
228  |     Develop. Growth Differ. 2019;61:228–251.wileyonlinelibrary.com/journal/dgd

 

Received: 30 August 2018  |  Revised: 22 January 2019  |  Accepted: 23 January 2019

DOI: 10.1111/dgd.12601

O R I G I N A L  A R T I C L E

Hoxa13 regulates expression of common Hox target genes 
involved in cartilage development to coordinate the expansion of 
the autopodal anlage

Shiori Yamamoto1 |   Yuji Uchida1 |   Tomomi Ohtani1 |   Erina Nozaki1 |   Chunyang Yin1 |   
Yoshihiro Gotoh1 |   Nayuta Yakushiji-Kaminatsui2 |   Tetsuya Higashiyama1,3 |   
Takamasa Suzuki4 |   Tatsuya Takemoto5 |   Yo-ichi Shiraishi1 |   Atsushi Kuroiwa1

1Division of Biological Science, Graduate School of Science, Nagoya University, Nagoya-shi, Aichi-ken, Japan
2School of Life Sciences, Federal Institute of Technology, Lausanne, Lausanne, Switzerland
3Institute of Transformative Bio-Molecules (WPI-ITbM), Nagoya University, Nagoya-shi, Aichi-ken, Japan
4Department of Biological Chemistry, College of Bioscience and Biotechnology, Chubu University, Kasugai-shi, Aichi-ken, Japan
5Laboratory for Embryology, Institute for Advanced Medical Sciences, Tokushima University, Tokushima, Japan

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2019 The Authors. Development, Growth & Differentiation published by John Wiley & Sons Australia, Ltd on behalf of Japanese Society of Developmental 
Biologists

Abbreviations: ChIP, Chromatin immunoprecipitation; ChIP-Seq, ChIP-sequencing; HBS, HOX binding sequence; KO, knock out; PCR, polymerase chain reaction.

Correspondence
Yo-ichi Shiraishi and Atsushi Kuroiwa, 
Division of Biological Science, Graduate 
School of Science, Nagoya University, 
Nagoya-shi, Aichi-ken, Japan.
Emails: shiraishi.yo-ichi@h.mbox.nagoya-u.
ac.jp;akuro@bio.nagoya-u.ac.jp

Funding information
MEXT KAKENHI, Grant/Award Number: 
JP5124703; JSPS KAKENHI, Grant/
Award Number: JP16K07369; Foundation 
for Promotion of Material Science and 
Technology of Japan (MST Foundation); 
The Ichiro Kanehara Foundation for the 
Promotion of Medical Sciences and Medical 
Care; Joint Usage and Joint Research 
Programs, the Institute of Advanced Medical 
Sciences, Tokushima University; Integrative 
Graduate Education and Research in Green 
Natural Sciences Program (Ministry of 
Education, Culture, Sports, Science and 
Technology, Japan); Japan Science and 
Technology Agency, Grant/Award Number: 
JPMJER1004; Research Foundation for the 
Electrotechnology of Chubu

To elucidate the role of Hox genes in limb cartilage development, we identified the 
target genes of HOXA11 and HOXA13 by ChIP- Seq. The ChIP DNA fragment con-
tained evolutionarily conserved sequences and multiple highly conserved HOX binding 
sites. A substantial portion of the HOXA11 ChIP fragment overlapped with the 
HOXA13 ChIP fragment indicating that both factors share common targets. Deletion 
of the target regions neighboring Bmp2 or Tshz2 reduced their expression in the auto-
pod suggesting that they function as the limb bud- specific enhancers. We identified 
the Hox downstream genes as exhibiting expression changes in the Hoxa13 knock out 
(KO) and Hoxd11-13 deletion double mutant (Hox13 dKO) autopod by Genechip analy-
sis. The Hox downstream genes neighboring the ChIP fragment were defined as the 
direct targets of Hox. We analyzed the spatial expression pattern of the Hox target 
genes that encode two different categories of transcription factors during autopod 
development and Hox13dKO limb bud. (a) Bcl11a, encoding a repressor of cartilage dif-
ferentiation, was expressed in the E11.5 autopod and was substantially reduced in the 
Hox13dKO. (b) The transcription factors Aff3, Bnc2, Nfib and Runx1t1 were expressed 
in the zeugopodal cartilage but not in the autopod due to the repressive or relatively 
weak transcriptional activity of Hox13 at E11.5. Interestingly, the expression of these 
genes was later observed in the autopodal cartilage at E12.5. These results indicate 
that Hox13 transiently suspends the cartilage differentiation in the autopodal anlage 
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1  | INTRODUCTION

The tetrapod free limb is subdivided into three anatomical domains 
along the proximodistal axis: the stylopod, zeugopod and autopod. 
These domains possess a specific number and pattern of the bones 
and each bone possesses a unique morphology and length. During 
limb development, the mesenchymal cells of the limb bud first form 
precartilaginous aggregates, which eventually grow and differentiate 
into the limb cartilage (Gilbert & Barresi, 2016). The process occurs 
sequentially in the proximal to distal direction with the growth of 
the limb bud. Expression of Hox genes belonging to the Abd-B family, 
Hox9-13, is closely related to the anatomical domains of the limb bones 
(Izpisua- Belmonte, Tickle, Dolle, Wolpert, & Duboule, 1991; Yokouchi, 
Sasaki, & Kuroiwa, 1991) and crucial for controlling morphogenesis 
and patterning of the limb cartilage (Pineault & Wellik, 2014). Hoxa11 
and Hoxd11 show overlapping expression in the zeugopodal mesen-
chyme and simultaneous loss of function of both genes in the forelimb 
bud results severe truncation of the zeugopodal bones without af-
fecting the other long bones (Boulet & Capecchi, 2004; Davis, Witte, 
Hsieh- Li, Potter, & Capecchi, 1995). Hoxa13 and Hoxd13 are expressed 
in the autopodal mesenchyme and double knockout (KO) mice have 
smaller autopods during the embryonic stage and there was almost no 
sign of cartilage patterning in the entire autopod (Fromental- Ramain 
et al., 1996). These double homozygous KO mice exhibited much more 
severe phenotypes than single homozygous KOs suggesting that 
the paralogous genes are functionally redundant (Davis et al., 1995; 
Fromental- Ramain et al., 1996). A further role for Hox in domain- 
specific cartilage development was shown by misexpression of Hox 
in the limb mesenchyme. Viral or genetic misexpression of Hoxa13 or 
Hoxd13 in the zeugopodal mesenchyme repressed cartilage differenti-
ation and proliferation resulting in zeugopod- specific cartilage trunca-
tion (Goff & Tabin, 1997; Peichel, Prabhakaran, & Vogt, 1997; Yokouchi 
et al., 1995). Thus, Hox genes are expressed in a domain- specific man-
ner in the limb bud mesenchyme and have a crucial function in domain- 
specific cartilage morphogenesis. Since Hox encodes a transcription 
factor, Hox target genes function in region/compartment- specific for-
mation of the precartilaginous condensation, cellular differentiation 
and proliferation of the cartilage.

In contrast, Hox genes also control the expression of Fgf10 in the 
distal limb mesenchyme and Shh in the posterior mesenchyme to reg-
ulate limb outgrowth and proper supply of mesenchymal cells in coor-
dination with the developmental time course of the limb bud (Capellini 
et al., 2006; Kmita et al., 2005; Sheth et al., 2013). How this growth 
control system coordinates with the domain- specific cartilage pattern 
formation system is an important question that remains to be resolved.

In order to understand the system that determines domain- 
specific limb cartilage development, it is essential to identify the 
direct Hox target genes. While limited numbers of Hox downstream 
genes have been reported, the known function of these genes 
does not sufficiently explain the Hox loss- of- function phenotype 
(McCabe & Innis, 2005; Salsi & Zappavigna, 2006). Recently the 
Hox target genes in the limb bud were exhaustively identified by 
ChIP- Seq analysis, which opened the door to elucidate the function 
of the Hox genes in region- specific cartilage development (Jerkovic 
et al., 2017; Sheth et al., 2016). Since Hox11 and Hox13 control the 
growth and cartilage differentiation of the zeugopod and autopod, 
respectively, we raised questions if they share common targets, and 
if so, how the common targets are differentially regulated to give 
rise to domain- specific morphology. To this end, we identified the 
target genes of HOXA11 and HOXA13 in the limb bud by ChIP- 
Seq analysis. We found that they share common target sequences 
that contain multiple evolutionarily conserved HOX binding sites 
and the representative target sequences possess limb- bud spe-
cific enhancer functions. We also found that common target genes 
expressed in the mesenchyme and developing cartilage exhibited 
differential control by HOXA11 and HOXA13 that may explain the 
unique autopodal cartilage developmental program.

2  | MATERIALS AND METHODS

2.1 | Animal experimentation

This study was approved by the Institutional Animal Care and 
Use Committee of the Graduate School of Science and carried 
out according to the Nagoya University Animal Experimentation 
Regulations. The Hoxa13 targeted mice (Fromental- Ramain et al., 
1996) were obtained from Dr. Pierre Chambon. The HoxDdel(11–13) al-
lele (Zakany, Fromental- Ramain, Warot, & Duboule, 1997) and the 
Ulnaless (Peichel et al., 1997) were provided by Dr. Denis Duboule. 
Noon on the day the vaginal plug was observed was considered as 
E0.5. The embryos were isolated by cesarean incision and genotype 
was assessed by PCR.

2.2 | Chromatin immunoprecipitation (ChIP)

Production of the anti- HOXA13 antibody was described previously 
(Yokouchi et al., 1995). The method for production and purification of 
the anti- HOXA11 antibody was also previously described (Yamamoto 
et al., 1998). The antibodies used in the present study were prepared 
from rabbits. ChIP was performed according to a standard protocol 
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(Green & Sambrook, 2012) with the following modifications. Whole 
limb buds from E11.5 and the autopod from E11.0 wild- type ICR 
mice were dissected in ice- cold PBS. Embryonic tissues were ho-
mogenized 13 times with a tight- fitting Dounce homogenizer, then 
fixed in 1% formaldehyde/PBS for 10 min at 4°C and quenched with 
0.1 M glycine. The cross- linked material was sonicated to produce 
200–1,000 bp fragments with a DNA Shearing System S2 (Covaris). 
The immunoprecipitations were performed with 11 pairs of autopods 
from E11.0 embryos or 12–18 pairs of whole limb buds from E11.5 
embryos. Pierce™ Protein A/G magnetic beads (Thermo Scientific) 
were conjugated with 10 μg of anti- HOXA13 (Yokouchi et al., 1995) 
or 8 μg of anti- HOXA11. Sonicated chromatin was incubated with the 
antibody- protein A/G beads complex overnight at 4°C with rotation. 
ChIP DNA fragments and control input DNA fragments were con-
verted to a sequence library by NEB Next Ultra™ DNA Library Prep 
kit for Illumina (NEB) then analyzed by using a HiSEQ 1500 (Illumina). 
E12.5 ChIP- Seq was performed as described previously (Beccari 
et al., 2016). For data analysis of E12.5 ChIP- Seq, distal ChIP data and 
proximal ChIP data were combined. HOXA13 ChIP sequence data 
were analyzed by Bowtie 2.2.2 (Langmead & Salzberg, 2012) and 
MACS 2.1.0 (Zhang et al., 2008) (mm9) organized by SraTailor (Oki 
et al. 2014) under default parameters except 2.15e09 was used for 
the mouse genome size. For the analysis of HOXA11 ChIP- Seq by 
MACS2.1.0 (mm9), the following parameters were used: –nomodel, 
–extsize 200, - g 2.15e09. NGS sequence data of input DNA without 
ChIP were used as the reference. Overlapping of the ChIP peaks was 
determined by Bed Tools/ Intersect intervals (Quinlan & Hall, 2010) 
via Galaxy (Giardine et al., 2005). ComputeMatrix/NGS: DeepTools 
and plotHeatmap/NGS: DeepTools (Ramirez et al., 2016) in Galaxy 
were used for creating the aggregate plot. To analyze the sequence 
conservation around the HOX ChIP summit, the bed file in mm9 for-
mat was first converted to mm10 format using the LiftOver tool of the 
USCE genome browser (Karolchik et al., 2004) then analyzed with the 
same method used to prepare the aggregate plot using mm10.60way.
phastCons.bw data obtained from the UCSC genome browser. For 
the analysis of sequence motif enrichment, the genomic spans given 
in BED format were first converted to FASTA files using UCSC Table 
Browser then analyzed by MIME- ChIP (Machanick & Bailey, 2011). 
ChIP- Seq data have been deposited in the Gene Expression Omnibus 
(GEO) with accession number GSE119142.

2.3 | Data analysis

Integrative genome viewer, IGV_2.4.3 (Robinson et al., 2011), was 
used for graphical analysis of the ChIP- Seq data. Data analysis was 
also performed using the online application provided by CEAS (Shin, 
Liu, Manrai, & Liu, 2009) for positioning the ChIP DNA fragments 
relative to the gene structure, David ver. 6.8 (Huang da, Sherman, & 
Lempicki, 2009) and Panther ver. 13.1 (Mi, Muruganujan, & Thomas, 
2013) for enrichment analysis and classification of the genes, Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/) for listing common genes 
in different gene pools, or GREAT (McLean et al., 2010) through the 
UCSC Genome Browser for identification of the genes neighboring 

the ChIP peak using a default parameter. Data sets obtained from 
the public databases are shown in Supporting Information Table S6.

2.4 | Genechip

Embryos isolated approximately E11.25 were preserved in RNA later 
(Ambion) and the autopodal tissue corresponding to the Hoxd13 
expressing region was dissected. Total RNA was isolated using the 
RNeasy Mini Kit (QIAGEN) and biotin labeled RNA was prepared 
using the IVT Labeling Kit (Affymetrix), One- Cycle cDNA Synthesis 
Kit (Affymetrix) and Sample Cleanup Modules (Affymetrix). The 
GeneChip Mouse Genome 430 2.0 Array (Affymetrix) were hybrid-
ized, washed, stained and scanned by using standard Affymetrix 
GeneChip reagents and protocols. Data from two independent 
experiments were analyzed using the Affymetrix Transcriptome 
Analysis Console V3.0. Genechip data have been deposited in the 
GEO with accession number GSE118640. Genes exhibiting more 
than a 1.5- fold change in the expression (p < 0.05) were defined as 
the HOX13 downstream genes.

2.5 | In situ hybridization

Whole- mount in situ hybridization (WISH) was performed as previ-
ously described (Yamamoto- Shiraishi & Kuroiwa, 2013). Digoxigenin 
(DIG) or fluorescein- labeled riboprobes were synthesized using the 
template cDNA fragments amplified with the primer sets listed in 
Supporting Information Table S5e directly or after cloning into plas-
mids. Template cDNA clone for the mouse Hoxd13 probe was pro-
vided by Dr. D. Duboule. Generation of the Bmp2 probe was described 
previously (Dickinson et al., 1990). Samples were photographed with 
a Nikon DXM1200F camera system, and the background color was 
adjusted to obtain best contrast to the signals in each sample. For 
comparison of the signal patterns between limbs, some limb photo-
graphs were flipped horizontally using Adobe Photoshop CS6.

2.6 | Electrophoresis mobility shift assay (EMSA)

The protein coding sequence containing homeobox in the second 

exon was PCR amplified using the primers presented in Supporting 

Information Table S5a and connected to the sequence encoding the 

Maltose binding protein (MBP) in pMal- c (NEB). Protein production 

and affinity purification were performed according to the manufactur-

er's instructions (NEB). For preparing the fluorescently labeled probes, 

aminoaryl labeled double strand DNA was prepared by two- step PCR. 

The first round of PCR was done using mouse genomic DNA template 

and RVL- GSP1 and GSP2 primers. This PCR product was then used as 

the template for the second round of PCR using aminoaryl- RVL and 

GSP2 as primers. The sequence of each primer is shown in Supporting 

Information Table S5b. The aminoaryl- labeled DNA fragments were 

reacted with Alexa Fluor 700 (AF700) NHS ester (Thermo Fisher) 

in borate buffer then purified using the Qiagen MinElute column 

(Qiagen). The sequences of the unlabeled competitors are presented 
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in Supporting Information Table S5c. For the EMSA reaction (25 μl), 

0.5 pmoles of AF700 labeled probe was mixed with MBP or MBP- 

mHOXA11 (or13) HD protein in buffer containing 1 μg poly (dIdC), 

20 mM TrisHCl pH 7.5, 150 mM KCl, 0.1% Triton X- 100, 1 mM EDTA, 

1 mM DTT and 5% glycerol for 30 min at 25°C. After adding 1 μl of 

0.05% bromophenolblue solution, the reaction was analyzed by 2% 

low melting point agarose gel electrophoresis at 4°C using 0.5× TBE 

as the running buffer. The gel was analyzed with an Odyssey scanner 

(LI- CORE). For competition experiments, 2.5 pmoles or 25 pmoles of 

the oligo nucleotides were added to the reaction.

2.7 | Deletion of specific chromosomal regions

Mice with deletion of the putative enhancer of Tshz2 or Bmp2 were 
generated using the CRISPR/Cas9- based genome editing system 
via electroporation (Hashimoto, Yamashita, & Takemoto, 2016). 
The guide RNA sequences and deleted regions are presented in 
Supporting Information Table S5d.

2.8 | Micromass culture and transfection

For micromass culture (MMC), mesenchymal cells of the chicken distal 
limb bud were prepared as previously described (Yamamoto- Shiraishi, 
Higuchi, Yamamoto, Hirano, & Kuroiwa, 2014), except Dispase I (WAKO) 
was used instead of trypsin (final concentration of dispase: 2,000 U/
ml). For transfection of MMC, 0.9 μl FuGENE HD (Promega) was mixed 
with 4.4 μl F- 12 and 300 ng plasmid DNA (containing 100 ng pCAGGS- 
H2B-EGFP, and 200 ng pCAGGS, pCAGGS- mouse Bcl11a, or pCAGGS- 
mouse Bcl11b, respectively). After incubation for 20 min, 13.2 μl cell 
suspension (2.5 × 107 cells/ml) containing 2% FBS was added, and cells 
were seeded onto a glass base dish (ø = 3.5 cm). After incubation in 5% 
CO2 at 37°C for 2 hr, 10% FBS/F- 12 was added (1 ml/dish). Medium was 
changed every day. After the incubation for 1 or 2 days, MMCs were 
fixed with 4% PFA/0.1% Tween20/PBS. Anti- Collagen II Ab- 2, mouse 
monoclonal Ab (NeoMarkers, MS- 235; dilution: 1/200) and goat anti- 
mouse IgG (H+L), Alexa Fluor 594 (Thermo Fisher, A- 11032; dilution: 
1/300) were used as primary and secondary antibodies, respectively. 
Nuclear staining was performed with DAPI, and MMCs were photo-
graphed using a M205FA (Leica) and FV1000 (Olympus). Col II immuno-
fluorescence signal intensity around each nucleus was calculated using 
Image J. cDNA fragments encoding the mouse Bcl11a and Bcl11b pro-
tein coding sequence were amplified from reverse transcripts of E11.5 
limb bud RNA using primer sets presented in Supporting Information 
Table S5f and were cloned into the pCAGGS vector.

3  | RESULTS

3.1 | Hoxa11 and Hoxa13 have distinctive expression 
domains in the limb bud

Hoxa11 and Hoxa13 show unique expression pattern along the proxi-
modistal axis in the mesenchyme of the E11.75 mouse forelimb bud 

(Figure 1a,b). At this stage of limb development, formation of the 
zeugopodal cartilage anlage is complete and the carpal and metacar-
pal precartilaginous condensations are already visible in a continuous 
 anlage of the autopodal region (Figure 1e). Correlations between the 
Hox  expression domain and the cartilage patterning were examined 
by double staining for the expression of Hox and the cartilage marker 
Col2a1 (Figure 1c,d). As shown in Figure 1c,f, Hoxa11 is expressed in 
the distal zeugopodal region and proximal autopodal region spanning 
most of the carpal cartilaginous condensation. In contrast, Hoxa13 
is expressed throughout the entire autopodal region (Figure 1d,g). 
Thus, expression of Hoxa11 and Hoxa13 covers different domains 
along the proximodistal axis and overlaps around their expression 

F IGURE  1 Correlation between the Hox expression domain 
and cartilage in the E11.75 mouse forelimb bud. Dorsal view of 
in situ hybridizations for (a) Hoxa11 and (b) Hoxa13. The cartilage 
pattern was visualized based on the Col2a1 expression (red) in 
the same limb bud (c and d). (b) and (d) are presented as a digitally 
inverted (left- right) views of the original picture. (e) Illustration 
of the cartilage pattern shown in (c). C: carpus, H: humerus, MC: 
metacarpus R: radius, U: ulna. (f) and (g) Representative drawings 
of (c) and (d), respectively. (h) Superimposed view of the Hoxa11 
and Hoxa13 expression domains. Images redrawn based on relative 
location of each Hox expression domain to the cartilage pattern 
shown in (f) and (g). The left and right limb buds were isolated from 
a single embryo at E11.75 and were hybridized with DIG- labeled 
Hoxa11 and fluorescein- labeled Col2a1 probe mixture and DIG- 
labeled Hoxa13 and fluorescein- labeled Col2a1 probe mixture, 
respectively. Hox expression was detected using anti- DIG IgG- 
alkaline phosphatase (AP) with BM Purple as the substrate (blue). 
After inactivating AP activity, Col2a1 expression was detected using 
anti- fluorescein IgG- AP with Fast Red as the substrate (red)

(a) (c)

(b)

(e) (f)

(g) (h)

(d)
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boundary corresponding to the carpal cartilage anlage (Figure 1h). 
This same topological correlation between Hox expression and carti-
lage patterning was observed in the E11.75 hindlimb bud (Supporting 
Information Figure S1A–G).

3.2 | The HOXA11 and HOXA13 DNA binding 
regions overlap in the limb bud

To assess the zeugopodal and autopodal Hox target genes during 
the cartilage formation at E11.5 when metacarpal/metatarsal an-
lagen just begins to protrude from carpal/tarsal anlage, we carried 
out ChIP- Seq analysis and identified the DNA regions associated 
with HOXA11 or HOXA13 proteins. The number of independ-
ent HOXA11 and HOXA13 ChIP peaks was 2,953 and 143,460, 
respectively (Supporting Information Table S1a). The number of 
HOXA11 peak is comparable to that of recently reported HOXC10 
ChIP- Seq peak in the E11.5 limb bud (Jain et al., 2018). Figure 2a–c 
and Supporting Information Figure S2A–C show the integrative ge-
nome viewer (IGV) representation of HOXA11, HOXA13 and other 
homeodomain transcription factor binding sites in the representa-
tive gene loci.

In the HoxA cluster, HOXA13 binding regions were present in the 
intron of Hoxa7 (arrow), the 3′UTR of Hoxa9 (open arrowhead) and 
the intron of Hoxa11 (arrowhead) (Figure 2a). The Hoxa11 intronic 
binding site is crucial for HOXA13- dependent repression of Hoxa11 
in the autopod (Kherdjemil et al., 2016). In contrast to the binding of 
both HOXA11 and HOXA13 to the Hoxa7 and Hoxa9 regions, only 
HOXA13 binding was observed in the Hoxa11 intron. This indicates 
different contributions of HOXA11 and HOXA13 to the control of 
Hoxa11 expression.

As shown in the IGV for other representative gene loci 
(Figure 2b,c and Supporting Information Figure S2A–C), multiple 
HOX11/13 binding sites are present and many of the HOXA11 and 
HOXA13 binding sites overlap with each other. To further analyze 
this overlap, we determined the accumulation of ChIP- Seq reads 
around the peak summit. As shown in Figure 3a, significant accu-
mulation of the HOXA13 ChIP- Seq signal was found within 200 bp 
of the HOXA11 ChIP peak and vice versa (Figure 3b). We selected 
regions that showed the summit of each peak located within 1 kb. 
Of these colocalized sites, 75% of the ChIP- peak summits were 
located within 200 bp of each other (Figure 3c). The results that 
the summits are in close proximity and that both HOXA11 and 
HOXA13 bind the same target sequence in vitro (Shen, Rozenfeld, 
Lawrence, & Largman, 1997), suggest that they bind the same tar-
get in vivo. We further selected regions that exhibited directly over-
lapping peak spans and found that 2,139 HOXA11 binding regions 
of their expression domain (distal zeugopod and proximal autopod) 
overlapped with the autopodal HOXA13 peak. These overlapping 
peaks are 72% of the total HOXA11 peak (Supporting Information 
Table S1a) indicating that a considerable portion of the HOXA11 
binding regions is common to the HOXA13 binding region. We sub-
sequently refer to this common region as the CHBRL (Common Hox 
binding region of the limb bud). Significant accumulation of both 

HOXA11 and HOXA13 ChIP- Seq reads was confirmed around the 
CHBRL (Figure 3d).

As shown in Figure 3e, the CHBRL was located a long distance 
(50–500 kb) from the transcription start site (TSS) and most of 
the CHBRL was located within the intronic or intergenic region 
(Figure 3f). We also analyzed HOXA13 binding in the E11.0 and 
E12.5 limb bud and found a considerable portion of the CHBRL 
(E11.5) was common to both E11.0 (798/2,139, 37%) and E12.5 
(1,618/2,139, 76%) HOXA13 ChIP peaks (Supporting Information 
Table S1b).

3.3 | The CHBRL overlaps with limb SHOX2, PBX, 
GLI3 or PITX1 binding regions

The homeodomain transcription factors SHOX2 and PBX are 
also expressed in the limb bud mesenchyme and have important 
roles in limb cartilage development (Cobb, Dierich, Huss- Garcia, 
& Duboule, 2006; Selleri et al., 2001). In addition, as shown in 
Figure 2a–c and Supporting Information Figure S2A–C, some 
HOX binding regions displayed overlap with the SHOX2 and/
or PBX binding peaks suggesting that they may share common 
targets with HOX11/13. We thus analyzed the overlap between 
the HOX11/13 binding region and the reported SHOX2, or PBX 
binding region (Ye et al., 2016). Reported ChIP- Seq reads for both 
SHOX2 and PBX significantly accumulated around the CHBRL 
(Figure 3g). As shown in Figure 3j,k, Supporting Information Table 
S1b, and Supporting Information Figure S2, a substantial number of 
the HOX11/13 binding regions overlapped with the SHOX2 and/
or PBX binding regions, although they exhibited variation in their 
combinations. The HOX11/13 binding region of Bmp2 (Figure 2b), 
Tshz2, Jag1 and Shox2 (Supporting Information Figure S2A–C, re-
spectively) overlapped with the SHOX2 binding regions; however, 
the major HOX11/13 binding region in the HoxA cluster did not 
show overlap with SHOX2 binding (Figure 2a). In contrast, some of 
the HOX11/13 binding regions in Aff3 overlapped with the SHOX2 
binding regions, although other HOX11/13 binding regions in Aff3 
did not show SHOX2 binding (Figure 2c). HOX and SHOX2 share a 
common binding core sequence in vitro suggesting they may also 
share common binding sites in vivo or they bind to different sites 
in the CHBRLs, as multiple HOX11/13 binding sites are demon-
strated in Figure 4. On the other hand, our results also indicate 
variation in the overall binding repertoire of each homeodomain 
transcription factor.

The transcription factor GLI3 also has a crucial role in limb mor-
phogenesis as the target of the Shh signaling pathway (Buscher, 
Bosse, Heymer, & Ruther, 1997). Because GLI3 cooperates with 5′ 
Hox genes in cartilage pattern formation of the limb (Chen et al., 
2004; Zakany, Zacchetti, & Duboule, 2007), we compared the 
CHBRL with the GLI3 binding regions in the limb bud (Vokes, Ji, 
Wong, & McMahon, 2008). The ChIP- Seq reads showed modest 
accumulation around the GLI3 ChIP peak (Figure 3h). Interestingly, 
24% (504/2,139; Figure 3l and Supporting Information Table S1b) 
of the CHBRL overlapped with the GLI3 binding region suggesting 
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F IGURE  2  IGV view of HOX11/13 and homeodomain transcription factors in the limb bud. (a) HoxA cluster, (b) Bmp2, (c) Aff3. 
The epigenetic state of each gene determined by enrichment of H3K4me1, H3K4me3 and H3K27ac in the limb buds and DNase I 
hypersensitivity sites in the E11.5 limb bud (FL DNase, HL DNase, FL: forelimb bud, HL: hindlimb bud) and sequence conservation among 
vertebrates (Phastcons [Vertebrate 30way]) presented as a bar graph. Data were obtained from public data bases as described in Supporting 
Information Table S6. ChIP- Seq data for HOXA11 and HOXA13 using E11.5 limb bud (HOXA11 and HOXA13(E11.5)) and E12.5 autopod 
(HOXA13(E12.5)) from this study are presented as a bar graph. The SHOX2 and PBX binding profiles in the E12.5 limb bud and the PITX1 
binding profile in the E11.5 hindlimb bud were visualized by reanalysis of published data source presented in Supporting Information Table 
S6 using the same platform as for the HOX11/13 data. Numbers in the vertical axis indicate coverage values that were scaled by 1,000,000/
total count. Squares beneath the peak indicate the region identified as transcription factor binding by MACS2 analysis. (a) Arrow: intron of 
Hoxa7, open arrowhead: 5′ UTR of Hoxa9, arrowhead: intron of Hoxa11. (b) Arrow: the CHBRL deleted in Bmp2cisKO in Figure 5
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that functional cooperation may occur directly through co- 
occupation of HOX11/13 and GLI3 in the regulatory element of 
their target genes (Supporting Information Table S2). The paired- 
type homeodomain transcription factor PITX1 is also involved in 
limb cartilage pattern formation (Szeto et al., 1999). As shown 

in Figure 2a–c, many PITX1 ChIP- Seq peaks overlapped with 
HOX11/13 peaks and PITX1 ChIP- Seq reads significantly accumu-
lated around the CHBRL (Figure 3i). We found that the 59% of the 
CHBRL overlapped with the PITX1 binding region (Nemec et al., 
2017) (Figure 3m and Supporting Information Table S1b).

F I G U R E  2  Continued
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FIGURE  3 Profile of the limb HOX11/13 DNA binding region. Condensed profiles of ChIP- Seq signals of (a) HOXA13 for HOXA11 peak 
summits or (b) HOXA11 for HOXA13 peak summit. (c) Distribution plot for distances between HOXA11 and HOXA13 peak summits located 
within 1 kb each other. (d) Condensed profiles of ChIP- Seq signals for the CHBRL. (e) The majority of the CHBRL peaks are located a great 
distance from their nearest transcription starting site (TSS). (f) The majority of CHBRL peaks are located at the intronic or distal intergenic region 
of the chromosome. (g) Aggregate plots of SHOX2 and PBX binding signals in the embryonic limb at E11.5 centered around the CHBRL. (h) 
Aggregate plots of HOXA11and HOXA13 binding signals in the embryonic limb at E11.5 centered around the summits of Gli3 binding region. 
(i) Aggregate plots of PITX1 binding signals in the embryonic limb at E11.5 around centered around the CHBRL. The number of the overlapping 
ChIP- Seq peaks of HOXA11 and HOXA13 with (j) SHOX2, (k) PBX, (l) GLI3 and (m) PITX1. (n) Aggregate plots based on average phastcons 
[60way.phastCons] across vertebrates indicate that the majority of the CHBRLNrs are highly conserved. (o) Aggregate plots on DNase I 
hyper- sensitive sites in embryonic fore- (FLB) and hindlimb (HLB) at E11.5 around the center of the CHBRLNr. (p) Aggregate plots of H3Kme1, 
H3K4me3 and H3K27ac binding signals in the embryonic limb at E11.5 around the center of the CHBRLNr. Data source was presented in 
Supporting Information Table S6. Numbers in the vertical axis of a, b, d, g–i and n–p indicate average signal per base (see Materials and Methods)
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3.4 | The CHBRL correlates with limb- specific 
chromatin epigenetic states

We further analyzed the profile of the CHBRL in relation to the epi-
genetic state of the limb bud chromatin. After eliminating the regions 
containing repetitive sequences from the CHBRL pool, most of the re-
maining regions, the CHBRLNr (CHBRL with no repetitive sequences, 
1,518/2,139, 71%; Supporting Information Table S1b) exhibited sig-
nificant overlap with conserved sequence shared among vertebrates 
(1,506/1,518, 99%; Figure 3n); a representative comparison is shown 
in Supporting Information Figures S4 and S5I–L. The DNase I hyper-
sensitive region of the limb bud was significantly localized around the 
CHBRLNr (Figure 3o). Of the CHBRLNr, 73% (1,107/1,518; Supporting 
Information Table S1b) showed overlap with the DNase I hypersensi-
tivity region in the E11.5 limb bud (Yue et al., 2014).

To further define the chromatin epigenetic state around the 
CHBRLNr, we evaluated the histone modification profiles. As 
shown in Figure 3p, H3K4me1, H3K4me3 and H3K27ac were 
enriched around the CHBRL. Representative overlapping of the 
HOXA11 or HOXA13 peaks with the modified histone region 
is also shown in Figure 2a–c and Supporting Information Figure 
S2A–C. Interestingly, 70% (1,063/1,518; Supporting Information 
Table S1b) of the conserved CHBRLNr overlapped with the re-
gion enriched for H3K27ac suggesting that a significant part of 
the CHBRLNr participates in potential enhancer function in the 
limb bud. A deep trough in the middle of the histone modification 
peaks shown in Figure 3p suggests that CHBRLNr corresponds to 
a nucleosome- free (depleted) region. This is supported by the fact 
that DNase I hyper- sensitive sites are enriched around CHBRLNr 
shown Figure 3o. By matching with the limb enhancer regions 
provided by the VISTA program (Visel, Minovitsky, Dubchak, & 
Pennacchio, 2007), 57 regions out of 334 regions in the VISTA limb 
enhancer were found to correspond with the CHBRLNr (Supporting 
Information Table S1b) including the Shox2 enhancer (Osterwalder 
et al., 2018; Rosin, Abassah- Oppong, & Cobb, 2013) located in 
the intron of the neighboring gene Rsrc1 (Supporting Information 
Figure S2C arrow). In addition, the CHBRLNr shown in Figure 2b 
(arrow) was also included in the region possessing the distal limb 
bud enhancer of Bmp2 (Dathe et al., 2009). These results indicate 
that a particular member of the CHBRLNr actually possesses the 
limb- specific enhancer function.

3.5 | Multiple HBSs were enriched in the HOX11/13 
ChIP fragments

ABD- B type HOX proteins bind to both the TTAT/C and TAAT/C 
motifs (HOX binding sequence: HBS) in vitro (Shen et al., 1997). We 
thus analyzed the enrichment of these sequences in the HOXA11 
and HOXA13 ChIP fragment and the CHBRLNr. As shown in 
Supporting Information Figure S3, the sequences containing TTAT 
or TAAT were highly enriched in the HOX11/13 ChIP fragment indi-
cating that HOX11/13 proteins directly bind to the majority of the 
ChIP fragment in vivo. Interestingly, as shown in representative re-
sults in Supporting Information Figures S4B,C and S5I–L, evolution-
arily conserved multiple HBSs were found in most of the ChIP DNA.

3.6 | HOX11/13 protein directly binds to the 
evolutionarily conserved HBSs in the ChIP DNA

As described above, the nucleotide sequences encoded by most 
HOX11/13 ChIP fragments showed evolutionary conservation. 
Among them, the HOX protein binding consensus core sequence, 
HBS, exhibited a high level of conservation (Supporting Information 
Figures S4B,C and S5I–L). We then analyzed direct HOX11/13 pro-
tein binding to typical CHBRLs in vitro by EMSA.

One of the CHBRLs in the Rsrc1 intron (Supporting Information 
Figure S2C, arrow), m741 (VISTA), carries the limb- mesenchyme spe-
cific enhancer function of the neighboring Shox2 gene (Osterwalder 
et al., 2018; Rosin et al., 2013). m741 contains highly conserved 
multiple HBSs, which are concentrated in the two sub- regions, 
741b and 741c (Supporting Information Figure S4). As shown in 
Figure 4a,b and Supporting Information Figure S5a,b, in the presence 
of HOXA13HOMEODOMAIN (HD) both the 741b and 741c probes 
showed multiple shift bands in a HOXA13HD protein dose- dependent 
manner indicating that HOXA13 has multiple binding sites in the probe. 
These shift bands were competed by oligonucleotides containing HBS1 
(TTAT) or HBS2 (TAAT) but not competed by oligonucleotides contain-
ing mutated HBS (Figure 4b and Supporting Information Figure S5B). 
HOXA11HD also showed the same binding profile as HOXA13HD to 
the 741b and 741c probes (Figure 4c,d and Supporting Information 
Figure S5C,D). These results indicate that HOX11/13 protein directly 
binds to the HBSs in the 741b and 741c. The CHBRLs of Bmp2, Jag1 
and Tshz2, in addition to one of the Aff3 CHBRLs, also contain multiple 

FIGURE  4 HOXA11 and HOXA13 bind to multiple HBSs in the CHBRL in vitro. EMSAs using 741b, a part of the Shox2 CHBRL/m741 
enhancer (VISTA), as a probe. (a) Multiple shift bands emerged in a HOX protein dose- responsive manner; (−): no protein; MBP: 153 ng of MBP 
was added to the reaction. The amount of MBP- HOXA13HD used was 7.6, 15.2, 42, 85, 152, 152, 306 and 612 ng. (b) Band shift was competed 
by HBS- containing oligonucleotides HBS1 (TTAT) and HBS2 (TAAT) but not by their mutant forms (T to G and A to C). 153 ng of MBP and 128 or 
255 ng of MBP- HOXA13HD were used. 5- fold or 50- fold excess molar unlabeled competitor was added to the reaction. (c) Multiple shift bands 
emerged in a HOX11/13 protein dose- responsive manner; (−): no protein, MBP; 153 ng of MBP was added to the reaction. The amount of MBP- 
HOXA11HD added was 1.4, 2.8, 5.7, 11.4, 28, 57, 57, 114, 228 ng. (d) Band shift was competed by HBS containing oligonucleotides HBS1 (TTAT) 
and HBS2 (TAAT) but not by their mutant forms (T to G and A to C). 153 ng of MBP and 95 or 189 ng of MBP- HOXA11HD were used. 5- fold or 
50- fold molar excess unlabeled competitor was added to the reaction. (e–h) Multiple shift bands emerged in the HOX11/13 protein in a dose- 
dependent manner and were specifically competed by HBS- containing oligonucleotides. (e, g) MBP- HOXA13HD and (f, h) MBP- HOXA11HD. 
(e) and (f) Aff3 probe, (g) and (h) Bmp2 probe. The sequence of the probe and conserved HBS are shown in Supporting Information Figure S5I, J. 
Arrowhead and arrow indicate the shift band and free probe, respectively. C: competitor, P: protein.
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HBSs (Supporting Information Figure S5I–L). Both HOXA11HD and 
HOXA13HD bound these fragments in an HBS- dependent manner in-
dicating that HOX11/13 proteins directly bind to the conserved HBSs 
in the CHBRL (Figure 4e–h and Supporting Information Figure S5E–H).

3.7 | Chromosomal CHBRLs have limb- specific 
enhancer activity

We next examined if the chromosomal CHBRLs are responsible for 
regulating neighboring gene expression in the limb bud. Considering 
that multiple enhancers have redundant function (Osterwalder et al., 
2018), we selected Bmp2 and Tshz2 as a representative system. Both 
genes have one or two CHBRLs, so we deleted the most prominent 
CHBRLs using CRISPR/Cas9 system (cisKO). We generated Bmp2cisKO 
mice by deleting 1,623 bp- containing CHBRL located about 100 kb 
downstream of the Bmp2 coding region (Figure 2b, arrow) and 
Tshz2cisKO mice by targeting a 1,242 bp chromosomal region in 

the intron (Supporting Information Figure S2B, arrow). As shown in 
Figure 5a–f, in the Bmp2CHBRL−/− embryos, Bmp2 expression in the 
distal mesenchyme was considerably reduced in the forelimb bud and 
barely detectable in the hindlimb bud. In the Tshz2CHBRL−/− embryos, 
Tshz2 expression in the first interdigital region was slightly weakened 
in the forelimb bud and undetectable in the hindlimb bud (Figure 5g–n, 
arrowheads and black arrows). In addition, weak expression in the an-
terior autopod was undetectable in both the forelimb and hindlimb 
buds of the Tshz2CHBRL−/− embryos (Figure 5g,h,j–l,n, yellow arrows). 
These results indicate that the chromosomal CHBRLs possess the limb 
mesenchyme enhancer function in the Hox expressing domain.

3.8 | Genes neighboring the CHBRLNr show altered 
expression in Hox11-13 mutant limbs

We identified 1,556 genes neighboring the CHBRLNr (a11a13 
genes, Supporting Information Table S2). Among these, genes 

F IGURE  5 CHBRLs of Bmp2 and Tshz2 
have limb bud- specific enhancer function. 
Expression pattern of Bmp2 in (a–c) wild- 
type and (d–f) Bmp2CHBRL−/− embryos. 
Facial Bmp2 expression was not altered 
in the same (a and d) Bmp2CHBRL−/− 
embryos. The dotted squares indicate 
the region exhibiting reduced Bmp2 
expression in Bmp2CHBRL−/− embryos 
(compare b and e, c and f). Expression 
pattern of Tshz2 in (g–j) wild- type and 
(k–n) Tshz2CHBRL−/− embryos. The 
arrowhead and arrow indicate the regions 
exhibiting reduced Tshz2 expression in 
Tshz2CHBRL−/− embryos

(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

(k) (l) (m) (n)
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related to skeletal development, limb development or cartilage 
morphology were enriched (Supporting Information Figure S6A). 
Interestingly, genes related to skeletal development were also 
enriched in the gene groups whose CHBRLNr overlapped with 
the SHOX2, PBX1, PITX1 and GLI3 binding regions (Supporting 
Information Table S2, Figure S6B–E). We also found that most 
of the genes containing or neighboring the CHBRLNr belong to 
the same topologically associating domain (TAD) as the CHBRLNr 
(1,232/1,556 genes, 79%; Supporting Information Tables S2 and 
S4) indicating that these CHBRLNrs are involved in regulating the 
expression of flanking genes (Long, Prescott, & Wysocka, 2016). 
To verify these as the Hox target genes, we analyzed the limb bud 
expression profile in wild- type and Hox13 deleted embryos.

Hoxa13 and Hoxd13 show overlapping expression in the autop-
odal mesenchyme and cooperatively function in autopodal cartilage 
pattern formation (Fromental- Ramain et al., 1996; Yokouchi et al., 
1991). Hoxd11 and Hoxd12 are also expressed in the autopodal mes-
enchyme and cooperate in autopodal cartilage pattern formation in a 
gene dosage- dependent manner together with Hoxa13 and Hoxd13. 
Specifically, homozygote with simultaneous deletion of Hoxd11,12,13 
(HoxDdel(11–13)) exhibited more severe adult cartilage phenotypes 
than Hoxd13 KO homozygotes (Zakany et al., 1997). To increase the 
sensitivity in analyzing Hox function, we combined HoxDdel(11–13) and 
Hoxa13KO mice in this study (we abbreviate Hoxa13−/−; HoxDdel(11–13)/

del(11–13) as Hox13dKO).
We isolated RNA from the autopod of wild- type and Hox13dKO 

embryos and quantified the transcript levels by Genechip (Supporting 
Information Table S3a,b). To minimize overrepresentation of the 
genes related to cartilage differentiation caused by loss of the Hox13 
function (Supporting Information Figure S7) and to concentrate early 
responding genes to the loss of Hox13 function, we isolated tissue 
from E11.25 embryos where only the carpal/tarsal anlage had devel-
oped in the autopodal region. In addition, to avoid the effect of stylo-
pod and zeugopod gene expression on changes in their expression in 
the Hox13dKO autopod, we isolated the distal autopodal tissue that 
roughly corresponded to the Hoxd13 expressing region.

Of the 781 genes showing upregulation in the E11.25 mutant auto-
pod, 102 genes were included among the CHBRLNr genes (Supporting 
Information Table S2 and Figure S8A). Interestingly, genes categorized 
under “transcription regulation” were enriched in this cluster (p = 1.16E- 
19, 41/102, Supporting Information Table S3c and Figure S8B). Among 
the 805 genes showing downregulation in the Hox13dKO autopod, 79 
genes overlapped with the CHBRLNr genes (Supporting Information 
Table S2 and Figure S8A) exhibiting their functional variability 
(Supporting Information Figure S8C). Interestingly, three genes belong to 
both classes due to their alternate exon usage. Following these analyses, 
we referred to any CHBRLNr genes showing alteration in the Hox13dKO 
as direct Hox target genes. It is curious that many of the genes exhibit-
ing expression changes in the mutant autopod were not included in the 
CHBRLNr genes. Given that a number of transcription factor- coding 
genes are HOX13 target, the genes not included in CHBRLNr gene group 
are likely to be the downstream of Hox target transcription factors.

F IGURE  6 Altered gene expression patterns in the Hox13dKO 
autopod. Dorsal view of gene expression detected by in situ 
hybridization in E11.25–11.5 (a, c, e, g, i) wild- type and (b, d, f, h, 
j) Hox13dKO forelimb buds. The expression of (a and b) Bmp2, (c 
and d) Stmn2 and (e and f) Sulf1 in the autopodal mesenchyme was 
reduced or undetectable in the Hox13dKO embryos. In contrast, 
(g and h) Shox2 and (i and j) Tshz2 showed ectopic expression in 
the Hox13dKO autopod. Since Hoxa13 KO mice were generated 
by inserting Neo sequence in Hoxa13 locus, Neo expression mimics 
Hoxa13 expression. In order to define the autopod as the region 
expressing Hoxa13 in the Hox13dKO mice, contralateral limb bud of 
each specimen was hybridized with Neo probe (results not shown). 
Scale bar indicates 500 μm

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)
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3.9 | Changes in the spatial expression pattern of 
HOX11/13 target genes in the Hox11-13 mutant 
limb bud

We next analyzed the changes in the spatial expression pattern 
of HOX11/13 target genes in loss- of- function Hox13 mutant limb 

buds. In Hox13dKO embryos, the cartilage pattern in the limb at 
E11.25 showed no obvious changes; however, at E12.5 the in-
terdigital region was missing and a single flat cartilage was pre-
sent instead of the five metacarpi and phalanges (Supporting 
Information Figure S7) indicating disorganized patterning of the 
autopodal cartilage. As representative genes exhibiting altered 

F IGURE  7 Transition in the spatial expression pattern of the genes encoding Hox target transcription factors associated with cartilage 
differentiation and changes in the Hox13dKO autopod. Dorsal view of gene expression detected by in situ hybridization in the forelimb 
bud at (a, f, k, p) approximately E10.5, (b, c, g, h, l, m, q, r) E11.5 and (d, e, i, j, n, o, s, t) E12.5. (a) In wild- type embryos, Aff3 was expressed 
throughout the entire limb bud mesenchyme excluding the narrow distal most region at E10.5. Aff3 expression was not found in the autopod 
at (b) E11.5; however, at (d) E12.5 expression was detected in the cells in/around the perichondrium of the autopod but not in the interdigital 
mesenchyme. In Hox13dKO embryos, Aff3 expression expanded to the proximal autopodal region (c) at E11.5 then the expression was 
observed throughout the entire autopodal mesenchyme (e) at E12.5. Bnc2 expression was not detected in the (f) E10.5 mesenchyme but 
was detected in the center of the stylopod and zeugopod (g) at E11.5. (i) Bnc2 expression was later found in the perichondrium of the limb 
cartilage including the autopod at E12.5. Bnc2 expression was expanded to the proximal Hox13dKO autopod (h) at E11.5 and throughout the 
entire mesenchyme (j) at E12.5. Nfib expression was found in the proximal region of the (k) E10.5 limb bud then in the zeugopod/autopod 
boundary region at (l) E11.5. (n) Nfib expression was detected in the perichondrium of the autopodal cartilage at E12.5. In the Hox13dKO 
limb bud, expression was detected throughout the entire autopodal mesenchyme both (m) at E11.5 and (o) E12.5. Runx1t1 expression was 
detected in the proximal center of the (p) E10.5 and (q) E11.5 limb but excluded from the autopodal region. (s) In the E12.5 autopod, Runx1t1 
expression was detected in the cartilaginous condensation. In Hox13dKO embryos, Runx1t1 expression was expanded to the proximal 
autopod at (r) E11.5 and the central region of the autopod showed expression at (t) E12.5

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)
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expression in the Hox13dKO limb, we first chose Bmp2, Sulf1 and 
Stmn2 as downregulated genes, and Aff3, Shox2 and Tshz2 as up-
regulated genes in the Hox13dKO limb. These genes are also com-
mon targets of HOXA11, HOXA13, SHOX2, PBX and PITX1 in the 
limb bud.

Bmp2 was expressed in the mesenchyme of the distal autopod 
in the wild- type limb and while the expression was not altered in 
the Hoxa13+/− and Hoxa13−/− limb, it was reduced in the HoxDdel(11–

13)/del(11–13) and undetectable in the Hox13dKO limb bud (Figure 6a,b 
and Supporting Information Figure S9A). Stmn2 was expressed in 
the mesenchyme of the anterior autopod of E11.5 wild- type and 
Hoxa13+/− forelimb buds. The intensity of the autopodal expression 
signal was not affected in the Hoxa13−/−, although it was expanded 
posteriorly in the HoxDdel(11–13)/del(11–13) limb bud. In the Hox13dKO limb 
bud, Stmn2 expression was undetectable in the autopod (Figure 6c,d 
and Supporting Information Figure S9B).

Sulf1 was expressed in the autopodal mesenchyme of E11.5 
wild- type and Hoxa13+/− forelimbs. The intensity and area of autop-
odal expression were decreased in both Hoxa13−/− and HoxDdel(11–

13)/del(11–13) limbs. The expression signal was further reduced or 
undetectable in the Hox13dKO autopod (Figure 6e,f and Supporting 
Information Figure S9C). Sulf1 showed dynamic change in the AER 
expression (Lewandowski et al., 2015) and this expression was af-
fected indirectly by Hox11-13 mutation (Figure 6e,f and Supporting 
Information Figure S9C, see detail in Supporting Information Figure 
S9 legend).

Aff3, encoding an AF/FMR2 family transcription factor, was ex-
pressed in the E11.5 wild- type zeugopod but not in the autopod. In the 
E11.5 Hoxa13−/− limb, Aff3 expression was expanded into the autopod 
and Aff3 expression was detected in the entire autopodal region of the 
Hox13dKO limb (Figure 7b,c and Supporting Information Figure S9D, 
see detail in Supporting Information Figure S9 legend).

Shox2 was expressed in the E11.5 wild- type zeugopod but unde-
tectable in the autopod, and the expression was not affected in E11.5 
HoxDdel(11–13)/del(11–13) and Hoxa13−/− mice (Supporting Information 
Figure S9E). In contrast, in the E11.5 Hox13dKO mice, Shox2 expres-
sion was expanded into the posterior autopodal region (Figure 6g,h, 
arrowhead).

Tshz2 is expressed in the E11.5 zeugopodal mesenchyme but not 
in the autopod (Caubit et al., 2000). Ectopic Tshz2 expression was de-
tected in the distal and posterior periphery of the E11.5 Hox13dKO 
autopod (Figure 6i,j, arrow). However, this aberrant expression pat-
tern was not observed in Hoxa13−/− or HoxDdel(11–13)/del(11–13) mice 
(Supporting Information Figure S9F). Thus, genes that exhibited al-
tered expression levels in the Hox13dKO autopod in Genechip analysis 
actually showed unique changes in the spatial expression pattern in 
the Hox13dKO limb bud.

We further analyzed the expression of the Hox13 target tran-
scription factors, Aff3, Bnc2, Nfib and Runx1t1 whose expression 
was increased in the Hox13dKO autopod. Of these, Aff3, Bnc2 and 
Runx1t1 are common target genes of HOXA11, HOXA13, SHOX2, 
PBX and PITX1 whereas Nfib is a common target gene of HOXA11, 
HOXA13 and PITX1 in the limb bud. Aff3, Bnc2, Nfib and Runx1t1 

were expressed in the zeugopodal mesenchyme and cartilage but 
not in the autopod at E11.5 (Figure 7b,g,l,q). Expression of these 
genes was then also detected in the autopodal cartilage or peri-
chondrium at E12.5 (Figure 7d,i,n,s). In the Hox13dKO embryos at 
E11.5, the expression of Aff3, Bnc2, Nfib and Runx1t1 were clearly 
expanded into the autopod (Figure 7c,h,m,r). Thus, representa-
tive Hox target genes exhibiting increased transcription in the 
Hox13dKO by Genechip were confirmed to be ectopically tran-
scribed in the autopodal mesenchyme in the Hox13dKO. The ex-
pression of these genes in the zeugopod mesenchyme was already 
detectable at E10.5 when zeugopodal cartilage formation is just 
beginning (Figure 7a,k,p) except Bnc2. In contrast, expression of 
these genes was suspended in the autopod mesenchyme at E11.5. 
Thus, the relationship between the expression of these genes in the 
mesenchyme and cartilage is different between the zeugopod and 
autopod.

Thus, a change in the level of a transcripts of a representative gene 
in the Hox13dKO autopod shown by Genechip analysis was verified 
by WISH analysis.

3.10 | Changes in the Hox11/13 target gene 
expression patterns in the Ulnaless limb bud

As shown, autopodal expression of a group of the Hox11/13 target 
genes such as Aff3, Shox2 and Tshz2 at E11.5 are probably transiently 
repressed by Hox13. To verify this possibility, we analyzed the effect 
of Hoxd13 mis- expression. For this purpose, we adopted Ulnaless (Ul), 
which is a dominant mutation of the HoxD locus caused by a chro-
mosomal inversion which results in the truncation of both the ulna 
and fibula due to mis- expression of Hoxd13 in the posterior zeugopod 
(Peichel et al., 1997).

In the E11.5 Ul/+ mice, Tshz2 expression in the distal zeugopod 
was reduced and the expression domain was narrowed at the dorsal 
zeugopodal region and reduced in the ventral zeugopod (Figure 8a), 
and Shox2 expression was weakened at the dorsal posterior and ven-
tral region of the zeugopod (Figure 8b). In the E12.5 Ul/+ mice, the 
Aff3 signal was undetectable specifically in the ventral zeugopodal 
region (Figure 8c, arrow). Thus, the expression of these genes in the 
zeugopod was downregulated in the ectopic Hoxd13 domain confirm-
ing that Hoxd13 is repressive against the expression of these genes.

3.11 | HOXA13 represses cartilage differentiation of 
limb mesenchymal cells through BCL11a

Bcl11a encodes a zinc finger- type transcriptional repressor (Liu et al., 
2003) whose expression was decreased in the Hox13dKO autopod. 
BCL11a represses blood cell differentiation (Liu et al., 2003), however 
its function in cartilage differentiation remains elusive.

Bcl11a was expressed throughout the entire limb mesenchyme 
at E10.5 (Figure 9a), then at E11.5 the expression was detected in 
the autopodal mesenchyme and the posterior zeugopodal mesen-
chyme (Figure 9b). At E12.0 the expression was found in the peri-
chondrium of the autopodal cartilage (Figure 9d) where Hoxa13 was 
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also expressed. As expected from Genechip analysis, expression 
was severely decreased in the E11.5 autopodal mesenchyme of the 
Hox13dKO (Figure 9c). Interestingly, Bcl11a expression reappeared 
in the Hox13dKO autopod at E12.0 where the single flat cartilage 
was forming instead of the five metacarpi and phalanges (Figure 9e).

We then analyzed the effect of Bcl11a overexpression on the dif-
ferentiation of the limb mesenchymal cells into cartilage using a mi-
cromass culture system and monitoring Col II expression as a marker 
of differentiation (Figure 9f–h). We also analyzed the effect of an-
other family gene, Bcl11b, that is expressed in the limb mesenchyme 

F IGURE  9 BCL11a and BCL11b repress cartilage differentiation in micromass culture (MMC). (a) Bcl11a was expressed throughout 
the entire mesenchyme of the limb bud at E10.5 then became restricted to the autopod and anterior and posterior margin of the more 
proximal part of the limb (b) at E11.5. Bcl11a expression was detected in the interdigital region (d) at E12.0. In the Hox13dKO limb (c) at 
E11.5, autopodal expression was severely reduced but (e) at E12.5 uniform expression was detected throughout the autopod. (f) Histone 
H2B- EGFP (H2B- EGFP) fluorescence and Col II immunofluorescence signals in MMCs incubated for 2 days after transfection with the 
pCAGGS- H2B-EGFP and pCAGGS vector. (g) High magnification confocal images of the MMC in panel f. Nuclei of the transfected cells were 
marked with H2B- EGFP. (h) For quantitative analyses of Col II expression in each cell, the intensity of the Col II immunofluorescence signal 
in the ring- shaped area (yellow; width: 0.58 μm) around each nucleus (green) was calculated using ImageJ. Neighboring nuclear areas were 
excluded from the measurement area. (i–l) Ratios of Col II immunofluorescence signal intensity in each cell relative to the mean of the vector 
transfection control. i, j: 1- day incubation; k, l: 2- day incubation. i, k: transfected cells (H2B- EGFP- positive); j, l: non- transfected cells (H2B- 
EGFP- negative). In the graphs, a circle represents one cell, and n ≈ 60 for each transfection. **p < 0.002; *p > 0.01 (Mann–Whitney U- test). 
Orange bars indicate the mean of the values

(a)

(f) (g)

(h)

(i) (j)

(k) (l)

(b) (c) (d) (e)

F IGURE  8  In the Ulnaless limb, ectopic Hoxd13 expression represses target gene expression. Expansion of the Hoxd13 expression 
domain to more a proximal area overlapping with the zeugopodal region occurred in the Ul/+ mutant limb. Reduction of (a) Tshz2, (b) 
Shox2 and (c) Aff3 expression in the zeugopod region overlapping the ectopic Hoxd13 expression domain indicates that Hoxd13 as well as 
Hoxa13 represses the expression of these genes. (a) The black arrow and arrowhead indicate the reduced Tshz2 expression and the white 
arrow and arrowhead indicate ectopic Hoxd13 expression. (b) Black arrowheads indicate the tissues with reduced expression of Shox2 and 
augmented Hoxd13 expression. (c) Black arrows indicate the reduction in Aff3 expression in the Ul/+ limb and the white arrows indicate the 
corresponding region in the wild- type limb. Dotted lines in panel a and b indicate the position of cross sections. Ventral views were digitally 
inverted (left- right). In the panel a and b, the left and right limb buds were isolated from a single embryo at E11.5 and were hybridized with 
Tshz2 or Shox2 probe and Hoxd13 probe, respectively
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(result not shown) and has both HOXA11 and HOXA13 binding sites 
(Supporting Information Table S2). As shown in Figure 9i,j, the expres-
sion level of Col II was reduced to 53% and 49% in the Bcl11a and 
Bcl11b transfected cells, respectively, compared to vector- transfected 
cells at day 1. At day 2, the expression of Col II in Bcl11a and Bcl11b 
transfected cells was also reduced to 63% and 48%, respectively 
(Figure 9k,l). Thus, similar to blood cell differentiation, both BCL11a 
and BCL11b have repressive activity on the cartilage differentiation 
of mesenchymal cells of the limb bud. Taken together, HOXA13 re-
presses limb cartilage differentiation at E11.5.

4  | DISCUSSION

To elucidate the mechanism controlling region- specific morphogen-
esis of the zeugopod and autopod, we identified direct target genes of 
HOXA11 and HOXA13 in the limb bud. We found that HOXA11and 
HOXA13 regulate their common target genes involved in cartilage dif-
ferentiation in distinct way, where HOXA13- dependent regulation ap-
pears to be central to generating pentadactylous (five digits) autopod.

ChIP- Seq analysis is a technique for identification of Hox tar-
get genes. Using the same HOXA13 antibody as in this study, we 
have shown that HOXA13 regulates autopod- specific expression of 
Hoxd13 through direct binding to the digit- specific enhancer (Beccari 
et al., 2016). Sheth et al. (Sheth et al., 2016) identified the limb target 
genes of HOXA13 and HOXD13, whose function is redundant in the 
autopodal development. They reported most of the target genes are 
common to both HOXA13 and HOXD13 and many of them are re-
lated to cartilage differentiation. Further extraction and elucidation 
of the crucial genes from these many candidate genes are current 
subjects. Jerkovic et al. (2017) attempted to identify the Hox target 
genes by ChIP- Seq analysis after forced expression of paralogous 
Hox genes in cultured chicken limb bud mesenchymal cells. They 
found that common HOX binding site and a group of HOX proteins 
interact with CTCF. Since this analysis was performed using cultured 
cells and overexpression of tagged HOX protein, the results need to 
be verified by using a more native system. A loss- of- function pheno-
type for Hox11 was observed in the zeugopod and proximal autopod, 
and for Hox13 in the autopod. In both cases, hypomorphic cartilage 
development was observed indicating the presence of common tar-
get genes responsible for chondrogenic differentiation from limb 
bud mesenchymal cells. In this study, we used mesenchymal cells 
from mouse limb bud and antibodies against HOXA11 or HOXA13 
for our ChIP- Seq analysis to narrow down the common Hox target 
genes that are critical for chondrogenic differentiation. Based on the 
analysis of these target genes, we revealed the unique role of Hox13 
in the autopod- specific gene regulation network.

4.1 | HOX11/13, SHOX2 and PITX1 share 
common targets

We showed that most of the HOXA11 ChIP- Seq peaks over-
lapped with the HOXA13 peaks (Figures 2 and 3 and Supporting 

Information Figure S2) and many of the genes neighboring the 
common peak are involved in cartilage differentiation (Supporting 
Information Figure S6A). Since Hoxa11 and Hoxa13 are expressed 
in the zeugopod and autopod, respectively, except carpal/tar-
sal region (Figure 1 and Supporting Information Figure S1), each 
HOX11/13 binds to a common sequence in their unique expres-
sion domain and are expected to control the target gene ex-
pression in an expression domain- specific manner. In addition, 
non- HOX homeodomain transcription factors are shown to bind 
to the same region in the common HOX11/13 binding domain of 
the limb bud.

There is accumulating evidence that Hox and non- Hox home-
odomain transcription factors coordinate during limb cartilage de-
velopment. Pitx1 encodes a paired- like homeodomain transcription 
factor whose expression in the limb bud is restricted to the hindlimb 
and functions to transform forelimb type morphogenesis to hindlimb 
type morphogenesis (Lanctot, Moreau, Chamberland, Tremblay, & 
Drouin, 1999). Both the fore-  and hindlimbs have basically the same 
topological architecture of the bone and differences in their morphol-
ogy are thought to be based on quantitative rather than qualitative 
variation in gene expression or temporal differences in expression of 
common genes functioning in the limb cartilage development. The ex-
pression of Hox and Pitx1 in the mesenchyme of the hindlimb bud is 
largely overlapping (Shang, Luo, & Clayton, 1997). In the present study, 
we found many ChIP- Seq proximal genes are shared by HOX11/13 
and PITX1 (Figures 2 and 3) and that many of these genes are involved 
in cartilage differentiation (Supporting Information Figure S6D), These 
indicate that PITX1 also participates in directly regulating cartilage 
differentiation in collaboration with HOX11/13. Since the Hox ex-
pression pattern in the fore-  and hindlimb bud is very similar, binding 
of PITX1 to the HOX11/13 common binding region (CHBRLs) could 
modulate HOX function. One plausible molecular mechanism for the 
interplay between PITX1 function and HOX11/13 is that binding of 
PITX1 to some HBSs of multiple HBSs in the enhancer results in fine 
tuning of the transcriptional frequency or timing in a program char-
acteristic to that of the hindlimb bud. Given that CHBRLs potentially 
include multiple HBSs (Figure 4, Supporting Information Figure S5), 
analysis of interaction of multiple transcription factors in combination 
with CHBRL sequences will provide new insights into the complex reg-
ulatory processes centered by HOX13.

Another interesting example on functional coordination with 
Hox is Shox2 that encodes a paired- like homeodomain transcription 
factor. Mice with a loss of Shox2 function exhibited severe trunca-
tion of the stylopod bone of fore-  and hindlimbs in addition to hypo-
plasia of the hindlimb zeugopodal bone (Bobick & Cobb, 2012; Cobb 
et al., 2006). Shox2 showed overlapping expression with Hoxa9-11 
in the mesenchyme of the stylopod and zeugopod then in the outer 
layer of the perichondrium and proliferating chondrocytes but not 
in the autopod (Neufeld, Wang, & Cobb, 2014; Swinehart, Schlientz, 
Quintanilla, Mortlock, & Wellik, 2013). Genetic analysis revealed 
that Shox2 is a downstream gene of Hox11 (Gross, Krause, Wuelling, 
& Vortkamp, 2012). We found that HOXA11 binds to one of the 
Shox2 limb- specific enhancers (Supporting Information Figure S2C 
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and Figure 4) indicating the possibility that HOXA11 directly control 
region- specific expression of Shox2 in the limb buds through binding 
to this enhancer/CHBRL. HOXA13 also binds this CHBRL (Supporting 
Information Figure S2C and Figure 4) and Shox2 is mis- expressed in 
the Hox13dKO (Figure 6g,h) suggesting that binding of HOXA13 to 
this enhancer is involved in repressing Shox2 expression in the auto-
pod. SHOX2 also bind to this CHBRL (Supporting Information Figure 
S2C) indicating that SHOX2 participate self- regulation in coordina-
tion with HOX11. Interestingly, genetic analysis also suggested that 
Hox and Shox2 coordinate during development of the stylopodal and 
zeugopodal cartilage (Neufeld et al., 2014). Supporting this observa-
tion, we showed that SHOX2 also shares common binding regions of 
some Hox target genes with HOXA11 and HOXA13 (Figures 2 and 
3, Supporting Information Figure S2 and Table S2). Genes involved 
in the skeletal development, such as Aff3, Bmp2, Bnc2 and Runx1t1 
were concentrated in these common genes (Supporting Information 
Figure S6B). These indicate the possibility that SHOX2 and HOXA11 
coordinately regulate these gene expression through the CHBRLs in 
the zeugopod by the similar mechanism as the PITX1 and HOXA11. 
Thus, HOXs regulate multiple steps in the SHOX2 functional cas-
cade during cartilage development along the proximodistal axis of 
the limb.

4.2 | On the HOX binding to the Hoxa11 intron

The binding profiles of HOXA11, HOXA13 and other homeodomain 
transcription factors to the HoxA cluster are different (Figure 2a). 
Both HOXA11 and HOXA13 bind to the 5′ untranslated region (5′- 
UTR) of the Hoxa9 and Hoxa7 intron. However, while HOXA13 binds 
to the Hoxa11 intronic region, the binding of HOXA11 to the Hoxa11 
intron is minimal or negligible (Figure 2a). This indicates that in the 
autopod, HOXA13 binds to the Hoxa11 intron but HOXA11 shows 
little or no binding to the Hoxa11 intron in the zeugopodal anlage. 
Hoxc10 is expressed in the mesenchyme of the stylopodal and zeu-
gopodal anlagen of the hindlimb bud. Using deposited ChIP- Seq data 
(Jain et al., 2018), we found that HOXC10 also binds to the Hoxa7 
intron and Hoxa9 5′- UTR but binding to the Hoxa11 intron was sig-
nificantly lower or indistinguishable from background (Supporting 
Information Figure S10). Interestingly, non- HOX homeodomain 
transcription factors SHOX2 and PBX also exhibited similar bind-
ing profiles to the Hoxa11 intron (Figure 2a). HOXA13 and HOXD13 
bind to the “digit enhancer” in the Hoxa11 intron and activate tran-
scription from the promoter in the first exon of Hoxa11 in the op-
posite direction as Hoxa11 transcription. This counter directional 
transcription itself is important to inactivate Hoxa11 transcription in 
the autopod (Kherdjemil et al., 2016). Based on the observation that 
Hoxa11 and Hoxa13 are co- expressed in the distal fin bud of fish and 
that forced mis- expression of Hoxa11 in the autopodal anlage in the 
mouse causes polydactyly, the system that represses Hoxa11 expres-
sion in the autopod of tetrapods is expected to have been acquired 
during the evolutionary transition from polydactyly to pentadactyly 
(Kherdjemil et al., 2016). Like most of the CHBRL, multiple and evo-
lutionarily conserved HBSs are present in the Hoxa11 intronic “digital 

enhancer” (Supporting Information Figure S11). As described, com-
pared to other common HOX11/13 binding regions, the binding to 
the Hoxa11 intron is very specific to HOXA13. It is possible that novel 
transcriptional co- factor(s) specifically interacts with HOXA13 to 
stabilize HOXA13 binding to the HBS(s) in the Hoxa11 intronic “digi-
tal enhancer”. These suggest that in addition to the recruitment of 
the HOX binding sequence itself to the Hoxa11 intron, the system 
whereby homeodomain transcription factor binding to the Hoxa11 
intron is restricted to HOXA13 was likely also introduced during the 
evolutionary transition from polydactyly to pentadactyly.

4.3 | The role of multiple HBSs in CHBRLs

We showed that the sequences and the presence of multiple HBSs 
in most of the common ChIP- peaks of HOXA11 and HOXA13 
(CHBRLNr) are evolutionarily conserved among tetrapods (Supporting 
Information Figures S5 and S11). The representative fragments ex-
hibited direct binding of HOXA11 and HOXA13 to multiple binding 
sites in vitro (Figure 4 and Supporting Information Figure S5) indi-
cating that these HOX members may have similar binding profiles in 
vivo. Different from HOX1- 10, HOXA11 and HOXA13 can bind to the 
target sequence without the co- factor homeodomain transcription 
factor, PBXs (Shen et al., 1997), and most of the conserved HBSs in 
the CHBRLNr do not neighbor the consensus PBX binding sequence. 
Thus, it is likely that HOXA11 and HOXA13 solely bind their target 
sites. Since the clustered low affinity HBSs guarantee specificity and 
robustness of HOX binding in Drosophila (Crocker et al., 2015), multi-
ple HOXA11 and HOXA13 binding sites in the vertebrate CHBRLNr 
should have the same role. This possibility is also supported by evi-
dence that Abd-B Hox function shows a dosage effect on the pattern-
ing of limb cartilage (Zakany et al., 1997).

4.4 | HOX function in the carpal/tarsal region

As already described, the relationship in the expression profile of 
Hoxa11 and Hoxa13 is unique. Abd-B family genes in the HoxD cluster, 
Hoxd9-13, maintain overlapping expression patterns in the limb bud, 
although transcription of Hoxa11 is repressed in the distal limb bud 
by HOXA13 function. However, in the proximal region of the carpal/
tarsal anlage, Hoxa11 and Hoxa13 maintain their co- expression de-
spite the prominent expression of Hoxa13 in the autopodal anlage 
(Figure 1 and Supporting Information Figure S1). Loss- of- function of 
either Hoxa11 or Hoxd11 also results in abnormal formation of the 
carpal/tarsal bones, similar to Hox13 mutations indicating that Hox11 
has an additional role in the morphogenesis of the autopod other 
than just the zeugopod (Davis & Capecchi, 1994; Fromental- Ramain 
et al., 1996; Small & Potter, 1993). Cartilage formation in the carpal/
tarsal region is unique compared to other limb regions. As shown 
in Figure 1 and Supporting Information Figure S1, initially Col2a1 
expressing precartilaginous rudiment is formed in the prospective 
carpal/tarsal region, then multiple dense and small precartilaginous 
condensations individualize as an archipelago. These precartilaginous 
condensations develop into cartilage and maintain the cartilaginous 
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state for much longer than other regions and never develop into long 
bones. In contrast, in the prospective long bone forming regions, 
Hoxa11 and Hoxa13 exhibit mutually exclusive expression. It is pos-
sible that HOXA11 and HOXA13 co- exist in the regulatory region of 
the target gene carrying multiple HBSs in the carpal/tarsal anlage. 
This unique mixed state may enable the unique mode of cartilage 
differentiation in the carpal/tarsal region. We have previously shown 
that mis- expression of Hoxa13 in the zeugopodal region results in the 
transformation of the zeugopodal cartilage into the carpal/tarsal- like 
cartilage (Yokouchi et al., 1995), and this evidence further supports 
the hypothesis.

4.5 | Regulation of Hox target genes by HOX

We identified the genes neighboring the CHBRLNr and demonstrated 
that their expression is changed in Hox13dKO embryos (Figures 6, 7 
and 9 and Supporting Information Figure S9), thus confirming them to 
be direct Hox target genes. These genes are classified into two groups 
according to the changes in their mRNA levels in the Hox13dKO au-
topod. The genes in the first group showed reduced mRNA levels 
in the Hox13dKO, indicating that HOXA13 activates their transcrip-
tion. The genes in the second group showed increased mRNA levels 
in the Hox13dKO and are likely repressed by HOXA13 during normal 
development.

Bmp2, Sulf1 and Stmn2 belong to the first group, and are expressed 
in the autopodal mesenchyme in wild- type animals and exhibited a 
substantial reduction in expression levels in the Hox13dKO embryos 
(Figure 6 and Supporting Information Figure S9). In the case of sec-
ond gene group, expression of Aff3, Bnc2, Nfib, Runx1t1, Shox2 and 
Tshz2 are restricted to the zeugopodal mesenchyme of the wild- type 
embryos at E11.25–11.5, but showed ectopic expression in the auto-
pod mesenchyme of Hox13dKO embryos (Figure 6 and Supporting 
Information Figure S9). Interestingly, the ectopic expression of Aff3, 
Bnc2, Nfib and Runx1t1 was uniform in the Hox13dKO autopod, 
whereas Shox2 mis- expression was restricted to a narrow posterior 
region of the Hox13dKO autopod and Tshz2 mis- expression was only 
found in the distal autopod. These results indicate the presence of 
various mechanisms for HOXA13 negative regulation of downstream 
genes.

The expression of Hox target genes, Aff3, Bnc2 and Nfib is induced 
during cartilage differentiation, consistent with their known roles in 
cartilage differentiation (Steichen- Gersdorf et al., 2008; Uchihashi 
et al., 2007; Vanhoutteghem et al., 2009). As discussed above, the 
expression of these genes was not detected in the E11.5 autopodal 
anlage. Interestingly, these genes become expressed in the autopodal 
cartilage or perichondrium at E12.5 and sometimes even show par-
tial overlapping expression with Hoxa13. Thus, repression of these 
genes by HOXA13 in the autopodal mesenchyme is transient during 
autopodal cartilage development. From E11.5 to E12.5 metacarpal/
metatarsal and digital cartilage formation progresses distally and mes-
enchymal Hoxa13 expression gradually decreases and disappears in 
the cartilage. During this period, in addition to the decreased amounts 
of HOXA13 protein, changes in the regulatory activity of HOXA13 

may occur by modification of HOXA13 itself or by de novo induc-
tion of the HOXA13 co- factors that alter its transcriptional activity. 
Alternatively, since HOXA13 does not always bind to the H3K27ac 
enriched region of HOXA13 target genes, transitional usage of the en-
hancer may occur between HOXA13 dependent regulatory elements 
and independent elements during cartilage differentiation from the 
limb mesenchyme. Enhancer switching during development has pre-
viously been demonstrated (Andrey et al., 2013; Beccari et al., 2016; 
Glasgow et al., 2017), thus it is possible that a similar system is em-
ployed during cartilage differentiation.

In contrast to autopodal expression, these Hox target genes are 
also expressed in the zeugopodal mesenchyme prior to their car-
tilage expression and exhibit nearly complete overlap with Hoxa11 
expression. This suggests that the mechanisms underlying HOXA11- 
dependent and HOXA13- dependent gene regulations are different.

4.6 | HOX13 regulates cartilage differentiation in a 
dual manner

In contrast to the genes encoding transcription factors that are en-
riched among the Hox targets with upregulated expression in the 
Hox13dKO limb bud (Supporting Information Figure S8), relatively few 
Hox target transcription factors were identified in the downregulated 
fraction (Supporting Information Figure S8). A typical example of the 
latter case is Bcl11a. Bcl11a encodes a zinc finger- type transcription 
factor and functions as a repressor during blood cell differentiation 
(Liu et al., 2003). We found that Bcl11a along with its family member 
Bcl11b, repressed cartilage differentiation from the limb bud mesen-
chyme (Figure 9).

In the Hox13dKO autopod, the entire autopodal mesenchyme 
excluding the distal most region, enters the cartilage differentiation 
pathway earlier than during normal development. Bcl11a is expressed 
in the autopodal mesenchyme in the wild- type E11.5 embryos and 
its expression is substantially reduced in the Hox13dKO limb bud 
(Figure 9b,c). This indicates that the cartilage differentiation program 
repressed by HOXA13 is de- repressed in the Hox13dKO autopod. 
Simultaneously, the Hox target transcription factors whose expression 
is induced during cartilage differentiation, are mis- expressed in the 
mesenchyme of the Hox13dKO autopodal anlage. Combined, these 
results indicate that HOXA13 simultaneously activates the expression 
of repressive transcription factors for chondrogenesis (BCL11A) and 
represses the expression of transcription factors required to induce 
chondrogenesis in the autopod at E11.5. This demonstrates the pres-
ence of a dual regulatory mechanism for chondrogenesis during normal 
autopod development under the control of Hoxa13. In contrast to the 
autopod, Hoxa11 and Hox target genes such as Aff3, Bnc2, Nfib, Shox2 
and Runx1t1, are co- expressed in the zeugopodal mesenchyme. This 
implies that, different from HOXA13, HOXA11 does not repress the 
expression of these target genes. Thus, the HOXA13- dependent dual 
control system is autopod- specific.

Regarding the genes not expressed in the autopodal mesenchyme 
at E11.5 but that are mis- expressed in the Hox13dKO, we proposed 
that HOXA13 may repress these genes during normal development. 
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However, the following mechanism is equally probable; for these tar-
get genes, HOX13 may function as a weaker transcriptional activa-
tor than HOX11. The evidence that limb mesenchymal cells isolated 
from Hoxa13−/− embryos did not show cartilage differentiation in 
vitro support that HOXA13 is required for cartilage differentiation 
(Stadler, Higgins, & Capecchi, 2001). If repressive transcription fac-
tor(s) for the Hox target gene expression are present in the E11.5 au-
topodal mesenchyme, and transcriptional activation by HOX13 does 
not overcome this repressive activity, the autopodal expression of 
the Hox target gene does not occur. Hoxa11 and Hoxa13 exhibited 
mutually exclusive expression in the limb bud except in the carpal/
tarsal anlage; however, in the Hox13dKO autopod, Hoxa11 expres-
sion is expanded to the autopodal mesenchyme (Sheth, Bastida, 
Kmita, & Ros, 2014). This ectopic HOXA11 may mis- activate the 
common Hox target genes required for cartilage differentiation in the 
Hox13dKO autopod. The evidence that the forced mis- expression of 
Hoxa11 in the autopod results in polydactyly supports this possibility 
(Kherdjemil et al., 2016). Expression analysis of common Hox target 
genes in the autopod under Hoxa11 mis- expression may help to verify 
this mechanism.

The molecular mechanism that is responsible for the dual tran-
scriptional activity of HOXA13 presented here, along with the similar 

effect of HOXA13 on HoxD gene expression shown by Beccari et al. 
(Beccari et al., 2016), remains elusive. Recently it is reported that a 
transcription factor that shows unique spatiotemporal expression 
patterns, interacts with HOX in a DNA binding dependent or inde-
pendent manner, then modulates the function of HOX transcription 
factors (Guerreiro et al., 2013). In the case of Drosophila, the phos-
phorylation state of the HOX protein is crucial for its transcriptional 
activity (Berry & Gehring, 2000). In addition, the presence of the 
co- factors that modulate transcriptional activity of Drosophila HOX 
was reported (reviewed in Zandvakili & Gebelein, 2016). Since these 
mechanisms related to HOXA13 have yet to be elucidated, research 
into this issue will be a topic for future studies.

4.7 | Hox13 controls tetrapod specific 
autopodal structure

Why does Hoxa13, the last member of the HoxA cluster, have such 
unique function compared to other Hox genes expressed in the 
zeugopod or stylopod? This is likely related to the development of 
tetrapod- specific autopodal structures. In contrast to the zeugopod 
and stylopod, the autopod generally consists of five sets of long 
bones, the metacarpi/metatarsi and phalanges (pentadactyly). One 

F IGURE  10 Dynamic change in the Hoxa13 function during autopod development
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and two long bones exist in the stylopod and zeugopod, respec-
tively, and the shape of their prospective region in the limb bud is 
a nearly elliptical cylinder. In contrast, the autopodal anlage has a 
unique paddle- shaped structure that is required for supplying a suf-
ficient number of mesenchymal cells to generate the pentadactylous 
cartilage pattern. The signaling factor, SHH, expressed in the mes-
enchyme of the posterior limb bud, is essential for expansion of the 
autopodal anlage (Chiang et al., 1996) and Hox13 directly activates 
Shh  expression via a limb enhancer (Leal & Cohn, 2016, 2018). In 
addition, another signaling molecule, Fgf10, expressed in the distal 
limb bud, is required for limb bud formation and growth (Sekine et al., 
1999). Abd-B Hox is also involved in activating Fgf10 expression in 
the limb bud (Sheth et al., 2013) and we found that HOXA11 and 
HOXA13 bind one of the Fgf10 limb enhancers (VISTA ID mm917, 
Supporting Information Table S2). Thus, Hox13 positively controls 
the proliferation of autopodal mesenchymal cells to supply sufficient 
number of mesenchymal cells to generate the pentadactylous au-
topodal cartilage pattern. As discussed above, HOX13 transiently re-
presses the cartilage differentiation program in the autopodal anlage 
in a dual manner. Thus, Hox13 functions on one hand to control the 
autopod- specific growth program to supply enough mesenchyme 
and, on the other hand, transiently represses the cartilage forming 
program until the mesenchymal supply reaches a sufficient level to 
form pentadactylous structures (Figure 10).

The pentadactylous autopodal architecture is unique to the tetra-
pods and this basic architectural design was key to tetrapod evolution 
through niche diversification. Recently, in fish, Hox13 genes were shown 
to function in switching the fin bud mesenchymal developmental pro-
gram from cartilage formation to fin ray differentiation (Nakamura, 
Gehrke, Lemberg, Szymaszek, & Shubin, 2016). In the case of pentadac-
tylous tetrapods, Hox13 function switched from the fish program to the 
tetrapod- specific autopod- forming program, possibly through the acqui-
sition of the dual control system for cartilage differentiation.
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