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Abstract
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Background: We carry out a review of the history and biological activities of one domesticated gene in higher
primates, SETMAR, by discussing current controversies. Our purpose is to open a new outlook that will serve as a
framework for future work about SETMAR, possibly in the field of cognition development.

Main body: What is newly important about SETMAR can be summarized as follows: (1) the whole protein sequence
is under strong purifying pressure; (2) its role is to strengthen existing biological functions rather than to provide new
ones; (3) it displays a tissue-specific pattern of expression, at least for the alternative-splicing it undergoes.

Studies reported here demonstrate that SETMAR protein(s) may be involved in essential networks regulating rep-
lication, transcription and translation. Moreover, during embryogenesis, SETMAR appears to contribute to brain

Short conclusion: Our review underlines for the first time that SETMAR directly interacts with genes involved in
brain functions related to vocalization and vocal learning. These findings pave the way for future works regarding
SETMAR and the development of cognitive abilities in higher primates.
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Background

In humans, the most salient evolutionary feature is the
development of increased cognitive capacities during
the millions of years of Homo sapiens evolution. A better
understanding of the basis of this evolution is a real chal-
lenge. Up to 20% of the inherited intelligence have been
explained by complementary approaches such as behav-
ioral, and also genetic, with candidate genes, genome-
wide associations, linkage analyses and more recently,
large scale genetic studies [1, 2].

In the meantime, domesticated transposable elements
(TEs) have been shown to be efficient drivers for the
rapid emergence of adaptative novelties, like increased
cognitive capabilities and recent speciation [3]. The con-
cept of « molecular domestication » was drawn by Miller
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and collaborators in 1997, with a handful of cases illus-
trating how transposable elements had provided TE-
derived proteins that have been repurposed for/by their
hosts [4]. Since, up to one hundred and fifty cases have
been well-documented in higher eukaryotes, including
humans [5, 6]. TEs have provided tens of thousands of
TEs-derived DNA binding sites, serving for transcription
factors and regulatory proteins involved in DNA or RNA
metabolism [7], with a substantial fraction of TE-derived
binding events sustaining cell type-specificity [8].

Here, we carry out a review of the history and biologi-
cal activities of one of such domesticated gene, SETMAR,
by discussing current controversies. We give an overview
of Hsmarl remnants still present in the human genome,
and their possible role as members of the SETMAR
network. Then, we will take advantage of ChIP-seq and
RNA-seq available data to establish a link between SET-
MAR, its network, the genes involved in central nervous
system (CNS) development and its control. Our purpose
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is to open a new outlook that would serve as a framework
for future work about SETMAR, in the field of cognition
development.

SETMAR history and biochemical activities

Researchers working on transposable elements of the
mariner family (first described in Drosophila) were the
first to look for such elements in the human genome and
to discover a chimeric gene [9] later named SETMAR or
METNASE. Born 45 million years ago, SETMAR is only
present in higher primates [10]. SETMAR is made of
three exons, the two first coming from the SET gene and
coding for histone methyltransferase functions, the third
coming from the Hsmarl transposase gene and coding
for recombinase functions [11] (Fig. 1). The first activi-
ties attributed to SETMAR were logically those of the
ancestral proteins now forming the neo-gene: Histone
methyltransferase (for the SET domain) and DNA strand
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transfer (for the MAR domain) [11]. Thirties publications
about SETMAR biochemical properties are summarized
in Fig. 2 and described hereafter.

As it will be shown thereafter, the full length SETMAR
protein is described as a genome keeper, expressed in
main tissues, but with different levels [11] (Fig. 3a). In
cancer cells, the SETMAR gene is over-expressed, and
the full length SETMAR sustains oncogenic processes.
Under certain circumstances, SETMAR pre-mRNA
undergoes alternative splicing, leading to the production
of shorter proteins, enriched in cancer stem cells [12, 14].
Relationships between SETMAR and cell state has been
since documented [14—16]. Works presented below con-
cern the full-length protein (78kDa) that is referred as
SETMAR, unless specified.
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SETMAR in DNA binding, repair and foreign DNA integration

Like the Hsmarl transposase from which it comes, the
MAR domain is made of a DNA binding domain and a
recombinase domain. The ability of SETMAR to bind the
Hsmarl extremities, called TIRs (for Terminal Inverted
Repeats) was first investigated. As expected, SETMAR is
able to interact with the 30-bp TIRs sequence, similarly
to the reconstructed ancestral transposase (HSMAR-RA)
[10, 17-19]. Several studies demonstrated that SETMAR
specifically interacts with Hsmarl TIRs, whereas it does
not recognize other sequences with the same efficiency.
This characteristic of SETMAR is of outmost importance
as thousands of TIRs are present in the current human
genome, and represent as many specific sites of fixation
[10]. Beck and collaborators [20, 21] also demonstrate
that hPSO4/PRPF19 is a SETMAR partner that modifies

its binding properties, and improves recognition and
binding to sequences other than Hsmarl TIRs.

A second characteristic related to the SETMAR recom-
binase domain is its ability to integrate foreign DNA,
using the DNA phosphatidyl-transferase activity shared
by transposases to perform the last step of transposi-
tion, i.e. integration. Lee et al [11] measured the ability
of a linearized vector to have its free ends joined by SET-
MAR in vitro. Their results suggested for the first time
that SETMAR might constitute a component of the non-
homologous end-joining (NHE]) repair system. Since
then, several studies have confirmed that SETMAR is an
efficient partner of the NHE] pathway, helping to pro-
duce undamaged 3’ ends suitable for patching and liga-
tion, bypassing and removing blocked termini [22-24]. It
was shown [25, 26] that SETMAR is localized at double
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strand breaks, where it enhances repair efficiency, and
promotes the resolution of phosphorylated H2Ax foci, a
marker of DNA double-strand breaks at collapsed forks.
In addition, various NHE] factors were demonstrated to
directly interact with SETMAR, such as hPSO4/PRPF19
[21] and the ligase IV-XRCC4 complex [27]. Although
these activities tend to be spontaneously associated to
the MAR domain, a contribution of the SET domain is
formally sustained both by mutations that result in a
decrease in NHE] efficiency, especially for precise repair
[11] and by the use of the SET domain alone [28]. These
later and recent works suggest that both the SET and
the MAR domain can play a role in DNA repair and ille-
gitimate integration when they are not linked together

(with a need to clarify their exact contribution) however
the whole SETMAR protein is only faintly responsible
for such activities. Although inconsistent with previ-
ously mentioned studies, these results illustrate well that
many unanticipated parameters affect SETMAR activity
in cells. They also show that the use of an overexpressed
recombinant protein is a simplifying approach/vision,
which struggles to resolve complex issues.

Cell cycle and replication

Upstream of phosphatidyl-transferase activity, trans-
posases need to perform DNA double strand breaks to
excise the transposon at the beginning of transposition.
These properties (concerted cleavage and re-ligation)
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are both the main features of chromosomes decatena-
tion, the process whereby sister chromatids synthetized
during the phase S are untangled to ensure proper chro-
matid segregation in mitosis, to prevent chromosomes
break during anaphase and inappropriate repair [29].
Accordingly, it was demonstrated that SETMAR physi-
cally interacts and co-localizes with Topoisomerase Ilo
(Topo Ila), the key chromosome-decatenating enzyme
[30, 31]. Furthermore, it enhances Topo Ila decatenation
and increases cell resistance to Topo Ila inhibitors [32],
commonly used as chemotherapeutic drugs. Topo Ila
is also required during replication, to unwind the DNA
before the replication fork, allowing the fork to progress
during DNA synthesis. Cells are particularly vulnerable
to DNA damage during replication as multiple lesions
can cause replication forks pauses, even to stall, until
DNA breaks are repaired. The replication fork restart
to complete replication is an important process of cell
cycle. Information about the role of SETMAR in the
replication stress response, through helping replication
forks restart, was addressed by hydroxyurea (HU) treat-
ment, a chemical that blocks replication. It was demon-
strated that SETMAR knock-down improves sensitivity
of the cells to the HU treatment, delaying the response
and the restart of DNA synthesis [26]. The involvement
of SETMAR during the phase S was confirmed since it
co-immunoprecipitates with PCNA and RAD9, mem-
bers of the PCNA-like RAD9-HUS1-RAD1 intra-S
checkpoint complex [26]. Taken together, these works
sustain a strong involvement of SETMAR in DNA repair
by NHE], chromosome decatenation and the replication
stress response.

Because the cell cycle is regulated by a cascade of phos-
phorylation events initiated upon DNA damage sensing,
and because transposases of the mariner family were
proven to be regulated by phosphorylation [33], phos-
phorylation events between SETMAR and CHK1 were
investigated. It has been shown that DNA damage by
ionizing radiation induces SETMAR phosphorylation on
Ser-495 (pS495) by CHK1 [34]. pS495-SETMAR is inef-
ficient in the restart of collapsed replication forks, but it
is recruited to DNA double strand breaks more efficiently
to enhance repair. Thus, SETMAR is one of CHK1 effec-
tors in replication stress, to protect the cell and repair
the DNA breaks. In addition, pS495-SETMAR increases
CHK1 stability [35]. A recent study proposes that SET-
MAR could be present at replication origins, but this
point remains to be confirmed by the used of synchro-
nized cultured-cells [14].

What about the SET domain?
Histone methyltransferase activity of SETMAR was also
one of the first investigated in pioneer works. Using in

Page 5 of 14

vitro approaches, Lee et al [11] have demonstrated that
SETMAR is able to di-methylate H3K4 and H3K36,
two epigenetic markers of open and accessible chro-
matin. Although this data have been since challenged
[36], SETMAR dimethylation of H3 at K36 was recently
confirmed by an overall epigenetic approach comparing
overexpressed recombinant SETMAR mutated or not
in the SET domain [37]. The in vivo ability of SETMAR
to methylate H3K36me2 was also confirmed by the
knockdown of SETMAR expression that dramatically
decreased H3K36me2 level in glioblastoma cell lines
[24]. The ability of SETMAR to promote H3K36me2
is relevant beyond its role in NHE], by enhancing the
opening of chromatin loci that need to be repaired.
Xie et al [15] also mentioned a possible involvement
of SETMAR in H3K27me3 marks which are detected
in bladder cancer cells. It seems important to note
that these findings concern an atypical SETMAR tran-
script (variant 5, see Table 1) instead of the one coding
the FL-SETMAR. Variant 5 is coding for a protein that
was never detected in vivo (SETMAR-L) and that does
not contain a full SET domain. Even if translated, SET-
MAR-L mRNA would allow the production of a SET-
MAR protein close to S-SETMAR, that cannot directly
explain the H3K27me3 marks which are detected in
bladder cancer cells [15].

In addition to histone H3 methylation, SETMAR was
demonstrated to promote both auto-methylation (at
K335) and methylation of the splicing factor snRNP70
at K130 [36]. In these cases, SETMAR is rather a mono-
methyltransferase. The proposition of Carlson et al [36]
about SETMAR auto-methylation at K335 is that it con-
cerns only a small part of the cellular SETMAR in vivo,
and it probably does not change the catalytic activities
of the enzyme, rather the interactions with its part-
ner-proteins. The fact that the amount of K130-mel
snRNP70 is increased in cells overexpressing SETMAR
argues in favor of an involvement of SETMAR in splic-
ing regulation, but this point remains to be explored.
Finally, SETMAR has also been shown to auto-meth-
ylate on its residue K485, which regulate chromosome
decatenation [31].

During the past decade, the role of the SET domain
may have seemed controversial. Nevertheless, recent
works, based on high-throughput analysis techniques,
convince us that the SET domain is really involved in
the methylation of different target proteins: histone
H3 (K36), snRNP70 and SETMAR itself. Finally, it has
been shown that colorectal cells do not produce SET-
MAR variants that contain the SET domain [14]. This
observation reminds us of the importance of Western
blot approaches (to detect endogenous proteins), as an
essential complement to validate RNA approaches.
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Table 1 Annotation of SETMAR variants found in literature and databases
Expected
Ensembl Transcript ID RefSeq Match Protein Expected RNA Endog_enous SETMAR
length MW (kDa) proteins detection
. Detection and
Prediction L
denomination
Ensembl RefSeq [12] [14])
[11)*
) ) FL-SETMAR=SETMAR 2100 - . -
ENST00000358065.4 NM_006515.4 684aa 78.03 SETMAR-201 |transcript variant 1 [12]**; Lie et al in press
ENST00000430981.1 NM_001276325.1 |365aa 40.51 SETMAR-206 |transcript variant 3 [13]***
ENST00000425863.5 NM_001243723 545aa 62.12 SETMAR-205 |transcript variant 2 | SETMAR 1700 ND**
ENST00000358950.4 212aa 23.78 SETMAR-202
ENST00000413809.5 NM_001320677.2 |428aa 49.68 SETMAR-203 |transcript variant 6 [13]***
ENST00000425046.1 NM_001320676.2 |406aa 47.14 SETMAR-204 |transcript variant 5 SETMAR-L
ENST00000462115.1 SETMAR-207
ENST00000490691.1 SETMAR-208
. . S-SETMAR=SETMAR 1200 [12]**; Lie et al in press**
NM_001320678.2 |396aa 45.76 transcript variant 7
SETMAR-S

NA NM_001320678.1 SETMAR 1300 ND**
SETMAR expression the SET domain is described at position K335 [36], i.e. in

Databases (Ensembl and NCBI Gene) describe various
isoforms of SETMAR transcripts. Some of them were
found in different cell types [12, 38] while others were
never detected in vivo (Table 1).

Based on databases information, five of these tran-
scripts could encode proteins. Two publications actually
show experiments detecting endogenous SETMAR pro-
teins [12, 14]. Only one commercial antibody is indeed
specific. It is directed against the N-terminal part of the
protein and thus allows the detection of all putative SET-
MAR proteins (at least those predicted by databanks).
Currently, four endogenous SETMAR proteins have been
detected (Table 1): one of respective apparent molecular
mass around 77 kDa [12] and three of respective appar-
ent molecular mass around 48-52 kDa [12, 14]. Note that
it seems difficult to exclude, on the basis of Western blots
alone, that S-SETMAR, the short variant first described
by Dussaussois et al [12] is not one of the two short vari-
ants recently described by Antoine-Lorquin et al [14].

SETMAR translation

Until 2014, the methionine commonly used as the first
SETMAR amino acid (aa) was located at ATG2 (Fig. 1).
Jeyaratnam et al [38] were the first to propose that the
SETMAR open reading frame could start at ATG1, lead-
ing to a protein of 684 amino acids, i.e. including the 13
aa sequence that was later called “peptide alpha” [14].
All experiments using recombinant SETMAR were per-
formed with a full length SETMAR variant of 671 aa,
without “peptide alpha” (see Fig. 1). This led to two dif-
ferent numbering systems of SETMAR amino acids. For
instance, the phosphorylation of the MAR domain is
described in the literature at position S495 [35], i.e. in
the 671 full length SETMAR, whereas the methylation of

the 684 full length SETMAR. We now propose that the
community should adopt the numbering which takes into
account the protein translated from ATG], as it is done
in Fig. 1.

Hsmar1 remnants and the associated SETMAR network
Transposases are the most abundant and ubiquitous
genes in nature [39]. They are at the origin of hundreds of
“neo-genes” created by the domestication of various TEs
during evolution [40], as was Hsmarl. The first Hsmarl
copy was inserted in an ancestral primate genome nearly
45 million years ago [10]. After millions of years of trans-
position and amplification, hundred copies of Hsmarl
were created. This burst of amplification was followed by
Hsmarl inactivation, due to accumulated mutations and
deletions within both the transposase gene and/or TIRs
sequences. Today, the human genome contains about 250
defective Hsmarl copies and nearly 12,500 TIRs organ-
ized either in solo TIR or miniature elements lacking the
transposase coding gene and called MITEs [41], both
coming from either partial excision or recombination for
full-length elements.

hsa-miR-548

Because MITEs display a nearly perfect palindromic
structure, with TIRs separated by a few base pairs in hair-
pin structures, it has been proposed that they can be on
the origin of short endogenous small non-coding RNAs,
siRNA and/or miRNA, that play a major role in gene reg-
ulation at the post-transcriptional level. In 2007, Hsmarl
derived MITEs were demonstrated to be at the origin of
an active miRNA called hsa-miR-548 [42]. Since, more
than 75 hsa-miR-548 genes were found in the human
genome, leading to the expression of about 80 miRNA
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targeting an estimated 1000 to 6000 genes, depending
on the database used (miRBase, miRWalk, miRanda and
TargetScan). Over 80 papers have been published dem-
onstrating the implication of hsa-miR-548 in the regu-
lation of genes involved in diverse pathologies such as
cancers (breast, bladder, liver, ... ), ischemia or coronary
artery disease [43-47]. In addition, SETMAR mRNA
are predicted to be targets for (at least) 11 hsa-miR-548
(miRWalk database).

Hsmar1 TIRs

Among the nearly 12,500 Hsmarl TIRs still present
in the modern human genome, about 4,000 display a
sequence allowing SETMAR binding [41, 48], promoting
the organization of what is referred herein as the “SET-
MAR network”. The genetic control potentially associated
to this network can occur in various ways: (1) via the SET
domain of SETMAR, (2) by competing or interacting with
partner factors, or (3) via regulatory mechanisms repress-
ing TEs activity. This last hypothesis has been verified
in both human and non-primate cells (i.e. HeLa versus
CHO cells), in which an active (reconstructed) Hsmarl
copy was stably inserted within a construction allowing
the tracking of the recombinant Hsmarl excision. Inter-
estingly, the genetic background of the naive CHO cells is
permissive for Hsmarl transposition, whereas HeLa cells
are not [41]. The authors demonstrate that the recom-
binant Hsmarl copy is silenced both by DNA methyla-
tion and H3K9me3 depositions. In contrast, endogenous
Hsmarl, TIRs or SETMAR are not specifically silenced.
They display similar epigenetic characteristics than the
whole human genome. This overall approach does not
rule out the possibility that some Hsmarl sequences
could be the target of epigenetic regulations, possibly
cell-specific, but this remains to be analyzed in details.
The fact that various Hsmarl TIRs remain accessible
strengthens the idea that SETMAR represents a good
candidate to implement a (epi)-genetic network. Tellier
and Chalmers have recently investigated this hypothesis.
They show that SETMAR overexpression induces a shift
of mRNA expression by more than 2-fold of almost 1,500
genes in cultured osteosarcoma cells (U20S) [37]. The
shift of expression is highly correlated to the SET domain
activity. Using a ChIP-seq approach, they demonstrate
that genes with a TIR bound by SETMAR (157 genes) are
strongly over-represented amongst the 374 immunopre-
cipitated genes. Nevertheless, 47 immunoprecipitated
genes contain a TIR that is not occupied by SETMAR.
In 227 genes, SETMAR recognizes and binds sequences
other than Hsmarl TIR. Although it has recently been
contradicted in a quite artificial model (haploid cell line
with KO of endogenous SETMAR gene and overexpres-
sion of a recombinant one) [48], this observation strongly
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supports the results of Beck and collaborators [21],
showing that hPSO4/PRPF19 is a SETMAR partner that
modifies its binding properties (see below). The SET-
MAR complexes containing hPSO4/PRPF19 display less
specific binding properties, expanding the field of SET-
MAR network and the number of possible target genes,
as illustrated in two recent works [14, 37]. Finally, genes
controlled by SETMAR in Tellier and Chalmers study
[37] are described as being involved in organ develop-
ment and/or differentiation cellular events that are mis-
regulated in cancer cells. Surprisingly, the genes on which
SETMAR binds with a significant change in expression
rate (2-fold) shows an unexpected enrichment of genes
involved in synaptogenesis or certain cognitive skills such
as language learning. So, 12 years after the hypothesis
of a network associated with SETMAR has been pro-
posed [10], it is experimentally confirmed. Future works
will have to deal with peculiar challenging issues, as the
identification of truly used SETMAR binding sites or the
biological consequences of SETMAR binding on target
genes. Another challenge concerns the role and occur-
rence of SETMAR variants. Indeed, Antoine-Lorquin
et al [14] have shown that colorectal cells (cancerous or
not) do not express the full-length form of SETMAR (see
below), imposing a hypothesis that had been barely sug-
gested by Dussaussois et al [12]: SETMAR alternative
splicing could be tissue or cell-specific. This new hypoth-
esis should lead us to reconsider what we had taken for
granted: SETMAR is probably not a ubiquitous protein.

SETMAR and diseases

SETMAR and cancer

Some studies suggest that SETMAR amounts positively
correlates with cell proliferation [26, 30, 36], whereas
another does not suggest it [28]. If cell proliferation cor-
relates positively with SETMAR, then cancer cells are
expected to over-express it. Accordingly, SETMAR pro-
tein has been searched in tumor from patients, such as
hematologic neoplasms [38], gliomas and glioblastomas
[12]. In those tissues, SETMAR mRNA are increased up
to 70 times (depending on the sample analyzed) when
compared to healthy tissues. SETMAR mRNA are the
result of various alternative splicing. Among them, the
mRNA coding the complete SETMAR protein (FL-
SETMAR, for full-length SETMAR) is always the most
abundant. Ten different mRNA have been described
in hematologic neoplasms (acute myeloid leukaemia
(AML), mantle cells lymphoma and chronic myeloid leu-
kaemia), and four in gliomas and glioblastomas, which
are identical to four of those found in the hematologic
neoplasms. According to their sequences, three of the
six mRNA encode functional proteins: the full-length
protein and for proteins lacking either a part of the SET



Lié et al. Mobile DNA (2022) 13:9

domain, or the whole SET domain and a part of the
pre-SET domain. Yet, they all contain the whole MAR
domain [12, 38]. In AML, the increased expression of
the full-length mRNA was correlated with a low level
of chromosomal translocation, suggesting a protective
effect of high SETMAR expression [38]. Until recently,
the presence of SETMAR proteins in tumor tissues from
patients was addressed only in glioblastomas (GBM) [12].
Two variants have been detected, the full-length SET-
MAR and a truncated form (S-SETMAR for short SET-
MAR) lacking a part of the pre-SET domain and the SET
domain, both encoded by exon 2. The mRNA encoding
this short variant has been previously detected in hema-
tologic neoplasms. Quite similar proteins have been also
recently detected in colorectal cancers [14]. In GBM, the
relative abundance of each SETMAR variant does not
match the relative abundance of the related mRNA, since
both SETMAR proteins are enriched in GBM, whereas
only the full-length mRNA is over-represented. Dus-
saussois et al [12] have demonstrated that S-SETMAR is
still able to perform NHE] but with less efficiency than
FL-SETMAR, thus confirming the importance of the SET
domain in SETMAR functions. In order to understand
the intriguing fact that S-SETMAR is over-represented
(related to its mRNA level), the role of a short N-ter-
minus sequence of 13 amino acids was addressed, and
evidences were provided that this peptide (called alpha-
peptide) increases the half-life of both SETMAR proteins
from hours to days [12]. At that time, the lack of anti-
alpha-peptide antibodies did not make possible to check
the presence of this peptide in endogenous SETMAR.
However, very recent data confirm that most endogenous
SETMAR contain an alpha-peptide [49]. The role of each
SETMAR protein has to be defined, but a first line of evi-
dences suggests that S-SETMAR is preferably expressed
in cancer stem cells, whereas FL-SETMAR is preferen-
tially expressed in differentiated cells. SETMAR was dem-
onstrated to be involved in the recurrence of GBM, since
its expression is upregulated in therapy resistant cells
[24]. The resulted high level of H3K36me2 contributes to
activate the NHE] repair pathway. Expectedly, the treat-
ment of therapy resistant cells with sh-SETMAR reduces
the overall level of H3K36me2 and leads to the irrevers-
ible senescence of the cells [24]. Data recovered from
GBM and GBM stem cells are reinforced by colon cancer
stem cells data [16]. Here, the knockdown of SETMAR
by siRNA against exon 3 (coding the domain MAR, pre-
sent in all SETMAR proteins, see Fig. 1) is directly related
to the down-regulation of stemness factors as NANOG,
OCT3/4 and SOX2. Even if these findings do not allow
discriminating between S- and FL-SETMAR, they clearly
establish a relationship between SETMAR and stemness
and/or differentiation. This has been supported by recent

Page 8 of 14

findings demonstrating that NONO (a factor that plays a
role in gene activation and mRNA processing during cell
differentiation [50]) is needed to perform SETMAR exon
2 retention in bladder cancer cells [15]. This reinforces
the hypothesis linking SETMAR isoforms and cell differ-
entiation. The only weak point of Xie et al findings [15]
is that their works concern an atypical SETMAR tran-
script (variant 5, see Table 1) instead of the one coding
the FL-SETMAR.

According to these results, a first working hypothesis
can be proposed. The FL-SETMAR could be a genome
keeper, expressed (at the mRNA level) in almost all adult
healthy tissues [11], but with variable amount at the pro-
tein level [14]. Its role may be to improve the efficacy of
biological mechanisms otherwise present in species other
than higher primates. In cancer cells, the SETMAR gene
is over-expressed, and FL-SETMAR then sustains onco-
genic processes and the development of cancer cells or
cancer stem cells. Under certain circumstances, SET-
MAR pre-mRNA undergoes alternative splicing, result-
ing in shorter SETMAR isoforms, containing or not the
alpha-peptide. It cannot be excluded that alternative
splicing occurs differently depending on the cell type,
leading to the production of different short variants fol-
lowing tissue-specificity. These shorter and possibly more
stable proteins could disrupt the activity of the FL-SET-
MAR (by competing with partner-proteins, with DNA
binding sites, by heterodimers assembly between S- and
FL-SETMAR ... ). The fact that high level of S-SETMAR
(the short variant found in GBM) is a factor of good
prognosis for patients with GBM [49] could be a conse-
quence of this dominant-negative activity.

SETMAR as a therapeutic target

As previously mentioned, SETMAR is seen as being a
putative obstacle to the classical treatments of cancer
involving radiotherapy and chemotherapy (Fig. 2). It thus
appeared interesting to develop SETMAR inhibitors to
improve cancer treatments. Various SETMAR inhibi-
tors have been screened on the basis of the MAR domain
strand-transfer activity [51]. Of particular interest, cip-
rofloxacin impairs the SETMAR ability to cleave and to
repair DNA. This increases the sensitivity of cancer cells
and xenograft tumor models to already clinically avail-
able chemotherapy, by blocking the repair of chemother-
apy-induced DNA damage. On the other hand, several
hsa-miR-548 have been described to be directly involved
in oncogenesis; for instance, miR-548a-3p repressed
SIX1, a transcription factor that controls glycolytic genes.
In breast cancer, SIX1 is over-expressed following the
decrease of miR-548a-3p level, and this level is a good
predictor of prognosis in patients [52]. Another hsa-
miR-548, miR-548b, was shown to inhibit proliferation
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of glioma cells (from brain tumors) by repressing MTA2,
the metastasis tumor-associated protein-2 [53]. In both
cases, therapeutic approaches can be considered by the
restoration of an increased level of hsa-miR-548.

SETMAR and integrative viruses

Because SETMAR was identified as being important for
the integration of foreign DNA into the host cell genome,
Williamson et al [54] examined whether SETMAR
expression levels could have an influence on lentiviral
genomic integration (more precisely, the VSV-G pseudo-
typed HIV1-backbone lentivirus). They show that the
expression level of SETMAR correlates with live lentivi-
ral integration and that this activity relies on the MAR
domain efficiency. In contrast, SETMAR has no effect on
the amount of either total cellular viral RNA, cDNA or
2-LTR circles.

Other diseases?

In order to identify a potential role of SETMAR in genetic
hereditary diseases, two complementary approaches have
been used.

First, large genetic alterations involving SETMAR have
been collected using ClinVar data (Table 2). No case of
deletion or duplication of the SETMAR gene alone has
been reported. In nine cases, SETMAR and SUMFI (only)
are co-deleted, but no clinical significance is related.
This codeletion is expected since SETMAR belongs to a
SUMF1 intron.

Second, punctual or little mutations within the SET-
MAR gene have been examined, using the Genome
Aggregation Database (gnomAD) of the Broad Institute.
Synonymous and missense SETMAR loss-of-function
protein variants are scored for their expected versus
observed occurrences, giving a ratio of about 1 (0.98 and
0.96 respectively), suggesting that the SETMAR gene is
under low (or no) selection. This is confirmed by a pLI
(probability of being loss-of-function intolerant) of 0,

Table 2 Summary of ClinVar data involving SETMAR
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meaning that SETMAR could tolerate mutations without
displaying disease phenotypes. Indeed, many individuals
in the general populations display heterozygous deletions
of this part of their genome (Database of Genomic Vari-
ants), with a heterozygous status implying that deletions
or punctual mutations are not deleterious. In contrast,
Cordaux et al [10] have shown that the N-terminal half of
the MAR domain (i.e. the DNA binding domain) is under
strong purifying selection, and this was recently con-
firmed by Tellier et al [37]. This point has recently been
completed by Antoine-Lorquin et a/ [14], who consider
that the whole SETMAR sequence is under strong purify-
ing selection. This apparent contradiction can be solved
if we consider that the SETMAR variants identified in
gnomAD exist only as heterozygotes. It cannot be ruled
out that homozygous mutations would have a phenotypic
impact.

In conclusion, based on the gnomAD and pLI, SET-
MAR does not seem to be an essential gene, i.e can toler-
ate mutations without displaying disease phenotypes, at
least as heterozygous, but rather to be implicated or asso-
ciated to cancers with changes in expression levels asso-
ciated to alternative splicing. A new hypothesis should
be considered for future studies: SETMAR as a gene, i.e.
including all the transcripts, can be considered ubiqui-
tously expressed while it displays tissue- and cell-type
specificities upon regarding each of the transcripts.

SETMAR and cognition

In a recent review, Roth and Dicke [2] investigate
whether the higher cognitive abilities, characteristic of
human are specific or shared by non-human animals,
even in preliminary forms. They check about nine behav-
ioral items or abilities (tool use or fabrication, problem
solving, gaze following, mirror self-recognition, imita-
tion, metacognition, theory of mind, conscious attention,
prosocial behavior). Their results have shown that none
of these abilities can be regarded as unique to humans.

Alterations Nb of involved genes n Clinical significance

Deletions >20 50 pathogenic
41020 21 pathogenic to likely pathogenic
<4 15 from likely benign to uncertain significance
SETMAR alone none

duplications >20 19 From pathogenic to uncertain significance
41020 4 from pathogenic to uncertain significance
<4 3 uncertain significance
SETMAR alone none

Genetic alterations are either deletions or insertions and concerned a variable number of genes (over 20 to SETMAR alone). The number of observed cases is given (n),

as well as the clinical relevance
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They all have precursors in non-human primates. More,
young children (before the age of three) abilities do not
really differ from those of apes and old-world monkeys.
Good correlations are observed between information
processing capacities and the number of cortical neu-
rons, their packing density and axonal velocity. For pri-
mates, the human brain constitutes an optimization of
these characteristics, relying on cortex development and
its reorganization during evolution. Implemented for
solving problems arising from social, ecological, practical
and mental fields, these increased information processing
allowed the most remarkable difference between human
and non-human animals, i.e. the occurrence of articu-
lated, syntactical and grammatical language [2].

The above makes it possible to distinguish three stages
in the evolution of primates’ mental abilities, which
coincide with the phylogenetic classification usually
accepted for these primates: the first one is represented
by prosimians and new world monkeys, the second by
old-world monkeys and great apes, together with human
young children and the third by older humans. Because
SETMAR is concomitant to the anthropoid lineage (old-
world monkeys, great apes, humans), it is tempting to
consider whether it could be one of the actors of cortex
development and higher brain organization.

In 2018, Florio and collaborators published a cut-
ting edge study [55] which proposed to identify genes
involved in the expansion of the human’s neocortex by
searching those early and specifically expressed in pro-
genitors of fetal neocortex (cCNP), from five distinct
transcriptomes. They identified 35 primate-specific genes
(which do not have orthologs in non-primate genomes),
completed by 15 human-specific genes, all 50 preferen-
tially expressed in ¢cCNPs. Among them, 17 genes are
shared by primates of the anthropoid lineage. All have
evolved from the duplication (partial or complete) or
retroposition of ancestral genes. 10 of them are coding
DNA binding proteins of the zing finger (ZNF) family,
the other 7 being involved in various cellular processes
(tRNA maturation, immunity, lipids transport and metal
ions homeostasis). Together, they represent a first set of
candidate genes for the expansion of the anthropoid pri-
mates’ cortex. Another set of candidate genes can been
provided by the genes co-opted by anthropoid primates
from TEs [56]. Among them, SETMAR has character-
istics that make it a fascinating candidate which could
have contributed to the development of higher primates’
cognition, including human. Although it has never
been considered in this light, we propose here an origi-
nal hypothesis regarding the evolutionary functions of
SETMAR. This hypothesis takes into account some of
biological and biochemical properties of SETMAR, its
expression profile (at protein and mRNA levels), the high
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selection pressure to which it is subjected, its link with a
network of transposon-derivate DNA binding sites, and
gene ontology of SETMAR bound genes. SETMAR exact
biological functions are not yet well know, and some
aspects are still under debate. Other SETMAR proper-
ties have never been completely explained, such as its
increased expression in various cancers and its related
network, constituted by Hsmarl binding sites.

SETMAR expression during human embryogenesis

Mass spectrometry data from LC-MS analysis per-
formed by Kim et al [13] have shown that in the human
fetus, the SETMAR protein is moderately detected in the
whole brain, the gonads and the heart. Interestingly, the
expression profile in adult is radically different, the SET-
MAR protein being detected in B cells, the pancreas, the
bladder, the gallbladder, gonads and the retina, but not
in the whole brain (Fig. 3a). These data do not allow to
distinguish between SETMAR variants since the peptide
detected for analyses (AIFLFEFK) comes from the begin-
ning of exon 3. This exon is coding for the MAR domain,
the domain shared by all SETMAR proteins.

More accurate analyses have been done at the mRNA
level, within various specific zones of the brain during
early embryogenesis. Data from Ensembl web site were
collected from projects concerning the fetal brain and
analyzed (see Supp Data for details). They have obviously
shown that the overall level of SETMAR mRNA expres-
sion decreases upon embryogenesis, reaching a faint level
at the end of pregnancy (Fig. 3b). For four areas (Cerebel-
lum, midbrain, hindbrain and spinal cord), the decrease
of SETMAR mRNA expression is statistically corre-
lated with time, as verified with Spearman test (Fig. 3c).
Although such correlations alone are not sufficient to
make or support our hypothesis, nevertheless they allow
to consider a role for SETMAR during neurogenesis.

SETMAR networks in brain

RNA expression data from BrainSpan database have
been used to identify SETMAR co-expressed genes dur-
ing human brain development (0-38 mpc), assuming that
gene co-expression networks capture biologically impor-
tant patterns [57] (see Supp Data for details). We thus
looked for (i) genes that are co-regulated with SETMAR
upon brain embryogenesis and (ii) within these genes the
ones that could be SETMAR target genes because they
contain Hsmarl TIR in their sequences. The 500 most
strongly co-regulated genes (positively [r between 0.648
to 0.993] or negatively [r between -0.557 to -0.834]) were
retained for analysis (list#1 and list#2, Table S1). Gene
ontology [58] shows that most of the positively co-regu-
lated genes are involved in translation and transcription
regulations, whereas the negatively co-regulated genes
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are involved in cations transmembrane transport (Table
S2). These findings match well the gene ontology dis-
plays for Florio et al genes list [55] (ZNF proteins, tRNA
maturation, lipid transport and metal ions homeostasis).
These initial findings are far from sufficient to conclude
that SETMAR plays a role in neurogenesis, let alone in
the cognitive abilities of higher primates. We thus pur-
sue our analyses by comparing several set of genes: genes
containing at least one TIR [41] (list#3), genes from Flo-
rio et al studies [55] (list#5), SETMAR positively and
negatively co-regulated genes (list#1 and #2), and genes
involved in intellectual disability (ID) (list#4), avail-
able at the IDGenetics website. The complete genes list
is given in Table S1. Our main findings are presented in
Tables 3 and 4.

Three genes, involved both in ID and co-regulated within
SETMAR upon brain development, display a SETMAR
binding site in their sequences (LRPPRC and PDE4D (pos-
itively co-regulated); CYP27A1 (negatively co-regulated)).
Overall, the gene ontology of the different groups does
not give anything more or better than the previously men-
tioned categories. The remarkable exception comes from
the 60 genes involved in ID and having a SETMAR bind-
ing site (TIR), for which gene ontology shows highly sig-
nificant enrichments for genes involved in vocal learning
(fold enrichment > 100) and in vocalization behavior (fold
enrichment = 51.5). These genes are NRXN1, CNTNAP2
and GLI3. Vocal learning and vocalization are essential fea-
tures of cognition development. These findings therefore

Table 3 Gene sets used in our analyses

SETMAR SETMAR Florioet ID
positive negative al genes involved
co-regulated  co-regulated genes
genes during genes during
brain dev. brain dev.
Number of 500 500 50 816
genes
Genes with 11 17 2 60
SETMARTIR

Genes with SETMAR TIR were identified using the InteractiVenn web site [59]

Table 4 Common genes between sets defined above
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support our hypothesis, that remains to be experimentally
confirmed. Indeed, results presented here are based solely
on correlations between data from different databases.

Other SETMAR networks
Tellier and Chalmers [37] have used ChIP-seq analyses
to describe for the first time genes bound by SETMAR in
human cells. Albeit this work has not be done with cells
from CNS, it is the only one describing biological inter-
action between SETMAR and target genes. 279 genes
have been found to be physically targeted by SETMAR
(List #6, Table S1). Among them, 28 are up-regulated
more than two fold (list#7, Table S1). The gene ontology
shows that among the eight most represented categories,
seven concern brain specific biological processes ([37]
see supplemental data): synapse assembly and functions
(5 items), learning and memory (1 item), vocalization
(1 item). Moreover, the most enriched genes are those
involved in vocalization behavior (fold enrichment >100),
as found within the 60 genes involved in ID that have a
SETMAR binding site in their sequence. Taken together,
these analyses display two short lists of genes involved in
the same pathway, i.e. vocal learning, for which SETMAR
may be an important regulator. Tellier and Chalmers [37]
identified genes are NRXN1, NRXN3 and SHAK?2, and
the genes we identify are CNTNAP2, GLI3 and NRXNI.
These findings are very surprising, because gained
through different approaches, but they are very chal-
lenging. They strongly support our hypothesis of an
involvement of SETMAR network in cognition skills
development in higher primates, and identify NRXNT1 as
an important piece of this network.

Conclusion

The last review on SETMAR functions dates from
2010 [60] and since, many studies have highlighted its
importance in certain cancers and its network function.
Here, we give an updated review of its known func-
tions, while bringing a cutting-edge vision of putative
roles of this pleiotropic protein. In writing this review,
we noticed that an important element was missing in
understanding SETMAR activities. SETMAR is known

SETMAR (+) co-regulated genes

SETMAR (-) co-regulated genes Florio et al genes ID

during brain dev. during brain dev. involved
genes
SETMAR (+) co-regulated genes 0 0 16 (2)
SETMAR (-) co-regulated genes 0 19 (1)
Florio et al genes 0 17 0

Common genes were identified using the InteractiVenn web site [59]. Values in bracket show the number of genes with a SETMAR TIR among the total number of

genes. The complete lists of genes are given in Table S1
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to interact with DNA as a dimer [10]. What has never
been explored, since the short variants were discovered,
is the possibility of forming heterodimers between the
different variants. If this hypothesis is correct, it opens
up increased possibilities for regulation, through the
possible combination of all variants with each other.

What'’s newly important about SETMAR can be summa-
rized as follows: (1) the whole protein sequence is under
strong purifying pressure; (2) its role is to strengthen
existing biological functions rather than to provide new
ones; (3) it displays a tissue-specific pattern of expression,
at least for the alternative-splicing it undergoes.

At the overall level, studies reported here demonstrate
that SETMAR protein(s) may be involved in essential
networks regulating replication, transcription and trans-
lation. During embryogenesis, SETMAR appears to con-
tribute to brain development. Interestingly, SETMAR
has been described to interact with genes involved in
vocalization and vocal learning. Vocalizations are essen-
tial in many vertebrates, including humans, since they
influence mother-infant attachment, social and behav-
ioral development. In human, vocalization and babble
are prerequisites for sounds and words learning, in other
words for spoken language learning [61]. These findings
pave the way for future works regarding SETMAR and
the development of cognitive abilities in higher primates.

Abbreviations

AML: Acute myeloid leukemia; cCNP: Progenitors of fetal neocortex; CNS: Cen-
tral nervous system; GBM: Glioblastoma; ID: Intellectual disability; KEGG: Kyoto
Encyclopedia of Genes and Genomes; LC-MS: Liquid chromatography — mass
spectrometry; LTR: Long terminal repeats; MITEs: Miniature inverted terminal
repeats; MPC: Months post-conception; NHEJ: Non-homolog end joining;
PTM: Post translational modifications; TE: Transposable element; TIR: Terminal
inverted repeats; ZNF: Zing finger.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513100-022-00267-1.

Additional file 1: Table S1. List of genes mentioned in the main text.

Additional file 2: Table S2. Gene ontology of SETMAR and brain co-
regulated genes during embryogenesis.

Additional file 3: Supp Data. Mat & Met for SETMAR and cognition.

Acknowledgements
Not applicable.

Authors’ contributions
SR analyzed and interpreted the omics data. OL and CAG were major contributors
in writing the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Institut National du cancer (INCA_11693
PLBIO 2017) and the University of Tours. None of the funding bodies played
any part in the design of the study or the collection, analysis, or interpretation
of data, nor in writing of the manuscript.

Page 12 of 14

Availability of data and materials

The datasets analyzed during the current study are available in the following
repositories:

- ClinVar data (https://www.ncbi.nlm.nih.gov/clinvar)

« Genome Aggregation Database (gnomAD) of the Broad Institute (https://
gnomad.broadinstitute.org)

- Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home)

- Data from Kim et al [13] http://www.humanproteomemap.org/query.php

+ Mass spectrometry data performed by Kim et al [13] are available on the
Expression Atlas web site (https://www.ebi.ac.uk/gxa/experiments/E-PROT-1/
Results?geneQuery=%5B%7B%22value%22%3A%22ENSG00000170364%22%
7D%5D&filterFactors=%7B8%22DEVELOPMENTAL_STAGE%22%3A%5B%22fet
Us%22%5D%7D)

- Ensembl web site (projects about the fetal brain) (http://www.ensembl.org/
Homo_sapiens/Gene/ExpressionAtlas?db=core;,g=ENSG00000170364;r=3:
4303304-4317567)

« Transcriptomic data from the BrainSpan web site. 0-38 pcw in the human
whole brain. (https://www.brainspan.org/rnaseq/searches?domain=10173
,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243
,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398
,10665,10656,106578&stages=lIAIIBIIIAIIIBV,V&search_type=correlation&
search_term==&seed=1099763)

+ IDGenetics web site (Known SNVs and InDels list).
http://www.ccgenomics.cn/IDGenetics/index.php

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

TUMR 1253, iBrain, Université de Tours, Inserm, Tours, France. %iBrain, Team
Neurogenomics and Neuronal physiopathology, Faculty of Medicine, 10 Bd
Tonnellé, Cedex 1, 37032 Tours, France.

Received: 19 September 2021 Accepted: 28 March 2022
Published online: 08 April 2022

References

1. Daniels J, McGuffin P, Owen MJ, Plomin R. Molecular genetic studies of
cognitive ability. Hum Biol. 1998;70:281-96.

2. Roth G, Dicke U. Origin and evolution of human cognition. Prog Brain
Res. 2019;250:285-316.

3. Shapiro JA. Mobile DNA and evolution in the 21st century. Mob DNA.
2010;1:4.

4. Miller WJ, McDonald JF, Pinsker W. Molecular domestication of mobile
elements. Genetica. 1997;100:261-70.

5. Jangam D, Feschotte C, Betran E. Transposable Element Domesti-
cation As an Adaptation to Evolutionary Conflicts. Trends Genet.
2017;33:817-31.

6. Etchegaray E, Naville M, Volff J-N, Haftek-Terreau Z. Transposable
element-derived sequences in vertebrate development. Mob DNA.
2021;12:1.

7. Chuong EB, Elde NC, Feschotte C. Regulatory activities of transposable
elements: from conflicts to benefits. Nat Rev Genet. 2017;18:71-86.

8. SundaramV, ChengY, Ma Z, Li D, Xing X, Edge P, et al. Widespread con-
tribution of transposable elements to the innovation of gene regulatory
networks. Genome Res. 2014;24:1963-76.

9. Robertson HM, Zumpano KL. Molecular evolution of an ancient mariner
transposon, Hsmar1, in the human genome. Gene. 1997,205:203-17.


https://doi.org/10.1186/s13100-022-00267-1
https://doi.org/10.1186/s13100-022-00267-1
https://www.ncbi.nlm.nih.gov/clinvar
https://gnomad.broadinstitute.org
https://gnomad.broadinstitute.org
http://dgv.tcag.ca/dgv/app/home
http://www.humanproteomemap.org/query.php
https://www.ebi.ac.uk/gxa/experiments/E-PROT-1/Results?geneQuery=%5B%7B%22value%22%3A%22ENSG00000170364%22%7D%5D&filterFactors=%7B%22DEVELOPMENTAL_STAGE%22%3A%5B%22fetus%22%5D%7D
https://www.ebi.ac.uk/gxa/experiments/E-PROT-1/Results?geneQuery=%5B%7B%22value%22%3A%22ENSG00000170364%22%7D%5D&filterFactors=%7B%22DEVELOPMENTAL_STAGE%22%3A%5B%22fetus%22%5D%7D
https://www.ebi.ac.uk/gxa/experiments/E-PROT-1/Results?geneQuery=%5B%7B%22value%22%3A%22ENSG00000170364%22%7D%5D&filterFactors=%7B%22DEVELOPMENTAL_STAGE%22%3A%5B%22fetus%22%5D%7D
https://www.ebi.ac.uk/gxa/experiments/E-PROT-1/Results?geneQuery=%5B%7B%22value%22%3A%22ENSG00000170364%22%7D%5D&filterFactors=%7B%22DEVELOPMENTAL_STAGE%22%3A%5B%22fetus%22%5D%7D
http://www.ensembl.org/Homo_sapiens/Gene/ExpressionAtlas?db=core;g=ENSG00000170364;r=3:4303304-4317567
http://www.ensembl.org/Homo_sapiens/Gene/ExpressionAtlas?db=core;g=ENSG00000170364;r=3:4303304-4317567
http://www.ensembl.org/Homo_sapiens/Gene/ExpressionAtlas?db=core;g=ENSG00000170364;r=3:4303304-4317567
https://www.brainspan.org/rnaseq/searches?domain=10173,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398,10665,10656,10657&stages=IIA,IIB,IIIA,IIIB,IV,V&search_type=correlation&search_term=&seed=1099763
https://www.brainspan.org/rnaseq/searches?domain=10173,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398,10665,10656,10657&stages=IIA,IIB,IIIA,IIIB,IV,V&search_type=correlation&search_term=&seed=1099763
https://www.brainspan.org/rnaseq/searches?domain=10173,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398,10665,10656,10657&stages=IIA,IIB,IIIA,IIIB,IV,V&search_type=correlation&search_term=&seed=1099763
https://www.brainspan.org/rnaseq/searches?domain=10173,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398,10665,10656,10657&stages=IIA,IIB,IIIA,IIIB,IV,V&search_type=correlation&search_term=&seed=1099763
https://www.brainspan.org/rnaseq/searches?domain=10173,10185,10278,10194,10163,10291,10208,10209,10225,10236,10235,10243,10252,10268,10269,10294,10361,10551,10550,10552,10333,10391,10398,10665,10656,10657&stages=IIA,IIB,IIIA,IIIB,IV,V&search_type=correlation&search_term=&seed=1099763
http://www.ccgenomics.cn/IDGenetics/index.php

Lié et al. Mobile DNA

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2022) 13:9

Cordaux R, Udit S, Batzer MA, Feschotte C. Birth of a chimeric primate
gene by capture of the transposase gene from a mobile element. Proc
Natl Acad Sci USA. 2006;103:8101-6.

. Lee S-H, Oshige M, Durant ST, Rasila KK, Williamson EA, Ramsey H, et al.

The SET domain protein Metnase mediates foreign DNA integration and
links integration to nonhomologous end-joining repair. Proc Natl Acad
Sci USA. 2005;102:18075-80.

Dussaussois-Montagne A, Jaillet J, Babin L, Verrelle P, Karayan-Tapon L,
Renault S, et al. SETMAR isoforms in glioblastoma: A matter of protein
stability. Oncotarget. 2017;8:9835-48.

Kim M-S, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady R, et al. A
draft map of the human proteome. Nature. 2014;509:575-81.
Antoine-Lorquin A, Arensburger P, Arnaoty A, Asgari S, Batailler M,
Beauclair L, et al. Two repeated motifs enriched within some enhancers
and origins of replication are bound by SETMAR isoforms in human colon
cells. Genomics. 2021;113:1589-604.

Xie R, Chen X, Cheng L, Huang M, Zhou Q, Zhang J, et al. NONO Inhibits
Lymphatic Metastasis of Bladder Cancer via Alternative Splicing of SET-
MAR. Mol Ther. 2020. https://doi.org/10.1016/j.ymthe.2020.08.018.
Apostolou P, Toloudi M, Kourtidou E, Mimikakou G, Vlachou |, Chatzi-
joannou M, et al. Potential Role for the Metnase Transposase Fusion
Gene in Colon Cancer through the Regulation of Key Genes. PLoS ONE.
2014,9:109741.

Liu D, Bischerour J, Siddique A, Buisine N, Bigot Y, Chalmers R. The human
SETMAR protein preserves most of the activities of the ancestral Hsmar1
transposase. Mol Cell Biol. 2007,27:1125-32.

Miskey C, Papp B, Métés L, Sinzelle L, Keller H, Izsvék Z, et al. The ancient
mariner sails again: transposition of the human Hsmar1 element by

a reconstructed transposase and activities of the SETMAR protein on
transposon ends. Mol Cell Biol. 2007;27:4589-600.

RomanY, Oshige M, Lee Y-J, Goodwin K, Georgiadis MM, Hromas RA, et al.
Biochemical characterization of a SET and transposase fusion protein,
Metnase: its DNA binding and DNA cleavage activity. Biochemistry.
2007;46:11369-76.

Beck BD, Lee SS, Hromas R, Lee S-H. Regulation of Metnase’s TIR

binding activity by its binding partner, Pso4. Arch Biochem Biophys.
2010;498:89-94.

Beck BD, Park S-J, Lee Y-J, Roman Y, Hromas RA, Lee S-H. Human Pso4 is a
metnase (SETMAR)-binding partner that regulates metnase function in
DNA repair. J Biol Chem. 2008,;283:9023-30.

Mohapatra S, Yannone SM, Lee S-H, Hromas RA, Akopiants K, Menon

V, et al. Trimming of damaged 3"overhangs of DNA double-strand

breaks by the Metnase and Artemis endonucleases. DNA Repair (Amst).
2013;12:422-32.

Beck BD, Lee S-S, Williamson E, Hromas RA, Lee S-H. Biochemical charac-
terization of metnase’s endonuclease activity and its role in NHEJ repair.
Biochemistry. 2011;50:4360-70.

Kaur E, Nair J, Ghorai A, Mishra SV, Achareker A, Ketkar M, et al. Inhibition of
SETMAR-H3K36me2-NHEJ repair axis in residual disease cells prevent glioblas-
toma recurrence. Neuro Oncol. https.//doi.org/10.1093/neuonc/noaal28.
Fnu S, Williamson EA, De Haro LP, Brenneman M, Wray J, Shaheen M, et al.
Methylation of histone H3 lysine 36 enhances DNA repair by nonhomolo-
gous end-joining. Proc Natl Acad Sci USA. 2011;108:540-5.

De Haro LP, Wray J, Williamson EA, Durant ST, Corwin L, Gentry AC, et al.
Metnase promotes restart and repair of stalled and collapsed replication
forks. Nucleic Acids Res. 2010;38:5681-91.

Hromas R, Wray J, Lee S-H, Martinez L, Farrington J, Corwin LK, et al. The
human set and transposase domain protein Metnase interacts with DNA
Ligase IV and enhances the efficiency and accuracy of non-homologous
end-joining. DNA Repair (Amst). 2008;7:1927-37.

Tellier M, Chalmers R. The roles of the human SETMAR (Metnase) protein
in illegitimate DNA recombination and non-homologous end joining
repair. DNA Repair (Amst). 2019;80:26-35.

Ashworth A. Oh what a tangled web it weaves: BRCAT and DNA decat-
enation. Cancer Cell. 2005;8:95-7.

Wray J, Williamson EA, Sheema S, Lee S-H, Libby E, Willman CL, et al.
Metnase mediates chromosome decatenation in acute leukemia cells.
Blood. 2009;114:1852-8.

Williamson EA, Rasila KK, Corwin LK, Wray J, Beck BD, SevernsV,

et al. The SET and transposase domain protein Metnase enhances

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 13 of 14

chromosome decatenation: regulation by automethylation. Nucleic
Acids Res. 2008;36:5822-31.

Wray J, Williamson EA, Royce M, Shaheen M, Beck BD, Lee S-H, et al.
Metnase Mediates Resistance to Topoisomerase Il Inhibitors in Breast
Cancer Cells. PLoS ONE. 2009;4:e5323.

Bouchet N, Jaillet J, Gabant G, Brillet B, Brisefio-Roa L, Cadene M, et al.
cAMP protein kinase phosphorylates the Mos1 transposase and regu-
lates its activity: evidences from mass spectrometry and biochemical
analyses. Nucleic Acids Res. 2014;42:1117-28.

Hromas R, Williamson EA, Fnu S, Lee Y-J, Park S-J, Beck BD, et al. Chk1
phosphorylation of Metnase enhances DNA repair but inhibits replica-
tion fork restart. Oncogene. 2012;31:4245-54.

Williamson EA, Wu 'Y, Singh' S, Byrne M, Wray J, Lee S-H, et al. The DNA
repair component Metnase regulates Chk1 stability. Cell Div. 2014;9:1.
Carlson SM, Moore KE, Sankaran SM, Elias JE, Gozani O. A Proteomic
Strategy Identifies Lysine Methylation of Splicing Factor snRNP70 by
SETMAR. J Biol Chem. 2015. https://doi.org/10.1074/jbc.M115.641530.
Tellier M, Chalmers R. Human SETMAR is a DNA sequence-specific
histone-methylase with a broad effect on the transcriptome. Nucleic
Acids Res. 2019;47:122-33.

Jeyaratnam DC, Baduin BS, Hansen MC, Hansen M, Jgrgensen JM,
Aggerholm A, et al. Delineation of Known and New Transcript Variants
of the SETMAR (Metnase) Gene and the Expression Profile in Hema-
tological Neoplasms. Exp Hematol. https://doi.org/10.1016/j.exphem.
2014.02.005.

Aziz RK, Breitbart M, Edwards RA. Transposases are the most abundant,
most ubiquitous genes in nature. Nucleic Acids Res. 2010;38:4207-17.
Feschotte C. Transposable elements and the evolution of regulatory
networks. Nat Rev Genet. 2008;9:397-405.

. Renault S, Genty M, Gabori A, Boisneau C, Esnault C, Dugé de Ber-

nonville T, et al. The epigenetic regulation of HsMar1, a human DNA
transposon. BMC Genet. 2019;20:17.

Piriyapongsa J, Jordan IK. A family of human microRNA genes from min-
iature inverted-repeat transposable elements. PLoS ONE. 2007,2:e203.
Sanchez-Chaparro MM, Garza-Veloz |, Zayas-Villanueva OA, Martinez-
Fierro ML, Delgado-Enciso I, Gomez-Govea MA, et al. Genetic Variants
in the 3'UTR of BRCA1 and BRCA2 Genes and their Putative Effects on
the microRNA Mechanism in Hereditary Breast and Ovarian Cancer.
Diagnostics (Basel). 2020;10.

Tsai W-C, Chiang W-H, Wu C-H, Li Y-C, Campbell M, Huang P-H, et al.
miR-548ag-3p is a novel target of Far infrared radiation which predicts
coronary artery disease endothelial colony forming cell responsive-
ness. Sci Rep. 2020;10:6805.

Yang G, Li Q, Chen X, Zhang Z, Mou Z, Ye F, et al. Circular RNA circRG-
NEF promotes bladder cancer progression via miR-548/KIF2C axis
regulation. Aging (Albany NY). 2020;12:6865-79.

Jin M, Lu S, WuY, Yang C, Shi C, Wang Y, et al. Hsa_circ_0001944
promotes the growth and metastasis in bladder cancer cells by acting
as a competitive endogenous RNA for miR-548. J Exp Clin Cancer Res.
2020;39:186.

Elgharably H, Okamoto T, Ayyat KS, Nikawa H, Meade S, Farver C,

et al. Human Lungs Airway Epithelium Upregulate MicroRNA-17 and
MicroRNA-548b in Response to Cold Ischemia and Ex Vivo Reperfusion.
Transplantation. 2020;104:1842-52.

Miskei M, Horvath A, Viola L, Varga L, Nagy E, Feré O, et al. Genome-wide
mapping of binding sites of the transposase-derived SETMAR protein in
the human genome. Comput Struct Biotechnol J. 2021;19:4032-41.

Lié O, Virolle T, Gabut M, Pasquier C, Zemmoura |, Augé-Gouillou C.
SETMAR Shorter Isoform: A New Prognostic Factor in Glioblastoma. Front
Oncol. 2021;11:638397.

Ma C, Karwacki-Neisius V, Tang H, Li W, Shi Z, Hu H, et al. Nono, a Bivalent
Domain Factor, Regulates Erk Signaling and Mouse Embryonic Stem Cell
Pluripotency. Cell Reports. 2016;17:997-1007.

Williamson EA, Damiani L, Leitao A, Hu C, Hathaway H, Oprea T, et al. Tar-
geting the transposase domain of the DNA repair component Metnase
to enhance chemotherapy. Cancer Res. 2012;72:6200-8.

LiL, LiangY,Kang L, LiuY,Gao S, Chen S, et al. Transcriptional Regulation
of the Warburg Effect in Cancer by SIX1. Cancer Cell. 2018;33:368-385.¢7.
Pan', Liang W, Zhao X, Liu L, Qing Y, Li Y. miR-548b inhibits the prolifera-
tion and invasion of malignant gliomas by targeting metastasis tumor-
associated protein-2. Neuroreport. 2016;27:1266-73.


https://doi.org/10.1016/j.ymthe.2020.08.018
https://doi.org/10.1093/neuonc/noaa128
https://doi.org/10.1074/jbc.M115.641530
https://doi.org/10.1016/j.exphem.2014.02.005
https://doi.org/10.1016/j.exphem.2014.02.005

Lié et al. Mobile DNA

54.

55.

56.

57.

58.

59.

60.

61.

(2022) 13:9

Williamson EA, Farrington J, Martinez L, Ness S, O'Rourke J, Lee S-H, et al.
Expression levels of the human DNA repair protein metnase influence
lentiviral genomic integration. Biochimie. 2008;90:1422-6.

Florio M, Heide M, Pinson A, Brandl H, Albert M, Winkler S, et al. Evolution
and cell-type specificity of human-specific genes preferentially expressed
in progenitors of fetal neocortex. Elife. 2018;7.

Oliver KR, Greene WK. Mobile DNA and the TE-Thrust hypothesis: support-
ing evidence from the primates. Mobile DNA. 2011;2:8.

Saha A, Kim'Y, Gewirtz ADH, Jo B, Gao C, McDowell IC, et al. Co-expression
networks reveal the tissue-specific regulation of transcription and splic-
ing. Genome Res. 2017;27:1843-58.

Mi H, Ebert D, Muruganujan A, Mills C, Albou L-P Mushayamaha T, et al.
PANTHER version 16: a revised family classification, tree-based clas-
sification tool, enhancer regions and extensive API. Nucleic Acids Res.
2020;49:0394-403.

Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. InteractiVenn:

a web-based tool for the analysis of sets through Venn diagrams. BMC
Bioinformatics. 2015;16:169.

Shaheen M, Williamson E, Nickoloff J, Lee S-H, Hromas R. Metnase/SET-
MAR: a domesticated primate transposase that enhances DNA repair,
replication, and decatenation. Genetica. 2010;138:559-66.

Vihman MM. Learning words and learning sounds: Advances in language
development. Brit J Psychol. 2017;108:1-27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	SETMAR, a case of primate co-opted genes: towards new perspectives
	Abstract 
	Background: 
	Main body: 
	Short conclusion: 

	Background
	SETMAR history and biochemical activities
	SETMAR in DNA binding, repair and foreign DNA integration
	Cell cycle and replication
	What about the SET domain?
	SETMAR expression
	SETMAR translation

	Hsmar1 remnants and the associated SETMAR network
	hsa-miR-548
	Hsmar1 TIRs

	SETMAR and diseases
	SETMAR and cancer
	SETMAR as a therapeutic target
	SETMAR and integrative viruses
	Other diseases?

	SETMAR and cognition
	SETMAR expression during human embryogenesis
	SETMAR networks in brain
	Other SETMAR networks


	Conclusion
	Acknowledgements
	References


