSC_876535), y1 sc* v1 sev21; P{TRiP.GL00231}attP2 (RRID: 

BDSC_3532422), y1 sc* v1 sev21; P{TRiP.HMS05476}attP40 (RRID: BDSC_67010;22). 

 

Generation of CDK19 Drosophila transgenes 

UAS-CDK19 reference and variant transgenic flies were generated as previously described36; 37. 



Using Gateway cloning (Thermo Fisher Scientific), the CDK19 cDNA entry clone (GenBank: 

NM_015076.3) in the pDONR221 vector was shuttled to the pGW-attB-HA38. Site-directed 

mutagenesis was performed with the Q5 site-directed mutagenesis kit (NEB) followed by Sanger 

verification. The following forward and reverse primers were used to make CDK19 variants:  

CDK19 p. Y32H: FW- ACGCGGCACCCACGGTCACGT,  

RV- CCCACTTTGCACCCTTCGTACTC 

CDK19 p. T196A: FW- AGTAGTTGTGGCATTTTGGTATC,  

RV- GGATCCAAATCTGCTAGTG 

All UAS-cDNA Constructs were inserted into the VK37 (PBac{y[+]-attP}VK00037) docking site 

by ϕC31 mediated transgenesis39. 

 

Quantitative real-time PCR 

Total RNA was extracted from adult flies using RNeasy Plus Mini Kit (QIAGEN) and 1.5 μg RNA 

was reverse transcribed to synthesize cDNA using a 5X All-In-One RT MasterMix (abm). qPCR 

was performed with iTaq Universal SYBR Green Supermix (BIO-RAD) and CFX96 Touch Real-

Time PCR Detection System (BIO-RAD). The level of Rp49 transcripts was used for 

normalization.  

The following primers were used for PCR:  

Rp49 FW (5´- ACAGGCCCAAGATCGTGAAGA -3´) 

Rp49-RV (5´- CGCACTCTGTTGTCGATACCCT-3´) 

Cdk8-1-FW (5´- CCAGCAAGATTTTCACCACCA -3´) 

Cdk8-1-RV (5´- CAGTTGAAGCGCTGGAAGTTCT -3´) 

Cdk8-2-FW (5´- CATCCGGGTGTTTCTGTCG -3´) 



Cdk8-2-RV (5´- CAGCCCGATGGAACTTAATGAT-3´) 

Cdk8-3-FW (5´- GTCTACAAGGCGAAATGGAAGG -3´) 

Cdk8-3-RV (5´- CGGACATGGACAATCCGGTG -3´) 

 

Immunohistochemistry of adult fly brains 

Fly brains were dissected in cold 1X PBS, and were fixed with 4% paraformaldehyde for 30 

minutes at room temperature (RT). Tissues were washed in PBST solution (1X PBS, 0.1%Triton 

X-100) and incubated with 5% NGS (Normal Goat Serum) at room temperature (RT) for 2 hours 

and incubated with primary antibodies with 5% NGS solution on a rotating platform overnight at 

4°C. The brains were washed again with PBST prior to incubation with secondary antibodies on a 

rotating platform overnight at 4°C in the dark and thoroughly rinsed in PBST and mounted with 

Vectashield for imaging. Leica SP8X Confocal Microscope was used for imaging.  

Primary antibodies used in this study were as follows: Mouse anti-Elav (9F8A9, 1:50, DSHB) and 

Rabbit anti-CDK19 (SAB4301196, 1:200, Sigma-aldrich). For secondary antibodies, goat anti-

mouse-IgG with Alexa Fluor 488 and anti-rabbit Cy5 (Jackson ImmunoResearch) were used.  

 

Dissecting and staining for larval NMJ. 

NMJs were dissected and fixed from wandering third instar larvae, as described previously40. The 

tissues were incubated with 5% Normal Goat Serum solution for blocking at RT for 2 hours and 

then incubated with primary antibodies with 5% NGS solution on a rotating platform overnight at 

4°C. The tissues were washed again with PBST before incubation with secondary antibodies on a 

rotating platform overnight at 4°C in the dark and then thoroughly rinsed in PBST and mounted 

with Vectashield for imaging. The NMJs between muscles 6/7 of the A3 segment were imaged by 



Leica SP8 X Confocal Microscope. ImageJ was used for quantification of boutons, branches, and 

NMJ length. Synaptic branches with two or more synaptic boutons were considered branches, 

according to Miller et al., 201241. 
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