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lateral facial morphogenesis and is regulated by the Hox-Pbx-Meis
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ABSTRACT

Hmx1 encodes a homeodomain transcription factor expressed in the
developing lateral craniofacial mesenchyme, retina and sensory
ganglia. Mutation or mis-regulation of Hmx 1 underlies malformations
of the eye and external ear in multiple species. Deletion or insertional
duplication of an evolutionarily conserved region (ECR) downstream
of Hmx1 has recently been described in rat and cow, respectively.
Here, we demonstrate that the impact of Hmx1 loss is greater than
previously appreciated, with a variety of lateral cranioskeletal defects,
auriculofacial nerve deficits, and duplication of the caudal region of
the external ear. Using a transgenic approach, we demonstrate that a
594 bp sequence encompassing the ECR recapitulates specific
aspects of the endogenous Hmx1 lateral facial expression pattern.
Moreover, we show that Hoxa2, Meis and Pbx proteins act
cooperatively on the ECR, via a core 32 bp sequence, to regulate
Hmx1 expression. These studies highlight the conserved role for
Hmx1 in BA2-derived tissues and provide an entry point for improved
understanding of the causes of the frequent lateral facial birth defects
in humans.

KEY WORDS: Hmx1, Evolutionarily conserved region (ECR),
Enhancer, Craniofacial mesenchyme, Pinna, Mouse

INTRODUCTION

Mutation of the homeodomain transcription factor Hmx! results in
malformation of the external ear and eye. This condition has been
termed oculo-auricular syndrome (OAS) in humans (Schorderet
etal., 2008; Gillespie et al., 2015), ‘dumbo’ and/or ‘misplaced ears’
in mice, ‘dumbo’ in rats (Munroe et al., 2009; Kuramoto et al., 2010;
Quina et al., 2012a), and ‘crop ear’ in cattle (Koch et al., 2013).
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Previous work has also shown that Hmx1 is essential for the
development of sensory neurons in the geniculate/facial ganglion
(Quina et al., 2012b).

OAS in humans and the dumbo phenotype in mice are both
recessive phenotypes that result from loss-of-function mutations in
the Hmx! coding region (Schorderet et al., 2008; Munroe et al.,
2009; Vaclavik et al., 2011; Gillespie et al., 2015). However, in rats,
the recessive dumbo allele consists of a 5777 bp deletion ~80 kb
downstream of HmxI. This deletion is associated with a loss of
Hmx1 expression only in the first and second branchial arch (BA1
and BA2) mesenchyme (Quina et al., 2012a), suggesting that the
deletion removes an important regulatory element driving Hmx/
expression in the lateral face. This deleted sequence contains a
~600 bp evolutionarily conserved region (ECR). Remarkably, the
recessive crop ear allele in cattle also involves this ECR,
specifically a 76 bp duplication of the central core (Koch et al.,
2013).

The dumbo and OAS phenotypes suggest that the role of Hmx1 is
distinct from that of classic homeobox transcription factors, such as
Hoxa2, which act early in the patterning of the branchial arch
region. Patients with mutations in HOXA2 display severe microtia,
middle ear deformities and hearing loss (Alasti et al., 2008).
By contrast, OAS patients and dumbo mice have dysmorphic
external ears but the middle ear and hearing appear to be
unaffected (Schorderet et al., 2008; Munroe et al., 2009; Gillespie
et al., 2015).

In the present study, we show that the 594 bp distal ECR
functions as a strong and highly dynamic lateral facial enhancer that
recapitulates specific aspects of the endogenous HmxI expression
pattern. Moreover, we provide evidence that the upstream patterning
factors Hoxa2, Meis and Pbx act cooperatively on sequences within
the ECR to regulate Hmx1. We also describe an array of previously
unappreciated lateral cranioskeletal anomalies in dumbo mice and in
outbred dumbo rats. Taken together, our findings support the
hypothesis that Hmx1 plays an important evolutionarily conserved
role in lateral facial mesenchyme differentiation, downstream of
embryonic patterning genes, providing an entry point into
understanding the regulatory network underpinning common
lateral facial birth defects.

RESULTS

Hmx1 mutant mice exhibit craniofacial and cranioskeletal
anomalies

To undertake a thorough assessment of the dumbo phenotype, we
first transferred the mutation on to a pure C57Bl/6N background by
more than ten backcrosses. Mendelian transmission of the dumbo
allele was observed between embryonic day (E) 10.5 and E14.5 (42
HmxI™*, 105 HmxI™™ and 37 HmxI"¥ embryos; x>
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P=0.1391). However, similar to the previous study on a mixed
genetic background (Munroe et al., 2009), we observed non-
Mendelian transmission of the dumbo allele in post-weaning
animals; specifically, 49 HmxI"", 86 HmxI " and 21 Hmx 9"
mice (31.4%, 55.1% and 13.5%, respectively; x> P=0.0029),
suggesting ~57% perinatal lethality of homozygous mutants,
which appeared to be equally distributed between the sexes. In
contrast to the earlier report (Munroe et al., 2009), only post-
weaning Hmx "™ male mice showed a significant reduction in
weight, on average ~23% lighter than controls (control: 17.28+
0.494 g, Hmx19/@m: 13.29+1.102 g). Female Hmx19"¥" mice were
comparable in weight to controls (control: 13.59+0.762 g,
Hmx194m: 13 11£0.440 g).

Imaging of embryos using optical projection tomography (OPT)
demonstrated that auricular anomalies were evident in Hmx /¥4
animals as early as E11.5 (data not shown). By E13.5, all mutants
could be recognized by a distinct bifurcation of the developing lobe
and a failure or delay in rotation of the developing auricle, giving it a
ventrally displaced appearance (Fig. 1A,B), which became more
pronounced during later embryonic stages (Fig. 1C,D). Postnatally,
this bifurcation in dumbo mice developed into an ectopic
cartilaginous flap (caudal duplication) of the pinna (Fig. 1E-H).

Two of nine E14.5 HmxI%"“™ imaged embryos, both males,
presented with an anterior head malformation overlying the anlage
of the pre-tectum, caudal to the epiphysis and pineal recess, at the
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junction between the diencephalon and the mesencephalon
(Fig. S1A-D’). This may represent a mild neural tube defect
related to the exencephaly previously documented on the mixed
background (Munroe et al., 2009) and might contribute to the
occasional perinatal lethality of homozygous mutant embryos.
Postnatal day (P) 28 HmxI%"¥" and control mice were then
examined using high-resolution microCT imaging. Although
Hmx19"¥" mice had smaller skulls (Fig. S1E,F’), these were
deemed to be proportional to body size after correcting for
differences in body mass or long bone length (data not shown).
Despite this, HmxI¥"¥" mice did exhibit a number of specific
cranial malformations. In two male HmxI%"4" mutants, but no
female mutants or controls of either sex, a frontal bone/posterior
frontal suture anomaly was noted (Fig. S1E-F), which could be
related to the anterior head malformation shown in Fig. SIA-D".
However, in all mutants (both sexes) but no controls, premature
fusion of the squamosal and parietomastoid sutures was observed
(Fig. SIE'-F’). In addition, all HmxI“"¥" mice exhibited
hypoplasia of the temporal processes of the occipital bone
(Fig. SIE’-F") as well as marked hypoplasia of each paraoccipital
process (Fig. 1K-N). Notably, microCT imaging of a small number
of outbred adult dumbo rats and their littermate controls revealed
that the dumbo rats also exhibited marked hypoplasia of the
paraoccipital processes, mirroring that seen in the Hmx %" mice
(Fig. 10-R). Using a deformable registration-based tool to assess

Fig. 1. Characterization of craniofacial defects and shape changes
in Hmx19™¥™ mutant animals. (A-D) OPT imaging of E13.5

(A,B; control n=4, Hmx1°™™ mutant n=5) and E18.5 (C,D; control n=2,
Hmx1%™4™ mutant n=2) control (A,C) and Hmx1%™9™ mutant (B,D)
embryos show morphological differences in the external ear (arrow).
The most commonly observed pinna morphologies are displayed.
Dashed line indicates pinna orientation. (E-H) Representative posterior
view (E,F) and Hematoxylin & Eosin-stained sections (G,H) through a
P28 control (E,G) and Hmx1%™™ mutant (F,H) ear highlight the
malformation present in Hmx1%™9™ mutant mice (E,F,H, arrows;
control n=28, Hmx19™*™ mutant n=17). (1,J) Deformational analysis of
P28 Hmx19™™ skulls and mandibles. Heat maps are projected onto a
standard control skull and highlight the relative mean shape differences
(control n=24, Hmx14m/am n=17). Dashed box and arrows highlight the
highest magnitude of shape differences present in the skull (I) and
mandible (J) of Hmx19™*™ animals. (K-R) MicroCT analysis of control
(K,M) and Hmx19™“™ mutant (L,N) mouse skulls and heterozygote
(0,Q) and homozygote (P,R) dumbo rat skulls. Marked hypoplasia of
the paraoccipital process is evident in Hmx1%™“™ mutant mice and rats
(compare K with L, and O with P, arrows for lateral view; compare M
with N, and Q with R, arrows for caudo-lateral view). Control Hmx1*"*
mice (n=28) and Hmx 1™ mutant mice (n=17). Hmx1%™" rats (n=2)
and Hmx1%™9™ mutant (n=2). Scale bars: 1 mm (A-F).
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animals show abnormal response to an aversive facial stimulus and defects in sensory nerve branches. (A-D) Representative images

of control (A,C) and Hmx19™?™ (B D) mice before (A,B) and during the air puff test (C,D) demonstrate that Hmx1%™“™ mice, in contrast to controls, do not move
their ears in response to having air blown on their face (compare red dashed arrows in Awith C, and B with D; control n=8, Hmx 19m/dm n=7), although Hmx 19m/dm
mice can effectively close their eyes (compare black arrow in A with C, and B with D). (E,F) Neurofilament staining of E11.5 embryos using a 2H3 antibody
demonstrate that the trigeminal (V) ganglion is intact in Hmx 19m/dm embryos (control n=6, Hmx 19m/dm n=5). (G-J) Noticeable defects can be seen by 2H3 staining
in the great auricular nerve (gan) and the auriculotemporal nerve (atn) that surround and innervate the pinna of Hmx7%™“™ embryos at both E12.5 (compare G with
H, red dashed oval; control n=6, Hmx1%™“™ n=4) and E13.5 (compare | with J, red dashed oval; control n=8, Hmx1%™“™ n=2). Scale bars: 500 ym (E-J).

skull shape objectively (Rolfe et al., 2013), we also found that the
difference in skull shape between Hmx 19"#" mice and background-
matched controls extended beyond these structures. For example,
this quantitative analysis showed significant differences over the
snout, more broadly over the otic region and back of the skull
(Fig. 11), as well as over the mandibular body and angular process
(Fig. 1J). The mandibular and otic region phenotypes showed
relatively little variability (as determined by an assessment of the
standard deviation of each shape dataset), consistent with these
lateral facial features being robust and penetrant.

Hmx19™9™ mutants exhibit abnormal nerve branching and
organization surrounding the pinna

Given the nature of the lateral cranioskeletal dysmorphology, and
the prior finding of a geniculate ganglion (sensory nerve) defect in
dumbo mice (Quina et al., 2012b), we considered the possibility that
these arise as a result of nerve and/or muscle defects. To begin to
investigate this, we performed a facial stimulus test involving
exposure to a 10 s puff of air (Arenkiel et al., 2004; Tvrdik and
Capecchi, 2006). Although mutant and control mice both responded
to the puff by closing their eyes, only the control mice tucked their
ears back against their heads: the ears of Hmx%"¥" mice remained
perpendicular to the head (compare Fig. 2A,C with 2B,D).

In order to determine whether Hmx 1 directly contributes to either
muscle or nerve development and organization, we performed
immunohistochemistry for Isll, a known marker for muscle
precursors in BA2 (Nathan et al., 2008; Gopalakrishnan et al.,
2015), and for neurofilament. Using dmECR-driven lacZ activity as
a proxy for endogenous Hmx1 (see below), we found that Hmx1
was not present in muscle precursor cells (Fig. S2B). With the
neurofilament staining, we consistently observed abnormalities in
the branching and organization of the nerves in and surrounding the
pinna in Hmx19"#" embryos at both E12.5 and E13.5 (Fig. 2G-J).
Most prominently, the leaf-like branching of the great auricular
nerve that penetrates the caudal aspects of the pinna was markedly
reduced in Hmx1%"" embryos compared with controls (compare
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Fig. 2G,I with Fig. 2H,J). Differences in the auriculotemporal nerve,
a somatosensory branch of the mandibular nerve, were also apparent
(Fig. 2G-J). By contrast, the trigeminal (V) nerve was of normal
appearance in mutants (Fig. 2E,F).

A 594 bp sequence containing an ECR and present within the
region deleted in dumbo rats is sufficient to drive expression
in lateral craniofacial tissue
Previously, we showed that the deleted interval in the dumbo rat was
associated with specific loss of Hmx1 expression in BA1 and BA2
mesenchyme (Quina et al., 2012a,b). This data supported the notion
that the region harbors a putative regulatory element required for
Hmx1 expression in lateral facial mesenchyme, accounting for the
convergence of the mouse and rat dumbo ear phenotypes. To test
whether this region functions as a cis-regulatory element (enhancer)
sufficient to drive HmxI expression in the developing ear, we
independently tested both a 6094 bp sequence from C57B1/6 mouse
genomic DNA that was homologous to the region deleted in the
dumbo rat, as well as a smaller 594 bp fragment that just contained
the ECR (dmECR) for enhancer activity using a lacZ reporter in
transient transgenesis (Fig. 3C-O). All five transgenic embryos
produced from the larger construct showed B-galactosidase staining
in BA2 at E11.5 (Fig. 3C-G). Three of these embryos also exhibited
staining in a strip of mesenchyme across the frontonasal region, in
the dorsal BA1 mesenchyme and dorsal side of the eye (Fig. 3D-F).
All eight of the transient transgenic embryos generated from the
small dmECR fragment showed remarkably consistent staining
(Fig. 3H-O) in the same regions observed in the embryos created
using the larger construct: specifically, strong staining in BA2, the
dorsal aspect of BA1, the mesenchyme dorsal to the eye, and in a
strip of tissue across the frontonasal region. Thus, the 594 bp
sequence encompassing the ECR is sufficient to direct expression to
these key regions relevant to the observed craniofacial deformities
in Hmx19#m mice and rats.

We then generated stable transgenic lines for the dmECR-lacZ
reporter. Staining of E11.5 embryos from four independent
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Fig. 3. Transient transgenic analysis identifies a functional ECR conferring facial-specific expression. (A) CTCF binding at 35,817 kb identifies an
‘insulator’ sequence separating Hmx 1 regulatory sequences from regulatory elements in Cpz. (B) VISTA plot of the rat dumbo deletion region (5777 bp) showing
the dmECR (thick red bar) and additional regions less strongly conserved across mammalian species (red bars). (C-G) E11.5 transient transgenic embryos
generated from a 6094 bp construct, encompassing the 5777 bp rat deletion region, show staining in BA2 at E11.5. (H-S) E11.5 transient transgenic (H-O) and
stable transgenic (P-S) lines generated from a 594 bp sequence, encompassing the ECR, show strong staining in the frontonasal region, in addition to the

craniofacial mesenchyme of dorsal BA1, and completely throughout BA2.

founders revealed a common pattern consistent with the results of
the transient transgenesis experiments (Fig. 3P-S). In addition, each
transgenic line exhibited a few additional regions of staining,
possibly due to insertion site effects. These included the limbs,
brain, heart, dorsal root ganglia and derivatives of the lateral plate
mesoderm (Fig. 3P-S).

The activity of the dmECR-lacZ transgene was then analyzed at
developmental stages ranging from E9.5 to E16.5 using the line
displayed in Fig. 3P, although similar results were observed for
the line shown in Fig. 3R (data not shown). This assessment
showed minimal activity at E9.5 (data not shown). By E10.5,
activation of the dmECR was readily observed in the frontonasal
region and throughout BA2 (Fig. 4A,A’). At E11.5, expression
expanded to include the dorsal region of BA1 (Fig. 4B,B’). From

E12.5 to E13.5, the dmECR drove transgene expression in the
frontonasal region and lateral facial mesenchyme, including tissue
surrounding the eye and in a band of tissue at the back of the head
that included the posterior region of the developing pinna
(Fig. 4C-D’). The dmECR-lacZ transgene continued to be
expressed in two broader domains within the head and face that
became more regionally restricted and separate from one another
between E14.5 and E16.5 (Fig. 4E.F,G); specifically, the rostral
face, including the frontonasal region and tissue surrounding the
eye, and a separate expression domain in the caudal region of the
head, extending from the posteriorly restricted staining in the
pinna to the back of the head (Fig. 4E-G’). This particular
transgenic line also showed expression in the midbrain, hindbrain,
zeugopod, both the fore- and hindlimb digits, ribs and the
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Fig. 4. dmECR-driven reporter gene activity shows dynamic expression from E10.5 to E16.5. (A-G’) Developmental series of E10.5 (A,A’), E11.5 (B,B),
E12.5(C,C’),E13.5(D,D’),E14.5(E,E’), E15.5 (F,F")and E16.5 (G,G’) embryo staining from the 594 bp dmECR transgenic line shown in Fig. 3P. CM, craniofacial

mesenchyme; fnr, frontal nasal region; P, pinna. Scale bars: 1 mm.

developing neural tube, which were not observed in all of the lines
characterized, and may or may not be related to dmECR function.
To validate that the dmECR activity reflected endogenous Hmx1
expression, we sectioned E10.5, E11.5 and E14.5 dmECR-lacZ
transgenic embryos and performed Hmx1 immunohistochemistry
following X-gal staining. Analysis of the two-color staining patterns
revealed that the dmECR and Hmx1 expression domains strongly
overlapped in both the anterior (Fig. 5G,G’) and posterior (Fig. SH)
regions of BA2 at E10.5. At E11.5, B-galactosidase staining
overlapped endogenous Hmx 1 expression in the rostral zone of the
lateral craniofacial mesenchyme (Fig. 5J), but was absent from the
caudal zone of endogenous Hmx1 expression. At the level of the
trigeminal ganglion, dmECR activity overlapped Hmx1 staining in
the dorsal region of BA1l (Fig. 5K). As previously reported,
endogenous Hmx1 is readily detectable in the trigeminal, geniculate
and statoacoustic ganglia (Quina et al., 2012b), but the dmECR is
not active in these regions (Fig. 5C,E,K), consistent with the
retention of Hmx1 expression in the cranial sensory ganglia in the
dumbo rat (Quina et al., 2012a). At the level of the embryonic eye,
dmECR activity is present in the anterior mesoderm, whereas
endogenous Hmx1 is expressed in the eye itself (Fig. 5B,D,L-M),
consistent with the dumbo rat findings (Quina et al., 2012a).
However, in the anterior craniofacial mesenchyme of BA2 at E11.5,
dmECR activity and endogenous Hmx 1 expression overlapped only
in a band of cells at the interface between the expression domains
(Fig. 5N). Moving posteriorly within the transverse plane, we found
an increase in the cell populations that displayed both dmECR
activity and Hmx1, although this was regionally restricted to the
dorsal domain of BA2 (Fig. 50). The restricted overlap between
dmECR activity and Hmx1 in BA2 at E11.5 could represent an
example of perdurance; that is, persistence of f-galactosidase
activity from an earlier time point (i.e. precursor cell population)
when endogenous Hmx1 was expressed but has since turned off.
Similar to that observed at E10.5 and E11.5, the dmECR pattern
of activity at E14.5 overlapped with that of endogenous Hmx1,
particularly in the pinna (Fig. 5Q-V) and frontonasal region
(Fig. 5W). We also detected discordant expression of dmECR and
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Hmx1 in the trigeminal ganglion (Fig. 5R), eye (Fig. 5V’) and
craniofacial mesenchyme of the lateral face (Fig. 5X), which could
be a result of ectopic dmECR activity. Despite these regions of
discordance, the distribution of the dmECR-driven reporter
overlapped with endogenous Hmx1 in the craniofacial
mesenchyme that contributes to structures that are abnormal in the
dumbo rat (Fig. 10-R) (Quina et al., 2012a).

Expansion of dmECR activity and endogenous Hmx1
expression in dumbo mutants

When we introduced the dmECR-lacZ reporter onto the dumbo
(Hmx19%") background, we noticed a consistent expansion of the
dmECR-driven B-galactosidase staining in the mesenchyme
between the eye and ear of E11.5 to E14.5 HmxI%"¥" embryos
that was not seen in controls (Fig. 6A-D; data not shown).
Quantification of this dmECR-stained region in E12.5 embryos
(Fig. 6E,F) revealed an expansion of dmECR-/lacZ+ tissue in mutant
embryos to almost double that seen in controls (Fig. 6G). In situ
hybridization in E11.5 and E12.5 Hmx 19" embryos and controls
(Fig. 6I-L) revealed that endogenous Hmx! mRNA expression was
also expanded (compare Fig. 61K with 6J,L), confirming that this
was not just a phenomenon associated with the dmECR and
suggested that Hmx 1 negatively regulates its own expression via the
dmECR. Proliferation (Ki67) and cell death (cleaved caspase 3)
remained comparable between control and Hmx /@ embryos in
this region (Fig. S3A-I).

Hox, Pbx and Meis function cooperatively to activate the
dmECR

Examination of the dmECR sequence revealed consensus binding
site sequences for the combined Hox-Pbx complex (Amin et al.,
2015) within the most highly conserved part of the dmECR (Fig. 7).
Hoxa2 and Pbx1, as well as their partner Meis proteins (Gendron-
Maguire et al., 1993; Rijli etal., 1993; Selleri et al., 2001) are known
to be expressed in the early lateral facial mesenchyme and
contribute to BA2 morphogenesis. To investigate whether the
dmECR is occupied by the Hox-Pbx-Meis complex in vivo, we
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examined Hoxa2 and Meis binding surrounding the Hmx/ gene, in
chromatin isolated from E11.5 BA1 and BA2 tissue, as described
previously (Amin et al., 2015). Hoxa2 and Meis binding profiles in
BA2 showed overlapping prominent peaks ~80 kb downstream of
the HmxI gene (Fig. 7A), corresponding to the location of the
dmECR. Enhanced Meis binding was observed in BA2 tissue
relative to the Hox-negative BA1, a feature associated with Hoxa2
functional targets (Fig. 7A) (Amin et al., 2015). Chromatin
immunoprecipitation (ChIP)-qPCR on BA2 chromatin revealed
nearly tenfold greater enrichment of the Hmx! dmECR enhancer
region (Fig. 7B) than the established positive control (Amin et al.,
2015), confirming Hoxa2 binding to the core dmECR sequence.

Fig. 5. dmECR enhancer activity overlaps endogenous Hmx1 protein
localization. (A,1,P) Diagrams of E10.5 (A), E11.5 (I) and E14.5 (P) mouse
embryos highlighting the different transverse sections displayed in B-H
(E10.5), J-O (E11.5) and Q-X (E14.5). (B-H,J-O,Q-X) Comparison of
endogenous mouse Hmx1 expression (brown) with dmECR enhancer activity,
visualized by staining with X-gal (blue), in transverse cryosections at E10.5,
E11.5and E14.5. (G-H) dmECR and Hmx1 expression domains overlap in the
anterior (G,G’) and posterior (H) regions of the exterior portion of BA2 at E10.5
(red arrows). (J) At E11.5, sectioning showed overlap between dmMECR
staining in the craniofacial mesenchyme (CM) of the lateral face with the rostral
CM expression of endogenous Hmx1 (black arrows). (K) E11.5 dmECR
staining overlaps endogenous Hmx1 in dorsal BA1 (black arrows). (N) Few
cells share dmMECR and Hmx1 expression domains in the CM of the anterior
region of BA2 (black arrow) at E11.5. (O) Posteriorly, dmECR and Hmx1
expression domains were regionally restricted to the dorsal domain of BA2 at
E11.5 (black arrows). (Q,S-V) Adjacent to the ear, overlapping dmECR and
Hmx1 staining is evident (asterisks). In the ear, the ventral dImECR activity was
almost distinct from the small dorsal region of endogenous Hmx1 expression
(arrows). (R) Overlap in dmECR activity and endogenous Hmx1 was evident in
the caudal region of the trigeminal ganglion (tg). (V’-X) Overlap in dmECR and
Hmx1 expression was also apparent in the eye (V’), the frontonasal region (W)
and CM of the lateral face (X). BA1-3, branchial arches 1-3; Bc, branchial cleft;
fac, facial acoustic complex; fn, facial nerve; fv, fourth ventricle; gg, geniculate
ganglion; I, lens; Ip, lens placode; nc, nasal capsule; ns, nasal septum; oc, optic
cup; or, optic recess; os, optic stalk; ot, otic vesicle; ov, otic vesicle; p, pinna;
sag, statoacoustic ganglion; tv, telencephalic vesicle. Scale bars: 100 pm.

Moreover, analysis of microarray data obtained from E11.5 Hoxa2
mutant and control BA2 tissue (Donaldson et al., 2012) showed a
1.6-fold downregulation of Hmx! expression (P<0.005), similar to
that of Meis2, a known target of Hoxa2 (Amin et al., 2015). This
suppression of Hmx!I expression in E11.5 Hoxa2 mutant embryos
was validated by qRT-PCR (Fig. 7D). In situ hybridization for
HmxI on E10.5 embryos also supported reduced caudal BA2
expression in Hoxa2 mutants compared with controls (Fig. 7E).
To assess whether the Hox-Pbx-Meis complex could transactivate
the dmECR in a heterologous cell type, we transiently transfected
COS-1 cells with a construct, pGL4.23-dmECR, containing a
luciferase reporter cassette in which the dmECR was inserted
upstream of the minimal promoter. The dmECR reporter was co-
transfected with expression vectors encoding mHoxa2, mMeis1 and
hPBXI1A individually and in combination. Co-transfection of these
transcription factors individually and in pairwise combinations did
not result in a significant change in the levels of luciferase activity
compared with transfection with the pGL4.23-dmECR plasmid
alone (Fig. 8A). However, the addition of all three expression
vectors resulted in a ~17-fold increase in the levels of luciferase
activity over basal levels (Fig. 8A). Deletion of the 32 bp sequence
encompassing the binding site consensus sequences for Hox, Pbx
and Meis (Fig. 7C) from the 594 bp construct (pGL4.23-
dmECRdel32) resulted in a severe reduction in enhancer activity
(Fig. 8B). Most importantly, repeated transient transgenesis using
the 594 bp dmECR construct conducted in parallel with the newly
generated dmECRdel32 construct (Fig. 8C,D) demonstrated that the
32 bp sequence containing the Hox, Pbx and Meis binding sites is
required for the enhancer to express in the dorsal aspect of BA1 and
throughout BA2 (5/7 embryos versus 0/8 embryos; compare
Fig. 8E-K with 8L-S). In addition, we noted that deletion of the
32 bp sequence also resulted in an expansion in two of eight
embryos of the strong frontonasal expression domain rostrally into
the medial and lateral nasal processes (Fig. S4H,I). A further four
embryos showed weak rostral expansion with a diminution or loss of
the frontonasal domain (Fig. S4J,K,M,N). Taken together, these data
provide both in vivo and in vitro support for direct regulation of the
HmxI gene in BA2 by the Hox-Pbx-Meis complex via the dmECR.
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Fig. 6. dmECR enhancer activity and Hmx1
expression are expanded in Hmx19™/9™
mutants. (A-D) dmECR staining in control (A,C)
and Hmx19™9™ mutant (B,D) embryos at E11.5 (A,
B; control n=5, Hmx1°™*™ mutant n=7) and E12.5
(C,D; control n=4, Hmx1%™™ mutant n=4) shows
an expansion of the dmECR staining pattern in
Hmx1%™9™ mutants (red dashed circle).

(E,F) Representative binary particle area diagrams
from ImagedJ displaying dmECR-/acZ+ cells
present in the E12.5 face of controls (E) and
Hmx1%™9™ mutant (F) embryos. (G) Quantification
of the area displayed in E and F for E12.5 controls
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(n=4) and Hmx1%™“™ mutant (n=4) embryos
(plotted values are the meants.e.m., **P=0.0016).
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(H) Diagram of an E11.5 mouse embryo

Ell.5 |

||

highlighting the transverse plane displayed in | and
J. (I-L) Hmx1 in situ on control (1,K) and Hmx19™m
mutant (J,L) E11.5 (1,J; n=2) and E12.5 (K,L; n=2)
transverse sections show an expansion of Hmx1
transcripts in Hmx1%™?™ mutants (compare | with J,
and K with L, black dashed brackets). tg, trigeminal
ganglion. Scale bars: 1 mm (A-D); 100 um (I-L).
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DISCUSSION

The distinctive lateral external ear placement that characterizes
the dumbo phenotype is one of the most recognizable mutant
presentations both in mice and in rats, and has made the dumbo rat a
favorite amongst pet owners. However, Hmx1-related phenotypes
have also been described in humans (OAS) and cattle (crop ear). In
contrast to the loss-of-function mutations found in mice and humans,
the mutations at the Hmx1 locus in rats and cattle implicate a putative
regulatory region located ~80 kb 3’ of the last exon (Quina et al.,
2012a; Koch et al., 2013). At this site, we previously identified a
highly conserved ~600 bp segment (dmECR) that we hypothesized
could represent a cis-regulatory enhancer of Hmx 1 expression (Turner
and Cox, 2014). In this article, we demonstrate that the homologous
mouse ECR sequence functions as a bona fide distal enhancer
containing information required to direct expression to defined
structures of the developing lateral face, including the dorsal aspect of
BAI, BA2, tissue caudal to the eye, and to a specific region of
frontonasal mesenchyme. In the anterior branchial arches, the dmECR
provides a regulatory link between patterning of the embryonic axis
by classic homeotic factors and morphogenesis of the external ear.

Lateral cranioskeletal anomalies in dumbo mice are
suggestive of a combination of primary and secondary
defects

During our assessment of HmxI?"/¥" embryos, we identified
previously unappreciated features of the dumbo phenotype. We
noted an expa