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Abstract: Multitarget drugs have emerged as a promising ritreat modality in
modern anticancer therapy. Taking advantage okymergy of NAMPT and EGFR
inhibition, we have developed the first compounkiat tserve as dual inhibitors of
NAMPT and EGFR. On the basis of CHS828 and erlotira series of hybrid
molecules were successfully designed and syntheesizg merging of the
pharmacophores. Among the compounds that were essigtfd, compoun28 showed
good NAMPT and EGFR inhibition, and excellentvitro anti-proliferative activity.
Compound28, which isa new chemotype devoid of a Michael receptor, gison
inhibited the proliferation of several cancer d¢eles, including H1975 non-small cell
lung cancer cells harboring the EGERY™M mutation. More importantly, it
imparted significantn vivo antitumor efficacy in a human NSCLC (H1975) xeradgr
nude mouse moderThis study provides promising leads for the devedept of novel
antitumor agents and valuable pharmacological @dbe the assessment of dual

inhibition in NAMPT and EGFR pathway with a singhibitor.

Keywords: NAMPT, EGFR, multitarget drugs, dual inhibitor, ti@moliferative

activity, antitumor efficacy



1. Introduction

Cancer is a multifactorial disease associated dygregulation of multiple genes and
cellular signaling pathways. Traditionally targeti@rapies that are designed to act
specifically on a single oncogenic target oftenéhbmited benefits to cancer patients.
Rationally, simultaneous modulation of a networkcahcer-related targets could be
an effective therapeutic approach, and would leadextensive research and
application of specific drug combinations. Howevéne employment of drug
cocktails has some shortcomings and weaknessesudimg complex and
unpredictable pharmacokinetic properties, potemtraly-drug interactions, and poor
patient compliancé.? In an attempt to overcome these disadvantagesngies
molecule with multiple targets has captured consiole attention and emerged as an
important treatment modality in modern cancer thefa’ Thus, multi-targeted drugs
can simultaneously and often synergistically tarddterent signaling pathways
implicated in the disease resulting in additiorfedcts and better efficacy. In addition,
such drugs can have the advantage of concurrentnglakinetic profiles, minimized
drug-drug interactions and reduced toxicity.

Metabolic alterations are a prototypical hallknaf tumor development which
has become an active research area for cancem&eg&t Among these targets,
nicotinamide adenine dinucleotide (NAD) metabolibas attracted much attention
due to itsndispensable role in supporting cancer cell pegiifion® NAD is a critical
component involved in multiple cellular energy-gextimg and signaling transduction

processes and ultimately determining cellular fatemammalian cells, NAD can be



synthesizedmainly through four pathways: (ifle novo biosynthesis employing
tryptophan as starting material, (ii) the primarglvage pathway starting from
nicotinamide (NAM), and two alternative salvagehvedys using (iii) nicotinic acid
(NA) and (iv) nicotinamide riboside (NR) as preams respectively. Since the
NAM-dependent process enables the efficient resgaiif NAM by NAD-consuming
enzymes such as sirtuins and poly-ADP-ribose potgses (PARPS), this pathway is
the major source for the replenishment and maimemaf NAD® Nicotinamide
phosphoribosyltransferase (NAMPT) is the rate-lingitenzyme responsible for the
conversation of NAM into nicotinamide mononucleetiNMN) and the subsequent
synthesis of NAD: '° Because of the uncontrolled and rapid prolifergticancer
cells have much higher energy demand and elevaj@ession or activity of PARPs
and sirtuin than normal cells. In addition, cancells have an apparent increase of
reactive oxygen species (ROS). NAD and its redumech NADH contribute to
maintaining redox balance of the tumor microenvinent to prevent cells from the
oxidative injury***? Cancer cells that consume more NAD and are moperdkent
on NAD-mediated events are more susceptible to NANtthibition than normal
cells®® Normal cells can use an alternative nicotinic gaisphoribosyltransferase
(NAPRT)-mediated pathway for NAD synthesis fromatigic acid (NA), thereby
protecting themselves from NAMPT inhibitidfi,*®> while most cancer cells lack
NAPRT activity’® " NAMPT is therefore considered to be an attractamet for
selective cancer theralfy?° and to date, a number of NAMPT inhibitors haverbee

reported. Among these, FK866){" %and CHS8282)** **have advanced into phase



Il clinical trials (Figure 1AY> However, their clinical applications have been
restricted due to their dose-limiting thrombocytojeand gastrointestinal toxicity
and other undesirable pharmacokinetic propeffi¢d.Therefore, there is an urgent
need for innovative NAMPT inhibitors with reducadeseffects.

EGFR is a member of the ErbB family of receptoogyme kinases (RTK) that is
a transmembrane protein containing a ligand-bindiognain on the external surface
of the cytomembrane, a hydrophobic transmembrag®mreand a tyrosine domain
extending into the cytoplasth *> Notably, EGFR dysregulation through
overexpressions or activating mutations play anoirtgmt role in tumor development
and progression, and has been confirmed to be fahe oost valuable targets for the
treatment of cancer, especially non-small-cell lumgncer (NSCLCJ® 3t
First-generation inhibitors such as gefitin8) and erlotinib 4) (Fig. 1) are currently
used as the front-line standard therapy in treaNS§CLC patients harboring EGFR
activating mutation such as L858R mutation andeken-19 deletioi>>® Despite
initial encouraging results, most treated patieewentually relapse and develop
secondary or acquired resistance after continumament®3 The most prevalent
acquired resistance mechanism is the EGFR mutalioc®0 M, accounting for
50~60% of the cas&s The second-generation irreversible EGFR inhibijtsuch as
afatinib 6)*°** and dacomitinib §** *4 and third-generation selective irreversible
inhibitors, such as WZ40027},* osimertinib 8)*® " and olmutinib 9)* *® have
been shown to effectively overcome the resistandeided by a T790M mutation

through forming a covalent bond between an inhes&ttrophilic Michael acceptor



and a conserved Cys797 near the ATP binding dons&irEGFR?® However,
additional resistance rapidly occurs, with onetd@ potential mechanisms being the
appearance of tertiary C797S mutatfoii. Therefore, continuous research efforts are
urgently needed to discover new drug candidatesorter to improve patient
outcomes.

We envisioned that the discovery of new chemicdities that are devoid of a
Michael acceptor, but active against EGFR T790Matioih should be an effective
approach to relieve drug resistance induced by S7#@dtation. On the other hand,
drug combinations and multitargeted agents haven hpeposed to combat the
acquired resistance and enhance the antitumoareyfiof RTK inhibitors. It has been
reported that the growth of EGFR-gene-mutated NSCLltluding activating,
T790M and C797S mutations, requires amounts ofagelfular ATP to activate
EGFR-driven signaling transductidhAs described above, NAMPT is fundamentally
important in energy generation and maintenanceTd kevels in mammalian cells.
Consequently, we postulated that NAMPT inhibitorighm be able to synergistically
enhance the inhibitory effect of EGFR inhibitors. #ingle molecule that
simultaneously or concurrently can inhibit NAMPTdaBGFR enzyme activity would
possess a promising anticancer profile. This mddechybridization strategy that
combines two synergistic pharmacophores directlyiara linker in order to act on
different targets has emerged as a paradigm in desgygn. Dual-targeting inhibitors
that act by merging the pharmacophore of NAMPT bitbrs into active agents

targeting histone deacetylase (HDAC) have beenuated in cancer treatmetit>



Herein, we report the first-in-class NAMPT/EGFR upi€tional inhibitors that are
structurally lack of a Michael acceptor designed agnthesized on the basis of the
aforementioned evidence and multi-targeted drug orthe Particularly,
(2)-2-cyano-1-(6-((4-((3-cyanophenyl)-amino)-7-metliquinazolin-6-yl)oxy)pentyl
)-3-(pyridin-4-yl)guanidine Z8) exhibits concurrent inhibition against NAMPT and

EGFR with excellenin vitro antiproliferative activity andh vivo antitumor efficacy.
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Fig. 1. Representative NAMPT and EGFR inhibitors.

2. Resultsand discussion

2.1. Rational design of NAMPT/EGFR bifunctional inhibitors

As shown inFig. 2C, a series of dual NAMPT/EGFR inhibitors were desig
utilizing a molecular hybridization strategy. Comgéh with direct bridging of two
inhibitors with a chain linker, a fused pharmacaoghis more desirable owing to the
likelihood of a lower molecular weight. The NAMPThibitor ) and the EGFR
inhibitor (4) were chosen as the templates for this designt MAMPT inhibitors are
generally linear and characterized by a widely ptame pharmacophore model
containing a cap group mimicking NAM, a connectiogit, a linker and a
hydrophobic tail groupRig. 2A) ** %> The cap group combined with the connecting

unit constitutes the core, which is important fékMIPT inhibition. The linker should



have an appropriate length and geometry, allowegtail group to protrude toward
the solvent-exposed surface and interact with tliedphobic amino acids in the rim
of the enzyme. However, the tail group can be &bzt since the hydrophobic cleft of
the enzyme is large enough to accommodate extrauityi variable structures: °°
Accordingly, for the NAMPT inhibitorZ), the core pyridinylcyanoguanidine motif is
indispensable for enzyme inhibitory activity, whitee hydrophobic group & can be
replaced with a fragment of erlotinid)(to occupy the deep hydrophobic pocket of
NAMPT. We explored the erlotinib substructure andrfd by analysis of the X-ray
co-crystal structure of EGFR complexed with erliitithat it can be modified without
sacrificing its EGFR inhibitory activity.

Quinazoline is a privileged skeleton for EGFR intuts. From the co-crystal
structure of EGFR with erlotinib, we saw that th@ngzoline motif occupies the
adenine region of the ATP binding pocket and fotwis important hydrogen bonds at
N1 and N3, and the phenylamino group fits well ittte hydrophobic pockéf:®
Therefore, these two moieties cannot be replackd.ethereal side chains at C-6 and
C-7 of the quinazoline ring protrude outward theeggor Eig. 2B).°” *® From the
perspective of structure-activity relationships B, modification at C-6 and C-7
sites of the quinazoline ring is tolerable and pharmacophore o2 introduced to
these positions was postulated to retain EGFR/HER@Ing affinity. Meanwhile, the
phenylaminoquinazoline backbone of the EGFR inbibghould fit well into the

hydrophobic pocket of the NAMPT enzyme, and thadied side chain with the

terminal pyridinylcyanoguanidine was predicted tomm NAM as required to



suppress the NAMPT activity. Thus, we merged pyyttiyanoguanidine into the
guinazoline pharmacophore of EGFR inhibitor in &erapt to produce, in a single

compound, the dual inhibitory activities against ART and EGFRKig. 2C).
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Fig. 2. Schematic illustration of the rationale undertyiihe design of dual NAMPT/EGFR inhibitors.
(A) Pharmacophore model of NAMPT inhibitdy (B) Pharmacophore model of EGFR inhibithr(C)
The fusion of pharmacophore of NAMPT and EGFR iitbils.

2.2. Chemistry

The synthetic routes of analogues with various rchi@ngths and pyridine
substitutions are depicted in Schemes2land 3.The synthesis began with the
protection of commercially available starting materiald0, 11 with a
t-butyloxycarbonyl (Boc) group. Treatment &B-15 with triphenylphosphine and
carbon tetrabromide afforded halohydrocarbddsand 15 via an Appel reaction.

Aminolysis of N-cyanoimido-S,S-dimethyl-dithiocamete with primary amine6

10



and 17 in the presence of NaH provided intermediat8sand 19, respectively, in
good vyields.

The quinazoline moiety of erlotinib was preparednir the commercially
available compound(), which was first reacted with thionyl chloride usiDiyF as
catalyst to give the 4-chloroquinazoline derivati{&l). Nucleophilic aromatic
substitution of21 with 3-aminophenylacetylene generated intermedewhich
subsequently underwent hydrolysis with ammoniumrbyidle to afford an alcohol
(23).

The target compound®6-29) were synthesized as shown in Schemé2an
alkaline condition, intermediate23 was installed in the Boc-protected
halohydrocarbon amine linkers and 15 to furnish 24 and 25. Deprotection of
compounds 24 and 25 using trifluoroacetic acid, followed by reaction thwvi
N'-cyano-N-(pyridine-4-yl)- carbamimidothioat&g) or methyl N'-cyano-N-
(pyridinyl)-carbamimidothioatelQ) gave the final product26-29.

As shown in Scheme 3, compouB8 was coupled with commercially available
7-bromoheptanenitrile to provide an intermediatécivthas seven methylene spacers,
and which was further reacted with LiAJHo afford the corresponding amine.
Subsequently, treatment of the amine with methylcydno-N-(pyridine-4-yl)-
carbamimidothioate 18) or methyl N'-cyano-N-(pyridine-3-yl)carbamimidadate

(29) gave the final compound® and31, respectively, with good yields.
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Scheme 1. Synthesis of key intermediates 14, 15, 18, 19 and 23%

H H
H,N OH a N OH _N Br
2N, Boc” ™, Boc” ™M
10:n=6 12:n=6 14:n=6
11:n=5 13:n=5 15:n=5
NS
R-NH, —— R \f ~
N
X
\\N
16: R = 4-pyridy!l 18: R = 4-pyridyl
17: R = 3-pyridyl 19: R = 3-pyridyl

Cl
AcO \)N g Acom e AcO. N
>
— —
N 0 N N/)

20 21 22

HO
f . \)N
P
(l) N
23

2Reagents and conditions: (a) (Bfi2) DIPEA, DCM, 0 °C - rt, 3 h, 82%; (b) CBPPh, DCM, 0° C - rt, 16 h,
75% ; (c) NaH, N-cyanoimido-S,S-dimethyl-dithiocanate, DMF, 0 °C - rt, 69%; (d) SOCIDMF, reflux,
overnight, 89%; (e) 3-aminophenylacetylene, isoprap, reflux, 83%; (f) ammonium hydroxide, MeOH,30%.

Scheme 2. Synthesis of target compounds 26-29%

HO. T \)N HN\W \M/nom
N Z
/)N a . % N b N\\ o) N7

7o )
23 24:n=6 26: R = 4-pyridyl, n=6 27: R = 3-pyridyl, n=6
25:n=5 28: R = 4-pyridyl, n =5 29:R =3-pyridyl, n=5

#Reagents and conditions: (8)-15, K,COs;, DMF, 0 °C - rt, 68-85%; (b) (i) TFA, DCM, 0 °C - 1ij) 18 or 19,
DMAP, TEA, pyridine, 50 °C, 42-50% in two steps.
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Scheme 3. Synthesis of target compounds 30-312

HN/©\ H H HN

P

HO a
- NN N
B BOE;
o
) N N-en 0 N~
\ [
23 30: R = 4-pyridyl, 31: R = 3-pyridyl

#Reagents and conditions: (a) (i) 7-bromoheptan&it,CO;, DMF, 0 °C - rt; (i) LiAIH,, THF, 0 °C - rt; (iii)
18 or 19, DMAP, TEA, pyridine, 50 °C, 34-41% in three steps.

2.3. Invitro NAMPT and EGFR inhibition assay

Initially, we evaluated the inhibitory activitie$ these compounds against NAMPT,
EGFR, EGFR™®M, EGFR®*'? and EGFR®R The results, shown ifable 1,
showed potency in the nanomolar range against EGFRER**'? EGFR®®R
EGFR ™ and NAMPT. Retaining the carbon chain length of siethylenes in
CHSB828 2) in the linking section, compoun@6 and27 showed excellent inhibitory
activity against EGFR, EGRE#'? and EGFR®®® but somewhat reduced efficacy
against NAMPT and EGFR®™. To gain good inhibitory effects against NAMPT and
EGFR M we attempted to modify the carbon chain linkemieen the quinazoline
C-6 oxygen and the nitrogen atom of pyridinylcyamagdine. Lengthening the
distance to a seven- methylene spacer led to an RRBINd EGFR*™inhibition
similar to that of the compound with six methylenekile shortening the distance to
five methylenes yielded a significantly increasedAPT inhibition (28, ICso = 41.2
nM; 29, ICso = 74 nM), and slightly increased EGFEM inhibition (28, 1Cso = 153
nM). In addition, the previous SAR studies of CH8&2) highlighted the importance

of the pyridine ring® Therefore, we further explored the position of shestituent in
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Table 1. In vitro NAMPT and EGFR inhibitory activities of the target compounds

NAMPT EGFR EGFR'M EGFR®1Q EGFR?®%®
Compounds 160 (NM) GlideScoré I1C50 (NM) GlideScore 1G (NM) 1C50 (NM) I1C50 (NM)
1(FK866) 20.7+£3.11 NT NT NT NT NT NT
5(Wz4002) NT NT 4.59+0.46 NT 1.98+0.23 2.86+0.23 4.64+0.33
26 131.0+8.55 -5.7 0.35+0.03 -10.58 323.0+43.5 0.3838. 0.32+0.028
27 133.0+14.3 -6.47 0.32+0.031 -9.74 326.0+39.3 0.38+0.031
28 41.2+3.8 -8.83 0.23+0.014 -10.42 153.0+16.2 0.2619. 0.26+0.015
29 74.015.7 -6.89 0.52+0.0 -9.6 228.0+15.8 0.46+0.05 .4180.023
30 154.0+13.8 -5.98 0.473x0.0 -10.64 581.0+34.9 0.5349 0.46+0.039
31 152.0+15.9 -4.98 0.538+0.0 -9.14 448.0+£36.7 0.4939. 0.48+0.061

3| Cgyvalues represent the mean of at least three indepéexperiments. °NT = not tested.

‘GlideScore was exported from Glide 6.7, lower ssonean higher binding affinity.



pyridyl ring. There was slight difference betweeyBidyl and 4-pyridyl for both

targets with six- or seven- methylene linkéal§le 1). The 4-pyridyl rather than the
3-pyridyl substitution resulted in potency increagth a spacer of five methylenes.
Of all the synthesized compounds, the 4-pyridyl poond @8) exhibited the highest

potency against EGFR, EGFR'? EGFR®**R EGFR "™ and NAMPT.

2.4. In vitro antiproliferation assay

Having obtained the potemh vitro NAMPT and EGFR inhibitory activities, we
further evaluated the antiproliferative activitiet these compounds against Huh-7
(human liver cancer), MCF-7 (human breast canaai) k662 (human myelogenous
leukemia) utilizing the CCK8 (Cell Counting Kit-8ssay. As shown ifiable 2, most
of these compounds exhibited excellent inhibitortivity against human cancer cell
lines. Among all the tested tumor cell lines, themian breast cancer cell line MCF-7
was the most sensitive to all the compounds, detigdCso values in the nanomolar
range. Despite slight differences in enzyme inlohit between 4-pyridyl and
3-pyridyl analogues, the 4-pyridyl compounds hadsiderably more antiproliferative
activity than the 3-pyridyl compounds in variousnr cell lines. Compoung6 was
most active against human myelogenous leukemia kBb2ne with an 1G, value of
7.47 nM, and compoun2B was the most potent against the two solid tumbdices
(Huh-7 and MCF-7).

Table 2. Antiproliferative activities of compounds 26-31.
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Glso (NM)?

Compd
Huh-7 K562 MCF-7
26 1.87+0.17 7.47+0.68 0.15+0.01
27 8.02+1.10 24.6+2.58 0.16+0.007
28 1.64+0.13 38.0+3.11 0.10+0.006
29 62.9+6.92 175.0+£13.69 0.98+0.07
30 1.81+0.15 50.9+1.02 0.21+0.018
31 9.94+1.21 42.1+4.37 0.63+0.04
Taxol 7.41+0.96 2.76+0.43 4.85+0.61

2Glgvalues represent the mean of at least three indepéexperiments.
2.5. Molecular Docking

In an investigation of the binding modes of thegércompounds in NAMPT and
EGFR, the docking program of Glide 6.7 standardcipren model showed that
compound28 could be docked into the active sites of NAMPT anldi-type EGFR.
The proposed binding modes of compo@&din NMAPT and wild-type EGFR are
shown inFig. 3. Compound28 is accommodated very well in the active site of
NAMPT. The cap group d28, i.e., the E)-2-cyano-1-(pyridin-4-yl)guanidine moiety,
has identical interactions with this protein as¢beresponding moiety of CHS828)(
The pyridine ring exhibitsi-n offset stacking with Phel193, and could also have a
hydrogen bond interaction bridged by a water mdéewith the protein. The guanidyl

group forms double hydrogen bonds with Asp219, evlile cyano group forms a

16



hydrogen bond with Ser275. The tail group of comumbu28, an
N-(3-ethynylphenyl)quinazolin-4-amine, has hydroplkolmteractions with several
surrounding residues, including Tyr188, Val 242309, Ala379 Kig. 3), similar to
the interactions between CHS828 and NAMPT.

The docking model demonstrated that the bulkygaup, the erlotinib segment
of compound28 has identical interactions with that of erlotinibthe active site of
EGFR as described abovEig. 3B). The head group, thé)-2-cyano-1-(pyridin-
4-yl)guanidine moiety, could extend into a hydropicosubpocket in the cleft of the
active site through carbon linkers. In this waye thyridine moiety may have
additional interactions with surrounding residuaghs as Phe699, Leu834, and
Leu838. In addition, the polar 2-cyanoguanidine ethypforms four hydrogen bonds
with Lys721, Asp831 and Asn81&if. 3B). In general, the docking modes are

consistent with then vitro activities.
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Fig. 3. (A) Overlap of the binding modes of CHS828 (grean)i compoun@8 (yellow) in NAMPT
(PDB code 4012). (B) Overlap of the binding modégntotinib (green) and compour8 (yellow)
EGFR (PDB code 4HJO).

2.6. In vivo antitumor efficacy

As mentioned above, compou28 exhibited excellent inhibitory activity toward
both  NAMPT and EGFR, and more importantly, possissaost potent
antiproliferative activity against Huh7 and MCF-@ell lines which overexpress
wild-type EGFR. We further assessed its antipradiige activity against the H1937
cell line harboring an EGR&FT*M mutation. Compoun®8 showed excellent
antiproliferative activity against the H1937 cafid with an 1Gyvalue of 78.3 nM.
Thein vivo antitumor efficacy of compoun2B in the H1937 xenograft nude mouse
model was evaluated. An H1975 lung cancer xenogratte mouse model was
established to evaluate thevivo antitumor potency of compour®, and gefitinib, a
first-generation EGFR inhibitor was used as a negatontrol. The BALB/c nude
mice were inoculated in the right flank wisispensions of H1975 cells (3%),0and
when the mean tumor size reached approximately &, compound28 was

administeredia i.v. injection 5 days a week for 3 weeks at a doseQoing/kg. The

18



results of tumor growth inhibition in different gnos at different time points after
treatment are shown iRig. 4. Evidently, gefitinib was ineffective against HI®3
xenograft Fig. 4) and led to a significant loss of body weight (F&f in Supporting
Information, SI). Compoun@8, however, significantly inhibited the tumor growdh
a dose of 60 mg/kg and delivered tumor volume redos of 75.6%, relative to the
control group Fig. 4A). Meanwhile, the tumor weights of miteated with28 at 60
mg/kg were reduced by 75% when compared with timroeb(Fig. 4B). In addition,
the toxicity of 28 was assessed by monitoring the body weight andvslirof the
mice. Compound®8 was well tolerated and no significant boagight change was

observed in mice treated wil8 during the treatment periggig. S1).

F

Vehicle Gefitinib  Compound 28

A B
2500, —e— Vehicle
—e— Gefilinib
- Compound 28 1.4
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Fig. 4. Compound28 inhibited the growth of implanted H1975 xenograft nude mice. H1975
tumor-bearing mice were treated with vehicle &8d(60 mg/kg) with gefitinib (60 mg/kg) as the
negative control. (A) Changes in tumor volume of9M3 tumor-bearing mice during 3 weeks
treatment. (B) Tumor weight after 3 weeks treatm&sdta are expressed as the mean + standard
deviation. Statistical difference was determinedhydent’'s-test. *P<0.05, compared with the vehicle
group. #P<0.05, compared with the gefitinib-treajealips.

3. Conclusion
Utilizing a pharmacophore merging strategy, we hawnecessfully designed and
synthesized a series of first-in-class dual NAMP3HR inhibitors. Optimization of

the linker between the quinazoline of erlotinib ahd pyridinylcyanoguanidine of
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CHSB828 led to the identification of compoud8 a highly effective lead compound
with balanced NAMPT and EGFR inhibition. Interegtyy compound28 exhibited
excellent antiproliferative activity in a panel afmor cell lines, especially breast
cancer MCF-7 cell lines at low nanomolar concerdrat (IG, = 0.116 nM). Further,
it was tested against H1975 xenograft tumors tbasgss EGFRER M mytation
in a nude mouse model. The results showed that cong®8 significantly retarded
the tumor growthin vivo. Third-generation EGFR inhibitors are known to énav
Michael receptor warhead component, which can farmovalent bond with the
active thiol of Cys797 in the EGFR ATP binding dém% However, mutant EGFR
with C797S lacks Cys797 and cannot form a covalemd with third-generation
EGFR inhibitors, which would provide a key mechamisf resistanca’ Structurally,
28 does not have a Michael receptor but possessesficagt efficacy against
EGFREERTTOM mtation, suggesting its potential to overcome dheg resistance

resulting from the T790M mutation.

In conclusion, we have for the first time preparad dual inhibitor that
simultaneously reacts with both NAMPT and EGFR.sTikia promising approach to
cancer chemotherapy, and further evaluation andimga#tion of the

erlotinib/CHS828 hybrids is now in progress.

4. Experimental section
4.1. General
Reagents and solvents from commercial sources wesexl without further

purification. The progress of all reactions was itwed by TLC using
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EtOAc/n-hexane as solvent system, and spots wetahzed by irradiation with UV
light (254 nm) or staining with phosphomolybdic cacFlash chromatography was
performed using silica gel (300-400 mesh). NMR and**C NMR spectra were
recorded on a Bruker Avance ARX-400 or a Bruker masm ARX-500. Chemical
shiftsé are reported in ppm, and multiplicity of signate denoted as: s = singlet, d =
doublet, t = triplet and m = multiplet. The low o&gtion ESIMS was recorded on an
Agilent 1200 HPLC-MSD mass spectrometer and thé hnegolution on an Applied
Biosystems Q-STAR Elite ESI-LC-MS/MS mass spectriame Anhydrous
dichloromethane (DCM) and N,N-dimethylformamide (BMwere freshly distilled
from calcium hydride. All other solvents were reaiggrade. All moisture sensitive
reactions were carried out in flame dried flaskemargon atmosphere. The purity of
the final compounds was determined by Agilent 12éfles HPLC system using the
following conditions: C-18 column (DicKma, 4.6 mm260 mm) with the solvent
system (elution conditions: mobile phase A consistof MeOH; mobile phase B
consisting of water containing 0.1% ammonia), witbnitoring between 190 and 800
nm.A flow rate of 1.0 mL/min was used. The retentiond was reported ag {min).
The purity of final compounds is > 95%.

4.2. Experimental procedures

42.1.

2-Cyano-1-(5-((4-((3-ethynyl phenyl)amino)-7-methoxyquinazolin-6-yl)
oxy)-pentyl)-3-(pyridin-4-yl)guanidine (28)

Trifluoroacetic acid (38 ml) was added dropwisé® &C to a solution o5 (19 g,
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38.5 mmol) in anhydrous CEIl, (150 ml). The reaction mixture was allowed to
warm to rt and then stirred until the materials @veonsumed. The reaction mixture
was concentrateish vacuo and then saturated NaHg@as added. The aqueous layer
was extracted twice with GiEl, (100 ml) and the organic layer washed with brine
and dried over anhydrous p&0,. The solvent was removed under vacuum to give
the amine as a yellow solid which was used in # Btep.

The above intermediate amine was dissolved in mgi@100 ml), and compound
18 (7.4 g, 38.5 mmol), 4-dimethylaminopyridine (0.4&38 mmol), triethylamine
(20.7 ml, 77.0 mmol) were added. After stirring 5t °C overnight, the reaction
mixture was cooled to rt. The pyridine was evapatainder reduced pressure and
then HO (100 ml) was added. The aqueous layer was egttraetice with EtOAc
(200 ml), and the organic layer washed with brind dried over anhydrous B&O,,
filtered and concentrated under reduced pressume.r@sulting mixture was purified
by silica column chromatography and eluted with,Ck{MeOH (40:1) to give28
(8.4 g, 42% for two steps) as a faint yellow sottd.NMR (400 MHz, DMSO#d) ¢
9.47 (s, 1H), 9.38 (s, 1H), 8.49 (s, 1H), 8.372(3), 7.98 (s, 1H), 7.89 (d,= 8.2 Hz,
2H), 7.82 (s, 1H), 7.40 (8, = 7.9 Hz, 1H), 7.21 (d] = 9.2 Hz, 4H), 4.18 (s, 1H), 4.15
(d, J= 6.9 Hz, 2H), 3.93 (s, 3H), 3.33 @@= 8.2 Hz, 2H), 1.9-1.77 (m, 2H), 1.74-1.58
(m, 2H), 1.53-1.52 (m, 2H}3C NMR (125 MHz, DMSOd6) § 156.5, 154.9, 153.1,
150.6, 150.0, 148.8, 147.4, 146.2, 140.2, 129.8,82125.2, 123.0, 122.1, 116.9,
115.1, 109.3, 107.7, 103.0, 83.9, 80.9, 69.1, 5831, 29.0, 28.7, 23.4. HRMS (ESI)

calcdnvz for CogH2gNgO, [(M + H)*] 521.2408, found 521.2405.
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4.2.2.
2-Cyano-1-(6-((4-((3-ethynyl phenyl)amino)-7-methoxyquinazolin-6-yl Joxy) hexyl )-3-(p
yridin-4-yl)guanidine (26).

The procedure used was the same as described dbovihe synthesis of
compound28. Compound26 was obtained as a faint yellow solid (83 mg, 4590 f
two steps)*H NMR (400 MHz, DMSO€s) 6 9.56 (s, 1H), 8.50 (s, 1H), 8.38 (=
5.6 Hz, 2H), 7.99 (s, 2H), 7.89 (d= 8.3 Hz, 1H), 7.84 (s, 1H), 7.40 &= 7.9 Hz,
1H), 7.31 — 6.99 (m, 4H), 4.19 (s, 1H), 4.15 Jt= 6.5 Hz, 2H), 3.93 (s, 3H),
3.35-3.30 (m, 2H), 1.91-1.76 (m, 2H), 1.64-1.54 @hi), 1.55-1.33 (m, 4H)*C
NMR (125 MHz, DMSOsdg) ¢ 156.6, 155.0, 152.9, 149.6, 148.8, 146.9, 14@9,3]
126.8, 125.3, 123.1, 122.1, 116.8, 114.9, 109.3,410103.0, 83.9, 80.9, 69.2, 56.3,
42.2, 29.0, 29.0, 26.4, 25.7. HRMS (ESI) calot for CsoHzoNgO, [(M + H)']
535.2565, found 535.2567. HPLC analysis: 99.2%uirityn
4.2.3.
2-Cyano-1-(6-((4-((3-ethynyl phenyl)amino)-7-methoxyquinazolin-6-yl Joxy) hexyl )-3-(p
yridin-3-yl)guanidine (27)

The procedure was the same as was used for théesymtof compound®8.
Compound27 was obtained as a yellow solid (55 mg, 50% for steps)H NMR
(500 MHz, DMSO#) 6 9.50 (s, 1H), 9.20 (s, 1H), 8.49 (s, 1H), 8.46)d, 2.6 Hz,
1H), 8.31 (dJ = 4.7 Hz, 1H), 7.99 (4 = 1.9 Hz, 1H), 7.89 (dd] = 8.2, 2.2 Hz, 1H),
7.83 (s, 1H), 7.66 (d] = 8.2 Hz, 1H), 7.54 () = 5.7 Hz, 1H), 7.39 (] = 7.9 Hz, 1H),

7.35 (dd,J = 8.3, 4.7 Hz, 1H), 7.20 (d,= 11.4 Hz, 2H), 4.18 (s, 1H), 4.14 Ji= 6.6
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Hz, 2H), 3.93 (s, 3H), 3.26 (d,= 6.7 Hz, 2H), 1.84 (d] = 12.1 Hz, 2H), 1.62-1.53
(m, 2H), 1.53-1.45 (m, 2H), 1.41-1.39 (m, 2JC NMR (125 MHz, DMSOdg) &
158.4, 156.5, 154.9, 153.1, 148.8, 147.3, 145.5,214140.2, 135.1, 131.2, 129.3,
126.7, 125.2, 124.0, 123.0, 122.1, 117.4, 109.3,70.02.9, 83.9, 80.9, 69.2, 56.3,
42.0, 29.2, 29.0, 26.4, 25.7. HRMS (ESI) calotz for CsoHzoNgO, [(M + H)']
535.2565, found 535.2566. HPLC analysis: 95.6%wirityn

4.2.4.
2-Cyano-1-(5-((4-((3-ethynyl phenyl )amino)-7-methoxyquinazolin-6-yl ) oxy) pentyl )-3-(
pyridin-3-yl)guanidine (29)

The procedure was the same as described abovieefalyhthesis of compouras.
Compound29 was obtained as a yellow solid (224 mg, 46% for steps)H NMR
(400 MHz, MeOD)s 8.47 (s, 1H), 8.41 (s, 1H), 8.32 (t= 4.8 Hz, 1H), 7.89 (s, 1H),
7.81-7.70 (m, 2H), 7.66 (s, 1H), 7.39 (dd= 8.4, 4.9 Hz, 1H), 7.34 ( = 7.9 Hz,
1H), 7.24 (dJ = 7.6 Hz, 1H), 7.08 (s, 1H), 4.16 {= 6.2 Hz, 2H), 3.95 (s, 3H), 3.50
(s, 1H), 3.38 (tJ = 7.0 Hz, 2H), 1.94-1.91 (m, 2H), 1.74-1.72 (m,))2H62-1.60 (m,
2H). 3¢ NMR (125 MHz, MeODY 157.0, 155.5, 151.8, 149.3, 145.3, 144.5, 138.9,
134.8, 132.2, 128.4, 127.4, 125.7, 124.0, 123.2,71208.9, 105.0, 102.0, 82.8, 77.3,
68.9, 55.2, 41.6, 28.6, 28.3, 23.0. HRMS (ESI) d:afiz for CrHogNgO, [(M + H)']
521.2408, found 521.2411. HPLC analysis: 95.6%wirityn
4.2.5.
2-Cyano-1-(7-((4-((3-ethynyl phenyl )amino)-7-methoxyquinazolin-6-yl )oxy) heptyl )-3-(

pyridin-4-yl)guanidine (30)
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7-bromoheptanenitrile (0.14 ml, 0.95 mmol) and psiam carbonate (218 mg,
1.58 mmol) were added to a stirred solution of couma 23 (230 mg, 0.79 mmol) in
DMF (20 ml) and the mixture was stirred for 8 hratDMF was evaporated under
reduced pressure and the residue was extracted EWIiAC (30 ml x 3). The
combined organic layers were washed with brineeddover anhydrous N8O,
filtered, and concentrated under reduced pres3ime resulting mixture was purified
by silica column chromatograph and eluted with gletrm ether /EtOAc (3 :1) to
give the nitrile that was used in the next step.

The above intermediate nitrile was dissolved inyanbus THF (100 ml) and then
LiAIH 4 (60 mg, 1.58 mmol) was slowly added at 0 °C uraterargon atmosphere.
The mixture was stirred for 16 h at rt and thennghed with saturated aqueous
NH,4CI solution and the THF was evaporated under retipeessure. The residue was
extracted with EtOAc (50 ml x 3). The combined arigaayers were washed with
saturated aqueous NaHg€&blution and brine, dried over anhydrous8a, filtered,
and concentrated under reduced pressure. Theingsuoiixture was purified by silica
column chromatography and eluted with petroleuneHtOAc (1:1) to give the
amine that was used in the next step.

The above intermediate amine was dissolved in me&id20 ml), and then
compoundl8 (151 mg, 0.79 mmol), 4-dimethylaminopyridine (8§, 0.079 mmol),
triethylamine (0.22 ml, 1.58 mmol) were added. Af#rring at 50 °C overnight, the
reaction mixture was cooled to rt. The pyridine wasporated under reduced

pressure and then,8 (20 ml) was added. The aqueous layer was exttduetice
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with EtOAc (30 ml) and the organic layer washedhwbtine, dried over anhydrous
NaSQ,, filtered and then concentrated under reducedspres The resulting mixture
was purified by silica column chromatography anaed with CHCIl,/MeOH (40:1)

to give 30 (145 mg, 34% for three steps) as a yellow sdiid.NMR (400 MHz,
DMSO-ds) § 9.47 (s, 1H), 8.49 (s, 1H), 8.37 (= 5.7 Hz, 2H), 7.99 (s, 2H), 7.89 (d,
J=8.2 Hz, 1H), 7.80 (s, 1H), 7.39 Jt= 7.9 Hz, 1H), 7.28-7.08 (m, 4H), 4.18 (s, 1H),
4.12 (t,J = 6.5 Hz, 2H), 3.93 (s, 3H), 3.29 (s, 2H), 1.81J¢ 7.2, 6.6 Hz, 2H),
1.64-1.29 (m, 8H)?3C NMR (125 MHz, MeODY 156.8, 155.3, 152.2, 149.2, 149.0,
147.0, 145.9, 139.2, 128.4, 127.2, 125.5, 122.2.612116.5, 114.9, 109.1, 105.6,
101.8, 82.9, 77.3, 68.9, 55.1, 42.0, 28.8, 28.6,25%.2, 25.6. HRMS (ESI) caled/z

for CaiH3oNgO2 [(M + H)'] 549.2721, found 549.2719. HPLC analysis: 95.9% in
purity.

4.2.6.

2-Cyano-1-(7-((4-((3-ethynyl phenyl )amino)-7-methoxyquinazolin-6-yl Joxy) heptyl )-3-(
pyridin-3-yl)guanidine (31)

The procedure was the same as that described &yothee synthesis of compound
30. Compound3l was obtained as a yellow solid (90 mg, 41% for steps).*H
NMR (400 MHz, MeOD)s 8.50-8.43 (m, 1H), 8.40 (d,= 1.8 Hz, 1H), 8.33 (d] =
4.8 Hz, 1H), 7.89 (dJ = 2.3 Hz, 1H), 7.76 (t) = 8.9 Hz, 2H), 7.67 (dJ = 1.9 Hz,
1H), 7.41 (dd,]) = 8.3, 5.0 Hz, 1H), 7.34 (§,= 7.9 Hz, 1H), 7.24 (d] = 7.6 Hz, 1H),
7.11 (s, 1H), 4.15 (4 = 6.0 Hz, 2H), 3.96 (s, 3H), 3.49 (s, 1H), 3.33J¢ 7.3 Hz,

2H), 1.91-1.87 (m, 2H), 1.64-1.55 (m, 4H), 1.4411(h, 4H)."3C NMR (125 MHz,
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MeOD) ¢ 158.6, 157.0, 155.4, 152.3, 149.3, 146.1, 14514,5], 139.2, 134.8, 132.2,
128.4, 127.2, 125.6, 124.0, 122.9, 122.7, 117.9,210.05.7, 101.9, 82.9, 77.2, 69.0,
55.1, 41.7, 28.8, 28.6, 28.6, 26.2, 25.7. HRMS YESlcdnVz for Cs3;H3,NgO, [(M +
H)"] 549.2721, found 549.2725. HPLC analysis: 96.3%irity.
4.2.7.
tert-Butyl-(5-((4-((3-ethynyl phenyl )Jami no)- 7-methoxyqui nazolin-6-yl )oxy) pentyl )car b
amate (25)

Compoundl4 was slowly added at O °C to a stirred solutiomahpound23 (16.5
g, 56.6 mmol), potassium carbonate (15.6 g, 113riinin N, N-dimethylformamide
(100 ml), then the reaction mixture was alloweaverm to rt. After stirring at rt for 8
h, the solvent was evaporated under reduced peesEoe residue was extracted with
EtOAc (80 ml x 3), then the combined organic layeese washed with brine, dried
over anhydrous N&Q,, filtered and concentrated under reduced pressline.
residue was purified by silica column chromatogsapimd eluted with petroleum
ether/EtOAc (1:1) to give5 (19.0 g, 68%) as a faint yellow solitH NMR (400
MHz, CDCk) 6 8.66 (d,J = 1.8 Hz, 1H), 8.53 (s, 1H), 7.87 (s, 1H), 7.76Jc 8.0
Hz, 1H), 7.47 (s, 1H), 7.35-7.19 (m, 3H), 4.771(d), 4.00 (tJ = 7.0 Hz, 2H), 3.94 (s,
3H), 3.14 (9,J = 7.0 Hz, 2H), 3.07 (s, 1H), 1.85-1.81 (m, 2HH31.48 (m, 2H),
1.46-1.41 (m, 2H), 1.41 (s, 9HYC NMR (125 MHz, CDG)) § 162.5, 156.5, 155.0,
153.4, 148.7, 147.2, 139.1, 128.8, 127.6, 125.2,712122.6, 109.4, 107.5, 101.6,
83.5,79.5,77.2,69.0, 56.1, 39.9, 29.6, 28.4{,222.3.

4.3. Biological assays
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4.3.1. Invitro NAMPT inhibition assay

The NAMPT enzyme inhibitory activity was evaluated ugpia CycLex NAMPT
colorimetric assay kit (CycLex NAMPT colorimetricsay kit, MBL International
Corp., Woburn, MA) following the instructions ofatmanufacturéf. Assay buffers-1
and -2 were prepared before starting the assapyAsgfer-1 contains: 10 x NAMPT
assay buffer 1@L, 10 x nicotinamide 1QL, 10 x PRPP 1@L, 10 x ATP 10uL,
recombinant NMNAT1 2ul, dH,O 48 puL, total volume 90uL. Assay buffer-2
contains: 50 x WST-1 gL, 50 x ADH 2uL, 50 x diaphorase 2L, 10 x EtOH 1QuL,
distilled HO 4 pL, total volume 20uL. Recombinant NAMPT (2iL) and various
concentrations of tested compounds or vehicle veetéed to each well of the
microplate, and the reaction was initiated by agdio uL of assay buffer-1 to each
well and mixing thoroughly followed by incubatioh30 °C for 60 min. Subsequently,
assay buffer-2 (2QL) was added to each well of the microplate andeahithoroughly.
The absorbance at 450 nm was monitored for 30 mi& min intervals using a

microtiter plate reader.

4.3.2. Invitro EGFR activity assay

According to the instructions of manufacturers,dwiype and differenEGFR
mutants (T790M, L858R, L861Q, L858R/T790M) activityere tested using the
Z'-Lyte Kinase Assay Kit (Invitrogen).

4.3.3. Céll culture and cell viability assay

Cell lines, Huh-7, MCF7and K562 were purchased frSiranghai Cell Bank,
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Chinese Academy of Sciences. Cells were routinetyvg and maintained in RPMI
or DMEM media with 10% FBS and 1% penicillin/streyptycin. All cell lines were
incubated in a Thermo/Forma Scientific £@ater jacketed incubator with 5% €0

air at 37 °C. Cell viability assay was determingdhe CCK8 (DOjinDo, Japan) assay.
Cells were seeded at a density of 400-800 cellsiwél6-well plates and treated with
various concentration of tested compounds or vehigfter 72 h incubation, CCK8
reagent was added and absorbance was measure® anbising Envision 2104
multilabel reader (Perkin Elmer, USA). Dose resgorarves were plotted to

determine the Igvalues using Prism 5.0 (GraphPad Software Inc. USA)

4.3.4. In vivo antitumor efficacy in the H1975 tumor model

All the procedures for animal handling, care, amel treatment in this study were
performed according to the guidelines approvedhieylhstitutional Animal Care and
Use Committee (IACUC) of China Pharmaceutical Ursitg following the
guidelines of the Association for Assessment ancréditation of Laboratory Animal
Care (AAALAC). Female BALB/c nude mice between 46&owveeks of age were
housed in individual HEPA-ventilated cages on ahb2rs light—dark cycle at 21-
23 °C and 40-60% humidity, and used for tumor xeaftg. H1975 lung cancer cells
(3 x 10) were subcutaneously implanted in the right flaokaude mice in a volume
of 0.1 ml of RPMI-1640 medium, and the mice werseaskied for 4 weeks. 12 days
after the injection of the cells, the xenograft enigere divided into the three group
(n= 6 per group) with a similar tumor volume, whigached ~150 miGefitinib
was suspended in 0.9% normal saline and administemee daily (60 mg/kg, i.g.).
Compound28 was suspended in the solution (including 5% ethafd dimethyl-
sulfoxide, 10% Cremophor EL and 80% normal sala@) administered five times
every week (60 mg/kg, i.v.). Mice in the vehicleogp were given the same solution

as that of compound 28 by intravenous injectiormdudimensions were measured
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daily with calipers, and tumor volumes were caltedaby using the formula TV =
width? x length x 0.5. Beginning on Day 0, tumor dimensiand body weight were
measured daily during the experiments. Tumor masghw was measured at the end

of the study.

4.4. Docking Sudies

Compounds were docked into the active sites of NAMIPDB code: 401%) and
EGFR (PDB code: 4HJ® employing the program Glide 5.9 of the Schrodirsyete.
The structures were downloaded from the ProteiraBatnk and prepared using the
protein preparation wizard in the Schrédinger suitee standard precision (SP) mode
of Glide was employed. A post docking minimizatiwas carried out for the best 25

poses for each ligand, and the 10 best poses epoeted and analyzed.
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Abbreviation used

DCM, dichloromethane; DIPEA, N,N*-diisopropylethyl amine; DMAP,

4-dimethylaminopyridine; DMFEN,N-dimethylformamide; EGF, epidermal growth
factor; EGFR, epidermal growth factor receptor; EMdpithelial-mesenchymal

transition; NA, nicotinic acid; NAD, nicotinamidedanine dinucleotide; NAM,

nicotinamide; NAMPT, nicotinamide phosphoribosyfiséerase; NMN, nicotinamide

mononucleotide; NMNAT, nicotinate/nicotinamide monicleotide adenyltransferase;
NR, nicotinamide riboside; NSCLC, non-small cell ndu cancer; PARP,

poly-ADP-ribose polymerase; PRPP, 5-phosphoribogylrophosphate; RTKs,

receptor tyrosine kinases; SAR, structure-actiketationships; SCLC, small cell lung
cancer; TEA, triethylamine; TFA, trifluoroaceticidc THF, tetrahydrofuran; TKIs,

tyrosine kinase inhibitors
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Highlight

® The discovery of multitarget drugs has emerged as a research hotspot in modern
anticancer therapy.

® A series of first-in-class dua inhibitors simultaneously targeting EGFR and
NAMPT have been identified.

® The most active compound 28 showed dua balanced inhibitory activity towards
EGFR and NAMPT in vitro.

® The most active compound 28 imparted excellent antiproliferative activity against
several cancer cell lines.

® The most active compound 28 exhibited good in vivo antitumor efficacy in a

human NSCLC (H1975) xenograft nude mouse mode!.
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