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Hox genes underlie the specification of body segment identity in
the anterior-posterior axis. They are activated during gastrulation
and undergo a dynamic shift from a transcriptionally repressed to
an active chromatin state in a sequence that reflects their chromo-
somal location. Nevertheless, the precise role of chromatin modi-
fying complexes during the initial activation phase remains unclear.
In the current study, we examined the role of chromatin regulators
during Hox gene activation. Using embryonic stem cell lines lacking
the transcriptional activator MOZ and the polycomb-family repres-
sor BMI1, we showed that MOZ and BMI1, respectively, promoted
and repressed Hox genes during the shift from the transcriptionally
repressed to the active state. Strikingly however, MOZ but not
BMI1 was required to regulate Hox mRNA levels after the initial
activation phase. To determine the interaction of MOZ and BMI1 in
vivo, we interrogated their role in regulating Hox genes and body
segment identity using Moz;Bmi1 double deficient mice. We found
that the homeotic transformations and shifts in Hox gene expres-
sion boundaries observed in single Moz and Bmi1 mutant mice
were rescued to a wild type identity in Moz;Bmi1 double knockout
animals. Together, our findings establish that MOZ and BMI1 play
opposing roles during the onset of Hox gene expression in the ES
cell model and during body segment identity specification in vivo.
We propose that chromatin-modifying complexes have a previ-
ously unappreciated role during the initiation phase of Hox gene
expression, which is critical for the correct specification of body
segment identity.
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ox genes specify cell identity in the anterior—posterior axis in

bilaterian organisms (1). Mammals possess four paralogous
Hox gene clusters, Hox A, B, C, and D, which display unique
collinearity in their expression. Hox genes present at the 3’ end
of Hox clusters are activated first during gastrulation and specify
the most anterior segments of the body, whereas the more
5’ genes are sequentially activated and specify more posterior
segments in a chronological manner (2-4). Once the initial ac-
tivation phase of Hox genes is complete, Hox gene expression
boundaries are fine-tuned. This phase is followed by the main-
tenance of Hox gene expression domains at specific anterior-to-
posterior levels that are propagated through development and
into adulthood via epigenetic mechanisms (5).

Hox gene activation involves dynamic changes in chromatin
structure. Before activation, Hox loci in mouse embryos in vivo
(6) and in ES cells (7, 8) remain in a chromatin state that is
poised for transcriptional activation. This state is characterized
by the combined presence of histone modifications that are
typical of both transcriptionally active and repressed chromatin,
e.g., H3K4me3 and H3K27me3, a state termed bivalent. During
collinear activation of Hox genes, active chromatin marks such
as H3K4me3 and H3 acetylation spread through the Hox clusters
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in a 3’ to 5’ direction mirroring the activation of Hox mRNA
expression (9). Concurrently, there is a shift in 3D domain struc-
ture of Hox loci, whereby active Hox loci are segregated into a
separate topological domain compared with bivalently marked,
transcriptionally repressed Hox loci (6, 10). Despite the highly dy-
namic nature of chromatin during Hox gene activation, the im-
portance of chromatin modifying complexes during the initial shift
from a repressed to transcriptionally active state remains enigmatic.
Indeed, it is generally thought that chromatin-modifying com-
plexes only play an important role in the maintenance phase of
Hox gene expression, and not during their initial activation (11, 12).

In the current study, we set out to investigate the importance
of chromatin modifiers in regulating the onset of Hox gene ex-
pression. To establish an experimental system where we could
investigate the balance between transcriptional activation versus
repression at Hox loci, we focused on the concurrent activities of
the transcriptional activator monocytic leukemia zinc finger pro-
tein (MOZ, MYST3, KAT6A) (13), and the polycomb-group
transcriptional repressor BMI1 (14). MOZ is the catalytic unit of
a four-member molecular complex (15, 16), that is required for
H3K9 acetylation at Hox loci in vivo (13). In contrast, BMI1 is
a member of the polycomb repressive complex 1 (PRC1) which
ubiquitinates (ub) H2AK119 via its catalytic units RING1A/
RINGIB (14, 17, 18). Interestingly, although PRC1-mediated
H2AK119ub is considered important for restraining premature
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activation of bivalently marked genes in ES cells (19, 20) and
for maintaining ES cell identity (19), it appears to be dispensable
for chromatin compaction imparted by the PRC1 complex (19, 21).
Consistent with their importance in the regulation of Hox genes,
mice lacking MOZ display an extensive anterior homeotic trans-
formation along with a 50% decrease in Hox mRNA levels (13).
Conversely, mice lacking BMI1 display a posterior homeotic
transformation of the axial skeleton (22, 23).

In this study, we established ES cell lines singly or doubly
deficient in MOZ and BMI1 to model early events during the
activation of Hox genes. Through the interrogation of temporal
Hox gene expression dynamics, we show that MOZ and BMI1
control the balance between activation and repression in the
period before and during Hox activation. Thereafter, MOZ but
not BMI1 was critical for the maintenance of normal transcrip-
tion levels. To investigate the functional interplay of MOZ and
BMI1 in vivo, we undertook an analysis of body segment identity
in Moz and Bmil single and double knockout mice. We show that
the extensive defects in Hox gene expression domains and ho-
meotic transformations observed in Moz and Bmil single mu-
tants were rescued in Moz;Bmil double mutant mice. Thus,
through our analysis of MOZ and BMI1, we expose the impor-
tance of chromatin modifying complexes during Hox gene acti-
vation in ES cells and in regulating body segment identity in vivo.

Results

MOZ and BMI1 Are Expressed During Gastrulation and in Early Somites.
To investigate the importance of chromatin modifying com-
plexes during the onset of Hox gene expression, we focused on
the interplay between a transcriptional activator of Hox genes,
MQOZ, and a transcriptional repressor, BMI1. Foremost, we deter-
mined if Moz and Bmil were expressed in the region surrounding
the primitive streak, where Hox gene expression is first specified
during gastrulation. We isolated wild type embryos between em-
bryonic day (E) 7.5 and E10.5 and assayed the expression patterns
of Moz and Bmil mRNA by whole mount in situ hybridization.
In the E7.5 embryo, both Moz and Bmil were expressed in the
chorionic plate trophectocerm (SI Appendix, Fig. S1). In addi-
tion, Moz and Bmil expression was observed around the primi-
tive streak and in the presomitic mesoderm (Fig. 1 A and B). At
E8.5, Moz and Bmil expression was observed in the somites and
the receding primitive streak region (Fig. 1 C and D). In addi-
tion, Moz was expressed in the facial region and the anterior
pharyngeal arches, an area where MOZ is required for normal
levels of ThxI gene expression during development (24). At E9.5
and E10.5, Moz was ubiquitously expressed (Fig. 1 E and G),
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Fig. 1. Moz and Bmi1 are expressed during the Hox gene activation phase
in vivo. (A and B) Moz and Bmi1T mRNAs were detected in the area of the
somites and the receding primitive streak in the head fold-stage embryo.
(C) Moz mRNA is expressed in the neural tube, facial structures, pharyngeal
arches, and somites at E8.5. (D) Bmil mRNA was detected in the hindbrain
rhombomeres, the trunk neural tube, facial structures, pharyngeal arches,
and somites at E8.5. (E and F) Moz and Bmi1 mRNAs are widely expressed at
E9.5. (G) Moz mRNA expression was extensively detected at E10.5. (H) Weak
ubiquitous BmiT mRNA expression is evident at E10.5. n = 3-5 wild-type
embryos per probe at each stage. See related data in S/ Appendix, Fig. S1.
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consistent with its continued requirement for maintaining gene
expression. In contrast, only low levels of Bmil mRNA were
observed by E10.5 (Fig. 1H). Thus, our qualitative analysis of
Moz and Bmil mRNA expression reveal that both chromatin
regulators could play an important role during the onset of Hox
gene expression.

Moz*'*;Bmi1~'~ Double Mutant Embryos Display Edema and Die
Between E15.5 and E18.5. To investigate the relationship between
MOZ and BMI1, we crossed Moz" mice (25) and Bmil~ mutant
mice (23). Intercrosses of Moz *;Bmil*'~ produced offspring of
all nine expected genotypes at normal Mendelian frequencies at
embryonic day (E) 10.5, E12.5 and E15.5 (SI Appendix, Table S1,
: Mg

P> 050, 5° test). A large proportion of Moz™'";Bmil ™'~ fetuses
presented with edema at E15.5 and only two living Moz"'*;
Bmil™~ pups were isolated at E18.5, which was significantly less
than the expected number (P = 0.026, 4° test). This suggests that
Moz**;Bmil™~ fetuses die between E15.5 and E18.5.

BMI1 Restrains Premature Activation of Hox Genes in ES Cells. To
investigate the role of MOZ and BMI1 during the early phase
of Hox gene activation, we established ES cell lines from E3.5
blastocysts from Moz *;Bmil*'~ intercrosses (Fig. 24). There was
no difference in the expression of pluripotency markers Oct4 and
Nanog in Moz;Bmil compound knockout ES cells (SI Appendix,
Fig. S2 A and B). As expected, no Moz mRNA was detected in ES
cells lacking the Moz gene (SI Appendix, Fig. S2C), and no Bmil
mRNA was evident in Bmil '~ ES cells (SI Appendix, Fig. S2D).

Hox genes are expressed at low, but detectable levels in ES
cells compared with embryonic forebrain tissue where they are
inactive (6). To determine the effects of MOZ and BMI1 on Hox
genes prior to retinoic acid (RA)-induced activation, we ana-
lyzed HoxA cluster expression levels in Moz;Bmil ES cells. There
was a significant increase in the expression of HoxA cluster genes
in Bmil '~ ES cells compared with wild type (Fig. 2C, P = 0.015).
In contrast, ES cells lacking Moz displayed the opposing phe-
notype, with a decrease in HoxA cluster expression (P = 0.008).
These data are consistent with ascribed roles of MOZ and the
BMI1-PRCI1 complex in transcriptional regulation (13, 14, 24,
26). Interestingly, in Moz®*;Bmil~'~ ES cells, the effects of Bmil
deletion and not the effects of Moz-deletion were observed. HoxA
cluster genes were significantly over-expressed in Moz*;Bmil =~
ES cells compared with wild type (P = 0.04) and compared with
Moz7~ ES cells (P < 0.001). Indeed, the expression of HoxA
cluster genes in Moz**;Bmil™~ ES cells was similar to that of
Bmil™~ cells (P = 0.746). These data indicate that the repression
implemented by BMI1 is particularly important to maintain Hox
genes in a transcriptionally repressed state and inhibit their pre-
mature activation in ES cells.

MOZ and BMI1 Play Opposing Roles During RA-Induced Activation of
Hox Genes. To determine the effects of MOZ and BMI1 during
the early phase of Hox gene activation, we induced Moz;Bmil ES
cells to differentiate with RA. We used physiological levels of
RA (20 nM), as it is critical for ensuring that Hox gene activation
does not exceed the extend and amplitude of Hox gene activation
observed in vivo (27). Two hours of RA treatment resulted in
strong induction of Hoxal, Hoxa3 and Hoxa5, with their mRNA
10-20 fold more abundant compared with levels in undifferentiated
ES cells (Fig. 2B). By 12 h, the 3’ HoxA cluster genes, namely
Hoxal, Hoxa2, Hoxa3, Hoxa4, Hoxa5 and Hoxa6 were strongly
activated, with expression of Hoxa3 as much as 200-fold more
abundant than in undifferentiated ES cells (Fig. 2B). In contrast,
Hox genes at the 5’ end of the HoxA cluster continued to be
expressed at low levels. These data indicate that ES cells of all
genotypes underwent collinear activation of Hox genes over a
12 h time period in response to RA.

Next, we quantitatively compared the levels of HoxA cluster
mRNA between Moz and Bmil deficient cells. At the two-hour
time point, the absence of BMI1 produced a strong effect. In
comparison with wild type, HoxA cluster genes were expressed at
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Fig. 2. MOZ and BMI1 play opposing roles during Hox gene activation. (A) Experimental time course of Hox gene induction in embryonic stem cells (ES cell)
using retinoic acid (RA). (B) Hox gene expression in undifferentiated ES cells (ESC; day —1), as well as after two and twelve hours of treatment with 20 nM RA.
(C) Relative Hox gene expression in undifferentiated ES cell lines (ESC) cultured with LIF. (D) Relative Hox gene expression in ES cells after treatment with 20 nM
RA for two hours. Hox genes highlighted in red (Hoxal, Hoxa3, and Hoxa5) were activated 10- to 20-fold over basal levels in ES cells. (E) Hox gene expression
levels following 12 h of 20 nM RA treatment. Hox genes highlighted in red showed a 10- to 20-fold increase in Hox mRNA levels compared with undifferentiated
ES cells, whereas Hox genes highlighted in red and underlined showed a 20- to 200-fold increase. Data are presented as mean + SEM. Hox mRNA was normalized
to expression of house keeping genes Hsp90ab1 and Gapdh. n = 3 wild type, 3 Bmi1™", 2 Moz*'*, and 3 Moz*"*;Bmi1~"~ independent ES cell lines for all panels.
P values for overall changes in HoxA cluster gene expression are indicated below the heat map in C-E. See related data in S/ Appendix, Fig. S2.

significantly higher levels in Bmil ™'~ cells (Fig. 2D, P < 0.001). In
contrast, the effect of MOZ-deficiency was no longer evident,
with similar HoxA4 cluster expression observed in Moz and
wild type (P = 0.247). Nevertheless, we observed that in contrast
to undifferentiated ES cells (Fig. 2C), HoxA cluster expression
was similar between Moz®*;Bmil~'~ and wild type cells after two
hours of RA treatment (Fig. 2D, P = 0.068). Indeed, after two
hours of RA-treatment, Moz®2;Bmil~'~ cells showed inter-
mediate HoxA gene expression levels compared with cells singly
deficient in MOZ or in BMI1, i.e., significantly lower than
Bmil™'~ cells (Fig. 2D, P = 0.022) and significantly higher than
Moz** cells (P = 0.012). These data suggest that the effects of
MOZ and BMI1 on Hox gene expression levels were in balance
after two hours of RA treatment, concurrent with the earliest
phase of Hox gene activation.

MOZ Is Required to Maintain Normal Hox mRNA Levels in Differen-
tiating ES Cells. To obtain insights into the maintenance of Hox
gene mRNA by MOZ and BMI1, we analyzed cells that had been
treated with RA for 12 h. At the 12-h time-point, the first six
HoxA cluster genes were strongly expressed (Fig. 2E). Although
overall HoxA cluster mRNA was still more abundant in Bmil =~
cells compared with wild type (P = 0.004), the strongly active Hox
genes, Hoxal to Hoxa6, were no longer expressed at higher levels
compared with wild type (Fig. 2E, P = 0.355). Those Hox genes
that were yet to be strongly activated, Hoxa7 to Hoxal3, were still
affected by the loss of BMI1 and showed higher expression
compared with wild type (P = 0.002). These findings suggest that
BMI1 is particularly important for restraining expression of
Hox genes before activation, but not necessarily important for
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maintaining their mRNA levels, once Hox genes have been
strongly induced.

In contrast to Bmil ™", all HoxA gene expression levels were
lower in Moz*'* cells after 12 h of RA induction (Fig. 2E, P =
0.05). This was consistent with low levels of Hox gene expression
in Moz** E10.5 embryo (13) and in undifferentiated ES cells
(Fig. 2C). Interestingly, a combination of Moz** and Bmil ™'~
effects were seen in Moz”*;Bmil ™~ cells. As evident in Fig. 2E,
the Hox cluster separated into two domains in Moz**;Bmil ™/~
cells. The first domain, the strongly activated genes Hoxal to
Hoxa5, showed a Moz** like phenotype with low expression
levels (Fig. 2E, Moz**;Bmil~~ panel). In contrast, the second
domain, the more 5’ genes Hoxa7 to Hoxal3, which were yet to
be strongly activated, showed a Bmil ™'~ like phenotype and were
expressed at higher levels compared with wild type (P = 0.014)
and Moz*'* cells (P = 0.007). These data suggest that MOZ is
important for maintaining normal levels of Hox mRNA after the
initial activation of Hox gene transcription.

Together, our analyses in ES cells suggest that BMI1 is re-
quired to prevent premature activation of Hox genes and that
MOQOZ and BMI1 play opposing roles during the early RA-induced
Hox gene activation phase. In addition, we find that MOZ, but not
BMI1, is required to maintain normal levels of mRNA after the
initial activation phase.

MOZ, but Not BMI1, Is Required to Maintain Normal Hox mRNA Levels
in E10.5 Embryos. Our experiments involving differentiation of
Moz;Bmil ES cells suggested that MOZ, but not BMI1, was
required to maintain normal levels of Hox mRNA after their
initial activation. Although these data are consistent with the
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Fig. 3. MOZ, but not BMI1, is required for normal Hox gene expression levels
at E10.5. (A) Number of differentially expressed genes in Bmi1~~, Moz*'*, and
Moz**;Bmi1~~ embryos relative to wild type. (B) Venn diagram showing
overlap in differentially expressed genes in single and double Moz and Bmi1
knockout embryos. (C-E) Correlation of differential expression. Colored cir-
cles depict genes that are significantly changed, open circles, not significant.
(F) Heat map depicting Hox gene expression levels in Bmi1™'~, Moz*, and
Moz*"*;Bmi1~~ embryos relative to wild type. n = 3 embryos per genotype in
all panels. False discovery rate is 5% in A and B and 20% in C-E.

reduction of Hox gene mRNA in Moz** embryos (13), studies

using mouse fibroblasts and HeLa cell lines have suggested that
there is a continued requirement for BMI1 to maintain Hox gene
silencing in mammalian cells (14, 17). Given these contradic-
tions, we assayed Hox mRNA levels in whole stage-matched
E10.5 embryos by RNA-sequencing (Fig. 3 and SI Appendix, Fig.
S3 and Table S2).

With a false discovery rate (FDR) of 5% (equivalent to
p-value cutoff of 2 1 x 107, only 4 genes were differentially
expressed in Bmil =~ embryos including Bmil itself (Fig. 3 A and
B and SI Appendix, Table S3). In comparlson 33 genes were
down-regulated and 6 up-regulated in Moz o/ embryos com-
pared with wild type (SI Appendix, Table SS) and 44 genes
down-regulated and 14 up-regulated in Moz'*;Bmil '~ embryos
(81 Appendix, Table S3). Even when the FDR cutoff was relaxed
to 20% (equivalent to P value cutoff of 0.001), BMI1 did not
have a significant effect on gene transcription levels compared
with MOZ (Fig. 3 C and D). This trend extended to Hox genes.
Consistent with our ES cell-differentiation results (Fig. 2E),
BMI1- deficiency had no significant effect on the levels of Hox
gene expression in the E10.5 embryos (Fig. 3F, P = 0.206). In
contrast, Hox genes were significantly down-regulated in Moz'*
E10.5 embryos (P = 7 x 10~ '"). Consistent with the strong effect
of Moz-deletion and the lack of influence of Bmil - deletlon on Hox
mRNA levels, Hox gene expression was low in Moz"*;Bmil~"~
embryos (P =1 x 107").

The gene expression analysis presented here (Fig. 3), along
with our analyses of differentiating Moz;Bmil ES cells (Fig. 2),
provide strong evidence that once Hox genes have been acti-
vated, MOZ is required to maintain their normal expression
levels. In contrast, BMI1 does not appear to be critical for the
regulation of mRNA levels during the maintenance phase.

MOZ and BMI1 Play Opposing Roles in Regulating Body Segment
Identity. Hox genes play a critical role in specifying body seg-
ment identity in the anterior—posterior axis (1). To interrogate
the relationship between Moz and Bmil in vivo, we wanted to
determine if the antenor—posterlor patterning defects observed in
single Moz®'® and Bmil~'~ mutants were rescued in Moz*'*;
Bmil™"~ animals. Thus, we isolated Moz;Bmil compound knock-
out animals between E15.5 and E18.5 and interrogated the axial
skeleton for shifts in body segment identity.

Wild type mice possess a complement of 7 cervical, 13 thoracic,
6 lumbar and 4 sacral vertebrae (Fig. 4 A and E and SI Appendix,
Fig. S4 A and E). Consistent with the 1n1tlal description of the
Bmil™~ phenotype (23), 56% of Bmil™~ pups (n = 14/25) pre-
sented with posterior homeotic transformations (Fig. 4B). For
instance, a C1 to C2 transformation was present in Brmil '~
fetuses, as evident by the lack of the anterior arch of the atlas
(aaa), which is normally observed associated with the C1 segment.
Furthermore, the C2' vertebra in Bmil ™'~ pups resembled the
wild type C3 segment and this shift in identity was perpetuated
throughout the entire length of the axial skeleton (Fig. 4E and SI
Appendix, Fig. S4 B and F). In contrast, all Moz*'® pups presented
with an anterior shift in body segment identity (n = 17/17), which
was consistent with our preVlous observations (13). Although the
C1 vertebra was normal in Moz®* animals, the second vertebra
(C2’) had a Cl-like identity (Fig. 4C and SI Appendix, Fig. S4C).
The C3' to C8' segments of Moz** pups were phenotypically

[A™ moz"* Bmi1"* |[C__ Moz Bmir*™*

|[B Mozt Bmit "

|ID Moz Bmir- | E

thoracic lumbar

5 e e
vt oo [ eeenmnasea
s oo [T Teerrseeen

Fig. 4 MOZ and BMI1 play opposing roles in regulating body segment identity. (A-D) Representative skeletal preparations of wild type, Bmi1~'~, Moz*'»
and Moz*'2;Bmi1~~ E18.5 pups. The arrow in B marks the absence of the anterior arch of the atlas (aaa). Apostrophes indicate a shift in body segment

identity. Note the posterior shift in segment identity in Bmi1~/~

pups (B) and the anterior shift in Moz™

animals (C), which were rescued to a wild type

phenotype in Moz*'*;Bmi1~'~ pups (D). (E) Schematic representation of homeotic transformations (red outline). See related data in S/ Appendix, Fig. S4 and
Table S4. aaa, anterior arch of the atlas; C, cervical vertebrae; Eo, exooccipital bone; HB, hyoid bone; M, manubrium sterni; R, rib; So, supraoccipital bone; T,
thoracic vertebrae; TR, tympanic ring. n = 16 WT, 25 Bmi1™~, 17 Moz** and 14 Moz*'*;Bmi1~"~.
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similar to wild-type segments C2 to C7 (SI Appendix, Fig. S4C).
This anterior shift in body segment identity in Moz*'* animals was
perpetuated for 19 vertebral segments from C2 to T13 (Fig. 4E
and ST Appendix, Fig. S4G).

Remarkably, 93% of Moz*'*;Bmil~'~ fetuses (n = 13/14)
showed restoration of the axial skeleton (Fig. 4D and SI Appendix,
Fig. S4 D and H). The first cervical segment had an anterior arch
of the atlas (Fig. 4D). Furthermore, the next six segments (C2 to
C7) in Moz®*;Bmil~'"~ pups closely resembled that of wild type
C2 to C7 segments (SI Appendix, Fig. S4D). This normal identity
was preserved along the entire axial skeleton in Moz®*;Bmil ™'~
animals (Fig. 4E and SI Appendix, Fi%. S4H). Thus, the body
segment identity defects in single Moz™* pups and in Bmil ™~
pups were rescued toward a wild type identity in Moz®*;Bmil =~
animals (Fig. 4 and SI Appendix, Fig. S4 and Table S4).

MOZ and BMI1 Play Opposing Roles in Regulating the Anterior
Expression Boundary of Hox Genes. We have established that the
simultaneous deletion of Moz and Bmil largely rescued the de-
fects in body segment identity observed in the single Moz*'* and
Bmil~~ mutant animals. Because Hox gene expression bound-
aries specify body segment identity, we investigated whether the
Hox gene expression boundaries were also restored to a wild type
location in Moz**;Bmil~'~ animals. Thus, we analyzed the ex-
pression of Hoxc5 and Hoxa9 mRNA via whole mount in situ
hybridization, and HOXB4 protein by whole mount immuno-
histochemistry in E10.5 embryos.

In wild type E10.5 embryos, the anterior limit of Hoxc5 expres-
sion was clearly evident in the neural tube (Fig. 54). In Bmil 7~
mutants (n = 3/4), an anterior shift in the Hoxc5 expression
boundary was observed (Fig. 5B), whereas in Moz*'* embryos
(n = 4/4), a posterior shift in Hoxc5 expression was evident (Fig.
5C). These shifts in the anterior expression boundary of Hoxc5
observed in single Moz*"® and Bmil '~ mutants were rescued to
the wild type location in Moz*'*;Bmil™~ embryos (n = 3/4, Fig.
5D and SI Appendix, Fig. S5 and Table S5). Similarly, the anterior
shifts in the expression of Hoxa9 mRNA and HOXB4 protein in
Bmil™~, and the posterior shifts in Moz*'* E10.5 embryos, were
rescued to a wild type phenotype in Moz*'*;Bmil ™~ embryos (SI
Appendix, Figs. S6-S8 and Table S5).

These analyses revealed that MOZ and BMI1 play opposing
roles in regulating the anterior expression boundaries of Hox
genes during development (SI Appendix, Table S5). These data
are consistent with the opposing roles of MOZ and BMI1 in
regulating body segment identity in vivo (Fig. 4).

Discussion

In the current study, we set out to investigate the importance of
chromatin modifying complexes during the activation phase of
Hox gene expression. Through the systematic analysis of early

[ widtype [ Bmirt [ mo [ Moz Bmir ]
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Fig. 5. MOZ and BMI1 play opposing roles in specifying anterior Hox gene
expression boundaries. (A-D) Hoxc5 mRNA expression in E10.5 embryos.
Shifts in the rostral Hoxc5 expression boundary in the neural tube are shown
relative to the otic vesicle (0). See related data in S/ Appendix, Figs. S5-5S8
and Table S5. n = number of individual embryos stated in A-D. Schematics
below images show the most common expression boundary observed. A,
anterior; NT, neural tube; P, posterior.
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events during ES cell differentiation, we establish that MOZ and
BMI1 play opposing roles during the activation phase of Hox
genes. Given the strong correlation between Hox gene expression
and the location of cells in the anterior—posterior axis (28), we
further analyzed the relationship of MOZ and BMI1 in speci-
fying segment identity along the anterior-posterior body axis
in vivo. We found that during embryogenesis, MOZ and BMI1
played opposing roles in specifying Hox gene expression bound-
aries and body segment identity in vivo.

Hox genes were first discovered in Drosophila, where muta-
tions in homeotic genes led to homeotic transformations (29-31).
The homeotic gene expression domains in Drosophila are thought
to be setup by the initial deposition of maternal mRNAs in the
oocyte, and the subsequent action of gap and pair-rule tran-
scription factors (32). The action of these transcription factors is
only transient. The Drosophila polycomb and trithorax group
(homolog of mammalian MLL) proteins are thought to maintain
the homeotic gene expression patterns, once they have been
established (reviewed by ref. 33). Based on findings in Dro-
sophila, early studies on mammalian counterparts of polycomb
and trithorax group proteins also suggested that these complexes
are important for the maintenance, but not the initiation of Hox
gene expression (11, 12). However, the process of Hox gene
activation and spatial specification of Hox gene expression in the
mouse differs considerably to that in Drosophila. The homologs
of Drosophila gap and pair-rule genes do not appear to play a
systematic role in Hox gene activation in mice. Rather, other
mechanisms appear to be at play in vertebrates, including spe-
cific transcription factors, fibroblast growth factor and RA sig-
naling (34-39). Moreover, although collinearity between genomic
order and spatial expression pattern is conserved between the two
species, Hox genes are activated additionally in a temporally
collinear manner in mice (4). In vertebrates, the eventual desti-
nation of cells along the anterior-to-posterior axis depends on the
transcriptional status of their Hox loci before they ingress from
the epiblast into the primitive streak (28). In light of this litera-
ture and our data presented in this study, we propose that ho-
meotic transformations in Moz and Bmil™~ single mutant
animals occur due to opposing defects during the transition of
Hox loci from the transcriptionally repressed to the active state.
In this model, premature activation in BMI1-deficient animals, or
delayed activation of Hox genes in the MOZ-deficient state, leads
to homeotic transformations. Consistent with this hypothesis, we
find that defects observed during the onset of Hox gene expres-
sion in Moz** and Bmil~'~ single knockout ES cells were nor-
malized by the combined deletion of Moz and Bmil.

A number of in vitro studies have proposed a continued re-
quirement for BMI1 to maintain Hox genes in a transcriptionally
silent state (14, 17). However, in contrast to MOZ, we could not
find any evidence for an effect of BMI1 on Hox gene mRNA
levels in E10.5 embryos or in differentiating ES cells. Although
we cannot rule out that BMI1 prevents the excessive spread of
Hox gene expression domains after their initial activation, or that
homologs of BMI1 may play an important role in the mainte-
nance phase of Hox gene expression, our data argue against a
role for BMI1 in maintaining Hox gene mRNA levels. Foremost,
we detect Bmil mRNA expression in the primitive steak in E7.5
embryos, a time correlated with Hox gene activation (Fig. 1). In
contrast, only low levels of Bmil mRNA were detected in the
E10.5 embryo (Fig. 1), a stage correlating with the maintenance of
Hox gene expression. Furthermore, although Bmil-deletion
resulted in increased and premature Hox gene expression in ES
cells before differentiation, we found no significant changes in
mRNA levels of strongly activated Hox genes in RA-treated
Bmil ™~ ES cells or Bmil '~ E10.5 embryos (Figs. 2 and 3). In fact,
these data further suggest that the timely activation of Hox genes
is important for the correct patterning of the anterior—posterior
axis as opposed to absolute Hox mRNA levels. For instance, Hox
mRNA levels in E10.5 Moz*'*;Bmil™~ embryos were low and
similar to Moz** embryos, whereas body segment identity was
largely rescued. In agreement with this interpretation of our data,

PNAS | April 28,2015 | vol. 112 | no. 17 | 5441

DEVELOPMENTAL
BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422872112/-/DCSupplemental/pnas.1422872112.sapp.pdf

there is increasing evidence that the timely activation of Hox genes
is critical for proper anterior—posterior patterning (see review by
ref. 40). For instance, deletion of the Hoxc8 enhancer (41), or
deletion of the Hoxd10 enhancer (42), leads to a temporal delay in
activation of the respective Hox gene and anterior shifts in body
segment identity. We propose here that MOZ and BMI1 bestow
proper patterning of the anterior—posterior axis by ensuring the
timely transition of Hox loci from a repressed to an active state.

We show in this study that MOZ and BMI1 play a particularly
important and previously unappreciated role during the initial
activation phase of Hox gene expression in the ES cell model.
This correlates with their opposing role in correctly specifying
body segment identity in the anterior—posterior axis during
embryogenesis. Extrapolating from our ES cell culture findings,
we propose that the actions of the chromatin modifying com-
plexes containing MOZ and BMI1 during the early activation
phase of Hox genes is critical for the correct specification of
body segment identity.

Materials and Methods

Mice were maintained on a mixed FVB/BALB/c background. The Moz* allele
(25) and the Bmi1~ mutant allele (23) have been previously described. For
timed matings, the morning that a vaginal plug was observed was designated
as E0.5. All experiments were performed under approval from the Walter and
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Skeletal preparations of fetuses aged between E15.5 and E18.5 were
processed and stained with Alizarin red for bone and Alcian blue for cartilage
components as previously described (43). Whole mount in situ hybridization
(44) and whole mount immunohistochemistry (24) was conducted as pre-
viously described. ES cell culture was carried out as described (13). All data
are presented as mean + SEM. Statistical analyses were carried out using
Stata/IC v12 (Stata Corporation, USA), unless further specified in the SI. Data
were analyzed using one-factorial ANOVA, with Moz;Bmi1 genotype as the
independent variable, followed by Bonferroni’s post hoc test.

Details are provided in the SI Appendix, SI Materials and Methods.
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