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ARTICLE INFO ABSTRACT

Keywords: Angiogenesis plays a critical role in the survival, progression and metastasis of malignant tumors.
Antiangiogenic Multiple factors are known to induce tumor angiogenesis, vascular endothelial growth factor
Cancer

(VEGF) is the most important one. Lenvatinib is an oral multi-kinase inhibitor of VEGFRs which

R(,)S . . has been approved for the treatment of various malignancies as the first-line agent by the Food
Mitochondrial membrane potential L. . . ) N . X
Pyroptosis and Drug Administration (FDA). It shows excellent antitumor efficacy in clinical practice. How-

ever, the adverse effects of Lenvatinib may seriously impair the therapeutic effect. Here we report
the discovery and characterization of a novel VEGFR inhibitor (ZLF-095), which exhibited high
activity and selectivity for VEGFR1/2/3. ZLF-095 displayed apparently antitumor effect in vitro
and in vivo. We discovered that Lenvatinib could provoke fulminant ROS-caspase3-GSDME-
dependent pyroptosis in GSDME-expressing cells by loss of mitochondrial membrane potential,
which may be one of the reasons for Lenvatinib’s toxicity. Meanwhile, ZLF-095 showed less
toxicity than Lenvatinib by switching pyroptosis to apoptosis. These results suggest that ZLF-095
could become a potential angiogenesis inhibitor for cancer therapy.

1. Introduction

Since Judah Folkman hypothesized in 1971 that angiogenesis is required for the growth of solid tumors [1], numerous studies have
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Fig. 1. Identification of ZLF-095. (A) Chemical structures of Lenvatinib. (B) Crystal structure of Lenvatinib bound to the VEGFR2 catalytic domain
(PDB ID: 3WZD). The red arrow refers to possible linker-tethering positions. (C) Chemical structures of ZLF-095. (D) ICso values of ZLF-095 and
Lenvatinib against a panel of kinases. (E) The synthetic route of compound ZLF-095.

identified that angiogenesis plays a critical role in the survival, progression, and metastasis of malignant tumors [2-5]. Neo-
vascularization is widely distributed in the tumor stroma, which is characterized by large number, random distribution, irregular
lumen and abound connection with arteriovenous [6-8]. This resulted in improving the tumor blood supply, providing adequate
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nutrition for occurrence and development of cancer. In addition, the basement membranes of the neovascularization endothelial cells
are discontinuous or completely absent, which led to entry of tumor cells into the circulation easily due to uncontrolled vascular
permeability, eventually leading to tumor metastasis [2].

Multiple factors are known to induce tumor angiogenesis. Vascular endothelial growth factor (VEGF) is the most important one
which was discovered by Ferrara et al., in 1989 [7, 9, 10]. The binding of VEGF and its receptor VEGFR (vascular endothelial growth
fact receptor) activates downstream signaling cascades including PI3K/Akt, p38/MAPK and RAF/MEK/ERK, etc [11]. These actions
directly regulate endothelial survival, migration, proliferation and thus promote neovascularization. VEGF/VEGFR also promotes
angiogenesis by recruiting tumor-associated macrophages (TAMs) to tumor microenvironment, which support angiogenesis through
the release of proteases, cytokines, and various growth factors [12-14].

Because of these direct and indirect proangiogenic activities of VEGFR and interrelated signaling pathways, they become the targets
of many first-line anti-cancer drugs, such as Lenvatinib, pazopanib, sunitinib and bevacizumab [15-20]. Lenvatinib is an oral
multi-kinase inhibitor of VEGFRs, FGFR 1-4, PDGFRa, RET and KIT developed by Eisai. It has been approved for the treatment of
thyroid cancer (THCA), renal cell carcinoma (RCC) and advanced hepatocellular carcinoma (HCC) as the first-line systemic therapeutic
agent by FDA [21-23]. Lenvatinib shows excellent antitumor efficacy in clinical practice, significantly prolongs the overall survival of
patients. However, adverse effects of Lenvatinib are frequent in clinical applications, including fatigue, nausea, vomiting, hypertension
and diarrhea, even trigger liver injury, heart failure and thrombosis [24-26]. These common adverse events of Lenvatinib are often
responsible for dose reductions or treatment interruptions, which might seriously impair the therapeutic effect to cause therapeutic
failure.

With the aim of improving the therapeutic efficacy and reducing the toxic side effects of Lenvatinib in the treatment of cancer, we
carried out the current study. We have set up a compound library of Lenvatinib analogues. Potent Compound ZLF-095 from the self-
built compound library was chosen for further studies by screening of kinase activity and antitumor activity in vitro. ZLF-095
significantly suppressed angiogenesis by inhibiting the VEGF/VEGFR2 and their downstream signaling pathway. Meanwhile, it
exhibited apparently antitumor effect and antimetastatic potency in vitro and in vivo. More importantly, ZLF-095 displayed lower
toxicity than Lenvatinib. We found that fulminant pyroptosis was induced by Lenvatinib in normal liver cells LO2, HCC cells (HepG2
and Hepa3B2.1-7) and CC cells (HCT116). Cell and molecular biological experiments validated Lenvatinib could provoke ROS-
caspase3-GSDME-dependent pyroptosis in GSDME-expressing cells by loss of mitochondrial membrane potential (A¥m). Pyroptosis
could induce rapid cell-membrane rupture and the release of intracellular contents, resulting in fever, hepatotoxicity, septicemia and
other serious symptoms [27-29]. And it might be one of the reasons for the toxicity of Lenvatinib. In comparison, ZLF-095 had no effect
on mitochondrial membrane potential and therefore switched pyroptosis to apoptosis, thus successfully avoiding unwanted side ef-
fects. Our results suggest that ZLF-095 might become a potential angiogenesis inhibitor for tumor therapy.

2. Materials and methods
2.1. Synthesis of ZLF-095

The synthetic route of the compound ZLF-095 was shown in Fig. 1E.

Step i: methyl 4-((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)amino-2-hydroxy benzoate (3). The mixture of 2,2-dimethyl-
1,3-dioxane-4,6-dione (1) (5 g, 34.7 mmol) and thrimethyl orthoformate (4.8 g, 45.1 mmol) in isopropyl alcohol (100 mL) was
stirred at 80 °C for 1 h. Then 3-Hydroxy-4-(methoxycarbonyl)aniline (2) (4.6 g, 27.8 mmol) was added, and the reaction was left to
proceed for 1 h. When the reaction was completed, the reaction mixture was cooled to room temperature, filtrated and washed with
acetaldehyde to obtain a yellow solid (9.9g, 89%). 'H NMR (400 MHz, Chloroform-d) § 12.13 (s, 1H), 8.57 (s, 1H), 7.79 (m, 1H), 7.13
(s, 1H), 5.79 (d, J = 4.1 Hz, 1H), 3.72 (s, 1H), 3.66 (s, 3H), 1.71 (s, 6H).

Step ii: methyl 7-hydroxy-4-oxo-1,4-dihydroquinoline-6-carboxylate (4). To a solution of diphenyl ether (40 mL) was added compound
3 (9.2 g, 28.6 mmol) and the mixture was stirred at 220 °C for 1 h. When the reaction was completed, the reaction mixture was cooled
to room temperature, added diethyl ether (15 mL), stirred for 0.5 h, filtrated and washed with acetaldehyde to obtain a yellow solid
(5.1 g, 81%). 'H NMR (400 MHz, Chloroform-d) 6 8.77 (d, J = 4.5 Hz, 1H), 8.63 (s, 1H), 7.80 (s, 1H), 7.65 (d, J = 4.1 Hz, 1H), 7.60 (s,
1H), 7.60 (s, 1H),4.10 (s, 3H).

Step iii: methyl 7-(2-(2-methoxyethoxy)ethoxy)-4-oxo-1,4-dihydroquinoline-6-carboxylate (6). To a solution of compound 4 (5 g, 22.8
mmol) and cesium carbonate (14.8 g, 45.6 mmol) in dry DMF (50 mL) was added 1-bromo-2-(2-methoxyethoxy)ethane (5) (8.3 g, 45.6
mmol), the reaction mixture was stirred at 60 °C for 3 h. When the reaction was completed, the solution was poured into ice water,
extracted with ethyl acetate. The organic phase was concentrated under vacuum, to abtain the crude product, purified by column
chromatography to give 4 as a yellow solid (6.4 g, 88%). 1H NMR (400 MHz, Chloroform-d) & 8.87 (d, J = 4.3 Hz, 1H), 7.63 (s, 1H),
7.40 (s, 1H), 7.21 (d, J = 2.1 Hz, 1H), 7.11 (d, J = 1.3 Hz, 1H), 3.78 (s, 3H), 3.67-3.59 (m, 8H), 3.37 (s, 3H).

Step iv: methyl 4-chloro-7-(2-(2-methoxyethoxy)ethoxy)quinoline-6-carboxylate (7). A mixture of compound 6 (5 g, 15.6 mmol),
thionyl chloride (50 mL) and DMF (1 mL) was heated to 80 °C and stirred for 4 h. When the reaction was completed, the solution was
concentrated under vacuum, sodium bicarbonate solution was added to the crude product and stirred until no gas was produced,
filtrated to obtain a yellow solid (6.1 g, 69%). IH NMR (400 MHz, Chloroform-d) 67.69 (s, 1H), 7.30 (s, 1H), 7.25 (d, J = 2.5 Hz, 1H),
7.09 (d, J = 1.3 Hz, 1H), 3.85 (s, 3H), 3.58-3.51 (m, 8H), 3.31 (s, 3H).

Step v: 4-chloro-7-(2-(2-methoxyethoxy)ethoxy)quinoline-6-carboxamide (8). The mixture of compound 7 (5 g, 14.7 mmol), methanol
(60 mL) and ammonium hydroxide (60 mL) was stirred at room temperature for 5 h. When the reaction was completed, the reaction
mixture was filtrated and washed with water to obtain a yellow solid (3.3 g, 69%). 11 NMR (400 MHz, Chloroform-d) 8 9.12 (s, 2H),
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87.59 (s, 1H), 7.32 (s, 1H), 7.16 (d, J = 2.5 Hz, 1H), 7.12 (d, J = 1.3 Hz, 1H), 3.56-3.50 (m, 8H), 3.44 (s, 3H).

Step vi: 4-(3-chloro-4-(3-cyclopropylureido)phenoxy)-7-(2-(2-methoxyethoxy)ethoxy)qui noline-6-carboxamide (ZLF-095). To a solu-
tion of compound 8 (2 g, 6.1 mmol), potassium carbonate (1.7 g, 12.2 mmol) in dimethyl sulfoxide (20 mL) was added 1-(2-chloro-4-
hydroxyphenyl)-3-cyclopropylurea (9) (2.1 g, 9.2 mmol). The reaction mixture was stirred at 70 °C overnight. When the reaction was
completed, the reaction mixture was cooled to room temperature, added water (40 mL) and acetone (20 mL), stirred for 0.5 h, filtrated
and washed with water to obtain the crude product, purified by column chromatography to give ZLF-095 as a yellow solid (1.5 g, 48%).
'H NMR (400 MHz, Chloroform-d) & 9.26 (s, 1H), 8.65 (s, 1H), 8.41 (d, J = 8.8 Hz, 1H), 8.17 (s, 1H), 7.74 (s, 1H), 7.61 (s, 1H), 7.23 (d,
J=2.8Hz,1H),87.10 (dd, J = 2.8, 2.4 Hz, 1H), § 6.53 (d, J = 5.2 Hz, 1H), 5.92 (s, 1H), 5.18 (s, 1H), 4.47-4.44 (m, 2H), 4.00-3.98 (m,
2H), 3.74-3.57 (m, 4H), 3.39 (s, 3H), 2.69-2.64 (m, 1H), 0.95-0.91 (m, 2H), 0.78-0.75 (m, 2H). 3¢ NMR (101 MHz, Chloroform-d) &
212.79,195.11, 187.58, 168.76, 168.54, 159.35, 158.44, 154.45, 127.89, 125.02, 123.14, 121.01, 108.84, 87.36, 72.76, 71.41, 70.21,
69.77, 59.13, 57.47, 23.26, 17.47, 17.25, 17.09, 7.19. HR-MS (ESI-TOF) m/z: calcd for CosHy7CIN4Og [M + H]' 514.1619, found
515.2718. HPLC purity: 98%.

2.2. Cell lines and cell culture

The vascular endothelial cells (HUVEC), hepatocellular carcinoma cells (Hep3b2.1-7 and HepG2), colorectal cancer cells (HCT116)
and immortalized normal liver cells (LO2) were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in EBM-2 (Lonza, plus Single Quots Kit), RPMI-1640 (Gibco), DMEM medium (Hyclone), or MEM medium (Hyclone).
The medium for all cell lines was supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100
pg/mL), maintained at 37 °C in a humidified atmosphere with 5% CO.

2.3. Kinase inhibition assay

Kinase inhibition assay of compound ZLF-095 was performed by Eurofins (Eurofins Pharma Discovery, UK). Gradient concentration
of ZLF-095 against VEGFR1-3, FGFR1-4 and PDGFR were tested. Then ICsg value was calculate by GraphPad Prism software (Version
7.0, California, United States). Assay details are available on the Eurofins website (http://www.kinhub.org/kinmap/).

2.4. Cytotoxicity assays cytotoxicity assays

MTT assays were used to detect cytotoxic activity in different cell lines. In brief, the cells (2-5 x 103 cells/well) were seeded in 96-
well plates filled with EBM-2, RPMI-1640, DMEM, or MEM medium. After 24 h, the cells were treated with different concentration of
compounds (dissolved in DMSO). After indicated time treatment, MTT solution (20 pL, 5 mg/mL) was added. After 4 h incubation, the
formazan crystal formed by the living cells was dissolved with 150 mL DMSO. The absorbance was measured by a microplate spec-
trophotometer at 570 nm. The value of IC50 was calculated by the Graphpad Prism software.

2.5. EdU staining, migration, invasion and tube formation assays of HUVECs

For EdU staining assay, 1 x 10* cells were plated in 96-well plates and administrated with different concentrations of ZLF-095,
Lenvatinib or the solvent control. The cells were stained with Cell-Light (TM) EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou,
China) and assessed by a fluorescence microscope. The evaluation metric of EAU incorporation assay is the ratio of EAU stained cells
(with red fluorescence) to Hoechst33342 stained cells (with blue fluorescence).

For migration assay, HUVECs were cultured in 6-well plates and the cell surface was scratch-wounded. Then the cells were washed
with PBS and treated with ZLF-095 or Lenvatinib. After incubation for 24 h, pictures were taken under microscope.

For invasion assay, the upper layer of the transwell chamber was coated with 70 pL Matrigel (BD Biosciences), then add 100 pL
growth factor-free ECM medium containing 4 x 10* HUVEC cells. 500 pL. ECM containing various growth factors was filled to the
bottom layer. The upper cells were treated with DMSO, ZLF-095 or Lenvatinib. After 24 h, the non-migrating cells were scraped off, the
migrated cells were fixed with 4% paraformaldehyde, and stained with crystal violet solution and photographed under an inverted
fluorescence microscope.

For HUVEC tube formation assay, 60 pL Matrigel was added to the pre-chilled 96-well plates and polymerized at 37 °C for 1 h.
HUVEC cells were harvested and suspended in ECM medium was seeded on Matrigel at a density of 2 x 10* cells/well with ZLF-095 or
Lenvatinib. After 6 h of incubation, tube formation was observed under a microscope.

2.6. Drug studies in zebrafish

Transgenic zebrafish embryos were produced by natural spawning and distributed into 12-well plates with 10 embryos in each
well, and incubated with ZLF-095, Lenvatinib or DMSO for 16 h. Imaging was performed using laser confocal microscopy (Nikon
Instruments Inc.).

2.7. Colony formation assay

HCT116, Hep3B2.1-7 and HepG2 cells were seeded into 12-well plates at a density of 1.5 x 10° cells/well. After treated with
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various concentration of ZLF-095 for 10 days, the cells were fixed with 4% paraformaldehyde for 20 min and stained with 0.5% crystal
violet solution for 10 min. The colonies were photographed and counted.

2.8. Western blot analysis

The cells treated with ZLF-095 or Lenvatinib at different concentrations for 48 h were harvested and lysed in RIPA buffer. The
protein concentration of the supernatant was measured using a BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA). Equivalent
amounts of total proteins (100 pg) were loaded on 10% SDS-PAGE gel and transferred to nitrocellulose membranes. After blocking the
NC membrane with TBST containing 5% skimmed milk powder for 2 h. The membranes were incubated with primary antibodies
overnight at 4 °C and secondary antibodies for 1 h at room temperature. Lastly, membranes were visualized by employing ECL as the
HRP substrate.

2.9. Flow cytometry assay

HCT116, Hep3B2.1-7 and HepG2 cells were seeded into 6-well plates with 3 x 10* cells/well and cultured for 24 h. Then the cells
were treated with ZLF-095 or Lenvatinib at different concentrations for 48 h and were harvested to perform flow cytometric analysis,
According to the manufacturer’s instructions and relevant methods, apoptosis assay kit (keygen Biotechnology, Nanjing, China), JC1
Mitochondrial Membrane Potential Assay Kit and ROS assay kit (Beyotime Biotechnology, Jiangsu, China) were used to measure
apoptosis ratio, mitochondrial membrane potential and intracellular ROS levels after ZLF-095 or Lenvatinib treatment, respectively.
Then, these processes were detected by flow cytometer (Aligent NovoCyte) and quantified using NovoExpress software.

2.10. Pharmacodynamic assay of subcutaneous xenotransplantation model

All of the animal experiments were approved by the experimental animal ethics committee (Sichuan University). Balb/c female
nude mice (6-8 weeks old) were purchased from Hua Fukang Experimental Animal Center (Beijing, China).

We established HCT116 xenograft models by injection HGT116 cells (5 x 106 cells in 100 pL of PBS) subcutaneously into the right-
flanks of BALB/C nude mice. When the mean tumor volume reached approximately 150 mm? (initial tumor model) or 300 mm? (the
medium-term tumor model), the tumor-bearing mice were randomly divided into four groups (five mice per group): i. Vehicle group
(control), ii. ZLF-095 5 mg/kg group, iii. ZLF-095 15 mg/kg group, iv: Lenvatinib 5 mg/kg group.

The establishment of HepG2 and Hep3B2.1-7 xenograft models were the same as HCT116 initial tumor model. The dosing regimen
for HepG2 xenograft model: i. Vehicle group (control), ii. ZLF-095 50 mg/kg group, iii. Lenvatinib 30 mg/kg group. The dosing
regimen for Hep3B2.1-7 xenograft model: i. Vehicle group (control), ii. ZLF-095 30 mg/kg group, iii. ZLF-095 80 mg/kg group, iv:
Lenvatinib 30 mg/kg group.

Tumor volumes were measured every three days and calculated according to the following formula: Tumor volume (mm?) = 0.5 x
a x b2, “a” represents length and “b” represents width). At the end of the treatment, the mice were sacrificed under anesthesia. The
tumor tissues, the mouse heart, liver, spleen, lung and kidney were taken out for H&E staining and Immunohistochemistry.

2.11. Statistical analysis

GraphPad Prism 7.0 was used to perform statistical analysis. Data were presented as Means + SD. Comparisons of two groups were
performed using a Student’s t-test. The statistical significance in figures is represented by: *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1. Identification of compound ZLF-095 by screening of a self-built compound library

In order to develop medicines that have more activity and less toxicity compared with Lenvatinib (Fig. 1A), we have set up a
compound library of Lenvatinib analogues. According to the cocrystal structure of Lenvatinib in complex with VEGFR2 [30] (Fig. 1B),
the methoxy is adjacent to the ligand binding pocket and thus may represent a suitable site to link with other groups without losing the
binding affinity dramatically. According to the design principle above, we have designed and synthesized a series of compounds.
ZLF-095 was chosen for further studies by screening of this self-built compound library (Fig. 1C). ZLF-095 had high activity and high
selectivity for tyrosine kinases, and its ICso for VEGFR1/2/3 (ICsp = 2, 5, and 0.7 nmol/L, respectively) was similar to Lenvatinib
(Fig. 1D).

3.2. ZLF-095 inhibited angiogenesis in vitro and in vivo

The proliferation, migration, invasion and tube formation of vascular endothelial cells hold critical positions in the process of tumor
angiogenesis [31, 32]. To evaluate the inhibitory activity of ZLF-095 on these aspects, several bioactivity assays were carried out.

MTT assay was used to assess the viability of various treatments cells. After 48 h, ZLF-095 showed more significant inhibition of
VEGF165-induced HUVECs (ICso = 1.77 pM) than untreated HUVECs (ICsp = 10.07 pM). The EdU assay further demonstrated that ZLF-
095 reduced cell proliferation in VEGF165-induced HUVECs in a dose-dependent manner (Fig. 2A). Endothelial transmigration has
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Fig. 2. ZLF-095 inhibits cell proliferation, migration, invasion and capillary tube formation in vitro. (A) EdU incorporation assay analysis of cell
proliferation treated with ZLF-095 in HUVEC cells. (B) HUVECs cells were treated with ZLF-095 or Lenvatinib (1.25 pM). The wound-healing assays
were used for evaluating the migration abilities of the cells. (C) Images of invasive cells treated by ZLF-095 or Lenvatinib (1.25 pM) in the transwell
invasion assay. (D) ZLF-095 (3 pM) inhibited capillary tube formation of HUVECs. All data are presented as mean + SD from three independent
gxperiments (n = 3). **p < 0.01, ***p < 0.001.
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Fig. 3. ZLF-095 inhibits capillary tube formation in vivo. (A) Transgenic zebrafish was treated with DMSO, ZLF-095 or Lenvatinib (3 pM) for 16 h,
the zebrafish subintestinal vessels (SIVs) were observed using a confocal microscope. (B) The number of the zebrafish subintestinal vessels were
counted. All data are presented as mean =+ SD from three independent experiments (n = 3). ***p < 0.001.

been shown to play an important role in the formation of tumor blood vessels [33]. Wound healing assay revealed that ZLF-095
inhibited the migration of HUVECs slightly better than Lenvatinib (Fig. 2B). Transwell assay was used as an evaluation of the
HUVECs invasion ability under exposure to ZLF-095. As shown in Fig. 2C, ZLF-095 significantly inhibited the invasion of HUVECs,
similar to Lenvatinib. Images of tube forming assay displayed that 3 pM ZLF-095 significantly ZLF-095 the formation of new tubes
(Fig. 2D). In conclusion, ZLF-095 could significantly prevent angiogenesis in vitro by inhibiting proliferation, migration, invasion and
tube formation of vascular endothelial cells.

As the inhibition effect of ZLF-095 on angiogenesis in vitro, we used flk: eGFP transgenic zebrafish as a visual model to determine
whether it has the same effect in vivo [34]. Zebrafish embryos were incubated with DMSO, ZLF-095, and Lenvatinib for 16 h. Then the
samples were visualized using confocal microscopy. The images revealed that ZLF-095 significantly suppressed the formation of
intersegmental vessels (ISV), similar to Lenvatinib (Fig. 3A and B). In a word, ZLF-095 could significantly inhibit angiogenesis in vitro
and in vivo.

3.3. ZLF-095 inhibited the VEGF2/VEGFR2 and their downstream signalling pathway

The VEGF/VEGEFR signaling pathway has been considered as the major pathway for regulating angiogenesis [35-37], and
VEGF2/VEGFR2 is the most important signal transducer [38-40]. The kinase inhibition assays showed that ZLF-095 significantly
inhibited human VEGFRs. In order to explore the further molecular mechanism of ZLF-095, we examined its effect for the VEGF2/-
VEGFR2 and downstream signaling in HUVEC cells lines. As shown in Fig. 4A-G, the phosphorylation of VEGFR2 induced by 50 ng/mL
VEGF-165 in HUVECs was obviously suppressed by ZLF-095 (3.3 uM). The VEGFR2 phosphorylation leads to the activation of several
downstream signalling substrates including STAT3 and ERK, thereby inducing endothelial-cell proliferation, migration, invasion and
tube formation [41-45]. ZLF-095 could also significantly inhibited the STAT3 and ERK phosphorylation (1.0 and 0.3 pM, respec-
tively.). These results suggested that ZLF-095 mainly inhibited the phosphorylation of VEGFR2 and its downstream proteins in a
dose-dependent manner.

3.4. The anti-tumor activity of ZLF-095 in vitro

In a drug candidate screening of the self-built compound library, we found that ZLF-095 notably inhibited cancer cell proliferation
(Fig. 5A). To confirm its role in cancer cell proliferation, hepatocellular carcinoma cells (HepG2 and Hepa3B2.1-7) and colonic cancer
cells (HCT116) were treated with different concentrations of ZLF-095, and the cell viability was analyzed by MTT assay and crystal
violet staining assay. The outcomes revealed that the proliferation of these cells was significantly inhibited by ZLF-095 in a time-
dependent and dose-dependent manner (Fig. 5B and C). We also employed EdU (5-ethynyl-2'-deoxyuridine) incorporation assay to
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Fig. 5. The antiproliferative effects of ZLF-095 on various cancer cell lines. (A) The ICso value of ZLF-095 on various cancer cell lines. The liver
cancer cells were treated with ZLF-095 for 6 days, and the other cells were treated for 3 days. (B) HCT116, Hep3B2.1-7 and HepG2 cells were treated
with increasing doses of ZLF-095 for different time. (C) Effects of ZLF-095 on cell colony formation after treatment for 10 days. (D) Cell proliferation
of HCT116 cells treated with 1 pM ZLF-095 and Hep3B2.1-7 cells treated with 1.25 pM ZLF-095 for 48 h were examined by EdU incorporation assay.
EdU-positive (red) and Hoechst 33342 staining (blue) cells represented the proliferative and total cells, respectively. All data are presented as mean
+ SD from three independent experiments (n = 3).

assess the antiproliferative effect of ZLF-095 on HCT116 and Hep3B2.1-7 cells. Results showed that ZLF-095 significantly reduced cell
proliferation (Fig. 5D). Altogether, these experiments indicated that ZLF-095 could substantially suppress the proliferation of HCT116,
Hep3B2.1-7 and HepG2 cells in vitro.

3.5. ZLF-095 significantly inhibited tumors in both colorectal cancer and liver cancer xenograft models

To further evaluate the anti-tumor activity of ZLF-095 in vivo, four cancer xenograft models were established in Balb/c nude mice.
We established two types of HCT116 colorectal cancer xenograft model, an initial tumor model (tumors reached volume of ~150 mm®)
and a medium-term tumor model (tumors reached volume of ~300 mmg) [46,47]. Mice were orally administered with ZLF-095 at dose
of 5 mg/kg and 15 mg/kg, or 5 mg/kg Lenvatinib once daily.

ZLF-095 showed remarkable tumor suppressive effects in both initial and medium-term HCT116 tumor models in a dose-dependent
manner with inhibitory rates of 72.7%, 83.9%, 60.7% and 72.5%, respectively. Meanwhile, the inhibitory rates of Lenvatinib were
76.8% and 66.5% (Fig. 6A and B). In the HepG2 hepatoma xenograft model, 50 mg/kg ZLF-095 displayed significant suppression of
cancer growth (75.2%) and no influence on the weight after administered for 25 days. Meanwhile, a marked loss of body weight led to
death in mice occurred in 30 mg/kg Lenvatinib treatment group after 16 days (Figs. 6C and 7C). In the Hep3B2.1-7 hepatoma xenograft
model, 30, 80 mg/kg ZLF-095 and 30 mg/kg Lenvatinib displayed significant inhibition with growth inhibition rates of 66.6%, 81.5%
and 78.1%, respectively (Fig. 6D). Experiment was terminated on day 15 because of the sustained weight loss of the mice in Lenvatinib
treatment group (Fig. 7D). These results proved that ZLF-095 was an effective inhibition for treatment of colorectal cancer and liver
cancer.

To investigate the mechanisms of the antitumor effects of ZLF-095 in vivo, immunohistochemical analysis was performed on tumor
tissues. As depicted in Fig. 6E, the expression of Ki67 (a cellular marker for proliferation) [48] was significantly decreased induced by
ZLF-095, while the number of apoptotic cells in tumor tissues was increased compared with controls detected by TUNEL staining [49],
indicating that ZLF-095 could strongly inhibit tumor growth in vivo in antiproliferation and apoptosis manner. Furthermore, we
assessed the expression and distribution of vascular markers CD31 [50] to determine the antiangiogenic activity of ZLF-095 in vivo,
resulting that micro-vessel density of tumors in the ZLF-095 treated groups were markedly decreased compared with controls. These
findings suggested a significant antiangiogenic activity of ZLF-095 in vivo, consistent with results that ZLF-095 suppressed HUVECs
proliferation in vitro and angiogenesis in zebrafish model.

3.6. ZLF-095 displayed minimal toxicity

Pharmacodynamics studies revealed that ZLF-095 had significant anti-tumor activity in vivo. Most importantly, ZLF-095 treatment
was well tolerated, without significant weight loss in experimental mice. In both initial and metaphases HCT116 tumor models, 5 mg/
kg Lenvatinib-treated mice had lower body weights than ZLF-095-treated group (Fig. 7A and B). In HepG2 hepatoma xenograft model,
30 mg/kg Lenvatinib treatment induced acute reductions of body weight and lethality in mice, so Lenvatinib administration was
stopped on day 16. In contrast, 50 mg/kg ZLF-095 treatment mice did not exhibit any significant changes in body weight nor any gross
morphological abnormalities until day 25 (Fig. 7C). The same was seen in the Hep3B2.1-7 hepatoma xenograft model, no gross ab-
normalities were observed in ZLF-095-treated group at dose levels up to 80 mg/kg (Fig. 7D), indicating that treatment of mice with
compound ZLF-095 up to 80 mg/kg was safe.

At the end of the in vivo pharmacodynamic experiments, the major organs (heart, liver, spleen, lung, and kidneys) of the mice were
harvested and analyzed for histology with H&E staining [51]. No overt abnormalities were observed in these organs of all groups
(Fig. 7E, F, G and H).

To further evaluated the systemic toxicity of ZLF-095, we carried out sub-acute toxicity study in vivo. Female C57BL/6 mice were
orally administered with ZLF-095 (100 mg/kg) or Lenvatinib (40 mg/kg) for 25 days. As shown in Fig. 8A and B, none of the mice
treated with ZLF-095 (100 mg/kg) died during the study and no significant changes in body weight was observed compared with
vehicle treated mice. However, animals that received 40 mg/kg Lenvatinib showed obvious body weight loss and all the mice (5/5)
died during the experiment.

Importantly, the liver images and H&E also showed that there were no visible abnormalities in the liver after 100 mg/kg ZLF-095
treatment, while 40 mg/kg Lenvatinib treated group mice showed focal necrosis and significant inflammatory cell infiltration in the
liver sections p (Fig. 8C). No aberrant serum levels of BUN, CREA, GLB, UREAL, ALP, AST and ALT were detected after ZLF-095
administration (Fig. 8D and E), confirming its low toxicity to the heart, kidney and liver. ALP, AST and ALT were markers of liver
injury [52,53], the notably increased levels of ALP and decreased levels of AST and ALT were observed in Lenvatinib-treated group
(Fig. 8E), suggesting liver toxicity of Lenvatinib.

Collectively, these results demonstrated the low toxicity of ZLF-095 in vivo and its safety as an anticancer agent.
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Fig. 6. ZLF-095 inhibits the growth of HCT116, The Hep3B2.1-7 and HepG2 xenografts in vivo. (A, B, C, D) Tumor suppression of HCT116 (150
mms), HCT116 (300 mm3), HepG2 and Hep3B2.1-7 tumor xenografts in Balb/c nude mice treated with different concentrations of ZLF-095 or
Lenvatinib. Data are presented as mean + SD. n = 5, ***P < 0.001. (E) Tumor tissues were immunohistochemically analyzed with anti-Ki67, TUNEL
elnd CD31. Scale bars, 50 pm.

3.7. ZLF-095 could mitigate the ROS-caspase3-GSDME-dependent pyroptosis in cells

We conducted investigations to explore the possible mechanisms for the lower incidence of hepatic toxicity with ZLF-095 versus
Lenvatinib. MTT assay showed that Lenvatinib was toxic to the normal liver cells LO2 (ICso = 14.0 pM) (Fig. 9A). Microscopy imaging
results revealed that Lenvatinib-treated LO2 cells performed large bubbles bulging from the cell membrane, which was a typical
pyroptosis cell morphology, but there was no such change was seen in ZLF-095-treated cells (Fig. 9B). We proceeded to examine
whether Lenvatinib also have such effect in HCT116, Hep3B2.1-7 and HepG2 cells. Similarly, Lenvatinib could still induce pyroptosis
in these cell lines. However, ZLF-095 had no such effect, and apoptotic bodies were identifiable (Fig. 9C). Next, HCT116 cells were
incubated for 48 h with Lenvatinib or ZLF-095, followed by annexin V-FITC/PI double staining and to quantify annexin V-FITC positive
stage and annexin V-FITC/PI double positive stage cells. The results indicated that Lenvatinib-treated cells proceeded rapidly to the
annexin V-FITC/PI double-positive stage, significantly more than ZLF-095 (Fig. 9D). From these results we estimated that Lenvatinib
provoked cell death mainly by inducing pyroptosis, while ZLF-095 caused antiproliferative capacity through apoptosis in HCT116,
Hep3B2.1-7 and HepG2 cells.

The GSDME protein was once known as a marker of pyroptosis, as shown in Fig. 10A-D, it was positive in HCT116, Hep3B2.1-7 and
HepG2 cells. The expression of N-GSDME and cleaved-caspase3 was obviously up-regulated by Lenvatinib in a concentration manner.
Meanwhile, ZLF-095 led to increased caspase3 activation, but had no effect on N-GSDME protein expression. To verify the function of
GSDME cleavage by caspase-3 in pyroptosis, we employed caspase 3-specific inhibitor Z-DEVD-FMK, to suppress the cleavage of
caspase-3. We found that Lenvatinib-induced cell swelling was abolished by Z-DEVD-FMK (Fig. 12A). Meanwhile, the inhibition of
caspase-3 Z-DEVD-FMK restrained Lenvatinib-induced generation of cleaved-caspase3 and N-GSDME (Fig. 12B). All these results
suggested that Lenvatinib could provoke caspase3-GSDME-dependent pyroptosis in GSDME-expressing cells, and ZLF-095 might
switch pyroptosis to apoptosis in these cells.

Recent studies have suggested mitochondrial membrane potential (MMP) imbalance and ROS accumulation contributes to the
toxicity of Lenvatinib [54]. The MMP of ZLF-095 and Lenvatinib treated cells were detected after 48 h treatment by flow cytometry
after staining with rhodamine 123 (Rh123). The MMP was concentration-dependently decreased by Lenvatinib in HCT116, HepG2 and
Hep3B2.1-7 cells, while no significant change in MMP was seen in the ZLF-095-treated group (Fig. 11A). In addition, JC-1-labeled
HCT116 cells were observed under inverted fluorescence microscopy. The green fluorescence intensity was significantly enhanced
in the Lenvatinib-treated group compared to the control and ZLF-095 groups (Fig. 11C), which proved that with increasing Lenvatinib
concentration, the MMP declined. These results showed that Lenvatinib could induce significant disruption of mitochondrial function.

The effects of ZLF-095 and Lenvatinib on the cellular ROS levels were also detected using flow cytometry by staining with DCFH-DA
(a superoxide detection marker) after cells had been treated with ZLF-095 or Lenvatinib for 48 h. Lenvatinib significantly increased
intracellular ROS levels in HCT116, HepG2 and Hep3B2.1-7 cells (Fig. 11B). Analyses of ROS using the same dye in HCT116 cells via
fluorescence microscopy demonstrated a similar effect (Fig. 11D).

These results illustrated that Lenvatinib could trigger loss of mitochondrial membrane potential and overproduction of ROS in cells
in a dose-dependent manner, while ZLF-095 may not have such effects. To evaluate the role of ROS in Lenvatinib-induced pyroptosis in
GSDME-expressing cells, the ROS scavenger NAC pretreated HCT116 cells were stimulated with Lenvatinib and imaged using a mi-
croscope. The results revealed that NAC could rescue Lenvatinib-induced pyroptosis (Fig. 12A). Moreover, combined treatment with
NAC and Lenvatinib reversed the cleavage of caspase 3 and GSDME (Fig. 12B).

4. Discussion

VEGF/VEGFRs promote tumor angiogenesis, leading to survival, progression, and metastasis of malignancies. Lenvatinib is an oral
multi-kinase inhibitor of VEGFRs1-3, FGFR1-4, etc. It has been approved as a first-line treatment for THCA, RCC and advanced HCC.
Nevertheless, adverse effects of Lenvatinib may affect its therapeutic efficacy. In order to develop a drug with higher activity and lower
toxicity than Lenvatinib, the current study was conducted.

The compound ZLF-095 was selected for further study by screening a self-built library of Lenvatinib analogues. Kinase inhibition
assays showed high affinity of ZLF-095 for VEGFRs and ICso for VEGFR1/2/3 at 2, 5, and 0.7 nM, respectively. This suggests ZLF-095
was a VEGFR inhibitor with great kinase inhibitory activity.

Our results validated that ZLF-095 was able to inhibit the phosphorylation of VEGFR2 and its downstream proteins, including
STAT3 and ERK. At the same time, ZLF-095 was capable of inhibiting angiogenesis, migration, invasion and tube formation of vascular
endothelial cells in vitro.
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Fig. 7. Preliminary safety evaluation of ZLF-095 in BALB/c mice. (A, B, C, D) Body weight changes of HCT116 (150 mm3), HCT116 (300 rnm3),
HepG2 and Hep3B2.1-7 tumor xenografts. Data are presented as mean + SD (n = 5), *P < 0.05, **P < 0.01, and ***P < 0.001. (E, F, G, H) The major
organs (heart, liver, spleen, lung, and kidneys) of the mice from HCT116 (150 mms), HCT116 (300 mm3), HepG2 and Hep3B2.1-7 tumor xenografts
were harvested and analyzed for histology with H&E staining. Scale bars, 50 pm, x 20 for micrograph.
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Fig. 11. Lenvatinib triggers loss of mitochondrial membrane potential and overproduction of ROS in HCT116, Hep3B2.1-7 and HepG2 cells. (A) The
mitochondrial membrane potential was evaluated by flow cytometry after staining with Rh123. (B) The cellular ROS level was detected using flow
cytometry by staining with DCFH-DA. (C) The fluorescence intensity of JC-1-labeled HCT116 cells under an inverted fluorescence microscope. Red
fluorescence was produced when the MMP was higher, and green fluorescence was produced when the MMP was lower. Scale bar, 100 pm. (D)
Cellular ROS levels were detected by an inverted fluorescence microscopy in DCFH-DA stained HCT116 cells, green fluorescence was produced
‘Lvhen the ROS was higher. Scale bar, 100 pm.

Lenvatinib NAC+Lenvatinib Z-DEVD-FMK+Lenvatinib

B c 25 s 15
o =
HCT116 @ 20 2
[ b4
GSDME S1s g0
o
w 1.0 g
= 3 05
N-GSDME 2 05 2
o Q
- — 0.0 Z 00
Cleaved Caspase3| ™ Lenvatinib(10 M) - ~- - + + + - - S s s
NAC(5mM) - + - + - - - + - + - -
Caspase3 ZDEVD-FMK(50pM) - - + - + - - -+ -+ -
c
o3 w515
GAPDH |y wm wow sy S o 2 3
. B'2 E10
Lenvatinib (10pM) - - - + + + 8 g .
? @
NAC(5mM) - + - + - - £ . g s
Z-DEVD-FMK (50 pM) - - + - + - 3 = L &
oo 0
Lenvatinib (10pyM) - - - + + + - - -+ o+ o+
NAC(5mM) - + - + - - -+ - + - =
ZDEVD-FMK (50 yM) - - + - + - - -+ -+ -

Fig. 12. NAC and Z-DEVD-FMK decreases Lenvatinib-induced pyroptosis in HCT116 cells. (A) the ROS scavenger NAC and the caspase 3-specific
inhibitor Z-DEVD-FMK pretreated HCT116 cells were stimulated with Lenvatinib and imaged using a microscope. Scale bars, 100 pm. (B) HCT116
cells in the presence or absence of NAC and Z-DEVD-FMK. All data are presented as mean + SD from three independent experiments (n = 3).

Then, we tested the anti-proliferative effects of ZLF-095 on multiple HCC and CC cell lines and found that it apparently inhibited
cancer cell proliferation. More importantly, ZLF-095 significantly inhibited HCT116, Hep3B2.1-7 and HepG2 tumor growth, angio-
genesis and metastasis in a dose-dependent manner in vivo, and demonstrated less toxicity than Lenvatinib.

In addition, we found that Lenvatinib provoked pyroptosis in LO2, HCT116, Hep3B2.1-7 and HepG2 cells, while ZLF-095 triggered
apoptosis in these cell lines. Pyroptosis may induce rapid cell-membrane rupture and the release of intracellular contents, resulting in
fever, hepatotoxicity, septicemia and other severe symptoms. This may be one of the reasons for the toxicity of Lenvatinib.

Finally, we verified that loss of mitochondrial membrane potential and overproduction of ROS were triggered by Lenvatinib in the
HCT116, Hep3B2.1-7 and HepG2 cell lines, while ZLF-095 had no such effect. Based on these results, we speculated that Lenvatinib
diminishes mitochondrial membrane potential and consequently triggers ROS-caspase3-GSDME-dependent pyroptosis in GSDME-
expressing cells (HCT116, Hep3B2.1-7 and HepG2 cells), which may cause substantial inflammation and toxic side effects of drugs.
Conversely, ZLF-095 had no effect on mitochondrial membrane potential and therefore could not cause ROS-caspase3-GSDME-
dependent pyroptosis, thus successfully avoiding unwanted side effects (Fig. 13).

Taken together, all of these studies support ZLF-095 as a novel VEGFR inhibitor for the treatment of diverse solid tumors that
deserves further investigation and development.
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Fig. 13. ZLF-095 mitigates the ROS-caspase3-GSDME-dependent pyroptosis in GSDME-expressing cells.
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