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Abstract 

Hox genes play key roles in the anterior-posterior (AP) specification of all 3 germ layers during different developmental stages. It is only partially 
understood how they function in widely different developmental contexts, particularly with regards to extracellular signaling, and to what extent 
their function can be harnessed to guide cell specification in vitro. Here, we addressed the role of Hoxb1 in 2 distinct developmental contexts; 
in mouse embryonic stem cells (mES)-derived neuromesodermal progenitors (NMPs) and hindbrain neural progenitors.

We found that Hoxb1 promotes NMP survival through the upregulation of Fgf8, Fgf17, and other components of Fgf signaling as well as the re-
pression of components of the apoptotic pathway. Additionally, it upregulates other anterior Hox genes suggesting that it plays an active role in 
the early steps of AP specification. In neural progenitors, Hoxb1 synergizes with shh to repress anterior and dorsal neural markers, promote the 
expression of ventral neural markers and direct the specification of facial branchiomotorneuron (FBM)-like progenitors. Hoxb1 and shh synergize 
in regulating the expression of diverse signals and signaling molecules, including the Ret tyrosine kinase receptor. Finally, Hoxb1 synergizes with 
exogenous Glial cell line-derived neurotrophic factor (GDNF) to strengthen Ret expression and further promote the generation of FBM-like pro-
genitors. Facial branchiomotorneuron-like progenitors survived for at least 6 months and differentiated into postmitotic neurons after orthotopic 
transplantation near the facial nucleus of adult mice. These results suggested that the patterning activity of Hox genes in combination with 
downstream signaling molecules can be harnessed for the generation of defined neural populations and transplantations with implications for 
neurodegenerative diseases.

Key words: neuromesodermal progenitors; hindbrain; neural progenitors; Hox genes; embryonic stem cells; differentiation; Ret tyrosine kinase receptor; GDNF

Graphical Abstract 
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Significance Statement
We have addressed the role of Hoxb1 in two distinct developmental contexts; in mouse embryonic stem cell-derived neuromesodermal 

progenitors (NMPs) and hindbrain neural progenitors. In both cellular contexts, Hoxb1 regulates extracellular signaling promoting cell 

survival and further differentiation into appropriate cell times, raising the possibility that this is a widespread yet underappreciated aspect 

of Hox gene function. A multi-step approach combining the establishment of proper axial identity in human pluripotent stem cell-derived 

neuralmesodermal progenitors, and the subsequent timely application of appropriate signals could be the blueprint to generate motor 

neurons and neurons suitable for disease modeling and therapeutic approaches.

Introduction

Hox genes encode a highly conserved family of homeobox 
containing transcription factors that impart anterior-
posterior (AP) information and thus are implicated in cell-
type specification in a wide range of vertebrate tissues derived 
from all 3 germ layers. Loss and gain of Hox gene function 
can lead to homeotic transformations, meaning the change 
of a body part into the likeness of another. Whereas this has 
been a key hallmark of Hox protein function, there are nu-
merous phenotypes in all 3 germ layers that do not conform 
to this simple framework. Different cellular functions are con-
trolled by Hox proteins including changes in cell shape and 
migration, proliferation and programmed cell death as well 
as differentiation.1,2 Functional compensation among Hox 
genes as well as their versatile and cell context-dependent 
activity have kept their functional modalities enigmatic, par-
ticularly regarding their diverse roles in tissues of all 3 germ 
layers. Additionally, their relaxed binding specificity can be 
only partially tightened through cooperative binding with 
the homeobox transcription factors of the Pbx and Meis fam-
ilies.3 This is reflected in the generally large number of detected 
binding sites for some of the few vertebrate Hox proteins in-
vestigated.4-10 It implies that interaction with additional tran-
scription factors might be necessary to account for the context 
specific functions of Hox genes. Thus, despite the wealth of 
knowledge gained over decades of research on the molecular 
function of Hox genes, it is still only partially understood how 
they function in different developmental contexts, particularly 
with regards to extracellular signaling, and if their function can 
be harnessed to guide cell specification in vitro. Here, we have 
focused on Hoxb1, one of the earliest and most anteriorly ex-
pressed genes, and addressed its function in 2 distinct develop-
mental contexts; neuromesodermal progenitors (NMPs), which 
give rise to both neural and mesodermal progenitors of the pos-
terior vertebrate body, and hindbrain neural progenitors.

The early conceptual framework for the development of 
the nervous system postulated that the default state of the 
neural plate corresponded to anterior identity and that in a 
second step posterior identity was induced through the ac-
tion of posteriorising signals such as Wnts and Fgfs.11,12 The 
discovery of NMPs, bipotent cells that contribute to both the 
elongating spinal cord and paraxial mesoderm in the verte-
brate embryo13 provided compelling evidence that the pos-
terior neural tissue develops through a distinct pathway. Fate 
mapping and transplantation studies established that NMP 
cells are located in the caudal lateral epiblast and adjacent 
to the node-streak border.14,15 These bipotent progenitors are 
characterized by the simultaneous expression of the early 
mesodermal inducing transcription factor Brachyury (Bra) 
with the epiblast and neural transcription factor Sox2.16 
Inputs from both Wnt and FGF signaling are required in the 
induction and maintenance of NMPs.9,16-18 Neuromesodermal 
progenitor cells that leave the CLE due to proliferation and 

axis elongation are exposed to higher levels of RA generated 
from the paraxial mesoderm and lower levels of FGF and 
Wnt signaling. This triggers their differentiation into either 
neural or mesodermal tissue. Hox genes are orderly acti-
vated during NMP expansion and NMP exit from this state 
fixes the Hox code acquired until then, thus establishing the 
AP axis of the posterior body.19 A contribution of Hoxb1 to 
early induction of the neural crest territory has been postu-
lated20 but a potential role of Hox genes in NMPs has not 
been explored.

On the other hand, Hoxb1 plays key roles in hindbrain 
patterning. The hindbrain coordinates sensory and motor 
functions of the head and autonomous functions essen-
tial for survival, including respiratory rhythm, motor ac-
tivity, sleep and wakefulness. During development it is a 
transiently segmented structure organized into 8 lineage re-
stricted compartments, the rhombomeres (r). Rhombomere 
restricted expression of anterior Hox genes and other tran-
scription factors such as Krox-20 (expressed in r3, 5) and 
Kreisler (expressed in r5, 6) endows each segment with 
specific identity that guides their subsequent development 
to generate the appropriate neuronal populations, cranial 
nerves and neural crest derived structures.21,22 Hoxa1, the 
paralog of Hoxb1, also partially in concert with Hoxb1 is 
necessary for proper hindbrain segmentation.23-25 In order 
to generate neuronal subtype diversity within each AP 
segment, dorsoventral (DV) patterning signals have to be 
correctly interpreted and integrated into distinct differen-
tiation programs. Dorsally, Hoxb1 and Hoxa1 synergize 
in patterning of the r4 and r4 derived neural crest deriva-
tives of the pharyngeal arches. Either of them show small 
(Hoxa1) or no (Hoxb1) defects in neural crest specification 
when mutated individually but the combined mutation of 
Hoxa1 and Hoxb1 results in the loss of this cell popula-
tion.26,27 Ventrally, shh target Nkx genes cooperate with 
Hoxb1 in r4 to maintain Phox2b expression and generate 
FBM neurons.28 In Hoxb1 mutant mice, initial segmenta-
tion and motor neuron generation occurs normally but the 
generated motor neurons are not specified correctly. They 
assume anterior, trigeminal identity, project axons inappro-
priately, fail to undergo their typical caudal migration to 
r4 and eventually die. As a consequence, the facial nucleus 
is lost in the Hoxb1 null mice and the facial nerve is either 
lost or rudimentary.29-31 Additionally, Hoxb1 participates in 
the formation of brainstem auditory nuclei during devel-
opment.32 Homozygous HOXB1 loss-of-function mutations 
in humans result in bilateral facial palsy and hearing loss, 
partly recapitulating the mouse phenotype.33,34

To bypass some of the limitations of in vivo studies re-
garding Hoxb1 function in different developmental contexts 
we used mouse ES cell directed differentiation as a model 
system. Mouse ES cells were differentiated into NMPs 
through the timely activation of Wnt and Fgf signaling18 
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or hindbrain neural progenitors using a neural selection 
medium and inducible Hoxb135 gene expression. We pro-
vide evidence that Hoxb1 functions by regulating distinct 
signaling pathways and their readout to promote survival 
and specification.

Materials and Methods

Mouse Lines

Experiments and maintenance of animals was conducted in 
compliance with the FELASA recommendations and the eth-
ical and practical guidelines for the care and use of laboratory 
animals set by the competent veterinary committees at the 
TU Dresden. The Hoxb1tm1Brd (Hoxb1null) mouse line used was 
generated by the in-frame insertion of a lacZ transgene in the 
first exon as well as the neomycin resistance cassette. Mice 
were genotyped using a standard PCR procedure. Primers 
used were: common forward primer for both wild type and 
Hoxb1null (AGCTTCAGCTCTGTGACATACTGCCG), re-
verse primer for wild-type locus (CAGAATAATACTGAG
AAGGCCCATAGCTGG) and reverse primer for Hoxb1null 
 recombinant locus (TAGATGGGCGCATCGTAACCGTGC).

Generation of Mouse ES Cell Lines

To generate mouse embryonic stem cells (mES) Hoxb1null 
lines, heterozygous Hoxb1null mice were timed mated and at 
3.5 dpc the uterus was dissected and preimplantation blasto-
cysts were flushed out. Blastocysts were cultured in gelat-
inized 96-well plate in 2i medium. 2i medium is comprised 
of 50% per volume of DMEM/F12 (Gibco, 21331-020) 
and Neurobasal medium (Gibco, 21103-049) supplemented 
with 0.8% BSA (Sigma, A8412), 0.5% N2 Plus Supplement 
(17502-048 Gibco), 0.5% B27 serum free Supplement 
(Gibco, 10889-038), 100 U/mL of penicillin/streptomycin 
(Life Technologies, 15140-122), 2  mM L-Glutamine (Life 
Technologies, 25030-081), 103 U/mL of LIF (Millipore, 
ESG1107), 1 μM PD03259010 (Stemgent, 130-0950557), 
and 3 μM CHIR99021 (Axon, 1386). Blastocysts were grown 
for 6 days with daily changing of medium. After initial expan-
sion of blastocysts, surviving inner cell mass cells generated 
ES cells that were passaged every 2 days as described below.

Mouse ES cells allowing dox inducible expression of Hoxb1 
were further genetically modified using homologous recom-
bination to constitutively express the fluorescent protein 
EGFP under the control of the strong CAG promoter. The 
EGFP sequence was amplified by PCR using a forward primer 
incorporating an AscI restriction site (underlined) (CACTAA
GGCGCGCCACCATGGTGAGCAA) and a reverse primer 
incorporating a SacI restriction site (GACTGCAGAGCTC
TTACTTGTACAGCTCGTCC). The AscI/SacI digested PCR 
product was introduced in a similarly cut ROSA26 targeting 
vector containing the 5ʹ and 3ʹ Rosa26 homology arms, CAG 
promoter and a puromycin resistance cassette (gift from 
Konstantinos Anastassiadis). The targeting vector was linear-
ized with SwaI, and ES cells were electroporated using the 
BTX electroporator (ECM630) and plated onto 100  mm 
TC-Treated Culture Dish (Corning, 207054). Cells were 
grown for 48 hours in normal mouse ES medium, and then 
were transferred to medium containing 1 µg/mL of puromycin 
for the selection of stable transformants. EGFP+ clones were 
selected using live imaging with the EVOS Imaging System 
(Thermo Fisher, AMF4300). To detect clones with stable in-
tegration by homologous recombination into the Rosa26 

Locus, Southern blot was used. Genomic DNA was extracted 
from cells by proteinase K digestion and isopropanol precipi-
tation. DNA was digested with EcoRI overnight, separated 
on agarose gel and blotted to nylon membranes (Pall). Probes 
were made with 32P by random priming (Roche Diagnostics) 
and hybridization was according to standard procedures.

Differentiation of Mouse ES Cells to NMPs and 
FBM Progenitor Cells

Mouse ES cells were grown on mouse embryonic feeder cells 
in Knockout Dulbecco's modified Eagle's medium medium 
(Life Technologies, 10829-018) supplemented with 10% stem 
cells grade fetal calf serum (PAN Biotech, 2902-P10171), 1× 
Non Essential Amino Acids (Life Technologies, 11140-035), 
100 U/mL penicillin/streptomycin (Life Technologies, 15140-
122), 2  mM L-glutamine (Life Technologies, 25030-081), 
and 103 U/mL of LIF (Millipore, ESG1107) and passaged at 
least 2 times before differentiation. Cells were detached using 
0.05% trypsin-EDTA (Gibco, 25300-054) and feeder cells 
were panned out.

To differentiate mouse ES cells to NMP cells were plated 
at at a density of 5 × 103 cells/cm2 on gelatinized Cell Bind 
dishes (Corning, CLS3294). The medium used was comprised 
of 50% per volume of DMEM/F12 (Gibco, 21331-020) 
and 50% Neurobasal medium (Gibco, 21103-049) sup-
plemented with 0.8% BSA (Sigma, A8412), 0.5% N2 Plus 
Supplement (17502-048 Gibco), 0.5% B27 serum-free sup-
plement (Gibco, 10889-038), 100 U/mL penicillin/strepto-
mycin (Life Technologies, 15140-122), 2  mM L-glutamine 
(Life Technologies, 25030-081), and 10  ng/mL bFGF (Life 
Technologies, 13256-029). In order to generate NMPs, the 
medium was supplemented with 3 μM CHIR99021 (Axon, 
1386) on the second day. Fgf8 (R&D 423-F8) or Fgf17 (R&D 
7400-FG) was used (stage 2, Fig. 1D) at 25 ng/mL or 50 ng/
mL, respectively. Cells were grown for 3 days with daily 
changes of medium.

For the differentiation to neuroepithelial cells, mouse ES 
cells were first seeded in mouse stem cell medium in bacterial 
plates (Sarstedt, 83.1801.002) at a concentration of 105 cells/
mL in order to form EBs. EBs were grown for 4 days with 
changing of medium after 2 days. Then, EBs were plated in gel-
atinized 60mm TC-Treated Culture Dish (Corning, 430166) 
in ISTFn (Insulin-Selenium-Transferrin-Fibronectin) neural 
selection medium. The medium was comprised of DMEM/
F12 (Gibco, 21331-020) supplemented with 100 U/mL peni-
cillin/streptomycin (Life Technologies, 15140-122), 2  mM 
L-glutamine (Life Technologies, 25030-081), 5 µg/mL insulin 
(Sigma, I0516), 50 µg/mL transferrin (Gibco, 11107), 30 nM 
selenium, and 5 µg/mL fibronectin (Invitrogen, 33010-018). 
The selection stage lasted for up to 9 days and fresh medium 
was added every 2 days. After the selection stage, cell clusters 
were dissociated and the resulting neuroepithelial cells were 
expanded by plating them in 6-well plates (Corning, 3506) 
coated with Growth Factor reduced Matrigel Matrix (BD 
Biosciences, SPC-354230) at a concentration of 2 × 105 cells/
cm2, 2 mL cell suspension per well. Expansion medium was 
comprised of DMEM/F12 (Gibco, 21331-020) supplemented 
with 100 U/mL penicillin/streptomycin (Life Technologies, 
15140-122), 2 mM L-glutamine (Life Technologies, 25030-
081), 20 µg/mL Insulin (Sigma, I0516), 1% N2 Plus 
Supplement (17502-048 Gibco), 0.6% glucose (Sigma, 
G7021), and 10 ng/mL bFGF (Life Technologies, 13256-029). 
Cells were expanded for 4 days with fresh medium change 
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every second day. In order to induce expression of Hoxb1 and 
activate the r4-specific genetic program doxycycline (Sigma, 
D9891) was used at a concentration of 1 µg/mL during the se-
lection and expansion stages. Ventralization of the neuroepi-
thelial cells was achieved by treating the cells with 200 nM of 
shh agonist SAG (ALEXIS, ALX-270-426-M001) during the 
expansion stage. For further differentiation, cells were pas-
saged once and grown in 6-well plates on Growth Factor re-
duced Matrigel Matrix in expansion medium in which bFGF 
was substituted with 50 ng/mL GDNF (Sigma, SRP3200).

RNA Isolation and Real-Time PCR

Total RNA was prepared using the RNeasy kit with on-column 
genomic DNA digestion following the manufacturer’s in-
structions (Qiagen). First-strand cDNA was prepared using 
Superscript II RT (Invitrogen). Real-time PCR primers were 
designed using the Primer 3 software (SimGene) and spe-
cificity was ensured by In Silico PCR. Reactions were per-
formed with SYBR-GreenER (Invitrogen) using a Roche 
LC480 machine and primary results were analyzed using 
the on board software. Reactions were carried out in 

Figure 1. Hoxb1 is expressed in NMPs and promotes their survival.Sections through the NMP containing area of a 9.5-dpc developing embryo (A) 

and immunofluorescence revealed co-expression of Hoxb1 with the NMP markers Sox2 (B) and Bra (C). In mES-derived NMPs as shown (D) Hoxb1 is 

co-expressed with Sox2 (E) and Bra (F). There is excessive cell death as assayed by TUNEL in Hoxb1 null NMPs (G, I) (n = 3) resulting in lower number 

of cells (H) (n = 4-7). Cell death is reduced by the addition of Fgf8 (G, I) (n = 4-5) and this leads in partial restoration of cell numbers (H). These effects 

were assessed in 2 independently derived Hoxb1 null mES lines (null 1, 2). Scale bars correspond to 100 µm; ∗ P < .05 and ∗∗∗P < .005; error bars show 

± SEM.
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duplicate from at least 3 independent samples. Absolute ex-
pression values were calculated using the ΔCt method and 
β-actin was used for normalization. Primers used were fur-
ther evaluated by inspection of the dissociation curve. 
Primer sequences were as follows: Ret-Fw: GCAGGAGCCA 
GACAAGAGG, Ret-Rev ATACAGCAGTGAGTCCGAA 
GG β-actin-Fw: TGGCTCCTAGCACCATGA, β-actin-Rv: 
CCACCGATCCACACAGAG.

Immunofluorescence and TUNEL Analysis

Differentiated cells in culture were fixed in 4% 
paraformaldehyde (PFA) for 15 minutes at 4 °C. Mouse em-
bryos were dissected at the appropriate stage and fixed in 
4% PFA at 4 °C for 1 hour, cryoprotected in 20% sucrose 
solution, embedded in optimal cutting temperature com-
pound and cryosectioned to 10 µm thick sections. Regarding 
mouse adult brains, animals were first perfused with 20 mL 
of 4% PFA under general anesthesia. Mouse brains were then 
dissected, post fixed in 4% PFA overnight at 4 °C and em-
bedded in 4% low melting agarose in PBS. Brains were then 
vibratome sectioned into 50 µm thick sections. All specimens 
were then processed for immunofluorescence using standard 
procedures. Specifically for the goat anti-Ret antibody the 
signal was amplified using the TSA Plus Fluorescent system 
kit (Perkin Elmer, NEL753). Cell death was detected using 
In Situ Cell Death Detection Kit (Roche, 11684795910) ac-
cording to manufacturer’s instruction.

Primary antibodies used were: rabbit anti-PH3 (1:500, Cell 
signaling), rabbit anti-Hoxb1 (1:200, Covance), mouse anti-
Nkx2.2 (1:50, Jessell T.M), mouse anti-Pax6 (1:50, DSHB, 
Atsushi Kawakami), mouse anti-Pax7 (1:10, DSHB, Atsushi 
Kawakami), mouse anti-Islet1 (1:100, DSHB, Tom Jessell), 
mouse anti- β-tubulin class III (1:1000, Covance), mouse 
anti-Neu N (1:500, Chemicon), rabbit anti-Pax6 (1:1000, 
Chemicon), mouse anti-Nkx6.1 (1:1000, DSHB, Madsen), 
rabbit anti-Sox2 (1:500, Millipore, AB5603), goat anti-
Sox2 (1:40, R&D Systems, AF2018), goat anti- Brachyury 
(1:500, R&D Systems, AF2085), rabbit anti-Phox2b (1:200, 
a gift from J.F.Brunet), goat anti-Ret (1:20, Santa Cruz, 
sc-167-G), rabbit anti-Tbx20 (1:200, Santa Cruz, sc-134061), 
mouse anti-GFP (1:1000, Abcam, ab1218), goat anti-
ChAT (1:100, Merck, AB144P), and mouse anti-FLAG M2 
(1:1000, Sigma, F1804). Secondary antibodies used were: 
goat anti-rabbit Alexa fluor 488 (1:500, Molecular probes),  
goat anti-mouse  Alexa fluor  568 (1:500, Molecular 
probes), goat anti-rabbit Alexa fluor 568 (1:500, Molecular 
probes),  goat anti-mouse  Alexa fluor 488 (1:500, 
Molecular probes), donkey anti-goat Alexa fluor 568 (1:500, 
Molecular probes), and donkey anti-goat peroxidase (1:750, 
Jackson). All samples were imaged using the upright laser 
scanning confocal microscope Leica TCS SP5.

Morphometric and Statistical Analyses

All morphometric analyses were performed using immuno-
fluorescent images taken at saturation and the ImageJ soft-
ware. Control and experimental samples were photographed 
and processed using identical conditions. The “Find maxima” 
tool of Fiji was used to quantitate total TUNEL and PH3 
signal that mark cell death and proliferation. The signal was 
smoothened using the Gaussian Blur filter to reduce image 
noise due to the fragmented signal of the TUNEL and PH3 
stainings. Signal was normalized for the total number of cells 
which was estimated by measuring the total DAPI area that 

corresponds to all nuclei. Cell death and proliferation was 
calculated as a ratio of the TUNEL or PH3 signal over total 
DAPI signal. Quantitation of immunofluorescence signal 
for nuclear markers in differentiated cells was calculated by 
counting all cells with positive nuclear signal and divided by 
the total number of cells. The overlap between Phox2b and 
Isl1 staining was estimated using the Coloc 2 function of Fiji.

Statistical significance was determined by the Student’s t 
test for 2-tailed distributions of unpaired groups. The SEM is 
provided and P < .05 was considered significant.

RNA Sequencing and Bioinformatics Analyses

Neuroepithelial and NMPs were differentiated from mouse 
ES cells as described above. Three independent samples from 
distinct differentiations were used as biological replicates. 
Total RNA prepared as above with an integrity number of ≥9 
was used and subsequent steps were performed at the Biotec 
Sequencing Core of TU Dresden. mRNA was isolated from 1 
µg of total RNA by poly-dT enrichment using the NEBNext 
Poly(A) mRNA Magnetic Isolation Module according to the 
manufacturer’s instructions. Final elution was done in 15 µL 
2× first strand cDNA synthesis buffer (NEBnext, NEB). After 
chemical fragmentation by incubating for 15 minutes at 94 °C 
the sample was directly subjected to the workflow for strand 
specific RNA-Seq library preparation (Ultra Directional RNA 
Library Prep, NEB). For ligation custom adaptors were used 
1: (Adaptor-Oligo 5ʹ-ACA CTC TTT CCC TAC ACG ACG 
CTC TTC CGA TCT-3ʹ, Adaptor-Oligo 2: 5ʹ-P-GAT CGG 
AAG AGC ACA CGT CTG AAC TCC AGT CAC-3ʹ). After 
ligaton adapters were depleted by an XP bead purification 
(Beckman Coulter) adding bead in a ratio of 1:1. Indexing was 
done during the following PCR enrichment (15 cycles) using 
custom amplification primers carring the index sequence in-
dicated with “NNNNNN”. (Primer1: Oligo_Seq AAT GAT 
ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA 
CAC GAC GCT CTT CCG ATC T, primer2: GTG ACT GGA 
GTT CAG ACG TGT GCT CTT CCG ATC T, primer3: CAA 
GCA GAA GAC GGC ATA CGA GAT NNNNNN GTG 
ACT GGA GTT. After 2 more XP beads purifications (1:1) 
libraries were quantified using Qubit dsDNA HS Assay Kit 
(Invitrogen). For Illumina flowcell production, samples were 
equimolarly pooled and distributed on all lanes used for 75bp 
single read sequencing on Illumina HiSeq 2500.

After sequencing, FastQC (http://www.bioinformatics.
babraham.ac.uk/) was used to perform a basic quality control 
on the resulting reads. As an additional control, library diver-
sity was assessed by redundancy investigation in the mapped 
reads. Alignment of the short reads to the mm9 transcriptome 
was performed with gsnap (2014-12-17)36,37 and a table of 
read counts per gene was created based on the overlap of the 
uniquely mapped reads with the Ensembl Genes annotation v. 
69 for mm10, using Feature Counts (v1.4.6).38 Normalization 
of the raw read counts based on the library size and testing 
for differential expression between the different cell types/
treatments was performed with the DESeq R package (v. 
1.8.1).39 Sample-to-sample Euclidean distance as well as 
Pearson’s correlation coefficient (r) were computed based on 
the normalized gene expression level in order to explore cor-
relation between biological replicates and different libraries. 
For testing for differential expression, the count data were 
fitted to the negative binomial distribution and the P-values 
for the statistical significance of the fold change were adjusted 
for multiple testing with the Benjamini-Hochberg correction 
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for controlling the false discovery rate. Accepting a maximum 
of 10% false discovery rate (FDR) (padj ≤ 0.1), genes with 
normalized counts > 100 in either null samples or controls 
and fold change < 0.6 or >1.6 were considered as regulated. 
Heat maps for regulated genes with normalized counts ≥100 
in at least one time point and condition were generated by cal-
culating the z score for each condition in each sample (z score 
= (normalized gene counts − mean of normalized counts)/ 
(standard deviation/√number of samples)). Heatmaps were 
generated with the R package pheatmap (1.0.8). We used 
the values from the rlogTransformation function of DESeq2 
for the calculation of the Z-score. Original RNA Seq data 
have been deposited in GEO under the GSE174021 accession 
number and accessible with the token adyxkscclhypber.40 GO 
and KEGG analyses have been carried out using the DAVID 
suite (https://david.ncifcrf.gov/home.jsp).41,42

Transplantation of Neural Progenitors in the Bra in

To generate the glass needs for the cell transplantations, 
glass capillaries (Harvard Apparatus, borosilicate glass 
GC120TF-10, 30-0050) were placed into the capillary puller 
machine (Sutter instruments, P-97) equipped with a closed 
platinum 350 filament. Long (approximately 1 cm) but thin 
capillaries with an outer diameter 90-95µm and inner diam-
eter 70-80 µm were generated using the following conditions: 
pressure = 500, heat = 895, pull = 35, velocity = 35, time = 50. 
One day before using, capillaries were coated with Sigmacote 
(SL2-25ML) and sterilized under UV light.

Eight-week-old C57/Bl6 mice were placed in the anes-
thesia box under isoflurane anesthesia (2% isoflurane in 
O

2
). Once deep anesthesia was achieved, the animal was 

transferred to the stereotactic frame on an electrically 
heated pad. The head was fixed on the stereotactic device 
using ear bars and the teeth holder with continuous delivery 
of oxygen and isoflurane through a mouth mask. Antiseptic 
eye cream was applied on the eyes for corneal protection. 
The head was shaved and 10% antiseptic betadine solution 
was applied. The operation started by making an incision 
along the sagittal suture line. The skull was dried with a 
cotton swap and the skin was pulled out of the surgical 
field. The initial setting of injector was placed to the coord-
inate (0, 0) after pointing the glass capillary needle (dimen-
sions OD = 90-95 µm, ID = 70-80 µm) at the Bregma. Holes 
of 1 mm diameter were drilled at the selected coordinates 
(anterior-posterior, AP; medio-lateral, ML): AP −5.85 mm, 
ML ±1.25  mm, using an ultrafast drill equipped with an 
automatic stop system to prevent damage to the brain tissue 
(David Kopf Instruments Model 1474). The moisture of the 
exposed skull and brain was maintained using PBS solution 
every few minutes. The glass capillary needle filled with 2.5 
µL of the cell suspension was moved to desired coordinates 
and using the vertical knob the needle was moved until it 
gently touched the brain surface. This was set as DV coord-
inate 0. The needle was then set at the desired position and 
the capillary was introduced into the brain parenchyma at 
selected depth of −5,75  mm. The cell suspension was in-
jected slowly as a total volume of 1000 nL at a rate of ~3 
nL/s. The injected solution was left to diffuse into the brain 
parenchyma for 5 minutes after injection and then the ca-
pillary was withdrawn slowly at rate of ~1  mm/minute. 
The skin was placed back in position and sutured using 5-0 
Coated VICRYL Plus Antibacterial thread. The wound was 
sterilized with Betadine and the mouse was transferred to 

a pre-warmed cage for recovery. Post-operative rehydration 
and analgesia were provided by injecting 1  mL of sterile 
0.9% NaCl solution and 0.1  ml of carprofen (dosage of 
5  mg/kg) subcutaneously. After transplantation animals 
were monitored daily. Six months after transplantation, the 
experimental mice were sacrificed and the brains were col-
lected and further analyzed.

Results

Hoxb1 Promotes Survival in NMP Cells by 
Enhancing Fgf Signaling

Neuromesodermal progenitor cells are located in the node-
streak border and in the adjacent caudal lateral epiblast of 
the developing embryo and are defined by the simultaneous 
expression of Sox2 and Bra.16 Whole mount in situ hybridiza-
tion at 8.5 and 9.5 dpc suggested the possibility that Hoxb1 
is expressed in NMP cells43 and co-immunofluorescence ex-
periments confirmed this hypothesis (Fig. 1A-C) raising the 
question of the functional significance of Hoxb1 expression 
in NMPs. Hoxb1 null embryos do not show defects in the 
elongation of the posterior part of the body.30,31 Consistent 
with that, TUNEL and PH3 immunofluorescence experiments 
did not suggest aberrant cell death or decreased proliferation 
in Hoxb1tm1Brd null (Hoxb1 null) embryos (Supplementary 
Fig. S1A, B).

To investigate the possible role of Hoxb1 in NMPs and to 
bypass possible compensatory mechanisms from surrounding 
tissues or strong expression of other Hox genes in this popu-
lation in vivo, we generated isogenic wild type and Hoxb1 
null ES cells in 2i medium44 from blastocysts originating 
from the intercross of Hoxb1 heterozygotes. Consistent with 
the in vivo findings, ES derived NMPs (Fig. 1D) co-express 
Sox2, Bra, and Hoxb1 (Fig. 1E, F, Supplementary Fig. S1C). 
However, 2 independently derived clones of Hoxb1 null ES 
cells (Hoxb1 null 1, 2) consistently generated fewer NMP 
cells (Fig. 1I). This was due to excessive cell death, as assessed 
by TUNEL assays (Fig. 1G, J), but not in a change to prolifer-
ation rates, as assessed by PH3 immunofluorescence (S1F-H), 
suggesting that Hoxb1 expression contributes specifically to 
NMP survival.

To identify potential Hoxb1 downstream effectors in NMP 
cell survival, we derived and compared the RNA Seq ex-
pression profiles of wild type and Hoxb1 null NMPs. Gene 
Ontology (GO) and KEGG analysis suggested affected path-
ways including AP patterning, apoptosis, and the MAPK 
signaling pathway (Supplementary Fig. S1D). Several Hox 
genes, primarily anterior ones, were downregulated in the 
Hoxb1 null NMP cells consistent with the hypothesis that 
Hoxb1 is an important player in initiating posterior patterning 
at the NMP stage (Supplementary Table S1). Importantly, a 
large number of genes implicated in the apoptotic process 
were also regulated by Hoxb1 (Supplementary Table S1). 
Moreover, Fgf8 and Fgf17 as well as the positive regulator 
of Fgf signaling, Fgfbp1, were downregulated in Hoxb1 null 
NMPs (Supplementary Table S2). Fgf signaling plays key 
roles in maintaining the stem cell zone and in NMP lineage 
allocation45 and Fgf8 as well as Fgf17 are strongly expressed 
in the posterior part of the developing embryo.46 Fgf8 and 
Fgf17 belong to the same subfamily and bind preferentially to 
the Fgfr1 that is the only FGF receptor strongly expressed in 
NMPs (Supplementary Table S3). On the other hand, NMPs 
derived from either wt or Hoxb1 null mES cells were very 
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similar in their expression profile regarding the core markers 
of NMP identity47 (Supplementary Fig. S1D and Table S1), 
suggesting that Hoxb1 does not contribute substantially in 
NMP specification per se.

To establish a role of Hoxb1 in Fgf regulation and NMP sur-
vival, we examined whether addition of Fgf8 to the medium 
during differentiation could rescue the cell death phenotype. 
Indeed, addition of 25 ng/mL of Fgf8 in the culture medium at 
the start of the second day until the end of the differentiation 
partially rescued cell numbers. TUNEL and proliferation as-
says showed that the increase in cell numbers was due exclu-
sively to increased cell survival (Fig. 1G-J, Supplementary Fig. 
S1F-H). Surprisingly, Fgf17 did not have a similar effect even 
at 50 ng/mL (Supplementary Fig. S1I) suggesting a differen-
tial ability of these Fgfs to mediate NMP survival under these 
culture conditions.

Taken together, the data suggested that Hoxb1 does not 
participate in NMP specification but promotes NMP survival 
through the regulation of Fgf signaling and the apoptotic 
pathway. Additionally, Hoxb1 upregulates the expression of 
some, primarily anterior, Hox genes, suggesting that it plays 
an active role in the initiation of the posterior program in 
NMPs.

Hoxb1 and shh Signaling Synergize in Inducing 
FBM-Like Progenitors In Vitro

We then aimed to examine the role of Hoxb1 in the speci-
fication of FBM neural progenitors in concert with extra-
cellular signals, shh in particular. Hoxb1 is essential for the 
segmental identity of FBM progenitors as well as the sur-
vival of FBMs themselves but details of its function at the 
molecular level remain elusive.29-31 It has also been shown 
that doxycyclin (dox) inducible Hoxb1 expression in mES 
(ES Tet-On Hoxb1)-derived neural progenitors results in a mix-
ture of DV neural progenitors with hindbrain r4-like iden-
tity through the repression of anterior neural fates.35 Here 
we reexamined these effects as well as the combined effects 
of Hoxb1 expression and stimulation of shh signaling. The 
number of Hoxb1+ cells was negligible in the absence of dox 
and similar in dox or dox/ shh agonist (SAG) treated cells48 
(Supplementary Fig. S2A). Of note, and similar to the find-
ings in the NMP state, Hoxb1 expression did not affect pro-
liferation rates of progenitors under the culture conditions 
used (Fig. 2B).

RNA Seq (Fig. 2A) analysis followed by GO and KEGG 
analyses suggested that Hoxb1 and shh signaling synergized 
in modulating a large number of process and molecular func-
tions in neural progenitors (Supplementary Fig. S2C-E). Close 
analysis showed that induction of Hoxb1 represses expression 
of anterior markers in neural progenitors (Supplementary Fig. 
S2F) and enriches dorsal identities as assessed by immuno-
fluorescence (compare Fig. 2B-E with Fig. 2J-M, and see 
quantifications in Fig. 2R-U) and gene expression (Fig. 2V, 
Supplementary Fig. S2F and Table S4). This is consistent with 
the finding that Hoxb1 can promote the formation of neural 
crest in vivo.20

Facial branchiomotorneuron progenitor markers were not 
significantly upregulated in Hoxb1+ cells (Fig. 2W). As ex-
pected, stimulation of shh signaling alone, repressed dorsal 
markers such as Pax6 and Pax7 and upregulated ventral 
markers such as Nkx6.1 and Nkx2.2 in mES-derived neural 
progenitors in both the protein (compare Fig. 2B-E with F-I, 
see quantifications in R-U) as well as transcript levels (Fig. 2V, 

Supplementary Table S4). It is interesting to note that, in an-
terior cells, upregulation of Nkx2.2 upon shh stimulation was 
robust whereas there was no Nkx6.1 upregulation reflecting 
the extensive expression of Nkx2.2 in the forebrain and the 
corresponding lack of Nkx6.1 there.49,50

We then asked whether Hoxb1 (+ dox) and shh (+ SAG) 
may synergize in regulating the expression of ventral markers 
in general and markers of FBM progenitors51 in particular. 
Indeed, their combination further repressed dorsal markers 
and promoted cell differentiation towards a ventral phenotype 
as assessed by the expression of dorsal and ventral markers at 
the protein (compare Fig. 2B-M with N-Q and see quantifica-
tions in R-U) and transcript (Fig. 2V, Supplementary Table S4) 
levels. We have not directly compared immunofluorescence 
markers in the + shh and + dox groups as this would compare 
the effect of shh signaling on anterior cells to that of Hoxb1 
expression in anterior cells.

Remarkably, the combined Hoxb1 expression and Shh 
mediated ventralization resulted in the dramatic shift 
to an r4-MNP like (FBM) identity with the coordinated 
upregulation, at the transcript level, of several FBM pro-
genitor markers that were weakly expressed in the presence 
of dox or shh alone. A small number of these markers were 
downregulated, suggesting that additional signals might be 
necessary for complete specification (Fig. 2W, Supplementary 
Table S4). Furthermore, combination of Hoxb1 expression 
and shh signaling further sharpened AP cellular identity by 
repressing the expression of anterior hindbrain genes (Pax2, 
Gbx2, and En1) as well as Mafb (aka Kreisler) which is a 
marker of r5 (Supplementary Fig. S2F).

Thus, Hoxb1 and shh signaling act synergistically in fur-
ther sharpening hindbrain identity, repressing dorsal neural 
markers and induce the specification of FBM-like progenitors 
in ES derived neural cells.

Shh and Hoxb1 Synergize in Regulating the 
Expression of Signals and Signal Receptors

The identification of specific signals and signal receptors for 
MN progenitor subpopulations will help refine specification 
and maturation of distinct motor neuron subclasses from 
pluripotent stem cells. The analysis of the RNA Seq data of 
our in vitro generated of FBM-like progenitors identified a 
large number of signals and signal receptors coordinately 
regulated through the synergistic action of Hoxb1 and shh 
(Fig. 3A, Supplementary Fig. S3A, B). These included the Ret 
receptor tyrosine kinase that mediates MN survival and has 
been identified as a downstream target of Hox proteins in 
motor neurons of the trunk.52 These results suggested that Ret 
expression is downstream of Hoxb1 in FBM progenitors as 
well, and to assess this we first analyzed Ret expression in 
wild type and Hoxb1null embryos.

Expression of Ret receptor in the developing Hoxb1+ FBMs 
was first detected at 11.5 dpc in both r4 and r5 (Fig. 3B-D, 
Supplementary Fig. S4A-C). At this stage caudally migrating 
FBMs are Isl1+, Tbx20+ and Phox2b+ and can be detected in 
both r4 and r5 (Fig. 3E-H, Supplementary Fig. S4D-G).29,51 In 
Hoxb1 null embryos, Isl1+ MN progenitors are still born in r4 
but do not express Tbx20 or Phox2b and migrate ectopically 
in a pattern similar to that of Hoxa2+ trigeminal MNs29-31,51 
(Fig 3I). Loss of orthotopic Ret expression in the Hoxb1 null 
embryos was consistent with the loss of FBM progenitors; 
however, expression was retained in the area of ectopically 
migrating MNs, suggesting that additional Hox proteins, 
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primarily Hoxa2, maintain expression of Ret (Fig. 3I-L, 
Supplementary Fig. S4H-K).

Activation of Ret signaling through the addition of GDNF 
in organotypic hindbrain cultures resulted in an increase of 
Ret expression in FBMs.53 To assess to what extent ES-derived 
FBM progenitors resemble their in vivo counterparts and 
whether Hoxb1 plays a role in Ret induction, mES-derived 

neural progenitor cells were exposed to 50  ng/mL GDNF 
during the expansion stage of differentiation (Fig. 2A) and 
levels of Ret expression were assessed by RT-qPCR. Ret ex-
pression was relatively low in control neural progenitors and 
this did not change upon shh stimulation, GDNF stimula-
tion or a combination of both. In contrast, Hoxb1 synergized 
with shh signaling to induce Ret expression by nearly 3-fold 

Figure 2. Hoxb1 and shh synergize in the specification of FBM progenitors. (A) The differentiation scheme leading from mES cells to neural progenitors. 

Experimental parameters and analyses are shown in red (B-Q) Immunofluorescences analysis of the expression of Pax6 (B, F, J, N), Pax7 (C, G, K, O), 

Hoxb1 (D, H, L, P, E, I, M, Q), Nkx6.1 (D, H, L, P), and Nkx2.2 (E, I, M, Q) in control cells (B-E), after stimulation of shh signaling (F-I), following Hoxb1 

induction (J-M) or under combined Hoxb1 induction and shh stimulation (N-Q). Quantification of the number of Pax6+ cells (R), Pax7+ cells (S), Nkx2.2+ 

cells (T) and Nkx6.1+ cells (U) in different culture conditions (n = 3). Heat maps depicting changes of expression (z-score) under different conditions of 

DV markers (V) and FBM progenitor markers (W). Scale bars correspond to 200 µm; ∗ P < .05 and ∗∗P < .01; error bars show ± SEM.
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over levels in control neural progenitors. Further stimulation 
with GDNF stimulated Ret expression in Hoxb1 expressing 
cells by an additional nearly 3-fold, suggesting that Hoxb1 

mediates the GDNF effect on Ret expression (Fig. 3M). The 
Hoxb1-mediated Ret upregulation was consistent with the ex 
vivo findings in embryonic FBMs further confirming that the 

Figure 3. Ret expression is downstream of Hoxb1 in FBM progenitors in r4. (A) Heat map of the expression (z-score) of selected signal receptors 

demonstrating that Hoxb1 and shh synergize in the regulation of their expression in mES-derived FBM progenitor cells. Transverse sections at the 

level of r4 (D) of 11.5 dpc mouse embryos and immunofluorescence analysis shows that Ret is expressed in Hoxb1+ FBM progenitors in r4 (B, C). 

Immunofluorescence analysis for Isl1 (E, I), Tbx20 (F, J), Ret (G, K) and Phox2b with Hoxb1 (H, L) in wt (E, F, G, H) and Hoxb1 null (I, J, K, L) embryos 

shows the loss of FBM progenitors and corresponding Ret expression in the Hoxb1 null embryos. (M) Ret expression in FBM progenitors derived from 

mES cells is potentiated by Hoxb1 and its ligand, GDNF (n = 3 for NS + shh and NS cells + shh + GDNF, for all others n = 6). Arrows show the presence 

of FBM progenitors and stars their absence, whereas arrowheads ectopically migrating misspecified FBM progenitors. Scale bars correspond to 100 

µm; ∗ P < .05; error bars show ± SEM.
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mES-generated FBM progenitors were quite similar to their in 
vivo counterparts.

This result raised the possibility that GDNF may promote 
the appearance of FBM-like progenitors in Hoxb1+ mES-
derived neural cells exposed to shh signaling. To address 
this, we extended the culture of FBM-like progenitors for 
4 additional days in the presence of 50 ng/mL GDNF (Fig. 
4A) and assessed the appearance of Isl1+ and Phox2b+ cells 
by immunofluorescence (Fig. 4B-G). Whereas the number 
of Isl1+ and Phox2b+ cells was negligible in the presence of 

GDNF (≤5%), shh signaling resulted in the appearance of nu-
merous Isl1+ and Phox2b+ cells. Combination of shh signaling 
and GDNF further increased the number of both Isl1+ and 
Phox2b+ cells (Fig. 4B-G). Image co-localization analysis sug-
gested that, while inclusion of GDNF did not increase the 
estimated 86 ± 2% of Phox2b+ cells that were also Isl1+, it sig-
nificantly increased the estimated 49 ± 2% of Isl1+ cells that 
were also Phox2b+ to 68 ± 4% (P < .05).

Taken together these results suggested that Hoxb1 and 
shh synergize in regulating the expression of a large number 

Figure 4. GDNF promotes the appearance of Phox2b+ and Isl1+ cells in mES-derived FBM-like progenitors. (A) The differentiation scheme for the 

generation of FBM progenitors and maturation in the presence of GDNF. Experimental parameters are shown in red. (B, C) Immunofluorescence 

analysis of FBM progenitors in the presence of dox (B), dox and GDNF (C), dox and shh signaling (D) or all 3 (E) for Phox2b and Isl1 expression and 

quantification (F, G) (n = 4) suggested that Hoxb1 synergizes with both shh signaling and GDNF in the induction of Phox2b+ and Isl1+ FBM-like 

progenitors. Scale bars correspond to 100 μm; ∗∗ P < .01, ∗∗∗ P < .001; error bars show ± SEM.
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of extracellular signals and signal receptors. Together, they 
strongly upregulate expression of the Ret tyrosine kinase re-
ceptor and this, in combination with the Ret ligand GDNF, 
may trigger a feed-forward loop to strengthen FBM pro-
genitor generation. Such findings are important for the effi-
cient in vitro generation of specific subtypes of motorneuron 
progenitors.

ES-Derived FBM-Like Progenitors Survive and 
Differentiate into Postmitotic Neurons Following 
Orthotopic Transplantation

These findings suggested a strong resemblance of Hoxb1+/
SAG treated mES-derived neural progenitors to FBM 
neuron progenitors and they also suggested that such neural 
progenitors might be able to survive and differentiate fol-
lowing orthotopic transplantation in the mature brain. The 
culture conditions used here do not allow for maturation 
as assessed by the lack of NeuN and choline acetyl trans-
ferase (ChAT) expression in immunofluorescence experi-
ments. To assess whether these cells were able to survive 
and mature in vivo, we genetically labeled the ESTet-On/Hoxb1 
mES line by incorporating in the ROSA26 locus, through 
homologous recombination, an EFGP transgene driven by 
the constitutively strong CAG promoter54 (Supplementary 
Fig. S5A). The resulting ESTet-On/Hoxb1/GFP cells were differen-
tiated into FBM-like progenitors as shown in Fig. 4A. Cells 
that underwent the same procedure with the exception of 
dox treatment gave rise to neural cells that were used as 
controls. Approximately 5000 FBM-like progenitors or 
control neural cells suspended in 1 µL were grafted stereo-
tactically close to the facial nucleus of adult wild-type mice 
(Fig. 5A) as well as in the cerebellum as a control ectopic 
transplantation site. Following the transplantation pro-
cedure, the mice did not show any unusual behavior and 
the first mice were sacrificed after 1 month. Cells in the 
orthotopic grafts of FBM-like progenitors survived (n = 2), 
whereas a graft of control cells close to the facial nucleus (n 
= 1) did not survive. Cells in the FBM-like progenitor grafts 
were NeuN+ but did not express ChAT and we decided to 
extend the period after transplantation and animals were 
sacrificed after 6 months. Grafts of FBM-like progenitor 

cells near the facial nucleus survived well (14/15) while 
none of the cerebellum grafts (0/6) was detectable after 6 
months. Grafts of control cells also showed low survival 
irrespective of whether the transplantation site was the fa-
cial nucleus or the cerebellum (2/8 and 2/5, respectively), 
suggesting that locally provided survival signals might be 
necessary for the survival of these cells. We then exam-
ined whether orthotopically transplanted cells mature into 
acetylcholine producing motoneurons by immunofluores-
cence with antibodies against NeuN and ChAT. We found 
that stained grafts (6/7) contained numerous postmitotic 
NeuN+ neurons and occasionally (3/7) some ChAT+ neurons 
(Fig. 5B, D and C, E in high magnification).

These findings suggested that a combination of directed 
neural differentiation, inducible Hoxb1 expression and 
shh signaling stimulation resulted into FBM—like cells 
that can survive and mature into postmitotic neurons fol-
lowing orthotopic transplantation close to the facial nu-
cleus. Refinement of this approach and extension into MN 
progenitors specified through the action of more posterior 
Hox genes could result in an array of MN progenitors cor-
responding to different axial levels that could survive and 
mature in vivo with implications for neurodegenerative 
diseases.

Discussion

The molecular functions of Hox genes have intrigued de-
velopmental biologists for decades. Their recurrent employ-
ment in derivatives of all 3 germ layers and at different time 
points compounds the complexity of unraveling their func-
tions. The search for Hox downstream genes has identified 
diverse factors with broad regulatory developmental func-
tions as well as the so-called “realisator” genes that are more 
directly involved in morphogenetic processes.2,55,56 Whereas 
it is accepted that the context dependent activity of Hox 
genes lies at the roots of the diversity of downstream ef-
fectors, the interplay of Hox genes with extracellular signals 
in shaping developmental processes has not been adequately 
examined. Here, taking advantage of appropriate mES cell 
in vitro differentiation protocols,18,35 we have addressed this 
issue by examining the interaction of Hoxb1 with signaling 

Figure 5. FBM-like progenitors survive well and become post-mitotic following ortotopic transplantation. (A, B, D) orthotopically transplanted FBM-

like neural cells survive at least 6 months after transplantation, become post-mitotic NeuN+ cells (B) and occasionally express ChAT (D). (C, E) High 

magnification of the marked areas in (B) and (D) respectively show colocalization of EGFP and NeuN in the same cells (arrows in C mark some double-

positive cells) as well as of EGFP (arrows in E mark the double-positive cells) and ChAT, respectively. Scale bars correspond to 50 μm.
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pathways in 2 different cellular contexts, NMPs and neural 
progenitors.

The discovery of the bipotent NMPs that contribute to 
both the spinal cord and paraxial mesoderm in the mouse 
embryo13 and subsequent studies that derived such cells in 
vitro from human or mouse PS cells18,57 led to the revision 
of the classical Niewkoop neural activation/ transformation 
model.58 These findings established that posterior neural tissue 
is generated independently of the mechanism(s) involved in 
the induction of the anterior neural plate. Neuromesodermal 
progenitors are localized in the caudal lateral epiblast and 
adjacent to the node-streak border,14,15 arise early in devel-
opment and persist as a population during axis elongation 
fueling the posterior growth of the body axis. Hox genes are 
sequentially activated in NMPs and this was recapitulated 
in vitro when NMPs were maintained in culture for several 
days.18,59 Sequential Hox gene activation is constrained by in-
trinsic chromatin based timing mechanisms but these are de-
pendent upon temporal changes of extrinsic cues.60 A study 
of the Hox clock pacing in human PS cell derived NMPs 
showed that the activation of the caudal Hox genes is con-
trolled by a dynamic increase in FGF signaling.61 Are Hox 
genes passive bystanders or participants in this process? The 
NMPs generated here correspond to an early state as sug-
gested by the strong expression of Hoxb1 and Hoxb2, rea-
sonable levels of expression of Hox3 members but weak or 
absent expression of other Hox genes (Supplementary Table 
S2). Hoxb1 inactivation led to a dramatic downregulation 
of Hoxb2 as well as downregulation of all other expressed 
Hox genes (Supplementary Table S2) but NMP identity was 
not affected (Supplementary Fig. S1D), suggesting that Hox 
gene function is not a prerequisite for the establishment of 
NMPS. Direct auto- and cross-activation of Hox genes has 
been amply demonstrated,62-66 but it remains to be seen to 
what extent posterior cues such as FGFs and GDF11 are 
direct targets of Hox transcription factors. Our results sug-
gested that anterior Hox genes, Hoxb1 in particular, acti-
vate Fgf8 and Fgf17 expression as well as components of 
the Fgf signaling pathway and that this activation is neces-
sary for NMP survival, a function that has also been attrib-
uted to Hoxb1 in the context of FBMs.29-31 Thus, we propose 
that Hox genes activate Fgf signaling as well as more pos-
terior Hox genes. This leads to increased activation of FGF 
signaling that induces the expression of additional, more 
posterior Hox genes through activation of Cdx genes that 
clear repressive chromatin marks.67,68 This establishes an 
autocrine, self—sustaining, feed forward loop until the acti-
vation of posterior Hox genes and eventually the paralogous 
group 13 Hox genes increasingly repress Wnt signaling, ef-
fectively terminating cell proliferation.57,69 Hoxb1 expression 
was necessary in vitro for NMP survival but it is apparently 
not necessary in vivo (Supplementary Fig. S1A) as also dem-
onstrated by the absence of elongation defects in the Hoxb1 
null embryos.30,31 This difference is most likely due to the 
expression of several other Hox genes in vivo at the time (9.5 
dpc) of analysis and illustrates the reductionist power of this 
model system.

Exposure of NMPs at different time points to RA induced 
neural differentiation and resulted in motorneurons with 
anterior-posterior identities according to the combination 
of Hox genes expressed at the time of RA addition.59 These 
findings supported the proposed model whereby exposure to 
FGF8/Wnt signaling progressively activates more posterior 

Hox genes, whereas exposure to RA inhibits so arrests the 
temporal progression of 3ʹ-5ʹ Hox gene expression, thereby 
setting the Hox code as differentiation is initiated.19 The pat-
terning of the neural tube proceeds under the influence of 
dorsal and ventral morphogens70 and the role of Hox genes 
in assigning neuronal identity has been well established, in 
line with their conserved roles in body patterning and particu-
larly with regards to motorneurons.71 Manipulation of Hox 
gene expression in mouse and chick embryos can modify both 
motorneuron subtype specification and axonal projection pat-
terns establishing that Hox genes play a central role in these 
processes. However, the interaction of Hox genes themselves 
with neural tube patterning signals has not yet been fully ex-
plored. Here we show that, surprisingly, Hoxb1 synergizes 
with shh signaling in mES cell-derived neural progenitors in 
suppressing anterior identity and refining hindbrain identity. 
Additionally, it synergizes with shh in suppressing dorsal fates 
while inducing ventral identities. This interaction extends to 
the induction of additional signals and signal receptors that 
may help further refine the molecular identity of neuronal 
subtypes and promote their differentiation. A case in point 
is the expression of the receptor tyrosine kinase Ret that pro-
motes trunk MN survival.52 Hoxb1 and shh synergistically 
activate Ret expression in mES cell-derived neural progen-
itors and addition of the Ret ligand GDNF strongly enhances 
upregulation of Isl1 and Phox2b, which are key determin-
ants of the FBM identity.51 Thus, the synergistic interaction of 
Hoxb1 and shh induce Ret which mediates further differen-
tiation into FBM identity suggesting another Hox mediated 
feed forward loop in a different cellular context. Regulation 
of the TNF/NF-kB and Notch signaling pathways by Hox 
genes in diverse contexts10,20,35,72,73 raises the possibility that 
this is a widespread yet underappreciated aspect of Hox gene 
function.

The ability of Hox transcription factors to play central 
roles in the refinement of cell identity appears surprising 
given the high degree of conservation of the homeobox 
DNA-binding domain. At a first level, specificity is provided 
by various DNA binding ubiquitous factors such as the 
general Pbx and Meis proteins3,74 or other context-specific 
transcription factors such as Foxp175 and at a second level 
by subtle changes in the binding specificities and differential 
ability to engage inaccessible chromatin across Hox paralo-
gous groups.76-78 Hox proteins can function as both acti-
vators and repressors79-81 and in view of the results described 
here we speculate that synergistic binding of Hox proteins 
with diverse signaling pathway effectors may serve as a 
means of increasing binding specificity as well as fulfilling the 
context dependent functions of Hox genes. ChIP Seq assays 
at different cellular contexts will be necessary to elucidate 
this issue. Research into the molecular underpinnings of MN 
specification during development has enabled their in vitro 
application for the generation of large numbers of such cells 
for further mechanistic studies71 but precise axial specifica-
tion, purity, and maturation remain issues to be addressed. 
The in vitro generation of NMPs and the recapitulation of 
the Hox clock in vitro18,59 have opened new possibilities 
to generate posterior neural cells with precise AP identity. 
Understanding the interactions of Hox genes with signaling 
pathways in different stages of development will promote the 
identification of signals which can be employed to establish 
and maintain specific neuronal cell types. Our transplant-
ation experiments suggested that appropriate manipulation 
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of Hox axial identity and signaling pathways can generate 
cells that will survive longer and mature when transplanted 
orthotopically. A multi-step approach combining the estab-
lishment of proper axial identity in hPS cell-derived NMPS 
and the subsequent timely application of appropriate signals 
could be the blueprint to generate motorneurons and neurons 
that will survive and functionally integrate following trans-
plantation, with implications for disease modelling, mechan-
istic studies and possibly therapies.
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