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SUMMARY

KDM5 family proteins are critically important tran-
scriptional regulators whose physiological functions
in the context of a whole animal remain largely un-
known. Using genome-wide gene expression and
binding analyses in Drosophila adults, we demon-
strate that KDM5 (Lid) is a direct regulator of genes
required for mitochondrial structure and function.
Significantly, this occurs independently of KDM5’s
well-described JmjC domain-encoded histone de-
methylase activity. Instead, it requires the PHD motif
of KDM5 that binds to histone H3 that is di- or trime-
thylated on lysine 4 (H3K4me2/3). Genome-wide,
KDM5 binding overlaps with the active chromatin
mark H3K4me3, and a fly strain specifically lacking
H3K4me2/3 binding shows defective KDM5 pro-
moter recruitment and gene activation. KDM5 there-
fore plays a central role in regulating mitochondrial
function by utilizing its ability to recognize specific
chromatin contexts. Importantly, KDM5-mediated
regulation of mitochondrial activity is likely to be
key in human diseases caused by dysfunction of
this family of proteins.
INTRODUCTION

Regulation of gene expression is essential for cell fate specifica-

tion, developmental processes, and maintenance of cellular ho-

meostasis. KDM5 family proteins are important transcriptional

regulators that activate or repress gene expression in a

context-dependent manner. Mammalian cells encode four

KDM5 paralogs, KDM5A (Rbp2, JARID1A), KDM5B (Plu1, JAR-

ID1B), KDM5C (SMCX, JARID1C), and KDM5D (SMCY, JAR-

ID1D), while Drosophila has a single KDM5 ortholog (Lid). Evi-

dence that KDM5 family proteins play key gene regulatory

roles comes from the observations that knockout of mouse

KDM5B or Drosophila KDM5 results in lethality (Albert et al.,

2013; Catchpole et al., 2011; Gildea et al., 2000). Moreover, dys-

regulation of KDM5 proteins in humans results in disease, with

overexpression of KDM5 proteins being implicated in oncogen-
Cell Rep
esis and their loss in cognitive impairment (Blair et al., 2011; Val-

lianatos and Iwase, 2015).

The most studied activity of KDM5 proteins is their Jumonji

(JmjC) domain-encoded histone demethylase activity (Benevo-

lenskaya, 2007). In mammalian cells and Drosophila, KDM5

proteins demethylate trimethylated histone H3 (H3K4me3), a

chromatin mark characteristic of promoter regions of actively

transcribed genes (Santos-Rosa et al., 2002). To date, most

loss- and gain-of-function KDM5 phenotypes described have

been attributed exclusively to their demethylase activity. Howev-

er, studies of mouse KDM5B andDrosophila KDM5 demonstrate

that demethylase-inactive animals develop normally to produce

viable adults that are morphologically normal (Catchpole et al.,

2011; Li et al., 2010). Consistent with this, we and others have

shown demethylase-independent gene regulatory functions of

KDM5 proteins (Benevolenskaya, 2007; Cao et al., 2014; DiTac-

chio et al., 2011; Lee et al., 2009).While this leaves the in vivo sig-

nificance of KDM5’s enzymatic activity uncertain, it emphasizes

the functional importance of KDM5’s other gene regulatory activ-

ities. For example, KDM5 family proteins affect transcription

through interactions with lysine deacetylases (HDACs), leading

to changes in the acetylation of histones and other proteins (Bar-

rett et al., 2007; DiTacchio et al., 2011; Lee et al., 2009; Liu et al.,

2014; Nishibuchi et al., 2014). Importantly, because KDM5 pro-

teins have additional motifs with defined in vitro functions, addi-

tional gene regulatory mechanisms are likely to be crucial for

KDM5 function in vivo. These include N- and C-terminal PHD

motifs that bind to H3K4me0 and H3K4me2/3, respectively

(Klein et al., 2014; Li et al., 2010; Torres et al., 2015; Wang

et al., 2009). The binding activities of these two PHD motifs are

particularly intriguing as they are the substrate and product of

KDM5’s demethylase activity, and it remains unclear whether

they act independently or in a coordinated manner to affect

transcription.

Dysfunction of transcriptional regulators is well established to

lead to a large number of diseases. Indeed, loss-of-function mu-

tations in KDM5A, KDM5B, or KDM5C are found in patients with

intellectual disability, linking KDM5 function to cognition through

unknown mechanism(s) (Vallianatos and Iwase, 2015). In addi-

tion, overexpression of KDM5A or KDM5B is implicated in the

genesis and progression of several cancers, most notably mela-

noma, breast, gastric, lung, and prostate cancers (reviewed by

Blair et al., 2011). While the precise roles of KDM5A and

KDM5B in tumor development remain to be elucidated, their
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interactions with key tumorigenic factors such as the oncopro-

tein transcription factor Myc and the tumor suppressor pRB

are likely to be important (Benevolenskaya, 2007; Outchkourov

et al., 2013; Secombe et al., 2007). Interestingly, recent data sup-

port the idea that KDM5 proteins promote the growth and sur-

vival of amore slowly proliferating subset of cancer cells (Roesch

et al., 2010, 2013; Sharma et al., 2010). Because standard ther-

apies target rapidly dividing cells, this results in KDM5A- and

KDM5B-overexpressing tumors being difficult to treat. Slow-

growing KDM5-overexpressing tumor cells are also metaboli-

cally distinct from other tumor cells because they generate

ATP through oxidative phosphorylation in the mitochondria and

not via aerobic glycolysis (Roesch et al., 2013; Song et al.,

2015). KDM5 proteins may, therefore, regulate fundamental

metabolic processes related to energy production through un-

known molecular mechanisms.

Key to understanding the biology of KDM5 proteins is defining

their target genes and the mechanisms by which they regulate

transcription. By combining genome-wide transcriptome and

binding assays, we establish the repertoire of direct KDM5 target

genes in Drosophila adults. Our analyses define KDM5 as a crit-

ical regulator of genes integral to mitochondrial structure and

function. Significantly, the activation of critical mitochondrial

genes does not require the JmjC domain-encoded demethylase

activity of KDM5. Instead, it relies on its C-terminal PHD motif

that binds to di- and trimethylated H3K4. Recognition of a spe-

cific chromatin context is, therefore, a critical means by which

KDM5 activates the transcription of genes essential tomitochon-

drial function in vivo. Because altered mitochondrial activity is a

feature of cancer cells and also is implicated in cognitive

dysfunction, our data provide key insights into the means by

which loss or gain of KDM5 family genes leads to human

disease.

RESULTS

KDM5 Regulates Distinct Genes in Larvae and Adults
We previously demonstrated that larvae and adults with a hypo-

morphic combination of kdm5 alleles (kdm5K6801/10424) have

70% less KDM5 protein than wild-type and die more quickly

than controls when exposed to the oxidizer paraquat (Liu et al.,

2014). In kdm5 mutant larvae, paraquat sensitivity correlates

with the downregulation of at least 15 target genes that are co-
Figure 1. Genes Directly Regulated by KDM5 in Adults

(A) Analyses of RNA-seq data to identify enriched biological process and cellular

(up- and downregulated genes) are shown.

(B) Overlap between anti-HA (two replicates) and KDM5 ChIP-seq datasets (q <

(C) Genomic distribution of KDM5 ChIP-seq peaks using anti-HA is shown.

(D) Comparison of RNA-seq and ChIP-seq data shows directly repressed genes

(E) Directly activated genes are shown.

(F) GO analysis of directly regulated genes is shown.

(G) KDM5 ChIP-seq read density relative to the transcriptional start site (TSS) at

(H) H3K4me3 ChIP-seq read density relative to the TSS of KDM5-bound and reg

(I) IGV genome browser view of Nf1 showing overlapping KDM5 and H3K4me3 p

H3K4me3 is published data (GEO: GSM400670).

(J) Heatmap shows distribution of KDM5 and H3K4me3 relative to TSS (clustere

(K) Transcription factor binding sites enriched within KDM5 peaks using MEME-

lacking; Da, Daughterless; Bowl, brother of odd with entrails limited; Ato, Atonal
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regulated by KDM5 and the stress response transcription factor

Foxo (Liu et al., 2014). In contrast to our findings in larvae, ana-

lyses of those same 15 target genes in kdm5 mutant adults re-

vealed that only six were downregulated, while six others were

unaffected and three were upregulated (Figure S1A). KDM5

therefore regulates distinct targets during larval development

and adulthood.

To identify KDM5-regulated genes in adults, we carried out

RNA sequencing (RNA-seq) analyses of kdm5K6801/10424 mutant

flies and compared this to age-matched wild-type animals. (Fig-

ures S1B and S1C; Table S1). In unstressed conditions, kdm5

mutant flies had 8,056 differentially expressed genes (DEGs).

Of these, 4,787 genes were significantly downregulated and

thus required KDM5 for their activation, while 3,269 genes

were upregulated and so were normally repressed by KDM5

(p < 0.05, false discovery rate [FDR] < 0.05; Figures S1D and

S1E). Similar to our previous microarray data from larval wing

imaginal discs, many genes affected in kdm5 hypomorphic

mutant adults were altered 2-fold or less (Figure S2A; Liu et al.,

2014). Analyses of KDM5-regulated genes (both up- and down-

regulated) revealed enrichment for a number of diverse biolog-

ical processes (gene ontology [GO] categories), including glyco-

sylation, lipid metabolism, and cell division (Figure 1A). DEGs

were also implicated in the functioning of several subcellular

compartments, including the mitochondria, ribosomes, and lipid

particles (Figure 1A).

Because kdm5 mutants are sensitive to the oxidizer para-

quat, we tested whether KDM5 was required for the transcrip-

tional response to this stressor. To do this, we carried out

RNA-seq analyses of wild-type and kdm5 mutant adults in

oxidative stress conditions. Paraquat treatment of wild-type

flies led to the upregulation of 2,481 genes and the downregu-

lation of 3,103 genes (R1.5-fold, p % 0.05; Figures S2B and

S2C). These included genes known to be activated by para-

quat that are required to detoxify excess reactive oxygen spe-

cies, such as glutathione S-transferase and cytochrome P450

genes (Zou et al., 2000). Paraquat-mediated changes to gene

expression did not generally require KDM5 (Figures S2D–

S2F). The kdm5 mutant adult sensitivity to oxidative stress

conditions is, therefore, due to defects that exist prior to stress

conditions. We thus focused on gene expression changes and

phenotypes observed in kdm5 mutants in non-stressed

conditions.
component categories for genes with altered expression in kdm5 mutant flies

0.05) is shown.

.

DEGs is shown.

ulated genes is shown.

eaks. Middle (blue) H3K4me3 trace is data from our analyses; bottom (orange)

d using k-means).

ChIP are shown. Mad, Mothers against decapentaplegic; Lola, Longitudinals

; Hnf4, Hepatocyte nuclear factor 4; Ttk, Tramtrack; Kr, Kr€uppel.

orts 13, 2219–2231, December 15, 2015 ª2015 The Authors 2221



KDM5 Binding Correlates with the Active Chromatin
Mark H3K4me3
To determine which genes affected in kdm5 hypomorphic

mutant adults were direct targets, we carried out chromatin

immunoprecipitation sequencing (ChIP-seq) analyses of wild-

type adults using an anti-KDM5 antibody. To independently

confirm these data, we utilized a fly strain in which the sole

source of KDM5 is from a transgene expressing an HA-tagged

form of KDM5 expressed under the control of its endogenous

promoter (Liu et al., 2014). Analyses of two anti-HA datasets

and one KDM5 ChIP-seq dataset revealed a total of 3,434 bind-

ing sites that were enriched at promoter regions (FDR < 0.05;

Figures 1B and 1C; Figures S3A–S3C). These 3,434 KDM5-bind-

ing peaksmapped to 3,003 genes that were used for subsequent

integration with RNA-seq analyses from kdm5 mutant adults.

Of KDM5-bound genes, 15% were upregulated in kdm5

mutant adults (444/3,003; Figure 1D). A much higher proportion

of KDM5-bound genes were downregulated (2,011/3,003, 67%);

thus, the primary function of KDM5 in adults is to activate gene

expression (Figure 1E). GO analysis of these 2,455 directly regu-

lated KDM5 target genes revealed enrichment for diverse meta-

bolic processes and cellular compartments, including those

required for mitochondrial function (Figure 1F). The remaining

548 KDM5-binding sites (18%) occurred at geneswhose expres-

sion was unaltered in kdm5 mutants. The function of KDM5 at

these sites remains to be determined. Notably, consistent with

our observation that paraquat-mediated changes to gene

expression did not require KDM5, KDM5 binding was not altered

by this stress condition (Figure S3D). These data confirm that the

primary role of KDM5 is to regulate gene expression in normal,

unstressed conditions.

The JmjC domain of KDM5 demethylates H3K4me3 and the

C-terminal PHD motif (PHD3) binds to H3K4me2/3 (Li et al.,

2010; Wang et al., 2009). We therefore investigated the link be-

tween KDM5 and H3K4me3 by carrying out anti-H3K4me3

ChIP-seq from wild-type adults and using a published

modENCODE dataset (Nègre et al., 2011). KDM5 and

H3K4me3 showed a similar distribution, peaking near transcrip-

tion start sites (TSSs) (Figures 1G–1I; Figure S3E). Additional

genome-wide analyses of ChIP-seq peak data revealed four

clusters with distinct patterns and degrees of enrichment for

KDM5 binding and H3K4me3 (Figure 1J; Figure S3F). Genes

within clusters 1 and 2 showed higher levels of H3K4me3 and

KDM5 binding primarily surrounding the TSSs and were more

highly expressed. Genes in clusters 3 and 4 had lower levels of

H3K4me3 and KDM5 binding and were expressed at low levels.

At these genes, KDM5 and H3K4me3 were more dispersed and

not limited to the TSS region. We also compared our KDM5

ChIP-seq data with three other published datasets that were

generated using adult females: H3K9 acetylation (H3K9ac) that

marks active promoters in addition to H3K4me1 and H3K27ac

that are associated with enhancer elements. As expected based

on the overlap between KDM5 and H3K4me3, KDM5 binding

correlated with H3K9ac (Figure S4A). In contrast, KDM5 binding

was not significantly correlated with H3K27ac or H3K4me1 (Fig-

ures S4B–S4F). KDM5 therefore primarily localizes to promoters.

Besides identifying additional KDM5 target genes, our data

support the biological importance of previously published
2222 Cell Reports 13, 2219–2231, December 15, 2015 ª2015 The Au
KDM5 interactions with transcription regulatory complexes.

For example, MEME-ChIP web service (Machanick and Bailey,

2011) analyses of KDM5 ChIP peaks with high levels of

H3K4me3 showed enrichment for Foxo- and Myc-binding sites

that we and others have previously linked to KDM5 (Figure 1K;

Liu et al., 2014; Outchkourov et al., 2013; Secombe et al.,

2007). Binding sites for a number of other transcription factors

also were enriched within KDM5-bound regions, including those

that mediate TGF-b/BMP signaling (e.g., Mad, Brinker, and

Medea) and neuronal development (e.g., Lola, Daughterless,

and Tramtrack). In contrast to KDM5 peaks that had high

H3K4me3, KDM5 peaks with lower levels of this chromatin

mark showed enrichment for only one transcription factor bind-

ing site, the developmental regulator Kruppel (Figure 1K). KDM5

is therefore likely to be important for the regulation of several

developmentally important pathways.

KDM5 Directly Regulates Genes Required for
Mitochondrial Function
Our ChIP-seq and RNA-seq analyses revealed that KDM5

regulates genes involved in mitochondrial structure and function

(Figure 2A). For example, among the direct targets that were

downregulated in kdm5 mutants were genes required for mito-

chondrial morphology (deep orange [dor], twins [tws], Neurofi-

bromin 1 [Nf1], and bicoid-interacting protein 3 [bin3]), compo-

nents of the inner or outer mitochondrial membrane (no

mitochondrial derivative [nmd], Pmi, and black pearl [blp]), the

mitochondrial chaperone tumorous imaginal discs (l(2)tid), and

genes essential to mitochondrial tRNA function (the Seryl tRNA

synthase Slimp and the Leucyl-tRNA synthase Aats-leu). Other

genes integral to mitochondrial function were bound by KDM5

but did not show changes to transcript levels in kdm5 mutants

(e.g., mitochondrial assembly factor [Marf] and fission1 [Fis1])

(Figure 2A). These may be regulated in a more tissue-restricted

manner, so changes to their expression were not detectable

using whole animals.

Because of their established roles in mitochondrial function,

we focused on KDM5-dependent activation of dor, Pmi, Slimp,

tws, nmd,Nf1, l(2)tid,Aats-leu, blp, and bin3, all of which showed

KDM5 binding and the presence of H3K4me3 near the TSS (Fig-

ure 2B). To verify these ChIP-seq data, we confirmed KDM5 and

H3K4me3 enrichment by ChIP-PCR (Figures 2C and 2D). We

also examined H3K4me3 levels in kdm5 mutant flies and found

that, despite the decreased expression of these KDM5 target

genes, promoter H3K4me3 levels were increased (Figure 2D).

This is consistent with the histone demethylase activity of

KDM5 and the observation by us and others that global levels

of H3K4me3 are increased in kdm5 mutants (Eissenberg et al.,

2007; Lee et al., 2007; Secombe and Eisenman, 2007). It is

also consistent with the notion that, while there is a correlation

between H3K4me3 and increased transcription, there is not a

causal relationship (Sims and Reinberg, 2006).

kdm5 Mutants Show Mitochondrial Defects, Altered
Metabolism, and Increased Oxidative Stress
Because KDM5 directly regulates genes integral to mitochon-

drial structure and function, we examined kdm5mutants for phe-

notypes in the highly metabolically active thoracic muscles.
thors



Figure 2. KDM5 Directly Regulates Genes

Required for Mitochondrial Function

(A) Real-time PCR of genes indicated in

kdm5K6801/10424 adults shown relative to wild-type

(w1118). Genes were normalized to rp49 and shown

as relative expression in kdm5mutants (*p < 0.05).

(B) Heatmap showing overlapping KDM5 and

H3K4me3 peaks at target genes. Red bars show

regions used for ChIP-PCR validation shown in (C)

and (D).

(C) ChIP-PCR using anti-HA (KDM5) and IgG

control shows KDM5 enrichment at targets.

(D) ChIP-PCR using anti-H3K4me3 or control IgG

from wild-type (w1118) and kdm5K6801/10424 mutant

adults is shown.
Mitochondria from wild-type animals were round and evenly

distributed between the myofibrils (Figures 3A and 3B). In

contrast, kdm5mutant flies had irregularly shaped mitochondria

that were larger than those of wild-type flies, while other cellular

structures appeared normal (Figures 3C and 3D). Consistent with

the mitochondrial defects of kdm5 mutants interfering with the

function of this organelle, total levels of ATP were decreased

�50% (Figure 3E). Interestingly, kdm5 mutants did not show

altered levels of lactic acid, suggesting that they do not (or are

unable to) generate ATP through anaerobic glycolysis to
Cell Reports 13, 2219–2231, De
compensate for reduced mitochondrial

ATP output (Figure 3F). The ability to

climb (negative geotaxis) is often affected

in flies with mitochondrial or ATP produc-

tion defects (Fergestad et al., 2008).

Consistent with this correlation, kdm5

mutant flies were significantly slower at

climbing (Figure 3G).

One key metabolic pathway that oc-

curs in the mitochondria is the tricarbox-

ylic acid (TCA) cycle that serves as a

hub to integrate carbohydrate, fat, and

protein metabolism. To test whether the

TCA cycle was affected in kdm5mutants,

we quantitated levels of citrate and found

it was 2.5-fold higher than in wild-type an-

imals (Figure 3H). We also observed that

several TCA cycle enzymes were upregu-

lated in kdm5mutants, but these changes

to gene expression were mostly indirect

(Table S2). In addition to being a TCA cy-

cle intermediate, citrate is a precursor for

de novo synthesis of fatty acids that are

necessary for membrane integrity and

signaling. Examining the levels of 87

types of glycerophospholipids in kdm5

mutants revealed that levels of long-chain

glycerophospholipids were significantly

increased (>38 carbons; Figure 3I).

Shorter-chain glycerophospholipids (<38

carbons), lysophosphatidylcholine lipids,

and sphingolipids were unaffected, sug-
gesting that only a subset of lipids were altered in kdm5mutants

(Figure 3I). Other metabolic pathways that feed into or out of the

TCA cycle, such as levels of amino acids and biogenic amines,

also were altered in kdm5 mutants (Table S3).

An important function of the TCA cycle is to convert NAD+ to

NADH,which then serves as an electron donor in ATP production

generated through the electron transport chain. A breakdown in

the TCA cycle would be expected to decrease the conversion of

NAD+ to NADH and alter the redox state of the cell. Consistent

with this expectation, kdm5 mutants had a 3-fold increase in
cember 15, 2015 ª2015 The Authors 2223



Figure 3. The kdm5 Mutant Adults Have Mitochondrial and Metabolic Defects

(A and B) Transmission electron microscopy (TEM) images show 5,000 (A) and 10,000 (B) magnifications of mitochondria within thoracic muscles from wild-type

(w1118) flies.

(C and D) TEM images from kdm5K6801/10424 mutant flies are shown.

(E) ATP levels in kdm5K6801/10424 mutant flies are shown as percentage of wild-type and normalized to the total protein levels (*p < 0.01).

(F) Lactic acid levels in kdm5K6801/10424 adults relative to w1118 are shown.

(G) Quantitation the number of wild-type (w1118) or kdm5K6801/10424 flies that climb 7 cm in 20 s after being tapped to the bottom of the vial is shown (*p < 0.001).

(H) Citrate levels (ng/ml) in wild-type and kdm5K6801/10424 mutant flies are shown (*p < 0.01).

(legend continued on next page)
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Figure 4. KDM5-Mediated Regulation of Mitochondrial Function

Genes Is Independent of Its Demethylase Activity

(A) Real-time PCR analyses of the genes indicated in demethylase-inactive

adults (described in Li et al., 2010; kdm5JmjC*) relative towild-type (w1118). Each

gene was normalized to rp49 and is shown as relative expression in kdm5JmjC

mutants (*p < 0.05).

(B and C) TEM images show 5,000 magnifications of mitochondria within

thoracic muscles from kdm5K6801 mutant flies rescued by a wild-type KDM5

transgene (KDM5WT; B) and kdm5JmjC mutant flies (C).

(D) ChIP-PCR showing levels of histone H3 acetylation using a pan-acetyl

antibody in wild-type and kdm5K6801/10424 flies. IgG is a negative control. ChIP-

PCR fragments are indicated in Figure 2B (*p < 0.05).
the ratio of NAD to NADH (Figure 3J). Through a number of

different mechanisms, defective mitochondria also can lead to

increased levels of potentially toxic reactive oxygen species

(Cui et al., 2012). kdm5 mutants had superoxide levels that

were 1.6-fold higher than wild-type, suggesting that they experi-

ence increased oxidative stress in the absence of any exoge-

nous stress source (Figure 3K). Consistent with this, the antiox-
(I) Levels of distinct lipid subtypes in kdm5K6801/10424 mutant flies relative to wild

mediate products); PCaa, phosphatidylcholine acyl molecules; PCae, phospha

carbon atoms in fatty acid chain (*p < 0.01).

(J) Ratio of NAD+ to NADH in wild-type (w1118) and kdm5K6801/10424 mutant flies

(K) Levels of superoxide as assayed by MitoSOX in kdm5K6801/10424 mutant flies

(L) Levels of the antioxidant carnosine (pmol/mg tissue) in wild-type and kdm5K6

(M) Detection of oxidized proteins in wild-type and kdm5K680/104241 mutant fly he

Cell Rep
idant stress indicator carnosine was increased 8-fold and global

levels of oxidized proteins 2-fold (Figures 3L and 3M). kdm5mu-

tants, therefore, have physical mitochondrial abnormalities and

significant disruptions to metabolic processes related to energy

production.

KDM5 Activation of Mitochondrial Function Genes Is
Dependent on Its C-terminal PHDMotif and Independent
of Its JmjC Domain Histone Demethylase Activity
To test the extent to which the demethylase activity was required

for the gene expression changes observed, we examined flies

specifically lacking KDM5-dependent enzymatic activity (Li

et al., 2010). Of the ten genes related to mitochondrial function

tested, eight were unaffected in demethylase-inactive flies while

the remaining two genes were slightly upregulated (Figure 4A).

The histone demethylase activity of KDM5 is, therefore, not

required for the activation of these target genes. Consistent

with this, we did not observe mitochondrial abnormalities in

the thoracic muscles of demethylase-inactive flies (Figures 4B

and 4C).

One of the means by which KDM5 can activate transcription

is by increasing promoter histone H3 acetylation by inhibiting

HDACs (DiTacchio et al., 2011; Lee et al., 2009). To test whether

this mechanism plays a role in the activation of mitochondrial

function genes, we tested whether levels of promoter H3 acety-

lation were decreased in kdm5 mutant flies. Seven of the ten

genes examined had no change in promoter histone H3 acetyla-

tion and the remaining three showed a slight increase (Figure 4D).

KDM5-mediated activation of these genes, therefore, does not

occur through changes to histone acetylation.

Because KDM5 binding correlated with H3K4me3, a chro-

matin mark bound by the C-terminal PHD3 motif of KDM5, we

next tested the functional significance of this activity. To abolish

H3K4me2/3 binding, we made two different mutations in PHD3

based on structural data from human KDM5A (Wang et al.,

2009) and tested their ability to bind histone peptides in vitro

(Figure 5A). Mutating tryptophan 1771 to alanine (W1771A) elim-

inated PHD3 binding to both di- and trimethylated H3K4

(Figure 5B). Altering glutamate and tryptophan at amino acid po-

sitions 1780 and 1781 to alanine (EW1780A) reduced binding to

H3K4me2 and H3K4me3, but not as dramatically as W1771A.

We therefore generated flies endogenously expressing full-

length KDM5W1771A using a genomic rescue transgene approach

that we used previously (Li et al., 2010). The only source of KDM5

in kdm5W1771A flies harbored the PHD3 mutation and was ex-

pressed at physiological levels using its endogenous promoter

(Figure 5C). Flies harboring a wild-type version of the KDM5

genomic transgene served as a control for these analyses.

The kdm5W1771A homozygous flies eclosed at a slightly

reduced Mendelian ratio, but surviving adults appeared
-type. LysoPC, lysophosphatidylcholine acyls (fatty acids generated as inter-

tidylcholine acyl-alkyl molecules. Numbers (<38 and >38) indicate number of

is shown (*p < 0.001).

relative to wild-type are shown (*p < 0.05).
801/10424 mutant flies are shown (*p < 0.001).

ads using oxyblot is shown (2-fold increase).
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Figure 5. The kdm5 Mutant Flies Unable to Bind H3K4me2/3 Retain Demethylase Activity

(A) Schematic of the PHD3 region of KDM5. Amino acids required for KDM5A binding to H3K4me2/3 are underlined and for zinc coordination in red (Wang et al.,

2009).

(B) In vitro binding between biotinylated histone H3 peptides di- or trimethylated at lysine 4 (H3K4me2 and H3K4me3) and GST-PHD3. The interaction between

KDM5 and H3K4me2 and H3K4me3 is abolished by GST-PHD3W1771A and reduced by GST-PHD3EW1780AA.

(C) Western from adult heads showing levels of KDM5, H3K4me3, and histone H3. H3 and H3K4me3 are two different channels from the same western blot. The

H3K4me3:H3 ratio is increased in kdm5K6801/10424 flies (1.6±0.3-fold).

(legend continued on next page)
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Figure 6. The PHD3Motif of KDM5 Is Impor-

tant for Gene Activation

(A) Real-time PCR comparing mRNA levels of

direct KDM5 genes in flies lacking H3K4me2/3

binding (kdm5W1771A; W1771A) and wild-type

(kdm5 mutant flies rescued by a wild-type trans-

gene). All genes shown are significantly down-

regulated in kdm5W1771A flies (p < 0.05).

(B) Anti-KDM5 ChIP-PCR analyses of binding at

the target genes indicated in wild-type flies and

kdm5W1771A mutant flies are shown (*p < 0.05).

(C and D) TEM images show 5,000 magnifications

of mitochondria within thoracic muscles from

wild-type flies (KDM5WT; C) and kdm5W1771A

mutant flies (KDM5W1771A; D).

(E) Model for KDM5 function. KDM5 recruitment to

its target mitochondrial function genes is regulated

in part through recognition of the chromatin mark

H3K4me3, but PHD3-mediated interaction(s) with

as yet unidentified transcription factor(s) (TF) and

transcriptional co-factors are also likely to be

crucial.
morphologically normal (Figure 5D). Interestingly, in contrast

to kdm5 mutants that showed increased global levels of

H3K4me3 due to the loss of demethylase activity, kdm5W1771A

animals did not have altered global levels of H3K4me3

(Figure 5C). Because PHD3 binds to the target substrate

of KDM5’s demethylase activity, we took two additional

approaches to examine whether the PHD3 motif influenced

the enzymatic activity of KDM5. First, we overexpressed
(D) Number of kdm5K6801 homozygous flies observed without a genomic rescue transgene (kdm5K6801), wi

independent insertions of a kdm5W1771A transgene (1M and 5M) is shown (*p < 0.01).

(E–H) Clones of fat body cells marked by the presence of GFP that express wild-type KDM5 or KDM5W1771A.

were crossed to actin >CD2 >Gal4, UAS-GFPmales. Transgene-expressing cells are shown by the co-expres

(E’) and (G’) and anti-H3K4me3 in (F’) and (H’).

(I) ChIP-PCR analyses of H3K4me3 levels at KDM5 target genes in wild-type flies (kdm5K6801 mutant flies resc

and kdm5W1771A mutant flies. No significant changes were observed.

(J) ChIP-PCR analyses of H3K4me2 levels in wild-type and kdm5W1771A mutant flies are shown.

Cell Reports 13, 2219–2231, De
KDM5W1771A in fat body cells using the

UAS/Gal4 system and found that was

able to demethylate H3K4me3 in a

manner similar to wild-type KDM5 (Fig-

ures 5E–5H). Second, we examined pro-

moter proximal H3K4me3 by ChIP in

kdm5W1771A mutant flies and found that

in, contrast to loss of KDM5 that results

in increased H3K4me3, mutating the

PHD3 motif had no effect on promoter

H3K4me3 (Figure 5I). H3K4me2, which

also is bound by PHD3, also is unaltered

in kdm5W1771A mutant flies (Figure 5J).

The PHD3 motif of KDM5, therefore,

acts independently of the JmjC domain-

encoded demethylase activity.

To determine the extent to which

H3K4me3 binding was required for

transcriptional regulation by KDM5, we
tested target gene expression levels in kdm5W1771A flies. All ten

mitochondrial-related genes examined were downregulated in

kdm5W1771A flies (Figure 6A). KDM5 promoter recruitment also

was significantly attenuated at dor, Pmi, Slimp, tws, nmd, Nf1,

l(2)tid, Aats-leu, blp, and bin3 (Figure 6B). To test if H3K4me3

recognition contributed to KDM5 recruitment at a target gene

not related to mitochondrial activity, we examined binding to

the promoter of the gene Equilibrative nucleoside transporter 1
th a wild-type rescue transgene (kdm5wt) and two

hs-FLP; UAS-KDM5 (or UAS-KDM5W1771A) females

sion of GFP (E, F, G, and H). Anti-KDM5 is shown in

ued by a wild-type genomic rescue construct [wt])

cember 15, 2015 ª2015 The Authors 2227



(Ent1). Interestingly, KDM5 binding to this gene was unaltered

in kdm5W1771A mutant flies (Figure 6B). We also tested KDM5

binding to the promoter of the putative kinase CG2794, which

has lower H3K4me3 levels, and found it to be unaffected in

kdm5W1771A mutants (Figure 6B). Consistent with the gene

expression changes observed, kdm5W1771A mutant flies had

deformed mitochondria in their thoracic muscles (Figures 6C

and 6D). H3K4me3 recognition by KDM5, therefore, plays an

important role in the regulation of gene expression, and abro-

gating this activity results in mitochondrial abnormalities.

To ascertain whether the effect on KDM5 recruitment was spe-

cific to PHD3 or a general feature of PHD motifs, we examined

the function of the N-terminal PHDmotif (PHD1) that binds to his-

tone H3 that is unmethylated at lysine 4 (H3K4me0) (Li et al.,

2010; Torres et al., 2015). Similar to our analyses of PHD3, we

generated flies expressing a mutant form of KDM5 unable to

bind H3K4me0 at endogenous levels (kdm5W490A; Figures

S5A–S5C). We also overexpressed KDM5W490A using a UAS

transgene and found that, in contrast to deleting the PHD1 motif

(Li et al., 2010), specifically abrogating H3K4me0 binding did not

affect the demethylase activity of KDM5 (Figures S5D–S5G).

Importantly, ChIP analyses demonstrated that KDM5W490A was

recruited to mitochondrial function genes in a manner similar to

wild-type KDM5 (Figure S5H). The PHD1 and PHD3 motifs,

therefore, have distinct functions, and only PHD3 is involved in

recruiting KDM5 to the promoters of mitochondrial function

genes.

Because abrogating KDM5-dependent recognition of

H3K4me2/3 attenuated, but did not abolish, promoter binding

(Figure 6B), chromatin recognition is not the solemeans bywhich

KDM5 is recruited to its targets. The PHD3 motif of KDM5 is,

therefore, likely to interact with additional factors critical for tran-

scriptional activation. One possibility for this is that the PHD3 of

KDM5 interacts with transcription factor(s) necessary for gene

activation. We used MEME-ChIP to determine whether KDM5-

regulated mitochondrial function genes were enriched for

DNA motifs that could contribute to gene activation. Three

DNA motifs were identified by these analyses, none of which

have been associated with a known transcription factor (Figures

S6A–S6D). All ten mitochondrial function genes contained motif

3 (TGGAAA), seven contained motif 2 (GGAACANGGA), and

six contained motif 1 (GGGGCAGA); four promoters had all

three motifs. Additionally, based on the observation that the

H3K4me3-binding PHD motif of KMT2A also interacts with the

transcriptional cofactor Cyp33 (Ali et al., 2014), the PHD3 of

KDM5 may be required for the recruitment of cofactor(s) that

are limiting for gene activation. These possibilities are summa-

rized in Figure 6E.

DISCUSSION

Based on genome-wide transcriptome and ChIP data, we

demonstrate a direct, critical role for KDM5 in the activation of

genes required for the integrity and functioning of mitochondria.

Focusing on ten mitochondrial function genes, we found that

KDM5-dependent target gene activation was independent of

its well-established histone demethylase activity. Taken with

previous reports from us and others (Catchpole et al., 2011; Li
2228 Cell Reports 13, 2219–2231, December 15, 2015 ª2015 The Au
et al., 2010; Secombe et al., 2007), these data further support

the view that KDM5 has essential gene regulatory functions

that lie outside of its JmjC domain-encoded enzymatic activity.

Consistent with non-demethylase functions playing important

roles, we observed a striking correlation between KDM5 binding

and the presence of the active chromatin mark H3K4me3.

Further support for a significant connection between KDM5

binding and the presence of H3K4me3 comes from studies of

mammalian KDM5 proteins (Kidder et al., 2014; Lopez-Bigas

et al., 2008; Ram et al., 2011) and of Drosophila KDM5 in larval

wing imaginal disc cells (Lloret-Llinares et al., 2012). Although

the target genes are distinct in different tissues and at different

developmental stages, the binding of KDM5 proteins to

H3K4me3-enriched regions of the genome appears to be highly

conserved.

Importantly, we extend these correlative data by specifically

addressing the functional importance of PHD3-mediated recog-

nition of H3K4me2/3 by KDM5 in vivo. Flies harboring a mutation

in the PHD3 of KDM5 that abrogated H3K4me2/3 binding

showed decreased binding to, and expression of, mitochondrial

function genes. Moreover, this was specific to PHD3, as a muta-

tion in the PHD1motif of KDM5 that binds H3K4me0 did not alter

KDM5 recruitment. These data demonstrate that the C-terminal

PHD motif (PHD3) is a vital contributor to promoter recruitment

and to gene activation by KDM5. Importantly, because both

the PHD1 and PHD3 domains behaved independently of the

JmjC demethylase domain, our data reinforce the notion that

KDM5 proteins regulate transcription by distinct mechanisms

that utilize the activity of different domains.

The kdm5 mutant flies had physically abnormal mitochondria

in addition to metabolic defects that led to decreased ATP pro-

duction, altered lipid metabolism, and increased levels of oxida-

tive stress. These phenotypes were likely to be caused by the

combined dysregulation of numerous KDM5 targets, as individ-

ual genes showed relatively mild (�2-fold) changes in transcript

levels. Significantly, we expect that our observed regulation of

mitochondrial function genes is a conserved function of KDM5

proteins, as KDM5A knockdown in SAOS-2 cells that lacked

the KDM5-interacting protein pRB showed a long rod mitochon-

drial phenotype (Lopez-Bigas et al., 2008; Váraljai et al., 2015).

However, in contrast to our findings in flies, KDM5A knockdown

cells did not show any change in the levels of reactive oxygen

species, possibly due to compensation from other KDM5 family

proteins. In the case of KDM5A, the only characterized direct

target was Mitofusin 2 (Mnf2), whose expression was repressed

by KDM5A (Lopez-Bigas et al., 2008). The Drosophila paralog

of Mnf2, Mitochondrial assembly regulatory factor (Marf), was

bound by KDM5 in our ChIP-seq data, but its expression was

not altered in whole animals. KDM5 may, therefore, regulate

Marf in a tissue-specific manner in flies.

Our observation that KDM5 affects mitochondrial function is

particularly relevant to our understanding of the link between

overexpression of KDM5A or KDM5B and the genesis and pro-

gression of a number of different types of cancers (Blair et al.,

2011). KDM5A- and KDM5B-overexpressing tumors are often

resistant to traditional chemotherapy treatments (Blair et al.,

2011). This effect has been characterized in some detail in

KDM5B-overexpressing melanomas, where drug resistance is
thors



linked to the survival of a small population of slowly dividing cells

(Roesch et al., 2010, 2013). Proteomic analyses of KDM5B-over-

expressing cells revealed an increase in mitochondrial bioenergy

that correlated with resistance to chemotherapy drugs (Roesch

et al., 2013). However, no gene expression changes were re-

ported to account for the link between KDM5B and changes to

mitochondrial activity. Based on our data, we suggest that

KDM5B may directly regulate genes required to increase mito-

chondrial activity and that this is key to the survival of this subset

of slow-growing cells that can cause therapy resistance. We

further propose that the effects of KDM5B on mitochondrial ac-

tivity may be PHD3 dependent. In this regard it is interesting to

note that the PHD3 motif previously has been linked to cancer,

as this domain of KDM5A forms part of a leukemia-causing

fusion protein (van Zutven et al., 2006; Wang et al., 2009). In

addition, our previous studies showed that the PHD3 motif of

KDM5 is required for the induction of cell growth in concert

with the oncoprotein transcription factor Myc (Li et al., 2010).

Together, these data show the importance of chromatin recogni-

tion by KDM5, and they suggest a direct role for dysregulation of

PHD motif-mediated H3K4me3 recognition in cancer.

Mitochondrial dysfunction is also an emerging theme among

conditions that affect neuronal functioning, including fragile

X-related syndromes, Down syndrome, Alzheimer’s disease,

Rett syndrome, and some autism spectrum disorders (De Felice

et al., 2012; Pagano and Castello, 2012; Yan et al., 2013). Muta-

tions in KDM5A andKDM5B are found in patients with autosomal

recessive intellectual disability, and mutations in KDM5C are

found in those with the X-linked form of this disease (Vallianatos

and Iwase, 2015). Reduced mitochondrial function and/or

increased oxidative stress may contribute to the neuronal phe-

notypes observed in these patients. It is also noteworthy that

our analyses of directly regulated KDM5 target genes revealed

significant enrichment for several transcription factors critical

for neuronal development and function. In particular, factors

such as Lola (Longitudinals lacking) and Ttk (Tramtrack) are

required for dendrite development (Iyer et al., 2013; Parrish

et al., 2006). Because dendrite abnormalities are found in

KDM5C knockdown cells (Iwase et al., 2007), the dysregulation

of KDM5-Lola and KDM5-Ttk target genes may contribute to

the cognitive pathologies seen in patients with mutation in

KDM5 family genes.

EXPERIMENTAL PROCEDURES

Fly Strains

Fly strains were obtained from Bloomington stock center. Individually,

kdm510424 and kdm5K6801 homozygotes survive at less than 5%, but

kdm510242/kdm5K6801 is a hypomorphic allelic combination in which adults

survive at �50% expected frequency (30% of wild-type protein levels) (Li

et al., 2010; Liu et al., 2014; Secombe et al., 2007). The wild-type untagged,

HA-tagged kdm5, and demethylase-inactive (kdm5JmjC*) genomic rescue

transgenes were reported previously (Li et al., 2010; Liu et al., 2014).

The PHD3 and PHD1 mutant genomic rescue transgenes (gKDM5W1771A

and gKDM5W490A) were generated by site-directed mutagenesis. The

gKDM5W1771A transgene insertion numbers 1M, 2M, and 5M were tested

and behaved indistinguishably. The gKDM5W490A 8M or 9M was used. UAS-

KDM5 was generated using the pUASt vector. UAS-KDM5W1771A and UAS-

KDM5W490A were generated by site-directed mutagenesis. Transgenic flies

were generated by The Best Gene.
Cell Rep
RNA-Seq and ChIP-Seq Analyses

RNA-seq analyses were carried out comparing wild-type (w1118) flies and

kdm5K6801/10424 flies that were 1–3 days old. ChIP-seq using anti-KDM5 (using

w1118 flies) and anti-HA (using genomic tagged KDM5:HA flies) were carried

out using 1- to 3-day-old flies. Details of RNA-seq and ChIP-seq analyses

are described in the Supplemental Experimental Procedures.

Real-Time PCR

Total RNA (1 mg) was reverse transcribed using Verso cDNA kit (Thermo Scien-

tific) with oligo (dt) primer. The qRT-PCR reactions were performed in triplicate

as described previously (Liu et al., 2014). Primer sequences are provided in

Table S4.

ChIP

ChIP-PCR binding signals were calculated as a percentage of input DNA as

described previously (Liu et al., 2014). IgG was used as a negative control.

Primers used for ChIP-PCR are shown in Table S4.

Quantitation of ATP, Citrate, and Lactic Acid Levels and the Ratio of

NAD to NADH

ATP concentration was determined using the ATP bioluminescence assay kit

HS II (Invitrogen). Values were normalized to protein concentration. Citrate and

lactic acid concentrations were determined using kits from Sigma (MAK057

and MAK064, respectively). The ratio of NAD/NADH was determined using

the NAD/NADH assay kit II (Sigma MAK037).

Superoxide Quantitation

MitoSOX (Invitrogen) fluorescence was quantitated from control (w1118) and

kdm5K6801/10424 mutant flies using isloated mitochondria as described previ-

ously (Tang et al., 2009).

Histone Binding

Histone-binding assays were carried out as described previously (Li et al.,

2010).

Westerns and Immunofluorescence

The KDM5 antibody has been described previously (Secombe et al., 2007).

Anti-H3K4me2, H3K4me3, and H3 were obtained from Active Motif. Western

analysis was carried out using standard protocols, infrared-conjugated sec-

ondary antibodies (LI-COR Biosciences), and band intensity quantitated using

LI-COR Odyssey version 3.0 software. Immunofluorescence of larval tissue

was carried out as described in Secombe et al. (2007).

Metabolite Analyses

Wild-type (w1118) or kdm5K6801/10424 mutant adults were homogenized in

2.5 mM ammonium acetate in methanol and analyzed using ultraperformance

liquid chromatography-tandem mass spectrometry (UPLC-MS/MS, Acquity

UPLC Xevo TQ MS). Assay procedures and metabolite nomenclature have

been described previously (Gieger et al., 2008; Illig et al., 2010). Six biological

replicates of pooled quality control (QC) samples (for each genotype) were

analyzed to calculate the %CV for each metabolite.

Electron Microscopy

Thoraxes from 1- to 3-day-old flies were fixed in 2% paraformaldehyde, 2.5%

glutaraldehyde, 5 mM CaCl2, and 0.1 mM sodium cacodylate for 24 hr at 4�C.
This was followed by 2-hr post-fixation in 2.5% glutaraldehyde, 0.8% osmium

tetroxide, and 0.1 mM sodium cacodylate at 4�C. Ultrathin sections were cut

on a Reichert Ultracut UCT, stained with uranyl acetate followed by lead

citrate, and viewed on a JEOL 1200EX transmission electron microscope at

80 kv.

Negative Geotaxis Assays

Flies were tapped down to the bottom of an empty standard plastic food vial

and the number of flies that climbed 7 cm within 20 s quantified. Females

(80: ten flies per vial, eight biological replicates) were scored for each

genotype.
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Statistical Analyses

Unless otherwise indicated, data are presented as mean ± SEM from at least

three independent biological replicates (each done in triplicate). Statistical sig-

nificances were evaluated using Student’s t test and one-way ANOVA ana-

lyses using GraphPad Prism software. Statistical analyses of Mendelian ratios

were carried out using chi-square test.
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