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The Myc oncoprotein is a potent inducer of cell growth, cell cycle progression, and apoptosis. While many
direct Myc target genes have been identified, the molecular determinants of Myc’s transcriptional specificity
remain elusive. We have carried out a genetic screen in Drosophila and identified the Trithorax group protein
Little imaginal discs (Lid) as a regulator of dMyc-induced cell growth. Lid binds to dMyc and is required for
dMyc-induced expression of the growth regulatory gene Nop60B. The mammalian Lid orthologs, Rbp-2
(JARID1A) and Plu-1 (JARID1B), also bind to c-Myc, indicating that Lid–Myc function is conserved. We
demonstrate that Lid is a JmjC-dependent trimethyl H3K4 demethylase in vivo and that this enzymatic
activity is negatively regulated by dMyc, which binds to Lid’s JmjC domain. Because Myc binding is
associated with high levels of trimethylated H3K4, we propose that the Lid–dMyc complex facilitates Myc
binding to, or maintenance of, this chromatin context.
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The myc proto-oncogene family and its encoded proteins
are thought to function as both sensors and mediators of
many growth and mitogenic signals (Grandori et al.
2000; Luscher 2001; Oster et al. 2002). Multiple signal
transduction pathways have been shown to influence
myc gene transcription (Liu and Levens 2006), and some
signaling pathways have been shown to regulate the lev-
els of Myc protein through proteosome-mediated degra-
dation (Kenney et al. 2003; Yeh et al. 2004). Thus the
abundance of Myc protein serves as a read-out and inte-
grator of a wide range of environmental signals. Myc
protein, in turn, coordinates the cellular responses to
these environmental signals by functioning as a tran-
scription factor that modulates the expression of hun-
dreds of genes (Patel et al. 2004; Adhikary and Eilers
2005). Indeed, numerous expression array studies have
shown that Myc induces a relatively weak transcrip-
tional response of a surprisingly large number of genes.
Many of these genes appear to be direct targets of Myc
protein as determined by genomic profiling assays in
Drosophila (Orian et al. 2003) and mammalian cells
(Fernandez et al. 2003; Li et al. 2003). Myc’s transcrip-
tional targets include many genes involved in cell

growth (ribosome biogenesis, translation, metabolism), a
lesser number of cell cycle genes, and genes encoding
clusters of microRNAs (Coller et al. 2000; Guo et al.
2000; Schuhmacher et al. 2001; O’Connell et al. 2003; He
et al. 2005; O’Donnell et al. 2005). Moreover, Myc has
been demonstrated to influence transcription by all three
nuclear RNA polymerases (Oskarsson and Trumpp
2005). In both mammalian and Drosophila cells, increas-
ing Myc levels stimulates rDNA transcription by RNA
polymerase I as an integral feature of the augmented cell
growth response to Myc (Arabi et al. 2005; Grandori et al.
2005; Grewal et al. 2005).

Given the diversity of its transcriptional targets, it is
not surprising that Myc has been implicated in several
distinct modes of interaction with chromatin and with
the transcriptional apparatus. Myc belongs to a larger
class of basic region helix–loop–helix–zipper (bHLHZ)
proteins and has been demonstrated to form a highly
specific heterodimer with the small bHLHZ protein
Max. The Myc–Max dimer exhibits sequence-specific
DNA binding to the E-box sequence CACGTG and
lower-affinity binding to several other related sequences
(for recent reviews, see Oster et al. 2002; Adhikary and
Eilers 2005; Cole and Nikiforov 2006). In general, bind-
ing of Myc–Max to E-boxes within the vicinity of a pro-
moter leads to transcriptional activation. Such activity
requires the Myc bHLHZ domain (for Max interaction)
and several highly conserved regions proximal to the N
terminus of the Myc protein. One of these regions, Myc
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Box II (MBII), has been shown to associate with a large
coactivator known as TRAPP (McMahon et al. 1998),
which in turn binds the histone acetyltransferase GCN5
and other members of the SAGA (SPT/ADA/GCN5/
Acetyltransferase) complex. Distinct TRAPP complexes
containing the Tip60 acetyltransferase along with the
ATPases Tip48 and Tip49 also associate with Myc
(Wood et al. 2000; Frank et al. 2003). The association of
these proteins with Myc and the demonstration that
they are required for at least some Myc functions sug-
gests that histone acetylation represents an important
aspect of Myc’s effect on transcription (for reviews, see
Amati et al. 2001; Cole and Nikiforov 2006). This idea
has also received strong support from chromatin immu-
noprecipitation experiments demonstrating that Myc
binding and acetylation of promoter-proximal histones is
associated with transcriptional activation of many Myc
target genes (Bouchard et al. 2001; Frank et al. 2001;
Orian et al. 2005).

While TRRAP complexes are undoubtedly important
for Myc transcriptional activity, there is also evidence
that activation of some Myc target genes is independent
of TRRAP binding (Nikiforov et al. 2002). Activation of
the TERT and cad promoters by c-Myc has been reported
to be largely due to stimulation of transcriptional elon-
gation by P-TEFb (cyclin T1–cdk9 complex) leading to
hyperphosphorylation of the RNA polymerase II C-ter-
minal domain (Bouchard et al. 2001; Eberhardy and Farn-
ham 2001, 2002). There is also circumstantial evidence
that chromatin remodeling complexes may play a role in
Myc function. The Tip48 and Tip49 ATPases that have
been implicated in chromatin remodeling in yeast (Shen
et al. 2000) have been found to interact with Myc, both
as subunits of TRRAP complexes and independently of
TRRAP, in mammalian and Drosophila cells (Wood et
al. 2000; Bellosta et al. 2005). Furthermore, the SWI/SNF
subunit INI1/hSNF5 has been reported to associate with
the c-Myc bHLHZ region (Cheng et al. 1999). However,
changes in nucleosome positioning have yet to be dem-
onstrated to accompany Myc binding and activation.

Myc has also been shown to be involved in transcrip-
tional repression. Interestingly, many of the genes
thought to be down-regulated by Myc encode proteins
involved in cell cycle arrest. These include a subset of
cyclin-dependent kinase inhibitors (e.g., p21CIP1,
p15INK4B), differentiation inducers, and proteins linked
to growth arrest in response to stress (for review, see
Kleine-Kohlbrecher et al. 2006). While several possible
molecular mechanisms for Myc repression have been
suggested, the most compelling and well documented
involves direct interaction of Myc–Max heterodimers
with the BTB-POZ domain protein Miz-1. The interac-
tion serves to inhibit the transcriptional activity of
Miz-1 at its target gene promoters (such as p21CIP1 and
p15INK4b), resulting in repression. The Miz-1 association
with Myc has been shown to be important in modulating
the growth inhibitory responses to TGFb and to UV dam-
age as well as in keratinocyte differentiation (Seoane et
al. 2001; Staller et al. 2001; Herold et al. 2002; Gebhardt
et al. 2006).

While the studies summarized above indicate that
Myc participates in several distinct transcription-related
complexes, it remains uncertain whether these are the
only, or the most critical, complexes involved in Myc
function. In particular, the recent findings that Myc
binds on the order of 15% of genomic loci and has broad
effects on chromatin structure (Fernandez et al. 2003; Li
et al. 2003; Orian et al. 2003, 2005; Knoepfler et al. 2006)
raise the possibility that Myc may have an impact on
other chromatin-regulatory proteins to influence the
spreading of histone modifications over larger chromatin
domains. Over the last decade, we and others have ex-
ploited Drosophila melanogaster to study the activity
and functions of dMyc, the single Drosophila ortholog of
vertebrate Myc (for review, see Gallant 2006). dMyc, like
vertebrate Myc proteins, dimerizes with dMax and binds
E-box sequences to activate transcription. It also binds
widely throughout the fly genome and activates a broad
program of gene expression related to cell growth (John-
ston et al. 1999; Orian et al. 2005). Furthermore, dMyc
and c-Myc have been shown to be functionally inter-
changeable in assays of transformation, proliferation,
and apoptosis (Schreiber-Agus et al. 1997; Trumpp et al.
2001; Benassayag et al. 2005), suggesting that results
found in one system are likely to be generally applicable.
To identify genes required for dMyc function in vivo, we
carried out a dose-sensitive genetic screen using a rough
eye phenotype generated by overexpressing dMyc during
eye development. Among the genes identified in the
screen is Little imaginal discs (Lid), a Trithorax group
(TrxG) protein that we show is a histone demethylase
that genetically and physically interacts with Myc to
mediate its biological functions.

Results

Overexpression of dMyc during eye development
results in a rough eye phenotype

We used the UAS/GAL4 system (Brand and Perrimon
1993) using a glass minimal response element (GMR)
Gal4 driver to overexpress dMyc in differentiating neural
cells in the eye imaginal disc. This results in adult eyes
that are larger than wild type and display a “rough” ap-
pearance due to disorganized ommatidia that we have
designated as GMM (GMR-Gal4, UAS-dMyc) (Fig. 1).
High-magnification views of GMM eyes and computer-
assisted measurement of ommatidial areas reveal that
their disorganized appearance is due to 33% enlargement
of each ommatidium, resulting in disruption of the
highly organized ommatidial array (Fig. 1; Supplemen-
tary Fig. S1A). This suggests that the GMM phenotype is
likely to be due to increased cell growth.

Overexpression of dMyc in wing imaginal disc cells
results in accelerated entry of G1 cells into S phase, in-
creased cell mass (larger cells), and an increase in apop-
tosis (Johnston et al. 1999). In mammalian cells, Myc
family genes, in addition to their effects on cell growth,
have also been shown to influence cell cycle progression
and differentiation (Coppola and Cole 1986; Freytag
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1988; Wilson et al. 2004; Okubo et al. 2005). We there-
fore examined GMM eye discs for effects on differentia-
tion, proliferation, apoptosis, and cell growth. GMM eye
discs do not display defects in neuronal differentiation as
shown by the expression pattern of Elav, a neural antigen
normally expressed in the posterior portion of the eye
disc (Fig. 2A,B). Similarly, S phases and apoptosis, de-
tected by BrdU incorporation and expression of cleaved
Caspase-3, respectively, are unchanged in GMM eye
discs (Fig. 2D,E,G,H). Consistent with the observation
that proliferation and apoptosis are unchanged in GMM
eye discs, we find no effect on the GMM rough eye phe-
notype upon reducing the gene dose of cell cycle regula-
tors such as cyclin E, dE2F, or dacapo, or upon deleting
the cell death genes hid, grim, and reaper using
Df(3L)H99 (White et al. 1996; data not shown). However,
monitoring cortical actin using phalloidin staining and
analysis of cell size clearly shows that GMM photore-
ceptor cells are dramatically larger than wild type (Fig.
2J,K; Supplementary Fig. S1B). Thus, dMyc overexpres-
sion during eye disc neural differentiation gives rise to an
adult rough eye phenotype that is the result of excess cell
growth.

Little imaginal discs (lid) suppresses the GMM rough
eye phenotype

Rough eye phenotypes have been used extensively in
Drosophila to identify dose-sensitive genetic interactors
(Staehling-Hampton et al. 1999; Lane et al. 2000; for re-
view, see St Johnston 2002). To determine whether the
GMM phenotype provides a genetically sensitive assay,

we tested whether heterozygocity for genes known to
positively or negatively regulate dMyc function are ca-
pable of suppressing or enhancing the GMM phenotype.
Increasing dMyc levels by genetically reducing either Ar-
chipelago (Ago), an E3 ubiquitin ligase that mediates
dMyc degradation (Moberg et al. 2004) or Hpf, a tran-
scriptional repressor of the dmyc gene, enhances the
GMM rough eye phenotype (Quinn et al. 2004; data not
shown; Fig. 6D, below). Conversely, the GMM pheno-
type is suppressed by reducing the levels of the Dro-
sophila homolog of the c-Myc coactivator Pcaf (McMa-
hon et al. 2000; data not shown), confirming the sensi-
tivity of our assay. To identify novel genes that regulate
dMyc-regulated cell growth, we crossed the GMM strain

Figure 2. The GMM phenotype is primarily due to increased
cell growth. Control GMR-Gal4/+ (A,D,G,J), GMM (B,E,H,K),
and GMM, lid10424/+ (C,F,I,L) eye imaginal discs from wan-
dering third instar larvae. (A–C) Anti-Elav to detect differenti-
ating neurons posterior to the morphogenetic furrow (MF;
marked with white bar). (D–F) BrdU incorporation to visualize
cells in S phase. (G–I) Cell death visualized by expression of
cleaved Caspase-3. (J–L) Cortical actin visualized by phalloidin-
Rhodamine conjugate. Eye discs are orientated with anterior to
the left.

Figure 1. The GMM phenotype is suppressed by reducing the
gene dose of lid. Scanning electron micrographs of adult eyes.
(A,D,G) Control GMR-Gal4 flies. (B,E,H) GMM flies. (C,F,I)
GMM, lidK6801/+ flies. A–C are 70× magnification, D–F show
lateral views (170×), and G–I are 1000× magnification.

Lid is required for dMyc-induced cell growth
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to 390 deficiency strains with deletions on the X, 2nd,
and 3rd chromosomes that cover >80% of the Drosophila
genome. GMM progeny heterozygous for each deficiency
were scored for enhancement or suppression of GMM
rough eye phenotype.

This genetic screen identified 26 suppressor and 15
enhancer regions (to be described elsewhere). One region
identified as a strong suppressor of the GMM phenotype
was refined to the cytological band 26B1-5 by the region
of overlap between the deficiencies Df(2L)E110,
Df(2L)BSC5, and Df(2L)cl-h3 (Supplementary Fig. S2A).
This region contains ∼14 genes, four of which have char-
acterized mutations. When tested for suppression of
GMM, two independently generated P-element inser-
tions, lidk6801 and lid10424, both within the TrxG gene
little imaginal discs (lid), were found to suppress the
rough eye phenotype by reducing dMyc-induced cell
growth (Figs. 1C,F,I, 2; Supplementary Fig. S1A,B; data
not shown). The level of suppression observed with these
alleles is not as great as with the Df(2L)E110,
Df(2L)BSC5, or Df(2L)cl-h3 deletions, consistent with
the previously published observation that lidk6801 and
lid10424 are hypomorphic alleles (Table 1; data not
shown; Gildea et al. 2000). To ensure that the interaction
observed between GMM and lid is specific to the

growth-inducing function of dMyc and does not reflect a
general requirement for Lid in UAS/Gal4-mediated over-
expression, both lid alleles were crossed to flies overex-
pressing Cyclin D/Cdk4 using the GMR-Gal4 driver.
Overexpression of Cyclin D/Cdk4 in a wild-type back-
ground results in excess cell growth and gives rise to
large, bulgy eyes (Datar et al. 2000). Neither lidk6801 nor
lid10424 modified this phenotype, demonstrating that Lid
is not generally required for either increased cellular
growth or for Gal4-mediated transgene expression (data
not shown). In addition, the suppression of the GMM
phenotype by lidk6801 is specifically due to decreased Lid
expression, as reverting this allele to wild type by pre-
cisely excising the P-element results in no genetic inter-
action with GMM (data not shown). Lid is therefore re-
quired for dMyc-induced cell growth in the differentiat-
ing neurons of the eye imaginal disc.

Since reducing Lid levels suppresses the GMM pheno-
type, we next determined whether overexpression of Lid
would enhance GMM. To this end, we generated UAS-
Lid transgenic flies to permit Gal4-mediated overexpres-
sion of Lid during development. Coexpression of dMyc
and Lid using the GMR-Gal4 driver results in a dramatic
increase in cell growth and an enhancement of the GMM
eye phenotype, suggesting that Lid is limiting for dMyc

Table 1. A subset of TrxG genes genetically interact with GMM

TrxG gene Allele(s) tested Type of allele Known function GMM suppression

lid Df(2L)BSC5

l(2)k6801

l(2)10424

Deficiency
L.O.F.
L.O.F.

None ++++
+++
+++

ash2 ash21 Null Component of TAC1 methyltransferase complex ++++
ash1 ash1B1 L.O.F. SET domain protein. Methyltransferase −
osa Df(3R)DG2

Osa2

Deficiency
L.O.F.

Swi/Snf complex −
−

snr1 Df(3R)SR29

snr01319

Deficiency
L.O.F.

Swi/Snf complex +++
+

brm Brm2 Null Swi/Snf complex ATPase ++++
moira Mor1 L.O.F. Swi/Snf complex ++++
BAP60 Df(1)C246 Deficiency Swi/Snf complex ++++
trx TrxE2 Null SET domain protein. Methyltransferase −
kismet Df(2L)net-PMF

Kis1

Deficiency
L.O.F.

+
−

trr Df(1)sc-J4 Deficiency SET domain protein. Methyltransferase −
sktl sktl�20

sktl�5

Null
L.O.F.

Regulation of Histone H1 phosphorylation −

ETP genes
trl TrlS2325 L.O.F. −
Su(Z)2 Su(Z)21.b7 L.O.F. ++++
Asx AsxXF23 Null ++++
Psc Psc1.d20 Null −
E(Pc) E(Pc)1 L.O.F. −*

(L.O.F.) The allele is a loss-of-function allele but is not a null; (ash1) absent small or homeotic discs 1; (ash2) absent, small or homeotic
discs 2; (brm) brahma; (trx) trithorax; (trr) trithorax related; (trl) trithorax-like; (sktl) skittles; [Su(Z)2] suppressor of Zeste 2; (Asx)
Additional sex combs; (Psc) Posterior sex combs; [E(Pc)] Enhancer of Polycomb. ETP (Enhancer of Trithorax and Polycomb) genes
behave genetically as both TrxG and PcG genes. ETP proteins have not been biochemically purified as part of any TrxG or PcG
complex to date.
(*) Indicates that E(Pc) enhanced the GMM phenotype.
The number of + symbols indicates the level of suppression of the GMM phenotype observed; (++++) very strong suppression, (+) mild
suppression, and (−) no effect.
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function (Fig. 3A,B,D, E). Overexpression of Lid alone
has no discernable adult eye phenotype, indicating that
Lid alone is not sufficient to increase cell growth (Fig.
3C,F). Importantly, Lid does not generally up-regulate
Gal4-mediated transcription as UAS-mediated coexpres-
sion of Lid, Cyclin D, and Cdk4 showed an eye pheno-
type identical to that resulting from overexpression of
Cyclin D/Cdk4 (GDK) alone (data not shown).

We also asked whether suppression of the GMM phe-
notype, by reducing the gene dose of lid, might be related
to an effect of Lid on dmyc mRNA or dMyc protein sta-
bility. We therefore examined dMyc levels in immuno-
blots of wild-type, GMM, and GMM eye discs heterozy-
gous for lid. As shown in Figure 4A, dMyc is signifi-
cantly overexpressed in GMM eye discs compared with
wild type, and this level of expression is unchanged in a
lid heterozygous background. Lid is therefore not a regu-
lator of dMyc levels, but is required for dMyc function.

lid and dmyc mutants genetically interact

To confirm that Lid is required for endogenous dMyc
function, we tested whether reducing the gene dose of lid
enhanced the phenotype of a dmyc hypomorphic mu-
tant, dmP0. Male flies hemizygous for dmp0 or other hy-
pomorphic dmyc alleles are viable and fertile but are
smaller than wild type and have thin bristles (Gallant et
al. 1996; Schreiber-Agus et al. 1997; Johnston et al. 1999).
To test for a genetic interaction between lid and dmP0,
we used the strong hypomorphic allelic combination of
lidk6801 and lid10424 to reduce the gene dose of lid. In
control crosses, lidk6801/lid10424 flies eclosed at approxi-
mately half the frequency of that expected by Mendelian
genetics, and dmP0 hemizygous male flies eclosed at a
frequency of 0.8. Of 410 male flies scored, only one
dmP0; lidk6801/lid10424 fly was observed, significantly

fewer than the 25 expected based on control crosses
(P < 0.01) (Table 2). In addition to displaying the small
body size and thin bristle phenotypes characteristic of
dmP0 males, the dmP0; lidk6801/lid10424 male fly had
held-out wings and was sterile. Therefore simulta-
neously reducing the gene dose of dmyc using dmp0 and
lid using lidk6801 and lid10424 reduces fitness. This ob-
servation is consistent with Lid being required for en-
dogenous dMyc function in vivo.

Lid and dMyc form a complex in vivo and in vitro

Because TrxG proteins regulate transcription during de-
velopment (Simon and Tamkun 2002; Brock and Fisher
2005), we considered the possibility that Lid is directly
required for dMyc-dependent activation of cell growth
genes. If so, then Lid and dMyc would be predicted to
form a stable complex in vivo. To test this, we raised
rabbit antisera against a bacterially expressed and puri-
fied GST-Lid fragment corresponding to amino acids
1427–1665. This anti-Lid antiserum recognizes a single
band of ∼200 kDa from Drosophila S2 cell extracts that is
consistent with the predicted molecular weight of Lid
and is significantly reduced upon treatment with lid-
specific RNA interference (RNAi) or in a lid mutant
background (Supplementary Fig. S3). Like other Trx-G
proteins, Lid is a nuclear protein that is expressed ubiq-
uitously throughout embryonic and larval development
(Fig. 5; data not shown). dMyc is detected in anti-Lid
immunoprecipitates from third instar larval or S2 tissue
culture cell extracts (Fig. 4B; data not shown). Con-
versely, Lid is also clearly detected in anti-dMyc immu-
noprecipitates (Fig. 4B). Endogenous Lid and dMyc are
therefore stably associated in vivo, a result consistent
with our genetic interaction study (see above) implicat-
ing Lid in dMyc’s normal physiological function.

To map the amino acids required for the dMyc/Lid
association, truncated forms of dMyc proteins were
tested for their ability to interact with Lid in vitro. GST
fusion constructs encoding the N terminus of dMyc
(GST-dMycN) containing either the conserved MBI and
MBII regions or the C-terminal bHLHZ region required
for dimerization and DNA binding (GST-dMycC) were
individually tested for their ability to bind in vitro trans-
lated, 35S-methionine-labeled, full-length Lid peptide.
Lid bound strongly to the C-terminal fragment of dMyc
but was not retained by either the GST alone control or
GST-dMycN (Fig. 4C). Significantly, the interaction ob-
served between Lid and Myc is evolutionarily conserved,
as the human orthologs of Lid, Rbp-2 (JARID1A), and
PLU-1 (JARID1B) each bind the bHLHZ region of both
c-Myc and N-Myc in parallel GST pull-down assays (Fig.
4D; data not shown). Moreover, we have observed an
association between Rbp-2 and c-Myc in mammalian
cells (C.-H. Lin, M. Conacci-Sorrell, unpubl.).

A subset of TrxG genes genetically and physically
interacts with dMyc

TrxG genes are defined by their ability to genetically
enhance other TrxG mutant phenotypes when heterozy-

Figure 3. Increasing Lid levels enhances the GMM phenotype.
Scanning electron micrographs of GMM (A,D), GMM, UAS-Lid
(B,E), and GMR-Gal4, UAS-Lid (C,F) adult eyes. A–C show lat-
eral views (170× magnification) and D–F show1000× magnifica-
tion.

Lid is required for dMyc-induced cell growth

GENES & DEVELOPMENT 541

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


gous (Simon and Tamkun 2002; Brock and Fisher 2005).
In addition to their genetic interactions, TrxG proteins
also physically associate to form multiple distinct com-
plexes that alter nucleosome spacing or covalently
modify histone tails resulting in context-dependent ac-
tivation or repression of transcription. To investigate the
possibility that other TrxG proteins are similarly in-
volved in dMyc-induced cell growth, TrxG mutants were
crossed to GMM flies and the adult eye phenotypes
scored (Table 1). GMM flies heterozygous for Su(Z)2, Ad-
ditional sex combs (Asx), absent small or homeotic
discs 2 (ash2), and the snr1, Moira, Brahma, and BAP60
components of the Drosophila Brahma complex (SWI/
SNF complex) were dramatically suppressed compared
with GMM alone, suggesting that these factors are lim-
iting for dMyc-induced cell growth. Indeed, the level of
suppression seen upon reducing the gene dose of Brahma
complex components is equivalent to, or better than,
that observed when the level of the Drosophila homolog
of the established c-Myc coactivator Pcaf is reduced (data
not shown).

Lid has not been identified biochemically as a compo-
nent of any TrxG complex to date. Since subunits of the
Brm complex in addition to Lid and Ash2 suppressed the
GMM phenotype, these proteins may comprise a novel
dMyc transcriptional activation complex. To test this,

we immunoprecipitated dMyc or Lid from Drosophila S2
cells and looked for the presence of Brm, Ash2, or Osa.
As shown in Figure 4B, Lid, Brm, and Ash2 are copre-
cipitated with dMyc, while only dMyc and Ash2 are de-
tected in Lid immunoprecipitates. It is interesting to
note that a slowly migrating population of Ash2 is the
predominant form detected in both anti-dMyc and anti-
Lid immunoprecipitates. This high-molecular-weight
band is also recognized by an antibody raised to human
Ash2 (Ash2L) (data not shown), confirming its identity
and suggesting that a covalently modified form of Ash2
is recruited to a dMyc–Lid complex. Consistent with the
absence of a genetic interaction between GMM and Osa,
we did not detect a physical association of Osa with a
dMyc complex. Together, the coimmunoprecipitation
results suggest that dMyc forms distinct complexes with
TrxG proteins, one with Brm and another that includes
Lid and Ash2.

Lid is required for dMyc-dependent activation
of Nop60B

To identify genes regulated by the dMyc–Lid complex,
we tested the expression of a subset of E-box-containing
(Nop5, Nop56, Nop60B, RpI1, RpI135, fibrillarin) and
non-E-box-containing (RpIII128 and RpS6) dMyc target

Figure 4. Lid physically interacts with dMyc. (A)
Western blot of wild-type (lane 1), GMM (lane 2), and
GMM heterozygous for lid10424 (lane 3) using 24 eye
discs per lane. Top panel was probed with anti-dMyc;
bottom panel shows anti-Histone H3 loading control.
(B) Anti-Lid (left panel) and anti-dMyc (right panel) im-
munoprecipitations and Western blots for dMyc, Lid,
Brm, Osa, and Ash2. A high-molecular-weight Ash2 is
detected in both anti-Lid and anti-dMyc immunopre-
cipitates (arrow). (*) A nonspecific band. (C) Lid inter-
acts with the C-terminal region of dMyc in vitro. In
vitro assay testing binding of 35S-methionine Lid to
GST (lane 2), GST-dMycN (lane 3), GST-dMycC (lane
4), or GST-dMax (lane 5). (D) In vitro binding assay us-
ing 35S-methionine-labeled Rbp-2 and GST (lane 2), c-
mycN (lane 3), and c-mycbHLHZ (lane 4). (E) Real-time
PCR analysis of dmyc, lid, and Nop60B expression lev-
els relative to expression in GMR/+ controls in eye
discs from GMM or GMM discs heterozygous for
lid10424. Asterisk indicates that Nop60B levels in GMM
and GMM heterozygous for lid are significantly differ-
ent (Student’s t-test; P = 0.003).
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genes in GMM eye discs and GMM eye discs heterozy-
gous for lid10424 by real-time PCR. All eight of these
genes are up-regulated in response to dMyc overexpres-
sion in the wing imaginal disc and whole larvae (Orian et
al. 2003; Hulf et al. 2005; data not shown). In contrast,
only nucleolar protein at 60B (Nop60B, minifly), an E-
box-containing gene essential for ribosomal RNA pro-
cessing and cell growth (Giordano et al. 1999), is induced
in GMM eye discs (Fig. 4E; data not shown), suggesting
that not all tissues elicit the same transcriptional pro-
gram in response to dMyc. Both GMM eye discs and
GMM eye discs heterozygous for lid show ninefold
higher dmyc mRNA levels than GMR-Gal4 control discs
(Fig. 4E). Despite their comparable levels of dmyc expres-
sion, Nop60B is up-regulated ∼1.8-fold in GMM eye discs
compared with GMM heterozygous for hypomorphic lid.
Lid is therefore limiting for dMyc-dependent activation
of Nop60B. As expected, GMM eye discs heterozygous
for lid10424 have reduced lid transcript levels as a conse-
quence of their reduced lid gene copy number (Fig. 4E).
The finding that Lid is required for the expression of a
growth regulatory gene is consistent with our initial
identification of lid as a suppressor of the GMM pheno-
type.

Lid encodes a trimethyl histone HK4 demethylase

Lid is a 1838-amino-acid protein possessing numerous
conserved motifs including an ARID (A/T-rich interac-
tion domain) (Kortschak et al. 2000), implicated in bind-
ing A/T-rich DNA; a single C5HC2 zinc finger; three
PHD fingers (plant homeobox domain) (Aasland et al.
1995), implicated in forming protein–protein interac-
tions; and Jumonji N and C (JmjN and JmjC) domains.
JmjC-containing proteins have recently been shown to
act as histone demethylase enzymes in a Fe2+ and �-ke-
toglutarate-dependent manner (Klose et al. 2006a). To
test whether Lid can demethylate histones in vivo, we
overexpressed Lid in fat body and in wing disc cells and
examined the levels of mono-, di-, and trimethylated his-
tone H3K4 and H3K27. We also monitored di- and tri-
methylated histone H4K20 and trimethylated histone
H3K9 and H3K36. Overexpression of Lid specifically de-

creased the levels of the trimethylated form of H3K4 but
had no effect on the other methylated histones examined
in either GFP-marked fat body or wing disc cells (Fig.
5A–D,G; data not shown). Significantly, expression of
Lid in the wing disc reduced trimethyl H3K4 in a dose-
dependent manner, with two copies of the UAS-Lid
transgene reducing trimethyl H3K4 more efficiently
than one copy (Fig. 5G). Moreover, levels of trimethyl-
ated H3K4 are increased in wing discs from lid10424 ho-
mozygous mutant animals, consistent with the model
that Lid regulates the levels of this histone modification
during normal development (Fig. 5H). To determine
whether the JmjC domain of Lid is required for the ob-
served H3K4 demethylation, we generated transgenic
flies carrying a Gal4-inducible form of full-length Lid
containing Ala substitutions at His637 and Glu639 (Lid-
JmjC*) that abolishes the protein’s ability to bind the
Fe2+ cofactor required for demethylase activity. Similar
mutations have previously been shown to disrupt the
demethylase function of the JmjC domains of JHDM2A,
JHDM3A, JHDM1, and JMJD2A (Klose et al. 2006b;
Tsukada et al. 2006; Yamane et al. 2006; Whetstine et al.
2006). Unlike wild-type Lid, expression of full-length
Lid-JmjC* did not decrease levels of trimethylated H3K4
in fat body or in wing disc cells (Fig. 5E–G), demonstrat-
ing that an active JmjC domain is required for Lid-medi-
ated H3K4 demethylation. Interestingly, expression of
Lid-JmjC* resulted in increased levels of trimethyl H3K4
in the fat body, perhaps due to a dominant interfering
effect on wild-type Lid function in these cells. Taken
together, these results demonstrate that Lid is a tri-
methyl H3K4 demethylase that modifies nucleosomal
histone H3 in vivo. The global regulation of H3K4 tri-
methylation status by Lid is not, however, likely to be
mediated by recruitment by dMyc, since we do not ob-
serve any effect of reduced or increased dMyc expression
on trimethyl H3K4 levels in either fat body or wing disc
cells (Fig. 5G; data not shown).

To determine whether Lid’s demethylase activity is
required for dMyc function, we crossed 10 independent
UAS-Lid-JmjC* lines to GMM and examined their eye
phenotypes. To allow a direct comparison between the
phenotypes generated by expression of Lid-jmjC* and

Table 2. lid and dm genetically interact

Number of male progenya

+; lid*/CyO +; lidk6801/lid10424 dmP0; lid*/CyO dmP0; lidk6801/lid10424

Observed 212 35 162 1b

Expected 206 36 143 25
�2

1 n.s. n.s. n.s. P < 0.01

aNumber of male progeny of the genotypes shown from the cross of w1118, dmP0/w+, dm+; lid10424/CyO females to w67c23; lid6801/CyO
males. Animals homozygous for the CyO balancer chromosome do not survive and are not included in the table.
bThe one dmP0; lidk6801/lid10424 male obtained was phenotypically similar to dmP0 males (small, thin bristles), but unlike either dmP0

or lidk6801/lid10424 males, had held-out wings and was sterile.
(*) Indicates that the lid allele can be either lid10424 or lidk6801.
Expected frequencies were generated from two control crosses: (1) w1118, dmP0/w+ females to +/CyO males and (2) lid10424/CyO females
to w1118; lid6801/CyO males.
(n.s.) No significant difference between the observed and expected numbers.
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wild-type Lid, we used a strain carrying two copies of
UAS-Lid as this shows similar levels of overexpression
to one copy of UAS-Lid-JmjC* (Fig. 5G; data not shown).
Expression of two copies of wild-type Lid or one copy of
Lid-JmjC* enhanced the GMM phenotype to a similar
extent, indicating that the demethylase activity of Lid is
not required for dMyc function during eye development
(Fig. 6). This enhancement of GMM occurs by increasing

cell death rather than by increasing cell size, resulting in
a rougher, but not larger, eye phenotype (data not
shown). A similar enhancement of the GMM phenotype
due to increased apoptosis is observed when dMyc levels
are further increased either by adding another UAS-
dMyc transgene or by reducing the gene dose of the E3
ligase ago (Fig. 6E; data not shown). This rougher eye
phenotype produced by both wild-type Lid and Lid-

Figure 5. Lid is a trimethyl H3K4 de-
methylase. (A–F) Flp/Gal4 was used to
clonally express Lid (A–D) or Lid-JmjC*
(E,F) in fat body cells to examine di- and
trimethylated H3K4 levels (red). (A,C,E)
Clones expressing Lid or Lid-JmjC* (full-
length Lid protein containing two point
mutations in the demethylase domain) are
marked by coexpression of GFP, and these
clones are outlined in the other panels. (G)
Western blots from third instar larval wing
discs from control (−) or apterous-Gal4 (+)
and UAS-dMyc (lanes 1,2), one copy of
UAS-Lid (lanes 3,4), two copies of UAS-Lid
(lanes 5,6), or UAS-Lid-JmjC* (lanes 7,8).
Westerns were probed with anti-Lid, anti-
dMyc, anti-dimethyl H3K4, anti-trimethyl
H3K4, or a total histone H3 control. Two
wing discs were used per lane for all West-
erns except 3MeK4, in which four were
used. (H) Western analysis of wild-type
(left) and lid10424 homozygous mutant
(right) wing discs using anti-Lid, anti-
monomethyl H3K4, anti-dimethyl H3K4,
anti-trimethyl H3K4, or total histone H3.
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JmjC* (full-length Lid that lacks demethylase activity) in
combination with GMM therefore reflects increased
dMyc activity.

dMyc inhibits the demethylase activity of Lid

To further investigate the functional interaction be-
tween dMyc and Lid, we determined which regions of
Lid are required for dMyc binding in vitro. Eight deletion
fragments, each containing a conserved domain of Lid,
were initially tested for binding to a GST-dMyc fusion
protein (summarized in Fig. 7A). Of these eight frag-
ments, two overlapping regions containing the JmjC do-
main (amino acids 499–829) and the C5HC2 zinc finger
(amino acids 797–1092) bound strongly to dMyc. Because
these two dMyc-interacting regions overlap by 32 amino
acids and could therefore comprise one binding site, we
divided the JmjC fragment into JmjC-740 (amino acids
499–740) and a small region that includes the 32-amino-
acid overlap (amino acids 741–829) to distinguish their
individual binding properties. While the JmjC-740 frag-
ment was sufficient for strong dMyc binding, the region
of overlap between the JmjC and C5HC2 zinc finger frag-
ments was not. We therefore conclude that two regions
of Lid can bind independently to dMyc—the JmjC de-
methylase domain (amino acids 499–740) and the JmjC-
adjacent fragment that includes the C5HC2 zinc finger
(amino acids 797–1092).

The binding of dMyc to the catalytic JmjC domain of
Lid raises the possibility that dMyc may directly inhibit
Lid’s demethylase activity or may occlude binding of Lid
to its methylated substrate. To test this, we coexpressed
dMyc and Lid in vivo and examined trimethylated H3K4
levels. In striking contrast to overexpression of Lid
alone, which leads to a dramatic decrease in trimethyl
H3K4 levels, no reduction in trimethyl H3K4 is observed
when Lid and dMyc are coexpressed in either fat body or
wing disc cells (cf. Figs. 7B–F and 5C,D,G). Fat body cells
coexpressing dMyc and Lid are, however, significantly
larger than their surrounding cells as expected from the
induction of a large number of cell growth genes by dMyc
(Johnston et al. 1999; Pierce et al. 2004). dMyc therefore
functions to inhibit the demethylase activity of Lid.

Discussion

We have identified the TrxG gene lid as a suppressor of
the GMM phenotype in a genome-wide genetic screen to

identify regulators of dMyc-induced cell growth. In ad-
dition to the deletions uncovering lid, we identified 40
other genomic regions that enhanced or suppressed the
GMM phenotype when heterozygous. Two of these re-
gions delete genes encoding known regulators of dMyc
stability, such as ago, or are involved in Myc transacti-
vation, such as Pcaf. Specific mutations in both of these
genes had previously been shown to enhance or suppress
the GMM rough eye phenotype, respectively. Interest-
ingly, none of the known direct transcriptional targets of
dMyc were identified as genetic modifiers of the GMM
phenotype (J. Secombe, unpubl.), suggesting that the
GMM phenotype arises from modulation of multiple
genes and provides a powerful tool to identify proteins
directly required for dMyc function in vivo.

dMyc interacts with Lid and other TrxG proteins

TrxG proteins are renowned for their essential role in
maintaining homeotic (hox) gene expression during de-
velopment, with mutations in many TrxG genes result-
ing in lethality due to homeotic transformations
(Ringrose and Paro 2004). Six TrxG protein complexes
have been identified to date. While one function of these
complexes is to antagonize Polycomb group (PcG) repres-
sion to maintain active hox gene expression, TrxG pro-
teins are also recruited to other developmentally impor-
tant genes to either activate or repress their transcription
in a context-dependent manner (Papoulas et al. 1998; Si-
mon and Tamkun 2002; Angulo et al. 2004; Cheng and
Shearn 2004; Mohrmann et al. 2004; Grimaud et al.
2006). Based on the suppression of the GMM phenotype,
the physical interaction between Lid and dMyc, and the
requirement of Lid for dMyc-dependent activation of
Nop60B, we predict that Lid acts as a dMyc coactivator
involved in cell growth. The interaction between endog-
enous Lid and dMyc proteins is also likely to be essential
for normal larval development since reducing the gene
dose of lid is lethal in combination with the dmyc hy-
pomorphic allele dmP0. In addition, genetically reducing
lid enhances a small bristle phenotype induced by ex-
pression of a dMyc RNAi transgene (J. Secombe and L. Li,
unpubl.). The original small discs phenotype described
for lid mutants also suggests a role for Lid in the regu-
lation of cell growth or proliferation during larval devel-
opment (Gildea et al. 2000). Unfortunately, we find that
this phenotype occurs at a frequency far too low (<1% of
lid mutant larvae) to allow characterization.

Figure 6. Expression of Lid-JmjC* (full-
length Lid protein containing two point
mutations in the demethylase domain) en-
hances the GMM phenotype. (A–E) Scan-
ning electron micrographs of GMM (A),
GMM carrying two copies of UAS-Lid (B),
GMM, UAS-Lid-JmjC* (C), and GMM;
ago4/+ (D). All scanning electron micro-
graphs are 170× magnification.
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We expect that the function of the Lid–Myc complex is
evolutionarily conserved, as the human orthologs of Lid,
Rbp-2 (JARID1A) and Plu-1 (JARID1B), bind strongly to
c-Myc and dMyc in vitro (Fig. 4D; J. Secombe, unpubl.),
and both have been implicated in transcriptional regula-
tion. Originally described as a binding partner for the
tumor suppressor protein Retinoblastoma (RB) (Defeo-
Jones et al. 1991; Fattaey et al. 1993), Rpb-2 has recently
been shown to behave as a coactivator for RB at some
promoters while antagonizing RB function at others (Be-
nevolenskaya et al. 2005). Rbp-2 has also been identified
as a transcriptional coactivator for nuclear hormone re-
ceptors (NRs) (Chan and Hong 2001) and for the LIM
domain transcription factor Rhombotin-2 (Mao et al.
1997). In addition, Plu-1 acts as a transcriptional core-
pressor for BF1 and PAX9 (Lu et al. 1999; Tan et al. 2003).
While the transcriptional repression activities of Rbp-2
and Plu-1 are likely to be linked to a conserved trimethyl
H3K4 demethylase activity (see below), the molecular
mechanism by which they activate transcription re-
mains unclear. We are presently addressing the mecha-
nism by which Lid functions by carrying out genetic
screens using phenotypes generated by gain or loss of lid
function.

Our coimmunoprecipitation analyses revealed that
dMyc is likely to form multiple distinct complexes com-
prising TrxG proteins: One includes the Brm (SWI/SNF)
nucleosome remodeling complex, and another contains
Lid and Ash2. Consistent with the physical interaction
observed between dMyc and Brm, components of the
Brm complex suppress the GMM phenotype when ge-
netically reduced, indicating that they are required for
dMyc-induced cell growth. An interaction between Myc
and the Brm complex has previously been observed in
mammalian cells, where c-Myc interacts with the Brm
(Brg1) subunit Ini1, and expression of a dominant-nega-
tive Brg1 allele inhibits c-Myc-dependent activation of a
synthetic E-box reporter (Cheng et al. 1999). However,
the interaction between dMyc and the Brm complex de-
scribed here using Drosophila provides the first demon-
stration of a biological significance for this complex.

The second dMyc–TrxG complex we identified in-
cludes Lid and Ash2, with Ash2 being immunoprecipi-
tated with both anti-dMyc and anti-Lid antisera. In ad-
dition, decreased levels of Ash2 suppress, and increased
levels of Ash2 levels enhance, the GMM phenotype (J.
Secombe, unpubl.), suggesting that Lid and Ash2 are lim-
iting for dMyc-induced cell growth. In Schizosaccharo-

Figure 7. dMyc inhibits the demethylase
activity of Lid. (A) Summary of GST fusion
protein-mediated in vitro binding assays
to map the region of Lid bound by dMyc.
(+++) Strong binding (∼20% input); (−) no
detectable binding. (B–E) Flp/Gal4-medi-
ated clones coexpressing Lid and dMyc
marked by GFP expression (outlined in
C,E) and stained for Lid (C) or trimethyl
H3K4 (E). (H) Western analysis from UAS-
Lid, UAS-dMyc (−), or apterous-Gal4,
UAS-Lid, UAS-dMyc (+) wing discs. West-
erns were probed with anti-Lid, anti-
dMyc, anti-trimethyl H3K4, and total his-
tone H3. Four wing discs were used per
lane.
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myces pombe, the orthologs of Ash2 and Lid (Ash2p and
Lid2p) interact in vivo (Roguev et al. 2001, 2003). While
Ash2 has no known enzymatic activity, it is an integral
component of several conserved complexes, including
the SET1 histone methyltransferase complex (TAC1 in
Drosophila; MLL in mammals) that is essential for
methylation of histone H3K4 (Dou et al. 2006). Bio-
chemical purification of SET1, Lid2p, and Ash2p com-
plexes from S. Pombe has demonstrated that the Lid2p–
Ash2p complex is distinct from the SET1–Ash2 complex
(Roguev et al. 2003). We found that reducing the gene
dose of the SET1 ortholog trx did not affect the GMM
phenotype, consistent with the Drosophila Lid–Ash2–
dMyc complex also being independent of TAC1 methyl-
transferase complex (Table 1). The observation that Ash2
is a component of both H3K4 methylating (MLL) and
demethylating (Lid) complexes is intriguing and suggests
that it may be a crucial modulator of H3K4 methylation
status. We are presently testing whether Ash2 is required
for Lid-mediated H3K4 demethylation.

Lid is a H3K4 trimethyl-specific demethylase

Lid is the first enzyme characterized that specifically
demethylates trimethylated histone H3K4 in vivo. Based
on the similarity between Lid and its mammalian or-
thologs Rbp-2 and Plu-1, we expect this demethylase ac-
tivity to be conserved. We have demonstrated that the
enzymatic activity of Lid requires a functional JmjC do-
main; however, Lid’s specificity for a trimethylated ly-
sine target is likely to be determined by the presence of
a conserved N-terminal JmjN domain. Evidence to date
suggests that proteins that possess both a JmjN and a
JmjC domain prefer di- or trimethylated lysine sub-
strates, whereas JmjC proteins that lack a JmjN domain
demethylate mono- or dimethylated lysines (Cloos et al.
2006; Fodor et al. 2006; Klose et al. 2006b; Whetstine et
al. 2006). Indeed, analysis of the crystal structure of
JMJD2A, which targets trimethylated H3K9 and K36,
has revealed that the JmjN domain makes extensive con-
tacts within the catalytic core of the JmjC domain, pre-
sumably accounting for the differences in target speci-
ficity between JmjC and JmjN/JmjC proteins (Chen et al.
2006).

Trimethylated H3K4 is often found surrounding the
transcriptional start site of active genes (Bernstein et al.
2002, 2005; Santos-Rosa et al. 2002; Schneider et al.
2004) and is strongly correlated with binding by c-Myc
(Guccione et al. 2006). The trimethyl H3K4 demethylase
activity of Lid would predict that Lid/Rbp-2 proteins
may act as transcriptional repressors in a similar manner
to LSD1, which demethylates mono- and dimethylated
H3K4 (Shi et al. 2004). Consistent with this hypothesis,
we observe that a large number of genes are derepressed
in microarrays of homozygous lid mutant wing discs (L.
Li and J. Secombe, unpubl.). However, we find that ex-
pression of dMyc abrogates Lid’s enzymatic activity, in-
dicating that Lid is not acting as a demethylase when
bound to dMyc. This is consistent with our observation
that expression of the Lid-JmjC* demethylase mutant

enhances the GMM eye phenotype. Indeed, Lid behaves
as a dMyc coactivator based on the requirement for Lid
in dMyc-induced expression of the growth regulator
Nop60B (see below). Both activation and repression func-
tions have been previously suggested for Rbp2 (Benevo-
lenskaya et al. 2005). Interestingly, LSD1’s demethylase
activity is also negatively regulated by an associated pro-
tein, BHC80, in a similar manner to the inhibition of
Lid’s enzymatic activity by dMyc (Shi et al. 2004, 2005).
Dynamic regulation of histone demethylase activity is
therefore likely to be a common feature of regulated gene
expression in vivo.

Recently, analysis of c-Myc target gene promoters re-
vealed a strong dependence on trimethylated H3K4 for
E-box-dependent c-Myc binding (Guccione et al. 2006).
Based on this observation, it is tempting to speculate
that although Lid is likely to be enzymatically inactive
when complexed with dMyc, Lid may retain its ability to
recognize trimethylated H3K4 (perhaps through its JmjN
domain) and thereby facilitate appropriate E-box selec-
tion. The inhibition of Lid demethylase activity by dMyc
may also result in maintenance of local H3K4 trimeth-
ylation to permit binding of additional dMyc molecules
or other transcription factors. The maintenance of tri-
methylated H3K4 by dMyc may allow binding of the
NURF chromatin remodeling complex that specifically
recognizes trimethylated H3K4 (Wysocka et al. 2006).
NURF binding, through its large BPTF subunit, has been
correlated with spatial control of Hox gene expression
and is thought to link H3K4 methylation to ATP-depen-
dent chromatin remodeling (Wysocka et al. 2006). Fi-
nally, considering the fact that Lid contains multiple do-
mains potentially involved in DNA binding and protein
interaction, it is likely that interaction of Lid/Rbp-2 with
Myc in Drosophila and mammalian cells will promote
association of other proteins with the Myc–Lid complex,
allowing further diversification of Myc function.

Materials and methods

Fly strains

All Drosophila strains used in this study were generated in the
Eisenman laboratory or obtained from the Bloomington Dro-

sophila Stock Center (http://flystocks.bio.indiana.edu) except
the “Drosdel” deficiency collection (B. Edgar, Fred Hutchinson
Cancer Research Center, Seattle, WA), the Cyclin E allele dm-

cycEAR95 (H. Richardson, Peter MacCallum Cancer Centre,
Australia), and dap2X10 and ago4 (I. Hariharan, University of
California at Berkeley, Berkeley, CA). A precise excision of the
lid allele lidk6801 was generated by crossing lidk6801/CyO fe-
males to +/CyO; delta2-3, Sb/+ males. Male progeny of the ge-
notype lidk6801/CyO; �2-3, Sb/+ were then crossed to Sco/CyO
females. From this cross, individual males that no longer had
the mini-pw+ eye marker associated with the lidk6801 P element
and lacked the �2-3, Sb chromosome were selected to generate
stocks. Numerous homozygous viable lines were generated in
this way, and sequence analysis of the DNA surrounding the
P-element insertion site in the homozygous viable line 17.1
verified that this line is derived from a precise excision of
lidk6801.

The GMM strain was generated by recombining GMR-Gal4
(2nd chromosome) with UAS-dMyc (2nd chromosome insert)
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and crossing to a strain with two copies of UAS-dMyc on the 3rd
chromosome, resulting in a final genotype of w; GMR-Gal4,
UAS-dMyc132/CyO; UAS-dMyc42, UAS-dMyc13 (generated by P.
Gallant, University of Zurich, Zurich, Switzerland). The strain
overexpressing Cyclin D/Cdk4 under GMR-Gal4 (GDK flies)
was obtained from B. Edgar and is described in Datar et al.
(2000).

UAS-Lid transgenic flies were generated by cloning the lid

ORF into the NotI site of pUASp (Rorth 1998) and injecting it
into w1118 embryos by Volodymyr Shcherbatyy (The Univer-
sity of Washington, Seattle, WA). The Lid-jmjC* mutant alter-
ing His637 and Glu639 to Ala was generated by site-directed
mutagenesis and verified by sequencing. Transgenic flies were
generated by BestGene (http://www.thebestgene.com).

DNA clones

A full-length Lid clone in the vector pOT2 (BDGP) was obtained
from the Drosophila genome release 2.0 “unigene” set (Rubin et
al. 2000). Human JARID1A (RBP-2) was obtained from S.W.
Chan (Institute of Molecular and Cell Biology, Singapore) (Chan
and Hong 2001). pGEX-dMyc encodes amino acids 46–517 of
dMyc and has been described previously (Gallant et al. 1996).
pGex-dMycC was generated by subcloning an XhoI–NotI frag-
ment of dMyc encoding amino acids 508–717 into pGEX4T-3.
The deletion constructs shown in Figure 7 are all in pCite vector
(Invitrogen) and encode the following amino acids: JmjN, 1–221;
ARID, 120–380; PHD1, 373–506; JmjC, 499–829; C5HC2, 797–
1092; PHD2, 1096–1437; and PHD3, 1429–1838. The JmjC-740
fragment encodes amino acids 499–740 and the fragment be-
tween JmjC and C5HC2 encodes amino acids 741–829.

Real-time PCR

Twenty to thirty eye imaginal discs were dissected and placed
immediately into Trizol (Invitrogen) to extract RNA followed
by RNA clean-up using Qiagen RNeasy. One microgram of total
RNA was reverse-transcribed for 1 h at 42°C using SuperScript
II Reverse Transcriptase (Invitrogen) and oligo(dT) primer to
generate cDNA. Quantitative real-time PCR (qRT-PCR) analy-
sis was performed using SYBR Green I (Molecula Probe). qRT-
PCR reactions were performed in duplicate in total volumes of
25 µL containing SYBR Green I PCR Master Mix, 0.5 µg of each
gene-specific primer, 2 µL of first-strand cDNA template, and
nuclease-free water. All qRT-PCR reactions were performed us-
ing the Bio-Rad MyIQ Real-Time PCR system with the follow-
ing conditions: 5 min at 95°C followed by 40 cycles of denatur-
ation for 30 sec at 95°C, annealing for 30 sec at 62°C, and ex-
tension for 1 min at 72°C. Data analysis was performed using
MyiQ system software (Bio-Rad). Fold change was calculated
using the 2−��CT method (Livak and Schmittgen 2001). At least
three biological replicates were used for each primer set. The
primers used were as follows: dmyc, GGCTAGGATAACCC
CCAATG and CGCAAGCAAATCGTTAAACA; lid, GCACA
TCAATGGAAGGACAA and CTTGAAGCTGGCCACAATCT;
Nop60B, GAGTGGCTGACCGGTTATGT and GCTGGAG
GTGCTTAACTTGC; Cdc2 (control), GGTGACTCGGAAAT
TGACCA and AGCAGGGGAACGTGTTCTTA; and eIF2B

(control), GGCCCTGTGGTATCCAACTA and GATCTTCCC
CCGCACTAGAT.

Antibodies and immunofluorescence

The anti-Lid rabbit polyclonal antibody 7895J was generated
against a GST-Lid fusion protein encoding amino acids 1429–

1665. Rabbits were boosted four times before terminal bleed at
R and R Rabbitry. �-Lid polyclonal antiserum was used at
1:5000 for Western blots and 1:1000 for tissue staining. Anti-
Osa (clone #P3XAg8.653) and rat �-ELAV hybridoma superna-
tants were obtained from the Developmental Studies Hybrid-
oma Bank (University of Iowa). Anti-cleaved Caspase-3
(Asp175) antibody was obtained from Cell Signaling Technol-
ogy. Antibodies to mono-, di-, and trimethylated H3K4, H3K27,
H4K20, and trimethylated H3K9 were obtained from Upstate
Biotechnology and used according to the manufacturer’s speci-
fications. Anti-trimethyl H3K36 was obtained from abcam.
�-Ash2 was obtained from A. Shearn (Johns Hopkins Univer-
sity, Baltimore, MD) and the �-Brm antibody was obtained from
J. Tamkun (University of California at Santa Cruz, Santa Cruz,
CA).

BrdU incorporation and antibody staining of larval discs were
carried out according to Secombe et al. (1998) and imaged using
a Leica confocal microscope. Propidium iodide staining was car-
ried out as described in Johnston et al. (1999). Alexa Fluor 568-
conjugated phalloidin was obtained from Molecular Probes and
used at a dilution of 1:50. Somatic clones overexpressing dMyc,
Lid, or LidjmjC* marked by the coexpression of GFP were gen-
erated as described in Johnston et al. (1999).

Western analysis was carried out using standard protocols,
using PVDF membrane (Millipore) and either IgG1-HRP
(Zymed) secondary antibody and ECL (Pierce) detection for
dMyc or infrared-conjugated secondary antibodies (LiCOR) and
Odyssey scanner and software for all other Westerns.

In vitro and in vivo binding assays

In vitro GST fusion protein-binding assays were performed as
described in Hurlin et al. (1995). For immunoprecipitations, S2
cells or homogenized third instar larvae were resuspended in 10
mM HEPES (pH 8), 100 mM NaCl, 10% glycerol, 1% NP-40, and
complete protease inhibitor cocktail (Roche), incubated on ice
for 15 min, then spun to pellet cell debris. Lysate (500 µg) was
then used in each immunoprecipitation with anti-Lid antibody
or anti-dMyc monoclonal antibody P4C4B10 and protein A or G
beads, respectively.

Scanning electron microscopy

Drosophila adult eyes were prepared as described in Datar et al.
(2000) and viewed on a JEOL 5800 scanning electron micro-
scope.
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