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Abstract

Anti-angiogenic therapy used in treatment of metastatic colorectal cancer (nCRC) inevitably
succumbs to treatment resistance. Upregulation of MET may play an essential role to acquired
anti-VEGF resistance. We previously reported that cabozantinib (XL184), an inhibitor of receptor
tyrosine kinases (RTKSs) including MET, AXL, and VEGFR2, had potent antitumor effects in
mMCRC patient-derived tumor explant models. In this study, we examined the mechanisms of
cabozantinib sensitivity, using regorafenib as a control. The tumor growth inhibition index (TGII)
was used to compare treatment effects of cabozantinib 30mg/kg daily versus regorafenib 10mg/kg
daily for a maximum of 28 days in 10 PDX mouse models. /77 vivo angiogenesis and glucose
uptake were assessed using dynamic contrast-enhanced (DCE)-MRI and [18F]-FDG-PET imaging,
respectively. RNA Seq, RTK assay, and immunoblotting analysis were used to evaluate gene
pathway regulation /n vivo and /n vitro. Analysis of TGII demonstrated significant antitumor
effects with cabozantinib compared to regorafenib (average TGII 3.202 versus 48.48, respectively;
P =0.007). Cabozantinib significantly reduced vascularity and glucose uptake compared to
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baseline. Gene pathway analysis showed that cabozantinib significantly decreased protein activity
involved in glycolysis and upregulated proteins involved in autophagy compared to control,
whereas regorafenib did not. The combination of two separate anti-autophagy agents,
SBI1-0206965 and chloroquine, plus cabozantinib increased apoptosis /n vitro. Cabozantinib
demonstrated significant antitumor activity, reduction in tumor vascularity, increased autophagy,
and altered cell metabolism compared to regorafenib. Our findings support further evaluation of
cabozantinib and combinational approaches targeting autophagy in CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer diagnosed annually in the United
States (1). Metastatic CRC (mCRC) is the second leading cause of cancer-related death with
an estimated 50,000 deaths in the United States and over 500,000 deaths worldwide annually
(1). Despite substantial improvements in treatment over the past decade, mCRC carries a
poor prognosis with a median overall survival of roughly 30 months with optimal
combination chemotherapy. While regorafenib has been approved for refractory mCRC, the
benefit of this therapy is modest at best with a median overall survival benefit of 1.4 months
compared to best supportive care (2, 3). Unfortunately, resistance to regorafenib occurs
quickly for most individuals.

Expression of vascular endothelial growth factor (VEGF) and its receptors, VEGFR1 and
VEGFR?2, has been shown to be upregulated in many tumor types. VEGF ligand binding and
activation of VEGFR2 is likely the major driver of tumor neovascularization (4).
Regorafenib, a multikinase inhibitor targeting VEGFR2, KIT, RET, TIE2, BRAF, and
PDGFR, has received FDA approval for treatment of refractory mCRC. The inhibition of
VEGFR?2 by regorafenib is thought to be a central mechanism for its activity in treatment of
mCRC. In addition to regorafenib, three other anti-angiogenic agents have received FDA
approval in combination with chemotherapy to treat mCRC: bevacizumab, a monoclonal
antibody targeting VEGF; ziv-aflibercept, a recombinant fusion protein decoy receptor of
VEGFR1 and 2; and ramucirumab, a monoclonal antibody targeting VEGFR2. These agents
add incremental benefit in progression-free survival and overall survival compared to
chemotherapy alone in mCRC (5).

Treatment with anti-angiogenics is often short-lived due to development of acquired
resistance. Previously published data have shown that the MET kinase pathway promotes
resistance to anti-angiogenic therapy (6-8). The RTK MET, also known as the hepatocyte
growth factor receptor (HGFR), has been classified as a proto-oncogene that drives tumor
cell survival, metastasis, and resistance to anti-cancer therapies (9). MET expression alone
has correlated with worse prognosis, tumor invasion, and lymph node invasion in CRC (10).
In addition, evidence from multiple preclinical studies has demonstrated that MET and
VEGF receptor pathways may cooperate to promote tumor angiogenesis and provides a
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mechanism for resistance to selective blockade of either pathway (11-13). Increased MET
activation also allows cancer cells to undergo epithelial-mesenchymal transition (EMT),
facilitating cell metastases to less hypoxic conditions and a more favourable environment for
cell survival (14, 15). Due to this, interest in inhibiting the VEGF and MET axes for
treatment in a variety of malignancies continues to grow.

Cabozantinib (XL184) is an orally-bioavailable, small-molecule inhibitor of multiple kinases
central to cancer cell growth, angiogenesis, and metabolism including VEGFR2/KDR, MET,
AXL, RET, TIE2, and KIT. While the kinase target profile of regorafenib is similar, it does
not inhibit MET. Cabozantinib has demonstrated activity in multiple tumor types and has
received FDA approval for treatment of previously-treated metastatic renal cell carcinoma
and metastatic medullary thyroid cancer (16, 17). Previously we demonstrated that treatment
of CRC patient-derived xenografts (PDX) with cabozantinib led to potent inhibition of
tumor growth in 80% of treated tumors in CRC explant models (18). The conclusion was
that the dual inhibition of MET and VEGFR?2 is central to the anti-tumor effects of
cabozantinib.

In this study, we aimed to investigate mechanisms of the anti-tumor effects of cabozantinib
in colorectal cancer PDX models, using regorafenib as a comparator. We hypothesized that
anti-tumor activity of cabozantinib would be superior to regorafenib in CRC PDX models
due to dual inhibition of MET and VEGFR2, as well as potentially other metabolic and
autophagy mechanisms.

Materials and Methods

CRC Patient Derived Xenograft Model.

Patient-derived tumor tissues were acquired from the University of Colorado Hospital. All
patients consented their tissue to be used in in the study in accordance with protocols
approved by the Colorado Multiple Institutional Review Board. Female athymic nude mice
ages four to eight weeks of age were purchased from Envigo (Washington DC). All animal
experiments for this study were approved by the Institutional Animal Care and Use
Committee. Tumor specimens obtained from pathology were finely minced and implanted in
mice and passed into subsequent generations (19). For treatment studies involving
cabozantinib and regorafenib, tumors were expanded subcutaneously in the left and right
flanks of mice (= 10 tumors/group) and randomized into groups receiving vehicle,
cabozantinib (30 mg/kg) or regorafenib (10 mg/kg) according to published studies (18, 20—
22). Treatment started when the average tumor volumes reached ~ 200 mm3. Mice were
treated with vehicle (no drug), cabozantinib, or regorafenib for 28 days. Mice were
monitored daily for signs of toxicity and tumor size was evaluated twice per week by
calliper measurements using the following formula: tumor volume = [length x width?] *
0.52.

MET Kinase Active HCT116 cell line xenograft model.

The HCT116 MET kinase active Y1253D and HCT116 (control) isogenic CRC cell lines
were obtained from Horizon (Cambridge, MA, USA). Cells were cultured in RPMI media
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containing 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/
streptomycin. The MET kinase active and HCT116 isogenic cell lines were harvested,
washed with complete media and resuspended 50% media and 50% matrigel. One million
cells in a volume of 100 pul were injected subcutaneously in both flanks of each mouse (= 10
tumors/group). Mice were randomized into groups receiving vehicle, cabozantinib (30
mg/kg) or regorafenib (10 mg/kg). Treatment started when the average tumor volumes
reached ~ 200 mm3. Mice were monitored daily for signs of toxicity and tumor size was
evaluated twice per week by calliper measurements using the following formula: tumor
volume = [length x width?] * 0.52.

Human colorectal cancer cell lines were obtained from ATCC (Manassas, VA, USA), DSMZ
Cell Line Bank (Braunschweig, Germany), ECACC (Sigma, St. Louis, MO) and the Korean
Cell Line Bank (KCLB) (Seoul, South Korea). The GEO cell line was a generous gift from
Dr. Fortunato Ciardiello (Cattedra di Oncologia Medica, Dipartimento Medico-Chirurgico di
Internistica Clinica e Sperimentale “F Magrassi e A Lanzara,” Seconda Universita degli
Studi di Napoli, Naples, Italy). All cell lines were cultured in RPMI media supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin and 1% MEM nonessential amino
acids and routinely screened for the presence of mycoplasma (Mycoplasma detection kit,
Biotool, Houston, TX, USA). Cell lines were maintained at 37 °C with 5% CO,. Cell lines
were validated by the Molecular Biology Service Center in the Barbara Davis Center for
Diabetes.

In Vivo Angiogenesis Assessment: Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI).

Non-invasive measurements of tumor vascularity were performed on 2 sensitive CRC PDX
models (CRC098 and 162) to measure treatment effects on angiogenesis. Mice were treated
with cabozantinib and regorafenib and subjected to DCE-MRI (n = 4-8 tumors/group).
DCE-MRI was done at baseline (prior to treatment), and on day 7 and day 28 (end of the
treatment cycle). Briefly, the animals were anesthetized with an intraperitoneal injection of
ketamine/xylazine (60/10 mg/kg) and a tail vein catheter (filled with 0.4 mmol/kg of
MultiHance, gadobenate dimeglubine) was placed. The animal was positioned inside a
warmed animal holder and inserted into the Bruker 4.7 Tesla MRI scanner. All images were
acquired using a 36-mm volume receiver and transmitter coin and Bruker ParaVision v4.0
software. First, a fast tripilot was obtained for anatomical localization. Then, a series of fast
gradient-echo (GRE) T1-weighted scans was obtained for total acquisition time of 5
minutes. After 30 seconds of image acquisition (precontrast), gadolinium (Gd) contrast was
injected through the tail vein catheter. T1-weighted Gd-enhanced MRI scans were
continuously taken for another 4.5 minutes. For each dynamic frame, the T1-signal voxel
intensities were calculated for each lesion and blood vessel. A compartmental
pharmacokinetic model, using SAAM program (version 2, University of Washington,
Seattle, WA) and Bruker Advanced ParaVision v4.0, in which correlation of tissue clearance
of Gd and transcapillary exchange between tumor and blood vessels, was constructed based
on T1-signal curves. The volume transfer constants (K'"a) and the areas under the T1-
intensity curves (AUC and IAUC), total and the first 60 seconds of enhancement, were
reported as quantitative assessments of tumor perfusion and permeability of Gd uptake (23).
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Measurement of glucose uptake by 18-Fluoro-deoxyglucose positron emission
tomography (FDG-PET) following cabozantinib and regorafenib treatment.

FDG-PET studies were conducted on 2 CRC PDX models (CRC098 and 162) to determine
whether treatment alters glucose uptake. The animals were scanned at baseline (prior to
treatment) and on day 7 and 28 following treatment with cabozantinib or regorafenib. Mice
were fasted for 4 hrs and injected via tail vein with 150 pCi (5.55 MBq) of 18F-
fluorodeoxyglucose (FDG, obtained through PetNet). Animals were then anesthetized with
2-2.5% isoflurane, placed onto a warming pad in the Siemens mouse holder and inserted
into a Siemens Inveon UWPET/CT scanner. All scans were performed using Siemens Inveon
Acquisition Workplace software (IAW v1.5). First, a fast CT scan was performed for
anatomical localization (270° rotation with 18 rotation steps; 2048 x 2048 field of view; 4
binning with 80kV and 450uA; 30 msec exposure time; low-medium magnification; 60 pm
effective pixel size; 6 min total scan time). Then, the bed was moved into the pPET scanner.
All PET scans were acquired in a double-sampling mode to improve spatial resolution (1.2
mm). PET/CT image fusion for precise anatomical identification of the regions of interest
(ROI) was performed by Siemens Inveon Workstation Research (IWR v3.0) software.
Regions of interest were manually drawn within the tumor lesions and total radioactivity of
the ROI was determined (in kBg/mL). The SUV was calculated as described by our group
and others (24, 25). All PET/CT scans were performed at the UCCC Animal Imaging
Shared Resources (AISR, N. Serkova).

Gene pathway analysis by RNA Seq

Total RNA from cabozantinib treated CRC explants at day 3 of treatment was extracted
using RNAeasy kit (Qiagen). RNA Seq was used to determine gene expression in tumors of
control and treated mice. Raw expression values were obtained and normalized by the
Affymetrix Power Tools based on a multi-array average. Multiple probe sets representing the
same gene were collapsed by the maximum value. To assess pathways enriched in the
control versus cabozantinib treated explants, we used the software version 2.0.13 obtained
from the Broad Institute (http://www.broad.mit.edu/gsea). We used the pathways defined by
the Kyoto Encyclopaedia of Genes and Genomes (KEGG) as the gene set (26). Gene set
permutations were performed 1,000 times for each analysis. We used the nominal p-value
and Normalized Enrichment Score obtained from gene set enrichment analysis (GSEA) to
sort the pathways regulated in the cabozantinib treated groups. RNA seq data has been
uploaded in the NCBI GEO repository database (GSE60939).

Immunoblotting

Control and treated tumor specimens (15 mg/tumor tissue) were homogenized using a
Qiagen tissue lyser. Following 10 minutes on ice the lysed tissue was centrifuged at 16,000 g
at 4°C for 10 min. Protein quantification in each sample was determined using the 660
Protein Assay kit (Thermo Fisher). A total of 50 ug of sample was electrophoresed on a
precast 4-12% Bis-Tris gel (Life Technologies). Proteins were then transferred onto a
nitrocellulose membrane using the iBlot transfer system (Life Technologies). Membranes
were blocked for 1 hour at room temperature using 3% casein. After blocking, the
membranes were probed with the following primary antibodies (1:1,000) overnight at 4°C
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with rocking: (phosphorylated and total: MET, AKT, hexokinase, pyruvate dehydrogenase,
ULK1, ATG3, Beclin, LC3, SQSTM/p62 and Actin (Cell Signaling Technologies).
Following washing three times with TBST, the membranes were incubated for 1 h at room
temperature with anti-rabbit 1gG (H+L) (DyLight™ 800 Conjugate) secondary antibody at a
final dilution of 1:15,000. Signal images were captured using the Odyssey Infrared Imaging
System (Li-Cor).

Receptor tyrosine kinase array

Autophagy

Control and treated tumor specimens (15 mg/tumor tissue) were homogenized using a
Qiagen tissue lyser and protein was quantitated using the 660 Protein Assay Kit. After
blocking the slides containing 39 antibodies/well (RTK array; Cell Signaling Technologies)
for 15 minutes, 50 ug of protein were added to the slide and incubated overnight at 4°C with
gentle rocking. The slides were then washed and detection antibody was added to the slide
followed by DyLight 680VR-linked Streptavidin. Slide images were captured using the
Odyssey Infrared Imaging System (Li-Cor) and were quantified using the Odyssey system
software.

Treatment effects of cabozantinib, regorafenib, and crizotinib on autophagy were evaluated
on the HCT116 and HT29 cell lines using the CYTO-ID® Autophagy Detection Kit (Enzo -
ENZ-51031-K200). HCT116 or HT29 cells were plated in 96 black-walled plate at a
concentration of 1,000 cells/well. After 24 hours, the cells were treated with cabozantinib (5
uUM), regorafenib (5 uM), and crizotinib (1 uM). Following 24 hours of incubation, the cells
were washed 2x times with 1x assay buffer and then incubated for 30 minutes with the
CYTO-ID® Autophagy Detection reagent. After 30 minutes, the cells were washed 2 times
with 1x assay buffer. The effects of treatment were evaluated on the IncuCyte™ ZOOM live
cell imager using 488nm-excitable green fluorescent detection.

Treatment effects on apoptosis

Next, we performed /n vitro combination studies with the autophagy inhibitors chloroquine
and/or SBI-0206965 (ULKZ1 inhibitor) on the HCT116 and HT29 CRC cells. Cells were
plated in 96 black-well plate at a concentration of 1,000 cells/well and incubated overnight
to allow cells to adhere. After 24 hours, the media was removed and 100 ul of media
containing IncuCyte™ Kinetic Caspase-3/7 Apoptosis Assay Reagent (Cat No 4440) was
added to each well. Immediately after the cells were treated with cabozantinib (5 uM),
SBI-0206965 (5 uM), chloroquine (10 pM), cabozantinib (5 uM) plus SBI-0206965 (5 pM)
and cabozantinib (5 uM) plus chloroquine (10 pM). In addition, regorafenib (5 uM) or
crizotinib (1 uM) were used as a single agent and in combination with SBI1-0206965 (5 uM).
Treatment effects on apoptosis were measured every 2 hours (total of 36—48 hours) on the
IncuCyte™ ZOOM live cell imager.

Statistical analysis

An unpaired t-test was used to compare the tumor growth inhibition index (TGII) differences
between cabozantinib and regorafenib. The TGII is a standardized measure of tumor growth,
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which is calculated using the following formula: TGII = (tumor volume of TX on Day 28 —
tumor volume of TX on Day 0)/(tumor volume of Con on Day 28 — tumor volume of Con on
Day 0) x 100, where TX is the cabozantinib or regorafenib treated xenograft and CX is the
control treated xenograft. The differences were considered significant when the p value was
<0.05. All error bars are represented as the standard error of the mean (SEM). A paired t-test
was used to examine the differences in [18F]-FDG-PET uptake and Gd DCE-MRI uptake at
baseline, day 7 and day 28. The differences were considered significant when the p value
was <0.05. A one-way analysis of variance (ANOVA) was used to determine whether the
means were significantly different between treatments with respect to autophagy and
apoptosis. If the overall means were significantly different, we performed a pair-wise
comparison. P values were adjusted using Tukey’s method for multiple comparisons. SEM
error bars were indicated for each value. All statistical analyses were performed using
GraphPad Prism Software.

Cabozantinib exhibits significantly greater anti-tumor effects when compared to
regorafenib in CRC PDX mouse models

Cabozantinib demonstrated greater anti-tumor activity when compared to regorafenib in 7
out of 10 CRC explants tested (Figure 1a), with no difference in body weight of the animals
between the groups (data not shown). A comparison of the combined TGII among the 10
total CRC explants revealed that cabozantinib treatment was significantly better than
regorafenib at tumor growth inhibition (P=0.007) (Figure 1b). Supplemental Table 1 displays
the patient characteristics as well as gene mutations for each CRC explant treated on this
study. Next, we determined whether treatment differences differed with a constitutively
active MET kinase cell line. A heterozygous knock-in of MET activating mutation Y1253D
was introduced in the HCT116 cell line. As displayed in Figure 1c—e, both compounds
demonstrated similar anti-tumor activity in the HCT116 parental cell line; however,
cabozantinib exhibited significantly improved antitumor effects compared to regorafenib in
the MET kinase active cell line.

Evaluation of cabozantinib and regorafenib on angiogenesis.

We next investigated the treatment effects of regorafenib and cabozantinib on angiogenesis
using DCE-MRI. Cabozantinib treatment significantly reduced tumor vascularity in CRC098
and CRC162 after 28 days of treatment compared to baseline (Supplemental Table 2 and
Figure 2). Evaluation of VEGFR2 and TIE2 revealed a decrease in activation as early as 4
hours, which was sustained for 7 days after cabozantinib treatment (Figure 2b—d).
Regorafenib treatment of CRC098 also exhibited a decrease in vascularity (Supplemental
Table 2) as well as in the activation of VEGFR2 and TIE2 (Supplemental Figure 1). In
contrast, no changes in vascularity were observed in CRC162 after regorafenib treatment
(Supplemental Table 2).

Reduction of PI3BK/AKT/mTOR signalling pathway following cabozantinib treatment.

RTK activation plays an essential role in facilitating extracellular signals to downstream
targets including the PI3K signalling pathway. Phospho-protein levels involved in the PI3K/
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mTOR signalling pathway were significantly reduced after cabozantinib treatment including
PI3K, PDK1, AKT, mTOR, Rictor, Raptor, and S6K1/2 (Figure 3a). In addition, analysis of
RTK activation by an antibody array revealed a decrease in the phosphorylation of MET,
RET, and AXL, and a subsequent decrease in AKT and S6 after cabozantinib treatment in
CRC098 and CRC162 (Figure 3b—g). A maximal decrease in activation was observed at 8
hours after treatment in CRC 098 and 162. Regorafenib did not demonstrate significantly
reduced levels of pMET, pRET, pAXL, AKT, and pS6 in CRC098 or CRC162
(Supplemental Figure 2).

Examination of glucose uptake (18[F] FDG-PET) following cabozantinib treatment.

Upon observation that cabozantinib significantly reduced downstream effectors in the
PI3BK/AKT/mTOR signaling pathway, we hypothesized that cabozantinib may be an
important modulator of tumor cell metabolism. Cabozantinib significantly reduced glucose
uptake measured by [18F]-FDG-PET at days 7 and 28 compared to baseline in the CRC098
and CRC162 explants (Figure 4a and Supplemental Table 3). Regorafenib did not
significantly reduce glucose uptake in the CRC098 or 162.

Next, we performed a comprehensive pathway analysis aided by the KEGG database using
RNA Seq post-cabozantinib treatment in the most sensitive explants (CRC020, 102, and
162). Significant decreases in pathways controlling glycolysis and the TCA cycle were
observed (Supplemental Table 4). In addition, Western Blot analysis demonstrated
downregulation of pyruvate dehydrogenase on days 7 and 28 following cabozantinib
treatment in the CRC098 and CRC162 explants compared to control (Figure 4b). In contrast,
no decrease in pyruvate dehydrogenase was observed after regorafenib treatment in CRC098
and 162 explants (Figure 4b).

Cabozantinib induces autophagy that may provide a mechanism for tumor cell survival.

Both glucose deprivation and PI3BK/mTOR pathway inhibition have been shown to trigger
autophagy (27). As shown above, we determined that cabozantinib significantly decreased
glucose uptake as well as the PI3K/mTOR signaling pathway. Therefore, we investigated
autophagy as an alternate metabolic pathway for cell survival /n vitro following cabozantinib
treatment. Increased protein expression of ATG3, LC3 and beclin-1 occurred as early as 7
days after cabozantinib treatment (Figure 5a). In addition, evaluation of CRC020 and
CRC040 explants (both sensitive) showed a decrease in SQSTM1/p62 with cabozantinib
treatment on days 7 and 28 (Figure 5b). No increase in ATG3, LC3A/B, and beclinl in
CRC098 and CRC162 were observed after regorafenib treatment, apart from a modest
increase in LC3A/B in the CRC162 explant when considered with the actin loading control
(Supplemental Figure 3).

Given that we observed a significant increase in autophagy following cabozantinib
treatment, we examined whether combining an autophagy inhibitor with cabozantinib would
enhance tumor cell death. First, the treatment effects on autophagy were evaluated /n vitro
using an autophagy kit (CYTO-ID® Autophagy Detection Kit) that monitors autophagic
activity at the cellular level (28, 29). Twenty-four hours of treatment with cabozantinib
significantly induced autophagy when compared to control and regorafenib treatment in the
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HCT116 and HT29 cell lines (Figure 5¢c-d and supplemental figure 4). Next, we tested the
combination of cabozantinib with the autophagy inhibitors SBI-0206965, an ULK1
inhibitor, and chloroquine. Using a caspase 3/7 fluorescent reagent and IncuCyte live cell
imager, we observed a striking increase in apoptosis in the HCT116 cells treated with
SBI-0206965 plus cabozantinib and chloroquine plus cabozantinib over 48 hours (Figure
5E)(29). In contrast, no combinational effect was seen in the HCT116 cell line when treated
with regorafenib (Figure 5F. Furthermore, while an increase in autophagy was observed
using crizotinib, a potent MET inhibitor, a combinational effect was not seen with crizitonib
plus SBI-020695 in the HCT116 and HT29 CRC cell lines (Supplemental Figure 4).

Discussion

We previously demonstrated that cabozantinib exerts potent anti-tumor effects in colorectal
PDX models; 7 out of 10 CRC explants showed significantly superior anti-tumor effects, and
5 of the 9 cabozantinib sensitive CRC explants displayed tumor regression (18). In this
study, using regorafenib (FDA approved for resistant advanced colorectal cancer) as a
comparator, we showed that cabozantinib is superior in inhibiting tumor growth in CRC
PDX models and mechanistic studies showed unique pharmacodynamic effects of
cabozantinib in this model. Only 1 of the 10 CRC explants, CRC036, showed a trend toward
improved anti-tumor effect with regorafenib. Dosages used in the PDX models were chosen
to approximate plasma drug exposures within the pharmacodynamic range achievable in
humans (20, 30-34).

Preclinical studies have demonstrated the role of MET in facilitating anti-VEGF treatment
resistance (6, 7, 35). As with VEGF activation, MET signalling has been shown to be a
potent inducer of endothelial angiogenesis (36—38). While MET and the VEGF receptor
family are not known to interact with or phosphorylate one another, these kinases
synergistically activate similar downstream intermediates including FAK, MAPK, and AKT
(12). Data from preclinical studies have also shown that MET activation promotes
angiogenesis through other common signalling intermediates such as SRC homology 2
domain-containing proteins (SHCs). /n vivoand in vitro studies have demonstrated
reduction in angiogenesis leading to apoptosis with MET inhibition (18). In this study,
cabozantinib showed a significant decrease in tumor vascularity compared to regorafenib as
measured by DCE-MRI, a technique that has been shown to correlate with tumor vascularity
and angiogenesis in preclinical and clinical studies (39-41). While cabozantinib and
regorafenib both have anti-angiogenic properties via VEGFR2 inhibition, dual MET and
VEGFR?2 inhibition may explain the observed differences in treatment effects in tumor
vascularity. In addition, a near immediate and sustained decrease in protein expression of
angiogenic mediators VEGFR2 and TIE2 was also observed to a larger degree with
cabozantinib.

Enhanced antitumor effects of cabozantinib were also displayed in the constitutively
activated MET kinase cell line. Physiologic activation of MET through HGF ligand binding
elicits a complex network of downstream signalling that affects cell cycle regulation, cell
survival, and cell migration and adhesion mainly through the PI3K/AKT/mTOR, Src, and
RAS/MEK pathways (42, 43). Aberrant MET activation after exposure to anti-VEGF
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treatment leads to acquired resistance and induces an upregulation in crosstalk pathways
responsible for cell survival, angiogenesis, and EMT (44-46). In addition to reducing
VEGFR?2 and TIE2 levels and tumor vascularization, pathway analysis showed that many
components involved in the PIBK/AKT/mTOR pathway were significantly decreased with
cabozantinib treatment, including PI3K, PDK1, AKT, mTOR, Rictor, Raptor, and S6K1/2.
This observed decrease in both tumor vascularity and activation of MET, RET, and AXL
suggests that inhibition of multiple crosstalk pathways may abrogate acquired resistance
observed with other anti-VEGF therapies.

The PIBK/AKT/mTOR pathway regulates cellular metabolism through multiple downstream
targets including hypoxia inducible factor-1 (HIF-1), which is involved in glucose
metabolism, and ULK-1, which is involved in autophagy (47, 48). Inhibition of the
PI3K/AKT/mTOR pathway leads to disruption of glucose uptake. This was confirmed with
cabozantinib treatment, where both a significant decrease in PI3K/AKT/mTOR mediators
and glucose uptake measured by [18F]-FDG-PET was observed. In contrast, a change in
glucose uptake was not significantly altered after regorafenib treatment. Further
investigation demonstrated a significant decrease in pyruvate metabolism and gene analysis
of the TCA cycle with cabozantinib treatment compared to baseline, which was also not
observed after regorafenib treatment. These alterations suggest that inhibition of the
PI3K/AKT/mTOR pathway leads to a decrease in glucose metabolism and glycolytic
inhibition with cabozantinib treatment.

Glucose deprivation and inhibition of PI3K/AKT/mTOR pathway has previously been
shown to induce autophagy in preclinical studies (27, 48, 49). Protein expression of key
enzymes in autophagy including ATG3, LC3, and beclinl increased during cabozantinib
treatment compared to baseline. These changes were not observed after regorafenib
treatment. Under normal conditions, basal levels of autophagy are usually low and are
restricted to maintaining important cellular functions. However, during times of nutrient
deprivation and hypoxic conditions, autophagy is upregulated to promote metabolic
homeostasis and survival of cells (50-53). Pharmacological inhibition of the PI3K/AKT/
mTOR pathway enhances autophagy by inhibiting mTOR-mediated activation of the ULK1
complex, leading to subsequent lysosomal degradation of cellular components for ATP
energy (Supplemental Figure 6) (54, 55). Together with glycolytic inhibition and
upregulation of components involved in autophagy, an increase in autophagy occurred
during cabozantinib treatment in the HCT116 and HT29 CRC cell lines. Using an autophagy
detection Kit, significant induction of autophagy was observed /in vitro after 24 hours of
cabozantinib compared to regorafenib and control. These results further support the concept
that multi-kinase inhibition with cabozantinib, specifically the PI3K/AKT/mTOR pathway
through MET inhibition, elicits a transition from glycosis-dependent to autophagy-
dependent metabolism as a means for continued cell survival.

These findings are consistent with previously published data demonstrating autophagy as a
mechanism for acquired resistance to certain anti-cancer therapies (56). Striking /n vitro
effects of combination treatment using anti-autophagy agents SBI-0206965, an ULK1
inhibitor, or chloroquine plus cabozantinib revealed increased apoptotic marker caspase 3/7
fluorescent assay. Regorafenib in combination with these anti-autophagy agents did not
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reveal an increase in caspase 3/7 activity. While crizotinib, a potent MET inhibitor, produced
similar MET suppression compared to cabozantinib, there was no increase in autophagy
when SBI-020695 was added to crizotinib. These findings suggest that there are multiple
crosstalk pathways that allow ongoing glycolysis in the presence of MET inhibition.
However, multiple kinase inhibition as seen with cabozantinib interrupts crosstalk as an
escape mechanism for ongoing glycolysis and leads to induction of autophagy. Combining
an anti-autophagy agent with cabozantinib confirmed this idea as both combinations with
SBI-020695 and chloroquine augmented apoptotic response compared to baseline and single
agent treatment in the HCT116 and HT29 cell lines.

Our results show that cabozantinib has superior anti-tumor effects compared to regorafenib
in vitroand in vivo using CRC explant models. Dual inhibition of MET and VEGFR2 act
synergistically to potentiate anti-angiogenic response by inhibiting multiple cross-talk
pathways including PI3K/AKT/mTOR. The inhibition of multiple kinase pathways produces
a change in metabolism from glycolysis to autophagy, serving as a method for acquired
resistance and cell survival during cabozantinib treatment. Combination of cabozantinib plus
an anti-autophagy agent increased apoptosis in the HCT116 and HT29 CRC cell lines. These
findings warrant further investigation of cabozantinib in CRC and combination approaches
targeting autophagy. A clinical trial is currently under development to study the efficacy of
cabozantinib in patients with refractory mCRC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Cabozantinib demonstrated significant antitumor effects compared to regorafenib in 7 out of

10 of the CRC explants; a) Five of the explants treated with cabozantinib showed tumor
regression; b) significant tumor growth inhibition measured by TGII in 10 CRC explants
with cabozantinib compared to regorafenib; ¢) cabozantinib maintained significant TGII in
the engineered MET kinase active knock-in mutation Y1253D cell line compared to
regorafenib /n vitro; d, ) Percent growth curve of cabozantinib in the parental HCT116 cell
line and the engineered MET kinase active cell line.

* P <0.05, ** P <0.007, *** P< 0.001; statistically significant difference in TGII with
cabozantinib compared to regorafenib

# p < 0.05; statistically significant difference in TGII with cabozantinib compared to control
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a) DCE-MRI using Gd contrast revealed significant decrease in vascularity, measured in
Ktrans [min~1], at day 28 of cabozantinib compared to baseline; b—d) RTK antibody assay
using fluorescent analysis revealed decreased levels of TIE2 and VEGFR?2 after 4 hours after
treatment cabozantinib and were sustained through 7 days of treatment compared to control.
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Figure 3:

Significant decrease in levels of activation of components in the PI3BK/AKT/mTOR axis
were observed using RTK antibody assay after cabozantinib treatment. a) Illustration of the
enzymes with significant reduction in activation with cabozantinib are shown in red; b—f)
significant reduction of phosphorylated MET, RET, AXL, AKT and S6 were observed with
cabozantinib treatment after 7 days compared to control; g) RTK antibody fluorescent
analysis showing decreased levels of the enzymes following 7 days of cabozantinib

treatment in CRC098 and CRC162 explants.
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Figure 4:

a) Cabozantinib significantly reduced glucose uptake measured by [18F] FDG-PET on day 7
and day 28 of treatment compared to baseline; b) Western Blot analysis revealed a decrease
in protein expression of pyruvate dehydrogenase after cabozantinib treatment compared to

regorafenib and control.
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Figure5:
a) Autophagy markers ATG3, LC3A/B, and beclin-1 increased after cabozantinib treatment

in the CRC098 and CRC162 explant models; b) SQSTM1/p62 levels also increased after
cabozantinib treatment in the CRC020 and CRC040 explant models; c—f) autophagy levels
measured by CYTO-ID® Autophagy Detection Kit demonstrated a significant increase in
autophagy after 24 hours of cabozantinib treatment compared to regorafenib and control; g)
significant increase in levels of apoptosis measured by caspase 3/7 fluorescent assay after
treatment with combination cabozantinib plus SBI-0206965, an ULKZ1 inhibitor, and
cabozantinib plus chloroquine compared to control or single agent treatment; h) significant
increase in levels of caspase 3/7 were not seen after combination treatment with regorafenib
plus SBI-0206965 compared to control or single agent treatment.

*** Statistically significant increase in fluorescence after cabozantinib treatment compared
to control

#it# Statistically significant increase in fluorescence after cabozantinib treatment compared
to regorafenib
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Figure6:
In this illustration, potential mechanisms of tumor cell survival via crosstalk between

components of the MET pathway, glycolysis, and autophagy are depicted. Basal levels of
autophagy are typically low through mTOR inhibition of ULK1, a key enzyme in
upregulation of autophagy, and glycolysis predominates as the main mechanism for ATP
generation. Aberrant MET activation leads to upregulation of downstream effectors
including components of the PI3K/AKT/mTOR pathway and glycolytic metabolism is
maintained. Through blockade of MET and subsequent indirect activation of ULK1 through
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the absence of negative feedback with mTOR inhibition, upregulation in autophagy occurs
to maintain cellular homeostasis. A simplified canonical pathway of autophagy (steps 1-4)
are shown.

Mol Cancer Ther. Author manuscript; available in PMC 2019 October 01.



	Abstract
	Introduction
	Materials and Methods
	CRC Patient Derived Xenograft Model.
	MET Kinase Active HCT116 cell line xenograft model.
	In Vivo Angiogenesis Assessment: Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI).
	Measurement of glucose uptake by 18-Fluoro-deoxyglucose positron emission tomography (FDG-PET) following cabozantinib and regorafenib treatment.
	Gene pathway analysis by RNA Seq
	Immunoblotting
	Receptor tyrosine kinase array
	Autophagy
	Treatment effects on apoptosis
	Statistical analysis

	Results
	Cabozantinib exhibits significantly greater anti-tumor effects when compared to regorafenib in CRC PDX mouse models
	Evaluation of cabozantinib and regorafenib on angiogenesis.
	Reduction of PI3K/AKT/mTOR signalling pathway following cabozantinib treatment.
	Examination of glucose uptake (18[F] FDG-PET) following cabozantinib treatment.
	Cabozantinib induces autophagy that may provide a mechanism for tumor cell survival.

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:

