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A B S T R A C T   

Receptor tyrosine kinase (RTK), c-Met, is overexpressed and hyper active in renal cell carcinoma (RCC). Most of 
the therapeutic agents mediate cancer cell death through increased oxidative stress. Induction of c-Met in renal 
cancer cells promotes the activation of redox-sensitive transcription factor Nrf2 and cytoprotective heme 
oxygenase-1 (HO-1), which can mediate therapeutic resistance against oxidative stress. c-Met/RTK inhibitor, 
Cabozantinib, has been approved for the treatment of advanced RCC. However, acquired drug resistance is a 
major hurdle in the clinical use of cabozantinib. Honokiol, a naturally occurring phenolic compound, has a great 
potential to downregulate c-Met-induced pathways. In this study, we found that a novel combination treatment 
with cabozantinib + Honokiol inhibits the growth of renal cancer cells in a synergistic manner through increased 
production of reactive oxygen species (ROS); and it significantly facilitates apoptosis-and autophagy-mediated 
cancer cell death. Activation of c-Met can induce Rubicon (a negative regulator of autophagy) and p62 (an 
autophagy adaptor protein), which can stabilize Nrf2. By utilizing OncoDB online database, we found a positive 
correlation among c-Met, Rubicon, p62 and Nrf2 in renal cancer. Interestingly, the combination treatment 
significantly downregulated Rubicon, p62 and Nrf2 in RCC cells. In a tumor xenograft model, this combination 
treatment markedly inhibited renal tumor growth in vivo; and it is associated with decreased expression of 
Rubicon, p62, HO-1 and vessel density in the tumor tissues. Together, cabozantinib + Honokiol combination can 
significantly inhibit c-Met-induced and Nrf2-mediated anti-oxidant pathway in renal cancer cells to promote 
increased oxidative stress and tumor cell death.   

1. Introduction 

Advanced renal cell carcinoma (RCC) still remains essentially 
incurable. Although there are significant advancements in treatment 
strategies, RCC remains a prevalent and challenging cancer type with 
increased incidence rate and poor survival outcomes in metastatic cases 
[1]. The heterogeneity of RCC renders it less susceptible to therapies, 
leading to the development of acquired therapeutic resistance and 
eventual treatment failure. Different combination treatments are being 
tested; however, after initial responses, most of the patients develop 

resistance. Thus, it is critical to explore the mechanistic pathways 
involved in therapeutic resistance. 

The receptor tyrosine kinase (RTK), c-Met, is overexpressed and 
hyper active in both clear cell and papillary RCC [2,3]. Upon binding 
with the ligand hepatocyte growth factor (HGF), c-Met activates 
tumor-promoting pathways and can confer therapeutic resistance in 
RCC [4–6]. In our previous studies, we found that the induction of c-Met 
promotes activation of the redox-sensitive transcription factor Nrf2 and 
over-expression of the cytoprotective molecule heme oxygenase-1 
(HO-1). Nrf2 regulates the expression of many phase II detoxifying 
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and antioxidant enzymes (like, HO-1) [7,8]. HO-1 is a stress-inducible 
enzyme and a member of the heat shock protein family [9]. HO-1 and 
its by-products classically function to maintain cellular homeostasis 
under stress [10]. However, Nrf2/HO-1 can also play a significant role in 
cancer growth and progression, primarily through the regulation of the 
redox state of cancer cells; it relieves the oxidative stress in cancer cells 
following therapeutic treatment [7]. Nrf2/HO-1 is over-expressed in 
cancer cells, including renal cancer, and its expression is further induced 
by radiation and chemotherapy [11,12]. p62 is an autophagy adaptor 
protein, which binds ubiquitylated protein aggregates and delivers them 
to the autophagosomes [13]. Interestingly, Sequestosome 1 
(SQSTM1)/p62 can interact with Keap1 (Nrf2 substrate adaptor for the 
Cul3 E3 ubiquitin ligase); and this interaction allows p62 to sequester 
Keap1 into autophagosomes, which impairs the ubiquitination of Nrf2, 
leading to activation of the Nrf2 pathway and tumor cell survival [14, 
15]. 

Therapeutic agents promote cancer cell death through the induction 
of both apoptosis and autophagy. Although autophagy inhibition, 
combined with anticancer agents, could be therapeutically beneficial in 
some cases, autophagy induction by itself could lead to cell death in 
some apoptosis-resistant cancers [16]. Therapeutic agents can mediate 
tumor cell death through toxic autophagy that may facilitate apoptosis 
[17]; and the induction of canonical autophagy can sensitize the tumor 
cells to radiation therapy [18]. Reactive oxygen species (ROS) plays 
major role in drug-induced tumor cell death [19]. However, cancer cells 
can utilize the protective effects of Nrf2/HO-1 (through 
down-regulation and detoxification of ROS) as a shield from therapeutic 
agents [20,21]. We discovered that c-Met activation in RCC mediates 
growth-promoting signals against oxidative stress through Nrf2-HO-1 
[7]. Thus, although Nrf2/HO-1 could be protective during early stages 
to overcome stress, it aggressively promotes tumor growth and cancer 
cell survival during therapeutic treatment. 

RUBICON (a RUN domain-containing protein) is a component of the 
class III PI-3K complex and a novel Beclin-1-binding partner, which 
negatively regulates canonical autophagy and endocytosis [22]. It as
sociates with UVRAG-Beclin-1 complex and suppresses autophagosome 
maturation and endocytic trafficking. The RUBICON protein is 
comprised of multiple functional domains that modulate intracellular 
signaling cascades [23]. It contains a RUN domain, which interacts with 
GTPases, two serine-rich regions (S–R), and a coiled-coiled domain 
(CCD), multiple helix-coil-rich repeats, and a cysteine-enriched FYVE-
like domain [24]. RUBICON can be a potential target for 
autophagy-inducing therapeutics [25,26]. It is important to study if 
Rubicon plays any role in c-Met-Nrf2-induced cell survival pathway; and 
how this can be targeted. 

Cabozantinib (XL-184) is a small molecule c-Met/RTK inhibitor and 
it has been approved for the treatment of advanced RCC [27]. However, 
as mentioned earlier, acquired drug resistance is a major hurdle in the 
clinical use of cabozantinib [28,29]. The anti-tumor effect of c-Met in
hibitor(s) become significantly less as the tumors evolve to bypass the 
target molecule. To overcome these limitations, combination therapies 
show promise in other cancer subtypes. Combination therapy involves 
the administration of two or more therapeutic agents to achieve 
maximum therapeutic response while minimizing side effects. 

Recently, natural compounds have gained significant attention due 
to their exceptional therapeutic effects in cancer [30–33]. Honokiol 
(C18H18O2), a naturally occurring phenolic compound found in the bark, 
leaves, and seeds of Magnolia species (Magnolia Obovata), has gained 
interest for its potential health benefits. It possesses a wide range of 
pharmacological properties, including antioxidant, anti-inflammatory 
and anti-cancer effects [34,35]. We have demonstrated that Honokiol 
has a great potential to downregulate c-Met-induced and Ras-mediated 
pathway(s) in renal cancer cells [8]. It can also induce the cancer cells to 
be vulnerable to undergo apoptosis [36]. Thus, it will be interesting to 
explore the effect of a combination treatment with cabozantinib and 
Honokiol on c-Met-induced tumor-promoting pathway, and if it can 

significantly promote renal cancer cell death. 
In the present study, we show that cabozantinib + Honokiol com

bination treatment promotes a synergistic effect to inhibit c-Met- 
induced renal cancer growth; and it induces oxidative stress-induced 
renal cancer cell death through increased apoptosis and autophagy. 
The combination treatment markedly downregulates Rubicon in RCC 
cells; this is associated with decreased expression of p62, and this can 
destabilize the anti-oxidant transcription factor, Nrf2. Together, cabo
zantinib + Honokiol combination can significantly inhibit c-Met- 
induced and Nrf2-mediated anti-oxidant pathway in renal cancer cells to 
promote increased oxidative stress and tumor cell death. 

2. Materials and methods 

2.1. Chemicals and reagents 

Cabozantinib (XL-184) and Honokiol (HNK) were procured from 
Selleckchem (Houston, TX). The anti-Sqstm1/p62 (Cat. No. #88588), 
anti-Bcl-2 (Cat. No. #4223), anti-Bcl-xL (Cat. No. #2764), anti-Met (Cat. 
No. #3127), anti-LC3B (Cat. No. #2775) and anti-Nrf2 (Cat. No. 
#12721) antibodies were purchased from Cell Signaling Technology 
(Danvers, MA). It is important to note that most of the times, the anti- 
Nrf2 antibody gives a doublet band (as shown in the company cata
log). Anti-β-actin (Cat. No. #A2228) was obtained from Sigma-Aldrich 
(Burlington, MA). Anti-Rubicon (Cat No. #Ab92388) and the CCK-8 
kit were purchased from Abcam (Waltham, MA). Anti-Sp1 (Cat. No. 
#14027) was obtained from Santa Cruz Biotechnology (Dallas, TX), and 
anti-GAPDH (Cat. No. #A5028) was purchased from Selleckchem. For 
immunohistochemistry, anti-CD-31 (Cat. No. #550274) (1:50) was from 
BD Pharmingen (Woburn, MA); anti-Ki-67 (Cat. No. #14569880) and 
anti-Rubicon (Cat. No. #PA5-38017) (1:150) were from Invitrogen 
(Waltham, MA); anti-SQSTM1 (Cat. No. #88588) (1:100) was from Cell 
Signaling Technology; and anti-HO-1/HMOX1 (Cat. No. #10701-1-AP) 
(1:200) was from ProteinTech (Rosemont, IL). SQSTM1/p62 siRNA and 
transfection reagents were procured from Santa Cruz biotechnology. 

2.2. Cell lines 

Human renal cancer cell lines (786-0, ACHN, Caki-1 and Caki-2) 
were obtained from the American Type Culture Collection (ATCC, 
Rockville, MD) in 2015. All human cell lines were reauthenticated 
through short tandem repeat profiling by ATCC. 786-0, ACHN, Caki-1, 
and Caki-2 cell lines were maintained in RPMI 1640 medium. The cul
ture media were supplemented with 10% heat-inactivated fetal bovine 
serum and 1% penicillin/streptomycin antibiotics (Invitrogen, Carlsbad, 
CA). Normal renal proximal tubular epithelial cells (RPTEC) were pur
chased from Lonza and cultured in renal epithelial cell basal medium 
with SingleQuots growth supplements (Lonza, Portsmouth, NH). 

2.3. Generation of CRISPR/Cas9-mediated knockout cells 

Renal cancer cells (786-0) were co-transduced with lentiviral parti
cles encoding Cas9 and gRNA targeting either RUBCN (Rubicon) or 
control (Thermo Fisher, Waltham, MA). The stable transduced clones 
were selected through antibiotic containing media, and confirmed 
through Western blot analysis to check the expression of Rubicon. The 
clones exhibiting verified Rubicon knockout (KO) were chosen for 
experiments. 

2.4. Cell viability 

786-0 and ACHN cells were seeded in 96-well plates at a density of 
1x104 cells/well and incubated overnight. Next day, media was replaced 
with the serum-deficient media and incubated for 24 h. After serum 
starvation, the cells were treated with XL-184 (1–30 μM), HNK (5–50 
μM) or vehicle for 24 h. Following treatments, the CCK-8 kit was used to 
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measure viability according to the manufacturer’s protocol. For the 
combination treatment experiments, cells were seeded similarly in 96- 
well plates, and treated with combinations of XL-184 (1, 2, and 5 μM), 
HNK (5, 10, and 20 μM) or vehicle for 24 h, followed by the CCK-8 assay. 
For further studies, 5 μM of XL-184 and 20 μM of HNK were used. 

2.5. Assessment of total ROS levels 

Cells were seeded with a seeding density of 1 × 105 cells/well in 6- 
well plates and allowed to adhere overnight. Cells were serum starved 
for 12 h to synchronize the cell growth. Cells were then treated with 
combinations of XL-184 (5 μM), HNK (20 μM) or vehicle for 6 h. Cells 
were then trypsinized and stained using ROS-ID total ROS detection kit 
from Enzo Life Sciences (Plymouth, MA), according to the manufac
turer’s protocol. Subsequently, flow cytometry was performed using a 
BD FACSCelesta cell analyzer. 

2.6. Autophagy assay 

Briefly, 1x105 cells were seeded in 6-well tissue culture plates. Next 
day, Cells were then treated with combinations of XL-184 (5 μM), HNK 
(20 μM) or vehicle for 24 h. Following treatment, cells were trypsinized, 
washed with 1X PBS and stained using CYTO-ID® Autophagy detection 
kit from Enzo Life Sciences (Plymouth, MA), according to the manu
facturer’s protocol. Autophagy was then assessed using BD FACSCelesta 
cell analyzer. 

2.7. Apoptosis assay 

Cells were seeded and treated similarly as for the autophagy assay. 
Following treatments, the cells were trypsinized, washed with 1X PBS 
and stained with an Annexin V-APC and propidium iodide using 
Apoptosis detection kit from ThermoFisher Scientific (Waltham, MA) as 
previously described [37]. The cells were then analyzed by flow 
cytometry using a BD FACSCelesta cell analyzer. 

2.8. Nuclear and cytosolic fractionation 

Cells were treated as mentioned for autophagy assay. Following 
treatment, cells were lysed and nuclear/cytoplasmic fractions were 
separated using NE-PER Nuclear and Cytoplasmic Extraction Reagents 
Kit (Thermo Fisher Scientific, Waltham, MA) according to the manu
facturer’s protocol. 

2.9. Western blot 

Cells were seeded and treated with combinations of XL-184, HNK or 
vehicle as mentioned before. Following treatments, the cells were har
vested and cell lysates were prepared. Protein samples were resolved on 
sodium dodecyl sulfate–polyacrylamide (SDS-PAGE) gel and transferred 
to the polyvinylidene difluoride membranes (Milipore Corporation, 
Burlington, MA). The membranes were blocked in a 5% milk, incubated 
with specific primary antibodies over night at 4 ◦C, and then followed by 
incubation with an appropriate HRP-linked secondary antibody. The 
membranes were processed for enhanced chemiluminescence detection 
(Thermo Fisher Scientific) using the ChemiDoc Imaging System (Bio- 
Rad, CA). 

2.10. siRNA transfection 

786-0 and ACHN cells were seeded in 6-well plate at 1 × 105 cells/ 
well and incubated overnight in an antibiotic free media. Transfection 
was performed according to the manufacturer’s protocol and the gene 
knockdown was confirmed by Western blot. 

2.11. Tumor xenograft model 

To investigate tumor growth, 786-0 cells were subcutaneously 
injected into dorsal flank of 8-week-old male athymic nude mice and 
observed for the formation of tumors. The mice were then divided into 
four treatment groups (n = 5 mice per group): vehicle, XL-184, HNK, and 
XL-184 + HNK. Once the palpable tumor growth was observed, mice 
were treated with XL-184 (15 mg/kg), HNK (2 mg/kg) and XL-14 + HNK 
every alternate day for three weeks via intraperitoneal injection (IP). 
Tumor volumes were measured using a digital caliper, and the tumor 
volumes were calculated using the standard method V = 1/2(h × w × w) 
[38]. The excised tumors were promptly snap-frozen in OCT (Sakura 
Finetek, Torrance, CA) and stored at − 80 ◦C until further use. All animal 
experiments were conducted with approval from the animal care and 
use committee at Boston Children’s Hospital (BCH) and in accordance 
with the National Institutes of Health (NIH) guidelines for the care and 
use of laboratory animals. 

2.12. Immunohistochemistry 

The tissue sections were prepared from frozen tumors and fixed with 
pre-chilled acetone for 10 min. Following fixation, sections were 
blocked using 10% BSA and then incubated with primary antibodies 
overnight at 4 ◦C. Afterwards, the sections were incubated with species- 
specific horseradish peroxidase-conjugated secondary antibodies 
(Abcam, Waltham, MA). The sections were thoroughly washed twice 
with 1X PBS between each step. For substrate visualization, sections 
were incubated with DAB (3,3′-Diaminobenzidine, Vector laboratories, 
Newark, CA). The sections were counterstained with Mayer’s Hema
toxylin (G-Biosciences, St. Louis, MO). Photomicrographs were captured 
using the Nikon Eclipse photomicroscope at 400X magnification. DAB 
intensity was quantified using ImageJ software (v. 1.54f), and bar 
graphs were plotted to show the mean intensity of DAB. 

2.13. Statistical analysis 

Statistical analysis was performed using GraphPad Prism (version 
9.0). For in vitro studies, we conducted either Student’s t-test for two 
groups or one-way ANOVA for three or more groups. SynergyFinder 3.0 
tool was used to find synergy with Highest single agent (HSA) reference 
model [39,40]. For in vivo studies, data were analyzed using two-way 
ANOVA followed by Tukey’s multiple comparison test. For immuno
histochemistry, groups were analyzed using one way ANOVA followed 
by Holm-Sidak multiple comparison test. Differences with p-values 
<0.05 was considered statistically significant. 

3. Results 

3.1. A combination treatment with cabozantinib (XL-184) and Honokiol 
(HNK) inhibits the growth of renal cancer cells in a synergistic manner 

As mentioned before, the receptor tyrosine kinase (RTK), c-Met, is 
highly expressed in renal cancer cells (both clear cell and papillary 
types) and promotes tumor growth [41–43]. The expression levels of 
c-Met mRNA in tumor samples and paired normal tissues were analyzed 
using GEPIA database [44]. The analysis showed that c-Met was mark
edly higher in renal cancer subtypes compared to normal tissues 
(Fig-1A). Additionally, the interactive bodymap (Fig-1B) showed the 
median mRNA expression of c-Met in tumor (red) and normal (green) 
tissues [44]. As shown in Fig-1C and 1D, analyses through UALCAN 
online tool clearly indicate that c-Met expression was significantly 
upregulated in both clear cell and papillary renal cell carcinoma; and it 
was increased at different clinical stages compared with normal tissues 
[45,46]. We also confirmed that compared with normal renal epithelial 
cells (RPTEC), c-Met was markedly upregulated in different human renal 
cancer cell lines (786-0, ACHN, Caki-1 and Caki-2) (Fig-1E). 
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Fig. 1. c-Met is overexpressed in RCC and a combination of XL-184 and Honokiol (HNK) synergistically restricts renal cancer cell growth. (A) The gene 
expression profile of c-Met in patient tumor samples and paired normal tissues in different cancer types was evaluated using GEPIA database. c-Met is overexpressed 
(underlined) in clear cell (KIRC) and papillary (KIRP) type RCC. (B) The body map representing differential median expression of c-Met in normal and various cancer 
types was analyzed using GEPIA database. (C–D) Gene expression of c-Met in normal and primary tumor samples in (C) human clear cell renal carcinoma (ccRCC), 
and (D) papillary RCC were analyzed by UALCAN database (left panels). c-Met expression in different stages of (C) ccRCC and (D) papillary RCC were analyzed in a 
similar way (right panels). ****p < 0.0001. (E) Expression of c-Met in normal RPTEC versus RCC cells (786-0, ACHN, Caki-1 and Caki-2) were analyzed by Western 
blot. Molecular weight markers (kDa) are on the left. The bar graphs under the Western blots represent the relative expression of c-Met by densitometry, where the 
signals were normalized to the expression of an internal control, β-Actin. The columns represent the average ± SD of relative intensities (n = 3). Representative of 
three. ****p < 0.0001 compared with RPTEC. (F) 786-0 and ACHN renal cancer cells were treated with increasing concentrations of XL-184 (1–30 μM), HNK (5–50 
μM) or vehicle for 24 h. Control was treated with vehicle alone. Following treatments, cell viability was assessed using CCK-8 assay; the graphs represent percent cell 
viability of 786-0 (black) and ACHN (red) cells. Representative of three experiments. (G) 786-0 and ACHN cells were treated with combinations of XL-184 (1–5 μM), 
HNK (5–20 μM) or vehicle alone for 24 h. Following treatments, cell viability was evaluated by CCK-8 assay. Heat maps represent the percent growth inhibition of 
786-0 and ACHN cells (left panels) following either individual or combination treatment. Synergy plots (right panels) represent synergism among XL-184 and HNK 
treatments. Representative of three different experiments. Positive score (red) indicates the synergism, whereas negative score (green) indicates antagonistic effect. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Cabozantinib (XL-184), is a small molecule inhibitor of c-Met/RTKs and 
an approved agent for the treatment of renal cancer [47]. However, most 
of the patients inevitably develop therapeutic resistance and the tumor 
progresses [28]. Honokiol has anti-tumorigenic properties [48]; and we 
have demonstrated that it can inhibit c-Met-induced pathways [36]. We 
first analyzed the viability of two renal cell carcinoma (RCC) cell lines, 
786-0 (clear cell type) and ACHN (papillary type) following cabozanti
nib and Honokiol treatment; and we observed that there was a 
dose-dependent decrease in cell viability with both cabozantinib and 
Honokiol (Fig-1F). Next, we tested the effect of a combination treatment 
using cabozantinib and Honokiol on the growth of 786-0 and ACHN 
cells. We treated the cells with a combination of cabozantinib (1–5 uM) 
and Honokiol (5–20 uM), and the cell viability was assessed. We found 
that the combination of cabozantinib + Honokiol significantly inhibited 

cell viability (~61%) in both the cell lines, compared with their indi
vidual doses (Fig-1G). We then evaluated the synergistic effect of these 
two agents on cell viability using SynergyFinder 3.0 tool [49] and we 
obtained a strong synergy between cabozantinib and Honokiol in both 
the cell lines (Fig-1G). This data clearly suggest that Honokiol can 
potentiate the anti-cancer efficacy of cabozantinib; and it can also help 
to overcome the limitation of cabozantinib treatment alone in renal 
cancer. 

3.2. Cabozantinib (XL-184) and Honokiol combination elevates the level 
of intracellular reactive oxygen species (ROS) and induces cancer cell 
death through increased autophagy and apoptosis 

Elevated ROS levels following therapeutic treatments play a crucial 

Fig. 2. Combination of XL-184 and Honokiol (HNK) significantly induces ROS generation, and mediates autophagy and apoptosis in renal cancer cells. (A- 
B) Gene expression of (A) HMOX-1(HO-1) and (B) BCL2 in normal and primary tumor samples in human kidney clear cell carcinoma (ccRCC) (left) and papillary cell 
carcinoma (right) were analyzed using UALCAN database (****p < 0.0001). (C) Correlation analysis between HMOX-1 and BCL2 mRNA expression in human ccRCC 
was performed using OncoDB database. (D) 786-0 and ACHN cells were treated with combinations of XL-184 (5 μM) and HNK (20 μM) for 6 h. The control group was 
treated with vehicle alone. Following treatments, cells were stained with ROS-ID dye and total ROS generation was measured by flow cytometry and quantifications 
are presented as bar graphs (right panel). Data represent the mean ± SD of triplicate readings; representative of three different experiments. (E) 786-0 and ACHN cells 
were treated similarly as described in (D) for 12 h. Following treatment, cells were stained with Cyto-ID dye and autophagy was determined by flow cytometry and 
quantifications are presented as bar graphs (right panel). Data represent the mean ± SD of triplicate readings; representative of three different experiments. (F) 786- 
0 and ACHN cells were treated similarly as described in (D) for 24 h. Following treatments, cells were stained with Annexin V (APC) and propidium iodide (PI), and 
the apoptotic indices were analyzed by flow cytometry and the percentage of total (early + late) apoptotic cells were quantified and represented as bar graphs (right 
panel). Data represent the mean ± SD of triplicate readings; representative of three different experiments. (G) 786-0 and ACHN cells were treated similarly as 
described in (F), followed by Western blot analysis of Bcl-2 and Bcl-xL. Molecular weight markers (kDa) are on the left. The bar graphs under the Western blots 
represent the relative expression of Bcl-2 and Bcl-xL by densitometry, where the signals were normalized to the expression of an internal control, β-Actin. The 
columns represent the average +/- SD of relative intensities (n = 3). Representative of three. In D-G, ***p < 0.001 and ****p < 0.0001 compared with the control. 
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role in mediating tumor cell death (both apoptosis and autophagy) 
through increased oxidative stress [50,51]. As mentioned earlier, the 
anti-oxidant HO-1/HMOX-1, play a vital role in relieving oxidative 
stress and promoting cancer cell survival [52]. Using UALCAN database, 
we analyzed the expression of HMOX-1 and anti-apoptotic BCL2 in 
primary renal tumors (both clear cell and papillary types) compared 
with normal tissues [45,46]. We found that both HMOX-1 and BCl2 were 
significantly higher in primary tumors (Fig-2A and 2B). To understand 
the correlation between HMOX-1 and BCL2, we utilized OncoDB online 
database [53]. It showed that both the genes were positively correlated 
in RCC (Fig-2C). Thus, it is very important to overcome the effect of 
these anti-oxidant regulatory mechanism(s) and sustain the oxidative 
stress to induce cancer cell death following therapeutic treatments. 

We evaluated the total cellular ROS in renal cancer cells following 
treatments with combinations of cabozantinib and Honokiol. We found 
~2-fold increase in total cellular ROS level following individual treat
ment with either cabozantinib or Honokiol compared with controls. 
However, cabozantinib + Honokiol combination treatment significantly 
increased the total ROS (~7-fold) compared with controls (Fig-2D). 

Therapeutic agents can induce autophagy, particularly, toxic auto
phagy, to promote cancer cell death [54]. We found that cabozantinib +
Honokiol combination treatment markedly increased cellular autophagy 
in both 786-0 and ACHN cells compared with controls and individual 
treatments (Fig-2E). We also evaluated the total apoptotic cells (early +
late) following combination treatment; and we found that cabozantinib 
+ Honokiol combination significantly induced cellular apoptosis (early 
+ late) in both 786-0 and ACHN cells compared with controls (Fig-2F). 
In addition, we also confirmed the expression of apoptosis markers, 
Bcl-2 and Bcl-xL (anti-apoptotic), which were markedly decreased after 
the combination treatment (Fig-2G). Together, our data clearly suggest 
that cabozantinib + Honokiol combination therapy significantly induce 
the oxidative stress in RCC cells to promote cell death through increased 
autophagy and apoptosis. 

3.3. Cabozantinib and Honokiol combination treatment downregulates 
novel effector molecules (Rubicon, p62 and Nrf2) of the c-met pathway 

We have previously reported that the c-Met pathway plays a crucial 
role in therapeutic resistance against oxidative stress through the 
regulation of Nrf2; and it can inhibit renal cancer cell death through the 
downregulation of apoptosis and autophagy [7]. As mentioned before, 
Rubicon is a negative regulator of autophagy; and p62 is an important 
molecule for the stabilization of Nrf2 during oxidative stress. Analyses 
through UALCAN online tool [45,46] clearly indicated that both 
Rubicon and p62 (SQSTM1) expression were markedly upregulated in 
renal cell carcinoma (both clear cell and papillary types) (Fig-3A and 
3B). To understand the correlation among c-Met, Rubicon, p62 and Nrf2, 
we utilized OncoDB online database [53]. It showed that there are 
positive correlations between c-Met-Rubicon, c-Met-p62, c-Met-Nrf2, 
Rubicon-Nrf2, Rubicon-p62 and Nrf2-p62 in RCC (Fig-3C). 

We checked how the cabozantinib + Honokiol combination treat
ment can alter the expression of Rubicon and p62. We found that 
Rubicon, p62 and Nrf2 are highly overexpressed in RCC cells (both 786- 
0 and ACHN) compared with normal renal epithelial cells (Fig-3D); and 
the activation of c-Met following HGF treatment further induced the 
expression of these molecules (Fig-3E). Interestingly, cabozantinib +
Honokiol combination treatment significantly inhibited the expression 
of Rubicon, p62 and Nrf2 in both 786-0 and ACHN cells (Fig-3F). We 
also confirmed that the combination treatment lead to a decreased nu
clear localization of Nrf2 (Fig-3G). As mentioned before, SQSTM1/p62 
plays a crucial role in the nuclear translocation of Nrf2 through desta
bilization of the Keap1-Nrf2 complex. Thus, we sought to determine the 
impact of p62 knockdown on the level of Nrf2 in RCC cells. We found 
that the knockdown of p62 resulted in a low basal level of Nrf2; and the 
combination treatment with cabozantinib + Honokiol further decreased 
the Nrf2 level (Fig-3H). Together, our observations suggest that 

cabozantinib + Honokiol combination treatment can downregulate 
Rubicon that may lead to increased autophagy-mediated cancer cell 
death. The combination treatment also downregulates the level of Nrf2, 
possibly through the inhibition of p62; and this may result in increased 
oxidative stress to promote renal cancer cell death. 

3.4. Deletion of Rubicon facilitates the induction of ROS level and 
increases apoptotic cell death following cabozantinib and Honokiol 
combination treatment in renal cancer cells 

Although cabozantinib + Honokiol combination treatment could 
downregulate Rubicon, we wanted to check if the complete knockout of 
Rubicon can further increase the efficacy of the therapeutic combination 
in renal cancer cells. We utilized stable RCC cells, where RUBICON has 
been knocked out (KO) through CRISPR-Cas-9 (along with control). We 
observed that the combination treatment further increased the ROS level 
in Rubicon-KO cells compared with control clones (Fig-4A). We also 
evaluated the status of apoptosis in these cells. We found that compared 
to control clones, cabozantinib + Honokiol combination treatment 
further increased the total apoptotic cells in Rubicon-KO clones of renal 
cancer cells (Fig-4B). We also confirmed the status of markers for 
apoptosis (Bcl2 and Bcl-xL) and autophagy (LC3B), which were further 
downregulated in Rubicon-KO cells following combination treatment 
(Fig-4C, left panel). Finally, we evaluated the expression of p62 and Nrf2; 
and we found that both p62 and Nrf2 were further downregulated in 
Rubicon-KO cells following cabozantinib + Honokiol combination 
treatment (Fig-4C, right panel). Together, these observations suggest that 
cabozantinib + Honokiol combination treatment promotes oxidative 
stress-induced renal cancer cell death through the downregulation of 
Rubicon, which can be associated with decreased p62 and Nrf2. The 
complete knockout of Rubicon further facilitates the cell death pathway 
for this combination treatment; and these observations are supportive to 
our findings. However, in addition to the downregulation of Rubicon, it 
is possible that this combination treatment can also partly inhibit some 
other tumor-promoting pathway(s). 

3.5. Cabozantinib and Honokiol combination treatment inhibits renal 
tumor growth in vivo; and it is associated with decreased Rubicon, p62, 
HO-1 and vessel density in the tumor tissues 

Our in vitro studies clearly suggest that cabozantinib + Honokiol 
combination treatment can mediate a synergistic effect to promote 
oxidative stress-induced renal cancer cell death through the down
regulation of Rubicon and p62; and this can destabilize the anti-oxidant 
transcription factor, Nrf2. To evaluate the physiological significance of 
our in vitro findings, we tested the effect of this combination treatment in 
a renal tumor xenograft model. By utilizing the established doses of 
cabozantinib and Honokiol [7,26], the combination treatment signifi
cantly decreased the tumor volumes compared with either 
vehicle-treated controls or the individual treatment groups (Fig-5A and 
5B). We then checked the expression of molecular markers in tumor 
tissues of the treatment groups. As shown in Fig-6, the tumor vessel 
density (CD31) and proliferation index (Ki-67) was markedly reduced in 
the tumors following combination treatment. We then evaluated the 
expression of Rubicon, p62 and HO-1 (a functional effector of Nrf2). 
Interestingly, cabozantinib + Honokiol combination treatment mark
edly downregulated Rubicon, p62 and HO-1 in renal tumor tissues. 
Together, our in vitro as well as in vivo findings clearly suggest the 
cabozantinib + Honokiol combination treatment can be a potential 
therapeutic strategy to promote renal cancer cell death through the in
hibition of Nrf2 and increased oxidative stress. 

4. Discussion 

New therapeutic combinations are essential for the treatment of 
advanced renal cell carcinoma (RCC) and to overcome therapeutic 
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Fig. 3. Combination of XL-184 and Honokiol (HNK) effectively restricts c-Met induced upregulation of Rubicon, p62 and Nrf2 in renal cancer cells. (A-B) 
Gene expression of (A) KIAA0226 (RUBCN/Rubicon) and (B) SQSTM1 (p62) in normal and primary tumor samples in human kidney clear cell carcinoma (ccRCC) 
(left) and papillary cell carcinoma (right) was analyzed by UALCAN (****p < 0.0001; ns = non-significant). (C) Correlation analysis between c-Met-RUBCN 
(Rubicon), c-Met-SQSTM1 (p62), c-Met-NFE2L2 (Nrf2), RUBCN-NFE2L2, RUBCN-SQSTM1 and NFE2L2-SQSTM1 mRNA expression in human ccRCC was performed 
by OncoDB. (D) Basal protein expression of Rubicon, p62 and Nrf2 in normal renal epithelial cells (RPTEC) and renal cancer cells (786-0 and ACHN) were analyzed 
by Western blot. (E) Serum starved 786-0 and ACHN cells were treated with HGF (50 ng/mL)/vehicle for 24 h and the expression of Rubicon, p62 and Nrf2 were 
analyzed by Western blot. (F) 786-0 and ACHN cells were treated with combinations of XL-184 (5 μM), HNK (20 μM) or vehicle alone for 24 h; following treatments, 
lysates were collected and Western blot was performed to study the expression of Rubicon, p62 and Nrf2. (G) 786-0 and ACHN cells were treated as mentioned in (F) 
and cytosolic and nuclear fraction were prepared and Western blot was performed for Nrf2. Sp1 and GAPDH were used as loading controls for nuclear and cytosolic 
fractions, respectively. (H) 786-0 and ACHN cells were transfected with either control siRNA/p62 siRNA; cells were then treated with combinations of XL-184 (5 μM), 
HNK (20 μM) or vehicle for 24 h. Following treatments, lysates were collected and Western blot was performed for Nrf2. The knockdown of p62 following siRNA 
transfection was confirmed by Western blot (right panel). In D-H, Molecular weight markers (kDa) are shown on the left. The bar graphs under/beside the Western 
blots represent the relative expression of respective proteins by densitometry, where the signals were normalized to the expression of an internal control, β-Actin/ 
GAPDH/Sp1. The columns represent the average +/- SD of relative intensities (n = 3). Representative of three different experiments. *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001. 
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resistance. c-Met is highly overexpressed in renal cancer and promotes 
tumor growth; and it can induce therapeutic resistance [3,6,55]. Cabo
zantinib is a c-Met/RTK inhibitor, which is currently being used for the 
treatment of RCC patients. By targeting RTK-induced signaling path
ways, cabozantinib hinders tumor angiogenesis, proliferation, and 
metastasis. However, in advanced RCC, patients inevitably develop 
resistance against cabozantinib [28]. As mentioned before, Honokiol is a 
naturally occurring phenolic compound, which can inhibit c-Met-in
duced tumor-promoting pathways [8]. In this study, we have shown 
how a novel combination treatment using cabozantinib and Honokiol 
can restrict the growth of renal cancer cells; and how it can induce tumor 
cell death through increased oxidative stress by the inhibition of 
anti-oxidant transcription factor, Nrf2. 

Most of the therapeutic agents induce increased oxidative stresses 
within cancer cells through the generation of ROS, and they promote cell 
death pathways through apoptosis and autophagy [56]. Depending on 
the context, the process autophagy can play a dual role in terms of 

cancer progression versus inhibition. Although the inhibition of auto
phagy can be beneficial to treat certain cancer types/stages, lot of 
therapeutic agents promote cancer cell death through induced auto
phagy, often termed as toxic autophagy [57,58]. Also, autophagy can 
play a crucial role in mediating cancer cell death in apoptosis-resistant 
cells [59]. In this study, we found that cabozantinib + Honokiol can 
promote a synergistic effect in mediating renal cancer cell death through 
increased reactive oxygen species (ROS) generation, and thereby facil
itating cellular apoptosis and autophagy. 

The c-Met pathway can downregulate both apoptosis and autophagy 
in renal cancer cells [8,60]. As discussed earlier, Rubicon is a negative 
regulator of autophagy [61,62]; and according to the available database 
(as shown in Fig-3C), there is a positive correlation between c-Met and 
Rubicon in renal cancer. In this study, we found that the activation of 
c-Met markedly induces Rubicon in RCC cells, both clear cell and 
papillary types. p62 (SQSTM1) is an autophagy adaptor protein [13]; 
and the inhibition of autophagy can lead to increased accumulation of 

Fig. 4. Rubicon Knockout (KO) enhances XL-184- and HNK-mediated ROS generation and apoptosis in RCC cells. (A) Control and Rubicon KO CRISPR clones 
were treated with combinations of XL-184 (5 μM), HNK (15 μM) or vehicle for 6 h. Following treatments, cells were stained with ROS-ID dye and total ROS gen
eration was measured by flow cytometry and quantifications are presented as bar graphs (right panel). Data represent the mean ± SD of triplicate readings; 
representative of three different experiments. The knockout of Rubicon was confirmed by Western blot (right panel beside the bar graph). (B) Control clones and 
Rubicon KO clones were treated similarly as described in (B) for 24 h. Cells were then stained with Annexin V (APC) and propidium iodide (PI), and apoptotic indices 
were analyzed by flow cytometry and the percentage of total (early + late) apoptotic cells were quantified and represented as bar graphs (right panel). Data represent 
the mean ± SD of triplicate readings; representative of three different experiments. (C) Control clones and Rubicon KO clones were treated similarly as described in 
(B) for 24 h. Lysates were collected and Western blot was performed for Bcl-2, Bcl-xL, LC 3b I/II, p62, Nrf2 and β-actin. Molecular weight markers (kDa) are on the 
left. The bar graphs beside the Western blots represent the relative expression of p62 and Nrf2 by densitometry, where the signals were normalized to the expression 
of an internal control, β-Actin. The columns represent the average +/- SD of relative intensities (n = 3). Representative of three different experiments. In A- C, *p <
0.05, **p < 0.01, and ****p < 0.0001. 
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Fig. 5. XL-184 and HNK combination treatment markedly restricted renal tumor growth in a xenograft model. 786-0 cells were subcutaneously injected into 
flanks of athymic nude mice. Once palpable tumors were formed, mice were injected (IP) with combinations of XL-184 (15 mg/kg), HNK (2 mg/kg) or vehicle alone 
(n = 5 per group) for 3 weeks, and tumor volumes were measured. (A) Representative photographs of tumors excised on 30th day following tumor injection. (B) Line 
graph showing tumor volumes recorded at indicated time points. ***p < 0.001 compared with vehicle-treated control. 

Fig. 6. Combination treatment of XL-184 and HNK significantly decreased the expression of CD31, Ki-67, Rubicon, p62, and HO-1 in renal tumor tissues. 
Renal tumors sections obtained from athymic nude mice post XL-184 and HNK treatments were processed for immunohistochemistry. The figure illustrates 
representative photomicrographs (magnification ×400) showing immunohistochemical expression of CD31, Ki-67, Rubicon, p62 and HO-1 in harvested tumor 
tissues. Magnification: ×400. Columns, average values of intensity of stained proteins; bars, ±SD of five different readings. ****p < 0.0001 compared with vehicle- 
treated control. 
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p62. According to the available database (as shown in Fig-3C), there is a 
positive correlation between Rubicon and p62 in renal cancer cells. p62 
can play a critical role in the stabilization of Nrf2 through the degra
dation of Keap-1 [14,63]. Nrf2 is then translocated to the nucleus, where 
it promotes the transcription of anti-oxidant molecules, like, HO-1. 
Nrf2-HO-1 pathway is important for normal physiological processes 
and cytoprotection during oxidative stress [10,64]. However, cancer 
cells hijack this pathway for their own survival [7,65]. The over
activation of Nrf2 has been observed in various cancer types and has 
been associated with unfavorable treatment outcomes and therapeutic 
resistance [66]. We have reported that the activation of c-Met can 
induce Nrf2-HO-1 in renal cancer cells [7]. Importantly, p62 itself can 
also be regulated by Nrf2, establishing a positive feedback loop. Nrf2 
activation enhances p62 expression, which in turn amplifies Nrf2 sta
bilization and activity [67]. Perturbation of the Nrf2-p62 axis can 
disrupt antioxidant responses and increase the vulnerability to oxidative 
damage. Interestingly, in this study, we found that cabozantinib +
Honokiol combination treatment can markedly downregulate Rubicon, 
p62 and Nrf2 in RCC cell. Also, it significantly prevents the nuclear 
translocation of Nrf2. Thus, our findings suggest that that Honokiol can 
significantly facilitate cabozantinib-mediated renal cancer cell death 
through the inhibition of Rubicon-p62, destabilization of Nrf2 and 
increased oxidative stress. 

Although cabozantinib + Honokiol combination treatment could 
downregulate Rubicon in renal cancer cells, we also checked if the 
complete knockout (KO) of Rubicon can further increase the efficacy of 
the therapeutic combination in renal cancer cells. Our observations 
suggest that the deletion of Rubicon can promote further induction of 
ROS level and increase apoptotic cell death following combination 
treatment. It is also associated with further downregulation of p62 and 
Nrf2 in RCC cells. Thus, Rubicon appears to be a potential target to 
induce oxidative stress in renal cancer cells following therapeutic 
treatments through the downregulation of p62 and Nrf2. However, in 
addition to the downregulation of Rubicon, it is also possible that 
cabozantinib + Honokiol combination treatment can partly inhibit some 
other tumor-promoting pathway(s) that regulate the expression of p62 
and Nrf2. 

The observations from our in vivo experiments (renal tumor xeno
graft model) clearly support the in vitro findings. Cabozantinib + Hon
okiol combination treatment significantly reduced the volume of renal 
tumors compared with controls. The expression of Rubicon in the tumor 
tissues was markedly downregulated; and it was associated with 
decreased expression of p62 and HO-1 (an effector molecule of Nrf2). 
These finding suggest that the combination treatment can induce 
oxidative stress within renal tumors through downregulation of 
Rubicon, which can lead to decreased p62 and Nrf2. The elevated 
oxidative stress following cabozantinib + Honokiol combination treat
ment can facilitate tumor cell death through increased apoptosis and 
autophagy. This is supported by our findings as the renal tumors, after 
combination treatment, were associated with decreased vessel density 
and proliferation index. 

Together, the findings from this pre-clinical study suggest that 
cabozantinib + Honokiol combination can be a novel treatment strategy 
to inhibit c-Met-induced renal tumor growth and to promote oxidative 
stress-mediated tumor cell death. Honokiol can markedly enhance the 
therapeutic effectiveness of cabozantinib and inhibit key target proteins, 
Rubicon, p62 and Nrf2, involved in acquired therapeutic resistance. 
Destabilization of Nrf2 can promote oxidative stress within the tumor to 
facilitate cancer cell death through increased apoptosis and autophagy. 
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