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SUMMARY

Schlafen11 (SLFN11) is referred to as interferon (IFN)-inducible. Based on cancer
genomic databases, we identified human acute myeloid and lymphoblastic leuke-
mia cells with gain-of-function mutations in the Janus kinase (JAK) family as
exhibiting high SLFN11 expression. In these cells, the clinical JAK inhibitors
cerdulatinib, ruxolitinib, and tofacitinib reduced SLFN11 expression, but IFN
did not further induce SLFN11 despite phosphorylated STAT1. We provide evi-
dence that suppression of SLFN11 by JAK inhibitors is caused by inactivation
of the non-canonical IFN pathway controlled by AKT and ERK. Accordingly, the
AKT and ERK inhibitors MK-2206 and SCH77284 suppressed SLFN11 expression.
Both also suppressed the E26 transformation-specific (ETS)-family genes ETS-1
and FLI-1 that act as transcription factors for SLFN11. Moreover, SLFN11 expres-
sion was inhibited by the ETS inhibitor TK216. Our study reveals that SLFN11
expression is regulated via the JAK, AKT and ERK, and ETS axis. Pharmacological
suppression of SLFN11 warrants future studies.

INTRODUCTION

SLFN11is one of six human Schlafen genes involved in various cellular functions including cell quiescence,
cell-cycle arrest and immune response to viral infections (Mavrommatis et al., 2013; Murai et al., 2019).
SLFN11 is an increasing focus of basic and translational research as it drives the cytotoxicity of multiple
and widely used anticancer drugs targeting DNA replication (Murai et al., 2019). SLFN11 irreversibly blocks
replication and kills proliferating cancer cells by binding to stressed replication forks via the single-
stranded binding protein replication protein A1 (RPA1) (Mu et al., 2016; Murai et al., 2018), interfering
with the replicative helicase CMG complex (Murai et al., 2018), causing chromatin opening with activation
of stress response and immediate-early response genes (Murai et al., 2020) and depleting the replication
initiation factor CDT1 (Jo et al., 2021). Recently, SLFN11 was also reported to promote extensive fork
degradation in FANCD2- cells, which is mediated by the nucleases MRE11 or DNA2 (Okamoto et al.,
2021). In addition, SLFN11 regulates tRNA levels and protein translation (Li et al., 2012, 2018) and was
recently found to control the unfolded protein response and steady-state cellular protein ubiquitylation
(Murai et al., 2021).

SLFN11 expression is suppressed in approximately 50% of cancer cells (Murai et al., 2019), primarily by
epigenetic mechanisms including promoter hypermethylation at CpG islands (Moribe et al., 2021; Nogales
et al., 2016; Reinhold et al., 2017), histone deacetylation, and histone methylation by the polycomb
repressor complex (Gardner etal.,, 2017; Tang etal., 2018). However, little is known on how SLFN11 expres-
sion is activated. SLFN11 is consistently high in Ewing sarcomas (Garnett et al., 2012; Tang et al., 2015), due
to the expression of the chimeric transcription factor EWS-FLI1T, which binds to E26 transformation-specific
(ETS) domains near the transcription start site of SLFN11 (Tang et al., 2015). A correlation between SLFN11
and FLI-1 expression was also reported in leukemia, colon, breast, and prostate cancers (Tang et al., 2015).

Schlafen genes are commonly referred to as interferon (IFN)-inducible. Indeed, human SLFN5 has been
shown to be activated by IFN in melanoma cells (Katsoulidis et al”., 2010); albeit tyrosine kinase (TYK) 2-defi-
cient or Janus kinase (JAK1)-deficient 2FTGH fibrosarcoma cells showed no induction of SLFN5 after IFNa
stimulation (Katsoulidis et al., 2010). SLFN11 is also induced in human foreskin fibroblasts treated with
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Figure 1. Leukemic cells with JAK GOF mutations overexpress SLFN11

(A) Diagram of proposed JAKs pathway. The canonical STAT pathway is shown in left side (blue). The non-canonical AKT and ERK pathways are shown in right
side (red and green).

(B) High expression of SLFN11in AML (red) samples in the TCGA data set. Sarcomas samples are highlighted as a reference (yellow). ACC, adrenocortical
carcinoma; AML, acute myeloid leukemia; SCC, squamous cell carcinoma; DLBC, diffuse large B-cell ymphoma; GBM, glioblastoma multiforme; LGG, low
grade glioma; PCPG, pheochromocytoma and paraganglioma; CE, corpus endometrial; CS, carcinosarcoma; RCC, renal cell carcinoma.
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Figure 1. Continued

(C) Leukemic cell lines with gain-of-function (GOF) mutations in TYK2/JAK1/JAK2 consistently express high SLFN11 transcripts. The GOF variants of JAKs
were mined from cBioPortal. The values represent the probability of homozygous function-impacting mutation in the GDSC or CCLE data sets. SLFN11
mRNA expression was based on multi-platform microarray average log; intensity in the GDSC, CCLE, and NCI-60 data sets. Ph, Philadelphia chromosome; 1,
putative GOF mutation; *, GDSC; **, CCLE.

(D and E) Relative SLFN11 mRNA expression of leukemic cells with GOF mutation in JAKs compared with other leukemic cells in the CCLE and GDSC data
sets. SLFN11 mRNA expression were based on multi-platform microarray average log; intensity.

(F) Activation of the JAK/TYK2 pathway detected by Western blotting. Leukemic cell lines with GOF are highlighted in red. Chronic myeloid leukemia K562
and lung adenocarcinoma A549 were used as control cells with wild-type JAKs.

by type | IFN-dependent and -independent pathways (Borrego et al., 2020). In addition, SLFN11 sensitizes
leukemic HAP1 cells to IFN-y-mediated T cell killing (Mezzadra et al., 2019) and is epigenetically regulated
during B-cell differentiation (Moribe et al., 2021). SLFN11 has therefore been described as an IFN-stimu-
lated gene (Borrego et al., 2020; Katsoulidis et al., 2010; Li et al., 2012; Mavrommatis et al., 2013; Mezzadra
et al.,, 2019; Puck et al., 2015). However, there is as yet limited evidence for the relationships between
SLFN11 and IFN in cancer or human somatic cells.

In the classical IFN-JAK-STAT pathway, type | or type Il IFNs bind to the IFN receptors IFNAR1, IFNAR2,
IFNGR1, and IFNGR2 on the surface of cells (Platanias, 2005) in association with JAK1, JAK2, and TYK2.
JAK1/2-TYK2 activation by autophosphorylation and downstream tyrosine phosphorylation of STATs
induce the formation of active homodimers or heterodimers that activate the downstream NF-kB and
innate immune response pathways. In addition to the classical JAK-STAT signaling pathway, type | IFN-
mediated signaling can activate the MAPK pathway including p38 and MEK-ERK pathway and PI3K-AKT
pathway via JAKs (Figure 1A) (Hervas-Stubbs et al., 2011; Platanias, 2005).

In this study we investigated the molecular control mechanisms of SLFN11 expression in leukemic cell lines.
We report that gain-of-function (GOF) mutations of the JAK receptor kinases (TYK2, JAK2 and JAK1) drive
SLFN11 expression and that SLFN11 expression is inhibited by the clinical JAK inhibitors cerdulatinib,
ruxolitinib, and tofacitinib at the mRNA and protein levels. We show that SLFN17 expression is directly
controlled via the ETS family transcription factors downstream of the non-canonical IFN-pathway involving
AKT and ERK signaling. Accordingly, the AKT inhibitor MK-2206, the ERK inhibitor SCH772984, the PI3K
inhibitor LY294002, and the recently developed ETS inhibitor TK216, as well as retinoic acid suppress
SLFN11 expression in JAK GOF-driven leukemia cells.

RESULTS
Leukemic cell lines harboring TYK2/JAK1/JAK2 GOF mutations overexpress SLFN11

By analyzing the human TCGA transcriptome databases, we observed that acute myeloid leukemia (AML)
cells are among the highest expressors for SLFN11 mRNA (Figure 1B) as was reported previously for Ewing
sarcomas (Gao et al., 2013). Consistent with this observation, AML cell lines also show high SLFN11 expres-
sion across the large cancer cell line databases of the NCI-60, GDSC, and CCLE (Figures S1A and S1B)
(CellMiner Cross Database: http://discover.nci.nih.gov/cellminercdb) (Luna et al., 2021). Acute lympho-
blastic leukemia (ALL) cells also express high SLFN11, similar to AML while multiple myeloma cells have
lower SLFN11 expression. As expected, AML and ALL cells with high SLFN11 expression have low
SLFN11 promoter methylation (Figure S1C) (Nogales et al., 2016; Reinhold et al., 2017). ALL cells such as
MOLT4 and CCRF-CEM and AML cells including HL-60 and HEL also have high SLFN11 protein expression
(Figures S1D and S1E), consistent with the high correlation between SLFN11 transcript and protein levels
(Winkler et al., 2021; Zoppoli et al., 2012).

IFNs stimulation causes auto-phosphorylation of JAK family members including JAK1, JAK2, and TYK2
(Figure 1A). In hematological malignancies, beside AML, some ALL and myeloproliferative disease also
have GOF mutations in JAKs or fusion genes with JAKs such as JAK2-TEL (ETVé) (Bercovich et al., 2008;
Cerami et al., 2012; Flex et al., 2008; Gao et al., 2013; Gordon et al., 2010; Hornakova et al., 2011; James
et al., 2005; Lacronique et al., 1997; Sanda et al., 2013). Accordingly, we found that GOF mutation in
JAKs was seen in AML and ALL with high SLFN11 expression but less frequently in other leukemic cell lines
(Figures 1C-1E, S1A, and S1B) (Cerami et al., 2012; Gao et al., 2013; Murai et al., 2018; Reinhold et al., 2015).
CCRF-CEM and MOLT4 cells harboring the GOF mutation showed tyrosine phosphorylation (Y1054/1055)
of TYK2 at steady-state conditions (Figure 1F) (Sanda et al., 2013). Also, HEL cells, an erythroleukemia cell
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Figure 2. Baseline SLFN11 expression in JAK GOF mutant leukemia cells is independent of the classical IFN-STAT pathway and SLFN11 induction
by IFN is cell line-dependent

(A-C) MOLT4 (A), CCRF-CEM (B) and HEL (C) cells were treated with IFN-o (10,000 U/mL) or IFN-y (100 ng/mL) for 6 or 24 h.

(D) Relative expression profiling of SLEFN11 in multiple cell lines in the response to IFN-a (10,000 U/mL) or IFN-y (100 ng/mL) for 6 or 24 h. The original images
of Western blotting were listed in Figure S2C.
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Figure 2. Continued

(E) Transcriptional induction of SLFN'T1 mRNA by IFNs in CCRF-CEM, MOLT4, and HEL cells. Relative 27T changes of SLFN11 mRNA expression following
treatment with IFN-a (10,000 U/mL) or IFN-y (100 ng/mL) for 6 or 24 h in MOLT4 (N = 2), CCRF-CEM (N = 2) and HEL (N = 2). Non-small-cell lung cancer A549
cells were used as an IFN-inducible control cells (N = 3). Error bars represent SD; *P = 0.03, ***P < 0.001 with ordinary one-way ANOVA test and Tukey's
multiple comparisons test.

line known to have GOF mutation in JAK2 (Quentmeier et al., 2006), showed additional autophosphoryla-
tion of JAK1 and TYK2. These results led us to conclude that AML and ALL leukemic cells with GOF muta-
tions in JAKs express high SLFN11 compared with other leukemic cells.

SLFN11 expression in JAK-GOF-mutant leukemic cells is independent of the classical IFN-
STAT pathway

Because IFN stimulation phosphorylates STATs, mainly STAT1 and STAT2 through IFN receptors and JAKs
(Hervas-Stubbs et al., 2011; Platanias, 2005) (Figure 1A), we examined whether the cells with GOF mutation
in JAKs show phosphorylation of STATs under steady-state conditions. We tested the CCRF-CEM and
MOLT4 cells with GOF mutation in TYK2 and the erythroleukemia HEL cell line with GOF mutation in
JAK2. Unexpectedly, only HEL cells displayed phosphorylated STAT1 (Y701) while MOLT4 and CCRF-
CEM cells did not show detectable STAT1 activation under steady-state conditions (Figures 2A-2C,
and S2A).

To further explore this unexpected lack of baseline STAT activation in the JAK GOF cells, we tested the
response of MOLT4 and CCRF-CEM cells to exogenous IFNa stimulation. JURKAT T-ALL cells with wild-
type JAKs were used as control (Figure S2B). Short-time exposure to IFNa induced hyper-phosphorylation
of STAT1 (Y701) in all three cell lines, while SLFN11 expression was not changed (Figure S2B). Time course
stimulation with IFNa and IFNy in MOLT4, CCRF-CEM, and HEL cells showed that the intensity of phos-
phorylated STAT1 remained high at 24 h, along with induction of ISG15 conjugates (Loeb and Haas,
1992, Perng and Lenschow, 2018). However, SLFN11 expression remained unchanged (Figures 2A-2C).
In HEL cells, phosphorylated STAT1 was further induced after IFNa and IFNy treatment while IFNa did
not increase SLFN11, and only IFNy induced a weak induction of SLFN11 (Figure 2C). To further explore
the SLFN11-IFN connection, we tested the inducibility of SLFN11 in additional cancer cell lines (Figure 2D)
including some with high SLFN11 levels (Figure S1C). DU145, prostate cancer, and DMS114, small cell lung
cancer, showed reproducible induction of SLFN11 in response to IFNy (Figure 2D). However, the numerical
changes were limited with around 2-3-fold at the protein levels (Figure 2D).

At the transcription level, basal mRNA expression of SLFN11 was notably high in MOLT4, CCRF-CEM, and
HEL, and was not increased further by IFNe or IFNy (Figure 2E). By contrast, A549 lung adenocarcinoma
cells, which have relatively low SLFN11 expression (Figure S1D) demonstrated 1.9-2.5-fold SLFN11
mRNA induction in response to IFNa and IFNy exposure for 6 h (Figure 2E). A possible reason for the
lack of SLFN11 induction upon exogenous IFN stimulation in MOLT4, CCRF-CEM, and HEL cells may be
a saturation of the SLFN11 promoter at steady-state as these cells express much higher SLFN11 transcripts
than A549 cells (Figure 2E). We conclude that IFN-dependent SLFN11 expression depends on the cell line
background and is generally much less intense than the classical IFN-inducible genes such as ISG15
(Figures 2A-2C).

Together, these results show that the two TYK2-GOF-mutant leukemia cell lines MOLT4 and CCRF-CEM
with high SLFN11 expression do not activate STATs under steady-state conditions, suggesting that high
SLFN11 expression in the TYK2-GOF-mutant cells is not regulated by the classical IFN-JAK-STAT signaling
pathway.

Inhibitors of the JAK pathway suppress SLFN11 expression

To elucidate how leukemic cells with GOF mutation in JAKs constitutively up-regulate SLFN11 expression,
we tested three JAK inhibitors, cerdulatinib, ruxolitinib, and tofacitinib. Cerdulatinib reduced SLFN11 pro-
tein expression by 70% within 6 h while, as expected, it also depleted phosphorylated TYK2 in both MOLT4
and CCRF-CEM (Figures 3A-3D). In addition, cerdulatinib decreased SLFN1TmRNA expression (Figure 3E),
and its suppressor effect was enhanced upon 24-h exposure both in MOLT4 and CCRF-CEM (Figures S3A
and S3B). The expression of SLFN11 recovered within 4 h after removing cerdulatinib (Figure 3F), indicating
that JAK activation is critical for SLFN11 expression and that the inhibitory effect of cerdulatinib is not

iScience 24, 103173, October 22, 2021 5



¢? CellPress

OPEN ACCESS

A
MOLT4
Cerdulatinib
0 1 2 4 6 hours
100 < SLFN11

1.00 0.55 0.48 0.44 0.32

sl e
(Y1054/1055)

1.00 0.48 0.31 0.22 033

B MOLT4
*%

| e—
c o
]
w 1.0 x -e- SLFNM
9] =
2 0.8 = p-TYK2
X
o
£ 0.6+
il
<]
5 0.4+
)
2 0.2
©
[9]
m 00 T T T T T

0 1 2 4 ¢ hours

G
HEL Cerdulatinib
0 1 2 4 6 hours

1.00 0.86 0.61 0.28 0.32

-« p-TYK2
(Y1054/1055)

1.00 0.35 0.29 0.16 0.12

-« p-JAK1

100- (Y1034/1035)

1.00 0.10 0.10 0.06 0.02

=
100 0.21 0.18 0.26 0.19 (Y1007/1008)

1.00 0.01 0.01 0.01 0.02 (Y701)

3 e e —— < GAPDH

CCRF-CEM
—— Cerdulatinib
0 1 2 4 6 hours

1.00 0.76 0.79 0.46 0.31

<o
(Y1054/1055)

1.00 0.32 0.36 0.36 0.21

CCRF-CEM
*%
% 1
C A
<]
'% 1.0+ il % SLFN11
; 0.84 = p-TYK2
o
.g 0.6
g 0.4-
4
s
]
m OO T T T T T
0 1 2 4 6 hours
HEL
H Time after cerdulatinib
release
2 4 hours

«

1.00 0.62 0.86 1.08 1.00

| << p-TYK2
(Y1054/1055)

d
1.00 0.33 067 074 0.84

——

1005 R | < pIAK2

1.00 0.40 1.36 0.85 0.79 (¥1007/1008)

1.00 0.01 0.26 0.24 0.34 (Y701)
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(A and B) SLFN11 and phosphorylated TYK2 expression detected by Western blotting after cerdulatinib treatment. MOLT4 was treated with cerdulatinib
(40 uM) for the indicated times. Quantitation of SLFN11 and phosphorylated TYK2 by 3 independent experiments as shown in panel A. Error bars
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(C and D) SLFN11 and phosphorylated TYK2 expression in CCRF-CEM treated with cerdulatinib (40 uM). Quantitation of SLFN11 and phosphorylated TYK2
in 3independent experiments as shown in panel D. Error bars represent SD; *p = 0.013, **p = 0.003, ***p < 0.001 (SLFN11), ''p < 0.001 (p-TYK2) with ordinary
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(E) Relative changes of SLFN11 mRNA expression treated with cerdulatinib (40 uM) for the indicated times in MOLT4 and CCRF-CEM cells (N = 3). Error bars
represent SD; ***p < 0.001 with two-way ANOVA test and Tukey’s multiple comparisons test.
(F) Restoration of SLFN11 expression after release of cerdulatinib treatment (40 uM, 24 h) in MOLT4 cells.
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Figure 3. Continued

(G) SLFN11 and phosphorylated TYK2, JAK1, JAK2, and STAT1 expression detected by Western blotting in HEL cells treated with cerdulatinib (40 pM) for the
indicated times.

(H) Restoration of SLFN11 expression in HEL cells after release of cerdulatinib treatment (40 uM, 24 h).

(I) Quantitation of the relative SLFN11 protein expression in 2 independent experiments as shown in Figures S3A, S3C, and S3D. Error bars represent SD;
*p = 0.039, ***p < 0.001 with two-way ANOVA test and Tukey's multiple comparisons test.

merely due to cell death as it is reversible. We also tested the response to cerdulatinib in HEL cells with
JAK2 GOF mutation. Consistent with the results in MOLT4 and CCRF-CEM cells, cerdulatinib inhibited
SLFN11 expression while decreasing TYK2, JAK1, JAK2, and STAT1 phosphorylation (Figure 3G). After
removal of cerdulatinib, SLFN11 expression also recovered in HEL cells (Figure 3H). These experiments
demonstrate that cerdulatinib is a pharmacological inhibitor of SLFN11 expression, implying a regulatory
role of the JAK pathway on SLFN11 expression.

To confirm the results obtained with cerdulatinib, we extended our experiments to two other clinical JAK
inhibitors, ruxolitinib and tofacitinib. Both also suppressed SLFN11 expression (Figures 3l, S3C, and S3D)
with cerdulatinib being the most potent SLFN11 expression inhibitor (Figure 3l).

AKT and ERK mediate SLFN11 expression in GOF mutant leukemic cells

Given that the classical IFN-JAK-STAT signaling pathway may not be activated in steady-state conditions in
MOLT4 and CCRF-CEM, we hypothesized that the non-classical JAK pathway including MAPK, CRK, and
PI3K-AKT might be involved in the regulation of SLFN11 expression. Consistent with this possibility, pre-
vious studies showed that cerdulatinib inhibits not only the STAT pathway but also the phosphorylation
of AKT and ERK and the NF-kB pathway (Guo et al., 2017; Ishikawa et al., 2018).

To test whether the activation of AKT and MEK-ERK pathway by GOF mutation in JAKs could contribute to
the high expression of SLFN11, we determined the phosphorylation status of AKT and ERK in MOLT4 and
CCRF-CEM. As shown in Figure 4A, both cell lines showed high phosphorylation of AKT (5473) and a weak
signal for phosphorylated ERK. Next, we investigated the effects of cerdulatinib on these phosphoryla-
tions. Cerdulatinib depleted phosphorylated AKT (S473) within 4 h and subsequently both AKT and ERK
phosphorylation were suppressed within 6 h, although ERK was transiently phosphorylated at the early
time points of cerdulatinib treatment (Figures 4B and S4A). Cross-talks are plausible between the Raf-
MEK-ERK and PI3K-AKT pathways. For example, AKT-mediated phosphorylation of Raf has been shown
to inhibit the activation of the Raf-MEK-ERK pathway (McCubrey et al., 2008; Moelling et al., 2002; Zimmer-
mann and Moelling, 1999). Therefore, one interpretation of our findings is an AKT-mediated ERK regulation
mechanism where inhibition of AKT leads to the transient activation of ERK. As was observed for phosphor-
ylation of TYK2 (see Figure 3F), the removal of cerdulatinib restored the phosphorylation of AKT (Figure 4C),
which is consistent with AKT signaling downstream from JAK activation. In contrast to MOLT4 and CCRF-
CEM cells, HEL cells exhibited hyperphosphorylated ERK dominantly in parallel to AKT phosphorylation
under steady state conditions, and cerdulatinib suppressed both ERK and AKT phosphorylation
(Figure 4D).

Next, we investigated whether the combination of PI3K-AKT inhibitors and ERK inhibitor could reduce the
expression of SLFN11. Combination treatment significantly suppressed SLFN11 expression while single
treatments with either LY294002, a PI3K inhibitor, MK-2206, an AKT inhibitor or SCH772984, an ERK inhib-
itor, only modestly decreased SLFN11 expression (Figures 4E-4G, S4B, and S4D). Taken together, our
results indicate that the activation of both AKT and ERK regulates SLFN11 expression in cells with GOF
mutations in JAKs.

The ETS pathway drives SLFN11 expression in GOF mutant leukemic cells

Previous studies reported that EWS-FLI1 is a transcription inducer of SLFN11 in Ewing sarcoma (Barretina
etal., 2012; Tang et al., 2015) and the existence of cross talk between ERK and/or AKT and ETS family genes
(Giorgi et al., 2015; Hervas-Stubbs et al., 2011; Mut et al., 2012; Plotnik et al., 2014; Selvaraj et al., 2014;
Smith et al., 2012). Examination of the expression of ETS family genes in leukemic cell lines using the
CellMiner (Luna et al., 2021) showed that most of SLFN11-positive leukemic cells expressed high ETS-1
and/or FLI-1 (Figures S5A and S5B). MOLT4 and CCRF-CEM cells also showed high expression of ETS-1
at the protein level (Figure S5C).

iScience 24, 103173, October 22, 2021 7



¢? CellPress

OPEN ACCESS

iScience

Q§ MOLT4 CCRF-CEM o
O Cerdulatinib
& OQS oV/\ 01 2 4 6 0 1 2 4 6 hours
€N
— [ —
*l:(_ p-AKT 50 50 (S473)
50 (S473) 1.00 0.42 0.20 0.00 0.00 1.00 0.14 0.11 0.06 0.06
- -« p-ERK1/2 37) D | - p-ERK1/2
37- (T202/Y204) 37- (T202/Y204)
a7 1.00 56.4 359 7.71 3.33 1.00 92.8 243 110 39.0
e I o
————  enesenesem < G/PDH
¢ P E  CCRF-CEM
MOLT4 HEL o - + — + PI3Ki;LY294002
Time after cerdulatinib Cerdulatinib — — 4+ + ERKi;SCH772984
release 0 1 2 4 6 hours 1001
NC 0 ) 2 hours 50-~ . - p_AKT e — — | <€— S| FN11
(S473) 1.00 0.74 0.64 0.52
50 M . e | << P-AKT 1.00 0.14 0.15 0.18 0.08
(S473) — J— p-AKT
1.00 0.06 0.25 0.43 37_b__ .. | <« p-ERK1/2 50- (5473)
374 (T202/Y204) -
E < GAPDH 1.00 0.20 0.09 0.03 0.03 27,8 _ | <<« p-ERKI12
. (T202/Y204)
| —————— <~ GAPDH 37E<— GAPDH
F ¢ CCRF-CEM MOLT4
CCRF-CEM Kok
- . . *kk Kk
- — + 4+ AKTi; MK-2206 —
*kk *k%k
— 4+ — + ERKi; SCH772984 | -
100+ p— S
—— -« SLFN11 2 1o o
ST
1.00 0.85 0.67 0.35 S5 o0s |
= = <« P-AKT E é 0.6 4
50- (S473) T < ]
1.00 1.09 0.01 0.01 5T 04l |
37| - p‘ERK1/2 % d 0.2 4 i
(T202/Y204) <
1.00 0.20 0.44 0.37 = 0
w T T T T
- + - +ERKi - + - 4+

Figure 4. AKT and ERK critically mediate SLFN11 expression in GOF mutant leukemic cells

(A) Phosphorylation status of AKT and ERK detected by Western blotting on the steady-state condition. The red rectangle indicates the leukemic cells with
GOF mutation in TYK2.

(B) Alteration of phosphorylated-AKT and -ERK by cerdulatinib (40 pM) was measured by Western blotting at the indicated time points.

(C) Phosphorylation status of AKT after release of cerdulatinib (40 uM, 24 h) in MOLT4 cells.

(D) Alteration of phosphorylated-AKT and -ERK in HEL cells by cerdulatinib (40 pM) was measured by Western blotting at the indicated time points.

(E) SLFN11 protein expression detected by Western blotting in CCRF-CEM cells treated with LY294002 (20 pM, PI3K inhibitor) and/or SCH772984 (20 uM,
ERK inhibitor) for 24 h.

(F) SLEN11 protein expression in CCRF-CEM cells treated with MK-2206 (20 pM, AKT inhibitor) and/or SCH772984 (20 uM, ERK inhibitor) for 24 h.

(G) Quantitation of SLFN11 protein expression in 3 independent experiments as shown in Figure 4F (CCRF-CEM) and S4B (MOLT4). The error bars represent
SD; *p = 0.012 (CCRF-CEM), *p = 0.026 (MOLT4), **p = 0.007, ***p < 0.001 with ordinary one-way ANOVA test and Tukey’s multiple comparisons test.
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Figure 5. ETS pathway is a key regulator for SLFN11 expression in GOF mutant leukemic cells
(A-C) ETS family proteins in MOLT4, CCRF-CEM, and HEL cells treated with cerdulatinib (40 uM) for the indicated times.

(D and E) Expression of ETS-1 after release of cerdulatinib treatment (40 pM, 24 h) in MOLT4 and HEL cells.

(F) Protein expressions of ETS-1 and FLI-1 detected by Western blotting in MOLT4 and CCRF-CEM cells treated with MK-2206 (20 uM, AKT inhibitor) and/or
SCH772984 (20 uM, ERK inhibitor) for 24 h.
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Figure 5. Continued

(G) Quantitation of SLFN11 protein expression in 3 independent experiments as shown in panel (F). The error bars represent SD; *p = 0.01 (MOLT4),

*p = 0.023 (CCRF-CEM), **p = 0.002, ***p < 0.001 with ordinary one-way ANOVA test and Tukey’s multiple comparisons test.

(H) Protein expression of SLFN11 and ETS proteins in MOLT4 cells treated with TK216 (30 uM, ETS inhibitor) as the indicated time points.

(I) Quantitation of SLFN11 and ETS-1 protein expression as shown in panel (H). Error bars represent SD (N = 2); **p = 0.006 (SLFN11; 0 vs. 4 h), **p = 0.004
(SLFN11; O vs. 6 h), fo = 0.018 with ordinary one-way ANOVA test and Tukey’s multiple comparisons test.

(J) Quantitation of SLFN11 and ETS protein expression in MOLT4 treated with the indicated concentrations of TK216 for 24 h as shown in Figure S5I. Error
bars represent SD; **p = 0.006 (SLFN11), ***p < 0.001 (SLFN11), o = 0.004 (ETS-1), f1fp < 0.001 (ETS-1) with ordinary one-way ANOVA test and Tukey's
multiple comparisons test.

To examine whether the ETS transcription factor pathway is downstream of JAK activation in the cells
harboring GOF mutations in JAKs, we treated the MOLT4 and CCRF-CEM cells with cerdulatinib.
Cerdulatinib markedly reduced both ETS-1 and FLI-1 in time- and dose-dependent manners (Figures
5A, 5B, and S5F). Of note, protein expression of ETS-1 was decreased by 70-80% in é h (Figure S5D).
ETS-1 mRNA expression in CCRF-CEM was also suppressed by cerdulatinib treatment (Figure S5E).
Treatment of HEL cells with cerdulatinib also reduced the expression of ETS-1 and FLI-1 (Figure 5C). In
addition, removal of cerdulatinib restored the expression of ETS-1 in both of MOLT4 and HEL (Figures
5D and 5E), which extends the connection between ETS activation and JAK1-AKT activation. To confirm
these results, we tested the other JAK inhibitor, ruxolitinib, and found consistent reduction in the
expression of ETS-1 accompanied with the depletion of phosphorylated TYK2 and SLFN11 (Figure S5G).
Also, the combination of AKT and ERK inhibitors suppressed ETS-1 and FLI-1 expression while the inhibi-
tion of either AKT or ERK alone partially decreased ETS-1 and FLI-1 expression in MOLT4, CCRF-CEM, and
HEL (Figures 5F-5G and S4C).

Finally, to further establish the dependency of SLFN11 expression on the ETS pathway in leukemia cells, we
treated MOLT4 cells with the new clinical ETS inhibitor TK216 (NCT02657005). TK216 suppressed the
expression of both SLFN11 and ETS-1 both at the protein and transcription levels (Figures 5H-5J and
S5H) and in a dose-dependent manner (Figures 5J and 5S5I). Moreover, since it was reported all-trans-
retinoic-acid (atRA) suppressed the activity of ETS family genes including ETS-1 and FLI-1 (Darby et al.,
1997; Lulli et al., 2010), we explored the effect of SLFN11 expression by atRA. High-dose atRA moderately
decreased SLFN11 expression along with the reduction of ETS-1 (Figures S5J and S5K).

Together, these results demonstrate that the ETS family is an important transcription factor for SLFN11
expression through the JAKs-AKT and -ERK activation in GOF mutant leukemic cells.

DISCUSSION

Our study demonstrates that leukemic cells with GOF mutations in JAKs overexpress SLFN11, and that, in
these cells, SLFN11 expression is controlled by a non-classical JAK signaling pathway involving JAK-AKT/
ERK (Figure 6A). We extend to leukemia our prior molecular explanation made in Ewing sarcomas (Tang
et al., 2015) that ETS family genes drive the transcription of SLFN11. Accordingly, we show that JAK inhib-
itors, in particular cerdulatinib, combination of AKT or PI3K and ERK inhibitors and ETS inhibition reduce
SLFN11 expression (Figure 6A). While the classical JAK-STAT signaling pathway in MOLT4 and CCRF-CEM
is not further activated upon exogenous IFN stimulation, we confirm that SLFN11 acts as an IFN-responsive
gene in other cancer cell lines through the classical IFN-JAK-STAT signaling pathway with induction of
ISG15, one of the classical IFN stimulated genes (Perng and Lenschow, 2018) (Figure 6B).

While SLFN11 was previously described as an anti-viral molecule against human immunodeficiency virus 1
(HIV-1) and flaviviruses (Li et al., 2012; Valdez et al., 2019), its regulation and mechanisms of action from an
immunological standpoint are still under investigation. The murine Slfn family genes including Slfn1, Sifn2,
Slfn3, Slfn5, and SIfn8 are regulated by STAT1 and STAT3 (Katsoulidis et al., 2009). However there have
been no reports about human SLFN11 and STATs. Our study suggests that classical IFN-JAK-STAT
signaling is not a main regulator of SLFN11 expression in leukemic cells with GOF mutation in JAKs, and
therefore that the inducibility of SLFN11 by exogenous IFNs is dependent on cell types. Puck et al. also
reported that the inducibility of SLFN11 by Human rhinovirus 14, IFN-a and LPS was lower than that of
MxA, one of the classical ISGs (Puck et al., 2015). They analyzed transcription factor binding sites using
Matlnspector (Cartharius et al., 2005) and found only few canonical IFN-stimulated response element
(ISRE) sites in most human SLFN genes while MxA had 6 ISRE sites, inferring that this numerical difference
may lead to the relatively low IFN inducibility of the SLFN genes. Additionally, because SLFN11 expression
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Figure 6. Proposed model for the mechanism of SLFN11 induction in GOF mutant leukemic cells

(A) In leukemic cells with GOF mutation in JAKs, JAKs are auto-phosphorylated without IFN stimulation. These cells
promote phosphorylation of AKT while the activation of AKT may suppress the activity of ERK. Both of AKT and ERK
induce SLFN11 expression via ETS family proteins.

(B) In leukemic cells with wild-type JAKs, SLFN11, and classical IFN stimulated genes can be induced in response to
exogenous IFNs by the classical IFN-JAK-STATs signaling pathway.

is already activated fully via non-classical IFN pathways in the GOF mutant leukemic cells (MOLT4, CCRF-
CEM, and HEL in our study), this may explain why JAK GOF leukemic cells do not respond to additional
stimulation upon exposure to exogenous IFNs.

The JAK2 V617F mutation is a common GOF mutation in myeloproliferative disorders (Bercovich et al.,
2008; Cerami et al., 2012; Gao et al., 2013; James et al., 2005). Other TYK2 and JAK1 GOF mutations are
also detectable in human leukemic cells (Flex et al., 2008; Gordon et al., 2010; Hornakova et al., 2011; Sanda
et al., 2013). Therefore, we connect here the GOF mutations in JAKs with overexpression of SLFN11 in
leukemia cell lines. The ability of clinically used JAK inhibitors to suppress SLFN11 expression in JAKs
GOF-mutated leukemic cells while reducing phosphorylated TYK2 demonstrates the functionality of the
JAK GOF mutations in activating SLFN11. Additionally, we observed that most leukemic cell lines with
WT JAKs also overexpress SLFN11. Approximately 50% of AML patients have acquired genetic abnormal-
ities (McCubrey et al., 2008; Vey et al., 2004). Especially, FMS-like tyrosine kinase 3 - internal tandem
duplication (FLT3-ITD) mutations are detected in 20-30% of AMLs and may cause activation of Ras-Raf-
MEK-ERK, PI3K-AKT and JAK-STAT pathways (McCubrey et al., 2008). Moreover, CML cells express the
BCR-ABL oncoprotein, which also activates JAK and Ras-Raf-MEK-ERK pathways (Desterke et al., 2018;
Sanda et al., 2013), suggesting that BCR-ABL may be a positive regulator of SLFN11. At this point, we
do not have data on whether inhibitors against BCR-ABL such as imatinib, nilotinib, or dasatinib can reduce
SLFN11 expression, and further studies are warranted to investigate this possibility.

We previously showed that ETS binding domains are located near the transcription start site of SLFN11,
and that FLI-1 and ETS-1 work as transcriptional factors for SLFN11 (Tang et al., 2015). In this study, we
extend this finding by showing that ETS family proteins drive SLFN11 expression in JAK-GOF mutant
leukemic cells. This conclusion is based on the suppression of SLFN11 expression by the new clinical
ETS inhibitor TK216 and by retinoic acid, and on the suppression of both ETS and SLFN11 expression by
the JAK inhibitors (Figure 6A). Raf-MEK-ERK pathway or PI3K-AKT pathway are reported as a regulator
of ETS family genes (Giorgi et al., 2015; Hervas-Stubbs et al., 2011; Plotnik et al., 2014; Selvaraj et al.,
2014; Smith et al., 2012). While E-twenty-six (ETS)-like transcription factor 1 (Elk-1) is controlled by both
Raf-MEK-ERK and PI3K-AKT pathways (Mut et al., 2012), it is unknown whether ETS-1 and FLI-1 are regu-
lated by both pathways. Our report suggests that the expression of ETS-1 and FLI-1 are under the control
of both pathways, which leads to SLFN11 expression.

Suppression of SLFN11 expression, which occurs in approximately 50% of cancer cells (Murai et al., 2019) is
controlled epigenetically by CpoG promoter hypermethylation (Nogales et al., 2016; Reinhold et al., 2017,
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Tang et al., 2018) and is a dominant resistance factor to a broad range of widely used antileukemic agents
targeting DNA replication including cytarabine, hydroxyurea, methotrexate, anthracyclines, etoposide,
and topotecan (Murai et al., 2019). Hence, reactivation of SLFN11 by epigenetic modulators is being pur-
sued to overcome global drug resistance. In addition to DNA methyltransferase inhibitors (Nogales et al.,
2016; Tang et al., 2018), EZH2 and class | histone deacetylase inhibitors have also been shown to induce
SLFN11 expression (Gardner et al., 2017; Nogales et al., 2016; Tang et al., 2018). Hence, reactivating
SLFN11 is a rational approach for combination therapies with DNA replication inhibitors. Assuming that
SLFN11 may also acts as a tumor suppressor gene, arresting cells with abnormal replication (Murai
etal., 2019; Zhou et al., 2020), reactivation of SLFN11 may also act by itself to stop tumor growth.

It is striking that highly proliferative leukemia cells express high SLFN11 levels. This suggests that express-
ing SLFN11 provides a selective advantage in the context of those cells. Further studies are needed to
elucidate how SLFN11 expression may benefit some tumor cells. For instance, SLFN11 has been shown
to protect against viral infections (Li et al., 2012; Valdez et al., 2019) and reduce proteotoxic stress (Murai
et al., 2021). Here we show that for the cancers that overexpress SLFN11 such as leukemia, Ewing sarcoma,
and mesotheliomas (see Figure 1B), itis possible to effectively suppress SLFN11 expression. Targeted ther-
apies including clinically used JAK kinase and ETS inhibitors effectively and reversibly suppress SLFN11
expression in leukemia (Figure 6). Although, it is unclear whether leukemia cells derive a growth advantage
by overexpressing SLFN11, and would be affected by suppressing SLFN11 expression, it is now feasible to
address this question by performing functional and clinical studies using JAK and ETS inhibitors. Notably, a
recent study showed that a subset of hepatocellular carcinomas overexpresses SLFN11, and it has been
proposed that suppressing SLFN11 expression may specifically affect such cancers by modulating
mTOR signaling (Zhou et al., 2020).

Scoring SLFN11 by immunohistochemistry and transcriptome analyses are readily feasible and ongoing at
multiple institutions (Buettner, 2021; Kagami et al., 2020; Knelson et al., 2021; Mao et al., 2021; Moribe et al.,
2021; Murai et al., 2019; Takashima et al., 2021a, 2021b; Winkler et al., 2021; Zhou et al., 2020). Extending
SLFN11 testing in hematologic malignancies should be readily feasible.

Limitations of the study

Potential limitations in this study include the possibility that other types of leukemic cells such as AML
with GOF mutations in JAK1 or JAK2 behave differently from the leukemia cell lines used for molecular
analyses in the present study. As T cell receptor (TCR) activation induces ERK and AKT phosphorylation
(Hwang et al., 2020), whether TCR activation can induce SLFN11 expression needs to be studied further.
An additional point may be the lack of data on SLFN11 expression in LOF mutations in JAKs. Future
studies to investigate these points will complete our understanding of how SLFN11 expression is
controlled by the Ras-Raf-MEK-ERK, PI3K-AKT and JAK-STAT pathways, and whether targeting
SLFN11 could be used therapeutically.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Date and code availability
o EXPERIMENT MODEL AND SUBJECT DETAILS
O Cell lines and cultures
O Generation of SLFN11-deleted cells
o METHODS DETAILS
O TCGA data analysis
O CellMiner CDB analysis and gain-of-function mutation data
O Western blotting
O Quantitative reverse transcription PCR
o QUANTIFICATION AND STATISTICAL ANALYSIS

12 iScience 24, 103173, October 22, 2021

iScience



¢? CellPress

OPEN ACCESS

iScience

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.103173.

ACKNOWLEDGMENTS

This project was supported by the National Cancer Institute Intramural Program, Center for Cancer
Research, NIH (Z01-BC006150; to Y.P.). We wish to thank Dr. Peter D. Aplan (NCI/NIH) for providing HEL
cells and scientific insights.

AUTHOR CONTRIBUTIONS

Y.M., UJ, N.T,, and Y.P. planned the study design and wrote the manuscript with support from J.M. and
S.F.; Y.M. and U.J. performed the experiments and analyzed the data with help from U.J., JM., N.T,,

and Y.P.; J.M. generated SLFN11-KO cell lines; and Y.P., N.T., and S.F. supervised in this study.

DECLARATION OF INTERESTS

The authors declare no competing financial interest.

Received: May 25, 2021
Revised: August 16, 2021
Accepted: September 22, 2021
Published: October 22, 2021

REFERENCES

Barretina, J., Caponigro, G., Stransky, N.,
Venkatesan, K., Margolin, A.A., Kim, S., Wilson,
C.J., Lehar, J., Kryukov, G.V., Sonkin, D., et al.
(2012). The Cancer Cell Line Encyclopedia
enables predictive modelling of anticancer drug
sensitivity. Nature 483, 603-607. http://www.
nature.com/nature/journal/v483/n7391/abs/
nature11003.html#supplementary-information.

Bercovich, D., Ganmore, I., Scott, L.M., Wainreb,
G., Birger, Y., Elimelech, A., Shochat, C.,
Cazzaniga, G., Biondi, A., Basso, G., et al. (2008).
Mutations of JAK2 in acute lymphoblastic
leukaemias associated with Down’s syndrome.
Lancet 372, 1484-1492. https://doi.org/10.1016/
S0140-6736(08)61341-0.

Borrego, AR., Corona-Ayala, C., Salvador, J.C.,
Valdez, F.C., and Llano, M. (2020). Gene
expression regulation of the type |
interferon-induced protein schlafen 11. FASEB J.
34, 1. https://doi.org/10.1096/fasebj.2020.34.s1.
00603.

Buettner, R. (2021). Awakening of SCHLAFEN 11
by immunohistochemistry: a new biomarker
predicting response to chemotherapy. Virchows
Arch. 478, 567-568. https://doi.org/10.1007/
s00428-021-03051-3.

Cartharius, K., Frech, K., Grote, K., Klocke, B.,
Haltmeier, M., Klingenhoff, A., Frisch, M.,
Bayerlein, M., and Werner, T. (2005).
Matinspector and beyond: promoter analysis
based on transcription factor binding sites.
Bioinformatics 21, 2933-2942. https://doi.org/10.
1093/bioinformatics/bti473.

Cerami, E., Gao, J., Dogrusoz, U., Gross, B.E.,
Sumer, S.O., Aksoy, B.A., Jacobsen, A., Byrne,
C.J., Heuer, M.L,, Larsson, E., et al. (2012). The
cBio cancer genomics portal: an open platform
for exploring multidimensional cancer genomics
data. Cancer Discov. 2, 401-404. https://doi.org/
10.1158/2159-8290.CD-12-0095.

Darby, T.G., Meissner, J.D., Ruhlmann, A.,
Mueller, W.H., and Scheibe, R.J. (1997).
Functional interference between retinoic acid or
steroid hormone receptors and the oncoprotein
Fli-1. Oncogene 15, 3067-3082. https://doi.org/
10.1038/sj.onc.1201503.

Desterke, C., Voldoire, M., Bonnet, M.L., Sorel,
N., Pagliaro, S., Rahban, H., Bennaceur-Griscelli,
A., Cayssials, E., Chomel, J.C., and Turhan, A.G.
(2018). Experimental and integrative analyses
identify an ETS1 network downstream of BCR-
ABL in chronic myeloid leukemia (CML). Exp.
Hematol. 64, 71-83.e78. https://doi.org/10.1016/
j.exphem.2018.04.007.

Flex, E., Petrangeli, V., Stella, L., Chiaretti, S.,
Hornakova, T., Knoops, L., Ariola, C., Fodale, V.,
Clappier, E., Paoloni, F., et al. (2008). Somatically
acquired JAK1 mutations in adult acute
lymphoblastic leukemia. J. Exp. Med. 205,
751-758. https://doi.org/10.1084/jem.20072182.

Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G.,
Gross, B., Sumer, S.0O., Sun, Y., Jacobsen, A.,
Sinha, R., Larsson, E., et al. (2013). Integrative
analysis of complex cancer genomics and clinical
profiles using the cBioPortal. Sci. Signal 4, pl1.
https://doi.org/10.1126/scisignal.2004088.

Gardner, E.E., Lok, B.H., Schneeberger, V.E.,
Desmeules, P., Miles, LA, Arnold, P.K,, Ni, A.,
Khodos, I., de Stanchina, E., Nguyen, T., et al.
(2017). Chemosensitive relapse in small cell lung
cancer proceeds through an EZH2-SLFN11 Axis.
Cancer Cell 31, 286-299. https://doi.org/10.1016/
j.ccell.2017.01.006.

Garnett, M.J., Edelman, E.J., Heidorn, S.J.,
Greenman, C.D., Dastur, A., Lau, KW,,
Greninger, P., Thompson, |.R., Luo, X., Soares, J.,
et al. (2012). Systematic identification of genomic
markers of drug sensitivity in cancer cells. Nature
483, 570-575. https://doi.org/10.1038/
nature11005.

Giorgi, C., Boro, A., Rechfeld, F., Lopez-Garcia,
L.A., Gierisch, M.E., Schafer, B.W., and Niggli,
F.K. (2015). PI3K/AKT signaling modulates
transcriptional expression of EWS/FLI1 through
specificity protein 1. Oncotarget 6, 28895-28910.
https://doi.org/10.18632/oncotarget.5000.

Gordon, G.M., Lambert, Q.T., Daniel, K.G., and
Reuther, G.W. (2010). Transforming JAK1
mutations exhibit differential signalling, FERM
domain requirements and growth responses to
interferon-gamma. Biochem. J. 432, 255-265.
https://doi.org/10.1042/BJ20100774.

Guo, A, Ly, P., Coffey, G., Conley, P., Pandey, A.,
and Wang, Y.L. (2017). Dual SYK/JAK inhibition
overcomes ibrutinib resistance in chronic
lymphocytic leukemia: cerdulatinib, but not
ibrutinib, induces apoptosis of tumor cells
protected by the microenvironment. Oncotarget
8, 12953-12967. https://doi.org/10.18632/
oncotarget.14588.

Hervas-Stubbs, S., Perez-Gracia, J.L., Rouzaut, A.,
Sanmamed, M.F., Le Bon, A., and Melero, I.
(2011). Direct effects of type | interferons on cells
of the immune system. Clin. Cancer Res. 17,
2619-2627. https://doi.org/10.1158/1078-0432.
CCR-10-1114.

Hornakova, T., Springuel, L., Devreux, J., Dusa,
A., Constantinescu, S.N., Knoops, L., and
Renauld, J.C. (2011). Oncogenic JAKT and JAK2-
activating mutations resistant to ATP-competitive
inhibitors. Haematologica 96, 845-853. https://
doi.org/10.3324/haematol.2010.036350.

Hwang, J.R., Byeon, Y., Kim, D., and Park, S.G.
(2020). Recent insights of T cell receptor-
mediated signaling pathways for T cell activation
and development. Exp. Mol. Med. 52, 750-761.
https://doi.org/10.1038/s12276-020-0435-8.

Ishikawa, C., Senba, M., and Mori, N. (2018). Anti-
adult Teell leukemia/lymphoma activity of

iScience 24, 103173, October 22, 2021 13


https://doi.org/10.1016/j.isci.2021.103173
http://www.nature.com/nature/journal/v483/n7391/abs/nature11003.html#supplementary-information
http://www.nature.com/nature/journal/v483/n7391/abs/nature11003.html#supplementary-information
http://www.nature.com/nature/journal/v483/n7391/abs/nature11003.html#supplementary-information
https://doi.org/10.1016/S0140-6736(08)61341-0
https://doi.org/10.1016/S0140-6736(08)61341-0
https://doi.org/10.1096/fasebj.2020.34.s1.00603
https://doi.org/10.1096/fasebj.2020.34.s1.00603
https://doi.org/10.1007/s00428-021-03051-3
https://doi.org/10.1007/s00428-021-03051-3
https://doi.org/10.1093/bioinformatics/bti473
https://doi.org/10.1093/bioinformatics/bti473
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1038/sj.onc.1201503
https://doi.org/10.1038/sj.onc.1201503
https://doi.org/10.1016/j.exphem.2018.04.007
https://doi.org/10.1016/j.exphem.2018.04.007
https://doi.org/10.1084/jem.20072182
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1016/j.ccell.2017.01.006
https://doi.org/10.1016/j.ccell.2017.01.006
https://doi.org/10.1038/nature11005
https://doi.org/10.1038/nature11005
https://doi.org/10.18632/oncotarget.5000
https://doi.org/10.1042/BJ20100774
https://doi.org/10.18632/oncotarget.14588
https://doi.org/10.18632/oncotarget.14588
https://doi.org/10.1158/1078-0432.CCR-10-1114
https://doi.org/10.1158/1078-0432.CCR-10-1114
https://doi.org/10.3324/haematol.2010.036350
https://doi.org/10.3324/haematol.2010.036350
https://doi.org/10.1038/s12276-020-0435-8

¢? CellPress

OPEN ACCESS

cerdulatinib, a dual SYK/JAK kinase inhibitor. Int.
J. Oncol. 53, 1681-1690. https://doi.org/10.3892/
0.2018.4513.

James, C., Ugo, V., Le Couedic, J.P., Staerk, J.,
Delhommeau, F., Lacout, C., Garcon, L., Raslova,
H., Berger, R., Bennaceur-Griscelli, A., et al.
(2005). A unique clonal JAK2 mutation leading to
constitutive signalling causes polycythaemia
vera. Nature 434, 1144-1148. https://doi.org/10.
1038/nature03546.

Jo, U., Murai, Y., Chakka, S., Chen, L., Cheng, K.,
Murai, J., Saha, L.K., Miller Jenkins, L.M., and
Pommier, Y. (2021). SLFN11 promotes CDT1
degradation by CUL4 in response to replicative
DNA damage, while its absence leads to
synthetic lethality with ATR/CHKT inhibitors.
Proc. Natl. Acad. Sci. U S A 118. €2015654118.
https://doi.org/10.1073/pnas.2015654118.

Kagami, T., Yamade, M., Suzuki, T., Uotani, T.,
Tani, S., Hamaya, Y., Iwaizumi, M., Osawa, S.,
Sugimoto, K., Miyajima, H., et al. (2020). The first
evidence for SLFN11 expression as an
independent prognostic factor for patients with
esophageal cancer after chemoradiotherapy.
BMC Cancer 20, 1123. https://doi.org/10.1186/
$12885-020-07574-x.

Katsoulidis, E., Carayol, N., Woodard, J.,
Konieczna, I., Majchrzak-Kita, B., Jordan, A.,
Sassano, A., Eklund, E.A., Fish, E.N., and
Platanias, L.C. (2009). Role of Schlafen 2 (SLFN2)
in the generation of interferon alpha-induced
growth inhibitory responses. J. Biol. Chem. 284,
25051-25064. https://doi.org/10.1074/joc.M109.
030445.

Katsoulidis, E., Mavrommatis, E., Woodard, J.,
Shields, M.A., Sassano, A., Carayol, N., Sawicki,
K.T., Munshi, H.G., and Platanias, L.C. (2010). Role
of interferon o (IFNa)-inducible Schlafen-5 in
regulation of anchorage-independent growth
and invasion of malignant melanoma cells. J. Biol.
Chem. 285, 40333-40341. https://doi.org/10.
1074/jbc.M110.151076.

Knelson, E.H., Patel, S.A., and Sands, J.M. (2021).
PARP inhibitors in small-cell lung cancer: rational
combinations to improve responses. Cancers 13,
727. https://doi.org/10.3390/cancers13040727.

Lacronique, V., Boureux, A., Valle, V.D., Poirel, H.,
Quang, C.T., Mauchauffe, M., Berthou, C.,
Lessard, M., Berger, R., Ghysdael, J., and
Bernard, O.A. (1997). A TEL-JAK2 fusion protein
with constitutive kinase activity in human
leukemia. Science 278, 1309-1312. https://doi.
org/10.1126/science.278.5341.1309.

Li, M., Kao, E., Gao, X., Sandig, H., Limmer, K.,
Pavon-Eternod, M., Jones, T.E., Landry, S., Pan,
T., Weitzman, M.D., and David, M. (2012). Codon-
usage-based inhibition of HIV protein synthesis
by human schlafen 11. Nature 491, 125-128.
https://doi.org/10.1038/nature11433.

Li, M., Kao, E., Malone, D., Gao, X., Wang, J.Y.J.,
and David, M. (2018). DNA damage-induced cell
death relies on SLFN11-dependent cleavage of

distinct type Il tRNAs. Nat. Struct. Mol. Biol. 25,

1047-1058. https://doi.org/10.1038/s41594-018-

0142-5.

Loeb, K.R., and Haas, A.L. (1992). The interferon-
inducible 15-kDa ubiquitin homolog conjugates
to intracellular proteins. J. Biol. Chem. 267, 7806~
7813.

14 iScience 24, 103173, October 22, 2021

Lulli, V., Romania, P., Riccioni, R., Boe, A., Lo-
Coco, F., Testa, U., and Marziali, G. (2010).
Transcriptional silencing of the ETS1 oncogene
contributes to human granulocytic
differentiation. Haematologica 95, 1633-1641.
https://doi.org/10.3324/haematol.2010.023267.

Luna, A., Elloumi, F., Varma, S., Wang, Y.,
Rajapakse, V.N., Aladjem, M.I., Robert, J., Sander,
C., Pommier, Y., and Reinhold, W.C. (2021).
CellMiner Cross-Database (CellMinerCDB)
version 1.2: exploration of patient-derived cancer
cell line pharmacogenomics. Nucleic Acids Res.
49, D1083-D1093. https://doi.org/10.1093/nar/
gkaa%68.

Mao, S., Chaerkady, R., Yu, W., D'Angelo, G.,
Garcia, A., Chen, H., Barrett, AM., Phipps, S.,
Fleming, R., Hess, S., et al. (2021). Resistance to
pyrrolobenzodiazepine dimers is associated with
SLFN11 downregulation and can Be reversed
through inhibition of ATR. Mol. Cancer Ther. 20,
541-552. https://doi.org/10.1158/1535-7163.
MCT-20-0351.

Mavrommatis, E., Fish, E.N., and Platanias, L.C.
(2013). The schlafen family of proteins and their
regulation by interferons. J. Interferon Cytokine
Res. 33, 206-210. https://doi.org/10.108%/jir.
2012.0133.

McCubrey, J.A., Steelman, L.S., Abrams, S.L.,
Bertrand, F.E., Ludwig, D.E., Basecke, J., Libra,
M., Stivala, F., Milella, M., Tafuri, A., et al. (2008).
Targeting survival cascades induced by activation
of Ras/Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR and
Jak/STAT pathways for effective leukemia
therapy. Leukemia 22, 708-722. https://doi.org/
10.1038/leu.2008.27.

Mezzadra, R., de Bruijn, M., Jae, L.T., Gomez-
Eerland, R., Duursma, A., Scheeren, F.A.,
Brummelkamp, T.R., and Schumacher, T.N.
(2019). SLFN11 can sensitize tumor cells towards
IFN-gamma-mediated T cell killing. PLoS One 14,
e0212053. https://doi.org/10.1371/journal.pone.
0212053.

Moelling, K., Schad, K., Bosse, M., Zimmermann,
S., and Schweneker, M. (2002). Regulation of Raf-
Akt Cross-talk. J. Biol. Chem. 277, 31099-31106.
https://doi.org/10.1074/jbc.M111974200.

Moribe, F., Nishikori, M., Takashima, T.,
Taniyama, D., Onishi, N., Arima, H., Sasanuma,
H., Akagawa, R., Elloumi, F., Takeda, S., et al.
(2021). Epigenetic suppression of SLFN11 in
germinal center B-cells during B-cell
development. PLoS One 16, e0237554. https://
doi.org/10.1371/journal.pone.0237554.

Mu, Y., Lou, J., Srivastava, M., Zhao, B., Feng,
X.H., Liu, T., Chen, J., and Huang, J. (2016).
SLFN11 inhibits checkpoint maintenance and
homologous recombination repair. EMBO Rep.
17, 94-109. https://doi.org/10.15252/embr.
201540964.

Murai, J., Feng, Y., Yu, GK,, Ru, Y., Tang, S.W.,
Shen, Y., and Pommier, Y. (2016). Resistance to
PARP inhibitors by SLFN11 inactivation can be
overcome by ATR inhibition. Oncotarget 7,
76534-76550. https://doi.org/10.18632/
oncotarget.12266.

Murai, J., Tang, S.W., Leo, E., Baechler, S.A,,
Redon, C.E., Zhang, H., Al Abo, M., Rajapakse,
V.N., Nakamura, E., Jenkins, LM.M., et al. (2018).
SLFN11 blocks stressed replication forks

iScience

independently of ATR. Mol. Cell 69, 371-
384.e376. https://doi.org/10.1016/j.molcel.2018.
01.012.

Murai, J., Thomas, A., Miettinen, M., and
Pommier, Y. (2019). Schlafen 11 (SLFN11), a
restriction factor for replicative stress induced by
DNA-targeting anti-cancer therapies. Pharmacol.
Ther. 201, 94-102. https://doi.org/10.1016/].
pharmthera.2019.05.009.

Murai, J., Zhang, H., Pongor, L., Tang, S.W., Jo,
U., Moribe, F., Ma, Y., Tomita, M., and Pommier,
Y. (2020). Chromatin remodeling and immediate
early gene activation by SLFN11 in response to
replication stress. Cell Rep. 30, 4137-4151.e4136.
https://doi.org/10.1016/j.celrep.2020.02.117.

Murai, Y., Jo, U., Murai, J., Jenkins, L., Huang,
S.N., Chakka, S., Chen, L., Cheng, K., Fukuda, S.,
Takebe, N., and Pommier, Y. (2021). SLFN11
inactivation induces proteotoxic stress and
sensitizes cancer cells to ubiquitin activating
enzyme inhibitor TAK-243. Cancer Res. 81, 3067-
3078. https://doi.org/10.1158/0008-5472.CAN-
20-2694.

Mut, M., Lule, S., Demir, O., Kurnaz, |.A., and
Vural, 1. (2012). Both mitogen-activated protein
kinase (MAPK)/extracellular-signal-regulated
kinases (ERK) 1/2 and phosphatidylinositide-3-
OH kinase (PI3K)/Akt pathways regulate
activation of E-twenty-six (ETS)-like transcription
factor 1 (Elk-1) in U138 glioblastoma cells. Int. J.
Biochem. Cell Biol. 44, 302-310. https://doi.org/
10.1016/j.biocel.2011.10.025.

Nogales, V., Reinhold, W.C., Varma, S., Martinez-
Cardus, A., Moutinho, C., Moran, S., Heyn, H.,
Sebio, A., Barnadas, A., Pommier, Y., and Esteller,
M. (2016). Epigenetic inactivation of the putative
DNA/RNA helicase SLFN11 in human cancer
confers resistance to platinum drugs. Oncotarget
7, 3084-3097. https://doi.org/10.18632/
oncotarget.6413.

Okamoto, Y., Abe, M., Mu, A., Tempakuy, Y.,
Rogers, C.B., Mochizuki, A.L., Katsuki, Y.,
Kanemaki, M.T., Takaori-Kondo, A., Sobeck, A.,
et al. (2021). SLFN11 promotes stalled fork
degradation that underlies the phenotype in
Fanconi anemia cells. Blood 137, 336-348.
https://doi.org/10.1182/blood.2019003782.

Perng, Y.C., and Lenschow, D.J. (2018). ISG15 in
antiviral immunity and beyond. Nat. Rev.
Microbiol. 16, 423-439. https://doi.org/10.1038/
s41579-018-0020-5.

Platanias, L.C. (2005). Mechanisms of type-I- and
type-ll-interferon-mediated signalling. Nat. Rev.
Immunol. 5, 375-386. https://doi.org/10.1038/
nri1604.

Plotnik, J.P., Budka, J.A., Ferris, M.\W., and
Hollenhorst, P.C. (2014). ETS1 is a genome-wide
effector of RAS/ERK signaling in epithelial cells.
Nucleic Acids Res. 42, 11928-11940. https://doi.
org/10.1093/nar/gku929.

Puck, A., Aigner, R., Modak, M., Cejka, P., Blaas,
D., and Stockl, J. (2015). Expression and
regulation of Schlafen (SLFN) family members in
primary human monocytes, monocyte-derived
dendritic cells and T cells. Results Immunol. 5,
23-32. https://doi.org/10.1016/j.rinim.2015.10.
001.


https://doi.org/10.3892/ijo.2018.4513
https://doi.org/10.3892/ijo.2018.4513
https://doi.org/10.1038/nature03546
https://doi.org/10.1038/nature03546
https://doi.org/10.1073/pnas.2015654118
https://doi.org/10.1186/s12885-020-07574-x
https://doi.org/10.1186/s12885-020-07574-x
https://doi.org/10.1074/jbc.M109.030445
https://doi.org/10.1074/jbc.M109.030445
https://doi.org/10.1074/jbc.M110.151076
https://doi.org/10.1074/jbc.M110.151076
https://doi.org/10.3390/cancers13040727
https://doi.org/10.1126/science.278.5341.1309
https://doi.org/10.1126/science.278.5341.1309
https://doi.org/10.1038/nature11433
https://doi.org/10.1038/s41594-018-0142-5
https://doi.org/10.1038/s41594-018-0142-5
http://refhub.elsevier.com/S2589-0042(21)01141-X/sref29
http://refhub.elsevier.com/S2589-0042(21)01141-X/sref29
http://refhub.elsevier.com/S2589-0042(21)01141-X/sref29
http://refhub.elsevier.com/S2589-0042(21)01141-X/sref29
https://doi.org/10.3324/haematol.2010.023267
https://doi.org/10.1093/nar/gkaa968
https://doi.org/10.1093/nar/gkaa968
https://doi.org/10.1158/1535-7163.MCT-20-0351
https://doi.org/10.1158/1535-7163.MCT-20-0351
https://doi.org/10.1089/jir.2012.0133
https://doi.org/10.1089/jir.2012.0133
https://doi.org/10.1038/leu.2008.27
https://doi.org/10.1038/leu.2008.27
https://doi.org/10.1371/journal.pone.0212053
https://doi.org/10.1371/journal.pone.0212053
https://doi.org/10.1074/jbc.M111974200
https://doi.org/10.1371/journal.pone.0237554
https://doi.org/10.1371/journal.pone.0237554
https://doi.org/10.15252/embr.201540964
https://doi.org/10.15252/embr.201540964
https://doi.org/10.18632/oncotarget.12266
https://doi.org/10.18632/oncotarget.12266
https://doi.org/10.1016/j.molcel.2018.01.012
https://doi.org/10.1016/j.molcel.2018.01.012
https://doi.org/10.1016/j.pharmthera.2019.05.009
https://doi.org/10.1016/j.pharmthera.2019.05.009
https://doi.org/10.1016/j.celrep.2020.02.117
https://doi.org/10.1158/0008-5472.CAN-20-2694
https://doi.org/10.1158/0008-5472.CAN-20-2694
https://doi.org/10.1016/j.biocel.2011.10.025
https://doi.org/10.1016/j.biocel.2011.10.025
https://doi.org/10.18632/oncotarget.6413
https://doi.org/10.18632/oncotarget.6413
https://doi.org/10.1182/blood.2019003782
https://doi.org/10.1038/s41579-018-0020-5
https://doi.org/10.1038/s41579-018-0020-5
https://doi.org/10.1038/nri1604
https://doi.org/10.1038/nri1604
https://doi.org/10.1093/nar/gku929
https://doi.org/10.1093/nar/gku929
https://doi.org/10.1016/j.rinim.2015.10.001
https://doi.org/10.1016/j.rinim.2015.10.001

iScience

Quentmeier, H., MacLeod, R.A., Zaborski, M., and
Drexler, H.G. (2006). JAK2 V617F tyrosine kinase
mutation in cell lines derived from
myeloproliferative disorders. Leukemia 20,
471-476. https://doi.org/10.1038/sj.leu.2404081.

Reinhold, W.C., Sunshine, M., Varma, S.,
Doroshow, J.H., and Pommier, Y. (2015). Using
CellMiner 1.6 for systems pharmacology and
genomic analysis of the NCI-40. Clin. Cancer Res.
21, 3841-3852. https://doi.org/10.1158/1078-
0432.CCR-15-0335.

Reinhold, W.C., Varma, S., Sunshine, M.,
Rajapakse, V., Luna, A., Kohn, K\W., Stevenson,
H., Wang, Y., Heyn, H., Nogales, V., et al. (2017).
The NCI-60 methylome and its integration into
CellMiner. Cancer Res. 77, 601-612. https://doi.
org/10.1158/0008-5472.CAN-16-0655.

Sanda, T., Tyner, J.W., Gutierrez, A., Ngo, V.N.,
Glover, J., Chang, B.H., Yost, A., Ma, W.,
Fleischman, A.G., Zhou, W., et al. (2013). TYK2-
STAT1-BCL2 pathway dependence in T-cell acute
lymphoblastic leukemia. Cancer Discov. 3,
564-577. https://doi.org/10.1158/2159-8290.CD-
12-0504.

Selvaraj, N., Budka, J.A., Ferris, M\W., Jerde, T.J.,
and Hollenhorst, P.C. (2014). Prostate cancer ETS
rearrangements switch a cell migration gene
expression program from RAS/ERK to PI3K/AKT
regulation. Mol. Cancer 13, 61. https://doi.org/
10.1186/1476-4598-13-61.

Smith, A.M., Findlay, V.J., Bandurraga, S.G.,

Kistner-Griffin, E., Spruill, L.S., Liu, A., Golshayan,
AR., and Turner, D.P. (2012). ETS1 transcriptional
activity is increased in advanced prostate cancer
and promotes the castrate-resistant phenotype.

Carcinogenesis 33, 572-580. https://doi.org/10.
1093/carcin/bgs007.

Takashima, T., Sakamoto, N., Murai, J., Taniyama,
D., Honma, R., Ukai, S., Maruyama, R., Kuraoka,
K., Rajapakse, V.N., Pommier, Y., and Yasui, W.
(2021a). Immunohistochemical analysis of SLFN11
expression uncovers potential non-responders to
DNA-damaging agents overlooked by tissue
RNA-seq. Virchows Arch. 478, 569-579. https://
doi.org/10.1007/s00428-020-02840-6.

Takashima, T., Taniyama, D., Sakamoto, N.,
Yasumoto, M., Asai, R., Hattori, T., Honma, R.,
Thang, P.Q., Ukai, S., Maruyama, R., et al. (2021b).
Schlafen 11 predicts response to platinum-based
chemotherapy in gastric cancers. Br. J. Cancer
125, 65-77. https://doi.org/10.1038/s41416-021-
01364-3.

Tang, S.W., Bilke, S., Cao, L., Murai, J., Sousa,
F.G., Yamade, M., Rajapakse, V., Varma, S.,
Helman, LJ., Khan, J., et al. (2015). SLFN11 is a
transcriptional target of EWS-FLI1 and a
determinant of drug response in Ewing sarcoma.
Clin. Cancer Res. 21, 4184-4193. https://doi.org/
10.1158/1078-0432.CCR-14-2112.

Tang, S.\W., Thomas, A., Murai, J., Trepel, J.B.,
Bates, S.E., Rajapakse, V.N., and Pommier, Y.
(2018). Overcoming resistance to DNA-targeted
agents by epigenetic activation of schlafen 11
(SLFN11) expression with class | histone
deacetylase inhibitors. Clin. Cancer Res. 24,
1944-1953. https://doi.org/10.1158/1078-0432.
CCR-17-0443.

Valdez, F., Salvador, J., Palermo, P.M., Mohl, J.E.,
Hanley, K.A., Watts, D., and Llano, M. (2019).
Schlafen 11 restricts flavivirus replication. J. Virol.

¢? CellPress

OPEN ACCESS

93, e00104-19. https://doi.org/10.1128/JVI.
00104-19.

Vey, N., Mozziconacci, M.J., Groulet-Martinec, A.,
Debono, S., Finetti, P., Carbuccia, N., Beillard, E.,
Devilard, E., Arnoulet, C., Coso, D., et al. (2004).
Identification of new classes among acute
myelogenous leukaemias with normal karyotype
using gene expression profiling. Oncogene 23,
9381-9391. https://doi.org/10.1038/sj.onc.
1207910.

Winkler, C., Armenia, J., Jones, G.N., Tobalina, L.,
Sale, M.J., Petreus, T., Baird, T., Serra, V., Wang,
AT, Lau, A, etal. (2021). SLFN11 informs on
standard of care and novel treatments in a wide
range of cancer models. Br. J. Cancer 124,
951-962. https://doi.org/10.1038/s41416-020-
01199-4.

Zhou, C,, Liu, C., Liu, W., Chen, W., Yin, Y., Li,
C.W,, Hsu, J.L,, Sun, J., Zhou, Q., Li, H., et al.
(2020). SLFN11 inhibits hepatocellular carcinoma
tumorigenesis and metastasis by targeting RPS4X
via mTOR pathway. Theranostics 10, 4627-4643.
https://doi.org/10.7150/thno.42869.

Zimmermann, S., and Moelling, K. (1999).
Phosphorylation and regulation of Raf by Akt
(protein kinase B). Science 286, 1741-1744.
https://doi.org/10.1126/science.286.5445.1741.

Zoppoli, G., Regairaz, M., Leo, E., Reinhold, W.C.,
Varma, S., Ballestrero, A., Doroshow, J.H., and
Pommier, Y. (2012). Putative DNA/RNA helicase
Schlafen-11 (SLFN11) sensitizes cancer cells to
DNA-damaging agents. Proc. Natl. Acad. Sci. U.
S. A. 109, 15030-15035. https://doi.org/10.1073/
pnas.1205943109.

iScience 24, 103173, October 22, 2021 15



https://doi.org/10.1038/sj.leu.2404081
https://doi.org/10.1158/1078-0432.CCR-15-0335
https://doi.org/10.1158/1078-0432.CCR-15-0335
https://doi.org/10.1158/0008-5472.CAN-16-0655
https://doi.org/10.1158/0008-5472.CAN-16-0655
https://doi.org/10.1158/2159-8290.CD-12-0504
https://doi.org/10.1158/2159-8290.CD-12-0504
https://doi.org/10.1186/1476-4598-13-61
https://doi.org/10.1186/1476-4598-13-61
https://doi.org/10.1093/carcin/bgs007
https://doi.org/10.1093/carcin/bgs007
https://doi.org/10.1007/s00428-020-02840-6
https://doi.org/10.1007/s00428-020-02840-6
https://doi.org/10.1038/s41416-021-01364-3
https://doi.org/10.1038/s41416-021-01364-3
https://doi.org/10.1158/1078-0432.CCR-14-2112
https://doi.org/10.1158/1078-0432.CCR-14-2112
https://doi.org/10.1158/1078-0432.CCR-17-0443
https://doi.org/10.1158/1078-0432.CCR-17-0443
https://doi.org/10.1128/JVI.00104-19
https://doi.org/10.1128/JVI.00104-19
https://doi.org/10.1038/sj.onc.1207910
https://doi.org/10.1038/sj.onc.1207910
https://doi.org/10.1038/s41416-020-01199-4
https://doi.org/10.1038/s41416-020-01199-4
https://doi.org/10.7150/thno.42869
https://doi.org/10.1126/science.286.5445.1741
https://doi.org/10.1073/pnas.1205943109
https://doi.org/10.1073/pnas.1205943109

¢? CellPress

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-TYK2

Rabbit monoclonal anti-phospho
(Y1054/1055)-TYK2 (D7T8A)

Rabbit monoclonal anti-phospho
(Y1034/1035)-JAK1 (D7N42)

Rabbit polyclonal anti-phospho (Y1007/1008)-
JAK2

Rabbit monoclonal anti-phospho (Y701)-
STAT1 (58D6)

Rabbit polyclonal anti-phospho (T202/Y204)-
p44/42 MAPK (ERK1/2)

Rabbit polyclonal anti-ETS-1 (C-20)

Rabbit polyclonal anti-FLI-1 (C-19)

Mouse monoclonal anti-ISG15 (F-9)

Mouse monoclonal anti-SLFN11 (D-2)
Rabbit polyclonal anti-GAPDH

ECL anti-mouse IgG, horseradish peroxidase
linked whole antibody (from sheep)

ECL anti-rabbit IgG, horseradish peroxidase
linked whole antibody (from donkey)

Cell signaling Technology
Cell signaling Technology

Cell signaling Technology

Cell signaling Technology

Cell signaling Technology

Cell signaling Technology

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
GeneTex

GE Healthcare

GE Healthcare

Cat# 9312S; RRID: AB_2256719
Cat# 68790S; RRID: AB_2799752

Cat# 74129S; RRID: AB_2799851

Cat# 3771S; RRID: AB_330403

Cat# 9167S; RRID: AB_561284

Cat# 9101S; RRID: AB_331646

Cat# sc-350; RRID: AB_2100688
Cat# sc-356; RRID: AB_2106116
Cat# sc-166755; RRID: AB_2126308
Cat# sc-515071

Cat# GTX100118; RRID: AB_1080976
cat# NA931; RRID: AB_772210

cat# NA934; RRID: AB_772206

Chemicals, peptides, and recombinant proteins

Recombinant human interferon-gamma

Human interferon-alpha a protein (alpha 2a)

Thermo Fisher Scientific

PBL assay science

Cat# PHC4031
Cat# 11101-2

Cerdulatinib MedChemExpress Cat# HY-15999
Ruxolitinib MedChemExpress Cat# HY-50856
Tofacitinib MedChemExpress Cat# HY-40354
MK-2206 dihydrochloride MedChemExpress Cat# HY-10358
SCH772984 MedChemExpress Cat# HY-50846
TK216 Shelleckchem Cat# 59718
LY294002 (InSolution) Sigma-Aldrich Cat# 440204
Retinoic acid Sigma-Aldrich Cat# R2625
Critical commercial assays

TRIzol reagent Invitrogen Cat# 15596026
PureLink RNA Mini Kit Invitrogen Cat# 12183025
SuperScript Il Reverse Transcriptase Kit Invitrogen Cat# 18064022
FastStart Universal SYBR Green Master (Rox) Sigma-Aldrich Cat# 4913850001
protease inhibitor cocktail (100x) Cell signaling Technology Cat# 5871S
Pierce phosphatase inhibitor mini tablets Thermo Fisher Scientific Cat# A32957

Novex tris-glycine SDS sample buffer
Tris/glycine/SDS buffer (10x)

Novex tris-glycine transfer buffer (25x)
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BioRad

Invitrogen

Cat# LC2676
Cat# 1610732
Cat# LC3675
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Blotting-Grade Blocker BioRad Cat# 1706404

Immun-Blot PVDF membranes BioRad Cat# 1620177

Experimental models: Cell lines

Human: prostate cancer DU145 cells

Human: colon cancer HCT116 cells

Human: leukemia CCRF-CEM cells

Human: leukemia MOLTA4 cells

Human: leukemia K562 cells

Human: leukemia JURKAT cells

Human: leukemia THP-1 cells

Human: leukemia HL-60 cells

Human: leukemia HAP-1 cells

Human: lung cancer A549 cells

Human: lung cancer DMS114 cells

Developmental Therapeutics Program
(NCI/NIH)
Developmental Therapeutics Program
(NCI/NIH)

Developmental Therapeutics Program
(NCI/NIH)

Developmental Therapeutics Program
(NCI/NIH)

Developmental Therapeutics Program
(NCI/NIH)

Developmental Therapeutics Program
(NCI/NIH)

Developmental Therapeutics Program
(NCI/NIH)

Dr. T. Breitman
NCI, NIH

Horizon Discovery

Developmental Therapeutics Program
(NCI/NIH)

American Type Culture Collection

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A

Cat# CRL-2066

Human: leukemia HEL cell Dr. Peter D. Aplan N/A
NCI, NIH

CCRF-CEM SLFN11 knockout cells Murai et al., 2016 N/A

MOLT4 SLFN11 knockout cells Murai et al., 2016 N/A

Oligonucleotides

Forward primer for gPCR of SLFN11: IDT oligo N/A

5'-GGCCCAGACCAAGCCTTAAT-3

Reverse primer for qPCR of SLFN11: IDT oligo N/A

5'-CACTGAAAGCCAGGGCAAAC-3'

Forward primer for gPCR of ETS-1: IDT oligo N/A

5-GTTAATGGAGTCAACCCAGC-3'

Reverse primer for qPCR of ETS-1: IDT oligo N/A

5-GGGTGACGACTTCTTGTTTG-3'

Forward primer for qPCR of GAPDH: IDT oligo N/A

5'-TCAACGACCACTTTGTCAAGCT-3'

Reverse primer for qPCR of GAPDH: IDT oligo N/A

5'-GTGAGGGTCTCTCTCTTCCTCTTGT-3

Software and algorithms

GraphPad Prism 9 (software for drawing graphs GraphPad N/A

and statistics analysis)

ImageJ (software for image analysis) NIH N/A

Image Lab software (software for image BioRad N/A

analysis)

CellMinerCDB (web application for analysis of

NCI-60, CCLE and GDSC database)

Genomics & Bioinformatics Group/

Developmental Therapeutics Branch/Laboratory
of Molecular Pharmacology/CCR/NCI/NIH

https://discover.nci.nih.gov/rsconnect/

cellminercdb/
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cBioPortal (web application for analysis of Cerami et al. (2012) and Gao et al. (2013) https://www.cbioportal.org
TCGA database)

Other

QuantStudio 5 Real-Time PCR System Thermo Fisher Scientific N/A

ChemiDoc™ Touch MP BioRad N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and resource sharing should be directed to and will be
fulfilled by the lead contact, Yves Pommier (pommier@nih.gov).

Materials availability

This study did not generate new unique reagents.

Date and code availability

This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in
the key resources table. All data reported in this paper will be shared by the lead contact upon request. 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.

EXPERIMENT MODEL AND SUBJECT DETAILS

Cell lines and cultures

K562, DU145, CCRF-CEM and MOLT4 were obtained from the NCI Developmental Therapeutics Program
(DTP) of the Division of Cancer Treatment and Diagnosis (DCTD). The HEL cell line was kindly provided by
Dr. Peter D. Aplan (NCI, NIH). DU145 and HCT116 cell lines were grown in DMEM medium (11995065;
GIBCO, ThermoScientific, Waltham, MA, USA) with 10% Fetal Bovine Serum (FBS; 100106; GeminiBio,
West Sacramento, CA, USA) and 1% penicillin-streptomycin (15140122; GIBCO) at 37°C in 5%CO..
CCRF-CEM, MOLT4, DMS114, A549, K562, THP-1, HL-60, HEL and JURKAT cell lines were grown in
RPMI 1640 medium (11875093; GIBCO) with 10% FBS and 1% penicillin-streptomycin at 37°C in 5%CO,.
HAP1 cell line was grown in IMDM medium (12440053; GIBCO) added with 10% FBS and 1% penicillin-
streptomycin at 37°C in 5%CO,.

Generation of SLFN11-deleted cells

SLFN11-knockout cells in CCRF-CEM and MOLT4 cell lines were generated by CRISPR/Cas9 methods as
described (Murai et al., 2016).

METHODS DETAILS
TCGA data analysis

mRNA expressions of SLFN11 in various cancer cell lines were obtained from TCGA data in cBioPortal
(https://www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013).

CellMiner CDB analysis and gain-of-function mutation data

mRNA expressions or promoter methylation of SLFN11 and mutations of JAK family across NCI-60, CCLE
and GDSC were available from the CellMiner website (https://discover.nci.nih.gov/cellminercdb/) (Murai
etal., 2018; Reinhold et al., 2015). Biological effects of JAK kinase mutation were obtained from cBioPortal
(https://www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013).

Western blotting

For preparing whole cell lysates, cells were lysed with RIPA buffer (150 mM NaCl, 50 mM Tris-HCI (pH 7.5),
1 mMEDTA, 1% NP40 (v/v), 0.1% SDS (v/v) and 0.5% sodium deoxycholate (w/v)), protease inhibitor cocktail
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(5871; Cell Signaling Technology, Danvers, MA, USA) and phosphatase inhibitor (A32957; ThermoScien-
tific). After mixing cell pellets with the buffer and incubation at 4°C for 40 min, lysates were centrifuged
at 12,000 rpm at 4°C for 15 min, and supernatants were collected. Samples were mixed with Novex tris-
glycine SDS sample buffer (LC2676; Invitrogen, ThermoScientific, Waltham, MA, USA) and heated at
95°C for 5 min. The mixtures were loaded into wells of Novex tris-glycine gels (Invitrogen). Gels were trans-
ferred into Immun-Blot PVDF membranes (1620177; BioRad, Hercules, CA, USA) and membranes were
blocked with 5% non-fat milk using Blotting-Grade Blocker (1706404; BioRad) in PBST. The primary anti-
bodies were diluted in 1% milk/PBST by 1:1000 for TYK2 (9312; Cell Signaling), pTYK2 (Y1054/1055,;
68790; Cell Signaling), pJAK1 (Y1034/1035; 74129; Cell Signaling), pJAK2 (Y1007/1008; 3771; Cell
Signaling), pSTAT1 (Y701; 9167; Cell Signaling), pAKT (S473; 4060; Cell Signaling), pERK1/2 (T202/Y204;
9101; Cell Signaling), ETS-1 (C-20; sc-350; Santa Cruz Biotechnology, Dallas, TX, USA) and FLI-1 (C-19;
sc-356; Santa Cruz), 1:500 for ISG15 (F-9; sc-166755; Santa Cruz), and 1:2500 for SLFN11 (D2; sc-515071;
Santa Cruz) and GAPDH (GTX100118; GeneTex, Irvine, CA, USA). The horseradish peroxidase (HRP)-con-
jugated secondary antibodies (NA931 and NA934; GE Healthcare, Boston, MA, USA) were diluted in 1%
milk/PBST by 1:4000. Protein signals were visualized by ChemiDoc™ Touch MP. Quantification of band
intensity was done using ImageJ software and Image Lab software (BioRad). An appropriate square-
shaped gating slightly larger than blot bands was set, and we measured the mean intensity of each band.

Quantitative reverse transcription PCR

Total RNAs were extracted with TRIzol reagent (15596026; Invitrogen) and their purification was performed
by PureLink RNA Mini Kit (12183025; Invitrogen). Complementary DNA (cDNA) was generated using
SuperScript || Reverse Transcriptase Kit (18064022; Invitrogen) according to the manufacturer’s instruc-
tions. To amplify specific genes, primers were used in the following: SLFN11 (forward 5-GGCCCAGA
CCAAGCCTTAAT-3 and reverse 5-CACTGAAAGCCAGGGCAAAC-3'), ETS-1 (forward 5-GTTAAT
GGAGTCAACCCAGC-3 and reverse 5-GGGTGACGACTTCTTGTTTG-3') and GAPDH (forward 5-TC
AACGACCACTTTGTCAAGCT-3 and reverse 5-GTGAGGGTCTCTCTCTTCCTCTTGT-3'). Quantitative
PCR was performed with FastStart Universal SYBR Green Master (Rox) (4913850001; Roche, Sigma-Aldrich,
St. Louis, MO, USA) and the amplification was detected by QuantStudio 5 Real-Time PCR System (Life
sciences, ThermoScientific, Waltham, MA, USA) according to the manufacturer’s instructions. ROX was
used as a passive reference dye and GAPDH was used as an internal control. The relative mRNA expression
was measured by 2(7AACH method

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted with GraphPad Prism 9.0. Statistical significances were determined
by the two-way ANOVA test (Figures 3E and 3l), the ordinary one-way ANOVA test (Figures 2E, 3B, 3D, 4G,
5@, 51, 5J, 4D, S5D, S5E, and S5H) and Tukey's multiple comparisons test (Figures 2E, 3B, 3D, 3E, 3, 4G,
5G, 5I, 5J, S4D, S5D, S5E, and S5H). The threshold for statistical significance was P < 0.05. For the
quantitative data, the statistical parameters were shown in the figure legends.
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