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ABSTRACT: The discovery and optimization of a series of 2-morpholino-pyrimidine derivatives containing various sulfonyl side
chains at the C, position led to the identification of compound 26 as a potent dual PI3K/mTOR inhibitor. It exhibited high inhibitory
activity against PI3Ka/B/y/6 (ICso = 20/376/204/46 nM), mTOR (ICs, = 189 nM), potent functional suppression of AKT phosphory-
lation (ICso = 196 nM), and excellent anti-proliferative effects on a panel of cancer cells. Enzymic data and modeling simulation
indicate that cyclopropyl ring on the C, sulfone chain and fluorine on the Cs aminopyridyl moiety are responsible for its maintained
PI3K activity and enhanced mTOR potency, respectively. Furthermore, compound 26 exhibited higher efficiency in the HT-29
colorectal carcinoma xenograft model at the daily dose of 3.75 mg/kg and 7.5 mg/kg relative to BKM120 at the dose of 15 mg/kg

and 30 mg/kg.

The phosphatidylinositol 3-kinase (PI3K)-protein kinase B
(AKT)-mammalian target of rapamycin (mTOR) transduction
pathway plays a critical role in a diverse set of cellular func-
tions, including cell growth, proliferation, motility, differentia-
tion, and survival, which is often constitutively dysregulated in
various human cancers, providing validated therapeutic targets
associated with a wide range of human malignancies.' PI3Ks
can be divided into class I, II, and III according to their struc-
tural characteristics and substrate preferences.” The most stud-
ied class I PI3K is a heterodimer protein that is composed of a
catalytic subunit (p110a, p110B, p1105, and p110y) and a reg-
ulatory subunit (p85, p101, or p87).° The p110 catalytic subu-
nits are able to convert phosphatidylinositol diphosphate
(PIP2) to phosphatidylinositol triphosphate (PIP3), which
leads to the subsequent activation of serine-threonine kinase
AKT in terms of phosphorylation of AKT.* The downstream
kinase mTOR, a central regulator of cell growth and prolifera-
tion, can be further activated by phosphorylated AKT
(pAKT).” Compared with individually targeting PI3K or
mTOR, dual inhibition of PI3K and mTOR has recently been
proposed to represent a more effective approach for cancer
therapy, since this strategy can directly target the most com-
monly mutated kinase-PI3K (which is generally encoded by
the gene PIK3CA in the catalytic site of the pl110a subtype®)
while overcoming multiple mTOR-related negative feedback
loops that a selective mTOR inhibitor usually fails to repress.’

NVP-BKM120 (BKM, Figure 1), a compound with a pyrimi-
dine scaffold developed by Novartis AG, displayed a potent
and selective class I PI3K inhibition over many other related
kinases and is undergoing phase III clinical trials for breast
cancer treatment (NCT01572727, NCT01610284, and

NCT01633060)." ° The Cs aminopyridyl moiety on BKM
interacts via hydrogen bonding with Asp836, Asp841, and
Tyr867 and the 2-morpholine oxygen forms an important hy-
drogen bond to the hinge Val882 NH that is considered as an
identical group for PI3K potency (Figure 1).* A variety of
structural modification have been done focused on the re-
placement of its pyrimidine core scaffold and Cs amino-
pyridyl moiety with different bicyclic cores and aromatic
urea/indole side chains, respectively, and anilines and ami-
noheterocycles are predominant substitutions at the core py-
rimidine C,4 position that orient towards solvent without any
specific hydrogen bonding.* '"'* The discovery of morpho-
linopyrimidine based selective mTOR inhibitor AZD3147
from Astra Zeneca indicates that the NH groups on C4 phenyl-
thiourea or indole side chain are critical to engage productive
interactions with glutamic acid present in mTOR but not PI3K,
while C, sulfonyl side chains do not participate any specific
interaction (Figure 1)."* ' ' Thus, C, positions at the core
pyrimidine of both mTOR inhibitors and PI3K inhibitors can
consider as flexible sites for generating new ligands with
druggable properties and retained potency where are capable
to tolerate a range of substituents.
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NVP-BKM120
Class I PI3K inhibitor
PI3Ka, ICso = 0.052 uM
mTOR, ICeo = 4.6 uM

AZD3147
Selective mTOR inhibitor
PI3Ka, ICs = 0.92 tM
mTOR, ICso = 0.0015 uM

Class | PI3K/mTOR dual inhibitor
PI3Ke, Cg = 0.020 M
mTOR, ICs0 = 0.186 uM

Figure 1. The design of a novel PI3K/mTOR dual inhibitor 26.
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Herein, we describe a hybridization approach to discover nov-

decrease in activity relative to the parent compound 6. In the

1 el morpholinopyrimidines based PI3K inhibitors by replacing meanwhile, the (S)-3-methylmorpholine analog 11 maintained
2 the C, morpholine moiety on the BKM with sulfonyl portion enzymic and cellular effects comparable to those of 6. Further
3 taken from the selective mTOR inhibitors. Structure-activity exploration of the (S)-3-methylmorpholine fragment paired
4 relationship (SAR) studies conducted on twenty-seven new with gem-dimethyl, cyclobutyl, and cyclopentyl substituents
5 analogs lead to the identification of compound 26 (Figure 1), a adjacent to the sulfone side chain (in compounds 12-14)
6 potent dual inhibitor of PI3K and mTOR that exhibits remark- turned out a consistent 2-fold enhancement in enzymic poten-
7 able cellular anti-proliferative effects compared to BKM. En- cy. Moreover, this optimization identified compound 13 with

zymic data and modeling simulation fully explain that cyclo- low ICs, values of 93 nM and 78 nM against T47D and MCF-7
8 propyl ring on the C, sulfone chain and fluorine on the Cg in MTT cell proliferation assays, respectively. Another selec-
9 aminopyridyl moiety are responsible for its maintained PI3K tion of analogs was made to explore replacement of the termi-
10 activity and enhanced mTOR potency, respectively. Further- nal methyl group of the sulfone with ethyl, isopropyl, and
11 more, compound 26 also exhibits encouraging ADMET prop- phenyl groups (entries 15-23). The ethyl and isopropyl termi-
12 erties and significant in vivo tumor growth inhibitory efficacy nal groups did not lead to better activity (compounds 15-18),
13 in the HT-29 colorectal carcinoma xenograft mouse model even though they were combined with the favorable cyclopro-
14 compared to BKM. pyl or gem-dimethyl sulfonyl moieties. Compound 20 featur-
15 The structural modifications were focused on the sulfonyl side ing a terminal phenyl group combined with gem-dimethyl
16 chains with different substituents on the methylene unit and showed low nanomolar activity against PI3Ka, but it was rela-
17 the terminal area. The detailed synthetic procedures and spec- tively weak 1n.the.3 cellular assessment. Interestingly, cellu_lar
18 trum data of final products 1-27 are provided in supporting potency was significantly enhanced once one extra fluorine
19 information (Scheme S1). all the new analogs were initially atom was located at the ortho-position of phenyl ring gdjacent
20 evaluated for in vitro activities by testing PI3Ka enzymic in- to the Su1f0n§ (compound 23). Repl.acemen.t of th.e '[I‘lﬂuo.l‘O-

hibition, the resulting suppression of pAKT in PC-3 cells, and methyl substltuent on the .amlnopyrldyl moiety with fluorine
21 subsequent antiproliferation assays on breast cancer cell lines led to a Sllghtly QGCrease in potency against PI3Ko, however
22 T47D and MCF-7 carrying a PIK3CA H1047R mutation and the anti-proliferative effects of the resulting compounds 24-27
23 E545K mutation, respectively (Table 1).'® The exploration of were dramatically elevated, especially in the (S)-3-
24 alkylation or fluorination at the methylene unit of the sulfone methylmorphohne based apalogs 26 and 27, Whmh were found
25 portion led to an improvement in potency in most cases (en- to be 10 times more active than BKM against T47D and
26 tries 1-9), whereas these trends weren’t observed in isopropyl MCE-7 cells. Addltlonauy, .gc.)c.)d corrections were obsgwed
27 (4) and cyclohexyl (9) analogs indicating a limit to the size of between cellular p-AKT 1nh12b1t10n in PC-3 cells and antipro-
28 the substituent. Among these analogs, the ICs, values of the llferatlop results in T47D (R*=0.88) and MCF-7 ce!ls. (R =
29 gem-dimethyl (5), cyclopropyl (6), and cyclobutyl (7) analogs 0.92) (Elgure S1) which demon.strate.s that. p-AKT 1nh1b1t19n is
30 were lower than 20 nM against PI3Ko, accompanied by an respogmble for the cellular anti-proliferative effects. even 1f in

improvement in cellular phosphorylation of AKT and anti- the dlfferc.:n.t cells. Nevertheless, .2D ) Plf)t of blczchermcal
31 proliferation in comparison with the reference compound PI3Ka activity and cellulzar p-AKT inhibition doesn’t show a
32 BKM. The replacement of morpholine with (R)-3- nice linear regression (R” = 0.53) that may be related to dis-
33 methylmorpholine (in compound 10) resulted in a 14-fold tinet permeability.
34 Table 1. Structure—Activity Relationship Studies at the R', R? and R® Groups.*
35
36 0
37 )
38 R® NJ*N
39 A,
40 [ R
41 N N7
42
43

PI3Ka PC-3 pAKT T47D MCF-7

C d R! R R p
2;" ompotn IC5o (uM) IC5p (M) IC5o (uM) IC5o (uM)
46 1 f\f\si H CF; 0.189 3.01 1.668 1.513
47 P

2 S\ H CF; 0.056 2.446 1.155 1.139
48 FH
49 Q0

3 S\ H CF; 0.025 0.846 0.513 0.408
50 FF
51 QP
52 4 }r\ H CF; 0218 n/d® n/d n/d
53 o0
c4 5 AN H CF, 0.013 0.312 0.058 0.224

Q0

35 6 8L H CF; 0013 0319 0.167 0.283
56
57
58
59
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oL
7 S\ H CF; 0.015
Q0
8 @S\ H CF; 0.042
Q.0
9 6 ~ H CF; 0321
QL
10 L (R)-CH, CF; 0.223
2P
11 < (S)-CH; CF; 0.009
12 X (S)-CH,4 CF,  0.006
O\\//O
13 ?253\ (S)-CH; CF, 0.006
Q0
14 S (S)-CH; CF; 0.022
0
15 A H CF; 0.013
16 §2sv H CF,  0.040
QP
17 SY H CF; 0.058
QP
18 §<SY H CF; 0.065
Q0
19 S@ H CF; 0.026
20
20 }><S© H CF; 0.009
O\//C)
21 A H CF; 0.057
L
Q\//C)
22 A F H CF;  0.014
Q\//O F
23 fzsﬁ H CF,  0.007
//()
24 8 H F 0.041
25 %Ji H F 0.066
0\//
26 ;Z\s\ (S)-CH; F 0.010
(o)
27 £, 08 (S)-CH, F 0.020
BKM - - 0.041

0.248 0.138 0.134
0.384 0.218 0.34
n/d n/d n/d
n/d n/d n/d
0.546 0.129 0.112
0.306 0.175 0.214
0.184 0.093 0.078
0.674 0.139 0.159
0.301 0.225 0.295
0.947 0.552 0.512
0.43 0.16 0.437
1.178 1.063 0.599
0.668 0.324 0.513
1.548 0.478 0.897
1.275 0.619 0.5715
0.606 0.242 0.286
0.367 0.129 0.184
0.369 0.062 0.027
0.215 0.123 0.104
0.196 0.03 0.011
0.121 0.033 0.015
0.365 0.286 0.206

ICso, the mean value of duplicate measurements; °n/d: not determined.

Compounds 1, 6, 11, and 26 were selected for further charac-
terization in other three class I PI3K subtypes as well as
mTOR. The results shown in Table 2 indicate cyclopropyl ring
presented on the sulfone chain plays important role to main-
tain comparable Class I PI3K relative to BKM. Notably, con-
verting the trifluoromethyl group (11) to fluorine (26) on the
Cs aminopyridyl moiety led to a 11-fold potency increase
against mTOR and 4-fold improved potency at PI3K$ sub-
types. As the sulfone side chain is also present in inhibitors of
Ataxia telangiectasia mutated and RAD3-related (ATR) be-
longing to phosphatidylinositol 3-kinase-related kinase
(PIKK) family,"” the capability of compounds 1, 6, 11, and 26

to impact the ATR cellular activity in terms of inhibition of
phosphorylation of Chkl Ser-345 were also evaluated in HT-
29 cells. 1, 6, 11, and BKM were found to be inactive up to 10
uM, while 26 shows slight inhibition at the concentration of
10 uM (Figure 2).

Table 2. Class I PI3K and mTOR inhibitory activities of com-

pounds 1, 6, 11, and 26."

Enzyme IC5y (M)
PI3Ka PI3Kp PI3Ky PI3Ké mTOR

Compound
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1 0.189 n/d® n/d n/d 13.98
6 0.016 0314 0288 0240  1.680
11 0.016 0264 0.164  0.197  2.120
26 0.020 0376 0204  0.046  0.186
BKM 0.040 0234 0372  0.125 1981

oNOYTULT D WN =

ICs, the mean values of duplicate measurements. ® n/d: not de-
termined.

DMSO KU BKM 26 1 6 1
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Figure 2. Effect of compounds 1, 6, 11, and 26 on ATR activity
in the presence of DNA damage. HT-29 were pre-treated with
indicated compounds for 1 h, DNA damage was induced by expo-
sure to camptothecin. ATR activity was measured by detecting
phosphorylation of substrate Chkl, total Chkl and B-actin were
shown as internal control. KU-60019 (KU) is a specific inhibitor
of ATM/ATR and DNA-PK.

Thirteen potent compounds (3, 5-7, 13, 16, 18, 20, 23-27)
were used for metabolic stability study in human and mouse
liver microsomes to identify metabolically stable compounds
for in vivo studies. The results shown in Table S1 indicate that
the compounds containing trifluoromethyls exhibit a signifi-
cantly low metabolic stability relative to BKM (Cl;,: human,
10.86 mL/min/kg; mouse, 151.33 mlL/min/kg) except the
compound 6 (Cl;,: human, 9.86 mL/min/kg; mouse, 185.15
mL/min/kg). A cyclobutane ring on the methylene unit, a (S)-
3-methylmorpholine moiety, and an aromatic terminal groups
are particularly detrimental to metabolic stability in this series.
However, aminofluoropyridines 24-27 exhibited comparable
or much better liver microsomal stability both in human (Cly,:
5-16 mL/min/kg) and mouse (Cli,: 40-140 mL/min/kg) in
comparison with BKM. Given its enhanced mTOR potency
and metabolic stability, we were interested in advancing com-
pound 26 into more characterization.

A panel of cell lines was chosen to carry out antiproliferation
screening to compare 26 and BKM. The treatment of 26
turned out 2.5-fold to 18.7-fold improvement against different
cells (Figure 3A, Table S2), while stronger cytotoxicity
against HUVECs (26, ICso = 0.108 uM; BKM, ICs, = 0.886
uM) was also observed without certain cell selectivity. It is
known that BKM shows effects on the destabilization of mi-
crotubule that contributes to its therapeutic intervention to-
gether with its PI3K inhibition." we thought that this property
might transfer to the new hybrid analogs due to their structural
similarity. A dose-response cell cycle study in HT-29 cell
showed BKM accumulated cells dominantly in G2/M fraction
as expected that leads to mitotic arrest or apoptosis (Figure
3C). In contrast, the treatment of 26 arrested cells in the Gl
fraction which acts same as cytostatics (Figure 3B). In addi-
tion, no obvious effect of 26 at 10 uM concentration was ob-
served in an off-target test containing twenty-eight different
kinases (Table S3) and 26 exhibited comparable results with
BKM against the mutant PI3Koa ES542K, ES545K, H1047R
subtype inhibition. Overall, the experimental results elucidate

that the elevated mTOR activity is responsible for its dramati-
cally improved cellular anti-proliferative effects.

To better understand the interactions with targeted proteins,
docking simulations were performed for compound 26 with
PI3Ka, mTOR, and tubulin (Figure 4). The binding mode of
26 to PI3Ka is very similar to that of BKM, which is respon-
sible for similar potency against PI3Ka. The morpholine forms
a key hydrogen bond with Val851 (Val2240 on mTOR) in the
hinge region, the amino group at the 2-position of the pyridine
engages in another hydrogen bond with Asp810 (Asp2195 on
mTOR), the sulfone side chain occupies the ribose pocket, and
the fluorine at the 4-position of the pyridine is involved in an
attractive electrostatic interaction with Lys802. At the same
position on mTOR, the residue is Glu2190 which causes a
repulsive force that twists the binding of compound 26 and
thereby enhances the compound’s potency at mTOR. Moreo-
ver, the overlapped docking poses with tubulin indicate that
cyclopropyl group of 26 is too big to accommodate the tubulin
binding site due to the steric hindrance with Lys352, leading
to a binding displacement from BKM and weaker binding to
tubulin, which may differentiate 26 with BKM.

A . 26
BKM120
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Figure 3. PI3Ko mutant enzymic data, cancer cell panel screening
(A), and cell cycle distribution in HT-29 cells (B-D) of 26.

Further ADMET profiling demonstrates compound 26 does
not inhibit the most common cytochrome P,5, enzymes (CYP)
1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and 3A4 (ICs, values > 10
uM, Table S4). In vitro evaluation on human hERG channel
current indicated a minimal risk of 26 induced long QT syn-
drome (ICso > 30 uM, Figure S2). The Caco-2 permeability
assay determined 26 as a high permeable compound on both
sides (Pgp, >10 10 cm/s) with favorable efflux ratio (Papp
(B-A)/ P,,, (A-B) = 0.66, Table S5), which is supportive for its
excellent cellular potency. A pharmacokinetic (PK) profiling
was further performed for compound 26 in CD1 mice. As pre-
sented in Figure 5 (left), intravenous administration of 26 to
mice at 5 mg/kg (dissolved in 15% Captisol) exhibited a simi-
lar clearance rate (15.2 mL/min/kg), volume of distribution
(1.40 L/kg), and half-life (1.59 h) relative to the corresponding
parameters of BKM disclosed in the literature.® Oral admin-
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istration to mice at 10 mg/kg (dissolved in 15% Captisol)
yielded a high C,, (2984 ng/mL) and plasma exposure
(AUC,, = 10379 h*ng/mL) with an excellent oral bioavaila-
bility (F% = 94.6%).

Figure 4. Docking poses of 26 (orange) with PI3Ka (A, PDB entry: 4123), mTOR (B, PDB entry: 4jt6), and tubulin (C, 26: cyan, BKM:

yellow, entry: Sm7e).

“iv. (mouse) at Smgkg
Cl Vs Tiz  AUCus
(mL/minkg) (Lkg) (hr)  (hr*ng/mL)
15.2 14 14 5435

p-o. (inouse) at 10 mg/kg

Cmax Tumax Tiz  AUCus F%
(ng/mL) (hr) (hr)  (hr*ng/mL)

2984 0.25 287 10397 94.6%

Tumor volume
{mm?®; Mean + SEM)

N
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+- 26, 3.75 mpk 9% -=- BKM120, 30 mpk
-+ 26, 7.5 mpk ~*- 26, 3.75 mpk
— 26, 7.5 mpk
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>

Figure 5. PK parameters and efficacy studies of 26. (left) Male CD1 mice (n =18) were assigned to 2 groups: 9 animals were administered
via oral gavage (10 mg/kg) and 9 animals were administrated via tail vein injection (5 mg/kg). Blood samples were collected at 0.083,
0.25,0.5, 1, 2, 4, 8 and 24 h post dose (n = 3 mice per time point). (middle) Balb/c nu/nu mice bearing HT-29 xenograft tumors were treat-
ed with vehicle, BKM (15 or 30 mg/kg), or 26 (3.75 or 7.5 mg/kg) by daily oral gavage for 27 days when the mean tumor size was around
240 mm®. The estimated tumor volume was plotted versus time. The tumor growth inhibition (TGI) was calculated after 27-day treatment
(26, 3.75 mpk, TGI = 54.4%, *p = 0.02; 26, 7.5 mpk, TGI = 72.9%, *p = 0.02; BKM, 15 mpk, TGI = 39.4%, *p = 0.02; BKM, 30 mpk,
TGI = 55.7%, *p = 0.04). (right) The body weight change (BWC) was measured, calculated and plotted versus time. All data are presented
as the mean = SEM (n = 6). Dunnett's multiple comparison test. *<0.05.

With these encouraging in vitro effects and preliminary
ADMET profiling, compound 26 was tested in in vivo efficacy
studies in the end. HT-29 colorectal carcinoma xenograft
mouse model carrying the PIK3CA P449T mutation was se-
lected for our efficacy studies, as the PI3K/AKT/mTOR path-
way is being considered as a potential therapeutic target for
the treatment of colorectal cancer.” Considering the higher
cytotoxicity and stronger anti-proliferative effects of 26, 4-fold
lower doses (3.75 and 7.5 mg/kg) were selected in comparison
with BKM at the doses of 15 and 30 mg/kg, respectively (Fig-
ure 5, middle). BKM only produced 39.4% tumor growth in-
hibition (TGI) with the treatment of 15 mg/kg, while better
single agent efficacy (TGI = 54.4%) was observed with 26 at
daily oral doses of 3.75 mg/kg for 27 days in a well-tolerated
manner, which was comparable to the result with BKM at the
dose of 30 mg/kg (TGI = 55.7%). Interestingly, the prolifera-
tion assay result of BKM (ICso = 1.186 uM) in HT-29 cell was
also about 7.3 folds higher than 26 (ICsy = 0.163 uM) (Table
S2) which suggests a hint of correlation between in vivo tumor
suppression and in vitro anti-proliferation activity, although
drug exposure in tumor tissue and in vivo target modulation
haven’t been determined. The 7.5 mg/kg group of 26 dis-

played more significant TGI (72.9%) All animals were surviv-
al after 27-day treatment, whereas 15% weigh loss was ob-
served in 26 7.5 mg/kg group (Figure 5, right). Notably, 60
mg/kg BKM was also enrolled at the beginning of in this
study that was terminated after 10-day treatment due to serious
toxicity (weigh loss >25%, Figure S3).

In summary, we have designed and synthesized a new series
of 6-aminopyridyl, 4-sulfonyl, 2-morpholino-pyrimidine core
analogs as novel PI3K inhibitors. Through the SAR profiling
of different substituents at the methylene unit and the terminal
region of sulfonyl side chains, as well as the combination with
different morpholino and aminopyridyl moieties, we success-
fully addressed the identification of orally bioavailable com-
pound 26, which exhibited potent enzymic activity against
Class I PI3K and PI3Ka mutant isoforms, improved mTOR
potency, good suppression of pAKT in cellular assays, and
promising pharmacokinetic parameters. Significantly, com-
pound 26 was found to be much more effective both in in vitro
and in vivo studies compared to BKM.
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