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The Drosophila Myb–Muv B (MMB)/dREAM complex regulates gene expression and DNA replication
site-specifically, but its activities in vivo have not been thoroughly explored. In ovarian amplification-stage
follicle cell nuclei, the largest subunit, Mip130, is a negative regulator of replication, whereas another subunit,
Myb, is a positive regulator. Here, we identified a mutation in mip40 and generated a mutation in mip120,
two additional MMB subunits. Both mutants were viable, but mip120 mutants had many complex phenotypes
including shortened longevity and severe eye defects. mip40 mutant females had severely reduced fertility,
whereas mip120 mutant females were sterile, substantiating ovarian regulatory role(s) for MMB. Myb
accumulation and binding to polytene chromosomes was dependent on the core factors of the MMB complex.
In contrast to the documented mip130 mutant phenotypes, both mip40 and mip120 mutant males were
sterile. We purified Mip40-containing complexes from testis nuclear extracts and identified tMAC, a new
testis-specific meiotic arrest complex that contained Mip40, Caf1/p55, the Mip130 family member, Always
early (Aly), and a Mip120 family member, Tombola (Tomb). Together, these data demonstrate that MMB
serves diverse roles in different developmental pathways, and members of MMB can be found in alternative,
noninteracting complexes in different cell types.
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Coordinating developmentally regulated transcrip-
tion and replication patterns in metazoans is critical for
differentiation of tissue-specific cell types. Central to
these processes is the modification and/or remodel-
ing of chromatin by multisubunit complexes through
association of site-specific DNA-binding proteins. Our
laboratory and others have described a multisub-
unit complex in Drosophila, the Myb–Muv B (MMB) or
dREAM complex (Korenjak et al. 2004; Lewis et al.
2004), which contains the previously identified five-
subunit Myb complex (containing Myb, Caf1/p55,
Mip40, Mip120, and Mip130) (Beall et al. 2002), in addi-
tion to E2f2, Rbf1 or Rbf2, DP, and Lin-52. Curiously, the
complex contains both activator (Myb) and repressor
(Mip130, Rbf1, Rbf2, and E2f2/DP) proteins. This point
and that MMB is widely expressed in different tissues
led to the idea that MMB may function both as an acti-
vator or repressor at specific chromosomal locations. De-

pending on the developmental pathways in particular
tissues or cell types, different signals might regulate
switching of function at a particular site. We suggested
that at sites known to be repressed by MMB, Myb is a
silent member not participating in the transcriptional
repression, even though Myb itself is present at the cis-
acting site (Korenjak et al. 2004; Lewis et al. 2004), and
that activation of MMB at a subsequent time would de-
pend on Myb function.

Our finding that Lethal (3) Malignant Brain Tumor
[L(3)MBT], NURF, and the histone deacetylase Rpd3 as-
sociate with MMB suggests that histone binding and/or
modification are possible mechanisms by which MMB
acts to repress transcription and/or replication (Lewis et
al. 2004). Thus, MMB and individual subunits are poised
to change their measured role by switching off repression
(or activation) in a given cell lineage by post-transcrip-
tional modifications or association of coactivators (or re-
pressors).

The genes regulated by MMB in Drosophila tissue cul-
ture cells are primarily differentiation and development-
specific genes, and most often, MMB is a transcriptional
repressor (Dimova et al. 2003; Lewis et al. 2004). Recent
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genomic profiling in Kc cells of five MMB members
(Mip130, Mip120, Myb, E2F2, and Lin-52) showed that
these proteins were bound together at thousands of chro-
mosome sites, and RNA interference (RNAi) experi-
ments revealed that MMB participated in either tran-
scriptional repression or activation for many genes (D.
Georlette, S. Ahn, P. Lewis, D. MacAlpine, E. Cheung, E.
Beall, J. Manak, and M. Botchan, in prep.). In cell culture
and in vivo, the accumulation of Myb and E2F2 proteins,
but not mRNAs, depends on the integrity of MMB: Loss
of Mip130 dramatically affects the levels of both proteins
(Beall et al. 2004; Korenjak et al. 2004). These data, to-
gether with the biochemical finding that essentially all
of Myb is found in complex with MMB, led to the pro-
posal that most if not all of the phenotypes previously
identified as Myb-specific (or E2F2-specific) must be
evaluated in terms of loss of MMB function in either
myb or e2f2 mutants.

myb is an essential gene in Drosophila (Katzen et al.
1985; Manak et al. 2002). However, mutations in the
largest subunit of MMB, mip130, are viable and suppress
myb lethality (Beall et al. 2004). Furthermore, homozy-
gous mip130 mutant females have drastically reduced
fecundity. Cytological and developmental studies of egg
chambers from several MMB subunit mutants were criti-
cal in building a heuristic model for MMB function. Nor-
mally in the ovary, a developmentally controlled repli-
cation program occurs in the somatic follicle cell nuclei
surrounding the developing oocyte. In these nuclei, over-
all genomic replication ceases at stage 9 during egg
chamber development and is followed at stage 10 by spe-
cific DNA replication at four loci that results in ampli-
fication of the genes critical for egg shell formation (Orr-
Weaver et al. 1989; Calvi et al. 1998; Claycomb et al.
2004). Myb binds to the well-defined enhancer for one
such amplicon in vivo. When myb is removed by genetic
manipulation, replication no longer occurs at the four
foci, demonstrating a direct and positive role for Myb in
replication at these sites (Beall et al. 2002). In contrast,
mip130 mutant ovaries display global genomic replica-
tion in amplification-stage follicle cell nuclei, indicating
a negative role for mip130 in replication at sites other
than at the chorion origins (Beall et al. 2004). Based on
these observations and the data summarized above, we
previously suggested that MMB functions as either an
activator or repressor of chromosomal functions depend-
ing on the chromosomal and developmental context.
Critically in this model, the essential function of Myb is
to activate a repressive complex to which it belongs. In
its absence, this unchecked repressive activity by the
partial MMB complex is lethal. Our presumption was
that animals lacking MMB (as in mip130 mutants) main-
tained expression (or repression) of normal target genes
through less robust or redundant mechanisms, resulting
in viability of these mutants. Furthermore, a critical, but
previously untested prediction of this model is that an
MMB complex devoid of Myb could still be targeted to
chromosomes.

In order to gain further insight into the role(s) for MMB
in vivo, we generated a mutation in the second largest

subunit, mip120. In addition, we identified a P-element-
induced allele in another subunit, mip40. As with
mip130, we found that mip40 and mip120 mutants were
viable and displayed either sterility (mip120) or reduced
fecundity (mip40) of mutant females. Moreover, mip40
and mip120 suppressed myb lethality, again suggesting
that the essential function of Myb in vivo is to counter a
repressive activity of MMB. Immunostaining of polytene
chromosomes revealed that the association of Myb with
specific chromosomal sites was dependent on Mip120,
reinforcing the idea that Myb needs MMB for chromatin
binding. Conversely, Mip120 and Mip130 did not require
Myb for polytene chromosome binding.

Unanticipated and in contrast to mip130 mutants, we
found that mip40 and mip120 mutant males were sterile,
thus defining a new role for these proteins in male fer-
tility. Given that Mip130 has a paralog in the testis
called Aly (White-Cooper et al. 2000), we investigated
the possibility that Mip40 and/or Mip120 might either
function in a testis-specific Aly complex or that one or
both might have testis-specific paralogs.

We used a combination of affinity, ion-exchange, and
gel filtration chromatography to isolate Mip40-contain-
ing complexes from testis nuclear extracts. In addition to
MMB, we identified tMAC, a new testis-specific meiotic
arrest complex in which the only MMB subunits found
were Mip40 and Caf1/p55, in addition to the testis-spe-
cific proteins Aly, Cookie monster (Comr), Matotopetli
(Topi), and Tomb. Our model is that MMB functions as
a cell-type- and developmental-stage-specific regulator of
transcription and replication with various subunits con-
tributing to a “Swiss Army Knife” type of versatility—
the ability to interact specifically with numerous cis-
elements, and to interact with numerous coactivators or
corepressors as determined by context. This versatility
extends beyond MMB itself, as some subunits are part of
other tissue-specific complexes involved in gene expres-
sion.

Results

mip120 and mip40 mutants are viable

Searches of the existing mutant databases revealed that
there were P-element insertions available within or
nearby both mip40 and mip120. The line EY16520 con-
tained a P-element insertion into the coding sequence of
mip40 (181 base pairs [bp] from the ATG), which we
designated mip40EY16520 (Fig. 1A), and was homozygous
viable (Table 1). Line KG05422 contained a P-element
insertion into the first intron of mip120 and did not dis-
rupt the coding sequence (Fig. 1B). Complicating the ge-
netic analysis, another gene, CG6050 or eftu-M, was also
contained within the first intron of mip120.

In order to generate mutants in mip120, we performed
a P-element excision screen using line KG05422 (for de-
tails, see Materials and Methods). From 130 excision
lines generated, 17 were homozygous lethal. None of the
homozygous viable lines contained deletions of mip120
protein-coding sequence (data not shown). Of the lethal
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lines analyzed, four had deletions of eftu-M only (includ-
ing line 34, or eftu-M34), and one (line 67, or mip12067)
had a deletion of both eftu-M and most of mip120
(Fig. 1B).

eftu-M34 mutant chromosomes were homozygous le-
thal, indicating that eftu-M might be an essential gene.
Therefore, the lethality observed with mip12067 may or
may not be solely due to deletion of eftu-M. In order to
resolve this issue, eftu-M-containing transgenic lines
were generated and tested for their ability to comple-
ment loss of eftu-M in both mutants. Third-chromosome
transgenic lines were initially tested for complementa-
tion, because mip120 was on the second chromosome. A
transgene, P[eftu-M # 17], fully complemented eftu-M34

mutant lethality (data not shown). When P[eftu-M # 17]
was placed into mip12067 mutants, homozygous mutant
viability was now observed, demonstrating that mip120
was not an essential gene. Therefore, the lethality ob-
served in mip12067 mutants was solely due to deletion of

eftu-M. Southern blot analysis demonstrated the size of
the deletions in each line (Fig. 1C), and sequencing of
regions flanking the deletion determined the exact break
points (Fig. 1B).

In order to simplify further analyses, we placed eftu-
M-containing transgenes onto the chromosomes harbor-
ing either the eftu-M34 or mip12067 mutations. We cre-
ated recombinants from two different second chromo-
some P[eftu-M]-containing transgenic lines (9A and 21) and
both eftu-M34 and mip12067 (to generate eftu-M34-9A-4,
eftu-M34-21-5, mip12067-9A-9, and mip12067-21-6). As ex-
pected, we found that P[eftu-M] completely complemented
the lethality of eftu-M34 mutants (Table 1, eftu-M34-9A-4

and eftu-M34-21-5). We also found that mip12067-9A-9 and
mip12067-21-6 were homozygous viable (Table 1). More-
over, eftu-M34-9A-4 and eftu-M34-21-5 were fertile and were
easily maintained as a stock (data not shown). Therefore,
we analyzed phenotypes of mip12067 mutants contain-
ing P[eftu-M] transgenes, provisionally concluding that

Figure 1. Molecular verification of the mip40 and mip120 mutants. (A) The chromosomal configuration of the mip40 locus is shown
(purple and pink), along with the location of the P-element insert in the mip40-coding sequence (orange double-sided arrow). (B) The
chromosomal configuration of the mip120 locus is shown, with the mip120 exons in pink. The location of eftu-M (CG6050) within
the first mip120 intron is shown in green. The P-element insertion for line KG05422 is shown in orange. The location of the probe used
in C (blue) and the EcoRI restriction sites are also shown. The two lines generated after mobilization of the P-element and used in this
study, eftu-M34 and mip12067, are shown. The regions deleted in these mutants are indicated by the red arrows. (C) Southern blot of
eftu-M34 and mip12067 containing a transgene expressing eftu-M on the third chromosome (P[eftu-M]). Shown are EcoRI digests of
DNA isolated from the strains indicated on the top and probed with the DNA fragment shown in B. The size of the deletion in each
mutant as determined by sequence analysis is as follows: eftu-M34, 2236 bp; mip12067, 5770 bp. (D) Whole animals of the indicated
genotypes were homogenized in sample buffer. “e2f2” refers to flies derived from crossing e2f2329/CyoKrGFP and e2f278A/CyoKrGFP
(Cayirlioglu et al. 2001). Fly equivalents (0.3) were loaded onto a 9% SDS-PAGE, immunoblotted, and analyzed for the accumulation
of the indicated MMB subunit using affinity-purified antibodies. Tubulin served as the loading control.
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all the phenotypes ascribed to these mutants were due to
loss of mip120 function.

myb; mip40 and myb; mip120 double mutants
are viable

Because myb; mip130 double-mutant flies are viable
(Beall et al. 2004), we postulated that mutations in addi-
tional MMB subunits (such as mip40 and mip120) that
remove the repressive activities of MMB would similarly
suppress the lethality of myb mutant animals. We found
that both mybMH107; mip40EY16520 and mybMH107;
mip12067-9A-9 double mutants were viable (Table 2). PCR
using primers specific to each allele confirmed the
double-mutant viability in each case (Supplementary
Fig. 1). As with mip40EY16520 mutant males alone (see
below), we found that mybMH107; mip40EY16520 double-
mutant males were sterile (Table 2). Unfortunately, the
mybMH107; mip12067-9A-9 mutant males were so un-
healthy that they died soon after eclosing and were un-
able to be tested for fertility. The viability of myb;
mip120 and myb; mip40 double mutants therefore sug-
gests that mip130, mip40, and mip120 are all epistatic to
myb.

Myb accumulation and chromatin association are
compromised in mip mutants

We asked if the protein levels of five of the MMB mem-
bers were compromised in mip40, mip120, mip130, and
e2f2 mutants. While loss of E2f2 had no effect on Myb
accumulation, we found that Myb levels were severely
reduced or absent when any of the Mips were removed
(Fig. 1D). In fact, there was little to no effect upon re-
moval of E2f2 for any MMB member examined, except
for a small decrease in the amount of Rbf2. Unexpect-

edly, we found that Rbf2 accumulation was severely re-
duced in mip40EY16520 and mip12067-9A-9 mutants.
Given that the major binding partner for Rbf2 was
thought to be E2f2 (Stevaux et al. 2002), it was not an-
ticipated that Rbf2 accumulation was critically depen-
dent on Mip40 and Mip120 and only marginally depen-
dent on E2f2. The reduced protein levels were not due to
effects on transcription for each protein examined since
transcript levels were not affected in each mutant as de-
termined by RT–PCR analysis (Supplementary Fig. 2). In
fact, we found that the most dramatic effect upon MMB
member accumulation occurred when either Mip120 or
Mip130 was removed, suggesting that these two sub-
units are “core” components critical for maintaining the
integrity of MMB.

In these and previous studies, loss of core MMB pro-
teins led to a dramatic loss in the total levels of Myb
protein. Nevertheless, a reduced or absent signal by im-
munoblot analysis still leaves open the possibility that
proteins may still be present and bound to DNA. Al-
though we found that there is not a significant pool of
free MMB complex or individual subunits (data not
shown), we wanted to address this issue directly. We
looked at the staining pattern of Mip120, Mip130, and
Myb on polytene chromosomes in control, mip120,
mip130, and myb mutants. We found that all three pro-
teins were bound to many sites throughout all five chro-
mosome arms in control spreads, with a conspicuous
absence of staining at the heterochromatic chromo-
center (Fig. 2A–C). This lack of centric heterochromatic
Mip120 staining in the control spreads is different from
the results previously reported (Korenjak et al. 2004) and
may be due to different staining protocols. The Myb sig-
nal was absent in mip12067-9A-9 and mip1301–723 + 1–36

mutants (Fig. 2F,L), strongly suggesting that Myb was

Table 1. mip120 and mip40 mutant viability

Strain Heterozygous female (%) Mutant female (%) Heterozygous male (%) Mutant male (%)

eftu-M34 120 ± 17 0 ± 0 122 ± 23 0 ± 0
eftu-M34-9A-4 93 ± 3 119 ± 12 95 ± 6 105 ± 6
eftu-M34-21-5 99 ± 2 101 ± 8 94 ± 10 106 ± 8
mip12067 147 ± 27 0 ± 0 150 ± 13 0 ± 0
mip12067-9A-9 129 ± 3 86 ± 5 115 ± 6 26 ± 4
mip12067-21-6 135 ± 9 57 ± 11 122 ± 8 23 ± 10
P[mip120-1F]/FM7; mip12067-9A-9 84 ± 15 123 ± 31 92 ± 9 (FM7) 0 ± 0 (FM7)a

P[mip120-1F]; mip12067-9A-9 124 ± 15 114 ± 13 126 ± 7 (P) 117 ± 10 (P)
.............................................................................................................................................................................................................................
mip40EY16520 104 ± 2 88 ± 8 109 ± 7 87 ± 9
mip40EY16520; P[mip40-1A]/TM3 73 ± 5 119 ± 18 95 ± 6 109 ± 7
mip40EY16520; P[mip40-1A] 124 ± 19 104 ± 21 112 ± 5 90 ± 22

For each cross, heterozygous mutant animals (only the mutant chromosome is indicated in the left column) were crossed and progeny
from these crosses were scored. The values are listed as the percent of each expected class (average ± standard deviation) from at least
three independent experiments. Above the dotted line are the data for eftu-M and mip120, and below are the data for mip40.
“Heterozygous” refers to either the eftu-M or mip chromosome over balancer (control class), whereas “mutant” refers to the homo-
zygous mutant of either eftu-M or mip. For the mip120 complementation experiment, since the rescuing transgene was on the X
chromosome, there were only two classes of males (with regard to the X chromosome) that could result from crosses—those that
contained the balancer (FM7) chromosome (control class), or those that contained the P-element-containing chromosome (P) as
indicated in the table.
aThe FM7 chromosome was lethal in combination with homozygous mip120 mutant males for unknown reasons.
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critically dependent on MMB complex for chromosome
association. In addition, we found that Mip120 and
Mip130 were still localized to many sites in mybMH107

mutants (Fig. 2G,H), consistent with our hypothesis that
the inability to activate chromatin-bound MMB com-
plexes lacking Myb is the explanation for mybMH107 mu-
tant lethality (Beall et al. 2004).

We found that loss of Mip120 had the greatest overall
effect upon chromatin binding of individual MMB sub-
units. In addition to the complete loss of Myb and
Mip120 signal, we found a severe reduction in Mip130
signal in mip12067-9A-9 mutants (Fig. 2D–F). Given that
there were reduced amounts of Mip130 protein in
mip12067-9A-9 mutants (Fig. 1D, lane 4) and that Mip130
contains AT-hook motifs capable of binding to A/T-rich
DNA, it is not surprising that small amounts of Mip130
were still detected on chromatin in mip12067-9A-9 mu-
tants. Conversely, Mip120 protein was still present in
mip1301–723 + 1–36 mutants (Fig. 1D, lane 6). As Mip120
can bind to DNA on its own (Beall et al. 2002), it was not
surprising that Mip120 was found throughout the ge-
nome in mip1301–723 + 1–36 mutants (Fig. 2J).

All together, the immunoblot and polytene immuno-
staining data support our model that members of MMB
are dependent on each other for stability as part of a large
multisubunit complex that is bound to many specific
chromosomal sites. As all of our antibodies were raised
in rabbits, we could not colocalize different proteins si-
multaneously to see if MMB members were bound to the
same sites throughout the whole genome. Moreover, epi-
tope masking of subunits caused by different coactiva-
tors or corepressors at specific loci may result in obscur-
ing some of the actual locations of individual subunits.
However, we found a striking similarity in the banding
pattern for Myb, Mip120, and Mip130 on the small
fourth chromosome, where the binding pattern of MMB
is relatively simple (Supplementary Fig. 3).

mip120 mutants have eye abnormalities

Examination of the phenotypes for both mip40 and
mip120 mutants revealed both similarities and differ-
ences. Contrary to mip40EY16520 mutants, mip12067;
P[eftu-M # 17] mutants were generally unhealthy and
appeared smaller than nonmutant siblings, and males

died within a day or so of eclosion. Although not sys-
tematically studied, mip12067; P[eftu-M # 17] females
died sporadically within 2–10 d after eclosion.

A striking mip12067; P[eftu-M # 17] mutant phenotype
was that the animals displayed moderate to severe eye
phenotypes including small or completely absent eyes
and a rough appearance (Supplementary Fig. 4). Identical
results were observed with mip12067-9A-9 (data not
shown). In a small fraction of individuals whose eyes
were examined, the eyes contained ommatidia patches
completely isolated away from the major eye mass
on some flies (Supplementary Fig. 4E). There was no
difference in BrdU incorporation in control versus
mip12067-9A-9 mutant eye disks (Supplementary Fig. 5),
suggesting that the eye phenotype was not due to a
gross replication problem during development. However,
we cannot address subtle replication problems in
mip12067-9A-9 mutant eye disks that were not detected
by this method; for instance, in the number and location
of origins that initiated DNA replication. Reasonably,
the eye defects resulted in part because of altered gene
expression patterns in ommatidia precursors that may
have required Mip120 for either repression or activation
of critical promoters.

mip40 and mip120 mutant females are sterile

We found that both mip40 and mip120 mutant females
were sterile (Table 3). mip40EY16520 mutant sterility re-
sembled that which we have previously reported for
mip130 mutant females: Most individual mutant fe-
males tested were completely sterile, whereas some mu-
tant females had one to a few larvae crawling in vials
after 7 d of egg laying. This was in contrast to nearly
every control sister tested that had upward of 100 larvae
per vial. mip120 mutant females were more severely af-
fected and never laid a single egg.

In order to ensure that the mutant phenotypes that we
were studying were due to loss of either mip40 or
mip120 only, we performed complementation experi-
ments using transgenic animals carrying either a mip40
genomic DNA fragment, or the mip120 cDNA under the
control of its endogenous promoter (for details, see the
Supplemental Material). We found that a mip40 trans-
gene completely restored both the viability (Table 1) and
fertility (Table 3) of mip40EY16520 mutants to levels com-

Table 2. Double-mutant viability and fertility

Strain
FM7;

mip mutant/CyO (%)
FM7;

mip mutant (%)
myb;

mip mutant/Cy0 (%)
myb;

mip mutant (%)

myb; mip12067-9A-9 185 ± 11 0 ± 0 0 ± 0 12 ± 5
myb; mip40EY16520 130 ± 12 100 ± 18 0 ± 0 41 ± 14
.............................................................................................................................................................................................................................
myb; mip40EY16520 100 ± 0 ND 0 ± 0

The crosses performed were as follows: myb/FM7; mip/CyO virgins with FM7; mip/CyO males. Only the viability values for the male
progeny classes are shown. The values are listed as the percent of each expected class (average ± standard deviation) from at least three
independent experiments. myb refers to MH107, a lethal allele of myb. The data below the dotted line are the fertility values for the
indicated classes of males (as determined in the Table 1 footnote). The myb, mip120 double-mutant males died shortly after eclosion
and thus were not tested for fertility.
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parable to control heterozygous mutant sisters. Simi-
larly, we found that a mip120 transgene completely re-
stored the viability (Table 1), fertility (Table 3), eye

morphology, and normal longevity (data not shown) of
mip12067-9A-9/67-21-6 mutants to those of control sib-
lings.

Figure 2. Chromatin association of Myb is dependent on Mip120 and Mip130. Confocal images of polytene chromosome spreads
using GFP-sorted wandering third instar larvae from the following strains are shown: mip12067-9A-9/CyOKrGFP, mip1301–723 + 1–36/
FM7KrGFP or mybMH107/FM7cAcGFP. The control (GFP+) or mutant (GFP−) spreads are as indicated on the left. (Blue) DAPI; (red)
Anti-Mip120, Anti-Mip130, or Anti-Myb as indicated on the top.
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When we examined the BrdU incorporation and Orc2
localization pattern in ovaries dissected from both
mip40 and mip120 mutant females, we observed very
different things. Beginning in stage 10 egg chambers,
there are normally four foci of BrdU incorporation and
Orc2 localization in the follicle cell nuclei surrounding
the developing oocyte that result from amplification of
the DNA only at these sites (Fig. 3A,E). Many nuclei
within a single mip40EY16520 mutant egg chamber dis-
played a BrdU incorporation pattern identical to wild
type. However, dispersed throughout the same egg
chamber were nuclei with BrdU incorporation and Orc2
staining that was spread throughout the entire nucleus
(Fig. 3B). These data showed that Mip40 has negative
regulatory roles in replication in amplifying follicle cell
nuclei, similar to what was observed with mip130 mu-
tants (Beall et al. 2004).

In contrast, mip12067-9A-9/67-21-6 mutants had a com-
plete lack of amplification-stage egg chambers (stage 10–
14) (Fig. 3, cf. C and D). Even after examining ovaries
from the very few long-lived surviving females obtained
(∼7–10 d after eclosion), we never observed egg chambers
that developed beyond stage 9. In the stages that could be
examined, there was qualitatively less DNA replication
in the follicle and nurse cell nuclei, based on the inten-
sity and number of BrdU-positive nuclei. When we ex-
amined ovaries from mip12067-9A-9/67-21-6 mutants con-
taining either one or two copies of the mip120-contain-
ing transgene, we found that all egg chamber stages were
clearly apparent, including amplification stages. More-
over, the replication pattern and Orc2 localization were
identical to controls, further demonstrating that the
mip120-containing transgene completely complemented
the mip12067-9A-9/67-21-6 mutant phenotypes (Fig. 3E,F).
These data establish a role for Mip120 in ovary develop-
ment prior to DNA amplification, where Myb, Mip130,
and Mip40 are critical for normal egg shell production.

Previously, we established that members of MMB
(Myb and Mip120) were bound to the third chromosome
chorion locus, ACE3, in amplification-stage egg cham-
bers as measured by chromatin immunoprecipitation
(ChIP) (Beall et al. 2002). However, an important ques-
tion that is germane to the idea that MMB may act as a
functional switch at a particular chromosomal location

in various developmental pathways arises: Is MMB
bound to ACE3 prior to origin activation? In order to
answer this question, we mass-isolated egg chambers at
different stages (for details, see the Supplemental Mate-
rial) and performed ChIP analysis focusing on ACE3 oc-
cupancy prior to amplification (stage 7–9) and at ampli-
fication-stage egg chambers (stage 10) (Fig. 4). We found
that the five assayed members of MMB were, in fact,
bound to ACE3 prior to and during amplification. These
data are consistent with a switching model for MMB
because both the positive-acting factors (like Myb) and
the negative-acting factors (like E2F2) are associated
with chorion origins as a complex in preamplification
egg chambers and seem poised for action during ampli-
fication.

mip40 and mip120 mutant males are sterile

Our previous studies with mip130 mutants showed that
mutant males are fertile (Beall et al. 2004). In contrast,
we found that both mip40 and mip120 mutant males
were sterile. Male fertility for either mip40EY16520 or
mip12067-9A-9/67-21-6 was restored to wild type with ei-
ther a mip40- or mip120-encoding transgene, respec-
tively (Table 3).

During normal testis development, germline stem
cells divide to both maintain the stem cell population
and produce spermatogonial cells. The spermatogonia
undergo four mitotic cell divisions before differentiating
to primary spermatocytes. These primary spermatocytes
undergo high levels of transcription in preparation for
terminal differentiation (for review, see Fuller 1998).
Male sterile mutants have been identified at many dif-
ferent points during spermatogenesis, including a group
of genes that, when mutated, cause arrest at the primary
spermatocyte stage of development (Lin et al. 1996).
These genes are called the meiotic arrest genes because
mutants arrest at the G2–M transition of meiosis I, and
cells contain partially condensed chromosomes that
eventually accumulate and fill the testis. Meiotic arrest
genes are required for both meiotic cell cycle progression
and the onset of spermatid differentiation in mature
spermatocytes. The currently identified meiotic arrest
genes have been subdivided into two classes. The aly

Table 3. Summary of mip120 and mip40 mutant fertility

Strain mip/CyO female (%) mip mutant female (%) mip/CyO male (%) mip mutant male (%)

mip12067-9A-9/67-21-6 100 ± 0 0 ± 0 95 ± 5 0 ± 0
P[mip120-1F]/FM7; mip12067-9A-9/67-21-6 ND 96 ± 5 ND ND
P[mip120-1F]; mip12067-9A-9/67-21-6 ND 100 ± 0 100 ± 0 (P) 100 ± 0 (P)
.............................................................................................................................................................................................................................
mip40EY16520 92 ± 7 36 ± 10.2a 100 ± 0 0 ± 0
mip40EY16520; P[mip40-1A]/TM3 90 ± 7 95 ± 5 98 ± 0 100 ± 0
mip40EY16520; P[mip40-1A] ND 86 ± 10 ND 100 ± 0

The descriptions of the crosses and classes of mutants are in the footnote for Table 1. At least five independent experiments, for a total
of 50–100 animals, were performed for each genotype listed, and the values listed represent the average percent fertility ± standard
deviation. Fertility was determined by scoring for the presence of at least one larva in each vial after 7 d at 25°C. (ND) Not done. The
data for mip120 are above the dotted line, and the data for mip40 are below the dotted line.
aThe actual number of larvae per vial was ∼0.5%–1% of wild type.
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Figure 3. Mip40 and Mip120 are required for egg chamber development. (A,B,E,F) Shown are merged confocal images of stage 10 egg
chambers from females of the genotypes indicated on the bottom of each panel. (Red) Anti-Orc2; (green) Anti-BrdU; (blue) DAPI. (C,D)
Same as in other panels, except that a lower-magnification view (10×) is shown to demonstrate the lack of stage 10 and later egg
chambers in mip120 mutants.
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class genes, including aly and comr, regulate transcrip-
tion of some genes required for entry into meiosis (boule,
twine, Cyclin B) in addition to many spermiogenesis
genes required for the differentiation of functional sperm
(fuzzy onions, janus B, don juan, gonadal). In contrast,
the can class genes (including cannonball [can], meiosis
1 arrest [mia], and spermatocyte arrest [sa]) do not affect
transcription of the meiotic cell cycle genes but are re-
quired for spermiogenesis gene transcription (White-
Cooper et al. 1998).

Phase-contrast microscopy revealed that testes from
both mip40 and mip120 mutants had clear defects in
development when compared with control siblings.
mip40EY16520 mutants appeared to be arrested at the pri-
mary spermatocyte stage of development (Fig. 5A,B) and
were complemented by a mip40-encoding transgene (Fig.
5C). Hoechst DNA staining suggested that the spermato-
cytes were arrested prior to the G2–M transition, similar
to the arrest point for other meiotic arrest mutants
(Supplementary Fig. 6). Meiotic cell cycle genes, but not
spermiogenesis genes, were transcribed in testes from
mip40 mutants, placing mip40 into the can class of mei-
otic arrest mutants (Supplementary Fig. 7). Also, Mip40
protein was detected in spermatogonia undergoing mi-
totic divisions: The highest Mip40 protein staining was
found in spermatocytes (Fig. 6A,C), consistent with a
role for Mip40 in spermatocyte development.

In contrast, mip120 mutant testes appeared very dif-
ferent from mip40 mutants, and the phenotype varied
from male to male. All mip12067-9A-9/67-21-6 testes were
smaller in appearance than control siblings and appeared
to contain some germ cell stages up to and beyond the
spermatocyte stage, including sperm (Fig. 5, cf. E,F and
D). When dissected, the sperm from mip12067-9A-9/67-21-6

mutant testes were completely immotile. In contrast to
Mip40 staining, we found that the highest Mip120 stain-
ing levels were in the earliest stages of spermatogonial
development, with some expression apparent in sper-
matocyte stages (Fig. 6B,E). Interestingly, Mip130 pro-
tein staining was strongest in the earlier spermatogonial

stages as well, with even lower expression in the sper-
matocyte stages (Fig. 6C,F). The different mip mutant
male fertility phenotypes are consistent with the differ-
ent protein expression profiles in testes and significantly
separate physiological functions of the MMB genes.
mip40 appears to be required for meiosis and spermatid
differentiation independent of mip120 and mip130. The
biochemical data presented below show that Mip40 is
part of another complex that we suggest executes func-
tion(s) at the spermatocyte stage of testis development.

Mip40 is a subunit in a testis-specific complex
required for spermatid differentiation

The Mip130 family member Aly is thought to transcrip-
tionally activate genes involved in both spermatid differ-
entiation and the meiotic cell cycle in primary spermato-
cytes (Jiang and White-Cooper 2003; Perezgasga et al.
2004). aly mutant males are sterile, and testes from aly
mutants contain cells arrested at the spermatocyte stage
that fail to undergo meiosis to produce sperm—similar
to what was observed in testes from mip40EY16520 males.
These facts coupled with the distinct mip40 mutant phe-
notypes when compared with other MMB subunit mu-
tants fostered a simple idea: Perhaps Mip40 functions
intimately with non-MMB factors, such as Aly, in the
testis to carry out the meiotic cell cycle and spermatid
differentiation transcriptional program(s). Conceptually,
Mip40 could either work through MMB by direct or in-
direct association with Aly or independent of MMB in
another unanticipated way.

To test this idea, we mass-isolated testes from adults
and prepared nuclear extracts (for details, see the Supple-
mental Material). As estimated by light microscopy, the
testes comprised ∼50%–60% of the total mass in the
sieved material from which the nuclear extracts were
made. We fractionated extracts using Poros heparin chro-
matography, pooled the Aly-containing fractions, and
performed immunoprecipitations (IPs) to determine
whether Mip40 and other MMB subunits associated with
Aly. We found that of the MMB complex members
tested, only Mip40 coimmunoprecipitated both Aly and
a known interacting partner of Aly, Comr (Fig. 7A). Be-
cause ethidium bromide was included in the IPs, the
interactions were not mediated through DNA.

Aly and Comr have been reported to interact with a
pair of homeobox transcription factors of the TGIF sub-
class, Achi and Vis, in Drosophila testis extracts. Achi
and Vis are essential for spermatogenesis and are im-
plicated in transcriptional activation along with Aly
and Comr of several testis-specific transcripts (Wang
and Mann 2003; Perezgasga et al. 2004). We failed to
detect Achi by immunoblot analysis of the coimmuno-
precipitated proteins from MMB subunits (Fig. 7A), and
Achi or Vis peptides were not detected by mass spec-
trometry in the Mip40 affinity column (Fig. 7B). The ab-
sence of Achi and Vis in our IPs suggested that there
might be more than one pool of Aly and Comr proteins
in spermatogonia, where Aly/Comr form a complex with
Achi/Vis in the absence of Mip40. Alternatively, the re-

Figure 4. The MMB complex is present at ACE3 prior to, and
during, chorion gene amplification. Sheared cross-linked chro-
matin from preamplification (less than or equal to stage 9) and
amplification (stage 10) egg chambers was used for ChIP using
the indicated antibodies. Shown is an ethidium bromide-stained
gel of PCR reactions performed using both ACE3-specific and
actin-specific (control) primers simultaneously in the reaction
containing either input or immunoprecipitated DNA. ACE3 is
enriched for all samples except the control IgG and input
samples. Note that the ratio of ACE3:actin is higher in the input
DNA for amplification-stage egg chambers (lane 8) when com-
pared with preamplification egg chambers (lane 1) due to higher
copy numbers of the ACE3 locus in this sample.
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ported interaction between Achi/Vis and Aly/Comr
could have been mediated by contaminating DNA in the
coimmunoprecipitations.

In order to look for additional protein(s) that might be
associated with Mip40, Aly, and Comr, we applied the
Poros heparin fractions onto an anti-Mip40 affinity col-
umn and used mass spectrometry to identify interacting
proteins in the pooled eluate. As a control, a mock pu-
rification was performed using unspecific total rabbit
IgG. Because the MMB complex was also purified on this
column, we found that all MMB complex members were
present as anticipated (Fig. 7B). Among the additional
proteins specifically associated with Mip40, we found
Aly, Comr, Topi, and Tomb. Topi is a testis-specific
zinc-finger transcription factor that is also a meiotic ar-
rest member in which mutants arrest at the spermato-
cyte stage of development (Perezgasga et al. 2004). Tomb
is a Mip120 family member that contains significant ho-
mology with Mip120 in the cysteine-rich domain that is
conserved from nematodes to humans (Fig. 7C). Included

in this family are the testis-specific Tesmin proteins
from humans, mice, and dogs. Tomb is significantly
smaller than Mip120 (26 kDa vs. 100 kDa) and contains
a single cysteine-rich domain (whereas the other family
members all contain two) that shares significant homol-
ogy with Mip120. The Caenorhabditis elegans Mip120
homolog, Lin-54, binds to DNA and interacts with other
synMuv class B proteins (Deplancke et al. 2006; Harrison
et al. 2006). Moreover, another family member, CPP1,
binds to DNA through this cysteine-rich domain (Cvi-
tanich et al. 2000), and it is possible that all family mem-
bers use this domain to contact DNA directly.

Intrigued by the mass spectrometry data, we wondered
whether a complex distinct from MMB could be isolated
from testes that contained Mip40 and the testis-specific
proteins identified thus far by IP. We fractionated testis
nuclear extracts using a combination of anti-Mip40 af-
finity, ion-exchange, and gel filtration chromatography
as described in Figure 8A. We found that MMB and the
Aly-associated factors cofractionated on a Mono Q col-

Figure 5. Mip40 and Mip120 are required for male fertility. Shown are phase-contrast images using a Leica DM5000 microscope of
testes dissected from mip40 (A–C) or mip120 (D–F) males of the genotypes indicated in each panel. (B) Note the complete lack of
mature sperm in mip40EY16520 mutants due to presumed arrest at the spermatocyte stage of spermatid differentiation. Arrows identify
sperm bundles present in control (D) and mip120 mutant (E) testes.
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umn (Fig. 8B), but were readily separated on a final Su-
perdex PG200 gel filtration column (Fig. 8C). On this
column, MMB eluted with an apparent molecular weight
of 700 kDa, whereas the Aly complex that clearly con-
tained Mip40 eluted with an apparent molecular weight
of 400 kDa. Based on known and predicted molecular
weights of factors identified by mass spectrometry, we
assigned names to the bands visualized by silver stain for
the peak Superdex 200 fractions (Fig. 8D). There are sev-
eral additional undetermined bands in the Mip40–Aly
complex, most strikingly, a prominent band above Comr
that is not Mip120. Further work will be needed to iden-
tify these proteins. To confirm the identity of the bands
that were assigned, we performed immunoblot analysis
of Superdex PG200 fractions using antibodies that were
currently available to us (Fig. 8E). We found that the only
MMB complex members that were part of the distinct
Mip40–Aly complex were Mip40 and Caf1/p55, and
there was no overlap between other members of MMB
and the newly identified complex. Together, these data
define a new, testis-specific complex that contains mem-
bers of MMB. Based on the developmental arrest pheno-
type of mutant alleles for the genes encoding many of the
founding members of the complex, we named this new
complex tMAC.

Discussion

Many homologous genes encoding MMB subunits were
first discovered in nematodes and defined the synMuv B
(synthetic multivulva) pathway. Extensive genetic
analysis has established pleiotropic functions of these
genes in C. elegans (e.g., RNAi effects, suppression of

multivulva, G1–S transition, germline effects) (Boxem
and van den Heuvel 2002; Wang et al. 2005; Ceol et al.
2006; Chi and Reinke 2006), and interestingly, many of
the factors found in MMB are also in a multiprotein com-
plex in worms (Harrison et al. 2006). The primary goal of
our work was to elucidate the functions of the Dro-
sophila MMB complex in vivo. To that end, we created a
mutation in the second largest subunit of MMB, mip120,
and characterized a P-element insertion line in another
subunit, mip40. In addition to observing phenotypes in
common to those already described for other members of
MMB (such as female sterility), we discovered new mu-
tant phenotypes that reveal roles for the MMB members
Mip40 and Mip120 during development and differentia-
tion of diverse cell types. These include eye development
for mip120 and testes development for both mip40 and
mip120.

These genetic findings that clearly separate develop-
mental functions for Mip40 and Mip120 do not provide
mechanistic insights into how the pleiotropic effects are
manifested. For example, partial MMB complexes, re-
sulting from loss-of-function alleles, may assume neo-
morphic activity. We have previously argued that myb
lethality in Drosophila is a consequence of such effects.
The model that rationalizes “silent subunits” present at
a given location to promote switching from repression to
activation (or vice versa) adds genetic complexity to the
timing of critical execution functions for different MMB
factors. This model anticipates that loss-of-function al-
leles of genes for different MMB subunits would mani-
fest different arrest points. We also considered the pos-
sibility that MMB subunits do not always function as a
unit. We were curious about the finding that mip40 mu-

Figure 7. Meiotic arrest proteins specifically interact
with Mip40. (A) Poros-heparin fractions of Drosophila
testis extracts were immunoprecipitated using the an-
tibodies indicated at the top. The precipitates were
washed with buffer containing 0.5 M KCl, and the co-
immunoprecipitated proteins were eluted with 0.4%
sarcosyl. As a result of the sarcosyl wash, the protein to
which the antibody was raised will remain in the pellet
and will not appear in the IP supernatant. All immuno-
precipitations were performed in the presence of 50 µg/
mL ethidium bromide. Shown are the immunoblot
analyses of dissected whole testes, ovaries, and the im-
munoprecipitated material using the antibodies indi-
cated on the left. Only Mip40 antibodies coimmunopre-
cipitated Aly and Comr specifically. It also appears that
MMB is an abundant complex relative to tMAC, based
on the qualitative signal strengths of immunoblot sig-
nals for Aly and Comr versus Mip40 and Myb in the
testis lane. (B) Data from duplicate control and Mip40
antibody columns were analyzed by mass spectroscopy.
Above the dotted line is a list of MMB subunits iden-
tified by mass spectrometry from the Mip40 antibody

column eluate that were not present in the control antibody column eluate. In addition, several testis-specific proteins that have
known functions in meiotic arrest were also identified only in the Mip40 eluate, including Aly, Comr, Tomb, and Topi. (C) Drosophila
Tomb belongs to the Tesmin/TSO family of proteins. Shown is an alignment of the CXC domain of Tomb and other tesmin-family
proteins: Human Tesmin (AAH64579), Dog Tesmin (XP_854573), Mouse Tesmin (BAB64935), Drosophila Mip120, Drosophila Tom-
bola, and Arabidopsis SOL1. (*) Conserved residues; (:) similar residues among the aligned proteins.
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tant males displayed a staining pattern for Mip40 protein
in testes quite distinct from Mip130 or Mip120. Epitope
masking of one or another protein in MMB, due to
changing coactivator or corepressor association, might
explain such staining patterns. However, further work
led to the search for a putative testis-specific complex
that contained Mip40, where it reasonably would act in
a distinct way from its functions in MMB.

tMAC: a testis-specific paralog of MMB

We purified a complex from testis nuclear extracts that
contains MMB members Mip40 and Caf1/p55, in addi-
tion to the testis-specific meiotic arrest proteins Aly,
Comr, Topi, and Tomb. We named this complex tMAC,
because aly, comr, topi, and mip40 mutants all display
the same testis phenotype: an arrest at the primary sper-
matocyte stage of development, consistent with the no-
tion that they are all acting together in a complex to
promote differentiation and meiotic cell cycle progres-
sion. It seems likely that other proteins might interact
with tMAC to aid in the regulation of testis-specific

transcripts. This idea stems from what we already know
about MMB, where proteins such as Rpd3 and L(3)MBT
physically associate with MMB only during early steps
in the biochemical purification process and are critical
for function at different DNA sites. To date, we have not
been successful in isolating any other alternative or sub-
complexes containing members of MMB from either em-
bryo or tissue culture nuclear extracts. Furthermore, ge-
nomic profiling in KC cells of key MMB members (Myb,
E2F2, Lin-52, Mip120, and Mip130) substantiates the hy-
pothesis that these proteins work together as a group
rather than as isolated factors on DNA (D. Georlette, S.
Ahn, P. Lewis, D. MacAlpine, E. Cheung, E. Beall, J.
Manak, and M. Botchan, in prep.). Had we not begun
with testis-enriched starting material, it would have
been impossible for us to identify tMAC. Thus, despite
the present data showing that the MMB core factors al-
ways work as an ensemble, it is possible that some of the
pleiotropic phenotypes observed for different MMB sub-
unit mutants could reflect the activity of a subunit func-
tioning outside of MMB.

It is striking that both tMAC and MMB contain pro-

Figure 8. Mip40 and Aly are present in a newly
identified complex in testes. (A) The fractionation
scheme used to purify tMAC. Fractions from each
chromatography step were immunoblotted for
Mip40, Comr, and Aly. Peak fractions were pooled
and used for the subsequent chromatography step.
(B) Aly and Comr polypeptides cofractionated with
MMB using ion-exchange chromatography. Shown
are immunoblots of the Mono Q fractions indicated
on the top of the panel using antibodies directed
against Aly, Comr, and subunits of the MMB com-
plex as indicated on the left. (C) Fractions eluting
from the final Superdex 200 gel filtration column
were resolved on a 4%–12% gradient SDS-PAGE and
visualized by silver staining. The peaks of MMB
(fractions 2,3) and tMAC (fractions 7,8) are indicated
at the bottom. The MMB and tMA complexes eluted
with an estimated molecular weight of ∼700 kDa
and ∼400 kDa, respectively. Molecular weight mark-
ers are indicated on the left. (D) The peaks of MMB
(fraction 2) and tMAC (fraction 7) from C are com-
pared. Proteins identified by size and confirmed by
immunoblot analysis (see below) are indicated on
the left of each panel. Bands labeled as Topi and
Tomb are based on the predicted molecular weight
of the full-length polypeptides. The band marked
with a “?” represents an unknown cofractionating
protein that is not Mip120. (E) The only MMB pro-
teins present in tMAC are Mip40 and Caf1/p55.
Shown are immunoblots of the Superdex 200 gel fil-
tration fractions indicated at the top using antibod-
ies against the MMB complex subunits Aly and
Comr as indicated on the left.
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teins, other than Mip40 and Caf/p55, that are similar to
each other in domain architecture: Aly (tMAC) or
Mip130 (MMB) and Tomb (tMAC) or Mip120 (MMB).
Given that MMB and tMAC contain multiple site-spe-
cific DNA-binding proteins (Myb, E2F2/DP, Mip120,
Mip130 in MMB; and Tomb and Topi in tMAC), a po-
tentially large number of genes may be regulated by
tMAC as we now know is true for MMB.

Antisera against the MMB subunit, Lin-52, failed to
coimmunoprecipitate Comr or Aly; therefore, it is not
likely a tMAC subunit. However, it is interesting to note
that there is another Lin-52 family member in Dro-
sophila (CG12442) (see Supplementary Fig. 8A for align-
ment). The adult Drosophila gene expression database
(http://flyatlas.org) indicates that this gene is, indeed,
highly expressed in testis relative to other tissues. Given
that this protein is extremely small (predicted molecular
weight of 16 kDa), it is possible that it was not present in
sufficient quantities to be detected in the mass spec-
trometry analysis and may in fact be part of tMAC. If so,
that would be the third MMB subunit to have an alter-
native “testis-specific” form present in tMAC.

Gonad-specific forms of proteins that are ubiquitously
expressed and generally found in complexes that regulate
transcription may, indeed, be a common theme. For ex-
ample, gonad-specific components of the basal RNA
polymerase II transcription machinery are crucial for de-
velopmentally regulated gene expression programs in
these tissues (Hochheimer and Tjian 2003). Five testis-
specific TATA-binding protein-associated factors (TAFs)
have been identified in Drosophila (encoded by the can,
sa, mia, nht, and rye genes) (Hiller et al. 2001, 2004). All
are required in spermatocytes for the normal transcrip-
tion of target genes involved in post-meiotic spermatid
differentiation (the so-called can class of genes) (White-
Cooper et al. 1998). It is thought that these testis-specific
TAFs may associate with some of the general TAF sub-
units to create a testis-specific TFIID (tTFIID) that car-
ries out the developmentally regulated transcriptional
program in spermatocytes. The mip40-null allele is also
in the can class, suggesting that tMAC may interact
with tTFIID at can class gene promoters. It will be in-
teresting to explore the possibility that tMAC is a testis-
specific coactivator with tTFIID. Other tMAC subunits
fall into the aly class and might be what is expected for
a large complex paralogous to MMB, where one or an-
other subunit may be silent and subsequently required at
a later stage or developmental pathway.

Mip130 family members, such as Aly, share a domain
that is called a “DIRP” (domain in Rb-related pathway)
domain that is thought to be responsible for interaction
with Rb. The DIRP domain of human-Lin-9 (Mip130) is
necessary for association with Rb; however, the interac-
tion between hLin-9 and Rb may be indirect as hLin-9
may exist in a complex with other proteins that directly
touch Rb (Gagrica et al. 2004). We did not detect either of
the two Drosophila Rb proteins in tMAC-containing
fractions. When alignments were made with Mip130
family members, we noticed a region within the DIRP
domain that was conserved between all family members

except Aly. It is possible that this divergent region
within the DIRP domain is critical for Rb interaction in
other family members and has been lost in Aly (Supple-
mentary Fig. 8B). Although we have no direct under-
standing of how Aly works for transcriptional activation,
it is possible that tMAC contains both activating and
repressing components similar to MMB and that repres-
sion at particular loci does not require E2F/Rb.

Ovary phenotypes for mutant alleles of MMB-encoding
genes

When examined for replication profiles in mutant ova-
ries, we found an absence of amplification-stage egg
chambers in mip120 mutants, and widespread BrdU in-
corporation and Orc2 staining in mip40 mutant amplifi-
cation-stage follicle cell nuclei. The mip40 egg chamber
phenotype is similar to that of mip130 and is consistent
with a negative regulatory role for these proteins in ge-
nome-wide replication at these stages. We suggest that
both Mip40 and Mip120 are functioning in complex with
MMB in ovaries and that both are required for normal
patterns of replication in amplification-stage follicle cell
nuclei. We speculate, based in part on our unpublished
studies of the intricate regulatory network of MMB in Kc
cells, that the different mutant phenotypes may simply
reflect differences in gene expression profiles that result
when individual MMB complex members are missing. A
key role for Mip120 in the stability of chromatin-bound
MMB (Fig. 2) might, therefore, explain the more severe
phenotype of mip120 mutants. More specifically, MMB
may regulate the expression of genes critical for ampli-
fication-stage egg chamber development either directly
or indirectly, and Mip120 is required for targeting MMB
to these gene promoters at a particular developmental
stage prior to amplification stages. In contrast to
Mip120, Myb, and E2F2/DP, Mip40 has no direct DNA-
binding ability. Mip40 may be required for repression or
activation only after MMB is targeted to chromosomal
sites.

As with myb; mip130 mutants, we found that myb;
mip40 and myb; mip120 double mutants were viable,
further demonstrating that function(s) of MMB without
Myb are responsible for myb lethality. Myb protein was
no longer associated with chromatin in mip120 and
mip130 mutant polytene spreads. However, staining of
polytene chromosomes demonstrated that Mip120 and
Mip130 proteins were still bound to chromatin in myb
mutants in such a way that may prove lethal in the ab-
sence of myb. Together, these data support a model in
which Myb is critically dependent on members of the
MMB complex for both stability and association with
chromatin.

We suggest that the presence of MMB at the replica-
tion enhancer ACE3 in stage 7–9 egg chambers (Fig. 4)
may actively repress DNA replication here and at other
sites in the genome. MMB at ACE3 at these early stages
seems poised to await signals for initiation of amplifica-
tion. The conversion of a repressive MMB complex into
an activating complex may require cyclin E/Cdk2 activ-
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ity, which is required for amplification (Calvi et al.
1998). In this context it is likely that Rbf association
with MMB will persist during amplification as Rbf asso-
ciation with MMB remains unchanged even after satu-
rating hyperphosphorylation by Cdk:cyclin E in vitro
(Lewis et al. 2004). In the future, determining the cell-
type-specific signals that target MMB at well-defined cis-
regulatory elements at both the follicle cell amplicons
and in other tissues will help unravel how MMB func-
tions in vivo.

Materials and methods

Genetics

See the Supplemental Material for details about strains, P-ele-
ment moblilization screen, complementation analysis, and
myb double-mutant analysis.

Antibody staining and BrdU labeling

Ovaries or testes were processed and stained as described (Beall
et al. 2004). See the Supplemental Material for details.

Polytene chromosome immunostaining

Mutant mip120, mip130, or myb wandering third instar larvae
were sorted from GFP-balancer controls and polytene chromo-
some spreads prepared and stained using standard methods. See
the Supplemental Material for details.

Purification of staged Drosophila egg chambers and testes

Canton S flies (50,000–100,000) were gently pulse-blended and
applied to a column of stainless-steel mesh seives as suggested
in Ashburner (1989). A Drosophila Laboratory Manual. A de-
tailed protocol is described in the Supplemental Material.

ChIP

Staged egg chambers were formaldehyde-fixed, sheared chroma-
tin was prepared, and immunoprecipitations were performed as
described in detail in the Supplemental Material.

DNA staining of unfixed testis

Testes were dissected and placed into 30 µL of Hoechst staining
solution (1 mg/mL Hoechst 33342 in dH2O, diluted to 1:500–
1:1000 in PBS) prior to squashing. Testes were observed by
phase-contrast and epifluorescence microscopy on a Leica
DM5000 upright microscope. Images were captured using Lei-
ca’s FireCam software.

RNA in situ hybridization

Whole-mount RNA in situ hybridization was performed using
standard methods. Ribonucleotide probes were generated from
linearized plasmids using the Roche Molecular Biochemicals
RNA-labeling kit.

MMB and tMAC purifications and immunoprecipitations

Nuclear extracts from testes were prepared and chromato-
graphed as described for embryos in Lewis et al. (2004) and in
detail in the Supplemental Material.

Mass spectroscopy

Samples from Mip40 and cIgG column were TCA-precipitated
and washed with −20°C acetone. The pellet was resuspend in 8
M urea, 100 mM Tris-Cl (pH 8.5) solution, 5 mM TCEP, and 10
mM iodoacetamide. The urea concentration was diluted to 2 M
with Tris (pH 8.5) followed by the addition of 0.5 µg sequencing
grade trypsin, and was incubated overnight at 37°C. Three-di-
mensional analysis was performed by the Proteomics/Mass
Spectrometry Facility (University of California at Berkeley).
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Note added in proof

Helen White-Cooper and colleagues have shown that Aly asso-
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