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SUMO regulates somatic cyst stem cell maintenance and directly
targets the Hedgehog pathway in adult Drosophila testis
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ABSTRACT
SUMO (Small ubiquitin-related modifier) modification (SUMOylation)
is a highly dynamic post-translational modification (PTM) that plays
important roles in tissue development and disease progression.
However, its function in adult stem cell maintenance is largely
unknown. Here, we report the function of SUMOylation in somatic cyst
stem cell (CySC) self-renewal in adult Drosophila testis. The SUMO
pathway cell-autonomously regulates CySCmaintenance. Reduction
of SUMOylation promotes premature differentiation of CySCs and
impedes the proliferation of CySCs, which leads to a reduction in the
number of CySCs. Consistent with this, CySC clones carrying a
mutation of the SUMO-conjugating enzyme are rapidly lost.
Furthermore, inhibition of the SUMO pathway phenocopies
disruption of the Hedgehog (Hh) pathway, and can block the
proliferation of CySCs induced by Hh activation. Importantly, the
SUMO pathway directly regulates the SUMOylation of Hh pathway
transcription factor Cubitus interruptus (Ci), which is required for
promoting CySC proliferation. Thus, we conclude that SUMO directly
targets the Hh pathway and regulates CySC maintenance in adult
Drosophila testis.
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INTRODUCTION
PTMs regulate diverse cellular processes, including transcription,
replication, and DNA repair (Flotho and Melchior, 2013).
SUMOylation, first identified in the 1990s (Mahajan et al., 1997;
Matunis et al., 1996), is a ubiquitin-like PTM (Hannoun et al., 2010;
Smith et al., 2012). Through an enzymatic cascade involving E1-
activating enzyme, E2-conjugating enzyme and E3 ligase, SUMO is
finally attached to the substrate acceptor lysine (Lys, K) residue
in vivo (Gareau and Lima, 2010; Hickey et al., 2012). Disruption of
the SUMO pathway during embryogenesis is lethal in many species
from Drosophila to mouse (Hickey et al., 2012). However, the
function of SUMOylation in adults, especially in stem cell
maintenance, is largely unknown.
Adult stem cells reside in a specific microenvironment called the

niche to maintain their abilities of self-renewal and producing

daughter cells. In adult Drosophila testis, both germline stem cells
(GSCs) and CySCs interact with a small group of somatic cells
termed the hub, which produces major niche signals (de Cuevas and
Matunis, 2011; Issigonis and Matunis, 2011; Losick et al., 2011;
Voog et al., 2008) (Fig. 1A). Several signaling pathways have been
reported to regulate CySCs, including the JAK-STAT pathway
(Issigonis et al., 2009; Kiger et al., 2001; Leatherman and DiNardo,
2010; Singh et al., 2010; Tulina and Matunis, 2001), the EGFR
pathway (Eun et al., 2014; Kiger et al., 2000; Tran et al., 2000), the
Hpo pathway (Amoyel et al., 2014) and the Hh pathway (Amoyel
et al., 2013; Michel et al., 2012; Zhang et al., 2013b). Although
these pathways govern stem cell behavior, the function of PTMs
during this process is rarely reported.

RESULTS AND DISCUSSION
The SUMO pathway is autonomously required for CySC
maintenance
In order to identify novel factors that are autonomously required
for CySC maintenance, we conducted a genetic screen for PTM
regulators because PTMs regulate diverse cellular processes and
might play important roles in CySCs. Genes were knocked down
specifically in adult somatic cyst cells, by RNAi using c587-Gal4
and a temperature-sensitive allele of Gal80 (Gal80ts, a Gal4
inhibitor). Adult flies (0 to 3 days old) were shifted from 18°C to
29°C for 5 days to inactivate Gal80 and permit Gal4 to drive dsRNA
expression. A zinc finger homeodomain 1 (Zfh1) antibody was used
to mark CySCs and their direct daughters (Leatherman and DiNardo,
2008). As shown in Fig. 1A,C, cells with strong Zfh1 staining
adjacent to the hub are CySCs, and those with lower Zfh1 staining
level around the hub are newly formed cyst cells in wild-type (WT)
testes. Interestingly, knocking down Su(var)2-10 (Suppressor of
variegation 2-10), a SUMO E3 ligase, significantly decreased the
number of Zfh1+ cells (Fig. 1C,C′,E,E′) as early as 3 days after RNAi
induction (Fig. 1B). To ascertain the function of the SUMOpathway,
we knocked down lwr (lesswright, the only known SUMO E2 in
Drosophila) in the same system, and observed a similar phenotype
(Fig. 1B-D′).

To confirm the phenotypes from the knockdown assays, we
utilized the mosaic analysis with a repressible cell marker
(MARCM) system (Lee and Luo, 2001) to generate clones for the
hypomorphic allele lwr4-3 (Apionishev et al., 2001). At 3 days after
clone induction (ACI), GFP+ clones with strong Zfh1 staining
(termed CySC clones) could be recovered in both control and lwr4-3

testes (Fig. 1G-H″). At 5 days ACI, CySC clones could still be
recovered in control testes (Fig. 1I-I″), whereas few lwr4-3 testes
contained CySC clones (Fig. 1J-J″). We then counted the
percentage of testes with at least one CySC clone at 3, 5 or 7 days
ACI to evaluate the stemness of clonal CySCs. Such fractions were
comparable between control and lwr4-3 mutants at 3 days ACI
(Fig. 1F), suggesting comparable abilities to generate CySC clones.Received 9 September 2015; Accepted 16 March 2016
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At 7 days, few testes contained detectable lwrmutant CySC clones,
whereas CySC clones still existed in the control testes (Fig. 1F).
Combining the results from RNAi assays with those from the
MARCM assays, we conclude that SUMO pathway is
autonomously required for maintaining the stemness of CySCs.

We also investigated the primary function of SUMOylation in
GSCs maintenance. However, no obvious abnormality was
observed even after Su(var)2-10 or lwr was specifically knocked
down in adult germline cells for 5 days (Fig. S1). Thus, we focused
our further investigation on CySCs.

Fig. 1. The SUMO pathway is autonomously required for adult CySC maintenance. (A) Schematic of the Drosophila testis apex, showing different cell
types: hub cells (red), germline stem cells (GSCs, blue), gonialblasts (pink), spermatogonial cells (purple), somatic cyst stem cells (CySCs, yellow), and
differentiated cyst cells (green). (B) Numbers of Zfh1+ cells per testis with indicated genotypes at 2, 3 and 5 days after RNAi induction. Data are presented as
mean±s.e.m. ***P<0.001; n.s., not significant; n>10. (C-E′) Representative testes showing Zfh1 (green) and DAPI (purple) staining, after RNAi induction for
3 days. Asterisks indicate the hub. Scale bars: 10 μm. (F) The fraction of testeswith at least oneCySC clone (GFP+ cell with strong Zfh1 staining), at 3, 5 and 7 days
after clone induction (ACI). (G-J″) Representative testes showing cloneswith Zfh1 (red) staining. Arrows indicate CySC clones. FRT40, control. Scale bars: 25 μm.
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Reduction of SUMOylation induces differentiation and
impedes proliferation of CySCs
Because CySCs were poorly maintained when the SUMO pathway
was disrupted, we asked whether these phenotypes were caused by
premature differentiation or impeded proliferation of CySCs. Eyes
absent (Eya) was used to mark differentiated cyst cells, and it is
normally undetectable in CySCs or their immediate daughter cyst

cells in WT testis (Fabrizio et al., 2003) (Fig. 2A). Yet we found
several Eya+ cells locate very close, even adjacent to, the hub in lwr
or Su(var)2-10 RNAi testis (Fig. 2B,C), suggesting that those cells
around the hub initiated differentiation. We then measured the
distance between the hub and the Eya+ cells, and found that when
lwrwas knocked down the percentage of testes with shorter distance
was increased (Fig. 2D) and the distance between the hub and the

Fig. 2. The SUMO pathway inhibits CySC differentiation and promotes CySC proliferation. (A-C) Representative testes showing the distances (yellow
brackets) between the closest differentiated cyst cell (Eya, yellow arrowhead) and the hub (FasIII, red arrowhead) after RNAi induction for 3 days. Scale bars:
25 μm. (D) The percentage of testes showing indicated distance between the hub and the closest Eya+ cell. (E) The distance between the hub and the three
closest Eya+ cells. Data are presented as individual values andmean±s.e.m. *P<0.05. (F-H″) Representative testes showing Zfh1 (green) and EdU (red) staining,
after RNAi induction for 3 days. Asterisks indicate the hub. Scale bars: 10 μm. (I) The numbers of mitotic Zfh1+ cells (EdU+Zfh1+ cells). Data are presented as
individual values and mean±s.e.m. ***P<0.001.
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three nearest Eya+ cells became shorter (Fig. 2E). These results
indicate that the SUMO pathway is required for inhibition of CySC
differentiation.
Next, we conducted 5-ethynyl-2′-deoxyuridine (EdU)

incorporation and it showed that dividing CySCs were detected
with lower frequency in lwr RNAi and Su(var)2-10RNAi testes than
in controls (Fig. 2F-I; Fig. S2A), implying that the proliferation
capacity of CySCs was also reduced.

The SUMO pathway genetically interacts with the Hh
pathway
The JAK-STAT pathway, the EGFR pathway, the Hpo pathway and
theHh pathway are themajor players currently identified in regulating
CySCs (Amoyel et al., 2014; Kiger et al., 2000, 2001; Michel et al.,
2012; Tran et al., 2000; Tulina and Matunis, 2001). Are the
phenotypes induced by SUMO pathway suppression mediated by
one of them?Wemonitored the activities of these pathways in CySCs
upon lwr or Su(var)2-10 suppression driven by c587-Gal4. Patched
(Ptc) expression has been used as readout of the Hh pathway (Amoyel
et al., 2013; Michel et al., 2012). We found that the level of Ptc was
reduced in lwr RNAi testes compared with control (Fig. 3A-B′),
implying that the SUMO pathway positively regulates Hh signaling
activity in CySCs, although we cannot rule out the possibility that the
change of Ptc staining might simply reflect a change in the number of
CySCs, rather than a direct modification of Hh pathway activity.
The JAK-STAT, EGFR and Hpo signaling activities in CySCs of

lwr or Su(var)2-10 RNAi testes were indistinguishable from those
in control testes as revealed by the intensity of staining for
phosphorylated STAT (pSTAT; Stat92E – FlyBase) (Zhang et al.,
2013a), the dual phosphorylated form of MAP kinase (dpERK; also
known as Rolled) (Gabay et al., 1997; Kiger et al., 2000) and
expanded-lacZ (ex-lacZ) (Amoyel et al., 2014), general reporters of
these three pathways, respectively (Fig. S2B-G). Using a flip-out
technique, we generated lwr RNAi clones and found that these
readouts were also indistinguishable from nearby control cells
(Fig. 3C-E‴′), suggesting that the decreased number of Zfh1+ cells
in 3-day-old lwr/Su(var)2-10 RNAi testis is unlikely to be mediated
by blockage of the JAK-STAT, EGFR or Hpo pathways although we
cannot entirely rule out this possibility.
To test further whether the Hh pathway mediates the function of

the SUMO pathway on CySC maintenance, we performed genetic
epistasis assays. Knockdown of ptc (an inhibitor of the Hh pathway;
Beachy et al., 2004; Huang et al., 2013; Jiang and Hui, 2008; Jiang
et al., 2016) increased the number of Zfh1+ cells (Fig. 3F,G,I).
Importantly, this increase could be blocked by knockdown of lwr
(Fig. 3F-I). To confirm this genetic relationship, we used MARCM
assays to monitor three different aspects of stemness of CySCs: the
clone size (number of clonal cells; Fig. 3J), the ratio of EdU
incorporation (Fig. 3K), and the capacity for maintaining stemness
at the niche (Fig. 3L). These data together showed that the effect of
ptc RNAi on CySCs could be disrupted by mutating lwr. Taken
together, we conclude that the SUMO pathway is indispensable for
CySC maintenance promoted by Hh signaling.

The SUMO pathway directly modifies Ci
Based on the genetic interaction assays, we speculated that the
SUMO pathway might directly modify some key component(s) of
the Hh pathway to regulate CySC maintenance. Considering that
SUMO substrates are highly enriched for transcription factors
(Hendriks et al., 2014), a likely candidate is Ci, a transcription factor
of the Hh pathway (Hui and Angers, 2011; Li et al., 2014; Motzny
and Holmgren, 1995). Ci can interact directly with Lwr (Fig. 4A),

implying a potential for Ci to be SUMOylated. To test whether Ci
could be SUMOylated, and to map the potential SUMOylation sites
in Ci, we truncated full-length Ci into two fragments, named as CiN

and CiC (Fig. S4A). We then generated an anti-SUMO antibody
(Fig. S3) and performed a bacterial SUMOylation assay (Mencía
and de Lorenzo, 2004; Nie et al., 2009; Uchimura et al., 2004). We
did detect SUMOylated forms of both CiN and CiC (Fig. S4B).

To map further the SUMOylation sites in Ci, we truncated CiN

and CiC into two smaller fragments: CiN-1, CiN-2, and CiC-1, CiC-2

(Fig. S4A). CiN-1, CiN-2 and CiC-1 could be SUMOylated, whereas
CiC-2 could not (Fig. S4C), indicating multiple SUMOylation sites
in Ci. To map the precise SUMOylation sites, we prepared
SUMOylated CiN and CiC-1 for liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Fig. S4D,E). LC-MS/MS
recovered nine potential SUMOylation sites in CiN, and one
potential SUMOylation site in CiC-1 (Fig. S4A, asterisk). One
representative LC-MS/MS map is shown in Fig. S4F.

We then mutated all nine K residues in CiN to generate CiN-9KR,
and mutated K782 in CiC to generate CiC-K782R. A subsequent
SUMOylation assay showed that SUMOylation levels of CiN-9KR

and CiC-K782R were significantly reduced compared with CiN and
CiC, respectively (Fig. 4B,C), indicating that these sites are real
SUMOylation sites.

SUMO conjugation promotes Ci activity in terms of CySC
proliferation
To investigate the role of Ci SUMOylation in CySCs, we generated
transgenic flies forWTor different mutants of Ci. Mutating all ten K
residues mentioned above to arginine (Arg; R) generated Ci10KR.
Overexpression of WT Ci, but not Ci10KR, increased the number of
Zfh1+ cells (Fig. 4D), implying that SUMO modification is
indispensable for Ci activity in promoting CySC self-renewal. We
then observed a crucial function of K782 as CiK782R did not increase
the number of Zfh1+ cells (Fig. 4E-H′). Importantly, artificial fusion
of SUMO protein to CiK782R can restore the function of CiK782R in
promoting CySC self-renewal similar to wild-type Ci (Fig. 4E-I′).
Taken together, we conclude that accurate SUMOylation of Ci is
essential for CySC proliferation in adult Drosophila testis.

Considering that the conserved Hh signaling pathway (Briscoe
and Thérond, 2013) has been reported to regulate the testis stem cell
in mammals (Bitgood et al., 1996; Makela et al., 2011; Petrova and
Joyner, 2014; Yao et al., 2002) and that the biological functions of
the SUMO pathway in embryogenesis are highly conserved from
Drosophila to mammals (Flotho and Melchior, 2013), it is
intriguing to test whether the SUMO pathway is also required for
mammalian adult testis by targeting the Hh signaling pathway.
Actually, Gli proteins, the homologs of Ci in mammals, can be
SUMOylated, as reported by two groups (Cox et al., 2010; Han
et al., 2012), further supporting a conserved modification of the
conserved transcription factors. However, their conclusions about
the function of SUMOylation on Hh signaling activity are
controversial. It is possible that different Gli proteins might be
differently regulated by SUMOylation. Based on our study in adult
CySCs, we favor the hypothesis that Ci SUMOylation promotes Hh
signaling activity in maintaining CySCs, which might function in a
context-dependent manner.

In this study, we identified the involvement of a SUMO E3 ligase
in CySC maintenance through a genetic screen. Combining a
targeted gene knockdown approach with a MARCM system
generating a homozygous mutant allele, we demonstrated that
SUMOylation inhibits differentiation as well as promotes
proliferation of CySCs under physiological conditions.
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Fig. 3. The SUMO pathway genetically interacts with the Hh pathway. (A-B′) Representative testes showing Ptc (green) and DAPI (purple) staining after
RNAi induction for 3 days. Asterisks indicate the hub. Scale bars: 10 μm. (C-D″) Representative testes showing Zfh1 (red), and pSTAT (C) or ex-lacZ (detected by
staining with anti-β-galactosidase antibody; D) (blue) staining after flp-out clone induction for 3 days. Yellowarrows indicate lwrRNAi CySC clones, and red arrows
indicate control CySCs. Asterisks indicate the hub. White circles outline the cells. Scale bars: 10 μm. (E-E‴′) Representative testes showing dpERK (red), Vasa
(blue) and DAPI (white) staining, after RNAi induction for 3 days. Yellow arrows indicate an lwr RNAi CySC clone, and red arrows indicate a control CySC.
Asterisks indicate the hub. Scale bar: 10 μm. (F-H) Representative testes showing Zfh1 (green) staining after RNAi induction for 3 days. Asterisks indicate the
hub. Scale bars: 25 μm. (I) The numbers of Zfh1+ cells per testis after RNAi induction for 3 days. Data are presented as mean±s.e.m., ***P<0.001, n>15. (J) The
numbers of clonal CySCs (GFP+ cells with strong Zfh1 staining) per testis after clone induction (ACI) for 5 days. Data are presented as individual values and
mean±s.e.m. ***P<0.001; **P<0.01. (K) The fraction of mitotic CySC clones. Each point indicates the ratio of EdU+ CySC clones to all CySC clones in each testis.
Data are presented as individual values and mean±s.e.m. **P<0.01. (L) The fraction of testes with at least one CySC clone, at 3, 4 and 5 days ACI.
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Mechanistically, we found that the SUMO pathway genetically
interacts with the Hh pathway, and directly catalyzes Ci
SUMOylation, which is required for promoting CySC
proliferation, although the function of SUMOylation in keeping

CySCs stemness might involve other unknown factor(s). In
summary, we identified that the SUMO pathway/SUMOylation
directly targets the Hh pathway and regulates CySC maintenance in
adult Drosophila testis (Fig. S4G).

Fig. 4. SUMOylation directly targets Ci and promotes Ci activity in terms of CySC proliferation. (A) Western blot assay showing that GST-Ci can directly
interact with His-Lwr in a GST-fusion protein pull-down assay. Black arrowheads point to the GST or GST-Ci in lanes 1 and 2, respectively. (B,C) Western blot
assay showing the SUMOylation status of different Ci fragments. Red arrowheads point to the SUMOylated Ci fragments and green arrowheads point to the un-
SUMOylated Ci fragments. Asterisk indicates a non-specific band. (D,E) The numbers of Zfh1+ cells per testis, after transgene induction for 7 days. Data are
presented as mean±s.e.m. ***P<0.001; n.s., not significant. n>20. (F-I′) Representative testes showing Zfh1 (green), Ci (red) and DAPI (blue) staining, after
transgene induction for 7 days. Asterisks indicate the hub. Scale bars: 10 μm.
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MATERIALS AND METHODS
Fly stocks
Flies were raised on standard yeast/molasses medium at 25°C unless
otherwise stated. Fly stocks used are detailed in supplementary Materials
and Methods.

RNAi and overexpression studies
All RNAi and overexpression-related experiments were performed in the
Gal4-Gal80ts system (Kawase et al., 2004; Melcher and Xu, 2001; Suster
et al., 2004). Except where specifically mentioned, all the assays were
carried out using c587-Gal4.

Generation of clones using the MARCM system
Adult male flies were collected 0-3 days after eclosion and heat shocked for
two rounds of 1 h heat shock at 37°C and 1 h rest at 25°C. After the final heat
shock, they were returned to 25°C.

Immunostaining of testes, quantification of GSCs and EdU
incorporation
Immunostaining of testes and quantification of GSCs were carried out as
previously described (Zhang et al., 2013b). Antibodies used in this study:
mouse anti-FasIII (DSHB, 7G10, 1:1000), mouse anti-Ptc (DSHB, Apa1,
1:100), mouse anti-Eya (DSHB, 10H6, 1:100), mouse anti-Hts (DSHB,
1B1-C, 1:1000), rabbit anti-Vasa (Santa Cruz, sc-26877, 1:200), rabbit anti-
Zfh1 [a gift from Dr. Ruth Lehmann (School of Medicine, New York
University), 1:5000], rat anti-Ci (DSHB, 2A1, 1:200), mouse anti-pSTAT [a
gift from Dr. Xinhua Lin (Cincinnati Children's Hospital Medical Center),
1:500], rabbit anti-dpERK (Cell Signaling, 4370P, 1:100). EdU incorporation
was performedwith standard protocol following themanufacturer's instructions
(Invitrogen). See supplementary Materials and Methods for details.

DNA constructs and transgenes
DNA constructs and transgenes are described in supplementary Materials
and Methods.

Bacterial SUMOylation assay, GST protein pull-down assay and
western blot analysis
Bacterial SUMOylation assay, GST protein pull-down assay and western
blot analysis were carried out as previously described (Nie et al., 2009; Shi
et al., 2013). See supplementary Materials and Methods for details.

Statistical analysis
Data are presented as mean±s.e.m. Statistical significance was calculated
using two-tailed Student’s t-tests. P-values are indicated in figures or in
figure legends.
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Fig. S1. SUMO pathway is not autonomously required for GSCs maintenance 

(A-C’’) Whole testes of indicated genotypes showing Vasa (green), FasIII with Hts (red), and DAPI (blue) 

staining. Asterisks indicate the hub. Compared with control (A-A’’), germline cells (Vasa positive) appear 
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normal in lwr RNAi (B-B’’) and Su(var)2–10 RNAi testes (C-C’’), after RNAi induction by nanos-Gal4 for 

5 days. Scale bars, 100 μm.  

(D-F’) Enlarged testis apex of indicated genotypes showing Vasa (green), FasIII with Hts (red), and DAPI 

(blue) staining. Yellow circles indicate the hub. In lwr RNAi (E and E’) and Su(var)2–10 RNAi testes (F and 

F’), Hts staining appears dots in GSCs and gonialblasts, while becomes branched in spermatogonial cells, 

which is indistinguishable from control (D and D’), after induction RNAi by nanos-Gal4 for 5 days. Scale 

bars, 25 μm.  

(G) The numbers of GSCs in testes, after RNAi induction for 5 days. Data are presented as individual 

values and mean ± s.e.m. n.s., not significant, n > 10. 
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Fig. S2. Influence of SUMO pathway on different CySC self-renewal factors 

(A) The fraction of mitotic Zfh1+ cells (ratio of EdU+Zfh1+ cells to all Zfh1+ cells) in testes, after RNAi 

induction for 3 days. Data are presented as individual values and mean ± s.e.m. *, P < 0.05. 

(B-C’) Representative testes showing Zfh1 (green) and pSTAT (red) staining, after RNAi induction for 3 

days. Asterisks indicate the hub. Arrowheads indicate certain CySCs. Scale bars, 10 μm. 

(D-E’) Representative testes showing Zfh1 (green) and ex-LacZ (red, detected by anti-LacZ 

(β-galactosidase) antibody) staining, after RNAi induction for 3 days. Asterisks indicate the hub. Scale bars, 

10 μm. 

(F and G) Representative testes showing dpERK staining, after RNAi induction for 3 days. Asterisks 

indicate the hub. Scale bars, 25 μm. 
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Fig. S3. Generation and characterization of the anti-SUMO antibody 

(A) Coomassie Brilliant Blue staining showing the His-tagged SUMO proteins (A, green arrowhead), 

purified for immunizing rabbits to generate anti-SUMO antibody.  
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(B) Coomassie Brilliant Blue staining showing the GST-tagged SUMO proteins (B, green arrowhead), 

purified for purification of the specific anti-SUMO antibody generated in rabbits.  

(C) The western blot assay showing that the specificity of the anti-SUMO antibody generated in this study. 

Control vectors or plasmids containing V5-SUMO ORF were transfected into S2 cells. Cells were collected 

and lysed in SDS loading buffer for WB 48hrs later. Anti-V5 antibody can only recognize the exogenous 

V5-SUMO (left panel), while the anti-SUMO antibody can recognize both the endogenous and exogenous 

SUMO proteins (middle panel). However, if the anti-SUMO antibody was incubated with purified SUMO 

proteins prior to the immunoblot assay, no obvious bands were detected (right panel), suggesting the 

anti-SUMO antibody generated in this study specifically recognizes SUMO proteins. 
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Fig. S4. Identification of the SUMO acceptor sites in Ci 

(A) A diagram showing different fragments of Ci used for mapping the SUMO sites (B -E). Asterisks 

indicate ten potential SUMOylation sites (K351, K360, K364, K535, K545, K561, K611, K614, K662, and 

K782) identified in the LC-MS/MS. 
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(B) The western blot assay showing SUMOylation status of different Ci fragments. SUMOylation assay 

was carried out as described in methods. Red arrowheads point to the SUMOylated Ci fragments 

recognized by both anti-GST and anti-SUMO antibodies while the green arrowheads point to the 

un-SUMOylated Ci fragments only recognized by the anti-GST antibody. Asterisk indicates nonspecific 

band. SUMOGG is a conjugation-defective form of SUMO lacking the C-terminal di-glycine motif. 

(C) The SUMOylation assay was carried out as described in methods. The red arrowheads point to the extra 

SUMOylated Ci fragments detected only in lanes 1, 3 and 5, compared with control (lanes 2, 4, 6 and 8), 

while the green arrowheads point to the un-SUMOylated Ci fragments detected in all lanes.  

(D and E) Coomassie Brilliant Blue staining showing the SUMOylation products of CiN (D) or CiC-1 (E) 

used for LC-MS/MS. The red arrowheads point to the SUMOylated Ci fragments while the green 

arrowheads point to the un-SUMOylated Ci fragments. 

(F) LC-MS/MS result showing one representative SUMO acceptor site identified in this assay. 

(G) A model for the function of SUMOylation in CySCs. SUMOylation functions cell-autonomously to 

promote the proliferation and inhibit the differentiation of CySCs. Such regulatory role of SUMOylation is 

partially mediated by the Hh pathway via site specific SUMOylation of Ci. Without proper SUMOylation, 

Ci can’t promote CySCs proliferation. Besides, unknown factor(s) might work in parallel with Ci to 

mediate the function of SUMOylation in maintaining CySCs stemness. See text for details. 
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Supplementary Materials and Methods  

Fly stocks 

Flies were raised on standard yeast/molasses medium at 25°C unless otherwise 

stated. Su(var)2–10 RNAi (VDRC, #30709), lwr RNAi (VDRC, #33685), ptc RNAi 

(NIG, #2411R-1), tubGal80ts (II) (Bloomington, #7019), tubGal80ts (III) (Bloomington, 

#7017), FRT40 Lwr4-3 (Bloomington, #9321) were obtained from VDRC, NIG or 

Bloomington. c587-Gal4 (X) and nanos-Gal4 (III) were gifts from Drs. Dahua Chen and 

Xun Huang. The attp-Myc-Ci/Ci10KR/CiK782R/SUMO-CiK782R transgenic flies were 

generated with a P element-mediated insertion at the 75B site of the third chromosome in 

this study. All the forms of Ci were inserted in 75B site of the third chromosome so that 

both the genetic backgrounds and the expression levels of these transgenes should be the 

same. 

Fly stocks used for the MARCM assays are listed below. 

yw hsflp/Y; FRT40/FRT40 tubGal80; tubGal4 uas-GFP, 

yw hsflp/Y; FRT40/FRT40 tubGal80; uas-ptc RNAi/tubGal4 uas-GFP, 

yw hsflp/Y; FRT40 lwr4-3/FRT40 tubGal80; uas-ptc RNAi/tubGal4 uas-GFP. 

 

Immunostaining of testes 

Testes of adult male flies were dissected and fixed in freshly made 4% formaldehyde 

in PBS buffer at room temperature for 30min, then rinsed with buffer PBT (PBS, 0.1% 

Triton X-100) and washed four times with buffer PBTA (PBS, 0.1% Triton X-100, 1% 
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BSA). Testes were incubated with primary antibody diluted in PBTA for overnight at 4ºC, 

then washed with PBT and incubated with secondary antibody diluted in PBTA for 2hrs 

at room temperature. After wash, testes were mounted in 40% glycerol. Leica LAS SP8 

confocal microscope was employed to take immunostaining images.  

 

Quantification of GSCs 

Serial confocal reconstructions of the entire testis apex were used for quantification 

(Issigonis et al., 2009). GSCs were identified by Vasa positive cells attaching the hub and 

with round fusomes. Data were presented as Mean ± SEM, n>10. P-values were obtained 

by student’s t-test between two groups.  

 

EdU incorporation assay 

Testes of adult male flies were dissected in S2 medium, and incubated in 100μg/ml 

EdU (Invitrogen, Click-iT® EdU Alexa Fluor® 647 Imaging Kit) in S2 medium for 30min 

at 25°C. Samples were then rinsed with PBS. For staining with other primary antibodies, 

subsequent immunostaining procedures were as described above. Before mounting, EdU 

was labelled following Click-iT® EdU Imaging Kits Protocol. 

 

DNA constructs and transgenes 

To construct pET28a-His-Lwr, full length Lwr cDNA was made from Drosophila 

Melanogaster embryonic RNA using RT-PCR and then inserted into the pET28a vector. 
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To construct pGEX-4T-1-GST-CiN/CiC/CiN-1/CiN-2/CiC-1/CiC-2, different fragments of Ci 

were got by PCR with pGEX-4T-1-Ci as the template (Zhang et al., 2013), and then 

inserted into the pGEX-4T-1 vector. PCR-based site-directed mutagenesis was used to 

mutate the nine lysines (K351, K360, K364, K535, K545, K561, K611, K614 and K662) 

in CiN and the K782 in CiC to generate the pGEX-4T-1-GST-CiN-9KR/CiC-K782R. The single 

vector (QSUMO and QGG) encoding all four polypeptides required for SUMOylation, i.e., 

SUMOWT or SUMOGG, Lwr, SAE2 and SAE1, which can reduce variation in expression 

levels in E.coli were kind gifts from Dr. Albert J. Courey (Nie et al., 2009). To shorten the 

SUMO branched peptide generated after tryptic digestion for LC-MS/MS, QQ83R was 

generated by mutating the Q83 of Drosophila SUMO to R as reported previously (Matic 

et al., 2010). PCR-based site-directed mutagenesis was used to mutate the ten K or the 

K782 mentioned above to R to generate the pUAST-attB-Myc-Ci10KR/CiK782R. SUMO was 

fused with Myc-CiK782R to generate pUAST-attB-SUMO- Myc-CiK782R. 

 

The bacterial SUMOylation assay 

As reported by Dr. Courey’s lab (Nie et al., 2009), the vector encoding specific GST 

tagged Ci fragment (WT or mutant, ampicillin resistance) was co-transformed into 

Escherichia coli (E.coli) BL21 cells with QSUMO, QGG or QQ83R vector (kanamycin 

resistance). Transformed colony with double resistance was picked for IPTG induction at 

37ºC for 4hrs. GST fusion proteins were purified with glutathione agarose beads (GE) for 

western blot analysis.  
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GST fusion protein pull-down assay and western blot analysis 

As reported previously (Zhang et al., 2013), GST and His fusion proteins were 

produced in E. coli BL21 and purified with glutathione agarose beads (GE Healthcare) or 

Ni2+ NTA column (QIAGEN) respectively. GST fusion protein-loaded beads were 

incubated with purified His-Lwr in GST pull-down lysis buffer (20 mM Tris-Cl, pH 8.0, 

200 mM NaCl, 1 mM EDTA, 0.5% NP-40, and PMSF) at 4ºC for 1hr. The beads were 

washed three times with lysis buffer, and subjected for western blot analysis. Western blot 

assay was performed according to standard protocols as previously reported (Shi et al., 

2013).  

 

Generation of anti-SUMO antibody 

His-tagged SUMO proteins was purified from E.coli BL21 strain. Rabbits were 

immunizd with purified His-tagged SUMO proteins for four times, with the interval of 10, 

20, 20 days. Serum was collected two months later, and anti-SUMO antibody was 

purified with GST-tagged SUMO proteins with standard protocol (Dodson et al., 2007). 

Validation of the antibody was carried out as detailed in supplementary Fig. S3C. 
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