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ABSTRACT: The development of KRAS−PDEδ protein−protein inter-
action (PPI) inhibitors is generally hampered by limited antitumor activity.
Herein, the first hydrophobic tagging (HyT)-based PDEδ degraders were
designed. Compound 17c efficiently bound to PDEδ and induced
degradation of PDEδ in SW480 colon cancer cells. As compared with
PDEδ inhibitor deltazinone, HyT-based degrader 17c exhibited improved
antitumor activity toward KRAS mutant cancer cells. This study highlighted
the potential of HyT as a valuable chemical tool for tumorigenic PDEδ
knockdown, which could be developed into a promising strategy for
antitumor drug discovery.
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Kirsten rat sarcoma 2 viral oncogene homologue (KRAS)
protein is closely related to the occurrence and develop-

ment of tumors.1−3 Notably, almost 86% of pancreatic cancers
and 41% of colon cancers are associated with KRAS mutations.
After translation, KRAS protein is modified in the C-terminal
hypervariable region and then transported to the cell membrane,
executing the function that binds it with the related effector
proteins to activate the downstream signaling pathway.4,5 In
cancer cells, the conformation of KRAS is changed and the
KRASmutants continue to bind with GTP to produce abnormal
proliferation signals, resulting in the continuous proliferation of
tumor cells. Therefore, KRAS and related signaling pathways
were regarded as important targets for the development of
antitumor therapeutics.6−9

KRAS−PDEδ protein−protein interaction (PPI) plays an
important role in the functional regulation of KRAS.10 PDEδ
regulates the localization of KRAS on the cell membrane.11 The
hydrophobic cavity of PDEδ binds to the farnesylated KRAS,
which enhances the dissolution and diffusion of KRAS in the
cells and promotes the correct localization and enrichment of
KRAS in the cytoplasm. The inhibition of PDEδ leads to
abnormal transport and distribution of KRAS, thus interfering
with KRAS signal transduction pathway and inhibiting
proliferation of tumor cells.11−13

In recent years, a number of small molecule KRAS−PDEδ
inhibitors (Figure 1), such as deltazinone (1),14−16 deltarasin
(2),9,17 and deltasonamide (3),18 have been reported. We also
discovered several classes of small molecule PDEδ inhibitors
(4−6) through structure-based drug design.19,20 These
inhibitors generally exhibited potent PDEδ binding activity

and effectively blocked the KRAS−PDEδ PPI. However, most of
them are limited by poor antitumor activity, because
endogenous Arl2 could induce the fast release of inhibitors
from PDEδ.18 Thus, novel modulation strategies are highly
desirable to block the KRAS−PDEδ PPI.
Hydrophobic tagging (HyT) has emerged as a promising

strategy for targeted protein degradation through ubiquitina-
tion-proteasome system.21,22 The HyT approach induces a
hydrophobic and bulky group (e.g., amantadine) to a small-
molecule ligand of the target protein. The hydrophobic group of
HyT is located on the surface of the target protein, which is
regarded as a misfolded part (a partially unfolded protein) by the
protein repair mechanism. The “unfolded” protein would then
be folded by the chaperone protein. However, after failing to
repeat folding, the target protein will be recognized and
degraded by the ubiquitin-proteasome system to maintain the
homeostasis of cell function (Figure 2A). As an alternative
strategy of PROTACs23 (proteolysis targeting chimeras), the
HyT technology has been successfully used to degrade various
drug targets, such as HaloTag fusion proteins,24 erythroblastosis
oncogene B3 (ERBB3),25 and androgen receptor (AR).26
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However, as compared with PROTACs, the successful examples
of HyT-based degraders are rather limited.
Previously, we confirmed that targeted protein degradation

was an effective strategy to interfere with the function of KRAS-
PDEδ interaction and designed the first PDEδ degrader (7)
using the PROTAC approach.27 Herein we designed the first
HyT-mediated PDEδ degraders, which showed potent PDEδ
degrading potency and antitumor activity.
Deltazinone (compound 1) is a highly potent small molecule

KRAS−PDEδ inhibitor, which has been widely used as a lead
compound or tool molecule in the studies of KRAS−PDEδ
PPI.14 Starting from compound 1, we have successfully designed
potent inhibitors and PROTAC-based degraders of PDEδ.
Inspired by these results, herein, compound 1 was selected as a
template molecule for the design of HyT-based degraders. The
predicted binding model of compound 1 with PDEδ indicates
that the terminal phenylamine is exposed to the protein surface
(Figure 2B), offering a favorable site for inducing HyT groups.
Moreover, structural modification of terminal phenylamine had
little effect on the binding affinity with PDEδ. For example,
replacement of the phenylamine group of compound 1 with
amphetamine was tolerated (compound 8).14 Therefore, the
terminal phenyl group was replaced by a linker and a HyT group
(amantadine), resulting in a series of new PDEδ degraders
(Figure 2C, compounds 15−17). Theoretically, the amantadine
HyT could simulate the misfolding of the PDEδ protein and the
unfolded protein is recognized and degraded by ubiquitin-
proteasome system, thus blocking the KRAS-PDEδ PPI.

The procedures for the synthesis of target compounds were
outlined in Schemes S1−S4. Commercially available 4-
methylaniline (9) was transformed to compound 10 through
diazotization and a coupling reaction. Following the cyclization
reaction of compound 10, intermediate 11 was obtained, which
was further cyclized to afford intermediate 12 under the
conditions of hydrazine hydrate in EtOH. Compound 12 was
reacted with methyl 4-bromobutanoate via a nucleophilic
substitution reaction to give intermediate 13, which was
subsequently subjected to ester hydrolysis reaction to afford
the corresponding carboxylic acid 14. Target compounds 15a
and 15b were prepared by condensing key intermediate 14 with
amantadine and 1-adamantanemethylamine, respectively
(Scheme S1). An amidation reaction between commercially
available starting material 18 and different Boc-N-carboxylic
acids obtained compounds 19a and 19b. The Boc group of
intermediates 19a and 19bwere deprotected to give compounds
16a and 16b, which were further condensed with intermediate
14 to yield compounds 16a and 16b. Compound 18 and various
dicarboxylic monomethyl esters were reacted to afford
compounds 21a−21c, which were further hydrolyzed and
condensed with tert-butyl 4-aminophenethylcarbamate to afford
intermediates 23a−23c. After deprotection, compounds 24a−
24c were condensed with intermediate 14 in the presence of
HATU and DIPEA to give target compounds 16c−16e
(Scheme S2). Commercially available reagents 25a−25e were
condensed with compound 14 to yield corresponding
intermediates, which were subsequently deprotected to obtain

Figure 1. Representative KRAS−PDEδ PPI inhibitors and degraders
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compounds 26a−26e. Target compounds 17a−17e were
afforded by reacting compounds 26a−26e with 1-adamantane-
acetic acid under the condition of HBTU and DIPEA (Scheme
S3). Similar to the protocols for the synthesis of intermediates
26a−26e, compound 29 was obtained via the condensation and
hydrolysis reactions. Intermediate 29 was reacted with tert-butyl

4-aminophenethylcarbamate to afford compound 30, which was
deprotected to afford compound 31. Finally, condensation
between compound 31 and intermediate 14 yielded target
compound 17f (Scheme S4).
Initially, a fluorescence polarization (FP) binding assay was

performed to investigate the binding affinity of all target

Figure 2.HyT-mediated degraders of PDEδ. (A) Schematic diagram of theHyT technology. (B) Rational design of HyT-based PDEδ degraders by the
prediction of binding model of compound 1 with PDEδ (PDB code 5E80). (C) Structure of target compounds 15a−17f.

Table 1. PDEδ Binding Affinity and Antiproliferative Activities of Target Compoundsa

IC50 (μM)

compds linker Ki (nM) SW480 HCT116

15a n = 0 13.6 ± 9.4 >100 >100
15b CH2 9.3 ± 1.7 >100 >100
16a (CH2)3 41.0 ± 18.0 8.0 ± 1.2 11.4 ± 1.6
16b (CH2)5 44.4 ± 6.8 >100 32.5 ± 7.5
16c (CH2)3 8.6 ± 1.3 19.8 ± 12.7 39.0 ± 1.5
16d (CH2)5 45 ± 10.2 >100 >100
16e (CH2)9 >1000 14.0 ± 9.2 >100
17a (CH2)2 38.8 ± 1.5 10.0 ± 5.5 20.4 ± 8.7
17b (CH2)4 49.3 ± 13.0 7.0 ± 1.3 50.7 ± 0.1
17c (CH2)6 26.0 ± 2.6 4.8 ± 0.2 7.7 ± 2.0
17d (CH2)8 29.0 ± 0.7 5.6 ± 2.9 17.7 ± 3.2
17e CH2(CH2OCH2)2CH2 132.0 ± 5.1 5.4 ± 0.9 18.5 ± 5.8
17f (CH2)6 146.5 ± 16.1 >100 >100
deltazinone (1) 8.0 ± 0.5 18.3 ± 8.3 82.4 ± 6.4

aValues represent a mean ± SD of at least three independent experiments. The values of Ki were obtained according to eqs S1−S6 in the
Supporting Information.
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compounds with PDEδ using compound 1 as the positive
control. As shown in Table 1, most of the target compounds
exhibited good binding activity. Compound 15a with a short
linker showed excellent PDEδ binding affinity (Ki = 13.6 nM).
Compound 15b with the linker extension of one carbon atom
exhibited slightly enhanced PDEδ binding activity (Ki = 9.3 nM)
to improve the flexibility of the terminal amantadine hydro-
phobic group. Subsequently, compounds containing various
linkers were further synthesized and evaluated. However, with
an increase in the alkyl linker length, the binding activity of
compounds 16a and 16b were reduced to 41 and 44.1 nM,
respectively. Compounds 16c−16e were designed by introduc-
tion of the phenyl group to enhance the rigidity of the linker.
However, their binding affinities were significantly decreased.
These results demonstrated that the long alkyl linker might be
unfavorable for PDEδ binding. Finally, the terminal amide group
was reversed to obtain compounds 17a−17f. Among them, two
compounds, 17c and 17d, exhibited excellent binding activity,
with Ki values of 26 and 29 nM, respectively.
In consideration of the binding activities, all the target

compounds were further evaluated for the effects on PDEδ
degradation in the SW480 cell line (KRAS mutant human colon
cancer cells) by the Western blot analysis. As shown in Figure
3A, compounds 15a, 16a, and 17c−17e significantly induced
PDEδ degradation in SW480 cells at a concentration of 10 μM.
Particularly, compound 17c exhibited the best degrading activity
(about an 86% degradation rate at 10 μM). However, no

significant degradation was observed when the SW480 cells were
treated with the other compounds. When the concentration was
reduced to 1 μM (Figure 3B), compounds 15a, 16a, and 17c-d
retained the degradation activity. Among them, compound 17c
still achieved the best degradation activity (about 79%
degradation rate at 1 μM). Furthermore, the dose-dependent
effect of compound 17c was explored (Figure 3C). The results
indicated that compound 17c exhibited significant PDEδ
degradation in a concentration-dependent manner and achieved
a DC50 (concentration causing 50% protein degradation) value
of 11.4 μM in SW480 cells for 24 h. Next, the downstream
proteins regulated by PDEδ were investigated (Figure 4A, B).
Consistent with the positive drug, compound 17c could down-
regulate p-Akt and p-Erk in a concentration-dependent manner,
whereas it had little effect on the expression of t-Akt and t-Erk.
These results suggested that compound 17c effectively degraded
PDEδ in SW480 cancer cells and then caused the changes in the
downstream pathways.
Given the potent PDEδ binding activity and degradation

efficiency, the antiproliferative activities of the target com-
pounds were investigated against two different KRAS mutant
human colon cancer cells (SW480 and HCT116 cell lines) by a
cell counting kit-8 (CCK8) assay (Table 1). The results revealed
that most of the target compounds showed better antiprolifer-
ative activity toward SW480 cells than that of HCT116 cells. As
compared with the PDEδ inhibitor deltazinone, improved
antitumor activities were observed for several HyT-based

Figure 3. Effects of target compounds on the degradation of PDEδ. (A, B) Target compounds induced the degradation of PDEδ at 10 μM and 1 μM.
(C)Compound 17c dose-dependently degraded PDEδ. The protein expression contents of PDEδwere quantified by ImageJ. The data were confirmed
at least three times (**P < 0.05 and ***P < 0.005 relative to the control group at indicated times).
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degraders (e.g., compounds 16a, 16e, and 17a−17e).
Particularly, compound 17c (SW480 IC50 = 4.8 μM; HCT116
IC50 = 7.7 μM) exhibited the best antiproliferative activity.
Importantly, the in vitro antitumor efficacies of compounds 17c
were generally consistent with the degradation efficiency and the
binding activity of PDEδ. Moreover, its antiproliferative activity
was further evaluated against MIAPACA-2 pancreatic cancer
cells (Figure S1). The results indicated that the IC50 value of
compound 17c was 17.5 μM, which was also significantly better
than that of deltazinone (IC50 = 70.6 μM). Furthermore, the
assay of flow cytometry with Annexin V/PI staining was
performed to elucidate the antitumor mechanism of action of
compound 17c. As shown in panels C and D in Figure 4,
compound 17c significantly induced apoptosis of SW480 cells
after 24 h of treatment. At a concentration of 40 μM, the
apoptosis rate of compound 17c was 83.67%, which was better
than that of deltazinone (5.4% apoptosis rate at 50 μM).
However, the definite correlation between degradation activity
and apoptosis rate could not be detected at the experimental
concentrations. Taken together, compound 17c, the most
potent PDEδ degrader, was proven to possess good antitumor
activity.
In summary, the HyT technology was identified as a feasible

strategy for targeted degradation of PDEδ. HyT-based degrader
17c exhibited a potent PDEδ binding affinity, PDEδ protein
degradation activity, and antiproliferation activity, which
represents a promising tool molecule or lead compound for
further structural optimization and biological studies. This study

also expands the application scope of the HyT approach and
highlights the effectiveness of the HyT-based PDEδ degradation
strategy in antitumor drug discovery.
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