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Abstract

Schlafen11 (SLFN11) inactivation occurs in approximately 50% of cancer cell lines and in a large 

fraction of patient tumor samples, which leads to chemoresistance. Therefore, new therapeutic 

approaches are needed to target SLFN11-deficient cancers. To that effect, we conducted a drug 

screen with the NCATS mechanistic drug library of 1978 compounds in isogenic SLFN11-

knockout (KO) and wild-type (WT) leukemia cell lines. Here we report that TAK-243, a first-in-

class ubiquitin activating enzyme UBA1 inhibitor in clinical development, causes preferential 

cytotoxicity in SLFN11-KO cells; this effect is associated with claspin-mediated DNA replication 

inhibition by CHK1 independently of ATR. Additional analyses showed that SLFN11-KO cells 

exhibit consistently enhanced global protein ubiquitylation, endoplasmic reticulum (ER) stress, 

unfolded protein response (UPR), and protein aggregation. TAK-243 suppressed global protein 

ubiquitylation and activated the UPR transducers PERK, phosphorylated eIF2alpha, 

phosphorylated IRE1, and ATF6 more effectively in SLFN11-KO cells than WT cells. Proteomic 

analysis using biotinylated mass spectrometry and RNAi screening also showed physical and 

functional interactions of SLFN11 with translation initiation complexes and protein folding 

machinery. These findings uncover a previously unknown function of SLFN11 as a regulator of 

protein quality control and attenuator of ER stress and UPR. Moreover, they suggest the potential 

value of TAK-243 in SLFN11-deficient tumors.
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Introduction

Schlafen11 (SLFN11) drives the cytotoxicity of a wide range of anticancer agents targeting 

DNA replication: topoisomerase I and II (TOP1 & TOP2) inhibitors, DNA synthesis 

inhibitors (gemcitabine, hydroxyurea, cytarabine), alkylating agents (cis- and carbo-platin) 

and poly (ADPribose) polymerase (PARP) inhibitors (talazoparib, olaparib, niraparib, 

rucaparib) [reviewed in (1)]. SLFN11 is one of the five human Schlafen genes, only found in 

mammals. SLFN11 is involved in an increasing number of cellular functions including 

cellular proliferation, DNA replication and native immune response to viral infections (1).

At the molecular level, SLFN11 targets DNA replication by binding to replication forks via 

replication protein A1 (RPA1) (2,3), blocking the replicative helicase complex (3), inducing 

the degradation of the replication initiation factor CDT1 (4) and stalled replication forks (5) 

and causing chromatin opening with activation of the stress response and immediate early 

response genes (IEGs) (6). Because approximately 50% of cancer cell lines and a large 

fraction of patient tumors do not express SLFN11 and are resistant to DNA replication-

targeted therapies (1,7–15), an unanswered question is how to target SLFN11-negative 

cancer cells.

The medical importance of SLFN11 beyond anti-cancer therapy includes its reported anti-

human immunodeficiency virus (HIV) function due to transfer RNA (tRNA) pool alterations 

and codon-bias discrimination (16). In non-human primates, SLFN11 has also been shown 

to reduce protein production from the host genes as well as from viral transcripts without 

codon optimization (17). Recently SLFN11 has been found to directly bind to the ribosomal 

protein S4 X-linked (RPS4X) and inhibit its function along with the mTOR pathway 

resulting in suppression of tumor growth and metastasis (14).

The unfolded protein response (UPR) is a homeostatic mechanism in response to the 

accumulation of unfolded and aggregated proteins in the endoplasmic reticulum (ER) (18). 

While at least three branches of the UPR including PERK-eIF2α-ATF4, IRE1-XBP1 and 

ATF6 are well-known, the relationship between the UPR and DNA replication is unclear. 

Yet, prolonged and uncontrolled UPR leads to cell cycle arrest and apoptotic cell death 

(19,20).

Targeting the ubiquitin-proteasome system (UPS) is a recent focus of investigations in 

preclinical models and clinical trials. The generation of ubiquitin-conjugated proteins in 

mammals is regulated by two ubiquitin activating (E1) enzymes, UBA1 (also known as 

UBE1) and UBA6. UBA1 is responsible for >99% of cellular ubiquitin and has a catalytic 

role in ubiquitin-charging for all E2 ubiquitin-conjugating enzymes (approximately 35) (21).

TAK-243 (initial designation, MLN7243) is a first-in-class inhibitor of the ubiquitin 

activating enzyme UBA1, in clinical trials as anti-cancer agent. The drug binds free 
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ubiquitin to form a TAK-243–ubiquitin adduct inhibiting UBA1 (22). Consequently, 

TAK-243 impairs cellular ubiquitin conjugation resulting in proteotoxic stress and ultimately 

cancer cell death (23–29). Here we report that TAK-243 is more cytotoxic in the absence of 

SLFN11 in preclinical cancer cell line models. Mechanistically, we found that TAK-243 

suppresses DNA replication by activating CHK1 in response to ER stress and UPR, which is 

related to a new functional role of SLFN11 as protective factor against proteotoxic stress, 

excessive ubiquitylation and aggregation of cellular proteins, as well as UPR activation.

Materials and methods

Cell lines and reagents

DU145, CCRF-CEM and MOLT4 were obtained from DCTD, DTP (3,30). DMS114, 

HEK293 and 293T were purchased from ATCC (Virginia, USA). Li-7 was bought from 

ElabScience (Texas, USA). DU145, HEK293 and 293T cell lines were grown in DMEM 

medium (11995065; GIBCO) with 10% fetal bovine serum and 1% penicillin-streptomycin. 

CCRF-CEM, MOLT4, DMS114 and Li-7 cell lines were grown in RPMI medium 1640 

(11875093; GIBCO) added with 10% FBS and 1% penicillin-streptomycin at 37°C in 

5%CO2. Cell lines in this study were passaged about 15 times; all cell lines were tested by 

MycoAlert™ Mycoplasma Detection Kit (LT07-418; Lonza). Reagents are listed in the 

Supplementary Table 1.

Generation of SLFN11-Deleted Cells

SLFN11-deleted DMS114 and Li-7 cells were generated by a CRISPR/Cas9 method 

previously used in DU145, CCRF-CEM and MOLT4 (30).

Cell viability assay

Cells (2x103 cells) were plated in 96-well white plates (PerkinElmer). After 24-hours 

incubation, TAK-243 was added and incubated for 72 hours. Cellular viability was 

determined with ATPlite solution (6016949; PerkinElmer) according to manufacturer’s 

instructions by using an EnVision™ (PerkinElmer).

Western blot analysis

Cells were lysed with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 

1% NP40 (v/v), 0.1% SDS (v/v) and 0.5% sodium deoxycholate (w/v)), protease inhibitor 

cocktail (Cell Signaling) and phosphatase inhibitor (ThermoScientific). Cell lysates were 

loaded into wells of Novex tris-glycine gels (Invitrogen) and transferred into Immun-Blot 

PVDF membranes (BioRad). Membranes were incubated with the indicated primary 

antibodies (Supplementary Table 1) in 1% milk/PBS-T at 4 °C and subsequently incubated 

with the horseradish peroxidase (HRP)-conjugated secondary antibodies (NA931 and 

NA934; GE Healthcare). Protein signals were visualized by ChemiDoc™ Touch MP. 

Quantification of band intensity was done using ImageJ software and Image Lab software 

(BioRad).
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EdU (5-ethynyl-2’-deoxyuridine) incorporation assay by flow cytometry

Cells were seeded in 6-well plates and treated by drugs, following incubation with EdU 10 

μM for 30 min prior to cell harvest. EdU incorporation was measured by Click-iT™ Plus 

EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit (Invitrogen) according to the 

manufacturer’s protocols. For DNA staining, cells were mixed with 500 μL of FACS 

analysis solution containing DAPI. Analysis of the samples was performed by flow 

cytometry using a FACS Canto (Becton Dickinson) and FlowJo.

Molecular combing assay

Profiling of replication forks was measured by using DNA combing assay as previously 

described (31). For the analysis of fork elongation speed, CIdU / ldU fibers were picked up 

randomly. The length of CIdU and ldU were measured and their ratio was calculated. For the 

analysis of new origin firing, all DNA fibers in one section of each coverslips were counted 

from captured images. Green-colored single fibers of IdU were defined as new origin firings. 

Their percentages were calculated by a relative equation.

Immunofluorescence staining analysis

Cells (5×104 cells) were seeded on chamber slides (Alkali Scientific) and treated with 

TAK-243. Cells were incubated with 10 μM EdU for 30 min prior to cell harvest. After PBS 

washing, cells were fixed and permeabilized with 0.3% Triton X-100/PBS for 30 min. Next, 

cells were incubated with Click-IT Plus reaction cocktail (C10339; Invitrogen) for 30 min 

followed by washing with PBS and blocking with 3% BSA/PBS-T for 30 min. The cells 

were incubated overnight with primary antibodies/3% BSA/PBS-T at 4°C. After washing 

with PBS-T, the cells were incubated with second antibodies/3% BSA/PBST by 1:1000 

dilution for 1-2 hours. After washing, cells were mounted with Vectashield with DAPI 

(H-1200; VECTOR). Images were captured with a Zeiss LSM 780 confocal microscope.

Small interfering RNA transfection

DU145 and its SLFN11-KO cells were seeded in a 6-well plate at a density of 2x105 cells/

well. Cells were transfected by the Lipofectamine RNAiMax (13778150; Thermo Fisher 

Scientific) according to the manufacturer’s instructions for 48 hours. siClaspin was obtained 

from Dharmacon (siGENOME Human Claspin siRNA SMARTPool; M-00528-00-0005). 

The siRNA sequences of EIF3B and CCT2 are listed in Supplementary Table 1.

BioID pull down and mass spectrometry and validation

SLFN11-BioID2-HA was cloned by PCR with primers (Supplementary Table 1) into MCS-

BioID2-HA was a gift from Kyle Roux (74224; Addgene plasmid) by NheI (R0131; NEB) 

and BspEI (R0540; NEB) restriction enzyme sites (32). HEK293 cells were transiently 

transfected with empty vector and SLFN11-BioID2-HA by GeneJuice for 48 hours. Cells 

were incubated with 40 μM biotin (B4501; Sigma) for 24 hours prior to harvest. After PBS 

wash, cells were lysed in NETN150 buffer (1% NP40, 150 mM NaCl, 0.1 mM EDTA, and 

50 mM Tris [pH 7.5]) supplemented with protease inhibitor cocktail. After centrifugation, 

supernatant was incubated with 100 μL of Dynabeads™ MyOne™ Streptavidin C1 (65001; 

Invitrogen) for 24 hours. Beads were washed twice with PBS on a magnetic stand. For mass 
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spectrometry, beads were separated by SDS-PAGE gel and analyzed according to previously 

described protocols (3).

Flow cytometry analysis with L-homopropargylglycine (HPG) labeling and PROTEOSTAT® 
staining

In HPG labeling, we used a Click-iT™ HPG Alexa Fluor™ 488 Protein Synthesis Assay Kit 

(C10428; Invitrogen) to measure HPG incorporation with the method based on the 

manufacture’s datasheet and a previous literature (33). In brief, cells were seeded at the 

density of 3.0×105/2 mL with methionine-containing complete RPMI media with FBS. After 

24-hours incubation, the cells were washed by pre-warmed PBS and incubated with serum-

free RPMI lacking methionine (R7513; Sigma) and HPG 25 μM for 30 min. All cells were 

harvested with EDTA-trypsin and fixed in PBS with 4% PFA for 15 min on ice. Next, cells 

were permeabilized in 100 μL of PBS containing 0.1% saponin for 15 min at room 

temperature and then re-suspended with 250 μL of Click-iT reaction cocktails and incubated 

for 30 min. The pellets were washed twice and transferred with PBS into 5 mL FACS tubes. 

FITC fluorescence signal was measured by flow cytometry using a FACS Canto (Becton 

Dickinson).

In PROTEOSTAT® staining, we used a PROTEOSTAT® Aggresome detection Kit 

(ENZ-51035; Enzo) to measure misfolded and aggregated proteins using the method 

provided by the manufacture. In brief, cells were incubated in complete media with FBS for 

24 hours and harvested with EDTA-trypsin. Next, cells were mixed with 4% PFA-based 

fixative solution for 30 min, permeabilized in 0.5% triton X-100-based permeabilization 

solution for 30 min at room temperature, and then re-suspended with 500 μL of 

PROTEOSTAT® aggresome red detection reagent using fresh dilution of ENZ-51035-0025 

by 1,500 fold. After one-hour incubation, the mixture was transferred into 5 mL FACS 

tubes. The fluorescence signal was measured by PI channel of the FACS Canto.

Quantification and statistical analysis

All statistical analyses were conducted with GraphPad Prism9.0. Statistical significances 

were determined by the unpaired t test (Figure 1E, 5I, S5C, S5F, S5H, 6A and 6B), the two-

way ANOVA test (Figure S1D, 2B, S2B, 3B, 4B, 4E, S4H and S4J), the ordinary one-way 

ANOVA test (Figure 2D, 2F, 2G, S2C, S2D, 3F, 3I, 4G, 4H and 5C), Sidak’s multiple 

comparisons test (Figure S1D, 2D, 4E and S4J) and Tukey’s multiple comparisons test 

(Figure 2B, 2F, 2G, S2B, S2C, S2D, 3B, 3C, 3F, 3I, 4B, 4G, 4H, S4H and 5C). The 

threshold for statistical significance was P < 0.05. For the quantitative data, the statistical 

parameters were shown in the figure legends.

The rest of Materials and Methods are described in Supplementary Data.

Results

TAK-243 causes selective cytotoxicity in SLFN11-deficient cancer cells.

To detect therapeutic compounds selective for SLFN11-negative cells, we performed a 

highthroughput drug screening in isogenic leukemic lymphoblast cell lines, CCRF-CEM 
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SLFN11 wild-type (WT) and SLFN11 knockout (KO) (3). As expected, topoisomerase 

inhibitors, well-known DNA damaging agents, showed increased cytotoxicity in SLFN11-

WT cells than SLFN11-KO cells (Figure 1A) (3,15). Conversely, TAK-243 induced greater 

cytotoxicity towards SLFN11-KO cells (Figure 1A and S1A).

To confirm the selective cytotoxicity of TAK-243 in SLFN11-KO cell lines, we tested three 

isogenic cancer cell line pairs expressing SLFN11 and their SLFN11-KO counterparts: 

prostate cancer DU145, hepatocellular carcinoma Li-7 and leukemic lymphoblasts MOLT4. 

While the DU145 and MOLT4 cell lines were previously reported (30), the Li-7 SLFN11-

KO cells were generated by CRISPR/CAS9 for the present study (Figure S1B) and were 

confirmed to be resistant to CPT (Figure S1C). In all three pairs of cell lines, SLFN11-KO 

cells were significantly more sensitive to TAK-243 than their WT counterparts (Figure 1B–

D). Figure 1E summarizes the differential TAK-243 activity for the three pairs of isogenic 

SLFN11-expressing and KO cell lines. The sensitivity difference to TAK-243 between the 

SLFN11-WT and KO cells was confirmed by clonogenic assays. Colony formation in 

SLFN11-KO cells was significantly reduced at the concentration of 50 nM (p < 0.05) 

compared to WT cells (Figures 1F and S1D).

TAK-243 also caused more apoptotic cell death in the SLFN11-KO cells compared to 

SLFN11-WT cells (Figure S1E). In addition, the annexin V-negative and PI-positive 

population was increased in the SLFN11-KO cells, indicating that TAK-243 caused some 

necrotic cell death. Apoptotic cell death in SLFN11-KO cells was validated as increased 

cleaved PARP and cleaved caspase-3 (Figure S1F). These results show that TAK-243 

preferentially suppresses cell viability of SLFN11-deficient cancer cells, suggesting that 

UBA1 activity fosters the survival of SLFN11-KO cells.

TAK-243 inhibits DNA synthesis more effectively in SLFN11-deficient than proficient 
cancer cells.

We next examined DNA replication in response to TAK-243 treatment because SLFN11 is 

well established to inhibit DNA replication in response to replication stress (1,3,5,6). We 

first performed pulse incorporations of the thymidine analog 5-ethynyl-2’-deoxyuridine 

(EdU) in SLFN11-WT and -KO cells treated with TAK-243 to evaluate DNA synthesis. 

TAK-243 decreased EdU incorporation within 4 hours significantly more in SLFN11-KO 

than in SLFN11-WT cells (Figure 2A–B). EdU incorporation was inhibited by more than 

80% after 0.5 μM TAK-243 in the SLFN11-KO cells while it was inhibited less than 20% in 

the SLFN11-WT cells (Figure 2A). The reduced EdU incorporation was observed over 24 

hours with a lower concentration of TAK-243 (Figure S2A–B). To confirm the FACS results, 

immunofluorescence staining was performed after EdU pulse-labeling. SLFN11-KO cells 

showed enhanced loss of EdU staining after TAK-243 treatment (Figure 2C–D). These 

results show that TAK-243 suppresses DNA synthesis more effectively in SLFN11-KO cells 

than SLFN11-WT cells.

To analyze the effects of TAK-243 on DNA replication at the molecular level, we measured 

fork elongation and replication origin firing using molecular combing (31). SLFN11-WT 

and -KO cells were incubated with chlorodeoxyuridine (CIdU; red) for 1 hour and then 

treated with TAK-243 and iododeoxyuridine (IdU; green) for 2 hours (Figures 2E and S2C–

Murai et al. Page 6

Cancer Res. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D). The ratio of IdU/CIdU represents fork elongation speed with an expected value of 2 in 

the absence of drug treatment (Figure 2F). The IdU/CldU ratio was significantly decreased 

in SLFN11-KO cells treated with TAK-243, indicating that TAK-243 reduces replication 

fork speed more effectively in SLFN11-KO cells (Figure 2E–F and S2C–D). In the same 

experiments, we also analyzed the ratio of CIdU single-colored fibers versus the total 

measured fibers to estimate new origin firing (Figure 2G). SLFN11-KO cells treated with 

TAK-243 showed significantly less origin firing compared to SLFN11-WT cells or untreated 

cells. These results show that TAK-243 interrupts DNA replication both at the fork 

elongation and origin firing levels most effectively in SLFN11-KO cells.

TAK-243 blocks DNA synthesis through CHK1 activation via Claspin, but independently of 
ATR in SLFN11-KO cells.

To determine how TAK-243 suppresses DNA replication, we evaluated the phosphorylation 

of DNA damage response (DDR) signaling molecules. Under conditions where TAK-243 

induced cellular DNA replication inhibition, we observed increased phosphorylation of 

CHK1 (S345) in the SLFN11-KO cells (Figure 3A and 3B). CHK1 hyperphosphorylation 

was also detected in the SLFN11-KO cells 10 hours at lower concentrations of TAK-243 

(Figure S3A). Notably, in contrast to CPT, which was used as a positive control (31), CHK1 

activation by TAK-243 was not accompanied by phosphorylation of RPA2 and γ-H2AX 

(Figure 3A and S3A), suggesting that TAK-243-induced CHK1 activation is independent of 

ataxia telangiectasia and RAD3-related (ATR). We confirmed that TAK-243 did not induce 

detectable ATR activation, which is involved in DDR and is responsive to CPT (Figure 3A, 

3C and S3A) (31). Additionally, given that CHK1 is generally activated by ATR (34), we 

tested the effect of an ATR inhibitor on CHK1 activation by TAK-243. Consistent with the 

lack of ATR activation by TAK-243, the ATR inhibitor M4344 did not suppress the 

activation of CHK1 by TAK-243 (Figure 3D and 3E) whereas it blocked ATR activation in 

the case of CPT (Figure S3B). These data suggest that CHK1 activation by TAK-243 is 

independent from ATR and different from the classical RPA2-ATR-CHK1 activation by CPT 

(31).

Because Claspin is a mediator of CHK1 activation (35), and because a recent study showed 

that thapsigargin, an ER stressor, induces CHK1 activation via Claspin and independently of 

ATR (36), we hypothesized that CHK1 activation by TAK-243 could be mediated by Claspin 

independently of ATR. To test this hypothesis, we depleted endogenous Claspin using small 

interfering RNA (siRNA) prior to TAK-243 treatment. Depletion of Claspin in SLFN11-KO 

cells completely blocked the phosphorylation of CHK1 by TAK-243 (Figure 3F), consistent 

with the role of Claspin as a mediator of CHK1 activation by TAK-243.

To examine this possibility further, we tested whether CHK1 inhibition could restore DNA 

replication in TAK-243-treated cells. SLFN11-KO cells treated with both TAK-243 and the 

CHK1 inhibitor (LY2606368; prexasertib) showed higher EdU incorporation compared to 

those treated with TAK-243 alone (Figure 3G–H), indicating that replication inhibition by 

TAK-243 is mediated by CHK1 activation.

To determine whether CHK1 activation by TAK-243 could be affected by re-expression of 

SLFN11 in SLFN11-deficient cells, we used 293T SLFN11-deficient cells (16) transiently 
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transfected with SLFN11-WT expressing construct. Re-expression of SLFN11 in SLFN11-

deficient cells suppressed TAK-243-induced CHK1 activation (Figure 3I). Together, these 

results show that TAK-243 suppresses DNA synthesis by activating CHK1 via Claspin 

independently of ATR.

TAK-243 induces ER stress and UPR more effectively in SLFN11-deficient than proficient 
cells.

TAK-243 is known to induce ER stress and the UPR (22,23,26–29), and the UPR has been 

shown to activate CHK1 and inhibit DNA replication (36–38). Also, the activation of PERK-

eIF2α pathway by thapsigargin or dithiothreitol has been reported to promote the 

phosphorylation of CHK1 via Claspin independently of ATR (36).

To test whether SLFN11-KO cells exhibit increased ER stress and uncontrolled UPR, we 

probed the three classical pathways associated with the UPR (Figure 4A) (18,39) in DU145 

WT and SLFN11-KO cells treated with TAK-243 (Figure 4B). Phosphorylated PERK was 

detected as an electrophoretically upper-shifted band both in SLFN11-WT and -KO cells 

treated with TAK-243. However, the basal level of phosphorylated eIF2α was higher in 

SLFN11-KO cells and more effectively induced by TAK-243 in SLFN11-KO than in WT 

cells (Figure 4B–C). Probing the second IRE1-XBP1 signaling branch of the UPR showed 

that IRE1 was phosphorylated faster in the SLFN11-KO cells than WT cells. Testing the 

third UPR pathway also showed that ATF6 was increased in both of SLFN11-WT and KO 

cells; however, the baseline expression of ATF6 was higher in the SLFN11-KO cells. We 

confirmed these results in the leukemia CCRF-CEM cells treated for 2 hours (Figure S4A) 

and in DU145 cells and small cell lung cancer DMS114 cells treated with lower TAK-243 

concentrations for 24 hours (Figure S4B–C). Together these experiments show that 

SLFN11-KO cells have enhanced UPR activation both the absence and presence of 

TAK-243.

To examine whether phosphorylation of CHK1 (S345) by TAK-243 was dependent on the 

activation of PERK-ATF4 branch, we treated DU145 SLFN11-KO cells with TAK-243 and 

the PERK inhibitor ISRIB. ISRIB significantly blocked the phosphorylation of CHK1 in 

response to TAK-243 (Figure 4D–E). In addition, consistent with the reported accumulation 

of short-lived proteins including c-Jun and c-Myc upon TAK-243 treatment (22), we found 

enhanced accumulation of c-Jun and c-Myc in SLFN11-KO cells in response to TAK-243 

(Figure S4D), suggesting that SLFN11-KO cells treated with TAK-243 have more global 

protein accumulation. We also tested the cytotoxicity of the p97 inhibitors, NMS-873 and 

CB5083 in DU145 SLFN11-WT and -KO cells because these drugs also induce robust UPR 

(20). SLFN11-KO cells were more sensitive to both p97 inhibitors than WT cells (Figure 

S4E–F).

Because our data show that SLFN11-KO cells demonstrate enhanced UPR response to 

TAK-243, which primarily acts as an E1 inhibitor, we measured ubiquitin conjugates in 

SLFN11-WT and -KO cells. Notably, the overall baseline levels of ubiquitin conjugates 

were different in the SLFN11-WT and -KO cells. Higher ubiquitin conjugates [(Ub)n] were 

consistently observed both in the DU145 and CEM SLFN11-KO than SLFN11-WT cells 

(Figures 4F and S4G), indicating that lack of SLFN11 enhances global ubiquitylation. After 
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TAK-243 treatment, DU145 SLFN11-KO cells lost ubiquitin conjugates in a dose-dependent 

manner to a greater extent than the SLFN11-WT cells. This effect was not related to 

different UBE1 protein level. Repeated experiments (N = 6) confirmed high levels of 

ubiquitin conjugates in SLFN11-KO cells at a steady-state and more robust reduction of 

ubiquitin conjugates by TAK-243 in SLFN11-KO than WT cells (Figure 4G). Comparable 

results were obtained in CCRF-CEM SLFN11-WT and -KO cells treated for 1 hour with 

TAK-243 (Figure S4G–H) and in DU145 SLFN11-WT and -KO cells treated with TAK-243 

at lower concentrations for 24 hours (Figure S4I–J). These results demonstrate that TAK-243 

depletes ubiquitin conjugates more effectively in the absence of SLFN11. To confirm that 

the presence of SLFN11 influences the global ubiquitination at the steady-state condition, 

we generated doxycycline (Dox)-inducible SLFN11-expressing cells. 72-hour exposure to 

Dox induced robust SLFN11 expression and significantly reduced global cellular 

ubiquitination by 40-50% (Figure 4H–I). Together, these results show that cells lacking 

SLFN11 have increased UPR and ubiquitylation, and that TAK-243 suppresses ubiquitin 

conjugates and increases UPR and ER stress along with CHK1 activation to a greater extent 

in SLFN11-KO than SLFN11-WT cells.

SLFN11 protects cells from UPR by interacting with protein folding and translation 
initiation complexes.

To test whether absence of SLFN11 leads to an accumulation of misfolded protein, we 

evaluated aggregated and newly synthesized proteins by PROTEOSTAT® staining and L-

homopropargylglycine (HPG) labelling, respectively (Figure 5A and S5A). SLFN11 WT 

cells showed less aggregated proteins than KO cells at steady-state condition and TAK-243 

increased aggregated proteins in both WT and KO cells (Figure 5B–C). In addition, newly 

synthesized proteins were less in Li-7 SLFN11 WT cells than KO cells (Figure S5B–C). 

These data suggest that SLFN11 can decrease aggregated protein and/or newly synthesized 

protein at steady-state conditions, which is consistent with the lower levels of ubiquitin 

conjugates in SLFN11-expressing cells.

Next, to determine whether SLFN11 interacts with protein homeostasis and UPR pathways, 

we performed proteomic analysis with biotinylated mass-spectrometry (Figure 5D) (32). 

HEK293 SLFN11-proficient cells were transfected with a proximity-dependent biotin 

identification (BioID)2-fusion empty vector or BioID2-fusion SLFN11. Upon addition of 

biotin, proteins in close proximity to SLFN11 were biotinylated inside cells. The 

biotinylated proteins were captured by streptavidin beads and analyzed via mass-

spectrometry. As shown in Figure 5E and Supplementary Table 2, TCP1, CCT2, CCT3, 

CCT4, CCT5, CCT6A, CCT7 and CCT8, which belong to the T-complex protein-1 ring 

complex (TRiC) and chaperonin containing TCP-1 complex (CCT) in protein folding were 

identified in SLFN11-BioID transfected cells. In addition, translation initiation complex 

proteins (EIF3A, EIF3B, EIF3D, EIF3E, EIF3F, FIF3H, EIF3L, EIF3M, EIF4B and 

EIF4G1) were also enriched in SLFN11-BioID transfected cells. Gene ontology (GO)-term 

enrichment analysis with the top 100 hits in the list of biotinylated mass-spectrometry 

proteins showed translation initiation and protein folding-related pathways as prominent 

protein networks with SLFN11 (Figure 5F and S5D).
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To validate the mass spectrometry data, we performed pull-down experiments with the 

SLFN11-HA-BioID2 construct, and confirmed enrichment of EIF3B, EIF3L and CCT2 in 

SLFN11-mediated immunoprecipitation (Figure 5G and S5E–F). The interaction of SLFN11 

with EIF3B and CCT2 were detected regardless of TAK-243 treatment (Figure 5G). We also 

validated SLFN11 interaction with EIF3B and CCT2 by proximity ligation assay (PLA) in 

DU145 cells (Figure 5H–I). Depletion of the TRiC/CCT chaperonin complex genes 

(CCT6A, CCT4, TCP1, CCT7, CCT3 and CCT2) consistently showed a greater sensitivity 

of the SLFN11-KO than SLFN11-WT cells (Figure S5G and Supplementary Table 3). 

Additional experiments confirmed that SLFN11-KO cells were significantly more dependent 

on CCT2 than SLFN11-WT cells (Figure S5H).

Collectively, these results suggest that SLFN11 plays a role in promoting protein 

homeostasis and in reducing cellular ubiquitination caused by misfolded proteins.

Discussion

Ubiquitin conjugation and ER stress associated protein degradation (ERAD) by the 

proteasome are critical for the clearance of misfolded proteins following their cytoplasmic 

retro-translocation from the ER (40). By blocking the ubiquitin activating enzyme (UBA1), 

TAK-243 induces irresolvable ER stress and UPR activation (22,26–29). Our data are 

consistent with the potent and rapid effects of TAK-243 in inhibiting ubiquitin conjugation 

as visualized by the rapid depletion of cellular polyubiquitylated proteins, especially in 

SLFN11-KO cancer cells. Our study also shows that the activation of UPR by TAK-243 

arrests replication within 2 - 4 hours by activating CHK1 as well as by inducing apoptosis 

and cell death at later time points. Hence, our data support the mechanism of action of 

TAK-243 and its preferential antiproliferative effects in SLFN11-KO cancer cells. They are 

relevant to the reported activity of TAK-243 in patient-derived xenograft (PDx) models 

(22,24,26–29), and in the context of the ongoing clinical trials of TAK-243 as first-in-class 

UBA1 inhibitor (NCT03816319 and NCT02045095).

Our flow cytometry, immunofluorescence microscopy and molecular combing analysis show 

that TAK-243, in addition to targeting UPR, interrupts replicative DNA synthesis within 2 - 

4 hours as it depletes global cellular ubiquitylation. We demonstrate that this replication 

inhibition is related to CHK1 activation via Claspin without detectable ATR-mediated DDR 

activation (Figure 6). Consistent with our results, two prior studies reported that TAK-243 

itself does not cause DNA damage, and that the combination of TAK-243 with UV or 

gamma irradiation suppresses DNA damage repair (22,26). The lack of γ-H2AX induction 

by TAK-243 in our study can be reconciled with a previous report showing that diffuse large 

B-cell lymphoma (DLBCL) cells treated with TAK-243 generate γ-H2AX (27). Our 

interpretation is that the γ-H2AX induction by TAK-243 in the prior study (27) is related to 

cell death by apoptosis as γ-H2AX is both a marker of DDR and of apoptotic response 

(41,42). Our finding that TAK-243 arrests DNA replication by activating CHK1 is consistent 

with independent reports showing that ER stress and uncontrolled UPR cause non-ATR 

mediated CHK1 activation (36–38).
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An unexpected finding is that SLFN11 attenuates the UPR (Figure 6). Indeed, in two 

different isogenic cell line models (DU145 prostate cancer and CCRF-CEM leukemia), cells 

expressing SLFN11 showed significantly lower level of global polyubiquitylation at the 

steady-state condition, along with attenuated baseline of UPR activity and reduced protein 

aggregation. Our proteomic analysis identifies potential molecular insights for this novel 

proteostasis activity of SLFN11, as we observed SLFN11 binding to protein folding and 

translation initiation factors. Profiling of gene dependencies by a genome-wide RNAi screen 

also supports that SLFN11 deficient cells are highly dependent on the protein chaperonin 

and folding genes, implying that absence of SLFN11 leads to protein mis-folding and 

dependency on cellular ubiquitination, which is inhibited by TAK-243 (Figure 6).

Consistent with the activity of SLFN11 on translation, SLFN11 has been shown to bind type 

II tRNA leading to its activity as restriction factor against HIV-1 (16) and to cleave type II 

tRNAs resulting in ATR and ATM inhibition in response to DNA damage (43). SLFN11 has 

also been reported to limit the infectivity of flaviviruses by targeting host tRNAs (44). 

Binding and cleavage of tRNAs have also been demonstrated for SLFN13, the close relative 

SLFN11 (33). Non-human primate SLFN11 also suppresses protein production from viral, 

non-viral and host transcripts (17). In addition, a recent study showed that SLFN11 

suppresses tumor growth and metastasis by inhibiting the RPS4X and mTOR pathway (14).

Our study is also the first to report a potential implication of SLFN11 with protein folding. 

This finding is plausible with the fact that murine Slfn1 binds to DnaJB6, one of the 

chaperone proteins of the DnaJ/Hsp (heat-hock protein) family, leading to the stabilization 

of Hsp70 (45), which plays an important role in protein folding and protein quality control 

(46). This complex leads to the localization of Slfn1 to the nucleus and induction of cell 

cycle arrest and quiescence of murine T cells (45). Additional reports showed that mutation 

of Slfn2 causes a loss of murine immune cell quiescence and chronic ER stress (47,48). 

Further studies are warranted to explore the detailed molecular connections between 

SLFN11, proteostasis and control of ER stress and UPR.

Beyond cancer, uncontrolled ER stress in human cells can induce multiple diseases such as 

atherosclerosis, diabetes, and neurodegenerative disease including Alzheimer’s and 

Parkinson’s disease (49). In addition, the chaperonin TRiC/CCT has been detected as a key 

molecule protecting cells from amyloid-like protein misfolding (50). Our mass spectrometry 

analysis showed TCP1 and CCTs as the SLFN11 interactors. Recently, a detailed 

immunohistochemistry and RNA expression study showed that SLFN11 is expressed in 

normal human brain cells and other organic cells (12). Our results that SLFN11-deficient 

cells are highly dependent on CCT genes, imply abnormality in the protein folding process 

in the absence of SLFN11. Taken together, these data suggest that SLFN11 might be 

involved in protecting normal human cells, especially brain and immune cells, from 

proteotoxicity, and that malfunction of SLFN11 might be associated with various human 

diseases including neurodegenerative and autoimmune diseases.

Future investigations are warranted to test our results in in vivo xenograft with cell lines and 

patient-derived models. Our findings may also be relevant for the therapeutic development 

of TAK-243 with the inclusion of SLFN11 expression as a treatment response predictive 
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biomarker for cancer patient selection. Approximately, 50% of cancer cells do not express 

SLFN11 (1), therefore TAK-243 may be a therapeutic option for those cancer patients whose 

tumors are SLFN11-negative and do not respond to DNA damaging agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

This study uncovers that SLFN11 deficiency induces proteotoxic stress and sensitizes 

cancer cells to TAK-243, suggesting that profiling SLFN11 status can serve as a 

therapeutic biomarker for cancer therapy.
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Figure 1. SLFN11-deficient cells are hypersensitive toTAK-243.
(A) Isogenic leukemic lymphoblasts CCRF-CEM SLFN11-WT and -KO cells were screened 

with the indicated compounds. D1: 63.2 nM, D2: 189.6 nM. (B-D) TAK-243 cytotoxicity in 

the indicated SLFN11-WT and -KO isogenic cell lines: prostate cancer DU145, 

hepatocellular carcinoma Li-7 and leukemic lymphoblasts MOLT4. Cells were treated with 

the indicated concentrations of TAK-243 for 72 hours. Error bars represent SD for 3 

independent experiments. (E) IC50 values of TAK-243 in the different cell lines shown in 

panels B-D. Mean ± SD and P-values are shown and statistical significance was determined 

by the unpaired t test. (F) Colony forming assay in DU145 SLFN11-WT and -KO cells 

treated with the indicated concentrations of TAK-243 for 10 days. The images of colony 

formation stained with crystal violet.
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Figure 2. TAK-243 inhibits DNA replication more effectively in SLFN11-deficient (KO) than 
proficient (WT) DU145 prostate cancer cells.
(A) Representative flow cytometry experiment. WT and KO cells were treated with the 

indicated TAK-243 concentrations for 4 hours, and EdU (10 μM) was added for the last 30 

min before harvesting. The percentage of replicating (EdU and DAPI positive) cells 

measured by FlowJo was indicated in the red boxes. (B) Quantitation of EdU incorporation 

for 3 independent experiments as shown in panel A. Error bars represent SD; ** P = 0.002, 

*** P < 0.001. (C) Representative image of EdU incorporation visualized by confocal 
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immunofluorescence microscopy. WT and KO cells were treated with TAK-243 (0.5 μM) for 

4 hours. EdU (10 μM) was added for the last 30 min. Nuclei were stained with DAPI (blue). 

(D) Quantitation of EdU incorporation in WT and KO cells from the immunofluorescence 

analyses. Error bars represent SD (N = 250-300). *** P < 0.001. (E) Inhibition of replication 

fork progression analyzed by molecular combing assay. Upper panel: experimental scheme. 

WT and KO cells were incubated with CldU (100 μM) for 1 hour before adding TAK-243 

(0.5 μM) and IdU (100 μM) for 2 hours. Bottom panel: representative images of DNA fibers. 

The red and green-colored part of fibers represent intake of CldU and IdU, respectively. (F) 

Ratio of IdU/CIdU (green/red). The length of the green or red-colored section of individual 

fibers are shown in Figure S2. Red bars represent means (N ≥ 198). *** P < 0.001. (G) New 

origins defined as ldU-single-labeled fibers measured in the DNA combing assay. 

Percentage was calculated from the number of green signals divided by the total number of 

signals (N = 177). Error bars represent SD (N = 3 independent measurements); ** P = 0.003, 

*** P < 0.001.
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Figure 3. TAK-243 inhibits DNA synthesis through CHK1 activation, independently of ATR.
(A) DNA damage response (DDR) proteins detected by Western blotting after TAK-243 

treatment. DU145 SLFN11-WT and -KO cells were treated with TAK-243 for the indicated 

times. WT cells treated with camptothecin (CPT 100 nM) for 4 hours served as positive 

control. (B, C) Quantitation of p-CHK1 and p-ATR for 3 independent experiments as shown 

in panel A. Error bars represent SD; ** P = 0.003, *** P < 0.001. (D) CHK1 activation by 

TAK-243 is independent of ATR. DU145 SLFN11-KO cells were treated with TAK-243 (1 

μM) for 4 hours in the absence or presence of the ATR inhibitor (M-4344; 5 nM). (E) 

Quantitation of p-CHK1 for 3 independent experiments as shown in panel D. Error bars 
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represent SD; * P = 0.042, ** P = 0.002. (F) siClaspin suppresses the CHK1 activation by 

TAK-243. DU145 SLFN11-KO cells were transfected with siClaspin for 48 hours before 

TAK-243 treatment (0.5 μM 4 hours).(G) Upper panel shows the experimental scheme used 

for flow cytometry analysis of DU145 SLFN11-KO cells treated with TAK-243 and the 

CHK1 inhibitor (LY2606368, 100 nM). EdU (10 μM) was added 30 min prior to cell harvest 

as indicated. Bottom panel: EdU and DAPI positive cells were quantified by flow cytometry. 

The percentage of replicating (EdU positive) cells (indicated in the red rectangles) was 

determined as in Figure 2. (H) Quantitation of EdU incorporation for 3 independent 

experiments as shown in panel G. Error bars represent SD. * P = 0.039, *** P < 0.001. (I) 

CHK1 activation by TAK-243 is suppressed by SLFN11. As indicated, SLFN11-negative 

293T cells were transfected for 48 hours with SLFN11 construct before TAK-243 treatment 

(0.5 μM 4 hours).
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Figure 4. SLFN11 KO cells have high baseline ubiquitylation and TAK-243 further reduces 
ubiquitin conjugates and eliciting ER stress-mediated UPR in those cells.
(A) Scheme of the unfolded protein response (UPR). ERAD: ER associated degradation of 

misfolded proteins. (B) Activation of the UPR response by TAK-243 (0.5 μM) was 

measured by Western blotting in DU145 WT and SLFN11-KO cells as indicated. WT cells 

treated with CPT (100 nM for 4 hours) served as control. (C) Quantitation of p-eIF2α for 3 

independent experiments as shown in panel B. (D) Phosphorylation of eIF2α by 

combination of TAK-243 and the PERK-ATF4 inhibitor. Cells were treated with TAK-243 

(0.5 μM) for 4 hours and the PERK-ATF4 inhibitor (ISRIB; 10 μM) was added 1 hour prior 

to TAK-243. (E) Quantitation of p-CHK1 for 3 independent experiments as shown in panel 

D. (F) Ubiquitin conjugates [(Ub)n] determined by Western blotting. DU145 cells were 

treated with the indicated TAK-243 concentrations for 1 hour. The red rectangle indicates 

the area quantified in panel G. (G) Quantitation of total ubiquitin conjugates after 1 hour 
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TAK-243 treatment. The error bars represent SD (N = 6); * P = 0.031, *** P < 0.001. (H) 

Basal ubiquitin conjugates [(Ub)n] changes in doxycycline (Dox)-inducible SLFN11 

expressing cells. The cells were treated with Dox 10 μg/ml for the indicated time. The red 

rectangle indicates the area quantified in panel I. (I) Quantitation of total ubiquitin 

conjugates after Dox treatment. The error bars represent SD (N = 2); ** P = 0.002, *** P < 

0.001.
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Figure 5. SLFN11 interactions with translation initiation and protein folding complexes.
(A) Scheme of the PROTEOSTAT® aggregated protein detection assay. (B) Representative 

image of aggregated protein in DU145 SLFN11-WT and KO cells with or without TAK-243 

(50 nM, 24 hours) measured by flow cytometry. (C) Quantitation of aggregated protein as 

shown in panel B. The error bars represent SD (N = 5); * P = 0.013, ** P = 0.002, *** P < 

0.001. (D) Schematic overview of the biotinylated mass-spectrometry assay and 

immunoblotting protocol. (E) Protein interaction network of SLFN11 generated by STRING 

analysis. Line thickness represents the strength of data confidence. (F) Gene ontology (GO) 
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analysis of molecular network associated with SLFN11. (G) Validation of interactions with 

EIF3B and CCT2. Cells were transfected with SLFN11 vector used in Figure S5E. TAK-243 

(0.5 μM) was added for 4 hours prior to cell harvest. After immunoprecipitation with 

streptavidin, immunoblotting was performed with the indicated antibodies. (H) Proximity 

ligation assay for SLFN11 interaction with EIF3B and CCT2 in DU145 cells. The red dots 

indicate the protein interactions. Images were captured by Zeiss LSM 780 ELYRA (63x 

magnification) and modified by ImageJ software. (I) Quantitation of PLA intensity as shown 

in panel H by ImageJ software (N>100). *** P < 0.001 (t-test).
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Figure 6. Proposed model of SLFN11-mediated protein quality control and connection with 
TAK-243.
SLFN11 interacts with protein chaperone TRiC/CCT complex and translation initiation 

complex and reduces protein misfolding. TAK-243 blocks ubiquitination, promotes the 

accumulation of misfolded proteins and causes ER stress and uncontrolled UPR. In the 

absence of SLFN11, misfolded proteins accumulate leading to protein ubiquitylation, 

activation of ER stress and UPR. TAK-243-induced UPR hyperactivation induces CHK1 

activation via Claspin.
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