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Abstract: Warsaw breakage syndrome (WABS) is a very rare recessive hereditary
disease caused by mutations in the gene coding for the DNA helicase DDX11, involved
in genome stability maintenance and sister cohesion establishment. Typical clinical
features observed in WABS patients include growth retardation, facial dysmorphia,
microcephaly, hearing loss due to cochlear malformations and, at cytological level, sister
chromatid cohesion defects. Molecular bases of WABS have not yet been elucidated, due
to lack of disease animal model systems and limited knowledge of the DDX11 physio-
logical functions. However, WABS is considered to belong to the group of cohesinopa-
thies, genetic disorders due to mutations of subunits or regulators of cohesin, the protein
complex responsible for tethering sister chromatids from the time of their synthesis till
they separate in mitosis. Recent evidences suggest that cohesin and its regulators have
additional key roles in chromatin organization by promoting the formation of chromatin
loops. This “non-canonical” function of cohesin is expected to impact gene transcription
during cell differentiation and embryonic development and its dis-regulation, caused by
mutation/loss of genes encoding cohesin subunits or regulators, could originate the
developmental defects observed in cohesinopathies. Ethiopathogenesis of WABS is dis-
cussed in line with these recent findings and evidence of a possible role of DDX11 as
a cohesin regulator.

Keywords: cohesinopathies, developmental disorders, Warsaw breakage syndrome, DDX11,
genome stability, sister chromatid cohesion

Introduction
Warsaw breakage syndrome (WABS) is a very rare autosomal recessive disease
due to bi-allelic mutations of the gene coding for the DNA helicase DDX11.'~
Cardinal clinical features observed in WABS patients include severe pre- and
post-natal growth retardation, microcephaly, sensorineural hearing loss, cochlear
anomalies, facial dysmorphia and sister chromatid cohesion defects. DDX11
(also named ChIR1, being related to the Saccharomyces cerevisiae chromosome
loss 1, Chll, protein) is an ATP-dependent DNA helicase with 5’ to 3’ direc-
tionality that belongs to the DNA helicase super-family 2 (SF2). The presence
of an iron—sulfur cluster (Fe—S) domain classifies DDX11 as a member of the
subgroup of Fe—S DNA helicases. This latter also includes the Xeroderma
pigmentosum group D (XPD) protein, FANCJ and RTEL1, which all have key
roles in genome maintenance pathways and are linked to rare genetic syndromes
and cancer predisposition.**

Here, 1 review what is known about WABS in terms of clinical reports,
diagnostic tools, disease animal model systems and ethiopathogenesis in light of
the most recent discoveries of DDX11 physiological roles.”
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Molecular Properties and Cellular
Functions of DDXI |

The biochemical and enzymatic properties of human DDX11
were investigated in many laboratories in the last two
decades."*> DDX11 DNA helicase was reported to prefer-
entially unwinds forked duplex DNA substrates with non-
complementary 5'- and 3'-single-stranded arms; whereas,
DNA molecules having blunt ends or only a 3'-tail are not
unwound by DDX11 in enzymatic assays carried out in vitro.
Additional substrates of the DDXI1 helicase are three-
stranded D-loops with an invading 3’-end, bi-molecular anti-
parallel G-quadruplex (G4) with two 5'-tails and DNA
molecules containing triple-stranded (triplex) structures with
a 5'-single-stranded overhang on the third strand. In contrast,
unimolecular G4- and Holliday junction-containing DNA
molecules are not resolved by DDX11. Besides, DDX11 was
proposed to displace proteins bound to DNA, as it was found to
be able to disrupt the high-affinity streptavidin:biotin interac-
tion in a helicase protein concentration- and ATP-dependent
manner in assays where biotinylated oligonucleotides bound to
streptavidin were used as substrates.” A similar protein displa-
cement activity was also demonstrated for the Fe-S DNA
helicase FANCJ, whereas human RECQI, Werner and
Bloom DNA helicases do not display this enzymatic

.10
function.

Nonetheless, the physiological relevance of
DDXI11 substrate preference is not completely understood. It
was reported that DDX11-depleted U20S cells were resistant
to treatment with Telomestatin, a G4 DNA-binder, and did not
display increased DNA damage (using y-H2AX foci formation
as a readout) upon treatment with this compound.® On the other
hand, exposure of DDXI11-downregulated HeLa cells to
a triplex DNA-stabilizing agent (benzoquinoquinoxaline,
BQQ) caused a remarkable increase of triplex-DNA structures
and DNA damage (as detected by immuno-fluorescence with
an anti-triplex DNA and anti-y-H2AX specific antibodies,
respectively).” These cellular analyses suggest that DDX11
may have a more prominent role in counteracting the formation
of triplex-DNA structures than in untangling unimolecular
G-quartets, in line with the substrate preference displayed
in vitro.

The participation of human DDX11 in DNA repair path-
ways was underlined by the finding that DDX11-knockdown
HeLa cells are highly sensitive to cisplatinum and bleomycin,
aradio-mimetic compound that induces the formation of DNA
double-stranded breaks."" The role of DDX11 in DNA repair
appears to be evolutionarily conserved, as the budding yeast
DDXI11 ortholog, Chll, was shown to preserve genome

integrity against exposure to genotoxic agents, such as methyl-
methane sulfonate (MMS) or ultraviolet (UV) rays.'*!?
Recently, the Branzei group demonstrated that in DT40
chicken cell DDX11 is required to repair DNA bulky lesions
induced by MMS and to promote DNA trans-lesion synthesis
through abasic sites in concert with the 9-1-1 checkpoint clamp
and its loader subunit, Rad17, mainly in a post-replicative
manner. Besides, avian DDX11 was found to be involved in
the resolution of DNA inter-strand cross-links in a pathway
that is parallel and subsidiary to the Fanconi anemia one.'*

In a study carried out in collaboration by the Pisani and
Brosh groups, it was shown that DDX11 cooperates with
Timeless, a component of the replication fork-protection
complex, in assisting smooth progression of replisomes in
stressful conditions in HeLa cells. DDX11 and Timeless
were found to act in concert to promote efficient rescue of
stalled replication forks after treatment of HeLa cells with
hydroxyurea.'> However, the precise mechanism by which
DDX11 and Timeless counteract replication stress has not
yet been clarified. In a subsequent recent work, Pisani and
colleagues reported that the direct interaction between
DDXI11 and Timeless was critical for promoting sister
chromatid cohesion establishment in HeLa cells and for
stable binding of cohesin, the protein complex responsible
for tethering sister chromatids, to the replication machin-
ery during S phase.'® In this same study purified recombi-
nant DDX11 and cohesin were demonstrated to directly
interact in vitro. Besides, DDX11 down-regulation was
found to remarkably reduce the association of cohesin to
the ongoing replisomes, as revealed to co-immunoprecipi-
tation experiments in cell extracts using an antibody direc-
ted against Cdc45. This latter is a component of the
replicative  DNA helicase (the Cdc45/Mcm?2-7/GINS,
CMG, complex) that associates to chromatin by directly
binding Mcm and GINS only during S phase.
Analogously, a key role in coupling DNA replication
with
S. cerevisiae Chll protein, which was demonstrated to be

chromosomal cohesion is played by the
anchored to the replication forks through a direct interac-
tion with the replication factor Ctf4.'” Nevertheless, the
molecular mechanisms underlying the functional connec-
tion between the DNA replication machinery and the
cohesin network have not yet been completely elucidated
either in yeast or in mammalian cells. Besides, while roles
in DNA repair and sister chromatid cohesion were pro-

1’17

posed to be separable functions of yeast Chl it is not

clear if the same paradigm is also valid for human DDX11.

Addressing this issue would be relevant for our
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understanding of the molecular basis of WABS and would
probably require the identification of any DDX11 separa-
tion-of-function mutant proficient in DNA repair, but
unable to promote chromosomal cohesion. However, find-
ing that WABS derived cells combine increased sensitivity
to genotoxic agents together with sister chromatid cohe-
sion defects (and chromatin structure alterations) indicates
that anomalies of both DDX11 cellular functions underlie
the observed pathological phenotypes.

Warsaw Breakage Syndrome,
a Cohesinopathy

Analysis of cultured T lymphocytes and immortalized
B lymphoblasts or fibroblasts from WABS patients
revealed sister chromatid cohesion anomalies. These chro-
defects
observed in metaphase lymphoblasts from individuals

mosome morphological resemble the ones
affected by Roberts syndrome (RBS), another rare auto-
somal recessive disease due to mutations of the ESCO2
gene.'® ESCO2 is an acetyl-transferase required for chro-
mosomal cohesion establishment during S phase and is
one of the two human orthologs of budding yeast
ECO1."*° RBS patients show various skeletal malforma-
tions and various degree of intellectual disability.'®
Besides, most cases of RBS result in spontaneous abortion,
stillbirth, or neonatal death. Both WABS and RBS are
classified as cohesinopathies, genetic diseases caused by
mutations in genes involved in the sister chromatid cohe-
sion process. Other cohesinopathies include Cornelia de
Lange syndrome (CdLS), caused by mutations in genes
encoding cohesin structural components (SMC14, SMC3
and RAD2I) and regulators (N/IPBL and HDACS) and
Chronic Atrial and Intestinal Dysrhythmia (CAID) syn-
drome, linked to mutations of the SGOLI gene encoding
Shugoshin.?'* The sister chromatid cohesion anomalies
observed in cells derived from WABS (and also RBS)
patients consist in a high proportion of metaphase chromo-
somes displaying a “railroad” morphology of the paired
sisters in each cell: the centromere constriction appears
PCD),
a cytogenetic feature likely due to repulsion of the corre-

loosened (premature  centromere  division,
sponding heterochromatic regions. Besides, in a not neg-
ligible percentage of metaphase chromosome spreads, all
the sister chromatid pairs are completely separated,
a phenotype known as premature chromatid separation
(PCS). Of note, the percentage of patient-derived cells

displaying these chromosomal cohesion anomalies (PCD

and PCS) is substantially increased after treatment of the
cultures with genotoxic agents (such as, mitomycin C,
MMC, a DNA cross-linking agent).** The sister chromatid
cohesion defects, observed in cells derived from WABS
probands, are in line with the findings that DDX11 and
Chll play a key role in the chromosomal cohesion process
in human and S. cerevisiae cells, respectively.”> >’ In
contrast, sister chromatid cohesion anomalies are not
found in cells from individuals affected by other cohesi-

nopathies (CALS or CAID).?'*?

Diagnostic Overlap Between WABS

and Fanconi Anemia

WABS and RBS are very rare diseases with a prevalence
estimated to be less than 1/1x10°. However, it is likely that
the incidence of WABS is underestimated. First of all, it
should be pointed out that the compound heterozygosity
condition of the DDXII gene could give rise to a lower
penetrance phenotype in individuals that could have not
been even diagnosed with WABS due to very mild clinical
features (see Section 5). Moreover, it should be also taken
into account a possible diagnostic overlap of WABS with
Fanconi anemia (FA). This latter is a recessive genetic dis-
order characterized by a variety of clinical manifestations
including growth retardation, microcephaly, skeletal malfor-
mations, progressive bone marrow failure and a pronounced
cancer predisposition.”® Because of this symptom diversity,
FA diagnosis is based on the analysis of increased chromo-
some breakage in cultured patient lymphocytes, following
treatment with DNA cross-linking agents, such as diepoxy-
butane (DEB) and MMC. Since cells from FA patients exhi-
bit an extraordinarily sensitive response to these genotoxic
agents, this test has been considered the gold standard for the
ultimate diagnosis of this disease. Nonetheless, a high sensi-
tivity to these same compounds was also detected in cells
derived from individuals suffering from other chromosomal
instability disorders, including WABS, RBS and Nijmegen
breakage syndrome. Therefore, the use of the chromosomal
breakage test could lead to a misdiagnosis of FA, also due to
other common clinical manifestations of all these genetic
syndromes. In particular, a high percentage of FA-patients
of the Complementation Group A display short stature and
anomalous skin pigmentation; whereas a small proportion of
FA patients belonging to the Complementation Group A, B,
D1 and D2 has limb (radial and/or thumb) anomalies. All
these congenital defects are commonly found in WABS-
affected individuals (see Table 1). Therefore, in order to
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Figure |1 (A) A homology model for the human DDXI | helicase based on an archaeal XPD X-ray structure (PDB ID: 4A15). (B) Schematic representation of the human
DDXI | polypeptide chain showing location of the amino-acid substitutions described in WABS-affected individuals (see text for details). The domain color-coded is as
follows: RecA homology domain |, HDI, green, and 2, HD2, dark blue; conserved helicase motifs, light blue; Fe-S cluster domain, orange; Arch domain, pink; partially

unstructured insertion between motifs | and la, red.

avoid mistakes in diagnosis, clinicians are advised to analyze
metaphase chromosome spreads for spontaneously occurring
morphological anomalies (PCD and PCS), which are typi-
cally found in WABS- and RBS-affected individuals and not
in FA or CdLS patients.*®

History of WABS Clinical Reports
To date, a total of 16 cases of patients suffering from
WABS were described in the medical literature with dif-
ferent gene mutations (see Figure 1).

The first case was reported in 2010 by de Winter group in
Amsterdam in a male individual from Warsaw (Poland),
inspiring the disease name.>* Sequence analysis of the patient
genomic DNA revealed the presence of a splice-site mutation
in intron 22 of the maternal DDXII gene allele (leading to
deletion of the last 10 bps of exon 22 and to a premature stop
codon in exon 23), and a 3-bp deletion in exon 22 of the
paternal allele (leading to deletion of the triplet coding for
the highly conserved residue K897). Immunoblotting revealed
hardly detectable DDX11 protein levels in lymphoblasts and

fibroblasts from the affected individual suggesting that the
mutant protein was highly unstable.”* In a subsequent bio-
chemical study by Brosh and colleagues, DDX11 AK897
mutant protein was produced in recombinant form, purified
and found to be able to bind ATP, completely unable to
hydrolyze it and to bind and unwind forked DNA duplexes
in vitro.”

Three years later, in 2013, a second case of WABS was
reported.”’ Two brothers and one sister from the same
Lebanese consanguineous family were identified as bear-
ing a novel DDXII bi-allelic homozygous mutation that
resulted in the substitution of a conserved Arginine with
Glutamine (R263Q) in the protein Fe-S cluster domain.*
The DDX11 mutant protein (DDX11 R263Q) was pro-
duced in recombinant form, purified and found to be
almost completely unable to bind and unwind either
a forked DNA duplex or a two-stranded anti-parallel G-4
DNA substrate. This latter was tested in this study, as it
was found to be the best G4 DNA substrate for DDX11
(see Section 2).* It should be pointed out that the
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expression levels of the DDX11 protein were not evalu-
ated in the cell lines derived from these WABS patients
and, thus, it is not known if the R263Q amino acid change
impaired the protein stability, as it was found for other
DDX11 pathogenic missense mutations. Of note, the three
Lebanese WABS-affected siblings showed a severe intel-
lectual disability, in addition to growth defects, microce-
phaly, deafness and facial dysmorphia. However, this latter
clinical manifestation is quite likely due to the specific
peculiar genetic background of these individuals, as it
was not found in all WABS cases described so far (see
Table 1), and it can not be excluded that it might be due to
additional recessive mutations caused by the family
inbreeding or to a large amount of runs of homozygosity
in intellectual disability patients.

The third case of WABS was reported in 2015 in
a British girl, born from non-consanguineous parents.*’
Two heterozygous mutations, which introduced frame-
shifts in the DDX1I open reading frame, were identified
by DNA sequencing analysis. In addition to other common
WABS symptoms, the patient presented a chronic skin
rash with telangiectasia on her legs. Of note, skin lesions
were also observed in the first Polish WABS proband.**
However, since this clinical feature was not found in all
patients, it can not be considered as a characteristic of the
WABS phenotype (see Table 1).

In 2017, two sisters were diagnosed with WABS: in
addition to the typical clinical features, they were reported
to have bilateral small thumbs and the younger sister had
small fibulae.”!
revealed a further clinical overlap with FA and RBS, were
not observed in all WABS individuals (see Table 1). Both
sisters had a compound mutation of the DDXII gene:

However, these malformations, which

a missense mutation (leading to the L508R amino acid
change) in the maternal allele and a mutation predicted to
affect splicing in the paternal allele. The L508 amino acid
residue is predicted to reside in the putative DDX11 Arch
domain, for which a role was proposed in DNA binding
(see Figure 1).? However, since a biochemical characteriza-
tion of the DDX11 L508R mutant protein was not reported,
it is not known if this amino acid substitution has any effect
on the enzyme catalytic functions.

Very recently, five novel additional WABS patients
were described bearing five novel bi-allelic DDXI1
gene variants.>> Two of these novel mutations introduce
frame-shifts in the DDXI! coding sequence leading to
prematurely truncated proteins; three of them are mis-
sense variants (R378P, R791Q and V859G). Since

DDXI11 amino acid residues R791 and V859, both map
in the vicinity of the conserved helicase box VI, their
mutation is expected to be highly deleterious for the
enzyme functionality. Of note, the DDX// gene mutation
that gives rise to the V859G amino acid change was
found to be a novel Saudi founder variant.** The fifth
novel identified mutation is homozygous and caused
R378P substitution in the DDX11 protein. This mutation
was initially classified as a variant of unknown signifi-
cance (VOUS) because R378 does not map inside or in
very close proximity to any conserved helicase box of
DDXI11. However, biochemical analysis of the recombi-
nant DDX11 R378P mutant protein revealed that this
amino acid change tremendously affected protein stabi-
lity. In fact, level of this DDX11 mutant protein in HEK
293T cells,
expressing plasmid, was estimated to be reduced to half
compared to the wild type DDXI11 protein. When the
transfected cells were treated with the proteasome inhi-

transiently transfected with the over-

bitor MG132, a difference in the expression level
between the DDX11 wild type and R378P mutant pro-
teins was not anymore observed. This result suggested
that the mutant protein underwent degradation through
the ubiquitin-proteasome pathway, quite likely because of
a non-correct folding of its polypeptide chain.*
Structural predictions revealed that the DDX11 R378
amino acid residue resides in a putative a-helix, which
in the X-ray structure of the sequence-related
Thermoplasma acidophilum XPD helicase was shown to
directly contact a co-crystallized short single-stranded
DNA oligonucleotide.®® It seems probable that substitu-
tion of DDX11 R387 with Proline, an amino acid residue
known to be not compatible with an a-helical structure,
would lead to protein destabilization in WABS cells. Of
note, blood cells derived from two of the patients
described in this study (one bearing the DDXII allele
mutation leading to the R378P change combined with
the frame-shift mutation in the other allele; and the
other one characterized by the homozygous mutation
leading to DDX11 V859G substitution) did not display
increased chromosomal fragmentation after exposure to
MMC, as observed in the other patients described in this
same study as well as in the first two reported WABS
cases.”®?’ In contrast, sister chromatid cohesion anoma-
lies (railroad chromosomes and PCS) were detected in all
WABS cases described so far (see Table 1). In view of

these findings, it was proposed to rename the disease
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“Warsaw syndrome”, eliminating reference to the chro-
mosomal breakage phenotype.>?

More recently, a novel DDXI]/ mutation (leading to
L836P amino acid change; Figure 1) was identified in
two Italian young sisters showing a mild phenotype with
no major physical or intellectual disabilities.>* Both sisters
had intra-uterine growth retardation, pronounced microce-
phaly, facial dysmorphia and hearing defects. Of note, they
did not display intellectual disability. Sensitivity to MMC
of lymphoblastoid cells from both sisters was of intermedi-
ate level compared to the one observed in FA patients with
mutation of the FANCA gene. Karyotype analysis revealed
characteristic railroad chromosomes in immortalized lym-
phoblastoid cells of both sisters, treated or not with MMC.
Sequencing of the DDX/] gene and segregation analysis
revealed the presence of a missense mutation (leading to
the L836P amino acid substitution) and a deletion of 14
nucleotides (giving rise to a frame-shift and premature
stop codon) in the DDXII paternal and maternal allele,
respectively, of both sisters. Multiple sequence alignments
among SF2 Fe-S cluster DNA helicases revealed that
L836 is conserved in the vertebrate DDX11 orthologs.
Bioinformatic analyses suggested that these residues are
part of an a-helix, located in close proximity to the heli-
case motif VI. Moreover, L836 was predicted to sit at the
interface between homology domain 1 and 2 (HD1 and
HD2) of DDX11, and possibly close to a putative DNA-
binding region (see Figure 1).>** All that considered, it is
not surprising that DDXI11 expression level in cells
derived from these WABS probands was found to be
remarkably diminished compared to healthy individuals.
In addition, the recombinant DDX11 L836P mutant pro-
tein displayed reduced stability when over-expressed using
the baculovirus/insect cell system and underwent extensive
proteolytic degradation during purification, quite likely as
a consequence of protein misfolding. Besides, it was found
that the L836P DDX11 mutant had a remarkably reduced
DNA helicase activity compared to the wild type protein
(Bottega et al, manuscript in preparation).

The last report of WABS describes two novel unrelated
patients of Ashkenazi Jewish descent, both homozygous
for the same DDXI] variant (c.1763-1G>C).* RNA
sequencing analyses revealed that this mutation caused
altered messenger RNA splicing giving rise to a frame-
shift of the DDX11 open reading frame with production of
an abnormal protein. The two patients were found to share
growth retardation, microcephaly, intellectual disability
and deafness with the previously reported WABS probands

(see Table 1). Besides, as previously described only for
one WABS patient,>** both of them displayed congenital

hypothyroidism and seizure disorder.>

Screening of
the Ashkenazi Jewish population revealed that the
¢.1763-1G>C variant in the DDX// gene has a high carrier
frequency (1 in 68 individuals, corresponding to 1.47%).
Given this high carrier frequency and limited number of
WABS patients, it can be postulated that homozygosity of
this DDX11 allele may lead to spontaneous abortions and,
at the same time, that the heterozygosity condition may be
responsible for reduced fertility of carrier individuals. It is
interesting that family history of one of these novel Jewish
WABS patients was characterized by four first trimester
miscarriages of unknown etiology.*® Besides, spontaneous
abortions were also reported in the family of other WABS
individuals.?*** However, additional studies are required
to assess whether homozygosity of certain DDX// variants
is truly linked to embryonic lethality.*>

WABS Animal Model Systems and

Pathogenesis
No vertebrate animal models of WABS were described so
far. Early embryonic lethality was observed at day E10.5 in
DDX11-null mice with homozygous deletion of the DDX11
helicase motif I, likely due to placental malformations.*®
Furthermore, N-ethyl-N-nitrosourea (ENU)-induced muta-
genesis in mice produced an amino acid substitution
(L743P) in DDXI11 helicase motif V that also caused
embryonic lethality at day E8.5.°” More recently, it was
shown that DDXI1-knockdown in zebrafish embryos
caused growth retardation and vertebral and craniofacial
anomalies, analogous to the malformations observed in
WABS patients. In these animals, the epigenetic status of
ribosomal DNA gene cluster was changed from euchro-
matic to heterochromatic and recruitment of RNA polymer-
ase | to these Joci was significantly reduced suggesting that
a nucleolar dysfunction, due to DDXI11 loss, could have
given rise to the above developmental defects.”®

The molecular bases of WABS have not yet been
elucidated, mainly because of the lack of disease animal
models and limited knowledge of the exact roles played by
human DDXI1 in various genome stability maintenance
pathways. However, the finding that WABS and other
cohesinopathies (CdLS and RBS) display some common
clinical manifestations (growth retardation, microcephaly,
intellectual disability, skeletal anomalies) indicates that

dis-regulation of gene expression during embryonic
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development underlies all these genetic diseases.*® In fact,
it is now well established that cohesin, together with its
regulator network, has a “non-canonical” role in promot-
ing the formation and/or stabilization of chromatin loops
that regulate gene transcription developmental programs.*
A “transcriptome disruption model” has been recently
proposed for cohesinopathies and other related diseases,
due to mutation of genes/proteins that are involved in
different aspects of the transcriptional regulation process
(including epigenetic chromatin modifications). Of note,
many of these hereditary diseases display common clinical
features (e.g. CdLS, RBS, WABS, Coffin-Siris, CHOPS
syndromes and others). Thus, to classify all these genetic
disorders in a single group, the term “transcriptomopa-
thies” or “disorders of transcriptional regulation” has
been recently proposed.*!**? In this context, it is of note
that DDX11 was reported to be involved in chromosome
architecture maintenance, since its down-regulation in
mammalian cells not only caused sister chromatid cohe-
sion defects but also altered the chromatin condensation
status in metaphase.” Besides, studies carried out in
DDX11-depleted HeLa and in DDX11-knockout mouse
embryo-derived cells revealed an important role of
DDXI11 in heterochromatin formation by targeting HP1a
factor to proper sites in pericentric regions and at
telomeres.*® Interestingly, the proposal that WABS (and
other cohesinopathies) is caused by dis-regulation of gene
expression during embryonic development is consistent
with a recent finding that DDX11 promoted cohesin load-
ing onto chromatin in HeLa cells'® and a previous report
that Chll was required for association of the loader com-
plex subunit Scc2 to chromatin in S. cerevisiae.*’

An alternative theory about the cohesinopathy etiology
envisages that defective protein translational mechanisms
could underlie altered embryonic development in these
hereditary disorders.*>*® This hypothesis is based on the
observation that nucleolar anomalies were caused by
mutation of cohesin complex subunits and ribosomal
RNA synthesis and ribosome assembly were remarkably
reduced in the absence of chromosomal cohesion.*”*®
Besides, it was recently reported that DDX11 localizes at
the nucleolus in HeLa cells, preferentially binding to
hypomethylated active ribosomal DNA gene /loci, and its
depletion was found to suppress ribosomal RNA synthesis,
inhibiting cell proliferation.*® In the same study, as pre-
viously pointed out, the developmental defects detected in
DDX11-knockdown zebrafish embryos were proposed to
be linked, at least partially, to a nucleolar dysfunction.*®

Conclusions and Perspectives

In this review, I have tried to summarize the biomedical
literature  concerning Warsaw breakage syndrome
(WABS), a very rare genetic syndrome due to bi-allelic
mutations of the genes coding for DDX11, a SF2 Fe-S
cluster DNA helicase, whose roles in DNA repair and
sister chromatid cohesion have yet been not fully eluci-
dated. The recent discovery that DDX11 is responsible for
anchoring cohesin to the ongoing replisomes in human'®
and in budding yeast'’ cells paves the way for a deeper
understanding of the molecular mechanisms underlying
chromosomal cohesion establishment and cohesin loading
onto chromatin. Besides, DDX11 is believed to have a role
in regulating cohesin non-canonical functions (formation
and stabilization of chromatin loops) that may affect gene
transcription during development. Thus, creation of differ-
ent WABS animal models (fly, zebrafish and mouse) could
be instrumental in pinpointing evolutionarily conserved
developmental programs that could be dis-regulated due
to DDX11 mutation/loss. Besides, biophysical analyses at
the level of single molecules using reconstituted proteins
and protein complexes will allow to analyze different
possible DNA-binding modes of cohesin and how these
are modulated by cohesin regulators (including DDX11).
The results of these complementary in vitro and in vivo
studies will help unveil the molecular bases of WABS and
other related cohesinopathies.
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