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Figure 15. GFP+ BM-derived cells are reduced in tumors in mice that received 
MigR1-GFP/DNMAM BM transplants compared to control. Nude mouse BM cells 
were transduced with A) MigR1-GFP or B) MigR1-GFP/DNMAM and transplanted into 
recipient mice. TC71 cells were injected subcutaneously and allowed to form tumors. 
Two weeks later, tumors were harvested and examined by immunohistochemistry for the 
presence of GFP+ BM-derived cells (green) and CD31+ endothelial cells (red). Nuclei are 
blue. 20x magnification. 
 
 
 
 Additionally, there was a trend towards smaller tumors in mice that had received 

MigR1-GFP/DNMAM transplants compared to control (data not shown). The trend 

towards smaller tumors in the MigR1-GFP/DNMAM mice compared to MigR1-GFP 

implies that tumors in MigR1-GFP/DNMAM mice may have regions undergoing 

apoptosis. To determine whether this was in fact the case, immunohistochemistry for 

TUNEL was performed to identify apoptotic cells. TUNEL+ regions were larger and 

more frequent in the tumors from MigR1-GFP/DNMAM transplanted mice compared to 

control (Figure 16). 
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Figure 16. Apoptosis is increased in tumors from MigR1-GFP/DNMAM BM-
transplanted mice compared to tumors in MigR1-GFP control BM-transplanted 
mice. Nude mouse BM cells were transduced with MigR1-GFP or MigR1-
GFP/DNMAM and transplanted into recipient mice. TC71 cells were injected 
subcutaneously and allowed to form tumors. Two weeks later, tumors were harvested and 
examined by immunohistochemistry for the presence of TUNEL to identify apoptotic 
cells (green). Nuclei are blue. 20x magnification. 
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SUMMARY 

 In support of our hypothesis that Notch signaling is activated in incoming BM-

derived cells, NICD1 (cleaved Notch1) was detected by immunohistochemistry in the 

perivascular cells surrounding CD31+ endothelial cells. This pattern of NICD1 was 

consistent with the pattern of GFP+ BM-derived cells and DLL4+ cells surrounding the 

same CD31+ vessel on serial tumor sections. However, because we are unable at this time 

to use triple color immunohistochemistry, a definitive demonstration of NICD1 in 

perivascular GFP+ BM-derived cells cannot be obtained. Therefore, to validate these 

findings, RT-PCR was used. 

 GFP+ BM-derived cells were isolated from TC71 tumors, RNA was collected, and 

RT-PCR performed. RT-PCR and real time PCR for the Notch effectors Hes1, Hey1, and 

Hey2 revealed expression of all three. This indicates active Notch signaling within BM-

derived cells after the cells reach the tumor and participate in vascular formation. 

 After demonstrating that Notch signaling is active in BM-derived cells within the 

tumor, we used DNMAM to demonstrate that Notch signaling in these cells is necessary 

for their participation in vascular formation. TC71 tumor cells were subcutaneously 

injected in mice that had received BM transplants of either MigR1-GFP control BM or 

MigR1-GFP/DNMAM BM. As expected, thick layers of perivascular GFP+ BM-derived 

cells were observed in tumors from mice transplanted with MigR1-GFP control BM. 

However, in tumors from mice that had received MigR1-GFP/DNMAM BM transplants, 

very few GFP+ BM-derived cells surrounded the vasculature. This indicates that Notch 

signaling is critical for BM-derived cells to participate in formation of the perivascular 

layer of blood vessels in Ewing’s sarcoma.   
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 Additionally, tumors from MigR1-GFP/DNMAM mice were smaller than their 

control counterparts. We confirmed that large regions of the MigR1-GFP/DNMAM 

tumors were undergoing apoptosis using TUNEL staining. This reduced tumor growth is 

likely due to a decrease in blood vessel functionality caused by the loss of perivascular 

BM-derived cells. However, to definitively attribute this decreased tumor growth and 

increased tumor cell apoptosis to a change in vascular function, vessel perfusion and 

hypoxia studies would need to be performed. 
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Chapter 4.  

DLL4 is critical for pericyte/vSMC formation in Ewing’s sarcoma in vivo 
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RATIONALE 

 Having established that DLL4 is expressed by BM-derived pericytes/vSMC and 

that Notch signaling is activated and necessary in these BM-derived cells for their 

participation in pericyte/vSMC formation, we next wished to determine whether DLL4 is 

the Notch ligand responsible for activating Notch receptors on incoming BM cells. We 

hypothesized that inhibition of DLL4 will inhibit the formation of BM-derived 

pericytes/vSMC in Ewing’s sarcoma.  

 To determine whether DLL4 is necessary for BM-derived cells to contribute to 

the pericyte/vSMC pool in tumor vasculature, we first wanted to inhibit DLL4 locally 

within the tumor, but not systemically. When this research was initially begun, very little 

was understood about the role of DLL4, if any, in immature BM-derived pericyte 

progenitor cell maintenance. Systemic inhibition of DLL4 could potentially negatively 

impact BM progenitor cell viability while they were still in the BM or in circulation, 

before the cells ever reached tumor vasculature. A reduction in BM-derived perivascular 

cells after systemic DLL4 inhibition would therefore be difficult to interpret because it 

could be the result of two different possibilities. While the reduction might be due to 

blocking DLL4-Notch signaling during BM maturation into pericyte/vSMCs, it may also 

be due to BM progenitor cell death before the cells reached the tumor.  

 Therefore, to circumvent this obstacle, shRNA to inhibit DLL4 expression was 

delivered directly to the tumor via intratumor injection. In this model, bilateral tumors in 

the same mouse were injected with shDLL4 in the right side tumor and non-targeting sh- 

control in the left side tumor. Since both tumors are in the same host, both tumors share 

an identical BM progenitor pool. DLL4 expression is locally inhibited within the tumor 
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but not in the BM. Any difference in the GFP+ BM-derived cell population seen within 

the tumor can be attributed only to the inhibition of DLL4-Notch in BM cells after 

migration to the tumor. We used shDLL4 to determine whether DLL4 is important for the 

formation of BM-derived pericytes/vSMC. 
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RESULTS 

Intratumor PEI/shDLL4 inhibits expression of DLL4 on tumor vessels 

 We used intratumor injections of the nonviral vector polyethylenimine (PEI) 

carrying shRNA against DLL4 (shDLL4) or a non-targeting shRNA control (sh- control) 

to inhibit expression of DLL4 on tumor vasculature. As illustrated by the schematic in 

figure 16, one month after GFP BM transplantation, nude mice were subcutaneously 

injected with TC71 Ewing’s sarcoma cells on both the left and right flanks. When tumors 

were palpable (day 4) intratumor injections of shDLL4 (right side) or sh- control (left 

side) were begun, continuing every other day for 24 days. The final tumor volumes were 

measured, mice were sacrificed, and tumors were harvested for evaluation by 

immunohistochemistry.  

 

 

Figure 17. Experimental schema for intratumor injections of PEI/shDLL4 or 
PEI/sh-control. Nude mice received GFP BM transplants and 30 days were allowed for 
BM cell engraftment. TC71 cells were then injected bilaterally. When tumors  became 
palpable four days later, every other day intratumor injections were begun. Right side 
tumors received PEI/shDLL4 and left side tumors received PEI/ sh- control. Mice were 
sacrificed 28 days after injection of TC71 cells and tumors were harvested for 
immunohistochemical evaluation. 
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 We first confirmed that DLL4 was inhibited following injection of PEI/shDLL4. 

In tumors treated with PEI/shDLL4, DLL4 was dramatically reduced compared to control 

(Figure 18a). In the PEI/shDLL4 treated tumors, very few DLL4+ cells were observed 

surrounding the vessels.  

 

 
Figure 18. Loss of DLL4+ cells correlates with a reduction in GFP+ BM-derived cells 
in TC71 tumors after treatment with PEI/shDLL4.  TC71 cells were implanted 
bilaterally in mice that had previously received a GFP BM transplant. When tumors were 
palpable, every other day intratumor injections of PEI/shDLL4 (right side tumors) or 
PEI/sh- control (left side tumors) were begun. 28 days after tumor inoculation, tumors 
were harvested and examined by immunohistochemistry for A) DLL4 (red) and CD31 
(green), to identify endothelial cells or B) GFP (green) to identify BM-derived cells and 
CD31 (red) to identify endothelial cells. PEI/sh- control or PEI/shDLL4 treatment is 
indicated in the top left of each photo. 20x magnification. 
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Loss of DLL4 correlates with a loss of GFP+ BM-derived perivascular cells 

After confirming loss of DLL4 in PEI/shDLL4 treated tumors, we next used 

immunohistochemistry to determine whether the number of GFP+ BM-derived cells was 

reduced. Similar to the reduction in DLL4+ cells, few or no GFP+ cells were observed 

surrounding CD31+ endothelial cells in PEI/shDLL4 treated tumors compared to PEI/sh- 

control (Figure 18b). 

 

Loss of DLL4 correlates with a reduction in α-SMA+, NG2+, and desmin+ 

perivascular cells 

To determine whether the loss of DLL4 and GFP+ BM-derived cells correlates 

with an overall reduction in the number of pericytes/vSMC, we examined the expression 

of α-SMA, desmin, and NG2. α-SMA expression was reduced by 91% (p <0.0001), 

desmin by 57% ( p < 0.001), and NG2 by 43% (p: 0.08). Representative fields and 

quantification data are shown in figure 19. 
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Figure 19. The pericyte/vSMC markers α-SMA, desmin and NG2 are reduced in 
shDLL4 treated tumors. TC71 cells were implanted bilaterally in GFP BM-transplanted 
nude mice. Tumors were treated with intratumor injections of PEI/shDLL4 (right side 
tumors) or PEI/sh- control (left side tumors) for 23 days. Tumors were then harvested and 
examined for the presence of CD31 (green) to identify endothelial cells in combination 
with α-SMA, desmin, or NG2 (red, indicated above each panel) to identify 
pericytes/vSMC. The total positive pixels for each pericyte/vSMC marker was quantified 
and the reduction in PEI/shDLL4 treated tumors compared to PEI/sh- control was 
determined. Percent reduction and p-values are reported below each panel.  
 

PEI/shDLL4 treated tumors have increased hypoxia 

Without pericytes, vessel functionality may be compromised.  To determine 

whether the near complete loss of pericytes/vSMC in PEI/shDLL4 treated tumors 

correlated with a reduction in vessel functionality, we examined hypoxia. Increased 

hypoxia is a surrogate marker for reduced vessel function. Nude mice were again injected 

with bilateral subcutaneous TC71 cells. As before, left side tumors were treated every 

other day with intratumor injections of PEI/sh- control and right side tumors were treated 

with PEI/shDLL4. Prior to sacrifice, mice were injected with Hypoxyprobe-1. 
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Hypoxyprobe-1 forms pimonidazole adducts in hypoxic cells and can be recognized by 

immunohistochemistry. Tumors were then harvested and evaluated for hypoxia. Hypoxia 

was significantly increased in tumors treated with PEI/shDLL4 compared to control (p = 

0.03, Figure 20), implying reduced supply of oxygenated blood to these tumors most 

likely secondary to reduced vessel functionality. 

Figure 20. Hypoxia is increased in tumors treated with shDLL4 compared to sh- 
control. TC71 cells were injected subcutaneously on both flanks of nude mice. Mice 
were treated with intratumor injections of PEI/shDLL4 (right side tumors) or PEI/sh- 
control (left side tumors). Prior to sacrifice, mice were injected i.v. with hypoxyprobe-1 
(pimonidazole hydrochloride). Tumors were then removed and examined by 
immunohistochemistry. A) Hypoxic cells were identified using an anti-hypoxyprobe-1 
antibody (red/orange) and nuclei by sytox green (green). B) The hypoxia to nuclei ratio 
was quantified for five 10x fields per tumor using SimplePCI software. 
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Hoescht 33342 was an ineffective measure of vessel perfusion 

To further explore the functionality of tumor blood vessels, we wished to measure the 

number of vessels with blood flow compared to the total number of vessels present. To 

do this, we used tail vein injections of Hoescht33342 dye immediately prior to sacrifice. 

Hoescht33342 dyes the nuclei of any cell that it contacts blue; thus it can be used to track 

the pattern of blood flow. Extensive blue labeling of cells distant from blood vessels in 

tumors in both shDLL4 and sh- control groups made experimental results from 

Hoescht33342 nuclei labeling difficult to interpret. We were unable to determine which 

vessel the dye had leaked from, and therefore unable to distinguish perfused from non-

perfused vessels. Hoescht 33342 studies were therefore inconclusive (data shown in 

appendix). 

 

shDLL4 inhibits tumor growth in vivo 

The impaired vessel functionality in tumors treated with PEI/shDLL4 suggested 

that tumor growth might also be inhibited. Tumor volume was measured immediately 

before mice were sacrificed. As shown in figure 21, tumors treated with PEI/shDLL4 

were significantly smaller (120 mm3) than those treated with PEI/sh- control (299 mm3, p 

= 0.03). In mice where right side tumors were not smaller than left side tumors, 

immunohistochemistry demonstrated that DLL4 expression was not significantly 

inhibited (data not shown). 
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Figure 21. shDLL4 inhibits TC71 tumor growth in vivo. Mice were injected with 
bilateral subcutaneous TC71 cells. When tumors were palpable, every other day 
intratumor injections of PEI/shDLL4 (right side tumors) or PEI/sh- control (left side 
tumors) were begun. Two weeks later, final tumor volumes were measured and mice 
were sacrificed. Tumor volumes are displayed as matched pairs of right and left side 
tumors from the same mouse. Student’s paired t-test p-value = 0.03, * represents tumors 
where DLL4 was not significantly inhibited after treatment with PEI/shDLL4  
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SUMMARY 

 In this chapter, evidence of a critical role for DLL4 in BM-derived cell 

participation in vasculogenesis in Ewing’s sarcoma is provided. The hypothesis that 

inhibition of DLL4 will inhibit the formation of BM-derived pericytes/vSMC was 

confirmed. 

 Intratumor injections of shDLL4 caused a dramatic reduction of DLL4 expression 

by perivascular cells compared to sh- control tumors. Loss of DLL4 correlated with a 

near complete loss of GFP+ BM-derived perivascular cells. This was shown by 

immunohistochemistry for DLL4 or GFP together with CD31 (to identify endothelial 

cells). The reduction in BM-derived perivascular cells after loss of DLL4 can be 

attributed to an important role for DLL4-Notch signaling once BM cells reach the tumor. 

This was confirmed by the use of a bilateral tumor model. In this model, sh- control 

treated tumors and their shDLL4 treated counterparts shared the same BM progenitor cell 

pool. Sh-control tumors displayed the expected thick layers of perivascular GFP+ BM-

derived cells, while shDLL4 treated tumors had almost no GFP+ BM-derived cells 

present. 

 After identifying a role for DLL4 in the formation of the GFP+ BM-derived 

perivascular cell layer, we next demonstrated that loss of DLL4 correlates with a 

significant reduction in pericytes/vSMC within the tumor. α-SMA, desmin, and NG2 

were all significantly reduced in tumors treated with shDLL4 compared to sh-control 

treated tumors, as assessed by immunohistochemistry. This reduction in cells positive for 

three pericyte/vSMC markers indicates an overall reduction in pericytes/vSMC after 

DLL4 expression is inhibited. 
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 The striking change in vascular phenotype after DLL4 inhibition is indicative of a 

potential change in vessel functionality. Hypoxia was measured as a surrogate marker for 

vessel functionality; increased hypoxia correlates with reduced vessel functionality. 

Tumor hypoxia was increased in tumors treated with shDLL4 compared to control. This 

increased hypoxia correlates with decreased pericyte coverage and agrees with previous 

studies by Noguera-Troise et al. demonstrating increased tumor hypoxia in C6 gliomas in 

mice after DLL4 inhibition 58. 

 Reduced pericyte coverage of blood vessels and subsequent reduced vessel 

functionality in tumors treated with shDLL4 was expected to have a negative impact on 

tumor growth. In agreement with this, tumors treated with shDLL4 were significantly 

smaller than their sh- control treated counterparts. 

 These studies are the first to show the critical role of DLL4 in BM-derived 

pericyte/vSMC differentiation and formation, and to demonstrate Ewing’s sarcoma tumor 

growth inhibition caused by loss of DLL4. Inhibition of DLL4 resulted in fewer BM-

derived cells within the tumor. The tumor vessels had decreased pericyte/vSMC 

coverage, were smaller, and less functional. Tumor growth was also inhibited. To further 

confirm and expand these novel findings, we used a second, more elegant tool, the DLL4 

neutralizing antibody YW152F, described in the next chapter. 
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Chapter 5.  

DLL4 blockade inhibits tumor growth by disrupting the formation of functional 

vasculature 
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RATIONALE 

Previous DLL4 inhibition studies using shDLL4 demonstrated that DLL4 is 

necessary for the formation of BM-derived pericytes/vSMC in Ewing’s sarcoma. 

However, there are some limitations associated with using intratumor injections of 

shRNA. First, equal distribution of shRNA (and therefore uniform DLL4 knockdown) 

throughout the entire tumor is highly unlikely. Although immunohistochemical analysis 

confirmed knockdown of DLL4 in the majority of vessels in tumors treated with 

PEI/shDLL4, some DLL4 expression was still observed in small regions of treated 

tumors and there were a small number of tumors where DLL4 expression was not 

inhibited by shDLL4. Another limitation of the intratumor injection model is the lack of 

clinical application. In general, shRNA is not stable enough to be delivered systemically 

to patients and intratumor injections are not feasible.  

Therefore, to confirm our findings, we elected to use a second approach to 

demonstrate the essential role of DLL4 in pericyte/vSMC formation in Ewing’s sarcoma. 

YW152F is a humanized DLL4-neutralizing antibody that binds to and inhibits the 

function of both human and mouse DLL4 with similar efficiency and efficacy. It is an 

attractive inhibitor of DLL4 because it can be delivered systemically via i.v. injection and 

is highly specific for DLL4 but not the other Notch ligands. In addition to using YW152F 

as a second tool to confirm our initial finding that DLL4 is essential for BM-derived 

pericyte/vSMC formation, we also wished to determine whether DLL4 is a viable 

therapeutic target for inhibiting the growth of Ewing’s sarcoma in vivo. For these 

investigations, the two models discussed previously, TC71 and A4573, were used. 
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Studies in this chapter confirmed our previous findings and expanded our 

understanding of DLL4 inhibition as a way to inhibit Ewing’s sarcoma tumor growth. 
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RESULTS 

YW152F inhibits the growth of Ewing’s sarcoma in vivo 

To confirm our previous finding that DLL4 is essential for vasculogenesis and tumor 

growth in Ewing’s sarcoma, we used the DLL4-neutralizing antibody YW152F (Figure 

22). One month after GFP BM transplant, mice were injected subcutaneously with either 

TC71 or A4573 cells. Five days later, twice weekly tail vein injections of either 

YW152F, IgG control, or PBS were begun. Twenty-one or 24 days after tumor 

inoculation, final tumor volumes were measured before mice were sacrificed and tumors 

were harvested for immunohistochemical analysis. TC71 tumors from mice treated with 

YW152F were significantly smaller than tumors from mice treated with IgG or PBS 

controls (p = 0.03, Figure 23). A4573 tumors from mice treated with YW152F were also 

significantly smaller than those in mice treated with IgG control (p = 0.015, Figure 24). 

 

 

Figure 22.  Experimental schema using YW152F, IgG or PBS. Twenty eight days 
after GFP BM transplants were performed on nude mice, TC71 or A4573 cells were 
injected subcutaneously. Five days later, twice weekly i.v. injections of either YW152F, 
IgG or PBS were begun. Mice with TC71 tumors received a total of 5 treatments and 
mice with A4573 tumors received a total of 6 treatments. 3 days after the last treatment, 
tumors were measured, mice were sacrificed, and tumors were harvested. 
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Figure 23. YW152F inhibits TC71 tumor growth in vivo. TC71 cells were 
subcutaneously injected in nude mice that had previously received GFP BM transplants. 
Mice were treated with either YW152F, IgG, or PBS. Final tumor volumes were 
measured prior to sacrifice of mice, and statistical significance for the difference in size 
was calculated using the student’s t-test. Tumors were then harvested for 
immunohistochemical evaluation. A) Final tumor volumes. Orange diamonds represent 
tumors from PBS treated mice, blue squares represent tumors from IgG treated mice, and 
pink triangles represent tumors from YW152F treated mice. B) Resected tumors before 
being frozen for immunohistochemistry. Treatment group is indicated to the left of the 
photo. 
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Figure 24. YW152F inhibits the growth of A4573 tumors in vivo. A4573 cells were 
subcutaneously injected in nude mice that had previously received GFP BM transplants. 
Mice were treated with YW152F or IgG. Final tumor volumes were measured prior to 
sacrificing mice. A) Final tumor volumes. Blue diamonds represent tumors from IgG 
treated mice and pink squares represent tumors from YW152F treated mice. B) Resected 
tumors before being frozen for immunohistochemistry. Treatment group is indicated to 
the left of the photo. 
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YW152F does not effect cell proliferation in vitro 

To determine whether the inhibition of tumor growth by YW152F was due to a 

direct effect of the antibody on tumor cell proliferation, we treated TC71 and A4573 cells 

with either YW152F or IgG control (5μg/ml, refreshed daily) in vitro. Total number of 

viable cells was assessed using the trypan blue assay by a ViCell automated cell counter 

at 48 and 72 hours. There was no significant difference between the number of viable 

cells in YW152F treated wells compared to control at either dose or time point (Figure 

25). 

Figure 25. YW152F does not inhibit tumor cell proliferation in vitro. A4573 or TC71 
cells were treated with 5μg/ml YW152F or IgG, refreshed daily. Total number of viable 
cells was measured using the trypan blue assay and automated ViCell counter at 48 and 
72 hours. Blue bars represent IgG control treated cells, maroon represent YW152F 
treated cells. 
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GFP+, α-SMA+, NG2+, and desmin+ cells are reduced after YW152F treatment 

After demonstrating that tumor growth inhibition by YW152F was not due to a 

direct effect on tumor cell proliferation, we examined the vasculature for changes in the 

number of BM-derived pericytes/vSMC. We first used immunohistochemistry to evaluate 

TC71 tumors for the presence of GFP+ BM-derived cells. Similar to our findings using 

shDLL4, the number of GFP+ BM cells was reduced in tumors from YW152F treated 

mice compared to control (85% reduction, p= 0.001). We next examined the α-SMA+, 

NG2+, and desmin+ populations of pericytes/vSMC by immunohistochemistry. As shown 

in figure 26, the number of α-SMA+, NG2+, and desmin+ cells was significantly reduced 

in YW152F treated tumors compared to control (α-SMA reduced 87%, p: 0.005; NG2 

61%, p:0.007; desmin 70%, p:0.002).  
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Figure 26. GFP, α-SMA, NG2 and desmin are significantly reduced in tumors after 
YW152F treatment. TC71 cells were subcutaneously injected in nude mice that had 
previously received GFP BM transplants. Mice were treated with either YW152F or IgG. 
After mice were sacrificed and tumors were harvested, immunohistochemistry was 
performed for CD31 to identify endothelial cells in combination with GFP (green, to 
identify BM-derived cells), or α-SMA, NG2, or desmin (red, to identify 
pericytes/vSMC). The top panels show IgG treated tumors and the bottom panels show 
YW152F treated tumors. In all photos, nuclei are blue and 20x magnification was used. 
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Desmin 70% 0.002 
NG2 61% 0.007 

Table 1.  GFP, α-SMA, desmin, and NG2 were reduced in YW152F treated mice. 
Five 10x fields were randomly photographed from each tumor. Simple PCI software was 
used to determine the average ratio of positive pixels for the marker being evaluated (for 
example, GFP) compared to nuclei present. Mean values for each marker from the 
YW152F treated group were then compared to mean values for the same marker in the 
IgG treatment group, and a percent reduction in YW152F group compared to IgG was 
calculated (column 1). Mann-Whitney p-values for the difference in means were 
calculated (column 2). 
 



YW152F treatment did not affect total number of CD31+ cells but did reduce the 

number of open vessel lumens 

To further characterize the effect of DLL4 inhibition on the tumor vascular 

phenotype, we used immunohistochemistry against CD31 to identify endothelial cells. 

We compared both the total CD31+ cells present in each tumor, using quantification 

software, and the average number of visible vessel lumens. The average number of vessel 

lumens per slide for each tumor was manually counted.  There was no difference in total 

CD31+ cells present in YW152F treated tumors compared to IgG control (data not 

shown). There was, however, a trend towards fewer open lumens in YW152F treated 

tumors compared to control (0.8 vs 2.1 lumens per 10x field, p = 0.06). The difference 

between endothelial cell vascular structures in tumors of YW152F treated mice and IgG 

control is visually striking. Long, lumen bearing vessels were plentiful in control tumors. 

By contrast, most CD31+ structures in YW152F treated tumors were small, punctate and 

non-lumen bearing (Figure 27).  
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Figure 27. The number of vessel lumens is reduced in TC71 tumors from mice 
treated with YW152F compared to IgG control. Immunohistochemistry was 
performed on TC71 tumor sections from mice treated with YW152F or IgG to identify 
CD31+ endothelial cells. The number of open lumens in five 10x fields was manually 
counted for each tumor. Average lumen number was 2.1 per 10x field in IgG treated 
tumors, and 0.8 in YW152F treated tumors. p = 0.059. 
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Hypoxia is increased in YW152F treated tumors  

The dramatic change in tumor vessel phenotype after treatment with YW152F in 

vivo, together with the lack of effect on cell proliferation in vitro on TC71 and A4573 

cells implied that the observed inhibition of tumor growth might be attributable to 

reduced blood vessel functionality. As a measure of vessel functionality, we examined 

hypoxia within the tumors. GFP+ BM transplanted nude mice were injected 

subcutaneously with TC71 cells as described previously. Beginning five days after tumor 

cell injection, mice were treated twice weekly for 23 days with YW152F or IgG in the 

same experimental schema used previously. Prior to sacrifice, mice were injected with 

hypoxyprobe-1. Tumors were then harvested and analyzed by immunohistochemistry to 

identify hypoxic regions. As shown in figure 28, the size of the hypoxic regions in 

YW152F treated tumors was significantly increased compared to control (5.3 fold 

increase, p = 0.003). 
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Figure 28. Hypoxia is increased in YW152F treated tumors compared                                                   
to control. TC71 tumor bearing mice were treated with YW152F or IgG. Prior to 
sacrifice, mice were injected with hypoxyprobe-1 (pimonidazole hydrochloride) by tail 
vein injection. Tumors were then harvested and A) evaluated by immunohistochemistry 
to identify hypoxic regions using anti-hypoxyprobe-1 (red). Nuclei were identified using 
sytox green (green). In the merged images, hypoxic regions appear red or orange. B) The 
ratio of positive pixels for hypoxia (red) to nuclei (green) was determined for five 10x 
fields per tumor using Simple PCI software and averaged to obtain one value for each 
tumor. Blue diamonds represent IgG treated tumors, and pink squares represent YW152F. 
Black bars show mean values. 
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Biotin perfusion studies were inconclusive 

To compliment our demonstration of increased hypoxia and thus reduced vessel 

functionality, we performed biotin perfusion studies to identify vessels with blood flow. 

TC71 tumors were again implanted in nude mice that had previously received GFP BM 

transplants and treated twice weekly with either YW152F or IgG control. Immediately 

after sacrifice, biotin in PBS was perfused through the mouse circulation by direct 

injection into the heart. Tumors were then evaluated by immunohistochemistry for biotin 

and CD31. The regions of the tumor that were positive for biotin did not co-localize with 

CD31, therefore they are not blood vessels. It is unclear whether this unlikely finding is 

due to extensive leakage of the biotin away from vessels and into the tumor, or whether it 

is due to non-specific binding of the fluorescently labeled streptavidin, which was used 

during immunohistochemistry to identify biotin. 

 

Figure 29. Biotin and CD31 do not co-localize in Ewing’s sarcoma. TC71 tumor 
bearing mice were treated with YW152F or IgG. Immediately after sacrifice, the 
circulation was perfused with biotin by direct injection into the heart. 
Immunohistochemistry was performed with A) AlexaFlour 594-Streptavidin (red) to 
identify biotin, and anti-CD31 (green) to identify endothelial cells, or B) AlexaFlour 488-
Streptavidin (green), to identify biotin and anti-CD31 (red), to identify endothelial cells.

Biotin / CD31 Biotin / CD31 
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SUMMARY 
 Experiments presented in this chapter validate and expand upon our previous 

findings using shDLL4 by using YW152F to inhibit DLL4 expression. 

Immunohistochemical analysis demonstrated that YW152F treated tumors had 

significantly reduced numbers of perivascular GFP+ BM-derived cells as well as 

significantly reduced numbers of α-SMA+, desmin+, and NG2+ pericytes/vSMC. This 

confirms the critical role of DLL4 in pericyte/vSMC formation in Ewing’s sarcoma.  

 The reduction in all three pericyte markers achieved by YW152F 

treatment was more significant than that achieved by shDLL4 treatment. This is most 

likely a reflection of more complete and more uniform inhibition of DLL4 by YW152F 

than by intratumor injection of shDLL4. Interestingly, several of the blood vessels in 

tumors treated with YW152F maintained a very thin layer of GFP+, pericyte/vSMC 

marker+ cells surrounding the endothelial cells. This indicates that even when DLL4 is 

inhibited, a small number of BM cells are able to adhere to the tumor vasculature, but 

they do not expand into the thick layers of pericytes/vSMC observed in control tumors 

during the three weeks that was allowed for tumor growth. The implications of this 

observation in relation to the mechanistic function of DLL4 in vasculogenesis are 

discussed in further detail in the Discussion portion of this thesis. It is also possible that 

the systemic inhibition of DLL4 with YW152F caused BM cell death before the cells 

reached the tumor site. However, the thin layer of BM-derived perivascular cells in 

YW152F treated tumors indicates that BM cells were viable when they reached the 

tumor. An in depth analysis of BM cell viability after treatment with YW152F would be 

needed to definitely demonstrated that BM cells were not killed in circulation prior to 

reaching the tumor. Previous experiments using shDLL4 confirmed that even when 
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DLL4 is only inhibited on BM cells after they have reached the tumor, the participation 

of BM-derived cells in vasculogenesis is significantly reduced. 

 In addition to the reduction in BM-derived pericytes/vSMC in YW152F treated 

tumors, there was a change in the morphology of the endothelial cell portion of vessels. 

Large, lumen bearing CD31+ vessels were apparent in IgG control treated tumors. In 

contrast, CD31+ endothelial cells in YW152F treated tumors formed small, punctate 

structures with few obvious lumens.  This change in endothelial cell organization and 

vessel structure is in agreement with previous reports of increased proliferation of 

unorganized, non-functional microvessels after DLL4 inhibition 47,58. 

 The relationship between changed blood vessel morphology and decreased vessel 

functionality was confirmed by examining hypoxia and blood vessel perfusion. Hypoxia 

was increased in YW152F treated tumors compared to control, indicating reduced blood 

vessel functionality.  

As was expected, the reduction in blood vessel functionality negatively impacted 

on tumor growth. The growth of two different Ewing’s sarcoma xenograft models, A4573 

and TC71, was significantly inhibited in vivo after treatment with YW152F compared to 

IgG control. This indicates that DLL4 may be a novel therapeutic target for the treatment 

of Ewing’s sarcoma. 
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Chapter 6. 

 DLL4-Notch signaling plays a role in pericyte/vSMC differentiation: In vitro 

support 
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RATIONALE  

 We have shown that DLL4 is important for BM-derived pericyte/vSMC formation 

and tumor growth in Ewing’s sarcoma using both shDLL4 and YW152F. However, while 

immunohistochemical analysis provides excellent evidence that when DLL4 is inhibited, 

the number of BM-derived pericytes/vSMC is reduced, it provides little insight into 

which part of the vasculogenesis process is controlled by DLL4-Notch signaling. 

The process of BM participation in vasculogenesis is complex. BM cells must 

first migrate to the tumor. We have previously shown that this process is largely mediated 

by tumor cell secretion of VEGF165 32. Once BM cells reach the tumor, they must adhere 

to the vasculature, proliferate, and differentiate. Little is known about which of these 

processes DLL4-Notch signaling is involved in, particularly in Ewing’s sarcoma. To 

determine whether DLL4-Notch signaling is critical for BM cell differentiation into 

pericytes/vSMC, in vitro model systems were utilized. In this chapter, co-culture systems 

with DLL4+ feeder layers and whole BM cells were established and DLL4-Notch 

signaling was manipulated to determine whether the differentiation pathway of BM cells 

would be altered. Additionally, 10T1/2 mesenchymal cells were used to examine the 

effects of active Notch signaling on pericyte/vSMC marker expression during the 

pericyte/vSMC maturation process. 
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RESULTS 

BM cell expression of pericyte markers in vitro is partially DLL4 dependent  

We first determined whether DLL4 signaling is necessary for immature BM cells 

to begin expressing markers of differentiated pericytes/vSMC. SC9-19 embryonic mouse 

stromal cells, which express DLL4, were used as a feeder layer. Whole BM was collected 

from the femurs of GFP transgenic mice (thus BM cells were GFP+) and plated on top of 

a monolayer of SC9-19 cells. Co-cultured cells were treated with either IgG control or 

YW152F for one week (5μg/ml, refreshed daily). BM cells were then collected by FACS 

for GFP+ cells, and RNA was analyzed by RT-PCR. The pericyte/vSMC markers RGS5 

and desmin were reduced (46% and 40%, respectively) in YW152F treated BM cells 

compared to IgG control (Figure 30a).  

We next wished to determine whether DAPT, a γ-secretase inhibitor, which 

inhibits all Notch receptor signaling, would have an even more profound effect on BM 

cell differentiation into pericyte-like cells. The co-culture experiment described above 

was repeated, but this time co-cultured cells were treated daily with either γ-secretase 

inhibitor (100μM) or YW152F (2.8μg/mL). As expected, treatment with γ secretase 

inhibitor further reduced the expression of desmin and RGS5 compared to YW152F 

treated or untreated cells (Figure 30b). RT-PCR for the downstream Notch effector Hey2 

showed that while YW152F treatment only partially reduced Hey2 expression (53%), γ-

secretase inhibition more completely inhibited Hey2 mRNA expression (97%), implying 

more complete blockage of the Notch pathway. 
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Figure 30. Inhibition of DLL4 or Notch reduces the expression of pericyte markers 
RGS5 and desmin by BM cells in co-culture. Whole BM was collected from GFP 
transgenic mice femurs and co-cultured with SC9-19 cells for one week. A) Co-cultured 
cells were treated daily with YW152F or IgG. GFP+ BM cells were collected by FACS 
and RT-PCR was performed for RGS5 and desmin. Densitometry quantification was 
performed. B) Co-cultured cells were treated daily with DAPT or YW152F. GFP+ BM 
cells were collected by FACS and RT-PCR was performed for desmin, RGS5, and Hey2. 
Densitometry quantification was performed. Experiments were performed three times 
with similar results; data shown is representative. 
 
 

 
Notch regulates expression of pericyte/vSMC markers in 10T1/2 cells 

After demonstrating that inhibition of either DLL4 or Notch impairs BM cell 

expression of pericyte/vSMC markers, we wished to determine whether active Notch 



signaling can induce upregulation of pericyte/vSMC markers. 10T1/2 cells, pluripotent 

mesenchymal cells that can differentiate into pericyte-like cells in culture, were utilized 

68.  

MigR1-GFP plasmids containing DNMAM (to inhibit Notch signaling), the 

intracellular domain of Notch 1 (NICD1, to mimic active Notch 1), and Hes1 (a 

downstream mediator of Notch signaling), were transfected into 10T1/2 cells. Forty eight 

hours after transfection, RNA was collected and RT-PCR was performed. DNMAM 

reduced RGS5 mRNA compared to 10T1/2 control (Figure 31a, column 2). Conversely, 

NICD1 increased expression of all three pericyte/vSMC markers measured: desmin, 

RGS5, and PDGFR-β (Figure 31a, column 3). Transfection with MigR1-GFP/Hes1 

increased expression of desmin, but not RGS5 or PDGFRβ (Figure 31a, column4). The 

lack of induction of RGS5 or PDGFRβ by Hes1 indicates that another mediator of the 

Notch pathway, possibly another member of the Hes or Hey family, is responsible for the 

induction of RGS5 and PDGFRβ mRNA expression. We therefore examined Hes1, 

Hey1, and Hey2 expression in 10T1/2 cells transfected with MigR1 control, DNMAM, 

NICD1, DLL4, or Hes1 to determine whether these Notch effectors may be candidates 

for the regulation of RGS5 and PDGFR-β. Hes1 was constitutively expressed in 10T1/2 

cells, even in the presence of DNMAM, and was not increased by NICD1 or DLL4 

(Figure 31b). This indicates that Hes1 expression in 10T1/2 cells is regulated by a 

pathway other than Notch. Hey1 mRNA, and to a lesser extent Hey2 mRNA, was 

increased in 10T1/2 cells transfected with either NICD1 or DLL4 compared to non-

transfected or control transfected cells. Hey1 and Hey2 may be intermediates in the 

regulation of RGS5 and PDGFRβ by Notch. 
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To determine whether the induction of pericyte/vSMC marker expression is 

unique to Notch 1 or can be achieved by the other Notch receptors, MigR1-GFP plasmids 

containing the intracellular domains of each of the four mammalian Notch receptors 

(NICD1-4) were transfected into 10T1/2 cells. Forty eight hours after transfection, RNA 

was collected, RT-PCR and real time PCR was performed. Transfection with each of the 

four NICDs led to increased RGS5 and desmin expression compared to control MigR1-

GFP (Figure 31c). This indicates that active Notch signaling, by either direct or indirect 

mechanisms, stimulates the expression of pericyte/vSMC markers during the progression 

from an immature progenitor cell towards a mature pericyte/vSMC.  

In addition to the reduction of RGS5 expression described above, MigR1-

GFP/DNMAM transfected 10T1/2 cells underwent a dramatic change in phenotype 

compared to MigR1-GFP control transfected cells. Control cells maintained the parental 

culture phenotype of elongated, spindle shaped cells while MigR1-GFP/DNMAM 

transfected cells become rounded and formed clumps on the culture dish (Figure 32). 

Together with the reduction in expression of RGS5, this rounded morphology indicates a 

less differentiated state following Notch inhibition. 
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Figure 31. Notch induces pericyte/vSMC marker expression in 10T1/2 cells. 10T1/2 
cells were transfected with various MigR1 plasmids. Forty eight hours later, RNA was 
collected and RT-PCR or real time PCR was performed. A) RT-PCR for desmin, RGS5, 
and PDGFRβ was performed on RNA from 10T1/2 cells transfected with MigR1-
GFP/DNMAM, NICD1, or Hes1. B) RT-PCR for Hes1, Hey1, and Hey2 was performed 
on RNA from 10T1/2 cells transfected with MigR1-GFP control, MigR1-GFP/DNMAM, 
NICD1, DLL4, or Hes1. C) Real time PCR for RGS and desmin was performed on RNA 
from 10T1/2 cells transfected with MigR1-GFP control, MigR1-GFP/NICD1,2,3, or 4. 
Relative mRNA levels compared to MigR1-GFP control was calculated. Experiments 
were repeated at least twice with similar results. 
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Figure 32. DNMAM changes the morphology of 10T1/2 cells in culture. 10T1/2 cells 
were transfected with MigR1-GFP or MigR1-GFP/DNMAM. Forty-eight hours later, 
brightfield and fluorescent microscopy was performed. 10x maginification. 
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SUMMARY 

Co-culture experiments presented here confirm that a portion of whole BM cells 

cultured on a DLL4+ feeder layer will begin to express the pericyte/vSMC markers RGS5 

and desmin, indicating a progression towards pericyte/vSMC maturation. Further, this co-

culture system was used to demonstrate that inhibition of DLL4 by YW152F leads to a 

reduction in expression of RGS5 and desmin by BM cells. This demonstrates that DLL4 

is important for the maturation and/or differentiation process as BM-derived cells become 

pericytes/vSMC.  

A second series of co-culture experiments using γ secretase inhibitors and 

YW152F, demonstrated that DAPT, a γ secretase inhibitor, more effectively reduces the 

expression of RGS5 and desmin than YW152F. The Notch effector Hey2, which is 

directly induced by activated Notch receptors, was also more significantly reduced by 

treatment with the γ secretase inhibitor. One possible explanation for this is that at the 

doses used the γ secretase inhibitor is more efficient than YW152F, and equal reduction 

in Notch effector expression as well as equal reduction in RGS5 and desmin might be 

achieved with increased concentrations of YW152F. A more likely explanation is that in 

addition to DLL4, other Notch ligands are also involved in the differentiation of BM cells 

into pericytes/vSMC, and inhibition of DLL4 only inhibits a portion of the Notch 

signaling needed for the process. This possibility is supported by studies by Doi et al., 

demonstrating that the Notch ligand Jagged 1 plays an important role in vSMC formation 

69.  

Experiments performed using 10T1/2 mesenchymal precursor cells further 

support the finding that DLL4-Notch signaling plays a role in the regulation of 
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expression of pericyte markers. The active domain of each Notch receptor as well as the 

Notch inhibitor DNMAM was transfected into 10T1/2 cells. Each NICD increased RGS5 

and desmin mRNA, indicating progression towards pericytes/vSMC. Conversely, when 

Notch was inhibited in 10T1/2 cells by DNMAM, RGS5 mRNA was reduced, and the 

cells changed from an elongated, spindle shaped morphology to a rounded, clumped 

morphology. Together, the reduction in RGS5 with the rounded morphology is indicative 

of a reversion to a less differentiated state when Notch signal is inhibited.  

Taken together, our findings using a co-culture system and 10T1/2 cells 

demonstrate a role for Notch signaling in the regulation of expression of the pericyte 

markers RGS5 and desmin at the mRNA level. This indicates that Notch signaling is 

involved in the maturation of pericyte progenitor cells into pericytes/vSMC, and supports 

our in vivo finding of reduced numbers of pericytes/vSMC when DLL4 is inhibited. 

In the canonical Notch signaling pathway, NICD translocates to the nucleus 

where it becomes part of a transcriptional activating complex. The complex then induces 

expression of Notch effector proteins, such as Hes and Hey family members, which are 

themselves transcription factors. These Notch effectors then regulate the expression of 

downstream Notch targets. We demonstrated that when 10T1/2 cells are transfected with 

MigR1-GFP/Hes1, the Notch effector Hes1 induces increased mRNA levels of desmin 

but not RGS5 or PDGFR-β, indicating that other Notch effectors may also be involved in 

transducing the Notch signal to induce expression of pericyte/vSMC markers. We 

demonstrated upregulation of Hey1 and Hey2 by NICD1 and DLL4 in 10T1/2 cells. This 

indicates that these Notch effectors may be involved in pericyte/vSMC differentiation 
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and/or maturation. Further study of the individual roles of Hey1, Hey2 and other Notch 

effectors during pericyte/vSMC maturation is warranted.  

Interestingly, the above experiments were performed in vitro without Ewing’s 

sarcoma cells present. This demonstrates that Notch partially regulates BM cell 

maturation into pericyte/vSMC maturation even outside of the Ewing’s sarcoma 

environment. These studies may therefore have more broad implications regarding the 

role of Notch signaling in pericyte/vSMC formation and differentiation in other tumors or 

in vasculogenesis in normal tissue. 

It is important to note that DLL4-Notch signaling may be involved in more than 

one step of BM cell participation in vasculogenesis. While the findings presented here 

support a role for Notch signaling in BM cell to pericyte/vSMC differentiation and/or 

maturation, they do not support nor refute a role for DLL4-Notch signaling in BM-

derived cell adhesion to vessels or in pericyte/vSMC proliferation.  
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Chapter 7.  

Discussion 

 

85 



A 

86 

 

Figure 33. Proposed model of DLL4-Notch signaling during BM cell maturation into 
pericytes/vSMC. A) Schematic diagram of BM cell participation in vasculogenesis. 
Immature BM cells (green) migrate to the tumor and adhere to sites of developing blood 
vessels. After a BM cell has reached the vessel wall, DLL4 on one BM cell activates 
Notch receptors on neighboring BM cells, signaling the immature BM cells to activate 
pericyte/vSMC maturation pathways and differentiate into pericytes/vSMC (pink cells). 
B) Intracellular signaling. When DLL4 binds to Notch receptor on a neighboring BM 
cell, the receptor is cleaved and NICD (purple lightning bolt) translocates to the nucleus 
where it forms a transcriptional activating complex including MAML, RBP-Jk, and 
CBP/300. The complex induces transcription of Notch effectors of the Hes and Hey 
family, which are themselves transcription factors. The Notch effectors then either 
directly or indirectly induce expression of pericyte/vSMC markers α-SMA, desmin, 
RGS5, NG2 and PDGFRβ during the pericyte maturation process. 
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 We have previously used various mouse BM transplant models to demonstrate 

that BM-derived cells contribute to vascular development in Ewing’s sarcoma by 

differentiating into both endothelial cells and pericytes/vSMC 63,70-72.  We further 

demonstrated that vasculogenesis is essential for the growth of Ewing’s sarcoma in vivo. 

This was done by selectively inhibiting vasculogenesis but not angiogenesis, which 

resulted in small, avascular tumors 62. The first step in vasculogenesis, migration of BM 

cells to the tumor, is largely mediated by the chemoattractant properties of VEGF165 
70,71. 

The molecular signals that contribute to the regulation of BM cell differentiation into 

pericytes/vSMC are poorly understood. Here, we demonstrated for the first time a critical 

role for DLL4-Notch signaling in BM cell differentiation into pericytes/vSMC during 

vasculogenesis in Ewing’s sarcoma. The inhibitory role of DLL4-Notch signaling in 

endothelial cell proliferation and vessel sprouting during angiogenesis is well established. 

However, we are the first to demonstrate a role for DLL4 in regulating BM-derived 

pericyte/vSMC formation during vasculogenesis. We are also the first to demonstrate that 

inhibiting DLL4 inhibits the growth of Ewing’s sarcoma in vivo, indicating that DLL4 

may be a therapeutic target for the treatment of patients with Ewing’s sarcoma.  

DLL4 expression by BM-derived pericytes/vSMC in Ewing’s sarcoma 
 

Previously, DLL4 expression by endothelial cells in blood vessels of developing 

tissues as well as in several tumor models has been reported. While DLL4 expression 

during physiologic blood vessel development, for example in the developing retina, is 

restricted only to endothelial tip cells at the growing vessel front, endothelial cells along 

the length of the vessel express DLL4 in several tumors, for example, in S180 sarcomas 

in mice 59,73. We therefore expected to find DLL4 expression by endothelial cells in 
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Ewing’s sarcoma. Surprisingly, in addition to a few DLL4+ CD31+ endothelial cells, 

DLL4 was expressed by BM-derived pericytes/vSMC in Ewing’s sarcoma vasculature. 

Several thick layers of DLL4+ cells were observed in two xenograft models of Ewing’s 

sarcoma, TC71 and A4573. We are the first to report expression of DLL4 by perivascular 

cells in tumor vasculature. We therefore confirmed the DLL4 expression pattern using a 

second anti-DLL4 antibody.  

The relevance of this finding to the human disease was confirmed by 

immunohistochemistry on human Ewing’s sarcoma tumor specimens, where 12 of 14 

patient samples had similar DLL4+ perivascular layers. The perivascular location and the 

histology of the cells on the adjacent hematoxylin and eosin stained sections suggests that 

the DLL4+ cells are pericytes/vSMC. However, we could not perform dual staining on 

the patient samples to confirm that DLL4+ cells are pericytes/vSMC due to limitations of 

immunohistochemical staining on paraffin embedded sections. 

We have previously demonstrated that the majority of blood vessels in Ewing’s 

sarcoma are surrounded by thick layers of BM-derived pericytes/vSMC that express 

PDGFRβ, α-SMA, and desmin 63. Here, we demonstrated that DLL4 co-localizes with 

the pericyte/vSMC markers desmin and α-SMA, suggesting that the DLL4+ cells are 

pericytes/vSMC. In the DLL4 and desmin double-stained tumor sections, the vast 

majority of DLL4+ cells were also desmin+. However, there were several desmin+DLL4- 

cells present, suggesting that not all desmin+ pericytes/vSMC express DLL4. DLL4 and 

α-SMA co-localized to a lesser extent than DLL4 and desmin. Several DLL4+α-SMA- 

cells were present, and vice versa, several α-SMA+DLL4- cells were also present. This 

suggests that some α-SMA+ pericytes/vSMC do not express DLL4 and some DLL4+ cells 
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 Experiments treating mice with A4573 tumors were performed twice. Both times, 

n = 9 for YW152F and n =8 for IgG treated groups. 

Biotin perfusion 

For vessel perfusion studies using biotin, mice were sacrificed by cervical 

dislocation and a 23 gauge needle was inserted into the left ventricle of the heart. 10 mL 

of PBS was perfused through each animal to flush the circulation, followed by perfusion 

with 8 mL of   EZ Link Sulfo-NHS-Biotin in PBS (0.5mg/ml, Pierce Chemicals, 

Rockford, IL). Immediately following perfusion, tumors were harvested and frozen for 

immunohistochemistry. 

YW152F in vitro 

1.33 x 105 TC71 or A4573 cells per well were plated in 6 well dishes in complete 

DMEM growth media. One day after seeding, YW152F or IgG was added to the media. 

Two doses, 2.8μg/ml and 5μg/ml, were tested. Media was changed and fresh YW152F or 

IgG was added daily. Total cell number and viability were counted at 48 and 72 hours by 

automated trypan blue assay and ViCell (Beckman Coulter, Brea,CA). Experiments were 

done two times in triplicate each time. 

MigR1/mDLL4 plasmid 

The retroviral MigR1 plasmid containing mouse DLL4 was constructed by 

excising the full length mouse DLL4 gene out of pCR2.1/mDLL4 vector kindly provided 

by Amgen (Thousand Oaks, CA) using EcoR1 restriction enzyme, and isolating the 

DLL4 portion using agarose gel purification. MigR1 was then cut using EcoR1 restriction 

enzyme in the presence of alkaline phosphatase per manufacturers instructions (New 

England Biosciences, Ipwich, MA). The mouse DLL4 DNA was then ligated into the 
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EcoR1 restriction enzyme site of cut MigR1 using T4 DNA ligase (New England 

Bioscienes).  

MigR1 control, MigR1/DNMAM, MigR1/NICD1, MigR1/NICD2, MigR1/NICD3, 

MigR1/NICD4 plasmids 

All MigR1 plasmids except those containing human or mouse DLL4 were the 

kind gift of Dr. Patrick Zweidler-McKay (The University of Texas M.D. Anderson 

Cancer Center, Houston,TX). The intracellular domains of each of the Notch receptors 

were cloned between the EcoRI and BglI cloning sites under control of the MSCV LTR 

retroviral promoter. There is an internal ribosome entry site (IRES) between the Notch 

intracellular domain and enhanced GFP, so that the two are not expressed as a fusion 

protein. For MigR1/DNMAM, a 61 amino acid portion of mastermind like 1 is directly 

fused to enhanced GFP. 

10T1/2 transfected with MigR1/ NICD1, MigR1/ NICD2, MigR1/ NICD3, MigR1/ 

NICD4, MigR1/DLL4 

10T1/2 cells were purchased from ATCC (cell line C3H/10T1/2, Clone 8) and 

were cultured in complete DMEM media as described above for TC71 and A4573 cells. 

Transfection of 10T1/2 cells with MigR1 plasmids was done using Fugene 6 transfection 

reagent (Roche, San Fransisco, CA) per manufacturer’s instructions. 2 μg of DNA was 

used for each transfection in a six well dish. 48 hours after transfection, efficiency was 

checked visually by looking for GFP expression. RNA was then collected using trizol 

(Invitrogen, Carlsbad, CA) per manufacturer’s instructions. 
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Immunohistochemistry 

Xenograft Models Frozen slides were permeabalized by submersion in acetone for 10 

minutes followed by incubation in PBS. Slides were then blocked in 4% fish gelatin for 

20 minutes. For mouse anti-mouse primary antibodies, slides were then incubated 

overnight in mouse Fab fragment blocking solution (mouse Fab diluted 1:10 in 4% fish 

gel). Primary antibodies were diluted as indicated in 4% fish gel (table 1). Tissues were 

incubated with primary antibodies for 3 hours or overnight. Slides were then washed in 

PBS and incubated with 4% fish gel for ten minutes before addition of secondary 

fluorescent antibodies. All secondary antibodies were diluted 1:1000 in 4% fish gel and 

left on the tissue sections for one hour before slides were again washed with PBS. Nuclei 

were stained with either Hoescht 33342 for 3 minutes or Sytox Green for 10 minutes. 

Patient Samples Fourteen paraffin embedded Ewing’s sarcoma patient samples were 

obtained from the tumor bank at M.D. Anderson Cancer Center. These samples represent 

both primary and metastatic lesions from a total of ten different patients. The Institutional 

Review Board at M.D. Anderson approved the use of human specimens for this study. 

Deparaffinization and rehydration was performed by sequential submersion in xylene for 

4 minutes, fresh xylem for 3 minutes, absolute ethanol for 2 minutes, fresh absolute 

ethanol for 2 minutes, 95% ethanol for 1 minute, fresh 95% ethanol for 1 minute, 80% 

ethanol for 1 minute, and PBS for 3 minutes. Antigen retrieval was performed by 

incubation with pepsin at 37°C for thirty minutes, and endogenous peroxidase was 

blocked with 3% H2O2. To detect DLL4, slides were then blocked with normal horse 

serum and normal goat serum for ten minutes followed by incubation with rabbit anti-

DLL4 (Abcam) diluted 1:750 in normal horse serum and normal goat serum for three 
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hours. Slides were then washed with PBS, and incubated with peroxidase labeled 

biotinylated goat anti-rabbit secondary antibody (Jackson Immunoresearch). DLL4+ cells 

were detected with 3,3’-diaminobenzidine (DAB; Open Biosystems, Huntsville, AL) 

which turns brown on positive cells, and counterstained with Gill’s hematoxylin (Sigma-

Aldrich). Tumors were scored in a qualitative manner as either DLL4 positive or DLL4 

negative. 
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 Dilution Factor company 

Primary Antibodies   

rabbit anti-mouse/human DLL4 1000 Abcam, Cambridge, MA 

rabbit anti-human DLL4 1000 Cell Signaling Technology, Danvers, MA 

anti-mouse-a-SMA-Cy3 200 Sigma-Aldrich, St. Louis, MO 

mouse anti-mouse a-SMA 100 Abcam, Cambridge, MA 

rabbit anti-mouse desmin 400 Abcam, Cambridge, MA 

rabbit anti-GFP 1000 Santa Cruz Biotechnology, Santa Cruz, CA 

chicken anti-GFP 400 Abcam, Cambridge, MA 

rabbit anti-mouse NG2 500 Millipore, Billerica, MA 

rabbit anti-mouse S100A4 1000 Abcam, Cambridge, MA 

rat anti-mouse CD31 1000 BD Biosciences, Franklin Lakes, NJ 

rabbit anti-human/mouse NICD1 1000 Cell Signaling Technology, Danvers, MA 

rabbit anti-human Notch1 1000 Abcam, Cambridge, MA 

mouse anti-mouse hypoxyprobe-1 800 HPI, inc., Burlington, MA 

Secondary Antibodies   

Alexa Flour 488 (anti-rat, anti- rabbit) 1000 Molecular Probes, Eugene, OR 

Alexa Flour 594 (anti-rabbit) 1000 Molecular Probes, Eugene, OR 

Cy3 (anti-rat, anti-rabbit, anti-mouse) 1000 Jackson Immunoresearch, West Grove, PA 

Cy5 (anti-rat, anti-mouse, anti-rabbit) 1000 Jackson Immunoresearch, West Grove, PA 

Table 2. Immunohistochemistry antibodies used on frozen sections. Antibodies used 
for immunohistochemistry are listed. Antibodies were diluted in 4% fish gelatin in PBS 
by the dilution factor listed.  
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Microscopy 

 For non-confocal fluorescent microscopy, Images were captured using using a 

Zeiss Axioplan fluorescence microscope (Carl Zeiss, Inc., Thornwood, NY) equipped 

with a 100-W Hg lamp and narrow bandpass excitation filters. Representative images 

were obtained using a cooled charge-coupled device Hamamatsu C5810 camera 

(Hamamatsu Photonics, Bridgewater, NJ) and Optimas imaging software (Media 

Cybernetics, Bethesda, MD). For confocal microscopy, images were collected using a 

Zeiss Laser Confocal Microscope, and LSM software (Carl Zeiss MicroImaging, Inc., 

Thornwood, NY). 

Immunohistochemistry Quantification 

Five random 10x-magnification fields were captured on each slide. A minimum 

and maximum fluorescent intensity was set for positive staining for each antibody. 

Positive areas for each marker were measured using Simple PCI software (Hamamatsu, 

Sewickley, PA). For each of the five fields per slide, we measured the mean pixel area of 

positive fluorescence for the protein of interest as well as the mean pixel area for nuclei 

and a mean positive pixel:nuclei ratio was calculated. 

Tumor homogenization and collection of GFP+ BM-derived cells 

GFP BM transplants were performed on nude mice. One month later, 2 x 106 

TC71 cells were implanted subcutaneously. Tumors were allowed to grow until they 

reached 2cm3. Mice were then sacrificed, tumors were harvested, and minced using a 

razor blade. Tumor pieces were then passaged through progressively smaller needles and 

incubated with collagenasese 1 (2mg/mL) in DMEM at 37 degrees Celsius while rotating 

for 45 minutes. Tumor homogenate was then passaged through a filter with 100μm pores, 
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until a single cell suspension was achieved. GFP+ (BM-derived) cells were then collected 

from the cell suspension using FACS, and RNA was collected from these GFP+ cells. 

PCR primers 

DLL4 Forward: 5’actcaccactctccgtgcaagaat Reverse: 5’tgtgtaacagccggttcactcctt 

Hes1 Forward: 5’caacacgacaccggacaaaccaaa Reverse: 5’ ttccggaggtgcttcacagtcatt 

Hey1 Forward: 5’ tcagatgcgcagctttactggaga Reverse: 5’ tttcagactccgatcgtctacgca 

Hey2 Forward: 5’ acttgaaagcagcacaccaacgtc Reverse: 5’ tggaggcttcggtggaattgctta 

RGS5 Forward: 5’ tcaagttgaggatctaagccgcca Reverse:5’ ttctcacaggcaacccagaactca 

Desmin Forward: 5’ tcgtattgacctggagcgcagaat Reverse:5’ atgttcttagccgcgatggtctca 

PDGFR-β Forward: 5’aaacacaccttcttgcagcgacac Reverse: 5’attaaggtggcgcgataggtcctt 

Real-time Hes1 Forward: 5’ gctgctaccccagccagtgt Reverse: 5’ gcccttcgcctcttctccat 
 
Real-time Hey1 Forward: 5’ tggcctgcttggcttttctc Reverse: 5’ gccaagtgcaggcaaggtct 
 
Real-time Hey2 Forward: 5’ accactgggcagctgctttc Reverse: 5’ atgggcaaacgttgctgtga 
 
Real-time RGS5 Forward: 5’ taagccgccagccaaaatgt Reverse: 5’ gtgtgccttggcaggcttct 
 
Real-time desmin Forward: 5’ gagccaggcctactcgtcca Reverse: 5’ tgaactcgaggagcccttgg 
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Greater than 90% of BM cells are GFP+ after GFP BM transplant in nude mice 

 At the end of all in vivo experiments, bone marrow is collected from three random 

representative mice and is examined by flow cytometry for the presence of GFP+ cells. 

GFP+ cells consistently made up greater than 90% of the BM in transplanted mice. In a 

representative experiment, 94.5% of  BM cells collected from a nude mouse 51 days after 

GFP transplant were GFP+ compared to 0.19% in a non-transplanted nude mouse control 

(Figure A1).  

 

 

Figure A1. After GFP BM transplant, greater than 90% of BM cells are GFP+. 
Whole BM was collected from the femurs of nude mice that had not received any bone 
marrow transplant, or from nude mice 51 days after GFP BM transplant. Flow cytometry 
was performed to measure the percent of cells that are GFP+. Representative data from 
one mouse in each group is presented. 0.19% of BM cells from the nude mouse control 
were GFP compared to 94.5% of BM cells from the mouse that had received a GFP BM 
transplant.  
 

 

 

 

100 101 102 103 104
FL1-H

Data.001

0.19

100 101 102 103 104
FL1-H

Data.006

GFP 

94.5

GFP 

Nude mouse control 51 days post-transplant 



Hoescht 33342 in vivo perfusion studies were inconclusive 

 As explained in Chapter 4, we attempted to measure blood vessel perfusion in 

tumors using tail vein injections of Hoescht33342 sixty seconds prior to sacrifice. Due to 

the excessive labeling of nuclei throughout the tumor, it was difficult to determine which 

vessels had blood flow and which did not. Representative images of tumors after 

Hoescht33342 perfusion are shown in figure A2. 

 
Figure A2. Hoescht33342 perfusion studies were inconclusive. Mice bearing bilateral 
tumors received tail vein injections of Hoescht33342 in H2O sixty seconds prior to 
sacrifice. After sacrifice, tumors were harvested and immunohistochemistry was 
performed for CD31 (green, to identify endothelial cells). Nuclei labeled by the leaking 
of Hoescht33342 out of functional vasculature are blue. 
 
 

MigR1/DLL4 increases mouse DLL4 expression and shDLL4 inhibits mouse DLL4 

expression in vitro 

 I constructed the retroviral MigR1/DLL4 plasmid by PCR amplification of the 

mouse DLL4 gene and insertion of this gene into the multiple cloning site of the MigR1 

retroviral vector (see materials and methods). Therefore, prior to using this plasmid as a 

tool in my research, it was important to demonstrate that DLL4 was, in fact, 

overexpressed in cells transfected with MigR1/DLL4. Human 293T cells were 

transfected with MigR1/DLL4. Forty eight hours later, protein lysates were made and a 
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western blot was run to probe for DLL4. DLL4 expression was increased in cells 

transfected with MigR1/DLL4 but not with MigR1 control (Figure A3). 

Figure A3. MigR1/DLL4 increases 
expression of mouse DLL4 in 293T 
cells. Human 293T cells were 
transfected with MigR1 or  
MigR1/DLL4 plasmid isolated from 
three different bacterial clones (a,b,c). 
Forty eight hours later, western blot 
was performed to probe for DLL4. 
Clone A was used in all experiments 
hereafter. 

 
 
 In addition to MigR1/DLL4, I constructed shDLL4 to inhibit mouse DLL4 

expression by ligating two different sequences targeting DLL4 into a pSilencer2.0 hygro 

plasmid (shDLL4-a and shDLL4-b). Prior to use in experiments, the efficacy of each 

shDLL4 plasmid was demonstrated by tran l cells, which 

express DLL4, with shDLL4-a or shD

collected and RT-PCR for DLL4 wa ds inhibited DLL4 

expression (Figure A4). Inhibition of ost efficient, 

and this plasmid was used for all in vi

Figure A4. shDLL4-a inhibits DLL4 mRNA 
expression in mouse SC9-19 cells. SC9-19 cells 
were transfected with shDLL4-a or shDLL4-b. 
Twenty-four hours later, RNA was collected and 
RT-PCR was performed to examine DLL4 RNA 
levels. 
 

 

 
 

 

 

sfecting SC9-19 mouse stroma

LL4-b. Twenty-four hours later, RNA was 

s performed. Both shDLL4 plasmi

 DLL4 expression by shDLL4-a was m

vo experiments described in this thesis. 



Bibliography 
 

1.Vivek Subbiah PA, Alexander Lazar, Emily Burdett, Kevin Raymond, Joseph Ludwig. 

Ewing's Sarcoma: Standard and Experimental Treatment Options. Current Treatment 

Opinions in Oncology. 2009;10:126-140. 

2. Nicolo Riggi, Ivan Stamenkovic. The biology of Ewing sarcoma. Cancer Letters. 

2007;254:1-10. 

3. Patrick Leavey, Anderson Collier. Ewing sarcoma: prognostic criteria, outcomes, and 

future treatment. Expert Reviews Anticancer Therapeutics. 2008;8:617-624. 

4. Pete Anderson, Lisa Kopp, Nicholas Anderson, Kathleen Cornelius, Cynthia Herzog, 

Dennis Hughes, Winston Huh. Novel bone cancer drugs: investigational agents and 

control paradigms for primary bone sarcomas (Ewing's sarcoma and osteosarcoma). 

Expert Opinion Investigational Drugs. 2008;17:1703-1715. 

5. L. Diaz-Flores RG, J.F. Madrid, H. Varela, F. Valladares, E. Acosta, P. Martin-

Vasallo, L. Diaz-Flores Jr. Pericytes. Morphofunction, interactions and pathology in 

quiescent and activated mesenchymal cell niche. Histology and Histopathology. 2009;24:909-969. 

6. Annika Armulik, Alexandra Abramsson, Christer Betsholz. Endothelial/Pericyte 

Interactions. Circulation Research. 2005;97:512-523. 

7. Gittenberger-de-Groot AC, DeRuiter MC, Bergwerff M, Poelmann RE. Smooth 

Muscle Cell Origin and Its Relation to Heterogeneity in Development and Disease. 

Arterioscler Thromb Vasc Biol. 1999;19:1589-1594. 

8. Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of vascular 

smooth muscle cell phenotypic diversity. Netherlands Heart Journal 2007 15:100-108. 

125 



9. Sennino B, Falcon BL, McCauley D, Le D, McCauley T, Kurz T, Haskell J, Epstein A, 

McDonald D, Sequential Loss of Tumor Vessel Pericytes and Endothelial Cells after 

Inhibition of Platelet-Derived Growth Factor B by Selective Aptamer AX102. Cancer 

Res. 2007;67:7358-7367. 

10. Karen Hirschi SR, Patricia D'Amore. PDGF, TGF-b, and Heterotypic Cell-Cell 

Interactions Mediate Endothelial Cell-induced Recruitment of 10T1/2 Cells and Their 

Differentiation to a Smooth Muscle Fate. The Journal of Cell Biology. 1998;141:805-

814. 

11. von Tell D, Armulik A, Betsholtz C. Pericytes and vascular stability. Experimental 

Cell Research. 2006;312:623-629. 

12. Chan-Ling T, Page MP, Gardiner T, Baxter L, Rosinova E, Hughes S. Desmin 

Ensheathment Ratio as an Indicator of Vessel Stability: Evidence in Normal 

Development and in Retinopathy of Prematurity. Am J Pathol. 2004;165:1301-1313. 

13. Forbes MS, Rennels ML, Nelson E. Ultrastructure of pericytes in mouse heart. 

American Journal of Anatomy. 1977;149:47-70. 

14. Gabriele Bergers, Steven Song . The role of pericytes in blood-vessel formation and 

maintenance. Neuro-Oncology. 2005;7:452-464. 

15. Parmacek MS. MicroRNA-modulated targeting of vascular smooth muscle cells. The 

Journal of Clinical Investigation. 2009;119:2526-2528. 

16. Owens GK, Kumar MS, Wamhoff BR. Molecular Regulation of Vascular Smooth 

Muscle Cell Differentiation in Development and Disease. Physiol Rev. 2004;84:767-801. 

126 



17. Benjamin LE, Hemo I, Keshet E. A plasticity window for blood vessel remodelling is 

defined by pericyte coverage of the preformed endothelial network and is regulated by 

PDGF-B and VEGF. Development. 1998;125:1591-1598. 

18. Ribatti D, Vacca A, Nico B, Roncali L, Dammacco F. Postnatal vasculogenesis. 

Mechanisms of Development. 2001;100:157-163. 

19. Goldie LC, Nix NM, Hirschi KK. Embryonic vasculogenesis and hematopoietic 

spefication. Organogenesis 2008;4:257-263. 

20. Masahiro Shin HN, Guojun Sheng. Notch mediates Wnt and BMP signals in the early 

separation of smooth muscle progenitors and blood/endothelial common progenitors. 

Development. 2009;136:595-603. 

21. Takayuki Asahara, Haruchika Masuda, Tomono Takahashi, Christoph Kalka, 

Christopher Pastore, Marcy Silver, Marianne Kearne, Meredith Magner, Jeffrey Isner. 

Bone Marrow Origin of Endothelial Progenitor Cells Responsible for Postnatal 

Vasculogenesis in Physiological and Pathological Neovascularization. Circulation 

Research. 1999;85:221-228. 

22. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, Inai Y, Silver M, 

Isner J. VEGF contributes to postnatal neovascularization by mobilizing bone marrow-

derived endothelial progenitor cells. EMBO J. 1999;18:3964-3972. 

23. Kalka C, Masuda H, Takahashi T, Kalka-Moll W, Silver M, Kearney M, Li T, Isner J, 

Asahara T. Transplantation of ex vivo expanded endothelial progenitor cells for 

therapeutic neovascularization. Proceedings of the National Academy of Sciences of the 

United States of America. 2000;97:3422-3427. 

127 



24. Au P, Tam J, Fukumura D, Jain RK. Bone marrow-derived mesenchymal stem cells 

facilitate engineering of long-lasting functional vasculature. Blood. 2008;111:4551-4558. 

25. Yokoi H, Yamada H, Tsubakimoto Y, Takata H, Kawahito H, Kishida S, Kato T, 

Matsui A, Hirai H, Ashihara E, Maekawa T, Iwai M, Horiuchi M, Ikeda K, Takahashi T, 

Okigaki M, Matsubara H Bone Marrow AT1 Augments Neointima Formation by 

Promoting Mobilization of Smooth Muscle Progenitors via Platelet-Derived SDF-

1{alpha}. Arterioscler Thromb Vasc Biol;30:60-67. 

26. Iiro Rajantie MI, Agne Alminaite, Ugur Ozerdem, Kari Alitalo, and Petri Salven. 

Adult bone marrow-derived cells recruited during angiogenesis comprise precursors for 

periendothelial vascular mural cells. Blood. 2004;104:2084-2086. 

27. Du R, Lu K, Petritsch C,Liu P, Ganss R, Passegué E,Song H,VandenBerg S, Johnson 

R, Werb Z, Bergers G. HIF1-a Induces the Recruitment of Bone Marrow-Derived 

Vascular Modulatory Cells to Regulate Tumor Angiogenesis and Invasion. 2008;13:206-

220. 

28. Bolontrade MF ZR, Kleinerman ES. Vasculogenesis Plays a Role in the Growth of 

Ewing's Sarcoma in Vivo. Clinical Cancer Research. 2002;8:3622-3627. 

29. Krishna Reddy,  Zichao Zhou, Keri Schadler, Shu-Fang Jia and Eugenie S. 

Kleinerman. . Bone Marrow Subsets Differentiate Into Endothelial Cells and Pericytes 

Contributing to Ewing's Tumor Vessels Molecular Cancer Research. 2008;6:929-936. 

30. Krishna Reddy, Ying Cao, Zichao Zhou, Shu-fang Jia, Eugenie Kleinerman. VEGF165 

expression in the tumor microenvironment influences the differentiation of bone marrow-

derived pericytes that contribute to the Ewing’s sarcoma vasculature. Angiogenesis. 

2008;11:257-267. 

128 



31. Keri Schadler, Patrick Zweidler-McKay, Hui Guan, Eugenie Kleinerman. Clinical 

Cancer Research. 2010. 

32. Zhou Z, Reddy K, Guan H, Kleinerman ES. VEGF165, but not VEGF189, Stimulates 

Vasculogenesis and Bone Marrow Cell Migration into Ewing's Sarcoma Tumors In vivo. 

Vol. 5; 2007:1125-1132. 

33. Reddy K, Zhou Z, Jia S-F, Tim Lee, Jaime Morales-Arias, Ying Cao, Eugenie S 

Kleinerman. Stromal cell-derived factor-1 stimulates vasculogenesis and enhances 

Ewing's sarcoma tumor growth in the absence of vascular endothelial growth factor. 

International Journal of Cancer. 2008;123:831-837. 

34. Lee TH, Bolontrade M, Worth LL, Guan H, Ellis LM, Kleinerman ES. Production of 

VEGF165 by Ewing's sarcoma cells induces vasculogenesis and the incorporation of 

CD34+ stem cells into the expanding tumor vasculature. International Journal of Cancer. 

2006;119:839-846. 

35. Ulla-Maj Fiuza AMA. Cell and Molecular Biology of Notch. Journal of 

Endocrinology. 2007;194:459-474. 

36. Maillard I, Sandy A. Notch signaling in the hematopoietic system. Expert Opinion in 

Biologic Therapeutics. 2009;9:1383-1398. 

37. Fortini ME. Notch Signaling: The Core Pathway and Its Posttranslational Regulation. 

2009;16:633-647. 

38. Gridley T. Notch signaling in vascular development and physiology. Development. 

2007;134:2709-2718. 

39. Kume T. Novel insights into the differential functions of Notch ligands in vascular 

formation. Journal of Angiogenesis Research. 2009;1:8. 

129 



40. Krebs LT, XueY, Norton CR, Shutter JR, Maguire M, Sundberg JP, Gallahan D, 

Closson V, Kitajewski J, Callahan R, Smith GH, Stark KL, Gridley T. Notch signaling is 

essential for vascular morphogenesis in mice. Genes Dev 2000;14:1343-1352. 

41. Xue Y, Gao X, Lindsell C, Norton CR, Chang B, Hicks C, Gendron-Maguire M, 

Rand EB, Weinmaster G, Gridley, T. Embryonic lethality and vascular defects in mice 

lacking the Notch ligand Jagged1. Hum Mol Genet. 1999;8:723-730. 

42. Doi H, Iso T, Shiba Y. Notch signaling regulates the differentiation of bone marrow-

derived cells into smooth muscle-like cells during arterial lesion formation. Biochemical 

and Biophysical Research Communications. 2009;381:654-659. 

43. Henrik Lovschall TM, Knud Poulsen, Kristina Jensen, Annette Kjeldsen. 

Coexpression of Notch3 and Rgs5 in the pericyte-vascular smooth muscle cell axis in 

response to pulp injury. International Journal of Developmental Biology. 2007;51:715-

721. 

44. Li Y, Takeshita K, Liu P-Y, Satoh M, Oyama N, Mukai Y, Chin M, Krebs L, 

Kotlikoff M, Radtke F, Gridley T, Liao J. Smooth Muscle Notch1 Mediates Neointimal 

Formation After Vascular Injury. Circulation. 2009;119:2686-2692. 

45. Morrow D, Guha S, Sweeney C, Birney Y, Walshe T, O'Brien C, Walls D, Redmond 

EM, Cahill PA. Notch and Vascular Smooth Muscle Cell Phenotype. Circ Res. 

2008;103:1370-1382. 

46. Frances A High MZ, Aaron Proweller, Lili Tu, Michael S. Parmacek, Warren S. Pear, 

Jonathan A. Epstein. An essential role for Notch in neural crest during cardiovascular 

development and smooth muscle differentiation. The Journal of Clinical Investigation. 

2007;117:353-363. 

130 



47. John Ridgway, Zhang G, Wu Y, Scott Stawicki, Wei-Ching Liang, Yvan Chanthery, 

Joe Kowalski, Ryan J. Watts, Christopher Callahan, Ian Kasman, Mallika Singh, May 

Chien, Christine Tan, Jo-Anne S. Hongo, Fred de Sauvage, Greg Plowman, Minhong 

Yan. Inhibition of Dll4 signalling inhibits tumour growth by deregulating angiogenesis. 

Nature. 2006;444:1083-1087. 

48. Frances A. High MML, Warren S. Pear, Kathleen M. Loomes, Klaus H. Kaestner, 

and Jonathan A. Epstein Endothelial expression of the Notch ligand Jagged1 is required 

for vascular smooth muscle development Proceedings of the National Academy of 

Science. 2008;105:1955-1959. 

49. Limbourg A, Ploom M, Elligsen D, Sorensen I, Ziegelhoeffer T, Gossler A, Drexler 

H, Florian P. Notch Ligand Delta-Like 1 Is Essential for Postnatal Arteriogenesis. Circ 

Res. 2007;100:363-371. 

50. Gale NW DM, Noguera I, Pan L, Hughes V, Valenzuela DM, Murphy AJ, Adams 

NC, Lin HC, Holash J, Thurston G, Yancopoulos GD. Haploinsufficiency of delta-like 4 

ligand results in embryonic lethality due to major defects in arterial and vascular 

development. Proc Natl Acad Sci U S A. 2004;101:15949-15954. 

51. Antonio Duarte RB, Alexandre Trindale, Patricia Diniz, Eugenia Bekman, Luis 

Costa, Domingos Henrique, Janet Rossant. Dosage-sensitive requirement for DLL4 in 

mouse artery development. Genes and Development. 2004;18:2474-2478. 

52. Mats Hellstrom L-KP, Jennifer J. Hofmann, Elisabet Wallgard, Leigh Coultas, Per 

Lindblom, Jackelyn Alva, Ann-Katrin Nilsson, Linda Karlsson, Nicholas Gaiano 

Keejung Yoon, Janet Rossant, M. Luisa Iruela-Arispe, Mattias Kalen, Holger Gerhardt, 

131 



Christer Betsholz. DLL4 signalling through Notch1 regulates formation of tip cells 

during angiogenesis. Nature. 2007:1-5. 

53. Suchting S FC, le Noble F, Benedito R, Breant C, Duarte A, Eichmann A. The Notch 

ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel 

branching Proc Natl Acad Sci U S A. 2007;104:3225-3230. 

54. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100:57-70. 

55. Carolina Mailhos JL, David Ish-Horowicz, Ute Modlich, Adrian Harris, Roy Bicknell 

Delta4, an endothelial specific Notch ligand expressed at sites of physiological and tumor 

angiogenesis. Differentiation. 2001;69 135-144. 

56. John Ridgway GZ, Yan Wu, Scott Stawicki, Wei-Ching Liang, Yvan Chanthery, Joe 

Kowalski, Ryan J. Watts, Christopher Callahan, Ian Kasman, Mallika Singh, May Chien, 

Christine Tan, Jo-Anne S. Hongo, Fred de Sauvage, Greg Plowman, Minhong Yan. 

Inihibition of DLL4 signalling inhibits tumor growth by deregulating angiogenesis. 

Nature. 2006;444:1083-1087. 

57. Hoey T, Yen W-C, Axelrod F, et al. DLL4 Blockade Inhibits Tumor Growth and 

Reduces Tumor-Initiating Cell Frequency. Cell Stem Cell. 2009;5:168-177. 

58. Irene Noguera-Troise CD, Nicholas J. Papadopoulos, Sanda Coetzee, Pat Boland, 

Nicholas W. Gale, Hsin Chieh Lin, George D. Yancopoulos,  Gavin Thurston. Blockade 

of DLL4 inhibits tumour growth by promoting non-productive angiogenesis. Nature. 

2006;444:1032-1037. 

59. Jeffrey S. Scehnet WJ, S. Ram Kumar, Valery Krasnoperov, Alexandre Trindade, Rui 

Benedito, Dusan Djokovic, Cristina Borges, Eric J. Ley, Antonio Duarte, Parkash S. Gill. 

132 



Inhibition of DLL4 mediated signaling induces proliferation of immature vessels and 

results in poor tissue perfusion. Blood. 2007. 

60. Nilay S. Patel MSD, Mark Rochester, Graham Steers, Richard Poulsom, Karena Le 

Monnier, David Cranston, Ji-Liang Li, Adrian Harris. Up-Regulation of Endothelial 

Delta-like 4 Expression Correlates with Vessel Maturation in Bladder Cancer. Clinical 

Cancer Research. 2006;12:4836-4844. 

61. Thurston G KJ. VEGF and Delta-Notch: interacting signaling pathways in tumor 

angiogenesis. British Journal of Cancer. 2008;99:1204-1209. 

62. Yu L, Su B, Hollomon M, Deng Y, Facchinetti V, Kleinerman ES. Vasculogenesis 

Driven by Bone Marrow-Derived Cells Is Essential for Growth of Ewing's Sarcomas. 

Cancer Res. 2010;70:1334-1343. 

63. Reddy K, Zhou Z, Schadler K, Jia S-F, Kleinerman ES. Bone Marrow Subsets 

Differentiate into Endothelial Cells and Pericytes Contributing to Ewing's Tumor 

Vessels. Molecular Cancer Research. 2008;6:929-936. 

64. Li J-L, Sainson RC, Shi W, Leek R, Harrington LS, Preusser M, Biswas S, Turley H, 

Heikamp E, Hainfellner JA, Harris AL. Delta-like 4 Notch Ligand Regulates Tumor 

Angiogenesis, Improves Tumor Vascular Function, and Promotes Tumor Growth In vivo. 

Cancer Res. 2007;67:11244-11253. 

65. Jeffery Scehnet, Weidong Jiang, S. Ram Kumar, Valery Krasnoperov, Alexandre 

Trindade, Rui Benedito, Dusan Djokovic, Cristina Borges, Eric J. Ley, Antonio Duarte, 

Parkash S. Gill, et al. Inhibition of Dll4-mediated signaling induces proliferation of 

immature vessels and results in poor tissue perfusion. Blood. 2007;109:4753-4760. 

133 



66. Schadler KL, Zweidler-McKay PA, Guan H, Kleinerman ES. Delta-Like Ligand 4 

Plays a Critical Role in Pericyte/Vascular Smooth Muscle Cell Formation during 

Vasculogenesis and Tumor Vessel Expansion in Ewing's Sarcoma. Clinical Cancer 

Research;16:848-856. 

67. Ennulat D, Steffens WL, Brown SA. Desmin Expression in Mesangial Cells and 

Fibroblasts in vitro. In Vitro Cellular & Developmental Biology Animal. 1998;34:450-

454. 

68. Hirschi KK, Rohovsky SA, D'Amore PA. PDGF, TGF-{beta}, and Heterotypic Cell-

Cell Interactions Mediate Endothelial Cell-induced Recruitment of 10T1/2 Cells and 

Their Differentiation to a Smooth Muscle Fate. J Cell Biol. 1998;141:805-814. 

69. Doi H, Iso T, Sato H, Yamazaki M, Matsui H, Tanaka T, Manabe I, Arai M, 

Nagai R, Kurabayashi M.Jagged1-selective Notch Signaling Induces Smooth Muscle 

Differentiation via a RBP-JÎº-dependent Pathway. Journal of Biological Chemistry. 

2006;281:28555-28564. 

70. Zhou Z, Reddy K, Guan H, Kleinerman ES. VEGF165, but not VEGF189, Stimulates 

Vasculogenesis and Bone Marrow Cell Migration into Ewing's Sarcoma Tumors In vivo. 

Molecular Cancer Research. 2007;5:1125-1132. 

71. Lee TH, Bolontrade MF, Worth LL, Guan H, Ellis LM, Kleinerman ES. Production 

of VEGF165 by Ewing's sarcoma cells induces vasculogenesis and the incorporation of 

CD34+ stem cells into the expanding tumor vasculature. International Journal of Cancer. 

2006;119:839-846. 

72. Bolontrade MF, Zhou R-R, Kleinerman ES. Vasculogenesis Plays a Role in the 

Growth of Ewing's Sarcoma in Vivo. Clinical Cancer Research. 2002;8:3622-3627. 

134 



73. I. B. Lobov RAR, N. Papadopoulos, N. W. Gale, G. Thurston, G. D. Yancopoulos, S. 

J. Wiegand. Delta-like ligand 4 (DLL4) is induced by VEGF as a negative regulator of 

angiogenic sprouting. Proc Natl Acad Sci U S A. 2007;104:3219-3224. 

74. Jubb AM, Turley H, Moeller HC, Turley, H, Steers G, Han C, Li JL, Leek R, Tan 

EY, Singh B, Mortensen NJ, Noguera-Troise I, Pezzella F, Gatter KC, Thurston G, Fox 

SB, Harris AL. Expression of delta-like ligand 4 (Dll4) and markers of hypoxia in colon 

cancer. Br J Cancer. 2009;101:1749-1757. 

75. Huang M-T, Dai Y-S, Chou Y-B, Juan Y-H, Wang C-C, Chiang B-L. Regulatory T 

Cells Negatively Regulate Neovasculature of Airway Remodeling via DLL4-Notch 

Signaling. J Immunol. 2009;183:4745-4754. 

76. Mikhailik A, Mazella J, Liang S, Tseng L. Notch ligand-dependent gene expression 

in human endometrial stromal cells. Biochemical and Biophysical Research 

Communications. 2009;388:479-482. 

77. Paunescu V, Bojin FM, Tatu CA, Gavriliuc O, Rosca A, Gruia A, Tanasie G, 

Bunu C, Crisnic D, Gherghiceanu M, Tatu F, Tatu C, Vermesan S. Tumor-associated 

fibroblasts and mesenchymal stem cells: more similarities than differences. Journal of 

Cellular and Molecular Medicine;9999. 

78. Du R, Lu K, Petritsch C,Liu P, Ganss R, Passegué E,Song H,VandenBerg S, Johnson 

R, Werb Z, Bergers G. HIF1[alpha] Induces the Recruitment of Bone Marrow-Derived 

Vascular Modulatory Cells to Regulate Tumor Angiogenesis and Invasion. Cancer Cell. 

2008;13:206-220. 

79. Wang H-C, Brown J, Alayon H, Stuck BE. Transplantation of quantum dot-labelled 

bone marrow-derived stem cells into the vitreous of mice with laser-induced retinal 

135 



injury: Survival, integration and differentiation. Vision Research;In Press, Corrected 

Proof. 

80. Caiado F, Real C, Carvalho Tn, Dias Sr. Notch Pathway Modulation on Bone 

Marrow-Derived Vascular Precursor Cells Regulates Their Angiogenic and Wound 

Healing Potential. PLoS ONE. 2008;3:e3752. 

81. Liu H, Kennard S, Lilly B. NOTCH3 Expression Is Induced in Mural Cells Through 

an Autoregulatory Loop That Requires Endothelial-Expressed JAGGED1. Circ Res. 

2009;104:466-475. 

82. Jin S, Hansson EM, Tikka S, Lanner F, Sahlgren C, Farnebo F, Baumann M, 

Kalimo H, Lendahl U. Notch Signaling Regulates Platelet-Derived Growth Factor 

Receptor-{beta} Expression in Vascular Smooth Muscle Cells. Circ Res. 2008;102:1483-

1491. 

83. Liu H, Kennard S, Lilly B. NOTCH3 Expression Is Induced in Mural Cells Through 

an Autoregulatory Loop That Requires Endothelial-Expressed JAGGED1. Vol. 104; 

2009:466-475. 

84. Tang Y, Urs S, Liaw L. Hairy-Related Transcription Factors Inhibit Notch-Induced 

Smooth Muscle {alpha}-Actin Expression by Interfering With Notch Intracellular 

Domain/CBF-1 Complex Interaction With the CBF-1-Binding Site. Circ Res. 

2008;102:661-668. 

85. Minhong Yan CC, Joseph Beyer, Krishna Allamneni, Gu Zhang, John Brady 

Ridgway, Kyle Niessen, Greg Plowman. Chronic DLL4 blockade induces vascular 

neoplasms. Nature. 2010;463:E6-E7. 

136 



86. Patel NS, Li J-L, Generali D, Poulsom R, Cranston DW, Harris AL. Up-regulation of 

Delta-like 4 Ligand in Human Tumor Vasculature and the Role of Basal Expression in 

Endothelial Cell Function. Cancer Res. 2005;65:8690-8697. 

87. Li JL SR, Shi W, Leek R, Harrington LS, Preusser M, Biswas S, Turley H, Heikamp 

E, Hainfellner JA, Harris AL. Delta-like 4 Notch ligand regulates tumor angiogenesis, 

improves tumor vascular function, and promotes tumor growth in vivo. Cancer Research. 

2007 67:11244-11253. 

88. Zichao Zhou MB, Krishna Reddy, Xiaoping Duan, Hui Guan, Ling Yu, Daniel 

Hicklin, Eugenie Kleinerman. Suppression of Ewing's Sarcoma Tumor Growth, Tumor 

Vessel Formation, and Vasculogenesis Following Anti–Vascular Endothelial Growth 

Factor Receptor-2 Therapy Clinical Cancer Research. 2007;13:4867-4873. 

89. Wang YX, Mandal D, WangS, Hughes D, Pollock R, Lev D, 

Kleinerman E, Hayes-Jordan A. Inhibiting Platelet-derived Growth Factor Î² Reduces 

Ewing's Sarcoma Growth and Metastasis in a Novel Orthotopic Human Xenograft 

Model. In Vivo. 2009;23:903-909. 

 

 

137 



VITA 

 Keri Schadler was born in Austin, Texas on March 20, 1982. She received her 

Bachelor of Science degree in molecular and cell biology, with honors, from Texas A&M 

University in College Station, Texas in 2004. Keri entered The University of Texas 

Health Science Center at Houston Graduate School of Biomedical Sciences in August 

2005, and completed rotations in the laboratories of Michelle Barton, PhD, Douglas 

Boyd, PhD, and Eugenie S Kleinerman, M.D. In the summer of 2006, Keri joined the 

Kleinerman laboratory to carry out her dissertation research. Keri was awarded the 

Graduate School of Biomedical Sciences Faculty and Alumni Merit Award in 2005, and 

it was renewed yearly for the duration of her time in graduate school. Keri was also 

awarded an NIH Center for Clinical and Translational Sciences T32 Trainee Fellowship 

in April 2008, renewed in April 2009. Keri’s research thus far on the role of DLL4 in 

bone marrow cell differentiation into pericytes/vSMC in Ewing’s sarcoma has led to the 

following publication: Schadler, K.L., Zweidler-McKay, P.A., Guan, H, and Kleinerman, 

E.S. Delta-Like Ligand 4 Plays a Critical Role in Pericyte/Vascular Smooth Muscle Cell 

Formation during Vasculogenesis and Tumor Vessel Expansion in Ewing's Sarcoma. 

Clinical Cancer Research. 16(3): p. 848-856. 

138 


