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ABSTRACT: We report herein the discovery and extensive
characterization of ARD-1676, a highly potent and orally efficacious
PROTAC degrader of the androgen receptor (AR). ARD-1676 was
designed using a new class of AR ligands and a novel cereblon
ligand. It has DC50 values of 0.1 and 1.1 nM in AR+ VCaP and
LNCaP cell lines, respectively, and IC50 values of 11.5 and 2.8 nM
in VCaP and LNCaP cell lines, respectively. ARD-1676 effectively
induces degradation of a broad panel of clinically relevant AR
mutants. ARD-1676 has an oral bioavailability of 67, 44, 31, and
99% in mice, rats, dogs, and monkeys, respectively. Oral
administration of ARD-1676 effectively reduces the level of AR
protein in the VCaP tumor tissue in mice and inhibits tumor
growth in the VCaP mouse xenograft tumor model without any sign of toxicity. ARD-1676 is a highly promising development
candidate for the treatment of AR+ human prostate cancer.

■ INTRODUCTION
The androgen receptor (AR) and AR signaling play a pivotal role
in the initiation and progression of human prostate cancer.1,2

AR-targeted therapeutic agents, including abiraterone, which
blocks androgen synthesis, and second-generation AR antago-
nists, such as enzalutamide, apalutamide, and darolutamide,
have been developed for the treatment of advanced human
prostate cancer.3 While these agents have proved to be effective
in the clinic, resistance to these drugs typically develops within
18 months.4 Some of the major resistance mechanisms include
AR gene amplification, AR-activating mutations, and expression
of AR variants.5 In the majority of human prostate cancers
developed resistant to AR-targeted agents, AR and AR signaling
continue to play a role in tumor progression, and novel
therapeutic strategies to target AR and AR signaling are being
sought.6

One attractive and novel strategy to target the AR is through
induction of targeted protein degradation. Inspired by the
clinical success of selective estrogen receptor degraders
(SERDs) for the treatment of human breast cancers, selective
AR degraders (SARDs) have been pursued. However, currently,
SARD molecules still have relatively weak degradation potency
and significant improvement is needed.7

A second approach to induce AR protein degradation is the
use of the proteolysis-targeting chimera (PROTAC) technol-
ogy. PROTAC agents are heterobifunctional molecules
containing a ligand that binds to a protein of interest, a ligand
that binds to and recruits an E3 ligase or an E3 ligase complex,
and a linker that joins them together.8 The first AR PROTAC
molecule (1) was designed using a bicalutamide derivative as the
AR ligand and an MDM2 inhibitor as the E3 ligase ligand
(Figure 1).9,10 While effective AR degradation of compound 1
was only achieved at micromolar concentrations,9 it provided
the important proof of concept that AR protein can be
successfully degraded using the PROTAC technology.
Another AR degrader, named SNIPPER (2), was designed

using a ligand to recruit a cellular inhibitor of apoptosis protein 1
(cIAP1) as the E3 ligase.11 A limitation for an IAP-based AR
degrader is that the cIAP1 protein itself can also be degraded by
the IAP ligand used in the degrader molecule, thus limiting the
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degradation potency and efficacy against AR. Highly potent AR
degraders have been reported using VHL ligands, which recruit
the VHL/cullin 2 as the E3 ligase system, and such degrader
molecules include ARCC-4 (3),6 ARD-69 (4),12 and ARD-
266.13 A significant limitation for VHL-based AR degraders is
their poor oral bioavailability, which prevents their clinical
development as oral agents. Potent PROTAC AR degraders
have been discovered using cereblon ligands. In contrast to
VHL-based PROTAC AR degraders, a number of reported
PROTACAR degraders, including ARV-110 (bavdegalutamide,
5),14,15 ARD-2128 (6),16 ARD-2585 (7),17 and ARD-2051
(8),18 have been found to achieve good oral bioavailability and
upon oral administration effectively inhibit tumor growth in AR
+ human prostate cancer models in mice. Importantly, ARV-110
has been shown to be safe in phase 1/2 human clinical trials and
has demonstrated clinical activity as a single agent in patients
with tumors carrying AR double mutations. ARV-766 (9) is
another orally bioavailable AR PROTAC from Arvinas that is
being evaluated in phase 2 clinical trials, and its chemical
structure was disclosed during the 2023 AACR conference.19,20

A number of additional orally bioavailable PROTAC AR
degraders, including CC94676,21−24 HP518,25−27 and
AC017628−31 have progressed into human clinical trials.

Although their precise chemical structures have not been
disclosed, published patents suggest that these compounds are
likely cereblon-based degraders.
In this study, we report the design, synthesis, and evaluation of

potent and orally bioavailable PROTAC AR degraders using a
new class of AR ligands and novel cereblon ligands. Our efforts
have led to the discovery of ARD-1676 as a highly potent and
orally efficacious AR degrader. ARD-1676 demonstrates
excellent oral bioavailability in mice, rats, dogs, and monkeys.
ARD-1676 is effective in reducing the AR protein in tumor tissue
and achieves strong antitumor activity in the AR+ VCaP
xenograft model in mice with oral administration. ARD-1676 is a
promising development candidate for the treatment of AR+
human prostate cancers and other AR-dependent human
diseases or conditions.

■ RESULTS AND DISCUSSION
Design of a New Class of AR Ligands. We previously

reported our discovery of ARD-2585, a potent and orally
efficacious PROTAC AR degrader.17 In our further evaluations
of ARD-2585 as a potential development candidate, we found
that while it achieves excellent oral bioavailability in mice, it has
only a modest oral bioavailability of 13% in rats, highlighting the

Figure 1. Representative AR PROTAC degraders.
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challenge underlying the development of orally bioavailable
PROTAC AR degraders across different species.
A typical cereblon-based PROTAC AR degrader consists of

an AR ligand, a cereblon ligand, and a linker. In our previous
studies, we performed extensive optimization of the linker which
led to the discovery of ARD-212816 and ARD-2585.17 In the
present study, we aimed at designing novel AR ligands and new
cereblon ligands with the objective of identifying PROTAC AR
degraders, which not only achieve high AR degradation potency
but also good oral bioavailability across species. Our goal was
identification of one or more candidates suitable for clinical
development.
Our recent comprehensive review32 of previously reported

AR agonists and antagonists showed that many AR ligands have
some common structural features, namely, a substituted phenyl
ring as the “head group”, an optional aromatic tail, and a
connector (Table 1). A large number of AR agonists and
antagonists, including a number of clinical compounds, contain
a 4-cyano-3-chlorophenyl moiety as the head group. Although
no co-crystal structure of antagonists with human AR has been
reported, a number of co-crystal structures of AR agonists in a
complex with the human AR are available.33 These co-crystal
structures show that the 4-cyano-3-chlorophenyl moiety in an
agonist binds deeply into the AR ligand pocket and enjoys
hydrogen bonding and hydrophobic interactions with the AR. In
addition, our modeling suggested that the aromatic group in the
tail portion of the AR ligand in ARD-2585 has π−π interactions
with Trp741 of the AR.17 The connector between the head and
tail groups in AR ligands is structurally diverse. Our modeling
showed that the connector in the AR ligand used in ARD-2585 is
in contact with a number of hydrophobic residues but has no
specific hydrogen bonding interactions with the AR.17

We posited that AR ligands with a reduced polar surface and
conformational flexibility may lead to improved oral bioavail-
ability across species in resulting PROTAC degraders.
Accordingly, we designed two series of AR ligands using spiro
amines with a carbonyl group inserted on either side of the tail
phenyl ring to reduce both the polar surface and conformational
flexibility without increasing non-sp3 atoms when compared to
the AR ligand used in ARD-2585. In addition, a methyl
piperazine group was introduced into our designed AR ligands
to create a convenient site as an exit vector for the synthesis of
PROTAC degraders and at the same time improve solubility of
the resulting AR ligands. We synthesized a total of 13 new AR
ligands and evaluated their binding affinities to the AR,
obtaining the data summarized in Table 1.
Among those AR ligands in series I, compounds designed

using 4,4-spiro (12 and 13), 4,6-spiro (15), 5,4-spiro (16), 6,4-
spiro (19), and 6,6-spiro (21) as the connectors have no
appreciable binding affinities to AR up to 10 μM and thus have
IC50 > 10 μM. Compounds designed using 4,5-spiro (14), 5,5-
spiro (17), 5,6-spiro (18), and 6,5-spiro (20) connectors have
IC50 values of 9.9, 6.9, 3.6, and 5.0 μM, respectively, and are
therefore weak AR ligands. Among those AR ligands in series II,
compounds containing a 5,5-spiro ring system (22) and 6,5-
spiro ring system (24) have IC50 values of 1.8 and 5.4 μM,
respectively, and are also weak AR ligands. However, compound
23 with a 5,6-spiro ring system was found to have an IC50 value
of 80 nM. In the same binding assay, AR ligands used in ARV-
110 and ARD-2585 have IC50 values of 55 and 15 nM,
respectively, enzalutamide has an IC50 value of 800 nM, and a
potent AR agonist R188134 has an IC50 of 5.0 nM. Hence,
compound 23 is slightly weaker than AR ligands in ARV110 and

ARD-2585 but 10 times more potent than enzalutamide and
thus a potent AR ligand. We modeled compound 23 in complex
with the human AR.33 Our predicted binding model suggested
that the cyanophenyl ring and connector portion in compound
23 binds to the AR in a manner very similar to an AR ligand S1,

Table 1. Novel AR Ligands with Different Spiro Ring Systems
as Connectors and Their Binding Affinities to the ARa

aAll the data are an average of three independent experiments.
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while the methyl piperazine flanks over the surface of through
the open position of H12 (Figure S1).
Design of New Tricyclic Cereblon Ligands. We next

focused our efforts on the design of new cereblon ligands.
Because ARV-110, ARD-2128, and ARD-2585 all employ a
protonatable amine in their linker, we sought to incorporate a
protonatable amine into our designed new cereblon ligand.
Analysis of the co-crystal structure of thalidomide in a complex
with cereblon suggested that an additional fused ring can be
appended onto the phenyl group in thalidomide without
creating any steric clashes with cereblon (Figure S2).
Accordingly, we designed and synthesized three new cereblon
ligands by cyclizing the C5- and C6-positions of the phenyl ring
in thalidomide to form a tricyclic structure (Table 2). We
evaluated these three new cereblon ligands for their binding
affinity to cereblon using thalidomide as a reference cereblon
ligand. In addition, we also synthesized the cereblon ligand (25)
used in ARD-2585 and the cereblon ligand (26) used in ARV-
110 and evaluated them in our cereblon binding assay. The
obtained binding data for these cereblon ligands are summarized
in Table 2.
Among these three new cereblon ligands, compound 27

containing a 5-membered ring has Ki = 1.4 μM, while
compounds 28 and 29 containing a 6- or 7-membered ring
haveKi = 6.0 and 7.3 μM, respectively. In the same binding assay,
thalidomide, 25 and 26 have Ki = 1.8, 0.5, and 4.9 μM,
respectively.
Design of PROTAC AR Degraders Using New ARs and

Tricyclic Cereblon Ligands.We next designed an initial series
of PROTAC AR degraders using our new, potent AR ligand
(23) and three new cereblon ligands (27−29). In our previous

studies, we showed that the link length and compositions play a
critical role in AR degradation potency.16,17 We first synthesized
several degraders (30−38) by employing a linker whose length
is similar to that in ARD-2585.17 We evaluated their AR
degradation in the AR+VCaP prostate cancer cell line, obtaining
the data summarized in Table 3 and Figure S3.
The degrader 30 was designed and synthesized using the

cereblon ligand 27 with a short and rigid linker and had DC50 =
9.7 nM and Dmax = 89%. Increasing the linker length in
compound 30 by one methylene group yielded compound 31,
which had DC50 = 5.7 nM andDmax = 88%, both similar to those
of compound 30. Further increasing the linker length in
compound 31 with an additional methylene group resulted in
degrader 32, which had DC50 = 92 nM and Dmax = 78% and was
thus less potent and effective than compounds 30 or 31.
Using the cereblon ligand 28, we synthesized degraders 33−

35 with the same linkers as in the degraders 30−32. Degraders
33−35 have DC50 = 73, 25, and 125 nM and Dmax = 63, 53, and
79%, respectively. Thus, degraders 33−35 designed using the
cereblon ligand 28 are less potent and effective than degraders
30−32, which employ the cereblon ligand 27.
Using the cereblon ligand 29, we synthesized degraders 36−

38 using the same linkers as those in degraders 30−32.
Degraders 36−38 demonstrate DC50 = 18 and 51 nM and 3 μM
andDmax = 81, 51 and 76%, respectively. Hence, these degraders
(compounds 36−38) are also less potent and effective than
degraders 30−32.
Further Optimization of Degrader 31. Degrader 31

achieved good degradation potency and efficiency and
represented a promising lead compound for further optimiza-
tion.

Table 2. Chemical Structures of Cereblon Ligands and Their Binding Affinities to Cereblona

Cereblon Ligand cereblon binding affinity [Ki (μM)]
thalidomide 1.8 ± 0.12
25 0.5 ± 0.03
26 4.9 ± 0.20
27 1.4 ± 0.05
28 6.0 ± 0.18
29 7.3 ± 0.31

aAll the data are an average of three independent experiments.
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In an attempt to further increase the degradation potency for
AR degrader 31, we modeled the AR ligand 23 in a complex with
the AR. Ourmodeling suggested that the 5,6-spiro ring system in
compound 23 binds to a hydrophobic environment, and there is
also space available around the 5-membered ring for a small
substituent (Figure S1). Accordingly, we synthesized S-23awith
an S-methyl substitution and as its stereoisomer R-23a. In our
AR binding assay, compound S-23a has IC50 = 6.9 nM to the AR,
whereas compound R-23a has IC50 > 10 μM. Our modeling
suggested that compound S-23a adopts a very similar pose as

compound 23 but captures additional hydrophobic interactions
with the AR through its additional methyl group (Figure S4).
We next synthesized their corresponding degraders 39 and 40

by installation of either an S-methyl or an R-methyl substituent
on the 5-membered ring in degrader 31. Consistent with the
high binding affinity of compound S-23a to the AR, the
corresponding degrader 39 synthesized using the AR ligand S-
23a has DC50 = 0.1 nM andDmax = 99% in the VCaP cell line and
is therefore 57 times more potent than degrader 31 (Table 4 and
Figure S5). In comparison, the corresponding degrader 40
synthesized using the AR ligand R-23a has DC50 = 385 nM and

Table 3. Initial Series of AR PROTACs and Their Degradation in the VCaP Cell Line
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Dmax = 81% and is therefore >3000 times less potent than
degrader 39.
Encouraged by the exceptional degradation potency of

degrader 39, we replaced the S-methyl group in 39 with an S-
ethyl substituent, yielding degrader 41, which attained DC50 =
0.2 nM andDmax = 99%. Hence, compound 41 is a highly potent
and effective AR degrader but is slightly less potent than
degrader 39.
We next modified the linker in degrader 39. Removal of one

methylene group from the linker in degrader 39 yielded
compound 42, which has DC50 = 0.4 nM and Dmax = 91%.

Changing the 6-membered ring to a 4-membered ring in the
linker in degraders 39 and 42 resulted in degraders 43 and 44,
which have DC50 = 0.7 and 0.5 nM and Dmax = 89 and 99%,
respectively.
We performed further modifications of the linker in degrader

39 by introducing substituents on the linker piperidine ring
(Table 5 and Figure S6). Substituents with fluorine, methoxy,
and methyl on the linker resulted in compounds 45, 46, and 47,
respectively, which have DC50 = 0.9, 0.3, and 3.8 nM,
respectively, and Dmax = 97−99%. However, degrader 48 with

Table 4. Optimization of Degrader ARD-1632
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a hydroxy substituent has DC50 = 290 nM andDmax = 71% and is
a much weaker degrader than other compounds in this series.
Next, we introduced heteroatoms into the central phenyl ring

of 39 (Table 6 and Figure S7). Degrader 49 containing
pyridazine, degrader 50 containing pyrimidine, and degraders
51 and 52 containing pyridine have DC50 of 2.7, 4.6, 15.6, and
2.3 nM, respectively, and Dmax = 99%. Hence, while these
compounds are clearly less potent than degrader 39, they are still
potent and effective AR degraders.
Further Evaluation of Degrader 39 and Other Potent

Degraders. We next evaluated a number of potent AR
degraders in the LNCaP AR+ prostate cancer cell line, which
carries a T878A AR mutation, and obtained the data
summarized in Table 7 and Figure S8. Degraders 39, 41−47,
and 49−52 have DC50 values = 0.5−8.9 nM andDmax = 93−99%

Table 5. Further Optimization of the Linker in ARD-1676

no compound structures (R) VCaP cell line

DC50 (nM) Dmax (%)

39 ARD-1676 H 0.1 99
45 ARD-1683 F 0.9 99
46 ARD-1684 OMe 0.3 99
47 ARD-1694 Me 3.8 97
48 ARD-1705 OH 290 71

Table 6. Introduction of Heteroatoms into the Central Phenyl Ring (AR) of ARD-1676

Table 7. AR Degradation Activity of Representative, Potent
Degraders in the LNCaP Cell Line

no compound
degradation in
LNCaP no. compound

degradation in
LNCaP

DC50
(nM)

Dmax
(%)

DC50
(nM)

Dmax
(%)

39 ARD-1676 1.1 98 46 ARD-1684 1.0 97
41 ARD-1693 3.5 99 47 ARD-1694 8.9 94
42 ARD-1671 0.8 97 49 ARD-7063 0.5 99
43 ARD-1689 5.0 93 50 ARD-7064 1.2 99
44 ARD-1690 2.9 99 51 ARD-4055 4.6 99
45 ARD-1683 3.7 96 52 ARD-4056 2.2 99
5 ARV-110 1.5 99
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in the LNCaP cell line. Among them, degraders 39, 42, 46, 49,
and 50 have DC50 values of 0.5−1.2 nM andDmax values of >95%
and are highly potent and effective AR degraders.
We evaluated these 12 most potent degraders for their cell

growth inhibition in the VCaP cell line with ARV-110 included
as the control and obtained the data summarized in Table 8.
Degraders 39, 41−47, and 49−52 have IC50 = 4.9−85 nM,
whereas ARV-110 has an IC50 value of 16.2 nM.

Pharmacokinetic (PK) Studies of Potent AR Degraders
in Rats. As indicated above, while ARD-2585 has excellent oral
exposure in mice,17 it has only a moderate oral bioavailability of
13% in rats (Table 9). Therefore, to identify potent AR
degraders with an excellent overall PK profile, we performed
pharmacokinetic studies of 9 potent new PROTAC AR
degraders (39, 42−47, and 49−50) identified from this study
in rats, with ARV-110 included as a control compound. The
obtained PK data are summarized in Table 9.
Among these 9 compounds, compounds 39, 42, and 47 show

the best oral bioavailability and an excellent overall PK profile.
Upon intravenous administration at 2 mg/kg, degrader 39
(ARD-1676) has a low clearance of 0.36 L/h/kg, a moderate Vss
= 1.7 L/kg, and a reasonably long T1/2 = 4.5 h. With a 5 mg/kg
oral administration, 39 achieves a high Cmax = 871 ng/mL, an
AUC > 6 μg/mL·h, and an oral bioavailability (F) of 44%.
Compared to compound 39, degrader 42 (ARD-1671) has a
higher clearance (Cl = 0.92 L/h/kg) and a larger volume of
distribution (Vss = 6.1 L/kg) with intravenous administration
and a modestly lower Cmax and AUC with oral administration
and has an oral bioavailability of 81%. Compound 47 (ARD-

1694) has a similar IV and oral PK profile as compound 39
(ARD-1676) and achieves an oral bioavailability of 45%.
Compounds 45, 46, and 49 have moderate oral bioavailability
based on their Cmax and AUC values and their F values of 18−
36%. Three other degraders (43, 44, and 50) were found to have
low oral bioavailability based on their Cmax and AUC values and
their F values (7−15%). In our PK study, ARV-110 has a longer
T1/2 than degraders 39, 42, and 47 in both IV and oral routes of
administration, an excellent Vss of 4.6 L/kg, a low clearance of
0.36 L/h/kg, and a similar overall oral bioavailability as
compared to that of degraders 39, 42, and 47.
Among degraders 39 (ARD-1676), 42 (ARD-1671), and 47

(ARD-1694) which have an excellent PK profile in rats,
compound 39 has the best degradation potency and cell growth
inhibitory activity. We therefore decided to perform extensive
evaluations of 39 (ARD-1676) as a potential development
candidate.
Further Evaluation of ARD-1676 in AR+ Prostate

Cancer Cell Lines. We evaluated the AR degradation and
cell growth inhibition of ARD-1676 in the LNCaP cell line,
which carries a T878A AR mutation, with ARV-110 included as
the control. ARD-1676 attains DC50 = 1.1 nM andDmax = 98% in
AR degradation and IC50 = 2.8 nM in cell growth inhibition in
the LNCaP cell line. In comparison, ARV-110 has DC50 = 1.5
nM and Dmax = 99% in AR degradation and IC50 = 18.5 nM in
cell growth inhibition in the LNCaP cell line (Figures 2 and S9).
In the same assay, enzalutamide has IC50 = 213 nM in cell
growth inhibition in the LNCaP cell line.
We further evaluated the activity of ARD-1676 in the MDA-

Pca-2b cell line with AR double mutations (L702H and T878A)
(Figures 3 and S9). ARD-1676 has DC50 = 8 nM andDmax > 95%
in the MDA-Pca-2b cell line, indicating that ARD-1676 is
effective in inducing degradation of the AR double mutant
protein (L702H and T878A). In comparison, ARV-110 is
ineffective in reducing the AR double mutant protein in the
MDA-Pca-2b cell line (Figure S9).
We evaluated ARD-1676 for its degradation kinetics in the

VCaP and LNCaP cell lines with the data shown in Figure 4.
ARD-1676 effectively degraded >50% of the AR after a 1 h
treatment time and achieved maximum degradation with a 3−6
h treatment time in both the VCaP and LNCaP cell lines at 10
and 100 nM (Figure 4). Hence, ARD-1676 induces rapid
degradation of AR protein in both the VCaP and LNCaP cell
lines.

Table 8. Cell Growth Inhibitory Activity of Selected
Degraders in the VCaP Cell Linea

no. compound
IC50 (nM) in
VCaP cells no. compound

IC50 (nM) in
VCaP cells

39 ARD-1676 11.5 ± 0.3 46 ARD-1684 4.9 ± 0.3
41 ARD-1693 23 ± 2 47 ARD-1694 42 ± 0.0
42 ARD-1671 16.5 ± 1.5 49 ARD-7063 20 ± 1
43 ARD-1689 85 ± 3 50 ARD-7064 10 ± 1
44 ARD-1690 25.7 ± 0.6 51 ARD-4055 46 ± 11
45 ARD-1683 18 ± 2 52 ARD-4056 11 ± 0.2
5 ARV-110 16.2 ± 1.5

aAll the data are an average of three independent experiments.

Table 9. Pharmacodynamic Parameters of Potent AR Degraders in Ratsa

male rats
IV

(mg/kg) T1/2 (h)
AUC(0−t)
(h·ng/mL)

Vss
(L/kg)

Cl
(L/h/kg)

PO
(mg/kg) T1/2 (h)

Cmax
(ng/mL)

AUC(0−t)
(h·ng/mL) F %

39 ARD-1676 2 4.5 5492 1.7 0.36 5 5.6 871 6016 44
42 ARD-1671 2 5.5 2105 6.1 0.92 5 5.5 410 4279 81
43 ARD-1689 2 3.2 2367 2.7 0.87 5 1.89 94 423 7.2
44 ARD-1690 2 1.4 1375 1.8 1.50 5 1.20 78 310 9.0
45 ARD-1683 2 7.9 4003 4.2 0.47 5 5.2 216 1822 18
46 ARD-1684 2 4.9 2388 4.1 0.83 5 5.6 179 1317 22
47 ARD-1694 2 6.1 5090 3.1 0.38 5 8.4 539 5731 45
49 ARD-7063 1 2.0 1010 2.2 1.94 3 1.4 247 1097 36
50 ARD-7064 1 1.4 495 2.3 2.00 3 1.2 55 235 15
5 ARV-110 1 12 2272 4.6 0.36 3 27.1 280 3595 52
7 ARD-2585 1 5.5 1302 5.3 0.75 3 6.9 57 535 13

aVehicle: 10% PEG400 + 90% PBS (pH 8). Cmax, maximum drug concentration; AUC0−24h, area under the curve between 0 and 24 h; Cl = plasma
clearance rate; Vss = steady-state volume of distribution; T1/2 = terminal half-life; F = oral bioavailability; IV, intravenous administration; PO, oral
administration.
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Evaluation of ARD-1676 against a Broad Panel of AR
Mutants in HEK293 Cells. We next evaluated ARD-1676 for
its ability to induce degradation against a broad panel of
clinically relevant AR mutants in HEK293 cells. For this
purpose, different AR mutants were overexpressed in HEK293
cells. The data are summarized in Figure 5.
Consistent with the data obtained in the VCaP cell line, ARD-

1676 was highly effective in reducing the wild-type AR protein at
concentrations as low as 1 nM in HEK293 cells with
overexpressed AR protein. We constructed overexpression
vectors for commonly observed AR mutations and deletions in
the clinic in our in-house metastatic prostate cancer patient
samples.35 TwoN-terminal mutations, K388R and the 388−390
deletion (Δ388−390), both disrupt a known AR-sumoylation
site and are known to increase AR activity.36 A number of
common ligand-binding domain mutations allow for promiscu-
ous ligand binding, allowing for resistance to standard AR
antagonists: L702H (glucocorticoid-activated), V716M (con-
ferring resistance to flutamide and bicalutamide), W742C
(conferring resistance to bicalutamide), H875Y (activated by
DHEA, estradiol, progesterone, flutamide, and nilutamide and
found in CWR-R1 and CWR-22Rv1 cell lines), F877L
(activated by enzalutamide), T878A (activated by DHEA,
estradiol, progesterone, cyproterone acetate, flutamide, niluta-
mide, cholesterol, and other hydrophobic molecules), S889G
(conferring bicalutamide resistance), and one large deletion of
the ligand-binding domain that prevents broad antagonist
binding, Δ873−879.35,37−39 ARD-1676 was found to be highly
effective and potent in reducing the K388R-, V716M-, W742C-,
H875Y-, F877L-, and T878A-mutated AR proteins at
concentrations as low as 1 nM. ARD-1676 effectively depleted
two AR mutants with Δ388−390 and Δ873−879 deletion,
respectively. While ARD-1676 was still capable of reducing the
levels of AR L702H- and S889G-mutated AR proteins, it was
much less effective as compared to its ability to reduce other AR-
mutated proteins examined.

Taken together, using engineered cell lines, our data showed
that ARD-1676 is highly effective and potent in depletion of the
majority of AR-mutated proteins examined, suggesting its broad
therapeutic potential in overcoming resistance conferred by
these AR mutations to current AR-targeted agents.
Confirmation of the PROTACMechanism of Action for

ARD-1676.We investigated the mechanism of AR degradation
induced by ARD-1676. Our data (Figure 6) showed that AR
degradation induced by ARD-1676 is effectively blocked by
enzalutamide (an AR antagonist), thalidomide (a cereblon
ligand), MG132 (a proteasome inhibitor), and MLN4924 (a
NEDD8 inhibitor) in the VCaP cell line. These data
demonstrated that ARD-1676 is a bona fide PROTAC AR
degrader.
RT-qPCR Analysis of AR-Regulated Genes by ARD-

1676. By depletion of AR protein in AR+ cells, AR degraders are
expected to effectively suppress AR-regulated genes. We
investigated the ability of ARD-1676 to suppress AR-regulated
gene expression in the VCaP and LNCaP cell lines with the AR
antagonist enzalutamide included as the control. The obtained
data are summarized in Figure 7.
Our data showed that ARD-1676 effectively suppresses the

expression ofKLK3, which encodes PSA andTMPRSS2 genes in
both the VCaP and LNCaP cell lines in a concentration-
dependent manner. ARD-1676 reduces the mRNA level of both
KLK3 and TMPRSS2 genes by >50% at 1 nM in the VCaP cell
line and 3 nM in the LNCaP cell line, respectively. In
comparison, ARD-1676 is ∼100-fold more potent than
enzalutamide in suppressing the expression of these AR-
regulated genes.
Proteomic Analysis of Degradation Selectivity of the

AR in the VCaP Cell Line. We investigated the degradation
selectivity of ARD-1676 by an unbiased proteomics analysis in
the VCaP cell line with its corresponding inhibitor S-23a
included as the control. The results are summarized in Figure 8.
With either 100 nM or 1 μM ARD-1676, AR protein was

reduced by >75%. Interestingly, PCLAF (PCNA clamp-
associated factor, also known as PAF15/KIAA0101) and
PLOD2 (procollagen-lysine 2-oxoglutarate 5-dioxygenase 2)
were reduced by ≥60% with 100 nM ARD-1676. However,
these two proteins were not reduced significantly with 1 μM
ARD-1676. In addition to AR protein, the HAUS8 (augmin-like
complex subunit 8) protein was reduced by 59% upon treatment
with 1 μM ARD-1676 but not by treatment with 100 nM ARD-
1676. The significance of reduction of these three proteins by
ARD-1676 requires further investigation. In comparison, AR
ligand S-23a at 10 μM failed to significantly reduce the levels of
any of the proteins. Taken together, our global proteomic
analysis showed that ARD-1676 is a selective AR degrader
among the >5500 proteins that were analyzed.
Evaluation of ARD-1676 for Its ADME Properties and

hERG Inhibition. We evaluated ARD-1676 for its ADME
properties with obtained data summarized in Table 10.

Figure 2. Cell growth inhibitory activities of ARD-1676 and controls
ARV-110 and enzalutamide (Enza).

Figure 3. Western blotting of ARD-1676 degradation in (a) 22RV1 and (b) MDA-Pca-2b cell lines.
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Our data showed that while ARD-1676 has a low passive cell
permeability, it has a low potential as a P-glycoprotein (Pgp)
substrate.
We evaluated ARD-1676 for its liver microsomal, hepatocyte,

and plasma stability in mouse, rat, dog, non-human primate
(NHP), and human species. Our data showed that ARD-1676

has excellent microsomal, hepatocyte, and plasma stability in all
these 5 species.
We evaluated ARD-1676 for its cytochrome P450 (CYP)

inhibition against all the major CYP isoforms and found that
ARD-1676 has no inhibition against any of the CYP isoforms
evaluated.
Inhibition of the human ether-a-̀go-go-related gene human

(hERG) by a drug molecule can lead to QT prolongation in the
clinic, which is a major adverse event. We evaluated the
inhibition of ARD-1676 for its potential hERG inhibition in
vitro. Our data showed that ARD-1676 at both 3 and 30 μM has
negligible inhibition as compared to the control, indicating that
ARD-1676 has no hERG liability.
Taken together, our data show that ARD-1676 has no ADME

or hREG liability.
Pharmacokinetic Evaluation of ARD-1676 in Mice,

Dogs, andMonkeys. In addition to the PK data for ARD-1676
in rats (Table 9), we further evaluated its pharmacokinetics
(PK) in male ICRmice, male beagle dogs, and male cynomolgus
monkeys and obtained the PK data summarized in Table 11.
In mice, ARD-1676 has a very low clearance (Cl = 0.04 L/h/

kg), a modest volume of distribution (Vss = 0.23 L/kg), a
reasonably long T1/2 of 4.3−4.4 h with both IV and PO routes of
administration, an excellent oral exposure with Cmax = 9124 ng/

Figure 4. Degradation kinetics of ARD-1676 in (a) VCaP and (b) LNCaP cell lines.

Figure 5. Effect of ARD-1676 on different AR mutant proteins in HEK293 cell lines overexpressed with different AR mutants. HEK293 cells
overexpressing AR and clinically relevant AR mutations via lentivirus (pLV[Exp]-Puro-CMV > {hAR[NM_000044.3]�with individual mutations or
wild type, Vector Builder, Inc., Chicago, IL) treated with ARD-1676 for 24 h in the presence of 50 μg/mL cyclohexamide prior to total protein lysis
[after 1 ng/mL puromycin (Fisher Scientific) selection]. Western blots using AR-XP (Cell Signaling) and β-actin (Sigma-Aldrich) primary antibodies
and imaged using a Licor system (Omaha, NE) and secondary antibodies.

Figure 6. Evaluation of the mechanism of action of ARD-1676 in the
VCaP cell line. VCaP cells were pretreated for 2 h with DMSO, an AR
antagonist enzalutamide (10 μM), a cereblon ligand thalidomide (10
μM), a proteasome inhibitor MG-132 (3 μM), and an E1 neddylation
inhibitor MLN4924 (0.5 μM). Cells were then treated for 3 h with
ARD-1676 at 100 nM prior to western blotting analysis of AR protein
with GAPDH used as the loading control.
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mL and AUC = 85 243 h·ng/mL dosed at 5 mg/kg, and an oral
bioavailability of 67%.
In dogs, ARD-1676 has a low clearance (Cl = 0.19 L/h/kg), a

moderate volume of distribution (Vss = 1.7 L/kg), an extended
T1/2 of 9.9 h with IV administration, a very long T1/2 of 27.4 h
with PO administration, a good oral exposure with Cmax = 1031
ng/mL and AUC = 15 170 h·ng/mL dosed at 10 mg/kg, and an
oral bioavailability of 31%.
In monkeys, ARD-1676 has a low clearance (Cl = 0.2 L/h/

kg), a moderate volume of distribution (Vss = 2.1 L/kg), a long
T1/2 of 9.6−9.9 h with both IV and PO administration, an
outstanding oral exposure with Cmax = 1520 ng/mL and AUC =
10 302 h·ng/mL dosed at 2 mg/kg, and an oral bioavailability of
99%.

Pharmacodynamics and Antitumor Efficacy of ARD-
1676 in Mice.We next examined the pharmacodynamic (PD)
effect of ARD-1676 in the VCaP xenograft tumor tissue in mice
with the data summarized in Figure 9.
A single 12.5 mg/kg dose of ARD-1676 was orally

administered in mice bearing the VCaP xenograft tumors.
Western blotting analysis of the tumor tissues showed that ARD-
1676 effectively reduces the AR protein level by 96 and 93% at 6
and 24 h time points, respectively.
Based on the PD data from ARD-1676, we determined its

antitumor activity in the VCaP xenograft tumor model in mice
and obtained the data summarized in Figure 10. The efficacy
data showed that ARD-1676 effectively and dose-dependently
inhibits tumor growth at all the 3 doses evaluated (Figure 10a).

Figure 7. Suppression of KLK3 (PSA) and TMPRSS2 genes by ARD-1676 and enzalutamide in the AR+ VCaP and LNCaP cell lines. VCaP and
LNCaP cells were treated in the presence of 0.1 nM R1881 for 24 h, and quantitative real-time polymerase chain reaction (qRT-PCR) was performed
to determine the mRNA levels for KLK3 and TMPRSS2 genes.

Figure 8. Proteomic analysis of ARD-1676 and its corresponding inhibitor (S-23a) in VCaP cells. VCaP cells were treated with ARD-1676 at 100 nM
or 1 μM or with S-23a at 10 μM for proteomic analysis. Relative abundance of protein levels was normalized to DMSO-treated cells.

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

https://doi.org/10.1021/acs.jmedchem.3c01264
J. Med. Chem. 2023, 66, 13280−13303

13290

https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c01264?fig=fig8&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ARD-1676 suppressed tumor growth with a tumor growth
inhibition (TGI) of 50, 68, and 85% at 10, 20, and 40 mg/kg,
respectively, at the end of the treatment. ARD-1676 is well
tolerated in this efficacy experiment and does not cause animal
weight loss or other signs of toxicity during the entire experiment
(Figure 10b). In comparison, ARV-110 suppresses VCaP
xenograft tumor growth with a TGI of 47% at 10 mg/kg
(Figure S10).

■ CHEMISTRY
The synthesis of AR ligands 12−24 is shown in Scheme 1.
Nucleophilic substitution of the fluorine in 53 with amines in
spiro 54 followed by deprotection of Boc affords the free amine
(55). HATU-assisted amide coupling of the amine in 55 with 4-
(4-methylpiperazin-1-yl)benzoic acid provides AR ligands 12−
21. Buchwald coupling of the amine in 55 with tert-butyl 4-
iodobenzoate followed by TFA-assisted deprotection of the t-

butyl ester affords 56 and amide coupling of the acids (56) with
1-methylpiperazine provides the AR ligands (22−24).
Dipropargyl amine (59) cyclizes with dimethyl acetylenedi-

carboxylate under Wilkinson’s catalyst (RhCl(PPh3)3) to form
an isoindoline dicarboxylate (61) (Scheme 2).40,41 Dipropargyl
amine (59) in turn is synthesized by nucleophilic substitution of
propargyl amine (57) by propargyl bromide (58). The
dicarboxylate (61) cyclizes with the amine in 62 to form 63
after deprotection of the Boc group. Methylation of the amine in
63 affords the cereblon ligand (27).
Cyclization of the bromoaldehyde (64) with 65 affords the

isoquinoline (66), which undergoes PtO2-catalyzed hydro-
genation to provide 67 (Scheme 3).42 The dicarboxylate (67)
cyclizes with the amine in 62 to form 68 after deprotection of the
Boc group. Methylation of the amine in 68 affords the cereblon
ligand (28).
Double Suzuki coupling of 69 with 70 affords 71 (Scheme

4).43 Deprotection by hydrogenation of the benzyl group,

Table 10. ADME and hERG Inhibitory Data for ARD-1676

permeability data in Caco-2 cells hERG inhibitory activity data

Papp A-B (10−6 cm/s) Papp B-A (10−6 cm/s) efflux ratio ARD-1676 concentration 3 μM 30 μM
0.07 0.13 1.8 hERG (% inhibition) 1 3

stability in liver microsomes, hepatocytes, and plasma

species mouse rat dog NHP human

liver microsome stability T1/2 (min) >60 >60 >60 >60 >60
remain at 120 min (%) 82 87 87 82 84

hepatocyte stability T1/2 (min) >120 >120 >120 >120 >120
plasma stability T1/2 (min) >120 >120 >120 >120 >120

remain at 120 min (%) 62 52 71 92 69
CYP inhibitory activity

CYP1A2 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP3A4 (midazolam) CYP3A4 (testosterone)

IC50 (μM) >10 >10 >10 >10 >10 >10 >10 >10

Table 11. Pharmacokinetics Parameters of ARD-1676 in Mice, Rats, Dogs, and Monkeys

ARD-1676
IV

(mg/kg)a T1/2 (h)
AUC(0−t)
(h·ng/mL)

Vss
(L/kg)

Cl
(L/h/kg)

PO
(mg/kg) Tmax (h) T1/2 (h)

Cmax
(ng/mL)

AUC(0−t)
(h·ng/mL) F %

ICR mice 2 4.3 50 538 0.23 0.04 5a 2.0 4.4 9124 85 243 67
SD rat 2 4.5 5492 1.7 0.36 5a 4.0 5.6 871 6016 44
beagle dog 1 9.9 4857 1.74 0.19 10b 3.0 27.4 1031 15 170 31
NHP 1 10 5171 2.07 0.2 2c 3.33 9.62 1520 10 302 99
aVehicle: 10% PEG400 + 90% PBS (pH 8). bVehicle: 50% PEG400 + 50% (40% HP-β-CD in water). cVehicle: 75% gelucire + 25% propylene
glycol. Cmax, maximum drug concentration; AUC0−24h, area under the curve between 0 and 24 h; Cl = plasma clearance rate; Vss = steady-state
volume of distribution; T1/2 = terminal half-life; F = oral bioavailability; IV, intravenous administration; PO, oral administration. NHP: cynomolgus
monkey.

Figure 9. Pharmacodynamics of ARD-1676 in VCaP xenograft tumor tissues in mice. Tumor tissues were collected after 6 and 24 h upon oral
administration of 12.5 mg/kg ARD-1676.
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Figure 10. Antitumor activity of ARD-1676 in the VCaP xenograft tumor model in SCIDmice. ARD-1676 was administered via oral gavage daily for a
total of 21 days. (a) Tumor growth. (b) Percentage of animal body weight change.

Scheme 1. Synthesis of AR Ligands 12−24a

aReaction conditions: (a) DMF, Cs2CO3, 110 °C, 16 h; (b) DCM, TFA; (c) DCM, 4-(4-methylpiperazin-1-yl)benzoic acid, HATU, DIPEA, rt, 0.5
h; (d) dioxane, tert-butyl 4-iodobenzoate, Pd2(dba)3, Xphos, Cs2CO3, 100 °C, 12 h; (e) DCM, 1-methylpiperazine, HATU, DIPEA, rt, 0.5 h.

Scheme 2. Synthesis of Cereblon Ligand 27a

aReaction conditions: (a) DMF, NaH, 0 °C, 3 h; (b) Wilkinson’s catalyst, EtOH, reflux, overnight; (c) (1) LiI, PyH, reflux, 3 h; (2) DCM, TFA;
(d) (1) formaldehyde, AcOH, NaB(AcO)3H; (2) DCM, TFA.
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mesylation of the resulting alcohol, cyclization with benzyl-
amine, and change of the protecting group from benzyl to Boc
with hydrogenation affords 72. The dicarboxylate (72) cyclizes
with the amine in 62 to form 73 after deprotection of the Boc
group. Methylation of the amine in 73 affords the cereblon
ligand (29).
Sn2 substitution of the carbocation in 74 with the epoxide

(75) affords 76 (Scheme 5). Mesylation of the hydroxy group in
76 provides 77 and LiAlH4 reduction of the cyano group in 77

followed by in situ Sn2 substitution affords the 5,6-spiro
compound (78).44

The synthesis of AR PROTACs (30−52) is shown in Scheme
6. Nucleophilic substitution of the fluoride in 53 with the amine
in spiro 78, followed by deprotection of the Boc, affords the free
amine compound (79). Buchwald coupling of amines in 79with
tert-butyl 4-iodobenzoate followed by TFA-assisted deprotec-
tion of the resulting t-butyl ester affords 80. Reductive amination
of the cereblon ligand (81) with 4-formylpiperidine-1-Boc
followed by deprotection of Boc affords 82. Amide coupling of

Scheme 3. Synthesis of Cereblon Ligand 28a

aReaction conditions: (a) tetrakis(triphenylphosphine)palladium, NaOAc, dioxane, 110 °C, 24 h; (b) PtO2, EtOH, Boc2O; (c) (1) LiI, PyH, reflux,
3 h; (2) DCM, TFA; (d) (1) formaldehyde, AcOH, NaB(AcO)3H; (2) DCM, TFA.

Scheme 4. Synthesis of the Cereblon Ligand (29)a

aReaction conditions: (a) tetrakis(triphenylphosphine)palladium, Cs2CO3, DMF; (b) (1) Pd/C, MeOH; (2) MsCl, TEA, DCM; (3) BnNH2,
DIPEA, DMF; (4) Pd/C, Boc2O, MeOH; (c) (1) LiI, PyH, reflux, 3 h; (2) DCM, TFA; (d) (1) formaldehyde, AcOH, NaB(AcO)3H; (2) DCM,
TFA.

Scheme 5. Synthesis of the S-Alkyl 5,6-Spiro Ring Intermediate (78)a

aReaction conditions: (a) LDA, THF, −78 to 0 °C; (b) MsCl, TEA, DMAP, DCM, 0 °C; (c) LiAlH4, THF, rt.
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acid in 80 with the amines in 82 provides the AR PROTACs
(30−52).

■ SUMMARY
In this study, we sought to identify a new, highly potent, and
orally active PROTAC AR degrader suitable for clinical
development. For this purpose, we first designed a novel series
of spiro ring system-based AR ligands and identified compound
23 as a high-binding-affinity AR ligand with IC50 = 80 nM. We
further designed three tricyclic cereblon ligands and identified
the 5-membered ring fused tricyclic cereblon ligand 27 with a
good affinity to cereblon. Employing AR ligand 23 and cereblon
ligand 27, we obtained compound 31 (ARD-1632) as a
reasonably potent and effective AR degrader with DC50 = 5.7
nM and Dmax of 88% in the VCaP cell line. Further optimization
of the AR ligand portion in ARD-1632 led to the discovery of
ARD-1676. ARD-1676 achieves DC50 = 0.1 nM andDmax of 99%
in the VCaP cell line and DC50 = 1.1 nM and Dmax of 98% in the
LNCaP cell line. ARD-1676 potently inhibits cell growth with
IC50 = 11.5 and 2.8 nM, respectively, in these two AR+ prostate
cancer cell lines. ARD-1676 effectively reduces the expression of
AR-regulated PSA and TMPRSS2 genes with a potency >100-
fold better than enzalutamide in both the VCaP and LNCaP cell
lines. ARD-1676 selectively reduces the levels of the AR protein
in the VCaP cell line among >5000 proteins in our proteomics
analysis. Importantly, ARD-1676 effectively depletes the levels
of a panel of clinically relevant AR mutant proteins at
concentrations as low as 1 nM. ARD-1676 displays an excellent
pharmacokinetic profile in rodent and non-rodent species and
achieves an oral bioavailability (F) of 67, 44, 31, and 99% in

mice, rats, dogs, and monkeys, respectively. A single oral dose of
ARD-1676 effectively depletes the AR protein in the VCaP
tumor tissue, and daily, oral administration of ARD-1676
effectively inhibits tumor growth in the VCaP xenograft tumor
model in mice without any sign of toxicity. Collectively, our data
demonstrate that ARD-1676 is a highly promising development
candidate for the treatment of advanced, AR+ human prostate
cancer, as well as for other AR-dependent human diseases and
conditions.

■ EXPERIMENTAL SECTION
Chemistry. General Information. Unless otherwise specified, all

purchased reagents were used as received without further purification.
1H NMR and 13C NMR spectra were recorded on a Bruker AVANCE
400 MHz spectrometer. 1H NMR spectra are reported in parts per
million (ppm) downfield from tetramethylsilane (TMS). All 13C NMR
spectra are reported in ppm and were obtained with 1H decoupling. In
reported spectral data, the format (δ) chemical shift (multiplicity, J
values in Hz, integration) was used with the following abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, and m = multiplet. Mass
spectrometry (MS) analysis was conducted with a Waters ultra-
performance liquid chromatography (UPLC) mass spectrometer. The
final compounds were all purified by a C18 reverse-phase preparative
high-performance liquid chromatography (HPLC) column with
solvent A (0.1% TFA in H2O) and solvent B (0.1% TFA in CH3CN)
as eluents. The purity of all of the final compounds was confirmed to be
>95% by UPLC−MS and UPLC.

2-Chloro-4-(2,8-diazaspiro[4.5]decan-2-yl)benzonitrile TFA Salt
(55). 2-Chloro-4-fluorobenzonitrile (1.54 g, 10 mmol, 1.0 equiv) and
tert-butyl 2,8-diazaspiro[4.5]decane-8-carboxylate (1.92 g, 8 mmol, 0.8
equiv) were dissolved inDMF (15mL), and Cs2CO3 (9.75 g, 3.0 equiv)
was added. The mixture was stirred at 120 °C overnight. The reaction

Scheme 6. Synthesis of AR PROTACs (30−52)a

aReaction conditions: (a) (1) DMF, Cs2CO3, 110 °C, 16 h; (2) DCM, TFA; (b) (1) dioxane, tert-butyl 4-iodobenzoate, Pd2(dba)3, Xphos,
Cs2CO3, 100 °C, 12 h; (2) DCM, TFA; (c) (1) aldehydes, AcOH, NaB(AcO)3H, 1,2-dichloroethane; (2) DCM, TFA; (d) HATU, DIPEA, DMF,
rt, 0.5 h.
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mixture was then cooled and partitioned between EtOAc and water.
The organic layer was separated, washed with brine, dried, and purified
with hexane and EtOAc using Combiflash to afford a white solid, which
was dissolved in DCM (10 mL) and TFA (3 mL). The mixture was
stirred at room temperature (rt) for 0.5 h. All the volatiles were
removed in a rotary evaporator to provide 2.33 g of a light-yellow solid
with a 75% yield. UPLC−MS: 3.8 min, purity > 95%, MS [M + H]+;
found, 276.13, calcd, 276.12. 1H NMR (MeCN-d3): δ 7.54 (d, J = 8.4
Hz, 1H), 7.04 (br, 2H), 6.70 (d, J = 2.4 Hz, 1H), 6.57 (dd, J = 8.8 Hz,
2.4 Hz, 1H), 3.47 (d, J = 6.8 Hz, 2H), 3.22 (m, 4H), 1.95 (m, 4H), 1.83
(m, 4H).

4-(2-(3-Chloro-4-cyanophenyl)-2,8-diazaspiro[4.5]decan-8-yl)-
benzoic Acid (56). 2-Chloro-4-(2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (1.94 g, 5 mmol, 1.0 equiv), t-butyl 4-iodobenzoate
(1.52 g, 5 mmol, 1.0 equiv), Pd2(dba)3 (0.228 g, 0.05 equiv), Xphos
(0.12 g, 0.05 equiv), and Cs2CO3 (4.86 g, 3.0 equiv) were dissolved in
dioxane (10 mL). The mixture was degassed and stirred at 110 °C
overnight. The reaction mixture was cooled down and partitioned
between EtOAc and water. The organic layer was separated, washed
with water, dried, and purified with hexane and EtOAc using
Combiflash to afford a solid, which was dissolved in DCM (10 mL)
and TFA (5 mL). The mixture was stirred at rt for 2 h. All the volatiles
were removed by a rotary evaporator to provide 1.58 g of a light-yellow
solid with an 80% yield. UPLC−MS: 4.0 min, purity > 95%, MS [M +
H]+; found, 396.18, calcd, 396.14. 1HNMR (MeCN-d3): δ 7.92 ((d, J =
7.6 Hz, 2H), 7.53 (d, J = 8.8 Hz, 1H), 7.13 (d, J = 8.8 Hz, 2H), 6.70 (t, J
= 2.4 Hz, 1H), 6.56 (dt, J = 8.8 Hz, 5.6 Hz, 1H), 3.46 (m, 6H), 3.29 (m,
2H), 3.17 (m, 2H), 1.82 (m, 4H).

2-Chloro-4-(8-(4-(4-methylpiperazine-1-carbonyl)phenyl)-2,8-
diazaspiro[4.5]decan-2-yl)benzonitrile (AR4034, 23). Compound 56
(0.395 g, 1 mmol, 1.0 equiv), DIPEA (0.39 g, 3.0 equiv), and HATU
(0.495 g, 1.3 equiv) were dissolved inDCM(10mL) and stirred at rt for
15 min. N-Methyl piperazine (0.11 g, 1.1 equiv) was added, and the
reaction was completed in 0.5 h. The reaction mixture was
concentrated, acidified with TFA, and purified by prep-HPLC to
provide the target compound in a 90% yield as a white solid. UPLC−
MS: 4.5 min, purity > 95%, MS [M +H]+; found, 478.21, calcd, 478.23.
Prep. HPLC 46% MeCN in water. 1H NMR (MeCN-d3): δ 10.95 (br,
1H), 7.52 (d, J = 8.8 Hz, 1H), 7.43 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 6.8
Hz, 2H), 6.71 (d, J = 2.0Hz, 1H), 6.57 (dd, J = 9.6Hz, 2.4Hz, 1H), 5.05
(m, 4H), 4.29 (m, 2H), 4.34 (m, 2H), 3.47 (m, 6H), 3.31 (m, 4H), 3.00
(m, 2H), 2.82 (s, 3H), 1.82 (m, 2H).

2-(2,6-Dioxopiperidin-3-yl)-6,7-dihydropyrrolo[3,4-f ]isoindole-
1,3(2H,5H)-dione TFA Salt (63). 2-(tert-Butyl) 5,6-dimethyl isoindo-
line-2,5,6-tricarboxylate (0.335 g, 1 mmol, 1.0 equiv), 3-amino-
piperidine-2,6-dione41 (0.165 g, 1.3 equiv), and KI (3.0 equiv) were
dissolved in pyridine (1.58 g, 20.0 equiv) and refluxed overnight. The
reaction mixture was cooled to rt and then concentrated under vacuum.
The residue was purified by DCM andMeOH using Combiflash to give
a white solid, which was dissolved in DCM (10 mL) and TFA (3 mL).
The mixture was stirred at rt for 0.5 h. All the volatiles were removed in
a rotary evaporator to provide a pale solid with a 65% yield. UPLC−
MS: 1.0 min, purity > 95%, MS [M +H]+; found, 300.08, calcd, 300.09.
1HNMR (DMSO-d6): δ 10.30 (br, 1H), 9.06 (s, 1H), 7.13(s, 2H), 4.35
(m, 1H), 3.83 (s, 4H), 2.06 (m, 1H), 1.79 (m, 1H), 1.68 (m, 1H), 1.25
(m, 1H).

2-(2,6-Dioxopiperidin-3-yl)-6-methyl-6,7-dihydropyrrolo[3,4-f ]-
isoindole-1,3(2H,5H)-dione TFA Salt (27). 2-(2,6-Dioxopiperidin-3-
yl)-6,7-dihydropyrrolo[3,4-f ]isoindole-1,3(2H,5H)-dione (0.15 g, 0.5
mmol, 1.0 equiv) was dissolved in 1,2-dichloroethane (5 mL), and
formaldehyde (0.081 g, 2.0 equiv, 37% in water) and AcOH (0.09 g, 3.0
equiv) were added. After stirring for 0.5 h, NaB(AcO)3H (0.318 g, 3.0
equiv) was added. UPLC−MS showed that the reaction was complete
in 2 h. The reaction mixture was purified by Combiflash with DCM and
MeOH to give a white solid. The resulting solid was dissolved in DCM
(10mL) and TFA (2 mL). After 2 h, all volatiles were removed, and the
residue was purified by prep-HPLC to afford the title compound in a
65% yield. UPLC−MS: 1.2 min, purity > 95%, MS [M + H]+; found,
314.13, calcd, 314.11. Prep. HPLC 16% MeCN in water. 1H NMR

(MeCN-d3): δ 9.09 (s, 1H), 7.99 (br, 1H), 7.85 (s, 2H), 5.20 (m, 1H),
5.03 (m, 2H), 4.56 (m, 2H), 3.09 (s, 3H), 2.78 (m, 3H), 2.19 (m, 1H).

2-(2,6-Dioxopiperidin-3-yl)-5,6,7,8-tetrahydro-1H-pyrrolo[3,4-g]-
isoquinoline-1,3(2H)-dione (68). The title compound was synthesized
in a 75% yield from the intermediate 2-(tert-butyl)-6,7-dimethyl 3,4-
dihydroisoquinoline-2,6,7(1H)-tricarboxylate42 following the proce-
dure used for the 5-membered ring tricyclic cereblon ligand. UPLC−
MS: 1.0 min, purity > 95%, MS [M +H]+; found, 314.15, calcd, 314.11.
1H NMR (DMSO-d6): δ 10.45 (br, 1H), 8.69 (s, 2H), 7.18(d, J = 6.8
Hz, 2H), 4.45 (m, 1H), 3.80 (m, 2H), 2.77 (m, 2H), 2.50 (m, 2H), 2.21
(m, 1H), 1.95 (m, 2H), 1.41 (m, 1H).

2-(2,6-Dioxopiperidin-3-yl)-6-methyl-5,6,7,8-tetrahydro-1H-
pyrrolo[3,4-g]isoquinoline-1,3(2H)-dione TFA Salt (28). The title
compound was synthesized in a 60% yield following the procedure used
for the cereblon ligand (24). UPLC−MS: 1.3 min, purity > 95%, MS
[M + H]+; found, 328.16, calcd, 328.12. Prep. HPLC 17% MeCN in
water. 1H NMR (MeCN-d3): δ 9.06 (s, 1H), 7.77 (s, 1H), 7.69 (s, 1H),
7.25 (br, 1H), 5.18 (m, 1H), 5.06 (m, 1H), 4.67 (m, 1H), 4.36 (m, 1H),
3.73 (m, 1H), 3.37 (m, 2H), 2.99 (s, 3H), 2.86 (m, 1H), 2.75 (m, 2H),
2.18 (m, 1H).

2-(2,6-Dioxopiperidin-3-yl)-6,7,8,9-tetrahydroazepino[4,5-f ]-
isoindole-1,3(2H,5H)-dione TFA Salt (73). The title compound was
synthesized from known intermediate 3-(tert-butyl) 7,8-dimethyl
1,2,4,5-tetrahydro-3H-benzo[d]azepine-3,7,8-tricarboxylate43 follow-
ing the procedure used for preparation of the 5-membered ring
tricyclic cereblon ligand in a 70% yield. UPLC−MS: 1.4 min, purity >
95%, MS [M + H]+; found, 328.17, calcd, 328.12. 1H NMR (DMSO-
d6): δ 10.26 (br, 1H), 8.82 (s, 2H), 6.95(s, 2H), 4.30 (m, 1H), 2.71 (m,
4H), 2.51 (m, 1H), 2.08 (m, 4H), 2.01 (m, 1H), 1.73 (m, 2H), 1.23 (m,
1H).

2-(2,6-Dioxopiperidin-3-yl)-7-methyl-6,7,8,9-tetrahydroazepino-
[4,5-f ]isoindole-1,3(2H,5H)-dione TFA Salt (29). The title compound
was synthesized following the procedure used to prepare the cereblon
ligand (24) in a 60% yield. UPLC−MS: 1.6min, purity > 95%,MS [M+
H]+; found, 342.20, calcd, 342.14. Prep. HPLC 19% MeCN in water.
1H NMR (MeCN-d3): δ 9.08 (s, 1H), 7.71 (s, 2H), 7.73 (s, 1H), 5.18
(m, 1H), 5.06 (m, 1H), 3.69 (m, 2H), 3.49 (s, 2H), 3.28 (m, 2H), 3.01
(m, 2H), 2.88 (s, 3H), 2.71 (m, 2H), 2.16 (m, 1H).

2-Chloro-4-(8-(4-(4-(6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)piperidine-1-
carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile (30).
Step 1: 2-(2,6-Dioxopiperidin-3-yl)-6-(piperidin-4-yl)-6,7-
dihydropyrrolo[3,4-f ]isoindole-1,3(2H,5H)-dione TFA salt.
2-(2,6-Dioxopiperidin-3-yl)-6,7-dihydropyrrolo[3,4-f ]isoindole-

1,3(2H,5H)-dione (0.30 g, 1 mmol, 1.0 equiv), N-Boc 4-piperidone
(0.3 g, 1.5 equiv), and AcOH (0.18 g, 3.0 equiv) were dissolved in 1,2-
dichloroethane (3 mL), and 4 Å molecular sieves (0.3 g) were added to
the solution. The. NaB(AcO)3H (0.636 g, 3.0 equiv) was added, and
the mixture was stirred overnight, completing the reaction in 2 h. The
reaction mixture was directly placed on a silica gel column of
Combiflash and purified with DCM and MeOH to give a white solid,
which was dissolved in DCM (10 mL) and TFA (2 mL). After 0.5 h, all
volatiles were removed and dried to give the title compound in a 60%
yield. UPLC−MS: 1.6 min, purity > 95%,MS [M +H]+; found, 383.12,
calcd, 383.16.1H NMR (MeCN-d3): δ 8.96 (s, 2H), 8.41 (br, 2H), 7.84
(s, 2H), 5.08 (m, 1H), 4.77 (m, 4H), 3.54 (m, 4H), 3.05 (m, 2H), 2.76
(m, 3H), 2.35 (m, 1H), 2.16 (m, 3H).
Step 2: 2-Chloro-4-(8-(4-(4-(6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-

3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)piperidine-1-
carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile (ARD-
1631, 30).
4-(2-(3-Chloro-4-cyanophenyl)-2,8-diazaspiro[4.5]decan-8-yl)-

benzoic acid (0.198 g, 0.5 mmol, 1.0 equiv), DIPEA (0.195 g, 3.0
equiv), and HATU (0.245 g, 0.65 mmol, 1.3 equiv) were dissolved in
DMF (3 mL). To the above mixture, the intermediate 2-(2,6-
dioxopiperidin-3-yl)-6-(piperidin-4-yl)-6,7-dihydropyrrolo[3,4-f ]-
isoindole-1,3(2H,5H)-dione TFA salt (0.28 g, 0.55 mmol, 1.1 equiv)
and DIPEA (0.195 g, 3.0 equiv) in DMF (2 mL) were added. The
reaction was finished in 0.5 h. The reaction mixture was acidified and
purified by prep-HPLC to give the titled compound in a 70% yield.
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UPLC−MS: 4.4 min, purity > 95%,MS [M+H]+; found, 760.24, calcd,
760.29. Prep. HPLC 36% MeCN in water. 1H NMR (MeCN-d3): δ
8.95 (br, 1H), 7.84 (s, 2H), 7.52 (d, J = 8.8 Hz, 1H), 7.37 (d, J = 8.8 Hz,
2H), 7.08 (d, J = 8.4 Hz, 2H), 6.71 (d, J = 2.4 Hz, 1H), 6.57 (dd, J = 8.8
Hz, 2.4 Hz, 1H), 5.08 (m, 1H), 4.82 (m, 3H), 4.34 (m, 2H), 3.65 (m,
2H), 3.46 (m, 3H), 3.30 (m, 2H), 2.98 (m, 2H), 2.77 (m, 3H), 2.16 (m,
2H),1.98 (m, 8H), 1.78 (m, 4H).

2-Chloro-4-(8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1632, 31). UPLC−MS: 4.4 min, purity > 95%, MS
[M + H]+; found, 774.35, calcd, 774.31. Prep. HPLC 36% MeCN in
water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.83 (s, 2H), 7.52 (d, J =
8.8 Hz, 1H), 7.34 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.4 Hz, 2H), 6.71 (d, J
= 2.4 Hz, 1H), 6.57 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 5.03 (m, 1H), 4.45 (m,
1H), 4.21 (m, 1H), 3.34 (m, 4H), 3.29 (m, 4H), 2.98 (m, 3H), 2.76 (m,
4H), 2.14 (m, 4H), 2.02 (m, 2H), 1.92 (m, 2H),1.80 (m, 2H), 1.73 (m,
2H), 1.35 (m, 4H).

2-Chloro-4-(8-(4-(4-(2-(6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)ethyl)piperidine-
1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile
(ARD-1633, 32). UPLC−MS: 4.5 min, purity > 95%, MS [M + H]+;
found, 788.35, calcd, 788.32. Prep. HPLC 38% MeCN in water. 1H
NMR (MeCN-d3): δ 8.95 (br, 1H), 7.83 (s, 2H), 7.52 (d, J = 8.8 Hz,
1H), 7.32 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 9.2 Hz, 2H), 6.70 (d, J = 2.0
Hz, 1H), 6.57 (dd, J = 9.2 Hz, 2.4 Hz, 1H), 5.02 (m, 1H), 4.21 (m, 2H),
3.42 (m, 4H), 3.29 (m, 4H), 3.16 (m, 2H), 2.76 (m, 2H), 2.68 (m, 4H),
2.13 (m, 4H), 2.02 (m, 3H), 1.92 (m, 1H),1.80 (m, 2H), 1.75 (m, 2H),
1.35 (m, 5H).

2-Chloro-4-(8-(4-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
1,2,3,5,7,8-hexahydro-6H-pyrrolo[3,4-g]isoquinolin-6-yl)piperidine-
1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile
(ARD-1628, 33). UPLC−MS: 4.5 min, purity > 95%, MS [M + H]+;
found, 774.30, calcd, 774.31. Prep. HPLC 41% MeCN in water. 1H
NMR (MeCN-d3): δ 8.94 (br, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.77 (s,
1H), 7.54 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 8.8 Hz, 1H), 7.35 (d, J = 8.8
Hz, 1H), 7.03 (d, J = 9.2 Hz, 1H), 6.81 (d, J = 9.2 Hz, 1H), 6.71 (d, J =
2.4 Hz, 1H), 6.65 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.02 (m, 1H), 4.45 (m,
1H), 3.87 (m, 2H), 3.70 (m, 3H), 3.45 (m, 4H), 3.28 (m, 4H), 3.16 (m,
3H), 2.78 (m, 4H), 2.13 (m, 2H), 2.05 (m, 2H), 1.89 (m, 2H), 1.81 (m,
2H), 1.76 (m, 3H), 1.65 (m, 1H).

2-Chloro-4-(8-(4-(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
1,2,3,5,7,8-hexahydro-6H-pyrrolo[3,4-g]isoquinolin-6-yl)methyl)-
piperidine-1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1629, 34). UPLC−MS: 4.5 min, purity > 95%, MS
[M + H]+; found, 788.29, calcd, 788.32. Prep, HPLC 41% MeCN in
water. 1H NMR (MeCN-d3): δ 8.94 (br, 1H), 7.76 (s, 1H), 7.70 (s,
1H), 7.52 (d, J = 8.8 Hz, 1H), 7.34 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 8.8
Hz, 2H), 6.70 (d, J = 2.4Hz, 1H), 6.57 (dd, J = 9.2Hz, 2.4Hz, 1H), 5.01
(m, 2H), 4.21 (m, 2H), 3.85 (m, 1H), 3.76 (m, 1H), 3.43 (m, 6H), 3.26
(m, 4H), 3.14 (m, 4H), 2.28 (m, 2H), 2.13 (m, 2H), 2.05 (m, 2H), 1.91
(m, 1H), 1.87 (m, 1H), 1.74 (m, 4H), 1.65 (m, 4H).

2-Chloro-4-(8-(4-(4-(2-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
1,2,3,5,7,8-hexahydro-6H-pyrrolo[3,4-g]isoquinolin-6-yl)ethyl)-
piperidine-1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1630, 35). UPLC−MS: 4.6 min, purity > 95%, MS
[M + H]+; found, 802.28, calcd, 802.34. Prep. HPLC 42% MeCN in
water. 1H NMR (MeCN-d3): δ 8.94 (br, 1H), 7.80 (dd, J = 8.8 Hz, 2.0
Hz, 1H), 7.70 (s, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.33 (dd, J = 8.8 Hz, 1.2
Hz, 2H), 7.00 (dd, J = 9.2Hz, 4.0 Hz, 2H), 6.70 (d, J = 2.4Hz, 1H), 6.57
(dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.03 (m, 1H), 4.45 (m, 1H), 3.85 (m, 1H),
3.75 (m, 2H), 3.57 (m, 1H), 3.46 (m, 3H), 3.27 (m, 4H), 3.02 (m, 2H),
2.89 (m, 3H), 2.72 (m, 2H), 2.16 (m, 4H), 1.84 (m, 4H), 1.73 (m, 2H),
1.56 (m, 2H), 1.44 (m, 2H), 1.31 (m, 2H), 1.16 (m, 2H).

2-Chloro-4-(8-(4-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
2,3,5,6,8,9-hexahydroazepino[4,5-f ]isoindol-7(1H)-yl)piperidine-1-
carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile (ARD-
4050, 36). UPLC−MS: 4.6 min, purity > 95%, MS [M + H]+; found,
788.28, calcd, 788.32. Prep. HPLC 42% MeCN in water. 1H NMR
(MeCN-d3): δ 8.97 (br, 1H), 7.69 (s, 2H), 7.50 (d, J = 8.4Hz, 1H), 7.32
(d, J = 8.4 Hz, 2H), 7.11 (d, J = 9.2 Hz, 2H), 6.82 (d, J = 2.4 Hz, 1H),
6.63 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 5.04 (m, 1H), 3.65 (m, 3H), 3.47 (m,

3H), 3.29 (m, 4H), 3.05 (m, 6H), 2.99 (m, 4H), 2.75 (m, 4H), 2.22 (m,
4H), 1.86(m, 4H), 1.30 (m, 3H).

2-Chloro-4-(8-(4-(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
2,3,5,6,8,9-hexahydroazepino[4,5-f ]isoindol-7(1H)-yl)methyl)-
piperidine-1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-4051, 37). UPLC−MS: 4.7 min, purity > 95%, MS
[M + H]+; found, 802.27, calcd, 802.34. Prep. HPLC 43% MeCN in
water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.72 (s, 2H), 7.52 (d, J =
8.8 Hz, 1H), 7.30 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.71 (d, J
= 2.4 Hz, 1H), 6.57 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 5.02 (m, 1H), 3.77 (m,
2H), 3.63 (m, 2H), 3.45 (m, 3H), 3.27 (m, 5H), 3.04 (m, 5H), 2.96 (m,
5H), 2.74 (m, 4H), 2.20 (m, 3H), 2.03 (m, 1H), 1.90 (m, 1H), 1.75 (m,
3H), 1.33 (m, 3H).

2-Chloro-4-(8-(4-(4-(2-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-
2,3,5,6,8,9-hexahydroazepino[4,5-f ]isoindol-7(1H)-yl)ethyl)-
piperidine-1-carbonyl)phenyl)-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-4052, 38). UPLC−MS: 5.0 min, purity > 95%, MS
[M + H]+; found, 816.21, calculated 816.36. Prep. HPLC 47% MeCN
in water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.72 (s, 2H), 7.52 (d, J
= 8.8Hz, 1H), 7.32 (d, J = 8.8Hz, 2H), 6.98 (d, J = 8.8Hz, 2H), 6.70 (d,
J = 2.4 Hz, 1H), 6.57 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.02 (m, 1H), 3.76
(m, 2H), 3.60 (m, 2H), 3.42 (m, 2H), 3.29 (m, 3H), 3.15 (m, 3H), 2.91
(m, 5H), 2.75 (m, 5H), 2.16 (m, 2H), 2.01 (m, 2H), 1.75 (m, 6H), 1.38
(m, 7H).
Synthesis of 2-chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-

yl)-5,7-dioxo-3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)-
methyl)piperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile TFA salt (ARD-1676, 39).

Step 1: (S)-2-Chloro-4-(3-methyl-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile. 2-Chloro-4-fluorobenzonitrile (1.55 g, 10 mmol, 1.0
equiv) and the intermediate tert-butyl (S)-3-methyl-2,8-diazaspiro-
[4.5]decane-8-carboxylate (2.03 g, 8mmol, 0.8 equiv) were dissolved in
DMF (15mL), and Cs2CO3 (9.78 g, 3.0 equiv) was added. Themixture
was stirred at 120 °C overnight. The reaction mixture was cooled and
partitioned between EtOAc and water. The organic layer was separated,
washed with brine, dried, and purified with hexane and EtOAc using
Combiflash to afford a white solid, which was dissolved in DCM (10
mL) and TFA (3 mL). The mixture was stirred at rt for 0.5 h. All the
volatiles were removed by a rotary evaporator to provide a light-yellow
solid with a 70% yield. UPLC−MS: 4.0 min, purity > 95%, MS [M +
H]+; found, 290.10, calcd, 290.13. 1H NMR (MeCN-d3): δ 8.98 (br,
2H), 7.52 (d, J = 8.8 Hz, 1H), 6.75 (d, J = 2.4 Hz, 1H), 6.61 (dd, J = 8.8
Hz, 2.4 Hz, 1H), 4.04 (m, 1H), 3.42 (m, 2H), 3.14 (m, 4H), 2.34 (m,
1H), 2.16 (m, 2H), 1.76 (m, 2H), 1.68 (m, 1H), 1.25 (d, J = 6.0 Hz,
3H).

Step 2: (S)-4-(2-(3-Chloro-4-cyanophenyl)-3-methyl-2,8-
diazaspiro[4.5]decan-8-yl)benzoic Acid. The intermediate (S)-2-
chloro-4-(3-methyl-2,8-diazaspiro[4.5]decan-2-yl)benzonitrile TFA
salt (2.02 g, 5 mmol, 1.0 equiv), t-butyl 4-iodobenzoate (1.52 g, 5
mmol, 1.0 equiv), Pd2(dba)3 (0.229 g, 0.25 mmol, 0.05 equiv), Xphos
(0.119 g, 0.05 mmol, 0.05 equiv), and Cs2CO3 (4.86 g, 3.0 equiv) were
dissolved in dioxane (20 mL). The mixture was degassed and stirred at
110 °C overnight. The reaction mixture was cooled down and
partitioned between EtOAc and water. The organic layer was separated,
washed with water, dried, and purified with hexane and EtOAc using
Combiflash to afford a solid, which was dissolved in DCM (10 mL) and
TFA (5 mL). The mixture was stirred at rt for 2 h. All the volatiles were
removed in a rotary evaporator to provide 1.58 g of a light-yellow solid
with an 80% yield. UPLC−MS: 4.1 min, purity > 95%, MS [M + H]+;
found, 410.10, calcd, 410.16. 1H NMR (MeCN-d3): δ 7.86 (dd, J = 7.2
Hz, 2.0 Hz, 2H), 7.51 (d, J = 8.8 Hz, 1H), 6.96 (d, J = 6.8 Hz, 2H), 6.75
(d, J = 3.2Hz, 1H), 6.61 (dd, J = 8.8Hz, 2.4Hz, 1H), 4.05 (m, 1H), 3.47
(m, 2H), 3.37 (m, 2H), 2.30 (m, 2H), 1.79 (m, 2H), 1.73 (m, 2H), 1.27
(m, 2H), 1.16 (m, 3H).

Step 3: 2-(2,6-Dioxopiperidin-3-yl)-6-(piperidin-4-ylmethyl)-6,7-
dihydropyrrolo[3,4-f ]isoindole-1,3(2H,5H)-dione TFA Salt. 2-(2,6-
Dioxopiperidin-3-yl)-6,7-dihydropyrrolo[3,4-f ]isoindole-1,3(2H,5H)-
dione (0.15 g, 0.5 mmol, 1.0 equiv), tert-butyl 4-formylpiperidine-1-
carboxylate (0.15 g, 0.75 mmol, 1.5 equiv), and NaOAc (0.246 g, 3.0
equiv) were dissolved in MeOH (4 mL). After 15 min, NaBCNH3 (0.3
g, 3.0 equiv) was added. The reaction was completed in 1 h. All volatiles
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were removed, and the residue was purified by Combiflash with DCM
and MeOH to give a white solid, which was dissolved in DCM (3 mL)
and TFA (1 mL). After 0.5 h, all volatiles were removed and dried to
give the title compound in an 80% yield. UPLC−MS: 1.7 min, purity >
95%, MS [M + H]+; found, 397.13, calcd, 397.18. 1H NMR (MeCN-
d3): δ 8.96 (s, 2H), 7.86 (s, 2H), 7.12 (br, 2H), 5.04 (m, 1H), 4.81 (m,
4H), 3.46 (m, 2H), 3.35 (m, 2H), 3.01 (m, 2H), 2.79 (m, 2H), 2.18 (m,
2H), 2.01 (m, 2H), 1.62 (m, 2H), 1.34 (m, 1H).

Step 4: 2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-
dioxo-3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-
2-yl)benzonitrile TFA Salt (ARD-1676, 39). (S)-4-(2-(3-Chloro-4-
cyanophenyl)-3-methyl-2,8-diazaspiro[4.5]decan-8-yl)benzoic acid
(0.082 g, 0.2 mmol, 1.0 equiv), DIPEA (0.078 g, 3.0 equiv), and
HATU (0.099 g, 1.3 equiv) were dissolved in DMF (2 mL). To the
above mixture, 2-(2,6-dioxopiperidin-3-yl)-6-(piperidin-4-ylmethyl)-
6,7-dihydropyrrolo[3,4-f ]isoindole-1,3(2H,5H)-dione TFA salt (0.11
g, 0.22 mmol, 1.1 equiv) and DIPEA (0.078 g, 3.0 equiv) in DMF (1
mL) were added. The reaction was completed in 0.5 h. The reaction
mixture was acidified and purified by prep-HPLC to give the titled
compound in a 70% yield. UPLC−MS: 4.6 min, purity > 95%,MS [M+
H]+; found, 788.30, calcd, 788.32. Prep. HPLC 38% MeCN in water.
1H NMR (DMSO-d6): δ 12.17 (br, 1H), 11.14 (s, 1H), 7.96(s, 2H),
7.62 (d, J = 8.8 Hz, 1H), 7.43 (m, 3H), 6.82 (d, J = 2.4 Hz, 1H), 6.70
(dd, J = 9.6 Hz, 2.4 Hz, 1H), 6.61 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.51 (m,
1H), 5.02 (m, 2H), 4.70 (m, 2H), 4.07 (m, 2H), 3.93 (m, 6H), 3.57 (m,
1H), 3.47 (m, 3H), 2.90 (m, 3H), 2.59 (m, 2H), 2.31 (m, 1H), 2.15 (m,
2H), 1.95 (m, 3H), 1.79 (m, 1H), 1.66 (m, 2H), 1.27 (m, 2H), 1.21 (d,
3H). 13C NMR (DMSO-d6): δ 173.2, 170.2, 169.1, 167.0, 151.2, 142.3,
136.9, 135.1, 132.2, 128.9, 118.7, 118.3, 113.0, 112.0, 96.2, 66.8, 59.6,
58.4, 52.9, 49.7, 34.1, 33.5, 33.0, 31.4, 30.1, 22.5, 19.9.

2-Chloro-4-((3R)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-
2-yl)benzonitrile (ARD-1719, 40).UPLC−MS: 4.6 min, purity > 95%,
MS [M+H]+; found, 788.31, calcd, 788.32. Prep. HPLC 38%MeCN in
water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.83(s, 2H), 7.51 (d, J =
8.8 Hz, 1H), 7.33 (dd, J = 6.4 Hz, 2.0 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H),
6.76 (d, J = 2.4Hz, 1H), 6.64 (dd, J = 8.8Hz, 2.4Hz, 1H), 5.07 (m, 1H),
4.79 (m, 4H), 4.21 (m, 2H), 4.05 (m, 1H), 3.41 (m, 4H), 3.23 (m, 4H),
2.97 (m, 3H), 2.76 (m, 4H), 2.30 (m, 1H), 2.20 (m, 2H), 2.01 (m, 1H),
1.92 (m, 2H), 1.83 (m, 1H), 1.63 (m, 2H), 1.32 (m, 1H), 1.21 (m, 3H).

2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)phenyl)-3-ethyl-2,8-diazaspiro[4.5]decan-2-
yl)benzonitrile (ARD-1693, 41). UPLC−MS: 4.7 min, purity > 95%,
MS [M+H]+; found, 802.31, calcd, 802.34. Prep. HPLC 38%MeCN in
water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 8.11 (s, 1H), 7.79 (s,
2H), 7.51 (d, J = 9.2 Hz, 1H), 7.32 (d, J = 8.8 Hz, 1H), 6.98 (m, 2H),
6.73 (d, J = 2.4Hz, 1H), 6.62 (dd, J = 8.8Hz, 2.4Hz, 1H), 5.05 (m, 1H),
4.60 (m, 2H), 4.20 (m, 1H), 3.86 (m, 1H), 3.67 (m, 2H), 3.56 (m, 1H),
3.47 (m, 1H), 3.36 (m, 1H), 3.27 (m, 2H), 3.13 (m, 2H), 2.95 (m, 1H),
2.76 (m, 4H), 2.11 (m, 4H), 2.03 (m, 1H), 1.89 (m, 2H), 1.79 (m, 1H),
1.69 (m, 2H), 1.57 (m, 1H), 1.35 (m, 8H).

2-Chloro-4-((3S)-8-(4-(4-(6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)piperidine-1-
carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1671, 42). UPLC−MS: 4.5 min, purity > 95%, MS
[M + H]+; found, 774.29, calcd, 774.31. Prep. HPLC 38% MeCN in
water. 1H NMR (MeCN-d3): δ 8.97 (br, 1H), 7.85 (s, 2H), 7.70 (m,
2H), 7.53 (m, 3H), 6.79 (d, J = 2.4Hz, 1H), 6.67 (dd, J = 8.8Hz, 2.4Hz,
1H), 5.05 (m, 1H), 4.92 (m, 2H), 4.59 (m, 2H), 4.09 (m, 2H), 3.63 (m,
3H), 3.45 (m, 6H), 2.98 (m, 3H), 2.76 (m, 5H), 2.39 (m, 2H), 2.04 (m,
4H), 1.75 (m, 1H), 1.21 (m, 3H).

2-Chloro-4-((3S)-8-(4-(3-(6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)azetidine-1-
carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1689, 43). UPLC−MS: 4.5 min, purity > 95%, MS
[M + H]+; found, 746.21, calcd, 746.28. Prep. HPLC 36% MeCN in
water. 1H NMR (MeCN-d3): δ 8.94 (br, 1H), 8.07 (m, 1H), 7.84 (m,
2H), 7.52 (dd, J = 10.4 Hz, 8.8 Hz, 2H), 7.01 (d, J = 9.2 Hz, 1H), 6.76

(d, J = 5.2Hz, 1H), 6.64 (dd, J = 8.8Hz, 2.0Hz, 1H), 5.07 (m, 1H), 4.72
(m, 2H), 4.48 (m, 2H), 4.27 (m, 1H), 4.05 (m, 1H), 3.43 (m, 2H), 3.27
(m, 2H), 2.78 (m, 8H), 2.32 (m, 2H), 2.18 (m, 2H), 1.82 (m, 2H), 1.60
(m, 2H), 1.27 (m, 3H).

2-Chloro-4-((3S)-8-(4-(3-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)azetidine-
1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-2-yl)-
benzonitrile (ARD-1690, 44). UPLC−MS: 4.7 min, purity > 95%, MS
[M + H]+; found, 760.23, calcd, 760.29. Prep. HPLC 39% MeCN in
water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.86 (s, 2H), 7.60 (d, J =
8.8 Hz, 2H), 7.52 (d, J = 8.8 Hz, 1H), 7.05 (d, J = 9.2 Hz, 2H), 6.76 (d, J
= 2.4 Hz, 1H), 6.62 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.04 (m, 1H), 4.76 (m,
3H), 4.04 (m, 1H), 3.73 (m, 3H), 3.43 (m, 4H), 3.34 (m, 2H), 3.21 (m,
2H), 2.78 (m, 4H), 2.32 (m, 1H), 2.16 (m, 2H), 2.02 (m, 1H), 1.84 (m,
2H), 1.62 (m, 2H), 1.27 (m, 4H).

2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-4-fluoro-
piperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]decan-
2-yl)benzonitrile (ARD-1683, 45).UPLC−MS: 5.1 min, purity > 95%,
MS [M+H]+; found, 806.32, calcd, 806.32. Prep. HPLC 42%MeCN in
water. 1H NMR (MeCN-d3): δ 8.93 (br, 1H), 7.82 (s, 2H), 7.52 (d, J =
8.8 Hz, 1H), 7.39 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 8.8 Hz, 2H), 6.76 (d, J
= 2.4 Hz, 1H), 6.64 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 5.06 (m, 1H), 4.76 (m,
3H), 4.06 (m, 2H), 3.61 (m, 3H), 3.43 (m, 4H), 3.29 (m, 4H), 2.77 (m,
4H), 2.35 (m, 1H), 2.15 (m, 2H), 2.06(m, 3H), 1.88 (m, 3H), 1.79 (m,
1H), 1.64 (m, 2H), 1.21 (d, J = 6.0 Hz, 3H).

2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-4-me-
thoxypiperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-1684, 46). UPLC−MS: 4.9 min, purity
> 95%, MS [M + H]+; found, 818.32, calcd, 818.34. Prep. HPLC 40%
MeCN in water. 1H NMR (MeCN-d3): δ 8.97 (br, 1H), 7.84 (s, 2H),
7.52 (d, J = 8.8 Hz, 1H), 7.40 (d, J = 8.8 Hz, 2H), 7.17 (d, J = 8.8 Hz,
2H), 6.77 (d, J = 2.4Hz, 1H), 6.46 (dd, J = 8.8Hz, 2.4Hz, 1H), 5.07 (m,
1H), 4.88 (m, 3H), 4.07 (m, 2H), 3.59 (m, 2H), 3.43 (m, 7H), 3.32 (m,
6H), 2.79 (m, 4H), 2.32 (m, 1H), 2.17 (m, 1H), 1.91(m, 2H), 1.68 (m,
5H), 1.41 (m, 1H), 1.28 (d, J = 6.0 Hz, 3H).

2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-4-meth-
ylpiperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-1694, 47). UPLC−MS: 5.4 min, purity
> 95%, MS [M + H]+; found, 802.30, calcd, 802.34. Prep. HPLC 43%
MeCN in water. 1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.82 (s, 2H),
7.52 (d, J = 8.8 Hz, 1H), 7.36 (d, J = 9.2 Hz, 2H), 7.04 (d, J = 8.8 Hz,
2H), 6.75 (d, J = 2.4Hz, 1H), 6.42 (dd, J = 9.2Hz, 2.4Hz, 1H), 5.07 (m,
1H), 4.83 (m, 3H), 4.19 (m, 1H), 4.06 (m, 1H), 3.89 (m, 1H), 3.38 (m,
9H), 3.05 (m, 1H), 2.76 (m, 4H), 2.39 (m, 1H), 2.31 (m, 1H), 2.18 (m,
2H), 2.03 (m, 1H), 1.86 (m, 2H), 1.65 (m, 4H), 1.28 (m, 6H).

2-Chloro-4-((3S)-8-(4-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-4-hy-
droxypiperidine-1-carbonyl)phenyl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-1705, 48). UPLC−MS: 4.4 min, purity
> 95%, MS [M + H]+; found, 804.33, calcd, 804.32. Prep. HPLC 36%
MeCN in water. 1H NMR (MeCN-d3): δ 8.10 (br, 1H), 7.83 (s, 1H),
7.57 (d, J = 8.8 Hz, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.33 (d, J = 8.8 Hz,
2H), 7.01 (d, J = 9.2 Hz, 2H), 6.76 (d, J = 2.4 Hz, 1H), 6.62 (dd, J = 9.2
Hz, 2.4 Hz, 1H), 4.97 (m, 1H), 4.05 (m, 2H), 3.89 (m, 2H), 3.81 (m,
2H), 3.44 (m, 4H), 3.26 (m, 2H), 3.06 (m, 2H), 2.72 (m, 2H), 2.13 (m,
2H), 2.03 (m, 2H), 1.90 (m, 1H), 1.83 (m, 3H), 1.72 (m, 4H), 1.62 (m,
2H), 1.45 (m, 2H), 1.28 (m, 3H).

2-Chloro-4-((3S)-8-(6-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)pyridazin-3-yl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-7063, 49). UPLC−MS: 4.2 min, purity
> 95%, MS [M + H]+; found, 790.29, calcd, 790.32. Prep. HPLC 36%
MeCN in water.1H NMR (MeCN-d3): δ 8.95 (br, 1H), 7.85 (s, 2H),
7.64 (d, J = 9.6 Hz, 1H), 7.53 (d, J = 8.8 Hz, 1H), 7.34 (d, J = 10.0 Hz,
1H), 6.76 (d, J = 2.4Hz, 1H), 6.64 (dd, J = 8.8Hz, 2.4Hz, 1H), 5.05 (m,
2H), 4.97 (m, 3H), 4.63 (m, 1H), 4.16 (m, 1H), 4.05 (m, 1H), 3.87 (m,
2H), 3.67 (m, 2H), 3.43 (m, 2H), 3.33 (m, 2H), 3.18 (m, 1H), 2.91 (m,
1H), 2.72 (m, 3H), 2.33 (m, 1H), 2.24 (m, 1H), 2.14 (m, 1H), 2.05 (m,
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1H), 1.89 (m, 1H), 1.79 (m, 2H), 1.66 (m, 1H), 1.59 (m, 1H), 1.42 (m,
3H), 1.28 (d, J = 6.4 Hz, 3H).

2-Chloro-4-((3S)-8-(5-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)pyrazin-2-yl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-7064, 50). UPLC−MS: 4.3 min, purity
> 95%, MS [M + H]+; found, 790.28, calcd, 790.32. Prep. HPLC 41%
MeCN in water.1H NMR (MeCN-d3): δ 8.95 (br, 1H), 8.64 (d, J = 0.8
Hz, 1H), 8.10 (s, 1H), 7.85 (s, 2H), 77.53 (d, J = 8.8 Hz, 1H), 6.76 (d, J
= 3.2 Hz, 1H), 6.64 (dd, J = 9.2 Hz, 2.4 Hz, 1H), 5.05 (m, 2H), 4.97 (m,
3H), 4.63 (m, 1H), 4.16 (m, 1H), 4.05 (m, 1H), 3.87 (m, 2H), 3.67 (m,
2H), 3.43 (m, 2H), 3.33 (m, 2H), 3.18 (m, 1H), 2.91 (m, 1H), 2.72 (m,
3H), 2.33 (m, 1H), 2.24 (m, 1H), 2.14 (m, 1H), 2.05 (m, 1H), 1.89 (m,
1H), 1.79 (m, 2H), 1.66 (m, 1H), 1.59(m, 1H), 1.42 (m, 3H), 1.28 (d, J
= 6.4 Hz, 3H).

2-Chloro-4-((3S)-8-(6-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)pyridin-3-yl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-4055, 51). UPLC−MS: 4.2 min, purity
> 95%, MS [M + H]+; found, 789.29, calcd, 789.32. Prep. HPLC 36%
MeCN in water.1H NMR (MeCN-d3): δ 8.95 (br, 1H), 8.20 (d, J = 2.0
Hz, 1H), 7.85 (s, 2H), 7.82 (dd, J = 9.2 Hz, 2.4 Hz, 1H), 7.53 (d, J = 8.8
Hz, 1H), 7.06 (d, J = 9.2 Hz, 1H), 6.76 (d, J = 2.4 Hz, 1H), 6.64 (dd, J =
8.8 Hz, 2.4 Hz, 1H), 5.07 (m, 1H), 4.83 (m, 2H), 4.60 (m, 2H), 4.43
(m, 1H), 4.27 (m, 1H), 4.05 (m, 2H), 3.78 (m, 2H), 3.64 (m, 2H), 3.41
(m, 2H), 3.33 (m, 2H), 3.15 (m, 1H), 3.02 (m, 1H), 2.80 (m, 4H), 2.32
(m, 1H), 2.19 (m, 2H), 2.03 (m, 1H), 1.91 (m, 1H), 1.80 (m, 1H), 1.68
(m, 1H), 1.58 (m, 1H), 1.36 (m, 5H).

2-Chloro-4-((3S)-8-(5-(4-((6-(2,6-dioxopiperidin-3-yl)-5,7-dioxo-
3,5,6,7-tetrahydropyrrolo[3,4-f ]isoindol-2(1H)-yl)methyl)-
piperidine-1-carbonyl)pyridin-2-yl)-3-methyl-2,8-diazaspiro[4.5]-
decan-2-yl)benzonitrile (ARD-4056, 52). UPLC−MS: 4.1 min, purity
> 95%, MS [M + H]+; found, 789.33, calcd, 789.32. Prep. HPLC 36%
MeCN in water.1H NMR (MeCN-d3): δ 8.97 (br, 1H), 8.29 (d, J = 2.8
Hz, 1H), 7.84 (s, 2H), 7.56 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H),
6.75 (d, J = 2.4Hz, 1H), 6.64 (dd, J = 8.8Hz, 2.4Hz, 1H), 5.90 (m, 4H),
5.02 (m, 1H), 4.83 (m, 4H), 4.04 (m, 1H), 3.45 (m, 2H), 3.34 (m, 5H),
3.10 (m, 2H), 2.78 (m, 3H), 2.31(m, 1H), 2.17 (m, 2H), 1.91 (m, 1H),
1.82 (m, 2H), 1.65 (m, 3H), 1.42 (m, 2H), 1.26 (d, 3H).
Computational Modeling of AR and Cereblon Ligands. All

modeling was conducted using the software package MOE.45 The AR
ligand-binding domain in complex with S-1 (PDB id: 2AXA) was
utilized for conducting docking experiments to the AR.33 The crystal
structure obtained from the RCSB was first imported into MOE and
prepared for modeling in a standard fashion. Crystallization additives
and crystallographic water molecules were removed. Chain breaks if
present due to unresolved residues were either capped or built in using
MOE utilities. N- and C-termini were capped with ACE and NME.
Missing side chains were built in using MOE utilities. Bond orders for
crystallographic ligands were corrected if necessary. Hydrogen atoms
were added, and the systems were parameterized using AMBER1046 as
implemented in the MOE package. At the time of this study, suitable
structures for the AR in an open, antagonist conformation are not
available. Ligands that are antagonists of the AR typically cannot fit into
the closed conformation of the receptor. To create a pseudo-open
conformation for the receptor for these docking studies, helix 12 of the
AR was removed. Specifically, residues SER888 to LEU907 were
removed and the ends of the resulting chain break were capped. All
heavy atoms were fixed, and the positions of the hydrogen atoms were
allowed to relax using energy minimization.
The DDB1: cereblon complex with lenalidomide (PDB id: 4CI2)

was utilized for conducting docking experiments on cereblon.47 The
complex was prepared for modeling as described above. Once prepared,
the DDB1 protein was removed.
Ligands to be docked were built into MOE; hydrogen atoms were

added, charged with AMBER 10, and energy-minimized before
docking. Docking was conducted using MOE’s template docking
method with substructure matching. The crystallographic ligand was
used to define the binding site. The maximum common substructure
between the crystallographic ligand and the ligand to be docked was
used for the substructure matching. This method takes conformations

for the ligand to be docked and superimposes them into the protein
binding site by aligning it to the substructure of the crystallographic
ligand. Once aligned, the crystallographic ligand was removed, and
additional conformational sampling of the ligand being docked was
conducted. That sampling was followed by energy minimization of the
docked ligand, keeping the protein rigid to create a refined pose which
was then scored for ranking. To provide better substructure matching,
the S-1 crystallographic ligand of 2AXA was modified by replacing the
trifluoromethyl with chlorine and the nitro group with nitrile.
Default settings for MOE were used except that sampling was

increased by increasing the number of placements for refinement, and
the level of refinement was increased by changing the energy
minimization termination criterion to a minimum value for the
gradient and a maximum value for the number of iterations.
AR Binding Assay. A PolarScreen AR Competitor Assay Kit

(Thermo Fisher, A15880) was used for the AR fluorescence
polarization (FP) binding assay. In brief, the FP binding assay was
performed in 384-well low-volume black round-bottom microplates
(Corning, 4514) using the CLARIOstar microplate reader (BMG
Labtech). To each well, 3.6 nM Fluormone AL Green and 400 nM AR-
LBD protein were added to a final volume of 20 μL in the assay buffer
(AR green assay buffer with 2mMDTT), with plates covered to protect
reagents from light. The plate was incubated at room temperature for 4
h to reach equilibrium. The polarization values in millipolarization
(mP) units were measured at an excitation wavelength of 485 nm and
an emission wavelength of 530 nm. All experimental data were analyzed
using Prism 8.0 software (GraphPad Software). IC50 values were
determined by nonlinear regression fitting of the competition curves
(mP values vs log[compound]).
Cell Lines and Cell Culture. The LNCaP and VCaP human

prostate cancer cell lines were purchased from the American Type
Culture Collection (ATCC). LNCaP cells were grown in RPMI 1640
(Invitrogen), and VCaP cells were grown in DMEM with Glutamax
(Invitrogen). Cells were supplemented with 10% fetal bovine serum
(Invitrogen) at 37 °C in a humidified 5% CO2 incubator. Cell viability
was evaluated by a WST-8 assay (Dojindo) following the
manufacturer’s instructions. Western blot analysis was performed as
previously described.16,17

Quantitative Real-Time Polymerase Chain Reaction. A real-
time PCR was performed using QuantStudio 7 Flex Real-Time PCR
System as described previously.16,17 In brief, RNA was purified using
the Qiagen RNase-Free DNase set; then, after quantification, the
extracted RNA was converted to cDNA using a high-capacity RNA-to-
cDNA kit from Applied Biosystems (Thermo Fisher Scientific). The
levels of AR, TMPRSS2, FKBP5, PSA (KLK3), and GAPDH were
quantified using TaqMan Fast Advanced Master Mix from Applied
Biosystems. The level of gene expression was evaluated using the
comparative CT method, which compares the CT value to GAPDH
(ΔCT) and then to vehicle control (ΔΔCT).
Microsomal Metabolic Stability Assay. In vitro microsomal

metabolic stability studies of AR degraders were performed in
Medicilon Inc (Shanghai, China). The metabolic stability of a test
compound was assessed using pooled mouse, rat, dog, monkey, and
human liver microsomes, which were purchased from XenoTech
(Lenexa, Kansas). In brief, the test compound (1 μM) was incubated
with the respective liver microsome (0.5mg/mL) and 1.7mM cofactor-
NADPH in 0.1 M K-phosphate buffer (pH = 7.4) containing 5 mM
MgCl2 at 37 °C, with the acetonitrile concentration less than 0.1% in
the final incubation solution. After 0, 5, 10, 15, 30, and 45 min of
incubation, the reaction was stopped immediately by adding 150 μL of
cold acetonitrile containing IS to each 45 μL incubation solution in the
wells of corresponding plates, respectively. The incubation without the
addition of NADPH was used as the negative control. Ketanserin was
used as the positive control. After quenching, the plate was shaken for
10 min (600 rpm) and centrifuged at 6000 rpm for 15 min. 80 μL of the
supernatant was then transferred from each well into a 96-well plate
containing 140 μL of water for LC−MS/MS analysis, from which the
remaining amount of the test compound was determined. The natural
log of the remaining amount of the test compound was plotted against
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time to determine the disappearance rate and the half-life of the test
compound.
Hepatocyte Stability Assay. Pooled mixed-gender cryopreserved

human, monkey, mouse, rat, and dog hepatocytes were obtained from
different commercial sources and stored in liquid nitrogen until use.
Before experiments, the vial of cryopreserved hepatocytes was removed
from the liquid nitrogen storage unit and thawed rapidly in a shaking
water bath at 37 °C. The contents of each vial were poured into 40 mL
of prewarmed (37 °C)William’s Medium E (WME, pH 7.4) and gently
mixed before centrifugation at 500 rpm for 5 min at room temperature.
After centrifugation, the supernatant was discarded without disturbing
the cell pellet. The cell was resuspended with preheated WME. Then,
the hepatocyte cells were counted, and the cell suspension was diluted
to the appropriate density (viable cell density = 2 × 106 cells/mL).
Viabilities for each hepatocyte experiment were at least 80%. The cell
suspension was diluted in WME to give twice the incubation
concentration and prewarmed at 37 °C for 15 min. A 4 mM spiking
solution was made by adding 20 μL of the substrate stock solution (10
mM) into 30 μL of DMSO. 2 μL of a 4 mM spiking solution was added
to 3998 μL of WME to make a 2× dosing solution (2 μM). To prepare
for the testing, 40 μL of the prewarmed hepatocyte solution (2 × 106
cells/mL) was added to the 48-well tissue culture-treated polystyrene
incubation plate designated for different time points. Incubations
(performed in duplicate) were initiated by the addition of 40 μL of the
prewarmed 2× dosing solution to the wells designed for 5, 15, 30, 60,
and 120 min and start timing (1 μMfinal substrate concentration). The
assay plate was placed in an incubator at 37 °Cwith 5%CO2 and shaken
at 110 rpm. For 0 min, 240 μL of ACN containing IS was added to the
wells of the 0 min plate, followed by addition of 40 μL of the 2× dosing
solution. The plate was then sealed. For other time points, reactions
were terminated at 5, 15, 30, 60, and 120 min by adding 240 μL of ACN
containing IS to the wells, respectively. The plate was sealed and stored
at −35 °C in a freezer. After samples for all the time points were
collected, the plate was shaken for 2 min and then centrifuged at 6000
rpm for 15 min. Finally, 100 μL of the supernatant was transferred from
each well into a clean 96-well sample plate containing 100 μL of water
for LC/MS analysis.
Plasma Stability Assay. The in vitro plasma stability of a test

compound was studied in human, mouse, rat, dog, and monkey plasmas
at Medicilon Inc. (Shanghai, China). Human plasma was purchased
from ZenBio (Durham, NC, USA), and other plasmas were prepared
in-house. A test compound was dissolved in DMSO to a final
concentration of 10 mM and then diluted to 10 μM in 0.1 M K/Mg
buffer. 90 μL of prewarmed plasma at 37 °C was added to the wells of a
96-well plate before spiking them with 10 μL of the 10 μM test
compound to make the final concentration of the test compound of 1
μM. The spiked plasma samples were incubated at 37 °C for 2 h.
Reactions were terminated at 0, 5, 15, 30, 60, and 120 min by adding
400 μL of acetonitrile containing IS. After quenching, the plates were
shaken for 5 min at 600 rpm and stored at −20 °C if necessary, before
analysis by LC/MS. Before LC/MS analysis, the samples were thawed
at room temperature and centrifuged at 6000 rpm for 20 min 100 μL of
the supernatant from each well was transferred into a 96-well sample
plate containing 100 μL of water for LC/MS analysis. Procaine was
used as a reference control compound for human, mouse, dog, and
monkey plasma stability studies, and benfluorex was used as a reference
control compound for rat plasma stability studies. The in vitro plasma
half-life (t1/2) was calculated using the expression t1/2 = 0.693/b, where
b is the slope found in the linear fit of the natural logarithm of the
fraction remaining of the test compound vs incubation time.
CYP Inhibition Assay.The CYP inhibition of a test compound was

studied in human liver microsomes at Medicilon Inc. (Shanghai,
China). In brief, a 0.2 mg/mL human liver microsome stock solution
was prepared by adding 10 μL of 20 mg/mL microsomes to 990 μL of
0.1 M KH2PO4 (pH 7.4). In general, human liver microsomes were
mixed with the buffer (0.1 MK-buffer), a test compound, or a reference
inhibitor and warmed to 37 °C in a 96-well temperature-controlled
heater block for 5 min. Aliquots of this mixture (30 μL and in duplicate)
were delivered to each well of a 96-well polypropylene polymerase
chain reaction plate maintained at 37 °C, followed by adjoining of the

substrate (15 μL) as applicable. The final organic solvent concentration
was 1% (v/v) or less. Incubation was commenced with addition of the
NADPH stock solution (15 μL, 8 mM, pre-incubated at 37 °C) to a
final incubation volume of 60 μL and maintained at 37 °C for a period
(5 min for 3A4, 10 min for 1A2, 2B6 and 2C9, 20 min for 2C8 and 2D6,
and 45 min for 2C19). Incubations were typically terminated by adding
180 μL of cold ACN containing IS. After quenching, the plates were
shaken at the vibrator for 10 min (600 rpm) and then centrifuged at
6000 rpm for 15 min 80 μL of the supernatant was transferred from
each well into a 96-well sample plate containing 120 μL of ultrapure
water for LC/MS analysis. Phenacetin, amfebutamone HCl, paclitaxel,
diclofenac, S-mephenytoin, and dextromethorphan were used as
substrates for CYP 1A2, 2B6, 2C8, 2C9, 2C19, and 2D6 isoforms,
respectively, and midazolam and testosterone were used as substrates
for CYP 3A4. α-Naphthoflavon, ticlopidine, montelukast, sulfaphena-
zole, omeprazole, quinidine, and ketoconazole were used as reference
inhibitor controls for CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4,
respectively.
hERG Assay. ARD-1676 was tested for its effect on hERG (human

ether-a-̀go-go-related gene) potassium channels in a HEK 293 cell line
stably expressed hERG using a manual patch-clamp technique.48 In
brief, ARD-1676 was tested at 3 and 30 μM in duplicate, with
terfenadine included as the positive control. ARD-1676 or the positive
article was tested at room temperature using the whole-cell patch-clamp
technique48 with a PatchMaster patch-clamp system (HEKA
Elektronik, Germany).
PK Studies in Mice, Rats, Dogs, and Monkeys. PK studies in

mice, rats, dogs, and monkeys were performed at Medicilon, Inc.
(Shanghai, China). Male ICR mice, male Sprague-Dawley (SD) rats,
male beagle dogs, and male cynomolgus monkeys were used for PK
studies, and each IV and oral arm consisted of three animals. For mouse
PK studies, 10% PEG400 + 90% PBS (adjust pH to 8.0 by 0.5 N
NaOH) was used as the formulation for both intravenous
administration at 2 mg/kg and PO administration at 5 mg/kg. For rat
PK studies, 10% PEG400 + 90% PBS (the pH was adjusted to 8.0 with
0.5 N NaOH) was used as the formulation for intravenous
administration at 1 mg/kg and 5% DMSO + 10% solutol + 85% saline
was used as the formulation for PO administration at 10mg/kg. For dog
PK studies of ARD-1676, 10% PEG400 + 90% PBS (the pH was
adjusted to 8.0 with 0.5 N NaOH) as the formulation was used for
intravenous administration at 1 mg/kg and 90% PEG400 + 10%
cremophor as the formulation was used for PO administration at 3 mg/
kg. For monkey PK studies of ARD-1676, 10% PEG400 + 90% PBS
(the pH was adjusted to 8.0 with 0.5 N NaOH) was used as the
formulation for intravenous administration at 1 mg/kg and 75%
gelucire + 25% propylene glycol (pH = 7) as the formulation was used
for PO administration at 3 mg/kg.
Animals were dosed with the testing compound ARD-1676 in its

respective formulations, followed by collection of blood samples (100−
200 μL) from individual cohorts of animals (n = 3) using heparinized
calibrated pipettes or tubes (at 5 min, 15min, 30 min, 1 h, 2 h, 4 h, 6 h, 8
h, and 24 h) and centrifuged at 6800g for 6 min at 2−8 °C.
Subsequently, the resulting plasma was transferred to appropriately
labeled tubes within 1 h of blood collection/centrifugation and stored
frozen at −80 °C for analysis.
An aliquot of 20 μL of plasma from each sample was protein-

precipitated with 400 μL of MeOH which contains 100 ng/mL IS. The
mixture was vortexed for 1 min and centrifuged at 18,000g for 10 min.
Then, 200 μL of the supernatant was transferred to 96-well plates for
LC−MS/MS analysis. To determine drug concentrations in plasma, a
LC−MS/MS method was developed and validated for ARD-1676. The
LC−MS/MS method consisted of an UPLC system, and chromato-
graphic separation of ARD-1676 was achieved using a Waters
ACQUITY UPLC BEH C18 1.7 μm column (2.1 × 50 mm). A Sciex
QTrap 6500+ mass spectrometer equipped with an electrospray
ionization source (Applied Biosystems, Toronto, Canada) in the
positive-ion multiple reaction monitoring (MRM) mode was used for
detection. The precursor/product ion transitions were monitored atm/
z 788.32−394.66 and 271.10−172.00 for ARD-1676 and IS
tolbutamide, respectively, in the positive electrospray ionization
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mode. The mobile phases used on UPLC were 0.1% formic acid in
purified water (A) and 0.1% formic acid in acetonitrile (B). The
gradient (B) was held at 10% (0−0.1 min), increased to 90% at 0.7 min,
then stayed at isocratic 90% B for 0.4 min, and then immediately
stepped back down to 10% for 0.3 min of re-equilibration. The flow rate
was set at 0.6 mL/min. The column oven was set at 40 °C. An aliquot of
1 μL of the supernatant was injected for LC−MS/MS analysis using an
autosampler. The analytical results were confirmed using quality
control samples for intra-assay variation. The accuracy of >66.7% of the
quality control samples was between 80 and 120% of the known
value(s). All pharmacokinetic parameters were calculated by non-
compartmental methods using Phoenix WinNonlin, version 7.0
(Pharsight, USA).
PK/PD and Efficacy Studies in Mice. With the exception of PK

studies in mice, rats, and dogs, all other in vivo studies were performed
under animal protocols (PRO00011174 and PRO00009463) approved
by the Institutional Animal Care and Use Committee (IACUC) of the
University ofMichigan, in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health.
To grow VCaP xenograft tumors, male CB17 SCID mice (Charles

River Laboratories) were injected subcutaneously with 5 × 106 VCaP
cells (ATCC) in 5 mg/mL Matrigel (Corning).
For determination of oral exposures for AR degraders, each

compound was administered in non-tumor-bearing male mice via
oral gavage using 100% PEG200 as the dosing vehicle. Animals were
sacrificed at indicated time points with 3 mice for each time point for
each compound, and 300 μL of blood was collected from each animal
and stored at −80 °C until analysis.
For PK/PD studies in tumor-bearing male SCID mice, each

compound was administered in animals via oral gavage using 100%
PEG200 as the dosing vehicle when the VCaP tumors reached
approximately 200 mm3. Animals were sacrificed at indicated time
points with 3 mice for each compound at each time point, and blood
(300 μL) and tumors were collected from each animal for analysis.
Isolated tumor samples were immediately frozen and ground with a
mortar and pestle in liquid nitrogen. All plasma and tumor samples were
stored at −80 °C until analysis. For analysis of AR protein levels in
tumor samples, resected VCaP xenograft tumor tissues were ground
into powder in liquid nitrogen and lysed in CST lysis buffer with halt
proteinase inhibitors. Twenty micrograms of whole-tumor-clarified
lysates were separated on 4−20 or 4−12% Novex gels. Western blots
were performed as detailed in the previous section.
All PK/PD and efficacy animal experiments in this study were

approved by the University of Michigan Committee on Use and Care of
Animals and the Unit for Laboratory Animal Medicine (ULAM). The
pharmacokinetics of ARD-1676 and analogues was determined in
tumor-free female SCID mice or with VCAP tumor following oral
gavage (PO) single dose at 10 or 20 mg/kg. The solid compounds were
dissolved in a vehicle containing 100% PEG200. The animals (total 9
mice/compound or 6 mice/compound) were sacrificed at 1, 3, and 6 or
6 and 24 h after the final administration of the chemicals, followed by
the collection of blood samples (300 μL) and tumor samples. The
blood samples were centrifuged at 15,000 rpm for 10 min, and then the
supernatant plasma was saved for analysis. Isolated tumor samples were
placed in a tube with ceramic beads (Precellys CK28-R) and
immediately frozen in liquid nitrogen for PK analysis. All plasma and
tumor samples were stored at −80 °C until analysis. To prepare tumor
samples for LC−MS analysis, mixed ultrapure water and an ACN
solution (4:1) were added to the defrosted tumor tissue samples 5:1, v/
w, in order to facilitate homogenization with Precellys evolution
homogenizer at 4 °C. The homogenized tissue solution was denatured
using cold acetonitrile (1:3, v/v) with vortex and centrifuged at 13,000
rpm 4 °C for 10 min. Following protein precipitation, the final
supernatants were collected for LC−MS analysis.
To determine drug concentrations in plasma and tumor samples, a

LC−MS/MS method was developed and validated. The LC−MS/MS
method consisted of a Shimadzu HPLC system, and chromatographic
separation of a test compound was achieved using a Waters XBridge-
C18 column (5 cm × 2.1 mm, 3.5 μm). An AB Sciex QTrap 5500 mass

spectrometer equipped with an electrospray ionization source (Applied
Biosystems, Toronto, Canada) in the positive-ion MRM mode was
used for detection. The mobile phases used in HPLC were 0.1% formic
acid in purified water (A) and 0.1% formic acid in acetonitrile (B). The
gradient (B) was held at 10% (0−0.3 min), increased to 95% at 0.7 min,
then stayed at isocratic 95% B for 2.3 min, and then immediately
stepped back down to 10% for 2 min re-equilibration. The flow rate was
set at 0.4 mL/min. All pharmacokinetic parameters were calculated by
noncompartmental methods using WinNonlin, version 3.2 (Pharsight
Corporation, Mountain View, CA, USA).
For the in vivo efficacy experiments, when VCaP tumors reached an

average volume of 150 mm3, mice were tumor size-matched and
randomly assigned to different experimental groups with 7 mice for
each group. Drugs or vehicle control were given in the dosing schedule
as indicated using 100% PEG200 as the dosing vehicle. Tumor sizes and
animal weights were measured 2−3 times per week. Tumor volume
(mm3) = (length × width2)/2. Tumor growth inhibition was calculated
as TGI (%) = (Vc − Vt)/(Vc − Vo) × 100, where Vc and Vt are the
medians of the control and treated groups at the end of the treatment,
respectively, and Vo is that at the start. Tumor volumes at the end of
treatment were statistically analyzed using a two-tailed, unpaired t-test
(GraphPad Prism 8,0).
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