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are under investigations17. Cancer is a multi factorial disease and recent �ndings have highlighted the 
importance of multi targeting compounds, i.e. compounds able to inhibit, with comparable potencies, 
more than one TK18. However, both selective (e.g. erlotinib and ge�tinib) and unselective (e.g. sunitinib 
and dasatinib) kinase inhibitors are useful anticancer drugs. Hence, whether multi-kinase inhibitors have 
signi�cant advantages than single kinase inhibitors is still debated19. Only some speci�c kinases should 
be targeted by multi-inhibitors to guarantee high e�cacy while maintaining an acceptable safety: in 2010 
Morphy used the term �selectively nonselective� TKIs to describe compounds with an ideal pro�le of 
kinase inhibition20.

Currently, a number of multi kinase inhibitors have been discovered, both by chance and by design19. 
�e rational design of �selectively nonselective� TKIs is a challenging and fascinating goal: the ATP 
binding pocket is quite conserved in the entire kinome, and it is particularly conserved inside each PKs 
subfamily. In this view, an achievable and promising aim could be the design/development of subfamily 
selective kinase inhibitors. However, as recently reported, the inhibition of all the members of a single 
subfamily can lead to substantial toxicity21.

�e ATP pocket is delimited by the hinge region (containing also the gatekeeper residue), the P-loop, 
the C-helix and the activation loop (containing the highly conserved DFG motif; Fig.� 1a). �e ATP 
binding pocket is constituted by the adenine pocket, the hydrophilic ribose pocket and two hydrophobic 
regions (Fig.� 1b,c). Accordingly, TKIs are commonly constituted by i) a nitrogen containing hetero-
cycle able to form an H-bond with the hinge region; ii) an hydrophobic moiety interacting with the 
hydrophobic region I of the kinase; iii) a spacer between the heterocycle and the hydrophobic moiety 
(Fig.�1d,e)15,22.

Figure 1.  Structure of kinases and of designed compounds. (a) Main element in kinase structure. (b) 
Binding of AMP-ANP (PDB ID: 2GS7). (c) Schematic representation of binding of ATP and features of the 
ATP binding pocket. (d) Detail of binding of a kinase inhibitor (erlotinib; PDB ID: 1M17). (e) Schematic 
representation of binding of inhibitor (erlotinib) with respect to the features of the ATP binding pocket. 
Image partially readapted from ref.�22. (f) General structures of designed compounds and their structural 
relationship with 4-anilinoquinazolines. (g) Supposed binding mode of designed compounds in the ATP 
binding pocket.
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A recurring motif in kinase inhibitors is the pyrimidine nucleus. Some symmetric 
4,6-dianilinopyrimidines were reported as selective EGFR inhibitors23. However, the selectivity pro�le 
was reported only for few compounds23. Similar compounds were also patented by Avila therapeutics 
(WO2009/051822), but few kinases were considered as targets. A number of 4-anilino-6-phenylpyrimidines 
were patented as cyclin-dependent kinase (CDK) inhibitors (see for example WO2008/129080 and 
WO2011/077171). Phosphorous containing pyrimidines as CDK inhibitors were recently published24. 
Examples of FDA approved pyrimidine based TKIs are imatinib25 (Abl/KIT/PDGFR�  inhibitor) and 
dasatinib26 (dual Abl/Src inhibitor). Examples of compounds involved in clinical trials are BAY100039427 
and the fused pyrimidine PHA-84812528 (pan CDK inhibitors). Nevertheless, in most cases the pyrimi-
dine nucleus is not the main �nitrogen containing heterocycle�, since it does not interact with the hinge 
region, as shown by X-ray crystallography29.

Another interesting class of TKIs is constituted by the 4-anilinoquinazolines30. �ese compounds 
are mainly known as high selective EGFR31, dual EGFR/ErbB232 or dual EGFR/VEGFR233 (vascular 
endothelial growth factor receptor-2). We have recently reported that the m-biphenylamine as aniline 
moiety led to multi kinase inhibitors targeting EGFR, �broblast growth factor receptor-1 (FGFR1), 
VEGFR2, PDGFR� , Src and Abl at nanomolar concentrations34,35. Indeed, 4-anilinoquinazolines could 
be considered as fused pyrimidine (i.e. 4-anilinobenzopyrimidine).

On these basis, we planned the synthesis of novel potential TKIs bearing the 4-anilinopyrimidine core 
as the nitrogen containing heterocycle (Fig.�1f). �e compounds were further characterized by 5-phenyl, 
6-phenyl or 6-phenylamino moieties designed to interact with the hydrophobic region II of the ATP 
pocket, the ribose pocket or the DFG motif (Fig.�1g). �e 4-anilino portion of the compounds was sup-
posed to interact with the hydrophobic pocket I (HP-I) of the kinase, in analogy to 4-anilinoquinazolines. 
�e interactions with HP-I have o�en been used to obtain selectivity in kinase inhibitions36�38. For exam-
ple, very small di�erences in position or nature of 4-anilinosubstituent in quinazoline compounds led to 
selective EGFR39, VEGFR240 or janus kinase (JAK)41 inhibitors. Hence, we functionalized the 4-anilino 
moiety with substituent di�ering in the hydrophobicity/hydrophilicity, in the ability to act as H-bond 
donor or acceptor, in the position and in the size. Since our purpose was to determine how the function-
alization of the pyrimidine nucleus at 4 and 5 or at 4 and 6 positions could modulate the kinase selec-
tivity pro�le, at this stage, we considered only simple commercially available or easily accessible anilines. 
Several papers and patents describing very similar compounds as kinase inhibitors are present in liter-
ature (a selection of representative bibliography is reported in Table S2). �e novelty of our work relies 
in the evaluation of a library of simple 4-anilinopyrimidines against a wide panel of kinases and human 
cancer cell lines to discover novel �selective unselective� hit compounds. Indeed, through this approach 
we identi�ed the 6-phenyl-4-anilinopyrimidine derivative 19 as a selective dual KIT/PDGFR�  inhibi-
tor. Compound 19 was further improved, leading to a novel and more potent KIT/PDGFR� /PDGFR�  
inhibitor (27) endowed with a promising anticancer potential. Molecular modeling studies were used to 
clarify the structure activity relationships emerged by Kd determination. Since both 19 and 27 targeted 
only few speci�c members of a TK family, they can be considered as novel �selectively nonselective� TKIs.

Results
Compounds synthesis.  �e structures of synthesized compounds are reported in Fig.� 2 (see also 
Table S1).

Compounds 1�7 and 8�12 were obtained starting from 4,6-dichloropyrimidine 28 (Fig.�3a). In case 
of unsymmetrical compounds (1�7), compound 28 was �rst condensed with a slight excess of aniline 
in i-PrOH in the presence of triethylamine (TEA) and then with the appropriate aniline derivatives 
in i-PrOH, in both cases taking advantage from the Microwave Assisted Organic Synthesis (MAOS). 
Diarylurea derivative 7 was obtained by the reaction of aminoderivative 6 with phenyl isocyanate in 
dichloromethane.

In case of symmetrical compounds (8�12), compound 28 was reacted with a double amount of the 
appropriate aniline derivatives, but in this case, the nucleophilic aromatic substitutions were performed 
in i-PrOH at re�ux without the presence of TEA.

Compounds 13�19 were synthesized starting from ethyl benzoylacetate (30; Fig.� 3b) which was 
reacted with thiourea in anhydrous alkaline medium obtaining the corresponding thiopyrimidinol 31. 
�e thiol function was removed through Ni-Raney reduction. Compound 32 was then activated toward 
nucleophilic substitution by reaction with POCl3/TEA. Finally, the chloropyrimidine 33 was condensed 
with the appropriate aniline derivatives in i-PrOH, under microwave irradiation. Compound 19 was 
obtained from aminoderivative 18 as above described for compound 7.

Compounds 20�26 were synthesized adapting a previously reported synthetic strategy42 (Fig.� 3c). 
�iourea 34 was �rstly condensed with N,N-dimethylformamide dimethyl acetal and then treated with 
iodomethane in order to elicit the nucleophilic properties of the sulfur atom. Intermediate 36 was then 
reacted with phenylacetyl chloride in the presence of TEA. In this case we did not remove the sul-
fur function at this stage. In fact, the process worked better �rst activating compound 37 toward the 
nucleophilic aromatic substitution, then reacting compound 38 with the appropriate anilines and �nally 
removing the sulfur function with the Ni-Raney system. Compound 26 was obtained from aminoderiv-
ative 25 as above described for compound 7.
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Among all the synthesized compounds, only two were previously reported: compound 5 was cited as 
synthetic intermediate43, whereas 8 was patented by Zeneca (US5880130). However, the two compounds 
were not previously screened against a panel of kinases. Compound 19 was commercially available in 
the Ambinter screening library. However, as reported in the Ambinter web site, it might be available only 
under re-synthesis with an extended delay, thus we synthesized it by ourselves. Besides, the compound 
was not present in academic accessible databases (e.g. PubChem, Reaxys).

Tyrosine kinases screening.  Synthesized compounds were screened against a panel of 48 
kinases selected within the ScanEDGE subset of DiscoverX (http://www.discoverx.com/services/
drug-discovery-development-services/kinase-pro�ling/kinomescan/scanedge). �e ScanEDGE includes 
97 kinases and is an economical approach to assess compounds selectivity throughout the human kinome. 
All the wt-TKs along with some relevant mutants of Abl1 (T315I) and of EGFR (L858R and L858R/
T790M) were chosen. �e remaining 18 targets (3 Tyrosine Kinases-Like, TKLs; 15 Serine-�reonine 
Kinases, STKs) were selected among the remaining kinases in the ScanEDGE subset on the basis of 
their well established role in cancer (see Fig. S2 for a graphical representation of the selected kinases 
with reference to the kinome tree. Some references highlighting the role of each kinase in cancer are 
also reported in Table S3).

�e compounds were evaluated using the KinomeScan�  platform (http://www.discoverx.com/ser-
vices/drug-discovery-development-services/kinase-pro�ling/kinomescan), that measures the ability of the 
test compound to disrupt the complex between a high a�nity ATP-mimic probe immobilized on a solid 
support and the kinase of interest. �e KinomeScan is a very helpful technology for the fast and reliable 
screening of a number of compounds against a wide and customizable panel of kinases. Besides, it is not 
based on the use of hazardous radioactive 32P-ATP and has a very low rate of false positive (� 1%)44. �e 
screening platform outputs a �Percent of Control� (POC) value, statistically correlated to the dissociation 
constant (Kd) value (http://www.discoverx.com/tools-resources/leadhunter-study-reports-data-analysis), 
for each pair of kinase/ligand. �e POC is calculated as reported in equation�(1):

Figure 2.  Structures of synthesized compounds. 
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Where: test compound signal �  amount of kinase still binding the probe a�er treatment with test com-
pound; negative control signal �  amount of kinase still binding the probe a�er treatment with DMSO 
(100% control); positive control signal �  amount of kinase still binding the probe a�er treatment with 
control compound (0% control). Hence, low POC values indicate high a�nity.

�e compounds were tested at high concentration (10 � M), in order to highlight not only the main 
target but also the o�-targets. �e results of the preliminary screening are reported as heat map (Fig.�4; 
see also Table S4 for all the measured values), in which the compounds are grouped on the basis of the 
6 or 5 substituent at the pyrimidine ring.

All the tested compounds were almost inactive against both TKL and STK members. �e 
6-phenylamino compounds targeted the ErbB family (comprising the wt-EGFR, ErbB2 and the two 
EGFR mutants L858R and L858R/T790M). Similarly to what previously reported23, these derivatives were 
mainly active against wt-EGFR, although with di�erent potencies. Some 6-phenylamino compounds and 
the three phenylurea derivatives (7, 19 and 26) were active against the members of the class III RTKs 
family.

Structure activity relationship.  Overall, 4-anilinopyrimidines targeted mainly the ErbB and the 
class III RTKs subfamilies.

With respect of targeting EGFR, the presence of a 5-phenyl or a 6-phenyl ring was detrimental (com-
pare 1 with 13 and 20; Fig.� 5a). Hence, only 6-phenylamino-4-anilinopyrimidines were active against 

Figure 3.  Synthesis of compounds 1�26. See Fig.�2 for R speci�cation.
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EGFR. For these compounds, the substitution of the 4-aniline moiety with small meta lipophilic substit-
uents was preferred (e.g. potencies: 1m�Me �  4p�Me; 8m�Me �  1m�Me �  9m�Br �  11p�Cl). Conversely to what 
previously reported for 4-anilinoquinazolines34, a biphenylamino moiety was detrimental (see 2 and 
10). �e L858R mutation (that causes an enhancement of the kinase activity without directly modifying 
the ATP site45) did not a�ect the ligand binding, whereas the T790M gatekeeper mutation dramatically 
impaired the interaction. Despite the high degree of similarity between wt-EGFR and ErbB2, compounds 
were not active against the latter kinase. �e presence of small meta hydrophilic function (i.e. 3m�OH) was 
well tolerated, still leading to selective EGFR inhibitors. Interestingly, small para hydrophilic substituents 
(OH, NH2) led to less selective compounds: derivatives 5 and 6 targeted EGFR, some members of the 
class III RTKs and AXL. �e lowest selectivity was obtained when the pyrimidine core was functionalized 
at both 4 and 6 position with para-hydroxyaniline moieties: indeed compound 12 targeted a number 
of kinases, comprising also the T790M mutant of EGFR. We are planning further investigation on this 
compound. When the 4-anilino was functionalized with bulky hydrophilic function (i.e. a phenylurea, 
see compound 7), very poor activity against EGFR was observed.

With respect of targeting class III RTKs, as above mentioned, the presence of a para H-bonding 
substituent in the 4-aniline moiety was required (see compounds 5 and 6). When the 4-aniline moiety 
was functionalized with a para-phenylurea substituent, selective class III RTK members inhibition was 
obtained. Indeed, in the case of phenylurea compounds (7, 19 and 26), the functionalization at 5 or 
6 position of the pyrimidine nucleus played a key role in determining the degree of selectivity within 
the subfamily. �e inhibition of KIT and PDGFR�  was not a�ected by pyrimidine substitution at 5 
or 6 position (potencies: 76�Phenylamino �  196�Phenyl �  265�Phenyl). Conversely, the inhibition of PDGFR�  
strongly depended on both the nature and the position of the pyrimidine substituent (potencies: 265�

Phenyl �  196�Phenyl �  76�Phenylamino). �e absence of a substituent at the 6 position led to the inhibition of all 
the members of the subfamily (see 265�Phenyl). On the other end, the presence of the 6-phenyl gave the 
highest selectivity (potencies for 196�Phenyl: KIT �  PDGFR�  �  PDGFR�  �  CSF1R �  FLT3). Finally, the 
introduction of a linker between the phenyl and the pyrimidine nuclei gave an intermediate selectivity 
degree (potencies for 76�Phenylamino: KIT �  PDGFR�  �  FLT3 �  CSF1R �  PDGFR� ).

�e main structure activity relationships are resumed in Fig.�5b.

Cytotoxicity.  Compounds active against at least one kinase among EGFR and class III RTKs were 
evaluated for their cytotoxic properties against two di�erent human cancer cell lines, namely non small 
cells A549 lung cancer cells (sensitive to EGFR inhibitors)46 and pancreatic BxPC3 adenocarcinoma 
(sensitive to both PDGFR�  and EGFR inhibitors)47,48 cells. For comparison purposes, sunitinib (SU), a 
multi-kinase inhibitor49, was evaluated under the same experimental conditions. �e results, expressed 
as IC50 values (� M) calculated from the dose-survival curves obtained a�er 72 h of drug treatment from 
the MTT test, are reported in Table�1.

�e newly synthesized compounds (excluding 8, 9 and 12) showed a cytotoxic potency in the micro-
molar range against both cancer cell lines. In particular, the two phenylurea derivatives 7 and 19 (see 
Fig.� 5a for structures) were up to about 6 times more e�ective than the reference TKI against both 
A549 and BxPC3 cells (see potency relative to SU, calculated as the ratio between IC50 of sunitinib and 

Figure 4.  Results of primary screening of compounds against kinases. �e heat map displays the results 
of the primary screening in terms of POC values for each pair of kinase/ligand. �e lower the POC (white 
to red boxes), the tighter the binding. Compounds are listed according to Fig.�2.






















	Targeting kinases with anilinopyrimidines: discovery of N-phenyl-N’-[4-(pyrimidin-4-ylamino)phenyl]urea derivatives as sele ...
	Results

	Compounds synthesis. 

	Discussion




 
    
       
          application/pdf
          
             
                Targeting kinases with anilinopyrimidines: discovery of N-phenyl-N’-[4-(pyrimidin-4-ylamino)phenyl]urea derivatives as selective inhibitors of class III receptor tyrosine kinase subfamily
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16750
            
         
          
             
                Valentina Gandin
                Alessandro Ferrarese
                Martina Dalla Via
                Cristina Marzano
                Adriana Chilin
                Giovanni Marzaro
            
         
          doi:10.1038/srep16750
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16750
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16750
            
         
      
       
          
          
          
             
                doi:10.1038/srep16750
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16750
            
         
          
          
      
       
       
          True
      
   




