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SUMMARY
Adult muscle stem cells, also known as satellite cells (SCs), play pivotal roles in muscle regeneration, and
long non-coding RNA (lncRNA) functions in SCs remain largely unknown. Here, we identify a lncRNA, Lockd,
which is induced in activated SCs upon acute muscle injury. We demonstrate that Lockd promotes SC pro-
liferation; deletion of Lockd leads to cell-cycle arrest, and in vivo repression of Lockd in mouse muscles hin-
ders regeneration process. Mechanistically, we show that Lockd directly interacts with RNA helicase DHX36
and the 50end of Lockd possesses the strongest binding with DHX36. Furthermore, we demonstrate that
Lockd stabilizes the interaction between DHX36 and EIF3B proteins; synergistically, this complex unwinds
the RNA G-quadruplex (rG4) structure formed at Anp32e mRNA 50 UTR and promotes the translation of
ANP32E protein, which is required for myoblast proliferation. Altogether, our findings identify a regulatory
Lockd/DHX36/Anp32e axis that promotes myoblast proliferation and acute-injury-induced muscle regener-
ation.
INTRODUCTION

Muscle stem cells, also known as muscle satellite cells (SCs),

which reside between sarcolemma and basal lamina of myofib-

ers, are crucial for muscle tissue homeostasis and regeneration.

SCs normally rest in a quiescent state and are specifically

labeled by the expression of transcription factor (TF) Paired

Box 7 (Pax7) while upon injury or disease they will be activated

and re-enter cell cycle to become proliferating myoblasts with

the rapid induction of master TF myogenic differentiation 1

(MyoD). The majority of the activated SCs (ASCs) or myoblasts

undergo proliferation and differentiation to formmyofibers under

the regulation of myogenic regulatory factors (MRFs). Mean-

while, a subset of ASCs that have self-renewal ability with re-

tained Pax7 expression and down-regulated MyoD will exit cell

cycle and replenish the SCs pool (Li et al., 2018b). SC activity

is tightly orchestrated by numerous molecules and signaling

pathways, both intrinsically from the cell and extrinsically from
This is an open access article under the CC BY-N
the niche. Deregulated SC activity gives rise to a wide range of

muscle-associated diseases; it is thus important to elucidate

the factors and regulatory mechanisms governing SC functions

during muscle regeneration, which provides fundamental knowl-

edge for their potential applications in cell-based therapies for

muscle diseases.

Long non-coding RNAs (lncRNAs) are RNA transcripts longer

than 200 nt with no protein coding capacity and have emerged

as potent regulators of gene expression program in muscle

stem cells (Li et al., 2018a). LncRNAs can regulate gene expres-

sion through a wide range of mechanisms at both transcriptional

and post-transcriptional levels. Intensive studies have shown

that lncRNAs can recruit transcriptional regulators or chromatin

modifiers (Chalei et al., 2014; Frank et al., 2019; Wang et al.,

2015; Yu et al., 2017; Zhou et al., 2015) to modulate gene tran-

scription. In SCs, lncRNAs, such as Linc-YY1, Dum, Linc-RAM,

yylncT, and Dali, have been shown to interact with various tran-

scriptional regulators and chromatin modifiers to regulate gene
Cell Reports 39, 110927, June 7, 2022 ª 2022 The Author(s). 1
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expression at transcriptional level (Chalei et al., 2014; Frank

et al., 2019; Wang et al., 2015; Yu et al., 2017; Zhou et al.,

2015). However, in recent years, increasing studies demonstrate

that lncRNAs can also regulate gene expression at post-tran-

scriptional level, affecting alternative splicing, RNA editing,

translation, mRNA stability, protein transport, and modification

(Cesana et al., 2011; Gong et al., 2015; Gong and Maquat,

2011; Kallen et al., 2013; Li et al., 2020; Tripathi et al., 2010).

Nevertheless, the knowledge of post-transcriptional regulation

in SCs and how lncRNAs participate in it remains scarce.

G-quadruplexes are noncanonical secondary structures

formed in guanine-rich DNA or RNA sequences that typically har-

bor a motif GR3N1–7GR3N1–7GR3N1–7GR3; four guanines are

connected by Hoogsteen hydrogen bonds in a single plane

termed as G-quartet, and three of them can stack up to form a

conventional G4 structure (Huppert and Balasubramanian,

2005; Kwok et al., 2018). Emerging evidence shows RNA G4s

(rG4s) play key regulatory functions post-transcriptionally,

modulating RNA processing, mRNA translation, and RNA turn-

over (Varshney et al., 2020). Of note, it is shown that the presence

of rG4s in 50 UTR and open reading frame (ORF) regions of many

mRNAs inhibits translation and needs to be unwound to induce

translational elongation of themRNA (Balkwill et al., 2009; Endoh

et al., 2013a, 2013b; Kumari et al., 2007; Morris and Basu, 2009;

Shahid et al., 2010). DHX36 (also called RHAU or G4R1) is an

RNA helicase that is best known for its ability to resolve these

rG4 structures (Chen et al., 2021; Harrington et al., 1997; Huang

et al., 2012; Vaughn et al., 2005). At post-transcriptional level,

DHX36 is shown to bind to and unwind the rG4 formed at the

50 UTR region of Nkx2-5 mRNA to promote its translation and

cardiac development (Nie et al., 2015). We recently also demon-

strated that DHX36 regulated the translation of Gnai2 mRNA by

unwinding its 50 UTR rG4 in myoblast cells (Chen et al., 2021).

Interestingly, recent studies also suggest lncRNAs play roles in

modulating DHX36-bound RNA expression and DHX36 function

(Booy et al., 2016; Martone et al., 2020; Matsumura et al., 2017).

For example, lncRNA SMaRT has been shown to form base pair

with rG4-containing mRNA of Mlx-g and decoy its interaction

with DHX36 and translation, which further affects myogenic dif-

ferentiation (Martone et al., 2020). However, how lncRNA/DHX36

interaction regulates gene expression and their functionality in

cellular processes remain poorly understood.

Here, in this study, we have identified a lncRNA Lockd as a

regulator of myoblast proliferation. It was previously discovered

to be enriched in murine fetal liver erythroblast and named as

lnc021 or Lockd (lncRNA downstream of Cdkn1b). Paralkar

et al. (2014, 2016) demonstrate that the genomic Lockd locus

plays an enhancer-like function for cyclin-dependent kinase in-

hibitor 1B (Cdkn1b) (also known as p27) transcription in erythroid

cells, implying the transcript Lockd is dispensable as a lncRNA

molecule. However, our data demonstrate that Lockd transcript

not only enhances myoblast proliferation in vitro but also pro-

motes injury-induced muscle regeneration in vivo. Moreover,

we find that Lockd directly interacts with DHX36 protein, and

the 50 end fragment of Lockd confers the strongest association.

We further demonstrate that Lockd/DHX36 synergistically bind

with the rG4 structure that is stably formed at the 50 UTR of

Anp32emRNA. Lockd binding stabilizes DHX36 and EIF3B inter-
2 Cell Reports 39, 110927, June 7, 2022
action, and together, they promote the unwinding of the rG4,

thus the translation of the ANP32E protein that facilitates SC

proliferation.

RESULTS

Lockd is induced upon satellite cell activation and
proliferation
In order to identify potential lncRNAs that may play roles in SC

lineage progression, particularly in the early stages of SC activa-

tion or proliferation, RNAs were collected from freshly isolated

SCs (FISCs), activated SCs that were cultured for 24 h (ASC-

24h) or 72 h (ASC-72h) when SCs started the spontaneous differ-

entiation. RNA sequencing (RNA-seq) was performed with the

above cells, and differentially expressed lncRNAswere identified

(He et al., 2021; Figure 1A). Among the highly induced lncRNAs

upon activation, a transcript generated from the downstream

genomic locus ofCdkn1b gene (Figures 1B, 1C, and S1A) caught

our attention and was found to be Lockd identified in mouse

erythroblast cells by Paralkar et al. (2016). To validate the

RNA-seq data, we examined the expression dynamics of Lockd

in SCs by qRT-PCR, and it was indeed sharply induced (4.1-fold)

when SCs were activated at 24 h in culture and continued to in-

crease in proliferating myoblasts at 48 h but down-regulated

when cells differentiated at 96 h (Figures 1D and S1B–S1D). To

confirm its expression dynamics during muscle regeneration

in vivo, BaCl2 was injected to C57BL/6 mouse tibialis anterior

(TA) muscle to induce acute muscle injury, and activated SCs

were isolated 3 days post injury (dpi), when SCs are at the

peak of proliferative expansion (Chen et al., 2019). qRT-PCR

result showed that Lockd expression was drastically increased

(19.3-fold) compared with its level in FISCs isolated from unin-

juredmuscles, concomitant to the increase ofKi67 and decrease

of Pax7mRNAs (Figure 1E). By rapid amplification of cDNA ends

(RACE) cloning in myoblasts, Lockd was identified as a 407-nt-

long, two-exonic transcript located �3.5 kb downstream of

Cdkn1b gene on the mouse chromosome 6. The non-coding po-

tential was also confirmed by iseeRNA, a tool for predicting cod-

ing potential of RNA transcripts (Figure S1E; Sun et al., 2013). Of

note, Lockd expression was found to be abundant in the limb of

mouse embryo among the 26 tissues examined via RNA-seq

data from GENCODE (Figure S1F). When examining the cellular

localization of Lockd transcript, we found it wasmainly located in

the cytoplasmic fraction of ASC by conducting cell fractionation

assay followed by qRT-PCR (Figure 1F), which was in contrast to

Malat1 that was enriched in the nucleus of myoblasts (Chen

et al., 2017); the cytoplasmic enrichment of Lockd in ASC was

also evidently detected by RNA fluorescence in situ hybridization

(FISH) assay (Figure 1G), suggesting it may possess a function

irrelevant to transcriptional regulation.

Lastly, when searching for homologous genes ofmouse Lockd

in human genome, interestingly, no annotated ncRNAs were

found at the downstream of human CDKN1B gene; instead,

the exon 1 of mouse Lockd displayed high similarity with the

exon of an isoform of human APOLD1 mRNA

(NM_001130415), and its exon 2 is also highly similar with the

intron of this isoform (Figure S2A), suggesting the possible pres-

ence of an unannotated ncRNA in human genome. Indeed,
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transcriptional signals were detected from the regions by exam-

ining the RNA-seq data from proliferating human myoblast and

differentiated myocyte cells, and its expression level was signif-

icantly decreased upon differentiation (Figure S2B), despite the

unchanged level of APOLD1 mRNA (Figure S2B, green rect-

angle). The presence of this human LOCKD was further

confirmed by semi-quantitative PCR and qRT-PCR in cultured

proliferating human myoblast and differentiating myocyte cells,

and its expression was indeed decreased upon differentiation

(Figures S2C and S2D). In the rat genome, similarly, we also

found an Apold1 mRNA isoform downstream of rat Cdkn1b

gene showing high similarity with the mouse Lockd; this isoform

was previously annotated as an uncharacterized ncRNA

LOC102556981 (Figure S2E). Altogether, the above results

demonstrate Lockd is highly induced upon SC activation, sug-

gesting that Lockd may play a role in SC activation/proliferation

and muscle regeneration.

Lockd lncRNA promotes myoblast proliferation
To further explore the function of Lockd in SCs, we assessed SC

proliferative ability upon Lockd knockdown by three different

small interfering RNA (siRNA) oligos in ASC (Figure S3A). EdU la-

beling was conducted for 6 h in the above cells, which were

transfected with control (siNC) or siLockd oligos for 36 h. As ex-

pected, the percentage of EdU incorporation was significantly

decreased by Lockd knockdown (38.7%, 37.2%, and 28.0%

decrease) (Figure 1H). Furthermore, when overexpressing it by

transfecting a Lockd expression plasmid in ASCs (Figure S3B),

a modest but significant increase (8.9%) of EdU incorporation
Figure 1. Lockd is induced upon satellite cell activation and promotes
(A) Schematic flowchart of collecting freshly isolated SCs (FISC) from Pax7-nGFP

activation and proliferation. Total RNAs were isolated and subject to RNA-seq a

(B)Heatmap of expression levels (fragments per kilobase of transcript per millio

lncRNAs in ASC 24h versus FISC were highlighted in the black rectangle, and Lo

(C)Genomic snapshot of mouse Lockd locus showing RNA-seq and H3K4me3 c

(D) Lockd levels in FISC (0 h) or SCs cultured for 24 h, 48 h, or 96 h were detecte

(E) The expression levels of Lockd, Ki67, and Pax7mRNA levels were detected in F

cle at 3 dpi. 18s rRNA was used as a normalization control (n = 3 per group).

(F)Cellular fractionation was performed in ASC 24h, and the subcellular localizati

RNAs were also detected and used for cytoplasmic and nuclear-enriched RNA c

(G)RNA fluorescence in situ hybridization (FISH) was performed to detect the sub

10 mm.

(H) FISCs were cultured for 12 h and transfected with three different siRNA oligo

formed for 6 h at 36 h post-transfection. The percentage of EdU+ cells was quan

(I)FISCs were cultured for 12 h and transfected with a vector control or Lockd-exp

tified as above (n = 3 mice per group). Scale bar, 100 mm.

(J) Single myofibers were isolated from extensor digitorum longus (EDL) muscles

siLockd oligos. EdU incorporation was performed for at 48 h post-transfection. The

myofibers per mouse (n = 3 mice in each group). Scale bar, 50 mm.

(K)Upper: schematic illustration of knockout (KO) strategy, which excised the p

CRISPR-Cas9. Lower: schematic illustration of the knockin (KI) strategy is sho

downstream of TSS site of Lockd.

(L) The level of Lockd was measured by qRT-PCR in WT, Lockd KO, and Lockd

(M) Equal numbers of WT and Lockd KO C2C12 cells were cultured for 1 day, an

quantified from 10 randomly chosen fields in each group (n = 3 biological replica

(N) The above EdU assay was conducted with WT and Lockd KI C2C12 cells (n

(O) Equal numbers of WT, Lockd KO, or Lockd KI cells were synchronized to m

fluorescence-activated cell sorting (FACS); the percentage of cells at G0 and G1,

Data represent means ± SD. Student’s t test (two-tailed unpaired) was used to c

shown on the bars.
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was observed (Figure 1I). When the assay was performed in

SCs associated with freshly isolated single myofibers, a signifi-

cant reduction of EdU+ percentage was also observed in siLockd

versus siNC groups (9.6%, 12.5%, and 24.7% decrease) (Fig-

ure 1J). To strengthen the above results, we performed immuno-

fluorescence (IF) staining for Pax7 and Ki67. As expected, Lockd

knockdown significantly reduced the percentage of Pax7+Ki67+

cells (27.8%, 15.9%, and 23.5%) (Figure S3C). The reduced pro-

liferative capacity in SCs transfected with siLockd was further

confirmed by MTT assay conducted at 48 h post-transfection

(Figure S3D). Altogether, the above results demonstrate that

Lockd promotes SC proliferation.

To further validate the above results, we next inactivated

Lockd expression in C2C12 mouse myoblast cell line using

CRISPR-Cas9-mediated genome editing. The promoter and

the first exon of Lockd were deleted to generate a Lockd

knockout (KO) line (Figures 1K and S3E). Since the above KO

strategy might remove cis-regulatory elements and confound

the observed phenotypes, a second line with a polyadenylation

(polyA) cassette inserted in the immediate downstream of the

transcription start site (TSS) was generated and named as Lockd

knockin (KI) line, whichwas expected to cause pre-mature termi-

nation of the nascent Lockd transcript while preserving potential

cis elements within the genome locus (Gutschner et al., 2011;

Figures 1K and S3F). Decreased Lockd levels were detected in

both homozygous KO and KI lines (Figure 1L), and expectedly,

they both showed decreased proliferative ability compared

with wild-type (WT) control cells examined by EdU (Figures 1M

and 1N) and MTS (Figure S3G) assays, confirming that Lockd
myoblast proliferation
mice, which were then cultured for 24 h (ASC 24h) or 72 h (ASC 72h) to allow for

nalysis.

n mapped reads [FPKM]) of the above-identified lncRNAs. The up-regulated

ckd was indicated by the black arrow.

hromatin immunoprecipitation sequencing (ChIP-seq) tracks.

d by qRT-PCR using 18s rRNA as a normalization control (n = 3 per group).

ISC from uninjured muscle or in vivo activated ASCs from BaCl2-injected mus-

on of Lockd was detected by qRT-PCR (n = 3 per group). GAPDH and Malat1

ontrols, respectively.

cellular localization of Lockd transcripts in FISCs and ASC 24h cells. Scale bar,

s targeting Lockd (siLockd) or negative control (siNC). EdU labeling was per-

tified (n = 10 per group). Scale bar, 100 mm.

ressing plasmid. EdU labeling was performed, and the EdU+ cells were quan-

of adult C57BL/6 mice and cultured for 12 h before transfection with siNC or

percentage of EdU+/Pax7+ cells per fiber was quantified from at least 30 single

romoter and the first exon of Lockd by two single-guide RNAs (sgRNAs) and

wn, which inserted a bovine growth hormone (BGH) polyA cassette to the

KI cells, with 18s rRNA used as a normalization control (n = 3 in each group).

d EdU incorporation was performed for 4 h. The percentage of EdU+ cells was

tes in each group). Scale bar, 50 mm.

= 3 biological replicates in each group). Scale bar, 100 mm.

itotic stage by nocodazole treatment for 3 h, and cell cycle was analyzed by

S, or G2 and M was calculated. PI, propidium iodide.

alculate the statistical significance in (H), (I), (L), (M), and (N). and p values are
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Figure 2. Knockdown of Lockd in vivo inhibits acute-injury-induced muscle regeneration

(A) The level of Lockd expression was measured by qRT-PCR in tibialis anterior (TA) muscle collected at different time points after BaCl2 injury (n = 4 mice in each

group). 18s rRNA was used as a normalization control.

(B) Schematics for injection of siNC or siLockd oligos into BaCl2-induced regenerating TAmuscles, and themuscles were harvested at designated time points for

analyses in (C)–(G).

(C) The expressions of Lockd andMyoD mRNAs were measured by qRT-PCR in the above TA muscles harvested at 3 dpi (n = 4 mice per group). 18s rRNA was

used as a normalization control.

(D) IF staining of MyoD was performed on the above TAmuscles, and the number of MyoD+ cells were quantified from 10 randomly chosen fields for each mouse

in each group (n = 3 mice per group). Scale bar, 50 mm.

(E) H&E staining was performed on the sections of TA muscle injected with siNC or siLockd and harvested at 7 dpi. Fibers with CLN were quantified from 10

randomly chosen fields for each mouse in each group (n = 3 mice per group). Scale bar, 50 mm.

(F) IF staining of eMyHC was performed on the above sections. The number of eMyHC+ cells was quantified from 10 randomly chosen fields for each mouse in

each group (n = 4 mice per group). Scale bar, 50 mm.

(G) Western blot of eMyHC protein was performed on the TA muscles harvested at 7 dpi with a-tubulin used as internal loading control.

(H) Schematics for in vivo EdU assay in BaCl2-injured TA muscles injected with siNC or siLockd oligos.

(legend continued on next page)
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deficiency inhibited myoblast proliferation. To further dissect

how Lockd regulates myoblast proliferation, we first examined

whether the cell-cycle progression was affected by Lockd defi-

ciency. WT, Lockd KO, and Lockd KI cells were treated with no-

codazole to inhibit mitosis, and the following cell-cycle analysis

revealed that both Lockd KO and Lockd KI clones showed

obvious G0 and G1 arrest (12.3% and 30.4%, respectively)

compared with the WT cells (Figure 1O). Expectedly, overex-

pression of Lockd in C2C12 cell led to decreased cells in G1

phase and increased cells at G2/M phase, which indicated

accelerated cell-cycle progression (Figure S3H). Furthermore,

knockdown of the human LOCKD in human myoblast cells by

siRNA oligos also hindered cell proliferation (Figures S3I–S3K),

confirming that human LOCKD is functionally conserved with

mouse Lockd. Lastly, to further dissect other potential effects

of Lockd deficiency onmyoblast cells, we found that knockdown

of Lockd inhibited myoblast differentiation, evidenced by

decreased myotube formation and MF20 staining (Figures S3L

and S3M), as well as reduced expression of myogenin and

Tnni2 markers (Figure S3N). In addition, the result from TUNEL

assay revealed no sign of apoptosis upon Lockd loss (Fig-

ure S3O). Altogether, the above findings highlight the important

role of Lockd in promoting myoblast cell cycle progression and

proliferation.

Knockdown of Lockd in vivo inhibits satellite cell
proliferation and acute-injury-induced muscle
regeneration
To further validate Lockd function inmyoblast proliferation in vivo

during muscle regeneration, a well-established muscle degener-

ation and regeneration model was employed (Baghdadi and Taj-

bakhsh, 2018; Chen et al., 2019; Hardy et al., 2016; Li et al.,

2020). Briefly, BaCl2 was injected into TAmuscle to induce acute

injury, causing massive myofiber necrosis followed by immune-

cell infiltration and SCs activation, further proliferation of SCs,

and differentiation to form new fibers that repair themuscle dam-

agewithin 3 to 4weeks post-injury (Casar et al., 2004). The newly

formedmyofibers normally emerge around 4 dpi and are charac-

terized by the expression of embryonic MyHC (eMyHC) protein,

which is down-regulated gradually when the fibers grow larger

and become evidently characterized by centrally localized nuclei

(CLN) around 7 dpi. As expected, Lockd expression continuously

increased from day 1 to 3 in the injected TAmuscle, concomitant

to the proliferative expansion of myoblasts that expressed high

level of MyoD mRNA (Figure S4A); a sharp decrease occurred

starting from 4 dpi (Figure 2A), when cells entered differentiation

phase characterized by the expression of myogenin gene (Fig-

ure S4B). To examine the role of Lockd in muscle regeneration,

we knocked down Lockd in the regenerating muscles using an

siRNA-injection-based strategy (Zhou et al., 2015). Briefly, si-

Lockd or siNC oligos were intramuscularly injected into the TA

muscle at days 1 and 2 after BaCl2 injection (Figure 2B). Lockd
(I) The expression of Lockd was measured by qRT-PCR in the above SCs (n = 3

(J) EdU labelingwas performed in the above SCs, and the EdU+ cells were quantifie

group). Scale bar, 100 mm.

Data represent means ±SD. Student’s t test (two-tailed unpaired) was used to calc

the bars.
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expression was indeed successfully knocked down (54.8%

decrease) when the TA samples were harvested 3 days after

the last dose of siRNA injection (Figure 2C). MyoD mRNA level

was examined by qRT-PCR and showed a significant reduction

in siLockd versus siNC group (80.2% decrease) (Figure 2C), sug-

gesting a delay of myoblast proliferation upon Lockd loss.

Consistently, the number of MyoD-positive cells (24.9%

decrease) was also reduced when IF staining was performed

on the above TA sections at 3 dpi (Figure 2D). Moreover, the

number of newly formed myofibers with CLN on the cross sec-

tions was decreased in siLockd versus siNC mice at 7 dpi

(28.5% decrease) (Figure 2E), indicating the regenerating ability

was compromised when Lockd level was decreased. Mean-

while, we also stained the sections for eMyHC at 7 dpi, and a

higher number of eMyHC+ myofibers (3.3-fold increase) was

observed in siLockd versus siNC group (Figure 2F), suggesting

the delayed regeneration process and maturation of fibers.

Consistently, a higher level of eMyHC protein was also detected

by western blot from the siLockd-injected muscles (Figure 2G).

To ascertain the above-observed proliferative defect of SCs

upon Lockd loss, the TA and gastrocnemius (GAS) muscles of

Pax7 nGFP mice (Sambasivan et al., 2009), in which Pax7-ex-

pressing SCs are marked by GFP, were injured by BaCl2 and in-

jected with siNC or siLockd oligos at 1 dpi. EdU was injected

intraperitoneally at 2 dpi, and the GFP-positive SCs were sorted

out 12 h later for EdU staining (Figure 2H). Expectedly, a

decreased number (11.3%) of EdU+ cells was detected upon

Lockd knockdown (Figures 2I and 2J). Altogether, the above

findings suggest that Lockd loss in regenerating muscle inhibits

acute-injury-led muscle regeneration and impairs SC prolifera-

tion in vivo.

DHX36 is a direct interacting partner of Lockd lncRNA
To tease out how Lockd promotes myoblast proliferation, we

speculated it might regulate its neighboring Cdkn1b gene, as

many lncRNAs are known to exert an in cis regulation on pro-

tein-coding genes (Wang et al., 2015). To our surprise, Cdkn1b

mRNA level was not altered upon Lockd loss in myoblast cells

(Figure S5A). Next, we profiled protein-interacting partners of

Lockd through RNA pull-down assay followed by mass spec-

trometry (MS) identification of the retrieved proteins (Figure 3A).

Interestingly, several proteins on the list were known transla-

tional regulators, including DHX36 (Chen et al., 2021; Sauer

et al., 2019), DHX9 (Murat et al., 2018), and EIF3B (Fraser

et al., 2004; Pisareva and Pisarev, 2016), among which DHX36

ranked on the top of the list (Figure 3B; Table S1). It thus trig-

gered us to further investigate the possible interaction between

Lockd and DHX36 protein. Indeed, western blot analysis

following the above pull-down confirmed a high amount of

DHX36 was retrieved by Lockd, but not negative control anti-

sense Lockd RNAs (Figure 3C). Moreover, RNA immunoprecipi-

tation (RIP) was performed and the antibody against DHX36
mice per group). 18s rRNA was used as a normalization control.

d from 10 randomly chosen fields for eachmouse in each group (n = 3mice per

ulate the statistical significance in (C)–(F), (I), and (J), and p values are shown on
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retrieved a marked level (14.3-fold as compared with immuno-

globulin G [IgG]) of Lockd RNAs, but not negative controls,

such as U1 or 18s RNAs (Figure 3D). To further test whether

the interaction between Lockd and DHX36 was direct, we per-

formed electrophoretic mobility shift assay (EMSA) using a puri-

fied FLAG-tagged DHX36 protein and biotin-labeled Lockd

RNAs. As a positive control, human telomerase template RNA

TERC, which is a bona fide interacting partner of DHX36 (Latt-

mann et al., 2011), showed a clear shift, with only 86 nM of

DHX36-FLAG proteins, and completely shifted with 258–

387 nM proteins (Figure 3E, lanes 7–10). Similarly, a clear inter-

action was also detected between Lockd RNAs and DHX36

proteins, and the shifting became obvious with 215 nM of

DHX36 proteins (Figure 3F). Meanwhile, the in vitro transcribed

adaptor RNAs alone or human lncRNA HULC RNAs were

included as negative controls that showed no binding with

DHX36 protein (Figure S5B).

To further investigate the Lockd RNA structure and the struc-

tural region(s) that directly interacts with DHX36 in vitro, we per-

formed RNA structure probing of Lockd by employing selective

20-hydroxyl acylation analyses by primer extension (SHAPE) re-

agent, 2-methylnicotinic acid imidazolide (NAI) (Spitale et al.,

2014), which could selectively acylate the 20-hydroxyl group of

flexible RNA nucleotides. This allows to infer single-stranded re-

gions inRNAmoleculeatsingle-nucleotide resolution (FigureS5C).

AsLockd is long (407nt in length), sixdifferentCy5-labeled reverse

transcription primers were designed to cover and map the sec-

ondary structure of full-length Lockd (Figure 3G). UsingRNAstruc-

ture software (Reuter andMathews, 2010), we then delineated the

experimentally guided Lockd secondary structure. As shown in

Figure 3H, the majority of nucleotides with higher SHAPE reactiv-

itiesweremapped to the single-strandedRNA regions (redandor-

ange color), and the nucleotides with low SHAPE reactivities were

located primarily in double-stranded RNA regions, supporting the

secondary structure model of Lockd. In an attempt to identify the

region of Lockd that interacts with DHX36, three Lockd RNA frag-

ments, F1 (51–203), F2 (205–310), and F3 (1–48 and 326–407),
Figure 3. DHX36 is a direct interacting partner of Lockd lncRNA

(A) RNA pull-down assay was performed using biotinylated labeled in vitro transcr

PAGEgel separation of the retrieved proteins. The band indicated by red square in

(MS) analysis.

(B) The partial list of proteins identified by the aboveMS is shown and ranked by th

(C) RNA pull-down assay was performed with biotinylated antisense Lockd or Lo

(D) Upper panel: RNA immunoprecipitation (RIP) assaywas performed using C2C1

successful immunoprecipitation of DHX36 protein was examined by western b

enrichment fold was calculated as the amount of amplified cDNA normalized to inp

were set as 1. U1 and 18s rRNAs were used as negative controls. Data represen

(E and F) EMSA was performed using 50 ng of biotinylated TERC or Lockd transcr

shifted TERC/DHX36 or Lockd/DHX36 complex is shown on the gel.

(G) Primers-extensionmapping of the Lockd structure by SHAPE probing. The gels

123–190, 182–255, 248–325, and 297–383). Lanes U, A, C, and G indicate RNA

(ddA, ddT, ddG, and ddC). Lanes ‘‘�’’ and "+" show reverse transcription (RT) pr

compared with NAI treatment (+). The nucleotides with high SHAPE reactivity (red

Nucleotides with black color are used as size reference.

(H) Predicted Lockd structure by the above obtained SHAPE reactivities. Highly r

with low reactivities are displayed in black. Bases with gray colors are 30 reverse p
326–407) represent three main fragments that are included in the whole structur

(I) EMSA was performed with the above F1, F2, or F3 fragments of Lockd with in
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were designed based on the above derived structural model (Fig-

ure 3H), and their bindingwithDHX36was examined using EMSA.

As shown in Figure 3I, all three fragments were shown to interact

with DHX36 protein, but it appeared that F1 showed the highest

binding affinity compared with the F2 and F3 fragments; a com-

plete shifting was observed at 190 nM concentration of DHX36

protein for F1, while both F2 and F3 required at least 950 nM of

DHX36 protein. These findings suggest that F1 in the Lockd pos-

sesses the highest binding affinitywithDHX36protein. Altogether,

the above findings leadus tobelieveDHX36 represents adirect in-

teracting protein partner of Lockd in myoblast cells.

DHX36 promotes myoblast proliferation synergistically
with Lockd

Next, to test the functional connection of DHX36 with Lockd in

myoblast cells, we inactivated DHX36 expression by deleting

the third exon of Dhx36 in C2C12 myoblast cells using

CRISPR-Cas9 (Figure 4A) and found that inactivation of DHX36

led to a moderate but significant decrease in cell proliferation

as measured by EdU incorporation (Figures 4B and 4C; 14%,

18.9%, and 38.3% decrease in three KO clones) and MTT as-

says (Figure 4D). In fact, in a separate study (Chen et al.,

2021), we demonstrated that inducible deletion of DHX36 in

SCs impaired myoblast proliferation and muscle regeneration

in vivo. Furthermore, Dhx36 KO cells also displayed an arrest

in G0/G1 phase of the cell cycle (9.6%, 19.7%, and 28.6%,

respectively) compared with WT cells when cells were treated

with nocodazole and synchronized in G2/M phase (Figures 4E

and 4F), which phenocopied the impact of Lockd loss. Expect-

edly, overexpression of DHX36 in both C2C12 cells (Figure S6A)

and SCs promoted cellular proliferation (Figures 5G–5I) and cell

cycle progression (Figure S3D). Similar to siLockd cells, no

apoptosis was observed in the Dhx36 KO cells (Figure S6B).

Lastly, overexpressing Lockd rescued the hindered proliferation

in SCs with DHX36 knockdown (Figures 4J and 4K). Over-

expressing both Lockd and DHX36 further promoted myoblast

proliferation compared with overexpressing each molecule
ibedGFP or Lockd transcripts with C2C12 myoblast lysates, followed by SDS-

the Lockd lanewas extracted from the gel and submitted tomass spectrometry

e number of Unique Pep (unique peptides). DHX36 is highlighted in the red font.

ckd transcripts. The retrieved DHX36 protein was detected by western blot.

2 lysates with the antibody against DHX36 protein or isotype IgG.Middle panel:

lot. Lower panel: the retrieved Lockd was quantified by qRT-PCR, and the

ut and relative to values obtained after normal IgG immunoprecipitation, which

t means ± SD; n = 3 per group.

ipts with increasing amount of purified DHX36 protein (from 43 to 387 nM). The

from left to right represent six regions (50-30 ) of Lockd transcript (1–60, 60–123,

reading sequences that are base paired with the dideoxy-sequencing ladders

oducts of the six regions of Lockd. DMSO treatment (�) is the negative control

font > orange font) of identified RT stalling are indicated to the right of the gels.

eactive nucleotides are indicated with red and orange colors, and nucleotides

rimer without valid reactivity value. F1 (51–203), F2 (205–310), and F3 (1–48 and

e.

creasing amount of purified DHX36 protein (from 38 to 950 nM).
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(Figures 4L and 4M). Altogether, the above results demonstrate

that Lockd and DHX36 function synergistically in promoting

myoblast proliferation.

Lockd and DHX36 facilitate Anp32e translation to
promote myoblast proliferation
In order to further elucidate how Lockd and DHX36 interaction

promotes myoblast proliferation, through analyzing our recently

published DHX36 crosslinking and immunoprecipitation

sequencing (CLIP-seq) data (Chen et al., 2021), a total of 1,262

transcripts were bound by DHX36, among which 458 were pre-

dicted to form 50 UTR rG4s. By Gene Ontology (GO) analysis,

175 of these genes were related to cell proliferation and growth,

which is in accordance with the demonstrated functionality of

Lockd and DHX36, and thus considered to be possible down-

stream effectors of Lockd. Among these genes, we singled out

Anp32e mRNA, since evident DHX36 CLIP signals were

observed in its 50 UTR region (Figures 5A and S7A). Moreover,

ANP32E protein was previously reported to control cell prolifer-

ation in breast cancer (Li et al., 2017; Xiong et al., 2018). To vali-

date the direct binding of DHX36 onAnp32e 5ʹUTR, RIP followed

by qRT-PCR was performed in which the antibody against

DHX36 retrieved an abundant amount of Anp32e mRNAs

(10.6-fold) comparedwith negative control IgG (Figure 5B). Since

DHX36 is well known to bind to and unwind 50 UTR rG4 of target

mRNAs to facilitate translation (Chen et al., 2021; Sauer et al.,

2019), we examined the sequence composition of Anp32e 50

UTR and indeed found the DHX36-binding region on Anp32e

mRNA was G enriched (33 nt long and five runs of G tract) (Fig-

ure 5A), which was further predicted to form a canonical rG4

structure by quadruplex formingG-rich sequences (QGRS)map-

per (Kikin et al., 2006). To confirm the presence of the rG4 forma-

tion, multiple spectroscopic assays were performed (Kwok and

Merrick, 2017). First, circular dichroism (CD) assay was per-

formed. Briefly, synthetic WT or Mut (several Gs were mutated

to As) RNA oligos were prepared in 150mMKCl or LiCl solutions,

which were known to promote or repress G4 formation, respec-

tively (Figure S7B). As expected, WT oligos displayed a strong
Figure 4. DHX36 promotes myoblast proliferation

(A) Upper: schematic illustration ofDhx36 knockout (KO) strategy, which excised t

Lower: western blot was performed in WT and three homozygous clones of Dhx6

used as the internal loading control.

(B and C) EdU labeling (B) was performed in the above WT and KO cells for 3 h, an

100 mm.

(D) MTS assay was performed in the above WT and Dhx36 KO cells cultured for

(E) The above WT or Dhx36 KO cells were synchronized to mitotic stage by nocod

(F) The percentage of cells at G0 and G1, S, or G2 and M phase was calculated.

(G) C2C12 myoblast cells were transfected with negative control vector or DHX3

transfection. The percentage of EdU+ cells was quantified (n = 10 per group). Sc

(H) EdU labeling in ASCs was performed as the same in (G) (n = 3 biological repl

(I) MTS assay was performed in the above transfected ASCs, and cell viability was

at 490 nm (n = 3 per group).

(J) ASCs were transfected with the vector or Lockd overexpression plasmids toge

3 h at 48 h post-transfection. Scale bar, 100 mm.

(K) The percentage of EdU+ cells in (J) was quantified (n = 6 per group).

(L) EdU labeling was performed in the ASCs transfected with either Lockd or DH

(M) The percentage of EdU+ cells was calculated as above (n = 9 per group).

Data represent means ± SD. Student’s t test (two-tailed unpaired) was used to cal

shown on the bars.
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positive peak signal at 264 nm and also a negative peak signal

at 242 nm in K+, but not in Li+ condition (Figure 5C), indicating

the formation of a parallel rG4 structure (Vorlickova et al.,

2012). On the contrary, Mut oligos displayed similar weak signals

at both peaks in K+ or Li+ conditions, suggesting the absence of

rG4 structure (Figure 5C). To further support the CD results, rG4

intrinsic fluorescence was also measured. WT oligos displayed

an evident emission at 336 nm under K+, but not with Li+ condi-

tion, whereas no peak was detected by Mut oligos in either K+ or

Li+ condition (Figure S7C), confirming that WT, but not Mut oligo,

folded into rG4 structure (Chan et al., 2019). Next, to determine

the rG4 thermostability, the UV-melting assay was performed,

and the melting temperature (Tm) of WT oligos was at 87.5�C
(Figure S7D), highlighting the rG4 was highly thermostable. Alto-

gether, the above results confirmed the formation of a thermo-

stable, parallel rG4 structure at the DHX36-binding region of

Anp32e 5ʹ UTR.
Next, to investigate thepossible functionofLockdandDHX36 in

controlling the translation ofAnp32e inmyoblast cells, a dual lucif-

erase reporter assaywasperformed.Briefly, the above-described

WT- or Mut-rG4 sequences were inserted to the upstream of Re-

nilla luciferase (R-luc) open reading frame; HSV-TK-driven Firefly

luciferase (F-luc) gene was used as an internal normalization

control (Figure 5D). The translation efficiency (TE) of Renilla lucif-

erase protein was calculated as the ratio of Renilla and Firefly

luciferase activity divided by the ratio of Renilla and Firefly

mRNA levels, which were detected by qRT-PCR (TE = [luciferase

activityRenilla/Firefly]/[mRNARenilla/Firefly]). As expected,we found that

mutating the rG4 structure led to an increased TE of the Renilla re-

porter (Figure 5E; 1.7-fold increase), suggesting the rG4 formed in

theAnp32e 50 UTR repressed the translation of downstreamORF.

Furthermore, overexpression of Lockd or DHX36 resulted in

increased TE when compared with the negative control (4.9- and

3.4-fold) (Figures 5F,S7E, andS7F).On thecontrary, lossofLockd

or DHX36 dramatically attenuated the TE (72.2% and 77.1%

decrease) (Figure 5G). When the entire 50 UTR was cloned into

the vector for the reporter assay (Figure S7G), similarly, we found

the deficiency of Lockd or DHX36 inhibited the translation of
he third exon ofDhx36 by two sgRNAs and CRISPR-Cas9 in C2C12myoblasts.

KO cells (KO1, KO2, and KO3) to confirm the deletion of DHX36 with a-tubulin

d (C) the percentage of EdU+ cells was quantified (n = 12 per group). Scale bar,

1, 2, or 3 days, with the absorbance measured at 490 nm (n = 3 per group).

azole treatment for 3 h, and cell cycle was analyzed by FACS with PI staining.

6-expressing plasmids, and EdU labeling was performed for 4 h at 36 h post-

ale bar, 50 mm.

icates). Scale bar, 50 mm.

quantified at days 1, 3, and 4 after transfection, with the absorbancemeasured

ther with siNC or siDHX36 oligos as indicated. EdU labeling was performed for

X36 or both plasmids. Scale bar, 50 mm.

culate the statistical significance in (C), (D), (G)–(I), (K), and (M), and p values are
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Figure 5. Lockd and DHX36 synergistically facilitate Anp32e mRNA translation to promote myoblast proliferation

(A) Top: genomic snapshot showing the DHX36 CLIP-seq peaks at the 50 UTR of Anp32emRNA. Bottom: the sequence of Anp32e 50 UTR is shown. The Gs in the

G-rich region are highlighted.

(B) RIP was performed using C2C12 lysates with the antibody against DHX36 protein or isotype IgG, and the retrievedAnp32emRNAwas examined by qRT-PCR

(n = 3 per group).

(C) Oligos according to the G-rich (WT) or mutant (Mut) (G changed to A) RNA sequences inAnp32e 5ʹUTRwere synthesized and used in CD assay under Li+ or K+

conditions. Samples were scanned from 220 to 310 nm at 25�C.
(D) Schematic illustration of the dual luciferase reporter assay to examine translational efficiency (TE) of Renilla luciferase mRNA. WT or Mut rG4 sequences were

inserted to the upstream of Renilla ORF, and TE of R-luc was calculated using the indicated formula.

(E) C2C12 cells were transfected with the above WT-Anp32e-rG4 or Mut-Anp32e-rG4 reporter plasmids, and TE of R-luc was calculated (n = 3 per group).

(F) C2C12 cells were co-transfected with the WT-Anp32e-rG4 reporter together with the indicated plasmid expressing Lockd or DHX36; TE of R-luc was

calculated (n = 3 per group).

(G) WT, Lockd KO, or Dhx36 KO cells were transfected with the WT-Anp32e-rG4 reporter plasmid, and the TE of R-luc was calculated (n = 3 per group).

(H) FISCs were cultured for 12 h and transfected with siNC or siLockd oligos for 48 h. ANP32E protein was detected by western blot using a-tubulin as the internal

loading control.

(I and J) The protein levels of ANP32E were detected by western blot in WT and Lockd KO or KI cells with GAPDH or a-tubulin as the normalization control.

(K) siNC or siLockd injection was performed in the BaCl2-injured TAmuscles, and the protein levels of ANP32E were detected by western blot with GAPDH as the

normalization control.

(legend continued on next page)
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Renilla gene (53.8% and 59.3% decrease) (Figure S7H). Next, to

further verify that Lockd and DHX36 can promote the translation

of Anp32e in myoblast cells, we found that knockdown of Lockd

led to a significant decrease in ANP32E protein (Figures 5H,

S8A, and S8H), but not mRNA (Figure S7I). Consistently, in Lockd

KO and KI cells, we also observed down-regulated ANP32E pro-

tein (Figures 5I, 5J, S8B, S8C, S8I, and S8J), but not mRNA

(Figures S7J and S7K). Upon Lockd knockdown in vivo in injured

muscles, the ANP32E protein decrease was also detected

(Figures 5K, S7L, S8D, and S8K). Loss of DHX36 in myoblasts

also caused decreased ANP32E protein (Figures 5L, S8E, and

S8L), but not mRNA (Figure S7M), suggesting the synergism of

DHX36 and Lockd in promoting Apn32e mRNA translation. In

line with this, when DHX36 was overexpressed in Lockd KI or

KO cells, a restored ANP32E protein level was detected

(Figures 5M, 5N, S7N, S7O, S8F, S8G, S8M, and S8N). Interest-

ingly, when Lockd was overexpressed in Dhx36 KO cells (Fig-

ure S7P), we also observed increased ANP32E protein level,

suggesting thatLockdcanalso increaseANP32Eprotein indepen-

dent of DHX36, which is in linewith diversified lncRNA functions in

cells. Altogether, the above results demonstrate that Lockd and

DHX36 can synergistically promote the translation of Anp32e

mRNA through binding to and unwinding its 50 UTR rG4 structure.

Lastly, to ascertain the functional role of Anp32e in regulating

myoblast proliferation, we knocked down Anp32e expression in

ASCs with siRNAs (Figure S7Q) and found that decreased

Anp32e significantly inhibited myoblast proliferation rate as

examined by EdU incorporation assay (17.7% and 19.9%

decrease compared with negative control) (Figures 5O and 5P),

which phenocopied DHX36 or Lockd loss in SCs. These findings

suggest that Anp32e is indeed a mediator of Lockd and DHX36

function in promoting myoblast proliferation.

Polysome profiling identifies translational targets of
Lockd and DHX36 in myoblasts
To expand the above study scope, we explored additional trans-

lational targets of Lockd and DHX36 by conducting polysome

profiling coupledwithRNA-seq toexamine the global translational

status of mRNAs in WT and Lockd KOmyoblast cells (Figure 6A).

Briefly, cell lysates were sedimented by sucrose density centrifu-

gation and fractionated into supernatant, small subunits (40S),

large subunits (60S), monosomes (80S), and polysomes (associ-

ated to greater than or equal to five ribosomes, thus considered

to undergo active translation) fractions (Figure S9A). To identify

mRNAs whose TE might be affected by Lockd loss, total mRNAs

from the cytoplasmic fraction and the polysome-associated

mRNA fractions were analyzed by high-throughput sequencing.

Two biological replicates were included for each sample (Fig-

ure S9B). TE for each mRNA was calculated by normalizing the

polysome-associated mRNA to total transcript level (see STAR
(L) The protein level of ANP32E and DHX36 in WT and Dhx36 KO C2C12 myobla

(M and N) Lockd KO or KI cells were transfected with empty vector or DHX36 over

GAPDH as normalization control.

(O and P) EdU labeling (O) was performed in the ASCs transfected with siNC or si

cells was quantified (n = 10 per group).

Data represent means ± SD. Student’s t test (two-tailed unpaired) was used to cal

on the bars.
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Methods). As a result, the TEs of 9,409 mRNAs were significantly

altered upon Lockd KO (Figure 6B; Table S3). By integrating with

the DHX36CLIP-seqdata, 25 and 601DHX36-boundmRNAsdis-

played TE down- or up-regulation, respectively (Figure 6C), sug-

gesting these mRNAs could be potential translational targets of

Lockd andDHX36.GOanalysis revealed theTE-upDHX36-bound

targets were enriched for ‘‘actin filament’’-related terms, while the

TE-down targets were enriched for ‘‘nucleosome and chromatin

assembly’’-related terms (Figures 6D and 6E). Among the TE-

down targets, 13, 23, and 7 possessed binding at their 50 UTRs,
CDs, and 30 UTRs (Table S3). When predicting the G4 formation,

85.7% (11) of these 50 UTR-bound sequences could form various

subtypesof rG4 (Figure6F), reasoningLockdandDHX36maysyn-

ergistically unwind rG4 at the 50 UTRs of these targets to promote

their translation. Interestingly, these targets included several his-

tone-encoding genes, and unsurprisingly, Anp32e was also on

the list (Figure 6G). Moreover, we observed co-staining of Lockd

with a ribosome marker protein RPS6 in ASC (Figure S9C),

providing further support for a general role of Lockd function in

facilitating mRNA translation.

Lockd stabilizes the interaction of DHX36 and EIF3B
Lastly, we elucidated how Lockd and DHX36 interaction affects

Anp32e translation in further depth. First, we screened for pro-

tein-binding partners of DHX36 in myoblast cells by conducting

immunoprecipitation followed by MS in WT and Dhx36 KO cells

(Figure 7A). A total of 2,256 potential binding partners were

immunoprecipitated in the WT cells and 922 proteins in the KO

cells with 837 proteins shared in both cells (Figure 7B;

Table S4). The 1,419 proteins uniquely immunoprecipitated in

WT cells were considered to be potential interacting partners;

in addition, 185 shared proteins with the peptide counts at least

five times higher in WT versus KO cells were also included (Fig-

ure 7B; Table S4). GO analysis showed genes encoding these

proteins were closely related with translation, translational initia-

tion, etc. (Figure 7C). Multiple members of eukaryotic initiation

factor 3 (eIF3) complex were included (Figure 7D), among which

EIF3B caught our attention, because it was also immunoprecip-

itated by Lockd as a potential interacting partner (Figure 3B),

suggesting an interesting possibility that Lockd may scaffold

DHX36 and EIF3B to stabilize their interaction. EIF3B protein is

the component of eIF3 complex, which is required for the initia-

tion of protein synthesis (Fraser et al., 2004; Ma et al., 2019; Pi-

sareva and Pisarev, 2016). To validate the interaction of these

molecules, coimmunoprecipitation (coIP) was conducted by

DHX36 antibody followed by western blot, and an evident

amount of EIF3B was retrieved (Figure 7E), thus confirming their

physical interaction. RNA pull-down assay using LockdRNA also

validated the interaction between Lockd and EIF3B (Figure 7F).

Next, when coIP was conducted in Lockd KI or KO cells, the
sts were detected by western blot with GAPDH as the normalization control.

expression plasmid, and ANP32E and DHX36 protein levels were detected with

Anp32e oligos for 6 h at 48 h post-transfection, and (P) the percentage of EdU+

culate the statistical significance in (B), (E)–(G), and (P), and p values are shown
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Figure 6. Lockd regulates the translation of DHX36-bound mRNAs

(A) Schematic illustration of polysome profiling with WT and Lockd KO cells.

(B) The TE inWT or KO cells was calculated, and the scatterplot of log2(TE) values of all mRNAs is shown. The numbers of mRNAs with up-regulated (R1.5-fold in

KO versus Ctrl, red dots), down-regulated (%0.66-fold in KO versus Ctrl, green dots), or unchanged (gray) TE are shown.

(C) Scatterplot of TE calculated with all DHX36-bound mRNAs.

(D and E) GO analysis for the above-identified TE-up or -down DHX36 target mRNAs.

(F) Prediction of rG4 formation in the binding sites on 50 UTR, 30 UTR, and coding DNA sequence (CDS) regions of the above TE-down DHX36 target mRNAs was

conducted, and the percentage of each rG4 subtype is shown.

(G) The list of the 11 Lockd and DHX36 targets in (F) with G4 formation at the 50 UTR region is shown. Anp32e is highlighted in red font.
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interaction between DHX36 and EIF3Bwas impaired (Figure 7G),

suggesting that Lockd indeed stabilizes their interaction. Finally,

knocking down EIF3B significantly inhibited myoblast prolifera-

tion (Figures 7H and S9D), which phenocopied Lockd and

DHX36 loss in myoblasts and was also consistent with its docu-
mented functions in regulating cell proliferation (Ma et al., 2019).

Altogether, the above findings deepen the mechanistic insight of

how Lockd acts as a scaffolding molecule to stabilize DHX36

interaction with EIF3B, together forming a complex to promote

myoblast proliferation.
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Figure 7. Lockd functions as a scaffolding molecule for DHX36 and EIF3B in regulating Anp32e translation

(A) Schematic illustration of DHX36 IP followed by MS in WT and Dhx36 KO cells to identify DHX36-interacting proteins.

(B) Venn diagram of the number of proteins retrieved in the above WT and Dhx36 KO cells.

(C) GO analysis for the identified DHX36-interacting proteins.

(D) Top-ranked proteins in the enriched terms, such as ‘‘translation,’’ ‘‘translation initiation,’’ and ‘‘regulation of translation initiation,’’ in (C).

(E) CoIP of DHX36 in C2C12 cells. Retrieved EIF3B or DHX36 proteins by DHX36 antibody were detected by western blot.

(F) RNA pull-down assay using Lockd RNA. Retrieved EIF3B protein was detected by western blot with GAPDH as a negative control.

(G) CoIP of DHX36 in WT, Lockd KO, or Lockd KI cells. Cell lysates with same amount of total protein were used for each IP. Input and retrieved EIF3B protein by

DHX36 antibody was detected by western blot.

(H) ASCs were transfected with siNC or siEIF3B oligos. EdU labeling was performed for 6 h at 36 h post-transfection, and the percentage of EdU+ cells was

quantified from 10 randomly chosen fields in each group. Data represent means ± SD; n = 3 biological replicates per group. Scale bar, 50 mm.

Student’s t test (two-tailed unpaired) was used to calculate the statistical significance, and p values are shown on the bars.
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DISCUSSION

In this study, we characterize the functional role of Lockd in regu-

lating SC activity and muscle regeneration. Lockd is a lncRNA

transcript highly induced when SCs become activated upon

injury. We demonstrate that Lockd functions to promote the pro-

liferative expansion of myoblasts in vitro and during the regener-

ation process in vivo. Further mechanistic investigation reveals

that Lockd, which mainly localizes in the cytoplasm of the myo-

blasts, functions by binding with DHX36 protein to further stabi-
14 Cell Reports 39, 110927, June 7, 2022
lize DHX36 interaction with EIF3B protein; together, the complex

unwinds the rG4 structure formed in the 50 UTR ofAnp32emRNA

to promote its translation. Increased ANP32E protein subse-

quently functions to facilitate myoblast-proliferation and mus-

cle-regeneration process. In the absence of Lockd, DHX36-

mediated rG4 unwinding is compromised, thus decreasing

ANP32E protein and causing delay in myoblast proliferation

and muscle regeneration. Altogether, our findings add Lockd

to the list of lncRNAs that promote SC ability to regenerate the

damaged muscle along with our recent findings from studying
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lncRNA SAM (Li et al., 2020). Both lncRNAs are induced when

SCs become activated and proliferate as myoblasts, thus exert-

ing a positive role in promoting the proliferative expansion of

myoblasts during muscle regeneration. The above conclusion

was solidified by data collected from both gain- and loss-of-

function assays performed in both freshly isolated SCs and

C2C12 myoblast cell line (Figure 1). In addition, the loss-of-func-

tion strategy by siRNAs was also successful in knocking down

Lockd in vivo in the regenerating muscle, which led to the evi-

dence that Lockd is also important for muscle regeneration

and SC proliferation in vivo. It is foreseeable that many lncRNAs

are present in SCs to regulate their regenerative ability at each

step of the SC lineage progression, whichwaits to be uncovered.

It is worthy to point out that, previously, findings from Paralkar

et al. (2016) led to the conclusion that, in mouse erythroid cells,

Lockd appears to execute in cis-regulatory function on Cdkn1b

expression through an enhancer within the locus, while the

Lockd lncRNA molecule itself is dispensable for this function.

In the myoblast cells, Lockd lncRNA, however, does not appear

to regulate Cdkn1b gene expression, as knockdown Lockd by

siRNA oligos did not alter Cdkn1b level (Figure S5A). In addition,

Cdkn1b level was not decreased in the Lockd KI line either (data

not shown). Therefore, Lockd represents a versatile type of

lncRNAs that can function both in cis as an enhancer element

embedded in its genomic locus or in trans as a lncRNAmolecule,

depending on the cellular context.

Mechanistically, our findings also add Lockd to the list of

lncRNAs that control gene expression through post-transcrip-

tional regulatory mechanism, expanding the predominantly

known transcriptional regulatory functions of lncRNAs (Chen

et al., 2017; Zhao et al., 2019; Zhou et al., 2015). This post-tran-

scriptional regulatory function is mediated through its inte-

raction with DHX36. We demonstrated that the two factors

synergistically promote Anp32e translation through unwinding

an rG4 structure formed at the 50 UTR region of the Anp32e

mRNA. The formation of the rG4 structure was not only pre-

dicted but also solidified by the results from the spectroscopic

assays (Figures 5 and S7). Findings from the reporter assays

also confirmed the translational regulation of Anp32e by Lockd

and DHX36 (Figure 5). Phenotypically, Anp32e knockdown led

to reduced myoblast proliferation (Figure 5). Our findings thus

identified Anp32 as a bona fide regulatory target of Lockd

and DHX36 interaction. In terms of strengthening the Lockd

and DHX36 association, biochemical evidence collected from

RIP, RNA pull-down, and EMSAs solidified the direct physical

interactions between Lockd lncRNA and DHX36 protein (Fig-

ure 3). Moreover, results from SHAPE assay (Figure 3) led us

to believe that the 50 end of the Lockd molecule possesses

the highest binding affinity with DHX36 protein. Compared

with F2 and F3 regions, F1 is highly structured with multiple

stems, internal, and terminal loops. Interestingly, it is not

predicted to form the canonical rG4 structure (G3-N1–7-G3-

N1–7-G3-N1–7-G3), but weak G2 rG4 subtype (G2-N1–7-G2-

N1–7-G2-N1–7-G2) can be identified. It is thus possible that

Lockd interacts with DHX36 through these G2 rG4 structures;

however, we cannot rule out the possibility that the interaction

is mediated via other types of secondary structure, as shown in

Figure 3. In fact, Booy et al. (2016) demonstrated that a lncRNA
BC200 binds with DHX36 through an adenosine-rich region in-

dependent of rG4 structure. Furthermore, to elucidate exactly

how Lockd binding promotes DHX36 activity, we uncovered

DHX36 interactome in myoblast cells and identified EIF3B to

be a direct interacting partner, therefore coupling DHX36 G4

resolving as an essential part of translational initiation process.

Lockd appears to function to scaffold this complex to facilitate

translation as it interacts with both DHX36 and EIF3B, and

DHX36 and EIF3B interaction was impaired upon Lockd inacti-

vation (Figure 7). Altogether, our findings highlight Lockd as a

previously unknown lncRNA that regulates SC activity and

expands the list of lncRNAs modulating gene expression at

post-translational level. Furthermore, our study establishes a

circuitry consisting of Lockd, DHX36, and ANP32E that plays

an important role in the control of myoblast proliferation during

acute-injury-induced muscle regeneration.
Limitations of the study
In our study, the in vivo loss-of-function assays of Lockd in SCs

were performed using siRNA injection into the whole muscle;

therefore, the knockdown was not limited to SCs only. A condi-

tional KO mouse model will be a good alternative.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and related animal procedures
Pax7-nGFP(Sambasivan et al., 2009) mice were kindly provided by Prof. Shahragim Tajbakhsh. For siRNA injection, �2-months old

C57BL/6 mice were firstly injected with 50 mL of 1.2% BaCl2 into the TA muscle. 2 mM siNC or a mixture of siLockd#1, #2 and #3

oligos (Shanghai GenePharma Corp., China) were prepared by incubation with Lipofectamine 2000 (52887, Invitrogen) for 15 min

and injections were made in a final volume of 50 mL in Opti-MEM I Reduced Serum Medium (31985070, Gibco) at designated

time points after BaCl2 injection. Mice were sacrificed and TA muscles were harvested at indicated time points and total RNAs

were extracted from the whole TA muscle for qRT-PCR analyses. For in vivo EdU assay, TA and GAS muscles were injected with

BaCl2 and siRNA oligos were injected at 1 dpi with EdU injected at 2 dpi via IP at 0.25 mg per 20g body weight, followed by

FACS isolation of SCs 12 h later. Cells were then collected and fixed with 4% PFA. EdU labeled cells were visualized using ‘‘click’’

chemistry with an Alexa Fluor 594 conjugated azide. For all mice experiments, at least three pairs of littermates or age-matched mice

were used and experiments were performed in accordance with guidelines approved by the animal experimentation ethics commit-

tee of the Chinese university of Hong Kong.

Satellite cell isolation
Mouse SCs were isolated from 2 months old Pax7-nGFP mouse as previously described (Liu et al., 2015). Briefly, the hindlimb mus-

cles were collected and minced followed by digestion in 10 mL Ham’s F10 medium (N6635, Sigma) with Collagenase type II

(LS004177, Worthington, 1000U/mL) for 90 min immersed in a shaking water bath at 37�C. Then the muscles were washed with

washing buffer (Ham’s F10 medium supplemented with 10% heat-inactivated horse serum (HIHS, 26050088, Gibco)) and further di-

gested in washing medium contained Collagenase II (800U/mL) and Dispase (11U/mL) for 30 min in the water bath at 37�C. The
mixture was further isolated by passing through 20G needle and filtered through a 40 mm cell strainer. SCs were washed once before

sorted out by BD FACSAria (BD Biosciences) based on GFP reporter protein.

Cell culture
Mouse C2C12 myoblast cells (CRL-1772) and HEK 293 T cells (CRL-3216) were obtained from American Type Culture Collection

(ATCC) and cultured in DMEM medium (12800-017, Gibco) with 10% fetal bovine serum (FBS, 10270-106, Gibco) and 1% peni-

cillin/streptomycin (P/S, 15140-122, Gibco) at 37�C in 5% CO2 incubator. FACS-sorted SCs were cultured in Ham’s F10 medium

supplemented with 20%FBS, 5ng/mL b-FGF (PHG0026, Thermo Fisher Scientific) and 1%P/S at 37�C in 5%CO2 incubator. Human

myoblast cells were obtained from Lonza (CC-2580) and cultured with SkBM-2 Basal Medium (Lonza, CC-3246) and SkGM-2

SingleQuots supplements (Lonza, CC-3244) following the instructions of manufacturer.

Single myofiber isolation and culture
Single myofibers were isolated as previously described (Pasut et al., 2013). Briefly, each extensor digitorum longus (EDL) muscle was

excised from tendon to tendon and digested in F10 medium containing Collagenase type II (800 U/mL) at 37�C in water bath for

75 min. Large bore Pasteur pipette was used to release myofibers in warmmedium by flushing several times until enough single my-

ofiber was observed. Live single myofibers were then transferred to a new dish for removing dead fibers and debris. Isolated single

myofibers were cultured in F10 medium supplemented with 10% HIHS and 1% P/S.

METHOD DETAILS

Cell fractionation
RNAs from different subcellular fractions of C2C12 cells were extracted as previously described (Cabianca et al., 2012). In brief, cell

pellet was lysed with cold Buffer A (HEPES pH7.5 50mM, KCl 10mM, Sucrose 350mM, EDTA 1mM, DTT 1mM, Triton X-100 0.1%,

RNase OUT) and incubated 10min on ice followed by centrifuge at 2000 g, 4�C for 5 min. The supernatant was saved as cytoplasmic

fraction. The pellet was washed twice with cold Buffer A without Triton X-100 and kept as the nuclear fraction. RNAs from different

fractions were isolated by TRIzol (15596018, Invitrogen) for further analysis.

EdU incorporation
EdUassaywas performed followingmanufacturer’s instructions (C10339, ThermoScientific). Cells on coverslipswere incubated in cul-

turemediumwith 10 mMEdU for designated times. Cells were thenwashed for three times in PBS and fixedwith 4%paraformaldehyde
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(PFA) for 10 min. EdU+ cells were labeled using ‘‘click’’ chemistry with an Alexa Fluor" 594-conjugated azide, and DAPI (P36931, Life

Technologies) was mounted for staining the cell nucleus. Pictures were captured with a fluorescence microscope (Leica).

MTS and MTT assay
MTS assay was conducted using CellTiter 9600 Aqueous One Solution Reagent (G3582, Promega) following the manufacturer’s instruc-

tions. Briefly, cells were seededat appropriate density in a 12-well plate and cultured for overnight, followedby replacing the cultureme-

diumwith 10%ofMTS solution (dilutedwithDMEM) to culture for 3 h in aCO2 incubator at 37
�C. Then the supernatantswere transferred

to96-well platewith threeduplicatesbeforeabsorbancemeasurementat490nm.MTTassaywasconducted following the instructionsof

manufacturer (M6494, Invitrogen). In brief, MTT solution was added to culture medium and incubated with the cultured cells for 4 h,

DMSOwasused todissolve the crystals after removing the culturemedium, andabsorbancewas recordedat 550 nm (Chenet al., 2017).

Cell cycle analysis by FACS
C2C12myoblasts or ASCwere synchronized tomitotic stage by nocodazole treatment for 3h or 6h before fixation with 5 mL pre-cold

70% ethanol at 4�C overnight. The cells were washed once with PBS to remove residues, 300 mL of propidium iodide (PI) solution and

20 mL of 10 mg/mL RNase were supplemented and incubated at 37�C for 45 min (Protecting from the light), the cells were then trans-

ferred to FACS tubes for FACS analysis.

TUNEL assay
TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) assay was performed with the In SituCell Death Detection Kit

(Roche) according to the manufacturer’s protocol. C2C12myoblasts were cultured on coverslips for 36 h, followed by washing twice

with PBS and fixing with 4%PFA for 15min. TUNEL staining was carried out by adding reaction mixture of label solution for 30min at

dark; the group of positive control was pre-treated with DNase I to induce apoptosis. Fluorescent images were captured with a fluo-

rescence microscope (Leica) (Chen et al., 2019).

CRISPR/Cas9 mediated knock-out (KO) and knock-in (KI)
For constructing Lockd KO and Dhx36 KO C2C12 cells, a pair of guide RNAs (sgRNAs) flanking the deleted region were selected

using the CRISPR design tool (http://crispr.mit.edu/) and cloned into pX330-EGFP plasmid respectively (42230, Addgene). C2C12

cells were simultaneously transfected with the two plasmids by Lipofectamine 2000 and FACS was employed for sorting out

EGFP+ cells after 48 h of transfection; the EGFP+ cells were then diluted in 96-well plates to obtain single-cell clones. Each colony

was subject to PCR genotyping until the KO clone was identified (Zhao et al., 2019). To construct Lockd KI C2C12 cells, the targeting

vector comprising a BGH polyA cassette and two �1000 bp long homologous arms was co-transfected with plasmids expressing

Cas9 and sgRNA, single clone isolation, amplification and PCR genotyping were subsequently performed to identify the KI clone.

The primers for genotyping and sequences of sgRNA were listed in the Table S5.

Plasmids
The full-length mouse Lockd and DHX36 ORF sequences were obtained by PCR with the template of cDNA extracted from C2C12,

and productswere cloned into pcDNA3.1 + vector (Life Technologies) betweenNheI and KpnI sites to generate pcDNA3.1-Lockd and

pcDNA3.1-DHX36-flag plasmids. To construct the plasmid psiCHECK-2-WT-Anp32eG4, psiCHECK-2-MU-Anp32eG4 and psi-

CHECK-2-Anp32e-50UTR, annealed DNA duplex of WT/MU-G4 sequence or PCR product of full length 50UTR of Anp32e were in-

serted into the unique NheI site of the psiCHECK-2 plasmid (Promega) upstream the Renilla luciferase start codon. For the plasmids

used in CRISPR/Cas9mediated genome editing, the annealed and phosphorylated sgRNA oligoswere cloned into pX330-EGFP vec-

tor by restriction enzyme site Bbs1. The primers for cloning were listed in Table S5.

Rapid amplification of cDNA ends
SMARTer Rapid amplification of cDNA Ends (RACE) cDNA Amplification Kit (634913, Clontech) was used to generate the full-length

Lockd in C2C12 cells. Briefly, to generate 50-RACE-Ready cDNAs, 1 mg total RNAs extracted from C2C12 MBs were reverse tran-

scribed using 50-CDS Primer A, SMARTer IIA oligo and SMARTScribe Reverse Transcriptase. The subsequent PCR amplification

was carried out using a Lockd specific reverse primer and a Universal Primer Mixture from the kit. 30-RACE-Ready cDNAs were ob-

tained by using 30-CDS Primer A. Gene specific primers were listed in Table S5.

Dual-luciferase reporter assay
The plasmids of psiCHECK-2-WT-Anp32eG4, psiCHECK-2-MU-Anp32eG4 and psiCHECK-2-Anp32e-50UTR were transfected into

C2C12 myoblasts using Lipofectamine 2000 according to the manufacturer’s instructions. 48 h after transfection, a half of the cells

were lysed with 100 mL of 13passive lysis buffer per well after PBS wash and kept at RT for 15 min with gentle rocking. The lysate

was then used for measuring the luciferase activity using the Dual-luciferase Reporter Assay kit (Promega) according to the

manufacturer’s instructions. Meanwhile, the other half of the cells was subject to qRT-PCR for evaluating the relative mRNA

abundance of Renilla and Firefly. The final translation efficiency was calculated by the following formula: translation efficiency =

(Luciferase Renilla/Firefly)/(mRNA Renilla/Firefly).
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Real-time PCR
Total RNAs were extracted using TRIzol reagent according to the manufacturer’s instructions. Isolated RNAs were reversely tran-

scribed to complementary DNA (cDNA) by using HiScript II Reverse Transcriptase Kit (R211, Vazyme), quantitativemRNA expression

was performed with SYBR Green Master Mix (4368708, Applied Biosystem) and LightCycler 480 Real-time PCR system, 18s rRNA

was used for normalization. Primers for qRT-PCR were listed in Table S5.

Fluorescence in situ hybridization
In situ hybridization was performed as previously described (Tripathi et al., 2010). Probes were first amplified with PCR using Lockd

expression plasmid as template. PCR products were then purified, nick-translated and labeled with Green d-UTP (Abbott, Chicago,

IL, USA) using a nick translation kit (Abbott). Cells were fixed with 2–4% freshly prepared paraformaldehyde (in 13 PBS) pH 7.2

for 15 min at RT. The cells were permeabilized with 0.2–0.5% Triton X-100, 2 mm VRC (NEBiolabs, Ipswich, MA, USA) on ice for

5–10 min and then washed two times in 23 SSC for 10 min. In all, 200 mg or more of the probe and yeast tRNA (Sigma; 20 mg)

were lyophilized and redissolved in 10 mL deionized formamide, and denatured at 75–100�C for 10 min and immediately chilled in

ice for 3–5 min. In all, 10 mL of hybridization buffer was added to each reaction to make a final hybridization cocktail of 20 mL per

coverslip. Coverslips were incubated at 37�C overnight in a humidified chamber. After the hybridization, coverslips were washed

in 23 SSC, 50% formamide (pH 7.2) for 3 3 5 min at 42�C, 23SSC (pH 7.2) for 3 3 5 min at 42�C, 13 SSC (pH 7.2) for 3 3 5 min

at 42�C and 43SSC for 23 10 min at RT. Coverslips were mounted with ProLong Gold Antifade Reagent with DAPI (Invitrogen). Im-

ages were taken using a Zeiss LSM-780 confocal system with a Plan-Apochromat 633/1.4 NA oil. Acquisition was performed using

Zeiss LSM software Zen Black.

In vitro transcription
In vitro transcription of full-length Lockd and TERC was performed according to the manufacturer’s instructions. Briefly, linearized

DNA templates were used to generate the biotinylated RNAs through in vitro transcription using MAXIscript T7/T3 In Vitro transcrip-

tion kit (Ambion) and RNA labeling Mix (Roche). The reaction was proceeded at 37�C for 2-4 h, following with addition of 1 mL TURBO

DNase (Life Technologies) to remove the DNA template. In vitro transcribed RNAs were purified and quantitated by agarose electro-

phoresis and spectrophotometer. The in vitro transcription of RNAs for EMSA assay of Lockd F1, F2 and F3 and DHX36 were syn-

thesized by HiScribe T7 High Yield RNA Synthesis Kit (NEB, E2040S) and purified using 10% pre-cast denaturing polyacrylamide gel

(Thermo Fisher Scientific, EC68755BOX). The desired RNA bands were cut under UV followed by crushed and soaked in 13 10 mM

Tris–HCl pH 7.5, 1 mM EDTA, and 250 mM NaCl (13 TEN250 Buffer) in a thermo shaker at 4�C and 1300 rpm overnight, then the

transcribed RNAs were purified and concentrated using RNA Clean & Concentrator-5 (Zymo Research, R1016).

Electrophoretic mobility shift assays (EMSA)
For TERC and Lockd, EMSAwas performed with Tris-Glycine system as described previously (Hellman and Fried, 2007). Flag tagged

DHX36 protein was expressed in 293T cells and purified by ANTI-FLAG M2 Affinity gel (Sigma-aldrich, A2220). Full length TERC and

Lockd RNAs were in vitro transcribed and labeled with biotin. RNAs were heated to 90�C for 2 min with 10X RNA structure buffer

(100 mM Tris pH 7, 1 M KCl, 100 mMMgCl2) and then put on ice for 2 min followed by incubation at RT for 20 min. Reaction mixtures

containing 50 mM Tris–HCl pH 7.0, 150 mM NaCl, 0.25 mg/mL tRNA, 0.25 mg/mL bovine serum albumin, RNA and protein were

mixed and incubated at 37�C for 10 min. Following incubation, mixtures were immediately loaded to 6% non-denaturing polyacryl-

amide gel. For mapping Lockd interacting domains, based on the experimentally folded Lockd structure, 3 main RNA fragment can-

didates were selected to perform RNA protein interaction by EMSAwith Tris-HCl system. FAM labeled F1, F2 and F3 RNAs for EMSA

were obtained by ligating a 20-nt-length of FAM-labelled DNA adapter containing 4 random nucleotides and 16 Adenines (50FAM-

N4A16) (IDT, USA) to the transcribed F1, F2 and F3 RNAs using T4 RNA Ligase 1 (NEB, M0204) following manufacturer’s protocol.

10 mL reaction mixtures containing 3 nM of 50 FAM labeled F1 F2 and F3 individually, 40 mM KCl, 1 mMMgCl2, 25 mM Tris-HCl (pH

7.5), 8% sucrose and varying purified DHX36 (Origene, USA) concentrations were prepared and heated at 75�C for 3min, followed by

30�C for 1 h. They were then loaded onto an 6% nondenaturing polyacrylamide gel (37.5:1, acrylamide: bis-acrylamide). The elec-

trophoresis was carried out at 10 mA for 45 min in cold bath (4�C). The gel was scanned by Fuji Film FLA-9000 Gel Imager at 500V.

RNA pull-down and mass spectrometry
RNApull-downwas performed according to previous publication (Zhou et al., 2015). Briefly, C2C12myoblasts were washedwith ice-

cold PBS and resuspended with 3 mL RIPA buffer on ice for 20 min, cell lysate was sheared with homogenizer followed with centri-

fugation at 14,000 rpm for 20 min at 4�C, the supernatant was transferred to new tube as cell lysate for further use. Biotinylated RNAs

were denatured at 90�C for 2 min and then supplemented with RNA structure buffer (Ambion) to renature at RT for 20 min. Folded

RNA mixed with prepared cell lysate for shaking at RT for 1 h, supplementing with pre-washed streptavidin agarose beads for 4

h. Agarose streptavidin beads were washed five times with RIPA buffer and retrieved binding proteins by 100�C boiling. The retrieved

protein was then loaded and separated on 10%SDS-PAGE gel, the specific band in the Lockd pull-down lane was extracted out and

sent to Shanghai applied protein technology for mass spectrometry analysis after Coomassie blue staining. The MS scan was per-

formed with the following parameters: positive ion detection; scan range (m/z) = 300–1800; resolution = 70,000 at 200m/z automatic

gain control (AGC) target = 1 3 106; maximum injection time = 50 ms; dynamic exclusion = 60 s. polypeptide and polypeptide
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fragments were collected according to the following parameters: after each full scan, 10 fragment maps (MS2 scan) were collected,

MS2 Activation Type was HCD, isolation window was 2m/z, second-level mass spectral resolution was 17,500 at 200m/z, collision

Energy was 30 eV, and underfill was 0.1%. The MS/MS spectra were searched with MASCOT engine (Matrix Science, version 2.2).

The following option was used: peptide mass tolerance = 20 ppm, fragment mass tolerance = 0.1 Da, enzyme = trypsin, max missed

cleavages = 2, fixed modification: carbamidomethyl (C), and variable modification: oxidation (M), acetyl (Protein N-term). The iden-

tified proteins were retrieved from the uniport mouse database. The number of unique peptides (Unique PepCount) and

CoverPercent (Cover%: the number of detected amino acids/total number of amino acids in the protein) were used to identify

proteins.

RNA immunoprecipitation
RNA immunoprecipitation (RIP) was performed as previously described (Tsai et al., 2010). Antibodies against DHX36 or isotype IgG

(Santa Cruz Biotechnology) were used to incubate with C2C12 cell lysates for overnight. The RNA/protein complex was recovered

with protein G Dynabeads (Life Technologies) and washed with RIPA buffer for three times. RNAs were analyzed by qRT-PCR after

recovering by reverse crosslink with proteinase K (Thermo Fisher Scientific).

Spectroscopic assay
TheCD spectroscopywas performed using Jasco J-1500CD spectrophotometer and a 1-cmpath length quartz cuvette using similar

protocol published previously by our group (Chan et al., 2019), RNA oligonucleotides were prepared in 150mMKCl and LiCl, followed

by denature at 95�C for 5 min and renaturation at RT. The samples were excited and scanned from 220 - 310 nm at 25�C and signals

were recorded every 1 nm. Each reported spectrum is an average of two scans with a response time of 2 s/nm. Data were normalized

to providemolar residue ellipticity values and smoothed over 5 nm (Sosnick, 2001). All data was analyzedwith SpectraManager Suite

(Jasco Software). For the measurement of intrinsic fluorescence, the samples were excited at 260 nm and the emission spectra were

acquired from 300–500 nm using similar protocol published previously (Chan et al., 2019). Spectra were acquired every 3 nm at 25�C,
all data were smoothed over 5 nm (Kwok et al., 2013b). UVmelting experiments were performed on an Agilent Cary 100 UV-Vis Spec-

trophotometer using similar protocol published previously (Chan et al., 2019). The sample block was first flushed with dry N2 gas and

cooled down to 5�C for 5 min, the RNA samples were loaded to the cuvettes and sealed with 3 layers of Teflon tape to prevent vapor-

ization. The samples were scanned from 5 to 95�C with a temperature increment rate of 0.5�C/min, followed by keeping at 95�C for

5min before a reversed scanwas performed. The forward and reverse scansweremonitored at 295 nm, the finalmelting temperature

was the average of forward and reversed scans (Chan et al., 2019). RNA oligonucleotides used in this study were synthesized by BGI,

sequences are listed in Table S5.

In vitro SHAPE chemical probing
The double-stranded mouse LockdDNA and primers for PCR amplification was purchased commercially (Genewiz, China). Then the

LockdDNA template was PCR amplified as transcription template using Q5High-Fidelity DNAPolymerase (NEB,M0515) followed by

1%agarose gel purifiedwith ZymoDNA agarose gel extraction kit (Zymo, D4008) followingmanufacturer’s protocol. In order to cover

the full-length Lockd structure mapping, 6 Cy5-labelled reverse primers (IDT, USA) for reverse transcription (RT) were designed to

map different regions of Lockd. Transcribed Lockd RNA (4 pmol) was denatured at 95�C for 1.5 min, then cooled at 4�C for

1.5 min for renaturation and incubated at 37�C in 150 mM LiCl, 20 mM MgCl2, and 40 mM Tris–HCl (pH 7.5) for 10 min with 19 mL

of reaction volume for system equilibration. 1 mL of DMSO or 1 M of NAI (Kwok et al., 2013a) was then added to the reaction mixture

at a final concentration of 0.05 M for 5 min at 37�C. Then 5 mL of 2M Dithiothreitol (DTT) was added to each reaction mixture at a final

concentration of 0.4 M to quench the reaction, followed by RNA Clean & Concentrator-5 (Zymo Research, R1016) purification and

eluted with nuclease-free water to get a final 5.5 mL of DMSO/NAI probed RNA of Lockd. For each reverse transcription (RT) reaction,

5.5 mL of DMSO/NAI probedRNA of Lockdwasmixedwith 1 mL of 5 mMCy5-labelled reverse primers and 3 mL of reverse transcription

buffer and dNTP mix to give a final concentration of 150 mM LiCl, 4 mM MgCl2, 20 mM Tris–HCl pH 7.5, 1 mM DTT, and 0.5 mM

dNTPs. For each dideoxy sequencing reaction, 4.5 mL of transcribed Lockd RNA (4 pmol) was mixed with 1 mL of 10 mM ddATP/

ddTTP/ddGTP/ddCTP to replace the probed RNA. The RT reaction was strarted with denature at 75�C for 3 min, followed by anneal-

ing at 35�C for 5 min 0.5 mL of reverse transcriptase Superscript III (200 U mL�1) (Thermo Fisher Scientific, 18080044) was then added

and the cDNA synthesis was carried out at 50�C for 15 min. Then 0.5 mL of 2 M NaOH was added for degradation of RNA at 95�C for

10 min. Last, the reaction was quenched by adding 1 volume of 2X formamide orange G dye (94% deionized formamide, 20 mM Tris

pH 7.5, 20 mM EDTA, orange G dye) and was heated at 95�C for 3 min 4 mL of sample was size fractionated in pre-heated 8% dena-

turing polyacrylamide gel containing 8.3 M of urea at constant 90 W for 90 min. The gel was directly scanned by Fujifilm FLA 9000

Imager (fluorescence detection mode) after the electrophoresis, and the gel image was analyzed. All the oligonucleotides mentioned

above are listed in Table S5.

SHAPE data processing and Lockd structure determination
The nucleotide identity of each band was identified from dideoxy sequencing lanes. The differences in band intensity between

SHAPE (�) and SHAPE (+) reactions were calculated, reported as SHAPE reactivity and used as experimental constraints for

RNA secondary structure prediction in RNAStructure (https://rna.urmc.rochester.edu/RNAstructureWeb/) (Reuter and Mathews,
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2010). Nucleotides with high, medium, low SHAPE reactivity on the gels were labeled red, orange and black, respectively. This

method was modified based on previous study (Liu et al., 2017). Bases without any SHAPE reactivity was labeled gray. The

SHAPE reactivity dataset was shown in Table S2. Resulting structure was manually evaluated to determine their match with

SHAPE probing data.

Western blotting
Cell lysates were collected by direct lysis with RIPA buffer (50 mM Tris-HCl, PH 7.5, 150 mM NaCl, 1.0 mM EDTA, 0.1% SDS, 1%

Sodium deoxycholate and 1% Triton X-100) supplemented with protease inhibitor cocktail (PIC, 88266, Thermo Fisher Scientific),

samples were boiled to denature at 100�C for 10 min before SDS-PAGE gel electrophoresis. The proteins were wet-transferred to

PVDF Western blotting membrane (03010040001, Roche) after electrophoresis, membranes were blocked 1 h with 5% milk in

TBST before overnight incubation with below primary antibodies: rabbit anti-DHX36 (ab70269, Abcam), mouse anti-Dhx9 (sc-

137232, Santa Cruz Biotechnology), mouse anti- Anp32e (sc-514662, Santa Cruz Biotechnology), rabbit anti-ANP32E (A17220,

Abclonal), mouse anti-a-tubulin (sc-23948, Santa Cruz Biotechnology). Anti-GAPDH (ABS16, Sigma-Aldrich). Anti-EIF3B

(ab133601, Abcam). Membranes were then washed three times and incubated with horseradish peroxidase (HRP) -conjugated

secondary mouse anti rabbit antibody (sc-2357, Santa Cruz Biotechnology) or m-IgGk BP-HRP antibody (sc-516102, Santa

Cruz Biotechnology) for 1 h at RT. Reactive proteins were detected by Enhanced Chemiluminescence (ECL) reagent (K-12045-

D20, Advansta).

Native co-immunoprecipitation and mass spectrometry
WT or Dhx36 KO C2C12 cells were collected and lysed with lysis buffer (0.1% NP-40, 50mM HEPES pH 7.5, 250mM NaCl, 5mM

EDTA, 1x Proteinase Inhibitor cocktail) for 30min on ice followed by brief disruption by a bioruptor. The cells were then centrifuged

at 12000g for 15 min at 4�C and the supernatant was kept as the whole-cell lysates which were incubated with 2 mg primary antibody

at 4�C for overnight, following by binding with 30 ul pre-washed Protein G Dynabeads for 2 h at 4�C. The beads were then washed

with the lysis buffer for 10 min. Repeat the wash for 6 times and discard the supernatant thoroughly, followed by either resuspending

the beads in 30 ul of 2x SDS protein loading buffer and boiled at 100�C for 10min for Western blot, or resuspending the beads in 30 ul

of a Tris-HCL buffer (62.5mMTris-HCL, pH 6.8, 1%SDS) and boiled at 100�C for 10min for Mass spectrometry using Bruker timsTOF

Pro Mass-spectrometer.

Immunofluorescence staining
For immunofluorescence (IF) staining on cells, cells were fixed on coverslips with 4% PFA and permeabilized with fresh 0.5% NP-

40 (diluted with PBS) for 10 min. Following with block with 3% BSA and incubation with designated primary antibodies for over-

night at 4�C. The cells were washed with PBS for three times and incubated with secondary antibodies for 1 h at RT (protected

from light). Then the cells were mounted with DAPI solution before observation. IF staining on TA sections was performed as

before (Wang et al., 2012), mouse TA muscles were dehydrated in 30% sucrose for 1 h at RT and embedded with optimal cutting

temperature compound (O.C.T, 4583, SAKURA), the tissue blocks were stored at �80�C before cutting into 5 mm sections. Tissue

slides were fixed and permeabilized before antigen retrieval with 0.01M pH 6.0 citric acid in high-heated microwave, following with

block in 4% Bovine Serum Albumin (BSA, IgG-Free, Protease-Free) (001-000-162, Jackson ImmunoResearch) for 3 h. Then the

endogenous mouse IgG was blocked by incubation with AffiniPure Fab Fragment Goat Anti-Mouse IgG (H + L) (115-007-003,

Jackson ImmunoResearch). Staining with the primary antibody omitted was used as the negative control. The appropriate primary

antibodies were used as following: mouse anti-MyoD (M3512, Dako), mouse anti-eMyHC (NCL-MHC-d, Leica), rabbit anti-laminin

(L9393, Sigma) and mouse anti-RPS6 (sc-74459, Santa Cruz Biotechnology), all fluorescent images were captured with a fluores-

cence microscope (Leica).

Hematoxylin-eosin staining
Hematoxylin-eosin (H&E) staining on cryo-sections was performed as previously described (Diao et al., 2012). The frozen slides were

transferred to RT for equilibration and immersed in hematoxylin for 7min. The eosin was used to stain the slides for 45 s followed with

dehydration and transparency. Lastly, the slides were mounted with polystyrene before observation.

Purification of recombinant protein with FLAG tag
pcDNA3.1-DHX36-flag plasmid were transfected with Lipofectamine 2000 into HEK293T cell according to the manufacturer’s in-

structions, cells were harvested at 48 h post-transfection and lysed in lysis buffer (ice-cold PBS containing 1% Tween 20 and

protease inhibitor cocktail) on ice by sonication (10 s on, 20 s off, totally 1 min). The cell lysates were obtained by collecting the

supernatant after 16,000 rpm at 4�C for 20 min; the pre-washed anti-flag M2-agarose beads (A2220, Sigma) were added into cell

lysates in 15 mL column tubes, TBS containing PIC was used to fill up the tubes, following with rotation at 4�C for overnight. The

beads were washed 4 times with large volume of cold PBS to eliminate unspecific binding, the binding proteins were washed out

with TBS containing competitive flag peptide (250 mg/mL). The purity of proteins was assessed by Coomassie blue staining and pro-

tein concentrations were determined by Bradford assay with BSA as the standard (Lattmann et al., 2010).
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Polysome profiling and data analysis
Polysome profiling of WT or Lockd KO C2C12 cells was conducted as previously described (Chen et al., 2021). Briefly, cells were

cultured in growth medium and treated with cycloheximide (100 mg/mL) for 10 min at 37�C prior to lysis. Cells were then washed

with ice-cold PBS supplemented with 100 mg/mL cycloheximide and further lysed in 300 mL of lysis buffer (10 mM HEPES pH 7.4,

150 mM KCl, 10 mM MgCl2, 1% NP-40, 0.5 mM DTT, 100 mg/mL cycloheximide). After disrupting the cells by passing eight times

through 26-gauge needle, the nuclei and the membrane debris were removed by centrifugation at 15,682 g for 10 min at 4�C. The
supernatant was then layered onto a 10-mL linear sucrose gradient (10–50% [w/v], supplemented with 10 mM HEPES pH 7.4,

150 mM KCl, 10 mM MgCl2, 0.5 mM DTT, 100 mg/mL cycloheximide) and centrifuged at 160,000 g in an SW41Ti rotor (Beckman)

for 2 h at 4�C. After centrifugation the sediment in the tube went through a UV detector at the wavelength of 254nm and simulta-

neously the required fractions (R5 ribosomes, polysome) were collected and polysome-associated RNAs were extracted by Tri-

zol-LS. TruSeq Stranded Total RNA libraries were prepared with 500 ng RNA according to the manufacturer’s protocol (Illumina).

The libraries were sequenced in 2 3 100 nt manner on HiSeq 2000 platform (Illumina).

For data analysis, the above sequenced libraries were quantified following the RNA-seq processing procedures. Briefly, after the

adaptor trimming, quality filtering and duplication removal using in-house scripts (Chen et al., 2021), the sequenced fragments were

mapped to reference mouse genome (MM9) using HISAT2 (Kim et al., 2019). Cufflinks (Trapnell et al., 2012) was then used to derive

the fragments per kilobase per million (FPKM) values. TE values were then calculated as the ratio between the abundance of poly-

some-associated RNAs (FPKM-polysome) and total cytoplasmic mRNAs (FPKM-total) in Ctrl and Lockd-KO conditions. The fold

change of TE upon Lockd deletion was further calculated as the average TE values in KO divided by average TEs in Ctrl cells.

The genes with TE fold change greater than 1.5 or less than 0.66 were considered to be TE up- or down-regulated genes.

Gene ontology analysis
Gene ontology analysis was either conducted by ClusterProfiler or DAVID. The adjusted P or P. values were reported with the GO

terms.

Prediction of coding potential
Coding potential of Lockd was predicted on the website https://sunlab.cpy.cuhk.edu.hk/iSeeRNA/(Sun et al., 2013).

Statistical analysis
The statistical significance was assessed by the Student’s two-tailed paired and unpaired t test.
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Figure S1. Lockd is induced upon satellite cell activation and proliferation. Related to Figure 1.  

(A) Schematic illustration of genomic location and structure of mouse Lockd relative to the Ckdn1b 

gene on mouse chromosome 6. 

(B-D) SCs were isolated and cultured for 24h, 48h or 96h. The expressions of (B) Pax7, (C) MyoD or 

(D) Myogenin mRNAs were detected by qRT-PCR with 18s rRNA as the normalization control. Data 

represents means ± s.d.; n = 3 per group. 

(E) The coding potential of Lockd was predicated by iSeeRNA software.  

(F) The expression level (FPKM) of Lockd in different mouse tissues was calculated with RNA-seq data 

from GENCODE database. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 



Figure S2. Evolutionary conservation of Lockd in human and rat genomes. Related to Figure 1. 

(A) Sequence alignment of the exon1 and exon2 of mouse Lockd transcript with the human APOLD1 

mRNA.  

(B) Top: Genome snapshot showing the region on mouse (mm9) chromosome 6 with Cdkn1b and Lockd 

gene. Middle: genome snapshot showing the region on human (hg19) chromosome 12 with APOLD1 

and DDX47 genes. Bottom: enlarged snapshot of the human genome locus highly similar with the exon 

2 of mouse Lockd. The two red rectangles point to the above aligned sequences in mouse and human 

genomes. The green rectangles indicate Apold1 genomic locus in mouse or human genome. Mouse RNA-

seq tracks are from proliferating C2C12 myoblast and differentiated myocyte cells from GENCODE. 

Human RNA-seq tracks are from proliferating human myoblast and differentiated myocyte from 

GENCODE.  

(C) The presence of human LOCKD transcript was detected with semi-quantitative PCR in proliferating 

primary human myoblast or myocyte differentiated for 5 days. 18s rRNA was used as the normalization 

control.  

(D) QRT-PCR was also performed in the above samples with 18s rRNA used as the normalization control. 

Data represents means ± s.d.; n = 3 per group. 

(E) Sequence alignment of mouse Lockd and rat LOC102556981 transcripts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



Figure S3. Lockd lncRNA promotes myoblast differentiation. Related to Figure 1.  

(A) FISCs were cultured for 12h and transfected with three different siRNA oligos targeting Lockd 

(siLockd) or negative control (siNC). The knockdown efficiency of Lockd was detected by qRT-PCR at 

48h post transfection. 18s rRNA was used as a normalization control. Data represents means ± s.d.; n = 

3 per group. 

(B) FISCs were cultured for 12h and transfected with a vector control or Lockd expressing plasmid. The 

overexpression of Lockd was confirmed by qRT-PCR at 48h after transfection using 18s rRNA as a 

normalization control. Data represents means ± s.d.; n = 3 per group. 

(C) FISCs were cultured for 12h and transfected with siNC or siLockd oligos for 48h before fixation. IF 

staining for Ki67 and Pax7 was conducted and the percentage of double positive cells was quantified 

from 10 randomly chosen fields in each group. Data represents means ± s.d.; n = 10 per group. Scale bar, 

100μm.  

(D) Equal numbers of FISCs were seeded and transfected with siNC or siLockd oligos. MTT assay was 

performed at 48h post transfection with absorbance measured at 550 nm. Data represents means ± s.d.; 

n = 3 per group. 

(E) Genotyping result for WT and homozygous Lockd KO cells. The size of WT and KO bands are 564bp 

and 192bp, respectively. 

(F) Genotyping result for WT and homozygous KI cells. The size of WT and KI bands are 249bp and 

531bp, respectively. 

(G) Equal numbers of WT, Lockd KO and Lockd KI cells were cultured for 1, 2 or 3 days and the cell 

viability was examined by MTS with the absorbance measured at 490 nm. Data represents means ± s.d.; 

n = 3 per group. 

(H) SCs were transfected with control vector, Lockd or DHX36 overexpression plasmids for 36h and 

treated with nocodazole for 6h. Cell cycle analysis was performed and the percentage of cells at G0&G1, 

S or G2&M was calculated.  

(I) Human myoblast cells were transfected with siLOCKD for 48h and the knockdown efficiency was 

examined by qRT-PCR. 18s rRNA was used as the normalization control. Data represents means ± s.d.; 

n = 3 per group. 

(J) EdU incorporation was performed for 6h at 48h post transfection with the above cells. Scale bar, 

50μm. 

(K) The percentage of EdU+ cells was quantified from 10 randomly chosen fields in each group. Scale 

bar: 100μm. Data represents means ± s.d.; n = 4 biological replicates per group. 

(L) ASCs were transfected with siNC or siLockd oligos for 24h and induced to differentiate for another 

48h. IF staining of MF20 was conducted. Scale bar, 50μm. 

(M) The number of MF20+ cells in (L) was calculated from 5 randomly chosen fields. Data represents 

means ± s.d.; n = 5 per group.  

(N) The expressions of Lockd, Myogenin and Tnni2 mRNAs were examined by qRT-PCR in the above 

cell with 18s rRNA as the normalization control. Data represents means ± s.d.; n = 3 per group. 

(O) TUNEL assay was performed on WT, Lockd KI or Lockd KO C2C12 myoblast cells. Cells treated 

with DNase I were used as a positive control for cell apoptosis. Scale bar, 50μm.  

Student's t-test (two-tailed unpaired) was used to calculate the statistical significance in A, B, C, D, G, I, 

K, M, N and P values are shown on bars. 

 

 



 

Figure S4. Knock-down of Lockd in vivo inhibits satellite cell proliferation and acute injury induced 

muscle regeneration. Related to Figure 2. 

(A) Uninjured TA muscles or TA injured with BaCl2 and collected at 1, 2, 4, 6 dpi. MyoD mRNA 

expression levels were examined by qRT-PCR with 18s rRNA used as the normalization control. Data 

represents means ± s.d.; n = 3 per group. 

(B) Myogenin mRNA expression levels were examined the same as in (A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. Lockd directly interacts with DHX36. Related to Figure 3. 

(A) SCs were transfected with siNC or siLockd oligos and Cdkn1b mRNA level was examined by qRT-

PCR with 18s rRNA as the normalization control. Data represents means ± s.d.; n = 3 per group. 

(B) Adaptor RNA alone or human HULC lncRNA was used as the negative controls for EMSA assay in 

Figure. 3E, 3F, 3I. 

(C) Schematic illustration of the SHAPE assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. DHX36 loss does not cause myoblast apoptosis. Related to Figure 4. 

(A) ASCs were transfected with a vector or DHX36 expressing plasmid (Fig. 4H). The overexpression 

of DHX36 was confirmed by qRT-PCR at 48h after transfection. 18s rRNA was used as the normalization 

control. Data represents means ± s.d.; n = 3 per group. Student's t-test (two-tailed unpaired) was used to 

calculate the statistical significance and P values are shown on bars. 

(B) TUNEL assay was performed on WT or Dhx36 KO C2C12 myoblast cells. Cells treated with DNase 

I were used as a positive control for cell apoptosis. Scale bar, 50μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



Figure S7. Lockd/DHX36 synergistically facilitate Anp32e translation to promote myoblast 

proliferation. Related to Figure 5.  

(A) Genomic snapshot of DHX36 CLIP-seq peaks at Anp32e mRNA locus.  

(B) Schematic illustration of the formation of rG4 structure under K+ condition and the absence of rG4 

in Li+ condition or with mutated Gs of Anp32e 5’UTR.  

(C) Intrinsic fluorescence of WT or mutant rG4 oligos in the 5’UTR of Anp32e mRNA under Li+ or K+ 

conditions were acquired by exciting samples at 260 nm and collecting the emission spectra from 300 – 

500 nm.  

(D) UV melting assay of WT and mutant rG4 sequence in the 5’UTR of Anp32e mRNA. The samples 

were scanned from 5 to 95 ℃ with a temperature increment rate of 0.5 ℃/min, followed by keeping at 

95 ℃ for 5 mins before a reversed scan was performed.  

(E) Overexpression of Lockd or (F) DHX36 in C2C12 cells in Fig. 5F were examined by qRT-PCR with 

18s rRNA as the normalization control. Data represents means ± s.d.; n = 3 per group. 

(G) Schematic illustration of the dual luciferase reporter used to examine translational efficiency (TE) of 

Renilla luciferase mRNA. The WT or Mut 5’UTR sequence of Anpe32 was inserted upstream of Renilla 

ORF.  

(H) WT, Lockd KO and Dhx36 KO cells were transfected with the above reporter plasmids. TE of Renilla 

luciferase was examined. Data represents means ± s.d.; n = 3 per group. 

(I-M) The expression of Anp32e mRNA was examined by qRT-PCR in Fig. 5H-L. 18s rRNA was used 

as the normalization control. Data represents means ± s.d.; n = 3 per group. 

(N-O) Lockd KO or Lockd KI cells were transfected with control vector or DHX36 overexpression 

plasmid in (Fig. 5M-N) and the expression level of Anp32e mRNA was examined by qRT-PCR with 18s 

rRNA used as the normalization control. Data represents means ± s.d.; n = 3 per group. 

(P) Left: Dhx36 KO C2C12 cells were transfected with control or Lockd overexpression vectors and the 

protein level of Anp32e was examined by Western blot with GAPDH used as the normalization control. 

Right: Anp32e mRNA level was examined by qRT-PCR with 18s rRNA used as the normalization control. 

Data represents means ± s.d.; n = 3 per group. 

(Q) C2C12 cells were transfected with siNC or siAnp32e#1 or siAnp32e#2 oligos and the protein level 

or mRNA level of Anp32e was examined by Western blot (Left) or qRT-PCR (Right), respectively. Data 

represents means ± s.d.; n = 3 per group. 

The relative band intensity of ANP32E in P and Q was calculated by ImageJ and normalized to the 

intensity of normalization controls. Student's t-test (two-tailed unpaired) was used to calculate the 

statistical significance in H and Q and P values are shown on bars. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. Lockd/DHX36 regulate Anp32e translation. Related to Figure 5. 

(A-G) The replications of Western blot in Fig. 5H-N.  

(H-N) The relative band intensity of ANP32E from replicates in Figure. 5H-N and Figure S8. (A-G) was 

calculated by ImageJ and normalized to the band intensity of normalization controls. Data represents the 

average of indicated number of independent experiments ± s.d. Student's t-test (two-tailed unpaired) was 

used to calculate the statistical significance and P values are shown on bars. 

 

 

 

 

 



 

Figure S9. Lockd regulates the translation of DHX36 bound mRNAs. Related to Figure 6 and 7. 

(A) Polysomal profiling was performed in WT and Lockd KO cells (Figure. 6A) and the profiles are 

shown. The peaks for small (40S) and large (60S) subunits, as well as monosome (80S), ≥5 ribosomes 

are indicated.  

(B) The Spearman correlation of reads counts of the two replicates of the above data.  

(C) Left: Co-staining of Lockd by FISH and ribosomal protein S6 by IF in ASC. Right: the percentage 

of Lockd signal colocalized with ribosome signal and the percentage of ribosome signal colocalized with 

Lockd signal were calculated respectively. Data represents means ± s.d.; n = 10 cells per group. 

(D) C2C12 cells were transfected with siNC or siEIF3B oligos and the knockdown efficiency was 

detected by Western blot. 
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