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Summary
Whereas large-scale statistical analyses can robustly identify disease-gene relationships, they do not accurately capture genotype-pheno-

type correlations or disease mechanisms. We use multiple lines of independent evidence to show that different variant types in a single

gene, SATB1, cause clinically overlapping but distinct neurodevelopmental disorders. Clinical evaluation of 42 individuals carrying

SATB1 variants identified overt genotype-phenotype relationships, associated with different pathophysiological mechanisms, estab-

lished by functional assays. Missense variants in the CUT1 and CUT2 DNA-binding domains result in stronger chromatin binding,

increased transcriptional repression, and a severe phenotype. In contrast, variants predicted to result in haploinsufficiency are associated

with a milder clinical presentation. A similarly mild phenotype is observed for individuals with premature protein truncating variants

that escape nonsense-mediated decay, which are transcriptionally active but mislocalized in the cell. Our results suggest that in-depth

mutation-specific genotype-phenotype studies are essential to capture full disease complexity and to explain phenotypic variability.
SATB1 (MIM: 602075) encodes a dimeric/tetrameric tran-

scription factor1 with crucial roles in development and

maturation of T cells.2–4 Recently, a potential contribution
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of SATB1 to brain development was suggested by statisti-

cally significant enrichment of de novo variants in two large

neurodevelopmental disorder (NDD) cohorts,5,6 although
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its functions in the central nervous system are poorly

characterized.

Through international collaborations7–9 conforming to

local ethical guidelines and the declaration of Helsinki, we

identified 42 individuals with a rare (likely) pathogenic

variant in SATB1 (GenBank: NM_001131010.4), a gene un-

der constraint against loss-of-function and missense varia-

tion (pLoF: o/e ¼ 0.15 [0.08–0.29]; missense: o/e ¼ 0.46

[0.41–0.52]; gnomAD v2.1.1).10 Twenty-eight of the SATB1

variants occurred de novo, three were inherited from an

affected parent, and five resulted from (suspected) parental

mosaicism (Figure S1). Reduced penetrance is suggested by

two variants inherited from unaffected parents (identified

in individuals 2 and 12; Table S1A), consistent with recent

predictions of incomplete penetrance being more prevalent
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in novel NDD syndromes.6 Inheritance status of the final

four could not be established (Table S1A). Of note, two indi-

viduals also carried a (likely) pathogenic variant affecting

other known disease genes, including NF1 (MIM: 162200;

individual 27) and FOXP2 (MIM: 602081; individual 42)

which contributed to (individual 27) or explained (individ-

ual 42) the observed phenotype (Table S1A).

Thirty individuals carried 15 unique SATB1 missense

variants, including three recurrent variants (Figure 1A),

significantly clustering in the highly homologous DNA-

binding domains CUT1 and CUT2 (p ¼ 1.00e�7; Figures

2A and S2).11,12 Ten individuals harbored premature protein

truncating variants (PTVs; two nonsense, seven frameshift,

one splice site; Tables S1A and S2), and two individuals

had a (partial) gene deletion (Figure S3). For 38 affected
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Figure 1. Clinical evaluation of SATB1 variants in neurodevelopmental disorders
(A) Schematic representation of SATB1 (GenBank: NM_001131010.4/NP_001124482.1), including functional domains, with truncating
variants labeled in cyan, truncating variants predicted to escape NMD in orange, splice site variants in purple, missense variants in
magenta, and UK10K rare control missense variants in green. Deletions are shown in dark blue below the protein schematic, above a
diagram showing the exon boundaries. We obtained clinical data for all individuals depicted by a circle.

(legend continued on next page)
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Figure 2. 3D protein modeling of SATB1
missense variants in DNA-binding do-
mains
(A) Schematic representation of the
aligned CUT1 and CUT2 DNA-binding do-
mains. CUT1 and CUT2 domains have a
high sequence identity (40%) and similar-
ity (78%). Note that the recurrent
p.Gln402Arg, p.Glu407Gly/p.Glu407Gln,
and p.Gln525Arg, p.Glu530Gly/
p.Glu530Lys/p.Glu530Gln variants affect
equivalent positions within the respective
CUT1 and CUT2 domains, while
p.Gln420Arg in CUT1 and p.Glu547Lys
in CUT2 affect cognate regions.
(B) 3D model of the SATB1 CUT1 domain
(left; PDB: 2O4A) and CUT2 domain (right;
based on PDB: 2CSF) in interaction with
DNA (yellow). Mutated residues are high-
lighted in red for CUT1 and cyan for
CUT2, along the ribbon visualization of
the corresponding domains in burgundy
and dark blue, respectively.
(C) 3D-homology model of the SATB1 ho-
meobox domain (based on PDB: 1WI3
and 2D5V) in interaction with DNA (yel-
low). Themutated residue is shown in light
gray along the ribbon visualization of the
corresponding domain in dark gray.
(B and C) For more detailed descriptions of
the different missense variants in our
cohort, see Supplemental data.
individuals and 1 mosaic parent, clinical information was

available. Overall, we observed a broad phenotypic spec-

trum, characterized by neurodevelopmental delay (35/36,

97%), intellectual disability (ID) (28/31, 90%), muscle tone

abnormalities (abnormal tone 28/37, 76%; hypotonia 28/

37, 76%; spasticity 10/36, 28%), epilepsy (22/36, 61%),

behavioral problems (24/34, 71%), facial dysmorphisms

(24/36, 67%; Figures 1B, 1C, and S4A), anddental abnormal-

ities (24/34, 71%) (Figures 1D and S4B; Tables 1 and S1). In-

dividualswithmissense variantswere globallymore severely

affected than those with PTVs: 57% of individuals with a

missense variant had severe/profound ID whereas this level

of ID was not observed for any individuals with PTVs.

Furthermore, hypotonia, spasticity, and (severe) epilepsy
(B and C) Facial photographs of individuals with (partial) gene deleti
(C). All depicted individuals show facial dysmorphisms and although
be observed for the group as a whole. Overlapping facial dysmorp
straight and/or full eyebrows, puffy eyelids, downslant of palpebra
lips with absent cupid’s bow, prominent cupid’s bow, or thin upper
more alike than individuals in the truncating cohorts, and we observe
cohort (individuals 17, 27, 31, 37, the siblings 19, 20, and 21, and to
between individuals with (partial) gene deletions and truncations cou
(D) Photographs of teeth abnormalities observed in individuals with
and include widely spaced teeth, dental fragility, missing teeth, diso
(E) Computational average of facial photographs of 16 individuals wi
gene deletions (right).
(F) Mosaic plot presenting a selection of clinical features.
(G) The Partitioning AroundMedoids analysis of clustered HPO-stand
and missense (circle) variants shows a significant distinction betwee
dividuals with PTVs (red). Applying Bonferroni correction, a p value
For analyses displayed in (F) and (G), individuals with absence of any
omitted (for details, see supplemental materials and methods).

The America
were more common in individuals with missense variants

than in those with PTVs (92% versus 42%, 42% versus 0%,

80% versus 18%, respectively) (Figure 1F, Tables 1 and

S1A). To objectively quantify these observations, we divided

our cohort into two variant-specific clusters (missense versus

PTVs) and assessed the two groups using a Partitioning

Around Medoids clustering algorithm13 on 100 features

derived from standardized clinical data (Human Phenotype

Ontology [HPO]; Figure S5A andData S1).14 A total of 38 in-

dividuals were subjected to this analysis, of which 27 were

classified correctly as eitherbelonging to thePTVormissense

variantgroup (p¼0.022), confirming theexistenceofat least

two separate clinical entities (Figures 1GandS5B).Moreover,

computational averaging of facial photographs15 revealed
ons and truncations (B) and of individuals with missense variants
overlapping features are seen, no consistent facial phenotype can
hisms include facial asymmetry, high forehead, prominent ears,
l fissures, low nasal bridge, full nasal tip and full nasal alae, full
lip vermilion (Table S1B). Individuals with missense variants are
d recognizable overlap between several individuals in themissense
a lesser extent individuals 24 and 35). A recognizable facial overlap
ld not be observed. Related individuals aremarked with a blue box.
SATB1 variants. Dental abnormalities are seen for all variant types
rganized teeth positioning, and enamel discoloration (Table S1B).
th a missense variant (left) and 8 individuals with PTVs or (partial)

ardized clinical data from 38 individuals with truncating (triangle)
n the clusters of individuals with missense variants (blue) and in-
smaller than 0.025 was considered significant.
clinical data and/or low-levelmosaicism for the SATB1 variant were
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Table 1. Summary of clinical characteristics associated with (de novo) SATB1 variants

All individuals
Individuals with PTVs and (partial)
gene deletions Individuals with missense variants

%
Present/total
assessed %

Present/total
assessed %

Present/total
assessed

Neurologic

Intellectual disability 90 28/31 80 8/10 95 20/21

Normal 10 3/31 20 2/10 5 1/21

Borderline 0 0/31 0 0/10 0 0/21

Mild 26 8/31 60 6/10 10 2/21

Moderate 10 3/31 10 1/10 10 2/21

Severe 19 6/31 0 0/10 29 6/21

Profound 19 6/31 0 0/10 29 6/21

Unspecified 16 5/31 10 1/10 19 4/21

Developmental delay 97 35/36 100 12/12 96 23/24

Motor delay 92 34/37 92 11/12 92 23/25

Speech delay 89 32/36 83 10/12 92 22/24

Dysarthria 30 6/20 9 1/11 56 5/9

Epilepsy 61 22/36 18 2/11 80 20/25

EEG abnormalities 79 19/24 29 2/7 100 17/17

Hypotonia 76 28/37 42 5/12 92 23/25

Spasticity 28 10/36 0 0/12 42 10/24

Ataxia 22 6/27 17 2/12 27 4/15

Behavioral disturbances 71 24/34 58 7/12 77 17/22

Sleep disturbances 41 12/29 27 3/11 50 9/18

Abnormal brain imaging 55 17/31 43 3/7 58 14/24

Regression 17 6/35 8 1/12 22 5/23

Growth

Abnormalities during pregnancy 24 8/33 27 3/11 23 5/22

Abnormalities during delivery 32 10/31 55 6/11 20 4/20

Abnormal term of delivery 6 2/31 10 1/10 5 1/21

Preterm (<37 weeks) 6 2/31 10 1/10 5 1/21

Postterm (>42 weeks) 0 0/31 0 0/10 0 0/21

Abnormal weight at birth 16 5/32 22 2/9 13 3/23

Small for gestational age (<p10) 9 3/32 11 1/9 9 2/23

Large for gestational age (>p90) 6 2/32 11 1/9 4 1/23

Abnormal head circumference at birth 7 1/14 17 1/6 0 0/8

Microcephaly (<p3) 0 0/14 0 0/6 0 0/8

Macrocephaly (>p97) 7 1/14 17 1/6 0 0/8

Abnormal height 21 6/29 9 1/11 28 5/18

Short stature (<p3) 14 4/29 0 0/11 22 4/18

Tall stature (>p97) 7 2/29 9 1/11 6 1/18

Abnormal head circumference 23 7/31 11 1/9 27 6/22

Microcephaly (<p3) 23 7/31 11 1/9 27 6/22

(Continued on next page)
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Table 1. Continued

All individuals
Individuals with PTVs and (partial)
gene deletions Individuals with missense variants

%
Present/total
assessed %

Present/total
assessed %

Present/total
assessed

Macrocephaly (>p97) 0 0/31 0 0/9 0 0/22

Abnormal weight 48 13/27 11 1/9 67 12/18

Underweight (<p3) 22 6/27 11 1/9 28 5/18

Overweight (>p97) 26 7/27 0 0/9 39 7/18

Other phenotypic features

Facial dysmorphisms 67 24/36 64 7/11 68 17/25

Dental/oral abnormalities 71 24/34 55 6/11 78 18/23

Drooling/dysphagia 38 12/32 25 3/12 45 9/20

Hearing abnormalities 7 2/30 18 2/11 0 0/19

Vision abnormalities 55 17/31 73 8/11 45 9/20

Cardiac abnormalities 19 6/32 27 3/11 14 3/21

Skeleton/limb abnormalities 38 13/34 18 2/11 48 11/23

Hypermobility of joints 30 8/27 30 3/10 29 5/17

Gastrointestinal abnormalities 53 17/32 27 3/11 67 14/21

Urogenital abnormalities 17 5/30 0 0/11 26 5/19

Endocrine/metabolic abnormalities 30 9/30 0 0/11 47 9/19

Immunological abnormalities 32 8/25 25 2/8 35 6/17

Skin/hair/nail abnormalities 24 8/34 9 1/11 30 7/23

Neoplasms in medical history 0 0/34 0 0/11 0 0/23
differences between the average facial gestalt for individuals

with missense variants when compared to individuals with

PTVs or deletions (Figures 1B–1E and S4, Table S1B).

We performed functional analyses assessing conse-

quences of different types of SATB1 variants for cellular

localization, transcriptional activity, overall chromatin

binding, and dimerization capacity. Based on protein

modeling (Figure 2, descriptions of 3D protein modeling

in supplemental information), we selected five missense

variants (observed in 14 individuals) in CUT1 and CUT2

affecting residues that interact with, or are close to, the

DNA backbone (mosaic variant c.1220A>G [p.Glu407Gly]

and de novo variants c.1259A>G [p.Gln420Arg],

c.1588G>A [p.Glu530Lys], c.1588G>C [p.Glu530Gln],

c.1639G>A [p.Glu547Lys]), as well as the only homeobox

domain variant (c.2044C>G [p.Leu682Val], de novo). As

controls, we selected three rare missense variants from

the UK10K consortium, identified in healthy individuals

with a normal IQ: c.1097C>T (p.Ser366Leu) (gnomAD

allele frequency 6.61e�4), c.1555G>C (p.Val519Leu)

(8.67e�6), and c.1717G>A (p.Ala573Thr) (1.17e�4)

(Figure 1A, Table S3).16 When overexpressed as YFP-fusion

proteins in HEK293T/17 cells, wild-type SATB1 localized to

the nucleus in a granular pattern, with an intensity profile

inverse to the DNA-binding dye Hoechst 33342 (Figures 3A
The America
and 3B). In contrast to wildtype and UK10K control

missense variants, the p.Glu407Gly, p.Gln420Arg,

p.Glu530Lys/p.Glu530Gln, and p.Glu547Lys variants dis-

played a cage-like clustered nuclear pattern, strongly co-

localizing with the DNA (Figures 3A, 3B, and S6).

To assess the effects of SATB1missense variants on trans-

repressive activity, we used a luciferase reporter system

with two previously established downstream targets of

SATB1, the IL2-promoter and IgH-MAR (matrix associated

region).17–19 All five functionally assessed CUT1 and

CUT2 missense variants demonstrated increased transcrip-

tional repression of the IL2-promoter, while the UK10K

control variants did not differ from wild type (Figure 3C).

In assays using IgH-MAR, increased repression was seen

for both CUT1 variants and for one of the CUT2 variants

(Figure 3C). The latter can be explained by previous reports

that the CUT1 domain is essential for binding to

MARs, whereas the CUT2 domain is dispensable.20,21

Taken together, these data suggest that etiological SATB1

missense variants in CUT1 and CUT2 lead to stronger

binding of the transcription factor to its targets.

To study whether SATB1 missense variants affect the dy-

namics of chromatin binding more globally, we employed

fluorescent recovery after photobleaching (FRAP) assays.

Consistent with the luciferase reporter assays, all CUT1
n Journal of Human Genetics 108, 346–356, February 4, 2021 351



IgH-MAR 
binding site

0.0

0.5

1.0

W
T 

SA
TB

1
p.

S3
66

L

p.
Q

42
0R

p.
V5

19
L

p.
E5

30
Q

p.
E5

47
K

p.
A5

73
T

p.
E4

07
G

p.
E5

30
K

p.
L6

82
V

p<
0.

00
01

p <
0.

00
01

p<
0.

00
01

p<0.0001

pY
FP

IL2-promoter

0.0

0.5

1.0

p<
0.

00
01

p<
0.

00
01

p<
0.

00
01

p<
0.

00
01

p<
0.

00
01

p<0.0001

W
T 

SA
TB

1
p.

S3
66

L

p.
Q

42
0R

p.
V5

19
L

p.
E5

30
Q

p.
E5

47
K

p.
A5

73
T

p.
E4

07
G

p.
E5

30
K

p.
L6

82
V

pY
FP

WT SATB1

p.S366L

p.V519L

p.A573TU
K1

0K
 m

is
se

ns
e 

va
ria

nt
s

A B

D

E

0.0

0.4

0.8

1.2

1.6

M
ax

im
um

 re
co

ve
ry

0

5

10

15

20

25
H

al
fti

m
e 

(s
)

W
T 

SA
TB

1
p.

S3
66

L

p.
Q

42
0R

p.
V5

19
L

p.
E5

30
Q

p.
E5

47
K

p.
A5

73
T

p.
E4

07
G

p.
E5

30
K

p.
L6

82
V

W
T 

SA
TB

1

0.25

0.50

0.75

1.00

0 20 40 60
Time (s)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

WT SATB1
p.S366L
p.V519L
p.A573T

p.Q420R
p.E407G

p.E530Q
p.E547K

p.E530K

p.L682V

p.
S3

66
L

p.
Q

42
0R

p.
V5

19
L

p.
E5

30
Q

p.
E5

47
K

p.
A5

73
T

p.
E4

07
G

p.
E5

30
K

p.
L6

82
V

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

pRluc-WT SATB1 +
pYFP-WT SATB1
pYFP-p.E407G
pYFP-p.Q420R
pYFP-p.E530K
pYFP-p.E547K

C
or

re
ct

ed
BR

ET
ra

tio

pYFP-NLS

p.E407G

p.Q420R

p.E530K

p.E530Q

p.E547K

M
is

se
ns

e 
va

ria
nt

s 
in

 a
ffe

ct
ed

 in
di

vi
du

al
s

p.L682V

0.5 1.0 1.5
0.0

0.2

0.4

0.6

Fluorescence (AU) / Luminescence (AU)

0.0

0.1

0.2

0.3

C
or

re
ct

ed
 B

R
ET

 ra
tio

WT SATB1

p.Q
42

0R

p.E
54

7K

p.E
40

7G

p.E
53

0K

YFP acceptor

Rluc donor: WT SATB1

C

0 25 50 75 0 25 50 75

2000
4000
6000

0 50 100 150
0

Fl
uo

re
sc

en
ce

 
in

te
ns

ity
 (A

U
)

Hoechst 
33342

YFP

Distance (pixels)

WT SATB1 p.E407G p.E530K

p<
0.

00
01

p <
0.

00
01 p <

0.
00

01p<
0.

00
01

p<
0.

00
01

p<
0.

00
01

p<
0.

00
01

p=
0.

00
14

p=
0.

00
9

Figure 3. SATB1 missense variants stabilize DNA binding and show increased transcriptional repression
(A) Direct fluorescence super-resolution imaging of nuclei of HEK293T/17 cells expressing YFP-SATB1 fusion proteins. Scale bar ¼ 5 mm.
(B) Intensity profiles of YFP-tagged SATB1 and variants, and the DNA binding dye Hoechst 33342. The graphs represent the fluorescence
intensity values of the position of the red lines drawn in the micrographs on the top (SATB1 proteins in green, Hoechst 33342 in white,
scale bar ¼ 5 mm). For each condition a representative image and corresponding intensity profile plot is shown.
(C) Luciferase reporter assays using reporter constructs containing the IL2-promoter region and the IgH matrix associated region (MAR)
binding site. UK10K control variants are shaded in green, CUT1 domain variants in red, CUT2 domain variants in blue, and the homeo-
box variant in gray. Values are expressed relative to the control (pYFP; black) and represent themean5 SEM (n¼ 4, p values compared to
wildtype SATB1 [WT; white], one-way ANOVA and post hoc Bonferroni test).
(D) FRAP experiments to assess the dynamics of SATB1 chromatin binding in live cells. Left, mean recovery curves 5 95% C.I. recorded
in HEK293T/17 cells expressing YFP-SATB1 fusion proteins. Right, violin plots with median of the halftime (central panel) and
maximum recovery values (right panel) based on single-term exponential curve fitting of individual recordings (n¼ 60 nuclei from three
independent experiments, p values compared to WT SATB1, one-way ANOVA and post hoc Bonferroni test). Color code as in (C).
(E) BRET assays for SATB1 dimerization in live cells. Left, mean BRET saturation curves 5 95% C.I. fitted using a non-linear regression
equation assuming a single binding site (y ¼ BRETmax * x / (BRET50 / x); GraphPad). The corrected BRET ratio is plotted against the ratio

(legend continued on next page)
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and CUT2 missense variants, but not the UK10K control

variants, affected protein mobility in the nucleus. The

CUT2 variant p.Gln420Arg demonstrated an increased

halftime, but showed a maximum recovery similar to

wild type, while the other CUT1 and CUT2 variants

demonstrated both increased halftimes and reduced

maximum recovery. These results suggest stabilization of

SATB1 chromatin binding for all tested CUT1 and CUT2

variants (Figure 3D).

In contrast to the CUT1 and CUT2missense variants, the

homeobox variant p.Leu682Val did not show functional

differences fromwild type (Figures 3A–3D and S6), suggest-

ing that, although it is absent from gnomAD, and the po-

sition is highly intolerant to variation and evolutionarily

conserved (Figures S2, S7A, and S7B), this variant is un-

likely to be pathogenic. This conclusion is further sup-

ported by the presence of a valine residue at the equivalent

position in multiple homologous homeobox domains

(Figure S7C). Additionally, the mild phenotypic features

in this individual (individual 42) can be explained by the

fact that the individual carries an out-of-frame de novo

intragenic duplication of FOXP2, a gene known to cause

NDD through haploinsufficiency.22

We went on to assess the impact of the CUT1 and

CUT2 missense variants (p.Glu407Gly, p.Gln420Arg,

p.Glu530Lys, p.Glu547Lys) on protein interaction capac-

ities using bioluminescence resonance energy transfer

(BRET). All tested variants retained the ability to interact

with wildtype SATB1 (Figure 3E), with the potential to

yield dominant-negative dimers/tetramers in vivo and to

disturb normal activity of the wild-type protein.

The identification of SATB1 deletions suggests that hap-

loinsufficiency is a second underlying disease mechanism.

This is supported by the constraint of SATB1 against loss-

of-function variation and the identification of PTV carriers

that are clinically distinct from individuals with missense

variants. PTVs are found throughout the locus and several

are predicted to undergo NMD by in silico models of NMD

efficacy (Table S4).23 In contrast to these predictions, we

found that one of the PTVs, c.1228C>T (p.Arg410*), es-

capes NMD (Figures S8A and S8B). However, the

p.Arg410* variant would lack critical functional domains

(CUT1, CUT2, homeobox) and indeed showed reduced

transcriptional activity in luciferase reporter assays when

compared to wild-type protein (Figure S8), consistent

with the haploinsufficiency model.

Four unique PTVs that we identified were located within

the final exon of SATB1 (Figure 1A) and predicted to escape

NMD (Table S4). Following experimental validation of

NMD escape (Figures 4A and 4B), three such variants
of fluorescence/luminescence (AU) to correct for expression level dif
mean BRET50 level ofWT SATB1, based on curve fitting of individual
no significant differences). Color code as in (C).
When compared to WT YFP-SATB1 or UK10K variants, most variant
zation (A), stronger co-localization with the DNA-binding dye Hoech
tein mobility (D), and unchanged capacity of interaction with WT S

The America
(c.1877delC [p.Pro626Hisfs*81], c.2080C>T [p.Gln694*],

and c.2207delA [p.Asn736Ilefs*8]) were assessed with the

same functional assays that we used for missense variants.

When overexpressed as YFP-fusion proteins, the tested vari-

ants showed altered subcellular localization, forming nu-

clear puncta or (nuclear) aggregates, different from patterns

observed for missense variants (Figures 4C, S9A, and S9B).

In luciferase reporter assays, the p.Pro626Hisfs*81 variant

showed increased repression of both the IL2-promoter and

IgH-MAR, whereas p.Gln694* only showed reduced repres-

sion of IgH-MAR (Figure 4D). The p.Asn736Ilefs*8 variant

showed repression comparable to that of wild-type

protein for both targets (Figure 4D). In further pursuit of

pathophysiological mechanisms, we tested protein stability

and SUMOylation, as the previously described Lys744

SUMOylation site is missing in all assessed NMD-escaping

truncated proteins (Figure 4A).24 Our observations suggest

the existence of multiple SATB1 SUMOylation sites

(Figure S10) and no effect of NMD-escaping variants on

SUMOylation of the encoded proteins (Figure S10) nor any

changes in protein stability (Figure S9C). Although func-

tional assays with NMD-escaping PTVs hint toward addi-

tional diseasemechanisms, HPO-based phenotypic analysis

or qualitative evaluation could not confirm a third distinct

clinical entity (p ¼ 0.932; Figures S5 and S11, Table S5).

Our study demonstrates that while statistical analyses5,6

can provide the first step toward identification of NDDs, a

mutation-specific functional follow-up is required to gain

insight into the underlying mechanisms and to under-

stand phenotypic differences within cohorts (Table S6).

Multiple mechanisms and/or more complex genotype-

phenotype correlations are increasingly appreciated in

newly described NDDs, such as those associated with

RAC1, POL2RA, KMT2E, and PPP2CA.25–28 Interestingly,

although less often explored, suchmechanistic complexity

might also underlie well-known (clinically recognizable)

NDDs. For instance, a CUT1 missense variant in SATB2, a

paralog of SATB1 that causes Glass syndrome through

haploinsufficiency (MIM: 612313),29 affects protein locali-

zation and nuclear mobility in a similar manner to the

corresponding SATB1 missense variants (Figures S12 and

S13).30 Taken together, these observations suggest thatmu-

tation-specific mechanisms await discovery both for newly

described and well-established clinical syndromes.

In summary, we demonstrate that at least two different

previously uncharacterized NDDs are caused by distinct

classes of rare (de novo) variation at a single locus. We com-

bined clinical investigation, in silico models, and cellular

assays to characterize the phenotypic consequences and

functional impacts of a large number of variants,
ferences between conditions. Right, corrected BRET ratio values at
experiments (n¼ 4, one-way ANOVA and post hoc Bonferroni test,

s identified in affected individuals show a nuclear cage-like locali-
st 33342 (B), increased transcriptional repression (C), reduced pro-
ATB1 (E).
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Figure 4. SATB1 protein-truncating variants in the last exon escape NMD
(A) Schematic overview of the SATB1 protein, with truncating variants predicted to escape NMD that are included in functional assays
labeled in orange. A potential SUMOylation site at position Lys744 is highlighted.
(B) Sanger sequencing traces of proband-derived EBV-immortalized lymphoblastoid cell lines treated with or without cycloheximide
(CHX) to test for NMD. The mutated nucleotides are shaded in red. Transcripts from both alleles are present in both conditions showing
that these variants escape NMD.
(C) Direct fluorescence super-resolution imaging of nuclei of HEK293T/17 cells expressing SATB1 truncating variants fused with a YFP
tag. Scale bar ¼ 5 mm. Compared to WT YFP-SATB1 (Figure 3), NMD-escaping variants show altered localization forming nuclear puncta
or aggregates.
(D) Luciferase reporter assays using reporter constructs containing the IL2-promoter and the IgHmatrix associated region (MAR) binding
site. Values are expressed relative to the control (pYFP; black) and represent the mean 5 SEM (n ¼ 4, p values compared to WT SATB1
[white], one-way ANOVA and post hoc Bonferroni test). All NMD-escaping variants are transcriptionally active and show repression of
the IL2-promoter and IgH-MAR binding site.
uncovering distinct pathophysiological mechanisms of

the SATB1-associated NDDs. This level of combined ana-

lyses is recommended for known and yet undiscovered

NDDs to fully understand disease etiology.
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Figure S1. Pedigrees of (suspected) mosaic families with SATB1 variants. A) Pedigree of family with proband and siblings carrying 
a heterozygous SATB1 p.E407G variant. The mother presents the variant in 1 of 69 reads in whole exome sequencing data, so the 
estimated percentage is 1.4% in the peripheral blood. Karyotyping was normal. B) Pedigree of family with proband and sibling carrying a 
heterozygous SATB1 p.Q525R variant. Suspected mosaicism in one of the parents could not be confirmed with Sanger sequencing of 
DNA derived from peripheral blood. A-B) In both families, none of the pregnancies resulted in healthy offspring.



SP|Q01826|SATB1_HUMAN ---TRPRTKISVEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLK 57
SP|Q60611|SATB1_MOUSE ---TRPRTKISVEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLK 57
TR|Q5U2Y2|Q5U2Y2_RAT RQKTRPRTKISVEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLK 60
TR|A0A1D5PV61|A0A1D5PV61_CHICK RQKPRPRTKISVEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLK 60
TR|F6W9B5|F6W9B5_XENTR RQQPRPRTKISVEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLK 60
SP|Q9UPW6|SATB2_HUMAN ---PRSRTKISLEALGILQSFIHDVGLYPDQEAIHTLSAQLDLPKHTIIKFFQNQRYHVK 57

* *****:**********:*******:***:**********:***********::*

SP|Q01826|SATB1_HUMAN HHG 60
SP|Q60611|SATB1_MOUSE HHG 60
TR|Q5U2Y2|Q5U2Y2_RAT HH- 62
TR|A0A1D5PV61|A0A1D5PV61_CHICK HH- 62
TR|F6W9B5|F6W9B5_XENTR HH- 62
SP|Q9UPW6|SATB2_HUMAN HHG 60

** 

SP|Q01826|SATB1_HUMAN NGKPENNTMNINASIYDEIQQEMKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENR 60
SP|Q60611|SATB1_MOUSE NGKPENNTMNINASIYDEIQQEMKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENR 60
TR|Q5U2Y2|Q5U2Y2_RAT NGKPENNTMNINASIYDEIQQEMKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENR 60
TR|A0A1D5PV61|A0A1D5PV61_CHICK NGKTENNSMNINASIYDEIQQEMKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENR 60
TR|F6W9B5|F6W9B5_XENTR NGNLENCTMNINASIYDEIQQEMKRAKVSQALFAKVAASKSQGWLCELLRWKEDPSPENR 60
SP|Q9UPW6|SATB2_HUMAN PIKVDGANINITAAIYDEIQQEMKRAKVSQALFAKVAANKSQGWLCELLRWKENPSPENR 60

: :. .:**.*:************************.**************:******

SP|Q01826|SATB1_HUMAN TLWENLSMIRRFLSLPQPERDAIYEQES 88
SP|Q60611|SATB1_MOUSE TLWENLSMIRRFLSLPQPERDAIYEQES 88
TR|Q5U2Y2|Q5U2Y2_RAT TLWENLSMIRRFLSLPQPERDAIYEQES 88
TR|A0A1D5PV61|A0A1D5PV61_CHICK TLWENLSMIRRFLSLPQPERDAIYEQES 88
TR|F6W9B5|F6W9B5_XENTR TLWENLSMIRRFLSLPQTERDVIYEQES 88
SP|Q9UPW6|SATB2_HUMAN TLWENLCTIRRFLNLPQHERDVIYEEES 88

******. *****.*** ***.***:**

SP|Q01826|SATB1_HUMAN LEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTASQ 60
SP|Q60611|SATB1_MOUSE LEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTASQ 60
TR|Q5U2Y2|Q5U2Y2_RAT LEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTASQ 60
TR|A0A1D5PV61|A0A1D5PV61_CHICK LEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTASQ 60
TR|F6W9B5|F6W9B5_XENTR LEQQVSPNTEVSSDIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTASQ 60
SP|Q9UPW6|SATB2_HUMAN KPEPTNSSVEVSPDIYQQVRDELKRASVSQAVFARVAFNRTQGLLSEILRKEEDPRTASQ 60

: .. ..*** :*** ********.:***************************:****

SP|Q01826|SATB1_HUMAN SLLVNLRAMQNFLQLPEAERDRIYQDER 88
SP|Q60611|SATB1_MOUSE SLLVNLRAMQNFLQLPEAERDRIYQDER 88
TR|Q5U2Y2|Q5U2Y2_RAT SLLVNLRAMQNFLQLPEAERDRIYQDER 88
TR|A0A1D5PV61|A0A1D5PV61_CHICK SLLVNLRAMQNFLQLPEAERDRIYQDER 88
TR|F6W9B5|F6W9B5_XENTR SLLVNLRAMQNFLQLPEAERDRIYQDER 88
SP|Q9UPW6|SATB2_HUMAN SLLVNLRAMQNFLNLPEVERDRIYQDER 88

*************:***.**********
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Figure S2. Amino acid sequence alignments of the CUT1, CUT2 and Homeobox domain of SATB1. Amino acid sequences of the CUT1, 
CUT2 and Homeobox domain of human SATB1 (Q01826, UniProt) aligned to the mouse (Q60611), rat (Q5U2Y2), chicken (A0A1D5PV61) 
and Xenopus tropicalis (F6W9B5) sequences, and the sequences of the homolog domains in human SATB2 (Q9UPW6). Alignment was 
performed with Clustal Omega (1.2.4) with default settings using UnitProt alignment tool. Missense variants described in this study and 
identified in these functional domains are shaded in red.
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Figure S3. Heterozygous (partial) gene deletions of the SATB1 gene. Genome overviews of two reported heterozygous deletions that 
include the SATB1 gene, generated in the UCSC Genome Browser (assembly Feb. 2009 GRCh37/hg19). The deleted regions are shaded in 
red in the chromosome ideogram, and in light blue in the genome overview.
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Individual 4 - p.R335Tfs*20 Individual 11 - p.Q694*Individual 8 - p.P626Hfs*81

Individual 17 - p.Q402R Individual 34 - p.E530K

Individual 35 - p.E530K B

A

Figure S4. Clinical evaluation of individuals with SATB1 variants. A) Side view photographs, depicting prominent ears (individuals 4, 
8, 14, 17, 19, 34, 35), with thickened helices (individuals 8, 14, 17, 19, 33, 34, 35), and retrognathia (individuals 8, 14, 17, 19, 27, 34). 
B) Additional photograph of teeth. No evident enamel or dental positioning problems in individuals 8 and 14, although missing 
molars (individual 8) and malformed teeth (individual 14) are reported. Lower teeth of individual 28: discoloration, malpositioning and teeth 
decay. C) Photographs of hands and feet. Features include contractures resulting from spasticity (individual 17), tapered fingers (individuals 
13, 14, 23, 35), short broad fingers (individuals 13, 14, 23), clinodactyly of 5th finger (individual 9), overlapping 2nd toe (individual 35) or 4th 
toe (individual 9) and broad feet with short toes and small toe nails (individuals 13, 14, 23).

C

Individual 19 - p.E407G Individual 33 - p.E530K

Individual 35 - p.E530K

Individual 13 -  p.P181L

Individual 17 -  p.Q402R

Individual 14 - p.P181L

Individual 14 -  p.P181L

Individual 27 - p.Q525R

Individual 28 - p.Q525R

Individual 8 - p.P626Hfs*81 Individual 14 - p.P181L Individual 28 - p.Q525RIndividual 23 - p.E407Q

Individual 23 -  p.E407Q

Individual 9 - p.L678Vfs*42 



Figure S5. Grouped HPO features based on semantic similarity and clustering results per individual. A) The semantic similarity 
between all the HPO terms used in this cohort (356 features) was calculated using the Wang algorithm in the HPOsim package in R. HPO 
terms with at least a 0.5 similarity score were grouped and a new feature was created as a replacement, which was the sum of the grouped 
features. B) Individual HPO-based phenotypic clustering results for both analyses with two and three clusters.

A

B
Identifier Variant type 2_cluster 

_pred 
2_correct 3_cluster 

_pred 

3_correct 

Individual1 PTV_non_last_exon PTV CORRECT PTV_last_exon INCORRECT 

Individual2 PTV_non_last_exon PTV CORRECT PTV_non_last_exon CORRECT 

Individual3 PTV_non_last_exon PTV CORRECT PTV_last_exon INCORRECT 

Individual4 PTV_non_last_exon PTV CORRECT PTV_last_exon INCORRECT 

Individual5 PTV_non_last_exon Missense INCORRECT Missense INCORRECT 

Individual6 PTV_non_last_exon PTV CORRECT PTV_last_exon INCORRECT 

Individual7 PTV_non_last_exon Missense INCORRECT PTV_last_exon INCORRECT 

Individual8 PTV_last_exon PTV CORRECT PTV_last_exon CORRECT 

Individual9 PTV_last_exon PTV CORRECT PTV_last_exon CORRECT 

Individual10 PTV_last_exon PTV CORRECT PTV_last_exon CORRECT 

Individual11 PTV_last_exon PTV CORRECT PTV_non_last_exon INCORRECT 

Individual12 PTV_last_exon PTV CORRECT PTV_last_exon CORRECT 

Identifier Variant 
type 

2_cluster 
_pred 

2_correct 3_cluster 

_pred 

3_correct 

Individual13 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual14 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual15 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual17 Missense Missense CORRECT Missense CORRECT 

Individual18 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual19 Missense Missense CORRECT Missense CORRECT 

Individual20 Missense Missense CORRECT Missense CORRECT 

Individual21 Missense Missense CORRECT Missense CORRECT 

Individual23 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual24 Missense Missense CORRECT Missense CORRECT 

Individual25 Missense Missense CORRECT PTV_non_last_exon INCORRECT 

Individual26 Missense Missense CORRECT Missense CORRECT 

Individual27 Missense Missense CORRECT Missense CORRECT 

Individual28 Missense Missense CORRECT Missense CORRECT 

Individual29 Missense Missense CORRECT Missense CORRECT 

Individual30 Missense Missense CORRECT Missense CORRECT 

Individual31 Missense Missense CORRECT PTV_non_last_exon INCORRECT 

Individual33 Missense Missense CORRECT PTV_non_last_exon INCORRECT 

Individual34 Missense Missense CORRECT PTV_non_last_exon INCORRECT 

Individual35 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual36 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual37 Missense Missense CORRECT Missense CORRECT 

Individual38 Missense Missense CORRECT Missense CORRECT 

Individual39 Missense Missense CORRECT PTV_non_last_exon INCORRECT 

Individual40 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Individual42 Missense PTV INCORRECT PTV_last_exon INCORRECT 

Correctly predicted individuals: 27 17 

 



Figure S6. Overexpression of SATB1 missense variants as YFP-fusion proteins. A) Immunoblot of whole-cell lysates expressing 
YFP-tagged SATB1 variants probed with anti-EGFP antibody. Expected molecular weight for all variants is ~115 kDa. The blot was probed 
for ACTB to ensure equal protein loading. B) Direct fluorescence micrographs of HEK293T/17 cells expressing YFP-SATB1 fusion proteins 
(green). Nuclei were stained with Hoechst 33342 (white). Scale bar = 10 µm.
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Figure S7. MetaDome analysis of the SATB1 missense variants. A) Overview of the SATB1 protein (transcript NM_001131010.2) 
tolerance landscape. All missense variants identified in affected individuals are indicated. B) Detailed overview of the SATB1 homeobox 
domain tolerance landscape, with the p.L682V variant indicated. C) Table listing all residue changes at positions equivalent to the 
SATB1 p.L682 position in homolog homeobox domain proteins that change to a valine. The gnomAD allele frequency is indicated.
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Gene name gDNA cDNA Residue change Type gnomAD allele 
frequency

HMX3 chr10:124896963C>G NM_001105574.1:c.790C>G p.(Leu264Val) missense 0.000004

HOXC10 chr12:54383114A>G NM_017409.3:c.913A>G p.(Ile305Val) missense 0.000004

HOXC11 chr12:54369087C>G NM_014212.3:c.805C>G p.(Leu269Val) missense 0.000004

ISX chr22:35478636A>G NM_001303508.1:c.355A>G p.(Ile119Val) missense 0.000004

NANOGNB chr12:7922891T>G NM_001145465.1:c.415T>G p.(Phe139Val) missense 0.000023

NKX1-2 chr10:126136333G>C NM_001146340.2:c.598C>G p.(Leu200Val) missense 0.000009

NKX2-2 chr20:21492890T>C NM_002509.3:c.493A>G p.(Ile165Val) missense 0.000004

NOBOX chr7:144097323C>T NM_001080413.3:c.927G>A p.(Val309=) synonymous 0.000004

OTP chr5:76932672T>C NM_032109.2:c.421A>G p.(Ile141Val) missense 0.00007

PAX3 chr2:223096822G>A NM_181459.3:c.767C>T p.(Ala256Val) missense 0.000004

POU2F2 chr19:42599569G>C NM_001207025.2:c.1000C>G p.(Leu334Val) missense 0.000004

POU6F1 chr12:51584125G>C NM_001330422.1:c.1741C>G p.(Leu581Val) missense 0.000004

ZFHX3 chr16:72828547C>T NM_006885.3:c.8034G>A p.(Val2678=) synonymous 0.000004

ZFHX4 chr8:77767083C>A NM_024721.4:c.7926C>A p.(Val2642=) synonymous 0.000096

ZFHX4 chr8:77767083C>T NM_024721.4:c.7926C>T p.(Val2642=) synonymous 0.000008
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Figure S8. Functional characterization of the SATB1 p.R410* variant. A) Schematic representation of SATB1 with the p.R410* variant 
labeled in cyan. B) Sanger sequencing traces of patient-derived EBV transformed lymphoblastoid cell lines treated with or without cyclohex-
imide (CHX) to test for NMD. The mutated nucleotides are shaded in red. C) Immunoblot of whole-cell lysates expressing YFP-tagged SATB1 
and p.R410* probed with anti-EGFP antibody. Expected molecular weight is SATB1: ~115 kDa, p.R410*: ~75kDa. The blot was probed for 
ACTB to ensure equal protein loading. D) Direct fluorescence micrographs of HEK293T/17 cells expressing YFP-SATB1 p.R410* fusion 
proteins (green). Nuclei were stained with Hoechst 33342 (white). Scale bar = 10 µm. E) Luciferase reporter assays using reporter constructs 
containing the IL2 promoter region and the IgH matrix associated region (MAR) binding site. Values are expressed relative to the control (pYFP; 
black) and represent the mean ± S.E.M. (n = 4 for IL2-promoter, n = 3 for IgH-MAR binding site, p-values compared to wildtype (WT) SATB1 
(white), one-way ANOVA and post-hoc Bonferroni test). F) BRET assays for SATB1 dimerization in live cells. The plot shows the mean BRET 
saturation curves ± 95% C.I. fitted using a non-linear regression equation assuming a single binding site (y = BRETmax * x / (BRET50 / x); 
GraphPad). The corrected BRET ratio is plotted against the ratio of fluorescence/luminescence (AU) to correct for expression level differences 
between conditions (n = 3).

-C
H

X
+C

H
X

0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6

Fluorescence (AU) / Luminescence (AU)

C
or

re
ct

ed
BR

ET
ra

tio

0.0
0.0

0.5

1.0

0.0

0.5

1.0

IL2-promoter
IgH-MAR

binding site
p<0.0001 p<0.0001

p.R
41

0*

WT SATB1
pY

FP

SATB1/SATB1
SATB1/p.R410*
SATB1/NLSp=

0.0
02

6

p<
0.0

00
1

p.R
41

0*

WT SATB1

pY
FP

YFP

ACTB

150

250

100
75

50

37

kDa

YF
P

M
er

ge

p.R410*



Figure S9. Overexpression of SATB1 NMD-escaping PTVs as YFP-fusion proteins. A) Immunoblot of whole-cell lysates expressing 
YFP-tagged SATB1 variants probed with anti-EGFP antibody. Expected molecular weight: WT SATB1 = ~115 kDa, p.P626Hfs*81 = ~109 
kDa, p.Q694* = ~107 kDa, p.N736Ifs*8 = ~113 kDa. The blot was probed for ACTB to ensure equal protein loading. B) Direct fluorescence 
imaging of HEK293T/17 cells expressing YFP-SATB1 fusion proteins (green). Nuclei were stained with Hoechst 33342 (white). Scale bar = 
10 µm.  C) Results of assay for protein stability of SATB1 NMD-escaping PTVs, using cycloheximide (CHX) to arrest protein synthesis, and 
MG132 to block protein degradation by the 26S proteasome complex. Values represent the mean protein expression levels of YFP-tagged 
SATB1 variants ± S.E.M. in live cells as measured by YFP fluorescence and expressed relative to the 0 h time point (n = 3, two-way ANOVA 
for repeated measures with Geisser-Greenhouse correction, followed by a post-hoc Bonferroni test). Although p.P626Hfs*81 showed a slight 
but significant decrease in relative expression level after treatment with CHX, and p.Q694* showed a significant increase in relative expres-
sion level after treatment with MG132 when compared to WT SATB1, none of the variants tested showed both a decrease in levels after CHX 
treatment and an increase after MG132 treatment, which would be indicative of reduced protein stability.
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Figure S10. SUMOylation of SATB1 protein truncating variants escaping NMD. A) Schematic representation of the UBC9-SATB1 fusion 
protein with an N-terminal V5 epitope tag. B) Prediction of putative SATB1 (Uniprot Q01826) SUMOylation sites using Joined Advanced 
SUMOylation Site and SIM Analyser (JASSA, www.jassa.fr/). JASSA uses a scoring system based on a Position Frequency Matrix derived 
from the alignment of experimental SUMOylation sites. K175 corresponds to a direct consensus site ([Ψ]-[K]-[x]-[α], with Ψ = A,F,I,L,M,P,V 
or W; α = D or E) with a high prediction score (PS), and K744 to a negatively charged amino acid-dependent SUMOylation site (NDSM, 
[Ψ]-[K]-[x]-[α]-[x]-[α]6 with Ψ = A,F,I,L,M,P,V or W; 2 out of 6 α must be D or E) with a high PS. C) Gel shift assay for SATB1 SUMOylation. 
UBC9-SATB1 and a p.K175R or p.K744R mutant were expressed in HEK293T/17 cells together with a YFP-fusion of SUMO1. Top panel: 
western blot probed with anti-V5 antibody to detect UBC9-SATB1. The 110  kDa species is unmodified UBC9-SATB1. The 130 kDa species 
is UBC9-SATB1 modified with endogenous SUMO1. The 170 kDa species is UBC9-SATB1 modified with YFP-SUMO1. Middle panel: 
western blot probed with anti-YFP antibody, with unconjugated YFP-SUMO1 indicated with an arrow head. Higher molecular weight species 
are cellular proteins modified with YFP-SUMO1. Bottom panel: western blot probed with anti-ACTB to confirm equal protein loading. D) 
Gel-shift assay for SUMOylation of a SATB1 p.K175R/p.K744R double-mutant. E) Gel-shift assay for SUMOylation of SATB1 NMD escaping 
protein truncating variants.

Position K Sequence Best PS 

K24 SEMSNNVSDPKGPPAKIARLE None 

K29 NVSDPKGPPAKIARLEQNGSP None 

K92 HYENAIEYDCKEEHAEFVLVR None 

K175 TLKIQLHSCPKLEDLPPEQWS High 

K198 TVRNALKDLLKDMNQSSLAKE None 
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FIgure S11. Clinical evaluation of individuals with SATB1 variants in three subcohorts. A-C) Facial photographs of individuals with 
(partial) gene deletions and truncations predicted to result in haploinsufficiency (A), of individuals with truncations predicted to escape from 
NMD and resulting in transcriptionally active proteins (B) and of individuals with missense variants (C). All depicted individuals show facial 
dysmorphisms and although overlapping features are seen, no consistent facial phenotype can be observed for the group as a whole. 
Overlapping facial dysmorphisms include facial asymmetry, high forehead, prominent ears, straight and/or full eyebrows, puffy eyelids, 
downslant of palpebral fissures, low nasal bridge, full nasal tip and full nasal alae, full lips with absent cupid’s bow, prominent cupid’s bow or 
thin upper lip vermilion (Table S1B). Individuals with missense variants are more alike than individuals in the truncating cohorts, and we 
observed recognizable overlap between several individuals in the missense cohort (individuals 17, 27, 31, 37, the siblings 19, 20 and 21, 
and to a lesser extent individuals 24 and 35). A recognizable facial overlap between individuals with the other two variant types could 
not be observed. Related individuals are marked with a blue box. D) Mosaic plot presenting a selection of clinical features. Individuals 
with no or very limited clinical data were omitted (for details, see Supplemental Materials and Methods). E) The Partitioning Around 
Medoids analysis of clustered HPO-standardized clinical data from 38 individuals with truncating (triangle) and missense variants (circle) 
shows a significant distinction between the clusters of individuals with missense variants (blue) and individuals with PTVs (red). Applying 
Bonferroni correction, a p-value smaller than 0.025 was considered significant. F) Plot of Partitioning Around Medoids clustering analysis on 
clustered clinical data (HPO) showing no significant distinctions between individuals with missense variants, individuals with truncating 
variants and deletions, and individuals with NMD-escaping truncating variants



A B

Figure S12. The SATB2 p.E396Q missense variant has comparable effects on protein functions as the p.E407G and p.E530K/Q 
SATB1 variants affecting equivalent positions. A) SATB1 and SATB2 are highly conserved paralogs. B) In SATB1 more 
missense variants (71%) than truncations/deletions (29%) are observed, while for SATB2 the reverse is reported (31% versus 69% 
respectively). C) Schematic representation of SATB1 and SATB2 CUT DNA binding domains, with variants on equivalent positions 
indicated. D) Immunoblot of whole-cell lysates expressing YFP-tagged SATB2 and p.E396Q probed with anti-EGFP antibody. Expected 
molecular weight is ~112 kDa. The blot was probed for ACTB to ensure equal protein loading. E) Direct fluorescence super-resolution 
imaging of nuclei of HEK293T/17 cells expressing YFP-SATB2 fusion proteins. Scale bar = 5 µm. F) Direct fluorescence imaging of 
HEK293T/17 cells expressing YFP-SATB2 fusion proteins (green). Nuclei were stained with Hoechst 33342 (white). Scale bar = 10 µm. 
G) FRAP experiments to assess the dynamics of SATB2 chromatin binding in live cells. Left, mean recovery curves ± 95% C.I. recorded in 
HEK293T/17 cells expressing YFP-SATB2 fusion proteins. Right, violin plots with median of the halftime and maximum recovery values 
based on single-term exponential curve fitting of individual recordings (n = 60 nuclei from three independent experiments, p-values 
compared to WT SATB2, unpaired t-test).   
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SATB1 30 (71%) 12  (29%) 42 

SATB2 49 (31%) 108 (69%) 157* 

*one in-frame deletion was excluded from the analysis



SP|Q9UPW6|SATB2_HUMAN MERRSESPCLRDSPDRRSGSPDVKGPPPVKVARLEQNGSPMGARGRPN------GA---- 50 

SP|Q01826|SATB1_HUMAN MDHLNEATQGKEHSEMSNNVSDP-KGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKH 59 

                      *:: .*:   ::  :  ..  *    **.*:*********:*     .      *.     

 

SP|Q9UPW6|SATB2_HUMAN -----VAKAVGGLMIPVFCVVEQLDGSLEYDNREEHAEFVLVRKDVLFSQLVETALLALG 105 

SP|Q01826|SATB1_HUMAN SGHLMKTNLRKGTMLPVFCVVEHYENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLG 119 

                            ::   * *:*******: :.::*** :************:**.**:* ***:** 

 

SP|Q9UPW6|SATB2_HUMAN YSHSSAAQAQGIIKLGRWNPLPLSYVTDAPDATVADMLQDVYHVVTLKIQLQSCSKLEDL 165 

SP|Q01826|SATB1_HUMAN YSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLKIQLHSCPKLEDL 179 

                      *********:*:*::*:***:******************************:** ***** 

 

SP|Q9UPW6|SATB2_HUMAN PAEQWNHATVRNALKELLKEMNQSTLAKECPLSQSMISSIVNSTYYANVSATKCQEFGRW 225 

SP|Q01826|SATB1_HUMAN PPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRW 239 

                      * ***.*:*******:***:****:**************************:******** 

 

SP|Q9UPW6|SATB2_HUMAN YKKYKKIKVERVERENLSDYCVLGQRPMHLPNMNQLASLGKTNEQSPHSQIHHSTPIRNQ 285 

SP|Q01826|SATB1_HUMAN YKHFKKTKDMMVEMDSLSELSQQGANHVN---FGQQPVPGNTAEQPPSPA-QLSHGSQPS 295 

                      **::** *   ** :.**: .  * . ::   :.*    *:* ** *    : *   : . 

 

SP|Q9UPW6|SATB2_HUMAN VPALQPIMSPGLLSPQLSPQLVRQQIAMAHLINQQIAVSRLLAHQHPQAINQQFLNHPPI 345 

SP|Q01826|SATB1_HUMAN VRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVNRLLAQQ---SLNQQYLNHPPP 352 

                      * :  * : ***:*  :*****.**:.**:*:*** **.****:*   ::***:*****  

 

SP|Q9UPW6|SATB2_HUMAN PRAVKPEP----TNSSVEVSPDIYQQVRDELKRASVSQAVFARVAFNRTQGLLSEILRKE 401 

SP|Q01826|SATB1_HUMAN VSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKE 412 

                            :*    ..:..*** :*** ********.:************************ 

 

SP|Q9UPW6|SATB2_HUMAN EDPRTASQSLLVNLRAMQNFLNLPEVERDRIYQDERERSMNPNVSMVSSASSSPSSSRTP 461 

SP|Q01826|SATB1_HUMAN EDPKTASQSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPP 472 

                      ***:*****************:***.*************:*   :*  :   *   ** * 

 

SP|Q9UPW6|SATB2_HUMAN QAKTSTPTTDLPIKVDGANINITAAIYDEIQQEMKRAKVSQALFAKVAANKSQGWLCELL 521 

SP|Q01826|SATB1_HUMAN QVKTATIATERNGKPENNTMNINASIYDEIQQEMKRAKVSQALFAKVAATKSQGWLCELL 532 

                      *.**:* :*:   * :. .:**.*:************************.********** 

 

SP|Q9UPW6|SATB2_HUMAN RWKENPSPENRTLWENLCTIRRFLNLPQHERDVIYEEESR--HHHSERMQHVVQLPPEPV 579 

SP|Q01826|SATB1_HUMAN RWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPAEQI 592 

                      ****:************. *****.*** ***.***:**.  ***.:*  *::::* * : 

 

SP|Q9UPW6|SATB2_HUMAN QVLHRQQSQPAKESS-----------------PPREEAPPPPPPTEDSCAKKPRSRTKIS 622 

SP|Q01826|SATB1_HUMAN QQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPPRQPTVASPAESDEENRQKTRPRTKIS 652 

                      *  ::**.*  ::..                 ***: :   *  :::.  :* * ***** 

 

SP|Q9UPW6|SATB2_HUMAN LEALGILQSFIHDVGLYPDQEAIHTLSAQLDLPKHTIIKFFQNQRYHVKHHGKLKEHLGS 682 

SP|Q01826|SATB1_HUMAN VEALGILQSFIQDVGLYPDEEAIQTLSAQLDLPKYTIIKFFQNQRYYLKHHGKLKDNSGL 712 

                      :**********:*******:***:**********:***********::*******:: *  

 

SP|Q9UPW6|SATB2_HUMAN AVDVAEYKDEELLTESEENDSEEGSEEMYKVEAEEENADKSKAA-PAEIDQR 733 

SP|Q01826|SATB1_HUMAN EVDVAEYKEEELLKDLEESVQDKNTNTLFSVKLEEELSVEGNTDINTDLKD- 763 

                       *******:****.: **. .::.:: ::.*: *** : :.::   :::.: 

 

 

 

Figure S13. Missense variants identified in individuals with NDD displayed in an amino acid sequence alignment of 
SATB2 and SATB1. SATB2 (Q9UPW6, UniProt) sequence is aligned to SATB1 (Q01826) sequence. Alignment was performed 
with Clustal Omega (1.2.4) with default settings using UnitProt alignment tool. Previously reported missense variants in SATB2 
(PMID: 31021519) are shaded in green, SATB1 missense variants (this study) are shaded in magenta. Only two missense 
variants occur at equivalent positions (marked with a red box): SATB2 p.E396Q is equivalent to SATB1 p.E407G/Q, and SATB2 
p.E402K is equivalent to SATB1 p.E413K. We functionally characterized SATB2 p.E396Q (Figure S12).  
 



Table S2. Splice-AI predictions for missense variants at intron-exon or exon-intron junctions. 

*a negative nucleotide position represents positions upstream of the variant, a positive nucleotide position represents positions
downstream of the variant.
§cut offs for splice-AI delta score: 0.2 (high recall), 0.5 (recommended), and 0.8 (high precision)

¥p.Q402R:
- Although the variant affects the last amino acid of exon 7, none of the Splice-AI delta scores exceeds the

recommended cut-off of >0.5, specifically not the scores for loss or gain of splice donor sites.

£p.Q525R 
- Although the variant affects the last amino acid of exon 9, none of the Splice-AI delta scores exceeds the

recommended cut-off of >0.5, specifically not the scores for loss or gain of splice donor sites.

#p.G526R: 
- The variant affects the first amino acid of exon 10. Splice-AI predicts splice acceptor site gain 2 nucleotides upstream

of the variant, resulting in a frameshift.

g.DNA-position c.DNA Protein 
effect 

spliceAI-G delta 
score§ - acceptor 
gain (position*) 

spliceAI-G delta 
score§ - acceptor 
loss (position*) 

spliceAI-G delta 
score§ -donor 
gain (position*) 

spliceAI-G delta 
score§ -donor 
loss (position*) 

Chr3:g.18435955T>C c.1205A>G p.Q402R¥ 0 (-1) 0 (45) 0.0099 (32) 0.2482 (-1) 

Chr3:g.18419663T>C c.1574A>G p.Q525R£ 0 (-1) 0 (19) 0 (20) 0 (-1) 

Chr3:g.18393687C>T c.1576G>A p.G526R# 0.6666 (-2) 0.0937 (0) 0 (-2) 0 (-17) 



Table S3. Phenotypic information of individuals from the UK10K cohort with rare SATB1 missense variants. Wechsler Intelligence Scale for Children (WISC) test scores for individuals from the UK10K 
cohort, carrying rare SATB1 missense variants. Standard deviation scores (std score) were calculated by comparing individual scores of carriers to the mean test scores from UK10K non-carriers. Test scores that 
were lower compared to mean non-carrier scores are shaded in red, while test score that were higher compared to mean non-carrier scores are shaded in green. All carrier test scores were within 2.5 standard 
deviations compared to the mean non-carrier scores, and thus within normal range.

UK10K non-carriers 
(n=1732, ±Std)

UK10K carriers 
(n=9, ±Std)

Variant - - rs148337599 rs148337599 rs148337599 rs148337599 rs148337599 rs760272331 rs760272331 rs185604711 rs185604711
Residue change (SATB1 NM_001131010.4) - - p.S366L p.S366L p.S366L p.S366L p.S366L p.V519L p.V519L p.A573T p.A573T

gnomAD v2.1.1 frequency
WISC - Verbal IQ: F@8 111.92 (±16.57) 116.89 (±16.07) 103 133 139 103 111 133 128 99 103

VIQ std score - 0.30 (±0.97) -0.54 1.27 1.63 -0.54 -0.06 1.27 0.97 -0.78 -0.54
WISC - Performance IQ: F@8 103.49 (±16.79) 109.00 (±15.33) 104 125 115 119 109 115 90 80 124

PIQ std score - 0.33 (±0.91) 0.03 1.28 0.69 0.92 0.33 0.69 -0.80 -1.40 1.22
WISC - Total IQ: F@8 109.12 (±16.00) 114.89 (±14.73) 104 133 132 111 111 130 111 88 114

IQ std score - 0.36 (±0.92) -0.32 1.49 1.43 0.12 0.12 1.30 0.12 -1.32 0.31
WISC - Verbal Comprehension Index: F@8 48.47 (±11.10) 51.79 (±12.51) 38 63 72 44 47 58 63 37 44

VCI std score - 0.30 (±1.13) -0.94 1.31 2.12 -0.40 -0.13 0.86 1.31 -1.03 -0.40
WISC - Perceptual Organisation Index: F@8 41.51 (±10.50) 43.80 (±8.37) 41 49 50 53 44 50 30 31 47

POI std score - 0.23 (±0.80) -0.05 0.71 0.81 1.09 0.24 0.81 -1.10 -1.00 0.52
WISC - Freedom from Distractability Index: F@8 22.17 (±5.96) 24.11 (±5.42) 27 26 22 22 28 35 19 20 18

FDI std score - 0.33 (±0.91) 0.81 0.64 -0.03 -0.03 0.98 2.15 -0.53 -0.36 -0.70

≦-1.0 Std score compared to UK10K non-carriers
≦-0.0 Std score compared to UK10K non-carriers
≧1.0 Std score compared to UK10K non-carriers
≧0.0 Std score compared to UK10K non-carriers

UK10K carriers

6.61e-4 (allele 282848) 8.67e-6 (allele 230660) 1.17e-4 (allele 282890)



Table S4. NMD efficacy predictions for SATB1 truncating variants. 

(Hg19/GRCh37)g.DNA-position 
g.DNA-position
of introduced
(downstream)
stopcodon

c.DNA-position
(NM_001131010.4)

Protein 
effect** 

NMDetective 
A¥ (1) 

NMDetective 
A¥ (2) 

NMDetective 
B¥ (1) 

NMDetective 
B¥ (2) 

Conclusion based on 
predictions with 
NMDetectiveA/B 

Prediction based on 
canonical# and non-
canonical§ NMD rules 

Chr3:g.18456634_18456635delCT Chr3:g.18436407 c.607_608delAG p.S203Ffs*49 0.63 0.45 0.65 0.41 Conflicting; NMDetectiveA/B 
(1): triggers NMD, 
NMDetectiveA/B (2): 
intermediate NMD efficacy. 

Triggers NMD, none of 
(non)-canonical NMD 
rules applicable 

Chr3:g.18436155_18436156delTC Chr3:g.18436098 c.1004_1005delGA p.R335Tfs*20 0.51 0.52 0.41 0.41 Intermediate NMD efficacy Might escape from NMD. 
None of canonical NMD 
rules applicable, non-
canonical long-exon rule 
applicable (exon 7; 454 
nucleotides). 

Chr3:g.18428082G>A Chr3:g.18428082 c.1228C>T p.R410* 0.6 0.65 Triggers NMD Triggers NMD, none of 
(non)-canonical NMD 
rules applicable 

Chr3:g.18419777delG Chr3:g.18419762 c.1460delC p.P487Qfs*6 0.62 0.62 0.65 0.65 Triggers NMD Triggers NMD, none of 
(non)-canonical NMD 
rules applicable 

Chr3:g.18393687C>T Chr3:g.18393611 c.1576G>A p.(?) 0.57 0.6 0.65 0.65 Triggers NMD Triggers NMD, none of 
(non)-canonical NMD 
rules applicable 

Chr3:g.18391077delG Chr3:g.18390837 c.1877delC p.P626Hfs*81 0.08 0.26 0 0 Conflicting; NMDetectiveA/B 
(1) and NMDetectiveB (2):
escapes NMD; NMDetectiveA
(2): intermediate NMD
efficacy,

Escapes NMD based on 
canonical last exon rule 

Chr3:g.18390921_18390922delCA Chr3:g.18390797 c.2032_2033delCT p.L678Vfs*42 0.18 0.17 0 0 Escapes NMD Escapes NMD based on 
canonical last exon rule 

Chr3:g.18390874G>A Chr3:g.18390874 c.2080C>T p.Q694* 0.2 0 Escapes NMD Escapes NMD based on 
canonical last exon rule 

Chr3:g.18390747delT Chr3:g.18390726 c.2207delA p.N736Ifs*8 0.16 0.16 0 0 Escapes NMD Escapes NMD based on 
canonical last exon rule 

**For frameshift mutations, scores for NMDetectiveA and NMDetectiveB were assigned both based on the genomic location of the indel (1) and based on the genomic location of the first downstream stopcodon in the 
new reading frame (2; first nucleotide of introduced stopcodon) (PMID: 31659324). For splice site mutations, NMDetectiveA and NMDetectiveB were assigned based on the effect predicted by spliceAI (PMID: 
30661751). 

¥NMDetectiveA and NMDetectiveB cut-off scores (v2):
<0.25 predicted to escape NMD 
≥0.25 - ≤0.52 predicted intermediate NDM efficacy
>0.52 predicted to trigger NMD (PMID: 31659324) 

#Canonical rules of NMD (PMID: 27618451): 
NMD is typically not triggered when the location of the protein truncating variant is 
1. less than 50 nucleotides upstream of last exon-exon junction; or
2. in the last exon.

§Non-canonical rules of NMD (PMID: 27618451): 
NMD is not triggered when the location of the protein truncating variant is
1. in a very long exon (> ±400 nucleotides); or
2. within 150 nucleotides from the start codon.



$ - predicted amino acid sequences of NMD-escaping truncating variants in SATB1 

Amino acid sequence of SATB1 (NM_002971.4/NM_001131010.4) in the normal situation 
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTAS
QSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPPQVKTATIATERNGKPENNTMNINASIYDEIQQE
MKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPA
EQIQQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPPRQPTVASPAESDEENRQKTRPRTKISVEALGILQSFIQDVGLYPDE
EAIQTLSAQLDLPKYTIIKFFQNQRYYLKHHGKLKDNSGLEVDVAEYKEEELLKDLEESVQDKNTNTLFSVKLEEELSVEGNTDINT
DLKD 

Aminoacid sequence of SATB1 (NM_002971.4/NM_001131010.4) in patient 5 
Chr3:g.18428082G>A; c.1228C>T; p.R410* 
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEIL* 

Aminoacid sequence of SATB1 (NM_002971.4/NM_001131010.4) in patient 8 
Chr3:g.18391077del; c.1877del; p.P626Hfs*81
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTAS
QSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPPQVKTATIATERNGKPENNTMNINASIYDEIQQE
MKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPA
EQIQQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPHGNPRWPLQQSQMRKTDRRPGHEQKFQWKPWESSRVSYKTWA
CTLTKRPSRLCLPSSTFPSTPSSSSFRTSGTISSTTAN* 

Aminoacid sequence of SATB1 (NM_002971.4/NM_001131010.4) in patient 9 and 10 Chr3:g.18390921_18390922del;
c.2032_2033del; p.L678Vfs*42
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTAS
QSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPPQVKTATIATERNGKPENNTMNINASIYDEIQQE
MKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPA
EQIQQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPPRQPTVASPAESDEENRQKTRPRTKISVEALGILQSFIQDVGLYPDE
EAIQTVCPARPSQVHHHQVLSEPAVLSQAPRQTEGQFRFRGRCGRI*

Aminoacid sequence of SATB1 (NM_002971.4/NM_001131010.4) in patient 11 
Chr3:g. 18390874G>A; c.2080C>T; p.Q694* 
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTAS
QSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPPQVKTATIATERNGKPENNTMNINASIYDEIQQE
MKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPA
EQIQQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPPRQPTVASPAESDEENRQKTRPRTKISVEALGILQSFIQDVGLYPDE
EAIQTLSAQLDLPKYTIIKFF*  

Aminoacid sequence of SATB1 (NM_002971.4/NM_001131010.4) in patient 12 
Chr3:g.18390747del; c.2207del; p.N736Ifs*8 
MDHLNEATQGKEHSEMSNNVSDPKGPPAKIARLEQNGSPLGRGRLGSTGAKMQGVPLKHSGHLMKTNLRKGTMLPVFCVVEH
YENAIEYDCKEEHAEFVLVRKDMLFNQLIEMALLSLGYSHSSAAQAKGLIQVGKWNPVPLSYVTDAPDATVADMLQDVYHVVTLK
IQLHSCPKLEDLPPEQWSHTTVRNALKDLLKDMNQSSLAKECPLSQSMISSIVNSTYYANVSAAKCQEFGRWYKHFKKTKDMMV
EMDSLSELSQQGANHVNFGQQPVPGNTAEQPPSPAQLSHGSQPSVRTPLPNLHPGLVSTPISPQLVNQQLVMAQLLNQQYAVN
RLLAQQSLNQQYLNHPPPVSRSMNKPLEQQVSTNTEVSSEIYQWVRDELKRAGISQAVFARVAFNRTQGLLSEILRKEEDPKTAS
QSLLVNLRAMQNFLQLPEAERDRIYQDERERSLNAASAMGPAPLISTPPSRPPQVKTATIATERNGKPENNTMNINASIYDEIQQE
MKRAKVSQALFAKVAATKSQGWLCELLRWKEDPSPENRTLWENLSMIRRFLSLPQPERDAIYEQESNAVHHHGDRPPHIIHVPA
EQIQQQQQQQQQQQQQQQAPPPPQPQQQPQTGPRLPPRQPTVASPAESDEENRQKTRPRTKISVEALGILQSFIQDVGLYPDE
EAIQTLSAQLDLPKYTIIKFFQNQRYYLKHHGKLKDNSGLEVDVAEYKEEELLKDLEESVQDKILTPFFQ* 



Table S5. Summary of clinical characteristics associated with (de novo) SATB1 PTVs and (partial) gene deletions predicted to result in 
haploinsufficiency and PTVs in the last exon.

Individuals with PTVs and (partial) gene deletions
predicted to result in haploinsufficiency Individuals with PTVs in the last exon

% Present / total assessed % Present / total assessed
Neurologic
Intellectual disability 86 6/7 67 2/3

Normal 14 1/7 33 1/3
Borderline 0 0/7 0 0/3
Mild 71 5/7 33 1/3
Moderate 14 1/7 0 0/3
Severe 0 0/7 0 0/3
Profound 0 0/7 0 0/3
Unspecified 0 0/7 33 1/3

Developmental delay 100 7/7 100 5/5
Motor delay 86 6/7 100 5/5
Speech delay 86 6/7 80 4/5
Dysarthria 14 1/7 0 0/4
Epilepsy 0 0/6 40 2/5
EEG abnormalities 0 0/4 67 2/3
Hypotonia 43 3/7 40 2/5
Spasticity 0 0/7 0 0/5
Ataxia 14 1/7 20 1/5
Behavioral disturbances 100 7/7 0 0/5
Sleep disturbances 50 3/6 0 0/5
Abnormal brain imaging 33 1/3 50 2/4
Regression 14 1/7 0 0/5
Growth
Abnormalities during pregnancy 33 2/6 20 1/5
Abnormalities during delivery 33 2/6 80 4/5
Abnormal term of delivery 0 0/5 20 1/5

Preterm (<37 weeks) 0 0/5 20 1/5
Postterm (>42 weeks) 0 0/5 0 0/5

Abnormal weight at birth 20 1/5 25 1/4
Small for gestational age (<p10) 20 1/5 0 0/4
Large for gestational age (>p90) 0 0/5 25 1/4

Abnormal head circumference at birth 25 1/4 0 0/2
Microcephaly (<p3) 0 0/4 0 0/2
Macrocephaly (>p97) 25 1/4 0 0/2

Abnormal height 14 1/7 0 0/4
Short stature (<p3) 0 0/7 0 0/4
Tall stature (>p97) 14 1/7 0 0/4

Abnormal head circumference 0 0/5 25 1/4
Microcephaly (<p3) 0 0/5 25 1/4
Macrocephaly (>p97) 0 0/5 0 0/4

Abnormal weight 0 0/5 25 1/4
Underweight (<p3) 0 0/5 25 1/4
Overweight (>p97) 0 0/5 0 0/4

Other phenotypic features
Facial dysmorphisms 67 4/6 60 3/5
Dental/oral abnormalities 50 3/6 60 3/5
Drooling/dysphagia 29 2/7 20 1/5
Hearing abnormalities 17 1/6 20 1/5
Vision abnormalities 67 4/6 80 4/5
Cardiac abnormalities 17 1/6 40 2/5
Skeleton/limb abnormalities 33 2/6 0 0/5
Hypermobility of joints 33 2/6 25 1/4
Gastrointestinal abnormalities 33 2/6 20 1/5
Urogenital abnormalities 0 0/6 0 0/5
Endocrine/metabolic abnormalities 0 0/6 0 0/5
Immunological abnormalities 17 1/6 50 1/2
Skin/hair/nail abnormalities 0 0/6 20 1/5
Neoplasms in medical history 0 0/6 0 0/5



Table S8. Primers for site-directed mutagenesis 

SATB1-K175R-F GGAGGCAAGTCTTCTAGTCGGGGGCAACTGTGTAACTG 

SATB1-K175R-R CAGTTACACAGTTGCCCCCGACTAGAAGACTTGCCTCC 

SATB1-S366L-F TCTGTGTTGGTCAAAACCTGTTGCTCCAAAGGCT 

SATB1-S366L-R AGCCTTTGGAGCAACAGGTTTTGACCAACACAGA 

SATB1-E407G-F CTTCCTTTCGGAGGATTCCTGAAAGCAAGCCCTGA 

SATB1-E407G-R TCAGGGCTTGCTTTCAGGAATCCTCCGAAAGGAAG 

SATB1-R410* GGGGTCCTCTTCCTTTCAGAGGATTTCTGAAAGCA 

SATB1-R410* TGCTTTCAGAAATCCTCTGAAAGGAAGAGGACCCC 

SATB1-Q420R-F GTTTACCAGCAAAGACCGGGATGCAGTCTTGGG 

SATB1-Q420R-R CCCAAGACTGCATCCCGGTCTTTGCTGGTAAAC 

SATB1-E530K-F TCCAGCGTAACAGCTTGCACAACCATCCCTG 

SATB1-E530K-R CAGGGATGGTTGTGCAAGCTGTTACGCTGGA 

SATB1-E530Q-F CCAGCGTAACAGCTGGCACAACCATCCCT 

SATB1-E530Q-R AGGGATGGTTGTGCCAGCTGTTACGCTGG 

SATB1-E547K-F GATCATGGAGAGGTTCTTCCACAGGGTTCTGTTTT 

SATB1-E547K-R AAAACAGAACCCTGTGGAAGAACCTCTCCATGATC 

SATB1-V519L-F GCTTTTGGTTGCTGCAAGCTTTGCAAACAGTGCTT 

SATB1-V519L-R AAGCACTGTTTGCAAAGCTTGCAGCAACCAAAAGC 

SATB1-A573T-F CATGGTGATGCACCGTGTTGCTCTCCTGTTC 

SATB1-A573T-R GAACAGGAGAGCAACACGGTGCATCACCATG 

SATB1-P626Hfs*81-F GTGGGTTGCCGTGGGGGAGCCGAG 

SATB1-P626Hfs*81-R CTCGGCTCCCCCACGGCAACCCAC 

SATB1-L682V-F CTTGGGAAGGTCGACCTGGGCAGACAGAG 

SATB1-L682V-R CTCTGTCTGCCCAGGTCGACCTTCCCAAG 

SATB1-Q694*-F TACCGCTGGTTCTAAAAGAACTTGATGATGGTGTACTTG 

SATB1-Q694*-R CAAGTACACCATCATCAAGTTCTTTTAGAACCAGCGGTA 

SATB1-N736I*8-F AAAAAGGGTGTTAGTATTTTATCTTGGACACTCTCTTCCAAATCCT 

SATB1-N736I*8-R AGGATTTGGAAGAGAGTGTCCAAGATAAAATACTAACACCCTTTTT 

SATB1-K744R-F CACTGACAGCTCTTCTTCTAGTCGCACTGAAAAAAGGGTGTTAGTA 

SATB1-K744R-R TACTAACACCCTTTTTTCAGTGCGACTAGAAGAAGAGCTGTCAGTG 

SATB2-E396Q-F TACGCAGAATCTGAGACAACAATCCCTGTGTGCGG 

SATB2-E396Q-R CCGCACACAGGGATTGTTGTCTCAGATTCTGCGTA 



Table S9. Primers for amplifying and subcloning human UBC9 (NM_194260.2) and SATB1 (NM_001131010.4). 
Sequences of restriction sites are shown in bold, and sequences that were added to extend the linker region between UBC9 
and SATB1 are underscored. 

UBC9-BamHI-F GAGGGAGGATCCTGCTGTCGGGGATCGCCCTCAG 

UBC9-XmaI-R TCTAGACCCGGGCAGCGCAAGTGAGGGCGCAAACTTCTTGG 

SATB1-HindIII-F CGGTACAAGCTTTTGGCTGTACTGGATCATTTGAACGAGGC 

SATB1-XhoI-R CAGTTACTCGAGTCAGTCTTTCAAATCAGTATTAATGTCTG 
 

Table S10. Primers to amplify regions that include the SATB1 NMD-escaping truncating variants used for testing for 
NMD. The last exon primer set was used for SATB1 p.P626Hfs*81, p.Q694* and p.N736Ifs*8. 

SATB1-NMD-R410*-F CCTGGGCTCGTATCAACACC 

SATB1-NMD-R410*-R CATCCCTGGCTTTTGGTTGC  

SATB1-NMD-last_exon-F GCCATTTATGAACAGGAGAGCA 

SATB1-NMD-last exon-R CAGTATTAATGTCTGTGTTTCCTTCCA 
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Supplemental Materials and Methods 

Individuals and consent 
For all individuals reported in this study, informed consent was obtained to publish 
unidentifiable data. When applicable, specific consent was obtained for publication of clinical 
photographs and inclusion of photographs in facial analysis. All consent procedures are in 
accordance with both the local ethical guidelines of the participating centers, and the 
Declaration of Helsinki. Individuals with possible (likely) pathogenic SATB1 variants were 
identified through international collaborations facilitated by MatchMakerExchange1, GPAP of 
RD-connect2, the Solve-RD consortium, the Decipher Database3, and through searching 
literature for cohort-studies for NDD4; 5. Clinical characterization was performed by reviewing 
the medical files and/or revising the phenotype of the individuals in the clinic. All (affected) 
individuals with a SATB1 variant are included in Table S1. A summary of clinical characteristics 
is provided in Table 1, including 38 of 42 individuals: individual 16, 32 and 41 were excluded 
because no clinical data were available, individual 22 was excluded as she is (low) mosaic for 
the SATB1 variant (~1%). In Figure 1G, 37 of 42 individuals were included: in addition to 
individuals 16, 22, 32, and 41, we also excluded individual 18, for whom only very limited 
clinical information was available.  

Next generation sequencing 
For all individuals except individual 1, 2, and 28, SATB1 variants were identified by whole 
exome sequencing after variant filtering as previously described6-12. Information on inheritance 
was obtained after parental confirmation, either from parental exome sequencing data or 
through targeted Sanger sequencing. For individual 1 the SATB1 variant was identified by 
array-CGH and for individual 2 an Affymetrix Cytoscan HD array was performed in addition to 
whole exome sequencing. For individual 28 targeted Sanger sequencing was performed after 
identification of the variant in his similarly affected sister. To predict deleteriousness of variants, 
CADD-PHRED V1.4 scores and SpliceAI scores (VCFv4.2; dated 20191004) were obtained 
for all variants identified in affected individuals13; 14. In addition, for all nonsense, frameshift and 
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splice site variants, NMDetective scores were obtained (v2)15. For all missense variants, 
we analyzed the mutation tolerance of the site of the affected residue using Metadome16.  

UK10K controls for functional assays 
Genome sequence data from 1,867 ALSPAC17; 18 individuals in the UK10K19 dataset were 
annotated in ANNOVAR20 and filtered to identify individuals carrying rare coding variants 
(gnomAD genome_ALL frequency<0.1%) within SATB1. In total six rare variants were 
identified. These variants were carried by 13 individuals, all in a heterozygous state. Three 
variants (one in the CUT1 domain, one in the CUT2 domain and one outside of critical 
domains) were selected for functional studies. These variants were carried by nine individuals. 
Phenotypic data of carriers and non-carriers were available through the ALSPAC cohort, an 
epidemiological study of pregnant women who were resident in Avon, UK with expected dates 
of delivery 1st April 1991 to 31st December 1992. This dataset included 13,988 children who 
were alive at 1 year of age, 1,867 of whom underwent genome sequencing as part of the 
UK10K project. Of the UK10K individuals, 1,741 children had measures of IQ (WISC) collected 
at age 8 years providing an indication of cognitive development. The ALSPAC study website 
contains details of all the data that is available through a fully searchable data dictionary and 
variable search tool (http://www.bristol.ac.uk/alspac/researchers/our-data/) 

Human Phenotype Ontology (HPO)-based phenotype clustering analysis 
All clinical data were standardized using HPO terminology21. Thirty-eight of 42 individuals were 
included in analysis: individual 16, 32 and 41 were excluded because no clinical data were 
available, individual 22 was excluded as she is (low) mosaic for the SATB1 variant (~1%). The 
semantic similarity between all the HPO terms used in this cohort (356 features) was calculated 
using the Wang algorithm in the HPOSim package22; 23 in R. HPO terms with at least a 0.5 
similarity score were grouped (Figure S5): a new feature was created as a replacement, which 
was the sum of the grouped features. For eleven terms, the HPO semantic similarity could not 
be calculated using HPOSim. Seven of those could be manually assigned to a group, since 
the feature clearly matched (for instance: nocturnal seizures with the seizure/epilepsy group). 
For a full list of the grouped features, see Table S7. HPO terms that could not be grouped were 
added as separate features, as was severity of intellectual disability. This led to 100 features 
for every individual, instead of the previous 356 separate HPO terms. To quantify the possible 
genotype/phenotype correlation in the cohort, we used Partitioning Around Medoids (PAM) 
clustering24 dividing our cohort into two groups (missense variants versus truncating variants), 
followed by a permutations test (n=100,000) and relabeling based on variant types, while 
keeping the original distribution of variant types into account. The same clustering and 
permutations test was performed when dividing our cohort into three groups. For both 
analyses, Bonferroni correction for multiple testing was applied and a p-value smaller than 
0.025 was considered significant. 

Average face analysis 
For 24 of 42 individuals facial 2D-photographs were available for facial analysis. As previously 
described, average faces were generated while allowing for asymmetry preservation and equal 
representation by individuals25. 

Three-dimensional protein modeling 
The crystal structure of the CUT1 domain of SATB1 bound to Matrix Attachment Region DNA 
(PDB entry 2O4A26) was used to contextualize the SATB1 CUT1 variants with respect to DNA 
using Swiss-PdbViewer27. The solution structure of the CUT2 domain of human SATB2 (first 
NMR model of the PDB entry 2CSF28) was used as a template to align the SATB1 residues 
T491 to H577 (Uniprot entry Q01826), and to build a model using Swiss-PdbViewer27. The 
model of the CUT2 domain was superposed onto the SATB1 CUT1 domain bound to Matrix 
Attachment Region DNA (PDB entry 2O4A26 using the “magic fit” option of Swiss-PdbViewer27) 
to contextualize the SATB1 CUT2 variants with respect to DNA. The solution structure of the 
homeodomain of human SATB2 (second NMR model of the PDB entry 1WI329 was used as a 
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template to align SATB1 residues P647 to G704 (Uniprot entry Q01826), and to build a model 
using Swiss-PdbViewer27. Chains A, C and D of the crystal structure of HNF-6alpha DNA-
binding domain in complex with the TTR promoter (PDB entry 2D5V), which has a DNA binding 
domain similar to the CUT2 domain of SATB1 and a second DNA binding domain similar to 
the homeobox of SATB1, was used as a template to superpose the model of the SATB2 
homeobox domain onto the HNF-6alpha structure using the “magic fit” option of Swiss-
PdbViewer30 to contextualize the SATB1 homeobox variant with respect to DNA. 
 
Spatial clustering analysis of missense variants 
Twenty-four of the observed 30 missense variants were included in the spatial clustering 
analysis. We excluded 6 variants, to correct for familial occurrence. The geometric mean was 
computed over the locations of observed (de novo) missense variants in the cDNA of SATB1 
(NM_001131010.4). This geometric mean was then compared to 1,000,000 permutations, by 
redistributing the (de novo) variant locations over the total size of the coding region of SATB1 
(2,388 bp) and calculating the resulting geometric mean from each of these permutations. The 
p-value was then computed by checking how often the observed geometric mean distance 
was smaller than the permutated geometric mean distance. This approach was previously 
used to identify cDNA clusters of variants7; 31.  
 
DNA expression constructs and site-directed mutagenesis 
The cloning of SATB1 (NM_001131010.4), SATB2 (NM_001172509) and SUMO1 
(NM_003352.4), has been described previously32; 33. Variants in SATB1 and SATB2 were 
generated using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). The 
primers used for site-directed mutagenesis are listed in Table S8. cDNAs were subcloned 
using BamHI/XbaI (SATB1 and SUMO1) and BclI/XbaI (SATB2) restriction sites into pRluc and 
pYFP, created by modification of the pEGFP-C2 vector (Clontech) as described before34. To 
generate a UBC9-SATB1 fusion, the UBC9 (NM_194260.2) and SATB1 coding sequences 
were amplified using primers listed in Table S9, and subcloned into the pHisV5 vector (a 
modified pEGFP-C2 vector adding an N-terminal His- and V5-tag) using BamHI/SmaI (UBC9) 
and HindIII/XhoI (SATB1) restriction sites. All constructs were verified by Sanger sequencing. 
 
Cell culture 
HEK293T/17 cells (CRL-11268, ATCC) were cultured in DMEM supplemented with 10% fetal 
bovine serum and 1x penicillin-streptomycin (all Invitrogen) at 37°C with 5% CO2. 
Transfections for functional assays were performed using GeneJuice (Millipore) following the 
manufacturer’s protocol. Lympoblastoid cell lines (LCLs) were established by Epstein-Barr 
virus transformation of peripheral lymphocytes from blood samples collected in heparin tubes, 
and maintained in RPMI medium (Sigma) supplemented with 15% fetal bovine serum and 5% 
HEPES (both Invitrogen). 
 
Testing for nonsense mediated decay of truncating variants 
Patient-derived LCLs were grown for 4 h with 100 µg/ml cycloheximide (Sigma) to block NMD. 
After treatment, cell pellets (10*106 cells) were collected and RNA was extracted using the 
RNeasy Mini Kit (Qiagen). RT-PCR was performed using SuperScriptIII Reverse Transcriptase 
(ThermoFisher) with random primers, and regions of interest were amplified from cDNA using 
primers listed in Table S10. 
 
Fluorescence microscopy 
HEK293T/17 cells were grown on coverslips coated with poly-D-lysine (Sigma). Cells were 
fixed with 4% paraformaldehyde (PFA, Electron Microscopy Sciences) 48 h after transfection 
with YFP-tagged SATB1 and SATB2 variants. Nuclei were stained with Hoechst 33342 
(Invitrogen). Fluorescence images were acquired with a Zeiss LSM880 confocal microscope 
and ZEN Image Software (Zeiss). For images of single nuclei, the Airyscan unit (Zeiss) was 
used with a 4.5 zoom factor. All other images were acquired with a 2.0 zoom factor. Intensity 
profiles were plotted using the 'Plot Profile' tool in Fiji - ImageJ.  



 
FRAP assays 
HEK293T/17 cells were transfected in clear-bottomed black 96-well plates with YFP-tagged 
SATB1 and SATB2 variants. After 48 h, medium was replaced with phenol red-free DMEM 
supplemented with 10% fetal bovine serum (both Invitrogen), and cells were moved to a 
temperature-controlled incubation chamber at 37°C. Fluorescent recordings were acquired 
using a Zeiss LSM880 and Zen Black Image Software, with an alpha Plan-Apochromat 
100x/1.46 Oil DIC M27 objective (Zeiss). FRAP experiments were performed by 
photobleaching an area of 0.98 µm x 0.98 µm within a single nucleus with 488-nm light at 
100% laser power for 15 iterations with a pixel dwell time of 32.97 µs, followed by collection of 
times series of 150 images with a 2.5 zoom factor and an optical section thickness of 1.4 µm 
(2.0 Airy units). Individual recovery curves were background subtracted and normalized to the 
pre-bleach values, and mean recovery curves were calculated using EasyFRAP software35. 
Curve fitting was done with the FrapBot application using direct normalization and a single-
component exponential model, to calculate the half-time and maximum recovery36. 
  
Luciferase reporter assays 
Luciferase reporter assays were performed with a pIL2-luc reporter construct containing the 
human IL2-promoter region, and a pGL3-basic firefly luciferase reporter plasmid carrying 
seven repeats of the -TCTTTAATTTCTAATATATTTAGAAttc- MAR sequence identified in an 
enhancer region 3’ of the immunoglobulin heavy chain (IgH) genes (gift from Dr. Kathleen 
McGuire and Dr. Sanjeev Galande), as described previously37-39. HEK293T/17 cells were 
transfected with firefly luciferase reporter constructs and a Renilla luciferase (Rluc) 
normalization control (pGL4.74; Promega) in a ratio of 50:1, and with pYFP-SATB1 (WT or 
variant) or empty control vector (pYFP). After 48 h, firefly luciferase and Rluc activity was 
measured using the Dual-Luciferase Reporter Assay system (Promega) at the Infinite M Plex 
Microplate reader (Tecan). 
  
BRET saturation assays 
BRET assays were performed as previously described34. HEK293T/17 cells were transfected 
in white clear-bottomed 96-well plates with increasing molar ratios of YFP-fusion proteins and 
constant amounts of Rluc-fusion proteins (donor/acceptor ratios of 1/0.5, 1/1, 1/2, 1/3, 1/6, 
1/9). YFP and Rluc fused to a C-terminal nuclear localization signal were used as control 
proteins. After 48 h, medium was replaced with phenol red-free DMEM, supplemented with 
10% fetal bovine serum (both Invitrogen), containing 60 µM EnduRen Live Cell Substrate 
(Promega). After incubation for 4 h at 37°C, measurements were taken in live cells with an 
Infinite M200PRO Microplate reader (Tecan) using the Blue1 and Green1 filters. Corrected 
BRET ratios were calculated with the following formula: [Green1(experimental 

condition)/Blue1(experimental condition)] − [Green1(control condition)/Blue1(control condition)], with only the Rluc 
control protein expressed in the control condition. YFP fluorescence was measured separately 
(Ex: 505 nm, Em: 545 nm) to quantify expression of the YFP-fusion proteins. Curve fitting was 
done with a non-linear regression equation assuming a single binding site using GraphPad 
Prism Software, after plotting the corrected BRET ratios against the ratio of total luminescence 
/ total YFP fluorescence. 
 
Immunoblotting and gel-shift assays 
Whole-cell lysates were collected by treatment with lysis buffer 48 h post-transfection. For 
immunoblotting, cells were lysed in 1x RIPA buffer (Cell Signalling) with 1% PMSF and 
protease inhibitor cocktail (Roche). For gel-shift assays40, cells were lysed in 1x RIPA buffer 
with 1% PMSF, protease inhibitor cocktail and 50 µM ubiquitin/ubiquitin-like isopeptidases 
inhibitor PR-619 (Sigma). Samples were incubated for 20 min at 4°C followed by centrifugation 
for 30 min at 12,000 rpm at 4°C. Proteins were resolved on 4–15% Mini-PROTEAN TGX 
Precast Gels (Bio-Rad) and transferred onto polyvinylidene fluoride membranes using a 
TransBlot Turbo Blotting system (Bio-Rad). Membranes were blocked in 5% milk for 1 h at 
room temperature and then probed with mouse-anti-EGFP (for pYFP constructs; 1:8000; 



Clontech, 632380) or mouse-anti-V5 tag (1:2000; Genetex, GTX42525). Next, membranes 
were incubated with HRP-conjugated goat-anti-mouse IgG (1:2000; Bio-Rad) for 1 h at room 
temperature. Bands were visualized with Novex ECL Chemiluminescent Substrate Reagent 
(Invitrogen) using a ChemiDoc XRS + System (Bio-Rad). Equal protein loading was confirmed 
by probing with mouse-anti-β-actin antibody (1:10,000; Sigma, A5441).  
 
Fluorescence-based quantification of protein stability 
Cells were transfected in triplicate in clear-bottomed black 96-well plates with YFP-tagged 
SATB1 variants. After 24 h, MG132 (R&D Systems) was added at a final concentration of 10 
µM, and cycloheximide (Sigma) at 50 µg/ml. Cells were incubated at 37°C with 5% CO2 in the 
Infinite M200PRO microplate reader (Tecan), and the fluorescence intensity of YFP (Ex: 
505 nm, Em: 545 nm) was measured over 24 h at 3 h intervals. 
 
Statistical analyses of cell-based functional assays 
Statistical analyses for cell-based functional assays were done using a one- or two-way 
ANOVA followed by a Bonferroni post-hoc test, with GraphPad Prism Software. Statistical 
analyses for FRAP and BRET data were performed on values derived from fitted curves of 
individual recordings or independent experiments respectively.         

Data and Code Availability 
Code used in the spatial clustering analysis is available at: 
https://github.com/laurensvdwiel/SpatialClustering. Codes of HPO-based clustering analysis 
and computational facial averaging are available on request. All available phenotypic data in 
HPO is shared as a supplementary file (SATB1_supplementaryJSON.json). 
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3D protein modeling 
 
Method for modeling CUTL variants 
PDB entry 4Q2J1 was used to contextualize the p.P181L variant. PDB entry 2O492 
was superposed onto PDB entry 4Q2J using Swiss-PdbViewer3 to highlight the 
relative orientation of DNA with respect to the SATB1 CUTL domain. 
 
Method for modeling CUT1 variants 
The crystal structure of the N-terminal CUT Domain of SATB1 Bound to Matrix 
Attachment Region DNA (PDB entry 2O4A2), and the ONECUT homeodomain of 
transcription factor HNF-64 were used to contextualize the various mutations with 
respect to DNA, using Swiss-PdbViewer3. 
 
Method for modeling CUT2 variants 
The first NMR model of the PDB entry 2CSF [DOI:10.2210/pdb2CSF/pdb] was used 
as a template to align residues T491 to H577 of  the SATB1 human protein (uniprot 
entry Q01826), and build a model using Swiss-PdbViewer3. The resulting model has 
been superposed onto the CUT1 domain of pdb entry 2O4A2 using the “magic fit” 
option of Swiss-PdbViewer to highlight the position of the variants with respect to 
DNA. 
 
Method for modeling homeobox domain variants 
The Solution structure of the homeodomain of human SATB2 (second NMR model of 
the PDB entry 1WI3 [DOI:10.2210/pdb1wi3/pdb]) was used as a template to align 
residues P647 to G704 of the SATB1 human protein (uniprot entry Q01826), and 
build a model using Swiss-PdbViewer3. Chains A, C and D of the crystal structure of 
HNF-6alpha DNA-binding domain in complex with the TTR promoter (PDB entry 
2D5V4), which has a DNA binding domain similar to the CUT2 domain of SATB1 and 
a second DNA binding domain similar to the homeobox of SATB1, was used as a 
template to superpose the model of the SATB1 homeobox domain onto the HNF-
6alpha structure using the “magic fit” option of Swiss-PdbViewer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Modeling 
 
p.P181L 

 
Figure 1. Highlight of the P181 position (green spacefill) with respect to the ubiquitin-like domain (ULD; grey) and the 
CUT repeat-like (CUTL) domain (dim green). The position of the C173-P174 cis peptide bond is highlighted in yellow. 
K175 and S185 which can be respectively acetylated and phosphorylated are shown in pink spacefill (top and 
bottom, respectively). 

 
Figure 2. P181L sidechain (green spacefill) clashes into an alpha-helix (A230-K241) of the CUTL domain (dim 
green), in particular the backbone of residues G237 and R238, as well as in the sidechain of the latter. 
 
The variant P181L variant sits in a linker region between the ubiquitin-like domain 
(ULD; grey) and a CUT repeat-like (CUTL) domain (dim green). P181 is preceded by 
another proline, which confers some rigidity and restricts the range of possible 
relative orientation of the CUTL domain with respect to the UBL domain. There is a 
third proline in the linker (Pro174), which is preceded by Cys173 and makes a cis 
peptide bond (highlighted in yellow in Figure 1). Cis-peptide bonds are quite rare 
(about 0.3% of peptide bonds, although they occur in about 6% of  residues followed 



 

by a Proline5, which shows the importance of the conformation of the linker region. 
Furthermore, Lys175 and Ser185 (in pink) can be respectively acetylated and 
phosphorylated and influence the DNA binding capability of SATB11. Sidechains of 
Glu 182 (from the linker bottom left) and Arg 238 (from the CUTL domain bottom 
right), positioned just below Pro181 further lock the linker region and the CUTL 
domain through electrostatic interaction. The relative orientation of these domains 
cannot be maintained with the P181L mutation, because a leucine sidechain at this 
position would severely clash into the CUTL domain (backbone of residues Gly237 
and Arg238), forcing the linker to adopt a different conformation (Figure 2), which 
may also potentially affect the ability of K175 to be acetylated. 
 
p.Q402R 

 
Figure 3. Closeup of the Q402 – DNA interaction (pdb structure 2O4A) highlighting the native residue (Gln, left 
panel) which makes nice hydrogen bonds to the base (green dotted lines), whereas the longer Arg sidechain (right 
panel) might collide into the DNA (purple dotted lines) and be forced to adopt a conformation less favorable with 
respect to binding its cognate DNA. 
 
Q402 is located in the CUT1 domain alpha-helix that binds the major groove of the 
DNA and is the equivalent of CUT2 domain Q525. Since its sidechain makes direct 
contact with a nucleotide, a mutation to an arginine, which has a longer sidechain, 
would need to adopt a conformation less favorable to DNA binding to avoid colliding 
into the DNA, hence affecting the DNA binding affinity at the cognate sites (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

p.E407G 

 
Figure 4. Closeup of the E407 - DNA binding interaction (pdb structure 2O4A) highlighting the native residue (Glu, 
spacefilled, left panel), which locks in place the sidechain of Arg410 through hydrogen bonds (green dotted lines) and 
the hole left by the mutation (Gly, spacefilled right panel). 
 
E407 is located in the middle of the CUT1 domain alpha-helix that binds the major 
groove of the DNA and is the equivalent of CUT2 domain E530. Since its sidechain 
help maintain the sidechain of Arg410 in place via hydrogen bonds and that both 
residue make direct contact with the nucleotides, a mutation to a glycine, which bears 
no sidechain and is not favored in alpha-helices will likely disrupt the local 
conformation and alter the DNA binding affinity at the cognate sites (Figure 4). 
 
p.E413K 

 
Figure 5. Closeup of  E413, solvent exposed in a loop, along Lys411 (left panel). E413 does not make direct DNA 
contact, and there is enough space to accommodate the E413K mutation (right panel). 
 
E413 is located in a loop right after the end of the CUT1 domain alpha-helix that 
binds the major groove of the DNA. Although it does not directly bind to DNA, it is in 
relatively close proximity (within 10 angstroms) to the negatively charged DNA 
backbone, and in an extended conformation along Lys411. The mutation E413K 
would replace a negatively charged residue by a positively charged one and may 
potentially affect the DNA binding affinity of the CUT1 domain through long range 
electrostatic interactions (Figure 5). 
 
 
 
 
 
 
 
 



 

p.Q420R 

 
Figure 6. Highlight of the Q420R mutation after superposition of the SATB1 CUT1 domain (pdb entry 2O4A) onto the 
HNF6alpha DNA binding domain bound to DNA (pdb entry 2D5V) showing its close proximity to DNA backbone. Top: 
HNFa, middle: SATB1 WT, bottom: SATB1 mutant. 
 
 
Q420 is located at the surface of the CUT1 domain, not in direct contact with DNA. 
An arginine at this position could easily be accommodated, but since it is bulkier and 
positively charged, it may affect the binding of CUT1 to other domains. Of note, the 
superposition of the CUT1 domain onto the DNA binding domain of rat HNF6 alpha 
bound to the TTR promoter (pdb entry 2D5V, chain A) reveals that Q420R would be 



 

roughly in the same position as HNF6alpha K53, which points in the minor groove of 
the DNA and makes indirect contact to the DNA backbone via structural water 
molecules (Figure 6). This mutation may likely affect the overall affinity of the 
structural complex. 
 
p.Q525R 

 
Figure 7. Closeup of the Q525 – DNA interaction highlighting the native residue (Gln, left panel) which could make 
hydrogen bonds to the base (green dotted lines), whereas the longer Arg sidechain (right panel) might collide into the 
DNA (purple dotted lines) and be forced to adopt a conformation less favorable with respect to binding its cognate 
DNA. 
 
Q525 is located in the CUT2 domain alpha-helix that binds the major groove of the 
DNA, and is the equivalent of CUT1 domain Q402. Since its sidechain makes direct 
contact with a nucleotide, a mutation to an arginine, which has a longer sidechain, 
would need to adopt a conformation less favorable to DNA binding to avoid colliding 
into the DNA, hence affecting the DNA binding affinity at the cognate sites (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

p.E530G 

 
Figure 8. Closeup of the E530 - DNA binding interaction (pdb structure 2O4A) highlighting the native residue (Glu, 
spacefilled, left panel), which locks in place the sidechain of Arg533 through hydrogen bonds (green dotted lines) and 
the hole left by the mutation (Gly, spacefilled right panel). 
 
E530 is located in the middle of the CUT2 domain alpha-helix that binds the major 
groove of the DNA and is the equivalent of CUT1 domain E407. Since its sidechain 
help maintain the sidechain of Arg533 in place via hydrogen bonds and that both 
residues make direct contact with the nucleotides, a mutation to a glycine, which 
bears no sidechain and is not favored in alpha-helices will likely disrupt the local 
conformation and alter the DNA binding affinity at the cognate sites (Figure 8). 
 
p.E530K 

 
Figure 9. Closeup of the E530 – a conformation that could be adopted by a lysine at this position. 
 
E530 is located in the middle of the CUT2 domain alpha-helix that binds the major 
groove of the DNA and is the equivalent of CUT1 domain E407. Since its sidechain 
help maintain the sidechain of Arg533 in place via hydrogen bonds and that both 
residues make direct contact with the nucleotides. A mutation to a Lysine, which is 
very flexible and can be accommodated from a steric point of view will likely induce a 



 

rearrangement of these two positively charged sidechains, both in close proximity to 
DNA bases, and result in a change of affinity at the cognate sites (Figure 9). 
 
p.E530Q 

 
Figure 10. Closeup of the E530 – a conformation that could be adopted by a glutamine at this position. 
 
E530 is located in the middle of the CUT2 domain alpha-helix that binds the major 
groove of the DNA and is the equivalent of CUT1 domain E407. Since its sidechain 
help maintain the sidechain of Arg533 in place via hydrogen bonds and that both 
residues make direct contact with the nucleotides. A mutation to a Glutamine can 
probably be accommodated from a steric point of view but will induce a 
rearrangement of these two residues, both in close proximity to DNA bases, and 
probably result in a change of affinity at the cognate sites (Figure 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

p.E547K 

 
Figure 11. Highlight of the E547K mutation after superposition of the SATB1 CUT2 domain model onto the 
HNF6alpha DNA binding domain bound to DNA (pdb entry 2D5V) showing its close proximity to DNA backbone. Top: 
HNFa, middle: SATB1 WT, bottom: SATB1 mutant. 
 
 
E547 is located at the surface of the CUT2 domain, not in direct contact with DNA. A 
lysine at this position could easily be accommodated, but since it substitutes a 
negative charge with a positive one, it may affect the binding of CUT2 to other 
domains. Of note, the superposition of the CUT2 domain onto the DNA binding 
domain of rat HNF6 alpha bound to the TTR promoter (pdb entry 2D5V, chain A4) 



 

reveals that E547K would be roughly in the same position as HNF6alpha E57, which 
is solvent exposed. Interestingly, it is also in a position close to the CUT1 domain 
variant Q420R, just one turn of alpha-helix away. This mutation will likely affect the 
overall binding affinity of other domains to the CUT2 domain. 
 
p.L682V 

 
Figure 12. Closeup of the L682V mutation. Left: L682 sidechain (white) is tightly packed with A655 (pink) and L684 
(strawberry). Right: V682 sidechain slightly bumps into A655 and L684. 
 
L682 is not proximal to DNA. It is located at the end of the alpha-helix E672-L682, 
just before a loop, neither of which are either in contact with the DNA. It is buried and 
probably contributes to maintain the homeobox domain fold. The valine mutant will 
have a less optimal packing of this region, and its branched sidechain is predicted to 
moderately clash with Ala 655 and Leu 684 sidechains and is expected to induce a 
small conformational change in this region. This in turn might subtly affect the binding 
affinity of other protein domains of the whole complex. 
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