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ORIGINAL ARTICLE

De novo, deleterious sequence variants that alter the
transcriptional activity of the homeoprotein PBX1 are
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Abstract

We present eight patients with de novo, deleterious sequence variants in the PBX1 gene. PBX1 encodes a three amino acid
loop extension (TALE) homeodomain transcription factor that forms multimeric complexes with TALE and HOX proteins to
regulate target gene transcription during development. As previously reported, Pbx1 homozygous mutant mice (Pbx1~/~)
develop malformations and hypoplasia or aplasia of multiple organs, including the craniofacial skeleton, ear, branchial
arches, heart, lungs, diaphragm, gut, kidneys, and gonads. Clinical findings similar to those in Pbx mutant mice were
observed in all patients with varying expressivity and severity, including external ear anomalies, abnormal branchial arch
derivatives, heart malformations, diaphragmatic hernia, renal hypoplasia and ambiguous genitalia. All patients but one had
developmental delays. Previously reported patients with congenital anomalies affecting the kidney and urinary tract
exhibited deletions and loss of function variants in PBX1. The sequence variants in our cases included missense substitutions
adjacent to the PBX1 homeodomain (p.Argl84Pro, p.Met224Lys, and p.Arg227Pro) or within the homeodomain (p.Arg234Pro,
and p.Arg235Gln), whereas p.Ser262GInfs*2, and p.Arg288* yielded truncated PBX1 proteins. Functional studies on five PBX1
sequence variants revealed perturbation of intrinsic, PBX-dependent transactivation ability and altered nuclear translocation,
suggesting abnormal interactions between mutant PBX1 proteins and wild-type TALE or HOX cofactors. It is likely that the
mutations directly affect the transcription of PBX1 target genes to impact embryonic development. We conclude that deleteri-
ous sequence variants in PBX1 cause intellectual disability and pleiotropic malformations resembling those in Pbx1 mutant

mice, arguing for strong conservation of gene function between these two species.

Introduction

PBX1, the gene encoding the Pre-B-cell leukemia homeobox (PBX)
transcription factor (1), is the mammalian homologue of the extra-
denticle (exd) gene in Drosophila melanogaster (2). PBX1 shares 71%
identity to exd and encodes a three amino acid loop extension
(TALE) homeodomain transcription factor (2,3). PBX1 and its related
family members, PBX2—4 (3), dimerize with other TALE class home-
odomain proteins from the Myeloid Ecotropic Integration Site
(MEIS) and PBX regulating protein (PREP) families through a PBC
domain to form nuclear complexes that enhance the binding spe-
cificity of HOX proteins to DNA, thus regulating target genes that
control segment identity and organ patterning during embry-
ogenesis (3-6). We previously reported that Pbxl is widely
transcribed throughout the developing murine embryo and Pbx1-
deficient mice that are homozygous for a null allele (Pbx17/7)
develop pleiotropic developmental defects. These comprise malfor-
mations, severe hypoplasia, or aplasia of multiple organs, including
craniofacial skeleton, ear pinnae, branchial arch-derived struc-
tures, heart, lungs, diaphragm, liver, stomach, gut, pancreas, kid-
neys and gonads (4,7-9). Heterozygous mice are viable and fertile,
but are smaller in size than wildtype (WT) mice, with a 30% reduc-
tion in weight prior to eight weeks of age (4). Pbx1~/~ embryos also
exhibit abnormal derivatives of the second branchial arch, with
elongated and deformed hyoid bones, dysplastic styloid processes
and lack of stapes and oval windows (4).

Recently, eight patients were reported with congenital
anomalies affecting the kidney and urinary tract (CAKUT), and
interstitial deletions of varying sizes that all encompassed PBX1
at chromosome 1g23.3g24.1 (10). All patients manifested renal
hypoplasia, with or without renal dysplasia that presented as a
loss of corticomedullary differentiation and renal cysts (10) As
expression of the PBX1 gene was detected in the fetal and adult
kidneys in humans, it was concluded that PBX1 was a new caus-
ative gene for CAKUT (10). Extrarenal manifestations in those

patients were described as developmental delays and autism
spectrum disorder, outer ear anomalies, hearing impairment,
and cardiac defects. However, the report could not unequivo-
cally associate the observed abnormalities with haploinsuffi-
ciency of PBX1 due to the inclusion of additional genes in the
large interstitial deletions (10). A recent study also examined
204 patients with CAKUT syndrome for variants in 330 genes
(11) The authors identified three, de novo, heterozygous PBX1
variants and two deletions for a detection frequency of 2.5%.
Out of those cases, a female with hearing loss and renal hypo-
plasia had a frameshift variant in PBX1 (p.Asn143Thrfs*37), an
11-year-old female with renal cystic dysplasia, developmental
and growth delays and a long and narrow face, had a nonsense
variant (p.Argl84*) and a fetus with oligohydramnios and renal
hypoplasia had a splice site variant (c.511-2 A > G). In addition,
two patients with PBX1 deletions manifested renal dysplasia
with hearing impairment and renal agenesis/dysplasia, devel-
opmental differences, microcephaly together with facial
anomalies, respectively (11).

We now present eight patients who are heterozygous for de
novo, deleterious sequence variants in PBX1 and establish
pathogenic mutations of this gene as causative in the etiology
of a pleiotropic intellectual disability syndrome with ear, bran-
chial arch, cardiac, pulmonary, diaphragmatic, renal, and gona-
dal malformations. Importantly, functional assays testing five
of the sequence variants demonstrated overall abnormal trans-
activation capabilities for the mutant PBX1 proteins.

Results

Clinical features of the eight patients with de novo,
PBX1 sequence variants

The clinical findings for the eight patients, ordered according to
the position of their PBX1 sequence variants (patient 1-7; while
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Table 1. Clinical findings in eight patients with de novo sequence variants in PBX1

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient7  Patient8
Aural findings
Dysplastic ears - - - - + + + -
EAC stenosis® - - - - - + + -
Microtia - - - - + + - -
Hearing loss — — — — +; unilat.? - -
Branchial findings
Cartilaginous rests - - + - - - - -
Cardiac/Pulmonary
Ebstein anomaly - - - + -
PDA® - +4 + + -
Tetralogy of Fallot® + +; unilat. — —
Eventration diaphragm — +; unilat. - —
Lung hypoplasia - +/-f +; unilat. - -
Renal
Renal hypoplasia -8 - - - - + +; UTIs"®  —
Pyelocaliectasis -8 - — +; unilat. - - - -
Increased echogenicity -8 - - + - - - -
Dilated fetal ureters -8 - - - + - - -
Craniofacial
Dysmorphism - + + + + -
Micrognathia - + + + -
Wide neck/nuchal fold — - + + -
Other
Brachydactyly* - - + - + -
Cryptorchidism - +! + NA + NA NA +m
PBX1 variant p.Argl84Pro p.Met224Lys p.Arg227Pro p.Arg234Pro p.Arg235GIn p.Ser262GInfs*2 p.Arg288* p.Arg235GIn

EAC stenosis® = external auditory canal stenosis; unilat.® = unilateral; PDAS = patent ductus arteriosus; +4=PDA and secundum ASD; Tetralogy of Fallot® = Tetralogy of

Fallot with absent pulmonary valve, severe pulmonary stenosis, ventricular septal defect;+/—f:probable; UTIh:urinary tract infections; —&=no renal ultrasound

scan was performed in Patient 1;+ = blue sclera, ear microtia with prominent lobules, prominent nuchal folds, and micrognathia; +J = Low anterior/posterior hairlines;

coarse hair, deep-set eyes, short philtrum, an exaggerated Cupid‘s bow, bifid uvula, prominent mandible, brachydactyly type D, pes planovalgus and genu valgum,;

absent axillary hair; Brachydactyly* = brachydactyly and/or nail hypoplasia; +' = microphallus, rugated tissue superior and lateral to phallus, intra-abdominal testicular

tissue and persistence of the Miillerian ducts; +™ = undervirilized external genitalia with a micropenis (2.2 x 0.8 cm), labial folds without palpable gonads and two peri-

neal openings comprising a vaginal introitus and urethra meatus. Pelvic ultrasound showed uterus didelphys.

patient 8 carries an identical mutation to patient 5), have been
summarized in Table 1. Further clinical descriptions have been
provided as Supplementary Files.

The patients ranged from 3 months to 27 years of age. During
the pregnancies, oligohydramnios, increased nuchal folds, and
unilateral diaphragmatic eventration were each present in two
patients. Developmental delays were present in all but two chil-
dren (patient 1 and patient 8) who were 3 and 12 months of age
respectively. In those with delays, the age of independent walk-
ing ranged from 18-36 months and single words were first
uttered at around 2 years of age. Only one patient was severely
delayed and carried the additional diagnoses of autism and
obsessive/compulsive disorder. Hypotonia was present in four
patients. All patients except one had unremarkable growth
parameters at birth, but postnatal short stature and failure to
thrive developed in two, with weight and height measurements
less than the fifth centile. Microtia and/or dysplastic ear helices
were noted in three patients (Fig. 1A), with absent tragus and
prominent lobes and attached earlobes. One patient had unilat-
eral, mild to moderate conductive hearing loss with bilateral
stenosis of the external auditory canals. Craniofacial dysmor-
phic findings, apart from ear anomalies and micrognathia, did
not delineate a recognizable facial phenotype. One male had
cartilaginous neck rests, a rare finding caused by aberrant
development of the branchial arches (Fig. 1B) (12). Cardiac find-
ings comprised Ebstein anomaly, Tetralogy of Fallot and patent

ductus arteriosus that required surgery in two patients. One
male had right lung hypoplasia with right diaphragm eventra-
tion/paralysis and another patient with a male karyotype and
atypical sexual development also had a unilateral diaphrag-
matic eventration. Renal anomalies comprised hypoplasia, left
pyelocaliectasis and dilated fetal ureters in seven patients;
patient 1 did not undergo a renal ultrasound scan. The oldest
patient also presented with recurrent urinary tract infections.
Four males with karyotype 46, XY had cryptorchidism and two
males had atypical sexual development: one with intra-
abdominal testes and retained Millerian structures and the
other with micropenis and undervirilized male external genita-
lia, a vaginal introitus and uterus didelphys.

Identification of PBX1 sequence variants using whole
exome sequencing

For Patient 1, whole exome sequencing (WES) identified a de
novo, heterozygous variant in PBX1: c.551G>C, predicting
(p.Argl84Pro) that was the only potential disease-causing candi-
date using a combination of in silico approaches. This sequence
variant, which was confirmed by Sanger sequencing, affects the
PBC-B domain that is required for interaction with MEINOX
proteins (3). The variant was identified in a single trio from a
cohort comprising a total of 120 individuals (65 females and 55
males) from 30 families affected by different types of sporadic
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Species Gene Alignments for p.(Arg227Pro), p.(Arg234Pro) and p.(Arg235Gin)
H.sapiens - wildtype ENST00000394412 KQSTCEAVMILRSRTFLDARTR RIEKTRR R
H.sapiens - mutated Mutated KQSTCEAVMILPSRFLDAP GKRTR R

P.troglodytes ENSPTRGOO0O00001611 |[K @ S T C E AV MILRSRFLDARRIEKIRR

M.mulatta ENSMMUGOD0000019108 |[K @ S T C E AV M ILRSRTFLDARR RIEKTR RR R

F.catus ENSMMUGO00000019108 [K @ S T C E AV M ILRSRTFLDARR RIKTR RR R

M.musculus ENSMUSGO00000052534 |[K Q@ S T C E AV MI LR SRFLDARRIKIRR R

G.gallus ENSGALGO0000003429 |[K Q S TC E AV M I LR SRFLDARR REKTE RTR R

T.rubripes ENSTRUGO0000007203 |[K @ S TC E AV M I LR SRFLDARR REKTERTR R

D.rerio ENSDARGO0000089550 |[K @ S T C E A VM ILRGSRFLDARR RIKIRR

D.melanogaster FBgn0000611 KQSTCEAVMILRSRTFLDARTR REK

C.elegans F31E3.1 KQSTCEAVMILRSRTFLDARR RIKTERER R

X.tropicalis ENSXETGOOOO0010464 |K Q@ S T C E AV MILRSRFLDARRIEKRE

Figure 1. Abnormalities in ear and branchial arch-derived structures in patients with heterozygous, de novo, PBX1 sequence variants. (A) Right ear from Patient 6, show-
ing a dysplastic helix with absence of the tragus and attached earlobe. (B) Cartilaginous neck rests seen in Patient 3. (C) Mapping of mutations onto the homeodomain
structure. (D) Protein sequence analysis showing sites of altered residues in PBX1 in relation to an interactive DNA strand. (wildtype; top row)

or inherited congenital heart disease (CHD) for a total of 57
affected individuals and 63 unaffected controls.

For Patient 2, WES revealed a de novo, heterozygous variant
in PBX1: c.671T > A, predicting (p.Met224Lys). The mean depth
of coverage was 150x with a quality threshold of 97.8%. This var-
iant is a non-conservative amino-acid substitution, occurring at
a position that is conserved across species. In view of the
anomalies in the ear, renal, and branchial arch derivatives in
these patients, we examined the genomic regions correspond-
ing to the genes involved in branchio-oto-renal (BOR) syndrome
(13) and to HNF1B that is mutated in CAKUT. No mutations were
detected in these genes or any other CAKUT gene, despite high
sequence coverage (EYA1l 100%, SIX5 99.1%, SIX1100%, and
HNF1B 100%).

Patient 3 had a de novo, heterozygous sequence variant,
c.680G > C, predicting (p.Arg227Pro) in PBX1. The variant GATK
QUAL score was 673 (>500 considered high quality) and coverage
was >80x. The Arg227 residue is proximal to the predicted DNA-
binding homeodomain of PBX1 (amino acids 233-295; Fig. 1C).
Arg227 is in a region of high sequence identity among PBX family
members, at a residue with complete conservation across species
(Fig. 1D). No mutations were detected in the genes involved in BOR
syndrome and HNF1B, despite high sequence coverage (EYA1 100%,
SIX5 99.1%, SIX1100%, and HNF1B 100%).

In Patient 4, WES identified a de novo, heterozygous variant,
c.701G>C, predicting (p.Arg234Pro), in the homeodomain of
PBX1 that exhibits complete conservation across species (Fig. 1C
and D). No mutations were detected in three genes associated
with BOR syndrome and HNF1B, all of which had coverage of
100% (EYA1, SIX5, SIX1, and HNF1B).

For Patient 5, WES demonstrated a de novo, heterozygous
variant, c.704G> A, predicting (p.Arg235Gln), in PBX1. This

variant is in a genomic region of high conservation (Fig. 1C and
D). Despite good coverage, no mutations were identified in the
BOR genes (EYA1 100%, SIX5 91.5%, SIX1 100% and HNF1B 100%).

In Patient 6, mean depth of coverage was 109x and quality
threshold (percentage of captured region covered by at least 10
sequence reads) was 96.1%. The results showed heterozygosity
for a de novo, sequence variant in PBX1, ¢.783dupC, predicting
(p.Ser262GInfs*2). This frameshift mutation is expected to lead
to nonsense-mediated decay and to result in premature protein
truncation. Coverage of the genes involved in BOR syndrome
was high (EYA1 100%, SIX5 99.8%, SIX1 100% and HNF1B 100%)
and no mutations were detected.

In Patient 7, clinical WES was performed with a mean depth
of coverage of 95x and a heterozygous, de novo, PBX1 (p.Arg288*)
sequence variant with a GATK score of 814 and a read depth of
84x was detected. The variant was confirmed by Sanger
sequencing and results in a premature protein truncation.

In Patient 8, whole exome sequencing showed a de novo,
heterozygous variant in PBX1, c704G>A, predicting
p-Arg235GIn, that was identical to the variant identified in
Patient 5. Patient 8 was also heterozygous for a variant in the
steroidogenic factor-1 (NR5A1) gene, c.1379A>G, predicting
(p.Gln460Arg). However, six individuals were reported in the
Exome Aggregation Consortium (EXAC) database to have hetero-
zygous missense variants at the GIn460 residue in NR5A1: five
with (p.GIn460Pro) and one with (p.Gln460Leu). In addition, the
above substitutions occur at a position that is not conserved
across species. Lastly, PolyPhen-2 predicted that the NR5A1 var-
iant identified in Patient 8 is likely to be benign (PolyPhen-2
score of 0). Given all of the above, the NR5A1 variant was consid-
ered of unknown significance and the PBX1 variant deemed as
the causative mutation in Patient 8.
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Table 2. Nucleotide variants in PBX1 (NM_002585.3)
Chromosome Nucleotide Protein Exon ExAC? SIFT® Poly-Phen-2¢ Mutation CADD® GERP!

/dbSNPP Taster score score
chr1(GRCh37): g.164768976G>C  ¢.551G>C  (p.Argl84Pro) 4 —/-8 Damaging Prob damaging DC" 34 5.76'
chr1(GRCh37): g.164769096T>A c.671T>A  (p.Met224Lys) 4 —/— Damaging Poss damaging DC 31 5.64
chr1(GRCh37): g.164769105G>C  c.680G>C  (p.Arg227Pro) 4 —/— Damaging Probdamaging DC 34 5.64
chr1(GRCh37): g.164769126G>C  c.701G>C  (p.Arg234Pro) 45 /- Damaging Prob damaging DC 34 5.64
chr1(GRCh37): g.164776781G>A c.704G>A  (p.Arg235GIn) 5 —/— Damaging Prob damaging DC 26.4 416"
chr1(GRCh37): g.164776860_ c.783dupC  (p.Ser262GIn fs*2) 5 —/— nd! nd DC nd 5.6

164776861insC

chr1(GRCh37): g.164781251C>T ¢.862C>T  (p.Arg288*) 6 —/- nd nd DC nd 3.7

EXAC®=Exome aggregation consortium browser; dbSNP®=Single nucleotide polymorphism database; SIFT®=Sorting tolerant from intolerant; Poly-Phen-2¢ —

Polymorphism Phenotyping v2; CADD® = Combined Annotation Dependent Depletion; GERP’ = Genomic evolutionary rate profiling; —/—& = absent in both ExAC browser

and dbSNP; DC" = predicted to be disease-causing; 5.76'—Exon 4 average GERP score was 4.19; 4-5 = codon crosses a splice site; 4.16—Exon 5 average GERP score 4.71;

nd! =no data.
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Figure 2. Analysis of ectopic expression of wildtype and mutant PBX1 cDNAs in
HEK293 cells. Human HEK293 cells were transfected in duplicate with either
PBX1 wildtype (WT) or PBX1-Mutant cDNAs. Two separate western blots (divided
by vertical line) detect the five different PBX1 mutant proteins identified in the
six patients (Patient 3 and 4, left blot; Patient 5/8, 6 and 7, right blot). The blots
were revealed with the PBX1 Ab. PBX1WT and untransfected HEK293 cells were
used as controls in both experiments. Exposure of the western blots was
reduced to a few seconds in order to visualize the ectopic proteins without satu-
ration of the signal; this did not allow concomitant detection of the endogenous
PBX1 protein, which is present in HEK293 cells as we previously reported (16).
Anti-ACTIN was used to normalize for protein loading. Protein sizes are indi-
cated on the left of the blots (kiloDaltons; kDa).

All of the PBX1 sequence variants were heterozygous and de
novo, and none of them were found in 1000 genomes or the
ExAC browser databases. Furthermore, all variants were pre-
dicted to be pathogenic and the majority had high Genomic
Evolutionary Rate Profiling (GERP) scores (Table 2). All patients
carried only sequence variants in PBX1 except for patient 8, as
discussed above, and no additional variants in genes associated
with CAKUT were identified.

Prediction of protein structure perturbations

Structural mapping of the sites of the four, most downstream
(3), human sequence variants in PBX1 showed that the homeo-
domain region was disordered and charged, two characteristic
properties of DNA-binding proteins that can contribute to spe-
cific, DNA sequence selectivity for DNA interactions (14) The

mutations affecting Arg234, Arg235, and probably Arg227 are
hypothesized to affect the ability of PBX1 to bind DNA, whereas
Arg288 comes into direct contact with the DNA and may directly
affect the mode of this interaction (Fig. 1C). The amino acids
that were substituted in the PBX1 homeodomain of these
patients were conserved in many species (Fig. 1D).

Functional assessment of the PBX1 sequence variants
identified in six patients

The PBX1 sequence variants identified in six out of the eight
patients described in this study (Patients 3-8; Table 1) were
cloned in a pSGS5 expression vector and confirmed by Sanger
sequencing. After transient transfection in HEK293 cells in cul-
ture, western blot analysis showed that all of the constructs
ectopically expressed PBX1 proteins of various sizes, according to
the mutation introduced (Fig. 2). Mutations present in Patients 3,
4 and 5/8 resulted in the production of PBX1 protein of the same
size as the WT (42kDa). In contrast, mutations found in Patients 6
and 7 yielded truncated proteins of shorter size than WT (approx-
imately 35 and 37 kDa, respectively). These results demonstrated
that all of the PBX1 mutations identified in these six patients do
not affect the production of the relative proteins.

To assess the transactivation capabilities of the PBX1 pro-
teins carrying the sequence variants described above, we per-
formed luciferase reporter assays following our established
protocols (15,16) We employed a regulatory element present on
human chromosome 1 within the PBX1 promoter (chrl: 164, 527,
984-164, 528, 440; hg19), which is highly conserved within verte-
brates (thereafter named Pbx1 Prom) (Fig. 3A). Using chromatin
immunoprecipitation coupled with quantitative polymerase
chain reaction (ChIP-gPCR) on mouse embryonic hindlimbs and
midfaces at embryonic day (E)10.5, we unequivocally demon-
strated that the orthologous element within the mouse Pbx1
promoter (chrl: 170, 362, 511-170, 362, 668; mm9) is strongly
bound by Pbxl1 itself, suggesting the presence of an autoregula-
tory loop (Fig. 3B). PBX1 Prom, which contains two putative PBX1
binding sites, was cloned upstream of the luciferase reporter
gene (Fig. 3C) within a pGL3 vector (pGL3-PBX1 Prom). We then
used the human HEK293 cell line, which expresses endogenous
PBX1 protein (16), for luciferase reporter assays. These revealed
that when WT PBX1 and its cofactor PREP1 (5) were co-
transfected in these cells, luciferase activity driven by the pGL3-
PBX1 Prom was increased by almost two fold versus the pGL3
empty vector (Fig. 4A). These results are consistent with the
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Figure 3. Identification of a PBX1 regulatory element within PBX1 own promoter. (A) Adapted, UCSC genome browser view of the human PBX1 locus (hg19). Regulatory
element present on chromosome 1 within the human PBX1 promoter (chrl: 164, 527, 984-164, 528, 440) is highlighted in grey. This region displays high conservation
within vertebrates. The light-colored bar reflects uncertainty in the relationship between the DNA of human and chimp, due to lack of sequence in relevant portions of
the alignments. (B) Murine Pbx1 binding to Pbx1 Prom by ChIP-qPCR. Histograms represent the enrichment of each region following immunoprecipitation with the
Pbx1 Ab and the negative control Ab (IgG) calculated as percentage of input. Pbx1 Prom is strongly bound by Pbx1 itself in both E10.5 midfaces and hindlimbs. An
unbound region was employed as a negative control (Neg. control; chrl1: 103, 623, 380-103, 623, 491, mmb9). (C) A 457 bp fragment within the human PBX1 promoter was
cloned into the pGL3-TK vector using the Kpnl restriction site. Left, vector map; Right, PBX1 promoter sequence containing two putative PBX binding sites: TGATTG and

the canonical decameric Pbx-Prep motif CTGTCAATCA (27).

moderate, but reproducible and statistically significant, transac-
tivation activity of PBX1 with its cofactor PREP1 versus empty
vector in similar reporter assays in cell culture, as we previously
reported (15). In contrast, when we co-transfected the PBX1
mutant cDNAs together with the cDNA for PREP1 in HEK293
cells, luciferase activity driven by the pGL3-PBX1 Prom was sig-
nificantly reduced for all five PBX1 mutations analysed (Fig. 4A).
Furthermore, in order to evaluate the intrinsic transactivation
capability of the PBX1 mutations described above without the
interference of endogenous PBX1 protein, we generated a mur-
ine cell line with Pbx1 loss-of-function (LOF). We used an

available primary mesenchymal cell line derived from E15.5
mouse embryos (15) and targeted exon 3 of Pbx1 (mc4-Pbx1 LOF)
via clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas-mediated genome editing (17). After targeting of
exon 3, western blot demonstrated a striking reduction of Pbx1
protein [both Pbx1a and Pbx1b (16)] in the clone with insertions/
deletions (indels) affecting both alleles (Pbx1 LOF), as compared
with WT and clones with heterozygous indels (Fig. 4B).
Interestingly, reporter assays performed as described above
using Pbx1 LOF mc4 cells revealed that luciferase activity driven
by the pGL3-PBX1 Prom was significantly reduced only for the
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Figure 4. Functional assessment of the transactivation capability of PBX1 mutant proteins carrying the mutations identified in six patients. (A) Luciferase activity
driven by PBX1 Prom in human HEK293 cells transfected with PBX1 and PREP1 expression constructs. Values represent fold activation of pGL3-hPBX1 Prom over basal
promoter activity (pGL3 empty vector, set to 1) normalized by total amount of protein. Each value is obtained from the average of at least five independent experiments,
each performed in triplicate. Error bars represent the standard error of the mean (SEM). Asterisks represent P-values: (**P-value < 0.001), (***P-value < 0.0001). (B)
Western blot analysis of murine mc4 cells subjected to CRISPR/Cas-mediated gene targeting of Pbx1. The blot was revealed with the PBX1 Ab. Anti-Actin was used to
normalize for protein loading. Loss-of-function (LOF); presence of indels in both Pbx1 alleles. WT; wildtype. Het; presence of indel in one Pbx1 allele. (C) Luciferase
assays were conducted as described in (A) using the murine cell line with Pbx1 LOF obtained via CRISPR/Cas-mediated genome editing (mc4-Pbx1 LOF). Error bars repre-

sent the SEM. Asterisks represent P-values: (*P-value < 0.05). ns; not significant.

mutations present in Patients 4 and 6 (Fig. 4C). These results
establish that, in a cellular system with markedly reduced levels
of endogenous PBX1, only the PBX1 proteins carrying the muta-
tions identified in Patients 4 and 6 intrinsically alter the transac-
tivation capability of the PBX1 transcription factor. These
findings also strongly suggest that the endogenous WT PBX1
protein present in HEK293 cells, which resembles human hap-
loinsufficiency, interacts with the ectopic mutant proteins. This
abnormal interaction of WT and mutant PBX1 could adversely
affect target gene transactivation.

It is also worthy of note that to execute their developmental
programs on specific target genes, PBX homeodomain proteins
must enter the nucleus, a process that is concomitantly regu-
lated by the presence of two nuclear localization signals (NLS)
within the homeodomain (18) and by PBX dimerization with
TALE and HOX cofactors (5). To assess the ability of the PBX1
mutant proteins to translocate into the cell nucleus, we further
analysed the cytoplasmic and nuclear fractions of HEK293 cells
transfected with cDNAs carrying the PBX1 mutations identified
in the six patients together with the PREP1 cofactor. Notably,
levels of the PBX1 proteins carrying the mutations present in
Patients 6 and 7 (with truncations that delete the homeodomain
3’ region comprising the second NLS) were remarkably reduced
in the nuclear fraction as compared with WT control (Fig. 5).
However, in these mutants, the PBX1 cytoplasmic protein frac-
tion was not reduced, ruling out confounding effects due to deg-
radation or efficiency of transfection. These results support a
scenario whereby the altered PBX1-dependent transactivation
capabilities observed in Patients 6 and 7 can result, at least in
part, from defective nuclear translocation.

Discussion

We have described eight individuals with in