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Abstract 27 

The trafficking chaperone PDE6D (or PDE𝛿) was proposed as a surrogate target for K-Ras, 28 

leading to the development of a series of inhibitors that block its prenyl-binding pocket. These 29 

inhibitors suffered from low solubility and intracellular potency, preventing their clinical 30 

development. 31 

Here we developed a highly soluble PDE6D inhibitor (PDE6Di), Deltaflexin3, which has the 32 

currently lowest off-target activity, as we demonstrate in dedicated assays. We further 33 

increased the K-Ras focus, by exploiting that PKG2-mediated phosphorylation of Ser181 34 

lowers K-Ras binding to PDE6D. Thus, the combination of Deltaflexin3 with the approved 35 

PKG2-activator Sildenafil synergistically inhibits cell- and microtumor growth. However, the 36 

overall cancer survival of the high PDE6D/ low PKG2 target population is higher than of the 37 

group with the opposite signature. Our results therefore suggest re-examining the interplay 38 

between PDE6D and K-Ras in cancer, while recommending the development of PDE6Di that 39 

'plug', rather than 'stuff' the hydrophobic pocket of PDE6D.  40 

 41 

Significance  42 
Combinations of a novel PDE6D inhibitor with Sildenafil synergistically focus the 43 

inhibition on K-Ras, however, survival data of the target population suggest an interplay 44 

of K-Ras and PDE6D that needs further exploration. 45 

 46 

Keywords 47 
KRAS; PDE6D; inhibitor; drug development; Ras trafficking; cancer 48 

 49 

Introduction  50 

The highly mutated oncogene KRAS is one of the best-established cancer targets. Only recently 51 

have two KRAS-G12C inhibitors, sotorasib and adagrasib, been approved for the treatment of 52 

lung cancer 1,2. While other allele specific-, pan-Ras- and Ras-pathway inhibitors are under 53 

intense development 3,4, there is still a need to target Ras more profoundly from various angles.  54 

 55 

Inhibition of Ras membrane targeting remains a promising strategy for inhibitor development 56 
5,6. The trafficking chaperone PDE6D (or PDE𝛿) has been proposed as a surrogate drug target 57 

in KRAS mutant cancers 7. PDE6D possesses a hydrophobic pocket, which can bind to one or 58 

even two prenyl-moieties, thus having a cargo spectrum that comprises farnesylated or 59 
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geranylgeranylated Ras- and Rho-family proteins, as well as Rab proteins 8,9. Only proteins 60 

that are not in addition palmitoylated in the vicinity of the prenylated cysteine are accepted as 61 

cargo, making mono- and dual-palmitoylated N-Ras, K-Ras4A and H-Ras effectively worse 62 

cargo in cells than K-Ras4B (hereafter K-Ras) 10. Cargo affinity is critically modulated by the 63 

four residues upstream of the prenylated cysteine. Structure and sequence comparisons suggest 64 

that the two residues upstream of the prenylated cysteine cannot be large amino acids, like Lys, 65 

Arg or Glu 8. This stretch of four residues also comprises Ser181 at the C-terminus of K-Ras, 66 

which can be phosphorylated by PKG2 11. Binding data of PDE6D to K-Ras with a S181E 67 

mutation suggest a reduced interaction when K-Ras is phosphorylated on Ser181 8.  68 

K-Ras has only micromolar affinity to PDE6D, while another cargo the inositol phosphatase 69 

INPP5E, has a low nanomolar affinity 8,12. This has important consequences for their 70 

subcellular distribution. While K-Ras can be released in the perinuclear area by the allosteric 71 

release factor Arl2, which binds to PDE6D when GTP-bound 13,14, INPP5E is only dislodged 72 

by GTP-Arl3 inside the primary cilium 12.  73 

 74 

The development of inhibitors that competitively bind to the prenyl-pocket of PDE6D was 75 

pioneered by the Waldmann group 15. However, their first two generations of PDE6D inhibitors 76 

(PDE6Di) Deltarasin and Deltazinone1 appeared to have off-target issues and poor metabolic 77 

stability, respectively 7,16. In addition, both compounds were ejected by the GTP-Arl2-78 

dependent mechanism, similar to the natural PDE6D cargo. Only their third-generation 79 

inhibitors, the Deltasonamides, could withstand GTP-Arl2-mediated ejection, as they were 80 

highly optimized for sub-nanomolar affinity. However, these compounds appeared to have low 81 

cell penetration 15. In an attempt to optimize the pharmacological properties, the chemotype 82 

was switched from benzimidazole to pyridazinones, such as Deltazinone 16. This led to the 83 

development of low nanomolar inhibitors, such as candidate compound 99 that was 84 

pharmacokinetically evaluated in mice, without assessment of anti-tumorigenic activity 17. 85 

Hence, from these pioneering compounds, anti-tumor activity in vivo was only demonstrated 86 

with the first-generation compound Deltarasin 7. All three compound generations were mostly 87 

evaluated in KRAS-mutant pancreatic cancer cell lines, yet both Deltarasin and Deltasonamide 88 

were also micromolar active in KRAS mutant and PDE6D-dependent colorectal cancer cell 89 

lines 18. 90 

 91 

Another class of more recent PDE6Di are proteolysis-targeting chimeras (PROTACs). Unlike 92 

classical competitive inhibitors they do not have to bind permanently i.e., they can act sub-93 
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stoichiometrically 19. Proof-of-concept PROTACs from two groups were developed based on 94 

previously established competitive PDE6Di, Deltasonamide and Deltazinone 20,21. These 95 

heterobifunctional compounds bind with their first functional moiety to the prenyl-pocket of 96 

PDE6D and with the second they recruit an E3 ubiquitin ligase complex to instruct proteasomal 97 

degradation of PDE6D. While the Deltasonamide-derived PROTAC effectively decreased 98 

PDE6D levels in pancreatic cancer cells 20, the Deltazinone-derived PROTAC was even 99 

efficacious in SW480 xenografts in mice 21. 100 

 101 

Following the pioneering work of the Waldmann group, other PDE6D-pocket competitive 102 

inhibitors were investigated, although for several of them clear in vitro or cellular target 103 

engagement data are missing. However, the Sheng group developed compounds that bound to 104 

PDE6D in vitro with nanomolar affinity. Some suppressed MAPK-output, but again had only 105 

micromolar cellular activity 22,23. Interestingly, in their most recent work their spiro-cyclic 106 

compound 36l (Kd = 127 nM) showed target engagement in cells, while also demonstrating in 107 

vivo efficacy in KRAS mutant primary cell lines 24. In another study, the triazole 27 had 108 

nanomolar activity in a PDE6D binding assay and robustly inhibited MAPK-output at 10 μM 109 

and A549 cell growth at this concentration range 25.  110 

Another PDE6Di emerged from a Rac-inhibitor screen, which led to the oxadiazole DW0254 111 

as a submicromolar active compound (Kd = 436 ± 6 nM) 26. This compound inhibited 112 

downstream signaling of Ras above 20 μM and in vivo activity was observed with pretreatment 113 

of transplanted T-cell cancer cells or application of a pump to the graft site, due to poor 114 

solubility.  115 

 116 

We have previously published novel competitive PDE6Di called Deltaflexins, for which we 117 

determined low micromolar affinities in a dedicated surface plasmon resonance assay, that 118 

were matched by a similar level of activity in KRAS mutant HCT116 and MDA-MB-231 119 

cancer cells 27. Their chemical design features a hexamethylene-amide-backbone, which 120 

allowed simple derivatization and compound evolution. Importantly, Deltaflexins 121 

demonstrated the expected K-Ras- over H-Ras-selectivity in cells, an important on-target 122 

feature.  123 

 124 

A number of questions remain unresolved regarding PDE6D as a surrogate target for K-Ras. 125 

Current PDE6Di are still at the hit stage and have various problems, such as poor solubility, 126 

metabolic instability and off-target issues 16,17. This makes the interpretation of phenotypic data 127 
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and validation of PDE6D as a drug target in vivo difficult 7. Together with the broad cargo 128 

spectrum of PDE6D, which involves far more prenylated proteins than K-Ras, it is almost 129 

impossible to tell in which cancer type PDE6Di should be applied. Hence, clear genetic 130 

determinants that could indicate a susceptibility to PDE6D inhibition are lacking. 131 

 132 

Here, we established an in silico library of compounds by cross-hybridizing moieties of 133 

existing PDE6Di with our previous hexamethylene-amide-backbone 27. Aided by 134 

computational docking, we derived rationales for the synthesis of 16 novel PDE6Di, that we 135 

comprehensively characterized biochemically and in cells for potency and K-Ras- and PDE6D-136 

on-target selectivity. We demonstrate that efficacy and more focused inhibition of K-Ras can 137 

be achieved by combining our most selective and highly soluble inhibitor Deltaflexin3 138 

synergistically with the clinically approved Sildenafil.  139 

 140 

 141 

Results 142 

Computational docking aided design of novel PDE6D inhibitors  143 

We previously demonstrated that PDE6Di can be efficiently generated by using a 144 

hexamethylene-amide-backbone 27. Using this backbone as a base, we created an in silico 145 

library of hybrid compounds, which contained moieties of established PDE6Di, such as 146 

Deltarasin, Deltazinone1 and Deltasonamide1 that also served as references in this study 147 

(Figure 1A) 7,15,16.  148 

 149 

Altogether, 313 compounds were thus designed in the first round and computationally docked 150 

to PDE6D (PDB ID 4JV8), using Glide docking software 28. Compounds selected based on the 151 

docking scores, MM-GBSA binding energy and visual inspection were prioritized and 152 

provided a rationale for the synthesis of a first round of eight compounds that were 153 

biochemically and cell-biologically characterized (Figure 1B; Data S1 and S2).  154 

Subsequently, the best performing compound 4 was chosen as a starting point for derivatives 155 

that were again first evaluated by in silico docking using SeeSAR. In this second round, 156 

compounds were extended to attempt interactions with residues at the entry of the hydrophobic 157 

pocket of PDE6D. Based on these computational data a second round of eight candidate 158 

compounds was synthesized and characterized like the first-round compounds (Figure 1C; 159 

Data S1 and S2).  160 
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 161 

Computational docking data of two of our compounds 4 and 15 revealed multiple van-der-162 

Waals contacts to residues Met20, Arg61, Gln78, and Tyr149 (Figure 1D,E). Hydrogen bonds 163 

to these residues were only predicted for 15 with Arg61 and Gln78 (Figure 1E). The Arg61 164 

hydrogen bond is shared with the reference inhibitors Deltarasin and Deltazinone1 7,16.  165 

 166 

 167 

In vitro affinity and intracellular BRET-assays quantify target engagement and K-Ras-168 

selectivity  169 

All 16 compounds that were prioritized for synthesis first underwent in vitro testing using a 170 

previously employed fluorescence polarization assay where the FITC-labelled PDE6D-binder 171 

Atorvastatin (F-Ator) was used as a probe 7 (Figure 1B,C; Data S2). In addition, we 172 

determined the affinities of compounds using the FITC-labelled farnesylated peptide derived 173 

from the C-terminus of the small GTPase Rheb (F-Rheb) 14 (Data S2). When using F-Ator as 174 

a probe, we recovered affinities in the low nanomolar range for reference compounds, 175 

Deltarasin (Kd = 39 ± 15 nM), Deltazinone1 (Kd = 3.8 ± 0.4 nM) and Deltasonamide1 (Kd = 176 

0.11 ± 0.03 nM), similar to previously published values 7,15,16. By contrast, affinities determined 177 

using F-Rheb were typically only in the sub-micromolar range (Data S2). However, both 178 

datasets overall correlated and served to rank the in vitro potencies of our 16 compounds and 179 

we will in the following refer to the values obtained with F-Ator, unless otherwise stated 180 

(Figure 2A, Figure S 1A). 181 

 182 

Subsequently three cellular BRET (Bioluminescence Resonance Energy Transfer) assays were 183 

applied to profile the disruption of the PDE6D/ K-Ras interaction and loss of functional 184 

membrane organization of K-Ras as compared to H-Ras over a wider concentration range in 185 

HEK293-EBNA cells (Figure 2A). In analogy to our previous FRET-based target engagement 186 

assay 27, we implemented a BRET-assay with Rluc8-PDE6D and GFP2-K-RasG12V to 187 

determine the intracellular potency of compounds to displace K-RasG12V from PDE6D 188 

(Figure 2A; Data S2). 189 

While intracellular IC50-values were in the micromolar regime (Data S2), we generally 190 

employed the more robust normalized area under the curve DSS3-score for dose-response data 191 
29. Overall, DSS3-scores from the PDE6D/ K-RasG12V-BRET correlated with in vitro 192 
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affinities, and in both datasets, potencies increased markedly from the first to the second round 193 

of compounds (Figure 2A).  194 

A second set of BRET-assays was likewise built in analogy to previous FRET-assays 30,31. We 195 

assessed the BRET that emerges between a Rluc8-donor tagged RasG12V and a GFP2-196 

acceptor tagged RasG12V, due to nanoclustering 32. This type of assay can sensitively detect 197 

perturbations not only of Ras-nanoclustering, but also of any upstream process, such as correct 198 

membrane anchorage or lipid modifications 32,33 (Figure S 1B).  199 

When palmitoylated, prenylated proteins such as dually palmitoylated H-Ras cannot bind to 200 

PDE6D, making them effectively worse intracellular cargo 8,10. Hence, loss of PDE6D activity 201 

such as by siRNA-mediated knockdown, selectively decreases the BRET-signal of K-202 

RasG12V, but not of H-RasG12V (Figure S 1B-D). Using these two BRET-assays, we 203 

assessed the intracellular K-RasG12V-membrane anchorage disruption and K-RasG12V-204 

selectivity of compounds. This again revealed an increase in potency amongst the second-round 205 

compounds (Figure 2A). Compound 4 had the best overall K-RasG12V-selectivity and 15 the 206 

best selectivity of top second-round compounds (Figure 2B) and both compounds compared 207 

favorably in all three BRET-assays relative to the most selective reference compound 208 

Deltazinone1 (Figure 2C-E). 209 

 210 

 211 

Assessing the off-target activity of top compounds 212 

Despite clearly inhibiting PDE6D, several compounds did not display exclusive K-RasG12V-213 

selectivity (Figure 2B). This may be due to off-target activities, a problem that was already 214 

noted for previous PDE6Di by others 16,17.  215 

 216 

Broad off-target effects are phenotypically determined by comparing the anti-proliferative 217 

effect of compounds on cells with and without the target. We therefore compared the cell 218 

growth inhibition of MEF cells with a homozygous CRISPR-mediated knockout (KO) of 219 

PDE6D to their wild type (WT) counterpart as a measure of PDE6D-selectivity 34 (Figure S 220 

1E). In line with the BRET-derived K-RasG12V-selectivity data (Figure 2B; Figure S 1F), 221 

first-round compounds exhibited a higher PDE6D-selectivity than second-round compounds, 222 

with 4 showing again the highest overall selectivity (Figure 3A).  223 

 224 
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UNC119A is a trafficking chaperone of myristoylated proteins and structurally homologous to 225 

PDE6D 12. Given this relatedness in structure and function, it is a plausible off-target for 226 

PDE6Di. We therefore established a BRET-assay to determine the UNC119A-directed off-227 

target activity, by quantifying if the top three compounds from each round disrupted the 228 

UNC119A/ Src-complex.  229 

In BRET-titration experiments the characteristic BRET-ratio, BRETtop, that is reached within 230 

a defined acceptor-to-donor ratio is a measure for complex stability 35. A previously identified 231 

inhibitor of UNC119A, Squarunkin A, significantly reduced the BRETtop between UNC119A-232 

Rluc8 and Src-GFP2 (Figure S 1G) 36. Similarly, treatment with the N-myristoyl-transferase 233 

inhibitor IMP-1088 reduced the BRETtop (Figure S 1G) 37, confirming that our assay can 234 

detect myristoyl-pocket dependent disruption of the UNC119A/ Src-interaction. 235 

 236 

When testing the reference compounds, we found that surprisingly at 5 μM both Deltarasin and 237 

Deltasonamide1, but not Deltazinone1, significantly decreased the UNC119A/ Src-BRET, 238 

suggesting off-target binding of the compounds to UNC119A (Figure 3B). By contrast, none 239 

of our top first-round compounds decreased UNC119A/ Src-BRET (Figure 3C), while all our 240 

top second-round compounds did, with 15 having the least disruptive activity (Figure 3D). 241 

 242 

 243 

Inhibition of Ras-signaling and cancer cell proliferation by the top compounds  244 

Next, we continued our selectivity assessment by testing the anti-proliferative activity of the 245 

top three compounds from each round on KRAS-, HRAS- or BRAF-mutant cancer cells. In line 246 

with in vitro and BRET-data (Figure 2A), the anti-proliferative activity was significantly 247 

increased in compounds of the second optimization round, with cellular potencies increasing 248 

to the low- and sub-micromolar regime (Figure 4A; Data S2), but at the expense of selectivity 249 

(Figure 4B). 250 

By contrast, 4 displayed the overall highest selectivity for PDE6D-dependent and KRAS-251 

mutant, as compared to HRAS-mutant cancer cell lines (Figure 4B; Figure S 1H), consistent 252 

with its K-RasG12V-selectivity detected by BRET (Figure 2B) and its off-target activity being 253 

lowest amongst investigated compounds (Figure 3). It therefore surpassed the most selective 254 

reference compound, Deltazinone1, ~6-fold. The highest activity of 4 was seen in MIA PaCa-255 

2 (KRAS-G12C-mutant) cells (IC50 = 6 ± 1 μM; Data S2), in line with the highest KRAS- and 256 

PDE6D-dependence of this cell line among the tested cell lines (Figure S 1H) 38. 257 
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 258 

For compounds that significantly disrupt K-RasG12V-membrane anchorage, it is expected that 259 

they also reduce Ras-signaling output. In line with previous data 7,16, the reduction in phospho-260 

ERK- (Figure 4C) and phospho-S6-levels (Figure 4D) downstream of Ras was modest in MIA 261 

PaCa-2 cells upon treatment with our top compounds, but better than that seen with the overall 262 

best reference compound Deltazinone1.  263 

We subsequently focused our analysis on compound 4, hereafter named Deltaflexin3, given its 264 

overall best performance across all assays and its high water solubility (kinetic solubility, S = 265 

5.68 mM in PBS, pH 7.4, 37 °C). 266 

 267 

 268 

PDE6D inhibitor Deltaflexin3 and Sildenafil synergize to inhibit K-Ras activity 269 

The approved drug Sildenafil, which is an inhibitor of cGMP-specific phosphodiesterase type 270 

5 (PDE5), stimulates the PKG2-dependent phosphorylation of Ser181 on the C-terminus of K-271 

Ras 11. Given that the phospho-mimetic K-Ras-S181E mutation was shown to reduce the 272 

affinity to PDE6D ~6-fold 8, we reasoned that Sildenafil treatment would likewise decrease the 273 

affinity. 274 

We therefore sought to increase the anti-tumorigenic activity of Deltaflexin3 by combining it 275 

with Sildenafil, which would also focus the inhibitory activity on K-Ras. A more focused 276 

inhibition is supported by a survey of >150 small GTPases, which suggests that only 15 other 277 

established or predicted PDE6D cargo proteins possess serine or threonine residues in the four 278 

residue stretch upstream of the prenylated cysteine that could be affected by Sildenafil in a 279 

manner that could impact on PDE6D engagement (Data S3).  280 

Using our PDE6D/ K-RasG12V-BRET assay, we found that indeed Sildenafil dose-281 

dependently reduced the BRET-signal consistent with a disruption of the PDE6D/ K-282 

RasG12V-complex (IC50 ~17 μM) (Figure 5A). We then combined Deltaflexin3 with 283 

Sildenafil at 10 μM, 20 μM and 30 μM i.e., concentrations that hardly affected the BRET-284 

signal, to test for synergism of these two compounds (Figure 5A,B). This analysis revealed a 285 

high synergistic activity at ~20 μM Sildenafil and ~900 nM Deltaflexin3 (Figure 5B, right). 286 

 287 

We therefore continued with a 2D proliferation analysis for synergism in five KRAS-mutant 288 

and -dependent cancer cell lines with diverse levels of PDE6D- and PKG2-dependencies 289 

(Figure 5C, Figure S 1H). Amongst the tested cell lines, MIA PaCa-2 showed the highest 290 
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HSA synergism score and a clear shift of the inhibition curve to lower concentrations for 291 

combinations of the drugs (Figure 5C,D). Importantly, high synergism was observed at similar 292 

concentrations that were previously identified using the on-target BRET-assay (Figure 5B,D). 293 

 294 

 295 

Combinations of Deltaflexin3 and Sildenafil efficiently suppress Ras-signaling and 296 

microtumor growth 297 

Supported by these proliferation data that suggested a synergism of Deltaflexin3 in 298 

combination with Sildenafil, we focused our investigations on MIA PaCa-2 cells. 299 

We first reexamined, whether signaling downstream of Ras was more efficiently inhibited by 300 

the combination treatment. Neither Sildenafil at concentrations between 20-30 μM, nor 301 

Deltaflexin3 at 10 μM significantly reduced phospho-ERK- (Figure 6A) or phospho-S6-levels 302 

(Figure 6B). Intriguingly, however, the combination of 10 μM Deltaflexin3 and 20 μM 303 

Sildenafil significantly reduced phosphorylation levels of both ERK and S6 by ~ 28 % and ~ 304 

35 %, respectively. 305 

 306 

Next, we evaluated the anti-tumorigenic activity of Deltaflexin3 in the chorioallantoic 307 

membrane (CAM)-assay, where microtumors are raised on the chorioallantoic membrane of 308 

fertilized chick eggs 39,40. While 10 μM Deltaflexin3 alone significantly reduced MDA-MB-309 

231 cell derived microtumors (Figure S 1I), already 2.5 μM Deltaflexin3 were sufficient to 310 

achieve a similar reduction in MIA PaCa-2-derived microtumors (Figure 6C,D). This is in 311 

agreement with the poorer response of MDA-MB-231 to Deltaflexin3 observed in 2D 312 

proliferation data (Figure 4A). Consistent with the synergistic increase in efficacy observed 313 

for the combination of Deltaflexin3 and Sildenafil in BRET-, signaling- and proliferation-314 

assays, MIA PaCa-2-derived microtumor growth was more potently reduced by the 315 

combination than by each compound alone (Figure 6C,D). 316 

 317 

 318 

Discussion 319 

We here developed Deltaflexin3, a nanomolar-active and highly soluble PDE6Di with superior 320 

on-target activity as compared to previous reference inhibitors Deltarasin, Deltazinone1 and 321 

Deltasonamide1. We show that combinations of Deltaflexin3 with the approved drug Sildenafil 322 
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synergistically inhibit intracellular binding of K-Ras to PDE6D, and Ras-signaling, 323 

proliferation and ex vivo tumor growth of MIA PaCa-2 cells. 324 

 325 

Within our dedicated series of 16 compounds, computational docking enabled us to generate 326 

several low- and sub-nanomolar binders of PDE6D, which are thus equally potent as previous 327 

trailblazer compounds Deltazinone1 and Deltasonamide1. Surprisingly, we measured lower, 328 

only submicromolar affinities when employing F-Rheb instead of F-Ator as a probe in our 329 

fluorescence polarization-based assay. Interestingly, the submicromolar affinities are more in 330 

line with the micromolar activities observed in our BRET- and proliferation-assays (Data S2). 331 

Previously, we also measured only low micromolar affinities for first generation Deltaflexins 332 

and Deltarasin using the F-Rheb probe and in an alternative surface plasmon resonance-based 333 

assay that detected the disruption of farnesylated K-Ras binding to PDE6D 27. Hence it appears 334 

that F-Ator-derived affinities are systematically higher than F-Rheb-derived affinities. The 335 

reasons for this are unclear, but it is conceivable that two molecules of F-Ator insert into the 336 

hydrophobic pocket of PDE6D, which is large enough to accommodate also dually-337 

geranylgeranylated cargo 9. If only one is displaced, the other F-Ator molecule might be able 338 

to stabilize the binding of compounds. However, when comparing the F-Rheb derived affinities 339 

from our previous compound Deltaflexin2 (Kd[F-Rheb] = 7.17 μM) and Deltaflexin3 (Kd[F-340 

Rheb] = 0.63 μM), a more than 10-fold improvement in affinity becomes apparent. 341 

 342 

Another important aspect of our characterization is the dedicated off-target analysis, which has 343 

not been done previously. From our BRET-based off-target analysis, it appears that compounds 344 

with a PDE6D-affinity below ~3 nM are more likely to engage UNC119A as an off-target 345 

(Figure 3B-D). It is plausible that also related UNC119B would be engaged in this way 41. 346 

Depending on the expression levels of such lipid binding proteins, they may effectively act as 347 

sinks for PDE6Di.  348 

In parallel to the UNC119A off-target engagement, water solubility and therefore suitability of 349 

compounds for in vivo applications go down. This may not be surprising, as raising compounds 350 

with a higher affinity to a highly hydrophobic pocket will render them likewise more 351 

hydrophobic. It is possible that this trend then also increases the likelihood of binding to other 352 

hydrophobic pockets, such as that of UNC119A. 353 

 354 

Importantly, the highest K-RasG12V-selectivity is seen for Deltaflexin3 (Figure 2B), 355 

consistent with its lowest off-target effect in both the BRET-based assay looking at UNC119A 356 
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engagement and its assessment in PDE6D-KO MEFs (Figure 3). Overall, K-RasG12V-BRET 357 

selectivity (Figure 2B) and PDE6D-selectivity derived from cell proliferation data of WT and 358 

KO-MEFs (Figure 3A) show a strong correlation for our compounds, supporting that our 359 

assessment selects for least off-target activity (Figure S 1F). 360 

 361 

PDE6Di development could in the future adopt strategies illustrated in nature. When looking 362 

at known cargos of PDE6D, it becomes apparent that their affinity is not modulated within the 363 

hydrophobic pocket, but outside of it, at its entry site 8,9,12. Contacts with entry site residues are 364 

typically not exploited with PDE6Di, albeit our second round of compounds were extended 365 

with this goal in mind. Notably for mono-prenylated cargo, it is known that the four residues 366 

upstream of the prenylated cysteine significantly modulate the cargo affinity to PDE6D 8. 367 

While K-Ras has only a moderate micromolar PDE6D-affinity (Kd = 2.3 μM 8), the INPP5E-368 

derived peptide has a high, nanomolar affinity (Kd = 3.7 ± 0.2 nM 12), and this solely depends 369 

on two amino-acids in the four-residue stretch upstream of the farnesylated cysteine 9.  370 

The potential of this kind of affinity modulation is essentially illustrated by our Sildenafil data 371 

(Figure 5A), as Ser181 of K-Ras is part of that four-residue stretch next to the farnesylated 372 

cysteine. Therefore, future PDE6Di may rather target that region of the protein, while using a 373 

minimal hydrophobic stretch to anchor inside the hydrophobic pocket. We propose that 374 

‘plugging’, rather than ‘stuffing’ the hydrophobic pocket of PDE6D with novel inhibitors may 375 

present a way forward. 376 

 377 

Inhibitors of Ras membrane anchorage are expected to shut down Ras-signaling output 5. For 378 

instance, farnesyl-transferase inhibitors that block the enzyme mediating Ras farnesylation are 379 

now applied with some success in HRAS-mutant head and neck cancers 42. While some PDE6Di 380 

were shown to dislodge K-Ras more or less from the plasma membrane within 60-90 min 381 
7,15,16,26, only in some cases was evidence for a moderate effect on Ras-signaling provided 382 
16,24,26. Nevertheless, all of these PDE6Di demonstrated cell killing activity in KRAS-mutant 383 

pancreatic or colorectal cancer cells, however, these are assays that cannot detect off-target 384 

activities. 385 

One explanation for these discrepancies, could be that only a fraction of K-Ras that is trafficked 386 

to the plasma membrane does actually depend on PDE6D. We therefore compared the 387 

knockdown of PDE6D or that of the alpha-subunit of farnesyl- and geranylgeranyl-transferases 388 

with Mevastatin treatment, which would completely block K-Ras membrane anchorage, using 389 

our BRET-assay that detects functional K-RasG12V membrane organization (Figure S 1B). 390 
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These data show that knockdown of the alpha subunit is 49 % as effective as Mevastatin 391 

treatment, while PDE6D-knockdown is only 26 % as efficient. This suggest that only between 392 

a quarter or a half of functional K-Ras membrane anchorage depends on PDE6D. It is plausible 393 

to assume that other trafficking chaperones compensate and salvage K-Ras membrane 394 

anchorage thus buffering the loss of PDE6D activity.  395 

 396 

It may therefore not be astonishing that both reference PDE6Di Deltazinone1 and our own 397 

compounds have such a small effect on phospho-ERK- and phospho-S6-levels (Figure 4C,D). 398 

Only when combined with Sildenafil could a robust, synergistic ~28 %-reduction of phospho-399 

ERK- and phospho-S6-levels be observed (Figure 6A,B). Indeed, this combination may in 400 

general be a way forward for PDE6Di application, as it focuses the inhibitory activity on K-401 

Ras. Apart from K-Ras only 15 other small GTPases can potentially be modulated by both 402 

PDE6Di and Sildenafil (Data S3).  403 

This synergistic combination also showed promise for the anti-tumorigenic activity of our most 404 

selective PDE6Di, Deltaflexin3 (Figure 6C,D). However, not all KRAS-mutant cancer cell 405 

lines respond clearly and synergistically to the Deltaflexin3/ Sildenafil combination (Figure 406 

5C,D). MIA PaCa-2 may be particularly responsive, as they have a genetic dependence on both 407 

KRAS and PDE6D, while being not-dependent on PRKG2 (the gene of PKG2) (Figure S 1H). 408 

Consequently, this combination could find its application in the treatment of a subset of KRAS-409 

mutant cancers that more often have a high PDE6D and a low PRKG2 expression level, such 410 

as colorectal cancer (Figure S 1J). However, our analysis of the overall survival of patients 411 

with this expression signature across KRAS-mutant cancers in the PanCanAtlas dataset shows 412 

that they have a significantly better survival than those with the opposite signature (low 413 

PDE6D/ high PRKG2) (Figure S 1K). This may indicate a protective effect of the high 414 

PDE6D/ low PRKG2 signature, that should not be drug targeted by a PDE6Di/ Sildenafil -415 

combination. 416 

 417 

This begs the question as to what specific role PDE6D has for K-Ras trafficking. Given that 418 

PDE6D is a major trafficking chaperone of ciliary cargo and that K-Ras has indeed been 419 

observed inside the primary cilium 9, it is possible that PDE6D inhibition also affects 420 

trafficking of K-Ras to this destination. However, the significance of such an inhibition is 421 

unclear, given that no function of K-Ras in the cilium is known. Besides, cancer cells are 422 

typically not ciliated 43, and it would thus not be clear what effect PDE6D inhibition could have 423 

in this context. 424 
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Another complication of PDE6D as a drug target is its intrinsically broad cargo spectrum 8,9. 425 

Therefore, its inhibition will not only affect K-Ras and thus KRAS-mutant cancer cells, but a 426 

host of PDE6D cargos. Finally, the ontogenetic role of PDE6D may be worth considering. Loss 427 

of function mutations of PDE6D during development lead to the multisystemic ciliopathy 428 

Joubert-Syndrome 44. The deletion of PDE6D in mice does not cause gross developmental 429 

abnormalities, as mice are fertile and viable 45. Some progressive defects in photoreceptor 430 

physiology were however observed, as well as an overall reduced body weight. Even though 431 

such genetic data do not exactly translate into the effects observed with inhibitors that are 432 

typically applied to aged cancer patients, more insight into the PDE6D biology in conjunction 433 

with K-Ras seems warranted. 434 

 435 

In conclusion, we provide a novel conceptual framework for the future development and 436 

application of PDE6Di to be redesigned as 'plugs' and to be used in combination with PKG2 437 

activators, such as approved Sildenafil. However, we also recommend to better understand the 438 

involvement of PDE6D in cancer and the consequences of drug targeting it. 439 

With our novel, potent PDE6D inhibitor Deltaflexin3, which has the highest K-Ras selectivity 440 

and lowest off-target activity so far described, we are now providing the currently best tool 441 

compound to investigate and further validate the significance of PDE6D (patho)biology. 442 

 443 

 444 

 445 

 446 

  447 
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Methods 448 

Cell lines 449 
HEK293-EBNA (HEK) cells were a gift of Prof. Florian M. Wurm, EPFL, Lausanne, 450 

Switzerland, and were cultured in Dulbecco’s modified Eagle’s medium (DMEM, #41965-451 

039). WT MEF and MEF PDE6D KO cells (obtained from Prof. Richard A. Kahn, Emory 452 

University School of Medicine, Atlanta, USA) were cultured in DMEM. NCI-H358, MDA-453 

MB-231 and IGR-39 were maintained in Roswell Park Memorial Institute medium (RPMI, 454 

#52400-025). PANC-1, MIA PaCa-2, Hs 578T and T24 were maintained in DMEM. SW620 455 

and SW480 were maintained in Leibovitz's L-15 medium (#11415-064). All media were 456 

supplemented with 10 % v/v fetal bovine serum (#10270-106), 2 mM L-glutamine (#25030-457 

024) and penicillin 100 U/mL/ streptomycin 100 µg/mL (#15140-122) (complete medium). All 458 

cell culture media and reagents were from Gibco, Thermo Fisher Scientific. Cells were grown 459 

at 37 °C in a water-saturated, 5 % CO2 atmosphere and sub-cultured twice a week. Cell lines 460 

SW620 and SW480 were cultured without CO2. 461 

 462 

Bacterial strains 463 
Competent E. coli DH10B (New England Biolabs, #C3019I), E. coli BL21 Star (DE3)pLysS 464 

(New England Biolabs, #C2527H) were grown in Luria-Bertani (LB) medium at 37 °C, with 465 

appropriate antibiotics unless otherwise mentioned.  466 

 467 

Expression constructs  468 
All expression constructs were produced by multi-site Gateway cloning technology as 469 

described 46. Briefly, entry clones with compatible LR recombination sites, encoding the CMV 470 

promoter, Rluc8 or GFP2 tag and a gene of interest. The location of the tag in the expression 471 

constructs is indicated by its position in the construct name, i.e., a tag at the N-terminus of the 472 

protein of interest is written before the name of the protein. Genes were obtained either from 473 

the Ras-Initiative (K-Ras4BG12V, H-RasG12V both from the RAS mutant clone collection, 474 

kit #1000000089 and PDE6D #R702‐E30) or by custom synthesis from GeneCust (Src, 475 

UNC119A). The cDNAs encoding human c-Src kinase and human UNC119A inserted in the 476 

pDONR221 vector were obtained from GeneCust. The three entry clones of promotor, tag and 477 

gene of interest were then inserted into pDest-305 or pDest-312 as a destination vector using 478 

Gateway LR Clonase II enzyme mix (#11791020, Thermo Fisher Scientific). The reaction mix 479 

was transformed into ccdB sensitive E. coli strain DH10B (# C3019I, New England Biolabs) 480 

and positive clones were selected in the presence of ampicillin. The His6-MBP-Tev-PDEd 481 
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construct for PDE6D protein production  was obtained from the Ras-Initiative (#R702-X31-482 

566).  483 

 484 

In silico docking of compounds  485 
The synthetic rationale for first round compounds was based on computational docking. Three-486 

dimensional coordinates for the molecular structure and sequence of the open and closed 487 

conformations of the PDE6D protein (PDB ID: 4JV8 and 1KSH, respectively) were retrieved 488 

from the RCSB protein data bank 7. The 3D structures of all docked compounds were 489 

constructed using Maestro software in the Schrödinger software (Schrödinger Release 2019-2; 490 

Maestro, Schrödinger, LLC: New York, NY, USA, 2019). The geometry optimization of 491 

docked compounds was performed using the OPLS3 force field 47. Powell conjugated gradient 492 

algorithm method was applied with a convergence criterion of 0.01 kcal/ (mol Å) and 493 

maximum iterations of 1,000. 494 

Molecular docking simulations were performed by using the program Glide 28. Flexible 495 

compound, extra precision mode and the Epik state penalties were included in the protocol. 496 

The MM-GBSA method with VSGB 2.0 solvation model was used to calculate compound 497 

binding affinities 48. For MM-GBSA calculations, residues within a distance of 8.0 Å from the 498 

compound were assigned as flexible. 499 

Computational evaluations to derive second round compounds was slightly different. While 500 

using the same protein data as for first round compounds, the putative binding pocket of 501 

PDE6D was re-inferred using the software SeeSAR v10.3 (“SeeSAR” 2020) with default 502 

parameters and prior domain knowledge to select and refine the most relevant pocket. 503 

Compound chemical formulas, defined as SMILES strings, were converted to 3D structures 504 

using OpenBabel v2.3.2 with default parameters 49. Compounds were docked to PDE6D (PDB 505 

ID 4JV8) using SeeSAR v10.3 and the optimal docking pose was manually selected by ranking 506 

poses according to their predicted binding affinity and filtering compounds to ensure 507 

acceptable lipophilic compound efficiency, limited torsions of the compound backbone and 508 

minimal intra- and inter-molecular clashes of the resulting protein-ligand complex. 509 

 510 

Expression and purification of PDE6D 511 
Recombinant PDE6D protein was produced according to a published protocol that was adapted 512 
8. Briefly, E. coli BL21 Star™ (DE3)pLysS strain (#C602003, Thermo Fisher Scientific) was 513 

transformed with pDest-His6-MBP-PDE6D and grown at 37 °C in LB medium supplemented 514 

with ampicillin at 1:1,000 dilution from 100 mg/ mL stock. When OD reached 0.6, protein 515 
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expression was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG, #437145X, 516 

VWR) at 16 °C overnight. Next, the 4 L cultures were pelleted by centrifugation, the pellets 517 

were rinsed with PBS and stored at -20 °C until purification.  518 

Purification was conducted using ÄKTA pure chromatography system (Cytiva). All buffers 519 

were degassed by placing for 5 min in ultrasonic bath. The cells were lysed by sonication on 520 

ice in a buffer composed of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol, 521 

0.5 mg/ ml lysozyme (#89833, Thermo Fisher Scientific) and protease inhibitor cocktail 522 

(#A32955, Pierce). For sonication, a Bioblock Scientific ultrasonic processor instrument 523 

(Elmasonic S 40 H, Elma) was used. Lysates were cleared by centrifugation at 18,000 g for 20 524 

min at 4 °C. Cleared supernatant was loaded onto a prepacked HisTrapHP column (#17-5248-525 

02, Cytiva) equilibrated in a binding buffer, which had the same composition as lysis buffer, 526 

but without lysozyme and containing 35 mM imidazole. After washing with 20 column 527 

volumes, the bound material was eluted by isocratic elution using 100 % of eluting buffer (50 528 

mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol, 500 mM imidazole). The 529 

eluted fractions were analyzed by resolving on 4-20 % SDS-PAGE (#4561094 or #4651093 530 

BioRAD) and stained with Roti-Blue quick (#4829-2, Carl ROTH). Fractions were 531 

concentrated on AmiconUltra centrifugal filters (molecular weight cut-off, MWCO of 30 kDa, 532 

Merck Millipore) by centrifuging at 7,500 g and pulled for dialysis into buffer containing 50 533 

mM Tris-HCl, pH 7.5, 150 mM NaCl, 3 mM DTE, using D-Tube dialyzer with molecular 534 

weight cut-off (MWCO) 12-14 kDa, overnight at 4 °C. Next, samples were centrifuged for 15 535 

min at 4,000 g and 4 °C and then loaded onto a size exclusion chromatography column (HiLoad 536 

16/ 600 Superdex 75 pg, with 120 mL column volume, #28989333, Cytiva) at a flow rate of 1 537 

mL/ min, with elution with two column volumes. Fractions were analyzed as above, then 538 

concentrated to a volume of about 500 µL. In the next step, protein tags were removed by 539 

tobaccoetchvirus (TEV) protease (#T4455, Sigma-Aldrich) (1:25 w/w, TEV/ fusion protein) 540 

during overnight dialysis. This step was repeated twice, with 50 % and 70 % approximate 541 

cleavage efficiencies. The cleaved mixture was loaded onto HisTrapHP column and the non-542 

bound (tag-free) PDE6D was collected. The collected PDE6D fractions were concentrated 543 

using MICROSEP Advance (MWCO 10 kDa, # 88527, Pierce) by centrifugation at 7,500 g 544 

and 4 °C. The sample was finally dialyzed overnight in a buffer composed of 20 mM HEPES, 545 

pH 7.4, 150 mM NaCl, 5 mM MgCl2 and 1 mM TCEP. The PDE6D final concentration of 546 

245.3 µM was determined by Bradford assay. Final purification yield from 4 L starting 547 

bacterial culture was 890 µg of PDE6D. 548 

 549 
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Fluorescence polarization assay  550 
The IC50 and Kd of compounds to purified PDE6D were determined in a displacement assay 551 

using fluorescein-labelled Atorvastatin (F-Ator) or fluorescein-labelled farnesylated Rheb (F-552 

Rheb) peptide as probes 7,14. F-Ator was used at 5 nM concentration with 5 nM of PDE6D and 553 

F-Rheb peptide was used at 0.5 µM concentration with 2 µM PDED. Assays were carried out 554 

in black low volume round bottom 384-well plates (#4514, Corning) with a reaction volume of 555 

20 µL for F-Ator- and 10 µL for F-Rheb-based experiments. Compounds were three-fold 556 

diluted in assay buffer (DPBS no Ca2+/Mg2+; #14190-094, Gibco) with 0.05 % CHAPS (#1479, 557 

Carl Roth) for F-Ator based experiments or in a freshly prepared buffer composed of 30 mM 558 

Tris, 150 mM NaCl and 3 mM dithiothreitol for F-Rheb based experiments, as described 559 

previously 27,50. The fluorescence polarization signals were read on the CLARIOstar plate 560 

reader (BMG Labtech GmbH) with λex = 482 ± 8 nm and λem = 530 ± 20 nm at 25 °C. The 561 

blank corrected milli Polarization value (mP or P × 1,000) calculated from the MARS (BMG 562 

Labtech) program was plotted against the logarithmic concentration of inhibitors. The data 563 

were fitted into log inhibitor vs. response 4-parametric equation of Prism (GraphPad) to obtain 564 

the IC50 values. The IC50 values were converted into Kd using the modified Cheng-Prusoff 565 

equation, 𝐾! =	
"#!"
$%	 [$]&'

 , where Kd is the dissociation constant between PDE6D and inhibitor, 566 

[L] is the ligand or probe concentration used in the assay and KD is the dissociation constant 567 

between the PDE6D and the ligand or fluorescent probe 27.The reported KD values were 7.1 ± 568 

4 nM for F-Ator to PDE6D 7 and from 0.15 µM 14 to 0.45 µM 12 for F-Rheb to PDE6D. The 569 

mean of the F-Rheb KD value of 0.3 µM was used for the calculations. Note that the 570 

concentration of PDE6D is not part of the equation. 571 

 572 

Bioluminescence Resonance Energy Transfer (BRET) assay  573 
BRET assays were essentially performed as described by us previously 35,51,52. Briefly, 150,000 574 

to 200,000 HEK293-EBNA cells were plated in 1 mL complete DMEM per well of 12-well 575 

cell culture plates (#665180, Greiner bio-one, Merck KGaA). After 24 h, donor and acceptor 576 

plasmids were transfected into cells using 3 μL of jetPRIME transfection reagent (#114–75, 577 

Polyplus) following the manufacturer’s instructions.  578 

For BRET donor saturation titration experiments, the concentration of donor plasmid (50 ng) 579 

was kept constant, and the concentration of acceptor plasmid was increased from 0 to 1,000 580 

ng. The empty pcDNA3.1 plasmid was used to top-up the total DNA load per well to 1,050 ng. 581 
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After determination of the optimal acceptor to donor plasmid ratio from titration experiments 582 

(A/D plasmid ratio 20:1 for GFP2-K-RasG12V/ Rluc8-PDE6D, 5:1 for GFP2-K-RasG12V/ 583 

Rluc8-K-RasG12V, 3:1 for GFP2-HRasG12V/ Rluc8-HRasG12V and 20:1 for UNC119A-584 

Rluc8/ Src-GFP2), compound dose-response experiments were performed. 24 h after 585 

transfection, cells were treated for another 24 h with DMSO 0.1 % v/v as vehicle control or 586 

with compounds at 5 to 8 different concentrations ranging from 20 µM to 0.15 µM, prepared 587 

as 2-fold dilution series in complete medium. 588 

To study the effect of siRNA-mediated knockdown, cells were plated and after 24 h co-589 

transfected with 50 nM siRNA and 500 ng plasmid DNA per well (same A/D plasmid ratio as 590 

described above) using 4 μl Lipofectamine 2000 (#11668019, Thermo Fisher Scientific) in 591 

Opti-MEM medium (#31985062, Gibco).  592 

BRET-measurements were performed on a CLARIOstar plate reader at 25 °C after 48 h as 593 

described 35,51,52. Technical quadruplicates were measured using specific channels for the 594 

luminophores (GFP2-acceptor signal, RFU, at λex = 405 ± 10 nm and at λem = 515 ± 10 nm; 595 

after 10 μM coelenterazine 400a (#C-320, Gold Biotechnology) addition, simultaneous 596 

recording of Rluc8-signals for donor signal, RLU, λem = 410 ± 40 nm and for the BRET-signal 597 

at λ = 515 ± 15 nm). The BRET ratio was calculated as before 35,51,52. 598 

For BRET donor saturation titration experiments, the BRET ratio was plotted against the 599 

relative expression. The relative expression of acceptor to donor ([Acceptor]/[Donor]) was 600 

determined as the ratio between RFU and RLU. All independent repeat experiments were 601 

plotted at once using these normalized data i.e., BRET ratio against relative expression. The 602 

data were fitted into one phase association equation of Prism 9 (GraphPad) and the top 603 

asymptote Ymax-value was taken as the BRETtop. It represents the maximal BRET ratio 604 

reached within the defined [Acceptor]/[Donor] ratio. Statistical analysis between the BRETtop 605 

values was performed using the student’s t-test. 606 

 607 

2D cell proliferation assay  608 
Cancer cells were seeded at a density of 1,000 cells/ 100 µL complete medium into 96-well 609 

cell culture plates (#655180, Greiner bio-one, Merck KGaA). After 24 h, control and test 610 

compounds were added to the cells with DMSO (0.1 % v/v) as a vehicle control. Compound 611 

activities were analyzed from 9-point dose-response curves, with compounds prepared as 2-612 

fold dilution series ranging from 40 µM to 0.15 µM (PDE6Di and FTI-277) or from 20 µM to 613 

0.02 µM for MAPK-control compounds. Following incubation for 72 h with the compounds, 614 

the cell viability was assessed using the alamarBlue reagent (#DAL1100, Thermo Fisher 615 
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Scientific) according to the manufacturer’s instructions. After addition of alamarBlue reagent 616 

at a 10 % v/v final volume, cells were incubated for 2 to 4 h at 37 °C. Then, the fluorescence 617 

intensity was read at λex = 530 ± 10 nm and λem = 590 ± 10 nm at 25 °C using a CLARIOstar 618 

plate reader. The obtained raw fluorescence intensity data were normalized to vehicle control 619 

(100 % viability) and plotted against the compound concentration. 620 

 621 

Drug sensitivity score analysis (DSS3)   622 
As described before 51, a drug sensitivity score (DSS) analysis was performed in order to 623 

quantify the drug sensitivity with a more robust parameter than the IC50 or EC50 values. DSS 624 

values are normalized area under the curve (AUC) measures of dose-response inhibition data, 625 

where the DSS3-score takes drug-responses better into account that are achieved across a broad 626 

concentration range 29. Drug response data from BRET assays or 2D cell proliferation assays 627 

were prepared according to the example file on the Breeze website (https://breeze.fimm.fi/), 628 

uploaded and analyzed 53. The output file included DSS3 scores as well as several other drug 629 

sensitivity measures such as IC50 and AUC. 630 

 631 

Synergy analysis of drug combinations 632 
The synergistic potential of compounds was analyzed essentially as described before 52. For 633 

PDE6D/ K-RasG12V BRET-experiments, full dose-response analyses of Deltaflexin3 634 

(between 7 µM to 0.014 µM) or Sildenafil (between 320 µM to 1.8 µM) alone or for 635 

Deltaflexin3 in combination with Sildenafil maintained at a fixed concentration of either 10, 636 

20, 30 μM were performed. For 2D proliferation experiments, full dose-response analyses of 637 

Deltaflexin3 (between 80 µM to 0.156 µM) or Sildenafil (between 160 µM to 0.312 µM) alone 638 

or for Deltaflexin3 in combination with Sildenafil maintained at a fixed concentration of either 639 

10, 20, 30 or for some 40 μM were performed. Comparison between the drug response profiles 640 

of the combinations and the profiles of each single agent was then carried out using the web-641 

application SynergyFinder 54(https://synergyfinder.fimm.fi). We employed the HSA model, 642 

which considers that the expected drug combination effect corresponds to the maximum of the 643 

single agent responses at the corresponding concentrations. The resulting HSA synergy score 644 

SHSA is defined as follows 645 

SHSA = EA,B,…,N – max(EA, EB,…, EN) 646 

with EA,B,…,N being the combination effect between N drugs and EA, EB,…, EN being the single 647 

agent responses at the corresponding concentrations. 648 

 649 
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ATARiS gene dependence score 650 
Gene dependence scores of selected genes of interest for cancer cell lines used in this study 651 

were obtained from the drive data portal (https://oncologynibr.shinyapps.io/drive/). The 652 

DRIVE project has provided the dependence data of 7,837 genes for 398 cancer cell lines, as 653 

determined by large-scale RNAi screening in cell viability assays 38. A double gradient 654 

heatmap for the extracted gene dependence scores was then generated using GraphPad Prism 655 

software. 656 

 657 

Immunoblotting  658 
Following a 16 h serum starvation, MIA PaCa-2 cells were treated with 0.1 % v/v DMSO 659 

vehicle control or with compounds at 37 °C for 4 h and then stimulated with 200 ng/mL human 660 

epidermal growth factor (hEGF, #E9644, Sigma) at 37 °C for 10 min. In situ cell lysis was 661 

performed in ice-cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1 % v/v SDS, 5 662 

mM EDTA, 1 % v/v Nonidet P-40, 1 % v/v Triton X-100, 1 % v/v sodium-deoxycholate, 1 663 

mM Na3VO4, 10 mM NaF, 100 µM leupeptin and 100 µM E64D protease inhibitor) 664 

supplemented with a cocktail of protease inhibitors (#A32955, Pierce) and a cocktail of 665 

phosphatase inhibitors (PhosSTOP, #4906845001, Roche Diagnostics GmbH). After lysate 666 

clarification, the total protein concentration was determined by Bradford assay using the Quick 667 

Start Bradford 1x Dye reagent (#5000205, Bio-Rad) and BSA (#23209, Thermo Fisher 668 

Scientific) as a standard. Proteins (50 µg per lane) were resolved by SDS-PAGE in a 10 % v/v 669 

homemade polyacrylamide gel under reducing conditions and transferred to a nitrocellulose 670 

membrane by semi-dry transfer (kit #1704272, Bio-Rad). Membranes were saturated in 671 

phosphate-buffered saline (PBS) containing 2 % w/v bovine serum albumin (#A6588, 672 

AppliChem GmbH) and 0.2 % Tween for 1 h at room temperature, then incubated with primary 673 

antibodies overnight at 4 °C. For phospho-ERK and phospho-S6 detection, a combination of 674 

mouse anti-phospho-ERK and rabbit anti-ERK or a combination of rabbit anti-phospho-S6 and 675 

mouse anti-S6 antibodies were used, respectively (see Key Resources). Incubation with 676 

secondary antibodies was performed for 1 h at room temperature. Each antibody incubation 677 

was followed by at least three wash steps in PBS supplemented with 0.2 % v/v Tween 20. 678 

Signal intensities were quantified using the Odyssey Infrared Image System (LI-COR 679 

Biosciences). The ratio between the intensities obtained for phosphorylated protein versus total 680 

protein was calculated and then normalized to the sum of all the ratios calculated for one blot 681 

to make blots comparable by accounting for technical day-to-day variability. For representative 682 

purposes, data were scaled to the controls present on each blot and are represented as the mean 683 
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± SEM of at least three independent biological repeats. The slope of the dose-response data 684 

was determined from fitting a line using GraphPad Prism. For each blot, either β-actin or 685 

GAPDH levels were determined as a loading control. 686 

 687 

Chorioallantoic membrane (CAM) assay 688 
Fertilized chicken eggs were obtained from VALO BioMedia GmbH (Osterholz-Scharmbeck, 689 

Germany) and, on day 1, the development of the embryos was started by incubating the eggs 690 

at 37 °C in a > 60 % humidified egg hatcher incubator (MG200/300, Fiem). A small hole was 691 

made with the help of an 18 Gauge needle (#305196, Becton Dickinson) into the narrower end 692 

of each egg on day 3 and was kept covered with parafilm to avoid contamination. On day 8, 2 693 

× 106 MDA-MB-231 cells, or 3.5 × 106 MIA PaCa-2 cells were resuspended in 10 µL cell 694 

culture medium without FBS and mixed 1:1 with Matrigel (#356234, Corning). This mix was 695 

then deposited in sterilized 5 mm diameter plastic rings cut from PCR tubes (#683201, Greiner 696 

bio-one, Merck KGaA) on the surface of a chicken embryo chorioallantoic membrane. After 1 697 

day, the growing tumors were treated with a volume identical to the deposited cell suspension 698 

of 0.2 % v/v  vehicle control or test compounds 2× concentrated in medium without FBS 31,39. 699 

Treatment was performed daily and after 5 days of treatment the microtumors were harvested 700 

at day 14. Then the tumor weight was determined using a balance (E12140, Ohaus).  701 

 702 

Survival analysis 703 
All data were retrieved from TCGA Pan-Cancer Atlas 704 

(https://dev.xenabrowser.net/datapages/?cohort=TCGA%20Pan-Cancer%20) (PANCAN). 705 

The 647 cancer samples with non-silent KRAS mutation were selected. We used the list of 706 

non-silent somatic mutations as defined in Xena (https://ucsc-707 

xena.gitbook.io/project/overview-of-features/visual-spreadsheet/mutation-columns). 708 

Expression data was retrieved for PDE6D and PRKG2 genes data in "batch effects normalized 709 

mRNA data" units, and samples were split in 4 groups according to high or low expression of 710 

each gene, setting the limit at median expression value for each gene. The difference between 711 

the two curves was tested using Kaplan Meyer estimation. Data analyses were performed in R 712 

version 4.2.1 55. Survival analyses and plots were done using survival v.3.4 56 and survminer v 713 

0.4 57 libraries. 714 

 715 
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Quantification and Statistical Analysis 716 

For statistical analysis and plot preparation, GraphPad Prism (version 9.5.1 for Windows, 717 

GraphPad Software, USA, www.graphpad.com) was used. The sample size n represents the 718 

number of independent biological repeats and is indicated in the respective figure legends. All 719 

graphs show mean values ± SEM across all technical and biological repeats. We determined 720 

statistical differences to control samples by employing one-way ANOVA with Tukey’s 721 

multiple comparison test, unless otherwise mentioned in the legends. A p value of < 0.05 is 722 

considered statistically significant. Statistical significance levels are annotated in the plots as * 723 

= p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 724 

 725 

 726 

Data availability 727 
This study did not report standardized datatypes. All unique/ stable reagents generated in this 728 

study are available from the corresponding author with a completed materials transfer 729 

agreement. 730 

  731 
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Supplemental Information 925 
Supplementary Figure S1: Data supplementing information in the main figures. 926 

 927 

Data S1: Compound Synthesis. Chemical synthesis routes and compound analytics. 928 

 929 

Data S2: Activity Data Summary. Collects data from plots by figure and shows in the first 930 

tab a table collecting all activity data per compound. 931 

 932 

Data S3: Survey of potential PDE6D cargo amongst all small GTPases.  933 

Based on the four residues upstream of the prenylated cysteine, we identified those small 934 

GTPases that are putative PDE6D cargo and contain serine or threonine residues in that stretch 935 

that could be targeted by Sildenafil-stimulated PKG2 phosphorylation. 936 

 937 

Table S1: Materials employed in the study 938 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 
(E10) Mouse mAb  

Cell Signaling 
Technology 

Cat#9106 
RRID:AB_331768 

p44/42 MAPK (Erk1/2) Rabbit pAb Cell Signaling 
Technology 

Cat#9102 
RRID:AB_330744) 

Phospho-S6 Ribosomal Protein (Ser235/236) 
(D57.2.2E) XP Rabbit mAb  

Cell Signaling 
Technology 

Cat#4858 
RRID:AB_916156 

S6 Ribosomal Protein (54D2) Mouse mAb Cell Signaling 
Technology 

Cat#2317 
RRID:AB_2238583 

Mouse monoclonal anti-β-actin clone AC-15 Sigma-Aldrich Cat#A5441 
RRID:AB_476744 

Mouse monoclonal PDE6D (E-7)  Santa Cruz 
Biotechnology 

Cat#sc-166854 
RRID:AB_2161460 

Rabbit polyclonal anti-GAPDH  Sigma-Aldrich Cat#G9545, 
RRID:AB_796208 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 23, 2023. ; https://doi.org/10.1101/2023.08.23.554263doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.23.554263
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 29 of 43 

IRDye 680RD goat anti-rabbit IgG LI-COR Biosciences Cat#926-68071, 
RRID:AB_1095616
6 

IRDye 800CW donkey anti-mouse IgG LI-COR Biosciences Cat#926-32212, 
RRID:AB_621847 

Bacterial and virus strains  
E. coli DH10B New England Biolabs Cat#C3019I 
E. coli BL21 Star (DE3)pLysS Thermo Fisher 

Scientific 
Cat#C602003 

Biological samples 
N/A N/A N/A 
Chemicals, peptides, and recombinant proteins 
Fluorescein-labelled Atorvastatin (F-Ator) Piramal Pharma 

Solutions custom 
synthesis as in 7 

N/A 

Fluorescein-labelled Rheb (F-Rheb) Described in 14 N/A 
Benzethonium chloride  Sigma-Aldrich Cat#53751-50G; 

CAS121-54-0 
AMG 510  MedChem Express Cat#HY-114277; 

CAS2296729-00-3 
ARS-1620 MedChem Express Cat#HY-U00418; 

CAS1698055-85-4 
FTI-277 hydrochloride VWR chemicals Cat#BIOV2874-5; 

CAS180977-34-8 
Deltazinone1 Piramal Pharma 

Solutions custom 
synthesis as in 16 

N/A 

Deltarasin Selleck Chemicals Cat#S7224; 
CAS1440898-61-2 

Deltasonamide1 Piramal Pharma 
Solutions custom 
synthesis as in 15 

N/A 

Mevastatin Alfa Aesar by Thermo 
Fisher Scientific 

Cat#J61357.MB; 
CAS73573-88-3 

Trametinib MedChem Express Cat#SC-364639; 
CAS871700-17-3 

Vemurafenib (PLX4032, RG7204) Selleck Chemicals Cat#S1267; 
CAS918504-65-1 

Squarunkin A Axon Medchem Cat#2778; 
CAS2101958-02-3 

IMP-1088 Cayman Chemicals Cat#25366-1; 
CAS2059148-82-0 

Atorvastatin (calcium salt hydrate) Cayman Chemicals Cat#10493; 
CAS357164-38-6 
 

Sildenafil MedChem Express Cat#38756; 
CAS139755-83-2 

Tadalafil MedChem Express Cat#HY-90009A; 
CAS171596-29-5 

Deltaflexin-2 27 N/A 
1 This paper N/A 
2 This paper N/A 
3 This paper N/A 
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4 (Deltaflexin3) This paper N/A 
5 This paper N/A 
6 This paper N/A 
7 This paper N/A 
8 This paper N/A 
9 This paper N/A 
10 This paper N/A 
11 This paper N/A 
12 This paper N/A 
13 This paper N/A 
14 This paper N/A 
15 This paper N/A 
16 This paper N/A 
Critical commercial assays 
Gateway LR Clonase II enzyme mix Thermo Fisher 

Scientific 
Cat#11791020 

jetPRIME transfection reagent  Polyplus  Cat#101000046 
Lipofectamine 2000 transfection reagent Thermo Fisher 

Scientific 
Cat#11668019 

Coelenterazine 400a; 2,8-Dibenzyl-6-phenyl-
imidazo[1,2a]pyrazin-3-(7H)-one; DeepBlueC 

Gold Biotechnology Cat#C-320-1 

alamarBlue cell viability reagent Thermo Fisher 
Scientific 

Cat#DAL1100 

Experimental models: Cell lines 
Human cell line, HEK293-EBNA (HEK)  Prof. Florian M. 

Wurm, EPFL 
RRID:CVCL_6974 

Human cell line, SW620  ATCC CCL-227, 
RRID:CVCL_0547 

Human cell line, MIA PaCa-2  ATCC CRM-CRL-1420, 
RRID:CVCL_0428 

Human cell line, cell line, PANC-1  ATCC CRL-1469, 
RRID:CVCL_0480 

Human cell line, MDA-MB-231  ATCC HTB-26, 
RRID:CVCL_0062 

Human cell line, NCI-H358  ATCC CRL-5807, 
RRID:CVCL_1559 

Human cell line, SW480  DSMZ ACC-313, 
RRID:CVCL_0546 

Human cell line, Hs 578T  DSMZ ACC 781, 
RRID:CVCL_0332 

Human cell line, T24  DSMZ ACC 376, 
RRID:CVCL_0554 

Human cell line, IGR-39  DSMZ ACC 239, 
RRID:CVCL_2076 

Mouse cell line, WT MEF cells  ATCC CRL-2991, 
RRID:CVCL_L690 

Mouse cell line, PDE6D KO MEF cells  Prof. Richard A. 
Kahn, Emory 
University School of 
Medicine 

N/A 

Experimental models: Organisms/strains 
SPF eggs VALO BioMedia 

GmbH 
N/A 
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Oligonucleotides 
ON-TARGETplus SMARTpool siRNA Human PDE6D 
5147 4 targets 

DHARMACON Cat#L-004310-00-
0005 

ON-TARGETplus SMARTpool siRNA mouse PDE6d 4 
targets 

DHARMACON Cat#L-062279-01-
0005  

Hs_FNTA_6 CCGGGATGCTATTGAGTTAAA QIAGEN Cat#SI02661995 
Negative Control siRNA 
AATTCTCCGAACGTGTCACGT 

QIAGEN Cat#1027310 

Recombinant DNA 
C413-E36_CMV promoter 46 Addgene, #162927 
C453-E04_CMV promoter 46 Addgene, #162973 
pDest-305 46 Addgene, #161895 
pDest-312 46 Addgene, #161897 
C231-E13_Rluc8-stop 46 Addgene, FNL 

Combinatorial 
Cloning Platform, 
kit #1000000211 

C511-E03_Rluc8-no stop 46 Addgene, FNL 
Combinatorial 
Cloning Platform, 
kit #1000000211 

pDONR235-GFP2_stop 51 N/A 
pDONR257-GFP2_no stop 51 N/A 
Hs. KRas4B G12V  RAS mutant collection 

V2.0, RAS-Initiative 
Addgene, #83132 

Hs. HRas G12V  RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #83184 

Hs. PDE6D R3 RAS Pathway 
Clone Collection #1, 
RAS-Initiative 

#R702‐E30 

Hs. UNC119A (NM_005417.4, without stop codon) Genecust N/A 
Hs. Src (NM_005148.4, without stop codon) Genecust N/A 
pDest305-CMV-GFP2- K-Ras4BG12V 51 N/A 
pDest305-CMV-Rluc8- K-Ras4BG12V 51 N/A 
pDest305-CMV-GFP2- H-RasG12V 51 N/A 
pDest305-CMV-GFP2- H-RasG12V 51 N/A 
pDest312-CMV-Rluc8- PDE6D This paper N/A 
pDest312-CMV-UNC119A-Rluc8 This paper N/A 
pDest312-CMV-SRC-GFP2 This paper N/A 
pcDNA3.1(+) Invitrogen #V79020 
pDest-His6-MBP-PDE6D Ras-Initiative  #R702-X31-566 
Software and algorithms 
Maestro  Schrödinger Release 

2019-2; Maestro, 
Schrödinger, LLC: 
New York, NY, USA, 
2019. 

https://www.schrodi
nger.com/products/
maestro 

Glide  28 https://www.schrodi
nger.com/products/g
lide 

OPLS3  47 https://www.schrodi
nger.com/products/o
pls4 
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VSGB 2.0 solvation model 58 https://doi.org/10.10
02/prot.23106 

SeeSAR v10.3 BioSolveIT GmbH https://www.biosolv
eit.de/SeeSAR 

OpenBabel v2.3.2 49 http://openbabel.org/ 
BREEZE pipeline 53 https://breeze.fimm.f

i/ 
SynergyFinder v3.0 54 https://synergyfinder

.fimm.fi/ 
Project DRIVE 38 https://oncologynibr.

shinyapps.io/drive/ 
MARS Data Analysis Software BMG LABTECH https://www.bmglabt

ech.com/en/micropla
te-reader-software/ 

R v4.2.1  55 https://www.r-
project.org/ 

GraphPad Prism v9.5.1 GraphPad by 
Dotmatics, 

https://www.graphpa
d.com/ 

Other 
CLARIOstar Plus Microplate Reader BMG LABTECH https://www.bmglabt

ech.com/en/clariosta
r-plus/ 

Odyssey CLx Infrared Imaging System LI-COR Biosciences https://www.licor.co
m/bio/odyssey-clx/ 

ÄKTA pure chromatography system  Cytiva https://www.cytivali
fesciences.com/en/us
/shop/chromatograph
y/chromatography-
systems/akta-pure-p-
05844 

Elmasonic S 40 H Elma https://www.elma-
ultrasonic.com/ 
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Figures and Legends 

 
Figure 1. Investigated PDE6D inhibitors (PDE6Di) with affinities and computational docking.  

(A) Structures of employed reference PDE6Di. 

(B,C) Structures of developed first (B) and second (C) round PDE6Di with PDE6D dissociation constants measured using F-Ator in a 

fluorescence polarization assay; n ≥ 2.  

(D,E) Computational docking of compounds 4 (later named Deltaflexin3; D) and 15 (E) to PDE6D in the open state (PDB ID 4JV8). 
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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. 

The disruption of the PDE6D/ K-RasG12V complex (second column; n ≥ 2) and of K-RasG12V- and H-RasG12V-membrane anchorage (third 

and fourth columns, respectively; n ≥ 2) were 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 from (A).  

(C-E) Dose-dependent change of normalized BRET-signals after treatment with indicated compounds using BRET donor/ acceptor-pairs shown 

on top; n ≥ 4. 
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Figure 3. Analysis of PDE6Di off-target activities.  

(A) DSS3-scores of indicated compounds from 2D proliferation assays acquired with WT or PDE6D-KO MEFs; n = 4. PDE6D-selectivity was 

determined as the ratio of the DSS3-scores from WT and the sum of WT and KO MEFs and is indicated above the bars. 

(B-D) BRET-titration curves of UNC119A/ Src complex after treatment with indicated reference PDE6Di (B), top first round (C) or top second 

round (D) compounds at 5 μM; n ≥ 3. Statistical comparisons of BRETtop values to controls were done using two-tailed Student's t-test. 

 
  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 23, 2023. ; https://doi.org/10.1101/2023.08.23.554263doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.23.554263
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 38 of 43 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 23, 2023. ; https://doi.org/10.1101/2023.08.23.554263doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.23.554263
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 39 of 43 

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 & 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,D) Quantified immunoblot data of phosphorylated and total ERK (C; n ≥ 4) or phosphorylated and total S6 (D; n ≥ 3) from KRAS-G12C 

mutated MIA PaCa-2 cells treated with indicated compounds for 4 h before EGF-stimulation; stimulation control data to the far left. 
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Figure 5. Analysis of Deltaflexin3 (4) 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) and HSA synergism (right) heatmaps of combinations in (A) and an additional combination 

with 10 μM Sildenafil; n ≥ 3. Positive HSA synergy scores indicate synergism, while negative scores signify antagonism.  

(C) Compound-dose dependent change of cell proliferation after indicated treatments of KRAS-mutant cancer cell lines; n ≥ 2. 

(D) Inhibition and HSA synergism heatmaps for combinatorial Deltaflexin3 and Sildenafil treatment as determined from 2D cell proliferation 

assays with indicated KRAS-mutant cancer cell lines; n ≥ 2. 
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Figure 6. The Deltaflexin3/ Sildenafil combination more potently inhibits Ras-signaling and microtumor growth.  

(A,B) Quantified immunoblot data of phosphorylated and total ERK (A; n ≥ 4) or phosphorylated and total S6 (B; n ≥ 4) from KRAS-G12C-

mutated MIA PaCa-2 cells treated with indicated compounds for 4 h before EGF-stimulation.  
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(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 = 5) after treatment with 2.5 μM Deltaflexin3 or/ and 30 μM 

Sildenafil. 
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