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ABSTRACT Conserved from yeast to humans, the Paf1 complex participates in a number of diverse processes
including transcriptional initiation and polyadenylation. This complex typically includes five proteins: Paf1, Rtf1,
Cdc73, Leo1, and Ctr9. Previous efforts identified clear Drosophila homologs of Paf1, Rtf1, and Cdc73 based
on sequence similarity. Further work showed that these proteins help to regulate gene expression and are
required for viability. To date, a Drosophila homolog of Ctr9 has remained uncharacterized. Here, we show that
the gene CG2469 encodes a functional Drosophila Ctr9 homolog. Both human and Drosophila Ctr9 localize to
the nuclei ofDrosophila cells and appear enriched in histone locus bodies. RNAi knockdown ofDrosophila Ctr9
results in a germline stem cell loss phenotype marked by defects in the morphology of germ cell nuclei. A
molecular null mutation of Drosophila Ctr9 results in lethality and a human cDNA CTR9 transgene rescues this
phenotype. Clonal analysis in the ovary using this null allele reveals that loss of Drosophila Ctr9 results in a
reduction of global levels of histone H3 trimethylation of lysine 4 (H3K4me3), but does not compromise the
maintenance of stem cells in ovaries. Given the differences between the null mutant and RNAi knockdown
phenotypes, the germ cell defects caused by RNAi likely result from the combined loss of Drosophila Ctr9 and
other unidentified genes. These data provide further evidence that the function of this Paf1 complex compo-
nent is conserved across species.
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The RNA Polymerase II-associated complex (Paf1 complex) was iden-
tified in yeast based on its physical association with RNA Polymerase II
(Pol II) (Shi et al. 1996). Subsequent work showed that Paf1 associates
with four other proteins: Rtf1, Leo1, Cdc73, and Ctr9 (RNA polymer-
ase-associated protein CTR9 homolog) (Krogan et al. 2002). The hu-
man Paf1 complex contains a sixth protein, Ski8 (Zhu et al. 2005). The
Paf1 complex participates in multiple aspects of transcription across
species. For example, Paf1 complex members promote transcriptional

elongation of the Pol II complex by recruiting Rad6 and Bre1 (Krogan
et al. 2003), which target histoneH2B formono-ubiquitylation. In turn,
the presence of ubiquitylated H2B promotes the trimethylation of his-
toneH3 on lysine 4 (H3K4me3) and Pol II elongation (Kim et al. 2009).
In addition to its role in regulating transcriptional elongation, the Paf1
complex has also been implicated in telomeric silencing (Ng et al.
2003), 39 end formation of mRNA (Krogan et al. 2003; Li et al. 2003;
Schaft et al. 2003), and 39 end formation of snoRNAs (Tomson et al.
2013). Other studies suggest that the Paf1 complexmay also participate
in transcriptional repression in certain contexts (Crisucci and Arndt
2011, 2012; Yoo et al. 2014).

To date, several components of the Drosophila Paf1 complex have
been identified based on sequence homology (Adelman et al. 2006;
Tenney et al. 2006). Drosophila Paf1, Rtf1, and Cdc73 colocalize with
each other and with active Pol II (Adelman et al. 2006). Furthermore,
these proteins are recruited to heat shock response genes upon heat
stress. Knockdown of Paf1 results in diminished recruitment of Spt6
and FACT, suggesting that the Drosophila Paf1 complex may regulate
active transcription by helping to alter chromatin structure (Adelman
et al. 2006). Subsequent work has shown that components of the Dro-
sophila Paf1 complex interact with a number of signaling pathways. For
example, Cdc73 (also known as hyrax and parafibromin) promotesWnt
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signaling through physical association with b-catenin (Mosimann
et al. 2006). Disruption of Cdc73 also attenuates hedgehog signaling
(Mosimann et al. 2009). In addition, Rtf1 and the Paf1 complex-
associated ubiquitin ligase Bre1 promote Notch signaling in a number of
different contexts (Bray et al. 2005; Tenney et al. 2006; Akanuma et al.
2007). More recent work suggests that Drosophila Bre1 regulates both
germline stem cell (GSC) maintenance and germline cyst development
in the ovary (Xuan et al. 2013). However, the function of the Paf1
complex during oogenesis remains uncharacterized.

Incontrast toPaf1,Rtf1, andCdc73,noclearDrosophilahomologsof
Ctr9 and Leo1 have been described in the literature. Here, we identify
the previously uncharacterized gene CG2469 as the Drosophila Ctr9
homolog based on sequence homology. A molecular null mutation of
Drosophila Ctr9 generated through homologous recombination ex-
hibits embryonic and early larval lethality. The lethality caused by loss
ofDrosophila Ctr9 can be rescued by expression of bothDrosophila and
human Ctr9 cDNA transgenes, providing evidence that the function of
this Paf1 complex component has been conserved across species.

MATERIALS AND METHODS

Fly stocks
The followingDrosophila stockswere used in this study: daughterless-Gal4
(da-Gal4), nanos-Gal4::VP16, and hs-FLP; histoneGFP FRT2A/TM3. y1

w�/Dp(2;Y)G, P{hs-hid}Y; P{70FLP}11 P{70I-SceI}2B nocSco/CyO, P{hs-
hid}4 (BL#:25680), Df(3L)BSC250/TM6C (BL#23150), and Ctr9RNAi-3

(BL#:33736) were obtained from the Bloomington Stock Center. The
human rescuing transgenic line was made by PCR amplifying the
CTR9 ORF from the cDNA construct NM_014633 (Origene) (see
Supplemental Material, Table S1 for primers). The resulting PCR
product was cloned into a pPHW vector, which contains a phiC31
AttB site, using the Gateway LR reaction following the manufac-
turer’s instructions (Invitrogen). The resulting vector was sequence
verified and transformed into the M{3xP3-RFP.attP}ZH-2A landing

site of Drosophila embryos using phiC31-mediated recombination
(Rainbow Transgenics).

Antibodies
The following antibodies were used in this study: Rabbit anti Lsm11
(1:2000, gift from Joseph Gall), Rabbit polyclonal anti-GFP (1:1000
Invitrogen), Mouse anti-HA (1:100 for IHC, Covance), Rat anti-HA
(1:1000 for WB, Roche), Mouse anti-Flag (1:2000 for WB, Invitrogen),
Mouse anti-Hts (1:20, 1B1 DSHB Iowa), and Rabbit anti-H3K4me3
(1:1000 Upstate). Cy3, Cy5, FITC (Jackson Laboratories), or Alexa
488 (Molecular Probes) fluorescence-conjugated secondary antibodies
were used at a 1:200 dilution.

Sequence corresponding to the first 200 amino acids of CG2469 was
cloned into the pDEST17 GatewayTM vector (Invitrogen) to produce a
6 ·His-tagged protein. The protein was expressed in BL21-AITM Escher-
ichia coli (Invitrogen) and purified with Ni-NTA agarose (Invitrogen)
under denaturing conditions. Polyclonal antisera were generated in two
guinea pigs, TX1010 and TX1011 (Covance). All the experiments de-
scribed here were performed with antiserum from TX1011.

Immunohistochemistry
Briefly, dissected adult ovaries were fixedwith 4% formaldehyde in 1· PBS
for 10min. Afterfixation, the ovaries werewashed three times with PBSTA
(1 · PBS, 0.4% Triton X-100, and 0.5% BSA) for 10 min. The tissue was
then incubated with the appropriate antibodies overnight at 4�. After 8–
10minwashes at room temperature (RT), the sampleswere incubatedwith
secondary antibodies for 4 hr at RT. The samples were then washed three
times in PBSTA for 10 min each and mounted in Vectashield with DAPI.
Imagingwas performedwithZeiss Lsm510 andZeiss Lsm710microscopes.

Generation of the Ctr9 knockout
The Ctr9 knockout allele (Ctr9KO) was generated by the method de-
scribed previously (Chan et al. 2011). First, homology arms�500 bp in

Figure 1 CG2469 is the Drosophila
homolog of human CTR9. (A) The
known members of the Paf1 complex
in yeast through humans include Paf1,
Cdc73, Rtf1, Ctr9, and Leo1. (B)
CG2469 and human CTR9 have four
TPR domains, sharing 68% identity
through this region. The red bar de-
notes the first 200 amino acids of
CG2469 employed to raise polyclonal
sera. (C) CG2469 is expressed in all
cell types (arrowheads) in ovaries. Nu-
clear CG2469 is enriched in punctae
on chromatin in all cell types including
nurse cells (small arrows). (D) HA-tagged
human CTR9 driven by nanos-Gal4
colocalizes with endogenous CG2469 in
germline stem cells, including within
bright punctae on chromatin. Scale
bars, (C) 20 mm; (D) 5 mm. TPR,
tetratricopeptide.
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length were amplified off of the P[acman] clone 38M10 (CHORI).
CG2469Ctr-9LA-Fv2 and CG2469Ctr-9LA-R primers (Table S1) were
used to amplify the left homology arm, 7.5 kb upstream of the CG2469
CDS, and CG2469Ctr-9RA-F and CG2469Ctr-9RA-Rv2 primers were
used to amplify the right arm, 4.3 kb downstream of the CG2469 CDS.
These PCR products were stitched together through a PCR-SOE re-
action using the CG2469Ctr-9LA-Fv2 and CG2469Ctr-9RA-Rv2 pri-
mers. The resulting 1 kb PCR product was cloned into the P[acman]
KO vector using a Gateway BP reaction following the manufacturer’s
instructions (Invitrogen BP clonase II 11789-020). This vector was then
linearized using BAMHI-HF (NEBR3136S) at 37� for 6 hr, subjected to
gel electrophoresis, and gel extracted using a Zymoclean Gel DNA
recovery kit (Zymo Research D4008). This DNA was then electropo-
rated into recombineering-competent DY380 cells carrying the 38M10
clone. Resulting recombinant clones were subjected to PCR analysis
using LA and RA check primers (Table S1) to verify the LA and RA
homology arm junctions. Clones passing this test were subjected to a
second round of recombineering designed to replace theCtr9 gene with
a 3XP3/Kan cassette. This replacement cassette was generated by am-
plifying the previously described 3XP3/Kan cassette (Chan et al. 2011,
2012) using the Ctr9KO forward and Ctr9KO reverse primers (Table
S1). This completeCG2469/Ctr9 knockout vector was sequence verified
and then transformed intoDrosophila embryos using phiC31-mediated
recombination in combination with the M{3xP3-RFP.attP’}ZH-68E
landing site.

The KO cassette was mobilized by the induction of hs-Flp and hs-
I-SCEI. New RFP-positive insertions were balanced and crossed to the
Df(3L)BSC250 deficiency, which uncovers the CG2469 locus. One
out of 37 potential knockouts exhibited lethality over the deficiency.
This line was verified as a knockout allele of the Ctr9 gene using
Southern blotting (described below) and rescue experiments. This
Ctr9KO allele was recombined onto an isogenized FRT2A chromo-
some for clonal analysis.

Identification of stage of lethality
Fifty fertilized Ctr9KO/TM3Kr-GFP females were placed on grape juice
agarose plates with wet yeast at RT. After 72 hr, 250 larvae were scored
for GFP fluorescence under a Zeiss Discovery V8 microscope.

Mosaic analysis
Ctr9KO homozygous clones were generated by FLP/FRT-mediated mi-
totic recombination. Adult hs-FLP; FRT2A histoneGFP/FRT2A Ctr9KO

females were heat-shocked at 37� for 1 hr twice a day for 3 d; hs-FLP;
FRT2A histoneGFP/FRT2A + flies were used as controls. Ovaries were
dissected at the indicated times after clone induction. The number of
GFP-negative Ctr9KO homozygous GSC clones was determined.

Southern blotting
Briefly, genomic DNA was extracted from y w control, donor, and
Ctr9KO/TM3 flies and digested with XhoI. Each digest was split into
two parts and run on a 4% agarose gel. The gel was incubated in
Denaturing solution (1.5 M NaCl and 0.5 M NaOH in water) for
45 min, followed by Depurinating solution (0.2 M HCl) for 15 min,
rinsed several times in distilled water, then incubated in Neutralizing
solution (1 M Tris, pH 7.4, 1.5 M NaCl, and �70 ml 37% HCl) for
30 min. The DNA was transferred onto nitrocellulose and cross-
linked using standard protocols. The membrane was incubated in
preheated hybridization buffer for 30 min at 42�, after which DIG-
labeled probe was added and the membrane was incubated overnight
at 42�. The membrane was washed twice in 2 · SSC; 0.1% SDS at RT,
then washed twice in 0.5 · SSC; 0.1% SDS at 68�, rinsed in maleic acid

buffer for 5 min, and blocked in 1% blocking buffer (Roche, #11
096 176 001) in maleic acid for 1–3 hr at RT. Anti-DIG antibody
(Roche, #11 093 274 910) was diluted 1:10,000 in fresh blocking buffer
and incubated with the membrane for 30 min at RT with gentle
shaking. The membrane was then washed for 2 · 15 min in wash
buffer (30 ml Maleic acid buffer and 90 ml Tween 20), rinsed in
detection buffer (100 ml 1 M Tris pH 9.5 and 20 ml 5 M NaCl) for
5 min. CDP-Star solution (Applied Biosystems T2146) was used for
detection.

Arm specific probes were generated using the following primer sets.
Left arm: forward, 59-GGCCATTGACGAATGGAGTT-39; re-
verse, 59-AGGACCACAAGGCACTGGAA-39. Right arm: forward,
59-TGGTACCCATCCGTCGGTAG-39; reverse, 59-TGACCATGTG
ACGTGCTTCC-39. The resulting PCR products were labeled using a
DIG labeling mix (Roche, #11 835 289910) in combination with Kle-
now (NEB, #M0212L).

Generation of RNAi lines
RNAi lines Ctr9RNAi-1 and Ctr9RNAi-2 targeting CG2469 were generated
according to TRiP protocols (Ni et al. 2011) using the si1CG2469 and
si2CG2469 oligos listed in Table S1. The two resulting plasmids were
transformed into Drosophila using phiC31-mediated integration at M
{3xP3-RFP.attP’}ZH-68E.

Figure 2 Drosophila Ctr9 and the human CTR9 transgene are enriched
at Histone Locus Bodies. (A and B) Lsm11 (red), a Histone Locus Body
marker, colocalizes with Ctr9 (green) enrichment sites within nuclei of
germ cells (arrows). Yellow dots arise from overlap of red and green
punctae. Magnified views of the boxed regions are shown on the right
panels. Scale bars, 20 mm.
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Statistical analysis and graphing
Statistical analysis and graphing were performed using Microsoft Excel
software. Data are shown as means and SD. The P value (two-tailed
Student’s t-test) is provided for comparison with the control.

Data availability
The authors state that all data necessary for confirming the conclusions
presented in the article are represented fully within the article.

RESULTS

CG2469 encodes a putative homolog of human CTR9
Studies using yeast and human cell lines revealed a key role for the Paf1
complex component Ctr9 in chromatin modification and polyadeny-
lation (reviewed in Tomson and Arndt 2013). However, up until now, a
Drosophila homolog of Ctr9 has not been described in the literature.
Given the conserved functions of the Paf1 complex across species, we
reasoned that the Drosophila genome likely encodes a Ctr9 homolog.
Sequence homology searches revealed that the predicted protein prod-
uct ofCG2469 shares an overall amino acid identity of 53%with human
CTR9 (Figure 1, A and B). Like its human counterpart, CG2469 pos-
sesses multiple tetratricopeptide repeats that likely provide a binding

surface for interaction with other proteins in the Paf1 complex (Figure
1B). Given this sequence homology and genetic analyses described
below, we will refer to CG2469 as Ctr9 hereafter.

Basedonprevious results that showed the importance ofBre1 during
the early stages of Drosophila oogenesis (Xuan et al. 2013), we were
particularly interested in analyzing the function of Ctr9 in the ovary. As
a first step toward determining the expression pattern and subcellular
localization of Drosophila Ctr9, we generated a polyclonal antibody
against the N-terminus of the protein. Staining wild-type ovaries
revealed that Ctr9 exhibited ubiquitous expression throughout the
ovary and largely localized to the nucleus, as expected (Figure 1C). This
antibody appeared specific in that it did not label Ctr9 mutant cells (see
below). While we observed Ctr9 staining throughout the nucleus, the
protein sometimes appeared enriched in a small nuclear body (Figure 1,
C and D and Figure 2, A and B). To determine whether human CTR9
exhibited a similar localization pattern, we generated a HA-tagged
human CTR9 transgene under control of the UAS promoter. We then
expressed this transgene specifically in the germline using a nanos
(nos)-Gal4 driver. Colabeling these ovaries for the human CTR9 trans-
gene and endogenous Drosophila Ctr9 revealed that the two proteins
displayed virtually identical localization patterns, further suggesting
that these proteins share potential functional homology (Figure 1D).

Figure 3 RNAi targeting Ctr9 in the germline. (A)
A schematic of two isoforms of CG2469 (RA and
RB) and three independent RNAi sequences tar-
geting different exons of the gene. (B) DAPI stain-
ing in nos-Gal4 control germaria show normal
germline nuclear size and WT Ctr9 expression
(green); Ctr9RNAi-1 (column 2) and Ctr9RNAi-3 (col-
umn 3) driven by nos-Gal4 have polyploid cells in
the germarium (DAPI). Examples shown here are
representative images from day 7 and day 1 for
both lines, respectively. Both lines show loss of
Ctr9 (green channel in column 2,3). (C) Quantifi-
cation of germline loss in Ctr9RNAi-1 animals over
time. Control animals of parent stocks Ctr9RNAi-1

and nos-Gal4 show no polyploidy or germline
loss over time. Germaria from nos-Gal4 .
Ctr9RNAi-1 females lose germ cells over time. By
day 21, all germaria are devoid of germ cells.
Scale bars, 20 mm. DAPI, 4’,6-diamidino-2-
phenylindole; RNAi, RNA interference; WT, wild
type.
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Importantly, the antibody directed against Drosophila Ctr9 did not
cross-react with transgenic human CTR9 (Figure S1).

To more fully characterize the subnuclear localization of Ctr9, we
colabeled wild-type ovaries for Drosophila Ctr9 and a variety of other
markers that labeled various nuclear subdomains, including the nucle-
olus, cajal bodies, and histone locus bodies. Ctr9 did not display con-
vincing colocalization with most of these markers. By contrast, we
observed discrete colocalization between Ctr9 and Lsm11 within some
histone locus bodies in the germline (Figure 2, A and B). This colocal-
ization was most easily seen in germaria, but could also be occasionally
observed in maturing egg chambers. Ctr9 has not previously been
implicated in the transcription or processing of histone RNA. Further
analysis will be required to determine the significance of Ctr9 enrich-
ment in the histone locus body.

The Ctr9 RNAi knockdown results in nuclear defects
within germ cells
To foster our efforts to characterize the function of Ctr9, we created two
UAS-RNAi lines (Ctr9RNAi-1 and Ctr9RNAi-2) that could be used in
combination with cell-specific Gal4 drivers. These constructs were
designed to target specific and unique sequences within the annotated
Ctr9 transcripts (Figure 3A) andweremadewith the recently developed
Valium 20 vector (Ni et al. 2011), which allows for germline expression
of RNAi transgenes. We also analyzed a third Ctr9 RNAi transgenic
line, publicly available from the Bloomington stock center (Ctr9RNAi-3).
Ubiquitous expression of all three RNAi lines driven by daughterless-
Gal4 caused lethality, consistent with previous loss-of-function studies
of other members of the Paf1 complex. As expected, driving the

expression of all three of these RNAi constructs specifically in the
germline using a nos-Gal4 driver resulted in the reduction of Ctr9
expression (Figure 3B). Strikingly, the expression of these constructs
also resulted in pronounced morphological defects within germ cell nu-
clei (Figure 3B). These nuclei appearedmuch larger than those of control
cells, suggesting that they may be polyploid. The appearance of multiple
Lsm11-positive loci within these cells further suggested that RNAi knock-
down of Ctr9 results in aberrant polyploidization of germ cells (data not
shown). This phenotype was consistent across all three RNAi lines (Fig-
ure 3B and Figure S2, A and B). In animals where Ctr9 was knocked
down using Ctr9RNAi-1, cells with aberrant nuclear morphology were
observed in the germaria beginning 3 d after eclosion. This phenotype
worsened over time and eventually led to a complete germ cell loss by
21 d post eclosion (Figure 3C). The rate of germ cell loss varied between
the three lines. While most germaria from Ctr9RNAi-1 and Ctr9RNAi-3

exhibited defects after eclosion, Ctr9RNAi-2 began to display similar phe-
notypes 2wk after the flies had eclosed. To test the specificity of the RNAi
phenotype, we coexpressed the human CTR9 transgene in combination
with the Ctr9RNAi constructs. The nucleotide sequence of the Drosophila
and human Ctr9 genes exhibit significant divergence so that the Dro-
sophila Ctr9 RNAi constructs should not target the human cDNA trans-
gene. Indeed, the expression of the human CTR9 HA-tagged transgene
rescued the nuclear phenotypes associated with RNAi knockdown of
Drosophila Ctr9 (Figure S3).

Generation of a Drosophila Ctr9 null mutation
To more fully characterize the genetic function of this gene, we elected
to generate a molecularly defined Ctr9 null allele using Bac-based

Figure 4 Ctr9 knockout clones show a loss of
Ctr9 protein. (A) A schematic of the Ctr9 locus
showing the strategy used to generate the
Ctr9KO allele. 7.5 and 4.3 kb homology arms on
either side of the RFP/Kan cassette were
employed to specifically target Ctr9. A XhoI site
exists in the genomic sequence but not the
RFP/Kan cassette. (B) Both homology arms were
probed for on a Southern blot from XhoI restric-
tion digested genomic DNA from y w controls,
donor controls, and heterozygous Ctr9KO flies.
Control XhoI digested genomic DNA runs at
10 kb (left arm) and 4 kb (right arm). Chro-
mosomal DNA bearing the KO cassette, in
both cases, runs at 15.4 kb. (C) Wild-type
(histoneGFP-positive) egg chambers show Ctr9
(magenta) staining in nurse cell nuclei. Clonal egg
chambers (histoneGFP-negative) do not. Scale
bars, 20 mm. DAPI, 4’,6-diamidino-2-phenylindole;
GFP, green fluorescent protein; Kan, Kanamycin;
KO, knockout; LA, left arm; RA, right arm. RFP, red
fluorescent protein.
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recombineering (Chan et al. 2011; Carreira-Rosario et al. 2013). We
generated a knockout vector that replaced the 3.6 kb coding sequence
shared by both annotated isoforms of Ctr9with a 3XP3/KAN selectable
cassette (Figure 4A). This vector, which included homology arms ap-
proximately 7 kb upstream and 4 kb downstream of Ctr9 was inserted
into a landing site on the second chromosome. The cassette was then
mobilized from the landing site by inducing the expression of FLPase
and I-Sce1. New insertions of the knockout cassette on the third chro-
mosome were selected. Out of 37 lines screened, only one failed to
complement the Df(3L)BSC250 deficiency, which uncovers the Ctr9
locus. This putative Ctr9KO allele was itself homozygous lethal, with
only 1% of larvae surviving to second instar. We used Southern blot
analysis to verify the appropriate integration of the KO cassette into the
endogenous Ctr9 locus (Figure 4B). In addition, antibody staining
revealed that endogenous Ctr9 protein was clearly absent in homozygous
mutant clones of the Ctr9KO allele (Figure 4C). The lethal phenotype
associated with Ctr9KO/Df(3L)BSC250 was rescued by a Drosophila Ctr9
cDNA transgene under control of the daughterless promoter. Moreover,
a humanHA-tagged Ctr9 transgene rescued the lethal phenotype caused
by loss of Ctr9, providing further evidence that many aspects of Ctr9
function have been conserved from flies to humans (Figure S1). How-
ever, the Ctr9KO/Df(3L)BSC250 adult mutant females rescued by the
human transgene remained sterile, despite their ability to lay eggs. These
observations indicate that some aspects of Ctr9 function within the ovary
have partially diverged between Drosophila and humans. Further exper-
iments will be required to fully characterize the cause of this sterility.

The loss of Ctr9 does not affect germline and follicle
stem cell (FSC) maintenance in Drosophila ovaries
A previous study found that loss of Bre1, a E3 ubiquitin ligase that often
functions with the Paf1 complex to regulate transcription, results in a
GSC loss phenotype, marked by a dramatic reduction in the global
levels of H3K4me3 (Xuan et al. 2013). Similarly, we also found that
loss of Bre1 results in a GSC loss phenotype (data not shown). Previous

studies linked Bre1 activity to the Paf1 complex (Wood et al. 2003,
2005; Kim and Roeder 2009). To test if Ctr9 is also required for GSC
maintenance in a cell autonomous manner in ovaries, we counted the
percentage of germaria bearingmarkedGSCs over a period of 21 d after
clone induction. Surprisingly,Ctr9mutant germline stem cells persisted
at levels similar to control clones over the time course of the experiment
(Figure 5A). Moreover, differentiating mutant germline clones initially
appeared morphologically normal up until midoogenesis, when they
exhibited an egg chamber degeneration phenotype (Figure S4).

Next,we testedwhetherCtr9 carries out a critical function in somatic
follicle cells. We induced both control and Ctr9KO clones in the follicle
cells using FLP/FRTmediated recombination and counted the percent-
age of germaria that contain FSC clones 4, 7, 14, and 21d after clone
induction. This analysis revealed that loss of Ctr9 does not affect the
maintenance of FSCs (Figure 5B). Furthermore, we did not note any
striking phenotype within Ctr9KO follicle cell clones of developing egg
chambers, suggesting that Ctr9 function was dispensable within this
lineage under normal conditions.

Asnotedabove, lossofBre1leadstoaglobalreductioninH3K4me3levels
in the germline, and this observation suggests that the regulation of this
chromatin modification may be critical for GSC maintenance (Xuan et al.
2013). Given that the Paf1 complex helps to recruit Bre1 to specific genomic
sites in other systems, we next tested the extent towhich loss ofCtr9 affected
H3K4me3 levels within different cell types of the ovary. Ctr9mutant germ-
line clones display a modest global reduction in H3K4me3 levels compared
to control cells within the same samples (Figure 5, C and E). Ctr9 mutant
follicle cell clones also exhibited a similarminor reduction of anti-H3K4me3
staining (Figure 5, D and F). Together, these results indicate that loss ofCtr9
has a minor impact on global levels of H3K4 trimethylation.

Timing of Ctr9 loss does not account for differences
between the Ctr9RNAi and Ctr9KO phenotypes
Expression of Ctr9RNAi results in nuclear defects within early germ cells
of the germarium, leading to a loss of germ cells over time. By contrast,

Figure 5 Ctr9KO clones do not exhibit GSC
or FSC loss phenotypes. The percentage of
germaria bearing (A) GSC and (B) FSC
Ctr9KO clones were counted over a period
of 21 d. Ctr9KO clonal stem cells persisted
in germaria at levels similar to FRT2A con-
trol clones. (C and D) Representative im-
ages of H3K4me3 (red) staining in Ctr9
mutant germ cell clones (C) or follicle cell
clones (D). Ctr9 mutant clones were nega-
tively marked by the absence of hGFP. (E
and F) Quantification of H3K4me3 intensity
in the Ctr9 mutant germ cell clones (E) or
follicle cell clones (F). FRT2A control clones
were scored for the control. Data were nor-
malized to DAPI intensity scored from the
same cell. (C–F) Ovaries were dissected at
day 14 after heat shock. Scale bars, 10 mm.
DAPI, 4’,6-diamidino-2-phenylindole; FSC,
follicle stem cells; GSC, germline stem cells;
hGFP, histone green fluorescent protein.
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Ctr9KO clones are maintained over time and do not exhibit nuclear
defects within the germarium. Given that Ctr9 mutant clones were
induced in adults, differences between the RNAi and null mutant phe-
notypes could be due to the timing of the loss of Ctr9 function.We took
a number of different approaches to test this possibility.

First, we varied the timing ofCtr9RNAi inductionby taking advantage
of the reduced efficiency of Gal4-dependent transcriptional induction
at lower temperatures.We crossed the nos-Gal4 driver to a line carrying
UAS-Ctr9RNAi-1. The majority of germaria from the resulting females
did not exhibit a phenotype when maintained at 18� during both de-
velopment and adulthood (Figure 6A), indicating that Ctr9 is not ef-
fectively knocked down under these conditions. In parallel, we
maintained a second population of nos-Gal4.UAS-Ctr9RNAi females
at 18� during development but shifted the adults to 25� immediately

after eclosion for 7 d (Figure 6A). Germ cells from the temperature-
shifted females exhibited pronounced nuclear morphological defects
resulting in a germ cell loss phenotype, similar to females raised during
development and maintained as adults at 25� (Figure 6, A–C). These
results indicated that expression of Ctr9RNAi specifically within adults
results in the observed phenotypes.

Next, we wanted to rule out the possibility that the specific Gal4 driver
we had been using in our experiments somehow accounted for the
difference between the RNAi and knockout phenotypes. We tested a
second, independently derived nos-Gal4 driver marked by 3 · P3-GFP
(nos-Gal4::VP16 green eye). Driving Ctr9RNAi using this Gal4 line also
resulted in the appearance of polyploid germ cells within germaria and a
germ cell loss phenotype (Figure 6D), suggesting that the Ctr9RNAi phe-
notypes donot depend on the genetic backgroundof a specificGal4 driver.

Figure 6 Timing does not account for differences between the Ctr9RNAi and Ctr9KO phenotypes in the germline. (A) Comparison of Ctr9RNAi-1

knockdown phenotype in various temperature settings. The percentage of normal, empty, or emptying germaria were scored (n = number of
scored germaria). Control animals show no germline loss. Only a small percentage of nosGal4::VP16 . UAS-Ctr9RNAi-1 germaria raised and
maintained at 18� show a germ cell loss phenotype. Germaria from nosGal4::VP16 . UAS-Ctr9RNAi-1 females raised at 18� and shifted to 25� for
7 d after eclosion (18–25�) exhibit severe germ cell loss similar to the samples raised and kept at 25�. (B and C) Representative images of the germ
cell loss phenotype of nosGal4::VP16 . UAS-Ctr9RNAi-1 at each temperature setting show emptying (B) or empty (C) germaria. (D) UAS-Ctr9RNAi-1

driven by an independent Gal4 driver (nosGal4::VP16 green eye) results in a germ cell loss phenotype. Enlarged germ cells are circled by yellow
dotted lines in (B and D). (E) The percentage of germaria bearing Ctr9KO or control clones (genotypes as described) were counted over a period of
14 d after eclosion. Ctr9KO clonal stem cells persisted in germaria at levels similar to FRT2A control clones. (n = scored germaria). (F and G)
Representative images of Ctr9KO clones (yellow dotted line) induced by nosGal4::VP16 . UAS-FLP. These samples do not show germ cell loss
phenotypes at day 4 (F) or day 14 (G) after eclosion. Error bars indicate SD. Ctr9KO mutant clones were negatively marked by the absence of hGFP.
Scale bars, 20 mm. DAPI, 4’,6-diamidino-2-phenylindole; hGFP, histone green fluorescent protein.
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Finally, we induced Ctr9KO clones during development using nos-
Gal4 to drive expression of FLP within developing germ cells. This
approach should induce homozygous Ctr9 mutant germ cell clones
with timing similar to the RNAi-induced Ctr9 knockdown. We ob-
served a low percentage of germaria with clones 4 d after eclosion
(Figure 6E), reflecting the low level of mitotic divisions within primor-
dial germ cells. The percentage of clonal germaria continued to increase
during the first 7 d post eclosion and then plateaued. Importantly, we
never observed developmentally-induced Ctr9KO germ cell clones that
displayed defects in nuclear morphology (Figure 6, F and G). However,
similar to the phenotype observed in hs-FLP-induced clones, nos-
Gal4. UAS-FLP-induced Ctr9 germ line clones resulted in egg cham-
ber degeneration during midoogenesis (Figure S4). Together, these
various lines of evidence suggest that differences in the timing of the
loss of Ctr9 function does not account for differences between the
Ctr9RNAi and Ctr9KO phenotypes.

DISCUSSION
While previous efforts have identified and characterized a number of
components of the Drosophila Paf1 complex, a clear homolog of Ctr9
remainedmissing. Here, we identifyDrosophilaCG2469 as a functional
homolog of human CTR9. This assessment is based on amino acid
sequence similarity throughout the proteins, and is further supported
by the observation that the product of a human CTR9 cDNA transgene
largely colocalizes with endogenous Drosophila Ctr9 within germ cells.
In addition, this human cDNA transgene rescues phenotypes associ-
ated with both Ctr9RNAi knockdown and the Ctr9KO allele. Of note,
Ctr9KO flies rescued by the human transgene remain sterile. By contrast,
Ctr9KO flies expressing a Drosophila transgene inserted into the same
landing site as the human transgene appear fully viable and fertile.
These results suggest that many, but not all, molecular functions are
conserved between Drosophila and human Ctr9.

The Ctr9RNAi-induced phenotypes do not match those caused by
loss-of-function mutations in the gene. Reducing levels of Ctr9 using
three independent RNAi transgenes results in defects within germ cell
nuclei. This phenotype can be rescued by coexpressing a presumably
nontargetable human cDNA transgene. However, germline clones of a
Ctr9 null mutation appear to proceed through the early steps of cyst
development without obvious defects in nuclear morphology. We have
not been able to determine how knockdown by Ctr9RNAi transgenes
results in a presumptive polyploidization phenotype whereasmutations
in the gene do not. We have considered various mechanisms. Several
experiments, including the adult-specific expression of RNAi and
the developmental induction of Ctr9KO clones, suggest that the
timing of Ctr9 disruption does not account for the observed differ-
ences. Specific off-target effects also appear unlikely, given that we
have used three independent RNAi transgenes and rescued the
phenotypes with a nontargetable rescue construct. However, we
cannot completely exclude this possibility. It may be that the in-
duction of an RNAi pathway response in the absence of Ctr9 causes
the observed germ cell defects. Further experiments will be needed
to determine the underlying cause of these phenotypes. However,
the data presented here should serve as a cautionary tale about the
sole use of RNAi in evaluating the genetic functions of any given
gene, especially with the recent development of CRISPR/Cas9
methods for creating genetic lesions within a given locus.

We also demonstrate that deletion of Ctr9 does not affect GSC
and FSC maintenance. Previous studies, examining the loss of Bre1
in the germline, suggested a strong correlation between H3K4me3
levels and the maintenance of germline stem cells. We confirmed
that loss of Bre1 results in defects in GSC maintenance, as reported.

Further work characterizing the transcriptomes and epigenomes of
different Paf1 complex member mutants will provide further clari-
fication regarding how these proteins interact and coordinate with
one another within different contexts.

ACKNOWLEDGMENTS
We thank Joseph Gall, the Bloomington Drosophila Stock Center, and
the Developmental Studies Hybridoma Bank for reagents, and mem-
bers of the M.B. laboratory for comments and advice. We thank
Nevine Shalaby for helping with the Southern blots. This work was
previously supported by the National Institute of General Medical
Sciences (R01GM086647).

LITERATURE CITED
Adelman, K., W. Wei, M. B. Ardehali, J. Werner, B. Zhu et al., 2006 Drosophila

Paf1 modulates chromatin structure at actively transcribed genes. Mol. Cell.
Biol. 26: 250–260.

Akanuma, T., S. Koshida, A. Kawamura, Y. Kishimoto, and S. Takada,
2007 Paf1 complex homologues are required for Notch-regulated
transcription during somite segmentation. EMBO Rep. 8: 858–863.

Bray, S., H. Musisi, and M. Bienz, 2005 Bre1 is required for Notch signaling
and histone modification. Dev. Cell 8: 279–286.

Carreira-Rosario, A., S. Scoggin, N. A. Shalaby, N. D. Williams, P. R. Hiesinger
et al., 2013 Recombineering homologous recombination constructs in
Drosophila. J. Vis. Exp. 77: e50346.

Chan, C. C., S. Scoggin, D. Wang, S. Cherry, T. Dembo et al., 2011 Systematic
discovery of Rab GTPases with synaptic functions in Drosophila. Curr. Biol.
21: 1704–1715.

Chan, C. C., S. Scoggin, P. R. Hiesinger, and M. Buszczak, 2012 Combining
recombineering and ends-out homologous recombination to systemati-
cally characterize Drosophila gene families: Rab GTPases as a case study.
Commun. Integr. Biol. 5: 179–183.

Crisucci, E. M., and K. M. Arndt, 2011 The Paf1 complex represses ARG1
transcription in Saccharomyces cerevisiae by promoting histone modifi-
cations. Eukaryot. Cell 10: 712–723.

Crisucci, E. M., and K. M. Arndt, 2012 Paf1 restricts Gcn4 occupancy and
antisense transcription at the ARG1 promoter. Mol. Cell. Biol. 32: 1150–
1163.

Kim, J., and R. G. Roeder, 2009 Direct Bre1-Paf1 complex interactions and
RING finger-independent Bre1-Rad6 interactions mediate histone H2B
ubiquitylation in yeast. J. Biol. Chem. 284: 20582–20592.

Kim, J., M. Guermah, R. K. McGinty, J. S. Lee, Z. Tang et al., 2009 RAD6-
mediated transcription-coupled H2B ubiquitylation directly stimulates
H3K4 methylation in human cells. Cell 137: 459–471.

Krogan, N. J., M. Kim, S. H. Ahn, G. Zhong, M. S. Kobor et al., 2002 RNA
polymerase II elongation factors of Saccharomyces cerevisiae: a targeted
proteomics approach. Mol. Cell. Biol. 22: 6979–6992.

Krogan, N. J., M. Kim, A. Tong, A. Golshani, G. Cagney et al., 2003 Methylation
of histone H3 by Set2 in Saccharomyces cerevisiae is linked to transcriptional
elongation by RNA polymerase II. Mol. Cell. Biol. 23: 4207–4218.

Li, B., L. Howe, S. Anderson, J. R. Yates, III, and J. L. Workman, 2003 The
Set2 histone methyltransferase functions through the phosphorylated car-
boxyl-terminal domain of RNA polymerase II. J. Biol. Chem. 278: 8897–8903.

Mosimann, C., G. Hausmann, and K. Basler, 2006 Parafibromin/hyrax ac-
tivates Wnt/Wg target gene transcription by direct association with beta-
catenin/armadillo. Cell 125: 327–341.

Mosimann, C., G. Hausmann, and K. Basler, 2009 The role of Parafibro-
min/hyrax as a nuclear Gli/Ci-interacting protein in hedgehog target gene
control. Mech. Dev. 126: 394–405.

Ng, H. H., S. Dole, and K. Struhl, 2003 The Rtf1 component of the Paf1
transcriptional elongation complex is required for ubiquitination of his-
tone H2B. J. Biol. Chem. 278: 33625–33628.

Ni, J. Q., R. Zhou, B. Czech, L. P. Liu, L. Holderbaum et al., 2011 A
genome-scale shRNA resource for transgenic RNAi in Drosophila. Nat.
Methods 8: 405–407.

3856 | D. Chaturvedi et al.

http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.035196/-/DC1/FigureS4.tif
http://flybase.org/reports/FBgn0086694.html


Schaft, D., A. Roguev, K. M. Kotovic, A. Shevchenko, M. Sarov et al.,
2003 The histone 3 lysine 36 methyltransferase, SET2, is involved in
transcriptional elongation. Nucleic Acids Res. 31: 2475–2482.

Shi, X., A. Finkelstein, A. J. Wolf, P. A. Wade, Z. F. Burton et al.,
1996 Paf1p, an RNA polymerase II-associated factor in Saccharomyces
cerevisiae, may have both positive and negative roles in transcription.
Mol. Cell. Biol. 16: 669–676.

Tenney, K., M. Gerber, A. Ilvarsonn, J. Schneider, M. Gause et al.,
2006 Drosophila Rtf1 functions in histone methylation, gene expression,
and Notch signaling. Proc. Natl. Acad. Sci. USA 103: 11970–11974.

Tomson, B. N., and K. M. Arndt, 2013 The many roles of the conserved
eukaryotic Paf1 complex in regulating transcription, histone modifica-
tions, and disease states. Biochim. Biophys. Acta 1829: 116–126.

Tomson, B. N., E. M. Crisucci, L. E. Heisler, M. Gebbia, C. Nislow et al.,
2013 Effects of the Paf1 complex and histone modifications on snoRNA
39-end formation reveal broad and locus-specific regulation. Mol. Cell.
Biol. 33: 170–182.

Wood, A., J. Schneider, J. Dover, M. Johnston, and A. Shilatifard, 2003 The
Paf1 complex is essential for histone monoubiquitination by the Rad6-Bre1

complex, which signals for histone methylation by COMPASS and Dot1p.
J. Biol. Chem. 278: 34739–34742.

Wood, A., J. Schneider, J. Dover, M. Johnston, and A. Shilatifard, 2005 The
Bur1/Bur2 complex is required for histone H2B monoubiquitination by
Rad6/Bre1 and histone methylation by COMPASS. Mol. Cell 20: 589–
599.

Xuan, T., T. Xin, J. He, J. Tan, Y. Gao et al., 2013 dBre1/dSet1-dependent
pathway for histone H3K4 trimethylation has essential roles in control-
ling germline stem cell maintenance and germ cell differentiation in the
Drosophila ovary. Dev. Biol. 379: 167–181.

Yoo, H. S., Y. Choi, N. Ahn, S. Lee, W. U. Kim et al., 2014 Transcriptional
regulator CTR9 inhibits Th17 differentiation via repression of IL-17 ex-
pression. J. Immunol. 192: 1440–1448.

Zhu, B., Y. Zheng, A. D. Pham, S. S. Mandal, H. Erdjument-Bromage
et al., 2005 Monoubiquitination of human histone H2B: the
factors involved and their roles in HOX gene regulation. Mol. Cell
20: 601–611.

Communicating editor: J. A. Birchler

Volume 6 December 2016 | Characterization of Drosophila Ctr9 | 3857


