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Human Schlafen 11 (SLFNI11) is an interferon-stimulated
gene (ISG) that we previously have demonstrated to ablate
translation of HIV proteins based on the virus’s distinct codon
preference. Additionally, lack of SLEN11 expression has been
linked to the resistance of cancer cells to DNA-damaging agents
(DDAs). We recently resolved the underlying mechanism, find-
ing that it involves SLFN11-mediated cleavage of select tRNAs
predominantly employed in the translation of the ATR and
ATM Ser/Thr kinases, thereby establishing SLFN11 as a novel
tRNA endonuclease. Even though SLFN11 is thus involved in
two of the most prominent diseases of our time, cancer and HIV
infection, its regulation remained thus far unresolved. Using MS
and bioinformatics-based approaches combined with site-di-
rected mutagenesis, we show here that SLFN11 is phosphorylat-
ed at three different sites, which requires dephosphorylation for
SLEN11 to become fully functionally active. Furthermore, we
identified protein phosphatase 1 catalytic subunit y (PPP1CC)
as the upstream enzyme whose activity is required for SLFN11 to
cleave tRNAs and thereby act as a selective translational inhib-
itor. In summary, our work has identified both the mechanism
of SLFN11 activation and PPP1CC as the enzyme responsible
for its activation. Our findings open up future studies of the
PPP1CC subunit(s) involved in SLFN11 activation and the puta-
tive kinase(s) that inactivates SLFN11.

SLEN11? is part of the SLFN family of genes, which are exclu-
sively found in mammals with the notable exception of poxvi-
ruses (1). Six human and nine murine SLEN isoforms differing
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in length ranging from 337 to 910 amino acids (referred to as
short, medium, and long SLENs) have been identified, with
humans lacking all short family members (1). Remarkably,
SLFNs share no significant sequence similarity with other
proteins besides a weakly conserved NH,-terminal putative
ATPase associated with diverse cellular activities (AAA)
domain. AAA proteins typically form hexamers, utilize ATP
hydrolysis for enzymatic function, and are reportedly involved
in many diverse cellular processes such as DNA replication and
repair, protein degradation and unfolding, and cell motility (2).
The long SLFNs, such as SLEN11, contain a sequence in their
COOH-terminal region distantly reminiscent of DNA/RNA
helicase domains found in prokaryotes (1).

The first Schlafen gene, the short murine Sifn1, was discov-
ered in 1998 in primary lymphoid tissues (3), noting that the
Slfnl gene is differentially regulated during thymocyte develop-
ment, particularly in the transition from CD4CD8-double neg-
ative to -double positive transition. As it is now clear that SLFNs
are interferon-induced genes, it is likely that their up-regulation
at this point is a consequence of the constitutive interferon 3
expression we discovered in the thymic medulla (4). Intrigu-
ingly, Slfnl-knockout mice displayed no apparent phenotype,
whereas in striking contrast, forced transgenic expression of
Slful inT cells greatly reduced T-cell growth and development,
with a reduction in the number of thymocytes to 1-30% com-
pared with normal mice (3).

In the following decade, very few reports on SLENs appeared,
and no cellular function or molecular mechanism would be
assigned to this novel protein family. In 2012, we identified
SLFN11 as a potent inhibitor of retrovirus replication (5). The
foundation of our discovery was the observation that HEK293
cells produced significantly fewer HIV particles than HEK293T
when transfected with a proviral vector (pNL4 —3.Luc.R+E—).
One notable distinction between these cell lines is the fact that
HEK293T cells do not express any SLEN proteins. Ectopic
expression of the individual SLENs in HEK293T cells exposed
SLEN11 as the family member that acted as a powerful inhibitor
of HIV production, and its ablated expression in HEK293 cells
resulted in a significant boost in HIV synthesis. Intriguingly,
only viral proteins, but not HIV-associated RNAs, were sup-
pressed by SLEN11, suggesting that SLEN11 functions as a
translational inhibitor (5). Furthermore, no effect of SLFN11 on
global translation was apparent. Investigation into the molecu-
lar mechanism revealed that SLEN11 selectively affected HIV
protein synthesis by exploiting the distinct codon bias of the virus
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compared with the mammalian genome. We noted a change in
tRNA expression profiles in HIV-infected cells expressing SLEN11
and found that SLEN11 binds tRNA in vitro.

Concurrent with our study, two independent laboratories
reported that loss of SLFN11 expression results in the resis-
tance of cancer cells to DNA-damaging agents (DDAs), the sin-
gle largest class of chemotherapeutic drugs (6, 7). In contrast,
SLFN11 expression was irrelevant to cellular responses to other
chemotherapeutics such as kinase inhibitors and tubulin inhib-
itors. Importantly, SLEN11 expression could predict the sur-
vival of a group of ovarian cancer patients, implying a potential
use of SLEN11 as a biomarker for sensitivity to DDAs (6). Relat-
ing to our findings on inhibition of HIV production, we ana-
lyzed the codon usage of components of the DNA damage
response. Indeed, ataxia telangiectasia and Rad3-related pro-
tein (ATR) and ataxia telangiectasia mutated (ATM) exhibit a
similar codon usage bias as HIV, and both exhibited reduced
protein expression despite unaffected or even increased mRNA
levels after DDA treatment but solely in cells expressing
SLEN11 (8). We showed that SLFN11 inhibits ATR protein
synthesis via cleavage of type II tRNAs representing codons
disproportionally found in the ATR coding sequence. Type II
tRNAs, which represent nearly all leucines and serines, harbor
an additional variable stem loop compared with their type I
counterparts that are not affected by SLEN11 (see also Fig. 2a).
The attenuation of ATR translation by SLEN11 is central to
DDA-induced cell death, as the cytotoxic response to DDAs
can be restored in SLEN11-deficient cells by knockdown or
pharmacological inhibition of ATR (8). Similarly, DDA sensi-
tivity of SLEN11-deficient cells can be reestablished through
gapmer-mediated reduction of a specific type II tRNA (tRNA-
Leu-TAA), reinforcing the link between SLFN11 and tRNA
alteration. Complementing our findings, the recent elucidation
of the crystal structure of the NH,-terminal region of rat
SLFN13 characterized SLENSs as a novel class of tRNA endonu-
cleases (9).

Considering the prominent role SLFN11 fulfills in facilitating
both an antiretroviral response and an appropriate cell fate
decision after DNA damage has occurred, it is naturally desir-
able to understand how its activation is regulated. To this end,
we employed MS to identify sites of possible post-translational
modification. Through this approach, we identified three phos-
phorylation sites in SLFN11 that modulate its ability to cleave
type II tRNA and consequently inhibit translation of HIV (or
other Leu(TTA) codon-harboring) genes. Surprisingly, our
subsequent studies illustrate that dephosphorylated SLFN11
represents the active form, and we reveal protein phosphatase 1
catalytic subunit y (PPP1CC) as a regulator of SLEN11 func-
tion. These results bring us one step closer to understanding the
function and regulation of this important component of the
antiviral and DNA damage responses.

Results
Identification of SLFN11 phosphorylation sites

To investigate whether SLEN11 contains any phosphoryla-
tion (or other post-translational modification) sites, we per-
formed MS of immunoprecipitated SLFN11, which revealed
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five putative Ser/Thr phosphorylation sites, namely Ser-180,
Ser-219, Thr-230, Ser-750, and Ser-753 (Fig. 1la). To test
whether these sites fulfill any regulatory function, we employed
mutagenic studies on those residues. Additionally, we also
mutated Thr-154 because it is a conserved residue among the
SLEN family of proteins (10), Ser-187 and Thr-220 because they
are located on the same peptide as the indicated phosphorylat-
ed residue, and finally Ser-210 and Ser-770 because they are
part of conserved putative phosphorylation motifs found in
database searches. Each site was mutated to either Ala, which
does not contain a hydroxyl group and is therefore not able to
be phosphorylated, or Asp, which contains a negative charge
that mimics phosphorylation. To assess the impact of these
mutations on SLEN11 function, WT or mutant SLFN11 con-
structs were cotransfected into HEK293T cells (which do not
express endogenous SLFN11 (5)) along with the HIV proviral
construct pNL4—3.Luc.R+E— and with EGFP-encoding plas-
mids, which serve as a transfection control as described previ-
ously (5). Monitoring levels of the HIV p24 capsid protein
derived from the gag gene revealed that changing Ser-210 or
Thr-220 to either Ala or Asp yielded SLFN11 mutants that
failed to suppress p24 protein synthesis, hinting that these
amino acid changes likely interfere with structural elements
of SLEN11. In striking contrast, although Ser-219, Thr-230,
or Ser-753 to Asp conversion caused a complete loss of func-
tion of SLFN11 as measured by suppression of p24 transla-
tion, the translational inhibitory potential upon this viral
protein was fully retained when these residues were con-
verted to Ala (Fig. 10). Importantly, these residues represent
the three sites we found earlier to be phosphorylated by mass
spectrometric analysis in latent SLEN11 (Fig. 1a). It is note-
worthy that the SLEN11 mutants that failed to limit p24
synthesis were actually expressed at substantially higher lev-
els than functional SLEN11 proteins (Fig. 1), although the
variability among the different SLFN11 mRNA levels is
insignificant (Fig. Sla), suggesting that SLFN11 translation
itself is to some extent self-regulated. Importantly, expres-
sion of EGFP from a codon-optimized, cotransfected vector
was not affected by any of the SLFN11 proteins, thus serving
as a transfection, specificity, and toxicity control. However,
as we had already noted in earlier studies that elevated p24
protein levels can alter p24 mRNA levels, possibly through a
positive feedback loop (Fig. S1b), we also enumerated p24
protein levels after normalization to the corresponding p24
mRNA. As shown in Fig. 1¢, even after compensation for
pretranslational events, the differences among the SLEN11
phosphorylation site mutants remain significant.

To unequivocally demonstrate that mutation of Ser-219,
Thr-230, and Ser-753 specifically affected the inhibitory
properties of SLFN11 on codon usage—dependent transla-
tion, we employed a previously reported strategy utilizing
the distinct impact of SLEN11 expression on wtGFP com-
pared with codon-optimized EGEP (5, 8). wtGFP harbors a
similar codon usage bias as HIV and is susceptible to trans-
lational suppression by SLEN11 (5), whereas translation of
codon-optimized EGFP is refractory to the effects of
SLEN11. Asillustrated in Fig. 1d, the impact of the individual
SLEN11 mutants on wtGFP expression parallels their effect
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Figure 1. Effect of SLFN11 phosphorylation site mutations on its translation-inhibitory properties. g, V5-tagged SLFN11 was expressed in HEK293T cells
and immunoprecipitated. The indicated post-translational modifications were identified by mass spectrometric analysis. b, the indicated SLFN11 mutants were
expressed in HEK293T, and p24 protein derived from cotransfected pNL4-3.Luc.R+E— was determined by anti-p24 Western blotting. ¢, HIV p24 protein levels
from b were quantified and normalized over HIV p24 mRNA (biological replicates, mean = S.D. (error bars), n = 3). d, HEK293T cells were cotransfected with
plasmids encoding the indicated SLFN11 mutants, pNL4 -3.Luc.R+E—, V5-tagged wtGFP, and Myc-tagged EGFP, and resulting protein levels were visualized
by Western blotting. e, wtGFP and EGFP mRNA levels of d quantitated by qPCR (biological replicates, mean = S.D. (error bars), n = 3). RQ, relative quantification.

on p24 protein expression, notwithstanding the fact that nei- The fact that mutation of Ser-219, Thr-230, or Ser-753 to the
ther wtGFP nor EGFP mRNAs were altered by any of the phosphomimetic amino acid Asp rendered such SLEN11
SLEN11 mutants (Fig. 1e). mutants inactive, whereas conversion of these residues to Ala
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yielded fully functional SLEN11 proteins raised the possibility
that SLEN11 is activated by dephosphorylation on these resi-
dues. To explore this concept, HEK293 cells were transfected
with the HIV proviral vector pNL4-3.Luc.R+E— prior to
treatment with okadaic acid, a potent inhibitor of protein phos-
phatase 1. Indeed, with increasing concentrations of okadaic
acid, the suppressive effect of SLFN11 on p24 expression van-
ished (Fig. Slc), supporting the notion that Ser/Thr phospha-
tase activity is a prerequisite for SLFN11 function.

Effect of SLFN11 phosphorylation site mutations on tRNA
cleavage

In a recent report, we elaborated on the role of SLEN11 as a
putative endonuclease that mediates the cleavage of tRNAs
during the DNA damage response initiated by chemotherapeu-
tic agents and the consequential translational suppression of
mRNAs derived from genes such as ATM and ATR, which dis-
proportionally utilize distinct codons (8). All tRNAs are subdi-
vided into two categories: type [ tRNAs are ~72—74 bases long,
whereas type II tRNAs contain an extra variable stem loop,
elongating the molecule by around 10 bases (Fig. 24 and Ref.
11). The two classes of tRNA can be distinguished by their dis-
crete mobilities during electrophoresis on Tris borate-EDTA-
urea gels (Fig. S2). Our investigations revealed that SLFN11
displays a high specificity for type II tRNAs as substrates and
demonstrated that ectopic expression of SLEN11 in HEK293T
cells was sufficient to down-regulate type II, but not type I,
tRNAs by up to 50% (8).

Based on our results that SLFN11 (Ser-219, Thr-230, or Ser-
753 — Asp) fail to abrogate p24 or wtGFP translation, we rea-
soned that these mutants might lack the ability to facilitate type
II tRNA cleavage. To test this hypothesis, we performed analy-
sis of tRNAs derived from HEK293T cells ectopically express-
ing the various SLFN11 phosphorylation site mutants. When
total RNA from these cells was resolved on Tris borate-EDTA-
urea gels and stained with SYBR Gold, it became readily appar-
ent that the “active” SLEN11 Ser/Thr — Ala mutants were
equally capable of reducing overall type II tRNA as was WT
SLEN11, whereas the Ser/Thr — Asp mutants failed to do so (Fig.
2, b, top, and ¢). Importantly, the SLEN11 Ser/Thr — Ala mutants
retained their specificity for type Il tRNA, as type I tRNA and
5S rRNA remained unchanged between samples (Fig. 2, b,
top, and c). Further analysis of the samples by Northern blot-
ting, probing for all type II tRNAs and selected type I tRNAs,
corroborated the SYBR Gold staining conclusions. Quantifi-
cation of the Northern blots revealed that all type II tRNAs
were down-regulated up to 40% by the respective Ser/Thr —
Ala mutants, whereas type I tRNAs remained unaffected
(Figs. 2b and S3). It should be noted that the transfection
efficiency in these studies averaged ~50% (not shown), leav-
ing an equal number of cells lacking any form of SLEN11.
Consequently, the predictably unaltered type II tRNA levels
in these cells will mask the full impact of SLFN11 in trans-
fected cells to some degree, and thus the true reduction in
type II tRNAs likely exceeds the observable diminution in
the combined cell populations.

SASBMB

Impact of SLFN11 phosphorylation site mutations on
translation-inhibitory capability

The cleavage of type II tRNAs via SLEN11 correlates directly
with its impact on the synthesis of HIV proteins or wtGFP,
suggesting that type II tRNA down-regulation is central to
selective translation inhibition by SLEN11. Strikingly, however,
as we reported in Li et al. (8), we discovered that even though
SLEN11 promotes the cleavage of all type II tRNAs, only
mRNAs relying on frequent use of two select codons, Leu(TTA)
and Leu(CT'T), are exquisitely susceptible to translational inhi-
bition by SLEN11. This was illustrated by assessing the transla-
tion of fully codon-optimized, SLEN11-“resistant” EGFP and
derivatives thereof in which every Leu or Ser codon was
replaced with one distinct codon. For example, expression of
EGFP from a vector in which all Leu are represented by the
codon Leu(CTG) was unaltered by the presence of WT SLFN11
(8). In striking contrast, when all leucines in EGFP were coded
via Leu(CTT) or Leu(TTA), SLEN11 exerted a pronounced
inhibitory effect on the translation of these proteins (Fig. 24 and
Ref. 8). Central to the present study, we uncovered that the
SLEN11 phosphorylation site mutants faithfully replicated the
impact they had on both p24 and wtGEFP translation as well as
on the synthesis of EGFP proteins whose leucines were encoded
by either Leu(CTT) or, even more pronounced, by Leu(TTA)
(Fig. 2d, center and right panels). As anticipated, neither
WT SLEN11 nor any Ser/Thr — Ala mutants had any effect
on EGFP when leucines were encoded via Leu(CTG). In
striking opposition, however, WT SLEN11 as well as all three
Ser/Thr — Ala mutants caused massive translational inhibi-
tion of EGFPs with leucines solely encoded by TTA or CTT
codons. Crucially, all three Ser/Thr — Asp SLEN11 mutants
completely lost the ability to inhibit the synthesis of EGFP Leu-
(CTT) or Leu(TTA) (Fig. 2, d and e). Quantitation by qPCR
assured that the respective mRNAs were not affected by any of
the SLEN11 proteins (Fig. 2f), corroborating the model that
SLEN11 acts strictly via translational repression of mRNAs that
harbor Leu(TTA) or Leu(CTT) codons.

DNA-damaging agents trigger a reduction in SLFN11
phosphorylation

As our results thus far strongly indicated that Ser/Thr
dephosphorylation of SLEN11 promotes its activity against
type II tRNAs and associated translational events that facil-
itate cellular responses to HIV infections or DNA damage, it
was thus of logical interest to determine whether SLEN11
was indeed dephosphorylated in response to exposure of
cells to DDAs. As no phosphospecific antibodies against
SLENI11 are currently available, we employed a novel Phos-
pho-Tag™ phosphoprotein gel stain that allows quantifica-
tion of the extent of phosphorylation of the protein under
investigation, albeit not in a site-specific manner. When
immunoprecipitated SLFN11 from cells exposed to the
topoisomerase inhibitor camptothecin (CPT) for 3,6, or 12 h
was analyzed by means of Phospho-Tag phosphoprotein gel
stain analysis, we detected a clear decrease in SLEN11 phos-
phorylation in a time-dependent manner (Fig. 3a, bottom
panel). Normalization of the phosphostain band intensity
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over the corresponding SLFN11 protein amount determined
by Westernblotting revealed a clear progressive dephosphor-
ylation of SLEN11 over time (Fig. 3b).

We next set out to test the effect of CPT on the three SLFN11
(5219D, T230D, and S753D) mutants (Fig. 3c). Even though

“Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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replacement of Ser/Thr residues with the amino acid Asp fre-
quently produces a phosphomimetic effect that can alter pro-
tein function, Asp residues do not react with the Phospho-Tag
stain, and in agreement with that notion, all three SLFN11 Ser/
Thr — Asp mutants yielded a slightly reduced baseline band
intensity on Phospho-Tag—stained gels when compared with
WT SLEN11 (Fig. 3, cand d). Upon CPT treatment, the SLEN11
$219D and T230D mutants show a decrease in phosphorylation
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similar in extent to WT SLEN11. In contrast, S753D mutation in overall SLEN11 phosphorylation, suggesting that dephos-

of SLEN11 apparently precludes dephosphorylation on other phorylation of Ser-753 might be the primary step in SLFN11
residues as CPT treatment did not produce a significant change activation in the context of DNA damage.
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PPP1CC binds SLFN11 and controls its activity

Our mass spectrometry examination and mutational analysis
of SLFN11, as well as the results of the okadaic acid experiment
(Fig. S1c), all support the hypothesis that SLFN11 is activated by
dephosphorylation, implying the involvement of a Ser/Thr
phosphatase in the upstream activation pathway. In an effort to
identify the enzyme, we employed mass spectrometric analysis
of SLEN11 immunoprecipitated under low-stringency condi-
tions to detect interacting proteins. Among the proteins we
were able to reproducibly coisolate with SLFN11 was PPP1CC
(Fig. 4a). Subsequent coimmunoprecipitation experiments
analyzed by Western blotting confirmed that PPP1CC strongly
associates with SLFN11 (Fig. 4b), whereas probing for the pres-
ence of other protein phosphatases such as PPP1A, PPP1B,
PPP2AC, PPP2BC, PPP4C, and PPP5C yielded no evidence of
SLEN11 binding (data not shown). To explore whether
PPP1CC plays any role in the response to DDAs similar to
SLEN11, we tested the effect of PPP1CC knockdown via siRNA
on the susceptibility of cells to CPT-induced cell death. As we
had already demonstrated extensively in previous studies, the
siRNA-mediated ablation of SLFN11 expression renders
HEK293 cells resistant to DNA damage—mediated cell death
(Fig. 4c, middle bars). Very similarly, elimination of PPP1CC
expression also led to an apparent loss of any CPT effect (Fig. 4c,
right). Although these results are consistent with our model, we
noted that the depletion of PPP1CC per se already impacted cell
survival to some extent. As these survival studies extend over
several days, we deemed it likely that the loss of PPP1CC alters
cellular processes beyond SLEN11 function. To circumvent this
issue, we tested the impact of the loss of PPP1CC on DNA
damage—induced type II tRNA cleavage, which not only occurs
after much shorter exposure to CPT but is also a much more
direct and specific readout of SLFN11 function.

As shown in Fig. 4d, CPT treatment of HEK293 cells yielded
a striking reduction in type II tRNAs, which was substantially
prevented by PPP1CC knockdown (Fig. 4, d and e). Most
importantly, when the same experiment was conducted in
HEK293 cells where SLEN11 was permanently ablated via
CRISPR, neither CPT treatment nor PPP1CC knockdown had
any effect on type II tRNA abundance. Furthermore, type I
tRNA levels remained unchanged in every scenario (Fig. 4f),
thus excluding nonspecific, cytotoxic effects of the investiga-
tional conditions within the time frame of the experiment.

SLFN11 mutant-expressing stable cell lines are differentially
sensitized upon DNA damage

To evaluate the biological impact of mutations of the phos-
phorylation sites, we created cell lines permanently express-
ing the respective SLFN11 phosphorylation site mutants in
HEK293 SLEN11-CRISPR® cells (Fig. 5a). CPT treatment of
these cell lines revealed greater sensitivity of the Ser — Ala

mutants compared with their Ser — Asp counterparts in MTS
assays (Fig. 5b). Microscopic visualization of cells after CPT
treatment reinforced the notion of increased changes in cell
morphology and in cell death when SLEN11 Ser/Thr residues
were replaced by alanines compared with aspartic acid mutants
(Fig. 5¢). In accordance, SLEN11 Ser/Thr — Ala mutants dis-
played greater down-regulation of type II tRNA upon CPT
treatment when compared with their Ser/Thr — Asp counter-
parts (Fig. 5, d and e). It should be noted that not only did
SLFN11 S753A yield the lowest expression level compared with
other mutants, it also produced the greatest difference in both
cell killing and type II tRNA down-regulation compared with
SLFN11 S753D, suggesting Ser-753 as the major regulatory site
controlling SLEN11 activity.

Discussion

Our original mechanistic studies revealed that SLFNI11
inhibits the synthesis of HIV proteins without global transla-
tional suppression based on a distinct preference of synony-
mous codons between host cell and viral proteins. It appears
that SLEN11 evolved as a viral restriction factor, as not only do
HIV elite controllers display elevated SLEN11 protein levels
(12), but SLEN11 homologs derived from various primates
exhibit striking efficacy against HIV despite a high degree of
sequence conservation (10).

Contemporaneous with our findings of SLFN11 as a viral
antagonist, two independent studies demonstrated a striking
correlation between SLEN11 expression and the susceptibility
of tumor cells to DDAs (6, 7). Notably, the efficacy of chemo-
therapeutic agents that do not rely on the DNA damage
response is unaltered by the absence of SLEN11 (6-8). We
hypothesized that the molecular basis for SLEN11’s contribu-
tion to DDA sensitivity might similarly involve a selective trans-
lational interference based on codon usage bias, and we were
indeed able to demonstrate that two key players in DNA dam-
age response, ATR and ATM, are subject to translational sup-
pression by SLFN11 (8). Significantly, their codon usage
diverges from that of abundantly expressed cellular proteins
whose synthesis is unaffected by SLEN11. In further mechanis-
tic studies, we demonstrated the SLEN11-dependent cleavage
of type II tRNAs, thus predisposing ATR or ATM to transla-
tional inhibition by SLEN11. The greatest impact was found in
the reduction of tRNA-Leu-TAA, which is disproportionally
frequently employed by ATR and ATM. Indeed, of the 352 leu-
cines in ATR, 73 use the codon TTA (21%), and of 389 leucine
residues in ATM, 91 are encoded by TTA (23%). In striking
contrast, only a single TTA codon can be found among the 19
leucine residues of GAPDH (5%) (8).

Our examination of SLEN11 function in both the antiviral
and the DNA damage responses exposed that the protein’s
NH,-terminal half contains the functional domain responsible

Figure 3. Effect of camptothecin treatment on SLFN11 phosphorylation. g, exogenously expressed SLFN11 was immunoprecipitated with anti-V5
antibody- conjugated beads from HEK293T cells treated with DMSO or 200 nm CPT as indicated and then visualized by Western blotting (WB) or Phospho-Tag
phosphoprotein gel staining. b, phosphostain signals were quantified with ImageQuant software after normalization to Western blotting band intensity as
shown in a (biological replicates, mean = S.D. (error bars), n = 3; ¥, p < 0.05; ***, p < 0.001; N.S., not significant). ¢, as in a except SLFN11 phosphorylation site
mutants from cells treated with DMSO or 200 nm CPT for 12 h were analyzed. d, phosphostain signals were quantified with ImageQuant software after
normalization to Western blotting band intensity as shown in ¢ (biological replicates, mean = S.D. (error bars), n = 3;*,p < 0.05; **, p < 0.01; ***,p < 0.001; N.S.,

not significant). Alk Phos, alkaline phosphatase.
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Figure 4. PPP1CC regulates SLFN11 activity. g, V5-tagged SLFN11 was expressed in HEK293T cells and immunoprecipitated. The indicated peptides
corresponding to associated proteins were identified by mass spectrometric analysis. b, total cell lysate was subject toimmunoprecipitation as in a with anti-V5
1gG, and the resulting immunoprecipitate was probed for the presence of PPP1CC. ¢, relative viability of HEK293 cells transfected with control, SLFN11-, or
PPP1CC-targeting siRNAs was measured by MTS assay after 48 h of 200 nm CPT or DMSO treatment (biological replicates, mean = S.D. (error bars), n = 3; ***,p <
0.001). d, HEK293 cells and HEK293/SLFN11KO cells were transfected with either control or PPP1CC-targeting siRNA for 48 h prior to treatment with either
DMSO or 200 nm CPT for 12 h. Total RNA was visualized by SYBR Gold staining, and the presence of respective proteins was determined by immunoblotting. e
and f, relative type Il and type | tRNA levels, respectively, from samples shown in d were quantified and normalized over 5.8S rRNA (biological replicates, mean =

S.D. (error bars), n = 3; ***, p < 0.001). WB, Western blotting.

for the degradation of type II tRNAs, whereas the COOH-ter-
minal domain is responsible for the regulation of SLEN11 acti-
vation (8, 13, 14). The NH,-terminal region is highly conserved
among SLEN family members but does not bear any resem-
blance to other proteins. The recent elucidation of the crystal-
lographic structure of the NH,-terminal domain of rat SLFN13
and associated function studies divulged an intrinsic endoribo-
nuclease activity in vitro, with tRNAs as the preferential sub-
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strate (9). In concert, these results establish SLEN family mem-
bers as a novel class of tRNA-specific endoribonucleases with
the enzymatic activity residing in the NH,-terminal region of
the protein and with an apparent specificity for type II tRNAs.

In light of the critical role of SLFN11 in two major patholo-
gies, it was obvious that identification of the regulatory pro-
cesses that govern its function is of utmost importance. Mass
spectrometric analysis as well as motif searches indicated
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Figure 5. SLFN11 mutant- expressing stable cell lines are differentially sensitized upon DNA damage. g, stable expression of SLFN11 mutants in
HEK293/SLFN11KO cell lines as created by lentiviral infection. b, relative viability of stable SLFN11 mutant-expressing HEK293 cell lines was measured by MTS
assay after 48 h of 200 nm CPT or DMSO treatment (biological replicates, mean = S.D. (error bars), n = 3; **, p < 0.01; ***, p < 0.001). ¢, microscopic images at
10X magnification of stable SLFN11 mutant-expressing HEK293 cells after 48 h of 200 nm CPT or DMSO treatment. d, total RNA from stable SLFN11 mutant-
expressing HEK293 cell lines treated for 48 h with 200 nm CPT or DMSO was visualized by SYBR Gold staining, and the presence of the respective proteins was
determined by immunoblotting. e, relative type Il tRNA levels from samples shown in d were quantified and normalized to 5.8S rRNA (biological replicates,

mean = S.D. (error bars), n = 3;*, p < 0.05; ***, p < 0.001).

numerous potential phosphorylation sites. Systematic muta-
tional analysis of these candidate sites allowed us to identify
three residues, Ser-219, Thr-230, and Ser-753, whose mutation
impacted the inhibitory properties of SLFN11 on HIV p24 pro-
tein synthesis. Surprisingly, however, substitution of these
amino acids with Ala retained SLENI11 function, whereas
replacement with the phosphomimic Asp rendered the result-
ing proteins inactive. This observation led us to the theory that
SLEN11 is activated by dephosphorylation, a notion supported
by the fact that the Ser/Thr phosphatase inhibitor okadaic acid
was able to abolish the inhibitory effect of SLEN11 on p24 trans-
lation. As we had noted previously, SLEN11 can trigger changes
in HIV p24 RNA levels as well. We believe this is likely due to
p24 being subject to positive feedback regulation via HIV Tat,
which enhances transcription of viral genes (15). Crucially, nor-
malization of p24 protein to its corresponding RNA confirmed

14682 J Biol Chem. (2019) 294(40) 1467414685

that SLFN11 clearly predominantly affected translation rather
than transcription. Lastly, the effects of the SLFN11 mutations
were also apparent when we determined their impact on the
expression of wtGFP versus codon-optimized EGFP, the latter
of which is refractory to suppression by SLEN11 (Fig. 1, d and e).

Type II tRNAs, which correspond to all serine and leucine
codons, are subject to cleavage by SLEN11, presumably being
recognized as substrates by the presence of a fourth stem loop
that is not present in type I tRNAs (Fig. 24). Paralleling the
pattern SLEN11 phosphorylation site mutations elicited on p24
or wtGFP translation, Asp substitutions of Ser-219, Thr-230, or
Ser-753 rendered SLEN11 incapable of reducing type II tRNA
levels, whereas conversions to Ala were of no consequence to
SLEN11 activity. As described in Li et al. (8), even though all
type II tRNAs are reduced by SLEN1I, only the synthesis of
proteins engaging the use of Leu(TTA) and to a lesser extent
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Leu(CTT) is attenuated by SLFN11. This was demonstrated
through the use of individual EGFP-encoding vectors in which
all leucine or serine residues were represented by a single
codon, with the original EGFP construct as the control. EGFP
protein derived from most constructs exhibited marginal to no
alteration on account of the presence of SLEN11, but remark-
ably, SLEN11 completely abolished the expression of EGEF-
P_Leu(TTA) and significantly lowered the levels of EGFP_Leu-
(CTT) (8). Again, SLEN11 Ser-219, Thr-230, or Ser-753 to Ala
mutants exhibited the same activity as WT SLFN11, whereas all
three Ser/Thr — Asp mutations produced SLEN11 proteins
that appeared functionally inactive (Fig. 2, d and e).

The mutation studies and the impact of the Ser/Thr phos-
phatase inhibitor okadaic acid on the inhibitory effect of
SLEN11 on p24 translation strongly support the notion that
SLFN11 activation requires dephosphorylation on at least three
Ser/Thr residues. Unfortunately, no SLFN11 phosphospecific
antibodies are currently available; however, evaluation of the
overall extent of phosphorylation of SLEN11 by means of Phos-
pho-Tag stain clearly illustrated a decrease in SLFN11 phos-
phorylation in response to CPT. Notably, no such decline was
evident in the SLFN11 Ser-753 — Asp mutant. Ser-753 is the
most COOH-terminal of the three phosphorylation sites and is
absent in the SLFN11N truncation mutant (residues 1-579)
that is sufficient for the degradation of type II tRNAs (5, 8).
Thus, a likely scenario is that dephosphorylation of SLEN11
occurs in a sequential manner, with Ser-753 dephosphorylation
representing the initial step.

The model that SLEN11 is activated by dephosphorylation
naturally implies that a Ser/Thr or dual-specificity phosphatase
acts upstream. Indeed, mass spectrometric and Western
blotting identification of SLFN11-associated proteins re-
vealed the presence of PPP1CC. The enzymatic activity of
this catalytic subunit can be influenced by over 200 regula-
tory subunits that contribute to the formation of highly sub-
strate-specific holoenzymes (16). Consistent with PPP1CC
acting in the SLFN11 activation process, its ablated expres-
sion results in the loss of SLEN11 function with respect to
type II tRNA reduction and efficacy of DDAs (Fig. 4). It is
noteworthy that PPP1CC has already been implicated in the
DNA damage response (17, 18). Importantly, abolished
PPP1CC expression does not produce similar outcomes in
cells lacking SLEN11, substantiating the concept of both
proteins acting in the same pathway.

In summary, our studies into the regulation of SLEN11 iden-
tified both the activation mechanism and the responsible
enzyme. Considering the profound influence SLFN11 exerts in
two prominent pathologies, future investigations aimed at the
identification of the PPP1CC regulatory subunit(s) and the pre-
sumably inactivating kinase are unquestionably warranted.

Materials and methods
Cell lines, plasmids, antibodies, and chemicals

All cell lines were maintained at 37 °C, 5% CO,, in high-glucose
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 units/ml penicillin, 100
pg/ml streptomycin, 2 mM L-glutamine, 1X minimum essential
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medium nonessential amino acids, 1 mm sodium pyruvate, and 50
M 2-mercaptoethanol. The HEK293 (CRL-1573) and HEK293T
(CRL-3216) cell lines were acquired from ATCC. MTS cell viabil-
ity assays, construction of pcDNA6/CAT/V5-His, pcDNA6/
SLEN11/V5-His, pcDNA6.2/wtGFP/V5, pcDNA6.2/EGFP/Myc,
and EGFP expression constructs with synonymous Leu codons
were described previously (5, 8) as was the proviral HIV-1 vector
pNL4-3.Luc.R+E—. Point mutations in pcDNA6/SLEN11/
V5-His expression vectors were created with the GeneTailor™
Site-Directed Mutagenesis System (Invitrogen). To obtain
HEK293 derivative cell lines in which SLFN11 expression was
obliterated using CRISPR-Cas9, cells were transfected with
pSpCas9(BB)-2A-Puro (PX459) all-in-one CRISPR-Cas9 con-
struct and selected for puromycin resistance (SLFN11 CRISPR-
Cas9 guide RNA 4, GCAGCCTGACAACCGAGAAA, obtained
from GenScript). Surviving cells were cloned by limiting dilution
and screened for SLEN11 expression by immunoblotting. To gen-
erate HEK293 SLEN11 mutant—expressing stable cell lines, we
followed the experimental strategy described by Murai et al. (13).
Briefly, plasmids encoding SLEN11 mutants were amplified
using 5'-ATCGGATCCGCGGCCAACATGGAGGCAAATCA-
GTGC-3" and 5'-ATTGTCGACGCGGCCCTACTTATCGTC-
GTCATCCTTGTAATCATGGCCACCCCACGGAA-3' as for-
ward and reverse primers, respectively, further including the
sequence for the FLAG tag, and cloned into the pPCDH-EF1-MCS-
PGK-copGFP lentiviral expression vector (System Biosciences) by
an In-Fusion HD cloning kit (Clontech). The SLEN11-encoding
lentiviral vectors were cotransfected into HEK293T cells together
with psPAX2 (Addgene, catalog number 12260) and pMD2.g
(Addgene, catalog number 12259) packaging plasmids. Viral par-
ticles were collected to infect HEK293 SLFN11 CRISPR*® cells
whose generation was described above. SLFN11-positive cells
were isolated using fluorescence-activated cell sorting (FACS)
based on coexpressed GFP (GFP expression levels were gated to
similar fluorescence intensity levels). Rabbit polyclonal anti-V5 tag
(G-14)-R (catalog number sc-83849-R), murine monoclonal anti-
Myc tag (9E10) (catalog number sc-40), and anti-SLFN11 (E-4)
(catalog number sc-374339) antibodies and murine isotype con-
trol IgG (catalog number sc-2025) were purchased from Santa
Cruz Biotechnology, and the murine anti-HIV-1 p24 (catalog
number MA171515) was obtained from Thermo Scientific Pierce.
Antibodies against GFP (D5.1) (catalog number 2956S) and
GAPDH (14C10) (catalog number 2118S) were purchased from
Cell Signaling Technology, and leporine polyclonal anti-PPP1CC
antibody was purchased from ProteinTech (catalog number
11082-1-AP).

Mass spectrometry

The samples for MS analysis of SLEN11 peptides in Fig. 1a
were prepared by transfecting pcDNA6/SLEN11/V5-His into
HEK293T cells for 48 h, lysing the cells with 1X Cell Lysis
Buffer from Cell Signaling Technology (catalog number 9803)
supplemented with phosphatase and protease inhibitor mix-
tures from Millipore (catalog numbers 524625, 524625, and
539134) as well as 1 mm phenylmethylsulfonyl fluoride.
Approximately 10 mg of protein was subjected to immunopre-
cipitation with anti-V5 antibody. For Fig. 4a, pcDNA6/
SLFN11/V5-His was transfected into HEK293T cells, which

J. Biol. Chem. (2019) 294(40) 1467414685 14683



Activation of SLFN11 requires dephosphorylation by PPP1CC

were subsequently washed with ice-cold PBS, lysed with 0.5%
IGEPAL, 50 mm Tris-HCI, pH 7.4, 50 mm NaCl, protease inhib-
itor mixtures, and 1 mm phenylmethylsulfonyl fluoride. A total
of 10 mg of protein was subjected to immunoprecipitation with
anti-V5 antibody. Mass spectrometric analysis was performed
at the University of California, San Diego proteomics facility for
LC-MS/MS analysis on a Lumos hybrid mass spectrometer
(Thermo) interfaced with nanoscale reversed-phase UPLC
(Thermo Dionex UltiMate™ 3000 RSLC Nano System). Data
analysis was carried out using Byonic™ software (Protein Met-
rics Inc.).

Cell transfection, lysis, immunoprecipitations, and
immunoblotting

Reverse transfection of cells was performed using ON-
TARGETplus SMARTpool siRNAs (GE Dharmacon) and
RNAIMAX reagent (Invitrogen, catalog number 13778075).
The siRNAs used were SLFN11 (catalog number L-016764-01-
0005), PPP1CC (catalog number L-006827-00-0005), and non-
targeting (catalog number D-001810-10-05). Cells were
exposed to siRNAs for 48 h prior to treatment with 200 nm CPT
and DMSO for 12 h. Cells were lysed in 1X NuPAGE LDS
Sample Buffer (Invitrogen) containing 2.5% 2-mercaptoetha-
nol, heated at 90°C for 5 min, and homogenized using a
QIAshredder (Qiagen). For coimmunoprecipitations, HEK293T
cells expressing exogenous SLFN11 for 48 h were washed in
ice-cold PBS and lysed in buffer containing 0.5% IGEPAL
CA630, 5 mm EDTA, 50 mm HEPES, 50 mm NaCl, and 10%
glycerol. Lysates were adjusted to 2 mg of total protein per
sample and subjected to immunoprecipitation with anti-V5 tag
antibody- conjugated magnetic beads (MBL International
Corp., catalog number M167-11) for 2 h, sedimented, and
washed three times with lysis buffer. Where indicated, the
immunoprecipitate was treated with alkaline phosphatase
(Invitrogen, catalog number EF0651) for 45 min at 37 °C. Beads
were resuspended in 1 X NuPAGE LDS Sample Buffer contain-
ing 2.5% 2-mercaptoethanol and heated at 90 °C for 5 min. All
samples were resolved by 4—12% SDS-PAGE (Invitrogen) prior
to transfer onto polyvinylidene difluoride membranes. After
blocking and sequential incubation with target-specific pri-
mary and horseradish peroxidase— conjugated secondary anti-
bodies, Western Lightning ECL Pro (PerkinElmer Life Sci-
ences) was used to visualize proteins on X-ray film, and signal
intensity was quantified with Image]J64.

Phosphoprotein gel staining

Samples were resolved on 4-12% NuPAGE Bis-Tris gels
(Invitrogen), which were subsequently fixed with 50% metha-
nol and 10% acetic acid for 2 h. Gels were washed three times for
10 min, incubated in Phospho-Tag phosphoprotein gel stain
(GeneCopoeia, catalog number PO05A) for 1.5 h and subse-
quently destained in 3 X 30-min steps with Diamond Pro-Q
phosphoprotein gel destaining solution. After rinsing twice
with ultrapure water for 5 min, gels were scanned on a Typhoon
imager at 532 nm with a 555 BP R6G laser. Bands were quanti-
fied with ImageQuant software.

14684 J Biol. Chem. (2019) 294(40) 1467414685

Total RNA preparation and mRNA qPCR

Total cellular RNA was isolated with TRIzol (Invitrogen) and
cleaned with the TURBO DNA-free kit (Ambion). Reverse
transcription was performed using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems). The qPCRs
were carried out on an Applied Biosystems StepOne Plus Real-
Time PCR System using iTaq Universal SYBR Green Supermix
(Bio-Rad) following the manufacturers’ protocols. Relative lev-
els of mRNAs of interest were calculated based on ACt values
and subsequent normalization to GAPDH mRNA levels. The
following qPCR primers were used in these assays: GAPDH:
forward, 5'-TCCACTGGCGTCTTCACC-3'; reverse, 5'-GG-
CAGAGATGATGACCCTTTT-3'; EGFP.MYC: forward, 5'-
CGCCGACCCAGCTTTCTTGTA-3'; reverse, 5'-TGATCA-
GCTTCTGCTCGCCG-3'; wtGFP.V5: forward, 5'-CTGGAG-
TTGTCCCAATTCTTG-3'; reverse, 5'-TCACCCTCTCCAC-
TGACAGA-3'; SLEN11: forward, 5'-AAGGCCTGGAACAT-
AAAAAGG-3'; reverse, 5'-GGAGTATATCGCAAATATCC-
TGGT-3'; HIV-1 p24: forward, 5'-TGCATGGGTAAAAGTA-
GTAGAAGAGA-3'; reverse, 5'-TGATAATGCTGAAAACA-
TGGGTA-3'.

tRNA analysis

SYBR Gold stain and Northern blotting of tRNAs was
described previously (8).

Statistical analysis

For all statistical analyses, two-sample equal variance
(homoscedastic) Student’s ¢ tests (two-tailed) were performed
using Microsoft Excel. All biological replicates and technical
replicates are specified accordingly. Experimental sample sizes
were chosen according to commonly accepted ranges for in
vitro studies in this field and to achieve statistical significance.
For all experiments without statistical analyses, one represen-
tative result of at least three independent experiments is shown.

Data availability

All data generated or analyzed during this study are included
in this published article (and its supporting information files) or
are available from the corresponding author upon reasonable
request.
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