
A six-amino-acid motif is a major
determinant in functional evolution
of HOX1 proteins
Narendra Pratap Singh,1 Bony De Kumar,1,5 Ariel Paulson,1 Mark E. Parrish,1 Ying Zhang,1

Laurence Florens,1 Joan W. Conaway,1,2 Kausik Si,1,3 and Robb Krumlauf1,4

1Stowers Institute for Medical Research, Kansas City, Missouri 64110, USA; 2Department of Biochemistry andMolecular Biology,
3Department of Molecular and Integrative Physiology, 4Department of Anatomy and Cell Biology, Kansas University Medical
Center, Kansas City, Kansas 66160, USA

Gene duplication and divergence is a major driver in the emergence of evolutionary novelties. How variations in
amino acid sequences lead to loss of ancestral activity and functional diversification of proteins is poorly understood.
We used cross-species functional analysis of Drosophila Labial and its mouse HOX1 orthologs (HOXA1, HOXB1,
and HOXD1) as a paradigm to address this issue. Mouse HOX1 proteins display low (30%) sequence similarity with
Drosophila Labial. However, substituting endogenous Labial with the mouse proteins revealed that HOXA1 has
retained essential ancestral functions of Labial, while HOXB1 and HOXD1 have diverged. Genome-wide analysis
demonstrated similar DNA-binding patterns of HOXA1 and Labial in mouse cells, while HOXB1 binds to distinct
targets. Compared with HOXB1, HOXA1 shows an enrichment in co-occupancy with PBX proteins on target sites
and exists in the same complex with PBX on chromatin. Functional analysis of HOXA1–HOXB1 chimeric proteins
uncovered a novel six-amino-acid C-terminal motif (CTM) flanking the homeodomain that serves as a major
determinant of ancestral activity. In vitro DNA-binding experiments and structural prediction show that CTM
provides an important domain for interaction of HOXA1 proteins with PBX. Our findings show that small changes
outside of highly conserved DNA-binding regions can lead to profound changes in protein function.
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Thebalance betweenmaintaining ancestral roles andnovel
diversification of orthologous transcription factors (TFs)
shapes the evolution of gene regulatory networks underly-
ing morphological diversity. While we have some under-
standing of gene duplication and neofunctionalization
events at the genomic level (Ohno 1970; Lundin 1993; Hol-
land et al. 1994; Blomme et al. 2006), at protein level it is
unclear how variations in amino acid sequence lead to
functional diversification or retentionof the ancestral func-
tion.Many TF families arose early in animal evolution and
for >600 million years have maintained a relatively high
degree of similarity in their in vitro DNA-binding specific-
ities, contributing to the idea that divergence in TF
DNA-binding specificity occurs relatively infrequently in
evolution (Carroll 2005; Berger et al. 2008; Noyes et al.
2008; Nitta et al. 2015). This is in contrast to differences
in their functional properties observed in vivo.

The Hox family of homeodomain containing TFs are
central to the specification of structures along the anteri-
or–posterior (AP) body axis in bilaterian animals andmod-
ifications in their expression and function have paralleled
the emergence of diversity in body plans (Lewis 1978;
McGinnis and Krumlauf 1992; Carroll 1995; Woltering
et al. 2009; Arendt 2018). Despite a conserved genomic or-
ganization, collinear domains ofHox gene expression and
roles in AP patterning (Lewis 1978; Duboule and Dollé
1989; Graham et al. 1989; Carroll 1995; Kmita and
Duboule 2003), the evolution of Hox protein function is
poorly understood. Hox proteins display nearly identical
DNA-binding specificities in vitro (Carroll 2005; Berger
et al. 2008; Noyes et al. 2008; Nitta et al. 2015), but the
binding preferences for individual Hox homeodomains
are difficult to identify because binding specificity is gov-
erned by pleiotropic interactions through multiple
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residues (Passner et al. 1999; Piper et al. 1999; Slattery
et al. 2011; Zeiske et al. 2018). Furthermore, interactions
with cofactors, such as the TALE (three-amino-acid loop
extension) family members PBX/Exd and MEIS/Hth, can
modify their binding preferences (Chan et al. 1994, 1997;
Chang et al. 1995; Merabet and Mann 2016). HOX pro-
teins are known to interact with PBX through a hexapep-
tide domain, but interactions may also occur in a context-
dependentmanner through a variety of other small motifs
located in different regions of HOX proteins (Merabet
et al. 2003; Merabet and Mann 2016; Dard et al. 2018).
This makes it challenging to identify the amino acid dif-
ferences that underly the functional diversity of Hox pro-
teins in vivo. Here, we used in vivo cross-species
functional analyses of the mouse HOX1 paralogous group
TFs with their Drosophila ortholog Labial, as a paradigm
to investigate the maintenance and diversification of an-
cestral protein function.
Drosophila has a single HOX1 gene, labial, while in

mouse there are three paralogs, Hoxa1, Hoxb1, and
Hoxd1, as Hoxc1 has been lost in mammalian lineages
during vertebrate evolution (McGinnis and Krumlauf
1992). There is evidence suggesting Hoxd1 has neofunc-
tionalized, with roles in new tissues (development of noci-
ceptors of the mouse skin) due to changes in expression
through evolution of regulatory elements (Guo et al.
2011; Pascual-Anaya et al. 2013). Mutations of Hoxa1
and Hoxb1 genes in humans and mice reveal that, like
labial, they have essential roles in head and brain develop-
ment (Merrill et al. 1989; Lufkin et al. 1991; Studer et al.
1996; Tischfield et al. 2005; Webb et al. 2012). However,
it is unknown whether they possess ancestral functions
of labialor have diversified and evolvednewactivities dur-
ing evolution.
Here, we have used cross-species functional analysis of

Drosophila Labial and its three mouse HOX1 orthologs,
separated by 600 million years of evolution, as a paradigm
to address protein evolution following gene duplication.
Despite similar degrees of sequence divergence from Labi-
al, only HOXA1 retains essential ancestral functions of
Labial and displays similar DNA-binding properties. We
used a series of chimeric proteins tomap the determinants
governing ancestral activity and found that small dif-
ferences in multiple domains underlie functional diversi-
fication of mouse HOX1 paralogs. We identified a
six-amino-acid motif (CTM) located immediately C-ter-
minal to the highly conserved homeodomain that is a ma-
jor determinant of ancestral activity. Our findings reveal
that small changes can lead to profound differences in
function and illustrates that overall similarity or diver-
gence is not always predictive of protein function.

Results

High evolutionary divergence among mouse HOX1
paralogous proteins and Labial

Protein sequence alignments revealed that the three-
mouse paralogous HOX1 proteins (HOXA1, HOXB1, and
HOXD1) and Drosophila Labial display low (∼30%) over-

all similarity (Fig. 1A; Supplemental Fig. S1A).Most of the
similarity (>50%) amongHOX1 proteins is contributed by
the DNA-binding region (homeodomain), and a hexapep-
tide motif, known to interact with the HOX cofactors,
such as the TALE (three-amino-acid loop extension) fam-
ily members PBX/Exd and MEIS/Hth (Chan et al. 1994;
Chang et al. 1995). Alignment of the orthologous arthro-
pod Labial and vertebrate HOX1 proteins also reveals
that sequence similarity is primarily concentrated in
these same domains while other regions aremore variable
(Supplemental Figs. S1, S2). Moreover, Labial in arthro-
pods widely vary in size and Drosophila Labial is almost
twice the size of the mouse HOX1 proteins, indicating
that there have been global changes during evolution
(Fig. 1A; Supplemental Fig. S2). Analyses of the vertebrate
HOX1 proteins revealed multiple mutations in hexapep-
tide and homeodomain of the HOXD1, suggesting rapid
evolution after gene duplication compared with the other
paralogs (Supplemental Fig. S1D). The high degree of con-
servation within the homeodomain and large differences
betweenHOX1proteins in other regionsmake it challeng-
ing to identify sequence determinants that underlie ances-
tral or novel functional properties.

Mouse HOXA1 is the only paralog to have retained
the essential ancestral functions of Labial

To functionally test whether the mouse HOX1 paralogs
have retained ancestral activities of Labial, we used a
CRISPR/CAS9-based approach to knock-in sequences en-
coding 3xFLAG-tagged versions of these proteins into the
endogenous labial locus (Fig. 1B). The insertions are de-
signed to express the mouse proteins under control of
the endogenous regulatory elements of labial and prevent
labial translation, creating a loss-of-function allele. This
allowed us to simultaneously assess the consequence of
loss of Labial function and its rescue by the orthologous
proteins. The coding regions of the labial and gfp genes
were also knocked-in in a similar manner as positive
and negative controls, respectively. The inserted genes ex-
pressed the respective proteins with the expected spatial
and temporal patterns displayed by endogenous Labial in
embryos and in larval brain and eye-antennal imaginal
discs (Fig. 1C; Supplemental Fig. S3A,B; Diederich et al.
1989). We quantified the relative levels of these proteins,
along with another Drosophila Hox protein (Abd-A) as a
control and found that the mouse HOX proteins are ex-
pressed at a comparable level in embryos (Supplemental
Fig. S3C,D).
We analyzed the phenotypes of homozygous insertion

lines and, as expected, the knock-in of gfp (GFP-KI) did
not complement the loss of labial function, resulting in
the well-characterized labial-null mutant phenotypes
and late embryonic lethality (Fig. 1C; Supplemental Fig.
S3E; Merrill et al. 1989). Conversely, lines with a knock-
in of labial (lab-KI) displayed 100% viability, with no ob-
servable phenotypes, validating our experimental ap-
proach. Remarkably, Hoxa1-KI flies hatched, with 89%
survival (Fig. 1C) with only subtle bristle pattern defects
in adult head, indicating nearly complete functional
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complementation of labial mutant by mouse HOXA1
(Fig. 2A). In contrast, Hoxb1-KI and Hoxd1-KI lines were
lethal at the second instar stage. Developmentally arrest-
ed larvae survived up to 5 d (Hoxd1-KI) or 15 d (Hoxb1-KI),
but they never progressed to third instar stage (Fig. 1C).
These larvae are smaller in size, malnourished and have
food in the pharynx but not in the gut, suggesting a defect
in feeding (Fig. 2B; Beadle et al. 1938; Bakker 1959). We in-
vestigated feeding behavior inHoxb1-KI larvae and found
a large reduction (∼65%) in the rate of mouth extensions
and observed that many other larvae barely move their
mouth hooks (Supplemental Movies S1–S3). This rescue
assay reveals that HOXA1 has retained the major ances-
tral functions of Labial, while HOXB1 and HOXD1 have
lost most of this activity. However, the partial survival
of Hoxb1-KI and Hoxd1-KI lines up to the second instar
larval stage suggests they may have retained some aspect
of early Labial function in embryos.

To better understand which aspects of labial functions
are preserved or lost by Hoxb1, we performed a detailed
analysis ofHoxb1-KI flies. Themouth hook develops nor-

mally in Hoxb1-KI embryos, compared with the deformi-
ties observed in labial mutants, indicating that other
functions of Labial in feeding behavior are affected (19)
(Supplemental Fig. S3E). The labial gene is expressed in
the posterior tritocerebrum region of the embryonic fly
central nervous system and is required for differentiation
of neuroblasts and axonal pathfinding in this region (Hirth
et al. 1998, 2001). The stomatogastric nervous system
(SNS) is a set of ganglia connected to the tritocerebrum
and innervates diverse muscles that control food uptake
and transport (Fig. 2C; Hartenstein 1997; Schoofs et al.
2014). Immunostaining for neuronal (Elav) and neurite
(Fasciclin-II) markers in late embryos (15–16 h), revealed
defects in neuronal differentiation and projections of mo-
tor nerves in labial (GFP-KI) mutants (Fig. 2D). Both de-
fects are rescued in the lab-KI and Hoxa1-KI lines.
However, in Hoxb1-KI embryos, neuronal differentiation
appears normal, but the axonal projections are not fully re-
stored. Therefore, the larval lethality in theHoxb1-KI line
is likely due to a role of labial in patterning the SNS and
control of feeding behaviors. Together, these

A
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C

Figure 1. Mouse HOXA1 retains the essential func-
tions of Drosophila Labial. (A) Protein sequence align-
ment of Drosophila Labial with mouse HOXA1,
HOXB1, and HOXD1. Colored blocks indicate con-
served amino acids in three (light blue) or all four (yel-
low) of the proteins. Horizontal bars above the
alignment indicate specific domains in the proteins:
hexapeptide (red), linker (black), and homeodomain
(blue). (B) The top panel shows a schematic of the labial
gene with introns (arrowed line) and exons (E1–E3 in
blue blocks). The bottom panel shows five DNA cas-
settes independently inserted at the ATG codon in-
frame with the endogenous labial open reading frame
that encode GFP (GFP-KI), Drosophila Labial (lab-KI),
and mouse HOXA1 (Hoxa1-KI), HOXB1 (Hoxb1-KI),
and HOXD1 (Hoxd1-KI). Multiple stop codons in the
cassettes prevent the translation of the endogenous labi-
al gene. Labial and HOX proteins are epitope-tagged at
the C-terminal with 3xFLAG. (C ) Expression pattern
(top) in 5- to 6-h-old embryos and corresponding larval/
adult phenotypes (bottom) of WT and knock-in lines,
with genotypes listed above the panels. The WT panel
shows endogenous lab RNA expression. Expression of
knocked in proteins is indicated by green for GFP expres-
sion and purple for immunostaining of the FLAG tag.
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complementation experiments in Drosophila demon-
strate that for >600 million years of evolution HOXA1
has retained the key ancestral functions of Labial while
HOXB1 and HOXD1 have diversified.

Genome-wide binding profiles of HOXA1 are different
fromHOXB1 and overlapwith those ofDrosophila Labial

The rescue experiments in Drosophila indicated that the
properties of HOXB1 and HOXD1 proteins have function-
ally diverged fromHOXA1. Next, we investigated wheth-
er these functional differences extend tomammalian cells

by analyzing genome-wide DNA-binding properties and
downstream targets using a well-characterized assay
based on programmed differentiation of mouse ES cells
into neural fates (De Kumar et al. 2015, 2017a,b,c). We
showed previously that retinoid (RA) treatment of mouse
ES cells induces the sequential expression of genes from
the Hoxa and Hoxb clusters, including Hoxa1 and
Hoxb1, in a manner similar to neural tissue of developing
mouse embryos (De Kumar et al. 2015). However, endog-
enous Hoxd1 is not induced in this system, consistent
with its lack of expression in the mouse neural tube.
Hence, we only examined the DNA-binding properties

A B

C D

Figure 2. Hoxb1-KI embryos show defects in the development of stomatogastric nervous system. (A) Scanning electron micrographs of
the posterior side of an adult head. Arrows (red) note bristles that are missing in Hoxa1-KI as compared with WT and lab-KI. (B) Colored
food (blue) is present in the gut ofWT larvae but remains in the pharynx of homozygousHoxb1-KI andHoxd1-KI (red arrows). (C ) The top
panel shows 15- to 16-h-old embryo (anterior up, dorsal right) immunostainedwith anti-Elav (red) tomarkCNS, andDAPI (white) tomark
nuclei. Middle panel shows anterior half of the embryo with anti-Fasciclin-II (FAS-II) immunostaining (green) that marks SNS (arrow-
heads). The botttom panel, schematic of SNS connection with tritocerebrumneurons (white arrow), through antennal nerve (pink arrow).
SNS anteriorly connects to the pharynx by the frontal nerve (cyan arrow 1) and posteriorly connects with renal gland and gut by the re-
current nerve (arrows 2–4). (D) Highmagnification images of boxed region in C ofWT,GFP-KI,Hoxb1-KI,Hoxa1-KI, and lab-KI embryos.
The left panels show Fas-II expression in tritocerebrum neurons (white arrow) and antennal nerve (pink arrow). Themiddle panels show
Elav expression in tritocerebrum region (box with cyan arrow), and the right panels show the merged images.
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of HOXA1 and HOXB1 in this system. Independent
mouse ES cell lines carrying cDNAs encoding epitope-
tagged (3xFLAG) versions of HOXA1 andHOXB1 proteins
were inserted at a specific locus under tight inducible Dox
control (Beard et al. 2006). We optimized the expression of
the inserted cDNAs in response to Dox and RA pro-
grammed differentiation so that levels were comparable
with that of the endogenous Hox gene. The genome-
wide binding profiles of the HOX1 proteins, PBX and
MEIS cofactors, and other TFs were then characterized
by chromatin immunoprecipitation followed by deep se-
quencing (ChIP-seq) (Fig. 3A,C). The binding profiles
were also compared with histone modifications associat-
ed with enhancers (H3K4me1 and H3K27Ac), occupancy
of coactivators (p300) and chromatin accessibility
(ATAC-seq) (Fig. 3B).

Weobserved very little overlap (only140 peaks) between
the genome-wide DNA-binding peaks of HOXB1 (2058)
and HOXA1 (3655). Gene ontology analysis for adjacent
genes reveal that HOXB1-binding peaks are enriched for
genes required for neurogenesis and behavior, while
HOXA1 peaks are enriched for genes involved in differen-
tiation, morphogenesis, and development (Supplemental
Fig. S4). Furthermore, analysis of transcription factor
binding motifs reveals that HOXA1 bound peaks are en-
riched for consensus TF motifs, including HOXA1, PBX,
MEIS, and NANOG (Fig. 3D; Merabet and Mann 2016;
De Kumar et al. 2017a,b). In contrast, HOXB1 peaks are
enriched for REST and CTCF consensus motifs. REST is
a transcriptional repressor that interacts with SIN3A
and is required for repression of neural genes in nonneural
cells (Ballas andMandel 2005).We validated themotif dis-
covery analysis by demonstrating that there is also en-
riched occupancy of PBX, MEIS, and NANOG on
HOXA1-bound regions and REST on HOXB1-binding
peaks (Fig. 3A,C; Supplemental Fig. S5). In contrast to
HOXA1, HOXB1-binding peaks display very little overlap
with occupancy of P300 and only small subsets correlate
with open chromatin or H3K4me1 and H3K27Ac histone
marks (Fig. 3B; De Kumar et al. 2017b,c).

To explore the differences in genome-wide association
of HOXA1 and HOXB1 with PBX and MEIS proteins, we
performed immunoprecipitation of HOXA1 and HOXB1
in these ES cell lines followed by MudPIT. There was
high enrichment of PBX and other TALE proteins in
HOXA1 protein complexes as compared with HOXB1
(Fig. 4). This suggests that HOXA1 and PBX proteins exist
in the same complex on chromatin and further support
the observed enrichment in genome-wide co-occupancy
of HOXA1 with TALE proteins (Fig. 4B; De Kumar et al.
2017b).

To investigate whether the binding properties of these
proteins are associated with ancestral functions, we per-
formed similar experiments using a mouse ES cell line ex-
pressingDrosophila Labial. Regions bound by Labial show
extensive overlap with HOXA1 binding peaks compared
with those of HOXB1 (Fig. 3A). However, HOXB1 peaks
(267) that are cobound with Labial also overlap with
REST, indicating an ancestrally conserved association of
HOX and REST (Fig. 3C). Motif analysis of the common

binding peaks betweenHOXA1 and Labial revealed an en-
richment of HOX, PBX, and MEIS consensus motifs, sim-
ilar to those observed for HOXA1 alone (Fig. 3D). These
analyses demonstrate that the HOXA1 and HOXB1 pro-
teins have distinct binding properties in vivo and their oc-
cupancy correlates with downstream target genes
involved in different biological processes. This functional
difference between HOXA1 and HOXB1 is associated
with their differential interaction with PBX. The unique
genome-wide binding of HOXB1 proteins and associated
genes required for neurogenesis and behavior suggests
that HOXB1 has neofunctionalized by regulating a new
set of the genes in genome. Together, these functional ex-
periments inDrosophila andmammalian cells reveal that
HOXA1 has retained ancestral properties of Labial while
HOXB1 has diverged. This functional difference between
HOXA1 and HOXB1 is associated with their differential
interaction with PBX.

The unique genome-wide binding of HOXB1 proteins
and associated genes required for neurogenesis and behav-
ior suggests that HOXB1 has neofunctionalized by regu-
lating a new set of the genes in genome. This is also
supported by functional and mutational analyses of
Hoxb1 in a number of vertebrate species, from zebrafish
to humans, that have revealed a highly conserved role
for HOXB1 in cranial nerve patterning (Goddard et al.
1996; Studer et al. 1996; McClintock et al. 2002; Webb
et al. 2012).

Small differences in multiple domains underlie
functional diversification of HOX1 proteins

Despite similar degrees of sequence divergence between
HOX1 and Labial proteins, it is striking that only
HOXA1 has retained the DNA-binding properties and an-
cestral function of Labial. The main sequence conserva-
tion of these proteins lies within their homeodomain
and hexapeptide regions. HOXA1 and HOXB1 have exact-
ly the same hexapeptide and 88% similarity in the home-
odomain. Except for the two amino acids, all other
changes in the homeodomain are conservative. This raises
a question about the differences that underlie functional
diversification between the HOXA1 and HOXB1 with re-
spect to ancestral activities.

To identify the region(s) that underlie this functional
diversification, we expressed a series of chimeric proteins
from the labial locus, where different regions of HOXB1
were replaced by equivalent regions of HOXA1 and scored
for their ability to rescue labial (Fig. 5A; Supplemental Ta-
ble S1). HOX proteins have an N-terminal transcriptional
activation/repression region, a hexapeptide motif (HP)
that interacts with PBX/Exd cofactors and the homeodo-
main (HD) required for DNA binding (Merabet and
Mann 2016). Roles of the linker (LK) region between HP
and HD and the region C-terminal to HD are unclear.
While most divergence lies in the N-terminal region
(Fig. 1A; Supplemental Fig. S1), substituting HOXB1- N-
terminal with HOXA1 (Chimera-1) did not alter its inabil-
ity to rescue labial (Fig. 5A).

Singh et al.

1684 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1


Since the most divergent region did not account for the
functional difference between HOXA1 and HOXB1, and
the HP motif is identical between these proteins, we fo-
cused on small differences in the highly conserved LK to
HD regions (Fig. 5A,B). Reverting E to Q at 39th position
of HOXB1-HD, replacing the whole HD, replacing the
LK region alone or in combination with the first four ami-
no acids of the HD (Chimera-2 to Chimera-5) failed to res-
cue (Fig. 5A,B). The first evidence for rescue arose from
Chimera-6 (8.7%), which had a combination of both the

LK andHD regions. Furthermore, combining the C-termi-
nal region with the LK-HD domains (Chimera-7) signifi-
cantly enhanced the efficiency of rescue (62.7%) (Fig.
5A,B). Replacing only the C-terminal region in HOXB1
(Chimera-8) also produced viable flies at a low level
(6.3%). These results imply that cooperation among the
LK, HD, and C-terminal regions plays a major role in con-
ferring ancestral function to HOXA1. While Chimera-7
rescues lethality with 62.7% efficiency, this is lower
than the full-length HOXA1 protein (89%), revealing

A

C

D

B

Figure 3. HOXA1-bound regions overlap with Labial and differ fromHOXB1 in mES cells. (A) Heat maps showing genome-wide binding
peaks of HOXA1 and HOXB1 (±2.5 kb) and the occupancy of Labial, PBX, MEIS, NANOG, and REST at the corresponding sites in differ-
entiated ES cells. Heat map is sorted first on HOXA1, second HOXA1-B1 cobound, and then HOXB1 peaks. (B) Genome-wide binding of
HOXA1 and HOXB1 is compared with ATAC-seq, P300, H3K4me, and H3K27Ac profiles in undifferentiated (Un) and 24-h retinoic acid
(RA) differentiated ES cells. Heat map is sorted on HOX binding peaks, respectively. (C ) Genome browser screenshots of regions predom-
inantly bound by HOXB1 (left), by HOXA1 (right) and by both HOXA1 and HOXB1 (middle). Corresponding binding profiles of Labial,
REST, PBX, MEIS, and NANOG are also shown in these panels. Regions of interest are highlighted in gray. Nearby genes are displayed
at the top and genomic coordinates are indicated at the bottom. (D) Tables show enriched motifs in HOXA1, HOXB1, and shared
HOXA1/Labial binding peaks. Motifs in the table are sorted by their rank (Rk) and P-values.

Functional evolution of Hox1 proteins

GENES & DEVELOPMENT 1685



that theN-terminal domainmay also have some contribu-
tion to ancestral activity. Together, these data indicate
that small amino acid differences in multiple regions con-
tribute to the loss of ancestral activity of HOXB1 during
evolution.

A six-amino-acid C-terminal motif (CTM) is a major
determinant of ancestral activity

Our chimeric analyses indicate that changes outside of
the highly conserved DNA-binding regions can have pro-
found effects on function. It is interesting that replacing
only the C-terminal region of HOXB1 with that of
HOXA1 (Chimera-8) is sufficient to facilitate a low level
of rescue. The functional role of C-terminal regions of
HOX proteins and their impact on DNA-binding proper-
ties has not been well characterized. Therefore, we exam-
ined theC-terminal region of HOX1 proteins to explore its
role in ancestral activity. Alignment of the C-terminal do-
mains of Labial in arthropods and HOXA1 and HOXB1 in

vertebrates uncovered a six-amino-acid motif located im-
mediately C-terminal to the HD, which is highly con-
served in arthropod Labial and vertebrate HOXA1
proteins but has diverged in HOXB1 (Fig. 5C; Supplemen-
tal Figs. S2, S6). We named this sequence the C-terminal
motif (CTM). The CTMmotif is identical in all vertebrate
HOXA1 proteins examined (KEGLLP), but in HOXB1 pro-
teins it varies between nonmammalian (KEGLAP) and
mammalian (REGGRVP) vertebrates (Fig. 5C).

To functionally assess the role of this motif, we re-
placed the CTM in HOXB1 with that of HOXA1 (Chime-
ra-9). Remarkably, this small change was sufficient to
rescue labial function with relatively high efficiency
(34.6%) (Fig. 5A,B). Furthermore, to determine whether
the CTM is required for ancestral activity of HOXA1,
we replaced this domain in HOXA1 with the HOXB1 se-
quence (Chimera-10) and found that it reduced the abil-
ity of HOXA1 to rescue labial (89%–55%). These
results confirm that the CTM region is a major determi-
nant of ancestral activity in HOXA1 and amino acid

A

C

B

Figure 4. Identification of proteins interacting with HOXA1 and HOXB1. (A) The schematic shows an outline of the experimental pro-
cess used to prepare chromatin extract followed by immunoprecipitation (IP) andMudPIT. (B,C ) Three-amino-acid loop extension (TALE)
proteins enriched in IP-MudPIT experiments of HOXA1 (B) andHOXB1 (C ) are listed with their QPROT-calculated LFC (log2 fold change)
values, dNSAF values and sorted using QPROT-FDR (false discovery rate). Statistically significant interactions are highlighted in green.
These proteins were detected in at least three out of four experimental replicates, as listed. TALE proteins with FDR value >0.05 or not
detected (n.d.) in this experiment are highlighted in red.
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differences in this region of HOXB1 lead to functional
diversification. It is interesting that the level of rescue
observed by replacing the whole C-terminal region (Chi-
mera-8) is lower than that found by replacing only the six
amino acids of the CTM (Chimera-9), 6.3% versus
34.6%, respectively. This suggests that interactions
with other sequences in the C-terminal region have the
potential to impact the role of the CTM or other do-
mains in HOX1 proteins (Fig. 5A).

The CTM regionmodulates HOX1 interactions with PBX

The amino acid differences between HOXA1 and HOXB1
could directly alter interactions with DNA or modify pro-
tein–protein interactions and indirectly impact DNA-
binding specificity (Treisman et al. 1989; Brickman et al.
2001; Merabet and Mann 2016). To begin to investigate
the role of CTM region we compared the DNA-binding
properties of Labial, HOXA1, HOXB1, Chimera-9, and

A

C D

B

Figure 5. Small differences in multiple regions functionally separate HOXA1 from HOXB1. (A) Schematic showing the first exon of the
labial gene (top) along with diagrams of chimeric mouse HOX proteins (bottom) generated by replacing different regions of HOXB1 (yel-
low) with those of HOXA1 (red) proteins. Domains of the HOX proteins are indicated. (–) N-terminal, (HP) hexapeptide, (LK) linker, (HD)
homeodomain, (CT) C-terminal. Survival rates of these genetic lines or genotypes are listed on the right. (B) Amino acid sequence align-
ment of LK, HD, and CT regions of Labial, HOXA1, andHOXB1. The line diagrams below represent position of regions replaced in each of
the chimeras. (C ) Protein sequence alignment around the CTM region among arthropods Labial (listed at the left). (D) Protein sequence
alignment around the CTM region among vertebrate (listed at the left) HOXA1 and HOXB1. The CTM region among nonmammalian
HOXB1 shows a high conservation of KEGLAP sequence but in mammals there is an insertion of a glycine (G) amino acid (blue) and con-
servation (pink) of only three amino acids.
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Chimera-10 in an in vitro electrophoretic mobility shift
assay (EMSA). We used a previously characterized
HOXA1 target site identified downstream from Meis3
(De Kumar et al. 2017b). In vivo, theMeis3 site shows en-
riched occupancy of Labial, HOXA1, PBX, and Meis, but
HOXB1 shows only weak occupancy (Fig. 6A). In contrast,
in vitro,we observed binding of HOXA1, HOXB1, and La-
bial along with PBX on the Meis3 oligo containing the
bipartite PBX-HOX motif (Supplemental Fig. S7A). To in-
vestigate the role of the CTM in DNA-binding properties
of HOX1 proteins we used a comparative EMSA approach
that quantified the binding affinity/stability of HOX-PBX-
DNA ternary complexes on this site (Fig. 6B,C). We found
that replacing the CTM of HOXA1 with that of HOXB1
(Chimera-10) reduces the affinity of interaction with
PBX from 100% to 77%. Conversely, replacing the CTM
of HOXB1 with that of HOXA1 (Chimera-9) enhances
binding with PBX from 100% to 166%. To further gener-
alize this observation to other loci in the genome, we re-
peated same experiment with a previously characterized
binding site (R3) for HOX1 proteins on an auto/cross-reg-
ulatory element upstream of mouseHoxb1 (Pöpperl et al.
1995; Ferretti et al. 2005) and observed similar results (Fig.
6C; Supplemental Fig. S7C). This shows that the CTM re-
gion of HOXA1 enhances the affinity/stability of HOX–
PBX–DNA ternary complexes. To explore whether the in-
teraction of the CTM region with PBX is evolutionarily
conserved, we performed similar experiments with Exd,
a Drosophila homolog of mouse PBX (Supplemental Fig.
S7B). We observed a similar role for the CTM of HOXA1
in enhancing affinity/stability of ternary complexes.
These data further support the functional in vivo rescue
results in Drosophila, where presence of the CTM region
of HOXA1 improves the rescue efficiency.

While these results indicate that the CTM region can
modulate the binding affinity of HOX1 interactions PBX
onDBAwe next exploredwhether it is sufficient for inter-
acting with PBX. In most HOX proteins, the hexapeptide
domain is the primary region involved in direct physical
interactions with PBX, but this domain is identical in
HOXA1 and HOXB1. Some HOX–PBX interactions can
also occur through other regions of HOX proteins (Mera-
bet et al. 2003; Merabet and Mann 2016; Dard et al.
2018). Therefore, we compared the in vitro binding affini-
ty of HOXA1, HOXB1, Chimera-9, and Chimera-10 pro-
teins with and without the hexapeptide regions. In all
cases, we observed a complete absence of binding in these
proteins on the Meis3 and R3 probes when the hexapep-
tide was deleted (Fig. 6B,C; Supplemental Fig. S7B,C).
These data reveal that the CTM of HOXA1 is not suffi-
cient for mediating interactions with PBX. Our in vitro
and in vivo binding properties of HOXA1 and HOXB1 pro-
teins suggest that CTM region of HOXA1 has a conserved
ability to enhance binding affinity/stability of HOX1/PBX
complexes on DNA target sites.

To explore potential interactions between theCTMand
PBX we used an in silico bioinformatics method (I-
TASSER [iterative threading assembly refinement]) for
predicting three-dimensional structure using a previously
identified structure for the HP-HD region of human

HOXB1 as a template (Piper et al. 1999; Roy et al. 2010).
Overlay of the predicted 3D structures show similar con-
formations of the HD regions. However, the CTM regions

A

C

B

Figure 6. ComparingDNA-binding properties ofHOXprotein in
vivo and in vitro. (A) An enhancer region downstream fromMeis3
gene (dotted box) is occupied by HOXA1 (red) and Labial (blue),
MEIS (Jade) and PBX (Maroon); however, HOXB1 binding is very
weak in in vivo ChIP-seq experiments. (B) Full-length protein of
HOXA1, HOXB1, Chimera-9, and Chimera-10 along with hexa-
peptide deletion mutant versions (ΔHP) were prepared in vitro.
(C ) EMSA in vitro assay with bipartite motif (bold sequence be-
low the genome browser shot) in Meis3 enhancer show unbound
probe at the bottom while PBX1–HOX–DNA ternary complex
runs slow in the gel. Template is added in all the wells while
PBX1 and different HOX proteins are mentioned above the gel.
Same amounts of template, PBX and different versions of HOX
proteins were added in all the wells. Quantification of intensity
of PBX1–HOX–DNA ternary complex is indicated below the
gel. Band intensity of Chimera-10 (77%) is normalized to that of
full-length HOXA1 + PBX lane (100%). Similarly, intensity of
the band in Chimera-9 (166%) is normalized to that in
HOXB1 + PBX lane (100%).
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in Labial, HOXA1, and Chimera-9 are similar to each oth-
er, but they are different from that in HOXB1 (Fig. 7A). We
extended this analysis to include PBX, through align-
ments based on the structure of a ternary complex con-
taining a human HOXB1–PBX1 heterodimer bound to
DNA (Fig. 7B; Piper et al. 1999). The structural alignments
predict bending of the CTM regions of Labial, HOXA1,
and Chimera-9 toward PBX, while the CTM of HOXB1
bends in the opposite direction. This suggests that the
CTM region may contribute to differences in physical in-
teractions of HOXA1 and HOXB1 with PBX in vivo. This
is consistent with our proteomic data, functional analyses
and in vivo and in vitro binding properties demonstrating
that, in contrast to HOXB1, HOXA1 and PBX proteins ex-

ist in the same complex on chromatin and there is enrich-
ment in genome-wide co-occupancy of HOXA1 with
TALE proteins (Figs. 3, 4). Hence, in addition to the HP re-
gion, the CTM appears to provide an important domain
for interaction of HOXA1 proteins with PBX, which can
modulate their genome-wide binding properties and
function.

Discussion

The availability of large-scale genome sequencing and
gene expression profiling has significantly improved our
ability to understand how evolutionary forces act at

A

B

Figure 7. Structural alignment of predicted HOX1 orthologs with Pbx and DNA. (A) The top panels show structural alignments of pre-
dicted protein models of HP through C-terminal regions of Labial (blue), HOXA1 (red), HOXB1 (yellow), and Chimera-9 (green). The bot-
tom panels show zoomed-in views of respective boxed areas to visualize the bending patterns of the CTM region represented by color-
matched arrows. Known crystal structure of human HOXB1 (PDB ID: 1B72A) is shown at the left. (B) Predicted 3D structure of HP to
end of the Labial, HOXA1, HOXB1, and Chimera-9 were then aligned to human HOXB1 in Pbx–HOXB1–DNA ternary complex to exam-
ine the position of CTM region (orange) with respect to PBX. In Labial (blue), HOXA1 (red), and Chimera-9 (green) CTM region bends to-
ward PBX (olive green) protein but HOXB1 (yellow) displays bending in opposite direction (boxed with black arrow).
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regulatory regions of the genome for the divergence of the
ancestral genes (Brookfield and Sharp 1994; Nurminsky
et al. 1998; Sandve et al. 2018). However, how amino
acid changes impact protein function are poorly under-
stood (Soskine and Tawfik 2010). In this study we per-
formed in vivo cross-species functional analyses of three
mouse HOX1 paralogs with theirDrosophila ortholog La-
bial to investigate the maintenance and diversification of
ancestral protein function at the molecular and organism
level. The functional analyses of chimeric proteins insert-
ed into the Drosophila labial locus to show that a novel
six-amino-acid CTM region is critical in mediating differ-
ences in the ancestral activity ofHOXA1 andHOXB1.Our
analyses indicate that small amino acid changes played a
major role in the diversification of HOX1 protein function
in development and evolution. These findings raise a
number of issues relevant for understanding the evolution
of proteins function.

Ancestral activity and neofunctionalization of mouse
HOX1 paralogs

The process of gene duplication during vertebrate evolu-
tion provides substrates for functional divergence and
emergence of evolutionary novelties. Gene duplication re-
laxes the functional constraint on an essential gene, and a
random evolutionary process is expected to lead to sub-
functionalization of ancestral activities among paralogs
(Force et al. 1999). However, a striking finding from our
analyses is that HOXA1 has selectively retained ancestral
functions ofDrosophila Labial despite extensive sequence
divergence of these proteins over 600million years. While
HOXA1 and HOXB1 were thought to be functionally re-
dundant in mouse (Tvrdik and Capecchi 2006), our data
demonstrate that HOXB1 has lost ancestral activity and
displays genome-wide binding properties and targets
that are distinct from those of HOXA1. The occupancy
of HOXB1 andHOXA1 correlates with downstream target
genes involved in different biological processes (Supple-
mental Fig. S5) and functional differences in their roles
in mouse development and fitness (Tvrdik and Capecchi
2006; Ruff et al. 2017). These observations suggest neo-
functionalization of HOXB1 and HOXD1 during the
duplication and divergence of HOX1 genes in evolution
of vertebrates. Our functional analysis of HOX1 proteins
is consistent with the classical neofunctionalizationmod-
el where HOXA1maintains ancestral functions while the
other paralogs have evolved new functions or been lost
(Ohno 1970).

Sequence similarity does not always reflect conserved
protein function

All three mouse HOX1 paralogs (HOXA1, HOXB1, and
HOXD1) display similar low levels of sequence similarity
with Drosophila Labial. However, surprisingly we found
that the most divergent regions do not account for the
functional differences between these proteins associated
with ancestral activity. Instead, small differences in mul-
tiple domains of mammalian HOX1 proteins have a pro-

found impact in protein function and underlie the in
vivo differences in their ability to fulfill the ancestral
functions of Labial. The key functional differences in ami-
no acids lay outside of the highly conserved hexapeptide
and homeodomain, indicating that other domains impact
specificity and function. Our analysis uncovered a six-
amino-acid motif (CTM) flanking the homeodomain,
that serves as a major determinant for conservation of an-
cestral Labial activity in HOXA1 protein. Generally, se-
quence similarity between two proteins is assumed to
be the best predictor of functional conservation, but our
work illustrates this simple formulation may not reveal
the full spectrum of protein evolution and functional
divergence.

HOX1 and PBX interactions

Our genomic and proteomic analyses of HOXA1 and
HOXB1 in differentiated mouse ES cells revealed key dif-
ferences in their genome-wide interactions with PBX in
vivo. HOXA1, but not HOXB1, shows an enrichment in
genome-wide co-occupancy with PBX proteins on target
sites and HOXA1 and PBX exist in the same complex on
chromatin (Figs. 3, 4). In vivo analysis inDrosophila iden-
tified the CTM region as a key determinant of the func-
tional differences between HOXA1 and HOXB1. The in
vitro biochemical data revealed that the CTM region of
HOXA1 enhances its ability to directly interact with
PBX on target sites (Fig. 6C; Supplemental Fig. S7C). Evo-
lutionary divergence of the CTM region in HOXB1 reduc-
es its ability to interact with PBX, and this can be restored
by replacing the CTM of HOXB1 with that of HOXA1.
These findings highlight the importance of HOX–PBX in-
teractions in functional specificity of HOX proteins.

The hexapeptide domain of HOX proteins is consid-
ered as the primary region involved in direct physical in-
teractions with cofactor PBX (Chang et al. 1995; Chan
et al. 1996; Merabet and Mann 2016). However, recent
studies have provided evidence for additional HOX–
PBX interaction domains in several Drosophila and ver-
tebrate HOX proteins. These domains are highly variable
in terms of their location and sequences along the HOX
proteins (Merabet et al. 2003; Merabet and Mann 2016;
Dard et al. 2018). It is interesting that by analogy to
the CTM of HOXA1, a nine-amino-acid paralog-specific
UBDA motif has been identified immediately C-terminal
to the HD in Drosophila Ubx and Abd-A HOX proteins
(Chan and Mann 1993; Merabet et al. 2007; Saadaoui
et al. 2011). The UBDA motif was further characterized
biochemically and structurally and found to be a flexible
extension in DNA recognition by the homeodomain and
provide an alternative interaction mode with Exd/PBX
proteins (Foos et al. 2015). This is in contrast to the
CTM, which is not sufficient to mediate interactions
with PBX independent of the hexapeptide domain. In-
triguingly, the in silico structure prediction shows that
the CTM region has different conformations between
HOXA1 and HOXB1 that alter its relative proximity to
PBX. The conformation in HOXA1 is similar to that of
the motif in Labial and, in both cases, brings them closer

Singh et al.

1690 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.342329.120/-/DC1


to PBX, while HOXB1 bends in the opposite direction.
This is consistent with the idea that the CTM represents
an additional domain for HOX-PBX interaction and
changes in this region modulate this interaction thereby
altering HOX1 function. This suggests that differences in
protein–protein interactions through CTM region are
likely to impact DNA-binding specificity of HOXA1
and HOXB1. These data suggest that loss of CTM region
in mouse HOXB1 have contributed to its diversion from
ancestral activity.
Our functional and biochemical analyses, together with

other studies, show that there are diverse types of HOX–
PBX/Exd interactions, which aremediated throughmulti-
ple determinants spread over the proteins (Merabet and
Mann 2016). The presence of a variety of HOX–PBX inter-
action domains in Drosophila and mouse HOX proteins
provides a means for diverse inputs that could be utilized
for the diversification of protein function during evolu-
tion. These interaction domains appear to provide a
commonly used target for diversification of paralog-spe-
cific HOX protein functions during evolution, as our
functional studies have shown for the CTM region of
HOX1proteins.

Materials and methods

Protein sequence alignments

Protein sequences were downloaded fromNCBI protein database
and aligned using Vector NTI software using default settings.
Multiple alignment tool of NCBI was used with default settings
to align Drosophila Labial with mouse HOXA1 and HOXB1 pro-
teins because vector NTI software was inefficient in aligning
highly diverged regions outside the homeodomain (Altschul
et al. 1997).

Drosophila melanogaster culture

Drosophila culture was done using standard protocol and all ex-
periments were performed at 25°C. The labial gene mutant
(Lab4) was obtained from Bloomington Drosophila stock center.
All the fly lines generated in this study are listed in Supplemental
Table S1 to explain their name, genotype, and expressed protein.

Generation of Drosophila knock-in lines

Two guide RNAs (gRNAs) separated by 68 nt were designed and
cloned in pCFD3-dU6:3gRNA (Addgene plasmid # 49410) to tar-
get labial gene close to start codon (ATG) in the germline (Port
et al. 2014). Targeting cassettes consisted of the homology se-
quences and gene of interest with 3xFLAG-1XMyc epitope tag
to insert it at the start codon of labial gene (Supplemental Table
S2). These cassettes also had flanking Gypsy insulator to mini-
mize positional effect due to site of integration andUbiquitin pro-
moter-mCherry as a transformant marker with flanking loxP
sequences enabled the removal of these sequences in the presence
of Cre protein. All the sequences were assembled in pUC19 vec-
tor usingGibson assembly. In the case of labial targeting cassette,
the gRNA target regions were modified without changing amino
acid sequences to avoid targeting of gRNAs on the cassette (Sup-
plemental Table S2). Plasmid DNAs of targeting cassette and
gRNAwere coinjected in nos-Cas9 fly embryos. Injected embryos
were grown at 25°C and adult hatched flies were crossed to flies

with third chromosome balancer and progeny were screened for
mCherry expression. These lines were further crossed with Cre
expressing flies to remove “loxP-Gypsy insulator-Ubiquitin
promoter-mCherry-Gypsy insulator-loxP” cassette and screen
for loss of mCherry expression. The mCherry negative flies
had only the inserted gene of interest with 3xFLAG tag and a
loxP. Insertion of the required gene was confirmed by sequencing
and only these lines were used for phenotypic analysis. Primer
sequences used for gRNA and Gibson assembly of gfp, labial,
Hoxa1, Hoxb1, and Chimeras are listed in Supplemental
Table S2.

Whole-mount RNA in situ hybridization in embryos

The labial RNA in situ was performed to assess the expression of
the genes in 5- to 6-h-old wild-type embryos. We followed the
published protocol except that the experiments were done in
microfuge tubes instead of 96-well plates (Weiszmann et al.
2009). A 442-bp-long fragment from 5′ end of labial gene was am-
plified using the following primers: Lab-F (CTGTGTGGCAAGT
GAAGGGT) and SP6 promoter sequence contained reverse prim-
er SP6-labR (ATTTAGGTGACACTATAGAGAGTGGCTAC
TAGGATGGA). The amplified fragment was used for making
the probe using in vitro transcription.

Immunostaining

Drosophila embryos, larval eye-antennal and brain disc were
immunostained using 1:80 diluted anti-FLAG antibody (Sigma
F1804), 1:20 anti-Fas-II (DSHB 1D4), 1:40 anti-Elav (DSHB
7E8A10), and anti-Abd-A antibody (1:50 dilution; Santa Cruz Bio-
technology SC-27063). In brief, 5- to 6-h-old embryos were fixed
in 4% formaldehyde for 30 min, blocked for 2 h in PBSTB (1×
PBS+0.1% Triton +1% BSA+1% donkey serum) and incubated
overnight in PBSTB with primary antibody. Embryos were
washed in PBSTB and reincubated in 1:300 diluted fluorescence
tagged secondary antibody. Finally, embryos were washed and
mounted in VectaShield antifade mounting medium with DAPI
for imaging. Imaginal discs were processed similarly for immu-
nostaining except that we fixed dissected imaginal discs from
third instar larvae in 4% paraformaldehyde. All images were tak-
en using Zeiss confocal microscope and images were processed
and analyzed using Zen software fromZeiss and ImageJ software.
Adobe Photoshop was further used to arrange all the images in fi-
nal figures without any additional processing.

Preparation of larval cuticle

Larval cuticle was prepared for phenotypic analysis of mouth
hook from WT, labial mutant (lab4), Hoxa1, and Hoxb1 knock-
in lines. Larvae were washed and mounted in lactic acid:H2O
(3:1) medium and incubated for 72 h at 60°C to digest the internal
parts (Stern and Sucena 2011). Cleared larvae were imaged using
stereo microscope in light and dark field modes.

Larval feeding behavior

Food intake was tracked by feeding larvae with fly food contain-
ing food dye (Melcher and Pankratz 2005). Hoxb1-KI heterozy-
gous, and homozygous embryos were sorted using GFP-
expressing balancer chromosome. The embryos were then trans-
ferred to fly food with 1% blue food dye. After 48 h, larvae were
collected from the food and imaged for localization of the food.
Mouth hook extension of the second instar larvae of heterozy-
gous and homozygous Hoxb1-KI larvae was analyzed in 2%
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baker’s yeast medium (Bhatt and Neckameyer 2013). Frequency
of mouth hook contraction was counted manually for 20 WT
and Hoxb1-KI larvae under microscope. For calculating average
contraction rate, we omitted data of Hoxb1-KI homozygous lar-
vae that show very few or no contractions per minute.

Electron microscopy

Adult heads were imaged using Hitachi TM1000 table-top scan-
ning electron microscope. To avoid any change in bristle pattern
of the head, the heads were detached from the body and immedi-
ately imaged without any processing. A darker color contrast is
used in the images for better visualization of the bristle
phenotypes.

Mouse embryonic stem cell culture

Feeder free culture was used to grow transgenic KH2 cells using
N2B27+2i medium supplemented with 2000 units/mL ESGRO
(Millipore) (De Kumar et al. 2017a). Cells were differentiated in
neurponal fate on a gelatinized plate using differentiation media
(DMEM+10% [v/v] serum+nonessential amino acids + 3.3 µM
RA). ES cells were harvested at 80%–90% confluency for the ex-
periments. We generated single-copy transgenic mouse KH2 ES
cell line (Open Biosystems MES 4304) by inserting 3XFLAG-
Myc-tagged Hoxa1, Hoxb1, and labial at modified Col1A1 locus
that encodes the type I collagen protein under tight control of a
doxycycline (Dox)-inducible promoter (Beard et al. 2006). All
cell lines were tested for karyotype stability. A FACSCalibur
was used to analyzeDNA context andmeasure indirect inference
karyotype stability. The conditions for Dox induction and pro-
grammed differentiation of the ES cells were optimized so that
the expression levels of the epitope-tagged versions were at levels
comparable with endogenous the Hox gene (De Kumar et al.
2015, 2017b). To assess the genome-wide DNA-binding proper-
ties by ChIP-seq we differentiated mouse ES cells for 24 h using
retinoic acid (RA) and simultaneously induced epitope tagged
HOX protein expression using optimized levels of doxycycline
(1 mg/mL).

ATAC and ChIP-seq

We observed previously that program differentiation of ES cells
into neuronal fates using retinoic acid (RA) leads to sequential ac-
tivation ofHox genes in amannermimicking their induction dur-
ing embryonic development (Simeone et al. 1990, 1991;
Papalopulu et al. 1991; Mazzoni et al. 2013; Sheikh et al. 2014;
De Kumar et al. 2015). The expression of the epitope-tagged ver-
sion of HOX proteins in response to RA is optimized to express as
comparable with that of the endogenous gene (De Kumar et al.
2017b). ChIP-seq of HOXA1, HOXB1 and Labial proteins were
done using anti-FLAG antibody in 24 h RA differentiated KH2
ES cells. ChIP was performed as per the Upstate protocol as de-
scribed in Smith et al. (2010). ATAC-seq was done following the
protocol of Buenrostro et al. (2015) using ∼50,000 feeder-free
uninduced and 24-h differentiated ES cells. ATAC-seq and
ChIP-seq for PBX, MEIS, REST, NANOG were performed on 24-
h RA differentiated unmodified KH2 ES cells. The following anti-
bodies were used for ChIP-seq experiments: anti-FLAG (Sigma-
Aldrich F1804), anti-PBX (Santa Cruz Biotechnology SC-888),
anti-MEIS (Santa Cruz Biotechnology SC-25412), anti-P300 (San-
ta Cruz Biotechnology SC-585X), anti-H3K27Ac (Abcam ab4729),
anti-H3K4me3 (Abcam ab8895), and anti-NANOG (Cell Signal-
ing Technology D1G10). All raw data files for ChIP-seq, ATAC-
seq data have been submitted to the NCBI BioProject data-

base (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA503882,
PRJNA341679, and PRJNA335616) and Sequence Read Archive
under accession numbers SRX4980243 to SRX4980246. All orig-
inal source data are also deposited in the Stowers Institute Orig-
inal Data Repository and available online at http://odr.stowers
.org/research/publications/libpb-1565.

Genomic analysis

ATAC-seq and ChIP-seq reads were aligned to mm10 with bow-
tie2 default parameters (Langmead and Salzberg 2012). For
ATAC-seq processing, we removed duplicates and retained frag-
ments with max insert size 500 bp and concordant pairs with
MAPping quality (MAPQ) values > = 10. We used ataqv software
package for ATAC-seq quality control (QC) (Orchard et al.
2020). ChIP-seq peaks were called with MACS2 parameters “-p
0.25 -m 5 50” to ensure sufficient peaks for IDR analysis (Zhang
et al. 2008).MACS2 peak coordinates were trimmed back tomeet
the actual IP signal. For all the duplicates, the top 100,000 peaks
by P-value were sent through IDR 2.0.7, and paired peaks with
MACS2 fold change≥ 4, q-value≤0.05, and IDR global P≤ 0.1
were collected (Supplemental Table S3). HOXA1 and HOXB1
ChIPs were performed multiple times independently (Supple-
mental Table S3). To generate a common peak list, we analyzed
biological replicates done at same and different time points sepa-
rately. For the replicates done at different time points, the top
30,000 peaks by P-value peaks were also subset at greater than
or equal to fourfold change. To further reduce noise from the
five HOXB1 single-replicate samples, all five peak lists were com-
pared, and only peaks found in at least two replicates were
retained.
Binding peaks of HOXA1 and HOXB1 were analyzed with

binding peaks of Labial, PBX, MEIS, REST, and NANOG in
24-h RA differentiated mouse ES cells to find the overlapping/
co-occupied regions in the genome. Heat maps were generated
using Bioconductor CoverageView package for R. Heat map val-
ues are produced by normalizing reads to per million and taking
log fold change (RPM-LFC) between IP and input and only pos-
itive values are plotted using hierarchical clustering. HOXB1
heat map is generated using highest RPM-LFC data among the
HOXB1 experiments using common peak list. Transcription fac-
tor-binding motifs in the HOXA1- and HOXB1-binding peaks
were analyzed using HOMER motif analysis tool (Heinz et al.
2010).

Gene ontology (GO) analysis of the HOXA1 and HOXB1 target genes

Protein-coding genes nearest to the HOXA1 and/or HOXB1
bound peaks were extracted (version Ensembl 91) and queried
for enrichedGO terms using theGeneOntology.orgMay 2018 da-
tabase release (The Gene Ontology Consortium 2015; Huntley
et al. 2015). For each term, counts were taken as all hits to the
term itself or any of its child terms. Terms for gene lists were
compared with the remaining genes in the database using a
one-tailed Fisher’s exact test, BH-adjusted P-value ≤ 0.05. Only
significant terms with three or more genes in the list were re-
tained or if >25% of all genes in the database with that term
were also in the gene list.

Immunoprecipitation followed by MudPIT

Immunoprecipitations were performed for HOXA1 and HOXB1
proteins by anti-FLAG antibody Agarose beads (Sigma Aldrich
A2220) using chromatin extract of retinoic acid differentiated
mouse ES cells (Aygun et al. 2008; De Kumar et al. 2017b).
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Protein complexes associated with HOXA1 and HOXB1 were
identified using MudPIT (multidimensional protein identifica-
tion technology) on a LTQ linear ion trap mass spectrometer
(Thermo Scientific) coupled to a Quaternary Agilent 1100 series
HPLC pump and nano-LC electrospray ionization source. Tan-
dem mass (MS/MS) spectra were interpreted using ProluCID
(Cai et al. 2015) against a database consisting of 78014 nonredun-
dant Mus musculus proteins (NCBI June 23, 2016, release), 193
usual contaminants (human keratins, IgGs, and proteolytic en-
zymes). DTASelect (Laurikkala et al. 2002) and swallow, an in-
house-developed software (v. 0.0.1, https://github.com/tzw-
wen/kite), were used to filter ProLuCID search results at given
FDRs at the spectrum, peptide, and protein levels. Here all con-
trolled FDRs were <5%. All 16 data sets (four IP replicates of
HOXA1 and HOXB1 and four control IP replicates of HOXA1
and HOXB1) were contrasted against their merged data set using
Contrast v1.9 and in-house-developed sandmartin v0.0.1. Our in-
house-developed software, NSAF7 v0.0.1, was used to generate
spectral count-based label-free quantitation results (dNASF)
(Zhang et al. 2010). QPROTwas used to assess the significant en-
richment or depletion of affinity-purified proteins compared with
negative controls (Choi et al. 2008). Mass spectrometry data
files are available from Massive at ftp://MSV000085127@massi-
ve.ucsd.edu (password NPS01146) and ProteomeXchange
(PXD018127).

Structure prediction and alignment

Three dimensional structures of HOXA1, HOXB1, Labial, and
Chimera-9 proteins from hexapeptide to end of the protein were
predicted using online software I-TASSER (iterative threading as-
sembly refinement) using the known structure of ahuman
HOXB1 protein (PDB ID-1B72) as a template (Roy et al. 2010).
These structureswere further aligned using PyMOL (The PyMOL
molecular graphics system, version 2.0, Schrödinger, LLC) to un-
derstand the implication of structural changes on interaction
with Pbx and DNA.

Electrophoretic mobility shift assays (EMSA)

In vitro binding properties of HOXA1, HOXB1, and their variants
were tested on PBX-HOX bipartite motif oligos of Meis3
(CCCCTGCTGTGATGGATGGCCAGGCCTG) and Hoxb1
(GGGGTGATGGATGGGCGCTG) enhancers. Binding reaction
was performed in 1× binding buffer (10 mM Tris-Cl at pH 7.5,
75 mM NaCl, 1 mM EDTA, 6% glycerol, 3 mM spermidine, 1
mM DTT, 1 µg of poly[dIdC], protease inhibitor) with in vitro
translated protein (Tnt Promega kit) and 0.2 pmol of P-32 labeled
oligonucleotides for 30 min on ice. In all these reactions labeled
probe was added after all other components to start the reaction
at similar time. In the cold competition reactions, the Cold com-
petitor were added after 30min of the reactionwith hot probe and
the reaction was further incubated for another 30 min. A mutant
version of the Meis3 oligo (CCCCAGTCACCCCTGCTG) was
used to assess the binding at the bipartite motif. Monoclonal
anti-FLAG (Sigma F1804) was used in the reaction for supershift
experiments. All reactions were run on 6% PAGE gels with
0.5× TBE buffer. For comparing affinity/stability of HOXA1
with its variants (HOXA1-ΔHP, Chimera-10, and Chimera-
10ΔHP) and HOXB1 with its variants (HOXB1-ΔHP, Chimera-9,
and Chimera-9ΔHP) we quantified in vitro translated proteins us-
ing western blot. Equal amount of HOXA1 and HOXB1, and var-
iant proteinswere used in the EMSAexperiments. Quantification
of shifted band in HOXA1, Chimera-10, HOXB1 and Chimera-9

samples were done using image quant software from GE
healthcare.

Data and material availability

All original source data are deposited in the Stowers Institute
Original Data Repository and are available online at http://odr
.stowers.org/research/publications/libpb-1565. Drosophila lines
generated and/or analyzed during this study are available on re-
quest. All software used in this study is published and publicly
available: Vector NTI (https://www.thermofisher.com/us/en/
home/life-science/cloning/vector-nti-software.html), Bowtie 2
(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml), MACS2
(https://taoliu.github.io/MACS), CoverageView (https://biocondu
ctor.org/packages/release/bioc/html/CoverageView.html), MEME
(http://meme-suite.org), GO term (http://geneontology.org), and
I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER). All
the parameters used for analyses of our data using this software
is mentioned in the Materials and Methods.
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