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Abstract

Tumor cells shed gangliosides and populate their microenvironment with these biologically active
membrane glycosphingolipids. In vitro, ganglioside enrichment amplifies receptor tyrosine kinase
signaling and activation of vascular endothelial cells. However, a long-standing question is
whether in the actual microenvironment of a neoplasm, in vivo, tumor cell ganglioside shedding
stimulates angiogenesis. Here we tested the hypothesis that tumor gangliosides have a critical
proangiogenic role in vivo using novel murine tumor cells (DKO) genetically completely
incapable of ganglioside synthesis and impaired in tumor growth vs. wild-type (WT) ganglioside-
rich cells. We studied angiogenesis during tumor formation by these ganglioside-depleted cells,
quantifying vessel formation, angiogenic factor production/release, and consequences of
reconstitution with purified WT gangliosides. DKO cells formed virtually avascular tumors, much
smaller than ganglioside-rich WT tumors and displaying a striking paucity of blood vessels,
despite levels of VEGF and other angiogenic factors that were similar to those of WT cells.
Transient enrichment of the ganglioside milieu of the DKO cell inoculum by adding purified WT
gangliosides partially restored angiogenesis and tumor growth. We conclude that tumor
gangliosides trigger robust angiogenesis important for tumor growth. Our findings suggest
strategies to eliminate their synthesis and shedding by tumor cells should be pursued.
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INTRODUCTION

Tumor angiogenesis is recognized as a process that is critical to tumor growth[1-3]. Yet,
fully effective approaches to control angiogenesis and thereby ultimate tumor progression
are still elusive. For example, counteracting VEGF and its signaling as a treatment to
interfere with tumor growth by inhibiting angiogenesis has met only with partial success[4—
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6]. With better understanding of the dynamics of tumor angiogenesis, it is increasingly
recognized that complex interactions between the tumor cell and the host play an important
role[7-10]. To an important degree, soluble factors especially those released by the tumor
cell into the tumor microenvironment (TME), can shape these interactions[7, 11, 12].

Tumor cell gangliosides, amphiphatic cell surface glycosphingolipids released into the
extracellular milieu in strikingly high quantities by shedding specifically from tumor cell
membranes, are one such factor. Shedding rates of up to 50% of total tumor cell
gangliosides, or 12 nmol/108 cells/24 hours, have been measured in vitro[13]. Directly as a
result of this shedding process, gangliosides can interact with and bind to normal stromal
cells present in the TME[14]. Consequent modification of normal cell function, including
enhancement of growth factor binding to and activation of stromal fibroblasts and vascular
endothelial cells, has been extensively shown in vitro[15-19]. In vivo, manipulation of the
ganglioside content of the TME has shown that most gangliosides [except possibly
GM3[20-22]] positively influence tumor growth. As examples, tumor growth was enhanced
by addition of purified tumor gangliosides to a tumor cell inoculum[23], and conversely,
tumor growth was suppressed by transient inhibition of ganglioside synthesis by
pharmacological blockade of glucosylceramide synthase[24], or by the administration of
ganglioside-specific 1gG antibodies that can bind and neutralize shed gangliosides in the
TME[25]. Together with findings of augmentation of stromal cell function by addition of
complex exogenous gangliosides in assays linked to angiogenesis, such as VEGF-induced
human vascular endothelial cell (HUVEC) activation, proliferation, migration, and tube
formation[18, 20, 26-28], the question arises as to whether tumor gangliosides, i.e., those
gangliosides actually synthesized by the tumor cells in vivo and shed into the TME, impact
tumor angiogenesis, and whether they do so in such a way as to enhance tumor growth.

It is now possible to answer this question directly. To do this, we used a recently developed
novel, genetically determined, tumor model[29] in which specific and complete ganglioside
deficiency resulted from knockout of activities of two key ganglioside synthetic genes, Sat9
(encoding GM3 synthase) and Galgtl (encoding GM2 synthase). Embryonic fibroblasts
(MEF) from these double knockout mice and littermate wild type mice were stably
transformed with c-myc and H-Ras. This for the first time generated tumor cells in which
gangliosides were constitutively completely depleted and therefore unable to condition the
TME. Tumor growth of the resulting ganglioside-deficient knockout (DKO) tumor cells was
reduced compared to that of the ganglioside-rich wild type (WT) tumor cells[29], despite
their identical cell proliferation Kinetics in vitro. This model provided the basis for directly
testing the hypothesis that ganglioside synthesis and shedding impacts tumor angiogenesis.

Our results show that angiogenesis, robust in WT tumors, was markedly impeded in the
ganglioside-poor DKO tumors, and that this was not attributable to a difference between the
WT and DKO tumor cells in VEGF (or other angiogenic factor) production. Together with
substantial restoration of angiogenesis and an increase in tumor growth caused by addition
of purified WT tumor cell gangliosides to the DKO cell inoculum, the findings directly
implicate shed tumor gangliosides in modifying normal cell responses involved in tumor
angiogenesis. Inhibition of human tumor ganglioside synthesis could be a novel therapeutic
target for human cancer.
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MATERIALS AND METHODS

Materials and cell culture

Tumors

6 week old C57B6/L mice were obtained from Jackson Laboratory (Bar Harbor, Maine).
CD34 rat 1gG,, was from Biolegend (San Diego, CA), CD31 rat 1gG,, and the DAB
substrate kit were from BD Pharmingen (San Jose, CA). The murine VEGF ELISA kit was
from R&D Systems, Minneapolis, MN. c-Myc/h-Ras oncogene-transformed GM3S/GM2S
double knockout (DKO) and oncogene transformed control (WT) murine embryonic
fibroblasts [29] were cultured in DMEM with 4.5g/L glucose (Lonza, Walkersville, MD)
containing 10% FCS, 2mM L-glutamine, and 1% non-essential amino acids (NEAA).

105-108 oncogene-transformed WT or DKO cells were injected s.c. to groups of 4-6 normal
syngeneic ¢57BI/6 female mice. Tumor growth was monitored 3x/week and tumor volumes
calculated according to the formula: (HXWXxL)/2. Mice were cared for according to approved
IACUC protocol 61-96-12. Results shown are representative of 3-5 separate experiments.

Immunohistochemistry

10um cryosections of OGT-embedded tumor tissues were fixed, H,O, treated, blocked with
donkey serum for 30 min and incubated at 4°C overnight with primary anti-CD31 and anti-
CD34 antibodies at 1:50 dilution followed by HRP conjugated second antibody 1gG at 1:100
dilution[30]. In parallel, 5um sections of the same tumors, formalin-fixed, were stained by
H&E.

Vessel quantification

Vessels were quantified in the most vascular areas, i.e., “hot spots” [31], as identified by
scanning tumor sections at low power (x40) with AxioVision 4 software. The number of
fully formed large tumor vessels (=100 um length) seen on H&E stained slides or identified
by CD31 staining in 5-8 hot spots/tumor, three tumors/group, at 200x magnification
(0.22mm? area fields), were counted and the vessel density determined.

Ganglioside purification

Total tumor cell gangliosides were purified as previously described [32]. Briefly,
gangliosides in the chloroform:methanol total lipid extracts of WT and DKO cells were
partitioned in aqueous DIPE/butanol, further purified by Sephadex G-50 gel filtration,
characterized by HPTLC, compared to standard gangliosides, and quantified by scanning
densitometry.

VEGF and other angiogenic factor detection

5x10% DKO or WT cells were cultured in 3ml complete medium in 6-well culture plates.
After 24 hours the medium was replaced with fresh medium, and 16 hours later the cells and
culture supernatants were collected, and the cells were counted. VEGF content and release
by DKO and WT cells and tumors were quantified by ELISA. Results were expressed as pg
VEGF/108 cells, or the supernatant of 108 cells[33]. Angiogenesis factors of DKO and WT
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cells and culture supernatants were also screened by Western blotting using the
TranSignalTM Mouse Angiogenesis Antibody Array (Panomics, Redwood, CA).

Statistical Analysis

The statistical significance of differences between groups was assessed by Student’s t-test,
two-tailed. A p value of less than 0.05 was considered statistically significant. All bars
shown in the figures and data in the tables are presented as the mean + SD.

RESULTS

Tumor ganglioside depletion and tumor formation

Initial experiments calibrated the influence of tumor gangliosides on tumor formation, by
assessing that of ganglioside-poor DKO cells and ganglioside-rich (control) WT cells, to
confirm our original findings in the tumor model[29]. In the representative experiment
shown (Fig. 1A), tumors resulting from s.c. injection of 108 WT cells in syngeneic normal
C57BI/6 mice grew rapidly, reaching a mean volume of >1000 mm3 in less than 14 days.
The ganglioside-poor DKO tumors, in contrast, had a tumor volume of only 93+15 mm3 by
14 days (p=0.0001) (Fig. 1A).

By explanting and culturing WT and DKO cells after in vivo passage we also established
that during in vivo growth, the original ganglioside profile of the WT cells was maintained
and importantly, explanted DKO tumor cells remained completely ganglioside-depleted (not
shown). Together, these results confirm that in the absence of active ganglioside synthesis
and shedding by the tumor cells, tumor growth is significantly impeded.

Tumor ganglioside depletion and angiogenesis

Examination of the DKO tumors revealed a striking visual appearance (compared to WT
tumors) that accompanied their impeded growth: The surface of the DKO tumors was almost
avascular, appearing pearly white in comparison to well-vascularized, red, WT tumors (Fig.
1B). Dissection of the tumor site on day 14 after injection of 10° cells uncovered a poorly
supplied DKO tumor bed in contrast to the well supplied WT tumor bed (Fig. 1C). The
major blood vessel serving the DKO tumor (Fig. 1C right) was less prominent than the one
supplying the WT tumor (Fig. 1C, middle) and similar in size to the same vessel in the
tumor-free control mouse (Fig. 1C, left), clearly demonstrating robust angiogenesis in the
ganglioside-rich WT but not in the ganglioside-poor DKO tumor sites.

Assessment of the intra-tumor vascularity confirmed and expanded this novel finding. Low
power views of WT tumors showed many large vessels and at higher power, well-formed
vessels with patent lumens (containing clearly visible erythrocytes) were seen in abundance
in the WT tumors (Fig. 1D). DKO tumors, in contrast, exhibited few if any well-formed
vessels. Only punctuate collections of a few cells were seen at higher power (Fig. 1D).

Imunohistochemical staining for the angiogenesis markers CD31 and CD34 underscored the
differences in vasculature. WT tumors stained for CD31 exhibited well-formed vessels
while DKO tumors had almost none (Fig. 2, upper panels). Likewise, CD34 staining[30, 34]
showed that the WT tumors had many well-formed new vessels whereas DKO tumors had
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many fewer, mostly undeveloped, vessels as well as punctate staining possibly representing
nascent vessels (Fig. 2, lower panels).

Finally, quantitative evaluation of vascularity two weeks after tumor cell injection
corroborated these observations. The many large vessels visible upon H&E staining in WT
tumors were in contrast to the very few in DKO tumors (10+3.6 vs. 0.4+0.6 vessels/
0.22mm? field, p<0.0001). Similarly, as detected by immunostaining, DKO tumors
displayed a striking paucity of CD31+ tumor blood vessels (0.1+0.2 vs. 8.9+3.2 vessels/
0.22mm?2, p<0.0001). Importantly, these differences in angiogenesis occurred in the absence
of any significant difference in either VEGF production (Fig. 3A) or release (Fig. 3B)
between the two cell types, or in VEGF content of the tumors (Fig. 3C), or in the cellular
expression of a series of other angiogeneic factors (Fig. 3D).

Exogenous addition of WT gangliosides enhances growth and angiogenesis of DKO

tumors

This clear link between ganglioside deficiency, impeded angiogenesis, and tumor growth
prompted us to evaluate the effect of reconstitution of the ganglioside-poor DKO tumor cell
inoculum with the “missing” (WT) gangliosides. Total WT tumor cell gangliosides consist
of 9% GM3, 29% GM2, 16% GM1, and 46% GD1a (not shown). While recognizing that
adding gangliosides to the DKO tumor cell inoculum would only transiently enrich the
ganglioside content in the tumor microenvironment, we asked whether at least temporarily
providing tumor gangliosides to the TME during the early stages of ganglioside-deficient
DKO tumor development would result in some restoration of angiogenesis and possibly
enhancement of tumor growth.

We injected 100 pmol of purified WT cell gangliosides together with an inoculum of 10°
WT or DKO tumor cells. This transient enrichment of the ganglioside milieu by the WT
gangliosides significantly increased DKO tumor volume (Fig. 4A) and tumor mass (Fig.
4B): Ganglioside enrichment of the DKO cell inoculum increased the volume of DKO
tumors on day 19 (Fig. 4A) from 109 to 278+69 mm3 (p<0.0001). In contrast, identical
ganglioside enrichment of the (already ganglioside replete) WT tumor cell inoculum did not
enhance growth of WT tumors (Fig 4A).

Examination of the tumor bed (Fig. 4C) clearly captures the angiogenic effect of the added
gangliosides on the tumor feeding circulation. The major vessels in the site of the
ganglioside-enriched DKO (i.e., DKO+G) tumors were almost as robust as those in the WT
tumor site, and much larger than those in the tumor bed of unenriched DKO cells, in turn not
very different from those the tumor free (control) site.

Fig. 4D shows both by H&E staining and by CD31 immunostaining that vascularity in the
WT tumors was not affected by enrichment with WT tumor gangliosides while WT tumor
ganglioside addition to the DKO tumor cell inoculum clearly enhanced vessel formation.
This was confirmed by quantifying tumor blood vessels of WT and DKO tumors that were
of the same size (Table 1). Strikingly, the vessel number in DKO tumors was increased from
0.1+0.3 to 8.0+5.2 CD31* vessels/0.22mm? field, p<0.0001. Thus, while ganglioside
enrichment of ganglioside-rich WT tumor cells did not alter the already robust angiogenesis
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of WT tumors, ganglioside enrichment of the DKO tumor microenvironment restored vessel
density in the DKO tumors, implicating gangliosides specifically as causing the enhanced
angiogenesis.

DISCUSSION

The critical roles of angiogenesis in supporting/facilitating tumor growth and
progression[35] and of the TME in shaping this angiogenic response[7] stress the
importance of identifying the factors, especially soluble factors derived from the tumor cell,
that impact this microenvironment. Here we have discovered that tumor gangliosides that
are released into the TME have potent activity affecting this critical component of tumor
progression such that complete elimination of ganglioside synthesis and shedding by the
tumor cell caused a dramatic reduction in angiogenesis in vivo. Unique characteristics of the
model tumor system we used are that only ganglioside metabolism, and only ganglioside
metabolism of the tumor cell (and not of the host) is blocked, accompanied by only minor
(not statistically significant) increases of the precursor molecules glucosylceramide,
lactosylceramide, and ceramide [29]. Thus gangliosides and specifically those emanating
from the tumor itself are implicated in accelerating tumor angiogenesis in vivo. Supporting
this conclusion is the finding that even brief ganglioside enrichment of the TME of
ganglioside-poor DKO tumors increased angiogenesis and tumor growth. The striking
effects in vivo were observed despite identical WT and DKO cell growth kinetics in
vitro[29] and no difference in production or release of VEGF or expression of other
angiogenic factors.

Because this tumor model is constitutive and causes blockade of ganglioside synthesis only
by the tumor cell, it provides a novel and accurate view of a dynamic interaction between
tumor cell gangliosides and the host that influences angiogenesis. What we found was that
even at relatively early stages of tumor development, the ganglioside-replete small WT
tumors showed robust vasculature, whereas the small ganglioside poor DKO tumors did not.
Thus, the low density of tumor blood vessels in the DKO tumors is not explicable simply by
small tumor size. Also, minor amounts of gangliosides or other molecules that could be
adsorbed from the TME [36] by stromal or tumor cells, were, if present, clearly not
sufficient to overcome the effect on angiogenesis caused by of lack of ganglioside synthesis
and shedding by the tumor cells. Furthermore, the detection in DKO tumors of many small
punctuate collections of CD31+ cells that may represent undeveloped vessels is of particular
interest and suggests a pathophysiological mechanism of action of the tumor cell
gangliosides. That is, the finding of such collections of cells may mean that the absence of
tumor gangliosides in the TME in vivo holds back the further development of nascent blood
vessels (in turn impeding growth of the tumor that is supported by them), and conversely
that tumor cell gangliosides accelerate angiogenesis by stimulating the activation of these
cells. This hypothesis that gangliosides may promote angiogenesis by an effect on vessel
maturation, originally proposed by Guillino[26, 37], is further supported by our findings of
the amplifying effect of ganglioside enrichment on VEGF-induced signaling of vascular
endothelial cells[18], enabling them to respond to even trace, subthreshold concentrations of
growth factors such as VEGF. In the clinical setting, by increasing vascular endothelial cell
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sensitivity to VEGF[18], the process of ganglioside shedding could also impair the
therapeutic efficacy of specific pharmacological inhibitors targeting VEGF or its receptor.

The overall findings illuminate a novel explanation, at the cellular level, for how ganglioside
synthesis and shedding by tumor cells acts to affect tumor angiogenesis: Tumor cell
shedding will result in substantial concentrations of gangliosides into the TME. In the TME,
these molecules can bind to the membranes of normal vascular endothelial cells critical for
vessel formation. This ganglioside enrichment amplifies growth factor-induced cell
signaling[15, 17, 18] even causing subthreshold (non-activating) concentrations of VEGF to
become potent in promoting vascular endothelial cell signaling, activation, proliferation, and
migration. [In vivo, this lowering of the threshold for stimulation by the presence of tumor
gangliosides in the TME could even compensate for low concentrations of VEGF in the
TME that would themselves be insufficient to stimulate angiogenesis.] Accelerated
angiogenesis in comparison to that in the absence of tumor cell gangliosides is the end result
of this process.

How does ganglioside structure influences angiogenic activity? This may be of interest
because as a result of structural variations in both the carbohydrate and lipid (ceramide)
portions of the molecule, gangliosides are a highly diverse family of many molecular
species. And, in actuality, tumor cells do not synthesize and shed only a single ganglioside.
Rather, they frequently express a multiplicity of ganglioside species. Structure-activity
relationships, as established in various in vitro assays, indicate that both carbohydrate and
ceramide structural details (e.g., number of sialic acids in the carbohydrate portion[38] and
fatty acyl group chain length in the ceramide[39], respectively) may affect activity. Studies
of the relative activity of individual gangliosides, exogenously added to in vitro and other
assay systems related to angiogenesis, have shown that with the possible exception of
GM3[21, 22], all gangliosides studied, including the GM1, GD1a, and GD3 found in WT
tumor cells, enhance cellular binding of growth factors to normal stromal cells and the
consequent cell responses (activation and function)[15, 17, 18, 20-22]. These results are
embodied in the proposal of a model[26-28] in which the relative concentrations of the
simple ganglioside GM3 vs. that of other, complex, gangliosides such as GD1a determine
the effect on angiogenesis, with higher concentrations GM3 relative to that of the other
gangliosides being associated with less angiogenesis.

The central clinically relevant issue, however, is probably not whether or how much one or
another particular ganglioside, or a change in the ratio of individual gangliosides in the
tumor cell to one another, modifies the degree of angiogenesis, but how would complete
elimination of ganglioside synthesis and shedding by the tumor cell affect tumor
angiogenesis. Our studies have been able to answer this question for the first time. The
result, marked inhibition of angiogenesis, identifies a highly pro-angiogeneic effect of the
composite (total) WT tumor gangliosides (GM3, GM1, GD1a, and GD3) in vivo. Therefore,
in a potential clinical application of these findings, it is likely that the inhibition of tumor
cell ganglioside synthesis or action as a cancer therapeutic intervention would be most
effective in the adjuvant setting therapy early on, or in the circumstance of minimal residual
disease.
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In summary, we have directly demonstrated, for the first time in a well characterized and
fully in vivo system (in which only the tumor cell has altered ganglioside synthesis) that the
gangliosides that tumor cells synthesize and release have critical proangiogenic activity in
vivo, and that this is associated with enhanced tumor growth. Arguably not the only factor
influencing tumor growth and progression, the action of gangliosides nevertheless clearly
accelerates the process of angiogenesis and of tumor formation. Thus, selectively abrogating
the synthesis and shedding of tumor cell gangliosides into the TME in the clinical setting of
human cancer (as was accomplished genetically in the DKO tumor model) could be an
important achievement. This could be achieved by targeted delivery of an agent, such as a
small molecule inhibitor, that selectively blocks the enzymatic activity GM3 synthase, since
in human cells, as has been observed already in human fibroblasts[40], complete ablation of
ganglioside synthesis and shedding can be accomplished by the inactivation of this single
enzyme, GM3 synthase[40, 41]. The argument for developing such an approach is especially
compelling because numerous types of human tumors shed gangliosides[13, 42—-48].
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Figure 1. Ganglioside depletion impedes tumor vascularization
Panel A: Tumor growth (5 mice/group), representative of three separate experiments. Panel

B: Visual appearance 10 days after s.c. injection of 10 ® WT or DKO cells. Panel C:
Vasculature of the tumor site day 14 after injection (from left to right) of PBS (vehicle
control), 105 WT, or 10° DKO cells. Panel D: Tumor histopathology (H&E stain), 10 days
after injection of 106 cells. Upper: 50x magnification; lower: 400x magnification; left: WT
tumor; right: DKO tumor.
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Figure 2. Immunohistochemical detection of blood vessels of WT and DKO tumors
Frozen sections of tumors harvested 10 days after s.c. injection of 10> WT or DKO cells

were stained for CD31 or CD34. Left panels: WT tumors; right panels: DKO tumors.
Magnification: 50x and 400x.
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Figure 3. VEGF and other proangiogenic factors of WT and DKO cells

Neither the VEGF content in cell lysates (panel A; WT vs. DKO at 16 hours: 16.2+1.9 vs.

12.6+2.2 pg/106 cells, p=0.1) nor in the corresponding 16-hour cell culture supernatants
(panel B; WT vs. DKO, 324423 vs. 31051 pg released/10 cells, p=0.7) were significantly
different. Panel C: Tumor VEGF content. Small WT (day 9, mean 87mm3, n=3) and DKO
(day 14, 84mm3, n=3) tumors following injection of 10° cells were studied. VEGF was

assayed by ELISA. The tumor VEGF contents were not significantly different (26+1.4 vs.

21+5 pg/mg tumor, p=0.3). Panel D: Angiogenesis factor screen of DKO and WT cells and
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culture supernatants by Western blotting. The table is the key for the western blot of
angiogenesis factors, among which there were no differences in concentrations between
DKO and WT cells or supernatants.
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Figure 4. Effect of purified exogenous WT tumor gangliosides on tumor angiogenesis
10% WT or DKO cells were co-injected s.c. with or without 100 pmol WT tumor

gangliosides (G) into groups of five mice. Tumor growth curves (Panel A) and tumor
weights at the day 21/22 endpoint (Panel B) are shown (key: NS: p>0.05; *: p=0.07; **:
P<0.0001). Panel C, tumor site vasculature (day 14): (control) PBS alone, (DKO) DKO
tumor identified by the arrow, (WT) WT tumor, (DKO+G) DKO tumor cells co-injected
with 100 pmol WT tumor gangliosides. Panel D: histopathology of equal size (small) WT
and DKO tumors. Upper row, H&E staining; lower row, CD31 staining. Tumors were
harvested on days 7-9 (WT), (WT+G), and (DKO+G), and day 14 (DKO). Magnification:
200x%; bars represent 100pum.
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