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Mutations in SET BINDING PROTEIN 1 (SETBP1) cause two different clinically
distinguishable diseases called Schinzel–Giedion syndrome (SGS) or SETBP1 deficiency
syndrome (SDD). Both disorders are disorders of protein dosage, where SGS is caused
by decreased rate of protein breakdown due to mutations in a proteosome targeting
domain, and SDD is caused by heterozygous loss-of-function mutations leading to
haploinsufficiency. While phenotypes of affected individuals support a role for SETBP1
in brain development, little is known about the mechanisms that might underlie this. The
binding partner which gave SETBP1 its name is SET and there is extensive literature
on this important oncogene in non-neural tissues. Here we describe different molecular
complexes in which SET is involved as well as the role of these complexes in brain
development. Based on this information, we postulate how SETBP1 protein dosage
might influence these SET-containing molecular pathways and affect brain development.
We examine the roles of SET and SETBP1 in acetylation inhibition, phosphatase activity,
DNA repair, and cell cycle control. This work provides testable hypotheses for how
altered SETBP1 protein dosage affects brain development.

Keywords: neurodevelopment, SETBP1, Schinzel–Giedion syndrome, disease modeling, gene

INTRODUCTION

SET BINDING PROTEIN 1 (SETBP1) germline mutations cause disorders of varying severity, but
how SETBP1 mutations lead to disease is not known. There are a substantial number of studies on
the molecular function of the protein SET (von Lindern et al., 1992b; Bayarkhangai et al., 2018)
in non-brain tissue, a protein with which SETBP1 is known to interact. Examining the actions of
SET in any tissue type might provide some insight into the role of SETBP1 in brain since intrinsic
cell activators and repressors can be used in different ways across tissue types. This does not rule
out other roles for SETBP1 independent from SET which we do address in a section of this review;
however, we have chosen to condition our analysis of SETBP1 function on SET, because of the
interaction between these two proteins (Minakuchi et al., 2001) and the large body of work that
pertains to SET.

The purpose of this review is to describe potentially relevant mechanistic studies from SET, then
to assess whether mechanisms regulated by SET in non-neural tissue could play a role in brain
development. We will integrate these two components to postulate how mutations in SETBP1 could
affect brain development and lead to disease phenotypes associated with SETBP1 mutations. Our
hope is to generate testable hypotheses targeting specific molecular systems that may be important
for the etiology underlying neurodevelopmental diseases caused by mutations in SETBP1.
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SETBP1 PROTEIN STRUCTURE

SETBP1 has molecular mass of ∼170 kDa (UniProt:Q9Y6X0)
and is found in most tissues. SETBP1 was first termed SEB
(Minakuchi et al., 2001) when a yeast two-hybrid screen
was performed for binding partners of the important tumor
suppressor SET (Minakuchi et al., 2001). In addition to the
SET-binding domain, SETBP1 has a SKI homology region
(Wilson et al., 2004), three nuclear localization signal (NLS)
motifs, three adenine-thymine (AT) hook domains (Coccaro
et al., 2017), and six PEST domains (sequences associated with
proteins that have a short intracellular half-life) (Figure 1; Rogers
et al., 1986). Its three NLS motifs and three AT-hooks suggest
that its localization and functions might be primarily nuclear
(Minakuchi et al., 2001; Cristobal et al., 2010; Nguyen et al.,
2016) and two of the three NLS motifs are found within the SET-
binding region. The SKI-homology domain gets its name from
the ∼36% homology of this region with the middle region and
dimerization domain of nuclear oncoprotein SKI (Bonnon and
Atanasoski, 2012), so SETBP1 could mimic SKI/SKI homodimer
function in TGFb repression (Wu et al., 2002) or may bind SKI
itself. The SKI-homology domain of SETBP1 contains a well-
defined degron motif (Wu et al., 2003; Meszaros et al., 2017),
a sequence of AAs that needs to be recognized for the protein
to be degraded by the proteasome. The degron contains the
consensus binding region DpSGXXpS/pT, where pS and pT are
phosphorylated residues and X is any amino acid. SCF-β-TrCP1
is the substrate recognition subunit of the E3 ubiquitin ligase,
which ubiquitinates SETBP1, targeting it for degradation (Piazza
et al., 2013; Meszaros et al., 2017).

DISEASES ASSOCIATED WITH
GERMLINE SETBP1 MUTATIONS:
SCHINZEL–GIEDION SYNDROME AND
SETBP1 DEFICIENCY DISORDER

The discovery and rapid evolution of DNA sequencing
technologies over the last two decades have allowed for the
mapping of specific mutations associated with rare diseases.
Germline mutations in SETBP1 cause two different disorders:
Schinzel–Giedion syndrome (SGS; OMIM 269150) and SETBP1
deficiency disorder (SDD; OMIM 606078), where genomic
position of the mutations determines the effect on SETBP1
protein leading to one of the two diseases (Hoischen et al.,
2010; Filges et al., 2011). Somatic mutations at the identical site
as the SGS mutations cause atypical chronic myeloid leukemia
(Piazza et al., 2013).

Schinzel–Giedion syndrome is a rare and severe
developmental disease characterized by developmental and
growth delay, progressive brain atrophy, delayed myelination and
progressive atrophy of white matter, distorted neuronal layering,
hydronephrosis, hydrocephalus, midface retraction, visual and
hearing impairment, severe seizures, neuroepithelial tumors,
genital hypoplasia, bone abnormalities, and other congenital
malformations (Schinzel and Giedion, 1978; McPherson, 2006;

Beschorner et al., 2007; Filges et al., 2011; Acuna-Hidalgo et al.,
2017; Coccaro et al., 2017). The symptoms are so severe that
children suffering from SGS usually die within the first decade
of life (McPherson, 2006). Although SGS was described in 1978
(Schinzel and Giedion, 1978; AlGazali et al., 1990), it wasn’t
until 2010 that the association with the SETBP1 gene was made
(Schinzel and Giedion, 1978; Hoischen et al., 2010). SGS occurs
due to de novo heterozygous missense mutations affecting AAs of
the degron motif at AAs 868–871. “Atypical” SGS cases are also
known which affect AAs adjacent or close to AAs 868–871, where
those cases reported are phenotypically similar to SGS cases but
may live past the first decade of life (Acuna-Hidalgo et al., 2017).
The reason for disease is thought to be due to increased SETBP1
protein stability (Piazza et al., 2013, 2018; Nguyen et al., 2016;
Acuna-Hidalgo et al., 2017) from the mutations in the degron
motif, affecting the ability of the ubiquitin ligase to add ubiquitin
to signal degradation. For this reason, SGS is likely a disease of
too much protein persisting for too long.

SETBP1 deficiency disorder is characterized by mild to
severe developmental delay, distinctive facial features (prominent
forehead, inverted triangle face, ptosis, periorbital fullness),
seizures, hypoplastic corpus callosum, early life hypotonia, high
sociability, and expressive speech delay (Filges et al., 2011;
Marseglia et al., 2012; Jansen et al., 2021; Morgan et al.,
2021). Mutations that cause SDD are heterozygous deletions or
frameshift mutations that lead to the loss of expression of SETBP1
from one allele, classifying the disease as a loss-of-function (LOF)
syndrome (Cody et al., 2007; Buysse et al., 2008; Bouquillon et al.,
2011; Filges et al., 2011; Marseglia et al., 2012).

Schinzel–Giedion syndrome and SDD might be considered
on a SETBP1 dosage spectrum. Both have functional SETBP1
protein, but SDD has too little protein due to haploinsufficiency,
while SGS SETBP1 protein persists for too long, due to decreased
proteasomal breakdown because of the mutated degron motif.
Both proteins retain their normal function implying that SETBP1
dosage may be critical and that cells do not tolerate dosage
changes of SETBP1. It is within this “dosage” context that
we will assess the different brain systems in which SETBP1
may be important.

BRAIN DEVELOPMENT AND SETBP1
FUNCTION

Brain development is a process by which cells are specialized
to become cell types of the forebrain, midbrain, hindbrain,
and spinal column. Briefly, after the formation of the ecto-,
meso-, and endoderm layers, one of these layers, the ectoderm,
begins to receive signals to neuralize in a process called neural
induction. This process leads to the folding of the epithelial layer
of cells and an invagination process that forms the neural tube.
Neurulation is the process by which instructive signals, often
diffusible morphogens or extracellular proteins from neighboring
cells, are received by this neuralized ectoderm to proliferate
and differentiate to form the brain and spinal cord along
anterior–posterior and dorsal–ventral axes. The posterior neural
tube becomes the spinal column while the anterior neural

Frontiers in Neuroscience | www.frontiersin.org 2 May 2022 | Volume 16 | Article 813430

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-813430 May 18, 2022 Time: 15:5 # 3

Antonyan and Ernst SETBP1 Dosage in Developing Brain

tube balloons out to become forebrain (telencephalon) and
midbrain/hindbrain (mesencephalon/diencephalon) structures
derived from proliferating cells from the neuroectoderm (Stiles
and Jernigan, 2010). To create the future forebrain for example,
neurogenesis begins in the telencephalic primordium with the
symmetrical expansion of neural stem cells (NSCs) in the
ventricular zone (VZ) (Bystron et al., 2008; Kolk and Rakic,
2022). Some NSCs form a dorso-ventrally anchored scaffold and
become radial glial cells, which form the migration pathways for
subsequently differentiating neurons (Rakic, 1990). As expansion
of the NSC pool of cells occurs, NSCs gradually switch into
an asymmetrical mode of cell division where one daughter cell
remains a NSC and the other differentiates into a neuron (Molnar
et al., 2019). As neurogenesis completes, progenitor cells switch
first to an astroglial fate, then an oligodendroglial fate.

Schinzel–Giedion syndrome is a multi-system disorder
including brain, while SDD seems almost entirely brain specific.
To determine the role SETBP1 may have in brain, we review
functions of SET and, if available, SETBP1, in other tissues and
apply these findings to how SDD and SGS mutations in SETBP1
may affect brain development. We expect that a major action of
SETBP1 is through binding SET, and so look at known molecular
actions of SET in any tissue and interpret what may happen in
brain with SETBP1 mutations. SETBP1 is predicted to stabilize
SET, so SGS mutations may lead to more persistent SET, while
SDD mutations may lead to less stable SET.

If SETBP1 acts through SET, then we expect that mutations
in SET itself should affect brain development, and this is
indeed the case. Mutations in SET lead to varying severity
of developmental and speech delay, motor impairment, and
intellectual disability (Hamdan et al., 2014; Richardson et al.,
2018; Stevens et al., 2018). All reported mutations are
heterozygous and most likely cause loss of function of
SET, even when the causative mutations are missense. This
could potentially be a condition on the same spectrum as
SETBP1 SDD mutations, which has been described previously
(Richardson et al., 2018). There have been no mutations in
SET reported which lead to symptoms similar to SGS. It is
possible that mutations in SET could affect its interactions
with protein complexes associated with intellectual disability
(Richardson et al., 2018).

THE INHIBITOR OF HISTONE
ACETYLTRANSFERASE COMPLEX

The inhibitor of acetyltransferases (INHAT) complex is
composed of SET, TAF1a (a protein isoform of SET that
differs in the first 37 amino acids (UniProt Q01105-2) and
ANP32A (Seo et al., 2001; Figure 1). The INHAT complex
blocks histone acetyltransferase (HAT) activity of p300/CBP
and PCAF by binding to histones and sterically blocking
them, possibly through the “earmuff domain” of SET, where
SET can bind both core histones and double-stranded DNA
(dsDNA) (Seo et al., 2001, 2002; Muto et al., 2007). It is not clear
whether this INHAT activity is independent from SET’s histone

chaperone activity (Gamble et al., 2005; Gamble and Fisher,
2007). Acetylation of histone residues such as H3K9ac and/or
H3K27ac function to mark active enhancers or promoters,
meaning that RNA transcription is more likely to occur where
histones are acetylated and chromatin is decondensed. Blocking
acetylation can condense chromatin and make DNA less
accessible to activation.

The acetylation of histones is an important component
of molecular events in brain development (Contestabile and
Sintoni, 2013; Lilja et al., 2013). Histone acetylation and
deacetylation forms part of the histone code, where the
timing of addition and removal of acetyl groups likely
helps to pre-pattern or to drive important developmental
functions (Ernst and Jefri, 2021). In the developing brain,
blocking the removal of histones inhibits the differentiation
of astrocytes and oligodendrocytes (Marin-Husstege et al.,
2002; Hsieh et al., 2004). VZ neural progenitor cells which
populate the cerebral cortex are capable of giving rise to
neurons, astrocytes, and oligodendrocytes (in that order) (Qian
et al., 2000), suggesting acetyl groups must be removed
after neurogenesis to allow for the switch to gliogenesis
(Balasubramaniyan et al., 2006). Neurodevelopmental diseases
of histone acetylation such as Rubinstein–Taybi (OMIM 180849)
further highlight these important functions (Cohen et al., 2020).
INHAT may have a role in the neurodevelopmental process,
possibly by ensuring some histones are not acetylated prior
to neurogenesis.

SETBP1 might (1) bind SET to inhibit its binding with
ANP32A, (2) inhibit the processing of SET protein isoforms in
INHAT, or conversely, (3) stabilize SET and make a platform
for SET to more easily associate with ANP32A. Evidence
from non-brain cancer studies suggest that too much SET is
associated with hypoacetylation (Almeida et al., 2017), consistent
with its role in blocking acetylation, and this could be the
case in developing brain cells with SGS SETBP1 mutations.
That is, that SGS is associated with too much inhibition
of histone acetylation and SDD may show hyperacetylation.
Blocking acetylation, depending on when this occurs in
neurodevelopment, could have significant impact on gliogenesis,
but preserving or even enhancing neural differentiation. While
the requirement is for removal of acetyl groups for the gliogenic
switch to occur, it is possible that INHAT has a role in
the dynamics of histone acetylation/deacetylation, leading to
impairment of gliogenesis. This might be consistent with the
delayed myelination reported in some SGS cases (Ko et al.,
2013). Immunoprecipitation (IP) of SETBP1, SET, and ANP32
can be performed to determine the relationship dynamic
between these proteins. IP-Mass Spec of histone marks could
be done in SGS and SDD cells compared to controls to
assess if INHAT activity is affected relative to SETBP1 levels.
These marks could also be assessed in the differentiation
process from neural progenitor cells to mature cell types
such as neurons and oligodendrocytes to understand their
effect. Transcription levels of genes influenced by these marks
could be assessed to determine which cellular pathways and
functions are affected.
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PROTEIN PHOSPHATASE 2A

Protein phosphatase 2A (PP2A) is a tumor suppressor gene that
functions to slow cell proliferation; it removes phosphate groups
from amino acids known to be important in mitosis (Mumby,
2007). PP2A is a serine/threonine phosphatase (Janssens et al.,
2008), meaning that this complex of proteins cleaves phosphate
groups from serine or threonine amino acids in specific peptide
chains. The PP2A enzyme complex is composed of three different
subunits: a scaffold subunit A, a regulatory subunit B, and a
catalytic subunit C (Santa-Coloma, 2003; Janssens et al., 2008).
Substrate specificity, tissue and cellular localization of the PP2A
enzyme are determined by the association of specific subunits and
presumably the 3D structure of the target molecule.

There are at least 300 substrates that have been demonstrated
to be dephosphorylated by PP2A which may be tissue and cell
type specific (Wlodarchak et al., 2016). While it is inherently
difficult to determine targets of phosphatases, PP2A appears to
remove the phosphate groups from a range of proteins involved
in cell cycle regulation; from nuclear envelope proteins (Mehsen
et al., 2018), or from signal transducers such as CJUN (Al-
Murrani et al., 1999) and AKT (Alessi et al., 1996, 1997; Andrabi
et al., 2007).

In a high affinity screen for molecules that bind PP2A, Li
et al. (1995, 1996), identified I1PP2A and I2PP2A proteins in
bovine kidney. I1PP2A was identified as ANP32A and I2PP2A
was identified as SET (Li et al., 1995, 1996). ANP32 and SET
family proteins could inhibit PP2A independently or working
together (Santa-Coloma, 2003), and the SETBP1-SET binding
site is notably different than the SET-PP2A binding site, so
SETBP1 can interact with SET while it binds to PP2A (Figure 1;
Minakuchi et al., 2001). The fact that SET and ANP32A are
also both components of the INHAT complex and are capable
of inhibiting PP2A is intriguing and presumably not random;
however, the mechanisms governing regulation of these two
complexes are unknown. It is possible that SET-ANP32A forms
a complex that can both inhibit PP2A and form the INHAT
complex, depending on stimuli received. SETBP1 could either
act to sequester SET away from this complex, stabilize it so as
to make it more likely to join this complex, or function as a
platform to increase the likelihood of SET being part of one
complex over another.

There is good evidence for a role for PP2A in
neurodevelopment. For example, germline mutations in
subunits of PP2A can cause neurodevelopmental disorders.
Jordan’s syndrome (JR: OMIM 616355) is caused by mutations

FIGURE 1 | Potential mechanisms of SETBP1 action in brain.
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in PPP2R5D, PPP2R5C, PPP2CA, and PPP2R1A causing PP2A
to be less active in cells and thus allowing phosphorylated
target proteins to persist for too long (Reynhout et al., 2019),
presumably enhancing proliferative effects. People with JR
can have ventriculomegaly, epilepsy, intellectual delay, autism
spectrum disorders as well as significant motor problems.
Targeted investigation in model species also strongly support
a role for PP2A in brain development. For example, mice
with deletions of Ppp2ca are non-viable, where embryos show
significant deficits in ectodermal tissue (giving rise to brain
and skin), such as exencephaly and spina bifida (Panicker et al.,
2020). A recent review of mouse models that modify or delete
genes that code for specific Pp2a subunits further highlights the
significant role of PP2A in brain (Reynhout and Janssens, 2019).

Schinzel–Giedion syndrome mutations in SETBP1 likely lead
to increased inhibition of PP2A via SET stabilization and
therefore to persistence of phosphorylated targets of PP2A
(similar to JR), while SDD SETBP1 mutations will lead to loss of
inhibition of PP2A and therefore too much cleavage of phosphate
groups. We might expect these effects to be critical to cell cycle
dynamics in neurodevelopment, especially since the timing of
the cell cycle is so important during the expansion phase of
neural progenitor cells (Ernst, 2016). For example, the cell cycle
lengthens as neural progenitor cells expand (Caviness et al.,
1995), so increasing the probability of mitosis by altering the
activity of mitotic regulators such as phosphorylation state of the
308th and 473rd amino acid residues of AKT (Vanhaesebroeck
and Alessi, 2000) could affect this timing and alter the total
number of neural progenitor cells. We might then expect
a hyperproliferative phenotype in SGS and lost proliferative
capacity in SDD. Phosphorylation of direct targets of PP2A such
as AKT, ERK, and GSK3-β could be measured in SDD and SGS
cells relative to controls to assess the effect of SETBP1 protein
levels in PP2A activity. Similarly, phosphorylation of PP2AC at
its 307th amino acid residue, a known PP2A inactivation mark,
could be used to assess PP2A activity.

SET AND DNA NUCLEASES (THE “SET”
COMPLEX)

Granzymes induce a cell death pathway in blood cells activated
in response to pathogens which can be transduced via an ER-
anchored complex containing SET (Chowdhury and Lieberman,
2008). In this complex containing three DNA nucleases (NME1,
TREX1, and APEX1), two chromatin modifiers (SET and
ANP32A) and a DNA binding protein called HMGB2, granzymes
released from other cells are thought to change the SET complex’s
activity from a base excision repair function to a cell death
function (Figure 1; Fan et al., 2003a; Chowdhury et al., 2006).
When pathogens are present, they trigger granzyme release from
cells which activates the SET containing complex in receiving
cells to kill the cell. This is a mode of survival to stop viral
replication. Under non-granzyme conditions, e.g., potentially
in the central nervous system, the SET complex may function
in DNA repair in response to oxidative damage (Leopoldino
et al., 2012). Granzymes function to block the base excising

repair function of the SET complex triggering more widespread
DNA damage and apoptosis (Fan et al., 2003b), so the SET
complex likely serves a DNA repair function in brain. Indeed,
some members are critical for brain development (Bronstein
et al., 2017; Dumitrache et al., 2018), though may be part of
other complexes.

Might SETBP1 mutations affect how SET interacts with
NME1, APEX1, or HMGB2 to affect DNA in cell death or
DNA repair pathways? If SETBP1 can sequester SET away
from this complex, or affect how it gets cleaved it is possible
that this important DNA nuclease complex gets altered in
some way to affect DNA repair activities which are important
in brain development, particularly in maintaining proliferative
capacity of mitotically active neural progenitor cells (O’Driscoll
and Jeggo, 2008). For example, HMGB2 is important in the
neurogenic to gliogenic switch in developing neural stem cells
(Bronstein et al., 2017), so affecting how SET associates with
HMGB2 could affect some dynamics of cell fate switching in
developing brain. We postulate that SGS mutations may lead
to increased DNA nuclease activity which could cause too
much DNA nicking and potentially lead to cell death. This
could be through the stabilization of SET, allowing it to form
more complexes with other SET complex members, or altering
the probability of SET cleavage. SDD cases may suffer from
reduced DNA repair capacity which may not be the opposite
phenotype to the SGS cases (too much DNA nicking could
lead to different phenotypes than too little DNA repair). This
contrasts with SGS/SDD effects on PP2A where more or less
phosphorylation of downstream PP2A targets could very likely
lead to opposite affects (too much or too little p308-AKT, for
example). To assess the effects that SETBP1/SET levels have in
DNA integrity, BrdU and TUNEL assays can be performed as well
as measurement of phosphorylated H2AX in SGS and SDD cells
compared to controls.

SET AND CELL CYCLE CONTROL

Cell cycle control refers to the well-regulated process of cells
as they progress through the cell cycle; that is, G1/0 phase,
DNA synthesis (S) phase, G2 phase, and (M)itosis. An extensive
array of proteins govern, for example, timing of phase shifts
or checkpoints. These proteins were largely discovered during
investigations of tumors in different tissues and many of these
proteins are classified as oncogenes or tumor suppressors. The
discovery of SET also fits into this pattern. SET was initially
identified in the translocation fusion product SET-NUP214 in
acute undifferentiated leukemia (von Lindern et al., 1992a) and
SET is now known to bind to several regulators of the cell cycle.
For example, SET binds to CDKN1A to modulate its inhibitory
function on cyclin E to affect cell cycle progression through
G1/S (Estanyol et al., 1999), and SET inhibits P53 by binding its
C-terminal domain (Figure 1; Wang et al., 2016).

Cell cycle control is fundamental to brain development as
it is to all tissues, though there are specific examples of its
critical importance in brain through human mutation studies.
For example, germline mutations in oncogenes and cell cycle
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regulators PTEN and NF1 cause both a recognized tumor
syndrome and vastly increased risk for autism spectrum disorders
(Butler et al., 2005; Garg et al., 2013). Proteins such as P53 and
CDKN1A can determine the extent of neural progenitor cell
proliferation so their interaction with SET may be important
in this process. Although SGS mutations in SETBP1 have not
been shown to increase the probability of SET to interact with
CDKN1A, increased SETBP1 and SET levels have been shown to
decrease p53 activity upon binding in neural cells, subsequently
leading to DNA damage accumulation and parthanatos (Banfi
et al., 2021). P53 may translocate to the nucleus and promote
neuronal survival (Xavier et al., 2014) and p53 knockdown
promotes neuronal differentiation (Marin Navarro et al., 2020).
Neuronal differentiation could potentially be affected by altered
SETBP1 levels in SDD and SGS, by the SET-induced effects
in p53 activity.

Affecting these important players could alter timing of cell
cycle exit or the expansion of undifferentiated neural progenitors.
We expect that SGS mutations will lead to a more rapid cell cycle
progression, enhancing proliferation, while SDD mutations could
lead to decreased probability of mitosis. Cell cycle progression
differences can be compared between SGS and SDD cells through
DNA-labeled fluorescence activated cell sorting (FACS) and
assessment of proportion of cells at G1/S/G2-M stage (where
2× DNA is observed in G2 phase compared to G0/G1 phase).
Assessment of the interaction of SET/SETBP1 with other cell
cycle control proteins such as cyclins and CDKs can be done
through IP and immuno-blotting experiments.

SETBP1 AS A TRANSCRIPTION FACTOR
AND EPIGENETIC REGULATOR
INDEPENDENT FROM SET

Within its protein structure, SETBP1 contains three DNA
binding domains, which are capable of binding to AT-rich
regions on DNA (Piazza et al., 2018). Both wild-type and SGS
SETBP1 proteins are likely able to bind to broad genomic
regions containing the sequence “AAAATAA/T,” although SGS
SETBP1 mutations might do so at higher frequency due to its
accumulation in the cell. There is evidence that SETBP1 bindS
directly to DNA: chromatin immunoprecipitation studies suggest
that SETBP1 can bind the promoters of HOXA9, HOXA10, and
RUNX1 in hematopoietic cells (Oakley et al., 2012; Vishwakarma
et al., 2016). SETBP1 reportedly also binds to members of the
KMT2A-COMPASS family HCF1, KMT2A, PHF8, and PHF6,
which are responsible for the methylation of H3K4 at the
promoters of developmentally regulated genes like the HOX gene
clusters (Piazza et al., 2018). This may classify SETBP1 as an
epigenetic regulator since COMPASS complexes can be recruited

to chromatin by binding directly to DNA, by interacting with
DNA-binding proteins or by interacting with modified histones
(Piunti and Shilatifard, 2016; Lavery et al., 2020; Cenik and
Shilatifard, 2021). It is not clear how or if SET may affect these
particular interactions, but it cannot be ruled out. To elucidate
if there is any effect of SET on SETBP1 capacity to act as a
transcription factor, knockdown and/or overexpression of SET
followed by assessment of SETBP1 DNA binding activity using
Chromatin-Immunoprecipitation can be performed.

FUTURE CONSIDERATIONS

How SETBP1 mutations affect developing brain is not known,
but it seems reasonable to suggest that some of the molecular
complexes in which SET is known to act in non-brain tissues
might also be put to use in developing brain cells. There is
already some recent evidence that this is indeed the case; for
example, Banfi et al. (2021). suggest that SETBP1 SGS mutations
lead to SETBP1 accumulation in neurons and increased DNA
damage which might suggest that association with SET and DNA
nuclease activity may be important (Banfi et al., 2021). With
the ability to rapidly make mouse models via CRISPR and to
model human derived somatic cells from SGS/SDD cases in a
neuronal context (Ernst, 2020), we expect rapid advances in the
underlying mechanism of these two disorders. Both SGS and
SDD mutation will lend themselves well to iPSC tissue modeling
as monogenic diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

LA and CE wrote the manuscript. Both authors contributed to
the article and approved the submitted version.

FUNDING

LA was funded by the National Council of Science and
Technology (CONACYT) of Mexico (#681227) and the PBEEE
Québec-Mexico Doctoral Research Scholarship from the Fonds
de Recherche du Québec (#307769). This work was in part funded
by the SETBP1 Society.

REFERENCES
Acuna-Hidalgo, R., Deriziotis, P., Steehouwer, M., Gilissen, C., Graham, S. A.,

van Dam, S., et al. (2017). Overlapping SETBP1 gain-of-function mutations

in Schinzel-Giedion syndrome and hematologic malignancies. PLoS Genet.
13:e1006683. doi: 10.1371/journal.pgen.1006683

Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen,
P., et al. (1996). Mechanism of activation of protein kinase B by

Frontiers in Neuroscience | www.frontiersin.org 6 May 2022 | Volume 16 | Article 813430

https://doi.org/10.1371/journal.pgen.1006683
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-813430 May 18, 2022 Time: 15:5 # 7

Antonyan and Ernst SETBP1 Dosage in Developing Brain

insulin and IGF-1. EMBO J. 15, 6541–6551. doi: 10.1002/j.1460-2075.1996.
tb01045.x

Alessi, D. R., James, S. R., Downes, C. P., Holmes, A. B., Gaffney, P. R., Reese,
C. B., et al. (1997). Characterization of a 3-phosphoinositide-dependent protein
kinase which phosphorylates and activates protein kinase Balpha. Curr. Biol. 7,
261–269. doi: 10.1016/s0960-9822(06)00122-9

AlGazali, L. I., Farndon, P., Burn, J., Flannery, D. B., Davison, C., and Mueller, R. F.
(1990). The Schinzel-Giedion syndrome. J. Med. Genet. 27, 42–47.

Almeida, L. O., Neto, M. P. C., Sousa, L. O., Tannous, M. A., Curti, C.,
and Leopoldino, A. M. (2017). SET oncoprotein accumulation regulates
transcription through DNA demethylation and histone hypoacetylation.
Oncotarget 8, 26802–26818. doi: 10.18632/oncotarget.15818

Al-Murrani, S. W., Woodgett, J. R., and Damuni, Z. (1999). Expression of I2PP2A,
an inhibitor of protein phosphatase 2A, induces c-Jun and AP-1 activity.
Biochem. J. 341, 293–298. doi: 10.1042/bj3410293

Andrabi, S., Gjoerup, O. V., Kean, J. A., Roberts, T. M., and Schaffhausen, B.
(2007). Protein phosphatase 2A regulates life and death decisions via Akt in
a context-dependent manner. Proc. Natl. Acad. Sci. USA 104, 19011–19016.
doi: 10.1073/pnas.0706696104

Balasubramaniyan, V., Boddeke, E., Bakels, R., Kust, B., Kooistra, S., Veneman,
A., et al. (2006). Effects of histone deacetylation inhibition on neuronal
differentiation of embryonic mouse neural stem cells. Neuroscience 143, 939–
951. doi: 10.1016/j.neuroscience.2006.08.082

Banfi, F., Rubio, A., Zaghi, M., Massimino, L., Fagnocchi, G., Bellini, E.,
et al. (2021). SETBP1 accumulation induces P53 inhibition and genotoxic
stress in neural progenitors underlying neurodegeneration in Schinzel-
Giedion syndrome. Nat. Commun. 12:4050. doi: 10.1038/s41467-021-24
391-3

Bayarkhangai, B., Noureldin, S., Yu, L., Zhao, N., Gu, Y., Xu, H., et al. (2018). A
comprehensive and perspective view of oncoprotein SET in cancer.CancerMed.
7, 3084–3094. doi: 10.1002/cam4.1526

Beschorner, R., Wehrmann, M., Ernemann, U., Bonin, M., Horber, V.,
Oehl-Jaschkowitz, B., et al. (2007). Extradural ependymal tumor with
myxopapillary and ependymoblastic differentiation in a case of Schinzel-
Giedion syndrome. Acta Neuropathol. 113, 339–346. doi: 10.1007/s00401-006-0
179-0

Bonnon, C., and Atanasoski, S. (2012). c-Ski in health and disease. Cell Tissue Res.
347, 51–64. doi: 10.1007/s00441-011-1180-z

Bouquillon, S., Andrieux, J., Landais, E., Duban-Bedu, B., Boidein, F., Lenne, B.,
et al. (2011). A 5.3Mb deletion in chromosome 18q12.3 as the smallest region
of overlap in two patients with expressive speech delay. Eur. J. Med. Genet. 54,
194–197. doi: 10.1016/j.ejmg.2010.11.009

Bronstein, R., Kyle, J., Abraham, A. B., and Tsirka, S. E. (2017). Neurogenic to
Gliogenic fate transition perturbed by loss of HMGB2. Front. Mol. Neurosci.
10:153. doi: 10.3389/fnmol.2017.00153

Butler, M. G., Dasouki, M. J., Zhou, X. P., Talebizadeh, Z., Brown, M., Takahashi,
T. N., et al. (2005). Subset of individuals with autism spectrum disorders and
extreme macrocephaly associated with germline PTEN tumour suppressor gene
mutations. J. Med. Genet. 42, 318–321. doi: 10.1136/jmg.2004.024646

Buysse, K., Menten, B., Oostra, A., Tavernier, S., Mortier, G. R., and Speleman,
F. (2008). Delineation of a critical region on chromosome 18 for the
del(18)(q12.2q21.1) syndrome. Am. J. Med. Genet. 146, 1330–1334. doi: 10.
1002/ajmg.a.32267

Bystron, I., Blakemore, C., and Rakic, P. J. N. R. N. (2008). Development of the
human cerebral cortex: boulder Committee revisited. Nat. Rev. Neurosci. 9,
110–122. doi: 10.1038/nrn2252

Caviness, V. S. Jr., Takahashi, T., and Nowakowski, R. S. (1995). Numbers,
time and neocortical neuronogenesis: a general developmental and
evolutionary model. Trends Neurosci. 18, 379–383. doi: 10.1016/0166-2236(95)
93933-o

Cenik, B. K., and Shilatifard, A. J. N. R. G. (2021). COMPASS and SWI/SNF
complexes in development and disease. Nat. Rev. Genet. 22, 38–58. doi: 10.1038/
s41576-020-0278-0

Chowdhury, D., Beresford, P. J., Zhu, P., Zhang, D., Sung, J. S., Demple, B., et al.
(2006). The exonuclease TREX1 is in the SET complex and acts in concert with
NM23-H1 to degrade DNA during granzyme A-mediated cell death. Mol. Cell
23, 133–142. doi: 10.1016/j.molcel.2006.06.005

Chowdhury, D., and Lieberman, J. (2008). Death by a thousand cuts: granzyme
pathways of programmed cell death. Annu. Rev. Immunol. 26, 389–420. doi:
10.1146/annurev.immunol.26.021607.090404

Coccaro, N., Tota, G., Zagaria, A., Anelli, L., Specchia, G., and Albano, F.
(2017). SETBP1 dysregulation in congenital disorders and myeloid neoplasms.
Oncotarget 8:51920. doi: 10.18632/oncotarget.17231

Cody, J. D., Sebold, C., Malik, A., Heard, P., Carter, E., Crandall, A., et al. (2007).
Recurrent interstitial deletions of proximal 18q: a new syndrome involving
expressive speech delay. Am. J. Med. Genet. 143, 1181–1190. doi: 10.1002/ajmg.
a.31729

Cohen, J. L., Schrier Vergano, S. A., Mazzola, S., Strong, A., Keena, B., McDougall,
C., et al. (2020). EP300-related Rubinstein-Taybi syndrome: highlighted rare
phenotypic findings and a genotype-phenotype meta-analysis of 74 patients.
Am. J. Med. Genet. 182, 2926–2938. doi: 10.1002/ajmg.a.61883

Contestabile, A., and Sintoni, S. (2013). Histone acetylation in neurodevelopment.
Curr. Pharm. Des. 19, 5043–5050. doi: 10.2174/1381612811319280003

Cristobal, I., Blanco, F. J., Garcia-Orti, L., Marcotegui, N., Vicente, C., Rifon, J.,
et al. (2010). SETBP1 overexpression is a novel leukemogenic mechanism that
predicts adverse outcome in elderly patients with acute myeloid leukemia. Blood
115, 615–625. doi: 10.1182/blood-2009-06-227363

Dumitrache, L. C., Shimada, M., Downing, S. M., Kwak, Y. D., Li, Y., Illuzzi, J. L.,
et al. (2018). Apurinic endonuclease-1 preserves neural genome integrity to
maintain homeostasis and thermoregulation and prevent brain tumors. Proc.
Natl. Acad. Sci. USA 115, E12285–E12294. doi: 10.1073/pnas.1809682115

Ernst, C. (2016). Proliferation and differentiation deficits are a major convergence
point for neurodevelopmental disorders. Trends Neurosci. 39, 290–299. doi:
10.1016/j.tins.2016.03.001

Ernst, C. (2020). A roadmap for neurodevelopmental disease modeling for non-
stem cell biologists. Stem Cells Transl. Med. 9, 567–574. doi: 10.1002/sctm.19-
0344

Ernst, C., and Jefri, M. (2021). Epigenetic priming in neurodevelopmental
disorders. Trends Mol. Med. 27, 1106-1114. doi: 10.1016/j.molmed.2021.09.005

Estanyol, J. M., Jaumot, M., Casanovas, O., Rodriguez-Vilarrupla, A., Agell, N., and
Bachs, O. J. J. O. B. C. (1999). The protein SET regulates the inhibitory effect
of p21Cip1 on cyclin E-cyclin-dependent kinase 2 activity. J. Biol. Chem. 274,
33161–33165. doi: 10.1074/jbc.274.46.33161

Fan, Z., Beresford, P. J., Oh, D. Y., Zhang, D., and Lieberman, J. (2003a). Tumor
suppressor NM23-H1 is a granzyme A-activated DNase during CTL-mediated
apoptosis, and the nucleosome assembly protein SET is its inhibitor. Cell 112,
659–672. doi: 10.1016/s0092-8674(03)00150-8

Fan, Z., Beresford, P. J., Zhang, D., Xu, Z., Novina, C. D., Yoshida, A., et al. (2003b).
Cleaving the oxidative repair protein Ape1 enhances cell death mediated by
granzyme A. Nat. Immunol. 4, 145–153. doi: 10.1038/ni885

Filges, I., Shimojima, K., Okamoto, N., Rothlisberger, B., Weber, P., Huber,
A. R., et al. (2011). Reduced expression by SETBP1 haploinsufficiency causes
developmental and expressive language delay indicating a phenotype distinct
from Schinzel–Giedion syndrome. J. Med. Genet. 48, 117–122. doi: 10.1136/
jmg.2010.084582

Gamble, M. J., Erdjument-Bromage, H., Tempst, P., Freedman, L. P., and Fisher,
R. P. (2005). The histone chaperone TAF-I/SET/INHAT is required for
transcription in vitro of chromatin templates. Mol. Cell Biol. 25, 797–807.
doi: 10.1128/MCB.25.2.797-807.2005

Gamble, M. J., and Fisher, R. P. (2007). SET and PARP1 remove DEK from
chromatin to permit access by the transcription machinery. Nat. Struct. Mol.
Biol. 14, 548–555. doi: 10.1038/nsmb1248

Garg, S., Green, J., Leadbitter, K., Emsley, R., Lehtonen, A., Evans, D. G., et al.
(2013). Neurofibromatosis type 1 and autism spectrum disorder. Pediatrics 132,
e1642–e1648.

Hamdan, F. F., Srour, M., Capo-Chichi, J.-M., Daoud, H., Nassif, C.,
Patry, L., et al. (2014). De novo mutations in moderate or severe
intellectual disability. PLoS Genet. 10:e1004772. doi: 10.1371/journal.pgen.100
4772

Hoischen, A., van Bon, B. W., Gilissen, C., Arts, P., van Lier, B., Steehouwer, M.,
et al. (2010). De novo mutations of SETBP1 cause Schinzel-Giedion syndrome.
Nat. Genet. 42:483. doi: 10.1038/ng.581

Hsieh, J., Nakashima, K., Kuwabara, T., Mejia, E., and Gage, F. H. (2004). Histone
deacetylase inhibition-mediated neuronal differentiation of multipotent adult

Frontiers in Neuroscience | www.frontiersin.org 7 May 2022 | Volume 16 | Article 813430

https://doi.org/10.1002/j.1460-2075.1996.tb01045.x
https://doi.org/10.1002/j.1460-2075.1996.tb01045.x
https://doi.org/10.1016/s0960-9822(06)00122-9
https://doi.org/10.18632/oncotarget.15818
https://doi.org/10.1042/bj3410293
https://doi.org/10.1073/pnas.0706696104
https://doi.org/10.1016/j.neuroscience.2006.08.082
https://doi.org/10.1038/s41467-021-24391-3
https://doi.org/10.1038/s41467-021-24391-3
https://doi.org/10.1002/cam4.1526
https://doi.org/10.1007/s00401-006-0179-0
https://doi.org/10.1007/s00401-006-0179-0
https://doi.org/10.1007/s00441-011-1180-z
https://doi.org/10.1016/j.ejmg.2010.11.009
https://doi.org/10.3389/fnmol.2017.00153
https://doi.org/10.1136/jmg.2004.024646
https://doi.org/10.1002/ajmg.a.32267
https://doi.org/10.1002/ajmg.a.32267
https://doi.org/10.1038/nrn2252
https://doi.org/10.1016/0166-2236(95)93933-o
https://doi.org/10.1016/0166-2236(95)93933-o
https://doi.org/10.1038/s41576-020-0278-0
https://doi.org/10.1038/s41576-020-0278-0
https://doi.org/10.1016/j.molcel.2006.06.005
https://doi.org/10.1146/annurev.immunol.26.021607.090404
https://doi.org/10.1146/annurev.immunol.26.021607.090404
https://doi.org/10.18632/oncotarget.17231
https://doi.org/10.1002/ajmg.a.31729
https://doi.org/10.1002/ajmg.a.31729
https://doi.org/10.1002/ajmg.a.61883
https://doi.org/10.2174/1381612811319280003
https://doi.org/10.1182/blood-2009-06-227363
https://doi.org/10.1073/pnas.1809682115
https://doi.org/10.1016/j.tins.2016.03.001
https://doi.org/10.1016/j.tins.2016.03.001
https://doi.org/10.1002/sctm.19-0344
https://doi.org/10.1002/sctm.19-0344
https://doi.org/10.1016/j.molmed.2021.09.005
https://doi.org/10.1074/jbc.274.46.33161
https://doi.org/10.1016/s0092-8674(03)00150-8
https://doi.org/10.1038/ni885
https://doi.org/10.1136/jmg.2010.084582
https://doi.org/10.1136/jmg.2010.084582
https://doi.org/10.1128/MCB.25.2.797-807.2005
https://doi.org/10.1038/nsmb1248
https://doi.org/10.1371/journal.pgen.1004772
https://doi.org/10.1371/journal.pgen.1004772
https://doi.org/10.1038/ng.581
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-813430 May 18, 2022 Time: 15:5 # 8

Antonyan and Ernst SETBP1 Dosage in Developing Brain

neural progenitor cells. Proc. Natl. Acad. Sci. USA 101, 16659–16664. doi: 10.
1073/pnas.0407643101

Jansen, N. A., Braden, R. O., Srivastava, S., Otness, E. F., Lesca, G., Rossi, M., et
al. (2021). Clinical delineation of SETBP1 haploinsufficiency disorder. Eur. J.
Hum. Genet. 29, 1198–1205. doi: 10.1038/s41431-021-00888-9

Janssens, V., Longin, S., and Goris, J. J. T. (2008). PP2A holoenzyme assembly:
in cauda venenum (the sting is in the tail). Trends Biochem. Sci. 33, 113–121.
doi: 10.1016/j.tibs.2007.12.004

Ko, J. M., Lim, B. C., Kim, K. J., Hwang, Y. S., Ryu, H. W., Lee, J. H., et al. (2013).
Distinct neurological features in a patient with Schinzel-Giedion syndrome
caused by a recurrent SETBP1 mutation. Childs Nerv. Syst. 29, 525–529. doi:
10.1007/s00381-013-2047-2

Kolk, S. M., and Rakic, P. J. N. (2022). Development of prefrontal cortex.
Neuropsychopharmacology 47, 41–57.

Lavery, W. J., Barski, A., Wiley, S., Schorry, E. K., and Lindsley, A. W. J. C.
(2020). KMT2C/D COMPASS complex-associated diseases [K CD COM-ADs]:
an emerging class of congenital regulopathies. Clin. Epigenet. 12, 1–20. doi:
10.1186/s13148-019-0802-2

Leopoldino, A. M., Squarize, C. H., Garcia, C. B., Almeida, L. O., Pestana, C. R.,
Polizello, A. C., et al. (2012). Accumulation of the SET protein in HEK293T cells
and mild oxidative stress: cell survival or death signaling. Mol. Cell Biochem.
363, 65–74. doi: 10.1007/s11010-011-1158-x

Li, M., Guo, H., and Damuni, Z. J. B. (1995). Purification and characterization
of two potent heat-stable protein inhibitors of protein phosphatase 2A
from bovine kidney. Biochemistry 34, 1988–1996. doi: 10.1021/bi00006
a020

Li, M., Makkinje, A., and Damuni, Z. (1996). The myeloid leukemia-associated
protein SET is a potent inhibitor of protein phosphatase 2A. J. Biol. Chem. 271,
11059–11062. doi: 10.1074/jbc.271.19.11059

Lilja, T., Heldring, N., and Hermanson, O. (2013). Like a rolling histone: epigenetic
regulation of neural stem cells and brain development by factors controlling
histone acetylation and methylation. Biochim. Biophys. Acta 1830, 2354–2360.
doi: 10.1016/j.bbagen.2012.08.011

Marin Navarro, A., Pronk, R. J., van der Geest, A. T., Oliynyk, G., Nordgren, A., and
Arsenian-Henriksson, M. (2020). p53 controls genomic stability and temporal
differentiation of human neural stem cells and affects neural organization in
human brain organoids. Cell Death Dis. 11:52. doi: 10.1038/s41419-019-2208-7

Marin-Husstege, M., Muggironi, M., Liu, A., and Casaccia-Bonnefil, P.
(2002). Histone deacetylase activity is necessary for oligodendrocyte lineage
progression. J. Neurosci. 22, 10333–10345. doi: 10.1523/JNEUROSCI.22-23-
10333.2002

Marseglia, G., Scordo, M. R., Pescucci, C., Nannetti, G., Biagini, E., Scandurra,
V., et al. (2012). 372 kb Microdeletion in 18q12. 3 causing SETBP1
haploinsufficiency associated with mild mental retardation and expressive
speech impairment. Eur. J. Med. Genet. 55, 216–221. doi: 10.1016/j.ejmg.2012.
01.005

McPherson, E. (2006). Schinzel-Giedion midface retraction syndrome. Atlas Genet.
Cytogenet. Oncol. Haematol. 10, 292–294.

Mehsen, H., Boudreau, V., Garrido, D., Bourouh, M., Larouche, M., Maddox, P. S.,
et al. (2018). PP2A-B55 promotes nuclear envelope reformation after mitosis in
Drosophila. J. Cell Biol. 217, 4106–4123. doi: 10.1083/jcb.201804018

Meszaros, B., Kumar, M., Gibson, T. J., Uyar, B., and Dosztanyi, Z. (2017). Degrons
in cancer. Sci. Signal. 2017:10,

Minakuchi, M., Kakazu, N., GorrinRivas, M. J., Abe, T., Copeland, T. D., Ueda,
K., et al. (2001). Identification and characterization of SEB, a novel protein
that binds to the acute undifferentiated leukemia-associated protein SET. Eur.
J. Biochem. 268, 1340–1351. doi: 10.1046/j.1432-1327.2001.02000.x

Molnar, Z., Clowry, G. J., Sestan, N., Alzu’bi, A., Bakken, T., Hevner, R. F., et al.
(2019). New insights into the development of the human cerebral cortex.
J. Anat. 235, 432–451. doi: 10.1111/joa.13055

Morgan, A., Braden, R., Wong, M. M. K., Colin, E., Amor, D., Liégeois, F., et al.
(2021). Speech and language deficits are central to SETBP1 haploinsufficiency
disorder. Eur. J. Hum. Genet. 29, 1216–1225. doi: 10.1038/s41431-021-0
0894-x

Mumby, M. (2007). PP2A: unveiling a reluctant tumor suppressor. Cell 130, 21–24.
doi: 10.1016/j.cell.2007.06.034

Muto, S., Senda, M., Akai, Y., Sato, L., Suzuki, T., Nagai, R., et al. (2007).
Relationship between the structure of SET/TAF-Iβ/INHAT and its histone

chaperone activity. Proc. Natl. Acad. Sci. U. S. A. 104, 4285–4290. doi: 10.1073/
pnas.0603762104

Nguyen, N., Vishwakarma, B. A., Oakley, K., Han, Y., Przychodzen, B.,
Maciejewski, J. P., et al. (2016). Myb expression is critical for myeloid leukemia
development induced by Setbp1 activation. Oncotarget 7, 86300–86312. doi:
10.18632/oncotarget.13383

Oakley, K., Han, Y., Vishwakarma, B. A., Chu, S., Bhatia, R., Gudmundsson,
K. O., et al. (2012). The Journal of the American Society of Hematology,
Setbp1 promotes the self-renewal of murine myeloid progenitors via activation
of Hoxa9 and Hoxa10. Blood 119, 6099–6108. doi: 10.1182/blood-2011-10-
388710

O’Driscoll, M., and Jeggo, P. A. (2008). The role of the DNA damage response
pathways in brain development and microcephaly: insight from human
disorders. DNA Repair 7, 1039–1050. doi: 10.1016/j.dnarep.2008.03.018

Panicker, N., Coutman, M., Lawlor-O’Neill, C., Kahl, R. G. S., Roselli, S., and
Verrills, N. M. (2020). Ppp2r2a knockout mice reveal that protein phosphatase
2A Regulatory Subunit, PP2A-B55alpha, is an essential regulator of neuronal
and epidermal embryonic development. Front. Cell Dev. Biol. 8:358. doi: 10.
3389/fcell.2020.00358

Piazza, R., Magistroni, V., Redaelli, S., Mauri, M., Massimino, L., Sessa, A., et al.
(2018). SETBP1 induces transcription of a network of development genes by
acting as an epigenetic hub. Nat. Commun. 9:2192. doi: 10.1038/s41467-018-
04462-8

Piazza, R., Valletta, S., Winkelmann, N., Redaelli, S., Spinelli, R., Pirola, A., et al.
(2013). Recurrent SETBP1 mutations in atypical chronic myeloid leukemia.
Nat. Genet. 45, 18–24.

Piunti, A., and Shilatifard, A. J. S. (2016). Epigenetic balance of gene expression by
Polycomb and COMPASS families. Science 352: aad9780. doi: 10.1126/science.
aad9780

Qian, X., Shen, Q., Goderie, S. K., He, W., Capela, A., Davis, A. A., et al. (2000).
Timing of CNS cell generation: a programmed sequence of neuron and glial
cell production from isolated murine cortical stem cells. Neuron 28, 69–80.
doi: 10.1016/s0896-6273(00)00086-6

Rakic, P. J. E. (1990). Principles of neural cell migration. Experientia 46, 882–891.
doi: 10.1007/BF01939380

Reynhout, S., Jansen, S., Haesen, D., van Belle, S., de Munnik, S. A., Bongers, E.,
et al. (2019). De novo mutations affecting the catalytic calpha subunit of PP2A,
PPP2CA, Cause Syndromic Intellectual Disability Resembling Other PP2A-
Related Neurodevelopmental Disorders. Am. J. Hum. Genet. 104, 139–156.
doi: 10.1016/j.ajhg.2018.12.002

Reynhout, S., and Janssens, V. (2019). Physiologic functions of PP2A: lessons from
genetically modified mice. Biochim. Biophys. Acta Mol. Cell Res. 1866, 31–50.
doi: 10.1016/j.bbamcr.2018.07.010

Richardson, R., Splitt, M., Newbury-Ecob, R., Hulbert, A., Kennedy, J., Weber, A.,
et al. (2018). novo frameshift variants associated with developmental delay and
intellectual disabilities. Eur. J. Hum. Genet. 26, 1306–1311. doi: 10.1038/s41431-
018-0199-y

Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino acid sequences common
to rapidly degraded proteins: the PEST hypothesis. Science 234, 364–368. doi:
10.1126/science.2876518

Santa-Coloma, T. A. J. T. C. (2003). Anp32e (Cpd1) and related protein
phosphatase 2 inhibitors. Cerebellum 2, 310–320.

Schinzel, A., and Giedion, A. (1978). A syndrome of severe midface retraction,
multiple skull anomalies, clubfeet, and cardiac and renal malformations in sibs.
Am. J. Med. Genet. 1, 361–375. doi: 10.1002/ajmg.1320010402

Seo, S.-B., Macfarlan, T., McNamara, P., Hong, R., Mukai, Y., Heo, S., et al. (2002).
Regulation of histone acetylation and transcription by nuclear protein pp32, a
subunit of the INHAT complex. J. Biol. Chem. 277, 14005–14010. doi: 10.1074/
jbc.M112455200

Seo, S.-B., McNamara, P., Heo, S., Turner, A., Lane, W. S., and Chakravarti,
D. J. C. (2001). Regulation of histone acetylation and transcription by INHAT,
a human cellular complex containing the set oncoprotein. Cell 104, 119–130.
doi: 10.1016/s0092-8674(01)00196-9

Stevens, S. J. C., van der Schoot, V., Leduc, M. S., Rinne, T., Lalani, S. R., Weiss,
M. M., et al. (2018). De novo mutations in the SET nuclear proto-oncogene,
encoding a component of the inhibitor of histone acetyltransferases (INHAT)
complex in patients with nonsyndromic intellectual disability. Hum. Mutat. 39,
1014–1023. doi: 10.1002/humu.23541

Frontiers in Neuroscience | www.frontiersin.org 8 May 2022 | Volume 16 | Article 813430

https://doi.org/10.1073/pnas.0407643101
https://doi.org/10.1073/pnas.0407643101
https://doi.org/10.1038/s41431-021-00888-9
https://doi.org/10.1016/j.tibs.2007.12.004
https://doi.org/10.1007/s00381-013-2047-2
https://doi.org/10.1007/s00381-013-2047-2
https://doi.org/10.1186/s13148-019-0802-2
https://doi.org/10.1186/s13148-019-0802-2
https://doi.org/10.1007/s11010-011-1158-x
https://doi.org/10.1021/bi00006a020
https://doi.org/10.1021/bi00006a020
https://doi.org/10.1074/jbc.271.19.11059
https://doi.org/10.1016/j.bbagen.2012.08.011
https://doi.org/10.1038/s41419-019-2208-7
https://doi.org/10.1523/JNEUROSCI.22-23-10333.2002
https://doi.org/10.1523/JNEUROSCI.22-23-10333.2002
https://doi.org/10.1016/j.ejmg.2012.01.005
https://doi.org/10.1016/j.ejmg.2012.01.005
https://doi.org/10.1083/jcb.201804018
https://doi.org/10.1046/j.1432-1327.2001.02000.x
https://doi.org/10.1111/joa.13055
https://doi.org/10.1038/s41431-021-00894-x
https://doi.org/10.1038/s41431-021-00894-x
https://doi.org/10.1016/j.cell.2007.06.034
https://doi.org/10.1073/pnas.0603762104
https://doi.org/10.1073/pnas.0603762104
https://doi.org/10.18632/oncotarget.13383
https://doi.org/10.18632/oncotarget.13383
https://doi.org/10.1182/blood-2011-10-388710
https://doi.org/10.1182/blood-2011-10-388710
https://doi.org/10.1016/j.dnarep.2008.03.018
https://doi.org/10.3389/fcell.2020.00358
https://doi.org/10.3389/fcell.2020.00358
https://doi.org/10.1038/s41467-018-04462-8
https://doi.org/10.1038/s41467-018-04462-8
https://doi.org/10.1126/science.aad9780
https://doi.org/10.1126/science.aad9780
https://doi.org/10.1016/s0896-6273(00)00086-6
https://doi.org/10.1007/BF01939380
https://doi.org/10.1016/j.ajhg.2018.12.002
https://doi.org/10.1016/j.bbamcr.2018.07.010
https://doi.org/10.1038/s41431-018-0199-y
https://doi.org/10.1038/s41431-018-0199-y
https://doi.org/10.1126/science.2876518
https://doi.org/10.1126/science.2876518
https://doi.org/10.1002/ajmg.1320010402
https://doi.org/10.1074/jbc.M112455200
https://doi.org/10.1074/jbc.M112455200
https://doi.org/10.1016/s0092-8674(01)00196-9
https://doi.org/10.1002/humu.23541
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-813430 May 18, 2022 Time: 15:5 # 9

Antonyan and Ernst SETBP1 Dosage in Developing Brain

Stiles, J., and Jernigan, T. L. (2010). The basics of brain development. Neuropsychol.
Rev. 20, 327–348. doi: 10.1007/s11065-010-9148-4

Vanhaesebroeck, B., and Alessi, D. R. (2000). The PI3K-PDK1 connection: more
than just a road to PKB. Biochem. J. 3, 561–576. doi: 10.1042/0264-6021:
3460561

Vishwakarma, B. A., Nguyen, N., Makishima, H., Hosono, N., Gudmundsson,
K. O., Negi, V., et al. (2016). Runx1 repression by histone deacetylation is
critical for Setbp1-induced mouse myeloid leukemia development. Leukemia
30, 200–208. doi: 10.1038/leu.2015.200

von Lindern, M., Breems, D., van Baal, S., Adriaansen, H., and Grosveld, G.
(1992a). Characterization of the translocation breakpoint sequences of two
DEK-CAN fusion genes present in t(6;9) acute myeloid leukemia and a SET-
CAN fusion gene found in a case of acute undifferentiated leukemia. Genes
Chromos. Can. 5, 227–234. doi: 10.1002/gcc.2870050309

von Lindern, M., van Baal, S., Wiegant, J., Raap, A., Hagemeijer, A., and Grosveld,
G. (1992b). Can, a putative oncogene associated with myeloid leukemogenesis,
may be activated by fusion of its 3’ half to different genes: characterization of the
set gene. Mol. Cell Biol. 12, 3346–3355. doi: 10.1128/mcb.12.8.3346-3355.1992

Wang, D., Kon, N., Lasso, G., Jiang, L., Leng, W., Zhu, W. G., et al. (2016).
Acetylation-regulated interaction between p53 and SET reveals a widespread
regulatory mode. Nature 538, 118–122. doi: 10.1038/nature19759

Wilson, J. J., Malakhova, M., Zhang, R., Joachimiak, A., and Hegde, R. S. (2004).
Crystal structure of the dachshund homology domain of human SKI. Structure
12, 785–792. doi: 10.1016/j.str.2004.02.035

Wlodarchak, N., Xing, Y. J. C., and Biology, M. (2016). PP2A as a master regulator
of the cell cycle. Crit. Rev. Biochem. Mol. Biol. 51, 162–184. doi: 10.3109/
10409238.2016.1143913

Wu, G., Xu, G., Schulman, B. A., Jeffrey, P. D., Harper, J. W., and
Pavletich, N. P. (2003). Structure of a β-TrCP1-Skp1-β-catenin complex:

destruction motif binding and lysine specificity of the SCFβ-TrCP1
ubiquitin ligase. Mole. Cell 11, 1445–1456. doi: 10.1016/s1097-2765(03)
00234-x

Wu, J. W., Krawitz, A. R., Chai, J., Li, W., Zhang, F., Luo, K., et al. (2002).
Structural mechanism of Smad4 recognition by the nuclear oncoprotein Ski:
insights on Ski-mediated repression of TGF-beta signaling. Cell 111, 357–367.
doi: 10.1016/s0092-8674(02)01006-1

Xavier, J. M., Morgado, A. L., Sola, S., and Rodrigues, C. M. (2014). Mitochondrial
translocation of p53 modulates neuronal fate by preventing differentiation-
induced mitochondrial stress. Antioxid. Redox Signal. 21, 1009–1024. doi: 10.
1089/ars.2013.5417

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Antonyan and Ernst. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neuroscience | www.frontiersin.org 9 May 2022 | Volume 16 | Article 813430

https://doi.org/10.1007/s11065-010-9148-4
https://doi.org/10.1042/0264-6021:3460561
https://doi.org/10.1042/0264-6021:3460561
https://doi.org/10.1038/leu.2015.200
https://doi.org/10.1002/gcc.2870050309
https://doi.org/10.1128/mcb.12.8.3346-3355.1992
https://doi.org/10.1038/nature19759
https://doi.org/10.1016/j.str.2004.02.035
https://doi.org/10.3109/10409238.2016.1143913
https://doi.org/10.3109/10409238.2016.1143913
https://doi.org/10.1016/s1097-2765(03)00234-x
https://doi.org/10.1016/s1097-2765(03)00234-x
https://doi.org/10.1016/s0092-8674(02)01006-1
https://doi.org/10.1089/ars.2013.5417
https://doi.org/10.1089/ars.2013.5417
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Putative Roles of SETBP1 Dosage on the SET Oncogene to Affect Brain Development
	Introduction
	Setbp1 Protein Structure
	Diseases Associated With Germline Setbp1 Mutations: Schinzel–Giedion Syndrome and Setbp1 Deficiency Disorder
	Brain Development and Setbp1 Function
	THE INHIBITOR OF HISTONE ACETYLTRANSFERASE COMPLEX
	Protein Phosphatase 2A
	Set and Dna Nucleases (The “Set” Complex)
	Set and Cell Cycle Control
	Setbp1 as a Transcription Factor and Epigenetic Regulator Independent From Set
	Future Considerations
	Data Availability Statement
	Author Contributions
	Funding
	References


