Published online 16 August 2012

Nucleic Acids Research, 2012, Vol. 40, No. 19 9493-9505

doi:10.1093/nar[gks773

dKDMS5/LID regulates H3K4me3 dynamics at the
transcription-start site (TSS) of actively transcribed

developmental genes

Marta Lloret-Llinares’, Silvia Pérez-Lluch?, David Rossell®, Tomas Moran’,
Joan Ponsa-Cobas’', Herbert Auer*, Montserrat Corominas? and Fernando Azorin'*

"Institute of Molecular Biology of Barcelona, CSIC and Institute for Research in Biomedicine, IRB Barcelona,
2Department of Genetics and Institute of Biomedicine, IBUB, University of Barcelona, *Biostatistics and
Bioinformatics Unit and *Functional Genomics Unit, Institute for Research in Biomedicine, IRB Barcelona 08028

Barcelona, Spain

Received May 9, 2011; Revised and Accepted July 23, 2012

ABSTRACT

H3K4me3 is a histone modification that accumu-
lates at the transcription-start site (TSS) of active
genes and is known to be important for transcription
activation. The way in which H3K4me3 is regulated
at TSS and the actual molecular basis of its contri-
bution to transcription remain largely unanswered.
To address these questions, we have analyzed the
contribution of dKDMS5/LID, the main H3K4me3
demethylase in Drosophila, to the regulation of the
pattern of H3K4me3. ChlIP-seq results show that, at
developmental genes, dKDM5/LID localizes at TSS
and regulates H3K4me3. dKDM5/LID target genes
are highly transcribed and enriched in active
RNApol Il and H3K36me3, suggesting a positive con-
tribution to transcription. Expression-profiling show
that, though weakly, dKDMS5/LID target genes are
significantly downregulated upon dKDMS5/LID de-
pletion. Furthermore, dKDM5/LID depletion results
in decreased RNApol Il occupancy, particularly by
the promoter-proximal Pol 110°°"® form. Our results
also show that ASH2, an evolutionarily conserved
factor that locates at TSS and is required for
H3K4me3, binds and positively regulates dKDM5/
LID target genes. However, dKDM5/LID and ASH2
do not bind simultaneously and recognize differ-
ent chromatin states, enriched in H3K4me3
and not, respectively. These results indicate that,
at developmental genes, dKDM5/LID and ASH2

coordinately regulate H3K4me3 at TSS and that
this dynamic regulation contributes to transcription.

INTRODUCTION

Covalent post-translational modification of core histones
constitutes a principal regulatory mechanism in eukary-
otic chromatin. Histone modifications are diverse,
involve multiple residues and contribute to the regulation
of most genomic processes, from RNA transcription and
processing, to DNA replication, recombination and
repair, and chromosome segregation [reviewed in (1,2)].

In this context, methylation of lysine 4 in histone H3
(H3K4) constitutes a well-documented case where a
specific histone modification influences the functional
state of chromatin [reviewed in (3.4)]. H3K4-methylation
preferentially occurs at transcriptionally active chromatin
domains. In particular, tri-methyl H3K4 (H3K4me3)
occurs at the transcription-start site (TSS) of active
genes and is important for transcription activation
(5-13). Similarly, di-methyl H3K4 (H3K4me2) is also
enriched at TSS, showing a broader distribution than
H3K4me3. On the other hand, mono-methyl H3K4
(H3K4me) preferentially locates at transcriptional enhan-
cers (14).

How is the pattern of H3K4-methylation established/
maintained, as well as the molecular basis of its contribu-
tion to transcription regulation, are not yet fully under-
stood.  Specific  methyl-transferases (KMTs) and
demethylases (KDMs) are known to regulate H3K4-methy-
lation [reviewed in (15,16)]. Although most species contain
several H3K4-KMT2s, H3K4-methylation is largely
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mediated by ASH2, an evolutionarily conserved component
of H3K4-KMT?2 complexes that, lacking methyltransferase
activity, is required for H3K4me3 in yeast, Drosophila and
mammalian cells (17-25). In addition, in Drosophila, ASH2
was recently shown to localize at TSS (26). On the other
hand, two H3K4 KDMs have been identified in Drosophila,
dKDM1/LSD1/SU(VAR)3-3 that demethylates H3K4me
and H3K4me?2, but not H3K4me3 (27), and the Jumonji-
domain containing protein dKDMJ5/LID, which effectively
demethylates H3K4me3 (28-31).

In this work, we analyze the contribution of dKDMS5/
LID to the regulation of the pattern of H3K4me3.
Previous reports showed that dKDMS5/LID is a compo-
nent of various co-repressor complexes (32,33), which
play a role in repression of NOTCH target genes
(32,34). Similarly, several mammalian KDMS5 isoforms
associate with components of co-repressor complexes
(35) and mediate repression (36-41). On the other hand,
dKDMS5/LID has also been implicated in activating tran-
scription, as /id was originally identified as a #rxG gene
(42), which is required for optimal Ubx expression
(29,30), and antagonizes heterochromatin-mediated gene
silencing (30,34).

Here, we report that dKDMS5/LID localizes at TSS of
developmental genes and regulates H3K4me3. dKDMS5/
LID target genes are highly transcribed and, opposite to
what would be expected from its demethylase activity,
dKDMS/LID positively contributes to their expression.
Here, we also show that dKDMS5/LID target genes are
bound, and positively regulated, by ASH2. However,
dKDMS5/LID and ASH2 recognize two different chroma-
tin states at TSS, enriched in H3K4me3 and not, respect-
ively. These results indicate that dAKDMS5/LID and ASH2
cooperate to dynamically regulate H3K4me3 at TSS of
developmental genes for their efficient transcription.

MATERIALS AND METHODS
Fly stocks and cell lines

1id®N 4" (9088R2) was obtained from NIG-FLY. dKDM5/
LID depletion by /id* 4" was determined by qRT-PCR
(Figure 2A), western blot (Figure 2A and Supplementary
Figure S1A), immunostaining (Supplementary Figure S2)
and ChIP-qPCR (Supplementary Figure S1D). lid*%"! is
described in (42). GAL4 lines used in this study were
ww;Act5CGAL4, w;enGAL4-UASGFP and w;ptcGAL4-
UASGFP (described in Bloomington Stock Centre).
Stable S2 cell line expressing ASH2-HA is described
in (43).

Antibodies

Rat oLID polyclonal antibodies were raised from a
mixture of two truncated GST-fusions harboring amino
acids 1-888 and 1295-1826, respectively. Rabbit aLID
polyclonal antibodies used in ChIP-experiments were
raised against polypeptide 1295-1826 and IgGs were
purified using Econo-Pac IgG purification columns
(Bio-Rad). Specificity of the antibodies was determined
by western blot using whole cell extracts prepared from
a mixture of imaginal discs obtained from wt and lig®*

flies where ubiquitous dKDMS5/LID depletion was
induced by the Actin5C-GAL4 driver. As seen in Supple-
mentary Figure SIA and B, both oLID antibodies recog-
nize a single major band in wt flies or S2 cells, which is
barely detectable in /id*"*' flies. Immunostaining experi-
ments also show high specificity of the antibodies (Supple-
mentary Figure S2). Performance of rabbit oLID
polyclonal antibodies in ChIP-experiments was deter-
mined by western blot. As shown in Supplementary
Figure S1C, both whole oLID antiserum and the
purified IgGs specifically immunoprecipitate dKDMS5/
LID very efficiently both from whole cell extracts and
crosslinked chromatin. In addition, as judged by
ChIP-gPCR, binding of dKDMJ5/LID to sites detected
in wr flies is strongly reduced in /id®™™*" flies (Supple-
mentary Figure S1D).

The rest of antibodies used in these experiments were
commercially available: oH3K4me3 (Abcam/ab8580),
oH2A (Abcam/ab13923), oH3 (Cell Signaling, 9715),
oHA (Roche, 12CAS5), aPol IIo*™ (Abcam/ab5131),
oPol 110%™ (Abcam/ab5095) and o-p-tubulin (Millipore/
MAB3408).

Determination of H3K4me3 levels by western blot

Protein extracts were prepared from imaginal discs dis-
sected in PBS containing 0.05% Igepal (5l per larvae).
After addition of an equal volume of loading buffer, discs
were homogenized with a pestle, boiled with 10%
B-mercaptoethanol and centrifuged. To avoid any inter-
ference of slight differences in loadings and detection con-
ditions, samples were analyzed by western blot using
simultaneously both aH3K4me3 (1:2000) and, for normal-
ization, «H2A (1:2500) antibodies. Quantitative analyses
were carried out with Odyssey scanner using infrared
conjugated secondary antibodies (1:10000) (LI-COR)
and LI-COR odyssey software (v3.0).

ChIP experiments

For ChIP, chromatin was prepared according to (44) from
pools of about 300-500 wing imaginal discs or from
cultured S2 cells, and sonicated to obtain fragments
ranging from 200 to 500 bp. Immunoprecipitations (IPs)
were basically performed as described in (45), using 1-2 pg
of specific aH3K4me3, rabbit polyclonal oLID (IgG
purified), oHA, aRNApol II, oPol 110" and oPol
[10*™ antibodies. For ChIP-qPCR, triplicates from two
independent biological replicates were analyzed following
the ACt method (see Supplementary Table S1 for primers
used in these experiments). For ChIP-seq, library
construction, cluster generation and sequencing analysis
using the Illumina GAII Genome Analyzer were per-
formed following manufacture’s protocols (www
.Allumina.com). In brief, libraries, prepared using
IMlumina’s ChIP-Seq Sample Prep Kit from 10ng of
ChIP/input DNA, were size selected to ~300bp on an
agarose gel. Adaptor-modified DNA fragments were sub-
jected to limited PCR amplification (18 cycles). Using
Illumina’s Cluster Generation Kit, libraries were subject
to cluster generation at 8 pM concentration as one sample
per lane. Sequencing-by-synthesis was performed for
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38 cycles. ChIP-seq experiments for H3K36me3, Pol
10", Pol 110> and ASH2 in wt flies are described
in (26).

Bioinformatics analysis of ChIP-seq data

Except where otherwise indicated, all analyses were per-
formed with the Bioconductor software (46). Solexa/
Illumina sequencing data for dKDMS5/LID and
H3K4me3 in both wr and Lid®4" flies, and for Pol
[10*™ and Pol 110%™ in /id® " flies were pre-processed
with the standard Illumina pipeline version 1.5.1 and se-
quences were aligned to the Drosophila melanogaster
genome (UCSC dm3 version) with the Bowtie software
0.12.5 (47). We kept sequences mapping to a unique
location in the genome, allowing up to 2 mismatches in
the first 28 bases, and used the Bowtie default values for
filtering low-quality sequences. For H3K36me3, Pol
110%™, Pol I10**"* and ASH2 in wt flies, aligned sequencing
data were obtained from (26) (GSE24115). As PCR
over-amplification artifacts typically result in a single
sequence being repeated a large number of times, only
the first 100 appearances of a given sequence were con-
sidered for analysis. We removed strand specific biases
using alignPeaks in the htSeqTools package (48), and
binding sites were determined with a two-step procedure.
First, we used enrichedRegions in htSeqTools to find
genomic regions with coverage above 10 and showing
high accumulation of sequences in the IP sample
compared with the control. We selected regions with
coverage above 10 and compared the proportion of
reads inside/outside of each region between the IP
sample and its corresponding control with a logistic re-
gression likelihood-ratio test. We defined enriched
regions as those with a Benjamini—Yekutieli adjusted
P-value below 0.05. In a second step, we used
enrichedPeaks from htSeqTools to define peaks (i.c.
putative binding sites) as locations within the enriched
regions with coverage above 50. When combining se-
quences from two replicated experiments, the coverage
cut-off for peak calling was 100. For Pol IIo®™
H3K36me3 and ASH2, which show a moderate enrich-
ment along relatively large genomic regions, we used a
coverage cut-off of 5 in the first step and skipped the
peak-calling step. ChIP-seq profiles and binding sites
were deposited in the NCBI Gene Expression Omnibus
repository under accession number GSE27081. Coverage
plots at selected genomic regions were generated with the
Integrative Genomics Viewer (IGV) (49). Binding sites
were assigned to the closest gene using the UCSC refflat
gene annotations (http://hgdownload.cse.ucsc.edu/
goldenPath/dm3/database/ refFlat.txt.gz). We found the
closest transcript to a binding site by computing the
distance between the midpoint of the site and the
midpoint of all transcripts. Binding sites with no transcript
1000 bp upstream/downstream of their start/end locations
(respectively) were left unannotated.

We measured abundance by computing the reads per
kilobase per million (RPKM) (50). RPKM is computed
as 10°R/(ML), where R is the number of reads mapped to
a given gene, M is the total number of reads and L is the
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distance between TSS and TES in kb. We assessed the
distribution of ChIP-seq reads around the TSS by
plotting the average read coverage. We used the function
plotMeanCoverage in the Bioconductor package
htSeqTools (48). Shortly, in order to render data from
different experiments comparable, the software normalizes
the coverage in each gene dividing by the mean coverage
in that gene. We removed local irregularities in the average
coverage by applying a loess smoothing (span parameter
set to 0.1).

We compared genes with binding sites both for
H3K4me3 and dKDMS5/LID versus genes with only
H3K4me3 in terms of Gene Ontology (GO) and KEGG
pathway enrichment. We assessed statistical significance
with Fisher’s exact test, with Benjamini—Yekutieli
multiple testing adjustment.

Genome-wide associations in peak calls between
ChIP-seq experiments were assessed by cross-tabulating
the presence/absence of a peak in each gene and experi-
ment. Statistical significance was assessed via chi-square
tests, with P-values obtained from 10000 permutations to
take into account a possible lack of independence between
genes.

Expression profiling

Expression profiling analyses were performed using wing
imaginal discs from control wt and /id®*"*" knockdown
flies where ubiquitous depletion was induced by crossing
to flies carrying an Actin5C-GAL4 driver. For each con-
dition, around 30 discs were dissected in PBS and RNA
was extracted using a combination of Trizol (Invitrogen)
and RNeasy minikit (Quiagen). Duplicates were processed
for each genotype. Hybridization targets were prepared
from 25ng total RNA using isothermal amplification
SPIA Biotin System v2 (NuGEN Technologies, Inc.).
2.2 ug of cDNA was hybridized per Drosophila Genome
2.0 GeneChip (Affymetrix). GeneChips were scanned in a
GeneChip Scanner 3000 (Affymetrix). CEL files were
generated from DAT files using GCOS software
(Affymetrix). Microarray data were preprocessed via
quantile normalization and RMA summarization (51).
To assess differential expression, we used the limma mode-
rated t-test statistics to compute posterior probabilities of
differential expression (PDE), following the empirical
Bayes semi-parametric procedure described in (52) and
setting the FDR at 0.05. The PDE is a measure of statis-
tical uncertainty: PDE = 1 indicates that the correspond-
ing gene is differentially expressed and PDE = 0 that it is
not. Microarray data for /id mutants were deposited in the
NCBI Gene Expression Omnibus repository under acces-
sion number GSE27081. Microarray data for ash2!
mutants were obtained from (17) (GPL3797).

When the effects of dKDMS5/LID depletion on the ex-
pression of individual genes was determined by qRT-PCR,
20 wing imaginal discs from control wr and lid*"*' flies
were dissected and RNA extraction was performed with
Zymo Research RNA extraction kit, following the instruc-
tions of the manufacturer. Two independent replicates
were performed and analyzed following the AACt
method. Briefly, candidate genes were first normalized
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against the control gene Sply for each sample and then
represented as a fold change of RNA level in /id®"*
mutants relative to control wrt flies. Primers used in these
experiments are summarized in Supplementary Table S1.

RESULTS

dKDMS5/LID localizes at TSS of developmental genes and
regulates H3K4me3

ChIP-seq analyses were performed to determine the
genomic distribution of dKDMS5/LID in the wing
imaginal disc (see ‘Materials and Methods’ section, and
Supplementary Figures S1 and S2, for characterization of
the oLID antibodies). Approximately 65% of dKDMS5/
LID binding sites lay within gene coding regions
accumulating at TSS sites (Figure 1A), the rest mapping
at upstream regulatory regions (22%) and intergenic
regions (13%). dKDMS5/LID binds TSS regions that are
marked with H3K4me3 (Figure 1A), as ~80% of
dKDMS5/LID target genes carry H3K4me3 at TSS

A

(Figure 1B). In addition, dKDMS5/LID and H3K4me3
show similar distributions at TSS (Figure 1A, right).
However, dKDMJ5/LID target genes account for only
19% of all the genes containing H3K4me3 at TSS
(Figure 1B), indicating that dAKDMJ5/LID is present only
in a subset of H3K4me3 target genes. GO analysis indi-
cates that the subset of genes containing both H3K4me3
and dKDMJS5/LID is enriched in specific functions related
to developmental processes, morphogenesis and differen-
tiation when compared with genes containing only
H3K4me3 (Figure 1C). These results indicate that
dKDMS/LID preferentially locates at TSS of develop-
mentally regulated genes containing H3K4me3.

Results reported above suggest that, in developmental
genes, dAKDMS5/LID regulates H3K4me3 at TSS. To test
this hypothesis, we performed ChIP-seq analyses in wing
imaginal discs from /id mutants. For this purpose, we used
1id®™ i knockdown flies that carry a UASgars construct
expressing a synthetic hairpin from the coding region of /id
that, upon crossing to flies expressing GAL4, generates
siRNAs to silence lid expression. [id*N*" efficiently
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Figure 1. dKDMS5/LID localizes at TSS of developmental genes containing H3K4me3. (A) ChIP-seq coverage profiles of dKDMS/LID (red) and
H3K4me3 (black) across a representative region are presented. Rectangles underneath each profile indicate the position of the corresponding peaks/
binding sites. Genomic organization of the region is indicated. On the right, the distribution around TSS is presented for dAKDMS5/LID (red) and
H3K4me3 (black). For each gene, the coverage profile was normalized dividing by the average coverage in that gene. The position of the TSS is
indicated. (B) Venn diagram showing the intersection between dKDMJ5/LID (red) and H3K4me3 (black) target genes. (C) The percentage of genes
containing both dAKDM5/LID and H3K4me3 (red) and genes containing only H3K4me3 (green) are shown for the twenty most enriched functions.
Statistical significance of the differences (Benjamini—Yekutieli adjusted P-value) is indicated.
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depletes dKDM5/LID when expressed both in wr and het-
erozygous lid *%*°! /+ mutant flies, so that, when crossed
to flies carrying a ubiquitous Actin5C-GAL4 driver, lid
mRNA levels are reduced with respect to original
control levels by 70-85%, respectively (Figure 2A, top).
Concomitantly, protein levels are strongly reduced
(Figure 2A, bottom), and global H3K4me3 levels are sig-
nificantly increased (Figure 2B). Increased global
H3K4me3 is also readily detectable by immunostaining
(Supplementary Figure S2). For the rest of the experi-
ments, ubiquitous dKDMS5/LID depletion was always
performed in heterozygous mutant flies using Actin5C-
GAL4 driver, except in expression profiling experiments,
where ubiquitous depletion was performed in wt flies.

As shown in Figure 3A, dKDMJ5/LID depletion does
not alter the pattern of H3K4me3 that, like in control wt
flies, maps to TSS in /id*"*' flies, showing a remarkably
similar distribution both in genes containing dKDM5/
LID or not (Figure 3A, right). Furthermore, no additional
H3K4me3 sites are observed, as 96% of H3K4me3 sites
detected at dKDMS5/LID target genes in lid**" flies are
also present in control wt flies (Figure 3B, left), and a
similar percentage (94%) is observed when all H3K4me3
sites are considered (Figure 3B, right). On the other hand,
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in lid®*"* flies, H3K 4me3 abundance specifically increases
at TSS of dKDMS5/LID target genes, whereas non-target
genes are not significantly affected (Figure 3C). Increased
H3K4me3 was also detected when individual genes were
analyzed by ChIP-qPCR (Figure 5C). Altogether, these
results show that dKDMS5/LID depletion increases
H3K4me3 levels at TSS without noticeably affecting the
actual number and location of H3K4me3 sites.

dKDMS/LID target genes are actively transcribed

Genes marked with H3K4me3 at TSS are generally ex-
pressed to high Ilevels. However, considering that
dKDMS5/LID demethylates H3K4me3 at TSS, it was
possible that dKDMS5/LID target genes would be ex-
pressed only to low levels. To test this hypothesis, we per-
formed expression-profiling experiments in w¢ wing
imaginal discs to determine gene expression as a
function of presence or not of dKDMS5/LID. As shown
in Figure 4A, genes containing both dKDMS5/LID and
H3K4me3 are as highly expressed as genes containing
only H3K4me3. In addition, ChIP-seq analyses detected
binding of both the promoter-proximal Pol II0*™ and the
elongating Pol 110%™ active RNApol II forms at most
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Figure 2. Depletion of dKDMS5/LID increases global H3K4me3. (A) lid®*" efficiently depletes dKDM5/LID. At the top, the relative levels of
dKDMS5/LID mRNA determined by qRT-PCR are presented for control wild-type and /id®"*' flies. At the bottom, dKDMS5/LID protein levels are
analyzed by western blot in control wild-type and /id®¥*' flies. dKDMS5/LID depletion was induced by the Actin5C-GAL4 driver in either wt or
heterozygous /id***"!/+ mutant flies. RNA was extracted from wing imaginal discs. Protein extracts were prepared from a mixture of imaginal discs,
and increasing amounts of extract were analyzed: 1X (lanes 1) and 5X (lanes 2). Antibodies used were rat polyclonal «LID (1:10000) and, as loading
control, o-B-tubulin (1:2000). (B) Global H3K4me3 levels are determined by western blot in control w (left) and /id® " knockdown flies, where
dKDMS5/LID depletion was induced by the Actin5C-GAL4 driver in either wt (center) or heterozygous /id“***°’/+ mutant flies (right). Protein
extracts were prepared as in (A) and increasing amounts of extract were analyzed: 1X (lanes 1) and 2X (lanes 2). Results are presented for a single
exposure of the same gel blotted simultaneously with aH3K4me3 (1:2000) and, for normalization, «H2A (1:2500) antibodies. Quantitative analyses of
the results, carried out with Odyssey scanner, are shown at the bottom. Errors bars are standard deviation. Results are the average of two

independent experiments.
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H3K4me3 (green). Statistical significance of the difference (Kruskal-Wallis P-value) is indicated.

dKDMS5/LID target genes (Figure 4B). As a matter of
fact, in comparison to genes containing only H3K4me3,
dKDMJS/LID target genes are enriched in active RNApol
11, particularly Pol I1o*" (Figure 4C). Similarly, dKDMS5/
LID target genes are also enriched in H3K36me3
(Figure 4B and C), a modification that is deposited
during elongation (53). Altogether, these results indicate
that dKDMS5/LID target genes are actively engaged in
transcription.

The association of dKDMS/LID with actively
transcribed genes suggests a positive contribution to
transcription. To address this question, we performed
expression-profiling experiments in wing imaginal discs
from [lid®™*" flies where ubiquitous depletion was
induced by the Actin5C-GAL4 driver. As shown in
Table 1, dKDMS5/LID depletion induces only a weak
effect on transcription, as <1% of dKDMS5/LID target
genes are detected differentially expressed with high prob-
ability (PDE > 0.95) (see ‘Materials and Methods’ section
for details). This set of genes is highly enriched (10-fold) in
downregulated genes, showing an average fold-change ex-
pression of —2.91. This unbalance towards downregulated
genes is also observed with genes detected differentially
expressed at lower confidences (PDE > 0.9 to PDE > 0.5)

(Table 1) or, even, when all dAKDMS5/LID target genes are
considered (down/up ratio, 1.15) (Supplementary
Table S2). As a matter of fact, though weakly (~3%),
average expression of all dKMDS/LID target genes is sig-
nificantly decreased in lid® " flies with respect to
non-target genes (P = 0.0077) (Figure 5A). It must also
be noticed that genes detected differentially expressed with
increasing confidence do not differ in H3K4me3 content
or expression in wt flies (Supplementary Figure S3).
Altogether, these results strongly suggest that, though
weakly, dKDMS5/LID depletion downregulates expression
of target genes. qRT-PCR analyses confirm these results,
as 8 out of 9 dKDMS5/LID target genes tested (PDEs
ranging from 0 to 0.96) were found downregulated to dif-
ferent extents in /id® " flies (Figure 5B). In addition,
ChIP-gPCR analyses confirm increased H3K4me3 and
reduced RNApol 1l occupancy at these genes (Figure
5C). The effect of dKDMS/LID depletion on RNApol
IT occupancy was further analyzed by ChIP-seq. In these
experiments, we determined Pol 110*" and Pol I10°*" oc-
cupancy at dKDMS5/LID target genes in comparison to
non-target genes both in wr and /id*"* flies. As shown in
Figure 5D, Pol 110™" occupancy at dKDMS5/LID target
genes, which is higher than at non-target genes in wt flies
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Figure 4. dKDM5/LID target genes are actively transcribed. (A) Box plot showing the expression of genes carrying both dKDMS5/LID and
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Table 1. dKDMS5/LID depletion downregulates expression of target genes

PDE Average fold-change expression Upregulated genes Downregulated genes Down/up ratio P-value

>0.95 —2.91 1 10 10 0.0117
>0.90 —1.49 11 31 2.82 0.0029
>0.80 —1.26 34 85 2.50 P <0.0001
>0.70 —1.16 71 133 1.87 P <0.0001
>0.60 —1.11 110 178 1.62 P <0.0001
>0.50 —1.07 175 235 1.34 P =0.0035

The number of dKDMS5/LID target genes upregulated and downregulated in /id®"*’ flies is presented for several cut-offs on the PDE (see ‘“Materials
and Methods’ section for details). The down/up ratio and the average fold-change expression are indicated. Statistical significance of the differences is

also indicated (Binomial test for 50/50 up/down proportions).

(see also Figure 4C), is strongly reduced in lid® " flies,
while Pol 110 occupancy increases slightly. Reporter-
expression experiments are also consistent with a
positive contribution to transcription, as expression of a
vestigial(vg )-LacZ reporter construct in the wing imaginal
disc was stron IIy reduced upon dKDMS/LID depletion or
in null 7id“%%%1ig“***" mutant clones (Supplementary
Figure S4).

ASH2 regulates dAKDMS5/LID target genes

It was shown earlier that, in Drosophila, ASH2 binds at
TSS of most genes containing H3K4me3 (26), and is

required for H3K4me3 (17). In this context, considering
that dKDMS5/LID only binds 19% of total H3K4me3-
containing genes (Figure 1B), we determined whether
dKDMS/LID target genes are also bound/regulated by
ASH2. As shown in Figure 6A (left), ~80% of dKDM5/
LID target genes are bound by ASH2. As a matter of fact,
ASH2 occupancy at dAKDMS5/LID target genes is as high
as at genes containing only H3K4me3 (Figure 6A, right).
In addition, the distributions of dAKDMS5/LID and ASH2
at TSS are highly overlapping (Figure 6B). ASH2 has
a dual effect on transcription, as ~60% of ASH2 tar-
get genes found differentially expressed in ash2!
mutants are downregulated, the rest being significantly
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those observed in control wt flies. (C) H3K4me3 and RNApol II levels at the dKDMS5/LID target genes shown in panel B are determined by
ChIP-gPCR in 7id®™*" knockdown (white) and control wr (black) flies. Results are presented as percentage of input normalized with respect to wr.

(D) Relative Pol 110%™ (left) and Pol I10®™ (center) abundance at dKDM35/LID target genes versus non-target genes is presented in lid

knockdown (white) and control wt (black) flies.

upregulated (26). Both sets of genes, which display differ-
ential structural and functional features, contain H3K4me3
at TSS. In this context, dAKDMJS5/LID preferentially local-
izes at genes downregulated in ash2’/ mutants, as average
expression of dKDMS5/LID target genes is significantly
decreased in ash2’’ mutants, whereas expression of genes
containing only H3K4me3 is not (P < 0.0001) (Figure 6C).
Furthermore, like dKDMS/LID target genes, genes
downregulated in ash2’’ mutants are enriched in develop-
mental functions, whereas upregulated ones are enriched in
ubiquitous/house keeping functions (26).

Altogether, these results show that genes regulated by
dKDMS5/LID are also regulated by ASH2. Both factors
bind at TSS, regulate H3K4me3 and positively contribute
to their expression. Next, we asked whether dAKDMS5/LID
and ASH2 bind simultaneously. To address this question,
we performed ChIP-experiments in in vitro cultured cells,
which constitute a homogeneous cell population, and, to
overcome the lack of efficient t ASH2 antibodies, we used
a stable S2 cell line expressing an ASH2-HA tagged con-
struct. In these experiments, crosslinked chromatin was
subjected to IP with oLID and oHA antibodies. As
shown in Figure 7, when chromatin is immunoprecipitated

RN Ai

with «HA antibodies, dKDMJS5/LID cannot be detected
(Figure 7A, lane 2, row oLID) and, vice versa, no
ASH2-HA is detected after IP with oLID antibodies
(Figure 7A, lane 3, row oASH2-HA). In addition, chro-
matin immunoprecipitated with o LID antibodies is signifi-
cantly enriched in H3K4me3 (Figure 7A, lane 3, rows
oH3K4me3 and «H3, and Figure 7B), whereas chromatin
immunoprecipitated with oHA has a low H3K4me3
content (Figure 7A, lane 2, rows aH3K4me3 and oH3,
and Figure 7B). Altogether, these results indicate that
dKDMS/LID and ASH2 do not bind simultaneously
and recognize different chromatin states at TSS,
enriched in H3K4me3 and not, respectively. Consistent
with this hypothesis, when chromatin was immunopre-
cipitated with aH3K4me3 antibodies, dKDMS5/LID was
detected but ASH2 was not (Figure 7A, lane 4, rows aLID
and oASH2-HA).

DISCUSSION

Here, we report that dKDMS5/LID localizes at TSS of
developmental genes and regulates H3K4me3. dKDM5/
LID target genes are actively transcribed and, though
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panel A).
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weakly, they are significantly downregulated in /i@

mutant flies. Previous reports already suggested a positive
contribution of dKDMJ5/LID to transcription (29,30,42).
Our results also show that dKDMS5/LID target genes are
bound by ASH2, an evolutionarily conserved component
of H3K4-KMT?2 complexes that localizes at TSS and is
required for H3K4me3 (17-25). In addition, dKDM5/LID
target genes are strongly downregulated in ash2 mutant
flies. These observations indicate that dAKDMS5/LID and
ASH2 act coordinately to regulate H3K4me3 at TSS of
developmental genes for their efficient transcription.
dKDMS5/LID and ASH2, however, do not bind chromatin
simultaneously, indicating that they act at different mo-
ments during transcription. These observations strongly
favor a model by which ASH2 and dKDMJS5/LID act se-
quentially during transcription to facilitate its progression
(Figure 8). On this regard, work performed in budding
yeast links chromatin modification events to sequential
RNApol II activation. At a first step, TFIIH-mediated
phosphorylation of CTD" recruits scKMT2/SET1 to
methylate H3K4 (54), and induces promoter escape.
Later, the onset of productive transcription involves phos-
phorylation of CTD®"? which results in recruitment of
H3K36 KMT3/SET2 both in budding yeast and
mammals (55,56). dKDMS5/LID recruitment might also
be regulated during transcription cycle progression. In
this context, it is possible that, after RNApol II activation
and subsequent H3K4-methylation, dKDMS5/LID is re-
cruited and transient demethylation resets chromatin to
the original ‘unmethylated’ state, facilitating the next
RNApol II molecule to initiate progression through the
transcription cycle. Consistent with this model, it was

shown that the C-terminal PHD-finger of dKDM5/LID,
or the mammalian homolog KDMS5A/JARIDIA, specif-
ically binds H3K4me2,3 (57,58) and, furthermore, we have
shown that dKDMS5/LID binds chromatin enriched in
H3K4me3, whereas chromatin bound by ASH2 is poor
in H3K4me3. Finally, our results also show that
dKDMS/LID depletion significantly reduces RNApol 11
occupancy, in particular by the promoter-proximal Pol
[10%"™ active form, providing a basis for the positive con-
tribution of dKDMJ5/LID to transcrigtion. In contrast,
occupancy by the elongating Pol I10*" form is not simi-
larly affected, showing a tendency to be slightly increased.
It is possible that, in the absence of dAKDMJS5/LID, consti-
tutive/increased H3K4me3 at TSS affects RNApol 11
pausing and, hence, transcription efficiency. Actually, it
has been shown that depletion of NELF, a factor
required for RNApol II pausing, results in a general
downregulation of its target genes both in Drosophila
and human cells (59,60).

Several reasons could account for the weakness of
the observed effect of dKDMS5/LID depletion on gene
expression. On one hand, though dKDMS5/LID content
is strongly reduced in /id*"*, depletion is not complete.
Note that null /id mutations could not be used, as they are
lethal during late embryo/early larvae development.
Second, although dKDMS5/LID is the only enzyme
known to specifically demethylate H3K4me3 in
Drosophila, additional KDMs might exist capable of
playing a similar function. At this respect, it was
reported that dKDM?2, which was originally found to
demethylate H3K36me2 (61), might also be capable of
demethylating H3K4me3 (62). Thus, it is possible that

dKDM5/LID recruitment

ELONGATION ONSET

H3

RNAPol Il ACTIVATION

CTDSer> phosphorylation
H3K4-dKMT2s recruitment

PROMOTER ESCAPE

CTDSe2 phosphorylation
H3K36-dKMT3s recruitment

K36me3

Figure 8. A model for the coordinated action of dKDMS5/LID and ASH2-associated dKMT?2s in transcription regulation. ASH2/dKMT2s and
dKDMS5/LID might act at different steps of the transcription cycle to facilitate its progression. Phosphorylation of CTD™ results in recruitment of
ASH2/dKMT2s to methylate H3K4 and promotes promoter escape. Later, phosphorylation of CTDS"? recruits H3K36 dKMT3s and marks the
onset of productive elongation. Next, transient H3K4me3 demethylation by dKDMS/LID resets chromatin to the original ‘unmethylated’ state, so
that a new transcription cycle starts with loading/activation of the next RNApol II molecule.



loss of dKDMS5/LID is partially compensated by
dKDM2. As a matter of fact, a genetic interaction was
recently reported between dKDMS5/lid and dKDM?2 (57).

The proposed function of dKDMS5/LID in the regula-
tion of transcription is likely conserved, as it was recently
reported that mammalian KDMS5B/JARIDI1B preferen-
tially localizes at TSS of developmental genes and regu-
lates H3K4me3 (41). Mammalian KDMS5C/JARIDIC has
also been shown to bind at TSS (63). Interestingly,
although KDMS5B/JARIDIB is required to efficiently
silence stem and germ cell specific genes during neuronal
differentiation, its depletion in ESCs shows also a weak
downregulation of target genes (41). In Drosophila,
dKDMS5/LID has also been shown to be involved in
repression of some developmental genes (32). In fact, in
the wing imaginal disc, ~20% of dKDMS5/LID target
genes show no detectable H3K4me3. Altogether, these ob-
servations suggest that dKDMS5/LID might play a dual
function; repressing specific genes during development
and, in differentiated cells, regulating H3K4me3
dynamics at TSS during transcription.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online: Sup-
plementary Tables 1-2 and Supplementary Figures 1-4.
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