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Abstract

While Diacylglycerol kinase alpha (DGKa) has been linked to several signaling pathways related
to cancer cell biology, it has been neglected as a target for cancer therapy. The attenuation of
DGKa activity via DGKa-targeting siRNA and small-molecule inhibitors, R59022 and R59949,
induced caspase-mediated apoptosis in glioblastoma cells and in other cancers, but lacked toxicity
in non-cancerous cells. We determined that mTOR and HIF-1a are key targets of DGKa
inhibition, in addition to its regulation of other oncogenes. DGKa regulates mTOR transcription
via a unique pathway involving cyclic AMP. Lastly, we showed efficacy of DGKa inhibition with
shRNA or a small-molecule agent in glioblastoma and melanoma xenograft treatment models,
with growth delay and decreased vascularity. This study establishes DGKa as a central signaling
hub and a promising therapeutic target in the treatment of cancer.

INTRODUCTION

High-grade gliomas are the most common brain tumors in adults and are universally fatal.
These tumors partially resemble glial cells, but their cell of origin is unclear. Glioblastoma
multiforme (GBM), grade 1V glioma, is the most common and aggressive variant. GBMs are
primary cancers of the CNS that appear de novo or arise from low-grade gliomas (1) and
account for >51% of all gliomas diagnosed each year. GBMs are exceedingly treatment-
resistant, even with combined surgical resection and radio- and chemotherapy, and always
recur (2). These tumors are highly invasive and infiltrate the normal brain parenchyma in a
diffuse fashion, which contributes to their resistance (3). The frequency and lethality of
GBM, combined with resistance to treatment, present a critical need for novel therapeutic
approaches.

Treatment resistance also arises in GBM and other cancers through their genetic diversity
and complexity. It has been shown in cancer, perhaps most elegantly in GBM (4), that
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multiple signaling pathways are dys-regulated in an individual cell. Thus the inhibition of
one or two pathways promotes the up-regulation of other oncogenic pathways—in part
through feedback loops—allowing the cancer cell to survive. It is therefore increasingly
clear that more effective cancer treatment will require either cocktails of inhibitors or the
discovery of critical signaling nodes that can be targeted to block numerous pathways
simultaneously. Herein we investigate a possible signaling node as a promising cancer
target.

We previously showed Notch to be a potential therapeutic target in glioblastoma (5), and in
subsequent efforts to determine its signaling role we have sought to better understand its
crosstalk with other pathways. This led us to profile microRNAs regulated by Notch, as we
have described previously (6). MiRNA-297 was among the microRNAs found to be up-
regulated with Notch inhibition, and upon delivery to glioblastoma cells it was observed to
be more toxic than any other miRNA tested in our laboratory. This led us to consider
possible targets of miRNA-297. After an extensive search through online databases, we did
not find any known oncogenes predicted to be strongly targeted by miRNA-297, but the
gene Diacylglycerol kinase alpha was among the top predicted targets.

Diacylglycerol (7) is a membrane lipid that is an established second messenger activating
several signaling proteins, most of which have been implicated in cancer (8). DAG is
typically metabolized through diacylglycerol kinases (DGKSs), resulting in the creation of
phosphatidic acid (9). Phosphatidic acid (PA) is a phospholipid that is found at relatively
low levels compared to other lipids, yet it has been implicated in regulating a number of
signaling pathways and proteins (10). Though there are ten known DGK enzymes,
Diacylglycerol kinase alpha (DGKa) has been implicated in a variety of cellular functions
apart from other DGKSs. Through siRNA knockdown of DGKa,, it was shown to play a
positive role in the proliferation and migration of endothelial cells (11). DGKa also plays a
role in the regulation of NF-xB in melanomas. While DGKa is expressed in several
melanoma lines, it is not expressed in noncancerous melanocytes (12). Of note, DGKa
synthesis of PA can be attenuated by two established small molecule inhibitors: R59022 {6-
[2-[4-[(4-Fluorophenyl)phenylmethylene]-1-piperidinyl]ethyl]-7-methyl-5H-thiazolo-[3,2-
a]-pyrimidin-5-one} and R59949 {3-[2-[4-[Bis(4-fluorophenyl)methylene]-piperidin-1-
yl]ethyl]-sulfanylidene-1H-quinazolin-4-one}. Both R59022 and R59949 are selective for
DGKa and the relative specificity of these inhibitors has been previously demonstrated (13).
A recent report showed that the inhibition of DGKa by the small-molecule drug R59949
regulated the build-up of hypoxia-inducible factor-1a (HIF-1a) levels, a response to
hypoxia and a hallmark of the tumor microenvironment (14). Another report showed that
R59949, a DGKa dominant-negative mutant, and specific RNA interference each inhibited
VEGF-induced chemotaxis and DNA synthesis in HUVEC endothelial cells (11). The same
study also showed a correlation between VEGF-A stimulation and increasing DGKa levels.
All of this taken together poses a mounting case for DGKa regulating cell survival,
proliferation, migration, and angiogenesis signaling in a variety of cellular environments.
The need for further investigation of DGKa as a possible therapeutic target in cancer is
evident, given its numerous connections to oncogenic pathways. Herein we show in GBM
and other cancers that DGKa is a critical signaling node essential for several oncogenic
pathways and is a promising therapeutic target.

Attenuation of DGKa causes toxicity in glioblastoma cells

To assess the effect of this inhibition in established GBM cell lines, DGKa was silenced
with siRNA and inhibited via small-molecule inhibitor, R59022. Percent cell death by
trypan blue was significantly increased in both U87 and U251 cell lines when compared to
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controls (Fig. 1A). In conjunction with the observed cell toxicity, cell viability by
alamarBlue assay was significantly reduced with DGKa silencing in both GBM cell lines
(Supplemental Fig. S1). To visualize cell toxicity changes after DGKa knockdown, U251
GBM cells were stained with Hoechst and propidium iodide, revealing a decrease in total
cell number with an increase in membrane-compromised cells after DGKa knockdown (Fig.
1B). An immunoblot for DGKa was also done to verify transfection efficiency in both GBM
cell lines as well (Fig. 1C). The toxicity seen in GBM cells was consistently observed with
relative rapidity after treatment with either SiRNA or small-molecule inhibitors targeting
DGKa. We sought to confirm that cell death was being induced and by what mechanism.
Typically, cell count assays were performed between 72-96 hours post treatment, showing a
rapid effect on cell numbers given the typical time course for siRNA knockdown. A slowing
in cell proliferation was considered unlikely, given no change in BrdU incorporation
measured by ELISA assay (data not shown). Autophagy was also explored, but there was no
difference in LC3-11 levels by immunoblot (data not shown). To assess the possibility of cell
death, Annexin V assay via FACS analysis was performed on the U87 and U251 GBM lines
and the A-375 melanoma line (Fig. 1D), with the results indicating an increase in Annexin
V-positive cells with DGKa knockdown. Next, caspase-mediated apoptosis was
investigated at both 24- and 36-hour time points. After transfection, there was a significant
increase in caspase-3/7 activity in cells upon silencing DGKa in U87 and U251 GBM cells,
as well as in melanoma cells (Fig. 1E). In addition, we observed an increase in cleaved
PARP expression in cell lysates in which DGKa expression was silenced (Fig. 1F). These
results suggest that DGKa inhibition causes cell toxicity in cancer cells through caspase-
mediated apoptosis.

DGKa is up-regulated and increases cell numbers in human glioblastoma

Next, we sought to determine if DGKa might have oncogenic properties, given the
substantial effect that silencing has on GBM cell proliferation. In U87, U251, and A-375
cells, forced over-expression of DGKa by transient transfection resulted in a significant
increase in cell proliferation (Fig. 2A). Next, in order to establish long-term over-expression
of DGKa, we infected U87, U251, and A-375 cells with a lentiviral DGKa vector. DGKa
over-expression significantly increased tumor cell proliferation (Fig. 2B) /in vitro. Upon
quantification of DGKa protein by immunoblot in both normal brain and GBM human
tissue samples, we found there to be modest but significant increases in levels of DGKa
protein in GBMs (Fig. 2C). Also, both normal and GBM tissue samples were analyzed to
determine mRNA levels of DGKa (Fig. 2D). While the difference in mean DGKa mRNA
levels was not significant, some GBM samples had markedly increased DGKa mRNA.
Lastly, other data available online from the Cancer Genome Atlas (15) indicate
amplification of DGKa in 1-4% of GBM and several other cancers (Supplemental Table 1).
Nonetheless, the moderate over-expression of DGKa in GBM cells seems inconsistent with
the apparent addiction to its expression, suggesting this may be an example of “non-
oncogene addiction”—in which cancer cells have a disproportionate dependency on a gene
that is not over-expressed (16).

Glioblastoma toxicity is a specific effect of decreased DGKa activity

DGKa produces phosphatidic acid (PA) through the phosphorylation of diacylglycerol. In
order to verify that the cellular toxicity observed in GBM cells is a specific consequence of
the attenuation of DGKa activity, we investigated the role of PA. Knockdown of DGKa
was performed in GBM cells as above and exogenous PA added. Notably, the substantial
cytotoxicity in GBM (Fig. 3A and B) and melanoma (Fig. 3C) cells upon DGKa
knockdown was rescued with exogenous PA. Similarly, PA administration also rescued the
phenotype observed upon treatment with small-molecule inhibitor R59022 (Fig. 3D and E)
in GBM cells. Lastly, to confirm that PA levels were decreased with DGKa knockdown, PA
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levels were measured through mass spectrometry. Total PA levels were significantly
decreased in U251 GBM cells after transfection with DGKa siRNA (Fig. 3F). These results
establish a role for DGKa production of PA in cancer cell viability.

Attenuation of DGKa causes toxicity through regulating key oncogenic pathways

DGKa and its product phosphatidic acid have been linked to several established oncogenic
pathways, including mTOR (17), HIF-1a (14), and Akt (18). To evaluate the effects that
silencing DGKa has on these possible mediators, immunoblots were done in GBM cells
with DGKa knockdown. There was a significant decrease in total mTOR and phos-

MTOR o448 in GBM cells (Fig. 4A and B) and melanoma cells with attenuation of DGKa
activity (Fig. 4C). HIF-1a and phos-mTORggr244g Were decreased by DGKa knockdown in
GBM cells (Fig. 4A) as well. In addition, we found that DGKa knockdown decreases c-Myc
levels and phosphorylation of Aktsers73 (Supplemental Fig. S2). We were also prompted to
assess whether DGKa inhibition influences the SREBP (sterol regulatory element binding
protein) cholesterol synthetic pathway by two recent reports, the first linking mTOR and the
phosphatidic acid modulator lipin to SREBP activity (19), and the second establishing
SREBP as oncogenic and a therapeutic target in GBM (20). Following DGKa knockdown
in glioblastoma cells, we determined mRNA levels of the SREBP targets farnesyl
diphosphate synthase (FDPS), HMG-CoA reductase (HMGCR), and stearoyl CoA-
desaturase (SCD) (19). After normalization, each of the genes tested had significantly
reduced mRNA levels when compared to control (Supplemental Fig. S3A). To assess
whether any of these DGKa mediators might be central for the cytotoxicity of DGKa
knockdown/inhibition in GBM cells, we performed “rescue” experiments with over-
expression of wild-type mTOR and constitutively active HIF-1a.. Over-expression of mTOR
and HIF-1a alone each partially rescued the toxicity from DGKa knockdown and
inhibition, and when combined the phenotypic rescue was slightly stronger in both GBM
and melanoma cells (Fig. 4D, E, and F). However, a similar over-expression of c-Myc failed
to rescue the toxicity (Supplemental Fig. S3B). Taken together, these data suggest that
decreased expression of mTOR and HIF-1a play substantial roles in the cytotoxicity
observed with DGKa knockdown and inhibition in cancer.

DGKa regulates mTOR transcription through modulation of cyclic AMP levels

A similar degree of phenotypic rescue from DGKa. knockdown occurred with a wild-type
mMTOR expression vector as with a constitutively-active mTOR vector (data not shown).
This, combined with a strong correlation of DGKA and mTOR mRNA expression in the
TCGA GBM data (Fig. 4G) (Supplemental Table 2), suggested that DGKa might regulate
mTOR expression. Given prior reports that PA promotes activity of phosphodiesterases
decreasing cyclic AMP (7) and that a cAMP-modulated transcription factor could drive
mTOR transcription (21) (22), we hypothesized that DGKa was diminishing cCAMP levels
to prompt a rise in MTOR transcription. To initially evaluate this, we first assessed the
effects on mTOR expression of DGKa knockdown with a lentiviral ShRNA. We observed a
significant decrease in MTOR mRNA levels with prolonged DGKa knockdown versus
control (Fig. 4H). Given this result, we used an mTOR promoter reporter luciferase assay to
determine if DGKa transcriptionally regulates mTOR. With attenuation of DGKa. activity
via siRNA and small-molecule inhibitor, there was a significant decrease in mTOR promoter
activity in GBM and melanoma cells (Fig. 41 and J). To evaluate whether DGKa was
significantly affecting CAMP levels in GBM cells, ELISA was performed after DGKa
activity was attenuated via SiRNA and small molecule inhibitor. This revealed significant
increases in CAMP levels with DGKa knockdown and inhibition in GBM and melanoma
cells (Fig. 4 K and L). To determine if cCAMP regulates mTOR transcription in GBM, cells
were treated with exogenous CAMP and mTOR promoter activity assessed by luciferase
assay; we observed a significant decrease in mTOR transcription (Fig. 4M). In addition,
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cells treated with the phosphodiesterase-4D inhibitor rolipram also demonstrated a
significant decrease in mTOR transcription (Fig. 4N), further supporting the role of cAMP
in the hypothesized pathway (Fig. 40). These data indicate for the first time that DGKa
regulates mTOR transcription, likely via modulating cAMP levels. This novel pathway
regulating mTOR expression may have implications not only for the role of DGKa in GBM,
but also for studies of the role of cAMP and of mTOR regulation in cancer.

Relative lack of cytotoxicity of targeting DGKa in hon-cancerous cells

Classically, one of the disadvantages of therapeutic treatments for cancer is the negative side
effects due to nonspecific effects on non-cancerous cells. To assess the effect of DGKa
inhibition on non-cancerous cells, we utilized normal human astrocytes and fibroblasts.
First, we silenced DGKa expression in astrocytes (Fig. 5A) with siRNA and confirmed
transfection efficiency with an immunoblot (Fig. 5B), with no significant effect on cell
numbers. We then attempted to assess toxicity of the small-molecule inhibitors on these
non-cancerous cells, and similarly did not observe any significant decrease in cell viability
at concentrations toxic in GBM lines (Fig. 5C and D). Next, we assessed the role DGKa
plays on predicted downstream targets in these non-cancerous cells to determine if the
regulation seen above is particular to cancer cell signaling. With attenuation of DGKa
activity in astrocytes, we did not observe the increase in cAMP levels seen in GBM cells
(Fig. 5E). Furthermore, in astrocytes exogenous CAMP (Fig. 5F) and rolipram (Fig. 5G) did
not affect mTOR promoter activity. These data suggest that DGKa knockdown and
inhibition are preferentially toxic to cancer cells, possibly in part because a major
downstream mechanism in cancer cells is unaffected in normal cells.

DGKa inhibition is cytotoxic in multiple cancer lines

Given the toxicity observed in GBM cell lines, its impact on major oncogenic pathways, the
previous report on DGKa over-expression in melanoma cells (12), and its amplification in
subsets of several cancers (described above), we sought to determine if DGKa is a potential
therapeutic target in other types of cancer as well. First, lysates from various cancer cell
lines and normal human astrocytes and fibroblasts were evaluated by immunoblot to assess
the basal DGKa levels in each cell line used in this work (Fig. 6A). Also, in melanoma (Fig.
6B), cervical (Fig. 6C), and breast (Fig. 6D) cancer cell lines the percent cell death after
knockdown of DGKa or inhibition via small-molecule inhibitor R59022 (10 uM) was
assessed by trypan blue cell counts. Second, to evaluate the potential therapeutic window of
the small-molecule inhibitor R59022, we conducted a dose response assay in each cancer
and normal cell line used above. Each cell line was treated with doses ranging from 5 uM to
100 uM, with DMSO (volume:volume) controls at each dose. Percent cell survival was
evaluated at 4 days for each dose and dose-response curves plotted (Fig. 6E). Cancer cell
lines were substantially more sensitive to R59022 than normal cells.

DGKa knockdown and inhibition affect tumor growth, angiogenesis, and survival of mice
with intracranial and subcutaneous tumors

To test DGKa knockdown as a potential therapy, we first utilized a GBM stem cell (GSC)
xenograft treatment model in mice. DGKa knockdown via lentiviral vector was tested
against a GSC line /n vitro (Supplemental Fig. S4) and in vivo. First, 0308 GSCs were
stereotactically injected into the brain of immunodeficient SCID mice and given a week to
become established. Lentiviral particles containing control or DGKa shRNA were delivered
via convection-enhanced delivery, to increase delivery volume and to promote diffusion of
the virus. The treatment group had significantly increased survival (p=.0073) (Fig. 7A), and
MRI images also showed significantly smaller tumor size in this group as well (Fig. 7B).
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To predict whether one of the small-molecule DGKa inhibitors would penetrate the blood-
brain barrier (BBB) sufficiently, we utilized an in silico algorithm based on the BBB
penetration of hundreds of diverse compounds in rodents. This algorithm predicted that
R59022 would have adequate BBB penetration while R59949 would not, despite their very
similar structures (Figure 7C) (Supplemental Table 3) (23).

Next, the DGKa small-molecule inhibitor R59022 was utilized /in vivoto initially evaluate
the therapeutic potential of systemic DGKa inhibition. SCID mice were implanted with U87
GBM cells by the techniques above. After tumor establishment, mice were given daily
intraperitoneal injections of either DMSO or 2mg/kg of R59022 for 12 consecutive days.
The treatment group had significantly increased survival (p=.01) (Fig. 7D). It is important to
note that there was no decrease in mouse weights with R59022 treatment at doses of 2 or 10
mg/kg (data not shown).

To further evaluate the effects of R59022 administration, U87 GBM cells were injected into
the flank of nude mice to establish subcutaneous tumors. Daily injections were given as
above, and we noted that mean tumor volumes were significantly smaller after treatment
with the DGKa inhibitor (Fig. 7E) (Supplemental Table 4A). When we allowed some
tumors from mice treated with R59022 time to catch up in size with tumors from DMSO-
treated mice, the resected tumors displayed an obvious difference in vascularity (Fig. 7F).
Given this change in vascularity, immunohistochemistry for CD34 was performed to
visualize blood vessels at the microscopic level. There was a sharp decrease in blood vessel
density in the treated tumors (representative image in Fig. 7G). To assess for apoptosis in
these resected tumors, immunohistochemistry for cleaved Caspase-3 (Fig. 7H) was
performed, indicating clear signs of apoptosis in tumors after DGKa inhibition.

To determine if systemic DGKa inhibition might have therapeutic potential against other
cancers, we also tested it with subcutaneous implantation of A-375 melanoma cells. After
daily intraperitoneal injections with the inhibitor R59022, mean tumor volume of treated
mice was significantly smaller in comparison to control mice (Fig. 71) (Supplemental Table
4B).

Lastly, as the DGKa small-molecule inhibitors have not previously been evaluated /in vivo,
we performed an initial pharmacokinetic study. Blood plasma levels of R59022 were
evaluated via mass spectrometry at several time points after a single intraperitoneal dose of
10 mg/kg. These studies revealed a short-half life and peak concentration at 2 hours (Fig.
7J). Ongoing studies are being conducted to further evaluate the pharmacokinetics and
explore the pharmacodynamics of this drug. These results underscore the potential of DGKa
as a therapeutic target, since significant benefit was observed with just a single local
infusion of lentiviral ShRNA or short course of a small-molecule inhibitor. Optimized
delivery of DGKa inhibitors /n vivo could greatly enhance their efficacy against GBM and
other cancers.

DISCUSSION

While previous reports have linked DGKa to specific cellular pathways, this research has
largely focused on lipid cellular signaling (24) (25) or immunology (26). This kinase has yet
to receive significant attention for its impact on cancer cell viability and its potential as a
cancer target. Notably, one recent report establishes a key role for DGKa in cancer cell
migration, and even more recently it was noted that DGKa restrains the anti-tumor immune
response (27). Our work establishes DGKa. as a promising therapeutic target for the
treatment of GBM, with potential for other cancers as well. The attenuation of DGKa
through siRNA, shRNA, and small-molecule inhibitors all produce striking cellular toxicity
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in GBM cells, as well as in other cancers. Conversely, overexpression of this kinase
promotes GBM cell proliferation /n vitro, and expression levels are moderately increased in
human GBM tissue samples. DGKa thus exhibits oncogene-like characteristics; however,
the increase in DGKa expression is moderate, suggesting the possibility of a cancer-specific
non-oncogene addiction and not a classic oncogenic model. The non-oncogene addiction
model suggests that certain genes, while not significantly over-expressed in cancer, are
nonetheless far more necessary for the survival of cancer cells than normal cells and can
represent promising therapeutic targets (16, 28). That being said, profiling studies such as
TCGA have indicated amplification of the DGKa locus in 1-4% of several cancers, as noted
above. Further studies, with higher sample numbers, need to be done to assess expression
levels of DGKa in patient samples of GBM and other cancers to help clarify its degree of
over-expression.

The history of cancer research is rife with examples of promising therapeutic strategies that
proved disappointing in patients. This is due in large part to the genetic instability and
heterogeneity of cancer cells, which render them able to develop resistance to treatments and
adapt cellular networks to maintain a malignant phenotype (29). This seems especially likely
for therapies directed toward a single target or pathway, as in therapies specifically targeting
angiogenesis (30) or tyrosine kinases (31). Targeting a signaling node such as DGKa, with
critical roles in numerous key cancer pathways, represents one answer to these obstacles.
We have shown that inhibition of DGKa decreases the expression and/or phosphorylation of
mMTOR (32), HIF-1a (33), Akt (34), and c-Myc (35). We hypothesized that regulation of
these key oncogenic pathways underlies the cytotoxicity of DGKa inhibition. To assess
their relative importance, we delivered mTOR, HIF-1a, and c-Myc plasmids to GBM cells
treated with DGKa inhibition. Both mTOR and HIF-1a plasmids partially rescued cell
toxicity, and even more so when combined. While inhibition of mTOR and HIF1-a were
critical in mediating DGKa inhibition in GBM cells, it is important to note that other
pathways may be more central in other cancers; DGKa has been shown by others to mediate
Ras/Raf (36), ALK (37), Met (11), and VEGF (11) signaling. Furthermore, we found a link
between DGKa inhibition and the transcriptional regulator SREBP (38), which has recently
been found to promote tumor growth in GBM patients through the PI3K/AKT signaling
pathway (20). After DGKa silencing, mRNA expression of several genes induced by
SREBP were significantly decreased. It is notable that SREBP has also been linked to
mTOR and PA signaling, which suggests that DGKa may regulate SREBP via more than
one pathway. While the intricacies of the mechanisms through which DGKa inhibition
exerts its toxic effects on different cancers need further investigation, we are optimistic that
this approach may damage too many oncogenic pathways for cancer cells to adapt to
treatment.

We were initially surprised to see equally strong rescue in cancer cell toxicity from DGKa
inhibition with expression vectors for mTOR and constitutively-active mTOR (data not
shown). This, along with a strong correlation between DGKa and mTOR expression levels
in TCGA GBM samples, suggested that DGKa might be regulating mTOR expression as
well as activity. Further experiments supported this, via a unique DGKa—PA—PDE—
cAMP—mTOR transcription pathway. This appears to be a significant function for DGKa
in cancer cells. These results have importance not only for neuro-oncology, but also for the
study and targeting of cAMP and mTOR in cancer. It indicates a new approach to mTOR
inhibition, using small-molecule DGKa inhibitors to decrease mMTOR expression. Reducing
mMTOR expression may have advantages over mTOR inhibitors now in use that inhibit
mTORC1 and/or mTORC2, given that mTOR has been hypothesized to participate in an
mTORC3 complex and may have other pro-cancer functions as well. DGKa inhibition also
seems to represent a novel cancer-specific means to elevate CAMP levels selectively in
cancer cells, potentially avoiding side effects from non-selective cCAMP-elevating agents
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such as phosphodiesterase inhibitors. In addition, these findings are likely to have
implications for other signaling pathways in cancer that also regulate CAMP levels.

Most successful cancer treatments have a broad therapeutic window, i.e. they affect cancer
cells at much lower concentrations than they do normal cells. The ideal treatment would
pose little risk to normal cells while efficiently killing cancer cells. It is important to note
that DGKa inhibition significantly affects cell viability in normal human cells only at very
high concentrations, suggesting there may be a substantial therapeutic window /n vivo. The
minimal effect in non-cancerous cells, combined with the marked toxicity in GBM cells,
also points to the possibility of cancer cells having a dependence on DGKa that is not seen
in normal cells. Though there have been ten DGK enzymes discovered to date, there does
not seem to be functional redundancy and DGKa seems to be particularly relevant for
cancer cells. For example, it has been shown that normal melanocytes do not express
DGKa, while melanoma cells do express this isoform (12). It is notable that DGKa
knockout mice are generally healthy, with a defect in T cell anergy (39). Our /n vivo
experiments supported the potential safety of using DGKa small-molecule inhibitors, as no
toxicity was observed and there was no decrease in mouse weights with R59022 treatments
at doses of 2 or 10mg/kg (data not shown). While promising in these preliminary studies, the
safety profile of DGKa inhibition needs to be evaluated with detailed animal studies.

These results also showed the utility of a single injection of DGKa-targeted therapy in a
challenging GBM treatment model, using highly-invasive and resistant GSCs. Convection-
enhanced delivery (CED) was utilized for the infusion of lentiviral particles carrying DGKa
shRNA, in a manner that could be clinically applicable. The shRNA targeting DGKa was
delivered in lentiviral particles to achieve long-term expression (40). The fact that DGKa
knockdown through a single infusion had a significant effect on tumor growth /n vivois
encouraging, and it is likely that repeated treatment with DGKa inhibition would result in
improved efficacy.

The therapeutic potential of DGKa inhibition is facilitated by its being druggable, with two
compounds already available. While it is always possible with small-molecule agents such
as R59022 and R59949 that nonspecific effects contributed to their toxicity in cancer cells,
the PA-replacement rescue experiments shown here argue against this. Initial /» vivo
experiments supported the therapeutic potential of these DGKa small-molecule inhibitors.
This was true in both orthotopic and subcutaneous GBM models, as well as in a
subcutaneous melanoma model. Our experiments also suggested that this /in vivo efficacy
might have been due at least in part to potent antiangiogenic effects. Pharmacokinetic
studies indicated that the positive /77 vivo results were obtained despite a short R59022 half-
life in the mouse. It is possible that R59022 accumulates in the tumor with repeated dosing,
or that tumor cells are sensitive to lower concentrations /7 vivo than they are in vitro. We
demonstrate that R59022 exhibits a pronounced anti-angiogenic effect /77 vivo, and this may
occur at lower concentrations than what was utilized /n vitro. Regardless of mechanism, the
pharmacokinetic data suggest that better efficacy could be achieved with DGKa inhibitors
optimized for /in vivo usage.

We propose that this work sets the foundation for DGKa as a promising therapeutic target in
cancer. These results shed light on the significant effects of DGKa inhibition on cancer cell
viability, the possibility it is an oncogene or example of non-oncogene addiction, and its
safety for normal cells. Our results establish DGKa as a single therapeutic target linked to
multiple oncogenic pathways, with relevance for GBM and other cancers as well. This work
also indicates the importance of the DGKa product PA in cancer cell biology, and ongoing
studies are evaluating this signaling phospholipid as a therapeutic target in itself.
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METHODS

Cell lines and patient samples

U87MG, MDA-MB-231, HelLa, and human fibroblast cell lines were obtained from ATCC
(Manassas, VA). U251MG was a gift of Howard Fine (New York University). A-375 was a
gift of Daniel Gioeli (University of Virginia). Astrocytes were purchased from Lonza
(Walkersville, MD). The tumor stem cell line 0308 was derived and validated as described
previously (41). All cell lines were maintained in a 37°C incubator with 5% CO». Patient
samples were obtained from the Tumor Bank at the University of Virginia under an
approved IRB protocol. The cancer lines U87, U251, A-375, MDA-MB-231, and HeLa were
authenticated by STR profiling in 2013 by Laragen, Inc. (Culver City, CA). The GBM stem
cell line 0308 is a primary line and therefore cannot be authenticated but is used at low-
passage number (<15 passages from its initial stocks) in these experiments. The normal
human fibroblasts and astrocytes are from a commercial vendor and as primary cells
authentication does not apply.

Cell transfection

The effects of DGKa knockdown by siRNA were examined in U251MG (GBM), U87TMG
(GBM), 0308 (GBM stem cell), A-375 (melanoma), MDA-MB-231 (breast cancer), and
HelLa (cervical cancer) cell lines. Cells were plated in six-well tissue culture plates at a
density of between 4.0 x 10% — 6.0 x 10 per well and transfected 24 hours later. Cells were
transfected with Oligofectamine (Invitrogen) according to the manufacturer’s protocol, with
a concentration of 10nmol/L siRNA.

Immunoblots

Immunoblots were performed as previously described (5) Primary antibodies included
DGKa (ProteinTech), phospho-AKT, HIF-1a, phos-mTOR, c-Myc, and PARP. All
antibodies were obtained from Cell Signaling unless otherwise noted. Horseradish
peroxidase-conjugated secondary antibodies to rabbit or mouse immunoglobulin G were
used (1:7500, Jackson Immunology Labs, Bar Harbor, ME).

Annexin V Staining

Cells were harvested 4 days post-transfection and Annexin V staining was performed
according to the manufacturer’s description (BD Biosciences, San Jose, CA).

Caspase 3/7 assay

Cells were harvested with trypsin (Fisher MediaTech, Pittsburgh, PA). Caspase 3/7 assay
was performed according to the manufacturer’s description (Promega Madison, WI). After
one-hour incubation at 25°C, each sample was measured in a Promega Glomax 20/20
Luminometer.

Real-time quantitative PCR

Cells were lysed using Qiazol (Qiagen) and then transferred to QlAshredder columns
(Qiagen) and centrifuged at 10,000 g for 3 minutes, then RNA isolated using the RNeasy kit
according to the manufacturer’s instructions (Qiagen). RT-PCR on 500 ng of RNA using the
miScript reverse transcription kit (Qiagen) was used to generate cDNA. From 100 ng of
cDNA template, quantitative real-time PCR analyses for FDPS1, FDPS2, HMGCR, SCD,
DGKa, and 18S were performed using their specific forward primers and reverse primers
according to the manufacturer’s protocol (Qiagen). 18S was used as a control. Applied
Biosystems (StepOnePlus) real-time PCR system was used to carry out the quantitative
PCR, using hot start 95°C (15m), then denaturation 95°C (15s) with annealing at 58°C (30s),
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extension 72°C (30s) for 40 cycles, followed by a melt curve analysis. Data analysis for
differences in gene expression between control and treated cells, or normal and GBM tissue,
was carried out using Microsoft Excel: housekeeping gene primer Ct values were subtracted
from test primer values to find the AACt, then AACt was found by subtracting the average
ACt of the vehicle-treated sample from itself and the drug-treated samples. Fold change was
calculated using the formula Fold Change = 2-AACt,

Phosphatidic acid rescue experiments

U251MG and U87MG were transfected or treated with small-molecule inhibitors as above.
Simultaneously, exogenous phosphatidic acid (Avanti Polar Lipids, Alabaster, AL) at either
33 pM or 50 pM and vehicle (v:v) of a 1:2 methanol and chloroform solution were
administered. Treatment was repeated every 24 hours.

Cellular lipid extraction and LPA, PA, and DAG profile assays

CAMP assay

Total lipid was extracted from GBM cells by methods described previously (43-45). The
cellular content of DAG, LPA and PA profiles was analyzed by LC/MS on a Shimadzu
Prominence UFLC (Ultra Fast Liquid Chromatography) system equipped with a C8 column
(Nucleodur 5 um, 2 x 125 mm, Machery-Nagel) and detection was carried out using an
Applied Biosystems 4000 Q Trap triple quadrupole LC/MS/MS system equipped with an
electrospray ionization system. For PA and LPA, multiple reaction monitoring protocols in
negative mode were developed for each phosphatidic acid using commercial pure
phosphatidic acids and the most intense product ions were selected for the analysis of
biological samples. For DAG, analyses were carried out by monitoring product ions
generated by neutral loss (43) of ammoniated acyl groups [RCOOH + NH3] from DAG’s
ammonium adducts [M + NH4]* as previously described (46). Quantitative methods for the
measurement of glycerolipids were performed using the chromatographic and spectrometric
methods described above in conjunction with the use of 0.1 nmol C17 LPA and C17
ceramide as an internal standard, for LPA/PA and DAG respectively, to correct for recovery
and the protein concentration of the cellular lysates. The amount of each species of
glycerolipid in biological samples was calculated from the peak areas obtained using the
software that controls the LC/MS system (Analyst 1.5, Applied Biosystems). Raw peak
areas were corrected for recovery and sample loading as described above and then
transformed into amounts of analyte using standard curves made with commercial
glycerolipids.

The cells were treated with DGK-a inhibitor R59022 (Sigma-Aldrich) at 10uM for 5 days or
transfected with DGK-a siRNA. cAMP concentration were determined in cell lysates from
cell culture of 3.5x10° cells using commercially available assay (CAMP competitive Elisa
kit; Thermo Scientific, Rockford, IL) following the manufacturer’s instructions. The assay is
based on the competition between cAMP in the standard or sample and Alkaline
Phosphatase conjugate cAMP (cAMP-AP) for a limited amount of cAMP monoclonal
antibody bound to an Anti-Rabbit IgG pre-coated 96 well plate. The assay is colorimetric,
and absorbance is read at 405 nm.

Luciferase assay

The cells were transfected with DGKa siRNAs for 4 hours using oligofectamine or treated
with DGKa inhibitor R59022 10 uM, PDE4 inhibitor rolipram 40 pM, exogenous cAMP 20
or 80 pmol for 3 days and subsequently transfected with p-galactosidase (2 ng/ul), mTOR
promoter luciferase reporter or empty promoter vector (Switchgear Genomics Inc., Menlo
Park, CA) following the manufacturer’s instructions for 48 hours. Luciferase assays for
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mTOR activity were performed using the LightSwitch Assay System (Switchgear Genomics
Inc.) and for B-galactosidase activity using Galacto-Light Plus™ beta-Galactosidase
Reporter Gene Assay System (Applied Biosystems, Carlsbad, CA). Luminescence was
measured on a Promega GloMax 20/20 luminometer and normalized as described previously
(6). mTOR luciferase activities were double-normalized by dividing each well by both -
galactosidase activity and the average luciferase/p-galactosidase value in a parallel set done
with constitutively-expressed luciferase expression vector.

Pharmacological reagents

The small molecule inhibitors R59022 {6-[2-[4-[(4-Fluorophenyl)phenylmethylene]-1-
piperidinyl]ethyl]-7-methyl-5H-thiazolo-[3,2-a]-pyrimidin-5-one} and R59949 {3-[2-[4-
[Bis(4-fluorophenyl)methylene]-piperidin-1-yl]ethyl]-sulfanylidene-1H-quinazolin-4-one}
were obtained from Sigma-Aldrich (St. Louis, MO).

Small interfering RNA (siRNA) duplexes were synthesized by Sigma-Aldrich (St. Louis,
MO). Oligofectamine (Invitrogen) was used for transfection of siRNA into cells per
manufacturer’s instructions and as previously described (5). siRNA sequence was as
follows: DGKa.: 5° GGAUUGACCCUGUUCCUAA

Estimates of blood-brain barrier penetration of small-molecule inhibitors

R59022 and R59949 were evaluated for their predicted ability to cross the blood-brain
barrier (BBB) using the ACD/ADME software (ACD Labs, Toronto, Canada) (47). The
module used for predictions is Pharma Algorithms (23), which provides a comprehensive
evaluation of blood-brain barrier penetration potential of compounds in rodents. Each
compound of interest is given an estimate whether it would be permeable enough to exhibit
CNS activity. Qualitative classification is based on reliable and theoretically reasonable
predictions of the rate and extent of BBB permeation (expressed as LogPS and LogBB
constants respectively) governed by passive diffusion.

LogBB predictive model is based on a data-set containing >500 brain to plasma partitioning
ratios (expressed as LogBB constants) measured in mice and rats. Under the assumption of
passive transport across the BBB, LogBB is viewed as a cumulative effect of drug binding
to plasma and brain constituents. Calculations therefore use octanol/water logP (main
determinant of brain tissue binding) and unbound fraction in plasma (fu, plasma) as input
parameters. LogPS module provides more detailed output of the ionization-specific
predictive model of BBB permeability in rats. The model was developed using in-vivo
experimental data of rates of passive diffusion across BBB for >200 compounds, expressed
as LogPS constants. Calculations are performed using essential physicochemical properties
such as lipophilicity, ionization constants, hydrogen bonding parameters, and molecular size
(calculated or experimental if available) as inputs (23).

In vivo treatment models

Mouse protocols were approved by the IACUC committee at the University of Virginia.
Eight-week-old male SCID/NCr Balb/C mice (from NCI) were stereotactically implanted
with 25,000 0308 GBM stem cells in 10 L of Neurobasal media. The surgical procedure
was done as described previously (6). Convection-enhanced delivery of lentiviral particles
(Sigma-Aldrich) containing shRNA was done at 7 days post-implantation. Animals were
randomly divided into 2 groups: control group (7 mice) receiving control ShRNA and
treatment group (6 mice) receiving DGKa shRNA. Convection-enhanced delivery (CED)
was done using the same coordinates as for the tumor implantation. The CED volume was
10 uL as well, at a speed of 300nL/min. The solution also contained 1:2000 polybrene and
7.5% mannitol to promote spread of infusate. General appearance, neurologic status, and
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body weight were monitored daily, and mice were euthanized when they demonstrated signs
of illness, pain, or 20% weight loss.

Alternatively, following the same protocol mentioned above, 100,000 U87 GBM cells were
implanted in 10 pL of DMEM media. Beginning at 7 days post-implantation of tumor cells,
mice were given daily intraperitoneal injections with either DMSO (v:v), 2 mg/kg, or 10 mg/
kg of R59022 dissolved in DMSO in 50 pL volume.

Immunohistochemistry

Immunohistochemical staining with anti-CD34 antibody (EMD Millipore, Billerica, MA)
and anti-cleaved caspase-3 antibody (EMD Millipore), with horseradish peroxidase-
conjugated secondary antibody, was done on frozen mounted slices by the University of
Virginia Biorepository and Tissue Research Facility using standard techniques.

Plasma R59022 extraction and quantitation

Statistics

R59022 was extracted from mouse plasma using a modified Bligh-Dyer extraction method.
To a5 mL polypropylene tube containing 100 pl of sample, 500 pl methanol (MeOH), 250
ul chloroform (CHCl3), and 100 pl dH,0 were added, mixed, and incubated on ice for 30
min. To extract, 250 ul CHCl3 and 200 pl 0.2 M sodium chloride (NaCl) were added. The
organic phase was dried and suspended in 100 pl of a mixture of CHCIl3:MeOH (1:1), and 50
ul was injected into a Shimadzu LC-20AD LC system equipped with a Discovery (Supelco)
C18 column (50mm x 2.1 mm, 5 um bead size). The LC was coupled to a triple quadrupole
mass spectrometer (Applied Biosystems 4000 Q-Trap). R59022 was measured in positive
mode using the following transition: 460.3 —193.1. Mass spectrometer settings, obtained by
direct infusion of a 1 pM solution in Solvent B, were as follows: DP: 66, EP: 10, CE:43,
CXP: 14; lon spray voltage: 5500; Temperature: 500; Curtain gas; 40. Chromatography was
carried out using a mobile phase A consisting of 79% H,0, 20% MeOH, 1% formic acid,;
and a mobile phase B consisting of 99% MeOH, 1% formic acid. The solvent gradient was
as follows: 0.5 min 100% solvent A, a linear gradient to reach 100% solvent B at 5.6 min,
4.3 min 100% solvent B, 1 min 100% solvent A. Total flow was 1 ml/min. Retention time
was 3.9 min. Quantification was carried out by measuring peak areas using commercial
software (Analyst 1.5.1).

In vitro experimental results were analyzed by two-tailed Student’s t-test and plotted with
Microsoft Excel (Microsoft Corp, Redmond, CA). The /n vivo experimental results were
analyzed using the Kaplan-Meier function utilizing both the Log-rank (Mantel-Cox) test and
the Gehan-Breslow-Wilcoxon test in GraphPad Prism 5 (GraphPad Software, Inc., San
Diego, CA). Refutation of the null hypothesis was accepted for p-values of less than 0.05.
Error bars indicate standard deviation from the mean in all figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DGKa inhibition causestoxicity in glioblastoma and melanoma cells
A, DGKa knockdown was assessed in GBM cells U87 and U251 via transfection with either
control or DGKa siRNA and inhibition via treatment with DMSO (v:v) or R59022 at 10
UM. Percent cell death was evaluated after 4 days. B, To visualize cell death changes after
DGKa knockdown, U251 GBM cells were stained with Hoechst and propidium iodide. C,
An immunoblot was used to verify transfection efficiency with sSiRNA in U87 and U251 cell
lysates at 72 hours with a-tubulin as control. D, FACS analysis was performed on both U87,
U251, and A-375 cell lines showing an increase in Annexin V-stained cells after DGKa
knockdown. E, Caspase 3/7 activity was measured 36—72 hours after DGKa knockdown in
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U87, U251, and A-375 melanoma cells. F, Protein levels of cleaved PARP were also

increased in U251, A-375, and U87 cells after DGKa silencing. (*, P<0.05 and **, P<0.01,
Student t test)
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Figure 2. DGKa isup-regulated in GBM and increases cell numbers

A, Cell numbers for U87 and U251 glioblastoma and A-375 melanoma cells were assessed
72 hours after over-expression of DGKa. by plasmid transfection versus control plasmid
(TOPO-TA plasmid, Invitrogen). B, DGKa was over-expressed via lentiviral infection in
U87, U251 and A-375 cells to assess the effect on cell proliferation when compared to
control cells. C, DGKa levels in human tissue samples were evaluated by measured
intensity of immunoblot in GBM samples and compared to normal brain after normalizing
by the ratio of DGKa intensity to a-tubulin intensity. D, DGKa mRNA levels were
quantified by qRT-PCR and normalized by 18S RNA in normal versus GBM human tissue
samples. The scatterplot exhibits the trend toward increased mRNA fold expression in GBM
samples. (*, P<0.05 and **, P<0.01 Student t test)
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Figure 3. DGKa inhibition and phosphatidic acid synthesis
A, U87 and B, U251 GBM cells, and C, A-375 melanoma cells were transfected with
control or DGKa siRNA with simultaneous administration of exogenous PA at 33 uM or
vehicle (1 MeOH : 2 Chloroform, v:v). Full phenotypic rescue of decreased cell viability
was observed upon delivery of PA to DGKa siRNA transfected cells. Phenotypic rescue
was achieved in D, U87 and E, U251 GBM cells treated with R59022 at 5 uM. F, After
transfection with siRNA, mass spectrometry was utilized to show a decrease in total PA
levels in lipid lysates from U251 cells. (*, P<0.05 and **, P<0.01 Student t test)
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Figure4. DGKa induces glioblastoma cell death through regulating oncogenic pathways

A, Immunoblot analysis of HIF-1a, total mTOR, and phos-mTORggr244g in U251 cells
transfected with DGKa or control siRNA. B, Total mTOR and phos-mTORgg 445 Were
decreased in U87 cell lysates, as well as in C, A-375 cell lysates. To verify the role HIF-1a
and mTOR play in the observed cell toxicity, each was over-expressed through plasmid
transfection and cell proliferation was assayed in D, U87 cells, E, U251 cells, and F, A-375
cells transfected with siRNA. G, Plot of DGKA versus mTOR mRNA expression levels in
576 human GBM samples (15). Spearman’s correlation test performed with a p-value of
6.159e716 and a Pearson’s correlation test p-value of < 2.2e716. H, In U87, mRNA levels of
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mTOR were quantified by gRT-PCR in response to DGKa knockdown via shRNA and fold
expression changes in comparison to control sShRNA are shown. In U251, U87, and A-375
cells the effects of I, DGKa knockdown via siRNA and J, inhibition via small-molecule
inhibitor on mTOR transcription were evaluated through mTOR promoter luciferase activity
assay. K and L, levels of predicted mediator CAMP were measured by ELISA after
attenuation of DGKa by siRNA (K) or inhibitor (L) in U251, U87 and A-375 cells. M, the
addition of exogenous cAMP at 20 and 80 pmol, and N, PDE4 inhibitor rolipram at 40 uM
were observed to affect mTOR transcription by reporter assay. O, A schematic of the
proposed pathway of DGKa regulation of mTOR transcription. (*, P<0.05 and **, P<0.01
Student t test)
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Figure 5. DGKa attenuation is safein normal cells

A, Normal human astrocytes were transfected with either control or DGKa. siRNA, and cell
number was assessed at 3 days post transfection. B, An immunoblot was done on cell lysates
post-transfection to check for transfection efficiency. C and D, Normal human astrocytes
and fibroblasts were treated with 10 uM R59022, R59949, or DMSO (v:v) control and cell
proliferation was assessed at 3 days post treatment, with no significant decrease observed in
cell number. E, Levels of CAMP were also evaluated via ELISA 5 days after knockdown
and inhibition of DGKa in astrocytes. F, Effects of exogenous cCAMP on mTOR
transcription in astrocytes were assessed through mTOR promoter luciferase assay 5 days
after treatment. G, Rolipram was administered at 40 uM to further test the effect of
phosphodiesterase inhibition/cAMP levels on mTOR transcription in astrocytes, with
promoter activity assayed at 6 days post treatment. (*, P<0.05 and **, P<0.01 Student t test)
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Figure 6. Attenuation of DGKa activity has preferential toxicity for cancer cell line

A, Basal DGKa. levels were evaluated by immunaoblot in normal human cell lines and
various cancer cell lines, with a-tubulin shown as loading control. Cell toxicity was assessed
by cell counts/trypan blue in B, A-375 (melanoma), C, HeLa (cervical cancer), and D,
MDA-MB-231 (breast cancer) lines 4 days after DGKa knockdown or treatment with
R59022 at 10 uM or DMSO vehicle. E, Dose response curves were generated for astrocytes,
fibroblasts, U251, U87, A-375, HeLa, MDA-MB-231, and 0308 (GBM stem cell) cells by
cell counts and normalized for DMSO (v:v) at 5, 10, 20, 40, 60, 80, and 100 uM R59022
after 4 days of treatment. (*, P<0.05 and **, P<0.01 Student t test)
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Figure 7. DGKa knockdown and inhibition affect in vivo tumor growth, angiogenesis, and mouse
survival

A, After in vivoimplantation of 0308 GBM stem cells and CED infusion of lentiviral
particles with control or DGKa shRNA one week later, mouse survival was followed. A
Kaplan-Meier curve and log-rank analysis exhibits a significant increase in survival of mice
in the treatment group when compared to control mice (p=.007). B, MRIs were conducted at
40 days post tumor implantation and show characteristically smaller tumors in mice in the
treatment group. C, Plot of CNS activity presents several known CNS-penetrating (blue
points) and peripherally acting (red points) drugs, with the green points denoting either
DGKa inhibitor R59022 or R59949. D, Mice were injected with U87 intracranially and then
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treated with daily IP injections of R59022 or vehicle on days 8 through 19. IP injections of
R59022 at 2 mg/kg significantly increased median survival (p=.01) compared to DMSO
(v:v) controls. (* p<0.01 log-rank analysis). E, Tumor volume of subcutaneous U87 tumors
in vivo was assessed after daily treatment with either R59022 10 mg/kg or vehicle, with
treatment beginning 37 days after tumor implantation. F, Subcutaneous U87 tumors were
resected and exhibited a visible difference in vascularity after treatment with R59022 versus
vehicle and G, frozen sections were stained for CD34 to assess for blood vessels after
treatment (magnification of 200X). H, Immunohistochemistry was done for cleaved
caspase-3 to assess apoptosis in the resected tumors above (magnification of 100X). I,
Tumor volume of subcutaneous A-375 tumors /n vivowas evaluated after daily treatment
with DMSO or R59022 at 10 mg/kg starting 4 days after tumor implantation. J, To evaluate
the pharmacokinetics of R59022 /n vivo, after a single IP dose of R59022 blood was
collected at various time points via cardiac puncture, with the samples used for mass
spectrometry for blood plasma levels of R59022. (*, P<0.05 and **, P<0.01 Student t test)
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