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Abstract

Controlling RAS mutant cancer progression remains a significant challenge in developing
anticancer drugs. Whereas Ras G12C-covalent binders have received clinical approval, the emergence of
further mutations, along with the activation of Ras-related proteins and signals, has led to resistance to Ras
binders. To discover novel compounds to overcome this bottleneck, we focused on the concurrent and
sustained blocking of two major signaling pathways downstream of Ras. To this end, we synthesized 25
drug—drug conjugates (DDCs) by combining the MEK inhibitor trametinib with Akt inhibitors using seven
types of linkers with structural diversity. The DDCs were evaluated for their cell permeability/accumulation
and ability to inhibit proliferation in RAS-mutant cell lines. A representative DDC was further evaluated for
its effects on signaling proteins, induction of apoptosis-related proteins, and the stability of hepatic metabolic
enzymes. These in vitro studies identified a series of DDCs, especially those containing a furan-based linker,
with promising properties as agents for treating RAS-mutant cancers. Additionally, in vivo experiments in
mice using the two selected DDCs revealed prolonged half-lives and anticancer efficacies comparable to
those of trametinib. The PK profiles of trametinib and the Akt inhibitor were unified throug the DDC
formation. The DDCs developed in this study have potential as drug candidates for the broad inhibition of

RAS-mutant cancers.

1. Introduction

Mutations in RAS play an important role in tumorigenesis by activating downstream signaling
pathways. The spectra of RAS mutations are diverse. For example, multiple mutations such as
G12C/D/R/V/W have been observed within the G12 subset in KRAS.!> Whereas approved G12C covalent
inhibitors such as sotorasib (AMGS510) have shown efficacy in suppressing G12C-mutant cancer progression,
other mutations at sites such as G13D, Q61H, and H95D/Q/R have been identified as conferring resistance
to the G12C covalent inhibitors.’= In addition, a non-covalent inhibitor, MRTX1133, has been applied to
tumors harboring G12D-mutant KRAS.® While these advances are significant, they underscore the need for
strategically different approaches to KRAS-mutant cancers to address the complexities presented by various
mutations.

Clinical trials investigating combination therapies with multiple inhibitors targeting proteins both
upstream and downstream of the Ras pathway have shown promise as a therapeutic strategy for RAS-mutant
cancers in pancreatic, lung, colon, and other malignancies.””'° The cumulative results of both in vitro and in
vivo antiproliferative assays have demonstrated noteworthy potency when used with appropriate drug
combinations, suggesting their potential clinical utility. However, discernible tumor regression effects are
yet to be observed in patients with RAS-mutant cancers.!!"'? Several plausible explanations have been
proposed and require further exploration.'*!'* One possibility is the emergence of resistance due to additional
mutations in signaling proteins that are targeted directly or indirectly by co-administered pharmaceutical
agents. Another possible factor is the increased expression and activation of Ras and related proteins, which
result from decreased feedback mechanisms caused by downstream signaling pathway inhibition.
Furthermore, disparities in the PK and PD profiles of individual drugs can increase drug toxicity when used
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in combination, which is a significant obstacle in maintaining an adequate safety margin. Developing
combination therapies is complex. Even a successful combination of the MEK inhibitor trametinib and the
B-Raf inhibitor dabrafenib has different dosing regimens, with dabrafenib administered twice daily and
trametinib once daily.!> The complexity of combination therapies is further exemplified by a phase 1 study
combining trametinib with the Akt inhibitor afuresertib in melanoma patients.!! Notably, dose-limiting
toxicity was associated with a high area under the curve of afuresertib, rather than trametinib. With these
tolerable dosing regimens, the addition of afuresertib to trametinib did not provide any additional discernible
benefits in these patients.

To efficiently eradicate cancers, the selection force of anticancer agents should be maintained at a
sufficient level to inhibit the targeted signaling pathways.'®!” Therefore, new anticancer agents with
extended half-lives and stable in vivo PK profiles are highly desirable. In this context, drug—drug conjugates
(DDCs) have received increasing attention in recent years as dual-targeting inhibitors to overcome the
problems of combination therapies.'®2! For example, one study investigated the in vivo anticancer effect of
DDCs prepared by covalently attaching an MEK inhibitor (avutometinib) and a PI3K inhibitor (ZSTK474)
to a polyethylene glycol linker.2> However, their cell permeability and in vivo PK profiles have not been
thoroughly characterized.

Herein, we report novel DDCs comprising a clinically established MEK inhibitor, trametinib, an
Akt inhibitor, and structurally diverse linkers. The rationale behind the design of these DDCs stems from the
enhanced downstream signaling observed in RAS-mutant cancer cells, which warrants the concurrent
inhibition of two key signaling pathways, Raf-MEK~ERK and PI3K—~Akt-mTOR.?-?* The linchpin of these
DDCs is trametinib, chosen due to its unique binding properties: its strong affinity (ICso = 0.92-3.4 nM)?°
and extremely slow dissociation (kosr= 1.2 x 107* sec™")?’ for MEK results in the formation of a highly stable
MEK-trametinib complex. This complex dissociates from the Ras/Raf/MEK scaffold into the cytosol.'3?8
Consequently, we anticipate that trametinib-containing DDCs will exhibit prolonged retention within cancer
cells, resulting in sustained Akt activity blockade through the Akt inhibitor moiety of the DDCs. Our results
suggest that the DDCs developed in this study effectively maintained the properties of trametinib, as

demonstrated by in vitro and in vivo analyses.

2. Results and discussion
2.1. Synthesis and in vitro characterization of the first-series DDCs
2.1.1. Design and synthesis

We planned to extend the linker from the acetamide moiety of trametinib for conjugation to an Akt
inhibitor based on the results of a reported study.?” This study demonstrated that structural modifications to
the acetamide moiety did not affect the retained MEK binding of trametinib-based affinity probes in both
intracellular and cell-free systems. N-Deacetylated trametinib (1, Fig. 1A), which bears an aromatic amino
group on the trametinib moiety (Tra), was selected as the starting material for DDC synthesis. The linker
moiety can be attached to 1 via amidation with a hetero-functionalized linker building block possessing a
carboxy group at one end (Fig. 1B). Subsequently, the leaving group (LG) located at the opposite end can
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undergo an Sn2-type N-alkylation with the amino group of the Akt inhibitor, resulting in DDC formation.
The linker length of the DDCs was defined as the number of atoms present in the shortest path connecting

the two nitrogen atoms used in the linkage of 1 and the Akt inhibitor.
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Fig. 1. Molecular design and synthetic strategy of Akt inhibitor—trametinib conjugates. (A) N-Deacetylation
of trametinib to expose an aromatic amino group as the linker connection site. (B) Conjugation of trametinib

and an Akt inhibitor between a hetero-functionalized linker via amidation and subsequent N-alkylation.

To systematically evaluate the effect of linker length on the activity, we synthesized DDCs
containing aliphatic linkers (L1) of various lengths (Scheme 1). Afuresertib (A1-NH;, K; = 0.08 nM and 2
nM for Aktl and Akt2, respectively)® and MK2206 (A2-NHa, ICso = 8 nM and 12 nM for Aktl and Akt2,
respectively)?® were selected as the Akt inhibitor moiety. In the synthetic schemes, the chemical structures
corresponding to the trametinib and Akt inhibitor moieties are represented by “Tra” and “An” (n = 1-4) in
blue and green, respectively. The linker moiety is indicated in red. Treatment of trametinib with HCI/EtOH
afforded the N-deacetylated product 1 in 86% yield. This product was subsequently reacted with bromoacetyl
bromide or bromoalkyl-carboxylic acids using DMT-MM?3*3! and N-methylmorpholine (NMM), forming
bromoalkyl-Tra intermediates 2—5 with linker lengths of 2—16 in 72-90% yield. After the alkylative coupling
of 2-5 with A1-NH; or A2-NH; in the presence of ‘Pr,EtN and Nal, six DDCs (A1-L12-Tra, A2-L12-Tra,
A1-L1%-Tra, A2-L1%-Tra, A1-L1'%-Tra, and A1-L1'6-Tra; the linker length is indicated by the superscript
suffix) were obtained in 16-62% yield. Additionally, compound 7, which bears the linker L1 with a length
of 6 but lacks the Akt inhibitor moiety, was synthesized.
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Scheme 1. Synthesis of six DDCs composed of an Akt inhibitor moiety (A1 or A2), linker L1 with a length
of 2—16, and Tra.

The use of linker L1 with a length longer than 16 was expected to be unsuitable due to the limited
water-solubility of the resulting DCC. To counteract this, we devised oxyethylene-amide linkers (L2) to
improve the water solubility (Scheme 2). The synthesis was initiated by the reaction of mono-Boc-protected
diamine 8 with diglycolic anhydride, affording carboxylic acid 9. Sequential conversion, including DMT-
MM-mediated amidation with 1, Boc deprotection, and N-acylation with bromoacetyl bromide, afforded
bromoalkyl-Tra intermediate 12 (57% yield in three steps). The alkylative coupling of 12 with A1-NH; and
A2-NH; afforded A1-L2?2-Tra and A2-L222-Tra in 72% and 59% yield, respectively. These DDCs
contained the linker L2 with a length of 22. To compare the effect of the conjugation mode of the Akt inhibitor,
A1-NH; was coupled with aminoalkyl-Tra 11 by double amidation through a diglycolic acid spacer to
produce A1-L2%5-Tra, in which the Akt inhibitor was connected to the linker via an amide bond. The longest
linker in this study was prepared by “doubling” the linker length of L2, as described in the synthetic scheme
for benzyl ester 15 prepared from 14 and 9. Benzyl deprotection of 15 followed by amidation with 1 afforded
aminoalkyl-Tra 17. This intermediate was subsequently converted into A1-L24*-Tra in three steps, similar

to the synthesis of A1-L.2?2-Tra from 11.
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Scheme 2. Synthesis of four DDCs composed of an Akt inhibitor moiety (A1 or A2), linker L2 with a length
of 22-42, and Tra.

Dipeptide-based linkers (L3) containing an aspartic acid (Asp) or histidine (His) residue were
designed to explore linker structures with a chiral center and acid/base functionality (Scheme 3). Such
dipeptide moieties might promote membrane penetration by being recognized by transporters.’? Amidation
of Fmoc-Asp(‘Bu)-OH (19) with 1 using DMT-MM afforded Tra conjugate 20 in 65% yield. Fmoc
deprotection of 20, followed by bromoacetylation, delivered the bromoalkyl-Tra intermediate 21 in 53%
yield. The alkylative coupling of 21 with A1-NH; followed by deprotection of the #-butyl group on the side
chain, provided the Asp-residue containing DDC, A1-L3%>A%*-Tra, in 35% yield (obtained as an HCI salt).
Similarly, A1-L3%His-Tra containing a His residue in the linker, was synthesized from Fmoc-His(Boc)-OH

(22) in five steps.

https://doi.org/10.26434/chemrxiv-2023-ps4h1-v2 ORCID: https://orcid.org/0000-0002-0430-9705 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-ps4h1-v2
https://orcid.org/0000-0002-0430-9705
https://creativecommons.org/licenses/by-nc-nd/4.0/

1= 2= =
Fmoc/N\,)kOH R coBu R KK\N—Boc A1\NWN%N/Tra R COzH KK\NH
HoJ & H

RY/R? N=/ N=/
19 22 A1-L35%ASP.Tra  A1-L35His.Tra
1, NMM 35% (as HCl salt) 32%

DMT-MM )
(1) A1-NH,, 'Pr EtN, "BuyNI
(2) PG deprotection

o}
H 1) Fi d tecti
/NQK _Tra (1) Fmoc deprotection N\)L _Tra
- N /W

Fmoc Y
RiR2 H (2) BrCH,COBr, Et;N S RUR? H
20 (with R"), 65% 21 (with R"), 53%
23 (with R?), 53% 24 (with R?), 30%

Scheme 3. Synthesis of two DDCs composed of Akt inhibitor moiety A1, linker L3 with a length of 5, and
Tra.

Additionally, we prepared a DDC containing a fluorous linker (L4) because the fluorous effect of
the perfluoroalkyl group in the linker could affect its physicochemical properties such as electrostatics,
conformation, and interaction with proteins (Scheme 4).3* Hydroxy-z-butyl ester 25 was converted to

bromoalkyl-Tra 28 in six steps, which was then conjugated with A1-NH; to afford A1-L4'%-Tra in 46%

yield.
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Scheme 4. Synthesis of a DDC composed of Akt inhibitor moiety A1, linker L4 with a length of 16, and Tra.

2.1.2. Inhibition of RAS-mutant cancer cell proliferation (H358)

The drugs and the synthesized DDCs were evaluated for antiproliferative activity using a RAS
G12C-mutant lung cancer cell line H358 with treatment concentrations of 0.1, 1, and 10 uM (Fig. 2A).
Trametinib exhibited approximately 60% inhibition activity at 0.1 uM. However, this activity had reached a
plateau, resulting in no change in cell viability at higher concentrations. However, 80-90% inhibition was
observed when A1-NH; (which has a lower potency on its own) was used in combination with trametinib at
the same concentration of 1-10 uM. This result indicated that trametinib requires the cooperation of an Akt
inhibitor to achieve an inhibition well above 60%. Subsequently, we evaluated the first series of DDCs
containing the Akt inhibitor moiety of either Al or A2. This study aimed to identify the structural
characteristics of DDCs necessary to achieve more than 60% inhibition, a level unattainable by trametinib
alone, under the assay conditions employed. Among the four DDCs bearing the A1 moiety and linker L1,
A1-L1°%Tra yielded the most promising results. Notably, it achieved complete inhibition at 10 uM, although
its inhibitory activity at 0.1-1 uM was lower than that of trametinib. A1-L12-Tra, A1-L1'%-Tra, and A1-
L1'6-Tra, which possessed short or long L1, exhibited lower activity than A1-L1-Tra. These findings
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suggest the existence of an optimal length for the linker L1. A1-L222-Tra demonstrated a high potency
(approximately 90% inhibition) at 10 uM. However, when the linker was extended (A1-L24*-Tra), inhibitory
activity decreased. Furthermore, A1-L2%5-Tra, in which the A1 moiety was linked by an amide bond,
exhibited lower activity than A1-L222-Tra did at a comparison of 1 pM (cell viability of 78.1 + 2.7% vs.
58.3 £9.0%). Therefore, it can be inferred that the basic amino group in the A1 moiety has a favorable effect
on the activity of A1-L2%2-Tra. The DDCs containing linkers L3 and L4 (A1-L3%A*-Tra, A1-L3%Hs-Tra,
and A1-L4'%-Tra) were not as potent as trametinib at all treatment concentrations. Comparable trends were
observed when the Akt inhibitor was switched from A1-NHj; to similarly active A2-NHj. The combined use
of A2-NHj; and trametinib enhanced its activity. A2-L1>-Tra, A2-L1%-Tra, and A2-L2*2-Tra demonstrated
concentration-dependent inhibitory effects similar to those of the corresponding DDCs with the A1 moiety.
The two latter DDCs achieved >80% inhibition at 10 uM. These observations emphasize the significance of
linker structure in DDC activity. Furthermore, compounds 7 and 11, which lacked the Akt inhibitor moiety
and possessed an amino group at the ends of linkers L1 and L2, respectively, did not attain over 80%
inhibitory activity at any concentration. This indicates the significant role of the Akt inhibitor moiety in the

corresponding DDCs (A1/A2-L1°-Tra and A1/A2-L2%*-Tra, respectively).
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Fig. 2. In vitro evaluation of the anticancer activity of first-series DDCs. (A) RAS-mutant cancer cell

proliferation inhibition. (B) Cell signaling pathway inhibition. (C) Detection of apoptosis-related proteins.

A1-L1%Tra demonstrated the most potent inhibitory effect among all the first-series DDCs at a
concentration of 10 uM. Furthermore, this DDC can be easily synthesized from starting material 1 in two

steps. Consequently, we designated A1-L16-Tra as the benchmark DDC for subsequent investigations.

2.1.3. Signal inhibition and induction of apoptosis-related proteins

We investigated the impact of A1-L1%-Tra on signaling proteins in both the PI3K—~Akt-mTOR and
Raf-MEK-ERK pathways. Fig. 2B shows the Western blot analysis used to assess the Akt and ERK
phosphorylation states 4 h after the treatment with A1-NH,, trametinib, their combination, or A1-L1°-Tra.
A1-NH; (3 uM) increased phosphorylated Akt (pAkt) via inhibitory binding to Akt,® while trametinib (3
uM) reduced phosphorylated ERK (pERK) by blocking the ERK phosphorylation.'* The simultaneous use
of these two drugs (3 uM each) provided combined results. A1-L1%-Tra (3 uM) induced the pAkt
accumulation and decreased pERK levels, albeit more vaguely apparent at lower concentrations (0.3 and 1
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uM). Subsequent Western blot analysis was conducted to detect the apoptosis-related proteins cleaved PARP
(cPARP) and cleaved caspase 3 (cCaspase 3) (Fig. 2C). No significant apoptosis-related proteins were
observed at 24 h with the treatment of A1-NH; (3 uM), trametinib (3 uM), their combination (3 uM each),
or A1-L16-Tra (3—5 uM). However, cCaspase 3 was possibly generated with A1-L1°-Tra treatment (10 uM).
In contrast, both cPARP and cCaspase 3 were detected after 72 h of trametinib treatment, regardless of Al-
NH; presence. A1-L1-Tra (3 and 5 pM) dose-dependently induced cPARP and cCaspase 3 after 72 h,
though not strongly. Taken together, the data depicted in Figs. 2B and 2C indicate that A1-L1%-Tra displays
inhibitory effects on both MEK and Akt and can induce sufficient apoptosis at a concentration of 5 uM.

2.1.4. Comparison of ICoy/ICsg ratios

The 5 uM concentration of A1-L1%Tra necessary to induce apoptosis (Fig. 2C) corresponds
roughly to its ICoo (7.8 pM) obtained from the antiproliferative assay results (Fig. 2A). Therefore, the 1Co
values of the DDCs could provide an approximate estimate of the DDC concentration that is capable of
inducing apoptosis or cell death in H358 cells. Table 1 summarizes the 1Cq/ICs ratios, along with the I1Cs
and ICop values of the four selected DDCs (A1-L1%-Tra, A1-L2*2-Tra, A2-L15-Tra, and A2-L.2?*-Tra) and
drug combinations (trametinib with A1-NH; or A2-NH3). These DDCs have significantly lower 1Coo/ICsg
ratios (6.0-20, entries 1-4) compared to the drug combinations (>88, entries 5 and 6), indicating a superior
ability of these DDCs to induce apoptosis or cell death, despite their moderate ICso values (0.58—1.5 uM,
entries 1-4).

Table 1

Summary of ICso, ICoo, and ICoo/ICs ratios for selected DDCs and drug combinations.

Entry DDC or drugs ICso? 1Co0? ICo0/ICs0
1 A1-L1%-Tra 1.3 7.8 6.0
2 A1-L2?%-Tra 1.5 11 7.1
3 A2-L1%-Tra 0.81 12 15
4 A2-1.2?%-Tra 0.58 11 20
5 trametinib + A1-NH» <0.1 9.1 >91
6 trametinib + A2-NH; <0.1 8.8 >88

2 Mean of more than two experiments.

2.1.5. Evaluation of cell permeability and intracellular accumulation

Since the accessibility of drug molecules to intracellular enzymes depends on their ability to
migrate into cells, we investigated the cell permeability and the intracellular accumulation of the Akt
inhibitors and the DDCs using cancer cells.>* Akt inhibitors A1-NH; and A2-NH; exhibited sufficient cell
permeability [the apparent permeability coefficients (Pgp,) 0f 8.55 +0.87 x 107%and 18.9+£3.2 x 107° cm/sec,
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respectively, Fig. 3A] and accumulation values (cell to medium ratios) of 37.3 £ 0.3 and 34.5 2.7 pL/cm?,
respectively (Fig. 3B). In contrast, the benchmark DDC, A1-L1°-Tra, showed no detectable permeability
and accumulated 7.5-8 times less (4.63 £ 0.38 puL/cm?) than these Akt inhibitors. The A2 analog A2-L1°-
Tra displayed minimal permeability (P, = 0.0984 + 0.0348 x 107° cm/sec) and moderate accumulation
(15.9 £2.9 uL/cm?).
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o 1r 3T 8o
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Fig. 3. In vitro characterization of A1-L1%-Tra and A2-L1%-Tra. (A) Comparison of cell permeability.  Not
detected. (B) Comparison of intracellular accumulation. (C—H) Stability of hepatic metabolic enzymes. The

experiments were conducted in the presence (empty circles) or absence (filled circles) of NADPH.

Table 2 shows the intracellular accumulation of the five selected DDCs containing linkers L1-L4
relative to A1-L16-Tra (entry 1). The low relative accumulation values (0.11-0.49) of A1-L22-Tra (entry 2),
A2-L2%-Tra (entry 3), A1-L3%H-Tra (entry 5), and A1-L4'6-Tra (entry 6) suggest their limited cell
penetration ability, which can be responsible for their low antiproliferative activity even at 10 uM as shown

in Fig. 2A.
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Table 2

Relative intracellular accumulation of the first-series DDCs.

Relative intracellular

Entry Linker class DDC accumulation®
1 L1 A1-L1%-Tra 1.0
2 L1 A1-L2%-Tra 0.49
3 L1 A2-1.2%-Tra 0.35
4 L2 A1-L2%-Tra 0.87
5 L3 A1-L35H5_Tra 0.11
6 L4 A1-L4'%-Tra 0.13

2 Calculated using mean values of three experiments.

These data indicate that both the Akt inhibitor moiety and the linker structure influence cell
permeability and intracellular DDC accumulation. Additionally, it has been suggested that the intracellular
accessibility of DDCs must be improved to attain potent antiproliferative activity at low concentrations (0.1—

1 uM).

2.1.6. Stability of hepatic metabolic enzymes

The stability of A1-L1%-Tra and A2-L1%Tra to hepatic metabolic enzymes was examined in
human liver microsomes. No significant degradation of these DDCs occurred within 60 min regardless of
NADPH presence (Fig. 3C and D). In contrast, midazolam, a CYP3 A substrate, was almost entirely degraded
in the presence of NADPH (Fig. 3E). Moreover, the sufficient stabilities of trametinib, A1-NH;, and A2-
NH; were confirmed under these conditions (Fig. 3F—H). Thus, conjugation of trametinib and Akt inhibitors

with linker L1¢ did not cause metabolic susceptibility.

2.2. Synthesis and in vitro characterization of the second-series DDCs
2.2.1. Design and synthesis

Based on the evaluation results of the first series of DDCs, 12 additional DDCs were designed and
synthesized to achieve enhanced activity. For the second series of DDCs, two pyrrolopyrimidine-based Akt
inhibitors, A3-NH> (Akt2 ICso = 180 nM)** and A4-NH (Aktl ICso = 4 nM),*® were employed (Scheme 5).
Because of the lower molecular weights of A3-NH; (217) and A4-NH (292) compared to those of A1-NH;
(405) and A2-NH; (407), we expected that A3- or A4-containing DDCs would have improved accessibility
to intracellular MEK proteins. We synthesized A3-L1%-Tra and A4-L15-Tra, which are A3 and A4 analogs
of the benchmark A1-L1%-Tra, by the alkylative coupling of 3 with A3-NH; and A4-NH, respectively, in
49-50% yield. In addition, three DDCs containing oxyethylene linkers (L5) with lengths of 6-9 were
synthesized as the oxa analogs of A4-L1%-Tra (Scheme 6). Linker L5 is structurally similar to the linker

contained in a trametinib-based probe that was used to study the complexation between MEK and KSR.?
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Carboxylic acid ‘Bu esters 29-31 bearing a tosylate LG were converted to A4-L5%Tra, A4-L5%-Tra, and
A4-L5°-Tra, respectively, by the three-step reactions of ‘Bu group deprotection, amidation with 1, and the

alkylative coupling with A4-NH.

H
: N< i
: H ‘
o A3-NH,, Pr,EtN H 0 : rN\ U H ‘
Br\/\/\)k _Tra B /N\/M _Tra H | = __N. ]
N 49% A3 N LN A3"H |
3 A3-L15-Tra 3 i A3-NH, 3
f N_ N 3
\. A4-NH, Pr,EtN AT o oS AT ;
K/N\/\/\AN/TI'G ' N N\H = K/N\H '
50% H 3 cl 3
A4-L1%-Tra ; HN A4-NH 1

]

Scheme 5. Synthesis of two DDCs composed of an Akt inhibitor moiety (A3 or A4), linker L1 with a length
of 6, and Tra.

o AT o)
29 | g6.
TsO \/\o/\AO’Bu (1) deprotection of QN\/\O/\)LN/Tra A4-L55-Tra

or the 'Bu group or H (34% from 29)
0 (2) amidation with 1 A4 o}
TsO \/\O/\/O\)kOtBu 30 i i Q N \/\O/\/O\)LN _Tra A4-L58-Tra
(3) alkylative coupling b (28% from 30)
or o with A4-NH or o
TSO/\/O\/\O/\)'LOPBU 31 (\N/\/O\/\O/\)LN/TE A4-L5%-Tra
H (10% from 31)
A4\)

Scheme 6. Synthesis of three DDCs composed of Akt inhibitor moiety A4, linker L5 with a length of 6-9,

and Tra.

The use of a linker with an embedded heteroaromatic ring may improve the DDC activity. This is
because structurally rigid linkers can facilitate the spatial separation of the Tra and Akt inhibitor moieties to
suppress their possible inactivation by self-aggregation. Therefore, furan- and 1,3,5-triazine-containing
linkers (L6 and L7 with lengths of 9 and 7, Schemes 7 and 8, respectively) were employed for DDC synthesis.
Linker L6 was originally developed to study the conformation and reactivity of oligo(acetylacetone)s.?’
1,3,5-Triazines have been used as polymer backbones and hub molecules because they can rapidly assemble
multiple functionalities via aromatic nucleophilic substitution at the triazine core.**° Symmetric dibromo
compound 32 (Scheme 7) was sequentially coupled with 1 (57% yield) and the four Akt inhibitors (9-68%
yield) to afford A1-L6°-Tra, A2-L6°-Tra, A3-L6°-Tra, and A4-L6°-Tra. Both Tra and Akt inhibitor
moieties were attached to the linker via alkylation. DDCs with linker L7 were synthesized from 1,3,5-triazine
34 bearing chloro and (3-chloro)propoxy groups (Scheme 8). N-Triazinylation of the aromatic amino group
of 1 with 34 afforded the chloroalkyl-Tra intermediate 35, which was coupled with A1-NH,, A2-NH,, and
A4-NH to afford A1-L77-Tra, A2-L77-Tra, and A4-L77-Tra, respectively, in 6-24% yield.
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Scheme 7. Synthesis of four DDCs composed of an Akt inhibitor moiety (A1, A2, A3, or A4), linker L6 with
a length of 9, and Tra.
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Scheme 8. Synthesis of three DDCs composed of an Akt inhibitor moiety (A1, A3, or A4), linker L7 with a
length of 7, and Tra.

2.2.2. Evaluation of intracellular accumulation

Table 3 describes the intracellular accumulation values of the second-series DDCs relative to Al-
L1%-Tra (entry 1). The accumulation increased by a factor of 9.5 and 3.5 when the A1 moiety in A1-L1°-
Tra was substituted with the A3 and the A4 moieties, respectively (entry 1 vs. entries 2 and 3). Replacing
the linker L1° in A4-L16-Tra (entry 3) with linkers L5°, L5%, and L5° maintained the improved accumulation
(3.3-7.4, entries 4-6). In contrast, A2-L6°-Tra, A3-L6°-Tra, and A4-L6°-Tra exhibited lower accumulation
(0.55-1.4, entries 7-9) regardless of the Akt inhibitor moiety. However, among the DDCs containing L7,
A3-L77-Tra showed a higher accumulation (5.9, entry 11) than A1-L77-Tra (0.86, entry 10) and A4-L77-
Tra (0.24, entry 12). The results in Table 3 suggest that the small Akt inhibitor moiety (A3<A4<A1 and A2)
and the structurally simple linker (L1 and L5% instead of L6 and L77) tended to enhance intracellular

accumulation.
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Table 3

Relative intracellular accumulation of the second-series DDCs.

Relative intracellular

Entry Linker class DDC accumulation®
1 L1 A1-L1%-Tra 1.0
2 L1 A3-L1%-Tra 9.5
3 L1 A4-L1%-Tra 3.5
4 L5 A4-L5%-Tra 6.6
5 L5 A4-L5%-Tra 33
6 L5 A4-L5°-Tra 7.4
7 L6 A2-L6°-Tra 1.4
8 L6 A3-L6°-Tra 1.2
9 L6 A4-L6°-Tra 0.55
10 L7 A1-L77-Tra 0.86
11 L7 A3-L77-Tra 5.9
12 L7 A4-L7-Tra 0.24

3 Calculated using mean values of three experiments.

2.2.3. Inhibition of RAS-mutant cancer cell proliferation (H358)

The antiproliferative activity of the second-series DDCs was evaluated using H358 cells (Table 4).
The ICso of A1-L1%-Tra (1.3 puM, entry 1) was enhanced in A3-L1%-Tra (0.098 puM, entry 2) and further
improved in A4-L16-Tra (0.017 uM, entry 3). When the linker structure was slightly modified in A4-L16-
Tra, specifically the CH,—O exchange in the middle of the linker, resulting in A4-L5%-Tra, caused a decrease
in inhibitory activity (0.20 uM, entry 4). Interestingly, extending the L5 linker length from 6 to 8 and 9 has
resulted in the recovery of the activity (0.013 and 0.044 uM, entries 5 and 6). These improved ICso values
(entries 1 vs. 2—6) can be interpreted based on the importance of DDC accessibility to intracellular enzymes
rather than the Akt inhibitor potency. The DDCs containing linker L6 (A1-L6°-Tra, A2-L6°-Tra, A3-L6°-
Tra, and A4-L6°-Tra) exhibited remarkably strong activity (0.0039-0.077 uM, entries 7—10), despite their
low ability to accumulate in cells. The activity of DDCs containing linker L7 depended on their Akt inhibitor
moiety (A1-L77-Tra, 1.0 uM, entry 11; A3-L77-Tra, 0.079 uM. Entry 12; and A4-L77-Tra, 0.40 uM, entry
13). Although the effects of linkers L6 and L7 on the DDC activity are noteworthy, their origin remains

unclear.
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Table 4

Antiproliferative activity of the second-series DDCs.

Bory — LAoKer DDC Con (M)
class H358 HCT116
1 L1 A1-L1%Tra 13 0.34
2 L1 A3-L1%Tra 0.098 0.31
3 L1 A4-L1%Tra 0.017 0.043
4 L5 A4-L5%-Tra 0.20 0.31
5 Ls A4-L5%-Tra 0.013 0.039
6 L5 A4-L5°-Tra 0.044 0.033
7 L6 A1-L6&-Tra  0.0058 0.0038
8 L6 A2-L6*-Tra 0.077 0.053
9 L6 A3-L6*-Tra 0.014 0.0038
10 L6 A4-L6-Tra  0.0039 0.0051
1 L7 A1-L7-Tra 1.0 0.025
12 L7 A3-L7-Tra 0.079 0.054
13 L7 A4-L7-Tra 0.40 0.012

2 Mean of more than two experiments.

2.2.4. Inhibition of RAS-mutant cancer cell proliferation (HCT116)

Table 4 shows the antiproliferative assay results of the second-series DDCs using another RAS-
mutant cell line, HCT116, a colorectal cancer cell line with the RAS G13D-mutation (see Table S1 for the
corresponding assay of the first-series DDCs). Similar to the assay results using H358 cells, all second-series
DDCs exhibited lower ICso values than the benchmark A1-L1%-Tra. The DDCs from the L5, L6, and L7
series with appropriate linker lengths demonstrated inhibitory activity over 10 times higher than those of
A1-L1%-Tra. Especially, A1-L6°-Tra (entry 7), A3-L6°-Tra (entry 9), and A4-L6°-Tra (entry 10) exhibited
strong activity (ICso values of 0.0038-0.0051 uM), indicating their promising properties as the DDCs for

treating RAS-mutant cancers.
3. In vivo characterization of selected DDCs
Preliminary in vivo studies were conducted on A1-L1%-Tra (the benchmark DDC) and A1-L6°-

Tra (one of the most potent DDCs; Table 4) to examine their PK characteristics and anticancer efficacy.

3.1. PK characteristics in mice
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The PK characteristics of trametinib, A1-NH;, and the two DDCs were evaluated in mice after
subcutaneous (sc) administration. Trametinib exhibited a long blood half-life of 12.4 h (Fig. 4A) owing to
its sustained binding to MEK,??7 which was 3.9 times greater than that of A1-NH; (3.2 h, Fig. 4B). The
half-lives of A1-L1%-Tra (19.3 h, Fig. 4C) and A1-L6°-Tra (6.1 h, Fig. 4D) were 1.9-6.0 times longer than
that of A1-NH_. Given their durability, A1-L1°%-Tra and A1-L6°-Tra remained in the blood for up to 25 h
(at concentrations of 11 and 5.2 nM, respectively) after 1 mg/kg doses were administered. Therefore,
trametinib conjugation extended the half-life of A1-NHa, depending on the linker structure of the DDCs. It
is noteworthy that the PK profiles of trametinib and A1-NH; differed significantly, which presents a
challenge when using them in combination therapies. In contrast, A1-L1%-Tra and A1-L6°-Tra successfully

unified the PK profiles of trametinib and A1-NH; through the DDC formation.
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Fig. 4. In vivo evaluation of A1-L16-Tra and A1-L6°-Tra. (A-D) Comparison of PK characteristics in mice.
2 Concentration of A1-NH; at 25 h was lower than the detection limit (1.0 nM). (E) Anticancer efficacy in
mice grafted with H358.

3.2. Anticancer efficacies of selected DDCs and trametinib in mice grafted with H358

The anticancer efficacies of A1-L16-Tra and A1-L6°-Tra were compared to that of trametinib in
mice bearing H358 grafts (Fig. 4E). The sc administration was performed three times a week at a dose of 1.0
umol/kg. At week 4, trametinib effectively reduced cancer cells; however, these DDCs did not show a
significant response. However, at week 5, the anticancer efficacies of all compounds examined were

comparable.

4. Conclusion
We conjugated trametinib and Akt inhibitors using various linkers to synthesize novel DDCs for
the concurrent and sustained Raf-MEK—ERK and PI3K—-Akt-mTOR signaling pathway blocking. The first-
series DDCs (13 in total) contained afuresertib or MK2206 as the Akt inhibitor moiety and a linker with
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aliphatic chain, oxyethylene-amide, dipeptide, and fluorous structures. Signal inhibition, apoptosis-inducing
ability, and sufficient stability of hepatic metabolic enzymes were confirmed for A1-L1%-Tra, which was
used as the benchmark DDC throughout this study. The antiproliferative activity of the first-series DDCs
against RAS-mutant cancer cell lines was successfully improved in the second series (12 in total), which
additionally employed pyrrolopyrimidine-based Akt inhibitors and linkers containing oxyethylene, furan,
and 1,3,5-triazine structures. Among them, A1-L6°-Tra and A4-L6°-Tra containing the furan-based linker,
were identified as the most potent DDCs in the in vitro assay. Preliminary in vivo studies using A1-L1%-Tra
and A1-L6°-Tra demonstrated that their half-lives in mice were prolonged compared to A1-NH; due to
trametinib conjugation, as expected from our molecular design. The DDC formation unified the PK profiles
of trametinib and A1-NH;. A1-L1%-Tra and A1-L6°-Tra demonstrated anticancer efficacies comparable to
those of trametinib in mice grafted with H358 cells. Collectively, the DDC-based strategy described in this
study is potentially attractive for treating RAS-mutant cancers. Further investigation of the second-series
DDCs, including an in vitro assay to evaluate their apoptosis-inducing ability and detailed in vivo studies, is

currently in progress.

5. Material and methods
5.1. In vitro experiments
5.1.1. Antiproliferative assay for the first-series DDCs

Cell viability was measured by the MTT assay.*® H358 cells were seeded in RPMI 1640 medium
(supplemented with 10% fetal bovine serum) in 96-well plates at a density of 3 x 10° cells/100 uL per well
and were incubated for 24 h. The test compounds (100 pL, a final concentration of 0.1-10 uM in the medium
containing <0.2% DMSO) were then added to each well and the cells were incubated for an additional 3 d.
After adding the MTT solution (2 mg/mL), the cells were incubated for 2 h. After removing the medium
containing MTT, the residue remaining in each well was dissolved in DMSO (50 pL). The absorbance at 570
nm was measured using a microplate reader (iMark, Bio-Rad Laboratories, Hercules, CA, USA). The cell
viability percentage was calculated by comparison with the untreated control samples. ICso values were

determined by fitting the inhibition curves using regression analysis.

5.1.2. Western blot analysis

Protein aliquots (15 png) were separated by SDS-PAGE using an electrophoresis system (Bio-Rad
Laboratories) and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories). The
membranes were washed thrice and incubated with a Blocking Buffer (Thermo Fisher Scientific, Waltham,
MA, USA) for 1 h at room temperature. The membranes were incubated overnight at 4 °C with primary
antibodies. The membranes were washed thrice and incubated for 1 h at room temperature with species-
specific horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands were visualized
using Immobilon Western Chemiluminescent HRP Substrate (Merck). Antibodies against pAkt (Serd73),
Akt, phosphorylated p42/44 MAP kinase (Thr202/Tyr204), p42/44 MAP kinase, cPARP, cCaspase 3, and [3-
actin were purchased from Cell Signaling Technology (Danvers, MA, USA).
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5.1.3. Antiproliferative assay for the second-series DDCs

Cell viability was measured using the WST-8 assay with Cell Count Reagent SF (Nacalai Tesque,
Tokyo, Japan). The procedure was established according to the previous reports.'*!¢ In brief, H358 or
HCT116 cells were seeded in 96-well plates at a density of 2.5 x 103 cells/100 pL per well and were incubated
for approximately 3 d until they reached less than 30% confluency. The test compounds (100 pL, dissolved
in the medium containing <0.2% DMSO) were then added to each well, and the cells were incubated for an
additional 3 d. Viable cells in each well were evaluated by adding the cell-counting reagent for the last 2.5—
4 h. Absorbance was measured using a microplate reader (iMark) at 450 and 570 nm for the test and reference
wavelengths, respectively. The cell viability percentage was calculated by comparison with the untreated

control samples. ICso values were determined by fitting the inhibition curves using regression analysis.

5.1.4. Metabolic stability study

The stability of hepatic metabolic enzymes was determined using pooled human liver microsomes
(50 specimens; BD Gentest, Woburn, MA, USA). A master mix was prepared with potassium phosphate
buffer (at a final concentration of 100 mM), MgCl, (at 10 mM), human liver microsomes (at 0.2 mg/mL),
the test compound (at 10 pM), and midazolam (0 or 1 pM). After preincubation of the master mix (180 uL)
for 5 min at 37 °C, 20 uL of the NADPH-generating system (comprising a final concentration of 5 mM
glucose-6-phosphate, 0.5 mM B-NADP*, 5 mM MgCl,, and 1 unit/mL G6PDH) or purified water was added
to initiate the reaction. After a designated time (0, 5, 15, 30, or 60 min), the reaction mixture (20 puL) was
collected and diluted with ice-cold MeCN (20 pL) to quench the reaction. The residual test compound

concentrations were measured using LC-MS/MS.

5.1.5. Cell permeability and cell accumulation study

The cell permeability was evaluated as described in the literature.>* LLC-PK1 cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10 v/v% fetal bovine serum (Thermo Fisher Scientific),
100 units/mL penicillin, 100 pg/mL streptomycin, and 1 v/v% non-essential amino acids at 5% CO, and
37 °C. The cells were seeded in a 12-well plate at a density of 3.6 x 10° cells/cm? on cell culture inserts
(Corning, Corning, NY, USA) and cultured for 6 d. The medium was replaced with fresh medium every 2 d.
For transport studies, the cells were preincubated with an antibiotic-free culture medium for 10 min at 37 °C.
The transport reaction was initiated by replacing the medium with an antibiotic-free culture medium
containing the test compounds on the cell culture insert (donor side). After incubating for the designated time
(0, 30, 60, 90, 120, or 180 min) at 37 °C, the medium (100 puL) was collected from the bottom dish (receiver
side) and diluted with antibiotic-free medium (100 pL). To measure the intracellular accumulation of the test
compounds, the cell culture inserts were washed with ice-cold PBS after the reaction. The cellular contents
were extracted with the 1:1:2 mixture (80 pL) comprising antibiotic-free medium, 0.4 v/v% aqueous formic
acid, and MeCN containing imatinib as an internal standard. The concentration of compounds was measured
by LC-MS/MS. Uptake was expressed as the cell-to-medium ratio, which was calculated by dividing the
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cellular uptake by the test compound concentration in the uptake medium. P,,, was calculated using the
following equation: Py, = (dQ/dt)/(A x Cop), where dQ/dt, A, and Co are the amount of the test compound
transported over time t, the membrane surface area (0.9 cm?), and the initial test compound concentration in

the donor compartment, respectively.

5.2. In vivo experiments
5.2.1. PK analysis

After sc administration of test compounds (1 mg/kg, 100 uL/20 g mouse) into the back of mice,
the blood samples were collected at the designated time (0.25, 0.5, 1, 2, 4, or 25 h). Blood samples were
treated with 1/20 volume of ethylenediaminetetraacetic acid solution (15% in saline) and centrifuged
(KOKUSAN, Tokyo, Japan) at 3000 rpm for 10 min. Plasma was separated and stored as frozen samples
until the test compounds were quantified using LC-MS/MS. The half-lives (T1.2) of the test compounds were
calculated using the MOMENT program.*!

5.2.2. Anticancer effect

A suspension of H358 cells (5 x 10°) in Matrigel (Corning) was injected subcutaneously into the
flanks of 6-8-week-old male nude mice (CLEA Japan, Tokyo, Japan). The care and treatment of the
experimental animals were per the institutional guidelines. The injected tumor volumes in the mice were
randomized (n = 8) when the mean volume exceeded 100 mm?. A test compound solution (100 pL/20 g
mouse) was administered subcutaneously into the back thrice a week. The test compounds were dissolved
in a PBS buffer (containing 2% DMSO and 1% Tween 20) at a dosage of 1 umol/kg. The mice were
monitored thrice a week for body weight and general condition. The tumors were measured once a week
using calipers. The tumor volume was calculated using the following formula: length x width? x 0.52. Per
the institutional guidelines, the mice were sacrificed when their tumor volume reached 1,000 mm?. Data

were collected and the averages of n = 6 were calculated without the upper and lower tumor volumes in each

group.

5.3. LC-MS/MS methods

The concentrations of test compounds were measured by LC-MS/MS (LCMS-8050, Shimadzu,
Kyoto, Japan) coupled with an LC-30A system (Shimadzu). The analytical column was a CAPCELL PAK
C18 (2.0 mm inner diameter x 50 mm, 3 pm, Osaka Soda, Osaka, Japan) maintained at 40 °C. The mobile
phase consisted of 0.1% (v/v) aqueous formic acid (solvent A) and 0.1% (v/v) formic acid in MeCN (solvent
B). The gradient compositions were as follows: 5% B (0—1 min), 5-80% B (1-2.5 min), 80% B (2.5-4.5
min), 80-5% B (4.5-5 min), and 5% B (5-8 min). The mobile phase flow rate and the sample injection
volume were 0.4 mL/min and 3 pL, respectively. The mass transitions of the test compounds were monitored
at the corresponding m/z values, as shown in Table S2. LabSolutions software (Shimadzu) was used for data

manipulation. The lower detection limit was 1-10 nM for each test compound.
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