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ABSTRACT
Standard chemotherapy regimens for gastric adenocarcinoma (GAC) have limited efficacy and 
considerable toxicity profiles. Nab-paclitaxel has shown promising antitumor benefits in previous 
GAC preclinical studies. Dovitinib inhibits members of the receptor tyrosine kinase family including 
FGFR, VEGFR and PDGFR, and has exhibited antitumor effects in many solid tumors including GAC. 
Based on the antimitotic, antistromal and EPR effects of nab-paclitaxel, we investigated augmenta-
tion of nab-paclitaxel response by dovitinib in multiple GAC preclinical models. In MKN-45 sub-
cutaneous xenografts, inhibition in tumor growth by nab-paclitaxel and dovitinib was 75% and 76%, 
respectively. Dovitinib plus nab-paclitaxel had an additive effect on tumor growth inhibition and 
resulted in tumor regression (85% of its original value). Dovitinib monotherapy resulted in minimal 
improvement in animal survival (25 days) compared to control (23 days), while nab-paclitaxel 
monotherapy or dovitinib plus nab-paclitaxel combination therapy led to a clinically significant 
lifespan extension of 83% (42 days) and 187% (66 days), respectively. IHC analysis of subcutaneous 
tumors exhibited reduced tumor cell proliferation and tumor vasculature by dovitinib. In vitro 
studies demonstrated that dovitinib and nab-paclitaxel individually reduced tumor cell proliferation, 
with an additive effect from combination therapy. Immunoblot analyses of MKN-45 and KATO-III 
cells revealed that dovitinib decreased phospho-FGFR, phospho-AKT, phospho-ERK, phospho- 
p70S6K, phospho-4EBP1, Bcl-2 and increased cleaved PARP-1, cleaved-caspase-3, p27, Bax, Bim, 
with an additive effect from combination therapy. These results demonstrate that the FGFR/ 
VEGFR/PDGFR inhibitor, dovitinib, has the potential to augment the antitumor effects of nab- 
paclitaxel, with implications for use in the advancement of clinical GAC therapy.
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Introduction

Gastric adenocarcinoma (GAC) has remained one of the 
leading cancers globally, placed at third for mortality and 
fifth for incidence.1 Many patients are diagnosed with an 
advanced stage of GAC, with the most common method of 
metastasis being peritoneal dissemination.2–4 The prognosis 
of GAC patients is typically poor despite treatment with 
available standard therapies. In most areas of the world, the 
estimated 5-year survival rate of gastric cancer is around 
20%, except for Japan and South Korea where rigorous 
screening programs led to the early-stage diagnosis and 
the resulting 5-year survival rate ranges from 65% to 
71.5%.5 Dependent upon patients’ age and treatment mod-
alities, advanced GAC has a median survival of ~ 4– 
13 months.6–8 A recently approved standard first-line ther-
apy for GAC includes the FLOT regimen, consisting of 
docetaxel, oxaliplatin, fluorouracil and leucovorin.9 

The second-line treatment of GAC includes irinotecan or 
taxane-based therapies.10–13 The likelihood of toxicity with 

these therapies remains high, especially with an increased 
number of agents added to the treatment regimen. In GAC, 
there is high chemoresistance associated with available 
therapies.14 Thus, more efficacious therapies with less toxi-
city are needed to improve the mortality and morbidity 
associated with GAC.

Nanoparticle albumin-bound paclitaxel (nab-paclitaxel, 
NPT), a solvent-free formulation of paclitaxel, is 
a microtubule inhibitor with anti-stromal properties. Nab- 
paclitaxel has a favorable toxicity profile and improved drug 
delivery compared to solvent-based paclitaxel.15 It was first 
approved in the US to treat metastatic breast cancer.16 Nab- 
paclitaxel has since been approved to treat advanced non-small 
cell lung cancer and pancreatic cancer.17,18 Previous studies in 
our laboratory have demonstrated stronger antitumor effects of 
nab-paclitaxel in gastric cancer compared to standard cytotoxic 
therapies.19
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Recently, comprehensive molecular characterization of 
GAC led to the advancement of targeted therapies that 
have improved the prognosis for patients with advanced 
GAC. Trastuzumab, a human epidermal growth factor 
receptor 2 (HER2) antibody, and ramucirumab, a vascular 
endothelial growth factor receptor 2 (VEGFR2) antibody, 
are approved targeted therapies for GAC.20,21 Recently, 
rilotumumab, a monoclonal antibody against mesenchymal- 
epithelial transition (MET) protein, demonstrated improved 
median survival for patients with high MET expression.22 

The success of these therapies exemplifies the therapeutic 
benefit of targeted treatment for GAC, along with the 
increased efficacy associated with combination therapy.

Like HER2 and VEGFR2, other growth factor signaling 
such as fibroblast growth factor receptor (FGFR) and plate-
let-derived growth factor receptor (PDGFR) also play 
a critical role in GAC tumorigenesis. Aberrant FGFR sig-
naling has been proven to mediate oncogenesis, cell prolif-
eration, differentiation, mitogenesis, angiogenesis, invasion, 
and drug resistance.23 FGFR2 gene amplification has been 
implicated specifically in gastric cancer development.24 The 
VEGF pathway is well-established as a critical regulator of 
the growth and metastatic dissemination of several solid 
tumors.25 VEGFR1 expression in gastric cancer is asso-
ciated with poor survival due to its ability to promote 
hematogenous metastasis.26 VEGFR2 signaling plays 
a major role in tumor angiogenesis including GAC.21 The 
overexpression of PDGF-β and PDGFR-β has been shown 
to promote tumor growth and angiogenesis and its associa-
tion with poor prognosis in GAC, implying the importance 
of this pathway as a therapeutic target.27–29 Further, the 
VEGF, FGF and PDGF signaling pathways seem to be 
highly connected in terms of inducing several similar onco-
genic pathways including PI3K/AKT, MAPK, PLC-γ and 
Src leading to increased tumor angiogenesis, suggesting 
the implication of FGF and PDGF signaling pathways in 
anti-VEGF therapy resistance.30,31 These findings suggest 
the significance of focusing on simultaneous inhibition of 
FGFR/PDGFR/VEGFR pathways in order to attain success-
ful antitumor effects in advanced GAC.

Dovitinib is an antiangiogenic agent that inhibits multi-
ple RTKs, including FGFRs, PDGFRs and VEGFRs with 
IC50 8–40 nM. It also inhibits FLT3, c-Kit, CSF-1 R/ 
c-Fms, EGFR, c-MET, IGFR1 and HER2 (Supplementary 
Table 1).32,33 Dovitinib has shown significant antitumor 
potential in a number of cancer types in preclinical 
models.34,35 This drug has been evaluated in some phase 
II clinical trials for its antitumor effects in gastric cancer 
(Clinicaltrials.gov). Several clinical trials have evaluated the 
effectiveness of dovitinib in other types of cancer, including 
advanced melanoma, renal cell carcinoma, and urothelial 
carcinoma.36–38 This drug is safe based on its evaluated 
pharmacokinetic and pharmacodynamic profile.39

Based on the antimitotic, antistromal and enhanced per-
meability and retention (EPR) effect of nab-paclitaxel, and 
the potential inhibitory effect of dovitinib on several GAC 
oncogenic pathways, this study aims to demonstrate the 
antitumor effects of dovitinib and its ability to augment 
nab-paclitaxel in preclinical GAC models.

Materials and methods

Reagents

Nab-paclitaxel was purchased from the Goshen Center for 
Cancer Care Pharmacy (Goshen, IN) and was dissolved in 
0.9% saline. Dovitinib was obtained from LC Laboratories 
(Woburn, MA). The cell proliferation agent, WST-1, was 
acquired from Roche Diagnostic Corporation 
(Indianapolis, IN).

Cell culture

Human GAC cell lines KATO-III and SNU-1 were obtained 
from American Type Culture Collection (ATCC, Rockville, 
MD). Human GAC MKN-45 cell line was purchased from 
Creative Bioarray (Shirley, Ny). The characteristics of these 
GAC cell lines are presented in Supplementary Table 2. 
These cells were cultured in RPMI 1640 medium (Sigma 
Chemical Co. St. Louis, MO) with 10% or 20% fetal bovine 
serum (FBS) at 37° Celsius in an incubator with 5% CO2. 
Human gastric fibroblasts were purchased from ScienCell 
Research Laboratories (Carlsbad, CA) and cultured in 
a fibroblast medium.

Cell viability assay

Cell viability assays were conducted in 96-well plates as 
previously described.40 Briefly, 4000 cells were plated in 
each well of a 96-well plate in a regular growth medium. 
After 24 hours, the medium was replaced with low serum 
(2% FBS) medium without phenol red. The cells were 
treated with different concentrations of nab-paclitaxel, 
dovitinib, or nab-paclitaxel plus dovitinib. After 72 hours 
incubation, 10 μl WST-1 reagent was added to each well 
and incubated for additional 2 hours. The absorbance was 
measured at a wavelength of 450 nm using Microplate 
Reader, and cell viability was calculated.

Western blot analysis

Subconfluent monolayers of KATO-III and MKN-45 cells were 
treated with nab-paclitaxel and dovitinib, incubated for 
16 hours, and whole cell lysates were prepared. Tumor lysates 
were prepared as previously described.41 Briefly, tumor tissues 
from subcutaneous xenografts were snap-frozen and stored at 
−80°C. These tissues were suspended in lysis buffer containing 
protease and phosphatase inhibitors and homogenized in 
a Bullet Blender Homogenizer (Next Generation, Averill 
Park, NY), and extracts were sonicated. Protein concentration 
was determined using a Bradford assay. Proteins were sepa-
rated on 10% polyacrylamide gels via electrophoresis and 
transferred to a PVDF membrane (Bio-Rad, Hercules, CA) 
for immobilization. These membranes were then incubated at 
4° Celsius overnight with specific antibodies: c-Met, phospho- 
c-Met, FGFR, phospho-FGFR, AKT, phospho-AKT, ERK, 
phospho-ERK, cleaved PARP-1, cleaved caspase-3, p27, Bcl-2, 
Bax, Bim, P70S6K, phospho-P70S6K, 4EBP1, phospho-4EBP1, 
and GAPDH (Cell Signaling Technology, Beverly, MA). This 
was followed by a 1-2-hour incubation with the corresponding 
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HRP-conjugated secondary antibodies (Cell Signaling). 
Protein bands were visualized using an enhanced chemilumi-
nescence reagent in an Image360 system and densitometry 
analysis was conducted. The intensity of the protein bands 
was quantified using Image J software. The mean densitometric 
values of independent protein bands were normalized to mean 
densitometric values of their respective total protein or 
GAPDH and plotted to present the relative protein expression 
levels. The standard curves were not employed for the quanti-
tation of different antigens.

In vivo studies

Animal experiments were conducted according to the 
Institutional Animal Care and Use Committee (IACUC) 
guidelines of the Indiana University School of Medicine. 
Mice were housed in a specific pathogen-free facility and sup-
plied an ad libitum diet including food and water. Female 
4-6-week-old NOD/SCID mice were purchased from Charles 
River Laboratories (Wilmington, MA).

In the cell-derived subcutaneous xenograft (CDX) model, 
MKN-45 (7.5 x 106) cells were injected subcutaneously into the 
right flank region of the mice. Ten days after tumor cell injec-
tion, mice were randomly assigned to four groups (n = 5 mice/ 
group) and injected intraperitoneally with PBS (control), nab- 
paclitaxel (10 mg/kg, twice weekly), dovitinib (30 mg/kg, three 
times weekly), or a combination of nab-paclitaxel and doviti-
nib for 2 weeks. The tumor size was measured twice weekly and 
tumor volume was determined using the following formula: 
Volume = ½ (Length x Width2). Two weeks later, mice were 
euthanized, and the tumors were removed, weighed, and pre-
pared for immunohistochemical analysis.

Immunohistochemical analysis

Subcutaneous tumors were fixed in 4% paraformaldehyde, 
dehydrated with sequential ethanol (25% to 100%), 
embedded in paraffin, and sectioned. Tumor sections 
(5 μm) were deparaffinized and rehydrated, and heat- 
mediated antigen retrieval was performed in citrate buffer. 

Figure 1. Dovitinib and nab-paclitaxel synergistically inhibit GAC cell-derived xenograft tumor growth: Subcutaneous xenograft tumor growth model utilizing 
MKN-45 cells (a-d). (a) Ten days after tumor cell injection, mice were randomized (N = 5) and treated with PBS (control), dovitinib, nab-paclitaxel, or nab-paclitaxel plus 
dovitinib over a 2-week period. Tumor size was measured twice weekly on days 1, 4, 8 and 12, and tumor volume was calculated. (b) Net tumor growth over the 2-week 
treatment period was calculated by using mean tumor volume on the last day minus tumor volume on the first day. * p < .05; ** p < .01; *** p < .001 by t-test. (c) At the 
end of the 2-week therapy period, mice were sacrificed, tumors were excised and weighed. * p < .05; ** p < .01 by t-test. (d) Mice were weighed twice weekly during the 
2-week therapy period. Mouse body weight is presented as a bar chart and the individual bars represent mean values on days 1, 4, 8 and 12 in different treatment 
groups. This data is expressed as mean values ± standard deviation for each treatment group. Statistical analysis was conducted by Student’s t-test for the individual 
group comparison and one-way ANOVA for multiple group comparisons.
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Tumor sections were then blocked in CAS buffer for 
20 minutes. Tumor cell proliferation was determined 
with an overnight incubation at 4° Celsius with anti- 
Ki67 antibody (Abcam, Cambridge, MA), followed by 
incubation for 40 minutes at room temperature with 
Cy3 secondary antibody. Fluorescence mounting solution 
was used to mount slides that were then viewed under 
a fluorescence microscope. Tumor cell proliferation was 
determined by counting Ki67-positive cells from 5 high- 
power fields (HPF). Microvessel density was determined 
by staining tumor sections with endomucin antibody 
(Millipore; MAB2624) overnight at 4° Celsius followed 
by incubation with Cy3 secondary antibody at room tem-
perature for 40 minutes. Using a fluorescence mounting 
solution and fluorescence microscope, microvessel density 
was calculated by counting endomucin positive vessels in 
five HPF. Fluorescence microscopy was performed with 
the Olympus microscope IX81 and images were obtained 
with a Hamamatsu Orca digital camera (Hamamatsu 
Corporation, Bridgewater, NJ) with a DSU spinning con-
focal unit using cellSens Dimension software (Olympus, 
Center Valley, PA).

Animal survival analysis

A peritoneal dissemination xenograft model, using 4-6-week- 
old female NOD/SCID mice, was used for the animal survival 
studies. Human GAC MKN-45 cells (10 x 106) were injected 
into the peritoneal cavity of mice. Ten days later, mice were 
randomly placed in four groups (n = 6 mice/group). These 
groups included treatment with PBS (control), nab-paclitaxel, 
dovitinib, and nab-paclitaxel plus dovitinib over a 2-week per-
iod, as described previously in the subcutaneous xenograft 
experiment. Moribund mice were euthanized following prede-
fined criteria, which include tumors exceeding 2 cm in any 
direction, rapid weight loss of 15–20%, lack of strength, 
lethargy or inability to remain upright. Survival was assessed 
from treatment initiation day until death.

Statistical analysis

A two-tailed Student’s t-test (GraphPad Prism 6.0 Software, 
San Diego, CA) was used to determine statistical significance 
for the comparison of individual groups. For in vivo tumor 
growth studies, the Student’s t-test was used for individual 

Figure 2. Dovitinib and nab-paclitaxel combination therapy significantly improves animal survival through a synergistic approach: Intraperitoneal dissemina-
tion model utilizing MKN-45 cells. Ten days after tumor cell injection, mice were randomized (N = 6) and treated with PBS (control), dovitinib, nab-paclitaxel, and nab- 
paclitaxel plus dovitinib over a 2-week period. A Kaplan-Meier survival curve is shown representing mice survival from the start of treatment until death. Log-rank 
testing was used to determine statistical differences between groups in terms of survival time.
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group comparisons, and the one-way ANOVA was used for 
multiple group comparisons. For the survival studies, nonpara-
metric testing was utilized for log-rank group comparisons 
(GraphPad Prism 6.0). In vitro cell proliferation data was 
reported as a mean with standard deviation. Values that had 
a p-value of <0.05 were considered statistically significant.

Results

Synergy of dovitinib and nab-paclitaxel leads to tumor 
regression

In order to determine a novel therapeutic approach for 
GAC, we first evaluated the effect of dovitinib and nab- 
paclitaxel therapy on tumor growth in MKN-45 cell- 
derived subcutaneous xenografts. Tumor growth was 
most impacted by combination therapy of nab-paclitaxel 
and dovitinib compared to nab-paclitaxel and dovitinib 
monotherapies (Figure 1a). Net tumor size reduction, 
calculated by subtracting tumor volume on therapy 
initiation day from that on the final day, for nab- 
paclitaxel was 75% and for dovitinib was 76%, compared 
to control (PBS treated). When used in combination, nab- 
paclitaxel and dovitinib caused the tumor to regress, and 
the total size reduced to 85% of its original value 
(Figure 1b). Tumor weight data in Figure 1c displays 
similar results, with the largest reduction in tumor weight 
after combined treatment of dovitinib and nab-paclitaxel 
at 84%. Tumor weight was reduced by 73% with dovitinib 
monotherapy and 56% with nab-paclitaxel monotherapy. 

Mouse body weight did not change significantly in any of 
the treatment groups (Figure 1d). This experiment sug-
gests that dovitinib and nab-paclitaxel have significant 
tumor growth inhibitory effects in GAC subcutaneous 
xenografts, and their combination was more effective.

Synergy of dovitinib and nab-paclitaxel significantly 
improves animal survival

Peritoneal metastasis is a hallmark of advanced GAC that is 
associated with a poor prognosis. Therefore, we next sought 
to identify the effect of dovitinib and nab-paclitaxel therapy 
in enhancing animal survival in MKN-45 cell-derived peri-
toneal dissemination xenografts. The median survival for 
the mice treated with dovitinib alone was 25 days, not 
statistically different from the median survival of the con-
trol mice (PBS treated) at 23 days. When the control mice 
died, tumors were present in all parts of the stomach, and 
metastases were found in the liver, peritoneum, lung and 
gallbladder. The mice treated with nab-paclitaxel alone had 
a median survival of 42 days and a lifespan extension of 
83% compared to control with a p-value of 0.0014. The 
mice treated with both nab-paclitaxel and dovitinib had 
a median survival of 66 days and a 187% extension in 
lifespan with a p-value of 0.0006 (Figure 2). These findings 
indicate that single-agent dovitinib has no significant effect 
on increasing animal survival, but it was able to improve 
nab-paclitaxel response in the GAC metastatic peritoneal 
dissemination model.

Figure 3. Dovitinib and nab-paclitaxel reduce tumor cell proliferation and tumor vasculature in GAC cell-derived xenograft: Tumor sections derived from MKN- 
45 xenografts after 2-week therapy with control, dovitinib, nab-paclitaxel, and nab-paclitaxel plus dovitinib were analyzed by IHC. (a) Tumor cell proliferation was 
determined after incubating tumor sections with anti-Ki67 antibody followed by counting the Ki67-positive cells from 5 high-power fields (HPF). Cell nuclei stained with 
Ki67 (red) and DAPI (blue) are illustrated at 20X magnification. ** p < .01; **** p < .0001 by t-test. (b) Microvessel density was determined by incubating with endomucin 
antibody followed by calculating endomucin positive vessels in 5 HPF. Endomucin positive microvessel (red) and cell nuclei (DAPI, blue) are illustrated at 20X 
magnification. **** p < .0001 by t-test. The results are displayed as mean values ± standard deviation for each treatment group.
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Dovitinib reduces tumor cell proliferation, vasculature 
and alters the expression of marker proteins

To investigate the biological impact of dovitinib and nab- 
paclitaxel therapy in GAC tissues, we performed IHC analysis 
of MKN-45 xenograft tumor sections. We observed that dovi-
tinib combined with nab-paclitaxel had the greatest impact on 
tumor cell proliferation reduction (by 75%) after Ki67 staining 
compared to controls. Reduction in tumor cell proliferation by 
single-agent therapy with nab-paclitaxel and dovitinib was 58% 
and 39%, respectively (Figure 3a).

In MKN-45 subcutaneous tumors, dovitinib exhibited sig-
nificant alleviation in tumor vasculature and reduction in 
microvessel density as monotherapy and in combination with 
nab-paclitaxel was 82% and 83%, respectively. Nab-paclitaxel 
monotherapy had no significant impact on tumor vasculature, 
and it reduced microvessel density by only 6.3% compared to 
control (Figure 3b).

Further investigation of dovitinib’s intratumoral mechan-
ism of action by Immunoblot analysis of MKN-45 subcuta-
neous tumors demonstrated that dovitinib treatment led to 
a dramatic reduction in phospho-c-Met and phospho-FGFR 
protein levels and the PI3K/MAPK pathway proteins phospho- 
AKT, phospho-ERK, phospho-P70S6K and phospho-4EBP1. 
Dovitinib also led to an increase in apoptosis-marker protein 
cleaved caspase-3 (Figure 4).

Dovitinib diminishes gastric cancer cell viability in vitro

The potential clinical relevance of dovitinib and nab-paclitaxel 
combination therapy was further confirmed by analyzing their 
effect on cell viability of multiple mutationally different GAC 
epithelial cells and gastric fibroblasts. We observed that dovi-
tinib treatment resulted in growth inhibitory effects and its 
combination with nab-paclitaxel exhibited additive response 
in GAC associated cells (Figure 5). In the MKN-45 cell line at 
1 μM and 10 μM concentrations, reduction in cell viability was 
13% and 63% (dovitinib), 59% and 53% (nab-paclitaxel), and 
72% and 81% (nab-paclitaxel plus dovitinib), respectively 
(Figure 5a). In the KATO-III cell line at 1 μM and 10 μM 
concentrations, decrease in cell viability was 75% and 85% 
(dovitinib), 65% and 69% (nab-paclitaxel), and 84% and 88% 
(nab-paclitaxel plus dovitinib), respectively (Figure 5b). In the 
SNU-1 cell line at 1 μM and 10 μM concentrations, reduction 
in cell viability was 45% and 65% (dovitinib), 53% and 61% 
(nab-paclitaxel), and 64% and 74% (nab-paclitaxel plus dovi-
tinib), respectively (Figure 5c). In gastric fibroblasts, a marker 
of GAC stromal cells, dovitinib lessened cell viability by 33% at 
1 μM and 74% at 10 μM; nab-paclitaxel lessened cell viability by 
25% at 10 nM and 71% at 100 nM. Cell viability reduction for 
nab-paclitaxel plus dovitinib was the greatest compared to all 
of the other treatments with 52% and 81%, respectively 
(Figure 5d). These in vitro results indicate a more generalized 

Figure 4. Dovitinib alters marker protein expression in MKN-45 xenografts: Tumor lysates were prepared from MKN-45 subcutaneous xenograft tumors. The 
images represent Western blot data of at least three independent experiments with identical outcomes. The intensity of protein bands was quantitated by densitometry 
and represented in the bar graph after normalizing values with corresponding total protein or GAPDH. * p < .05; ** p < .01; *** p < .001; **** p < .0001 by t-test.
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higher inhibitory effect of dovitinib and nab-paclitaxel combi-
nation on GAC cell viability irrespective of their mutational 
and molecular characterization.

Dovitinib alters the expression of marker oncogenic 
protein

To further delineate the molecular mechanisms underlying 
the efficacy of dovitinib, either alone or in combination 
with nab-paclitaxel, we performed Immunoblot analysis of 
mutationally different human GAC MKN-45 and KATO-III 
cells. Consistent with the inhibition in cell viability 
observed in vitro, dovitinib decreased the expression of pro- 
oncogenic proteins in the RTK family, including phospho- 
Met, phospho-FGFR, phospho-AKT, phospho-ERK, phos-
pho-p70S6K and phospho-4EBP1. Dovitinib demonstrated 
an increase in expression of proapoptotic proteins including 
cleaved PARP-1, cleaved caspase-3, Bax and Bim, and 
a reduction in expression of the antiapoptotic protein Bcl- 
2. Dovitinib also induced the expression of cyclin- 
dependent kinase inhibitor p27 (Figure 6, Supplementary 
Figure S1 and S2).

Discussion

Treating GAC has been challenging due to the poor clinical 
efficacy, chemoresistance and toxicities associated with cur-
rent standard therapies. Due to the rise of molecular 

characterization of GAC, there are newer avenues consist-
ing of targeted therapies to improve clinical outcomes of 
GAC patients. There is limited efficacy of single-target 
therapies in this disease due to the multifactorial nature 
of GAC and the development of drug resistance is com-
monplace. GAC is characterized by the aberrant signaling 
of multiple growth factors, including FGF/FGFR, VEGF/ 
VEGFR, PDGF/PDGFR and HGF/HGFR. The significant 
role that these growth factors and their receptors play in 
GAC progression demonstrates the need for multi-targeted 
therapies to effectively treat GAC, in addition to che-
motherapeutic agents.

Due to the critical role of peritoneal metastasis associated 
with a poor prognosis in advanced GAC, we tested several 
GAC cell lines to establish a peritoneal dissemination animal 
survival model. Among these cell lines, MKN-45 cells were 
most suitable based on their aggressive metastatic progression 
pattern in the peritoneal dissemination survival model and 
subcutaneous tumor growth pattern. Furthermore, MKN-45 
cells are clinically relevant in GAC studies as these cells have 
c-MET amplification, p15 & p16 mutations, and FGFR/ 
VEGFR /PDGFR/EGFR expression.42–45

In this study, treatment with dovitinib showed that simul-
taneous targeted inhibition of FGFR, PDGFR and VEGFR 
pathways can improve outcomes in GAC, specifically when 
used in combination with the nanoparticle-based chemother-
apeutic agent, nab-paclitaxel. When dovitinib was added to 
nab-paclitaxel in the GAC peritoneal dissemination mouse 

Figure 5. Dovitinib and nab-paclitaxel diminish GAC cell viability in vitro: GAC epithelial cells (MKN-45, SNU-1, KATO-III) and gastric fibroblasts were plated on 96-well 
plates and treated with varying concentrations of dovitinib and nab-paclitaxel (a-d). After 72 hours, WST-1 reagent was added to each well and incubated for an 
additional 2 hours. Cell viability was calculated from absorbance measurements at a wavelength of 450 nm. This data is expressed as mean values ± standard deviation 
of triplicate determinations for each treatment group.
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xenograft model, there was a significant improvement in mice 
survival. Dovitinib monotherapy was unsuccessful at prolong-
ing animal survival, indicating that when used alone, the tar-
geted effects against multiple growth factors signaling may be 
less effective in this setting. The presence of metastasis to the 
liver, peritoneum, lung and gallbladder, in the peritoneal dis-
semination model, might explain the limited benefit of doviti-
nib monotherapy in this setting. Previous studies have 
demonstrated difficulties in targeting cancer metastasis due to 
the fact that the signaling pathways driving metastasis can vary 
between primary and secondary tumors.46 Consistent with our 
findings, prior preclinical and clinical studies of different tar-
geted therapies have exhibited limited benefit when used as 
monotherapy.47–49

Dovitinib exhibited strong antitumor effects in subcuta-
neous GAC models by resulting in tumor regression when 
added to nab-paclitaxel therapy. Dovitinib reduced tumor 

size equal to that of nab-paclitaxel monotherapy, indicating 
that its targeted effects may be more effective in the tumor 
microenvironment associated with subcutaneous xenografts. 
Dovitinib augments nab-paclitaxel in reducing tumor cell pro-
liferation and tumor vasculature, supporting its beneficial role 
as an antiangiogenic and antiproliferative agent through tar-
geting growth factor-induced angiogenesis. This information 
supports the addition of targeted therapy to a systemic che-
motherapeutic agent in treating advanced GAC to provide the 
best outcome in terms of both tumor size and survival. 
Although MKN-45 cells do not harbor driver mutation/ampli-
fication for the main targets of dovitinib, this cell line has been 
shown to express several oncogenic growth factors and their 
receptors including FGFR, PDGFR, VEGFR, EGFR and c-Met 
that are targets of this drug.42–45 Analysis of MKN-45-cell 
derived tumor tissues demonstrated that dovitinib not only 
inhibits the expression of phospho-FGFR but it also inhibits 

Figure 6. Dovitinib and nab-paclitaxel alter the expression of key oncogenic proteins in GAC cells: Subconfluent cultures of MKN-45 and KATO-III cells were 
treated with dovitinib and nab-paclitaxel and incubated for 16 hours. Whole cell lysates were prepared then protein expressions were determined via Western blot 
analysis. The images represent Western blot data of at least three independent experiments with identical outcomes.
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phospho-c-Met expression. Although, no detectable expression 
of VEGFR or PDGFR was observed in the tumor tissues but 
importantly, dovitinib inhibited PI3K/AKT and MAPK signal-
ing that are the most common downstream signaling of FGFR/ 
VEGFR/FGFR/c-Met. Further, in addition to the direct impact 
of dovitinib on tumor epithelial cells, the antiangiogenic stro-
mal effect might be playing an important role in the overall 
antitumor efficacy of this drug.

Based on the in vitro cell viability analysis results, dovi-
tinib had a differential antiproliferative effect in mutation-
ally different human GAC cell lines MKN-45, KATO-III 
and SNU-1, and gastric fibroblasts, indicating its diversified 
impact on gastric cancer epithelial and stromal cells. 
Dovitinib had the greatest antiproliferative effects in the 
FGFR2 overexpressing KATO-III cell line compared with 
FGFR2 low-expressing MKN-45 and SNU-1 cell lines. 
Immunoblot analysis results support that dovitinib inhibits 
FGFR pathways, including PI3K/AKT and MAPK/ERK. 
These findings suggest the potential of dovitinib therapy 
in GAC patient population with FGFR2 amplification. The 
expression of VEGFR and PDGFR was below the detection 
limit in MKN-45 and KATO-III cells. Therefore, the impact 
of dovitinib on these targets couldn’t be determined. 
However, the downstream effectors of VEGFR and 
PDGFR pathways such as PI3K/AKT and MAPK were sig-
nificantly alleviated by dovitinib treatment.

Nab-paclitaxel has proven to have stronger antitumor 
effects on GAC than contemporary, cytotoxic agents includ-
ing docetaxel, oxaliplatin and epirubicin.9,19 The benefits of 
nab-paclitaxel compared to other agents include enhanced 
transport, permeability and retention resulting in increased 
tissue distribution and tumor penetration, which can be 
attributed to its anti-mitotic and anti-stromal 
properties.50–53 Using drugs that inhibit PI3K has been 
shown to make tumors more susceptible to paclitaxel.54–56 

Due to its solvent-free, nanoparticle formulation property, 
nab-paclitaxel results in higher tumor retention and lower 
toxicity compared to standard paclitaxel.51 Nab-paclitaxel 
has been shown to increase tumoral delivery of targeted 
drugs when used in combination.53,57 Both nab-paclitaxel 
and dovitinib have the ability to enhance other therapeutic 
agents when treating GAC, supporting the synergistic out-
come evidenced by this study. How dovitinib enhances 
nab-paclitaxel response has still not been solidified, how-
ever, some of the possible explanations include the inhibi-
tion of angiogenesis, decrease in stromal growth, and 
enhancement of tumoral delivery of the drugs.52,58

The development of advanced GAC depends on several 
factors, including cell proliferation, migration, angiogenesis, 
invasion, and metastasis. A combination therapeutic regi-
men should have the ability to target most, if not all, of 
these factors with limited toxicity, in order to provide the 
best outcome for patients with advanced GAC. This study 
presents the multi-kinase inhibitor, dovitinib, as an effica-
cious targeted therapy for GAC, with the ability to augment 
the effects of new-generation chemotherapy, nab-paclitaxel, 
in preclinical models, providing another gateway for future 
clinical treatment of advanced GAC.
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