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WRN helicase is a promising target for treatment of cancers with microsatellite
instability (MSI) due to its essential role in resolving deleterious non-canonical DNA
structures that accumulate in cells with faulty mismatch repair mechanisms'™.
Currently there are no approved drugs directly targeting human DNA or RNA
helicases, in part owing to the challenging nature of developing potent and selective
compounds to this class of proteins. Here we describe the chemoproteomics-enabled
discovery of a clinical-stage, covalent allosteric inhibitor of WRN, VVD-133214. This
compound selectively engages a cysteine (C727) located in aregion of the helicase
domain subject to interdomain movement during DNA unwinding. VVD-133214 binds
WRN protein cooperatively with nucleotide and stabilizes compact conformations
lacking the dynamic flexibility necessary for proper helicase function, resulting in
widespread double-stranded DNA breaks, nuclear swelling and cell death in MSI-high
(MSI-H), but notin microsatellite-stable, cells. The compound was well tolerated in
mice and led to robust tumour regression in multiple MSI-H colorectal cancer cell
lines and patient-derived xenograft models. Our work shows an allosteric approach
for inhibition of WRN function that circumvents competition from an endogenous
ATP cofactor in cancer cells, and designates VVD-133214 as a promising drug
candidate for patients with MSI-H cancers.

Cancers with microsatellite instability (MSI) result from mutations
in mismatch repair genes, including MLH1, MSH2, MSH6 and PMS2
(ref. 6), leading to broadly distributed insertions and/or deletions
of TA-dinucleotide repeats within microsatellite regions across the
genome. Expanded TA repeats can form problematic DNA secondary
structures during replication that must be resolved before cells enter
mitosis, to avoid potentially lethal consequences. The frequency of MSI
across all cancer types is 4%, with higher frequencies in endometrial
carcinoma (30%), colon adenocarcinoma (20%) and gastric adeno-
carcinoma (20%)”%. The current standard of care for MSI-high (MSI-H)
cancersincludes surgery, chemotherapy and immunotherapy®. Immu-
notherapy hasbeensuccessfulintreating patients with MSI-H cancers
butintrinsic oracquired resistance can diminish clinical responses™ ™,
creating a need for alternative therapies for this disease.

WRN is one of five members of the RecQ family of DNA helicases
and wasrecently identified as asynthetic lethal vulnerability in MSI-H
cancers by four independent groups' *. WRN is a nuclear protein with

two known enzymatic functions: a3’-5’ exonuclease activity residing
in the amino-terminal region® and ATP-dependent 3’-5' DNA helicase
unwinding activity'. The helicase activity, but not the exonuclease, of
WRN plays an essential and non-redundantroleinthe resolution of DNA
secondary structures formed by expanded TA-dinucleotide repeats
in MSI-H cancers'*. Loss of WRN function leads to double-stranded
DNA (dsDNA) breaks, chromosome shattering and cell death, specifi-
cally in MSI-H tumour cells but not in healthy cells’>", because only
MSI-H cells contain widespread expansions of vulnerable microsatellite
regions. Therobust synthetic lethal relationship between WRN and MSI
cancer makes this a highly attractive target in multiple cancers with MSI.

Discovery of covalent WRN ligands

We developed atargeted mass spectrometry-based chemoproteomics
method to quantify the covalent binding of small molecules to cysteine
residuesin native cells or cell lysates (Fig. 1a). This platform measures
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Fig.1|Discovery of acovalent WRNinhibitor, VVD-133214, using
chemoproteomics. a, General protocol for chemoproteomics-based inhibitor
discovery:livecells or cell lysates are treated with DMSO or inhibitorsina
96-well plate. Inhibitor binding prevents cysteine residues from reacting with
the probe, and probe-enriched peptides are measured using label-free parallel
reaction monitoring mass spectrometry (MS). Target engagement (TE) is
calculated by comparison of areas under the curve (AUCs) of inhibitor-treated
and control wellsand canbe curve-fitted to determine TE;, values. b, Location
of probe-accessible cysteines (C) on WRN subjected to chemoproteomics
screening. ¢, Discovery of VVD-109063 asa WRN C727 binder with an
approximate TE;,0f 10 uMin lysates and good selectivity for C727.d, Progression
of WRN C727 series from the initial VVD-109063 hit to the more advanced
ATP-cooperative compounds VVD-127101and VVD-133214. e, Comparison of
TEsyinlysates versus live cellsdemonstrates distinct populations of compounds
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showingeitherreduced orenhanced potencyinlive cells relative to lysates.

f, Comparison of WRN helicase (hWWRN*"22) DNA unwinding activity

with or without 0.2 mM ATP during the compound preincubation period
demonstrated two distinct populations showing either competitive activity
(forexample, VVD-109063) or cooperative inhibitory activity (forexample,
VVD-127101and VVD-133214). g, Inhibition of h(WRN*?2% (wild type (WT)

and C727A) by VVD-133214 with or without ATP during the compound
preincubation period. h, Correlation between live cell WRN C727 engagement
and biochemical (WRN®?"?% helicase activity plus 0.2 mM ATP during the
compound preincubation period. i, ATPase activity of hWRN**?¥ in the
presence of VVD-133214 with or without ADP preincubation and DNA substrate.
ICsoderived fromn =2biologicallyindependent samples and presented as
means *s.e.m.



changes in the accessibility of cysteine residues using a biotinylated
iodoacetamide-based covalent probe (IAA probe) and provides a sensi-
tive way to detect the binding of covalent small molecules to cysteine
residues’™?, Although the throughput of this method is modest relative
tofocused biochemical screening, it permits simultaneous evaluation
of both the potency and selectivity of molecules against hundreds of
proteinsin their native state. We used this method to screen acustom
library of several thousand electrophilic small molecules in native cell
lysates against cysteine residues on over 300 proteins with critical
rolesin cancer and/orimmune diseases, including 11 solvent-exposed
cysteine residues on WRN (Fig. 1b). A series of compounds, repre-
sented by VVD-109063, was identified that selectively engaged C727
on WRN with half-maximal target engagement (TE;,) potency in the
low-micromolar range following 1 h of treatment (Fig. 1c-e). C727 is
located onthe opposite face of the protein relative to the ATP-binding
site and had not been identified as having functional relevance at
the time of screening. A helicase assay was performed using purified
human WRN core helicase domain (fragments 519-1,227; hWRN®?12%7),
and VVD-109063 was found to be an inhibitor with a half-maximal
inhibitory concentration (IC,) of 8 uM (Fig. 1f). While this manuscript
was in preparation, Parker et al. reported that covalent engagement
of WRN C727 with a small molecule (H3B-968) had the potential to
inhibit WRN function in vitro using purified WRN protein, but not
in cells®. To further characterize our compounds we measured the
C727 engagement potency of VVD-109063 and related compounds in
live OCI-AML2 cells. Interestingly, two classes of compound emerged
fromthisin cellulo analysis: one subset that showed reduced potency
inlive cellsrelative to cell lysates (Type I, exemplified by VVD-109063;
Fig.1le) and another that showed improved potency inlive cells relative
to lysates (Type I, exemplified by VVD-127101; Fig. 1e). An off-target
cysteine shared by many of these early-hit compounds, C54 from
TNFAIP3, showed equipotent engagement in lysates and live cells
across both types of molecule (Extended Data Fig. 1a), suggesting
that differences in cell permeability were probably not contribut-
ing significantly to the potency discrepancy in cells. We considered
that ATP levels, which are high in live cells but low in cell lysates (due
to substantial sample dilution during preparation), were another
possible explanation for these distinct behaviours. For direct assess-
ment of this possibility, the helicase assay was adapted toinclude ATP
during the compound preincubation step with hWRN>*"?%, and the
results confirmed that Type I compounds lost potency when ATP was
included during the compound preincubation step whereas Type Il
compounds showed significantimprovementin potencyinthe pres-
ence of ATP (Fig. 1f,g and Extended Data Fig. 1b). We found a strong
overall correlation between TE,, valuesinlive cells and IC,, values for
helicase inhibition in the presence of ATP for both Type I and Il com-
pounds (Fig.1h). On the basis of favourable live cell potency, apparent
nucleotide-cooperative behaviour and a favourable global cysteine
selectivity profile for the Type Il series (Extended Data Fig. 1c), we
chose to optimize this series further. Subsequent lead optimization
afforded the clinical candidate, VVD-133214 (Fig. 1d; details of the
medicinal chemistry campaign will be described elsewhere). VVD-
133214 showed potent cellular TEs, values (Fig. 1e,h and Extended
Data Fig. 1d) and was equally active in both human and mouse WRN
helicase (MWRN*%1232) DNA unwinding assays (Extended DataFig. 1e).
We also confirmed inhibition of hWRN*?227 ATPase activity in the
absence of DNA (Fig. 1i), selectivity for hWRN>*72¥ gver the closely
related human BLM helicase (hBLM®*'?%%; Extended Data Fig. 1f) and
the requirement for covalency using either C727A-mutated hWRN
(Fig. 1g) or anon-electrophilic analogue (VVD-129448) (Extended
Data Fig. 1g). Consistent with the lack of inhibition exerted by the
non-electrophilic analogue, there was no evidence of saturation of
covalentengagementkinetics (k) up to 15 pM (Extended Data Fig. 1h
and Extended Data Table 1), which was the highest concentration that
could be tested without stop-flow equipment.

VVD-133214
+ ADP

Fig.2|Overallarchitecture of the closed conformation of the WRN helicase
domain.a, N-terminal RecA_ldomain (blue) connected by a hinge (grey) tothe
C-terminal RecA_2 domain (orange) and zinc-binding domain (Zn BD, green).
Thezincionandits four cysteine residues are shown. ADPisbound at the
bottomand the covalentinhibitor VVD-133214 (1, pink) isbound at the top
ofthe ATPase domain. b, Surface view of the ligand-binding pocketin the
VVD-133214 + ADP, ADP and ATP structures (Protein Data Bank (PDB) 7GQU,
7GQS and 7GQT, respectively). ¢, 2Fo-Fcelectron density map at1.5 o for
VVD-133214 highlighting nucleophilicattack on the C727 Sy atom in two different
orientations.d, WRNside chains engagingin van der Waals interactions with
VVD-133214 arelabelled. No direct hydrogen bonds exist between the inhibitor
and WRN. Interdomain hydrogenbonds are shown as dashed lines, indicating
closure of the helicase core. e, Comparison of WRN ADP-bound (grey) and
VVD-133214 + ADP-bound (coloured) structures showing conformational
changestothe WRNRecA_2, Zn-binding domain, Tyr575 in the Walker A motif,
and ADP between the structures. f, Superposition of WRN in complex with
VVD-133214 (1) and the closely related BLM helicasein complex with adsDNA
carryingasingle-stranded DNA overhang (PDB4CGZ)*.

Charactarization of structure and mechanism

We determined the crystal structure of the WRN ATPase domain,
encompassing residues 517-945, in complex with either adenosine
diphosphate (ADP), ATP or VVD-133214 plus ADP. The WRN-VVD-133214
cocrystal structure was solved at 1.54 A resolution (Extended Data
Table 2) and showed that VVD-133214 binds within a hydrophobic
pocket at the interface between the RecA_1and RecA_2 domains of
the ATPase (Fig. 2a,b). Clear electron density was observed connect-
ing the sulfur atom of C727 and beta-carbon of the vinyl sulfone of
VVD-133214 (Fig. 2c). The absence of hydrogen bonding interactions
between VVD-133214 and WRN suggests that shape complementarity
and relatively weak reversible interactions are sufficient to properly
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Fig.3|VVD-133214 inhibits growthin MSI-H cells but not in MSS.
a,VVD-133214 potently inhibits cell growth in MSI-H HCT-116 cells (black circles;
Gls,=0.066 +0.007 uM, n =2 biologically independent samples) but in neither
MSS SW480 (white circles; Gls, > 20 uM, n =2) nor HCT-116 WRN C727A mutant
cells (grey circles; Glso > 20 puM, n = 2) following 5 days of compound treatment
usinga CellTiter-Glo (CTG) assay. b, The potency of etoposide was similarin
MSI-HHCT-116 cells (Gls, = 0.406 + 0.057 uM, n = 2) and MSS SW480 cells
(Glso=0.479 + 0.081 pM, n=2).c, A panel of 14 MSI-H (filled circles) and three
MSS (empty circles) colorectal cancer cell lines were screenedina 5 day CTG
assay for comparison of Gls, and maximal growth inhibition (Gly,). Cell lines
were designated as sensitive (lower left quadrant) if Gl;, <10 pM and

align the vinyl sulfone electrophile for nucleophilic attack by C727.
Analogous cases have also been observed for other covalentinhibitors
and point to important differences in the types of molecular features
that ultimately determine potency and selectivity of covalent versus
reversible binders®. As demonstrated here, these differences can be
exploited to probe new target space and develop drugs to proteins
previously regarded as ‘undruggable’.

The VVD-133214-binding pocket sits within a flexible hinge region
subject to interdomain movement located 12.3 A away from the
nucleotide-binding site (Fig. 2a). The binding of VVD-133214 results in
major structural rearrangements relative to unliganded WRN that lead
toaclosed conformation stabilized by a series of hydrogen bonds form-
ingbetweenthe RecA_2 domain (T705), RecA_1domain (E846 and Y849),
Walker Amotif (Y575) and the hinge region (T728; Fig.2d,e). Importantly,
Y575 flipsto form an H-bond with the backbone carbonyl of Y849, whose
side chain makes direct contact with VVD-1333214. This molecular net-
work establishes a potential explanation for the nucleotide-cooperative
binding of VVD-133214 because the bound nucleotide shifts in the
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Glyax > 50%.d, Hoechst-based imaging used to quantitate nuclear numberina
5dayassay comparing VVD-133214 activity in MSI-H (HCT-116, filled circles;
Glso=0.038+0.006 uM, n =4) and MSS cells (SW480, empty circles; Gls, > 20 uM,
n=4).e-g,Hoechst-based imaging (e) was used to quantitate nuclear number
following VVD-133214 treatment (2 uM) for up to 30 daysin MSI-H HCT-116 (f)
and SW48 cells (g); scalebars, 50 pm. h-j, Short-term treatment of HCT-116
cellswith2 uM VVD-133214 followed by washout of the compound (h) for a

6 day assay assessing nuclear number (i) and area (j) (n = 7-8 biologically
independentsamples); scale bar, 50 pm.Datashownas means +s.e.m. Gls, data
reported are +s.d. and were analysed by one-way analysis of variance (ANOVA),
P < 0.0001versust,.

liganded state. Stabilization of WRN in a closed state has implications
foritsability to participate in multiturnover helicase reactions, and is
aplausible explanation for WRNinhibition by VVD-133214. VVD-133214
showed no effect on DNA binding (Extended Data Fig. 1i), suggesting
that the primary mechanism of action involves inhibition of ATPase
activity. Furthermore we observed that, when WRN s actively unwind-
ing DNA, time-dependent inhibition is lost (Extended Data Fig. 1j),
implying that VVD-133214 targets the pre-DNA-bound state of WRN.
Importantly, we found that the crystallization construct used here,
which lacks the HRDC domain, shows significantly reduced engage-
ment potency in the presence of ADP compared with constructs con-
taining this domain (Extended Data Fig. 1k), suggesting that the HRDC
domain may contribute to some aspect of compound binding (Fig. 2f).

VVD-133214 is cytotoxic in MSI-H cells

VVD-133214 was tested in a 5 day cell proliferation assay, in which we
found that the compound decreased the growth of MSI-H HCT-116 cells
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Fig.4|VVD-133214 induces DNA damage-and-repair responsein MSI-H
cells. a,b, Representative images of DNA damage by Comet assay (a) and
metaphase spread (b) in MSI-H SW48 cells. ¢, Quantitation of P-H2AX induction
byimmunofluorescence following VVD-133214 treatmentin cell lines HCT-116,
RKO and SW480; n =2 biologicallyindependent experiments. d, Representative
immunoblots of p-p53 (Serl5), total p53, p21and WRN in MSI-H HCT-116, MSI-H
LoVoand MSS SW480 cells. e-g, Cell cycle assessment following treatment

but not microsatellite-stable (MSS) SW480 (Fig. 3a). By contrast, the
topoisomerase Il inhibitor etoposide impaired cellgrowthto anequiva-
lent degreein HCT-116 and SW480 cells (Fig. 3b). The antiproliferative
effect of VVD-133214 in HCT-116 cells was blocked by the introduction
ofadrug-resistant C727A WRN mutant (Fig. 3a), confirming on-target
antiproliferative activity. An expanded analysis showed that nearly
80% of MSI-H cell lines (11 of 14) tested were sensitive to VVD-133214
whereas none of the MSS cell lines (HT-29, COLO 205 and NCI-H747)
appeared responsive (Fig. 3c). The three MSI-H cell lines that were
insensitive to VVD-133214 (DLD-1, HCT-15 and HCT-8) also have not
shown genetic dependency on WRN in DepMap?® or other studies"**.
These data, taken together, demonstrate that VVD-133214 is capable
of driving synthetic lethality in MSI-H colorectal cancer cells through
covalentinhibition of WRN.

High-content imaging showed that MSI-H HCT-116 cells treated
with VVD-133214 continued to proliferate for 2-3 days, followed by
asteady decline with very few cells remaining at the end of the 37 day
assay period (Fig. 3d-f). The impact on MSI-H SW48 cells was more
rapid, with decreases in cell numbers already apparent by day 2 and
near-complete cell loss by day 12 (Fig. 3e,g). Washout experiments
demonstrated that exposure times of only 2-8 h were partially effica-
cious whereas 24 h of exposure to VVD-133214 produced a sustained
cytotoxiceffectinboth MSI-H lines tested (Fig. 3h,i and Extended Data
Fig.2a,b).

Imaging also showed that treatment with VVD-133214 increased the
nuclearareaof HCT-116 cells by three- to fourfold when measured after
6 days, and thismorphological change required only 24 h treatment fol-
lowed by compound washout (Fig. 3e,h,j). A similar, albeit less robust,
response was seen in LoVo cells (Extended Data Fig. 2a,c). Increases
in nuclear area have also been reported following genetic perturba-
tion of WRN or in cells expressing helicase-dead WRN mutants®*?,
These changes in nuclear size are more consistent with a senescent
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phenotype? than an apoptotic effect (Extended Data Fig. 3a-d) and
were also observed with etoposide? and radiation treatment?, suggest-
ing commonalities in the downstream molecular mechanismsleading
to cell death, such asinduction of dsDNA breaks and widespread loss
of chromosomal integrity.

DNA damage and G2 arrest in MSI-H cells

WRN is required for unwinding problematic DNA structures found in
MSI-H cells, and the loss of WRN during cell replication leads to dsSDNA
breaks and theinitiation of a DNArepair response'>. Treatment of MSI-H
SW48 cells with VVD-133214 for 24-48 hled to the appearance of comet
tails and loss of intact chromosomes, both of which are indicative of
DNA damage (Fig. 4a,b). In addition, 96 h VVD-133214 treatment of
MSI-H RKO and HCT-116 cells, but not of MSS SW480 cells, caused a
three- to fivefold induction of phospho-H2AX, consistent with the
induction of dsDNA breaks®following loss of WRN expression?* (Fig. 4c
and Extended DataFig. 4a). Similarly, concentration-dependent induc-
tion of other DNA damage responses, such as phospho-p53 (p-p53),
total p53 and p21, were noted in VVD-133214-treated MSI-H HCT-116
and LoVo cells, but not in MSS SW480 cells (Fig. 4d and Extended
DataFigs. 3e-g and 4b-d). The selective induction of DNA damage
in MSI-H cell lines by VVD-133214 was also associated with strong G2
arrest, as evidenced by an increase in 4 N DNA content and a reduc-
tionin cells entering S-phase and mitosis (Fig. 4e-iand Extended Data
Fig. 3h-k).

Interestingly, WRN protein levels were also reduced by VVD-133214
inaconcentration-dependent manner by as much as 89%in MSI-H cells
but not in MSS cells (Fig. 4d and Extended Data Figs. 3m-o and 4e,f).
Loss of WRNin the presence of VVD-133214 was inhibited by the protea-
some inhibitor bortezomib and was not impacted by cycloheximide,
suggesting direct loss of protein rather than altered transcription or
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Fig. 5| Pharmacokinetics/pharmacodynamics and tumour growth
inhibitionin MSI-H colorectal cancer xenograft models. a-h, VVD-133214
was dosed dailyat2.5,5,10 or 20 mg kg viaoral administration for 4 days.
Tissues were collected at 2 and 24 hfollowing the last dose (n =4 per group).
a,Plasma exposures of VVD-133214 at 2 or 24 h after the last dose. Grey horizonal
dashed linesindicate plasmaconcentrations equivalent toin vitro Gls,and Gly,
of VVD-133214-treated HCT-116 cells (uncorrected for plasma protein binding).
b,c, WRN C727 engagement in HCT-116 xenograft tumour (b) and C691
engagementin mouse spleen (c), as measured by mass spectrometry. Average

translation (Extended Data Figs. 4g and 3l). We considered that loss of
WRN could have resulted from VVD-133214-induced cell cycle arrest,
butno cell cycle-related changes in WRN expression were observed in
nocodazole-synchronized HCT-116 cells (Extended Data Fig. 4h). We did
find that at least some of the loss of WRN in VVD-133214-treated cells
could be attributed to a general DNA damage response mechanism,
because the DNA damage-inducing agent etoposide likewise decreased
WRN contentin both MSI-H and MSS cells (Fig. 4d and Extended Data
Figs.3m-o and 4f).

VVD-133214 inhibits WRN in vivo

Given the robust in vitro activity observed in MSI-H cell lines, we pro-
gressed toin vivo studiesin tumour-bearing mice. Once-daily oral treat-
mentwith VVD-133214 at 5 mg kg’ or higher resulted innear-complete
target engagement within the tumour (approximately 95%) and plasma
exposures that were maintained above in vitro 50% growth inhibition
(Gls,) (0.066 pM in HCT-116 cells) for at least 8 h (Fig. 5a,b). By 24 h
post dosing, clearance-mediated reductions in compound exposure,
combined with WRN proteinresynthesis (13 hin vitro protein half-life),
reduced WRN engagement levels to 60-70% at all doses (Fig. 5b). Simi-
lar to observations made in vitro, protein abundance of WRN within
tumours was consistently decreased in treated mice (Fig. 5d) and this
appeared to be dependent on MSI-H status because there was no change

440 | Nature | Vol 629 | 9 May 2024

probelabellingin vehicle-treated animals was defined as100%. d, Total WRN
proteinintumourand spleen as measured by mass spectrometry. e, Simple
immunoblot analysis for p-p53 (Serl5) and p21in tumours 24 h following the
last dose. f-h, Growth was measured for WT HCT-116 (f), HCT-116 WRN C727A (g)
and SW620 (MSS) tumours (h) in female homozygous Foxnl <nu>mice

dosed orally with 2.5,5,10 or 20 mg kg VVD-133214 every day for 3 weeks
(n=8pergroup). Datashown as means + s.e.m.and were analysed by one-way
ANOVA,*P<0.05,**P<0.01, ***P<0.001, ****P< 0.0001.

inmouse WRN protein abundancein the spleen, despite high levels of
WRN engagement in this tissue (equivalent cysteine in mouse WRN is
C691) (Fig. 5¢c,d)

Tumours were also assessed for markers of DNA damage following
the last dose of VVD-113214. P-p53 levels increased by between seven-
and 12-fold and P21 protein levelsincreased by two- to threefold across
VVD-133214 doses of 5,10 and 20 mg kg relative to vehicle treatment
(Fig. 5e and Extended Data Fig. 5a—c), with no significant difference
between the 10 and 20 mg kg™ dose groups. These data suggest that
daily dosing with 10-20 mg kg™ VVD-133214 is sufficient to induce
near-maximal WRN C727 engagement and DNA damage responses in
mice bearing MSI-H xenografts.

VVD-133214 causes MSI-H tumour regression

In mice, once-daily oral administration of VVD-133214 for 3 weeks
resulted in dose-dependent inhibition of MSI-H HCT-116 tumour
xenograft growth (Fig. 5f) without impacting body mass (Extended
DataFig.5d). The two lower doses resulted in varying levels of tumour
growth inhibition (up to 93%) whereas the 10 or 20 mg kg™ day ' doses
demonstrated 51 and 61% tumour regression, respectively (Fig. 5f),
consistent with near-maximal levels of target engagement, DNA
damage marker induction and WRN protein loss (50-60%) achieved
with the 10 mg kg™ day™ dose (Fig. 5e and Extended Data Fig. 5c).
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Fig.6|VVD-133214 inhibits tumour growthin MSI-H PDX models.

a-d, Micebearing MSI-H colorectal cancer PDXs were dosed orally with either
VVD-133214 or vehicle daily (n =5 per group). a, Average percentage change
frombaseline in tumour volume at study end. b-d, Spider plots of CTG-0092
PDX model (b) and immunotherapy-refractory PDX models CTAX-087 (c) and
CTAX-127 (d). Mice were dosed orally with either VVD-133214 or vehicle daily
(n=10pergroup).CR, complete response. Dataare shown as means +s.e.m.
and were analysed by two-way ANOVA with Tukey’s multiple-comparison test,
***p<0.0001.

Similar tumour growth-inhibitory effects were observed for VVD-133214
inadditional MSI-H xenograft models LoVo and SW48 (Extended Data
Fig.5e,f). By contrast, VVD-133214 did not affect tumour growth rates
of HCT-116 xenografts expressing a C727A WRN mutant (Fig. 5g), or of
MSS xenografts SW620 (Fig. 5h) and SW480 (Extended Data Fig. 5g).
The absence of any tumour growth-inhibitory effectin MSS xenografts
correlates with unchanged markers of DNA damage (Extended Data
Fig.5h). These data provide compelling evidence that covalent inhibi-
tion of WRN leads to robust tumour growth inhibition in preclinical
models of MSI-H cancer.

Patient-derived xenograft (PDX) models have gained tractionin the
evaluation of preclinical drugs due to the retention of genetic signa-
tures from patients, heterogeneity within tumours and the develop-
ment of resistance to therapies in the clinic?. Accordingly, we tested
VVD-133214 in a panel of seven different MSI-H colorectal cancer PDX
models (Extended Data Fig. 6a). Daily treatment with oral dosing of
VVD-133214 at 20 mg kg™ was successful at reducing tumour burdenin
six of the seven models (Fig. 6a,b and Extended Data Fig. 6¢-h). CTG-
0092 was an exemplary model, with all mice demonstrating tumour
regression and three of five mice showing acomplete response by study
end (Fig. 6b). Itis noteworthy that complete responses were observed
onlyin models with p53 mutations (CTG-0092, CTG-0117, CTG-0978),
whereas a lower frequency of MSI burden might explain the absence
of response in CTG-0067.

Theclinical standard of care for MSI-H colorectal cancer is either sur-
gery,chemotherapy (FOLFOX, FOLFIRI or CAPEOX), targeted therapy
(anti-vascular endothelial growth factor: bevacizumab, ziv-aflibercept,
ramucirumab or anti-epidermal growth factor receptor: cetuximab or
panitumumab) orimmunotherapy (pembrolizumab or nivolumab)*.
WRN inhibitors are likely to be used clinically in patients who have
failedimmunotherapy, and previous work has demonstrated that WRN

knockdownis effective in PDX models from patient samples refractory
toimmunotherapy?. We therefore tested VVD-133214 in two different
PDX models established from the same patient at different stages of
treatment: (1) following surgery and FOLFOX treatment (CTAX-087)
and (2) later, following the development ofimmunotherapy resistance
(CTAX-127; Extended Data Fig. 6b). VVD-133214 was effective in both
models, with the compound producing anabrupt cessation of tumour
growthstarting on days 7-10 that persisted until study termination on
day 23 (Fig. 6¢,d and Extended Data Fig. 6i,j). This profile resulted in
tumour growth inhibition of 72-75% for both pre- and postimmuno-
therapy tumour models, suggesting that VVD-133214 has the potential
to suppress tumour growth in patients with MSI-H colorectal cancers
that have become resistant toimmunotherapy.

Discussion

Thebody of work presented here demonstrates the utility of chemopro-
teomics for discovering and optimizing potent and selective covalent
drug candidates against challenging targets like WRN. Careful screen-
ing in both cell lysates and live cells, paired with biochemical assays,
led to the identification of nucleotide-cooperative WRN inhibitors
with a unique covalent allosteric mechanism of action. This class of
compounds stabilizes compact conformations of WRN lacking the
dynamic flexibility necessary for proper helicase function. Medici-
nal chemistry optimization furnished VVD-133214, a clinical-stage
compound, that precisely recapitulates the phenotype associated
with genetic loss of WRN in MSI-H cancer cells, including widespread
dsDNA breaks, nuclear swelling, compensatory DNA repair signalling,
G2/M cell cycle arrest and cell death. The synthetic lethality of WRN
inhibition in MSI-H cancers and the global selectivity of VVD-133214
aresupported by the absence of aresponse in MSS cells and in healthy
tissues from mice. Importantly, we found that WRNinhibition maintains
synthetic lethality in MSI-H tumour xenografts and PDXs, including
in one PDX derived from a patient with a history of resistance to both
standard-of-care chemotherapy and checkpoint inhibitors. These find-
ings highlight the potential for WRN inhibitionin addressing patients
with MSI-H cancer who have a high unmet need. In parallel with our
efforts, a separate group recently initiated a clinical trial in patients
with MSI-H using a WRN inhibitor®** and, based on a published patent
application®, that compound appears to be a reversible inhibitor.
Together with VVD-133214 (ref. 34), this presents a rare opportunity
to compare two small-molecule oncology drugs targeting the same
protein by different mechanisms, in the clinic at the same time. Barring
clinical development setbacks, this may also offer an opportunity in
the future to either sequentially or simultaneously treat patients with
both drugs to improve response rates and/or prevent the emergence
of drug-specific resistance.
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Methods

Compounds

VVD-133214 (also referred to as RO7589831) has a molecular weight of
437.46 g mol™ and was synthesized at WuXi (China); all batches had a
purity of over 99%. VVD-133214, etoposide (MP Biomedicals, catalogue
no.ICN19391883) and navitoclax (Selleck Chemical LLC, catalogue no.
50-849-6) were stored in DMSO in10 mM aliquots at room temperature.

Celllines

Celllines HCT-116 (ATCC, no. CCL-228), LoVo (ATCC, no. CCL-229), RKO
(ATCC, no.CRL-2577),SW48 (ATCC, no. CCL-231) and DLD-1(ATCC, no.
CCL-221) and SW480 tumour cells (ATCC, no. CCL-228) were authenti-
cated at ATCC using the short tandem repeat (STR) method, cultured
according to the manufacturer’s instructions and routinely tested
for mycoplasma. WRN C727 mutant HCT-116 cells were generated by
electroporation with Cas9 nuclease (Integrated DNA Technologies
(IDT), n0.1081059), CRISPR-Cas9 transactivating CRISPR RNA (IDT,
no.1072532) prehybridized to a CRISPR RNA (crRNA) targeting the
genomic region near the codon translating to C727 of the WRN gene,
and a 100 base pair DNA donor oligo spanning around 50 base pairs
upstream and downstream of the C727-encoding codon. Nucleofection
was completed using Lonza P3 Primary Cell 4D-Nucleofector X Kit S
(Lonza, no.V4XP-3032). The crRNA was designed using the CHOPCHOP
database (https://chopchop.cbu.uib.no/). Individual cell clones were
generated by limiting dilution and confirmed for C727A knock-in by
Sanger sequencing. Anindividual mutant clone with comparable WRN
expression and growth rate was selected for expansion.

Invitro target engagement assays

HCT-116, OCI-AML2,SW480 and DLD-1 cell pellets were lysed by probe
sonication in 20 ml of 1x Gibco DPBS. Protein concentration was nor-
malized with 500 pg of total protein aliquot to each well of a 96-well
plate. Lysates were treated with compound for 1 hand solvent-exposed
cysteines were labelled by the addition of an IAA probe (custom syn-
thesis, WuXi App Tec) for 1 h. Samples were treated with benzonase
nuclease (Millipore Sigma, catalogue no.70746-3) before acetone pre-
cipitation. Precipitated protein was resuspended in freshly made buffer
(9 Murea, 50 mMammoniumbicarbonate, 10 mM dithiothreitol (DTT)).
Samples were alkylated with IAA and desalted with Zeba desalting plates
(Thermo Fisher Scientific, catalogue no. 89807). Following digestion,
cysteine-containing peptides were captured using 5% high-capacity
streptavidin agarose. Eluted peptides were dried and resuspended in
3% acetonitrile and 0.1% formic acid for mass spectrometry analysis.
Engagement (at a given concentration) was measured twice (techni-
calreplicates) across afive-point TE;, curve. TE,, values were derived
from a single experiment for many compounds depicted in scatter
plotgraphs, whereas those for certain high-interest compounds were
derived from the average of multiple independent experiments.

Liquid chromatography-tandem mass spectrometry analysis

Probe-labelled peptides were concentrated onto an Acclaim Pep-
Map100 C18 loading column (Thermo Fisher Scientific, catalogue
no. DX164564;100 um x 2 cm, 5 um particle size) and separated on a
custom-made C18 nanoviper analytical column (75 pm x 15c¢m, 2 pum
particle size) using a Dionex Ultimate 3000 nanoliquid chromatog-
raphy apparatus (Thermo Fisher Scientific). Peptides were separated
using a12.7 min gradient from 6 to 32.5% solvent B (96.4% acetoni-
trile, 3.5% DMSO (Pierce, catalogue no. 20688) and 0.1% formic acid)
mixed with solvent B (96.4% water, 3.5% DMSO, 0.1% formic acid).
Peptides were analysed by parallel reaction monitoring (PRM) mass
spectrometry using production scan mode ona Thermo Exploris 120
orbitrap mass spectrometer. Precursor ions were fragmented and
measured using anormalized collision energy of 25%, 0.7 m/z Ql reso-
lution, 30,000 orbitrap resolution, 70% reimagined focus lens and

customized normalized automatic gain control target (percentage)
in positive-polarity mode. This was a scheduled method, with 1.2 min
windows and dynamic injection time mode with a minimum of seven
points across the peak.

Target engagement (WRN C727) was measured by monitoring the
peptide NPQITC*TGFDRPNLYLEVR (854.1162 m/z). Additional peptides
were measured to quantify total WRN protein levels, in addition to
other peptides not impacted by WRN inhibition, to ensure that only
WRN inhibition-related peptides had changed. Retention time standard
peptides were also included in the method and were used for global
normalization.

Mass spectrometry data were analysed using a Skyline V21.2.0.369
(MacCoss Lab, University of Washington). Peptide quantification
was performed by summing of peak areas corresponding to between
three and six fragment ions, which were preselected from a refer-
ence spectral library. Endogenous reference peptides were used to
normalize for sample variability. Percentage target engagement for
each peptide was determined by comparison of average peptide AUC
obtained from each compound-exposed sample with that of the control
(DMSO-exposed) sample. Target engagement was measured as aloss
of the C727-containing peptide signal.

Invitro determination of WRN protein half-life

HCT-116 cells were passaged at least twice in RPMI medium (Thermo
Fisher Scientific, catalogue no. 88365) with 10% dialysed fetal bovine
serum (Thermo Fisher Scientific, catalogue no.26400044) and pre-
pared for stableisotope labelling by amino acidsin cell culture supple-
mented with light L-arginine (Sigma-Aldrich, catalogue no. L5501-5G)
and L-lysine (Sigma-Aldrich, catalogue no. L5501-5G). Cells were split
1:4 from an 80% confluent flask into four new flasks for assessment at
0,2, 6 and 24 h. Heavy stable isotope labelling by amino acid RPMI,
supplemented with10% dialysed fetal bovine serum, heavy L-arginine
(+10 Da, FW 220.59; Sigma-Aldrich, catalogue no. 608033) and heavy
L-lysine (+8 Da, FW190.59; Sigma-Aldrich, catalogue no. 608041), was
firstadded to the 24 hflask and, the following day, to the 2 and 6 h flasks
to synchronize cell harvesting. Light medium was decanted and cells
wererinsed with Gibco DPBS (catalogue no.14190-136) before changing
the medium. Cells were detached from the plate using TrypLE Express
Enzyme (Thermo Fisher Scientific, catalogue no.12605010) and cen-
trifuged at 500g for 5 min. Trypsinized cells were washed twice with
PBS and cell pellets stored at—80 °C until processing. Lysates were pro-
cessed as described for chemoproteomic analysis with cysteine probe
enrichment and measured by PRM. The heavy-labelled and endogenous
versions of the following WRN peptides were used to determine the
level of heavy amino acid incorporation, which is used to calculate
WRN half-life: ANTESQSLILQANEELCPK (1206.6256 and 1210.6327 m/z),
LYSYKPCDK (480.9234 and 486.2662 m/z), CAVEER (515.771 and
520.7752 m/z), SLCFQYPPVYVGK (912.9895 and 916.9966 m/z) and
NPQITCTGFDRPNLYLEVR (854.1162 and 860.7884 m/z). WRN half-life
was determined by first calculating protein decay rate (K,,) and then
applying the formula 7, =log.2/K,, (ref. 36).

Helicase activity assay

The helicase assay was adapted from a published protocol®””. Human
WRN constructs (ATPase domain) (hWRN>3*°*8 C946S), Helicase
Core (hWRN>P19%) Helicase Core w/ HRDC (WWRN*72%) or Full
Length (1-1,432), C727A-mutant hWRN (hWRN C727A517124),
human BLM (hBLM) (hBLM®**'?%%) or mouse WRN (mWRN, WT
mWRN*¢122) were diluted in assay buffer (50 mM Tris-HCI pH 7.5,
2 mM MgCl,, 100 mM NacCl, 0.01% Tween-20, 0.0025 U mI™ poly
deoxyinosinic-deoxycytidylic acid sodium salt, 0.003% bovine
serum albumin (BSA), 1 mM DTT), with or without 0.2 mM ATP and
with or without 1 mM DTT, and plated in the assay plate (10 pl per
well). Proteins were preincubated with VVD-133214 (11-point dose—
response, 0-50 pM, threefold serial dilutions, 0.5% DMSQO) at room
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temperature for 30 min. The reaction was initiated by the addition
of a10 pl per well mixture containing ATP, the DNA-capturing strand
(GAACGAACACATCGGGTACG) and the TAMRA-labelled DNA duplex
DNA OLIGOA-BHQ2: TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTC
GTACCCGATGTGTTCGTTC/BHQ2, OLIGOB-TAMRA: TAMRA/GA
ACGAACACATCGGGTACGTTTTTTTTTTTTTTTTTTITTTTITTITTTITTT.
After 30 min, endpoint measurement of fluorescence was performed
(ex./em. 535/585 nm, CLARIOstar (BMG Labtech)). Activity was nor-
malized to no-enzyme negative controls (0%) and to DMSO-treated
positive control (100%). The reference compound NSC 617145 (Tocris,
no. 5340), a non-specific helicase inhibitor, was used as a control for
inhibition. Unless otherwise specified, all results were derived froma
representative experiment with two technical replicates.

WRN ATPase activity assay

WT hWRN (hWRN*®27) was diluted in assay buffer (50 mM Tris-HCI
pH 7.5,2 mMMgCl,,100 mM Nacl, 0.01% Tween-20,0.0025 U mI™ poly
deoxyinosinic-deoxycytidylic acid sodiumsalt, 0.003% BSA,1 mM DTT)
with or without 50 pM ADP and plated in the assay plate (10 pl per well).
WRN was preincubated with VVD-133214 (11-point dose-response,
0-50 pM, threefold serial dilutions, 0.5% DMSO) at room temperature
for30 min. The reaction wasinitiated by the addition of a10 pl per well
mixture containing ATP with or without the DNA-capturing strand
(GAACGAACACATCGGGTACG) and the TAMRA-labelled DNA duplex
DNA. After 30 min the reaction was quenched with the addition of
Biomol Green (Fisher,no. NC0007114) with10 uM EDTA, incubated for
15 minatroomtemperature and an endpoint measurement of absorb-
anceat 630 nmwas performed (CLARIOstar, BMG Labtech). Activity was
normalized to no-enzyme negative controls (0%) and to DMSO-treated
positive control (100%).

WRN DNA HTRF assay

WThWRN (hWRN**27) was diluted with assay buffer (50 mM Tris-HCI
pH7.5,2 mM MgCl,, 100 mM NaCl, 0.01% Tween-20) with or without
50 uM ADP and plated in the assay plate (10 pl per well). Protein was
then preincubated with either VVD-133214 (11-point dose-response,
0-50 pM, threefold serial dilutions, 0.5% DMSO) at room tempera-
ture for 30 min. The reaction was initiated by the addition of a10 pl
per well mixture containing biotinylated duplex DNA OLIGOA-BHQ2:
TTTTTTTTTTTTTTTTITTTTTTTTTTTTTTCGTACCCGATGTGTTCGT
TC, OLIGOB-biotin: TAMRA/GAACGAACACATCGGGTACGTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTT. The final concentrations of WRN
and biotinylated DNA were 5 and 20 nM, respectively. After 30 min,
endpoint measurement of homogenous time-resolved fluorescence
(HTRF) was performed (Pherostar, BMG Labtech). Activity was nor-
malized to no-enzyme negative controls (0%) and to DMSO-treated
positive control (100%).

Recombinant protein expression and purification

Human WRN (residues 517-945 for crystallization and 519-1,227 for
biochemical experiments) and mouse WRN (486-1,232) were fused
to a C-terminal prescission-cleavable GFP-8xHis tag. The C727A vari-
ant of human WRN was expressed as for an N-terminal 8xHis-SUMO
fusion with a TEV cleavage site. All WRN constructs synthesized and
cloned at Genscript were expressed recombinantly in Sf9 insect cells. All
constructs were purified ina similar manner using the following steps,
all performed at 4 °C. Briefly, cells were suspended in 50 mM Tris/HCI
pH 8.5,2 MNacCl, 0.5 mM TCEP,10 mM MgCl,, 5% (v/v) glyceroland 5 mM
ADP supplemented with protease inhibitors, diisopropyl fluorophos-
phates and Benzonase, and were disrupted in a microfluidizer. Protein
was bound to Ni>*-NTA His Bind Superflowresin followed by cleavage
ofthe GFP tagwith HRV 3 C protease in 50 mM Tris/HCIpH 7.0, 0.35 M
NacCl, 0.5 mM TCEP, 5% (v/v) glycerol and ion exchange chromatogra-
phy oneitheraToyoScreensulfate-650F or heparin column, with final
size exclusion on a Superdex S200 columnin 20 mM Tris/HCI pH 7.5,

350 mMNacCl, 0.25 mM TCEP and 2.5% glycerol. Human Bloom helicase
(hBLM®*¢"128 N-6His-SUMO-Avi-TEV) was expressed in Escherichia coli
and purified as outlined below. Briefly, cells were suspended in 50 mM
Tris/HCIpH 8.0,2 MNaCl,2 mM TCEP, 10 mM MgCl,, 10% (v/v) glycerol
and 20 mM imidazole, supplemented with Roche EDTA-free tablets
(1/50 ml) and Benzonase 1:10,000 and disrupted in a microfluidizer.
Protein was bound to a HisTrap column following washing of bound
protein with reduced NaCl (300 mM) in the presence of 0.35% Chaps;
proteinwas thenelutedinanimidazole gradient and pooled fractions
cleaved with SUMO-protease overnight at 4 °C. Following concentra-
tion, final size exclusion was performed on a S200 HiLoad columnin
20 mM Tris/HCI pH 8.0,300 mM NaCl, 2 mM TCEP and 10% glycerol.

Crystallization, data collection and structure determination
Protein solution was prepared by mixing 44 uM WRN>7"** with final
concentrations of 3mM ADP and 6 mM MgCl, with or without threefold
molar excess of inhibitor. Following incubation for 60 min, the complex
was concentrated using an Amicon Ultra-4 centrifugation unit (Merck
Millipore, 30 MWCO, RC) to a final concentration of 100 pM. Crystals
of the AWWRN*”"**—inhibitor complex were obtained after 4 days at
293 K in the sitting drop vapour diffusion format by mixing 0.1 pl of
proteinsolution, 0.08 pl of reservoir solutionand 0.02 pl of seed solu-
tion. The best-diffracting complex crystals were crystallized from 20%
(w/v) PEG 3350, 0.2 MNaNO; and 0.1 M Bis-Tris propane/NaOH pH 6.5
(crystals were also obtained under other conditions with anions and
over the pHrange 6.5-8.5). The best-diffracting crystals of hWRN®7 %4
with ADP were obtained after 1 day at 277 K in the sitting drop vapour
diffusion format by mixing 0.14 pl of protein solution, 0.04 pl of reser-
voir solutionand 0.02 pl of seed solution. The reservoir solution com-
prised 2.7% (v/v) Jeffamine T-403,13.6% (v/v) pentaerythritol ethoxylate
(15/4 EO/OH), 0.18 M potassium acetate, 0.4 mM CdCl,, 0.4 mM CoCl,,
0.4 mM CucCl,, 0.4 mM NiCl,,2 mMHEPES/HCI pH 6.8 and 91 mM MES/
NaOH pH 6.0 (crystals were also obtained under other conditions and
at 293 K). Crystals of hWRN>7"°* with ATP were obtained after 1 day
at 277 K in the sitting drop vapour diffusion format by mixing 0.11 pl
of protein solution, 0.02 pl of reservoir solution and 0.02 pl of seed
solution, and were crystallized from 10% (w/v) PEG 8000, 0.2 M NaCl
and 0.1 M sodium/potassium phosphate pH 6.2. Seeds were always
prepared using Seed Beads with hWRN*7"**° crystals grown in 20%
(v/v) ethylene glycol, 11% (w/v) PEG 8000, 80 mM MES/NaOH pH 6.5
and 80 mM imidazole. Initial crystals for seeding grew at 277 K from
15% (v/v) pentaerythritol ethoxylate (15/4 EO/OH), 3% (v/v) Jeffamine
T-403,0.2 MKOAc and 0.1 M MES/NaOH pH 6.0. Crystals were dipped
in paraffin oil and vitrified by hyperquenching in liquid nitrogen.
Data were collected from a single crystal per complex at 100 K at
the Swiss Light Source beamline PX-1l on an EIGER2-16M detector
with X-rays of 1 A wavelength and 0.25° oscillation. Intensities were
integrated with XDS, scaled with AIMLESS and treated for anisotropy
using STARANISO (GlobalPhasing, Ltd). High-resolution limits for
datawere selected based on signal to noise (//o(/) 1) and correlation
coefficient at half-dataset (CC,,) = 0.3 in the outer shell. Phases were
generated by molecular replacement with PHASER using an in-house
WRN search model without ligand. Models were rebuilt in Coot and
refined with Phenix using individual and TLS (translation, libration,
screw-rotation) protocols for B values. Weights for B values, protein
geometry and bulk solvent mask were optimized automatically during
refinement. The final structures contained one molecule per asym-
metric unit. Data collection and refinement statistics were calculated
using phenix.table_one (Extended Data Table 2), with standard distri-
butions for Ramachandran and Molprobity assessment taken from
the Top8000 database of high-resolution protein structures. Pymol
was used to superimpose coordinates and render figures. The VVD-
133214/ADP (7GQU), ATP (7GQT) and ADP (7GQS) structures have 97.8,
97.8 and 98.1%, respectively, of all residues in the favoured regions of
the Ramachandran plot, with the remainder in the allowed regions.



NoRamachandran outliers were present in any of the three crystal struc-
tures. Pymol was used to superimpose coordinates and render figures.

Intact protein mass spectrometry and rate determination

To observe covalent ligand engagement of recombinant WRN, samples
were analysed following formic acid quenching on an Agilent LC1290
Infinity Ilinstrument coupled to a 6545 QTOF liquid chromatography-
mass spectrometer (Agilent Technologies). A sample volume of 15 pl,
equivalent to approximately 1.5 pmol of WRN protein, was injected.
The proteinwas desalted and separated on an AERIS 3.6-puM-wide-bore
XB-C8liquid chromatography column (50 x 2.1 mm?, Phenomenex) at
60 °C at a flow rate of 0.5 ml min™. Liquid chromatography solvent A
comprised 0.1% formic acid in 99.9% water, and solvent B was 0.1%
formicacidin99.9% acetonitrile. The columnwas equilibratedin10% B
for30 s, followed by a3.5 mingradient from10 to 70% B to separate the
analytes. Thiswas followed by a15 s gradient from 70 t0 95% B, a15 s gra-
dientfrom95t010% B, a15 sgradientfrom10to 95% BandfinallyalSs
gradientfrom 95t010% B to clean the columnbefore re-equilibration.
Mass spectra were acquired from 700 to 1,700 Da at a resolution of
25,000. A Dual Agilent Jet Stream Electrospray lonization Source was
used for ionization. The gas temperature was set to 325 °C, with a flow
rate of 10  min™. The nebulizer was set to 45 pounds per square inch
and sheath gas temperature and flow were set to 375 °C and 12 | min™,
respectively. One spectrum was acquired per second with a collision
energy of 10 V. The capillary voltage was set to 5,000 V and the noz-
zle voltage to 2,000 V. The fragmenter, skimmer and octopole radio
frequency (RF) peaks were set at 250, 65 and 750 V, respectively. The
resulting data files were deconvoluted to protein masses using Agi-
lent MassHunter BioConfirm Software, v.11.0. The biomolecule table
containing proteinmass and peak intensities was used to quantify the
percentage of compound modification relative to the unmodified
protein peak, by dividing modified protein intensity by the sum of the
unmodified and modified protein intensities. k,,/[/] was calculated
using assumptions for pseudo-first-order reaction kinetics (d(VVD-
133214)/dt = -k x (VVD-133214), (VVD-133214),= (VVD-133214),, x e X
and averaged for each inhibitor concentration; k., was determined
by dividing these values by (/) for each concentration.

GSH reactivity assay

Inbrief, glutathione (GSH) was diluted to a final concentration of 50 pM
inbuffer comprising 0.1 M Tris pH 8.8 and 30% acetonitrile. In triplicate,
100 pl of GSH solution was added to a clear 384-well plate (Greiner,
no. 781101). Next, 5 pl of 10 mM electrophilic compounds was added
to the GSH solution to achieve a final concentration of 500 pM and
the reaction was incubated for the 2 and 6 h time points at room tem-
perature; 5 pl of 100 mM Ellman’s reagent was thenadded to the plate
and absorbanceread at 440 nm. The concentration of GSH remaining
was derived from a standard curve, and observed rate (k,,,/(/)) was
calculated assuming pseudo-first-order reaction kinetics from the
following equations: d(GSH)/dt =—k x (GSH), (GSH), = (GSH),, x e X).

CTG assay
HCT-116, SW480 and HCT-116 WRN C727A mutant cells were seeded
overnight in 384-well plates at 500-1,000 cells per well in complete
media. Compound dilutions were then added to the remaining cellsin
al:3,ten-point dose-response format startingat 100 uM. At the end of
the 5 day incubation period, CTG 2.0 reagent was added to each well.
Luminescence was read on a Clariostar plate reader (BMG Labtech).
Relative growth was calculated by normalizing the growth of
compound-treated cells to that of DMSO-treated cells using the fol-
lowing equation: (treatment¢; - ¢,)/(DMSO; - t,,)) X100, where t;rep-
resents cell viability after 5 days of treatment and ¢, represents cell
viability before treatment. The concentrations required to reach Gly,
and Gl are reported. Unless otherwise specified, all figures were
derived from arepresentative experiment with two technical replicates.

High-content nuclear count assay

All experiments were initiated by seeding HCT-116, SW48, LoVo and
SW480 cells in a 384-well plate at 3,000 cells per well in complete
media. Cells were incubated with either (1) VVD-133214 dilutions in
alzlog, ten-point dose-response format starting at 20 pM, in dupli-
cate, at 37 °C and 5% CO, for 5 days; (2) 2 uM VVD-133214 at 37 °C
and 5% CO,for 2,4, 6,9,12,16, 19, 23, 30 or 37 days; or (3) 2 uM VVD-
133214 at 37 °C and 5% CO, for 2, 8, 24, 48 or 72 h, then washed twice
with the appropriate medium and then were allowed to grow for
the remainder of the 144 h time point in the absence of VVD-133214.
Cells were fixed with room-temperature (25 °C) methanol for 5 min.
The wells were then washed twice with PBS and incubated with Hoe-
chst 33342 (Thermo Fisher Scientific, catalogue no. 62249), diluted
1:5,000 in PBS + 0.1% Tween-20 at room temperature for 5 min and
fluorescence was read onan Operetta CLS (PerkinElmer). Fixed-time
point, dose-response experiments were run with four technical
replicates; time course experiments were run with eight technical
replicates.

Comet assay

SW48 cells (3% 10°) were treated with 1 uM VVD-133214 for48 hina
12-well dish. Cells were harvested with TrypLE (Thermo Fisher Scien-
tific, n0.12605019) and resuspended to 1x 10° cells mI™ in PBS. This
was followed by 1:10 dilution in low-melting-point agarose, with 50 pl
spotted onto the comet slide (R&D Systems, no. 4250-050-K). Aga-
rose was polymerized at 4 °C for 10 min, followed by 30 min incuba-
tioninice-cold lysis solution. Slides were then electrophoresed in
ice-cold 0.5 M Tris (Thermo Fisher Scientific, no.17926) and 1.5 M
sodium acetate (Thermo Fisher Scientific, no.J66397.36) for 40 min
at21V.DNAwas precipitated ar room temperature in 70% ethanol and
300 mM ammonium acetate (Thermo Fisher Scientific, no. AM9071)
for 5 min. Slides were dried at 37 °C for 20 min, followed by the addition
of 1x SYBR-Gold (Thermo Fisher Scientific, no. S11494). Images were
acquired on an Operetta CLS (Alexa 488 channel). Figures depict a
single representative run.

Metaphase spreads

Metaphase spreads were performed on SW48 cells as previously
described’. Briefly, following 42 hincubation with 125 nM VVD-133214,
cells were treated with 1.5 pM nocadozole and 1 mM caffeine for 6 h.
Cells were trypsinized, washed in PBS and placed in a prewarmed,
hypotonic 50 mM KCl solution supplemented with 15 mM HEPES for
30 minat 37 °C.Before cell pelleting, 1 ml of ice-cold Carnoy’s solution
(3:1, MeOH:AcOH) was added to the KCl solution to stabilize metaphase
spreads. Samples were then resuspended and fixed in10 ml ofice-cold
Carnoy’s solution for 1 h at room temperature. Cell suspensions were
dropped from a height of approximately 60 cm onto slides, stained
with Hoechst 33342, mounted in Invitrogen ProLong Gold antifade
reagent (catalogue no. P36934) and visualized with a TissueFAXS SL
Slide Scanner (TissueGnostics). Images were captured at x100. Figures
depict asingle representative run.

Phospho-H2AX immunofluorescence

HCT-116, RKO or SW480 cells were seeded on 384-well plates at
2,500-20,000 cells per well forincubation with VVD-133214 ina dose-
response format starting at either 10 or 20 uM. Cells were fixed and
permeabilized with 60 pl of ice-cold 100% methanol. They were then
visualized with anti-phospho-H2AX antibody (1:50; Novus Biologics,
catalogue no.NB100-74435) and goat anti-mouse secondary antibody
conjugated to Alexa Fluor 488 (1:50; Thermo Fisher Scientific, cata-
logue no. A-32723), and nuclei were visualized with Hoechst 33342.
Fluorescence was read on an Operetta CLS apparatus (PerkinElmer).
Experiments were conducted with two technical replicates, with graphs
depicting a single representative run.
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Simple Westernimmunoblotting

HCT-116, LoVo or SW480 cells were seeded at 100,000 cells per
well on 96-well, tissue culture-treated plates. VVD-133214 was then
either (1) added tocellsat2 uMfor 2, 8,24,48 or 72 hor (2) usedina
five-point-dilution dose-response format starting at 4 uM for 24 h.
Cellswerelysedin Pierce IP lysis buffer (Thermo Fisher Scientific, cata-
logue no. 87788) containing HALT protease and phosphatase inhibitor
cocktail (1:100; Thermo Fisher Scientific, catalogue no. 78446),1 mM
MgSO, (Sigma-Aldrich, catalogue no. M2643) and benzonase nuclease
(1:100; Millipore Sigma, catalogue no. 70746). Protein concentration
was determined using a Pierce bicinchoninic acid (BCA) protein assay
kit (Thermo Fisher Scientific, catalogue no. 23227). Protein content
was then normalized to 1.0 pg pl™ in Pierce IP lysis buffer. Normal-
ized samples were used for Simple Western analysis using the Jess
instrument (Bio-techne, Protein Simple, Inc.) according to the user
guide forJess (P/NPL2-0004, Revision F). Samples were immunoblot-
ted with either anti-WRN (1:50; Cell Signaling Technology, catalogue
no. CST4666), anti-p53 (1:50; Cell Signaling Technology, catalogue
no. 9282), anti-phospho-p53 (1:50; Cell Signaling Technology, cata-
logue no. 9284 T), anti-a-tubulin (1:50; Cell Signaling Technology,
catalogueno. 2125 T) or anti-p21 (1:50; abcam, catalogue no. ab109520).
The secondary antibody was provided in either the Anti-Rabbit Detec-
tion Module Chemiluminescence package (Bio-Techne, catalogue no.
DM-001) or the Anti-Mouse Detection Module Chemiluminescence
package (Bio-Techne, catalogue no. DM-002). In vitro Simple Western
figures and quantitative graphs depict asingle representative experi-
ment, with each lane representing a single concentration of compound.

Cell cycle and flow cytometry

HCT-116, SW48 or SW480 (2 x 10°) cells were seeded on 10 cm platesin
10 mlof medium and allowed to adhere at 37 °C and 5% CO, overnight.
Cellswereincubated with either2 uM VVD-133214 (24,48 or 72 h),2 pM
etoposide (24 h) or DMSO (24 h). For compound dose-response experi-
ments, SW438 cells were incubated with either DMSO, 2 uM etoposide or
twofold serial dilutions of VVD-133214 in an eight-point, dose-response
format starting at 2 uM for 48 h. Cells were incubated with 10 pM EdU
(Invitrogen, catalogue no. A10044) at 37 °C and 5% CO, for 2 h before
harvesting.

Cells were harvested by trypsinization, washed, fixed in BD CytoFix
Fixation Buffer (Thermo Fisher Scientific, catalogue no. 554655) for
15 min, resuspendedin1 mlof1%BSAin1x PBS and stored at 4 °C until
all samples were collected.

A Click reaction cocktail was prepared according to calculations
from the Click-iT Plus Alexa Fluor 488 Picolyl Azide Toolkit (Invitrogen,
catalogue no. C10461). Samples were incubated in reaction cocktail
at 25 °C away from light for 30 min and then pelleted at 3,000 rpm
for 1 min. Supernatants were discarded and samples washed twice in
1% BSA and 0.1% Triton X-100 in 1x PBS. After washing, samples were
resuspendedin100 pl of 1% BSA and 0.1% Triton X-100 in1x PBS supple-
mented with phospho-Histone H3 (Ser10) rabbit monoclonal antibody
(Alexa Fluor 647 Conjugate; Cell Signaling Technology, catalogue no.
3458) atadilution of 1:100.

Samples were incubated at 25 °C away from light for 45 min and
then pelleted at 3,000 rpm for 1 min. After discarding supernatants,
cells were washed twice in 1% BSA and 0.1% Triton X-100 in 1x PBS and
resuspended in 100 pl of 1% BSA and 0.1% Triton X-100 in 1x PBS sup-
plemented with FxCycle Violet stain (Invitrogen, catalogue no. F10347)
atadilution of 1:1,000. Samples were incubated at 25 °C away from
light for 30 min and then analysed on a Beckman Coulter Cytoflex S
flow cytometer using the following laser gain settings: forward scat-
ter 10, side scatter 10, Pacific Blue Dye, V450 (no. PB450) 10, fluorescein
isothiocyanate 20, allophycocyanin 300. All flow cytometry data were
analysed by FlowJo software (v.10.8.1). The gating strategy for flow
cytometry analysis determining DNA content, EdU incorporation and

phospho-Histone H3 (Ser10) is outlined in Extended DataFig. 3k. Experi-
ments quantitating DNA content, run with two technical replicates
and 20,000 cells, were analysed per sample per experiment. Graphs
depicting EdU labelling and phospho-histone H3 (Ser10) staining depict
asingle sample per time point.

Apoptosis assay

HCT-116 and SW480 cells at 500 per well were plated in 384-well plates
(ThermoFisher Scientific, catalogue no. NC1758152). Cells were dosed
with serial dilutions of either VVD-133214 or navitoclax in the presence
ofbioluminescent annexin V detection reagent (Promegas, catalogue
no.JA1012). The assays were performed with compound incubation for
24,48 or 72 h according to the manufacturer’s instructions. Experi-
ments were conducted with two technical replicates, with graphs
depicting a single representative run that included assessments at
different time points.

Animal studies

Five-week-old female homozygous Foxnl <nu> mice were obtained
from Jackson Laboratories (catalogue no. 007850). Animals were
housed in Innovive disposable cages prefilled with sterile corncob
or ALPHA-dri bedding. Animals were provided ad libitum access to
irradiated Envigo Teklad 18% soy Rodent Diet 2920X and to prefilled,
sterilized water bottles. Mice were maintained on a12/12 h light/dark
cyclewithroomtemperature at24 + 3 °C and ambient relative humidity.
Animals were maintained inaccordance with the guidelines for the care
and use of laboratory animals as approved by the appropriate Institu-
tional Animal Care and Use Committees. All animal procedures were
conductedinafacility accredited by the Association for Assessmentand
Accreditation of Laboratory Animal Care. Studies were run at Vividion,
HD Bioscience (San Diego, CA) and Champions Oncology (Rockville,
MD) (PDX models) and at the Autonomous University of Barcelona. A
maximum tumour size of 2,000 mm?was permitted.

Following the acclimation period (3-7 days), each animal was
inoculated subcutaneously in the right lower flank with 10’ tumour
cells of 95% or greater viability in a1:1 mix of PBS and Matrigel (1:1 v/v;
Corning, catalogue no.356237). Animals were randomized into treat-
ment groups (n =4-8 per group) based on tumour size, with a mean
of roughly 150 mm?for randomization across all studies. Studies were
not blinded. The start of the study, where randomization and dosing
began, was designated as Day O.

VVD-133214 was formulated in 10% N-methyl-2-pyrrolidinone, 15%
Kolliphor EL, 1% Tween-20 and 14.8% hydroxy-propyl-beta-cyclodextrin
ataconcentration of 2 mg ml™. Mice were dosed orally via gavage with
either vehicle or VVD-133214 at 10 ml kg™, once daily for the study dura-
tion. Tumour measurements and body weights were obtained twice
weekly. Tumour size was measured in two dimensions using a digital
caliper, with volume expressed in cubic millimetres using the formula
V(mm?®) = (a x b*)/2,where aand b are the long and short diameters of
the tumour, respectively.

Following 2-6 weeks of treatment with either VVD-133214 or vehi-
cle, 150 pl of blood was collected under isoflurane anaesthesia via the
saphenous vein 30 min after the last dose, or terminal blood was col-
lected by cardiocentesis 2 h after the last dose; plasma, tumour and
spleen were frozen at —80 °C for further analysis.

Invivo sample preparation

Samples were lysed using Pierce radioimmunoprecipitation (RIPA)
buffer (Thermo Fisher Scientific, catalogue no. 89900) containing
HALT protease and phosphatase inhibitor cocktail, 1 mM MgSO, and
benzonase nuclease, and homogenized using aBead Millhomogenizer
(OMNIInternational, SKU19-042E). Following homogenization, sam-
pleswere centrifuged at4,000gand 4 °Cfor10 min. Following pelleting
ofinsoluble materials, supernatant was collected and protein concen-
tration determined using the Pierce BCA protein assay kit. The final



total protein concentration in each sample was normalized to1 mg mI™
using RIPA lysis buffer and was confirmed by BCA assay. Normalized
samples were used for Simple Western analysis using either the Jess
instrument (Bio-techne) or mass spectrometry target engagement.

Invivo target engagement

Target engagement (WRN_C691) in the spleen was measured by moni-
toring peptide DPQITCTGFDRPNLYLEVGRK (916.1497 m/z). Additional
peptides were measured to quantify total WRN, p21 and p53 protein
levelsin the tumour,in addition to measurement of other peptides not
impacted by WRNinhibition, to ensure that only WRN inhibition-related
peptides changed. Peak areas (AUCs) were quantified by integrating
the peaks of between four and six fragmentions per peptide and sum-
mingeach of their peak areas using Skyline (University of Washington,
MacCossLab) and normalized to aset of control peptides from highly
abundant proteins found in all samples.

Plasmalevels of VVD-133214

Calibrators were prepared using commercially available mouse
plasma with K,-EDTA as the anticoagulant. Frozen plasma samples
collected from the tumour growth study were thawed and extracted
using protein precipitation with acetonitrile containing internal
standard, followed by liquid chromatography-tandem mass spec-
trometry analysis. A Sciex 5500-QTRAP and a 6500-QTRAP linear ion
trap operated in positive-mode electrospray-APCl ionization with
detection by multiple-reaction monitoring were used for instrumen-
tal analysis. A Kinetex, biphenyl 2.1 x 50 mm?, 2.6 um (Phenomenex)
high-performance liquid chromatography column was used with a
gradient comprising water/0.1% formic acid (A) and acetonitrile/0.1%
formic acid (B, varying by 5-95%), at a flow rate of 0.65 ml min™and
with a total run time of 2.5 min.

Data and statistical analysis

All data were analysed using GraphPad Prism software v.9 to gener-
ate dose-response curves. All tumour volume and body mass data
were analysed by two-way ANOVA with post hoc analyses (Tukey’s
multiple-comparison test). Pharmacodynamic biomarker assessments
were analysed by one-way ANOVA. Data are presented as means + s.e.m.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The structural data have been deposited in wwPDB under IDs 7GQS,
7GQT and 7GQU. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium viathe PRIDE partner
repository* with the dataset identifier PXD046214. These data can
beaccessed with the following username (reviewer_pxd046214@ebi.
ac.uk) and password (5VPbwpt0). Proteomics analysis was performed
using the Homo sapiens (2016) and Mus musculus (2017) UniProt Fasta
databases. Source data are provided with this paper.
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Extended DataFig.1|Additional TEand helicase activity data. (a) Live cell
and lysate TE;,s for an off-target cysteine, TNFAIP3 C54 across all profiled
compoundsin WRN Type I (blue) and Type Il (red) inhibitor series. (b) Ratios of
hWRN122 helicase activity without/with 0.2 mM ATP during compound
preincubation period versus ratios of TEsysin lysates/live cells show that the
ATP-cooperative compounds are the same ones that show enhanced potencyin
live cells. (c) Global TMT cysteine profiling of VVD-127101. (d) Dose-response
curvesoftarget engagement (WRN C727) by VVD-133214 in 4 celllines: HCT-116
(gray circles), DLD-1(white squares), SW480 (black triangles),and OCI-AML2
(circles). The comparison between both lysate (black circles) and live cells
(white circles) isdemonstratedin the screeningline, OCI-AML2. (e) Evaluation
of VVD-133214 for inhibition of mouse WRN helicase (fragment 486-1232)
(MWRN*8¢1232) and (f) hBLM activity with- and without ATP during compound

preincubation period. (g) Lack of WRN helicase inhibition activity by a
non-covalent analog of VVD-133214, VVD-129448. (h) Reaction kinetics for
VVD-133214 were determined using intact protein mass spectrometry with
recombinant WRN. Therate of covalent modification of WRN was observed
over time with varying concentrations of inhibitor. Kobs/[I] was determined to
be 4848 M's™ (i) Forked DNA binding of hWRN*"*"?? in presence of VVD-133214
with-and without ADP preincubation via HTRF. (j) Lack of time-dependent
inhibition of WRN helicase activity by VVD-133214 after helicase reactionis
initiated. (i) Evaluation of VVD-133214 on helicase activity of several WRN
constructs (ATPase domain hWRN?3*948.¢%465 Helicase Core h(WRN10%
Helicase Core with HRDC domain hWRN**"2% and full length WRN hWRN!#3?),
Dataarepresented as means + SEM.
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Extended DataFig. 3 |See next page for caption.
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Extended DataFig. 3| Time course of p53 pathway activation, cell cycle
arrest, and apoptosis by VVD-133214. Time course of dose-response of
Navitoclax (a,c) or VVD-133214 (b,d) for apoptosis as measured by Real-time
Glo AnnexinV assay in MSI-high HCT-116 cells (a,b) or MSS SW480 cells (c,d).
DNA damage pathway activation time course assessed by Simple Western™
following 2 uM VVD-133214 treatment in MSI-High HCT-116 (e), MSI-high
LoVo (f), or MSS SW480 (g). Tubulin was used as a protein loading control.
Columnsrepresentindividual samples. Dose-response of VVD-133214 or
etoposideat2 puM after 48 hoftreatment for flow cytometry based cell cycle
assessmentof 2 Nand 4 NDNA contentin SW48 cells (h). (i) Percentage of cells
inS-phase by EdU labeling. (j) Percentage of cells in mitosis by phospho-histone

H3 (Ser10) staining. (k) Gating strategies for determining DNA content, EdU
incorporationand phospho-Histone H3 (Ser10). (I) Time course of cycloheximide
chasein HCT-116 cellsupon treatment with1 pM VVD214. WRN degradation
occurssimilarly inthe presence or absence of cycloheximide suggesting that
itisnot translationally mediated. Cyclin D1 was utilized as a marker for
cycloheximide activity (half-life of approximately 30 min). (m-0) HCT-116 cells
were synchronized for12 hwith 0.5 mM mimosine, washed out, treated with

2 UM VVD-133214,10 pM etoposide or DMSO and then analyzed over time for cell
cycle progression (flow cytometry) (m) and WRN protein expression (Simple
Western) (n). (0) Quantitation of the Simple Western data depictedin (n). Data
arepresented as means + SEM.
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Extended DataFig.4 | DNA damage and repair response in MSI-high cells.
(a) Representative images of phospho-H2AX (Ser139) in MSI-high RKO cells
with VVD-133214 or etoposide for 96 h. (b-e) Quantitation of Simple Western
datafromFig.4d showing effects of VVD-133214 treatment on phospho-p53
(Ser15) (b), total p53 (c), p21(d), and WRN (e) in HCT-116 (MSI), RKO (MSI), and
SW480 (MSS) cells. (f) Time course of compound-induced loss of WRN protein
inHCT-116 cells treated with VVD-133214 or Etoposide (western blot quantitation
normalized to tubulin expression; n=1). (g) Rescue of VVD-133214-induced loss

release (h) 1 Il 1
DMSO 1 uM WD-133214

of WRN proteininthe presence of 10 uM Bortezomib. Time points beyond

8 hcouldnotbe accurately assessed due to induction of apoptosis at later

time points when using Bortezomib in HCT-116 cells. (h) Kinetic analysis of
WRN proteinand mRNA levelsin Nocodazole synchronized HCT-116 cells
demonstratingthat WRN protein and mRNA are not cell cycle regulated

(n=4, technical replicates). Micrographs are representative of two independent
experiments with similar results.
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Extended DataFig. 5| Tumor growthinhibition and PD in colorectal cancer
xenograft modelsinmice.VVD-133214 was dosed dailyat 2.5, 5,10, or 20 mg/kg
viaoraladministration for 4 days. HCT-116 tumor tissue was collected at 2 or
24 hafterthelast dose (n =4 group) and p-p53 (Serl5) (a) and p21 (b) normalized
to tubulinwere quantified by Simple Western. Tumor growth was assessed in
female homozygous Foxnl <nu>mice dosed orally with 2.5, 5,10, or 20 mg/kg
VVD-133214 every day for 3 weeks and p-p53 (Serl5), p21,and WRN protein

levels were measured by Simple Western with tubulin as aloading control (c).
Treatmentdid notimpactbody-mass (d). Additional models (n = 4-8/group)
were tested for tumor growth inhibitionin miceincluding MSI-H LoVo (e) and
SW48 (f) and MSS SW480 (g). Markers of WRN inhibition were unchanged in
MSS SW480 xenografts (h). Data are means +/- SEM. Data were analyzed by
one-way ANOVA.



Model Tumor type Treatment history

Extended DataFig. 6 | Characterization of PDX models. (a) Description of
PDX models. TMB = tumor mutational burden. (b) History of treatment for
immunotherapy-refractory PDX model. (c-j) Spider plots of individual mice

bearing the indicated PDX models treated with once-daily oral dosing of
VVD-133214 at 20 mg/kg. CR =complete response.
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Extended Data Table 1| In vitro performance measures of VVD-133214

Assay Type

Measure + STD, replicate number

TEso in lysate, OCI-AML2

TEso in cell, OCI-AML2

kinact/Ki (ratio, 2nd order rate constant)
Kinact

Ki

GSH, kobs/[l]

0.58 £0.44 uM, n=6
0.065 +£0.033 uM, n=2
4848 M s

>0.15s"!

>15 uM

0.0245 M-1s""

1Cso hWRN>1%1227 helicase DNA unwinding [+ ATP preincubation]
1Cso hWRN>1%1227 helicase DNA unwinding [- ATP preincubation]

0.13 uM +0.015_uM, n=16
2.3 uM £0.39 pM, n=16

1Cs0 C727A hWRN?>1%-12%5 helicase DNA unwinding [+/- ATP preincubation] Not active

1Cso hBLM?>36-12%8 helicase DNA unwinding [+/- ATP preincubation] Not active

1Cso mMWRN“8¢-1232 helicase DNA unwinding [+ ATP preincubation] 0.093 uM, n=2

Glso in HCT-116 WT (MSI-H) 0.066 £0.007 pM, n=2
Glso in HCT-116_C727A (MSI-H) >20 pM, n=2

Glso in SW480 (MSS) >20 uM, n=2

Data are means +/- SEM.



Extended Data Table 2 | Data collection and refinement statistics

ADP ATP VVD-133214 + ADP
(7GQS) (7GQT) (7GQU)
Data collection
Space group P12:1 P12:1 P2,2:2,
Cell dimensions
a, b, c (A) 50.1, 90.1, 53.8 50.2,90.2, 54.0 46.3, 83.8, 119.6
o, [3, Y )] 90, 102.5, 90 90, 102.8, 90 90, 90, 90
Resolution (A)* 52.5-1.57 (1.69-1.57) 52.7-2.19 (2.34-2.19)  68.6-1.54 (1.65-1.54)
Rsym* 0.076 (1.171) 0.178 (1.187) 0.046 (0.862)
<l/o(l)>* 14.5 (1.5) 6.6 (1.3) 15.5 (1.4)
CCi2* 0.999 (0.581) 0.988 (0.451) 0.999 (0.723)
Completeness (%)* 92.1 (62.6) 88.5 (50.0) 94.8 (59.4)
Redundancy* 7.0(7.0) 4.2(3.8) 6.6 (6.5)
Refinement
Resolution (A) 48.9-1.57 52.7-2.213 43.1-1.54
No. unique reflections 44254 (661) 15145 (142) 57681 (651)
Rwork / Riree 0.1754 /0.2185 0.2048 / 0.2630 0.1795/0.2088
No. atoms
Protein 3435 3346 3392
Ligand/ion 39 34 95
Water 260 68 204
B-factors
Protein 36.13 41.81 39.46
Ligand/ion 41.79 37.6 29.12
Water 37.43 30.54 39.7
R.m.s. deviations
Bond lengths (A) 0.012 0.006 0.009
1.28 0.73 1.14

Bond angles (°)

*Values in parentheses are for highest-resolution shell. R-values® and CC,, (ref. 40) are defined as previously described.
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OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Compass V6 was used for Jess Western data collection (Bio-Techne). CytExpert V2.6 was used for flow cytometry data collection on a
Beckman Coulter CytoFLEX instrument (Beckman Coulter). Xcalibur (V4.5.445.18, Thermo Scientific) was used for mass spectrometry data
collection. Harmony V4.9 (Perkin Elmer) was used for Operetta CLS image aquisition. Cell-titer glow (cell proliferation) assays were measured
on a BMG Labtech Clariostar instrument with software v5.7 for luminescence.

Data analysis Compass V6 was used for Jess Western data analysis (Bio-Techne). FlowJo V10 (FlowlJo,LLC) was used for flow cytometery data analysis.
Skyline V21.2.0.369 (MacCoss Lab, Univ. Washington) was used for mass spectrometry data analysis. Harmony V4.9 (Perkin Elmer) was used
for Operetta CLS image analysis (nuclear count/size). PRISM V10 (Graphpad) was used for general data analysis (dose response curve fitting,
statistics, figure/graphs). Cell-titer glow luminscence data was analyzed using mars V4.0 (BMG Labtech).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The structural data has been deposited into the wwPDB under IDs 7GQS, 7GQT, 7GQU and the files can be accessed under group ID G_1002280 and password
(pagodan) from a group deposition account deposit@deposit.rcsb.org. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository 43 with the dataset identifier PXDO46214. This data can be accessed with the following username
(reviewer_pxd046214@ebi.ac.uk) and password (5VPbwpt0). Proteomics analysis was performed using the Homo sapiens (2016) and Mus musculus (2017) UniProt
Fasta database. All other data supporting the findings are contained in the manuscript and supporting data files.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnicity, or not applicable
other socially relevant

groupings

Population characteristics not applicable
Recruitment not applicable
Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample size. Experimental samples sizes are described in detail within the figure legends
and methods section. Unless otherwise stated, experiments were performed in biological triplicate or quadruplicate. In vivo tumor growth
inhibition experiments using cell-line derived xenograft models were conducted with 4-8 animals per group based on previous experience
with the selected models (and the observed variability of tumor growth during model optimization). In vivo tumor growth inhibition
experiments using patient-derived xenograft models were conducted with 10 animals per group and individual spider plots are depicted in
figures. For allin vivo studies statistics are noted in the figures, and results were highly signficant (p<0.01) indicating that group sizes were
sufficient for the magnitude of effects observed.

Data exclusions  No data exclusions were implemented

Replication The exact number of experiment replications and biological replicates for experiments performed on cells or mice are noted in the figure
legends.

Randomization  Randomization methods were utilized in all tumor xenograft studies (cell line derived and patient-derived models) such that each group had a
similar mean and SEM at the start of the study. Sample randomization is not relevant to the in vitro cell and biochemical studies.

Blinding Blinding was not utilized in any experiments. We have not set up the internal processes necessary for blinding in vivo studies to the people
dosing animals. Tumor growth measurements are not subjective, and are taken by multiple researchers over the course of each study.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used (1) Phospho-H2AX Immunofluorescence assay antibodies: anti-phospho-H2AX antibody (Catalog No. NB100-74435; Novus Biologics;
Littleton, CO), goat anti-mouse secondary antibody conjugated to Alexa Fluor 488 (Catalog No. A-32723; Thermo Fisher Scientific)
(2) Antibodies utilized in Simple Western assays: anti-WRN (Catalog No. CST4666; Cell Signaling Technology; Danvers, MA), anti-p53
(Catalog No. 9282;), anti-phospho-p53 (Catalog No. 9284T), anti-alpha-tubulin (Catalog No. 2125T) or anti-p21 (Catalog No.
ab109520; Abcam; Cambridge, UK). The secondary antibody was provided in the Anti-Rabbit Detection Module Chemiluminescence
package (Catalog No. DM-001; Bio-Techne) or the Anti-Mouse Detection Module Chemiluminescence package (Catalog No. DM-002;
Bio-Techne).
(3) Antibodies used for flow cytometry: phospho-Histone H3 (Ser10) rabbit monoclonal antibody (mAb) (Alexa Fluor 647 Conjugate;
Catalog No. 3458; Cell Signaling Technology; Danvers, MA)
Antibody dilutions are noted in the methods section.

Validation (1) anti-phospho-H2AX antibody (Catalog No. NB100-74435; Novus Biologics; Littleton, CO) is listed as validated by manufacturer
using "Biological Strategies Validation"- These strategies use defined biological or chemical modulation of protein expression to
demonstrate antibody specificity to the target protein. The data is compared across multiple cell lines including positive and negative
expressing cells, and multiple species, if applicable. Further, this antibody was assessed by the authors of the manuscript using
positive control compounds, such as Etoposide, known to induce DNA damage and subsequent DNA damage responses that include
increases in phospho-H2AX.

(2) anti-WRN (Catalog No. CST4666; Cell Signaling Technology; Danvers, MA) was tested by the manufacturer in Hela, Jurkat, and
Ramos cell extracts and produced the appropriate sized band in western blot experiments. No other validation is described by the
manufacturer.

(3) anti-p53 (Catalog No. 9282; Cell Signaling Technology; Danvers, MA) was tested by the manufacturer in 293, H29 and Cos cell
extracts and produced the appropriate sized band in western blot experiments. No other validation is described by the
manufacturer.

(4) anti-phospho-p53 (Catalog No. 9284T; Cell Signaling Technology; Danvers, MA) was tested by the manufacturer in western blot
analysis using a purified recombinant p53 fusion protein phosphorylated by DNA-PK and produced the appropriate sized band in
western blot experiments. No other validation is described by the manufacturer.

(5) anti-alpha-tubulin (Catalog No. 2125T; Cell Signaling Technology; Danvers, MA) was tested by the manufacturer in western blot
analysis of extracts from C6, COS-7, NIH/3T3 and Hela cells and produced the appropriate sized band in western blot experiments.
No other validation is described by the manufacturer.

(6) anti-p21 (Catalog No. ab109520; Abcam; Cambridge, UK) was tested by the manufacturer in western blot analysis of extracts from
MCF7, Hela, HEK293, HUVEC, LnCaP, U87 MG or HEK-293T cell lysates. No other validation is described by the manufacturer.

(7) Phospho-Histone H3 (Ser10) (D2C8) XP® Rabbit mAb (Alexa Fluor® 647 Conjugate)(Catalog No. 3458; Cell Signaling Technology;
Danvers, MA) detects endogenous levels of histone H3 only when phosphorylated at Ser10. The manufacturer states that the
antibody does not cross-react with other phosphorylated histones or with acetylated histones. The manufacturer states the antibody
has been tested in-house for direct flow cytometry and immunofluorescent analysis in human cells

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Cell lines
HCT-116 cells (ATCC, CCL-228), LoVo (CCL-229), RKO (CRL-2577), SW48 (CCL-231), DLD-1 (CCL-221), OCI-AML2 (CVCL_1619)
and SW480 tumor cells (CCL-228) were cultured according to the manufacturer’s instructions. WRN C727 mutant HCT-116
cells were generated by electroporation with Cas9 nuclease (Integrated DNA Technologies (IDT),1081059), CRISPR-Cas9
trans-activating CRISPR RNA (IDT, 1072532) pre-hybridized to a CRISPR RNA (crRNA) targeting the genomic region near the
codon translating to C727 of the WRN gene, and a 100-bp DNA donor oligo spanning ~50 bp upstream and downstream of
the C727-encoding codon. Nucleofection was completed using Lonza P3 Primary Cell 4D-Nucleofector X Kit S (Lonza
V4XP-3032). The crRNA was designed using the CHOPCHOP database (https://chopchop.cbu.uib.no/). Individual cell clones
were generated by limiting dilution and confirmed for C727A knock-in by Sanger sequencing. An individual mutant clone with
comparable WRN expression and growth rate was selected for expansion.

Authentication Purchased cell lines were not authenticated in house. However, cell lines purchased from the ATCC are declared as derived
from authenticated stocks at ATCC, that are authenticated using STR profiling.
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Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Purchased cell lines were not tested in-house for mycoplasma. However, cell lines purchased from the ATCC are declared as
mycoplasma free.

We have checked the ICLAC register and do not believe any commonly misidentified cells lines were utilized in experiments
described in this manuscript

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals Five-week-old female homozygous Foxn1 <nu> mice were obtained from Jackson Laboratories (Catalog No. 007850; Bar Harbor, ME).
Following the acclimation period (3-7 days), each animal was inoculated subcutaneously into the right lower flank of >95% viable
10e7 tumor cells.
Wild animals No wild animals were used in this study
Reporting on sex All studies were conducted in female mice

Field-collected samples  No field collected samples were used in this study

Ethics oversight Animals were maintained in accordance with the guidelines for the care and use of laboratory animals, as approved by the
appropriate Institutional Animal Care and Use Committees. All animal procedures were conducted in a facility accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care. Studies were run at Vividion, HD Bioscience (San Diego, CA),
Champions Oncology (Rockville, Maryland) (PDX models), and the Autonomous University of Barcelona.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks not applicable

Novel plant genotypes  not applicable

Authentication not applicable

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Flow cytometry methods were as follows:

HCT-116, SW-48, and SW480 (2 x 10e6) cells were seeded on 10-cm plates in 10-mL medium and allowed to adhere at 370C
and 5% CO2 overnight. Cells were incubated with 2 uM VVD-133214 (24, 48, or 72 h), 2 uM etoposide (24 h), or DMSO (24 h).
For compound dose response experiments, SW-48 cells were incubated with DMSO, 2 uM etoposide, or 2-fold serial dilutions
of VVD-133214 at an 8-point dose response format starting at 2 uM for 48 h. Cells were incubated with 10 uM EdU (Catalog
No. A10044; Invitrogen; Waltham, MA) at 370C and 5% CO2 for 2 hours prior to harvesting.

Cells were harvested by trypsinization, washed, fixed in BD CytoFix Fixation Buffer (Catalog No. 554655; Fisher Scientific;
Waltham, MA) for 15 minutes, and resuspended in 1 mL of 1% BSA in 1x PBS, and stored at 40C until all samples were
collected.

A click reaction cocktail was prepared according to calculations from the Click-iT® Plus Alexa Fluor 488 Picolyl Azide Toolkit
(Catalog No. C10461; Invitrogen). Samples were incubated in the reaction cocktail at 250C away from light for 30 minutes
and then pelleted at 3000 rpm for 1 minute. The supernatants were discarded, and samples were washed twice in 1% BSA
and 0.1% Triton X-100 in 1x PBS. After washing, samples were resuspended in 100 mL of 1% BSA and 0.1% Triton X-100 in 1x
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Instrument

Software
Cell population abundance

Gating strategy

PBS supplemented with phospho-Histone H3 (Ser10) rabbit monoclonal antibody (mAb) (Alexa Fluor 647 Conjugate; Catalog
No. 3458; Cell Signaling Technology; Danvers, MA) at a dilution of 1:100.

Samples were incubated at 25R1C away from light for 45 minutes and then pelleted at 3000 rpm for 1 minute. After discarding
supernatants, cells were washed twice in 1% BSA and 0.1% Triton X-100 in 1x PBS and resuspended in 100 mL of 1% BSA and
0.1% Triton X-100 in 1x PBS supplemented with FxCycle Violet stain (Catalog No. F10347; Invitrogen) at a dilution of 1:1000.
Samples were incubated at 25°C away from light for 30 minutes and then analyzed on a Beckman Coulter Cytoflex S flow
cytometer using the following laser gain settings:forward scatter (FSC): 10, side scatter (SSC): 10, Pacific Blue™ Dye, V450
(PB450): 10, fluorescein isothiocyanate (FITC): 20, allophycocyanin (APC): 300. All flow cytometry data were analyzed by
FlowJo software (V10.8.1; FlowJo; Ashland, OR). Experiments quantitating DNA content run with two technical replicates.
Graphs depicting EdU labeling and phospho-histone H3 (Ser 10) staining depict a single sample per time point.

Flow analysis conducted on a Beckman Coulter Cytoflex S flow cytometer using the following laser gain settings:forward
scatter (FSC): 10, side scatter (SSC): 10, Pacific Blue™ Dye, V450 (PB450): 10, fluorescein isothiocyanate (FITC): 20,
allophycocyanin (APC): 300.

All flow cytometry data were analyzed by FlowJo software (V10.8.1; FlowJo; Ashland, OR).
20,000 cells were analyzed per sample per experiment

For cell cycle analysis, debris and dead cells were excluded based on forward scatter-area (FSC-A) and side scatter-area (SSC-
A) profiles. Subsequently, single cells were identified based on FSC-A and forward scatter-height (FSC-H) profiles. Single cells
were then analyzed for FxCycle Violet stain (PB450), EdU-Alexa Fluor 488 (EdU-A488, FITC) and phospho-Histone H3 (Ser10)
Alexa Fluor 647 (H3S10P-A647, APC) staining intensities. FxCycle Violet stain was biphasic; the population exhibiting lower
intensity with the PB450 filter were deemed as having “2N” DNA content, while the population exhibiting higher intensity
with the PB450 filter were deemed as “4N” DNA content. FITC-positive cells (cells exhibiting higher staining intensity than
unstained cells) were classified as “EdU Positive Cells”. APC-positive cells (cells exhibiting higher staining intensity than
unstained cells) were classified as “P-Histone H

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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