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SUMMARY

U6 snRNA, as an essential component of the cata-
lytic core of the pre-mRNA processing spliceosome,
is heavily modified post-transcriptionally, with 20-O-
methylation being most common. The role of these
modifications in pre-mRNA splicing as well as their
physiological function in mammals have remained
largely unclear. Here we report that the La-related
protein LARP7 functions as a critical cofactor for 20-
O-methylation of U6 in mouse male germ cells.
Mechanistically, LARP7 promotes U6 loading onto
box C/D snoRNP, facilitating U6 20-O-methylation
by box C/D snoRNP. Importantly, ablation of
LARP7 in the male germline causes defective U6
20-O-methylation, massive alterations in pre-mRNA
splicing, and spermatogenic failure in mice, which
can be rescued by ectopic expression of wild-type
LARP7 but not an U6-loading-deficient mutant
LARP7. Our data uncover a novel role of LARP7 in
regulating U6 20-O-methylation and demonstrate
the functional requirement of such modification for
splicing fidelity and spermatogenesis in mice.

INTRODUCTION

In eukaryotes, most genes are interrupted by introns, and

removal of intron sequences from pre-messenger RNAs (pre-

mRNAs) and some long non-coding RNAs is of fundamental

importance for gene expression. This process of RNA splicing

is carried out by large and dynamic ribonucleoprotein (RNP)

complexes called the spliceosome (Patel and Steitz, 2003).

The main building blocks of the major spliceosome are the

five small nuclear RNP particles (snRNPs; i.e., U1, U2, U4, U5

and U6) consisting of the name-giving small nuclear RNAs

(snRNAs) and their associated proteins (Valadkhan, 2007). There

is a second ‘‘minor’’ spliceosome that is required to excise a

special class of very rare (ATAC) introns from certain mRNAs.

The principal architecture of this spliceosome is similar to its

major counterpart, but the snRNAs U1, U2, U4, and U6 are

substituted by U11, U12, U4atac, and U6atac snRNAs, respec-

tively (Patel and Steitz, 2003).

Spliceosomal snRNAs have long been known to be exten-

sively modified in metazoans (Karijolich and Yu, 2010; Bohnsack

and Sloan, 2018). As the most conserved spliceosomal snRNA,

U6 plays an essential role in catalytic reaction during splicing

(Didychuk et al., 2018). The modifications of U6 snRNA were

extensively analyzed in mouse and rat cells decades ago

(Epstein et al., 1980; Harada et al., 1980) and consist of the 50

g-monomethyl cap; 30 oligouridylation; 20-O-methyladenosine

(Am), 20-O-methylcytidine (Cm), and 20-O-methylguanosine

(Gm); pseudouridine (c), N6-methyladenosine (m6A); and

N2-methylguanosine (m2G) at various position within the mole-

cule. Several enzymes have been identified for U6modifications,

including methyl phosphate capping enzyme (MePCE) for the 50

g-monomethyl cap at the nascent U6 transcript (Jeronimo et al.,

2007), METTL16 for m6A at position A43 during the early stages

of U6 biogenesis (Pendleton et al., 2017; Warda et al., 2017),

TUTase for 30 end oligouridylation (Trippe et al., 2003, 2006),
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and Pus1 for pseudouridylation (Basak and Query, 2014). U6

snRNA contains eight ribose methylations at positions A47,

A53, G54, C60, C62, C63, A70, and C77 (Epstein et al., 1980;

Harada et al., 1980), representing a major post-transcriptional

modification of U6 snRNA. Previous studies suggested that

20-O-methylation of U6 snRNA is potentially guided by specific

snoRNAs, including SNORD7 (Tycowski et al., 1998; Zhou

et al., 2002), SNORD8 and SNORD9 (Ganot et al., 1999),

SNORD67 (H€uttenhofer et al., 2001), SNORD94 (Vitali et al.,

2003), and SNORD10 (Tycowski et al., 1998). Nonetheless, it

has been largely unknown how 20-O-methylation of U6 snRNA

is regulated in multicellular organisms. Moreover, the biological

functions of U6 20-O-methylation in spliceosome assembly and

pre-mRNA splicing in vivo as well as in any defined physiological

processes in mammals have remained poorly understood.

In the present study, we showed that box C/D snoRNA protein

complex (snoRNP) primed with specific snoRNAs is responsible

for 20-O-methylation of U6 snRNA and that LARP7, a member of

the La and La-related protein (Larp) family, plays an essential role

in this reaction in mouse male germ cells. LARP7 has been

shown previously to associate with 7SK RNA and regulate

RNA polymerase II (Pol II) transcription elongation (Krueger

et al., 2008; Markert et al., 2008), but our data revealed that

LARP7 likely functions through a 7SK RNA-independent mecha-

nism in mouse male germ cells. Our findings indicate that LARP7

mainly associates with U6 snRNA and acts to prime U6 20-O-

methylation in male germ cells by facilitating U6 loading onto

box C/D snoRNP. Importantly, we demonstrate that LARP7-

mediated U6 modification is functionally required for the fidelity

of pre-mRNA splicing in male germ cells and spermatogenesis

in mice. Collectively, our findings uncover a novel role for

LARP7 in regulating U6 20-O-methylation and demonstrate the

critical importance of such action for splicing fidelity and male

germ cell development in mice.

RESULTS

U6 snRNA Is Associated with LARP7 in Mouse Testis
To explore how U6 snRNA modifications are regulated and

their potential roles in pre-mRNA splicing in vivo, we employed

Figure 1. U6 snRNA Is Associated with LARP7 in Mouse Testis

(A) A schematic diagram illustrating the experimental design for identifying U6-binding proteins in mouse testis by biotin-labeled U6 antisense purification

coupled with quantitative mass spectrometry (RAP-MS). Top: four biotin-labeled U6 antisense probes. Bottom: an overview of the method. UV-crosslinked U6

ribonucleoproteins (U6 RNPs) in testicular lysate were purified by biotin-labeled U6 antisense probes and then subjected to MS analysis, with cognate biotin-

labeled U6 sense probes or omission of probes severing as negative controls.

(B) The top 10 abundant proteins in U6 RNPs in testicular lysate, identified by RAP-MS, with LARP7 indicated in blue.

(C) Northern blot assay of U6 snRNA in the anti-LARP7 IP pellet from mouse testis (lane 3), with total RNAs from mouse testis (lane 1) and an immunoglobulin G

(IgG) IP pellet (lane 2) serving as positive and negative controls, respectively.

(D and E) Anti-LARP7 RNA immunoprecipitation (RIP) coupled with RNA-seq (D) or qRT-PCR assays (E) showed significant enrichment of 7SK RNA and U6

snRNA, but not the other 4 spliceosomal snRNAs, in LARP7 complexes in mouse testis. Shown in (E) is relative enrichment of the indicated RNAs in LARP7 IP

compared with IgG IP, with b-actin mRNA in IP pellets serving as a normalized reference.

The average values ± SD of three separate experiments were plotted. ***p < 0.001; n.s., not significant. See also Figure S1 and Table S1.
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Figure 2. LARP7 Is Required for 20-O-Methylation of U6 snRNA in Mouse Testis

(A) qRT-PCR (top) and northern blot analyses (bottom) of U6 snRNA and 7SK RNA expression in Larp7cKO and wild-type control mouse testis.

(B) Purification of U6 snRNA from mouse testis by a biotin-labeled U6 antisense probe coupled with PAGE gel purification for analysis of U6 modification. Left:

schematic diagram illustrating the experimental design for detecting U6modification by RNAMS. Right: PAGE gel resolution of in vitro-transcribed U6 (lane 1) and

testicular U6 snRNA from control (lane 2) or Larp7cKO testes (lane 3).

(C) Comparison of U6 modifications in control (orange) and Larp7cKO testes (gray). Am, 20-O-methyladenosine; Cm, 20-O-methylcytosine; Gm, 20-O-methyl-

guanine; m6A, N6-methyladenosine; c, pseudouridine. The one in control testis is set as 1.0 after normalization with A+G content.

(D) A schematic diagram showing the primer design and procedure for RTL-Q assay (Reverse Transcription at Low dNTP concentrations followed by qPCR) to

detect the eight 20-O-methylated residues in U6 snRNA. At a low dNTP concentration, the RT reaction is impeded by the 20-O-methyl groups in the RNA template,

(legend continued on next page)
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mouse testis as a model system, given that testis exhibit the

highest complexity of transcriptomes and the richest alternative

splicing among various tissues in adult animals (Kan et al., 2005;

Soumillon et al., 2013). We first performed U6 antisense purifica-

tion coupled with quantitative mass spectrometry (RAP-MS), as

described recently (McHugh et al., 2015), to identify U6-associ-

ating proteins in mouse testes (Figure 1A). LSM8, a component

of mature U6 snRNP (Weichenrieder, 2014), and TUT1, the

enzyme responsible for U6 30 end oligouridylation (Trippe et al.,

2003, 2006), were detected in the U6 antisense pull-down com-

plexes (Figure 1B; Table S1), suggesting that RAP is able to

enrich both mature U6 snRNP complexes and immature U6

particles in association with processing factors. Intriguingly,

LARP7, a Larp family member that is well-known to associate

with 7SK RNA (Krueger et al., 2008; Markert et al., 2008), stood

out as a novel candidate U6-associating protein (Figure 1B;

Table S1). Co-immunoprecipitation (coIP) assay showed that

LARP7 associated with TUT1, but not LSM8 protein, in mouse

testis (Figure S1A), implicating that LARP7 is likely associated

with immature U6 snRNPs. To further substantiate this, we

performed an anti-LARP7 RNA immunoprecipitation (RIP) assay

to examine the association of U6 snRNA with LARP7. Both

northern blot and RNA sequencing (RNA-seq) assays showed

enrichment of U6 snRNA in the anti-LARP7 RIP from mouse

testis (Figures 1C and 1D). However, we found no significant

association of LARP7 with the other 4 spliceosomal snRNAs in

mouse testis (i.e., U1, U2, U4, and U5; Figure 1D), which was

further confirmed by qRT-PCR (Figure 1E). Together, these re-

sults reveal LARP7 as a novel U6 snRNA-associating protein

and raise the possibility that LARP7 is likely involved in U6

processing and/or maturation.

LARP7 Is Required for U6 20-O-Methylation in Mouse
Testis
Having shown the association of LARP7 with U6 snRNA in

mouse testis (Figure 1), we wondered whether LARP7 is involved

in regulating the stability, biogenesis, or/and modification of U6

snRNA. To this end, we first examined the expression of

LARP7, U6 snRNA, and 7SK RNA in mouse testis. Interestingly,

even though LARP7 was readily detectable in multiple tissues

in mouse embryos (Figure S1B), Larp7 was specifically upregu-

lated in testis compared with other tissues in adult animals

(Figure S1C). Using the bioGPS across mouse tissue types, we

further confirmed that testis showed a much higher expression

of Larp7 compared with other tissues (Figure S1D). Similarly,

we found that testis showed a higher expression of U6

snRNA than the other tissues we examined in adult mice (Fig-

ure S1E). In contrast, 7SK RNA, the established RNA ligand

of LARP7,was not comparably upregulated in testis (Figure S1F),

suggesting that LARP7 protein far exceeds the amount of

7SK RNA in this tissue. Consistently, our RIP combined with

northern blot assays showed that a much smaller pool of

LARP7 was associated with 7SK RNA in testis compared with

other adult tissues (Figure S1G). These results strongly support

the notion that 7SK RNA is only associated with a fraction of

LARP7 in mouse testis, indicating a critical role of LARP7 as

part of other RNPs in male germ cells.

Next we wished to use a genetic mouse model to further

explore the role of LARP7 in U6 processing and/or maturation

during spermatogenesis. It has been reported that Larp7-null

mice die between embryonic day 17.5 (E17.5) and birth (Oka-

mura et al., 2012), preventing us from determining the role of

LARP7 during spermatogenesis using conventional Larp7

knockout mice. Therefore, we constructed a conditional

knockout mouse model with two LoxPs flanking the ninth exon

of the Larp7 gene (referred to as Larp7flox; Figures S2A and

S2B). By crossing Larp7flox mice to a germline-specific Stra8-

Cre knockin mouse (Lin et al., 2017), we generated homozygous

germline-specific Larp7 knockout mice (Larp7cKO; Figures S2C

and S2D). Using qRT-PCR and northern blot assays, we found

that U6 expression in Larp7cKO testis appeared to be unaltered

compared with the wild-type control (Figure 2A). In contrast,

7SK RNA was substantially reduced in Larp7cKO mouse testis

(Figure 2A), consistent with previous findings showing the

requirement of LARP7 for stabilizing 7SK RNA (Krueger et al.,

2008; Markert et al., 2008). This indicates that LARP7 is not

required for the stability of U6 snRNA in mouse testis.

Given that U6 snRNA is extensively modified (Harada et al.,

1980), we next asked whether LARP7 is involved in U6 modifica-

tions in mouse testis. To test this, we purified U6 snRNA

from mouse testis using a biotin-labeled U6 probe followed by

gel purification (Figure 2B). Using MS analysis, we found that

the levels of 20-O-methylation (Am, Gm, and Cm) were signifi-

cantly reduced in U6 snRNA from Larp7cKO testis relative to

the control, whereas the c and m6A levels were only marginally

affected (Figure 2C). These results suggest that LARP7 might

be specifically required for 20-O-methylation of U6 snRNA

in mouse testis. To further corroborate this, we employed a

modified RTL-Q (reverse transcription at low dinucleotide

triphosphate (dNTP) concentrations followed by qPCR) assay

(Dong et al., 2012) to quantify the level of U6 20-O-methylation.

This assay is based on the fact that, at a low dNTP concentration,

the reverse transcription (RT) reaction is impeded by the 20-O-

methyl group in RNA transcripts, resulting in shorter RT products

(Figure 2D). Based on eight known ribose methylations at

positions A47, A53, G54, C60, C62, C63, A70, and C77 in U6

in mice (Harada et al., 1980), we designed forward primers to

detect the 20-O-methylation at each site by qPCR (Figure 2D).

Again, we found a significant reduction of U6 methylation in

Larp7cKO testis relative to the control (Figure 2E). Of note,

because of the U6 snRNA samples consisting of U6 from

both somatic cells and germ cells, the authentic alteration

of U6 modifications in Larp7cKO male germ cells might be

compromised in the analyses. Collectively, both independent

approaches show that LARP7 is required for efficient 20-O-

methylation of U6 snRNA in mouse testis. Consistent with our

resulting in shorter RT products. The RT products are quantified by qPCR, using the same reverse primer but different forward primers positioned at the indicated

20-O-methylated sites, with the Fc product as an internal normalization reference.

(E) RTL-Q assay of 20-O-methylation at the eight sites in U6 snRNA from control and Larp7cKO testes, respectively.

The average values ± SD of three separate experiments were plotted. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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observation, in an independent investigation, Hasler et al. (2020)

show that LARP7 knockout globally affects 20-O-methylation of

U6 snRNA in human cells (see details in this issue of Molecu-

lar Cell).

LARP7 Is Associated with Box C/D snoRNP in Mouse
Testis
Next we sought to understand the mechanism whereby LARP7

contributes to 20-O-methylation of U6 snRNA in mouse testis.

To this end, we first performed proteomic analysis of LARP7 com-

plexes immunopurified frommouse testis to identify the candidate

LARP7-interacting proteins (Figure 3A; Table S2). Several known

LARP7-interacting proteins, including MePCE, METTL16, CDK9,

HEXIM1, and CYCT1 (Krueger et al., 2008; Markert et al., 2008;

Warda et al., 2017), were enriched in the anti-LARP7 IP (Figure 3A,

right). Interestingly, four evolutionarily conserved and essential

proteins of box C/D snoRNP (i.e., fibrillarin [FBL], NOP56,

NOP58, and 15.5K; Sloan et al., 2017) were also highly enriched

in the LARP7 IP, suggesting an interaction of LARP7 with box C/

D snoRNP in mouse testis. This interaction was independently

confirmed by anti-LARP7 and anti-FBL coIP assay (Figure 3B),

whereas the interaction between LARP7 and FBL was RNase

A sensitive (Figure 3C). Moreover, using RIP coupled with

qRT-PCR assays, we found that 4 of the 5 predicted U6 guide

Figure 3. LARP7 Is Associated with Box C/D snoRNP in Mouse Testis

(A) Anti-LARP7 IP combined with proteomics analyses identified FBL and its cofactors as candidate LARP7-interacting proteins in mouse testis. Left: a

representative image for sliver staining of the anti-LARP7 IP pellet, with IgG IP serving as a negative control. Right, candidate LARP7-interacting proteins.

(B) CoIP assay of the association of LARP7 with FBL and its cofactor in mouse testis. Anti-LARP7 and anti-FBL IP pellets (lanes 3 and 4) were immunoblotted by

the indicated antibodies, with testis lysate (input, lane 1) and IgG IP (lane 2) serving as positive and negative controls, respectively.

(C) The association of LARP7 with FBL was sensitive to RNase A treatment. Anti-IgG, FBL, and LARP7 IP pellets from RNase A-untreated (lanes 2–4) or treated

testis lysate (lanes 6–8) were immunoblotted by anti-LARP7 (top) and anti-FBL (bottom) antibodies, with testis lysate (lanes 1 and 5) serving as a positive control.

(D) LARP7 was associated with potential U6 guide snoRNAs in mouse testis. Top: schematic diagram showing the snoRNAs predicted to guide U6 modification.

Bottom: RIP combined with qRT-PCR assays of U6 and snoRNAs in the anti-LARP7 and anti-FBL IP pellets relative to the IgG IP control, with b-actin in IP pellets

serving as a normalized reference.

The average values ± SD of three separate experiments were plotted. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3 and Table S2.
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snoRNAs (i.e., SNORD7, SNORD8, SNORD94, and SNORD10) as

well as U6 snRNA were substantially enriched in both anti-FBL

and anti-LARP7 IPs (Figure 3D). These results support that

LARP7 associates with a specific set of U6-modifying box C/D

snoRNP in mouse testis. In line with our observations, Hasler

et al. (2020) show that LARP7 associates with both U6 snRNA

and U6-specific C/D box snoRNAs in human cells.

To further corroborate our findings, we performed double im-

munostaining of FBL and LARP7 in enriched mouse male germ

cells. We found that FBL co-localized with a fraction of LARP7

in the nucleus of spermatocytes and round spermatids (Fig-

ure S3A). Interestingly, we found that LARP7 and FBL appeared

to be highly abundant in spermatocytes but became sharply

reduced in round spermatids and then absent in elongating

and elongated spermatids (Figure S3A). This was further

confirmed by western blotting of enriched male germ cells (Fig-

ure S3B). Taken together, our results indicate an association of

LARP7 with box C/D snoRNP in meiotic and post-meiotic male

germ cells in mice.

Box C/D snoRNP Is Responsible for 20-O-Methylation of
U6 snRNA
The class of box C/D snoRNP is well documented for its activ-

ity in 20-O-methylation of ribosomal RNAs, with FBL being the

methyltransferase enzyme to catalyze ribose methylation (Toll-

ervey et al., 1993). The association of LARP7 with box C/D

snoRNP led us to hypothesize that LARP7 might act through

box C/D snoRNP to prime U6 20-O-methylation in mouse

male germ cells. To test this, we first examined whether FBL

is responsible for U6 20-O-methylation in mouse testis. We

used a high-titer short hairpin RNA (shRNA) lentivirus to knock

down Fbl in mouse male germ cells through testis transduction

and isolated GFP+ germ cells from shFbl:GFP or control pSi-

lencer:GFP-transduced testes by unit gravity sedimentation

coupled with fluorescence-activated cell sorting (FACS) pro-

cedures, as we described earlier (Gou et al., 2014). Western

blotting of sorted GFP+ germ cells confirmed a marked reduc-

tion of FBL in shFbl:GFP-transduced germ cells (Figure 4A,

top left). A RTL-Q assay showed that the level of U6 20-O-

methylation in FBL-depleted germ cells was dramatically

reduced relative to the shCtrl-treated control (Figure 4A, bot-

tom). Similarly, depletion of NOP58, an essential protein of

box C/D snoRNP (Sloan et al., 2017), also substantially

reduced U6 20-O-methylation in mouse male germ cells (Fig-

ure 4A). These results support that box C/D snoRNP is

responsible for U6 20-O-methylation in mouse male germ cells.

To directly examine whether box C/D snoRNP is able to cata-

lyze 20-O-methylation of U6 snRNA, we next established an

in vitro box C/D snoRNP-ribose methylation assay using re-

constituted Chaetomium thermophile box C/D snoRNP, as

described previously (Lin et al., 2011; Yang et al., 2016).

Indeed, in the presence of guide snoRNA SNORD7, Chaeto-

mium thermophile box C/D snoRNP was able to transfer the

methyl group from S-adenosylmethionine (SAM) to U6 snRNA

(Figure 4B), demonstrating that box C/D snoRNP can catalyze

U6 20-O-methylation. Together, these data strongly support

that box C/D snoRNP is responsible for 20-O-methylation of

U6 snRNA.

LARP7 Promotes 20-O-Methylation of U6 snRNA by
Facilitating U6 Loading onto Box C/D snoRNP
We proceeded to investigate whether LARP7 regulates U6 20-O-

methylation in mouse male germ cells through box C/D snoRNP.

It is worth noting that U6 20-O-methylation was similarly reduced

in either FBL/NOP58-depleted or Larp7cKO germ cells (Figures

2E and 4A), implying that box C/D snoRNP and LARP7 may

act together to prime U6 20-O-methylation. Importantly, an

in vitro box C/D snoRNP-ribose methylation assay showed that

addition of LARP7 protein significantly accelerated U6 20-O-

methylation in the reaction (Figure 4B), suggesting that LARP7

functions as an activator for box C/D snoRNP to methylate

U6 snRNA. To further corroborate this, we mutated the key

phenylalanine residue at position 38 of mouse LARP7 critical

for U6 loading, based on the study of human LARP7 by Hasler

et al. (2020), and constructed a U6 binding-deficient LARP7F38A

mutant. We confirmed that LARP7F38A was capable of binding

7SK RNA and snoRNAs but deficient in loading U6 snRNA

and thus failed to promote U6 20-O-methylation in HEK293T

cells (Figure S4). Indeed, LARP7F38A completely lost the stimula-

tory effect on U6 20-O-methylation by box C/D snoRNP in vitro

(Figure 4B). These results strongly support that LARP7 acts as

an activator for box C/D snoRNP to methylate U6 snRNA.

We next sought to investigate how LARP7 contributes to

box C/D snoRNP-mediated U6 20-O-methylation. We found

that LARP7 depletion neither altered the expression and subcel-

lular localization of FBL protein (Figures S3C and S3D) in male

germ cells nor affected the expression levels of U6 guide snoR-

NAs in mouse testis (Figure S3E), indicating that LARP7 is un-

likely to be involved in assembly of box C/D snoRNP. We there-

fore asked whether LARP7 affects U6 loading onto box C/D

snoRNP in mouse testis. Our anti-FBL RIP coupled with qRT-

PCR assays showed an �80% reduction of U6 snRNA in the

box C/D snoRNP complex from Larp7cKO testis relative to the

control (Figure 4C, left), which was further confirmed by northern

blotting (Figure 4C, right). Together, these results suggest

that LARP7 might be critical for bringing U6 snRNA and box

C/D snoRNP together to facilitate U6 20-O-methylation.

To further substantiate the role of LARP7 in U6 loading onto

box C/D snoRNP, we tested whether LARP7 could regulate

the interaction between U6 and its guide snoRNA. To this end,

we used biotin-labeled U6 to pull down U6 complexes in a

mixture of SNORD7 and LARP7 in test tubes (Figure 4D, top).

SNORD7 was predicted to be a U6 guide snoRNA and was

found to be highly enriched in both anti-LARP7 and anti-FBL

immunoprecipitants from mouse testis (Figure 3D). Indeed, U6

was able to pull down LARP7 and SNORD7, indicating success-

ful assembly of the LARP7-U6-SNORD7 ternary complex in vitro

(Figure 4D). However, in the absence of LARP7, SNORD7 was

only marginally pulled down by U6 (Figure 4D, lanes 1 and 5),

suggesting that LARP7 is required for effective interaction

between U6 and guide snoRNA. As a control, the U6 loading-

deficient mutant LARP7F38A showed a sharply reduced ability

to form the LARP7-U6-SNORD7 ternary complex compared

with wild-type LARP7 (Figure 4D). These data together

strongly support that LARP7 facilitates U6 loading onto box

C/D snoRNP, priming its 20-O-methylation by box C/D snoRNP

in male germ cells.
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Figure 4. LARP7 Promotes Box C/D snoRNP to Methylate U6

(A) Either Fbl or Nop58 knockdown significantly reduced U6 20-O-methylation in mouse male germ cells. GFP+ male germ cells were sorted from shFbl:GFP-,

shNop58:GFP-, or control pSilencer:GFP-transduced testes and then subjected to RTL-Q assays of U6 20-O-methylation (bottom). Top: western blot assays of

FBL or NOP58 proteins in the indicated GFP+ cells.

(B) Wild-type LARP7, but not LARP7F38A, significantly promoted 20-O-methylation of U6 snRNA by Chaetomium thermophile box C/D snoRNP in vitro.

(C) RIP combined with qRT-PCR (left) or northern blot assays (right) of the association of U6 snRNA with FBL in control or Larp7cKO testes. b-Actin mRNA in IP

beads served as an internal qPCR normalization reference, and an anti-FBL immunoblot served as a loading reference for the northern blot.

(D) Wild-type LARP7, but not LARP7F38A, facilitated assembly of the LARP7-U6-SNORD7 ternary complex in vitro. Top: schematic diagram illustrating the

experimental design, Bottom: western blot of LARP7 and northern blot of SNORD7 in U6 complexes under the indicated conditions, with U6 blotting in the

complexes serving as a loading control.

The average values ± SD of three separate experiments were plotted. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.
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Pre-mRNA Splicing Is Dysregulated in Larp7cKO Male
Germ Cells
U6 snRNA is a central component of the spliceosome and forms

part of the catalytic RNA network required for catalysis of the

splicing reaction. Our finding of LARP7 facilitating U6 20-O-

methylation raised the question of whether this modification is

required for pre-mRNA splicing in male germ cells. To explore

this, we staged spermatocytes (SCs) and round spermatids

(RSs) from Larp7cKO and control testes, as we described

previously (Zhao et al., 2013). The isolated germ cells were

characterized by their unique nuclear morphology (based on

DAPI staining; Figure S5A). We then performed transcriptome

analysis in both cell populations and employed rMATS

software, a Java program that is used to assess mRNA splicing

changes based on junction reads and exon expression (Shen

et al., 2014), to compare pre-mRNA splicing patterns in Larp7cKO

and control germ cells. This analysis identified a large amount

of mRNA splicing changes in both Larp7cKO SCs and RSs,

including skipped exons, retained introns, mutually exclusive

exons, alternative 50 splice sites, and alternative 30 splice sites

(Figure 5A; |c| R 5%, false discovery rate [FDR] % 0.05; Table

S3), affecting a total of �2,000 genes. Gene Ontology (GO)

analysis of the affected genes revealed multiple distinct gene

clusters (Figure S5B) with particular GO term enrichment in

male gamete generation and spermatogenesis. Other notable

pathways include microtubule cytoskeleton organization, DNA

repair, mRNA processing, histone modification, organelle

fission, and RNA splicing, implying that LARP7 tends to regulate

multiple cellular programs in male germ cells. We next selected

to validate exon skipping in Bco2 and Srms and intron retention

in Pan2 and Tecpr1, which were repeatedly identified in both

Larp7cKO SC and RS. A Sashimi plot assay confirmed that

exon skipping in Bco2 and Srms (Figure 5B, top) and intron

retention in Pan2 and Tecpr1 (Figure 5B, bottom) were much

more present in Larp7cKO SCs and RSs relative to control

samples, which were further validated by RT-PCR (Figure 5C).

These data strongly support that LARP7 is important for the

fidelity of pre-mRNA splicing in mouse male germ cells. Consis-

tent with our data, Hasler et al. (2020) also showed that Larp7

knockout human cells exhibit splicing changes.

Of note, LARP7 has been established as a negative regulator

of Pol II transcription elongation via its association with 7SK

RNA (Krueger et al., 2008; Markert et al., 2008), supporting a

role of LARP7 in transcription regulation. To assess the potential

effect of LARP7 on gene transcription in male germ cells, we

compared the transcriptomes of SCs and RSs in Larp7cKO

mice with the controls. We found no significant difference in

the transcriptomes of either SCs or RSs between Larp7cKO

and control mice despite some changes above the statistical

cutoff (Figure S5C). Moreover, our phosphorylated Pol II at

Ser2 (Pol II S2P) chromatin immunoprecipitation (ChIP)-qPCR

assay showed no significant alteration of Pol II S2P levels on

the gene bodies ofBco2,Srms,Pan2, and Tecpr1, whichwe vali-

dated with splicing changes in Larp7cKO male germ cells

compared with wild-type controls (Figure S5D), suggesting that

LARP7 is not likely to control the fidelity of pre-mRNA splicing

through elongation regulation. These data, coupled with our

above results showing that the expression of 7SK RNA is not

elevated comparably with LARP7 expression in mouse testis

(Figure S1F), further support that LARP7 largely functions in a

7SK RNA-independent manner in male germ cells and, thus, is

not likely to function as a key transcription regulator in male

germ cells.

LARP7-Primed U6Modification Is Functionally Required
for the Fidelity of Pre-mRNA Splicing in Male GermCells
We further investigated the role of LARP7-primed U6 modifica-

tion in the fidelity of pre-mRNA splicing in male germ cells.

To this end, we used the U6-loading deficient LARP7F38A

mutant (Figure S4), which is defective in promoting U6 20-O-

methylation by box C/D snoRNP (Figure 4B), as a tool to test

whether LARP7-primed U6 modification is of functional impor-

tance in pre-mRNA splicing in male germ cells. We constructed

LARP7 or LARP7F38A-IRES-Cyto IV-fused EGFP lentiviral vec-

tors driven by the ef1a promoter (Figure S6A) to express wild-

type LARP7 or the LARP7F38A mutant in Larp7cKO male germ

cells through lentiviral testis transduction. Western blot assay

of GFP+ germ cells sorted from transduced testis confirmed

successful restoration of LARP7 protein in EGFP:LARP7 or

EGFP:LARP7F38A-transduced germ cells (Figure S6B). Similar

to wild-type LARP7, LARP7F38A effectively restored 7SK RNA

expression in Larp7cKO male germ cells (Figure S6C). As ex-

pected, this LARP7 mutant substantially associated with 7SK

RNA but failed to bind U6 snRNA inmale germ cells (Figure S6D).

As a result, wild-type LARP7, but not the LARP7F38A mutant,

effectively restored U6 loading onto box C/D snoRNP

Figure 5. Pre-mRNA Splicing Is Dysregulated in Larp7cKO Male Germ Cells

(A) Summary of the different alternative splicing events identified in Larp7cKO spermatocytes (SCs) and round spermatids (RSs) and the numbers of splicing events

affected by LARP7 depletion.

(B) Representative examples of a Sashimi plot assay of RNA-seq read densities for a skipped exon (SE) inBco2 andSrms (top) and retained intron (RI) inPan2 and

Tecpr1 (bottom) in Larp7cKO SCs and RSs (red) relative to the respective control (blue).

(C) Validation of SEs in Bco2 and Srms (top) and RIs in Pan2 and Tecpr1 (bottom) in Larp7cKO SCs and RSs by RT-PCR, with b-actin serving as a loading control.

Left: visualization of RT-PCR products using ethidium bromide-stained agarose gels. Right: quantification of percent spliced in (PSI); n = 3.

(D) Transduction of wild-type LARP7, but not LARP7F38A, rescuedU6 20-O-methylation in Larp7cKOmale germ cells. Shown are RTL-Q assays of 20-O-methylation

of U6 snRNA in GFP+ germ cells sorted from control pLV-Cyto IV-EGFP-, Cyto IV-EGFP:LARP7-, or Cyto IV-EGFP:LARP7F38A-transduced testes, with U6 in non-

transduced wild-type (purple) and Larp7cKO male germ cells (red) serving as positive and negative controls, respectively.

(E) Transduction of wild-type LARP7, but not LARP7F38A, rescued the aberrant splicing events in Larp7cKO male germ cells. Left: RT-PCR analysis of SEs in Bco2

and Srms (top) and RIs in Pan2 and Tecpr1 (bottom) in GFP+ male germ cells sorted from control Cyto IV-EGFP-transduced (lane 3), Cyto IV-EGFP:LARP7-

transduced (lane 4), or Cyto IV-EGFP:LARP7F38A-transduced (lane 5) testes, using that from wild-type (lane 1) and non-transduced Larp7cKO testes (lane 2),

respectively, as positive and negative controls, with b-actin serving as a loading control. Right: quantification of PSI (n = 3).

The average values ± SD of three separate experiments were plotted. **p < 0.01, ***p < 0.001. See also Figures S2 and S4–S6 and Table S3.
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(Figure S6E) and successfully rescued U6 20-O-methylation in

Larp7cKO male germ cells (Figure 5D). Importantly, transduction

of wild-type LARP7, but not the LARP7F38A mutant, successfully

rescued splicing of the tested genes in Larp7cKO male germ cells

close to that in wild-type control germ cells (Figure 5E). These

results support that LARP7-primed U6 modification is essential

for the fidelity of pre-mRNA splicing in male germ cells.

LARP7 Is Essential for Spermatogenesis and Male
Fertility in Mice
Having shown the functional requirement of LARP7 for U6 20-O-

methylation and pre-mRNA splicing in male germ cells, we next

asked whether LARP7 is required for spermatogenesis and

male fertility in mice. Strikingly, all tested Larp7cKO males were

sterile, whereas all Larp7cKO females exhibited normal fertility

(Figure S7A). We found that the average weight of Larp7cKO

testes was�60% lower than that of controls (Figure S7B). Histo-

logical analysis of testis sections revealed that seminiferous

tubules in Larp7cKO testes were arrested at the SC (>40%) and

RS stages (>30%) (Figure 6A), concomitant with apoptotic

signals detected in both cell populations (Figure 6B). In line

with this, we found that many genes critical for mitosis and/or

meiosis or sperm formation displayed splicing changes in

Larp7cKO SCs or RSs, respectively (Figure S7C). These results

indicate that LARP7 is involved in both meiotic and post-meiotic

male germ cell development in mice.

Nonetheless, spermatozoa were still detectable in Larp7cKO

epididymides despite a potent reduction in sperm count relative

to the controls (Figure 6C). This was confirmed by computation-

assisted semen analysis (CASA), showing an�27-fold reduction

in sperm count in the cauda epididymides of Larp7cKO mice

relative to their littermate controls (Figure 6D, left). CASA also

showed markedly reduced movement and forward progression

of Larp7cKO sperm (Figure 6D, center and right). Remarkably,

Larp7cKO sperm failed to fertilize any wild-type oocytes in vitro

(Table 1), indicating that functionality was also compromised in

addition to the reduction in sperm number.

To understand the cause of nonfunctional sperm from

Larp7cKO males, we next examined genome integrity by intracy-

toplasmic sperm injection (ICSI). We found that Larp7cKO sperm

led to a much lower developmental potential of injected oocytes

compared with control sperm (Table 1), implying damage of

genome integrity and/or genomic DNA in the mutant sperm.

To further corroborate this, we examined the genome integrity

of post-meiotic spermatids by RS injection (ROSI). We found

that 12 of 47 oocytes that survived the injection of Larp7cKO

RS nuclei successfully developed into blastocysts a rate

comparable with that obtained with wild-type control spermatid

nuclei (14 blastocysts from 48 surviving oocytes; Table 1), indi-

cating that Larp7cKO spermatids maintain the genome integrity

required to fertilize oocytes and support embryonic develop-

ment. Thus, the low developmental potential of oocytes injected

with Larp7cKO sperm is most likely due to abnormal chromatin

condensation-induced DNA damage during transformation of

haploid spermatids into spermatozoa, supporting that sper-

matogenesis in Larp7cKO mice is also defective at the post-

meiotic stage. Together, these results indicate that LARP7 is

essential for spermatogenesis in mice, acting at both meiotic

and post-meiotic phases.

LARP7-Primed U6Modification Is Functionally Required
for Spermatogenesis in Mice
We further asked whether the LARP7-primed U6 modification

is required for male germ cell development. To address this, we

examined whether the U6-loading deficient mutant LARP7F38A

was able to functionally rescue defective spermatogenesis in

Larp7cKO mice. The Cyto IV-tagged EGFP co-expressed by the

lentiviral vectors (Figure S6A) would anchor on the mitochondria

of sperm, allowing us to track the sperm progressed from the

transduced spermatids (Gou et al., 2017). A differential interfer-

ence contrast (DIC) assay revealed that the majority of Larp7cKO

sperm showed abnormal morphology (Figure 6E, second panel

from the left), whereas sperm from Cyto IV-EGFP:LARP7-trans-

duced Larp7cKO mice showed morphology close to the wild-type

Table 1. The Remaining Spermatozoa in Larp7cKO Epididymides

Were Nonfunctional

Origin

of Sperm

Oocytes

Used

2-Cell

Embryos Blastocysts

Blastocyst

Percentage

IVF control 250 204 95 45.67%

Larp7cKO 234 0 0 0.00%

ICSI control 189 183 72 38.10%

Larp7cKO 180 91 8 4.44%

ROSI control 50 48 14 28.00%

Larp7cKO 51 47 12 23.53%

The 2-cell embryos and blastocysts numbers obtained in IVF (in vitro

fertilization), ICSI, and ROSI (RS injection) experiments.

Figure 6. LARP7-Primed U6 Modification Is Functionally Required for Spermatogenesis in Mice

(A) Spermatogenesis in Larp7cKO mice is defective at both meiotic and post-meiotic stages. Left: representative H&E staining images of paraffin testis sections from

adult control or Larp7cKOmice, with arrows indicating apparent normal seminiferous tubules (normal) or seminiferous tubules with SC arrest (SCA) or RS arrest (RSA).

Right: quantification of three types of seminiferous tubules in control (orange column) and Larp7cKO testes (gray column). n = 100 per group. Scale bars, 100 mm.

(B) TdT-mediated dUTP-X nick end labeling (TUNEL) assay (red) of testis sections from adult control (top) and Larp7cKOmice (bottom), with nuclei counterstained

by DAPI (blue). Scale bars, 50 mm.

(C) H&E staining of paraffin cauda epididymis sections from adult control (left) or Larp7cKO mice (right). Scale bars, 100 mm.

(D) CASA assay of sperm count (left), motility (center), and progressive motility (right) of sperm from adult Larp7cKO mice relative to controls.

(E) Transduction of wild-type LARP7, but not LARP7F38A, significantly restored the morphology of Larp7cKO sperm. Bottom: representative DIC micrograph and

GFP images of sperm from control, Larp7cKO, and pLV-Cyto IV-EGFP-, Cyto IV-EGFP:LARP7-, or Cyto IV-EGFP:LARP7F38A-transduced Larp7cKO mice. Top: an

enlarged view of three representative sperm in each image. Scale bar, 50 mm.

(F) Quantification of sperm with normal morphology among GFP+ sperm from pLV-Cyto IV-EGFP-, Cyto IV-EGFP:LARP7-, or Cyto IV-EGFP:LARP7F38A-

transduced Larp7cKO mice (n = 100 per group).

The average values ± SD of three separate experiments were plotted. **p < 0.01, ***p < 0.001. See also Figures S2, S4, S6, and S7.
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(Figure 6E, GFP+ sperm, fourth panel from the left, I). However,

Cyto IV-EGFP:LARP7F38A-transduced sperm (Figure 6E, GFP+

sperm, fifth panel from the left, I) as well as control Cyto IV-EGFP

vector-transduced sperm (Figure 6E, GFP+ sperm, third panel

from the left, I) still exhibited abnormal morphology like non-trans-

duced Larp7cKO sperm. Quantification of sperm with normal

morphology further confirmed that wild-type LARP7, but not the

LARP7F38A mutant, was able to functionally rescue the defective

spermatogenesis in Larp7cKO mice (Figure 6F). These results

support that the LARP7-primed U6 modification is required for

spermatogenesis.

To further corroborate this, we examined whether the U6-

loading-deficient mutant LARP7 was able to rescue the motility

of mutant sperm, a critical criterion of functional sperm. Unlike

active control sperm (Video S1), both non-transduced and

Cyto IV-EGFP vector-transduced Larp7cKO sperm (Videos S2

and S3) showed little mobility. As expected, GFP+ sperm from

Cyto IV-EGFP:LARP7-transduced Larp7cKO mice (Video S4),

but not that from Cyto IV-EGFP:LARP7F38A-transduced animals

(Video S5), swam actively. This indicates that wild-type LARP7,

but not the LARP7F38A mutant, effectively restored the

mobility of mutant sperm. Taken together, we conclude that

the LARP7-primed U6 modification is functionally required for

male germ cell development in mice.

DISCUSSION

U6 snRNA has long been known to be heavily modified post-

transcriptionally, with 20-O-methylation being most common

(Epstein et al., 1980; Harada et al., 1980). However, it has re-

mained poorly understood how U6 modifications are regulated

and whether they contribute to pre-mRNA splicing in vivo and

play any physiological or pathological roles in mammals. In

this study, we show that box C/D snoRNP is responsible for

U6 20-O-methylation and that LARP7 functions as an activator

to prime ribose methylation of U6 snRNA in mouse male germ

cells (Figure 7). Importantly, we demonstrate that the LARP7-

primed U6 modification is critical for the fidelity of pre-mRNA

splicing in male germ cells and functionally required for sper-

matogenesis in mice.

Figure 7. Schematic Model Showing that

LARP7PrimesU6 20-O-Methylation by Facil-

itating U6 Loading onto Box C/D snoRNP,

Contributing to the Fidelity of mRNA

Splicing in Male Germ Cells and Spermato-

genesis in Mice

A Novel Function of LARP7 in
Regulating RNA Modifications
LARP7 belongs to the Larp protein family,

whose members are known for their RNA

binding La structure module (Bousquet-

Antonelli and Deragon, 2009). The pro-

teins in this family have been implicated

in diverse aspects of RNA metabolism,

ranging from transcriptional and transla-

tional control of mRNAs to stabilization

and chaperoning of small non-coding RNAs (Bayfield et al.,

2010). LARP7 contains a canonical La module and a second

RNA recognition motif (RRM2) and specifically recognizes the

UUU-30-OH of RNA polymerase III (Pol III) transcripts (Stavraka

and Blagden, 2015). Previous studies have shown that LARP7

associates with 7SK RNA and impedes transcription elongation

in human cell lines (Krueger et al., 2008; Markert et al., 2008).

Most recently, a LARP7-like protein has been reported to bind

to telomerase RNA and regulate telomerase assembly in fission

yeast (Collopy et al., 2018; Mennie et al., 2018). Of note, the as-

sociation of LARP7 with either 7SK RNA or telomerase RNA has

been shown to be critical for the stability of RNA ligands (Krueger

et al., 2008; Markert et al., 2008; Collopy et al., 2018; Mennie

et al., 2018).

In this study, we identified U6, a Pol III-synthesized spliceoso-

mal snRNA (Reddy et al., 1987; Moenne et al., 1990), as a novel

RNA ligand for LARP7. Intriguingly, our data indicate that LARP7

is not required for the stability of U6 but critical for its post-

transcriptional modification, uncovering an unexpected role of

LARP7 in regulating RNA modification and adding a novel

functional mode of LARP7. Importantly, despite the 7SK RNA-

associated LARP7 function having been shown to be critical

for animal development (Barboric et al., 2009; Nguyen et al.,

2012; Okamura et al., 2012), our findings suggest that the role

of LARP7 in U6 modification is functionally required for male

germ cell development in mice. Collectively, our findings high-

light a 7SK RNA-independent function of LARP7 during sper-

matogenesis in mice.

LARP7 Is Critical for Efficient 20-O-Methylation of U6 by
Box C/D snoRNP
Previous studies have shown that several snoRNAs might be

essential for U6 20-O-methylation in yeast and humans (Tycowski

et al., 1998; Ganot et al., 1999; H€uttenhofer et al., 2001; Zhou

et al., 2002; Vitali et al., 2003). However, to our knowledge, the

20-O-methylation of U6 snRNA by snoRNP has not yet been

biochemically validated. Using an in vitro Chaetomium thermo-

phile box C/D snoRNP-ribose methylation assay (Lin et al.,

2011; Yang et al., 2016), we show that box C/D snoRNP is

able to site-specifically catalyze the 20-O-methylation of U6

12 Molecular Cell 77, 1–15, March 5, 2020

Please cite this article in press as: Wang et al., LARP7-Mediated U6 snRNA Modification Ensures Splicing Fidelity and Spermatogenesis in Mice, Mo-
lecular Cell (2020), https://doi.org/10.1016/j.molcel.2020.01.002



and that LARP7 is essential for efficient 20-O-methylation of U6

by box C/D snoRNP. Mechanistically, LARP7 binds to both U6

and its guide snoRNA and facilitates loading of U6 onto box

C/D snoRNP, activating ribose methylation of U6 by box C/D

snoRNP (Figure 7). Importantly, in an independent investigation,

Hasler et al. (2020) confirmed this finding in human cells, illus-

trating that the role of LARP7 in U6 modification is evolutionarily

conserved in vertebrates.

Ribose Methylation of U6 snRNA Is Required for the
Fidelity of Pre-mRNASplicing inMaleGermCells inMice
Posttranscriptional modifications on spliceosomal snRNAs

have been postulated to play important roles in snRNP biogen-

esis and spliceosome assembly, regulating the efficiency and

fidelity of pre-mRNAs splicing (Karijolich andYu, 2010; Bohnsack

andSloan, 2018). Indeed,modifications of U2 snRNA, but not the

other spliceosomal snRNAs, have been demonstrated to be

indispensable for spliceosome assembly and pre-mRNA splicing

by in vitro reconstitution systems (Fabrizio et al., 1989; Pan and

Prives, 1989; Wersig and Bindereif, 1992; Wolff and Bindereif,

1992; Yu et al., 1993; Ségault et al., 1995; Will et al., 1996; Yu

et al., 1998; Newby and Greenbaum, 2001; Dönmez et al.,

2004; Zhao and Yu, 2004; Wu et al., 2011, 2016). Interestingly,

later studies showed that loss of 20-O-methylation at A41 in U6

mildly affects cold-sensitive splicing in S. pombe (Zhou et al.,

2002), whereas loss of pseudouridylation at U28 in U6 changes

thesplicingefficiencyof suboptimal introns inS. cerevisiaeduring

filamentous (Basak and Query, 2014). Nonetheless, the effect of

U6 modifications on pre-mRNA splicing and their potential func-

tions in defined physiological or/and pathological processes in

mammals have remained largely unexplored. Our data show

that LARP7-mediated U6 20-O-methylation is required for the

fidelity of pre-mRNA splicing in a large number of genes and

may control a wide variety of cellular processes in mouse male

germ cells. It will be interesting to explore in future studies

whether this modification of U6 snRNA is involved in snRNP

biogenesis or/and spliceosome assembly in male germ cells.

Of note, testis exhibits the highest complexity of transcrip-

tomes and richest alternative splicing in comparison with other

tissues in adult animals (White-Cooper and Davidson, 2011;

Kleene, 2013). Hence, it is possible that LARP7-primed U6

modification is specially conserved in adult male germ cells for

fine-tuning the assembly of spliceosome or/and modulating its

activity, sustaining the efficiency and fidelity of pre-mRNA

splicing for proper male germ cell development. Interestingly,

even though LARP7 appears to be highly expressed in testes

in adult animals, this protein is readily detectable in multiple

tissues or organs in mouse embryo. It would be interesting to

investigate in future studies whether LARP7-primed U6 modifi-

cation plays a role in prenatal development in animals.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfections
Female Human Embryonic Kidney 293T (293T) cells have been authenticated, and cultured in DMEMwith 10% FBS according to the

manufacturer’s instructions. Transfection was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-

structions. All DNA plasmids were free of endotoxin.

Mice
Male C57BL6 mice (Control and Larp7cKO) at 18 dpp, 3-4 weeks (young) or 8 weeks (adult) of age were used in this study. All mice

were housed in the SIBCB animal facility under SPF conditions in accordancewith institutional guidelines and ethical regulations, and

fed with regular chow and water by the facility staff. All experimental animal procedures were approved by the Institutional Animal

Care and Research Advisory Committee at SIBCB, CAS. Larp7 conditional knockout mouse model was created by Cyagen (Suzhou

China). Briefly, mouse genomic fragments containing homology arms (HAs) and conditional knockout (cKO) region were amplified

from BAC clone by using high fidelity Taq, and were sequentially assembled into a targeting vector together with recombination

sites and selection markers. The linearized vector was subsequently delivered to ES cells (C57BL/6) via electroporation, followed

by drug selection, PCR screening, and Southern blot confirmation. From gained 93 drug-resistant clones, we confirmed 6 potentially

targeted clones (Figure S2B) and selected 2 clones for blastocyst microinjection, followed by chimera production. Founders were

confirmed as germline-transmitted via crossbreeding with wild-type mice. In the end, 3 male and 3 female F1 heterozygous mutant

mice were confirmed. To obtain germline-specific knockout mouse, we crossed Larp7f/f mice to Stra8-Cre mice (Lin et al., 2017).

METHOD DETAILS

Plasmids, Oligonucleotides, and Antibodies
p3 3 Flag-CMV-LARP7 was constructed through insertion of the cDNAs without the 30UTRs of mouse Larp7 (NM_138593.2)

into p3 3 Flag-CMV-14 (Sigma). To construct 6 3 His-fused LARP7 for bacterial expression, mouse Larp7 cDNA was inserted

into pET-28a (Merck Milipore). The lentiviral shRNA vector targeting mouse Fbl was constructed using pSilencer-H1 as we recently

described (Gou et al., 2014; Zhao et al., 2013). The lentiviral vectors pLV-ef1a-LARP7-IRES-Cyto IV-EGFP and pLV-ef1a-LARP7F38A-

IRES-Cyto IV-EGFP for expressing wild-type LARP7 and LARP7F38A (Figure S6B) were constructed as we described previously

(Gou et al., 2017). All constructs were confirmed by DNA sequencing. All oligonucleotides were synthesized by Ribobio (Guangzhou,

China) and their sequences were listed in the Key Resources Table and Table S4. All antibodies were listed in the Key Re-

sources Table.

Immunoprecipitation and Immunoblotting
Immunoprecipitation (IP) and immunoblotting (IB) assays were performed with standard IP and IB protocols. In brief, mouse tissues

or cells were homogenized in lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, and proteinase

Inhibitor cocktail (Roche)]. Primary antibody-coupled Protein A/G beads were added to the precleared tissue or cell lysates and

incubated for 6 hr at 4�C. After washed with washing buffer [50 mM Tris-HCl (pH 7.4), 500 mM NaCl, 0.1% Triton X-100, 5 mM

EDTA, and proteinase inhibitor cocktail], IP pellets or tissue/cell extracts were diluted in SDS-loading buffer and then analyzed

with standard SDS-PAGE and IB procedures. Western blotting images were captured by Tanon-5200 Chemiluminescent Imaging

System (Tanon).

Immunostaining, Histological, and Apoptosis Assays
The assays were performed with standard protocols. For immunostaining, cells or tissue sections were fixed with 4% paraformalde-

hyde (PFA) and permeabilized with 0.5% Triton X-100 in PBS, and incubated with primary antibodies overnight at 4�C. After this,
Alexa Fluor 488 or Cy3-conjugated secondary antibodies were added and incubated for 2 hr at room temperature, with Nuclei coun-

terstained by DAPI (Vector Laboratories). Laser confocal scanning images were captured using TCS SP5 inverted spectral confocal

microscope (Leica). The densities of immunostaining were quantified by ImageJ software. For Hematoxylin and Eosin (H&E) staining,

testicular or epididymal tissues were fixed in Bouin’s buffer and embedded in paraffin, and 5 mm Paraffin-embedded testicular or

epididymal sections were sequentially deparaffinized, rehydrated and stained with Hematoxylin and Eosin. Apoptosis assays

were performed using In Situ Cell Death Detection Kit, TMR red (Roche) according to the manufacturer’s protocols.

RT-PCR and RT-qPCR
Total RNAs were extracted from indicated tissues using RNAiso Plus (Takara) following the manufacturer’s instructions. After

removing the residual genomicDNAwith the TurboDNase (Invitrogen), 500 ng of total RNAwas reverse-transcribed into cDNAs using

the PrimeScript RT Reagent Kit (Takara) according to the manufacturer’s protocol. RT-PCR primers were designed to amplify two or

multiple isoforms with different sizes. PCR products were quantified using ImageJ. Splicing ratios are represented as PSI (Percent

Spliced In) value, which represents the percentage of a gene’smRNA transcripts that include a specific exon or splice site (Park et al.,

2018). RT-qPCR was performed using a SYBR Premix Ex Taq kit (Takara) on a QuantStudio 3 instrument (ThermoFisher). Relative
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gene expression was analyzed based on the 2-DDCt method with b-actin or 5S rRNA as internal controls. All primers for RT-PCR and

RT-qPCR were listed in the Key Resources Table and Table S4.

RAP-MS Assay
U6 antisense purification coupled with quantitative mass spectrometry (RAP-MS) were performed as described previously (McHugh

et al., 2015). Seminiferous tubules were isolated from adult mouse testes and then crosslinked on ice using 0.8 J cm-2 (UV8k) of UV at

254 nm in a Spectrolinker UV Crosslinker. Then, crosslinked seminiferous tubules were homogenized in lysis buffer [50 mM Tris-HCl

(pH 7.4), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, RNase inhibitor, and proteinase Inhibitor cocktail (Roche)]. 20 mg biotinylated

U6 oligonucleotide probes were heat-denatured at 85�C for 3 min and then snap-cooled on ice. Probes and lysate were mixed

and incubated at 67�C using an Eppendorf thermomixer with intermittent shaking (30 s shaking, 30 s off) for 2 hr to hybridize

probes to U6 complexes. Then the biotinylated U6 probes/U6 complexes were bound to streptavidin beads by incubating with

200 mL Streptavidin coated magnetic beads at 67�C for 30 min on an Eppendorf Thermomixer C with intermittent shaking as

above. Beads with captured hybrids were washed 6 times with LiCl/Urea Hybridization Buffer [10mM Tris (pH7.5), 5mM EDTA,

500mM LiCl, 0.5% DDM, 0.2% SDS, 0.1% deoxycholate, 4M urea, 2.5mM TCEP] at 67�C for 5 min to remove non-specifically asso-

ciated proteins. The beads were resuspended in Benzonase Elution Buffer [20mM Tris (pH8.0), 2mM MgCl2, 0.05% NLS, 0.5mM

TCEP] for subsequent mass spectrometry analysis. Probes for U6 complex purification were listed in the Key Resources Table

and Table S4.

RTL-Q Assays of U6 20-O-methylation
U6 20-O-methylation was analyzed through RTL-Q (Reverse transcription at low deoxyribonucleoside triphosphate concentrations

followed by quantitative polymerase chain reaction) procedures modified from a method described previously (Dong et al., 2012).

At a low dNTP concentration, reverse transcription reaction (RT) is impeded by the 20-O-methyl group in RNA transcripts and thus

results in shorter RT products. In brief, reverse transcription was performed at a low (1.2mM) or high (40mM) dNTPs and the resulting

RT products were quantified by qPCR with forward primers targeting at eight known U6 20-O-methylation sites, respectively. Quan-

tification of RT products at a low dNTPs relative to RT products at a high dNTPs, with Fc/R products served as an internal qPCR

normalization reference (Figure 2D). All primers for RTL-Q were listed in the Key Resources Table and Table S4.

U6 Purification and Mass Spectrometric Analyses of U6 Modification
U6 snRNA was purified from adult mouse testes. In brief, total RNAs were extracted from adult mouse testes using RNAiso Plus

(Takara), and then incubated with biotinylated U6 antisense oligos-conjugated Streptavidin Magnetic Beads (Thermo Fisher) in

NTE buffer [1.2 M NaCl, 30 mM Tris-HCl (pH 7.5), 15 mM EDTA and RNase inhibitor] for 1 hr at room temperature on a shaker. After

stringently washed, the RNAs were eluted from the beads with elution buffer [6 mMNaCl, 150 nM Tris-HCl (pH 7.5), 75 nM EDTA and

RNase inhibitor] at 65�C for 40 min and then resolved on a 12%, 8 M urea polyacrylamide gel along with in vitro transcribed U6 as

a size marker (Figure 2B). U6 was extracted from the gel slices and subjected to RNA modification analyses by LC�MS/MS

procedures. In brief, 500 ng RNA was digested in 20 mL reaction mixture containing 0.5 U Benzonase Nuclease (Sigma-Aldrich),

0.5 U alkaline phosphatase (Takara), 20 mM NH4OAc (pH 7.0) overnight at 37�C, and then analyzed by an API 4000 Q-TRAP

mass spectrometer (Applied Biosystems) with an Agilent 1200 HPLC system. LC�MS/MS data were acquired and processed using

Analyst 1.6 software.

In vitro box C/D snoRNP-U6 Methylation Assay
In vitro U6methylation assay was performed with the protocol modified from Dr Keqiong Ye’s Lab in IBP, CAS (Lin et al., 2011; Yang

et al., 2016) using Chaetomium thermophile box C/D snoRNP (ctbox C/D snoRNP). The ctbox C/D snoRNP proteins, including

ctSNU13 (15.5K homolog), ctNOP58/NOP1 (FBL homolog) and ctNOP56/NOP1, were gifts from Dr Keqiong Ye’s Lab in IBP,

CAS. LARP7 protein was expressed in bacteria and purified in the Lab. Mouse U6 snRNA and SNORD7 snoRNA were generated

through in vitro transcription in the Lab. In brief, 20 mM U6 was incubated in 30 ml reaction mixture containing 2 mM guide RNA

(SNORD7), 6 mM ctSNU13, 2 mM ctNOP58/NOP1, 2 mM ctNOP56/NOP1 in methylation buffer [20 mM HEPES-NaOH (pH 7.9),

150 mM NaCl and 1.5 mM MgCl2] at ice for 20 mins. Then 60 mM methyl-3H S-adenosyl methionine (SAM) was added and the re-

actions were incubated at 37�C for 0, 10, 20, 30, 40, or 60 mins before the reactions were stopped by addition of 5% TCA. After

washed with 5% TCA for 3 X 10 min and 95% ethanol for 10 min, the products were analyzed for U6 methylation by LS 6500

Multi-Purpose Scintillation Counter (BECKMAN COULTER). To determine the effect of LARP7 protein on U6 methylation, 6 mM

LARP7 or LARP7F38A proteins were added into the U6 methylation reactions, respectively.

In vitro Assembly of LARP7-U6-SNORD7 Ternary Complexes
The assembly of LARP7-U6-SNORD7 ternary complexes was examined using Pierce Magnetic RNA –Protein Pull-Down Kit (Thermo

Fisher). In brief, U6was labeled with desthiobiotin and then incubated with Nucleic-Acid Compatible StreptavidinMagnetic Beads for

30 mins at RT. LARP7 protein was mixed with snoRNA SNORD7 and incubated for 1 hr at 4�C, and U6-beads complex was
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then added and incubated for 1 hr at 4�C for assembling LARP7-U6-SNORD7 ternary complexes. After washed with 4 X washing

buffer, the complexes were eluted with elution buffer at 37�C for 30 min, and then subjected to immunoblotting of LARP7 protein

and Northern blotting of SNORD7, respectively.

ChIP-qPCR Assay
Spermatocytes and round spermatids isolated from wild-type and Larp7cKO testis were cross-linked in 1% formaldehyde at room

temperature for 12 min, followed by neutralization with 0.125 M glycine. The chromatin complex was isolated, resuspended in lysis

buffer [50 mM Tris-HCl (pH 7.5), 10 mM EDTA, 1% SDS, 1 mM PMSF, with proteinase inhibitor cocktail (Roche)], and sheared by

sonication to reduce the average DNA fragment size to around 200�500 bp. 20 mL of the chromatin was removed for use as an input

control. An equal amount of chromatin was immunoprecipitated overnight at 4�Cwith anti-Pol II S2P (Cell Signaling Technology) and

anti-IgG (Milipore). The immunoprecipitated chromatin complex was incubated with Dynabeads protein G (Invitrogen) and then

washed with low-salt buffer [50 mM Tris$HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS], high-salt buffer

[50 mM Tris$HCl (pH 8.0), 1 mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.1% SDS], LiCl buffer [20 mM Tris$HCl (pH 8.0), 1 mM

EDTA, 0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate] and TE buffer [10 mM Tris$HCl (pH 8.0), 1 mM EDTA]. After

washing, the immunoprecipitated chromatin was eluted with elution buffer [50 mM Tris$HCl (pH 8.0), 10 mM EDTA, 1% SDS].

Protein–DNA cross-linking was reversed by incubating the immunoprecipitated complexes at 65�C overnight. RNAs and proteins

were removed by treatment with RNase A (Takara) and protease K (Invitrogen), respectively. DNA was recovered and analyzed

by real-time qPCR. Enrichment of DNA is shown as the percentage (%) input, which was calculated by determining the apparent

IP efficiency at indicated loci as the ratio of the amount of immunoprecipitated DNA to the normalized amount of starting material

(% of input DNA). All primers for ChIP-qPCR were listed in the Key Resources Table and Table S4.

In vitro Fertilization (IVF), Intracytoplasmic Sperm Injection (ICSI) and Round Spermatid Injection (ROSI)
IVF, ICSI andROSI were performedwith the protocols described by Jackson Laboratory. In brief, ovarian were pre-activated by using

standard gonadotropin-releasing hormone agonist downregulation and gonadotropin stimulation of the ovaries in adult mice. Oo-

cytes were harvested using ultrasound-guided transvaginal aspiration and then incubated in human tubal fluid culture medium

with 15% heat-deactivated maternal sera for 4 hr before sperm insemination. Standard ‘‘microdrop’’ techniques were used in insem-

ination and culture. ICSI and ROSI were performed with standard techniques at 4 hr after oocyte retrieval.

Isolation of Spermatogenic Cells from Mouse Testes
Mouse spermatocytes, round spermatids, and elongating/elongated spermatids were isolated from adult mouse testes as we pre-

viously described (Gou et al., 2014). In brief, total spermatogenic cells were extracted from the seminiferous tubules of adult male

mice, stained by Hoechst 33342 (Acros Organics), and then separated through FACS sorting. The isolated spermatogenic cells

were further confirmed by their distinct nuclear morphology (DAPI staining of nuclei).

Lentivirus Packaging and Testis Transduction
The lentiviral vectors were packaged into pseudovirus with their cognate packaging plasmids following standard procedures and

high-titer lentivirus (> 108 transduction units/ml) was prepared by centrifuging the viral supernatant at 50,000 x g for 90 mins at

4�C. Testis transduction was performed aswe described previously (Zhao et al., 2013). In brief, after themalemicewere anesthetized

pentobarbital sodium, their testeswere pulled out, and�20 mL of fresh high-titer lentivirus (no freezing and thawing) were injected into

seminiferous tubules through efferent duct using a sharp glass capillary with a 50 mm-diameter tip under a microscope. After testes

were carefully returned to abdominal cavities, abdominal wall and skin were closedwith sutures. The testes were harvested at proper

times after transduction for further analyses.

Sperm Mobility Assay
Sperm was harvested through dissecting cauda epididymides in 37�C pre-warmed Enriched Krebs-Ringer bicarbonate medium

(EKRB medium; 120.1 mM NaCl, 25.2 mM NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.3 mM CaCl2, supplemented

with 11.1 mM glucose, 2 mM glutamine, 1x essential amino acids, 1x nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml

streptomycin). For video record of sperm mobility, 1.0 mL sperm-containing medium was dropped into the calibrated slides used for

veterinary semen analysis (Leja) and examined under a fluorescent microscopy. The videos were first shot under bright imaging and

then switched under GFP imaging, with a rate of 24 frames per second.

QUANTIFICATION AND STATISTICAL ANALYSIS

RIP-seq, Transcriptome-seq, and Bioinformatic Analyses
LARP7-IPed RNAs and transcriptomes in spermatocytes (SC) and round spermatids (RS) were sequenced using the Illumina

sequencing technology, with two biological replicates in this assay. Raw RIP-sequencing reads were trimmed adapters using Cuta-

dapt (Martin, 2011) and then mapped to mouse genome (UCSC mm10) by Bowtie2 (Langmead and Salzberg, 2012). The gene

abundance, which is based on GENCODE vM13, of RIP-seq data were measured with RSEM-calculate-expression function from
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RSEM (Li and Dewey, 2011) program according to the adjusted counts, normalized FPKM (Fragments Per Kilobase Million) and TPM

(Transcripts Per Kilobase Million) values in each sequencing dataset. Genes with TPM value > 1.0 were selected to plot gene scatter

diagrams.

Raw transcriptome sequencing reads were aligned to the mouse genome (UCSC mm10) by STAR (Dobin et al., 2013) and then

using rMATS (Shen et al., 2014) to analyze the alternative splicing events between Larp7cKO and control groups. To detect valid alter-

native splicing events, those with false discovery rate (FDR) % 0.05 and |Dc| R 5% were categorized as differential alternative

splicing events, which were classified into 5 types, known as skipped exon (SE), alternative 50 splice site (A5SS), alternative 30 splice
site (A3SS), mutually exclusive exons (MXE) and retained intron (RI). The rmats2sashimiplot (Park et al., 2018) was used to convert

the rMATS output into Sashimi plot. Furthermore, those genes of differential alternative splicing events were used for GO enrichment

analysis through ClusterProfiler (Yu et al., 2012) package. RSEM software (Li and Dewey, 2011) were used to measure global

gene expression in Larp7cKO and control SC/RS and further compare gene expression between Larp7cKO and control groups with

thresholds of FDR < 0.05 and |FC| > 2. Genes with TPM > 1.0 were selected to plot a scatter diagram with different colors to indicate

upregulated genes and downregulated genes, respectively.

Other Analysis
Student’s t test was performed to compare the differences between treated groups relative to their paired controls. All results

were presented as the mean ± s.d. P-values are indicated in the text or figures above the two groups compared with a value < 0.05

(denoted by asterisks) considered significant (***p < 0.001, **p < 0.01).

DATA AND CODE AVAILABILITY

All data presented are available in themain text and supplementarymaterials. The accession numbers for RIP-seq and Transcriptome-

seq reported in this paper are GEO: GSE128831 and GEO: GSE128832 respectively.
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