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progenitors and exhaustion of HSCs. Our analysis of the MLL-

deficient hematopoietic system underscores a previously
unappreciated role for MLL in LSK CD48*FIk2" cells, which is
consistent with Hoxa9 being most highly expressed in MPPs
(Forsberg et al., 2005) and could account for the inability of dC/dC
fetal liver cells to reconstitute the hematopoietic system, even
short-term, despite seemingly intact differentiation capacities.
Hence, MLL® is crucial to early stages of hematopoietic
development.

From these results we conclude that the MLL holocomplex is
responsible for MLL-dependent transcription because MLLC is
required in three different biological processes including
embryogenesis, maintenance of cellular homeostasis in fibroblasts
and hematopoietic development.

MLL subunits are subjected to distinct degradatio
mechanisms upon dissociation :

We observed that free MIIN was undetectable in dC homozygous
MEFs despite comparable expression of M/l mRNAs. Furthermore,
MIIC-deficient embryos expressed only minimal amounts of MIIN,
These results indicate that free MLLN is degraded by a post-
transcriptional mechanism in vivo. In this study, we discovered
that free MLLC is exported to the cytosol and degraded via a
proteasome-dependent pathway. Thus, both of the MLL subunits
generated by processing are unstable if not forming an MLL
holocomplex. Free MLLY is destroyed by a unique mechanism
that targets the FYRN domain. This degradation mechanism appears
to be independent of the proteasome degradation pathway and
therefore should be different from the previously reported SCF- or
APC-proteasome-dependent mechanisms that dynamically regulate
MLL protein levels during the cell cycle, which targets a different
portion of MLL (amino acids 1-1400) (Liu et al,, 2007). It is
unclear at this point how free MLLN fragments are degraded. It
might involve autophagic degradation similar to the piecemeal
microautophagy of the nucleus observed in yeast (Krick et al.,
2009) or ‘nucleophagy’ observed in mammalian cells (Park et al.,
2009).

FYRN domains are often found adjacent to FYRC in SET
domain-containing proteins and together constitute a DAST
domain, which is evolutionarily conserved between humans and
plants (Alvarez-Venegas and Avramova, 2001). The FYRN domain

Fig. 7. A model of the two distinct degradation pathways
for each MLL subunit.

directly associates with the FYRC domain through the hydrophobic
residues of each domain, thereby its interaction surface is kept
unexposed (Garcia-Alai et al., 2010; Pless et al., 2011; Hsieh et al.,
2003b). Our data suggest that the FYRN domain harbors a
destabilization signal that is normally masked by MLLC within the
MLL holocomplex. Supporting this notion, deletion of FYRN did
not render MLLN unstable, despite an inability to associate with
MLLE. The ability of FYRN to destabilize the MLL-AF9 protein
and inactivate its transcriptional and oncogenic properties is
consistent with this proposal and probably accounts for the absence
of chromosomal translocations downstream of the FYRN domain
in human leukemias (Meyer et al., 2009). Hence, FYRN might
serve not only as a platform for interaction with FYRC but also as
a destabilization signal that activates the targeted destruction process
when exposed. The exposed hydrophobic surface of FYRN might
trigger aggregation of the free MLLN fragment, which is then
subjected to autophagic degradation (Knaevelsrud and Simonsen,
2010).

Because free MLLY is degraded if it is dissociated from MLLE,
it is unlikely to possess any biological functions. However, free
MLLN might have functions in circurnstances where the degradation
pathway is inhibited. In Drosophila, it has been suggested that
TRXN associates with the genome without TRXC at some loci.
Whether MLLN and MLL® also differently associate with the
human genome is currently unknown. Our data show that there is
an intrinsic regulatory mechanism that effectively extinguishes
MLLN upon loss of intramolecular interaction. Therefore MLLN
must be protected from the degradation mechanism in order to
function without MLLC if it has a biological function (Fig. 7).

PHD1 is necessary for holocomplex formation and
implicated in tumor suppression

Our structure—function analysis revealed that PHD1 and PHD4 are
crucial for intramolecular interaction in the context of the full-
length protein. PHD fingers serve as protein—protein interaction
motifs (Fair et al., 2001). Recently, it has been shown that PHD3
specifically associates with di- and tri-methylated lysine 4 of
histone H3 (Milne et al., 2010; Wang et al., 2010b; Chang et al.,
2010). It is possible that PHD1 and/or PHD4 bind to specific
motifs within MLL to enable or stabilize physical interaction
between FYRN and FYRC. Such interactions could be modulated
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through post-translational modifications such as lysine methylation,
thereby providing opportunities for a context-dependent regulation
of holocomplex formation.

We demonstrate here that exclusion of exon 11 sequences from
the MLL mRNA produces a variant protein lacking PHD1 that is
unable to associate with MLLE, and thus subjected to degradation.
Because the Aexonll transcript is present in both normal and
leukemia cells (Lochner et al., 1996; Nam et al., 1996; Takeuchi et
al., 2008), alternative splicing of exon 11 might provide another
context-dependent mechanism to conditionally extinguish MLL
activity in vivo. o

Genomic deletion and enhanced alternative splicing of MLL
exon 11 have been reported in a subset of acute lymphoid leukemias
(Lochner et al., 1996). Because exon 11 deletion abolishes
holocomplex formation and renders MLL nonfunctional, its
oncogenic mechanism should differ from MLL-fusion-associated
leukemias, in which a gain-of-function mechanism plays the
predominant role (Ayton and Cleary, 2001; Hess, 2004; Krivtsov
and Armstrong, 2007). This raises the possibility that MLL serves
as a tumor suppressor in the lymphoid lineage. In endocrine tissues,
inactivating mutations of menin prevent the MLL~menin complex
maintaining appropriate expression of Cdknlb and Cdkn2c as part
of a negative growth regulatory and tumor suppressor
transcriptional circuit (Franklin et al., 1998; Franklin et al., 2000;
Karnik et al., 2005; Milne et al., 2005). Indeed, these CDKIs are
expressed at very low levels in dC/dC MEFs. These CDKIs have
also been implicated in lymphoid growth control and tumorigenesis.
Lymphoid cells from Cdkn2c knockout mice are hyper-proliferative
to mitogens (Franklin et al., 1998), and inactivating mutations of
Cdlnlb have been reported in T-ALL and other types of leukemia
(Le Toriellec et al., 2008; Markaki et al., 2006). The Notchl
pathway, which is activated frequently in T-ALL, effectively
reduces CDKN1B levels through upregulation of SKP2 expression
(Dohda et al., 2007). Collectively, these data suggest that deletion
of exon 11 might contribute to oncogenesis by downregulating
CDKlIs in lymphoid cells. Thus MLL might function as a tumor
suppressor in the lymphoid lineage with a mechanism similar to
that in endocrine tissues. However, conditional knockout studies
show that Ml deficiency does not cause immediate expansion of
lymphoid lineage populations (Tude et al., 2007; McMahon et al,,
2007). These resuits do not support a rate-limiting role of MLL for
proliferation of lymphoid cells; and suggest that additional
mutations might be required for full transformation. Further
investigation is required to determine whether MLL truly serves a
tumor suppressor role in lymphoid lineages.

In summary, our studies define a crucial role for holocomplex
formation of MLL subunits in various developmental processes,
which is necessary to protect MLLY from the FYRN-targeted
degradation mechanism. Our data suggest that if MLLN were to
function without MLLE, the FYRN domain must be masked or
modified to ensure MLLYN stability; however, our studies provide
no evidence for separate MLLN function in various MLL-dependent
processes.

Materials and Methods

Cell culture

293T, plat-E and MEF cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 5% fetal calf serum and non-essential amino acids.

Subfractionation, immunoprecipitation and western blotting

Preparation of nuclear extracts, immunoprecipitation (IP) and western blotting were
performed as described previously (Yokoyama et al,, 2004). Primary antibodies
included mouse monoclonal anti-MLLY (mmN4.4), anti-MLL® (mmC2.1), anti-Sbf-1

(HAF3P.1) and polyclonal rabbit anti-MLLY (1pN1) as described elsewhere
(Yokoyama et al., 2002). Anti-HCF-1¢ (H12) antibody was provided by Winship
Herr. The mouse monoclonal anti-MLLS (9-12) antibody was generated using
maltose-binding protein (MBP) fusion protein corresponding to residues 3084-3959
of human MLL. Goat anti-menin (C19), mouse anti-GAL4 (RK5C1) and omni-
probe (D-8; recognizes the nearby sequence of the Xpress epitope) antibodies were
purchased from Santa Cruz Biotechnology, Inc. Additional primary antibodies
included mouse anti-actin (MAB 1501R; Chemicon) and rat anti-HA (3F10; Roche).
Agarose affinity beads coupled to mouse anti-FLAG (M2) monoclonal antibody
were purchased from Sigma.

Construction of the expression vectors
Xpress-FLAG-MLL-HA expression’ vectors [PLNCX - (XHMLL(H) and. its -

.. derivatives] are described elsewhere (Yokoyama et al., 2002). Various MLL mutants

were generated by polymerase chain reaction (PCR)-mediated mutagenesis and
restriction enzyme digestion and/or ligation. The GAL4 DNA binding domain,
Xpress epitope, 3xNLS and CFP and YFP portion were transferred from pM
(Clontech), pcDNA4 Hix/Max (Invitrogen), pEF/myc/nuc/GFP. (Invitrogen) and
pECFP-C1/pEYFP-C1 (BD Biosciences) vectors, respectively. Assembled cDNAs
were cloned into the pLNCX vector (Clontech). The various MLL-AF9 mutants

* were generated by modification of the pMSCV MLL-AF9 vector (Somervaille and

Cleary, 2006). '

Generation of knockin mice

A mouse ES BAC DNA poo! (Down-to-the-well™) was screened by PCR to isolate
a BAC clone containing the A4/! locus. Targeting vectors containing neo and DT
cassettes (kindly provided by Takeshi Yagi) were constructed by PCR-mediated
mutagenesis, restriction enzyme digestion and ligation. ES cells (CGR8.8) were
transfected with the linearized targeting vectors and screened for positive clones by
PCR. Homologous recombination was confirmed by using the LA-PCR kit (Takara
Bio Inc.) specific for both ends of the targeting construct (primer sequences available
upon request). Targeted clones were transiently transfected with a Cre recombinase
expression vector (kindly provided by Takeshi Yagi) and subsequently screened
for clones with appropriate excision of the neo cassette. Diagnostic PCR for
genotyping was performed using a primer pair of the forward primer: 5'-
CTGGCATCATGTATTTTGAACAGGCACCCC-3' and the reverse primer: 5'-
TACACGTGGTAACCAGTCATCTGCAGCTCA-3' by LA-PCR followed by
digestion with %ol Blastocyst injections were performed by the Transgenic Research
Facility of Stanford University. Germline transmission of the targeted Mil allele was
confirmed by PCR genotype analysis. Knockin mouse lines were maintained by
backerossing onto a C57BL6 genetic background. p53 knockout mice were reported
previously (Donehower et al,, 1992).

Whole-mount in situ hybridization
In situ hybridization was performed on E10.5 embryos as described elsewhere
(Capellini et al., 2006). Plasmids for probes were kindly provided by Licia Selleri.

Quantitative RT-PCR

Reverse transcription (RT) and quantitative PCR (qPCR) were performed as described
previously (Yokoyama et al., 2005). Tagman probes for Actb (Mm00607939_s1),
Gapdh (Mm99999915_g1), Hoxa9 (Mm00439364_m1), Hoxc4 (Mm00442838_m1l),
Hoxc8 (Mm00439369_m1), Hoxc9 (Mm00433972_m1), Cdknlb (Mm00439167_gl),
Cdkn2c (Mm00483243_m1), Pml (Mm00476969_ml), Serpinel
(Mm00435860_m1), MI(N) (Mm01179246_gl) and MIK(C) (Mm01179235_m1)
were purchased from Applied Biosystems. qPCR was performed in triplicate and
average expression levels (with standard deviations) normalized to that of Gapdh or
B-actin gene were calculated using a standard curve and the relative quantification
method as described in ABI User Bulletin #2.

MEF proliferation and 3T3 senescence assays

MEFs were derived from E11.5 embryos and handled as described elsewhere (Sage
et al., 2000). In proliferation assay, 5X 10° cells were plated in a 60 mm dish on day
0 and the cells were counted after trypsinization and resuspension in medium at each
time point. In 3T3 senescence assays, 5X 10* cells were replated in a 60 mm dish
every 3 days.

Flow cytometry

Flow cytometry analysis was performed at the fluorescence-activated cell sorter
(FACS) facility of Stanford University as previously described (Ficara et al., 2008).
Fetal liver single-cell suspensions were stained in deficient Roswell Park Memorial
Institute medium (RPMI; Irvine Scientific) containing 3% fetal calf serum, 1 mM
EDTA and 0.01 M HEPES. Conjugated monoclonal antibodies were obtained from
either BD Pharmingen (BD) or eBioscience (San Diego, CA). The lineage cocktail
included Grl (RB6-8C5), B220 (RA3-6B2), TER119 (TER-119), CD3 (145-2C12),
CD4 (GK1.5) and CD8. The following monoclonal antibodies were also used:
Macl/CD11b (M1/70), cKit (2B8), Scal (D7), CD48 (HM48-1), CD34 (49E8),
CD16/32 (93), FIk2 (A2F10), CD45.2 (104) and CD43 (S7). Stained cells were
analyzed with an LSR-1A or LSR-II flow cytometer. Cell Quest Pro or Diva (BD)
were used for data acquisition, and FlowJo (Tree Star) was used for analysis.
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Cytospin and in vitro differentiation to macrophages

Fetal liver cells were cultured for 1 week in methylcellulose medium (M3231;
Stemcell Technologies; Vancouver, BC) containing SCF, IL-3, IL-6 and GM-CSF.
Cytospin preparations were stained with May-~Grunwald-Giemsa stain for assessment
of cellular cytology as described elsewhere (Yokoyama et al., 2003).

In vivo reconstitution assay

Fetal liver cells from homozygous mutant (3X10° cells) or wt embryos (5X10*
cells) were injected intravenously into lethally irradiated (900 rad) C57BL6 mice.
Recipient mice were maintained on water supplemented with neomycin.

Myeloid progenitor transformation assay

The myeloid progenitor transformation assay was described clsewhere (Lavau et al.,
1997; Yokoyama and Cleary, 2008). A portion of the cells was lysed at the end of
the first round of plating to prepare RNA using an RNAeasy mini kit (Qiagen).

Indirect immunofluorescence

Indirect immunofluorescence was performed using 293T cells transfected with
various MLL expression vectors as described elsewhere (Yokoyama and Cleary,
2008). Transfected cells were fixed and incubated with rabbit anti-MLLN (rpN1) or
mouse anti-Xpress (omni probe D-8) antibodies, and then probed with FITC-
conjugated goat anti-rabbit IgG or TRED-conjugated anti-mouse IgG (Santa Cruz
Biotechnology). Cells were stained with DAPI (Vector Laboratories) and analyzed
by immunofluorescence microscopy.
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The histone acetyltransferases (HATs)
of the MYST family include TIP&0,
HBO1, MOZ/MORF, and MOF and func-
tion in muitisubunit protein complexes.
Bromodomain-containing protein 1 (BRD1),
also known as BRPF2, has been consid-
ered a subunit of the MOZ/MORF H3 HAT
complex based on analogy with BRPF1
and BRPF3. However, its physiologic func-
tion remains obscure. Here we show that
BRD1 forms a novel HAT complex with

deficient embryos showed severe anemia
because of impaired fetal liver erythropoi-
esis. Biochemical analyses revealed that
BRD1 bridges HBO1 and its activator
protein, ING4. Genome-wide mapping in
erythroblasts demonstrated that BRD1
and HBO1 largely colocalize in the ge-
nome and target key developmental regu-
lator genes. Of note, levels of global acet-
ylation of histone H3 at lysine 14 (H3K14)
were profoundly decreased in Brd1-
deficient erythroblasts and depletion of

Hbo1 similarly affected H3K14 acetyla-
tion. Impaired erythropoiesis in the ab-
sence of Brd1 accompanied reduced ex-
pression of key erythroid regulator genes,
including Gata?, and was partially re-
stored by forced expression of Gatal.
Our findings suggest that the Hbo1-Brd1
complex is the major H3K14 HAT required
for transcriptional activation of erythroid
developmental regulator genes. (Blood.
2011;118(9):2443-2453)

HBO1 and regulates erythropoiesis. Brd1-

Introduction

The histone acetyltransferases (HATSs) of the MYST family, which
include TIP60, HBO1, MOZ/MORF, and MOF, are highly con-
served in eukaryotes and perform a significant proportion of all
nuclear acetylation. They share a highly conserved MYST domain
composed of an acetyl-CoA binding motif and a zinc finger and
function in multisubunit protein complexes.? Among the MYST
family members, HBO1 and MOZ/MORF form complexes of very
similar composition: JADE family proteins bridge HBO1 with
inhibitor of growth 4 and 5 (ING4/5) and Esal-associated factor 6
ortholog (EAF6), whereas BRPF family proteins bridge MOzZ/
MOREF with ING5 and EAF6, respectively.!** The plant homology
domain (PHD) fingers in JADEI/Q/E}, BRPF1/2/3, and ING4/5
interact with histones and are thought to define the substrate-
specificity of the HBO1 and MOZ/MORF complexes.! HBOI is
considered responsible for the bulk of the acetylation of histone H4
at lysines 5, 8, and 12 (H4KS5, K8, and K12), and the interaction
between ING4 and histone H3 trimethylated at lysine 4 (H3K4me3)
augments activity of HBO1 to acetylate histone H3.7 Furthermore,
the HBO1 complexes are enriched throughout the coding regions
of genes, suggestive of a role in transcriptional elongation.’ By
contrast, MOZ and MORF are HATs specific for histone H3.
Binding of Yngl, a yeast ortholog of the ING family, to H3K4me3
has been shown to promote Sas3 (yeast ortholog of MOZ) HAT
activity at H3K14.” The mammalian MOZ complex also showed
specificity for H3K14 acetylation in vitro.?

Moz-deficient mice have a severe defect in the maintenance of
HSCs.#° During zebrafish development, both moz and brpfl are
required for maintenance of cranial Hox gene expression and
proper determination of pharyngeal segmental identities.!!! Simi-
lar findings were reported from analyses of Moz-deficient mice and
medaka fish in which brpfI was mutated.? The genetic interaction
between Moz and Brpfl supports that Brpfl is the major bridging

- protein of the MOZ HAT complex. In contrast to Brpf1, however,

distinctive functions of other BRPF family members have not been
elucidated.

BRD! (initially named BR140-LIKE; BRL) was originally
cloned as a protein containing a cysteine-rich region related to that
of AF10 and AF17, which are leukemic fusion partners of MLL.?
BRDI1 contains a bromodomain, 2 PHD zinc fingers, and a
proline-tryptophan-tryptophan-proline (PWWP) domain, 3 types
of modules characteristic of chromatin regulators. Recently, BRD1
was reported to belong to a small family of BRPF proteins that
includes BRPF1, BRD1/BRPF2, and BRPF3.!3 BRD1 has been
considered a subunit of the MOZ/MORF H3 HAT complex on the
basis of analogy with BRPF1 and BRPF3.34 However, no detailed
analysis of BRD1 has been reported. In this study, we found that
BRD1 forms a novel HAT complex with HBO1 and is responsible
for the bulk of the acetylation of H3K14. We confirmed a drastic
reduction in levels of acetylated H3K14 in Brd-deficient mice and
found that the Hbol-Brdl HAT complex is required for full
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transcriptional activation of the erythroid-specific regulator genes
essential for terminal differentiation and survival of erythroblasts
in fetal liver.

Methods

Gene targeting of Brd1

Brd]-deficient mice were generated by the use of R1 embryonic stem cells
according to the conventional protocol. Brdl-deficient mice were back-
crossed to the CS7BL/6 background > 5 times. All experiments in which
mice were used received approval from the Chiba University Administra-
tive Panel for Animal Care.

Viral production

To prepare the retrovirus, pMC-ires-GFP was used as a vector.!® The
production and concentration of the recombinant retrovirus have been
described previously.” To prepare the lentivirus, pCSII-EF1-MCS-IRESII-
Venus and pCS-HI1-shRNA-EF-10-EGFP were used as vectors.!® The
viruses were produced as described previously.!6 Target sequencés were as
follows; Sh-mHbol#2; GAGGGAAGCAACATGATTA, Sh-mHbol#3;
GTGATGAGATTTATCGCAA, Sh-hHBOI#1; GGGATAAGCA-
GATAGAAGA, and Sh-hHBOI#3; CTCAAATACTGGAAGGGAA.

Purification of BRD1-containing protein complex

Protein purification, trypsin digestion, and liquid chromatography tandem
mass spectrometry (LC/MS/MS) were performed as described previously.!”
In brief, K562 cells expressing Flag-Brd1 (2.5 X 10® cells) were suspended
in 15 mL of lysis buffer (20mM sodium phosphate, pH 7.0; 350mM NaCl;
30mM sodium pyrophosphate; 0.1% NP-40; SmM EDTA; 10mM NaF,
0.ImM NayVO,; and 1mM phenylmethylsulfonyl fluoride) containing
protease inhibitors (cOmplete mini; Roche) and sonicated for 20 minutes.
The lysates were cleared by centrifugation and incubated with 100 pL of
anti-FLAG M2 affinity gel (Sigma-Aldirch) with rotation at 4°C for
16 hours. The beads were extensively washed 6 times with 15 mL of lysis
buffer. The complexes were eluted by incubating twice with 0.2 mg/mL of
FLAG peptide in 300 L of lysis buffer for 2.5 hours. This purification was
repeated 10 times. Then, eluents were pooled and concentrated by the use of
a filtration device (Vivaspin 10K-PES; Sartorius) and separated by 7.5%-
15% SDS-PAGE.

Immunoprecipitation and extraction of histones

Transfected 293T cells were lysed in lysis buffer containing 250mM NaCl
and then immunoprecipitation was performed. Immunocomplexes were
eluted with FLAG peptide as describe previously. Histone proteins were
extracted following the method described previously.!

ChliP-on-chip experiment

ChIP-on-chip analyses of BRD1 and HBO1 binding were performed by use
of the Human Promoter ChIP-on—kchip Microarray Set (G4489A; Agilent
Technologies). The assignment of IP regions and calculations were
performed as described.!® K562 cells were fixed with 1% formaldehyde in
PBS for 10 minutes at room temperature and washed twice with PBS. Fixed
cells swelled in the buffer (20mM HEPES, pH 7.8; 1.5mM MgCl»; 10mM
KCl; 0.1% NP-40; and ImM DTT) for 10 minutes on ice and nuclei were
prepared by Dounce homogenizer. Nuclei were then lysed with RIPA
(10mM Tris, pH 8.0; 0.5% SDS; 140mM NaCl; ImM EDTA; 1% TritonX-
100; 0.1% SDS; 0.1% sodium deoxycholate; and a proteinase inhibitor
cocktail [cOmplete mini]), and sonicated for 30 minutes with a Bioruptor
(Cosmobio Co Ltd). After centrifugation, the soluble chromatin fraction
was precleared with a mixture of protein A and G-conjugated Dynabeads
(Invitrogen) blocked with BSA and salmon sperm DNA. Three hundred
micrograms of chromatin was immunoprecipitated overnight at 4°C with
the use of 25 pL of antibody-conjugated Dynabeads. The immunoprecipi-
tates were washed extensively and subjected to a quantitative PCR analysis

only.
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with SYBR Premix Ex TaqTM II (Takara). For the ChIP of erythroblasts,
the steps to prepare nuclei were omitted, and fixed cells were directly lysed
by RIPA. Primer sequences used are listed in supplemental Methods
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article).

Expression vectors and antibodies

Other methods, the expression vectors, and antibodies used are described in
supplemental Methods.

Results
Brd1-/- embryos die at mid-gestation because of anemia

TQ clarify the physiologic function of Brdl, we generated Brdl-
deficient mice in which exon 2 containing the first ATG of the Brd]

‘gene was deleted (Figure 1A). Northern blot analysis detected no

Brdl mRNA in Brdl~"~ embryos (data not shown). The Brdl~'~
embryos were recovered at nearly the expected Mendelian ratio at
12.5 days postcoitum (dpc) but most had died by 15.5 dpc (Table
1). Brd1~/~ embryos showed growth retardation (92 of 99 embryos
at 12.5 dpc), failure to fuse the neural tube (30 of 135 embryos at
8.5-12.5 dpc), and abnormal lenses with disoriented optic cups (74
of 122 embryos at 10.5-12.5 dpc; Figure 1B and Table 1). These
results indicated Brdl as having pivotal roles in embryonic
development in multiple tissues and organs, but none of them was
considered to be the cause of death,

We then analyzed hematopoiesis in the absence of Brdl.
Numbers of total yolk sac cells and Ter119* erythroblasts were
rather increased in BrdI~~ yolk sac compared with those in
wild-type yolk sac (Figure 1C-D). This trend was more apparent at
later stages. At 12.5 dpc, erythropoiesis was still active in Brdl =/~
yolk sac, whereas erythropoiesis tended to decline in wild-type
yolk sac (supplemental Figure 1A). Together, our findings suggest
that primitive erythropoiesis in the Brdl~/~ yolk sac was not
affected but rather enhanced. Nevertheless, Brdl~'~ embryos at
12.5 dpc were pale and the fetal liver, in which fetal hematopoiesis
mainly occurs, was significantly smaller than that of littermate
controls (Figure 2A-D). Cytologic analysis revealed that Brdl =/~
fetal livers had profoundly fewer erythroblasts beyond the proeryth-
roblast stage than did wild-type fetal livers (Figure 2E-F).

Brd1 is required for erythropoiesis in fetal liver

Among the phenotypes associated with Brdl deficiency, we
focused on anemia, which is a major causative defect for lethality at
this stage of development. Flow cytometric analysis of fetal livers
at 12.5 dpc revealed a 2-fold reduction in the Ter119* erythroid cell
fraction and a 2-fold increase in the ¢-Kit™ hematopoietic progeni-
tor fraction (Figure 2G). Because the total number of Brdl '~ fetal
liver cells was decreased to 22% of the control, the absolute
number of Terl19* erythroid cells was decreased by 91% in
Brd]~'~ fetal livers compared with wild-type fetal livers, whereas
that of c-Kit™ hematopoietic progenitors was not profoundly
changed (Figure 2H). The number of DIk1* hepatoblasts was
reduced to 57% of the control, but the differentiation of hepato-
blasts into hepatocytes and cholangiocytes was grossly normal in
the Brdl~'~ fetal liver (Figure 2G-H; and data not shown). These
results indicated that the fetal liver hypoplasia in Brd] =/~ embryos
was mainly caused by a reduction in numbers of erythroid lineage cells.

Detailed flow cytometric analyses revealed a significant in-
crease in the CD71%Ter119~ fraction and a drastic reduction in the
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Figure 1. Targeted disruption of the mouse Brd1 A
gene. (A) Strategy for making a knockout allele for Brd1 Brd1 gene locus
by homologous recombination in ES cells. B, BamHI; N,
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CD71+Ter119* and CD71 Ter119* fractions in Brdl~'~ fetal
livers compared with wild-type fetal livers (Figure 2I-J). The
CD45-¢c-Kit*CD71*Ter119~ CFU-erythroid fraction was also
more prevalent in Brdl =/~ fetal livers (Figure 2J top). These results
indicate a differentiation block of Brd] =/~ fetal liver erythroblasts
at the transition from CD71+%Ter119~ to CD71*Ter119* stage.
Nonetheless, absolute numbers of cells in each fraction, particu-
lady the CD71%Terl19* and CD71Terl19* fractions, were
significantly decreased (Figure 2J bottom). To further elucidate the
mechanism by which Brd] deficiency causes defective erythropoi-

Table 1. Analysis of Brd1-heterozygous intercross progenies
Brd1++ Brd1+- Brai-i-

2BEET 5

e a

Stage, dpc ND Total progenies

Numbers in parentheses indicate dead embryos.

dpc indicates days postcoitum; and ND, not determined.

*Six embryos showed growth retardation.

+Four embryos showed failure to fuse the neural tube.
+Twenty-one embryos showed growth retardation.

§Two embryos showed failure to fuse the neural tube.
iThree embryos showed abnormal eye development.
#Ninety-two embryos showed growth retardation.
[Twenty-four embryos showed failure to fuse the neural tube.
**Seventy-one embryos showed abnormal eye development.
$1One embryo showed abnormal eye development.

Total Ter119* c-Kit*

esis, we examined the apoptosis of erythroblasts. Apoptotic célls

‘with an active caspase-3 were readily detected in Brdl~/~ fetal

livers (supplemental Figure 1B). The number of annexin V*/7-
aminoactinomycin D~ apoptotic cells was also significantly el-
evated in Brdl~/~ fetal livers; cell death was even further
exacerbated in the CD71%Ter119% and CD71 Ter119* fractions
(Figure 2K). Thus, loss of Brdl in fetal liver erythroblasts causes
massive apoptosis and maturation delay, leading to severe anemia.
These findings suggested that severe anemia combined with other
physiologic defects accounts for the death of Brdl =/~ embryos.

BRD1 forms an active HAT complex with HBO1 and ING4

Analogous to BRPF1, BRD1/BRPF?2 has been proposed to form a
H3 HAT complex with MOZ.34 Similar to Brdl ™/~ mice, Moz™'~
mice die in the embryonic stage and show impaired fetal liver
hematopoiesis. However, the hematopoietic defect in Moz™!~ fetal
livers is observed mainly in HSCs.®? To address this discrepancy,
we purified BRD1-containing protein complexes by Flag epitope-
specific immune-affinity purification from K562 human leukemic
cells expressing Flag-BRD1 and analyzed them by LC/MS/MS
(Figure 3A). The LC/MS/MS analysis identified several proteins as
putative components of the BRD1 complex. Among these proteins,
we focused on ING4 and HBO1 because HBO1 and ING4 were
reproducibly and substoichiometrically copurified with Flag-BRD1
in our repeated purifications. Immunoblotting of the purified
fraction confirmed the presence of HBO1 and ING4 in the complex
(Figure 3B). HBO1 and MOZ have been demonstrated to form
similar protein complexes with ING4/5, JADE1/2/3, and hEAF6
and INGS5, BRPF1/2/3, and hEAFG, respectively, in HeLa cells.!?
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Figure 2. Impaired hematopoiesis in Brd1-/~ fetal liver. Appearance of wild-type (A) and Brd7-/~ (B) embryos at 12.5 dpc. H&E-stained transverse sections of 12.5 dpc
wild-type (C) and Brd1~'~ (D) embryos. Morphology of 12.5 dpc fetal liver hematopoietic cells from wild-type (E) and Brd7~/~ (F) embryos stained with May-Griienwald-Giemsa
solutions. Arrows and arrowheads indicate mature erythroblasts and nucleated erythrocytes, respectively. Frequency (G) and absolute cell numbers (H) of c-Kit' hematopoietic
progenitors, CD45* hematopoietic cells, Ter119* erythroid cells, and Dik1* hepatoblasts in 12.5 dpc fetal fivers from wild-type and Brd7~/ embryos. The resuits are shown as
the mean = SE (n = 4). *P < .05, ***P < .0005. (1) Flow cytometric profiles of erythroid differentiation defined by CD71 and Ter119 expression in representative fetal livers at
12.5 dpc. The percentage of each fraction is indicated. (J) Frequency (top) and absolute cell numbers (bottom) of BFU-E, CFU-erythroid, CD71- Ter119- cells, CD71"' Tert19~
erythroblasts, CD71*Ter119+ erythroblasts, and CD71-Ter119* erythroblasts in 12.5 dpc fetal livers from wild-type and Brd1~/~ embryos. The results are shown as the mean
* SE (n = 8). **P < .005, ***P < .0008. (K) Massive apoptosis of Brd1 /- erythroblasts. The percentage of annexin V'/7-aminoactinomycin D~ (7-AAD™) apoptotic cells in
each fraction defined by CD71 and Ter119 is shown as the mean = SE (n = 4). *P < .05, **P < .005.

JADE and BRPF family proteins function as a bridging protein To determine the physical interaction among HBO1, BRD1, and
between HBO1 and ING4/5 and MOZ and INGS5, respectively. ING4 in the complex, we transfected 293T cells with different
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Figure 3. BRD1 forms a HAT complex with HBO1. (A) Purification of the BRD1 complex. Flag-tagged BRD1 protein was partially purified from lysates of K562/Flag-BRD1
cells using an anti-Flag antibody. (B) Western blot analysis of the purified BRD1 complex in panel A by the use of indicated antibodies. (C) Schematic representation of BRD1
and its deletion mutants. Three major domains are indicated. (D) Localization of the binding site in BRD1 for HBO1. 293T cells were transfected with HA-tagged BRD1 mutants
with and without Flag-tagged HBO1. Proteins in the lysates of the transfectants were immunoprecipitated with the anti-FLAG antibody and eluted with an excess of Flag
peptide. The eluents were analyzed by Western blotting by the use of anti-Flag or HA antibodies. (E) Affinity of BRD1 for the MYST family HATs (HBO1, MOZ, and Tip60) and
CBP/p300. 293T cells were transfected with HA-tagged Brd1 together with indicated Flag-tagged HATs. Proteins in the lysates of the transfectants were immunoprecipitated
with the anti-FLAG antibody. The immunoprecipitates were analyzed by Western blotting with anti-Flag and HA antibodies. (F) HAT activity of the BRD1 complex. The BRD1
complex was partially purified from lysates of K562/empty vector (Empty) and K562/Flag-BRD1 cells by the use of the anti-Flag antibody and HAT activity on recombinant
histones H3 and H4 was evaluated. As a negative control (N.C.), the recombinant histones H3 and H4 were similarly treated without HAT complexes.
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combinations of BRDI, HBOI, and ING4. HBO1 and ING4 were
coimmunoprecipitated only in the presence of BRD1, whereas
BRD1 was coimmunoprecipitated with HBO1 or ING4 in the
absence of ING4 and HBOI, respectively (supplemental Figure
2A-C). These results indicate that BRD1 functions as a scaffold to
link HBO1 with ING4 and form a ternary complex. To confirm the
formation of a complex between the endogenous Brdl and Hbol
proteins, we immunoprecipitated Brd1l with an anti-Brdl antibody
from both wild-type and BrdI~'~ whole embryos at 12.5 dpc. Of
note, Hbol was detected in the immunoprecipitates from wild-type
but not Brd1~/~ embryos (supplemental Figure 2E). -

The Brdl mutants containing the N-terminal 198 amino acids
(N and dPWWP) interacted with HBOI, whereas fragments
lacking the N-terminal 192 amino acids did not (PHD, Br-PWWP,
and dN; (Figure 3C-D). These results indicate that the N-terminal
198 amino acids of BRD1 are necessary and sufficient for physical
interaction with HBO1. Conversely, the BRD1-interacting domain
was localized to the MYST domain of HBO1 (supplemental Figure
2D). We then tested whether the complementation of Brdl~/~
progenitors with exogenous Brdl can rescue their compromised
erythroid differentiation in vitro. We purified c-Kit*CD71~ hema-
topoietic progenitors from 12.5 dpc fetal livers. The cells were
retrovirally transduced with the wild-type Brd! or dN mutant and
then cultured for 3 days in the presence of erythropoietin (EPO) to
induce erythroid differentiation (supplemental Figure 3). As ex-
pected, wild-type Brdl but not dN mutant considerably canceled
the differentiation block of Brdl~'~ erythroblasts at the transition
from CD71%Ter119~ to CD71%Ter119* stage. These results fur-
ther support the formation of a complex between BRD1 and HBO1
through the N terminus of Brd1.

We also noted that coexpression of HBO1 increases the protein
level of BRD1 (Figure 3D; see inputs of BRD1, N, and dPWWP) in
293T cells. The treatment of the cells with MG132, a proteasome
inhibitor, also increased the BRD1 protein level, strongly suggest-
ing that HBO1 stabilizes the BRD1 protein by inhibiting the
proteasome-dependent protein degradation pathway (supplemental
Figure 4A). Similar levels of protein stabilization were observed
when HBO1 was coexpressed with BRD1 deletions retaining an
HBO1-binding capacity, but not dN, which lacked the HBO1-
binding domain (supplemental Figure 4A), indicating that the
N-terminal 198 amino acids are required not only for BRD1-HBO1
interaction but also for stability of the BRD1 protein. These
findings further support the formation of a complex between BRD1
and HBOL1.

We then examined the interaction of BRD1 with various HATS.
Coimmunoprecipitation assays demonstrated that BRD1 binds
mainly to HBO1 and TIP60, moderately to MOZ, and not at all to
CBP and p300 (Figure 3E). In contrast, BRPF1 preferred MOZ and
bound moderately to HBO1 (supplemental Figure 4B). The differ-
ence in affinity for HATs between BRD1 and BRPF1 was evident
when they were forced to compete with each other to form
complexes. This experiment clearly showed that BRD1 and BRPF1
prefer to bind with HBO1 and MOZ, respectively (supplemental
Figure 4C).

The HBO1 HAT complex is reportedly responsible for the bulk
of the acetylation of H4KS5, K8, and K12 and also acetylates
histone H3.3320 The BRD! complex from K562 cells efficiently
acetylated the recombinant histone H4 at K5, K8, and K12, but not
K16, and moderately acetylated the recombinant histone H3 at K9
and 14 (Figure 3F). These findings implied that BRD1 and HBO1
form a novel HAT complex that differs in composition from known
HAT complexes.
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Figure 4. Overexpression of BRD1 induces erythroid differentiation in K562.
(A) Appearance of parental K562 cells (Control) and the Flag-BRD1-expressing clone
(BRD1c2) used for purification of the BRD1 complex. (B) Benzidine staining of
parental K562 cells (Control) and Brd1c2. The bar indicates 20 pm (C) Benzidine
staining of K562 cells expressing BRD1 mutants. K562 cells were transduced with an
empty vector (Control) or retroviruses expressing full-length BRD1 (BRD1), dPWWP,
or dN. Transduced cells were sorted with the use of GFP as a marker antigen and
expanded for benzidine staining. Bars represent mean * SE (n = 12). (D) Growth of
K562 cells expressing BRD1 or the BRD1 mutant in (C). The results are shown as the
mean * SE for triplicate cultures. (E) Overexpression of BRPF1 in K562 cells. K562
cells were transduced with a HA-BRPF1 retrovirus, and BRPF1 expression was
detected by Western blotting by use of the anti-HA antibody (left). Effects of BRPF1
on erythroid differentiation of K562 cells were evaluated by benzidine staining. The
data are shown as the mean = SE for triplicate cultures. (F) Knockdown of HBO1 with
the use of shRNA. K562 cells were infected with lentiviruses expressing shRNAs
against HBO1 and analyzed as to the basal status of hemoglobinization by benzidine
staining. The results are shown as the mean = SE for triplicate cultures. *P < .05,
**P < .005, ***P < .0005.

The HBO1-BRD1 compiex promotes erythroid differentiation

K562 human leukemic cells, which we used for purification of the
BRD1 complex, have a potential to differentiate along the erythroid
lineage. We found that overexpression of BRD1 promotes hemoglo-
binization of K562 cells (clone BRD1c2, Figure 4A). Enhanced
hemoglobin production was confirmed by benzidine staining in
BRDIc2 (Figure 4B, benzidine-positive cells, control cells
5.3% + 0.4% vs BRD1c2 18.4% = 0.3%) and in a series of other
clones (supplemental Figure SA-B, control cells 5.7% = 2.3% vs
Flag-BRD1 25.6% * 6.7%). Expression of glycophorin A, an
erythroid lineage marker antigen, on the cell surface, was also
significantly increased in the BRD1-overexpressing clones (supple-
mental Figure 5C-D, control cells 29.0% * 0.3% vs Flag-BRD1
72.0% * 0.2%). These results indicated that BRD1 induces ery-
throid differentiation of K562 cells.

To understand the mechanism of the BRDI-mediated erythroid
differentiation, we examined the impact of BRD1 deletions on erythroid
differentiation of K562 cells. The capacity of BRD1 to induce erythroid
differentiation was profoundly affected by deletion of the N-terminus,
which mediates interaction with HBO1 (dN mutant; Figure 4C),
although the dN mutant was expressed and localized to the nucleus (data
not shown). In contrast, the C-terminal deletion mutant (APWWP) still
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had a significant effect (Figure 4C). Both BRD! and dPWWP signifi-
cantly reduced cell growth probably as a consequence of erythroid
differentiation (Figure 4D). These results indicate that the HBO1-
binding domain is indispensable for BRD1 to induce erythroid differen-
tiation. We also tested the effect of BRPF1, which mostly binds to MOZ,
and found that BRPF1 does not induce erythroid differentiation (Figure
4E), implying that the HBO1-BRD1 complex has a distinct function
from the MOZ-BRPF1 complex in erythroid cells. We then examined
whether HBO1 has a significant impact on erythroid differentiation by
knocking down its expression. We transduced K562 cells with lentivi-

ruses expressing shRINA against the human HBO1 (shHBOI#1 and #3)

and a scrambled control shRNA sequence. The percentages of benzi-
dine™ cells were significantly reduced by HBO! knockdown even in
uninduced K562 cells (Figure 4F).

Localization of the HBO1-BRD1 complex in the human genome

To identify the direct target genes of the HBO1-BRDI1 complex, we
conducted a ChIP-on-chip analysis in K562 cells coexpressing 3xFlag-
BRD1 and HA-HBOLI, and we identified 2120 and 1852 genes bound
by BRDI1 and HBO1, respectively (full data are listed in supplemental
ChIP-chip dataset). Of these, 1379 genes were co-occupied by BRD1
and HBOI, indicating that BRD1 and HBO1 coregulate a significant
portion of their target genes in erythroid cells (Figure 5A). The peaks of
BRD1 and HBO! signals coincided around —1.0kb and 1.0kb from
the transcription start site (TSS; Figure 5B). Then, we examined the
relationship between the degree of HBO1-BRD1 binding and transcrip-
tion status by using published data on expression profiles of K562 cells
examined with microarrays.2! The HBO1- or BRD1-occupied genes
tended to be expressed in K562 cells (Figure 5C), indicating that the

HBO1-BRD1 complex generally activates transcription of their target

genes. The functional annotation of the set of genes bound by both
BRDI1 and HBO1 was performed on the basis of gene ontology and
showed significant enrichment for genes that fell into the categories
“transcriptional coactivator activity” (P < .015), “transcriptional factor
activity” (P < .018), and “structural constituent of the ribosome”
(P <.042).

Of note, targets included erythroid master regulator genes,
GATAI, TALI/SCL, and LMO?2, and other regulator genes such as
CBFA2T3/ETO2, STATSA, and STAT5B (supplemental Table 1).
The binding of HBO1 and BRD1 was detected throughout the
coding regions of genes with peaks around TSS (Figure 5D-E).

Acetylation of H3K14 is specifically reduced in Brd1-'- mice

To test for a function of Brdl as a histone modifier, we compared
histone acetylation in CD71*+Ter119~ and CD71*Ter119* erythro-
blasts between BrdI~'~ and Moz =/~ fetal livers. Of note, the level
of global acetylation of H3K14 was profoundly decreased in
Brdl~'- erythroblasts by 70%-80% and that of H3K9 was also
moderately decreased, whereas those of H4K5, K8, and K12 were
not significantly changed (Figure 6A and supplemental Figure 6A).
In contrast, the levels of global acetylation of H3K9 and H3K14 did
not change in Moz ™/~ erythroblasts (Figure 6A). Similar results
were obtained with BrdI~/~ and Moz~/~ mouse embryonic fibro-
blasts (MEFs) and Brdl =/~ brain (supplemental Figure 6B-C). In
contrast, the levels of representative repressive histone modifica-
tions, H3K9me3 and H3K27me3, were not largely changed in
erythroblasts and MEFs (supplemental Figure 6D-E). ChIP assays
confirmed global reductions in levels of H3K14 acetylation in the
promoter regions of both erythroid (Gatal, Stat5a, and Tall ) and
nonerythroid (Albumin; Alb) genes (Figure 6B). Furthermore, the
ChIP-on-chip analysis in K562 revealed that H3K14 were highly
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acetylated at the TSS/promoter region of 46.9% of the genes bound
by both BRD1 and HBO1, including GATAI, TALI/SCL, CBFA2T3/
ETO2, and STATSA (supplemental Figure 7). These findings
support our biochemical findings that BRD1 forms a HAT complex
with HBO1 but not MOZ and imply that this complex is respon-
sible for the bulk of H3K 14 acetylation.

We then tested whether the depletion of HBO1 in erythroblasts
recapitulates the defective erythropoiesis of Brdl —I= fetal livers. We
purified c-Kit* CD71~ hematopoietic progenitors from 12.5 dpc fetal
livers. The cells were transduced with Hbol knockdown lentiviruses
and then cultured for 3 days in the presence of EPO to induce erythroid
differentiation (Figure 6C). Of note, the frequency of CD71*Ter119*
erythroblasts in the green fluorescent protein positive (GFP¥) knock-
down cells was significantly reduced with sh-Hbol#2 and #3 (Figure
6C). Quantitative RT-PCR analysis of the erythroblasts revealed that
sh-Hbol#3 knocked down Hbol more efficiently than #2 (#2, 44.7%,
and #3, 19.1% of the control). Correspondingly, the block in erythroid
differentiation was more pronounced by knockdown with #3. These
results indicate that Hbol knockdown perturbs differentiation of fetal
liver erythroid progenitors in a fashion similar to the absence of Brdl.
Importantly, levels of H3K14 acetylation were severely reduced in
Hbol-knockdown erythroblasts and H3K9 acetylation was also signifi-
cantly reduced (Figure 6D). In addition, levels of H4KS and K8
acetylation were moderately reduced in Hbol-knockdown erythroblasts
(Figure 6D).

We then compared the expression levels of erythroid transcrip-
tion factors in wild-type and Brd1~/~ erythroblasts by quantitative
RT-PCR. As expected, mRNA expression of Gatal, Scl/Tall, and
Lmo2,222 erythroid master regulator genes that appeared to be the
direct targets of the HBOI-BRD1 complex in K562 cells, was
mildly decreased in Brdl~'~ erythroblasts (Figure 7A). Further-
more, expression of Gata2, the gene negatively regulated by
Gatal,?’?8 was up-regulated in Brd/ =~ CD71*Terl19* erythro-
blasts. These expression patterns implied that the impaired func-
tions of erythroid transcription factors, particularly Gatal, is
responsible for the defective erythropoiesis in Brdl =/~ fetal livers.
To test this hypothesis, we transduced c-Kit*CD71~ hematopoietic
progenitors from 12.5 dpc fetal livers with Gatal and cultured
them for 3 days in the presence of EPO to induce erythroid
differentiation (Figure 7B). Notably, forced expression of Gatal
efficiently restored the proliferative capacity and survival of
Brdl~!~ erythroblasts (Figure 7B). Of note, however, it only
partially canceled the differentiation block at the CD71*Ter119™ to
CD71*Ter119* transition (Figure 7B). Furthermore, the morpho-
logic analyses of the purified CD71*Terl19* erythroblasts re-
vealed no obvious defects in morphologic maturation of Brdl~/~
CD71+Ter119* erythroblasts even in the absence of exogenous
Gatal (supplemental Figure 8). These results suggest that dysregu-
lated expression of Gatal mainly accounts for impaired prolifera-
tion and survival of Brdl~/~ erythroblasts.

Discussion

In this study, we identified a novel HAT complex consisting of
HBO1, BRD1, and ING4. BRD1 was believed to be involved in the
MOZ HAT complex on the basis of analogy to BRPF 134 but
appeared to prefer to form a complex with HBO1. The finding that
HBOI stabilized the BRDI1 protein further supported the physi-
ologic significance of this complex. The levels of H3K14 acetyla-
tion were profoundly reduced in all cells and organs examined in
Brdl~'~ mice and Hbol-knockdown erythroblasts. Thus, this
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Figure 5. BRD1 and HBO1 coregulate erythroid genes. (A) ChiP-chip analysis of BRD1 and HBO1 binding in K562 cells. A ChiP-chip analysis was performed in K562 cells
coexpressing 3xFlag-BRD1 and HA-HBO1 by use of anti-Flag and HA antibodies. Fold enrichment >> 4 was judged as positive. The number of genes in each category of the Venn diagram
is indicated. (B) Average BRD1 and HBO1 binding was depicted in the promoter regions (from —6 kb to +6 kb relative to the transcription start site) of all genes in the ChiP-on-chip
analysis. The dotted fine represents the normalized average signal over the entire chip. (C) Graph of the cormrelation of expressed genes in K562 cells in terms of the degree of BRD1 or
HBO1 binding. Gene expression profiles of K562 cells examined with microarrays were used to judge the transcriptional status of the BRD1- or HBO1-occupied genes identified in the
ChiP-chip analysis. The percentage of probes that produced "PRESENT" signals in the microarray analysis was plotted against the BRD1 or HBO1 binding detected in the ChiP-on-chip
analysis. (D) ChiP-on-chip signals in the GATA1 and TAL1 promoter regions. Blue columns indicate the probes with no signals. The GATA1 and TAL1 gene structures and the location of
the primer sets are depicted. (E) ChiP analyses at the GATA1 and TAL1 loci. The binding of BRD'1 and HBO1 to the indicated regions of the GATA1 and TAL1 genes was determined by
ChIP and site-specific real-time PCR. The relative amount of immunoprecipitated DNAis depicted as a percentage of input DNA. The data are shown as the mean = SE for triplicate PCRs.
The ALB promoter served as a negative control. Pro indicates promoter; and Down, 3 kb downstream from the polyadenylation site.
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Figure 6. The Hbo1-Brd1 complex is responsible for the bulk of A B
H3K14 acetylation. (A) Levels of acetylafion at histone H3 in wild-type, .
Brd1--, and Moz-!- CD71 Ter119- erythroblasts. Histones purified from Xov X CD71" erythroblasts
purified CD71+Ter119- erythroblasts were analyzed by Western blotting FAPR @ot \k\& 12 |.¢-AcH3K 14
by use of the indicated antibodies. Levels of acetylated H3K9 and H3K14 @9
were normalized to the amount of H3 and are indicated relative to wild-type ACH3KS [ o 10
controt values. (B) Levels of H3K14 acetylation at the promoters of ¢ E::—ﬁm%j 2
erythroid regulator genes. A ChiP analysis was performed with CD71* i - - £
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tated DNA s depicted as a percentage of input DNA. The data are shown “H3 i . | |-
as the mean = SE for triplicate PCRs. The Alb promoter served as a ¢
negative control. (C) Hbo? knockdown in fetal liver progenitor cells. c-Kit"
CD71 cells were sorted from fetal livers at 12.5 dpc and cultured in the
presence of SCF and iL3. Twenty-four hours later, cells were infected with
lentiviruses against Hbo? (#2 and #3) and the culture medium was Cc 0 1 2 3 4 5
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for triplicate cultures (right). * P <.05, ™ P < .0005. (D) Levels of
acetylation of histones H3 and H4 in Hbo1-knockdown erythrobiasts. 17.5
Histones were prepared from CD71' erythroblasts purified from the 28
Hbo1-knockdown culture in (C) and analyzed by Western blotting by the B 1
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complex is responsible for the bulk of H3K14 acetylation in
general. Very recently, loss of Hbol in mice was reported to lead to
a significant reduction of H3K14 acetylation, but not to affect
acetylation at other histone residues.?? These obscrvations corre-
spond well to ours and support our notion that BRD1 functions in
the HBO1 HAT complex. However, residual H3K14 acetylation
was evident in BrdI—'— cells, suggesting the existence of other
H3K14 HATs. These might include the Moz-Brpf1 complex, which
reportedly acetylates H3K9 and K14,7-% although the levels of H3
acetylation were not affected in Moz~ erythroblasts or MEFs in
this study. In addition, another Hbol HAT complex, which involves
Jade family proteins,>2 might also contribute to the acetylation of
H3K14, although its capacity to acetylate H3K14 has not been
tested. This notion is supported by the finding that Hbol knock-
down affected levels of H3K 14 acetylation more severely than the
depletion of Brd1 in erythroblasts.

HBO1 and MOZ/MORF MY ST HAT complexes target chroma-
tin via multiple PHD finger-based interactions with histone H3
tails.5 The PHD finger of ING4 recognizes and binds to H3K4me3.>”
JADE and BRPF family proteins share 2 highly conserved PHD
fingers that function in chromatin binding. Given their similar
composition, the HBO1 and MOZ/MORF HAT complexes likely
regulate acetylation of H3K14. Nonetheless, the absence of Brdl
had little or no impact on the acetylation of H3K9 and H4 (K5, K8,
and K12) whereas Hbol knockdown considerably affected the
acetylation of H3K9 and H3K14 and marginally reduced levels of

acetylated H4KS and K8. JadeIL knockdown reportedly decreased
bulk histone H4 acetylation in 293T cells.? These findings
highlight differences in specificity among these HAT complexes.
HBO!1 was originally cloned as a binding partner of origin
recognition complex 1, a subunit of the DNA replication initiation
complex, and interacts with MCM2, a component of the MCM
helicase complex.3132 According to accumulating evidence,#34
HBO1 has a crucial role in regulation of the prereplicative complex
assembly and initiation of DNA replication. In contrast, recent
findings also unveiled its role in transcriptional regulation, some-
times in concert with transcription factors. Two closely related
HBO!1 complexes with different ING proteins (either ING4 or
INGS) have been characterized and MCM proteins were specifi-
cally copurified with the ING5-HBO1 complex, suggesting that the
ING5 complex functions in DNA replication whereas the ING4
complex is involved in transcriptional regulation. Actually, ING5
knockdown in 293T cells completely blocks cell-cycle progression
through the S phase.? Thus, composition, ie, the recruitment of
either ING4 or INGS5, may hold the key to context-dependent
function of HBO1. BRD1 forms a complex with HBO1 and ING4
and loss of Brdl impaired the maturation and/or survival of
erythroblasts, but not their proliferation, indicating that the transcrip-
tion-related function of Hbol is mainly affected in BrdI-deficient
erythroid cells. However, Kueh et al*® observed no defects in DNA
replication or cell proliferation in Hbol mutant embryos, MEFs, or



From bloodjoumal.hematoiodylibrary.org at KOKURITSU GAN 030105 on December 5, 2011. For personal use

2452  MISHIMAetal

>

Gata1 Gataz2 - Tal1 "
0.87 £ 0.08

2|

1.24 £ 0.06

0.77 £ 0.06
1.0 r

0.5 E o -
p=0.05 p=0.003 p=012

Relative expression

only.

N

BLOOD, 1 SEPTEMBER 2011 - VOLUME 118, NUMBER 9

Figure 7. Insufficient transcription of erythroid regulator
genes causes impaired erythropoiesis in Brd7~/~ fetal livers.
(A) Quantitative RT-PCR analysis of expression of erythroid
transcription factor genes in erythroblasts purified from wild-type
and Brd1 / 12.5 dpc fetal livers. mRNA levels were normalized to
Hpri1 expression. Expression levels relative to those in the
wild-type erythroblasts are shown as the mean * SE (n = 4-~5).
(B) Rescue of defective proliferation of Brd1-/~ erythroblasts by
exogenous Gatal. c-Kit' CD71- cells were sorted from wild-type
(Brd1*/t) and Brd1 /" fetal livers at 12.5 dpc and cultured in the
presence of SCF and IL-3. Twenty-four hours later, cells were
infected with either GFP control or Gata? retroviruses and the
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immortalized fibroblasts. Role of Hbol in DNA replication might
require careful reevaluation using HboI-deficient cells.

It is widely recognized that the N-terminal tail of histone
proteins is acetylated in the promoter region of actively transcribed
genes and acetyl-lysine residues are recognized by bromodomain-
containing factors in general. Although the role of acetylation at
H3K9 and K14 is not well understood compared with that of
histone methylation, H4K8 and K12 acetylation is reportedly
followed by H3K9 and K14 acetylation at the IFN{ promoter after
a viral infection.®® In this cascade, H4K8 acetylation mediates
recruitment of the SWI/SNF complex via the bromodomain-
containing BRG1 subunit, whereas the acetylation of H3K9 and
K14 is critical to the recruitment of TFIID via a tandem bromodo-
main factor, TAFII250. This coordinated recruitment of transcrip-
tional complexes participates in the transcriptional induction of the
IFN-(3 gene. However, the BAF complex is reported to be anchored
to promoters by acetylated H3K14 though the BAF57 subunit,
which contains a bromodomain.?¢ Therefore, the BRD1-HBO1
complex might be involved in the recruitment of transcriptional
complexes to promoters via H3K14 acetylation and exert activity
in transcriptional initiation. However, the binding of BRD1 and
HBO1 was detected throughout the coding regions of genes,
although the peaks were detected around TSS. Therefore, we
cannot eliminate a role for the HBO1 HAT complex in transcrip-
tional elongation as proposed by Saksouk et al.b The recognition of
H3K36me3, an epigenetic mark for transcriptional elongation, by
the PWWP domain of Brpf1 supports this notion.??

Among the study of various developmental defects observed in
Brdl~!~ embryos, detailed analyses of erythropoiesis highlighted a
crucial role for the HBO1-BRD! complex in transcriptional
activation of developmental regulator genes. The process of
erythropoiesis is well orchestrated at the molecular level by a
complex network of transcription factors, including Gatal, Gata2,
and Scl/Tall 2% A genome-wide ChIP-chip analysis clearly dem-
onstrated that the HBO1-BRD1 complex targets genes involved in
“transcriptional regulation,” including these key erythroid regula-
tor genes. Among them, the transcription factor gene Gatal is

- culture medium was changed to that containing EPO to induce
Brai erythroid differentiation. After a 3-day induction, cells were stained
with the indicated antibodies and analyzed by flow cytometry. Cell
growth during culture (left) and the final numbers of erythroid cells
at different stages of differentiation (CD71-Ter119~ to
CD71-Te119*; right) are shown as mean * SE for triplicate

# Brd1**/control cultures. ***P < .0005

w Bro1+*/Gatal
# Brd1*/control
w Brd1-/Gatal

required for terminal erythroid maturation and functions as an
activator or repressor depending on context. Gatal-deficient em-
bryos are severely anemic and their fetal liver erythroblasts have a
differentiation block at the CD71*Ter119~ stage and undergo
massive apoptosis.?>?4% Although the reduction in Gatal expres-
sion was mild in Brd] '~ erythroblasts, the expression of Gata2, an
erythroid regulator gene negatively regulated by Gatal, was mildly
but significantly derepressed, and impaired Brdl =/~ erythropoiesis
was partially restored by the expression of Gatal. Given that the
Hbol-Brdl complex regulates global H3K14 acetylation in erythro-
blasts, the defective erythropoiesis could not be attributed solely to
Gatal. The failure of exogenous Gatal to release differentiation
block of Brd1~/~ erythroblasts supports this notion. Nevertheless,
all these findings provide the first evidence of a crucial role for the
HBOI1-BRD1-ING4 complex and H3K14 acetylation in the tran-
scriptional activation of key developmental regulator genes re-
quired for development and differentiation.

The MYST family HATs are involved in various aspects of
tumorigenesis as transcriptional regulators.! Overexpression of
HBOLI has also been reported in various human cancers.’8 Intrigu-
ingly, BRD1 fused to PAX5 (PAXS5-BRD1) has recently been
implicated in acute lymphoblastic leukemia.®® This fusion protein
is thought to ectopically activate transcription of PAXS target genes
by recruiting HBOI1. Thus, our findings also provide a molecular
basis to understanding the complex functions of HBOI in cancer.
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The common polymorphism of p53 at codon 72, either encod-
ing proline or arginine, has drawn attention as a genetic factor
associated with clinical outcome or cancer risk for the last 2
decades. We now show that these two polymorphic variants dif-
fer in protein structure, especially within the N-terminal region
and, as a consequence, differ in post-translational modification
at the N terminus. The arginine form (p53-72R) shows signifi-
cantly enhanced phosphorylation at Ser-6 and Ser-20 compared
with the proline form (p53-72P). We also show diminished
Mdm2-mediated degradation of p53-72R compared with p53-
72P, which is at least partly brought about by higher levels of
phosphorylation at Ser-20 in p53-72R. Furthermore, enhanced
p21 expression in p53-72R-expressing cells, which is dependent
on phosphorylation at Ser-6, was demonstrated. Differential
p21 expression between the variants was also observed upon
activation of TGF-f signaling. Collectively, we demonstrate a
novel molecular difference and simultaneously suggest a differ-
ence in the tumor-suppressing function of the variants.

The p53 gene is a tumor suppressor gene, and loss of func-
tional p53 is the most common anomaly found in human can-
cers (1). Signals activated upon various cellular stresses stabilize
and activate p53, which exerts its tumor-suppressive function
mainly by acting as a transcriptional activator. Target genes of
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p53 regulate a variety of processes, such as the induction of cell
cycle arrest, cell death, DNA repair and senescence, and func-
tion downstream of p53 to prevent tumorigenesis (2). Depend-
ing on the stress signal, p53 selectively activates its target genes
to implement various p53-mediated responses. Post-transla-
tional modification of p53 is a candidate mechanism that causes
p53 to respond to different stress signals, and phosphorylation
of p53 is the most major post-translational modification of p53
(3, 4). Kinases activated upon cellular stress, such as ataxia tel-
angiectasia-mutated (ATM), ataxia telangiectasia and Rad3-re-
lated (ATR), and p38, phosphorylate serine and threonine res-
idues, and phosphorylation results in the activation of p53
protein (5).

The structure of p53 protein is commonly divided into three
functional domains as follows: the N-terminal domain, central
core DNA-binding domain, and C-terminal domain. The
N-terminal domain is required for the transcriptional activity
of p53 protein and consists of two transactivation domains and
a proline-rich domain. The transactivation domains are exten-
sively phosphorylated upon p53 activation. Seven serines,
Ser-6, -9, -15, -20, -33, -37, and -46, within the transactivation
domain undergo phosphorylation (6). Phosphorylation of each
residue has been reported to have specific physiological signif-
icance; for example, phosphorylation of Ser-15 or -46 modifies
the transactivation ability of p53 (7-9), whereas Ser-20 is
required for p53 protein stability (10). When not phosphory-
lated, p53 is actively degraded by the 26 S proteasome pathway
by interacting with a ring finger ubiquitin E3 ligase, Mdm?2.
Upon activation, p53 is phosphorylated at Thr-18 and Ser-20,
both of which reside within the Mdm?2 binding domain, leading
to reduced affinity with Mdm?2 and escape from ubiquitination
and subsequent degradation (11).

The proline-rich domain functions as a protein-protein
interaction domain, and several proteins that bind to this
region have been reported (12, 13). In particular, five PXXP
motifs appearing in this domain are known to be critical for the
interaction with Src homology 3 domain-containing proteins.
In addition, within the proline-rich domain, a common poly-
morphism of p53 at codon 72, encoding either proline or argi-
nine (p53-72P or p53-72R), has been reported (14—16). Nota-
bly, the proline at residue 72 of p53 is part of a PXXP motif, and
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therefore it can be assumed that the polymorphism will affect
protein-binding partners. Extensive studies have been carried
out to investigate the link between the expression of p53 poly-
morphic variants at codon 72 and cancer susceptibility (17). It
has been reported that in a number of cancers, including lung
and breast, patients with the p53-72P allele are more suscepti-
ble to cancer development and a poor clinical outcome (18~
21); however, the mechanistic basis for this bias is still an open
question. ~
To determine the functional difference of the two variant
. proteins p53-72R and p53-72P, we first analyzed the protease
accessibility of p53-72R and p53-72P, and we found that the
higher order structures are different between them. We have
also found that the phosphorylation modifications of both vari-
ants are different, leading to differential protein stability and
transactivation ability of the two variants.

EXPERIMENTAL PROCEDURES

Plasmids—For p53 constructs, each p53 was cloned in
pcDNA3 or pMX vector as described (22). When cloned in
pMX vector, each p53 is under the control of a weak retroviral
LTR promoter. Constitutively active TGF- {3 receptor I was con-
structed by introducing 2 point mutation at codon 204 (T204D)
and cloned in pcDNA3. FLAG-tagged human wild-type Mdm?2
(pSG-F-Hdm2), N-terminally c-Myc tagged Mdm2 (pCMV-
Myc-Mdm2), and histidine-tagged ubiquitin expression plas-
mids were described previously (23).

Expression and Purification of Glutathione S-Transferase
(GST) Fusion Proteins—GST fusion constructs of p53-72P and
-72R were prepared by PCR tagging of p53 cDNA with BamHI
and Xhol sites at the 5’ and 3’ ends, respectively, and subcloned
into pGEX-6P-1 vector (Amersham Biosciences). Constructs
were expressed in Escherichia coli (BL21-Gold (DE3) Compe-
tent Cell; Stratagene, CA) and purified from cell lysates using
glutathione-Sepharose 4B beads (Amersham Biosciences).
Purified proteins were further digested with PreScission prote-
ase (Amersham Biosciences) to cleave p53 from GST.

Cell Culture, Transfection, and Establishment of Stable Cell
Lines—Cell culture was performed as described (22). Transient
transfection assays were performed using Lipofectamine Plus
or Lipofectamine 2000 reagent (Invitrogen), as indicated in the
figure legends. Stable HCT116 p53(—/—) cell lines expressing
p53-72P or -72R were obtained by infecting cells with recom-
binant retroviruses. In each case, as the control cell line, cells
were also infected with empty retroviruses expressing only the
drug resistance gene. Infection was performed in the presence
of Polybrene (at 4 ug/ml; Sigma), and subsequently, cells
were selected in puromycin (at 0.5 ug/ml; Sigma). To avoid
possible disadvantages from utilizing clonal cell lines, i.e. clonal
differences, cell lines were maintained as mass cultures.

Western Blotting Analysis and Immunoprecipitation—Cells
were lysed in lysis buffer containing 50 mm Tris-HCI (pH 8.0),
1% Nonidet P-40, 250 mm NaCl, 50 mm NaF, 1 mm NayVO,, 1
mM protease inhibitor (PMSF, aprotinin, and leupeptin), and 1
mm DDT. Whole cell lysates were subjected to protein quanti-
fication and subjected to immunoprecipitation or analyzed by
Western blotting. The antibodies used in this study were as
follows: anti-p53 goat polyclonal antibody (FL393); anti-p21
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rabbit polyclonal antibody (C-19); anti-PIG3 (N-20) and PIG3
(C-20) goat polyclonal antibody; anti-Bax (N-20) mouse mono-
clonal antibody; anti-c-Myc mouse monoclonal antibody
(9E10) and anti-B-actin mouse monoclonal antibody (Santa

‘Cruz Biotechnology, Santa Cruz, CA); penta-His antibody

(Qiagen, Valencia, CA); anti-p53 mouse monoclonal antibodies
PADb1801 and PAb421 and anti-Mdm2 mouse monoclonal anti-
body (clone IF-2) (Calbiochem); anti-p53 mouse monoclonal
antibody (PAb122) (Monosan, Uden, Netherlands); anti-phos-
pho-p53 (Ser-6, -9, -15, -20, -37, and -46) rabbit polyclonal anti-
bodies and anti-phospho-Smad2 (138D4) Ser-465/467 anti-
body (Cell Signaling, Beverly, MA); anti-CRP1 antibody (BD
Transduction Laboratories); and anti-FLAG mouse monoclo-
nal antibody (M2); and anti-tubulin antibody (clone B-5-1-2)
(Sigma). To detect total p53, anti-p53 goat polyclonal antibody
(FL393) was used in all cases.

Northern Blotting Analysis—RNA was prepared using an
RNeasy Midi kit (Qiagen). Northern blotting was performed as
described (22). Probes were prepared using a BcaBEST labeling
kit (TaKaRa, Kyoto, Japan) and purified by serial purification
using a Probe Quant G-50 MicroColumn (Amersham Biosci-
ences) and NICK column (Amersham Biosciences). The full
open reading frame of p53 was used for probe preparation.

Detection of Ubiquitinated p5S3—To detect efficiently the
ubiquitinated p53, Mdm?2 expression vector pSG-FLAG-
Mdm2 was used, in which Mdm2 was expressed from an
SV40 promoter (much weaker than CMV promoter).
pcDNA3-p53-72P or -72R (0.35 ug), together with His,-tagged
ubiquitin (2.2 pg) and N-terminally FLAG-tagged Mdm?2
(pSG-FLAG-Mdm?2, 1.42 ug) or control empty vector (1.42 u1g),
were introduced into H1299 cells (6 X 10° cells/10-cm dish).
Cells were harvested 27 h post-transfection. Cell lysates were
prepared in the presence of 1 mg/ml N-methylmaleimide
(Sigma) to avoid degradation of ubiquitinated p53. Ubiquiti-
nated and nonubiquitinated p53 were immunoprecipitated
with anti-p53 polyclonal antibody (FL393) and analyzed by
Western blotting.

355 pylse-Chase—H1299 cells (4 X 10° cells/10-cm dish)
were transfected with 4 ug of plasmids with a 1:9 ratio of
pcDNA-p53-72P or 72R/pCMV-Myc-Mdm2. At 19.5 h after
transfection, cells were starved for 30 min in methionine- and
cysteine-free DMEM with dialyzed serum and then labeled
with 4.1 MBg/ml EXPRE®*S**S *°S-protein labeling mix
(PerkinElmer Life Sciences) for 30 min. Cells were then cul-
tured for 1.5 h in chase medium containing 500 pg/ml methio-
nine and 500 pg/ml cysteine. Following incubation, cells were
collected at the indicated times. Whole cell lysates were pre-
pared from the collected cells, and immunoprecipitation was
performed using anti-p53 mouse monoclonal antibodies
PAb1801 and PAb421, run on SDS-PAGE, and detected by
autoradiography.

Analysis of p53 Single Nucleotide Polymorphism and the Copy
Number of the mdm2 Gene by Array-based Comparative
Genomic Hybridization—To analyze p53 single nucleotide
polymorphisms, a 10- or 20-ml whole blood sample was
obtained from each individual. Genomic DNA was isolated and
subjected to genotyping for p53 single nucleotide polymor-
phism by pyrosequencing, as described previously (19). For
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array-based comparative genomic hybridization, 62 surgical
specimens of lung cancer patients who had been diagnosed and
had undergone surgery at the National Cancer Center Hospital
were analyzed by MCG cancer array-800 comparative genomic
hybridization, as described previously (24). MCG Cancer array-
800 is a custom-made array consisting of ~800 BACs harboring
800 known cancer-related genes, intended for diagnosis of can-
cer-specific copy number aberrations. When the signal ratio
(test signal/reference signal) for the copy number of the mdm2
gene was more than 1.25, it was defined as chromosomal gain.
The threshold for chromosomal gain (ratio >1.25) was deter-
mined previously by “normal versus normal experiments” (24).

RESULTS

N-terminal Structures of p53-72P and -72R Protein Are
Different—The polymorphism of p53 at codon 72 was first
reported over 2 decades ago as a non-tumor-derived amino acid
change that altered the mobility of p53 on SDS-polyacrylamide
gels (14-16). As shown in supplemental Fig. S1, A and B,
altered mobilities of ectopically expressed, endogenously
expressed, and purified p53-72P and -72R were similarly
detected by Western blotting. Because purified p53 proteins
prepared from E. coli do not undergo post-translational modi-
fications (data not shown), the altered mobility is not due to
such modifications but to the intrinsic nature of the proteins. It
has been suggested that this altered mobility reflects the altered
structure of the protein by amino acid change; however,
because structural information about this domain is lacking,
this hypothesis has not been tested. We therefore tried to test
this hypothesis by partial proteolytic digestion of purified p53-
72P and -72R protein. When a protein is partially digested by
proteases, a difference in the protein structure is detected as
sensitivity to protease digestion at each cleavage site. To
observe intrinsic differences between p53-72P and -72R pro-
teins, we used purified proteins prepared from E. coli. As shown
in Fig. 14, the products of partial proteolysis by subtilisin were
analyzed by Western blotting using anti-p53 antibodies, detect-
ing different positions within the p53 protein. We first recog-
nized that fragments showing altered mobility between p53-
72P and -72R were detected even after proteolytic digestion
(Fig. 14, open circles). Such fragments were frequently detected
by the antibody detecting N-terminal p53 (Pab1801), and this
demonstrates that N-terminal fragments contain a region caus-
ing electrophoretic mobility differences. However, when the
antibody detecting C-terminal p53 was used (Pab122), most
fragments showed the same migration, showing that the C-ter-
minal portion of p53-72P and -72R is indistinguishable by SDS-
PAGE. In addition to these fragments, the analysis revealed two
bands detected only in p53-72R (Fig. 14, 22~ and 34-kDa bands,
shown with arrows). As shown in Fig. LB, most of the estimated
digestion sites for these bands lie within the N-terminal half of
p53, demonstrating that a difference in protease accessibility is
frequently observed in the N-terminal p53. We also performed
the same experiment using Pab240 (which detects 211220
amino acids of p53 protein), and we found that the 22-kDa band
is not detected by Pab240, suggesting the N-terminal origin of
the fragment (data not shown). Unfortunately, several bands
appeared around 34 kDa, and we could not verify whether a
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FIGURE 1. Partial proteolytic digestion of purified p53-72P and -72R. 4, 35
ng of purified p53-72P or -72R were digested with subtilisin at 0.5 ug/mi
(lanes 2 and 5) and at 1 pg/ml (lanes 3 and 6) for 30 min on ice. Products were
resolved by 15-25% SDS-PAGE and analyzed by Western blotting using the
indicated antibodies. Bands with a different proteolytic pattern (specifically
observed for p53-72R) are shown by arrows. Note that when using antibody
against N-terminal positions of p53 (Pab1801), fragments showing altered
mobility on the gel between p53-72P and -72R are frequently detected (open
circles). B, estimated digestion sites for p53-72R-specific bands. Schematic
representation of p53 protein (gray) together with recognition sites for
Pab1801. (green) and Pab122 (yeflow) is shown. Polymorphic codon 72 is
shown in red. The upper two green bars (22-kDa band in panel Pab1801) and
lower two yellow bars (34-kDa band in panel Pab122) are the estimated align-
ments of p53-72R-specific fragments. The estimated amino acid numbers of
the fragments were calculated according to the molecular weight of the frag-
ments. The fragments were detected by antibodies and therefore should be
derived from somewhere between the two bars. It can be assumed that p53-
72R-specific digestion occurred between the arrowheads.

34-kDa p53-72R-specific band is detected by Pab240 (data not
shown). These results collectively indicate that differences in
protein structure are mainly detected in the N-terminal portion
of p53.

Phosphorylation in N-terminal p53 Is Enhanced in p53-72R
Compared with -72P—We next speculated that the difference
in the protein structure between the variants might affect the
association with the kinases that phosphorylate p53. Because
the structural differences of p53-72P and -72R are mainly
detected in the N-terminal region, we analyzed the phosphory-
lation levels of p53-72P and -72R within the N-terminal
domain. We reasoned that subtle differences between the vari-
ants become evident only when they are expressed within cells
having the same genetic background; therefore, we analyzed
the phosphorylation levels of p53-72P and -72R by transfecting
them into a cell line with no p53 (Saos2 cells). In addition, to
exclude the possibility that p53 expressed in the cells is unnat-
urally high, each p53 was expressed from a weak retroviral LTR
promoter. As shown in Fig. 2, phosphorylation levels of p53-
72P and -72R were similar on Ser-9, -15, -37, and -46. However,
significantly enhanced phosphorylation of 72R compared with
72P at Ser-6 and -20 was detected. Phosphorylation in the
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FIGURE 2. Phosphorylation of p53-72P and -72R within the N-terminal
transactivation domain. Saos2 cells (4.4 X 10° cells/10-cm dish) were trans-
fected with pMX-p53-72P or -72R (1.78 n.g), and harvested 28 and 52 h post-
transfection. To detect the phosphorylation of p53 efficiently (except Ser-
15), p53 proteins were immunoprecipitated (/P) using anti-p53 antibodies
(anti-p53 mouse monoclonal antibody pAb1801 and pAb421 were mixed).
-Total p53 and phosphorylated p53 were analyzed by Western blotting. The
experiment was repeated three times, and representative images are shown.
The phosphorylation levels of p53-72P and -72R were quantified using Image
J software. Relative phosphorylation levels {(normalized by total p53) are
shown below the panels. Asterisk denotes a nonspecific band. WCL, whole cell
lysate.
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N-terminal region of p53 is closely related with p53 activity. We
therefore analyzed whether enhanced phosphorylation at Ser-6
and -20 in p53-72R results in enhanced tumor-suppressing
function of the protein, as shown below.

Stability of pS3-72R Is Increased Compared with p53-72P—
Phosphorylation at Ser-20 mediates the stabilization of the p53
protein by inhibiting p53-Mdm2 interaction (11). Because we
detected enhanced phosphorylation at Ser-20 in p53-72R com-
pared with p53-72P, we focused on the stability of p53 proteins
expressed within the cell. We first expressed the variants at
different expression levels (200-1200 ng of p53 expression vec-
tors transfected per 10-cm dish). We speculated that if the dif-
ferences in protein levels were due to differences in degradation
levels by endogenous Mdm2, increased expression of p53
would override degradation by Mdm?2. As shown in Fig. 34,
when both p53s were expressed at relatively high levels (800 or
1200 ng of p53 expression vectors transfected per 10-cm dish),
no difference in total p53 levels was detected, whereas when the
expression levels were decreased (200 or 400 ng transfected),
p53-72R was expressed at a significantly higher level than p53-
72P. The mRNA expression levels of both variants were similar
even when p53-72R protein was expressed at a significantly
higherlevel than p53-72P protein in H1299 and Saos2 cells (Fig,
3B); therefore, the difference in the p53 protein amount is reg-
ulated at the post-transcriptional level. We further tested
whether this difference could be detected in cells lacking
Mdm?2. We utilized p53 and mdm2 double-deficient mouse
embryonic fibroblasts (p53/mdm2 DKO)? for this purpose. As
shown in Fig. 3C, no difference in p53 protein levels was
detected in p53/mdm2 DKO (under the conditions utilized,
expression levels of p53 variants were similar or lower than in
H1299 cells, data not shown).

‘We next tested whether the difference in protein expression
levels was affected by phosphorylation at Ser-20, which was
converted to alanine in p53-72P and -72R to obtain nonphos-
phorylatable p53 at Ser-20 (therefore is degradable by Mdm2),
and expressed in H1299 and p53/mdm2 DKO. As shown in Fig.
3D, significant decreases in protein levels were detected for
S20A mutants compared with wild-type p53s in H1299 cells.
However, no such decreases were detected in p53/mdm2 DKO,
indicating that diminished expression levels of S20A mutants in
H1299 is a result of enhanced degradation of the mutants by
Mdm2, The level of S20A mutant for p53-72P was still slightly
lower than p53-72R in H1299 cells, demonstrating that, in addi-
tion to phosphorylation at Ser-20, other factors may affect the
difference in protein expression levels. Collectively, these
results suggest that the difference in p53 protein expression
levels is the result of a difference in the degradation levels of
p53-72R and -72P by Mdm2, and this difference has been
brought about at least partly from differences in phosphoryla-
tion levels at Ser-20.

Mdm2 Degrades p53-72P More Efficiently than pS53-72R—
We further tested whether there is a difference in protein deg-
radation by Mdm2 between polymorphic variants. We first co-
transfected Mdm2 with p53-72R or -72P in H1299 cells. As

3 The abbreviations used are: DKO, double KO; ca., constitutively active,
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