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Long noncoding RNAs (lncRNAs), a recently discovered class of cellular RNAs, play important roles in the regulation of

many cellular developmental processes. Although lncRNAs have been systematically identified in various systems, most of

them have not been functionally characterized in vivo in animal models. In this study, we identified 128 testis-specific

Drosophila lncRNAs and knocked out 105 of them using an optimized three-component CRISPR/Cas9 system. Among the

lncRNA knockouts, 33 (31%) exhibited a partial or complete loss of male fertility, accompanied by visual developmental

defects in late spermatogenesis. In addition, six knockouts were fully or partially rescued by transgenes in a trans con-
figuration, indicating that those lncRNAs primarily work in trans. Furthermore, gene expression profiles for five lncRNA

mutants revealed that testis-specific lncRNAs regulate global gene expression, orchestrating late male germ cell differenti-

ation. Compared with coding genes, the testis-specific lncRNAs evolved much faster. Moreover, lncRNAs of greater

functional importance exhibited higher sequence conservation, suggesting that they are under constant evolutionary

selection. Collectively, our results reveal critical functions of rapidly evolving testis-specific lncRNAs in late Drosophila
spermatogenesis.

[Supplemental material is available for this article.]

Thousands of long noncoding RNAs (lncRNAs; >200 nt) have been
identified by genome-wide transcriptome analyses (Lee 2012; Iyer
et al. 2015). In comparison tomRNA, lncRNAs are characterized by
poorer conservation, lower expression levels, andmore variable ex-
pression between tissues (Guttman et al. 2009; Ponting et al. 2009;
Ulitsky and Bartel 2013). Deep studies have revealed the function-
ality of a dozen lncRNAs that play roles in biological processes such
as dosage compensation, imprinting, apoptosis, immunity, can-
cer, and development (Pauli et al. 2011; Batista and Chang 2013;
Carpenter et al. 2013). LncRNAs, such as Xist and Air, regulate
transcription of neighboring genes, and thus function via a cis-act-
ing mechanism (Lee and Bartolomei 2013; Mercer and Mattick
2013). LncRNAs have also been proposed to regulate gene expres-
sion in trans; examples include the TP53-induced lncRNAsDlx6os1
and Hotair (Feng et al. 2006; Huarte et al. 2010; Chu et al. 2011).
However, despite the huge number of lncRNAs in the genome,
the biological importance of most lncRNAs remains unknown.

In multiple species, the largest repertoire of lncRNAs is ex-
pressed in the testis, as revealed by genome-wide transcriptome
analyses (Djebali et al. 2012; Nam and Bartel 2012; Brown et al.
2014; Morris and Mattick 2014). Moreover, lncRNAs participate
with protein-coding genes in evolutionarily conserved coexpres-
sion networks during spermatogenesis (Necsulea et al. 2014), the
process by which male germline stem cells (GSCs) divide and
differentiate into mature sperm in sexual organisms. To date,

however, the functional significance of lncRNAs in spermatogen-
esis is unknown, with a few exceptions such as polymorphic de-
rived intron-containing (Pldi) RNA (Heinen et al. 2009). To gain
a comprehensive picture of lncRNA functionality in spermatogen-
esis, it is necessary to develop an efficient and large-scale gene
knockoutmethod for investigating the functions of lncRNAs in in-
tact organisms.

The revolutionary CRISPR/Cas9-based genome editing sys-
tem consists of two components—the Cas9 nuclease that cleaves
DNA and the guide RNA that confers cleavage specificity
(Garneau et al. 2010; Jinek et al. 2012; Wiedenheft et al. 2012).
The RNA-guidedDNA cleavage causes formation of double-strand-
ed breaks (DSBs), which leads to deletions ormutations via nonho-
mologous end joining (NHEJ) repair (Cong et al. 2013; Mali et al.
2013). However, frameshift mutations, nonsense mutations, or
small deletions caused by NHEJ are unlikely to disrupt the func-
tions of lncRNAs. Therefore, based on a previous study by Gratz
et al. (2014), we developed a three-component Cas9 microinjec-
tion system consisting of the Cas9 mRNA, a gene-specific gRNA,
and a homologous recombination (HR) donor plasmid, simplify-
ing the generation of knockout constructs; this system is applica-
ble to deletion of almost any genomic locus. The efficiency of
this system enabled us to successfully and rapidly delete 105 tes-
tis-specific Drosophila lncRNAs, 33 of which were revealed to
play critical roles in the regulation of late spermatogenesis.
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We also investigated the origin and evolution of the functionality
of these 105 lncRNAs.

Results

Systematic identification of testis-associated lncRNAs

in Drosophila

To globally characterize the biological significance of lncRNAs in
spermatogenesis, we developed a stepwise selection pipeline to
identify testis-specific lncRNAs in Drosophila. To this end, we first
analyzed published gene expression data and identified 120
lncRNAs specifically and/or highly expressed in fly testis (Brown
et al. 2014). To comprehensively identify all lncRNAs expressed
in fly, we used a previously developed computational algorithm
(Lu et al. 2011; Gerstein et al. 2014; Hu et al. 2015) to predict
121 novel intergenic lncRNAs with no overlap with protein-cod-
ing genes; the predictions were based on RNA-seq data and RNA
structure information (Fig. 1A; Supplemental Fig. S1A). From the
resultant 241 lncRNAs, we ultimately identified the 128 testis-
specific lncRNAs from a testis-specific expression screen and
RNA in situ hybridization analysis. These lncRNAs were located
on three different chromosomes (Fig. 1A). Meanwhile, our RT-
PCR and lncRNA in situ hybridization results indicated that they
were highly or specifically expressed in the Drosophila testis (Fig.
1B,C; Supplemental Fig. S1B,C). The majority of testis-specific
lncRNAswere strictly expressed in themeiotic and post-meiotic re-
gion of the testis (Fig. 1C; Supplemental Fig. S2). Thus, we identi-
fied 128 testis-specific lncRNAs for further targeted mutational
analysis.

The development of a three-component CRISPR/Cas9 system

streamlines lncRNA gene knockout in Drosophila

To comprehensively analyze lncRNA functions in vivo, weneed an
efficient and robust experimental system to inactivate lncRNA
genes by genomic deletion. Considering that the point mutations,
small deletions, or inversions induced by a single gRNA are unlike-
ly to disrupt lncRNA function unless the gRNA is targeted based on
prior knowledge of the functional domains (Sauvageau et al. 2013;
Yin et al. 2015), we tried to knock out an entire lncRNA gene by
replacing it with an RFP marker. To this end, we developed an ef-
ficient three-component CRISPR system, including Cas9 mRNA,
gRNA, and an HR donor plasmid, to perform precisely targeted
deletions via homologous recombination (Fig. 2A; Supplemental
Fig. S3A).

To optimize the system for scalable genome-wide deletion
analysis, we investigated three factors that might potentially af-
fect HR efficiency, including the length of donor homology
arms, the absence of NHEJ, and the distance between DSBs and
homology arms. We first used the system to knock out the well-
studied protein-coding gene oskar (Lehmann and Nüsslein-
Volhard 1986). Donor plasmids containing homology arms
with lengths of 1.5 or 3 kb, but not 0.3 kb, were sufficient to gen-
erate a 5-kb deletion in oskar (Fig. 2B; Supplemental Fig. S3B,C).
Deletion in oskar caused defects in oocyte development and com-
plete sterility in females, as previously reported (Lehmann and
Nüsslein-Volhard 1986). To further test this strategy for large frag-
ment deletions using 1.5-kb homology arms, we tried to knockout
a 92-kb fragment in a known lncRNA gene, iab-8, in the genome.
Surprisingly, one correct HR targeting event was obtained from

40 fertile crosses (Supplemental Fig. S3D). The iab-8 knockout
was pupa lethal.

In mammalian cells, inhibition of the NHEJ pathway can
increase HR efficiency (Maruyama et al. 2015; Yu et al. 2015). To
determinewhether this is also the case inDrosophila, we compared
the knockout efficiencies of five lncRNA genes in wild-type
and Lig4−/− mutant flies. The Lig4 deletion did not dramatically
increase HR frequencies in any of the tested knockouts, suggest-
ing that inhibition of NHEJ has a negligible effect on HR efficiency
in the fly (Fig. 2C). Furthermore, the distance between the double-
strand break site and the homology arms had no dramatic effect
on HR frequency (Fig. 2D). Knockout analyses of 18 lncRNAs indi-
cated that HR frequencies were similar for HR donor arms adjacent
to the breaks and for arms 700 bp away from the break sites.

Last, we developed a new high-throughput cloning strategy
for constructing plasmids carrying homology arms in 96-well
plates (Supplemental Fig. S3E). Using this system, we successfully
generated deletion strains corresponding to 105 of the 128 testis-
specific lncRNAs identified as described above (Supplemental
Table S1). The deletions were confirmed independently by PCR
and sequencing (Fig. 2E; Supplemental Fig. S4). The deleted geno-
mic regions ranged from 200 to 11 kb (Fig. 2F; Supplemental
Table S1), and the HR efficiency was as high as 47% (Fig. 2G;
Supplemental Table S1). As expected, all 105 homozygous
lncRNA deletion strains were viable, because these RNAs are pri-
marily expressed in late germ cells of the Drosophila testis.

To determine whether our CRISPR/Cas9 knockout system in-
duced off-target mutagenesis by introducing DSBs at unintended
genomic sequences, we performed PCR amplification and se-
quencing analysis of all potential off-target cleavage sites in 22
lncRNA knockout mutants (see online tool, http://crispr.mit.
edu). We did not detect mutations at any of these sites (Supple-
mental Fig. S5). Taken together, these results indicate that our
three-component CRISPR-based knockout system is suitable for
rapid large-scale functional investigation of lncRNA genes in vivo.

Some testis-specific lncRNAs are required for male fertility

and late spermatogenesis

Given the testis-specific expression of the lncRNAs we identified,
we examined the fertility of knockout (KO) mutant males using
a standard fertility test (Sitnik et al. 2014). After virgin femalesmat-
ed withwild-type control or lncRNA knockoutmales, the numbers
of progeny from each female fly were counted daily over a 15-d pe-
riod. In 32 of 105 lncRNAknockouts (30%),we observed a substan-
tial reduction in male fertility (Fig. 3A; Supplemental Fig. S6). One
lncRNA KO (CR44455/6−/−) strain had a more severe phenotype
and was completely male-sterile (Fig. 3B,C). In contrast, lncRNA
KOmutant females did not exhibit any obvious reduction in fertil-
ity (Fig. 3B,C). These results suggested that 30% of the testis-specif-
ic lncRNAs we identified have important functions during
Drosophila spermatogenesis.

To further characterize KO phenotypes, we microscopically
examined testis morphology andmature sperm in seminal vesicles
of lncRNA KO males. Ten of the 33 deletion mutants with dimin-
ishedmale fertility, includingCR44455/6−/−, lncRNA:TS23−/−, and
CR43282−/−, exhibited severe morphological defects in testis. The
abnormalities included an accumulation of cotton-like white floc-
culus in the distal part of the testis, which corresponds to the later
stages of sperm development (Fig. 4A; Supplemental Fig. S7A). The
flocculus contained a large number of tightly packed small cells
(Supplemental Fig. S7B). In addition, the sperm in seminal vesicles
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of CR44455/6−/− males were smaller than those in wild-type flies
(Fig. 4A). Other lncRNA mutants with severe white flocculus,
such as CR42858−/− and lncRNA:TS23−/−, contained significantly

smaller numbers of mobile mature spermatozoa in their seminal
vesicles (Fig. 4A; Supplemental Fig. S7A). These observations ex-
plain the reduced male fertility of some lncRNA deletionmutants.

Figure 1. Systematic identification and validation of Drosophila lncRNAs involved in spermatogenesis. (A) Flowchart of identification and selection of tes-
tis-specific lncRNAs for the knockout study. Novel lncRNA prediction using bioinformatics and analysis of annotated lncRNAs in FlyBase were combined to
build the lncRNA starting pool. Then, through a testis-specific expression screen and RNA in situ hybridization, 128 testis-specific lncRNA candidates were
selected for targeted knockout. These lncRNAs were located on three different chromosomes, including the left and right arms of Chromosome 2, the left
and right arms of Chromosome 3, and Chromosome X. (B) Testis-specific expression screen of predicted lncRNAs and annotated lncRNAs by quantitative
RT-PCR and semiquantitative RT-PCR, respectively. RpL32 was used as an internal control. Values represent means ± SEM for three biological replicates.
Mst35Ba was used as a testis-specific control. X8C (a Chromosome X-linked intergenic region that has been determined to be silent for transcription)
was used as a negative control to rule out contamination of RNA by genomic DNA. (C ) Expression of selected lncRNAs in Drosophila testis, analyzed by
whole-mount in situ hybridization. Cyclin B RNAwas used as a positive control, and RFP RNA in nontransgenic testis (w1118) was used as a negative control.
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Testis-specific lncRNAs are required for nuclear condensation

and morphogenesis

To further characterize any possible defect in late germ cell devel-
opment in lncRNAKO testes, we examined spermatidmorphology
of the 105 lncRNAKOmutants by testis squash andDAPI staining.
During spermatid development, the initially round nuclei syn-
chronously elongate and condense to form long, straight, nee-
dle-shaped structures. Twenty-two of the lncRNA KO mutants

lost synchronization and exhibited defects in spermatid morpho-
genesis (Fig. 4B,C; Supplemental Fig. S8). The developmental de-
fects could be classified into three major types. First, ∼10% of
spermatids in lncRNA:TS1−/− and ∼20% of sperm heads in
CR43484−/− testes adopted a tadpole shape, in which the sperm
nucleus was concentrated at one end of the cell (Fig. 4B;
Supplemental Fig. S8). This phenotype is similar to those of prot-
amine mutations (Rathke et al. 2010). Second, CR45542−/− and
CR44420−/− mutant testes contained some round uncondensed

Figure 2. CRISPR/Cas9-mediated high-throughput mutagenesis of 105 lncRNAs. (A) Schematic representation of the strategy for generating lncRNA
knockout and rescue lines usingCRISPR. (B) Determinationof the optimal HRdonor length for efficient gene replacement. The plasmid containing a reporter
cassette (attP-FRT-3P3-RFP) flankedby 0.3, 1.5, and 3 kbHR sequenceswas provided as the donorDNA. The oskargenewas used to test the system. (C ) DNA
Ligase4 deficiency had no dramatic effect on HR efficiency at different target loci. (D) Within a range of 0–700 bp, the distance between the double-strand
break site and the homology arm had no dramatic effect on HR frequency. (E) Genotyping of w1118, lncRNA+/−, and lncRNA−/− flies to confirm lncRNA
knockouts. Insertion of the reporter cassette results in a size increase in the PCR products, which is visualized only in heterozygous and homozygous flies.
(F ) Length distribution of the targeted lncRNAs. (G) The distribution of HR efficiency when generating the 105 lncRNA mutants using CRISPR. F0 injected
flies were crossed tow1118, and their progeny were screened for RFP-positive eyes. Crosses producing one or more transgenic progeny were considered as
founder lines. The homologous recombination efficiency was calculated as the ratio between the number of founder lines and the number of F0 crosses.
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nuclei (∼30% in CR45542−/− and ∼20% in CR44420−/−) at thema-
ture stage (Fig. 4B,C), indicating that these two lncRNAs are re-
quired for nuclear condensation. Third, 17 other lncRNA
mutants, including CR42858−/− and CR43416−/−, had scattered
or curled sperm (∼25% in CR42858−/− and ∼30% in CR43416−/−)
(Fig. 4B,C). This phenotype is reminiscent of mutants in the tes-
tis-specific proteasome subunit Prosα6T (Zhong and Belote 2007)
or yuri (Texada et al. 2008).

Next, we used HIS2AV-RFP and Protamine B-GFP tomark ear-
ly spermatids and mature sperm, respectively (Rathke et al. 2007,
2010). The round uncondensed sperm of CR44420−/−, tadpole-
shape sperm of lncRNA:TS1−/−, and bent sperm of CR43416−/−

were positive for Protamine B-GFP but not HIS2AV-RFP, confirm-
ing that they corresponded to the late elongate and/or mature
stage (Fig. 4C). This result is consistent with a previous study of
Prosα6T (Zhong and Belote 2007). Surprisingly, the mature sperm
in the seminal vesicles of these lncRNA mutants did not have ab-
normal morphologies, suggesting that mutant sperm with abnor-
mally condensed chromatin might not enter the seminal vesicle.

In contrast to the spermatid nuclear phenotype described
above, the spermatids in CR44455/6−/− mutant testis were smaller
than those of the wild type from the meiotic stage onward (Fig.
4D); specifically, mature CR44455/6−/− sperm were about half
the size of wild-type sperm. The small nuclei in the mutant could
be caused by overcondensation. Because CR44455/6−/− mutant
males were completely sterile, these small mature sperm were de-
fective in fertilization. Taken together, these data indicate that
some of the testis-specific lncRNAs play important roles in control-
ling proper nuclear condensation during late spermatogenesis.

Some lncRNAs regulate spermatid individualization

In spermatogenesis, after completion of meiosis, 64 cells in each
spermatid cyst begin differentiating into individual sperm. Once
fully elongated, spermatids undergo the process of individualiza-
tion,which separates individual sperm tails and removes excess cy-

toplasm (Ma et al. 2010). During individualization, the actin-based
investment cones (ICs) form and translocate mature spermatid
nuclei down axonemes. To obtain insight into the nature of the
spermatogenesis defects of lncRNA mutants, we further analyzed
ICs by labeling testes for actin bundles, myosin VI, and DNA. In
wild-type testes, ICs assemble above spermatid nuclei and coordi-
nately move along spermatid bundles as a complex. However,
the testes of 19 lncRNA mutants contained poorly aligned or lag-
ging ICs (Fig. 4E; Supplemental Fig. S9). In the testes of the
CR43282−/−, CR42859−/−, and CR44371−/− mutants, the ICs
were severely disorganized, and the actin cone structures were scat-
tered (Fig. 4E; Supplemental Fig. S9). In the CR43484−/− and
CR44420−/− mutants, the nuclei failed to remain tightly clustered
and were displaced distally along the cyst, resulting in lagging ICs
(Fig. 4E; Supplemental Fig. S9). These observations indicate that
some of the testis-specific lncRNAs are required for developmental
synchronization of the 64-cell cyst and the shaping and differenti-
ating of spermatids during late spermatogenesis.

Testis-specific lncRNAs function in trans to regulate

late spermatogenesis

To rule out the possibility that the phenotypes of lncRNAmutants
were caused by off-target events, we first performed in cis rescue
experiments on CR42858, CR43484, CR44585, lncRNA:TS2,
CR43416, and CR43862 deletion mutants by inserting the wild-
type lncRNAs under the control of their endogenous promoters
via PhiC31-mediated attB/attP exchange (Fig. 5A; Supplemental
Fig. S10). The late spermatogenesis defects of these six lncRNA
deletion mutants were rescued by in cis lncRNA restoration,
indicating that the late spermatogenesis phenotypes were indeed
caused by deletion of the lncRNAs (Fig. 5A). To determinewhether
these lncRNAs function in trans, we transgenically rescued
the CR42858, CR43484, CR44585, lncRNA:TS2, CR43416, and
CR43862 deletion mutants by expressing the corresponding

Figure 3. lncRNAmutants developmale-specific fertility defects. (A) Fertility profiles of 105 lncRNAmutants. (B) Deletion of lncRNACR44455/6 results in
male sterility, whereas CR44455/6−/− females were fully fertile. (C) A qualitative fertility assay was performed for both male and female mutant flies of
CR42858−/−. Deletion of CR42858 substantially reduced fertility in males, but not in females. Values represent means ± SEM for 15 crosses each.
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lncRNAs on a different chromosome via PhiC31-mediated attB/
attP exchange. The spermatogenesis defects of all six lncRNA mu-
tants were also rescued by expression of the lncRNAs in trans, rul-
ing out the possibility that the phenotypes of the deletions are
caused by the disruption of the regulatory DNA elements (Fig.
5A). These results indicate that these testis-specific lncRNAs pri-
marily function in trans to regulate late spermatogenesis.

Next, we investigated the function of the lncRNACR42858 in
more detail. CR42858 was efficiently transcribed from transgenes
either at its endogenous locus (in cis) or a different chromosome

(in trans) (Fig. 5B). The abnormal testis morphology and poorly
aligned IC phenotypes of CR42858−/− were rescued by transgenes
in cis and in trans (Fig. 5C). To further separate RNA from DNA se-
quence-dependent effects, we individually introduced CR42858
DNA sequences without the promoter and CR42858 promoter-
driven eGFP sequences into CR42858 mutant flies in situ
(Supplemental Fig. S11). The phenotypic defects in CR42858−/−

were not rescued by CR42858 DNA without the promoter or by
CR42858 promoter-driven eGFP (Supplemental Fig. S11). All these
results rule out the possibility that the defective phenotypes of

Figure 4. Deletion of lncRNAs lead to various defects in spermatogenesis. (A) LncRNA knockout mutants cause malformation and obstruction of the
testis: (top rows) whole testis; (middle rows) seminal vesicle stained with DAPI; (bottom rows) sperm in seminal vesicle. Scale bars are noted. Testes of
CR44455/6−/−, lncRNA:TS23−/−, and CR43282−/− contained an accumulation of abnormal white flocculus, although these lncRNA mutants had a normal
spherical testis shape. Seminal vesicles from CR44455/6−/− males contained smaller sperm relative to wild type. lncRNA:TS23−/− contained significantly
reduced numbers of mature sperm in seminal vesicles, whereas the numbers in CR43282−/− were comparable to those in the wild type. (B) LncRNA
knockouts affect male germ cell development. Testes squash preparations were stained with DAPI to visualize DNA of the wild-type and lncRNA
mutants. In the wild type, the initially round spermatids nuclei elongated and condensed to form long, straight, and needle-shaped mature sperm.
In lncRNA:TS1−/−, some mature-stage sperm adopted a tadpole shape in which the nucleus was concentrated at one end of the spermatid head.
Deletion of CR42858 led to scattered or curled sperm in which some nuclei did not fully condense. CR45542−/− exhibited some round uncondensed
sperm at a very mature stage. (C) Chromatin condensation defects of lncRNA mutants appear in late spermatogenesis. HIS2AV-RFP and Protamine B-
GFP were used to distinguish early spermatid nuclei and mature sperm, respectively. The round uncondensed nuclei of CR44420−/− and the bent sperm
of CR43416−/− were labeled by Protamine B-GFP but not HIS2AV-RFP, indicating that these abnormal germline cell phenotypes appeared in late elongate
to mature sperm stage. (D) Spermatogenesis in wild type and CR44455/6−/− (male infertility). Spermatids in CR44455/6−/− were smaller than those in
the wild type from the meiotic stages onward. The nuclei of mature sperm in CR44455/6−/− were half the size of those in wild-type sperm. (E) LncRNA
mutants exhibit individualization defects. Phalloidin was used to stain investment cones (ICs) in wild-type and lncRNA mutants. Wild-type testis con-
tained ordered and associated ICs. In CR43484−/− and CR43282−/−, ICs were severely disorganized or lagged, and individual actin cone structures
were scattered. Scale bars are noted.
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CR42858−/− are caused by the deletion of regulatory DNA
elements. RNA sequencing (RNA-seq) revealed that hundreds of
genes were up- or down-regulated (|log2 Ratio| ≥1), respectively,
in CR42858−/− testis in comparison with wild-type testis. These
CR42858-regulated genes include protein-coding genes as well as
lncRNA genes (Fig. 5D). Genes exhibiting the most dramatic ex-

pression changes in the CR42858 mutant testis were distant from
the CR42858 locus, whereas genes located close to CR42858, in-
cluding Teh1, exhibited moderate but significant down-regulation
(Fig. 5E). These results further support the idea that these testis-
specific lncRNAsprimarily function in trans in late spermatogenesis
(Fig. 5F).

Figure 5. Testis-specific lncRNAs function in trans to regulate late spermatogenesis. (A) Male germ cell development defects of four lncRNA knockout
mutants were rescued by restoration of the corresponding lncRNAs in cis or in trans. For in cis rescue, a construct bearing an lncRNA gene fragment under
the control of the endogenous promoter was inserted back into the genomic locus fromwhich the original lncRNA had been deleted. For rescue in trans, the
lncRNA was placed on another chromosome (i.e., different from the original chromosomal locus of the lncRNA) through PhiC31-mediated attB/attP ex-
change. The abnormal morphological phenotype of scattered and curled sperm nuclei in late spermatogenesis of CR42858−/−, CR43484−/−,
CR44585−/−, and lncRNA:TS2−/− were rescued by restoration of these lncRNAs either in cis or in trans. (B) LncRNA CR42858was transcribed in flies rescued
with CR42858 in cis and in trans, but not in CR42858−/−. RNAwas isolated from the testes of wild-type, CR42858−/−, and flies rescuedwith CR42858 in cis or
in trans, and subjected to semiquantitative RT-PCR. RpL32was used as a control. (C) In cis or in trans rescue ofCR42858 recovered the abnormalmorphology
of the testis, lower density of sperm, and lagging and poorly aligned IC phenotypes of CR42858−/−. (D) RNA-seq analysis of wild-type and CR42858−/− flies.
The heatmap shows fold changes in expression of each of the top 18 differentially expressed genes (DEGs) in CR42858−/− relative to those in the wild type,
and the DEGs were corrected for the biological variability by combining biological replicates (NOISeqBIO method in NOISeq, version 2.14.1) (Tarazona
et al. 2015). (E) Expression changes of six neighboring genes of CR42858−/−. RNA was isolated from testes of CR42858−/− and wild type and subjected
to quantitative RT-PCR. RpL32was used as an internal control. Results are represented as means ± SEM of three biological replicates. Asterisks indicate a sig-
nificant difference between the samples (P < 0.05; t-test). (F) Schematic illustration of in vivo functions of lncRNAs in fly spermatogenesis. LncRNAs can reg-
ulate the expression of both local and distal genes in testis, and function in post-meiotic stages of spermatogenesis.
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To gain insight into the transcriptional regulation of other
lncRNAs, we performed massively parallel RNA-seq of testes from
wild-type and four lncRNA KO strains (Supplemental Fig. S12).
Consistent with the RNA-seq results of CR42858−/−, the expres-
sion of dozens of genes changed significantly in CR44585−/−,
lncRNA:TS1−/−, lncRNA:TS2−/−, and CR45542−/− (Supplemental
Fig. S13). The lncRNA-regulated genes are located distantly from
the lncRNAs, and many of them are associated with reproductive
or metabolic processes, suggesting that lncRNAs control the ex-
pression of genes important for germ cell development in trans.
Further studies will be needed to understand at themolecular level
how testis-specific lncRNAs control the expression of neighboring
and distantly located genes in the Drosophila testis.

LncRNAs with defective knockout phenotypes evolve much more

slowly than those without phenotypic effects

We next investigated the origin and evolution of all testis-specific
lncRNAs through sequence conservation and phylogenetic analy-
sis. By comparative genomic analysis of 12 close Drosophila
relatives, we first dated the evolutionary origin of all surveyed
lncRNAs, with or without phenotypic effects, via their phyloge-
netic distribution. Although different internal nodes of the phylo-
genetic tree exhibited some fluctuations in the proportions of
functional lncRNAs (18%–57%) (Fig. 6A), we observed a constant
fraction of functional ones (∼35%) within each evolutionary age
group (Supplemental Table S2), including old (>40 million years
ago [Mya]) and young RNAs. A previous study found that ∼30%
of new protein-coding genes quickly become essential (Chen
et al. 2010). In addition, we investigated the sequence conserva-
tion of all surveyed lncRNAs and compared the conservation of
the RNAswith that of protein-coding genes. Consistent with other
studies (Necsulea et al. 2014), old lncRNAs were more conserved
than younger ones (Supplemental Fig. S14). Overall, in compari-
son to protein-coding genes (median score, 0.986), lncRNAs
evolved much more rapidly (Mann-Whitney U test, P-value
<10−20). Furthermore, as expected, testis-biased coding DNA se-
quences (CDSs) (median score, 0.965) were under a slightly more
relaxed selection constraint than CDSs overall (Mann-Whitney U
test, P-value <10−16) (Haerty et al. 2007). Meanwhile, the group

of lncRNAs whose knockouts had defective phenotypes (median
score, 0.536) evolvedmore slowly than lncRNAs whose knockouts
did not confer defects (median score, 0.353) (Mann-Whitney U
test, P-value <10−20) (Fig. 6B). These results suggest that lncRNAs
evolve more slowly once they acquire functional importance.

Discussion

Although a large number of lncRNAs have been identified in vari-
ous tissues, especially in testis, their biological functions remain
largely unexplored. In this study, we identified 128 testis-specific
lncRNAs in Drosophila. Using a three-component CRISPR/Cas9-
based HR system, we deleted 105 lncRNAs and found that males
exhibited reduced fertility and late spermatogenesis developmen-
tal defects in 33 of the deletionmutants. Our evolutionary analysis
revealed that the functional lncRNAs tend to be under stronger se-
lection constraints. Despite the fact that several studies report tes-
tis-enriched or testis-specific transcription of lncRNAs (Nam and
Bartel 2012; Necsulea et al. 2014), this is one of the first studies
to demonstrate the general relevance of lncRNAs to testis function.

The three-component CRISPR/Cas9-based system facilitates

generation of lncRNA knockout animal models

Recently, genome-scale loss-of-function studies have indicated
that lncRNAs are key regulators of cellular processes and develop-
ment (Batista and Chang 2013; Mercer and Mattick 2013; Flynn
and Chang 2014). Those studies were generally conducted in
cell-based in vitro systems; however, phenotypes at the cellular
and organismal levels are frequently discrepant. For example,
loss-of-function studies of Malat1 or Dlx6os1 in mouse revealed
subtle or undetectable phenotypes (Bond et al. 2009; Eißmann
et al. 2012), despite the fact that these lncRNAs appear to be impor-
tant at the cellular level. Therefore, the gold standard in the field is
the targeted in vivo silencing or deletion of specific lncRNAs
(Mattick 2013).

Compared to other strategies for generating gene deletions,
our optimized CRISPR system offers several advantages. First, di-
rect injection of the three components (Cas9 mRNA, gRNA, and
HR plasmid) into Drosophila embryos greatly simplifies targeted

Figure 6. Evolutionary age and sequence conservation of testis-specific lncRNAs. (A) A simplified phylogenetic tree to illustrate the distribution of func-
tional and dysfunctional lncRNAs. (B) Sequence conservation (15-way PhastCons score) for lncRNAs, with or without knockout phenotypes, and different
characteristic genomic regions. PhastCons scores represent probabilities of negative selection (range between 0 and 1) at single-nucleotide resolution. The
smaller the divergence of a DNA segment across species, the more likely it is that the segment belongs to a conserved element maintained by negative
selection.
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gene replacement. Second, our knockout method can efficiently
delete genes of up to 92 kb, and such deletions lead to a complete
loss of gene function (Supplemental Fig. S3D). Third, our knockout
method has a low rate of off-target effects, as demonstrated by di-
rect sequencing of potential off-targeting loci in 22 lncRNA mu-
tants (Supplemental Fig. S5) and rescue of six lncRNA KO
mutants. Consequently, of 128 lncRNAs, we were able to success-
fully delete 105 (82%) with an average HR frequency of 10%.
Taken together, these observations indicate that our CRISPR/
Cas9 system is suitable for large-scale gene deletion screens with
low off-target effects in Drosophila and should also be applicable
to other organisms.

The phenotype of testis-specific lncRNAs are mainly manifested

in late Drosophila spermatogenesis

Recent studies show that lncRNAs are often predominantly tran-
scribed in testis in both vertebrates (Necsulea et al. 2014) and
Drosophila (Young et al. 2012), suggesting that these RNAs play
similar functional roles in spermatogenesis across a broad range
of animal taxa. However, it remains unclear whether lncRNAs
are truly involved in male reproduction in vivo. Three mouse
lncRNAs are involved in spermatogenesis in vitro (Zhang et al.
2010; Ni et al. 2011; Arun et al. 2012), but the aforementioned
Pldi RNA represents the only case in which functional significance
in spermatogenesis has been demonstrated in lncRNA knockout
models (Heinen et al. 2009). Thus, we attempted to survey the
functional roles of lncRNAs in spermatogenesis using our opti-
mized CRISPR system.

We found that 33 lncRNA knockouts exhibited developmen-
tal defects in late spermatogenesis, resulting in low or no male fer-
tility. The mutant phenotypes in late germ cell development
indicate that these testis-specific lncRNAs play critical roles in
the regulation of nuclear condensation and sperm individua-
lization. During late spermatogenesis in both mammals and
Drosophila, spermatids need to remodel and condense chromatin
by replacing histones with protamines and also require the remov-
al of excess cytoplasm for individualization (Rathke et al. 2010).
CR44455/6, CR45542, and CR44420 mutant testes exhibited scat-
tered nuclei and round uncondensed nuclei, whereas lncRNA:TS1
and CR43484mutant testes exhibited a crumpled nucleus pheno-
type similar to those of protaminemutants (Rathke et al. 2010). In
regard to sperm individualization, the testes of 19 lncRNA KOmu-
tants, includingCR42858−/− andCR43282−/−, exhibited defects in
coordinated actin cone movement, resulting in poorly aligned or
lagging ICs. Similar phenotypes have been reported for the mu-
tants in the genes encoding the testis-specific proteasome subunit
Prosα6T, myosin VI, myosin V, and dynein (Hicks et al. 1999; Li
et al. 2004;Mermall et al. 2005; Zhong andBelote 2007). It remains
to be determined whether these lncRNAs are directly functional in
late spermatogenesis or instead play a role in the early spermato-
genesis that is only manifest in the late stage.

Like protein-coding genes, lncRNAs also exhibit redundancy
of function. For example, themale-specific lncRNAs roX1 and roX2
paint the X Chromosome of male fly, thereby contributing to
equalization of X Chromosome–linked gene expression. Flies lack-
ing roX1 or roX2 separately have no phenotype, whereas simulta-
neous removal of both roX1 and roX2 causes a striking male-
specific reduction in viability, indicating that these lncRNAs are
functionally redundant (Meller and Rattner 2002). Similarly,
some lncRNAs without phenotypes in this study may have redun-
dant counterparts elsewhere in the genome. Meanwhile, the

lncRNAs without discernable phenotypes in this study should be
further investigated using more sensitive assays, such as sperm ex-
haustion techniques and sperm competence tests (Yeh et al. 2012).

Testis-specific lncRNAs affect late spermatogenesis primarily

by regulating gene expression in trans

The next obvious question is how lncRNAs affect late spermato-
genesis. Our RNA-seq results revealed that lncRNA CR42858 con-
trols the expression of hundreds of genes, most of which are
highly expressed in the testis or are testis-specific. These differ-
entially transcribed genes consisted of both coding genes and
lncRNAs, suggesting that the general role of testis-specific
lncRNAs in late spermatogenesismay involve transcriptional regu-
lation, as proposed for other functionally characterized lncRNAs,
e.g., Paupar and Pantr1 (Vance et al. 2014; Goff et al. 2015).

Some lncRNAs regulate the transcription of neighboring
genes in a cis-acting manner (Lai et al. 2013; Melo et al. 2013),
whereas others regulate gene expression in trans, e.g., the TP53-in-
duced lncRNAs Dlx6os1 and Hotair (Feng et al. 2006; Huarte et al.
2010; Chu et al. 2011). We showed that CR42858 could regulate
the expression of neighboring genes as well as many more distant
genes. This alteration of transcription of bothneighboring and dis-
tal genes upon deletion of an lncRNA is consistent with a recent
study of mouse lncRNAs (Goff et al. 2015). To determine whether
these testis-specific lncRNAs primarily function in cis or in trans, we
performed rescue experiments on six lncRNA deletion mutants by
inserting the rescue transgenes either in the endogenous locations
(in cis) or in other genomic locations (in trans). Strikingly, the
transgenes could rescue the spermatogenesis defects in the six
lncRNAmutants both in cis and in trans, suggesting that these tes-
tis-specific lncRNAs affect late spermatogenesis by regulating the
expression of target genes in trans.

Separating RNA-dependent lncRNA functions from DNA

sequence-dependent effects

Three independent experiments were performed to discriminate
between RNA and DNA sequence–dependent effects. First, in situ
rescue experiments demonstrated that the defective phenotypes
of CR42858−/− were due to loss of RNA-dependent lncRNA func-
tions rather than to loss of DNA regulatory elements on the
CR42858 promoter or CR42858 DNA sequences (Supplemental
Fig. S11). Second, the results of RNAi against nine lncRNAs with
clear knockout phenotypes revealed that the CR44585, CR43416,
and CR44456 knockdown phenotypes were similar to the pheno-
types of the corresponding knockouts (Supplemental Fig. S15), in-
dicating that the phenotypes of some lncRNA KOs were indeed
due to the removal of the lncRNA transcripts rather than the ab-
sence of the endogenous DNA. Third, transgenic rescue experi-
ments on six lncRNAs showed that the spermatogenesis defects
in the knockouts could be rescued by expression of the lncRNAs
in trans (Fig. 5A; Supplemental Fig. S10). Collectively, this evidence
argues that the phenotypes of these lncRNA KOmutants are more
likely to be due to the loss of the lncRNA transcripts themselves
than to changes in chromosomal DNA sequences. However, we
cannot entirely rule out the possibility that DNA regulatory ele-
ments play a role in all lncRNA mutants. Further investigation
will be required to more rigorously distinguish RNA from DNA se-
quence–dependent effects.
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Functionality may be only accumulated within a constant

proportion of lncRNAs

Although dozens of lncRNAs have been implicated in various bio-
logical processes (Pauli et al. 2011; Batista and Chang 2013;
Carpenter et al. 2013), the functions of the vast majority of other
putative lncRNAs are largely unexplored, and it remains unclear
how many lncRNAs are functional (Moran et al. 2012; Doolittle
2013). One conservative but reliable benchmark for the function-
ality of biological macromolecules is their conservation over the
course of evolution (Graur et al. 2013). Indeed, our results showed
that in testis, lncRNAs with a defective KO phenotype were more
conserved than those without such a phenotype (Fig. 6B). The
conservation levels for protein-coding genes and intergenic re-
gions were consistent with expectations defined in other studies
(Necsulea et al. 2014).

Remarkably, among testis-specific lncRNAs, the proportion of
functional lncRNAs was similar along the sampled evolutionary
ages (Supplemental Table S2), suggesting that, as in the formation
of essential genes (Chen et al. 2010), a constant proportion of
young lncRNAs quickly acquire important functions. Further-
more, although our analysis was limited to testis-biased lncRNAs,
we hypothesize that across the entire pool of lncRNAs, functional
sequences may be likely to accumulate in a stationary tempo and
maintained at a constant proportion, around 30%. More compre-
hensive studies combining functional and evolutionary analysis
will provide further insights into this issue.

In summary, we developed an efficient CRISPR/Cas9-based
gene deletion system to systematically delete 105 testis-lncRNAs
in Drosophila, of which 31% exhibited strong phenotypes, espe-
cially in late spermatogenesis, and an equivalent proportionquick-
ly becoming functional independent of their age. Thus, our study
provides important insights into the functions and evolution of
tissue-specific lncRNAs, and the mutant lncRNAs generated by
this studywill be a valuable resource for future studies of spermato-
genesis and the functions of lncRNA.

Methods

Curation of known and novel lncRNAs in fly

We first collected the annotated ncRNAs from FlyBase r5.45
and then adopted a machine learning method to predict novel
lncRNAs in Drosophila (Lu et al. 2011; Gerstein et al. 2014; Hu
et al. 2015). In this method, we used multiple features (e.g., se-
quence, structure, and expression data) to train a random forest
model. The model used the lncRNAs annotated in FlyBase as
the training set, and thenmade predictions throughout the whole
genome (Hu et al. 2015). Subsequently, the annotated (known)
and predicted novel lncRNAs were filtered and classified based on
their genomic locations. They were subtyped into antisense,
intronic, ambiguous, and intergenic ncRNAs (Di et al. 2014). To re-
move the ambiguity, we only retained intergenic lncRNAs (i.e.,
lincRNAs) for further studies. To select testis-specific lncRNAs, we
used expression profiles derived from ENCODE RNA-seq data
(fordetails, seeHuet al. 2015, supplemental table). These testis-spe-
cific lncRNAs were verified by qRT-PCR and whole-mount RNA
in situ hybridization as described in the Supplemental Methods.

Generation of lncRNA knockout flies

In vitro transcription of Cas9 mRNAwas performed using the Sp6
mMESSAGE mMACHINE Kit (Ambion), according to Yu et al.
(2013). In vitro transcription of the designed gRNAs was per-

formed using the RiboMAX Large Scale RNA Production Systems-
T7 Kit (Promega). Purified Cas9 mRNA, gRNA, and donor plasmid
were mixed at final concentrations of 1 µg/µL, 50 ng/µL, and 0.8
µg/µL, respectively, followed by injection into w1118 embryos
(Supplemental Table S3). The details of donor plasmid construc-
tion and gRNA design, Cas9/gRNA-mediated lncRNA deletion
screen, in cis and in trans rescue of lncRNA knockout flies, and
off-target analysis are listed in the Supplemental Methods.

Qualitative fertility assays

Fertility tests for males were always performed in batches of 15. For
each lncRNA knockout mutant, one lncRNA homozygous mutant
virginmalewas placed in a vial with onewild-type virgin female at
27.5°C. For the next 15 d, the flies from each mating were trans-
ferred to new vials every 24 h. Upon eclosion, all progeny from
each vial were counted (Sitnik et al. 2014). The average number
of flies per parental pair and standard errors were calculated for
each combination of genotypes. The details of testis imaging,
phalloidin staining, and immunohistochemistry are listed in the
Supplemental Methods.

RNA-seq analysis

RNA libraries were prepared for sequencing using standard
Illumina protocols. Library products were sequenced on an
Illumina HiSeq 2000 at the BGI (http://www.genomics.cn/index).
The differentially expressed genes between two samples with bio-
logical replicates were identified using NOISeq, version 2.14.1
(Tarazona et al. 2015). See the Supplemental Methods for more
details.

Evolutionary age and sequence conservation analysis of lncRNAs

For lncRNAs with successful KO mutants, we estimated their evo-
lutionary age based on their phylogenetic distribution on a refer-
ence tree: ((((((droMel, (droSim,droSec)), (droYak, droEre)),
droAna), (droPer, droPse)), droWil), ((droVir, droMoj), droGri))
(Stark et al. 2007). All lncRNAs emerging more than 40 million
years ago were regarded as old lncRNAs (Chen et al. 2010), and
the young lncRNAs were further divided into two or three age
groups to calculate the relative proportion of functional lncRNAs
and study the emergence of lncRNA functionalization. Sequence
conservation was assessed by PhastCons score. See the
Supplemental Methods for additional details.

Data access

The RNA-seq data sets generated in this study have been submitted
to the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.
nih.gov/sra/) under accession numbers SRX1542553 for
lncRNA:TS1 knockout, SRX1542555 for lncRNA:TS2 knockout,
SRX1512980 for CR44585 knockout, SRX1542556 for CR45542
knockout, SRX1542557 for CR42858 knockout, and SRX1542554
for wild type.
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