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Hypomorphic Pathogenic Variants in TAF13
Are Associated with Autosomal-Recessive
Intellectual Disability and Microcephaly
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In two independent consanguineous families each with two children affected by mild intellectual disability and microcephaly, we iden-
tified two homozygous missense variants (c.119T>A [p.Met40Lys] and c.92T>A [p.Leu31His]) in TATA-box-binding-protein-associated
factor 13 (TAF13). Molecular modeling suggested a pathogenic effect of both variants through disruption of the interaction between
TAF13 and TAF11. These two proteins form a histone-like heterodimer that is essential for their recruitment into the general RNA po-
lymerase II transcription factor IID (TFIID) complex. Co-immunoprecipitation in HeLa cells transfected with plasmids encoding
TAF11 and TAF13 revealed that both variants indeed impaired formation of the TAF13-TAF11 heterodimer, thus confirming the protein
modeling analysis. To further understand the functional role of TAF13, we performed RNA sequencing of neuroblastoma cell lines
upon TAF13 knockdown. The transcriptional profile showed significant deregulation of gene expression patterns with an emphasis
on genes related to neuronal and skeletal functions and those containing E-box motives in their promoters. Here, we expand the

spectrum of TAF-associated phenotypes and highlight the importance of TAF13 in neuronal functions.

Intellectual disability (ID) is the most common reason for
referral to clinical genetic centers and has a substantial
impact on the affected individuals, their families, and
the health system." In order to illuminate the highly het-
erogeneous genetic causes of ID, we examined a large
cohort of consanguineous families affected by probably
autosomal-recessive ID.? To support the exchange of infor-
mation between scientists, we established the Consortium
of Autosomal-Recessive Intellectual Disability (CARID),
which aims to facilitate the sharing of clinical and molec-
ular data. These efforts led to the identification of two
homozygous variants in TATA-box-binding-protein-associ-
ated factor 13 (TAF13 [MIM: 600774]) that co-segregate
with ID in two independent families.

TAF13 forms a histone-fold-like heterodimer with
TAF11, and this heterodimer is essential for their recruit-
ment into the RNA polymerase II general transcription fac-
tor IID (TFIID) protein complex.®® TFIID is an essential
component of the RNA polymerase II pre-initiation com-
plex and is composed of TBP and 13-14 evolutionarily
conserved TBP-associated factors (TAFs), which specifically
interact with a variety of core promoter DNA sequences.
TFIID plays a central role in forming the pre-initiation
complex (PIC) by providing an interface for other PIC com-
ponents, such as TFIIA and TFIIB, the recognition of core
promoter DNA elements such as the TATA and down-
stream promoter elements, and interactions with modified

histone tails and transcriptional activators.” Pathogenic
variants associated with neurological phenotypes have
been reported in several components of the TFIID com-
plex. Mutations in TAF1 (MIM: 313650) and TATA-box-
binding protein (TBP [MIM: 600075]) are associated with
X-linked dystonia-parkinsonism (XDP [MIM: 314250])
and spinocerebellar ataxia 17 (SCA17 [MIM: 607136]),
respectively. Variants in TAFI1, TBP, and TAF2 (MIM:
604912) have been reported in individuals with ID.
Recently, pathogenic variants in TAF6 (MIM: 602955)
have also been suggested to play an important role in
the pathogenesis of an autosomal-recessive disorder resem-
bling Cornelia de Lange syndrome (MIM: 122470, 300590,
610759, 614701, and 300882;5'° overview in Table S1).
However, still little is known about the functions of TAFs
in CNS development and diseases.

We clinically examined two families and obtained their
approval to be included in a research study. The study
protocol was approved by the ethics committees of the
Universities of Bonn and Erlangen-Niirnberg (Germany)
and is in agreement with the guidelines for biomedical
research on human subjects issued by the ethics com-
mittee of the Catholic University (Rome). Written in-
formed consent was obtained from all examined indivi-
duals or their guardians.

Family 1 is of Syrian Kurdish descent. The parents are
first cousins and had six children (Figure 1), one of
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A Family 1 B

Figure 1. Pedigrees of Affected Indivi-
duals and MRI of Individual IV-6 from
Family 1

(A and B) Pedigrees of families 1 (A) and
2 (B).

(C) MRI of individual IV-6 at 10 months of
age shows mild delayed myelinization (I),
discrete frontal pachygyria (II), and deep
sulci of the cerebrum (III).

Family 2

with slightly enlarged gyri in the fron-
tal lobe (Figure 1C, II). Genetic tests

c.119T>A/c.119T>A ¢.119T>A/c.119T>A

whom died 2 hours after birth as a result of multiple mal-
formations. Of the other five children, two (IV-3 and
IV-6; Figure 1) have mild ID, microcephaly, and severe
growth retardation. Pregnancy and delivery of both
affected siblings were normal. Low birth weight of 2 kg
was noted in both (below the third percentile [-2.5 SD];
no information regarding length and head circumference).
No convulsions were reported, and hearing and vision
seemed normal, as was social interaction. Neither showed
any malformations. The parents reported that the elder
boy (IV-3) achieved all developmental milestones slightly
belatedly, e.g., he walked at about 2 years. An examination
at the age of 7 years revealed delayed bone at 3 years. At the
time of examination, IV-3 was 16.5 years old and showed
no signs of puberty. Height was 134 cm (30 cm below
the third percentile [-6.07 SD]), weight was 24 kg (25 kg
below the third percentile [-9.39 SD]), and head circum-
ference was 46 cm (7.5 cm below the fifth percentile
[-7.06 SD]). At the time of examination, the younger sister
(IV-6) was 10 months old, and she could sit alone. Weight
was 5.3 kg (1.4 kg below the third percentile [-3.57 SD]),
and head circumference was 39 cm (4 cm below the
third percentile [-5.83 SD]). We could not obtain a
reliable measurement of her length, but she was signifi-
cantly smaller than expected for her age. MRI of IV-6 at
the age of 10 months revealed slightly delayed myelina-
tion (Figure 1C, I) and deep sulci of the cerebellum
(Figure 1C, III), which corresponds to the brain develop-
ment of a 6-month-old child and a suspected pachygyria

€.92T>A/c.92T>A

composed of karyotyping, array ana-
lyses, and screening for fragile X syn-
4 drome were normal.

Family 2 is of southern Italian
origin and includes two male children
(individuals V-1 and V-3; Figure 1) also
presenting with mild ID and micro-
cephaly. The parents are second
cousins, and they and their other
two children are all healthy. Pregnan-
cies and deliveries of V-1 and V-3 were
without complications. The older
affected brother (V-1) was born at
37 weeks of gestation with a weight
of 2.1 kg (below the third percentile
[-1.9 SDJ), length of 44 cm (second
percentile [—2 SD]), and head circumference of 30 cm (first
percentile [—-2.4 SD]). Psychomotor development was de-
layed: he was able to sit without support at approximately
9 months, started walking independently at 18 months,
and spoke his first words at 2 years. The boy had one febrile
seizure episode at the same age and no dysmorphic facial
features. The onset of puberty and bone age was delayed
by 3 and 2 years, respectively. During a 3-year follow-up,
his weight and head circumference were below the tenth
and the fifth percentiles, respectively, and his height was
at the 25™ percentile. Brain computed tomography (CT)
at the age of 7.5 years was normal, as were array analysis
and Kkaryotype studies. The younger affected brother
(V-3) was born at 39 weeks of gestation. Birth parameters
were low: weight of 2.4 kg (below the second percentile
[-2.1 SDJ), length of 46 cm (below the third percentile
[-1.9 SD]J), and head circumference of 31.5 cm (second
percentile [-2 SD]). At 2.7 years of age, his height was
88 cm (tenth percentile), his weight was 11.5 kg (below
the fifth percentile), and his head circumference was
46 cm (below the third percentile). He had recurrent infec-
tions of the upper airways and a single febrile seizure. The
child showed global developmental delay and started
walking without support shortly before the age of 2 years.
He attended normal school but experienced learning
and socialization difficulties as well as anxiety. Neuro-
logical examination was normal. No dysmorphic features
were observed, but bone age was delayed by more than 2
years. At 12.4 years, Tanner stage was 2. Urinary ketones,

€.92T>A/c.92T>A
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Table 1.
Phenotypic Overlap

An Overview of the Clinical Presentation of All Four Individuals with a Homozygous Variant in TAF13 Shows a Significant

Family 1 Family 2

Symptoms 1v-3 IV-6 V-1 V-3
Pregnancy and delivery normal normal normal normal
Delay of development milestones mild mild mild mild
Intellectual disability mild mild mild mild
Dysmorphic facial features none none none none
Puberty signs delayed not available delayed delayed
Bone age delayed not available delayed delayed
Growth retardation severe severe normal normal
Microcephaly severe severe moderate mild

Brain imaging not available

MRI showed delayed
myelination

CT scan at the age of 7.5 years not available

was unremarkable

non-glucose reducing substances, organic acid and amino
acid profiles, array analysis, and karyotyping were normal.
Fragile X syndrome was excluded by molecular analysis of
FMRI1. A detailed neuropsychological assessment of the
affected children and their unaffected brother (V-2) is pre-
sented in Table S2.

All together, both families present a clinical phenotype
characterized by mild ID and microcephaly (Table 1).

Under the assumption that the causative variant would
be homozygous and identical by descent in both children
of family 1, homozygosity mapping was performed as
described before.'® The results revealed five candidate re-
gions on chromosomes 1, 5, 11, 12, and 17 for a total
length of 63 Mb (Figure S1). Subsequently, exome
sequencing of DNA from individual IV-3 was performed
as described before.'” 73.63% of target reads were covered
to a depth of 20x, and 83.38% were covered to a depth of
at least 5X. A total of 44,955 single-nucleotide variants
(SNVs) and 3,140 insertions or deletions (indels) were
identified. The candidate regions contained 44 homozy-
gous variants, eight of which were exonic or splice-site var-
iants. Only the homozygous candidate variant in TAF13
(GenBank: NM_005645.3), c.119T>A (p.Met40Lys), affects
a highly conserved residue; it was predicted to be patho-
genic by all applied in silico programs and was absent in
380 Syrian control individuals, 728 in-house exomes,
and the Exome Aggregation Consortium (ExAC) Browser,
NHLBI Exome Sequencing Project (ESP) Exome Variant
Server (EVS), and 1000 Genomes (Table S3). Sanger
sequencing for all healthy siblings, both affected individ-
uals, and parents proved that the variant in TAF13
segregates with ID in the family. Re-evaluation of the
full variant dataset regardless of the hypothesis of a
homozygous causative variant revealed no convincing
candidates.

A recessive mode of inheritance was also assumed for
family 2. Exome sequencing of family 2 individuals V-1
and V-3 was performed; the average coverage depth was

104 x, and >75% of the target nucleotides covered at a min-
imum of 20X. A total of 24,250 coding variants in V-1 and
23,915 in V-3 were called. Filtering retained high-quality
variants that were classified as deleterious (missense,
nonsense, indel, and splice-site variants = 5 bp around
exon boundaries) and were not present in the EXAC Browser,
EVS, or 1000 Genomes. Assuming a recessive mode of inher-
itance for the clinical phenotype in the studied family and
considering the consanguineous marriage, we compared
the exomes of the two affected brothers in a search for shared
rare (<0.5% minor allele frequency) homozygous variants.
Of the total filtered coding variants identified in the two
siblings, homozygous variants were shared in five genes
(EPOR [MIM: 133171], KRT15 [MIM: 148030], SRSF10
[MIM: 605221], TAF13 [MIM: 600774], and ZBTB17 [MIM:
604084]). Combined scores of conservation and bioinfor-
matics prediction algorithms highlighted TAF13 c.92T>A
(p-Leu31His), a rare homozygous variant that affects a high-
ly conserved residue and is likely to be pathogenic (Table S3).
We performed Sanger confirmation and segregation analysis
of this missense variant in the family by genotyping the
other two siblings (V-2 and V-4; Figure 1), the parents, and
eight additional relatives. The TAF13 variant was identified
in the heterozygous state in seven subjects and co-segre-
gated with the disease phenotype.

To provide further evidence of pathogenicity for the
detected variants, we sought to assess their effect by mole-
cular modeling based on the known crystal structure of the
TAF13-TAF11 heterodimer. In the TAF13-TAF11 complex,
TAF13 forms two o helices connected by a tight turn.
This conformation is stabilized by intramolecular inter-
actions formed between the hydrophobic residue pairs
Leu31-lle62 and Met40-LeuS7 (Figure 2A, I). In both
variants (p.Met40Lys and p.Leu31His), a hydrophobic
residue is replaced by a positively charged residue, re-
sulting in a loss of the hydrophobic interactions with
LeuS57 or Ile62. These structural effects are predicted to
destabilize interactions between the ol and «2 helices of
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Figure 2.

Anti-B10
immunoprecipitation

Pathogenicity of TAF13 Variants on the Formation of the TAF13-TAF11 Complex

(A) I: structure of TAF13 (dark blue) in complex with TAF11 (cyan). Residues Leu31 and Met40 are shown in space-filled presentation and
colored according to their atom types. The interacting residues Leu57 and Ile62 are colored in red and orange, respectively. II: the
p-Met40Lys pathogenic variant results in unfavorable interactions between the Lys40 amide group and the hydrophobic Leu62
side chain (black arrow) and additionally causes steric clashes because the lysine side chain is longer than the methionine (red arrow).
III: the p.Leu31His pathogenic variant results in a loss of the hydrophobic contacts with Ile62 (black arrow). In summary, the structural
effects described above for the p.Leu31His and p.Met40Lys pathogenic variants destabilize the bent TAF13 conformation required for
TAF11 binding and are therefore expected to hamper formation of the TAF13-TAF11 complex. The investigation of the structural effects
of the p.Leu31His and p.Met40Lys variants was based on the crystal structure of the TAF13-TAF11 complex (PDB: 1BHS8).> We modeled
mutations with SWISS-Model'® by selecting the lowest-energy sidechain rotamer for each mutated residue. Structure analysis and visu-
alization was performed with RasMol."?

(B) Western blots of colP experiments of the HeLa cells transfected with TAF11 and either wild-type or mutant TAF13. The anti-B10 anti-
body (3010F12, provided by the laboratory of Irwin Davidson) was to precipitate TAF11, and TAF13 levels were assessed with an anti-HA

antibody (H6908, Sigma).

the TAF13 histone fold (interactions that stabilize the L1
loop required for heterodimerization with TAF11) and are
therefore expected to affect formation of the TAF13-
TAF11 complex (Figure 2A, II and III).

We next sought to investigate this prediction by using
co-immunoprecipitation (colIP). We cloned TAF13 (wild-
type and mutants) into a pCDNA3.1-HA-His vector
and TAF11 into a pAT6 vector, which allows the expression
of a B10-epitope-tagged version of TAF11. Then, HeLa cells
were transfected with pCDNA3.1-HA-His containing wild-
type or mutant TAF13 and pAT6 containing TAF11. ColP
experiments were performed on protein extracted from
transfected cells with the anti-B10 antibody to precipitate
TAF11-TAF13 complexes, and then immunoblotting was
performed with anti-HA antibody to detect co-precipitated
TAF13. As shown in Figure 2B, both variants reduced the
TAF11-TAF13 interaction such that they led to less precip-
itation of TAF13 than the wild-type, although comparable
amounts of TAF11 were precipitated in all reactions
(Figure 2B). The effect was particularly marked with the
c.119T>A (p.Met40Lys) variant. In addition to these clin-
ical, genetic, modeling, and biochemical results, the fact

that mutations in other components of the TFIID complex
(TAF1, TAF2, TAF6, and TBP) lead to a neurological pheno-
type®® strongly supports our hypothesis that bi-allelic
pathogenic alterations in the histone fold domain of
TAF13 lead to mild ID and microcephaly.

TAF13 is a constituent of at least two protein complexes:
the TFIID complex and the small nuclear RNA gene-
specific TAF complex (snTAFc), which play a critical role
in the regulation of gene transcription in eukaryotic
cells.”*! To test for the consequences of loss of function
of TAF13 on the gene expression pattern, we knocked
down 80% of the expression of TAF13 by using siRNA
in human neuroblastoma cells (SK-N-BE; Figure S2A)
and subsequent RNA sequencing. Of 21,620 evaluated
Ensembl genes, we selected 16,984 with an HGNC gene
symbol. Compared with control cells, knockdown cells
showed deregulation of 1,278 (7.8%) of these genes (|fold
change| > 1.5 and p < 0.01; Figures S2B and S2C and Table
S4). This strong deregulation of so many genes was also
reported after knockdown of a TAF13 homolog in yeast
(TAF13)** and knockdown of other TAF-encoding genes,
TAF1 and TAF7 (MIM: 600573), in HEK293 cell lines.”’

558 The American Journal of Human Genetics 100, 555-561, March 2, 2017



Our analysis using the Molecular Signatures Database
(MSigDB) for transcription factor targets** revealed signifi-
cant enrichment of several transcription factor binding
motifs, such as the E-box (CANNTG) or other motifs
(e.g., AACTTT and CTTTGT), in the genes deregulated by
TAF13 knockdown (Table S5).

Functional enrichment analysis of the 1,278 deregu-
lated genes (DEGs) via Ingenuity Pathway Analysis
(IPA) revealed that a broad spectrum of functions were
affected, often with an increased activity state (Table
S6). This led to the assumption that TAF13 is involved
in a wide range of transcription regulations in different
tissues and pathways. The top six positions of affected
functions were general cell functions of movement,
migration, proliferation, morphology, protrusion for-
mation, and differentiation. These were followed by
neuron development, neuron proliferation, and neurito-
genesis. The seemingly important role of TAF13 in the
developmental stages of the CNS also agrees with the
increase in TAF13 expression in fetal brain development
(Figure S3A) and during the differentiation of SK-N-BE
cells (Figure S3B).

This prompted us to test proliferation and differentia-
tion in SK-N-BE cell lines with TAF13 knockdown. In
the cell-proliferation assay, cells were seeded and trans-
fected with siRNA against TAF13. Cells were then counted
by colorimetric assay, and TAF13-knockdown SK-N-BE
cells were found to exhibit a 2-fold higher proliferation
rate than negative control cells (p < 0.0001; Figure S4),
consistent with the increased activation state of the
cellular proliferation we obtained from transcriptome
sequencing. To study the changes in the differentiation
of SK-N-BE cells after TAF13 knockdown, we induced SK-
N-BE cells to form neuronal-like cells by using a mixture
of retinoic acid (RA) and caffeic acid (CA)*® and used
quantitative real-time PCR to measure the expression of
specific differentiation markers: growth-associated pro-
tein 43 (GAP43 [MIM: 162060]), microtubule-associated
protein tau (MAPT [MIM: 157140]), and v-myc avian
myelocytomatosis viral oncogene neuroblastoma derived
homolog (MYCN [MIM: 164840]).%° Expression of GAP43
and MAPT was significantly reduced (p < 0.0001) in both
differentiating and undifferentiated knockdown SK-N-BE
cells. MYCN showed no significant change in the undiffer-
entiated cells but was significantly downregulated in the
differentiating cells (Figures S3C and S3D). Although we
did not achieve a stable knockdown of TAF13 for
the full differentiation process across 12 days,*® it
appears that TAF13 regulates the expression of many
genes included in the differentiation process. Further-
more, we performed a migration scratching assay and
observed raised migration. However, we cannot reliably
distinguish migration from the proliferation effect (data
not shown).

Previously, it was reported that TAF13 is involved in
transcription regulation as a subunit of the TFIID complex
and the snTAFc. Moreover, several lines of evidence sug-

gest that TAF13 has two more domains that are next to
the highly conserved histone-fold motif (35-68 aa) and
might participate in other protein-protein interac-
tions.”””® The diversity of proteins that might interact
with TAF13”7*® and the diversity and intensity of the
genes affected by knockdown of TAF13 suggest a wider
functional role than is known at the present time. The
pathogenic variants identified here on the basis of molec-
ular modeling and biochemical analysis impair but do not
completely abolish TAF11-TAF13 heterodimerization. This
possibly explains the viable and rather moderate pheno-
type of the affected individuals as it compares with the
extensive cellular abnormalities observed in the TAF13-
knockdown SK-N-BE cell lines. Also, the milder effect
that we obverted for variant Leu31His (in family 2) in
the coIP possibly explains the milder clinical presentation
of family 2, particularly the absence of growth retardation
and the milder microcephaly. Intriguingly, in other
subunits of TFIID, different variants lead to different
phenotypes. Variants in TAF1 are associated with ID and
microcephaly'*'* whereas the reduction in TAFI expres-
sion is associated with XDP'® (Table S1). Also, in TBP,
the expansion of the polyglutamine (polyQ) tract causes
SCA17 probably in a gain-of-function mode, whereas het-
erozygous deletion of TBP is probably responsible for ID
and microcephaly”?’ (Table S1). Therefore, we also sug-
gest that TAF13 and possibly other constituents of TFIID
are multi-functional proteins whose pathogenic variants
could lead to different phenotypes depending on the
localization of the pathogenic variant. Thus, variants in
other domains of TAF13 would not necessarily lead to
the same clinical presentation as in the examined individ-
uals in this study.

In conclusion, we suggest that pathogenic bi-allelic
variants in TAF13 cause autosomal-recessive ID with
microcephaly. The results of this study suggest an impor-
tant role for TAF13 and its heterodimerization with
TAF11 in neuronal development and brain dysfunction.
The multifunctional nature of TAF13 reveals a glimpse of
its possible involvement in further clinical phenotypes. A
deeper understanding of the molecular mechanisms un-
derlying the structural and functional contribution of
TAF13 to the TFIID complex and its gene targets will reveal
new insights into many aspects of neurodevelopment and
related disorders.
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