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Pluripotency factors regulate the onset of Hox cluster 
activation in the early embryo
María Tiana1,2†, Elena Lopez-Jimenez2‡†, Julio Sainz de Aja2§†, Antonio Barral1,2||, 
Jesus Victorino2||, Claudio Badia-Careaga2, Isabel Rollan2¶, Raquel Rouco2#, Elisa Santos2, 
Hector Sanchez-Iranzo3, Rafael D. Acemel4**, Carlos Torroja2, Javier Adan2, Eduardo Andres-Leon5, 
Jose Luis Gomez-Skarmeta4, Giovanna Giovinazzo2, Fatima Sanchez-Cabo2, Miguel Manzanares1,2*

Pluripotent cells are a transient population of the mammalian embryo dependent on transcription factors, such 
as OCT4 and NANOG, which maintain pluripotency while suppressing lineage specification. However, these factors 
are also expressed during early phases of differentiation, and their role in the transition from pluripotency to lineage 
specification is largely unknown. We found that pluripotency factors play a dual role in regulating key lineage 
specifiers, initially repressing their expression and later being required for their proper activation. We show that 
Oct4 is necessary for activation of HoxB genes during differentiation of embryonic stem cells and in the embryo. 
In addition, we show that the HoxB cluster is coordinately regulated by OCT4 binding sites located at the 3′ end of 
the cluster. Our results show that core pluripotency factors are not limited to maintaining the precommitted 
epiblast but are also necessary for the proper deployment of subsequent developmental programs.

INTRODUCTION
Pluripotency, the ability of a cell to give rise to derivatives of all 
embryonic germ layers, occurs in cultured embryonic stem (ES) 
cells and for a brief period during development of the mammalian 
embryo. A small group of transcription factors, octamer-binding 
transcription factor 4 (OCT4), NANOG, and SOX2, controls this 
state both in vivo and in culture by regulating a large battery of down-
stream target genes (1). During preimplantation stages of mammalian 
embryos, these factors are expressed in the epiblast of the blastocyst, 
which shares various molecular features with ES cells, among them 
the expression of the core pluripotency factors. Progression from 
pluripotency toward differentiation requires the dismantling of the 
pluripotency regulatory network, leading to the expression of lineage 
determination genes and turning on of specific developmental path-
ways. However, the expression of pluripotency factors beyond the 
blastocyst stage suggests roles not directly related to pluripotency 
maintenance (2). Oct4 (official gene symbol Pou5f1) is continuously 
expressed up to embryonic day (E) 8.5, initially throughout the epi-
blast and subsequently showing progressive restriction to the poste-
rior part of the embryo (3). Nanog is reexpressed at E5.5, but only in 

the posterior-proximal region, where it controls development of the 
primordial germ cells (4) and is turned off by E7.5 (5). Some studies 
have suggested roles of these factors beyond pluripotency. For ex-
ample, Oct4 has been found to promote mesoendodermal differen-
tiation (6, 7) and cardiomyocyte fate (8), while Nanog has been proved 
to regulate primitive hematopoiesis (9). Nevertheless, loss-of-function 
approaches to investigating the role of Oct4 and Nanog at these stages 
have proved difficult because preimplantation lethality precludes 
analysis of later phenotypes (1). To overcome early lethality, condi-
tional Oct4 mutants have been analyzed at early postimplantation 
stages. However, loss of Oct4 at these stages leads to tissue disorga-
nization and proliferation defects at gastrulation, which could ob-
scure potential lineage-specific defects (10, 11). Therefore, we still 
lack a complete understanding of the roles of pluripotency factors 
during later stages of development, as well as how pluripotency and 
differentiation programs are coordinated in the embryo.

In this work, we aimed to understand the role of Oct4 and Nanog 
beyond pluripotency. We have characterized the transcriptional chang-
es caused by gain of function of these factors and determined that they 
regulate many developmental regulators in a dual fashion, repressing 
their expression at E7.5 and activating them at E9.5. Among them, we 
have used as a paradigm the regulation of Hox genes by Oct4. Hox genes 
are a large conserved family of transcription factors that specify cellular 
identities along the anterior-posterior axis throughout metazoan evolu-
tion (12). They are organized in clusters along the chromosome that 
determine their temporal and spatial activity (13). By using an inducible 
Oct4 loss-of-function model, we have determined that it is required for 
proper activation of the HoxB cluster. We have identified functional 
OCT4 binding sites in the regulatory regions of the cluster and demon-
strated that these regions are essential for proper HoxB gene expression.

RESULTS
Stage-dependent regulation of developmental genes by 
pluripotency factors
We used doxycycline (dox)–inducible transgenic mouse models 
providing controlled Oct4 or Nanog expression in postimplantation 
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embryos (14, 15). These mice carry two independent alleles: on the 
one hand, an insertion of the cDNA for Oct4 or Nanog driven by an 
rtTA (see below) responsive promoter at the permissive Col1a1 lo-
cus and, on the other, the transcriptional transactivator rtTA, which 
is only active if bound by dox, inserted at the Rosa26 locus. Adding 
dox to the drinking water of pregnant mice will result in the activation 
of the transgenes in the embryos in a temporal controlled manner. 
We chose two different time windows for induction of Oct4 and 
Nanog: from E4.5 to E7.5 and from E6.5 to E9.5 (Fig. 1A), thus 
maintaining expression beyond the point when endogenous gene 
activity is turned off. Robust expression of both transgenes was 
obtained at E7.5 and E9.5 (fig. S1A), with higher levels in the neural 
tube and the mesoderm (fig. S1B). Expression levels of Oct4 or 
Nanog in treated embryos were comparable or even lower than 
endogenous levels in E14 or R1 (16) ES cells (fig. S1C). We analyzed 
the transcriptomes of embryos by RNA sequencing (RNA-seq) from 
untreated and dox-treated females and compared gene expression 
changes between stages and models (data file S1).

More than 50% of genes differentially expressed upon Oct4 
expression up to E7.5 also changed when Nanog was induced in the 
same time window (fig. S1D) and included major developmental 
regulators. However, this proportion halved when we compared 
changes occurring in E9.5 embryos (24%). Similarly, 23% of genes 
deregulated by Oct4 at E7.5 also changed at E9.5. As for Nanog, 36% 
of genes changing at E7.5 were shared with Oct4, 16% at E9.5, and 
only 14% were common at both stages in Nanog-expressing embryos 
(fig. S1D). Core pluripotency factors activate each other’s expres-
sion (1, 17), and we observed positive cross-regulation of Oct4 and 
Nanog at E7.5 (data file S1), but not at E9.5 (Data file S1; fig. S1A). 
Furthermore, we did not observe up-regulation of other pluripoten-
cy factors, such as Sox2, upon Oct4 or Nanog expression. Therefore, 
there is not an overall activation of the embryonic pluripotency pro-
gram in the gastrulating embryo driven by these factors.

We performed unsupervised hierarchical clustering of the data 
using genes that were differentially expressed in at least one condi-
tion (4090 genes; data file S2). Most of the resulting clusters (Fig. 1B) 
show a stronger tendency for up-regulation or down-regulation in 
only one condition (e.g., clusters #1 to #5; fig. S2A), confirming the 
largely independent and stage-specific effects of Oct4 and Nanog 
expression. Functional annotation of Gene Ontology terms showed 
that most clusters were enriched for genes involved in development 
and transcription, with some exceptions such as cluster #5, which is 
enriched for cell cycle genes, and cluster #7, which includes genes 
involved in lipid metabolism (fig. S2B and data file S3).

As the majority of changes in gene expression we observed are 
surely not caused by direct regulation by OCT4 or NANOG, but 
secondary to other genes or also to changes to cell fate, we aimed 
to gain insight into putative direct targets among the deregulated 
genes. We checked for the presence of OCT4 or NANOG binding in 
the vicinity of differentially expressed genes by examining pub-
lished chromatin immunoprecipitation sequencing (ChIP-seq) data 
in ES cells (18, 19). This is not ideal, but as we lack genome-wide 
binding information for OCT4 and NANOG in early gastrulating 
mouse embryos, we reasoned that the similarity of ES cells and early 
embryonic tissues would suffice for an exploratory analysis. We as-
sessed for binding near genes from each cluster compared to genes 
differentially expressed in at least one condition (Fig. 1C). Unex-
pectedly, only three clusters (#6, #8, and #10) showed consistent 
enrichment for genes located near OCT4- or NANOG-bound 

genomic regions (Fig. 1C). Moreover, these clusters showed an intrigu-
ing pattern in response to Oct4 and Nanog: clusters #6 and #10 were 
up-regulated by both Oct4 and Nanog at E7.5 and down-regulated 
at E9.5, whereas cluster #8 showed the opposite behavior (fig. S2A). 
The three clusters are enriched for developmental regulators (fig. S2B 
and data file S3); however, whereas clusters #6 and #10 include early 
epiblast genes (e.g., Chordin, Dnmt3a/3b, Eomes, Eras, Esrrb, Etv5, 
Fgf4/5, Foxa2, Gsc, Lefty2, Mesp1/2, Nodal, Otx2, Snai1, Tdgf1, and 
Zic5), cluster #8 includes multiple lineage specification genes (e.g., 
Cdx1/2/4, Dlx5/6, Fgf3, Gata5/6, Gbx2, Gli1/2/3, Hnf1b, Hox genes, 
Irx3/4/5, Meis1/2/3, Msx1/2, Pitx1/2, Tbx genes, and Wnt3a/5a/5b/6) 
(Fig. 1D and data file S2).

Widespread regulation of Hox genes by pluripotency factors
The large number of Hox genes in this last group (18 genes; data file 
S2) prompted us to examine the response of all 39 Hox genes to 
Oct4 and Nanog (Fig. 2A and data files S1 and S2). Nanog induction 
up to E7.5 down-regulated the expression of 14 Hox genes, while it 
up-regulated the expression of 3. Its expression up to E9.5 only 
up-regulated the expression of 5 Hox genes. On the other hand, 
Oct4 significantly down-regulated 23 Hox genes when expressed up 
to E7.5, and up-regulated 24 when expressed up to E9.5 (Fig. 2A). It 
is noteworthy that in the case of Oct4, no Hox gene was up-regulated 
at E7.5 or down-regulated at E9.5. Oct4 affects expression of Hox 
genes from all four clusters (HoxA-D), but excluding most of the 
posterior Hox genes from paralog groups 10 to 13. Previous work 
has shown that Oct4 delays the activation of posterior Hox genes in 
trunk progenitors at later embryonic stages (20), suggesting that 
Oct4 could have opposite roles in the regulation of anterior and 
posterior Hox genes during development (21).

These results indicate that endogenous Oct4 might be regulating 
Hox genes during postimplantation development, which would re-
quire them being coexpressed at these stages. To address whether this 
was the case, we analyzed published single-cell expression data in 
gastrulating embryos (E6.5 to E8.5 embryos) from the mouse gastru-
lation atlas (22). We found that the majority of cells expressing Oct4 
also express Hox genes; at E8.0, approximately 80% of Oct4-positive 
cells also express any of the Hox genes examined (fig. S3A). Pearson 
correlation of single-cell RNA-seq expression data showed that the 
highest correlation between Oct4 and Hox genes occurs from E7.75 
to E8.25 (fig. S3B). Correlation at these time points is positive, which 
is coincident with the up-regulation of Hox genes by Oct4 overex-
pression in the late-time window, but is negative at earlier stages 
when OCT4 would be repressing Hox gene expression. Analysis of 
the single-cell RNA-seq data for Oct4 and Hoxb1 expression in dif-
ferent cell types at E8.0, the time point where they show the highest 
correlation, identified highest levels of both genes in mesodermal de-
rivatives and a near complete overlap between them (fig. S3, C and 
D). We next analyzed Oct4 mRNA levels in Hox-positive cells and 
observed that Oct4 is expressed at similar levels in these populations, 
compared to all Oct4-positive cells from the same stages (fig. S3E). 
This rules out the possibility that Hox genes are only expressed in 
cells with low levels of Oct4, which would be turning it off as a pre-
requisite for proper lineage commitment. The results obtained from 
the analysis of scRNA-seq data in postimplantation embryos point 
toward a strong correlation between Oct4 and Hox gene expression 
throughout the developmental stages that we have examined.

To determine when the switch from Hox gene repression to ac-
tivation takes place, we induced Oct4 for 1.5-day periods between 
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Fig. 1. Oct4 and Nanog coordinate developmental programs in the postgastrulation mouse embryo. (A) Diagram showing the windows of dox treatment used to 
induce Oct4 or Nanog expression at postimplantation stages of mouse development. (B) Gene expression changes driven by expression of Oct4 or Nanog for 3 days up to 
E7.5 or E9.5; unsupervised hierarchical clustering of genes differentially expressed in at least one condition segregated genes into 10 groups according to behavior (clus-
ters #1 to #10). (C) Enrichment in genes located in the vicinity of chromatin immunoprecipitation sequencing (ChIP-seq)–defined OCT4 or NANOG binding peaks, shown 
as the log10 ratio of each cluster versus genes differentially expressed in at least one of the conditions analyzed. Two-tailed Student’s t test; adj *P < 0.01. (D) Representa-
tive examples of developmental genes showing opposite behaviors in response to Oct4 and Nanog; genes are either early epiblast markers that are up-regulated early 
and down-regulated late (clusters #6 and #10; right) or later lineage specifiers that are down-regulated early and up-regulated late (cluster #8; left). Expression differences 
between dox-treated and untreated embryos are shown as logFC (fold change) of counts per million from RNA sequencing (RNA-seq) data.
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E5.5 and E8.0, harvesting embryos between E7.0 and E9.5 (Fig. 2B). 
We examined the expression of Hoxa1 and three HoxB cluster genes 
(Hoxb1, Hoxb4, and Hoxb9) by reverse transcription quantitative 
polymerase chain reaction (RT-qPCR) using genotype-matched 
embryos from non–dox-treated females as controls. Consistent 
with the transcriptomic data, we observed a switch from repression 
to activation. However, the switch occurred earlier for Hoxa1 and 
Hoxb1 than for Hoxb4 and Hoxb9 (Fig. 2C), resembling the collin-
ear activation of the clusters in the early embryo (23).

We next examined Oct4-induced changes to HoxB gene expres-
sion patterns by in situ hybridization of E7.0 to 7.5 and E9.5 embryos 
exposed to dox for 3 days. At E7.0 to 7.5, expression of Hoxb1 and 
Hoxb4 was down-regulated in the posterior region of the embryo, as 
predicted from the transcriptomic analysis (Fig. 3, A and C), and at 
E9.5, we observed gain of expression for HoxB genes in several do-
mains of the embryo (Fig. 3, A, B, and D). As by this stage Oct4 is no 
longer expressed in Hox-positive territories, these results show that 
Oct4 can regulate multiple Hox genes even if expressed out of its 
endogenous context. Hoxb1 was the most altered, with a shift along 
the anterior-posterior axis in the neural tube (Fig. 3, B, arrowhead, 
and D) together with up-regulation or persistence of expression in 

presumptive rhombomere 6 territory (Fig. 3B, asterisk). Expression 
of Hoxb4 was posteriorized in the neural tube (Fig. 3, B, arrowhead, 
and D), showing an irregular and patchy pattern (Fig. 3B, bracket). 
However, its expression in the somatic mesoderm shifted anteriorly 
(Fig. 3D). As for Hoxb9, there is a change in the anterior limit of 
expression in the neural tube (Fig. 3B, white arrowhead) compared 
with that in the paraxial mesoderm, which also shows an irregular 
pattern (Fig. 3B, black arrowhead). Most notably, all three genes ex-
amined showed patches of expression in the anterior neural tube 
(Fig. 3A and fig. S4A), a territory devoid of Hox expression at all 
developmental stages (23). In situ hybridization in adjacent sections 
(fig. S4, B and C) revealed that these patches correspond to Oct4- 
expressing vesicle-like structures, where the anterior marker Otx2 
was lost and Hox genes were expressed in various combinations (fig. 
S4C, arrowheads, and D, arrows). These results suggest a coordinated 
response of the HoxB cluster to Oct4 gain of function, leading to its 
activation in Hox-free domains such as the forebrain.

On the other hand, Nanog caused no obvious changes in Hox 
gene expression in E9.5 embryos except for an anterior expansion 
of the Hoxb1 domain in the neural tube, similar to what we ob-
served for Oct4 (fig. S4, E and F).
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Fig. 2. Pluripotency factors mediate a global switch from Hox gene repression to activation. (A) Schematic representation of the four mouse Hox clusters, indicating 
gene expression changes induced by Oct4 or Nanog at E7.5 or E9.5, as identified in the RNA-seq analysis. Yellow, down-regulated; blue, up-regulated; gray, unchanged. 
(B) Diagram depicting the nested windows of 1.5-day dox treatment for Oct4 induction between E5.5 and E9.5. (C) Changes in the expression of selected Hox genes 
(Hoxa1, Hoxb1, Hoxb4, and Hoxb9) induced by Oct4 during development, shown as log ratios of reverse transcription quantitative polymerase chain reaction (RT-qPCR)–
measured relative RNA levels in untreated and dox-treated embryos as in B; *P < 0.05 by two-tailed Student’s t test.
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Oct4 is necessary for the correct activation of Hox genes
To definitively establish the role of Oct4 in the regulation of Hox 
genes under endogenous conditions, we analyzed its requirement 
both in vivo and in ES cell differentiation assays. In the first place, 
we used a 4-hydroxytamoxifen (4-OHT) inducible Oct4 loss-of-
function mouse model. These mice carry a floxed Oct4 allele together 
with an inducible Cre driven by the ROSA26 promoter (R26CreERT2) 
(24). To prevent embryo lethality at preimplantation or early post-
implantation stages (10, 24), we deleted Oct4 by administering a 

single dose of 4-OHT at E6.5 (Fig. 4A). Embryos recovered at E7.5 
and E8.5 from treated mothers showed no obvious morphological 
defects, while at E9.5, we observed a partially penetrant phenotype 
with craniofacial and trunk defects, as has been previously described 
(11). We subclassified E9.5-treated embryos in those showing a mild 
(open neural tube but normal posterior trunk) or severe (anterior 
malformations and posterior truncations with impaired somitogenesis) 
phenotypes. Quantification of Oct4 expression levels by RT-qPCR 
at these stages confirms that its expression is gradually lost (Fig. 4B), 
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Fig. 3. Coordinated response of HoxB cluster to Oct4 overexpression. (A) In situ hybridization analysis of HoxB cluster gene expression in E7.5 and E9.5 untreated 
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(E7.0 to 7.5), 170 m (E7.5), and 380 m (E9.5). (B) Close-up views of E9.5 embryos shown in (A). The expression of Hoxb1 is expanded anteriorly (white arrowhead) in 
dox-treated Oct4tg embryos, and higher levels of expression are observed in presumptive rhombomere 6 (asterisk). Neural expression of Hoxb4 shows a patchy and dis-
organized pattern upon dox treatment (bracket) and is retarded more posterior (white arrowhead). Expression in the somites is shifted to the anterior part of the region. 
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performed by unpaired two-tailed Student’s t test. *P < 0.05; ***P < 0.001; ****P < 0.0001.
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which suggests that deletion is not complete at the earlier stages ex-
amined or that we are observing prolonged stability of Oct4 mRNA 
because of its intrinsic half-life. However, when we analyzed HoxB 
genes (Hoxb1, Hoxb4, and Hoxb9), their expression was reduced in 
Oct4 loss-of-function embryos as compared to controls (non–4-OHT 
treated) at all stages (Fig. 4B).

We next examined HoxB gene expression in control and Oct4 
loss-of-function embryos by whole mount in situ hybridization. We 

observed a down-regulation of Hoxb1 and Hoxb4 expression in both 
mild and severe E9.5 Oct4-deleted embryos (Fig. 4C and fig. S5, A to C). 
However, we did not detect changes in Hoxb9 expression by in situ 
hybridization.

To determine how changes of Oct4 affect HoxB gene expression 
during differentiation, we used an ES cell model where we could 
modulate Oct4 expression in an inducible fashion. The ZHBTc4 ES 
cell line has both copies of endogenous Oct4 deleted and harbors a 
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tetracycline (tet)–dependent Oct4 transgene (Tet-Off), where addi-
tion of the drug leads to the quick down-regulation of Oct4 (6). We 
differentiated ZHBTc4 cells toward mesodermal-like (via Wnt acti-
vation) or anterior neural–like (hindbrain, via retinoic acid induction) 
fates (25), under three different experimental conditions. In the first 
case, ZHBTc4 cells were treated with tet 3 days after starting the 
differentiation process (fig. S5D). This mimics the endogenous dy-
namics of Oct4 that is strongly down-regulated from day 3 to day 4 in 
both differentiation protocols (fig. S5E), and thus, we considered 
this condition equivalent to the wild-type behavior (Oct4 WT). In 
the second, cells were treated with tet from day 0 and therefore were 
devoid of Oct4 during the whole differentiation process (Oct4 LoF; 
fig. S5D), but not during the previous pluripotent phase. Last, we 
also analyzed untreated ZHBTc4 cells that express Oct4 throughout 
pluripotency and the differentiation process (Oct4 GoF; fig. S5D).

Under these conditions, we observed the expected up-regulation 
of Hox genes during differentiation, with Hoxb1 showing an earlier 
peak in expression than Hoxb4 or Hoxb9 (Fig. 4D). Gain of function 
of Oct4 leads to increase in Hox gene expression, although not 
robustly except for the expression of Hoxb4 at day 6 during both 
mesodermal and neural differentiation. On the other hand, loss of 
function of Oct4 caused a failure to properly activate Hox genes 
during differentiation (Fig. 4D). It is noteworthy that we observed 
these effects during both Wnt-dependent (mesoderm) and Wnt- 
independent (hindbrain) differentiation protocols. This is relevant 
because we identified different Wnt genes as putative targets of Oct4 
(see above), and a possibility was that the effect we observed of Oct4 
on Hox genes was not direct but mediated by Wnts, which are known 
to activate Hox gene expression in the early embryo (26).

Together, these experiments strongly suggest that Oct4 is re-
quired for the correct initiation of the expression of genes from the 
HoxB cluster, once differentiation has begun starting from the plu-
ripotent epiblast.

Global control of the HoxB cluster by OCT4
To investigate how pluripotency factors regulate Hox genes, we 
examined previously published ChIP-seq binding profiles of OCT4 
and NANOG in mouse ES cells (27). We detected some weak binding 
of these factors within the HoxA, HoxB, and HoxC clusters, D, but 
observed very prominent peaks at the anterior ends of the three 
clusters (Fig. 5A and fig. S6A). As for HoxD cluster, various peaks 
were found both at the anterior end and within the cluster. In the 
HoxB cluster, both OCT4 and NANOG bind proximally to the Hoxb1 
promoter (P-site) and to a distal region (D-site) approximately 9 kb 
downstream of its transcriptional start site (Fig. 5A). These sites 
have been shown to bind OCT4 during ES cell differentiation (28) 
and are bound both in ES cells and epiblast-like cells in the transi-
tion from naïve to primed pluripotency (16).

We confirmed that these sites were occupied by OCT4 in ES cells 
by ChIP-qPCR (Fig. 5B), using a region from the Nanog promoter 
shown to be bound by OCT4 (27, 29) as a positive control and other 
unrelated genomic regions as negative controls (fig. S6B). ChIP in 
E9.5 embryos showed no binding, but after dox administration, we 
observed binding at both the P-site and D-site (Fig. 5B), demon-
strating that these sites are occupied by OCT4 upon induction of its 
expression.

The response of multiple Hox genes to Oct4 we observed in the 
RNA-seq dataset and in whole mounts in situ suggested the existence 
of global mechanisms of Hox cluster regulation by pluripotency 

factors. To address whether these regions could be acting as com-
mon regulatory elements for the cluster, we examined their interaction 
profile by circular chromatin conformation capture followed by high- 
throughput sequencing (4C-seq). We designed viewpoints for both 
the P-site and D-site and carried out 4C-seq in mouse ES cells, where 
OCT4 is present and HoxB genes are not expressed, as well as in 
dox-treated and dox-untreated E9.5 Oct4tg embryos (Fig. 5C). Nor-
malized reads were used to fit a distance-decreasing monotone func-
tion, to take into account that nearby fragments will randomly 
interact more frequently, and contacts that deviated significantly 
from the normal distribution were identified.

The chromatin structure surrounding the anterior end of the 
HoxB cluster is relatively stable independently of its expression 
(Fig. 5C), as has been shown for other viewpoints in the cluster 
(30). Interaction occurs on both sides of the viewpoints: toward the 
HoxB cluster itself, with a strong limit near Hoxb13, and outside the 
cluster toward the telomeric region (Fig. 5C). However, interactions 
are differently distributed around the viewpoint in ES cells and em-
bryos. In ES cells, there are more interactions toward the Hoxb13 
region, possibly reflecting the closed conformation of the cluster 
mediated by poised promoters (31), whereas in E9.5 embryos, inter-
actions increase toward the telomeric gene desert defined by Skap1 
(Fig. 5C), whose expression at E7.0 to E7.75 is limited to embryonic 
blood progenitors (32). This difference in interactions might reflect 
the active state of the HoxB cluster in the embryo, where distal reg-
ulatory elements located in this region (33) are recruited to define 
its correct expression, as is also the case for the HoxA cluster (26). 
Our observations are also in line with recent results that show that 
the HoxA and HoxD clusters are organized in compact domains in 
ES cells that open up during differentiation (34). When Oct4 is 
induced in E9.5 embryos, previously unidentified contacts are estab-
lished from both the P-site and D-site toward the cluster (Fig. 5C, 
asterisks) accompanied by a reduction in the interactions with the 
Hoxb13 domain (Fig. 5C, dashed boxes). We can conclude that these 
regions at the telomeric end of the HoxB cluster, which are bound by 
pluripotency factors, establish intracluster interactions in active or 
inactive states. Furthermore, the presence of OCT4 in E9.5 embryos 
leads to a reorganization of the local architecture of the HoxB cluster.

Deletion of the distal OCT4 site disrupts the pattern of HoxB 
expression during differentiation
To complement these observations, we tested the necessity of the 
OCT4-bound regions described above in the regulation of the HoxB 
cluster by their deletion in ES cells by CRISPR-Cas9–mediated ge-
nome editing. We examined the genomic regions covered by ChIP-
seq peaks, finding that the proximal site (P) contains one consensus 
OCT4 binding site, while the distal site (D) contains at least two (fig. 
S7A). In the case of the P-site, this consensus lies within the previ-
ously described proximal Hoxb1 autoregulatory element (35) and in 
very close proximity to the promoter. In addition, this region was 
shown to be bound by SOX/OCT heterodimers being required for 
the maximal transcriptional activity of Hoxb1 (36). Given the diffi-
culty of deleting this site without compromising other known regu-
latory inputs on Hoxb1, we decided to only analyze the effect of 
deleting the D-site. This region does not map to any other known 
Hoxb1 regulatory elements, such as the two described 3′ retinoic 
acid response elements (fig. S7A) (37, 38).

We generated two independent ES cell clones deleted for the 
D-site (clones #30 and #57; fig. S7A) and analyzed changes in HoxB 
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gene expression during their differentiation toward mesoderm-like 
or anterior neural–like (hindbrain) fates (fig. S7B) (25). Comparison 
of parental with HoxB D-site/ ES cells along differentiation showed 
a similar trend for each of the Hox genes examined independently 
of the differentiation protocol, and a comparable behavior in the two 
independent clones (Fig. 6A). Hoxb1 is down-regulated as compared 
to controls at later stages of differentiation. Hoxb4 do not show 

significant changes along differentiation. Last, Hoxb9 is consistently 
activated in deleted cell lines throughout the differentiation window 
analyzed (Fig. 6A). To analyze the effect of the deletion in vivo, we 
used the HoxB D-site/ ES cells to generate mouse lines. Homozy-
gous mice survive to term, which did not come as a surprise, as dele-
tion of the entire HoxB cluster in homozygosity does not cause 
embryonic lethality (39). We examined the expression of Hoxb1 
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and Hoxb4 at E7.5, a time when anterior HoxB genes and Oct4 are 
still codetected (fig. S3, A and B). RT-qPCR showed down-regulation 
of Hoxb1 and up-regulation of Hoxb4 in deleted embryos (Fig. 6B). 
This further confirmed the different roles of Oct4 at this stage, when 
it would be necessary to achieve proper expression of Hoxb1 but at 
the same time would be lowering levels of Hoxb4.

Whole mount in situ hybridization at the early head-fold stage 
showed no clear changes in Hoxb1, but an expansion of the area of 
expression at the posterior part of the embryo of Hoxb4 (Fig. 6, C and D). 
We also examined expression of HoxB genes in E9.5 embryos from 
the HoxB D-site/ line and did not observe major changes except 
for overall lower levels of Hoxb4 expression (fig. S7, C and D). 
Therefore, these results suggest that at early stages of expression, 
OCT4 is necessary to fine-tune expression of HoxB genes in their 
endogenous domains.

DISCUSSION
It is generally assumed that pluripotency factors act to restrict lin-
eage decisions before gastrulation. However, Oct4 has been shown 
to participate in several later developmental decisions in the mouse, 
including primitive endoderm development (40, 41), lineage priming 
(24, 28, 42), primitive streak proliferation (11), regulation of trunk 
length (20), or the formation of cranial neural crest (43). Further-
more, recent results have shown how the lack of Oct4 in early gas-
trulating embryos results in a blockade of epithelial-to-mesenchymal 
transition in the posterior epiblast, thus disrupting proper axis for-
mation (10). Both single-cell RNA-seq data and in situ detection in 
mouse show that Oct4 and Hox genes are coexpressed in cells of the 
gastrulating embryo, from the onset of Hox gene expression and up 
to E8.5 (3, 32).

We propose that at these early stages, Oct4 plays a dual role, first 
maintaining Hox genes silent before lineage commitment, and later 
being required for their proper activation. This behavior is specific 
for Oct4, as in the case of Nanog, we only observe initial repression 
of Hox genes, which agrees with the description of the mutual cross- 
repression of Nanog and Hoxa1 to differentially regulate a common 
set of downstream target genes involved in early phases of lineage 
commitment (44).

OCT4 switches from a repressor to an activator at the onset of 
gastrulation, when Hox genes become activated and when OCT4 is 
still widely expressed, but the exact timing of this event is yet to be 
determined. OCT4 associates with both activator and repressor com-
plexes, through the recruitment of different cofactors. For example, 
OCT4 recruits ERG-associated protein with SET domain (ESET) to 
silence trophoblast-associated genes (45, 46) but also can bind SALL4 
or NURD in a histone deacetylase complex (47). On the other hand, 
the interaction of OCT4 with WDR5 induces transcription of key 
self-renewal regulators (48). In addition, other protein partners are 
key for specific roles of OCT4, such as the recruitment of BRG1 that 
is essential for its pioneer activity (49) or its cooperation with OTX2 
at the transition between naïve and primed states of pluripotency 
(16). Thus, it is tempting to speculate that an exchange of cofactors 
would explain the bimodal function of OCT4 in the regulation of 
Hox genes regulation. In addition, the function of OCT4 on some of 
its target genes is not a simple on/off binary system, but dependent 
on its own levels (6). This could also potentially explain our observa-
tion that at early developmental stages, OCT4 is repressing genes that 
will be later up-regulated, when OCT4 levels are lower. The capacity 

of a single factor of having opposite transcriptional activities allows 
for a rapid switch in expression of its targets. This is needed for a 
correct establishment of developmental processes. Also, it is critical 
immediately after the loss of pluripotency when cells need to take 
fate decisions in a short time window. Further studies using protein 
dynamics to complement our studies on gene expression will pro-
vide better resolution on OCT4’s role on Hox genes expression.

The concerted response of Hox genes, together with the chroma-
tin interactions established by bound regions we see in the HoxB 
cluster, suggests that OCT4 regulates globally Hox clusters and forms 
part of the complex regulatory apparatus that ensures proper Hox 
gene expression (12, 26). Furthermore, when we examine the ex-
pression of anterior, middle, and posterior HoxB genes in gain- and 
loss-of-function models, we observe a collinear response to Oct4, in 
line with recent findings of the repression of most posterior 5′ Hox 
genes by OCT4 (20, 21). It is also interesting to note that pluripo-
tency factors have been involved in the development of the neural 
crest of amphibians (50) and mammals (43), a multipotent popula-
tion of cells that are equally patterned by Hox genes. Therefore, we 
find multiple instances and cell populations during vertebrate de-
velopment (gastrulation, trunk extension, and the neural crest) where 
pluripotency factors (and more specifically POU5-like factors such 
as OCT4) could be regulating Hox genes. Moreover, our expression 
data indicate that other patterning genes respond in a similar fash-
ion, suggesting that OCT4 and other pluripotency factors mediate a 
switch from repression to activation of an array of developmental 
regulators at the time of lineage decisions.

The early activation of Hox genes is dependent on several path-
ways and factors, such as retinoic acid, fibroblast growth factors 
(FGFs), Wnts, GDF11, or CDX transcription factors (21). The re-
sults we present here suggest that OCT4 is also essential to trigger 
correct Hox gene activation at a specific time and in cell-specific 
populations. However, we cannot rule out that OCT4 could be 
priming or maintaining these regions open for the activation by 
other transcription factors, as has been described during repro-
gramming (51). Our data using loss-of-function models are com-
patible with a pioneering role of OCT4 on Hox early enhancers. 
On the other hand, when we use gain-of-function models, the 
results suggest a direct activation of Hox genes by OCT4. These two 
possibilities are not mutually exclusive and, certainly, OCT4 binding 
could favor the later recruitment and activity of other factors. For 
example, the HoxB P-site is embedded within the Hoxb1 autoregu-
latory element that drives expression in rhombomere 4 of the hind-
brain (35). This region binds SOX and OCT proteins that are 
necessary for the optimal response to the transcriptional activation 
by HOX/PBX heterodimers (36). Thus, the early binding of OCT4, 
even before Hoxb1 is expressed, could facilitate later recruitment of 
HOXB1 to nearby sequences. In agreement with this hypothesis, 
Hoxb1 expression in rhombomere 4 is greatly diminished in Oct4 
mutant embryos.

In summary, initial lineage specification involves not only dis-
mantling of the core pluripotency gene regulatory network (2) 
but also a switch in function of key factors such as OCT4 from 
repressors to activators that would supervise the transition from 
pluripotency to lineage determination. Our results provide new 
insight into temporally dynamic roles for factors such as OCT4, 
which beyond their well-described function in pluripotency, are 
directly responsible for regulating genes associated with differen-
tiation programs.
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MATERIALS AND METHODS
Animal models
Mice lines used in this study were housed and maintained in the 
animal facility at the Centro Nacional de Investigaciones Cardio-
vasculares (Madrid, Spain) in accordance with national and European 
legislation. Procedures were approved by the CNIC Animal Welfare 
Ethics Committee and by the Area of Animal Protection of the Regional 
Government of Madrid (ref. PROEX 196/14). Double-homozygote 
transgenic males of the Oct4/rtTA (R26-M2rtTA;Col1a1-tetO-Oct4) 
(14) or Nanog/rtTA (R26-M2rtTA;Col1a1-tetO-Nanog) (15) mouse 
lines were mated with CD1 females, which were treated with dox 
(0.2 or 1 mg/ml) in the drinking water to induce the Oct4 or Nanog 
transgene, respectively, in embryos. For Oct4 transgene induction in 
E7.5 embryos to be used for in situ hybridization, a single 100-l intra-
peritoneal injection of dox (25 g/l) was administered to pregnant 
females at E5.5, followed by dox administration (0.5 mg/ml) in drink-
ing water. Nontreated mice of the same genotype were used as con-
trols. Double-homozygote R26CreERT2;Oct4LoxP/LoxP (24) mice were 
mated, and females were treated at E6.5 by administering a single 
dose of 4-OH (5 mg, at 25 g/l) by gavage. Mouse lines deleted for 
the Oct4 distal site adjacent to Hoxb1 were generated by blastocyst 
injection of mutated ES cells (see below) following standard proce-
dures (52) and genotyped using the primers specified in data file S4.

RNA sequencing
RNA-seq was performed with three biological replicates, each con-
sisting of pools of 8 to 12 E7.5 embryos or 3 E9.5 embryos obtained 
from untreated (controls) or dox-treated double heterozygous em-
bryos. Levels of Oct4 or Nanog overexpression were tested by 
RT-qPCR for each independent litter before RNA-seq. Equally, 
three biological replicates of E14 ES cells were used for RNA-seq. 
Single-end sequencing was performed by the CNIC Genomics Unit 
using a GAIIx sequencer. Adapters were removed with Cutadapt 
v1.14, and sequences were mapped and quantified using RSEM 
v1.2.20 to the transcriptome set from Mouse Genome Reference 
NCBIM37 and Ensembl Gene Build version 67. Differentially ex-
pressed genes between groups were identified using the limma biocon-
ductor package. Only P < 0.05 adjusted through the Benjamini-Hochberg 
procedure was considered as significant. Clustering analysis was 
conducted for all genes differentially expressed between the induced 
and control conditions for any of the four conditions. Overrepre-
sented biological categories were identified using DAVID v6.8 (53). 
Lists of genes located close to OCT4 and NANOG genomic bound 
regions were generated from published ChIP-seq datasets (18, 19). 
Each ChIP-seq peak was assigned to the single nearest gene in a 
100-kb window. RNA-seq data are available at the NCBI Gene Expres-
sion Omnibus (GEO) database under accession number GSE94954.

Single-cell gene expression data from Pijuan-Sala et al. (22) were 
analyzed to assess coexpression of Oct4 and Hox gene. A gene is 
considered to be expressed in a cell when its expression level is >0 
fragments per million.

RT-qPCR assays
Total RNA from single embryos from E8.0 onward, embryo pools 
up to E7.5, or ES cells directly lysed in their wells, was extracted with 
RNeasy kit (Qiagen) and digested with deoxyribonuclease I (Qiagen) 
to remove genomic DNA. Total RNA (0.5 to 1.0 g) was reverse 
transcribed using Quantitech Reverse kit (Applied Biosystems). qPCR 
was performed with SYBR Green Master Mix (Applied Biosystems) 

on an AB 7900-Fast-384 machine. qPCR primers are listed in data file 
S4. Expression values were normalized to the expression of Actb and 
Ywhaz (whose expression as measured in our RNA-seq data did not 
change upon Oct4 or Nanog induction) using the comparative CT 
method (54), and SDs were calculated and plotted using Prism 7.0 
software (GraphPad). All assays were performed in triplicate.

In situ hybridization
In situ hybridization in whole mount embryos or sections was per-
formed using digoxigenin-labeled probes as described (55). Probes 
for Hoxb1, Hoxb4, Hoxb9, and Otx2 were generated by PCR (prim-
ers listed in data File S4), and the probe for Oct4 was provided by 
T. Rodriguez (Imperial College London). Early embryos were staged 
according to Forlani et al. (56). Quantification of in situ hybridization 
staining was carried out using Fiji to measure the area and length of 
the positive domain of Hox gene expression, in both the neural tube 
and the somites. Values were normalized by the total length or area 
of the embryo from the otic vesicle to the end of the tail.

4C sequencing
4C was performed as previously described (30, 57) on two replicates 
of pools of 60 to 70 E9.5 embryos or 1 × 106 to 2 × 106 G4 ES cells. 
Samples were cross-linked with 2% paraformaldehyde, frozen in 
liquid nitrogen, and stored at −80°. Chromatin was digested with 
Dpn II (New England BioLabs) followed by Nla III (New England 
BioLabs), and ligated with T4 DNA Ligase (Promega). For all exper-
iments, 0.5 to 1 g of the resulting 4C template was used for the 
subsequent PCR (primers listed in data file S4). 4C libraries were 
sequenced (single end) at the CNIC Genomics Unit using an Illumina 
HiSeq 2500 sequencer. Sequences were mapped and quantified using 
RSEM v1.2.20 to the Mouse Genome Reference NCBIM37. Reads 
located in fragments flanked by two restriction sites of the same 
enzyme, in fragments smaller than 40 base pairs (bp) or within a 
window of 10 kb around the viewpoint, were filtered out. Mapped 
reads were converted to reads per first enzyme fragment ends and 
smoothed using a 30-fragment mean running window algorithm. 
Smoothed scores from each experiment were then normalized to the 
total number or reads before the visualization. To calculate the fre-
quency of captured sites per window, Fastq files were demultiplexed 
using Cutadapt with the viewpoint sequences as indexes. Potential 
Illumina adaptor contaminants and small chimeric reads were re-
moved. Processed reads were assigned to their corresponding genomic 
fragment after a virtual digestion of the reference genome with the 
first and second restriction enzymes. Reads located in fragments 5 kb 
around the viewpoint were filtered out. Quantification was per-
formed considering each fragment end as one capture site if one or 
more sequences were mapped to it. The number of capture sites was 
summarized per 30-fragment window. The frequency of capture sites 
per window was used to fit a distance-decreasing monotone func-
tion, and z scores were calculated from its residuals using a modi-
fied version of FourCSeq (58). Significant contacts were considered 
in cases where the z score was >2  in both replicates and deviated 
significantly (adjusted P < 0.05) from its normal cumulative distri-
bution in at least one of the replicates. 4C-seq data are available at 
the NCBI GEO database under accession number GSE94954,

Chromatin immunoprecipitation
ChIP was performed using 10 E9.5 embryos or 1 × 106 ES cells per 
experiment. After recovery, embryos were treated with collagenase 
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type I (Stemcell Technologies, 07902) at 0.125% for 1 hour at 37°. 
Then, embryos were desegregated using a pipette and washed with 
cold phosphate-buffered saline. Samples were fixed, and protein- 
DNA complexes were cross-linked by treatment with 1% formalde-
hyde (Pierce, 289069) for 15 min rocking at room temperature. To 
stop fixation, glycine (Nzytech, MBO1401) was added to a final con-
centration of 125 mM during 10 min. Next, ChIP was performed 
using the ChIP-IT High Sensitivity kit (Active Motif, 53040), fol-
lowing the manufacturer’s instructions. DNA was sheared into frag-
ments ranging from 200 to 1000 bp using a sonicator (Diagenode 
Bioruptor Water Bath Sonicator, 30 s on 30 s off for 30 min). Immuno-
precipitations were carried out using rabbit polyclonal anti-OCT4 
antibody (Abcam, ab19857), and anti-Rabbit immunoglobulin G 
polyclonal antibody (Abcam, ab171870) was used as negative control. 
Enrichment was measured by qPCR. A fragment from the Nanog 
promoter was used as a positive control (27, 29), and genomic frag-
ments from the loci of Anks1b, Smg6, and Tiam1 were used as neg-
ative controls (59) after checking they did not contain OCT4 bound 
peaks (27). qPCR primers used are listed in data file S4.

ES culture, cell editing, and differentiation
ZHBTc4 cells (6) were maintained in culture on 0.1% gelatin (Sigma- 
Aldrich) using Corning p24 plates with CellBIND surface. Medium 
contained inactivated fetal calf serum (HyClone), leukemia inhibi-
tory factor (LIF) (produced in-house), and 2i (PD0325901 and 
CHIR99021, Sigma-Aldrich). G4 mouse ES cells were maintained 
in culture on 0.1% gelatin (Sigma-Aldrich) in medium containing 
inactivated fetal calf serum (HyClone) and LIF (produced in-house). 
CRISPR-Cas9–mediated deletions in G4 mouse ES cells were gen-
erated using two guide RNAs (g1D-g2D; data file S4) together with 
a plasmid for Cas9. Cells were transfected, selected by sorting, and 
replated. Individual clones (clone #30 and clone #57) were geno-
typed using the primers specified in data file S4.

For anterior neural (hindbrain) and paraxial mesoderm differentia-
tion, cells were treated as described (25). Briefly, cells were grown in 
monolayer using Corning p24 plates with CellBIND surface and with 
0.1% gelatin (Sigma-Aldrich) added 30 min before passing in N2B27 
media supplemented with basic Fgf (10 ng/ml) (R&D Systems) for 3 days 
(d1 to d3) and then were transferred into different media depending on 
the differentiation process. To induce anterior neural identity, 10 nM RA 
(Sigma-Aldrich) was added from D3 to D5. To induce mesodermal dif-
ferentiation, the cells were treated with CHIR990215uM from D3 to D5. 
Cells were collected at each time point by adding lysis buffer directly to 
the wells. ZHBTc4 cells were treated with tet (1 g/ml) (Sigma-Aldrich) 
from D0, from D3, or nontreated to activate Oct4 expression.

Statistical analysis
No blinding or randomization method was used for mouse experi-
ments, and sample size was not predetermined. Statistical tests used 
are described above where relevant and in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo3583

View/request a protocol for this paper from Bio-protocol.
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