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ABSTRACT: CDK5 kinase plays a central role in regulation of neuronal functions and its hyperactivation has been associated with neuro-

degenerative pathologies and more recently with several human cancers, in particular lung cancer. However ATP-competitive inhibitors 

targeting CDK5 are poorly selective and suffer limitations, calling for new classes of inhibitors. In a screen for allosteric modulators of 

CDK5 we identified Ethaverine and closely related derivative Papaverine and showed that they inhibit cell proliferation and migration of 

non-small cell lung cancer cell lines. Moreover the efficacy of these compounds is significantly enhanced when combined with the ATP-

competitive inhibitor Roscovitine, suggesting an additive, dual mechanism of inhibition targeting CDK5. These compounds do not affect 

CDK5 stability, but thermodenaturation studies performed with A549 cell extracts infer that they interact with CDK5 in cellulo. Furthermore, 

the inhibitory potential of Ethaverine and Papaverine is reduced in A549 cells treated with siRNA directed against CDK5. Taken together 

our results provide unexpected and novel evidence that Ethaverine and Papaverine constitute promising leads that can be repurposed for 

targeting CDK5 in lung cancer. 

CDK5 kinase is an atypical member of the CDK family, first 

identified in the brain and historically described as neurospe-

cific due to the localization of its main partner p35/p251,2. Its 

neuronal functions have been largely described in various reg-

ulatory pathways in the central nervous system (CNS) such as 

axonal guidance, synaptic transmission, synapse formation, 

neuronal maturation and migration3. CDK5 dysregulation re-

sults in the development of several neurodegenerative diseases, 

including Alzheimer’s, Parkinson’s and Huntington’s disease, 

as well as amyotrophic lateral sclerosis4. Well beyond its neu-

ronal functions, CDK5 regulates a wide variety of biological 

functions in non-neuronal tissues such as angiogenesis, myo-

genesis, vesicular transport, cell adhesion and migration5-7. 

Overexpression of CDK5 has been reported in many human 

cancers, including colorectal, head/neck, breast, lung, ovarian, 

lymphoma, prostatic, sarcoma, myeloma and bladder cancers, 

thereby emerging as a relevant therapeutic target in oncology8-

10. In lung cancer in particular, several studies have established 

an inverse correlation between CDK5/p35 expression in pa-

tients with non-small cell lung cancer (NSCLC) and survival , 

inferring that CDK5 constitutes a prognostic biomarker11. Alt-

hough the mechanism describing CDK5 regulation and role in 

lung cancer remains poorly characterized, it has been described 

as a tumor promoter that enhances cell proliferation and metas-

tasis in lung cancer12. CDK5 activity, required for migration and 

invasion of lung cancer cells was shown to be regulated by 

Achaete-scute homologue-1 (ASH1)13. Taken together these 

studies provide a strong rationale for targeting CDK5 dysregu-

lation to propose new therapeutic strategies for lung cancer.  

Inhibition of CDK5 expression and/or activity reduces lung 

cancer cell proliferation and metastasis12,13. However there are 

currently no inhibitors of CDK5 used in the clinic for cancer 

therapeutics. Indeed most inhibitors developed that target 

CDK5 such as Roscovitine, Dinaciclib or AT7519, bind to the 

ATP-pocket and are quite promiscuous, consequently eliciting 

non-specific and off-target effect related secondary effects9. 

With the aim of developing new generations of CDK5-specific 

inhibitors, we previously developed a conformational biosensor 

(CDKCONF5) that discriminates against ATP-competitive in-

hibitors, which was implemented for screening purposes, 

thereby enabling successful identification of allosteric CDK5 

inhibitors14. In this study we report on two new compounds, 

Ethaverine and Papaverine, that we identified through a reposi-

tioning approach using CDKCONF5 biosensor, by screening a 

small library of drugs already characterized for therapeutic in-

dications. The opium alkaloid Papaverine and its ethyl deriva-

tive Ethaverine are primarily used as antispasmodic drugs de-

scribed to inhibit phosphodiesterase PDE4 and PDE10A15,16. 

We characterized the effect of these two compounds in the 



 

A549 lung cancer cell line and found that they inhibited prolif-

eration and migration. Combination of Ethaverine or Papaver-

ine with the ATP-competitive inhibitor Roscovitine further en-

hanced inhibition, suggesting a dual mechanism of action in-

volving two different binding sites or populations of CDK5. 

Moreover, studies in H1299 and PC9 cell lines reveal differ-

ences in CDK5 inhibition suggesting a possible dependence on 

p53. Stability studies did not reveal any major effect of Etha-

verine or Papaverine on CDK5 protein levels. However CETSA 

(cell extract thermodenaturation studies) revealed differences in 

CDK5 protein thermodenaturation profile, suggesting Ethaver-

ine and Papaverine interact with CDK5 in a cellular context. 

Finally siRNA-mediated downregulation of CDK5 in A549 

cells considerably limits inhibition by Ethaverine and Papaver-

ine, revealing on-target selectivity of these compounds. 

This study provides insight into drug repositioning and repur-

posing of Ethaverine and Papaverine, highlighting a promising 

and attractive targeting strategy through combination of these 

newly identified allosteric modulators of CDK5 and ATP-

competitive inhibitors of CDK5. 

 

RESULTS  

Ethaverine is a conformational modulator of CDK5 that 

targets CDK5 in A549 cells 

The previously described conformational biosensor 

CDKCONF514 was applied to screen a small set of 640 com-

pounds, selected on the basis of structural diversity, and in-

cluding original scaffolds from F. Bihel’s lab (Université de 

Strasbourg) as well as known pharmacological tools dedi-

cated to drug repurposing. Whilst this assay discriminates 

against ATP-pocket binding compounds (10 µM ATP, Ros-

covitine), compounds that bind CDK5 and induce a confor-

mational changes within the C-lobe and the activation loop 

are expected to induce significant changes in CDKCONF5 

fluorescence. Ethaverine was identified as a hit at 10 µM in 

the primary screen with an increase in fluorescence emission 

of CDKCONF5-Cy3 of 50%, significantly above that of the 

positive control (the CDK-activating protein CIV), although 

it is a much smaller compound (Figure 1A). To address the 

specificity of Ethaverine for CDKCONF5, we compared its 

effect on CDKCONF2 biosensor derived from CDK2, the 

most closely related kinase to CDK5, and found that at 10 

µM it did not induce any fluorescence enhancement indica-

tive of its selectivity for CDK5 over CDK2 (Figure 1B). 

Ethaverine (Figure 1C, R = Et) is not a marketed drug but 

has been tested in humans, and its very close analog Papa-

verine (Figure 1C, R = Me) has been used for decades as a 

vasodilator for the treatment of cerebral and peripheral is-

chemia associated with arterial spasm. Both Papaverine and 

Ethaverine act by inhibiting phosphodiesterase in smooth 

muscle cells, which produces increased tissue levels of cy-

clic adenosine monophosphate and cyclic guanosine 3,5-

monophosphate and subsequent relaxation of vascular 

smooth muscle15,16. As Papaverine and Ethaverine have been 

tested in humans by oral route without showing any major 

toxic effect in patients23,24, we considered both compounds 

for further studies. In order to address whether Ethaverine 

and Papaverine could inhibit CDK5 activity, we performed 

kinase activity assays with recombinant CDK5/p25 using R-

Roscovitine as a positive control. These experiments re-

vealed that Ethaverine and Papaverine did not inhibit the cat-

alytic activity of CDK5, irrespective of the ATP concentra-

tion (10 and 200µM) (Suppl. Figure S1), confirming that 

they do not bind the ATP pocket of CDK5, in line with their 

identification in a screen which discriminates against ATP-

pocket binders, and that they do not tamper with its catalytic 

function, although they bind and modulate CDK5 confor-

mation. 

In order to address whether Ethaverine and Papaverine 

might target CDK5 in A549 cells we asked whether any of 

these inhibitors were indeed engaged in target binding in a 

cellular context. To this aim, we first determined the IC50 of 

these compounds on A549 cell proliferation after 24h and 

found that all three compounds had very similar IC50 values: 

9.1 ± 1.9 µM, 10.6 ± 5.4 µM and 8 ± 3 µM for Roscovitine, 

Ethaverine and Papaverine, respectively (Suppl. Figure 

S2). We therefore treated A549 cells with each of these com-

pounds at concentrations equal to their IC50 values and then 

subjected them to thermodenaturation (CETSA assays) es-

sentially as described in [20], ie following one hour treat-

ment of cells with inhibitors (Figure 1D). The relative con-

centration of CDK5 protein was determined by Western 

blotting and quantified relative to its concentration at 37°C. 

Comparison of the thermodenaturation profiles of CDK5 be-

tween mock-treated and Roscovitine-treated A549 cells re-

vealed a slight destabilization of CDK5 following Roscovit-

ine treatment, between 41°C and 45°C. Papaverine treatment 

yielded a CDK5 thermodenaturation profile similar to that 

of Roscovitine. In contrast, treatment with Ethaverine re-

vealed a different profile tending towards stabilization of 

CDK5, compared to mock-treated A549 cells. The differ-

ences observed in all cases relative to mock-treated cells in-

fer target engagement of CDK5. It should however be noted 

that statistical variability observed at different temperatures 

may be associated with incomplete target engagement after 

only 1hr inhibitor treatment in the CETSA protocol used.    

Characterization of the inhibitory potential of Ethaverine 

and Papaverine on proliferation of A549 lung cancer cell 

line. 

In order to gain further insight into the inhibitory potential of 

Ethaverine and Papaverine, we compared their efficacy after 

24h, 48h and 72h treatment with IC50 concentrations, i.e. 9.1 ± 

1.9 µM, 10.6 ± 5.4 µM and 8 ± 3 µM for Roscovitine, Ethaver-

ine and Papaverine, respectively (Figure 2A-C, Table1, Suppl. 

Table 1). These kinetic studies revealed that the relative inhib-

itory efficacy of each compound increased over time with 28 ± 

5,8%, 39 ± 9,5% and 50 ± 8,6% inhibition of A549 proliferation 

after 24h, 48h and 72h treatment with 11 µM Ethaverine, re-

spectively. Very similar values were obtained following treat-

ment with 8 µM Papaverine, with 27 ± 7%, 33 ± 11,4% and 41 

± 10,2% inhibition and for 9 µM Roscovitine, with 32 ± 6,1%, 

47 ± 6,8%  and 51± 9 % inhibition after 24h, 48h, 72h respec-

tively.  

To further address the potency of these drugs over time, we 

asked whether sequential treatment every 24h hours might en-

hance inhibition observed with a single treatment of A549 cells 

(Figure 2A-C, Table 1). Sequential treatment with 9 µM Ros-

covitine significantly improved inhibition of proliferation, in-



 

dicative of a cumulative effect which was already quite notice-

able after 48h with 70± 14,9% inhibition compared to 47± 6,8% 

with a single treatment of Roscovitine, and 74± 12,2% inhibi-

tion compared to 51± 9% after 72h. Likewise, sequential treat-

ment with 11 µM Ethaverine inhibited proliferation more po-

tently, but less significantly than Roscovitine with 49± 14,5% 

compared to 39 ± 9,5% % inhibition of proliferation with a sin-

gle treatment after 48h, and 60 ± 10,5% compared to 50 ± 8,6% 

inhibition of A549 cell proliferation with a single treatment af-

ter 72h. Sequential treatment with 8 µM Papaverine exhibited a 

similar inhibitory profile to Ethaverine at 48h, with 46 ± 12,6% 

compared to 33 ± 11,4% inhibition of proliferation with a single 

treatment after 48h, but no significant difference compared to 

single treatment after 72h, with 41% inhibition A549 cell pro-

liferation in both cases. 

Since Roscovitine targets the ATP pocket of CDK5, while Etha-

verine and its closely related derivative Papaverine were iden-

tified as non-ATP pocket binding, allosteric modulators of 

CDK5 function, we asked to what extent their combination 

might further potentiate inhibition of A549 cell proliferation 

(Figure 2A-C, Table 1). While treatment of A549 cells with 

concentrations equal to IC50 values of Roscovitine (9 µM), 

Ethaverine (11 µM) or Papaverine (8 µM) alone inhibited A549 

proliferation on average by 30% after 24h, the combination of 

Roscovitine with Ethaverine or with Papaverine promoted a sig-

nificant increase of inhibition, with 48 ± 5,3% and 45 ± 6% in-

hibition respectively, after 24h treatment. Likewise Roscovit-

ine/Ethaverine and Roscovitine/Papaverine treatments induced 

77 ± 10,2% and 73 ± 10,2% inhibition of A549 cell proliferation 

after 48h treatment as compared to 47 ± 6,8%, 39 ± 9,5% and 

33 ± 11,4% for Roscovitine, Ethaverine and Papaverine, respec-

tively. After 72h treatment, the combinatorial treatments 

achieved 88 ± 8,4% and 82 ± 11,4% inhibition, as compared to 

51 ± 9%, 50 ± 8,6% and 41 ± 10,2% for Roscovitine, Ethaverine 

and Papaverine. Although the combined treatments were not 

synergistic, the effect of Roscovitine with either Ethaverine or 

Papaverine was additive, and practically complete at 72h.  

Interestingly, when 9 µM Roscovitine was combined with 5.5 

µM (½ IC50) Ethaverine, similar inhibitory efficacy was ob-

served with 53.8 ± 9.3%, 78.1± 6.3% and 85.2± 2.2%  prolifer-

ation inhibition after 24h, 48h and 72h, respectively (Suppl. 

Figure S3, Suppl.Table 2). Conversely 9 µM Roscovitine 

combined with 22 µM Ethaverine (or 2 IC50) did not improve 

inhibition of proliferation significantly compared to the combi-

nation of 9 µM Roscovitine with 11 µM Ethaverine, with 

56.9%, 85.1% and 91.6% inhibition after 24h, 48h and 72h, re-

spectively. Likewise combinatorial treatment of A549 cells 

with Roscovitine and Papaverine yielded additive effects that 

enabled complete or almost complete inhibition of A549 prolif-

eration after 48h-72h treatment, with comparable inhibition ef-

ficacies whether Papaverine was at 8 µM, 4 µM (1/2 IC50) or 16 

µM (2 IC50) (Suppl. Figure S4, Suppl. Table 3). 

Finally, sequential treatment of A549 cells with combinations 

of Roscovitine and either Ethaverine or Papaverine, only in-

duced a very slight increase in inhibition compared to a single 

treatment of these drug combinations, indicating that complete 

inhibition was essentially achieved with a single combination 

of the ATP-competitive inhibitor and an allosteric inhibitor of 

CDK5 after 48h and 72h. Roscovitine/Ethaverine sequential 

treatment promoted 85 ± 4,3% and 92 ± 8,6% inhibition after 

48h and 72h, respectively, as compared to 77 ± 10,2% and 88 ± 

8,4% for Roscovitine/Ethaverine single treatment. Roscovit-

ine/Papaverine sequential treatment induced 84 ± 5,2% and 90 

± 3,2% inhibition after 48h and 72h, respectively as compared 

to 77 ± 9,9% and 88 ± 11,4% for a single treatment (Figure 2A-

C, Table 2, Suppl. Table 1). 

Taken together the differences observed between Roscovitine, 

Ethaverine and Papaverine when A549 cells were treated se-

quentially with these drugs, as well as the increased inhibitory 

efficacy observed with combinations of Roscovitine with Etha-

verine or Papaverine highlight both differences in inhibitory po-

tential over time and point to different mechanisms of action 

between Roscovitine, Ethaverine and Papaverine. 

Roscovitine, Ethaverine and Papaverine exhibit different 

inhibitory profiles in NSCLC cell lines with different p53 

status  

An interdependent regulatory mechanism has been described 

between CDK5 and p5325. Since A549 cells are p53 +/+, we 

asked whether Ethaverine and Papaverine exhibited the same 

inhibitory efficacy in other NSCLC cell lines, in which p53 was 

either deleted or mutated. To this aim, the H1299 cell line which 

is p53-/- and the PC9 cell line which harbours the p53 R248Q 

mutation were treated with Roscovitine, Ethaverine and Papa-

verine26. While the efficacy of Ethaverine and Papaverine in 

H1299 and PC9 was quite similar to that observed in A549 cells 

with an average 30% inhibition after 24h treatment, Roscovitine 

was much less efficient with only 14 ± 12,3% and 23 ± 12% 

inhibition in H1299 and PC9, respectively, compared to 32 ± 

6,1 % in A549 cells (Figure 3, Table 2, Suppl. Table 4). In 

line with this reduced efficacy of Roscovitine in H1299 cells we 

observed that the combined treatment of Roscovitine with either 

Ethaverine or Papaverine only inhibited H1299 cell prolifera-

tion by 36 ± 11,3% and 35 ± 13,8%, respectively, after 24h, 

compared to 48 ± 5,3% and 45 ± 6% inhibition in A549 cells. 

PC9 cell proliferation was still inhibited to the same extent as 

A549 cells, with 45 ± 15% and 41 ± 17,2% inhibition after 24h 

treatment. Comparison of the inhibitory efficacies of these 

drugs after 48h again revealed much lower efficacy of Rosco-

vitine in H1299 and PC9 cells with 27 ± 7,2% and 28 ± 14,1% 

inhibition, respectively compared to 47 ± 6,8% inhibition of 

A549 cells, whereas Ethaverine and Papaverine exhibited very 

similar inhibitory efficacy in all three cell lines, with an average 

40% inhibition of Ethaverine and 33% inhibition of Papaverine. 

Again, in line with the reduced efficacy of Roscovitine, com-

bined treatments lead to lower inhibition of proliferation of the 

H1299 and PC9 cell lines, with 61 ± 7,3% and 69 ± 5,1% inhi-

bition following combined treatment with Roscovitine and 

Ethaverine in H1299 and PC9 cell lines compared to 77 ± 

10,2% inhibition in A549 cell lines; 56 ± 2,9% and 62 ± 21,5% 

inhibition following combined treatment with Roscovitine and 

Papaverine in H1299 and PC9 cell lines compared to 73 ± 9,9% 

inhibition in A549 cells. The reduced efficacy of Roscovitine in 

H1299 and PC9 cells was observed after 72 hours with 32 ± 

8,7% and 14 ± 6,3% inhibition in H1299 and PC9 cells, com-

pared to 51 ± 9% inhibition in A549 cells. However treatment 

with Ethaverine and Papaverine exhibited different trends, the 

former inducing 49 ± 9,2%, 40 ± 5,7% and 50 ± 9% inhibition 

of H1299, PC9 and A549 cells, respectively, whilst Papaverine 

induced 44 ± 8,7% and 19 ± 4,2% inhibition in H1299 and PC9 

cells, compared to 41 ± 10,2% inhibition in A549 cells. Again, 

combined treatments with Roscovitine/ Ethaverine and with 

Roscovitine / Papaverine were slightly less efficient in H1299 

and PC9 cells, with 76 ± 5,3% and 72 ± 6,7% inhibition in 



 

H1299 cells, 72 ± 5,3% and 61 ± 9,8% in PC9 cells, compared 

to 88 ± 8,4% and 82 ± 11,4% inhibition in A549 cells. 

To address whether the differences in response between these 

three cell lines, were associated with differences in IC50 values 

for Roscovitine, Ethaverine and Papaverine we determined the 

IC50 values for each drug in PC9 and H1299 cell lines (Suppl. 

Figure S2). IC50 values for PC9 cells are 19,8 +/- 1,6 for Ros-

covitine,  24,7 +/- 7,6 for Ethaverine 23,4 +/- 2,4 for Papaver-

ine. In H1299 cells, IC50 values are 16,6 +/- 4,8 for Roscovitine, 

20,3 +/- 7,3 for Ethaverine and 18,5 +/- 3 for Papaverine. Fur-

thermore statistical analysis revealed that the main and most 

significant differences in inhibitory efficacy between A549 

cells and the two other cell lines were observed for Roscovitine 

at 24h, 48h and 72h, as well as for Ethaverine in PC9 cells, and 

Papaverine in PC9 cells at 24h and 72h (Suppl. Figure S5). 

Whilst differences in the IC50 for Roscovitine between A549 

and the two other cell lines can explain the lower inhibitory ef-

ficacy obtained in our experiments with treatments using the 

IC50 concentrations determined in A549 cells, they cannot ex-

plain the greater inhibitory efficacy in PC9 cells for Ethaverine 

and Papaverine, since the IC50 values for these two compounds 

are 2-3 fold greater than those in A549 cells. Likewise it is quite 

surprising to observe similar inhibitory efficacies of H1299 

cells in our experiments for Ethaverine and Papaverine, since 

their IC50 values are approximately 2- fold greater than those 

in A549 cells. 

Taken together, these results raise the question of CDK5 inhi-

bition relative to p53 status. They reveal that the ATP-

competitive inhibitor Roscovitine and the allosteric modulators 

Ethaverine and Papaverine still inhibit CDK5 efficiently in an 

additive fashion when combined. However they also show that 

Ethaverine and Papaverine are more robust inhibitors than Ros-

covitine, since efficacy of the latter is reduced when wild-type 

p53 is not expressed, whereas Ethaverine and Papaverine effi-

cacy is essentially identical, irrespective of p53 status. Since a 

CDK5 has been shown to stabilize and promote p53 activation, 

thereby contributing to neuronal cell death25, we further inves-

tigated whether Ethaverine might somehow impact p53 expres-

sion and found that p53 levels increase following treatment of 

A549 cells with 11µM Ethaverine for 48h (Suppl. Figure S6). 

Knockdown of CDK5 with siRNA combined with drugs tar-

geting CDK5 reduces inhibition of A549 cell proliferation 

by Ethaverine. 

To address the selectivity of CDK5 inhibition by Ethaverine 

and Roscovitine, we finally asked whether these drugs might 

still be effective on inhibition of A549 proliferation, following 

downregulation of CDK5 protein by siRNA treatment. To this 

aim, we first established experimental conditions to achieve a 

significant knockdown of CDK5 protein (40-50%) 24h follow-

ing treatment of A549 cells with 100nM or 200nM siRNA com-

plexed with the cell-penetrating peptide CADY as previously 

described19 (Figure 4A). siRNA directed against CDK5 in-

duced a transient inhibition of A549 cell proliferation when 

cells were treated once, i.e; 26% after 24h, 19% after 48h (Fig-

ure 4B, Table 3). However a second siRNA treatment 24h after 

the first (siRNA 1+2) elicited a greater inhibition of CDK5 pro-

liferation, i.e. 51% compared to 19% inhibition 48h after initial 

treatment, and a third boost of siRNA led to 62% inhibition 72h 

after initial treatment. When cells were treated with Roscovit-

ine/Ethaverine combination (IC50 concentration of each), 24h 

after A549 cells had been treated once with siRNA directed 

against CDK5, and incubated for another 24h (ie 48h total 

siRNA + Rosco/Etha), there was an additional 25% inhibition 

of proliferation, relative to A549 cells treated once with siRNA 

alone, inferring that there was still plenty of active CDK5 to be 

inhibited by Roscovitine/Ethaverine. In contrast, no additional 

inhibition of A549 cell proliferation was observed when cells 

were treated with Roscovitine/Ethaverine following a double 

treatment with siRNA (siRNA1+2 + Rosco/Etha) relative to 

cells treated twice with siRNA alone (siRNA 1+2) 48h after the 

first treatment, with 42%± 5,2 and 51%± 1,7 inhibition respec-

tively. Likewise, cells treated with a combination of Roscovit-

ine/Ethaverine following daily treatment with siRNA (siRNA 

1+2+3 + Rosco/Etha) with 66%±2,7 inhibition of proliferation 

after 72h did not exhibit any additional inhibition, compared to 

cells treated with Roscovitine/Ethaverine alone for 72h, with 

66%±1,5 inhibition of proliferation, and cells treated three 

times with siRNA directed against CDK5 (siRNA 1+2+3) with 

62%± 5,1 inhibition. Taken together these results infer that once 

CDK5 protein levels are significantly downregulated there is no 

further inhibition possible, in line with the selectivity of Etha-

verine for CDK5. Whilst CDK5 levels are reduced by 40-50% 

following a single siRNA treatment after 24h, CDK5 levels in-

crease again significantly after 48h, implying that it is resynthe-

sized following the 24h knockdown (Figure 4C). In contrast a 

triple siRNA treatment leads to 71% CDK5 knockdown relative 

to mock at 72h. This significant knockdown of CDK5 protein 

is in line with both the significant inhibition of A549 cell pro-

liferation after 72h and also explains why Roscovitine and Etha-

verine co-treatment have no further effect on cell proliferation 

of the triple siRNA treated-cells. 

Timelapse studies of kinetics of cell division inhibition and 

migration 

To gain further insight into the kinetics and mechanism leading 

to inhibition of cell proliferation, we performed time-lapse im-

aging on A549 cells treated with Roscovitine, Ethaverine or Pa-

paverine alone at their IC50 value, or in combination and 

counted the number of cell divisions following each treatment 

over the first 24h, then during the interval between 24h and 48h 

(Figure 5 and Suppl. Tables S5 & S6). These studies revealed 

that inhibition of cell division was more effective during the 

second 24h interval for Ethaverine and Papaverine, whereas the 

average number of cell divisions remained similar for cells 

treated with Roscovitine during the first 24h post-treatment and 

during the interval from 24h-48h. Combinations of either Etha-

verine or Papaverine with Roscovitine were already quite effec-

tive during the first 24h and cell division remained inhibited up 

to 48h.  

We further performed FACS analysis following propidium io-

dide staining of A549 cells treated with Roscovitine or Ethaver-

ine for 48h, but did not observe any major effect on the 2N or 

4N content of cells (Suppl. Figure S7). Western Blots of cyclin 

A, cyclin B, phospho-cyclin B, phospho-Histone H3, revealed 

a net increase in cyclin A levels, a decrease in cyclin B1 levels, 

and slight increase in phosphor-cyclin B1 and phosphor-His-

tone H1 (Suppl. Figure S8). We finally addressed whether 

apoptosis was induced and performed Western blots of cleaved 

caspase 3, caspase 8, caspase 9 and cleaved PARP after 48h 

treatment with 10µM ethaverine. Quantification of their expres-

sion levels relative to GAPDH revealed an increase in caspase 

8 and 3, but no significant increase in cleaved caspase 9 or 

PARP (Suppl. Figure S9).  

Since CDK5 has been reported for its function in cell migra-

tion27-31, we further asked whether Ethaverine and Papaverine 



 

might affect this process in addition to cell division. To this aim 

a standard “scratch test” was performed on A549 cells grown to 

confluence by inflicting a wound and monitoring the kinetics of 

recolonization over 24h and 48h (Figure 6, Suppl. Figure S10, 

and Suppl. Tables S7 & S8). Mock-treated cells recolonized 

the wound surface quite rapidly, essentially during the first 24h. 

Roscovitine treatment reduced migration of cells to recolonize 

the wound by approximately half during the first 24h but, after 

this time, exhibited similar kinetics to mock-treated cells. In 

contrast, Ethaverine and Papaverine exhibited a very similar be-

haviour to mock-treated cells over the first 24h, but then com-

pletely stopped migrating between 24h and 48h. Combined 

treatment of Roscovitine and either Ethaverine or Papaverine 

affected migration similarly to Roscovitine during the first 24h, 

and almost completely inhibited migration during the next 24h, 

following a similar trend to cells treated with Ethaverine and 

Papaverine alone. Taken together these results again point to 

distinct mechanisms of action for Roscovitine and Ethaver-

ine/Papaverine, the former affecting migration at an early stage, 

the latter 24h-48h after treatment, whether alone or in combina-

tion. 

 

DISCUSSION  

Lung cancers and in particular NSCLC currently suffer from a 

lack of efficient targeted therapies. CDK5 hyperactivity has 

been reported in human lung cancers and constitutes an attrac-

tive therapeutic target11,12. Although a wide variety of CDK5 

inhibitors are available, including compounds targeting the 

ATP-pocket such as Roscovitine, Purvalanol, Dinaciclib and 

AT7519 and peptides targeting the CDK5/p25 interface9, the 

former lack selectivity, resulting in a variety of undesirable sec-

ondary effects, the latter are characterized by penetration and 

bioavailability issues that limit their development for clinical 

use.  

In this study we report on the identification of Ethaverine and 

its closely related derivative Papaverine, which we have identi-

fied as allosteric modulators of CDK5 using a conformational 

CDK5 biosensor14. Since Ethaverine and Papaverine are well 

established PDE inhibitors15,16, it was quite surprising to iden-

tify these compounds repositioned as CDK5 binders and mod-

ulators of its conformation. Our in vitro assays with 

CDKCONF5/CDKCONF2 indicate that these compounds in-

deed bind selectively to CDK5 and our CETSA studies suggest 

that Ethaverine and Papaverine interact physically with CDK5 

in A549 cells, since its thermodenaturation profile was affected 

following treatment with these inhibitors. 

We demonstrate that Ethaverine and Papaverine target CDK5 

function in cell proliferation and migration, thereby offering al-

ternatives to conventional ATP-competitive inhibitors. We 

have shown that these compounds inhibit proliferation of the 

A549 lung cancer cell line, with moderate efficiency, compara-

ble to that of Roscovitine. However, we have also found that 

their combination with the ATP-competitive inhibitor Rosco-

vitine leads to essentially complete inhibition of proliferation, 

suggesting that Ethaverine /Papaverine and Roscovitine may 

simultaneously target CDK5 through different binding pockets, 

or alternatively target different populations of CDK5. In fact the 

differences observed between Roscovitine, Ethaverine and Pa-

paverine throughout this study, whether in proliferation assays, 

following sequential treatments, in different cell lines, and in 

time-lapse imaging studies of cell division and migration, point 

to different mechanisms of action between these newly-identi-

fied allosteric modulators of CDK5 and Roscovitine. Last but 

not least, our finding that Ethaverine and Papaverine are more 

robust inhibitors than Roscovitine in cells that do not express 

wild-type p53, underscores their therapeutic attractivity in can-

cers that lack p53 or express mutant forms such as R248Q. 

We have previously shown that combination strategies using ki-

nase inhibitors that target CDKs through different mechanisms 

of action constitute promising therapeutic strategies enabling to 

achieve complete inhibition32. In this study we demonstrate that 

combination of Ethaverine or Papaverine with the ATP-

competitive inhibitor Roscovitine induce an additive and effi-

cient inhibition of NSCLC cell proliferation. Hence the combi-

nation of these different compounds is an attractive strategy for 

anti-cancer therapeutics that offers several advantages a single 

drug cannot achieve. ATP-competitive kinase inhibitors are no-

torious for their promiscuity as well as their ability to induce 

resistance, essentially associated with mutations in the ATP-

binding pocket or compensation mechanisms33,34. In contrast, 

allosteric modulators are believed to achieve greater selectivity 

by targeting pockets and interfaces which are not conserved in 

different kinases and little if any resistance35-38. 

 

CONCLUSIONS 

This study provides insight into drug repositioning and repur-

posing of Ethaverine and Papaverine and highlights a promising 

and attractive targeting strategy through combination of these 

newly identified allosteric modulators of CDK5 and ATP-

competitive inhibitors of CDK5. Our strategy emphasizes the 

originality and relevance of a conformational biosensor to iden-

tify allosteric modulators of kinase function, providing means 

to screen for “old drugs” which may be repurposed for cancer 

therapeutics. It also reveals that combinatorial treatment with 

allosteric drugs and ATP-competitive inhibitors, can enhance 

inhibition of the same target, thereby reducing the overall con-

centration of drugs required for treatment and potentially pre-

venting emergence of resistance. The efficient inhibition of 

lung cancer cell proliferation and migration by Ethaverine/Pa-

paverine and Roscovitine suggests CDK5 targeting could in-

volve either two distinct binding sites or two conformationally 

distinct populations of CDK5. The combination of compounds 

targeting the same kinase with different mechanisms of action 

can be expected to tamper with distinct functions or signalling 

processes simultaneously and therefore constitutes an efficient 

therapeutic strategy. Moreover combination of FDA-approved 

inhibitors targeting other kinases currently used in NSCLC such 

as Erlotinib, Gefinitib or Crizotinib, or CDK4/6 inhibitors 

Abemaciclib, Palbociclib and Ribociclib, might potentially also 

be combined with Ethaverine or Papaverine. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

FIGURES  

 

Figure 1. Identification of Ethaverine as an allosteric modula-

tor of CDK5. (A) Fluorescence-based screen for allosteric modu-

lators of CDK5 with the CDKCONF5-Cy3 biosensor led to identi-

fication of Ethaverine; Ctrl+ is 200 nM of the CDK-activating pro-

tein CIV and Ctrl- corresponds to 10 µM ATP as described in [14]. 

(B) Fluorescence-based assay with CDKCONF2 biosensor as de-

scribed in [17]: Ethaverine does not modulate the fluorescence of 

CDKCONF2-Cy3 (C) Chemical structures of Ethaverine and Pa-

paverine; Ethaverine bears four ethyl groups (R=Et), whereas Pa-

paverine bears four methyl groups (R=Me) (D) Thermodenatura-

tion profiles of CDK5 from lysates of A549 cells, following treat-

ment with Roscovitine, Ethaverine or Papaverine at their IC50 con-

centration. Statistical significance : *p < 0.0332, **p < 0.0021. 

 

Figure 2. Papaverine and Ethaverine inhibit proliferation of 

A549 cells. Proliferation Assays performed on A549 cells with 9 

µM Roscovitine, 11µM Ethaverine or 8µM Papaverine alone, in 

combination, or following sequential addition (A) after 24h (B) af-

ter 48h (C) after 72h. Histograms represent mean relative growth 

of A549 cells as determined by crystal violet absorbance measured 

at 595nm ± SEM relative to their absorbance at T0 in three inde-

pendent experiments.  
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Figure 3. Papaverine and Ethaverine inhibit proliferation of 

H1299 and PC9 cells. Proliferation Assays performed (A) on 

H1299 cells (B) on PC9 with 9 µM Roscovitine, 11µM Ethaverine 

or 8µM Papaverine alone, or in combination as described for A549 

cells in Figure 2. Histograms represent mean relative growth of 

cells as determined by crystal violet absorbance measured at 595nm 

± SEM relative to their absorbance at T0 in three independent ex-

periments. Statistical significance: *p < 0.0332, **p < 0.0021, ***p 

<0.002 and ****p<0.0001. 

Figure 4. Knockdown of CDK5 with siRNA combined with 

Ethaverine and Papaverine treatments in A549 cells. (A) A549 

cells were treated with 100nM or 200nM siRNA targeting CDK5. 

Representative Western blots of CDK5 and GAPDH and quantifi-

cation of relative CDK5 protein levels in 20µg lysates from mock 

and siRNA-treated A549 cells from three independent experiments 

after 24h treatment. (B) Crystal violet proliferation assay of mock-

treated A549 cells and A549 cells treated with 100nM siRNA tar-

geting CDK5 one, twice or three times (siRNA 1, 1+2 or 1+2+3), 

after 24h, 48h and 72h alone or combined with Roscovitine / Etha-

verine treatment (24h after the first siRNA treatment). (C) Western 

blot of CDK5 levels 48h after the first siRNA treatment and after 

72h with three siRNA treatments, and their respective mock treated 

cells at 24h and at 72h; quantification of CDK5 levels in treated 

cells relative to that in mock-treated cells at the same time points. 

 

Figure 5. Time-lapse imaging of A549 cells treated with Etha-

verine and Papaverine reveals differences in cell division A549 

cells were either mock-treated or treated with Roscovitine, Etha-

verine, Papaverine at their IC50 concentration or co-treated with 

Roscovitine/Ethaverine or Roscovitine/Papaverine and timelapse 

microscopy was performed (a) for the first 24h hours following 

treatment and (b) between 24h and 48h post-treatment. The total 

number of cell divisions were counted from images acquired in 

three independent experiments and six different fields per experi-

ment and are represented as box plots. Statistical significance: 

****p<0,0001 

Figure 6. Time-lapse imaging of A549 cells treated with Etha-

verine and Papaverine reveals differences in cell migration 

A549 cells were either mock-treated or treated with Roscovitine, 

Ethaverine, Papaverine at their IC50 concentration or co-treated 

with Roscovitine/Ethaverine or Roscovitine/Papaverine and time-

lapse microscopy was performed for the first 24h hours following 

treatment and between 24h and 48h post-treatment. (a) The ability 

of cells to recolonize the wounded area in the well where a scratch 

had been made is represented as the percentage of surface coverage 

relative to T0 (scratch) Histogram values represent the mean ± SD 

from five different fields in each of two independent experiments. 
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Statistical significance: *p < 0.0332, **p < 0.0021, ***p <0.002 

and ****p<0.0001. (c) micrographs of mock-treated and Ethaver-

ine treated cells (b) Representative micrographs of mock-treated 

cells and cells treated with Papaverine. 
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Table 1. Relative inhibition of A549 cells 24h, 48h, 72h after treatment. A549 cells were treated once with 9 µM Roscovitine, 

11µM Ethaverine or 8µM Papaverine alone, or with combinations of 9 µM Roscovitine/11µM Ethaverine (Rosco-Etha) or 9 µM 

Roscovitine/8µM Papaverine (Rosco-Papa), or treated sequentially (“_Seq”) every 24h hours with each compound or the combina-

tions. % cell inhibition relative to the mock are represented as mean ± SEM. 

 

Table 2. Relative inhibition of H1299 and PC9 cells 24h, 48h, 72h after treatment. H1299 and PC9 cells were treated with 9 µM 

Roscovitine, 11µM Ethaverine or 8µM Papaverine alone or with combinations of 9 µM Roscovitine/11µM Ethaverine (Rosco-Etha) 

or 9 µM Roscovitine/8µM Papaverine (Rosco-Papa). % cell inhibition relative to the mock Data are represented as mean ± SEM. 

 

Table 3. (see Figure 4). Relative inhibition of A549 cells treated with siRNA alone or combined with Roscovtine/Ethaverine. 

A549 cells were treated with 100nM siRNA 24h after seeding, then again 24h and 48h later alone or combined with Roscovitine/ 

Ethaverine. % cell inhibition relative to the mock, measured 24h and 48h after inhibitor treatment are represented as mean ± SEM. 

  

Treatments 24h 48h 72h 

Roscovitine 31,8 ± 6,1  47,3 ± 6,8 50,5 ± 9 

Roscovitine_Seq 29,6 ± 14 69,7 ± 14,9 73,7 ± 12,2 

Ethaverine 28,3 ± 5,8 39,5 ± 9,5 50,2 ± 8,6 

Ethaverine_Seq 29,1 ± 11,3 48,6 ± 14,5 60,2 ± 10,5 

Papaverine 27,4 ± 7 33,0 ± 11,4 40,9 ± 10,2 

Papaverine_Seq 26,0 ± 15,3 46,4 ± 12,6 41,4 ± 13,4 

Rosco-Etha 48,3 ± 5,3 77,1 ± 10,2 87,5 ± 8,4 

Rosco-Etha_Seq 43,8 ± 7,4 85,3 ± 4,3 92,3 ± 8,6 

Rosco-Papa 44,6 ± 6 72,8 ± 9,9 81,6 ± 11,4 

Rosco-Papa_Seq 38,6 ± 6 83,5 ± 5,2 89,7 ± 3,2 

 1 

Cell line Treatments 24h 48h 72h 

H1299 

Roscovitine 14,4 ± 12,3 26,5 ± 7,2 32,4 ± 8,7 

Ethaverine 31,6 ± 12,4 40,7 ± 8,4 49,4 ± 9,2 

Papaverine 29,3 ± 13,9 34,5 ± 9,3 43,5 ± 8,7 

Rosco-Etha 36,4 ± 11,3 60,9 ± 7,3 75,5 ± 5,3 

Rosco-Papa 34,5 ± 13,8 56,3 ± 2,9 72,2 ± 6,7 

PC9 

Roscovitine 22,9 ± 12 27,9 ± 14,1 14,2 ± 6,3 

Ethaverine 40,1 ± 12,1 48,1 ± 4,8 40,3 ± 5,7 

Papaverine 34,7 ± 14,1 32,0 ± 6,6 18,7 ± 4,2 

Rosco-Etha 45,4 ± 15 69,0 ± 5,1 72,3 ± 5,3 

Rosco-Papa 41,1 ± 17,2 62,2 ± 21,5 61,4 ± 9,8 

 1 

Treatments 24h 48h 72h 

siRNA 1 25,7± 3  19,3± 0.7 --- 

siRNA 1+2 --- 51,1± 1.7 --- 

siRNA 1+2+3 --- --- 62,2 

Rosco/Etha --- 28,3 ± 1.7 66,2 ± 1.5 

siRNA 1 + Rosco/Etha --- 44.6 ± 0.7 --- 

siRNA 1 + 2 + Rosco/Etha --- 42,0± 5.2 --- 

siRNA 1 + 2 + 3  --- --- 62,1± 5.1 

siRNA 1 + 2 + 3 + Rosco/Etha --- --- 66 ± 2.7 

 1 
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Ethaverine and Papaverine target CDK5 and inhibit lung cancer cell proliferation and migration. 

Arthur Laure1, Chloé Royet1, Frederic Bihel2, Blandine Baratte3,4, Stéphane Bach3,4,5, Marion Peyressa-

tre1 and May C. Morris1,* 

CDK5 kinase is dysregulated in lung cancer and constitutes an attractive pharmacological target. ATP-competitive inhibitors targeting CDK5 

are poorly selective and suffer limitations, calling for new classes of inhibitors. In a screen for allosteric modulators of CDK5 we identified 

Ethaverine and closely related derivative Papaverine and showed that they inhibit cell proliferation and migration of non-small cell lung 

cancer cell lines. Moreover, their efficacy is significantly enhanced when combined with the ATP-competitive inhibitor Roscovitine, sug-

gesting an additive, dual mechanism of inhibition targeting CDK5.  

 

 


