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KATO6 histone acetyltransferases (HATs) are highly conserved in eukaryotes and are involved in cell cycle regulation.
However, information regarding their roles in regulating cell cycle progression is limited. Here, we report the iden-
tification of subunits of the Drosophila Enok complex and demonstrate that all subunits are important for its HAT
activity. We further report a novel interaction between the Enok complex and the Elg1 proliferating cell nuclear
antigen (PCNA)-unloader complex. Depletion of Enok in S2 cells resulted ina G1/S cell cycle block, and this block can
be partially relieved by depleting Elgl. Furthermore, depletion of Enok reduced the chromatin-bound levels of PCNA
in both S2 cells and early embryos, suggesting that the Enok complex may interact with the Elgl complex and down-
regulate its PCNA-unloading function to promote the G1/S transition. Supporting this hypothesis, depletion of Enok
also partially rescued the endoreplication defects in Elgl-depleted nurse cells. Taken together, our study provides
novel insights into the roles of KAT6 HATs in cell cycle regulation through modulating PCNA levels on chromatin.
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In eukaryotes, proliferating cell nuclear antigen (PCNA)
forms a ring-shaped homotrimer and plays crucial roles
in DNA replication and repair. PCNA functions as a slid-
ing clamp that enhances the processivity of DNA poly-
merases and recruits other proteins to facilitate DNA
replication (Moldovan et al. 2007). The PCNA homo-
trimer is loaded onto DNA at template-primer junctions
by the replication factor C (RFC) complex in an ATP-de-
pendent manner (Majka and Burgers 2004). Once PCNA
is loaded, replicative DNA polymerase § (Pol §) or Pol ¢ as-
sociates with PCNA and carries out DNA synthesis on
lagging and leading strands, respectively (Garg et al.
2004). After the completion of DNA synthesis and Okaza-
ki fragment maturation, the Elgl RFC-like complex has
recently been reported to unload PCNA from DNA
(Kubota et al. 2013, 2015).

The pentameric RFC complex is composed of one large
subunit (Rfcl) and four small subunits (Rfc2-5). In addi-
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tion to the RFC complex, three RFC-like complexes
have been identified in yeast. These RFC-like complexes
share the four small subunits with the RFC complex,
but each of them contains an alternative large subunit
in place of Rfcl: Elgl, Ctf18, or Rad24 (Kim and MacNeill
2003). Elgl is important for maintaining genome stability
and plays a role in sister chromatid cohesion (Bellaoui
et al. 2003; Ben-Aroya et al. 2003; Kanellis et al. 2003; Par-
nas et al. 2009). Recently, the Elgl complex has been char-
acterized as the PCNA unloader during DNA replication
(Kubota et al. 2013). The PCNA-unloading function of
Elgl is likely conserved in mammals, as depleting the
human homolog of Elgl, ATADS5, in cultured cells
resulted in the accumulation of PCNA on chromatin
(Lee et al. 2013). In addition, human ATADS5 interacts
with the deubiquitinase USP1 and facilitates PCNA

©2016 Huangetal. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

1198 GENES & DEVELOPMENT 30:1198-1210 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/16; www.genesdev.org


mailto:jlw@stowers.org
mailto:jlw@stowers.org
mailto:sma@stowers.org
mailto:sma@stowers.org
http://www.genesdev.org/cgi/doi/10.1101/gad.271429.115
http://www.genesdev.org/cgi/doi/10.1101/gad.271429.115
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

deubiquitination by USP1, suggesting a possible involve-
ment of ATADS in the response to DNA damage (Sikdar
et al. 2009; Lee et al. 2010). In Drosophila, the Elgl homo-
log has been recently identified in a large-scale screen and
reported to be critical for proper development of the fe-
male germline (Hayashi et al. 2014). While the functions
of Elgl /ATADS have been revealed at the molecular level
and in development, information regarding regulation of
the Elgl complex as a PCNA unloader is still lacking.

The KATG6 histone acetyltransferases (HATSs) are highly
conserved in a wide range of eukaryotes and preferentially
acetylate histone H3 in nucleosomes (John et al. 2000;
Ullah et al. 2008; Huang et al. 2014). Notably, increasing
evidence suggests their involvement in cell cycle regula-
tion. The yeast KAT6 Sas3 has been shown to play a role
in gene silencing and cell cycle progression (Howe et al.
2001), and its mammalian homolog, MOZ, was first iden-
tified as a fusion partner of CBP in acute myeloid leuke-
mia (AML) (Yang and Ullah 2007). In addition, MOZ has
been shown to promote the expression of p21 by interact-
ing with p53 (Rokudai et al. 2013) and is required for the
proliferation of hematopoietic precursors (Perez-Campo
et al. 2009). In Drosophila, the KAT6 Enok is important
for neuroblast proliferation and therefore is required for
mushroom body development (Scott et al. 2001). How-
ever, the molecular mechanisms underlying its roles in
regulating cell proliferation remain unclear. In this study,
we characterized the composition of the Enok complex
and identified the Elgl complex as a novel interacting
partner. Depletion of Enok resulted in an Elgl-dependent
block at the G1/S transition and reduced chromatin-
bound PCNA levels. Furthermore, knocking down enok
partially rescued the defective nurse cell endoreplication
observed in the Elgl-depleted germline. Therefore, our
results suggest that Enok may down-regulate PCNA
unloading from DNA by interacting with the Elgl com-
plex and may promote the G1/S transition of the cell
cycle.

Results

Enok activity in vivo requires Br140, Eaf6, and Ing5

While the composition of complexes formed by the
human and yeast KAT6 has been characterized (Doyon
et al. 2006; Taverna et al. 2006; Gilbert et al. 2014), infor-
mation regarding the Drosophila Enok complex is lacking.
We sought to identify core components of the Enok com-
plex and assess their roles in mediating the HAT function
of this complex. To this end, the Enok complex was iso-
lated using Flag affinity purification from S2 cell nuclear
extracts (NEs) with Flag-tagged Enok as the bait protein,
and the composition of purified complex was determined
by multidimensional protein identification technology
(MudPIT) (Florens and Washburn 2006). Peptides from
the Drosophila homologs of three subunits in the human
MOZ/MOREF complexes were identified: Br140, Eaf6, and
CG9293 (Fig. 1A). Furthermore, MudPIT analysis of
Flag affinity-purified complexes using Br140, Eaf6, or
CG9293 as the bait protein consistently identified pepti-
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des from Enok, Br140, Eaf6, and CG9293 (Fig. 1A). These
results indicate that the Enok complex is composed of
these four proteins and is homologous to the human
MOZ/MOREF complex. Based on the conserved composi-
tion of the Enok complex and the specific sequence simi-
larity between CG9293 and human ING5, CG9293 is
referred to here as Ing5.

We next asked whether the subunits of the Enok com-
plex are important for its in vivo HAT function. We previ-
ously reported that Enok functions as the major HAT for
establishing the H3K23ac mark in flies (Huang et al.
2014) and therefore used the global H3K23ac levels as a
monitor for the HAT function of the complex. Each of
the four subunits was depleted in S2 cells using dsRNAs
against the corresponding genes, and the levels of
H3K23ac and H3K14ac were examined by Western blot-
ting. RT-qPCR analysis showed that treatment of each
dsRNA resulted in 60%-85% reduction specifically in
mRNA levels of the target gene, and mRNA levels of
the other three genes were largely unaffected compared
with the control LacZ dsRNA treatment (Fig. 1B, right
panel). Depletion of any of the four subunits led to reduc-
tions in the H3K23ac levels without affecting the
H3K14ac levels (Fig. 1B, left panel, lanes 2-5), indicating
that all four components are important for the full HAT
function of the Enok complex in vivo. Interestingly,
Enok protein levels were decreased in the Br140-depleted
cells (Fig. 1B, left panel, lane 3), suggesting that Br140 may
also play a role in maintaining the protein levels/stability
of Enok. To further examine whether Br140 can stimulate
the HAT activity of Enok, we performed an in vitro HAT
assay with recombinant Enok and Br140 purified using the
baculovirus expression system. Indeed, the HAT activity
of Enok toward either short oligonucleosomes from
HeLa cells (Fig. 1C) or recombinant nucleosomes (Fig.
1D) was higher in the presence of Br140 (Fig. 1D, cf. lanes
2 and 4). In addition, Enok alone failed to acetylate H3K14
as we reported previously (Huang et al. 2014), but, in the
presence of Br140, Enok showed HAT activity toward
H3K14 (Fig. 1D, lane 4). This result suggests that Br140
may also regulate the substrate specificity of Enok. Taken
together with the in vivo data shown in Figure 1B, we con-
cluded that all four subunits are important for full HAT
activity of the Enok complex.

The Enok complex interacts with the ElIg1
PCNA-unloader complex

Intriguingly, the above-mentioned MudPIT analysis of
Br140 purification identified peptides from all compo-
nents of the Elgl PCNA-unloader complex: Elgl, Rfc4,
Rfc38, CG8142, and Rfc3 (Fig. 2A). Affinity purification
of Elgl also reciprocally copurified the entire Enok com-
plex (Fig. 2A). These results suggested that the Enok com-
plex may interact with the Elgl complex in vivo.
However, only Elglwas identified in the affinity purifica-
tion of Enok (Fig. 2A), probably due to the low yield of
purification resulting from intrinsic properties of Enok
that include instability and inefficient elution. Based on
the conserved composition of the Elgl complex and the
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A Figure 1. Enok forms a quartet complex
Purifications homologous to the human MOZ complex.
Human Enok Br140 Eaf6 Ing5(CG9293) Control (A) MudPIT analysis of Flag affinity purifica-
homolog Proteins SPE (SC%) SPE (SC%) SPE (SC%) SPE (SC%) SPE (SC%) tions of Flag-HA-tagged Enok, Br140, Eaf6,
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sequence similarity between CG8142 and human RFC4/
RFC37, we refer to CG8142 here as Rfc37.

To confirm the in vivo interaction between Enok
and Elgl, coimmunoprecipitation (co-IP) was performed
in S2 cells using Enok- or Elgl-specific antibodies (Supple-
mental Fig. S1; Huang et al. 2014). Consistent with the
MudPIT analysis, both endogenous Enok and Elgl were
immunoprecipitated by the a-Enok antibody, and the
immunoprecipitation of Elgl was dependent on the pres-
ence of Enok protein (Fig. 2B, left panel, lanes 2,3). Also, en-
dogenous Enok was specifically immunoprecipitated by
the a-Elgl antibody but not by the preimmune serum
(Fig. 2B, right panel, lanes 6,7), indicating that Enok indeed
interacts with Elgl in vivo.

We further examined whether these two complexes
interact directly with each other. To this end, in vitro
pull-down assays were performed using the baculovirus
expression system. As shown in Figure 2C, pulling down
Elgl through its HA tag also pulled down Br140 but not
Enok (left panel, lanes 4,5). Consistently, when Enok or
Br140 was pulled down through its Flag tag, Elgl was
only pulled down with Br140 (Fig. 2C, middle panel, lanes
6-8). However, in the presence of no-tag Br140, Elgl was
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pulled down with the Flag-tagged Enok (Fig. 2C, middle
panel, lane 9). Taken together, results from our MudPIT
analysis and pull-down assays suggested that Br140 serves
as the bridge between the Enok and Elgl complexes (Fig.
2C, right panel).

The G1/S block in Enok-depleted cells is partially
dependent on Elgl

The Elgl complex was recently reported as the PCNA
unloader in yeast and human cells (Kubota et al. 2013;
Lee et al. 2013). The human homolog of Elgl, ATADS,
has also been shown to facilitate PCNA deubiquitination
(Lee et al. 2010). In S2 cells, knocking down elgl using
dsRNAs did not affect total PCNA levels but resulted in
increases in the levels of both chromatin-bound PCNA
and monoubiquitinated PCNA (PCNAub) (Supplemental
Fig. S2A), suggesting that the functions of Elgl in unload-
ing and deubiquitination of PCNA are conserved in flies.

To investigate the functional link between the Enok
and the Elgl complexes, we first asked whether the Elgl
complex is involved in regulating the HAT function of
the Enok complex. While depletion of Enok reduced the
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A Figure 2. The Enok complex interacts
Purifications with the Elgl complex. (A) MudPIT analysis

Human Enok Br140 Elgl Control of Flag affinity purifications of Flag-HA-

homolog Proteins SPE (SC%) SPE (SC%) SPE (SC%) SPE (SC%) tagged Enok, Br140, and Elgl showed co-

MOZ/MORF Enok 811(55.2) | 546(42.0) 52 (11.9) 0(0) purification of the Enok complex and the

Enok complex. |2R0FL2/3 Br140 404 (33.8) | 1638(47.2) | 52(195) 0(0) Elgl complex. Parental S2 cells were used
EAFE Eafé 25 (51.1) 478 (50.2) 2(11.6) 0(0) in mock purification as a control. (SPE)
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proteins were used as input. Anti-Flag antibody-conjugated resin was used to pull down Flag-His-Enok or Flag-His-Br140. Input and
40% (a-Flag)/50% (a-HA) of pull-down were subjected to Western blot analysis. (Right panel) A schematic representation of the interaction

between the Enok and Elgl complexes.

global level of H3K23ac in S2 cells, depletion of either
Elgl or Rfc4 had no obvious effect on levels of this histone
mark (Supplemental Fig. S2B). Also, the H3K23ac levels in
third instar larvae were largely unaffected in a mutant
lacking functional Elgl as compared with the heterozy-
gote control (Supplemental Fig. S6B). Therefore, the Elgl
complex may not significantly contribute to the establish-
ment of H3K23ac by the Enok complex. Since Elgl has
been reported to play a role in maintaining genome stabil-
ity in yeast (Bellaoui et al. 2003; Ben-Aroya et al. 2003;
Kanellis et al. 2003), we examined the yH2Av levels in
the Enok- and/or Elgl-depleted S2 cells to assess DNA
damage levels. As shown in Supplemental Figure S2C,
the yH2Av levels were not increased in S2 cells upon

depletion of Enok or Elgl, suggesting that the genome
stability in S2 cells may be less sensitive to reduced Elgl
levels than in yeast. We next asked whether Enok plays
a role in cell cycle regulation through interaction with
the Elgl complex. Knocking down enok in S2 cells
resulted in an accumulation of cells in the G1 phase com-
pared with control cells treated with LacZ dsRNA (Fig.
3A). Interestingly, knocking down elgl in Enok-depleted
cells (enok+elgl dsRNA) partially rescued the G1 accu-
mulation phenotype compared with enok dsRNA alone
(Fig. 3A), and this rescuing effect was not due to differenc-
es in knockdown efficiencies (Fig. 3B,C).

Since depletion of Enok did not significantly affect the
S-phase progression in S2 cells (Supplemental Fig. S3),
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we reasoned that the G1 accumulation phenotype of
Enok-depleted cells may result from an increased G2/M
progression rate and/or a block at the G1/S transition.
Therefore, we examined G2/M progression in S2 cells by
labeling the S-phase population with bromodeoxyuridine
(BrdU) and following the progression of BrdU-positive
cells from G2/M to Gl. Indeed, depletion of Enok in S2
cells led to an increased rate of G2/M progression com-
pared with control cells treated with LacZ dsRNA
(Supplemental Fig. S4). However, knocking down elg1 in
Enok-depleted cells (enok+elgl dsRNA) did not rescue
the G2/M progression phenotype compared with cells
treated with enok dsRNA only (Supplemental Figs. S4C-
E). While the increased rate of G2/M progression in
Enok-depleted cells is not dependent on Elgl, this pheno-
type suggests that Enok may negatively regulate the pro-
gression from G2/M to G1 in the cell cycle.
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We next examined G1/S progression in dsRNA-treated
S2 cells. The S2 cells were first arrested at the G1/S tran-
sition using hydroxyurea (HU) and then were released into
medium containing 20-hydroxyecdysone (20-HE). This
treatment further arrested S2 cells at the G2/M phase
and prevented cells from re-entering the G1 phase (Fig.
3D, left panel; MacAlpine et al. 2004). Cell cycle profile
analysis following release from HU showed that knocking
down enok in S2 cells resulted in a G1/S block as com-
pared with the cells treated with control LacZ dsRNA
(Fig. 3D-F). Furthermore, depletion of Elgl partially
relieved the G1/S block in Enok-depleted cells. As shown
in Figure 3F, the ratio of G1 cells in the population at 12 h
compared with 0 h in the enok dsRNA-treated cells (31 %)
was threefold higher than the 10% ratio in control cells
treated with LacZ dsRNA. However, this ratio was de-
creased to 16% in the enok+elgl dsRNA-treated cells.
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Since knocking down elg1 in Enok-depleted cells brought
this 12/0 h ratio much closer to the 10% observed in con-
trol cells, we concluded that Enok plays a role that is par-
tially dependent on Elgl in regulating the G1/S transition.

Enok is important for maintaining the level
of chromatin-bound PCNA

Given that the Elgl complex functions as the PCNA
unloader and that depletion of PCNA led to an increase
in the population of cells in G1 (Supplemental Figs. S5A,
B), the functional interaction between Enok and Elgl at
the G1/S transition prompted us to examine by cell frac-
tionation analysis whether Enok is involved in regulating
PCNA levels on chromatin. Indeed, knocking down enok
in asynchronous S2 cells led to reduced PCNA levels in
the chromatin fraction without affecting the total
PCNA levels as compared with cells treated with the con-
trol LacZ dsRNA (Fig. 4A, lanes 1,2). In addition, knocking
down enok in Elgl-depleted cells also reduced the levels of
PCNA in the chromatin fraction (Fig. 4A, lanes 3,4), sug-
gesting that Enok may negatively regulate the PCNA-
unloading functions of Elgl. The reduction in chroma-
tin-bound PCNA levels in Enok-depleted cells is unlikely
due to the accumulation of cells in G1 (Fig. 3A), as chro-
matin-bound PCNA levels are higher at the G1/S transi-
tion than in other cell cycle phases (Supplemental Fig.

Regulation of PCNA unloading by the Enok complex

S2A, lanes 1,3,5,7). In addition, upon enok dsRNA treat-
ment, we observed a similar reduction in chromatin-
bound PCNA levels accompanied by an increase in cyto-
solic PCNA levels in S2 cells synchronized at the G1/S
transition (Supplemental Figs. S5C,D, cf. lanes 4,5 and
10,11). This result further confirms a role for Enok in
maintaining PCNA levels on chromatin.

We next asked whether Enok has a similar role in regu-
lating chromatin-bound PCNA levels in flies. RNAIi
against enok in early embryos was carried out using a
UAS-shRNA-enok transgene driven by MTD-Gal4 (Ni
etal. 2011). In O- to 3-h embryos, knocking down enok de-
creased PCNA levels in the chromatin-enriched fraction
without affecting global PCNA levels as compared with
control embryos from MTD-Gal4/UAS-Luciferase fe-
males (Fig. 4B, lanes 3,4). Therefore, taken together with
the physical and functional interactions between Enok
and Elgl (Figs. 2, 3), we hypothesized that the Enok com-
plex may associate with the Elgl complex and down-regu-
late its PCNA-unloading function to promote the G1/S
transition (Fig. 4C).

enok genetically interacts with elgl in the female
germline

To further test our hypothesis, we sought to examine the
genetic interaction between enok and elgl in flies. The

A < B Figure 4. Depletion of Enok reduces the levels of chro-
o K matin-bound PCNA. (A) S2 cells treated with LacZ
sRNA 5 £ © 8 MTD-Gal4 dsRNA (control) or dsSRNAs against the indicated genes
ok W_‘ s 3 ¢ F were subjected to a preparation of NEs, whole-cell ex-
- ’ Mother & = 5 & tracts (WCEs), or chromatin fractions followed by West-
< § o-Elgl [—-——— - - T 8 % 8 ern blot analysis. Lamin, Histone H3, and Ponceau S
=" - °* - ° staining were used as loading controls. (B) WCEs and
a-Lamin a-Enok | b chromatin-enriched fractions were prepared from 0- to
«—PCNAUD rElgl |- 3-h embryos and subjected to Western blotting. The bot-
0-PCNA §+PCNA tom two panels show images with the same exposure
w a-PCNA | — time from the same blot probed with a-p-Tubulin and a-
= o-H3 El 0-H3K23AC [ (| - H3 antibodies, respectively, as the fractionation controls.
-PCNA E_PCN A s e e o The genotypes of the mothers used were as follows: P{w
(short exposure) [+mCJ=0tu-GAL4::VP16.R}1/+; P{w[+mCJ]=GAL4-nos.
+—PCNAUb v I NGTJ40/+; Piw[+mCJ=GAL4:VP16-nos.UTR)CG6325
= S b |:| ¢ MVDI1/Ply[+17.7] vj+t18-UAS-LUC.VALIUMI0JattP2
< o-H3 -.l|:—:| €2 (Luciferase) and Pfw[+mCJ=otu-GAL4::VP16.R}1/+; Piw
58 oH3 | —— 1 2 3 4 [+mC]-GAL4-nos. NGT/40/+; Pfw[+mC]-GAL4:VP16-
g s Ponceau S = 15kD WCE  Chromatin- n0s.UTRJCG6325MVD1/P{TRiP.HMS02165}attP2 (enok
S «—PCNAUb enriched RNAIi1). (C) Schematic representation of the proposed
a-PCNA fraction R .
flong exposore) RS @ wm |«—Pch model. The Enok complex interacts with Elgl through
T 2 3 2 0-3 hr embryos Br140, inhibits the PCNA-unloading function of Elgl,
and therefore promotes the G1/S transition.
Cc PCNA
High activity
PCNA x)
o unloading
DNA
Low activity
Less PCNA G1/S
4\'6\0‘1“'03&”8 -> trans{tion
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elg1™MI08386 gllele contains a 7.3-kb P-element insertion

inside the coding region of the ATPase domain in Elgl
(Venken et al. 2011). This insert severely reduced the level
of full-length Elg1 in NEs from elg1™7%338 gyaries as com-
pared with yw ovaries (Supplemental Fig. S6A). Interest-
ingly, the elg1™%83%¢ mutant is viable, but the females
fail to generate mature eggs. Consistent with a recent
study reporting that another elg? mutant (elg13%’) showed
apparently underreplicated nurse cell nuclei (Hayashi
et al. 2014), nurse cell nuclei in elg?™%838 gvaries also
showed an underreplicated morphology (Supplemental
Fig. S6C). The fertility and nurse cell morphology of
elg1™MI08386 mytant females was not complemented by
Df(3L)Exel6128, a chromosomal deletion eliminating
the entire elgl gene (Supplemental Fig. S6D). Moreover,
MTD-Gal4-driven RNAI against elg] in the female germ-
line phenocopied the elgl mutant phenotype in nurse
cells (Fig. 5B; Supplemental Fig. S8A). Since the DNA
damage levels assessed by yH2Av staining were not ele-
vated in elg1*9838¢ nurse cells as compared with the yw

8
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control (Supplemental Fig. SGE), we reasoned that Elgl is
important for proper nurse cell endoreplication. There-
fore, we examined the DNA replication pattern in nurse
cells by BrdU labeling. Indeed, while the heterochromatic
regions in nurse cell nuclei were normally underreplicated
during endoreplication after stage 5 in the yw control
(Royzman et al. 2002), heterochromatin in the elg1 08386
nurse cells was still actively replicated (Supplemental Fig.
S6F, white arrowheads), confirming that disruption of
Elgl function resulted in defects in nurse cell endoreplica-
tion. The phenotype of overreplication of heterochroma-
tin in the elg?™9838 nurse cells is similar to that
observed in the cyclin E (cycE) mutant and the Cyclin E/
Cdk2 inhibitor dacapo (dap) mutant (Lilly and Spradling
1996; Hong et al. 2007). These cycE and dap mutant phe-
notypes were suggested to result from a prolonged S phase
during nurse cell endocycles. A similar phenotype might
result from compromising the function of Elgl, leading
to inefficient PCNA unloading and an extended endo-
cycle S phase. In addition, although we did not observe

Figure 5. Genetic interaction between enok
and elgl. (A) Chromatin-enriched fractions
were prepared from ovaries and subjected to
Western blotting. Histone H3 was used as the
loading control. (B) Stage 9 egg chambers were
stained with DAPI and an a-H3K23ac antibody.
White dashed lines depict somatic border/fol-
licle cells overlapping with nurse cells in the
images. White arrowheads indicate nurse cells
for comparison between samples. Posterior is
to the right. Bars, 20 pm. (C) Ovaries were sub-
jected to flow cytometric analysis. (Top panel)
Histograms of cells with a ploidy level of 2C-
1024C. (Bottom panel) Histograms of nurse
cells with a ploidy level of 64C-1024C. In A-
C, the genotypes of the females used were as
follows: P{w[+mCJ=otu-GAL4::VP16.R}1/+; P{w
[+mC]-GAL4-n0s.NGT)40/+; Pfw[+mCJ-GAL4::
VP16-n0s.UTRJCG6325MVD1/Pfy[+17.7] v[+t1.8]-
UAS-LUC.VALIUM10jattP2  (Luciferase), Pfw
[rmCl-otu-GAL4:VP16.R}1/+; Piwl+mCJ-GAL4-
10s.NGTJ40/P{TRiP.HMS02165attP40; Pfw[+mC]
=GAIL4::VP16-n0s.UTR)CG6325MVD1/+  (enok
RNAi3), Pfwl+mCJ-otu-GAL4:VP16.R}1/+; Pfw

[+mCJ]=GAL4-nos.NGT} 40/+; Pfw[+mC]=GAL4::
VP16-n0os.UTRJCG6325MVD1/P{TRiP.HMC
03187}attP2 (elgl RNAI), and P{w[+mCJ=otu-
GAL4:: VP16.R/1/+; Piwl+mC~GAL4-nos.NGT)
610% 40/P{TRiP.HMS02165)attP40; Pfw[+mCJ-GAL4::
VP16-n0s.UTRJCG6325MVD1/P{TRiP.HMCO031
87JattP2 (enok RNAi3;elgl RNAI).
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100
80
x
g w0
k] 20 64C-1024C 64C-1024C 64C-1024C 64C-1024C
ES 5.38% 6.87% 5.80%
20 o | —_— —_— —_—
0 A N
SLEL LT L SLELLTL L EL SLEL L LT LT SLLL L LT L LY
RERE N I8 389 RERE N I8 8RS R N IR BRY R N IR BRY
I v "o Rns "l Rng “nelRng
S S S 2
0.45]
£030
c
3
o
o
Roas
o

64C—
1280
256C=
512C=
1024C—
640
128C—
256C=
512C=

1204 GENES & DEVELOPMENT


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.271429.115/-/DC1

increased levels of yH2Av in elgI™%38¢ ovaries

(Supplemental Fig. SGE), we cannot exclude the possibility
that Elgl is important for the DNA damage signal-
ing pathway that leads to establishment of the yH2Av
mark.

We reasoned that if Enok negatively regulates the
PCNA-unloading function of Elgl, then knocking down
enok in the female germline may partially rescue the
endoreplication defects in Elgl-depleted nurse cells by
increasing the activity of residual Elgl. To test this
hypothesis, RNAi against enok and/or elgl in the female
germline was carried out using UAS-shRNA-enok and
UAS-shRNA-elgl transgenes driven by MTD-Gal4. To
confirm the specificity of RNAi against enok, we exam-
ined two different enok RNAI transgenes: enok RNAi2
(Supplemental Figs. S7-S9) and enok RNAi3 (Fig. 5).
Because both the UAS-enok RNAil (Fig. 4B) and the
UAS-elgl RNAI fly lines contain the RNAI transgene in
the attP2 site, we obtained the UAS-enok RNAi2 line con-
taining a different shRNA construct against enok in the
attP40 site from the Bloomington Drosophila Stock Cen-
ter. We also generated the UAS-enok RNAi3 line that has
the same shRNA construct against enok as the UAS-enok
RNAI1 line in the attP40 site (see the Materials and Meth-
ods for details). As shown by the expression of EGFP from
a gene trap cassette in the elg1™%83%¢ jllele, elgl is ex-
pressed at higher levels in the germline nurse cells than
in the somatic follicle cells (Supplemental Fig. S7A). A
reduction in Elgl protein levels was therefore visible by
Western blotting when elgl RNAi was driven in the germ-
line by MTD-Gal4 and confirmed that Elgl protein levels
were similar in the elgl RNAi and the double RNAi (enok
RNAi+elgl RNAIi) ovaries (Fig. 5A; Supplemental Fig.
S7B). However, the levels of the enzymatic product of
Enok (H3K23ac) were higher in somatic follicle cells
than in the germline (Fig. 5B; Supplemental Fig. S7C), sug-
gesting that Enok levels are higher in follicle cells than in
nurse cells. Therefore, high levels of Enok in somatic fol-
licle cells seems to obscure the changes in Enok levels in
the germline and result in a failure to detect reductions in
Enok levels in the enok RNAi ovary by Western blotting
(data not shown). To confirm the efficiency of RNAi
against enok in nurse cells, we examined H3K23ac levels
in ovaries by immunostaining. As shown in Figure 5B and
Supplemental Figure S7C, the H3K23ac levels in nurse
cells (white arrowheads) were decreased in enok RNAi
and double RNAI ovaries as compared with Luciferase
and elgl RNAI ovaries, respectively, suggesting that the
MTD-Gal4 driven RNAi against enok efficiently depleted
Enok in nurse cells.

We next compared the morphology of nurse cell nuclei
between elgl RNAi and double RNAi ovaries. Although
still underreplicated, nurse cell nuclei in the double
RNAIi ovary are relatively bigger and apparently have
higher DNA content than those in the elgl RNAi ovary
(Fig. 5B; Supplemental Fig. SSA). In addition, in the double
RNAI ovary with the enok RNAi3 transgene, egg cham-
bers in ~25% of the ovarioles were able to develop beyond
stage 9 with morphologically normal nurse cells (Fig. 5B,
bottom panel).

Regulation of PCNA unloading by the Enok complex

We further analyzed the cellular DNA content in these
ovaries by flow cytometry (Fig. 5C; Supplemental Figs.
S8B, S9). The enok RNAi2 transgene seemed to have
weaker rescuing effects on the endoreplication defects in
Elgl-depleted nurse cells than the enok RNAi3 transgene
(cf. the bottom panels of Fig. 5B and Supplemental Fig.
S7C). Therefore, the flow cytometric analysis for the
enok RNAi2;elgl RNAI ovaries were done in biological
triplicates to confirm the reproducibility of results (Sup-
plemental Figs. S8B, S9). Since the ploidy levels of somatic
follicle cells range from 2C to 32C (Calvi and Lilly 2004,
we focused on the population of nurse cells with a ploidy
level of 64C-1024C to avoid interference from follicle
cells. As shown in the bottom panels of Figure 5C and
Supplemental Figure S8B, the Luciferase control, enok
RNAi2, and enok RNAi3 ovaries clearly showed five
peaks of cells with a ploidy level of 64C, 128C, 256C,
512C, and 1024C. Consistent with the defective endore-
plication phenotype, elgl RNAi ovaries lack cells with
ploidy levels of 128C-1024C and showed a peak only at
64C. Notably, the double RNAi ovaries with the enok
RNAi2 transgene had a 64C peak greater than that
observed in the elgl RNAi ovaries (Supplemental Figs.
S8B,S9, arrow) and showed a peak of cells with a 128C
ploidy level (Supplemental Figs. S8B,S9, open arrowhead).
More dramatically, the double RNAi ovaries with the
enok RNAi3 transgene showed five peaks at 64C, 128C,
256C, 512C, and 1024C (Fig. 5C). These results strongly
suggest that knocking down enok partially rescued
the endoreplication defects in Elgl-depleted nurse cells.
Furthermore, RNAi against enok also partially rescued
the development of elgl RNAi egg chambers. At stage
14, Luciferase and enok RNAi egg chambers showed
fully developed dorsal appendages, while the dorsal ap-
pendages were lacking in the elgl RNAi egg chambers
(Supplemental Fig. S8C). However, the double RNAI egg
chambers showed partially developed dorsal appendages
(Supplemental Fig. S8C). Taken together, we concluded
that enok genetically interacts with elgl in nurse cell
endoreplication and oogenesis, supporting our hypothesis
that Enok plays a negative role in regulating the PCNA-
unloading function of the Elgl complex.

Discussion

We report here that Enok forms a complex homologous to
the human MOZ complex and that all four subunits con-
tribute to its HAT function in vivo (Fig. 1). Notably, in ad-
dition to stimulating the HAT activity of Enok toward
H3K23, Br140 also expanded its substrate specificity to
include H3K14 in vitro (Fig. 1D; Huang et al. 2014). This
result suggests that Br140 plays a role in regulating the en-
zymatic specificity of the Enok complex, which is consis-
tent with the recent study showing that the human
homolog of Br140, BRPF1, switches the substrate specific-
ity of the HBO1 HAT complex to histone H3 (Lalonde
et al. 2013). However, although BRPF1 interacts with
both MOZ and HBO1 in human cells, we did not detect
the Drosophila homolog of HBO1, Chameau, in Br140
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purification, indicating that Br140 may be an Enok com-
plex-specific component in flies.

Our study has also revealed a novel physical and func-
tional interaction between the Enok HAT complex and
the Elgl PCNA-unloader complex, suggesting a role for
Enok in modulating PCNA levels on chromatin during
cell cycle progression (Figs. 2-5). The physical interaction
between Enok and Elgl complexes is also supported by a
recent large-scale study on protein—protein interactions
(Rhee et al. 2014). This study reported the interacting
partners of 459 Drosophila transcription-related factors,
and four subunits of the Elgl complex (Elgl, Rfc4,
Rfc38, and Rfc3) were identified by affinity purification
using Br140 as the bait. Interestingly, instead of Elgl,
the largest component of the PCNA-loader complex
(Rfcl) copurified with the yeast Sas3-containing NuA3
complex using Pdp3 as the bait protein (Vicente-Munoz
et al. 2014). This difference in interacting partners be-
tween the Enok and Sas3 complexes may be one of the
reasons that Enok-depleted S2 cells accumulate at the
G1 phase but that populations with a ploidy >2C (G2/
M) accumulate when SAS3 is deleted in gen5A yeast cells
(Howe et al. 2001). These results also raise the possibility
that the roles of KAT6 HATSs in regulating PCNA levels
on the chromatin may be evolutionarily adapted by
switching their interacting partners between different
RFC/RFC-like complexes. The human MOZ complex
has been implicated in playing a role in DNA replication
via interacting with the MCM helicase and has been
shown to regulate cell cycle arrest at the G1 phase by pro-
moting p21 expression (Doyon et al. 2006; Rokudai et al.
2009). Given that MOZ is a critical regulator of proli-
feration of hematopoietic precursors and is involved in
leukemia (Perez-Campo et al. 2009), it may advance our
knowledge of hematopoiesis to investigate whether the
MOZ complex also interacts with an RFC/RFC-like com-
plex and regulates PCNA loading/unloading.

Reducing enok expression levels by dsRNA increased
the rate of G2/M progression (Supplemental Fig. S4).
While this faster G2/M progression is not dependent on
Elgl, we also detected an ~40% increase in the mRNA
levels of the Drosophila CDC25 phosphatase that acti-
vates the mitotic kinase Cdk1, string (stg), in Enok-deplet-
ed cells (data not shown). As we reported previously that
Enok plays a positive role in transcriptional activation
by acetylating H3K23 (Huang et al. 2014), Enok may pro-
mote transcription of some repressor genes that down-reg-
ulate stg expression. Alternatively, Enok might repress
transcription at a subset of gene loci, including stg, in a
context-dependent manner, and, last, we cannot exclude
the possibility that Enok may directly interact with other
protein machinery to regulate G2/M progression.

Depletion of Enok also resulted in a block at the G1/S
transition that is partially dependent on Elgl (Fig. 3).
This partial Elgl dependence indicates that Enok has
other roles in regulating the G1/S transition. While it is
conceivable that Enok may regulate the expression of
genes involved in cell cycle regulation, we did not detect
significant changes in the mRNA levels of Cyclin A, Cy-
clin B, Cyclin D, Cyclin E, Cyclin G, Cdk2, E2f1, Rbf
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(Rb), dap (p21/p27), Dp, or Myc in Enok-depleted S2 cells
as compared with cells treated with control LacZ dsRNA
(data not shown). Nevertheless, further genome-wide
analysis of gene expression levels in Enok-depleted cells
may provide more information on the transcriptional
roles of Enok in cell cycle regulation.

Our model proposes that the Enok complex interacts
with Elgl via Br140 and down-regulates the PCNA-
unloading function of Elgl (Fig. 4C). This hypothesis is
supported by the findings that Br140 interacts with Elgl
in vivo and in vitro (Fig. 2A,C) and that knocking down
enok decreased the PCNA levels on chromatin (Fig. 4A,
B). The Elgl dependence of the G1/S block in Enok-deplet-
ed S2 cells (Fig. 3D-F) and the genetic interaction between
enok and elg1 in germline cells (Fig. 5) also agree well with
our model, further supporting the negative role of the
Enok complex in regulating Elgl activity. Interestingly,
we often observed small decreases in the Elgl protein lev-
els in Enok-depleted S2 cells or germline cells compared
with the controls (Figs. 2B, 3C; Supplemental Figs. S5D,
S7B), while the elgl mRNA levels remained largely unaf-
fected by Enok depletion (Fig. 3E). This observation sug-
gests that, in addition to regulating the PCNA-unloading
function of the Elgl complex, Enok may be involved in
maintaining Elgl protein levels or that the protein level
and the PCNA-unloading activity of Elgl may be inver-
sely coregulated. Taken together, the physical and func-
tional interactions between Enok and Elgl provide a
novel insight into the mechanisms underlying regulation
of cell proliferation by KAT6 HATSs.

Materials and methods

Fly strains and culture

Drosophila melanogaster was crossed and grown on standard
medium at 25°C unless stated otherwise. MTD-Gal4-driven
RNAI was carried out at 29°C. Females were conditioned with
wet yeast for 2-3 d before ovary dissection. Embryos were collect-
ed using standard apple juice plates with wet yeast.

The following fly lines were obtained from the Bloomington
Drosophila Stock Center: UAS-Luciferase (stock no. 35788),
UAS-enok RNAil (stock no. 40917), UAS-enok RNAi2 (stock
no. 42941), UAS-elgl RNAi (stock no. 51453), elg1™%838¢ (stock
no. 44956), Df(3L)Exel6128 (stock no. 7607), and MTD-GAL4
(stock no. 31777).

The UAS-enok RNAi3 fly line, which contains the same P
{TRiP.HMS02165} insertion as the UAS-enok RNAi1 fly line in
the attP40 site, was made by Rainbow Transgenic Flies, Inc.,
using the pVALIUM20 vector according to Transgenic RN Ai Proj-
ect (TRiP) protocols (Ni et al. 2011).

Complex purification

S2 cells stably expressing Flag-tagged Enok, Br140, Eaf6, Ing5, or
Elgl were lysed in buffer A (10 mM HEPES at pH 7.5, 1.5 mM
MgCl,, 10 mM KCl, 1% NP-40, | mM DTT, 1 mM PMSE, 5
mM sodium butyrate, 5 mM NaF, 1 ug/mL pepstatin A, 1 pg/
mL leupeptin, 1 ng/mL aprotinin), and nuclei were isolated by
centrifugation at 3000g for 5 min at 4°C. The nuclei were extract-
ed in buffer B (20 mM HEPES at pH 7.5, 1.5 mM MgCl,, 420 mM
NaCl, 25% glycerol, 0.2 mM EDTA, 0.1% Triton X-100, 1 mM
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DTT, 1 mM PMSF, 5 mM sodium butyrate, 5 mM NaF, 1 ug/mL
pepstatin A, 1 ng/mL leupeptin, 1 pg/mL aprotinin) for 30 min at
4°C. After centrifugation at 245,000g for 2 h at 4°C, supernatant
was collected and diluted using buffer A to a final NaCl concen-
tration of 300 mM. The diluted NEs were incubated with 100 uL
of anti-Flag affinity resin (Sigma, A2220) for 3 h at 4°C. Following
three washes with 20 mL of wash buffer (10 mM HEPES at pH 7.5,
1.5 mM MgCl,, 300 mM NaCl, 10 mM KCl, 0.2% Triton X-100, 1
mM PMSF, 5 mM sodium butyrate, 5 mM NaF), the anti-Flag
resin was eluted three times with 250 uL of elution buffer (10
mM HEPES at pH 7.5, 1.5 mM MgCl,, 100 mM NaCl, 0.05% Tri-
ton X-100, 10% glycerol, 500 pg/mL triple Flag peptide, 5 mM
sodium butyrate, 5 mM NaF, 1 ng/mL pepstatin A, 1 ug/mL leu-
peptin, 1 ng/mL aprotinin) for 1 h at 4°C. The eluates were treated
with 0.1 U of benzonase (Sigma) for 30 min at 37°C and subjected
to TCA precipitation followed by MudPIT analysis.

MudPIT analysis

The TCA-precipitated pellet from the samples was solubilized in
100 mM Tris-HCI (pH 8.5) and 8 M urea, and TCEP [Tris(2-carbxy-
lethyl)-phosphine hydrochloride] (Pierce) and CAM (chloroaceta-
mide) (Sigma) were added to a final concentration of 5 and 10
mM, respectively. The protein suspension was digested overnight
at 37°C using endoproteinase Lys-C at 1:50 (w/w) (Roche). The
sample was brought to a final concentration of 2 M urea and 2
mM CaCl, before performing a second overnight digestion at
37°C using Trypsin (Promega) at 1:100 (w/w). Formic acid (5% fi-
nal) was added to stop the reactions. Peptide mixtures were loaded
onto a 100-um fused silica microcapillary column packed with 8
cm of reverse phase material (Aqua, Phenomenex) followed by 3
cm of 5-um Strong Cation Exchange material (Partisphere SCX,
Whatman) followed by 2 cm of 5-um C18 reverse phase (McDo-
nalda et al. 2002). Loaded microcapillary columns were placed
in-line with linear ion trap mass spectrometers (LTQ, Thermo-
Scientific) coupled with quaternary Agilent 1100 or 1200 series
high-performance liquid chromatographies (HPLCs). A fully auto-
mated 10-step chromatography run (for a total of 20 h) was carried
out for each sample, as described previously (Florens and Wash-
burn 2006), enabling dynamic exclusion for 120 sec. The tandem
mass spectrometry data sets were searched using Sequest (Eng
et al. 1994) against a database of 43,158 sequences, consisting of
27,779 D. melanogaster nonredundant proteins (downloaded
from NCBI on February 20, 2013), 177 usual contaminants (such
as human keratins, IgGs, and proteolytic enzymes), and, to esti-
mate false discovery rates (FDRs), 121,402 randomized amino
acid sequences derived from each nonredundant protein entry.
Peptide/spectrum matches were sorted, selected, and compared
using DTASelect/Contrast (Tabb et al. 2002). Combining all
runs, proteins had to be detected by at least two spectra, leading
to FDRs at the protein and spectral levels of 1.36% and 0.12%,
respectively. To estimate relative protein levels, normalized spec-
tral abundance factors (INSAFs) were calculated for each detected
protein, as described previously (Zhang et al. 2010).

Antibody production

The recombinant peptide encompassing residues 1813-2197 of
Enok was purified from Escherichia coli and injected into rabbits
following the 28 Day Mighty Quick protocol conducted by
Pocono Rabbit Farm and Laboratory. For generating the a-Elgl an-
tibody, a recombinant peptide encompassing the first 400 resi-
dues of Elgl was purified from E. coli and injected into rabbits
and guinea pigs following the 28 Day Mighty Quick protocol car-
ried out by Pocono Rabbit Farm and Laboratory.
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RNAi knockdown in S2 cells

dsRNA synthesis and dsRNA treatment of S2 cells were per-
formed essentially as described previously (Huang et al. 2014). Af-
ter dsSRNA treatment, S2 cells were incubated with the dsRNA
for 4-7 d at 25°C before being subjected to acid extraction of
histone, RNA isolation, flow cytometric analysis, or cell
fractionation.

RNA purification and RT-qPCR

RNA isolation and cDNA synthesis were carried out as described
previously (Huang et al. 2014). qPCR was performed in triplicate
for each sample, and the data were analyzed using the standard
curve method. The expression levels of rp49 were used as the nor-
malization control.

Acid extraction of histones

S2 cells were first lysed in buffer A. The nuclei were isolated by
centrifugation at 1500g for 3 min at 4°C, resuspended in 0.4 N
of HCI, and incubated for 5 min on ice. After centrifugation at
20,000g for 5 min at 4°C, supernatants were collected and neu-
tralized with 2 M Tris (0.2x vol). Protein concentration was meas-
ured using Bio-Rad protein assay, and an equal amount of protein
was subjected to Western blotting.

Western blot analysis

The following primary antibodies were used in Western blot anal-
ysis: Enok guinea pig (1:2000) (Huang et al. 2014), Enok rabbit
(1:1000), Elgl guinea pig (1:1000), Elgl rabbit (1:1000), H3K14ac
(1:1000; Millipore, 07-353), H3K23sc (1:100,000; Millipore, 07-
355), H3 (1:10,000; Abcam, ab1791), H4 (1:3000; Abcam,
ab7311); PCNA (1:1000; BD Biosciences, 555566), p-Tubulin
(1:5000; Developmental Studies Hybridoma Bank [DSHB|, E7),
Flag (1:5000; Sigma, A8592), HA (1:2000; Roche, 12013819001),
and Lamin (1:3000; DSHB, ADL67.10).

Purification of recombinant proteins from insect cells
and in vitro HAT assay

Full-length ¢cDNA of Br140 was cloned into vector pBacPAKS or
pBacPAKS8 carrying an N-terminal His-Flag tag. Full-length
¢DNA of elgl was cloned into vector pBacPAKS carrying an N-
terminal double HA tag. Purification of the recombinant Enok
and Br140 from Sf21 cells was performed as described previously
(Huang et al. 2014).

Short oligonucleosomes were purified from HeLa cells as de-
scribed previously (Utley et al. 1997). Reconstitution of recombi-
nant nucleosomes and in vitro HAT assay were carried out
essentially as described in the previous study (Huang et al.
2014). Briefly, nucleosomes were incubated with or without
recombinant Enok and/or Br140 in HAT buffer (50 mM Tris-
HCl at pH 8.0, 50 mM KCI, 100 pM EDTA, 10 mM sodium buty-
rate, 5% glycerol, | mM DTT, 100 pg/mL BSA, 1 mM acetyl-CoA,
1 mM PMSF) for 2 h at 27°C. For autoradiography (Fig. 1C, bottom
two panels), 0.4 nCi of *H-acetyl-CoA (PerkinElmer) instead of 1
mM acetyl-CoA was used in 20-uL reactions, with a final concen-
tration of 100 uM. The reactions were then adjusted using 2x SDS
sample buffer to a final concentration of 1x (62.5 mM Tris-HCI at
pH 6.8, 10% glycerol, 2% SDS, 0.01% bromophenol blue, 143
mM B-mercaptoethanol) and heated for 6 min at 98°C followed
by Western blotting or autoradiography.
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Cell fractionation

To prepare whole-cell extracts (WCEs) from S2 cells, cells were
lysed in 1x SDS sample buffer and heated for 6 min at 98°C. After
centrifugation at 20,000g for 5 min, supernatants were collected
as WCEs. The cytosol fraction from S2 cells was obtained by lys-
ing cells in buffer A followed by centrifugation at 1500g for 3 min
at 4°C to separate the cytosol fraction (supernatant) and the
nuclei (pellet). The cytosol fraction was then adjusted using 6x
SDS sample buffer to a final concentration of 1x and heated for
6 min at 98°C. For NE preparation, the nuclei were washed
once with buffer A and then either resuspended in 1x SDS sample
buffer and heated for 6 min at 98°C for Western blotting (Figs. 1B,
3C, 4A; Supplemental Fig. S1B) or extracted in buffer B for 20 min
on ice (Fig. 2B; Supplemental Figs. S1A, S5D). After extraction in
buffer B, nucleus mixtures were centrifuged at 20,000g for 5 min
at4°C, and the supernatants were collected as NEs. The NEs were
either subjected to co-IP (Fig. 2B) or adjusted using 6x SDS sample
buffer to a final concentration of 1x and heated for 6 min at 98°C
followed by Western blotting (Supplemental Figs. S1A, S5D). In
Supplemental Figure S5D, after buffer B extraction and centrifu-
gation, the chromatin pellets were resuspended in 1x SDS sample
buffer, heated for 6 min at 98°C, and subjected to Western blot-
ting as the chromatin fraction. In Supplemental Figures S2A
and 4A, the chromatin fractions were prepared by lysing nuclei
in hypotonic buffer (5 mM HEPES at pH 7.5, 3 mM EDTA, 200
EM EGTA, 1l mM DTT, 1 mM PMSF, 5 mM sodium butyrate, 5
mM NaF, 1 ng/mL pepstatin A, 1 ng/mL leupeptin, 1 ng/mL apro-
tinin) followed by centrifugation at 1700g for 3 min at 4°C. The
chromatin pellets were washed once with hypotonic buffer,
resuspended in 1x SDS sample buffer, heated for 6 min at 98°C,
and subjected to Western blotting as the chromatin fraction.

To prepare WCEs from dechorionated embryos or ovaries, em-
bryos or ovaries were homogenized in 1x SDS sample buffer and
heated for 6 min at 98°C. After centrifugation at 20,000g for 5
min, supernatants were collected as WCEs. The chromatin-en-
riched fractions were obtained by homogenizing dechorionated
embryos, larvae, or ovaries in buffer A followed by centrifugation
at 1500g for 3 min at 4°C. The nuclei/chromatin pellets were
washed once with buffer A and resuspended in 1x SDS sample
buffer. Chromatin-enriched fractions were heated for 6 min at
98°C and then subjected to Western blot analysis. The NEs in
Supplemental Figure S6A were prepared by extracting the
nuclei/chromatin pellets from ovaries in buffer B for 30 min on
ice followed by centrifugation at 20,000g for 10 min at 4°C. The
supernatants were adjusted using 6x SDS sample buffer to a final
concentration of 1x, heated for 6 min at 98°C, and subjected to
Western blotting as NEs.

Co-IP assay

NEs from S2 cells were adjusted using buffer A to a final NaCl
concentration of 200 mM (binding buffer) and incubated with rab-
bit preimmune serum, a-Enok, or a-Elgl antiserum (1:50) for 16 h
at 4°C. Protein A-conjugated Dynabeads (Novex) were added to
the mixture and incubated for 1.5 h at 4°C. Beads were washed
three times with binding buffer, heated in 1x SDS sample buffer
for 6 min at 98°C, and subjected to Western blotting using guinea
pig a-Enok or a-Elgl antiserum.

Pull-down assay

The Sf21 cells expressing recombinant double HA-tagged Elgl
(2xHA-Elgl), His-Flag-Br140, His-Flag-Enok and/or no-tag Br140
were lysed in lysis buffer (50 mM HEPES at pH 7.5, 2 mM MgCl,,
300 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.2% Triton X-100,
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1 mM PMSF, 1 pg/mL pepstatin A, 1 ng/mL leupeptin, 1 pg/mL
aprotinin) for 20 min on ice. After centrifugation at 20,000g for
10 min at 4°C, supernatants were collected and incubated with
anti-Flag affinity resin or anti-HA affinity resin (Sigma, E6779)
for 3 h at 4°C. Following three washes with lysis buffer, resins
were heated in 1x SDS sample buffer for 6 min at 98°C and sub-
jected to Western blot analysis.

Immunofluorescent staining

Ovaries were dissected in Shields and Sang M3 insect medium
and processed as described previously (Shcherbata et al. 2004).
For BrdU staining, ovaries were dissected and labeled with 10
1M BrdU for 1 h in Shields and Sang M3 insect medium. After
two washes with the M3 insect medium, ovaries were fixed in
1x PBS containing 5% formaldehyde for 20 min. Ovaries were
then washed three times with PBST (1x PBS containing 0.2% Tri-
ton X-100) and incubated in 2 N of HCI for 30 min followed by
neutralization in 100 mM borax. After three washes with PBST,
ovaries were subjected to a standard staining process with pri-
mary and secondary antibodies.

The following primary antibodies were used: yH2Av (1:100;
Novus Biologicals, NBP1-78103), BrdU (1:20; BD Biosciences,
555627), and H3K23ac (1:2500; Millipore, 07-355). The following
secondary antibodies were used: Alexa 568 goat anti-mouse
(1:300; Molecular Probes) and Cy3 donkey anti-rabbit (1:300;
Jackson ImmunoResearch). Cell nuclei were stained using 1 pg/
mL DAPI dye (Invitrogen). Images were taken with a Zeiss LSM
510 confocal microscope or Leica SP5 X confocal microscope
and processed using OMERO or Image]. Adobe Photoshop was
used to assemble images into figures.

Flow cytometric analysis

For cell cycle profile analysis, S2 cells were washed once with 1x
PBS and fixed in ice-cold 70% ethanol. After rehydration in 1x
PBS, cells were incubated in 1x PBS containing 100 pg/mL RNase
A (Qiagen) and 50 pg/mL propidium iodide (Invitrogen) for 30 min
at 37°C and subjected to flow cytometric analysis of DNA con-
tent using MACSQuant (Miltenyi Biotec).

To analyze the progression of BrdU-positive cells during cell cy-
cle, S2 cells were pulse-labeled with 15 uM BrdU for 15 min and
released into BrdU-free medium for the time periods indicated in
the figures. Cells were fixed in ice-cold 70% ethanol and then
rehydrated in 1x PBS containing 0.5% BSA and 0.02% Tween
20 (PBS-BT) for 2 min. Following centrifugation at 1000g for 2
min at 4°C, cells were resuspended and incubated in 2 N of HCI
for 30 min and then neutralized in 100 mM borax for 2 min. Cells
were washed once with PBS-BT and incubated with a-BrdU
(1:150) in PBS-BT for 30 min. After one wash with PBS-BT, cells
were incubated with Alexa 488 goat anti-mouse (1:200; Molecu-
lar Probes) in PBS-BT for 30 min. Cells were then washed once
with PBS-BT and incubated in 1x PBS containing 100 ng/mL RN-
ase A and 50 pg/mL propidium iodide for 30 min at 37°C followed
by biparametric BrdU/DNA analysis using MACSQuant or
FACSCalibur (BD Biosciences).

Flow cytometric analysis of cellular DNA content in ovaries
was performed as described previously using 35 pairs of ovaries
for each sample (Huang et al. 2014).
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