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Introduction

Histone modifications are frequently recognized by “read-
ers” that contain structural modules, including the bromodo-
main, the PHD finger and the PWWP domain.1-3 Composed 
of multiple such domains,4,5 bromodomain- and PHD finger-
containing protein 1 (BRPF1) was initially identified as BR140 
(bromodomain protein with an estimated molecular weight of 
140 kDa) and peregrin.6 During expression screening with a 
polyclonal antibody against affinity-purified placental integrin,6 
BRPF1 was incidentally cloned in 1994 as a zinc finger pro-
tein with a bromodomain similar to those two of the 250-kDa 
subunit (TAF

II
250, now known as TAF1) of the transcription 

initiation factor TFIID,6 suggesting a role in chromatin control 
and transcriptional regulation. Molecular cloning of leukemia-
associated fusion partners on chromosomes 10 and 17 (AF10 and 
AF17, respectively) in the mid-1990s unraveled the interesting 
feature that they share a Cys/His-rich domain with BR140.7-9 
The domain contains two PHD (plant homeodomain-linked) 
fingers joined by a C2HC zinc knuckle and was later named the 
PZP (PHD-zinc knuckle-PHD) module.10 In light of this strik-
ing sequence feature, new proteins with the module were sought 

after, thereby leading to the identification of BRL (BR140 like 
protein), also known as BRD1 (bromodomain protein 1) and 
BRPF2.11 Afterwards, BRPF3, a third human paralog, was 
uncovered during genome annotation. These three proteins are 
highly homologous to each other and form a unique family of 
multidomain chromatin regulators.1,3,4

The PZP module is present in other chromatin modifiers, 
including the leukemia-associated methyltransferase NSD1 and 
the demethylase GASC1,10 suggesting a role in chromatin regula-
tion. In support of this, the PZP modules of BRPF1 and BRPF2 
recognize the unmodified N-terminus of histone H312,13 and the 
second PHD finger of BRPF2 binds directly to DNA.14 The PZP 
module is located in the middle part, slightly N-terminal to the 
bromodomain. Located at the C-terminal end is a well-conserved 
PWWP domain.4 The bromodomain and PWWP domain of 
BRPF1 have the ability to bind specifically to acetylated and 
methylated forms of histone H3, respectively.15-17 BRPFs con-
tain two more sequence motifs flanking the PZP module and 
displaying similarity to EPC (enhancer of polycomb) pro-
teins.10,18 Biochemical purification revealed that, in HeLa cells, 
BRPFs form tetrameric complexes with the histone acetyltrans-
ferase MOZ (or the paralog MORF), ING5 and EAF6.18 The 
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Bromodomain- and PHD finger-containing protein 1 (BRPF1) is a unique epigenetic regulator that contains multiple 
structural domains for recognizing different chromatin modifications. In addition, it possesses sequence motifs for form-
ing multiple complexes with three different histone acetyltransferases, MOZ, MORF, and HBO1. Within these complexes, 
BRPF1 serves as a scaffold for bridging subunit interaction, stimulating acetyltransferase activity, governing substrate 
specificity and stimulating gene expression. To investigate how these molecular interactions are extrapolated to bio-
logical functions of BRPF1, we utilized a mouse strain containing a knock-in reporter and analyzed the spatiotemporal 
expression from embryos to adults. The analysis revealed dynamic expression in the extraembryonic, embryonic, and 
fetal tissues, suggesting important roles of Brpf1 in prenatal development. In support of this, inactivation of the mouse 
Brpf1 gene causes lethality around embryonic day 9.5. After birth, high expression is present in the testis and specific 
regions of the brain. The 4-dimensional expression atlas of mouse Brpf1 should serve as a valuable guide for analyzing its 
interaction with Moz, Morf, and Hbo1 in vivo, as well as for investigating whether Brpf1 functions independently of these 
three enzymatic epigenetic regulators.
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N-terminal enhancer of polycomb (EPC)-like motif may con-
tribute to interaction with MOZ (also known as MYST3 and 
KAT6A) and MORF (also referred to as MYST4 and KAT6B), 
while the C-terminal EPC-like motif binds to ING5 (inhibitor 
of growth 5) and EAF6 (homolog of yeast Esa1-associated fac-
tor),18,19 indicating that BRPFs serve as scaffolds for complex for-
mation.19 The PZP module and EPC-like motifs are conserved in 
JADEs (proteins encoded by genes [J] for apoptosis and differ-
entiation in epithelia), which form similar tetrameric complexes 
with HBO1 (also referred to as KAT7), ING4/5, and EAF6.18,20 
Recent studies have revealed that HBO1 also forms tetrameric 
complexes with BRPFs, ING4/5, and EAF6.13,21 Strikingly, 
HBO1 association with JADE1 or BRPF1 switches the substrate 
specificity from nucleosomal histone H4 to H3,13 indicating a 
dominant role of BRPF1 in determining the substrate specificity. 
Thus, BRPF1 and perhaps also its paralogs BRPF2 and BRPF3 
promote formation of multiple acetyltransferase complexes and 
govern their enzymatic activity, substrate specificity, and ability 
to stimulate transcription. Compared with BRPF2 and BRPF3, 
BRPF1 possesses an extra potential zinc finger at the N-terminal 
end, with no known functions. This potential finger is conserved 
in the sole fly BRPF protein, suggesting a potentially important 
role.

A crucial question is how molecular interactions of BRPF1 
with MOZ, MORF, and HBO1, drawn from biochemical and 
cell line-based studies,13,18,19 can be extrapolated to functional 
relevance at the organismal level. For example, one important 
issue is whether BRPF1 functions globally in all tissues or only 
in certain tissues at specific developmental stages. The MOZ and 
MORF genes are rearranged in hematological malignancies and 
the MORF gene is subject to chromosome translocation in uter-
ine leiomyomata.4,22,23 In addition, MORF is mutated in different 
developmental disorders, including Noonan syndrome-like dis-
order,24 Ohdo syndrome,25 and Genitopatellar syndrome,26,27 so 
another important issue is whether BRPF1 serves a “modifier” of 
these diseases. Molecular and cell-based studies suggest that this 
may be the case.13,18,19 Related to these two important issues, very 
little information is available on when and where mammalian 
BRPF1 is expressed.4,5

To determine the physiological and pathological functions 
of mammalian BRPF1, it is necessary to know its spatiotempo-
ral expression. Such information (or the 4-dimensional expres-
sion atlas) serves an important roadmap to dissect functions in 
different tissues through a genetic approach. With these con-
siderations, we utilized a mouse strain containing a knock-in 
β-galactosidase reporter at the Brpf1 locus and determined the 
expression from embryos to adults. We found dynamic expression 
of Brpf1 in the placenta, yolk sac, limb buds, brain, spinal cord, 
retina, nose, bone, and brown fat at the prenatal stages. After 
birth, high expression was found in the testis and specific regions 
of the brain. Moreover, inactivation of the Brpf1 gene results in 
embryonic lethality, which, together with the 4D expression atlas 
of mouse Brpf1, suggests that mammalian BRPF1 also has roles 
independent of the three acetyltransferases MOZ, MORF, and 
HBO1.

Results

Brpf1 expression during embryonic development
To substantiate our previous molecular studies on the interac-

tion of BRPF1 with MOZ and MORF,18,19 we sought to investi-
gate biological relevance at the tissue and organismal levels. For 
this, we first utilized a mouse strain containing a promoterless 
LacZ cassette and two LoxP sites inserted at the Brpf1 locus 
(Fig. 1A and C).28-30 By use of the convenient X-gal staining to 
determine β-galactosidase activity, the LacZ cassette serves as a 
useful and efficient reporter for determination of transcriptional 
activity from the locus at a single-cell resolution.28-30 To establish 
the 4-dimensional expression atlas, we first performed whole-
mount β-galactosidase staining of mouse concepti or embryos 
from E8.5–12.75 (Fig. 2). The choice of this time window is due 
to the observations that organogenesis initiates after E8.0 and the 
whole-mount staining method works not so well for embryos at 
or older than E13.5 due to X-gal penetration problems. While no 
staining was detected in the wild-type E8.5 conceptus (i.e., the 
embryo proper plus the extraembryonic tissues; Fig. 2A, right), 
high β-galactosidase activity was detected in the heterozygous 
mutant embryo and extraembryonic tissues, including the yolk 
sac and ectoplacental cone (Fig. 2A, left). In the embryo proper, 
high activity was found in the primitive neural tube and the 
headfold (Fig.  2A, left). At E9.75, high β-galactosidase activ-
ity was also detected in the mutant but not wild-type yolk sac 
and ectoplacental cone (Fig.  2B; data not shown). Ubiquitous 
low expression was present in the embryo proper, with enriched 
expression in the spinal cord, forelimb buds and pharyngeal 
arches (Fig. 2B).

At E11.5, specific expression was detected in the labyrinth but 
not decidua of the mutant placenta (Fig. 2C), as well as in the 
mutant yolk sac (Fig. 2D). In the mutant embryo proper, high 
specific expression was present in the telencephalon (part of the 
forebrain), mesencephalon (midbrain), isthmus (midbrain-hind-
brain border), rhomic lip (cerebellar neuroepithelium), spinal 
cord, retina, and limb buds (Fig. 2D). About one day later, at 
E12.75, the expression at the extraembryonbic tissues such as the 
yolk sac and placenta remained high (Fig. 2E; data not shown). In 
the embryo itself, expression in the mesencephalon, isthmus and 
limb buds decreased but the level sustained in the telencephalon, 
spinal cord, retina, and rhomic lip (Fig. 2E). Thus, the whole-
mount staining analysis revealed dynamic expression of Brpf1 in 
the embryonic and extraembryonic tissues from E8.5–12.75, sug-
gesting potential roles in development of the placenta, yolk sac, 
brain, spinal cord, limbs, and retina during mouse embryonic 
development.

Brpf1 expression in embryos, fetuses, and neonates
The whole-mount analysis provided valuable information at 

the tissue level, but additional investigation is needed to gain 
insights into the expression at the cellular level. We thus utilized 
frozen sections for X-gal staining to determine β-galactosidase 
activity at the single-cell level. At E8.5, X-gal staining of frozen 
sections revealed strong expression in the ectoplacental cone 
(Fig. 3A and C), neuroepithelial cells of the neural tube (Fig. 3A 
and B) and blood islands of the yolk sac (Fig.  3D) from the 
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Figure 1. Analysis of the Brpf1l knock-in allele. (A) Schematic representation of the knock-in allele. Within the mutant locus, two FRT sites flank the 
promoterless LacZ-Neo cassette, which itself contains an En2 splicing acceptor (En2 SA) and two copies of the coding sequence for the porcine tescho-
virus-1 peptide 2A (T2A) ribosome-skipping signal along with a polyadenylation signal (pA). For Cre-mediated excision, LoxP sites are placed before and 
after exons 4–6 of the Brpf1 gene. Positions of the three primers used for genotyping are indicated with arrowheads. (B) Generation of the Brpf1-/ - mice. 
Brpf1l mice were crossed with PGK1-FLPo mice to remove the promoterless cassette and obtain the conditional Brpf1f allele. Through EIIa-Cre mediated 
recombination, the LoxP-flanked region spanning exons 4–6 was deleted to yield the Brpf1- allele. Mice heterozygous for the Brpf1- allele were mated to 
yield the mutant homozygotes. The genotyping primers were indicated with tiny arrowheads. (C) Representative genomic PCR analysis of a litter of six 
two-week old pups from the cross of a Brpf1l/+ heterozygote with a wild-type mouse. Primers Brpf1-F1, -mR1 and -R1, depicted as arrowheads in (A), were 
used to amplify the wild-type (227 bp) and Brpf1l (162 bp) alleles. According to the result, the litter contained 3 wild-type pups (lanes 3, 4, and 6) and 3 
heterozygotes (lanes 2, 5, and 7). (D) Representative PCR genotyping of a litter of 7 embryos (E11.5) from the intercross between Brpf1l/+ male and female 
mice. The primers were the same as those used in (C). Based on the result, the litter contained one wild-type embryo (lane 3), 5 heterozygotes (lanes 2 
and 4–7) and one homozygote (lane 8). (E) Primers Brpf1-F1, -mR1, and -R1 were used to detect the wild type (227 bp) and mutant (162 bp) alleles. Primers 
Brpf1-F1 and -ex03 were used to amplify the Brpf1- allele (460 bp). M, 100 bp DNA ladder. (F) RT-PCR analysis of Brpf1 mRNA from wild type and Brpf1−/− 
embryos at E9.5. A 339-bp fragment spanning the floxed exons was amplified to determine the efficiency of EIIa-Cre mediated excision. Gapdh was used 
as an internal control. (G) RT-PCR analysis of Brpf1 mRNA from wild type and Brpf1Δ/Δembryos at E9.5. A 339-bp fragment spanning the floxed exons and 
a 577-bp fragment covering the coding sequence for the N-terminal portion of Brpf1 were amplified to determine the efficiency of the knockout-first 
strategy. Gapdh was used as the internal control.
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heterozygous but not wild-type concepti. One day later, at E9.5, 
specific expression was found in the neuroepithelium of the neu-
ral tube (Fig. 4A and B), labyrinth of the placenta (Fig. 4A and 
C) and blood islands of the yolk sac (Fig. 4D) from the heterozy-
gous but not wild-type concepti (data not shown). Strong expres-
sion also appeared in the mutant somites (Fig. 4B).

At E12.5, expression remained strong in the yolk sac endo-
derm but no positive staining was detected in the blood islands 
(Fig. 5A). High expression also sustained in the labyrinth of the 
placenta (Fig.  5B). In the embryo itself, high expression was 
still present in the neuroepithelium of the brain and spinal cord 
(Fig. 5C). Weak expression was detectable in the lung and heart, 
but not in the liver (Fig. 5D). This is in stark contrast to the well-
established role of Moz in definitive hematopoiesis in the fetal 
liver.31,32 It should be noted, however, that careful analysis is still 
needed to examine the role of Brpf1 in this important develop-
mental process. Unexpectedly, particularly robust expression was 
found in the ganglion cell layer of the retina (Fig. 5E), with the 
expression level even much higher than that in the neuroepithe-
lium of the brain or spinal cord (Fig. 5C). In addition, specific 
expression was detected in the nasal epithelium (Fig.  5F) and 
Rathke’s pouch (Fig. 5G), the pituitary primordium.

Two days later, at E14.5, very strong expression was also 
detected in the ganglion cell layer of the retina (Fig. 6A and B). 
Weaker but still strong expression was detected in the nasal epi-
thelium and the growth plate of the nasal bone (Fig.  6A and 
C), as well as in the tongue (Fig. 6D) and the submandibular 
region (Fig.  6E). At E17.5, the expression in the ganglion cell 
layer decreased dramatically (Fig. 7A and B), whereas the strong 
expression in the nasal epithelium sustained (Fig. 7A and C). At 
this stage, the strongest expression was found in the brown fat 
(Fig. 7D and E). Positive signals were also detected in the neck 
area (Fig. 7D and F), the back of the nose (Fig. 7G), the pelvis 
of the kidney (Fig. 7H) and the trigeminal ganglion (data not 
shown). No or only very weak expression was detected in major 
organs such as the heart, lung, liver and bladder (Fig. 7D).

Immediately after birth, the expression in the brown fat disap-
peared (data not shown) and the level in the retina was also low 
(Fig. 8A and B). However, the expression in the nasal epithelium 
remained robust (Fig. 8A and C). Other regions with prominent 

expression were the dorsal root ganglions (Fig. 8D and E). It is 
important to note that the expression in major organs such as the 
brain, heart, lung, liver and cortex of the kidney was minimal 

Figure  2. Brpf1 expression from E8.5 to E12.75. The expression was 
assessed by whole-mount β-galactosidase staining of Brpf1l/+ and 
wild-type E8.5 concepti (A), E9.75 embryos (B), E11.5 placentae (C) and 
embryos (D), and E12.75 embryos (E). For E9.75, only the Brpf1l/+ embryo 
is shown, and no staining was detected in the wild-type embryo, yolk sac 
or placenta (data not shown). At E8.5, ubiquitous staining was observed 
in the embryo proper, allantois, ectoplacental cone, and yolk sac (A). At 
E9.5, Brpf1 was widely expressed in the embryo, with the highest level 
in the forelimb buds (B). At E11.5, Brpf1 was highly expressed in the pla-
cental labyrinth (C, where only one half is shown for the mutant placenta 
and the wild-type placenta exhibited some non-specific staining at the 
decidua), limb buds, telencephalic and mesencephalic vesicles, isthmus 
(midbrain-hindbrain border), rhomic lip (cerebellar primordium), neural 
tube, eye, and yolk sac (D). The expression remained similar at E12.75, 
except for the decreased signal in the limbs (E). Abbreviations: Al, allan-
tois; Epc, ectoplacental cone; La, labyrinth; Ys, yolk sac. Scale bars, 200 
μm (A) and 500 μm (B–E).
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from E14.5-P0 (Figs.  6–8), suggesting that Brpf1 may not be 
important in these organs.

The above expression data from frozen sections indicate that 
Brpf1 is specifically expressed in the yolk sac, labyrinth of the pla-
centa, neuroepithelium of the neural tube, limb buds, ganglion 
cell layer of the retina, nasal epithelium, and tongue muscle, sug-
gesting a potential role in these specific tissues during pre- and 
perinatal development.

Brpf1 expression during postnatal development
The general low levels of Brpf1 expression in neonates (Fig. 8) 

were interesting, so we asked whether expression increases at later 
stages. To address this, we performed whole-mount staining of 
major organs from adult male and female mice. As shown in 
Table S1, expression remained low in major organs such as the 
heart, lung, liver and kidney, but the level was high in the brain 

and significant expression was also detected in the testis, suggest-
ing potential roles of Brpf1 in these two sites, but not in those 
major organs with low or undetectable signals, during postnatal 
development.

Figure 3. Analysis of Brpf1 expression in sections of E8.5 concepti. (A) 
β-Galactosidase staining was performed with frozen sections from E8.5 
Brpf1l/+ and wild-type concepti. Representative images are shown. (B–D) 
The embryo proper (B), ectoplacental cone (C), and a portion of the 
yolk sac (D), boxed in (A), are presented at high magnification. Positive 
staining was detected in the embryonic neuroepithelium, ectoplacen-
tal cone and yolk sac of the heterozygous but not wild-type conceptus. 
Embryonic and extraembryonic structures were labeled according to 
published atlases.52,53 Abbreviations: Bi, blood island; DA, dorsal aorta; 
De, decidua; Epc, ectoplacental cone; Gi, giant trophoblasts; NE, neuro-
epithelium; Ys, yolk sac. Scale bars, 100 μm (A) and 50 μm (B–D). Figure  4. Analysis of Brpf1 expression in E9.5 concepti.  

(A) β-Galactosidase staining was performed with frozen sections from 
Brpf1l/+ concepti at E9.5. A representative image of mutant concepti is 
shown, and no staining was detected in sections from the wild-type con-
cepti (data not shown). (B) Magnified image of the regions boxed in (A). 
(C) Magnified image for the placenta from a section different from that 
used in (A). (D) Enlarged image for the yolk sac from a section different 
from that used in (A). Strong staining was detected in the neuroepithe-
lium and somites of the embryo proper (B), labyrinth of the placenta (C) 
and blood islands of the yolk sac (D). Abbreviations: Bi, blood island; DA, 
dorsal aorta; De, decidua; Gi, giant trophoblast; La, labyrinth; NE, neuro-
epithelium; So, somites; Sp, spongiotrophoblast; Ys, yolk sac. Scale bars, 
100 μm.
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The high expression in the brain 
was intriguing, so we analyzed sagittal 
and parasagittal slices by whole-mount 
staining. The analysis revealed a strik-
ing expression pattern (Fig. S2). Strong 
expression was detected in at least four 
specific structures: neocortex, hip-
pocampus, cerebellum and olfactory 
bulb. While it was rather uniform in 
the neocortex, the expression was very 
strong in the pyramidal layer of the CA 
regions and the granular layer of the 
dentate gyrus within the hippocampus 
(Fig. S2). The expression was also high 
in the subiculum and postsubiculum, 
two accessory structures of the hippo-
campus (Fig. S2C). The hippocampus 
and accessory structures are important 
for learning and memory,33 implying 
that Brpf1 may play a role in these 
important mental processes.

Within the cerebellum, the expres-
sion was very strong in the granular 
layer and Purkinje neurons (Fig. S2B 
and D; data not shown), suggesting 
potential roles in regulating cerebel-
lar development and functions. This 
is consistent with the observation that 
at the embryonic stage, Brpf1 expres-
sion was detected in the rhomic lip 
(Fig. 2D and E), a region from which 
the cerebellum develops. The cerebel-
lum is a key structure for motor coor-
dination and precision,34 so it will 
be interesting to investigate whether 
Brpf1 plays a role in related processes. 
Expression was also detected in the 
olfactory bulb, especially the mitral 
layer, and the accessory olfactory bulb 
(Fig. S2B; data not shown), suggesting 
a potential role in olfaction.

The strong expression in the adult 
brain is in stark contrast to no or low 
expression in E17.5 and P0 brain sec-
tions (Figs. 7 and 8), suggesting that 
Brpf1 expression dramatically increases 
in the brain after birth. To substantiate 
this, we analyzed transverse brain sec-
tions from P3 pups. Strong expression was detected in differ-
ent regions of the brain, including the neocortex (Fig. 8F and 
G), hippocampus (Fig. 8H), cerebellum (Fig. 8I), and septum 
(Fig. 8J). In the hippocampus, strong expression was present in 
the pyramidal layer of the CA region but not in granular layer 
of the dentate gyrus (Fig.  8H), indicating that Brpf1 expres-
sion in the dentate gyrus appears after P3. In the cerebellum, 
strong signals were present in the external germinal layer and 

Purkinje neurons (Fig.  8I). The external germinal layer con-
tains progenitors that will migrate inwards to the internal gran-
ular layer and terminally differentiate into granular neurons 
there.35 Consistent with the result from this section analysis, 
Brpf1 was expressed in the internal granular layers and Purkinje 
neurons of the adult brain (Fig. S2B and D). Together, these 
results support dynamic expression of Brpf1 during postnatal 
brain development.

Figure 5. Brpf1 expression in E12.5 embryonic and extraembryonic sections. (A–C) β-Galactosidase 
staining was performed on frozen sections of the Brpf1l/+ yolk sac (A), placenta (B) and embryo (C) at 
E12.5. Representative images are presented here, and no positive staining was detected in sections 
from the wild-type counterparts (data not shown). (D) Magnified image of the region boxed in (C). 
(E-G) Enlarged images of the eye, nasal epithelium and Rathke’s pouch taken from parasagittal sec-
tions parallel to that shown in (C). While strong expression was detected in the yolk sac endoderm, 
blood islands appeared negative (A). The staining became diffused in the labyrinth, which is expand-
ing at this stage of development (B). In the embryo proper, strong activity was detected at the roof of 
the midbrain, superficial striatum of the thalamus and hypothalamus, and mantle region of the spinal 
cord in the lumbosacral zone (C). Note the particularly strong staining in the ganglion cell layer of the 
retina (E). Abbreviations: Bi, blood island; De, decidua; Fb, forebrain; GCL, ganglion cell layer of the 
retina; Gi, giant trophoblasts; Hb, hindbrain; La, labyrinth layer; Mb, midbrain; NE, neuroepithelium. 
Scale bars, 100 μm (A) and (E–G), 0.5 mm (B), 1 mm (C), and 200 μm (D).
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Brpf1 inactivation leads to embryonic lethality at E9.5
The dynamic expression of Brpf1 during embryonic, fetal and 

postnatal development suggests that it may play an important 
role in these developmental processes. To gain insights into this 
important issue, we investigated the impact of Brpf1 inactiva-
tion. The Brpf1l allele was designed based on the knockout-first 
strategy (Fig. 1A).28-30 Because Brpf1+/l mice were rather indistin-
guishable from the wild-type, we performed intercross between 
male and female heterozygous Brpf1+/l mice to assess survival of 
homozygous embryos and neonates. In the first litter that we 
obtained from the mating, there were 8 pups and all of them 
appeared normal. PCR genotyping identified 4 wild-type pups 
and 4 heterozygotes. The lack of homozygotes in the litter led us 
to ask whether Brpf1 disruption causes prenatal lethality, so we 
retrieved fetuses from two pregnant mice at E17.5, which yielded 

9 normal fetuses and 4 implantation 
sites that contained necrotic fetal tis-
sues or no fetuses at all. No geno-
types could be obtained for these 4 
implantation sites due to the lack of 
good-quality tissues for DNA analysis. 
Genotyping of the 9 normal fetuses 
identified 4 wild-type fetuses and 5 
heterozygotes. Based on these results, 
we wondered whether potential lethal-
ity occurs much earlier than E17.5. To 
substantiate this, we analyzed three 
pregnant mice at E11.5, which yielded 
19 normal embryos and 4 dead ones, 
as well as 4 implantation sites that con-
tained only necrotic embryonic tissues 
or no embryos at all. PCR genotyping 
results were really striking: among the 
19 normal embryos, 5 were wild-type 
and 14 were heterozygous, whereas 
the 4 dead embryos were all homo-
zygous (Fig.  1D; data not shown). 
No genotypes could be obtained for 
the 4 implantation sites containing 
only necrotic embryonic tissues or 
no embryos. Together, these analyses 
indicate that Brpf1 inactivation causes 
embryonic lethality prior to E11.5.

To investigate this further, we gener-
ated the mutant allele Brpf1Δ (Fig. 1A). 
The Brpf1l allele was deigned based on 
the knockout-first strategy,28-30 but we 
found in some other strains that this 
strategy may or may not lead to inac-
tivation (data not shown). As such, we 
mated Brpf1+/l mice with the EIIa-Cre 
strain, which expresses the Cre recom-
binase at the pre-implantation stage,36 
to generate global excision at the LoxP 
sites. This mating strategy resulted in 
Brpf1l/+;EIIa-Cre (or Brpf1+/Δ) mice 

(Fig. 1A), and further intercross between the heterozygous male 
and female mice was expected to generate homozygous Brpf1Δ/Δ 
mice. Surprisingly, no viable pups were born (Table S2), suggest-
ing that the homozygous mutation might have caused lethality 
before birth. We thus analyzed the viability of embryos or fetuses 
at different days from E8.75–17.5. As shown in Table  S2, at 
E8.75, embryos of three expected genotypes were recovered at the 
normal Mendelian ratio. However, most homozygous embryos 
displayed severe abnormalities at E9.5. Thereafter, development 
of the embryos did not progress properly, and they increasingly 
deteriorated. No viable ones could be obtained at or after E11.5. 
RT-PCR confirmed the inactivation of the Brpf1 gene (Fig. S1F 
and G). Thus, Brpf1 loss causes embryonic lethality around E9.5.

As the mutant allele Brpf1Δ still possesses the promoterless 
LacZ cassette (Fig.  1A). To avoid potential complication from 

Figure 6. Brpf1 expression in E14.5 fetal sections. (A) β-Galactosidase staining was performed on coro-
nal head sections from Brpf1l/+ E14.5 fetuses. A representative image is shown. (B–E) Enlarged images of 
four regions boxed in (A). As at E12.5 (Fig. 5), the expression in the ganglion cell layer was particularly 
strong (B). Strong staining was also detected in the nasal epithelium and nasal bone mesenchyme (C), 
in the tongue (D) and in the molar tooth germs and the mesenchyme adjacent to Meckel’s cartilages (E). 
Abbreviations: GCL, ganglion cell layer of the retina; MTG, molar tooth germ; NaE, nasal epithelium; NaB, 
nasal bone primordium; PCL, pigment cell layer of the retina. Scale bars, 500 μm (A) and 100 μm (B–E).
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this cassette, we removed it by crossing Brpf1+/l 
mice with the PGK1-FLP0 strain (Fig. 1B). This 
strain displays ubiquitous expression of the FLPo 
recombinase and induces excision at the FRT sites 
in all lineages, including the germ lines.37 The 
cross generated the floxed allele Brpf1f (Fig.  1B). 
Further mating with the EIIa-Cre strain36 resulted 
in Brpf1+/f ;EIIa-Cre (or Brpf1+/-) mice, and inter-
cross between the resulting heterozygous male and 
female mice was expected to generate homozygous 
Brpf1-/- mice (Fig.  1E and F). As observed with 
intercross of Brpf1+/Δ mice (Table  S2), almost no 
viable pups were born and no normal embryos were 
recovered after E9.5 (Table S3), further supporting 
that Brpf1 inactivation leads to embryonic lethal-
ity around E9.5. This phenotype is unexpected as 
it is much more severe than inactivation of the Moz 
gene, which results in lethality at E14.5.31,32 The 
severe phenotype of Brpf1 inactivation suggests 
potential roles independent of Moz.

Discussion

Molecular and cell-based analyses have firmly 
established that BRPF1 forms multiple acetyltrans-
ferase complexes with three members of the MYST 
family, MOZ, MORF, and HBO1, to govern their 
enzymatic activity, substrate specificity, and ability 
to stimulate transcription.13,18,19 As the first step to 
extrapolate these molecular interactions to the bio-
logical functions at the tissue and organismal levels, 
we have analyzed the spatiotemporal expression of 
mouse Brpf1. This analysis has revealed that Brpf1 
is dynamically expressed in extraembryonic, embry-
onic, fetal and adult tissues (Figs. 2–8; Table S1). 
At the adult stage, it was highly expressed in the 
testis and specific structures of the brain (Table S1; 
Fig.  S2). Together, the spatiotemporal expres-
sion information forms a 4-dimensional expres-
sion atlas, which will serve as a valuable guide for 
further genetic analysis of Brpf1 and dissection 
of its functional interaction with Moz, Morf, and 
Hbo1 in individual tissues at specific developmen-
tal stages. In support of the dynamic expression in 
extraembryonic and embryonic tissues, inactivation 
of the mouse Brpf1 gene led to embryonic lethal-
ity at E9.5. Moreover, the mutant Brpf1 allele con-
tains sequence elements for excision by FLP and 
Cre recombinases (Fig. 1A)—therefore, mating the 
mutant mice with tissue-specific Cre-expressing 
strains will yield insights into biological functions 
of Brpf1 in the tissues where it is expressed, accord-
ing to the 4D expression atlas established herein.

Molecular and cell-based studies13,18,19 sug-
gest that human BRPF1 may function as a 

Figure  7. Brpf1 expression in E17.5 fetal sections. (A–C) β-Galactosidase staining was 
performed on coronal head sections from E17.5 Brpf1l/+ fetuses. A representative image is 
shown. The two areas boxed in (A) are shown in (B) and (C) at higher magnification. (D–F) 
β-Galactosidase staining was performed on sagittal sections of E17.5 Brpf1l/+ fetuses. The 
two areas boxed in (D) are enlarged in (E) and (F). (G and H) β-Galactosidase staining was 
performed on parasagittal sections of E17.5 Brpf1l/+ fetuses. Two images showing strong 
galactosidase activity in the back of the nose (an area containing olfactory nerve fibers) 
and in the pelvis of the kidney are presented in (G) and (H), respectively. At E17.5, expres-
sion was relatively low in the entire embryo, except the brown fat (E), nasal epithelium 
(C) and some other regions shown (C and F). Abbreviations: Bl, bladder; GCL, ganglion 
cell layer; He, heart; Li, liver; Lu, lung; NaB, nasal bone primordium; NaE, nasal epithe-
lium; PCL, pigment cell layer; Pe, penis; SI, small intestine; Ta, tail. Scale bars, 500 μm (A),  
200 μm (B), 100 μm (C), 2 mm (D), and 100 μm (E–H).
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“disease modifier.” Related to this, the MORF 
gene is mutated in three developmental disorders, 
Noonan syndrome-like disorder,24 Ohdo syn-
drome,25 and Genitopatellar syndrome,26,27 with 
the common characteristic of intellectual disabil-
ity. Specific expression in the neocortex, hippoca-
mus, and cerebullum of mouse Brpf1 (Table S1; 
Fig. S2) supports that human BRPF1 may affect 
the severity of these disorders. In addition, the 
MOZ and MORF genes are rearranged in leuke-
mia.4,23 About this, mouse Brpf1 was expressed in 
the yolk sac at E8.5 and E9.5 (Figs. 3 and 4), indi-
cating a potential role in primitive hematopoiesis. 
No expression was detected in the fetal liver or 
bone marrow (Figs. 5–7). This is in stark contrast 
to the important role of mouse Moz in hematopoi-
etic stem cells during embryonic and fetal devel-
opment.23,31,32,38 However, these stem cells are rare 
and Brpf1 expression may have escaped detection 
by the method that we used here, so careful analy-
sis is still needed to examine the role of Brpf1 in 
hematopoietic stem cells at the embryonic, fetal 
and postnatal stages.

The Brpf family of proteins is conserved from 
C. elegans to humans, with one member in the 
worm or fly but three in a vertebrate. It should 
be noted, however, that Drosophila Brpf is highly 
similar to Brpf1, whereas the C. elegans member 
Lin-49 is relatively distant and lacks the PWWP 
module.4 While little is known about the func-
tion of the fly protein, Lin-49 regulates Hox gene 
expression, neuron asymmetry, hindgut develop-
ment and fecundity.39-41 Lin-49 genetically inter-
acts with Lsy-12, which is only distantly related 
to MOZ/MORF.41 Inactivation of zebrafish Brpf1 
affects anterior Hox gene expression and alters 
pharyngeal segmental identity,42 while disruption 
of medaka Brpf1 alters craniofacial and caudal 
skeletons by reducing expression of anterior and 
posterior Hox genes, respectively.43 Thus, fish 
Brpf1 regulates Hox gene expression during skel-
etal development. Related to this, the expression 
atlas of mouse Brpf1 (Figs. 6–8) suggests a poten-
tial function in the bone. Importantly, the atlas 
also points out potential functions in many other 
tissues, including the neural tube, limb buds, ret-
ina, nose and brown fat at the prenatal stages, as 
well as the brain and testis after birth (Figs. 2–8; 
Table  S1). As little activity was detected in the 
heart, lung, stomach, intestine/colon and liver 
(Figs. 2–8; Table S1), Brpf1 may only play minor 
roles in these major organs. BRPF1 is paralogous 
to BRPF2 and BRPF3.18,19 Inactivation of mouse 
Brpf2 led to embryonic lethality at E15.5, with 
growth retardation, neural tube defects, abnor-
mal eye development and faulty erythropoiesis.21 

Figure 8. Brpf1 expression in neonate head sections. (A–E) β-Galactosidase staining was 
performed on transverse sections of neonate heads at P0. Two representative images are 
presented in (A) and (D). The three areas boxed in (A) and (D) are shown at higher mag-
nification in (B), (C), and (E) as indicated. At P0, Brpf1 was highly expressed in the nasal 
epithelium (C) and ganglion (E). (F) β-Galactosidase staining was performed on frozen 
transverse head sections from P3 pups. Only a portion of a representative image is shown. 
(G–I) Enlarged images of the three areas boxed in (F) as indicated. (J) Image of the expres-
sion in the septum and the lateral ventricular zone. At P3, Brpf1 was widely expressed in 
the brain, including the neocortex (G), hippocampus (H), cerebellum (I), and mitral cell 
layer in the olfactory bulb (data not shown). Structures of the mouse brain were labeled 
according to published atlases.54-56 Abbreviations: CA1, cornu ammonis 1; CA3, cornu 
ammonis 3; DG-s, suprapyramidal blade of the dentate gyrus; DG-i, infrapyramidal blade 
of the dentate gyrus; GCL, ganglion cell layer of the retina; EGL, external germinal layer; 
HP, hippocampus; LV, lateral ventricle; NaE, nasal epithelium; NaB, nasal bone PL, Purkinje 
neuron layer; St, striatum. Scale bars, 1 mm (A) and (D), 200 μm (B and C), 100 μm (E and 
G–J) and 300 μm (F).
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No knockout studies have been reported for mouse Brpf3. The 
mouse Brpf1 expression atlas established herein is also valuable 
for determining how the division-of-labor of these three proteins 
is achieved to regulate MOZ, MORF and HBO1 in a spatiotem-
poral manner.

In addition to Brpf1, we have analyzed the expression of 
Moz in the adult brain (Fig. S1 and S3). Like Brpf1 (Table S1), 
Moz was highly expressed in specific structures of the brain, 
including the neocortex, hippocampus, cerebellum, and olfac-
tory bulb (Fig. S3). This pattern is similar but not identical to 
that of Brpf1 (Fig. S2), suggesting their potential interaction in 
the brain. It should be noted, however, that further analysis is 
needed to determine whether this is indeed the case. The role 
of Moz in brain development remains unknown even though 
the function of mouse and fish Moz in hematopoiesis and skel-
etal development has been investigated in several studies.31,32,44-47 
Notably, there are also differences between the expression pat-
terns of Moz and Brpf1. For example, Moz, but not Brpf1, was 
highly expressed in the striatum (Figs. S2 and S3). In this case, 
Brpf2 and Brpf3 may interact with Moz. In Purkinje neurons 
of the cerebellum, Brpf1, but not Moz, was expressed (Fig. 8; 
Figs. S2 and S3; data not shown). In these neurons, Morf and 
Hbo1 may replace Moz as the partner of Brpf1. Further analysis 
of Morf and Hbo1 may shed light on this possibility. Related 
to this, Morf-deficient mice containing 10% residual tran-
scripts die at the weaning stage and display cerebral defects,48 
but no abnormalities were observed in the cerebellum. Total 
loss of mouse Hbo1 led to embryonic lethality at E10.5,49 but 
the role in fetal and postnatal development remains unclear. 
Immunofluorescence microscopy revealed low ubiquitous 
expression of Hbo1 in the entire mouse brain (data not shown), 
suggesting that Hbo1 may not be a major partner of Brpf1 in 
Purkinje neurons. These observations imply that mouse Brpf1 
may even have roles independent of Moz, Morf, and Hbo1. 
Related to this, Brpf1 is distantly related to Lin-49 in C. elegans 
(within the PZP module and EPC-like motifs), but only one 
worm MYST acetyltransferase (Lsy-12) is more homologous to 
mouse Moz, Morf, and Hbo1 than to the other two members of 
the MYST family (i.e., Tip60 and hMof).39-41

In summary, we have established the 4D expression atlas for 
mouse Brpf1, a unique multidomain chromatin regulator able 
to activate three different acetyltransferases, and compared its 
expression pattern with that of Moz in the adult brain. We have 
found dynamic expression of Brpf1 in the placenta, yolk sac, 
limb buds, brain, spinal cord, retina, nose, bone, and brown fat 
at the prenatal stages. After birth, high expression was detected 
in the testis and some specific regions of the brain. Related to 
its dynamic expression during embryonic development, Brpf1 
is essential for embryogenesis prior to E9.5. The 4D expression 
atlas will serve as an important roadmap for determining the 
physiological and pathological functions of mammalian BRPF1, 
identifying the molecular mechanisms whereby its dynamic 
expression is controlled, analyzing its functional interaction 
with MOZ, MORF, and HBO1 in vivo, and investigating 
whether BRPF1 has any roles independent of these three impor-
tant acetyltransferases.

Materials and Methods

Ethics statement of animal research
Mouse strains were maintained in a newly established animal 

facility at McGill University and all procedures involved in the 
use of mice were performed according to guidelines and protocols 
approved by the McGill University Animal Use Committee.

Wild-type and mutant mice
Brpf1l/+ mice were obtained from European Conditional 

Mouse Mutagenesis Program (EUCOMM, project 40402; http://
www.knockoutmouse.org/genedetails /MGI:1926033).28-30  
A promoterless LacZ cassette is placed between two FRT sites, 
while two LoxP sites flank exons 4–6 of Brpf1 (Fig.  1A). For 
genotyping, genomic PCR with primers Brpf1-F1 and -R1 gen-
erated a 227-bp band for wild-type, whereas genomic PCR with 
primers Brpf1-F1 and -mR1 produced a 162-bp fragment for 
the knock-in allele (Fig. 1A and C). The lines were maintained 
on the C57BL/6J background. Intercross between the male and 
female heterozygotes was employed to assess the mortality of 
homozygous embryos, fetuses and neonates.

For the Moz line, we utilized ES clones from EUCOMM to 
generate conditional knockouts with LoxP sites flanking the sec-
ond coding exon of Moz. This exon has 109 bp and its deletion 
causes a reading-frame shift in the resulting transcript, trigger-
ing non-sense mRNA decay and inactivating the allele (http://
www.knockoutmouse.org/martsearch/project/29690).28-30 The 
ES cells were injected into CD1 blastocysts to obtain male chi-
mera mice, performed at McGill Transgenic Core, for germ-
line transmission by further crosses with C57BL6 female mice. 
Crossing the resulting line, Mozl/+, with EIIa-Cre mice (Jackson 
Laboratory) yielded Mozl/+; EIIa-Cre mice and further intercross 
generated Moz−/− embryos. The fetuses displayed lethality at 
E14.75 (Fig. S1), indicating that the conditional allele functioned 
as expected.

Mouse genotyping
Mice were genotyped by PCR with genomic DNA extracted  

from yolk sac, tail cut or ear punch samples. Genomic DNA 
was isolated according to the protocol from Jackson Laboratory 
(http://jaxmice.jax.org/support/genotyping/dna-isolation-
protocols.html). The primers Brpf1-F1 (TGTGCCCTGT 
AGAGTGTTGC) and Brpf1-R1 (GCCTTGAGTG 
GCACAACATA) were used to amplify a 227-bp band for the 
wild-type allele, whereas the primers Brpf1-F1 and Brpf1-mR1 
(TTGGTGATAT CGTGGTATCG TT) yielded a 162-
bp fragment for the mutant allele. Brpf1-F1 and Brpf1-ex03 
(CAGCTTTAAT GAGAAAAAAA ATCA) were used 
to detect a 460-bp fragment for FLP0-mediated and Cre-
mediated recombination of the mutant Brpf1 allele. Cre01 
(GCATTACCGG TCGATGCAAC GAGTG) and Cre02 
(GAACGCTAGA GCCTGTTTTG CACGTTC) were 
used for detection of a 374-bp fragment of the Cre transgene. 
Primers M5 (AGAGAGCCCT TCCTCTCAGT ACCG), 
LAR3 (CAACGGGTTC TTCTGTTAGT CC) and M3 
(ACAGATGGGG ATTGGTTCAG CAACC) were used to 
amplify fragments from the wild-type (531 bp) and Mozl (284 
bp) alleles. Primers LoxF (AAATGAATGC AATTGTTGTT 
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GT), LoxR1 (GGCACTAAGA GAGAAACTCC CA) and 
LoxR (TGAACTGATG GCGAGCTCAG ACC) were used to 
detect a 382-bp fragment from the unrecombined Mozl allele and 
a 287-bp fragment from the recombined Moz- allele. A 10 µl PCR 
reaction was set up with 5 µl of the 2x GoTaq Green Master Mix 
(Promega, PRM5122), 1 µl genomic DNA, 0.5 µl of each primer 
(10 pmol/µl) and 2.5–3 µl of sterile nuclease-free water. PCR 
cycling conditions were as follows: 95 °C × 5 min, 30 PCR cycles 
(95 °C × 15 s, 50 °C × 15 s and 72 °C × 45 s) and 72 °C × 7 min, 
except that 60 °C was used as the annealing temperature for the 
Moz primers. The amplified products were kept at 4 °C or -20 °C 
until further analysis by agarose gel electrophoresis.

RT-PCR
Total RNA from embryos at E9.5 was extracted with the 

TRIZOL reagent (Invitrogen, 15596018). Embryos at E8.75 were 
polled for each genotype before RNA extraction with the miR-
Neasy Mini kit (GIAGEN, 217004). cDNA from 1 µg of total 
RNA was synthesized with the QuantiTect Reverse Transcription 
kit (QIAGEN, 205311). The synthesized cDNA was used as the 
template for PCR with two sets of primers (CAGTAAGATC 
ACCAACCGCC vs GAGGAAAGGG GTCAGCTGCA 
and CAGCCCCTCT GAAGTCTCAC vs CTAGTGCATT 
GGGGTCACCT for amplifications of the coding sequences for 
the Floxed and N-terminal regions of Brpf1, respectively) with 
the cycling conditions—95 °C for 5 min, 28 amplification cycles 
(95 °C for 15 s, 50 °C for 15 s, and 72 °C for 45 s) and 72 °C for 
7 min.

Tissue preparation
All mice were anesthetized with isoflurane through inhalation 

before tissue or embryo collection. For the mice used for whole-
mount tissue staining, animals were perfused transcardially with 
cold PBS, followed by 4% paraformaldehyde (PFA) in PBS, prior 
to tissue collection.

X-gal staining
β-Galactosidase staining was performed as described.50,51 For 

whole-mount staining, embryos and extraembryonic tissues were 
dissected out fresh, fixed in the fixative solution (0.1 M phos-
phate buffer [pH 7.3], 5 mM EGTA, 0.2% glutaraldehyde and  
2 mM MgCl

2
) for 10–30 min depending on the size of the 

embryo or tissue, rinsed in the detergent rinse (0.1 M phos-
phate buffer [pH7.3], 2 mM MgCl

2
, and 0.02% NP-40) three 

times for 15 min each at room temperature, and incubated in 
the staining solution (0.1 M phosphate buffer [pH7.3], 20 mM 
TRIS-HCl pH7.3, 2 mM MgCl

2
, 0.02% NP-40, 5 mM potas-

sium ferricyanide, 5 mM potassium ferrocyanide, 0.01% sodium 
deoxycholate, and 1 mg/ml X-gal) at 37 °C for 4–16 h in the 
dark until a desired intensity of blue color was developed. After 

the staining, tissues were post-fixed in 4% PFA and rinsed in 
PBS before imaging under a dissecting microscope (SteREO 
Lumar.V12, Zeiss), linked to an Axiocam HRc color camera and 
controlled by Axiovision Re 4.8. Images were exported to Adobe 
Photoshop for processing and then imported to Adobe Illustrator 
for final presentation. For staining of the postnatal brain or other 
organs, mice were perfused first with cold PBS and then with 4% 
cold PFA in PBS, with additional 2 h post-fixation in 4% PFA at 
4 °C. The brain was cut sagittally in the middle and then sev-
eral parasagittal slices were prepared manually with a blade. The 
staining procedure was performed as just described for embryos.

For staining of frozen sections, embryos or the whole concepti 
were fixed in 1% PFA at 4 °C for 1 h, rinsed in PBS, cryopro-
tected in 30% sucrose in PBS at 4 °C overnight until the samples 
sank to the bottom, embedded in the Tissue-Tek O.C.T. com-
pound (Sakura Finetek, 4583) on dry ice and stored in -80 °C. 
Sections were cut at 15 µm on a Cryotome (Thermo Electron, 
77200187). Slides were dried and stored at -80 °C or directly 
used for staining. The slides were postfixed in the fixative solu-
tion (0.1 M PIPES pH 6.9, 5 mM EGTA, 2 mM MgCl

2
, and 

2% PFA) for 10 min on ice, rinsed in PBS containing 2 mM 
MgCl

2
, and immersed in the same solution for 10 min on ice. 

The slides were then immersed in the detergent rinse for 10 min 
on ice and stained in the staining solution for 4–16 h at 37 °C 
as described above. After staining, the slides were washed twice 
in PBS containing 2 mM MgCl

2
 (5 min each) at room tempera-

ture, rinsed in distilled H
2
O and counterstained in 0.1% nuclear 

fast red (RICCA, R5463200) for 5 min. Afterwards, the slides 
were rinsed in distilled H

2
O, dehydrated in a gradient of ethanol, 

cleared in xylene and mounted with Permount. The slides were 
either examined under a regular light microscope or digitized 
with a Scanscope (Aperio, ScanScope XT) for further analysis.
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