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Long noncoding RNAs (lncRNAs) have emerged as diverse functional regulators involved in mammalian development;

however, large-scale functional investigation of lncRNAs in mammalian spermatogenesis in vivo is lacking. Here, we delin-

eated the global lncRNA expression landscape in mouse spermatogenesis and identified 968 germ cell signature lncRNAs.

By combining bioinformatics and functional screening, we identified three functional lncRNAs (Gm4665, 1700027A15Rik, and
1700052I22Rik) that directly influence spermatogenesis in vivo. Knocking down Gm4665 hampered the development of round

spermatids into elongating spermatids and disrupted key spermatogenic gene expression. Mechanistically, lncRNA Gm4665
localized in the nucleus of round spermatids and occupied the genomic regulatory region of important spermatogenic genes

including Ip6k1 and Akap3. These findings provide a valuable resource and framework for future functional analysis of

lncRNAs in spermatogenesis and their potential roles in other biological processes.

[Supplemental material is available for this article.]

Spermatogenesis is a complex process involving a series of tightly
regulated developmental programs, including mitosis, meiosis,
and spermiogenesis (Griswold 2016). Each of these dynamic pro-
cesses is driven bymultiple gene products that undergo strict regu-
lation in a testis- or germ cell–specificmanner (Luk et al. 2014). It is
well established that spermatogenesis follows well-defined steps
during germ cell development at various time points, and as per
this special pattern, distinct germ cell types can be isolated from
the testis at different ages after birth (Gan et al. 2013).Many studies
have been carried out based on the above theory and identified
some key cellular and molecular regulators in spermatogenesis
(da Cruz et al. 2016; Lesch et al. 2016; Naro et al. 2017). However,
given the highly complex gene expression program underlying
spermatogenesis, broadening the molecular basis and further
functionally annotating them will facilitate a comprehensive
understanding of the cellular and molecular regulation in
spermatogenesis.

The testis has the highest transcriptional diversity among
mammalianorgans,which is particularly pronounced in the abun-
dance of noncoding transcripts, especially long noncoding RNAs
(lncRNAs) (Soumillon et al. 2013; Necsulea et al. 2014). LncRNAs
are a class of RNA transcripts longer than 200nucleotides in length
with little protein-coding potential that have been revealed as a

significant regulator of gene expression networks (Rinn et al.
2007; Quinn and Chang 2016). During cell differentiation and or-
gan development, these molecules modulate nuclear architecture
and transcription in the nucleus and cytoplasmic mRNA stability,
translation, and posttranslational modifications (Rinn and Chang
2012; Batista and Chang 2013; Fatica and Bozzoni 2014; Kopp and
Mendell 2018; Mattioli et al. 2019; Yin et al. 2020). Many lncRNAs
have been identified in the mammalian testis, including in hu-
mans (Bao et al. 2013; Sun et al. 2013; Chalmel et al. 2014;
Hammoud et al. 2014; Liang et al. 2014; Lin et al. 2016; Jan et al.
2017; Rolland et al. 2019; Gamble et al. 2020; Tan et al. 2020).
Further in-depth genomic examination of spermatogenesis reveals
individual features of lnRNAs, including germ cell specificity, lon-
ger exon length, or high representation of antisense (AS) lncRNAs,
which have shown a potential relevance of lncRNAs for germ cell
development (Chalmel et al. 2014; Rolland et al. 2019; Trovero
et al. 2020). To date, several functionally characterized cases dem-
onstrated that lncRNAs were essential for spermatogenesis in
Caenorhabditis elegans (Wei et al. 2019), Drosophila (Wen et al.
2016), Danio rerio (Hosono et al. 2017), and Mus musculus
(Wichman et al. 2017; Li et al. 2019). Despite these promising find-
ings, the systematic functional screening of lncRNAs in spermato-
genesis of mammalian models remains largely unexplored.
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Here, we perform bulk RNA-seq to delineate the global
lncRNA expression landscape in mouse spermatogenesis and
then combine an in vivo functional screening approach with sin-
gle-cell transcriptomics and chromatin genomics analysis to un-
veil the regulatory function of lncRNA during male germ cell
development at the tissue and organismal levels.

Results

Global lncRNA expression dynamics during mouse

spermatogenesis

To define the lncRNA landscape during spermatogenesis, we per-
formed bulk RNA-seq on six purified germ cell types that emerge
successively during germ cell development: primitive type A sper-
matogonia (priSG-A), type B spermatogonia (SG-B), preleptotene
spermatocytes (plpSC), pachytene spermatocytes (pacSC), round
spermatids (rST), and elongating spermatids (elST) (Fig. 1A; Supple-
mental Fig. S1). By using uniquewhole-genome alignment (mouse
genome [mm10]), a total of 24,321 protein-coding genes and 8941
lncRNA genes, including 8418 annotated and 523 novel lncRNAs,
were detected as fragments per kilobase of exon per million reads
mapped (FPKM)>0.1 in at least three samples (Fig. 1B,C; Supple-
mental Table S2). According to bioinformatics analysis, both the
annotated and novel lncRNAs largely had little protein-coding po-
tential (Supplemental Fig. S2A). Additionally, both the transcript
length and the number of exons per transcript of lncRNAs were
less than that of protein-coding genes (Supplemental Fig. S2B,C).
On the other hand,we found that annotated lncRNAs showed low-
er average expression levels than protein-coding genes and novel
lncRNA genes (Supplemental Fig. S2D,E). Next, we observed that
the average expression level of protein-coding genes (FPKM>1)
in each cell type along the spermatogenesis process was compara-
ble between cell types, whereas the average expression levels of an-
notated and novel lncRNAs (FPKM>1) underwent a gradual
increase (Fig. 1D–F).

To classify the expressed lncRNA genes, we first determined
their patterns of genomic distribution relative to protein-coding
loci (Zhou et al. 2019). Among the 8418 annotated lncRNA genes,
64.72% were intergenic and 35.28% were intragenic, whereas for
the 523 novel lncRNA genes, 81.26% were intergenic and
18.74% were intragenic (Fig. 1G). Pairwise Pearson’s correlation
analysis revealed that lncRNA showed a significantly higher ex-
pression correlation with the closest protein-coding gene com-
pared to other distal genes (Supplemental Fig. S2F). Thus, to
calculate pairwise expression correlations between lncRNA-
mRNA gene pairs, we then focused on the coexpression patterns
of lncRNA genes with their closest protein-coding genes. We de-
fined two categories of lncRNA genes—those in trans correlations
(the pairwise with a distance of >5 kb or located on different chro-
mosomes) and those in cis correlations (the pairwise with a dis-
tance ≤5 kb)—and separately analyzed these categories of
expression among lncRNA-lncRNA pairs and lncRNA-mRNApairs.
We found a higher proportion of positive correlations between cis
pairs than trans pairs (Fig. 1H). A total of 2698 lncRNA/mRNA gene
pairs involved in cis correlations were identified in at least one
germ cell type during spermatogenesis and subsequently classified
into six distinct biotypes; of these, “sense downstream” (SD,
40.3%) and “antisense outside” (XO, 26.6%) were the two largest
(Fig. 1I; Supplemental Table S3). Also, we analyzed the evolution-
ary state of these lncRNAs using the reported lncRNA repertoires of
11 tetrapod species (Necsulea et al. 2014) and found that trans

lncRNAswere expressed inmore species than cis lncRNAs, suggest-
ing trans lncRNAs were more conserved than cis lncRNAs
(Supplemental Fig. S2G).

Functional prediction of lncRNAs by protein-coding genes

via expression correlation analyses

We proceeded to identify lncRNAs of biological interest using
weighted gene coexpression network analysis (WGCNA) (Casero
et al. 2015). Of the 15 modules identified by WGCNA, we chose
the top eight modules for further analysis (Supplemental Fig.
S2H). For each module, we explored the dynamic expression pat-
tern of lncRNA genes using Short Time-series Expression Miner
(STEM) and annotated their functions through mRNAs in the
same units by PANTHER. We identified 3508 differentially ex-
pressed lncRNAs and 271 differentially expressed novel lncRNAs
whose expression was different between any two stages among
six germ cell types (Fig. 1J; Supplemental Fig. S2I). Of note, we
found that lncRNAs were preferentially expressed in clusters 5−6,
with peak expression in pacSC, and in clusters 7−8, with peak ex-
pression in rST and elST (Fig. 1J).

Next, we identified 968 germ cell developmental signature
lncRNAs that were expressed at FPKM>10 in the corresponding
germ cell types and 94 signature novel lncRNAs (Fig. 1K; Supple-
mental Fig. S2J). We further performed functional prediction of
germ cell developmental signature lncRNAs based on their neigh-
boring mRNAs. The priSG-A and SG-B signature lncRNAs were sig-
nificantly enriched in the Gene Ontology (GO) terms of “stem cell
proliferation” and “germ cell development,” whereas those in
plpSC and pacSC were mainly enriched in “meiotic cell cycle”
and “positive regulation of meiosis,” and those in rST and elST
were significantly enriched in “acrosomal vesicle” and “sperm fi-
brous sheath” (Supplemental Fig. S2K). To further explain the asso-
ciation between germ cell signature lncRNAs and neighboring
protein-coding genes, we built a noncoding to coding network us-
ingCircos (Krzywinski et al. 2009).We found that critical function-
al spermatogenic genes includingTnp1,Ccnyl1,Hmga2, andHspa1l
were located adjacent to the signature lncRNAs (1700027A15Rik,
2810408I11Rik, 1700006J14Rik, Gm10501), and their expression
was positively correlated. In contrast, expression of other function-
al spermatogenic genes, such as Srsf5, Grhl3, and Nectin2, was
negatively correlated with that of the signature lncRNAs
(1700052I22Rik, 1700029M20Rik, Gm20512) (Fig. 1L). These re-
sults suggest that the germ cell developmental signature lncRNAs
might play a regulatory role in spermatogenesis.

Characterization of lncRNAs with potential roles

in spermatogenesis

We next employed three criteria to systematically screen lncRNAs
for potential functional roles in spermatogenesis: (1) their relation
to spermatogenesis defined by WGCNA; (2) their differential ex-
pression between every two germ cell types (Max FPKM>10 and
fold change ≥5); and (3) having neighboring protein-coding genes
involved in spermatogenesis. These screening criteria finally gener-
ated 27 candidate lncRNAs (Fig. 2A). Gene expression analysis
showed that 22 of the 27 candidate lncRNAs were mainly detected
in the late stage of spermatogenesis (Fig. 2B). To validate the obser-
vations from RNA-seq, we then measured the expression of candi-
date lncRNAs in each germ cell type by qRT-PCR. The results
showed that the expression pattern of 20 of the 27 candidate
lncRNAs (74%) was in accordance with the RNA-seq data set (Fig.
2C; Supplemental Fig. S3A). We next performed qRT-PCR with
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Figure 1. Global lncRNA expression dynamics during mouse spermatogenesis. (A) Schematic workflow of dissecting lncRNA dynamics and identifying
functional lncRNAs duringmouse spermatogenesis. (B) Pipeline for transcriptome analysis of six distinct germ cell types. (C) The number of protein-coding
and lncRNA genes expressed during spermatogenesis (left) and the proportion of lncRNA genes that were annotated versus novel (right). (D–F) Box plots
showing differential expression characteristics of protein-coding (D), annotated (E), and novel (F ) lncRNA genes in each germ cell type: priSG-A, SG-B,
plpSC, pacSC, rST, and elST. P-values were calculated using Student’s t-test. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001. (G) Percentage of intergenic and
intragenic lncRNA genes. (Top) Annotated lncRNA genes; (bottom) novel lncRNA genes. (H) Correlation of lncRNAs with neighboring genes in trans
(top: pairwise with a distance >5 kb) or in cis (bottom: pairwisewith a distance≤5 kb). (I) Six locus biotypes of lncRNAs according to their genomic locations
relative to the neighboring protein-coding genes: antisense lncRNA/mRNA gene pairs in the head-to-head position were designated divergent (XH); an-
tisense lncRNA/mRNA gene pairs in the tail-to-tail position were designated convergent (XT); the gene body of an antisense lncRNA can be locatedwithin a
protein-coding gene (XI) or can completely encompass a protein-coding gene (XO); the lncRNAs transcribed in the same direction can be located down-
stream (SD) or upstream (SU) of the neighboring coding genes. (J) Heat map showing dynamic expression pattern of lncRNAs using WGCNA (left) and
STEM (right). (K) Heat map displaying relative expression level of germ cell developmental signature lncRNAs during spermatogenesis. (L) The positive cor-
relation (left) and negative correlation (right) of germ cell signature lncRNAs with their neighboring protein-coding genes.
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cDNA derived from germ cells, Sertoli cells, and Leydig cells to
detect the expression pattern of the 20 candidate lncRNAs and ob-
served that six candidate lncRNAs (1700027A15Rik, 1700006J
14Rik, 1700052I22Rik, 1700101O22Rik, Gm4665, 4933402J10Rik)

were germ cell–specific (Supplemental Fig. S3B,C). Among them,
1700027A15Rik and 1700101O22Rik have been previously identi-
fied in mouse testis but have yet to be functionally explored
(Songet al. 2018;Trovero et al. 2020).Weperformednorthernblots

E

F

B

A C

D

Figure 2. Characterization of potential functional lncRNAs in mouse spermatogenesis. (A) Venn diagram showing the number of lncRNAs meeting the
three screening criteria to determine potential functional lncRNAs. (B) Heatmap showing relative expression level of the 27 candidate lncRNAs in each germ
cell type. 1#, 2#, and 3# refer to three biological replicates per germ cell type. (C) Expression validation of six candidate lncRNAs in each germ cell type by
qRT-PCR. Two independent pairs of primers were used for each candidate lncRNA (primer-1# and primer-2#); also see Supplemental Figure S3A.
(D) Northern blotting analysis of six candidate lncRNAs in germ cells, Sertoli cells, and Leydig cells. Actb mRNA served as a loading control. (M) RNA mo-
lecular weight marker. (E) Northern blotting analysis of six candidate lncRNAs in multiple tissues. 18S rRNA served as a loading control. (M) RNAmolecular
weight marker. (F) Subcellular localization of candidate lncRNAs (red) from testis sections via RNAscope analysis. Nuclei were stained with DAPI (blue).
Representative images with an enlargement of the white framed region are shown on the right. Scale bar, 50 μm.
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to validate the cell specificity of six candidate lncRNAs, and the re-
sults showed that theywere specifically expressed ingermcells (Fig.
2D). We then used qRT-PCR and northern blots to detect the ex-
pression of the six lncRNAs across multiple tissues and found
that all of them displayed a testis-specific pattern (Fig. 2E; Supple-
mental Fig. S3D). Additionally, we analyzed the transcriptome
data generated by the Mouse ENCODE Project and found that all
the six lncRNAs except 1700006J14Rik (not detected in ENCODE)
were significantly testis-specific among the 30 mouse tissues (Sup-
plemental Fig. S3E). The full-length transcript of the six lncRNAs
was further identified by 5′ and 3′ rapid amplification of cDNA
ends (RACE) (Supplemental Fig. S4A). Moreover, bioinformatics
analysis indicated that the six lncRNAs had a very low coding po-
tential (Supplemental Fig. S4B). We next performed an RNAscope
assay to identify the subcellular location of three lncRNAs and
found that 1700027A15Rik and 1700052I22Rikwere mainly local-
ized in the cytoplasm of spermatids at different stages of spermato-
genesis, whereas Gm4665 was mainly localized in the nucleus of
spermatids from stage I to stageVIII, and then localized in bothnu-
cleus and cytoplasm of spermatids from stage IX to stage XII. Fur-
ther observation showed that these three lncRNAs underwent a
significant increase of expression from stage VII to stage XII (step
7−12) (Fig. 2F; Supplemental Fig. S4C).

Functional screening of candidate lncRNAs in spermatogenesis

in vivo

To determine the contribution of the six candidate lncRNAs to
spermatogenesis in vivo, we performed shRNA-mediated knock-
down of their expression inmouse testis by adeno-associated virus
(AAV9). We selected two efficient shRNAs (shRNA1# and
shRNA2#) for each lncRNA,with scrambled RNA as a negative con-
trol (shCtrl). To exclude differences between mice, we employed
bilateral testicular microinjection, which meant that one testis
was injected with AAV9-shCtrl-RFP and the contralateral testis
was injectedwith AAV9-shRNA-RFP (Fig. 3A). As a positive control,
we knocked down SYCP3 inmouse testis (Yuan et al. 2000), which
led to severe developmental defects in spermatogenesis (Supple-
mental Fig. S5).

Using this functional screening strategy, we observed success-
ful reduction of the expression of the six lncRNAs by at least 40%
in vivo relative to the shCtrl-injected testis (Fig. 3B). With repres-
sion of the candidate lncRNAs, we found that 1700027A15Rik-
and Gm4665-depleted testes exhibited marked developmental de-
fects in spermatogenesis as assessed by the loss of germ cells,
whereas knockdown of 1700052I22Rik had only mild effects,
and 1700006J14Rik, 1700101O22Rik, and 4933402J10Rik knock-
down did not appear to affect spermatogenesis (Fig. 3C; Supple-
mental Fig. S6A,B). Therefore, we focused on 1700027A15Rik
and Gm4665; the average weight of 1700027A15Rik- and
Gm4665-depleted testes was ∼20% lower than that of shCtrl testes
(Fig. 3D), and epididymal sperm number was reduced by 47.3%
−78.1% in 1700027A15Rik-depleted testes and 50.5%–78.8% in
Gm4665-depleted testes (Fig. 3E). We next examined tissue mor-
phology via hematoxylin and eosin (H&E) staining and found
that various stages of germ cells were presented in shCtrl testes,
whereas both 1700027A15Rik- andGm4665-depleted testes exhib-
ited severe morphological defects. Compared to shCtrl testes, the
seminiferous epithelium was up to ∼50% thinner, especially in
Gm4665-depleted testes, and round spermatids and elongating
spermatids were reduced significantly in the seminiferous tubules
of both sets of testes (Fig. 3F,G). Immunolabeling for DDX4 also

confirmed the shortage of germ cells in RFP-positive seminifer-
ous tubules in 1700027A15Rik- and Gm4665-depleted testes (Fig.
3H,I).

We further characterized these disrupted germ cell pheno-
types via immunostaining for a set of germ cell–specific markers
(ZBTB16, SYCP3, CLGN, and PNA). First, as Sertoli cells can be in-
fected by AAV9-RFP, we conducted immunostaining for WT1,
which showed that there were no significant differences in WT1+

cell number between shCtrl and 1700027A15Rik- or Gm4665-de-
pleted testes; thus, AAV9-shRNA-mediated lncRNA knockdown
had no effects on the maintenance of Sertoli cells (Fig. 4A,B). We
also observed that ZBTB16+ and SYCP3+ germ cell numbers in
1700027A15Rik- and Gm4665-depleted testes were comparable to
those of shCtrl testes, revealing that themitotic andmeiotic stages
of spermatogenesiswerenot affected. In contrast,CLGN+andPNA+

germ cell numberwas significantly reduced in the seminiferous tu-
bules of 1700027A15Rik- and Gm4665-depleted testes, indicating
that the late stage of spermatogenesis was damaged by the reduced
levels of these specific lncRNAs (Fig. 4A,B). Accordingly, we went
on to quantify the percentage of haploid cells in RFP+ germ cells us-
ing fluorescence-activated cell sorting (FACS). The proportion of
haploid cells sorted from 1700027A15Rik- and Gm4665-depleted
testes decreased by approximately 14%∼24% compared to those
from shCtrl-testes (Fig. 4C,D).

We then aimed to identify the main contributing factors ex-
plaining the decrease in the number of round spermatids and elon-
gating spermatids by measuring levels of germ cell proliferation
and apoptosis via immunolabeling for MKI67 and TUNEL assays,
respectively. There were no significant differences in MKI67+ cell
number between shCtrl and 1700027A15Rik- orGm4665-depleted
testes, indicating comparable levels of germ cell proliferation
(Supplemental Fig. S6C,D). However, the TUNEL assay showed a
significant increase in the number of apoptotic germ cells during
late spermatogenesis in 1700027A15Rik- and Gm4665-depleted
testes (Fig. 4E,F). Therefore, these results indicated that
1700027A15Rik and Gm4665 knockdown in part led to germ cell
apoptosis in late spermatogenesis but had little effect on germ
cell proliferation.

Single-cell RNA-seq analysis of regulatory role of Gm4665
in spermatid differentiation

To understand the likely mechanisms behind the effects of candi-
date lncRNA knockdown, we applied single-cell RNA-seq (scRNA-
seq) to decipher transcriptional alterations of affected germ cells
induced by Gm4665 knockdown. We removed somatic cells and
isolated RFP+ germ cells infected with AAV9-RFP from shCtrl or
Gm4665-depleted testes by FACS, before performing scRNA-seq
with the Chromium system (10x Genomics). Through stringent
quality control filtering, 5023 single-cell (1418 shCtrl, 1732
Gm4665-shRNA1#, and 1873 Gm4665-shRNA2#) sequencing
data sets with 3796 median genes and 21,092 mean confidently
mapped reads per cell were retained for subsequent analysis
(Supplemental Fig. S7A; Supplemental Table S1). We performed a
t-distributed stochastic neighbor embedding (t-SNE) analysis to
identify the cell types profiled: unsupervised clustering of the
5032 cells defined five distinct cell types (Fig. 5A), which expressed
characteristic patterns of knownmarker genes, enabling us to iden-
tify them as spermatogonia (SPG), plpSC, pacSC, rST and elST (Fig.
5B). In addition, we calculated the cell numbers of each cluster and
measured the expression of marker genes per cell of five distinct
clusters (Supplemental Fig. S7B).
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Figure 3. Functional screening of candidate lncRNAs in mouse spermatogenesis in vivo. (A) Schematic overview of in vivo functional screening strategy.
(B) qRT-PCR analysis of the efficacy of lncRNAs knockdown in vivo by AAV9-shRNA-RFP. Data represent themean± SEM for three biological replicates. (∗) P<
0.05, (n.s.) P>0.05 compared with shCtrl, Student’s t-test. (C ) Spermatogenesis phenotype profiles following lncRNAs knockdown. All results in this figure
were collected 4 wk after microinjection with AAV9. (D) Testis morphology andweight from the control (shCtrl), 1700027A15Rik andGm4665 knockdown
(shRNA1#, shRNA2#) mice. (Top) The average weight of testes; (bottom) representative images of testes. Data represent mean ± SEM (n=5). (∗) P<0.05
compared with shCtrl, Student’s t-test. (E) Sperm counts in the cauda epididymis from the control (shCtrl), 1700027A15Rik and Gm4665 knockdown
(shRNA1#, shRNA2#) mice. Data represent mean ± SEM (n=5). (∗) P<0.05 compared with shCtrl, Student’s t-test. (F,G) H&E staining of testis sections
from the control (shCtrl), 1700027A15Rik and Gm4665 knockdown (shRNA1#, shRNA2#) mice. (Left) Representative staining images; (right) thickness
of seminiferous epithelium. Data represent mean ± SEM of at least 100 seminiferous tubules from three mice. (∗∗∗∗) P<0.0001 compared with shCtrl,
Student’s t-test. Scale bar, 50 μm. (H,I) Immunostaining of testis sections from the control (shCtrl), 1700027A15Rik and Gm4665 knockdown
(shRNA1#, shRNA2#) mice for WT1 (yellow), DDX4 (green), and RFP (red). Nuclei were stained with DAPI (blue). Scale bar, 50 μm.

Li et al.

18 Genome Research
www.genome.org



E F

BA

C D

Figure 4. Knockdown of lncRNA candidates leading to defects in late spermatogenesis. (A,B) Immunostaining of testis sections from the control (shCtrl),
1700027A15Rik and Gm4665 knockdown (shRNA1#, shRNA2#) mice for marker proteins (red): WT1, ZBTB16, SYCP3, CLGN, PNA. Nuclei were stained
with DAPI (blue). (Top) Representative images; (bottom) number of cells with staining per tubule. Data represent the mean± SEM of at least 100 seminif-
erous tubules from three mice. (∗) P<0.05, (∗∗) P<0.01, (n.s.) P>0.05 compared with shCtrl, Student’s t-test. Scale bar, 50 μm. (C,D) Percentage of RFP+

haploid cells isolated from the control (shCtrl), 1700027A15Rik and Gm4665 knockdown (shRNA1#, shRNA2#) testes by FACS based on fluorescent label-
ing with Hoechst 33342. (Left) Representative flowcytometry histograms; (right) percentage of haploid cells. Data represent mean ± SEM (n=4). (∗) P<
0.05, (∗∗) P<0.01 comparedwith shCtrl, Student’s t-test. (E,F ) TUNEL assay of testis sections from the control (shCtrl), 1700027A15Rik andGm4665 knock-
down (shRNA1#, shRNA2#) mice. (Left) Representative images; (right) number of apoptotic cells per tubule. Data represent the mean± SEM of at least 50
seminiferous tubules from three mice. (∗∗) P<0.01 compared with shCtrl, Student’s t-test. Scale bar, 50 μm.
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Figure 5. High-resolution dissection of transcriptional alterations induced by Gm4665 knockdown in testis. (A) t-SNE plots of all 5023 RFP+ germ cells.
(Top) Cells colored based on differential treatment with shCtrl, shRNA1#, or shRNA2#; (bottom) cells colored by the identified cell populations with the
labeled numbers indicating the individual clusters. (B) Expression patterns of marker genes exhibited on t-SNE plots. Cluster 1 was SPG; cluster 2 was
plpSC; cluster 3 was pacSC; cluster 4 was rST; and cluster 5 was elST; Wt1 and Arx, somatic cell marker genes, served as negative controls. Red indicates
high expression and gray indicates low or no expression. (C) Expression of marker genes and Gm4665 in cell populations from differentially treated shCtrl,
shRNA1#, and shRNA2#. (D) Pseudotime analysis of Gm4665 control and knockdown male germ cells during spermatogenesis. (E,F) Heat map showing
differentially expressed genes in rST and elST populations upon Gm4665 knockdown according to defined clusters 4 and 5. The color key from yellow to
purple indicates high to low gene expression levels. Differentially expressed genes were identified between two groups of cells using a Wilcoxon rank-sum
test. (G) Violin plot displaying expression level of representative functional spermatogenic genes upon Gm4665 knockdown in indicated cell populations.
P-values were calculated using aWilcoxon rank-sum test. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001 compared with shCtrl. (H) Expression validation of differ-
entially expressed genes in rST and elST populations by qRT-PCR. Data represent the mean±SEM for three biological replicates. (∗) P<0.05 compared with
shCtrl, Student’s t-test. (I) Immunostaining of testis sections from the shCtrl, shRNA1#, and shRNA2#mice for TNP1, PRM2, and HOOK1 (red). Nuclei were
stained with DAPI (blue). (Left) Representative images; (right) intensity of cells with staining per tubule. Data represent the mean± SEM of at least 50 semi-
niferous tubules from three mice. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001 compared with shCtrl, Student’s t-test. Scale bar, 50 μm.
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We next measured the expression level of germ cell markers
and Gm4665 for each group (shCtrl, shRNA1#, and shRNA2#)
and noted that Gm4665 was knocked down significantly in the
pacSC, rST, and elST populations (Fig. 5C; Supplemental Fig.
S7C).We then performed a pseudotime analysis to separately visu-
alize the trajectory of the developmental germ cells for each group
(shCtrl, shRNA1#, and shRNA2#) and found that the development
of rST into elSTwas delayed, indicatingGm4665 knockdown ham-
pered the process of spermiogenesis (Fig. 5D). We also calculated
the proportion of each cell type in each group and found that
of elST populations was reduced (Supplemental Fig. S7D). We
next separately analyzed the differentially expressed genes
(DEGs) induced by Gm4665 knockdown in rST and elST popula-
tions. This demonstrated that Gm4665 knockdown resulted in in-
creased expression of 190 genes and decreased expression of 328
genes in rST (Fig. 5E; Supplemental Table S4) and increased expres-
sion of 135 genes and decreased expression of 35 genes in elST (Fig.
5F; Supplemental Table S4). Some representative functional sper-
matogenic genes involved in “spermatid development,” such as
Hook1, Ropn1, and “spermatid nucleus differentiation,” such
as Tnp1, Prm2, and H1f7, were significantly down-regulated fol-
lowingGm4665 knockdown in rST and pacSC populations, where-
as some representative functional spermatogenic genes involved
in “acrosomal vesicle,” such as Akap3, Prss37, and “fertilization,”
such as Map7 and Actrt3, were significantly down-regulated in
elST and rST populations, indicating the critical role of Gm4665
in spermiogenesis (Fig. 5G; Supplemental Fig. S7E). Additionally,
the pseudotime analysis of the functional spermatogenic genes
suggested that Gm4665 knockdown delayed their expression,
starting in the round spermatids (Supplemental Fig. S7F). We
also validated the decreased expression of these functional
spermatogenic genes by qRT-PCR from RFP+ germ cells and immu-
nostaining for TNP1, PRM2, and HOOK1 (Fig. 5H,I; Supplemental
Fig. S7G). Taken together, single-cell transcriptional analysis of
male germ cells indicated the functional requirement of Gm4665
for multiple aspects of spermatid differentiation during
spermiogenesis.

Gm4665 regulates important spermatogenic genes through

binding to their genomic regulatory region

Because we observed Gm4665 nuclear localization in round sper-
matids, we hypothesized that this lncRNA might be regulating
the expression of functional spermatogenic genes by binding to
their genomic regulatory region and performed ChIRP-seq to test
this. We first confirmed that the biotinylated probes targeting
Gm4665 successfully enriched endogenous Gm4665, whereas the
negative control probes targeting lacZ did not (Supplemental Fig.
S8A). Analysis of the retrieved chromatin fragments by deep se-
quencing revealed Gm4665 binding sites distributed broadly
across the genome, about half of which were intragenic. Among
them, intronic binding sites were the most common (49.77%),
but Gm4665 binding was also enriched significantly in the 5′

UTR and promoter region of genes relative to the whole genome,
suggesting its potential role in regulating gene transcription (Fig.
6A,B; Supplemental Table S5). To further dissect the potential reg-
ulatory role of Gm4665 on these genes, we referenced the pub-
lished epigenome data in spermatids and distinguished active
promoters (marked with H3K4me3), repressed promoters (marked
with H3K27me3), and bivalent promoters (coincidence of
H3K4me3 with H3K27me3) (Hammoud et al. 2014). The results
showed that Gm4665 was enriched in the active promoter region

more frequently (44.79%) (Fig. 6C). These genes whose promoter
was bound by Gm4665 participated in multiple developmental
processes, including “flavonoid glucuronidation,” “epithelial cell
differentiation.” “cell part morphogenesis,” and others (Fig. 6D).
A small part of Gm4665 ChIRP peaks was also overlapped with a
classic enhancer region (marked by H3K4me1), and these genes
participated in multiple developmental processes, including “fla-
vonoid glucuronidation,” “developmental growth,” and others
(Fig. 6E; Supplemental Fig. S8B).

To further determine the target genes regulated by Gm4665,
we compared the Gm4665 genomic occupancy data with our list
ofGm4665-depletion-inducedDEGs: this identified 134 candidate
target genes that were differentially expressed with Gm4665
knockdown and also were bound by Gm4665 (Fig. 6F,G;
Supplemental Table S6). Further analysis of the genomic distribu-
tion of Gm4665 and histone modifications on these 134 DEGs in-
dicated that the percentage of Gm4665 binding with promoter
(active or bivalent) or enhancer in the down-regulated genes was
higher than that of up-regulated genes with Gm4665 knockdown,
suggesting that Gm4665mainly binds to the promoter or enhanc-
er region to help to active these genes (Fig. 6H). A GO enrichment
analysis showed that the candidate target genes were significantly
associated with “sperm cytoplasmic droplet” and “sperm principal
piece” pathways, which further supported the functional require-
ment of Gm4665 for expression of these important genes in sper-
miogenesis (Fig. 6I). In addition, we analyzed the overlap of
Gm4665 genomic occupancy with genes preferentially expressed
in early or late stages of spermatogenesis. The percentage of the
overlapped genes in late stages including rST and elST (32.9%)
was higher than that of early stages (25.9%), suggesting that
Gm4665 might contribute to the preferentially expressed genes
in rST and elST to a greater extent (Supplemental Fig. S8C).

To better understand the critical roles of the above Gm4665-
regulated target genes in spermatogenesis, we subjected these can-
didate target genes to the SpermatogenesisOnline 2.0 database,
which integrates the functional spermatogenic genes reported in
the literature (Zhang et al. 2013). Of the 134 candidates, 10 corre-
sponded to defined functional spermatogenic genes; of these, six
were down-regulated (Ip6k1, Akap3, Hook1, Ropn1, Cdyl, Map7)
and four were up-regulated (Rasl2-9, Acrbp, Ggnbp1, Dydc1) (Fig.
6J). We next performed ChIRP-qPCR to determine the chromatin
interaction of Gm4665 with the six down-regulated genes and
found that Gm4665 was highly enriched in genomic regions of
the six genes (Fig. 6K). Further binding site analysis showed that
the high-confidence Gm4665 ChIRP-seq peaks mapped to the ac-
tive promoter region and enhancer region of Ip6k1 gene loci and
the active promoter region of Akap3 gene loci andwere overlapped
with intronic regions or the “open state” of Hook1, Ropn1, Map7,
and Cdyl gene loci. (Fig. 6L; Supplemental Fig. S8D). As previously
reported, disruption of these genes, such as Ip6k1, Akap3, and
Hook1, leads to development defects of spermatid (Mendoza-
Lujambio et al. 2002; Bhandari et al. 2008; Xu et al. 2020). Our
in vivo Gm4665 knockdown in mouse testes exhibited similar
morphological disturbances in spermiogenesis as these gene-defi-
cient mice. Taken together, these results suggested the potential
role of Gm4665 in mediating chromatin state or transcription of
target genes.

Discussion

Previous studies have identified numerous lncRNAs in testis, in-
cluding human, suggesting their involvement in spermatogenesis
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Figure 6. ChIRP-seq analysis of chromatin interactions between Gm4665 and functional spermatogenic genes. (A) Pie chart showing the distribution of
Gm4665-bound peaks in the genome. (B) Intragenic enrichment of ChIRP peaks over the genome. (C) The overlap of Gm4665 ChIRP-seq peaks within
promoter regions with the known histone modification markers representative of promoter activities: H3K4me3, correlated with gene activation;
H3K27me3, correlated with silencing; coincidence of H3K4me3 and H3K27me3, correlated with “bivalent.” (D) Enriched GO terms for the genes whose
promoter was bound by Gm4665 and also marked with the above histone modification markers. (E) The overlap of Gm4665 ChIRP-seq peaks with the
known histone modification marker representative of enhancer. (F) Venn diagram showing the number of target genes mediated by Gm4665. (FE)
Fold enrichment. (G) Heat map showing 134 Gm4665-regulated target genes in rST populations induced by Gm4665 knockdown. The color key from
yellow to purple indicates high to low gene expression levels. (H) The distribution of Gm4665 binding in the regulatory region of these down-regulated
and up-regulated genes with Gm4665 knockdown. (I) Enriched GO terms for the 134 Gm4665-regulated target genes. (J) Ten functional spermatogenic
genes identified by SpermatogenesisOnline 2.0 database. (K ) ChIRP-qPCR validation of chromatin interaction of Gm4665 with six down-regulated func-
tional spermatogenic gene loci. Gapdh gene locus was used as negative control. Data represent the mean± SEM. (∗) P<0.05, (∗∗) P<0.01, (n.s.) P>0.05,
Student’s t-test. (L) Graphical representation of Gm4665 ChIRP-seq peaks as well as the histonemodification ChIP-seq peaks among Ip6k1 and Akap3 gene
loci.
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(Sarropoulos et al. 2019). However, identifying functionally rele-
vant lncRNAs is difficult due to their diversity and redundancy
(Lee et al. 2019). Therefore applying strict screening criteria and
a step-wise selection process (germ cell signature lncRNA, “guilt
by association” with protein-coding genes, evolutionary analyses,
etc.) gives the greatest probability of a genuine “hit” (Guttman and
Rinn 2012; Sauvageau et al. 2013). Additionally, experimental
scrutiny is further required to elucidate regulatory roles of these
functionally relevant lncRNAs in spermatogenesis. In this study,
we identifiedmale germline-associated lncRNAs that are potential-
ly important for spermatogenesis in vivo, based on several compu-
tational and experimental data sets. Meanwhile, our validated
approach provides a useful framework for functional characteriza-
tion of lncRNAs in spermatogenesis, as well as a potential template
for their investigation in other tissues/processes.

Functional annotation of lncRNAs has been technically chal-
lenging in animalmodels in vivo. In the study of spermatogenesis,
the majority of studies employ knockout animal models to inves-
tigate the molecular pathways involved, but this approach may
not be suitable to target all lncRNAs, specifically regarding some
special lncRNA loci (Goyal et al. 2017). For example, deletion of
an entire lncRNA locus could have multiple off-target effects
such as the loss of overlapping DNA regulatory elements or other
functional gene bodies (Bassett et al. 2014; Ransohoff et al.
2018). Therefore, local lncRNA knockdown may be another com-
plementary approach to study the in vivo functions of lncRNAs
in animal models (Dai et al. 2017). In this study, we developed a
relatively simple but efficient functional screening strategy to
identify functional lncRNAs in spermatogenesis in vivo. Briefly,
we introduced shRNA-mediated knockdownbyAAV9 and thende-
termined the contribution of lncRNAs to spermatogenesis based
on metrics including weight of whole testes, number of sperm,
tubule morphology, and apoptosis. Using this model, we suc-
cessfully identified three functionally important lncRNAs
(1700027A15Rik, 1700052I22Rik, andGm4665) in mouse sperma-
togenesis. In particular, knockdown of 1700027A15Rik and
Gm4665 resulted in a sharp decrease in the number of round sper-
matids and elongating spermatids in the abnormal seminiferous
tubules. Taking into account their high abundance in late stages
of spermatogenesis, we hypothesized that 1700027A15Rik and
Gm4665 regulated spermiogenesis involving the development of
round spermatids into elongating spermatids. Taken together,
our functional screening strategy quickly and efficiently identified
functional lncRNAs inmouse spermatogenesis in vivo, although it
could be further optimized to, for example, increase germ cell in-
fection efficiency.

Germ cell morphology is well understood from the histolog-
ical perspective, but precisely deciphering the transcriptional alter-
ation of different types of germ cell is difficult to achieve due to the
technical limitations for germ cell culture in vitro, specifically late
steps of meiosis and spermiogenesis (Witt et al. 2019).
Additionally, regulatory roles of lncRNAs identified in vitro may
not always translate to biological significance in vivo, as in the
case of lncRNA Malat1 (Zhang et al. 2012; Wei et al. 2019).
Therefore, here, we combined our in vivo lncRNA knockdown ap-
proach with scRNA-seq to decipher the transcriptional alteration
of distinct germ cell types at single-cell resolution. We obtained
highly purified RFP+ germ cells with somatic cell removal for sin-
gle-cell sequencing and finally identified five distinct cell clusters:
SPG, plpSC, pacSC, elST, and rST. This allowed us to conduct gene
expression analysis of distinct germ cells, as well as dissecting the
involvement of lncRNAs in cellular state transitions and, finally, to

reconstitute the developmental trajectory during spermatogenesis
following lncRNA knockdown (Guo et al. 2018, 2020; Wang et al.
2018, 2019). Our data showed that some critical regulatory genes
were significantly down-regulated in rST and elST populations in
whichGm4665was knocked down. According to the developmen-
tal trajectory analysis, Gm4665 knockdown delayed expression of
cell type–specific markers starting in rST, which coordinated with
abnormal morphological transformation from the histological
perspective. Taken together, the combination of our in vivo func-
tional screening model and scRNA-seq will provide a potential
strategy to investigate critical regulatory roles of lncRNAs or pro-
tein-coding genes during spermatogenesis.

It is generally acknowledged that the regulatory roles of
lncRNAs are closely related to their subcellular localization
(Chen 2016). Several well-characterized nuclear lncRNAs, such as
Hotair and NRAD1, modulate gene transcription through chroma-
tin interactions (Rinn et al. 2007; Tsai et al. 2010). Here, we per-
formed ChIRP-seq to explore Gm4665-regulated target genes
during germ cell development. Similar to previous reports on chro-
matin interaction of nuclear lncRNAs, the occupancy sites of
Gm4665 were also genome-wide (Vidovic et al. 2020). Although
not all binding events were functional, enrichment of Gm4665
in the 5′ UTR and promoter regions suggested its role in regulating
gene transcription. The further comparative analysis with the his-
tonemodifications ChIP-seq data indicatedGm4665wasmore fre-
quently enriched in the promoters correlatedwith gene activation.
Consistently, a high proportion of genes were down-regulated
whenGm4665was depleted. Both of these observations evidenced
thatGm4665wasmore inclined to active these genes. The colocal-
ization of Gm4665 with the corresponding histone modifications
indicated its greater regulatory possibilities on these genes, as the
critical role of these regions in mediating gene transcription. The
binding of Gm4665 in these regions may affect the relevant his-
tone modifications or mediate the transcriptional factors’ binding
or activity, even mediate the chromatin interaction or structures,
as many lncRNAs do (Fatica and Bozzoni 2014; Yao et al.
2019). Additional experiments will be required to evaluate these
hypotheses of gene regulation for Gm4665 in spermiogenesis.
Overcoming existing technical limitations and generating an accu-
rate cellular model for rST in vitro would greatly assist in function-
ally identifying Gm4665-specific interaction partners and thereby
determine the regulatory mechanism of Gm4665 during
spermiogenesis.

In summary, we have constructed a transcriptomic map of
lncRNAs expressed during murine spermatogenesis using bulk
RNA-seq and identified three functional lncRNAs using our in
vivo functional screening strategy; finally, we provided mechanis-
tic insights into the actions of one lncRNA Gm4665 through inte-
grated analysis of scRNA-seq and ChIRP-seq data. Our findings
offer genomic-level insights into the lncRNA dynamics involved
spermatogenesis, and provide a promising strategy for identifying
functional lncRNAs involved in the development of male germ
cells at the tissue and organismal levels, which may also benefit
lncRNA studies in other biological processes.

Methods

RNA extraction and qRT-PCR

Total RNA was extracted from cell or tissue using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. cDNAs
were synthesized from equal amounts of total RNA using a
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RevertAid First Strand cDNA Synthesis kit (Thermo Fisher
Scientific). qRT-PCR was performed using PowerUp SYBR Green
Master Mix (Applied Biosystems). The primer sequences are pro-
vided in Supplemental Table S7.

De novo assembly of novel lncRNAs

To identify novel lncRNAs, we referenced an algorithm that pre-
dicts multi-exonic transcribed loci based on transcribed island
and splice junction coordinates, andwe used StringTie to assemble
transcripts from genomic read alignments (Zhou et al. 2019).
LncRNAs were identified by an “ab initio” assembly pipeline.
The final lncRNA annotation used throughout was composed of
long (>200 base pairs) spliced transcripts with no sense exonic
overlap with protein-coding genes. FlExible Extraction of
LncRNAs (FEELnc) was used to evaluate the protein-coding poten-
tial of transcripts (Wucher et al. 2017).

LncRNA classification and neighboring gene correlation analysis

LncRNAswere classified into six locus biotypes based on their tran-
scription orientation and the positions of their transcription start
and end sites with respect to nearby protein-coding loci (5-kb dis-
tance cutoff). The observed fraction of protein-coding genes that
are located in a defined genomic distance from a neighboring
lncRNAor coding genewas comparedwith simulated distributions
by random positioning.

Microinjection of AAV9

Virus particles were introduced into the seminiferous tubules via
the rete testis in 3-wk-old ICR male mice. Briefly, mice were anes-
thetized with medical-grade oxygen and 3% isoflurane, then both
testes were exposed under a dissecting microscope (Leica). Fifteen
microliters of virus particles containing 0.04% Trypan blue solu-
tion were injected into the seminiferous tubules using a glass
microcapillary pipette. One testis was injected with AAV9-shCtrl-
RFP; the contralateral testis was injected with AAV9-shRNA-RFP.
The testes were then returned to the abdominal cavity, and the ab-
dominal wall and skin were closed with sutures. The testes were
harvested 4 wk after microinjection. All animal experimentation
protocols were performed with the approval of the Peking Union
Medical College Animal Care and Use Committees. The sequences
of siRNAs are provided in Supplemental Table S8.

Fluorescence-activated cell sorting and scRNA-seq

Germ cells were isolated from the AAV9-injected testes as previous-
ly described (Zhu et al. 2014). In brief, the testes were decapsulated
and incubated with 0.5 mg/mL collagenase type IA (Sigma-
Aldrich) at 37°C for 15min. The suspensions, including interstitial
cells, were then removed. The seminiferous tubules were resus-
pended in 0.5 mg/mL collagenase type IV for 5 min to remove
the peritubular myoid cells. The tubules were cut into small pieces
and then incubated with 1 mg/mL hyaluronidase with gentle pi-
petting to separate Sertoli cells and germ cells. The cell suspensions
were cultured at 32°C for 2–6 h before the nonadherent germ cells
were collected. Flow cytometry was used to sort these RFP+ germ
cells. All FACS experiments were performed on an Aria III sorter
(BD Immunocytometry Systems), and FACS datawere analyzed us-
ing FlowJo software (TreeStar). The libraries were prepared using a
Single Cell 3′ Library Gel Bead kit V2 (10x Genomics, 120237) fol-
lowing the manufacturer’s instructions. For scRNA-seq, the gene
cell barcode matrix was filtered based on the number of genes de-
tected per cell (any cells with fewer than 500 or more than 4000
genes per cell were filtered out) and the percentage of mitochon-

drial UMI counts (any cells with more than 10% of mitochondrial
UMI countswere filtered out).We usedCell Ranger version 1.3.1 to
process raw sequencing data and Cell Ranger R kit version 2.0.0
and Seurat suite version 2.0.0 for downstream analysis (Butler
et al. 2018). For clustering, principal component analysis was per-
formed for dimension reduction. The top 10 principal compo-
nents (PCs) were selected using a permutation-based test
implemented in Seurat and passed to t-SNE for clustering visualiza-
tion. Trajectory analysis was constructed by Monocle by pseudo-
temporal ordering of single cells (Trapnell et al. 2014).

ChIRP sample preparation, sequencing, and data analysis

ChIRP-seq was performed as previously described by Chu et al.
(2011). Briefly, tiling antisense oligo probes spanning the
Gm4665 sequence were generated using the Stellaris FISH Probe
Designer (https://www.biosearchtech.com/support/tools/design-
software/stellaris-probe-designer), and probes were synthesized
and labeled with biotin at the 3′ end (Invitrogen). Germ cells iso-
lated from the testis of wild-type mouse were cross-linked, lysed,
and sonicated and then incubated with probesets. Following hy-
bridization of biotinylated probesets to Gm4665 transcript,
Gm4665-bound chromatin was retrieved. The purified DNA frag-
ments were sequenced using high-throughput sequencing
(Illumina HiSeq X Ten). Details about analysis of ChIRP-seq and
the referenced published epigenome data are in Supplemental
Methods.

Data access

All raw and processed sequencing data generated in this studyhave
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSE145189, GSE145130, and GSE161511. The processed sequenc-
ing data have been submitted to the ReproGenomics Viewer (RGV;
https://rgv.genouest.org).
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