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Germline silencing of UASt depends on the piRNA pathway
The success of the fruit fly Drosophila melanogaster as a model
organism is heavily attributed to the expansive range and multi-
tude of genetic and molecular tools available to modify gene
expression at will. The Gal4/UAS binary system is one of the
most important and widely used genetic tools in Drosophila
designed for targeted gene expression (Brand and Perrimon,
1993), which allows ectopic expression of any gene (or trans-
gene) in specific tissues, independent of their native regulators.
However, a drawback of the original UASt-transgene is its silence
in germline cellsdwhen the UASt-RFPnls transgene was driven by
a ubiquitously expressed Gal4 under the Actin5C promoter (act-
Gal4), RFP expression was only detected in the somatic follicle
cells, but not in the germline nurse cells or the oocyte (Fig. 1A).
In 1998, Rørth modified various components of the UAS vector,
named it ‘UASp’ and called the original UAS vector ‘UASt’
(Rørth, 1998). UASp has 14 Gal4-binding sites and a GAGA site
which allows the target element to transpose efficiently (Rørth,
1996), while UASt has 10 Gal4-binding sites and no GAGA site
(see illustration in Rørth, 1998). In UASp, the hsp70 promoter
was replaced by a P-element transposase promoter, and the
termination sequence was changed from SV40 30UTR to K10
30UTR to prevent the destabilization of the expressed transcripts.
The UASp-transgene can be activated in both somatic and germ-
line cells, as the UASp-mCD8GFP reporter, driven by the act-Gal4,
showed GFP expression in both the follicle cells and nurse cells in
the ovary (Fig. 1A0). Given that multiple changes have been made
to the original UAS system, the exact mechanism of silencing
UASt in the germline is unclear.

In a genome-wide in vivo RNAi screen to identify genes that
potentially regulate Notch signaling in follicle cells (Jia et al.,
2015), we used the Flip-out Gal4/UAS system (act > CD2>Gal4,
UASt-RFPnls) (Ito et al., 1997; Pignoni and Zipursky,1997) to generate
knockdown mosaics in ovarian follicle cells. Although the RFP re-
porter expression is restricted to the somatic cells since it is cloned
on the UASt vector, the TRiP RNAi lines used for this screen are
effective in both the somatic and germline cells (Ni et al., 2011). Un-
expectedly, we found that the RFP signal was detected in some
nurse cells in mosaic egg chambers with Su(var)2e10 (CG8068)
knockdown (Fig. 1B). Consistently, when the CoinFLP system
(Bosch et al., 2015), which also carries the Actin5C promoter to
generate mosaic Gal4 expression, was used to drive Su(var)2e10-
TRiP-RNAi expression, UASt-GFP expression was also detected in
the nurse cells (Fig. S1A). These results suggest that Su(var)2e10
plays a role in suppressing UASt-transgene expression in the
germline.

Su(var)2e10 has been shown to be potentially involved in
piRNA biogenesis, chromosome stability and epigenetic regula-
tions (Hari et al., 2001; Muerdter et al., 2013). We asked if any
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of these molecular functions are disrupted in the ovarian germline
cells when Su(var)2e10 is knocked down, and found that Vasa
localization in the nuage in nurse cells was significantly reduced
(Fig. S1C). This phenocopies the piRNA pathway mutants (Lim
and Kai, 2007; Malone et al., 2009; Siomi et al., 2011), suggesting
that Su(var)2e10 is a part of the piRNA biogenesis machinery. We
then performed a candidate RNAi screen of genes involved in
small RNA biogenesis, epigenetic regulation, or heat shock re-
sponses. This was to determine if any of them would suppress
UASt-reporter expression in the germline, in a similar manner to
Su(var)2e10.

Among the 28 genes examined (Table S1), six belonged to the
piRNA biogenesis pathway and all of them showed some UASt-
RFP expression in germline nurse cells when knocked down us-
ing the Flip-out Gal4 to generate mosaics (piwi (Fig. S2A), aub
(Fig. S2B), AGO3 (Fig. S2C), spn-E (Fig. S2D), vas (Fig. S2E), or
zuc (Fig. S2F)). Interestingly, we also found germline expression
of UASt-RFP when Hsp83 was knocked down (Fig. 1D, circled
with a dashed line). Hsp83 has been reported to be involved in
piRNA biogenesis, and is normally enriched in the nuage
(Olivieri et al., 2012). As expected, we observed Vasa mislocaliza-
tion when Hsp83 was knocked down (Fig. 1D0, arrowheads), a
phenotype that is consistent with piRNA gene mutations. In
contrast, we did not detect any UASt-RFP expression in the germ-
line cells in control egg chambers with luciferase knockdown
(n¼ 423, Table S1).

We then examined UASt-reporter expression in the germline
of mutants defective in piRNA production. We expressed act-
Gal4 driven UASt-RFP (act >UASt-RFP) in a trans-heterozygous
mutant of AGO3 (AGO3t2/t3), and found that all AGO3t2/t3 mutant
ovaries expressed RFP in both somatic and germline cells
(Fig. 1F, 100%, n¼ 57). By contrast, AGO3t2/þ heterozygous egg
chambers showed RFP expression only in the somatic follicle
cells (Fig. 1E). We also tested the expression of UASt-RFP driven
by mat-tub-Gal4, a germline specific Gal4, in aubQC42/HN2 trans-
heterozygous mutants. As expected, RFP expression was detected
in both the nurse cells and the oocyte during oogenesis
(Fig. S2G). These results indicate that the suppression of UASt-
transgene expression in the germline depends on the piRNA
biogenesis pathway.

To determine whether UASt-RFP suppression is at the tran-
scription level, we performed quantitative RT-PCR (qRT-PCR) ana-
lyses, and found the RFP transcript level was 1.3-fold higher in
AGO3t2/t3 trans-heterozygous ovaries than the AGO3t2/
þheterozygous controls (Fig. 1G). As a control, we examined the
expression of HeT-A, a transposable element that is targeted by
piRNAs (Brennecke et al., 2007), and found a 60-fold increase of
the HeT-A transcript in AGO3t2/t3 mutant ovaries (Fig. 1H),
gy, Chinese Academy of Sciences, and Genetics Society of China. Published by Elsev-
tp://creativecommons.org/licenses/by/4.0/).
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Fig. 1. piRNA regulation suppressed the germline UASt expression. A‒D0: Broken red lines mark the germline. A‒A00: Gal4 expressed under the act promoter. UASt-RFP was observed
only in follicle/somatic cells; however, UASp-mCD8GFP was expressed in both somatic and germline cells in the same egg chamber. B and B0: Flip-out Gal4 with Su(var)2e10
knockdown (KD). UASt-RFP was also observed in germline cells. C: Control Flip-out Gal4:UASt-RFP did not show germline expression. D and D0: Hsp83 KD egg chamber (right),
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indicating that piRNA production was indeed strongly suppressed
in these ovaries. Together, these results suggest that germline
expression of UASt-RFP is suppressed by piRNAs at the transcrip-
tional level.

To determine exactly how piRNAs suppress UASt-transgene
expression in the germline, we performed an RNA-seq analysis of
small RNAs from ovaries of aubQC42/HN2 and w1118

flies. After map-
ping the piRNAs from the RNA-seq analysis on to the UASt
sequence, we found that the hsp70 promoter was heavily targeted
by piRNAs in w1118

flies (Fig. 1I and J). This result is consistent
with the report that the hsp70 locus itself provides the substrates
for high piRNA production in transgenic lines (Olovnikov et al.,
2013). By contrast, aubQC42/HN2 ovaries had a significantly reduced
level (~40-fold lower) of piRNAs targeting the hsp70 promoter
sequence compared with thew1118 controls (Fig. 1J). These findings,
along with the qRT-PCR results that AGO3t2/t3 mutant ovaries had
elevated levels of the UASt-RFP transcript, suggest that the hsp70
promoter in the UASt vector is targeted by piRNAs from the hsp70
locus, thus suppressing UASt-transgene transcription in the germ-
line cells.

Besides the promoter, the other major difference between
UASt and UASp is the 30UTR tail. UASt has an SV40 30UTR, whereas
UASp carries a K10 30UTR tail (Rørth, 1998). Metzstein and
Krasnow (2006) discovered that the nonsense-mediated mRNA
decay (NMD) factors targeted the SV40 30UTR sequence, thereby
suppressing the expression of upstream genes. To determine
whether NMD is involved in germline UASt suppression, we
examined the expression of a modified UASt-GFP, which contains
a shortened SV40 30UTR excluding the NMD binding site
(Metzstein and Krasnow, 2006). When driven by act-Gal4, this
NMD-insensitive line (K45) showed no ovarian germline expres-
sion of UASt-GFP (Figs. S3A and B). We further tested another
modified UASt vector, the GW construct, which has tubulin
30UTR instead of the SV40 30UTR (Bischof et al., 2013). Using the
Flip-out Gal4 system, we co-expressed UASt-RFP and GW-HA
(expressing HA tag protein) in the ovary, and detected neither
RFP nor HA proteins in germline cells (Fig. S3C). Additionally,
we knocked down genes involved in the NMD pathway (Upf1,
Upf2, Upf3, Smg1, and Smg5) individually, and no germline UASt-
reporter expression was detected in the ovary (Table S2). These
results suggest that the SV40 30UTR and NMD pathway are not
involved in germline UASt silencing.

Collectively, our findings reveal that the interaction between
piRNAs and the hsp70 promoter is responsible for the suppression
of UASt-transgene expression in the germline cells, and the interac-
tion between NMD and the SV40 30UTR is unlikely to have a role in
UASt germline suppression. From a technical standpoint, this new
understanding of how UASt-transgene is silenced in Drosophila
germline cells could lead to new and better design of transgenes
to be expressed in different tissues in this powerful genetic model
organism.

It has been previously reported that transgene-derived piRNAs
are complementary to the hsp70 promoter and can cleave and pro-
cess non-homologous regions of the endogenous hsp70 tran-
scripts into more piRNAs (Olovnikov et al., 2013). Our RNA-seq
analysis confirmed that the basic hsp70 promoter on UASt is a
target for piRNAs, and these piRNAs are significantly reduced
compared to control egg chamber (left). Hsp83 KD egg chamber had germline UASt-RFP expr
localization (D0). E: Heterozygous AGO3t2 allele showed only follicle/somatic expression of
both somatic and germline UASt-RFP expression. G and H: qRT-PCR results. Overall RNA le
erozygous AGO3t2/þ ovaries. Increased HeT-A expression (60 folds) indicated that the piRNA
fromwild-type and aubQC42/HN2 ovaries was mapped to the UASt sequence. X axis, position o
(positive, sense piRNAs; negative, anti-sense piRNAs). I: The piRNA sequencing reads (>22
(bottom plot). J: Closed view of hsp70 promoter from the mapping result. Plots were generat
when the piRNA biogenesis pathway is disrupted. Hsp70 is the
principal inducible heat shock protein in Drosophila, with both
protective and deleterious roles during development. A previous
study proposed the possible involvement of Hsp70 in the biogen-
esis of piRNA in Drosophila following severe heat-shock condi-
tions, but could not conclusively determine the details of this
regulatory process (Funikov et al., 2015). This, in combination
with our findings, suggests that piRNAs may be involved in the
heat-stress induced response mediated by increased Hsp70 levels
for normal development. Future studies will be needed to address
the detailed mechanisms by which piRNAs are able to regulate
hsp70 in the germline. The overarching question regarding the
developmental significance of this differential pattern of hsp70
expression in the germline and somatic cells of the Drosophila
ovary remains to be answered.
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Table S1. Trip lines of targeted genetic screen  

Category Genes Stocks UASt Expressed in Germline 

Control & 
randomly 
selected 

Luciferase BL35788 NO 
psi BL34825 NO 
Dl BL34322 NO 

small RNA 

su(var)210 BL29448 NO 
  BL31623 NO 
  BL32956 YES 
  BL32915 YES 
su(var)3-9 BL32914 NO 
su(var)205 BL33400 NO 
piwi BL33724 YES 
spn-E BL34808 YES 
aub BL39026 YES 
tejas BL41928 NO 
AGO1 BL33727 NO 
AGO3 BL44543 YES 
vasa BL34950 YES 
kr BL34632 NO 
me31B BL33675 NO 
zuc BL36742 YES 
R2D2 BL34784 NO 

Insulators 

mod(mdg4) BL32995 NO 
  BL33907 NO 
su(HW) BL34006 NO 
  BL33906 NO 
CP190 BL33903 NO 
  BL33944 NO 
CTCF BL40850 NO 
BEAF-32 BL29734 NO 
GAF/Trl BL40940 NO 

Polycomb 

E(z) BL33659 NO 
Su(z)12 BL33402 NO 
Pc BL33622 NO 
  BL33964 NO 
pea BL32838 NO 

Hsp protein 

Hsp70B BL32997 NO 
  BL33948 NO 
Hop BL34002 NO 
  BL32979 NO 
Hsp83 BL33947 YES 



Table S2. Genes involved in NMD regulation 

Category Genes Stocks UASt Expressed in Germline 

NMD 

Upf1 BL43144 NO 
Upf2 BL31095 NO 
Upf3 BL44565 NO 
  BL58181 NO 
Smg1 BL41945 NO 
  BL35349 NO 
Smg5 BL31090 NO 
  BL62261 NO 

 



SUPPLEMENTARY DATA 

Abstract 

One of the most extensively used techniques in Drosophila is the Gal4/UAS binary system, 

which allows tissue-specific misexpression or knockdown of specific genes of interest. The 

original UAS vector, UASt, can only be activated for transgene expression in somatic tissues but 

not in the germline cells. Rørth (1998) generated UASp, a modified UAS vector that is 

responsive to Gal4 in both somatic and germline tissues, by replacing both the hsp70 promoter 

and the SV40 3′UTR with the P transposase promoter and the K10 3′UTR, respectively.  At 

present, the mechanisms by which UASt is silenced in germline cells are not fully understood. 

Here, we report that the piRNA pathway is involved in suppressing UASt expression in ovarian 

germline cells. Individually knocking down or mutating components of the piRNA biogenesis 

pathway (e.g., Piwi, AGO3, Aub, Spn-E, Su(var)2-10, Hsp83, and Vasa) resulted in the 

expression of the UASt-reporter (GFP or RFP) in the germline. An RNA-seq analysis of small 

RNAs revealed that the hsp70 promoter of UASt is targeted by piRNAs, and in the aub mutant 

ovary, the amount of piRNAs targeting the hsp70 promoter is reduced by around 40 folds. In 

contrast, the SV40 3′UTR of the UASt, which happens to be targeted by the nonsense-

mediated RNA decay (NMD) pathway, is not responsible for germline UASt suppression, as 

UASt-reporters with NMD-insensitive 3′UTRs fail to show germline expression. Taken 

together, our studies reveal a crucial role of the piRNA pathway, potentially via the suppression 

of the hsp70 promoter, in germline UASt silencing in Drosophila ovaries. 

 

Materials and Methods 



Fly stocks and genetics 

Drosophila stocks were maintained and cultured at 25°C. The following fly stocks were used: 

act>CD2>Gal4, UASt-RFPnls (BL30558); UASt-mRFP (BL3417); UASt-GFPnls (BL4776); 

pGW-HA (a gift from S. Yamamoto, Baylor College of Medicine, USA); Coin-FLP/Gal4 

(BL59268); UASp-mGFP (BL58721); mat-Gal4 (BL7062); AGO3t2 (BL28269); AGO3t3 

(BL28270); aubQC42 (BL4968); aubHN2 (BL8517); RNAi lines used in this study are listed in 

Tables S1 and S2. For Flp-out experiments, adult female were heat-shocked for 30 minutes at 

37°C, and yeast for two days at 25°C before harvesting ovaries.  

Antibodies, immunofluorescence staining and confocal microscopy 

Antibodies staining was performed as described previously (Deng et al., 2001). The following 

antibodies were used: rat anti-Vasa (1:300; Development Studies Hybridoma Bank, USA), rabbit 

anti-HA-tag (C29F4, 1:100; Cell Signaling Technology, USA). Secondary antibodies were 

stained with Alexa Fluor® 546 or 488 and nuclear DNA was labeled with DAPI (Invitrogen, 

USA). Images were captured on a Zeiss LSM-800 confocal microscope and arranged in Adobe 

Illustrator. 

Quantitative RT-PCR analysis 

Total RNA was isolated from Drosophila ovaries. QRT-PCR analysis was as described in Lo et 

al., (2016).  RP49 were used for data normalizing. Primers: 

Het-A: 5'-ATCCTTCACCGTCATCACCTTCCT-3' , 5'-GGTGCGTTTAGGTGAGTGTGTGTT-3' and 

rp49:  5'-ATGACCATCCGCCCAGCATAC-3' , 5'-CTGCATGAGCAGGACCTCCAG-3' (Pane et al., 

2007)  RFP: 5'-CATCCCCGACTACATGAAGCTGT-3' , 5'-GCCCTTGAACTTCACCTTGTAGATG-3' 

Small RNA library preparation and analysis 



Small RNA libraries were prepared according to instructions for Illumina TrueSeq Small RNA 

sample prep kit (Illumina, USA); the detail library preparation and data analysis were as 

described in Lo et al., (2016).   
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Supplemental Figure Legends 

Figure S1. Ectopic germline expression of UASt in Su(var)2-10 knockdown egg chambers. 

(A) CoinFLP-Gal4 with Su(var)2-10 KD:  ectopic germline UASt-GFP expression; compare to 

control (B). (C, C’) Wild-type egg chamber (left) and Su(var)2-10 knockdown egg chamber 

(right) stained for the Vasa protein. Control egg chamber has Vasa localization in the nuage (red 

arrow head); Su(var)2-10 KD  (indicated by an asterisk, and with germline UASt-RFP 



expression in F’) had no/reduced Vasa protein in nuage). Nuclei were labeled with DAPI. 

Posterior is to the right. Scalebars 10 µm. 

Figure S2. piRNA pathway suppresses germline UASt expression. (A-F) Targeted genetic 

screen with Flp-out act-Gal4 found that UASt-RFP can be expressed in germline cells when KD 

of following piRNA components (A) piwi, (B) aub, (C) AGO3, (D) spn-E, (E) vas, and (F) zuc. 

(G) UASt-RFP driven by mat-tub-Gal4, a germline specific driver, also displayed germline 

UASt-RFP expression in trans-heterozygous aubQC42/HN2 egg chambers. Nuclei were labeled with 

DAPI. Posterior is to the right. Scalebars 10 µm. 

Figure S3. 3′UTR of UASt is not involved in germline silencing of UASt. (A) UASt-K37-GFP 

reporter line, with the wild-type SV40 3′UTR (NMD sensitive), (B) UASt-K45-GFP reporter line, 

with a shortened SV40 3′UTR (NMD insensitive), and (C) GW-HA-tag line with a tubulin 3′ 

UTR. (A-C”) Driven by act-Gal4 along with UASt-RFP. None of the above showed expression 

of UASt in germline cells. Nuclei were labeled with DAPI. Posterior is to the right. Scalebars 10 

µm. 
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Fig S3
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