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Abstract

Identification of dSETDB1-interacting proteins in
Drosophila Ovarian Somatic Cells

Drosophila SETDB1, so called Eggless, is a methyltransferase which deposits
trimethylation on 9th lysine residue of histone 3 to maintain a repressive chromatin
state. Repression of transposable elements accomplished by dSETDB1-derived
heterochromatin formation is an essential epigenetic process to protect the integrity
of genome for future progenies. Therefore discovering sophisticated mechanism of
epigenetic control of dSETDB1 and the effect of its interacting factors to the
function of dSETDB1 is undoubtedly important. In this study, polyclonal
dSETDB1 antibody was attained from rabbits injected with partial dSETDB1 and
was used to confirm endogenous dSETDB1 in Drosophila OSC cells. We
confirmed nucleus localization of overexpressed Flag-dSETDB1 in OSC cell and
acquired two candidates – PEP, hnRNP K – that might interact with dSETDB1 in
SUMO-dependent

or

independent

manner

through

Flag-dSETDB1

immunoprecipitation followed by mass spectrometry analysis. PEP and hnRNP K
knockdown cells show similar trend in level of transposable elements compared to
dSETDB1 as well as SUMO de-conjugating enzyme, Ulp. Therefore our study
implies discovery of novel dSETDB1-interacting proteins, PEP and hnRNP K,
which contribute to the function of dSETDB1 as a methyltransferase to trigger
piRNA biogenesis and transposon silencing.
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Introduction

During oogenesis in Drosophila, germline stem cells goes through series of
asymmetric divisions and differentiations eventually to form mature egg for
reproduction (Bastock & St Johnston, 2008). Successful reproduction necessitates
secure delivery of genetic material to future progeny where protection of the
genome integrity becomes essential. Transposable elements, so called jumping
genes, are considered to be important factors that contribute to genetic diversity,
providing benefits in driving evolution (Biemont & Vieira, 2006; Brandt et al.,
2005). However, uncontrolled expression of TE can lead to deleterious insertional
mutagenesis, posing a threat to integrity of the genome. Therefore it is critical to
precisely control the activity of transposable elements especially in germline cells
to prevent accumulation of unrestrained TE activity passing down generations.
In Drosophila, small-RNA based immune system hiring PIWI-interacting RNA
has been evolutionarily maintained to protect genome integrity. PIWI-interacting
RNAs are small, 24 to 37 nucleotide non-coding RNAs that associate with PIWI
proteins, which act as a guide for identification and silencing of substrate in which
for piRNAs are mostly TEs (Luteijn & Ketting, 2013; Saito, 2013). As it has been
shown that PIWI proteins repress transposable elements in most animal species
(Malone & Hannon, 2009), Drosophila controls TE activity in two distinct
pathways in a cell-type specific manners.
In Drosophila ovaries, piRNAs derive from discrete heterochromatic loci called
piRNA cluster. In somatic cells, piRNAs are derived from flamenco piRNA cluster
which mostly target gypsy family of transposons such as gypsy, idefix and zam,
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whereas in germ cells, piRNAs are generated from collaboration of other various
clusters such as 42AB (Brennecke et al., 2007; Malone et al., 2009). Interestingly,
proteins responsible for piRNA biogenesis also differs between germ and somatic
cells where Ago3 and Aubergine, responsible secondary piRNA amplification loop,
are exclusively found in germ cells, whereas PIWI protein alone is found in
somatic cells (Brennecke et al., 2007). Keeping TE under control in both tissues is
important since TE found within follicle cells can travel to germ cells (Lecher,
Bucheton, & Pelisson, 1997).
How piRNA clusters are transcribed and detailed mechanisms of TE silencing
pathway has yet to be discovered but there are enough evidence that modification
at Histone 3 Lysine 9 is necessary for piRNA cluster transcription and TE
repression.

Drosophila

Eggless,

also

called

dSETDB1,

is

a

histone

methyltransferase which deposits H3K9 trimethylation during oogenesis in both
germ cells and somatic cells of Drosophila ovary (Clough, Moon, Wang, Smith, &
Hazelrigg, 2007; Clough, Tedeschi, & Hazelrigg, 2014). Mutation in egg impedes
oogenesis at early stages accompanied by apoptosis in both germ and somatic cells
as it is implied in its name ‘Eggless’ (Clough et al., 2007). Trimethylation marked
by dSETDB1 provides docking site for heterochromatin proteins for formation and
maintenance of condensed and inactive form of chromatin called heterochromatin
(Bannister et al., 2001; Vermaak & Malik, 2009). Histone modification by
heterochromatin

proteins

provides

epigenetic

regulation

of

TE

by

compartmentalizing them within heterochromatin structure (Levin & Moran, 2011;
Slotkin & Martienssen, 2007), safeguarding the integrity of genome to be passed
on to future progeny. Even though the sequences of transposable elements takes
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large proportion of the genome of Drosophila (Biemont & Vieira, 2006),
heterochromatin formation initiated by dSETDB1 H3K9me3 makes it possible for
repressed TE activity to be maintained throughout generations.
There are other HMTs exist in Drosophila such as Su(var)3-9 and G9a
responsible for heterochromatic function, however only dSETDB1 is essential for
viability and fertility (Clough et al., 2007; Seum, Bontron, Reo, Delattre, & Spierer,
2007; Seum, Reo, et al., 2007; Tzeng, Lee, Chan, & Shen, 2007). H3K9me3 highly
enriched at genome containing transposons and repetitive loci and piRNA clusters
are marked by H3K9me3 but not actively transcribed genes such as nanos (Rangan
et al., 2011). piRNA levels are significantly reduced in dSETDB1 mutant ovaries.
TE levels in dSETDB1 mutant ovaries higher in both germline and somatic
expressed transposons and are selective to cell types. Germline knockdown of
dSETDB1 lead to germline transposons. Somatic knockdown preferential
depression of somatic transposons. Result indicate that dSETDB1 is required for
transposon control in the germline and ovarian soma by positively regulating
piRNA cluster transcription through the deposition of H3K9me3. Therefore it is
important to study mechanism of how dSETDB1 is localized to specific positions
for specific piRNA clusters to be transcribed for silencing transposons or which
genomic loci containing sequences of transposable elements to be repressed within
heterochromatin.
Recent studies discovered how dSETDB1 silences chromosome 4 in
Drosophila ovarian germ cell where POF binds to dSETDB1 for chromosome 4
localization (Seum, Reo, et al., 2007; Tzeng et al., 2007). Windei co-precipitates
with Painting of fourth (POF) and binds to dSETDB1 for nuclear localization
- 3 -

(Koch, Honemann-Capito, Egger-Adam, & Wodarz, 2009). Other than those direct
interacting partners, dSETDB1 is reported to be SUMOylated in between residues
ranging from 1 to 200 (Koch et al., 2009), where it can interact with broader
spectrum of proteins containing Sumo Interaction Motif. Small ubiquitin-like
modifier is ubiquitin-like small molecule that is covalently attached to lysine
residue of substrate proteins(Smith, Turki-Judeh, & Courey, 2012). SUMOylation
cycle hires series of enzymatic reactions involving E1, E2, E3 and Ulp for SUMO
activation, conjugation, ligation and de-conjugation (Kanakousaki & Gibson, 2012).
Unlike ubiquitin has distinct role where ubiquitination of protein signals
proteasomal degradation in cells (Musco et al., 1996), the biological function of
SUMOylation remains to be elucidated.
Here we seek to identify novel proteins that interact with dSETDB1 in
Drosophila

ovarian

somatic

cell

line

through

immunoprecipitation

of

overexpressed Flag-dSETDB1 followed by mass spectrometry analysis. Their
influence to the function of dSETDB1 was indirectly examined by measuring
activity of transposable elements through quantitative RT-PCR in knockdown cell
system using RNAi. Further we seek to find SUMO-dependent interaction of
dSETDB1 (Fig. 1) by treating N-Ethylmaleimide, the inhibitor of de-SUMOylation
enzyme Ulp during immunoprecipitation.
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Materials and Methods

dSETDB1 antibody production
Anti-dSETDB1 polyclonal antiserum was raised in rabbits (AbFrontier) against
bacterially expressed GST-tagged partial dSETDB1 protein containing residues 79315. DNA encoding partial dSETDB1 was PCR-amplified from cDNA synthesized
from the total RNA of Drosophila wild-type w1118 ovaries and the amplicons were
cloned into pGEX-KG vector. GST-fused partial dSETB1 was expressed in
Escherichia coli BL21 cells and purified using Glutathione-agarose beads
(SIGMA).
The specificity of dSETDB1 antisera was confirmed by Blocking Test
(protocol provided by AbFrontier) with 6XHis-MBP-dSETDB1 as a competitor
antigen causing disappearance of dSETDB1 on western blot. Anti-dSETDB1
antibody was affinity purified by incubating dSETDB1 antisera with affinity
column (provided by AbFrontier) containing Affigel-15 beads (Bio-Rad) coupled
to purified 6xHis-MBP-partial dSETDB1, eluted with elution buffer (0.1M Citric
Acid pH 2.0), neutralized eluded fraction with neutralization buffer (1M Tris pH
9.0) and added 50% glycerol for preservation.

Cell culture and transfection
OSC cells (a gift from Saito, K.) were grown in Shields and Sang M3 Insect
Medium (SIGMA) supplemented with 0.6mg/ml glutathione, 10mU/ml insulin,
10% FBS (Welgene) and 5% fly extract prepared as described previously. For each
transfection, 5 x 106 OSC cells were resuspended in 95μl of Solution V of the Cell
- 5 -

Line Nucleofector Kit V (Amaxa Biosystems) and mixed with 5μg of pAc5.1-FlagdSETDB1 or 200 pmol of siRNA. Transfection was carried out in an
electroporation cuvette using Nucleofector instrument (Amaxa Biosystems). The
transfected cells were then transferred into the complete growth medium and
incubated at 26°C for 48 hours.

Adherent cell Immunocytochemistry
Flame sterilized 18-mm round glass coverslip was soaked with poly-L-lysine
solution (Sigma, P4707) in a 12-well cell culture plate and incubated at room
temperature for more than 1 hour. The coverslips were rinsed with sterile ddH2O
and dried overnight under the UV light. 2.5 x 105 OSC cells were transfected with
0.4μg of pAc5.1-Flag-dSETDB1 using Nucleofector instrument as described above
and transferred into the 12-well cell culture plate covered with poly-L-lysinecoated glass coverslips and incubated at 26°C for 48hours. Cells was fixed with
fresh 4% PFA for 10 min then permeabilized with 0.1% Trion X-100 in 1XPBS for
10 min at room temperature followed by rinsing with pre-warmed 1XPBS. Cells
were incubated with blocking buffer (5% BSA, 0.1% Tween-20, 1XPBS) for 1
hour and with -Flag antibody (Sigma) diluted in probing buffer (1% BSA, 0.1%
Tween-20, 1XPBS) for 2 hours at room temperature followed by extensive
washing (0.1% Tween-20, 1XPBS). Cells were stained with Alexa Fluor® 488conjugated Goat -Rabbit IgG antibody (ThermoFisher) diluted in probing buffer
for 1 hour then counterstained with DAPI (Invitrogen) diluted in 1XPBS for 10
min at room temperature. Microscopic imaging service was provided by Confocal
Laser Scanning Microscopy lab at NICEM, Seoul National University.
- 6 -

Preparation of Nuclear Extracts
Flag-dSEDB1 overexpressed OSC cells were collected from low speed
centrifugation and washed twice with ice-cold PBS. For isolation of nuclei, the
pellet was resuspended in Hypotonic Lysis Buffer (HLB; 10mM HEPES-KOH at
pH7.9, 1.5mM MgCl2, 10mM KCl, 1mM DTT or 20mM NEM, protease inhibitor
cocktail (Roche)) supplemented with 0.05% NP-40 by gentle trituration and
incubated on ice for 10 min. Cell lysis was performed by passing the cell
suspension through 26G syringe thrice and the nuclei pellet was obtained from low
speed centrifugation of the homogenate at 3000 rpm for 5 min twice. The cytosolic
fraction (supernatant) was transferred to a fresh tube for analysis and the nuclei
pellet was resuspended in Nuclear Extraction Buffer (NEB; 20mM HEPES-KOH at
pH7.9, 1.5mM MgCl2, 420mM NaCl, 0.2mM EDTA, 25% glycerol, 1mM DTT or
20mM NEM, protease inhibitor cocktail) by trituration. The nuclear extract was
collected by rotating the homogenate at 4°C for 30 min then centrifugation at
maximum speed for 10 min twice.

Mass spectrometry of Flag-dSETDB1 complexes
For Immunoprecipitation of Flag-dSETDB1 complexes, approximately 5-7 mg of
Flag-dSETDB1 overexpressed OSC nuclear extract was diluted with 2 volumes of
binding buffer (100mM NaPO4 at pH 7.4, 300mM NaCl, 0.1% NP-40, protease
inhibitor cocktail) with or without NEM and rotated overnight at 4°C with PierceTM
Protein G Agarose beads for preclearing. The unbound fraction was further rotated
constantly with 30 μl of -Flag antibody conjugated to agarose beads (anti-Flag
M2 affinity gel, Sigma) at 4°C for 2 hours. The beads were washed twice with
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wash buffer (100mM NaPO4 at pH 7.4, 500mM NaCl, 1mM DTT or 20mM NEM,
0.1% NP-40, protease inhibitor cocktail) and another twice with binding buffer. For
mass spectrometry, immunoprecipitated Flag-dSETDB1 complexes with or without
NEM were resolved by SDS-PAGE and stained with SilverQuestTM staining kit
(Invitrogen). Gel sections (Fig. 5C) were excised and subjected to QExactive/UPLC protein profiling service provided by RNA-Proteomics Lab at
Seoul National University, School of Biological Sciences.

Western Blotting
To confirm endogenous dSETDB1 or overexpressed Flag-dSETDB1, OSC totalcell lysates were prepared using RIPA buffer (50mM Tris-Cl at pH 8.0, 150 mM
NaCl, 1% (v/v) NP-40, 0.1% SDS, 0.5% Sodium Deoxycholate) with protease
inhibitor cocktail. Protein samples were separated on SDS-PAGE and transferred to
PVDF membrane (Millipore) for 1 h at 300 mA using Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad). The membrane was blocked in 5% (w/v)
skim milk (BD) with PBS-T (0.1% (v/v) Tween-20) for 1 hour at room temperature,
probed with -dSETDB1 or -Flag primary antibodies diluted in probing buffer
(1% (w/v) BSA (Bovogen), 0.1% Tween-20, 1XPBS) at 4°C overnight and was
probed with Goat -rabbit IgG HRP-conjugated (Jackson) antibody diluted in
probing buffer for 1 hour at room temperature. Anti-α-tubulin (Abcam) was used to
mark reference protein or to examine cytoplasmic contamination for nuclear
extracts. Proteins were detected by ECL solution (Thermo Scientific) and exposed
to X-ray film.
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Preparation of total RNA and Quantitative RT-PCR
Total RNAs were extracted using PureHelixTM RNA Extraction Solution
(NanoHelix) according to the manufacturer’s protocol. Isolated RNAs were treated
with rDNase I (Takara) for 30 min at 37°C then purified by acid phenol chloroform
extraction method. cDNAs were synthesized from 1ug of DNase-treated total
RNAs by reverse transcription reaction with PrimeScript RTase (Takara). 2.5uM
oligodT primer, 2.5uM random hexamer, 0.5mM each dNTP, 1X PrimeScript RT
buffer, 1mM DTT, 40units/μl Recombinant RNase Inhibitor (Takara) and 200
units/μl PrimeScript RTase were used in 20μl of RT reaction for 10min at 25°C,
60min at 42°C and 5min at 85°C. Relative transposon and mRNA levels were
quantified by LightCycler® 480 Real-Time PCR Systems (Roche). Each reactions
were carried out with 10μl of reaction mixtures- 5μl of LightCycler® 480 SYBR
Green I Master (Roche), 0.5μM gene specific primers (Table. S2) and 50ng of
cDNA were used for each reaction. Real-Time PCR was run at 95°C for 5min
followed by 95°C for 10 sec, 60°C for 10 sec and 72°C for 10 sec for 45 cycles.
Results were normalized to Drosophila ribosomal protein 49 (rp49).
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Results

Anti-dSETDB1 detects endogenous dSETDB1 in OSC cells
Consisted of 1,262 amino acids, dSETDB1 contains a bifurcated catalytic SET
domain responsible for methylation of histones on lysine residues (Pinol-Roma &
Dreyfuss, 1993), a methyl DNA-binding domain and two Tudor-like domains
(Clough et al., 2007). dSETDB1 is detected around 140 and 170 kilo Daltons (kDa)
on western blot analysis of wildtype ovary extracts (Clough et al., 2007), and
observed as a doublet in between 180 to 200 kDa in epitope tagged dSETDB1
overexpressed in S2 cell extract (Koch et al., 2009). Similar to the data described
above, endogenous dSETDB1 in OSC cells was detected in between 140 and 240
kDa in OSC cell lysate (Fig. 2A) against both antisera raised in two rabbits on the
western blot whereas no distinct band is found around the position in HEK293T
lysate, confirming the existence of endogenous dSETDB1 in OSC cells.
The specificity of both antisera against dSETDB1 was then examined by
competition assay in which disappearance of bands representing dSETDB1 alone is
expected to be observed when supplemented with excessive amount of antigens
during primary antibody incubation. Western blot analysis of OSC cell lysate
incubated with -R2 when supplemented with 6Xhis-MBP partial dSETDB1
protein, the intensity of band for dSETDB1 decreases as nonspecific band marked
with red asterisk (Fig. 2B, right) whereas on the blot incubated with -R1,
nonspecific detection is stronger than dSETDB1 (Fig. 2B, left) indicating R1
antisera is more specific against dSETDB1 in OSC cells. Therefore R1 antisera was
- 10 -

selected for purification (Fig. 2C) and purified -R1 is designated as -dSETDB1
and elution fractions collected from affinity purification of R1 antisera was used
for endogenous dSETDB1 immunoprecipitation and western blot analysis.

Flag-dSETDB1 localizes in the nucleus of OSC cell
In order to find dSETDB1 interacting proteins in OSC cells, endogenous dSETDB1
was immunoprecipitated against -dSETDB1 coupled to protein G beads. OSC cell
fractionation was performed in advance to obtain nuclear extracts because H3K9
trimethylation of dSETDB1 mainly occurs nearby histones in the nuclei of OSC
cells. Through series of optimization, the method employing three pumps using 26
gauge syringe supplemented with 0.05% NP-40 for cell lysis was selected for the
best recovery of nuclear extracts (Fig. 3A, #2) without any cytoplasmic
contamination confirmed by alpha-tubulin antibody. Small scale OSC nuclear
extract against -dSETDB1 IP confirms endogenous dSETDB1 on the western blot
analysis where enriched dSETDB1 is observed in -dSETDB1 IP fraction whereas
most of dSETDB1 falls into unbound fractions in nuclear extract IP against -Flag
(Fig. 3B).
Nuclear extract IP against a-dSETDB1 was performed in large scale (data not
shown) but due to low efficiency, enrichment of endogenous dSETDB1 could not
be observed around expected band size on SDS-PAGE analysis. Therefore
immunoprecipitation of epitope-tagged dSETDB1 overexpression in OSC cells was
adopted for this study. A plasmid vector containing strong AC5 promotor was used
to clone Flag-dSETDB1 and transfected into OSC cells in dose dependent manner.
Flag-tagged dSETDB1 could be detected against both -Flag and -dSETDB1
- 11 -

antibody and it is noted that a-Flag recognizes nonspecific signals around the
position where dSETDB1 is detected (Fig 4A).
Since high level of dSETDB1 is observed also in the cytoplasm of ovarian
germ cells (Clough et al., 2007), localization of overexpressed Flag-dSETDB1 in
OSC cells was examined by confocal microscopy. Position of nucleus is shown in
blue where DNA is stained with DAPI in the nucleus of an OSC cell (Fig. 4B, left)
and Flag-dSETDB1 stained against Flag antibody is shown in green (Fig 4B,
middle). Nuclear localization of overexpressed Flag-dSETDB1 is observed from
mergence of two figures (Fig. 4B, right).

dSETDB1 interacting candidates identified by Mass Spectrometry
NEM is an inhibitor of SUMO de-conjugating enzyme Ulp that inhibits protease
activity to keep SUMO covalently attached to the substrate protein (Michelotti,
Michelotti, Aronsohn, & Levens, 1996; Thompson et al., 2015). Assuming the
treatment of NEM upon cell harvest will keep SUMO be firmly attached to FlagdSETDB1, NEM plus or minus conditions were applied throughout the experiment
from cell harvest to immunoprecipitation. Upon confirming the nuclear localization
of overexpressed Flag-dSETDB1 in OSC cells (Fig 4), large scale of OSC cells
were transfected with pAc5.1 vector containing Flag-dSETDB1 sequence. About
5mg of nuclear extracts from OSC cells were achieved and precipitated against Flag conjugated beads for mass spectrometry. Purity of nuclear extracts were
confirmed by western blot analysis (Fig. 5A) and then incubated overnight with
empty protein G beads to preclear unspecific interaction of proteins to the beads
themselves. IP was processed with stringent binding and washing conditions to
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prevent indistinct interaction of proteins in the nuclear extract. One tenth of IP
samples were analyzed on silver stained SDS-PAGE gel, affirming enrichment of
protein bands in between 140 to 240 kDa where dSETDB1 is normally observed
(Fig. 5B) and all of the rest of samples were loaded on 10% SDS-PAGE gel and
silver-stained for analysis (Fig. 5C). Gel sections in yellow boxes (Fig. 5C, left)
were sliced and analyzed through mass spectrometry as numbered in Figure 5 and
total twelve candidates were identified (Table 1) from #1, #5, #7, and #9 for NEM
treated sample and from #6 and #10 for NEM untreated sample. From twelve
candidates, proteins that localize in cytoplasm as well as candidates not related to
transcription or histone modification was discarded. Elimination left four
candidates that seem to be probable for interaction with dSETDB1 are marked with
red letters (Table 1).

RNAi of candidate shows similar trend of transposable elements
Loss of function of dSETDB1 as an HMT displays several phenotypic
consequences such as deformed ovaries due to early arrest in oogenesis (Clough et
al., 2007) as well as mutation of its cofactor such as Windei causes
indistinguishable phenotypes as dsetdb1 mutant (Koch et al., 2009). In the case of
cellular process, loss of H3K9me3 by dSETDB1 halts heterochromatin formation
which is required for piRNA production in Drosophila (Rangan et al., 2011)
therefore uncontrolled TE activity will increase as a consequence. In the same vein,
candidates with functions when they interact with dSETDB1 in the nucleus of OSC
cells, can be sorted out by comparing TE levels in candidate knockdown and
dSETDB1 knockdown cells.
- 13 -

Knock down of dSETDB1 and candidates were done through RNA interference,
and knock down efficiency is shown by the relative level of target mRNAs (Fig.
6A). Ulp knockdown cells were also compared to see the effect of SUMOylation in
the cell system where dSETDB1 is one of its target. Het-A, a germline controlled
transposable element (Brennecke et al., 2007; Malone et al., 2009) was used as a
negative control since only somatic TEs are expected to change in Ovarian Somatic
Cell line. Clock and CG7745 were excluded from comparison due to low level of
transcripts (data not shown).
As expected, the relative level of Het-A is not so different in dSETDB1, Ulp,
PEP and hnRNP K knockdown cells compared to the mock control (Fig. 6B),
whereas the relative level of the gypsy family of transposons - gypsy, gypsy 2,
gypsy 5, gypsy 6, blastopia, idefix, HMS beagle, nomad and zam (Kaminker et al.,
2002) - that are controlled by somatic cell specific piRNAs derived from flamenco
cluster increases in Ulp, PEP, hnRNP K knockdown cells with a similar pattern to
dSETDB1 knockdown sample compared to the mock control indicating their
potential roles assisting dSETDB1 to function properly as an HMT.
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Discussion

Epigenetic regulation of gene transcription or repression depends on molecular
marks like histone modifications or DNA methylation. In Drosophila fly model,
chromatin epigenetic regulation has been extensively analyzed and several
components have been discovered in this organism. dSETDB1 is one of the key
components found in Drosophila ovarian germ and soma cells that provides
epigenetic regulation by activating piRNA biogenesis which leads to inactivation of
transposable elements.
In this study, two probable candidates that might also have roles in coordinating
epigenetic regulations by interacting with dSETDB1 in SUMO-dependent or
independent manners. Starting with polyclonal dSETDB1 antibody production, we
confirmed nuclear localization of overexpressed Flag-dSETDB1 in OSC cell and
acquired candidates through mass spectrometry analysis of Flag-dSETDB1 IP.
We observed similar trend in the level of transposable elements in candidate
knockdown cells compared to dSETDB1 knockdown cells, implying their roles as
supporting agents for dSETDB1 to function properly as an epigenetic regulator.
Interestingly hnRNP K, an hnRNA-binding protein found in nuclei active in
transcription is reported to bind with RNA-binding zinc finger-containing protein
PEP (Hovemann, Reim, Werner, Katz, & Saumweber, 2000). KH domain of
hnRNP K interacts with RNA plays important role in RNA binding (Musco et al.,
1996) and has diverse molecular functions such as protein shuttle (Pinol-Roma &
Dreyfuss, 1993), transcription factor (Michelotti et al., 1996). Furthermore, a recent
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study discovered another function of hnRNP K in which SUMO-dependent
interaction of SETDB1/KAP1 complex in mouse embryonic stems cells is
facilitated by binding of hnRNP K to KAP1 (Thompson et al., 2015). Thompson
and colleagues found that hnRNP K binding to KAP1 on chromatin promotes
SUMOylation of KAP1 resulting in recruitment of SETDB1/MCAF complex for
H3K9 trimethylation. In hnRNP K deficient cells, SETDB1 recruitment is
compromised leading to induction of endogenous retrotransposon expression
(Thompson et al., 2015) suggesting potential roles for Drosophila hnRNP K in
silencing transposable elements by coordinating epigenetic regulating factors.
In addition, Ulp knockdown cells also exhibited similar but less dramatic
patterns of TE levels compare to other candidate knockdown cells, suggesting
SUMOylation also contributes to epigenetic regulation by promoting SUMO-SIM
interactions of components including dSETDB1. Although definite roles of
SUMOylation remains unclear but there are evidences suggesting SUMOylation
plays important roles in Drosophila development. SUMO is required for
metamorphosis since knockdown of SUMO blocks larval to pupal stages in
Drosophila melanogaster (Talamillo et al., 2008) and SUMO E1 activating enzyme
is required for mitotic progression during Drosophila development (Kanakousaki
& Gibson, 2012). In addition, Drosophila germline clones without smt3, 70% of
embryos fail to hatch and those that survive die during the first larval instar (Nie,
Xie, Loo, & Courey, 2009) and mutation in SUMO-activating enzyme subunits
exhibit defects in imaginal disc development and lethality at the larval/pupal
transition (Kanakousaki & Gibson, 2012). In aspect of cellular process, SUMO
enzymes are highly active in germline cells during oogenesis (Hashiyama,
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Shigenobu, & Kobayashi, 2009) and SUMOylation of Su(var)3-7 which physically
interacts with histone methyltransferases and heterochromatic proteins (Cleard,
Delattre, & Spierer, 1997; Delattre, Spierer, Jaquet, & Spierer, 2004) is required for
heterochromatin formation (Reo, Seum, Spierer, & Bontron, 2010), strongly
suggesting their roles in piRNA-mediated transposable element silencing by
heterochromatin formation.
In conclusion, the results from this study revealed novel candidates for the
transcriptional silencing of somatic controlled transposons by assisting dSETDB1
to function properly as H3K9 methyltransferase as well as the effect of
SUMOylation on the function of dSETDB1. Further validation should be done
starting with searching exact SUMOylation site of dSETDB1 and in vitro
SUMOylation assay. SUMO-SIM dependency of PEP and hnRNP K should be
determined through co-immunoprecipitation of dSETDB1 with or without the
mutation on SUMO-conjugation lysine residue. Since large proportion of piRNAmediated epigenetic control of transposable elements is managed in the germ cells
of Drosophila ovary, experiments should be carried out in germline cell system
containing proteins involved in secondary piRNA generating cycle such as
Aubergine and Ago3. So far such cell system has not been established but germ
cell-like behaving somatic cell line has been developed by Siomi and colleagues
(not published) which will provide a foothold in studying piRNA-mediated
epigenetic regulations. Utilizing germ cell-like behaving Drosophila ovarian
somatic cell line, detailed mechanisms of how dSETDB1 functions as an epigenetic
regulator and additional proteins interacting with dSETDB1 in SUMO-dependent
or independent manner should also be unveiled.
- 17 -

Figures and Legends

Figure 1. Model for SUMO-dSETDB1 mediated TE silencing pathway
(A) dSETDB1-mediated H3K9me3 induces heterochromatin formation and repress
transposable elements in a cell-type specific manner.
(B) Proteins interact with dSETDB1 in SUMO-dependent or independent manner can be
identified by IP of dSETDB1 followed by mass spectrometry. H3K9me3 is no longer
deposited efficiently by dSETDB1 upon the loss of dSETDB1-interacting protein,
leading to de-repression of transposable elements.
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Figure 2. Anti-sera against dSETDB1 and affinity purification
(A) Western blot analysis endogenous dSETDB1 in OSC total lysate probed with R1 and
R2 antisera raised in Rabbits injected with partial dSETDB1. Human embryonic
kidney cell line, HEK293T total lysate, was used as a negative control and alphatubulin was detected as a loading control.
(B) Competition assay analyzing specificity of R1 antisera and R2 antisera to endogenous
dSETDB1 by supplementing 6XHis-MBP tagged partial dSETDB1 as a blocking
agent. Nonspecific bands are marked by asterisks*.
(C) SDS-PAGE analysis of R1 antisera affinity purification. 500ul of R1 antisera was used
to purify -dSETDB1 by incubating with 6XHis-MBP tagged partial dSETDB1
coupled agarose beads.
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Figure 3. Optimization of OSC cell fractionation and immunoprecipitation
of endogenous dSETDB1 from OSC nuclear extract.
(A) Western blot analysis of OSC cell fractionation employing three different cell lysis
conditions. #1 incorporates one pump using 26G syringe, #2 three pumps and #3 five
pumps of OSC cells suspended in hypotonic lysis buffer supplemented with 0.05% NP40. -alpha-tubulin was used to detect cytoplasmic contamination in nuclear fraction.
OSC cells harvested from after 24hour incubation
(B) Small scale immunoprecipitation of endogenous dSETDB1 from OSC nuclear extract
against affinity purified a-R1 coupled to protein G resin. OSC nuclear extract against
-Flag antibody conjugated agarose beads were loaded as negative control.
Nonspecific bands are marked by asterisks*.
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Figure 4. Overexpression of Flag-dSETDB1 and its nuclear localization in
OSC cells.
(A) pAc5.1 vector containing Flag-dSETDB1 was transfected into OSC cells in dose
dependent manner. Alpha-tubulin antibody was used as loading control.
(B) OSC transfected with 5ug of pAc5.1-Flag-dSETDB1 was seeded on a glass coverslip
coated with poly-L-lysine. After 48 hour incubation cells were stained with DAPI for
DNA and with Flag antibody against Flag-dSETDB1. Flag-dSETDB1 merge with
DAPI indicates localization of Flag-dSETDB1 in the nucleus of OSC cell.
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Figure 5.

Immunoprecipitation of OSC nuclear extract transfected with

Flag-dSETDB1 with or without NEM
(A) Western blot analysis of OSC nuclear extract confirming non-cytoplasmic
contamination. OSC cells were transfected with 5ug of pAc5.1-Flag-dSETDB1 and
ten samples were harvested and processed for IP and mass spectrometry.
(B) Small scale SDS-PAGE analysis of Flag IP. One tenth of samples from Figure 5 (A)
with or without NEM were loaded on 10% SDS-PAGE gel and silver stained for
analysis.
(C) Large scale SDS-PAGE analysis of Flag IP. Total samples(about 5mg of nuclear
extract used for immunoprecipitation) with or without NEM were loaded on x 10%
SDS-PAGE gel and stained with Coomassie blue first then with silver stain later for
mass spectrometry analysis. Sections with yellow boxes were cut and processed for
mass spectrometry.
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Figure 6. Relative level of transposons in OSC knockdown cells measured by
quantitative RT-PCR
(A) siRNA knockdown efficiency of target proteins’ relative mRNA level. Quantitative
RT-PCR level of (B) germ cell controlled transposon Het-A as a negative control and (C)
somatic cell controlled transposons in mock, dSETDB1, Ulp, PEP, hnRNP K knockdown
OSC cells using RNAi. Ct values were normalized to rp49 and error bars represent
technical errors for triplicate qRT-PCR reactions.
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초

록

초파리 OSC cell에서 dSETDB1과
상호작용하는 단백질 연구

서울대학교 대학원
농생명공학부 응용생명화학전공
박고은

Eggless 라고 불리는 초파리 SETDB1 단백질은 히스톤 3 의 9 번째
리신의 트리메틸화를 시켜 염색질의 억제된 상태를 유지시키는 역할을
한다. 흥미롭게도 이 과정은 PIWI 와 상호작용하는 소형 리보핵산의
전사와 발생을 활성화하고 이는 초파리의 난자형성 과정 중 난소의
생식세포와 체세포에서 각기 다른 방법으로 다른 집단에서 발생된
전이인자의 수준을 억제시킨다. dSETDB1 에 의한 전이인자 억제는 다음
세대로

넘어가게

될

유전자의

온전함을

지키는데

없어서는

안될

후성유전학적 필수 요소이며, 따라서 dSETDB1 이 기능하는 구체적인
방법과

상호작용하는

인자들을

발굴하고

그

인자들의

역할과

그

역할이 dSETDB1 에 어떤 영향을 미치는지 연구하는 것이 중요하다.
본 연구에서는 dSETDB1 에 대한 다클론성항체를 제작하여 초파리
난소 체세포 세포주에서 내생 하는 dSETDB1 을 확인하고 과발현된
Flag-dSETDB1 이 핵 안에 위치하는 것을 확인한 후 면역침강을 통해
dSETDB1 과 SUMO 의존적 혹은 비의존적으로 상호작용 할 가능성이
있는 두 개의 후보를 질량분석법을 통해 도출해내었다. 두 후보인
PEP

와

hnRNP K

가

억제된

세포에서

전이인자의

증가

정도가

dSETDB1 이 억제된 세포와 비슷한 양상을 보였고 수모화를 와해시키는
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Ulp 단백질 발현이 억제된 세포에서도 비슷한 양상을 보이는 것으로
보아 이들이 dSETDB1 이 메틸전달효소로써 piRNA 발생을 촉진하고
전이인자의 활성을 억제하여 후성유전학적 역할을 수행할 수 있도록
도와주는 역할을 하는 것으로 사려된다.

주요어: dSETDB1, 초파리 난소체세포, piRNA, small ubiquitin-like modifier,
전이인자
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