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Miz1 is a member of the POZ domain/zinc finger transcription factor family. In vivo, Mizl forms a complex
with the Myc oncoprotein and recruits Myc to core promoter elements. Myc represses transcription through
Miz1 binding sites. We now show that the Mizl gene is ubiquitously expressed during mouse embryogenesis.
In order to elucidate the physiological function of Mizl, we have deleted the mouse Mizl gene by homologous
recombination. MizI "/~ mice are indistinguishable from wild-type animals; in contrast, MizI ~’~ embryos are
not viable. They are severely retarded in early embryonic development and do not undergo normal gastrulation.
Expression of Goosecoid and Brachyury is detectable in MizI '~ embryos, suggesting that Miz] is not required
for signal transduction by Nodal. Expression of p21Cipl, a target gene of Mizl is unaltered; in contrast,
expression of p57Kip2, another target gene of Mizl is absent in MizI ™'~ embryos. MizI ~/~ embryos succumb
to massive apoptosis of ectodermal cells around day 7.5 of embryonic development. Our results show that Miz1

is required for early embryonic development during gastrulation.

The MYC (or c-MYC) gene and two of its relatives, MYCL
and MYCN, are causally involved in the genesis of a wide
variety of human tumors (32). c-MYC encodes a transcription
factor (Myc) that can both activate and repress transcription.
Myc activates transcription as part of a heterodimeric complex
with the Max protein (1, 23). The complex binds to specific
sequences, termed E-boxes, and recruits both the GenS and
Tip60 histone acetylase complexes to E-box elements through
interaction with the TRRAP protein (8, 16, 17, 25, 26). In
addition, TRRAP-independent mechanisms of transcriptional
activation have been demonstrated (30). These may involve
interactions of Myc with the P-TEFb complex, which regulates
transcriptional elongation (14). Both directed searches and a
number of array analyses have identified a large number of
genes that are activated by Myc in vivo (9, 27, 31, 45).

Similarly, a large number of genes have been identified that
are repressed upon activation of Myc. However, the mecha-
nisms of transcriptional repression by Myc have remained
more elusive. For a number of genes, repression of Myc has
been mapped to the core promoter, suggesting that Myc affects
proteins that regulate transcription at or close to the start site
of transcription (24). One suggestion has been that Myc directs
the synthesis of a transcriptional repressor protein and thereby
indirectly represses transcription, but such a repressor has not
yet been identified. A second suggestion has been that Myc-
Max complexes directly bind to the start site of one repressed
gene, p27kipl (49), but direct binding of Myc-Max complexes
to start sites of other repressed genes has not been found. A

* Corresponding author. Mailing address: Institute for Molecular
Biology and Tumor Research (IMT), University of Marburg, Emil-
Mannkopft-Str.2, 35033 Marburg, Germany. Phone: 49-6421-2866410.
Fax: 49-6421-2865196. E-mail: eilers@imt.uni-marburg.de.

T Present address: Department of Pathology, Stanford University,
Stanford, CA 94305.

third suggestion, therefore, has been that Myc is recruited to
core promoters through protein-protein interactions with
other transcription factors. A number of candidate interaction
partners have been identified, including TFII-I (35), YY-1
(38), Smad2 (15), Sp1 (18), and Mizl (34).

Recently, evidence has accumulated that three genes,
pl5Ink4b (37, 40), p21Cipl (20, 36, 43, 48), and Mad4 (22), are
repressed by Myc through interaction with Mizl. Mizl is a
transcription factor with 13 zinc fingers and a POZ/BTB do-
main at its amino terminus (4). Free Mizl binds to the core
promoter of all three genes and activates transcription. Upon
binding to Myc, transcriptional activation by Miz1 is abolished,
and the Myc-Mizl complex acts as a transcriptional repressor;
this is in part due to competition between p300 and Myc for
binding to Mizl (40). Array analyses and chromatin immuno-
precipitation (Chlp) experiments suggest that several other genes
that are repressed by Myc, including p57Kip2 (12) and C/EBPa
(24), are directly repressed by Myc through interaction with
Mizl (V. Beuger and M. Eilers, unpublished observations).

These findings suggest that interaction with Mizl plays a
central role in transcriptional regulation and potentially trans-
formation by Myc. In order to elucidate the physiological func-
tion of Mizl, we have knocked out the Mizl gene by using
conventional gene-targeting strategies. We now show that Miz]
is required for embryonic development around gastrulation.

MATERIALS AND METHODS

Gene targeting and generation of mutant mice. Genomic clones containing the
murine Mizl gene were isolated from an Sv129 genomic library and used to
generate a targeting construct (see Fig. 2A) based on the vector pPNT (29). As
5’ homology region, a 2.5-kb EcoRI-BamHI fragment spanning a region 2 kb
upstream of the first coding exon of the Mizl locus was inserted between the
herpes simplex thymidine kinase (TK) and the PGK-neomycin (PGKneo) cas-
sette. A 2.3-kb Ncol fragment containing coding exons 4 to 10 of the murine Miz]
gene was cloned into pPNT by using its XAol and the Notl sites flanking the
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PGKneo cassette at the 3’ end. The predicted targeting event with this vector
replaces the first three coding exons and a 2-kb upstream sequence with PGKneo
sequences. The targeting construct was linearized with NotI and electroporated
into 129X1/Sv] ES cells. ES cells were selected with neomycin-ganciclovir. Pos-
itive ES clones were identified by the presence of an 8-kb fragment via Southern
blotting with a probe spanning exon 16 of the murine MizI locus after HindIII
cleavage of the DNA (Fig. 2B).

Cells from two different ES cell clones were injected into C57BL/6 blastocysts
and implanted in pseudopregnant females. Chimeric mice were backcrossed to
C57BL/6 mice. Progeny from these crosses were genotyped by multiplex PCR
with the wild-type-specific primer mMizl (5'-GTCTCATGGGCTGGCTGGCT
ACCTG-3'), the common primer mMiz2 (5'-CTGAGGAAGGACGGGAGGC
TGGAT-3'), and the neo-specific primer PB3L (5'-GTGCTACTTCCATTTGT
CACGTCCTG-3"). Reverse transcriptase PCRs were performed with primers
located in exons 2 (5'-AGGCGGGGAGCCGAGCTG-3') and 7 (5'-GTGCCG
GCAGACTCTTCATTCTCC-3"), respectively.

Western blot analysis was performed with lysates derived from different organs
of MizI™* or Miz1"'~ heterozygous mice using 10E2, a monoclonal antibody
raised against a fragment encompassing amino acids 269 to 803 of the Mizl
protein.

Embryo dissection and histological analysis. Timed matings were conducted
with MizI"/~ mice. Females with copulation plugs were considered to be at
embryonic development day 0.5 (E0.5) of gestation. Pregnant females were
sacrificed at different time points of gestation, and the embryos were dissected
from maternal tissue, examined, photographed, and genotyped by nested PCR
for both the wild-type and targeted alleles (primer, wild-type external upper,
5'-CCCCATGCCTACCCCTTTCTACCT-3'; wild-type external lower, 5'-GCA
GCGGCCTTCTCGTCTTTG-3'; wild-type internal upper, 5'-GAGCCTGTAA
CTGCCCTTTCA-3'; wild-type internal lower, 5'-CCTGCAGCCTCCACATCA
CAA-3’; neo external upper, 5'-GCGAAGGGGCCACCAAAGAACG-3'; neo
external lower, 5'-AGGGGATGGGGACTGGCAATGAA-3'; neo internal up-
per, 5'-TTGGCGCCTACCGGTGGATGTTGG-3'; neo internal lower, 5'-AC
GAGGGTGCGGAGGGAGACGA-3").

For histological preparations, embryos in deciduae were fixed in 4% parafor-
maldehyde overnight at 4°C. Tissues were processed as described previously (3).
Sections were cut from paraffin blocks and stained with hematoxylin and eosin.

Immunohistochemistry. Paraffin sections were deparaffinized in xylene and
rehydrated. After being blocked in phosphate-buffered saline (PBS) with 3%
bovine serum albumin for 60 min, sections were incubated with a 1:100 dilution
of anti-p57Kip2 antibody (Santa Cruz Biotechnology) overnight at 4°C. Sections
were then washed three times for 10 min in PBS, incubated with 1:500 biotinyl-
ated rabbit anti-goat antibody (DAKO) for 45 min, washed again, incubated with
horseradish peroxidase (HRP)-conjugated streptavidin (DAKO) for 15 min, and
washed again. Sections were then incubated with aminoethylcarbazole color
substrate for 15 min and mounted with Mowiol. For pl5 staining, an anti-
p15ink4b serum (provided by David Parry) was used as a primary antibody, and
a biotinylated goat anti-rabbit antibody was used as a secondary antibody. Im-
munostaining against p21Cip1 was performed as described previously (43) with
the Santa Cruz anti-p21Cipl antibody (M-19).

In situ hybridization. Whole-mount in situ hybridizations were carried out
with digoxigenin-labeled RNA probes as described in reference 5. cDNA probes
for Brachyury and Goosecoid were a kind gift from Martin Blum, Stuttgart,
Germany. For Mizl, a murine RNA probe spanning a 383-bp HincII-Smal
fragment was used. In situ hybridizations on sections were processed by using the
identical Mizl probe following a protocol described at http:/stratuslifesci.u-
cla.edu/hhmi/derobertis/. In situ hybridization for c-myc was performed with
sense and antisense RNA probes spanning the first 500 bases of c-myc cDNA.

BrdU labeling of embryos. Pregnant females at E7.5 were injected intraperi-
toneally with 50 mg of bromodeoxyuridine (BrdU) and were sacrificed 2 h later.
Deciduae were removed, fixed in 4% paraformaldehyde overnight at 4°C, and
processed as described previously (3). Five-micrometer sections were processed
for anti-BrdU labeling. After deparaffinization and rehydration sections were
incubated in 50% formamide—1X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% Tween at 70°C for 30 min, microwaved in 10 mM citric acid
(pH 6.0) for 10 min, and incubated with anti-BrdU antibody (Amersham) over-
night at 4°C. Biotinylated antimouse antibodies were used as secondary antibod-
ies; streptavidin-HRP was used as described above. Sections were counterstained
with Hoechst 33258 and mounted with Mowiol.

TUNEL analysis of embryos. E7.5 embryos in deciduae were fixed in 4% para-
formaldehyde and processed as described above. Terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assays were per-
formed on sections with the TUNEL AP kit purchased from Roche Diagnostics.
Sections were counterstained with Hoechst 33258 and mounted with Mowiol.
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FIG. 1. Expression of Mizl during embryogenesis. (A and B)
Whole-mount in situ hybridization documenting expression of Mizl
mRNA in embryos at E6.5 (A) and E9.5 (B). In each panel, the
embryo on the left was hybridized with an antisense probe, and the
embryo on the right was hybridized with a sense control probe. (C) In
situ hybridization documenting expression of MizI mRNA in a section
of an E13.5 embryo. The inserts show hybridization with a sense probe
as the negative control, on the left side illuminated as the antisense
section and on the right side as a dark-field picture. (D and E) In situ
hybridization documenting expression of MizI mRNA in epithelia of
an E15.5 embryo. The pictures show a sagittal section of the nose with
primordia of the vibrissae (D) and a sagittal section of the tongue (E).

ChlIp. Chlp was performed as described previously (8) with the antibodies (all
from Santa Cruz) Myc (N262), Max (C17), and Gadd45 (H-165), as well as with
Miz1 polyclonal antiserum (kind gift of Bob Tjian and Joe Ziegelbauer). Primer
sequences are available upon request.

RESULTS

Mizl is expressed ubiquitously during embryonic develop-
ment. In order to define the expression pattern of Mizl during
embryonic development, in situ hybridization was performed
with digoxigenin-labeled antisense RNA probes; a sense probe
was used as a control. Expression of Mizl was detectable as
early as 6.5 days postcoitum (E6.5) in whole-mount hybridiza-
tions (Fig. 1A). Mizl is expressed ubiquitously during early
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FIG. 2. Disruption of the Mizl gene. (A) Targeting strategy. The panel shows the structure of the murine genomic locus of Mizl, the
replacement vector (pPNT-Mizl), and the structure of the targeted allele. (B) Southern blot documenting successful targeting of the Miz! locus
in ES cells. Shown is a hybridization using the probe indicated in panel A to a HindIII digest of genomic DNA. The expected fragments are shown
in panel A. (C) PCR-based genotyping of E7.5 embryos using primer pairs specific for either the wild-type (wt) or the targeted MizI locus. The
primers used are indicated in panel A as “a” for the wild-type and “b” for the knockout allele. Shown are results derived from intercrosses of
MizI*/~ animals. (D) Absence of a transcript from the targeted allele. Shown are results from reverse transcriptase PCR assays using primers
located in exons 2 and 7 of MizI from RNA isolated from liver and spleen of heterozygous animals. An arrow indicates the predicted size of the
PCR product from the knockout allele. (E) Absence of a truncated protein in heterozygous embryos. The panel shows a Western blot of lysates
of the indicated organs from either wild-type or Miz1™/~ animals with an anti-Mizl monoclonal antibody (10E2). (F) Phenotypes and genotype
of neonates and embryos from the heterozygous intercrosses. Many of the abnormal embryos could not be genotyped due to their size and/or
beginning resorption. Therefore, the ratios of the genotypes are skewed. dpc, day postcoitus.
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FIG. 3. Phenotype of Mizl ~/~ embryos. Histological sections of embryos generated from crosses between MizI heterozygous mice. (A and B)
Sagittal section of E6.5 normal (A) and abnormal (B) embryos. (C and D) Sagittal section of E7.5 normal (C) and abnormal (D) embryos. (E and
F) Transverse section of E8.5 embryo, which had completed the process of turning (E), and sagittal section of E8.5 mutant embryo in the process
of resorption (F). The abnormal embryo (F) is depicted in a twofold-higher magnification than its normal littermate. (G and H) Whole-mount
RNA in situ hybridization of normal and mutant embryos with a Mizl probe.

embryogenesis from E6.5 to E8.5 (data not shown). At E9.5,
enhanced expression is detectable in the limb buds; in contrast,
expression of Miz! is lower in the heart (Fig. 1B).

In order to determine whether expression of Mizl was re-
stricted to specific organs later in development, in situ hybrid-
ization was performed on sections of embryos at E13.5 (Fig.
1C). At E13.5, specific hybridization signals were detected in
all organs analyzed, including skin, brain and ganglia, liver,
muscles, and all epithelia. A similar expression patterns was
observed at E15.5 (data not shown). The highest signal inten-
sities were observed in the liver, brain, and in several epithelia,
including skin, the olfactory epithelium, and epithelia of the
gastrointestinal tract (Fig. 1D and E). Expression of Mizl was
weaker in the heart and in the lung. Taken together, the data
show that Miz! is expressed ubiquitously from early embryo-
genesis to organogenesis, with a preference of expression in
neural and epidermal tissues.

Targeted disruption of the Miz1 gene. Genomic clones con-
taining the murine Miz/ gene were isolated from an Sv129
genomic library (see Materials and Methods) and used to gen-
erate a targeting vector (pPNT Mizl) that replaces the first
three coding exons of the MizI gene comprising the POZ
domain and a transcriptional activation domain with a neomy-
cin resistance cassette (Fig. 2A). The vector was transfected
into ES cells, and clones were selected by neomycin-ganciclovir
selection. Positive ES clones were confirmed by Southern blot-
ting and injected into blastocysts. Two independent founder
lines were derived from different ES cell clones. The knockout
of the MizI gene was confirmed both by Southern blotting (Fig.
2B) and by genotyping with PCR with primers specific for
either the wild-type or the knockout allele (Fig. 2C). The
phenotypes described occurred in mice derived from either ES

cell clone (Fig. 2F). Repeated attempts to target the second
allele of Mizl by using either elevated concentrations of neo-
mycin or a hygromycin-containing targeting allele were not
successful (K. Peukert, unpublished observations).

Comparison of published cDNA and expressed sequence tag
sequences with the recently published mouse genomic se-
quence (44) revealed the presence of two noncoding exons 14
and 17 kb upstream of the first ATG, raising the possibility that
a truncated Mizl mRNA might be expressed from the targeted
allele. In order to examine this possibility, reverse transcriptase
PCRs were performed with primers located in exons 2 and 7,
respectively (Fig. 2D). In both spleen and liver, the expected
product for the wild-type allele was detected in MizI*'* mice
and, in smaller amounts, in MizI ™/~ mice. No transcript from
the targeted allele was detectable; similar results were ob-
tained with RNA from different organs under various PCR
conditions, including some that favor the synthesis of shorter
products (data not shown). A putative N-terminally-truncated
protein translated from the targeted allele starting at the first
in-frame ATG in exon 4 would be expected to have a molec-
ular mass of 64.9 kDa; Western blotting with a monoclonal
antibody that recognizes an epitope that is carboxy terminal to
the first in-frame methionine present in the targeted allele
revealed no evidence for the presence of a truncated protein in
lysates from several organs of MizI "/~ mice (Fig. 1E). Taken
together, the findings strongly suggest that the presence of the
neomycin cassette inhibits transcription from the targeted al-
lele. We concluded that the targeting strategy generated a null
allele of Mizl.

Among the offspring of intercrosses between MizI ™/~ ani-
mals, both MizI*/* and Miz1™'~ animals were detected at the
expected ratio and were phenotypically indistinguishable (Fig.
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FIG. 4. BrdU incorporation in E7.0 embryos. Panels A and C document staining of sections of normal (A) and abnormal (C) E7.5 embryos with
antibodies directed against BrdU; animals were injected with BrdU 2 h before fixation. The right panels (B and D) show counterstaining with
Hoechst 33285 to visualize nuclei. Panel E shows a quantitation of the results obtained by calculating the percentage of BrdU-incorporating cells
of 11 normal and 3 abnormal embryos. The error bars represent the standard deviation.

2E) (data not shown). No MizI /= animals were born from
either of the founder lines. In order to determine the precise
time point at which Miz1 '~ embryos died, we set up timed
matings and analyzed the embryos by PCR-based protocols.
No Mizl '~ embryos were found at E12, E9, or ES8.5. Mor-
phologically, we detected a few severely retarded embryos at
E9 and ES.5; in addition, we found remnants of resorbed
embryos. At days E7.5 and E6.5, between 20 and 25% of all
embryos were morphologically abnormal. We succeeded in
genotyping two of the abnormal embryos and found that they
were indeed Mizl '~ (Fig. 2C). We concluded that MizI is
required for embryonic development beyond E7.5.

In the abnormal embryos at E6.5, both the extraembryonic
and embryonic regions were smaller in size and reduced in cell
number. The proamniotic cavity, which is already established
in normal embryos, was missing in mutant embryos (Fig. 3A
and B). At E7.5, normal embryos had completed gastrulation

and formed three embryonic cavities. Abnormal embryos were
generally much smaller than control embryos, and 93% of
them failed to gastrulate (Fig. 3C and D). Both extraembryonic
and embryonic parts gave rise to compact structures consisting
of ectodermal and endodermal tissue with reduced if apparent
embryonic cavities. Traces of a third germ layer were detected
in some embryos with abnormal morphology. In some cases,
first signs of resorption became apparent. Both PCR genotyp-
ing of abnormal embryos (Fig. 2C) and in situ hybridization
(Fig. 3G and H) confirmed that phenotypically abnormal em-
bryos were indeed Miz!l deficient.

At ES8.5, normal embryos had developed a heart, neural
ectoderm, and somites. At this stage, sections of some de-
ciduae showed only remnants of implanted embryos, which
were never larger than abnormal embryos at E7.5, suggest-
ing that the death occurred around this time point (Fig. 3E
and F).
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FIG. 5. Apoptosis in E7.5 embryos. Panels A and C document TUNEL staining of morphologically normal (A) and abnormal (C) embryos at
E7.5. Panels B and D document staining of the nuclei with Hoechst 33285. Panel E shows a quantitation of the results. The percentages of apoptotic

nuclei were calculated for six normal and two abnormal embryos.

Proliferation and apoptosis in MizI ™/~ embryos. At E7.5,
abnormal embryos consisted of a significantly smaller number
of cells than normal embryos (data not shown). In order to
establish the cause of lethality of MizI ~/~ embryos, we deter-
mined both the rate of proliferation by using BrdU incorpo-
ration and the extent of apoptosis by using TUNEL assays in
E7.5 embryos (Fig. 4 and 95).

Abnormal embryos showed clearly reduced incorporation of
BrdU relative to normal embryos at E7.0 (Fig. 4A to E). At
E6.5 and E7.0, no significant number of apoptotic cells was
found in either morphologically normal or abnormal embryos,
although abnormal embryos were clearly detectable and had a
lower cell number (data not shown). We concluded that the
lower cell number of abnormal embryos at this early stage of
development is due to impaired cell proliferation. In contrast,
MizI '~ embryos showed a high percentage of apoptotic cells
at E7.5 and ES8.0; consistent with previous studies, very few
apoptotic cells were found in morphologically normal embryos
(Fig. 5A to E). Previous studies have shown that apoptosis in

normal embryos is limited to ectodermal cells that are not in
contact with the basal membrane (11); in contrast, multiple
ectodermal cells that contact the basal membrane underwent
apoptosis in Miz1 '~ embryos (Fig. 5C). We concluded that
Mizl is required for proliferation and for survival of ectoder-
mal cells during gastrulation.

Induction of mesoderm occurs in MizI '~ embryos. One
potential reason for a failure to complete gastrulation is a
defect in mesoderm formation. Induction of mesoderm forma-
tion depends, among other factors, on the transforming growth
factor B (TGF-B) family member Nodal (10) and both Smad2
and Smad4 (39, 46). Since Miz1 has been implicated in signal-
ing through TGF-B (37), we wondered whether there was a
requirement for Miz1 in signaling through Nodal during me-
soderm formation. Morphologically, a primitive streak was de-
tectable in some but not all aberrant embryos (data not
shown). In order to extend this observation, we used in situ
hybridization with antisense probes for Brachyury (47) (Fig. 6A
and B) and Goosecoid (7) (Fig. 6C and D), two genes specif-
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FIG. 6. Expression of Brachyury and Goosecoid in E7.5 embryos.
The panels document whole-mount in situ hybridization with either a
Brachyury (A and B) or a Goosecoid (C and D) antisense probe of E7.5
embryos genotyped as Miz1 '~ (B and D) and of two of their Mizl*/~
littermates (A and C).

ically expressed in mesoderm, to determine whether mesoderm
induction had taken place. Expression of both genes was de-
tectable in both morphologically normal embryos and some of
the abnormal embryos at E7.5 (Fig. 6). Genotyping with spe-
cific primers confirmed that the morphologically abnormal
embryos shown indeed had MizI deleted. We concluded that
Miz1 is not absolutely required for mesoderm induction.

Expression of target genes of Mizl. Experiments using small
interfering RNA have shown that Mizl is required for p21Cip1
induction in response to DNA damage (20); furthermore, Mizl
has been implicated in the expression of p15Ink4b by TGF-8 in
keratinocytes (37). Also, we speculated that Mizl might be
required for expression of c-myc, since Myc is known to sup-
press its own transcription (33). We therefore tested whether
expression of any of these three genes is affected in Mizl '~
embryos. Consistent with previous reports (50), expression of
p15Ink4b was not detectable in either normal or abnormal E7.5
embryos (Fig. 7A and B). p21CipI was expressed ubiquitously
at low levels in normal E7.5 embryos, with a more intense
staining in anterior ectodermal nuclei. A similar pattern was
observed in MizI '~ embryos (Fig. 7C, D, and E). c-myc is
expressed ubiquitously at E6.5 and later becomes more re-
stricted to the ectoplacental cone and the extraembryonic part
of ectoderm and mesoderm (13). This pattern was clearly vis-
ible in normal embryos, whereas the expression in abnormal
embryos at E7.5 resembled the pattern described for E.65
normal embryos, most likely due to the retardation in devel-
opment (Fig. 7F and G).

Recent microarray analyses have shown that p57Kip2 is a
target for regulation by the Myc-Mizl complex in fibroblasts
(V. Beuger and M. Eilers, unpublished observations). North-
ern blotting showed that expression of p57Kip2 was repressed
by Myc, but not by MycV394D, an allele of Myc that is unable
to bind to Mizl (20) (Fig. 8A). Furthermore, ChIP showed that

MoL. CELL. BIOL.

Mizl is bound to the start site of the p57Kip2 gene in vivo (Fig.
8B). Expression of p57Kip2 is restricted to the ectoplacental
cone at this stage of development (42). Specific staining with
anti-p57Kip2 antibodies was detected in normal embryos, but
not in abnormal embryos (Fig. 8C and D). We concluded that
Mizl is required for expression of p57Kip2, but not for expres-
sion of p21Cipl and c-myc during early embryonic develop-
ment.

DISCUSSION

Biochemical evidence implicates Mizl as an interaction
partner of the Myc oncoprotein and shows that Myc can re-
press specific genes through the interaction with Mizl. Specif-
ically, Mizl has been implicated in two pathways that nega-
tively regulate cell proliferation: the responses to TGF-B (37,
40) and to DNA damage (20, 36). Recent data also support a
role for Mizl in the differentiation of epithelial cells of the
colon and of hematopoietic cells (22, 43, 48).

The physiological role of MizI has not been identified up to
now; as a first step, we now report the phenotype of Mizl /'~
embryos. We show that Miz1 is required for proper embryonic
development and that MizI ~/~ embryos fail to undergo proper
gastrulation. Since Mizl is a negative regulator of cell prolif-
eration in fibroblasts, one might expect that Mizl '~ em-
bryos die as a result of deregulated proliferation. However,
we did not observe this phenotype. In contrast, the percent-
age of proliferating cells is higher in wild-type than in Mizl '~
embryos, reflecting the rapid growth of normal embryos at this
stage of development. Therefore, we did not obtain evidence
that Miz1 negatively regulates cell proliferation during gastru-
lation.

Of the pathways in which Mizl has been implicated, signal-
ing by a member of the TGF-f family, Nodal, is active during
gastrulation and is required for the formation of the primitive
streak. In contrast to epithelial cells, however, Nodal signaling
does not regulate cell proliferation and does not regulate ex-
pression of pI5Ink4b in early embryos. Our data show that
induction of mesoderm is intact, both Goosecoid and Brachyury
are expressed, and a primitive streak is visible in some in
MizI~'~ embryos. This is in contrast to knockout phenotypes
of the TGF-B family member Nodal (10), of several Smad
genes (19, 41), and of TGF-B receptor family genes (6) that
disrupt mesoderm induction during gastrulation. Taken to-
gether, the data strongly suggest that signal transduction
through Nodal and Smad function is unimpaired in Mizl ™/~
embryos. Our data are consistent with the “dual-input” model
initially proposed by Seoane et al. (37). The model suggests
that Mizl is not a direct part of the TGF-B signaling cascade,
but specifically regulates a subset of TGF-B target genes
through interaction with Myc. Activation of Mizl-dependent
transactivation by TGF-f occurs indirectly as a response to the
reduced expression of Myc. Since there is no evidence that Myc
is involved in signaling through Nodal signaling, the model
predicts that Mizl is not involved in signal transduction
through Nodal.

Mizl has been implicated in the regulation of several target
genes, most notably the cell cycle inhibitors p15Ink4b, p21Cip1,
and p57Kip2. p15Ink4b is not expressed at this early stage in
development (50). Loss of MizI has a differential effect on the
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FIG. 7. Expression of p15Ink4b, p21Cipl, and c-myc in normal and abnormal mouse embryos. The upper two panels document staining with
an anti-p15Ink4b antibody of either a normal (A) or an abnormal (B) antibody. Note the absence of staining in the embryo, but the presence of
staining in the surrounding decidua. The middle panels show staining of morphologically normal (C and D) or abnormal (E) E7.5 embryos with
an anti-p21Cipl antibody. The embryo in panel C is shown in a lower magnification; the frame marks the area shown in panel D at the same
magnification as the abnormal embryo in section E. The lower two panels show in situ hybridizations with a c-myc antisense probe of either a
normal (F) or an abnormal (G) E7.5 embryo. Note that the intense staining surrounding the normal embryo derives from the peroxidase present

in erythrocytes and does not reflect c-myc expression.

expression of p21Cipl and p57Kip2. We find that MizI is not
required for expression of p21/Cipl in the developing mouse
embryo; in contrast, expression of p57Kip2 in the ectoplacental
cone depends on MizI. The situation for p21Cipl contrasts to
the induction of p21CipI in response to DNA damage: exper-
iments using either transient (20) or stable ablation (M. Wan-
zel and M.E., unpublished) of Mizl with RNA interference
show that Mizl is required for induction of p2ICip! in this
setting. One possible explanation would be that homologous
proteins exist in mouse. However, the recently published se-
quence of the mouse genome reveals no gene with a homology
to Mizl that extends beyond the similarity to other POZ do-
main/zinc finger proteins. Therefore, Mizl is not generally
required for transcription of p2ICipl. Similarly, the finding

that Miz1 ™/~ embryos die after multiple rounds of division
suggests that Mizl is not generally required for initiator-de-
pendent transcription, but rather is a specific transcription
factor that transmits specific signals (e.g., in response to DNA
damage) to the promoters it binds to.

Finally, we show that MizI ~/~ embryos succumb to massive
apoptosis of ectodermal cells around E8. This may reflect a
nonspecific response, since a number of knockout mice show
this effect (28). Alternatively, Mizl might be involved in a
survival pathway that relays adhesion-dependent survival sig-
nals to ectodermal cells. If so, this might explain the strongly
reduced adhesion of both fibroblasts and stem cells (2) ex-
pressing deregulated Myc and the correlation between binding
to Mizl, lack of adhesion and apoptosis that is observed in
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FIG. 8. p57Kip2 is a target gene of Mizl and is absent in Miz ™/~ embryos. (A) Northern blots demonstrating differential expression of the
indicated genes in primary mouse embryo fibroblasts infected with viruses of the indicated genotypes. MycV394D is an allele of Myc that does not
bind to Miz1 (20). (B) Chlp experiments documenting in vivo binding of Myc and Miz1 to DNA surrounding the start site of transcription of the
P57KIP2and P2ICIP1 genes. For P57KIP2, a fragment between nucleotides —139 and +65 relative to the major start site of transcription was
amplified, and for P2I1CIPI, a fragment between nucleotides —61 and +353 was amplified. The experiment was performed with HeLa cells as
described by Herold et al. (20). Panels C and D document staining of the ectoplacental cone of morphologically normal (C) or abnormal (D) E7.5

embryos with anti-p57Kip2 antibodies.

fibroblast models expressing deregulated Myc (21). Further
work with conditional knockout models of MizI will be neces-
sary to decide between these alternatives.
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