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Ankyrin Repeat Domain-containing Protein 11 (ANKRDI1) is a causative gene for
KBG syndrome, a significant risk factor for Cornelia de Lange syndrome (CdLS), and
a highly confident autism spectrum disorder gene. Mutations of ANKRDI1 lead to
developmental abnormalities in multiple organs/tissues including the brain, craniofacial
and skeletal bones, and tooth structures with unknown mechanism(s). Here, we find that
ANKRD11, via a short peptide fragment in its N-terminal region, binds to the cohesin
complex with a high affinity, implicating why ANKRD1 1 mutation can cause CdLS. The
crystal structure of the ANKRD11 peptide in complex with cohesin, together with bio-
chemical experiments, revealed that ANKRD11 competes with CCCTC-binding factor
in binding to the cohesin complex. Importantly, a single point mutation in ANKRD11
(Tyr347 to Ala) specifically disrupted the interaction between ANKRD11 and cohesin
and perturbed gene expressions in a mouse embryonic stem cell model. Mice carrying
the ANKRD11 Y347A mutation display neural and craniofacial anomalies, which mirror
clinical phenotypes observed in KBG syndrome patients. Thus, our study reveals how
ANKRD11 functions together with cohesin to regulate gene expression and also provides
insights into the molecular mechanisms underpinning developmental disorders caused
by ANKRD1 1 mutations.

ANKRD11 | cohesin | KBG syndrome | Cornelia de Lange syndrome

KBG syndrome patients, caused by mutations in the Ankyrin Repeat Domain-containing
Protein 11 (ANKRDI11) gene, manifest a broad spectrum of clinical features such as
craniofacial, skeletal, and dental anomalies, intellectual disabilities, epilepsy, autism, etc.
(1-8). ANKRD11 mutations have also been identified in individuals with Cornelia de
Lange Syndrome (CdLS), a more severe multisystem developmental disorder character-
ized by physical development delays, distinct facial features, and intellectual disabilities
(9-11). CdLS is caused by mutations in the cohesin complex subunits [such as
Nipped-B-like (WVIPBL), Structural Maintenance of Chromosomes 1A (SMCIA),
Structural Maintenance of Chromosomes 3 (SA/C3), RAD21 Cohesin Ring Component
(RAD21)] and its regulators (like Histone Deacetylase 8), as well as non-cohesin genes
including Bromodomain-containing Protein 4 (BRD4) and ANKRDI11 (9, 12-15). The
clinical phenotype overlaps of patients with mutations in ANKRD11 and genes encoding
the cohesin complex imply a functional or possibly physical interaction between
ANKRDI11 and cohesin (16).

ANKRDI I encodes a huge nuclear protein characterized by a conserved N-terminal
region and a conserved o-helix-rich C-terminal region, connected by an extended (aa
650 to 2,347), evolutionarily less conserved, and unstructured middle region (Fig. 14).
The N-terminal region contains a bipartite nuclear localization signal essential for
nuclear import and four ankyrin repeats with unknown functions (17, 18). The
C-terminal helical region is crucial for the protein’s stability and recruitment of the
Histone Deacetylase 3 complex to the ANKRD11-bound transcription sites. The known
disease-causing missense mutations of ANKRD1 1 are enriched in the C-terminal region
directly responsible for gene transcriptions (S Appendix, Fig. S1) (19, 20). In mice,
ANKRDI11 plays crucial roles in neuronal development and craniofacial bone formation,
correlating well with clinical observations in KBG syndrome patients caused by
ANKRDI 1 mutations (19). Conditional loss of one allele of ANKRDI1 in neural crest
cells results in pronounced craniofacial developmental anomalies and congenital heart
defects in mice (21, 22). Moreover, mice with an N-ethyl-N-nitrosourea-induced het-
erozygous missense mutation in the C terminus of ANKRD11 exhibit craniofacial
defects, including a persistently open anterior fontanelle, highlighting ANKRD11’s
critical role in craniofacial development (23).
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Fig. 1. Identification and characterization of ANKRD11's interaction with the cohesin complex. (A) Domain diagrams of ANKRD11, STAG1/2, and RAD21 with
a vertebrate conservation heatmap below ANKRD11. bNLS: bipartite nuclear localization signal. (B) Coomassie Blue-stained gel of affinity-purified proteins
from nuclear extracts using strep-tagged ANKRD11_1-415 or strep tag alone. Red boxes indicate bands analyzed by mass spectrometry. Black arrows indicate
the protein bands specifically pulled down by ANKRD11_1-415. (C) Mass spectrometry results showing peptide counts of the cohesin complex subunits pulled
down by ANKRD11_1-415. (D) Coimmunoprecipitation (Co-IP) assay demonstrating the interaction between overexpressed GFP-ANKRD11 and the endogenous
cohesin complex components (SMC1A and RAD21). (E) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the cohesin complex
pull-down using various truncated ANKRD11 fragments. (F) Summary of the pull-down mapping results in panel E. (G) Multiple sequence alignment of the
conserved YEF motif in ANKRD11 across species. The YDF motif from CTCF is also included in the analysis. (H) Representative ITC curve showing the interaction
between ANKRD11_342-378 and the STAG2-RAD21 complex. (/) Table summarizing the dissociation constants (K) of various ANKRD11 truncations binding to

the STAG2-RAD21 complex determined by ITC.

The cohesin complex, which includes the Adenosine Triphosphate
(ATP)-dependent ATPase core subunits Smcl, Smc3, Sccl
(RAD21), and Scc3 (STAG1/STAG2), plays a critical role in sister
chromatid cohesion, DNA damage repair, and the regulation of
three-dimensional (3D) genome folding and gene expression
(24-29). Through its loop extrusion activity, cohesin and CCCTC-
binding factor (CTCEF) collaboratively organize the 3D structure
of the genome and regulate gene expression by forming chromatin
loops and topologically associating domains (TADs), which is
essential for enhancer—promoter (E-P) interactions in gene tran-
scriptions (30-33). In the context of CdLS, mutations in cohesin
or its loader NIPBL, which also activates cohesin’s AT Pase activity
for loop extrusion (34, 35), lead to a broad dysregulation of gene
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expression, without sister chromatid cohesion defect (30, 36, 37).
Non-cohesin-complex protein BRD4 has been reported to inter-
act with NIPBL and stabilize NIPBL on chromatin, thereby influ-
encing genome folding and loop extrusion critical for neural crest
progenitor differentiation (15, 38, 39). However, the relationship
between ANKRD11 and cohesin remains largely unexplored.

In this study, we find that ANKRD11 directly interacts with
the cohesin complex. Structural studies reveal that ANKRD11
binds to the STAG2-RAD21 subcomplex through an extended
“YEF” motif—containing fragment with high affinity and speci-
ficity. We demonstrate that disruption of the ANKRD11 and
cohesin interaction alters gene expression in mouse embryonic
stem cells (mESCs). In mice, disruption of the interaction between
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ANKRD11 and cohesin causes a loss of the interfrontal bone as
well as autism-like behavior. Our study establishes a mechanistic
link between ANKRD11 and the cohesin complex and explains
why ANKRDI11 plays critical roles in the nervous system and
craniofacial development in mammals including humans.

Results

Identification of the Cohesin Complex as a Specific Binder
of ANKRD11. To investigate the underlying mechanism of
ANKRD11’s function in development and its role in disease
pathogenesis, we employed affinity purification coupled with mass
spectrometry (AP-MS) method employing Strep-tagged fragments
of ANKRDI11 to identify its potential interacting proteins.
Utilizing N-terminal fragments of ANKRD11 (amino acids 1 to
415, encompassing the conserved region in the N-terminal region)
as the bait (Fig. 14) and nuclear extracts from Hela cells as the
source of potential interactors, two prominent protein bands were
specifically pulled down (Fig. 1B). Mass spectrometry analysis
identified the two bands as subunits of the cohesin complex
(Fig. 1C). In contrast, Strep tag alone exhibited minimal or no
affinity for the cohesin subunits (Fig. 1 B and C), indicating a
specific interaction between ANKRD11 and the cohesin complex
in HelLa cells. Consistent with our findings, a previous proteomic
study using SMCIA as the bait also identified ANKRD11 as a
potential interacting partner of the cohesin complex (40). Notably,
SMCI1A, SMC3, RAD21, STAG1/2, and PSD5A/B are highly
enriched in our purification. Curiously, CTCEF, known to bind
to the cohesin complex with submicromolar affinity (41), was
not present in the affinity-purified cohesin complex. To confirm
the interaction between ANKRD11 and the cohesin complex,
we performed Coimmunoprecipitation (Co-IP) assays in Hela
cells transfected with Green Fluorescent Protein (GFP)-tagged
ANKRDI11. As expected, the cohesin complex subunits SMC1A
and RAD21 specifically coimmunoprecipitated with GFP-
ANKRDI11 (Fig. 1D). The above results suggest that ANKRD11

forms a complex with the cohesin complex.

ANKRD11 Binds to the STAG2-RAD21 Subcomplex of Cohesin
through a Conserved YEF Motif-Containing Fragment. Next,
we studied the molecular mechanism underlying the ANKRD11
and cohesin interaction. We first used the affinity purification
assay described above to map the minimal region of ANKRD11
responsible for binding to cohesin. We divided the N-terminal
region into several segments: the N-terminal disordered region
containing two NLS sequences (1 to 135), the middle ankyrin
repeat (135 to 298), and the C-terminal disordered region (299
to 415), and two combined regions consisting of 2 to 298 and
135 to 415. Pull-down experiments showed that only protein
fragments containing the C-terminal disordered region specifically
bind to the cohesin complex, indicating that the 299 to 415 region
contains the cohesin-binding site of ANKRDI11 (Fig. 1 £ and
F). Further sequence analysis of this region revealed a highly
conserved YEF motif-containing peptide fragment in this region,
which resembles the “YDF” motif in CTCF known for its role in
cohesin binding (Fig. 1G) (41), suggesting that ANKRD11 may
interact with the cohesin complex via the YEF motif-containing
fragment.

To test this possibility, we purified various lengths of ANKRD11
fragments containing the YEF motif and measured their bindings
to the purified STAG2-RAD21 subcomplex of cohesin, which is
known to mediate the interaction between CTCF and cohesin (41)
using isothermal titration calorimetry (ITC). We found that
ANKRDI11 fragments containing the YEF motif fragment shown
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in panel G (i.e., residues 342 to 378 based on the human ANKRD11
sequence) bind to the STAG2-RAD21 subcomplex with a K; ~0.1
pM (Fig. 1 H and J). Further truncations of the 342 to 378 frag-
ment caused reduced bindings to the STAG2-RAD21 subcomplex
(Fig. 17 and SI Appendix, Fig. S2). Thus, the 342 to 378 segment
is the minimal sequence responsible for ANKRDI1 to bind to
cohesin. Sequence alignment indicated that ANKRDI11 uses a
longer peptide fragment than the CTCF YDF-motif peptide in
binding to cohesin (Fig. 1G). Moreover, ANKRD12, a paralog of
ANKRDI11 containing a similar YEF motif, also binds to cohesin
with K ~0.3 pM (S Appendix, Fig. S3).

Structural Basis for ANKRD11-Cohesin Interaction. To under-
stand the molecular basis governing the ANKRD11/cohesin
complex interaction, we solved the crystal structure of the
ANKRD11_342-378/STAG2-RAD21 tripartite complex at
3.2 A resolution (S/ Appendix, Table S1). ANKRD11 employs
a binding mechanism similar to that of CTCF and SGO1, with
the ANKRDI11 peptide anchoring to the conserved essential
surface formed in the STAG2 and RAD21 interface (Fig. 24)
(41, 42). We have divided the binding interface into three sites:
Site 1 encompasses the hydrophobic interactions involving the
YEF-motif; site 2 is characterized by electrostatic interactions
between the negatively charged residues following the YEF-motif
of ANKRDI11 and positively charged residues from the STAG2—
RAD21 subcomplex; and site 3 is a binding site specific to the
ANKRD11-cohesin complex and involves the extended and
positively charged tail of ANKRD11_342-378 (Fig. 2 Band C).

At site 1, Y347 and F349 from ANKRDI11 anchor into two
hydrophobic pockets of the STAG2-RAD21 subcomplex
(Fig. 2D), and this binding mode is highly similar to that of the
YDF-motif from CTCF or SGO1. To validate the interactions in
site 1, we substituted Y347 and F349 in ANKRDI11, or W334,
F367, and F371 in STAG2, as well as I337 and 1.341 in RAD21
individually with Ala. ITC and pull-down assays showed that each
of these mutations either completely abolished or significantly
reduced the binding (Fig. 2H and ST Appendix, Figs. S4 A—E and
S5). In particular, the substitution of either Y347 or F349 with
Ala resulted in complete disruption of the interaction between
ANKRDI11 and the STAG2-RAD21 subcomplex (Fig. 2 H and
Iand SI Appendix, Fig. S4A). This analysis allowed us to create a
single amino acid residue substitution (the Y347A mutant) within
the giant ANKRD11 (a total of 2,643 aa) to completely disrupt
the ANKRDI1—cohesin interaction for functional studies
described later in this study. At site 2, a stretch of negatively
charged residues engage in charge—charge interactions with R298
and H295, and form hydrogen bonds with Y297 and Y331 in
STAG2 (Fig. 2E). Mutations of either R298 or Y297 to alanine
significantly weakened the binding, as shown by ITC and pull-
down assays (Fig. 2H and SI Appendix, Figs. S4G and S5). Site 3
primarily consists of hydrogen bonds formed by D362 and D363
of ANKRD11 and Q140 and N141 of STAG2, as well as hydro-
gen bonds between D198 and S202 of STAG2 and the main chain
of ANKRDI11 (Fig. 2F). Deletion of residues from the site 3
region of ANKRD11 or mutations of either N141 or S202 of
STAG?2 to Ala all weakened the binding (Fig. 2G and ST Appendix,
Figs. S4 H and 7 and S5). Charge potential analysis showed that
STAG2 contains a negatively charged pocket in the site 3 region,
which is favorable for interacting with a stretch of positively
charged residues at the tail of ANKRD11_342-378 (Fig.2 C
and G). Deletion of the positively charged residues of
ANKRD11_342-378 indeed weakened its binding to cohesin
(SI Appendix, Fig. S41). In summary, the ANKRD11-cohesin
complex structure and the biochemical analysis corroborate our

https://doi.org/10.1073/pnas.2417346122 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417346122#supplementary-materials

Downloaded from https://www.pnas.org by 212.107.29.67 on November 4, 2025 from |P address 212.107.29.67.

Il ANKRD11

Site-1

Il STAG2 M RAD21

Site-3

C

DANRE 344
XENTR 343
CHICK 342
HUMAN 342
MOUSE 342
RAT 342

Site-1 Silte-2

Site-3

VKDEYEFDEDDEEERV
VKDEYEFDEDDEEDRV
VKDEYEFDEDDEQDRV.
VKDEYEFDEDDEQDRV
VKDEYEFDEDDEQDRV
VKDEYEFDEDDEQDRV

r " 1
Ihkkkkkkkhkkkhkk g ok kR khhkkhhkky gk gk

VDDKHLLKKEFRKEP 378

VDDKHLLKKDFRKET 377

VDDKHLLKKDYRKET 376

VDDKHLLKKDYRKET 376

VDDKHLLKKDYRKEA376

VDDKHLLKKDYRREA376
e oo

Site-3
H
ANKRD11  STAG2+RADZ Ka (UM)
WT 0.10+0.01
Y347A n.b.
F349A wT nb.
AS3 0.78+0.04
N141A 0.34%0.06 }Sile_3
S202A 0.89+0.13
Y297A 2741.2 }Sitc-Z
WT R298A -
W334A nb.
F367A 17.947.3
F371A 5513 [ il
1331A+L341A nb.

Site-3

0 10

Time (min)
20 30 40

0.004 '
-0.20
-0.40
-0.60
-0.80

ucal/sec

STAG2+RAD21

Y347A

-1.00
0.0
-40
-8.0
-12.0
-16.04
-20.0
-24.0

kcal mol -of injectant

00 05 10 15 20

Molar Ratio

Fig. 2. Structural analysis of the STAG2-RAD21-ANKRD11 complex and the interaction interface. (A) Overall structure of the STAG2-RAD21 complex bound
to ANKRD11 rendered with the surface model. The coloring scheme is shown in the cartoon diagram and the scheme is used throughout the paper. (B) The
ANKRD11/STAG2-RAD21 interface is divided into three regions: site 1, site 2, and site 3. (C) Multiple sequence alignment of ANKRD11 across species, highlighting
the conserved residues at the three binding sites. (D-F) Detailed views of the molecular interactions at site 1 (D), site 2 (E), and site 3 (F) of the ANKRD11/STAG2-
RAD21 interface. (G) Electrostatic surface potential of STAG2 at site 3, calculated using Adaptive Poisson-Boltzmann Solver (APBS) in PyMOL. Positively charged
ANKRD11 residues (blue circles) and their potential interactions with the negatively charged STAG2 pocket are indicated. (H) Table summarizing the dissociation
constants (Kg) determined by ITC for wild-type (WT) and mutant ANKRD11 peptides binding to the STAG2-RAD21 complex. n.b.: no binding. The raw ITC data
are shown in S/ Appendix, Fig. S4. (I) Representative ITC curves comparing the binding of WT ANKRD11 and the Y347A mutant to the STAG2-RAD21 complex,
showing that the mutant had no detectable binding to cohesion.
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prior mapping results showing that ANKRD11 used an extended
“YEF” motif to interact with the cohesin complex.

ANKRD11 Effectively Competes with CTCF for Cohesin Binding.
Through comparison of the CTCF/cohesin and ANKRD11/
cohesin complex structures, it is evident that ANKRD11 and
CTCF bind to cohesin with a similar mode, albeit that the
ANKRDI11 peptide occupies a longer groove in the STAG2-
RAD21 subcomplex (Fig. 3 A and B). Consistent with this
structural analysis, the ANKRD11 peptide binds to the STAG2-
RAD21 subcomplex with a ~fourfold higher affinity than the
CTCEF peptide does (Fig. 3C; K values of 0.1 pM vs. 0.4 pM).
This analysis predicted that the bindings of ANKRDI11 and
CTCEF to cohesin are mutually exclusive and ANKRD11 should
be able to effectively compete with CTCF in binding to cohesin.
A competition experiment indeed showed that ANKRDI11
effectively outcompeted CTCF in binding to the STAG2-RAD21
subcomplex (Fig. 3D). Specifically, more than 50% of the CTCF/
cohesin complex was disrupted when an equimolar amount of
ANKRDI11 and CTCF were mixed with the STAG2-RAD21
subcomplex, and the majority of the CTCF/cohesin complex
dissociated when a two-molar ratio of ANKRD11 was added to
compete with CTCE The above result explains why CTCF was
absent in the affinity-purified cohesin complex in Fig. 1B.

Identification of Additional Cohesin Ligands. Our structural
and biochemical analyses, together with earlier studies of the
interaction between CTCF and cohesin (41), revealed that the
strong cohesin binders possess 2 to 4 negatively charged amino
acids following the Y-[DE]-F motif (i.e., [Y/F]-[D/E]-F-[D/E], ;)
(Fig. 3E). To identify additional potential cohesin binders, we
searched human protein databases using this consensus motif.
The initial search yielded 147 proteins. We excluded non-nuclear
proteins, proteins with identified motifs inaccessible for binding
due to protein folding, and candidates with identified motifs that
are not evolutionary conserved (Fig. 3F). This stringent selection
process resulted in 18 potential binders, including five known
cohesin binders (ANKRD11/12 characterized in this study, CTCE
Minichromosome Maintenance Complex Component 3, and
Synaptonemal Complex Protein 3 identified previously (41, 43).
We then removed the known or previously tested ones (Cadherin
6) and synthesized 10 peptides containing the [Y/F]-[D/E]-E-[D/
E], 4 motif of each of these final candidate proteins and used ITC
to test their bindings to cohesin. Remarkably, 9 out of these 12
peptides were found to bind to cohesin. Among them, the peptide
fragment from Proline Rich 12 (PRR12) showed the strongest
binding (Fig. 3G and S/ Appendix, Fig. S6). Fittingly, PRR12 was
recently identified as a cohesin regulator through coessentiality
analysis and AP-MS experiments, though the direct binding
between PRR12 and cohesin was not investigated (44). Another
cohesin binder PR domain-containing GTPase activating protein 1
(PAGR1) was recently implicated to regulate cohesin’s association
with chromatin thereby influencing transcription and DNA repair
processes (45, 46). Both PRR12 and PAGRI, like ANKRD11, are
transcriptional regulators engaged in chromatin organization and
neuronal development (47-49). It remains to be tested whether
the rest of the six identified proteins (Intermediate Filament
Family Orphan 1, BCL6 Corepressor, DNA topoisomerase 2-beta,
Lysine Methyltransferase 2D, and Zinc Finger Protein 33A/B) are
cohesin binders under physiological conditions.

Y347A Mutation Disrupts the Interaction between the Full-

Length ANKRD11 and Cohesion. We next investigated whether the
identified cohesin-binding site spanning residues 342-378 represents
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the only cohesin-binding site of ANKRD11. We overexpressed
GFP-tagged full-length ANKRDI11, both the wild-type (WT)
and the Y347A mutant, in HeLa cells and conducted pull-down
assays. GFP-tagged WT ANKRD11 pulled down various subunits
of the endogenous cohesin complex (Fig. 44), indicating that the
full-length ANKRD11 can specifically interact with cohesin.
Again, CTCF was not detected in the WT ANKRD11 pull-down
experiment (Fig. 44), suggesting that CTCF was competed off
from the cohesin complex by ANKRD11. Importantly, the Y347A
mutation completely disrupted the interaction between ANKRD11
and the cohesin complex (Fig. 4A), confirming that the 342 to
378 segment is the only cohesin-binding region of ANKRD11.
Since Y347 is situated in an unstructured region of ANKRDI11
(Fig. 14), the single residue substitution Y347A should not alter the
structure and interactions of the giant ANKRD11 with any target
proteins other than cohesin. Thus, the ANKRD11_Y347A mutant
is uniquely suited to investigate the function of the interaction
between ANKRD11 cohesin as described below.

We next asked whether endogenous ANKRD11 indeed binds to
cohesin. This is critical since cohesin has multiple potential binding
targets (Fig. 3), in addition to the well-established target CTCE
Neither commercially available nor our home-made antibodies
against ANKRD11 worked well for immunoprecipitation experi-
ments. To overcome this challenge, we employed CRISPR-Cas9
technology to knock in a Flag-Avi tag at the N-terminal of
ANKRD11 in mESCs (Fig. 4B and ST Appendix, Fig. S7 A and B),
so that the endogenous ANKRD11 can be labeled with biotin. We
then used another round of CRISPR-Cas9 gene editing to introduce
aY347A mutation to ANKRD11 (Fig. 4Cand SI Appendix, Fig. S7
C and D). For in vivo biotinylation of the Avi tag, the Flag-Avi
tagged ANKRD11 cells were infected with the lenti-birAV5 lenti-
virus to overexpress the BirA enzyme (S/ Appendix, Fig. S7 E and
F) (50). Immunoprecipitation results showed that WT ANKRD11
coimmunoprecipitated the cohesin complex, albeit with a lower
amount than in the GFP-ANKRD11 overexpressing cells (Fig. 4D).
The ANKRD11-bound cohesin complex does not contain CTCE
'The Y347A mutation completely disrupted the interaction between
ANKRDI11 and cohesin (Fig. 4D). These findings demonstrate that
endogenous ANKRDI11 is associated with cohesin, and the inter-
action can be effectively disrupted by substituting the single residue

Y347 with Ala.

The ANKRD11-Cohesin Interaction Regulates Gene Expressions
Related to Neural Development. Given the critical roles of
both ANKRDI11 and the cohesin complex in development and
the overlapping phenotypes arising from their mutations, we
hypothesized that their interaction might have significant biological
functions. To validate this hypothesis, we first performed Western
blot analysis and found that the ANKRDI11 protein levels were
not significantly different between WT and Y347A mutant mESCs
(ST Appendix, Fig. S7 G and H), indicating that the Y347A mutation
does not alter ANKRD11 expression. With this confirmation, we
proceeded to evaluate the impact of the Y347A mutation on the
pluripotency of mESCs. The Y347A mutant clones exhibited
normal morphology and proliferation compared to the WT clones
(SI Appendix, Fig. S8 A and B). Alkaline Phosphatase staining assay
indicated that the Y347A mutant clones retained pluripotency
(81 Appendix, Fig. S8C). Nonetheless, RT-qPCR analysis showed
a slight downregulation of pluripotency markers Sox2 and Nanog,
but Oct4 expression remained unchanged, suggesting a subtle
tendency toward pluripotency exit caused by the mutant. To further
explore the impact of the Y347A mutation, we performed RNA
sequencing (RNA-seq) of WT and Y347A mutant mESC clones.
Correlation analysis and principal component analysis revealed that
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Fig. 3. Cohesin can bind to multiple “Y-D/E-F" motif-containing target proteins via a similar mechanism. (A) Surface representation of the STAG2-RAD21 complex
with bound CTCF and ANKRD11 peptides overlayed with each other. (B) Zoomed-in view of the binding interface, highlighting key residues involved in the bindings.
(C) ITC curves showing the bindings of ANKRD11 and CTCF peptides to the STAG2-RAD21 complex with K, values for ANKRD11 (0.10 + 0.01 uM) and for CTCF
(0.39 £ 0.04 uM) indicated. (D) SDS-PAGE analysis of the competition assay between ANKRD11 (342 to 378) and Strep-tagged CTCF for binding to the STAG2-
RAD21 complex with increasing molar ratios of ANKRD11 to CTCF included in the assay. (E) Sequence alignment of known strong cohesin binders, revealing the
consensus “[Y/F]-[D/E]-F-[D/E],.," motif for binding to cohesin. (F) Flowchart depicting the database search process to identify potential cohesin-binding proteins
containing the “[Y/F]-[D/E]-F-[D/E],_," motif. (G) Table summarizing the dissociation constants (K,) for peptides containing the “[Y/F]-[D/E]-F-[D/E],.," motif binding
to the STAG2-RAD21 complex. The sequences of the peptides are shown with the core motif highlighted in red. n.b.: no binding.

biological replicates within each group (WT and Y347A mutant)
were highly correlated and clustered closely together (ST Appendix,
Fig. S8 E and F). Differential gene expression analysis showed
that the ANKRD11 Y347A mutation led to the upregulation of
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1,318 genes and the downregulation of 1,137 genes (S] Appendix,
Fig. S8G). Gene set enrichment analysis indicated no significant
enrichment of the “Mouse Embryonic Stem Cell Pluripotency
Genes” set, supporting the observation that the overall pluripotency
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Fig. 4. The Y347A mutation in ANKRD11 disrupts both exogenous and endogenous ANKRD11-cohesin interactions. (A) Co-IP of GFP-WT or Y347A ANKRD11
with endogenous cohesin subunits and CTCF. Immunoblotting for indicated proteins. (B) Schematic representation of CRISPR/Cas9-mediated knock-in strategy
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was largely maintained in Y347A mutants (S/ Appendix, Fig. S8 H).
The differentially expressed genes (DEGs) were enriched in neural-
related pathways: Down-regulated genes were associated with cell
morphogenesis, regulation of nervous system development, and
brain development (Fig. 5A4), up-regulated genes were involved in
response to wounding and negative regulation of nervous system
development pathways (Fig. 5B), suggesting that the Y347A
mutation may impact neural development processes.

Next, to further investigate the relationship between ANKRD11
and cohesin function, we analyzed the overlaps between deregu-
lated genes in ANKRD11 Y347A mutants (this study) and genes
deregulated by the RAD21 depletion using RNA-seq data from a
published study (GSE178982) generated from the auxin-inducible
degradation of the cohesin subunit RAD21 in mESC (51). Despite
different mESC culture conditions, there was a significant overlap
in the gene sets elicited by ANKRD11 Y347A mutation and the
24-h degradation of RAD21, the up-regulated gene sets in par-
ticular (Fig. 5 C and D). This indicates that gene expression
changes caused by the Y347A mutation are likely connected to the
loss of its binding to the cohesin complex. These co-down-regulated
genes are primarily associated with nucleosome assembly (Nasp,
HI1f1, H3c3, H2acll, etc.), negative regulation of neurogenesis
(Ifrd1, Sox11, Lin28a, Arhgap4, etc.), and skeletal system devel-
opment (Actn3, Cited2, Sox11, Msc, etc.) (Fig. 5 E and F). The
co-up-regulated genes by the ANKRD11 Y347A mutation and
RAD21 degradation are also related to the regulation of neuro-
genesis (Ecel, Ephb2, Gata2, Scnlb, etc.) and bone development

PNAS 2025 Vol.122 No.4 2417346122

(Matn1, Msx2, Npr2, Bmp7, etc.), as well as the neuron apoptotic
process (Btg2, Clu, Crlf1, Trp73, etc.) and wound healing path-
ways (Anxa2, Anxa5, Cadm4, Cldn4, etc.) (Fig. 5 Gand H). These
results indicate that the interaction between ANKRDI11 and
cohesin is involved in pathways related to neural and bone devel-
opment, and defects in this interaction may cause neuronal and
craniofacial development abnormalities as seen in KBG syndrome

and CdLS.

ANKRD11Y347A Mutation Affects Mouse Neural and Craniofacial
Development. To investigate the function of the ANKRD11-
cohesin interaction, we generated Y347A mutant mice using the
CRISPR-Cas9 technology (S Appendix, Fig. S9 A and B). The
most characteristic pathological manifestation of KBG syndrome
is the abnormal development of craniofacial bones and neural
developmental delay (1, 2). To determine whether the ANKRD11_
Y347A mutation affects skeletal morphology, we conducted X-ray
imaging of the whole body and the skull i in th the homozygous mutant
(ANKRD11™Y™ and WT (ANKRD11Y7"¥T) mice. The i images
revealed no significant skeletal abnormalities in the ANKRD11_
Y347A mutants compared to WT controls (S Appendix, Fig. S9C).
Additionally, growth monitoring from 3 to 12 wk of age showed
that both male and female homozygous ANKRD11_Y347A mice
displayed normal growth patterns and had similar body weights
compared to their WT littermates, indicating that the mutation
does not affect overall growth and development through to

adulthood (87 Appendix, Fig. S9D).
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Fig. 5. Disruption of the ANKRD11-cohesin interaction affects gene expression in mESCs. (A and B) Gene Ontology (GO) enrichment analysis of DEGs in ANKRD11
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ANKRD11 Y347A mutant mice, replaced instead by a single inter-
frontal suture (Fig. 6 A and B). A subset of mutant mice retained
the interfrontal bone, albeit with a significantly reduced area

For the craniofacial development study, we utilized micro-
computed tomography (micro-CT) scans and found that the inter-
frontal bone present in WT mice was missing in the majority of
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Fig. 6. Disruption of the ANKRD11-cohesin interaction affects craniofacial development and social behavior in mice. (A) Micro-CT scans of craniofacial structures
in WT and Y347A mutant mice. Red arrows/outlines highlight the interfrontal bone region with magnified insets. (B) Quantification of interfrontal bone existence
in WT and Y347A mice. The percentage of mice with the interfrontal bone present is significantly reduced in the Y347A group compared to the WT group (WT:
13/14; Y347A: 6/14). (C) Quantitative analysis of the interfrontal bone area in WT and Y347A group. The interfrontal bone area was significantly reduced in the
Y347A group compared to the WT group, as shown by the mean values + SEM. Statistical significance was determined using an unpaired ¢t test [**P < 0.01; N =
13 (WT); 6 (Y347A)]. (D) Schematic of the three-chamber social interaction test protocol. (F) Representative heat maps showing exploration patterns of WT and
Y347A mice during the social novelty phase (Familiar Mouse vs. Novel Mouse) of the three-chamber test. (F) Quantification of time spent in zones containing
familiar or novel mice during the social novelty phase (Mouse2 vs. Mouse1) for WT and Y347A groups. Data are mean + SEM (n = 13 per group). **P < 0.01;
paired t test. (G) Discrimination index for the social novelty phase. Individual data points and mean + SEM are shown (n = 13 per group). **P < 0.01; unpaired t
test. (H) Schematic of the novel object recognition test protocol. (/) Representative heat maps showing exploration patterns of WT and Y347A mice during the
test phase (Round 3) of the novel object recognition task. (/) Time spent exploring familiar and novel objects during the test phase for WT and Y347A groups.
Data are mean + SEM (n = 13 per group). ***P < 0.001; ns, not significant; paired ¢ test. (K) Discrimination index for the novel object recognition test. Individual
data points and mean + SEM are shown (n = 13 per group). ***P < 0.001; unpaired t test. (L) Schematic of the marble burying test protocol. (M) Representative
images of the marble burying test for WT and Y347A mice. (N) Bar graphs showing the number of marbles buried by WT and Y347A mice. Data are mean + SEM
(n =13 per group). *P < 0.05; unpaired t test.
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compared to the WT group. (Fig. 6C). Notably, the presence of an
interfrontal bone varies across mouse strains (52). For example,
C57BL/6] mice typically exhibit an interfrontal bone, whereas it
is absent in C3H/He]J mice. Yoda mice, a subset of the C3H/He]
strain carrying a heterozygous Ankrd11 missense mutation, also
exhibit an unfused interfrontal suture (23). In our experiments
with the C57BL/6] strain, the transition from an interfrontal bone
to an interfrontal suture in the Y347A mutant mice mirrored the
phenotype observed in Yoda mice.

Given the prevalence of social and cognitive impairments in KBG
syndrome patients, we investigated potential behavioral phenotypes
in ANKRD11_Y347A mutant mice. We employed three-chamber
social interaction tests and novel object recognition tasks to assess
social behavior and cognitive function, respectively (Fig. 6 D and
H). In the three-chamber social interaction test, both WT and
mutant mice showed no location preference during the habituation
phase (SI Appendix, Fig. S10 A-C). In the sociability, both groups
exhibited significant social preferences toward unfamiliar mice,
indicating intact initial social motivation (S/ Appendix, Fig. S10
D-F). However, in the social novelty, ANKRD11_Y347A mutant
mice displayed equal social tendencies toward unfamiliar and famil-
iar mice, while WT mice maintained a preference for unfamiliar
mice. This difference was quantified by discrimination indices of
24.6% for WT and -5.8% for ANKRD11_Y347A mutant mice
(Fig. 6 F~G), suggesting a specific deficit in social novelty recogni-
tion in mutant mice. We assayed general locomotor activities of the
WT and Y347A mice and found that the mutation did not alter
the locomotor activity of the mice (S/ Appendix, Fig. S10 Jand K).

To assess cognitive function, we utilized the novel object rec-
ognition test (Fig. 6H). During habituation, both WT and
ANKRD11 Y347A mutant mice showed equal interest in two
identical objects (S Appendix, Fig. S10 G-I). In the test phase,
WT mice exhibited a clear preference for the novel object, whereas
mutant mice showed no preference between new and familiar
objects. This cognitive difference was reflected in discrimination
indices of 35.2% for WT mice and 3.7% for ANKRD11 Y347A
mutant mice (Fig. 6 /-K). These findings indicate that the
ANKRDI11 Y347A mutation impairs recognition memory.
Additionally, to assess repetitive and compulsive behaviors in
ANKRDI11 Y347A mutant mice, we conducted a marble burying
test. Twenty marbles were evenly distributed on the cage surface,
and the number of buried marbles was counted after 30 min
(Fig. 6L). Y347A mutant mice exhibited significantly enhanced
burying behavior compared to WT controls (Fig. 6 L-N). This
increased marble burying behavior indicates a heightened ten-
dency toward repetitive and compulsive behaviors in Y347A mice,
mirroring the autism and obsessive-compulsive symptoms com-
monly observed in KBG syndrome patients (53, 54).

Taken together, the above skull development and the behavioral
studies collectively indicate that the developmental abnormalities
found in ANKRD11 Y347A mutant mice are correlated with the
disrupted interaction of the protein with cohesin complex. The
phenotypes of the ANKRD11 Y347A mutant recapitulate key
aspects of KBG syndrome observed in patients.

Discussion

The central findings of this study are the identification of a direct
and specific interaction between ANKRD11 and the cohesin com-
plex, and ANKRD11 competes with CTCF for binding to the
cohesin complex. Our findings provide direct evidence showing
why mutations in ANKRDI11 and the cohesin complex share
overlapping clinical phenotypes. Given that the cohesin complex,
via interacting with CTCE, is a master regulator of chromatin

https://doi.org/10.1073/pnas.2417346122

organization and gene transcription regulations (30, 55-57), it is
not surprising that disruption of the ANKRD11—cohesin inter-
action (e.g., the Y347A mutation described in this study) can alter
the ANKRD11-mediated gene expressions and cause develop-
mental abnormalities in organs/tissues such as the brain and bones.

Our results can also rationalize why mutations in ANKRD11
and the cohesin complex display distinct phenotypes in patients.
ANKRDI11 is a very large protein with >2,600 amino acids. The
region of ANKRD11 responsible for binding to the cohesin com-
plex (i.e., aa 342 to 278 of ANKRD11) only occupies a very small
portion of the protein that is unstructured. Thus, the majority of
the ANKRD11 mutations found in patients (e.g., the mutation-
enriched C-terminal helical region, S/ Appendix, Fig. S1) will not
have a direct impact on the interaction between ANKRD11 and
cohesin. Instead, some of these mutations likely affect the binding
of ANKRDI11 to the NCOR repressor complex. As an example,
patients with heterozygous loss-of-function mutations of SETD5
present phenotypes that overlap with those observed in KBG syn-
drome (58, 59). Interestingly, KBG syndrome patients with
SETD5 mutations have normal ANKRDI11 (60, 61), suggesting
a potential functional connection between ANKRDI11 and
SETD5. Indeed, both ANKRD11 and SETDS5 can associate with
the NCOR repressor complex (19, 62, 63).

Our study reveals that ANKRD11 Y347A mutation leads to
specific deficits in craniofacial development and behavioral abnor-
malities in mice. When compared to other ANKRD11 mutant
mouse models, Y347A mice show some overlapping yet distinct
phenotypes. For example, Yoda mice, which carry a heterozygous
ANKRDI1 missense mutation, display an unfused interfrontal
suture. In Y347A mice, the interfrontal bone is either completely
absent and replaced by a suture or is reduced in size. While Yoda
mice display broader craniofacial abnormalities including short-
ened snouts, wider skulls, and reduced bone mineral density,
Y347A mice show relatively specific deficits limited to the inter-
frontal region without other significant skeletal abnormalities (23).
The neural crest-specific Ankrd11 deletions manifest more severe
phenotypes, particularly in the homozygous state, including cleft
palate, severe midfacial hypoplasia, and perinatal lethality (21).
Behaviorally, both Y347A and Yoda mice exhibit social deficits
and repetitive behaviors. Y347A mice show impaired social novelty
recognition and increased marble burying, while Yoda mice display
reduced social preference and more self-grooming (19). The above
comparisons suggest that different mutations in ANKRD11 can
result in varying degrees of severity in craniofacial and behavioral
phenotypes, with our Y347A model indicating the importance of
ANKRD11—cohesin interaction in craniofacial development and
social behavior.

One key limitation of our study is that we have not fully eluci-
dated how the ANKRD11-cohesin interaction influences gene
expression at a deep mechanistic level. While we have demonstrated
that disrupting this interaction leads to significant changes in gene
expression patterns, the precise mechanisms by which ANKRD11
and cohesin collaborate to regulate transcription remain to be deter-
mined. To understand how ANKRD11 works with cohesin to reg-
ulate gene expression, it is important to consider the role of cohesin
in orchestrating E-P interactions via loop extrusion. This process,
together with CTCE, establishes TADs that can facilitate or restrict
E-P contacts, thereby influencing gene expression patterns (30, 55).
As a chromatin-associated protein, ANKRD11 can be found at the
promoters of specific genes (19). During the cohesin-driven loop
extrusion process, the encounter between cohesin and promoter-
bound ANKRD11 may lead to transient cohesin stalling. This stall-
ing could enhance interactions between the promoter and distant
enhancers or repressors, thus playing a crucial role in the regulation
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of gene transcription. This mechanism may also be used by other
cohesin binders such as PRR12, which is a transcription regulator
and important for development. We postulate that compared to
CTCE the level of ANKRDI11 in cells of different tissues is much
lower. Therefore, the ratio of the ANKRD11-bound cohesin to the
CTCF-bound cohesin is likely to be low. If this postulation stands,
the balance between ANKRD11 and CTCEF protein levels will play
important roles in ANKRD1 1-regulated gene expression in cells. It
is likely that ANKRD11, in contrast to CTCE may only regulate
expressions of a small and specific set of genes. Consistent with this
hypothesis, the phenotypic manifestations in patients caused by
ANKRD11 mutations are much more specific than the CTCF/
cohesin mutations (10, 16, 64). Identifications of specific genes, of
which the expressions are directly regulated by ANKRD11, are
rather tricky. We tried conventional techniques such as RNA-Seq,
chromatin immunoprecipitation sequencing, and Hi-C extensively
and did not yield conclusive results. Nonetheless, our finding that
the Y347A mutation in ANKRD11 specifically disrupts its inter-
action with the cohesin complex provides a good starting point for
future mechanistic studies of the interaction between ANKRD11
and cohesin in gene expressions.

Another limitation of the current study is that we focused exclu-
sively on homozygous Y347A mutants. Given that KBG syndrome
is caused by heterozygous mutations in ANKRD11 in humans, it
will be interesting to investigate whether heterozygous Y347A
mice may display any anatomical and behavioral phenotypes.

Materials and Methods

Quantification, Statistical Analysis, and Data Availability. Animal behav-
jor values are presented as mean = SEM. When normality and equal variance
(F test) were met, unpaired or paired two-tailed Student's t tests were used, with
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