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MRG1S is a highly conserved protein, and orthologs exist in organisms from yeast to humans. MRG15
associates with at least two nucleoprotein complexes that include histone acetyltransferases and/or histone
deacetylases, suggesting it is involved in chromatin remodeling. To study the role of MRG1S5 in vivo, we
generated knockout mice and determined that the phenotype is embryonic lethal, with embryos and the few
stillborn pups exhibiting developmental delay. Immunohistochemical analysis indicates that apoptosis in
Mrgl5~'~ embryos is not increased compared with wild-type littermates. However, the number of proliferating
cells is significantly reduced in various tissues of the smaller null embryos compared with control littermates.
Cell proliferation defects are also observed in MrgI5~'~ mouse embryonic fibroblasts. The hearts of the
Mrgl5~'~ embryos exhibit some features of hypertrophic cardiomyopathy. The increase in size of the cardio-
myocytes is most likely a response to decreased growth of the cells. Mrgl5~'~ embryos appeared pale, and
microarray analysis revealed that a-globin gene expression was decreased in null versus wild-type embryos. We
determined by chromatin immunoprecipitation that MRG15 was recruited to the a-globin promoter during
dimethyl sulfoxide-induced mouse erythroleukemia cell differentiation. These findings demonstrate that
MRGI15 has an essential role in embryonic development via chromatin remodeling and transcriptional

regulation.

Human MRGI15 was first identified as a member of the
MORF4/MRG family of novel transcription factors. MORF4
induces senescence in a subset of human tumor cell lines, is a
truncated version of MRG15, and has 93% identity to MRG15
at the amino acid level (7). MORF4 lacks the chromodomain
(CHR) present in the N-terminal region of MRG15 that has
been implicated in protein-protein, as well as protein-RNA,
interactions (2, 5, 12, 15, 30, 32, 35). MRG15 does not have the
ability to induce senescence in tumor cells. MRG15 is down-
regulated ~3-fold at the protein level in senescent human cells,
and our studies suggest that it acts in part to promote cell
growth. We have shown that MRGI15 activates the B-myb
(Mybl2) promoter (37), which is generally thought to be re-
pressed by an Rb/E2F/HDAC complex at the E2F site in this
promoter (11, 36, 40, 51). B-myb is an essential protein for cell
growth, and its promoter is activated in early G, phase (36).
We found that MRG15 associates with Rb in complex(es) (37,
47); therefore, one potential mechanism of MRG15 action is
the inactivation of the inhibitory activity of Rb at Rb/E2F-
regulated sites, thereby affecting gene expression and cell
growth.

We have also demonstrated that there are at least two
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MRG15-containing complexes in human cells by fractionating
nuclear proteins on a sucrose gradient (47). MRG15-associ-
ated factor 1 (MAF1) contains MRG15, Rb, and a novel small
protein, PAM14, and association of MRG15 with this complex
involves the leucine zipper motif. MAF2 is a larger complex
that includes another MYST family histone acetyltransferase
(HAT), hMOF (46), and this complex requires the CHR re-
gion of MRGI15 for association. Interestingly, both the Rb and
hMOF associations of MRG15 are required to derepress the
B-myb promoter because deletion of either the CHR or leucine
zipper region of MRG15 results in loss of activation (47).
MRGIS5 is a highly conserved protein and has orthologs in
organisms from yeast to human (8, 41). In budding yeast, the
MRG15 homologue, Eaf3p, is one of the components of the
NuA4 HAT complex, which includes the MYST family HAT
member Esal (3, 19). A NuA4-like HAT complex has also
been identified in human cells (13, 17, 18); it is composed of
many more protein components than that in yeast and includes
MRGI15 and TIP60 (an Esal-related HAT) (13, 17, 18, 27).
Recently, it has been shown that a similar complex exists in
Drosophila and that the protein components are highly homol-
ogous to those found in yeast and human (34). Furthermore,
deletion or knockdown by double-stranded RNA of either
Drosophila Tip60 (dTip60) or Mrgl5 (dMrgl5) results in an
embryonic-lethal phenotype. The dTip60- or dMrgl5-depleted
embryos and S2 cells are unable to repair double-strand DNA
breaks following y-irradiation, and the mechanistic basis is the
inability of Tip60- or Mrgl5-depleted cells or embryos to de-
phosphorylate and acetylate histone H2Av. Thus, MRGI15 is



VoL. 25, 2005

an essential component for DNA repair activity of this com-
plex.

In this report, we describe the characteristics of Mrgl5 null
mice, which we have generated using gene-targeting technol-
ogy, to determine the function(s) of MRG15 in vivo. Deletion
of MRG1S5 results in embryonic lethality, and the majority of
the embryos die between embryonic day 14.5 (E14.5) and birth.
The null embryos are smaller than wild-type and heterozygous
embryos, and the growth potential of Mrgl5~'~ mouse embry-
onic fibroblasts (MEFs) is greatly reduced. The hearts of
Mrgl5~'~ embryos exhibit some features of hypertrophic car-
diomyopathy, including myocardial disarray and cardiomyo-
cyte enlargement, which is most likely a compensatory re-
sponse to decreased cardiomyocyte growth potential. In
addition, lung alveolar formation is impaired, the liver is con-
gested, and the keratinocyte-epidermal layer in the skin is
reduced in size. The effects of the elimination of Mrgl5, there-
fore, do not appear to be merely the result of abnormal heart
development, because a non-muscle myosin II-B knockout
mouse exhibits many features in the heart and liver similar to
those in the Mrgl5 null embryos, but no major changes in lung
or skin were observed in that study (58). Using chromatin
immunoprecipitation (ChIP), we have demonstrated an in-
creased association of MRG15 at the a-globin promoter dur-
ing induction of differentiation of mouse erythroleukemia
(MEL) cells and expression of hemoglobin. The results provide
evidence for the role of MRGI15 in transcriptional regulation
via chromatin remodeling, which impacts cell growth and dif-
ferentiation during development.

MATERIALS AND METHODS

Western blot analysis. Embryos at different times of gestation were isolated
from pregnant C57BL/6J animals. Whole embryos at E10.5, E12.5, and E14.5
and embryonic tissues from E16.5 and E18.5 embryos were lysed with TNESV
buffer (50 mM Tris-HCI [pH 7.4], 1% NP-40, 2 mM EDTA, 100 mM NaCl, 0.1%
SDS, 10 mM sodium orthovanadate, and protease inhibitor cocktail set I [Cal-
biochem]) (29). The lysates were kept on ice for 30 min and centrifuged at 20,000
X g for 15 min. The protein concentrations of the supernatants were determined
by the copper-bicinchoninic acid method with a Pierce Laboratory (Rockford,
Ill.) kit. The total proteins (50 wg) were separated on sodium dodecyl sulfate
(SDS)-10% polyacrylamide gel electrophoresis (PAGE) and transferred to a
nitrocellulose membrane. MRG15 was detected using rabbit anti-MRG15 anti-
bodies raised by our laboratory. The antibodies were affinity purified using an
antigen column, and their specificities were confirmed by Western blotting using
lysates of cells expressing hemagglutinin (HA)-tagged MRG15. The anti-
MRG15 and anti-HA antibodies detected the same protein band. Mouse anti-
B-actin antibody (AC-15; Abcam) was used as a loading control. Total cell lysate
(25 pg) from HelLa cells was used as a positive control.

MEFs were collected and lysed in TNESV buffer. MRG15 and p21 proteins
were detected by Western blotting using rabbit anti-MRG15 and rabbit anti-p21
antibodies (sc-756; Santa Cruz).

An acid-histone extraction method was used to obtain histones from MEF
cultures (16, 55). Cells were lysed in 100 mM Tris-HCI (pH 7.5)-150 mM
NaCl-1.5 mM MgCl,-0.65% NP-40 and protease inhibitor cocktail set I and
centrifuged at 1,000 X g. After three washes in lysis buffer, the nuclei were
pelleted and extracted with 0.4 N H,SO, on ice for 1 h, followed by centrifuga-
tion at 10,000 X g for 5 min. Acid-soluble histones were precipitated with 10X
volumes of acetone at —20°C overnight. The precipitated histones were collected
by centrifugation, dried, and resuspended in distilled water. The histones were
separated on SDS-15% PAGE, transferred to nitrocellulose membranes, and
probed with rabbit anti-acetyl-histone H4 (Upstate Biotechnology, Inc., catalog
no. 06-598), anti-acetyl-histone H3 (Upstate Biotechnology, Inc., catalog no.
06-599), anti-histone H4 (Upstate Biotechnology, Inc., catalog no. 07-108), or
anti-histone H3 (sc-10809; Santa Cruz) antibody.

Construction of the targeting vector. We have previously reported the isola-
tion of mouse Mrgl5 genomic clones and the determination of Mrgl5 gene
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structure (56). The replacement targeting vector to inactivate Mrgl5 contained a
1.8-kb Sall-SphI (Sall from the NFIX II cloning vector) fragment for the 5’
homology arm; a PgkHPRT selectable marker cassette that replaced a 3.2-kb
SphI-BamHI region of the locus, including exon 1 of the Mrgl5 gene; a 7-kb
BamHI-EcoRYV fragment for the 3’ homology arm; and an MCltk expression
cassette for negative selection. Twenty-five micrograms of Clal-linearized tar-
geting vector was electroporated into 107 AB2.2 embryonic stem (ES) cells. ES
clones were selected in culture medium containing hypoxanthine-aminopterin-
thymidine and 1-(2'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-5'-iodouracil. DNA
from the clones was analyzed by Southern blotting, and targeted ES cell clones
were expanded and injected into blastocysts as described previously (43).

Southern blot analysis. Tail DNA or DNA from the yolk sac or parts of
embryos was digested with BamHI at 37°C overnight. The digested DNAs were
separated on a 0.7% agarose gel and transferred to Hybond N* (Amersham
Pharmacia) using an alkaline transfer method. The membrane was probed with
the 3’ external or 5" internal probe using Rapid Hybridization solution (Amer-
sham Pharmacia).

Northern blot analysis. RNAs were extracted from MEFs or E13.5 embryos
using Trizol reagent (Invitrogen) according to the instruction manual. Ten mi-
crograms of total RNA was separated on 1% agarose gels and transferred to a
Hybond N* membrane. The membrane was probed with either a MRG15-
specific probe (56) or a mouse a-globin probe using HybriMax hybridization
solution (Ambion) at 42°C overnight. The membrane was washed twice with 2X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS solution
for 15 min at 65°C and then washed once with 0.2X SSC-0.1% SDS solution for
15 min at 65°C.

Histology and immunohistochemistry. Isolated embryos and newborn pups
were fixed in 4% paraformaldehyde—phosphate-buffered saline (PBS) at 4°C
overnight, dehydrated, and embedded in paraffin wax. Serial sections (5 pm
thick) were stained with hematoxylin-eosin.

For immunohistochemisty of PCNA or anti-single-stranded DNA, tissue sec-
tions (5 wm thick) were rehydrated and treated with 3% H,O, for 10 min to
inactivate endogenous peroxidase. After being blocked in 5% goat serum-PBS,
the sections were stained with anti-single-stranded DNA antibody (1/100; Dako
Japan, Kyoto, Japan) or biotinylated anti-PCNA (1/100; BD Pharmingen) for 1 h
at room temperature. Secondary antibody incubation and enzymatic reactions
were performed using the ABC and DAB staining kit (Vector Laboratories).
Sections were counterstained with hematoxylin.

For detection of growing cells in embryos, pregnant mice were intraperitone-
ally injected with bromodeoxyuridine (BrdU) (10 mg/ml in PBS) at 100 pg/g of
body weight, and after 2 h, the mice were sacrificed. Embryos were isolated from
the uterus, fixed in 4% paraformaldehyde-PBS, and embedded in paraffin wax.
Incorporated BrdU in embryos was detected with an in situ BrdU detection kit
(BD Sciences) according to the instruction manual, and sections were counter-
stained with hematoxylin. We used the following method for scoring BrdU-
positive cells in the skin. In E14.5 embryos, we counted the cells in the epidermis
using 400-fold magnification and determined the percentage of BrdU-positive
cells. Ten different areas per embryo were analyzed. Statistical analysis was
performed by the unpaired ¢ test.

Generation of MEFs and analysis of growth properties. MEFs were derived
from 13.5-day-old wild-type Mrgl5*/~ and Mrgl5~/~ embryos. After removal of
the head and intestinal organs, each embryo was washed with PBS and minced,
and the tissue was placed in a 15-ml conical tube. After centrifugation, 1 ml of
trypsin solution (0.25% trypsin-0.005% EDTA in PBS) was added, and the
pelleted tissue was digested on ice overnight. The trypsin was inactivated by the
addition of Eagle’s minimum essential medium (Invitrogen) containing 10% fetal
bovine serum-2 mM glutamine-0.1 mM nonessential amino acids—50 pg of
gentamicin per ml. After the mixture was pipetted several times, the cells were
counted with a Coulter Counter, and 200 cells from each preparation were used
directly for colony formation assays. Then, 4 X 10° to 5 X 10° cells were plated
in one T75 tissue culture flask and incubated at 37°C for 2 days. We designated
this culture PD 0.

For the growth study, equal numbers (10°) of PD 0 MEFs were plated in
60-mm-diameter tissue culture dishes, maintained in 5% CO, at 37°C, and
counted every 24 h (in triplicate) using a Coulter Counter.

For the colony formation assay, 200 cells were seeded in 60-mm-diameter
tissue culture dishes in Eagle’s minimum essential medium plus 10% fetal bovine
serum. The cells were incubated undisturbed for 14 days, fixed with 1% glutar-
aldehyde, and stained with 0.1% crystal violet, and the number of cells per clone
was determined microscopically.

Adenovirus infection. The full-length human MRG15 fragment was cloned
into the pShuttle vector, and MRG15 adenovirus (ad-MRG15) was produced by
the Adeno-X Expression System. The ad-MRG15 was amplified, purified by two
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rounds of CsCl centrifugation, and subjected to titer determination. The adeno-
virus was produced by the core at Baylor College of Medicine, headed by Alan
R. Davis.

Primary wild-type and Mrgl5~'~ MEFs (3 X 10%) were seeded into 24-well
plates and infected with and without ad-MRG15 (multiplicities of infection, 100
and 300) 24 h later. The cells were incubated with adenovirus for 24 h, washed
with PBS three times, and labeled with 10 uM BrdU in culture medium for 16 h.
Then, the cells were fixed and stained with anti-BrdU antibody. At least 100 cells
were scored per MEF culture, and the percentage of BrdU-positive cells was
determined.

Quantitative real-time PCR. cDNAs were synthesized from E13.5 embryo
total RNA (5 pg) by priming with 200 ng of random hexamer, 0.5 mM de-
oxynucleoside triphosphate, and 100 U of SuperScript II (Gibco BRL) at 42°C
for 1 h. Real-time PCR for a-globin and B-actin was carried out using SYBR
Green Reaction Mix (Applied Biosystems). The following primer sets were used;
a-globin-5" (5'-CCACCCTGCCGATTTCAC-3’) plus a-globin-3’ (5'-CTCACA
GAGGCAAGGAATTTGTC-3') and B-actin-5' (5'-ACCAGTTCGCCATGGA
TGAC-3') plus B-actin-3" (5'-TGCCGGAGGCGTTGTC-3"). a-Globin expres-
sion levels were normalized to those of B-actin.

ChIP using MEL cells. MEL (BB88) cells were obtained from the American
Type Culture Collection (ATCC TIB-55) and maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum. The cells (1 X 107 to 5 X 107/ChIP)
were treated with 2% dimethyl sulfoxide (DMSO) for 16 h or left untreated.
After incubation, formaldehyde was added to the cell cultures to a final concen-
tration of 1%, and the cultures were incubated for 10 min at room temperature.
Glycine (0.125 M) was added to quench the reaction, and the cells were washed
with PBS. The cells were suspended in 2 ml of SDS buffer (50 mM Tris-HCI [pH
8.0], 10% SDS, 150 mM NacCl, and 5 mM EDTA plus protease inhibitor cocktail
I) and pelleted again. They were resuspended in 2 ml of ice-cold immunopre-
cipitation (IP) buffer (1 volume of SDS buffer plus 0.5 volume of Triton dilution
buffer containing 100 mM Tris-HCI [pH 8.6], 100 mM NaCl, 5 mM EDTA, and
5% Triton X-100) and subjected to sonication on ice to reduce the chromatin
fragments to 500 to 1,000 bp. The final volume per IP reaction was adjusted to
1 ml with IP buffer, and 25 pl of salmon sperm DNA-protein A-agarose beads
(Upstate Biotechnology, Inc., catalog no. 16-157) was added to each tube. The
mixture was microcentrifuged at full speed for 30 min at 4°C. The supernatant
was incubated with full-length rabbit anti-MRG15 or anti-HA (negative control)
(sc-805; Santa Cruz) antibody overnight at 4°C on a rocking platform. An aliquot
(25 l) was removed from each tube prior to the addition of antibody as input
(2.5%). Then, 30 pl of salmon sperm DNA-protein A-agarose was added, and
incubation continued for an additional 2 h at 4°C. The beads were washed twice
with Low Salt Immune Complex Wash Buffer (Upstate Biotechnology, Inc.,
catalog no. 20-154), followed by High Salt Immune Complex Wash Buffer (Up-
state Biotechnology, Inc., catalog no. 20-155), LiCl Immune Complex Wash
Buffer (Upstate Biotechnology, Inc., catalog no. 20-156), and finally Tris-EDTA.
DNA-protein cross-links were eluted and reverse cross-linked by incubation with
elution buffer (0.1 M NaHCO; and 1% SDS) overnight at 65°C. Two hundred
fifty microliters of proteinase K solution (10 mM Tris-HCI [pH 7.5], 1 mM
EDTA, 0.12 mg of glycogen/ml, and 0.4 mg of proteinase K/ml) was added, and
the beads were further incubated at 65°C for 2 h. Fifty microliters of 4 M LiCl
was added to the samples, and then the samples were extracted with phenol-
chloroform. DNAs were precipitated with ethanol, washed once with 70% eth-
anol, and dissolved in 60 wl of Tris-EDTA. Real-time PCR quantification was
performed with 3 pl of DNA solution and 0.8 wM primers to a final volume of
10 wlin SYBR Green Reaction Mix (Applied Biosystems). The primer sets were
as follows: the al-globin gene promoter (forward, 5'-TGACCAAGGTAGGAG
GATACTAACTTCT-3'; reverse, 5'-TTGCCCGGACACACTTCTTAC-3"), the
neuron-specific gene 2 exonic region (forward, 5'-ATCCTGCTGCTTGCCTTA
GGT-3'; reverse, 5'-CTCTCCAGGGTTGCTGTTCAG-3'), and the B-actin
gene promoter (forward, 5'-CGGTGTGGGCATTTGATGA-3'; reverse, 5'-CG
TCTGGTTCCCAATACTGTGTAC-3") (4). Fluorescence was monitored by a
GeneAmp 7900HT Sequence Detection system (Applied Biosystems). Real-time
PCR data analysis was performed by the methodology described previously (20).

RESULTS

MRG15 protein expression. To determine MRG15 expres-
sion during mouse embryogenesis, whole embryo lysates at
E10.5, E12.5, and E14.5 and various embryonic tissues at E16.5
and E18.5 were analyzed by Western blot analysis using an
anti-MRG15 antibody (Fig. 1). The protein was expressed as
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early as E10.5 and in all tissues, though at various levels. These
results were consistent with Northern blot data that we had
obtained previously using RNA from adult human and mouse
tissues (7, 56).

Targeted disruption of Mrgl5 causes embryonic lethality.
We generated a mutant allele of Mrgl5 by homologous recom-
bination in ES cells, deleting a 3.2-kb fragment of the Mrgl5
gene that includes exon 1 (Fig. 2A). We expected that the
targeted allele would not express MRG15 mRNA or protein
because this 3.2-kb fragment of the Mrgl5 gene includes the
putative transcription start site(s) and the translation initiation
site. Following electroporation of the targeting vector into ES
cells and selection, we screened 96 ES clones and determined
that 55 clones were correctly targeted at the Mrgl5 locus.
Heterozygous mice carrying the mutant allele were generated
from two independent ES clones (Mrgl5-151-E6 and Mrgl5-
151-C8), and we have confirmed that the mutant mice gener-
ated from both clones have the same phenotype.

Heterozygous mice were intercrossed, and offspring were
generated. Genotype analysis of 3-week-old offspring from
these intercrosses failed to identify any Mrgl5 homozygous
mutant animals (Fig. 2B and Table 1). Analysis of Mrgl5~/~
embryos at different gestational stages revealed the occurrence
of perineonatal lethality (Fig. 2C and Table 1).

To confirm that the introduced Mrgl5 mutation was null, we
isolated MEFs from E13.5 embryos and obtained total RNA
and whole-cell lysates at early passage. Northern and Western
blot analyses revealed that Mrgl5 mRNA and protein were not
expressed in Mrgl5~'~ MEFs and that the Mrgl5 mRNA and
protein in Mrgl5 heterozygous cells was half that of the wild
type (Fig. 2D and E). We also did not detect any truncated
MRG15 products in Mrgl5 null or heterozygous cells.

It has been reported by our group and others that MRG15
is present in a complex(es) with hMOF and TIP60, MYST
family HAT members (13, 18, 47). Since TIP60 is known to
acetylate histones H4 and H3, we determined the total acety-
lation levels of these histones in MEFs and found that both
decreased about twofold in cells derived from null versus wild-
type E13.5 embryos, whereas there was no difference in total
histone H4 and H3 proteins (Fig. 2F).

At E14.5, Mrgl5~'~ embryos were obtained in the correct
Mendelian ratio (Table 1) and were alive, judging from their
beating hearts; however, the body sizes of the null embryos
were significantly reduced compared to those of littermate
controls (~74% of wild type; P < 0.001). Additionally, Mrgl5
null embryos at E14.5 were pale compared with wild-type and
heterozygous embryos, suggesting abnormalities in circulation,
vascularization, and/or hematopoiesis (Fig. 3A). Histological
analysis of E14.5 embryos indicated that almost all of the major
tissues in Mrgl5 null embryos were proportionally smaller than
those in wild-type embryos (Fig. 3B). A similar analysis of
Mrgl5 heterozygous and wild-type embryos revealed no such
differences (Fig. 3B).

Genotyping of newborn pups demonstrated that 6.7% (22 of
330) were Mrgl5 null, and these died soon after delivery. The
body weights of the null embryos were ~63% (P < 0.0001) of
those of wild-type and heterozygous newborn pups.

Histological analysis. Overall histological examination was
performed to determine the potential cause of the death and
retarded growth of Mrgl5 null embryos and neonates. Exami-
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FIG. 1. MRGI5 expression during mouse development. Expression levels of MRG15 in whole embryos at E10.5, E12.5, and E14.5 (50 pg of
total cell lysate) were determined by Western blotting. Total cell lysate (25 pg) from HeLa cells was used as a positive control. The blot was
reprobed with an anti-B-actin antibody as a loading control. Expression levels of MRG15 in tissues from E16.5 and E18.5 embryos were determined

by Western blotting under the same conditions.

nation of the dead neonates revealed that the alveolar space of
the Mrgl5~'~ lungs was markedly reduced and most likely
failed to inflate at birth (Fig. 4). In general, defects observed in
the embryos often became more severe in the neonates. The
hearts of Mrgl5~'~ neonates (Fig. 5B and D) exhibited hyper-
trophy of the ventricles and the atria compared with those of
wild-type neonates (Fig. SA and C). This abnormality of the
heart was obvious in E14.5 Mrgl5~'~ embryos, although the
phenotype was milder than in neonates (data not shown). In
addition, it was evident that the cardiomyocytes were enlarged,
and there was myocardial fiber disarray in the null embryos
and neonates compared with the wild type. Congestion, par-
ticularly in liver, lung, and spleen, and edema under the skin
were observed in Mrgl5~'~ neonates but not in the wild type
(data not shown). These are phenotypes resulting from abnor-
malities in the placenta that have been observed in other null
mice (1, 25, 53). We therefore examined the placentas of
MRG15 null embryos for abnormalities and observed none
(data not shown). The skin from Mrgl5 null embryos and
neonates was thinner and less keratinized than that of control
littermates (data not shown), and the cell number and BrdU
labeling in the basal cell layer were decreased (see below).
Growth analysis of MrgI5~'~ embryonic tissues and cells.
(i) Immunostaining for apoptosis and cell cycle. An anti-single

stranded DNA antibody was used for detection of apoptotic
cells in embryos (21, 49, 60), and no difference in the number
of apoptotic cells in null versus wild-type embryos was ob-
served (Fig. 6A and B; liver is the tissue shown). Thus, the
apoptotic program was not abnormally activated in Mrgl5~/~
embryos.

We also analyzed the proliferative status of cells in embryos
by PCNA staining and BrdU labeling. The number of PCNA-
positive cells in Mrgl5~'~ embryos was somewhat lower than in
wild-type embryos (Fig. 6C and D; an area of forebrain is
shown), and we estimate a decrease of 20 to 30% depending on
the tissue examined. This was confirmed by injection of BrdU
into pregnant females and incorporation into embryos. The
average percentage of BrdU-positive cells was 46% in null
embryos versus 58% in wild-type embryos. This was a small but
statistically significant difference as determined by the un-
paired ¢ test.

(ii) Analysis of growth of mouse embryonic fibroblasts. We
isolated MEFs from E13.5 embryos and examined their growth
properties using daily cell counts and the colony size distribu-
tion assay (54). Similar to the observations in embryos,
Mrgl5~'~ MEFs showed a significantly lower growth rate than
cells from wild-type littermates (Fig. 7A). Enlarged and flat-
tened morphological cells, characteristic of a senescent pheno-
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TABLE 1. Mrgl5 genotype analysis of embryos and offspring from
heterozygous X heterozygous intercrosses

No. (%) of genotype

Stage
Wild type Heterozygous Homozygous
E13.5 21(38.9) 21(389) 12(22.2)
E14.5 28 (26.4) 56(52.8) 22(20.8)
E155 + E16.5 + E17.5 + E185 23(329) 35(50.0) 12(17.1)
3wk 107 (32.4) 223 (67.6) 0(0)

type (42), were present in cultures at earlier passages of Mrgl5
null MEFs than in cultures of wild-type MEFs.

To define possible mechanisms for this observation, we de-
termined p21 expression and found that it was at significantly
higher levels in Mrgl5 null MEFs than in wild-type MEFs at
passages 4 and 5 (Fig. 7B). We also determined the expression
levels of p53 and p19*RF, which are potential upstream regu-
lators of p21, and found no differences in the expression of
these genes in wild-type versus null (data not shown). This
suggests that the up-regulation of p21 in MEFs by Mrgl5 de-
ficiency may be caused by a p53-independent pathway.

The colony size distribution assay revealed that the number
of colonies with >4 Mrgl5 null MEFs was lower than for
wild-type MEFs (Fig. 7C), and there was a concomitant in-
crease in the number of single-cell colonies, representing cells
unable to divide. The colony size distribution assay was devel-
oped as a predictor of the number of population doublings a
culture would undergo (54), and the results are consistent with
the earlier onset of senescence observed in the Mrgl5 null cell
cultures compared with the wild type. Taken together, the
results suggest that a cell growth defect contributes to the
runted phenotype of Mrgl5~'~ embryos.

To confirm if this growth defect of Mrgl5~/~ MEFs is a
direct effect of the Mrgl5 deficiency, we reintroduced MRG15
into MEFs by infection with adenovirus encoding MRG15 and
determined the labeling index by BrdU incorporation. There
was no effect of ad-MRGI15 infection on wild-type MEFs;
however, the percentage of BrdU-positive cells increased from
60 to 80% in Mrgl5~'~ MEFs, the same percentage observed
in wild-type MEFs (Fig. 7D). These data clearly indicate that
the growth defect is a direct consequence of Mrgl5 deficiency
and not a secondary effect.

(iii) a-Globin expression by MRG15. To identify MRG15
target genes, we compared the expression patterns of wild-type
and Mrgl5~'~ embryos at E13.5 using membrane-based mi-
croarray analysis (unpublished data) and found that a-globin
gene expression was significantly reduced in Mrgl5 null em-
bryos compared with wild-type embryos. This was predicted by
the fact that null embryos were always paler than wild-type and
heterozygous embryos. Northern blot and real-time PCR anal-
yses confirmed that a-globin gene expression in Mrgl5~/~ em-
bryos at E13.5 was two to three times lower than that in
wild-type embryos (Fig. 8A and B). Additionally, preliminary
analyses of peripheral blood specimens from embryos indi-
cated many abnormalities in red and white blood cell morphol-
ogy in null versus wild-type embryos (R. Robetorye, K. Tami-
naga, and O. M. Pereira-Smith, unpublished results).

We then used ChIP to confirm that MRG15 was directly
involved in regulation of the a-globin promoter. MEL cells

FIG. 2. Targeted disruption of the mouse Mrgl5 gene. (A) Gene-targeting strategy to generate the Mrgl5 mutant allele. The Mrgl5 targeting vector was constructed by replacing a 3.2-kb

region, which contains exon 1 and a part of intron 1 of the Mrgl5 gene, with a PgkHPRT cassette. The regions of homology consist of 1.8 kb for the 5" arm and 7 kb for the 3’ arm. The MClzk
cassette was located next to the 1.8-kb 3’ homology arm. The probe fragments for genotyping are indicated as shaded boxes on the bottom. (E1) EcoRI; (Xh) Xhol; (B1) BamHI; (E5) EcoRV.

(B) Southern blot analysis of tail DNA from pups from heterozygous intercrosses at weaning. Genomic DNAs were digested with BamHI and hybridized with 5’ or 3’ probes. Fragments that
hybridized to the 5’ probe are 12 kb for the wild-type (WT) allele and 9 kb for the mutant (KO) allele. Fragments that hybridized to the 3" probe are 9 kb for the WT allele and 12.5 kb for
analysis of Mrgl5 expression in wild-type (+/+), Mrgl5*'~, and Mrgl5~/~ MEFs. (E) Western blot analysis of MRG15 protein expression in wild-type, Mrgl5"/~ and Mrgl5~/~ MEFs.

the KO. Wild-type (+/+), Mrgl5*'~ (+/—). (C) Southern blot analysis of BamHI-digested E14.5 embryo genomic DNA from heterozygous intercrosses. Mrgl5~'~ (—/—). (D) Northern blot
(F) Acetylation levels of histone H4 and H3 in wild-type (+/+) and Mrgl5~/~ MEFs.
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FIG. 3. Comparison of wild-type (+/+), heterozygous (+/—), and null (—/—) Mrgl5 embryos. (A) Gross morphology of E14.5 wild-type,
Mrgl5*~, and Mrgl5~'~ pups. (B) Hematoxylin-cosin-stained sections of MRG15 embryos at E14.5. Paraffin wax-embedded embryos were

sagittally sectioned and stained with hematoxylin-eosin.

(BBS88), in which expression of the a- and B-globin genes is
controlled by a differentiation program induced by the addition
of DMSO (39), were analyzed before and after induction. We
selected the promoter area of the al-globin gene that has the
GATA binding site for amplification in this assay. MRG15
protein was recruited to the a-globin promoter at 16 h postin-
duction at significant levels (Fig. 8C). The acetylation levels of
histone H3 and H4 in this region were increased to similar
levels at this time point (data not shown) (4). a-Globin mRNA
was first detected 24 h after the addition of DMSO, consistent
with our hypothesis that MRG15-regulated chromatin-remod-

eling activity occurs prior to transcriptional activation of this
promoter. We also amplified the exonic region of a neuron-
specific gene 2 and the B-actin promoter as negative controls
and observed no significant differences in induced versus un-
induced cells.

DISCUSSION

Inactivation of the Mrgl5 gene in mice has demonstrated
that it has an essential role in embryogenesis, most likely through
regulation of cell growth and differentiation. Mrgl5~/~ embryos
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FIG. 5. Histological analysis of hearts from neonates. Hematoxylin-eosin-stained histological sections of hearts from wild-type (+/+) (A
[magnification, X40] and C [magnification, X400]) and Mrgl5~'~ (B [magnification, X40] and D [magnification, X400]) neonates. Samples were
sectioned sagittally, and the sections show the right ventricle and right atrium of the heart (A and B).

display growth retardation and delayed development of many
organs and tissues, which is reflected in the proliferative behavior
of MEF cultures. MRG15 is involved in chromatin remodeling,
and we have shown here that the protein is recruited to the
a-globin promoter and correlates with increased histone acetyla-
tion around the a-globin promoter and increased expression of
the a-globin gene. This could explain the paler appearance of
Mrgl5 null embryos.

MRG1S5 is evolutionarily conserved in organisms from yeast
to human and is expressed ubiquitously in all tissues (7, 8, 56).
It encodes a chromodomain that is very similar to the msl3
chromodomain in Drosophila, which is involved in dosage com-
pensation and causes an increase in transcription along the
entire X chromosome of male flies (23). This suggests that
MRGI15 has the potential to be involved in global transcrip-
tional control. Very similar MRG15-containing complexes ex-
ist in yeast and mammalian cells and are thought to be involved
in transcriptional control through chromatin remodeling.

The MRG15 homologue in budding yeast, Eaf3p, has been
found to be a component of the NuA4 HAT complex (19), and

a similar complex has been reported in human cells (13, 17,
18). The Eaf3p null mutant is nonlethal, and the only pheno-
type is a decrease in the expression of a small number of target
genes (19, 52). It is now proposed that Eaf3p is required for
maintaining the normal pattern of global H3 and H4 acetyla-
tion (10, 31, 33) because of the global histone acetylation
pattern changes observed in the Eaf3p deletion mutant (52),
although the physiological impact of this in Saccharomyces
cerevisiage remains unknown. In contrast, deletion of Alp13,
which is the MRG15 homologue in fission yeast (50) and a
component of the Clr6 histone deacetylase complex (24, 45),
results in loss of viability and increased sensitivity to DNA
damage-inducing agents. The Alpl3 mutant also exhibits im-
paired condensation and resolution of chromosomes during
mitosis. The reasons for the differences in the phenotypes in
budding versus fission yeast are not clear, but they may be due
to differences in cofactors in the cells and thus in the outcome
of inactivation of the MRG15 orthologs. The results suggest
that Alp13 and other components of the Clr6 complex are
involved in the maintenance of genomic integrity (24, 45). If
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FIG. 7. Analysis of growth defects in Mrgl5 mutant MEFs. (A) Growth kinetics of MEFs. MEFs (10°) were plated in 60-mm-diameter dishes
and counted every 24 h. This result is representative of three independent experiments. +/+, wild type; —/—, null. (B) p21 expression in MEF
cultures. An increased level of p21 is observed in Mrgl5~/~ MEFs at passage 4 (P4) and P5. (C) Colony size distribution assay of MEFs. MEFs
(200 cells) were plated in 60-mm-diameter dishes and incubated for 14 days. The cells were fixed with 1% formaldehyde and stained with crystal
violet, and the cell number in each colony was determined. These results are representative of three independent experiments. (D) MEFs were
infected with adenovirus encoding MRG15, and BrdU incorporation was determined.

this function is conserved in mammals, we might expect that is essential for mitotic proliferation of primordial germ cells
cancer incidence will be higher in heterozygous MRG15 versus during postembryonic development, and RNA interference

wild-type mice.

knockdown of mrg-1 expression results in sterility in 100% of

MRG-1, the MRG15 homologue in Caenorhabditis elegans, the injected worms (22; A. Olgun, T. Aleksenko, O. M.
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FIG. 8. Expression of a-globin by MRG15. (A) Northern blot analysis of a-globin expression in E13.5 wild-type (+/+) and Mrgl5~/~ embryos.
The lower blot shows 28S rRNA stained with ethidium bromide as a loading control. (B) Real-time PCR analysis of a-globin expression in E13.5
wild-type and Mrgl5~/~ embryos. These data were normalized to B-actin. (C) ChIP assay of the a-globin promoter in MEL cells under uninduced
(open column) and induced (16 h; filled column) conditions. The data are derived from quantitative real-time PCR analysis of the a-globin
promoter (a-glob), the exonic region of a neuron-specific gene 2 (NSG), and the B-actin promoter. ChIP was performed using either anti-MRG15
(M15) or anti-HA (HA) control antibody. The error bars indicate standard errors of the mean for immunoprecipitations performed in triplicate.

Pereira-Smith, and D. K. Vassilatis, in press). A small percent-
age exhibit body wall defects, vulval protrusion, and posterior
developmental defects that cause a blunt and shortened tail
(Olgun et al., in press). Interestingly, as one analyzes more
complex organisms, the Mrgl5 null phenotype becomes more
severe.

A loss-of-function mutation generated by a P element inser-
tion into the Drosophila Mrgl5 allele (dMrgl5) results in re-
cessive lethality (FlyBase Report [http:/flybase.bio.indiana
.edu]). Although we do not know the precise mechanism and
phenotype for lethality of this mutant, it is possible that

dMrgl5 is important for cell growth control during embryo
development, similar to the Mrgl5 null phenotype in mice.
Recently, it has been shown that Drosophila dMrgl5 is one of
the components of the dTip60 complex, similar to what has
been found in yeast and human cells, and that it is essential for
DNA repair of double-strand breaks by vy-irradiation (34).
TRRAP (for transactivation-transformation domain-associ-
ated protein) is a component of HAT complexes, such as
PCAF (59), GCNS (44), and TIP60 (27). A null mutation of
Trrap in mice results in peri-implantation lethality due to a
blocked proliferation of blastocysts (26). Trrap-deficient cells
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exhibit chromosome missegregation, mitotic exit failure, and a
compromised mitotic checkpoint. These defects are caused by
transcriptional dysregulation of the mitotic checkpoint pro-
teins Madl and Mad2 (38), since TRRAP recruits HAT activ-
ities, including TIP60 and PCAF, to the promoters of these
genes. Consistent with this is the fact that acetylation of his-
tone H4 and H3 at these promoters is decreased in Trrap-
deficient cells. The phenotypes of Mrgl5, Gen5, and Pcaf de-
ficiencies (61, 62) are milder than those of Trrap deficiency.
This may be due to the fact that TRRAP is shared by different
HAT complexes and loss of Trrap expression results in various
overlapping phenotypes that are the consequence of decreased
activity of multiple HAT:.

Mrgl5~'~ MEFs exhibit impaired proliferation in culture,
and the p21 protein is expressed at higher levels in early-
passage Mrgl5 null MEFs than in the wild type. Early-passage
Mrgl15 null MEFs also exhibit enlarged and flattened morphol-
ogy compared with wild-type cells and enter the senescent state
more rapidly. The molecular mechanism(s) that results in this
growth defect and the increase in p21 expression in Mrgl5 null
MEFs, with no change in protein levels of p53, requires further
investigation. However, it has been reported that the human
HAT TIP60 and the budding yeast homologue, Esal, are in-
volved in DNA damage response (6, 9, 18, 27). If MRG15 is a
canonical subunit in complexes involving TIP60 and essential
for their function(s), it is possible that this p21 up-regulation
and cell proliferation defect may be triggered by increasing
genetic instability in Mrgl5~'~ MEFs due to the loss of some
TIP60 functions rather than induction by p53. Furthermore,
the reduced growth may cause the small-size phenotype and
tissue abnormalities observed during development in Mrgl5
null embryos.

During development, many factors are involved in organo-
genesis, and their expression is tightly controlled in a spatio-
temporal manner. Control of the a- and B-globin gene loci has
been under analysis for many years, and intriguing models for
the control of gene expression have been proposed (14, 28, 48).
At E11.5 of mouse gestation, the main site of erythropoiesis
changes from the embryonic yolk sac (primitive erythropoiesis)
to the fetal liver (definitive erythropoiesis) (57). This change in
site is coincident with a change from primitive to definitive
gene expression in both the a- and B-globin gene clusters,
leading to predominant expression of a1 and «2 and Bmaj and
Bmin. At the a-globin locus, acetylation of histones H3 and H4
in ES and nonerythroid cells is maintained at low levels (4),
and these are dramatically increased during hemopoietic lin-
eage commitment and differentiation. In the MEL cell differ-
entiation model, although some fraction of H3 and H4 is al-
ready acetylated at the a-globin locus prior to induction of
globin gene expression, possibly reflecting a primed condition,
there is an increase just prior to a-globin gene induction (4)
(data not shown). We have found that recruitment of MRG15
protein to the a-globin locus precedes an increase in acetyla-
tion. Therefore, one possibility is that MRG15 recruits a
HAT(s) to the a-globin locus and thereby controls a-globin
expression levels.

We have demonstrated that MRG15 is present in multiple
complexes in human cells (13, 18, 47) and that it can act as an
activator of the B-myb promoter (37). Both the chromodomain
and the leucine zipper region of the protein are required for

MoL. CELL. BIOL.

this activity (47). Thus, it is possible that MRG15 acts through
chromatin remodeling, as well as directly at promoters, to
regulate the transcription of target genes. The results with the
null mice support the hypothesis that MRG15 affects cell pro-
liferation in many tissues and that it is required as a positive
regulator for growth during mouse embryogenesis. Compara-
tive studies using null versus wild-type embryos, MEFs, or
other cell types should allow us to identify additional endoge-
nous target genes. This will aid in the identification of other
potential functions of MRG15 in the maintenance of genomic
integrity, immortalization, and tumor formation.
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