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Summary

Eukaryotic genomes are broadly divided between gene-rich euchromatin and the highly repetitive 

heterochromatin domain, which is enriched for proteins critical for genome stability and 

transcriptional silencing. This study shows that Drosophila KDM4A (dKDM4A), previously 

characterized as a euchromatic histone H3 K36 demethylase and transcriptional regulator, 

predominantly localizes to heterochromatin and regulates heterochromatin position-effect 

variegation (PEV), organization of repetitive DNAs, and DNA repair. We demonstrate that 

dKDM4A demethylase activity is dispensable for PEV. In contrast, dKDM4A enzymatic activity is 

required to relocate heterochromatic double-strand breaks outside the domain, and for organismal 

survival when DNA repair is compromised. Finally, DNA damage triggers dKDM4A-dependent 

changes in the levels of H3K56me3, suggesting dKDM4A demethylates this heterochromatic 

mark to facilitate repair. We conclude that dKDM4A, in addition to its previously characterized 

role in euchromatin, utilizes both enzymatic and structural mechanisms to regulate 

heterochromatin organization and functions.

eTOC Blurb

Colmenares et al. discover that Drosophila KDM4A, previously characterized as an euchromatic 

histone H3K36 demethylase and transcriptional regulator, is recruited to heterochromatin to 

contribute non-enzymatically to position-effect variegation, a hallmark of heterochromatin 

integrity. Conversely, dKDM4A catalytic activity is vital to heterochromatin DNA repair and is 

associated with demethylation of heterochromatic H3K56me3.
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Introduction

Heterochromatin (HC) comprises 20 and 30% of human and Drosophila genomes (Lander, 

Linton et al. 2001, Hoskins, Carlson et al. 2007), respectively, and remains condensed 

throughout the cell cycle (Heitz 1928). HC composition is distinct from euchromatin (EC), 

with its low gene count and high enrichment for repetitive sequences, di- and tri-methylated 

histone H3 K9 (H3K9me2 and 3), and Heterochromatin Protein 1a (HP1a) (Eissenberg and 

Elgin 2000). HC is concentrated at pericentromeric and telomeric regions (Karpen and 

Allshire 1997), where it plays important roles in genome stability. Disruption of HC 

structure impairs chromosome segregation (Kellum and Alberts 1995), replication timing 

(Barigozzi, Dolfini et al. 1966), transposon silencing (Rangan, Malone et al. 2011), gene 

expression (Weiler and Wakimoto 1995, Piacentini and Pimpinelli 2010), and DNA repair 

(Peng and Karpen 2009). However, the mechanisms by which HC components mediate these 

diverse processes remain poorly understood.

Central to HC structure is the enrichment for H3K9me2 and me3, primarily catalyzed by the 

histone methyltransferase (HMTase) Su(var)3-9 (Schotta, Ebert et al. 2002). These methyl 

marks form the epigenetic basis for HC maintenance by providing binding sites for HP1a 

(Bannister, Zegerman et al. 2001). HP1a, in turn, recruits other proteins that mediate the 

many chromosomal and nuclear functions of HC (Alekseyenko, Gorchakov et al. 2014, Ryu, 

Lee et al. 2014, Swenson, Colmenares et al. 2016). Loss of Su(var)3-9, HP1a, or other HC 

proteins leads to defects in HC function (Eissenberg, James et al. 1990, Tschiersch, 

Hofmann et al. 1994), which can be observed as changes in the silencing of genes inserted 

into or near HC (position-effect variegation or PEV) (Grigliatti 1991). Reporter genes placed 

in proximity to HC undergo stochastic silencing due to variable spreading of HC proteins, 

and become derepressed or further silenced upon disruption or augmentation of HC 

components, respectively (Weiler and Wakimoto 1995). Genetic screens for PEV modifiers 

have identified ~150 genes that regulate HC function (Schotta, Ebert et al. 2003), but the 
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identities of the majority of these genes and their molecular roles in HC structure and 

function are unknown.

Accumulating evidence shows HC components are critical for genome integrity and play 

important roles in DNA repair (Dinant and Luijsterburg 2009, Cann and Dellaire 2011). 

Loss of the Su(var)3-9 HMTase leads to chromosome segregation defects, repetitive DNA 

instability, and accumulation of DNA repair protein foci, including phosphorylated H2A 

variant (γH2Av) (Peng and Karpen 2007). Su(var)3-9, HP1a and the Smc5/6 complex also 

facilitate repair of heterochromatic double-strand breaks (DSBs) by the homologous 

recombination (HR) pathway, which utilizes a distinct and dynamic spatio-temporal 

regulatory mechanism (Chiolo, Minoda et al. 2011). Early steps in HR repair, such as end 

resection, occur within minutes after DNA damage inside the HC domain. However, Rad51 

recruitment, which is required to complete HR repair (Eskeland, Eberharter et al. 2007), 

only occurs after DSBs are relocalized outside the HC domain and associate with the nuclear 

periphery (Ryu, Spatola et al. 2015). This spatial partitioning of HR events enables the 

separation of repeats with DSBs from the rest of the HC, which likely reduces the 

probability of reciprocal exchange that result in genome instability (e.g. translocations that 

form acentric and dicentric chromosomes), and promoting less harmful HR repair from 

homologs or sister chromatids (Chiolo, Minoda et al. 2011).

The Drosophila KDM4A (dKDM4A) protein belongs to the jumonji family of Fe(II)- and α-

ketoglutarate-dependent lysine demethylases (Whetstine, Nottke et al. 2006). Members of 

this family play vital roles in epigenetic mechanisms that govern gene expression and 

development (Nottke, Colaiacovo et al. 2009, Lorbeck, Singh et al. 2010), regulate DNA 

repair and genome stability (Mallette, Mattiroli et al. 2012, Kupershmit, Khoury-Haddad et 

al. 2014, Awwad and Ayoub 2015), and are misregulated in many types of cancers (Black, 

Manning et al. 2013, Guerra-Calderas, Gonzalez-Barrios et al. 2015). Despite its name, the 

closest dKDM4A mammalian homolog is KDM4D, since both contain the JmjN and JmjC 

domains responsible for enzymatic activity, and lack the PHD and Tudor domains found in 

human KDM4A (Lloret-Llinares, Carré et al. 2008). dKDM4A catalyzes the demethylation 

of H3K36me3 and H3K36me2 in vitro and in vivo (Lin, Li et al. 2008, Crona, Dahlberg et 

al. 2013), suggesting a transcriptional role, as these modifications are hallmarks of active 

gene bodies (Xiao, Hall et al. 2003). Consequently, recent studies have focused on how 

dKDM4A regulates gene activity in EC (Lin, Li et al. 2008) (Crona, Dahlberg et al. 2013).

dKDM4A homologs, as well as the closely related fly homolog KDM4B, have also been 

reported to demethylate H3K9me3. However, an in vitro study (Lin, Li et al. 2008) 

concluded that dKDM4A lacks the H3 K9 demethylase activity associated with mammalian 

family members and dKDM4B (Klose, Yamane et al. 2006, Lin, Li et al. 2008); thus 

dKDM4A-dependent changes in H3K9me3 levels observed in vivo in flies are likely indirect 

or require additional cofactors (Lloret-Llinares, Carré et al. 2008, Tsurumi, Dutta et al. 

2013). KDM4A homologs have also been shown to demethylate other HC-associated 

modifications, including H1.4K26me3 (Trojer, Zhang et al. 2009) and H3K56me3 (Jack, 

Bussemer et al. 2013). However, Drosophila H1 lacks the lysine methylated in other species, 

and H3K56me3 has not been tested as a dKDM4A substrate in flies. Interestingly, dKDM4A 

contains a PxVxL motif that mediates its interaction with HP1a (Lin, Li et al. 2008). 
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Surprisingly, despite these links to HC, a potential role for dKDM4A in regulating HC 

structure or function has not been reported.

This study demonstrates that Drosophila KDM4A is highly enriched in HC and is required 

for normal HC structure and function, including repair of DNA damage. We show that 

dKDM4A impacts transcription of some EC genes, but find limited evidence for 

transcriptional regulation of heterochromatic genes and transposons. Instead, we show that 

dKDM4A is required for the spatial organization of repetitive elements, PEV, and the 

mobilization and repair of HC DSBs. We further determine that dKDM4A contributes a 

structural, non-catalytic role in maintenance of HC integrity, as assayed by PEV. In contrast, 

we show that dKDM4A catalytic activity is important for relocalization of DSBs outside the 

HC domain and for organismal survival of DNA repair mutants. Finally, we find that DNA 

damage triggers dKDM4A-dependent changes in the levels of heterochromatic H3K56me3. 

Altogether, we conclude that dKDM4A is a HC component vital to the stability and 

organization of repetitive DNA and HC-mediated gene silencing, through a combination of 

structural and enzymatic functions.

Results

dKDM4A is highly enriched in HC throughout the cell cycle

Previous studies reported that overexpressed dKDM4A localizes to EC in polytene tissues, 

and emphasized its role in H3K36 demethylation at active EC genes (Lin, Li et al. 2008, 

Lloret-Llinares, Carré et al. 2008, Tsurumi, Dutta et al. 2013). Based on its physical 

interactions with HP1a, we investigated the potential involvement of dKDM4A in HC 

structure and function. We first tested the nuclear localization of dKDM4A using 

immunofluorescence (IF) of the native protein. However, a lab-generated antibody to 

dKDM4A that detects the protein in Western blots failed to produce any nuclear signal after 

IF (data not shown). We therefore analyzed the live nuclear localization of dKDM4A in 

Schneider-2 (S2) cells stably expressing low levels of fluorescently-tagged dKDM4A and 

HP1a. In flies, pericentromeric regions from chromosomes X, 2 and 3, and all of 

chromosomes Y and 4, coalesce during interphase into a HP1a-enriched HC domain 

spatially separated from EC and positioned adjacent to the nucleolus (Elgin and Reuter 

2013). Our study showed that the vast majority of dKDM4A co-localized extensively with 

HP1a (Figure 1A) and is therefore highly enriched in HC. Similar results were obtained with 

mCherry-dKDM4A and GFP-HP1a stably co-expressed in early embryonic Kc and neuronal 

BG3 cell lines (Figure S1A), showing that dKDM4A is consistently enriched in HC in 

various Drosophila cell types. Moreover, dKDM4A localization is not affected by expression 

levels; transient co-transfection of GFP-dKDM4A and mCherry-HP1a revealed that 

dKDM4A co-localized with HP1a even at the lowest levels detectable by live imaging.

dKDM4A co-localization with HP1a closely follows the dynamic distribution of HP1a 

during the cell cycle. HP1a is released from chromosomes in early mitosis and reassembles 

into a cohesive domain in G1 (Kellum and Alberts 1995). In time-lapse movies, GFP-

dKDM4A and mCherry-HP1a extensively co-localize throughout interphase and 

simultaneously become dispersed in early mitosis (Figure 1B). HC enrichment of both 

proteins initiates in anaphase/telophase, and is fully restored by the start of G1. dKDM4A 
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recruitment to HC after mitosis is delayed relative to HP1a enrichment, suggesting 

dependence of dKDM4A on HP1a for HC localization (see below). Both proteins also 

remain enriched in HC during S phase (identified by mCherry-tagged PCNA, Figure 1C). As 

HC DNA replicates during late S phase, PCNA foci form on or around HP1a- and 

dKDM4A-enriched regions. We conclude that dKDM4A retains its HC localization and 

enrichment throughout the dynamic changes that occur during the cell cycle.

dKDM4A localization to HC requires Su(var)3-9 and HP1a

RNAi depletion was used to evaluate the epistasis relationships between HP1a, Su(var)3-9 

and dKDM4A. RNAi of dKDM4A or brown control (bw) had no effect on HP1a subnuclear 

enrichment or protein levels in S2 cells, demonstrating that HP1a localization to HC does 

not depend on dKDM4A (Figure 1D, 1E). In contrast, HP1a or Su(var)3-9 RNAi resulted in 

loss of dKDM4A HC enrichment and an increase in diffuse pan-nuclear signals (Figure 1D). 

Small HP1a foci persist after Su(var)3-9 RNAi, likely due to 1) the presence of two minor 

H3K9 HMTases (G9a and eggless) responsible for methylation of specific domains (Seum, 

Reo et al. 2007) and/or 2) HP1a localization to telomeres, which occurs independently of 

H3K9 methylation (Fanti, Giovinazzo et al. 1998). Regardless, we observe that Su(var)3-9-

independent HP1a foci are also enriched for dKDM4A. Finally, dKDM4A mutated at the 

PxVxL motif (V423A) required for binding the HP1a chromoshadow domain (CSD)(Lin, Li 

et al. 2008) showed lack of enrichment in HP1a-marked HC (Figure 1F). We conclude that 

dKDM4A is recruited to HC by Su(var)3-9 and HP1a through its PxVxL domain, but is not 

required for HP1a enrichment in HC.

To further characterize the dKDM4A association with HC, we used Fluorescence Recovery 

After Photobleaching (FRAP) to compare the dynamics of dKDM4A within and outside HC. 

Previously, HP1a FRAP displayed both highly dynamic and stable components (Cheutin, 

McNairn et al. 2003). Our FRAP results show that the HC dKDM4A population is more 

dynamic than HP1a (Figure S1B), suggesting that dKDM4A-HP1a interactions are less 

stable than HP1a interactions with the HC domain. The EC dKDM4A population is even 

more dynamic than the HC population and closely matches the behavior of a dKDM4A 

PxVxL mutant that cannot bind HP1a in HC. This suggests that HP1a binding stabilizes 

dKDM4A in HC. In contrast, HP1a dynamics in HC are not markedly affected by loss of 

dKDM4A (Figure S1C), consistent with dKDM4A acting downstream of HP1a. Overall, 

based on strong dKDM4A enrichment in HC, and its recruitment and stabilization by HP1a 

binding, we conclude that dKDM4A is a structural component of HC.

dKDM4A is required for HC-mediated gene silencing

To determine if dKDM4A is required for HC functions, we tested the impact of altered 

dKDM4A dosage on HC-mediated gene silencing (PEV). The yellow+ (y+) reporter gene, 

when inserted into HC, exhibits stochastic expression represented by dots of dark pigment 

on the dorsal abdomen of adult flies (Figure 2A). Loss of Su(var)3-9, HP1a or other known 

HC components results in suppression of PEV, which can be visualized as increased 

pigmentation. We observe that a dKDM4A mutation that completely abolishes dKDM4A 

protein (Figure S2) also derepresses heterochromatic reporter genes in a dose-dependent 

fashion. Flies heterozygous for dKDM4A display significantly increased abdominal 
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pigmentation compared to wildtype flies; flies completely lacking a functional dKDM4A 

resulted in even higher pigmentation levels (Figure 2A, B). Similar suppression of PEV in 

the absence of dKDM4A was observed for y+ reporter genes inserted in the pericentric HC 

of chromosomes 2 (top), 3 (middle) and 4 (bottom). Therefore, we conclude that wildtype 

dKDM4A is required for gene silencing in different HC regions, and like HP1a or 

Su(var)3-9 mutants, a dKDM4A loss of function mutation acts as a dominant suppressor of 

variegation.

dKDM4A is required for repeat organization in HC

dKDM4A effects on PEV indicate that HC is perturbed in mutants, yet we observed no 

change in HP1a localization and dynamics after dKDM4A RNAi in tissue culture cells. We 

therefore determined if dKDM4A impacts higher-order HC architecture, specifically the 

organization of satellite DNA in HC, using tandem repeat probes and fluorescence in situ 

hybridization (FISH). We analyzed the distribution of two tandem repeats (AACAC of 

chromosome 2 and AATAACATAG of chromosomes 2 and 3) in S2 and Kc cells depleted 

for dKDM4A, yellow (y) or GFP. We observed that loss of dKDM4A increased the average 

number of repeat foci per nucleus (Figure 2C–E) and the average distance between the most 

distal foci in a nucleus (Figure S2B), and decreased the size and intensity of satellite foci 

(Figure S2C). We also detected an increased number of AACAC, AATAACATAG, and 

dodeca (chromosome 3) foci in whole-mount, polytene cells from dKDM4A mutant flies, 

validating a role for dKDM4A satellite architecture in the animal (Figure S2D–E). We 

conclude that although dKDM4A acts downstream of HP1a, and is not required for gross 

localization of HP1a to HC, it is still required to establish or maintain the 3D organization of 

repeated sequences in HC.

dKDM4A does not significantly affect transcription in HC

HC contains fewer genes and lower levels of active transcription marks compared to EC, but 

nevertheless contains active genes and transposable elements (Riddle, Minoda et al. 2011). 

Loss of dKDM4A alters gene expression in flies (Crona, Dahlberg et al. 2013) and increases 

H3K36me3 levels at several HC genes (Lin, Paulson et al. 2012). However, these studies did 

not include the majority of HC genes, or any transposable elements or tandem repeats 

enriched in HC.

To study the broad effects of dKDM4A on HC transcription, we compared S2 cells depleted 

for dKDM4A, HP1a or GFP (control). A 5-day RNAi of dKDM4A in S2 cells resulted in 

near-complete absence of dKDM4A protein, and a nearly 50% increase in bulk H3K36me3 

levels, in comparison to GFP RNAi (Figure 3A). Therefore, if dKDM4A regulates HC 

function through demethylation of H3K36me3, dKDM4A loss should result in increased HC 

gene and repeat transcript levels.

The RNA-seq results show that dKDM4A regulates a smaller fraction of Drosophila genes 

than HP1a. Out of 14,869 genes analyzed, only 66 are upregulated after dKDM4A depletion, 

compared to 304 genes upregulated after HP1a RNAi (Figure 3B, Tables S1, S2). 

Interestingly, 35 of these dKDM4A-regulated genes are also activated by loss of HP1a, 

indicating they are co-repressed by these HC factors. In addition, 22 genes are 
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downregulated after dKDM4A RNAi, compared to 183 genes for HP1a RNAi, of which six 

are co-regulated by dKDM4A and HP1a. dKDM4A gene targets are widely distributed 

throughout the genome, but include only 2 HC genes, suggesting that dKDM4A regulates 

transcription of a small number of mostly EC genes. In contrast, HP1a regulates 50 HC 

genes (Figure 3B, Figure S3A). Comparison of dKDM4A RNAi effects on transcription 

with previously published data from a dKDM4A mutant fly (Crona, Dahlberg et al. 2013) 

shows little overlap (4 out of 99 dKDM4A-affected genes), suggesting that gene regulation 

by dKDM4A may differ between tissue culture and flies.

In addition, there was no significant activation of transposable element or repeat 

transcription after dKDM4A RNAi, in contrast to the upregulation of 34 transposons and the 

1.688 satellite repeat after HP1a RNAi (Figure 3C). Whether or not dKDM4A exerts 

transcriptional effects on non-polyadenylated HC transcripts remains to be determined. 

Notably, two transposable elements primarily found near telomeres (TAHRE and Het-A) 

were down-regulated after dKDM4A or HP1A RNAi (Figure 3D), and thus require 

dKDM4A and HP1a for normal transcription levels. The possibility that dKDM4A is 

involved in telomere structure or function, as observed for HP1a (Savitsky, Kravchuk et al. 

2002), is consistent with the observed co-localization of dKDM4A-enriched foci with a 

telomere-capping protein, HOAP (Figure S3B), and the co-localization of dKDM4A with 

Su(var)3-9-independent HP1a foci (Figure 1D). Regardless, unlike HP1a, dKDM4A 

enrichment at pericentric HC is not connected with regulation of most transposon 

transcriptional activity, suggesting other functions of dKDM4A in HC. Overall, we conclude 

that dKDM4A plays a relatively minor role in regulating the transcription of HC genes and 

transposons.

dKDM4A loss alters H3K9me3 but not H3K36me3 levels in HC

HC contains overall lower levels of H3K36me3 compared to EC (Riddle, Minoda et al. 

2011), which in part may be due to the enrichment of dKDM4A in HC. To determine if the 

dKDM4A-dependent increases in H3K36me3 levels (Figure 3A) occurs in HC or EC, we 

performed IF in Kc cells after dKDM4A RNAi. In control cells, we observed that HP1a- or 

H3K9me2-enriched regions contain very low levels of H3K36me3, whereas EC regions with 

low HP1a or H3K9me2 staining exhibited high H3K36me3 enrichment (Figure 4A). 

However, low H3K36me3 levels persist in dKDM4A-depleted HC, while dKDM4A-

depleted EC regions exhibit brighter H3K36me3 intensities compared to control cells 

(Figure 4A, B). These results suggest that dKDM4A-mediated demethylation is not 

responsible for the overall low levels of H3K36me3 in HC, but does impact the levels of this 

modification in EC.

Although dKDM4A does not demethylate H3K9me3 in vitro (Lin, Li et al. 2008), other 

studies suggest that dKDM4A reduces H3K9me3 levels in vivo (Lloret-Llinares, Carré et al. 

2008, Tsurumi, Dutta et al. 2013), which could account for dKDM4A effects on HC 

functions. To test this hypothesis and generate a higher-resolution map of both H3K9me3 

and H3K36me3 enrichments across the genome, we performed ChIP-seq analysis of S2 cells 

after dKDM4A or GFP (control) RNAi. Using antibodies previously validated by 

modENCODE (Egelhofer, Minoda et al. 2011), ChIP-seq results showed significantly higher 
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enrichment levels of both H3K36me3 and H3K9me3 peaks in EC after dKDM4A 

knockdown (Figure 4C). However, dKDM4A RNAi had no effect on the enrichment of 

H3K36me3 peaks in HC, consistent with the IF results, but did display a moderate increase 

in the enrichment levels of H3K9me3 peaks (Figure 4D).

Standard ChIP-seq analyses focus on uniquely mapping sequences, which represent only a 

minor part of HC. Therefore, we also analyzed the effects of dKDM4A RNAi on 

H3K36me3 and H3K9me3 enrichments in repetitive DNA. We observed that satellite 

sequences, histone genes and ribosomal DNA were not enriched for H3K36me3 in controls 

(Figure 4E). Furthermore, although many transposons (e.g. those enriched at telomeres) 

contained high levels of H3K36me3 in control samples, enrichments at these transposons or 

any other repetitive DNA tested did not significantly change after dKDM4A RNAi. Thus, 

we conclude that dKDM4A effects on HC structure (e.g. satellite organization) or function 

(e.g. PEV) are independent of its H3K36me3 demethylase activity.

In contrast, H3K9me3 enrichment at repetitive domains (two satellite sequences and a 

transposon) exhibited either significant loss or gain of H3K9me3 enrichment after dKDM4A 

depletion, and the entire population of transposons showed generally higher H3K9me3 

enrichment (Figure 4F, trendline). We conclude that dKDM4A impacts H3K9me3 levels in 

different HC domains. Although this suggests that dKDM4A could influence PEV directly 

through H3K9me3 demethylation, this is inconsistent with 1) the lack of in vitro H3K9 

demethylation activity for dKDM4A (Lin, Li et al. 2008), 2) the presence of both gains and 

losses of H3K9 methylation, and 3) catalytic activity not being required for suppressing PEV 

(see next section). Thus, changes to H3K9me3 levels are more likely to result from indirect 

effects arising from HC structural disorganization upon dKDM4A loss, rather than a direct 

defect in H3K9me3 demethylation.

dKDM4A effects on PEV do not require its catalytic activity

Our results thus far suggest that dKDM4A effects on PEV are associated with a loss of 

repetitive DNA organization (Figure 2C–E) and perturbations in H3K9me3 distributions in 

HC (Figure 4D, F). However, a key question that remains is if dKDM4A catalytic activity is 

required for PEV. We tested flies containing either wildtype dKDM4A or a mutation 

previously shown to disable its catalytic activity (Lin, Li et al. 2008, Crona, Dahlberg et al. 

2013) for their ability to complement the silencing defect exhibited by homozygous 

dKDM4A deletion mutants. Interestingly, both wildtype and catalytic mutant dKDM4A 

restored silencing of a y+ reporter gene inserted in the 4th chromosome (Figure 5A). Thus, 

we conclude that dKDM4A demethylase activity is not required to maintain HC integrity, 

and propose that the observed changes in H3K9 methylation levels after dKDM4A RNAi are 

likely indirect, and not due to loss of dKDM4A H3K9me3 demethylase activity. Based on 

the non-catalytic contribution to PEV and widespread localization of dKDM4A in HC, we 

propose that dKDM4A impacts gene silencing primarily by regulating HC structure.

Overexpression of HP1a and some HC proteins can enhance PEV, resulting in additional 

silencing of transgene expression (Eissenberg, Morris et al. 1992, Tschiersch, Hofmann et 

al. 1994). We find that an extra copy of dKDM4A or of its catalytic mutant further silences 

y+ inserted in HC of a wildtype background (Figure 5B), indicating that dKDM4A, like 
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HP1a, is a triplo-enhancer of variegation. This result also further demonstrates that 

dKDM4A promotes HC silencing in a non-catalytic manner.

We also investigated a previous report showing that GAL-based overexpression of dKDM4A 

results in HP1a mislocalization from the chromocenter (Lin, Li et al. 2008) by testing the 

variegation effects of GAL-overexpressed dKDM4A. Surprisingly, we observed that GAL-

based overexpression of wild-type dKDM4A results in derepression of y+ inserted in HC, 

but not overexpression of a dKDM4A PxVxL mutant incapable of binding HP1a (Figure 

S4). Thus, derepression of HC in response to high levels of dKDM4A is largely due to 

dKDM4A outcompeting other HC proteins that bind HP1a, which requires auxiliary factors 

to efficiently bind H3K9me3 (Eskeland, Eberharter et al. 2007). We conclude that an extra 

copy of dKDM4A enhances HC PEV, but extremely high levels of dKDM4A can interfere 

with proper HC structure, further indicating that dKDM4A dosage is critical for HC 

function.

dKDM4A is required for normal repair and relocalization of heterochromatic DSBs

Although the demethylase activity of dKDM4A is not required for PEV, it could be required 

for other HC functions. Su(var)3-9, which is critical for PEV and organization of repetitive 

DNA, is also required for normal repair of heterochromatic DSBs. We therefore tested 

dKDM4A for effects on the distinct spatio-temporal dynamics of heterochromatic DSBs 

induced after radiation treatment (IR). γH2Av foci that mark DSBs form rapidly within the 

DAPI-bright region of HC, then eventually relocalize to outside the HC domain (~30 min 

after IR). Loss of HC proteins (Su(var)3-9, HP1a and the SMC5/6 complex) blocks DSB 

relocalization, resulting in accumulation of γH2Av foci inside HC 60 min after IR (Chiolo, 

Minoda et al. 2011).

Quantitation of γH2Av foci inside the DAPI-bright region at different time points after IR 

showed that cells depleted for dKDM4A accumulated higher levels of γH2Av foci than 

control cells 30–60 minutes after IR, similar to levels observed after HP1a depletion (Figure 

6A). We conclude that dKDM4A is required for the normal DNA damage response in HC, 

specifically the relocalization of DSBs outside the HC domain. Although the frequency of 

γH2Av foci remaining in HC after dKDM4A depletion is still significantly higher than 

controls at 240 minutes after IR, they are significantly less than observed after HP1a RNAi 

(Figure 6A). This suggests that the requirement for dKDM4A in DSB relocalization is 

partially ameliorated at later timepoints after damage induction, which is not observed for 

HP1a, or that low levels of dKDM4A remaining after RNAi are sufficient to drive delayed 

DSB relocalization.

To identify a mechanism for dKDM4A-mediated repair of heterochromatic DSBs, the role 

of dKDM4A enzymatic activity in DSB relocalization was determined by measuring 

retention of γH2Av foci in HC in cells expressing only a catalytic mutant of dKDM4A. Kc 

cells stably expressing GFP-tagged wildtype or mutant dKDM4A constructs containing 

alternative codons were depleted for y (control) or endogenous dKDM4A (Figure 6B). As 

expected, we detected no retention of γH2Av foci in cells expressing the wild type construct 

in the presence or absence of endogenous dKDM4A, compared to controls. However, cells 

expressing the dKDM4A catalytic mutant exhibited significantly higher levels of γH2Av 
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foci retention in HC when endogenous dKDM4A was depleted (Figure 6C). These results 

show that dKDM4A-dependent demethylation is required for DSB relocalization in HC.

We conclude that dKDM4A is required for relocalization of induced DSBs outside the HC 

domain, and consequently for the completion of repair when damage is induced by IR. 

Furthermore, the catalytic activity of dKDM4A is required for DSB mobilization, suggesting 

that lysine demethylation of one or more HC components is critical for proper DNA repair.

dKDM4A is required for demethylation of H3K56me3 during DNA damage

To identify a mechanism for dKDM4A enzymatic activity on heterochromatic DSB 

relocalization, we assayed several potential substrates for changes during DNA damage in 

HC. Based on recent results implicating H3K36me3 in DNA repair (Pai, Deegan et al. 2014, 

Pfister, Ahrabi et al. 2014), we first determined if loss of dKDM4A results in increased 

H3K36me3 levels specifically at HC γH2Av foci after IR. Since loss of dKDM4A does not 

appreciably increase H3K36me3 levels in HC (Figure 4A), we performed co-IF staining of 

H3K36me3 at γH2Av foci within HP1a domains. Our results showed that γH2Av foci 

within HP1a domains are associated with low levels of H3K36me3 independently of the 

presence or absence of dKDM4A (Figure S5A). Therefore, the requirement for dKDM4A 

enzymatic activity during DSB relocalization in HC is not due to demethylation of 

H3K36me3, suggesting the presence of other substrates involved in DSB relocation.

We therefore tested if DNA damage induced changes in overall levels of other potential 

dKDM4A substrates, such as H3K9me3 and H3K56me3, a recently discovered HC-enriched 

modification. Mammalian KDM4D and KDM4E were previously shown to demethylate 

H3K56me3 (Jack, Bussemer et al. 2013), but dKDM4A was not known to regulate this 

modification. Extracts of dKDM4A mutant flies showed accumulation of H3K56me3 

compared to wildtype flies (Figure 6D), indicating that H3K56me3 is a potential substrate of 

dKDM4A during DNA repair. Interestingly, analysis of Kc cell extracts after IR showed that 

global H3K56me3 levels decreased after DNA damage in control cells, but increased in cells 

depleted for dKDM4A 30 minutes after IR treatment (Figure 6E, F). Thus, H3K56me3 

levels normally increase after DNA damage, but are quickly reduced by KDM4A-mediated 

demethylation. In contrast, H3K9me3 levels are not altered by the presence or absence of 

dKDM4A (Figure 6D, E), indicating that H3K56me3 levels are specifically modulated by 

dKDM4A during DNA repair. Moreover, H3K56me3 levels in the absence of dKDM4A start 

increasing at 30 minutes after IR, coinciding with the timing of normal DSB relocalization 

and aberrant γH2Av foci retention in HC in mutants (Figure 6A). Finally, IF staining 

showed that H3K56me3 remained heavily enriched in HP1a-bound HC in the presence or 

absence of dKDM4A, with and without DNA damage (Figure S5B), and did not specifically 

overlap with or change at γH2Av foci (Figure S5C). Thus, IR-induced changes in 

H3K56me3 levels may occur throughout HC, and not specifically at sites of DSBs. 

Alternatively, local changes in H3K56me3 levels are not readily detectable in HC by IF 

staining or may occur only upon exit of DSBs from HC.

Further analysis revealed that Su(var)3-9 RNAi nearly abrogates H3K56me3 levels in 

Drosophila, as previously shown in mammals and worms (Jack, Bussemer et al. 2013), and 

prevented the accumulation of H3K56me3 after IR (Figure S5D). This suggests that 
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Su(var)3-9 is the HMTase responsible for the increased levels of H3K56me3 observed after 

IR, in the absence of dKDM4A (Figure 6D, E). We therefore propose that H3K56me3 is a 

new substrate involved in HC DSB repair, which is catalyzed by Su(var)3-9 and 

demethylated by dKDM4A after DNA damage.

dKDM4A mutants are synthetically lethal when combined with mutations in checkpoint or 
repair genes

The involvement of dKDM4A in DNA repair and genome stability was further evaluated by 

determining if synthetic lethality or sterility occurs when dKDM4A mutations are combined 

with cell cycle checkpoint or repair mutations, as observed previously for Su(var)3-9 null 

mutations (Peng and Karpen 2009). Ratios were normalized to account for the slight 

subviability of homozygous dKDM4A null mutant adults (see Methods) (Table S3A). 

Homozygous dKDM4A mutants showed statistically-significant synthetic lethality and/or 

sterility when combined with mutations in ATR (checkpoint), Mdc1/mu2, TOPBP1 and 

NBS1(repair), but not ATM (Table 1A). A second dKDM4A mutant displayed similar 

subviability among homozygotes (Table S3A) and synthetic lethality with ATR (Table S3B). 

We further compared the viability of a dKDM4A, ATR double mutant with siblings that 

express either wildtype or catalytically inactive dKDM4A transgenes. The wildtype 

dKDM4A transgene rescued the lethality of the dKDM4A, ATR double mutant, whereas the 

catalytically inactive dKDM4A transgene increased lethality (Table 1B), suggesting 

expression of the mutated dKDM4A transgene induces dominant-negative effects. These 

findings demonstrate that dKDM4A plays an important role in the repair of heterochromatic 

DSBs, consistent with our results showing that dKDM4A enzymatic activity is required for 

DSB relocalization from HC.

We conclude that complete loss of dKDM4A generates high enough levels of spontaneous 

DNA damage or defective repair to require ATR, Mdc1, TOPBP1, and NBS1 for organismal 

survival or fertility. However, unlike Su(var)3-9, dKDM4A mutants did not display synthetic 

lethality with mutants for the mitotic checkpoint (rod or zw10) or the cohesin SMC1 (Peng 

and Karpen 2009). In fact, dKDM4A, Su(var)3-9 double mutants display similar viability as 

Su(var)3-9 null mutants, but have lower viability than dKDM4A mutants (Table S3C, D). 

This suggests that 1) dKDM4A and Su(var)3-9 act in the same pathway governing genome 

stability, and 2) the additional requirement of Su(var)3-9 for normal chromosome 

segregation (Peng and Karpen 2009) is responsible for the lower viability of Su(var)3-9 

mutants compared to dKDM4A mutants. We conclude that dKDM4A ensures genome 

stability by promoting normal HC DNA repair, and not chromosome segregation.

Discussion

Our investigations show that Drosophila KDM4A is a structural component of HC, and 

regulates HC organization, PEV and DNA repair (Figure S6A–C). This study also identifies 

distinct dKDM4A functions in different nuclear domains (HC vs. EC) and both structural 

and catalytic dKDM4A roles in HC, highlighting the significance of determining the 

enzymatic and non-enzymatic roles of dKDM4A homologs and their diversity in function 

and localization. dKDM4A is recruited to HC downstream of HP1a and Su(var)3-9, and is 
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required for PEV in a non-catalytic manner. This suggests that dKDM4A contributes 

structurally to gene silencing and regulates the proper organization of HC complexes and 

sequences (Figure S6B). dKDM4A is also required for relocalization and proper repair of 

heterochromatic DSBs (Figure S6C). Intriguingly, normal HC DSB dynamics depend on 

dKDM4A catalytic activity and is associated with dKDM4A-dependent H3K56me3 

demethylation, suggesting that this HC mark and its demethylated state(s) are important for 

DNA repair. Moreover, dKDM4A is required for organismal survival in the presence of 

mutations disrupting DNA repair and checkpoint pathways, further supporting a key role for 

this protein in maintaining genome stability.

The observation that dKDM4A is required for higher-order HC structure, specifically the 

organization of satellite DNAs, suggests that dKDM4A functions to maintain HC 

architecture. However, such defects in HC structure caused by loss of dKDM4A do not 

result from visible disruption of HP1a localization or dynamics, or from altered H3K36me3 

levels in HC. Though we detected changes in H3K9me3 levels after loss of dKDM4A, these 

were not sufficient to alter transcription of the majority of HC elements. Whether dKDM4A 

directly or indirectly impacts H3K9me3 levels in vivo is unclear. Regardless, we show that 

PEV does not require dKDM4A enzymatic activity, indicating that HC-mediated gene 

silencing is not directly regulated by dKDM4A demethylation of H3K9me3, or any other 

substrate. Although it is possible that the minor H3K9me3 perturbations are sufficient to 

disrupt HC, these results are more consistent with a direct structural role for dKDM4A in 

HC organization and gene silencing.

dKDM4A is directly recruited to HC by HP1a, suggesting that dKDM4A closely 

participates in HP1a-mediated HC functions. dKDM4A effects on variegation indicate that 

recruitment of factors downstream of HP1a assembly are required for full HC integrity and 

function. Though dKDM4A is not required for HP1a-mediated suppression of transposable 

element transcription, we detect dKDM4A-dependent effects on satellite repeat organization. 

This could suggest that suppression of PEV by dKDM4A mutants results from disruption of 

higher-order HC structure that increases accessibility of transcriptional machinery to HC 

domains. FISH studies have identified a host of regulatory proteins, including cohesins and 

condensins, that promote or antagonize pairing between HC domains (Joyce, Williams et al. 

2012). Whether dKDM4A participates in chromosome pairing, or influences cohesion or 

condensation in HC, remains to be determined. Alternatively, dKDM4A may assemble or 

link repetitive sequences into discrete domains within HC, which become unraveled and 

dispersed in the absence of dKDM4A, or dKDM4A may protect repetitive regions from 

being excised as extrachromosomal circles (Peng and Karpen 2007).

A role in genome organization could also account for the impact of dKDM4A on HC DNA 

repair. Impaired repair of IR-induced DSBs in the absence of dKDM4A could result from 

defects in pairing of homologous chromosomes or sister chromatids, which would normally 

facilitate ‘safe’ homologous recombination among repeats, or from problems in folding or 

concatenation of HC domains that inhibit efficient exit of repair foci from HC. In fact, 

homozygous dKDM4A mutant adult flies are underrepresented compared to their 

heterozygote siblings; improper repair of spontaneous DNA breaks in HC could account for 

this sub-viability. This is consistent with observations in C. elegans, where loss of the 
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dKDM4A homolog results in impaired DNA replication, accumulation of DNA damage, and 

increased apoptosis (Black, Allen et al. 2010).

Support for this hypothesis comes from the synthetic lethality and infertility observed when 

a dKDM4A mutation is combined with mutations in the DNA damage checkpoint/DNA 

repair pathways, but not components of the mitotic checkpoint. Thus, spontaneous DNA 

damage requires dKDM4A to regulate HC structure for efficient repair. Su(var)3-9, but not 

dKDM4A, is also synthetically lethal with mitotic checkpoint mutants (Peng and Karpen 

2009), which may reflect a higher level of spontaneous breaks that occur in the absence of 

Su(var)3-9, or defects in cohesin recruitment (Peng and Karpen 2009). This suggests that 

HC impacts multiple pathways controlling genome stability, of which a subset is regulated 

by dKDM4A.

Our experiments also identify a close relationship between dKDM4A and HP1a. HP1a 

directly recruits dKDM4A to HC, and dKDM4A overexpression can effectively sequester 

HP1a away from HC (Lin, Li et al. 2008), which we show results in suppression of PEV. 

dKDM4A overexpression also potentially excludes other HP1a CSD-binding partners from 

HC, which could further exacerbate effects on HC functions. We also identified EC genes 

that are co-regulated by dKDM4A and HP1a (Figure S6A), indicating that even outside the 

HC domain these two proteins function together. This result contrasts with previously 

published data showing antagonistic effects of dKDM4A and HP1a on transcription (Crona, 

Dahlberg et al. 2013), and may reflect the differences between immediate RNAi effects on 

tissue culture cells and steady-state effects that develop in mutant fly tissues.

Previously, HP1a binding was shown to enhance the H3K36me3 demethylase activity of 

dKDM4A (Lin, Li et al. 2008). However, our results suggest that dKDM4A does not exert 

PEV regulatory effects through demethylase activity and is not responsible for the low 

H3K36me3 levels in HC. Therefore, HP1a stimulation of dKDM4A H3K36me3 likely 

occurs in EC genes, though we cannot exclude the possibility that local H3K36me3 levels 

increase at a few HC genes (Lin, Paulson et al. 2012). Instead we propose that the primary 

role of dKDM4A in HC is to ensure normal assembly of HP1a complexes that drives HC 

organization/structure and PEV.

A primarily structural role for dKDM4A in HC does not preclude the possibility that its 

catalytic activity regulates other HC functions. In fact, we show that dKDM4A enzymatic 

activity is required for DSBs to relocalize from HC, suggesting that a demethylated substrate 

facilitates HC repair dynamics and completion of DNA repair. Of three potential histone 

substrates tested, we identified H3K56me3, which is enriched in HC and is demethylated by 

a dKDM4A homolog (KDM4D) in mammals (Jack, Bussemer et al. 2013), as accumulating 

in the absence of dKDM4A, specifically after DNA damage induction by IR and in a 

Su(var)3-9-dependent manner. In mammals, KDM4D transiently localizes to DNA damage 

sites (Khoury-Haddad, Guttmann-Raviv et al. 2014), but whether KDM4D demethylates 

H3K56me3 during DNA damage remains to be determined. Little is known about 

H3K56me3 function, but this residue resides at the junction between histone H3 and 

nucleosomal DNA and could regulate unfolding of DNA from the nucleosome (Luger, 

Mader et al. 1997). H3K56me3 demethylation also occurs during replication in mammalian 
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cells (Jack, Bussemer et al. 2013), suggesting that the replication machinery requires 

removal of this mark for access to HC. Similarly, H3K56me3 demethylation by dKDM4A 

could also facilitate chromatin changes required for DSB relocalization and successful DNA 

repair.

Alternatively, the requirement for dKDM4A enzymatic activity in DSB relocalization may 

involve demethylation of other histone and non-histone proteins. Methylated peptides found 

in various non-histone chromatin proteins have been shown to be demethylated by a 

mammalian KDM4A homolog (Ponnaluri, Vavilala et al. 2009). Moreover, a fission yeast 

homolog lacking demethylase activity functions as an anti-silencing factor in HC, and has 

been proposed to act as a protein hydroxylase (Trewick, Minc et al. 2007). Therefore, we 

propose that dKDM4A recruitment to HC by HP1a regulates heterochromatic DSB repair 

and genome stability through demethylation of HC-specific mark(s), such as H3K56me3, 

but could also involve demethylation or hydroxylation of other HC components.

Many cancers acquire abnormal levels of HC components, which may increase genome 

instability and promote misregulation of oncogenes and tumor suppressors (Carone and 

Lawrence 2013, Choi and Lee 2013). Overexpression of several KDM4A family members 

have been shown to correlate with and drive tumor progression (Berry and Janknecht 2013). 

Though it remains to be determined if human KDM4A family members regulate HC 

structure and promote HC DNA repair, disruption of such functions potentially contributes 

to tumorigenesis. Our findings therefore expand our understanding of how this demethylase 

family exerts a myriad of effects in cancer tissue. Overexpression/ectopic expression of 

human KDM4A homologs have been shown to induce transient site-specific amplification of 

a cytogenetic region containing satellite DNA in tumors and cell lines (Black, Manning et al. 

2013), antagonize 53BP1 binding to DSBs (Mallette, Mattiroli et al. 2012), disrupt 

mismatch repair (Awwad and Ayoub 2015), and produce chromosomal instability (Slee, 

Steiner et al. 2012) and chromosome missegregation (Kupershmit, Khoury-Haddad et al. 

2014). Further studies are required to determine if high levels of KDM4A homologs 

promotes tumor progression solely through altered transcriptional regulation of EC cancer-

linked genes, or if defects in HC structure and function also advance genomic evolution of 

cancers.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Serafin U. Colmenares (sucolmenares@lbl.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Schneider-2, Kc and BG3 cells were cultured at 25°C in standard medium with antibiotics 

and 10% FBS. Schneider-2 and BG3 cells are male, from late embryos and larval central 

nervous system, respectively; Kc cells are female from early embryos.

Drosophila strains were maintained on standard cornmeal/molasses/agar media at 22°C.
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METHOD DETAILS

Plasmid Construction—HP1a and dKDM4A were cloned into pCOPIA vectors 

containing N-terminal GFP or mCherry epitope tags using Asc1 and Pac1 restriction sites 

(Chiolo, Minoda et al. 2011). HOAP was similarly cloned into the pCOPIA-GFP vector. 

H195A and V423A dKDM4A mutations were generated using the Quikchange Site-

Directed Mutagenesis kit (Agilent). dKDM4A containing C-terminal alternative codons was 

derived from a synthesized gene fragment (Genewiz) inserted into BsiWI and PacI 

restriction sites.

Fly lines—Fly crosses were performed using standard genetic techniques. 

dKDM4ANP0618, pAct5C::GAL4 flies were generated by meiotic recombination and crossed 

as females. Su(var)3-9 null flies, which are progeny of transheterozygotes of null alleles 6 

and 17, and thereby lack both maternal and zygotic Su(var)3-9, were used in all 

experiments. KV fly lines containing SUPor-P inserted in various HC loci were previously 

generated (Konev, Yan et al. 2003). PEV assays were conducted on male KV flies, using a 

DFK41AF02 color camera (The Imaging Source), and analyzed using Fiji.

Tissue culture manipulation—Stable lines were generated by co-transfection of 

expression constructs with pCoHygro (Life Technologies) using the DOTAP Liposomal 

Transfection Reagent (Roche) and selection for hygromycin resistance at 100 ug/mL (Life 

Technologies). Transient transfections were conducted using the TransIT-2020 reagent 

(Mirus), and live imaging was performed 72 hours later. RNAi was performed with dsRNA 

generated from MEGAScript T7 Transcription kit (Life Technologies) and PCR products 

containing T7 promoter sequences and the target regions (Table S2). Tissue culture cells 

were treated with 5–10 ug of dsRNA for 5 days with DOTAP Reagent (Roche). Irradiation 

experiments were conducted by exposing cells to 5 Gy of X-rays from a 130 kv Faxitron 

TRX5200 and incubating them for various recovery times at 25°C. All results are based 

from at least two biological replicates.

Images were collected using an Applied Precision Deltavision microscope and analyzed 

using SoftworX software. FRAP experiments were conducted using a 488 nm QLM laser 

(Applied Precision) at 1 micron bleach size and 100% intensity, and images acquired using 

adaptive settings. Pre-bleach signal was set to 100% and used to normalize recovery signals.

FISH and immunofluorescence—Tissue culture cells were fixed on slides with 3.6% 

paraformaldehyde for 5 minutes and permeabilized with 0.4% Triton-X in PBS. For time-

course or parallel experiments, cells were fixed on chamber slides (Thermo Scientific) to 

ensure uniform treatment. Ovaries were dissected from 5-day old adult females and fixed 

whole-mount with 3.6% paraformaldehyde in PBS plus 0.4% Triton-X for 15 minutes. FISH 

was conducted by stepwise heating of samples from 37°C–70°C in 2X sodium citrate buffer 

with 0.1% Tween-20, followed by incubation with heat-denatured 2.5 ng/uL LNA or BNA 

probes (Integrated DNA Technologies) in 50% formamide, 2X sodium citrate buffer, 10% 

Dextran Sulfate for 3 hours at 37°C–50°C, depending on probe annealing temperature. 

Immunofluorescence was performed in PBS+0.4% Triton-X with either 5% FBS or 1% milk 

blocking solutions and overnight incubations at 4°C with primary antibodies (1:1000 anti-
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HP1a, 1:1000 anti-γH2Av, 1:500 anti-H3K36me3, 1:500 anti-H3K9me2, 1:500 anti-GFP, 

1:500 anti-H3K56me3) followed by 1 hour incubation at 25°C with secondary antibodies. 

Nuclei were counter-stained with DAPI and mounted in Prolong Gold Antifade (Life 

Technologies). All results are based from at least two biological replicates.

RNA-seq and ChIP-seq—Total RNA was harvested using Trizol reagent from 5 × 106 S2 

cells, and mRNA was purified using oligo-dT-conjugated magnetic beads. Chromatin was 

prepared by fixation of 2×107 S2 cells with 1% paraformaldehyde for 10 minutes and 

shearing with Bioruptor sonicator (Diagenode). Immunoprecipitation was performed by 

overnight incubation of chromatin with Protein-A Dynabeads and 5 ug of either anti-

H3K36me3 or anti-H3K9me3 ChIP-grade antibody (Abcam). Library construction from 

mRNA or immunoprecipitated DNA was conducted using TruSeq RNA and DNA sample 

preparation kits (Illumina). All sequencing data were obtained from the Vincent J. Coates 

Genomics Sequencing Laboratory at UC Berkeley.

Sequencing analysis—Standard TopHat and DESeq2 programs were used to align and 

quantitate genic RNASeq data, and Bowtie was used to align ChIPSeq data, based on 

Release 5.2 assembly (Berkeley Drosophila Genome Project). Macs2 was used to perform 

normalization between input and ChIP sequences, and broadPeak calling was used to 

identify regions of enrichment. Peaks were grouped into EC or HC based on epigenomic 

borders of S2 cells (Riddle, Minoda et al. 2011). Results are based from two biological 

replicates.

Western blotting—Cell pellets flash frozen in liquid nitrogen were resuspended in Buffer 

A (50 mM Hepes pH 7.6, 10 mM KCl, 3 mM MgCl2, 10% glycerol, 0.05% NP-40, 5 mM 

NaF, 5 mM β-glycerophosphate, 1 mM Benzamidine, 1X protease inhibitor cocktail 

(Roche), 1 mM PMSF). Cell extracts were treated with 10 units benzonase (Millipore) per 

37 μg of chromatin (estimated by A260 reading) at 4°C with mixing for 30 min. and mixed 

with 5X SDS-PAGE loading buffer. Fly extracts were prepared similarly using a Dounce 

homogenizer. Standard SDS-PAGE and Western blot transfer protocols were used with 

nitrocellulose membranes and Tris-glycine buffer. Blots were probed with 1:1000 anti-

dKDM4A, 1:1000 anti-HP1a, 1:2000 anti-H3, 1:2000 anti-H2B, 1:1000 anti-Lamin, 1:1000 

anti-GFP, 1:2000 anti-tubulin, 1:500 anti-H3K56me3, 1:500 anti-H3K9me3, and 1:1000 

anti-H3K36me3. Blots were imaged with SuperSignal West Dura chemiluminescence kit 

(Pierce) or Odyssey Imaging Systems (Li-cor), using appropriate secondary antibodies 

(Pierce, Li-cor).

QUANTIFICATION AND STATISTICAL ANALYSIS

Fly viability—% viability (Table S3A) was calculated using the ratio of adult dKDM4A 
mutant heterozygotes (over balancer) to dKDM4A mutant homozygotes, normalized to the 

ratio of wildtype heterozygotes to homozygotes. Due to subviability of dKDM4A mutant 

flies, ratios obtained from double mutants of dKDM4A and another gene were normalized to 

ratios for the dKDM4A mutant alone, and adjusted to set the dKDM4A mutant at 100% to 

facilitate comparisons (Viability* in Tables 1, S3). All genotypes analyzed were quantified 
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from 5–15 crosses and conducted in a y w genetic background. Fertility was determined by 

testing if double mutants homozygous for dKDM4A mutation produced adult progeny.

ChIP-seq and RNA-seq—ChIP-seq peak enrichment values between RNAi treatments 

were analyzed using two-sample Kolmogorov-Smirnov test to calculate p-values and D-

statistics. Counting of multicopy genes, transposable elements, and short repeats from either 

RNA-Seq or ChIP-Seq data was performed by alignment to a custom Bowtie index 

composed of 187 transposable elements, 11 tandem repeats, rDNA, and histone genes. 

Counts were normalized to the sum of reads aligned to the unique portion of the genome and 

reads aligned to the custom Bowtie index of repetitive DNA. Enrichment values of repetitive 

elements were then calculated by dividing the normalized counts of the treatment group by 

the control group in RNASeq, or by dividing normalized ChIP counts by input counts in 

ChIPSeq. Genes and repetitive elements from RNASeq data were simultaneously analyzed 

using DESEQ2 to identify significant changes (p<0.05) in transcriptional regulation between 

replicate experiments. For ChiPSeq, the standard deviation of mean enrichment values was 

used to conservatively identify repetitive DNAs that significantly changed in binding 

H3K36me3 or H3K9me3.

Western blotting—To quantitate differences in protein levels during recovery from IR-

induced DNA damage (Figure 6F), Fiji was used to measure Western blot band density from 

4 independent experiments. Values were normalized to the mean of untreated GFP RNAi 

samples. SD was calculated, along with Wilcoxon rank test.

Image analysis—Counting of γH2Av foci overlapping DAPI-bright or HP1a-rich 

domains and of FISH foci was conducted manually, N = 50–100 cells per timepoint/

treatment. Results are based from at least two biological replicates. Standard error was 

calculated for repair kinetics, while p-values using the Student’s t test, assuming two-sample 

tails and unequal variance, were calculated for both repair kinetics and FISH analysis.
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Highlights

• dKDM4A is enriched in heterochromatin in a HP1a-dependent manner.

• dKDM4A has distinct functions between euchromatin and heterochromatin.

• dKDM4A plays demethylase-independent role in position-effect variegation

• dKDM4A demethylates heterochromatic H3K56me3 after DNA damage.
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Figure 1. dKDM4A is enriched in HC
(A) Live imaging of S2 cells stably expressing GFP-tagged dKDM4A and mCherry-tagged 

HP1a. (B) Time-lapse imaging of BG3 cells transiently expressing GFP-tagged HP1a and 

mCherry-tagged dKDM4A from G2 to G1. Dispersion of HP1a marks progression of cells 

through mitosis. (C) Time-lapse imaging of BG3 cells transiently expressing GFP-tagged 

dKDM4A or HP1a, and mCherry-tagged PCNA shows continued HC enrichment of 

dKDM4A (above) and HP1a (below) during late S phase, as marked by PCNA replication 

foci in HC. (D) Live imaging of Kc cells stably expressing GFP-HP1a and mCherry-

dKDM4A after 5-day RNAi of bw (control), dKDM4A, Su(var)3-9, or HP1a. Pearson 

coefficient of correlation (p) is shown in merged images of bw (n=25), dKDM4A (n=22), 

Su(var)3-9 (n=27), and HP1a RNAi (n=23). (E) Western blot analysis of S2 cell extracts 

after 5-day RNAi of y (control), dKDM4A, or HP1a. (F) Live imaging of S2 cells transiently 

expressing GFP-tagged HP1a and mCherry-tagged dKDM4A mutated for the PxVxL motif 

required for HP1a binding. Scale bars = 5 μm. See also Figure S1.
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Figure 2. Position effect variegation is dependent on dKDM4A levels
(A) Representative images of wildtype and mutant dKDM4A fly abdomens exhibiting 

silencing effects on a y+ reporter gene inserted in different HC regions of chromosomes 2, 3, 

and 4. Images represent the median of at least 10 individuals. (B) Fiji-based quantitation of 

pigmentation on the last two abdominal segments is shown for wildtype and dKDM4A 

mutant flies for each reporter gene strain. Error bars representing SD and p-values are 

shown. (C) Representative FISH images of S2 cells showing AACAC tandem repeats after 

GFP (control) or dKDM4A RNAi. Scale bars = 5 μm. Number of AACAC repeat foci is 

quantitated in (D), and a similar experiment in Kc cells using LNA probes for 

AATAACATAG is quantitated in (E). Error bars representing SD and p-values are shown. 

See also Figure S2.
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Figure 3. dKDM4A does not significantly contribute to transcriptional regulation of HC 
elements
(A) Representative Western blot analysis of dKDM4A and H3K36me3 levels after 5-days 

RNAi depletion of dKDM4A, compared to GFP RNAi (control). Fiji-based quantitation of 

dKDM4A and H3K36me3 levels after normalization to GFP RNAi levels and the H3 

loading control is shown below. (B) Number of genes and repetitive elements showing a 

significant change in RNA levels after 5-day dKDM4A or HP1a RNAi in S2 cells, compared 

to a GFP RNAi control, p<0.05. Number of HC genes affected by either dKDM4A or HP1a 

RNAi is shown in parentheses. “overlap” row indicates the number of genes and repetive 

elements co-regulated by dKDM4A and HP1a. (C) Graph of repetitive element transcript 

levels increased by HP1a RNAi (blue) over GFP RNAi is contrasted with their levels after 

dKDM4A RNAi (orange). (D) HP1a RNAi-induced decreases in repetitive element 

transcript levels is contrasted with dKDM4A RNAi effects. See also Figure S3 and Table S1, 

S2.
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Figure 4. dKDM4A demethylation of H3K36me3 is not a significant contributor to HP1a domain 
structure
(A) Representative IF images of Kc cells stained for H3K36me3 and HP1a (top) and 

H3K36me3 and H3K9me2 (bottom) after 5-days of y (control) or dKDM4A RNAi. Scale 

bars = 5 μm. (B) Co-localization analysis of H3K36me3 and H3K9me2 signals after y or 

dKDM4A RNAi. Correlation co-efficient, p, is shown, based on 23 cells. Histograms 

showing frequency distributions of H3K36me3 (left) and H3K9me3 (right) ChIP-Seq peak 

enrichment values mapping to EC (C) and HC (D) after GFP control (blue) or dKDM4A 

(orange) RNAi. Data shown are cumulative peaks from 2 independent experiments, 

including p-values and D-statistics from two-sample Kolmogorov-Smirnov test. Plots 

showing H3K36me3 (E) and H3K9me3 (F) enrichment values for repetitive elements 

between GFP and dKDM4A RNAi-treated cells (mean of 2 experiments). The standard 

deviation of mean enrichment values (dotted lines) is used as a conservative measure of 

significantly increased or decreased association with H3K36me3 or H3K9me3 after 

dKDM4A depletion. In (F), a trendline drawn through the mean enrichment values of 

transposon sequences and a two-tailed t-test highlight H3K9me3 enrichment after dKDM4A 

RNAi.
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Figure 5. dKDM4A enhances variegation independent of its catalytic activity
(A) Representative images of y+ PEV suppression between dKDM4A mutant flies 

expressing a single copy of wildtype or catalytically inactive dKDM4A transgene, and 

wildtype and dKDM4A mutant flies bearing no transgenes. Fiji-based quantitation of 

pigmentation levels of the two posterior segments is shown on the right, with Student’s t-

test. (B) Representative images of y+ PEV suppression in wildtype flies with or without a 

single copy of wildtype or catalytically inactive dKDM4A transgene. Corresponding 

quantitation of pigmentation levels with Student’s t-test is shown. Error bars represent SD. 

See also Figure S4.
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Figure 6. dKDM4A is required for efficient repair of heterochromatic DNA damage
(A) Graph comparing γH2Av foci frequency at DAPI-bright region between Kc cells after 

5-day RNAi of bw (control), dKDM4A or HP1a, and multiple timepoints after 5 Gy of IR. 

Error bars represent SE from 2 independent experiments. (B) Western blot analysis of Kc 

cells stably expressing GFP-tagged wildtype or catalytically-inactive dKDM4A transgenes 

with alternative codons after 5-day RNAi depletion of endogenous dKDM4A. (C) 

Representative IF images of the same Kc cells showing retention of γH2Av foci in the 

heterochromatic DAPI-bright region (left, dotted line) and in HP1a-enriched HC (right, 

dotted line) 60 minutes after 5 Gy of IR. Scale bars = 5 μm. Quantitation of γH2Av foci 

frequency for each HC domain is shown to the right of each image, with Student’s t-test. (D) 

Western blot showing H3K56me3 and H2B levels in larval extracts from dKDM4A mutant 

flies or wildtype flies. (E) Representative Western blots of Kc nuclear extracts after 5 days of 

GFP (control) or dKDM4A RNAi, and up to 60 minutes after 5 Gy of IR, showing 

H3K56me3, H3K9me3, dKDM4A, and Lamin levels. (F) Quantitation of H3K56me3 and 

H3K9me3 levels in GFP or dKDM4A RNAi-treated cells post-IR, after normalization to 

Lamin levels. Error bars indicate SE based on 4 independent experiments, and p-value is 

based on Wilcox rank test. See also Figure S5.
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Table 1
dKDM4A mutants require repair and checkpoint genes for viability/fertility

(A) Viability and fertility of mutant dKDM4A flies is compared to double mutants for dKDM4A and genes 

involved in DNA repair/DNA damage checkpoint: mei-41 (ATR), mu2 (MDC1), mus101 (TOPBP1), nbs1, 

tefu (ATM); cohesion: SMC1; and mitotic checkpoint: rod and zw10. An adjusted % viability (*, see Methods) 

is shown due to the partial lethality of homozygous dKDM4A mutants and used to calculate Student’s t-test. 

(B) Viability of double heterozygotes for ATR and dKDM4A mutations is compared with siblings containing 

either a wildtype or catalytic mutant dKDM4A transgene. See also Table S3.

A.

Protein Mutant genotype Fertility Viability* p-value <0.05*

+; dKDM4A[NP0618] fertile 100% N/A

ATR mei41[29D]; dKDM4A[NP0618] sterile 17% +

mei41[D3]; dKDM4A[NP0618] sterile 16% +

MDC1 mu2[1]; dKDM4A[NP0618] sterile 57% +

TOPBP1 mus101[D1]; dKDM4A[NP0618] fertile 80% +

NBS1 nbs1[1]/+; dKDM4A[NP0618] ND 82% +

ATM tefu[8]/+; dKDM4A[NP0618] fertile 97% −

SMC1 SMC1[exc46]/+; dKDM4A[NP0618] ND 82% −

Rod rod[EY04576]; dKDM4A[NP0618] ND 84% −

Zw10 zw10[5]/+; dKDM4A[NP0618] ND 98% −

B.

Genotype Viability* p-value <0.05

mei41[29D]/+; ΔdKDM4A/+ 100% N/A

mei41[29D]/+; ΔdKDM4A/+; P{dKDM4A.+tCa}/+ 235% +

mei41[29D]/+; ΔdKDM4A/+; P{dKDM4A.H195A}/+ 67% +
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