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SUMMARY

Signalling pathway dysregulation is associated with tumorgenesis. Aggressive tumour
behaviour is often related with resistance to commonly used anti-cancer drugs. Cancer
treatments commonly apply radio-therapy despite frequent negative side effects, including
intestinal injury. The RAS/RAF/MEK/ERK signalling pathway plays a key role in regulating
cell proliferation and apoptosis. This signalling pathway is deregulated in approximately one
third of malignant tumours. Mutations in RAS/RAF occur in approximately 30% of
malignancies and are associated with aggressive cancer behaviours and poor prognosis.
To address these problems, this research consisted of two parts: 1) development and
efficacy evaluation of a novel MEK inhibitor and 2) development of a series of novel

compounds and evaluation of their intestinal radio-protective action and neuroprotective

activity.

Based on the previously reported X-ray structure, AZD6244, a drug in phase Il clinical trials,
was chosen as a positive control and as a lead compound for further activity enhancement
research to overcome the shortcomings of existing MEK inhibitors. As a result, a novel
benzoxazole compound (KZ-001) was developed and the research determined that it is a

highly potent and selective MEK 1/2 inhibitor, suitable for the potential treatment of cancer.

In vitro, KZ-001 showed approximately 27-fold and 12-fold greater inhibition of MEK1 and
MEK2 kinase compared to AZD6244, respectively. Kinase selectivity studies showed that
KZ-001 is a highly selective MEK1/2 inhibitor. Using the MTT- or MTS assay, KZ-001 had a
26- to 32-fold higher anti-proliferation activity in BRAF mutant cancer cell lines and 17-fold
higher anti-proliferation activity in KRAS mutant cancer cell lines compared to AZD6244. In
vivo xenograft models confirmed higher tumour growth inhibition activity of KZ-001 and the

body weights of treated animals did not change significantly.

Like other known MEK inhibitors, KZ-001 inhibited the MAPK signalling pathway. KZ-001
completely blocked ERK phosphorylation in BRAF- and KRAS- mutant cell lines. The FITC

viii



Annexin V apoptosis assay demonstrated early apoptosis in Calu-6 and COLO 205 cell
populations but not in A375 and HT-29 cells. Measurement of DNA content in A375 cells
showed a significant increase of G1 phase cells and a decrease of S and G2 phase, and

caused cell cycle delay of A375 cells at the GO/G1 phase.

In pharmacokinetic studies, KZ-001 showed good oral absorption and clearance from the
blood stream. To determine its potential for clinical application, the synergistic effect of
KZ-001 with other drug agents was investigated both in vitro and in vivo (xenograft models).
KZ-001 exhibited synergistic anti-cancer effects in combination with the BRAF inhibitor
vemurafenib and a microtubule-stabilizing chemotherapeutic agent docetaxel. Results
obtained strongly suggest that KZ-001 is a very promising new anti-cancer drug for

treatment of RAS/RAF mutant tumours.

Radiation-induced intestinal injury is one of the major side effects in patients receiving
radiation therapy. There is no specific clinical treatment for radiation enteritis. This study
aimed to find ROS-scavengers by rationale compound design for the treatment of radiation

injury and neurodegenerative diseases.

Four compounds were designed which were expected to cleave into polyphenol and
aminothiol in vivo to mitigate radiation injury. The 30-day survival experiments in C57BL/6J
mice investigated radio-protective effects. Further research focused on the compound
XH-105 because of its superior radio-protective effect compared to the other three
compounds. XH-105 was administered by gavage to C57BL/6J mice one hour prior to total
body irradiation (TBI) and survival rate was monitored. Survival rates of Lgr5" ISCs, Ki67"
cells and villi* enterocytes were determined histologically and lysozyme were identified and
activity quantified by immunohistochemistry. DNA damage and cellular apoptosis in
intestinal tissues were also evaluated. After TBI, XH-105 significantly enhanced survival
rates, attenuated structural damage of the small intestine, decreased the rate of apoptosis,
reduced DNA damage, maintained cell regeneration and promoted crypt proliferation and

differentiation compared to vehicle-treated mice. XH-105 also reduced the expression of



Bax and p53 in the small intestine. These data suggest that XH-105 protects against

radiation-induced intestinal injury by inhibiting the p53-dependent apoptosis pathway.

Oxidative stress plays a central role in the common pathophysiology of heurodegenerative
diseases. In Alzheimer’s disease, the aggregation of AR could induce ROS. HL-008, as an
aminothiol compound, might be able to eliminate ROS in cell microenvironment. In this
study, HL-008 showed no toxicity to PC-12 cells and protected PC-12 cells against
H,O,-induced cytotoxicity. Moreover, this study showed that pretreatment with HL-008
could increase cell viability after exposure to APB:.4, Furthermore, all investigated

concentrations of HL-008 enhanced neurite outgrowth in a dose-dependent manner.

In summary, this project developed a novel MEK inhibitor for the treatment of RAS/RAF
mutant cancers and a set of radioprotectors for the mitigation of radioation therapy-induced
intestinal injury. In addition, one radioprotector could potentially be used for the treatment of

neurodegenerative diseases.
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1. CHAPTER 1: INTRODUCTION AND LITERATURE
REVIEW

Part of this literature review (From Section 1.3 - Section 1.6) has been published in
Molecules, Year 2018, Vol. 22, 1551, Page 1-20, and the development status was updated

at the end of year 2020.



1.1. Abstract

Cancer incidence and mortality are rapidly increasing worldwide. The RAS/RAF/MEK/ERK
pathway is deregulated in approximately one third of malignant tumors. Mitogen-activated
protein kinase kinase (MEK) inhibitors could block this pathway and inhibit tumor proliferation.
The current development status of MEK inhibitors, including preclinical data and progress
made in clinical studies, is summarized in this review. Different MEK inhibitors, possessing
specific physicochemical properties and bioactivity characteristics, may provide different
options for patients seeking treatment for cancer. Moreover, the combination of MEK
inhibitors with other therapies—such as chemotherapy, targeted therapy, and
immunotherapy—may be a promising approach for clinical use.

Though remarkable progress has been made in the field of cancer treatment, radiotherapy
and chemotherapy remain important in cancer treatment. While better disease control is
achieved with radiotherapy dose escalation, common usual side effects are acute toxicity
and damage of healthy tissue. It is therefore important to develop radioprotectors to
mitigate irradiation injury. The most widely studied radioprotectors are summarized here.
Radioprotectors in different categories possess their own properties, showing different
extent of activity and toxicity. Combined treatment with animothiol compounds and natural

anti-oxidants may be a promising direction for the development of radioprotectors.

KEYWORDS: MEK inhibitors; targeted therapy; combination treatment; approved drug; clinical

study; preclinical study; radioprotectors; anti-oxidants.

1.2. Introduction

Cancer incidence and mortality are rapidly increasing word-wide, and cancer is expected as
the sole most important barrier to increasing life expectancy globally. According to the latest
statistics, it is estimated that there were 18.1 million new cases and 9.6 million cancer
deaths worldwide in 2018 [1]. These findings were also supported by the World Health
Organization [2]. Bray et al. (2018) reported the distribution of all-cancer incidence and
mortality (Table 1-1). Of all cancer types, lung cancer ranks as the leading cause of
incidence and mortality. An estimated 2.1 million new lung cancer cases (nearly 11.6% of
the total new cases) and 1.8 million deaths (nearly 18.4% of cancer deaths) were estimated

in 2018, respectively (Figure 1-1).
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Figure 1-1 Distributions of cases and deaths for the ten most common cancers in 2018 [1]

The mitogen-activated protein kinase (MAPK) signaling pathway plays critical roles in the
regulation of diverse cellular activities, including cell proliferation, survival, differentiation,
and motility [3]. Dysregulation of the MAPK pathway occurs in more than one-third of all
malignancies. The classical MAPK pathway consists of Ras (a family of related small
G-proteins which are expressed in all animal cell lineages and organs), Raf (a family of
three serine/threonine-specific protein kinases that are related to retroviral oncogenes),
MEK (mitogen-activated protein kinase kinase), and ERK (extracellular signal-regulated
kinases), sequentially relaying proliferative signals generated at the cell surface receptors
into the nucleus through cytoplasmic signaling. MEK inhibitors target the
Ras/Raf/MEK/ERK signaling pathway, inhibiting cell proliferation and inducing apoptosis,
hence offering potential in clinical use for cancer treatment, especially for those cancers
induced by RAS/RAF dysfunction [4].

Owing to the widespread activation of this pathway in numerous neoplasms, MEK inhibitors
have been in the process of development and study as a type of monotherapy or
combination therapy with other targeted and cytotoxic drugs in a variety of clinical
situations. More recently, combination treatment with immune checkpoint inhibitors has
emerged as an efficacious treatment for some cancers, expanding the efficacy of this class

of agents [5].



This review summarizes recent progress in the development of MEK inhibitors,
complementary to an earlier review [6-17] but with a greater focus on those compounds that
have been approved or are in clinical stages of development. A brief summary of
compounds undergoing preclinical studies is also provided.



CANCER SITE

Lung

Breast
Prostate
Colon
Nonmelanoma of skin
Stomach

Liver

Rectum
Esophagus
Cervix uteri
Thyroid
Bladder
Non-Hodgkin
lymphoma
Pancreas
Leukemia
Kidney
Corpus uteri
Lip, oral cavity

Brain, nervous system

Table 1-1 New cases and deaths for 36 cancers and all cancers combined in 2018 [1]

NO. OF NEW CASES
(% OF ALL SITES)

2,093,876 (11.6)
2,088,849 (11.6)
1,276,106 (7.1)
1,096,601 (6.1)
1,042,056 (5.8)
1,033,701 (5.7)
841,080 (4.7)
704,376 (3.9)
572,034 (3.2)
569,847 (3.2)
567,233 (3.1)
549,393 (3.0)
509,590 (2.8)

458,918 (2.5)
437,033 (2.4)
403,262 (2.2)
382,069 (2.1)
354,864 (2.0)
296,851 (1.6)

NO. OF DEATHS

(% OF ALL SITES)
1,761,007 (18.4)
626,679 (6.6)
358,989 (3.8)
551,269 (5.8)
65,155 (0.7)
782,685 (8.2)
781,631 (8.2)
310,394 (3.2)
508,585 (5.3)
311,365 (3.3)
41,071 (0.4)
199,922 (2.1)
248,724 (2.6)

432,242 (4.5)
309,006 (3.2)
175,098 (1.8)

89,929 (0.9)
177,384 (1.9)
241,037 (2.5)

CANCER SITE

Ovary

Melanoma of skin
Gallbladder
Larynx

Multiple myeloma
Nasopharynx
Oropharynx
Hypopharynx
Hodgkin lymphoma
Testis

Salivary glands
Anus

Vulva

Kaposi sarcoma

Penis

Mesothelioma

Vagina

All sites excluding skin
ALL sites

NO. OF NEW CASES
(% OF ALL SITES)
295,414 (1.6)
287,723 (1.6)
219,420 (1.2)
177,422 (1.0)
159,985 (0.9)
129,079 (0.7)
92,887 (0.5)
80,608 (0.4)
79,990 (0.4)
71,105 (0.4)
52,799 (0.3)
48,541 (0.3)
44,235 (0.2)

41,799 (0.2)
34,475 (0.2)
30,443 (0.2)
17,600 (0.1)
17,036,901
18,078,957

NO. OF DEATHS
(% OF ALL SITES)
184,799 (1.9)
60,712 (0.6)
165,087 (1.7)
94,771 (1.0)
106,105 (1.1)
72,987 (0.8)
51,005 (0.5)
34,984 (0.4)
26,167 (0.3)
9,507 (0.1)
22,176 (0.2)
19,129 (0.2)
15,222 (0.2)

19,902 (0.2)
15,138 (0.2)
25,576 (0.3)
8,062 (0.1)
9,489,872
9,555,027



1.3. Ras/Raf/MEK/ERK pathway and MEK inhibitors

Signal transduction occurs when an extracellular signaling molecule activates a specific
receptor located on the cell surface. In turn, this receptor triggers a biochemical chain of
events inside the cell and creates a response. The Ras/Raf/MEK/ERK pathway is one of
the critical pathways involved in signal transduction, which results in the control of cell
proliferation, survival, and differentiation [18, 19] and plays a role in the development of
multiple cancers including melanoma, non-small cell lung cancer (NSCLC), etc. MEK1 and
MEK2 are closely related and participate in the Ras/Raf/MEK/ERK signal transduction
cascade. Blockage of the pathway with MEK1/2 inhibitors could result in the clinical benefits
for treatment of cancers with RAS/RAF dysfunction. Therefore, efforts have focused in past
decades on the development of MEK1/2 inhibitors. The first MEK inhibitor, PD098059, was
reported in 1995 [20], since then a number of MEK inhibitors have progressed to clinical
stages of development. More recently, the combination of MEK- with BRAF (A member of
the Raf kinase family of growth signal transduction protein kinases)-inhibitors and/or other

therapies has provided a new treatment option for multiple cancers.

1.4. MEK inhibitors approved by the US Food and Drug Administration (FDA)

Four MEK inhibitors, including trametinib, cobimetinib, binimetinib and selumetinib, were
approved by the FDA and the European Medicines Agency (EMA). Preclinical and clinical

data for these four compounds are summarized in Table 1-2.



Table 1-2 Preclinical and clinical data for approved MEK inhibitors

ltem Trametinib Cobimetinib Binimetinib Selumetinib
H H
/HjO(Nj HO_~ N~ 0 LF HO_~ N0 o
H
F [e) N H N N
Structure H \(j\ \©\
/@/ ~N F Br —N F Br
| F \=N \=N
F
BCS ! class BCS Il (high permeability, BCS | (high permeability, ~ BCS IV (low permeability, N/A
low solubility) high solubility) low solubility)
Salt form dimethyl sulfoxide solvate (1:1) hemifumarate Non-solvated hyd-sulfate
Molecule weight (free base) 615.4 531.32 441.23 457.68
In vitro (enzyme) MEK 2 kinase MEK1 ICs, ° = 0.7 nM MEK1 ICsq = 0.95 nM MEK1 ICsq = 12 nM MEK1 IC5q = 10-14 nM
[21, 22] MEK2 IC55 = 0.9 nM MEK2 IC5q = 199 nM MEK2 IC59 = 46 NM N/A
In vitro (cell A375 N/A
potency) [23. 24] 0.74 nM 5 nM 34.4+9.3nM
TGl *=60% @ 0.1 mpk; TGl =87% @ 3 mg/kg, TGl =102.5% @ N/A
In vivo efficacy 14 days 21days, QD ° 30mg/kg, 14 days, BID
= 0, .
(enogatn 24 ASTS T o3 ek TGI=106% @ 5 mg/kg, 21 TGI = 105% @ 100mglkg, NIA
TGI = 118% @ 3 mpk: 14 days days, QD 14 days, BID
c. 6 2.7 uM (3 mg/kg, mice) 0.997 uM (30 mg/kg, male 6.8 ug/mL(30 mg/kg, male 55 pyg/mL (50mg/kg BID,
max 0.47 uM (3 mg/kg, rats) rats) mice) male mice)
4 h (mice, 3 mg/kg, 14 days, 3.8 h (50mg/kg BID, male
repeat) . mice)
N Trax 2 h (30 mg/kg, male rats) 2 h (30 mg/kg, male mice)
Pharmacokinetics max ' ' 1 h (50mg/kg BID, female
[25, 26] 4 h (rats, 1 mg/kg, 21days, repeat) mice)
8 3.8 h (mice) 5.72 h (30 mg/kg, male 5 h (monkey, 5mg/kg)
T 5.5 h (rats) 5.56 h (30 mg/kg, male rats) mice)
protein o 98.8% (5 uM, dog) o 98.4% (human)
binding rate 97.40% (human) 93.5% (5 yM, human) 97% (human)




Item Trametinib Cobimetinib Binimetinib Selumetinib
H H
HO HO _N._0O HO N_O
/j(Nj ~"o Ho§ o Ho ¢
F O N H N N
Structure H \©\
/©/ —~N F Br —N F Br
I F \=N \=N
F
T 4 h (male rats, 0.1667mg/kg, week N/A 1h (10 mg/kg, male mice, 0.67 h (5 mg/kg, BID, week
max 4) day 27) 26)
Toxicokinetics c 10.1 ng/mL (male rats, 0.1667 39.9 ng/mL (male rats, 3 5.85 pg/mL (male mice, 6.1 pg/mL (5 mg/kg, BID,
(rats) [23, 24] max mg/kg, week 4) mg/kg, day 22) 10 mg/kg, day 27) week 26)
AUC... 188 ng-h/mL (male rats, 0.1667 244 ng-h/mL (male rats, 3 39 yg/mL (male mice, 10 26.6pg/mL (5 mg/kg, BID,
ot mg/kg, week 4) mg/kg, day 22) mg/kg, day 27) week 26)
MTD ° 3 mg/day (QD) 60 mg/day, QD, 21/7 60 mg, BID 25 mg/m? [29]
100 mg/day, QD, 14/14
T max 1.5h (2 mg, QD) 2.4 h (60 mg, QD) 1.5 h (45 mg, BID) 1.0 h (25 mg/m°) [29]
Chmax 22.2 ng/mL (2 mg, QD) 273 ng/mL (60 mg, QD) 241 ng/mL (45 mg, BID) 886 ng/mL (25 mg/m°) [29]
Tip 4-5d (2 mg, QD) 43.6 h (60 mg, QD) 7.4 h (45 mg, BID) 6.2 h (25 mg/m?) [29]
Clinical PK [27, CLF™ 5.4 L/h (2 mg, QD) 13.8 L/h (60 mg, QD) 20 h/L(45 mg, BID) N/A
28] AUC 370 ng-h/mL (gg’)day 15,2M9, 4340 ng-h/mL (60 mg, QD) 964 ng-h /mL 2520 ng-hr/mL [29]
period/cycle 21 days/7 days off 21 days/7 days off 21 daysl/cycle 28 days/cycle
absolute 72% (2 mg, QD) 46% (20 mg, QD) 54% N/A
bioavailability ' '
recorg(;';‘;”ded 2 mg, QD 60 mg, QD 45 mg, BID 25 mg/m?

Adverse reactions [27, 28]

rash, diarrhea, fatigue, peripheral
edema, nausea, and dermatitis
acneiform

gastrointestinal disorders,
rash, pyrexia, increased
blood CPK *,
chorioretinopathy

rash, nausea, vomiting,
diarrhoea, peripheral
oedema, and fatigue

acneiform rash,
gastrointestinal effects, and
asymptomatic creatine
kinase elevation

! BSC: biopharmacedutics classification system. > MEK: mitogen-activated protein kinase kinase. ® ICs,: half maximal inhibitory concentration. * TGI: tumor

growth inhibition. ® QD: once a day. ® Crax peak concentration.

" Tmax. peak time. ® Ty,: elimination half-life. °® AUC,: Area under the plasma drug

concentration-time curve. * MTD: maximum tolerated dose. ** CL/F: apparent plasma clearance. 12 CPK: creatine phosphokinase.
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1.4.1. Trametinib (GSK1120212, JTP-74057)

Trametinib (GSK1120212, JTP-74057) was the first MEK inhibitor approved by the FDA
(May, 2013) for treatment of melanoma. It is an allosteric, non-ATP-competitive inhibitor with
sub-nanomolar activity against purified MEK1 and MEK2 kinases (half maximal inhibitory
concentration (ICso) of 0.7 nM [21] and 0.9 nM, respectively) and its chemical structure is

shown in Table 1-2..

In a preclinical study, trametinib showed high efficacy in xenograft models. For the HT-29
xenograft model, oral administration of trametinib demonstrated efficacy in inhibiting tumor
growth at a dose of either 0.3 mg/kg or 1 mg/kg once daily (QD) for 14 days, and could block
tumor growth almost completely at a dose of 1 mg/kg [30]. Similar findings were observed in
an A549 (KRAS (proto-oncogene corresponding to the oncogene first identified in Kirsten rat
sarcoma virus) mutant cell line) xenograft model with tumor growth inhibition of 92% and 87%
at 5.0 mg/kg and 2.5 mg/kg, respectively [31].

In a clinical study, single agent treatment with trametinib resulted in a statistically significant
and clinically meaningful improvement in progression-free survival (PFS) compared to
standard chemotherapy [32]. In a global multi-center, randomized, open-label and controlled
trial, 322 melanoma patients with the BRAF V600E or V600K-mutant were allocated on a
ratio of 2:1 into either the trametinib group or conventional chemotherapy group (dacarbazine
or paclitaxel), respectively. It was reported that trametinib resulted in an improved overall
response rate (22% versus 8%) and progression-free survival (4.8 versus 1.5 months) when
compared to the group receiving cytotoxic treatment [33]. Rash, diarrhea, and peripheral
edema were the main adverse events, but those were manageable. A phase |/Ib study
evaluating trametinib plus docetaxel or pemetrexed in patients with advanced KRAS-mutant
NSCLC showed that the primary endpoint of overall response rate (ORR) was met for both
combinations [34] (ClinicalTrials.gov number, NCT01192165).

The FDA initially approved the combination of trametinib and dabrafenib for patients with
unresectable or metastatic melanoma with BRAF V600E or V600K mutations in January
2014, based on the results of median PFS extended from 8.8 months to 11.0 months when
compared with dabrafenib monotherapy in a multi-center phase lll trial [25, 35]. The EMA

approved this combination a year later for adults with unresectable or metastatic melanoma



with the BRAF V600 mutation. MEK and BRAF inhibitors hence presented a new treatment

method for metastatic melanoma [36].

For BRAF-mutant NSCLC, the FDA awarded the breakthrough therapy designation for
combination of trametinib and dabrafenib in 2015, and approved this combination in June
2017 [37] following the EMA’s approval in April the same year [38]. Breakthrough therapy
designation refers to a drug where preliminary clinical evidence suggests significant
improvement in the treatment of a serious condition over available therapie on a clinically
significant endpoint(s) (https://www.fda.gov/regulatory-information/food-and-drug-

administration-safety-and-innovation-act-fdasia). The approval of this combination was based
on results from a three-cohort, multicenter, non-randomized, open-label study of patients with
stage IV NSCLC. In this phase Il trial, 36 treatment-naive patients and 57 previously treated
patients were assigned to the combination regimen with trametinib and dabrafenib, and 78
previously treated patients received the single agent dabrafenib. The results showed that
there was an overall response rate (ORR) of more than 60%, with median PFS of longer than
9 months in the combination group, while there was an ORR of 27% with PFS of 5.5 months
in the dabrafenib group [39]. In summary, the combination of MEK and BRAF inhibitors has
provided a new treatment option for BRAF-mutant NSCLC [40]. On April 30, 2018, FDA
approved the adjuvant treatment of trametinib plus darafenib for the BRAF V600-Mutant
melanoma and approved the combination drugs (trametinib + darafenib) for the treatment of

BRAF-positive anaplastic thyroid cancer the following month.

Recently, combination treatments of MEK with programmed cell death protein 1 (PD-1)
inhibitors [41-43] has shown promise. Preclinical and translational data demonstrated that
BRAF inhibitors and MEK inhibitors altered the tumor microenvironment in favor of
immunotherapy and enhanced the efficacy of immune checkpoint inhibition with anti-PD-1
agents [44, 45]. Trametinib, in combination with dabrafenib and pembrolizumab, was
developed by Merck Sharp & Dohme Corp. and Novartis for the treatment of melanoma in a

FV8%_mutant

phase Il study. Based on a manageable toxicity profile in patients with BRA
melanoma in a phase | study, the ongoing phase Il study will further evaluate safety and
efficacy of this triple-combination treatment as a first-line therapy for BRAF-mutant

melanoma.

The development of triple regimens on the above approved combination with either

pembrolizumab or spartalizumab (PDR 001) are ongoing by Merk Sharp & Dohme and
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Novartis, respectively, for the treatment of melanoma. A trial to assess the triple-combination
treatment with trametinib, dabrafenib, and the anti-programmed death-ligand 1 (PD-L1)
antibody durvalumab in 26 patients with BRAF-mutated advanced melanoma was conducted.

A 69% ORR was obtained and 16 of 18 responding patients had continuous responses [46].

Apart from melanoma and NSCLC, trametinib as a single agent or in combination with
dabrafenib has also been tested in other types of cancers. As reported by the American
Society of Clinical Oncology (ASCO) recently, a two-arm phase Il study with either trametinib
or 5-fluororacil/capecitabine in refractory advanced biliary cancer was stopped due to the lack
of efficacy in the trametinib arm. In contrast, a combination with dabrafenib was shown to be
well tolerated in BRAF-mutated papillary thyroid carcinoma in one randomized phase I trial.

1.4.2. Cobimetinib (GDC-0973, XL518)

The second approved MEK inhibitor was cobimetinib (GDC-0973, XL518), which was developed
by Exelixis and Genentech (Roche). The compound was awarded the status of orphan drug
by the FDA in 2014 for malignant melanoma with the BRAF V600 mutation, and was then
approved for combination treatment with vemurafenib for unresectable or metastatic
melanoma with a BRAF V600E or V600K mutation in November 2015.

The chemical structure of cobimetinib is shown in Table 1-2. Cobimetinib is a potent and
highly selective MEK inhibitor, with a biochemical ICs, of 0.9 nM against MEK1 [22]. It also
showed broad efficacy in vivo in xenograft models with BRAF- and KRAS-mutated cell lines
[47]. Preclinical studies demonstrated that this agent was effective in inhibiting the growth of
many tumor cells bearing a BRAF mutation. In preclinical studies, cobimetinib was associated
with sustained ERK/MAPK inhibition in tumor tissues, with minimal drug exposure in the

brain.

In a phase Il trial, median PFS was 12.3 months for cobimetinib plus vemurafenib versus 7.2
months for vemurafenib alone, and these data supported the use of this combination as a
standard first-line approach to improve survival in patients with advanced BRAF®® mutant

melanoma [48].

Currently, there are many ongoing clinical studies for cobimetinib combined with other
targeted therapies, for example, combination treatments of cobimetinib with GDC-0941 (a
phosphoinositol 3 kinase (PI3K) inhibitor) or GDC-0994 (an ERK1/2 inhibitor) for metastatic
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solid tumors (ClinicalTrials.gov number, NCT02457793) and the combination with idasanutlin
(p53-MDM2 inhibitor) and venetoclax (BCL-2 inhibitor) for the treatment of leukemia.

The combination of cobimetinib with immunotherapy is also an intensively investigated topic.
A phase Ib dose-escalation and dose-expansion study (ClinicalTrials.gov number,
NCT01988896) achieved longer PFS, with a median of 12.0 months in the combination treatment
group of cobimetinib with atezolizumab compared to monotherapy with either atezolizumab or
cobimetinib [49]. An updated phase Ib study (ClinicalTrials.gov number, NCT01656642)

FYe% mutant metastatic

showed that cobimetinib + atezolizumab + vemurafenib in BRA
melanoma had a manageable safety profile and promising antitumor activity [50]. The phase
Il trial (ClinicalTrials.gov number, NCT02908672) that evaluated first-line combination

treatment with vemurafenib plus cobimetinib and atezolizumab in BRAF V6%

mutation-positive
advanced or metastatic melanoma (IMspire150) showed that progression-free survival as
assessed by study investigator was significantly prolonged with atezolizumab versus control
(15.1 vs 10.6 months; hazard ratio [HR] 0.78; 95% CI 0.63-0.97; p=0.025) [51]. Cobimetinib,
in combination with atezolizumab and regorafenib, was used for the treatment of colorectal

cancer in a phase Ill trial (ClinicalTrials.gov number, NCT02788279).

The clinical study results of activity and safety of cobimetinib and atezolizumab in colorectal
cancer (CRC) showed that the treatment is well tolerated at the maximum of administered
doses. In addition, patients with MSS CRC responded to the combination of cobimetinib and
atezolizumab, which provides support for the continued evaluation of the combination [52]
(ClinicalTrials.gov number, NCT01988896).

1.4.3. Binimetinib (MEK162, ARRY-438162)

Binimetinib (MEK162, ARRY-438162) was approved by the FDA in 2018 for combination

V600E V600K
F or

treatment with encorafenib for unresectable or metastatic melanoma with a BRA
mutation. Binimetinib was approved based on a randomized phase Il trial (COLUMBUS;
NCT 01909453) in 577 patients with BRAFY®F or Y°% mutation-positive unresectable or
metastatic melanoma. The trial outcome showed that the median PFS was 14.9 months for
patients receiving binimetinib plus encorafenib and 7.3 months for the vemurafenib
monotherapy arm (hazard ratio 0.54, 95% CI: 0.41, 0.71, two-sided p<0.0001). Common
adverse events (AEs) included fatigue, nausea, vomiting, diarrhea, abdominal pain, and

arthralgia [53, 54].
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Binimetinib is an orally bioavailable, highly selective, non-ATP-competitive MEK inhibitor that
has the potential to treat a range of malignant diseases. Binimetinib,
5-((4-bromo-2-fluorophenyl)amino)-4-fluoro-N-(2-hydroxyethoxy)-1-methyl-1H-benzo[d]imidazole
-6-carboxamide (Table 1-2), was discovered by Array BioPharm., and was then co-developed
by Array BioPharm/Novartis. In preclinical studies, binimetinib either alone or in combination

with other agents showed significant antitumor activities in cell lines and animal models [55].

An open-label and non-randomized phase Il study assessed the safety and efficacy of
single-agent binimetinib treatment in adult patients with locally advanced and unresectable or
metastatic malignant cutaneous melanoma, harboring BRAF V600E or NRAS (a member of
the RAS gene family) mutations (ClinicalTrials.gov number, NCT01320085). The resulting
data supported clinical activity of binimetinib in patients with NRAS-mutated and
BRAF-mutated metastatic melanoma. Binimetinib was the first targeted therapy to show
activity in patients with NRAS-mutated melanoma and offered a potential option for types of

cancer with few effective treatments [55, 56].

Another randomized phase lll, open label, multi-center, two-arm study was designed to
compare the efficacy of binimetinib versus dacarbazine in patients with advanced
unresectable or metastatic NRAS mutation-positive melanoma (NEMO, NCT01763164). The
data showed that the ORR was 15% versus 7% and median PFS was 2.8 months (95% CI
2.8-3.6) versus 1.5 months (1.5-1.7) in the binimetinib group and dacarbazine group,
respectively (hazard ratio 0.62 (95% CI (confidence interval) 0.47—0.80); one-sided p <
0.001) [57]. PFS by binimetinib was statistically higher, this was not clinically significant (2.8
versus 1.5 months), leading to the withdrawal of a new drug application (NDA) application for

binimetinib as a mono-therapy for NRAS-mutated melanoma from the FDA.

Other plans for binimetinib combinations with immunotherapy (e.g., with pembrolizumab in
treating patients with locally advanced or metastatic triple-negative breast cancer; with
pembrolizumab in advanced NSCLC; with pembrolizumab and encorafenib for the treatment
of malignant melanoma; with encorafenib and nivolumab in treating patients with

V600E
F 600

microsatellite-stable BRA metastatic colorectal cancer; with nivolumab, LGX818, and

ipilimumab for the treatment of metastatic melanoma, etc.) are also underway.
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Combination treatment with the CDK4/6 inhibitor palbociclib (PD-0332991) and the MEK
inhibitor binimetinib (MEK162) for the treatment for advanced KRAS mutant non-small cell

lung cancer (ClinicalTrials.gov number, NCT03170206) is also undergoing clinical trials.

1.4.4. Selumetinib (ARRY-142886; AZD6244)

Selumetinib (AZD6244) is an effective, highly selective, non-ATP-competitive MEK1 inhibitor
which was developed by Array BioPharma and then licensed to AstraZeneca. The molecular
structure is shown in Table 1-2. On April 10, 2020, the FDA approved selumetinib for
pediatric patients with neurofiboromatosis type 1 (NF1) who have symptomatic, inoperable
plexiform neurofiboromas (PN) [58]. The approval was based on the open-label, multi-center,
single-arm trial in pediatric patients with NF1 and a measurable target PN that could not be
surgically removed without risk of substantial morbidity (SPRINT, NCT01362803). The ORR
was 66% (n=33; 95% CI: 51, 79), and 100% partial response was achieved. The most
common adverse reactions were rash, vomiting, abdominal pain, diarrhea, nausea, dry skin,
fatigue, musculoskeletal pain, fever, acne, stomatitis, headache, paronychia, and pruritus
[59].

In 2004, Array BioPharma and AstraZeneca co-developed selumetinib for clinical study with
several phase | and Il clinical trials carried out in monotherapy for solid tumors [60-64].
Unfortunately, it was discontinued in phase |l trials due to failure to improve on outcomes for
temozolomide for progression-free survival outcomes (median time to event 78 and 80 days,
respectively; hazard ratio, 1.07; 80% confidence interval, 0.86-1.32) [65].

Randomized phase |l studies that compared selumetinib with conventional cytotoxic
chemotherapy for a wide array of malignancies have also been performed. Selumetinib
showed no superiority when compared with temozolomide in patients with
chemotherapy-naive melanoma, or pemetrexed in patients with NSCLC who had not
responded to first-line and second-line therapies, or capecitabine in patients with pancreatic
cancer and colorectal cancer. Nevertheless, antitumor activity of selumetinib was detected in

each of these comparative studies.

Several clinical trials on selumetinib in combination with other cancer drugs have been
conducted. A phase Ib study of a combination treatment with selumetinib and cyclosporine A
(CsA) in patients with advanced solid tumors with an expansion cohort in metastatic

colorectal cancer (MCRC) showed that the combination therapy appeared to be well
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tolerated, with evidence of activity in mCRC (ClinicalTrials.gov number, NCT02188264) [66].
Selumetinib in combination with sorafenib in advanced hepatocellular carcinoma (HCC) is
also under study (ClinicalTrials.gov number, NCT01029418) [67]. A randomized Phase Il
study for KRAS-mutated NSCLC did show very promising results for selumetinib plus
docetaxel versus docetaxel, with significant improvement in median PFS (5.3 versus 2.1
months, p = 0.014) and objective response rate (ORR) (37% versus 0%, p < 0.0001). The
overall survival benefit was 9.4 versus 5.2 months (p = 0.21), but with high toxicity. Efficacy
could, however, not be repeated in a multi-national phase Il clinical trial. A total of 510
KRAS-mutated NSCLC patients were randomized 1:1 to receive selumetinib + docetaxel or
placebo + docetaxel. The result showed that addition of selumetinib to docetaxel did not improve
progression-free survival compared with docetaxel alone (ClinicalTrials.gov number,
NCT01933932) [68]. Combination therapy with selumetinib plus dacarbazine has also been
compared with placebo plus dacarbazine for a first-line treatment in patients with BRAF
mutated melanoma in a phase Il study. While markedly improved PFS was observed with the
addition of selumetinib to the therapeutic regimen, no overall survival benefit was
demonstrated.

Recently, a phase | trial with pediatric patients with recurrent or refractory low-grade glioma
has been reported. In this study, 25 subjects received a median of 13 cycles (range: 1-26).
Fourteen (37%) completed all protocol treatments (26 cycles (n = 13), 13 cycles (n = 1)) with at
least stable disease; 2-year progression-free survival at the recommended phase Il dose
(RP2D) was 69 + 9.8% SE (standard error) [69]. The study showed that selumetinib had
promising antitumor activity in children with low-grade glioma. In the early phase Il result,
selumetinib was effective in treating children with recurrent/refractory low-grade glioma
(LGG), including those with neurofibromatosis type 1 (NF-1)-associated LGG and pilocytic
astrocytomas (PA) harboring BRAF Y mutation or BRAF-KIAA 1549 fusion. Larger
prospective studies are necessary to validate efficacies of this agent in treating children with

LGG harboring specific molecular aberrations in the future [70].

1.5. MEK inhibitors in clinical development

To our knowledge, there are 11 MEK inhibitors currently explored in clinical studies. The MEK
inhibitors in clinical trials—including their efficacy, therapeutic indications, sponsors, and

status—are shown in Table 1-3, while their chemical structures are presented in Figure 1-2.
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The compound properties, efficacy, and clinical studies undertaken are comprehensively

reviewed one by one below.
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Figure 1-2 MEK inhibitors in clinical study.
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Table 1-3 MEK inhibitors in clinical trials

MEK Inhibitor Target ICsg Indications Company Clinical
Phase
CI-1040 (PD184352) [71] MEK1/2 2.3 nM breast cancer, colorectal Pfizer Phase Il
cancer, lung cancer, and
pancreatic cancer
PD0325901 [71] MEK1/2 0.33 nM melanoma, colonic Pfizer Phase Il
neoplasms, breast neoplasms,
carcinoma, NSCLC *
AZD8330 [72] MEK1/2 7nM advanced solid tumors AstraZeneca Phase |
TAK-733 [73] MEK1/2 3.2nM advanced non-hematologic Millennium Pharmaceutical, = Phase |
malignancies, advanced Inc./Takeda Pharmaceutical
metastatic melanoma Company Limited
GDC-0623 [53] MEK1/2 0.13 nM metastatic solid tumors Genentech Phase |
Refametinib (RDEA119; BAY MEK1/2 19 nM/47 hepatocellular cancer, Ardea Biosciences/Bayer Phase I
869766) [74] nM melanoma, colorectal cancer
Pimasertib (AS703026) [75] MEK1/2 5-11 nM colorectal cancer, multiple Merck and Co. Phase I
myeloma
RO4987655 (CH4987655) [76] MEK1 42 nM neoplasms Hoffman-La Roche Phase |
RO5126766 [76] RAF/MEK1/2 160 nM neoplasms Hoffmann-La Roche Phase |
WX-554 [77] MEK1/2 4.7 nM advanced solid tumors Wilex, AG. Germany Phase /Il
/10.7 nM (terminated)
HL-085 [78] MEK1 1.9-10 nM  no data Binjiang Pharma Phase |

! NSCLC: non-small-cell lung cancer; > BRAF: a human gene that encodes a protein called B-Raf; * NRAS: a member of the RAS gene family.
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1.5.1. CI-1040 (PD184352)

CI-1040 was the first MEK inhibitor evaluated at clinical stage by Pfizer/Warner-Lambert [71]. This
compound presented a novel series of benzhydroxamate esters derived from their MEK inhibitor
precursor anthranilic acids. CI-1040 was developed in phase Il for breast cancer, colorectal cancer,
lung cancer, and pancreatic cancer, but exhibited poor exposure due to poor solubility and rapid
clearance [79], likely leading to insufficient antitumor activity in two phase Il studies completed in
2003 [80] (ClinicalTrials.gov number, NCT00034827, NCT00033384). Hence, to resolve the
problems of this compound, a second compound PD-0325901 was developed for clinical trial.

1.5.2. PD-0325901

PD-0325901 is a derivative of the MEK inhibitor CI-1040. The hydroxamate side chain of CI-1040
was optimized to improve solubility and exposure in oral administration (PO) by
Pfizer/Warner-Lambert. PO or intravenous injection (IV) of PD-0325901 induced in a
dose-dependent decrease in phosphorylation of MAPK (pMAPK) in liver and lung caused by MEK
inhibition. Inhibition of pMAPK in liver was generally comparable between the routes of
administration, whereas inhibition of pMAPK in lung was longer lasting when |V-adminisered

possibly due to higher PD-0325901 plasma maximum concentration (Cpax) [60, 81].

PD-0325901 failed in its phase Il clinical trials for the treatment of KRAS mutant NSCLC, as it did not
meet its primary efficacy end-point (ClinicalTrials.gov number, NCT00174369) [82]. A phase I/Il study
for the treatment of melanoma, colonic neoplasms and breast neoplasms was terminated in 2007
due to musculoskeletal, neurological and ocular toxicity (ClinicalTrials.gov number, NCT 00147550)
[83]. Furthermore, the combination of PD-325901 with the CDK4/6 inhibitor palbociclib for the same
indication is still ongoing to date (ClinicalTrials.gov nhumber, NCT 02022982). A phase Il study in
adolescents and adults with neurofibromatosis type-1 (NF1) was completed in August, 2018
(ClinicalTrials.gov number, NCT 02196471). Recently, an additional phase llb trial in adult and
pediatric patients with NF1-associated inoperable plexiform neurofibromas (PNs) that are causing
significant morbidity is ongoing, and estimated to be completed in mid-2022 (ClinicalTrials.gov
number, NCT03962543). There are two more phase | or I/l studies ongoing in colorectal cancer or
KRAS mutated malignancies (ClinicalTrials.gov number, NCT02510001, NCT02039336); both are

combination treatments.

1.5.3. AZD-8330 (ARRY-424704)

AZD-8330 is an orally active, selective MEK inhibitor with potential antineoplastic activity. The
structural core for this compound is 6-o0xo-1,6-dihydropyridazine, which presents a different class of
MEK inhibitors [84]. AZD-8330 is a non-ATP-competitive MEK1/2 inhibitor, with an ICs, of 7 nM [85].
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AZD-8330 was employed as a single agent, and the results from a phase | clinical trial for the
treatment of solid tumors (ClinicalTrials.gov number, NCT00454090) showed that commonly
reported toxicities included acneiform dermatitis, fatigue, diarrhea, and vomiting. Four patients
experienced dose-limiting toxicities: mental status changes (40 mg QD; 2/9 patients and 60 mg QD;
1/3) and rash (20 mg BID; 1/9). The maximum tolerated dose was defined as 20 mg BID. The
exposure of AZD-8330 increased approximately proportionally with dosage across a dose range of
0.5-60 mg QD. Phosphorylated ERK levels in peripheral blood mononuclear cells were measured
and target inhibition was confirmed. AZD-8330 demonstrated a manageable toxicity profile with fewer
class-effect AEs compared with other MEK inhibitors [86]. No further clinical studies have been

reported recently.

1.54. TAK-733

TAK-733 is an orally bioavailable, non-ATP-competitive small-molecule inhibitor of MEK1/2 with
potential antineoplastic activity. TAK-733 is a highly potent and selective MEK allosteric site
inhibitor with an 1Csq of 3.2 nM. TAK-733 demonstrated potent enzymatic and cell activity inhibition
with an ECso (concentration for 50% of maximal effect) of 1.9 nM against ERK phosphorylation in
cells [73]. TAK-733 reveals broad antitumor activity in mouse xenograft models of human cancer

including models of melanoma, colorectal, NSCLC, pancreatic and breast cancer.

A phase | clinical study (ClinicalTrials.gov number, NCT00948467) of TAK-733 was developed by
Millennium Pharmaceuticals Inc., and the results from the dose-escalation phase | showed that the
maximum tolerated dose was 16 mg, QD, irrespective of body weight. Common drug-related AEs
included dermatitis acneiform, diarrhea, and increased blood creatine phosphokinase. TAK-733
demonstrated a generally manageable toxicity profile and limited antitumor activity [87]. No further

investigations have been published recently.

155 GDC-0623

GDC-0623, with the chemical name of (1-(5-((2-fluoro-4-iodophenyl)amino)imidazo
[1,5-a]pyridin-6-yl)-2-(2-hydroxyethoxy)ethan-1-one), is a potent, orally active, selective
non-ATP-competitive MEK inhibitor (MEK1, Ki = 0.13 nM, + ATP). It was developed by Genentech,
and has a novel structure of imidazopyridine [53]. GDC-0623 has broad potency in cell-based
assays, particularly in both KRAS and BRAF mutant cancer cell lines, with corresponding efficacy in
xenograft tumor models. It exhibited higher activity in KRAS mutant tumors than BRAF mutant
tumors [88]. In preclinical pharmacokinetics and efficacy assessments, GDC-0623 showed low
clearance and a low volume of distribution. The results of safety, tolerability, and pharmacokinetics
from its phase | study were published in 2014 (ClinicalTrials.gov number, NCT01106599).
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1.5.6. Refametinib (RDEA-119, BAY-869766)

Refametinib, discovered by Ardea Biosciences and developed by Bayer, is a potent and orally
bioavailable, non-ATP-competitive inhibitor with a low ability to accumulate in brain and other neural
tissues. The ICg, of refametinib against MEK1 was 19 nM [74]. It was selected for clinical
development due to its potency and favorable pharmacokinetic profile.

Several phase |, I/ll, or Il clinical trials had been conducted for single or combination therapy. One
phase I/ll study concluded that refametinib plus gemcitabine was well tolerated, with a promising
objective response rate [89]. One phase Il clinical study (ClinicalTrials.gov number, NCT01204177)
of the combination therapy with rafametinib and sorafenib for the treatment of RAS-mutated
hepatocellular carcinoma (HCC) has been carried out as a first line systemic treatment due to the
high prevalence of constitutive activation of MAPK pathway in HCC. The results showed efficacy
benefits; among 70 enrolled patients, 4 patients had confirmed partial response and 22 patients had
stable disease for 10 months or more [90]. However, this combination was poorly tolerated, with
several severe AEs reported and almost all patients required dose modifications due to drug
toxicity. Since the previous phase Il study, another phase Il study with refametinib or refametinib in
combination with sorafenib in patients with RAS-mutated HCC (ClinicalTrials.gov number,
NCT01915589 and NCT01915602) was performed involving 1,318 patients in Asian patients
exhibited a robust clinical response compared with patients with wild-type RAS. The results showed
that the ORR and disease control rate (DCR) were 0%, 56.3% respectively in the rafemetinib
treatment group, while the ORR and DCR were 6.3%, 43.8%, respectively in rafametinib plus
sorafenib treatment group. Therefore, either monotherapy or combination therapy in a large number

of patients harboring RAS mutation was not pursued further [91].

1.5.7. Pimasertib (AS703026)

Pimasertib, developed by Merck KGaA and known as AS703026 or MSC1936369B, is a selective,
orally bioavailable, non-ATP-competitive MEK1/2 inhibitor with potent antitumor activity in cell lines
and xenograft models with constitutive activation of the MAPK pathway. Its structure, including
(2-fluoro-4-iodophenyl) amino, core structure pyridine, and side chain (S)-N-(2,3-dihydroxypropyl)
acetamide, is different from other MEK inhibitors. The first-in-human trial reported pharmacokinetics
(PK) and pharmacodynamics (PD) of pimasertib in patients with advanced solid tumors. Pimasertib
exhibited a favorable PK profile in patients with solid tumors, by inhibiting phosphorylation of ERK in
peripheral blood mononuclear cell (PBMC) [92, 93]. Pimasertib showed clinical activity in a
dose-dependent manner. Sustained responses were observed mostly in BRAF or NRAS-mutated
melanoma [75, 94]. Currently, a few phase I/l studies are ongoing to evaluate efficacy of pimasertib

in advanced or metastatic solid tumors including ovarian cancer, NRAS-mutated cutaneous
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melanoma, ovarian cancer, breast cancer, NSCLC, hepatocellular carcinoma, metastatic colorectal
cancer, and pancreatic adenocarcinoma. A randomized phase Il trial compared the combination of
pimasertib with the PI3K inhibitor SAR245409 in previously treated unresectable borderline or
low-grade ovarian cancer involved 65 patients and showed that ORR was 9.4% in the combination
therapy versus 12.1% in the monotherapy, exceeding 50% of patients in both therapy arms
discontinued the trials. Hence, the study was terminated early because of low ORR and high rate of
discontinuation [95]. Another phase Il comparison trial of pimasertinib versus dacarbazine (DTIC) in
N-RAS mutated cutaneous melanoma (ClinicalTrials.gov number, NCT01693068) conducted in 194
patients showed that PFS was significantly improved with pimasertib versus DTIC (median 13
versus 7 weeks); however no improvement of OS was observed. Moreover, serious adverse events

(SAEs) were more frequent in the pimasertinib cohort [96].

1.5.8. R0O4987655 (CH4987655)

RO4987655, possessing a unique 3-oxo-oxazinane ring structure at the 5-position of the
benzamide core structure [76], was developed by Hoffman—La Roche. RO4987655 is an orally
active small molecule, targeting MEK1 with potential antineoplastic activity. It was designed based
on the X-ray crystal structure information of the target enzyme, followed by multi-dimensional

optimization including metabolic stability, physicochemical properties, and safety profiles.

R0O4987655 exhibited slow dissociation from the MEK1 enzyme, remarkable antitumor efficacy both
in monotherapy and combination therapy in vivo, desirable metabolic stability, and insufficient MEK
inhibition in mouse brain, implying few central nervous system (CNS)-related side effects in

humans.

An excellent PK profile and clear target inhibition in PBMC were demonstrated in one phase | study
with healthy volunteers [97], and also showed manageable toxicity, a favorable PK/PD profile, and
promising preliminary antitumor activity with heavily pretreated patients [85, 98, 99], which has been
further investigated in specific populations of patients with RAS and/or RAF mutation-driven tumors
(ClinicalTrials.gov number, NCT00817518).

1.5.9. RO5126766

RO5126766, known as CH5126766, is a dual Raf/MEK inhibitor specifically targeting the kinase
activities of Raf and MEK, resulting in blocking target gene transcription, the transcription of which is
linked to malignant transformation of cells. RO5126766, bearing a sulfamide moiety instead of
aniline in coumarin, was identified as a clinical compound with enhanced inhibitory activity,

satisfactory PK/PD profiles, and manageable toxicity [100]. More studies are needed to further
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clarify the safety and efficacy of this agent, as well as this novel class of MEK-RAF inhibitors in

various cancers.

1.5.10. WX-554

WX-554 is a selective, noncompetitive MEK1/2 inhibitor entering preliminary human studies. Phase
I pharmacokinetic and pharmacodynamic study showed that WX-554 was well tolerated, with the
recommended phase Il fixed dose being 75 mg twice weekly [77]. Unfortunately, two
dose-escalation phase I/ll studies in patients with advanced solid tumors were terminated for
business reasons [101] (ClinicalTrials.gov number, NCT01859351, NCT01581060).

1.5.11. HL-085

HL-085 is an orally active, selective MEK inhibitor with significant inhibitory activity against MEK
kinase and an ICsy value of 1.9-10 nM. In vitro, ICs, values in tumor cell lines were 0.41-6.2 nM in
A375, 0.1-7.8 nM in COLO 205 and 0.88-2.9 nM in HT29, respectively. Oral administration of
HL-085 (1 mg/kg, QD, 21 days) in BRAF-mutant COLO 205 and A375 xenograft models showed
high tumor growth inhibition (TGI) (70-76% and 60-70%, respectively). HL-085 is effective in
inhibiting tumor proliferation in other tumor cells as well. Currently, HL-085 is investigated in a
phase | clinical study. A first-in-human phase I/Il study (ClinicalTrials.gov number, NCT 03973151)
in Chinese patients with NRASm advanced melanoma showed that tumor shrinkage was achieved
in ten out of 33 enrolled patients. Four patients had confirmed partial response (PR), and 6 patients
achieved stable disease (SD) status with 66.7% over 14 weeks. The median PFS was 17.4 weeks,
and confirmed best ORR was 33.3% with a DCR 83.3%. This study demonstrated that HL-085 is
well tolerated with manageable side-effects and promising anti-cancer activity in the treatment of

NRASmM advanced melanoma [102].

1.6. MEK Inhibitors in preclinical development

There are several MEK inhibitors in preclinical development (Table 1-4) and the structures are

shown in Figure 1-3.
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Table 1-4 MEK inhibitors in preclinical development

MEK Inhibitor Target ICso Current Sponsor
CInQ-03 MEK1/2 5/10uM No data
G-573 MEK No data Genentech
PD184161 MEK 10-100 nM Pfizer
PD318088 MEK1 No data Pfizer Global Research & Development
PD98059 MEK1 2 uM No data
RO5068760 MEK1 0.025 + 0.012 uM Hoffmann-La Roche, Inc.
u0126 MEK1/2 0.07 uyM/0.06 uM No data
SL327 MEK1/2 0.18 uM/0.22 uM No data
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Figure 1-3 MEK inhibitors in preclinical study
1.6.1. CInQ-03
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CInQ-03 is a novel and specific MEK inhibitor both in vitro and in vivo. CInQ-03 has a distinctive
chemical structure compared to other MEK inhibitors, such as PD318088, PD184352, PD0325901, and
selumetinib. The compound has similar binding affinity and displays almost the same binding mode
with known inhibitors. CInQ-03 binds deeply in the binding pocket in a manner similar to the crystal
ligand; docking and experimental data suggest that CInQ-03 shows an ability to inhibit MEK1/2.

A xenograft mouse model indicated that administration of CInQ-03 at 1 or 5 mg/kg for 11 days
suppressed colon cancer cell growth significantly without toxicity. Furthermore, CInQ-03 decreased
phosphorylation levels of ERKs in a cell-based assay, which was consistent with in vivo results.
Based on these findings, CInQ-03 is being considered and developed as a novel MEK inhibitor
[103].

1.6.2. G-573

G-573 is a potent and selective allosteric inhibitor of MEK. Structural and functional analysis
illustrates that G-573 forms a strong hydrogen bond with MEK kinase. G-573 inhibited ERK
phosphorylation in HCT116 tumor with ICsq value estimated to be 0.406 uM, and EDs, values in
HCT116 and H2122 mouse xenograft models were estimated to be 4.6 and 1.9 mg/kg/day,
respectively [104].

1.6.3. PD184161

PD184161 is an orally-active MEK inhibitor which inhibited MEK activity more effectively (ICs, =
10-100 nM) in a time- and concentration-dependent manner than PD098059 or U0126. Structurally,
PD184161 is an analog of CI-1040 but distinct from PD098059 and U0126. It joins the mechanistic
class of agents that inhibit the downstream phosphorylation of ERK through their direct effects on
MEK. Unlike PD098059 and U0126, PD184161 exhibits increased solubility and oral bioavailability.
It showed antitumor effects against HCC in vitro and in vivo, correlated with suppression of MEK
activity. PD184161 is, however, unable to suppress MEK activity in HCC xenografts in the long term
[105, 106].

1.6.4. PD318088

PD318088, another analog of CI-1040 with a biarylamine structure, is a novel non-ATP-competitive
MEK1 inhibitor. The compound binds adjacent to the ATP binding site. Its potency in inhibiting MEK1
activation is not affected by ATP concentration, suggesting that PD318088 does not compete with
ATP [107].

1.6.5. PD98059
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PD98059 is a potent and selective non-ATP-competitive MEK21 inhibitor by binding to the
ERK-specific MAP kinase MEK, therefore preventing phosphorylation of ERK1/2 (p44/p42 MAPK)
by MEK1/2. PD98059 can interact with GST-MEK1 or partially activated MEK, but does not inhibit
the MAPK homologues JNK and P38 (D.R. Alessi and P. Cohen, personal communication) [108]. In
addition, PD98059 efficiently inhibited MEK in a selective manner, but not other kinases such as
RAF kinase, cAMP (cyclic Adenosine monophosphate)-dependent kinase, protein kinase C, v-Src (a
gene found in Rous sarcoma virus), epidermal growth factor (EGF) receptor kinase, and PI3K [109,
110].

1.6.6. RO5068760

RO5068760, is a potent, highly selective, non-ATP-competitive MEK1/2 inhibitor. In vitro, RO5068760
inhibited MEK1 kinase activity potently with an 1Cso of 0.025 + 0.012 pmol/L in a RAF/MEK/ERK
cascade assay. It also showed significant efficacy in a broad spectrum of tumors via the activation of
aberrant MAPK pathway. RO5068760 showed superior efficacy in tumors harboring the BRAF
V600E mutation [111]. The assessment study of target suppression in healthy volunteers showed a
peak time (tnax) Of two hours and biphasic disposition with reaction half-time (Ty,) of 5~9 h. The
inhibition of phosphorylation of ERK was relatively modest, with mean maximal suppression of 55%
[112].

1.6.7. UO0126

U0126 is a potent and selective non-competitive MEK inhibitor, inhibiting MEK1 and MEK2 (I1Csg
values of 70 nM and 60 nM, respectively). It inhibited ERK phosphorylation up to 80% in astrocytes.
Surprisingly, U0126 also caused profound depletion of ATP in glucose-deprived cells, leading to
death by necrosis [113]. The antiviral potential of U0126 was also reported, not only in cell culture in

vitro, but also in mouse models in vivo [114].

1.6.8. SL327

SL327 is a homolog of U0126 and is a mixture of E and Z isomers. SL327 inhibited MEK1 and
MEK2, with 1Cs, values of 0.18 pM and 0.22 pM, respectively. In vivo, the study showed that the
combination of SL327 with sunitinib malate induced significant additive suppression of

doxorubicin-resistant anaplastic thyroid carcinoma (ATC) tumor growth [115].

1.7. Radiotherapy and irradiation-induced small intestinal injury
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Though remarkable progress has been made in the area of cancer treatment, radiotherapy and
chemotherapy remain an important component of cancer treatment. Approximately 50% of
patients undergo chemotherapy during the course of cancer treatment [116]. Skin cancers
(squamous and basel cell carcinomas), prostate- and cervix carcinomas, lymphomas, and head
and neck carcinomas are example cancers treated with radiotherapy. Better cancer control by
radiotherapy dose escalation is accompanied by significant toxicity and damage of healthy tissues
[117]. The main symptoms of radiation-induced intestinal damage include anorexia, vomiting,

diarrhea, dehydration, systemic infection, and in extreme cases, septic shock and death [118].

lonizing radiation from radiotherapy results in the generation of reactive free radicals which may
damage DNA, RNA, protein, and cell membranes. The damage of DNA and RNA thus block their
ability to divide and proliferate further [119]. Molecular events that lead to normal tissue injury are
complex and include oxidative stress, inflammation, senescence, pro-fibrogenic cytokines,etc.

[120].

The small intestine is one of the most sensitive organs to irradiation. The epithelium of the small
intestine consists of repeated finger-like invagination called crypts associated with numerous
protrusion/villi. The small intestine epithelia act as a barrier against the penetration of pathogens.
The renewal of small intestine is regulated by intestine stem cells (ISCs) located near the bottom
of the epithelial crypt. There are around four to six ISCs per crypt in differentiated Paneth cells.

The function of Paneth cells is to secrete antibacterial compounds [121].

Active ISCs govern epithelial renewal and rapidly divide to progenitor cells in the transit-amplifying
region. The ISCs renewal signaling cascades have been characterized, including Wnt, bone

morphogenic protein, Notch, Ephrin, JAK/STAT1, PTEN, AKT and PI3K [122].

1.8. Radioprotectors

To reduce the side effects caused by radiotherapy, radioprotectors have emerged as a significant
need in clinic applications. Several radioprotectors have been proven to reduce radiation damage

to normal tussues, including aminothiols, natural antioxidants and other radioprotective agents.
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1.8.1 Aminothiols

Aminothiols have been widely studied, including cystein, cystamine, amifostine, PrC-210,
2-aminoethyl isothiourea, cysteamine thiosulfate (WR-2721, WR-3689), and thiazodine derivates
(See Figure 1-4). Their molecular structures either include —SH, or contain groups that can be
cleaved to —SH. A structure review showed that amino and thiol groups are typically separated by
less than three carbon atoms. As a result, amino groups carry a positive charge which is beneficial

for binding to DNA [123].

OH H
I _OH HoN N
HZN\/\/N\/\S,P\\O 2N~ \/\SH
Amifostine (WR-2721) Amifostine active metabolite (WR-2721)

SH HS i
~ N HS/\HJ\OH
\ / H

NH NH,

PrC-210 Cysteamine Cysteine

Figure 1-4 Molecular structures of aminothiols

To date, amifostine is the only chemical drug of this group approved by the FDA for protecting
against the toxicity of radiotherapy in cancer patients. Amifostine (WR-2721:
H>N(CH,)sNH(CH,),SPOzH,) is a powerful radiation-protecting drug, initially developed by the
Walter Reed Army Medical Center. This compound is a free radical scavenger and an organic thiol
phosphate prodrug. In vivo, Amifostine can be cleaved into the —SH form (WR-1065:
H>N(CH,)sNH(CH,),SH). The mechanism of amifostine radioprotection includes scavenging of
secondary radicals generated by radiation exposure [124]. Furthermore, a meta-analysis proved
that amifostine did not have tumor-protective effects [125]. However, the efficacy of this compound
is limited by its high toxicity and undesirable side effects [126]. In a phase Il clinical study, 16/39
patients (41%) amifostine was discontinued due to severe adverse effects, hence this study was
terminated [127].
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Fahl et al. designed and synthesized a new compound PrC-210, which has: (1) a free thiol ROS
scavenging group; (2) a short, flexible alkyl backbone with two (+) charged amines; and (3) a side
chain that displaces the thiol away from the alkyl backbone and DNA helix [128]. Cheryl et al.
evaluated Prc-210 in rat and mouse models and demonstrated that oral PrC-210 by gavage 30-90
min before irradiation provided 100% survival in rats and mice under 9.0 Gy of whole-body
irradiation. No detectable nausea/vomiting or hypotension side effects were observed in the

preclinical models [129].

1.8.2 Natural antioxidants

Natural antioxidants exist widely in plants and fruits and play an important role in radioprotection.
A series of antioxidants are shown in Figure 1-5. Since natural antioxidants are affordable as well
as less toxic, they attract a lot of attention. Efficacies are slightly weaker than determined for
amifostine or synthesized compounds. Among the natural antioxidants, flavonoids and polyenes
are the most promising and widely studied. Vitamines A, C, and E, and beta-carotene are

polyenes. Catechinic acid, resveratrol, epicatechin, querceptin, genistein, and baicalein are

flavonoids.
OH OH
I oo X
W\
HO o . a OH
OH
"“OH
OH OH H oH O
OH . . .
Catechinic acid Epicatechin Querceptin

OH O OH

Genistein

Baicalein Resveratrol
Figure 1-5 Molecular structures of natural antioxidants

Vitamins A, C, E, and beta-carotene, have been shown to exhibit radioprotective properties [130].

Dietary intaking of Vitamin A and beta-carotene resulted in reduced mortality and morbidity in mice
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exposed to total body irradiation or partial-body irradiation. Vitamin C, at doses of 200-800 mg/kg,
protected against radiation-induced chromosomal damage in mice [131]. Vitamin E was
demonstrated to provide radioprotection in animal models with increased survival after whole-body
irradiation. Furthermore, it was shown to significantly protect small bowel crypt cell numbers,

mucosal height, and goblet cell numbers from radiation effects [132].

Patil et al. reported that administration of querceptin before irradiation resulted in a significant
decrease in DNA damage compared to the irradiation only group in mice. This study demonstrated
that the potential of querceptin in alleviating radiation-induced mortality and cytogenetic damage

[133]. Wang et al. demonstrated that querceptin may play a radioprotective role in the lung of mice
through inhibiting NF-KB and MAPK pathways [134]. Horton et al. reported that querceptin is

capable of mitigating radiation induced skin fibrosis, but without affecting the radio-response of
fibroblasts or murine tumors [135]. Bansal et al. confirmed that the quercetin-3-O-rutinoside, a
flavonoid glycoside, protects the gastrointestinal tract and haematopoietic system by the
restoration of radiation-induced reduction in villi height, number of crypt cells and spleen index.
The radioprotective effect of this compound was attributed to the increase of pro-survival (ERK)

and decrease of pro-apoptotic (BAX) gene expressions [136].

Radioprotector mechanisms are ascribed to either reduction of cellular oxygen content or direct

participation in competitive reaction with oxygen for the DNA radical using thiol groups [137].

1.8.3 Other radioprotectors

Other categories of radioprotectors were also studied, including ACE inhibitors (such as captopril,
enalapril, pencillamine), metalloelements (such as manganese chloride and cadmium salts),
immunomodulators (such as y-interferon, polysaccharides), corticosteroids (such as BDP/SGX201),
plant extracts and isolated compounds (such as curcmin, orientin, vicimi), and DNA binding ligands

(such as Hoechst 33342) [138].

1.9. Conclusions

In recent years, MEK inhibitors have been discovered and developed very rapidly. Trametinib
became the first approved MEK inhibitor drug, and cobimetinib soon followed suit. MEK inhibitors,

29



as single agents or in combination with other therapies, have shown to be efficacious in treating

melanoma, lung cancer, and colorectal cancer.

Dual inhibition of MEK and RAF kinase as a therapeultic strategy in targeting the MAPK pathway offers
advantage in terms of both increased efficacy and minimized toxicity. Therefore, nearly every MEK
inhibitor in the clinical studies has combined MEK inhibitor with BRAF inhibitor. According to
available clinical data, combination treatments with MEK and BRAF inhibitors lead to superior

outcomes.

Moreover, evidence suggests that BRAFI/MEKi treatment may enhance the efficacy of immune
checkpoint inhibition with anti-PD1 agents. Thus, the combination of a MEK inhibitor plus a BRAF
inhibitor and immunotherapy could represent a promising form of cancer treatment in order to

improve outcomes.

MEK inhibitor treatment is still considered one of the most promising areas in cancer research.
However, there are still concerns regarding toxicity, which is one of the obstacles for the development of
MEK inhibitors. Novel small molecular inhibitors with high potency and low toxicity are expected to
become the new breakthrough in cancer treatment, which was therefore chosen as the focus of this

PhD research

1.10. Hypotheses

Structure analyses of existing MEK inhibitors revealed some limitations and weaknesses. In
GDC-0973, the hdyrogen-bonding force at the F atom in the benzene ring is too weak, which
causes the unsatisfactory activity. The activity of GSK212 is high; however the solubility is poor
probably due to the high hydrophobicity of aromatic ring, which requires use of dimethylsylfoxide
(DMSO) to form solvate, and causes drug accumulation and high toxicity. In addition, Tarik Silk et
al. reported that MEK inhibitors interfere with MEK signaling efficiently in T-cell as well as
macrophages, and pulsed treatment with MEK inhibitors resulted in increased viability of
classically differentiated macrophages compared to continuous treatment [19]. The estimated
elimination half-life of GSK212 is 3.9 to 4.8 days, demonstrating drug accumulation with treatment
time. Therefore, the use of GSK212 is not beneficial for combinational treatment with
immunotherapy. Conversely, AZD6244 and MEK162, two similar compounds, possess

satisfactory PK profile, but their activity needs to be enhanced.
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Analyses of core structure characteristics of the main MEK inhibitors, the core structure class of
the compound AZD6244 was considerd to be most advantageous and it was therefore selected as
the lead compound. Considering the binding mode and the unsatisfactory potency of AZD6244, it
is proposed that a large substituent group on the 3-nitrogen may be responsible for reduced
antitumor activity. In addition, enzymatic de-methylation of the 3-nitrogen methyl of AZD6244

occurs in vivo [139].

On the second part of this research, the only approved small molecular entity Amifostine for
radiation protection has good efficacy, however pharmacokinetics are not ideal with a short half
life as well as no oral bioavailability. The most widely studied radioprotectors, natural anti-oxidants,
have a good safety but poor oral bioavailability. Radiation induces DNA damage directly through
reactive oxygen species [140] and activating p53 [141-145]. P53-mediated apoptosis has been

implicated in regulating intestinal injuries [146].

Driven by these issues and knowledge gaps, the hypotheses tested in this research part are:

i. Replacing the N-methyl in the benzohetercyclic ring of AZD6244 with an O atom, and
replacing the —Cl and —Br substituent on the aniline with —F and —I, respectively, can obtain

a new MEK inhibitor with enhanced efficacy compared with AZD6244.

il Analogous to synergistic effects observed for established MEK inhibitors, combination of
the newly designed MEK inhibitor with a BRAF inhibitor can synergistically inhibit tumor

growth in vitro and in vivo.

iii. Combination of a MEK inhibitor with the chemotherapy agent docetaxel, a microtubule
stabilizing agent approved by the FDA for the conventional therapy of NSCLC, can

synergically inhibit tumor growth in vitro and in vivo.

iv. Bifunctional compounds, obtained by combining the natural anti-oxidant agent quercetin
with aminothiol with different linkers, can exhibit good radiation protection. This design may
retain both the efficacy of aminothiol and the safety properties of natural anti-oxidation

agents, respectively. Moreover, introducing methyl groups can adjust the lipophilicity profile
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1.11.

thereby increasing drug bioavailability. Furthermore, two functional fragments can
modulate pharmacokinetic (PK) profiles of each other, becoming mutually prodrugs to each

other.

Radiation induces DNA damage directly through reactive oxygen species [32] and destroys
the expression of proteins in cells [140], activating p53 [141-145]. Radiation activates p53
in the GI epithelium, and p53-mediated apoptosis has been implicated in regulating
intestinal injuries [146-147]. It is well known that p53 activates genes that regulate cell
cycle checkpoints, DNA damage and repair, and apoptosis. The new radioprotector is
beneficial for the protection of radiation-induced intestinal injury by inhibiting the
p53-dependent apoptosis signaling pathway since it is well known that p53 activates genes
that regulate DNA damage and apoptosis and also neuroprotection against

cytotoxicity-induced by H,O, and AB1.42.

Aims of this thesis

The aims of the project are:

Vi.

To design and synthesize a new MEK inhibitor with an enhanced activity compared with the
known MEK inhibitor AZD6244 for the treatment of RAS/RAF mutant cancers, and a series of

radioprotectors for radiotherapy during the cancer treatment.

To evaluate the inhibitory activity of the new MEK inhibitor against MEK1/2 kinase as well as
kinase selectivity, and investigate the mechanism by which the new compound inhibits cancer

cell proliferation.

To determine the efficacy of the new MEK inhibitor against RAS/RAF mutant cancers in vitro.

To evaluate the pharmacokinetics of the new MEK inhibitor and the RAS/RAF mutant tumor

growth inhibition in vivo.

To investigate the synergistic effect of the combination of new MEK inhibitor with BARF

inhibitor or chemotherapy agent docetaxel both in vitro and in vivo.

To investigate the protective effect of a new radioprotector against radiation-induced intestinal
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injury.

vii. To investigate the neuroprotective effect of another new radioprotector against H,O, and

AB1.4o-induced cytotoxicity.

1.12.  Significance

RAS or RAF mutations are present in a significant proportion of malighancies, associated with
aggressive clinic behaviors and poor prognosis. This research firstly designed and synthesized a
new benzoxole compound and proved it to be a highly potent and selective MEK inhibitor which
exhibited enhanced activity and safety in RAS/RAF mutant cancers, overcoming the shortcoming of

existing MEK inhibitors. This MEK inhibitor may provide an effective therapy approach clinically.

Some subtypes of BRAF or KRAS mutant cancers are often associated with drug resistance and
disease progress for single target inhibition. Combinational drugs therapy often results in improved
therapeutic outcomes or delayed drug resistance, leading to increased progress-free survival and
overall survival. Moreover, recent studies demonstrated that combination therapies are often better
tolerated compared to monotherapy in patients with BRAF or KRAS mutation. Here the new MEK
inhibitor showed synergistic anti-cancer activity both in vitro and in vivo with the BRAF inhibitor
vemurafenib or the chemotherapy agent docetaxel. The synergistic effect of the combinations
suggests suitability for combinational therapy to enhance therapeutic effects or delay drug

resistance.

Approximately 50% of cancer patients receive radiation therapy during cancer treatment, and 53%
of them report bowl symptoms. The small intestine is one of the most sensitive organs for ionizing
radiation, and acute radiation injury to the colon can even lead to therapy interruption. Search for
effective and nontoxic radioprotectors to protect patients from ionizing radiation side effects is
important for radiotherapy, space traveling, and even nuclear emergencies. This research
designed and synthesized a series of bifunctional radioprotectors which can protect against
radiation injury. One radioprotector exhibited protective effects against radiation-induced intestinal

injury, and is a promising novel compound to be used as a radioprotector.

Oxidative stress plays a critical role in the common pathophysiology of neurodegenerative
diseases which are prevalent and the leading cause of disability globally in the aging population. In

accordance with the free radical theory, radiaprotectors may have effect on neurodegenerative
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diseases which are partically caused by ROSs. Here, another radioprotector was found to

demonstrate neuroprotective activity and significantly enhance neurite outgrowth.
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2.1. Abstract

The RAS/RAF/MEK/ERK pathway plays a key role in regulating cell proliferation and apoptosis.
This pathway is deregulated in approximately one third malignant tumors. Mutations in RAS/RAF
occur in a large portion of malignancies and are associated with aggressive clinical behaviors of
tumors and poor prognosis. Existing MEK inhibitors show either unsatisfactory potency or poor PK
profiles. For example, the potency of AZD6244 is unsatisfactory, likely causing the failure of a
Randomized Clinical Trial for the KRAS-mutant NSCLC. Potencies of MEK162, GDC0973, and
REDA119 are similarly low. GSK212 has a poor PK profile with drug accumulation. To improve the
clinical application potential for the treatment of RAS/RAF mutant cancers, benzoxazole derivates
with improved potencies and good PK profiles need to be developed. Therefore, the aim of this
research was to develop a novel, highly potent and selective MEK 1/2 inhibitor. Based on previously
reported X-ray structure, AZD6244 was chosen as the lead compound. Efforts focused on
producing derivatives of AZD6244 with enhanced activity whilst also overcoming existing PK

shortcomings.

Based on the binding mode, the molecular structure of AZD6244 was modified by replacing the
N-methyl in the benzoheterocyclic ring of AZD6244 with an O atom, and replacing the —Cl and —Br
substituent on the aniline with —F and —I, respectively. A new benzoxazole derivate with a new core
structure, designated as KZ-001, was obtained. After retrosynthesis analysis, a consecutive 10-step
reaction synthesis route was designed. Consequently, KZ-001 was synthesized and purified herein
with overall product yield rate of 11.0%. The structures of key intermediates and target compound
KZ-001 were characterized by 'HNMR, “HNMR, MS, HRMS, and HPLC. Based on structure
overlays with AZD6244 and the co-crystal structure of MEK1, a similar binding mode with the same
key binding site on MEK1 was postulated, suggeting that KZ-001 would also act as MEK inhibitor
with potentially enhanced activity.

2.2. Introduction
2.2.1 Cancer and RAS/RAF/MEK/ERK signaling pathway

Cancer is expected to rank as the leading cause of death and major barrier to increasing life
expectancy around the world. Incidence and lethality rates show an increasing global trend. The
Global Cancer Statistics 2018 estimated 18.1 million new cancer diagnoses and 9.6 million cancer
death. In China, cancer rate increased by an estimated 4.1 million new cases and 2.6 million
malignancy-induced death [1]. This represents an increasing financial burden with 147.3 billion US
dollars (USD) spent on cancer care in 2017 in the USA. The costs are expected to increase to
around 173 billion USD by 2020, due to cancer prevalence and an increasing ageing population [2].
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The RAS/RAF/MEK/ERK signaling pathway (also named mitogen-activated protein kinase
pathway, MAPK) plays a critical role in the pathogenesis of human cancer, and is one of the most
frequently dysregulated signaling cascades in human cancer [3, 4]. In this pathway, recruitment of
RAS to the plasma membrane leads to phosphorylation of RAF and activation of MEK 1/2, which
are dual specificity protein kinases that phosphorylate serine/threonine and tyrosine residues,
respectively. The MEK kinases in turn phosphorylate and activate their only currently known
substrates, ERK 1/2 (extracellular signal-regulated kinases). Consequently, this signaling pathway
promotes cell proliferation, cell survival and metastasis [5]. Particularly, the RAS/RAF/MEK/ERK
pathway is frequently dysregulated in malignant tumors with a large fraction of tumors harboring
RAS or RAF mutations resulting in constitutive activation of the pathway [5]. That is, the aberrant
activation of MAPK pathway commonly occurs through gain-of-function mutations in genes

encoding RAS and RAF family members [4].

Approximately one-third of all human cancers have RAS gene activating mutations, including
carcinomas of the lung (30%), colon (50%) and pancreas (90%), thyroid (50%), and melanoma
(25%) [5, 6]. There are three types of human RAS genes [Neuroblastoma RAS viral (v-ras)
oncogene homolog (NRAS)], Kirsten rat sarcoma viral oncogene homolog (KRAS), and Harvey rat
sarcoma viral oncogene homolog (HRAS). NRAS mutations are found in 15-20% of melanoma.
Moreover, NRAS-mutant melanomas are more aggressive and associated with poorer outcomes,
compared to non-NRAS-mutant subtypes of melanoma [7]. KRAS is inactive in the GDP-bound
state and activity is closely regulated by GTPase-activating proteins (GAP) and guanine nucleotide
exchange-factors (GEFs) in normal cells. KRAS mutations are present in approximately 30% of all

cancers, with an especially high prevalence in lung cancer, colon cancer, and pancreatic cancer [8].

The RAF family includes ARAF, BRAF and CRAF (The latter is encoded by RAF-1). Activated RAS
binding to RAF leads to the formation of RAF homodimers (i.e. CRAF-CRAF) or heterodimers (i.e.
BRAF-CRAF) resulting in activated RAF kinase activity [9]. Mutation of BRAF is present in 7-10% of
all human cancers, while mutated forms of ARAF and CRAF are extremely rare [9]. Typically,

activating RAS- and BRAF-mutations are mutually exclusive in cancers [10].

MEK1 and MEK2 are dual-specificity protein kinases that phosphorylate downstream ERK on
specific tyrosine and threonine residues. MEK1, which is coded by gene MAP2K1 located on
chromosome 15qg22.31, is the prototype member of MEK family proteins. MEK 2 is encoded by the
gene MAP2K2 on chromosome 19p13.3. MEK1 and MEK2 are highly homologous, both of them

comprising a kinase domain, a MAPK docking region, and a negative-regulatory region [4].
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The x-ray structures of MEK1 and MEK2 reveal that each of them has a unique inhibitor-binding
pocket adjacent to the MgATP-binding site. MEK1 and MEK2 share 79% amino acid identity, and
are equally competent to phosphorylate ERK substrate [11]. MEK1 is activated by the
phosphorylation of S218 and S222 in its activation segment which is catalyzed by RAF kinases [12].
Potent MEK inhibitors induce several conformational changes in the unphosphorylated MEK1 and
MEK2 enzymes that lock them into closed, catalytically inactive forms. Although MEK1/2 is not
frequently mutated, high incidence of elevated phospo-ERK1/2 in cancer tissues reflects the
multiple upstream events that can lead to the increased activity of MEK1/2 [13].

As MEK is a common effector downstream of both wild-type and mutant RAF inhibitors, MEK

inhibitors have the potential to target all tumors associated with MAPK pathway signaling [14].

2.2.2 Current progress with molecular structures of MEK inhibitors

In the past few years, great progress has been achieved with the development of a number of MEK
inhibitors [15]. During the MEK inhibitor development history, CI-1040 was the first MEK inhibitor
run at the clinical stage by Pfizer/Warner-Lambert [16]. This compound represented a novel series
of benzhydroxamate esters derived from their precursor anthranilic acids, which are also MEK
inhibitors. Efficacy was limited, however, due to poor solubility and rapid clearance, consequently
leading to insufficient antitumor activity in two phase Il studies completed in 2003 [17]. Optimization
of the hydroxamate side chain of CI-1040 improved solubility and exposure for oral doses and
contributed to the discovery of the PD-0325901 by Pfizer/Warner-Lambert. Due to the BBB (Blood
Brain Barrier) penetration and neurological side effects observed in patients associated with the
PD-0325901, some optimization efforts were conducted which consequently lead to the discovery
of the GDC-0973 (cobimetinib, approved by FDA in 2015) [18], but the activity was not prominent.
Simultaneously a new series of benzimidazole compound AZD6244 (selumetinib) was designed by
Array BioPharma on the basis of the PD-0325901; by utilizing 4-N to replace the 4—F, H-receptor
function was retained as well as BBB penetration was avoided, but the potency decreased. Another
compound MEK162 (binimetinib, approved by FDA in 2018) has the same core structure as
AZD6244 and the potency is similar to AZD6244. Recently, the AZD8330, whose core structure is
6-0x0-1,6-dihydropyridazine, a different class of MEK inhibitors, was developed. This compound,
however, passes the BBB which leads to central nervous system (CNS) toxicity. After some efforts
to enhance activity as well as preventing BBB penetration, GSK212 (trametinib, approved by FDA in

2013) was developed, but solubility was poor and the drug accumulated.

Structure analyses of MEK inhibitors yield valuable insights into their characteristics. For the

compound GDC0973 (cobimetinib), the interaction force of F- in the benzene ring as the H-acceptor
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is too weak, resulting in unsatisfactory potency. The compound GSK212 shows high potency, but
poor solubility, and needs DMSO as a co-solvent, leading to drug accumulation and high toxicity.
Moreover, Tarik Silk et, al. reported that MEK inhibitors interfere with MEK signaling efficiently in
T-cell as well as macrophages, and pulsatile treatment of MEK inhibitors resulted in increased
viability of classically differentiated macrophages compared to continuous treatment [19].
Therefore, the core structure of GSK212 (estimated elimination half-life is 3.9 to 4.8 days with drug
accumulation) is not beneficial for combinational treatment with immunotherapy. Conversely,
AZD6244 and MEK162, two similar compounds, possess good PK profile without drug
accumulation issues which may be beneficial for combination treatment with immunotherapy, but

activity needs to improve.

AZD6244 is a highly selective MEK1 inhibitor with an 1Cs, (50% inhibition concentration) of 14 nM
for purified MEK1 [13], as well as has been extensively studied both pre-clinically and clinically.
AZD6244 is a benzoimidazole derivative that inhibits tumor growth in various xenograft models,
including HT-29, BxPC3, Calu-6, A375, Colo-205, and SW-620 [13, 20, 21]. However, one
randomized clinical trial that evaluated combination treatment with the MEK inhibitor selumetinib
(AZD6244) and chemotherapy (selumetinib and docetaxel) showed no additional benefit based on
progression-free survival compared to docetaxel alone [22, 23]. One of the reasons might be

associated with the low efficacy of the compound.

As a result, this research aimed to enhance the activity of the existing MEK inhibitors to develop
activity-improved new MEK inhibitors.

After analyzing the core structure characteristics of common MEK inhibitors, based on the
advantageous core structure class of the compound AZD6244, it was chosen as a lead compound.
Binding mode investigations indicated that a large substituent group on the 3-nitrogen may be
responsible for unsatisfactory potency of AZD6244. In addition, enzyme-mediated de-methylation of
the 3-nitrogen methyl of AZD6244 occurs in vivo [24]. As a result, efforts were focused on
circumventing the shortcomes of the molecular structrue of AZD6244, aiming to enhance the
activity of novel derivates of existing MEK inhibitors. Synthesis efforts resulted in the design of a
new MEK inhibitor derived through the modification of the structure of AZD6244. The synthesis

route was designed, and the new compound was synthesized and characterized.

2.3. Material and methods

2.3.1. Chemistry
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2,3,4-trifluorophenol and 2-fluoroaniline were purchased from Energy Chemical. The reactions were
monitored by thin layer chromatograghy, which was performed on commercially available Sanpoint
precoated plates (silicagel GF254, 0.25mm). Organic solvents were evaporated using rotary
evaporator. NMR (*H and *3C) spectra were recorded on a Bruker AVANCE (400MHz, 101MHz)
spectrophotometer using deuterated reagent as a solvent. HRM-MS (high resolution mass spectra)
were recorded on an AB SCIEX TripleTOF® 4600 System (SCIEX, Canada). Analyses were
performed on a Agilent 1260 Infinity HPLCs system equipped with a reverse phase C18, Inertsil

column (5 ym, 4.6*250 mm column)

2.3.2. Design of KZ-001

Based on known MEK inhibitors, the representative generic structure is the substituted biarylamine
with the A- and B-rings (Figure 2-1 .A). Previously reported X-ray structures indicated that there are
several key interactions between the MEK inhibitor and the allosteric pocket [14, 16, 25-29]. 1). The
lipophilic B-ring of the inhibitor forms numerous van der Waal interactions within a deep
hydrophobic pocket and also forms a critical edge-to-face aromatic interaction with Phe209; 2). An
important electrostatic interaction is formed between the backbone carbonyl oxygen of Vall127 and
the 4-iodine atom on the B-ring in the kinase hinge region; 3). A critical hydrogen bond interaction is
formed between the 4-fluoro of the inhibitor A-ring and the backbone amide of Ser212 [27]; 4). A
halo substituent at the 4 position of A-ring, in particular a fluorine atom, was optimal. The fluorine

has a dipolar interaction with the Ser212 amide backbone hydrogen in the MEK1 structure [16].

Hence, based on the binding mode, AZD6244 was modified by replacing the N-methyl in the
benzoheterocyclic ring with an O atom, and replacing the —Cl and —Br substituent on the aniline with

—F and —I, respectively. This compound has a new core structure (Figure 2-1 B).
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Figure 2-1 Representative generic structure of MEK inhibitors and its interaction with MEK1 kinase.
A. The molecular interaction of MEK inhibitor with MEK1 kinase. B. Chemical structure modification of
AZD6244 giving rise to the new compound KZ-001.

2.3.3. Synthesis route of KZ-001

Based on retrosynthesis analysis, the desired 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)-N-
(2-hydroxyethoxy)benzo[d]oxazole-6-carboxamide (KZ-001) was synthesized following the
route outlined in Figure 2-2. Briefly, commercially available 2,3,4-trifluorophenol was initially
converted into 2. Metalation with lithium diisopropylamide (LDA) was performed, which was
then added into dry ice followed by HCI quenching, yielding 3. Treatment of 3 with
2-fluoroaniline, using lithium hexamethyldisilamide (LHMDS) as a base, resulted in SNAr
displacement at a low temperature, which yielded compound 4. Subsequent reaction with
benzyl bromide provided 5. Azide reaction with sodium azide gave 6 which was then subjected
to hydrogenation catalyzed by Pd/C to give 7. Cyclization of 7 gave benzoxazole 8, and
iodination by NIS (N-iodosuccinmide) provided 9. Installation of the hydroxamate side-chain
was achieved by condensation reaction with O-(2-(vinyloxy)ethyl) hydroxylamine followed by

acid-mediated deprotection.
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Figure 2-2 Synthesis route of KZ-001

Reagents and condition: (a). BnBr, Na,COs3, acetone, 50 °C, 24 h; (b). i) n-BuLi, DIPEA, Tetrahydrofuran, N,,
-78 °C, 1h; ii) Np, -78 °C, 1 h; iii) dry ice, rt., overnight; iv) HCI, pH 1 — 2; (c) i) 2-fluoroaniline, LIHMDS,
Tetrahydrofuran, -78 °C to rt., overnight, ii) 10% HCI, pH 2 — 3; (d) BnBr, KHCO3, N,N-dimethyllformamide, rt.,
5 h; (e) NaN3 N,N-dimethyllformamide, 90 °C, 3 h, (f) 10% Pd/C, H,, Methanol, 3 h; (g) trimethyl orthoformate,
p-TsOH, 1 h.

2.3.4. Preparation of KZ-001

Step 1: Synthesis of 1-(benzyloxy)-2,3,4-trifluorobenzene (2)

Sodium carbonate (19.50 g, 183.96 mmol) was dispersed into a

OQ solution of 2,3,4-trifluorophenol (13.64 g, 92.10 mmol) in acetone (300
mL). Benzyl bromide (17.31 g, 101.21 mmol) was added dropwise to

the stirred suspension. The mixture was heated under reflux at 50°C for

24 h. Then the acetone was removed under reduced pressure and the
resultant residue was dissolved in water (300 mL). The solution was extracted with ethyl acetate
(100 mL x 2). The combined organic extracts were washed with 5% sodium hydroxide (100 mL) and
brine (100 mL) sequentially and dried over Na,SO,. The solvent was removed in vacuo to yield a
pale yellow solid. 19.89 g of pale yellow solid was obtained (yield: 90.7%). *H NMR (400 MHz,
CDCl;): 6 7.43 — 7.30 (m, 5H), 6.87 — 6.77 (m, 1H), 6.72 — 6.63 (m, 1H), 5.10 (s, 2H).
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Step 2: Synthesis of 5-(benzyloxy)-2,3,4-trifluorobenzoic acid (3)

n-BuLi (40.08 mL, 2.5 M in hexane, 100.20 mmol) was added
o dropwise to a solution of diisopropylamine (10.14 g, 100.20
@\/O OH mmol) in THF (100 mL) at -78 °C under nitrogen. The stirring

F F was maintained at this temperature for 1 h. Then a solution of
1-(benzyloxy)-2,3,4-trifluorobenzene (19.89 g, 83.50 mmol) in

THF (120 mL) was added. After stirring for 1 h at -78 °C, the

mixture was transferred to a bottle containing dry ice and stirred overnight at room temperature. The
reaction was quenched with 10% aqueous HCI and pH was adjusted to 1 — 2. The mixture was
extracted with ethyl acetate (100 mL x 3). The combined organic extracts were washed with water
(100 mL) and brine (100 mL) sequentially, dried over Na,SQO,, filtered and concentrated under
reduced pressure to afford the desired product. 19.33 g of a white solid was obtained (yield: 82%).
'H NMR (400 MHz, CDCl5): 87.42 (m, 6H), 5.14 (s, 2H).

Step 3: Synthesis of 5-benzyloxy-3,4-difluoro-2-((2-fluorophenyl)amino)benzoic acid (4)

LiIHMDS (205.5 mL, 1 M in THF, 205.50 mmol) was added o a

@\/ " solution of 2-fluoroaniline (15.23 g, 137 mmol) and
(0]
OH 5-benzyl-oxy-2,3,4-trifluorobenzoic acid (19.33 g, 68.50 mmol)

F NH in THF (120 mL) at -78 °C. The mixture was allowed to slowly

F F
4 ©/ warm to room temperature and stirred at this temperature
overnight. The reaction was quenched with water (100 mL) and

acidified to pH 2—3 with 10% HCI (ag.). The aqueous layer was extracted with ethyl acetate (100
mL x 3). The combined organic extracts were washed with water (100 mL) and brine (100 mL)
sequentially, dried over Na,SO,, filtered and concentrated in vacuo to afford the desired product
(pale yellow solid, 19.17 g, 75% yield). "HNMR (400 MHz, DMSO- d): 8 13.76 (s, 1H), 8.58 (s, 1H),
7.61 (dd, J = 8.8, 1.7 Hz, 1H), 7.44 (m, 5H), 7.20 (m, 1H), 7.05 (m, 1H), 6.90 (m, 2H), 5.26 (s, 2H).
MS (ESI, pos ion) m/z: 374.1.

Step 4: Synthesis of benzyl 5-benzyloxy-3, 4-difluoro-2-((2-fluorophenyl) amino) benzoate (5)

Potassium bicarbonate (6.16 g, 61.62 mmol) followed by

©\/0 o benzyl bromide (6.2 mL, 51.41 mmol) was added to a solution
of 5-benzyloxy-3,4-difluoro-2-((2-fluorophenyl) amino )benzoic
\© acid (19.17 g, 51.35 mmol) in DMF (150 mL). The mixture was

©/\o F
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stirred for 5 h at room temperature and water was added. The solution was extracted with ethyl
acetate (100 mL x 3). The combined organic extracts were washed with water (100 mL) and brine
(100 mL) sequentially, dried over Na,SO,, filtered and concentrated in vacuo. After purification by
column chromatography on silica gel (petroleum ether / ethyl acetate, 50:1, v/v), the corresponding
product was obtained as a white solid (21.42 g, 90% vyield). ‘"H NMR (400 MHz, CDCl;): 88.51 (s,
1H), 7.51 (dd, J= 8.5, 2.1 Hz, 1H), 7.41 (m, 10H), 7.09 (m, 1H), 7.03 (m, 1H), 6.94 (m, 1H), 6.85 (m,
1H), 5.33 (s, 2H), 5.15 (s, 2H).

Step 5: Synthesis of benzyl 4-azido-5-benzyloxy-3-fluoro-2-((2-fluorophenyl) amino)benzoate
(6)

NaN; (3.61 g, 55.46 mmol) was added to a solution of benzyl

@V 5-benzyloxy-3,4-difluoro-2-((2-fluoro-phenyl)amino) benzoate
O° Ly F (21.42 g, 46.22 mmol) in DMF (150 mL). The mixture was
N
\© stirred at 90°C for 3 h. Then water (300 mL) was added. The
o] F
©/\ N3 solution was extracted with ethyl acetate (100 mL x 3). The
6 combined organic extracts were washed with water (100 mL)

and brine (100 mL), dried over Na,SO,and concentrated in vacuo. The residue was purified by flash
column chromatography on silica gel (petroleum ether/ethyl acetate, 50:1, v/v) and gave the desired
product (pale yellow solid, 14.63 g, 65% yield). *H NMR (400 MHz, CDCl,): & 8.45 (s, 1H), 7.49 (s,
1H), 7.39 (m, 10H), 7.07 (m, 1H), 7.04 (m, 1H), 6.90 (m, 1H), 6.83 (m, 1H), 5.31 (s, 2H), 5.13 (s,
2H).

Step 6: Synthesis of 4-amino-3-fluoro-2-((2-fluorophenyl)amino)-5-hydroxy benzoic acid (7)

10% palladium on carbon (2.55 g) was added to a solution of

"o© H F benzyl4-azido-5-benzyloxy-3-fluoro-2-((2-fluoro-phenyl)amino)
\© benzoate (14.63 g, 30.07 mmol) in MeOH (200 mL) under nitrogen

HO F atmosphere. Then the nitrogen atmosphere was completely changed
NH, ; to a hydrogen atmosphere. The mixture was stirred for 3 h at ambient

temperature. After the insoluble matter was filtered off, the solvent
was concentrated in vacuo to give the desired product, which was used directly in the next step
without further purification. MS (ESI, pos ion) m/z: 281.1 (M+1).

Step 7: Synthesis of 4-fluoro-5-((2-fluorophenyl)amino)benzo[d]oxazole-6-carboxylic acid (8)

p-TsOH (0.23 g, 1.35 mmol) was added to a solution of
4-amino-3-fluoro-2-((2-fluorophenyl)amino)-5-hydroxy benzoic acid (7.58 g, 27.05 mmol) in
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HO. O trimethyl orthoformate (50 mL). The reaction mixture was stirred for 1
H\é h and treated with water (200 mL). The resultant precipitate was

filtered off and the filter cake was washed with water to afford the

) F desired product (7.22 g, 82.7% yield for two steps). '"H NMR (400
=N 8 MHz, DMSO-d6) 6 13.80 (s, 1H), 8.98 (s, 1H), 8.68 (s, 1H), 8.20 (s,

1H), 7.21 (dt, J = 21.0, 10.5 Hz, 1H), 7.04 (t, J = 7.6 Hz, 1H), 6.90 (dd,
J=12.8, 7.1 Hz, 1H), 6.80 (dd, J = 13.6, 8.0 Hz, 1H). MS (ESI, pos ion) m/z: 291.1 (M+1).

Step 8: Synthesis of 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)benzo[d]oxazole-6-carboxylic
acid (9)

N-lodosuccinimide (6.08 g, 26.37 mmol) was added to a solution of
b 4-fluoro-5-((2-fluorophenyl)amino)benzo[d]oxazole-6-carboxylic acid
N (7.22 g, 24.88 mmol) in DMF (50 mL), followed by trifluoroacetic acid

\©\I (2.0 mL). After stirring for 5 h at ambient temperature, the reaction
\=N was quenched with saturated NH,Cl (aqg.). The solution was extracted

with ethyl acetate (150 mL x 3). The combined organic extracts were

washed with water (100 mL) and brine (100 mL) successively, dried over Na,SO, and concentrated
in vacuo. The crude product was purified by column chromatography on silica gel (CH,Cl,/MeOH,
50:1, v/v) and gave the desired product (brown solid, 6.34g, 61.2% yield). *H NMR (400 MHz,
DMSO-dg): 58.97 (s, 1H), 8.58 (s, 1H), 8.18 (s, 1H), 7.58 (dd, J = 11.0, 1.7 Hz, 1H), 7.34 (d, J = 8.5
Hz, 1H), 6.55 (m, 1H).

Step 9: Synthesis of 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)-N-(2-(vinyloxy) ethoxy)benzo
[d]oxazole-6-carboxamide (10)

HOBt (254 mg, 1.63 mmol) and EDCI (314 mg, 1.63 mmol)

\/O\/\O,H @) Ly F was added to a solution of
N 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)benzo[d]oxazole

\©\ -6-carboxylic acid (500 mg, 1.2 mmol) in CH,Cl, (10 mL).

O\:‘—N F ! The mixture was stirred for 1 h and O-(2-(vinyloxy)ethyl)

10 hydroxylamine (172 mg, 1.62 mmol) was added. After

stirring for 4 h at ambient temperature, the reaction was

treated with saturated NH,Cl (aqg.). The resultant mixture was extracted with CH,Cl, (30 mL x 3).

The combined organic extracts were washed with water (30 mL) and brine (30 mL), dried over

Na,SO,, filtered and concentrated in vacuo. The crude product was purified by column

chromatography on silica gel (CH,Cl,/MeOH, 100:1, v/v) and gave the desired product (white solid,

450 mg, 74.8% yield). *H NMR (400 MHz, CD;0D): & 11.59 (s, 1H), 8.34 (s, 1H), 7.71 (s, 1H), 7.37
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—7.24 (m, 1H), 7.23 — 7.12 (m, 1H), 6.45 — 6.27 (m, 2H), 4.09 (ddd, J = 21.2, 14.1, 4.5 Hz, 3H), 4.02
—3.92 (m, 2H), 3.84 (s, 2H).

Step 10: Synthesis of 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)-N-(2-hydroxy ethoxy)benzo
[d]oxazole-6-carboxamide (KZ-001)

1.0 N HCI (aq., 6.7 mL, 6.72 mmol) was added to a solution
HO\/\O”H o) of compound 4-fluoro-5-((2-fluoro-4-iodophenyl)amino)-N-
H (2-(vinyloxy)ethoxy)benzo[d]oxazole-6-carboxamide (450
mg, 0.9 mmol) in CH,Cl, (10 mL). After stirring for 1 h, the

|

0 F reaction mixture was washed with saturated NaHCO; (aq.).

\=N

KZ-001 The aqueous layer was washed with CH,CI, (10 mL x 2).

The combined organic layer was washed with water (10 mL)
and brine (10 mL), dried over Na,SO,, filtered and concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (CH,Cl,/MeOH, 50:1, v/v) and gave the desired
product (white solid, 380 mg, 88.9% vyield).

2.4. Results and discussion

2.4.1. KZ-001 as a new MEK inhibitor with a new core structure

Taking AZD6244 as a lead compound, its structure was modified based on the binding mode with
MEK, resulting in discovery of compound KZ-001, a novel MEK inhibitor with a new core structure,
which represents a new benzoxazole compound. KZ-001 contains an O- atom with smaller steric
hindrance than the N-methyl group of AZD6244, but fits the hinge of Met219 and Leu215 better,
resulting in enhanced kinase inhibition. The N- atom on 4-position of the A ring was kept as the
H-bond receptor to maintain binding to the pocket. Moreover, the substitution of -Br in the B ring
with —I on the lipophilic ring of KZ-001 should facilitate the formation of an important electrostatic

interaction with the backbone carbonyl oxygen of Val127 base on reported SAR analysis.

2.4.2. Binding mode of KZ-001

In order to predict the affinity of the new compound KZ-001 for MEK1, based on the published
X-ray structure of AZD6244 with MEK1 (PDB code: 4U7Z), a model of KZ-001 interacting with
MEK1 was made and the predicted binding mode was compared to that of AZD6244 (Figure 2-3).
The binding mode model shows that the two inhibitors bind in a similar orientation with MEK1. The

key binding sites of KZ-001 were retained. Firstly, the N atom of KZ-001 on the oxazole ring forms
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a hydrogen-bond interaction with backbone amide S212, which is the same as for AZD6244.
Secondly, the iodine atom of KZ-001 on the lipophilic ring forms an electrostatic interaction with
Vall27, and forms a critical edge-to-face aromatic interaction with Phe209 not present in
AZD6244, which could be beneficial for inhibitory activity. Like AZD6244, the side chain of KZ-001

provides a hydrogen bond acceptor for Lys97.

H ' < :
HO\/\O/N o} ! F ‘l
N
/! —
o) F | |
\=N " -
KZ-001 <X ‘\
S _
, =| Y
H y i [
HO_~ N0 - \ L
H .
N '
L . AZD6244 (x-ray)
—N F Br ek
\=N

AZD6244 -

Figure 2-3 KZ-001 structure overlay with AZD6244 with the co-crystal structure of MEK1 (PDB code:
4U7Z) as the model. KZ-001 shows similar binding mode with MEK1, and binds to the important binding
site of MEK1 kinase.

2.4.3. Characterization of KZ-001

The structure of the new compounds KZ-001 was firstly identified with *"H NMR spectra by the
chemical shift. '"H NMR (400 MHz, DMSO): & 11.76 (s, 1H), 8.96 (s, 1H), 8.01 (s, 1H), 7.88 (s, 1H),
7.53 (d, J=9.7 Hz, 1H), 7.28 (d, J = 8.6 Hz, 1H), 6.37 (tt, J = 41.3, 20.6 Hz, 1H), 4.71 (s, 1H), 3.89 —
3.72 (m, 2H), 3.57 (t, J = 11.4 Hz, 2H). The *H NMR spectrum is presented in the Figure 2-4.

Then the structure was further confirmed by *C NMR spectra. **C NMR (100 MHz, DMSO) &
164.30 (s), 157.37 (s), 153.17 (s), 150.73 (s), 149.34 (s), 147.93 (d, J = 7.0 Hz), 146.78 (s), 135.97
—132.14 (m), 131.23 (d, J = 15.6 Hz), 127.79 (s), 124.18 (dd, J = 64.7, 15.5 Hz), 117.78 (s), 108.03
(s), 79.49 (d, J = 7.1 Hz), 77.81 (s), 59.11 (s). The *C NMR spectrum is presented in the Figure 2-5.

The mass spectrum and high resolution mass spectrum were used to determine the molecular

weight. HRMS APCI (+) m/z (M" +H), calculated: 476.19, observed: 475.9965 (Figure 2-6 and
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Figure 2-7). The purity was determined by HPLC which showed 95.9% purity (Figure 2-8).
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Figure 2-5 **C NMR spectra of KZ-001
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Figure 2-8 HPLC spectrum of KZ-001
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2.5. Conclusions

In this study, a novel benzoxazole compound KZ-001 was designed as a MEK inhibitor based on
the reported X-ray structure. AZD6244 was chosen as a lead compound because of the superiority
of its core in existing MEK inhibitors, and here efforts focused on enhancing the activity by
modifying AZD6244. KZ-001 was synthesized in an 11-step reaction achieving an overall yield of
11%. The molecular structure and the purity were characterized and identified by 'H-NMR,
BC-NMR, MS, HR-MS, and HPLC. Modelled fit with MEK1 and overlay with the binding of AZD6244
to MEK1 suggests that this compound represents a new MEK inhibitor with a new core structure.
The results are of significance and provide the basis for the further biological study to validate in
vitro kinase inhibition and potency in RAS/RAF mutant cells inhibition studies, and for required

pharmacokinetics and potential drug combination synergistic effect studies.
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3. CHAPTER 3: MEK INHIBITOR KZ-001 FOR THE
TREATMENT OF RAS/RAF MUTANT CANCERS

This study was published in International Journal of Cancer, Year 2019, Vol. 145, Pages

586-596.
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3.1. Abstract

RAS/RAF mutations occur in large portion of malignancies, and have been associated with
aggressive clinic behaviors and poor prognosis. Using AZD6244 as a lead compound, a novel
benzoxazole compound (KZ-001) was developed (chapter 2), which based on model outcomes
could be a highly potent and selective MEK1/2 inhibitor for the treatment of RAS/RAF mutant
cancers. The biological activity both in vitro and in vivo was investigated. Furthermore, the
pharmacokinetic profile in mice was studied. The potential mechanism of action of KZ-001 was also
explored.

In in vitro studies, KZ-001 and AZD6244 inhibited the MEK1 activity, with 1Cgos 0of 7.40 + 1.96 nM
and 199.73 = 38.25 nM, respectively, at an ATP concentration of 45 yM in the Z-LYTE assay.
Concentrations for the inhibition of MEK2 were higher (ICso at 64 nM and 742 nM, respectively) in
radiometric protein kinase assays, indicating that KZ-001 is a MEK1/2 inhibitor. The inhibitory
potential of KZ-001 were evaluated for 14 representative protein kinases (including MEK1/2) and no
inhibition was observed at 10 uM for the other 12 protein kinases examined, suggesting that KZ-001
is a highly selective MEK1/2 inhibitor.

Compared to the reference drug AZD6244 with an ICs, 74.5 £ 3.0 nM - 184.3 + 5.0 nM and over
3000 nM in BRAF and KRAS mutant cancer cell lines, KZ-001 was a much more potent inhibitor of
proliferation with an 1Csy of 2.9 + 0.6 nM - 5.7 + 0.3 nM and 169.9 = 97.7 nM in MTT and MTS
assays, while proliferation of RAF"T and RAS"" cell lines A431 was not inhibited (ICs, > 3000nM).
KZ-001 exhibited 26- to 32- and over 17-fold greater inhibition against BRAF- and KRAS-mutant
tumor cells than that of AZD6244, respectively. Similar results were also obtained in in vivo
xenograft models, where the body weight did not change significantly. Chronic dosing of mice with
KZ-001 (6 mg/kg) significantly inhibited the growth of A375 tumors (TGI 91.0%; p < 0.001), while
AZD6244 at 10 mg/kg QD resulted in 45.8% inhibition (p < 0.01). Calu-6 xenografts were also
inhibited by 3 mg/kg KZ-001 (TGl 63.2%; p < 0.01), while AZD6244 was also effective at <10 mg/kg
(TGI 54.8%; p < 0.05). Chronic dosing with 3 mg/kg and 6 mg/kg KZ-001 completely inhibited the
growth of Colo-205 tumors (TGI 103.9% and 108.8%, respectively; p < 0.01), while AZD6244 at 10

mg/kg resulted in a significant inhibition of 83.3% (p < 0.01) compared to the vehicle control.

KZ-001 inhibited the MAPK pathway like other known MEK inhibitors. In the BRAF-mutant A375,
Colo-205, and HT-29 cell lines, MEK phosphorylation levels did not change significantly at
concentrations ranging from 1 nM to 625 nM, but the ERK phosphorylation was blocked completely

by KzZ-001 at concentrations ranging from 5 nM to 625 nM. Interestingly, in the Calu-6
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(KRAS-mutant cell line), MEK phosphorylation increased at concentrations ranging from 1 nM to
625 nM, whereas ERK phosphorylation was still blocked by KZ-001. By using the FITC Annexin V
apoptosis detection assay, KZ-001 induced 7.1% and 37.0% of early apoptosis in Calu-6 cell
population at 10 nM and 10 uM, respectively. Likewise, KZ-001 induced 24% and 33.4% of early
apoptosis in Colo-205 cells at 10 nM and 10 pM. In contrast, KZ-001 at neither 10 nM nor 10 pM
induced apoptosis in A375 and HT-29 cells. By using a DNA content quantitation assay, in A375
cells, KZ-001 induced a significant increase of cells in the G1 phase, with a concomitant decrease
of cells in S - and G2 phase, causing a cell cycle delay in A375 cells at the GO/G1 phase at both 10
nM and 10uM.

Furthermore, pharmacokinetics (PK) analysis was performed for KZ-001 in mice over 24 h, and PK
parameters were calculated. Results showed that KZ-001 exhibited good orally bioavailability (28%)
and exposure (AUCy_. =337 + 169 ng*hr/mL).

KZ-001 exhibited good potency both in vitro and in vivo, indicating a great potential for therapeutic

application for RAS/RAF-mutant cancers in clinical trials.

3.2. Introduction

The dysregulation of RAS/RAF/MEK/ERK signalling pathway commonly occurs in human cancers,
and constitutively or highly upregulated signalling is a hallmark of tumorigenesis and progression [1].
In this pathway, after recruiting RAS to the plasma membrane, RAF phosphorylates and activates
MEK 1/2, which are dual specificity protein kinases that phosphorylate serine/threonine and tyrosine
residues. The MEK kinases in turn phosphorylate and activate their only currently known substrates,
ERK 1/2 (extracellular signal-regulated kinases). Consequently, this signaling pathway promotes
cell proliferation, cell survival and metastasis [2]. RAS and RAF are related protein kinases involved
in the Ras/Raf/MEK/ERK signal transduction cascade. Mutations in RAS/RAF occur in a large
portion of malignancies and have been associated with aggressive clinic behaviours and poor
prognosis. As the direct substrate of MEK, elevated levels of phosphorylated ERK1/2 in primary

cancer tissues and cancer lines have also been identified.

Inhibitors of MEK have demonstrated efficacy against RAS and RAF-mutant malignant tumours in
preclinical models. Yamaguchi T. et al. reported that trametinib (JTP-74057, GSK1120212) strongly

inhibited activities of MEK1/2 kinase. It caused growth inhibition in BRAF and KRAS-mutant
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colorectal cancer cell lines, and tumor growth suppression in HT-29 and Colo-205 xenografts [3].
Gilmartin A. et al. reported that in enzymatic studies GSK1120212 prevented Ras-dependent MEK
phosphorylation, resulting in prolonged inhibition of ERK1/2 phosphorylation. Greatest tumor
inhibition was documented for tumors harbouring mutation of RAF or RAS [4]. A MDA-MB-231T
efficacy study by Rice K. et al showed that cobimetinib (GDC-0973, XL518) inhibited tumour growth
with 60% and 93% at dosages of 1 mg/kg and 3 mg/kg, and higher doses led to statistically
significant tumor regression [1]. Similarly, Hoeflich K., et al. reported that GDC-0973 at the dose

above 3 mg/kg led to strong tumor growth inhibition in A375 BRAF Y°%°¢

mutant melanoma xenograft
model [5]. Likewise, Lee P. et al. demonstrated that binimetinib (MEK162, ARRY-162) inhibited cell
proliferation of mutant B-Raf and Ras cell lines, such as HT29, Malme-3M, SK-MEL-2, COLO 205,
SK-MEL-28 and A375 (ICsos from 30-250 nM). Also, the efficacy of ARRY-162 was also
demonstrated in xenograft models such as HT29, COLO 205, Calu-6 and tumour growth inhibition
showed correlating with decreased phospho-ERK levels in tumor xenografts [6]. Yeh T., et al.
reported that selumetinib (AZD6244, ARRY-142886) inhibited growth of several cell lines

harbouring BRAF and RAS mutations, and demonstrated antitumor activity against HT-29

colorectal tumour xenograft [7].

Melanomas are the most aggressive cancer of skin and are highly resistant to conventional
chemotherapy, immunotherapy, and targeted therapy. Though the incidence rate of melanoma is
not high, the 5-year survival of metastatic melanoma is only 20% [8]. About 60% of melanoma
cases have RAF mutations [9]. A375 is a human melanoma cell line harbouring the BRAF6%F

FY®9%E results in constitutive activation of the

mutation, and the endogenously expression of BRA
MAPK kinase pathway and phosphorylation of Erk2 in the absence of ligands, which confers this

cell line as an ideal model.

Colorectal cancers (CRCs) are accounting for 10.2% incidence rate with a 9.2% mortality rate. Up
to 10% of metastatic CRCs are BRAF Y°®° mutants, with a worse prognosis [10]. These tumours are
unresponsive to chemotherapy, and treatment with EGFR-antibodies is rarely beneficial. The HT-29

cell line is a human colorectal adenocarcinoma cell line with BRAF Y®°° mutation [11]. Colo-205 is
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also a human colon cancer cell line with BRA mutation. Therefore HT-29 and Colo-205 were

used in this study as colorectal cancer models.

KRAS mutant lung cancers account for about 30% of lung adenocarcinomas in western countries
and 10% in Asian countries [12]. Until now, there is no effective targeted therapy, and
chemotherapies remain the standard for patient care with lung cancers with KRAS mutations [12].
Calu-6 is a human lung cancer cell line harbouring KRAS?®* whereas A431 cells are wild-type for

RAS and RAF.

In this chapter enzymatic studies investigated MEK1/2 kinase inhibition as well as kinase selectivity.
The potency of KZ-001 and pharmacokinetics was determined in RAS or RAF-mutant cells,
including A375, Colo-205, HT-29, and Calu-6 cells. Thereafter, the efficacy of KZ-001 in A375,
Colo-205, HT-29, and Calu-6 xenografts was evaluated. AZD 6244 was used as a reference
compound to compare the potency and efficacy both in vitro and in vivo. Inhibition of
phosphorylation of ERK, the direct and sole known substrate, by KZ-001 was determined. Finally,

the potential mechanism of action was investigated.

3.3. Materials and methods

3.3.1. Cell lines and subculture

A375, A431, HT-29, and Calu-6 cell lines were purchased from the typical culture preservation
commission cell bank of the Chinese Academy of Sciences in China, and the Colo-205 cell line was
from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences in China. All
cell lines were authenticated by short tandem repeat analysis. A375, HT-29, Calu-6, Colo-205, and
A431 cell lines were maintained in DMEM (Dulbecco’s minimal essential medium), McCoy's 5a,
MEM (minimal essential medium), RPMI (Roswell Park Memorial Institute) 1640 medium, and
DMEM, respectively. Media were supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1 mM sodium pyruvate and 100 U/mL penicillin and 0.1 mg/mL streptomycin. Cells were
maintained in a 37°C incubator containing 5% CO, and 95% air. The medium was changed every 2

to 3 days.

3.3.2. Animals
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Female Balb/c nude mice (18-22 g weight) were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd and Beijing HFK Bioscience Co., Ltd. An acclimation period of approximately one
week was allowed between animal arrival and tumor implantation to accustom the animals to the

laboratory environment. The Specific-Pathogen-Free (SPF) animals were kept in cages under 22+
2 °C, with 40-70% relative humidity. Food and water were supplied adequately on 12-hour

light/dark cycle schedule. All animal operations were based on guidelines for care and use of
laboratory animals, and were approved by the Institutional Animal Care and Use Committee of the
Institute of Radiation Medicine (IRM) (1649), Chinese Academy of Medical Sciences (CAMS).

3.3.3. Cell-free kinase assay: Inhibition of MEK1 kinase

The assay was performed following the instructions of the Z-LYTE kinase assay kit (Life
Technologies). Reactions were performed in a 384-well plate with an incubation mixture (10 uL)
composed of 1x kinase buffer (50 mM HEPES pH 7.5, 10 mM MgCl;, 1 mM EGTA, 0.01% BRIJ-35),
0.2 nM MEK1, 114.8 nM ERK2. KZ-001 and positive control compound AZD6244 were serially
diluted to eight appointed concentrations (containing 1% DMSO; triplicate for each concentration)
and added to the mixture solution. After 10 min pre-incubation at room temperature, reactions were
initiated by adding 45 uM ATP and 1.5 uM Ser/Thr3 peptide (provided in the kit) and incubated at
room temperature for 1 h. After that, the reaction was terminated with the Stop Reagent solution,
and the fluorescent signal was determined using a Synergy 2 microplate reader (Biotek). Inhibitory
activity of KZ-001 was evaluated by ICs value. ICs, values were calculated according to the
concentration-response curve of KZ-001, fitted using the software GraphPad Prism 5 with “log

(inhibitor)-response (variable slope)” equation provided in the kit.

3.3.4. Cell-free kinase assay: Inhibition of MEK2 kinase

Inhibition of MEK2 kinase by KZ-001 was investigated using the radiometric protein kinase assay in
Eurofins Pharma, using an established protocol. KZ-001 was prepared to a concentration equal to
50x final concentration of KZ-001 in the reaction mix in 100% DMSO. The reaction was initiated by
the addition of the Mg/ATP mix. After incubation for 40 min at room temperature, the reaction was
stopped by the addition of phosphoric acid to a concentration of 0.5%. 10 pL of the reaction was
then spotted onto a P30 filtermat and washed four times for 4 min in 0.425% phosphoric acid and
once in methanol prior to drying and scintillation counting. Inhibition activity of KZ-001 was
evaluated by ICs, value. ICy, values were calculated according to the concentration-response curve
of KZ-001, fitted using software GraphPad Prism 5 with “log (inhibitor)-response (variable slope)”

equation.
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3.3.5. Cell-free kinase assay: Kinase selectivity assay

The protein kinase selective activity of KZ-001 was screened, against several representative
serine/threonine and tyrosine kinases, including Abl, ALK, EGFR, FGFR3, MEK1, MEK2, Met,
mTOR, PDGFRa, PKA, Ron, TrkA, TrkB, and TrkC. This screening study was performed by
Eurofins Pharma Discovery Services UK Limited according to their established protocols. The
compound was prepared to 500 uM concentration in 100% DMSO. This working stock solution was
added to the assay well as the first component in the reaction, followed by further components. The
positive control wells contained all components of the reaction, except the tested compound KZ-001.
DMSO (at a final concentration of 2%) was also included in the wells to control for solvent effects.
The blank wells contained all components of the reaction, with a reference inhibitor replacing the
tested compound. This abolishes kinase activity and establishes the base-line (0% kinase activity

remaining).

3.3.6. Western blot analysis in A375, Colo-205, HT-29, Calu-6 cells

RIPA buffer (R0020), protein phosphatase inhibitor (All-in-one, 100x) (P1260), BCA protein assay
kit (PC0020) were purchased from Solarbio. NuPage 10% Bis-Tris Gel (NP0301BOX) was
purchased from Invitrogen. PVDF membrane (Immobilon-P) was purchased from Millipore. eECL
western blot kit (CW0049) was purchased from CWBIO. Anti-p-MEK1/2 antibody, anti-MEK1/2
antibody, anti-p-ERK1/2 antibody, and anti-ERK1/2 antibody were purchased from Cell Signaling
Technology.

MEK, phospho-MEK, ERK and phospho-ERK levels were evaluated by Western blot analysis. Cell
lines (A375, Colo-205, HT-29, Calu-6) were seeded into 6-well plates at a density of 5x10° cells/well
and treated the next day with KZ-001 at concentrations of 1, 5, 25, 125, and 625 nM, respectively.
Cells were treated with medium containing 0.1% DMSO as controls. All cells were treated for 1h.
After that, cell lysates were prepared with RIPA (radioimmunoprecipitation assay) buffer containing
protein phosphatase inhibitor (All-in-one, 100x). The cell protein concentrations were determined
using the BCA protein assay kit. Equal amounts of total protein of cell and tumor (see section 3.3.7)
lysates were resolved on NuPage 10% Bis-Tris Gel, and then transferred to PVDF membrane.
MEK1/2 and ERK1/2 protein (both phosphorylated and total) were probed with the respective
antibodies (Cell Signaling Technology, anti-p-MEK1/2 antibody: 9121; anti-MEK1/2 antibody: 9122;
anti-p-ERK1/2 antibody: 4370; anti-ERK1/2 antibody: 4695). Chemiluminescent signhals were
generated with the eECL Western blot kit (CW0049, CWBIO) and detected with a Bio-Rad
ChemiDoc XRS + System.

3.3.7. Western blot analysis in tumor tissues
79



When the volume of xenografts tumors reached approximately 300 mm?, mice were given a single
dose of 3 mg/kg KZ-001 or vehicle via oral gavage. After 1 h, tumors were harvested and stored at
—-80°C after snap freezing in liquid nitrogen. Tumor tissue was cut into small pieces and digested in
cold RIPA buffer containing protein phosphatase inhibitor. After incubation on ice for 20 to 30 min,
the lysates were centrifuged at 18,626 g for 15 min. Tumor protein concentrations were determined
with the BCA protein assay Kit.

3.3.8. Cell proliferation assay for single agent treatment

For A375, HT-29, Calu-6, and A431 cell lines, cell proliferation was analyzed using the 3-(4,
5-dimethylthiazole-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay. As for the Colo-205 cell
line, cell proliferation was analyzed using the (3-(4,5-dimethylthiazol-2-yl)-5
-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay. Cells were seeded into
96-well microtiter plates at a density of 500 to 3000 cells per well and plated for 24 h and
appropriately diluted KZ-001 or AZD6244 was added to each test well in triplicate. Cell viability was
assayed after the cells were treated for 72 h according to the procedure originally described by

Mosmann [13]. Survival rate was calculated using the formula:

Survival rate = (Mean absorbance of experimental wells — Mean absorbance of DMSO wells) /
Mean absorbance of control wells — Mean absorbance of DMSO wells) x 100%

ICs0s Were calculated from semi-log regression plots (logarithm of the concentration versus survival
rate) using GraphPad Prism 6 and a four parameter non-linear regression dose-response inhibition

model.

3.3.9. Tumor cell apoptosis assay

A375, HT-29, Colo-205 and Calu-6 cells used in this assay were inoculated in 6-well plates. Cells
were processed according to the instruction of the apoptosis detection kit (Lot: 6155987, BD
Biosciences) and analyzed by flow cytometry (BD Biosciences, Accuri C6). Briefly, cell culture
media were changed after 18 h. KZ-001 at final concentrations of 0 nM, 10 nM, 10 uM was added
respectively. The solvent control group was the cell culture media containing 0.5% DMSO. After
treatment for 24 h, trypsin was added to detach the cells from the substrate for 2 min. After that, the
cells were centrifuged at 400 g, and washed twice with cold PBS. The cells were resuspended and
stained with FITC Annexin V and propidium iodide (PI). Then the cells were analysized by flow
cytometry. Cells that were FITC Annexin V positive and Pl negative were considered to be in early

apoptosis.
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3.3.10.Cell cycle assay

Cells were processed following the instruction of the DNA content quantitation assay kit (Lot:
CA1510, Solarbio) and analyzed by flow cytometry (BD Bioscience, Accuri C6). A375 cells were
seeded at a density of 1.5x10° cells/mL in 6-well plates, grown overnight and then treated with
KZ-001 at concentrations of 10 nM and 10 uM respectively for 24 h. The vehicle control group was
treated with culture medium containing 0.5% DMSO. Then cells were trypsin-treated for detachment
and washed with PBS, fixed in 70% ice-cold ethanol overnight at 4°C, followed by digestion with
100uL RNase A at 37°C for 30 min. Next, 400 uL of Pl was added to the cell mixture and incubated
in the dark for 30 min at 4°C. The fluorescence intensity of each cell sample was measured using

flow cytometry (BD Bioscience, Accuri C6) and analyzed with ModFit LT software.

3.3.11.Pharmacokinetic (PK) studies

SBE-B-CD was purchased from Dalian Meilunbio; 96 deep-well plates were purchased from
Bioscience. The objective of the study was to evaluate the pharmacokinetics of KZ-001 in the widely
used Institute of Cancer Research (ICR) mice via intravenous (IV) and oral gavage (PO)
administration. Six male ICR mice were randomized into IV and PO administration groups. Each
group was treated with a single dose of KZ-001 (3 mg/kg, solubilized in 20% SBE-B-CD and 10%
DMSO aqueous solution, 10 mL/kg). After administration, 20 pL of plasma were collected from the
IV and the PO administration group at 0, 5, 15, and 30 min, and 1, 2, 4, 8, and 24 h; each sample
was added to a well of a 96-deep well plate, and each well was mixed with 200 yL acetonitrile
(containing 200 ng/mL tolbutamide) by vortexing. The mixture was centrifuged at 3,200 g for 20 min.
Then, 180 uL supernatant was transferred to each well of 96-well plates, dried under a stream of N,,
and mixed with 300 pyL 50% acetonitrile in 0.1% formic acid (FA) water by vortexing for 10 min.
Finally, the samples were analyzed by LC/MS/MS. This experiment used a Poroshell 120 EC-C18
4.0 ym 2.1x50 mm column, and a 0.5 mL/min flow rate. The initial solvent system was 98% water
containing 0.1% formic acid (mobile phase A) and 2% acetonitrile containing 0.1% formic acid
(mobile phase B) for 0.3 min, from 0.3 until 0.6 min, the mobile phase B was set up to 98% and this
gradient kept up to 1.5 min. Finally, the gradient of mobile phase B was changed to 2% at 1.51 min
and until 3.5 min (Table 3-1). WinNonlin7.0 (non-compartmental model) was used to calculate the
pharmacokinetics parameters by using mean plasma concentration time data from individual

animals.
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Table 3-1 LC/MS/MS mobile phase gradients

Step Total Time (min) l(:rlr?l\_/\;n:?rzi A% B%
0 0 0.5 98 2
1 0.3 0.5 98 2
2 0.6 0.5 2 98
3 1.5 0.5 2 98
4 1.51 0.5 98 2
5 3.5 0.5 98 2

3.3.12. Tumor xenografts

Female Balb/c nude mice (18-22 g weight) were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd and Beijing HFK Bioscience Co., Ltd. An acclimation period of approximately one
week was allowed between animal arrival and tumor implantation to accustom the animals to the
laboratory environment. Tumor fragments were implanted subcutaneously on the right flank. When
the average tumor volume reached approximately 130~180 mm?®, the tumor-bearing mice were

randomly assigned into the vehicle, positive control, and treatment groups (n = 6 animals per

group).

3.3.13.In vivo efficacy of single drug treatment studies

The vehicle control groups were treated with 10 mL/kg of vehicle, PO, QD. The positive control
groups were given AZD6244 (10 mg/kg, PO, QD). The treatment groups received KZ-001, PO, QD.
Emulsions of KZ-001 and AZD6244 were prepared in vehicle (containing 20% SBE-B-CD in distilled

water) respectively on the basis of the appointed concentration for each dose group.

For A375 and Calu-6 xenografts, the doses were set at 1.5 mg/kg, 3 mg/kg, and 6 mg/kg. For
Colo-205 xenograft, the concentrations were set at 3 mg/kg and 6 mg/kg. The group setting is
shown in Table 3-2. Tumor volumes (measured by a caliper), animal body weight and tumor
condition were recorded twice every week during the study period. Mice were sacrificed when
tumors reached 2000 mm?, were moribund, or had a >20% decrease in weight. In the AZD6244
treatment groups (A375 xenograft), one mouse was sacrificed due to >20% decrease in body

weight on day 5; the remaining five mice were studied until completion of the study.
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Table 3-2 Group setting of mice in single drug studies

Tumor xenograft

Hodel Groups Dose (mg/kg) Treatment Animals (N)
Vehicle - PO, QD %10 days 6
AZD6244, 10 10 PO, QD %10 days 6

A375 KzZ-001, 1.5 15 PO, QD %10 days 6
KZ-001, 3 3 PO, QD, %10 days 6
KZ-001, 6 6 PO, QD, %10 days 6
Vehicle - PO, QD, x15 days 6
AZD6244, 10 10 PO, QD x15 days 6

Colo-205

Kz-001, 3 3 PO, QD x15 days 6
Kz-001, 6 6 PO, QD x15 days 6
Vehicle - PO, QD %22 days 6
AZD6244, 10 10 PO, QD %22 days 6

Calu-6 Kz-001, 1.5 15 PO, QD %22 days 6
KZ-001, 3 3 PO, QD %22 days 6
Kz-001, 6 6 PO, QD %22 days 6

Tumor volumes were calculated using the following ellipsoid formula: [D x (d?)]/ 2, in which D and d

represent the large and small diameter, respectively. TGI (tumor growth inhibition) was calculated
for each group using the formula: TGl (%) = [1 - (T - TO) / (V — VO)] x 100; T and TO are the
average tumor volume of a treatment group at the last day of treatment and at the beginning of the

treatment, respectively; V and VO are the average tumor volume of the vehicle control group on the

same day (T) and at the beginning of treatment.

3.3.14. Statistical analyses

All biochemistry and cell experiments were performed in triplicate per treatment. A t-test was used

to analyze differences between two groups in the efficacy study. Differences between groups were

considered significant at p < 0.05.

3.4. Results and discussion
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3.4.1. KZ-001is a potent and highly selective MEK inhibitor.

KZ-001 was designed as a MEK inhibitor; therefore, the enzymatic activity of MEK1 and MEK2 was
determined. Furthermore, the kinase selectivity of KZ-001 against a panel of kinases was

evaluated.

The enzymatic activity of MEK1 was determined, in the presence of increasing concentrations of
KZ-001, by measuring the fluorescence transfer in the Z'-LYTE assay. To compare the target
kinase inhibition activity between the new compound and the lead compound AZD6244, inhibition of
enzyme activity of AZD6244 was determined in the same way as for KZ-001. It was not surprising
that both KZ-001 and AZD6244 demonstrated concentration-dependent inhibition of MEK activity,
with 1Cg value 7.40 £ 1.96 nM and 199.73 + 38.25 nM with ATP concentration at 45 uyM (Figure 3-1
A, B). KZ-001 exhibited 27-fold greater potency to the target kinase than AZD6244, providing strong

evidence that the efficacy of compound was improved successfully.

Inhibition of MEK2 activity was also evaluated in the presence of increasing concentrations of
KZ-001 (from 1 nM to 10 uM), by measuring the conversion of [y-**P] ATP phosphate from [y-**P]
ATP to MAPK2(m) in a radiometric protein kinase assay. To compare the target kinase inhibition
between the new compound and the lead compound AZD6244, the enzyme activity of AZD6244
was determined in the same way as for KZ-001. Both KZ-001 and AZD6244 demonstrated
concentration-dependent inhibition of MEK enzyme activity, with ICs, values of 64 nM and 742 nM,

respectively (Figure 3-1 C, D).
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Figure 3-1 Dose-dependent inhibition of MEK1 and MEK2 activity in the presence of KZ-001 and
AZD6244 using the Z’-LYTE kinase assay kit with ATP concentration at 45 pM and the radiometric
assay with ATP concentration at 10 uM, respectively. A: The ICs, for KZ-001 against MEK1 is 7.40 £ 1.96
nM. B: The ICs, for AZD6244 against MEK1 is 199.73 £ 38.25 nM. C: The ICs, for KZ-001 against MEK2 is 64
nM. D: The ICg, for AZD6244 against MEK2 is 742 nM.

The selectivity of KZ-001 (10 uM) against 14 serine/threonine and tyrosine kinases was evaluated
by radiometric protein kinase assays. No inhibition was observed at 10 yM against the other 12
protein kinases examined, except for MEK1/2, suggesting that KZ-001 is a highly selective MEK1/2
inhibitor (Table 3-3).

Table 3-3 Inhibitory activity of KZ-001 (10 uM) against a panel of protein kinases

Kinase KZ—OOll KZ-001 Activity
Concentration (Percentage of control £ SD) (%)
Abl(h) 10 uM 10142
ALK(h) 10 uM 99+2
EGFR(h) 10 uM 10246
FGFR3(h) 10 uM 95+3
MEKZ1(h) 10 uM 240
MEK2(h) 10 uM 5+1
Met(h) 10 uM 108+4
mTOR(h) 10 uM 118+5
PDGFRa(h) 10 uM 96+2
PKA(h) 10 uM 112+7
Ron(h) 10 uM 9848
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. KZ-001 KZ-001 Activity
Kinase

Concentration (Percentage of control £ SD) (%)
TrkA(h) 10 uM 112+11
TrkB(h) 10 uM 101+9
TrkC(h) 10 uM 91+6

Abbreviations: ALK: Anaplastic lymphoma kinase; EGFR: Epidermal growth factor receptor FGFRS3:
Fibroblast growth factor receptor 3; MEK1: Dual specificity mitogen-activated protein kinase kinase 1; MEK2:
Dual specificity mitogen-activated protein kinase kinase 2; mTOR: Mechanistic target of rapamycin; PDGFRa:
Platelet-derived growth factor receptor A; PKA: Protein kinase A; TrkA: Tropomyosin receptor kinase A; TrkB:
Tropomyosin receptor kinase B; TrkC: Tropomyosin receptor kinase C

3.4.2. KZ-001 inhibits cellular ERK phosphorylation.

Inhibition of MEK1/2 by KZ-001 was further investigated in their cellular environment by measuring
the phosphorylation status of ERK1/2 (phospho-ERK (p-ERK)), the direct substrates of MEK1/2, in
A375, Calu-6, Colo-205, and HT-29 cell lines. In the BRAF'***-mutant A375, Colo-205, and HT-29
cell lines, MEK phosphorylation levels did not change significantly at concentrations ranging from 1
nM to 625 nM (five-fold gradient dilution), but phosphorylation of ERK was completely inhibited by
KZ-001 at concentrations ranging from 5 nM to 625 nM. Interestingly, in the Calu-6 cells
(KRAS®®*™._mutant cell line), MEK phosphorylation increased at concentrations ranging from 1 nM to
625 nM, but phosphorylation of ERK was still inhibited by KZ-001. While MEK phosphorylation was
induced in Calu-6 with KRAS®®'¥, phosphorylation levels remained unchanged in A375, Colo-205,
and HT-29 with BRAF®E. ERK phosphorylation levels in all cell lines decreased in the presence of

KZ-001, but extent varied in the different mutant cell lines (Figure 3-2).
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Figure 3-2 Western blot analyses of dose-dependent effects of KZ-001 on phosphorylation of MEK1/2
and ERK1/2 and MEK1/2 and ERK1/2 expression levels in different cancer cell lines . In all panels, cells
were treated with the indicated concentration of KZ-001 for 1 h before lysis. A: Phospho-MEK1/2 (pMEK1/2)
and -ERK1/2 (pERK1/2), and MEK1/2 and ERK1/2 levels in cell lysates of A375 cancer cell lines. B:
Phospho-MEK1/2 (pMEK1/2) and -ERK1/2 (pERK1/2), and MEK1/2 and ERK1/2 levels in cell lysates of
Colo-205 cancer cell lines. C: Phospho-MEK1/2 (pMEK1/2) and -ERK1/2 (pERK1/2), and MEK1/2 and ERK1/2
levels in the cell lysates of Calu-6 cancer cell lines. D: Phospho-MEK1/2 (pMEK1/2) and -ERK1/2 (pERK1/2),
and MEK1/2 and ERK1/2 levels in cell lysates of HT-29 cancer cell lines. GAPDH was used as loading control.

As MEK directly phosphorylates ERK, ERK phosphorylation levels are widely acepted as the
biomarker of inhibiton of the RAS/RAF/MEK/ERK pathway. This study suggested that KZ-001 has a
prominent ability to block this pathway, thereby inhibiting tumorigenesis. Yeh T. reported that the
MEK inhibitor AZD6244 disrupts both molecular interactions required for catalysis and access to the
ERK activation loop [7]. The present study observed a strong and significant inhibition of
phosphorylation of ERK. It is therefore proposed that KZ-001 could interfere with catalysis
interactions and access to the ERK activation loop, in the same way as AZD6244.

In this study, inhibition of MEK phosphorylation was not observed in all cells, indicating that KZ-001

did not inhibit the phosphorylation of MEK protein kinase directly.

3.4.3. KZ-001 shows high potency in single agent in vitro studies.

To investigate the antitumor efficacy of KZ-001 as a single agent, the anti-proliferation effect of
KZ-001 was evaluated in three BRAF'®®F cancer cell lines (A375, Colo-205, and HT-29), one
KRAS®¥ cancer cell line (Calu-6), and one RAS and RAF wild type cell line (A431). The ICs
values are shown in Table 3-4, and dose-response of four cell lines on survival rate after treatment
with KZ-001 and AZD6244 are presented in Figure 3-3. Compared to the positive control drug
AZD6244 with ICs, values ranging from 74.5 + 3.0 — 184.3 + 5.0 nM and >3000 nM for BRAF V*%¢

and KRAS®®* mutant cancer cell line, respectively, KZ-001 inhibited cell proliferation much more
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potently, with ICs, in the range of 2.9 + 0.6 — 5.7 + 0.3 nM and 169.9 + 97.7 nM for the BRAF*%¢
and KRAS? cancer cell lines, respectively. In contrast, KZ-001 did not affect cell proliferation of
the RAFY" and RAS"" cell line A431. In summary, KZ-001 showed improved anti-proliferation
activity of 26- to 32- and over 17-fold compared to AZD6244 using the BRAF'*® and KRAS®®¥
cancer cell lines, respectively.

After comparing in vitro efficacy in different cell lines, KZ-001 is likely more effective in RAF-mutant
cancers than RAS-mutant cancer. The greater viability of RAS-mutated cells than RAF-mutated
cells might be explained by the crosstalk of ras proteins, which triggers signaling pathways, such as
PI3K, whereas MEK1/2 kinases are the sole widely recognized substrates of raf proteins [14]. The

PI3K—-AKT pathway which releys on RAS action might contribute to the insensitivity of RAS
mutation cells [15].
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Figure 3-3 Dose-response of A375, Colo-205, HT-29, Calu-6, and A431 cell lines on survival rate
following treatment with KZ-001 and AZD6244. Cells were seeded in 96-well microtiter plates at a density of
500 to 3,000 cells per well in a volume of 90 pL. KZ-001 and AZD6244 were prepared at 10-fold the final assay
concentration in media containing 5% DMSO. After the cells were plated for 24 h, 10 uL of the appropriate
diluted drug was added to each test well in triplicate. The cell viability was assayed 5 days after the cells were
plated according to the procedure originally described by Mosmann[13]. For the A375, HT-29, Calu-6, and
A431 cell lines, cell proliferation was analyzed using the 3-(4,5-dimethylthiazole-2-yl)-2,
5-diphenyl-2H-tetrazolium bromide (MTT) assay. As for the Colo-205 cell line, cell proliferation was analyzed
using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) -2H-tetrazolium) (MTS)
assay.

Table 3-4 1C5, values of a panel of cancer cell lines exposed to KZ-001 and AZD6244

. RAS/RAF KZ-0012 AZD6244 ?
Celllines \\ tation status ~ C2NCer type ICeo+ SD ICeo+ SD"
A375 BRAF V600E Melanoma 4.3+0.7 nM 74.5 + 3.0 nM
Colo-205  BRAF V6%E Colon cancer 5.7 + 0.3 nM 184.3 + 5.0 nM

VE00E Colorectal
HT-29 BRAF _ 2.9+ 0.6 nM 75.9+ 0.2 nM
adenocarcinoma
Calu-6 KRAS Q%K Lung cancer 169.9 + 97.7 nM >3000 nM
A431 WT N/A >3000 nM >3000 nM

#Mean of 3 independent experiments.

®In vitro cell viability was determined by the MTT or MTS assay.

3.4.4. KZ-001 induces apoptosis in Colo-205 and Calu-6 cells, but not A375 and HT-29

cells.
Apoptosis, programmed cell death, exists in all types of cells, including tumor cells. Loss of plasma
membrane integrity is one of the earliest features of apoptosis. In apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the
plasma membrane, thereby exposing PS to the external cellular environment. Viable cells with
intact membranes exclude PI, wheras the membranes of dead and damaged cells are permeable to
P1, thereby distinguishing apoptotic from necrotic cells. Hence, the conjunction of staining with FITC

Annexin V and PI could identify cells in early apoptosis.

It is unclear whether KZ-001 induces apoptosis to inhibit the growth of tested cell lines. Therefore,
an FITC Annexin V apoptosis detection kit was used to test for apoptotic effects of KZ-001. This
compound induced 7.1% early apoptosis and 2.2% late apoptosis/death of cell population at 10 nM;
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and 37.0% early apoptosis and 2.7% late apoptosis/death of cell population at 10 uM in Calu-6 cells
(Figure 3-4). Likewise, for Colo-205 cells, KZ-001 induced 24% early apoptosis and 10.3% cell death
at 10 nM, and this rate increased to 33.4% early apoptosis and 13.5% cell death when KZ-001
concentration was 10 uM. In contrast, KZ-001 at neither 10 nM nor 10 uyM induced apoptosis in
A375 and HT-29 cells. These results indicate that apoptosis might not be the key mechanism of
KZ-001 for growth inhibition in A375 and HT-29 cells, but might contribute to the proliferation
inhibition in Calu-6 and Colo-205 cells.
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Figure 3-4 KZ-001 induced apoptosis in Calu-6, A375, HT-29, and Colo-205 cells. Calu-6, A375, HT-29
cells were left untreated or treated with 10 nM or 10 uM KZ-001 for 24 h. Colo-205 cells were left untreated or
treated for 14 h. Cells were incubated with FITC Annexin V in a buffer containing propidium iodide (PI) and
analyzed by flow cytometry.

For the cell apoptosis assay, different cell lines exhibited various levels of apoptosis in response to
the treatment with KZ-001. This could be explained by the possibility that MEK inhibitors may

induce apoptosis through various mechanisms, depending on cell types [14]. It is likely that A375
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and HT-29 cells respond to KZ-001 by inhibition of cell proliferation through cell cycle arrest or other
mechanisms, rather than apoptosis.

3.4.5. KZ-001induces cell cycle arrest in A375 cells.

Since the RAS pathway regulates the cell cycle, the effect of KZ-001 on cell cycle progression was
examined in A375 cells. The results showed that KZ-001 at concentrations of 10 nM and 10uM
caused cell cycle delay at the GO/G1 phase in A375 cells. Compared to vehicle controls, 10 nM and
10 uM KZ-001 induced a significant increase of cells in the G1 phase (61.690 + 0.633% versus
94.473+£3.158% and 95.477 = 1.895%), with concomittant decrease of cells in S phase (24.093 +
3.311% versus 2.827 + 3.995% and 1.460 = 1.307%) and G2 phase (14.223 + 2.681% versus 2.670
+ 0.956% and 3.063 + 0.733%) (Figure 3-5). In the vehicle group and treatment group, double peaks
near the G1 and G2 phase were observed, which might be a result of aneuploidy. Hence, cell cycle
distribution was quantified using ModFit LT 4.1.7 (Verity Software House).
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Figure 3-5 KZ-001 induced cell cycle arrests in A375 cells. Cells were treated for 24 h with 10 nM or 10 yM
KZ-001, or vehicle. Cells were fixed with 70% ethanol, digested with RNase, incubated with propidium iodide

and analyzed by flow cytometry.
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Ma B. et al. reported that AZD6244 induced GO/G1 cell cycle arrest in HONE-1-EBV and
HK1-LMP1 (B95.8) cells [16]. Haass N. et al. reported that in two-dimensional cell culture, AZD6244
reduced the growth of melanoma cells through the induction of G1-phase cell cycle arrest [17].

3.4.6. Pharmacokinetic evaluation of KZ-001 in ICR mice via V. and P.O.

administration

Pharmacokinetic studies are an essential component of the drug discovery and development
process. The pharmacokinetics of KZ-001 in ICR mice after single dose was assessed over a 24-h
period. The concentration-time curve of KZ-001 after dosing by P.O. and I.V. are shown in Figure
3-6. KZ-001 was rapidly absorbed within 25 min to reach peak concentration (Tyax=0.25 h). Its
exposure was excellent following oral administrations with the maximum plasma concentration (Cpax)
of 672 ng/mL and with the area under the concentration-time curve (AUC,,) of 327 ng-h/mL (Table
3-5). Terminal half life (Ty,) of KZ-001 was satisfactory through both routes of administration: 1.96 h
for Intravenous injection (IV) and 2.51 h for oral gavage (PO) administration. The oral bioavailability
of KZ-001 was 28%. The PK profile of KZ-001 indicates its adequate druggability for conventional

oral therapy.
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Figure 3-6 Concentration-Time curves of KZ-001 after single dosing by IV and PO. Mice (n=3) were
administered KZ-001 by IV or PO, and the blood was collected at the time point of 0.5, 15 and 30 min, and 1,
2,4, 8, and 24 h. At 24 h, the drug concentration of KZ-001 in the plasma was below the limit of quantification.
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Table 3-5 Plasma concentration and PK parameters of KZ-001

\Y, Mean S.D. CV (%)

t12 (h) 1.96 + 0.64 32.9%

AUC,, (ng-h /mL) 1192 + 186 15.6%

AUC,... (ng-h /mL) 1202 + 188 15.6%

vd (L/Kg) 7.16 + 2.65 37.1%

CL (mL/min/kg) 42.2 + 6.21 14.7%

PO Mean S.D. CV (%)

ty2 (h) 2.51 + 0.76 30.4%

Trmax (D) 0.25 + 0.00 0.0%

Crmax (NQ/9) 672 + 392 58.3%

AUC,, (ng-h /mL) 326 + 172 52.7%

AUC,...(ng-h /mL) 337 + 169 50.2%
Bioavailability 28%

3.4.7. The antitumor efficacy of KZ-001 in single agent admistration using xenograft

models

After the in vitro enzymatic and cell-based assays, the antitumor activity of KZ-001 was further
investigated in A375, Colo-205, Calu-6 tumor xenograft models. Also, AZD6244 was used as a

reference compound for the in vivo efficacy comparison.

3.4.7.1 The in vivo antitumor efficacy of KZ-001 alone in mice with A375 xenografts

When dosing was commenced at a mean tumor size of 200 mm?, chronic dosing of mice with
KZ-001 (6 mg/kg) significantly inhibited the growth of A375 tumors (TGI 91.0%; p < 0.001) (Figure
3-7). A dose response was observed in this model. Tumor growth was moderately inhibited at 3
mg/kg QD (TGI 39.2%; p < 0.05), and the effect of 1.5 mg/kg QD was not considered significant
(TGI 9.4%; p > 0.05). In contrast, AZD6244 at 10 mg/kg QD resulted in 45.8% inhibition (p < 0.01)
using the A375 tumor xenograft model. Compared to AZD6244, KZ-001 inhibited tumor growth at
remarkable lower doses (KZ-001 versus AZD6244: TGl 91.0% at 6 mg/kg, p<0.001 versus TGl
45.8% at 10 mg/kg, p < 0.01). During the whole study, the body weight did not change significantly

except in the vehicle group, which means that the mice tolerated applied dosages of KZ-001 well.
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Figure 3-7 Tumor growths and body weight change of A375 xenografts in vivo in single drug
treatments. Mice with A375 xenografts model were treated with vehicle, KZ-001 (1.5, 3 and 6 mg/kg, QD) or

AZD6244 (10 mg/kg, QD). The body weights were recorded in each dosing and vehicle group when the tumor
sizes were measured.

3.4.7.2 The in vivo antitumor efficacy of KZ-001 in single drug treatments in mice with

Colo-205 xenografts

Chronic dosing with 3 mg/kg and 6 mg/kg KZ-001 completely inhibited the growth of Colo-205
tumors (TGl 103.9% and 108.8%, respectively; p < 0.01) (Figure 3-8). Mice even obtained tumor
regression. Likewise, AZD6244 at 10 mg/kg using the Colo-205 tumor xenograft model resulted in a
significant inhibition of 83.3% (p < 0.01) compared to the vehicle control. Mouse body weight did not
change except in the vehicle group in the Colo-205 xenografts.
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Figure 3-8 Tumor growths and body weight change of Colo-205 xenografts in vivo in single drug
treatment. Mice with Colo-205 xenografts were treated with vehicle, KZ-001 (3 and 6 mg/kg, QD) or

AZD6244 (10 mg/kg). The body weights were recorded in each dosing and vehicle group when the tumor
sizes were measured.
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3.4.7.3 The in vivo antitumor efficacy of KZ-001 in single drug treatments in mice with

Calu-6 xenografts

Calu-6 xenografts were also inhibited by 3 mg/kg KZ-001 (TGI 63.2%; p < 0.01). Dosing mice at 6
mg/kg KZ-001 also led to significant tumor growth inhibition (p < 0.01). However, dosing mice with
1.5 mg/kg did not result in any distinct difference compared to the vehicle control. An inhibitory
effect of AZD6244 was also observed when mice with Calu-6 xenografts were treated with 10 mg/kg
(TGI 54.8%; p < 0.05) (Figure 3-9). Mouse body weight did not change except in the vehicle group in
the Calu-6 xenografts.
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Figure 3-9 Tumor growths and body weight change of Calu-6 xenografts in vivo in single drug
treatment. Mice with Calu-6 xenografts were treated with vehicle, KZ-001 (1.5, 3 and 6 mg/kg, QD) or
AZD6244 (10 mg/kg, QD). The body weights were recorded in each dosing and vehicle group when the tumor
sizes were measured.

Comparing the activity of KZ-001 in different xenograft models, it is concluded that RAF-mutant
cancers are more sensitive to KZ-001 compared to RAS-mutant cancer, which is consistent with the

in vitro study in cells. The possible reasons were discussed in in vitro studies section in this thesis.

In summary, these in vivo tumor growth inhibition studies indicate that KZ-001 has stronger
antitumor activity than AZD6244.

3.4.8. The in vivo pharmacodynamic effects of KZ-001 in mice with A375, Calu-6,

Colo-205 xenografts

The primary biomarker, phospho-ERK level, was evaluated by Western blotting of ex vivo tissues of
A375, Calu-6, and Colo-205 xenografts (Figure 3-10). Compared to the vehicle-treated groups,
KZ-001 significantly decreased the p-ERK levels, whereas the total ERK levels remained
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consistent. Because KZ-001 only reduces the level of of p-ERK, but not the expression of ERK, we
speculate that KZ-001 inhibits the growth of tumor cells by preventing ERK phosphorylation, similar
to other MEK inhibitors. These results indicate that KZ-001 exerts an antitumor effect in vivo
through the mechanisms of action that was demonstrated in the in vitro studies.

A3T5 tumor Colo-208 tumor Calu-6 tumor
Vehicle 1 L 0
" KZ.001 3mgikg i ; Vehidie KZ-001 3mgkg . Vehicle KZ-001 3epig
n
| — —
p-ERK1/2 —~— : —_— pERK12 . . . - 3 p-ERK1/2 . ‘ - e

A T T T T L T T T T I 1 T 1

Figure 3-10 Western blot analyses of effects of KZ-001 on phosphorylation of ERK1/2 and ERK1/2
expression levels for tissue lysates obtained from A375, Calu-6 and Colo-205 xenografts. In all
xenografts, mice were treated with 3 mg/kg of KZ-001 or vehicle for 1 h before analysis.

3.5. Conclusion

In conclusion, this study demonstrated that KZ-001 is a highly selective MEK1/2 inhibitor. This new
compound shows significant antitumor activity against BRAF-mutant (A375 and Colo-205) and
KRAS-mutant (Calu-6) cancer cells both in vitro and in vivo through inhibition of ERK
phosphorylation. Compared to AZD6244, KZ-001 is more potent in vitro and in vivo.
Mechanistically, KZ-001 behaved as a classic MEK inhibitor and inhibited the MAPK pathway.
KZ-001 also induced apoptosis and cell cycle arrest to some extent. Furthermore, KZ-001
possesses a favorable PK profile with satisfactory drug exposure in plasma and bioavailability.
Therefore, KZ-001 is an excellent new MEKZ1/2 inhibitor with great potential for cancer treatment.
Our results suggest that KZ-001 has potential therapeutic implications for tumors with BRAF and
KRAS mutations.
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4. CHAPTER 4: SYNERGITIC EFFECTS OF KZ-001 COMBINED
WITH COMMERCIAL ANTI-CANCER DRUGS

This study was published in International Journal of Cancer, Year 2019, Vol. 145, Pages

586-596.
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4.1. Abstract

Some subtypes of BRAF or KRAS mutant cancers are often associated with drug-resistance and
disease progression in single drug treatments. MEK inhibitors were initially used for BRAF-mutant
melanoma, however, acquired drug-resistance was observed and some patients relapsed due to an
abundance of escape mechanisms present. Increasing evidence showed that multi-targeted
combination therapy delays the onset of acquired resistance, leading to increased progress-free
survival and overall survival. Moreover, recent studies demonstrated that combination therapy is
better tolerated compared to monotherapy in patients harboring BRAF or KRAS mutation. The
study investigated the effect of KZ-001 in combination with other agents both in vitro and in vivo

xenograft models.

The combination of KZ-001 with the BRAF inhibitor vemurafenib was evaluated in A375, Colo-205
and HT-29 cells, and analyzed by fraction affected-combination index (Cl) curves. The results
indicated that there was a wide range of synergistic effects between these two compounds. The
combination between KZ-001 and docetaxel was tested in A375, Colo-205, HT-29, and Calu-6
tumor cell lines in vitro. This combination imparted a synergistic effect on all cell lines tested except
for A375. Moreover, the Cl values in Calu-6 and Colo-205 decreased to < 0.2, indicating a strong

synergistic effect.

The combination of KZ-001 and vemurafenib was investigated in A375 (typical BRAF mutant
melanoma cells) xenografts, and tumor growth inhibition was analysed in both single and
combination treatment groups. Although the anticancer effect of single drug was minimal, with 20.4%
inhibition for vemurafenib at 25 mg/kg BID, and 9.4% inhibition for KZ-001 at 1.5 mg/kg QD, the
combination treatment showed significant inhibition of A375 xenograft with TGl at 87.4% (p <

0.0001) with Q value of 3.14, indicating high-level synergism.

A vemurafenib and KZ-001 combination study in Colo-205 (typical BRAF mutant colon cancer cells)
xenografts was conducted. As monotherapy, vemurafenib (100 mg/kg, QD) did not cause
remarkable inhibition of tumor growth (TGl 47.5%). The combination treatment regimen
(vemurafenib at 100 mg/kg QD and KZ-001 at 3 mg/kg QD) resulted in 111.7% tumor growth
inhibition (p < 0.01), and the Q value was 1.10, indicating a synergistic effect of this drug

combination.
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Calu-6, a typical KRAS-mutant NSCLC expressing cell line, is an ideal candidate for the
combination study of KZ-001 and docetaxel. In single agent treatments, tumor growth inhibition of
KZ-001 at a dose of 1.5 mg/kg QD and docetaxel at a dose of 5 mg/kg QW was 21.2% and 14.7%,
respectively, while their combination resulted in 59.1% (p <0.05) tumor growth inhibition with a Q
value of 1.80, showing synergistic effect.

In summary, KZ-001, a structurally new type of benzoxazole compound was developed as a MEK
inhibitor that may be potentially used clinically for the treatment of RAS/RAF mutant cancers to

overcome drug resistance.

4.2. Introduction

BRAF mutations are detected in about 50% of patients with melanoma, approximately 10% of
patients with colorectal cancer (CRC), about 2-8% of patients with non-small cell lung cancer [1].
Resistance to BRAF inhibitors develops within a short period in melanoma patients with BRAF Y°%%F
mutations. Only approximately 5% of patients with BRAF'®®® CRC respond to BRAF inhibitor
monotherapy [2]. Vemurafenib is a BRAF inhibitor approved by FDA for treatment of patients with
unresectable or metastatic melanoma with BRAF Y°%F mutation. Resistance to vemurafenib and
disease progress usually develops within 6—8 months. Preclinical studies demonstrated that
resistance to BRAF inhibitor is associated with recovery of MAPK pathway signalling. Thus, it may
be critical to completely block the MAPK pathway. The combination of BRAF with downstream
inhibition of MEK 1/2 was postulated to maximize MAPK pathway inhibition and prevent/delay the
onset of resistance [1], thereby improving clinical outcomes in patients with melanoma. Furthermore,
the phase Il clinical study demonstrated that the addition of cobimetinib (a MEK inhibitor) to
vemurafenib achieved a significant improvement in progression-free survival among patients with
BRAF*®_mutated metastatic melanoma, at the cost of some increase in toxicity [3]. Moreover,
recent studies demonstrated that combination therapy is better tolerated compared to monotherapy

in patients harboring BRAF or KRAS mutation.

Activating mutations in KRAS are present in nearly 90% of pancreatic cancers, in about 50% of alll
colorectal cancers, and in approximately 25% of non-small cell lung cancer. Genotype-directed

targeted therapy is the standard of care for patients with advanced non-small cell lung cancer
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(NSCLC) [4]. However, there are currently no targeted therapies for KRAS mutant non-small cell
lung cancer [5]. These patients exhibit a worse prognosis and may gain less benefit from
chemotherapy than the other NSCLC patients [6]. The development therapies directly targeting
KRAS has, however, proven to be challenging. Hence, to inhibit KRAS effector proteins
downstream, including MEK, has been a promising therapeutic strategy. MEK inhibitors were
initially used for BRAF mutant melanoma, however, acquired drug-resistance can occur and some
patients relapse due to an abundance of escape mechanisms present [7]. Moreover, MEK inhibitors
in combination with chemotherapy have been proven to be effective in preclinical studies [8].
Docetaxel is a conventional therapeutical agent, and is believed to have two-fold mechanism of
anti-cancer activity: inhibiting microtubular depolymerization; countering the effects of bcl-2 and
bcl-xL gene expression [9]. The most widely accepted mechanism of action, associates with the

binding of docetaxel to 3-tublin, thus promoting polymerization.

Combination therapy is a well established clinical approach for cancer treatment and can also
contribute to address emerging resistance. Multi-targeted therapy can reside in the same or
different pathways and tissues, and this can produce more than addictive effects triggered by
actions converging at a specific pathway site [10]. A combination is pharmacodynamically
synergistic, additive or antagonistic if the effect is greater than, equal to, or lower than the summed
effects of the partner drugs. Clinically, a great potential for combinations of MEK inhibitors and
conventional chemotherapeutics has been established. However, in order to increase the chance of

success in trials, dosing schedules of dual therapies must be explored pre-clinically.

In recent years, the combination of MEK inhibitors with other therapies has shown to be effective in
cancer treatment. Therefore, this study investigated combination treatments of KZ-001 with two
commonly used and well-studied anticancer drugs, vemurafenib and docetaxel (a microtubule

stabilizing agent) both in vitro and in vivo.

4.3. Materials and methods

4.3.1. Celllines and subculture

A375, HT-29, Calu-6 and A431 cell lines were purchased from the Typical Culture Preservation

Commission Cell Bank of the Chinese Academy of Sciences in China and Colo-205 cell line was
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from Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences in China. All cell
lines were authenticated by short tandem repeat analysis. A375, HT-29, Calu-6, Colo-205, and
A431 cell lines were maintained in DMEM (Dulbecco’s minimal essential medium), McCoy's 5a,
MEM (minimal essential medium), and RPMI 1640 medium, respectively. All the media were
supplemented with 10% heat-inactivated FBS (Bl), 1 mM sodium pyruvate and 100 U/mL penicillin
and 0.1 mg/mL streptomycin.

4.3.2. Invitro combination drug treatment study

For A375, HT-29, Calu-6, and A431 cell lines, cell proliferation was analyzed using the 3-(4,
5-dimethylthiazole-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay, while for the Colo-205
cell line the
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
assay was used. Cells were seeded into 96-well microtiter plates at a density of 500 to 3,000 cells
per well and appropriately diluted drug was added to each test well in triplicate after a cell adhesion
period of 24 h. Cell viability was assayed 72 h after the cells were plated according to the procedure
originally described by Mosmann [11]. Survival rate was calculated using the formula:

Survival rate = (Mean absorbance of experimental wells — Mean absorbance of DMSO wells) /
(Mean absorbance of control wells — Mean absorbance of DMSO wells) x 100%

ICso was determined using a dose-response inhibition model with non-linear, four parameter
regressions of semi-logarithm plots of the drug concentration versus survival rate using GraphPad
Prism 6. The combination index (Cl) value between KZ-001 and other compounds was determined
using CalcuSyn Version 2.1 software (Biosoft, Cambridge, UK). CI <1, =1 or >1 showed synergy,

additive or antagonistic effects, respectively.

4.3.3. Invivo efficacy studies of combination drug treatments

Vemurafenib was also dispersed completely in 2% Klucel LF (Hydroxypropylcellulose) (Aqualon)
and adjusted to pH 4 with diluted hydrochloric acid. Docetaxel was solubilized in normal saline with
5% Tween80 and 5% ethanol.

The vehicle control groups were treated with 10 mL/kg vehicle, PO, and QD for all xenograft
models. KZ-001 single drug treatment groups were treated with KZ-001 (1.5 mg/kg for A375 and
Calu-6 xenografts; 3 mg/kg for Colo-205 xenograft), PO, QD. The ancillary drug treatment groups
were treated with vemurafenib (25 mg/kg, BID, PO) for A375 xenograft, or docetaxel [5 mg/kg, once
weekly (QW), IV] for Calu-6 xenograft, vemurafenib (100 mg/kg, QD, PO) for Colo-205 xenogratft. In

103



the docetaxel and vemurafenib treatment groups (25 mg/kg, BID, PO), one mouse from each group
was sacrificed due to a >20% decrease in body weight on days 11 and 5, respectively; the
remaining five mice were studied until the completion of the study. The combination drug treatment
groups received the concentrations stated above. When given in combination, the drugs were given
separately. All animal experiments were approved by the Animal Care and Ethics Committee at the
Institute of Radiation Medicine, Chinese Academy of Medical Sciences (20162X310199).

Table 4-1 Group setting of mice in drug combination studies

Tumor xenograft

Groups Dose (mg/kg) Treatment Animals (N)
model

Vehicle - PO, QD %10 days 6

Kz-001, 1.5 15 PO, QD %10 days 6
A375

Vemurafenib, 25 25 PO, QD %10 days 6

KZ-001+Vemurafenib (1.5, 25) PO+ QD, %10 days 6

Vehicle - PO, QD, x15 days 6

Kz-001, 3 3 PO, QD x15 days 6

Colo-205

Vemurafenib, 100 100 PO, QD x15 days 6

KZ-001+Vemurafenib (3, 100) PO, QD x15 days 6

Vehicle - PO, QD %22 days 6

Kz-001, 1.5 15 PO, QD %22 days 6
Calu-6

Docetaxel 5 IV, QW %22 days 6

KZ-001+ Docetaxel (1.5,5) PO+IV %22 days 6

Q values were used to validate whether two compounds acted synergistically or not [12]. Q values
were calculated using the formula: Q = TGlag/ [TGla+ (1 — TGI,) x TGIlg], TGla or TGl represents
growth inhibition due to either of the two compounds, and TGl g is the growth inhibition due to the
combination of the two compounds. Q >1, =1, or <1 show synergy, additive or antagonistic effects,

respectively.

4.3.4. Statistical analyses

All biochemistry and cell experiments were performed in three replicates per treatment. A t-test was
used to analyse differences between two groups in the efficacy study. Differences between groups

were considered significant for p < 0.05.
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4.4, Results and discussion

4.4.1. The combination of KZ-001 and vemurafenib shows synergistic effects in BRAF

mutant cell lines in vitro.

In recent years, the combination of MEK inhibitors with other therapies has shown to be effective in
cancer treatment. Therefore, the combined effects of KZ-001 with two commonly used and

well-studied anticancer drugs, vemurafenib (a BRAFY®F

inhibitor) and docetaxel (a microtubule
stabilizing agent) was investigated, respectively. According to the model of drug combination based
on median-effect equation, calcusyn software was used to analyze the results of combination

treatment experiments [13].

The fraction affected-combination index (CI) curve of KZ-001 and vemurafenib on BRAF mutant cell
lines (A375, Colo-205 and HT-29) indicated a wide range of synergistic effects between these two
compounds (Figure 4-1, points below Cl=1 line). This finding implies that the inhibition of BRAF
enhances the effect of KZ-001 on cell growth.
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Figure 4-1 Fa-Cl curves of BRAF mutant cell lines treated with KZ-001 combined with vemurafenib. ClI
=1 line represents additive effect; dots below or above CI = 1 line represent synergistic or antagonistic effect,

respectively.

4.4.2. The combination of KZ-001 and docetaxel shows synergistic effects against BRAF

and KRAS mutant cell lines in vitro.

Docetaxel is a commonly used microtubule-stabilizing cytotoxic drug that has great potential for
combination with MEK inhibitors in clinical application. A previous study demonstrated an
accumulation of cells in the G2-M phase of the cell cycle after treatment with docetaxel, resulting in
increased abundance of MEK but compromised activity. Therefore the combination of MEK inhibitor
and docetaxel may reciprocally enhance their efficacy [8]. Moreover, the combination treatment

greatly reduced sphere size with loss of cell viability using a three-dimensional spheroid model,
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suggesting that the combination of MEK inhibitors with the chemotherapy agent docetaxel could be
more efficient for cancer treatment [14].

The combination between KZ-001 and docetaxel was tested on tumor cell lines to determine
whether it has a synergistic activity in vitro. This combination imparted a synergistic effect on all cell
lines tested except for A375 (Figure 4-2). Moreover, the Cl value in Calu-6 and Colo-205 decreased

to < 0.2, indicative of a strong synergistic effect.
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Figure 4-2 Fa-Cl curves of BRAF and KRAS mutant cell lines treated with KZ-001 combined with the
cytotoxic drug docetaxel. Cl = 1 line represents additive effect; Dots below CI = 1 line represent synergistic
effect; Dots above Cl = 1 line represent antagonistic effect.

4.4.3. The effect of the combination of KZ-001 with vemurafenib on the treatment of A375
tumor xenografts in vivo
As a selective BRAF®F inhibitor, vemurafenib displays potent antitumor activity against melanoma

[15]. The above in vitro tests indicated that vemurafenib at concentrations ranging from 100 nM to

800 nM has a potent synergistic effect on A375 cells when combined with KZ-001. Therefore, the
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potential of vemurafenib to reinforce the efficacy of KZ-001 was evaluated. Although the anticancer
effect of the single drug treatments was minimal, with 20.4% inhibition for vemurafenib at 25 mg/kg
BID, and 9.4% inhibition for KZ-001 at 1.5 mg/kg QD, the combination treatment showed significant
inhibition of A375 xenografts with TGl at 87.4% (p < 0.0001) (Figure 4-3). Moreover, Jin
Zheng-Juen’s formulation [12] yielded a Q value of 3.14, indicative of high-level synergism.
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Figure 4-3 Synergistic effect of KZ-001 combined with vemurafenib on BRAF-mutant A375 tumor
xenografts. A375 was treated with KZ-001 (1.5 mg/kg, QD), vemurafenib (25 mg/kg, BID), or KZ-001 (1.5
mg/kg, QD) plus vemurafenib (25 mg/kg, BID). N=6 per treatment group. Data are expressed as the mean
tumor volume and mean body weight + SEM, respectively. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p <
0.0001 by t-test compared with vehicle control group.

4.4.4. Effects of combination treatments with KZ-001 and vemurafenib on Colo-205 tumor

xenografts in vivo

Colo-205 is a colon cancer cell line bearing the BRAFY®**® mutation. A vemurafenib and KZ-001
combination study was performed on Colo-205 xenografts in parallel. In monotherapy, vemurafenib
(100 mg/kg, QD) did not cause remarkable inhibition of tumor growth (TGl 47.5%). The combination
treatment regimen (vemurafenib at 100 mg/kg QD and KZ-001 at 3 mg/kg QD) resulted in 111.7%

tumor growth inhibition (p < 0.01), and the Q value was 1.10, indicative of synergistic effects (Figure
4-4).
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Figure 4-4 Synergistic effects of KZ-001 combined with vemurafenib on BRAF mutant Colo-205
xenografts. Colo-205 was treated with KZ-001 (3 mg/kg, QD), vemurafenib (100 mg/kg, QD), or KZ-001 (3
mg/kg, QD) plus vemurafenib (100 mg/kg, QD). N=6 per treatment group. Data are expressed as the mean
tumor volume and mean body weight + SEM, respectively. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****. p <
0.0001 by t-test compared with vehicle control group.

4.45. Effects of combination treatments with KZ-001 and docetaxel on Calu-6 tumor

xenografts in vivo

Docetaxel is a standard-of-care chemotherapy for cancer patients, particularly for NSCLC [16]. It is
often investigated with the combination of kinase inhibitors in preclinical studies of NSCLC. Calu-6,
a typical KRAS-mutant NSCLC expressing cell line is an ideal candidate for the combination study
of KZ-001 and docetaxel. As a single agent, the tumor growth inhibition of KZ-001 at a dose of 1.5
mg/kg QD and docetaxel at a dose of 5 mg/kg QW was 21.2% and 14.7%, respectively. The
combination treatment inhibited tumor growth by 59.1% (p < 0.05) with a Q value of 1.80, showing
obvious synergistic effects (Figure 4-5).
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Figure 4-5 Synergistic effects of KZ-001 combined with docetaxel on KRAS-mutant tumor Calu-6

xenografts. Calu-6 was treated with KZ-001 (1.5 mg/kg, QD), docetaxel (5 mg/kg, QW), or KZ-001 (1.5
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mg/kg, QD) plus docetaxel (5 mg/kg, QW). N=6 per treatment group. Data are expressed as the mean tumor
volume and mean body weight £ SEM, respectively. *: p < 0.05; **; p < 0.01; ***; p < 0.001; ****: p < 0.0001 by
t-test compared with vehicle control group.

4.5. Conclusion

The combination treatments of KZ-001 investigated both in vitro cell proliferation studies and in vivo
xenograft models demonstrated that combination of KZ-001 with the BRAF inhibitor vemurafenib or
the chemotherapy agent docetaxel were synergistic. KZ-001, a structurally new type of benzoxazole
compound was developed as a MEK inhibitor that may be combined with other drugs for potentially
use in clinics for the treatment of RAS/RAF mutant cancer to overcome drug-resistant.
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5. CHAPTER 5: DESIGN, SYTHESIS, AND
CHARATERIZATION OF NEOVEL RADIOPROTECTORS

This study was published in Journal of Cellular and Medicine, Year 2019, Vol. 23, Pages
2238-2247.
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5.1 Abstract

Approximately 50% of cancer patients receive radiation therapy during cancer treatment.
Radiotherapy can cause injuries to normal tissues, a leading side effect. Radiation injury is
mainly induced by reactive oxygen species (ROS) produced through the radiolysis of water in
tissues. The ROS react with critical cellular macromolecules resulting in cell dysfunction and
death, depletion of stem cells, and organ system dysfunction. Hence, it is of significance to
eliminate free radical species from the cell environment for improved protection from radiation

injury.

After a comprehensive review on radioprotectors, the natural anti-oxidation agent quercetin
was chosen as a lead compound, and the aminothiol was combined with linker.
Simultaneously, the thiol group was modified in order to modulate PK properties. Based on
this concept, three new compounds (XH-101, XH-102, XH-103) were designed which were
expected to cleave the designed compounds into polyphenol and aminothiol in vivo to exert
their ROS scavenging function and mitigate radiation injury. These compounds were
synthesized subsequently through a series of synthesis routes, and characterized by *HNMR,

13CNMR, HRMS.

A 30-day survival rates study on mice exposed to 7.2 Gy total body irradiation was conducted.
All mice in the vehicle group died 13 days after irradiation, while 60%, 80%, 100% animals
were still alive in XH-101-, XH-102-, XH-103- treated groups at a dose of 200 mg/kg. On day
30, survival rates of the treatment groups were 40%, 0%, and 20%, respectively. A
preliminary structure-activity relationship identified that the new molecular structure with five
substituents in quercetin offered better protection from radiotherapy tissue injury than
compounds with four substituents. In addition, the structure with methylation of the thiol group
was better than without methylation. Hence, the best compound named XH-105 was
designed, synthesized and characterized. XH-105 was chosen for the further study on the

protective effects against intestinal injury.
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5.2 Introduction

Though targeted therapy is promising for the cancer treatment, aggressive tumor behaviour is
often associated with resistance to commonly used anti-cancer drugs. Approximately 50% of
cancer patients receive radiation therapy during cancer treatment [1]. In radiotherapy, the
radiation damages both tumor and normal tissues, thereby causing radiation injury to organs
and tissues [2]. Radiation-induced reactive oxygen species (ROS) react with critical cellular
macromolecules resulting in cell dysfunction and death, depletion of stem cells, and organ
system dysfunction [3]. About 53% patients receiving radiotherapy reported bowel symptoms,
and the small intestine is one of the most sensitive organs for ionizing radiation [4]. The main
symptoms of radiation-induced intestinal damage include anorexia, vomiting, diarrhea,
dehydration, systemic infection, and in extreme cases, septic shock and death [5].
Radiation-induced intestinal damage seriously affects the treatment of patients with
abdominal or pelvic tumors, reducing the quality of life of patients. Acute radiation injury to the
colon can be severe, and can lead to therapy interruption in 5-15% of patients [4]. Although
dose escalation offers better local control of cancer in radiotherapy, it is accompanied by
acute toxicity and normal tissue damage [6]. In order to allow clinicians to increase
radiotherapy doses to achieve better tumor control rates, pharmacological approaches to
selectively protect normal tissues must be developed [2]. However, there is no specific clinical
treatment for radiation enteritis. Therefore, the development of efficient radiological intestinal
damage protectors is an important area of study in radiation therapy. Side effects of
chemotherapy are mainly caused by the induction of DNA damage and production of ROS
which is responsible for toxicity. Some studies for reducing the side effects have been
promising. Amifostine has been approved by the FDA for reducing nephrotoxicty and

ototoxicity in women with ovarian cancer treated with cisplatin [7].

Amifostine is the only small molecular radiation-protective agent approved by the FDA.
Amifostine is a phosphorothioate cytoprotective agent known chemically as 2-[(3-6
aminopropyl)amino]ethanethiol dihydrogen phosphate (ester). Amifostine is a cytoprotective
drug used in cancer patients receiving radiotherapy and some forms of chemotherapy [8].
Amifostine is a pro-drug that converts into the -SH form (WR-1065, H,N(CH;)sNH(CH.),SH)
through dephosphorylation by alkaline phosphatase [8]. The protection mechanism includes
free-radical scavenging, chemical repair by hydrogen atom donation, and modulation of the
complex transcriptional regulation of genes involved in apoptosis, cell cycle and DNA repair
[9]. It causes splenic vasodilation and blocks autonomic ganglia, but hypotension is the

dose-limiting side effect of Amifostine. Amifostine is given by intravenous infusion before
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radiation and chemotherapy starts. This drug will cause hypotension, nausea, and vomiting.
Pharmacokinetics studies show that Amifostine is rapidly cleared from the plasma with an

elinination half-life of only approximately 8 minutes [10].

In recent studies, natural antioxidant agents and aminothiol compounds have been intensively
investigated for application in radiation protection [11-13]. Flavonoids are a group of natural
antioxidant agents that can suppress the formation of free radicals. However, poor stability
and bioavailability are disadvantages [14]. Aminothiol compounds possess good efficacy
profiles, but are characterized by a short half-life and high toxicity [15].

Several aminothiol compounds are known radioprotectors, such as Amifostine, cystine,
PrC-210, PrC-211, PrC-252 [16]. The possible mechanism of action of aminothiol
radioprotectors is the binding to and stabilization of those parts of the DNA helix which are not
covered by histones, which is thought to be responsible for reducing treatment-induced
primary and secondary damage [17]. The aminothiol radioprotector design concepts are: (1) a
flexible alkyl chain backbone, which carries a positive charge due to one or more amine
groups, to achieve ionic interaction and concentration around negatively charged DNA in
cells; (2) a free or capped thiol group to scavenge free oxygen radicals formed by ionizing
radiation [18].

Natural anti-oxidation agents exist widely in herbs and fruits and mainly include flavonoids
and polyenes, offering potential use as radioprotectors [6, 13, 19, 20]. Both agents have the
advantages of low toxicity and moderate efficacy, but display poor stability and bioavailability
[14]. Aminothiols emerge as the most promising compounds, especially after amifostine was
discovered and approved by the FDA. Although amifostine is currently used clinically, its drug
toxicity, limited time of protection, and unfavorable routes of administration [15] limit the utility
of the drug in nonclinical settings. The most probable protective mechanisms of aminothiols
are the donation of a H atom, scavenging of hydroxyl radical or other ROS, chemical repair of

DNA radicals and oxygen depletion [21, 22].

In this study, the natural plant-derived anti-oxidation agent quercetin, which belongs to
flavonoids family, was used as a lead compound and the molecular structure was modified.
Simultaneously, aminothiol analogues were combined with natural anti-oxidation agents by
different linkers to retain the efficacy of the aminothiol group and incorporate the safety
properties of natural anti-oxidation agents, respectively. Furthermore, the two functional
fragments modulated the pharmacokinetic profile for each other, and they were mutually a

prodrug to each other. The new compound was expected to cleave the combined compound
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into polyphenol and aminothiol in vivo to mitigate radiation injury by their ROS scavenger

capabilities. Based on this concept, the compound XH-105 was synthesized.

5.3 Materials and methods

5.3.1 Chemistry

2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one was purchased from SHUYA
Chemical Science and Technology (Shanghai, China). Bis(trichloromethyl) carbonate,
thiazolidine, and 2,2-dimethylthiazolidine were purchased from Energy Chemical (Shanghai,
China).

5.3.2 Animals and ethics approval and consent to participate

Male C57BL/6 mice (8-10 weeks) were purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, China). Animals were bred in the certified animal facility at the Institute of Radiation
Medicine (IRM) of the Chinese Academy of Medical Sciences (CAMS).

All experimental procedures were carried out in accordance with the NIH Guidelines for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee of the Institute of Radiation Medicine (IRM), Chinese Academy of Medical
Sciences (CAMS) (Permit Number 2017053). The animals were cared for in accordance with
the guidelines of the National Animal Welfare Law of China.

5.3.3 Novel compounds design for radioprotection

In this study, the plant-derived natural anti-oxidation agent quercetin, a flavonoid compound,
was selected and investigated, as the lead compound. Efforts focused on modifying the
molecular structure through introduction of an aminothiol into the structure of the molecule,
atttached by different linkers. This design may retain both the efficacy of aminothiol and the
safety properties of quercitin, respectively. Moreover, methyl groups were employed to adjust
the lipophilicity profile in order to increase the bioavailability. Furthermore, two functional
fragments can modulate the pharmacokinetic (PK) profiles for each other, which were
mutually prodrugs to each other (Figure 5-1). The new compounds were expected to cleave
into polyphenol and aminothiol in vivo to mitigate radiation injury by their ROS scavenger
capabilities. Based on this concept, four new compounds with the same core structure were
designed (Figure 5-2). These compounds were synthesized subsequently through a series of

synthesis routes.
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Figure 5-1 Design concepts of new compounds
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Figure 5-2 Molecular structures of four new compounds

5.3.4 Synthesis of XH-101

The synthesis route of XH-101 was designed according to retrosynthesis analysis, and the

compound was synthesized through a two-step reaction (Figure 5-3). Firstly, the

2,2-dimethylthiazolidine was reacted with bis(trichloromethyl) carbonate with triethylamine

(EtsN) as base to prepare thiazolidine-3-carbonyl chloride. Then, the thiazolidine-3-carbonyl
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chloride was coupled with quercetin in the presence of triethylamine and

4-dimethylaminopyridine to afford the target product XH-101.

Step 1 QJN% P . J— ()N<

Step 2: S\F

N__O O
Ho| O .\ (N c___ \ol//
o) OH SJ< Q Q
2\

(0]

S
S/% XH-101 —/

Figure 5-3 Synthesis route of XH-101. Reagents and condition: (a). triethylamine (EtsN), Tetrafuran,
0 °C, 1 h; room temperature(r.t.), 10 h; (b). EtzN, 2-Diethylaminopyridine, Dimethylformamide (DMF),
Nitrogen (N,), 0 °C, 1 h; rt., 10 h.

Step 1: Synthesis of
stij'vL . 2,2-dimethylthiazolidine-3-carbonyl chloride
Q/N\(O f PN To a solution of bis(trichloromethyl) carbonate (9.1 g,

0° o O o 27.32 mmol) in anhydrous tetrahydrofuran (60 mL),
(\NJKO O)\N\i(/s 2,2-dimethylthiazolidine (8 g, 89.74 mmol) was added
S/% XH-101 in parts and triethylamine (12 mL) was added

dropwise; the mixture was stirred under nitrogen in an
ice water bath for 1 h and then at room temperature (rt) for 10 h. The reaction mixture was
filtered, and the residue was washed three times with dichloromethane (20 mL). The filtrate
phase was combined and evaporated in vacuo. The resultant residue was used directly for

the next step. This compound was also the immediate for the synthesis of compound XH-105.

Step 2: Synthesis of
4-(3,7-bis((2,2-dimethylthiazolidine-3-carbonyl)oxy)-5-hydroxy-4-oxo-4H-chromen-2-yl)-
1,2-phenylene bis(2,2-dimethylthiazolidine-3-carboxylate)

Triethylamine (6 mL), 4-dimethylaminopyridine (157 mg, 1.29 mmol), and

2,2-dimethylthiazolidine-3-carbonyl chloride (2 g, 11.11 mmol) were added to a solution of
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2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (0.7 g, 2.32 mmol) in DMF (30
mL) , and the mixture was stirred at 0°C for 1 h and at room temperature for 10 h. The
reaction mixture was poured into a mixture solvent (300 mL, v/vlv, MeOH: H,O: DMSO =
8:1.5:0.5), and then water was added dropwise until the product precipitated. The residue was
then filtered and washed three times with water (15 mL). The filter cake was then dried in
vacuo and produced the title compound as a yellow solid (3.35 g, 65%). LC-MS was carried
out on a Waters 3100 Mass Detector with an Agilent ZORBAX column (C18, 2.1x50mm,

3.5um). *H NMR spectra were obtained using a Bruker spectrometer at 400MHz. LC-MS: Ry =
7.06 min, [M+H]" =1018.32, Calculated: 1018.25. '"H NMR (400 MHz, DMSO-d6) & 7.85 (d, J
= 15.7 Hz, 2H), 7.64 (s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.18 (s, 1H), 4.02 (d, J = 26.2 Hz, 10H),
3.15(d, J = 30.1 Hz, 10H), 1.77 (d, J = 17.1 Hz, 30H).

5.3.5 Synthesis of XH-102

The synthesis route of XH-102 was designed according to retrosynthesis analysis, and the
compound was synthesized through a 2-step reaction (Figure 5-4). Firstly, the thiazolidine
was reacted with bis(trichloromethyl) carbonate with triethylamine as base to prepare
thiazolidine-3-carbonyl chloride. Then, thiazolidine-3-carbonyl chloride was coupled with
quercetin in the presence of triethylamine and 4-dimethylaminopyridine to afford the target

product XH-102.

Step 1: @H + C|>(l:\l )J\ )<|C| E—— (\JN

Step 2:

o)\N/\S
L

XH-102

Figure 5-4 Synthesis route of XH-102. Reagents and condition: (a). EtzN, THF, 0 °C, 1 h; rt., 10h;
(b). Et3N, 2-Diethylaminopyridine,DMF, N,, 0 °C, 1h; rt., 10h.
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Stepl: Synthesis of thiazolidine-3-carbonyl
chloride

To a solution of bis(trichloromethyl) carbonate

XH-102 (9.6 g, 107.64  mmol) in  anhydrous

tetrahydrofuran (60 mL) was added thiazolidine (8
g, 89.88 mmol) in parts and triethylamine (16 mL) dropwise, the mixture was stirred under a
nitrogen atmosphere in an ice water bath for 1 h and then at room temperature for 10 h. The
reaction mixture was filtered and the residue was washed with dichloromethane (20 mL) for
three times. The filtrate phase was combined and evaporated in vacuo. The resultant

residue was used directly for the next step.

Step2: Synthesis of 2-(3,4-bis((thiazolidine-3-carbonyl)oxy)phenyl)-5-hydroxy-4-oxo
-4H-chromene-3,7-diyl bis(thiazolidine-3-carboxylate)

To a solution of 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (0.8 g, 2.65
mmol) in DMF (20 mL) was added triethylamine (4 mL), 4-dimethylaminopyridine (100 mg,
0.0008 mmol), and thiazolidine-3-carbonyl chloride, the mixture was stirred at 0 °C for 1 h and
at room temperature for 10 h. The reaction mixture was poured into MeOH/H,O/ DMSO
8/1.5/0.5 v/viv (250 mL) and then water was added dropwise until the product precipitated.

The residue was then filtered and washed with water (15 mL) three times. The filter cake was

then dried under vacuo to give the title compound as a yellow solid.

5.3.6 Synthesis of XH-103

XH-103 was synthesized through a 2-step reaction. The first step obtained
thiazolidine-3-carbonyl chloride by using the same approach as for XH-102. Then,
thiazolidine-3-carbonyl chloride was coupled with quercetin in the presence of triethylamine

and 4-dimethylaminopyridine to afford the product XH-103 (Figure 5-5).
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S XH-103

Figure 5-5 Synthesis route of XH-103. Reagents and condition: (a). EtzN, 2-Diethylaminopyridine,
DMF, Ny, 0 °C, 1h; rt., 10h.

Step 1: Synthesis of thiazolidine-3-carbonyl
chloride

This step was the same as for the synthesis of
XH-102.

Step 2: Synthesis of

2-(3,4-bis((thiazolidine-3-carbonyl)oxy)phenyl)

-4-0x0-4H-chromene-3,5,7-triyl tris(thiazolidine-3 -carboxylate)

To a solution of 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (1.6 g, 5.3 mmol)
in DMF (30 mL) was added triethylamine (7 mL), 4-dimethylaminopyridine (192 mg, 1.57 mol),
and thiazolidine-3-carbonyl chloride, the mixture was stirred at 0 °C for 1 h and at room
temperature for 10 h. The reaction mixture was poured into MeOH/H,O/DMSO 8/1.5/0.5 v/viv
(500 mL) and then water was added dropwise until the product precipitated. The residue was
then filtered and washed with water (20 mL) three times. The filter cake was then dried in
vacuo to give the title compound as a yellow solid (3.35 g, 72%). LC-MS: Ry = 4.5 min. [M+H]"
= 879.20, calculated 878.99, 'H NMR (400 MHz, DMSO) & ppm 7.95 — 7.85 (m, 2H), 7.68 (s,
1H), 7.58 (d, J = 8.3 Hz, 1H), 7.25 (s, 1H), 4.58 (dd, J = 52.9, 22.8 Hz, 10H), 3.97 — 3.65 (m,
10H), 3.14 (d, J = 20.2 Hz, 10H).
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5.3.7 Synthesis of XH-105

The synthesis route of XH-105 was designed according to retrosynthesis analysis, and the

compound was synthesized through a 2-step reaction. The first step was the same as the first

step in 5.3.4 (Figure 5-6).

Figure 5-6 Synthesis route of XH-105. Reagents and condition: (a). EtzN, 2-Diethylaminopyridine,

DMF, Ny, 0 °C, 1h; rt., 10h.

XH-105

N

Step 1: 2,2-dimethylthiazolidine-3-carbonyl chloride was

obtained from the process of the synthesis of XH-101.

Step 2: Triethylamine (6 mL), 4-dimethylaminopyridine
(157 mg, 1.29

2,2-dimethylthiazolidine-3-carbonyl chloride were added

mmol), and

to a solution of

2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (1.3 g, 4.30 mmol) in DMF (30
mL), and the mixture was stirred at 0°C for 1 h and at room temperature for 10 h. The reaction
mixture was poured into a mixture solvent (500 mL, v/iv/v, MeOH/H,O/DMSO = 8/1.5/0.5), and

then water was added dropwise until the product precipitated. The residue was then filtered

and washed three times with water (20 mL). The filter cake was then dried in vacuo and

produced the title compound as a yellow solid (3.35 g, 65%). LC-MS was carried out on a
Waters 3100 Mass Detector with an Agilent ZORBAX column (C18, 2.1x50mm, 3.5um). 1H
NMR spectra were obtained using a Bruker spectrometer at 400MHz. LC-MS: RT = 7.06 min,
[M+H]+ =1018.32, Calculated: 1018.25. 1H NMR (400 MHz, DMSO-d6) & 7.85 (d, J = 15.7
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Hz, 2H), 7.64 (s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.18 (s, 1H), 4.02 (d, J = 26.2 Hz, 10H), 3.15 (d,
J =30.1 Hz, 10H), 1.77 (d, J = 17.1 Hz, 30H).

5.3.8 30-day survival rate experiments

The compounds were dissolved in DMSO, and then diluted with edible oil to the
corresponding concentration containing a final concentration of 10% DMSO. The suspension
was vortexed to homogeneity before dosing.

Mice were exposed to ionizing radiation by using a **’Cs source following an Exposure
Instrument Gammacell-40 (Atomic Energy of Canada Lim, Chalk River, ON, Canada) at a
dose rate of 1.0 Gy/min. The mice were exposed to 7.2 Gy total body irradation in the survival
experiments (n=5).

The animals were randomized into 3 different groups: vehicle + sham irradiation; vehicle +
total body irradiation (TBI); dosing + TBI. The doses were set up according to Table 5-1. The
mice in dosing groups were dosed 24 h and 0.5 h before applying one TBI.

Table 5-1 Group setting of mice

. Dose Animals

Experiments Groups Treatment

(mg/kg) (N)

Vehicle - PO, dosing at 30 min before sham IR 5

IR+ vehicle - PO, dosing at 30 min before IR 5

30-day survival rate IR+XH-101, 200 200 PO, dosing at 30 min before IR 5

(7.2 Gy, TBI)
IR+XH-102, 200 200 PO, dosing at 30 min before IR 5
IR+XH-103, 200 200 PO, dosing at 30 min before IR 5

5.4 Results and discussion

5.4.1 New compounds design, synthesis, and characterization

Based on the concept of bi-functional structures, four new compounds, designated as

XH-101, XH-102, XH-103, XH-105, were designed and synthesized. The synthesis routes and
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methods are described in the experimental method section. Briefly, 2,2-dimethylthiazolidine or
thiazolidine was reacted with bis(trichloromethyl) carbonate to obtain
2,2-dimethylthiazolidine-3-carbonyl chloride or thiazolidine-3-carbonyl chloride under the base
triethylamine. Then the resultant compounds were coupled with quercetin, in the presence of
triethylamine and 4-dimethylaminopyridine. The target compounds XH-101, XH-102, XH-103,
XH-105 were obtained with overall yields of 21%, 24%, 33%, 65%, respectively. The target
compounds were characterized by NMR, ESI-MS or HRMS.

5.4.2 Characterization of XH-101

A white solid with overall yield 21% was obtained. *H NMR(400 MHz, CDCl;) & 12.12 (s, 1H),
7.73 (d, J=7.3Hz, 2H), 7.41 (d, J = 8.3 Hz, 1H), 6.95 (s, 1H), 6.60 (d, J = 1.8 Hz, 1H), 4.27 -
3.95 (m, 8H), 3.05 (s, 8H), 1.85 (d, J = 8.0Hz, 24H) (Figure 5-7); HRMS: CggH4sN4O11S4,
Calculated 874.20, found 897.1954, [M +Na]* (Figure 5-8). *C NMR (101 MHz, CDCl;)
176.97, 161.51, 156.65, 155.91, 149.26, 145.39, 142.85, 132.27, 127.41, 126.28, 123.93,
108.43, 104.99, 100.81, 77.36, 77.04, 76.72, 71.18, 54.40, 53.42, 52.86, 30.05, 29.64, 28.53,
27.75 (Figure 5-9).
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Figure 5-7 'HNMR spectrum of XH-101. The molecular structure of XH-101 was characterized by
'HNMR (400MHz, CDCI3).
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Figure 5-9 3¢ NMR spectrum of XH-101. The molecular structure of XH-101 was characterized by
*C NMR (101 MHz, CDCl,).

5.4.3 Characterization of XH-102
A white solid with an overall yield of 24% was obtained. *H NMR(400 MHz, CDCI;)512.08 (s,

1H), 7.84-7.71 (m, 2H), 7.43 (d, J = 9.3 Hz, 1H), 6.95 (s, 1H), 6.64 (s, 1H), 4.64 (dd, J = 25.3,
16.9 Hz, 8H), 3.89 (dd, J = 20.3, 3.5 Hz, 8H), 3.20-3.03 (m, 8H) (Figure 5-10); *C NMR (101
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MHz, CDCly)5 176.87, 161.54, 156.69, 155.90, 150.96, 150.61, 145.12, 142.73, 132.32,
127.32, 126.42, 123.85, 123.80, 123.79, 123.76, 108.58, 105.16, 105.11, 100.89, 77.31,
76.99, 76.68, 58.43, 49.61, 49.41, 49.20, 48.45, 48.31, 31.24, 31.09, 30.08, 29.95, 18.39
(Figure 5-12); HRMS: C3;H3N,O1:S,, Calculated 762.0794, found 785.0693, [M +Na]*(Figure
5-11).
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Figure 5-10 'H NMR spectrum of XH-102. The molecular structure of XH-102 was characterized by
'"HNMR (400MHz, CDCI3).
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Figure 5-12 3¢ NMR spectrum of XH-102 (101 MHz, CDCI3). The molecular structure of XH-103 was

characterized by ** CNMR (101MHz, CDCls).

5.4.4 Characterization of XH-103

A white solid with an overall yield of 33% was obtained. *"HNMR(400 MHz, DMSO-d6)5 7.96

- 7.82 (m, 2H), 7.69 (s, 1H), 7.58 (d,J = 8.5Hz, 1H), 7.25 (d,J =1.7Hz, 1H), 4.56 (dd,J = 55.9,

24.0 Hz, 10H), 3.95-3.61 (m, 10H), 3.25 - 3.02 (m, 10H) (Figure 5-13); **C NMR (101

MHz, CDCI3)d 170.70, 156.70, 154.41, 153.82, 151.99, 151.64, 151.12, 151.05, 151.00,
150.66, 150.55, 150.43, 150.33, 144.85, 142.67, 134.19, 127.59, 126.33, 123.65, 114.93,
113.88, 108.35, 49.90, 49.77, 49.65, 49.60, 49.40, 49.24, 49.16, 48.44, 48.30, 31.24, 31.09,
30.08, 30.01, 29.94 (Figure 5-15); HRMS: Cs5H3sNs501,Ss, Calculated 877.09, found

900.0769, [M +Na]" (Figure 5-14).
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Figure 5-13 "HNMR spectrum of XH-103. The molecular structure of XH-103 was characterized by
'"HNMR (400MHz, d-DMSO).
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Figure 5-15 3¢ NMR (101 MHz, CDCI3) spectrum of XH-103. The molecular structure of XH-103 was

characterized by "*CNMR (101 MHz, CDCls).

5.4.5 Characterization of XH-105

A white solid with an overall yield of 65% was obtained. *H NMR (400 MHz, DMSO-d6) & 7.85
(d, J =15.7 Hz, 2H), 7.64 (s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.18 (s, 1H), 4.02 (d, J = 26.2 Hz,
10H), 3.15 (d, J = 30.1 Hz, 10H), 1.77 (d, J = 17.1 Hz, 30H) (Figure 5-16). LC-MS: Waters
3100 detector, Agilent ZORBAX column (C18, 2.1x50mm, 3.5um). LC-MS: Ry = 7.06 min,

[M+H]" =1018.32, Calculated:1018.25 (Figure 5-17).
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Figure 5-17 LC-MS Spectra of XH-105. XH-105 was identified by LC-MS spectra. Target peak [M+H]
"=1018.32.

5.4.6 30-day survival rate
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In order to investigate the structure-activity relationship, mice survival after exposure to 7.2Gy
irradiation was determined. In the sham irradiation groups, all mice survived the 30-day
period. In the vehicle group, all mice died on day 13 after 7.2 Gy total body irradiation. In the
XH-101-, XH-102-, XH-103- treated groups at a dosage of 200 mg/kg, 60%, 80%, 100%
animals survived initially, respectively. On day 30, the survival rates in XH-101, XH-102,
XH-103 were 40%, 0%, and 20%, respectively (Figure 5-18). After analysing the
structure-activity relationship, it is concluded that new molecular structures with five
substituents in the quercetin was better than four substituents. Also, compounds with methyls
in the substituents showed an improved rat survival rate. Hence, another new compound
named XH-105 was designed and synthesized based on this structure-activity relationship.
XH-105 was chosen for the further study on the protective effects against intestinal injury
(Chaper 6).
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Figure 5-18 30-day survival rate studies under 7.2 Gy TBI. Kaplan—Meier survival analysis of mice
exposed to 7.2Gy TBI. (a) XH-101 treated mice have 40% survival beyond 30 days post 7.2Gy TBI;
XH-102 treated mice have 0% survival beyond 30 days; XH-103 treated mice have 20% survival
beyond 30 days; compared with IR mice with 100% mortality within 13 days of radiation exposure
(p<0.05, n=5 per group). The data were expressed as the percent of surviving mice.

5.5 Conclusion

Three new compounds (XH-101, XH-102, XH-103) were designed based on the produg
concept. These compounds were synthesized by a seris of synthesis routes, and
characterized by 'HNMR, *CNMR, HRMS. A 30-day survival rates study on mice showed

that mice exposed to 7.2 Gy total body irradiation died after 13 days, while 60%, 80%, 100%
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animals were still alive in XH-101-, XH-102-, XH-103- treated groups at a dose of 200 mg/kg.
At the end of the study, survival rates of the treatment groups were 40%, 0%, and 20%,
respectively. A preliminary structure-activity relationship identified the new molecular
structure named XH-105, and this compound was designed, synthesized and characterized.

Finally, it was chosen for the further study on the protective effects against intestinal injury.
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