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Abstract
Self-renewal and differentiation in germline stem cells (GSCs) are tightly regulated by the stem cell niche and via
multiple approaches. In our previous study, we screened the novel GSC regulatory gene Srlp in Drosophila testes.
However, the underlying mechanistic links between Srlp and the stem cell niche remain largely undetermined. Here,
using genetic manipulation of the Drosophila model, we systematically analyze the function and mechanism of Srlp
in vivo and in vitro. In Drosophila, Srlp is an essential gene that regulates the self-renewal and differentiation of GSCs in
the testis. In the in vitro assay, Srlp is found to control the proliferation ability and cell death in S2 cells, which is
consistent with the phenotype observed in Drosophila testis. Furthermore, results of the liquid chromatography-
tandem mass spectrometry (LC-MS/MS) reveal that RpL6 binds to Srlp. Srlp also regulates the expression of
spliceosome and ribosome subunits and controls spliceosome and ribosome function via RpL6 signals. Collectively,
our findings uncover the genetic causes and molecular mechanisms underlying the stem cell niche. This study
provides new insights for elucidating the pathogenic mechanism of male sterility and the formation of testicular germ
cell tumor.

Introduction
Stem cells are undifferentiated populations with the

remarkable potential of self-renewal and differentiation.
The stem cell niche, a key microenvironment that reg-
ulates stem cell behaviors, supports two distinct adult
stem cell populations: germline stem cells (GSCs) and cyst
stem cells (CySCs)1–3. In Drosophila testes, GSCs asym-
metrically divide to generate one cell that retains stemness

and a gonialblast that proliferates and differentiates2. The
gonialblast undergoes four rounds of transit-amplifying
(TA) spermatogonial divisions to generate a 16-cell
spermatogonia cluster in which individual germ cells are
connected by ring canals and a branched fusome4.
Somatic cells, including apical hubs and CySCs, form the
stem cell environment for neighboring GSCs, and CySCs
have been proposed to be a source of instructive self-
renewal signals5. CySCs provide the environment neces-
sary to trigger GSC differentiation by the non-cell-
autonomous approach6.
Early germ cells have been shown to be tightly con-

trolled by niche signaling. Hub cells secrete unpaired
(Upd) and hedgehog (Hh) proteins. Upd binds with
Domeless (Dome) and activates the Janus kinase/signal
transducer and the activator transcription (JAK/STAT)
pathway in both GSCs and CySCs, and maintains their
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self-renewal ability7,8. Hh activates the Hh signaling
pathway in CySCs, and is required for the maintenance of
CySCs9. Two BMP-like molecules expressed in somatic
cells, decapentaplegic (Dpp) and glass bottom boat (Gbb),
are required for GSC maintenance and repress the dif-
ferentiation factor bag-of-marbles (Bam) by bone mor-
phogenetic protein (BMP) signaling10. Together with its
regulator, benign gonial cell neoplasm (Bgcn), Bam is
required for spermatogonia to transition from prolifera-
tion to differentiation10–12. Mutations in bam or bgcn
result in germ cell tumors with extensive accumulation of
undifferentiated germ cells13,14. Bam interacts with Bgcn
and tumorous testis (Tut) to repress Mei-P26 expression,
establishing a regulatory feedback loop that governs the
proliferation of spermatogonia15,16.
Drosophila provides a simple system to investigate the

complex genetic basis and related molecular mechanisms
of biological events in reproduction17–19. Previously, a
large-scale in vivo RNA interference (RNAi) screening in
fly ovaries revealed the presence of a regulatory network
involved in the self-renewal and differentiation of GSCs20.
In the testis screen, Yu et al.17 found that protein synth-
esis and degradation, especially spliceosome and ribo-
some, were essential in the regulation of GSC homeostasis
in fly testes.
CG5844 has been identified as a candidate GSC factor

with its regulatory mechanism unclear. In this study, we
named CG5844 gene as Spliceosome-Ribosome Linker
Protein (Srlp). Using in vivo and in vitro approaches, we
systematically analyze the function and mechanism of
Srlp in Drosophila. Here, we found that Srlp gene is
essential for the self-renewal and differentiation of GSCs
in Drosophila testis and increases proliferation and
apoptosis in S2 cells. Moreover, Srlp regulates spliceo-
some and ribosome function via ribosomal protein L6
(RpL6) signals. In conclusion, the findings of this study
will provide new insights into the mechanism underlying
the stem cell niche.

Results
Srlp deficiency causes GSC self-renewal and differentiation
defects
To determine the function of Srlp in Drosophila testes,

we generated Srlp knockout flies using nos-cas9/CRISPR,
resulting in a 335-bp deletion (264 bp in the coding
sequence (CDS) region) and a code shift (Fig. S1a). The
Srlp deletion in Drosophila was confirmed by PCR and
sequencing (Fig. S1b and S1c). The homozygous Srlp
mutation was lethal (Srlp–/–), while the heterozygous Srlp
mutation (Srlp–/+) was viable and flies with the hetero-
zygous mutation were fertile (Fig. S1d).
To determine the in vivo function of Srlp in Drosophila

testes, we generated a UAS/Gal4-mediated RNAi assay to
test the loss of Srlp function using two different Gal4s

(nos-Gal4 and tj-Gal4) that were mainly expressed in the
stem cell niche17. Results of the immunofluorescence
staining and confocal microscopic imaging of marker
proteins revealed specific defects at the testicular apex.
Srlp knockdown in early germ cells using nos-Gal4 caused
tiny testes and complete absence of germ cells (cells were
Vasa and TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labeling) negative), fol-
lowed by accumulation of cyst cells (Fig. 1a and Fig. S2a).
Moreover, Srlp knockdown driven by tj-Gal4 led to dys-
function of normal cyst cells and accumulation of undif-
ferentiated germ cells, which ultimately developed
into testis tumors (Fig. 1b, c), indicating that the Srlp gene
is required for germ cell formation and cyst cell organi-
zation. Furthermore, these undifferentiated germ cells
had proliferation and apoptosis ability (TUNEL and PH3
positive; Fig. S2b and S2c) without normal niche envir-
onments (Zfh1 positivity with abnormal pattern, no
Eya-positive cyst cells, and no FasIII-positive hub cells;
Fig. 1b, c).

Srlp regulates proliferation and apoptosis in Drosophila S2
cells
To further explore the function of Srlp in vitro, Srlp

expression was silenced using two small interfering RNA
(siRNAs; siSrlp-303 and siSrlp-684). Results of the
quantitative reverse transcription-polymerase chain reac-
tion (qRT-PCR) analysis revealed that siRNA suppression
reduced the expression of Srlp messenger RNA (mRNA)
in Drosophila S2 cells (Fig. 2a).
As down-regulation of Srlp expression caused defects in

the self-renewal and differentiation of GSCs in Droso-
phila, we investigated whether Srlp was involved in pro-
liferation and apoptosis. Importantly, both PH3-positive
and TUNEL-positive cells significantly increased in siSrlp-
684 (150 nM) S2 cells (Fig. 2b–e). Similar results were
obtained by flow cytometry, reflecting an increased
apoptosis ratio in cells following Srlp knockdown (Fig. 2f).
Cell counting kit-8 (CCK-8 kit) was then used to detect
whether the growth of S2 cells was affected by treatment
with Srlp siRNA. The results indicated that knockdown of
Srlp in S2 cells dramatically reduces cell growth (Fig. 2g).
Next, we examined whether Srlp overexpression could

lead to malfunctions in proliferation and apoptosis in S2
cells. We generated a UAS-Srlp-3xHA CDS clone driven
by ub-Gal4. For the transient expression of Srlp, S2 cells
were transfected with 0.2, 0.4, and 0.8 μg of plasmid
separately. According to the results, the phenotype can
only be observed when transfecting with 0.8 μg of plasmid
(Fig. S3). Therefore, we chose 0.8 μg of plasmid for the
transient expression of Srlp. Up-regulation of Srlp
expression was confirmed at the transcription and trans-
lation levels (Fig. S4). Both PH3- and TUNEL-positive
cells increased dramatically in S2 cells overexpressing Srlp
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Fig. 1 Srlp is required for the self-renewal and differentiation of germline stem cells (GSCs) in Drosophila testes. a Distribution of germ cells
and somatic cells in the apex of the testis of control and nos>Srlp RNA interference (RNAi) flies. b Distribution of germ cells and somatic cells in the
apex of the testis of control and tj>Srlp RNAi flies. c Distribution of germ cells and somatic cells in the apex of the testis of control and tj>Srlp RNAi
flies. Immunostaining using anti-Vasa (green), anti-Eya (red in a, b), anti-DE-cad (blue in a, b), anti-Zfh1 (red in c), and anti-FasIII (blue in c) antibodies.
Scale bar: 50 μm
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(Fig. 3a–d), and their signals were even stronger than
corresponding signals in siSrlp-684 (150 nM). Results of
the flow cytometry showed that Srlp overexpression
greatly reduced the ratio of viable cells and increased the
apoptosis ratio (Fig. 3e). Results of the CCK-8 assay
revealed that Srlp overexpression dramatically reduced
the cell growth of S2 cells (Fig. 3f). Taken together, these
results indicated that Srlp regulates cell proliferation and
apoptosis.

Srlp can rescue proliferation but not cell death
We conducted two independent Srlp rescue assays in S2

cells to further confirm their phenotype. Results of the

qRT-PCR analysis indicated that Srlp overexpression
recovered the Srlp mRNA expression of siSrlp-684
(Fig. 4a). Immunofluorescence staining showed that cell
proliferation ability (indicated by PH3 positivity) could be
rescued by Srlp overexpression (Fig. 4b, c). However, the
TUNEL-positive cell ratio of Srlp siRNA could not be
rescued by Srlp overexpression; on the contrary, it was
enhanced by overexpression, reflecting a superposition
effect for cell survival defects (Fig. 4d, e). Component
analysis of cell death by flow cytometry showed that Srlp
overexpression in cells silenced by siSrlp-684 reduced the
number of viable cells and dramatically increased the
numbers of apoptotic and necrotic cells (Fig. 4f).

Fig. 2 Srlp knockdown leads to proliferation and apoptosis in Drosophila S2 cells. a Relative Srlp messenger RNA (mRNA) level in negative
control and siSrlp cells to validate knockdown efficiency. b Percentage of PH3-positive cells in control and siSrlp-684. c Immunostaining of control
and siSrlp-684 S2 cells using anti-PH3 (red) and Hoechst-33342 (blue). d Percentage of TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick-end labeling)-positive cells in control and siSrlp-684. e Immunostaining of control and siSrlp-684 S2 cells using TUNEL (red) and Hoechst-
33342 (blue). f Flow cytometry testing of control and siSrlp-684. Ratio of viable cells decreased, and ratio of apoptosis cells increased. g Cell counting
kit-8 (CCK-8) assay for control and siSrlp-684. Student’s t-test was used for the statistical analysis. *P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant.
Error bars represent SEM. Scale bar: 30 μm
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Interestingly, Srlp knockdown could partially rescue the
Srlp expression of overexpressed Srlp, and similar results
were observed in the Srlp overexpression/siSrlp-684 res-
cue assay (Fig. S5). Taken together, our data indicated that
Srlp rescue assays restored the proliferation ability but
accelerated cell death.

Ribosomes were enriched in the regulatory network of
Srlp-binding proteins
To explore the regulatory network of Srlp-binding

proteins, we pulled down Srlp-HA fusion proteins with
HA beads and identified Srlp-related binding proteins by

liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Thereafter, we identified 205 Srlp-binding pro-
teins in Drosophila melanogaster (Fig. 5a and Table S1).
The ten Srlp-binding proteins with the highest scores are
listed in Fig. 5a. Bioinformatics analysis was performed by
the OmicsBean data integration analysis platform, and
classified according to the biological process, cellular
component, and molecular function categories. Figure S6
shows the top 20 enriched and significantly different
terms based on gene ontology (GO) analysis. In the bio-
logical process category, translation, biosynthetic and
metabolic processes, and mitotic spindle elongation were

Fig. 3 Srlp overexpression increases proliferation ability and cell death in Drosophila S2 cells. a Immunostaining of control and Srlp-
overexpressing S2 cells using anti-PH3 (red) and Hoechst-33342 (blue). b Percentage of PH3-positive cells in the control and Srlp-overexpression
group. c Immunostaining of the control and Srlp-overexpressing S2 cells by TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end labeling) (red) and Hoechst-33342 (blue). d Percentage of TUNEL-positive cells in the control and Srlp-overexpression groups. e Flow
cytometry of control and Srlp-overexpressing cells. The ratio of viable cells dramatically decreased while that of apoptosis cells significantly increased.
f Cell counting kit-8 (CCK-8) assay of the control and Srlp-overexpressing S2 cells. Student’s t-test was used for the statistical analysis. *P < 0.05; **P <
0.01; ***P < 0.001; n.s. not significant. Error bars represent SEM. Scale bar: 30 μm
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mainly enriched in Srlp-binding proteins. In the context
of cellular component, cytoplasm, ribosome, and ribo-
nucleoprotein complex were involved in Srlp-binding
proteins. Moreover, in the molecular function category,
Srlp was found to be related with the structural con-
stituent of ribosome, structural molecular activity, iso-
merase activity, and RNA binding. Enrichment analysis

using the KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway and protein–protein interaction (PPI)
demonstrated that the identified Srlp-binding proteins
were involved in the ribosome signaling pathway with
high confidence (p < 0.01), indicating the significant roles
of crosstalk between Srlp and the ribosome complex
(Fig. 5b, c).

Fig. 4 Rescue experiments of the Srlp knockdown phenotype. a Relative Srlp messenger RNA (mRNA) level of control* and siSrlp-684/Srlp-
overexpressing S2 cells. b Percentage of PH3-positive cells in the control* and siSrlp-684/Srlp overexpression groups. c Immunostaining of the
control* and siSrlp-684/Srlp-overexpressing S2 cells by anti-PH3 (red) and Hoechst-33342 (blue). d Percentage of TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling)-positive cells in control* and siSrlp-684/Srlp overexpression groups. e Immunostaining of
control* and siSrlp-684/Srlp-overexpressing S2 cells using TUNEL (red) and Hoechst-33342 (blue). f Flow cytometry test of the control* and siSrlp-684/
Srlp overexpression groups. The ratio of viable cells dramatically decreased while the ratios of apoptotic and necrotic cells significantly increased.
Student’s t-test was used for the statistical analysis. *P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant. Error bars represent SEM. Scale bar: 30 μm
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Fig. 5 Characteristics of Srlp-binding proteins in Drosophila melanogaster. a Identification of Srlp-binding proteins. b KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway analysis of identified Srlp-binding proteins in Drosophila S2 cells. c Protein-protein interaction (PPI) analysis of identified Srlp-
binding proteins from KEGG pathway analysis in Drosophila S2 cells. Dots represent genes/proteins, and rounded rectangles represent biological processes,
cell localization, molecular functions or signaling pathways. Solid lines represent verified interactions, and dashed lines represent predicted interactions
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Srlp regulated the expression levels of spliceosome and
ribosome subunits
Many proteins involved in protein synthesis and

degradation were identified in the screening of proteins
that bound to Srlp. To further investigate whether Srlp
affected the function of spliceosome and ribosome, we
measured the expression level of major spliceosome and
ribosome subunits. Spliceosome subunits (Prp18, Prp19,
SmB, SmD1, SmE, SmF, and U2A) and ribosome subunits
(RpL6, RpL19, RpS2, RpS7, RpS8, RpS9, RpS16, and
RpS30) were all up-regulated in siSrlp S2 cells and down-
regulated in S2 cells overexpressing Srlp (Fig. 6), indi-
cating that Srlp competitively controlled the expression
level of spliceosome and ribosome, which may affect their
function.

Srlp regulates ribosome function via RpL6 in Drosophila
To elucidate the potential mechanism of Srlp, we

investigated whether ribosome subunits such as RpL6
were essential for self-renewal and differentiation of cells
in Drosophila testes. Interestingly, RpL6 knockdown in
early germ cells driven by nos-Gal4 caused tiny testes, loss
of germ cells, and accumulation of cyst cells (Fig. 7a).
Knockdown of RpL6 in cyst cells by tj-Gal4 led to accu-
mulation of undifferentiated germ cells and subsequent
tumor formation (Fig. 7b, c). These GSC-like germ cells
exhibited the ability for self-renewal without normal
maintenance of the apical hubs and CySCs (Zfh1-positive
and DE-cad-positive cells existed in an abnormal pattern,
and there were no Eya-positive cyst cells). Our results
indicated that the RpL6 gene completely mimicked the

self-renewal and differentiation phenotype of the Srlp
gene in GSCs in Drosophila testes.
Significantly, spliceosome subunits (Prp18, Prp19, SmB,

SmD1, SmE, SmF, and U2A) and ribosome subunits
(RpL19, RpS2, RpS7, RpS8, RpS9, RpS16, and RpS30)
were all down-regulated in S2 cells overexpressing RpL6
(Fig. S7). Additionally, RpL6-overexpressing S2 cells
exhibited proliferation ability (Fig. S8 a–d), and dramati-
cally promoted the cell death process, as evidenced
by increased ratios of apoptotic and necrotic cells
(Fig. S8 e–g).
Next, cells overexpressing Srlp alone inhibited RpL6

expression, while cells overexpressing RpL6 alone
repressed Srlp expression (Fig. 8a, b). As it was obvious
that RpL6 and Srlp were mutually antagonistic, we further
tested whether overexpression of both RpL6 and Srlp
could restore the proliferation ability and apoptosis in S2
cells. First, Srlp and RpL6 expression levels could be
recovered in RpL6 overexpression/Srlp overexpression or
Srlp overexpression/RpL6 overexpression S2 cells (Fig. 8c
and Fig. S9a). Second, in cells overexpressing RpL6, the
increased proliferation ability, but not the ratios of
apoptotic and necrotic cells, could be partially rescued by
Srlp in S2 cells (Fig. 8d–h). Furthermore, the increased
proliferation in Srlp-overexpressing cells could be par-
tially rescued by RpL6, while the ratios of apoptosis and
necrosis (especially the necrosis ratio) dramatically
increased (Fig. S9 b–f).
Co-transfecting S2 cells with both Srlp and RpL6

increased the expression level of Srlp and drastically
suppressed the expression level of RpL6 (Fig. S10a and

Fig. 6 Srlp regulates the expression level of major spliceosome and ribosome subunits. a Relative messenger RNA (mRNA) level of
spliceosome subunits (Prp18, Prp19, SmB, SmD1, SmE, SmF, and U2A) in the control and siSrlp-684 S2 cells. b Relative mRNA levels of ribosome
subunits (RpL19, RpS2, RpS7, RpS8, RpS9, RpS16, and RpS30) in control and siSrlp-684 S2 cells. c Relative mRNA level of spliceosome subunits (Prp18,
Prp19, SmB, SmD1, SmE, SmF, and U2A) in control and Srlp-overexpressing S2 cells. d Relative mRNA level of ribosome subunits (RpL19, RpS2, RpS7,
RpS8, RpS9, RpS16, and RpS30) in control and Srlp-overexpressing S2 cells. Student’s t-test was used. *P < 0.05; **P < 0.01; ***P < 0.001; n.s. not
significant. Error bars represent SEM
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Fig. 7 Knockdown of RpL6 by nos-Gal4 and tj-Gal4 causes tiny testes and germ cell dysfunction. a Distribution of germ cells and somatic cells
in the apex of the testis in the control and nos>RpL6 RNA interference (RNAi) flies. b Distribution of germ cells and somatic cells in the apex of the
testis in the control and tj>RpL6 RNAi flies. c Distribution of germ cells and somatic cells in the apex of testis in control and tj>RpL6 RNAi flies.
Immunostaining using anti-Vasa (green in a, b), anti-Eya (red in a, b; green in c), anti-DE-cad (blue in a, b), anti-Zfh1 (red in c), and Hoechst-33342
(gray in c). Scale bar: 50 μm
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Fig. 8 Effects of rescue of S2 cells with the RpL6 overexpression phenotype by Srlp overexpression. a Relative Srlp and RpL6 messenger RNA
(mRNA) levels in the control and Srlp-overexpressing S2 cells. b Relative RpL6 and Srlp mRNA levels in the control and RpL6-overexpressing S2 cells.
c Relative RpL6 and Srlp mRNA levels in the control* and RpL6-overexpressing/Srlp-overexpressing S2 cells. d Immunostaining of the control* and
RpL6-overexpressing/Srlp-overexpressing S2 cells using anti-PH3 (red) and Hoechst-33342 (blue). e Immunostaining of the control* and RpL6-
overexpressing/Srlp-overexpressing S2 cells using TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling) (red) and
Hoechst-33342 (blue). f Percentage of PH3-positive cells in the control* and RpL6-overexpressing/Srlp-overexpressing S2 cells. g Percentage of
TUNEL-positive cells in the control* and RpL6-overexpressing/Srlp-overexpressing S2 cells. h Flow cytometry test of the control* and RpL6-
overexpressing /Srlp-overexpressing S2 cells. The ratio of viable cells dramatically decreased and the ratio of apoptotic and necrotic cells significantly
increased. Student’s t-test was used for statistical analysis. *P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant. Error bars represent SEM. Scale bar:
30 μm
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S10b). Results of the co-immunoprecipitation assay con-
firmed that the Srlp protein could combine with the RpL6
protein, which is consistent with LC-MS/MS data
(Fig. S10c). Together, our results illustrate that RpL6 is a
Srlp-binding protein and a potential target of Srlp. These
results indicate that Srlp regulates the proliferation ability
and cell survival via RpL6 in Drosophila testis cells.

Discussion
The stem cell niche controls normal self-renewal and

differentiation of GSCs17,21. Srlp was identified as a reg-
ulatory factor of GSCs in Drosophila testes; however, its
mechanism remains to be elucidated. This is the first
study to investigate the function and mechanism of Srlp in
Drosophila in vivo and in vitro. In this study, we used
Drosophila as a model and found that Srlp is essential for
the self-renewal and differentiation of GSCs in the testis
and increases the proliferation and apoptosis of S2 cells.
The phenotype of proliferation but not apoptosis, which
was induced by silencing the Srlp gene, could be rescued
by Srlp overexpression in S2 cells. Identification of Srlp-
binding proteins by LC-MS/MS indicated that ribosome
was enriched. Importantly, Srlp could affect the expres-
sion pattern of splicesome and ribosome subunits by
competitive integration. Overexpressed RpL6 decreased
the expression levels of Srlp, splicesome subunits, and
ribosome subunits. This study demonstrated that Srlp
regulated splicesome and ribosome function via
RpL6 signals.
Previous studies have demonstrated that the regulation

of protein synthesis is crucial for self-renewal and differ-
entiation of GSCs in both fly testes and ovaries17,22–26. In
the testis screen, nine ribosome proteins, four
spliceosome-associated proteins, and three eIF3 complex
proteins contribute to both GSC maintenance and early
germ cell differentiation17. The switch from TA pro-
liferation to differentiation in the testis is mediated by
translational control of Mei-P26 and differentiation
factor Bam15,16,27. Mei-P26 is a key molecule regulated by
the translational machinery that controls distinct devel-
opmental programs during germ cell formation
and maturation27,28. In UAS-Srlp RNAi and UAS-RpL6
RNAi testes driven by tj-Gal4, overproliferation of
undifferentiated germ cells accumulate in the
testes, consequently leading to tumor formation. These
GSC-like cells acquired proliferation and apoptosis abil-
ities and were devoid of distinguishable hub cells, indi-
cating that the overproliferated GSC-like cells are self-
sustained.
Spliceosome and ribosome are of great importance in

the occurrence of diseases29,30. The major spliceosome is
essential for mRNA processing and cell survival31.
Mutation of U2A, a major spliceosome subunit, impaired
the differentiation of spermatogonia, abolishing the

maturation of germ cells into sperm18. Zfrp8 functions in
the formation of mRNA ribonucleoprotein (RNP) com-
plexes, and is essential for the maintenance of follicles and
GSCs in the ovary32. Zfrp8 functions in the late stages of
ribosome assembly and may regulate the binding of spe-
cific mRNA-RNPs to the small ribosomal subunit (RpS2),
ultimately controlling their cytoplasmic localization and
translation33. Previously, a novel class of RNPs, termed
regulatory RNPs, has been found to contribute to the
biogenesis of small nuclear RNPs and ribosome hetero-
geneity34. Specifically, the results of our study revealed
that Srlp regulates splicesome and ribosome function via
RpL6 signals. These findings suggest that Srlp may affect
spliceosome and ribosome assembly, ultimately leading to
loss of control of cell fate determination.
Previous studies have reported that apoptosis can pro-

mote the proliferation ability and the phenomenon of
apoptosis-induced proliferation existed in many cell
lines35,36. Moreover, apoptotic cells also had active roles
for proliferation in Drosophila37,38. Srlp knockdown or
Srlp-overexpressing S2 cells had a significantly higher
proportion of PH3-positive and TUNEL-positive cells,
indicating that Srlp is vital for the homeostasis of pro-
liferation and apoptosis processes.
In summary, the present study mainly discussed the

crosstalk between Srlp and large ribosomal subunit RpL6.
Our findings demonstrated that Srlp, together with RpL6,
regulated GSC self-renewal and differentiation by con-
trolling spliceosome and ribosome function in Drosophila
testis. This study may provide new insights into the
pathogenic mechanism of male sterility and testicular
germ cell tumor.

Materials and methods
Fly strains and RNAi strategy
All flies were cultured on standard corn meal food at

25 °C. The transgenic RNAi flies used in the screen were
ordered from the Tsinghua Fly Center (THFC) and were
from the same RNAi collection as the TRiP (Transgenic
RNAi Project). Information for alleles and transgenes
used in this study can be found either in FlyBase or as
noted: Nos-Gal4 (BDSC, 4937), Tj-Gal4 (DGRC, 104055),
UAS-Srlp RNAi (THFC, THU1733), UAS-RpL6 RNAi
(THFC, THU1350).
The crosses were set and raised at room temperature

(25 °C). Male Gal4 drivers were crossed to the transgenic
UAS-RNAi virgin females. The male progenies were dis-
sected for further function analysis.

Plasmid construction
Srlp CDS (a gift from C. Tong) was subcloned into the

pUAS-attB-3xHA vector, and the CDS sequence was
amplified by PCR using primers to introduce NotI (1166A,
Takara, Japan) and XbaI (1093A, Takara, Japan) restriction
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sites. RpL6 CDS (a gift from C. Tong) was subcloned into
the pUAS-attB vector, and the sequence was amplified by
PCR using primers to introduce a V5 tag as well as NotI
and XbaI restriction sites. Plasmid construction protocol
by classical restriction ligation cloning has been described
before39. Following primers were used: pUAS-attB-3xHA-
Srlp F: 5-ATAAGAATGCGGCCGCGATGCTTCGCAAA
TTTGGAGGTC-3, R: 5-GCTCTAGACTACTTTTCGT
TTGGCTTATCCTTGG-3; pUAS-attB-RpL6-V5 F: 5-A
TAAGAATGCGGCCGCATGGCACCCATCGAGAAAG
C-3, R: 5-GCTCTAGATTACGTAGAATCGAGACCGA
GGAGAGGGTTAGGGATAGGCTTACCGAATCGCAT
GCGGTGGGGGTAT-3; pUAS-attB seq primer: CCAG
CAACCAAGTAAATCAA.

Cell culture and transfection
Drosophila Schneider 2 (S2) cells were obtained from

Drosophila Genomics Resource Center and were grown at
28 °C in Schneider’s Drosophila medium (21720024,
Gibco, USA) supplemented with 10% heat-inactivated
fetal bovine serum (04-001-1ACS, Bioind, Israel). The
cells were split with supplemented medium at a ratio of
1:4 every 3–4 days which has been described before40.
S2 cells were plated in the wells of six-well plates 1 day

before transfection. For knockdown of Srlp, S2 cells were
transfected using Lipofectamine 2000 Transfection
Reagent (Lipo2000; 11668019, Invitrogen, USA). Two
tubes, one containing siRNA with 250 μL of opti-Minimal
Essential Medium (MEM) (31985-062, Gibco, USA) and
another containing a corresponding dose of Lipo2000
with 250 μL of opti-MEM, were mixed and incubated for
5 min at room temperature. Then, the tubes were mixed
and incubated for 20 min at room temperature. The siR-
NAs were designed and synthesized by GenePharma
company (Suzhou, China). The siRNA information is
described as follows: negative control F: 5-UUCUCCG
AACGUGUCACGUTT-3, R: 5-ACGUGACACGUUCGG
AGAATT-3; siSrlp-303 F: 5-GCUUACUGCAUCGCA
GCUUTT-3, R: 5-AAGCUGCGAUGCAGUAAGCTT-3;
siSrlp-684 F: 5-GCGUGCCCUGGACCUGAUATT-3, R:
5-UAUCAGGUCCAGGGCACGCTT-3.
For transient expression of Srlp and RpL6, S2 cells were

transfected with plasmid using Effectene Transfection
Reagent (301425, Qiagen, Germany). Briefly, plasmids
were diluted to 100 μL with buffer EC and 6.4 μL
Enhancer, vortexed, and incubated for 5 min at room
temperature, To this, 20 μL of Effectene Transfection
Reagent was added for an additional 10 min, to which
600 μL of opti-MEM was mixed, and the mixture was
used as the final culture medium.
The detailed plasmid and culture times are as follows:
(1) Control (negative control or ub-Gal4+pUAS-attB):

culture for 48 h.
(2) siSrlp (siRNA): culture for 48 h.

(3) Srlp OE (ub-Gal4+pUAS-attB-3xHA-Srlp): culture
for 48 h.
(4) RpL6 OE (ub-Gal4+pUAS-attB-RpL6-V5): culture

for 48 h.
(5) Srlp OE+RpL6 OE (ub-Gal4+pUAS-attB-3xHA-

Srlp+pUAS-attB-RpL6-V5): culture for 48 h.
(6) Control*: (a) negative control culture for 48 h, fol-

lowed by culture with ub-Gal4+pUAS-attB for 48 h; (b)
ub-Gal4+pUAS-attB culture for 48 h, followed by nega-
tive control culture for 48 h; and (c) ub-Gal4+pUAS-attB
culture for 96 h (corresponding to the experimental
group).
(7) siSrlp/Srlp OE: siSrlp culture for 48 h, followed by

culture of Srlp OE for 48 h.
(8) Srlp OE/ siSrlp: culture of Srlp OE cells for 48 h,

followed by culture of siSrlp cells for 48 h.
(9) Srlp OE/RpL6 OE: Srlp OE culture for 48 h, followed

by culture of RpL6-overexpressing cells for 48 h.
(10) RpL6 OE/Srlp OE: RpL6 OE culture for 48 h, fol-

lowed by Srlp OE culture for 48 h.

Quantitative reverse transcription-PCR
Total RNA was extracted using Trizol reagent (9108,

Takara, Japan). Complementary DNA was synthesized
using Prime Script RT Reagent Kit (RR037A, Taraka,
Japan), and qRT-PCR was performed using SYBR Premix
Ex Taq (RR420A, Takara, Japan). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was amplified as an
internal standard. Fold changes were calculated using the
standard curve according to the manufacturer’s protocol.
Each experiment was independently repeated three times.
All primers used for qRT-PCR are listed in Table S2.

Immunofluorescence and antibodies
Fly testes were dissected in 1× phosphate-buffered sal-

ine (PBS) and fixed for 30 min in 4% paraformaldehyde.
After washing three times in 1× PBS with 0.1% Triton
X–100 (PBST) and blocking for 1 h in 5% bovine serum
albumin, the samples were incubated with primary anti-
bodies overnight at 4 °C. After washing three times for
10min in 0.1% PBST, the samples were incubated for 1 h
with secondary antibodies at room temperature followed
by three times washing in 0.1% PBST. Testes were then
stained with Hoechst-33342 (1.0 mg/mL, Invitrogen) for
5 min before mounting. Images were captured on an
LSM710 Zeiss confocal microscope and processed using
Adobe Photoshop CS5 software. Drosophila S2 cells were
cultured for 24 h, and immunostaining was carried out in
the culture dish according to the protocols described
above.
The antibodies used were as follows: mouse anti-Eya

(Developmental Studies Hybridoma Bank, 1:20); rat anti-
DE-cadherin (Developmental Studies Hybridoma Bank,
1:20); mouse anti-FasIII (Developmental Studies
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Hybridoma Bank, 1:50); rabbit anti-Vasa (a gift from C.
Tong, 1:1000); rat anti-Zfh1 (a gift from C. Tong, 1:2000);
rabbit anti-PH3 (53348, Cell Signaling Technology,
1:1000); anti-V5 (R960-25, Invitrogen, 1:500); and rabbit
anti-HA (3724, Cell Signaling Technology, 1:1000). Sec-
ondary antibodies conjugated to A488, Cy3, A594, or
A647 (Molecular Probes and Jackson Immunologicals)
were diluted at 1:1000.

TUNEL assay
Cell apoptosis was determined using the TUNEL assay

according to the manufacturer’s protocols. The TUNEL
BrightRed Apoptosis Detection Kit was obtained from
Vazyme (A113, Nanjing, China).

Flow cytometry assay
Flow cytometry was performed using an Annexin V-

Alexa Fluor 647/propidium iodide (PI) Apoptosis Assay
Kit (FMSAV647-100, FcMACS, Nanjing, China). After
transfection for 48 h, S2 cells were washed with ice-cold
PBS. Different cell groups were stained with the apoptosis
detection kit according to the manufacturer’s instructions.
Cells (1 × 106 cells per well) from each sample were sus-
pended and incubated in 250 μL of binding buffer. Then,
100 µL of the cell suspension was incubated with 5 μL of
Annexin V-Alexa Fluor 647 and 10 μL of PI for 15 min at
room temperature in the dark. Then, 200 μL 1× PBS was
added into each sample and mixed. The samples were
then analyzed using FACScan flow cytometry (BD Bios-
ciences, San Jose, CA, USA). Data were calculated at
different intervals. Flow cytometry assay was performed
with at least three independent experiments.

Cell viability assay
CCK-8 assay (CK04-3000T, DOJINDO, Japan) was

utilized to assess Drosophila S2 cell viability according to
the manufacturer’s protocols. Briefly, transfected S2 cell
were transferred to 96-well plates (3000 cells per well),
and incubated in 10% CCK-8 reagent that was diluted in
Schneider’s Drosophila medium at 37 °C for 1 h. After
transfection at 0, 24, and 48 h, the absorbance in each well
was evaluated at 450 nm (Multiskan GO, Thermo Scien-
tific, Waltham, USA). All experiments were repeated at
least three times.

LC-MS/MS
Protein extraction and digestion were performed

according to the methods described before41. The protein
digests were separated using a 10min elution gradient at a
flow rate of 2 µL per min in an Eksigent nanoLC-Ultra 2D
system (AB SCIEX). A C18 reversed phase chromato-
graphic column (75 μm× 15 cm, 3 μm, 120 Å, ChromXP
Eksigent) was used as the analytical column. MS/MS scan
was performed by tripleTOF5600 system (AB SCIEX).

Bioinformatics analysis
HA-Srlp protein in control and Srlp-overexpressing S2

cells are pulled down by HA beads, and followed by LC-
MS/MS identification. Drosophila melanogaster proteins
identified in Srlp-overexpression group and not in control
group were considered as candidates of Srlp-binding
proteins. To analyze the functional characteristics of Srlp-
binding proteins, the OmicsBean data integration analysis
platform was used to perform GO functional annotation,
KEGG Pathway, and PPI analysis.

Statistical analysis
Experiments were repeated at least three times. The

quantitative results are presented as mean ± standard
error of mean (SEM). The data were evaluated for sta-
tistical differences using Student’s t-test and one-way
analysis of variance by Graphpad Software (https://www.
graphpad.com/) with *P < 0.05; **P < 0.01; ***P < 0.001.
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