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inhibit the helicase activity of the enzyme in an ATP-
competitive fashion. A cocrystal structure of HRO761 in
complex with the helicase core of WRN revealed that HRO761
binds to a nonconserved allosteric site at the interface of the
D1 and D2 domains, rationalizing the high selectivity over
related RecQ helicases. Preclinical characterization demon-
strated dose-dependent in vivo DNA damage induction and
tumor growth inhibition in MSI-H cell lines and patient-
derived xenograft models. A clinical trial assessing safety,
tolerability, and preliminary antitumor activity of HRO-761 in
patients with MSI-H colorectal cancer and other MSI-H solid
tumors is currently ongoing (NCT05838768).

At the same time as the Novartis publication on HRO761,
the scientists from Vividion Therapeutics, in partnership with
Roche AG, reported covalent WRN inhibitors with a novel
chemotype, which were shown to bind to the enzyme in an
ATP-cooperative manner and selectively engage cysteine 727
(C727) at the WRN allosteric pocket.20,21 Their lead
optimization program led to the discovery of VVD-133214
(Figure 1)�the first covalent clinical-stage WRN inhibitor.
The compound demonstrated good tolerability in mice,
inhibited the growth of MSI-H colorectal cancer cell lines,
and led to robust tumor regression in patient-derived xenograft
models. It is currently in phase 1 clinical development by
Roche AG as RO7589831 (NCT06004245). Recently, first-in-
human efficacy results were disclosed for challenging-to-treat
tumors in patients with prior exposure to immune checkpoint
inhibitors.22 In 32 evaluable patients with MSI-H tumors, a

disease control rate of 68.8% was achieved along with 4 partial
responses.

Subsequently, Ideaya Biosciences and GSK started a phase
I/II clinical trial (NCT06710847) with GSK4418959/IDE275
(Figure 1) in dMMR/MSI-H patients with solid tumors.23−25

GSK4418959 is a selective reversible noncovalent WRN
inhibitor that resulted from a collaboration between Ideaya
and GSK. The compound binds in an allosteric pocket of
WRN protein and inhibits ATPase and DNA unwinding
functions in an ATP-competitive manner. It was reported to
phenocopy the genetic silencing studies in cells and organoids
and elicit complete tumor regression in murine xenograft MSI-
H models (cell-line-derived (CDX) and patient-derived
(PDX)) following oral dosing.

More recently, Nimbus Therapeutics developed NDI-
219216 (structure not disclosed), which is a potent, selective,
noncovalent WRN inhibitor. It is currently being investigated
in a Ph 1/2 clinical trial (NCT06898450) evaluating safety,
tolerability, and preliminary antitumor activity in patients with
advanced solid tumors. MOMA Therapeutics has also reported
the development of a covalent WRN inhibitor MOMA-341
(Figure 1) and its progression into the clinic, as either
monotherapy or combination therapy in patients with
advanced or metastatic solid tumors.26,27

Several research groups also published on preclinical-stage
research programs targeting WRN. The scientists from H3
Biomedicine disclosed results of a screening campaign toward
the discovery of pyrimidine sulfonamide H3B-968 as a covalent
ATP-competitive WRN inhibitor with selectivity against other

Figure 1. Chemical structures and mode of action of clinical stage WRN inhibitors.
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RecQ family human helicases.28 The GSK/Ideaya team used
intact protein liquid chromatography−mass spectrometry
(LC−MS) to identify a covalent fragment targeting C727 of
WRN.29 A focused medicinal chemistry effort led to the
development of several WRN helicase inhibitors such as cyclic
vinyl sulfone GSK_WRN 4 (Figure 2). This compound was
confirmed to have exclusive selectivity for C727 across 23602
distinct cysteine-containing peptides and demonstrated efficacy
in MSI-H immunotherapy-resistant organoids and PDX
models. Later, a GSK reported on the discovery of an
acrylamide-based WRN inhibitor (S)-27 using a direct-to-
biology (D2B) optimization approach.30 The compound was
shown to selectively engage the WRN in cells and display
synthetic lethality in a MSI-H cellular setting. Recently,
scientists from AbbVie disclosed a novel class of selective
and potent WRN helicase antagonists identified via a DNA-
encoded library screen, represented by Abbvie compound 40.31

Most recently, the team from Humanwell Healthcare reported
on the discovery of a series of new allosteric covalent WRN

inhibitors designed based on clinical-stage Vividion compound
VVD-133214 (Figure 1).32 Humanwell compound 22 (Figure
2) was shown to have improved WRN inhibition potency as
well as enhanced in vitro metabolic stability compared with
VVD-133214, resulting in superior plasma half-life and
increased oral exposure in mice. The compound demonstrated
robust and sustained antitumor activity in the HCT116
xenograft mouse model.

■ RESULTS AND DISCUSSION

Noncovalent Hit Identification
Our discovery program toward a small-molecule WRN
inhibitor commenced with an extensive noncovalent hit-
finding campaign that included two high-throughput screens
(one functional and one binding screen), one fragment screen,
and one virtual screen (407,000 compounds in total), aiming at
maximizing the diversity of investigated chemical space. WRN
DNA unwinding (helicase activity measurement) and ADP-

Figure 2. Examples of preclinical-stage WRN inhibitors.

Figure 3. Noncovalent WRN inhibitor hit 1. (A) Chemical structure. (B) Co-crystal structure of 1 with WRN 518−946 (2.42 Å, pdbid 10AJ). (C)
Distance between piperidine ring of 1 and proximal C727 of WRN.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.6c00328
J. Med. Chem. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Glo assays (ATPase activity measurement) were used in
functional screening and hit triage. These efforts resulted in the
identification of a single validated hit class represented by the
aryl sulfonamide 1 (Figure 3A and Table 1).

A crystallization effort was undertaken early in the program
to validate confirmed screening hits and directly enable
structure-based potency optimization. The cocrystallization of
small-molecule ligands with WRN protein is challenging due to
high intrinsic flexibility and broad dynamic conformational
range of the enzyme. Nevertheless, our early cocrystallization
work led to a successful generation of an X-ray diffraction
cocrystal structure of compound 1 with WRN (amino acid
residues 518−946, Figure 3B). Compound 1 was found to be
an allosteric inhibitor binding at the D1−D2 interface with a
similar twisted conformation as the Novartis cocrystal structure
with HRO761.19 The phenyl pyrrole group binds in a
hydrophobic pocket in domain D2 that includes residues
R732, Y849, I852, I913, and L914. One of the sulfonyl oxygens
in the sulfonamide forms a water-mediated hydrogen bond to
Glu918. No direct interactions were observed with residues in
the D1 domain.

Following up on this initial success, 172 structural analogs of
compound 1 were synthesized and tested; however, only very
few closely related compounds improved potency. Moreover,
the IC50 values of 1 and its most potent analogues could not be
reproduced after resynthesis in both WRN ADP-Glo and DNA
unwinding assays, which could be attributed to the very high
sensitivity of the assays toward trace metals and other
impurities�similar results were also observed by Heuser et
al. during their discovery of noncovalent WRN inhibitors.18

The challenge of improving potency and reproducibility
collectively led to a no-go decision for further optimization
of this class of noncovalent inhibitors.
Structure-Based Design of Covalent WRN Inhibitors
Analysis of the cocrystal structure of 1 with WRN revealed a
ligand-induced conformational change of the protein, resulting
in relocation of the C727 residue from a solvent-exposed
position (in apo or AMP-bound structure) to the ligand-
binding site (Figure 3C). Thus, we envisioned that the
proximity (3.9 Å) between the C727 thiol and the piperidine
ring of 1 offers the possibility of covalent inhibitor design.
C727 is an ideal residue to target covalently. First, it is not
conserved in other RecQ family members and can thus offer
selectivity over closely related helicases. Second, due to its
location in the D1 domain, the covalent linkage could help lock
the WRN protein into an inactive conformation and effectively
block its helicase function. Finally, covalent binding could
potentially enable extended target engagement and pharmaco-
dynamic effects, given the half-life of WRN protein is reported
to be long (∼16.6 h).33

Using screening hit 1 as a starting point, two structure-based
design strategies were pursued for the introduction of the
covalently binding warhead (Figure 4). The first approach was

based on substitution of the sulfonamide functionality with a
reversed vinyl sulfonamide, leading to 2, which bears an
electron-withdrawing group in the proximity of the biaryl
pharmacophore. The second strategy involved placing a vinyl
sulfone reactive moiety remote from the biaryl fragment,
leading to 3. Both 2 and 3 were found to have double-digit
micromolar IC50 in the wild-type WRN ADP-Glo assay and
showed a loss of activity (IC50 >250 μM) in a WRN C727A
mutant assay, providing evidence for covalent interaction with
cysteine 727 of WRN (Table 1). Moreover, both compounds
showed no activity in the Bloom syndrome protein (BLM)
ADP-Glo assay, confirming selectivity toward related human
helicases from the same RecQ subfamily.

Vinyl sulfone 3 was further tested in an intact protein mass
spectrometry (MS) assay. Several covalent mono- and double
addition products were detected after 30 min of compound
incubation with a WRN apoprotein. This observation
confirmed covalent binding of the ligand but indicated weak
selectivity toward C727. In line with these observations, 3
showed a short half-life of 40 min in the glutathione (GSH)
stability test, confirming high intrinsic covalent reactivity. Vinyl
sulfonamide 2 was determined to be even more reactive in the
GSH stability test with a half-life of only 6 min. Thus, our
subsequent optimization efforts focused on reducing the
chemical reactivity of the warhead along with increasing the
noncovalent binding affinity of the inhibitors.
Second-Generation WRN Inhibitors with Attenuated
Covalent Reactivity
Electrophilic warheads that are less reactive than the vinyl
sulfonamide in 2 or vinyl sulfone in 3 have been described
previously.34 Acrylamides may be the best-known example, and
they have been incorporated into many approved drugs. We
developed a computational workflow to search for WRN
ligands with alternative warheads. The goal was to reduce the
reactivity of the warhead relative to 3 while retaining the
pharmacophore features that are important for noncovalent
binding of the inhibitor to WRN. The computational workflow
is outlined in Figure 5A. We considered libraries of amides and

Table 1. Biochemical Profiling of Noncovalent Hit 1 and
Early Covalent Leads 2 and 3a

compound no. 1 2 3

WRN ADP-Glo IC50 [μM] 123 20 30
C727A mutant WRN ADP-Glo IC50 [μM] n.d. >250 >250
BLM ADP Glo IC50 [μM] 97 >250 >250
GSH stability assay T1/2 [min] n.d. 6 40

aGSH stability assay: test compounds in PBS pH 7.4 with 5 mM
glutathione at 37 °C.

Figure 4. Design strategies to convert 1 into a covalent WRN binder:
(a) substitution of the sulfonamide moiety with a reversed vinyl
sulfonamide to afford 2 and (b) introduction of a vinyl sulfone
reactive moiety remote from the biaryl pharmacophore to afford 3.
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sulfonamides, to retain similarity to 3, so that multiple
compounds could be made and screened easily (Figure 5C).

First, we searched the Enamine and Aldrich Market Select
databases for building blocks that included an electrophilic

Figure 5. Computational workflow for the identification of covalent inhibitors with novel electrophilic warheads. (A) Schematic representation of
key steps. (B) Pharmacophore constraints used in the docking model. (C) Enumerated libraries.

Figure 6. Second-generation WRN covalent inhibitor 4 resulting from a computational structure-based design workflow. (A) Chemical structure
and biochemical profiling results. (B) Binding pose of 4 in the X-ray cocrystal structure with WRN 518−946 (1.37 Å, pdbid 10AK).
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warhead, including an acrylamide, a vinyl sulfone, or other
Michael acceptors. We then performed a second search for
building blocks that included a biaryl group. The resulting
libraries of amides and sulfonamides were enumerated and
docked using Glide (Schrödinger).35 The docked compounds
were filtered postdocking for the pharmacophore features that
appear to be important for binding of 3 (Figure 5B): (1)
appropriate placement of the warhead near C727; (2) position
of the biaryl group in the hydrophobic pocket, and (3)
hydrogen bonding with R732 and/or R857. This approach
included compounds that have other orientations of a
sulfonamide (i.e., reversed relative to 2) and compounds that
have different linkers between the pharmacophore features�
for example, an additional methylene between the biaryl group
and the sulfonamide (5C). Reactive warheads were evaluated
for reactivity using the quantum mechanical method described
by Londsdale et al.36 Warheads that were predicted to be
significantly more reactive than acrylamides (>10-fold more
reactive in the presence of a thiol) were not considered further.

A focused, diversity-oriented set of 27 virtual hits was
synthesized. Interestingly, racemic 4 was the only active
compound (Figure 6). The unique structural feature of this
ligand was the presence of a cyclic vinyl sulfone Michael
acceptor, a type of covalent warhead that has not been widely
exploited in the design of covalent inhibitors. Separation of
enantiomers of the vinyl sulfone confirmed only the (R)-
enantiomer 4 to be active, highlighting the importance of
stereochemistry of the covalent warhead for potency. Gratify-
ingly, 4 demonstrated excellent GSH stability with a half-life of
2237 min, ca. 37 h.

Co-crystallization of 4 with WRN further confirmed the
formation of the covalent bond between C727 and the 4-
position of the sulfone ring. The biaryl hydrophobic pocket
had a similar structure to the pocket seen in the cocrystal
structure with compound 1. Y849 stacks against the phenyl
ring in the biaryl moiety of the ligand, and the pyrrole ring is at
the bottom of the pocket near I913 and L914. The amide
carbonyl forms the anticipated H-bond with the R732 side
chain. R732 also has a cation−π interaction with the terminal
benzyl group of the ligand. The cyclic vinyl sulfone is in a more
solvent-exposed region between domains D1 and D2, where its
sulfonyl group interacts with R711 in D1. In addition, we
noticed that the methylene linker between the biaryl group and
the amide carbonyl offers an appropriate vector to expand into
a previously unexplored region between D1 and D2.

A close structural analogue, compound 5 (Figure 7), was
subjected to intact protein MS to confirm the favorable impact
of reduced warhead reactivity on the selectivity of the covalent
linkage. After 1 h incubation, >99% of a single M + 1 adduct
between WRN and 5 and no M + 2 adduct was observed,
suggesting exclusive selectivity on C727. Thus, we considered
compound 4 to be an excellent starting point for further SAR
exploration. Since we observed good correlation of the
covalent inhibition constant KI (determined as kinact/Ki ratio)
with the IC50 values measured by the high-throughput ADP-
Glo assay for an initially screened set of covalent inhibitors, we
focused on using ADP-Glo data to guide further potency
optimization efforts for this class of covalent inhibitors.
SAR Exploration

To enable rapid SAR exploration with the screening of N-
benzyl modifications, racemic mixtures of analogs were
synthesized with a focus on efforts to improve biochemical

potency and solubility of the initial hit rac-4 (Table 2). Only R
enantiomer 4 has measurable potency, so the potency of any
new racemate is likely to be attributable to its R enantiomer.
Replacing the benzyl residue with methyl in rac-6 led to a loss
in potency, confirming the significant contribution of this
group to the overall WRN affinity. Nitrogen scans revealed
compound 7 to be the most potent analogue, with a 2-fold
increase in potency and higher solubility. Extension of the
linker in 8 led to a reduced activity, most likely disrupting the
cation−π interaction of the heteroaryl with R857. Adding
electron-donating substituents ortho to the pyridyl nitrogen of
7 led to compounds 9 and 10, both showing slightly improved
ADP-Glo IC50s. Given the proximity of the R857 backbone

Figure 7. Intact protein mass spectrometry data on covalent ligand
5�WRN interaction confirming exclusive selectivity of covalent
linkage. (A) Chemical structure, biochemical potency, and GSH
stability of 5. (B) WRN (500−946) apo protein. (C) WRN (20 μM)
after incubation with cyclic sulfone 5 (40 μM) for 2 h at 18 °C,
confirming formation of a single M + 1 adduct.
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carbonyl to the meta-position of the Ph ring in 4 (Figure 6B),
we thought to introduce a tertiary alcohol functionality at this
position to gain a potential H-bond interaction. The respective
derivative 11 did show increased biochemical potency
compared to its matched pair 7, although its IC50 still
remained in the low micromolar range. Also, no improvement
of HCT-116 CellTiter-Glo (CTG) cellular activity compared
to that of 4 was observed (CTG IC50 of 28 μM for 4 vs 58 μM
for 11). Screening of heteroaromatic groups showed thiazole
12 to be the most potent phenyl replacement with an IC50

similar to the initial hit. Increasing the size of the
heteroaromatic ring to benzothiazole for a more efficient
interaction with R732 resulted in ∼5-fold improvement in
potency at the expense of solubility (compound 13).
Introduction of a cyclopropyl substituent as in 14 (single R-
enantiomer) led to an ∼19-fold biochemical potency increase
compared to 12; however, that biochemical potency did not
translate to improved cellular activity (CTG IC50 of 27 μM).
Given the overall good balance of biochemical potency and
solubility, we selected methoxypyridine present in 10 and

Table 2. SAR Exploration of the Solvent-Exposed Substituent of Cyclic Vinyl Sulfone Hit 4a

a*Single R stereoisomer; MW�molecular weight; PSA�polar surface area; solubility�kinetic solubility in PBS (pH 7.4); n.d. �not determined.
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pyridyl alcohol present in 11 as the lead substituents for
optimizing the rest of the molecule.

In the next SAR exploration round, we aimed at optimizing
the biaryl acetamide pharmacophore (Table 3), using the
methoxypyridine moiety in rac-10 given its excellent potency,
solubility, and PSA. We used covalent FEP37 (see computa-
tional methods) to help prioritize designed analogs that were

modified in this region. Compound 15 with the addition of
fluorine at the ortho position of the phenyl ring was found to
have a 3-fold improvement in ADP-Glo IC50 likely due to
occupancy of the small hydrophobic pocket near F730.
Addition of Me onto pyrrole in 16 was found to be tolerated
but did not further improve potency. Given pyrroles are a
potential metabolic liability, we looked at alternative heteroaryl

Table 3. Selected Examples for SAR Exploration of the Biaryl Pharmacophorea

aMW�molecular weight; PSA�polar surface area; solubility�kinetic solubility in PBS (pH 7.4); n.d. �not determined.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.6c00328
J. Med. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6c00328?fig=tbl3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


groups to replace it. Biphenyl compound 18 was found to have
an optimal substitution pattern, leading to a ∼12-fold potency
increase compared to rac-10. Interestingly, the hydrophobic
SF5 group in 19 was also shown to be an appropriate
replacement for the terminal pyrrole, leading to a 25-fold
potency boost. Given the relatively high clog D of the most
potent derivatives 18 and 19, we further aimed at screening
moieties with increased polarity. As a result, phenyl pyrazole
rac-20 was found to offer ∼1 log unit increase in lipophilic
efficiency (LipE) compared to 19. Application of previously
learnt SAR to optimize the fluorination pattern of the phenyl

ring led to compound 21 which has double-digit nanomolar
biochemical potency, a LipE of 5.7, and significantly improved
cellular potency (HCT116 CTG IC50 1.7 μM).

With the biaryl moiety of compound 18 in hand, we then
looked at the substitution of the methylene linker. We
hypothesized that occupying the back pocket region near
Q850 could lead to further improvement of the WRN
inhibition potency. To maximize the physicochemical space
exploration, for the R6 group, both tert-OH and MeO moieties
were chosen (Table 4).

Table 4. SAR Exploration of the Methylene Linker Substituenta

aMixture of stereoisomers at the R5 stereocenter; MW�molecular weight; PSA�polar surface area; solubility�kinetic solubility in PBS (pH 7.4);
CTG�CellTiter-Glo luminescent cell viability assay; n.d. �not determined.
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Introduction of an N,N-dimethyl amide in 22 (Table 4) led
to a moderate ∼2-fold improvement of biochemical potency
compared to that of unsubstituted analogue 18 (Table 3).
However, the cellular activity of 22 was poor, possibly due to
limited permeability. Compound 23 having an N-linked
pyrazole substituent had similar ADP-Glo potency as 22 but
demonstrated 8-fold improved CTG IC50. Addition of bulky
ethers such as in compound 24 led to loss in potency. In the
case of analogs with tert-OH at R6, introduction of a methoxy
group as in compound 26, compared to the unsubstituted
matched pair 25, led to a 3-fold improved biochemical
potency, along with significant (∼7 fold) improvement of
cellular activity and improved solubility. X-ray cocrystal
structure revealed the formation of a water-mediated
interaction between the OMe of 26 and the backbone carbonyl
of Q850 (Figure 8). Attempts to further substitute the carbon
of the OMe group with larger groups (e.g., compound 27) did
not lead to further improvement. As submicromolar cellular
activity was achieved with 26, this compound was selected for
in-depth pharmacological and ADME profiling (Table 5).
In-Depth Profiling of the Lead Compound 26

In vitro pharmacological investigation of 26 confirmed high
selectivity within the RecQ helicase family (BLM IC50 >50
μM) and lack of activity on the C727A WRN mutant, in line
with its covalent mode of action. Treatment of HCT116 MSI-
H tumor cells with 26 in vitro led to significant target
engagement of endogenous WRN using a Streptavidin Mass
Shift Assay (SMaSh)38 (Supporting Information Figure 2A)
and 26 also promoted significant p21 induction in HCT116
cells (p21 EC50 = 1.8 μM, Table 5 and Supporting Information
Figure 2B). Significant p21 protein induction has been
reported to occur after WRN inhibition19 and serves as a
robust biomarker in this setting. 26 also led to a significant
decrease in cell viability of HCT116 cells (CTG IC50 = 0.674
μM) but had no effect on SW620 MSS tumor cell viability
(Table 5), demonstrating synthetic lethality to MSI-H.
Counter screen of 26 at single 10 μM concentration against
a panel of 78 potential off-targets yielded only 2 hits with an
inhibition efficacy above 50% (hERG 91% and ADRB2 52%
inhibition). To support the in vivo target occupancy
prediction, the kinetic parameters of irreversible WRN
inhibition39 by 26 were investigated using a TR-FRET assay.

The inactivation rate constant resulting from the potency (Ki)
of the first reversible binding event and the maximum potential
inactivation rate (kinact) was determined to be 459 M−1 s−1. In
vitro ADME profiling confirmed the high stability of 26 in the
GSH adduct formation assay as well as in human whole blood
(WB). The compound was found to have moderate
permeability and be prone to transporter-mediated efflux in
the Caco2 assay. While the stability in human and mouse liver
microsomes was high, the hepatocyte assay predicted
moderate-to-high clearance, suggesting involvement of addi-
tional clearance mechanisms, such as glutathione S-transferase
(GST)-mediated GSH addition.40 Indeed, the in vivo
pharmacokinetic profiling in both mouse and rat confirmed
26 to have high clearance along with a high volume of
distribution and moderate oral bioavailability. To evaluate
potential liability of covalent warhead to interfere with
cytochrome P450 (CYP) enzyme activity, compound 26 was
assessed in the CYP inhibition assay using 7 different CYP
isoforms (1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4) at a single 10
μM concentration (Table 5). Only the 2C8 isoform was found
to be inhibited by more than 50%. Further studies also
confirmed cyclic sulfone 26 to have low risk of CYP3A4 time-
dependent inhibition. After assessment of the overall profiling
results, 26 was considered to qualify as a tool compound for
proof-of-concept in vivo pharmacology studies.
Compound 26 Demonstrates Synthetic Lethality Tumor
Cell Death in MSI Xenograft Tumors

Compound 26 was progressed into an acute PD study in
HCT116 colorectal MSI-H xenograft tumors to analyze
whether a pharmacodynamic response could be obtained
after oral dosing in mice. Mice were subcutaneously implanted
with HCT116 tumors and then dosed by oral gavage with 26
for either 1 or 2 days, at which time tumors were harvested and
analyzed for the expression of p21 protein. Due to the high
clearance of 26 and moderate potency, an oral dose of 300
mg/kg twice daily was used to maximize WRN occupancy as
we determined that the unbound plasma exposure of 26 was
sufficient to cover the in vitro CTG IC50 of HCT116 cells for
∼8 h at this dose (Figure 9A). Oral administration of 26 led to
significant induction of p21 at 24 h versus vehicle-treated mice
and was further enhanced after 2 days of dosing, demonstrating
that significant WRN inhibition had occurred in HCT116

Figure 8. (A) Structure of 26. (B) X-ray cocrystal structure of compound 26 with WRN (500−946) (2.58 Å, pdbid 10AP).
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tumors (Figure 9B). Next, 26 was evaluated for its ability to
inhibit tumor growth in a synthetic lethal manner after chronic
dosing in HCT116 MSI-H and SW620 colorectal MSS tumor
models. Compound 26 with oral treatment at 300 mg/kg twice
daily was well tolerated, with no body weight loss or adverse
events occurring during the 21 day treatment period.
Importantly, compound 26 led to a significant 90% inhibition
of growth of HCT116 tumors (Figure 9C), while no significant
tumor growth inhibition was observed in SW620 MSS tumors
(Figure 9D). These results demonstrate that compound 26 is
synthetically lethal to MSI tumor growth in vivo and is
consistent with the synthetic lethality demonstrated in vitro.

To determine the selectivity of the covalent interaction of
compound 26 with WRN at residue C727 and to identify other
potential “off-target” cellular proteins, cysteine-proteome
profiling by mass spectrometry was performed in HCT116
cells. After a 2 h treatment with DMSO or 2 μM compound 26
(3-fold above HCT116 CTG IC50), the cysteine proteome was
enriched and peptides were identified. Among 13,741 unique

cysteine-containing peptides (representing 5552 cysteine
containing proteins), the C727 peptide from WRN was the
only peptide that met the criteria for covalent target
engagement, demonstrating exquisite selectivity for compound
26 (Figure 10).
Improved Whole Blood Stability Leads to Reduction of In
Vivo Clearance
Encouraged by the robust antitumor efficacy of compound 26
in the MSI xenograft model, we further aimed at reducing the
high in vivo clearance observed in the rat PK study with this
compound (Table 5). Metabolite identification in human
hepatocytes revealed GSH addition to be the major metabolic
pathway (>90% GSH adduct), most likely through glutathione
transferase (GST)-mediated GSH addition. As previously
reported, a substituted acrylamide electrophile can produce
covalent inhibitors with lower reactivity toward GSH
compared to their unsubstituted counterparts.41,42 Conse-
quently, we hypothesized that increasing steric hindrance
around the covalent reactive center of the vinyl sulfone could
prevent thiol nucleophilic attack and thus improve hepatocyte
stability. Compound 21 was selected as a starting point for
further ADME property optimization due to its reduced
lipophilicity, improved Caco-2 permeability, and reduced efflux
compared to 26 (Figure 11 and Table 6). Similar to 26,
compound 21 was found to have high in vitro clearance in
mouse and rat hepatocytes, translating into rat in vivo
clearance above liver blood flow. Several analogues of 21
with additional substituents around the covalent warhead were
synthesized with key compounds shown in Figure 11.
Methylation of the CH2 group directly on the cyclic sulfone
did not have any significant impact on the stability in neither
GSH nor WB assays, as observed for 28 (Table 6) and its
(R,R)-stereoisomer (data not shown). However, chiral methyl
addition onto the benzylic position of the solvent-exposed
substituent in compound 29 led to an improvement of both
GSH and WB T1/2 as well as high metabolic stability in human
hepatocytes. Conformational analysis of 29 indicates that the
additional methyl group is positioned near the reactive double
bond of the cyclic vinyl sulfone (see Supporting Information
Figure 1), so it may be less reactive due to this steric effect.
Compound 29 retained good biochemical and cellular potency
as well as high solubility and permeability as observed for
parent 21 and was thus progressed into in vivo PK studies. We
were delighted to find that 29 demonstrated significantly
reduced rat in vivo clearance compared to des-Me analogue 21
along with high oral bioavailability. Furthermore, the improved
GSH and WB stability translated into low in vivo clearance in
both the mouse and dog. Thus, the “magic methyl” in 29
represents a unique way to slow down the GST-mediated GSH
addition for this class of cyclic vinyl sulfone.
Synthesis of Chiral Vinyl Sulfone WRN Inhibitors
It is worth mentioning that identification of a scalable synthesis
route toward the chiral vinyl sulfone moiety as well as a
method for its efficient derivatization to final compounds like
26 was of pivotal importance to enable the lead optimization
campaign and material supply for the proof-of-concept in vivo
pharmacology studies. After extensive route scouting and
optimization efforts, an efficient three-step sequence toward
enantiopure vinyl sulfone 30 starting from readily available
sulfolene 31 was developed (Scheme 1). This route could be
successfully implemented on a kilogram scale. The synthesis
commenced with hydroxybromination of the sulfolene double

Table 5. In-Depth In Vitro Pharmacology and ADME
Profiling of Compound 26a

biochem. WRN DNA unwinding IC50 (μM) 0.026
WRN ADP-Glo IC50 (μM) 0.023
WRN C727A mutant ADP-Glo IC50 (μM) >50
BLM ADP-Glo (μM) >50
Ki (μM) 58.7
k_inact (1/s) 0.027
k_inact/Ki (1/M·s) 459

cellular HCT116 p21 EC50 (MSI, μM) 1.8
HCT116 CTG IC50 (MSI, μM) 0.674
SW620 CTG (MSS, μM) >50

in vitro
ADME

MW, PSA 561, 97

solubility (μM, pH 7), HPLC log D 290, 2.8
GSH T1/2 (min) 1240
H, Mu WB T1/2 (min) 725, 1149
Caco-2 PappAB (10−6 cm/s)/ER 1.4/10.6
H, Mu Hep CL (mL/min/kg) 14, 76
H, Mu LM CL (mL/min/kg) <5, 29
H, Mu PPB unbound % 17, 11
CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4

inhibition (%) at 10 μM compound 26
3.8, 11.9, 74.7,

32.9, 15.3,
18.8., 8.2, 19.2

CYP 3A4 inhibition IC50 (−NADPH,
30 min preincubation)/IC50 (+NADPH,
30 min preincubation) (μM)

>50/36.9

in vivo
mouse
PK

CL (mL/min/kg)/T1/2 (h)/Vss (L/kg)/F % 99/0.3/4.9/46
(100 mpk)

in vivo rat
PK

CL (mL/min/kg)/T1/2 (h)/Vss (L/kg) 120/0.35/3.2

aWRN�Werner helicase; C727A�cysteine 727 to alanine mutant;
CYP�cytochrome P450; BLM�Bloom syndrome protein;
k_inact�inactivation constant; CTG�CellTiter-Glo luminescent
cell viability assay; MSI�microsatellite instable; MSS�microsatellite
stable; MW�molecular weight; NADPH�nicotinamide adenine
dinucleotide phosphate; PSA�polar surface area; HPLC high-
performance liquid chromatography; solubility�kinetic solubility in
PBS (pH 7.4); GSH�glutathione; T1/2�half-life; WB�whole
blood; PappAB�apical to basal apparent permeability; ER�efflux
ratio; CL�clearance, H�human; Mu�mouse; Hep�hepatocytes;
LM�liver microsomes; PPB�plasma protein binding; PK�
pharmacokinetics; Vss�steady-state volume of distribution; F�oral
bioavailability; mpk�mg per kilogram bodyweight.
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bond with aqueous N-bromosuccinimide to yield 32 as a
mixture of stereoisomers. This mixture was subjected to
enzymatic kinetic resolution via Novozym 435-catalyzed
esterification with vinyl acetate43 to yield acetate 33 with
>93% ee after single recrystallization. Treatment of 33 with
triethylamine in methanol induced elimination of the bromide
along with simultaneous cleavage of the acetate leading directly
to 30 with 91% ee and 42% yield over 3 steps.

Further conversion of 30 to compound 26 was achieved via
a 3-step sequence (Scheme 1). First, intermediate 30 was
transformed into carbonate 34. By leveraging the fact that
para-nitrophenyl derivatives are generally easy to crystallize,
the ee was enriched from 91% to 99% through crystallization of
carbonate 34. Treatment of 34 with amine 35 in the presence
of base led to the formation of carbamate 36, which underwent
in situ base-catalyzed intramolecular rearrangement resulting in
the formation of allylamine 37 as a single desired
enantiomer.44 Finally, amide coupling of 37 with carboxylic
acid 38 provided compound 26 with a 98% ee.

■ CONCLUSIONS
It is challenging to develop potent and selective WRN
inhibitors due to the high flexibility of WRN protein and
very high sensitivity of the WRN assays toward trace metals
and other impurities. Through an extensive noncovalent
screening campaign and triage, we identified and validated a
noncovalent binder 1. The crystal structure of 1 with WRN

protein inspired a covalent approach to functionally and
selectively inhibit WRN. Through SBDD, we discovered vinyl
sulfone 3 as a covalent WRN functional inhibitor. To improve
the GSH stability of vinyl sulfones, computational approaches
were applied and enabled the discovery of the underutilized
warhead, cyclic vinyl sulfone Michael acceptor, as a novel
WRN inhibitor chemotype, with dramatic improvement of
GSH stability. Further optimization afforded compound 26
with improved WRN potency and metabolic stability. Cyclic
sulfone 26 demonstrated exquisite selectivity to WRN in cell
proteomic profiling, was synthetically lethal to MSI-H tumor
cells, and showed strong in vivo efficacy in an MSI-H
Xenograft tumor model while showing no effect in MSS
xenograft tumors. The combined package provided in vivo
POC for this class of covalent WRN inhibitors in a synthetic
lethal setting of MSI-H tumors. In addition, to mitigate the
GST-mediated GSH addition observed with 26, we discovered
that nonobvious placement of a “magic methyl” group could
reduce the in vivo clearance, which provided a pathway for
further optimization.

■ EXPERIMENTAL SECTION

Compound Synthesis and Characterization
General Information. All chemicals were purchased from

commercial vendors and used without further purification. Dichloro-
methane (DCM), toluene, dimethylformamide (DMF), tetrahydro-
furan (THF), 2-methyltetrahydrofuran (MeTHF), 1,4-dioxane, and

Figure 9. (A) Unbound plasma exposure of 26 at an oral dose of 300 mg/kg twice daily. (B) Oral administration of 26 led to significant induction
of p21. (C,D) Compound 26 oral treatment in vivo leads to tumor growth inhibition of HCT116 MSI-H but not SW620 MSS tumors.
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triethylamine (TEA) were purchased anhydrous in septum-sealed
bottles or dried using conventional techniques (Armarego, W.L.F.;
Chai, C.L.L. Purification of Laboratory Chemicals, sixth ed.;
Butterworth-Heinemann, 2009). HPLC-grade solvents were used
for the compound purification. All reactions were conducted under an
inert atmosphere of nitrogen using oven- or flame-dried glassware
unless noted otherwise. Thin layer chromatography (TLC) was
utilized to monitor the reaction progress using Merck silica gel 60
F254 aluminum-backed plates. TLC spots were visualized with UV,
CAN, KMnO4, PMA, or ninhydrin stains. Flash chromatography was
performed using a Teledyne Isco CombiFlash Rf system using

RediSep Rf silica gel disposable flash columns (60 Å pore size, 40−60
μm particle size) or RediSep Rf Gold C18 disposable columns (100 Å
pore size, 20−40 μm particle size). NMR spectra were acquired using
a 400 MHz Varian INOVA or a 600 MHz Bruker AVANCE III.
Chemical shifts are reported in δ ppm and referenced using residual
solvent peaks (DMSO-d6, CDCl3). High-resolution mass spectrom-
etry (HRMS) was performed on a Waters Acquity I Class UPLC with
a Xevo G2-XS Q TOF HRMS detector using the ESI ionization
method. The detailed description of LCMS methods used for analysis
of compound purity as well as synthetic protocols for is intermediate
38 and compounds 21, 28, and 29 are provided in the Supporting

Figure 10. Cysteine-proteome profiling by mass spectrometry of compound 26 in HCT116 cells.

Figure 11. Chemical structures of compound 21 and its methylated congeners 28 and 29 resulting from the ADME optimization campaign.
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Information. All compounds undergoing biological evaluation were
purified by preparative reverse-phase high-performance liquid
chromatography (HPLC) and determined to be >95% pure by
HPLC and LCMS analysis.

3-Bromo-4-hydroxytetrahydrothiophene 1,1-Dioxide (32). N-
Bromosuccinimide (1150 g, 6.44 mol, 2 equiv) was added to a
mixture of 2,5-dihydrothiophene 1,1-dioxide (31) (380 g, 3.22 mol, 1
equiv) and H2O (7.60 L) and the resulting reaction mixture was
stirred at 70 °C for 3 h. During this period, the mixture turned to a
red homogeneous solution. The reaction mixture was cooled to 10
°C. Crystallization of the product was observed. The filter cake was
collected by filtration, stirred in DCM/MeOH (10/1, 3 volumes, 30
min, room temperature), and filtered to afford the title compound
(591 g white solid, 2.76 mol, 86% isolated yield). 1H NMR (400
MHz, DMSO-d6): δ 6.33 (br s, 1H), 4.63−4.51 (m, 2H), 3.88 (dd, J
= 14.6, 5.9 Hz, 1H), 3.59 (dd, J = 14.0, 5.4 Hz, 1H), 3.55−3.44 (m,
1H), 3.10 (dd, J = 15.0, 3.1 Hz, 1H).

(3R,4S)-4-Bromo-1,1-dioxidotetrahydrothiophen-3-yl Acetate
(33). 3-Bromo-4-hydroxytetrahydrothiophene 1,1-dioxide (32) (350
g, 1630 mmol, 1 equiv) was dissolved in MeCN (10.5 L) and then
vinyl acetate (700 g, 8140 mmol, 5 equiv) and Novozym 435 (enzyme
from Beijing Gaoruisen Keji, 350 g, 1:1 w:w; enzyme ingredients:
78.8% Acrylic resin, 21% Lipase (CAS 9001-62-1), 0.2% Potassium
sorbate (CAS 24634-61-5)) was added and the resulting mixture was
stirred for 3 days by a overhead stirrer (100 rpm) at 30 °C. The
resulting mixture was filtered to remove the immobilized enzyme, and
the filtrate was concentrated and then stirred in DCM (4 volumes) for
30 min at room temperature and filtered again. The resulting filtrate
was collected and concentrated (201 g, e.r. = 95.9:4.1). The resulting
mixture was dissolved in EtOAc (6 volumes), and then heptane (30
volumes) was added at room temperature without stirring. After
standing for 30 min, the solid was collected by filtration and the filter
cake was dried under reduced pressure to afford the title compound
(185 g white solid, 94% ee, 44% isolated yield). 1H NMR (300 MHz,
DMSO-d6): δ 5.59−5.46 (m, 1H), 4.81 (q, J = 5.5 Hz, 1H), 3.97−
3.86 (m, 1H), 3.79 (dd, J = 14.5, 7.0 Hz, 1H), 3.67 (dd, J = 14.4, 5.8
Hz, 1H), 3.43−3.37 (m, 1H), 2.08 (s, 3H). Chiral SFC analysis:
column CHIRALPAK IF-3 3.0 mm × 50 mm, 3 μm; eluent:
supercritical CO2; coeluent: MeOH (1% 2 M NH3−MeOH);
gradient 5% to 20% coeluent in 3.5 min; flow rate: 2 mL/min, Rt
(desired stereoisomer) = 1.04 min, Rt (undesired stereoisomer) =
1.62 min.

(S)-3-Hydroxy-2,3-dihydrothiophene 1,1-Dioxide (30). (3R,4S)-4-
Bromo-1,1-dioxidotetrahydrothiophen-3-yl acetate (33) (100 g, 389
mmol, 1 equiv, e.r. = 96.8:3.1) was dissolved in MeOH (1000 mL),
and then triethylamine (197 g, 1950 mmol, 5 equiv) was added and
the reaction mixture was stirred at 30 °C for 16 h. The resulting

mixture was concentrated to 200 mL and EtOAc (800 mL) was
added. The resulting mixture was filtered and the filtrate was
concentrated under reduced pressure. The residue was purified by
flash silica gel chromatography (eluent of EtOAc/PE) to afford the
title compound (49.3 g colorless oil, 94% isolated yield, 91% ee). 1H
NMR (300 MHz, CDCl3): δ 6.78 (dd, J = 6.7, 2.8 Hz, 1H), 6.72 (dd,
J = 6.7, 1.3 Hz, 1H), 5.19−5.10 (m, 1H), 3.63 (dd, J = 13.9, 7.3 Hz,
1H), 3.20 (dd, J = 13.8, 3.6 Hz, 1H), 2.70 (br s, 1H). Chiral SFC
analysis: column CHIRALPAK AD-3 4.6 × 50 mm, 3 μm; eluent:
supercritical CO2; coeluent: MeOH (0.1% diethylamine); gradient
5% to 20% coeluent in 2 min, then hold at 20% for 1 min; flow rate 4
mL/min; Rt (desired stereoisomer) = 1.32 min, Rt (undesired
stereoisomer) = 1.18 min.

(S)-1,1-Dioxido-2,3-dihydrothiophen-3-yl (4-Nitrophenyl) Carbo-
nate (34). (S)-3-Hydroxy-2,3-dihydrothiophene 1,1-dioxide (30)
(54.0 g, 402 mmol, 1 equiv) was dissolved in DCM (1000 mL),
then 4-nitrophenyl carbonochloridate (81.1 g, 402 mmol, 1 equiv)
was added at 0 °C, then triethylamine (61.0 g, 603 mmol, 1.5 equiv)
was added, and the reaction mixture was stirred at 0 °C for 30 min.
Approximately 80% of DCM volume was removed under reduced
pressure, the resulting mixture was filtered, and the filter cake was
collected and stirred in H2O (3 volumes) for 30 min at room
temperature. The resulting mixture was filtered and the filter cake (88
g) was recrystallized from acetone (5 volumes, stirred at 50 °C for 1 h,
then cooled to room temperature and stirred overnight) to afford the
title compound (80 g white solid, 99% ee, 67% isolated yield). LCMS
(Method E): Rt = 1.23 min, m/z = 321.9[M + Na]+; purity (UV 210
nM): 98.9%. Chiral SFC analysis: column CHIRALPAK IC, 3.0*100
mm, 3 μm; eluent: supercritical CO2; coeluent: MeOH (0.1%DEA);
gradient 10% to 50% coeluent in 2.0 min, then hold at 50% for 1.0
min; flow rate 2 mL/min; Rt (desired stereoisomer) = 1.27 min, Rt
(undesired stereoisomer) = 1.37 min.

(R)-3-(((2-(2-Hydroxypropan-2-yl)pyridin-4-yl)methyl)amino)-
2,3-dihydrothiophene 1,1-Dioxide (37). (S)-1,1-Dioxido-2,3-dihy-
drothiophen-3-yl (4-nitrophenyl) carbonate (34) (72.0 g, 241 mmol,
1 equiv) and 2-(4-(aminomethyl)pyridin-2-yl)propan-2-ol (35) (40.0
g, 241 mmol, 1 equiv) were dissolved in 2-MeTHF (800 mL), then
pyridine (19.0 g, 241 mmol, 1 equiv) was added at 0 °C, and the
reaction mixture was stirred at 25 °C for 3 h. To the resulting mixture,
triethylamine (48.7 g, 481 mmol, 2 equiv) was added and the reaction
mixture was stirred at reflux for 16 h. The resulting mixture was
concentrated under reduced pressure. The residue was purified by
flash silica gel chromatography (eluent of MeOH/DCM) to afford the
title compound (49.6 g yellow oil, 71% isolated yield, >99% ee).
LCMS (Method F): Rt = 0.55 min, m/z = 283.0[M + H]+; purity
(UV 210 nM): 95.5%. 1H NMR (300 MHz, CDCl3): δ 8.47 (dd, J =
5.1, 0.9 Hz, 1H), 7.44−7.33 (m, 1H), 7.25−7.16 (m, 1H), 6.77 (dd, J

Table 6. In-Depth ADME Profiling of Compounds 21, 28, and 29a

ID 21 28 29

biochem WRN ADP-Glo IC50 (μM) 0.033 0.088 0.064
cell HCT116 CTG (MSI, μM) 1.7 3.0 1.2
in vitro ADME MW, PSA 492, 94 507, 94 507, 94

solubility (μM, pH 7), HPLC log D 147, 2.63 110, 3.44 100, 2.8
GSH T1/2 (h) 16 20 135
H, Mu WB T1/2 (h) 19/28 28 47/141
Caco-2 PappAB (10−6 cm/s)/ER 3/2.7 3/3 2.4/4.5
H, Mu, R, D, Hep Clpred (mL/min/kg) n.d., 87, 53, 15 n.d., n.d., 53, n.d. <6, 82, 49, 8.4
H, Mu, R, D PPB unbound % n.d., n.d., 20, 14 n.d., n.d., 13, n.d. n.d., 5.5, 13, 15

Mu PK CL (mL/min/kg)/T1/2 (h)/Vss (L/kg)/F % 13/0.54/0.4/54
R PK CL (mL/min/kg)/T1/2 (h)/Vss (L/kg)/F % 132/0.4/3.2 107/0.3/2 36/1.1/1.9/78
D PK CL (mL/min/kg)/T1/2 (h)/Vss (L/kg) 6/5.6/2.2

aWRN�Werner helicase; CTG�CellTiter-Glo luminescent cell viability assay; MW�molecular weight; PSA�polar surface area; HPLC high-
performance liquid chromatography; solubility�kinetic solubility in PBS (pH 7.4); GSH�glutathione; T1/2�half-life; WB�whole blood;
PappAB�apical to basal apparent permeability; ER�efflux ratio; CL�clearance, H�human; Mu�mouse; Hep�hepatocytes; LM�liver
microsomes; PPB�plasma protein binding; PK�pharmacokinetics; Vss�steady-state volume of distribution; F�oral bioavailability; n.d. �not
determined.
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= 6.7, 2.8 Hz, 1H), 6.70 (dd, J = 6.7, 1.7 Hz, 1H), 4.93 (s, 1H), 4.35−
4.21 (m, 1H), 4.03−3.75 (m, 2H), 3.52 (dd, J = 13.6, 7.5 Hz, 1H),
3.16 (dd, J = 13.6, 3.8 Hz, 1H), 1.54 (s, 6H). Chiral SFC analysis:
column: Lux 3 μm Cellulose-4, 4.6 mm × 100 mm, 3 μm; eluent:
supercritical CO2; coeluent: MeOH (0.1% DEA); gradient: 10% to
50% coeluent in 2.0 min, then hold at 50% for 1.0 min; flow rate 4
mL/min; Rt (desired stereoisomer) = 1.84 min, Rt (undesired
stereoisomer) = 1.73 min.

(R)-N-((R)-1,1-Dioxido-2,3-dihydrothiophen-3-yl)-N-((2-(2-hy-
droxypropan-2-yl)pyridin-4-yl)methyl)-2-methoxy-2-(3,3′,4′-tri-
fluoro-[1,1′-biphenyl]-4 yl)acetamide (26). To a stirred mixture of
(R)-2-methoxy-2-(3,3′,4′-trifluoro-[1,1′-biphenyl]-4 yl)acetic acid
(38) (100 mg, 340 μmol, 1.00 equiv) and (R)-3-(((2-(2-
hydroxypropan-2-yl)pyridin-4-yl)methyl)amino)-2,3-dihydrothio-
phene 1,1-dioxide (37) (96 mg, 340 μmol, 1.00 equiv) in pyridine (5
mL) was added 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(86 mg, 680 μmol, 2.00 equiv) at room temperature under a N2
atmosphere. The reaction mixture was stirred for 1 h at room
temperature. The resulting mixture was concentrated under reduced
pressure. The reaction was purified by prep-HPLC with the following

conditions: column: Xbridge Phenyl OBD column, 19 mm × 150
mm, 5 μm; mobile phase A: H2O (10 mmol/L NH4HCO3), mobile
phase B: ACN; flow rate: 20 mL/min; gradient: isocratic; detector:
254 nm. The collected fraction was lyophilized directly to afford the
title compound (95 mg, 51% isolated yield) as a white solid. LCMS
(Method A): Rt = 1.036 min, m/z = 561.1[M + H]+; purity (UV 254
nM): 99%. HRMS-ESI (m/z): [M + H]+ calcd for C28H27F3N2O5S,
560.1593; found, 561.1666. 1H NMR and 13C NMR contain a
mixture of amide bond rotamers and are reported without assignment.
1H NMR (DMSO-d6, 400 MHz): δ 8.42 (d, 0.5H, J = 5.0 Hz), 8.39
(d, 0.5H, J = 5.3 Hz), 7.92−7.79 (m, 1H), 7.68−7.43 (m, 6H), 7.28
(dd, 0.5H, J = 1.9, 6.6 Hz), 7.15 (dd, 0.5H, J = 2.4, 6.6 Hz), 7.08 (d,
0.5H, J = 3.8 Hz), 6.95 (d, 0.5H, J = 4.3 Hz), 6.82 (dd, 0.5H, J = 2.5,
6.8 Hz), 6.56 (dd, 0.5H, J = 2.8, 6.8 Hz), 5.86 (s, 0.5H), 5.82−5.76
(m, 0.5H), 5.38−5.17 (m, 2H), 4.73−4.56 (m, 1.5H), 4.20 (d, 0.5H, J
= 17.0 Hz), 3.85 (dd, 0.5H, J = 8.6, 14.6 Hz), 3.69 (dd, 0.5H, J = 8.0,
13.5 Hz), 3.42 (s, 1.5H), 3.36−3.28 (m, 1H), 3.21 (s, 1.5H), 1.42 (d,
6H, J = 4.8 Hz) ppm. 13C NMR (DMSO-d6, 400 MHz): δ 169.42,
168.72, 168.59, 168.14, 161.91161.62, 159.46, 159.18, 151.08, 151.06,

Scheme 1. Scalable Enantioselective Synthesis of the Covalent WRN Inhibitor 26
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150.96, 150.93, 150.82, 150.69, 148.65, 148.62, 148.49, 148.36,
148.24, 147.93, 147.41, 146.65, 140.85, 140.49, 140.41, 140.20,
140.11, 139.25, 136.02, 136.00, 135.97, 135.93, 135.91, 135.82,
135.34, 135.27, 132.84, 129.73, 129.70, 129.65, 123.76, 123.72,
123.69, 123.66, 123.38, 123.23, 123.01, 122.94, 122.89, 122.83,
122.71, 122.58, 119.17, 119.02, 118.13, 117.96, 116.26, 116.12,
115.98, 115.95, 113.88, 113.80, 113.66, 113.57, 75.06, 74.20, 72.41,
72.27, 57.20, 57.11, 56.24, 55.94, 52.12, 51.36, 48.91, 45.49, 30.66,
30.64 ppm.

Assay Protocols
WRN DNA Unwinding Assay. Bovine skin gelatin (BSG),

dimethyl sulfoxide (DMSO), Pluronic F-127, sodium dodecyl sulfate
(SDS), and Tris(2-carboxyethyl)phosphine hydrochloride solution
(TCEP) were purchased from Sigma-Aldrich at the highest level of
purity possible. Bicine buffer solution was purchased from Alfa Aesar.
ATP was purchased from Promega and labeled DNA duplex
(Strand1:5′-Cy5-GCACTGGCCGTCGTTTTACGGTCG-3′, Strand
2:5′-TCCAAGTAAAACGACGGCCAGTGC-BHQ2-3′) was synthe-
sized at BGI (Shenzhen, China). Compounds serially diluted in 100%
DMSO were spotted into a 384-well black assay plate using an Echo
550 apparatus (Agilent). Compounds/DMSO were preincubated for
30 min at 25 °C with 2× WRN (517−1235, L1074F) in assay buffer
containing 20 mM Bicine, pH 7.5, 10 mM KCl, 0.1% Plutonic F-127,
1 mM MgCl2, 0.005% BSG, 1 mM TCEP. The reaction was initiated
by the addition of 2× substrate mixture in assay buffer and incubated
for 15 min at 25 °C. The final concentrations of the assay components
were 0.5 nM WRN, 5 nM labeled DNA duplex and 50 μM ATP, 1%
DMSO. The reaction was terminated by the addition of SDS (0.15%
final) and incubated for 10 min. Fluorescence of the substrate was
read at 685 nm (excitation, 625 nm) on an Envision plate reader
(PerkinElmer). Helicase activity was demonstrated by an increase in
fluorescence, which results from the decrease in BHQ quenching
upon strand separation. The % inhibition was calculated (% INH =
((F MAX − F sample)/(F MAX − F MIN)) × 100, where F =
fluorescence units, sample = signal in sample well, and MIN and MAX
are the respective minimum and maximum signal controls). The data
were fit to a four-parameter IC50 equation (Y = Bottom + (Top −
Bottom)/(1 + (IC50/X)Ĥill Slope, where Y is the % inhibition and X
is the compound concentration) to determine IC50 values.

WRN and BLM ADP-Glo Assays. The same materials were used
as in the WRN DNA unwinding assay, except that the DNA duplex
was unlabeled. Similarly, compounds serially diluted in 100% DMSO
were spotted into a 384-well white polystyrene assay plate using an
Echo 550 (Agilent). Compounds/DMSO were preincubated for 15
min at 25 °C with 2× WRN (517−1235, L1074F) in the same assay
buffer described above. The reaction was initiated by the addition of
2× substrate mixture in assay buffer and incubated for 60 min at 25
°C. The final concentrations of the assay components were 0.15 nM
WRN, 5 μM ATP, and 0.1 nM DNA duplex, 1% DMSO. The reaction
was stopped by the addition of the ADP-Glo Kit components
(Promega) as directed and the relative luminescence units (RLUs)
were read on an Envision (PerkinElmer). % Inhibition and IC50 values
were calculated as described above. The WRN C727 ADP-Glo assay
was performed as the wild-type WRN ADP-Glo assay with these final
concentrations, 1 nM WRN C727A (517−1235, L1074F, C727A), 10
μM ATP, 0.5 nM DNA duplex, and 1% DMSO. The BLM ADP-Glo
assay was performed as the WRN ADP-Glo assay with these final
concentrations, 0.15 nM BLM (N-terminal biotinylated-636-1298),
20 μM ATP, 0.03 nM DNA duplex, and 1% DMSO.

WRN Kinetic TR-FRET Assay. Bodipy FL-ATP probe was
purchased from Thermo Fisher and streptavidin-terbium Cryptate
was purchase from Revvity. Compounds serially diluted in 100%
DMSO were spotted into a 384-well black assay plate using an Echo
550 (Agilent). A mixture of 40 nM WRN (N-terminally biotinylated-
517−1235, L1074F), 300 nM Bodipy FL-ATP and 2 nM
Streptavidin-Terbium Cryptate in assay buffer, as described above,
was added to the compounds in the assay plate. The fluorescence
ratio (520/485 nm) was measured every 2 min over 2 h. The ratio vs
time was fit to a single exponential equation to determine

displacement rate, kobs. kinact and Ki were determined by fitting kobs
vs compound concentration (X) to the equation kobs = (kinact*X)/(Ki
+ X).

WRN Intact Mass Spectrometry. The protein construct WRN
(500−946) was used for the analysis of covalent adduct formation
with compounds of interest. Samples for MS were prepared as follows.
Reaction volume was set at 20 μL. Compound at a final concentration
of 40 μM was added to 20 μM protein in 20 mM Tris, pH 7.5, 200
mM NaCl, and 1 mM TCEP resulting in a 2-fold molar excess of
compound. The sample was incubated at 18 °C for 2 h. Intact mass
spectrometry (ESI-MS) was used to confirm covalent adduct
formation.

Mouse Xenograft Studies. For HCT116 acute PD studies,
BALB/c nude mice were implanted subcutaneously with HCT116
tumor cells and treatments (N = 3 per group) were initiated when
tumors reached ∼400 mm3. Mice were treated for either 1 or 2 days
by oral gavage, at which time points tumors were harvested and
analyzed for p21 protein expression (CST#2497) by Western blot.
For the HCT116 and SW620 efficacy studies, briefly, BALB/c nude
mice were implanted subcutaneously with either HCT116 or SW620
tumor cells and treatments (N = 6−8 per treatment arm) were
initiated when the mean tumor volume reached ∼60−100 mm3

(HCT116) or ∼150 mm3 (SW620). Mice were treated daily by
oral gavage for 21 days (HCT116 study) or 18 days (SW620 study),
at which time point the study was ended. Tumor measurements were
assessed twice a week by calipers. The formulation used for Cpd 26
was 10% EtOH/90% PEG400.

In Vitro SMaSh Assay. Streptavidin mass shift (SMaSh) was
performed per the protocol described in ref 37. Briefly, HCT116 cells
were treated with a dose response of 26 for 6 h, at which point lysates
were prepared for SMaSh. A covalent biotinylated WRN inhibitor
probe was added to the lysate for 4 h at room temperature (RT) and
then streptavidin was added and incubated for 10 min at RT. Samples
were then analyzed for WRN mass shift by protein simple Western
blot (JESS) using a WRN antibody from Cell Signaling Technologies
(CST#4666).

Cell Titer Glo and p21 In-Cell Western Assays. Cell titer gel
(CTG) assays were performed using the CTG reagent from Promega
(G7573). Briefly, HCT116 and SW620 cells were seeded into 384-
well plates and treated for 5 days with a dose response of WRN
inhibitors. Staurosporine was used as the positive cell killing control
and normalized inhibition to 100%. After 5 days, plates were
subjected to CTG analysis and read by an Envision plate reader.

p21 in-cell western assays were performed in HCT116 cells using a
p21 antibody from Cell Signaling Technologies (CST#2497). Briefly,
HCT116 cells were seeded into 384-well plates and treated for 24 h
with a dose response of WRN inhibitors. Cells were then fixed with
4% paraformaldehyde for 20 min and washed 4 times with PBST.
Odyssey blocking buffer was then used to block the plate for 2 h, after
which primary p21 antibody (1:2000) and GAPDH (CST#97166)
(1:2000) were added for 2 h in the dark. p21 and GAPDH signal were
then quantified using a LiCOR odyssey reader at 800 and 700 nm,
respectively.

In all experiments, HCT116 cells were maintained in 90% McCoys
5A medium +10% FBS and cultured at 37C under 5% CO2.
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