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ABSTRACT: The trafficking chaperone PDE6D (or PDES) was Ras ON 2 Ras OFF
proposed as a surrogate target for K-Ras, leading to the :
development of a series of inhibitors that block its prenyl binding }

pocket. These inhibitors suffered from low solubility and suspected Ras SKTK-C-OMe

plasma membrane

Ras SKTK-C-OMe N
off-target effects, preventing their clinical development. Here, we :=/<N
developed a highly soluble, low nanomolar PDE6D inhibitor IPDEGD — Deltaflexin3 8
(PDE6D1), Deltaflexin3, which has the lowest off-target activity as PDEGD KD=6+1nM °

compared to three prominent reference compounds. Deltaflexin3

reduces Ras signaling and selectively decreases the growth of KRAS Ras SKTK-C-OMe
mutant and PDE6D-dependent cancer cells. We further show that i
PKG2-mediated phosphorylation of Ser181 lowers K-Ras binding to

PDE6D. Thus, Deltaflexin3 combines with the approved PKG2

activator Sildenafil to more potently inhibit PDE6D/K-Ras binding,

cancer cell proliferation, and microtumor growth. As observed previously, inhibition of Ras trafficking, signaling, and cancer cell
proliferation remained overall modest. Our results suggest reevaluating PDE6D as a K-Ras surrogate target in cancer.

Ras SKTK-C-OMe

“PKG2<E— Sildenafil

.
Ras iKTK—Q—OMe gﬁz

p
®

B INTRODUCTION PKG2."" Binding data of PDE6D to K-Ras with a SI81E
mutation suggest a reduced interaction when K-Ras is
phosphorylated on Ser181.°

K-Ras has only micromolar affinity to PDE6D, while another
cargo, the inositol phosphatase INPPSE, has a low nanomolar
affinity.>'> This has important consequences for their
subcellular distribution. While K-Ras can be released in the
perinuclear area by the allosteric release factor Arl2, which
binds to PDE6D when GTP bound,'”'* INPPSE is only
dislodged by GTP-Arl3 inside the primary cilium."”

The development of inhibitors that competitively bind to
the prenyl pocket of PDE6D was pioneered by the Waldmann
group.”” However, their first two generations of PDE6D
inhibitors (PDE6Di) Deltarasin and Deltazinonel appeared to
have off-target issues and poor metabolic stability, respec-
tively.”'® In addition, both compounds were ejected by the
GTP-Arl2-dependent mechanism, similar to natural PDE6D
cargo. Only their third-generation inhibitors, the Deltasona-
mides, could withstand GTP-Arl2-mediated ejection as they

The highly mutated oncogene KRAS is one of the best-
established cancer targets. Only recently have two KRAS-GI12C
inhibitors, sotorasib and adagrasib, been approved for the
treatment of lung cancer.”” While other allele-specific, pan-
Ras, and Ras pathway inhibitors are under intense develop-
ment,” there is still a need to target Ras more profoundly
from various angles.

Inhibition of Ras membrane targeting remains a promising
strategy for inhibitor development.”® The trafficking chaper-
one PDE6D (or PDES) has been proposed as a surrogate drug
target in KRAS mutant cancers.’” PDE6D possesses a
hydrophobic pocket, which can bind to one or even two
prenyl moieties, thus having a cargo spectrum that comprises
farnesylated or geranylgeranylated Ras and Rho family proteins
as well as Rab proteins.”” Only proteins that are not in
addition palmitoylated in the vicinity of the prenylated cysteine
are accepted as cargo, making mono- and dual-palmitoylated
N-Ras, K-Ras4A, and H-Ras effectively worse PDE6D cargo in
cells than K-Ras4B (hereafter K-Ras).'’ Cargo affinity is
critically modulated by the four residues upstream of the
prenylated cysteine. Structure and sequence comparisons
suggest that the two residues immediately upstream of the
prenylated cysteine cannot be large amino acids, like Lys, Arg,
or Glu.® This stretch of four residues also comprises Ser181 at
the C-terminus of K-Ras, which can be phosphorylated by

Received: November 16, 2023
Revised:  April 9, 2024
Accepted: April 12, 2024
Published: May 17, 2024

© 2024 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.jmedchem.3c02129

v ACS Publications 8569 J. Med. Chem. 2024, 67, 85698584


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pelin+Kaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+Schaffner-Reckinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganesh+babu+Manoharan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+Vukic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandros+Kiriazis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirko+Ledda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirko+Ledda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Burgos+Renedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karolina+Pavic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthoula+Gaigneaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrico+Glaab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Kwaku+Abankwa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Kwaku+Abankwa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.3c02129&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jmcmar/67/11?ref=pdf
https://pubs.acs.org/toc/jmcmar/67/11?ref=pdf
https://pubs.acs.org/toc/jmcmar/67/11?ref=pdf
https://pubs.acs.org/toc/jmcmar/67/11?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Journal of Medicinal Chemistry

pubs.acs.org/jmc

A ’n\n’:j/\?‘k/\/\/\"‘ B “‘)Nk/\/\/\ k@\ﬁ C

N
N
RZ

Kp/nM R

KD/M

1306

g Y
}N onte
o o NO,
Q| s | ]| T

03:0.1 Deltaflexin3

45:08

287 £155 13

/™ o °
6 o~ 1645 14 \O'R:
) .

763 + 197

S"‘ [}
7 N."/)j\ NH 100437 15 NR2

1606

sr" Br
O
8 N, /)j\ AN 72+08 186 NR?
W .

15£04
19
Deltasonamide1

Figure 1. Investigated PDE6Di with affinities and computational docking. (A and B) Structures of developed first (A) and second (B) round
PDE6Di with PDE6D dissociation constants (Kp,) measured using F-Ator in a fluorescence polarization assay; n > 2. (C) Chemical structures of
employed reference PDE6Di molecules. (D and E) Computational docking pose of Deltaflexin3 (4) (D) and 15 (E) to PDE6D in its open state
(PDB ID 4JV8). Putative hydrogen bonds with indicated residues are shown as dashed lines.

were highly optimized for subnanomolar affinity. However,
these compounds appeared to have low cell penetration.'® In
an attempt to optimize the pharmacological properties, the
chemotype was switched from benzimidazole to pyridazinones,
such as Deltazinone.'® This led to the development of low
nanomolar inhibitors, such as candidate compound 99 that was
pharmacokinetically evaluated in mice, without assessment of
antitumorigenic activity.17 Hence, from these pioneering
compounds, antitumor activity in vivo was only demonstrated
with the first-generation compound Deltarasin.” All three
compound generations were mostly evaluated in KRAS mutant
pancreatic cancer cell lines, yet both Deltarasin and
Deltasonamide were also active in micromolar amounts in
KRAS mutant and PDE6D-dependent colorectal cancer cell
lines."®

Another class of more recent PDE6Di is proteolysis
targeting chimeras (PROTACs). Unlike classical competitive
inhibitors, they do not have to bind permanently, i.e., they can
act substoichiometrically."” Proof-of-concept PROTACs from
two groups were developed based on previously established
competitive PDE6Di, Deltasonamide and Deltazinone.”!
These heterobifunctional compounds bind with their first
functional moiety to the prenyl pocket of PDE6D, and with the
second they recruit an E3 ubiquitin ligase complex to instruct
proteasomal degradation of PDE6D. While the Deltasonamide-
derived PROTAC effectively decreased PDE6D levels in
pancreatic cancer cells,”” the Deltazinone-derived PROTAC
was even efficacious in SW480 xenografts in mice.”’

Following the pioneering work of the Waldmann group,
other PDE6D pocket competitive inhibitors were investigated,
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although for several of them clear in vitro or cellular target
engagement data are missing. However, the Sheng group
developed compounds that bound to PDE6D in vitro with
nanomolar affinity. Some suppressed MAPK output but again
had only micromolar cellular activity.””** Interestingly, in their
most recent work, their spirocyclic compound 361 (Kp, = 127
nM) showed target engagement in cells while also demonstrat-
ing in vivo efficacy against KRAS mutant primary cell line-
derived xenografts.”* In another study, compounds around a
triazole scaffold were developed, of which compound 27 had
nanomolar activity in a PDE6D binding assay and robustly
inhibited MAPK output at 10 #M and A549 cell growth at this
concentration range.””

Another PDE6Di emerged from a Rac-inhibitor screen,
which led to the oxadiazole DW0254 as a submicromolar
active compound (Kp = 436 + 6 nM).”® This compound
inhibited downstream signaling of Ras above 20 M, and in
vivo activity was observed with pretreatment of the trans-
planted T-cell cancer cell line or subcutaneous implantation of
an osmotic pump due to limited solubility.

We have previously published novel competitive PDE6Di
called Deltaflexins, for which we determined low micromolar
affinities in a dedicated surface plasmon resonance assay, which
were matched by a similar level of activity in KRAS mutant
HCT116 and MDA-MB-231 cancer cells.”” Their chemical
design features a hexamethylene—amide backbone, which
allowed simple derivatization and compound evolution.
Importantly, Deltaflexins demonstrated the expected K-Ras
over H-Ras selectivity in cells, an important on-target feature.

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584
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Figure 2. Quantification of on-target activity of PDE6Di in vitro and in cellular BRET assays. (A) Heatmaps of in vitro affinity of compounds
determined using F-Ator (first column; n > 2), and DSS3 scores from cellular BRET experiments (second column; n > 2). The disruption of the
PDE6D/K-RasG12V complex was measured by BRET over a wider concentration range, and the area under the curve DSS3 score was determined.
(B) Quantification of K-RasG12V selectivity (values above bars) was performed by determining the ratio of K-RasG12V and the sum of K-
RasG12V- and H-RasG12V-BRET DSS3 scores; n > 2. (C—E) Dose-dependent change of normalized BRET signals after treatment with indicated
compounds using the BRET donor/acceptor pairs shown on top; n > 4.

A number of questions remain unresolved regarding PDE6D
as a surrogate target for K-Ras. Current PDE6Di are still at the
hit stage and have various problems, such as poor solubility,
metabolic instability, and off-target issues.'®'” This makes the
interpretation of phenotypic data and validation of PDE6D as a
drug target in vivo difficult.” Together with the broad cargo
spectrum of PDE6D, which involves far more prenylated
proteins than K-Ras, it is almost impossible to tell in which
cancer type PDE6Di should be applied. Hence, clear genetic
determinants that could indicate a susceptibility to PDE6D
inhibition are lacking.
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Here, we established an in silico library of compounds by
cross-hybridizing moieties of existing PDE6Di with our
previous hexamethylene—amide backbone.”” Aided by compu-
tational docking, we derived rationales for the synthesis of 16
novel PDE6Di that we comprehensively characterized
biochemically and in cells for potency and K-Ras and
PDEGD on-target selectivity. We demonstrate that increased
efficacy and more focused inhibition of K-Ras can be achieved
by combining our most selective and highly soluble PDE6Di

Deltaflexin3 with the clinically approved Sildenafil.

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584
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B RESULTS

Computational Docking Aided Design of Novel
PDE6D Inhibitors. We previously demonstrated that
PDE6Di can be efficiently generated by using a hexam-
ethylene—amide backbone.”” Using this backbone as a base, we
created an in silico library of hybrid compounds, which also
contained moieties of established PDE6Di and Salirasib
(farnesylthiosalicylic acid), which was included due to its
similarity with PDE6D binders (Data $1).”**

Altogether, 305 compounds were thus designed in the first
round and computationally docked to human PDE6D (PDB
ID 4JV8) using Glide docking software.”” This structure was
chosen because among the publicly available crystal structures
it has one of the highest resolutions (1.45 A) and is in complex
with a bound inhibitor, i.e., in a conformationally open state
where the prenyl binding pocket is accessible. Compounds
selected based on the docking scores, MM-GBSA binding
energy, and visual inspection were prioritized and provided a
rationale for the synthesis of a first round of eight compounds
that were biochemically and cell-biologically characterized
(Figure 1A; Data S2 and S3).

Subsequently, the best-performing compound 4, hereafter
Deltaflexin3, was chosen as a starting point for derivatives that
were again first evaluated by in silico docking using SeeSAR
software. In this second round, compounds were extended to
attempt interactions with residues at the entry of the
hydrophobic pocket of PDE6D. Based on these computational
data, a second round of eight candidate compounds was
synthesized and characterized like the first-round compounds
(Figure 1B; Data S2 and S3). In order to properly benchmark
our compounds, we employed previous PDE6Di Deltarasin,
Deltazinonel, and Deltasonamidel as references in this study
(Figure lC).7’15’16

Computational docking data of two of our compounds,
Deltaflexin3 and 15, revealed multiple van der Waals contacts
to residues Met20, Arg6l, GIn78, and Tyr149. Hydrogen
bonds were predicted for Deltaflexin3 with Arg61, GIn78 at the
base of the pocket, and GIn116, Met118, and Tyr149 at the
pocket entry (Figure 1D). By contrast, predicted hydrogen
bonds of 15 were limited to Arg6l, GIn78 at the base, and
Glu88 at the top of the pocket (Figure 1E). The Arg6l and
Tyr149 hydrogen bonds are shared with those identified for
Deltarasin and predicted for Deltazinonel.”"

In Vitro Affinity and Intracellular BRET Assays
Quantify Target Engagement and K-Ras Selectivity. All
16 compounds that were prioritized for synthesis first
underwent in vitro testing using a previously employed
fluorescence polarization assay where the FITC-labeled
PDE6D binder Atorvastatin (F-Ator) was used as a probe, as
common in other PDE6Di studies” (Figure 1A and 1B; Data
S3). In addition, we determined the affinities of compounds
using the FITC-labeled farnesylated peptide derived from the
C-terminus of the small GTPase Rheb (F-Rheb)'* (Data S3).
When using F-Ator as a probe, we recovered affinities in the
low nanomolar range for reference compounds, Deltarasin (Kp,
= 39 + 15 nM), Deltazinonel (K = 3.8 + 0.4 nM), and
Deltasonamidel (Kp = 0.11 + 0.03 nM), similar to previously
published values.”'>'® By contrast, affinities determined using
F-Rheb were typically only in the submicromolar range (Data
S3). However, both data sets overall correlated and served to
rank the in vitro potencies of our 16 compounds, and in the
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following, we will refer to the values obtained with F-Ator
unless otherwise stated (Figure 2A, Figure SI1A).

Subsequently, three cellular BRET (bioluminescence reso-
nance energy transfer) assays were applied to profile the
disruption of the PDE6D/K-Ras interaction and loss of
functional membrane organization of K-Ras as compared to
H-Ras over a wider concentration range in HEK293-EBNA
cells. In analogy to our previous FRET-based target engage-
ment assay,”’ we implemented a BRET assay with Rluc8-
PDE6D and GFP2-K-RasG12V to determine the intracellular
potency of compounds to displace K-RasG12V from PDE6D
(Figure 2A, Figure S1B).

While intracellular ECy, values were in the micromolar
regime (Data S3), we generally employed the more robust
normalized area under the curve DSS3 score for dose—
response data.”’ Overall, DSS3 scores from the PDE6D/K-
RasG12V-BRET correlated with in vitro affinities, and in both
data sets, potencies increased markedly from the first to the
second round of compounds (Figure 2A).

A second set of BRET assays was likewise built in analogy to
previous FRET assays.”">> We assessed the BRET that
emerges between a Rluc8-donor-tagged RasG12V and a
GFP2-acceptor-tagged RasG12V due to nanoclustering.33
This type of assay can sensitively detect perturbations not
only of Ras nanoclustering but also of any upstream process,
such as correct membrane anchorage or lipid modifications®**
(Figure SIC—F).

The large dynamic range of this BRET assay is illustrated by
data reporting the effect of Mevastatin treatment or the
combination of a farnesyl-transferase inhibitor with a
geranylgeranyl-transferase I inhibitor, which led to a 70—80%
reduction of the signal. Moreover, the signal-to-noise ratio,
which is the ratio of the values of the control and the
Mevastatin treatment, was 4.8 in the BRET assay (Figure S1F).
It compared favorably to the microscopy-based analysis of the
plasma membrane to cytoplasm signal ratios, which albeit
suggesting similar effect trends has a signal-to-noise ratio of
only 1.6 (= 5.2 [ratioPM/cytoplasm ypyo1)/3-3 [ratioPM/
cytoplasm yjeyastatin]) @nd inherently more noise in the source
data (Figure S2).

When palmitoylated, prenylated proteins such as dually
palmitoylated H-Ras cannot bind to PDE6D, making them
effectively worse intracellular cargo.”' Hence, loss of PDE6D
activity such as by siRNA-mediated knockdown, selectively
decreases the BRET signal of K-RasG12V, but not of H-
RasG12V (Figure SIC—E).

Using these two BRET assays, we assessed the intracellular
K-RasG12V membrane anchorage disruption and K-RasG12V
selectivity of compounds. This again revealed an increase in
potency among the second-round compounds (Figure 2B).
Deltaflexin3 had the best overall K-RasGI2V selectivity,
compound 1S had the best selectivity of the top second-
round compounds (Figure 2B), and both compounds
compared well in all three BRET assays relative to the most
selective reference compound Deltazinonel (Figure 2C—E).

Assessing the off-Target Activity of the Top
Compounds. Despite clearly inhibiting PDE6D, several
compounds including reference compounds Deltarasin and
Deltazinonel did not display exclusive K-RasG12V selectivity
(Figure 2B). This may be due to off-target activities, a problem
that was already noted for previous PDE6Di by others.'*”

Broad off-target effects are phenotypically determined by
comparing the antiproliferative effect of compounds on cells

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584
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with and without the target. We therefore compared the cell
growth inhibition of MEF cells with a homozygous CRISPR-
mediated knockout (KO) of PDE6D to their wild-type (WT)
counterpart as a measure of PDE6D selectivity” (Figure S3A).
In line with the BRET-derived K-RasG12V selectivity data
(Figure 2B; Figure S3B), first-round compounds exhibited a
higher PDE6D selectivity than second-round compounds, with
Deltaflexin3 showing again the highest overall selectivity
(Figure 3A).

UNCII9A is a trafficking chaperone of myristoylated
proteins and structurally homologous to PDE6D."” Given
this relatedness in structure and function, it is a plausible off-
target for PDE6Di. We therefore established a BRET assay to
determine the UNCI119A-directed off-target activity by
quantifying if the top three compounds from each round
disrupted the UNC119A/Src complex.

In BRET titration experiments, the characteristic BRET
ratio, BRETTOP, which is reached within a deﬁned acceptor-to-
donor ratio, is a measure for complex stability.® A previously
identified inhibitor of UNC119A, Squarunkin A, significantly
reduced BRET,,, between UNCI119A-Rluc8 and Src-GFP2
(Figure S3C).*” Similarly, treatment with the N-myristoyl-
transferase inhibitor IMP-1088 reduced BRET,,, (Figure
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S3C),”® confirming that our assay can detect myristoyl
pocket-dependent disruption of the UNCI119A/Src interac-
tion.

When testing the reference compounds, we found that
surprisingly at S yM both Deltarasin and Deltasonamidel, but
not Deltazinonel, significantly decreased the UNC119A/Src-
BRET, suggesting off-target binding of these two compounds
to UNC119A (Figure 3B). By contrast, none of our top first-
round compounds decreased UNC119A/Src-BRET (Figure
3C), while all our top second-round compounds did, with 15
having the least disruptive activity (Figure 3D).

Inhibition of Ras Signaling and Cancer Cell Prolifer-
ation by the Top Compounds. Next, we continued our
selectivity assessment by testing the antiproliferative activity of
the top three compounds from each round on KRAS, HRAS, or
BRAF mutant cancer cells. In line with in vitro and BRET data
(Figure 2A and 2B), the antiproliferative activity was
significantly increased in compounds of the second optimiza-
tion round with cellular potencies increasing to the low- and
submicromolar regime (Figure 4A; Data S3) but at the expense
of selectivity (Figure 4B).

By contrast, Deltaflexin3 displayed the overall highest
selectivity for PDE6D-dependent and KRAS mutant, as
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Figure 4. Inhibition of cell proliferation and Ras signaling by PDE6Di. (A) DSS3 scores of indicated compounds from 2D proliferation assays
acquired with PDE6D-dependent and KRAS mutant, KRAS mutant, HRAS mutant, or BRAF mutant cell lines; n > 2; (#) n = 1. (B) Quantification
of PDE6D-dependent and KRAS mutant selectivity was performed by determining the ratio of the average of DSS3 scores from PDE6D-dependent
and KRAS mutant cell lines and the sum of the former and the average DSS3 score of HRAS mutant cell lines from A; n > 3, except for the
condition T24/compound 8, where n = 2. (C and D) Cropped example images with quantification of immunoblot data of phosphorylated and total
ERK (C; n > 4) or phosphorylated and total S6 (D; n > 4, except n [compound 8] = 3) from KRAS-GI12C mutant MIA PaCa-2 cells treated with
indicated compounds for 4 h before EGF stimulation; stimulation control data to the far left. Slope values of the linear fits to the treatment—
response data are given. Statistical differences to control samples were determined by employing one-way ANOVA with Dunnett’s multiple

comparisons test.

compared to HRAS mutant cancer cell lines (Figure 4B; Figure
S3D), consistent with its K-RasG12V selectivity detected by
BRET (Figure 2B) and its off-target activity being lowest
among the investigated compounds (Figure 3A and 3C). It
therefore surpassed the most selective reference compound,
Deltazinonel. The highest activity of Deltaflexin3 was seen in
MIA PaCa-2 (KRAS-GI2C mutant) cells (ECsy = 6 + 1 uM;
Data S3), in line with the high KRAS and PDE6D dependence
of this cell line (Figure S3D).”

For compounds that significantly disrupt K-RasG12V
membrane anchorage, it is expected that they also reduce
Ras-signaling output. In line with previous data,”'® the
reduction in phospho-ERK (Figure 4C) and phospho-S6
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levels (Figure 4D) downstream of Ras was modest in MIA
PaCa-2 cells upon treatment with our top compounds but
better than that seen with the overall best reference compound
Deltazinonel.

We subsequently focused our analysis on Deltaflexin3 given
its overall best performance across all assays and its high PBS
solubility (kinetic solubility, S = 1.9 mg/mL), which compares
favorably to Deltazinonel (kinetic solubility, S = 0.008 mg/
mL), the most soluble compound among the reference
compounds.

PDE6D Inhibitor Deltaflexin3 and Sildenafil Combine
To Inhibit K-Ras Activity. The approved drug Sildenafil is an
inhibitor of cGMP-specific phosphodiesterase type S (PDES),

https://doi.org/10.1021/acs.jmedchem.3c02129
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Figure S. Analysis of Deltaflexin3 and Sildenafil synergism. (A) Dose-dependent disruption of PDE6D/K-Ras complex after treatment with
indicated compounds and combinations measured in cellular BRET assays; n > 3. (B) Inhibition (drop in normalized BRET ratio, left), ZIP
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thus increasing ¢cGMP levels. It stimulates the cGMP-
dependent PKG2, which phosphorylates Ser181 on the C-
terminus of K-Ras."" Given that the phospho-mimetic K-Ras-
S181E mutation was shown to reduce the affinity to PDE6D

8575

~6-fold,® we reasoned that Sildenafil treatment would likewise
decrease the affinity.

We therefore sought to increase the antitumorigenic activity
of Deltaflexin3 by combining it with Sildenafil, which would

https://doi.org/10.1021/acs.jmedchem.3c02129
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Figure 6. The Deltaflexin3/Sildenafil combination more potently inhibits Ras signaling and microtumor growth. (A) Cropped example images of
immunoblot data of lysates from KRAS-G12C mutant MIA PaCa-2 cells treated with indicated compounds for 4 h before EGF-stimulation.
Analyzed signaling proteins are explained in the main text. Actin served as loading control. (B) Quantification of repeats from immunoblot data of
phosphorylated and total MEK, ERK, AKT, and S6 (n = 4). Asterisks directly above the error bars indicate statistical significance as compared to
the nontreated control condition. (C) Representative images of microtumors formed by MIA PaCa-2 cells grown in the CAM assay and treated
with inhibitors as indicated. (D) Weights of the MIA PaCa-2-derived microtumors (>16 per condition from n = S) after treatment with

Deltaflexin3 or/and Sildenafil.

also focus the inhibitory activity on K-Ras. A more focused
inhibition is supported by a survey of >150 small GTPases,
which suggests that only 15 other established or predicted
PDE6D cargo proteins possess serine or threonine residues in
the four-residue stretch upstream of the prenylated cysteine
that could be affected by Sildenafil in a manner that could
impact PDE6D engagement (Data S4).

Using our PDE6D/K-RasG12V-BRET assay, we found that
indeed Sildenafil dose dependently reduced the BRET signal
consistent with a disruption of the PDE6D/K-RasG12V
complex (ECsy = 11.4 uM) (Figure SA).

Given that the BRET biosensor had to be expressed with the
K-RasG12V acceptor construct in excess for an optimal
dynamic range, the response range of the Sildenafil curve
appeared upward shifted as compared to the Deltaflexin3 curve
(Figure SA). The same was observed with manipulations that
block K-RasG12V prenylation (Figure S3E).

We then combined Deltaflexin3 with Sildenafil at 10, 20, and
30 uM, i.e., concentrations in the pseudolinear regime of the
Sildenafil dose—response curve (Figure SA). This analysis
revealed high synergy scores with both the default ZIP model
and the most stringent BLISS/LOEWE consensus model
(Figure SB). Areas with high synergism can be found at
concentrations of ~20 uM Sildenafil and ~2.5-10 uM
Deltaflexin3 (Figure SB).
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We therefore continued with a 2D proliferation analysis for
synergism in five KRAS mutant and dependent cancer cell lines
with diverse levels of PDE6D and PRKG2 dependencies
(Figure SC, Figure S3D). Among the tested cell lines, MIA
PaCa-2 and SW403 show the highest ZIP synergy scores, but
only MIA PaCa-2 shows a clear shift of the inhibition curve to
lower concentrations for combinations of the drugs and also
has a high BLISS/LOEWE consensus synergy score, which is
the most stringent score developed to exclude false positives
(Figure 5D)." Both cell lines show a sensitivity to PDE6D and
antisensitivity to PRKG2 (Figure S3D), which is consistent
with their increased response to the drug combination.
Importantly, high synergism was observed at similar concen-
trations that were identified using the on-target BRET assay
(Figure SB and SD).

Combinations of Deltaflexin3 and Sildenafil Effi-
ciently Suppress Ras Signaling and Microtumor
Growth. Supported by these proliferation data that suggested
a synergism of Deltaflexin3 in combination with Sildenafil, we
focused our investigations on MIA PaCa-2 cells.

We first reexamined whether signaling downstream of Ras
was more efliciently inhibited by the combination treatment.
Neither Sildenafil at concentrations between 20 and 40 yM
nor Deltaflexin3 at 10 uM significantly reduced phosphory-
lated (p) ERK, pMEK, pAkt, or pS6 levels (Figure 6A and 6B).
In line with the previously observed synergism in the BRET
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assay (Figure SA and SB), the combination of 10 uM
Deltaflexin3 and 20 or 30 M Sildenafil significantly reduced
normalized phosphorylation levels of all aforementioned
signaling proteins (Figure 6A and 6B).

Next, we evaluated the antitumorigenic activity of
Deltaflexin3 also in combination with Sildenafil. While
Deltaflexin3 at 10 mg/kg/d alone slowed tumor growth in
an MDA-MB-231 mouse xenograft model (Figure S4A), these
results were not significant as compared to the analogous setup
in the chorioallantoic membrane (CAM) assay (Figure S4B).
In the CAM assay, microtumors are raised on the
chorioallantoic membrane of fertilized chick eggs.""** This
assay allows a simpler compound application and has lesser
demands on the formulation. We therefore continued our
evaluation for the antitumorigenic activity in the CAM assay.

While 10 uM Deltaflexin3 alone significantly reduced MDA-
MB-231 cell-derived microtumors (Figure S4B), already 2.5
4M Deltaflexin3 was sufficient to achieve a similar reduction in
MIA PaCa-2-derived microtumors (Figure 6C and 6D). This is
in agreement with the poorer response of MDA-MB-231 to
Deltaflexin3 observed in 2D proliferation data (Figure 4A).
The selected concentrations of 2.5 M Deltaflexin3 and 30 uM
Sildenafil for the combination treatment furthermore fall into a
concentration regime that shows high synergism in both the
ZIP- and the BLISS/LOEWE-based analysis (Figure SD).
Consistent with the synergistic increase in efficacy observed for
the combination of Deltaflexin3 and Sildenafil in BRET and
proliferation assays, MIA PaCa-2-derived microtumor growth
was more potently reduced by the combination than by each
compound alone (Figure 6C and 6D).

Bl DISCUSSION AND CONCLUSIONS

Here, we developed Deltaflexin3, a nanomolar active and
highly soluble PDE6Di with much improved on-target activity
as compared to previous reference inhibitors Deltarasin,
Deltazinonel, and Deltasonamidel. We show that combina-
tions of Deltaflexin3 with the approved drug Sildenafil
synergistically inhibit intracellular binding of K-Ras to
PDE6D and can act favorably or even synergistically on Ras
signaling, proliferation, and ex vivo tumor growth of MIA
PaCa-2 cells. Other cancer cell lines with a high PDE6D and
low PRKG2 dependence may respond similarly, as suggested
by data of the SW403 cell line.

Within our dedicated series of 16 compounds, computa-
tional docking enabled us to generate several low and
subnanomolar binders of PDE6D, which are thus equally
potent as previous trailblazer compounds Deltazinonel and
Deltasonamidel. In the first-round compounds, the piperidyl
substituent in position R' reduces the affinity most severely,
while the ethyl substituent supports high-affinity binding to
PDE6D. Building on the best-performing first-round com-
pound Deltaflexin3, the affinity in second-round compounds
was increased or at least maintained in all cases, with the
exception of 14. This compound carries the nitro substituent in
the ortho position of the benzoic acid moiety, while its meta-
substituted derivative 12 exhibits again a low nanomolar
affinity. Finally, the methyl-ester derivative of 12, compound
11, shows the highest affinity among all tested inhibitors (Kp =
0.3 + 0.1 nM).

Surprisingly, we measured lower, only submicromolar,
affinities when employing F-Rheb instead of F-Ator as a
probe in our fluorescence polarization-based assay. Interest-
ingly, the submicromolar affinities are more in line with the
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micromolar activities observed in our BRET and proliferation
assays (Data S3). Previously, we also measured only low
micromolar affinities for first-generation Deltaflexins and
Deltarasin using the F-Rheb probe and in an alternative
surface plasmon resonance-based assay that detected the
disruption of farnesylated K-Ras binding to PDE6D.”’
Hence, it appears that F-Ator-derived aflinities are systemati-
cally higher than F-Rheb-derived affinities. The reasons for this
are unclear, but it is conceivable that two molecules of F-Ator
insert into the hydrophobic pocket of PDE6D, which may be
large enough to accommodate also dually geranylgeranylated
cargo.” If only one is displaced, the other F-Ator molecule
might be able to stabilize the binding of compounds. However,
when comparing the F-Rheb-derived affinities from our
previous compound Deltaflexin2 (Kp[F-Rheb] = 7.17 uM)
and Deltaflexin3 (Kp[F-Rheb] = 0.63 uM), a more than 10-
fold improvement in affinity becomes apparent.

Another important aspect of our PDE6Di development
effort is the dedicated off-target analysis, which has not been
done previously. Of note, all of our first-round compounds
display less off-target effects in both assays than Deltazinonel,
the reference compound with the least off-target activity
(Figure 3). From our BRET-based off-target analysis, it
appears that compounds with a PDE6D affinity below ~3
nM are more likely to engage UNC119A as an off target
(Figure 3B—D). It is plausible that also related UNC119B
would be engaged in this way.*> Depending on the expression
levels of such lipid-binding proteins, they may effectively act as
sinks for PDE6Di. It is plausible to assume that raising
compounds with a higher affinity to a highly hydrophobic
pocket will render them likewise more hydrophobic. It is
possible that this trend then also increases the likelihood of
binding to other hydrophobic pockets, such as that of
UNCI119A.

Importantly, the highest K-RasG12V selectivity is seen for
Deltaflexin3 (Figure 2B), consistent with its lowest off-target
effect in both the BRET-based assay looking at UNC119A
engagement and its assessment in PDESD KO MEFs (Figure
3). Overall, K-RasG12V-BRET selectivity (Figure 2B) and
PDEG6D selectivity derived from cell proliferation data of WT
and KO-MEFs (Figure 3A) show a strong correlation for our
compounds (Figure S3B), supporting that our assessment
selects for least off-target activity.

PDEG6Di development could in the future adopt strategies
illustrated in nature. When looking at known cargos of
PDE6D, it becomes apparent that their affinity is not
modulated within the hydrophobic pocket but outside of it,
at its entry site.*”'” Contacts with entry site residues are
typically not exploited with PDE6D], albeit our second round
of compounds was extended with this goal in mind. However,
docking data suggest that the flexible hexamethylene linker in
15 was disadvantageous in this regard, as it curled up in the
pocket (Figure 1E).

Notably, for monoprenylated cargo, it is known that the four
residues upstream of the prenylated cysteine significantly
modulate the cargo affinity to PDE6D.® While K-Ras has only
a moderate micromolar PDE6D affinity (Kp, = 2.3 uM®), the
INPPSE-derived peptide has a high, nanomolar affinity (Kp, =
3.7 + 0.2 nM"?), and this solely depends on two amino acids
in the four-residue stretch upstream of the farnesylated
cysteine.9

The potential of this kind of affinity modulation is essentially
illustrated by our Sildenafil data (Figure SA), as Ser181 of K-
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Ras is part of that four-residue stretch next to the farnesylated
cysteine. Therefore, future PDE6Di may rather target that
region of the protein while using a minimal hydrophobic
stretch to anchor inside the hydrophobic pocket. We propose
that “plugging” rather than “stuffing” the hydrophobic pocket
of PDE6D with novel inhibitors may present a way forward.

Inhibitors of Ras membrane anchorage are expected to shut
down Ras-signaling output.5 For instance, farnesyl-transferase
inhibitors that block the enzyme-mediating Ras farnesylation
are now applied with some success in HRAS mutant head and
neck cancers.** While some PDE6Di were shown to dislodge
K-Ras more or less from the plasma membrane within 60—90
min,”''%*¢ only in some cases was evidence for a moderate
effect on Ras signaling provided.'®***® Nevertheless, all of
these PDE6Di demonstrated cell killing activity in KRAS
mutant pancreatic or colorectal cancer cells; however, these are
assays that cannot detect off-target activities.

One explanation for these discrepancies could be that only a
fraction of K-Ras that is trafficked to the plasma membrane
does actually depend on PDE6D. We therefore compared the
knockdown of PDE6D or that of the alpha subunit of farnesyl-
and geranylgeranyl-transferases (FNTA) with Mevastatin
treatment, which would completely block K-Ras membrane
anchorage, using our BRET assay that detects functional K-
RasG12V membrane organization (Figure SIC—F). These
data show that knockdown of FNTA is 49% as effective as
Mevastatin treatment, while PDE6D knockdown is only 26%
as efficient (Figure S1C). This suggests that only between one-
quarter and one-half of functional K-Ras membrane anchorage
depends on PDE6D. It is plausible to assume that other
trafficking chaperones compensate and salvage K-Ras mem-
brane anchorage, thus buffering the loss of PDE6D activity.

It may therefore not be astonishing that both reference
PDE6Di Deltazinonel and our own compounds have a small
effect on the activation, in particular, of the MAPK-pathway
but also on the AKT/mTORCI1-pathway (Figure 4C and 4D
and Figure 6A and 6B). However, when combined with
Sildenafil, a significant reduction of activity in both pathways is
observed (Figure 6A and 6B). Indeed, this combination may in
general be a way forward for PDE6Di application as it focuses
the inhibitory activity on K-Ras. Apart from K-Ras, only 15
other small GTPases can potentially be modulated in their
binding to PDE6D by both PDE6Di and Sildenafil (Data S4).

This drug combination also showed promise for the
antitumorigenic activity of our most selective PDE6DI,
Deltaflexin3 (Figure 6C and 6D). However, not all KRAS
mutant cancer cell lines respond synergistically to the
Deltaflexin3/Sildenafil combination (Figure SC and SD).
MIA PaCa-2 and SW403 may be more responsive in this
regard as they have a genetic dependence on both KRAS and
PDE6D while being not dependent on PRKG2 (the gene of
PKG2) (Figure S3D). Thus, inhibition of PDE6D and
activation of PKG2 are expected to be particularly efficacious
in these two cell lines.

One would therefore expect that this combination could find
its application in the treatment of a subset of KRAS mutant
cancers that more often have a high PDE6D and a low PRKG2
expression level, such as colorectal cancer (Figure S4C).
However, our analysis of the overall survival of patients with
this expression signature across KRAS mutant cancers in the
PanCanAtlas data set shows that they have a significantly
better survival than those with the opposite signature (low
PDE6D/high PRKG2) (Figure S4D). This may indicate a
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protective effect of the high-PDE6D/low-PRKG?2 signature that
should not be drug targeted by a PDEG6Di/Sildenafil
combination.

This begs the question as to what specific role PDE6D has
for K-Ras trafficking. Given that PDE6D is a major trafficking
chaperone of ciliary cargo and that a K-Ras mutant has indeed
been observed inside the primary cilium,” it is possible that
PDE6D inhibition also affects trafficking of K-Ras to this
destination. However, the significance of such an inhibition in
ciliated cells is unclear given that no function of K-Ras in the
cilium is known. Besides, cancer cells are typically not
ciliated,* and it would thus not be clear what effect PDE6D
inhibition could have in this context.

Another complication of PDE6D as a drug target is its
intrinsically broad cargo spectrum.”” Therefore, its inhibition
will affect not only K-Ras and thus KRAS mutant cancer cells
but also a host of PDE6D cargos. Finally, the ontogenetic role
of PDE6D may be worth considering. Loss of function
mutations of PDE6D during development lead to the
multisystemic ciliopathy Joubert Syndrome.*® The deletion
of PDE6D in mice does not cause gross developmental
abnormalities as mice are fertile and viable.*’ Some progressive
defects in photoreceptor physiology were however observed as
well as an overall reduced body weight. Even though such
genetic data do not exactly translate into the effects observed
with inhibitors that are typically applied to aged cancer
patients, more insight into the PDE6D biology in conjunction
with K-Ras seems warranted.

In conclusion, we provide data that support a novel
conceptual framework for the future development and
application of PDE6Di to be redesigned as “plugs” and to be
used in combination with PKG2 activators, such as approved
Sildenafil. However, we also recommend improving our
understanding of the PDE6D involvement in cancer and the
consequences of drug targeting it. With our novel, potent
PDE6D inhibitor Deltaflexin3, which has the highest K-Ras
selectivity and lowest off-target activity so far described, we are
now providing the currently best tool compound to investigate
and further validate the significance of PDE6D (patho)biology.

B MATERIALS AND METHODS

Materials and Equipment. All materials, reagents, and equip-
ment are listed in Table SI.

Compound Synthesis and Analysis. A comprehensive
description of the compound synthesis and analysis by NMR and
MS can be found as Data S2. All compounds are >95% pure by HPLC
analysis.

Cell Lines. HEK293-EBNA (HEK) cells were a gift of Florian M.
‘Wurm, EPFL, Lausanne, Switzerland, and were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, #41965-039). WT MEF and MEF
PDE6D KO cells (obtained from Richard A. Kahn, Emory University
School of Medicine, Atlanta, GA, USA) were cultured in DMEM.
NCI-H358, MDA-MB-231, and IGR-39 were maintained in Roswell
Park Memorial Institute medium (RPMI, #52400-025). PANC-1,
MIA PaCa-2, Hs 578T, and T24 were maintained in DMEM. SW620,
SW480, and SW403 were maintained in Leibovitz’s L-15 medium
(#11415-064). All media were supplemented with 10% v/v fetal
bovine serum (#10270-106), 2 mM L-glutamine (#25030-024), and
penicillin 100 U/mL/streptomycin 100 ug/mL (#15140-122)
(complete medium). All cell culture media and reagents were from
Gibco, Thermo Fisher Scientific. Cells were grown at 37 °C in a
water-saturated, 5% CO, atmosphere and subcultured twice a week.
Cell lines SW620, SW403, and SW480 were cultured without CO,.
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Bacterial Strains. Competent E. coli DH10B and E. coli BL21 Star
(DE3)pLysS were grown in Luria—Bertani (LB) medium at 37 °C
with appropriate antibiotics unless otherwise mentioned.

Expression Constructs. All expression constructs were produced
by multisite Gateway cloning technology as described.*® Briefly, entry
clones had compatible LR recombination sites, encoding the CMV
promoter, Rluc8, or GFP2 tag and a gene of interest. The location of
the tag in the expression constructs is indicated by its position in the
construct name, i.e., a tag at the N-terminus of the protein of interest
is written before the name of the protein. Plasmids with cDNAs were
obtained either from the Ras-Initiative (K-Ras4BG12V and H-
RasG12V, both from the RAS mutant clone collection, kit
#1000000089 and PDE6D #R702-E30) or by custom synthesis
from GeneCust (human c-Src kinase and human UNC119A inserted
in pPDONR221). The three entry clones of promoter, tag, and gene of
interest were then inserted into pDest-305 or pDest-312 as a
destination vector using Gateway LR Clonase II enzyme mix
(#11791020, Thermo Fisher Scientific). The reaction mix was
transformed into ccdB-sensitive E. coli strain DH10B, and positive
clones were selected in the presence of ampicillin. The His6-MBP-
Tev-PDE6D construct for PDE6D protein production was obtained
from the Ras-Initiative (#R702-X31-566).

In Silico Docking of Compounds. The synthetic rationale for
first-round compounds was based on computational docking. Three-
dimensional coordinates for the molecular structure and sequence of
the open and closed conformations of the PDE6D protein (PDB ID
4JV8 and 1KSH, respectively) were retrieved from the RCSB Protein
Data Bank.” The 3D structures of all docked compounds were
constructed using Maestro software in the Schrédinger software
(Schrodinger Release 2019-2; Maestro, Schrodinger, LLC, New York,
NY, USA, 2019). The geometry optimization of docked compounds
was performed using the OPLS3 force field.*” The Powell conjugated
gradient algorithm method was applied with a convergence criterion
of 0.01 kcal/(mol A) and maximum iterations of 1000.

Molecular docking simulations were performed by using the
program Glide.” Flexible compound, extra precision mode, and the
Epik state penalties were included in the protocol. The MM-GBSA
method with the VSGB 2.0 solvation model was used to calculate
compound binding affinities.”” For MM-GBSA calculations, residues
within a distance of 8.0 A from the compound were assigned as
flexible.

Computational evaluations to derive second-round compounds
were slightly different. While using the same protein data as for first-
round compounds, the putative binding pocket of PDE6D was
reinferred using the software SeeSAR v10.3 (“SeeSAR” 2020) with
default parameters and prior domain knowledge to select and refine
the most relevant pocket. Compound chemical formulas, defined as
SMILES strings, were converted to 3D structures using OpenBabel
v2.3.2 with default parameters.”’ Compounds were docked to PDE6D
(PDB ID 4JV8) using SeeSAR v10.3, and the optimal docking pose
was manually selected by ranking poses according to their predicted
binding affinity and filtering compounds to ensure acceptable
lipophilic compound efficiency, limited torsions of the compound
backbone, and minimal intra- and intermolecular clashes of the
resulting protein—ligand complex.

Expression and Purification of PDE6D. Recombinant PDE6D
protein was produced according to a published protocol that was
adapted.® Briefly, E. coli BL21 Star (DE3)pLysS strain was
transformed with pDest-His6-MBP-Tev-PDE6D and grown at 37
°C in LB medium supplemented with ampicillin at 1:1000 dilution
from 100 mg/mL stock. When OD reached 0.6, protein expression
was induced by adding isopropyl f-p-1-thiogalactopyranoside (IPTG,
#437145X, VWR) at 16 °C overnight. Next, the 4 L cultures were
pelleted by centrifugation; the pellets were rinsed with PBS and stored
at =20 °C until purification. B

Purification was conducted using an AKTA pure chromatography
system (Cytiva). All buffers were degassed by placing them for S min
in an ultrasonic bath. The cells were lysed by sonication on ice in a
buffer composed of 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
P-mercaptoethanol, 0.5 mg/mL lysozyme (#89833, Thermo Fisher
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Scientific), and protease inhibitor cocktail (#A3295S, Pierce). For
sonication, a Bioblock Scientific ultrasonic processor instrument
(Elmasonic S 40 H, Elma) was used. Lysates were cleared by
centrifugation at 18 000 g for 20 min at 4 °C. Cleared supernatant was
loaded onto a prepacked HisTrapHP column (#17-5248-02, Cytiva)
equilibrated in a binding buffer, which had the same composition as
lysis buffer but without lysozyme and containing 35 mM imidazole.
After washing with 20 column volumes, the bound material was eluted
by isocratic elution using 100% of eluting buffer (50 mM Tris-HC],
pH 7.5, 150 mM NaCl, 1 mM p-mercaptoethanol, 500 mM
imidazole). The eluted fractions were analyzed by resolving on 4—
20% SDS-PAGE (#4561094 or #4651093 BioRAD) and stained with
Roti-Blue quick (#4829-2, Carl ROTH). Fractions were concentrated
on AmiconUltra centrifugal filters (molecular weight cutoff, MWCO,
of 30 kDa, Merck Millipore) by centrifuging at 7500g and pulled for
dialysis into buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, and 3 mM DTE using a D-Tube dialyzer with molecular weight
cutoff (MWCO) of 12—14 kDa, overnight at 4 °C. Next, samples
were centrifuged for 15 min at 4000g and 4 °C and then loaded onto a
size exclusion chromatography column (HiLoad 16/600 Superdex 75
pg, with a 120 mL column volume, #28989333, Cytiva) at a flow rate
of 1 mL/min with elution with two column volumes. Fractions were
analyzed as above and then concentrated to a volume of about 500
#L. In the next step, protein tags were removed by tobacco etch virus
(TEV) protease (#T445S, Sigma-Aldrich) (1:25 w/w, TEV/fusion
protein) during overnight dialysis. This step was repeated twice, with
50% and 70% approximate cleavage efficiencies. The cleaved mixture
was loaded onto a HisTrapHP column, and the nonbound (tag-free)
PDE6D was collected. The collected PDE6D fractions were
concentrated using MICROSEP Advance (MWCO 10 kDa, #
88527, Pierce) by centrifugation at 7500g and 4 °C. The sample
was finally dialyzed overnight in a buffer composed of 20 mM HEPES,
pH 7.4, 150 mM NaCl, S mM MgCl,, and 1 mM TCEP. The PDE6D
final concentration of 245.3 uM was determined by Bradford assay.
The final purification yield from 4 L of starting bacterial culture was
890 ug of PDE6D.

Fluorescence Polarization Assay. The ICy, and K of
compounds to purified PDE6D were determined in a displacement
assay using fluorescein-labeled Atorvastatin (F-Ator) or fluorescein-
labeled farnesylated Rheb (F-Rheb) peptide as probes.”'* F-Ator was
used at a 5 nM concentration with 5 nM of PDE6D, and F-Rheb
peptide was used at a 0.5 uM concentration with 2 yM PDED. Assays
were carried out in black low-volume round-bottom 384-well plates
(#4514, Corning) with a reaction volume of 20 yL for F-Ator- and 10
pL for F-Rheb-based experiments. Compounds were 3-fold diluted in
assay buffer (DPBS no Ca®*/Mg*"; #14190-094, Gibco) with 0.05%
CHAPS (#1479, Carl Roth) for F-Ator-based experiments or in a
freshly prepared buffer composed of 30 mM Tris, 150 mM NaCl, and
3 mM dithiothreitol for F-Rheb-based experiments, as described
previously.””** The fluorescence polarization signals were read on the
CLARIOstar plate reader (BMG Labtech GmbH) with A, = 482 + 8
nm and A, = 530 + 20 nm at 25 °C. The blank-corrected milli
polarization value (mP or P X 1000) calculated from the MARS
(BMG Labtech) program was plotted against the logarithmic
concentration of inhibitors. The data were fitted into the log inhibitor
vs response 4-parametric equation of Prism (GraphPad) to obtain the
ICyy values. The ICg, values were converted into Kp using the

IC
2 where Kp is the

modified Cheng—Prusoff equation, K = T
Ky
dissociation constant between PDE6D and inhibitor, [L] is the ligand
or fluorescent probe concentration used in the assay, and Kj is the
dissociation constant between the PDE6D and the ligand or
fluorescent probe.”” The reported K values were 7.1 + 4 nM for
F-Ator to PDE6D’ and from 0.15'* to 0.45 uM'? for F-Rheb to
PDE6D. The mean of the F-Rheb K value of 0.3 M was used for the
calculations. Note that the concentration of PDE6D is not part of the
equation.

Kinetic Solubility Assay. For each compound to be tested, a 50
mM DMSO stock solution was used to prepare a standard linearity

stock solution, the solvent being acetonitrile. From this standard
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linearity stock solution, standard linearity sample solutions at S
different concentrations (0.01, 0.02, 0.0S, 0.10, and 0.20 mg/mL)
were prepared in acetonitrile and tested by HPLC to obtain the
corresponding peak areas. With the concentration as the horizontal
coordinate (x) and the peak area as the vertical coordinate (y), a
linear curve was drawn to obtain the linear equation y = ax + b, which
serves as the basis for quantifying solution concentrations. In order to
determine the kinetic solubility, a determined volume of DMSO stock
solution was given into a tube, and then a determined volume of PBS,
pH 7.4, was added until formation of a precipitate. These sample
solutions were then shaken on the oscillator at 37 °C for 0, 4, or 24 h.
Following centrifugation, the supernatant was filtered into an HPLC
injection vial, and the peak area of each filtered sample solution was
obtained by HPLC. The kinetic solubility of each compound at 37 °C
in PBS, pH 7.4 after shock times of 0, 4, or 24 h was then calculated
using the linear equation y = ax + b established before.

Bioluminescence Resonance Energy Transfer (BRET) Assay.
BRET assays were essentially performed as described by us
previously.”>>*** Briefly, 150 000—200 000 HEK293-EBNA cells
were plated in 1 mL of complete DMEM per well of 12-well cell
culture plates (#665180, Greiner bio-one, Merck KGaA). After 24 h,
donor and acceptor plasmids were transfected into cells using 3 yL of
jetPRIME transfection reagent (#114-75, Polyplus) following the
manufacturer’s instructions.

For BRET donor saturation titration experiments, the concen-
tration of donor plasmid (50 ng) was kept constant and the
concentration of acceptor plasmid was increased from 0 to 1000 ng.
The empty pcDNA3.1 plasmid was used to top up the total DNA load
per well to 1050 ng.

After determination of the optimal acceptor to donor plasmid ratio
from the titration experiments (A/D plasmid ratio 20:1 for GFP2-K-
RasG12V/Rluc8-PDE6D, S5:1 for GFP2-K-RasG12V/Rluc8-K-
RasG12V, 3:1 for GFP2-HRasG12V/Rluc8-HRasG12V, and 20:1
for Src-GFP2/UNC119A-Rluc8), compound dose—response experi-
ments were performed. Twenty-four hours after transfection, cells
were treated for another 24 h with DMSO 0.1% v/v as vehicle control
or with compounds at 5—8 different concentrations ranging from 20
to 0.15 uM, prepared as 2-fold dilution series in complete medium.

To study the effect of siRNA-mediated knockdown, cells were
plated and after 24 h cotransfected with 50 nM siRNA and 500 ng of
plasmid DNA per well (same A/D plasmid ratio as described above)
using 4 uL of Lipofectamine 2000 (#11668019, Thermo Fisher
Scientific) in Opti-MEM medium (#31985062, Gibco).

BRET measurements were performed on a CLARIOstar plate
reader at 25 °C after 48 h as described.*®**** Technical
quadruplicates were measured using specific channels for the
luminophores (GFP2-acceptor signal, RFU, at 4, = 405 + 10 nm
and at A, = 515 + 10 nm; after 10 M coelenterazine 400a (#C-320,
Gold Biotechnology) addition, simultaneous recording of Rluc8 signal
as donor signal, RLU, 4., = 410 + 40 nm and for the BRET signgl at
A =515 + 15 nm). The BRET ratio was calculated as before.”****

For BRET donor saturation titration experiments, the BRET ratio
was plotted against the relative expression. The relative expression of
acceptor to donor ([acceptor]/[donor]) was determined as the ratio
between RFU and RLU. All independent repeat experiments were
plotted at once using these normalized data, i.e., BRET ratio against
relative expression. The data were fitted into one phase association
equation of Prism 9 (GraphPad), and the top asymptote Y, value
was taken as BRET,,. It represents the maximal BRET ratio reached
within a defined [acceptor]/[donor] ratio range. Statistical analysis
between the BRET,, values was performed using student’s ¢ test.

2D Cell Proliferation Assay. Cancer cells were seeded at a
density of 1000 cells/100 uL of complete medium into 96-well cell
culture plates (#655180, Greiner bio-one, Merck KGaA). After 24 h,
control and test compounds were added to the cells with DMSO
(0.1% v/v) as a vehicle control. Compound activities were analyzed
from 9-point dose—response curves with compounds prepared as 2-
fold dilution series ranging from 40 to 0.15 yM (PDE6Di and FTI-
277) or from 20 to 0.02 uM for MAPK-control compounds.
Following incubation for 72 h with the compounds, the cell viability
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was assessed using the alamarBlue reagent (#DAL1100, Thermo
Fisher Scientific) according to the manufacturer’s instructions. After
addition of alamarBlue reagent at a 10% v/v final volume, cells were
incubated for 2—4 h at 37 °C. Then, the fluorescence intensity was
read at A, = 530 & 10 nm and 4., = 590 + 10 nm at 25 °C using a
CLARIOstar plate reader. The obtained raw fluorescence intensity
data were normalized to vehicle control (100% viability) and plotted
against the compound concentration.

Drug Sensitivity Score Analysis (DSS3). As described before,**
a drug sensitivity score (DSS) analysis was performed in order to
quantify the drug sensitivity with a more robust parameter than the
ICy, or ECy values. DSS values are normalized area under the curve
(AUC) measures of dose—response inhibition data, where the DSS3
score values drug responses more that are achieved across a broad
concentration range.3 Drug response data from BRET assays or 2D
cell proliferation assays were prepared according to the example file
on the Breeze Web site (https://breeze.ﬁmm.ﬁ/), uploaded, and
analyzed.” The output file included DSS3 scores as well as several
other drug sensitivity measures such as EC, and AUC.

Synergy Analysis of Drug Combinations. The synergistic
potential of compounds was analyzed essentially as described
before.’* For PDE6D/K-RasG12V BRET experiments, full dose—
response analyses of Deltaflexin3 (between 10 and 0.014 yM) or
Sildenafil (between 320 and 0.018 M) alone or for Deltaflexin3 in
combination with Sildenafil maintained at a fixed concentration of 10,
20, or 30 uM were performed. For 2D proliferation experiments, full
dose—response analyses of Deltaflexin3 (between 80 and 0.156 yM)
or Sildenafil (between 160 and 0.312 M) alone or for Deltaflexin3 in
combination with Sildenafil maintained at a fixed concentration of
either 10, 20, 30, or for some cell lines 40 uM were performed.
Comparison between the drug response profiles of the combinations
and the profiles of each single agent was then carried out using the
web application SynergyFinder (Version 3.0; https://synergyfinder.
fimm.fi).** We employed the zero interaction potency (ZIP) model,
which assumes that the potencies of individual drugs are not
influenced by each other. The detailed higher order formulations to
quantify the synergy were defined in ref 56. To enhance accuracy in
identifying true synergy, we implemented the BLISS/LOEWE
consensus synergy score. This method brings together various synergy
reference models, including Bliss, Loewe, and HSA, that are applicable
to both pairwise and higher order combination data sets, effectively
minimizing false positive results.*’

ATARIS Gene Dependence Score. Gene dependence scores of
selected genes of interest for cancer cell lines used in this study were
obtained from the drive data portal (https://oncologynibr.shinyapps.
io/drive/). The DRIVE project has provided the dependence data of
7837 genes for 398 cancer cell lines, as determined by large-scale
RNAI screening in cell viability assays.”® A double-gradient heatmap
for the extracted gene dependence scores was then generated using
GraphPad Prism software.

Immunoblotting. Following a 16 h serum starvation, MIA PaCa-
2 cells were treated with 0.1% v/v DMSO vehicle control or with
compounds at 37 °C for 4 h and then stimulated with 200 ng/mL
human epidermal growth factor (hEGF, #E9644, Sigma) at 37 °C for
10 min. In situ cell lysis was performed in ice-cold lysis buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% v/v SDS, S mM EDTA, 1% v/
v Nonidet P-40, 1% v/v Triton X-100, 1% v/v sodium deoxycholate, 1
mM Na;VO,, 10 mM NaF, 100 M leupeptin, and 100 uM E64D
protease inhibitor) supplemented with a cocktail of protease
inhibitors (#A3295S, Pierce) and a cocktail of phosphatase inhibitors
(PhosSTOP, #4906845001, Roche Diagnostics GmbH). After lysate
clarification, the total protein concentration was determined by
Bradford assay using the Quick Start Bradford 1X Dye reagent
(#5000205, Bio-Rad) and BSA (#23209, Thermo Fisher Scientific) as
a standard. Proteins (S0 pg per lane) were resolved by SDS-PAGE in
a 10% v/v homemade polyacrylamide gel under reducing conditions
and transferred to a nitrocellulose membrane by a semidry transfer
(kit #1704272, Bio-Rad). Membranes were saturated in phosphate-
buffered saline (PBS) containing 2% w/v bovine serum albumin
(#A6588, AppliChem GmbH) and 0.2% Tween for 1 h at room
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temperature and then incubated with primary antibodies overnight at
4 °C. For phospho-ERK detection, a combination of mouse
antiphospho-ERK and rabbit anti-ERK was used. For phospho-S6,
phospho-MEK1/2, or phospho-Akt (Ser473) detection, combinations
of rabbit antiphospho-protein and mouse antiprotein antibodies were
used (see Table S1). Incubation with secondary antibodies was
performed for 1 h at room temperature. Each antibody incubation was
followed by at least three wash steps in PBS supplemented with 0.2%
v/v Tween 20. Signal intensities were quantified using the Odyssey
Infrared Image System (LI-COR Biosciences). The ratio between the
intensities obtained for phosphorylated protein versus total protein
was calculated and then normalized to the sum of all of the ratios
calculated for one blot to make blots comparable by accounting for
technical day-to-day variability. For representative purposes, data were
scaled to the controls present on each blot and are represented as the
mean + SEM of at least three independent biological repeats. The
slope of the dose—response data was determined from fitting a line
using GraphPad Prism. For each blot, either f-actin or GAPDH levels
were determined as a loading control.

Chorioallantoic Membrane (CAM) Assay. Fertilized chicken
eggs were obtained from VALO BioMedia GmbH (Osterholz-
Scharmbeck, Germany), and on day 1, development of the embryos
was started by incubating the eggs at 37 °C in a >60% humidified egg
hatcher incubator (MG200/300, Fiem). A small hole was made with
the help of an 18 Gauge needle (#305196, Becton Dickinson) into the
narrower end of each egg on day 3 and was kept covered with parafilm
to avoid contamination. On day 8, 2 X 10° MDA-MB-231 cells or 3.5
X 10® MIA PaCa-2 cells were resuspended in 10 uL of cell culture
medium without FBS and mixed 1:1 with Matrigel (#356234,
Corning). This mix was then deposited in sterilized S mm diameter
plastic rings cut from PCR tubes (#683201, Greiner bio-one, Merck
KGaA) on the surface of a chicken embryo chorioallantoic membrane.
After 1 day, the growing tumors were treated with a volume identical
with the deposited cell suspension of 0.2% v/v vehicle control or test
compounds 2X concentrated in medium without FBS.>>*' Treatment
was performed daily, and after S days of treatment, the microtumors
were harvested at day 14 of embryo development. Then, the tumor
weight was determined using a balance (E12140, Ohaus).

Tumor Xenograft Experiments in Mice. Tumor xenograft
studies were performed at the Turku Center for Disease Modeling
(Turkuy, Finland). The animal studies were authorized by the National
Animal Experiment Board of Finland and were performed according
to the guidelines of the Institutional Animal Care and Use
Committees of the University of Turku. Briefly, mycoplasma- and
mouse pathogen-free MDA-MB-231 cells were suspended in serum-
free culture medium (25 X 10° cells/mL) and then mixed (1:1) with
Matrigel (Corning Matrigel Basement Membrane Matrix, cat. #
354234). Female athymic nude mice (Hsd:Athymic Nude-Foxnl)
were inoculated subcutaneously into one flank with 2.5 X 10° MDA-
MB-231 cells/mouse. After S days, mice were allocated to two groups,
MDA-MB-231 control (n = 10) and MDA-MB-231 Deltaflexin3
treated (n = 10), based on body weight and tumor volume, following
an optimized group design protocol.”” One week after inoculation,
treatment was started. The compound Deltaflexin3 was diluted in
NaCl 0.9% vehicle solution, and 10 mg/kg in 200 uL was injected
daily intraperitoneally. The tumor volume was monitored three times
a week by caliper measurement, and animals were weighed once a
week. The volume of the tumors was calculated according to the
following formula: W? x L/2 (W = shorter diameter, L = longer
diameter of the tumor). In total, tumors were grown for 3 weeks.

Survival Analysis. All data were retrieved from TCGA Pan-
Cancer Atlas (https:/ /dev.xenabrowser.net/heatmap/ ) (PANCAN).
The 647 cancer samples with nonsilent somatic KRAS mutation as
defined in Xena were selected (https: //ucsc-xena.gitbook.io/project/
overview-of-features/visual-spreadsheet/ mutation-columns). Expres-
sion data was retrieved for PDE6D and PRKG2 genes data in
“batch effects normalized mRNA data” units, and samples were split
in 4 groups according to high or low expression of each gene, setting
the limit at median expression value for each gene. The difference
between the two curves was tested using Kaplan Meyer estimation.
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Data analyses were performed in R version 4.2.1.%°
and plots were done using survival v.3.4°” and survminer v 0.4
libraries.

Quantification and Statistical Analysis. For statistical analysis
and plot preparation, GraphPad Prism (version 9.5.1 for Windows,
GraphPad Software, USA, www.graphpad.com) was used. The sample
size n represents the number of independent biological repeats and is
indicated in the respective figure legends. All graphs show mean
values + SEM across all technical and biological repeats. We
determined statistical differences by employing one-way ANOVA with
Tukey’s multiple comparison test unless otherwise mentioned in the
legends. A p value of <0.05 is considered statistically significant.
Statistical significance levels are annotated in the plots as * = p < 0.05;
# = p < 0.01; #F* = p < 0.001; *#¥% = p < 0.0001.

Survival analyses
60
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GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GGTase I, geranylgeranyl transferase I; HVR, hypervariable
region; INPPSE, inositol polyphosphate-5 phosphatase E;
MBP, myelin basic protein; MDCK, Madin—Darby canine
kidney; MEF, mouse embryonic fibroblast; MEK, MAPK/ERK
kinase; MM-GBSA, molecular mechanics/generalized Born
surface area; PDES, phosphodiesterase S; PDE6D, phospho-
diesterase 6 delta; PKG2, cGMP-dependent protein kinase 2;
PM, plasma membrane; PROTAC, proteolysis-targeting
chimera; Rab, Ras-related protein; Rac, Ras-related C3
botulinum toxin substrate; RFU, relative fluorescence unit;
Rheb, Ras homologue enriched in brain; Rho, Ras homologue;
RLU, relative luminescence unit; Rluc, Renilla luciferase; S6,
ribosomal protein S6; Src, Src proto-oncogene nonreceptor
tyrosine kinase; UNC119, Uncoordinated 119

B REFERENCES

(1) Skoulidis, F.; Li, B. T.; Dy, G. K; Price, T. J.; Falchook, G. S.;
Wolf, J.; Italiano, A.; Schuler, M.; Borghaei, H.; Barlesi, F.; Kato, T;
Curioni-Fontecedro, A.; Sacher, A,; Spira, A.;; Ramalingam, S. S;
Takahashi, T.; Besse, B.; Anderson, A.; Ang, A; Tran, Q.; Mather, O,;
Henary, H.; Ngarmchamnanrith, G.; Friberg, G.; Velcheti, V,;
Govindan, R. Sotorasib for Lung Cancers with KRAS p.G12C
Mutation. N Engl ]. Med. 2021, 384 (25), 2371—2381.

(2) Fell, J. B.; Fischer, J. P.; Baer, B. R; Blake, J. F.; Bouhana, K;
Briere, D. M.; Brown, K. D.; Burgess, L. E.; Burns, A. C.; Burkard, M.
R.; Chiang, H.; Chicarelli, M. J.; Cook, A. W.; Gaudino, J. J.; Hallin,
J.; Hanson, L.; Hartley, D. P.; Hicken, E. J.; Hingorani, G. P.; Hinklin,
R. J.; Mejia, M. J.; Olson, P.; Otten, J. N.; Rhodes, S. P.; Rodriguez,
M. E,; Savechenkov, P.; Smith, D. J,; Sudhakar, N.; Sullivan, F. X;
Tang, T. P.; Vigers, G. P.; Wollenberg, L.; Christensen, J. G.; Marx,
M. A. Identification of the Clinical Development Candidate
MRTX849, a Covalent KRAS(G12C) Inhibitor for the Treatment
of Cancer. J. Med. Chem. 2020, 63 (13), 6679—6693.

(3) Steffen, C. L.; Kaya, P.; Schaffner-Reckinger, E.; Abankwa, D.
Eliminating oncogenic RAS: back to the future at the drawing board.
Biochem. Soc. Trans. 2023, 51 (1), 447—456.

(4) Punekar, S. R; Velcheti, V.; Neel, B. G; Wong, K. K. The
current state of the art and future trends in RAS-targeted cancer
therapies. Nat. Rev. Clin Oncol 2022, 19 (10), 637—655.

(5) Pavic, K; Chippalkatti R; Abankwa, D. Drug targeting
opportunities en route to Ras nanoclusters. Adv. Cancer Res. 2022,
153, 63—99.

(6) Cox, A. D.; Der, C. J; Philips, M. R. Targeting RAS Membrane
Association: Back to the Future for Anti-RAS Drug Discovery? Clin.
Cancer Res. 2015, 21 (8), 1819—1827.

(7) Zimmermann, G.; Papke, B.; Ismail, S.; Vartak, N.; Chandra, A;
Hoffmann, M.; Hahn, S. A,; Triola, G.; Wittinghofer, A.; Bastiaens, P.
1; Waldmann, H. Small molecule inhibition of the KRAS-PDEdelta
interaction impairs oncogenic KRAS signalling. Nature 2013, 497
(7451), 638—642.

(8) Dharmaiah, S.; Bindu, L.; Tran, T. H.; Gillette, W. K.; Frank, P.
H.; Ghirlando, R.; Nissley, D. V.; Esposito, D.; McCormick, F.;
Stephen, A. G.; Simanshu, D. K. Structural basis of recognition of
farnesylated and methylated KRAS4b by PDEdelta. Proc. Natl. Acad.
Sci. U. S. A. 2016, 113 (44), No. E6766-E6775.

(9) Yelland, T.; Garcia, E.; Parry, C.; Kowalczyk, D.; Wojnowska,
M.; Gohlke, A.; Zalar, M.; Cameron, K.; Goodwin, G.; Yu, Q.; Zhu, P.
C.; EIMaghloob, Y.; Pugliese, A.; Archibald, L.; Jamieson, A.; Chen, Y.
X.; McArthur, D.; Bower, J.; Ismail, S. Stabilization of the
RAS:PDE6D Complex Is a Novel Strategy to Inhibit RAS Signaling.
J. Med. Chem. 2022, 65 (3), 1898—1914.

(10) Chandra, A.; Grecco, H. E.; Pisupati, V.; Perera, D.; Cassidy, L.;
Skoulidis, F.; Ismail, S. A.; Hedberg, C.; Hanzal-Bayer, M.;
Venkitaraman, A. R.; Wittinghofer, A.; Bastiaens, P. I. The GDI-like
solubilizing factor PDEdelta sustains the spatial organization and

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirko+Ledda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Burgos+Renedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karolina+Pavic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthoula+Gaigneaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrico+Glaab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3977-7469
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c02129?ref=pdf
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1021/acs.jmedchem.9b02052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b02052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b02052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1042/BST20221343
https://doi.org/10.1038/s41571-022-00671-9
https://doi.org/10.1038/s41571-022-00671-9
https://doi.org/10.1038/s41571-022-00671-9
https://doi.org/10.1016/bs.acr.2021.07.005
https://doi.org/10.1016/bs.acr.2021.07.005
https://doi.org/10.1158/1078-0432.CCR-14-3214
https://doi.org/10.1158/1078-0432.CCR-14-3214
https://doi.org/10.1038/nature12205
https://doi.org/10.1038/nature12205
https://doi.org/10.1073/pnas.1615316113
https://doi.org/10.1073/pnas.1615316113
https://doi.org/10.1021/acs.jmedchem.1c01265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncb2394
https://doi.org/10.1038/ncb2394
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

signalling of Ras family proteins. Nat. Cell Biol. 2012, 14 (2), 148—
158.

(11) Cho, K. J.; Casteel, D. E.; Prakash, P.; Tan, L.; van der Hoeven,
D,; Salim, A. A,; Kim, C.; Capon, R. J.; Lacey, E.; Cunha, S. R; Gorfe,
A. A; Hancock, J. F. AMPK and Endothelial Nitric Oxide Synthase
Signaling Regulates K-Ras Plasma Membrane Interactions via Cyclic
GMP-Dependent Protein Kinase 2. Mol. Cell. Biol. 2016, 36 (24),
3086—3099.

(12) Fansa, E. K;; Kosling, S. K.; Zent, E.; Wittinghofer, A.; Ismail, S.
PDE6delta-mediated sorting of INPPSE into the cilium is determined
by cargo-carrier affinity. Nat. Commun. 2016, 7, 11366.

(13) Schmick, M.; Vartak, N.; Papke, B.; Kovacevic, M.; Truxius, D.
C.; Rossmannek, L.; Bastiaens, P. I. H. KRas localizes to the plasma
membrane by spatial cycles of solubilization, trapping and vesicular
transport. Cell 2014, 157 (2), 459—471.

(14) Ismail, S. A.; Chen, Y. X; Rusinova, A.; Chandra, A.; Bierbaum,
M.; Gremer, L.; Triola, G.; Waldmann, H.; Bastiaens, P. I;
Wittinghofer, A. Arl2-GTP and Arl3-GTP regulate a GDI-like
transport system for farnesylated cargo. Nat. Chem. Biol. 2011, 7
(12), 942—-949.

(15) Martin-Gago, P.; Fansa, E. K; Klein, C. H; Murarka, S;
Janning, P.; Schurmann, M.; Metz, M.; Ismail, S.; Schultz-Fademrecht,
C.; Baumann, M.; Bastiaens, P. I; Wittinghofer, A.; Waldmann, H. A
PDE6delta-KRas Inhibitor Chemotype with up to Seven H-Bonds
and Picomolar Affinity that Prevents Efficient Inhibitor Release by
Arl2. Angew. Chem., Int. Ed. Engl. 2017, 56 (9), 2423—2428.

(16) Papke, B.; Murarka, S; Vogel, H. A; Martin-Gago, P.;
Kovacevic, M.; Truxius, D. C.; Fansa, E. K.; Ismail, S.; Zimmermann,
G.; Heinelt, K;; Schultz-Fademrecht, C.; Al Saabi, A.; Baumann, M,;
Nussbaumer, P.; Wittinghofer, A.; Waldmann, H.; Bastiaens, P. I
Identification of pyrazolopyridazinones as PDEdelta inhibitors. Nat.
Commun. 2016, 7, 11360.

(17) Murarka, S.; Martin-Gago, P.; Schultz-Fademrecht, C,; Al
Saabi, A,; Baumann, M.; Fansa, E. K; Ismail, S.; Nussbaumer, P.;
Wittinghofer, A.; Waldmann, H. Development of Pyridazinone
Chemotypes Targeting the PDEdelta Prenyl Binding Site. Chemistry
2017, 23 (25), 6083—6093.

(18) Klein, C. H.; Truxius, D. C.; Vogel, H. A; Harizanova, J.;
Murarka, S.; Martin-Gago, P.; Bastiaens, P. I. H. PDEdelta inhibition
impedes the proliferation and survival of human colorectal cancer cell
lines harboring oncogenic KRas. Int. J. Cancer 2019, 144 (4), 767—
776.

(19) Paiva, S. L; Crews, C. M. Targeted protein degradation:
elements of PROTAC design. Curr. Opin Chem. Biol. 2019, 50, 111—
119.

(20) Winzker, M.; Friese, A; Koch, U; Janning, P.; Ziegler, S;
Waldmann, H. Development of a PDEdelta-Targeting PROTACs that
Impair Lipid Metabolism. Angew. Chem., Int. Ed. Engl. 2020, 59 (14),
5595—-5601.

(21) Cheng, J; Li, Y.; Wang, X.; Dong, G.; Sheng, C. Discovery of
Novel PDEdelta Degraders for the Treatment of KRAS Mutant
Colorectal Cancer. J. Med. Chem. 2020, 63 (14), 7892—790S.

(22) Chen, L.; Zhuang, C; Ly, J; Jiang, Y.; Sheng, C. Discovery of
Novel KRAS-PDEdelta Inhibitors by Fragment-Based Drug Design. J.
Med. Chem. 2018, 61 (6), 2604—2610.

(23) Jiang, Y.; Zhuang, C.; Chen, L;; Ly, J.; Dong, G.; Miao, Z;
Zhang, W,; Li, J.; Sheng, C. Structural Biology-Inspired Discovery of
Novel KRAS-PDEdelta Inhibitors. J. Med. Chem. 2017, 60 (22),
9400—9406.

(24) Chen, L.; Zhang, J.; Wang, X; Li, Y.; Zhou, L.; Lu, X;; Dong,
G.; Sheng, C. Discovery of novel KRAS-PDEdelta inhibitors with
potent activity in patient-derived human pancreatic tumor xenograft
models. Acta Pharm. Sin B 2022, 12 (1), 274—290.

(25) Chen, D.; Chen, Y; Lian, F; Chen, L;; Li, Y.; Cao, D.; Wang,
X,; Chen, L;; Li, J.; Meng, T.; Huang, M.; Geng, M.; Shen, J.; Zhang,
N.,; Xiong, B. Fragment-based drug discovery of triazole inhibitors to
block PDEdelta-RAS protein-protein interaction. Eur. J. Med. Chem.
2019, 163, 597—609.

8583

(26) Canovas Nunes, S.; De Vita, S.; Anighoro, A.; Autelitano, F.;
Beaumont, E.; Klingbeil, P.; McGuinness, M.; Duvert, B.; Harris, C,;
Yang, L.; Pokharel, S. P.; Chen, C. W.; Ermann, M.; Williams, D. A,;
Xu, H. Validation of a small molecule inhibitor of PDE6D-RAS
interaction with favorable anti-leukemic effects. Blood Cancer J. 2022,
12 (4), 64.

(27) Siddiqui, F. A.; Alam, C.; Rosenqvist, P.; Ora, M.; Sabt, A
Manoharan, G. B.; Bindu, L.; Okutachi, S.; Catillon, M.; Taylor, T.;
Abdelhafez, O. M.; Lonnberg, H.; Stephen, A. G.; Papageorgiou, A.
C.; Virta, P,; Abankwa, D. PDE6D Inhibitors with a New Design
Principle Selectively Block K-Ras Activity. ACS Omega 2020, S (1),
832—842.

(28) Marom, M.; Haklai, R;; Ben-Baruch, G.; Marciano, D.; Egozi,
Y,; Kloog, Y. Selective inhibition of Ras-dependent cell growth by
farnesylthiosalisylic acid. J. Biol. Chem. 1995, 270 (38), 22263—22270.

(29) Friesner, R. A; Murphy, R. B.; Repasky, M. P.; Frye, L. L;
Greenwood, J. R;; Halgren, T. A,; Sanschagrin, P. C.; Mainz, D. T.
Extra precision glide: docking and scoring incorporating a model of
hydrophobic enclosure for protein-ligand complexes. J. Med. Chem.
2006, 49 (21), 6177—6196.

(30) Yadav, B.; Pemovska, T.; Szwajda, A.; Kulesskiy, E.; Kontro,
M,; Karjalainen, R;; Majumder, M. M,; Malani, D.; Murumagi, A.;
Knowles, J.; Porkka, K.;; Heckman, C.; Kallioniemi, O.; Wennerberg,
K.; Aittokallio, T. Quantitative scoring of differential drug sensitivity
for individually optimized anticancer therapies. Sci. Rep 2014, 4, 5193.

(31) Guzman, C.; Oetken-Lindholm, C.; Abankwa, D. Automated
High-Throughput Fluorescence Lifetime Imaging Microscopy to
Detect Protein-Protein Interactions. J. Lab Autom 2016, 21 (2), 238—
24S5.

(32) Siddiqui, F. A.; Parkkola, H.; Manoharan, G. B.; Abankwa, D.
Medium-Throughput Detection of Hsp90/Cdc37 Protein-Protein
Interaction Inhibitors Using a Split Renilla Luciferase-Based Assay.
SLAS Discov 2020, 25 (2), 195—206.

(33) Parkkola, H.; Siddiqui, F. A.; Oetken-Lindholm, C.; Abankwa,
D. FLIM-FRET Analysis of Ras Nanoclustering and Membrane-
Anchorage. Methods Mol. Biol. 2021, 2262, 233—250.

(34) Najumudeen, A. K; Kohnke, M.; Solman, M.; Alexandrov, K;
Abankwa, D. Cellular FRET-Biosensors to Detect Membrane
Targeting Inhibitors of N-Myristoylated Proteins. PLoS One 2013, 8
(6), No. e66425.

(35) Dewees, S. 1; Vargova, R.; Hardin, K. R.; Turn, R. E.; Devi, S.;
Linnert, J; Wolfrum, U, Caspary, T.; Elias, M,; Kahn, R. A
Phylogenetic profiling and cellular analyses of ARL16 reveal roles in
traffic of IFT140 and INPPSE. Mol. Biol. Cell 2022, 33 (4), ar33.

(36) Manoharan, G. B.; Laurini, C.; Bottone, S.; Ben Fredj, N;
Abankwa, D. K. K-Ras Binds Calmodulin-Related Centrinl with
Potential Implications for K-Ras Driven Cancer Cell Stemness.
Cancers (Basel) 2023, 15 (12), 3087.

(37) Garivet, G.; Hofer, W.; Konitsiotis, A.; Klein, C.; Kaiser, N.;
Mejuch, T.; Fansa, E.; Alsaabi, R.; Wittinghofer, A.; Bastiaens, P. I. H.;
Waldmann, H. Small-Molecule Inhibition of the UNC-Src Interaction
Impairs Dynamic Src Localization in Cells. Cell Chem. Biol. 2019, 26
(6), 842—851.

(38) Mousnier, A.; Bell, A. S.; Swieboda, D. P.; Morales-Sanfrutos,
J.; Perez-Dorado, L; Brannigan, J. A,; Newman, J.; Ritzefeld, M,;
Hutton, J. A;; Guedan, A.; Asfor, A. S.; Robinson, S. W.; Hopkins-
Navratilova, I.; Wilkinson, A. J.; Johnston, S. L.; Leatherbarrow, R. J.;
Tuthill, T. J.; Solari, R.; Tate, E. W. Fragment-derived inhibitors of
human N-myristoyltransferase block capsid assembly and replication
of the common cold virus. Nat. Chem. 2018, 10 (6), 599—606.

(39) McDonald, E. R, Iii; de Weck, A.; Schlabach, M. R;; Billy, E.;
Mavrakis, K. J.; Hoffman, G. R;; Belur, D.; Castelletti, D.; Frias, E.;
Gampa, K; Golji, J; Kao, I; Li, L; Megel, P; Perkins, T. A;
Ramadan, N.; Ruddy, D. A, Silver, S. J; Sovath, S.; Stump, M,;
Weber, O.; Widmer, R; Yu, J; Yu, K; Yue, Y.; Abramowski, D.;
Ackley, E.; Barrett, R.; Berger, J.; Bernard, J. L.; Billig, R.; Brachmann,
S. M.; Buxton, F.; Caothien, R.; Caushi, J. X,; Chung, F. S.; Cortés-
Cros, M.; deBeaumont, R. S.; Delaunay, C.; Desplat, A.; Duong, W.;
Dwoske, D. A,; Eldridge, R. S.; Farsidjani, A.; Feng, F.; Feng, J;

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584


https://doi.org/10.1038/ncb2394
https://doi.org/10.1128/MCB.00365-16
https://doi.org/10.1128/MCB.00365-16
https://doi.org/10.1128/MCB.00365-16
https://doi.org/10.1038/ncomms11366
https://doi.org/10.1038/ncomms11366
https://doi.org/10.1016/j.cell.2014.02.051
https://doi.org/10.1016/j.cell.2014.02.051
https://doi.org/10.1016/j.cell.2014.02.051
https://doi.org/10.1038/nchembio.686
https://doi.org/10.1038/nchembio.686
https://doi.org/10.1002/anie.201610957
https://doi.org/10.1002/anie.201610957
https://doi.org/10.1002/anie.201610957
https://doi.org/10.1002/anie.201610957
https://doi.org/10.1038/ncomms11360
https://doi.org/10.1002/chem.201603222
https://doi.org/10.1002/chem.201603222
https://doi.org/10.1002/ijc.31859
https://doi.org/10.1002/ijc.31859
https://doi.org/10.1002/ijc.31859
https://doi.org/10.1016/j.cbpa.2019.02.022
https://doi.org/10.1016/j.cbpa.2019.02.022
https://doi.org/10.1002/anie.201913904
https://doi.org/10.1002/anie.201913904
https://doi.org/10.1021/acs.jmedchem.0c00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsb.2021.07.009
https://doi.org/10.1016/j.apsb.2021.07.009
https://doi.org/10.1016/j.apsb.2021.07.009
https://doi.org/10.1016/j.ejmech.2018.12.018
https://doi.org/10.1016/j.ejmech.2018.12.018
https://doi.org/10.1038/s41408-022-00663-z
https://doi.org/10.1038/s41408-022-00663-z
https://doi.org/10.1021/acsomega.9b03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.270.38.22263
https://doi.org/10.1074/jbc.270.38.22263
https://doi.org/10.1021/jm051256o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm051256o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep05193
https://doi.org/10.1038/srep05193
https://doi.org/10.1177/2211068215606048
https://doi.org/10.1177/2211068215606048
https://doi.org/10.1177/2211068215606048
https://doi.org/10.1177/2472555219884033
https://doi.org/10.1177/2472555219884033
https://doi.org/10.1007/978-1-0716-1190-6_13
https://doi.org/10.1007/978-1-0716-1190-6_13
https://doi.org/10.1371/journal.pone.0066425
https://doi.org/10.1371/journal.pone.0066425
https://doi.org/10.1091/mbc.E21-10-0509-T
https://doi.org/10.1091/mbc.E21-10-0509-T
https://doi.org/10.3390/cancers15123087
https://doi.org/10.3390/cancers15123087
https://doi.org/10.1016/j.chembiol.2019.02.019
https://doi.org/10.1016/j.chembiol.2019.02.019
https://doi.org/10.1038/s41557-018-0039-2
https://doi.org/10.1038/s41557-018-0039-2
https://doi.org/10.1038/s41557-018-0039-2
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Flemming, D.; Forrester, W.; Galli, G. G.; Gao, Z.; Gauter, F.; Gibaja,
V.; Haas, K.; Hattenberger, M.; Hood, T.; Hurov, K. E,; Jagani, Z,;
Jenal, M.; Johnson, J. A.; Jones, M. D.; Kapoor, A.; Korn, J.; Liu, J.;
Liu, Q; Liu, S; Liu, Y,; Loo, A. T.; Macchi, K. J; Martin, T.;
McAllister, G.; Meyer, A,; Mollé, S.; Pagliarini, R. A.; Phadke, T;
Repko, B.; Schouwey, T.; Shanahan, F.; Shen, Q. Stamm, C,;
Stephan, C.; Stucke, V. M,; Tiedt, R.; Varadarajan, M.; Venkatesan,
K; Vitari, A. C.; Wallroth, M.; Weiler, J.; Zhang, J.; Mickanin, C.;
Myer, V. E.; Porter, J. A,; Lai, A,; Bitter, H.; Lees, E.; Keen, N,;
Kauffmann, A.; Stegmeier, F.; Hofmann, F.; Schmelzle, T.; Sellers, W.
R. Project DRIVE: A Compendium of Cancer Dependencies and
Synthetic Lethal Relationships Uncovered by Large-Scale, Deep RNAi
Screening. Cell 2017, 170 (3), 577—586.

(40) Tanevski, A.; Giri, A. K; Aittokallio, T. SynergyFinder 3.0: an
interactive analysis and consensus interpretation of multi-drug
synergies across multiple samples. Nucleic Acids Res. 2022, S0 (W1),
W739-W743.

(41) Siddiqui, F. A; Vukic, V.; Salminen, T. A.; Abankwa, D.
Elaiophylin Is a Potent Hsp90/Cdc37 Protein Interface Inhibitor with
K-Ras Nanocluster Selectivity. Biomolecules 2021, 11 (6), 836.

(42) Lokman, N. A,; Elder, A. S. F; Ricciardelli, C.; Oehler, M. K.
Chick chorioallantoic membrane (CAM) assay as an in vivo model to
study the effect of newly identified molecules on ovarian cancer
invasion and metastasis. Int. ]. Mol. Sci. 2012, 13 (8), 9959—9970.

(43) Yelland, T.; Garcia, E.; Samarakoon, Y.; Ismail, S. The
Structural and Biochemical Characterization of UNC119B Cargo
Binding and Release Mechanisms. Biochemistry 2021, 60 (25), 1952—
1963.

(44) Ho, A. L,; Brana, I; Haddad, R.; Bauman, J.; Bible, K.; Oosting,
S.; Wong, D. J.; Ahn, M.-],; Boni, V.; Even, C,; Fayette, J.; Flor, M. J;
Harrington, K.; Hong, D. S.; Kim, S.-B.; Licitra, L.; Nixon, L; Saba, N.
F.; Hackenberg, S.; Specenier, P.; Worden, F.; Balsara, B.; Leoni, M.;
Martell, B.; Scholz, C.; Gualberto, A. Tipifarnib in Head and Neck
Squamous Cell Carcinoma With HRAS Mutations. J. Clin. Oncol.
2021, 39 (17), 1856—1864.

(45) Liu, H.; Kiseleva, A. A.; Golemis, E. A. Ciliary signalling in
cancer. Nat. Rev. Cancer 2018, 18 (8), 511—524.

(46) Thomas, S.; Wright, K. J.; Le Corre, S.; Micalizzi, A.; Romani,
M.; Abhyankar, A.; Saada, J.; Perrault, I; Amiel, J.; Litzler, J.; Filhol,
E.; Elkhartoufi, N.; Kwong, M.; Casanova, J. L.; Boddaert, N.; Baehr,
W.; Lyonnet, S.;; Munnich, A,; Burglen, L; Chassaing, N.; Encha-
Ravazi, F.; Vekemans, M.; Gleeson, J. G.; Valente, E. M,; Jackson, P.
K; Drummond, I. A; Saunier, S.; Attie-Bitach, T. A homozygous
PDE6D mutation in Joubert syndrome impairs targeting of
farnesylated INPPSE protein to the primary cilium. Hum. Mutat.
2014, 35 (1), 137—146.

(47) Zhang, H; Li, S; Doan, T.; Rieke, F.; Detwiler, P. B,;
Frederick, J. M.; Baehr, W. Deletion of PrBP/delta impedes transport
of GRK1 and PDE6 catalytic subunits to photoreceptor outer
segments. Proc. Natl. Acad. Sci. U. S. A. 2007, 104 (21), 8857—8862.

(48) Wall, V. E; Garvey, L. A;; Mehalko, J. L; Procter, L. V.;
Esposito, D. Combinatorial assembly of clone libraries using site-
specific recombination. Methods Mol. Biol. 2014, 1116, 193—208.

(49) Harder, E.; Damm, W.; Maple, J.; Wu, C.; Reboul, M.; Xiang, J.
Y.; Wang, L,; Lupyan, D.; Dahlgren, M. K;; Knight, J. L.; Kaus, J. W,;
Cerutti, D. S.; Krilov, G.; Jorgensen, W. L.; Abel, R.; Friesner, R. A.
OPLS3: A Force Field Providing Broad Coverage of Drug-like Small
Molecules and Proteins. J. Chem. Theory Comput 2016, 12 (1), 281—
296.

(50) Hou, T.; Wang, J.; Li, Y.; Wang, W. Assessing the performance
of the MM/PBSA and MM/GBSA methods. 1. The accuracy of
binding free energy calculations based on molecular dynamics
simulations. J. Chem. Inf Model 2011, S1 (1), 69—82.

(51) O’Boyle, N. M.; Banck, M.; James, C. A,; Morley, C.;
Vandermeersch, T.; Hutchison, G. R. Open Babel: An open chemical
toolbox. J. Cheminform 2011, 3, 33.

(52) Blazevits, O.; Mideksa, Y. G.; Solman, M.; Ligabue, A.; Ariotti,
N.; Nakhaeizadeh, H.; Fansa, E. K.; Papageorgiou, A. C,;
Wittinghofer, A.; Ahmadian, M. R.; Abankwa, D. Galectin-1 dimers

8584

can scaffold Raf-effectors to increase H-ras nanoclustering. Sci. Rep
2016, 6, 24165.

(53) Okutachi, S.; Manoharan, G. B.; Kiriazis, A.; Laurini, C.;
Catillon, M.; McCormick, F.; Yli-Kauhaluoma, J.; Abankwa, D. A
Covalent Calmodulin Inhibitor as a Tool to Study Cellular
Mechanisms of K-Ras-Driven Stemness. Front Cell Dev Biol. 2021,
9, 665673.

(54) Manoharan, G. B.; Okutachi, S.; Abankwa, D. Potential of
phenothiazines to synergistically block calmodulin and reactivate
PP2A in cancer cells. PLoS One 2022, 17 (5), No. e0268635.

(55) Potdar, S.; Ianevski, A.; Mpindi, J. P.; Bychkov, D.; Fiere, C;
Tanevski, P.; Yadav, B.; Wennerberg, K.; Aittokallio, T.; Kallioniemi,
O.; Saarela, J.; Ostling, P. Breeze: an integrated quality control and
data analysis application for high-throughput drug screening.
Bioinformatics 2020, 36 (11), 3602—3604.

(56) Ianevski, A,; Giri, A. K; Aittokallio, T. SynergyFinder 2.0:
visual analytics of multi-drug combination synergies. Nucleic Acids Res.
2020, 48 (W1), W488—W493.

(57) Laajala, T. D.; Jumppanen, M.; Huhtaniemi, R.; Fey, V.; Kaur,
A,; Knuuttila, M.; Aho, E.; Oksala, R.; Westermarck, J.; Mikels, S.;
Poutanen, M.; Aittokallio, T. Optimized design and analysis of
preclinical intervention studies in vivo. Sci. Rep. 2016, 6, 30723.

(58) R Core TeamR: A Language and Environment for Statistical
Computing; R Foundation for Statistical Computing, 2022.

(59) Therneau, T. M.; Grambsch, P. M. Modeling Survival Data:
Extending the Cox Model; Springer: New York, 2000; DOI: 10.1007/
978-1-4757-3294-8.

(60) Alboukadel, K.; Marcin, K.; Przemyslaw, B. survminer: Drawing
Survival Curves using ‘ggplot2’; 2021.

https://doi.org/10.1021/acs.jmedchem.3c02129
J. Med. Chem. 2024, 67, 8569—8584


https://doi.org/10.1016/j.cell.2017.07.005
https://doi.org/10.1016/j.cell.2017.07.005
https://doi.org/10.1016/j.cell.2017.07.005
https://doi.org/10.1093/nar/gkac382
https://doi.org/10.1093/nar/gkac382
https://doi.org/10.1093/nar/gkac382
https://doi.org/10.3390/biom11060836
https://doi.org/10.3390/biom11060836
https://doi.org/10.3390/ijms13089959
https://doi.org/10.3390/ijms13089959
https://doi.org/10.3390/ijms13089959
https://doi.org/10.1021/acs.biochem.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1200/JCO.20.02903
https://doi.org/10.1200/JCO.20.02903
https://doi.org/10.1038/s41568-018-0023-6
https://doi.org/10.1038/s41568-018-0023-6
https://doi.org/10.1002/humu.22470
https://doi.org/10.1002/humu.22470
https://doi.org/10.1002/humu.22470
https://doi.org/10.1073/pnas.0701681104
https://doi.org/10.1073/pnas.0701681104
https://doi.org/10.1073/pnas.0701681104
https://doi.org/10.1007/978-1-62703-764-8_14
https://doi.org/10.1007/978-1-62703-764-8_14
https://doi.org/10.1021/acs.jctc.5b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci100275a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1038/srep24165
https://doi.org/10.1038/srep24165
https://doi.org/10.3389/fcell.2021.665673
https://doi.org/10.3389/fcell.2021.665673
https://doi.org/10.3389/fcell.2021.665673
https://doi.org/10.1371/journal.pone.0268635
https://doi.org/10.1371/journal.pone.0268635
https://doi.org/10.1371/journal.pone.0268635
https://doi.org/10.1093/bioinformatics/btaa138
https://doi.org/10.1093/bioinformatics/btaa138
https://doi.org/10.1093/nar/gkaa216
https://doi.org/10.1093/nar/gkaa216
https://doi.org/10.1038/srep30723
https://doi.org/10.1038/srep30723
https://doi.org/10.1007/978-1-4757-3294-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-4757-3294-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

