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Chromatin reader L(3)mbt requires the Myb—MuvB/
DREAM transcriptional regulatory complex for

chromosomal recruitment
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2Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720; and PDepartment of Biology, Canisius College, Buffalo, NY 14208

Contributed by Michael R. Botchan, August 25, 2014 (sent for review July 16, 2014; reviewed by Robert J. Duronio and J. Robert Manak)

Lethal malignant brain tumors (Imbt) result from the loss of the
conserved transcriptional repressor I(3)mbt, in Drosophila mela-
nogaster. Similar mutations in the human homolog L3MBTL1 correlate
with some cancers. The protein’s C-terminal MBT repeats bind mono
and dimethylated histones in vitro, which could influence recruitment
of L3MBTL1 to its target sites. The L(3)mbt chromatin targeting mech-
anism, however, is controversial and several studies suggest insuffi-
ciency or a minor role for histone methylation in determining the site
specificity for recruitment. We report that L(3)mbt colocalizes with
core members of the Myb—-MuvB/DREAM (MMB/DREAM) transcrip-
tional regulatory complex genome-wide, and that L(3)mbt-mediated
repression requires this complex in salivary glands and larval brains.
Loss of /(3)mbt or of MMB components through mutation cause sim-
ilar spurious expression of genes, including the transposon regulatory
gene piwi, in terminally differentiated cells. The DNA-binding MMB
core component Mip120 (Lin54) is required for L(3)mbt recruitment to
chromosomes, whereas Mip130 (Lin9) (an MMB core protein) and E2f2
(an MMB transcriptional repressor) are not, but are essential for re-
pression. Cytolocalization experiments suggest the presence of site-
specific differential composition of MMB in polytene chromosomes
where some loci were bound by a Myb-containing or alternatively,
an E2f2 and L(3)mbt form of the complex.

epigenetics | bar coding | tumorigenesis

ethal 3 malignant brain tumor [/(3)mbt] was discovered in

Drosophila, where mutations in this gene lead to the de-
velopment of optical neural ganglion malignant tumors in late
third instar larvae, with a terminal phenotype preceding pupa-
tion (1, 2). L(3)mbt homologs are found throughout the phylo-
genetic tree, including humans, where hL(3)MBTL1 has been
correlated with several types of cancer (3-5). L(3)mbt contains
three repeated sequence elements dubbed MBT repeats, the
presence of which is a common feature shared by the MBT
large family of proteins (reviewed in ref. 6). The Drosophila ge-
nome contains two MBT repeat encoding genes in addition to
[(3)mbt; dsSFMBT and dSCM, with four and two MBT repeats,
respectively (7, 8). Sex comb in midleg (dSCM) is involved in
regulation by repression of homeotic developmental patterning
and thus classified as a polycomb gene (9). Akin to dSCM, the
available data suggests that /(3)mbr functions through the re-
pression of developmentally regulated genes (10-13), although the
inhibitory mechanism remains an unresolved question. A potential
clue into how repression might be exerted comes from biochem-
ical studies by Reinberg and coworkers, stating that the human
L(3)mbt can, once bound to DNA, act as a chromatin compaction
agent; the bound protein condenses chromatin and thus prevents
the expression of the underlying genes (14). This model, supported
by studies in the homolog L3MBTLI, elaborates that the
MBT repeats may form higher order structures with nucleo-
somes through the binding to modified histone tails (15-17).

MBT repeats have sequence homology to the “Royal” family
of chromatin binding proteins (18), which are known to selec-
tively bind to histones (and histone modifications) and thus act
as chromatin “readers” (reviewed in ref. 19). L(3)mbt has in-
trinsic chromatin binding capabilities, which require the integrity
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of its second MBT repeat (14-16). To establish a contributing
mode for vertebrate L(3)mbt recruitment, several studies have
provided evidence consistent with L(3)mbt preferentially, albeit
promiscuously, interacting with most mono- and dimethylated
lysine residues of histones, with very low affinity for the non- or
trimethylated forms (15, 20, 21). The available crystal structures
provide evidence of how this methylated-lysine histone binding may
be mediated and suggest that the arrangement of MBT repeats is
required for protein stability, even if only one repeat performs the
actual binding (15, 16, 22). However, biochemical experiments have
shown the methylated histone-L(3)mbt interaction to be weak,
suggesting that it may only be partly responsible for recruitment (17).
Moreover, ChIP-sequencing (ChIP-Seq) experiments on Drosophila
larval brains suggest a close genomic binding correlation be-
tween several chromatin insulators (especially the 190KD
centrosomal protein, CP190) and L(3)mbt (23), raising the pos-
sibility that their recruitment may be interdependent, and that en-
gagement of repressive functions mediated in part by /(3)mbt may be
complex. In further support of this latter notion, a recently identified
“LINT” complex was biochemically shown to harbor L(3)mbt, par-
tially colocalize with it, genome-wide, and is required for L(3)mbt-
mediated repression. In Drosophila, 1(3)mbt’s ability to function
at many sites is independent of the histone H4K20 modification
status (12), whereas the contrary has been emphasized for human
L3MBTLI function (17). However, the H4K20 monomethyl mark,
set by the histone methyltransferase PRSet7, is stabilized by
L(3)mbt binding in a process that is likely important for proper
chromatin organization (24). Taken together, the available data
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suggest that the affinity of L(3)mbt to mono- and dimethylated
histones, although key for function, likely does not play a driving
role in direct recruitment to specific loci. Further direct studies
are therefore required to address specific recruitment for gene
repression and an overall clarification as to the role of methylated
histones in L(3)mbt biology. In this study, we compiled mono- and
dimethylated histone genome-wide patterns and compared them
with those of L(3)mbt. We found little overlap with any specific
histone mono- or dimethylated lysine mark.

Biochemical data from our laboratory identified L(3)mbt as
a substoichiometric member of a large transcription and repli-
cation repressor and activator complex named Myb-MuvB or
MMB (also called DREAM or LINC), which is highly conserved
from nematodes to humans (13, 25-29). Several of the MMB
complex members have intrinsic DNA binding properties, and
previous studies indicate that this protein complex binds widely,
yet specifically, throughout all Drosophila and human chromo-
somes (10, 30). Moreover, RNAi-mediated /(3)mbt or MMB
depletion has shown a significant derepression overlap (10, 13),
suggesting a potential role for the MMB in specific recruitment
of the nucleosome binding factor.

We have applied a combination of fluorescent cytolocalization
studies with genetic and molecular experiments and report that
L(3)mbt function and localization to specific regions of the chro-
mosome is dependent on the MMB complex. We have compared
the genome-wide localization of MMB components with L(3)mbt
and found a close cooccupancy. In Drosophila larval salivary gland
cells, a loss of MMB function and /(3)mbt leads to spurious ex-
pression of the transposon regulatory gene piwi and other genes.
Most significantly we show that L(3)mbt recruitment to chromo-
somes is not sufficient for repression. We also show that the Myb—
MuvB (MMB)/DREAM complex member Myb interacting pro-
tein (Mip) 120KD directly interacts with L(3)mbt and is essential
for its recruitment and function.

Biochemical studies of extracts from embryos or egg chambers
suggested that the Drosophila MMB/DREAM is present as a
distinct complex (13). In contrast, in mammalian tissue culture
cells, the composition of the DREAM/LINC changes in a cell
cycle-dependent manner. A protein complex exerting repressive
functions in quiescent cells contains (in addition to the core
MuvB components) the pocket protein p130 and the MMB
transcription repressor E2F4 (a homolog of e2f2), whereas this
composition changes in dividing cells where B-Myb (myelo-
blastosis family transcription factor) with the core members is
required for activation in S phase and for promoting the G,/M
transition (28, 30). In Drosophila, analysis of signal strength of
individual proteins from genome-wide ChIP-chip experiments
indicated that, in unsynchronized KC cell populations, three
site-specific compositions of the MMB complex might exist.
The core complex with: (i) a Myb activator as the predominant
protein or (ii) an E2f2 repressive factor, or (iii) sites where both
E2f2 and Myb were closely colocalized. RNAi depletion of
MMB components in S2 and KC cells indicated that different
complex members are involved in either transcriptional repres-
sion (Core + E2f2, I(3)mbt), activation (Core + Myb), or both
repression and activation (Core + Myb) (10, 13). However, in all
of these experiments, the population of cells used were cell cycle
heterogeneous, making it impossible to determine if the differ-
ences in functional requirements reflected cell cycle-related var-
iations in complex composition as in mammalian cells, or if protein
composition differences were indeed site specific and coexist in
individual cells.

Through colocalization experiments in Drosophila salivary
gland polytene chromosomes, we were able to detect different
MMB subsets of complexes, one involving repressors [E2f2 and
L(3)mbt], a second Myb complex, and at other locations, a situ-
ation where both Myb and E2f2 colocalized at the same time, in
an individual cell. These results extend previous biochemical
studies on the Drosophila MMB/DREAM complex that have
found the proteins Myb and E2f2 together in one complex (13,
26) and those studies in human cells where Myb and E2F pro-
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teins alternate through the cell cycle in partnership with common
core members of each complex (28, 30).

Results

L(3)mbt Localization on Polytene Chromosomes and Correlation with
Histone Modifications. Multiple lines of evidence, including crys-
tallographic studies, have established that L(3)mbt preferentially
binds mono- and dimethylated lysine residues in histones, albeit
with low affinity (15-17, 20, 21). These data and the structural
homology of the MBT repeats to bona fide “chromatin readers”
have propelled the notion that mono- and dimethylation histones
might function as L(3)mbt site-specific recruiters (14). To ana-
lyze the correlation between L(3)mbt and overall methylated
histone binding, we compared the genome-wide localization of
several mono- and dimethylated histones, previously obtained by
the ModEncode project using ChIP-Seq on chromatin from third
instar Dm larvae (31), with that of L(3)mbt in Drosophila
melanogaster (Dm) larval brains, also analyzed by ChIP-Seq
(23). As can be seen in the Venn diagrams, there is only a very
partial overlap with any specific mono- or dimethylated histone
signal (Fig. 14), including those with which L(3)mbt has the
reported highest affinity, H3K9 and H4K20 mono- and dimethyl
(Fig. 14 and B) (15, 16). In datasets with the largest overlap (H3K4
mono- and dimethyl), L(3)mbt peaks fall into large regions (rather
than peaks) of methylated histone enrichment (Fig. 1B and Fig. S1).
Taken together, these data imply that even if nucleosome inter-
action is critical for L(3)mbt repression, other site-specific DNA
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Fig. 1. Genome-wide comparison of the cytolocalization of L(3)mbt and
mono- and dimethylated histones. (A) Venn diagrams representing the
overlap between L(3)mbt peaks at 0.5% FDR obtained by ChIP-Seq from
larval brain chromatin (23) and peaks from different mono- and dime-
thylated histones obtained by ChIP-Seq from third instar larvae by the
modENCODE project (48). L(3)mbt is shown as a green circle, the overlap in
lavender, and each methylated histone as a color-coded circle as indicated.
(B) Graphical representation of the Richter L(3)mbt brain ChIP-Seq (green)
and a subset of mModENCODE methylated histone Chip-Seq dataset tracks
(color coded as labeled according to the Venn diagrams in A) on the Bithorax
complex locus on chromosome 3R. The methylated histone tracks repre-
sented correspond to those with reported higher affinity for L(3)mbt (15, 16)
and those with the greater overlap in the Venn diagram analysis. Peaks are
depicted as color-coded bands below the corresponding tracks.
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binding proteins must determine targeting. In particular, no single
type of histone-lysine modification appears to specify recruitment.
We confirmed this point by studying the cytological localization
of methylated H4K20 and L(3)mbt, as recent studies suggested this
to be a biologically relevant interaction (17, 24). We used a serum
from rabbits immunized against the N terminus of L(3)mbt and
analyzed salivary gland chromosomes from third instar larvae taken
from wild-type or homozygous 1(3)mb™”® mutant strains. We only
obtained a signal in WT polytene chromosomes (Fig. S24).
As the [(3)mbt™7° mutant allele encodes for most of the N ter-
minus of /(3)mbt and lacks the second and third MBT repeats (32),
our data are consistent with previous results suggesting that the
C terminus of the protein is required for recruitment to chromatin
(15, 16). To examine the specific link between H4K20 methylation
and L(3)mbt, we costained Dm larval salivary gland polytene chro-
mosomes with the anti-L(3)mbt reagent and a monoclonal anti-
body developed against dimethylated H4K20 (33). As shown in Fig.
S2B, Lower Left and Inset, there is only a very partial overlap be-
tween L(3)mbt and H4K20 dimethyl staining. This H4K20 methyl
mark localizes largely to the heterochromatic regions and to the
more densely compacted bands, thus coinciding well with Dapi
DNA staining (Fig. S2B, Top and Middle Right). In contrast, L(3)
mbt localized mostly to the interbands (Fig. S2B, Middle Left and
Lower Right). In polytene chromosomes, gene rich regions are lo-
cated in more loosely packed and more lightly staining interbands,
whereas more densely condensed chromatin (heterochromatin) is
localized either to compacted bands or highly condensed lower
copy centromeric heterochromatin (reviewed in ref. 34). This lo-
calization to the comparatively decondensed interbands was also
detected with the fluorescent signal from the TDtomato::L(3)mbt
transgene we constructed, shown in Fig. 2B. These data comple-
ment conclusions of Meier et al. who reported that siRNA de-
pletion of PrSet7 and concomitant loss of genome-wide H4K20
mono- and dimethyl modifications, had no effect on expression of
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any of the specific loci they focused on, the repression of which is
dependent upon L(3)mbt through dLINT (12).

MMB Components and L(3)mbt Colocalize Genome-Wide in D.
melanogaster. To examine more directly the chromosomal link
between the MMB complex and L(3)mbt, we generated chimeric
fusions with a number of different fluorophores (35, 36) for several
core complex members and the /(3)mbt gene. Fig. 24 diagrams
these fusions where the fluorophore domain was placed immedi-
ately 5’ to a given ORF’s initiation ATG, ensuring that the fluo-
rescent moiety is preceded by at least 900 bp of the genes 5’ UTR,
to include the native regulatory regions. The fluorescent fusions
thus obtained were used to generate transgenic fly lines, from which
larval salivary glands were dissected. Fig. 2B shows a polytene
chromosome spread of a transgenic third instar larvae, expressing
the TDtomato::L(3)mbt chimera, contrasted with Dapi-stained
chromatin. The same analysis was done with genes encoding:
gfp::myb, cerulean::myb, yfp::e2f2, and cerulean::mip120. As with
TDtomato::L(3)mbt, all MMB proteins tested occupy the inter-
bands and less condensed chromatin regions (Fig. S3 and see
Fig. 6 C and D).

Through the appropriate crosses, fly stocks were created wherein
combinations of these fluorescent transgenes were coexpressed,
allowing for pairwise colocalization on polytene chromosomes.

Previous data indicated that L(3)mbt worked at certain loci with
the repressor gene e2f2 (13) and through it, to the rbf repressive
pathway (reviewed in ref. 37). To explore this connection, we
coexpressed TDtomato::L(3)mbt with YFP::E2f2. As shown in
Fig. 2C, there is essentially a perfect overlap between TDtomato::
L(3)mbt (in red) and Yfp::E2f2 (in green) as no single color
bands were observed. In some loci, there is preponderance of
one signal over the other, but they are invariably both present. To
track the cytolocalization of L(3)mbt in relationship with MMB, a
core component of the complex (Mip120) labeled by an N-terminal
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Fig. 2. Genome-wide cytolocalization of L(3)mbt and MMB components in Drosophila. (A) Schematic representation of the different fluorescent chimeras
generated. The dimension of the bars corresponds to the length of the constructs. (B-E) Fresh polytene chromosome squashes of third instar larvae coex-
pressing the transgenes TDtomato::L(3)mbt (red bands) plus: (B) Dapi DNA staining (green bands); (C) Yfp::E2f2 (green bands); (D) Cerulean::Mip120 (green
bands), the green arrows indicate cerulean::Mip120 only bands; (E) Cerulean::Myb (green bands), red arrows indicate TDtomato:L(3)mbt-only bands and
green arrows cerulean::Myb-only bands. (C—E) The Insets correspond to an amplification of the highlighted region of the polytene chromosome. (F) Venn
diagrams representing the overlap between L(3)mbt peaks at 0.5% FDR obtained by ChIP-Seq from larval brain chromatin (23) and peaks corresponding to
several datasets obtained by ChIP-chip experiments on KC cells with antibodies against the MMB components listed above the corresponding circles (10). L(3)mbt
is shown as a green circle, the overlap in lavender, and the MMB components are shown as the following colored circles: E2f2, red; Mip130, purple; Mip120,
blue; and Myb, orange. (G) Graphical representation of the Richter L(3)mbt brain ChIP-Seq (green) and the MMB KC cell Chip-Seq dataset tracks (color coded
as labeled, according to the Venn diagrams in F on the Bithorax complex locus on chromosome 3R. Peaks are depicted as color-coded bands below the
corresponding tracks.
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cerulean moiety (35) was coexpressed with TDtomato::L(3)mbt.
We chose Mip120 as a surrogate for the complex because all
molecular studies have previously shown that protein as the most
dominant, where its depletion or genetic loss affects the stability
and function of both e2f2 or myb (10). As can be seen in Fig.
2D, TDtomato::L(3)mbt (red) always colocalizes with cerulean::
Mip120 (green). Whereas there is no indication of a band that has
L(3)mbt alone, however, a very few show a mottled appearance with
fluctuations in staining intensity across the band. Cerulean::Mip120,
however, is the single occupant of many bands (green-only bands
indicated by a green arrow), consistent with the notion that L(3)mbt
might require MMB for function but that the complex does indeed
bind to chromatin in absence of L(3)mbt (perhaps in transcrip-
tion-active regions dependent upon Myb).

Previous data indicated that the MMB/Dream complex can
exert repressive and activator functions in transcription (10, 13).
The model derived from all studies indicated that this dual
function requires, in addition to other core proteins, the pres-
ence of MMB repressive factors (E2f2 and Rbfs) and activator
proteins (Myb and Lin52), for maintenance of transcription at
active sites. As shown above, L(3)mbt very closely colocalizes with
E2f2, a repressive member of MMB. To follow L(3)mbt association
with Myb, we coexpressed tdtomato::I(3)mbt and cerulean::myb.
Fig. 2E shows a polytene spread where Cerulean:Myb (green
arrows)- and TDtomato::L(3)mbt (red arrows)-only bands, as
well as colocalized (yellow) bands, can be observed. These results
suggest that there is no obligatory requirement for Myb in the re-
cruitment of L(3)mbt to chromosomes and imply that Mip120 or
E2f2 (or associated proteins such as DP or the Rbfs) may be in-
volved in this process. Whereas the resolution of cytological im-
aging is insufficient to conclusively state that colocalizing proteins
are part of discrete complexes, proteins that fail to do so are very
likely in separate complexes.

To further examine the link, at increased resolution, between
L(3)mbt and MMB complex members, we compared published
L(3)mbt binding data obtained in larval brains by ChIP-Seq (23)
with the localization of core MMB components previously de-
termined by ChIP-chip in KC cells (10). Comparing such data
sets from different cells or tissues does have potential pitfalls.
However, we have found the DNA occupancy for Myb in KC and
S2 cells to be very similar (10), and genes first shown to be re-
pressed by the MMB complex in vitro have been extended to
unrelated cells within in vivo tissues (38). Furthermore, we have
found that DNA occupancy for L(3)mbt across the piwi locus
in salivary gland cells to be coordinate with the binding sites
established for the neural tissues. Finally, the caveat anticipates
potential differences and when the large datasets are strikingly
overlapping, such concerns should be lessened. As can be seen in
Fig. 2F, the resulting genome-wide analysis does corroborate the
inferences from the fluorescent cytological results; L(3)mbt tightly
colocalizes to all of the MMB components tested, especially with
Mip120 where 2,911 of the 3,296 L(3)mbt peaks [detected at an
false discovery rate (FDR) of 0.5] (23) share binding regions.
Moreover, most of the peaks that fail to colocalize with Mip120
represent few reads (low peaks) and yet correspond to regions
enriched for MMB components, albeit not at a high enough level to
be called peaks (Fig. 2G and Fig. S4), which may explain why these
peaks were not distinct in the cytological analysis. Such regions may
account for the mottled appearance across a few of the bands
where zones of staining intensity vary. Alternatively, these low
frequency peaks might constitute false positives due to variability
inherent in the ChIP-Seq method (39). Also mirroring the polytene
fluorescent analysis, there are many MMB peaks that are not oc-
cupied by L(3)mbt (Fig. 2F and Fig. S4); these data together with
the lack of correlation between the height of both flavors of peaks
(Fig. 2G and Fig. S4), suggest that MMB, while perhaps required,
is not sufficient for recruitment of the L(3)mbt protein. With
higher resolution than afforded by the cytology, it seems that
L(3)mbt was found in some sites that lack or present low intensity
of E2f2, indicating that this is not an obligatory factor for L(3)mbt
with the caveat of the inherent false positive rate of ChIP-type
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experiments, especially at low intensity peaks (39). Myb colocaliza-
tion with L(3)mbt appears similar by both methods used, where the
majority of L(3)mbt binding sites are cooccupied by Myb, whereas
there are numerous Myb only sites (Fig. 2 F and G and Fig. S4).
In summary, this metaanalysis is consistent with the cytology and
reveals that 88% of L(3)mbt sites colocalize with Mip120 and
between 80% and 84% of the time with other complex members.

Site-Specific Differential Composition of MMB. The previously pub-
lished ChIP-chip analysis of the MMB/DREAM complex represents
an average state of cells in different stages of the cell cycle (10).
Therefore, it is not possible from this type of approach to de-
termine if different forms of the MMB complex are present in
a single cell at the same time at specific loci, which is further con-
founded by the high false positive rate of low occupancy peaks
obtained by ChIP methods (39). To directly test if there might
be a differential site-specific composition of MMB in a single cell,
yfp::e2f2 and gfp::myb were coexpressed in Dm larvae and images
were collected from polytene chromosomes. YFP and GFP have
very close emission and excitation spectra, so to differentiate be-
tween them, the excitation light spectra and the emission capture
range were narrowed and confocal microscopy was followed by
computational deconvolution. The resulting images showed almost
no signal bleed over between the GFP and YFP channels, when
each fluorophore was expressed individually (Fig. S5 4 and B). As
can be readily seen in Fig. 34, YFP::E2f2 (red) and GFP::Myb
(green) do sometimes colocalize (marked with yellow arrows) but
both proteins are often observed in single-colored bands (red arrows
indicate E2f2-only bands, where no band was detected for Myb, and
green arrows indicate Myb-only bands, with no detection for E2f2).

A Gip::Myb Yip:E212

B Overlay DAPI

ChIP-chip Data (Georlette et al 2007)
% Myb and low E2f2 % E2f2 with low Myb % Similar E2f2 And Myb

39.5 24.2 36.3
Yfp::E212 + Gfp::Myb Co-localization

% YFP::E2f2 % GFP::Myb % Overlap
39.2 32.1 28.7
Yfp::E2f2 + Cerulean::Mip120 Co-localization
% Cerulean::Mip120 Y Yfp::E212 % Overlap
18.2 2.5 79.3

Gfp::Myb + Cerulean::Mip120 Co-localization
% Cerulean::Mip120 % GFP::Myb

54.1 0.5 46.4

% Overlap

Fig. 3. Differential site-specific composition of the MMB complex. (A) YFP::
E2f2 partially colocalizes with GFP::Myb. Deconvoluted confocal image of
a polytene chromosome spread from Drosophila third instar larvae coex-
pressing YFP:E2f2 (red bands) and GFP:Myb (green bands) stained with
Dapi. Green arrows indicate GFP::Myb-only bands, red arrows indicate E2f2-
only bands, and yellow arrows indicate colocalization. (B) Band occupancy of
selected MMB components. Previously published site occupancy data from
KC cell ChIP-chip was contrasted to that obtained from counting bands from
multiple chromatin spread involving different coexpressions of L(3)mbt and
MMB of components. Each individual colored band is counted and shown
as a percentage of the total number of bands counted.
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In contrast, as anticipated, E2f2 always colocalized with Mip120
(Fig. S6). These results indicate the presence of MMB/DREAM
complexes containing only Myb, some with only E2f2 and a third type
of site possibly with both. We counted the totals for each type of band
from multiple polytene chromosome spreads and compared these
data with those obtained previously by ChIP-chip from KC cells (10).
Fig. 3B compares the numbers of Myb- and E2{2-only bands with loci
where they overlap. As can be observed from this quantification,
roughly one-third of the complexes are present in each configuration.
It is striking that the numbers from the current dataset match very
well with the bins created in our previous ChIP-chip study. Taken
together, these data indicate that there are, in salivary glands, cer-
tainly two types of the MMB/DREAM complex; at some sites E2f2
localizes without Myb and at other sites Myb is present without E2f2.
The colocalization of both Myb and E2f2 by these cytological
methods would be consistent with a complex containing both Myb
and E2f2 as established previously by biochemical methods (13, 26),
but higher resolution in vivo methods would be required to confirm
that point.

Mip120 Is Necessary for Proper L(3)mbt Cytolocalization. L(3)mbt
closely colocalizes with Mip120 (Fig. 2 D and G and Fig. S4), a
protein with intrinsic DNA binding capabilities (40), making it
a compelling candidate within the MMB complex for targeting
L(3)mbt to chromatin. To test this possibility, we crossed the fly
strain expressing the tdtomato::1(3)mbt transgene with a fly strain
carrying a null mip120°7?"° chromosome (SI Materials and
Methods) (41). The mip120 mutation was carried by a balancer
chromosome marked with a GFP reporter cassette driven by
the kruppel promoter, which drives strong and ubiquitous ex-
pression of GFP in early larval stages (42). This allows for the
easy detection of mip120 homozygous larvae lacking the balancer.
From a single cross, it is thus possible to generate and easily select
larvae carrying the tdfomato::[(3)mbt transgene that are either
homozygous or heterozygous for the mip20 mutant chromosome.
In mip120°7-% heterozygous salivary polytene spreads, TDtomato::
L(3)mbt was clearly detected associated with the chromatin (Fig. 4,
Upper). Whereas intact polytene nuclei of mip/20 homozygous null
mutant larvae do present readily observable levels of the I(3)mbt

DNA (Dapi) TDtomato::L(3)mbt Overlay

67-21-6
mipl20
cyo:kr:gfp

Het

Y

M —
4 10 pm

-

Fig. 4. Tdtomato::L(3)mbt cytolocalization is altered in mip120 null back-
ground. Micrographs of salivary glands of third instar larvae stained with
Dapi (green), expressing TDtomato::L(3)mbt (red) with the following genetic
backgrounds: (Upper) Heterozygous for mip120, with a mip120%72"¢ de-

letion over the balancer cyo:kruppel-promoter::gfp. (Lower) mip120%72'¢

homozygous is a null mip7120 mutant. The Lower panels depict two distinct
sets of polytene chromosomes, one spread and one contained in a smaller,
intact nuclei.
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transgene, the fluorescent signal appears diffuse throughout the
nucleoplasm rather than bound to the chromatin. Indeed, this diffuse
TDtomato::L(3)MBT is completely lost upon nuclear membrane
rupture and is thus unobservable in polytene spreads (Fig. 4,
Lower). These data indicate that L(3)mbt cytolocalization is de-
pendent on Mip120. The L(3)mbt free diffuse pool was high in
the mip120 mutant background and supports the conclusion we
draw that Mip120 is required for genome-wide recruitment of
L(3)mbt to chromosomes. It does not, however, clarify whether
WT-MMB complex integrity or Mip120 itself is required for
recruitment. To further explore this question, we asked if deletion of
Mip130, another core component of MMB, would also result in loss
of TDtomato::L(3)mbt cytolocalization. The TDtomato::L(3)mbt
transgene was crossed with a mip/30 null line balanced by the
kruppel-promoter::gfp-labeled chromosome as in the mip120 ex-
periments. TDtomato::L(3)mbt cytolocalization in mip130’~°
was indistinguishable from that of the control (Fig. S7, Middle
row), suggesting that neither Mip130 nor an intact MMB appears
to be required for L(3)mbt recruitment. Moreover, Myb is almost
completely lost from polytene chromosomes and tissue culture
cells when mip130 is depleted (10, 13, 41), suggesting that it is not
required for L(3)mbt recruitment. As Mip120 binding to chro-
matin is not lost in mipI30-defective mutants (41), the data pre-
sented above support a more direct role for Mip120 in general
L(3)mbt recruitment to the salivary gland chromosomes.

L(3)mbt tightly colocalizes with E2f2 (Fig. 2 C and G and Fig. S4)
and both proteins mediate gene repression and interact genetically
and biochemically with members of the MMB complex. Thus, it was
of interest to probe for evidence for interdependence in recruitment
requirements. To this end, we examined salivary gland nuclei in
larvae with the tdtomato::I(3)mbt transgene in an e2f2-defective
background. The data show no genome-wide loss of chromatin-
bound TDtomato::L(3)mbt, suggesting that E2f2 is not ubiquitously
required for L(3)mbt targeting (Fig. S7, Bottom row).

The Deletion of MMB Components or L(3)mbt Have Overlapping
Effects on Target Gene Expression. At many gene loci, L(3)mbt
repression in S2 and KC cells required both E2f2 and core
members of the MMB complex (10, 13). Although the local-
ization studies reported here do indicate that neither Mip130
nor E2f2 are required for genome-wide recruitment of the
L(3)mbt, they do not reveal requirements for such proteins in
functional repression. We thus wanted to compare the functional
consequence for individual MMB components and L3mbt in the
Drosophila salivary cells. For this purpose, total mRNA was
extracted from third instar larvae salivary glands that were either
wild type, heterozygous, or homozygous mutant for the desired
genes. As described above for the cytolocalization experiments,
each line was balanced by a GFP-labeled balancer chromosome
to differentiate genotypes. The extracted mRNA was reverse
transcribed and quantitated by qPCR. A subset of genes, pre-
viously identified as MMB targets by ChIP-chip and RNAi (10),
was selected for these experiments. As can be seen in Fig. 54,
Upper Left and Right, deletion of e2f2 and /(3)mbt had virtually
identical effects on the expression levels of all of the genes
tested. mRNA levels for six of the eight representative genes
selected from the KC cell dataset showed regulation in the sal-
ivary glands; piwi and vasa were the genes whose expression in-
creased most dramatically and coordinately in the absence of
either e2f2 or I(3)mbt. Vasa and piwi are expressed in the early
embryo, germ-line cells or germ line-associated cells (42—44),
and our results show that the MMB complexes with E2f2 and
L(3)mbt play roles in their repression in terminally differentiated
cells such as salivary glands.

The deletion of mip130 and mip120 had very similar effects on
the expression levels of the genes tested (Fig. 54, Lower Left and
Right). As with loss of [(3)mbt or with e2f2, there was no significant
change in ced12 or crumbs, a mild increase in cyclin B and a very
pronounced increase in the levels of piwi, when either mip120 or
mip130 were lacking. However, loss of mip130 had no effect on
the levels of vasa (Fig. 54, Lower Left and Right).
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Fig. 5. Loss of L(3)mbt or MMB components have similar effects on gene
expression in Drosophila salivary glands and brains. (A) The relative fold en-
richment of mRNAs, compared with the actin gene as endogenous control (S/
Materials and Methods), of MMB and non-MMB target genes was determined
by gPCR in salivary glands from Dm third instar larvae defective for the fol-
lowing genes [in all panels, wild-type (WT) data are depicted as blue bars,
homozygous mutants (HZ) as red bars, and heterozygotes (Het) as green bars]:
(Upper Left) WT, heterozygous (balanced by cyo::krupple-promoter::gfp)
and homozygous e2f2 nulls (Df[2L]e21232°/Df[2L]1e2£2%%; P[e2f2~; Mpp6™1/+).
(Upper Right) WT, heterozygous (balanced by a tm3::actin-promoter::gfp)
and homozygous L(3)mbt defective larvae [/(3)mbt9™76]. (Lower Left) WT,
heterozygous (balanced by a cyo::krupple-promoter::gfp chromosome) and
homozygous mip120 nulls (mip120%7). (Lower Right) WT, heterozygous
(balanced over a fm7c::krupple-promoter::gfp chromosome) and homozy-
gous mip130 nulls (mip1307%). The error bars represent the SD. (B) Salivary
glands or (C) brains of Dm third instar larvae, wild type (Upper) and null
for the mip130 gene (Lower), expressing a piwi5'UTR::GFP::piwi transgene
(green) were stained with Dapi (blue), mounted whole, and imaged by
confocal microscopy. (D) Brains of Dm third instar larvae with the genotypes
detailed above the panels [homozygous mutants (HZ) and heterozygotes,
where the mutation is balanced by fm7c::krupple-promoter::gfp (Het)], were
homogenized, boiled in SDS sample buffer, fractionated on a PAGE gel, and
developed by Western blot with antibodies raised against piwi (Upper) or
tubulin as internal control (Lower).

To determine if the observed derepression of piwi transcription
upon loss of MMB wild-type function resulted in an increase in
Piwi protein levels, a gfp::piwi transgene (43) was introduced into
a mip130 null strain (mip130">°) (44). Piwi protein expression is
limited to the early embryo, germ line, and supporting somatic cells
in ovaries and testes (45), and as anticipated, no GFP::Piwi signal
was observed in wild-type whole salivary cells. In mip130'°
background, however, the levels of GFP::Piwi increased dra-
matically (Fig. 5B). It is noteworthy that the GFP::Piwi protein
observed in mip130"° salivary glands is cytoplasmic, whereas
native piwi requires translocation into the nucleus to be functional
(46), suggesting that the observed expression is not coordinately
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controlled with other genes required for piwi transport to the
nucleus and function in that compartment.

Janic et al. (11) reported that piwi and other germ-line genes
generally repressed in somatic tissues are activated in malignant
brain tumor tissue in /(3)mbt mutants. We asked if mip130'7°
mutation would in turn be epistatic to /(3)mbt repression in larval
brains. As in the salivary glands, a dramatic increase in piwi fusion
protein levels were observed in mipl30 mutant larval brains (Fig.
5C). To determine whether the levels of endogenous piwi are
likewise increased in the absence of mip120 and mip130, brains of
Dm larvae either wild type, heterozygous, or homozygous mutant
for these genes (Fig. 5D) were probed for Piwi protein by the
Western blot format. Consistent with the data obtained by imaging
transgenic GFP::Piwi fluorescence, complete loss of mipl20 or
mip130 led to a dramatic increase in the levels of endogenous Piwi
protein (Fig. 5D lanes 2 and 4).

L(3)mbt, Mip120, and Mip130 Are Bound to the Piwi Locus in Drosophila
Salivary Glands. The cytological methods used above provided an
overview of chromosome-wide patterns for the proteins in focus
but gave no information on the specific target genes that might
be repressed by L(3)mbt. We combined immunohistochemistry
(IHC) with fluorescent in situ hybridization (FISH) (47) to de-
termine the binding of MMB components and L(3)mbt to piwi and
three other selected loci. To create recognizable landmarks on the
chromosome, we painted specific promoter proximal regions with
DNA FISH probes and used the known relative order (and spac-
ing) for the DNAs in the polytene chromosome to define position.
This technique, by providing a virtual polytene bar code, theoret-
ically allows the labeling and identification of a large number of
loci using a single fluorophore that recognizes the hybridized DNA
probes. By combining the FISH signal with IHC, it was possible to
assess the occupancy of specific loci by fluorescently tagged pro-
teins (Fig. 64). Four loci were selected with three on one arm of
chromosome II and another on chromosome III. The positions,
which included piwi, gave a wide coverage range of variation for
which siRNA depletion of MMB members affected gene expres-
sion and a control with no effect on dramatic derepression (Fig.
6B) (10, 11, 13, 38). FISH polytene barcoding with IHC demon-
strated that Mip120, Mip130, and L(3)mbt all occupied the piwi
gene position in wild-type salivary glands (Fig. 6 C-E).

In mip130"3° null mutant salivary polytene chromosomes,
genome-wide L(3)mbt localization to chromatin is not lost, but
expression of the germ-line gene piwi is derepressed. A possible
explanation for these data is that targeting of L(3)mbt to par-
ticular locus is insufficient for it to exert its regulatory function,
and that it thus requires cofactors for repression. Alternatively, it is
possible that in mip30 null (and possibly in e2f2 null) background,
L(3)mbt is lost at a subset of promoters such as piwi. To determine if
loss of mip130 resulted in loss of I(3)mbt at specific gene loci, we
analyzed polytene chromosomes similarly in the mip130'° mutant
larvae. This experiment showed that loss of mip30 does not result in
displacement of TDtomato::L(3)mbt from the specific piwi band
(Fig. 6 E and F) and suggests that recruitment to chromatin is in-
sufficient for L(3)mbt function.

MMB Has a Complex Binding Pattern at the Piwi Locus. Previous
experiments indicate that many promoter proximal gene loci may
encode a complex pattern for MMB binding sites (10). To un-
derstand the potentially complex cis- regulation affected by either
the activating or repressive function of this complex, a detailed
examination of such enhancer/promoter regions is required. To
that end, we focused on the location of the MMB proteins within
the piwi locus. ChIP experiments performed with antibodies di-
rected to several MMB components were followed by quantita-
tive PCR (qPCR) to locate specific binding sites. Fig. 7 depicts a
diagram of the piwi genomic region and illustrates the primer sets
that were used for qPCR amplification as horizontal bands la-
beled A-M. As in previous data, the results show sites that are
enriched for E2f2 (segments H-J) others are enriched for Myb
(segments C and D) and a final class where both Myb and E2f2
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Fig. 6. Fluorescent in situ hybridization barcoding. (A) Diagram of the combination of FISH barcoding and IHC. (First row) Polytene chromosomes are stained

with Dapi to identify centromeric heterochromatin and general arm geography. (Second row) Subset of promoters is labeled by FISH with a single fluorophore; by
comparing them to the signal obtained with Dapi, it is possible to identify each individual band. (Third row) Protein of interest is labeled by IHC with antibodies
conjugated to a second fluorophore. (Fourth row) Overlap of FISH with IHC allows the study of protein occupancy on the selected promoters. (B) Subset of four
MMB and non-MMB targeted promoters (according to published data) were selected based on their relative position on the chromosome. (C and D) Polytene
chromosome spread from wild-type third instar Drosophila larvae stained with Dapi (blue), by FISH against the promoters indicated above (in red) and by IHC
using antibodies against MMB proteins (green). Insets correspond to a magnification of the indicated area of an overlay between FISH and IHC images. To better
assess the promoter occupancy by each MMB protein tested, the contours of the band from each FISH signal were overlaid with the IHC signal (Lower Inset). (C)
Rabbit anti-Mip120 + anti-rabbit Alexa 488 (green). (D) Rabbit anti-Mip130 + anti-rabbit Alexa 488 (green). (E) Rabbit serum anti-L(3)mbt + anti-rabbit Alexa 488

(green). (F) The same analysis as described above for E on polytene chromosomes from third instar larvae homozygous putative null mutant for mip13

are tightly linked (segments F and G). There is some variation in
the levels of Mip120 and 130 but they seem to follow the distri-
bution of MMB peaks rather than reflect complex composition,
and may also be related to antibody accessibility and inherent
ChIP noise. L(3)mbt sites at the region, (Fig. 7, blue shaded
graph at the bottom), as determined by others from a ChIP-Seq
larval brain genome-wide dataset (23), populate various peaks
and valleys in the piwi region, again suggesting complexity. The
piwi gene is repressed in the salivary gland, larval brains, S2 and
KC culture cells, and we speculate that repression is mediated in
all such situations through the recruitment of L(3)mbt at one or
many of these promoter proximal positions.

L(3)mbt Directly Interacts with the MMB/DREAM Protein Mip120
(Lin54). The data presented above indicate that Mip120 and not
Mip130 plays a key role in recruiting L(3)mbt to salivary gland
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chromosomes. To extend these observations, we asked whether
L(3)mbt directly interacts with Mip120 or other MMB compo-
nents. A gluthathion S transferase (GST)::L(3)mbt fusion chi-
mera was generated, expressed in Escherichia coli, and bound to
GST beads. These beads were used in individual pull downs of in
vitro translated MMB components, the precipitated proteins
were then fractionated by SDS/PAGE, and imaged by Western
blot with the corresponding antibodies. We assayed the pull downs
using two salt concentrations (150 mM and 1.0 M NaCl) for
washing the beads, to distinguish specific from background inter-
actions (Fig. 8). Empty GST did not pull down any MMB proteins
(Fig. 8, lane 6) and an unrelated protein, Cyclin A, failed to bind
GST::L(3)mbt (Fig. 8, lane 2). Of the proteins assayed, only Mip120
and Mip130 bound to GST::L(3)mbt, although the binding of the
latter was very weak (Fig. 8, lane 2), and was lost upon increasing
wash stringency to 1 M NaCl. Under these conditions, only Mip120
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Fig. 7. MMB components present a complex binding pattern on the piwi
genomic region. The colored graph bars (Upper) correspond to the relative
fold enrichment of MMB components on the piwi genomic locus as de-
termined by ChIP experiments performed on S2 cells with antibodies raised
against the proteins indicated in the Inset, Upper Left (Myb, yellow; Mip120,
orange; Mip130, gray; and E2f2, green). The precipitated mRNAs were am-
plified by gPCR using primers corresponding to the regions indicated as
black horizontal lines below the graphs, labeled A-M. The relative fold en-
richment for each ChlIP was calculated by determining the ratio of intensities
of the experimental regions to that of the actin promoter. For each pro-
moter, the mock ChIP (NS) was normalized to a value of 1. The results are
representative of three independent experiments. Inmediately below the
primer region bars, is a graphical and up to scale depiction of the piwi ge-
nomic region including Mip120 (blue triangles), E2f2 (red rhomboids), and
Myb (green pentagons) canonical binding sites. The Lower graph corre-
sponds to the distribution of L(3)mbt sequence reads from ChIP-Seq data
(blue bars) obtained from a previous study on larval brains (12) throughout
the piwi genomic region. Peaks called based on these data at 3% (red) or
0.5% (green) false discovery rate (FDR) are shown as horizontal bars on top
of the graph. The vertical dotted lines correspond to a projection of the sites
amplified by qPCR and are included for purposes of comparison as every seg-
ment of the figure is depicted to the same scale.

remained bound to GST:L(3)mbt (Fig. 8, lane 4), reinforcing the
notion that it plays a central role in the L(3)mbt-MMB connection.

Discussion

The data reported here show that transcriptional repression
mediated by the L(3)mbt protein is complex, in that recruitment
to chromatin is not sufficient for function, and that at specific
sites other corepressive proteins are required. Significantly, loss
of e2f2 leads to activation of specific genes, normally corepressed
through the activity of L(3)mbt (Fig. 54) (10, 11, 13). Never-
theless, loss of e2f2 does not lead to loss of the histone binding
protein throughout the chromosomes where the two factors can
be colocalized (Fig. S7). E2f2 function as a repressor and its
stability within cells is in turn dependent upon incorporation into
the MMB/DREAM complex (10). In contrast, Mip120, which
directly interacts with L(3)mbt (Fig. 8), is essential for the re-
cruitment of L(3)mbt to chromosomes at many sites (Fig. 4).
Furthermore, Mip120 is critical for the integrity of the repressive
complex along with Mip130, where its role as a corepressor was
demonstrated at many loci (Fig. 54, Lower) (10, 13). Whereas we
cannot exclude a role for L(3)mbt independent of the MMB/
DREAM complex, it is clear that discrete polytene banding pat-
tern and strong chromatin binding of L(3)mbt is lost in salivary
glands upon loss of MIP120 and we would expect that this would
lead to derepression at many if not all sites (Fig. 4). Indeed, our
results show that at some target genes such as vasa, loss of
Mip120 or Mip130 results in little or no variation in expression,
whereas in /(3)mbt- or e2f2-defective flies, this gene is drastically
derepressed (Fig. 54). These differences may underlie the phe-
notypical variations where loss of /(3)mbt function is more critical
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than that of any particular MMB/DREAM factor. What dis-
tinguishes the cis-acting vasa regulatory sequences from those at
the piwi promoter is unclear, but partial MMB complexes are
known to remain chromosome associated (41), and the distribu-
tion of such sites at each location along with the presence of other
corepressive activities may be informative, as weak inter-
actions of partial complexes with other targeting factors may
be cooperative.

What Are the Necessary and Sufficient Components for L(3)mbt
Repression? L(3)mbt in D. melanogaster and other species con-
tains three very tightly conserved tandem Royal-like binding
pockets that are thought to bind histones, and it is reasonable to
speculate that this conservation in structure affords an in-
teraction capability that is critical for function. Moreover, most
of the recovered lethal L(3)mbt mutations delete or modify the
MBT repeats (32), underscoring the relevance of these struc-
tures. It is through its MBT repeats that L(3)mbt preferentially
binds mono- and dimethylated lysine residues in histones (20,
21). The data analyzed here show very little overlap with any
particular type of the mono- and dimethylated lysines found in
various histones (Fig. 1 and Fig. S1). However, it is noteworthy
that H4K20me has been shown to have a biologically relevant
connection to L(3)mbt activity (17, 24). If the MBT repeats, and
through them the ability to bind methylated histones, are critical
for L(3)mbt function, and methylated histones play a nonspecific
role in recruitment of this protein, it follows that recruitment and
function may have independent requirements. The most feasible
model is one where L(3)mbt recruitment specificity is deter-
mined by either Mip120-MMB, LINT, or CP190 or (more likely)
a combination thereof, and also requires a specific chromatin
environment (the proximity of histones in a particular state of
methylation) to properly repress transcription. Consistent with
this hypothesis, we have shown that L(3)mbt can be recruited to
chromatin yet fails to repress if the proper cofactors are lacking. It
is worth noting that this repression may require the presence of

IVT GST GST GST GST
Input PD Sup PD Sup PD Sup Input
GST:L(3)mbt [, —
Mip130 , — -
MiplZﬂ_n -— b — -— i
Cafl/P55 _’ .- - -
Mipd0 | sm— -
CycA | w— p—

-

Lane 1 22 I | 5. v 0 7, 8
NaCl 150mM ™ 150mM

Fig. 8. Recombinant L(3)mbt directly interacts with MMB components in an
in vitro assay. GST::L(3)mbt bound to GST::Sepharose beads was incubated in
pairwise combinations with in vitro translated (IVT) core MMB components
and then washed with either 150 mM (lanes 2 and 3) or 1 M NaCl buffer
(lanes 4 and 5). The resulting pull downs (lanes 2 and 4) were fractionated on
PAGE gels and then developed by Western blot with the antibodies in-
dicated to the Left of the figure. As control, all IVT MMB proteins were used
in pull downs with GST protein bound to GST Sepharose beads, washed with
150 mM Nacl (lane 6). As loading control, supernatant equivalent to 1/20 of
the total amount included in the pull downs was loaded in the gel (lanes 3, 5,
and 7). GST::L(3)mbt was used in mock pull downs and developed with each
tested antibody (lane 8). Finally 1/5 of the IVT input material was run as a
control (lane 1).
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a large set, rather than one specific type of methylated histone.
For example, methylated H4K20 appears to be dispensable
for L(3)mbt-mediated repression of some genes (12), and it is
possible that other mono- and dimethylated histones may
perform this function at specific loci.

Our data show that L(3)mbt requires and interacts with Mip120
for recruitment to chromosomes and given that Mip120 binds DNA
along with other factors in the MMB/DREAM complex, this com-
plex must play a direct and necessary role in the targeting specificity
function. However, our data do not imply that the MMB/DREAM
complex is sufficient for either targeting or functional repression.
We speculate that the MMB/DREAM and other site-specific DNA
binding proteins (insulator factors and others) may all work in
synergy with L(3)mbt and may be required for repression at many
loci. Loss of function for any of these factors may be sufficient for
activation of a repressed gene, but for repression, different DNA
binding proteins (or complexes) and cis-acting sites may be required.

The genetics now available do not clarify which gene(s) are es-
sential for the malignant brain tumor phenotype elicited by loss of
I(3)mbt, and undoubtedly both gain-of-function driver genes and
loss of function of tumor suppressors will play independent and key
roles. Present data suggest that there may be many drivers, including
proteins of the hippo/warts pathway, that will lead to tumor pro-
gression (23). Activation of other genes normally repressed in the
brain by L(3)mbt also play a key positive role in the malignant
phenotype, and piwi and vasa are among such candidates (11), and
ectopic expression in neuroblasts of other germ-line genes normally
repressed by the coordinate activity of L(3)mbt enhance tumor
progression in the Drosophila brain (11). The immediate question
that arises, relevant to our work here, is the following: If the MMB/
DREAM complex is critical for function of L(3)mbt in salivary
glands and neuroblasts why does loss of Mip120 not lead to a ma-
lignant and lethal phenotype? Although we cannot resolve this co-
nundrum with any data, the following might ultimately help settle this
point. Certain genes may require activation for tumor progression,
and for pathology other genes may need to be lost or down-regulated.
Loss of Mip120 (or other genes in the MMB/DREAM complex) may
lead to loss of a driver required for cell cycle progression, while at the
same time leading to a loss of L(3)mbt function. One of many pos-
sible scenarios would be that, one driver may be hyperactivated or
derepressed in the tumors by loss of L(3)mbt but other genes may
require the members of the MMB/DREAM complex for necessary
threshold levels of activated transcription. The consequence would
be that for loss of Mip120, viable development would continue re-
gardless of the induction of many genes normally repressed by the
interaction of the MMB with L(3)mbt because such threshold acti-
vation might require for example Myb, which is also dependent upon
Mip120 for protein stability. This argument has analogies to
the complex genetics of the MMB/DREAM genes. We point out
that loss of Myb leads to a lethal phenotype yet can be suppressed
by the deletion of other factors in the complex (44).

The LINT complex, which maintains a strong interaction with
L(3)mbt throughout biochemical purification, is not known to
contain proteins with site-specific DNA binding capacity. LINT also
is required for piwi repression in the larval brain and in cultured Dm
cells (12) and we have not detected LINT factors bound to the
MMB complex (13). Richter et al. performed a genome-wide search
for L(3)mbt chromosomal binding sites and among these identified
several consensus binding motifs corresponding to recognition
sequences for site-specific insulator binding proteins such as CTCF,
Su(Hw), BEAF-32, and CP190 (23). We suggest that perhaps such
binding proteins might recruit LINT and furthermore may be nec-
essary but also not sufficient for L(3)mbt-mediated repression. This
nascent model implies that at any given loci, complex structures may
be required for recruitment and or maintenance of L(3)mbt com-
plexes and the resulting transcriptional repression.

Multiple Types of MIP Complexes. In previous biochemical experi-

ments, purified MMB behaved as a single complex containing
both the E2f2 and Myb proteins. This led to the conclusion that

E4242 | www.pnas.org/cgi/doi/10.1073/pnas.1416321111

in Drosophila, there is one unique complex (13, 26). In other
experiments using ChIP-chip methods with chromatin from KC
cells, again E2f2 and Myb proteins were coordinately located,;
however, we noted a striking variance with a reciprocal nature
for either the E2f2 or Myb factor levels. As scored at most sites,
either E2f2 was high or Myb dominant, whereas at close to 30%
of the sites the two proteins had registered signals at about
equivalent levels (10). These experiments, however, were exe-
cuted with nonsynchronized populations of cells. The complexes
thus compiled represented an average of different potential
states for the cells. Therefore, if a particular site was occupied by
one type of complex during mitosis and a different type during
S phase, the ChIP-chip MMB component ratios would reflect the
proportion of cells at each stage of the cell cycle, obscuring the
cycle-related differences. Moreover, ChIP-based experiments suf-
fer from high false positive rates in cases where proteins present
low occupancy, requiring different approaches to study many
chromosomal sites (39). The work reported here indicates a much
more dynamic pattern for how Myb and E2f2 might be associating
with the MIP proteins of the core complexes at many sites. By
studying fluorescent protein cytolocalization, we could observe
site-specific differences in complex composition, where antibody
masking could not be an issue and a snap shot in a stationary cell
was captured. This leaves open the possibility that, for at least
some of the MIP proteins, association with E2f2 (and likely DP
and RBFs) and Myb may be separated in time or space. This
of course does have parallels to the human homolog (DREAM/
LINC) where complex composition varies in a cell cycle-dependent
manner (28, 30). In this context, it is important to emphasize that
in flies, Myb and RBFs, in association with MIPs, regulate both
cell cycle and many specific developmentally repressed genes
throughout the cell cycle. Further, as previously shown, hyper-
phosphorylation of RBFs by the CDK does not result in release of
RBF from the biochemical association from the MIPs where both
Myb and E2f2 were present (13). Perhaps this form of the MMB/
DREAM may be responsible for the down-regulation of de-
velopmentally repressed genes. In contrast to these loci, other
genes whose expression must be modulated throughout a dou-
bling cycle, may be regulated by a more dynamic form of the
complex. In vertebrates, a diversification of the E2F gene family
may allow each individual family member to partake in a specific
regulatory pathway.

To gain further understanding on cis-acting and developmental
regulatory elements involved, we feel that a gene-specific ap-
proach may be most productive. We have shown that the piwi
regulatory region has several zones for MMB binding (Fig. 7). It
is possible that differential site occupancy even at one promoter/
enhancer region, may underlie a context dependent effect of
L(3)mbt loss, and that many of the identified L(3)mbt binding
sites may also recruit CTCF or other site-specific factors required for
LINT binding, and that these different recruiting factors could work
in coordination with the MMB. Site-specific MMB/DREAM com-
position, compounded with the multiple MMB binding sites ob-
served at the piwi locus affords a model where individual
chromatin elements within a regulatory region may each recruit
a different entity. For example, in terminally differentiated cells,
where the complex exerts mostly repressive functions, many en-
hancer/promoter cis-elements may recruit both the Myb and E2f2 or
mostly the latter forms of the complex, whereas in germ cells where
activation is dominant, mainly or solely Myb forms may be recruited
to the relevant sites.

Materials and Methods

The polytene barcoding digoxigenin-labeled probes were prepared by a
Roche kit. In vitro translations were done using a Promega kit. Detailed
protocols for genomic data analysis, Drosophila genetic crosses, micro-
dissections, cytological preparations, fluorescent microscopy, qPCR, Western
blotting, in situ hybridization, immunohistochemistry, ChIP, and protein
pull-down experiments can be found in SI Materials and Methods.
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