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Abstract: Angiogenesis plays a key role in tumor growth. Vascular endothelial growth 

factor (VEGF) is a pro-angiogenic that is involved in tumor angiogenesis. When VEGF binds 

to membrane-bound vascular endothelial growth factor receptor 2 (mVEGFR2), it promotes 

angiogenesis. Through alternative polyadenylation, VEGFR2 is also expressed in a soluble 

form (sVEGFR2). sVEGFR2 sequesters VEGF and is therefore anti-angiogenic. The aim of 

this study was to show that treatment with a previously developed and reported antisense 

morpholino oligomer that shifts expression from mVEGFR2 to sVEGFR2 would lead to 

reduced tumor vascularization and growth in a murine colon cancer xenograft model. 

Xenografts were generated by implanting human HCT-116 colon cancer cells into the flanks 

of NMRI nu/nu mice. Treatment with the therapeutic morpholino reduced both tumor growth 

and tumor vascularization. Because the HCT-116 cells used for the experiments did not 

express VEGFR2 and because the treatment morpholino targeted mouse rather than human 

VEGFR2, it is likely that treatment morpholino was acting on the mouse endothelial cells 

rather than directly on the tumor cells.  
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1. Introduction 

Angiogenesis, or the growth of new blood vessels, plays a key role in tumor growth and invasion [1,2]. 

Because of this, the reduction of tumor angiogenesis is an important target in cancer treatment. Multiple 

factors influencing blood vessel growth have been identified, including vascular endothelial growth 

factor (VEGF), platelet derived growth factor (PDGF), fibroblast growth factor (FGF), neuropilin 

(NRP), and cadherin [3–7]. VEGF has been shown to play a particularly important role in tumor 

angiogenesis and is the target of several anti-cancer medications [8,9]. Targeting VEGF has been shown 

to be useful in treatment of several cancers, including colon cancer, ovarian cancer, and glioblastoma 

multiforme [10–12]. 

VEGF binds to several different receptors [13]. The primary angiogenic receptor for VEGF is vascular 

endothelial growth factor receptor 2 (VEGFR2), which is also referred to as KDR [14,15]. Because of 

alternative polyadenylation, VEGFR2 is expressed in two different isoforms, membrane-bound VEGFR2 

(mVEGFR2) and soluble VEGFR2 (sVEGFR2) [16,17]. mVEGFR2 is pro-angiogenic and consists of 7 

extracellular domains, a transmembrane domain, and tyrosine kinase domains [14,15]. sVEGFR2 is 

composed of only the extracellular portion of the molecule and does not contain the tyrosine kinase 

domains; therefore sVEGFR2 is anti-angiogenic and anti-lymphangiogenic [16,18]. 

Anti-sense technology has been used in the past to induce alternative splicing [19,20]. Our laboratory 

has previously developed and reported an antisense morpholino oligomer directed against the exon 13-intron 

13 junction that shifts expression from mVEGFR2 to sVEGFR2 [18]. We previously showed that this 

morpholino reduces mVEGFR2 and increases sVEGFR2 at both an mRNA and protein level. Using this 

morpholino, we successfully reduced laser photocoagulation induced choroidal neovascularization with 

intravitreal injection, decreased corneal neovascularization with subconjunctival injection, and 

suppressed corneal graft rejection with subconjunctival injection [18]. As our morpholino was successful 

in treating ocular models of neovascularization, we hypothesized that the morpholino would successfully 

reduce tumor neovascularization and growth. 

2. Results and Discussion 

2.1. In Vitro HCT 116 Cells Do Not Express VEGFR2 in Either Isoform 

To ensure that the treatment morpholino was acting only on the effects of VEGFR2 on the 

vasculature, we used a xenograft model and verified that the human cancer cells that we used (HCT116) 

did not express VEGR2. RT-PCR showed that in vitro HCT 116 cells did not express VEGFR2 in either 

of its isoforms, while HUVEC control did (Figure 1). This result was confirmed with real-time PCR 

(Figure 2). 
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Figure 1. PCR was used to evaluate in vitro HCT 116 cells for VEGFR2 expression. This 

1.2% agarose electrophoresis image shows no expression of mVEGFR2 and sVEGFR2 by 

HCT 116 cells, but positive expression of both by HUVEC controls. 

 

Figure 2. Real-time PCR also showed that the in vitro HCT 116 cells did not express 

VEGFR2 in either isoform. This confirmed the RT-PCR results presented in Figure 1. In this 

figure, the HCT116 does show some elevation, however the melting curve does not show a 

peak so this is a false positive result. 

 Temperature (°C) 

Temperature (°C) 

Temperature (°C) 
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2.2. sVEGFR2-Inducing Morpholino Decreases Proliferation of Endothelial Cells but Does Not 

Decrease Proliferation of HCT116 Cells in Vitro 

To confirm that the sVEGFR2-inducing morpholino decreases endothelial cell proliferation but does 

not have direct effect on HCT116 cells, in vitro cell proliferation assays were performed. At a lower 

concentration of 4 micrograms/milliliter, neither the standard morpholino nor the sVEGFR2-inducing 

morpholino affected proliferation of both Human aortic endothelial cells (HAEC) and HCT116. At a 

higher concentration of 40 micrograms/milliliter, the sVEGFR-2 inducing morpholino decreased 

proliferation of HAEC but the standard morpholino did not. However, at the higher concentration, both 

the standard morpholino and the sVEGFR2-inducing morpholino decreased HCT116 proliferation  

(p < 0.001) (Figure 3). As both the control and treatment morpholino exhibited this effect, it is most 

likely related to toxicity of the morpholino at a high concentration on the more fragile HCT 116 cells 

rather than changes of VEGFR2 expression. This toxicity is possible due to dendrimer formation [21]. 

These results suggest that the sVEGFR2-inductin morpholino has a direct effect on the endothelial cells 

but no direct effect on the HCT-116 cells. 

Figure 3. At concentrations of 4 μg/mL, the control and treatment morpholino did not affect 

neither HAEC proliferation nor HCT 116 proliferation at both 24 and 48 h. At higher 

concentrations of 40 μg/mL, the treatment morpholino decreased proliferation of HAEC but 

the control morpholino did not. At the higher concentration, both the control and treatment 

morpholinos decreased HCT116 proliferation (p < 0.001). 
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2.3. Treatment with sVEGFR2-Inducing Morpholino Decreases Tumor Growth in Vivo 

HCT116 cells were injected subcutaneously into the flank of 6-week-old NMRI nu/nu mice (Jackson 

Laboratories, Farmington, CT, USA). One week after injection of the cells, treatment was initiated with 

the sVEGFR2-inducing morpholino, a standard control morpholino, or HBSS as a control. Seventeen 

days after initiation of treatment, the average tumor volumes were 895 mm3 in the sVEGFR2-inducing 

morpholino group, 1,890 mm3 in the standard morpholino group, and 1,935 mm3 in the HBSS group  

(n = 5) (Figure 4). There was a statistically significant difference between the sVEGFR2-inducing 

morpholino group and both controls (p = 0.035) at 17 days after initiation of treatment, but no statistically 

significant difference between the controls. 

Figure 4. The graph shows tumor volume at 4, 7, 10, 14, and 17 days after initiation of 

treatment. There was a statistically significant difference between the sVEGFR2-inducing 

morpholino group and both controls (* denotes p = 0.035) at 17 days after initiation of 

treatment, but no statistically significant difference between the controls.  

 

2.4. Treatment with sVEGFR2-Inducing Morpholino Decreases Tumor Vascularization 

Seventeen days after the initiation of treatment, tumors were harvested for vascularization analysis. 

Fluorescent microscopy of tumor sections using staining for endothelial cells showed that the percentage 

of tumor area covered by blood vessels was 0.67% in the sVEGFR2-inducing morpholino group,  

2.8% in the standard morpholino group, and 3.7% in the HBSS group (n = 4). There was a statistically 

significant difference between the sVEGFR2-inducing morpholino group and both controls, but no 

statistically significant difference between the controls (Figure 5, p = 0.03 for sVEGFR2 to Std and  

p = 0.05 for sVEGFR2 to HBSS). 
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Figure 5. The graph shows average percentage of vascularized area of histological sections of 

tumors from each of the experimental groups. There was a statistically significant difference 

between the sVEGFR2-inducing morpholino group and both controls, but no statistically 

significant difference between the controls (* denotes statistical significance, p = 0.03 for 

sVEGFR2 to Std and p = 0.05 for sVEGFR2 to HBSS). Above the graph is a representative 

image from the HBSS, standard morpholino (Std mo), and sVEGFR2-inducing morpholino 

(sVEGFR2 mo) groups. Blue is DAPI staining and green is Isolectin staining for blood vessels. 

 

3. Experimental Section 

3.1. Morpholino Oligomers 

Morpholino oligomers were purchased from Gene Tools (Philomath, OR, USA). The sequence of the 

treatment morpholino is 5'-CACCCAGGGATGCCTCCATACCTAG-3'. We have previously shown 

that this morpholino shifts expression of from mVEGFR2 to sVEGFR2 in mice at both a protein and an 

mRNA level [18]. Standard morpholino oligomers were used as a control. The sequence for the standard 

nonsense morpholinos is 5'-CCTCTTACCTCAGTTACAATTTATA-3'. 

3.2. Tumor Cells 

HCT 116 (human colon cancer) cells were used for all experiments (American Type Culture Collection 

(ATCC, Manassas, VA, USA) following the manufacture’s protocols. PCR was used to evaluate HCT 

116 cells for VEGFR2 expression. After culturing for three days in a six well plate, total RNA was 

extracted by RNAeasy kit (Qiagen, Valencia, CA, USA). After DNaseI treatment (Sigma-Aldrich,  

St. Louis, MO, USA), 750 ng total RNA was used for reverse transcription (Omniscript, Qiagen) using 

Oligo dT. An aliquot of cDNA (75 ng, 2 mL) was used for PCR. The sVEGFR2 primer sequence (forward 

5'-ACCAAGGCGACTATGTTTGC-3', reverse 5'-CAATTCTGTCACCCAGGGAT-3') and the mVEGFR2 primer 
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sequence (forward 5'-ACCATTGAAGTGACTTGCCC-3', reverse 5'-CCGGTTCCCATCTCTCAGTA-3') 

have previously been reported [18]. The PCR conditions were 95 °C for 2 min, then 30 cycles of 94 °C 

for 15 s, 55 °C for 30 s and 72 °C for 30 s. Samples were also run for 40 cycles. Samples were run in 

1.2% agarose electrophoresis. The PCR did not show any expression of either mVEGFR2 or sVEGFR2 

by the HCT116 cells after either 30 cycles or 40 cycles. To confirm this result, real-time PCR was 

performed. For real-time PCR, 1 mL (37.5 ng) of cDNA was used for SYBR green real-time PCR 

(Qiagen) in 25 mL with 0.3 µM primers. The CFX96 real-time PCR detection system was used (BioRad, 

Hercules, CA, USA). The real-time PCR conditions were 95 °C for 15 min, 94 °C for 15 s, then 40 cycles 

of 55 °C for 30 s and 72 °C for 30 s. After the reaction, the melting curve was from 60 °C to 95C. N = 4, 

Ct value is reported as average ± standard deviation. Statistics were not performed because HCT116 

showed a false positive. Absence of HCT116 expression of VEGFR2 in either isoform was confirmed 

to ensure that any effect of the treatment morpholino would be as a result of acting on the murine 

neovascularization and not a direct effect on the tumor cells.  

3.3. Cell Proliferation Assay 

The cell proliferation assay was performed using Cell Counting Kit-8 (Dojinod, Rockville, MD, USA) 

following the manufacture’s protocol. Briefly, 1,000 cells of either human aortic endothelial cells 

(HAEC, Lonza, Basel, Switzerland) or HCT116 were plated to a 96 well plate with 100 mL of 10% 

FBS/McCoy5'A. The next day, 10 mL of standard morpholino, sVEGFR2-inducing morpholino, or 

mock was added. We tested 4 μg/mL and 40 μg/mL concentrations of mopholinos. After 24 and 48 h, 

10 mL of cell counting-8 kit solution was added to each well. After 1 h of incubation, the absorbance of 

450 nm was measured. 

3.4. Mice and Tumor Xenograft Model 

All mice-related procedures were reviewed and approved by the University of Utah Institutional 

Animcal Care and Use Committee (protocol number 11-03008, approved March 7, 2011) and are in 

accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. Care 

was taken to ensure that the minimum number of animals was used and that harm to the animals was 

minimized. 6-week-old NMRI nu/nu mice (Jackson Laboratories, Farmington, CT, USA) were used for 

xenograft studies. The xenograft studies were conducted using methods previously described [22,23]. 

Briefly, HCT116 cells were prepared and cared for using the standard manufacturer’s protocol.  

3.0 × 106 cells were injected subcutaneously into the flank of each mouse. One week after injection of 

the cells, treatment was initiated. The treatment group received the sVEGFR2-inducing morpholino  

(500 ng/mL, 50 mL injection) and the control groups received either standard morpholino 500 ng/mL, 

50 mL) or HBSS (50 mL injection). Tumors were directly injected with treatment twice weekly for a 

period of 17 days. Direct tumor injection was used rather than systemic injection to limit the amount of 

morpholino required. Tumor size was measured using calipers twice weekly and tumor volume was 

estimated using the formula volume = (width)2 × length/2. The volumes at days 4, 7, 10, 14, and 17 were 

averaged and a one-tailed Student’s t-test was used to evaluate for statistical significance at each time 

point (n = 5). 
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3.5 Tumor Vascularization Analysis 

Seventeen days after the initiation of treatment, tumors were harvested for vascularization analysis. 

To evaluate the effect of treatment on tumor vascularization, fluorescent staining was performed on 

tumor sections. After tumors were harvested, they were fixed in 4% PFA. Each cryosection was stained 

by Isolectin conjugated Alexa488 (Invitrogen, #I21411, Grand Island, NY, USA) for blood vessel 

staining. Isolectin GS-IB4 has been used previously for endothelial staining and some studies have 

shown its binding of endothelial cells [24–27]. Images of the slides were captured by confocal 

microscope (Olympus, Center Valley, PA, USA). The positive area was calculated after binalizing the 

image using ImageJ [28]. The percentage of area of vascularization was averaged for each treatment 

group and a one-tailed student’s t-test was used to evaluate for statistical significance.  

4. Conclusions 

Anti-VEGF therapy has become established as an anti-angiogenic cancer therapy [8,9]. Multiple 

drugs to block VEGF signaling have been developed and successfully used in cancer treatment, including 

bevacizumab and aflibercept [29–33]. One significant concern with these therapies is the development 

of resistance to anti-VEGFs during treatment [34]. Further evaluation of the VEGF signaling pathway 

has taken place to identify therapeutic alternatives to direct anti-VEGF therapy. 

VEGFR2 plays an important role in cancer growth through two distinct mechanisms: a direct effect 

on certain tumor cells that express VEGFR2 and a pro-angiogenic effect on the vasculature supplying 

nutrients to the tumor [35–37]. Over the past decade, VEGFR-2 has been explored as a therapeutic target 

because of its role in angiogenesis. The primary modalities aimed toward this target have been  

anti-VEGFR2 antibodies, siRNAs, and small-molecule VEGFR2 inhibitors (e.g., sunitinib). These 

treatments have had success in a number of preclinical animal studies and clinical trials, both through 

direct and indirect modulation of tumor cells and vasculature [38–42]. On the other hand, some 

publications on anti-VEGF inhibitors have also reported either an increase in malignant features of the 

tumor or a mixed response to therapy [43–46]. While the reason for this is likely multifactorial, we 

suggest that the effect of the drugs on the balance of VEGFR2 membrane-bound and soluble isoforms 

may be partially contributory. 

In a previous paper, we developed a morpholino that shifts expression of mVEGFR2 to sVEGFR2 by 

targeting alternative polyadenylation. sVEGFR2 is produced by utilization of polyadenylation signals 

within intron 13 in mice [18]. In our previous paper, we demonstrated that this latent polyadenylation 

site could be activated by blocking the upstream 5' splice site (exon 13-intron-13 junction) with a 

morpholino targeted to this sequence. Causing this alternative polyadenylation lead to decreased 

mVEGFR2 and increased sVEGFR2. We showed that this shift in gene expression led to decreased 

angiogenesis in a choroidal neovascularization model, corneal neovascularization model, and a corneal 

transplant model [18]. 

In the current paper, we show that the sVEGFR2-inducing morpholino decreases tumor vascularization 

and tumor growth in a mouse xenograft model. This gene therapy technique has the advantage of 

decreasing angiogenesis by both decreasing a pro-vascularization molecule (mVEGFR2) and increasing 

an anti-vascularization molecule (sVEGFR2). sVEGFR2 has been shown to bind to VEGF-A and 
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VEGF-C [16,17]. The HCT116 cells used in this experiment do not express VEGFR2 in either isoform while 

mouse endothelial cells do. Therefore, is likely that the effects of the sVEGFR2-inducing morpholino are 

taking place in the mouse endothelial cells rather than the HCT116 cells. To further support this, the  

in vitro cell proliferation assays showed that the sVEGFR2-inducing morpholino does not affect 

HCT116 proliferation but does affect HAEC proliferation. 

The existence of both membrane-bound and soluble isoforms of the same receptor is not unique to 

VEGFR2. Many other receptors have both of these isoforms, including VEGFR1 and Tie2 [47]. There 

are at least two distinct mechanisms for the creation of soluble and membrane-bound isoforms: 

Alternative splicing and shedding [47,48]. Shedding refers to post-translation cleavage of the 

extracellular portion of the receptor. Soluble Tie2 is an example of this [48]. Alternative splicing refers 

to pre-translational modification of mRNA to produce a soluble form, both VEGFR1 and VEGFR2 have 

been shown to have alternative splicing for soluble isoforms [18,49]. The role of shedding for production 

of sVEGFR2 has been discussed, but is not yet clear [50]. The morpholino presented in this paper targets 

alternative splicing and is not focused on shedding. 

Future experiments are needed to further evaluate the utility of our morpholino in the treatment of 

cancer. Though in this paper we wanted to focus on the anti-angiogenic properties of our morpholino, 

xenograft experiments using cell lines that express mVEGRF2 on the tumor cells themselves may show an 

increased response to our treatment. Additionally, as lymphangiogenesis is important for metastasis, using 

the sVEGFR2-inducing morpholino in a metastatic model may show an additional benefit of this treatment 

by suppressing lymphangiogenesis, as sVEGFR2 has higher affinity for VEGF-C than VEGF-A [16]. 

Systemic injection of morpholino oligomers and other delivery techniques such as nanoparticles are also 

avenues of future research. 

Acknowledgements 

This work was supported by a Research to Prevent Blindness Physician Scientist Award, a U.S. 

Department of Veterans Affairs Merit Award, and U.S. National Eye Institute grant R01EY017950. 

Brian Stagg is an Achievement Rewards for College Scientists Foundation Scholar (ARCS Foundation 

Utah, Salt Lake City, UT, USA). 

Author Contributions 

Brian Stagg, Hironori Uehara, and Balamurali K Ambati conceived and planned the experiments. 

Brian Stagg, Hironori Uehara, Nathan Lambert, Ruju Rai, Isha Gupta, Bryce Radmall, and Taylor Bates 

conducted the experiments. Brian Stagg, Hironori Uehara, Ruju Rai, and Balamurali K Ambati prepared 

the manuscript. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 

1. Folkman, J. Role of angiogenesis in tumor growth and metastasis. Semin. Oncol. 2002, 29, 15–18. 



Cancers 2014, 6 2339 

 

 

2. Kerbel, R. Tumor angiogenesis. N. Engl. J. Med. 2008, 19, 2039–2049. 

3. Patnaik, A.; LoRusso, P.M.; Messersmith, W.A.; Papadopoulos, K.P.; Gore, L.; Beeram, M.; 

Ramakrishnan, V.; Kim, A.H.; Beyer, J.C.; Mason Shih, L.; et al. A Phase Ib study evaluating 

MNRP1685A, a fully human anti-NRP1 monoclonal antibody, in combination with bevacizumab 

and paclitaxel in patients with advanced solid tumors. Cancer Chemother. Pharmacol. 2014, 73, 

951–960. 

4. Valtola, R.; Salven, P.; Heikkila, P.; Taipale, J.; Joensuu, H.; Rehn, M.; Pihlajaniemi, T.; Weich, H.; 

de Waal, R.; Alitalo, K. VEGFR-3 and its ligand VEGF-C are associated with angiogenesis in breast 

cancer. Am. J. Pathol. 1999, 154, 1381–1390. 

5. Zhao, L.; Zhang, C.; Liao, G.; Long, J. RNAi-mediated inhibition of PDGF-D leads to decreased 

cell growth, invasion and angiogenesis in the SGC-7901 gastric cancer xenograft model. Cancer 

Biol. Ther. 2010, 9, 42–48. 

6. Huss, W.J.; Barrios, R.J.; Foster, B.A.; Greenberg, N.M. Differential expression of specific FGF 

ligand and receptor isoforms during angiogenesis associated with prostate cancer progression.  

The Prostate 2003, 54, 8–16. 

7. Zhao, J.; Li, P.; Feng, H.; Wang, P.; Zong, Y.; Ma, J.; Zhang, Z.; Chen, X.; Zheng, M.; Zhu, Z.; et.al. 

Cadherin-12 contributes to tumorigenicity in colorectal cancer by promoting migration, invasion, 

adhersion and angiogenesis. J. Transl. Med. 2013, 11, 288. 

8. Falchook, G.S.; Naing, A.; Hong, D.S.; Zinner, R.; Fu, S.; Piha-Paul, S.A.; Tsimberidou, A.M.;  

Morgan-Linnell, S.K.; Jiang, Y.; Bastida, C.; et al. Dual EGFR inhibition in combination with  

anti-VEGF treatment: A phase I clinical trial in non-small cell lung cancer. Oncotarget 2013,  

4, 118–127. 

9. Korpanty, G.; Smyth, E. Anti-VEGF strategies—From antibodies to tyrosine kinase inhibitors: 

Background and clinical development in human cancer. Curr. Pharm. Des. 2012, 18, 2680–2701. 

10. Zhou, M.; Yu, P.; Qu, X.; Liu, Y.; Zhang, J. Phase III trials of standard chemotherapy with or 

without bevacizumab for ovarian cancer: A meta-analysis. PLoS One 2013, 8, e81858. 

11. Islam, R.; Chyou, P.H.; Burmester, J.K. Modeling efficacy of bevacizumab treatment for metastatic 

colon cancer. J. Cancer 2013, 4, 330–335. 

12. Ellingson, B.M.; Kim, H.J.; Woodworth, D.C.; Pope, W.B.; Cloughesy, J.N.; Harris, R.J.; Lai, A.; 

Nghiemphu, P.L.; Cloughesy, T.F. Recurrent glioblastoma treated with bevacizumab: Contrast-enhanced 

T1-weighted subtraction maps improve tumor delineation and aid prediction of survival in a 

multicenter clinical trial. Radiology 2013, 271, 200–210. 

13. Takahashi, S. Vascular endothelial growth factor (VEGF), VEGF receptors and their inhibitors for 

antiangiogenic tumor therapy. Biol. Pharm. Bull. 2011, 34, 1785–1788. 

14. Shibuya, M. Differential roles of vascular endothelial growth factor receptor-1 and receptor-2 in 

angiogenesis. J. Biochem. Mol. Biol. 2006, 39, 469–478. 

15. Shibuya, M. Vascular endothelial growth factor-dependent and -independent regulation of 

angiogenesis. BMB Rep. 2008, 41, 278–286. 

16. Albuquerque, R.J.; Hayashi, T.; Cho, W.G.; Kleinman, M.E.; Dridi, S.; Takeda, A.; Baffi, J.Z.; 

Yamada, K.; Kaneko, H.; Green, M.G.; et al. Alternatively spliced vascular endothelial growth 

factor receptor-2 is an essential endogenous inhibitor of lymphatic vessel growth. Nat. Med. 2009, 

15, 1023–1030. 



Cancers 2014, 6 2340 

 

 

17. Ebos, J.M.; Bocci, G.; Man, S.; Thorpe, P.E.; Hicklin, D.J.; Zhou, D.; Jia, X.; Kerbel, R.S. A 

naturally occurring soluble form of vascular endothelial growth factor receptor 2 detected in mouse 

and human plasma. Mol. Cancer Res. 2004, 2, 315–326. 

18. Uehara, H.; Cho, Y.; Simonis, J.; Cahoon, J.; Archer, B.; Luo, L.; Das, S.K.; Singh, N.; Ambati, J.; 

Ambati, B.K. Dual suppression of hemangiogenesis and lymphangiogenesis by splice-shifting 

morpholinos targeting vascular endothelial growth factor receptor 2 (KDR). FASEB J. 2013, 27, 76–85. 

19. Vorlova, S.; Rocco, G.; Lefave, C.V.; Jodelka, F.M.; Hess, K.; Hastings, M.L.; Henke, E.; Cartegni, L. 

Induction of antagonistic soluble decoy receptor tyrosine kinases by intronic polyA activation.  

Mol. Cell 2011, 43, 927–939. 

20. Yin, H.; Moulton, H.M.; Betts, C.; Merritt, T.; Seow, Y.; Ashraf, S.; Wang, Q.; Boutilier, J.;  

Wood, M.J. Functional rescue of dystrophin-deficient mdx mice by a chimeric peptide-PMO.  

Mol. Ther. 2010, 18, 1822–1829. 

21. Ferguson, D.P.; Dangott, L.J.; Lightfoot, J.T. Lessons learned from vivo-morpholinos: How to 

avoid vivo-morpholino toxicity. BioTechniques 2014, 56, 251–256. 

22. Kang, H.W.; Kim, J.M.; Cha, M.Y.; Jung, H.C.; Song, I.S.; Kim, J.S. Deguelin, an Akt inhibitor, 

down-regulates NF-kappaB signaling and induces apoptosis in colon cancer cells and inhibits tumor 

growth in mice. Dig. Dis. Sci. 2012, 57, 2873–2882. 

23. Dentice, M.; Luongo, C.; Ambrosio, R.; Sibilio, A.; Casillo, A.; Iaccarino, A.; Troncone, G.; Fenzi, G.; 

Larsen, P.R.; Salvatore, D. Beta-Catenin regulates deiodinase levels and thyroid hormone signaling 

in colon cancer cells. Gastroenterology 2012, 143, 1037–1047. 

24. Laitinen, L. Griffonia simplicifolia lectins bind specifically to endothelial cells and some epithelial 

cells in mouse tissues. Histochem. J. 1987, 19, 225–234. 

25. Benton, R.L.; Maddie, M.A.; Minnillo, D.R.; Hagg, T.; Whittemore, S.R. Griffonia simplicifolia 

isolectin B4 identifies a specific subpopulation of angiogenic blood vessels following contusive 

spinal cord injury in the adult mouse. J. Comp. Neurol. 2008, 507, 1031–1052. 

26. Jhanji, V.; Liu, H.; Law, K.; Lee, V.Y.; Huang, S.F.; Pang, C.P.; Yam, G.H. Isoliquiritigenin from 

licorice root suppressed neovascularisation in experimental ocular angiogenesis models. Br. J. 

Ophthalmol. 2011, 95, 1309–1315. 

27. Kang, S.; Park, K.C.; Yang, K.J.; Choi, H.S.; Kim, S.H.; Roh, Y.J. Effect of cediranib, an inhibitor 

of vascular endothelial growth factor receptor tyrosine kinase, in a mouse model of choroidal 

neovascularization. Clin. Exp. Ophthalmol. 2013, 41, 63–72. 

28. ImageJ. US National Institutes of Health: Bethesda, MD, USA, 2012. 

29. Pavlidis, E.T.; Pavlidis, T.E. Role of bevacizumab in colorectal cancer growth and its adverse 

effects: A review. World J. Gastroenterol. 2013, 19, 5051–5060. 

30. Dhillon, S. Bevacizumab combination therapy: A review of its use in patients with epithelial 

ovarian, fallopian tube, or primary peritoneal cancer. BioDrugs 2013, 27, 375–392. 

31. Rinne, M.L.; Lee, E.Q.; Nayak, L.; Norden, A.D.; Beroukhim, R.; Wen, P.Y.; Reardon, D.A. Update 

on bevacizumab and other angiogenesis inhibitors for brain cancer. Exp. Opin. Emerg. Drugs 2013, 

18, 137–153. 

32. Patel, A.; Sun, W. Ziv-aflibercept in metastatic colorectal cancer. Biologics Targets Ther. 2014,  

8, 13–25. 



Cancers 2014, 6 2341 

 

 

33. Chen, H.; Modiano, M.R.; Neal, J.W.; Brahmer, J.R.; Rigas, J.R.; Jotte, R.M.; Leighl, N.B.; Riess, J.W.; 

Kuo, C.J.; Liu, L.; et al. A phase II multicentre study of ziv-aflibercept in combination with cisplatin 

and pemetrexed in patients with previously untreated advanced/metastatic non-squamous non-small 

cell lung cancer. Br. J. Cancer 2014, 110, 602–608. 

34. Van der Bilt, A.R.; van der Zee, A.G.; de Vries, E.G.; de Jong, S.; Timmer-Bosscha, H.; ten Hoor, K.A.; 

den Dunnen, W.F.; Hollema, H.; Reyners, A.K. Multiple VEGF family members are simultaneously 

expressed in ovarian cancer: A proposed model for bevacizumab resistance. Curr. Pharm. Des. 

2012, 18, 3784–3792. 

35. Adamcic, U.; Skowronski, K.; Peters, C.; Morrison, J.; Coomber, B.L. The effect of bevacizumab 

on human malignant melanoma cells with functional VEGF/VEGFR2 autocrine and intracrine 

signaling loops. Neoplasia 2012, 14, 612–623. 

36. Shinkaruk, S.; Bayle, M.; Laïn, G.; Déléris, G. Vascular endothelial cell growth factor (VEGF), an 

emerging target for cancer chemotherapy. Curr. Med. Chem. Anticancer Agents 2003, 3, 95–117. 

37. Smith, N.R.; Baker, D.; James, N.H.; Ratcliffe, K.; Jenkins, M.; Ashton, S.E.; Sproat, G.; Swann, R.; 

Gray, N.; Ryan, A.; et al. Vascular endothelial growth factor receptors VEGFR-2 and VEGFR-3 

are localized primarily to the vasculature in human primary solid cancers. Clin. Cancer Res. 2010, 

16, 3548–3561. 

38. Lintnerova, L.; Garcia-Caballero, M.; Gregan, F.; Melichercik, M.; Quesada, A.R.; Dobias, J.; Lac, J.; 

Salisova, M.; Bohac, A. A development of chimeric VEGFR2 TK inhibitor based on two ligand 

conformers from PDB: 1Y6A complex—Medicinal chemistry consequences of a TKs analysis.  

Eur. J. Med. Chem. 2014, 72, 146–159. 

39. Hamberg, P.; Boers-Sonderen, M.J.; van der Graaf, W.T.; de Bruijn, P.; Suttle, A.B.; Eskens, F.A.; 

Verweij, J.; van Herpen, C.M.; Sleijfer, S. Pazopanib exposure decreases as a result of an 

ifosfamide-dependent drug-drug interaction: Results of a phase I study. Br. J. Cancer 2014,  

110, 888–893. 

40. Chen, S.; Liu, X.; Gong, W.; Yang, H.; Luo, D.; Zuo, X.; Li, W.; Wu, P.; Liu, L.; Xu, Q.; et al. 

Combination therapy with VEGFR2 and EGFR siRNA enhances the antitumor effect of cisplatin 

in non-small cell lung cancer xenografts. Oncol. Rep. 2013, 29, 260–268. 

41. Kaley, T.J.; Wen, P.; Schiff, D.; Ligon, K.; Haidar, S.; Karimi, S.; Lassman, A.B.; Nolan, C.P.; 

DeAngelis, L.M.; Gavrilovic, I.; et al. Phase II trial of sunitinib for recurrent and progressive 

atypical and anaplastic meningioma. Neurooncology 2014, doi:10.1093/neuonc/nou148. 

42. Kodera, Y.; Katanasaka, Y.; Kitamura, Y.; Tsuda, H.; Nishio, K.; Tamura, T.; Koizumi, F. Sunitinib 

inhibits lymphatic endothelial cell functions and lymph node metastasis in a breast cancer model 

through inhibition of vascular endothelial growth factor receptor 3. Breast Cancer Res. 2011, 13, R66. 

43. Hinchar, E.; Makey, K.L.; Gibson, J.; Chen, F.; Cole, S.A.; Megason, G.C.; Vijayakumar, S.; Miele, L.; 

Gu, J.W. Sunitinib significantly suppresses the proliferation, migration, apoptosis resistance, tumor 

angiogenesis and growth of triple-negative breast cancers but increases breast cancer stem cells. 

Vasc. Cell 2014, 6, 12. 

44. Czabanka, M.; Bruenner, J.; Parmaksiz, G.; Broggini, T.; Topalovic, M.; Bayerl, S.H.; Auf, G.; 

Kremenetskaia, I.; Nieminen, M.; Jabouille, A.; et al. Combined temozolomide and sunitinib 

treatment leads to better tumour control but increased vascular resistance in O6-methylguanine 

methyltransferase-methylated gliomas. Eur. J. Cancer 2013, 49, 2243–2252. 



Cancers 2014, 6 2342 

 

 

45. Norton, K.A.; Han, Z.; Popel, A.S.; Pandey, N.B. Antiangiogenic cancer drug sunitinib exhibits 

unexpected proangiogenic effects on endothelial cells. OncoTargets Ther. 2014, 7, 1571–1582. 

46. Chen, G.; Xu, X.; Zhang, L.; Fu, Y.; Wang, M.; Gu, H.; Xie, X. Blocking autocrine VEGF signaling 

by sunitinib, an anti-cancer drug, promotes embryonic stem cell self-renewal and somatic cell 

reprogramming. Cell Res. 2014, 24, 1121–1136. 

47. Ikeda, T.; Sun, L.; Tsuruoka, N.; Ishigaki, Y.; Yoshitomi, Y.; Yoshitake, Y.; Yonekura, H. Hypoxia 

down-regulates sFlt-1 (sVEGFR-1) expression in human microvascular endothelial cells by a 

mechanism involving mRNA alternative processing. Biochem. J. 2011, 436, 399–407. 

48. Marron, M.B.; Singh, H.; Tahir, T.A.; Kavumkal, J.; Kim, H.Z.; Koh, G.Y.; Brindle, N.P. Regulated 

proteolytic processing of Tie1 modulates ligand responsiveness of the receptor-tyrosine kinase Tie2. 

J. Biol. Chem. 2007, 282, 30509–30517. 

49. Owen, L.A.; Uehara, H.; Cahoon, J.; Huang, W.; Simonis, J.; Ambati, B.K. Morpholino-mediated 

increase in soluble Flt-1 expression results in decreased ocular and tumor neovascularization.  

PLoS One 2012, 7, e33576. 

50. Swendeman, S.; Mendelson, K.; Weskamp, G.; Horiuchi, K.; Deutsch, U.; Scherle, P.; Hooper, A.; 

Rafii, S.; Blobel, C.P. VEGF-A stimulates ADAM17-dependent shedding of VEGFR2 and crosstalk 

between VEGFR2 and ERK signaling. Circ. Res. 2008, 103, 916–918. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


