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G R A P H I C A L A B S T R A C T
� LUC7L3 depletion impairs cell prolifer-
ation compared to other Luc7p paralogs,
leading to cell apoptosis and senescence.

� LUC7L3 depletion leads to the accumu-
lation of R-loops, which are RNA-DNA
hybrids that can cause DNA replication
stress and genome instability.

� LUC7L3 depletion causes abnormalities
in spindle assembly, resulting in the
formation of multinuclear cells.

� SRSF1 positively regulates LUC7L3 pro-
tein translation.
A R T I C L E I N F O
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A B S T R A C T

The RNA-binding protein LUC7L3 is the human homolog of yeast U1 small nuclear RNA (snRNA)-related splicing
factor Luc7p. While the primary function of LUC7L3 as an RNA-binding protein is believed to be involved in RNA
metabolism, particularly in the splicing process, its exact role and other functions are still not fully understood. In
this study, we aimed to elucidate the role of LUC7L3 and its impact on cell proliferation. Our study revealed that
LUC7L3 depletion impairs cell proliferation compared to the other Luc7p paralogs, resulting in cell apoptosis and
senescence. We explored the underlying mechanisms and found that LUC7L3 depletion leads to R-loop accu-
mulation, DNA replication stress, and genome instability. Furthermore, we discovered that LUC7L3 depletion
caused abnormalities in spindle assembly, leading to the formation of multinuclear cells. This was attributed to
the dysregulation of protein translation of spindle-associated proteins. Additionally, we investigated the interplay
between LUC7L3 and SRSF1 and identified SRSF1 as an upper stream regulator of LUC7L3, promoting the
translation of LUC7L3 protein. These findings highlight the importance of LUC7L3 in maintaining genome sta-
bility and its relationship with SRSF1 in this regulatory pathway.
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1. Introduction

Vertebrates possess three yeast Luc7p paralogs, namely LUC7L,
LUC7L2, and LUC7L3. These proteins comprise the N-terminal alpha-
helix domain, ZnF domains, and C-terminal arginine-serine-rich (RS)
domains (Daniels et al., 2021; Howell et al., 2007). Yeast Luc7p plays a
crucial role in pre-mRNA splicing, and perturbations in its N-terminal
structural domain or mutations/deletions of ZnF1 can result in impaired
splicing events in vivo. Additionally, mutation of ZnF2 can lead to a lethal
phenotype (Agarwal et al., 2016). Recently, Daniels et al. have exten-
sively investigated the functions of LUC7L, LUC7L2, and LUC7L3 in
relation to their associated proteins, RNA crosslinking site profiles, and
roles in RNA splicing (Daniels et al., 2021). Their findings indicate that
LUC7L2 and LUC7L3 exhibit distinct characteristics compared to LUC7L.
For instance, while LUC7L predominantly associates with hnRNP pro-
teins, both LUC7L2 and LUC7L3 bind with SR proteins. Additionally,
whereas LUC7L primarily crosslinks with intronic sequences, both
LUC7L2 and LUC7L3 are predominantly bound to exonic sequences.
Notably, LUC7L2 can repress OXPHOS and promote glycolysis by regu-
lating specific gene alternative splicing (Jourdain et al., 2021). Further-
more, LUC7L2 can directly bind to intron 3 of MITA/STING precursor
mRNA and regulate innate antiviral response (Li et al., 2021). However,
the role of LUC7L3 remains elusive. The LUC7L3 gene was initially
identified as a novel RS nuclear protein in cisplatin-resistant cell lines
(Nishii et al., 2000). In vitro studies have shown that LUC7L3 is phos-
phorylated by mSRPK1, mSRPK2 and Clk1, and Clk1 phosphorylation of
SR proteins alters splicing (Prasad et al., 1999). RBM25 binds to the
exonic shear enhancer CGGGCA, potentially stabilizing precursor
mRNA-U1 snRNP through interaction with LUC7L3, and activating
shearing at the 50 shear site of pro-apoptotic factor Bcl-Xs (Zhou et al.,
2008). Both RBM25 and LUC7L3 may regulate alternative splicing of Na
þ channel transcript which could be associated with heart failure (Gao
et al., 2011, 2013). Herein, this study reveals that depletion of LUC7L3
leads to significant growth defects, unlike individual depletions of either
LUC7L or LUC7L2. We further demonstrate that LUC7L3 prevents R-loop
accumulation and promotes spindle assembly thereby contributing to
maintaining genomic stability.

R-loops are unique structures formed by the invasion of RNA into
double-stranded DNA, resulting in the formation of a triple-stranded
nucleic acid structure (Roberts et al., 1992; Thomas et al., 1976) While
R-loops have beneficial effects in certain physiological contexts, their
abnormal accumulation can lead to DNA damage and genomic insta-
bility. This occurs through the inhibition of replication fork progression
and the promotion of double-strand breaks (Gan et al., 2011; Niehrs
et al., 2020). Unscheduled R-loop formation is associated with increased
DNA breaks, transcription-replication collisions, mutagenesis, and chro-
mosomal rearrangements, resulting in genome instability (Aguilera et al.,
2012; Hamperl et al., 2014, 2017). Several proteins, including top-
oisomerases (Tuduri et al., 2010; Yang et al., 2014), splicing factors (Li
et al., 2005) and chromatin regulators (Bayona-Feliu et al., 2021), act to
prevent R-loop formation during transcription. Splicing factors, such as
SRSF1 and SRSF2, which contain RS domains, play a crucial role in this
process. SRSF1 is particularly important for maintaining genomic sta-
bility by preventing the formation of RNA-DNA hybrid R-loop structures
(Li et al., 2005). Mutations in high-risk alleles of the splicing factors
SRSF2 and U2AF1 have been found to increase R-loop levels, replication
stress, and activate the ATR-CHK1 signal pathway (Chen et al., 2018). In
addition to splicing factors, other proteins such as RNase H (Wahba et al.,
2011), DNA: RNA helicase enzymes like DDX18 (Lin et al., 2022), DDX5
(Yu et al., 2020), DHX9 (Chakraborty et al., 2018), and RNA binding and
processing proteins (Bhatia et al., 2014) have been identified as regulator
of R-loop accumulation. These proteins play a crucial role in maintaining
R-loop homeostasis and preserving genome stability in vivo.

Here, we uncovered that depletion of LUC7L3 resulted in the accu-
mulation of R-loops and DNA replication stress, leading to genomic
instability characterized by chromosome breaks and micronuclei
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formation. Apart from its role in RNA splicing, LUC7L3 also plays a role
in the regulation of protein translation, facilitating spindle assembly
during mitosis. Furthermore, the efficiency of LUC7L3 protein translation
was found to be influenced by SRSF1, a protein involved in RNA pro-
cessing. SRSF1 positively regulated LUC7L3 protein levels, suggesting
that LUC7L3 may be a downstream factor of SRSF1.

2. Results

2.1. LUC7L3 depletion impairs cell proliferation

The function of the mammalian LUC7-like family of proteins on cell
survival remains elusive. To investigate the functional role of LUC7-like
protein on cell survival, we depleted LUC7L, LUC7L2, and LUC7L3 using
short hairpin RNAs (shRNA) (Supplemental Fig. 1A). Depletion of
LUC7L3 significantly decreased cell proliferation in A549 and HeLa cells,
whereas depletion of LUC7L and LUC7L2 had no such effect (Fig. 1A).
Moreover, this decrease in cell proliferation was accompanied by an in-
crease in apoptotic cell death (Fig. 1B, Supplemental Fig. 1C) and cellular
senescence (Fig. 1C, Supplemental Fig. 1D). These findings were further
supported by colony formation assays (Supplemental Fig. 1B), suggesting
that LUC7L3 exhibits distinct functions related to cell survival compared
to LUC7L and LUC7L2. Considering the collaborative role of LUC7L3 and
RBM25 in mRNA alternative splicing (Le S�en�echal et al., 2023; Zhou et
al., 2008), we explored whether knockdown of RBM25 would elicit
similar effects as observed upon depletion of LUC7L3. Interestingly,
depletion of RBM25 did not significantly affect cell proliferation
(Fig. 1A), indicating that LUC7L3 may have unknown functions associ-
ated with its role in promoting cell survival.

LUC7L3 depletion resulted in robust DNA damage in HeLa cells, as
evidenced by the increased phosphorylation of histone variant H2AX
(γH2AX) (Khanna et al., 2001; Mah et al., 2010; Redon et al., 1999;
Rogakou et al., 1998) and KAP1 (p-KAP1), which are established bio-
markers for DNA damage (Fig. 1D) (White et al., 2006; Ziv et al., 2006).
In contrast, depletion of LUC7L, LUC7L2 or RBM25 did not induce DNA
damage. Immunofluorescence staining (IF) revealed a significant in-
crease in γH2AX foci upon LUC7L3 depletion in both HeLa and A549 cells
(Fig. 1E). Moreover, we observed that chromosomal instability markers,
such as micronuclei and nucleoplasmic bridges, were elevated in
LUC7L3-depleted A549 cells (Fig. 1F and G). Collectively, these results
indicated that LUC7L3 depletion led to DNA damage and genomic
instability, which may contribute to impaired cell proliferation. Intrigu-
ingly, we also discovered that LUC7L3 depletion induced the accumu-
lation of multinuclear cells, which may also contribute to the decreased
cell proliferation following its loss (Fig. 1H).

2.2. LUC7L3 prevents R-loop-induced accumulation of DNA damage

As splicing factors act to prevent R-loop formation during RNA
transcription, and unscheduled R-loops lead to DNA damage and
genomic instability after splicing factor depletion (Goulielmaki et al.,
2021; Jimenez et al., 2019; Jin et al., 2023; Li et al., 2005), we speculated
that LUC7L3 depletion may lead to aberrant R-loop formation. To
investigate whether LUC7L3 depletion leads to aberrant R-loop forma-
tion, we monitored R-loops using the S9.6 antibody, which specifically
detects DNA-RNA hybrids (Boguslawski et al., 1986; Bou-Nader et al.,
2022). SRSF1-depleted cells served as the positive control for the
enrichment of R-loop (Li et al., 2005, 2007). We observed a significant
enrichment of the S9.6 signal in LUC7L3-depleted A549 cells, similar to
what was observed in SRSF1-depleted cells (Fig. 2A). In contrast,
depletion of LUC7L2 did not result in the enrichment of the S9.6 signal
(Supplemental Fig. 2A). Moreover, we observed the accumulation of
R-loops in different cell lines, including HeLa, U2OS, and
non-transformed hTERT RPE-1 cells, upon LUC7L3 depletion (Fig. 2B,
Supplemental Figs. 2B and C). Treatment with DRB, which inhibits gene
transcription (Chodosh et al., 1989; Yankulov et al., 1995), diminished
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Fig. 1. Impact of LUC7L3 depletion on cell proliferation
A. Knockdown of LUC7L, LUC7L2, LUC7L3, and RBM25 proteins in A549 and HeLa cell lines. Cell viability was assessed using the CCK-8 assay.
B. Flow cytometry analysis of apoptosis in LUC7L3-interfered A549 and HeLa cells.
C. Detection of senescence-associated β-galactosidase (SA-β-Gal)-positive cells in LUC7L3-interfered RPE, A549, and HeLa cells using a cellular senescence kit.
D. Western blot analysis of γH2AX, KAP1, and p-KAP1 (S824) protein levels in A549 cells following knockdown of LUC7-like proteins LUC7L, LUC7L2, LUC7L3, and
RBM25.
E. Immunofluorescence analysis of γH2AX nuclear foci in LUC7L3-knockdown A549 and HeLa cells. Red fluorescence indicates γH2AX, and blue indicates the nucleus
with DAPI staining. The number of γH2AX foci per cell was analyzed using Image J software and statistical analysis was performed using GraphPad Prism 8.0.1
software. n＞70.
F. Immunostaining of intracellular micronuclei using DAPI in LUC7L3-depleted A549 and HeLa cells. Red arrow: micronuclei. Statistical analysis of the number of
micronuclei cells was shown. n＞100.
G. Anaphase cells of LUC7L3 deleted A549 cells were immunostained with DAPI. Statistical analysis of the number of nucleoplasmic bridge cells was shown. Red
arrow: chromosome bridge. n＞100.
H. Immunostaining of multinuclear cells with DAPI in LUC7L3-depleted cells. Dashed red circle: multinuclear cells. Statistical analysis of the number of multinucleated
cells was shown. n＞100. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, indicating statistical significance and ns indicates non-significance. Scale bar: 10 μm.
Dash lines outlined cells with micronucleus or multinuclear cells.
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the enrichment of the S9.6 signal after LUC7L3 depletion (Fig. 2C and E).
Additionally, overexpressing GFP-RNase H1, which specifically degrades
DNA-RNA hybrids (Cerritelli et al., 2009, 2022; Stein et al., 1969),
abolished the accumulation of the S9.6 signal induced by LUC7L3
depletion (Fig. 2D and E). These findings collectively indicate that
LUC7L3 depletion induces the accumulation of R-loops.

As R-loop accumulation will disrupt the DNA replication process
through gene transcription and DNA replication head-on collision
(Hamperl et al., 2017; Yang et al., 2022), we investigated whether
LUC7L3 depletion affects DNA replication speed using a DNA fiber assay
(Halliwell et al., 2020; Michalet et al., 1997; T�echer et al., 2013). Inter-
estingly, knockdown of LUC7L3 resulted in a significant reduction in
DNA replication speed, which could be rescued by overexpressing
GFP-RNase H1 (Fig. 3A). Previous studies indicated that the disruption of
the DNA replication process by R-loop will activate the ATR-CHK1
pathway (Hodroj et al., 2017; Matos et al., 2020; Prendergast et al.,
2020). Next, we examined CHK1 S345 phosphorylation, a marker of DNA
replication stress, and found that it was increased after LUC7L3 depletion
(Fig. 3B). Importantly, the increase in CHK1 S345 phosphorylation was
observed in LUC7L3-depleted cells but not RBM25-depleted cells
(Fig. 3C). Notably, overexpression of GFP-RNase H1 prevented CHK1
phosphorylation induced by LUC7L3 depletion (Fig. 3D). These results
indicate that LUC7L3 depletion-induced R-loop accumulation leads to
DNA replication stress.

Furthermore, overexpressing GFP-RNase H1 reduced γH2AX signals,
a marker of DNA damage, in LUC7L3-depleted HeLa and A549 cells
(Supplemental Figs. 3A and B). Given that increased DNA replication
stress induces chromosome breaks in mitotic cells (Chakraborty et al.,
2020; Minocherhomji et al., 2015), we examined the impact of LUC7L3
deficiency on chromosome stability. Consistent with the functional re-
sults in Fig. 3A, LUC7L3 depletion resulted in a substantial increase in
chromosome breaks, which could be rescued by overexpressing
GFP-RNase H1 (Fig. 3E). Thus, we concluded that LUC7L3
depletion-induced R-loop accumulation disrupted the DNA replication
process, which caused DNA damage and genome instability.
2.3. LUC7L3 depletion induces defects in spindle assembly during mitosis

As shown in Fig. 1H, LUC7L3 depletion also resulted in the formation
of aberrant multinuclear cells (Fig. 1H), which could not be rescued by
overexpression of GFP-RNase H1 (Fig. 4A). This suggested that LUC7L3
depletion-induced multinuclear cell formation was not solely due to R-
loop accumulation. Since LUC7L3 interacts with SRSF1 (Umehara et al.,
2003) and SRSF1 depletion could induce multipolar spindle formation,
we speculated that LUC7L3 depletion may affect spindle assembly and
consequently lead to multinuclear cell formation. To test this hypothesis,
we performed an IF assay with mitotic cells to visualize spindle assembly.
Control cells exhibited two spindle poles, as indicated by the localization
of pericentrin, a protein that accumulates at the spindle pole in mitotic
4

cells (Fig. 4B). In contrast, LUC7L3 depletion dramatically increased the
formation of multipolar spindles, characterized by the presence of mul-
tiple pericentrin dots (Fig. 4B and C). This effect was rescued by the
ectopic expression of LUC7L3 (Fig. 4C), suggesting a role for LUC7L3 in
modulating spindle assembly during mitosis. Importantly, the depletion
of LUC7L2 did not induce multipolar spindle formation, suggesting that
this effect is specific to LUC7L3 (Supplemental Fig. 4A).

Considering that SRSF1 is known to regulate spindle assembly by
promoting the translation efficiency of spindle-associated proteins
(Maslon et al., 2014), we investigated whether LUC7L3 regulated spindle
assembly through the samemechanism. We found that LUC7L3 depletion
decreased the protein level of CEP70, CEP170, and KIF2A, which are
spindle-associated proteins. This effect was particularly pronounced in
nocodazole-treated synchronized mitotic cells (Fig. 4D). IF experiment
also showed that LUC7L3 depletion decreased the intensity of CEP170 on
centrosomes in interphase cells and spindle poles in mitotic cells
(Fig. 4E). To determine whether LUC7L3 depletion induced a decrease of
spindle-associated proteins, we performed polysome profiling assay by
separating ribosomes using sucrose gradient centrifugation. We
measured the ratio of indicated mRNA in polysome fractions and
sub-polysome fractions, which reflects the protein translation efficiency
of these spindle-associated proteins (Supplemental Fig. 4B) (Maslon
et al., 2014). We found that the translation efficiency of CEP70, CEP170,
and KIF2A was significantly impaired following LUC7L3 knockdown
(Fig. 4F). Conversely, the ectopic expression of SFB-LUC7L3 increased
the protein level and translation of these spindle-associated proteins
(Fig. 4F and G), indicating that LUC7L3 could promote the translation of
CEP70, CEP170, and KIF2A. Thus, these results suggest that LUC7L3
regulates the translation of spindle-associated proteins, similar to the role
of SRSF1.
2.4. SRSF1 depletion causes a decrease in the LUC7L3 protein level

Surprisingly, we observed a significant decrease in LUC7L3 protein
level after SRSF1 depletion in various cell lines (Fig. 5A). In contrast, the
LUC7L2 protein level remained unchanged after SRSF1 depletion (Sup-
plemental Fig. 5A). However, the mRNA level of LUC7L3 was not
affected by SRSF1 depletion (Fig. 5B), indicating that SRSF1 depletion
may not affect the transcription of LUC7L3. Additionally, LUC7L3
depletion did not have an impact on the SRSF1 protein level (Fig. 5C).

To investigate the mechanism behind the SRSF1 depletion-induced
decrease in LUC7L3 protein levels, we examined the involvement of
proteasome and lysosome-mediated protein degradation. However,
treatment with the proteasome inhibitor MG132 or the lysosome inhib-
itor CQ did not rescue the decrease in LUC7L3 protein levels caused by
SRSF1 depletion (Fig. 5D). This suggests that SRSF1 depletion does not
affect the stability of the LUC7L3 protein. Since SRSF1 is known to
regulate protein translation (Maslon et al., 2014), we next examined the
effect of SRSF1 depletion on the translation efficiency of LUC7L3. By



Fig. 2. Accumulation of R-loops following LUC7L3
depletion
A. Immunofluorescence analysis of R-loops in
LUC7L3-knockdown A549 cells. SRSF1 depletion cells
were used as a positive control. The R-loop was
immunostained with S9.6 antibody (Red). The
nucleolus was labeled with nucleolin (Green). The
nucleus stained with DAPI. The fluorescence intensity
of the R-loop was analyzed using Image J software,
and statistical analysis was shown. n＞100. a. u.
means arbitrary units.
B. Immunofluorescence analysis of R-loops in
LUC7L3-knockdown HeLa cells as in A.
C. Immunofluorescence analysis of cellular R-loops
following treatment with the transcriptional repressor
DRB in HeLa cells.
D. Immunofluorescence analysis of intracellular R-
loops following overexpression of GFP-RNase H1 in
HeLa cells.
E. Statistical analysis of R-loop fluorescence intensity
following indicated treatment was shown. n＞100. a.
u. means arbitrary units. *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001, indicating statistical sig-
nificance and ns indicates non-significance. Scale bar:
10 μm.
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separating ribosomes using sucrose gradient centrifugation, wemeasured
the ratio of LUC7L3 mRNA in polysome fractions and sub-polysome
fractions, which reflects the protein translation efficiency of LUC7L3
(Maslon et al., 2014). As expected, knockdown of SRSF1 resulted in a
5

significant decrease in LUC7L3 protein translation efficiency, while the
translation efficiency of LUC7L2 protein remained unaffected (Fig. 5E).
Furthermore, overexpression of SRSF1 increased the translation effi-
ciency of LUC7L3 protein (Fig. 5F), leading to an increase in LUC7L3



Fig. 3. DNA replication stress and genome instability following LUC7L3 depletion
A. DNA replication speed was analyzed through DNA fiber assay in LUC7L3-depleted A549 cells following indicated treatment. ImageJ software was used for analysis
of DNA replication fork length, and statistical analysis was shown. n＞100.
B. Immunofluorescence analysis of p-CHK1(S345) phosphorylation levels in LUC7L3-knockdown HeLa cells. Green fluorescence indicated p-CHK1(S345), and blue
represented the nucleus stained with DAPI. Intranuclear fluorescence signals of p-CHK1(S345) were analyzed using ImageJ, and statistical analysis was shown. n＞70.
a. u. means arbitrary units.
C. Western blot analysis of p-CHK1(S345) and CHK1 protein phosphorylation levels in LUC7L3-and RBM25-depleted HeLa cells.
D. Western blot analysis of p-CHK1(S345) phosphorylation levels in LUC7L3-depleted and GFP-RNase H1-overexpressing A549 and HeLa cells.
E. Chromosome spreading assay to assess the effect of LUC7L3 depletion on chromosomes in A549 cells. n＞40. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
indicating statistical significance and ns indicates non-significance. Scale bar: 10 μm.
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protein levels (Fig. 5G). Consistent with these findings, IF staining
showed an increase in LUC7L3 protein levels in cells overexpressing
SRSF1 (Fig. 5H), further supporting the role of SRSF1 in promoting
LUC7L3 protein translation. We also observed a positive correlation be-
tween SRSF1 and LUC7L3 protein levels in different cell lines (Supple-
mental Fig. 5B). In conclusion, our findings suggest that SRSF1 depletion
leads to a decrease in LUC7L3 protein levels through a mechanism
involving impaired protein translation efficiency. The positive correla-
tion between SRSF1 and LUC7L3 protein levels further supports the
regulatory role of SRSF1 in LUC7L3 level.
6

2.5. LUC7L3 overexpression could partially rescue SRSF1 depletion-
induced R-loop accumulation and abnormal spindle assembly

Given that both LUC7L3 and SRSF1 play similar roles in R-loop
accumulation and spindle assembly, and that SRSF1 positively regulates
LUC7L3 protein translation, we investigated whether the role of SRSF1 in
LUC7L3 protein translation contributes to the regulation of genomic
stability by SRSF1. We examined the intensity of R-loops in SRSF1-
depleted cells and found that overexpression of LUC7L3 partially
rescued the R-loop accumulation induced by SRSF1 depletion (Fig. 6A
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Fig. 4. Contribution of LUC7L3 to spindle assembly through promoting spindle-associated protein translation
A. Observation of cell multinucleation in LUC7L3-knockdown and GFP-RNase H1-rescued A549 and HeLa cells. Statistical analysis of the number of multinucleated
cells was shown. n＞100.
B. Immunofluorescence analysis of mitotic spindles in LUC7L3-depleted HeLa cells. Red fluorescence indicates alpha-tubulin, green fluorescence indicates pericentrin,
and blue indicates the nucleus stained with DAPI.
C. Immunofluorescence analysis of mitotic spindles in LUC7L3-depleted and SFB-LUC7L3-rescued HeLa cells. Statistical analysis of the proportion of cells with
multipolar spindles was shown. n＞100.
D. Western blot analysis of protein levels of LUC7L3, KIF2A, NDC80, CEP70, and CEP170 in LUC7L3-depleted A549 cells. The protein level was analyzed in
asynchronized cells and nocodazole-synchronized mitotic cells. Statistical quantification of each protein was shown. Asyn: Asynchronous.
E. Immunofluorescence analysis of intracellular CEP170 fluorescence in LUC7L3-depleted HeLa cells. Statistical analysis of CEP170 fluorescence signals were shown. n
＞40. a. u. means arbitrary units.
F. Ribosomal fraction isolation assay in A549 cells overexpressing SFB-LUC7L3 or with LUC7L3 depletion. The ratio of indicated mRNA in polysome fractions to sub-
polysome fractions was explored using qPCR. Statistical analysis of the ratio for each gene was shown.
G. Western blot analysis of protein levels of KIF2A, NDC80, CEP70, and CEP170 in A549 cells overexpressing SFB-SRSF1. Statistical quantification of each protein was
shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, indicating statistical significance and ns indicates non-significance. Scale bar: 10 μm. Dash lines outlined
cell shape.

Fig. 5. SRSF1 regulates the protein translation efficiency of LUC7L3
A. Western blot analysis of LUC7L3 after SRSF1 depletion in A549, HeLa, and HCT116 cells.
B. qPCR analysis of SRSF1 and LUC7L3 mRNA levels after SRSF1 or LUC7L3 depletion in A549, HeLa, and HCT116 cells.
C. Western blot analysis of intracellular SRSF1 protein levels after LUC7L3 depletion in A549, HeLa, and HCT116 cells.
D. Western blot analysis of LUC7L3 after SRSF1 depletion in HeLa cells treated with the proteasome inhibitor MG132 or chloroquine (CQ).
E. qPCR analysis of the ratio of LUC7L3 and LUC7L2 in polysome fractions to sub-polysome fractions in LUC7L3-depleted HeLa cells.
F. qPCR analysis of the ratio of LUC7L3 and LUC7L2 in polysome fractions to sub-polysome fractions in SFB-SRSF1-overexpressing HeLa cells.
G. Western blot analysis of LUC7L3 and LUC7L2 protein levels in SFB-SRSF1-overexpressing HeLa cells.
H. Immunofluorescence analysis of endogenous LUC7L3 protein (Green) expression in HeLa cells overexpressing SFB-SRSF1 (Magenta). Blue indicates the nucleus
stained with DAPI. n＞70. a. u. means arbitrary units. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, indicating statistical significance and ns indicates non-
significance. Scale bar: 10 μm.
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Fig. 6. Partial rescue of defects induced by SRSF1 depletion by LUC7L3 overexpression
A. Western blot analysis of SRSF1 knockdown and GFP-LUC7L3 overexpression in HeLa cells.
B. Immunofluorescence analysis of SRSF1-depleted HeLa cells with or without SFB-LUC7L3 overexpression by indicated antibodies. Red indicates S9.6 (marker for R-
loops), green indicates GFP-LUC7L3, and blue indicates the nucleus stained with DAPI. Fluorescence intensity of S9.6 were analyzed using ImageJ software. n＞100. a.
u. means arbitrary units.
C. Immunofluorescence analysis of mitotic SRSF1-depleted HeLa cells with or without SFB-LUC7L3 overexpression by indicated antibodies. Red indicates alpha-
tubulin, magenta indicates pericentrin, green indicates GFP-LUC7L3, and blue indicates the nucleus stained with DAPI. Proportional analysis of cells with multi-
polar spindles was shown. n＞70.
D. Cell proliferation assays in A549 and HeLa cells. LUC7L3 or SRSF1-depleted cells were transfected with SFB-LUC7L3. The cell proliferation was measured using
CCK-8 assay. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, indicating statistical significance and ns indicates non-significance. Scale bar: 10 μm.
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and B). Additionally, LUC7L3 overexpression led to a significant decrease
in the formation of multipolar spindles in SRSF1-depleted cells (Fig. 6C).
These findings suggest that the defects induced by SRSF1 depletion can
be partially attributed to the decrease in LUC7L3 protein levels.

Furthermore, we investigated whether LUC7L3 overexpression could
rescue the cell proliferation defects induced by SRSF1 depletion.
Consistently, SRSF1 depletion had a similar effect on cell proliferation as
LUC7L3 depletion in HeLa and A549 cells (Fig. 6D). However, LUC7L3
overexpression significantly rescued the defects induced by LUC7L3
depletion, whereas it only partially rescued the defects induced by SRSF1
depletion (Fig. 6D). This indicates that the regulation of LUC7L3 protein
by SRSF1 is partially involved in the cell survival defects induced by
9

SRSF1 depletion. Overall, our findings identify LUC7L3 as a novel
downstream factor of SRSF1, contributing to the regulation of genomic
stability and cell survival.

3. Discussion

Vertebrates have three Luc7p paralogs, namely LUC7L, LUC7L2, and
LUC7L3, and the functions of the mammalian LUC7-like family of pro-
teins have not been fully understood. In this study, we aimed to inves-
tigate the impact of depleting each protein on cell proliferation.
Surprisingly, we found that only the depletion of LUC7L3 significantly
reduced cell proliferation. Further investigations revealed that LUC7L3
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depletion resulted in the accumulation of R-loops, DNA replication stress,
and genomic instability. This, in turn, triggered cell apoptosis and
senescence. Additionally, LUC7L3 depletion caused abnormalities in
spindle assembly and the formation of multinuclear cells, likely due to
dysregulated translation of proteins involved in spindle organization.
Interestingly, we discovered that LUC7L3 is regulated by SRSF1, a pro-
tein known to be involved in RNA processing. SRSF1 positively regulated
the translation of LUC7L3 protein, suggesting a potential interplay be-
tween these two factors.

Among the three Luc7p paralogs, only the depletion of LUC7L3 led to
an accumulation of R-loops, indicating that LUC7L3 has distinct func-
tions in R-loop formation. We also investigated the role of RBM25, a
known RNA-binding protein associated with LUC7L3 (Gao et al., 2011;
Zhou et al., 2008), in R-loop accumulation. Interestingly, the depletion of
RBM25 did not result in significant R-loop enrichment, suggesting that
the function of LUC7L3 in R-loop formation is independent of RBM25. In
a recent study by Daniels et al. they analyzed the RNA binding profiles of
LUC7-like proteins using seCLIP-seq (Daniels et al., 2021) and found that
LUC7L2 and LUC7L3 predominantly bound to exonic sequences, which
differed from the binding pattern of LUC7L. Notably, the binding pattern
of LUC7L2 and LUC7L3 was similar to that of SRSF1, an RNA-binding
protein containing RS domains. Given that aberrant expression of
SRSF1 has been associated with R-loop-mediated genomic instability, it
is possible that LUC7L3 regulates R-loop enrichment through a similar
mechanism as SRSF1. Furthermore, the analysis of crosslinking site
enrichment revealed that LUC7L3 had a significantly higher number of
reproducible and significant crosslinking sites compared to LUC7L and
LUC7L2. Specifically, LUC7L3 had 4473 crosslinking sites, while LUC7L
and LUC7L2 had 385 and 260 crosslinking sites, respectively (Daniels
et al., 2021) This suggests that LUC7L3 may regulate a broader range of
mRNA maturation processes compared to the other two paralogs. Taken
together, these findings suggest that LUC7L3 depletion induces more
severe defects in mRNA maturation, potentially explaining the differ-
ences observed in R-loop accumulation compared to the other two
paralogs. The distinct functions of LUC7L3 in R-loop formation and
mRNA maturation highlight its unique role in cellular processes related
to genome stability and RNA processing.

We also found that the depletion of LUC7L3 resulted in the formation
of multipolar spindles. Specifically, we observed abnormal spindle as-
sembly and the presence of multinucleated cells in LUC7L3-depleted
cells, whereas this was not observed in LUC7L2-depleted cells. Through
western blotting and IF assays, we observed a decrease in spindle-
associated proteins such as CEP170, CEP70, and KIF2A in LUC7L3-
depleted cells. This suggests that LUC7L3 may regulate the translation
of various spindle-associated proteins. LUC7L3 depletion induced a more
severe decrease of these proteins in nocodazole-synchronized mitotic
cells, indicating the function of LUC7L3 on protein translation tended to
occur in G2 or mitotic cells. Further experiments are required to elucidate
the underlying mechanism behind the effect of LUC7L3 on protein
translation, which will help to precisely define the role of LUC7L3 in
protein translation in interphase cells and mitotic cells. Interestingly, the
function of LUC7L3 in spindle assembly was similar to that of SRSF1,
indicating that LUC7L3 and SRSF1 may regulate protein translation
through the same mechanism. Considering the interaction between
SRSF1 and LUC7L3 (Umehara et al., 2003), as well as the role of SRSF1 in
enhancing the translation efficiency of LUC7L3, it is reasonable to pro-
pose that LUC7L3 collaborates with SRSF1 to facilitate its own trans-
lation efficiency. Hence, it is crucial to unravel the underlying
mechanism governing LUC7L3's impact on protein translation. Previous
studies have demonstrated the role of SRSF1 in protein translation pro-
cesses. For instance, SRSF1 has been shown to associate with translating
ribosomes and stimulate translation in Xenopus oocytes. It also enhances
the translation of reporter mRNAs in HeLa cells (Sanford et al., 2004).
Additionally, SRSF1 regulates translation initiation by enhancing the
phosphorylation of 4E-BP1 (Michlewski et al., 2008). It binds to LIG1
mRNA and regulates its expression in an mTOR-dependent manner by
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increasing its mRNA stability and enhancing its translation (Marti-
nez-Terroba et al., 2018). Further experiments are needed to determine if
LUC7L3 also functions in these processes.

Given the shared functions of LUC7L3 and SRSF1 in R-loop formation
and spindle assembly, we investigated the relationship between these
two proteins. Surprisingly, we found that SRSF1 positively regulates the
protein level of LUC7L3, but not LUC7L2, by promoting its translation.
This suggests that LUC7L3 is a downstream factor of SRSF1. We also
explored whether the decrease in LUC7L3 in SRSF1-depleted cells con-
tributes to the defects in R-loop accumulation and spindle assembly.
Overexpressing LUC7L3 in SRSF1-depleted cells partially rescued the
defects in R-loop and spindle assembly, indicating that LUC7L3 plays a
role in these processes. Since SRSF1 has been reported to interact with
LUC7L3, it is possible that SRSF1 and LUC7L3 form a complex to regulate
alternative splicing and protein translation.

In summary, our study highlights the distinct functions of LUC7L3 in
cell proliferation, R-loop formation, spindle assembly, and genome sta-
bility. Depletion of LUC7L3 may lead to severe defects in mRNA matu-
ration, resulting in the accumulation of R-loops. This accumulation of R-
loops caused by LUC7L3 depletion collides with DNA replication ma-
chinery, leading to replication stress and genomic instability (Fig. 7).
Moreover, we also provide insights into the interplay between LUC7L3
and SRSF1. We found that SRSF1 positively regulates the protein levels of
LUC7L3 by enhancing its translation. Interestingly, LUC7L3 is also
involved in regulating the mRNA translation of genes related to mitotic
spindle assembly, similar to the role of SRSF1 in protein translation
(Fig. 7). These findings contribute to our understanding of the complex
regulatory networks involved in genome stability, mRNA processing, and
cellular proliferation.

4. Material and methods

4.1. Cell culture and cell cycle synchronization

A549, HeLa, HCT116, RPE (hTERT RPE-1), and HEK293T cells were
obtained from the American Type Culture Collection (ATCC, http://www
.atcc.org) and cultured in Dulbecco's modified Eagle's medium (DMEM)
with high glucose. The mediumwas supplemented with 10% fetal bovine
serum and 100 U/mL penicillin and 0.1 mg/mL streptomycin.

Cells were synchronized into the S phase using a double thymidine
block. Briefly, the cells were initially blocked with 2 mM thymidine for
18 h. They were then released into fresh media for 9 h before being
treated with thymidine again for 15 h. After this, the cells were released
for an additional 5 h. To synchronize cells at the M phase, HeLa cells were
treated with 2 mM thymidine for 24 h. Subsequently, they were treated
with 200 nM nocodazole for 11 h.

4.2. Plasmid transfection

Plasmids expressing SFB-LUC7L3, SFB-SRSF1, and GFP-RNase H1
were prepared for transfection experiments. A 3:1 ratio of poly-
ethyleneimine (PEI) transfection reagent (Sigma) to plasmid DNA was
used for transfection in subsequent experiments.

shRNA targeting LUC7L3, SRSF1, LUC7L, LUC7L2, RBM25, and a
negative control shRNA (shNC) were inserted into the pLKO.1 lentiviral
vector. The shRNA-pLKO.1 constructs were co-transfected with pSPAX2
and pMD2. G into HEK293T cells for lentivirus production. HeLa, A549,
and HCT116 cells were selected in the presence of 2 μg/mL puromycin,
while RPE cells were selected in the presence of 5 μg/mL puromycin. The
target sequences for LUC7L3 knockdown were as follows 5ʹ-
CCGGGATCGAAAGTCATATAA-3ʹ for shLUC7L3 #1, and 5ʹ-GCGA-
TACTTACAGAGCTTACT-3ʹ for shLUC7L3 #2. Target sequences for
SRSF1 knockdown were as follows 5ʹ-GAAGCAGGTGATGTATGTTAT-3ʹ
for shSRSF1 #1, and 5ʹ-ACTTACCTCCAGACATCCGAA-3ʹ for shSRSF1
#2. Target sequences for RBM25 knockdown were as follows 5ʹ-
GCGCCTTAAGAATTGGGAAAT-3ʹ for shRBM25 #1, and 5ʹ-

http://www.atcc.org
http://www.atcc.org


Fig. 7. Model for the function of LUC7L3
Depletion of LUC7L3 may lead to severe defects in
mRNA maturation, resulting in the accumulation of R-
loops. This accumulation of R-loops caused by
LUC7L3 depletion may collide with DNA replication
machinery, leading to replication stress and genomic
instability. Moreover, SRSF1 positively regulates the
protein levels of LUC7L3 by enhancing its translation.
LUC7L3 is also involved in regulating the mRNA
translation of genes related to mitotic spindle assem-
bly, similar to the role of SRSF1 in protein translation.
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GGAAAGCATTTGGGCGCAAGA -3ʹ for shRBM25. Target sequences for
LUC7L knockdown were as follows 5ʹ-CCAGACAGAGGGTCAAGTTTA-3ʹ
for shLUC7L #1, and 5ʹ-GGAGTCCTTTATTGCTGAATG-3ʹ for shLUC7L
#2. Target sequences for LUC7L2 knockdown were as follows 5ʹ-GCA-
GAGGAAGTTATCGGAAT-3ʹ for shLUC7L2 #1, and 5ʹ-GTAATGGAT-
GAAGTAGAGAAA-3ʹ for shLUC7L2 #2.

4.3. Immunoprecipitation and western blot

Protein from each cell line was extracted by using NETN420 lysis
buffer (420 mMNaCl, 20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5% NP-40
and 1 � protease inhibitor cocktail). Cell lysates were centrifuged at
15,000 rpm for 15 min at 4 �C and the supernatants were collected.
Proteins were denatured by boiling in SDS loading buffer for 10 min. For
immunoprecipitation, the antibody-conjugated Protein G beads (MCE)
were mixed with cell extracts for 2 h at 4 �C.The beads were washed five
times with NETN100 buffer (100 mM NaCl, 20 mM Tris-HCl, pH 8.0,
1 mM EDTA, 0.5% NP-40), and then resuspended in SDS loading buffer,
followed by denaturation and elution in 95 �C for 10 min.

Protein samples were separated by SDS-PAGE and transferred onto
PVDF membrane. The following primary antibodies were used LUC7L3
(Proteintech, 14504-1-AP), SRSF1 (Abcam, ab38017), Flag (Sigma,
F9291), GFP (Proteintech, 50430-2-AP), KAP1 (Cell Signaling Technol-
ogy, #4123), p-KAP1(S824) (Abcam, ab133440), CHK1 (Cell Signaling
Technology, #37010), p-CHK1(S345) (Cell Signaling Technology,
#2348S), γH2AX (Abcam, ab81299), NDC80 (Proteintech, 25297-1-AP),
CEP170 (Proteintech, 18899-1-AP), CEP70 (Proteintech, 16280-1-AP),
KIF2A (Proteintech, 13105-1-AP), LUC7L (Abcam, ab91294), LUC7L2
(Proteintech, 25297-1-AP), RBM25 (Proteintech, 25297-1-AP), Tubulin
(Proteintech, 10094-1-AP), GAPDH (Proteintech, 60004-1-Ig), Actin
(Proteintech, 60009-1-Ig).

4.4. Immunofluorescence analysis

Adherent cells were grown on sterile glass coverslips in a 24-well cell
culture plate. Cells were fixed with pre-cooled 4% paraformaldehyde for
15 min, permeabilized in 0.5% Triton X-100 for 5 min, blocked with 5%
BSA for 30 min, incubated with primary antibody diluted with 5% BSA
for 2 h. After washing 3 times with PBS, the coverslips were incubated
with secondary antibody diluted with 5% BSA for 1 h in the dark. Sub-
sequently, the coverslips were washed three times with PBS, followed by
incubation with DAPI for 5 min in the dark and washed three times with
PBS.

For S9.6 (R-loop) detection, cells were fixed with ice-cold methanol
for 10 min followed by acetone exposure for 1 min on ice, blocked with
3% BSA, and incubated with S9.6 primary and secondary antibodies in
4 � SCC buffer (NaCl, sodium citrate 0.1% Tween, pH 7.0). The slides
were then incubated with DAPI for 5 min in the dark. Slides were washed
three times with PBS, mounted with Fluoromount-G (Southern Biotech),
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dried, imaged under an Olympus microscope and images were analyzed
using Image J software.

4.5. DNA fiber assay

Cells were synchronized to the S phase by double thymidine block.
Subsequently, CIdU (25 μM) was added for 20 min, followed by IdU
(250 μM) for a further 40 min. Cells were harvested and washed twice
with PBS. Cell samples of 2 μL (1,000 cells) were spotted onto the glass
slide, air-dried for 5 min, and lysed in 7 μL lysis buffer (200 mM Tris-HCl,
pH 7.5, 50 mM EDTA, 5% SDS) for 2 min. The slide was placed at an
angle of 30 �C to allow the DNA to flow out slowly. Slides were air dried
before fixation in methanol: acetic acid (3:1). Fixed fibers were dena-
tured in 2.5 M HCl for 1 h before blocking in 5% BSA for 1 h and then
incubated with anti-mouse BrdU antibody (BD Biosciences, 1:60), and
anti-rabbit BrdU antibody (Sigma, 1:500) for 2 h, respectively. Slides
were washed three times with 0.05% Tween-20 and PBS, followed by
incubation with Alexa Fluor 488-conjugated goat anti-rat antibody
(Thermo Fisher Scientific, 1:400) and Alexa Fluor 647-conjugated goat
anti-mouse secondary antibody (Thermo Fisher Scientific, 1:400) for 1 h
in the dark. Slides were washed three times with 0.05% Tween-20 and
PBS. Slides were imaged using an Olympus microscope and the track
lengths of the labeled replication forks were analyzed manually using
Image J software.

4.6. Chromosome spreading

Cells were treated with 200 nM nocodazole to block in mitosis. The
rounded cells were vortexed and collected. 75 mM KCl hypotonic solu-
tion was added for 30 min at 37 �C before centrifugation at 300g for
4 min at 4 �C. The pellets were then resuspended in ice-cold methanol:
glacial acetic acid (3:1) for fixation for 5 min. After removal of the fix-
ation reagents, the cell suspension was dropped onto a slide moistened
with acetic acid to spread themetaphase chromosomes. The spreads were
air-dried and stained with Giemsa solution (Solarbio) for 15 min. Images
were captured using an Olympus microscope.

4.7. Fluorescence quantitative PCR

2 � Chamq SYBR colour qPCR Master Mix (Vazyme) was used for the
fluorescence quantitative PCR reaction. Each group of experimental data
was repeated three times, and the data were stored. 2-△△ct was used for
calculation and GraphPad Prism 8.0.1 was used for data analysis. qPCR
primers are listed in Table S1.

4.8. Cell growth assay

To measure cell growth of LUC7L3 knockdown cells, cells were
infected with lentivirus expressing shRNA for 48 h, seeded in a 96-well
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plate at 2,000 cells/well and adherently cultured for 24, 48, 72 and 96 h.
Each well was incubated with Cell Counting Kit-8 reagent solution
(Zoman Biotechnology) for 2 h in the dark. Absorbance at 450 nm was
measured using a microplate reader (Spectramax i3x). The cell viability
rate was calculated, and the cell viability curve was plotted using
GraphPad Prism 8.0.1 software.

4.9. Colony formation assays

Cells were infected with lentivirus expressing shLUC7L3 for 48 h,
seeded in a 6-well plate at 300 cells/well, with 3 replicate wells each, and
maintained in the cell culture incubator for 10 days of adherent culture,
with fresh medium added every 3 days. When the cells had grown to
visible cell clones, the old culture medium was discarded, and the cells
were washed twice with PBS. Cells were fixed with pre-cooled anhydrous
methanol for 20 min, and 0.5% crystal violet was prepared in anhydrous
methanol and stained for 30 min. The staining solution was discarded,
rinsed with water and the images were saved. Colonies were calculated
using GraphPad Prism 8.0.1 software.

4.10. Cell apoptosis

For apoptosis analysis, 72 h after infection with lentivirus expressing
shLUC7L3 #1, shLUC7L3 #2, or shNC, A549 and HeLa cells were har-
vested and washed twice with PBS. Cells were stained with Annexin-V
FITC and PI (Zoman Biotechnology). The cell samples were analyzed
by flow cytometry (BD) and FlowJo software.

4.11. Cell senescence

Cell senescence was detected using the Cell Senescence β-Galactosi-
dase Staining Kit (Beyotime Biotechnology). Cells were infected with
lentivirus expressing shLUC7L3 for 72 h. The old cell culturemediumwas
discarded, 1 mL of β-galactosidase staining fixative was added and the
cells were fixed for 15 min. The cell fixative was discarded and added
staining solution. The cells were incubated overnight at 37 �C in a
thermostat. The image was captured under a light microscope. The cell
senescence rate was calculated using GraphPad Prism 8.0.1 software.

4.12. Polysome profiling assay

Prior to harvest, cells were treated with 100 μg/mL CHX at 37 �C for
15 min to block translation, and cells were washed twice with PBS
containing CHX. Cells were then collected by digestion and transferred to
new EP tubes. Each sample was lysed with 800 μL cell lysis buffer (su-
crose gradient solution containing 0.5% NP-40, 0.1% CHX, 1% protease
inhibitor cocktail, 0.125% RNase inhibitor) for 20 min on ice, and the
extracts were inverted and mixed every 5 min until complete lysis. After
centrifugation at 12,000g at 4 �C for 15 min, the supernatant was
transferred to a fresh centrifuge tube. Lysates were layered onto 10–60%
sucrose gradient buffer containing 2.2 M sucrose, 1 M Tris-HCl, pH 7.5,
5 M NaCl and 1 M MgCl2, which were prepared using a density gradi-
ometer. The gradients were centrifuged at 4 �C, 39,000 rpm for 90 min,
the fractionation apparatus was set up and 1 mL of each sample was
collected every 1 min, the gradient curve of the RNA was collected by
continuously monitoring the absorbance at 260 nm. 12 tubes were
collected and marked for subsequent experiments or frozen at �80 �C.
Phenol-chloroform extraction of RNA was followed by qPCR detection.
The ratio of indicated mRNA in polysome fractions and sub-polysome
fractions was used to indicate the protein translation efficiency.

4.13. Statistical analysis

For grayscale analysis in Fig. 4D and G, protein level of each spindle-
related gene was quantified to the level of indicated loading control. The
relative mean gray value of each spindle-related protein in wild-type
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asynchronized cells was set as 1. Statistical analysis was performed
using GraphPad Prism 8.0.1 software. A Student's t-test was performed
for unpaired samples. Results are displayed as mean � SD in graphs.
Significance is represented as * p < 0.05, ***p < 0.01, ***p < 0.001,
****p < 0.0001, ns indicates non-significance. (p > 0.05). All data were
replicated three times in the study.
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