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SUMMARY

Long interspersed element 1 (LINE-1) is the only currently known active autonomous transposon in hu-
mans, and its retrotransposition may cause deleterious effects on the structure and function of host cell
genomes and result in sporadic genetic diseases. Host cells therefore developed defense strategies to
restrict LINE-1 mobilization. In this study, we demonstrated that IFN-inducible Schlafen5 (SLFN5) inhibits
LINE-1 retrotransposition. Mechanistic studies revealed that SLFN5 interrupts LINE-1 ribonucleoprotein
particle (RNP) formation, thus diminishing nuclear entry of the LINE-1 RNA template and subsequent
LINE-1 cDNA production. The ability of SLFN5 to bind to LINE-1 RNA and the involvement of the helicase
domain of SLFN5 in its inhibitory activity suggest a mechanism that SLFN5 binds to LINE-1 RNA followed
by dissociation of ORF1p through its helicase activity, resulting in impaired RNP formation. These data
highlight a new mechanism of host cells to restrict LINE-1 mobilization.

INTRODUCTION

LINE-1 is the only currently known active autonomous transposon in humans, with an estimated 500,000 copies representing 17% of the hu-

man genome.1 It is approximately 6,000 nucleotides in length and belongs to a non-LTR retrotransposon. LINE-1 encodes a bicistronic RNA

transcript that is translated into a 40-kDa RNA-binding protein ORF1p with RNA-binding and nucleic acid chaperone activities and a 150-kDa

protein ORF2p with endonuclease and reverse transcriptase (RT) activities.2 Both ORF1p and ORF2p proteins show a strong cis-preference,3

and they associate with LINE-1 RNA to form a ribonucleoprotein particle (RNP). RNP is then gained access into the nucleus, where LINE-1 RNA

is reverse transcribed into cDNA, which is subsequently incorporated into the host genome through a process termed target-primed reverse

transcription (TPRT).4,5 Recently, a primate-specific open reading frame,ORF0, was found in the 50UTR of LINE-1, whichwas shown to enhance

LINE-1 mobility and contribute to retrotransposon-mediated diversity.6,7

The transposition of LINE-1 may cause genetic instability and induce dozens of genetic diseases.8–12 LINE-1 RNA and protein overexpres-

sion is commonly considered a hallmark of human cancers.12 To avoid the deleterious effects of LINE-1 transposition on the structure and

function of the host genome, host cells developed multiple strategies to inhibit LINE-1. In normal human somatic cells, LINE-1 transposition

is tightly controlled by several layers of mechanisms. One mechanism involves DNA methylation in the 50-UTR promoter region of LINE-1,

which suppresses LINE-1 RNA transcription.13–15 Noncoding RNA (ncRNA)-based RNA interference machinery, including siRNA, miRNA

and piRNA, is considered another controlling mechanism against transposable elements (TEs).16–20 Additionally, in recent years, it has

been reported that many interferon-inducible host proteins, such as APOBEC3 proteins, MOV10, SAMHD1, and ZAP, also have inhibitory

activities against LINE-1 retrotransposition.21–35 It is worth noting thatmost of these cellular factors also have antiretroviral activity, particularly

anti-HIV-1 activity, suggesting that common mechanisms might be utilized by host cells to protect themselves from either extracellular or

intracellular insults that share common biochemical features.

The Schlafen (SLFN) family consists of a set of type 1 interferon inducible proteins, which include ten murine and six human isoforms.36,37

These proteins are characterized by a conserved putative AAAdomain as well as a structure referred to as a ‘‘Slfn box’’ in their N-terminus, and

longer SLFN proteins also possess a DNA/RNA helicase-like structure in their C-terminus.36,38 Early studies showed that SLFN family proteins

play important roles in immunocyte development39–42 and in the regulation of tumorigenesis.43–47 Interestingly, a number of recent studies

have shown that SLFN family proteins, such as SLFN11 and SLFN13, exhibited potent anti-HIV-1 activity.36,48 These works implicate that SLFN

family proteins might possess restricting activity against LINE-1, as other anti-HIV host factors do.
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SLFN5, one member of type III human SLFN family, has been reported to exhibit potent antitumor activity. In melanoma cell lines, SLFN5

knockdown resulted in increased anchorage-independent growth and invasion in three-dimensional collagen, implicating its function in the

regulation of cell invasion.44 In renal cell carcinoma (RCC) cells, SLFN5 also plays key roles in controlling motility and invasiveness. Further-

more, SLFN5 expression correlates with better overall survival in a large cohort of patients with RCC.47 Given the close association between

human cancer and increased expression of LINE-1, these studies implicate the potential role of SLFN5 in controlling LINE-1 activation.

In this study, we provided evidence that the SLFN5 protein effectively suppresses LINE-1 transposition by interfering with LINE-1 RNP for-

mation and reducing LINE-1 RNA entry into the nucleus, thus inhibiting LINE-1 cDNA production. This work highlights a new mechanism for

the host to negatively control the transposition of LINE-1, providing further protection to maintain genetic stability.

RESULTS

SLFN5 inhibits LINE-1 retrotransposition

To determine whether SLFN5 participated in the regulation of LINE-1 transposition, we employed a retrotransposition assay to evaluate the

transposition efficiency of LINE-1 in the presence of SLFN5. A plasmid, CMV-L1-neoRT, has an antisense neomycin resistance gene inserted

between ORF2p and the 30UTR of LINE-1, which is disrupted with an intron in the same transcription orientation as LINE-1 (Figure 1A) and

driven by a CMV immediate-early promoter.49 Such a design ensures that the resistance gene will only be produced from the reverse tran-

scribed LINE-1 DNA in which the intron should have been removed during RNA splicing. Therefore, the number of G418-resistant cell col-

onies reflects the events of LINE-1 retrotransposition. We transfected CMV-L1-neoRT DNA with or without the SLFN5-expressing plasmid

into HeLa cells, followed by retrotransposition assay. We discovered that ectopic expression of SLFN5 diminished the number of G418-resis-

tant HeLa colonies by �20%, 40%, and 70% (p < 0.05) according to different SLFN5 expression levels (Figure 1B). We also used pDNA4.0-

EGFP as a negative control to exclude any side effects of transfecting another plasmid with LINE-1. As expected, the colony number of

EGFP+ expressing cells is similar to the colony number of control cells (Figure S1A). This result indicates that overexpression of SLFN5 spe-

cifically inhibits LINE-1 retrotransposition in a dose-dependent manner.

We next assessed the activity of endogenous SLFN5 against LINE-1 using a stable SLFN5 knockout (KO) cell line, SLFN5-KO-HeLa, in which

SLFN5 alleles were knocked out (KO) using CRISPR-Cas9 genome editing. Indels introduced by sgRNA targeting were validated by Sanger

sequencing (Figure S1B). We observed that the depletion of endogenous SLFN5 resulted in an increase in the number of G418-resistant HeLa

colonies by �2-fold (p < 0.05) compared to control cells (Figure 1C), providing further evidence supporting the function of SLFN5 to inhibit

LINE-1 transposition. Of note, while early studies showed that SLFN5 and othermembers of this family play important roles in the proliferation

and anchorage-independent growth of some tumor cell lines, we did not observe any significant effect of transient expression of SLFN5on the

viability of HeLa cells (Figure S1C). This most likely excludes the possibility that the SLFN5-mediated inhibitory effect on LINE-1 retrotrans-

position was derived from its cellular cytotoxicity.

IFN treatment was shown to efficiently suppress LINE-1 expression, and it is interesting to understand whether SLFN5, as an interferon-

inducible protein, also contributes to the inhibition by IFN. In agreement with early studies, IFNa/b treatment significantly induced the

expression of endogenous SLFN5 in HeLa cells at a level comparable to that of ectopic SLFN5 (Figure S1D) and inhibited LINE-1 transposition

by� 10-fold (Figure 1C). It is worth noting that under the same conditions of IFNa/b treatment, the colonies arising from SLFN5-KO cells were

� 2-fold greater than those arising from control cells (Figure 1C). Taken together, these results demonstrate an inhibitory effect of SLFN5

upon LINE-1 retrotransposition and suggest its role in IFN-mediated inhibition of LINE-1 retrotransposition.

SLFN5 inhibits LTR retrotransposon IAP

To explore the specificity of SLFN-mediated inhibition on retrotransposition, we next determined whether SLFN5 restricts other retrotrans-

posons, such as LTR retrotransposons. To this end, we further assessed the activity of SLFN5 againstMusD and IAP, two representativemurine

long-term repeat (LTR) retrotransposons, using two constructs, MusD-neoTNF and IAP-neo. Both carry the neomycin resistance selection

marker in a similar way as CMV-L1-neoRT (Figure 2A) and are able to generate G418-resistant cell colonies once retrotransposition occurs.

The retrotransposition assay results showed that SLFN5 expression had no effect on the colony number of the cells transfected with either

MusD-neoTNF or pcDNA3.1 DNA. The latter was used as a control to monitor any nonspecific effect of SLFN5 on neomycin phosphotransfer-

ase expression or activity. Interestingly, in contrast to the case of MuSD, SLFN5 exerted an evenmore potent inhibitory activity on IAP than on

Figure 1. SLFN5 inhibits LINE-1 retrotransposition

(A) Schematic of the CMV-L1-neoRT reporter and an overview of the LINE-1 retrotransposition assay. Following transcription from the 50 UTR promoter of LINE-1,

the intron in the neomycin resistance gene is removed. The intronless mRNA is then reverse transcribed into cDNA, which can produce a functional neomycin

resistance mRNA.

(B) Overexpressing SLFN5 inhibited LINE-1 mobilization. HeLa cells were transfected with 1000 ng CMV-L1-neoRT DNA and 250, 500, and 1000 ng SLFN5

plasmids, followed by retrotransposition assay. SLFN5 expression was monitored by Western blot using an anti-Flag probe. The colony numbers represent

LINE-1 mobilization activity. Colonies were visualized with crystal violet staining. The data from three independent experiments are summarized in the bar graph.

(C) Depletion of SLFN5 enhances LINE-1mobility. The SLFN5 knockout HeLa cell line (SLFN5-KO-HeLa) and control HeLa cells (sgControl-HeLa) were transfected

with 1000 ng CMV-L1-neoRT DNA followed by treatment with or without IFNa/b, and then a retrotransposition assay was performed. Endogenous SLFN5 was

detected by an anti-SLFN5 probe. The data from three independent experiments are summarized in the bar graph. Throughout the figure, statistical

significance was determined by unpaired two-tailed Student’s t test. *p < 0.05; **p < 0.01.
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LINE-1, resulting in almost no visible colonies (Figure 2B). Since IAP is the most active and mutagenic LTR retrotransposon in mice, it is

tempting to speculate that mouse SLFN5 might possess the ability to regulate IAP retrotransposition. Thus, we also cloned mouse SLFN5

into the pcDNA4.0 vector, and test its regulation on IAP retrotransposition. As expected, we observed a significant inhibition of IAP bymouse

SLFN5which indicates the function of SLFN5 in controlling themobilization of IAP is evolutionally conserved (Figure S2).While themechanism

underlying the selective effect of SLFN5 is under defined, the data suggest that SLFN5 possesses the inhibitory activity against some of LTR

retrotransposons in addition to non-LTR LINE-1.

Helicase motifs are involved in the anti-LINE-1 activity of SLFN5

To explore the mechanism underlying the anti-LINE-1 activity of SLFN5, we first attempted to identify the involved motifs within SLFN5. A

series of SLFN5 deletion mutants with Myc tags were constructed as shown in Figure 3A (upper panel). HeLa cells were cotransfected with

CMV-L1-neoRT DNA and wild-type or mutant SLFN5 constructs, and then, the cells were collected for immunoblotting assays and retrotrans-

position assays. The results showed that all SLFN5 deletion mutants are impaired in their ability to restrict LINE-1 retrotransposition. We

noticed that while the N-terminal deletion mutants, which include the 1–450 aa sequence of SLFN5, still retained some LINE-1 restricting ac-

tivity, all three C-terminal mutants, including the 335–891 aa sequence, completely lost their activity (Figure 3A, bottom panel), suggesting an

essential prerequisite of SLFN5 C-terminus for its LINE-1 restricting activity.

Of note, SLFN5 contains a DNA/RNA helicase-like structure in its C-terminus, which was reported to process ATP-dependent DNAor RNA

structure remodeling activity.40 It is therefore interesting to know if the helicase motif of SLFN5 contributes to suppress LINE-1 retrotranspo-

sition.Most helicases consist of characteristicmotifs (I, Ia, Ib, II, III, IV, V, and VI). Motifs I and II (Walker A and Bmotifs) are highly conserved and

are essential for ATP binding and ATP hydrolysis activity respectively.50 The Walker A and B consensus sequences consists of GxxxxGK(T/S)

(where x is any amino acid) and hhhhD(D/E) (where h is a hydrophobic amino acid). Pointmutations were thus introduced in theWalker A andB

motifs (positions 584 and 649) of SLFN5by substituting Lys584 andAsp649 with Arg andAla, respectively (Figure 3A, upper panel). The results of

the retrotransposition assay showed that the mutants SLFN5 (D649A) and SLFN5 (K584R/D649A) had almost completely lost all inhibitory ac-

tivity against LINE-1, whereas SLFN5 (K584R) maintained most of its anti-LINE-1 activity compared to wild-type SLFN5 (Figure 3B). This result

suggests that the helicase-like structure of SLFN5, especially the Walker B motif, is involved in the LINE-1 inhibition of SLFN5, which may

confer to the function of SLFN5 C-terminus mentioned above.

SLFN5 reduces the copy numbers of LINE-1 DNA

The observation that SLFN5 inhibited LINE-1 transposition suggests reduced copy numbers of LINE-1 DNA in the presence of SLFN5. To test

this hypothesis, wemeasured the LINE-1 DNA level in the presence or absence of SLFN5 by qPCR. To eliminate false signals from transfected

CMV-L1-neoRT reporter plasmid DNA, we employed a pair of primers, in which the forward primer was designed to solely anneal to the

spliced neomycin resistance gene, such that only the LINE-1 DNA that has been reverse transcribed from the spliced RNA can be amplified

(Figure 4A, upper panel). The results showed that SLFN5 expression decreased the LINE-1DNA level in a dose-dependentmanner (Figure 4A,

lower left panel), consistent with the retrotransposition assay results. In contrast to wild-type SLFN5, all the mutants containing D649A, which

lost the ability to inhibit LINE-1, exhibited no effects on LINE-1 DNA levels (Figure 4A, lower right panel). The results demonstrate that SLFN5

can decrease the LINE-1 DNA level, which includes the copy numbers of LINE-1 DNA and single-strand cDNA synthesized during the

TPRT step.

To identify whether SLFN5 can decrease the LINE-1 single-stranded cDNA level, we analyzed the single-stranded cDNA level in the DNA-

RNA hybrids using DRIP-qPCR. Briefly, the RNA-DNA hybrid was immunoprecipitated by the S9.6 antibody that specifically recognizes

the RNA/DNA heteroduplex conformation, followed by quantification of LINE-1 DNA in the hybrid. The relative amount of cDNA in the

DNA-RNA hybrid immunoprecipitates is represented as the fold change over the input level of LINE-1 cDNA. The data showed that

SLFN5 reduced LINE-1 cDNA levels in DNA-RNA hybrids immunoprecipitated by S9.6 antibody by �50% (Figure 4B), indicating that

SLFN5 decreased the single-strand LINE-1 cDNA level during the retrotransposition process.

Since SLFN5 decreased LINE-1 cDNA levels, it is plausible that SLFN5 might affect the reverse transcription process, termed TPRT, cata-

lyzed by RT activity of the LINE-1 ORF2p protein.We analyzed the influence of SLFN5 on the RT activity of LINE-1 using an in vitro LEAP assay.

This assay was designed to synthesize LINE-1 cDNA from isolated LINE-1 RNP by mimicking the initial stages of TPRT, and the RT activity of

LINE-1 RNP can be detected by quantifying the synthesized LINE-1 cDNA level. Using equal amounts of RNPs isolated from cells transfected

CMV-L1-neoRT with SLFN5 or control plasmids, we analyzed LINE-1 single-strand cDNA products in LEAP reactions containing isolated RNPs

from each sample following the LEAP protocol of Kulpa and Moran.3,51 The results showed a similar level of LEAP products regardless of the

overexpression of SLFN5 (Figure 4C), suggesting that SLFN5 did not affect the TPRT process of LINE-1. Additionally, we also investigate the

Figure 2. SLFN5 specifically inhibits LINE-1

(A) Schematics of the MusD-neoTNF and IAP-neoTNF reporter.

(B) G418 resistance retrotransposition assays. HeLa cells were transfected with 1000 ng of CMV-L1-neoRT, MusD-neoTNF, IAP-neoTNF or pcDNA3.1 DNA with 250,

500, and 1000 ng SLFN5DNA, respectively, and then performed a retrotransposition assay (left panel). SLFN5 expressionwasmonitored byWestern blot using an

anti-Flag probe (right panel). The colony numbers represent LINE-1 retrotransposition activity. Colonies were visualized with crystal violet staining. The data from

three independent experiments are summarized in the bar graph.
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impact of SLFN5on both exogenous and endogenousORF2p localization by confocalmicroscope. EctopicORF2p transfected intoHeLa cells

and endogenous ORF2p in HeLa cells are both mainly located in the nucleus, irrespective of SLFN5 overexpression (Figure S3).

SLFN5 did not affect LINE-1 RNA transcription and translation

Before the TPRT process, LINE-1 RNA was first transcribed and served as mRNA for protein expression and RNA template to produce new

cDNA copies. LINE-1 RNA levels affected the copy numbers of LINE-1 DNA.We therefore next examined the effect of SLFN5 on LINE-1 RNA

levels, as determined by RT–qPCR. The results showed that different doses of ectopic SLFN5 expression did not significantly affect the LINE-1

RNA level (Figure 5A). To further assess the impact of SLFN5 knockout on endogenous L1 expression, the LINE-1 RNA levels in SLFN5-KO-

HeLa cells and Ctrl-HeLa cells were evaluated. No remarkable increase in LINE-1 RNAwas observed in SLFN5-KO-HeLa cells when compared

to control group (Figure 5B, right panel). Moreover, a similar level of LINE-1 RNA was found in both CMV-L1-neoRT-transfected SLFN5

knockout cells and control clones (Figure 5B, left panel). These results indicated that the SLFN5 level had no impact on the amount of

LINE-1 RNA. In agreement with this finding, we observed that SLFN5 had no obvious effect on LINE-1 promoter activity (Figure 5C) using

a report construct L1-FL,33 which had the LINE-1 50 UTR sequence inserted upstream of a firefly luciferase reporter gene in the pGL3 plasmid.

Similar to the RNA data, we found that in HeLa cells cotransfected with LINE-1 and SLFN5 DNA, SLFN5 did not decrease LINE-1 ORF1p

expression (Figure 5D), suggesting no effect of SLFN5 on LINE-1 protein expression. These data collectively demonstrate that SLFN5 has

no obvious influence on LINE-1 at the transcriptional and translational levels.

SLFN5 decreased nuclear LINE-1 RNA level

Once LINE-1 RNA and proteins are expressed, the LINE-1 RNA associated with ORF1p and ORF2p in the form of RNP is imported into the

nucleus where TPRT occurs.52 Since SLFN5 diminished the LINE-1 cDNA level but did not affect its RNA level and RT activity, it is tempting to

speculate that SLFN5 might influence LINE-1 RNA entry into the cell nucleus, consequently reducing the RNA template needed for LINE-1

cDNA synthesis. To test this hypothesis, we cotransfected 293T cells with CMV-L1-neoRT plasmid and different amounts of SLFN5 DNA, iso-

lated the nucleus and quantified the LINE-1 RNA level. The results clearly revealed that the ectopic expression of SLFN5 diminished the

LINE-1mRNA level in the nucleus, and the reduction in the nuclear content of LINE-1mRNAwas directly correlatedwith the SLFN5 expression

level (Figure 6A).

We also compared the effect of wild-type andmutant SLFN5 on the nuclear entry of LINE-1 RNA. The results showed that both SLFN5 and

active mutant SLFN5 (K584R) significantly diminished the amount of LINE-1 mRNA in the nucleus (Figure 6B), accompanied by a moderate

increase in LINE-1 RNA levels in the cytoplasm (Figure 6C). In contrast, the inactive mutants SLFN5 (D649A) and SLFN5 (K584R/D649A)

did not change the subcellular distribution of LINE-1 RNA (Figures 6B and 6C). In addition, we found that with the decrease in RNA in the

nucleus, the ectopic expression of SLFN5 also diminished the ORF1p levels in a dose-dependent manner in the nucleus (Figure 6D), which

is the key component of LINE-1 RNP. These data suggested that SLFN5 inhibits the nuclear entry of LINE-1 RNP rather than RNA alone. This

observation is further supported by the RNA fluorescence in situ hybridization (FISH) assay data. The results showed that without SLFN5

expression, LINE-1 RNA was mainly concentrated in the nuclear region, while in the presence of SLFN5, LINE-1 RNA was spread throughout

the cell, including the nucleus and cytoplasm (Figure 6E), indicating a decreasing ratio of LINE-1 mRNA levels in the nuclear region. Further-

more, the image also showed a co-localization of SLFN5 and LINE-1 RNA, thus indicating an interaction between SLFN5 and LINE-1 RNA

or RNP.

SLFN5 interrupted the formation of LINE-1 RNP

Because the formation of LINE-1 RNP is a prerequisite for nuclear entry of LINE-1 RNA, the inefficient importation of LINE-1 RNP into the

nucleus may result from either failure of RNP formation or the subsequent import process. To examine this problem, we first determined

whether SLFN5 influenced the formation of LINE-1 RNP, as determined by quantification of RNP in ultracentrifugation pellets using an Od-

yssey infrared imaging system. Compared to the inactivemutants SLFN5 (D649A) and SLFN5 (K584R/D649A), the presence of SLFN5 reduced

the ratio of ORF1p in the RNP to total cell lysis (Figure 7A), suggesting that SLFN5may influence the formation of LINE-1 RNP.We next exam-

ined the level of LINE-1 RNAbinding toORF1p in the presence of SLFN5or itsmutants using an RIP assay. The results showed that, comparing

the inactive SLFN5 mutants D649A and K584R/D649A, SLFN5 greatly diminished the LINE-1 RNA level binding to ORF1p, indicating an

impaired interaction between LINE-1 RNA and ORF1p, which serves as a hallmark of LINE-1 RNP formation, confirming that SLFN5 can inter-

fere with the formation of LINE-1 RNP (Figure 7B). To further verify this result, we cotransfected 293T cells with the CMV-L1-neoRT plasmid and

Figure 3. Helicase motifs are required for SLFN5 to inhibit LINE-1 retrotransposition

(A) Upper panel: Scheme of the domain architecture of the wild-type andmutant SLFN5 variants tested. The numbers indicate the amino acid deletions in SLFN5

mutants. The positions of the mutated amino acids Lys and Asp in the Walker A and Walker B motifs are also indicated. Lower panel: The inhibitory activity of

SLFN5 and its mutants. HeLa cells were transfected with CMV-L1-neoRT DNA and SLFN5 or SLFN5 mutant plasmids, respectively, followed by retrotransposition

assays. SLFN5 and its mutant expression were monitored by Western blotting using an anti-Flag probe. The colony numbers represent LINE-1 mobilization

activity. Colonies were visualized with crystal violet staining. The data from three independent experiments are summarized in the bar graph.

(B) Detection of the inhibitory activity of SLFN5, SLFN5 (K584R), SLFN5 (D649A) and SLFN5 (K584R/D649A) on LINE-1 using a retrotransposition assay. The data

from three independent experiments are summarized in the bar graph. Throughout the figure, statistical significance was determined by unpaired two-tailed

Student’s t test. n.s. not significant, *p < 0.05, **p < 0.01.
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Figure 4. SLFN5 diminished LINE-1 cDNA levels but did not affect its reverse transcriptase activity

(A) SLFN5 can diminish LINE-1 cDNA. Upper panel(left): Illustration of the primer locations used for amplifying CMV-L1-neoRT cDNA. Upper panel (right): PCR

products of the plasmid DNA and reverse transcribed cDNA of CMV-L1-neoRT by the designed primers. The lower panel (left): HeLa cells were cotransfected with

1000 ng CMV-L1-neoRT DNA with 0, 500 and 1000 ng SLFN5-expressing plasmids, and then LINE-1 cDNA was detected by qPCR. The lower panel (right): HeLa

cells were cotransfected with 1000 ng CMV-L1-neoRT DNA with 500 ng SLFN5, SLFN5 (K584R), SLFN5 (D649A) and SLFN5 (K584R/D649A) DNA, and then LINE-1

cDNA was detected by qPCR. The data from three independent experiments are summarized in the bar graph. The expression of SLFN5 was detected by

Western blot.

(B) DRIP-qPCR was performed in SLFN5-transfected HeLa cells and control cells. The relative abundance of the DNA-RNA hybrid is represented as the fold

change over the control. The sample with RNase H treatment was set as a negative control, in which the RNA strands of the RNA-DNA hybrids were

specifically removed and therefore could not be immunoprecipitated by the S9.6 antibody.

(C) SLFN5 did not affect the reverse transcriptase activity of LINE-1 ORF2p. HeLa cells were transfected with 1000 ng CMV-L1-neoRT DNAwith 500 ng SLFN5, and

48 h later, the cells were collected to detect reverse transcriptase activity by LEAP assay. The reverse transcribed cDNA was quantified by qPCR (left panel) and

visualized by conventional PCR (bottom right panel), and the data from three independent experiments are summarized in the bar graph. Throughout the figure,

statistical significance was determined by unpaired two-tailed Student’s t test. *p < 0.05; **p < 0.01; n.s., not significant.
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SLFN5DNAor itsmutant SLFN5 (K584R/D649A) and then collected cell lysates for subcellular fractionation analysis. Extracts of such cells were

separated into a 5%–50%discontinuous sucrose gradient by ultracentrifugation, and the distribution of LINE-1 RNA andORF1p protein levels

was examined by RT–qPCR andWestern blot, respectively (Figure 7C). In the cells transfected with pcDNA4 or mutant SLFN5(K584R/D649A),

almost all LINE-1 RNA and ORF1p protein were present in high-density sucrose gradients, indicating that they existed in the form of RNP

complex, which possess high molecular weight. In the cells transfected with wild-type SLFN5, a large proportion of LINE-1 RNA and

ORF1p protein shifted to low-density sucrose gradients, which suggested a lowmolecular weight-free form. Taken together, these data sup-

port an inhibitory effect of SLFN5 on RNP formation, which contributes to reduced nuclear LINE-1 RNA level.

A B

C D

Figure 5. SLFN5 has no effect on the transcription and translation of LINE-1

(A) Exogenous expressing SLFN5 did not decrease LINE-1 RNA level. HeLa cells were transfected 1000 ng CMV-L1-neoRT DNA with 250, 500 and 1000 ng of

SLFN5 plasmids respectively. 48 h later, the cells were collected for total RNA extraction, and performed RT-qPCR.

(B) SLFN5 knockout did not affect LINE-1 RNA level. SLFN5-KO-HeLa cell line, and control HeLa cell line were transfected with 1000 ng CMV-L1-neoRT DNA, and

then total cellular RNA was extracted for RT–qPCR (left panel). 1x106 of SLFN5-KO-HeLa cells and control cells were harvested and total RNA was extracted to

detect endogenous LINE-1 RNA expression by RT–qPCR (right panel). SLFN5 expression wasmonitored byWestern blot using an anti-Flag probe. The RT–qPCR

data from three independent experiments are summarized in the bar graph.

(C) SLFN5 did not inhibit the 50UTR promoter activity of LINE-1. HEK293 cells were cotransfected with 1000 ng L1-FL DNA together with 250, 500 and 1000 ng of

SLFN5 plasmids. The firefly luciferase activity was measured to represent the activity of the LINE-1 50-UTR promoter. pGL3-basic contains the firefly luciferase

gene that lacks a promoter at its 50 end. Firefly luciferase activity from this vector was measured to reflect the basal expression of the firefly luciferase gene.

SLFN5 expression was monitored by Western blot using an anti-Flag probe. The luciferase activity assay from three independent experiments is summarized

in the bar graph.

(D) SLFN5 expression did not affect LINE-1 RNA translation. HeLa cells were transfected with CMV-L1-neoRT DNA with 250, 500 and 1000 ng of SLFN5 plasmids.

The cell lysates were used to detect SLFN5 (anti-Flag), ORF1p (anti-ORF1p) and b-actin (anti-b-actin) expression using Western blotting. Throughout the figure,

statistical significance was determined by unpaired two-tailed Student’s t test. n.s., not significant.
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From Figure 7C, we also noticed that bothWT SLFN5 or SLFN5 (K584R/D649A) appeared in the same gradient with that of LINE-1 RNA, no

matter in the high or low molecular weight form, suggesting that SLFN5 might directly associate with LINE-1 RNA instead of ORF1p. Indeed,

we failed to find any interaction between SLFN5 and LINE-1 ORF1p (Figure S4A), but detected the association between SLFN5 and LINE-1

RNA (Figure S4B). Notably, enzymatic-inactive mutants of SLFN5 retained the interaction with LINE-1 RNA.We next tested a variety of SLFN5

deletion mutants and the data showed that there were no obvious changes in the association of SLFN5 with LINE-1 RNA by removing the

N-terminal 1–150 aa sequences and C-terminal motifs (335–891 aa). However, the N-terminal 151–355 aa deletion, which contains a slfn

box domain, greatly impaired the interaction of SLFN5 with LINE-1 RNA. A larger N-terminal SLFN5 deletion dN3 (D1-450 aa) also impaired

its interaction with LINE-1 RNA (Figure 7D). These data suggest that the N-terminal domain of SLFN5, especially the 151–335 aa sequence, is

required for the interaction between SLFN5 and LINE-1 RNA. The slight increase in the binding activity found in C-terminal deletion mutants

might reflect an altered conformation affecting the neighboring RNA-binding site in SLFN5. Furthermore, to exclude the possibility that

SLFN5 binds LINE-1 RNA in a non-specific manner, we also determined whether SLFN5 was able to bind to GAPDH, MDM2 and actin

RNA. None of these RNAs were enriched by SLFN5 compared with the IgG group (Figure S4C). Collectively, these results suggested a mech-

anism that SLFN5 impair the formation of LINE-1 RNPmight by directly binding to LINE-1 RNA and dissociation of ORF1p through its helicase

activity.

DISCUSSION

In this study, we provided evidence showing that IFN-inducible SLFN5 serves as a potent restriction factor of LINE-1 transposition. Further

mechanistic studies revealed that SLFN5 inhibited the formation of LINE-1 RNP and its subsequent nuclear entry, thus diminishing the

RNA template used for LINE-1 cDNA production. This highlights a new mechanism for the host to negatively control the transposition of

LINE-1, together with the means from other host factors reported previously,21,26,28,33,34,53–55 providing multilayer protection to maintain ge-

netic stability.

LINE-1 RNP particles are a large complex comprising ORF1p trimers, ORF2p and LINE-1 RNA, and their assembly is mainly mediated by

the interaction between the structural protein ORF1p and the RNA. There is an ongoing debate over whether LINE-1 RNPs is imported into

nucleus through nuclear pore passively56–59 or mediated by cell cycle during which nuclear membrane breaks down, allowing the possible

entrance of LINE-1 RNPs into the nucleus.60–62 Nevertheless, the formation of LINE-1 RNP and the accessibility of RNP to nuclear DNA is

necessary for LINE-1 retrotransposition despite the way RNPs exploit for its nuclear entry. We failed to detect the binding of SLFN5 to

ORF1p (Figure S4A), which preliminarily excluded the possibility that SLFN5 blocked the interaction between LINE-1 ORF1p and RNA by

binding to ORF1p. Instead, both RNA FISH analysis and RIP experiments revealed that SLFN5 exhibited a potent ability to interact with

LINE-1 RNA, and aa 151–335 in the N-terminal domain is essential for this interaction. However, it should be noted that the binding of

SLFN5 to LINE-1 RNA is insufficient for blocking the association between LINE-1 RNA and ORF1p, since the SLFN5 mutants unable to inhibit

LINE-1 were found to interact with LINE-1 RNA (Figure 3B). Of note, SLFN5 possesses a DNA/RNA helicase-like structure, and we found that

any deletion that affects the integrity of the helicase domain or even a single amino acid mutation in the conserved motif of the structure will

cause SLFN5 to lose its inhibitory activity, suggesting an important role of this structure in anti-LINE-1 activity. Early studies have shown that

RNA helicases are highly conserved enzymes that have ATP-dependent double-stranded RNA or RNA/DNA duplex unwinding activity.

Recently, it was revealed that RNA helicases also have ATP-dependent RNA-protein complex remodeling activity, including removal of

RNA-binding proteins frommRNA transcripts.63 For example, MOV10, another RNA helicase, was able to promote target mRNP disassembly

by removing proteins and/or resolving secondary structures.31

Therefore, it is plausible to speculate that SLFN5may exert its inhibitory activity against LINE-1 by binding to LINE-1 RNA, and then disso-

ciate or partially dissociate ORF1p from LINE-1 RNA through its helicase activity, resulting in impaired RNP formation, which finally affects the

nuclear entry of LINE-1 RNA. Additionally, we noticed a failure of dN1 to restore the inhibitory function of full-length SLFN5 indicates

SLFN51�150 is also required for its anti-LINE-1 activity, possibly due to its influence on the conformational rearrangement of SLFN5. Indeed,

beneficial from the resolved SLFN5 cyro-EM structure by Katja Lammens’ group,64 it has been demonstrated that the N-terminal 144 residues

of SLFN5 core domain forms a second large interface with the linker domain which is crucial for connecting C-terminal helicase with

Figure 6. SLFN5 decreased nuclear LINE-1 RNA level

(A) SLFN5 blocks LINE-1 RNA entering nucleus. HeLa cells were cotransfected with CMV-L1-neoRT and different amounts of SLFN5 DNA. Forty-eight hours later,

cells were collected for extracting whole cell and nuclear RNA to quantify the LINE-1 RNA level by RT–qPCR. The expression of SLFN5 was detected by Western

blot.

(B) The effects of SLFN5 and its mutants on LINE-1 RNA levels in the nucleus (left panel). The expression of SLFN5 was detected byWestern blot. p84 protein and

b-actin was used as a nuclear and cytoplasmic marker (right panel).

(C) The effects of SLFN5 and its mutants on LINE-1 RNA levels in the cytoplasm.

(D) Detection of the effects of SLFN5 on theORF1p andORF2p levels in the nucleus and cytoplasmbyWestern blot. p84 protein and b-actin was used as a nuclear

and cytoplasmic marker.

(E) SLFN5 changed the distribution of LINE-1 RNA in cells. Upper panel: Confocal microscopy showed subcellular localization of LINE-1 RNA (red) and SLFN5

(green). Lower panel: Quantification of subcellular localization of LINE-1 RNAwas performed on 15 individual cells for each sample bymeasuring the fluorescence

intensities of nuclear and cytoplasmic subcompartments per cell. The scale bar represents 10 mm. The data from three independent experiments are summarized

in the bar graph. Throughout the figure, statistical significance was determined by unpaired two-tailed Student’s t test. *p < 0.05; **p < 0.01. n.s., not significant.
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N-terminal core domain. It can be speculated thatN-terminal residuesmight play a key role in stabilizing the structural arrangement of SLFN5,

thus reinforcing the C-terminal helicase activity.

Our evidence presented herein supports that SLFN5 interrupts LINE-1 RNP formation in the cytoplasm, while it is worth noting that SLFN5

has been presumed to be a nuclear protein in previous studies.65 Interestingly, we found relocalization of partial SLFN5 from the nuclei into

the cytoplasmic foci when stimulated by IFN (Figure S1E). Similarly, obvious cytoplasmic localization of SLFN5 was found upon coexpression

of LINE-1 (Figure 6E). These observations suggest that SLFN5 might relocate to the cytoplasm in response to certain stresses, such as LINE-1

and IFN, allowing it to exert functions in the cytoplasm. The corresponding nuclear export signals in SLFN5 amino acid sequences merit

further investigations.

Moreover, our studies showed that SLFN5 also potently inhibited IAP, suggesting its relatively broad activity against different species of

retrotransposons. It is interesting that IAP and MusD, which share a similar genetic configuration, display a distinct vulnerability to SLFN5 in-

hibition, possibly due to LTR nucleotide variability between these twomurine LTR retrotransposons, while the detailedmechanism underlying

the anti-IAP activity of SLFN5 awaits further investigation.

LINE-1 RNA andprotein overexpression is a hallmark of human cancers. Awide variety of tumor cell lines and tissues, such as renal, ovarian,

lung carcinomas and melanoma, express LINE-1 RNA and/or protein at detectable levels.66–69 Meanwhile, restricting LINE-1 by siRNA or RT

inhibitors was reported to promote senescence and differentiation and reduce the invasive growth of cancer cells.70–73 These clues suggested

that LINE-1 might drive directly or contribute indirectly to tumorigenesis. Being derived (or evolved) from ancient retroviruses, LINE-1 repli-

cates through reverse transcription. During this process, LINE-1might activate endogenousDNA and RNA sensors, triggering innate immune

activation to promote interferon (IFN) expression.74 The mobilization of LINE-1 leads to genomic instability and an increased propensity for

tumor occurrence. SLFN5 is highly sensitive to IFN stimulation among Schlafen family members. Considering several lines of evidence indi-

cating that SLFN5 has potent antitumor activity against melanoma44 and RCC,47 the antitumor activity of SLFN5 might be related to its inhib-

itory activity against LINE-1 transposition as an ISG, which warrants further investigation.

Limitations of the study

There are several limitations to our study that should be acknowledged. First, the mechanism by which SLFN5 disrupts LINE-1 RNP formation

remains unclear. It is unknown whether SLFN5 binding to LINE-1 RNA induces an inferior secondary structure that prevents ORF1p recruit-

ment, or if SLFN5 competitively binds to LINE-1 RNA with ORF1p. Follow-up studies are required to mechanistically study how SLFN5 inter-

feres with RNP formation. Second, despite conducting RNA-IP experiments with different SLFN5 mutants to analyze the structure-function

relationship of SLFN5, we still cannot fully explain why dN1 is unable to restore the function of full-length SLFN5. It will be of interest to deter-

mine whether the N-terminal residues contribute to the anti-LINE-1 activity by stabilizing the structural arrangement. Lastly, due to the lack of

suitable cell or animal models, we were unable to investigate whether the antitumor activity or interferon-regulating capacity of SLFN5 is

related to its inhibitory activity against LINE-1 transposition.
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Figure 7. SLFN5 binds to LINE-1 RNA and blocks the recruitment of ORF1p required for LINE-1 RNP

(A) SLFN5 affects the formation of LINE-1 RNP. HeLa cells were cotransfected with 1000 ng CMV-L1-neoRT DNA and 500 ng SLFN5, SLFN5 (K584R), SLFN5

(D649A) or SLFN5 (K584R/D649A) DNA. Forty-eight hours later, equal amounts of cell lysates were used to isolate LINE-1 RNP by ultracentrifugation. The

LINE-1 RNP samples were quantified by detecting LINE-1 ORF1p using the Odyssey infrared imaging system.

(B) SLFN5 and its mutants bind to LINE-1 RNA. HeLa cells were cotransfected with CMV-L1-neoRT DNA and SLFN5, SLFN5 (K584R), SLFN5 (D649A) and SLFN5

(K584R/D649A) DNA. Forty-eight hours later, an equal amount of cell lysis was used to detect LINE-1 RNA and SLFN5 by RNA IP. LINE-1 RNA pulled down by

ORF1p was quantified by RT–qPCR. The expression of SLFN5 andORF1p was detected byWestern blot using anti-Flag and anti-ORF1p antibodies, respectively.

(C) The distribution of LINE-1 RNA andORF1p was analyzed by 5%–50% discontinuous sucrose gradient ultracentrifugation. Each fraction collected was analyzed

by RT–PCR and Western blot. The numbers under the graph represent different fractions.

(D) Detection of the interaction between LINE-1 RNA and SLFN5 mutants by RIP. Equal amounts of cell lysates were immunoprecipitated with anti-Myc, and the

levels of LINE-1 andGAPDH RNAwere determined by qRT–PCR. IgG served as the negative control in the RIP. The data from three independent experiments are

summarized in the bar graph. The expression of SLFN5 and its mutants was detected by Western blot. Throughout the figure, statistical significance was

determined by unpaired two-tailed Student’s t test. *p < 0.05; **p < 0.01; ns, not significant.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-Flag M2 antibody Sigma-Aldrich Cat:#F3165; RRID:AB_259529

Rabbit monoclonal [EPR20018-251] to DDDDK tag abcam Cat:#ab205606; RRID:AB_2916341

Goat polyclonal to DDDDK tag (Binds to FLAG� tag sequence) abcam Cat:#ab1257; RRID:AB_299216

Monoclonal Anti-c-Myc antibody produced in mouse Sigma-Aldrich Cat:#M4439; RRID:AB_439694

Anti-C-Myc antibody produced in rabbit Sigma-Aldrich Cat:#C3956; RRID:AB_439680

anti-SLFN5 antibody abcam Cat:#ab121537; RRID:AB_11130104

Anti-ORF2 antibody Abmart N/A

Mouse monoclonal [mAbcam 8226] to beta Actin abcam Cat:#ab8226; RRID:AB_306371

Anti-ORF1 antibody Gift from Dr. Fei Guo N/A

Anti-S9.6 antibody abcam Cat:#ab234957

Alexa Fluor 647 anti-mouse antibody Life technologies Cat:#A21447

FITC anti-rabbit antibody Transgene Cat:#HS211

Chemicals, peptides, and recombinant proteins

RNase A ThermoFisher Cat:#EN0531

Lipofectamine 2000 Thermo Fisher Scientific Cat:#11668019

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat:#13778150

Geneticin (G418) absin Cat:#abs812846

DNase Takara Cat:#2270A

RNasin Promega Cat:#N2115

Recombinant RNase inhibitor Takara Cat:#2313A

RNase H New England BioLabs Cat:#M0297L

Dynabeads Protein A Invitrogen Cat:#10002D

Critical commercial assays

Sso Fast Eva Green Supermix BioRad Cat:#1725202

Minute Cytosolic and Nuclear Extraction kit Invent Biotechnologies Cat:#NT-032

RNAscope� Multiplex

Fluorescent Reagent Kit v2 Assay

Advanced Cell Diagnostics Cat. No. 323110

RNAscope� Probe- Hs-LINE1-ORF2-sense Advanced Cell Diagnostics Cat:#523251

Experimental models: Cell lines

HEK293T ATCC Cat:#CRL-11268; RRID:CVCL_1926

HeLa ATCC Cat:#CCL-2; RRID:CVCL_0030

Oligonucleotides

Primer: wild SLFN5 Forward:

50 ATAGGTACCGCCACCATG

AGTCTTAGGATTGATG 30

This paper N/A

Primer: wild SLFN5 Reverse:

50 ATA CCGCGGCACAGAA

GCCTTCA GAATATACAGA 30

This paper N/A

Primer: dC1 Reverse:

50 ATACCGCGGGAGAAAAC

GGCATTTATTCGC TAC 30

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: dC2 Reverse:

50 ATACCGCGGCTTGCGAA

GGTTCTTTGAAAGCAAC 30

This paper N/A

Primer: dC3 Reverse:

50 ATA CCGCGGAGCTTCC

ATCATCCAAGCAGTCCAT 30

This paper N/A

Primer: dN1 Forward:

50 ATAGGTACCGCCACCATG

AATTCATTAGGTCCAC 30

This paper N/A

50 Primer: dN2 Forward:

ATAGGTACCGCCACCATGG

CTGACCCAGACCTTT30

This paper N/A

Primer: dN3 Forward:

50 ATAGGTACCGCCACCAT

GATTCTCTACACCATCT 30

This paper N/A

sgRNA targeting sequence:

SLFN5 sense: CACCGTAGAA

GCCCTCAAGCTCGTA

This paper N/A

sgRNA targeting sequence:

SLFN5 antisense: AAACTACG

AGCTTGAGGGCTTCTAC

This paper N/A

Primer: L1 Forward:

50-AATGAGATCACATGGA

CACAGGAAG-30

This paper N/A

Primer: L1 Reverse:

50- TGTATACATGTGCCAT

GCTGGTGC-30

This paper N/A

Primer for RT-PCR:GAPDH Forward:

TGACGTGGACATCCGCAAAG

This paper N/A

Primer for RT-PCR:GAPDH Forward:

50- GGTATCGTGGAAGGACTCATGAC-30
This paper N/A

Primer for RT-PCR:GAPDH Reverse:

50-ATGCCAGTGAGCTTCCCGTTCAG-30
This paper N/A

Primer for L1 cDNA Forward:

50-AGTTCGGCTGGCGCGAGGCCC-30
This paper N/A

Primer for L1 cDNA Reverse:

50-CTGAAGCGGGAAGGGACTG-30
This paper N/A

30 RACE adapter primer:

50- GCGAGCACAGAATTAATACG

ACTCACTATAGGTTTTTTTTTTVN-30

This paper N/A

Primer for MDM2 Forward:

50- AGCTTGGCTGCTTCTGGG-30
This paper N/A

Primer for MDM2 Reverse:

50- GTACGCACTAATCCGGGGAG-30
This paper N/A

Recombinant DNA

Plasmid: 50UTR-L1-neoRT This paper N/A

Plasmid: CMV-L1-neoRT(D702Y) This paper N/A

Plasmid: MusD-neoTNF Dewannieux et al.75 N/A

Plasmid: SLFN5-Flag This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Xiaoyu Li (lixiaoyu@imb.pumc.

edu.cn).

Materials availability

Plasmids and cell lines generated in this study will be available upon request from the lead contact.

Data and code availability

� The data reported in this paper will be shared upon request to the lead corresponding author (lixiaoyu@imb.pumc.edu.cn).
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human embryonic kidney HEK-293T cells and HeLa cells were grown at 37�C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% foetal bovine serum (Gibco) in a humidified incubator in 5% CO2. SLFN5 knockout HeLa cells were generated by the CRISPR–Cas9

system. Briefly, HeLa cells were transfected with the pLentiCRISPR v.2 vector (Addgene) encoding 5 independent sgRNAs targeting SLFN5

and a scramble sgRNA (negative control). Transfected HeLa cells were then grown in 2 mg/mL puromycin and split 1:5 once the cell density

reached 80%–90% confluence. Cells were grown over 2 passages with the selection medium. The survived clones were selected and

expanded. Knockout of the SLFN5 gene for each cell clone was confirmed by immunoblotting using an anti-SLFN5 antibody (Abcam) and

then named SLFN5-KO-HeLa.

METHOD DETAILS

Plasmids and antibodies

CMV-L1-neoRT contains a complete human LINE-1 DNA copy that has a neomycin resistance gene inserted just before the 30-UTR of LINE-1 in

the opposite direction from the LINE-1 coding sequence.49 The MusD-neoTNF plasmid expressing mouse LTR retrotransposons contains a

similar neomycin resistance cassette placed in the reverse direction.75 The neomycin resistance gene is inactivated by the presence of a forward

intron that can be removed during RNA splicing, thus producing a functional neomycin resistance gene after reverse transcription and integra-

tion. The pcDNA4.0-based SLFN5 DNA clone encodes a C-terminal Flag-tagged human SLFN5 protein. Three SLFN5mutants, SLFN5 (K584R),

SLFN5 (D649A) and SLFN5 (K584R/D649A), which have the amino acids Lys-584 and/or Asp-649mutated to Arg and Ala, respectively, were con-

structed using a site-directedmutagenesis kit (Stratagene). The LINE-1 promoter reporter plasmid L1-FL, which contains a 670-nt LINE-1 50-UTR
sequence in the pGL3-Basic vector (Promega), was described previously.33 Lipofectamine 2000 (Invitrogen) was used for transient transfection.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: SLFN5-Myc This paper N/A

Plasmid: SLFN5 (K584R) This paper N/A

Plasmid: SLFN5 (D649A) This paper N/A

Plasmid: SLFN5 (K584R/D649A) This paper N/A

Plasmid: dN1(D1-150aa) This paper N/A

Plasmid: dN2(D1-335aa) This paper N/A

Plasmid: dN3(D1-450aa) This paper N/A

Plasmid: dC1(D781-891aa) This paper N/A

Plasmid: dC2(D571-891aa) This paper N/A

Plasmid: dC3(D335-891aa) This paper N/A

Plasmid: pET28a-ORF2p-EN(1-239aa) This paper N/A

Plasmid: IAP-neoTNF This paper N/A

Software and algorithms

Image J Schneider et al., 201276 https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad software N/A
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SLFN5 deletion constructs including full-length, N-terminal and C-terminal truncations (dN1(D1-150aa), dN2(D1-335aa), dN3(D1-450aa),

dC1(D781-891aa), dC2(D571-891aa) and dC3(D335-891aa) were individually cloned into pDNA4-myc vector via KpnI and SacII restriction sites.

We used the following primers: wild-type: 50 ATAGGTACCGCCACCATG AGTCTTAGGATTGATG 30 (forward primer) and 50 ATA

CCGCGGCACAGAAGCCTTCAGAATATACAGA 30 (reverse primer); Cd1 50 ATACCGCGGGAGAAAACGGCATTTATTCGC TAC 30 (reverse
primer); Cd2: 50 ATACCGCGGCTTGCGAAGGTTCTTTGAAAGCAAC 30 (reverse primer); Cd3: 50 ATA CCGCGGAGCTTCCATCATCC

AAGCAGTCCAT 30 (reverse primer); Nd1: 50 ATAGGTACCGCCACCATGAATTCATTAGGTCCAC 30 (forward primer); Nd2 50 ATAGGT

ACCGCCACCATGGCTGACCCAGACCTTT30 (forward primer); Nd3: 50 ATAGGTACCGCCACCATGATTCTCTACACCATCT 30 (forward

primer).

Anti-Flag antibody (mouse) and anti-b-actin antibody (mouse) were purchased from Sigma–Aldrich, and anti-SLFN5 antibody (rabbit) was

purchased from Abcam. The ORF1p antibody (rabbit) was a gift from Dr. Guo’s laboratory.34

The cDNA of the ORF2p endonuclease (EN) domain (residues 1–239)77 was amplified by PCR and cloned into the expression vector

pET28a (Novagene, Germany). The recombinant ORF2p EN domain with N-terminal poly-histidine tag was expressed in Escherichia coli Ro-

setta II cells (Novagen) after induction with IPTG and purified using Ni-NTA resin (QIAGEN) following the instructions from the manufacturer.

The purified protein was provided to the company (Abmart, Inc.) for immunizing rabbits to produce ORF2p antibody. The purified antibody

was tested for their recognition of ORF2p by Western blotting and immunofluorescence staining.

Retrotransposition assay

HeLa cells were seeded in 35mm tissue culture dishes 1 day prior to transfection. The next day, cells were cotransfectedwith 1000 ng of CMV-

L1-neoRT, MusD-neoTNF, IAP-neoTNF or pcDNA3.1 DNA with 500 ng SLFN5 DNA. Forty-eight hours later, cells were detached from the plates

with trypsin and seeded into 35 mm tissue culture dishes at the cell density of 1x105/dish. Plasmid pcDNA3.1 (Invitrogen), which carries an

intact neomycin resistance gene, served as a control for the specificity of SLFN5 inhibition. G418 (0.4 mg/mL) was then added to select for

resistant cell colonies. After 10–12 days of selection, when cell colonies were clearly visible, the cells were fixed with methanol for 10 min

and stained with 0.5% crystal violet (in 25% methanol) for 10 min. The number of colonies represents the transposition efficiency of LINE-1.

Quantification of LINE-1 RNA by RT–qPCR

HeLa cells were transfected with CMV-L1-neoRT reporter DNAwith or without SLFN5DNA. Forty-eight hours later, total RNAwas extracted by

TRIzol reagents (Invitrogen). cDNA was synthesized by Moloney murine leukemia virus (MLV) RT (Takara), followed by DNase treatment

(Takara). cDNA was quantified by qPCR kits (Sso Fast Eva Green Supermix, Takara) using primers (50-AATGAGATCACATGGACACAG

GAAG-30/50- TGTATACATGTGCCATGCTGGTGC-30).78

Quantification of reverse transcribed LINE-1 DNA by qPCR

HeLa cells were transfected with the CMV-L1-neoRT plasmid with or without SLFN5 DNA. Seventy-two hours after transfection, total cellular

DNA was extracted with the QIAampDNAMini kit (QIAGEN). Equal amounts of DNA templates (250 ng) were subjected to PCR with primers

50-AGTTCGGCTGGCGCGAGGCCC-30/50-CTGAAGCGGGAAGGGACTG-30, which were used to amplify LINE-1 cDNA reverse transcribed

from LINE-1 RNA. The forwards primer spans the exon/intron junction within the neomycin resistance gene such that only the spliced and

reverse transcribed DNA can be amplified. Levels of GAPDH DNA were detected as an internal control to normalize the amount of

LINE-1 DNA using the primers 50-GGTATCGTGGAAGGACTCATGAC-30/50-ATGCCAGTGAGCTTCCCGTTCAG-30.

Cell nuclear and cytoplasmic extraction

Cells were isolated using the Minute Cytosolic and Nuclear Extraction kit (Invent Biotechnologies, Eden Prairie, MN) according to the man-

ufacturer’s instructions. Briefly, cells per well were lysed in 300 mL of cytoplasmic extraction buffer in 6-well plates and collected in a 1.5-mL

microcentrifuge tube. After vortexing for 15 s, the tube was incubated on ice for 5 min followed by centrifugation at 14000 rpm for 10 min. The

supernatant was kept as cytosolic components, and 100 mL of nuclear extraction buffer was added to the pellet. After 5 repeated steps of

vortexing and incubation on ice, the nuclear extracts were isolated by centrifugation at 14000 rpm for 30 s in a collection tube through a filter

cartridge.

Western blotting

Cells were lysed with NP-40 buffer (Beyotime). Equal amounts of cell lysates were separated by 10% SDS–PAGE. Proteins were transferred

onto a PVDF membrane, blocked with 5% skim milk, and probed with primary antibodies, including anti-Flag antibody (diluted 1:5000),

anti-SLFN5 antibody (diluted 1:1000), or anti-b-actin antibody (diluted 1:5000), at 4�C overnight. After four wash steps with PBS plus 0.1%

Tween 20 (PBST), the membrane was incubated with a 1:5000 dilution of HRP-conjugated goat-anti-mouse secondary antibody for 1 h at

room temperature. After four wash steps with PBS plus 0.1% Tween 20 (PBST), signals were detected using Western Lighting chemilumines-

cence reagent.

Proteins that needed to be quantified were acquired using the Odyssey infrared imaging system. After primary antibody incubation and

membrane washing, membranes were incubated with fluorescent secondary antibody and then incubated for 1 h in a dark chamber at room

temperature. Images were analyzed with the Odyssey infrared imaging system following the operating manual.
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LINE-1 element amplification protocol (LEAP)

The LEAP assay was carried out as previously described.3,51 Briefly, HeLa cells were seeded in T-75 flasks and transfected with CMV-L1-neoRT

reporter DNA and SLFN5 plasmid. Forty-eight hours later, the cells were harvested and lysed, and the cleared whole cell lysates were centri-

fuged through an 8.5%/17% (w/v) sucrose cushion at 178,000 g for 2 h. The resultant pellet was resuspended in 100 mL Tris buffer (2 mMpH 8.0

Tris. HCl, 1X Complete EDTA-free protease inhibitor cocktail, Roche). The total protein concentration was determined by a Bradford assay

following standard protocols, and an Odyssey infrared imaging system was used to adjust the amount of RNP using anti-ORF2p antibodies.

An aliquot of the RNP sample was added to 49 mL of LEAP assay master mix (50 mM Tris. HCl (pH 7.5), 50 mM KCl, 5 mMMgCl2, 10 mMDTT,

0.4 mM 30 RACE adapter primer (50-GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTVN-30), 20 U RNasin (Promega), 0.2 mM

dNTPs, and 0.05% (v/v) Tween 20) and incubated at 37�C for 1 h. The LEAP cDNA product levels were quantified by real-time PCR (Sso

Fast Eva Green Supermix, Takara) using the following primers as previously described: (50- AATGAGATCACATGGACACAGGAAG-30/50-TGT

ATACATGTGCCATGCTGGTGC -30).78 The copy number of LINE-1 RNA was calculated by generating a standard curve using serial dilutions

of CMV-L1-neoRT reporter DNA.

Co-Immunoprecipitation (CoIP) assay

HEK293 cells were cotransfected with SLFN5 and CMV-L1-neoRT DNA. The cells were collected 48 h posttransfection and then lysed in 350 mL

of TNT buffer (20 mM Tris. HCl, pH 7.5, 200 mMNaCl, 1% Triton X-100). Insoluble material was pelleted at 1800 x g for 30 min. Equal amounts

of supernatant were incubated with 5 mL of anti-Flag antibody or anti-ORF1p antibody for 16 h at 4�C, followed by the addition of protein

A-Sepharose (Amersham Biosciences) for 2 h. The immunoprecipitated complex was then washed three times with TNT buffer and phos-

phate-buffered saline, followed by Western blot analysis using anti-Flag or anti-ORF1p antibodies, respectively.

RNA immunoprecipitation (RIP)

HEK293 cells were transfected with 1000 ng CMV-L1-neoRT with 500 ng SLFN5 and its mutant DNA. The cells were collected 48 h posttrans-

fection and then lysed in 350 mL of TNT buffer (20 mM Tris. HCl, pH 7.5, 200 mMNaCl, 1% Triton X-100) with RNase inhibitor (Takara) at a final

concentration of 1 U/ml. The expressedORF1p or SLFN5 was immunoprecipitated with anti-ORF1p or anti-Myc antibody as described above.

The RNA associated with the precipitated complex was extracted with TRIzol agents (Invitrogen) and subjected to RT–PCR using primers that

amplify the Neo gene as described above.

RNA fluorescence in situ hybridization (FISH)

LINE-1 RNA in HeLa cells was measured by RNAscope assay (Advanced Cell Diagnostics, ACD, Hayward, CA) following the manufacturer’s

instructions. In brief, HeLa cells were seeded into four-chamber slides 1 day prior to transfection with 200 ng CMV-L1-neoRT and 200 ng

SLFN5-Flag or empty vector. Then, the cells were fixed with 4% paraformaldehyde (in 1x phosphate-buffered saline) for 20 min at room tem-

perature followed by treatment with RNAscope Protease Plus for 15 min. Cells were then hybridized with RNA probes (Hs-LINE-1 ORF2, pur-

chased from ACD, Inc), and signal amplification steps were performed according to the manufacturer’s instructions before incubation with

anti-Flag antibodies and secondary antibodies to stain the SLFN5 protein. Finally, cells were mounted with mounting oil containing DAPI

and observed under an Olympus IX81 confocal microscope using a 100x immersion lens (NA 1.35) for imaging.

RNA-DNA hybrid immunoprecipitation (DRIP)

DRIP was performed as described previously with the followingmodifications.53 Briefly, HeLa cells were lysed with lysis buffer (10 mMTris-HCl

pH 8.0, 100 mM NaCl, 25 mM EDTA pH 8.0, 0.5% SDS, 10 mg/mL Proteinase K) and incubated overnight at 55�C. Total nucleic acids were

extracted using the standard phenol–chloroform extraction method and resuspended in TE buffer. The nucleic acids were digested with a

restriction enzyme cocktail (20 units of EcoRI, BamHI, HindIII, BsrBI and XhoI; New England BioLabs) overnight at 37�C. The digested nucleic

acids were subsequently used for qPCRs. As a negative control, half of the samplewas treatedwith 10 units of RNaseH (NewEngland BioLabs)

overnight at 37�C. The resulting fragmented DNA samples were isolated using the phenol–chloroform extraction method and resuspended

in TE buffer. RNA-DNA hybrids were immunoprecipitated from total nucleic acids by adding 10 mg of S9.6 antibody (Abcam) in IP buffer

(10 mM Na3PO4 pH 7.0, 140 mM NaCl, 0.05% Triton X-100) and incubated overnight at 4�C. Dynabeads Protein A (50 mL; Invitrogen) was

used to pull down the DNA-antibody complexes. The beads were incubated with the samples at room temperature for 3 h and then washed

three times with IP buffer. The DNA was eluted with IP buffer and treated for 1 h with 10 mL of proteinase K (10 mg/mL) at 55�C. Additionally,
RNase A was added and incubated with the samples for 1 h at 37�C to degrade RNA. Subsequently, DNA was purified following the phenol–

chloroform extract method. The relative abundances of immunoprecipitated RNA-DNA hybrids at the indicated region were calculated as

follows: DCt = 2(DCtInput –DCtIP). Nucleic acid enrichment was further normalized to a control primer pair specific to MDM2, a protein that

binds DNA-RNA hybrids in the DNA damage response, and calculated using the equation DDCt = DCtexperiment/DCtcontrol. Student’s t

test was used to assess statistical significance.

Discontinuous sucrose gradient ultracentrifugation

HEK293T cells were transfected with LINE-1 DNA and wild-type or mutant SLFN5 constructs. Seventy-two hours later, cells (5.4 3 107) were

washed with PBS and lysed with 1 mL NP-40 buffer with RNase inhibitor (Takara) at a final concentration of 1 U/ml. The cell lysates were
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centrifuged at 12000 rpm (10 min) to remove the cell debris. The samples were prepared into 2 mL solutions containing 10 mM Tris-HCl (pH

8.0), 1 mM EDTA, 150 mMNaCl and 5% (w/v) sucrose. Twomillilitres of 50% (w/v) sucrose were placed at the bottom of ultracentrifuge tubes,

followed by 2mL 35% (w/v) sucrose, 2 mL 20% (w/v) sucrose, 2 mL sample in 5% (w/v) sucrose, 2 mL 5% (w/v) sucrose, 1 mL 10mM Tris HCl (pH

8.0), and 1mMEDTAbuffer without sucrose. The samples were centrifuged at 160 000 g (SW41 rotor, Beckman) for 4 h. Forty fractions of each

sample were collected from top to bottom, followed by Western blot and RT–qPCR analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated at least 3 independent times otherwise stated in the figure legends. The replicate number, mean, and error

bars are explained in the figure legends. The statistical tests we used and resulting p values are indicated in the figure panels and/or figure

legends. Statistical analyses were performed using GraphPad Prism 8.0 software.
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