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man embryogenesis is intricately regulated by the spatio-
temporal expression of many genes, and dysregulation of 
gene transcription is a known cause of many develop-
mental syndromes. Hence, novel insights into human 
embryogenesis can be obtained from multiple malforma-
tion syndrome research.

  The recent introduction of next-generation sequenc-
ing (NGS) technology has accelerated the pace of multiple 
malformation syndrome studies. NGS technology pro-
vides several advantages including high-throughput se-
quencing capability and precise quantification of nucleo-
tides. By taking advantage of technology, our under-
standing of multiple malformation syndromes has been 
deepened, and the significant contribution of transcrip-
tional disturbance in the pathogenesis of these syndromes 
has been revealed. In this review article, multiple malfor-
mation syndromes characterized by primary disruption 
of transcriptional regulation and categorized as ‘disor-
ders of transcriptional regulation’ are discussed.

  An Overview of Gene Transcription 

 The human genome contains  ∼ 20,000 protein-coding 
genes [Ezkurdia et al., 2014]. According to the central 
dogma, genes are typically transcribed into mRNAs and 
then translated into proteins. The gene transcription 
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 Abstract 

 Some genetic disorders caused by mutations in genes en-
coding components of the transcriptional machinery as well 
as proteins involved in epigenetic modification of the ge-
nome share many overlapping features, such as facial dys-
morphisms, growth problems and developmental delay/in-
tellectual disability. As a basis for some shared phenotypic 
characteristics in these syndromes, a similar transcriptome 
disturbance, characterized by global transcriptional dysreg-
ulation, is believed to play a major role. In this review article, 
a general overview of gene transcription is provided, and the 
current knowledge of the mechanisms underlying some dis-
orders of transcriptional regulation, such as Rubinstein-
Taybi, Coffin-Siris, Cornelia de Lange, and CHOPS syndromes, 
are discussed.  © 2016 S. Karger AG, Basel 

 Human multiple malformation syndromes can serve 
as useful models to deepen the understanding of embryo-
genesis, since such malformation syndromes arise as a 
consequence of abnormal embryonic development. Hu-
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process is initiated by the binding of DNA-binding tran-
scription factors to enhancer and promoter regions. Such 
transcription factors facilitate the binding of transcrip-
tional co-activators such as histone modification en-
zymes and chromatin remodelers, and then the tran-
scriptional machinery initiates gene transcription to pro-
duce mRNA.

  The human genome is composed of over 3 billion bp. 
To pack such enormous stretches of genomic DNA into 
a small cellular nucleus, DNA is wrapped around his-
tones. The histone core is an octamer composed of H2A, 
H2B, H3, and H4. Altogether, DNA and histones form a 
nucleosome. During gene transcription, since gene tran-
scriptional machinery needs access to the genomic DNA, 
the nucleosome structure can become a physical barrier. 
Therefore, the unwrapping of the DNA from the histone 
proteins is required for active gene transcription. This 
unwrapping process is controlled by histone modifica-
tion and chromatin remodeling ( fig. 1 ).

  Histone Modification and Chromatin Remodeling 
 The N-terminal domain of histones undergoes post-

translational modifications such as acetylation and meth-

ylation [Swygert and Peterson, 2014]. These modifica-
tions affect the binding of chromatin remodeler proteins. 
For example, acetyl-lysine modifications of histones can 
be recognized by a bromodomain, which is a vital region 
of many DNA-associated proteins including the SWI/
SNF family of chromatin remodeling enzymes. Likewise, 
methyl-lysine modifications of histones can be recog-
nized by plant homeodomain finger-containing and 
chromodomain-containing chromatin remodeler pro-
teins [Swygert and Peterson, 2014]. By affecting the at-
traction of these chromatin remodelers, these so-called 
‘histone codes’ play important roles in gene transcription 
regulation. Not only histone modifications, but also his-
tone variants, DNA sequence and structure, RNA mole-
cules, and transcription factors influence the genomic 
binding of chromatin remodelers [Längst and Manelyte, 
2015]. Histone remodelers mobilize nucleosomes using 
ATP-dependent enzymatic reactions and unwrap the ge-
nomic DNA from the histones [Längst and Manelyte, 
2015]. Such chromatin remodeling occurs both at regula-
tory elements, such as enhancers, and promoter regions. 
As a result, transcriptional machinery is enabled to initi-
ate gene transcription.
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  Fig. 1.  Schematic illustration of histone 
modification and chromatin remodeling. 
TF = DNA-binding transcription factor. 
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  Transcriptional Initiation 
 Protein-coding genes are transcribed by RNA poly-

merase II (RNAP2) ( fig. 2 ). For transcriptional initiation, 
RNAP2 assembles general transcription factor complexes 
including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH 
at gene promoter regions and forms the pre-initiation 
complex [Cler et al., 2009; Sainsbury et al., 2015]. Each 
general transcription factor complex plays a different role 
during transcriptional initiation. For example, TFIID, 
composed of 14 TAF proteins (TAF1–TAF14) is impor-
tant for gene promoter binding of general transcription 
factor complexes [Vermeulen et al., 2007]. The TFIIH 
complex contains CDK7, which phosphorylates the C-
terminal domain of RNAP2 [Sainsbury et al., 2015]. A 
7-amino acid repeat exists in this domain. Phosphoryla-
tion of this heptad repeat controls the transitions between 
various transcription stages from transcriptional initia-
tion, pausing to elongation. CDK7 of TFIIH phosphory-
lates the serine 5 residue of the heptad repeat during tran-
scriptional initiation. Furthermore, the Mediator com-
plex is also required for the pre-initiation complex 
assembly [Allen and Taatjes, 2015]. This Mediator com-
plex is comprised of multiple subunits and has various 
roles throughout gene transcription, including the orga-
nization of chromatin architecture, transcriptional initia-
tion, pausing, and elongation. The Mediator complex can 

interact with different transcriptional regulators, such as 
DNA-binding transcription factors and RNAP2, and reg-
ulate multiple aspects of gene transcription [Allen and 
Taatjes, 2015].

  Transcriptional Pausing and Elongation 
 After transcriptional initiation, gene transcription is 

transiently paused by the recruitment of pausing factors 
such as the negative elongation factor and the DRB sen-
sitivity-inducing factor [Jonkers and Lis, 2015]. To re-
lease the pause and transition into active transcriptional 
elongation, the positive transcription elongation factor b 
(P-TEFb), comprising cyclin T1 and CDK9, is required 
[Jonkers and Lis, 2015]. P-TEFb is a component of the 
super elongation complex (SEC). CDK9 phosphorylates 
the negative elongation factor and the DRB sensitivity-
inducing factor as well as the serine 2 residue of the hep-
tad repeat in RNAP2. Consequently, RNAP2 is released 
from the promoter-proximal pausing site, and the tran-
scriptional elongation continues [Jonkers and Lis, 2015]. 
The Mediator complex interacts with SEC and regulates 
transcriptional elongation as well.

  Enhancer-Promoter Looping 
 The pre-initiation complex and transcription elonga-

tion factors are present not only at gene-body regions, but 
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  Fig. 2.  Schematic illustration of gene tran-
scription. GTF = General transcription fac-
tor complexes. 
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also at gene-enhancer regions [Heinz et al., 2015]. To pro-
duce transcriptional activation, the looping of the ge-
nomic DNA is required to bring enhancer elements clos-
er to promoter regions [Heinz et al., 2015]. As a result, the 
amount of transcriptional machinery at gene promoter 
regions increases, and successful gene transcription oc-
curs. This process is facilitated by the cohesin and Media-
tor complexes. The cohesin complex forms a ring struc-
ture and embraces the DNA looping to maintain enhanc-
er-promoter interactions [Ball et al., 2014]. The roles of 
the Mediator complex include the organization of the ge-
nomic DNA into topological domains and mediation of 
DNA looping as well as in transcriptional initiation and 
elongation [Kagey et al., 2010; Allen and Taatjes, 2015]. 
Cooperative interactions among cohesin and Mediator 
complexes appear to play a major role in maintaining en-
hancer-promoter looping.

  An Overview of Disorders of Transcriptional 

Regulation 

 In this review, disorders characterized by global tran-
scriptional dysregulation are discussed. In this group of 
disorders, multiple malformation syndromes caused by 
mutations in genes encoding transcriptional machiner-
ies, chromatin remodeler, and histone modification en-
zymes should be included. Genetic conditions due to mu-
tations in genes encoding DNA-binding transcription 
factors, such as the GATA family of transcription factors, 

are not included in the disorders of transcriptional regu-
lation because the associated clinical symptoms appear to 
be somewhat different from those of the above-men-
tioned category. Interestingly, genetic disorders caused 
by mutations in genes encoding components of the tran-
scriptional machinery as well as in proteins involved in 
epigenetic modification of the genome share many over-
lapping features, e.g., the Rubinstein-Taybi, Coffin-Siris, 
Cornelia de Lange, and CHOPS syndromes. As a basis for 
some shared phenotypic characteristics in these syn-
dromes, a similar transcriptome disturbance is believed 
to play a major role. Therefore, the current knowledge of 
the mechanisms underlying these disorders will be dis-
cussed herein.

  Rubinstein-Taybi Syndrome: A Disorder of Histone 
Modifications 
 Rubinstein-Taybi syndrome (RSTS; MIM 180849 and 

613684) is characterized by facial dysmorphisms, includ-
ing downslanting palpebral fissures, broad thumbs and 
halluces, developmental delay/intellectual disability, and 
short stature ( fig. 3 a) [Hennekam, 2006]. RSTS is caused 
by heterozygous mutations in the  CBP  and  EP300  genes 
[Roelfsema et al., 2005]. In about 55% of the RSTS cases, 
mutations are found in  CBP , whereas mutations in  EP300  
have been identified only in up to 8% of the cases [Roelf-
sema et al., 2005; Hennekam, 2006; Negri et al., 2015]. 
Mutations in  CBP  cause the most typical RSTS pheno-
type, and although  EP300  mutations can be found in typ-
ical RSTS cases, a wider phenotypic spectrum is seen in 

Ac Ac

CBP/p300Histone acetylation

a b

  Fig. 3.   a  Patient with RSTS. Note downslant-
ed palpebral fissures, broad thumb and hal-
lux.  b  Causative genes for RSTS encode the 
CREB-binding protein and p300 responsi-
ble for histone acetylation. 
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individuals with  EP300  mutations [Roelfsema et al., 2005; 
Bartholdi et al., 2007; Negri et al., 2015]. Given the ge-
nomic deletions of  CBP  or  EP300  causing the typical phe-
notype of RSTS, haploinsufficiency of either  CBP  or 
 EP300  is suggested as the disease mechanism of RSTS 
[Roelfsema et al., 2005; Bartholdi et al., 2007; Tsai et al., 
2011; Negri et al., 2015, 2016; Rusconi et al., 2015]. These 
genes encode transcriptional coactivators with lysine 
acetyltransferase activity ( fig. 3 b) [Kasper et al., 2014].

  Pathogenesis of Rubinstein-Taybi Syndrome 
  CBP  encodes the CREB-binding protein, and  EP300  

encodes the p300 protein. These proteins have high se-
quence similarity, including a bromodomain and a his-
tone acetyltransferase domain. The acetylation of histone 
lysines is the hallmark of a transcriptionally active chro-
matin region. CREB-binding protein and p300 are the 
primary acetyltransferases to mark H3K18 and H3K27 
acetylation [Kasper et al., 2014]. H3K27 acetylation is 
known as an active enhancer and promoter histone mark. 
Consistent with the concept that RSTS is caused by defec-
tive histone acetylation, lymphoblastoid cell lines ob-
tained from individuals with RSTS showed a reduction of 
histone H2B and H2A acetylation [Lopez-Atalaya et al., 
2012]. Therefore, the molecular mechanism of RSTS ap-
pears to be a global transcriptional disturbance due to an 
altered genome-wide histone modification. Recently, in 
an individual with features of Cornelia de Lange syn-
drome (CdLS), an  EP300  mutation was identified, sug-
gesting a similar transcriptome disturbance between 
RSTS and CdLS [Woods et al., 2014].

  Coffin-Siris Syndrome: A Disorder of Chromatin 
Remodeling 
 Coffin-Siris syndrome (CSS; MIM 135900) is charac-

terized by facial dysmorphisms, such as thick eyebrows, 
periorbital fullness, a wide mouth with full lips, and coarse 
facial features as well as fifth fingernail hypoplasia, ab-
sence of terminal phalanges, hypertrichosis, develop-
mental delay/intellectual disability, and short stature 
[Vergano and Deardorff, 2014]. CSS is caused by hetero-
zygous germline mutations in genes encoding a compo-
nent of BAF (BRG1/hBRM-associated factors) complex, 
which belongs to the SWI/SNF chromatin remodeler 
complex family [Santen et al., 2012; Tsurusaki et al., 
2012]. In individuals with CSS, mutations have been 
found in  ARID1A  (encoding BAF250a),  ARID1B  (encod-
ing BAF250b),  SMARCA4  (encoding BRG1),  SMARCB1 
 (encoding BAF47), and  SMARCE1  (encoding BAF57). 
Mutations in  SMARCA2  (encoding BRM) have been re-

ported in Nicolaides-Baraitser syndrome (NCBRS), 
which has phenotypic overlap with CSS (see below) [Sant-
en et al., 2012; Tsurusaki et al., 2012;   Van Houdt et al., 
2012]. All of the encoded proteins are components of the 
BAF complex ( fig. 4 a). BRM and BRG1 possess an ATPase 
domain, and only one of these proteins exists per BAF 
complex. Likewise, BAF250a and BAF250b are mutually 
exclusive in the BAF complex [Kadoch and Crabtree, 
2015].

  Mutations in one of these genes can be found in about 
60–70% of the patients with CSS [Santen et al., 2013; 
Wieczorek et al., 2013].  ARID1B  mutations are found 
most frequently and are associated with relatively milder 
phenotypes compared to CSS due to mutations in other 
genes [Santen et al., 2013; Wieczorek et al., 2013; Tsuru-
saki et al., 2014]. Since loss-of-function mutations in 
 ARID1B  and  ARID1A  were found in individuals with 
CSS, the disease mechanism appears to be haploinsuffi-
ciency of  ARID1A  and  ARID1B  [Santen et al., 2013; Wie-
czorek et al., 2013; Tsurusaki et al., 2014]. On the other 
hand, mutations in  SMARCA4 ,  SMARCB1,  and  SMARCE1  
were mainly missense or in-frame deletions [Santen et al., 
2013; Tsurusaki et al., 2014].

  NCBRS (MIM 601358) is also caused by mutations in 
the BAF complex protein-encoding  SMARCA2  gene  
 [Van Houdt et al., 2012]. The clinical phenotype of
NCBRS highly overlaps with that of CSS and is character-
ized by facial dysmorphisms, sparse hair, short stature, 
microcephaly, and intellectual disability [Van Houdt et 
al., 2012]. As a distinguishing feature, NCBRS patients 
have interphalangeal joint swelling, and they do not show 
hypoplasia of digits, which is typically associated with 
CSS. The main  SMARCA2  mutations identified in
NCBRS were missense; therefore, the molecular mecha-
nism resulting from  SMARCA2  mutation may not be a 
simple loss of function [Van Houdt et al., 2012]. In addi-
tion to  SMARCA2 ,  ARID1B  mutations were found to be 
associated with NCBRS clinical features [Wieczorek et al., 
2013]. Given the clinical similarities and molecular over-
lap between CSS and NCBRS, a similar molecular patho-
genesis of CSS and NCBRS might be considered.

  Pathogenesis of Coffin-Siris Syndrome and 
Nicolaides-Baraitser Syndrome 
 Since SWI/SNF complex remodelers alter chromatin 

conformation by their ATPase enzymatic activity, muta-
tions in BAF complex protein-coding genes are expected 
to cause transcriptional disturbance due to modifications 
in the chromatin accessibility. A previous study, using 
chromatin immunoprecipitation followed by massive 
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parallel sequencing, demonstrated a combinatorial regu-
lation of gene expression achieved by distinct BAF com-
plexes with different components [Raab et al., 2015]. Al-
though  ARID1A -encoded BAF250a and  ARID1B -encod-
ed BAF250b proteins do not coexist in a single complex, 
they bind to similar genomic locations. BAF250a and 
BAF250b both bind close to transcriptional start sites of 
genes, as well as gene enhancer regions, suggesting the 
importance of the BAF complex in remodeling the pro-
moter and enhancer regions of the chromatin structure 
( fig. 4 b) [Raab et al., 2015]. However, the mechanism by 
which the BAF complex chromatin remodeler controls 
gene transcription remains to be fully understood. Given 
the role of the BAF complex in transcriptional regulation, 
global transcriptional disturbance probably underlies the 
molecular mechanism of CSS and NCBRS.

  Cornelia de Lange Syndrome: A Disorder of the 
Cohesin Complex 
 CdLS (MIM 122470) is characterized by craniofacial 

dysmorphisms, such as synophrys, high-arched eyebrows 
and a thin downturned upper lip, hirsutism, intellectual 
disability, microcephaly, growth retardation, limb anom-
alies, such as micromelia, phocomelia and oligodactyly as 
well as several other systemic abnormalities ( fig. 5 a) [Liu 

and Krantz, 2009]. CdLS is caused by germline mutations 
in genes encoding the structural and regulatory compo-
nents of the cohesin complex. Mutations have been found 
in  NIPBL ,  HDAC8 ,  SMC1A,  and  SMC3  in CdLS [Krantz 
et al., 2004; Tonkin et al., 2004; Musio et al., 2006; Dear-
dorff et al., 2007, 2012a].   A CdLS-like phenotype was also 
observed in individuals with  RAD21  mutations [Dear-
dorff et al., 2012b] .  The cohesin complex is composed of 
 SMC1A, SMC3, RAD21,  and  STAG1  or  STAG2  ( fig. 5 b) . 
 The cohesin complex has a ring-like structure and ‘em-
braces’ the genomic DNA.  NIPBL  encodes a protein that 
controls the cohesin complex genome loading. The SMC3 
component of the cohesin complex becomes acetylated 
once loaded onto the genome and is subsequently deacet-
ylated by HDAC8 for cohesin protein recycling.

   NIPBL  mutations can be found in  ∼ 50% of the indi-
viduals with CdLS, and in general, more severely (or ‘clas-
sically’) affected individuals are much more likely to har-
bor a mutation in  NIPBL , with loss-of-function muta-
tions causing a severe phenotype [Mannini et al., 2013]. 
Mutations in  SMC1A ,  SMC3,  and  HDAC8  can be found 
in a small percentage of the individuals with CdLS. In in-
dividuals with  NIPBL  mutations, the disease mechanism 
is due to haploinsufficiency of  NIPBL  [Pehlivan et al., 
2012; Mannini et al., 2013]. Although both  HDAC8  and 
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  Fig. 4.   a  Schematic illustration of the BAF 
complex, mutated in CSS. The BAF com-
plex components whose mutations were 
found in CSS and NCBRS are indicated by 
red characters.  b  The BAF complex is re-
sponsible for chromatin remodeling. 
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 SMC1A  are located in the X chromosome, affected fe-
males with heterozygous  HDAC8  or  SMC1A  mutations 
have been reported [Deardorff et al., 2007; Kaiser et al., 
2014]. Most mutations in  HDAC8  are missense and de 
novo. In general, males with  HDAC8  mutations tend to 
show more severe manifestations compared to females. 
Although heterozygous females with  HDAC8  mutations 
can be asymptomatic, affected heterozygous females were 
also reported, depending on the skewing level of X inac-
tivation [Kaiser et al., 2014].  HDAC8  mutations produce 
loss of function in the acetyltransferase activity [Dear-
dorff et al., 2012a; Kaiser et al., 2014].  SMC1A  escapes X 
inactivation and shows a biallelic expression pattern. In-
terestingly, female CdLS probands with an  SMC1A  muta-
tion tend to show a more severe phenotype compared to 
males with  SMC1A  mutations [Deardorff et al., 2007]. 
 SMC1A  and  SMC3  mutations found in individuals with 
CdLS were missense mutations or in-frame deletions 
[Deardorff et al., 2007; Gil-Rodríguez et al., 2015]. Re-
cently, female probands with heterozygous loss-of-func-
tion mutations in  SMC1A  were found in association with 
seizures and intellectual disability without a clear CdLS 
phenotype [Goldstein et al., 2015; Lebrun et al., 2015; Jan-
sen et al., 2016]. Therefore, the disease mechanism of 
 SMC1A  and  SMC3  mutations in CdLS is unlikely to be a 
mere loss-of-function effect, and a dominant-negative ef-
fect is suspected.

  Pathogenesis of Cornelia de Lange Syndrome 
 The cohesin complex was originally identified with a 

critical role in preventing premature sister chromatid 
separation during mitosis [Ball et al., 2014]. Therefore, 
when  NIPBL  was identified as a causative gene for CdLS, 
it was originally thought that sister chromatid separation 
defects might underlie the disease mechanism of CdLS. 
However, cell lines obtained from patients with CdLS did 
not show an increased frequency of premature sister 
chromatid separation, suggesting that disruption of cohe-
sin’s canonical role was unlikely to be the underlying 
mechanism causing the CdLS phenotype [Kaur et al., 
2005; Castronovo et al., 2009]. Instead, animal model 
studies, including drosophila, zebrafish, and mice as well 
as patient-derived cell line studies demonstrated a clear 
role for cohesin in transcriptional regulation [Kawauchi 
et al., 2009; Liu et al., 2009; Muto et al., 2014; Wu et al., 
2015].

  There are 2 proposed mechanisms regarding the tran-
scriptional regulatory mechanism of cohesin ( fig.  5 c) 
[Ball et al., 2014; Izumi et al., 2015]. The first suggests that 
the cohesin complex facilitates gene promoter-enhancer 
interactions, whereas the second indicates a direct role in 
transcriptional regulation by interacting with RNAP2. 
By using its ring structure, cohesin is known to promote 
DNA looping, allowing physical interactions between 
distal regulatory elements and promoter regions [Ball et 
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  Fig. 5.   a  Patient with CdLS. Note arched 
eyebrow and long philtrum.  b  Schematic il-
lustration of the cohesin complex.  c  The 
Cohesin complex promotes enhancer-pro-
moter interaction and controls gene tran-
scription via interacting with RNAP2. Ac = 
Acetylation site of the SMC3 protein. 
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al., 2014]. A direct transcriptional regulatory role of co-
hesin is supported by the observation that RNAP2, as 
well as the SEC, interacts with cohesin, specifically 
STAG1-cohesin [Izumi et al., 2015]. Furthermore, cohe-
sin-binding sites were enriched within the promoter re-
gions of CdLS dysregulated genes, suggesting its role in 
transcriptional initiation or elongation control [Liu et al., 
2009].

  NIPBL forms a heterodimer complex with MAU2, and 
functions as a cohesin loader. In yeast, RSC chromatin re-
modeler complex, yeast ortholog of BAF complex, was 
shown to play a major role in cohesin loaders (SCC2/
SCC4) genome binding, and cohesin loaders and RSC re-
modeler cooperatively maintain nucleosome-free regions 
[Lopez-Serra et al., 2014]. Furthermore, transcriptional 
similarities were established between the cohesin compo-
nent inactivation and the RSC complex inactivation in the 
yeast model [Lopez-Serra et al., 2014]. Therefore, the de-
rangements of nucleosome positioning might cause tran-
scriptional disturbances not only in CSS but also in CdLS.

  Recently, mutations in  TAF1  and  TAF6  were shown to 
be associated with a CdLS-like phenotype [O’Rawe et al., 
2015; Yuan et al., 2015].  TAF1  and  TAF6  encode compo-
nents of the TFIID complex, which plays a major role in 
transcriptional initiation. Therefore, disruption of tran-
scriptional initiation or transition from transcriptional 
initiation to the elongation phase may be the steps af-
fected in CdLS.

  CHOPS Syndrome: A Disorder of Transcriptional 

Elongation 

 CHOPS syndrome (MIM 616368) is a multisystem de-
velopmental disorder characterized by coarse facial fea-
tures, cognitive impairment, heart defects, obesity, pul-
monary symptoms, skeletal defects, and short stature 
( fig. 6 a) [Izumi et al., 2015]. CHOPS syndrome probands 
were originally suspected to have CdLS, although they 
lacked several typical features of CdLS, such as micro-
cephaly. CHOPS syndrome is caused by gain-of-function 
mutations in  AFF4 , which encodes a key component of 
the SEC ( fig. 6 b) [Izumi et al., 2015].

  Pathogenesis of CHOPS Syndrome 
 SEC includes P-TEFb, which plays important roles in 

RNAP2 pausing release. Other components of the SEC 
are AFF1, AFF4, AF9, ENL, and ELL protein families. 
AFF4 is a scaffolding protein located at the center of the 
SEC, which does not exist if AFF4 is knocked down [Lin 
et al., 2010]. All the mutations found in CHOPS syn-
drome probands were missense and were located within 
the ALF homology domain of the AFF4 protein [Izumi et 
al., 2015]. The AFF4 protein is degraded by ubiquitina-
tion-dependent proteasomal degradation. For AFF4 to be 
transported to the proteasome, AFF4 is ubiquitinated by 
E3 ubiquitin ligase, SIAH1. SIAH1 binds to AFF4 by rec-
ognizing the SIAH1-binding motif located within the 
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  Fig. 6.   a  Patients with CHOPS syndrome. 
Note round faces and arched eyebrows.
 b  Schematic illustration of SEC.  c  Disease 
mechanism of CHOPS syndrome. SEC is 
responsible for transcriptional elongation. 
In the CHOPS syndrome, accumulation of 
SEC causes transcriptional overactivation 
by excessive transcriptional elongation. 
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ALF domain [Oliver et al., 2004]. In CHOPS syndrome, 
missense mutations hamper the binding of SIAH1, caus-
ing a less efficient proteasomal degradation of AFF4. As 
a result, the AFF4 protein accumulates in the cells of 
CHOPS syndrome probands [Izumi et al., 2015].

  The effect of the accumulation of AFF4 proteins is 
transcriptional overactivation of genes, whose expression 
is controlled by transcriptional elongation, such as  MYC 
 ( fig.  6 c). Chromatin immunoprecipitation followed by 
massive parallel sequencing demonstrated accumulation 

Table 1.  Examples of disorders of transcriptional regulation

Syndrome Causative genes Function of encoded proteins Clinical features

Rubinstein-Taybi 
syndrome

CBP, EP300 histone modification enzymes facial dysmorphisms (downslanted palpebral 
fissures, prominent beaked nose), broad thumbs 
and halluces, short stature, and developmental 
delay

Wiedemann-Steiner 
syndrome

KMT2A histone modification enzymes facial dysmorphisms (hypertelorism, downslanted 
palpebral fissures), hypertrichosis, and 
developmental delay

Kabuki syndrome KMT2D, KDM6A histone modification enzymes facial dysmorphisms (long palpebral fissures, 
eversion of lateral third of lower eyelids), skeletal 
anomalies, persistence of fetal fingertip pads, 
developmental delay, and growth deficiency

Say-Barber-Biesecker/
Young-Simpson 
syndrome

KAT6B histone modification enzymes facial dysmorphisms (blepharophimosis), 
developmental delay, hypotonia, joint stiffness, 
cryptorchidism, hypothyroidism, and patellar 
hypoplasia/agenesis

KBG syndrome ANKRD11 regulate histone acetylation facial dysmorphisms (anteverted nares), 
macrodontia of the upper central incisors, short 
stature, skeletal anomalies, and developmental 
delay

Coffin-Siris syndrome ARID1A, ARID1B, 
SMARCA4, 
SMARCB1, 
SMARCE1

chromatin remodelers facial dysmorphisms (bushy eyebrows, large 
mouth), aplasia/hypoplasia of the distal phalanx or 
nail, developmental delay, hypotonia, hirutism, 
and sparse scalp hair

Nicolaides-Baraitser 
syndrome

SMARCA2 chromatin remodeler facial dysmorphisms/coarse facial features, sparse 
scalp hair, interphalangeal joint swelling, 
microcephaly, seizures, and developmental delay

CHARGE syndrome CHD7 chromatin remodeler facial dysmorphisms (facial asymmetry, cup-
shaped ears), coloboma, heart defects, choanal 
atresia, retarded growth and development, genital 
abnormalities, and ear anomalies

FG syndrome MED12 mediator protein facial dysmorphisms (prominent forehead), 
developmental delay, macrocephaly, hypotonia, 
corpus callosum abnormalities, and broad thumbs/
halluces

Cornelia de Lange 
syndrome

NIPBL, SMC1A, 
SMC3, HDAC8

cohesin complex and regulatory 
factors

facial dysmorphisms (synophrys, long philtrum), 
developmental delay, growth retardation, 
hirsutism, and upper limb abnormalities

CHOPS syndrome AFF4 transcriptional elongation factor facial dysmorphisms (round face), developmental 
delay, heart defect, obesity, pulmonary 
abnormalities, short stature, and skeletal 
anomalies
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of the AFF4 protein around transcription start sites in 
genes in which expression is activated in CHOPS syn-
drome [Izumi et al., 2015]. Furthermore, the elongating 
form of RNAP2 (RNAP2 Ser2ph) was accumulated 
around gene bodies of overexpressed genes in CHOPS 
syndrome. Combining these observations, the transcrip-
tional disturbance of CHOPS syndrome results from an 
overactivation of the transcriptional elongation system.

  Transcriptome comparison between CHOPS syn-
drome and CdLS showed similar transcriptome profiles 
[Izumi et al., 2015]. Thus, disruption of molecular inter-
actions of cohesin, SEC, and RNAP2 would lead to simi-
lar transcriptional disturbances by altering transcription-
al elongation. Since CHOPS syndrome probands have 
clinical features that overlap those seen in CdLS, a part of 
the CdLS disease mechanism could be explained by ex-
cessive transcriptional elongation, similar to that seen in 
CHOPS syndrome.

  Other Disorders of Transcriptional Regulation 

 In recent years, an increasing number of genetic disor-
ders, due to mutations in genes encoding histone modi-
fiers and chromatin remodeler proteins, have been iden-
tified ( table 1 ). These disorders include: CHARGE syn-
drome due to  CHD7  mutations, Wiedemann-Steiner 
syndrome due to  KMT2A  mutations, Kabuki syndrome 
due to  KMT2D  and  KDM6A  mutations, and Say-Barber-
Biesecker/Young-Simpson syndrome due to  KAT6B  mu-
tations [Vissers et al., 2004; Ng et al., 2010; Clayton-Smith 
et al., 2011; Jones et al., 2012; Lederer et al., 2012]. CHD7 
is a chromatin remodeler protein with a chromodo-
main histone-modification recognition motif.  KMT2A , 
 KMT2D ,  KDM6A , and  KAT6B  encode histone modifica-
tion enzymes. KBG syndrome may also be categorized in 
this group of disorders because the causative gene for 
KBG syndrome,  ANKRD11 , encodes Ankyrin repeat do-
main 11 protein, known to regulate histone acetylation 
via functioning with HDAC3 [Sirmaci et al., 2011; Gal-
lagher et al., 2015]. Mutations in genes encoding the me-
diator complex proteins have also been reported.  MED23  
and  MED25  mutations were found in individuals with 
intellectual disability, and  MED12  mutations have been 
found in individuals with FG syndrome and X-linked 
Ohdo syndrome [Risheg et al., 2007; Hashimoto et al., 
2011; Vulto-van Silfhout et al., 2013; Basel-Vanagaite et 
al., 2015; Figueiredo et al., 2015]. There are clinical fea-
tures that allow astute clinicians to distinguish between 
typical cases of these syndromes. However, in their atyp-

ical presentations, a clinical distinction may not be fea-
sible. The use of exome sequencing in clinical practice has 
allowed for an expansion of the phenotypic spectrum of 
these Mendelian disorders. We recently reported a case of 
an RSTS patient who had overlapping features with 
CHARGE syndrome [Masuda et al., 2015]. Likewise, mu-
tations in the  ANKRD11  gene, whose mutations cause 
KBG syndrome, are identified in CdLS-overlapping phe-
notype patients [Parenti et al., 2016]. As illustrated by 
these cases with overlapping phenotypes among various 
disorders of transcriptional regulation, unbiased genome 
screening, by either exome or genome sequencing, may 
obscure the clinical distinction among disorders of tran-
scriptional regulation.

  Conclusion 

 Similarities between the clinical phenotypes of diverse 
syndromic diagnoses facilitate the identification of com-
mon molecular mechanisms linking these diverse diag-
noses on a pathogenetic level. Such insights have contrib-
uted significantly not only to deepening our understand-
ing of the etiologies of these malformation syndromes, 
but also in shedding light on the mechanism of funda-
mental cellular processes such as gene transcription. Due 
to the increasing use of NGS-based technologies in the 
clinical and research fields, novel gene discovery will con-
tinue to provide insights into the molecular controls of 
transcription and will further our understanding of a 
growing class of diagnoses – the disorders of transcrip-
tional regulation. Elucidation of the mechanisms of tran-
scriptional abnormalities underlying disorders of tran-
scriptional regulation will contribute to the advancement 
of both clinical genetics and molecular cell biology.
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