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Delineation of a Human Mendelian Disorder
of the DNA Demethylation Machinery: TET3 Deficiency
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Germline pathogenic variants in chromatin-modifying enzymes are a common cause of pediatric developmental disorders. These en-

zymes catalyze reactions that regulate epigenetic inheritance via histone post-translational modifications and DNA methylation. Cyto-

sine methylation (5-methylcytosine [5mC]) of DNA is the quintessential epigenetic mark, yet no human Mendelian disorder of DNA

demethylation has yet been delineated. Here, we describe in detail a Mendelian disorder caused by the disruption of DNA demethyla-

tion. TET3 is a methylcytosine dioxygenase that initiates DNA demethylation during early zygote formation, embryogenesis, and

neuronal differentiation and is intolerant to haploinsufficiency in mice and humans. We identify and characterize 11 cases of human

TET3 deficiency in eight families with the common phenotypic features of intellectual disability and/or global developmental delay;

hypotonia; autistic traits; movement disorders; growth abnormalities; and facial dysmorphism. Mono-allelic frameshift and nonsense

variants in TET3 occur throughout the coding region. Mono-allelic and bi-allelic missense variants localize to conserved residues; all

but one such variant occur within the catalytic domain, and most display hypomorphic function in an assay of catalytic activity.

TET3 deficiency and other Mendelian disorders of the epigenetic machinery show substantial phenotypic overlap, including features

of intellectual disability and abnormal growth, underscoring shared disease mechanisms.
Post-translational modifications of histone tails and DNA

methylation play essential roles in development by regu-

lating chromatin structure and gene expression. In-

herited conditions that disrupt these processes—chro-

matin-modifying disorders or Mendelian disorders of

the epigenetic machinery—account for a substantial per-

centage of neurodevelopmental and growth abnormal-

ities in children.1,2 Most known disorders in this class

are caused by pathogenic variants in either histone-

modifying enzymes or chromatin remodelers. Far fewer

have been linked to deficiencies in the DNA methylation

machinery.3–5 The latter include disorders caused by de-
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fects in DNA methylation ‘‘writers,’’ or DNA methyl-

transferases (DNMTs). For example, immunodeficiency-

centromeric instability-facial anomalies syndrome 1

(ICF syndrome) results from bi-allelic variants in

DNMT3B (MIM: 242860). Tatton-Brown-Rahman syn-

drome results from mono-allelic variants in DNMT3A

(MIM: 615879). Defects in ‘‘reader’’ proteins that bind

to DNA methylation lead to disorders including Rett syn-

drome, which is caused by variants in MECP2 (MIM:

312750).3–5 No Mendelian disorder has been consis-

tently linked to the multi-step and tightly regulated pro-

cess that removes DNA methylation.
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The roles of DNMTs and proteins such as MECP2 in

‘‘writing’’ and ‘‘reading’’ methyl marks on DNA have been

known for decades, whereas the existence of enzymes

that can actively reverse or ‘‘erase’’ DNA methylation was

discovered more recently.6,7 The ten-eleven translocase

(TET) family of enzymes consists of three methylcytosine

dioxygenases (TET1, TET2, and TET3) that initiate DNA

demethylation through a series of sequential oxidation

reactions that convert 5-methyl cytosine (5mC) first to

5-hydroxymethylcytosine (5hmC), which is then con-

verted to 5-formylcytosine (5fC) and 5-carboxylcytosine

(5caC), which are removed either passively by replication-

dependent dilution or actively by thymidine DNA glycosy-

lase.8 The process ultimately results in the loss of the meth-

ylated base and its replacement with an unmethylated

cytosine,6,7,9,10 effectively leading to DNA demethylation.

In addition to being an intermediate in the active

removal of 5mC, 5hmC is suggested to have an indepen-

dent role in gene regulation, although the exact nature of

this role remains unclear. Notably, the amounts of 5hmC

differ globally based on cell lineage and are particularly en-

riched in mammalian brains.8,11 5fC and 5caC are less well

understood andmight have unique functions as well.8 Tet3

is highly expressed in oocytes, zygotes, and neurons, and

ablation of Tet3 in mice leads to embryonic lethality.8

TET3 plays an important role in rapidly demethylating

the paternal genome after fertilization, producing

genome-wide increases in the oxidized 5mC intermediates

5hmC, 5fC, and 5caC.12–16 Importantly, Tet3 haploinsuffi-

ciency causes neonatal sublethality or sub-Mendelian ratios

in mice.17–19 Furthermore, inhibition or depletion of Tet3

in mouse differentiated neurons can impact synaptic func-

tion.20–22 In humans, TET3 is highly intolerant to loss-of-

function alleles in control databases,23 and homozygous

missense variants in TET3 were recently implicated as a

possible cause for autosomal-recessive intellectual disability

in a single consanguineous family (further described here as

family 3).24 Together, these findings illustrate the impor-

tant role of TET3 in early embryonic development and

neuronal function.

Here, we provide a detailed description of a cohort of in-

dividuals with a Mendelian disorder that is due to disrup-

tion of the DNA demethylation machinery, namely the

TET3 enzyme. Although inheritance patterns vary and

include both autosomal-dominant and autosomal-reces-

sive forms, all affected individuals have in common a defi-

ciency in TET3 function. This is either due to one or more

missense variants within the highly conserved catalytic

domain, most of which have been functionally validated

to result in decreased TET3 activity, or due to a single

frameshift or nonsense variant. The phenotype is remark-

ably similar among affected individuals and is consistent

with the broader group of Mendelian disorders of the

epigenetic machinery; such disorders often show global

developmental delay and/or intellectual disability and

other neurological manifestations, growth abnormalities,

and characteristic craniofacial features.1,25,26
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Individual 1-II-1 presented with developmental delay,

generalized overgrowth including macrocephaly, and

some facial features reminiscent of Sotos syndrome (Ta-

ble 1; Figure 1A). Targeted testing for Sotos syndrome

(MIM: 117550; NSD1) and the related Malan syndrome

(MIM: 614753; NFIX), as well as methylation testing for

Beckwith-Wiedemann syndrome (MIM: 130650) and array

comparative genomic hybridization (CGH), failed to detect

a pathogenic alteration. We performed research-based

trio exome sequencing and identified bi-allelic rare vari-

ants in TET3 (GenBank: NM_001287491.1; c.2254C>T

[p.Arg752Cys] and c.3265G>A [p.Val1089Met]). Through

collaborations with other institutions and Gene-

matcher,27 we subsequently identified an additional ten

affected individuals in seven unrelated families with over-

lapping phenotypes and rare TET3 variants predicted to

negatively impact catalytic function (Table 1; Figure 1B).

To delineate the phenotypic spectrum associated with

variants in TET3, we collected detailed clinical information

on all affected individuals, who ranged in age from

11 months to 56 years at the time of assessment (Table 1).

We observed striking phenotypic overlap among affected

individuals (Table 1). All had global developmental

delay and/or intellectual disability, and the vast majority

(9/11) had hypotonia and/or joint hypermobility. Other

commonly observed findings were autistic features

including difficulty with social interactions (6/11), growth

abnormalities (8/11), movement disorders (5/11), and over-

lapping common facial characteristics (Figure 1A). The

developmental delay/intellectual disability ranged from

mild to severe and included gross motor delay with

or without speech delay in almost all cases (Table 1). Sei-

zures and/or electroencephalogram (EEG) abnormalities

occurred in 4/11 individuals; other movement disorders

were also noted and included tics, dystonia, extensor

posturing, and myoclonic jerks (Table 1). Brain magnetic

resonance imaging (MRI) demonstrated non-specific ab-

normalities, such as periventricular white-matter changes

and increased extra-axial spaces, including ventriculome-

galy, in two individuals (Table 1). Postnatal growth abnor-

malities, most often involving head size, were identified

in 7/11 affected individuals, three of whom (1-II-1, 4-II-1,

and 5-II-1) had true macrocephaly (OFC R 2 SD above

themean), one of whom (6-II-1) had borderline and relative

macrocephaly, and two of whom (3-II-1 and 3-II-3) were

siblings from a consanguineous family and had micro-

cephaly (Table 1). In individual 1-II-1, macrocephaly was

accompanied by tall stature (height R 2 SD above the

mean), and in individual 3-II-1, microcephaly was accom-

panied by short stature (height% 2 SD below themean; Ta-

ble 1). Three individuals (3-II-1, 3-II-3, and 6-II-1) were born

small for their respective gestational ages, suggesting a po-

tential effect on prenatal growth; however, two of these

were siblings from the same consanguineous family, and

we cannot rule out other genetic causes, maternal factors,

exposures, or poor prenatal care without additional infor-

mation. The other individual born small for his gestational
n Journal of Human Genetics 106, 234–245, February 6, 2020 235



Table 1. Clinical Characteristics of Individuals Harboring TET3 Variants

Individual 1-II-1 2-II-1 3-II-1 24 3-II-2 24 3-II-3 24 4-II-1 5-II-1 6-II-1 7-II-1 7-I-1 8-II-1

Variant Characteristics

Variant cDNAa c.2254C>T
(paternal);
c.3265G>A
(maternal)

c.3215T>G
(paternal);
c.3226G>A
(maternal)

c.2722G>T
(maternal;
paternal)

c.2722G>T
(maternal;
paternal)

c.2722G>T
(maternal;
paternal)

c.2552C>T c.5083C>Td c.5030C>Td c.4977_4983deld c.4977_4983deld c.1215delA

Amino acid
changesb

p.Arg752Cys;
p.Val1089Met

p.Phe1072Cys;
p.Ala1076Thr

p.Val908Leu p.Val908Leu p.Val908Leu p.Thr851Met p.Gln1695*d p.Pro1677Leud p.His1660Profs*52d p.His1660Profs*52d p.Trp406Glyfs*135

Genomic
coordinatesc

chr2:
74275298C>T;
chr2:
74320791G>A

chr2:
74320741T>G;
chr2:
74320752G>A

chr2:
74314999G>T

chr2:
74314999G>T

chr2:
74314999G>T

chr2:
74300733C>T

chr2:
74328998C>T

chr2:
74328945C>T

chr2: 74328892_
74328898del

chr2: 74328892_
74328898del

chr2: 74274259_
74274259delA

CADD score 23.6; 29.1 28.2; 25.9 27 27 27 26.2 44 25.7 NA NA NA

gnomAD alleles 29 (0
homozygotes); 0

0; 0 0 0 0 0 0 0 0 0 0

Inheritance AR AR AR AR AR AD de novo AD de novo AD de novo AD inherited AD AD de novo

Demographics of Affected Individuals

Ethnic origin Caucasian Caucasian Asian Asian Asian Caucasian West Indies
(father);
Morocco
(mother)

Estonian
(mother);
Finnish
(father)

White British White British Ashkenazi
Jewish

Sex female female male female female male male male male male male

Age at evaluation 7 years 3 years
3 months

21 years 24 years 27 years 11 months 7 years
6 months

18 months 11 years 56 years 9 years
11 months

Gestation Term 41 weeks Term Term Term 40 weeks Term 35 weeks Term NA 40 weeks,
3 days

Growth

Birth weight
in g (SD)

3,370 (�0.07) 3,230 (�0.57) 1,360 (�4.7) NA 2,270 (�2.44) 3,865 (þ0.66) 4,300 (þ1.49) 1,475 (�2.37) 3,170 (�0.73) NA 3,685 (þ0.21)

Birth length
in cm (SD)

48.3 (�0.92) 53.98 (þ1.26) NA NA NA 48.26 (�1.23) 53 (þ0.68) 42 (�1.56) NA NA 57.2 (þ2.38)

Birth OFC
in cm (SD)

NA NA NA NA NA 35.56 (þ0.52) NA 31 (�0.66) NA NA 34.9 (þ0.04)

Weight at
evaluation
in kg (SD)

41.6 (þ2.61) 13.7 (�0.37) 38 (�5.16) NA 47 (�1.52) 9.35 (�0.06) 27.7 (þ0.79) 8.9 (�1.85;
�3.0 Estonian
chart)

38.55 (þ0.36) 126 (>þ2.0) 24.3 (�1.76)

Length/height
at evaluation
in cm (SD)

135.3 (þ2.25) 100.3 (þ1.13) 159 (�2.48) NA 165 (þ0.26) 75.5 (þ0.41) 120 (�0.88) 82 (�0.10) 134.3 (�1.34) 185 (þ1.15) 131 (�1.12)

OFC at evaluation
in cm (SD)

57.9 (>þ2.00) 47 (�1.04) 53 (�2.00) NA 51 (<-2.00) 48.3 cm (þ2.00) 55 (>þ2.00) 50 (þ1.98) 52.5 (�0.67) 56.5 (þ0.67) 52 (�0.7)

(Continued on next page)
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Table 1. Continued

Individual 1-II-1 2-II-1 3-II-1 24 3-II-2 24 3-II-3 24 4-II-1 5-II-1 6-II-1 7-II-1 7-I-1 8-II-1

Neurodevelopment

Intellectual
disability (degree)

Y (mild) NA Y (moderate) Y (moderate) Y (moderate) NA NA NA Y (moderate) Y (mild to
moderate)

N

Global
developmental
delay

Y Y (severe) Y Y Y Y Y Y (severe) Y Y Y

Gross motor delay Y Y Y Y Y Y Y Y Y NA Y

Fine motor delay Y Y Y Y Y Y Y Y Y NA N

Speech delay Y Y Y Y Y Y NA Y Y NA Y

Behavior

Autistic
features/ASD

Y (obsessive-
compulsive
tendencies)

NA NA NA NA Y NA Y (poor eye
contact)

Y (routine-
oriented,
obsessions)

N Y

Difficult/delayed
social interactions

Y NA NA NA NA Y NA Y Y Y Y

Other behavioral
concerns

anxiety,
ADHD

high pain
tolerance

NA NA NA NA NA N ADHD anxiety,
depression

anxiety,
ADHD

Neurological Findings

Seizures (type) Y (? absence
spells)

Y N N N N Y (febrile
partial and
myoclonic)

Y (infantile
spasms)

N N N

EEG abnormal
focus on
right

abnormal NA NA NA normal bioccipital
bi-phasic
spikes; then
centro-temporal
spikes with
continuous
spikes þ waves
during sleep

epileptic
activity

N N NA

Other abnormal
movements

tic disorder extensor
posturing

N N N myoclonic
movements
and periodic
limb
movement
in sleep

dysmetria dystonias N N N

Hypotonia Y Y Y Y Y Y Y Y (central) N N N

Hypertonia N N N N N NA N Y (peripheral) N N N

Brain MRI increased extra-
axial spaces,
mild
ventriculomegaly

normal NA NA NA normal normal at
2.5 years
and 5.5 years

periventricular
leukomalacia;
increased
extra-axial
spaces

N N NA

(Continued on next page)
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Table 1. Continued

Individual 1-II-1 2-II-1 3-II-1 24 3-II-2 24 3-II-3 24 4-II-1 5-II-1 6-II-1 7-II-1 7-I-1 8-II-1

Ophthalmological
findings

No nystagmus N N N NA N nystagmus;
strabismus;
ptosis; lacrimal
duct stenosis

N N N

Cardiovascular
anomalies

cardiomegaly,
valve abnormality,
abnormal EKG

N NA NA NA NA N VSD, aortic
valve
insufficiency

N N N

Musculoskeletal
findings

advanced bone
age; pes planus

scoliosis NA NA NA N N hip dysplasia joint
hypermobility

NA N

GI manifestations infantile feeding
difficulties

feeding
difficulties/
G-tube,
constipation

NA NA NA feeding
difficulties,
GER, delayed
gastric emptying

NA feeding
difficulties

N N N

Craniofacial dysmorphisms

Brachycephaly N Y NA NA NA Y N N Y Y N

Tall or broad
forehead

Y Y Y NA Y NA Y Y N N N

Long face Y N Y NA Y NA Y Y N N N

Protruding ears N Y Y NA NA NA Y Y N N N

Short nose/long
philtrum

Y Y N NA N NA N Y Y N N

Hypotonic
face/open
mouth

Y Y Y NA NA NA N Y N N N

Highly arched
palate

Y N NA NA NA Y N Y N N N

Abbreviations are as follows: CADD, combined annotation dependent depletion; AR, autosomal recessive; AD, autosomal dominant;SD, standard deviation from the mean; OFC, occipitofrontal circumference (head circum-
ference); Y, yes, indicates presence of feature; N, no, indicates absence of feature; NA, not available; ADHD, attention deficit hyperactivity disorder; VSD, ventricular septal defect; GER, gastresophageal reflux; and G-tube,
gastrostomy tube.
aAll cDNA variants based on GenBank: NM_001287491.1.
bAll amino acid changes based on GenBank: NP_001274420.1.
cGenomic coordinates based on GRCh37/hg19.
dDenotes variants in last exon. Birth-growth parameters plotted with the growth calculator from Olsen et al., 2010 (see Web Resources); growth parameters for children 0–2 were plotted on WHO 0–2y growth charts; height
and weight of older children/adults were plotted on CDC 2–20y growth charts; head circumferences/OFCs of children 2–5 plotted on 2–5 WHO growth charts and children and adults over 5 plotted on Nellhaus chart. If SD is
significantly different on local growth chart, both are indicated.
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Figure 1. Craniofacial Features and Inheritance in Individuals with TET3 Deficiency
(A) Images showing craniofacial characteristics of a subset of affected individuals.
(B) Pedigrees illustrating inheritance patterns in each family; specific variants are listed. Abbreviations are as follows: Pat, paternal; Mat,
maternal; y, years; and m, months.
age (6-II-1) continued to exhibit poor weight gain but

developed borderline macrocephaly by 18 months of age

(Table 1). Distinctive craniofacial features common to these

affected individuals include a tall and/or broad forehead (6/

11) and long face (5/11; Figure 1A). Less commonly noted

features were brachycephaly (4/11); a short nose and long

philtrum, particularly in younger individuals (4/11); hypo-

tonic facies with open mouth appearance (4/11); protrud-

ing ears (4/11); and a highly arched palate (3/11). A few

individuals had feeding difficulties (4/11) and eye findings

including nystagmus (2/11). Detailed case reports for all

subjects are included in the Supplemental Information.

Five affected individuals in three distinct families had

bi-allelic variants, consistent with autosomal-recessive in-

heritance (Table 1; Figure 1B). Two of these individuals

were compound heterozygotes, whereas the other three

were siblings from a consanguineous family and were

homozygous for the same variant (Table 1; Figure 1B).24

In all three of the families showing an autosomal-recessive

inheritance pattern, at least one parent appeared mildly
The America
affected. Both parents in family 2 had mild learning diffi-

culties requiring individualized educational plans (IEPs)

in school; in addition, the father had attention deficit hy-

peractivity disorder (ADHD), and the mother had a history

of seizures requiring medication in childhood. The mother

in family 3—themost severely affected carrier parent—had

severe anxiety, problems with short-term memory, and

borderline psychosis, whereas the parental phenotypes in

family 1 appear milder. In family 1, the father and unaf-

fected sister had specific and similar mild childhood

learning disabilities, and the mother had occasional

depression, significant anxiety, and possible ADHD, the

latter two of which were also confirmed in her affected

daughter. All parents were able to live independently

and/or hold jobs.

In terms of specific variants, all five of the individuals

who were from three distinct lineages and showed auto-

somal-recessive inheritance (Figure 1B; Table 1) harbored

either rare or novel missense changes at conserved residues

within or adjacent to the catalytic domain of TET3 (Figures
n Journal of Human Genetics 106, 234–245, February 6, 2020 239



A

B

C

Figure 2. TET3 Variants and Predicted Functional Consequences
(A) Schematic depiction of TET3 showing domain structure with the catalytic dioxygenase domain in green (aa, amino acids 773–1776)
and specific subdomains indicated as follows: the Cys-rich insert in yellow (aa 825–1012) and the double-stranded b helix domain in
dark blue (DSBH; aa 1012–1159; aa 1636–1719). The DSBH domain is split in two by a low-complexity insert. The N-terminal CXXC
DNA binding domain is shown in light blue (aa 46–102). Specific variants are annotated in orange for recessive alleles and purple for
dominant alleles, and underlined variants occur within the last exon.
(B) Alignment of missense variants in TET3 across multiple species, including hs, Homo sapiens; pt, Pan troglodytes; cf., Canis familiaris;
fc, Felis catus; rn, Rattus norvegicus; and mm, Mus musculus, and among TET enzymes.
(C) Crystal structure of TET2 (PDB: 5DEU)28 bound to DNA; TET3 mutations M2, M3, M4, and M5 are highlighted.
2A and 2B), which consists of a dioxygenase domain sepa-

rated by a spacer and a cystine-rich domain (Figure 2A).

Specifically, individual 1-II-1 had a paternally inherited

c.2254C>T (p.Arg752Cys) variant just upstream of the

catalytic domain and a maternally inherited c.3265G>A
240 The American Journal of Human Genetics 106, 234–245, Februar
(p.Val1089Met) variant within the dioxygenase domain;

individual 2-II-1 had a paternally inherited c.3215T>G

(p.Phe1072Cys) variant and a maternally inherited

c.3226G>A (p.Ala1076Thr) variant, both of which

were in the dioxygenase domain (Figure 2A). Individuals
y 6, 2020
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Figure 3. Cells Overexpressing TET3 Variants Have Decreased Amounts of 5hmC
(A) Schematic depiction outlining the enzymatic activity assay for measuring TET3 catalytic activity.
(B) Representative dot blot showing 5hmC amounts in HEK293 cells overexpressing wild-type or mutant HA-tagged TET3 constructs.
(C) Representative western blots showing wild-type and mutant TET3 protein expression in HEK293 cells. b-tubulin was used as a
loading control.
(D) Quantification of the 5hmC signal relative to TET3 wild-type transfections. The dotted line indicates the wild-type signal. Error bars
represent the standard error of the mean. Abbreviations are as follows: WT, wild type; and DCAT, catalytically inactive control
(p.His1077Tyr/Asp1079Ala, also known as HxD29).
3-II-1, 3-II-2, and 3-II-3 were siblings from a consanguin-

eous family and shared the c.2722G>T (p.Val908Leu)

homozygous variant24 within the cystine-rich domain

(Figure 2A). Because the crystal structure of TET30s catalytic
domain has not been reported, we mapped the autosomal-

recessive variants in TET3 to the published crystal struc-

ture of the well-conserved TET2 catalytic domain bound

to DNA,28 and all but one (p.Arg752Cys) could be visual-

ized (Figure 2C). p.Val1089Met and p.Phe1072Cys are in

close proximity to TET2’s Asn1387 residue, which forms

a hydrogen bond with the cytosine base of 5hmC to stabi-

lize binding. Ala1076 is found adjacent to TET2’s Thr1393,

which participates in hydrogen bonding with the N4

exocyclic amino group of cytosine.28

In addition, we identified six individuals in five families

with rare mono-allelic TET3 variants suggestive of auto-

somal-dominant inheritance (Table 1; Figure 1B). One

variantwas inherited and the rest occurred de novo. In family

7, a similarly affected father and son both harbor the same

frameshift variant, c.4977_4983del (p.His1660Profs*52),

in the catalytic domain (Figure 2A), consistent with auto-

somal-dominant inheritance. Individual 5-II-1 had a

de novo nonsense variant, c.5083C>T (p.Gln1695*), which

is also located within the dioxygenase domain, and both

this and the inherited variant occur in the last exon

(Figure2A). Individual 8-II-1hadadenovo frameshift variant,
The America
c.1215delA (p.Trp406Glyfs*135), upstream of the catalytic

domain (Figure 2A), and individuals 4-II-1 and 6-II-1

harbored de novo missense variants, namely c.2552C>T

(p.Thr851Met) and c.5030C>T (p.Pro1677Leu); the former

was located in the cystine-rich domain and the latter within

thedioxygenasedomain (Figure2A). Strikingly, inbothauto-

somal-recessive and autosomal-dominant cases, allmissense

variants (except for p.Arg752Cys) were located within the

catalytic domain (Figure 2A); moreover, all occurred at resi-

dues highly conserved across species, and many occurred

at positions also conserved among human and sometimes

mouse TET enzymes (Figure 2B).

In the first step of DNA demethylation, 5mC is converted

to 5hmC by TET enzymes.8 To analyze the effect of individ-

ual variants on TET3 catalytic activity, we measured 5hmC

production by using a cell-culture system whereby reces-

sively inherited TET3variants (p.Arg752Cys, p.Val1089Met,

p.Phe1072Cys, p.Ala1076Thr, and p.Val908Leu) were over-

expressed in HEK293 cells and total amounts of 5hmCwere

measuredwith adotblot assay (Figure3A).Wecompared the

activity of TET3 variants to that of a known catalytically

inactive mutant (DCAT; p.His1077Tyr/Asp1079Ala, also

known as HxD29) and to full-lengthwild-type TET3 (Figures

3B–3D). All but one of the affected individual-derived vari-

ants that we tested demonstrated a defect in converting

5mC to 5hmC (Figures 3B and 3D). The exception was
n Journal of Human Genetics 106, 234–245, February 6, 2020 241



p.Arg752Cys, which is outside the catalytic domain andnot

conservedamongTETenzymes (Figures 2Aand2B).Ofnote,

both variants in family 2 (p.Phe1072Cys andp.Ala1076Thr)

were located in close proximity to those disrupted in the

well-describedDCAT/HxD29mutant, and so it is not surpris-

ing that they lead to reduced catalytic activity (Figures 3B

and3D). The observed defectswere consistent across biolog-

ical replicates, despite fluctuations in the levels of TET3

variant expression (Figure S1). For quantification, we

normalized the amounts of 5hmC from cells expressing

TET3 mutants to those measured in cells transfected with

the wild-type TET3 construct to obtain a relative 5hmC

signal (Figure 3D). These results showing decreased cellular

amounts of 5hmC suggest that the vast majority of the

missense variants identified in affected individuals have

hypomorphic function. The observation that affected indi-

viduals with nonsense and frameshift variants have pheno-

types similar to those with hypomorphic missense variants

further supports the hypothesis that decreased TET3 cata-

lytic activity causes disease.

TET3, likemost genes encoding components of the epige-

neticmachinery, is highly dosage sensitive inbothmodel or-

ganisms and humans.1,17,23 TET3 has a pLI (probability of

being intolerant to loss of function) score of 1 (observed/ex-

pected ¼ 0.02), suggesting nearly complete intolerance to

loss-of-function variation.23 On the basis of this high pLI

score and its high degree of coexpression across diverse tis-

sues, TET3 was recently predicted bioinformatically to be a

candidate epigenetic-machinery gene that would cause dis-

ease when mutated.30 Consistent with dosage sensitivity,

most Mendelian disorders of the epigenetic machinery are

autosomal dominant and result from haploinsufficiency. In

line with these observations, we identified affected individ-

uals with mono-allelic missense or loss-of-function

(nonsense and frameshift) variants in TET3. However, we

also reporton individualswhohaveoverlappingphenotypes

and carry bi-allelic hypomorphic missense variants, most

with mildly decreased catalytic activity according to our

overexpression assay. Because of limitations in the ability

of our in vitro assay to measure small perturbations in TET3

activity in the presence of wild-type alleles, we did not test

the mono-allelic variants for comparison. We expect that

in both cases—presumed mono-allelic loss of function vari-

ants and bi-allelic hypomorphic variants—there will be a

similar reduction in total enzymatic activity causing a

conserved disease mechanism across inheritance types,

though an alternative and more sensitive assay is required

to test this hypothesis. Interestingly, nonsense and frame-

shift variants were only identified in the heterozygous state,

suggesting that some residual TET3 activity is required for

viability. Conversely, perhaps if TET3 activity falls below a

certain threshold, developmental phenotypes result regard-

less of whether reduced TET3 activity is caused by missense

or loss-of-function heterozygous alleles or by bi-allelic hypo-

morphic alleles.

Within our cohort, we identified affected individuals

with autosomal-recessive inheritance and mildly affected
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carrier parents, which is consistent with a causal relation-

ship between perturbations of TET3 activity and disease

manifestations and suggests an inverse correlation be-

tween residual TET3 activity and phenotypic severity.

Similar examples of complex inheritance involving both

mono-allelic and bi-allelic variants in another component

of the epigenetic machinery, KDM5B, have been reported

recently.31,32 An alternative hypothesis for differential

modes of inheritance other than absolute activity levels

could be that mono-allelic mutations have activating or

dominant-negative effects, whereas bi-allelic mutations

lead to loss of function; other examples of this exist in hu-

man disease.33,34 We cannot rule this out here because the

nonsense and frameshift variants identified in families 5

and 7, respectively, are located in the last exon and might

escape nonsense-mediated mRNA decay, raising the possi-

bility of a dominant-negative mutation mechanism and

warranting further mechanistic studies to better correlate

genotype and phenotype.

Along these lines, despite the evidence for multiple

modes of inheritance, we cannot discount the possibility

that individuals with de novo variants have additional

non-coding sequence variants in trans, given that exome

sequencing, not genome sequencing, was performed. Simi-

larly, we have not ruled out in trans epigenetic alterations,

such as DNA methylation. Moreover individuals can have

additional variants that contribute to their phenotype, as

is the case for individual 8-II-1, with a paternally inherited

16p11.2 duplication, and individual 2-II-1, with a mater-

nally inherited 16q22.1q22.2 duplication. Further studies,

including genome sequencing and methylation analysis,

could shed light on the molecular mechanisms involved.

However, evidence from family 7, with two sequential

affected generations, supports autosomal-dominant inher-

itance, particularly when this evidence is considered along

with that from the four de novo variants. Together, our ob-

servations strongly support two distinct modes of inheri-

tance for TET3-deficiency syndrome.

Another explanation for the observed mono-allelic and

bi-allelic variants is sex-specific differences. All probands

with mono-allelic variants are male, whereas all but one

of the individuals with bi-allelic variants are female.

Although it remains true that most (if not all) of the carrier

mothers appear to have mild phenotypic manifestations,

these were not sufficient to bring them to medical atten-

tion. It therefore remains possible that males are more sus-

ceptible to TET3 deficiency and only require a single

mono-allelic variant to express the full phenotype,

whereas females require bi-allelic variants. Certainly, these

sex-specific findings might be due to chance given the

small total number of individuals; therefore, identification

of additional affected individuals and further investigation

into the mechanisms associated with specific mutations

is required before we can fully delineate the mode of

pathogenesis.

TET3-deficient individuals have significant phenotypic

overlap with the broader group of Mendelian disorders of
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the epigenetic machinery; these disorders are characterized

by global developmental delay and/or intellectual

disability and other neurobehavioral findings, as well as

growth abnormalities, including growth retardation or

overgrowth.1,25,26 Tatton-Brown et al. previously showed

that variants in epigenetic-machinery genes account for

approximately 45% of overgrowth co-occurring with intel-

lectual disability and that many of the same genes are so-

matically mutated in cancer.25 More recently, mono-allelic

germ-line mutations in TET2 were suggested to cause a

cancer-predisposition syndrome in a single family and

mild speech delay in a single individual from a distinct

lineage.35 The most common overgrowth and intellec-

tual-disability disorder identified by Tatton-Brown et al. is

Sotos syndrome, which results from variants in NSD1.25

Our data suggest TET3 deficiencymight fall into this group

of overgrowth and intellectual-disability disorders, given

that all individuals with TET3 deficiency have intellectual

disability or global developmental delay, and a subset have

overgrowth. Among individuals displaying both pheno-

types, most also exhibit facial features reminiscent of Sotos

syndrome, including a long face and tall forehead. pheno-

typic overlap is particularly intriguing in the context of

known biochemical interactions between NSD proteins

and TET3.36 Further support comes from observations

that TET3 also binds other epigenetic factors encoded by

genes responsible for overgrowth and intellectual

disability disorders. Such genes include SETD2, responsible

for Luscan-Lumisch syndrome (MIM: 616831); HIST1H1E,

responsible for Rahman syndrome (MIM: 617537); and

SUZ12, which causes a recently described Weaver-like syn-

drome.25,36–38 The subset of TET3-deficient individuals

who exhibited overgrowth (macrocephaly) in addition to

intellectual disability is mostly confined to those with

mono-allelic variants (affected individuals from families

4, 5, and 6), which is consistent with the established inher-

itance pattern of overgrowth and intellectual-disability

disorders.25 The exception is individual 1-II-1, who had

overgrowth consisting of macrocephaly and tall stature

but who inherited bi-allelic variants in trans from carrier

parents, which we initially thought indicated autosomal

recessive inheritance. However, her p.Arg752Cys variant

was the only tested variant that did not show decreased

TET3 activity in our enzymatic assay, suggesting the possi-

bility that the other p.Val1089Met variant is mostly, if not

solely, responsible for the disease phenotype or that a

defect in converting 5mC to 5hmC is not required for

pathogenicity and that other disease mechanisms exist.

In support of the former, her mother, who carried the

confirmed p.Val1089Met hypomorphic variant, exhibited

potentially relevant features, including significant anxiety

and possible ADHD, although she was of average height

and her head circumference measurement was unavai-

lable. Further supporting this, the father and unaffected

non-carrier sister had specific and similar mild childhood

learning disabilities, which are most likely unrelated to

the proband’s phenotype. It therefore remains possible
The America
that the phenotype of individual 1-II-1 more closely resem-

bles that of others with autosomal-dominant inheritance.

The pathogenicity of the p.Arg752Cys variant and the

inheritance pattern in family 1 are therefore still open

questions. Future studies of individual mutation mecha-

nisms will shed light on disease pathogenesis.

In addition, genome-wide DNA methylation profiling

might provide insight into disease mechanisms and could

help define molecular subgroups. TET3 deficiency directly

impacts the DNA demethylation system, and like many

other Mendelian disorders of the epigenetic machinery,

this disorder might have a specific genome-wide DNA

methylation signature.39–41 In related disorders, specific

signatures have been shown to differentiate affected

individuals from unaffected controls,39–41 as well as

affected males with the X-linked disorder Claes-

Jensen syndrome (MIM: 300534) from female carriers of

the same variants and both of these groups from unaf-

fected non-carriers.42 Moreover, two distinct and specific

DNA methylation signatures, which correlate with gene

variant position, have been described in a related chro-

matin-modifying disorder, Helsmoortel-van der Aa syn-

drome (MIM: 615873).43 Studies that attempt to identify

a specific DNA methylation signature for TET3 deficiency

are ongoing and might help to resolve some of the

outstanding questions.

Together, our clinical observations and biochemical

studies define a neurodevelopmental disorder due to

reduction in TET3 catalytic activity. TET3 plays a key role

in actively reversing DNA methylation during develop-

ment. Individuals with TET3 deficiency display pheno-

typic features that overlap with those of other Mendelian

disorders of the epigenetic machinery; namely, such

features include developmental delay and intellectual

disability, other neurobehavioral manifestations, and

growth abnormalities. By describing in detail a deficiency

in the DNA demethylation pathway, our work defines a

distinct biochemical category of epigenetic-machinery dis-

orders and expands our knowledge of this important

group of diseases. Given the central role of DNA methyl-

ation in epigenetic inheritance, this disorder provides

important initial insights into the dynamic regulation of

DNA methylation in humans. Further characterization of

TET3-deficient individuals, their specific variants, and

their resulting molecular perturbations will lead to a

deeper understanding of the role of DNA methylation

and demethylation in human development and disease.
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Supplemental note: Case reports  
 
Family 1 
Individual 1-II-1 presented at 7 years of age and was referred for the diagnosis of possible 

Sotos syndrome. She was the product of an uncomplicated pregnancy. Delivery was at term. 

She had normal growth parameters at birth with a weight of 3.4 kg and a length of 48.3 cm. She 

had frequent episodes of unexplained emesis and developed obstructive sleep apnea requiring 

tonsillectomy and adenoidectomy, which was complicated by excessive bleeding with a 

negative work up. The major concerns were those of growth and development. Shortly after 

birth she began to exhibit acceleration in growth for all parameters and was found to have large 

kidneys. At 7 years of age her height was 135.3 cm (>97%), weight was 41.6 kg (>97%), and 

OFC was 57.9 cm (>>97%). Her parents’ heights were reported as follows: mother 5 feet 7 

inches (170.2 cm) and father 5 feet 10 inches (177.8cm), which would place her mid-parental 

height at 167.5cm (74th%); thus, her height predictions exceed her familial potential. She was 

noted to have slow acquisition of motor milestones attributed to a central (supranuclear) 

hypotonia and had frequent falls and poor balance. Through the course of her childhood she 

was diagnosed with ADHD, obsessive-compulsive disorder, anxiety disorder, and reserved 

social maturation. Neuropsychological testing reported a low average IQ with dyslexia and 

dyscalculia initially but follow up testing indicated an IQ in the mild intellectual disability range. 

On examination she had macrosomia with absolute and relative macrocephaly. Minor 

dysmorphic features included tall and broad forehead, long and hypotonic face, down-slanting 

palpebral fissures, malar hypoplasia, epicanthal folds, flattened uvula, an accessory nipple, a 

high-arched and narrow palate, large hands and feet with broad great toes and thumbs, and pes 

planus. Diagnostic testing included a normal chromosome analysis, Fragile X testing, thyroid 

function studies, chromosome microarray, NSD1 and NFIX sequencing to evaluate for Sotos 

syndrome and Malan syndrome, respectively, and chromosome 11p15 methylation analysis to 

evaluate for Beckwith-Wiedemann syndrome. A symptom-driven clinical exome (4635 genes, 

752 associated with the reported phenotype) identified 9 variants of uncertain significance  – 

none of which were felt to be etiologically related to her symptoms. An EEG showed a right focal 

abnormality. Brain MRI showed prominence of the extra-cerebral spaces and ventricles. The 

pattern was not that typically seen with Sotos syndrome. She was given the clinical diagnosis of 

“Sotos-like syndrome”. Trio exome sequencing was performed on a research basis through the 

Baylor-Hopkins Center for Mendelian Genomics and identified bi-allelic variants in TET3 

inherited in trans, namely c.2254C>T (p.Arg752Cys) inherited from a father with mild learning 



disability and c.3265G>A (p.Val1089Met) inherited from a mother with anxiety, ADHD, and 

depression. Neither TET3 variant was present in an unaffected sister with only mild learning 

disability, similar to the father. Additional variants identified on exome analysis include a mono-

allelic variant in TGFBR2, which causes Loeys-Dietz syndrome, and was inherited from a 

similarly unaffected mother, and bi-allelic variants in trans in TNXB, which can cause autosomal 

recessive classic-like Ehlers Danlos syndrome. However, one of the variants is present in 

ExAC, and this diagnosis is insufficient to explain the entirety of her phenotype. 
 
Family 2 
Individual 2-II-1 was initially evaluated at 14 months of age due to a history of developmental 

delay.  She was born at 41 weeks gestation following an uncomplicated pregnancy to a 25 year 

old primigravida mother and a 31 year old non-consanguineous father. Birth growth parameters 

were within normal limits. Both parents report a history of mild learning difficulties, and the 

proband’s mother was treated for seizures in childhood.  Early concerns included feeding 

difficulties prompting a frenulectomy, constipation, nystagmus, early closure of the anterior 

fontanel, and unusual head movements.  Other history has included hypotonia and scoliosis. 

She has minor dysmorphisms, including brachycephaly, tall and broad forehead, short nose with 

thickened alae nasi, smooth and long philtrum, thin upper lip, protruding ears with overfolded 

superior helices and attached earlobes, and a hypotonic face. Seizures developed shortly 

before the age of 3 years and seem to be controlled with medication. She has ongoing global 

developmental delay with a history of poor head control at 5 months. She rolled over by 8 

months and could tripod sit by 10 months. Her current abilities at 3.25 years include babbling 

and holding in a crawling position but no independent crawling. Chromosome microarray 

identified a maternally inherited 16q22.1q22.2 duplication, which has been associated with mild 

learning disabilities and seizures, and is classified as a variant of uncertain significance1.  

Additional negative laboratory evaluation included serum creatine kinase and methylation 

analysis for Prader Willi/Angelman syndrome.  Trio exome sequencing revealed bi-allelic 

variants in TET3 inherited in trans, namely c.3215T>G (p.Phe1072Cys) inherited from a father 

with learning difficulties requiring an IEP and ADHD and c.3226G>A (p.Ala1076Thr) inherited 

from a mother with learning difficulties requiring an individualized education plan (IEP) and a 

seizure disorder. Exome sequencing also revealed a heterozygous pathogenic variant in the 

DHCR7 gene; however, 7-dehydrocholesterol was normal, making autosomal recessive Smith-

Lemli-Opitz syndrome unlikely. 
 



Family 3 2 
Individuals 3-II-1 (male), 3-II-2 (female), and 3-II-3 (female) presented in their 20s with moderate 

intellectual disability and hypotonia and had a history of global development delay. All were born 

at term to consanguineous parents with individual 3-II-1 and 3-II-3 being small for gestational 

age. At presentation, all three individuals (3-II-1at 21 years, 3-II-2 at 24 years, and 3-II-3 at 27 

years), had poorly developed speech and could not speak in complete sentences. Two 

individuals (3-II-1 and 3-II-3) also exhibited some degree of craniofacial dysmorphism with 3-II-1 

having a broad forehead, long and hypotonic face, thick eyebrows with synophyrus, and 

protruding ears, and 3-II-3 having a tall and broad forehead with a long face. Family history was 

significant for an unaffected father and a mother with severe anxiety, problems with short-term 

memory, and borderline psychosis. Exome sequencing revealed homozygous variants in TET3, 

namely c.2722G>T (p.Val908Leu) in all three affected individuals; an unaffected sibling was 

negative for the variant.   

 

Family 4 
This male individual (4-II-1) first presented to genetics clinic at 11 months of age for evaluation 

of developmental delay, hypotonia, gastroesophageal reflux, and feeding difficulties.  He was 

born at term via induced vaginal delivery with birth growth parameters within the normal range.  

During the newborn period, he had an initial low blood sugar and difficulty with latching during 

breast feeding. At presentation he exhibited motor delays, including sitting independently at 9 

months. Physical exam revealed relative and absolute macrocephaly, plagiocephaly, and mild 

2-3 toe syndactyly. Additional medical issues that were subsequently reported included sleep 

apnea, myoclonic movements and periodic limb movements while sleeping, laryngomalacia, 

laryngeal cleft, various food intolerances and allergies, acute kidney injury post-anesthesia with 

chronic kidney disease, and susceptibility to acidosis and/or ketotic hypoglycemia with illness 

and other stressors. At approximately 2 years of age he was diagnosed with autism, and at 3 

years of age he is nonverbal, walks with a gait trainer, and overall remains globally 

developmentally delayed.  Multiple genetic studies, including chromosome analysis and 

microarray, methylation for Prader-Willi/Angelman syndrome, testing for myotonic dystrophy and 

fragile X syndrome, CSF neurotransmitters, testing for glycogen storage disease, and multiple 

metabolic and mitochondrial tests were nondiagnostic.  Exome sequencing revealed a de novo 

heterozygous variant in TET3, namely c.2552C>T (pThr851Met).  Deletion/duplication analysis 

did not reveal a second change in TET3.  In addition, a maternally inherited heterozygous 

pathogenic variant in TPP1 was also found.  Tripeptidyl-peptidase 1 activity was within normal 



range, however, making TPP1-related neuronal ceroid lipofuscinosis, an autosomal recessive 

condition, unlikely in this individual.   The possibility remains for other potential causes 

contributing to his multiple medical issues. 

 

 

Family 5 
Individual 5-II-1 was the male first child of unrelated healthy parents. Pregnancy and delivery were 

uneventful, and he was born at term with the following growth parameters: birth length 53 cm and 

birth weight 4300g, both of which were appropriate for gestational age. Psychomotor development 

was slightly delayed; he sat independently at 9 months and walked at 18 months. He had a wide-

based, ataxic gait and poor balance during the first years of life with frequent falls. He had his first 

febrile seizure at the age of 33 months and went on to have non-febrile absence seizures and 

myoclonic jerks of the limbs. Initial EEG showed bi-occipital spikes; subsequent EEG revealed 

abundant bicentral spikes-waves with increased frequency during sleep, which progressed to 

close to continuous spikes-waves of sleep. Seizures were refractory to therapy with sodium 

valproate, levetiracetam, lamotrigine, and clobazam; only a combination of sultiame and steroids 

was effective. His cognitive abilities worsened during this period of active nocturnal epileptic 

activity. At the age of 7 years, he was not able to write his name and did not know the alphabet. 

His weight was 27.7 kg (+0.79), height 120 cm (+1.5 SD), head circumference 55 cm (+2.5 SD). 

He had normal neurological and morphological examination except for facial puffiness due to 

corticosteroid treatment and minor dysmorphic features including tall and broad forehead, long 

face, and protruding ears. Laboratory evaluation included negative urine 

succinylaminoimidazolecarboxamide riboside (SAICAR), amino acids, and organic acid 

chromatographies, as well as congenital disorders of glycosylation screening and thyroid function 

testing. Exome sequencing revealed a mono-allelic de novo variant in TET3, namely c.5083C>T 

(p.Gln1695*).  

 

Family 6 
Individual 6-II-1 was evaluated at the age of 8 months due to developmental delay. He was born 

prematurely at 35 weeks gestation by Cesarean section after a pregnancy complicated by 

decreased fetal movement for 5 weeks. He was noted to be small for gestational age based on 

local growth charts with a birth weight of 1475g (-2.5 SD) and a birth length of 42 cm (-2 SD); 

OFC was 31 cm (-1.5 SD). He required nasal continuous positive airway pressure (CPAP) for 

the first three days of life, and nosocomial sepsis was diagnosed and treated. Work-up revealed 



a cardiac anomaly (ventricular septal defect and aortic valve insufficiency) and an inguinal 

hernia. He experienced feeding difficulties during first months of life and required partial tube 

feeding. Brain MRI showed periventricular leukomalacia and increased extra-axial spaces. At 6 

months infantile spasms were noted, and EEG showed epileptic activity. At 8 months of age, he 

had no head control, no eye contact, muscular hypotonia with dystonias and a myopathic face. 

He has dolichocephaly with a tall and broad forehead, long face, epicanthal folds, low-set and 

protruding ears, short nose with long philtrum, high palate, and 5th finger clinodactyly. Hip 

dysplasia was also diagnosed. Ophthalmological investigation showed nystagmus, strabismus, 

ptosis and lacrimal duct stenosis. Chromosome microarray analysis and next-generation 

sequencing gene panel (TruSight One, Illumina, 4813 genes) were performed and showed 

normal results. At follow up evaluation at the age of 18 months, his development had not 

advanced, and he continued to have severe developmental delay with no tracking, no head 

control, not rolling over or sitting independently, short eye contact, and failure to thrive. Clinical 

trio exome sequencing was performed but did not reveal pathogenic mutations in genes known 

to be associated with Mendelian disorders. However, on reanalysis at Broad Institute of MIT and 

Harvard a rare TET3 de novo missense variant c.5030C>T (p.Pro1677Leu) was identified as a 

main candidate disease gene.  

 

Family 7 
Individual 7-II-1 was first evaluated at 5 years and 8 months of age due to moderate global 

developmental delay including a marked expressive and receptive language disorder. He was 

born at term with a birth weight of 3170g. At the age of 3 years he had surgery for hypospadias 

He walked after 18 months of age. At the age of 5 years and 8 months he had 20 unclear words. 

He was diagnosed with autism spectrum disorder (routine-oriented, obsessions, abnormal social 

interactions), dyspraxia, and ADHD. At the age of 11 years he was accepted to  a special needs’ 

school. Examination at age 11 years, revealed height at the 9th centile, weight at the 75th centile, 

and OFC between the 25th-50th centile. He had brachycephaly, joint hypermobility, and long 

fingers with deeply set nails. Cardiac and abdominal ultrasounds were normal. His father, 

individual 7-I-1, was 56 years old and had a history of global developmental delay, mild to 

moderate intellectual disability, difficulties with social interactions, anxiety, and depression. He 

also attended special school. On examination, he shared similar features of brachycephaly and 

long fingers with deeply set nails. One of his daughters died in the neonatal period with 

endocardial elastosis, critical aortic stenosis, and hydrops. 



Laboratory work up on 7-II-1 included normal 7-dehydrocholesterol. Trio exome sequencing was 

performed as part of the DDD study (#280042) 3  and revealed a paternally-inherited rare variant 

in TET3, namely c.4977_4983del (p.His1660Profs*52), which was not present in an unaffected 

sister.   

 
Family 8 
Individual 8-II-1 was evaluated at 10-years of age due to autism spectrum disorder, ADHD, 

anxiety, and language impairment. He was born full term to a 33-year-old mother after an 

uncomplicated pregnancy; prolonged labor and fetal distress were noted at delivery. His birth 

length was large for gestational age at 57.2 cm (+2.38), but other growth parameters were 

appropriate for gestational age with a birth weight of 3685g and OFC of 34.9 cm. He exhibited 

mild speech and motor delays since early infancy, walking at 18 months and requiring 

physical, occupational, and speech therapies, but had no developmental regression. He attends 

a specialized school for children with learning disabilities. His nonverbal IQ via Leiter-3 

International Performance Scale was 84. He is currently treated with sertraline, clonidine and 

guanfacine. There are no concerns about his hearing or vision. He has a 3-year-old healthy 

sister who is developing normally. Both parents have no history of developmental delay or 

learning disability. Paternal aunt has bipolar disorder. Physical examination revealed a thin child 

with only minor dysmorphisms, including thickened helices, large upper incisors, and slightly 

bulbous nasal tip. His weight was at the 4th percentile, height at the 13th percentile, and OFC at 

the 24th percentile. The remainder of the physical examination was unremarkable. Chromosome 

microarray revealed a paternally inherited 16p11.2 microduplication (29,567,295-30,191,848; 

hg19) and a 149 kb de novo 9q34.3 deletion (135,157,741-135,306,850; hg19) classified as a 

variant of uncertain significance. The deletion overlaps with 3 genes; only one (SETX) is 

associated with a human disease. Homozygous or compound heterozygous mutations in SETX 

are the cause of spinocerebellar ataxia autosomal recessive type 1. One report also showed 

association between missense variants in SETX and amyotrophic lateral sclerosis type 4. An 

overlapping but much larger deletion (1.8 Mb) was reported in DECIPHER with global 

developmental delay. We cannot determine at this time the clinical significance of this small 

deletion. Whole exome sequencing revealed a de novo variant in the TET3 gene, namely 

c.1215delA (p.Trp406Glyfs*135), as well as a paternally inherited likely pathogenic variant in the 

RB1 gene. The c.1815delG (p.Met605Ilefs*6) variant in RB1 has not been reported previously 

as a pathogenic variant nor as a benign variant, to our knowledge. Individual 8-II-1 and his 

father had no history of retinoblastoma or other types of malignancies. There are a few previous 



reports that showed a "low-penetrance" phenotype with reduced expressivity and incomplete 

penetrance with different RB1 pathogenic variants.  

  



Figure S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. 5hmC dot blots and Western blots used for final analysis. 5hmC dot blot and 
Western blot images from six biological replicates. Samples that were not used for the final 
quantification in Figure 3 are not displayed.  

 

Supplementary Figure 1 |  5hmC dot blot samples used for final analysis
5hmC dot blot and western blot images from six replicates. Samples that were not used for the final 
quantification in Figure 3 are not displayed.
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Supplemental Subjects and Methods 
 

Human subjects 

Written informed consent was obtained from all individuals or family member legal representatives 

prior to exome sequencing. Consent was obtained for publication of photographs prior to inclusion 

in the study and was submitted with the manuscript. Individual 1 was counseled regarding the 

possible outcomes of exome sequencing and signed a consent form for research-based exome 

sequencing through the Baylor-Hopkins Center for Mendelian Genomics, which was approved by 

the Johns Hopkins Institutional Review Board (IRB). The rest of the participants were recruited 

through GeneMatcher 4. Individuals 2 and 4 were consented for clinical exome sequencing 

through Greenwood Genetic Center, and individual 8 was consented for clinical exome 

sequencing through GeneDx. Individuals 5 and 6 were consented for clinical and/or research-

based exome sequencing. Individuals 3-I, 3-II, and 3-III were consented for research-based 

exome sequencing as described 2, and individuals 7-I and 7-II were consented for research-based 

trio exome sequencing through the Deciphering Developmental Disorders (DDD) study3.  

 

Exome and Sanger sequencing 

For individual 1-II-1, trio exome sequencing was performed on genomic DNA isolated from saliva 

through the Baylor-Hopkins Center for Mendelian Genomics at Johns Hopkins. Bi-allelic rare 

variants in TET3 were identified using standard bioinformatics analysis. Sanger sequencing 

confirmed the presence of the TET3 variants in the trio and their absence in an unaffected sibling 

(1-II-2). Individuals 2-II-1 and 4-II-1 had trio exome sequencing performed at Greenwood Genetic 

Center on a clinical basis. Standard bioinformatics analysis revealed bi-allelic (individual 2-II-1) 

and mono-allelic (individual 4-II-1) rare variants in TET3, which were subsequently confirmed by 

Sanger sequencing. Individuals 3-II-1, 3-II-2, and 3-II-3 had exome sequencing performed as 

described2. Individual 5-II-1 had trio exome sequencing performed with standard bioinformatics 

analysis, which identified a de novo monoallelic variant in TET3; the variant was confirmed with 

Sanger sequencing. Individual 6-II-1 had clinical trio exome sequencing performed, which did not 

reveal pathogenic mutations in genes known to be associated with Mendelian disorders. 

Reanalysis at the Broad Institute of MIT and Harvard identified a rare de novo TET3 missense 

variant, which was subsequently confirmed with Sanger sequencing. Individual 7-II-1 had trio 

exome sequencing performed as part of the DDD study3; the rare inherited mono-allelic variant in 

TET3 was identified in the proband and his similarly-affected father (7-I-1) using standard 



bioinformatics analysis. Sanger sequencing confirmed the presence of the TET3 variant in the 

affected proband and his father and its absence in the mother and an unaffected sibling. Individual 

8-II-1 had trio exome sequencing performed on a clinical basis through GeneDx. Standard 

bioinformatics analysis was performed and revealed a de novo mono-allelic variant in TET3, 

which was confirmed by Sanger sequencing. All patients reported have no known definitive 

pathogenic variants identified in genes causative for developmental delay.  

 

Cells 

HEK 293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 

10% fetal bovine serum (FBS; Sigma), 2 mM L-Glutamine (Gibco), MEM Non-essential amino 

acid solution (Sigma), sodium pyruvate (Sigma), and Penicillin Streptomycin.  

 

Cloning and plasmids 

Full-length human TET3 coding sequence was amplified from cDNA and cloned into the pINTO-

N3 plasmid backbone. The pINTO-N3 vector was based on the pINTO system 5, containing three 

N-terminal epitope tags (FLAG, HA, and Twin-Strep-Tag). Point mutations were introduced into 

the hTET3 coding sequence via Gibson assembly and verified by Sanger sequencing.  All relevant 

plasmids are available through Addgene. 

 

5hmC dot blot 

HEK293 cells were transiently transfected with plasmids using Lipofectamine 3000 (Thermo 

Fisher). Cells were harvested 48 hours post transfection, lysed in Proteinase K buffer (100 mM 

NaCl, 10 mM Tris-HCl pH 8.0, 10mM EDTA, 0.5% SDS), and sonicated for 20 minutes (30 

seconds ON, 30 seconds OFF) using a Bioruptor (Diagenode, NJ). A portion of the cell lysate was 

used to perform a Western blot with an HA antibody (#901501 BioLegend, CA) to verify hTET3 

protein expression. The remaining cell lysate was incubated with Proteinase K (Ambion AM2548) 

for 45 minutes at 50°C and DNA was extracted using Phenol-Chloroform Isoamyl Alcohol (PCIA). 

DNA was denatured for 10 minutes at 95°C in 100 mM NaOH and 10 mM EDTA and then 

neutralized by addition of 2M ammonium acetate (pH 7.0). Denatured DNA was transferred to a 

BrightStar-Plus Nylon membrane (Ambion AM10102) using a Bio-Dot microfiltration apparatus 

(Bio-Rad) according to the manufacturer’s instructions. Briefly, the membrane was rinsed in 6X 

SSC buffer before assembling the apparatus and the DNA samples were loaded onto the 



membrane under vacuum pressure. The membrane was rinsed in 2X SSC and then dried for 15 

minutes at 80°C in a hybridization oven. The membrane was then crosslinked twice with 200 

mJ/cm2 UVA (254 nm) using a Spectrolinker (Spectroline, NY). Next, the membrane was stained 

with a 0.04% solution of Methylene Blue (Sigma 66720) to visualize total DNA. A Western blot 

was then performed to detect 5hmC using a 5hmC antibody (Active Motif 39770). 

 

Dot blot quantification and analysis 

Dot blot quantification was performed using ImageJ as described in the ImageJ documentation. 

Raw TIFF files were opened in ImageJ and the “Integrated Density” measurement of each dot 

was recorded after correcting for background. To account for potential differences in total DNA 

amount across samples, the 5hmC signal was divided by the Methylene Blue signal for each dot. 

The normalized 5hmC signal was averaged across biological replicates and divided by the 

normalized 5hmC signal in the wild-type hTET3 transfection to obtain a relative 5hmC signal. To 

avoid false positive results in which hypomorphic variants may appear to have reduced catalytic 

activity simply due to reduced protein expression, samples in which the transfected mutant TET3 

was expressed at lower levels than the wild-type control were not further considered in the 

analysis. These were the only data points excluded from the final quantification. 

 

Mutation Modeling 

Mutations in TET3 were mapped onto the well-conserved TET2 catalytic domain crystal structure 

(PDB accession 5DEU 6) using UCSF Chimera 7. 
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