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Abstract
The so-called Yaf9, ENL, AF9, Taf14, and Sas5 (YEATS) domain-containing proteins, hereafter referred to as YD proteins,
take control over the transcription by multiple steps of regulation either involving epigenetic remodelling of chromatin or
guiding the processivity of RNA polymerase II to facilitate elongation-coupled mRNA 3′ processing. Interestingly, an increasing amount of evidence suggest a wider repertoire of YD protein’s functions spanning from non-coding RNA regulation,
RNA-binding proteins networking, post-translational regulation of a few signalling transduction proteins and the spindle pole
formation. However, such a large set of non-canonical roles is still poorly characterized. Notably, four paralogous of human
YEATS domain family members, namely eleven-nineteen-leukaemia (ENL), ALL1-fused gene from chromosome 9 protein
(AF9), YEATS2 and glioma amplified sequence 41 (GAS41), have a strong link to cancer yet new findings also highlight
a potential novel role in neurological diseases. Here, in an attempt to more comprehensively understand the complexity of
four YD proteins and to gain more insight into the novel functions they may accomplish in the neurons, we summarized the
YD protein’s networks, systematically searched and reviewed the YD genetic variants associated with neurodevelopmental
disorders and finally interrogated the model organism Drosophila melanogaster.
Keywords YEATS domain · Epigenetic regulation · Neurological diseases · Drosophila melanogaster

Introduction
Cells deploy a multitude of different transcriptional regulatory proteins and orchestrate them to accomplish the fine
regulation of gene expression. Due to the packaging of DNA

into chromatin, the activity of an array of diverse remodellers with the ability to read and write the specific histone
marks (i.e. methylation, acetylation, and others) is required
to restructure nucleosomes and thus regulate the dynamic
access of transcriptional factors to DNA.
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Bromodomain (BRD) has long been thought to be the
sole protein module that specifically recognises acetyl-lysine
motifs which are enriched in transcriptionally active chromatin [1]. However, it is now clear that also the Yaf9 ENL AF9
Taf14, and Sas5 (YEATS) domain of the so-called YEATS
domain containing (YD) proteins, specifically binds to
acetylated histone H3 lysine 9/18/27 marks (H3K9/18/27ac)
and varies from BRD for its additional ability to read nonacetyl acylation of histone lysine, including crotonylation,
butyrylation, propionylation [2–13].
The YEATS domain is highly conserved in more than
100 proteins from over 50 organisms, with eleven-nineteenleukaemia (ENL), ALL1-fused gene from chromosome 9
protein (AF9) and glioma amplified sequence 41 (GAS41)
(also known as mixed-lineage leukaemia translocated to 1
(MLLT1), MLLT3 and YEATS4, respectively) being the
best characterized in humans [14, 15]. Notably, the aromatic
sandwich pocket in the YEATS domain of YEATS2, another
human YD protein, is unique among others in terms of the
pocket residues and aromatic stacking contributing substantially to its preferential acyl-lysine readout [6, 16].
Overall, the YD proteins involve diverse fundamental
steps of gene transcription regulation serving not only as
epigenetic marks readers but also as a hub of transcriptionally active chromatin for multiple transcriptional regulators, including the histone-lysine N-methyltransferase, H3
lysine-79 specific (DOT1L) as well as a few complexes such
as the ALL1-fused gene from chromosome 4 protein (AF4),
ENL, positive transcription elongation factor (P-TEFb)
also known as AEP complex and the Polycomb repressive
complex 1 (PRC1) [17–19]. Moreover, much evidence also
pointed out the mechanistic roles of YD proteins in regulating gene transcription by driving the assembly and modulating the function of Super Elongation Complex (SEC) among
others [20].
Given such a critical role in transcription regulation, it is
not surprising that human YEATS domain family members
have a strong link to cancer. For instance, GAS41 is amplified in glioblastoma and astrocytoma and either ENL or AF9
is known to be the most frequent translocation partner of the
mixed lineage leukaemia (MLL) gene [21–23]. However,
new evidence yet largely unexplored may link a loss of function of the YD proteins to abnormal neuronal differentiation,
thus suggesting a role also in neurological diseases [24].
Here, we summarized the major contribution of YD proteins in gene transcription and discussed their emerging roles
with a particular emphasis on the functions that the YD proteins may accomplish in neurons. We aimed to create a novel
framework that can help to understand the complexity of YD
proteins more comprehensively. To gain more insight into
such a novel paradigm of regulation, we also interrogated
the model organism Drosophila melanogaster which the
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dysfunction of a few YD orthologs also suggests a similar
novel link to neurological disorders.

Functions of YD proteins in epigenetic
regulation
The YD protein serves as a histone acylated reader of various chromatin remodelling complex, thereby playing a role
in regulating gene expression at the chromatin level. Four
YD paralogous in humans, namely ENL, AF9, YEATS2,
and GAS41, not only prefer distinct histone lysine positions
but also reside in different chromatin associated complexes,
consequently inferring their impact on subsequent epigenetic
changes responsible for chromatin accessibility.
Upon binding with specific monoacetylated histone H3
via the YEATS domain, the C-terminal domain (CTD) of
ENL, AF9, and YEATS2 interacts with partner proteins
belonging to histone-modifying complexes that function to
open the chromatin. ENL and AF9 form distinct Dot1L-containing multisubunit complex (DotCom) through the association with the histone methyltransferase DOT1L, which in
turn methylates the histone H3K79 to induce local chromatin opening and sustain transcription (Fig. 1a) [10, 25]. In
contrast, YEATS2 prompts gene transcription activation by
the recruitment of the conserved histone acetyltransferase
(HAT) complex named Ada-two-A-containing (ATAC)
complex that is capable to regulate histone acetylation and
maintain an active chromatin state (Fig. 1b) [10, 11, 25, 26]
The ENL/AF9-targeted gene regulation has also been
linked to a multisubunit complex involved in chromatin compaction named PRC1. In response to DNA damage, either
ENL or AF9 is phosphorylated at a well-conserved SQ site
by the master kinase Ataxia-telangiectasia mutated (ATM).
The modified ENL/AF9 next recruits PRC1 onto H2A and
guides the ubiquitylation of H2A to induce transcriptional
repression and DNA repair (Fig. 1c) [27, 28].
Distinct from other YD paralogous that modified histone
tails, GAS41 has been described as a common component of
the SNF2-related CBP activator protein (SRCAP)-contained
remodelling complex, termed SRCAP complex and 60 kDa
Tat-interactive protein/E1A-binding protein p400 (TIP60/
p400) which are the complexes with abilities to control H2A
histone exchange (Fig. 1d). The Gas41-mediated H2A.Z
deposition regulates chromatin dynamics and contributes
to either active or repressive transcription, depending on
its location in specific chromatin regions (Fig. 1d) [12, 29,
30]. Moreover, GAS41 is likely the only YD protein that
forms homodimer via the C-terminal coiled-coil domain and
its YEATS domain can recognise the diacyl-lysine histone
marks (Fig. 1e) [31], implying the specific targeted genes
and unique biological functions of Gas41. Nevertheless,
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Fig. 1  Functions of YD proteins in epigenetic regulation. a Either
ENL or AF9 (ENL/AF9) recognises the modified histone H3 tails
via the well conserved YEATS domain and its C-terminal ANC1
Homology Domain (AHD) interacts with AF10 and histone methyltransferase DOT1L, which the latter eventually methylates the
histone H3 to induce local chromatin opening. b YEATS2 serves
as a selective histone reader of conserved histone acetyltransferase
(HAT) complexes, named the Ada-two-A-containing (ATAC) complex that contains the transcriptional cofactors GCN5, TADA2A,
ADA3, and ZZZ3. The recognition of specific histone marks by its
YEATS domain is needed to recruit the ATAC complex to the chromatin and maintain ATAC-mediated histone H3 acetylation. c The
ATM kinase phosphorylates ENL/AF9 at SQ site in response to
DNA damage. This phosphorylation prompts ENL/AF9 to interact
with BMI1 (a subunit of PRC1 complex that also contains RINGB
and CBX8) and recruits the PRC1 complex to ubiquitinate histone
H2A, leading to the closed, inactive chromatin. d GAS41 resides in
either TIP60/p400 or SRCAP complexes that control the gene expres-

sion by exchanging the canonical histone H2A for the H2A.Z variant in specific chromatin regions. e GAS41 can form homodimer via
the C-terminal coiled-coil domain and its YEATS domain recognises
the diacyl-lysine histone H3 marks. f The ENL YEATS domain interacts with MOZ HAT complex that acetylates the histone H3 at the
promotor of actively transcribed genes. g Polymerase-associated factor 1 (PAF1), a component of a promoter associating factor complex
(PAFc), mechanistically competes with acetylated histone H3 in binding with the YEATS domain of ENL. This association contributes to
the hypo-ubiquitylation of histone H2A and hyper-ubiquitylation of
H2B, then overcoming PRC1-induced transcriptional repression and
inducing the opening of chromatin, respectively. h By binding with
the C-terminal catalytic domain of 5-methylcytosine (5mC) dioxygenase TET2, AF9 recruits TET2 to occupy the C-rich DNA regions
and converse 5mC to 5-hydroxymethylcytosine (5hmC), subsequently
allowing the specific targeted gene activation. The figure was created
using ©BioRender (https://biorender.com)

whether this complex is required for gene activation is still
not clear.
Although the YEATS domain has a preference for certain
histone H3 acylation, a few pieces of evidence showed that
it retains some acyl-lysine independent binding abilities that
enhance the YD functions as positive regulators of transcription. Recently, the YEATS domain of ENL has been reported
to interact with the HAT complex monocytic leukaemia zinc
finger protein (MOZ) and the polymerase-associated factor 1
(PAF1) (Fig. 1f, g) [32–34]. In particular, it was shown that
the association between the ENL YEATS domain and PAF1
contributes to either hypo or hyper-ubiquitylation of histone
H2A and H2B (Fig. 1g), respectively, and has two profound
effects on gene transcription by increasing the accessibility of chromatin to transcriptional factors and by inhibiting
PRC1-induced transcriptional repression [35–37]. These

findings add to the evidence on the functions of YD protein
in terms of chromatin remodellers and illustrate the antirepressive properties of ENL that contribute to transcription
activation in an acetyl/acyl-lysine independent manner.
Remarkably, AF9 is also capable of physically interacting
with the carboxyterminal catalytic domain of Tet Methylcytosine Dioxygenase 2 (TET2) through its CTD [24], thus
serving not only as histone modifier but also to methylate
DNA (Fig. 1h). Mechanistically, AF9 interacts and guides
TET2 to specific gene loci where a conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) eventually triggers the activation of an array of targeted genes
[24]. Such evidence provides additional context for the
epigenetic regulatory functions of the YD protein, beyond
the well-described mechanisms mainly related to histone
modification.
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Functions of YD proteins in the context
of general transcription machinery
The chromatin remodelling is an intrinsic process towards
the regulation of gene expression that factors involving the
nucleosome dynamics are naturally linked to the activity
of transcription machinery. Likewise, YD proteins often
function as a bridge between chromatin remodellers and
transcriptional factors; thus the gene expression regulation of their targets can be seen as result of a joined action
of epigenetic mark’s reading and RNA polymerase II
(RNAPII) processivity. Just for simplicity, in this chapter,
we summarized a few of YD proteins’ activities that seem
to mainly occur in the context of the general transcription
machinery.
Recent findings have shown that an intrinsically disordered region of ENL triggers the liquid–liquid phase
separation (LLPS) of P-TEFb (Fig. 2a), thus permitting the
rapid assembly and action of the SEC (Fig. 2b) [38]. Similar to ENL, the YEATS domain of AF9 is capable of binding to a promoter associating factor complex (PAFc) in a
fashion that recruits SEC on elongating Pol II (RNAPII)

Fig. 2  Functions of YD proteins in the context of the general transcription machinery. a ENL guides the liquid–liquid phase separation
(LLPS) of the positive transcription elongation factor b (P-TEFb),
consisting of CDK9 and cyclin T, to form the super elongation complex (SEC) that also contains AFF4 and ELL2. b As a part of SEC,
P-TEFb phosphorylates negative elongation factor (NELF), DRB sensitivity-inducing factor (DSIF) and the C-terminal domain (CTD) of
RNA polymerase II (RNAPII) at serine 2. Under these phosphorylation events, NELF loses its ability to interact with RNAPII and DSIF
becomes a positive elongation factor, thereby promoting the release
of paused RNAPII into productive elongation. Besides, either ENL
or AF9 (ENL/AF9) bind to a subunit of promoter associating factor
complex (PAFc) PAF1 via its YEATS domain in a mutually exclusive
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at a specific chromatin template (Fig. 2b) [20]. Therefore,
both ENL and AF9 drive the positioning of SEC next to
RNAPII and allow SEC to synergistically stimulate the
processivity of RNAPII, thus facilitating elongation-coupled mRNA 3′ processing (Fig. 2b).
The study of transcriptional elongation in specific cellular stress conditions, such as those driven by MLL-fusion
oncoproteins, and HIV-1 trans-activator protein Tat, has
greatly contributed to our understanding of transcription
elongation by RNAPII and the roles of YD associating
proteins like AF9 and ENL [39, 40]. For instance, SEC,
which contains transcription elongation activators/coactivators P-TEFb, RNA polymerase II elongation factor ELL2,
AFF4/1, ENL, and AF9, is also recruited by HIV-1 Tat to
activate the expression of HIV-1 (Fig. 2c). In this context,
both AF9 and ENL have been found to interact with Tat to
form the Tat complex 1 (Tatcom1) containing both PAFc
and P-TEFb, among others (Fig. 2c). Here, AF9 plays at
least two fundamental roles that have a profound effect on
transcription elongation, including the regulation of CDK9/
P-TEFb kinase activity and the recruitment of ELL to Tatcom1. Notably, while P-TEFb regulates RNAPII processivity
through phosphorylation of CTD at Ser2, ELL is known to

manner, driving SEC to locate adjacent to RNAPII and then allowing the processivity of RNAPII. c ENL/AF9 is a component of multiprotein complex linked to transcriptional elongation from HIV-1 promotor long terminal repeat (LTR), named Tat complex 1 (Tatcom1).
Shortly after promoter-proximal pausing of RNAPII, HIV-1 produces
short RNA transcript TAR and encodes Tat protein to bind with host
cellular SEC complex. In this setting, AF9 possesses great impacts on
transcription elongation by regulating CDK9 CTD-kinase activity and
engaging ELL2 to reside in Tatcom1. d GAS41 directly interacts with
transcription factors, including AP-2β and a TFIIF subunit RAP30,
and then enhances their DNA binding abilities. The figure was created using ©BioRender (https://biorender.com)
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stimulate RNAPII activity by suppressing transient pausing
and preventing backtracking [39, 41–43]. As a result, the
recruitment of PAFc by either ENL or AF9 not only contributes to the transcription activation but also guides the
transcription elongation via SEC (Fig. 2b).
Finally, functional characterization of AF9 domains collectively revealed the pivotal role of AF9 in gene transcription regulation as follows: the C-terminal ANC1 Homology Domain (AHD) domain mediates its incorporation into
the SEC through interactions with AF4 or AFF4 [23, 44,
45]; the N-terminal YEATS domain interacts with both the
histone acetylation and crotonylation marks [4, 6, 10] and
PAFc [20] to facilitate SEC recruitment and RNAPII-mediated transcription events; the poly-Serine domain interacts
with distinct TATA-binding protein (TBP)-associated factors
(TAFs) subunits of transcription factor IID (TFIID) for the
release of paused Pol II for productive elongation [46].
Other studies have shown that GAS41 can also play critical roles in the regulation of gene transcription by directly
binding a few transcription factors. For instance, in vitro and
in vivo assays revealed that GAS41 direct binds to either
activating enhancer-binding protein 2-beta (AP-2β) or a
TFIIF subunit named RAP30 and contributes to enhancing the DNA binding abilities of those transcription factors
(Fig. 2d) [47, 48]. Given the TFIIF has critical functions in
the pre-initiation complex formation, it is likely that GAS41
might exert a more general action in gene transcription.

Extra‑transcriptional functions of YD
proteins
Even though the epigenetic regulation of gene transcription
has been known to be a common role of all human YD proteins, a few studies suggested that the YD proteins harbour
extra-transcriptional functions, including the regulation of
a few cell signalling networks. Besides, the association with
non-histone proteins provides clues for additional features
of the YD proteins involving crucial biological processes
in the cells.
Evidence for the alternative roles of the YD protein on
signal transduction stem from GAS41 that can modulate the
p53-p21 pathway. GAS41 forms a heterodimer with protein
phosphatase 2 catalytic subunit beta (PP2Cβ) and leads to
the PP2Cβ-mediated dephosphorylation of serine residue
on p53, subsequently reducing the stability of p53 (Fig. 3a)
[49]. This finding is consistent with previous studies showing that GAS41 serves as a negative regulator of the p53p21 pathway through the downregulation of either p53 or
p21 expression [50, 51]. Additionally, GAS41 also promotes
the phosphorylation of Akt and leads to a reduction of p21
(Fig. 3b) [52], suggesting a critical role of GAS41 in controlling such intracellular signalling.
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There is also some evidence for the YD proteins being
involved in Wnt signalling pathway. By direct binding with
β-catenin, GAS41 not only enhances the interaction between
β-catenin and T cell-factor 4 (TCF4) but also induces the
expression of several downstream targets of the canonical
Wnt/β-catenin/TCF4 pathway (Fig. 3c) [53]. On the other
hand, AF9 associates with Diversin in the nucleus and
prompts Diversin to activate transcriptional response in the
non-canonical Wnt/c-Jun N-terminal Kinase (JNK) signalling pathway (Fig. 3d) [54].
Despite being a nuclear protein, AF9 is able to concentrate in the cytoplasm under perturbation of its chaperone
protein HSP90 (Fig. 3e) [55]. The impaired HSP90 causes
changes in either the localization or DNA-binding activity
of AF9 (Fig. 3e) [55], indicating the mechanism controlling subcellular trafficking and action of the YD protein.
In addition to mainly acting as the histone reader, previous studies speculated that AF9 possesses some properties
related to RNA processing, such as microRNA (miRNA)
maturation and small nucleolar RNA (snoRNA) formation,
which is retained in MLL fusions [56, 57]. AF9 activates
MYC/LIN28 axis and eventually inhibits precursor miRNA150 (pre-miR-150) from being cleaved in the cytoplasm to
create mature miRNA (Fig. 3f) [56], whereas the molecular
mechanism underlying AF9-associated snoRNA formation
in the nucleus is incompletely characterized [57]. Otherwise,
these data demonstrate the involvement of the YD protein
in the post-transcriptional regulation of non-coding RNAs.
Of note, GAS41 has been described as one of the spindle pole proteins [58]. During cell mitosis, GAS41 distributes to the spindle poles where it especially interacts with
pericentrosomal material (PCM), including transforming
acidic coiled-coil-containing protein 1 (TACC1), nuclear
mitotic apparatus protein 1 (NuMA), α-tubulin and γ-tubulin
(Fig. 3g) [58–60]. It has been proposed that the alteration of
GAS41 expression provokes either abnormal spindle assembly or chromosome misalignment [58], implying that the YD
protein plays a fundamental role in spindle pole formation.
However, to better understand its influences on establishing
proper bipolar spindle, the downstream players of GAS41
have yet to be clarified.

Genetic variations
of YEATS‑domain‑containing genes
and associated human phenotypes
Dysfunctional YD proteins have been demonstrated as a
factor driving the development of several diseases, especially cancers [15]. Remarkably, ENL positively regulates
the gene transcription at various levels as mentioned above
by either complexing with chromatin remodellers at specific histones markers or joining transcription elongation
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Fig. 3  Extra-transcriptional functions of YD proteins. a GAS41 binds
to protein phosphatase 2 catalytic subunit beta (PP2Cβ) which in turn
dephosphorylates p53 at serine residue, resulting in the reduction of
p53 stability. b GAS41 induces the phosphorylation activation of Akt
which then contributes to the low production of p21. c By physically
binding with β-catenin, GAS41 promotes the β-catenin-T-cell factor/
lymphoid enhancer factor (TCF/LEF) interaction and upregulates
the expression of canonical Wnt target genes. d AF9 modulates the
transcriptional activation of the non-canonical Wnt/c-Jun N-terminal
Kinase (JNK) target gene via a direct association with Diversin in the
nucleus. e Perturbation of HSP90 chaperone, such as pharmacologic

inhibition and siRNA knock-down, not only disrupts the DNA-binding activity but also leads to the cytoplasmic translocation and accumulation of AF9. f AF9 plays a role in inhibiting the miRNA-150
maturation via a MYC/LIN28 axis. Onco-fusion MLL-AF9 protein
activates a transcription factor MYC which in turn drives the expression of LIN28 and then blocks the miR-150 processing. g Upon cell
mitosis, GAS41 colocalizes and binds with pericentrosomal materials (PCM), including TACC1, NuMA, α-tubulin and γ-tubulin. The
distribution of GAS41 and PCM at the spindle pole is required for
proper bipolar spindle assembly and chromosome alignment. The figure was created using ©BioRender (https://biorender.com)

complexes. Therefore, oncogenic fusion proteins have been
found to undermine such an ENL-centric transactivation
system involving tumourigenesis.
Oncogenic fusion proteins of MLL and a component of
AF4 family (AF4, AF5Q31) or ENL family (ENL, AF9)
actively recruit either the so-called AEP complex or SEC to
MLL target promoters. These events result in constitutive
activation of key leukemic genes, including HOXA9 and
MEIS1 that eventually promote leukemic transformation

[23, 61, 62]. Moreover, mutations in the YEATS domain
of ENL have been reported in a subset of childhood cancers that start in the kidneys (Wilms tumours) marked
by a relative overexpression of HOX genes, particularly
HOXA13 [63]. To date, eight ENL mutations have been
identified, essentially in Wilms tumours [63, 64]. On the
other hand, the increased copy number of GAS41 has been
reported in glioblastoma multiforme and astrocytoma III
and at a high frequency in astrocytoma grades I and II,
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making GAS41 responsible for nearly 40% of tumour formation associated with the central nervous system (CNS)
[21, 65, 66]. Overall, somatic mutations occurring within
the YEATS domains of AF9, ENL and GAS41 in different cancer tissues of patients have been recently reviewed
based on the Catalogue of Somatic Mutations in Cancer
(COSMIC) database [15].
Along with the well-documented association of AF9,
ENL and GAS41 gene mutations with carcinogenesis,
emerging evidence suggested that an alteration of the
YD protein functions might also be deleterious for neuronal activities. In fact, a few germline variations of AF9
have been associated with neurodevelopmental diseases.
A t(4;9)(q35;p22) leading to a 10-bp deletion within the
first intron has been detected in a 6-year-old girl [67] and
t(4;9)(q34;p22) translocation causing disruption of exons
3–4 of AF9 gene has been detected in a 9-year-old girl
[68]. Interestingly, both clinical cases presented neuromotor developmental disorders, body ataxia and epilepsy.
These genetic variations have been proposed to segregate
in an autosomal recessive manner [67, 68]. Additionally, a
large 97,992 bp deletion of the genomic locus hg38 9p21.3
(chr9:20380587–20478578) which include AF9, MIR4473
and the pseudogene RNU4-26P has also been reported to
implicate in an intellectual disability [69]. Moreover, a
missense variation of ENL (p.Arg473Gln) has been classified as likely pathogenic by Lupski Lab, Baylor-Hopkins
Centre for Mendelian Genomics (BHCMG) (ClinVar,
rs749203329), due to its association with one clinical
case of cerebral atrophy with global developmental delay
and hypertelorism. Recently, a repeat expansion mutation
within the first intron of YEATS2 has been recently identified in a Thai pedigree of benign familial adult myoclonic epilepsy type 4 (BAFME4) [70]. However, whether
such a repeat expansion leads to a loss of function (pLoF)
of YEATS2 or involves the disease via an RNA toxicity
mechanism still remains unknown.
Of note, an investigation of the Genome Aggregation
Database (gnomAD) revealed additional 30 genetic variants of YD genes with predicted pLoF effects in a noncancer dataset. These variants are absent from controls and
have an allele frequency < 0.00001 (last search September 2021) (Table S1). Nevertheless, none of the gnomAD
annotated variants has been reported so far in ClinVar. The
molecular functions of YD proteins in the CNS are largely
unknown. Likewise, the pathogenic mechanism of how
dysfunctional YD proteins lead to neurological diseases
is yet to be explored. Therefore, further functional characterization studies are needed to validate the cause-effects
relationship of these novel YD genetic variants. Such a
study might reveal new clues on the biological functions
of YD proteins and their potential roles in human neurological diseases.
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Drosophila YD proteins: what can we learn
from flies?
The evolutionary conservation of YD proteins has enabled to develop a few mouse models to shed light on the
many aspects of YD protein’s biology and their relevance
in human cancer like acute myeloid leukaemia [3, 5, 16,
71]. To date, no model organism has been employed to
investigate the molecular functions of YD proteins in neurons. However, some pieces of evidence are recently arising from the model organism Drosophila melanogaster
which could prove novel functions of the YD proteins in
neuronal activities.
Drosophila carries three orthologs of the human YD
proteins (ear, D12, Gas41) with a high degree of sequence
conservation as shown in Fig. 4 and Table S1–S4. Protein
identity is higher within the YEATS domain (Table 1) and
perhaps accounts for the similar function that the Drosophila YD proteins retain as epigenetic regulators and in gene
transcription regulation. A fourth YD protein also exists in
Drosophila, namely CG2652, which shows a lesser degree
of similarity with human YD proteins (Fig. 4, Table 1 and
S3). Despite CG2652 remaining largely uncharacterized,
a previous genome-wide analysis (GWAS) study revealed
its association with life span and fecundity of the fly [72].
Notably, like the human YD proteins, Drosophila
ear (ENL, AF9), D12 (YEATS2) and Gas41 (GAS41)
are components of different complexes involving either
chromatin remodelling such as Dotcom, ATAC, Tip60 or
transcription elongation such as SEC and TFIID [73–79].
Other similarities with the human YD proteins can also be
observed regarding the extranuclear compartmentalization
and roles in cancers. In fact, in addition to the nuclear
complexes, D12 has been identified in the cytoplasm as
a novel component of the cytoplasmic transient ribonucleoprotein (RNP) aggregates, namely stress granules
(SGs), albeit its role in such stress-dependent membraneless organelles needed to be clarified [80]. Moreover, an
abnormal activity of Gas41 has been linked to an altered
hematopoietic progenitor niche cell production and differentiation, confirming an evolutionary conserved role in
carcinogenesis [81, 82].
Interestingly, a decline of ear function by pan-neuronal
RNA interference (RNAi) expression has proven to impair
memory formation in Drosophila, possibly due to a disruption of the neuronal development program or by impairing
the neurophysiological mechanisms underlying memory
formation [83].
Remarkably, a strong link between Drosophila YD
orthologs and motor neuron disorders (MNDs) is emerging
since independent studies have shown that knocking down
either ear or D12 can rescue the toxicity of amyotrophic
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Fig. 4  Evolutionary conservation of YD proteins between humans
and Drosophila. a Schematic representation of both human and Drosophila YEATS-domain containing proteins. Domains, families and
functional sites of human and Drosophila YEATS-domain containing proteins were identified by Prosite tools (prosite.expasy.org). The
position of YEATS domains and other non-annotated elements are
highlighted (note: protein lengths and YEATs domains are to scale).
b Primary sequence alignment shows the conservation of YEATS
domains among the human and Drosophila proteins. Comparison of
the primary structure was ruled out by Clustal Omega (ebi.ac.uk) and
further by MEGAX (Molecular Evolution Genetic Analysis, megasoftware.net) with TcoffeWS and default settings. c Phylogenetic tree:

The evolutionary history of both human and Drosophila YEATSdomain containing proteins was inferred using the Maximum Likelihood method and JTT matrix-based model [127]. The tree with the
highest log likelihood (− 13329.07) is shown. Initial tree(s) for the
heuristic search were obtained automatically by applying NeighborJoin and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then selecting the topology with a
superior log likelihood value. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. This analysis involved 8 amino acid sequences. There were a total of 1509 positions in the final dataset. Evolutionary analyses were conducted in
MEGA X [128, 129]

lateral sclerosis (ALS)-associated proteins like Fused in
Sarcoma (FUS) (ALS6, Mendelian Inheritance in Man
(MIM) entry #608030), VAMP Associated Protein B
(VAPB) (ALS8, MIM #608627) and Tar DNA-binding

protein 43 (TDP43) (ALS10, MIM #612069) [80, 84,
85]. Briefly, expression of human ALS causing genes like
the RNA-binding proteins FUS and TDP43 or the transmembrane protein VAPB are known to cause neuronal
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Table 1  Similarity of human
and Drosophila YEATS
domains

CG2652
D12
ear
Gas41
ENL
YEATS2
AF9
GAS41

183

CG2652

D12

Ear

Gas41

ENL

YEATS2

AF9

GAS41

100%
29.71%
28.88%
35.50%
31.88%
32.60%
33.33%
39.13%

100%
40%
32.50%
29.71%
59.58%
29.71%
34.96%

100%
37.03%
64.44%
37.03%
66.66%
38.51%

100%
40.57%
40.41%
40.57%
80.41%

100%
35.50%
87.68%
39.13%

100%
35.50%
42.65%

100%
39.13%

100%

Primary structures of the YEATS domain have been retrieved from uniprot (uniprot.org). CLUSTAL
omega (ebi.ac.uk) with default setting has been used to generate sequence alignment. Further, aligned
sequences have been exported in FASTA through MEGAX (megasoftware.net). SIAS tool (imed.med.ucm.
es/) has been employed to search for similarities
Bold characters mark similarity > 50%

degeneration in the fly in a fashion that recapitulates some
clinical features observed in related human MNDs like
shortened life span, locomotive and behavioural dysfunctions [86–90]. Given the pathogenic mechanism of ALS
remains to be fully elucidated and therapeutics are still
lacking, Drosophila lines ectopically expressing human
ALS-causing proteins are often used in genetic modifiers
screening. In a few such screenings, a reduction of the
ear has been found to partially suppress the external and
internal retinal deterioration conferred by TDP-43 and
VAPB, while RNAi of D12 has been shown to improve
pigmentation, ommatidial structure and glossiness phenotypes impaired by TDP-43 and FUS toxicity [80, 84,
85]. Although this evidence supports a model wherein a
crosstalk between TDP-43 and SEC components plays a
critical role in the TDP-43 pathology, the mechanism of
how a decline of ear and D12 can rescue FUS and VAPB
toxicity also remains elusive.

Concluding remarks
The four human proteins ENL, YEATS2, AF9 and GAS41
which contain a YEATS domain are widely recognised as
epigenetic regulators with critical roles in cancers. Nonetheless, new evidence is emerging that the so-called YD proteins also execute extra-transcriptional functions and can
localize in extra-nuclear compartments. These new findings
clearly rindicae that there is still much to discover for the
YD proteins. For instance, all the epigenetic functions attributed to YD proteins pertain to their ability to coordinate and
cooperate with chromatin remodellers for the regulation of
chromatin structure so far. However, AF9 and GAS41 have
been found to also regulate the DNA methylation and processing of non-coding RNAs, yet the relevance of these new
paradigms of regulation is still poorly understood.

Furthermore, several genetic variations have been
reported to associate with human neurological disorders,
including neurodevelopmental disorders, yet we have just
recently begun to explore the functions of YD proteins in
neurons and hence certain biological questions still remain
open, such as whether and how an alteration of YD protein’s
activities becomes detrimental for neurons. In this regard, it
is noteworthy that several YD protein’s downstream targets,
such as Akt, Wnt and p53, are known to involve cellular
signalling cascades, which are critical for neurodevelopment. For instance, the PI3K-Akt-mTOR pathway, identified originally as cancer regulatory pathway, has now been
demonstrated to play a primary role in brain development,
since also pointed out by the widespread p-Akt localization in the developing cortex, with remarkable enrichment
in neural progenitor cells in the ventricular zone [91]. It is,
therefore, not surprising that dysregulation of this node leads
to neuronal apoptosis in multiple neurocomplications and
has been regarded as a root cause of several neurodevelopmental diseases, such as megalocephaly ("big brain"), microcephaly ("small brain"), autism spectrum disorders (ASD),
intellectual disability, schizophrenia, and epilepsy [92–96].
Moreover, both canonical and non-canonical Wnt signalling pathways are known to play crucial roles in neural
development and related neurodevelopmental disorders [97].
Remarkably, the Wnt signalling is fundamental for neurodevelopmental and post-neurodevelopmental processes, such
as CNS regionalization, differentiation of neural progenitor
cells (NPCs), neuronal migration, axon guidance, dendrite
development, synaptogenesis, adult neurogenesis as well
as neural plasticity [98–104]. As such, perturbation in Wnt
signalling has proven to be detrimental for CNS structures
and functions, hence leading to related disorders including
ASD and intellectual disability [105–109].
Finally, the ability of p53 in regulating the balance among
apoptosis, proliferation and differentiation, which has been
well known for a long time to be critical in carcinogenesis,
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is emerging to be equally important in brain organogenesis. For instance, lack of p53 was shown to promote the
expansion of NPCs and alter their differentiation [110, 111],
whereas augmentation of p53 in neurons has been found to
trigger developmental programmed cell death [112–114].
In addition, a decline of p53 expression was suggested to
alter the neuronal architecture in human brain organoids,
hence resulting in a disorganized stem cell layer and reduced
number of NPCs and neurons [115]. Therefore, altered p53
activity can contribute to developmental defects in different
human genetic syndromes [116].
Overall, an intriguing scenario seems to emerge that,
in addition to the epigenetic regulation of genes involving
differentiation and neurodevelopmental outcomes, the YD
proteins may play a role in neurodevelopment and related
disorders via a few extra-transcriptional functions by controlling either Akt, Wnt or p53 signalling cascades that are
critical for synaptic plasticity and behaviour.
The evolutionary conservation of YD proteins in small
animals like the highly tractable and versatile model Drosophila might be taken into consideration for future investigation in this matter. In fact, the Akt, Wnt and p53 pathways
are very well studied in Drosophila, making the fruit fly an
excellent model candidate to investigate further whether an
alteration of YD protein’s activities becomes detrimental for
neurons due to any dysfunction of the above YD protein’s
downstream targets.
Nonetheless, at the present time, the study of Drosophila YD orthologous has already provided new clues on
the potential role of YD protein in neurological disorders.
In fact, a prominent link between YD proteins and ALScausative RNA binding proteins has recently emerged in the
fly that a decline of the Drosophila orthologs AF9/ENL or
YEATS2 seems to alleviate the neuronal toxicity caused by
abnormal TDP-43, FUS and VAPB. Evidence points out a
remarkable role of YD proteins in the dynamics of specific
cytoplasmic granules that are critical during cellular stress
and are known to be abnormally accumulating during the
pathogenic process leading to MNDs. However, further
investigations are required to understand the novel role of
Drosophila YD proteins in the cellular response to stress, as
well as whether the human YD proteins retain similar functions. These novel findings would be of relevance especially
since many data highlight an impairment of SG’s dynamics
to be a trigger of neuronal toxicity not only in ALS but also
in other neurological diseases [117, 118].
Recently, several YEATS domain-selective drug inhibitors have been developed with a general preference towards
the AF9 and ENL YEATS domains to suppress their target
genes, including HOXA9/10, MYB, MYC and several other
leukaemia proto-oncogenes [28, 119–126]. Such an array
of drugs targeting the YD proteins may represent a good
source of available therapeutics to test also with respect to
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the potential roles of YD proteins in neurological disorders.
Overall, more studies are needed to better explore the intricate pathways of YD proteins in neurons and whether any
approaches to normalize the activity of human orthologs
of the SEC components like the YD proteins may have any
therapeutic benefit also in MNDs and neurodevelopmental disorders. Once again, Drosophila might be a suitable
candidate for novel functional studies and used to validate
the potential efficacy of novel therapeutics targeting the YD
proteins.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 00018-0 22-0 4218-0.
Author contributions Conceptualization: RY and LLP; Validation:
RY, PC, SJ and LLP; Formal analysis: RY and LLP; Investigation:
RY and LLP; Resources: RY and LLP; Data curation: RY and LLP;
Writing—original draft preparation: RY and LLP; Writing—review
and editing: RY, PC, SJ, DP, VS and LLP; Visualization: RY and PC;
Supervision LLP; Project administration: LLP; Funding acquisition:
LLP. All authors have read and agreed to the published version of the
manuscript.
Funding This study was supported by Genomics Thailand, Health Systems Research Institute (HSRI) under grants 64/122 and 64/132 and
partially supported by the Faculty of Medicine, Chiang Mai University
under grant 030/2564 and by the Medical Council of Thailand under
grant 012/2534. This work was partially supported by Chiang Mai
University and Chulalongkorn University (CU_FRB640001_01_30_10
and 764002-HE01).
Availability of data and material All data used to support the findings
of this study are available from the corresponding author upon reasonable request.

Declarations
Conflicts of interest The authors declare no conflict of interest.

References
1. Zaware N, Zhou M-M (2019) Bromodomain biology and drug
discovery. Nat Struct Mol Biol 26(10):870–879. https://doi.org/
10.1038/s41594-019-0309-8
2. Kabra A, Bushweller J (2021) The intrinsically disordered proteins MLLT3 (AF9) and MLLT1 (ENL)–multimodal transcriptional switches with roles in normal hematopoiesis, MLL fusion
leukemia, and kidney cancer. J Mol Biol. https://doi.org/10.
1016/j.jmb.2021.167117
3. Wan L, Wen H, Li Y, Lyu J, Xi Y, Hoshii T et al (2017) ENL
links histone acetylation to oncogenic gene expression in acute
myeloid leukaemia. Nature 543(7644):265–269. https://doi.org/
10.1038/nature21687
4. Li Y, Sabari BR, Panchenko T, Wen H, Zhao D, Guan H et al
(2016) Molecular coupling of histone crotonylation and active
transcription by AF9 YEATS domain. Mol Cell 62(2):181–193.
https://doi.org/10.1016/j.molcel.2016.03.028
5. Erb MA, Scott TG, Li BE, Xie H, Paulk J, Seo H-S et al (2017)
Transcription control by the ENL YEATS domain in acute

Multifaceted roles of YEATS domain‑containing proteins and novel links to neurological…

6.
7.

8.

9.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

leukaemia. Nature 543(7644):270–274. https://d oi.o rg/1 0.
1038/nature21688
Li Y, Zhao D, Chen Z, Li H (2017) YEATS domain: Linking histone crotonylation to gene regulation. Transcription
8(1):9–14. https://doi.org/10.1080/21541264.2016.1239602
Zhang Q, Zeng L, Zhao C, Ju Y, Konuma T, Zhou M-M (2016)
Structural insights into histone crotonyl-lysine recognition by
the AF9 YEATS domain. Structure 24(9):1606–1612. https://
doi.org/10.1016/j.str.2016.05.023
Klein BJ, Vann KR, Andrews FH, Wang WW, Zhang J,
Zhang Y et al (2018) Structural insights into the π-π-π stacking mechanism and DNA-binding activity of the YEATS
domain. Nat Commun 9(1):1–11. https://d oi.o rg/1 0.1 038/
s41467-018-07072-6
Dutta A, Abmayr SM, Workman JL (2016) Diverse activities of
histone acylations connect metabolism to chromatin function.
Mol Cell 63(4):547–552. https://doi.org/10.1016/j.molcel.2016.
06.038
Li Y, Wen H, Xi Y, Tanaka K, Wang H, Peng D et al (2014) AF9
YEATS domain links histone acetylation to DOT1L-mediated
H3K79 methylation. Cell 159(3):558–571. https://doi.org/10.
1016/j.cell.2014.09.049
Mi W, Guan H, Lyu J, Zhao D, Xi Y, Jiang S et al (2017)
YEATS2 links histone acetylation to tumorigenesis of nonsmall cell lung cancer. Nat Commun 8(1):1–14. https://doi.org/
10.1038/s41467-017-01173-4
Hsu C-C, Zhao D, Shi J, Peng D, Guan H, Li Y et al (2018)
Gas41 links histone acetylation to H2A. Z deposition and maintenance of embryonic stem cell identity. Cell Discov 4(1):1–17.
https://doi.org/10.1038/s41421-018-0027-0
Zhao D, Guan H, Zhao S, Mi W, Wen H, Li Y et al (2016)
YEATS2 is a selective histone crotonylation reader. Cell Res
26(5):629–632. https://doi.org/10.1038/cr.2016.49
Schulze JM, Wang AY, Kobor MS (2009) YEATS domain proteins: a diverse family with many links to chromatin modification
and transcription. Biochem Cell Biol 87(1):65–75. https://doi.
org/10.1139/O08-111
Zhao D, Li Y, Xiong X, Chen Z, Li H (2017) YEATS domain—
a histone acylation reader in health and disease. J Mol Biol
429(13):1994–2002. https://doi.org/10.1016/j.jmb.2017.03.010
Ren X, Zhou Y, Xue Z, Hao N, Li Y, Guo X et al (2021) Histone
benzoylation serves as an epigenetic mark for DPF and YEATS
family proteins. Nucleic Acids Res 49(1):114–126. https://doi.
org/10.1093/nar/gkaa1130
Leach BI, Kuntimaddi A, Schmidt CR, Cierpicki T, Johnson SA,
Bushweller JH (2013) Leukemia fusion target AF9 is an intrinsically disordered transcriptional regulator that recruits multiple
partners via coupled folding and binding. Structure 21(1):176–
183. https://doi.org/10.1016/j.str.2012.11.011
Mueller D, Bach C, Zeisig D, Garcia-Cuellar M-P, Monroe S,
Sreekumar A et al (2007) A role for the MLL fusion partner
ENL in transcriptional elongation and chromatin modification.
Blood, Am J Hematol 110(13):4445–4454. https://doi.org/10.
1182/blood-2007-05-090514
Okuda H, Stanojevic B, Kanai A, Kawamura T, Takahashi
S, Matsui H et al (2017) Cooperative gene activation by AF4
and DOT1L drives MLL-rearranged leukemia. J Clin Invest
127(5):1918–1931. https://doi.org/10.1172/JCI91406
He N, Chan CK, Sobhian B, Chou S, Xue Y, Liu M et al (2011)
Human polymerase-associated factor complex (PAFc) connects
the super elongation complex (SEC) to RNA polymerase II on
chromatin. PNAS 108(36):E636–E645. https://doi.org/10.1073/
pnas.1107107108
Fischer U, Meltzer P, Meese E (1996) Twelve amplified and
expressed genes localized in a single domain in glioma. Hum
Genet 98(5):625–628. https://doi.org/10.1007/s004390050271

Page 11 of 14

183

22. Monroe SC, Jo SY, Sanders DS, Basrur V, Elenitoba-Johnson
KS, Slany RK et al (2011) MLL-AF9 and MLL-ENL alter the
dynamic association of transcriptional regulators with genes
critical for leukemia. Exp Hematol 39(1):77–86. https://doi.org/
10.1016/j.exphem.2010.09.003 (e1-5)
23. Yokoyama A, Lin M, Naresh A, Kitabayashi I, Cleary ML (2010)
A higher-order complex containing AF4 and ENL family proteins with P-TEFb facilitates oncogenic and physiologic MLLdependent transcription. Cancer Cell 17(2):198–212. https://doi.
org/10.1016/j.ccr.2009.12.040
24. Qiao Y, Wang X, Wang R, Li Y, Yu F, Yang X et al (2015) AF9
promotes hESC neural differentiation through recruiting TET2 to
neurodevelopmental gene loci for methylcytosine hydroxylation.
Cell Discov 1(1):1–19. https://doi.org/10.1038/celldisc.2015.17
25. Shen C, Jo SY, Liao C, Hess JL, Nikolovska-Coleska Z (2013)
Targeting recruitment of disruptor of telomeric silencing 1-like
(DOT1L): characterizing the interactions between DOT1L and
mixed lineage leukemia (MLL) fusion proteins. J Biol Chem
288(42):30585–30596. https://d oi.o rg/1 0.1 074/j bc.M
 113.4 57135
26. Wang Y-L, Faiola F, Xu M, Pan S, Martinez E (2008) Human
ATAC Is a GCN5/PCAF-containing acetylase complex with
a novel NC2-like histone fold module that interacts with the
TATA-binding protein. J Biol Chem 283(49):33808–33815.
https://doi.org/10.1074/jbc.M806936200
27. Ui A, Nagaura Y, Yasui A (2015) Transcriptional elongation factor ENL phosphorylated by ATM recruits polycomb and switches
off transcription for DSB repair. Mol Cell 58(3):468–482. https://
doi.org/10.1016/j.molcel.2015.03.023
28. Li X, Li X-M, Jiang Y, Liu Z, Cui Y, Fung KY et al (2018)
Structure-guided development of YEATS domain inhibitors by
targeting π-π-π stacking. Nat Chem Biol 14(12):1140–1149.
https://doi.org/10.1038/s41589-018-0144-y
29. Hsu C-C, Shi J, Yuan C, Zhao D, Jiang S, Lyu J et al (2018) Recognition of histone acetylation by the GAS41 YEATS domain
promotes H2A. Z deposition in non-small cell lung cancer. Genes
Dev 32(1):58–69. https://doi.org/10.1101/gad.303784.117
30. Cole L, Kurscheid S, Nekrasov M, Domaschenz R, Vera DL,
Dennis JH et al (2021) Multiple roles of H2A. Z in regulating
promoter chromatin architecture in human cells. Nat Commun
12(1):1–15. https://doi.org/10.1038/s41467-021-22688-x
31. Cho HJ, Li H, Linhares BM, Kim E, Ndoj J, Miao H et al (2018)
GAS41 recognizes diacetylated histone H3 through a bivalent
binding mode. ACS Chem Biol 13(9):2739–2746. https://doi.
org/10.1021/acschembio.8b00674
32. Doyon Y, Cayrou C, Ullah M, Landry A-J, Côté V, Selleck W
et al (2006) ING tumor suppressor proteins are critical regulators of chromatin acetylation required for genome expression and
perpetuation. Mol Cell 21(1):51–64. https://doi.org/10.1016/j.
molcel.2005.12.007
33. Kitabayashi I, Aikawa Y, Nguyen LA, Yokoyama A, Ohki M
(2001) Activation of AML1-mediated transcription by MOZ
and inhibition by the MOZ–CBP fusion protein. EMBO J
20(24):7184–7196. https://doi.org/10.1093/emboj/20.24.7184
34. Miyamoto R, Okuda H, Kanai A, Takahashi S, Kawamura T,
Matsui H et al (2020) Activation of CpG-rich promoters mediated by MLL drives MOZ-rearranged leukemia. Cell Rep
32(13):108200. https://doi.org/10.1016/j.celrep.2020.108200
35. Fierz B, Chatterjee C, McGinty RK, Bar-Dagan M, Raleigh DP,
Muir TW (2011) Histone H2B ubiquitylation disrupts local and
higher-order chromatin compaction. Nat Chem Biol 7(2):113–
119. https://doi.org/10.1038/nchembio.501
36. Maethner E, Garcia-Cuellar M-P, Breitinger C, Takacova S,
Divoky V, Hess JL et al (2013) MLL-ENL inhibits polycomb
repressive complex 1 to achieve efficient transformation of
hematopoietic cells. Cell Rep 3(5):1553–1566. https://doi.org/
10.1016/j.celrep.2013.03.038

13

183

Page 12 of 14

37. Hetzner K, Garcia-Cuellar M-P, Büttner C, Slany RK (2018)
The interaction of ENL with PAF1 mitigates polycomb silencing
and facilitates murine leukemogenesis. Blood, Am J Hematol
131(6):662–673. https://doi.org/10.1182/blood-2017-11-815035
38. Guo C, Che Z, Yue J, Xie P, Hao S, Xie W et al (2020) ENL
initiates multivalent phase separation of the super elongation
complex (SEC) in controlling rapid transcriptional activation.
Sci Adv 6(14):eaay4858. https://d oi.o rg/1 0.1 126/s ciadv.a ay485 8
39. Sobhian B, Laguette N, Yatim A, Nakamura M, Levy Y, Kiernan R et al (2010) HIV-1 Tat assembles a multifunctional transcription elongation complex and stably associates with the 7SK
snRNP. Mol Cell 38(3):439–451. https://doi.org/10.1016/j.molcel.2010.04.012
40. He N, Zhou Q (2011) New insights into the control of HIV-1
transcription: when Tat meets the 7SK snRNP and super elongation complex (SEC). J Neuroimmune Pharmacol 6(2):260–268.
https://doi.org/10.1007/s11481-011-9267-6
41. Smith ER, Winter B, Eissenberg JC, Shilatifard A (2008) Regulation of the transcriptional activity of poised RNA polymerase II
by the elongation factor ELL. PNAS 105(25):8575–8579. https://
doi.org/10.1073/pnas.0804379105
42. Byun JS, Fufa TD, Wakano C, Fernandez A, Haggerty CM, Sung
M-H et al (2012) ELL facilitates RNA polymerase II pause site
entry and release. Nat Com 3(1):1–11. https://doi.org/10.1038/
ncomms1652
43. Fufa TD, Byun JS, Wakano C, Fernandez AG, Pise-Masison CA,
Gardner K (2015) The Tax oncogene enhances ELL incorporation into p300 and P-TEFb containing protein complexes to activate transcription. Biochem Biophys Res Commun 465(1):5–11.
https://doi.org/10.1016/j.bbrc.2015.07.072
44. Biswas D, Milne TA, Basrur V, Kim J, Elenitoba-Johnson KS,
Allis CD et al (2011) Function of leukemogenic mixed lineage
leukemia 1 (MLL) fusion proteins through distinct partner protein complexes. PNAS 108(38):15751–15756. https://d oi.o rg/1 0.
1073/pnas.1111498108
45. Bitoun E, Oliver PL, Davies KE (2007) The mixed-lineage
leukemia fusion partner AF4 stimulates RNA polymerase II
transcriptional elongation and mediates coordinated chromatin
remodeling. Hum Mol Genet 16(1):92–106. https://doi.org/10.
1093/hmg/ddl444
46. Yadav D, Ghosh K, Basu S, Roeder RG, Biswas D (2019) Multivalent role of human TFIID in recruiting elongation components
at the promoter-proximal region for transcriptional control. Cell
Rep 26(5):1303–1317. https://doi.org/10.1016/j.celrep.2019.01.
012 (e7)
47. Heisel S, Habel NC, Schuetz N, Ruggieri A, Meese E (2010)
The YEATS family member GAS41 interacts with the general
transcription factor TFIIF. BMC Mol Biol 11(1):1–7. https://d oi.
org/10.1186/1471-2199-11-53
48. Ding X, Fan C, Zhou J, Zhong Y, Liu R, Ren K et al (2006)
GAS41 interacts with transcription factor AP-2β and stimulates
AP-2β-mediated transactivation. Nucleic Acids Res 34(9):2570–
2578. https://doi.org/10.1093/nar/gkl319
49. Park JH, Smith RJ, Shieh S-Y, Roeder RG (2011) The GAS41PP2Cβ complex dephosphorylates p53 at serine 366 and regulates its stability. J Biol Chem 286(13):10911–10917. https://d oi.
org/10.1074/jbc.C110.210211
50. Pikor LA, Lockwood WW, Thu KL, Vucic EA, Chari R, Gazdar
AF et al (2013) YEATS4 is a novel oncogene amplified in non–
small cell lung cancer that regulates the p53 pathway. Cancer
Res 3(24):7301–7312. https://  d oi.  o rg/  1 0.  1 158/  0 008-  5 472.
CAN-13-1897
51. Park JH, Roeder RG (2006) GAS41 is required for repression of
the p53 tumor suppressor pathway during normal cellular proliferation. Mol Cell Biol 26(11):4006–4016. https://doi.org/10.
1128/MCB.02185-05

13

R. Yeewa et al.
52. Kiuchi J, Komatsu S, Imamura T, Nishibeppu K, Shoda K,
Arita T et al (2018) Overexpression of YEATS4 contributes
to malignant outcomes in gastric carcinoma. Am J Cancer Res
8(12):2436
53. Jixiang C, Shengchun D, Jianguo Q, Zhengfa M, Xin F, Xuqing
W et al (2017) YEATS4 promotes the tumorigenesis of pancreatic cancer by activating beta-catenin/TCF signaling. Oncotarget
8(15):25200. https://doi.org/10.18632/oncotarget.15633
54. Haribaskar R, Pütz M, Schupp B, Skouloudaki K, Bietenbeck A,
Walz G et al (2009) The planar cell polarity (PCP) protein Diversin translocates to the nucleus to interact with the transcription
factor AF9. Biochem Biophys Res Commun 387(1):212–217.
https://doi.org/10.1016/j.bbrc.2009.07.012
55. Lin JJ, Hemenway CS (2010) Hsp90 directly modulates the spatial distribution of AF9/MLLT3 and affects target gene expression. J Biol Chem 285(16):11966–11973. https://doi.org/10.
1074/jbc.M110.101642
56. Jiang X, Huang H, Li Z, Li Y, Wang X, Gurbuxani S et al
(2012) Blockade of miR-150 maturation by MLL-fusion/MYC/
LIN-28 is required for MLL-associated leukemia. Cancer Cell
22(4):524–535. https://doi.org/10.1016/j.ccr.2012.08.028
57. Zhou F, Liu Y, Rohde C, Pauli C, Gerloff D, Köhn M et al (2017)
AML1-ETO requires enhanced C/D box snoRNA/RNP formation
to induce self-renewal and leukaemia. Nat Cell Biol 19(7):844–
855. https://doi.org/10.1038/ncb3563
58. Schmitt J, Fischer U, Heisel S, Strickfaden H, Backes C, Ruggieri A et al (2012) GAS41 amplification results in overexpression of a new spindle pole protein. Genes Chromosom Cancer
51(9):868–880. https://doi.org/10.1002/gcc.21971
59. Ohata H, Miyazaki M, Otomo R, Matsushima-Hibiya Y, Otsubo
C, Nagase T et al (2013) NuMA is required for the selective
induction of p53 target genes. Mol Cell Biol 33(12):2447–2457.
https://doi.org/10.1128/MCB.01221-12
60. Still IH, Vettaikkorumakankauv AK, DiMatteo A, Liang P
(2004) Structure-function evolution of the transforming acidic
coiled coil genes revealed by analysis of phylogenetically diverse
organisms. BMC Evol Biol 4(1):1–16. https://doi.org/10.1186/
1471-2148-4-16
61. Lin C, Smith ER, Takahashi H, Lai KC, Martin-Brown S, Florens
L et al (2010) (2010) AFF4, a component of the ELL/P-TEFb
elongation complex and a shared subunit of MLL chimeras, can
link transcription elongation to leukemia. Mol Cell 37(3):429–
437. https://doi.org/10.1016/j.molcel.2010.01.026
62. Mueller D, García-Cuéllar M-P, Bach C, Buhl S, Maethner E,
Slany RK (2009) Misguided transcriptional elongation causes
mixed lineage leukemia. PLoS Biol 7(11):e1000249
63. Perlman EJ, Gadd S, Arold ST, Radhakrishnan A, Gerhard DS,
Jennings L et al (2015) MLLT1 YEATS domain mutations in
clinically distinctive Favourable Histology Wilms tumours. Nat
Com 6(1):1–10. https://doi.org/10.1038/ncomms10013
64. Gadd S, Huff V, Walz AL, Ooms AH, Armstrong AE, Gerhard
DS et al (2017) A Children’s Oncology Group and TARGET
initiative exploring the genetic landscape of Wilms tumor. Nat
Genet 49(10):1487–1494. https://doi.org/10.1038/ng.3940
65. Braas D, Gundelach H, Klempnauer K-H (2004) The gliomaamplified sequence 41 gene (GAS41) is a direct Myb target gene.
Nucleic Acids Res 32(16):4750–4757. https://doi.org/10.1093/
nar/gkh808
66. Hagen S, Mattay D, Räuber C, Müller KM (2014) Arndt KM
(2014) characterization and inhibition of AF10-mediated interaction. J Pept Sci 20(6):385–397. https://doi.org/10.1002/psc.2626
67. Striano P, Elia M, Castiglia L, Galesi O, Pelligra S, Striano S
(2005) A t (4; 9) (q34; p22) translocation associated with partial epilepsy, mental retardation, and dysmorphism. Epilepsia
46(8):1322–1324. https://doi.org/10.1111/j.1528-1167.2005.
64304.x

Multifaceted roles of YEATS domain‑containing proteins and novel links to neurological…
68. Pramparo T, Grosso S, Messa J, Zatterale A, Bonaglia MC,
Chessa L et al (2005) Loss-of-function mutation of the AF9/
MLLT3 gene in a girl with neuromotor development delay, cerebellar ataxia, and epilepsy. Hum Genet 118(1):76–81. https://
doi.org/10.1007/s00439-005-0004-1
69. Kaminsky EB, Kaul V, Paschall J, Church DM, Bunke B,
Kunig D et al (2011) An evidence-based approach to establish the functional and clinical significance of copy number
variants in intellectual and developmental disabilities. Genet
Med 13(9):777–784. https://doi.org/10.1097/GIM.0b013e3182
2c79f9
70. Yeetong P, Pongpanich M, Srichomthong C, Assawapitaksakul
A, Shotelersuk V, Tantirukdham N et al (2019) TTTCA repeat
insertions in an intron of YEATS2 in benign adult familial myoclonic epilepsy type 4. Brain 142(11):3360–3366. https://d oi.o rg/
10.1093/brain/awz267
71. Zeng Z, Lei S, He Z, Chen T, Jiang J (2021) YEATS2 is a target
of HIF1α and promotes pancreatic cancer cell proliferation and
migration. J Cell Physiol 236(3):2087–2098. https://doi.org/10.
1002/jcp.29995
72. Durham MF, Magwire MM, Stone EA, Leips J (2014) Genomewide analysis in Drosophila reveals age-specific effects of SNPs
on fitness traits. Nat Com 5(1):1–8. https://doi.org/10.1038/
ncomms5338
73. Smith ER, Lin C, Garrett AS, Thornton J, Mohaghegh N, Hu D
et al (2011) The little elongation complex regulates small nuclear
RNA transcription. Mol Cell 44(6):954–965. https://doi.org/10.
1016/j.molcel.2011.12.008
74. Mohan M, Herz H-M, Takahashi Y-H, Lin C, Lai KC, Zhang
Y et al (2010) Linking H3K79 trimethylation to Wnt signaling
through a novel Dot1-containing complex (DotCom). Genes Dev
24(6):574–589. https://doi.org/10.1101/gad.1898410
75. Nagy Z, Riss A, Fujiyama S, Krebs A, Orpinell M, Jansen P
et al (2010) The metazoan ATAC and SAGA coactivator HAT
complexes regulate different sets of inducible target genes.
Cell Mol Life Sci 67(4):611–628. https://d oi.o rg/1 0.1 007/
s00018-009-0199-8
76. Suganuma T, Gutiérrez JL, Li B, Florens L, Swanson SK, Washburn MP et al (2008) ATAC is a double histone acetyltransferase
complex that stimulates nucleosome sliding. Nat Struct Mol Biol
15(4):364–372. https://doi.org/10.1038/nsmb.1397
77. Scacchetti A, Schauer T, Reim A, Apostolou Z, Sparr AC, Krause
S et al (2020) (2020) Drosophila SWR1 and NuA4 complexes
are defined by DOMINO isoforms. Elife 9:e56325. https://doi.
org/10.7554/eLife.56325
78. Kusch T, Florens L, MacDonald WH, Swanson SK, Glaser
RL, Yates JR et al (2004) Acetylation by Tip60 is required for
selective histone variant exchange at DNA lesions. Science
306(5704):2084–2087. https://doi.org/10.1126/science.1103455
79. Aoyagi N (2000) Wassarman DA (2000) Genes encoding Drosophila melanogaster RNA polymerase II general transcription
factors: diversity in TFIIA and TFIID components contributes to
gene-specific transcriptional regulation. J Cell Biol 150(2):F45–
F50. https://doi.org/10.1083/jcb.150.2.f45
80. Markmiller S, Soltanieh S, Server KL, Mak R, Jin W, Fang MY
et al (2018) Context-dependent and disease-specific diversity in
protein interactions within stress granules. Cell 172(3):590-604.
e13. https://doi.org/10.1016/j.cell.2017.12.032
81. Bailetti AA, Negrón-Piñeiro LJ, Dhruva V, Harsh S, Lu S,
Bosula A et al (2019) Enhancer of Polycomb and the Tip60
complex repress hematological tumor initiation by negatively
regulating JAK/STAT pathway activity. Dis Models Mech
12(5):dmm038679. https://doi.org/10.1242/dmm.038679
82. Tokusumi Y, Tokusumi T, Shoue DA, Schulz RA (2012) Gene
regulatory networks controlling hematopoietic progenitor niche
cell production and differentiation in the Drosophila lymph

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

Page 13 of 14

183

gland. PLoS ONE 7(7):e41604. https://doi.org/10.1371/journ
al.pone.0041604
Walkinshaw E, Gai Y, Farkas C, Richter D, Nicholas E, Keleman K et al (2015) (2015) Identification of genes that promote
or inhibit olfactory memory formation in Drosophila. Genetics 199(4):1173–1182. https://doi.org/10.1534/genetics.114.
173575
Deivasigamani S, Verma HK, Ueda R, Ratnaparkhi A, Ratnaparkhi GS (2014) A genetic screen identifies Tor as an interactor of VAPB in a Drosophila model of amyotrophic lateral
sclerosis. Biol Open 3(11):1127–1138. https://doi.org/10.1242/
bio.20141006
Chung C-Y, Berson A, Kennerdell JR, Sartoris A, Unger T,
Porta S et al (2018) Aberrant activation of non-coding RNA
targets of transcriptional elongation complexes contributes to
TDP-43 toxicity. Nat Com 9(1):1–13. https://doi.org/10.1038/
s41467-018-06543-0
Li Y, Ray P, Rao EJ, Shi C, Guo W, Chen X et al (2010)
A Drosophila model for TDP-43 proteinopathy. PNAS
107(7):3169–3174. https://doi.org/10.1073/pnas.0913602107
Lo Piccolo L, Mochizuki H, Nagai Y (2019) The lncRNA
hsrω regulates arginine dimethylation of human FUS to
cause its proteasomal degradation in Drosophila. J Cell Sci
132(20):2jcs36836. https://doi.org/10.1242/jcs.236836
Chen Y, Yang M, Deng J, Chen X, Ye Y, Zhu L et al (2011)
Expression of human FUS protein in Drosophila leads to progressive neurodegeneration. Protein Cell 2(6):477–486. https://
doi.org/10.1007/s13238-011-1065-7
Estes PS, Boehringer A, Zwick R, Tang JE, Grigsby B, Zarnescu DC (2011) Wild-type and A315T mutant TDP-43 exert
differential neurotoxicity in a Drosophila model of ALS. Hum
Mol Genet 20(12):2308–2321. https://doi.org/10.1093/hmg/
ddr124
Tsuda H, Han SM, Yang Y, Tong C, Lin YQ, Mohan K et al
(2008) The amyotrophic lateral sclerosis 8 protein VAPB is
cleaved, secreted, and acts as a ligand for Eph receptors. Cell
133(6):963–977. https://doi.org/10.1016/j.cell.2008.04.039
Poduri A, Evrony GD, Cai X, Elhosary PC, Beroukhim R,
Lehtinen MK et al (2012) Somatic activation of AKT3 causes
hemispheric developmental brain malformations. Neuron
74(1):41–48. https://doi.org/10.1016/j.neuron.2012.03.010
Wang L, Zhou K, Fu Z, Yu D, Huang H, Zang X et al (2017)
Brain development and Akt signaling: the crossroads of signaling pathway and neurodevelopmental diseases. J Mol Neurosci
61(3):379–384. https://doi.org/10.1007/s12031-016-0872-y
Fraser MM, Zhu X, Kwon C-H, Uhlmann EJ, Gutmann DH,
Baker SJ (2004) Pten loss causes hypertrophy and increased proliferation of astrocytes in vivo. Cancer Res 64(21):7773–7779.
https://doi.org/10.1158/0008-5472.CAN-04-2487
Li L, Liu F, Salmonsen RA, Turner TK, Litofsky NS, Di Cristofano A et al (2002) PTEN in neural precursor cells: regulation
of migration, apoptosis, and proliferation. Mol Cell Neurosci
20(1):21–29. https://doi.org/10.1006/mcne.2002.1115
Sharma A, Mehan S (2021) Targeting PI3K-AKT/mTOR signaling in the prevention of autism. Neurochem Int 13:105067.
https://doi.org/10.1016/j.neuint.2021.105067
Borrie SC, Brems H, Legius E, Bagni C (2017) Cognitive
dysfunctions in intellectual disabilities: the contributions of
the Ras-MAPK and PI3K-AKT-mTOR pathways. Annu Rev
Genomics Hum Genet 18:115–142. https://d oi.o rg/1 0.1 146/a nnur
ev-genom-091416-035332
Kumar S, Reynolds K, Ji Y, Gu R, Rai S, Zhou CJ (2019)
Impaired neurodevelopmental pathways in autism spectrum disorder: a review of signaling mechanisms and crosstalk. J Neurodev Disord 11(1):1–14. https://doi.org/10.1186/
s11689-019-9268-y

13

183

Page 14 of 14

98. Rosso SB, Inestrosa NC (2013) WNT signaling in neuronal maturation and synaptogenesis. Front Cell Neurosci 7:103. https://d oi.
org/10.3389/fncel.2013.00103
99. Bielen H, Houart C (2014) The Wnt cries many: Wnt regulation of neurogenesis through tissue patterning, proliferation, and
asymmetric cell division. Dev Neurobiol 74(8):772–780. https://
doi.org/10.1002/dneu.22168
100. Bengoa-Vergniory N, Kypta RM (2015) Canonical and noncanonical Wnt signaling in neural stem/progenitor cells. Cell
Mol Life Sci 72(21):4157–4172. https://  d oi.  o rg/  1 0.  1 007/
s00018-015-2028-6
101. Hall AC, Lucas FR, Salinas PC (2000) Axonal remodeling and
synaptic differentiation in the cerebellum is regulated by WNT7a signaling. Cell 100(5):525–535. https://doi.org/10.1016/
s0092-8674(00)80689-3
102. Salinas PC, Zou Y (2008) Wnt signaling in neural circuit assembly. Annu Rev Neurosci 31:339–358. https://d oi.o rg/1 0.1 016/1 0.
1146/annurev.neuro.31.060407.125649
103. Stenman JM, Rajagopal J, Carroll TJ, Ishibashi M, McMahon J,
McMahon AP (2008) Canonical Wnt signaling regulates organspecific assembly and differentiation of CNS vasculature. Science 322(5905):1247–1250. https://doi.org/10.1126/science.
1164594
104. Darbandi SF, Schwartz SER, Pai EL-L, Everitt A, Turner ML,
Cheyette BN et al (2020) Enhancing WNT signaling restores
cortical neuronal spine maturation and synaptogenesis in Tbr1
mutants. Cell Rep 31(2):107495. https://d oi.o rg/1 0.1 016/j.c elrep.
2020.03.059
105. Caracci MO, Ávila ME, De Ferrari GV (2016) Synaptic Wnt/
GSK3β signaling hub in autism. Neural Plast 2016:9603751.
https://doi.org/10.1155/2016/9603751
106. Purro SA, Galli S, Salinas PC (2014) Dysfunction of Wnt signaling and synaptic disassembly in neurodegenerative diseases. J
Mol Cell Biol 6(1):75–80. https://doi.org/10.1093/jmcb/mjt049
107. Oliva CA, Vargas JY, Inestrosa NC (2013) Wnts in adult brain:
from synaptic plasticity to cognitive deficiencies. Front Cell Neurosci 7:224. https://doi.org/10.3389/fncel.2013.00224
108. Kwan V, Unda BK, Singh KK (2016) Wnt signaling networks in
autism spectrum disorder and intellectual disability. J Neurodev
Disord 8(1):1–10. https://doi.org/10.1186/s11689-016-9176-3
109. Breen MS, Browne A, Hoffman GE, Stathopoulos S, Brennand K, Buxbaum JD et al (2020) Transcriptional signatures of
participant-derived neural progenitor cells and neurons implicate altered Wnt signaling in Phelan-McDermid syndrome and
autism. Molecular Autism 11(1):1–23. https://doi.org/10.1186/
s13229-020-00355-0
110. Armesilla-Díaz A, Bragado P, Del Valle I, Cuevas E, Lázaro I,
Martin C et al (2009) p53 regulates the self-renewal and differentiation of neural precursors. Neuroscience 158(4):1378–1389.
https://doi.org/10.1016/j.neuroscience.2008.10.052
111. Gil-Perotin S, Marin-Husstege M, Li J, Soriano-Navarro M,
Zindy F, Roussel MF et al (2006) Loss of p53 induces changes
in the behavior of subventricular zone cells: implication for the
genesis of glial tumors. J Neurosci 26(4):1107–1116. https://doi.
org/10.1523/JNEUROSCI.3970-05.2006
112. Aloyz RS, Bamji SX, Pozniak CD, Toma JG, Atwal J, Kaplan
DR et al (1998) p53 is essential for developmental neuron death
as regulated by the TrkA and p75 neurotrophin receptors. J Cell
Biol 143(6):1691–1703. https://doi.org/10.1083/jcb.143.6.1691
113. Jacobs WB, Kaplan DR, Miller FD (2006) The p53 family in nervous system development and disease. J Neurochem
97(6):1571–1584. https://doi.org/10.1111/j.1471-4159.2006.
03980.x
114. Kaplan DR, Miller FD (2000) Neurotrophin signal transduction
in the nervous system. Curr Opin Neurobiol 10(3):381–391.
https://doi.org/10.1016/s0959-4388(00)00092-1

13

R. Yeewa et al.
115. Navarro AM, Pronk RJ, van der Geest AT, Oliynyk G, Nordgren
A, Arsenian-Henriksson M et al (2020) p53 controls genomic stability and temporal differentiation of human neural stem cells and
affects neural organization in human brain organoids. Cell Death
Dis 11(1):1–16. https://doi.org/10.1038/s41419-019-2208-7
116. Bowen ME, Attardi LD (2019) The role of p53 in developmental
syndromes. J Mol Cell Biol 11(3):200–211. https://doi.org/10.
1093/jmcb/mjy087
117. Li YR, King OD, Shorter J, Gitler AD (2013) Stress granules
as crucibles of ALS pathogenesis. J Cell Biol 201(3):361–372.
https://doi.org/10.1083/jcb.201302044
118. Sanchez II, Nguyen TB, England WE, Lim RG, Vu AQ, Miramontes R et al (2021) Huntington’s disease mice and human
brain tissue exhibit increased G3BP1 granules and TDP43 mislocalization. J Clin Investig 131(12):e140723. https://doi.org/1 0.
1172/JCI140723
119. Jiang Y, Liu S, Tian G, Cheung HJH, Li X, Li XD (2021) Concise
solid-phase synthesis enables derivatisation of YEATS domain
cyclopeptide inhibitors for improved cellular uptake. Bioorg Med
Chem 45:116342. https://doi.org/10.1016/j.bmc.2021.116342
120. Ma XR, Xu L, Xu S, Klein BJ, Wang H, Das S et al (2021)
Discovery of Selective Small-Molecule Inhibitors for the ENL
YEATS Domain. J Med Chem 64(15):10997–11013. https://doi.
org/10.1021/acs.jmedchem.1c00367
121. Garnar-Wortzel L, Bishop TR, Kitamura S, Milosevich N, Asiaban JN, Zhang X et al (2021) Chemical inhibition of ENL/AF9
YEATS domains in acute leukemia. ACS Cent Sci 7(5):815–830.
https://doi.org/10.1021/acscentsci.0c01550
122. Jiang Y, Chen G, Li X-M, Liu S, Tian G, Li Y et al (2020)
Selective Targeting of AF9 YEATS domain by cyclopeptide
inhibitors with preorganized conformation. J Am Chem Soc
142(51):21450–21459. https://doi.org/10.1021/jacs.0c10324
123. Moustakim M, Christott T, Monteiro OP, Bennett J, Giroud C,
Ward J et al (2018) Discovery of an MLLT1/3 YEATS domain
chemical probe. Angew Chem Int Ed Engl 57(50):16302–16307.
https://doi.org/10.1002/anie.201810617
124. Heidenreich D, Moustakim M, Schmidt J, Merk D, Brennan PE,
Fedorov O et al (2018) Structure-based approach towards identification of inhibitory fragments for eleven-nineteen-leukemia
protein (ENL). J Med Chem 61(23):10929–10934. https://doi.
org/10.1021/acs.jmedchem.8b0145
125. Christott T, Bennett J, Coxon C, Monteiro O, Giroud C, Beke V
et al (2019) Discovery of a Selective Inhibitor for the YEATS
Domains of ENL/AF9. SLAS Discov 24(2):133–141. https://d oi.
org/10.1177/2472555218809904
126. Ni X, Heidenreich D, Christott T, Bennett J, Moustakim M, Brennan PE et al (2019) Structural insights into interaction mechanisms of alternative piperazine-urea YEATS domain binders in
MLLT1. ACS Med Chem Lett 10(12):1661–1666. https://doi.
org/10.1021/acsmedchemlett.9b00460
127. Jones DT, Taylor WR, Thornton JM (1992) The rapid generation
of mutation data matrices from protein sequences. Bioinform
8(3):275–282. https://doi.org/10.1093/bioinformatics/8.3.275
128. Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA
X: molecular evolutionary genetics analysis across computing
platforms. Mol Biol Evol 35(6):1547. https://doi.org/10.1093/
molbev/msy096
129. Stecher G, Tamura K, Kumar S (2020) Molecular evolutionary genetics analysis (MEGA) for macOS. Mol Biol Evol
37(4):1237–1239. https://doi.org/10.1093/molbev/msz312
Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

