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CUT homeobox genes: 
transcriptional regulation of 
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CUT homeobox genes represent a captivating gene class fulfilling critical 
functions in the development and maintenance of multiple cell types across 
a wide range of organisms. They belong to the larger group of homeobox 
genes, which encode transcription factors responsible for regulating gene 
expression patterns during development. CUT homeobox genes exhibit two 
distinct and conserved DNA binding domains, a homeodomain accompanied 
by one or more CUT domains. Numerous studies have shown the involvement 
of CUT homeobox genes in diverse developmental processes such as body axis 
formation, organogenesis, tissue patterning and neuronal specification. They 
govern these processes by exerting control over gene expression through their 
transcriptional regulatory activities, which they accomplish by a combination 
of classic and unconventional interactions with the DNA. Intriguingly, apart 
from their roles as transcriptional regulators, they also serve as accessory 
factors in DNA repair pathways through protein–protein interactions. They are 
highly conserved across species, highlighting their fundamental importance in 
developmental biology. Remarkably, evolutionary analysis has revealed that CUT 
homeobox genes have experienced an extraordinary degree of rearrangements 
and diversification compared to other classes of homeobox genes, including the 
emergence of a novel gene family in vertebrates. Investigating the functions and 
regulatory networks of CUT homeobox genes provides significant understanding 
into the molecular mechanisms underlying embryonic development and tissue 
homeostasis. Furthermore, aberrant expression or mutations in CUT homeobox 
genes have been associated with various human diseases, highlighting their 
relevance beyond developmental processes. This review will overview the well 
known roles of CUT homeobox genes in nervous system development, as well as 
their functions in other tissues across phylogeny.
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1. Introduction: discovery and classification of CUT 
homeobox genes

Homeobox genes encode transcription factors (TFs) that play pivotal roles in development 
across all multicellular eukaryotes. Extensive evidence has demonstrated their indispensable 
function throughout various developmental processes, starting from the initial stages in 
embryonic development to the final stages of differentiation, including neuronal specification 
in the nematode Caenorhabditis elegans (C. elegans). Homeobox genes are categorized into 
several distinct classes attending to the level of sequence similarity within their DNA binding 
homeodomain (Gehring et al., 1994; Bürglin and Affolter, 2016). The CUT class is a highly 
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conserved class of homeobox genes. This classification derives its 
name from the pioneering member, cut, a homeobox gene intricately 
associated with the development of external sensory organs in 
Drosophila melanogaster (Blochlinger et al., 1988). The term “cut” 
originates from a specific wing phenotype characterized by the 
truncated or abnormal wing development found in different mutants 
of Drosophila. The majority of CUT class homeobox genes contain one 
or more conserved CUT DNA binding domains, which spans 
approximately 70 residues. These domains are typically located 
upstream of the homeodomain. The structure of the CUT domain 
comprises five primary alpha helixes forming a compact globular 
domain. The third helix of this domain engages with the major groove 
of the DNA, establishing sequence-specific interactions (Iyaguchi 
et al., 2007; Yamasaki et al., 2007). Based on the associated domains, 
the CUT class has been divided into four distinct families: CUX, 
ONECUT, SATB, and COMPASS (Figure  1; Table  1; Bürglin and 
Cassata, 2002; Bürglin and Affolter, 2016).

Cux (CUT homeobox) genes encode three CUT domains (also 
known as Cut repeats) upstream of a homeodomain (Figure 1). The 
splice variants of Cux genes encode protein isoforms that possess 
distinct combinations of DNA binding domains (Sansregret and 
Nepveu, 2008). Biochemical analysis of the human CUX1 was pivotal 
in providing the first indication that identified the CUT domain as a 
DNA binding domain (Neufeld et al., 1992). Onecut genes encode a 
unique CUT DNA binding domain and an atypical homeodomain 
(Figure 1), and probably represent the most ancestral form (Lemaigre 
et  al., 1996; Lannoy et  al., 1998). The abundance of CUX and 
ONECUT genes displays significant variations throughout the animal 
phylogeny (Table 1; Bürglin and Cassata, 2002; Takatori and Saiga, 
2008). For example, vertebrates contain two Cux and three Onecut 
genes, whereas the ascidian Ciona intestinalis only contains a single 
Onecut gene representing the CUT class homeobox genes (Wada et al., 
2003). Drosophila contains one Cux gene (the founding member cut) 
and one Onecut gene (onecut). ceh-44 stands as the only member of 
the CUX family in C. elegans, while the worm contains six different 
Onecut genes which have appeared by diversification and duplication 
within nematodes (Bürglin and Cassata, 2002).

The SATB (Special AT-rich Binding protein) family of genes 
encodes two CUT domains and one atypical homeodomain 
(Figure  1). Furthermore, these genes are characterized by the 
presence of a COMPASS (CMP) domain at their N-terminus, which 

is followed by a DNA-binding CUT-LIKE domain (Wang et  al., 
2014). SATB proteins exhibit binding affinity for AT-rich sections in 
matrix attachment regions (MARs) and engage in interactions with 
chromatin modifying proteins and TFs to regulate gene expression 
(Dickinson et al., 1992; Yasui et al., 2002; Cai et al., 2006). Satb genes 
have only been found in vertebrates, with two family members 
defined in mouse (Satb1 and Satb2) and other species. The ubiquitin-
like structure of the CMP domain has the ability to form tetramers, 
which indeed allows SATB function, since oligomerization is 
essential for high affinity DNA binding (Zheng et al., 2017).

Finally, the COMPASS family of homeobox genes stands out as a 
rare group within the CUT class, as they lack CUT domains. 
COMPASS genes encode a CMP domain and two divergent 
homeodomains (containing a 10 amino acid insertion) (Figure 1; 
Bürglin and Affolter, 2016). The connection to the CUT homeobox 
genes is established through the presence of the CMP domain, which 
is exclusive to COMPASS factors and vertebrate SATB proteins. 
Members of the COMPASS family have been identified in various 
organisms, including C. elegans (dve-1), Drosophila (dve) and the 
amphioxus Branchiostoma floridae (Bf-Compass), but not in 
vertebrates (Bürglin and Cassata, 2002; Takatori and Saiga, 2008).

2. Expression patterns of CUT 
homeobox genes

CUT homeobox gene expression patterns vary across different 
species but present a consistent and predominant expression in the 
nervous system. C. elegans neurons express six different CUT genes. 
Among these, the sole Cux gene in worms, ceh-44, and the Onecut 
gene ceh-48 show a pan-neuronal expression pattern, while the Onecut 
genes ceh-38, ceh-41, ceh-39 and ceh-21 are ubiquitously expressed. 
Nervous system expression is observed for all six genes throughout all 
developmental stages starting in embryos and maintained in the adult 
stage. The last Onecut gene in the worm genome, ceh-49, exhibits 
expression exclusively during the early stages of embryonic 
development, prior to neurogenesis (Reilly et al., 2020; Leyva-Díaz and 
Hobert, 2022). Similarly Drosophila, the sea urchin Strongylocentrotus 
purpuratus and the ascidian Ciona intestinalis present a unique onecut 
gene broadly expressed throughout the central nervous system 
(Nguyen et al., 2000; Poustka et al., 2004; Lowe and Stolfi, 2018).

FIGURE 1

Schematic structure of CUT homeodomain protein families. Particular divergences within the homeodomain are noted below. CUX family proteins are 
characterized by the presence of three CUT DNA binding domains in addition to a homeodomain. ONECUT family proteins possess a single CUT 
domain along with a distinct homeodomain that contains a phenylalanine residue at position 48, instead of the canonical tryptophan (letter “F” on 
scheme). SATB family proteins contain one CMP domain, one CUT-LIKE domain, a couple of CUT domains, and one divergent homeodomain with 
phenylalanine at position 48 plus an individual residue insertion (white line on scheme). COMPASS proteins are characterized by the presence of the 
CMP domain, as well as two unconventional homeodomains with a 10 residues insertion (white box on scheme). CUT, CUT domain; HD, 
homeodomain; CMP, COMPASS domain; CUTL, CUT-LIKE domain.
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In Drosophila, the expression of cut within the nervous system 
is observed in precursors as well as postmitotic cells. However, cut 
expression is not restricted to neurons. During embryonic 
development, the expression of the cut gene is observed in multiple 
regions, including sensory organs, the central nervous system, the 
tracheal system, and the Malpighian tubules. Moreover, cut 
expression can be detected in cells located in the prospective wing 
margin, and its expression patterns are associated with the wing 
phenotype observed in different cut mutants. In the adult, cut is 
expressed in the nervous system, Malpighian tubules, the 
reproductive system and muscles (Blochlinger et al., 1993).

COMPASS genes also present complex expression patterns: worm 
dve-1 is expressed in several regions including neurons, coelomocytes, 
rectum and intestine. Within the nervous system, dve-1 is expressed 
in six distinct neuron classes (Reilly et al., 2020). The fly dve is also 
present in different tissues, including the developing midgut, the wing 
imaginal disc, and eye photoreceptors (Fuss and Hoch, 1998; 
Nakagoshi et al., 1998; Kölzer et al., 2003; Johnston et al., 2011).

In vertebrates, CUT homeobox genes exhibit intricate expression 
patterns both inside and outside the nervous system, with expression 
in specific regions of the nervous system rather than pan-neuronal 
(Kropp and Gannon, 2016; Weiss and Nieto, 2019). As overviewed 
above, vertebrate genomes contain two Cux genes, three Onecut genes 
and two Satb genes (Table 1). The expression pattern of CUX factors 
in vertebrates is somewhat reminiscent of that of ONECUT/CUX 
factors in C. elegans: while Cux1 is found broadly across the embryo 
and in adult tissues (as ubiquitous worm Onecut genes), Cux2 shows 
a more specific expression pattern primarily within the nervous 
system (like ceh-48 and ceh-44) (Iulianella et al., 2003; Nieto et al., 
2004). CUX1 exhibits expression in various regions including immune 
cells, lung, kidney and the genitourinary tract. CUX2 is also found in 
the genitourinary tract, and in the liver, where it displays a gender 
specific expression pattern (Iulianella et al., 2003; Conforto et al., 2012, 
2015). Within the nervous system, CUX factors are found in key 
regions such as developing and adult cortical neurons, the 
hypothalamus, cerebellum and spinal cord (Weiss and Nieto, 2019).

Vertebrate ONECUT factors exhibit expression in various tissues 
including the liver and pancreas, as well as the nervous system in 
embryos and adults (Kropp and Gannon, 2016). Their expression and 
function in the spinal cord has been well documented by several studies 
(Francius and Clotman, 2010; Stam et al., 2012; Francius et al., 2013; 
Kabayiza et al., 2017; Harris et al., 2019). In the brain, different studies 
reported the expression of ONECUT factors in specific regions and 
neuronal populations including retinal ganglion cells, horizontal cells, 
dopaminergic neurons, the locus coeruleus or the mesencephalon 
(Espana and Clotman, 2012a,b; Sapkota et al., 2014). Finally, SATB 
factors are broadly expressed in multiple tissues. Satb1 is highly 
expressed in the thymus and plays a crucial role in T cell development 
and differentiation (Ahlfors et al., 2010; Hao et al., 2015; Gottimukkala 
et al., 2016). In addition, Satb1 expression has also been found in B cells, 
keratinocytes and testis (Nakagomi et al., 1994; Lena et al., 2012; Ozawa 
et al., 2022). Within the nervous system, Satb2 is prominently expressed 
in the cortex while Satb1 is detected in various regions within the 
nervous system, including the cerebral cortex, amygdala, diagonal band, 
and spinal cord (Dobreva et  al., 2006; Huang et  al., 2011, 2013). 
Therefore, considering the expression patterns of the different vertebrate 
CUT homeobox genes, the majority of neurons in the vertebrate nervous 
system express a CUT gene at some stage during their development.

CUT homeobox genes play important roles in multiple tissues, 
with a recurrent involvement in the nervous system, where they 
determine the specification of postmitotic neurons. The following 
sections will highlight the diverse functions of CUT homeobox genes 
both in the nervous system and other tissues.

3. CUT homeobox genes define the 
upper cortical layers

The CUT homeobox genes play critical functions in the 
development of the upper cortical neurons, including the callosal 
neurons (Alcamo et al., 2008; Britanova et al., 2008; Weiss and Nieto, 
2019). Neurons located in the upper layers of the cortex form intricate 

TABLE 1 CUT homeobox gene complement across phylogeny.

CUT homeobox gene class

CUX ONECUT SATB COMPASS

# Gene names # Gene names # Gene names # Gene names

Worm

(C. elegans)
1 ceh-44 6

ceh-48, ceh-38, ceh-41, ceh-39, 

ceh-21, ceh-49
0 1 dve-1

Fly

(D. melanogaster)
1 cut 1 onecut 0 1 dve

Amphioxus

(B. floridae)1
1 Bf-Cux 1 Bf-Onecut 0 1 Bf-Compass

Ascidian

(C. intestinalis)
0 1 Ci-HNF6 0 0

Mouse

(M. musculus)
2 Cux1, Cux2 3 Onecut1, Onecut2, Onecut3 2 Satb1, Satb2 0

Human

(H. sapiens)
2 CUX1, CUX2 3

ONECUT1, ONECUT2, 

ONECUT3
2 SATB1, SATB2 0

CUT homeobox gene complement in Caenorhaditis elegans, Drosophila melanogaster, Branchiostoma floridae, Ciona intestinalis, Mus musculus, and Homo sapiens.
1B. floridae encodes for an additional CUT class gene (Bf-Acut) with a unique domain structure (Takatori and Saiga, 2008).
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networks through cortico-cortical projections. The corpus callosum, 
the largest fiber tract in the mammalian brain, facilitates 
communication between the two hemispheres of the cerebral cortex, 
and is crucial for high-level associative connectivity (Petreanu et al., 
2007; Molyneaux et al., 2009; reviewed in Leyva-Díaz and López-
Bendito, 2013). Two decades ago, the expression of Cux1 and Cux2 
was identified as a distinguishing characteristic of the upper cortical 
neurons and their precursor cells (Nieto et al., 2004; Zimmer et al., 
2004). Notably, analysis of ATAC-seq data provided insights into the 
regulatory interactions of CUX TFs in the cortex, suggesting their 
repression of key regulators such as Fezf2, Sox5, and Nfib, which are 
predominantly expressed in the deep layers of the cortex (Gray et al., 
2017). In addition, Cux1 has been found to control the development 
of upper cortical neurons through the regulation of activity-dependent 
mechanisms. Cux1 regulates the Kv1 voltage-dependent potassium 
channel during development and the postnatal switch to a 
Kv1-dependent firing mode (Rodríguez-Tornos et  al., 2016). This 
regulatory activity highlights the significance of activity-dependent 
mechanisms as integral elements of neuronal TF differentiation 
programs, shaping neocortical circuit assembly.

Cux2 also has a crucial role in controlling the proliferation of 
intermediate precursors in the upper layer and promoting their exit 
from the cell cycle (Cubelos et al., 2008a). This distinct function of 
Cux2 is non-redundant with Cux1. Vertebrate Cux genes are also 
expressed in the subventricular zone of the medial ganglionic 
eminence (MGE), where they control the generation of cortical 
interneurons. Analysis of Cux1;Cux2 double mutants demonstrated a 
crucial role for these factors in the specification of Reelin expressing 
cortical neurons (Cubelos et  al., 2008b). Similarly, a recent study 
found that Cux2 regulates the number of parvalbumin interneurons 
generated in the MGE (Magno et al., 2021). Vertebrate CUX proteins 
are also involved in dendritic arborization, which has been shown in 
vitro (Li et al., 2010), as well as in vivo. Analysis of Cux1 and Cux2 
single knockout mice revealed abnormal dendrites and spines, while 
the double loss of function resulted in an increased phenotype, 
highlighting the critical involvement of Cux genes in dendritogenesis 
(Cubelos et  al., 2010). Likewise, in Drosophila, the Cux gene cut 
regulates neuronal progenitors in the external sensory organs 
(Bodmer et  al., 1987; Blochlinger et  al., 1988), and also plays an 
essential role in sensory neurons controlling dendritic arborization 
(Grueber et al., 2003).

Remarkably, another member of the CUT homeobox gene class 
was identified as key regulator of upper cortical neurons. At early 
stages, Satb2 is expressed in a subset of neurons across the cortical 
layers, with a notable presence in layers II-IV (Szemes et al., 2006; 
Alcamo et al., 2008; Britanova et al., 2008). The first analyses of Satb2 
mutant mice showed that cortical neurons fail to cross the corpus 
callosum and instead project to subcortical regions. In Satb2 mutants, 
upper cortical neurons express COUP-TF interacting protein 2 
(CTIP2), a crucial TF for layer V corticospinal motor neurons, 
suggesting that upper layer neurons acquire subcortical projection 
neuron features in the absence of Satb2. However, later works found 
that the increase on subcortical projections actually originated from 
deep layer cortical neurons and not from reprogrammed upper layer 
neurons (Leone et al., 2015; McKenna et al., 2015). Indeed, Satb2 is 
expressed at later stages in deep cortical layers, where it is required for 
proper development of subcortical projection neurons (Leone et al., 
2015). Satb2 directly activates expression of Fezf2 and Sox5, key genes 

for deep layer cortical neurons development. The mutual regulation 
between Satb2 and Fezf2 explains how Satb2 leads to subcerebral 
identity in deep layer neurons, while repressing this very same identity 
in upper cortical neurons (McKenna et al., 2015; Paolino et al., 2020). 
Furthermore, during the postnatal stage, Satb2 is essential in callosal 
neurons for dendritic and soma adhesion in the cortex, and its absence 
in adult individuals leads to deficits in long-term memory (Zhang 
et al., 2012; Huang et al., 2013; Jaitner et al., 2016).

4. Onecut genes control neuronal 
specification throughout the nervous 
system

A function for CUT homeobox genes in neuronal development has 
been identified in multiple model systems highlighting their critical 
conserved role. In vertebrates, Onecut genes regulate diversification, 
distribution and maintenance of several specific neuronal populations. 
In the mouse brain, ONECUT factors are required for the specification 
of the midbrain dopaminergic nucleus, the locus coeruleus, and the 
mesencephalic trigeminal nucleus (Chakrabarty et al., 2012; Espana and 
Clotman, 2012a,b; Sapkota et al., 2014). Onecut1 interacts with Lmx1 to 
facilitate the differentiation of ventral midbrain dopamine neural stem 
cells into dopamine neurons (Chakrabarty et  al., 2012; Yuan et  al., 
2015). Onecut2 is essential for the proper neuronal projection and the 
formation of precise face maps in developing trigeminal neurons 
(Hodge et al., 2007). In mouse spinal cord, Onecut genes have a key 
function in the generation of specific motor neurons and interneurons. 
ONECUT factors, in collaboration with a regulatory cascade involving 
Neurogenin2, Pax6, and Nkx6.1, directly control the expression of Isl1/2 
and Lmx1a (Roy et al., 2012; Kim et al., 2015; Kabayiza et al., 2017; 
Harris et al., 2019). Loss of Onecut genes results in a multitude of defects 
in the central and peripheral nervous systems. These defects include 
motor neuron atrophy, defects in neuromuscular junctions and in the 
formation of Renshaw cell interneurons, as well as faulty reorganization 
of cerebellar Purkinje cells (Audouard et al., 2012; Stam et al., 2012). In 
addition, ONECUT factors play distinct functions in the development 
of different regions within the visual system (Emerson et al., 2013; 
Madelaine et al., 2017). In mice, loss of function experiments have 
demonstrated that Onecut1 and Onecut2 function as regulators of Prox1 
and Lim1 during the specification and maintenance of multiple cell 
types in the retina (Wu et al., 2012; Sapkota et al., 2014; Klimova et al., 
2015). Understanding the exact roles of Onecut genes in vertebrates has 
posed challenges due to the existence of multiple gene copies that 
exhibit overlapping functions. This redundancy has made it difficult to 
precisely define the specific contributions of each gene. For instance, 
when both mouse Onecut1 and Onecut2 are simultaneously 
downregulated, a stronger retinal phenotype is observed compared to 
the individual mutants (Goetz et al., 2014).

Apart from mice, Onecut genes exhibit substantial conservation 
of function in specifying neuronal cell types across multiple model 
organisms. In Drosophila, onecut controls photoreceptor cell 
differentiation through regulation of the rhodopsin1 gene (Nguyen 
et al., 2000). In ascidians, Onecut functions in the specification of 
neurons and photoreceptors (Sasakura and Makabe, 2001). 
Specifically, the ascidian Onecut ortholog plays a crucial role in 
regulating the retinal homeobox gene Rx, which is a key factor 
involved in eye development in vertebrates (D'Aniello et al., 2011). In 
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Ciona intestinalis, Neurogenin was found to activate Onecut, which in 
turn acts in an autoregulatory loop to promote expression of both 
factors (Pezzotti et  al., 2014). The sea urchin ortholog 
Strongylocentrotus purpuratus hnf6 (Sphnf6) is involved in different 
functions during embryogenesis, including the formation of the 
neurogenic ciliated band (Otim et al., 2004). Expression of various 
Onecut orthologs has also been identified in the nervous systems of 
the sea star Asterina miniata, as well as in Xenopus and zebrafish 
(Hong et al., 2002; Otim et al., 2005; Haworth and Latinkic, 2009). 
Thus, the nervous system stands out as the broadest and most diverse 
tissue where Onecut genes play a fundamental role in regulating 
cellular specification and differentiation.

5. CUT homeobox genes regulate 
pan-neuronal gene expression

CUT homeobox genes have been shown to operate with different TF 
networks to control essential functions in developing and mature cells 
(Kropp and Gannon, 2016). In a recent study, we have demonstrated that 
CUT homeodomain TFs play a crucial controlling the expression of 
pan-neuronal genes in C. elegans, encompassing those genes involved in 
the synaptic vesicle cycle and neuropeptide maturation across all neurons 
(Leyva-Díaz and Hobert, 2022). CUT factors control pan-neuronal genes 
by working in collaboration with neuron type specific master regulatory 
TFs, known as terminal selectors (Hobert, 2011; Hobert and Kratsios, 
2019; Figure  2). As mentioned previously, all neurons in C. elegans 
express six distinct CUT genes, starting from embryonic development 
and maintaining their expression throughout the adult stage. The high 
sequence similarities in their DNA binding domains predict that these 
factors recognize the same binding motif. Indeed, available ChIP-seq 
data for a subset of these CUT factors reveals overlapping patterns of 
occupancy at pan-neuronal gene promoters. Consistent with this data, 
CUT binding site deletion disrupts the expression of pan-neuronal 
genes. Overall nervous system function and pan-neuronal gene 
expression show minimal defects on single CUT mutants. However, 
when additional CUT class members are removed, these defects become 
evident and progressively worsen, highlighting the important function 
of gene dosage. The rescue of the phenotype in CUT sextuple mutants 
through overexpressing each individual CUT gene confirms the critical 
role of gene dosage in CUT gene function. Analysis of neuronal 

transcriptional profiling in these mutants reveals the requirement of 
CUT factors for the expression of extensive sets of neuronal genes. These 
findings provide a significant breakthrough in understanding the 
specification of neuronal gene expression programs and uncover a highly 
robust and buffered mechanism that controls essential functional 
features of all neurons (Leyva-Díaz and Hobert, 2022).

The discovery that human ONECUT1 is capable of rescuing the 
phenotype of C. elegans CUT sextuple mutants implies that vertebrate 
CUT proteins may also play a role in the regulation of pan-neuronal 
genes (Leyva-Díaz and Hobert, 2022). This finding suggests a potential 
conservation of function between vertebrate and invertebrate CUT 
proteins in the control of gene expression in the nervous system. 
Interestingly, a study in Ciona robusta showed alterations in the 
expression of synaptic genes when modifying Onecut function during 
photoreceptor differentiation (Vassalli et  al., 2021). Another study 
found that the ONECUT1 binding site is enriched among conserved 
promoter enhancer elements in vertebrate presynaptic genes (Hadley 
et  al., 2006). Interestingly, ONECUT proteins have the ability to 
promote neuronal characteristics in a reprogramming approach in vitro 
(van der Raadt et  al., 2019). This study highlights the potential of 
ONECUT factors in driving the acquisition of neuronal features. 
Indeed, research has suggested that CUT factors play a role in 
controlling chromatin accessibility and remodeling, indicating their 
potential as pioneer factors in he  establishment of neuronal gene 
expression programs (Velasco et al., 2017; van der Raadt et al., 2019). 
These results further support a potential conserved function of CUT 
factors in vertebrates. Based on genetic loss of function analysis in 
C. elegans, it is predicted that the generation of compound mutants in 
mice will be required to comprehensively investigate the role of CUT 
genes in controlling the expression of pan-neuronal genes in vertebrates.

6. Multifaceted functions of CUT 
homeobox genes in non-neuronal 
cells

Despite their diverse roles in nervous system development 
observed across species, Onecut factors were originally discovered in 
the context of liver biology. Studies of liver enriched TFs identified a 
factor activating a gene required for regulating glucose metabolism. 
Based on its expression pattern and unique DNA binding 

FIGURE 2

Redundant modular model for pan-neuronal gene regulation. Model illustrating how CUT homeobox genes collaborate with terminal selector 
transcription factors to regulate pan-neuronal gene expression in C. elegans. Adapted from Leyva-Díaz and Hobert (2022). CUT, CUT homeodomain 
transcription factor.
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characteristics, this protein was named Hepatocyte Nuclear Factor 6 
(HNF-6), now recognized as ONECUT1 (Lemaigre et al., 1996). The 
analysis of the HNF-6 protein unveiled the presence of a single 
domain homologous to the Drosophila CUT domain encoded by cut 
and a novel, divergent homeodomain. Based on homology to Onecut1, 
a second and third Onecut genes were identified in the liver: Onecut2 
and Onecut3 (Jacquemin et al., 1999; Vanhorenbeeck et al., 2002). The 
expression patterns of Onecut2 and Onecut3 frequently overlap with 
Onecut1 and they share several transcriptional targets. Analyses of 
Onecut mutant mice revealed the essential functions of these factors 
in the morphogenesis and differentiation of the liver and pancreas 
(Jacquemin et al., 2003; Margagliotti et al., 2007; Vanhorenbeeck et al., 
2007). Interestingly, another CUT homeobox gene, Cux2, contributes 
to sex differences in the liver (Conforto et al., 2012, 2015).

ONECUT factors are expressed both in hepatocytes and in 
cholangiocytes, the primary cell type constituting the hepatic bile 
duct. The ONECUT1 DNA binding sequence was described in its 
specific interaction with FoxA2, a regulator of other liver TFs 
(Samadani and Costa, 1996). Additional studies have highlighted 
ONECUT1 as a pivotal regulatory factor for numerous genes involved 
in hepatic development and function, establishing its crucial role in 
determining the identity of hepatocytes and cholangiocytes. During 
pancreas specification, Onecut1 activates several TFs involved in 
pancreas development including Pdx1, Hnf1β, Hnf4α and FoxA2 
(Briançon et al., 2004; Poll et al., 2006). Onecut1 plays a crucial role in 
the differentiation of pancreatic ducts by regulating a network of genes 
within a specific precursor domain in the developing pancreas 
(Maestro et  al., 2003). The comprehensive review by Kropp and 
Gannon (Kropp and Gannon, 2016) highlights the similarity between 
the gene regulatory networks of the developing pancreatic ducts and 
those of the extrahepatic bile ducts, implying common themes in 
function. Likewise, they also point to similarities between the retina 
and the pancreas: in both tissues Onecut1 acts in parallel with Ptf1a to 
activate gene expression programs for the development of the specific 
cells (Pierreux et al., 2006; Zhang et al., 2009). In C. elegans, apart from 
its role in neuronal gene regulation, the Onecut gene ceh-39 has been 
implicated in sexual fate specification (Gladden and Meyer, 2007; 
Farboud et al., 2013).

Cux1 exhibits broad, if not ubiquitous, expression, and its 
functions in non-neuronal cells have been extensively explored 
through both cell-based assays and studies in mice. Different 
experiments in cells established the involvement of CUX1  in 
regulating various cellular processes, including cell proliferation, cell 
cycle progression, resistance to apoptotic signals, promotion of 
tetraploidy and concomitant genetic instability, cell invasion and 
migration, and controlling the response to DNA damage (Michl 
et al., 2005; Sansregret et al., 2006, 2011; Truscott et al., 2007; Ripka 
et al., 2010; Vadnais et al., 2012). Studies in mouse models revealed 
that Cux1 expression is crucial for hematopoietic system homeostasis 
(Sinclair et al., 2001). In a different targeted mouse allele, Cux1lacZ, 
mice homozygous for Cux1 mutations on inbred genetic 
backgrounds exhibited a phenotype characterized by respiratory 
failure, leading to their premature death shortly after birth (Ellis 
et al., 2001). A small number of surviving mutant mice exhibited 
disrupted hair follicle formation and growth retardation. Regarding 
the Drosophila Cux gene, the observed phenotypes in fly mutants 
reveal that cut is involved in cellular specification in multiple tissues, 
including the Malpighian tubules and the wing (Jack et al., 1991; Liu 
and Jack, 1992).

SATB proteins have emerged as crucial players in various 
developmental processes. They contribute to the regulation of specific 
T-cell developmental stages and influence craniofacial patterning, 
osteoblast differentiation, erythroid development, embryonic stem cell 
pluripotency, and hematopoietic stem cell divisions (Alvarez et al., 
2000; Nakayama et al., 2005; Wen et al., 2005; Dobreva et al., 2006; 
Kumar et al., 2007; Savarese et al., 2009; Notani et al., 2010; Will et al., 
2013). Additionally, a study has demonstrated the distinctive roles of 
SATB proteins in the determination of cell lineages through the initial 
stages of development (Goolam and Zernicka-Goetz, 2017). SATB1 
serves as a hub or docking site for numerous chromatin remodeling 
factors, which repress gene expression (Yasui et  al., 2002). This 
intricate interaction network may provide the mechanistic basis for 
the diverse developmental functions of SATB1.

COMPASS genes are expressed in various non-neuronal cells, and 
their functions are only partially understood. Drosophila dve is 
essential for the proper development of the proventriculus and the 
establishment of the wing disc patterning (Fuss and Hoch, 1998; 
Nakagoshi et al., 1998; Kölzer et al., 2003). The functions of the worm 
COMPASS ortholog dve-1 are still mostly unknown. A number of 
studies have involved dve-1 in the regulation of the mitochondrial 
unfolded protein response (UPRmt), a cellular mechanism that is 
activated in response to stress signals to activate the expression of 
mitochondrial proteases and chaperones (Merkwirth et  al., 2016; 
Zhou et al., 2022). This mechanism has been investigated in C. elegans, 
revealing that DVE-1 interacts with the histone deacetylase HDA-1 to 
facilitate a robust UPRmt (Shao et al., 2020).

7. Beyond classic transcriptional 
regulation: SATB factors as architects 
of chromatin structure

Unlike other homeobox genes, which primarily function as classic 
TFs, SATB1 was characterized as a unique regulatory protein with a 
significant role in chromatin modification (Dickinson et al., 1997). 
SATB1 was identified as a factor implicated in the tissue specific 
organization and regulation of chromatin, which binds selectively to 
MARs (Dickinson et al., 1992). The name SATB1, which stands for 
Special AT-rich sequence Binding protein 1, was derived from early 
experiments that demonstrated its selective binding to specific AT-rich 
DNA sequences (Dickinson et al., 1992). The SATB1 homeodomain 
does not possess the capability to bind directly to DNA. Instead, 
SATB1 binds to DNA indirectly by interacting with the sugar 
phosphate backbone structure influenced by a specific DNA sequence 
context. The two CUT domains and the homeodomain allow SATB1 
to identify core unwinding elements with increased affinity and 
specificity (Yamasaki et al., 2007).

The organization of the mammalian genome involves the 
formation of intricate higher order configurations that emerge from 
the multilevel folding of DNA. Within the cell nucleus, chromosomes 
adopt specific spatial arrangements, forming distinct chromosome 
territories that are predominantly segregated from one another 
(Cremer and Cremer, 2001). It has been proposed that within these 
territories chromatin is folded into chromatin loops, ranging from 
small loops (approximately 50–200 kb) to giant loops spanning several 
megabases (Cremer et al., 2006). These giant loops extend beyond 
their original chromosome territories and intertwine with neighboring 
territories, facilitating the close spatial proximity of distal genomic 
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loci. This arrangement enables long range interactions between sites, 
whether they are located on the same chromosome or different 
chromosomes (Dekker et al., 2002; Spilianakis et al., 2005; Hakim 
et al., 2012). The formation of loops in chromosomes serves not only 
to compact the chromatin but also to control gene expression. SATB1 
was identified as an architectural chromatin protein controlling gene 
expression by folding chromatin into loops (de Belle et al., 1998; Cai 
et al., 2003, 2006; Kumar et al., 2007). Therefore, unlike classic TFs, 
which control individual genes through specific binding, SATB1 
functions by binding to multiple sites where chromatin is anchored to 
form loop regions. SATB1 acts as a global “genomic organizer” by 
recruiting various cofactors and chromatin modifying complexes to 
regulatory elements. This enables SATB1 to coordinate the 
transcriptional potential of large groups of genes and influence 
promoter activity by mediating long-range interactions (Galande 
et al., 2007; Ahlfors et al., 2010; Gong et al., 2011). SATB2 is also 
involved in the control of chromatin modifications and the regulation 
of gene expression through its interaction with MARs (Dobreva et al., 
2003; Britanova et al., 2005). Similarly, CUX1 was also reported to 
interact with MARs (Banan et  al., 1997; Liu et  al., 1999; Kaul-
Ghanekar et al., 2004). Numerous studies have provided evidence that 
when SATB1 is ectopically expressed, it induces significant changes in 
gene expression and the chromatin landscape of multiple cancer cells, 
promoting tumor growth and facilitating the metastatic process (Han 
et al., 2008; see Section 9).

8. Beyond classic transcriptional 
regulation: CUX isoforms and DNA 
repair

Full-length CUX1 regulation of gene expression also occurs 
through a non-canonical DNA binding mechanism. Full-length 
CUX1 protein is abundantly present and exhibits rapid binding to 
DNA, although the binding is transient in nature (Moon et al., 2000). 
These characteristics are not typical of classic TF that binds to DNA 
in a stable manner and recruits cofactors. However, CUX1 can still 
repress gene expression by competing for binding site occupancy 
(Mailly et  al., 1996). Actually, CUX1 was originally named CDP 
(CCAAT-displacement protein) (Neufeld et al., 1992). The CCAAT-
displacement activity is a mode of transcriptional repression where 
activators are displaced through competitive binding, a mechanism 
termed “passive repression” (Luo and Skalnik, 1996; Kim et al., 1997; 
Stünkel et al., 2000).

A significant finding was the discovery that CUX1 is not present 
as a single protein species with a uniform mode of DNA binding and 
control of gene expression. Instead, it can be detected as multiple 
isoforms with different DNA binding and transcriptional regulation 
characteristics (Rong Zeng et al., 2000). While a single CUT domain 
alone is unable to bind to DNA, it can effectively do so in collaboration 
with another CUT domain or in conjunction with the homeodomain 
(Moon et al., 2000). Experimental studies using recombinant proteins 
have provided valuable insights into the DNA binding capabilities of 
the CUX1 protein. Specifically, these studies have demonstrated that 
the CUT repeat 1 (CR1) is capable of DNA binding in conjunction 
with CR2 or in cooperation with the homeodomain. Intriguingly, the 
CR1CR2 fusion protein exhibits a remarkably distinct DNA binding 
dynamics. Similar to full-length CUX1, the CR1CR2 fusion protein 

displays rapid association and dissociation rates with DNA. In 
contrast, any recombinant protein containing a homeodomain in 
addition to a CUT domain (excluding CR1) exhibits slower but more 
stable DNA binding. Indeed the presence of CR1 was shown to 
determine the DNA binding specificity and kinetics. Proteins 
harboring the CR1 demonstrate a rapid and transient binding to DNA 
and display the capacity for CCAAT-displacement activity (Truscott 
et al., 2004).

Numerous studies have characterized the distinctive 
characteristics of various CUX1 isoforms, which have been named 
attending to their apparent molecular weights, including p150, p110, 
p90, p80 and p75 [reviewed in Sansregret and Nepveu (2008)]. 
Consistent with this, p200 CUX1 refers to the full length protein. 
While p75 is generated by alternative splicing, the remaining isoforms 
are produced via proteolytic processing (Goulet et al., 2002, 2004, 
2006; Maitra et al., 2006). The p75, p90, and p110 CUX1 isoforms 
share common DNA binding and transcriptional characteristics that 
set them apart from the p200 isoform. Notably, these isoforms exhibit 
significantly slower DNA binding kinetics in comparison to p200 
(Moon et al., 2000; Goulet et al., 2006). Contrary to the full length 
CUX1 protein, which is primarily involved in transcriptional 
repression, the p110, p90 and p75 isoforms exhibit a broader range of 
functions. These shorter isoforms can engage in both transcriptional 
activation and repression, depending on the specific context of the 
promoter (Aleksic et al., 2007; Harada et al., 2008; Sansregret and 
Nepveu, 2008). It is interesting to note here that the p75 isoform, 
containing the CR3 and the homeodomain, has a very similar 
structure to that of ONECUT proteins and, if a similar isoform exists 
in C. elegans, it might explain the redundant function of the worm 
CUX protein CEH-44 with the multiple worm ONECUT factors 
(Leyva-Díaz and Hobert, 2022). However, it is crucial to note that 
these isoforms have been characterized in cancer cells, and there is no 
description of them in other tissues. Additionally, a recent study 
(Krishnan et al., 2022) reported the inability to detect p75 CUX1 in 
cancer cells, further emphasizing the need for careful interpretation 
of CUX1 isoform functions in diverse tissues.

Remarkably, a number of investigations have shed light on the 
additional roles of certain TFs as accessory factors that enhance the 
enzymatic activities of DNA repair proteins. Although CUT domains 
were initially identified based on their DNA-binding capabilities 
(Andrés et al., 1994; Aufiero et al., 1994; Harada et al., 1994), more 
recent studies have demonstrated that the CUT domains found in 
various CUT homeobox proteins (including CUX1, CUX2 and SATB1) 
are also implicated in DNA repair through protein–protein interactions 
(Ramdzan et al., 2014; Kaur et al., 2016). These investigations have 
provided insights into the functional role of CUT domains as accessory 
proteins that enhance DNA repair processes by promoting the 
enzymatic activities of key base excision repair (BER) enzymes, 
including APE1, OGG1, and DNA polβ (Ramdzan et al., 2021b). BER 
is a DNA repair pathway that plays a critical role in repairing the 
majority of oxidative DNA damage lesions (Dianov and Hübscher, 
2013). The downregulation of Cux1 has been shown to hinder the DNA 
repair process when cells are exposed to hydrogen peroxide or ionizing 
radiation (Kaur et al., 2018). Conversely, the overexpression of Cux1 
boosts DNA repair (Ramdzan et al., 2014). The involvement of CUX 
proteins in oxidative repair processes suggests a potential connection 
between Cux genes and the maintenance of neuronal health. Given the 
elevated metabolic activity in neurons, which results in the generation 
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of substantial amounts of reactive oxygen species (ROS), effective repair 
of oxidative DNA damage becomes essential to uphold the integrity of 
the neuronal genome and maintain overall neuronal well-being 
(McKinnon, 2013). In the comprehensive review of Cux genes by Weiss 
and Nieto (2019) it is hypothesized that the duplication of the CUX gene 
during evolution might have been advantageous due to the protective 
role exerted by CUX proteins against oxidative DNA damage in the 
nervous system. Notably, when Cux2 was downregulated in cortical 
neurons, it resulted in an elevated level of oxidative DNA damage (Pal 
et al., 2015). Defects in BER have been detected both in the nervous 
system of aging rats and in individuals affected by mild cognitive 
impairment and Alzheimer’s disease (Weissman et al., 2007). These 
findings suggest that the roles played by CUX proteins may serve as 
protective mechanisms against neurodegeneration, contributing to the 
longevity of neurons.

9. CUT homeobox genes in human 
disease

In vertebrates, CUT homeobox genes have emerged as key 
regulators of tissue development, and their deregulation has been 
linked to human diseases. Notably, in the context of cancer, the 
expression and functions of SATB1/2 and CUX1 have been extensively 
investigated in numerous studies (Hulea and Nepveu, 2012; Ramdzan 
and Nepveu, 2014; Naik and Galande, 2019). Moreover, differentiation 
defects in any of the multiple cell types where CUT homeobox genes 
are expressed could predispose an individual to developmental diseases.

The cellular functions of CUX1 reviewed above indicate potential 
mechanisms through which increased expression of p110 or p75 
isoforms may contribute to tumor development and progression. These 
mechanisms include the facilitation of S phase entry, promotion of cell 
motility and invasion, as well as conferring resistance to apoptosis 
[reviewed in Hulea and Nepveu (2012)]. The initial indication of CUX1 
role in cancer arose from observations of its overexpression in primary 
tumors and cancer cell lines. Subsequent studies in mouse further 
validated its role in cancer. Transgenic mice engineered to express p200 
CUX1 under the control of the cytomegalovirus (CMV) promoter 
developed multiorgan organomegaly, which aligns with a model 
wherein CUX1 promotes the proliferation of progenitor cells while not 
impeding terminal differentiation processes (Ledford et al., 2002). A 
second transgenic mouse, overexpressing the p75 human CUX1 
isoform developed tumors (Cadieux et al., 2006).

Therefore, the evidence indicates that increased CUX1 can 
promote tumor progression (CUX1 as an oncogene). However, in 
contradiction, additional evidence supports a model of 
haploinsufficiency, where reduced CUX1 expression contributes to 
tumor development (CUX1 as a tumor suppressor gene). Indeed, 
CUX1 inactivating mutations and loss of heterozygosity have been 
identified as contributing factors in various human cancers (Ramdzan 
and Nepveu, 2014; Wong et al., 2014). Given the dual roles of CUX1 
as both an oncogene and a tumor suppressor depending on the 
context, CUX1 molecular roles have been extensively studied to 
explore its potential associations with DNA repair processes. 
Comprehensively reviewed by Ramdzan et al. (2021a), cancer cells 
take advantage of the functions of CUT proteins in DNA repair to 
promote their survival. In particular, cancer cells with an activated 
RAS pathway generate excessive amounts of ROS. In the absence of an 
adequate increase in antioxidant production, ROS accumulation leads 

to persistent oxidative DNA damage and eventual cell death. In 
response to increased ROS levels, cancer cells upregulate CUT genes 
to enhance their ability to repair oxidative DNA damage. Interestingly, 
an increase on CUX1 expression was found to cooperate with RAS in 
promoting tumor formation in mice (Ramdzan et  al., 2014). In 
contrast, downregulation of CUT genes was found to be  lethal in 
cancer cells with elevated ROS levels. Notably, this adaptation confers 
increased resistance to genotoxic treatments in cancer cells that 
overexpress CUT proteins. Furthermore, CUX1 was associated with 
the regulation of proteasome-mediated degradation, which can impact 
the migratory and invasive properties of tumors (Aleksic et al., 2007).

Moreover, in recent studies, CUX2 variants were found to 
be associated with a rare developmental and epileptic encephalopathy, 
with onset in infancy and characterized by refractory seizures, global 
developmental delay, movement disorders, speech delay, and autistic 
behavior (Barington et al., 2018; Chatron et al., 2018; Zhang et al., 
2022). Another study found multiple CUX2 and CASP (CUX1 
alternatively spliced product, an alternative CUX1 isoform) variants 
in patients with temporal lobe epilepsy. Results in knockout mice 
showed that these variants affect neuronal properties and enhance 
excitatory synaptic transmission (Suzuki et al., 2022).

The SATB family of chromatin organizers plays distinct roles in 
cancer progression, specifically in the regulation of cell proliferation and 
migration, apoptosis, metastasis, and angiogenesis [reviewed in Kohwi-
Shigematsu et al. (2013) and Naik and Galande (2019)]. SATB proteins 
are involved in orchestrating the complex interplay between these 
processes, thereby influencing the overall course of cancer development 
and progression. SATB1 has been shown to have an impact on chromatin 
structure and interacts with various transcriptional cofactors during 
tumor development. Conversely, SATB2 exhibits differential expression 
in various cancer types and plays a role in tumor formation. One specific 
example is the identification of SATB1 as a contributing factor to the 
development of aggressive phenotypes in breast cancer (Han et al., 2008).

ONECUT1 has been implicated in cancer due to its involvement in 
preventing epithelial-to-mesenchymal transition in cancer cells through 
its interaction with p53. This activity highlights the potential tumor 
suppressive role of ONECUT1 (Yuan et al., 2013). Moreover, ONECUT 
factors have been associated with liver and pancreas disease. Liver 
ductal plate malformations are attributed to defects in biliary tract 
development and contribute to both Jeune Syndrome and Meckel 
Syndrome in humans. Inactivation of Onecut1 leads to ductal plate 
malformations including hepatic artery malformations (Clotman et al., 
2003). Onecut1 is also involved in liver cancer by regulating miR-122, a 
tumor suppressor microRNA (Nakao et al., 2014). This microRNA 
plays a crucial role in preventing liver cancer by repressing the 
expression of tumorigenic genes. The involvement of ONECUT1 in the 
regulation of miR-122 underscores its significance in liver cancer and 
highlights its potential as a therapeutic target for this disease.

In the nervous system, CUX1 has been linked with Autism 
Spectrum Disorder (ASD), and with impaired intellectual development 
(Doan et al., 2016; Liu et al., 2016; Platzer et al., 2018). On the other 
hand, mutations in CUX2 have been linked to bipolar disorder, seizures 
and ASD (Glaser et al., 2005; Barington et al., 2018). There is a potential 
connection between brain disorders and the functions of CUT genes 
during the development of the corpus callosum. As reviewed above, 
Cux1 plays a role in activity-dependent mechanisms contributing to 
circuit assembly. In mice, animals lacking Cux1 display aberrant firing 
responses and selective loss of corpus callosum contralateral 
innervation (Rodríguez-Tornos et al., 2016). Abnormal formation of 
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the corpus callosum in humans is linked with various neurological 
conditions that exhibit a wide array of symptoms, such as attention 
deficits, language dysfunction, impaired social interaction, and 
diminished self-awareness (David et al., 1993; Paul et al., 2007; Lau 
et al., 2013; Sarrazin et al., 2014, 2015). SATB2 was initially discovered 
as a gene associated with disease for the cleft palate, among additional 
craniofacial alterations (FitzPatrick et al., 2003; Britanova et al., 2006; 
Rosenfeld et al., 2009; Balasubramanian et al., 2011). Mutations in 
SATB2 lead to “SATB2-associated syndrome,” a complex disorder 
affecting multiple systems marked by severe neurodevelopmental 
impairments, including behavioral complications and speech 
difficulties (Dobreva et al., 2006; Leoyklang et al., 2007; Alcamo et al., 
2008; Britanova et al., 2008). In addition, SATB2 is associated with 
multiple neurodevelopmental diseases including schizophrenia (Liedén 
et al., 2014; Lee et al., 2016; Whitton et al., 2016). As noted by Kropp 
and Gannon (Kropp and Gannon, 2016), although no direct links have 
been established between ONECUT factors and neuronal diseases, it is 
plausible that impaired differentiation in various neuron types could 
contribute to disease development. For instance, the regulation of 
mesodiencephalic dopaminergic neurons by ONECUT1 is particularly 
relevant as these neurons are connected to the development of 
Parkinson’s disease (Smidt and Burbach, 2007; Chakrabarty et al., 2012).

10. Evolutionary dynamics of the CUT 
homeobox gene class

Excellent works on the evolution of CUT homeobox genes have 
been previously published (Bürglin and Cassata, 2002; Takatori and 
Saiga, 2008). Here I highlight a specific aspect of the distinctive and 
intricate evolution of this gene class, indicating a remarkable evolutionary 
trajectory in the lineage to vertebrates. The structural organization of the 
CUX genes is highly unique, as they share the N-terminus with a distinct 
gene named CASP. Interestingly, CASP is present as a separate gene in 
yeast and plants (Bürglin and Cassata, 2002). CASP is known to localize 
to the Golgi membrane, and is predicted to form a coiled-coil structure 
at the N-terminal region. This structural feature could potentially play a 
role in protein–protein interactions in CUX proteins (Gillingham et al., 
2002). During the course of evolution, there was a significant event 
where an ancestral CUX gene became interconnected with the CASP 
gene by alternative splicing. CASP shares the N-terminal region with 
CUX but is lacking the CUT domains and the homeodomain. This 
association is observed from nematodes to vertebrates, except in 
Drosophila where the CASP gene is absent (Lievens et  al., 1997). 
Remarkably, there are differences in the organization of the CUX/CASP 
gene between C. elegans and vertebrates. In mouse, the CASP specific 
exons are located in between CUX specific exons, whereas in C. elegans, 
the CASP specific exons are downstream of the exons encoding the 
TF. The analysis of the genome of the amphioxus Branchiostoma floridae 
shed light into the evolution of this locus. The identification of a 
nematode like CUX/CASP structure in the genome of B. floridae suggests 
that the significant evolutionary change in the genomic structure of the 
locus possibly happened by domain shuffling within the gene after the 
divergence of amphioxus and vertebrate ancestors (Takatori and Saiga, 
2008). Strikingly, in the human CUX1 gene the CASP specific exons are 
again found downstream of the exons encoding the DNA binding 
domains. Another key difference between human and mice lies in the 
genomic location of Cux genes. While they are located in the same 
chromosome in mice (Mus musculus, chromosome 5) and rats (Rattus 

novergicus, chromosome 12); in humans, as well as in other vertebrates 
such as zebrafish, they are located in different chromosomes. The fusion 
of two genes via alternative splicing represents a rare phenomenon that 
is not observed in any other homeobox gene.

11. Conclusion

In summary, CUT homeobox genes exhibit widespread 
expression in multiple tissues and play critical roles in promoting 
differentiation and maturation of diverse cell types. While their 
significant expression during development is well established, the 
persistent expression of CUT genes suggests their involvement in 
maintaining the mature differentiated state of multiple cell types, 
potentially conferring protective effects against disease. Notably, 
CUT factors employ distinct mechanisms of gene expression 
regulation, engaging in both classic and non-canonical interactions 
with DNA, an area that continues to be  actively researched. The 
significance of CUT genes extends beyond developmental processes 
into disease pathogenesis, as they hold promise as therapeutic targets 
or prognostic factors in cancer. Furthermore, their involvement in 
cell fate specification offers exciting opportunities for manipulating 
cell differentiation in tissue repair. Additionally, their role in DNA 
repair mechanisms presents prospective implications for the 
treatment of human diseases, particularly cancer. The integration of 
genetic studies and genomic technology will be  indispensable to 
further advance our understanding of CUT homeobox gene functions 
during development and disease. Exploring the intricate regulatory 
networks and deciphering the precise roles of CUT homeobox genes 
will undoubtedly deepen our knowledge of these fascinating genes 
and open new avenues for innovative therapeutic approaches.

Author contributions

EL-D: conceptualization, writing – original draft, and writing – 
review and editing.

Funding

EL-D was funded by a CIDEGENT grant from Generalitat 
Valenciana (CIDEXG/2022/30), and by a Marie Skłodowska-Curie 
Action from European Union (101064583-CELLIDRECUT- 
HORIZON-MSCA-2021-PF-01).

Acknowledgments

The author thanks Dr. Guillermina López-Bendito for hosting 
him in her laboratory, as well as members of the Prof. Oliver Hobert 
and López-Bendito laboratories for comments on the manuscript.

Conflict of interest

The author declares that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Leyva-Díaz 10.3389/fncel.2023.1233830

Frontiers in Cellular Neuroscience 10 frontiersin.org

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.

References
Ahlfors, H., Limaye, A., Elo, L. L., Tuomela, S., Burute, M., Gottimukkala, K. V. P., 

et al. (2010). SATB1 dictates expression of multiple genes including IL-5 involved in 
human T helper cell differentiation. Blood 116, 1443–1453. doi: 10.1182/
blood-2009-11-252205

Alcamo, E. A., Chirivella, L., Dautzenberg, M., Dobreva, G., Fariñas, I., Grosschedl, R., 
et al. (2008). Satb2 regulates callosal projection neuron identity in the developing 
cerebral cortex. Neuron 57, 364–377. doi: 10.1016/j.neuron.2007.12.012

Aleksic, T., Bechtel, M., Krndija, D., von Wichert, G., Knobel, B., Giehl, K., et al. 
(2007). CUTL1 promotes tumor cell migration by decreasing proteasome-mediated Src 
degradation. Oncogene 26, 5939–5949. doi: 10.1038/sj.onc.1210398

Alvarez, J. D., Yasui, D. H., Niida, H., Joh, T., Loh, D. Y., and Kohwi-Shigematsu, T. 
(2000). The MAR-binding protein SATB1 orchestrates temporal and spatial expression 
of multiple genes during T-cell development. Genes Dev. 14, 521–535.

Andrés, V., Chiara, M. D., and Mahdavi, V. (1994). A new bipartite DNA-binding 
domain: cooperative interaction between the cut repeat and homeo domain of the cut 
homeo proteins. Genes Dev. 8, 245–257. doi: 10.1101/gad.8.2.245

Audouard, E., Schakman, O., René, F., Huettl, R.-E., Huber, A. B., Loeffler, J.-P., et al. 
(2012). The Onecut transcription factor HNF-6 regulates in motor neurons the 
formation of the neuromuscular junctions. PLoS One 7:e50509. doi: 10.1371/journal.
pone.0050509

Aufiero, B., Neufeld, E. J., and Orkin, S. H. (1994). Sequence-specific DNA binding of 
individual cut repeats of the human CCAAT displacement/cut homeodomain protein. 
Proc. Natl. Acad. Sci. U. S. A. 91, 7757–7761. doi: 10.1073/pnas.91.16.7757

Balasubramanian, M., Smith, K., Basel-Vanagaite, L., Feingold, M. F., Brock, P., 
Gowans, G. C., et al. (2011). Case series: 2q33.1 microdeletion syndrome--further 
delineation of the phenotype. J. Med. Genet. 48, 290–298. doi: 10.1136/jmg.2010.084491

Banan, M., Rojas, I. C., Lee, W. H., King, H. L., Harriss, J. V., Kobayashi, R., et al. 
(1997). Interaction of the nuclear matrix-associated region (MAR)-binding proteins, 
SATB1 and CDP/Cux, with a MAR element (L2a) in an upstream regulatory region of 
the mouse CD8a gene. J. Biol. Chem. 272, 18440–18452. doi: 10.1074/jbc.272.29.18440

Barington, M., Risom, L., Ek, J., Uldall, P., and Ostergaard, E. (2018). A recurrent de 
novo CUX2 missense variant associated with intellectual disability, seizures, and autism 
spectrum disorder. Eur. J. Hum. Genet. EJHG 26, 1388–1391. doi: 10.1038/
s41431-018-0184-5

Blochlinger, K., Bodmer, R., Jack, J., Jan, L. Y., and Jan, Y. N. (1988). Primary structure 
and expression of a product from cut, a locus involved in specifying sensory organ 
identity in Drosophila. Nature 333, 629–635. doi: 10.1038/333629a0

Blochlinger, K., Jan, L. Y., and Jan, Y. N. (1993). Postembryonic patterns of expression 
of cut, a locus regulating sensory organ identity in Drosophila. Development 117, 
441–450. doi: 10.1242/dev.117.2.441

Bodmer, R., Barbel, S., Sheperd, S., Jack, J. W., Jan, L. Y., and Jan, Y. N. (1987). 
Transformation of sensory organs by mutations of the cut locus of D. melanogaster. Cells 
51, 293–307. doi: 10.1016/0092-8674(87)90156-5

Briançon, N., Bailly, A., Clotman, F., Jacquemin, P., Lemaigre, F. P., and Weiss, M. C. 
(2004). Expression of the alpha7 isoform of hepatocyte nuclear factor (HNF) 4 is 
activated by HNF6/OC-2 and HNF1 and repressed by HNF4alpha1 in the liver. J. Biol. 
Chem. 279, 33398–33408. doi: 10.1074/jbc.M405312200

Britanova, O., Akopov, S., Lukyanov, S., Gruss, P., and Tarabykin, V. (2005). Novel 
transcription factor Satb2 interacts with matrix attachment region DNA elements in a 
tissue-specific manner and demonstrates cell-type-dependent expression in the 
developing mouse CNS. Eur. J. Neurosci. 21, 658–668. doi: 
10.1111/j.1460-9568.2005.03897.x

Britanova, O., Britanova, O., de Juan Romero, C., de Juan Romero, C., Cheung, A., 
Cheung, A., et al. (2008). Satb2 is a postmitotic determinant for upper-layer neuron 
specification in the neocortex. Neuron 57, 378–392. doi: 10.1016/j.neuron.2007.12.028

Britanova, O., Depew, M. J., Schwark, M., Thomas, B. L., Miletich, I., Sharpe, P., et al. 
(2006). Satb2 haploinsufficiency phenocopies 2q32-q33 deletions, whereas loss suggests 
a fundamental role in the coordination of jaw development. Am. J. Hum. Genet. 79, 
668–678. doi: 10.1086/508214

Bürglin, T. R., and Affolter, M. (2016). Homeodomain proteins: an update. 
Chromosoma 125, 497–521. doi: 10.1007/s00412-015-0543-8

Bürglin, T. R., and Cassata, G. (2002). Loss and gain of domains during evolution of 
cut superclass homeobox genes. Int. J. Dev. Biol. 46, 115–123.

Cadieux, C., Fournier, S., Peterson, A. C., Bédard, C., Bedell, B. J., and Nepveu, A. 
(2006). Transgenic mice expressing the p75 CCAAT-displacement protein/cut 

homeobox isoform develop a myeloproliferative disease-like myeloid leukemia. Cancer 
Res. 66, 9492–9501. doi: 10.1158/0008-5472.CAN-05-4230

Cai, S., Han, H.-J., and Kohwi-Shigematsu, T. (2003). Tissue-specific nuclear 
architecture and gene expression regulated by SATB1. Nat. Genet. 34, 42–51. doi: 
10.1038/ng1146

Cai, S., Lee, C. C., and Kohwi-Shigematsu, T. (2006). SATB1 packages densely looped, 
transcriptionally active chromatin for coordinated expression of cytokine genes. Nat. 
Genet. 38, 1278–1288. doi: 10.1038/ng1913

Chakrabarty, K., von Oerthel, L., Hellemons, A., Clotman, F., Espana, A., Groot 
Koerkamp, M., et al. (2012). Genome wide expression profiling of the mesodiencephalic 
region identifies novel factors involved in early and late dopaminergic development. 
Biol. Open 1, 693–704. doi: 10.1242/bio.20121230

Chatron, N., Møller, R. S., Champaigne, N. L., Schneider, A. L., Kuechler, A., 
Labalme, A., et al. (2018). The epilepsy phenotypic spectrum associated with a recurrent 
CUX2 variant. Ann. Neurol. 83, 926–934. doi: 10.1002/ana.25222

Clotman, F., Libbrecht, L., Gresh, L., Yaniv, M., Roskams, T., Rousseau, G. G., et al. 
(2003). Hepatic artery malformations associated with a primary defect in intrahepatic 
bile duct development. J. Hepatol. 39, 686–692. doi: 10.1016/s0168-8278(03)00409-4

Conforto, T. L., Steinhardt, G. F., and Waxman, D. J. (2015). Cross talk between GH-
regulated transcription factors HNF6 and CUX2 in adult mouse liver. Mol. Endocrinol. 
29, 1286–1302. doi: 10.1210/me.2015-1028

Conforto, T. L., Zhang, Y., Sherman, J., and Waxman, D. J. (2012). Impact of CUX2 on 
the female mouse liver transcriptome: activation of female-biased genes and repression 
of male-biased genes. Mol. Cell. Biol. 32, 4611–4627. doi: 10.1128/MCB.00886-12

Cremer, T., and Cremer, C. (2001). Chromosome territories, nuclear architecture and 
gene regulation in mammalian cells. Nat. Rev. Genet. 2, 292–301. doi: 10.1038/35066075

Cremer, T., Cremer, M., Dietzel, S., Müller, S., Solovei, I., and Fakan, S. (2006). 
Chromosome territories – a functional nuclear landscape. Curr. Opin. Cell Biol. 18, 
307–316. doi: 10.1016/j.ceb.2006.04.007

Cubelos, B., Sebastián-Serrano, A., Beccari, L., Calcagnotto, M. E., Cisneros, E., 
Kim, S., et al. (2010). Cux1 and Cux2 regulate dendritic branching, spine morphology, 
and synapses of the upper layer neurons of the cortex. Neuron 66, 523–535. doi: 
10.1016/j.neuron.2010.04.038

Cubelos, B., Sebastián-Serrano, A., Kim, S., Moreno-Ortiz, C., Redondo, J. M., 
Walsh, C. A., et al. (2008a). Cux-2 controls the proliferation of neuronal intermediate 
precursors of the cortical subventricular zone. Cereb. Cortex 18, 1758–1770. doi: 
10.1093/cercor/bhm199

Cubelos, B., Sebastián-Serrano, A., Kim, S., Redondo, J. M., Walsh, C., and Nieto, M. 
(2008b). Cux-1 and Cux-2 control the development of Reelin expressing cortical 
interneurons. Dev. Neurobiol. 68, 917–925. doi: 10.1002/dneu.20626

D'Aniello, E., Pezzotti, M. R., Locascio, A., and Branno, M. (2011). Onecut is a direct 
neural-specific transcriptional activator of Rx in Ciona intestinalis. Dev. Biol. 355, 
358–371. doi: 10.1016/j.ydbio.2011.05.584

David, A. S., Wacharasindhu, A., and Lishman, W. A. (1993). Severe psychiatric 
disturbance and abnormalities of the corpus callosum: review and case series. J. Neurol. 
Neurosur. Psychiatry 56, 85–93. doi: 10.1136/jnnp.56.1.85

de Belle, I., Cai, S., and Kohwi-Shigematsu, T. (1998). The genomic sequences bound 
to special AT-rich sequence-binding protein 1 (SATB1) in vivo in Jurkat T cells are 
tightly associated with the nuclear matrix at the bases of the chromatin loops. J. Cell Biol. 
141, 335–348. doi: 10.1083/jcb.141.2.335

Dekker, J., Rippe, K., Dekker, M., and Kleckner, N. (2002). Capturing chromosome 
conformation. Science 295, 1306–1311. doi: 10.1126/science.1067799

Dianov, G. L., and Hübscher, U. (2013). Mammalian base excision repair: the forgotten 
archangel. Nucleic Acids Res. 41, 3483–3490. doi: 10.1093/nar/gkt076

Dickinson, L. A., Dickinson, C. D., and Kohwi-Shigematsu, T. (1997). An atypical 
homeodomain in SATB1 promotes specific recognition of the key structural element in 
a matrix attachment region. J. Biol. Chem. 272, 11463–11470. doi: 10.1074/
jbc.272.17.11463

Dickinson, L. A., Joh, T., Kohwi, Y., and Kohwi-Shigematsu, T. (1992). A tissue-specific 
MAR/SAR DNA-binding protein with unusual binding site recognition. Cells 70, 
631–645. doi: 10.1016/0092-8674(92)90432-c

Doan, R. N., Bae, B.-I., Cubelos, B., Chang, C., Hossain, A. A., Al-Saad, S., et al. 
(2016). Mutations in human accelerated regions disrupt cognition and social behavior. 
Cells 167, 341–354.e12. doi: 10.1016/j.cell.2016.08.071

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1182/blood-2009-11-252205
https://doi.org/10.1182/blood-2009-11-252205
https://doi.org/10.1016/j.neuron.2007.12.012
https://doi.org/10.1038/sj.onc.1210398
https://doi.org/10.1101/gad.8.2.245
https://doi.org/10.1371/journal.pone.0050509
https://doi.org/10.1371/journal.pone.0050509
https://doi.org/10.1073/pnas.91.16.7757
https://doi.org/10.1136/jmg.2010.084491
https://doi.org/10.1074/jbc.272.29.18440
https://doi.org/10.1038/s41431-018-0184-5
https://doi.org/10.1038/s41431-018-0184-5
https://doi.org/10.1038/333629a0
https://doi.org/10.1242/dev.117.2.441
https://doi.org/10.1016/0092-8674(87)90156-5
https://doi.org/10.1074/jbc.M405312200
https://doi.org/10.1111/j.1460-9568.2005.03897.x
https://doi.org/10.1016/j.neuron.2007.12.028
https://doi.org/10.1086/508214
https://doi.org/10.1007/s00412-015-0543-8
https://doi.org/10.1158/0008-5472.CAN-05-4230
https://doi.org/10.1038/ng1146
https://doi.org/10.1038/ng1913
https://doi.org/10.1242/bio.20121230
https://doi.org/10.1002/ana.25222
https://doi.org/10.1016/s0168-8278(03)00409-4
https://doi.org/10.1210/me.2015-1028
https://doi.org/10.1128/MCB.00886-12
https://doi.org/10.1038/35066075
https://doi.org/10.1016/j.ceb.2006.04.007
https://doi.org/10.1016/j.neuron.2010.04.038
https://doi.org/10.1093/cercor/bhm199
https://doi.org/10.1002/dneu.20626
https://doi.org/10.1016/j.ydbio.2011.05.584
https://doi.org/10.1136/jnnp.56.1.85
https://doi.org/10.1083/jcb.141.2.335
https://doi.org/10.1126/science.1067799
https://doi.org/10.1093/nar/gkt076
https://doi.org/10.1074/jbc.272.17.11463
https://doi.org/10.1074/jbc.272.17.11463
https://doi.org/10.1016/0092-8674(92)90432-c
https://doi.org/10.1016/j.cell.2016.08.071


Leyva-Díaz 10.3389/fncel.2023.1233830

Frontiers in Cellular Neuroscience 11 frontiersin.org

Dobreva, G., Chahrour, M., Dautzenberg, M., Chirivella, L., Kanzler, B., Fariñas, I., 
et al. (2006). SATB2 is a multifunctional determinant of craniofacial patterning and 
osteoblast differentiation. Cells 125, 971–986. doi: 10.1016/j.cell.2006.05.012

Dobreva, G., Dambacher, J., and Grosschedl, R. (2003). SUMO modification of a novel 
MAR-binding protein, SATB2, modulates immunoglobulin mu gene expression. Genes 
Dev. 17, 3048–3061. doi: 10.1101/gad.1153003

Ellis, T., Gambardella, L., Horcher, M., Tschanz, S., Capol, J., Bertram, P., et al. (2001). 
The transcriptional repressor CDP (Cutl1) is essential for epithelial cell differentiation 
of the lung and the hair follicle. Genes Dev. 15, 2307–2319. doi: 10.1101/gad.200101

Emerson, M. M., Surzenko, N., Goetz, J. J., Trimarchi, J., and Cepko, C. L. (2013). Otx2 
and Onecut1 promote the fates of cone photoreceptors and horizontal cells and repress 
rod photoreceptors. Dev. Cell 26, 59–72. doi: 10.1016/j.devcel.2013.06.005

Espana, A., and Clotman, F. (2012a). Onecut factors control development of the Locus 
Coeruleus and of the mesencephalic trigeminal nucleus. Mol. Cell. Neurosci. 50, 93–102. 
doi: 10.1016/j.mcn.2012.04.002

Espana, A., and Clotman, F. (2012b). Onecut transcription factors are required for the 
second phase of development of the A13 dopaminergic nucleus in the mouse. J. Comp. 
Neurol. 520, 1424–1441. doi: 10.1002/cne.22803

Farboud, B., Nix, P., Jow, M. M., Gladden, J. M., and Meyer, B. J. (2013). Molecular 
antagonism between X-chromosome and autosome signals determines nematode sex. 
Genes Dev. 27, 1159–1178. doi: 10.1101/gad.217026.113

FitzPatrick, D. R., Carr, I. M., McLaren, L., Leek, J. P., Wightman, P., Williamson, K., 
et al. (2003). Identification of SATB2 as the cleft palate gene on 2q32-q33. Hum. Mol. 
Genet. 12, 2491–2501. doi: 10.1093/hmg/ddg248

Francius, C., and Clotman, F. (2010). Dynamic expression of the Onecut transcription 
factors HNF-6, OC-2 and OC-3 during spinal motor neuron development. Neuroscience 
165, 116–129. doi: 10.1016/j.neuroscience.2009.09.076

Francius, C., Harris, A., Rucchin, V., Hendricks, T. J., Stam, F. J., Barber, M., et al. 
(2013). Identification of multiple subsets of ventral interneurons and differential 
distribution along the rostrocaudal axis of the developing spinal cord. PLoS One 
8:e70325. doi: 10.1371/journal.pone.0070325

Fuss, B., and Hoch, M. (1998). Drosophila endoderm development requires a novel 
homeobox gene which is a target of Wingless and Dpp signalling. Mech. Dev. 79, 83–97. 
doi: 10.1016/s0925-4773(98)00172-5

Galande, S., Purbey, P. K., Notani, D., and Kumar, P. P. (2007). The third dimension of 
gene regulation: organization of dynamic chromatin loopscape by SATB1. Curr. Opin. 
Genet. Dev. 17, 408–414. doi: 10.1016/j.gde.2007.08.003

Gehring, W. J., Affolter, M., and Bürglin, T. (1994). Homeodomain proteins. Annu. 
Rev. Biochem. 63, 487–526. doi: 10.1146/annurev.bi.63.070194.002415

Gillingham, A. K., Pfeifer, A. C., and Munro, S. (2002). CASP, the alternatively spliced 
product of the gene encoding the CCAAT-displacement protein transcription factor, is 
a Golgi membrane protein related to giantin. Mol. Biol. Cell 13, 3761–3774. doi: 10.1091/
mbc.e02-06-0349

Gladden, J. M., and Meyer, B. J. (2007). A ONECUT homeodomain protein 
communicates X chromosome dose to specify Caenorhabditis elegans sexual fate by 
repressing a sex switch gene. Genetics 177, 1621–1637. doi: 10.1534/genetics.106.061812

Glaser, B., Kirov, G., Green, E., Craddock, N., and Owen, M. J. (2005). Linkage 
disequilibrium mapping of bipolar affective disorder at 12q23-q24 provides evidence for 
association at CUX2 and FLJ32356. Am. J. Med. Genet B Neuropsychiatr. Genet. 132B, 
38–45. doi: 10.1002/ajmg.b.30081

Goetz, J. J., Martin, G. M., Chowdhury, R., and Trimarchi, J. M. (2014). Onecut1 and 
Onecut2 play critical roles in the development of the mouse retina. PLoS One 9:e110194. 
doi: 10.1371/journal.pone.0110194

Gong, F., Sun, L., Wang, Z., Shi, J., Li, W., Wang, S., et al. (2011). The BCL2 gene is 
regulated by a special AT-rich sequence binding protein 1-mediated long range 
chromosomal interaction between the promoter and the distal element located within 
the 3'-UTR. Nucleic Acids Res. 39, 4640–4652. doi: 10.1093/nar/gkr023

Goolam, M., and Zernicka-Goetz, M. (2017). The chromatin modifier Satb1 regulates 
cell fate through Fgf signalling in the early mouse embryo. Development 144, 1450–1461. 
doi: 10.1242/dev.144139

Gottimukkala, K. P., Jangid, R., Patta, I., Sultana, D. A., Sharma, A., Misra-Sen, J., et al. 
(2016). Regulation of SATB1 during thymocyte development by TCR signaling. Mol. 
Immunol. 77, 34–43. doi: 10.1016/j.molimm.2016.07.005

Goulet, B., Baruch, A., Moon, N.-S., Poirier, M., Sansregret, L. L., Erickson, A., et al. 
(2004). A cathepsin L isoform that is devoid of a signal peptide localizes to the nucleus 
in S phase and processes the CDP/Cux transcription factor. Mol. Cell 14, 207–219. doi: 
10.1016/s1097-2765(04)00209-6

Goulet, B., Truscott, M., and Nepveu, A. (2006). A novel proteolytically processed 
CDP/Cux isoform of 90 kDa is generated by cathepsin L. Biol. Chem. 387, 1285–1293. 
doi: 10.1515/BC.2006.159

Goulet, B., Watson, P., Poirier, M., Leduy, L., Bérubé, G., Meterissian, S., et al. (2002). 
Characterization of a tissue-specific CDP/Cux isoform, p75, activated in breast tumor 
cells. Cancer Res. 62, 6625–6633.

Gray, L. T, Yao, Z., Nguyen, T. N., Kim, T. K., Zeng, H., and Tasic, B. (2017). Layer-
specific chromatin accessibility landscapes reveal regulatory networks in adult mouse 
visual cortex. eLife 6. doi: 10.7554/eLife.21883

Grueber, W. B., Jan, L. Y., and Jan, Y. N. (2003). Different levels of the homeodomain 
protein cut regulate distinct dendrite branching patterns of Drosophila 
multidendritic neurons. Cells 112, 805–818. doi: 10.1016/s0092-8674(03)00160-0

Hadley, D., Murphy, T., Valladares, O., Hannenhalli, S., Ungar, L., Kim, J., et al. (2006). 
Patterns of sequence conservation in presynaptic neural genes. Genome Biol. 7, R105–
R119. doi: 10.1186/gb-2006-7-11-r105

Hakim, O., Resch, W., Yamane, A., Klein, I., Kieffer-Kwon, K.-R., Jankovic, M., et al. 
(2012). DNA damage defines sites of recurrent chromosomal translocations in B 
lymphocytes. Nature 484, 69–74. doi: 10.1038/nature10909

Han, H.-J., Russo, J., Kohwi, Y., and Kohwi-Shigematsu, T. (2008). SATB1 
reprogrammes gene expression to promote breast tumour growth and metastasis. Nature 
452, 187–193. doi: 10.1038/nature06781

Hao, B., Naik, A. K., Watanabe, A., Tanaka, H., Chen, L., Richards, H. W., et al. (2015). 
An anti-silencer- and SATB1-dependent chromatin hub regulates Rag1 and Rag2 gene 
expression during thymocyte development. J. Exp. Med. 212, 809–824. doi: 10.1084/
jem.20142207

Harada, R., Dufort, D., Denis-Larose, C., and Nepveu, A. (1994). Conserved cut 
repeats in the human cut homeodomain protein function as DNA binding domains. J. 
Biol. Chem. 269, 2062–2067.

Harada, R., Vadnais, C., Sansregret, L., Leduy, L., Bérubé, G., Robert, F., et al. (2008). 
Genome-wide location analysis and expression studies reveal a role for p110 CUX1 in 
the activation of DNA replication genes. Nucleic Acids Res. 36, 189–202. doi: 10.1093/
nar/gkm970

Harris, A., Masgutova, G., Collin, A., Toch, M., Hidalgo-Figueroa, M., Jacob, B., et al. 
(2019). Onecut factors and Pou2f2 regulate the distribution of V2 interneurons in the 
mouse developing spinal cord. Front. Cell. Neurosci. 13:184. doi: 10.3389/
fncel.2019.00184

Haworth, K. E., and Latinkic, B. (2009). Expression of Xenopus tropicalis HNF6/
Onecut-1. Int. J. Dev. Biol. 53, 159–162. doi: 10.1387/ijdb.072472ke

Hobert, O. (2011). Regulation of terminal differentiation programs in the nervous 
system. Annu. Rev. Cell Dev. Biol. 27, 681–696. doi: 10.1146/annurev-cellbio-092910-154226

Hobert, O., and Kratsios, P. (2019). Neuronal identity control by terminal selectors in 
worms, flies, and chordates. Curr. Opin. Neurobiol. 56, 97–105. doi: 10.1016/j.
conb.2018.12.006

Hodge, L. K., Klassen, M. P., Han, B.-X., Yiu, G., Hurrell, J., Howell, A., et al. (2007). 
Retrograde BMP signaling regulates trigeminal sensory neuron identities and the 
formation of precise face maps. Neuron 55, 572–586. doi: 10.1016/j.
neuron.2007.07.010

Hong, S.-K., Kim, C.-H., Yoo, K.-W., Kim, H.-S., Kudoh, T., Dawid, I. B., et al. (2002). 
Isolation and expression of a novel neuron-specific onecut homeobox gene in zebrafish. 
Mech. Dev. 112, 199–202. doi: 10.1016/s0925-4773(01)00647-5

Huang, Y., Song, N.-N., Lan, W., Hu, L., Su, C.-J., Ding, Y.-Q., et al. (2013). Expression 
of transcription factor Satb2 in adult mouse brain. Anat. Rec. 296, 452–461. doi: 10.1002/
ar.22656

Huang, Y., Zhang, L., Song, N.-N., Hu, Z.-L., Chen, J.-Y., and Ding, Y.-Q. (2011). 
Distribution of Satb1 in the central nervous system of adult mice. Neurosci. Res. 71, 
12–21. doi: 10.1016/j.neures.2011.05.015

Hulea, L., and Nepveu, A. (2012). CUX1 transcription factors: from biochemical 
activities and cell-based assays to mouse models and human diseases. Gene 497, 18–26. 
doi: 10.1016/j.gene.2012.01.039

Iulianella, A., Vanden Heuvel, G., and Trainor, P. (2003). Dynamic expression of 
murine Cux2  in craniofacial, limb, urogenital and neuronal primordia. Gene Expr. 
Patterns 3, 571–577. doi: 10.1016/S1567-133X(03)00123-6

Iyaguchi, D., Yao, M., Watanabe, N., Nishihira, J., and Tanaka, I. (2007). DNA 
recognition mechanism of the ONECUT homeodomain of transcription factor HNF-6. 
Structure 15, 75–83. doi: 10.1016/j.str.2006.11.004

Jack, J., Dorsett, D., Delotto, Y., and Liu, S. (1991). Expression of the cut locus in the 
Drosophila wing margin is required for cell type specification and is regulated by a 
distant enhancer. Development 113, 735–747. doi: 10.1242/dev.113.3.735

Jacquemin, P., Lannoy, V. J., Rousseau, G. G., and Lemaigre, F. P. (1999). OC-2, a novel 
mammalian member of the ONECUT class of homeodomain transcription factors 
whose function in liver partially overlaps with that of hepatocyte nuclear factor-6. J. Biol. 
Chem. 274, 2665–2671. doi: 10.1074/jbc.274.5.2665

Jacquemin, P., Lemaigre, F. P., and Rousseau, G. G. (2003). The Onecut transcription 
factor HNF-6 (OC-1) is required for timely specification of the pancreas and acts 
upstream of Pdx-1 in the specification cascade. Dev. Biol. 258, 105–116. doi: 10.1016/
s0012-1606(03)00115-5

Jaitner, C., Reddy, C., Abentung, A., Whittle, N., Rieder, D., Delekate, A., et al. (2016). 
Satb2 determines miRNA expression and long-term memory in the adult central 
nervous system. elife 5:e17361. doi: 10.7554/eLife.17361

Johnston, R. J., Otake, Y., Sood, P., Vogt, N., Behnia, R., Vasiliauskas, D., et al. (2011). 
Interlocked feedforward loops control cell-type-specific Rhodopsin expression in the 
Drosophila eye. Cells 145, 956–968. doi: 10.1016/j.cell.2011.05.003

Kabayiza, K. U., Masgutova, G., Harris, A., Rucchin, V., Jacob, B., and Clotman, F. 
(2017). The Onecut transcription factors regulate differentiation and distribution of 

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2006.05.012
https://doi.org/10.1101/gad.1153003
https://doi.org/10.1101/gad.200101
https://doi.org/10.1016/j.devcel.2013.06.005
https://doi.org/10.1016/j.mcn.2012.04.002
https://doi.org/10.1002/cne.22803
https://doi.org/10.1101/gad.217026.113
https://doi.org/10.1093/hmg/ddg248
https://doi.org/10.1016/j.neuroscience.2009.09.076
https://doi.org/10.1371/journal.pone.0070325
https://doi.org/10.1016/s0925-4773(98)00172-5
https://doi.org/10.1016/j.gde.2007.08.003
https://doi.org/10.1146/annurev.bi.63.070194.002415
https://doi.org/10.1091/mbc.e02-06-0349
https://doi.org/10.1091/mbc.e02-06-0349
https://doi.org/10.1534/genetics.106.061812
https://doi.org/10.1002/ajmg.b.30081
https://doi.org/10.1371/journal.pone.0110194
https://doi.org/10.1093/nar/gkr023
https://doi.org/10.1242/dev.144139
https://doi.org/10.1016/j.molimm.2016.07.005
https://doi.org/10.1016/s1097-2765(04)00209-6
https://doi.org/10.1515/BC.2006.159
https://doi.org/10.7554/eLife.21883
https://doi.org/10.1016/s0092-8674(03)00160-0
https://doi.org/10.1186/gb-2006-7-11-r105
https://doi.org/10.1038/nature10909
https://doi.org/10.1038/nature06781
https://doi.org/10.1084/jem.20142207
https://doi.org/10.1084/jem.20142207
https://doi.org/10.1093/nar/gkm970
https://doi.org/10.1093/nar/gkm970
https://doi.org/10.3389/fncel.2019.00184
https://doi.org/10.3389/fncel.2019.00184
https://doi.org/10.1387/ijdb.072472ke
https://doi.org/10.1146/annurev-cellbio-092910-154226
https://doi.org/10.1016/j.conb.2018.12.006
https://doi.org/10.1016/j.conb.2018.12.006
https://doi.org/10.1016/j.neuron.2007.07.010
https://doi.org/10.1016/j.neuron.2007.07.010
https://doi.org/10.1016/s0925-4773(01)00647-5
https://doi.org/10.1002/ar.22656
https://doi.org/10.1002/ar.22656
https://doi.org/10.1016/j.neures.2011.05.015
https://doi.org/10.1016/j.gene.2012.01.039
https://doi.org/10.1016/S1567-133X(03)00123-6
https://doi.org/10.1016/j.str.2006.11.004
https://doi.org/10.1242/dev.113.3.735
https://doi.org/10.1074/jbc.274.5.2665
https://doi.org/10.1016/s0012-1606(03)00115-5
https://doi.org/10.1016/s0012-1606(03)00115-5
https://doi.org/10.7554/eLife.17361
https://doi.org/10.1016/j.cell.2011.05.003


Leyva-Díaz 10.3389/fncel.2023.1233830

Frontiers in Cellular Neuroscience 12 frontiersin.org

dorsal interneurons during spinal cord development. Front. Mol. Neurosci. 10:157. doi: 
10.3389/fnmol.2017.00157

Kaul-Ghanekar, R., Jalota, A., Pavithra, L., Tucker, P., and Chattopadhyay, S. (2004). 
SMAR1 and Cux/CDP modulate chromatin and act as negative regulators of the 
TCRbeta enhancer (Ebeta). Nucleic Acids Res. 32, 4862–4875. doi: 10.1093/nar/
gkh807

Kaur, S., Coulombe, Y., Ramdzan, Z. M., Leduy, L., Masson, J.-Y., and Nepveu, A. 
(2016). Special AT-rich sequence-binding protein 1 (SATB1) functions as an accessory 
factor in base excision repair. J. Biol. Chem. 291, 22769–22780. doi: 10.1074/jbc.
M116.735696

Kaur, S., Ramdzan, Z. M., Guiot, M.-C., Li, L., Leduy, L., Ramotar, D., et al. (2018). 
CUX1 stimulates APE1 enzymatic activity and increases the resistance of glioblastoma 
cells to the mono-alkylating agent temozolomide. Neuro-Oncology 20, 484–493. doi: 
10.1093/neuonc/nox178

Kim, E. C., Lau, J. S., Rawlings, S., and Lee, A. S. (1997). Positive and negative regulation 
of the human thymidine kinase promoter mediated by CCAAT binding transcription 
factors NF-Y/CBF, dbpA, and CDP/cut. Cell Growth Different. 8, 1329–1338.

Kim, N., Park, C., Jeong, Y., and Song, M.-R. (2015). Functional diversification of 
motor neuron-specific Isl1 enhancers during evolution. PLoS Genet. 11:e1005560. doi: 
10.1371/journal.pgen.1005560

Klimova, L., Antosova, B., Kuzelova, A., Strnad, H., and Kozmik, Z. (2015). Onecut1 
and Onecut2 transcription factors operate downstream of Pax6 to regulate horizontal 
cell development. Dev. Biol. 402, 48–60. doi: 10.1016/j.ydbio.2015.02.023

Kohwi-Shigematsu, T., Poterlowicz, K., Ordinario, E., Han, H.-J., Botchkarev, V. A., 
and Kohwi, Y. (2013). Genome organizing function of SATB1 in tumor progression. 
Semin. Cancer Biol. 23, 72–79. doi: 10.1016/j.semcancer.2012.06.009

Kölzer, S., Fuss, B., Hoch, M., and Klein, T. (2003). Defective proventriculus is 
required for pattern formation along the proximodistal axis, cell proliferation and 
formation of veins in the Drosophila wing. Development 130, 4135–4147. doi: 10.1242/
dev.00608

Krishnan, M., Senagolage, M. D., Baeten, J. T., Wolfgeher, D. J., Khan, S., Kron, S. J., 
et al. (2022). Genomic studies controvert the existence of the CUX1 p75 isoform. Sci. 
Rep. 12, 151–116. doi: 10.1038/s41598-021-03930-4

Kropp, P. A., and Gannon, M. (2016). Onecut transcription factors in development 
and disease. Trends Develop. Biol. 9, 43–57.

Kumar, P. P., Bischof, O., Purbey, P. K., Notani, D., Urlaub, H., Dejean, A., et al. (2007). 
Functional interaction between PML and SATB1 regulates chromatin-loop architecture 
and transcription of the MHC class I  locus. Nat. Cell Biol. 9, 45–56. doi: 10.1038/
ncb1516

Lannoy, V. J., Bürglin, T. R., Rousseau, G. G., and Lemaigre, F. P. (1998). Isoforms of 
hepatocyte nuclear factor-6 differ in DNA-binding properties, contain a bifunctional 
homeodomain, and define the new ONECUT class of homeodomain proteins. J. Biol. 
Chem. 273, 13552–13562. doi: 10.1074/jbc.273.22.13552

Lau, Y. C., Hinkley, L. B. N., Bukshpun, P., Strominger, Z. A., Wakahiro, M. L. J., 
Baron-Cohen, S., et al. (2013). Autism traits in individuals with agenesis of the corpus 
callosum. J. Autism Dev. Disord. 43, 1106–1118. doi: 10.1007/s10803-012-1653-2

Ledford, A. W., Brantley, J. G., Kemeny, G., Foreman, T. L., Quaggin, S. E., Igarashi, P., 
et al. (2002). Deregulated expression of the homeobox gene Cux-1 in transgenic mice 
results in downregulation of p27(kip1) expression during nephrogenesis, glomerular 
abnormalities, and multiorgan hyperplasia. Dev. Biol. 245, 157–171. doi: 10.1006/
dbio.2002.0636

Lee, J. S., Yoo, Y., Lim, B. C., Kim, K. J., Choi, M., and Chae, J.-H. (2016). SATB2-
associated syndrome presenting with Rett-like phenotypes. Clin. Genet. 89, 728–732. 
doi: 10.1111/cge.12698

Lemaigre, F. P., Durviaux, S. M., Truong, O., Lannoy, V. J., Hsuan, J. J., and 
Rousseau, G. G. (1996). Hepatocyte nuclear factor 6, a transcription factor that contains 
a novel type of homeodomain and a single cut domain. Proc. Natl. Acad. Sci. U. S. A. 93, 
9460–9464. doi: 10.1073/pnas.93.18.9460

Lena, A. M., Mancini, M., di Val, R., Cervo, P., Saintigny, G., Mahé, C., et al. (2012). 
MicroRNA-191 triggers keratinocytes senescence by SATB1 and CDK6 downregulation. 
Biochem. Biophys. Res. Commun. 423, 509–514. doi: 10.1016/j.bbrc.2012.05.153

Leone, D. P., Heavner, W. E., Ferenczi, E. A., Dobreva, G., Huguenard, J. R., 
Grosschedl, R., et al. (2015). Satb2 regulates the differentiation of both callosal and 
subcerebral projection neurons in the developing cerebral cortex. Cereb. Cortex 25, 
3406–3419. doi: 10.1093/cercor/bhu156

Leoyklang, P., Suphapeetiporn, K., Siriwan, P., Desudchit, T., Chaowanapanja, P., 
Gahl, W. A., et al. (2007). Heterozygous nonsense mutation SATB2 associated with cleft 
palate, osteoporosis, and cognitive defects. Hum. Mutat. 28, 732–738. doi: 10.1002/
humu.20515

Leyva-Díaz, E., and Hobert, O. (2022). Robust regulatory architecture of pan-neuronal 
gene expression. Curr. Biol. 32, 1715–1727.e8. doi: 10.1016/j.cub.2022.02.040

Leyva-Díaz, E., and López-Bendito, G. (2013). In and out from the cortex: 
development of major forebrain connections. Neuroscience 254, 26–44. doi: 10.1016/j.
neuroscience.2013.08.070

Li, N., Zhao, C.-T., Wang, Y., and Yuan, X.-B. (2010). The transcription factor Cux1 
regulates dendritic morphology of cortical pyramidal neurons. PLoS One 5:e10596. doi: 
10.1371/journal.pone.0010596

Liedén, A., Kvarnung, M., Nilssson, D., Sahlin, E., and Lundberg, E. S. (2014). 
Intragenic duplication – a novel causative mechanism for SATB2-associated syndrome. 
Am. J. Med. Genet. A 164A, 3083–3087. doi: 10.1002/ajmg.a.36769

Lievens, P. M., Tufarelli, C., Donady, J. J., Stagg, A., and Neufeld, E. J. (1997). CASP, a 
novel, highly conserved alternative-splicing product of the CDP/cut/cux gene, lacks 
cut-repeat and homeo DNA-binding domains, and interacts with full-length CDP 
in vitro. Gene 197, 73–81. doi: 10.1016/s0378-1119(97)00243-6

Liu, J., Barnett, A., Neufeld, E. J., and Dudley, J. P. (1999). Homeoproteins CDP and 
SATB1 interact: potential for tissue-specific regulation. Mol. Cell. Biol. 19, 4918–4926. 
doi: 10.1128/MCB.19.7.4918

Liu, S., and Jack, J. (1992). Regulatory interactions and role in cell type specification 
of the Malpighian tubules by the cut, Krüppel, and caudal genes of Drosophila. Dev. Biol. 
150, 133–143. doi: 10.1016/0012-1606(92)90013-7

Liu, X., Shimada, T., Otowa, T., Wu, Y.-Y., Kawamura, Y., Tochigi, M., et al. (2016). 
Genome-wide association study of autism spectrum disorder in the East Asian 
populations. Autism Res. 9, 340–349. doi: 10.1002/aur.1536

Lowe, E. K., and Stolfi, A. (2018). Developmental system drift in motor ganglion 
patterning between distantly related tunicates. EvoDevo 9, 18–15. doi: 10.1186/
s13227-018-0107-0

Luo, W., and Skalnik, D. G. (1996). CCAAT displacement protein competes with 
multiple transcriptional activators for binding to four sites in the proximal gp91phox 
promoter. J. Biol. Chem. 271, 18203–18210. doi: 10.1074/jbc.271.30.18203

Madelaine, R., Sloan, S. A., Huber, N., Notwell, J. H., Leung, L. C., Skariah, G., et al. 
(2017). MicroRNA-9 couples brain neurogenesis and angiogenesis. Cell Rep. 20, 
1533–1542. doi: 10.1016/j.celrep.2017.07.051

Maestro, M. A., Boj, S. F., Luco, R. F., Pierreux, C. E., Cabedo, J., Servitja, J. M., et al. 
(2003). Hnf6 and Tcf2 (MODY5) are linked in a gene network operating in a precursor 
cell domain of the embryonic pancreas. Hum. Mol. Genet. 12, 3307–3314. doi: 10.1093/
hmg/ddg355

Magno, L., Asgarian, Z., Pendolino, V., Velona, T., Mackintosh, A., Lee, F., et al. (2021). 
Transient developmental imbalance of cortical interneuron subtypes presages long-term 
changes in behavior. Cell Rep. 35:109249. doi: 10.1016/j.celrep.2021.109249

Mailly, F., Bérubé, G., Harada, R., Mao, P. L., Phillips, S., and Nepveu, A. (1996). The 
human cut homeodomain protein can repress gene expression by two distinct 
mechanisms: active repression and competition for binding site occupancy. Mol. Cell. 
Biol. 16, 5346–5357. doi: 10.1128/MCB.16.10.5346

Maitra, U., Seo, J., Lozano, M. M., and Dudley, J. P. (2006). Differentiation-induced 
cleavage of Cutl1/CDP generates a novel dominant-negative isoform that regulates 
mammary gene expression. Mol. Cell. Biol. 26, 7466–7478. doi: 10.1128/MCB.01083-06

Margagliotti, S., Clotman, F., Pierreux, C. E., Beaudry, J.-B., Jacquemin, P., 
Rousseau, G. G., et al. (2007). The Onecut transcription factors HNF-6/OC-1 and OC-2 
regulate early liver expansion by controlling hepatoblast migration. Dev. Biol. 311, 
579–589. doi: 10.1016/j.ydbio.2007.09.013

McKenna, W. L., Ortiz-Londono, C. F., Mathew, T. K., Hoang, K., Katzman, S., and 
Chen, B. (2015). Mutual regulation between Satb2 and Fezf2 promotes subcerebral 
projection neuron identity in the developing cerebral cortex. Proc. Natl. Acad. Sci. 112, 
11702–11707. doi: 10.1073/pnas.1504144112

McKinnon, P. J. (2013). Maintaining genome stability in the nervous system. Nat. 
Neurosci. 16, 1523–1529. doi: 10.1038/nn.3537

Merkwirth, C., Jovaisaite, V., Durieux, J., Matilainen, O., Jordan, S. D., Quiros, P. M., 
et al. (2016). Two conserved histone demethylases regulate mitochondrial stress-induced 
longevity. Cells 165, 1209–1223. doi: 10.1016/j.cell.2016.04.012

Michl, P., Ramjaun, A. R., Pardo, O. E., Warne, P. H., Wagner, M., Poulsom, R., et al. 
(2005). CUTL1 is a target of TGF(beta) signaling that enhances cancer cell motility and 
invasiveness. Cancer Cell 7, 521–532. doi: 10.1016/j.ccr.2005.05.018

Molyneaux, B. J., Arlotta, P., Fame, R. M., MacDonald, J. L., MacQuarrie, K. L., 
MacQuarrie, K. L., et al. (2009). Novel subtype-specific genes identify distinct 
subpopulations of callosal projection neurons. J. Neurosci. 29, 12343–12354. doi: 
10.1523/JNEUROSCI.6108-08.2009

Moon, N. S., Bérubé, G., and Nepveu, A. (2000). CCAAT displacement activity 
involves CUT repeats 1 and 2, not the CUT homeodomain. J. Biol. Chem. 275, 
31325–31334. doi: 10.1074/jbc.M002912200

Naik, R., and Galande, S. (2019). SATB family chromatin organizers as master regulators 
of tumor progression. Oncogene 38, 1989–2004. doi: 10.1038/s41388-018-0541-4

Nakagomi, K., Kohwi, Y., Dickinson, L. A., and Kohwi-Shigematsu, T. (1994). A novel 
DNA-binding motif in the nuclear matrix attachment DNA-binding protein SATB1. 
Mol. Cell. Biol. 14, 1852–1860. doi: 10.1128/mcb.14.3.1852-1860.1994

Nakagoshi, H., Hoshi, M., Nabeshima, Y., and Matsuzaki, F. (1998). A novel homeobox 
gene mediates the Dpp signal to establish functional specificity within target cells. Genes 
Dev. 12, 2724–2734. doi: 10.1101/gad.12.17.2724

Nakao, K., Miyaaki, H., and Ichikawa, T. (2014). Antitumor function of microRNA-122 
against hepatocellular carcinoma. J. Gastroenterol. 49, 589–593. doi: 10.1007/
s00535-014-0932-4

Nakayama, Y., Mian, I. S., Kohwi-Shigematsu, T., and Ogawa, T. (2005). A nuclear 
targeting determinant for SATB1, a genome organizer in the T cell lineage. Cell Cycle 4, 
1099–1106.

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnmol.2017.00157
https://doi.org/10.1093/nar/gkh807
https://doi.org/10.1093/nar/gkh807
https://doi.org/10.1074/jbc.M116.735696
https://doi.org/10.1074/jbc.M116.735696
https://doi.org/10.1093/neuonc/nox178
https://doi.org/10.1371/journal.pgen.1005560
https://doi.org/10.1016/j.ydbio.2015.02.023
https://doi.org/10.1016/j.semcancer.2012.06.009
https://doi.org/10.1242/dev.00608
https://doi.org/10.1242/dev.00608
https://doi.org/10.1038/s41598-021-03930-4
https://doi.org/10.1038/ncb1516
https://doi.org/10.1038/ncb1516
https://doi.org/10.1074/jbc.273.22.13552
https://doi.org/10.1007/s10803-012-1653-2
https://doi.org/10.1006/dbio.2002.0636
https://doi.org/10.1006/dbio.2002.0636
https://doi.org/10.1111/cge.12698
https://doi.org/10.1073/pnas.93.18.9460
https://doi.org/10.1016/j.bbrc.2012.05.153
https://doi.org/10.1093/cercor/bhu156
https://doi.org/10.1002/humu.20515
https://doi.org/10.1002/humu.20515
https://doi.org/10.1016/j.cub.2022.02.040
https://doi.org/10.1016/j.neuroscience.2013.08.070
https://doi.org/10.1016/j.neuroscience.2013.08.070
https://doi.org/10.1371/journal.pone.0010596
https://doi.org/10.1002/ajmg.a.36769
https://doi.org/10.1016/s0378-1119(97)00243-6
https://doi.org/10.1128/MCB.19.7.4918
https://doi.org/10.1016/0012-1606(92)90013-7
https://doi.org/10.1002/aur.1536
https://doi.org/10.1186/s13227-018-0107-0
https://doi.org/10.1186/s13227-018-0107-0
https://doi.org/10.1074/jbc.271.30.18203
https://doi.org/10.1016/j.celrep.2017.07.051
https://doi.org/10.1093/hmg/ddg355
https://doi.org/10.1093/hmg/ddg355
https://doi.org/10.1016/j.celrep.2021.109249
https://doi.org/10.1128/MCB.16.10.5346
https://doi.org/10.1128/MCB.01083-06
https://doi.org/10.1016/j.ydbio.2007.09.013
https://doi.org/10.1073/pnas.1504144112
https://doi.org/10.1038/nn.3537
https://doi.org/10.1016/j.cell.2016.04.012
https://doi.org/10.1016/j.ccr.2005.05.018
https://doi.org/10.1523/JNEUROSCI.6108-08.2009
https://doi.org/10.1074/jbc.M002912200
https://doi.org/10.1038/s41388-018-0541-4
https://doi.org/10.1128/mcb.14.3.1852-1860.1994
https://doi.org/10.1101/gad.12.17.2724
https://doi.org/10.1007/s00535-014-0932-4
https://doi.org/10.1007/s00535-014-0932-4


Leyva-Díaz 10.3389/fncel.2023.1233830

Frontiers in Cellular Neuroscience 13 frontiersin.org

Neufeld, E. J., Skalnik, D. G., Lievens, P. M., and Orkin, S. H. (1992). Human CCAAT 
displacement protein is homologous to the Drosophila homeoprotein, cut. Nat. Genet. 
1, 50–55. doi: 10.1038/ng0492-50

Nguyen, D. N., Rohrbaugh, M., and Lai, Z. (2000). The Drosophila homolog of Onecut 
homeodomain proteins is a neural-specific transcriptional activator with a potential role 
in regulating neural differentiation. Mech. Dev. 97, 57–72. doi: 10.1016/
s0925-4773(00)00431-7

Nieto, M., Monuki, E. S., Monuki, E. S., Tang, H., Tang, H., Imitola, J., et al. (2004). 
Expression of Cux-1 and Cux-2 in the subventricular zone and upper layers II-IV of the 
cerebral cortex. J. Comp. Neurol. 479, 168–180. doi: 10.1002/cne.20322

Notani, D., Gottimukkala, K. P., Jayani, R. S., Limaye, A. S., Damle, M. V., Mehta, S., 
et al. (2010). Global regulator SATB1 recruits beta-catenin and regulates T(H)2 
differentiation in Wnt-dependent manner. PLoS Biol. 8:e1000296. doi: 10.1371/journal.
pbio.1000296

Otim, O., Amore, G., Minokawa, T., McClay, D. R., and Davidson, E. H. (2004). 
SpHnf6, a transcription factor that executes multiple functions in sea urchin 
embryogenesis. Dev. Biol. 273, 226–243. doi: 10.1016/j.ydbio.2004.05.033

Otim, O., Hinman, V. F., and Davidson, E. H. (2005). Expression of AmHNF6, a 
sea star orthologue of a transcription factor with multiple distinct roles in sea urchin 
development. Gene Expr. Patterns GEP 5, 381–386. doi: 10.1016/j.
modgep.2004.09.009

Ozawa, T., Fujii, K., Sudo, T., Doi, Y., Nakai, R., Shingai, Y., et al. (2022). Special AT-rich 
sequence-binding protein 1 supports survival and maturation of naive B cells stimulated by 
B cell receptors. J. Immunol. 208, 1937–1946. doi: 10.4049/jimmunol.2101097

Pal, R., Ramdzan, Z. M., Kaur, S., Duquette, P. M., Marcotte, R., Leduy, L., et al. (2015). 
CUX2 protein functions as an accessory factor in the repair of oxidative DNA damage. 
J. Biol. Chem. 290, 22520–22531. doi: 10.1074/jbc.M115.651042

Paolino, A., Fenlon, L. R., Kozulin, P., Haines, E., Lim, J. W. C., Richards, L. J., et al. 
(2020). Differential timing of a conserved transcriptional network underlies divergent 
cortical projection routes across mammalian brain evolution. Proc. Natl. Acad. Sci. 117, 
10554–10564. doi: 10.1073/pnas.1922422117

Paul, L. K., Paul, L. K., Brown, W. S., Brown, W. S., Adolphs, R., Adolphs, R., et al. 
(2007). Agenesis of the corpus callosum: genetic, developmental and functional aspects 
of connectivity. Nat. Rev. Neurosci. 8, 287–299. doi: 10.1038/nrn2107

Petreanu, L., Petreanu, L., Huber, D., Huber, D., Sobczyk, A., Sobczyk, A., et al. (2007). 
Channelrhodopsin-2-assisted circuit mapping of long-range callosal projections. Nat. 
Neurosci. 10, 663–668. doi: 10.1038/nn1891

Pezzotti, M. R., Locascio, A., Racioppi, C., Fucci, L., and Branno, M. (2014). Auto and 
cross regulatory elements control Onecut expression in the ascidian nervous system. 
Dev. Biol. 390, 273–287. doi: 10.1016/j.ydbio.2014.03.011

Pierreux, C. E., Poll, A. V., Kemp, C. R., Clotman, F., Maestro, M. A., Cordi, S., et al. 
(2006). The transcription factor hepatocyte nuclear factor-6 controls the development 
of pancreatic ducts in the mouse. Gastroenterology 130, 532–541. doi: 10.1053/j.
gastro.2005.12.005

Platzer, K., Cogné, B., Hague, J., Marcelis, C. L., Mitter, D., Oberndorff, K., et al. 
(2018). Haploinsufficiency of CUX1 causes nonsyndromic global developmental delay 
with possible catch-up development. Ann. Neurol. 84, 200–207. doi: 10.1002/
ana.25278

Poll, A. V., Pierreux, C. E., Lokmane, L., Haumaitre, C., Achouri, Y., Jacquemin, P., 
et al. (2006). A vHNF1/TCF2-HNF6 cascade regulates the transcription factor network 
that controls generation of pancreatic precursor cells. Diabetes 55, 61–69.

Poustka, A. J., Kühn, A., Radosavljevic, V., Wellenreuther, R., Lehrach, H., and 
Panopoulou, G. (2004). On the origin of the chordate central nervous system: expression 
of onecut in the sea urchin embryo. Evol. Dev. 6, 227–236. doi: 
10.1111/j.1525-142X.2004.04028.x

Ramdzan, Z. M., and Nepveu, A. (2014). CUX1, a haploinsufficient tumour suppressor 
gene overexpressed in advanced cancers. Nat. Publ. Group 14, 673–682. doi: 10.1038/
nrc3805

Ramdzan, Z. M., Vadnais, C., Pal, R., Vandal, G., Cadieux, C., Leduy, L., et al. (2014). 
RAS transformation requires CUX1-dependent repair of oxidative DNA damage. PLoS 
Biol. 12:e1001807. doi: 10.1371/journal.pbio.1001807

Ramdzan, Z. M., Vickridge, E., Faraco, C. C. F., and Nepveu, A. (2021a). CUT domain 
proteins in DNA repair and cancer. Cancers 13:2953. doi: 10.3390/cancers13122953

Ramdzan, Z. M., Vickridge, E., Li, L., Faraco, C. C. F., Djerir, B., Leduy, L., et al. 
(2021b). CUT domains stimulate pol β enzymatic activities to accelerate completion of 
base excision repair. J. Mol. Biol. 433:166806. doi: 10.1016/j.jmb.2020.166806

Reilly, M. B., Cros, C., Varol, E., Yemini, E., and Hobert, O. (2020). Unique homeobox 
codes delineate all the neuron classes of C. elegans. Nature 584, 595–601. doi: 10.1038/
s41586-020-2618-9

Ripka, S., Neesse, A., Riedel, J., Bug, E., Aigner, A., Poulsom, R., et al. (2010). CUX1: 
target of Akt signalling and mediator of resistance to apoptosis in pancreatic cancer. Gut 
59, 1101–1110. doi: 10.1136/gut.2009.189720

Rodríguez-Tornos, F. M., Briz, C. G., Weiss, L. A., Sebastián-Serrano, A., Ares, S., 
Navarrete, M., et al. (2016). Cux1 enables interhemispheric connections of layer II/III 
neurons by regulating Kv1-dependent firing. Neuron 89, 494–506. doi: 10.1016/j.
neuron.2015.12.020

Rong Zeng, W., Soucie, E., Sung Moon, N., Martin-Soudant, N., Bérubé, G., Leduy, L., 
et al. (2000). Exon/intron structure and alternative transcripts of the CUTL1 gene. Gene 
241, 75–85. doi: 10.1016/s0378-1119(99)00465-5

Rosenfeld, J. A., Ballif, B. C., Lucas, A., Spence, E. J., Powell, C., Aylsworth, A. S., et al. 
(2009). Small deletions of SATB2 cause some of the clinical features of the 2q33.1 
microdeletion syndrome. PLoS One 4:e6568. doi: 10.1371/journal.pone.0006568

Roy, A., Francius, C., Rousso, D. L., Seuntjens, E., Debruyn, J., Luxenhofer, G., et al. 
(2012). Onecut transcription factors act upstream of Isl1 to regulate spinal motoneuron 
diversification. Development 139, 3109–3119. doi: 10.1242/dev.078501

Samadani, U., and Costa, R. H. (1996). The transcriptional activator hepatocyte 
nuclear factor 6 regulates liver gene expression. Mol. Cell. Biol. 16, 6273–6284. doi: 
10.1128/MCB.16.11.6273

Sansregret, L., Goulet, B., Harada, R., Wilson, B., Leduy, L., Bertoglio, J., et al. (2006). 
The p110 isoform of the CDP/Cux transcription factor accelerates entry into S phase. 
Mol. Cell. Biol. 26, 2441–2455. doi: 10.1128/MCB.26.6.2441-2455.2006

Sansregret, L., and Nepveu, A. (2008). The multiple roles of CUX1: insights from 
mouse models and cell-based assays. Gene 412, 84–94. doi: 10.1016/j.gene.2008.01.017

Sansregret, L., Vadnais, C., Livingstone, J., Kwiatkowski, N., Awan, A., Cadieux, C., 
et al. (2011). Cut homeobox 1 causes chromosomal instability by promoting bipolar 
division after cytokinesis failure. Proc. Natl. Acad. Sci. 108, 1949–1954. doi: 10.1073/
pnas.1008403108

Sapkota, D., Chintala, H., Wu, F., Fliesler, S. J., Hu, Z., and Mu, X. (2014). Onecut1 and 
Onecut2 redundantly regulate early retinal cell fates during development. Proc. Natl. 
Acad. Sci. 111, E4086–E4095. doi: 10.1073/pnas.1405354111

Sarrazin, S., d'Albis, M.-A., McDonald, C., Linke, J., Wessa, M., Phillips, M., et al. 
(2015). Corpus callosum area in patients with bipolar disorder with and without 
psychotic features: an international multicentre study. J. Psychiatr. Neurosci. 40, 352–359. 
doi: 10.1503/jpn.140262

Sarrazin, S., Poupon, C., Linke, J., Wessa, M., Phillips, M., Delavest, M., et al. (2014). 
A multicenter tractography study of deep white matter tracts in bipolar I disorder: 
psychotic features and interhemispheric disconnectivity. JAMA Psychiat. 71, 388–396. 
doi: 10.1001/jamapsychiatry.2013.4513

Sasakura, Y., and Makabe, K. W. (2001). A gene encoding a new ONECUT class 
homeodomain protein in the ascidian Halocynthia roretzi functions in the 
differentiation and specification of neural cells in ascidian embryogenesis. Mech. Dev. 
104, 37–48. doi: 10.1016/s0925-4773(01)00352-5

Savarese, F., Dávila, A., Nechanitzky, R., Rosa-Velazquez, L., De, I., Pereira, C. F., et al. 
(2009). Satb1 and Satb2 regulate embryonic stem cell differentiation and Nanog 
expression. Genes Dev. 23, 2625–2638. doi: 10.1101/gad.1815709

Shao, L.-W., Peng, Q., Dong, M., Gao, K., Li, Y., Li, Y., et al. (2020). Histone deacetylase 
HDA-1 modulates mitochondrial stress response and longevity. Nat. Commun. 11, 
4639–4612. doi: 10.1038/s41467-020-18501-w

Sinclair, A. M., Lee, J. A., Goldstein, A., Xing, D., Liu, S., Ju, R., et al. (2001). Lymphoid 
apoptosis and myeloid hyperplasia in CCAAT displacement protein mutant mice. Blood 
98, 3658–3667. doi: 10.1182/blood.v98.13.3658

Smidt, M. P., and Burbach, J. P. H. (2007). How to make a mesodiencephalic 
dopaminergic neuron. Nat. Rev. Neurosci. 8, 21–32. doi: 10.1038/nrn2039

Spilianakis, C. G., Lalioti, M. D., Town, T., Lee, G. R., and Flavell, R. A. (2005). 
Interchromosomal associations between alternatively expressed loci. Nature 435, 
637–645. doi: 10.1038/nature03574

Stam, F. J., Hendricks, T. J., Zhang, J., Geiman, E. J., Francius, C., Labosky, P. A., et al. 
(2012). Renshaw cell interneuron specialization is controlled by a temporally restricted 
transcription factor program. Development 139, 179–190. doi: 10.1242/dev.071134

Stünkel, W., Huang, Z., Tan, S. H., O'Connor, M. J., and Bernard, H. U. (2000). Nuclear 
matrix attachment regions of human papillomavirus type 16 repress or activate the E6 
promoter, depending on the physical state of the viral DNA. J. Virol. 74, 2489–2501. doi: 
10.1128/jvi.74.6.2489-2501.2000

Suzuki, T., Tatsukawa, T., Sudo, G., Delandre, C., Pai, Y. J., Miyamoto, H., et al. (2022). 
CUX2 deficiency causes facilitation of excitatory synaptic transmission onto 
hippocampus and increased seizure susceptibility to kainate. Sci. Rep. 12, 6505–6511. 
doi: 10.1038/s41598-022-10715-w

Szemes, M., Szemes, M., Gyorgy, A., Gyorgy, A., Paweletz, C., Paweletz, C., et al. 
(2006). Isolation and characterization of SATB2, a novel AT-rich DNA binding protein 
expressed in development- and cell-specific manner in the rat brain. Neurochem. Res. 
31, 237–246. doi: 10.1007/s11064-005-9012-8

Takatori, N., and Saiga, H. (2008). Evolution of CUT class homeobox genes: insights 
from the genome of the amphioxus, Branchiostoma floridae. Int. J. Dev. Biol. 52, 969–977. 
doi: 10.1387/ijdb.072541nt

Truscott, M., Denault, J.-B., Goulet, B., Leduy, L., Salvesen, G. S., and Nepveu, A. 
(2007). Carboxyl-terminal proteolytic processing of CUX1 by a caspase enables 
transcriptional activation in proliferating cells. J. Biol. Chem. 282, 30216–30226. doi: 
10.1074/jbc.M702328200

Truscott, M., Raynal, L., Wang, Y., Bérubé, G., Leduy, L., and Nepveu, A. (2004). The 
N-terminal region of the CCAAT displacement protein (CDP)/Cux transcription factor 
functions as an autoinhibitory domain that modulates DNA binding. J. Biol. Chem. 279, 
49787–49794. doi: 10.1074/jbc.M409484200

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/ng0492-50
https://doi.org/10.1016/s0925-4773(00)00431-7
https://doi.org/10.1016/s0925-4773(00)00431-7
https://doi.org/10.1002/cne.20322
https://doi.org/10.1371/journal.pbio.1000296
https://doi.org/10.1371/journal.pbio.1000296
https://doi.org/10.1016/j.ydbio.2004.05.033
https://doi.org/10.1016/j.modgep.2004.09.009
https://doi.org/10.1016/j.modgep.2004.09.009
https://doi.org/10.4049/jimmunol.2101097
https://doi.org/10.1074/jbc.M115.651042
https://doi.org/10.1073/pnas.1922422117
https://doi.org/10.1038/nrn2107
https://doi.org/10.1038/nn1891
https://doi.org/10.1016/j.ydbio.2014.03.011
https://doi.org/10.1053/j.gastro.2005.12.005
https://doi.org/10.1053/j.gastro.2005.12.005
https://doi.org/10.1002/ana.25278
https://doi.org/10.1002/ana.25278
https://doi.org/10.1111/j.1525-142X.2004.04028.x
https://doi.org/10.1038/nrc3805
https://doi.org/10.1038/nrc3805
https://doi.org/10.1371/journal.pbio.1001807
https://doi.org/10.3390/cancers13122953
https://doi.org/10.1016/j.jmb.2020.166806
https://doi.org/10.1038/s41586-020-2618-9
https://doi.org/10.1038/s41586-020-2618-9
https://doi.org/10.1136/gut.2009.189720
https://doi.org/10.1016/j.neuron.2015.12.020
https://doi.org/10.1016/j.neuron.2015.12.020
https://doi.org/10.1016/s0378-1119(99)00465-5
https://doi.org/10.1371/journal.pone.0006568
https://doi.org/10.1242/dev.078501
https://doi.org/10.1128/MCB.16.11.6273
https://doi.org/10.1128/MCB.26.6.2441-2455.2006
https://doi.org/10.1016/j.gene.2008.01.017
https://doi.org/10.1073/pnas.1008403108
https://doi.org/10.1073/pnas.1008403108
https://doi.org/10.1073/pnas.1405354111
https://doi.org/10.1503/jpn.140262
https://doi.org/10.1001/jamapsychiatry.2013.4513
https://doi.org/10.1016/s0925-4773(01)00352-5
https://doi.org/10.1101/gad.1815709
https://doi.org/10.1038/s41467-020-18501-w
https://doi.org/10.1182/blood.v98.13.3658
https://doi.org/10.1038/nrn2039
https://doi.org/10.1038/nature03574
https://doi.org/10.1242/dev.071134
https://doi.org/10.1128/jvi.74.6.2489-2501.2000
https://doi.org/10.1038/s41598-022-10715-w
https://doi.org/10.1007/s11064-005-9012-8
https://doi.org/10.1387/ijdb.072541nt
https://doi.org/10.1074/jbc.M702328200
https://doi.org/10.1074/jbc.M409484200


Leyva-Díaz 10.3389/fncel.2023.1233830

Frontiers in Cellular Neuroscience 14 frontiersin.org

Vadnais, C., Davoudi, S., Afshin, M., Harada, R., Dudley, R., Clermont, P.-L., et al. 
(2012). CUX1 transcription factor is required for optimal ATM/ATR-mediated 
responses to DNA damage. Nucleic Acids Res. 40, 4483–4495. doi: 10.1093/nar/gks041

van der Raadt, J., van Gestel, S. H. C., Nadif Kasri, N., and Albers, C. A. (2019). 
ONECUT transcription factors induce neuronal characteristics and remodel chromatin 
accessibility. Nucleic Acids Res. 47, 5587–5602. doi: 10.1093/nar/gkz273

Vanhorenbeeck, V., Jacquemin, P., Lemaigre, F. P., and Rousseau, G. G. (2002). OC-3, 
a novel mammalian member of the ONECUT class of transcription factors. Biochem. 
Biophys. Res. Commun. 292, 848–854. doi: 10.1006/bbrc.2002.6760

Vanhorenbeeck, V., Jenny, M., Cornut, J.-F., Gradwohl, G., Lemaigre, F. P., 
Rousseau, G. G., et al. (2007). Role of the Onecut transcription factors in pancreas 
morphogenesis and in pancreatic and enteric endocrine differentiation. Dev. Biol. 305, 
685–694. doi: 10.1016/j.ydbio.2007.02.027

Vassalli, Q. A., Colantuono, C., Nittoli, V., Ferraioli, A., Fasano, G., Berruto, F., et al. 
(2021). Onecut regulates core components of the molecular machinery for 
neurotransmission in photoreceptor differentiation. Front. Cell Develop. Biol. 9:602450. 
doi: 10.3389/fcell.2021.602450

Velasco, S., Ibrahim, M. M., Kakumanu, A., Garipler, G., Aydin, B., Al-Sayegh, M. A., 
et al. (2017). A multi-step transcriptional and chromatin state cascade underlies motor 
neuron programming from embryonic stem cells. Cell Stem Cell 20, 205–217.e8. doi: 
10.1016/j.stem.2016.11.006

Wada, S., Tokuoka, M., Shoguchi, E., Kobayashi, K., Di Gregorio, A., Spagnuolo, A., 
et al. (2003). A genomewide survey of developmentally relevant genes in Ciona 
intestinalis. II. Genes for homeobox transcription factors. Dev. Genes Evol. 213, 222–234. 
doi: 10.1007/s00427-003-0321-0

Wang, Z., Yang, X., Guo, S., Yang, Y., Su, X.-C., Shen, Y., et al. (2014). Crystal structure 
of the ubiquitin-like domain-CUT repeat-like tandem of special AT-rich sequence 
binding protein 1 (SATB1) reveals a coordinating DNA-binding mechanism. J. Biol. 
Chem. 289, 27376–27385. doi: 10.1074/jbc.M114.562314

Weiss, L. A., and Nieto, M. (2019). The crux of Cux genes in neuronal function and 
plasticity. Brain Res. 1705, 32–42. doi: 10.1016/j.brainres.2018.02.044

Weissman, L., Jo, D.-G., Sørensen, M. M., de Souza-Pinto, N. C., Markesbery, W. R., 
Mattson, M. P., et al. (2007). Defective DNA base excision repair in brain from 
individuals with Alzheimer's disease and amnestic mild cognitive impairment. Nucleic 
Acids Res. 35, 5545–5555. doi: 10.1093/nar/gkm605

Wen, J., Huang, S., Rogers, H., Dickinson, L. A., Kohwi-Shigematsu, T., and 
Noguchi, C. T. (2005). SATB1 family protein expressed during early erythroid 
differentiation modifies globin gene expression. Blood 105, 3330–3339. doi: 10.1182/
blood-2004-08-2988

Whitton, L., Cosgrove, D., Clarkson, C., Harold, D., Kendall, K., Richards, A., et al. 
(2016). Cognitive analysis of schizophrenia risk genes that function as epigenetic 
regulators of gene expression. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 171, 
1170–1179. doi: 10.1002/ajmg.b.32503

Will, B., Vogler, T. O., Bartholdy, B., Garrett-Bakelman, F., Mayer, J., Barreyro, L., et al. 
(2013). Satb1 regulates the self-renewal of hematopoietic stem cells by promoting 
quiescence and repressing differentiation commitment. Nat. Immunol. 14, 437–445. doi: 
10.1038/ni.2572

Wong, C. C., Martincorena, I., Rust, A. G., Rashid, M., Alifrangis, C., Alexandrov, L. B., 
et al. (2014). Inactivating CUX1 mutations promote tumorigenesis. Nat. Genet. 46, 
33–38. doi: 10.1038/ng.2846

Wu, F., Sapkota, D., Li, R., and Mu, X. (2012). Onecut 1 and Onecut 2 are potential 
regulators of mouse retinal development. J. Comp. Neurol. 520, 952–969. doi: 10.1002/
cne.22741

Yamasaki, K., Akiba, T., Yamasaki, T., and Harata, K. (2007). Structural basis for 
recognition of the matrix attachment region of DNA by transcription factor SATB1. 
Nucleic Acids Res. 35, 5073–5084. doi: 10.1093/nar/gkm504

Yasui, D., Miyano, M., Cai, S., Varga-Weisz, P., and Kohwi-Shigematsu, T. (2002). 
SATB1 targets chromatin remodelling to regulate genes over long distances. Nature 419, 
641–645. doi: 10.1038/nature01084

Yuan, J., Lei, Z.-N., Wang, X., Deng, Y.-J., and Chen, D.-B. (2015). Interaction 
between Oc-1 and Lmx1a promotes ventral midbrain dopamine neural stem cells 
differentiation into dopamine neurons. Brain Res. 1608, 40–50. doi: 10.1016/j.
brainres.2015.02.046

Yuan, X.-W., Wang, D.-M., Hu, Y., Tang, Y.-N., Shi, W.-W., Guo, X.-J., et al. (2013). 
Hepatocyte nuclear factor 6 suppresses the migration and invasive growth of lung cancer 
cells through p53 and the inhibition of epithelial-mesenchymal transition. J. Biol. Chem. 
288, 31206–31216. doi: 10.1074/jbc.M113.480285

Zhang, H., Ables, E. T., Pope, C. F., Washington, M. K., Hipkens, S., Means, A. L., et al. 
(2009). Multiple, temporal-specific roles for HNF6 in pancreatic endocrine and ductal 
differentiation. Mech. Dev. 126, 958–973. doi: 10.1016/j.mod.2009.09.006

Zhang, F., Li, F., Chen, F., Huang, J., Luo, Q., Du, X., et al. (2022). Novel variant 
expands the clinical spectrum of CUX2-associated developmental and epileptic 
encephalopathies. Front. Genet. 13:808181. doi: 10.3389/fgene.2022.808181

Zhang, L., Song, N.-N., Chen, J.-Y., Huang, Y., Li, H., and Ding, Y.-Q. (2012). Satb2 is 
required for dendritic arborization and soma spacing in mouse cerebral cortex. Cereb. 
Cortex 22, 1510–1519. doi: 10.1093/cercor/bhr215

Zheng, M., Xing, W., Liu, Y., Li, M., and Zhou, H. (2017). Tetramerization of SATB1 
is essential for regulating of gene expression. Mol. Cell. Biochem. 430, 171–178. doi: 
10.1007/s11010-017-2964-6

Zhou, Z., Fan, Y., Zong, R., and Tan, K. (2022). The mitochondrial unfolded protein 
response: a multitasking giant in the fight against human diseases. Ageing Res. Rev. 
81:101702. doi: 10.1016/j.arr.2022.101702

Zimmer, C., Tiveron, M.-C., Bodmer, R., and Cremer, H. (2004). Dynamics of Cux2 
expression suggests that an early pool of SVZ precursors is fated to become upper 
cortical layer neurons. Cereb. Cortex 14, 1408–1420. doi: 10.1093/cercor/bhh102

https://doi.org/10.3389/fncel.2023.1233830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1093/nar/gks041
https://doi.org/10.1093/nar/gkz273
https://doi.org/10.1006/bbrc.2002.6760
https://doi.org/10.1016/j.ydbio.2007.02.027
https://doi.org/10.3389/fcell.2021.602450
https://doi.org/10.1016/j.stem.2016.11.006
https://doi.org/10.1007/s00427-003-0321-0
https://doi.org/10.1074/jbc.M114.562314
https://doi.org/10.1016/j.brainres.2018.02.044
https://doi.org/10.1093/nar/gkm605
https://doi.org/10.1182/blood-2004-08-2988
https://doi.org/10.1182/blood-2004-08-2988
https://doi.org/10.1002/ajmg.b.32503
https://doi.org/10.1038/ni.2572
https://doi.org/10.1038/ng.2846
https://doi.org/10.1002/cne.22741
https://doi.org/10.1002/cne.22741
https://doi.org/10.1093/nar/gkm504
https://doi.org/10.1038/nature01084
https://doi.org/10.1016/j.brainres.2015.02.046
https://doi.org/10.1016/j.brainres.2015.02.046
https://doi.org/10.1074/jbc.M113.480285
https://doi.org/10.1016/j.mod.2009.09.006
https://doi.org/10.3389/fgene.2022.808181
https://doi.org/10.1093/cercor/bhr215
https://doi.org/10.1007/s11010-017-2964-6
https://doi.org/10.1016/j.arr.2022.101702
https://doi.org/10.1093/cercor/bhh102

	CUT homeobox genes: transcriptional regulation of neuronal specification and beyond
	1. Introduction: discovery and classification of CUT homeobox genes
	2. Expression patterns of CUT homeobox genes
	3. CUT homeobox genes define the upper cortical layers
	4. Onecut genes control neuronal specification throughout the nervous system
	5. CUT homeobox genes regulate pan-neuronal gene expression
	6. Multifaceted functions of CUT homeobox genes in non-neuronal cells
	7. Beyond classic transcriptional regulation: SATB factors as architects of chromatin structure
	8. Beyond classic transcriptional regulation: CUX isoforms and DNA repair
	9. CUT homeobox genes in human disease
	10. Evolutionary dynamics of the CUT homeobox gene class
	11. Conclusion
	Author contributions

	References

