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ARTICLE INFO ABSTRACT

RET rearrangement is a recently identified oncogenic mutation in lung adenocarcinoma (LADC) that accounts for
approximately 2% of all NSCLCs. More than six fusion partners have been identified in NSCLC, such as KIF5B,
CCDC6, NCOA4, TRIM33, CLIP1 and ERC1. Many RET inhibitors have been reported and some have progressed
to the clinic. Similar to most kinase inhibitors, patients often respond to current RET inhibitors but relapse can
occur due to the emergence of mutant RET kinases, such as RET (S904F) and (V804L/M), which are resistant to
inhibition. Our group previously reported that the benzamide aminonaphthyridine HSN356, a multikinase in-
hibitor, also inhibited RET. In this study, we prepared various nicotinamide analogs of HSN356 and investigated
RET inhibition to uncover the salient moieties on HSN356 that are important for kinase inhibition and to also
evaluate if HSN356 and analogs thereof could inhibit mutant RET kinases, such as RET (S904F) and (V804L/M).
Compound 3 (HSN608), the nicotinamide analog of HSN356, inhibits RET and mutant forms better than re-
ported RET inhibitors such as Alectinib, Sorafenib, Vandetanib and Apatinib, and comparable to BLU667.
HSN608 inhibited the growth of CCDC6-RET driven LC-2/ad cell line with IC50 of ~3 nM. Under similar con-
ditions, BLU667 and vandetanib (two drugs being evaluated against RET-driven cancers in the clinic) inhibited
the growth of LC-2/ad with IC50 values of ~10 and 328 nM respectively.
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identified in lung adenocarcinoma (LADC), including kinesin family
member 5B (KIF5B)-RET, coiled-coil domain containing 6 (CCDC6)-

1. Introduction

The RET gene is located on chromosome 10 and encodes a receptor
tyrosine kinase, which plays important roles in the development of
kidneys and enteric nervous system during embryogenesis [1]. RET also
regulates key aspects of cellular proliferation and survival. Glial cell-
line-derived neurotrophic factor (GDNF) family ligands (GFLs) bind to
GDNF family receptor-a co-receptors and induce receptor dimerization
and subsequent phosphorylation of the intracellular tyrosine residues,
resulting in the activation of downstream signaling for cell survival and
proliferation (Fig. 1) [2]. Mutations of RET lead to constitutive acti-
vation of the receptor itself in the absence of ligand binding [3]. RET
rearrangements lead to the formation of a chimeric gene product, called
RET fusion protein kinases, which have transforming and oncogenic
properties [4]. Rearrangements of the proto-oncogene RET are newly
identified as potential driver mutations in several human malignancies,
such as thyroid [5] or lung [6,7] cancer. Several RET fusions have been

RET, tripartite motif-containing (TRIM33)-RET, and nuclear receptor
coactivator 4 (NCOA4)-RET [8]. The overexpression of RET fusion
products in NIH3T3 cells resulted in anchorage-independent growth
and tumorigenicity in nude mice [9]. Lung adenocarcinoma-derived
cell lines, such as LC-2/ad cells, which harbor RET fusion gene CCDC6-
RET [10], are sensitive to RET inhibitors [11].

Several small molecule inhibitors of RET tyrosine kinase have been
described and some are in clinical development. Sorafenib [12,13],
vandetanib [14], cabozantinib [15], ponatinib [16], apatinib [17] and
BLU-667 [18] are RET inhibitors, which have been evaluated in the
clinic. Sorafenib was evaluated in the clinic as treatment for RET-driven
NSCLC but response rate was poor [19]. During the NSCLC clinical
trials of carbozantinib (NCT01639508), vandetinib (UMIN000010095
and NCT01823068) and lenvatinib (NCT01877083), overall response
rates of 16-50% and overall survival rates up to 11.6 months were
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Fig. 1. Schematic represent of RET signaling in cell proliferation and survival.

recorded, [8] indicating that RET is an actionable target. One of the development of RET inhibitors, such as BLU-667, which are active
mechanisms that limits RET inhibitor efficacy is the emergence of drug- against mutant RET kinases that emerge upon prolonged treatment with
resistant mutants, such as the gatekeeper mutants V804M/L as well as RET inhibitors [18].

RET S904F [20,21]. Recent efforts have therefore focused on the We previously reported that benzamide aminonaphthyridine
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Fig. 2. (A) Parts of HSN356, which were modified to make various analogs; (B) Analogs were synthesized via Sonogashira reaction.
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compound 1 (HSN356), a FLT3 kinase inhibitor, also inhibited RET [22].
At 500 nM, HSN356 completely inhibited the enzymatic activity of RET
kinase in the presence of 100 uM ATP. In our previous report, the focus
was on FLT3 kinase inhibition so we did not investigate in detail the
potential of HSN356 to inhibit mutant RET kinases as well as the growth
of RET-driven cancers. Here, we embark on a structure activity re-
lationship study of HSN356 to uncover the salient moieties on HSN356
that are important for RET inhibition and to also evaluate if HSN356 and
analogs thereof could inhibit mutant RET, such as V804M/L (Fig. 2).

(I) Series A: 8-naphthyridine analogs

Ry 1 (HSN356)

3 (HSN608)

10

11

12
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2. Results and discussion

Compound 1 (HSN356) analogs were synthesized via Sonogashira
reaction (Fig. 2B). Analogs were made to explore substitutions or re-
placements on/of rings A, B, C, D and E of HSN356 (see Fig. 2A). For
example, we made analogs that replaced the methyl piperazine moiety
on HSN356 with different nitrogen-containing rings while maintaining
the 1,7-naphthyridin-8-amine core (compounds 3, 9, 10, 11, 12). On
ring B, we also replaced the CF3 with Cl, H, etc. (compounds 3, 7, 8).
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Fig. 3. Structures of compounds, which were synthesized and screened.
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(IT) Series B: 7- or 6- or 5- naphthyridines
CF3
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Fig. 4. Percentage inhibition of (a) RET and (b) RET-CCDC6 activity with 4 nM
(in blue) and 37 nM (in red) analogs. Reactions were carried out in the presence
of 100 uM ATP.
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Modification of methyl group in ring C of HSN356 was also evaluated
(compounds 4, 14, 15, 5, 16, 17). For a second series of compounds, we
synthesized compounds with different naphthyridine rings [compounds
13 and 18 (1,6-naphthyridin-5-amine), 14 and 17 (2,6-naphthyridin-1-
amine), 15 and 16 (2,7-naphthyridin-1-amine)], see Fig. 3.

With the series of HSN356 analogs in hand, their inhibition abilities
against RET kinase were investigated via in vitro kinase assay at
Reaction Biology Corp. (Malvern, PA) (Fig. 4a). Both compound 1
(HSN356) and 3 (HSN608), the nicotinamide analog of HSN356, dis-
played high RET inhibition (approximately 92% and 98% inhibitions at
4nM respectively). We are more excited about 3 (HSN608) than
HSN356 because HSN608 has a lower calculated LogP value than
HSN356 (2.3 vs 3.9) [23]. Modification of methylpiperazine (ring A,
color in blue) in HSN608 with cyclopropyl substitution (compound 12)
or replacement by 4-(dimethylamino)piperidin (compound 11) gave

compounds that were less potent at inhibiting RET phosphorylation.
When the methylpiperazine in compound 3 (HSN608) was replaced
with 3-(dimethylamino)pyrrolidine (compounds 9, 10), RET inhibition
was not affected. Substitution of the CF; group on ring B with hydrogen,
compound 8, led to reduced inhibition of RET whereas substitution
with chlorine (compound 7) did not affect the degree of RET inhibition.
Different isoforms of naphthyridin-8-amine in ring E (compounds 3, 16,
17, 18 or HSN356, 13) were all active RET inhibitors. Position-1 of the
naphthyridine ring can tolerate either H (compound 4 and 5) or NH,
(compound 3) but substituted amine (compound 6) was not a good RET
inhibitor. Methyl substitution of the nicotinamide moiety, compounds
(14, 15 and 5), did not affect RET inhibition (compare with their
congener 17, 16 and 4 respectively).

The human lung adenocarcinoma cell line LC-2/ad harbors CCDC6-
RET fusion product. Therefore, we also examined the inhibition of
CCDC6-RET fusion kinase by the naphthyridine compounds (Fig. 4b).
The results revealed that the majority of the compounds, which po-
tently inhibited wild type RET kinase could also attenuate RET-CCDC6
activity at 4nM (Fig. 4b). Interestingly compounds 2 and 12, which
inhibited RET kinase weakly at 4 nM, showed higher inhibition cap-
ability towards CCDC6-RET. In addition to RET fusion, other RET mu-
tations have been observed in patients. Mutations of the RET gate-
keeper residue V804 to other residues (such as L), impairs the binding
of various kinase inhibitors (such as vandetanib, pyrazolopirimidines
and ponatinib) to the ATP binding pocket and cause drug resistance
[24]. RET mutation in the activation loop, RET(S904F), has been re-
ported to confer resistance to vandetanib [21]. Since RET V804M,
V804L and S904F are clinically relevant to the issue of drug resistance,
we evaluated the inhibition of these mutant RET kinases by the naph-
thyridine compounds.

With the exception of compound 8, all of the tested compounds
were good inhibitors of RET(V804M) and RET(S905F) at 4nM (Fig. 5
and S1). However for RET(V804L), compounds 1(HSN356), 7, 8, 10,
11, 12, 13, 18 were poor inhibitors at 4nM, displaying percentage
inhibition less than 80% (see Fig. S2). Encouragingly compounds 3
(HSN608), 14, 15, 16 and 17 were good inhibitors of all of the tested
RET kinases [Wild type, CCDC6-RET, RET (V804M, V804L and S904F)].
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Fig. 5. Percentage inhibition of RET (V804M) activity with various analogs
(4 nM). Reactions were carried out in the presence of 100 uM ATP.
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Fig. 6. Dose-response curve of CCDC6-RET inhibition by screened compounds
in kinase assay. Residual kinase activity (control = 100%) was plotted as a
function of compound concentration. Reactions were carried out in the pre-
sence of 100 uM ATP.

100~

g Bl RET (S904F)
2 I RET (V804L)
<

=

|_

w

h'd

X

Alectinib  Blu667 Vandetanib Apatinib HSN608

Fig. 7. Percentage inhibition of RET(S904F) and RET(V804L) activities with
1nM Alectinib, Blu667, Vandetanib, Apatinib and compound 3 (HSN608).
Reactions were carried out in the presence of 100 uM ATP.

Compounds 3 (HSN608), 14, 15, 16 and 17 inhibited CCDC6-RET
(the driver kinase in LC-2/ad), with impressive IC50 values in the sub
nanomolar range (0.31-1.19 nM, see Fig. 6). Under similar assay con-
ditions, the IC50 of typical RET inhibitor sorafenib, is 3.54 nM. We were
curious to know how compounds, such as compound 3 (HSN608)
compared to current RET inhibitors in clinical trials against drug-re-
sistant mutant RET S904F and V804L kinases. We therefore tested the
inhibition of RET kinases containing S904F and gatekeeper V804L
mutations using a stringent inhibitor concentration of 1 nM. Reported
RET inhibitors such as Alectinib, Vandetanib and Apatinib were

k)
= 1001 < -i_{ - HSN608
2 ; BIU667
% = Xlanc:iefznib
= ectini
; 50 U 3 \l Apatinib
8 N3 Y ~e- Sorafenib

04
12 10 -8 -6 -4
Log [compound] (M)

Fig. 8. Cell viability curve of LC-2/ad cell line upon treatment of indicated
compounds.
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Table 1
Kq (nM) of HSN608 towards different kinases
determined via DiscoverX Ky Elect service.

Kinase Kq (nM)
RET 1.9
RET(V804L) 1
RET(V804M) 0.95

Table 2
Antiproliferative activity of compounds against LC-2/ad cell line.

Compound ICso (nM) in this study ICso (nM) in literature
15 2+ 0.2 N/A

14 8 + 0.1 N/A

16 3.03 = 0.26 N/A

17 5.59 = 1.80 N/A

3 (HSN 608) 3.16 = 0.57 N/A
Sorafenib 645 = 7.9 1100 [26]
Alectinib 156.1 ~200 [27]
Blu667 9.71 3.7 [28]
Vandetanib 328 220 [26]
Apatinib 1416 N/A

ineffective at inhibiting RET S904F and V804L kinases at 1nM. For
these three compounds, less than 10% of enzymatic inhibition was
observed for RET(S904F) while no inhibition was observed for
RET(V804L). On the other hand, both Blu667 and HSN608 inhibited
60% of RET(S904F) activity at 1 nM inhibitor concentration (Fig. 7).
For RET(V804L), at a stringent concentration of 1 nM, 40% and 25%
inhibitions were recorded for Blu667 and HSN608 respectively. At
4 nM, HSN608 inhibited RET(V804L) enzymatic activity at 98% (Fig.
S2).

Thus far, we had obtained the inhibition RET enzymatic activities
by compound 3 (HSN608) and analogs. To provide additional insight
into RET inhibition, we also obtained the binding constant of HSN608
to wild type RET and the RET mutants V804L and V804M at DiscoverX.
Interestingly HSN608 binds to wild type RET, RET(V804L) and
RET(V804M) with K4 values of 1.9nM, 1 nM and 0.95 nM respectively
(Table 1).

LC-2/ad is human lung adenocarcinoma cell line, which harbors
CCDC6-RET fusion and is sensitive to RET inhibitors. It was used to
facilitate the studies of drug treatments and the biological properties of
RET fusion lung adenocarcinoma [25]. We investigated the anti-
proliferative activities of the best RET inhibitors in our series, com-
pound 3 (HSN608), 14, 15, 16 and 17, against LC-2/ad cell line. As
shown in Fig. 8 and Table 2, these compounds displayed superior IC50
values, compared to existing RET inhibitors sorafenib, vandetanib,
alectinib, apatinib and comparable IC50 with BLU667.

3. Conclusion

RET kinase has emerged as a drugable target in cancer but although
a few RET inhibitors have enjoyed some degree of clinical success, ki-
nase mutation limits drug efficacy. In this study, we synthesized a series
of compounds based on the scaffold of HSN356, which was reported by
our group to have inhibition effect against RET kinase [22]. We sought
to improve the inhibition ability of compounds towards RET, RET-
CCDC6 fusion and drug-resistant RET mutations. The nicotinamide
naphthyridine compounds exhibit strong RET inhibition profiles and
some of the compounds, such as compound 3 (HSN608) also inhibit
RET(V804M/L) and RET(S905F) mutants, which are known to account
for drug resistance in the clinic [20,21]. HSN608 inhibited the growth
of LC-2/ad cell line, which harbors CCDC6-RET fusion protein, with
IC50 of ~3nM. BLU667 and vandetanib (which are being evaluated
against RET-driven cancers in the clinic) inhibited the growth of LC-2/
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ad with IC50 values of ~10 and 328 nM respectively under similar
conditions. HSN608 is a possible clinical candidate against RET-driven
tumors.
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