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Abstract: Isocitrate dehydrogenases (IDHs) are enzymes involved in the production of α-ketoglutarate (αkg) in nor-
mal cellular metabolism. Cells with IDH mutations reduce αkg to 2-hydroxyglutarate (2HG), an oncometabolite, and 
2HG directly transforms normal cells to malignant cells through histone demethylation and epigenetic dysregula-
tion. However, whether IDH mutations affect cancer stromal cells is elusive, and little is known whether 2HG may 
impact the tumor microenvironment. We hypothesized that the IDH mutant cancer secretome and metabolites 
would stimulate primitive vascular-endothelial genesis. The secretome of IDH1 mutant human fibrosarcoma cells 
was harvested following medium starvation and was used to treat vascular-endothelial cells using a tube formation 
assay. GSK864, an allosteric IDH1 inhibitor, was supplemented to the fibrosarcoma secretome to determine its 
effects on vascular-endothelial tube formation. Exogenous 2HG or as supplemented in the GSK864-treated secre-
tome was applied to further induce vascular-endothelial perturbation. Total vascular-endothelial tube lengths were 
quantified using NIH/Image J. Two-sided Student’s t-tests and Mann-Whitney U tests were used for statistical analy-
sis. The IDH1 mutant fibrosarcoma secretome stimulated vascular-endothelial tube formation by ~138% relative to 
control. Remarkably, GSK864 attenuated vascular-endothelial tube formation by ~36%, but 2HG not only reversed 
GSK864 attenuation of tube formation, but also significantly stimulated vascular-endothelial tubes in the GSK864-
treated fibrosarcoma secretome. Importantly, 2HG alone augmented vascular-endothelial tube formation that was 
equivalent to the fibrosarcoma secretome. Thus, 2HG stimulates vascular-endothelial genesis in conjunction with 
the fibrosarcoma secretome, despite pre-emptive inhibition of IDH1 mutation with GSK864, suggesting that 2HG 
enables oncogenic angiogenesis via paracrine signaling. Stimulation of vascular-endothelial genesis by 2HG alone, 
independent of the cancer secretome, suggests that 2HG also activates oncogenic angiogenic pathways in cancer 
stromal cells. Thus, the IDH mutant cancer secretome stimulates primitive oncogenic angiogenesis through 2HG 
and/or paracrine pathways. Taken together, these findings suggest novel mechanisms by which the IDH mutant 
cancer secretome and/or metabolite, specifically 2HG, interacts with the tumor microenvironment by inducing on-
cogenic angiogenesis in favor of metastasis.
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Introduction

Isocitrate dehydrogenases (IDHs) are vital 
enzymes for the metabolism and homeostasis 
of normal cells. IDHs catalyze the oxidative 
decarboxylation of isocitrate to α-ketoglutarate 
(αKG) via the tricarboxylic acid cycle [6, 44]. 
IDH genes may undergo missense mutations at 
arginine residues of their active site [6]. IDH 
mutations were first identified in clinical glioma 
samples [6, 44], and have been subsequently 
shown to cause multiple malignancies includ-

ing acute myeloid leukemia, sarcomas, melano-
mas, and liver, breast, prostate, colorectal and 
thyroid cancers [7, 43].

IDH mutant oncogenesis provides direct evi-
dence that normal cells can be transformed 
into malignant cells by altered cellular metabo-
lism [7, 33, 43]. IDH mutations represent het-
erozygous point mutations that cause both a 
loss of normal IDH enzyme activity and a gain of 
de novo function by reducing αKG to 2-hydroxy-
glutarate (2HG) [6, 17, 21, 33]. The wild-type 
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IDH continues to produce αKG that is required 
for normal cellular metabolism, whereas the 
mutant IDH gains the ability to convert αKG to 
2HG [17, 21, 33]. Whereas IDH1 mutations 
occur primarily in the cytosol, IDH2 mutations 
take place in mitochondria [6, 17]. 

Excessive 2HG directly transforms normal cells 
to malignant cells through histone demethyl-
ation and epigenetic dysregulation [22], and 
blocks cell differentiation by competitive inhibi-
tion of αKG-dependent dioxygenases [21, 22, 
35, 43]. 2HG further promotes aerobic glycoly-
sis and glutamate metabolism through the 
HIF1α pathway [7, 43]. Quantitatively, 2HG in 
millimolar concentrations in IDH-mutant tumors 
was sufficient to mediate histone demethylas-
es and methylcytosine dioxygenases of the ten 
eleven translocation (TET) family [21, 22, 33, 
45]. Thus, 2HG, as an oncometabolite resulting 
from IDH mutations, is the central culprit for 
direct transformation towards oncogenesis 
[43]. In addition to their considerable signifi-
cance in cancer biology and metabolism, IDH 
mutations have been key targets for therapeu-
tics. Several small-molecule IDH inhibitors have 
been approved by the Food and Drug Admi- 
nistration (FDA) for the treatment of acute 
myeloid leukemia and gliomas [11, 43].

The tumor microenvironment represents a 
highly complex milieu of the oncogenic extracel-
lular matrix and cancer stromal cells including 
blood vessel cells, immune cells, fibroblasts, 
and bone marrow-derived inflammatory cells 
[1, 10, 13, 19, 31]. Immune cells include lym-
phocytes and dendritic cells [19, 46]. Inflam- 
matory cells include leukocytes, monocytes 
and granulocytes [31, 34]. Blood vessel cells 
include vascular-endothelial cells, smooth mus-
cle cells, myofibroblasts and pericytes [13, 19]. 
Classic cancer biology has primarily focused on 
cancer cells of different tissue origins. The 
roles of cancer stromal cells in the pro-survival, 
proliferation, immune surveillance, invasion 
and metastasis of cancer cells have been in- 
creasingly recognized [13, 19, 20, 36]. In con-
trast to cancer cells that are highly heteroge-
neous and may undergo repetitive mutations, 
cancer stromal cells are relatively stable in 
their genome and may not be as susceptible to 
drug resistance, thus representing understud-
ied and attractive therapeutic targets [4, 19, 
32]. Metastasis is the primary cause of cancer  

mortality. It is estimated that metastasis is 
responsible for about 90% of cancer deaths 
[20, 38]. Metastasis occurs when cancer cells 
invade surrounding tissues and enter blood 
vessels [5, 20, 32, 38]. Thus, one of the most 
significant steps of cancer metastasis is onco-
genic angiogenesis without which malignant 
cells cannot enter the blood stream [12, 14, 
19].

Little is known in literature regarding the tumor 
microenvironment of IDH mutant cancers, in 
sharp contrast to emerging knowledge of the 
tumor microenvironment of other malignancies 
[13, 19, 31, 46]. Nonetheless, there is indirect 
but conflicting evidence on whether IDH muta-
tions may have a positive or negative effect on 
oncogenic angiogenesis. It was speculated that 
IDH1 mutations may disrupt blood vessels and 
the brain barrier [39]. Also, IDH1 mutation was 
associated with a distinct hypoxic and angio-
genic transcriptome [15]. However, 2HG overex-
pression led to defective collagen type IV and 
disrupted angiogenic gene expression profiles 
[23]. Accordingly, we hypothesized that IDH1 
mutant cancer cells and/or their oncometabo-
lite stimulate vascular-endothelial cells to form 
primitive vascular tubes as a surrogate model 
for in vivo oncogenic angiogenesis. 

Materials and methods

Cell culture

Human fibrosarcoma cells (HT-1080) were 
acquired from ATCC (Cat. #CCL-121; Manassas, 
VA, USA). We selected HT-1080 because: 1) 
HT-1080 harbors IDH1 mutations [2, 8], 2) no 
effective biological therapy has been devel-
oped for human fibrosarcoma [2, 8] and 3) 
fibroblasts are a ubiquitous component among 
stromal cells of numerous cancers [2, 8, 19]. 
Vials of frozen fibrosarcoma cells were removed 
from -80°C freezer and thawed. The cells were 
then transferred to a 15-mL tube, and 10-mL of 
RPMI with 1% Antibiotic-Antimycotic (Gibco, 
Fair Lawn, NJ, USA) added to the 15-mL tube, 
and centrifuged for 7 min at 1,000 rpm.

Following supernatant aspiration, cells were 
resuspended in 12 mL of RPMI (Gibco, Fair 
Lawn, NJ, USA) and transferred to a T75 flask. 
The flask was then incubated at 37°C, 5% CO2 
and 100% humidity. For trypsinization, all medi-
um was removed from the flask. Cells were 
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rinsed with 1 mL of 5-fold diluted trypsin in a 
T75 flask. A total of 3 mL Trypsin EDTA 0.05% 
was added to a T75 flask. The flask was then 
incubated for 3 min. Cells were examined under 
the microscope to confirm detachment. Cells 
were split accordingly, and the flask was replen-
ished with 12 mL of medium. All cultures were 
maintained and assayed in at least biological 
triplicates.

Human dermal fibroblasts were acquired from 
ATCC (HFF-1, Cat. #SSRC-1041; Manassas, VA, 
USA). We selected human dermal fibroblasts 
because fibroblasts are a ubiquitous compo-
nent of cancer stroma [2, 8, 19]. Fibroblasts 
were expanded in L-DMEM with 10% fetal 
bovine serum, 2 mM L-glutamine, 1% Antibiotic-
Antimycotic (Gibco, Fair Lawn, NJ, USA) at 37°C 
with 5% CO2. For tripsinization, a total of 3 mL 
Trypsin EDTA 0.05% was added to a T75 flask. 
Cells were examined under the microscope to 
confirm detachment. Cells were split accord-
ingly, and the medium was replenished. All cul-
tures were maintained and assayed in at least 
biological triplicates.

Cell proliferation

The proliferation of human fibrosarcoma cells 
(HT-1080) and human dermal fibroblasts (HFF-
1) (ATCC, Manassas, VA, USA) in at least biologi-
cal triplicates was assayed. An aliquot of Cell-
Titer 96® Aqueous One Solution Reagent was 
thawed at room temperature or in a water bath 
at 37°C. A total of 15 μL of the Cell-Titer 96® 
Aqueous One Solution Reagent (Promega, 
Madison, WI, USA) was pipetted into each well 
at a density of 3×103 cells per well of the 
96-well plate with 100 μL of culture medium. 
The plate was incubated for 1-4 hrs at 37°C 
and 5% CO2. The absorbance was read at 490 
nm using a 96-well plate reader. 

2-hydroxyglutarate (2HG)

We treated vascular-endothelial cells with 
2-hydroxyglutarate (2HG) for multiple reasons. 
First, 2HG is a pivotal oncometabolite and a 
direct product of IDH mutant cells [6, 7]. In lit-
erature, 2HG has been primarily studied in the 
context of IDH mutant malignant cells, but rare-
ly in cancer stromal cells [43]. Thus, our experi-
ment addressing 2HG’s effects on vascular-
endothelial cells was designed to demonstrate 
whether 2HG impacts vascular tube formation. 

Second, whether 2HG mediates other oncogen-
ic angiogenesis pathways such as VEGF, which 
is a potent angiogenic factor, has been specu-
lated but lacks specific experimental evidence 
in IDH mutant cancers. 2HG was acquired from 
Sigma (St. Louis, MO, USA) and prepared by 
diluting in ddH2O and per additional manufac-
turer’s guidelines. 2HG at concentrations of 3, 
6, 9, 12, 15 and 17 μmol was pipetted to 96 
well plates containing cultures of human fibro-
sarcoma cells (HT-1080). This concentration 
range covered those that have been previously 
reported on the IDH mutant cancer cells in lit-
erature [21, 22, 35, 43]. There were a total of 5 
biological samples.

GSK864

GSK864 was acquired from Sigma (St. Louis, 
MO, USA) and prepared by diluting in DMSO  
and per additional manufacturer’s guidelines. 
We selected GSK864 for multiple reasons. 
GSK864 is a direct inhibitor of IDH1 mutation in 
fibrosarcoma cells [2, 8]. GSK864 is a small 
molecule and selective allosteric IDH1 inhibi- 
tor [2, 8, 24, 28]. GSK864 readily penetrates 
cells and is a potent inhibitor of intracellular 
2HG production [24, 28]. GSK864 binds to an 
allosteric site and inactivates both wild-type 
IDH1 and mutant IDH1 to a catalytic conforma-
tion [24, 28]. Here, GSK864 at concentrations 
of 0.2, 0.4, 0.8, 1.2 and 2.0 μmol was pipetted 
to a 96-well plate containing cultures of either 
human fibrosarcoma cells (HT-1080) or human 
dermal fibroblasts (HFF-1). This concentration 
range covered those previously reported [24, 
28]. There were a total of 5 biological samples.

IDH mutant cancer secretome 

Human fibrosarcoma cells (HT-1080) were plat-
ed in T25 flasks. Cells were first treated with 
the Roswell Park Memorial Institute medium 
(RPMI) (Thermo Fisher Scientific, Grand Island, 
New York, USA) or 0.8 μmol GSK864 supple-
mented RPMI medium for 24 hrs. After the 
medium was discarded from the flasks, cells 
were exposed to serum-free medium for starva-
tion over 24 hrs. Then, the cell supernatant sec-
retome was collected, centrifuged at 1200 rpm 
for 5 min to remove debris, further filtered with 
a 0.22-μm membrane. The fibrosarcoma secre-
tome was collected for GSK864 treatment at 
0.8 μmol for 24 hrs, followed by addition of 50 
μL of 12 μmol 2HG into 5 mL of endothelial 
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basal medium for treating vascular-endothelial 
cells. All cultures were maintained and assayed 
with at least biological triplicates.

Vascular-endothelial tube formation assay

Vascular-endothelial cells were acquired from 
ATCC (EA.hy926; CRL-2922; Manassas, VA, 
USA). We selected EA.hy926 cells for multiple 
reasons. EA.hy926 cells are among the most 
commonly used endothelial cells in experimen-
tal investigations [27, 29]. Specifically, EA.
hy926 cells have been broadly used for onco-
genic angiogenesis [27, 29]. EA.hy926 cells 
were cultured in endothelial basal medium 
(ATCC), at 1×106 cells per T25 tissue culture 
flask.

Basement Membrane Extract (BME) with re- 
duced growth factors (Cultrex; Trevigen, Gai- 
thersburg, MD, USA) was thawed in an ice bath 
and placed at 2-4°C overnight. Following 24-hr 
thawing, the BME solution was aliquoted into a 
96-well plate at 50 μL per well, followed by visu-
al assessment to ensure even gel distribution 
in the entire plate. The plate was then centri-
fuged at 250×g for 5 min at 4°C to remove any 
bubbles that may have been trapped in the 
BME, followed by incubation for 60 min. A total 
of 5 μL of 2 μmol of Calcein AM solution (2 mg/
ml, Trevigen) was added to 5 mL of Basal 
Medium (Sigma). Endothelial cells were washed 
with sterile 5-mL PBS. Then the medium was 
added to a T25 flask and incubated for 30 min 
at 37°C and 5% CO2. After 30 min, cells were 
washed twice with 5 mL of sterile PBS at room 
temperature.

Cells were then harvested by adding 1 mL of 
Trypsin EDTA 0.25% and incubated for 3 min, 
and transferred to a 15 mL conical tube. 
Following addition of 2-mL Basal Medium, cells 
were counted and centrifuged at 200×g for  
3 min. Following removal of the supernatant, 
cells were resuspended. A total of 4-mL Basal 
Medium was added, followed by splitting cells 
into 4 tubes per group. The tubes were centri-
fuged again at 200×g for 3 min.

A total of 4 different cell suspensions at a den-
sity of 1×106 cells per mL were prepared for cell 
count. A total of 100 μL cell suspension with 
10,000 cells was carefully added in 96-well 
plates atop the gelled BME. The plate was incu-
bated at 37°C and 5% CO2 for 24 hrs. Vascular-
endothelial tube formation was visualized with 
phase contrast and fluorescence microscopy at 
485 nm excitation/520 nm emission. The total 
vascular-endothelial tube lengths were mea-
sured from a total of 9-12 randomly selected 
image fields per sample per group using NIH/
Image J.

Statistical analysis

All quantitative data were subjected to statisti-
cal analysis. Means and standard deviation or 
standard errors were used in all charts. Two-
sided Student’s t-tests were used for pair- 
ed comparisons with normal data distribution. 
For samples with skewed distribution, Mann-
Whitney U tests were performed. A p value < 
0.05 was considered as statistically significant. 
All statistical analyses were performed with 
SPSS 1.0.0.1126 (64-bit Edition).

Figure 1. Representative images and quantification of vascular-endothelial tube formation in basal medium and 
the human fibrosarcoma secretome. A: Vascular-endothelial cells treated with basal medium showing sparse tube 
formation. B: The fibrosarcoma secretome stimulated abundant vascular-endothelial tube formation. Scale bars: 
400 μm. C: Quantification of vascular-endothelial tube lengths in basal medium and the fibrosarcoma secretome. 
Rel.: relative; s.e.: standard error; neg.: negative; ctrl.: control; n=3 independent biological samples per group; ***: 
P < 0.001.
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Results

The fibrosarcoma secretome significantly 
stimulated vascular-endothelial genesis

Vascular-endothelial cells, such as those found 
in the tumor microenvironment, are pivotal for 
oncogenic angiogenesis and metastasis [19]. 
Using basal medium treated vascular-endothe-
lial cells as a control, we found that the hu- 
man fibrosarcoma secretome substantially 
stimulated vascular-endothelial tube formation 
(Figure 1B), in comparison with sparse vascu-
lar-endothelial tubes in the control (Figure 1A). 
Quantitatively, the average length of vascular-
endothelial tubes treated with the human fibro-
sarcoma secretome was approximately 138% 
greater than that treated with basal medium (P 
< 0.001) (Figure 1C), suggesting that IDH-
mutant fibrosarcoma cells produce a secre-
tome highly capable of stimulating in vivo 
angiogenesis, potentially leading to metasta-
sis. These findings are novel and suggest that 
the secretome of IDH mutant cancer cells har-
bors factor(s) with oncogenic angiogenic capac-
ity in a paracrine manner.

GSK864 significantly reversed fibrosarcoma’s 
ability to stimulate vascular-endothelial gen-
esis

We then postulated that IDH1 attenuation by a 
small-molecule inhibitor may reduce cancer 
cells’ ability to stimulate oncogenic angiogene-
sis. Although GSK864 is known to attenuate 
2HG production of the IDH1 mutant cancer 

cells [2, 8, 24, 28], little is known whether 2HG 
mediates cancer stromal cells. We collected 
the GSK864-treated fibrosarcoma secretome, 
and then treated vascular-endothelial cells. 
Remarkably, GSK864 substantially reduced 
vascular-endothelial tube formation relative to 
the untreated fibrosarcoma secretome (Figure 
2A, 2B). Quantitatively, the average total tube 
length induced by the GSK864-treated fibro-
sarcoma secretome was reduced by ~36% of 
that of the untreated fibrosarcoma secretome 
(P < 0.001) (Figure 2C). These findings suggest 
that GSK864, known to inhibit IDH1 mutations, 
substantially alters the cancer secretome by 
reducing its capacity for oncogenic angiogene-
sis and metastasis. This leads to our next pos-
tulate that 2HG, a pivotal culprit of IDH muta-
tions, may mediate oncogenic angiogenesis.

2HG reversed GSK864’s inhibitory effects on 
cancer-induced vascular-endothelial genesis

To follow up on GSK864’s inhibitory effects on 
cancer-induced angiogenesis, we supplement-
ed 2HG to the GSK864-treated fibrosarcoma 
secretome. Indeed, 2HG reversed GSK864’s 
inhibitory effects on vascular-endothelial tube 
formation (Figure 3C), in comparison to that 
induced by the untreated fibrosarcoma secre-
tome and GSK864-treated fibrosarcoma secre-
tome (Figure 3A, 3B). Quantitatively, the aver-
age length of vascular-endothelial tubes formed 
upon treatment with the 2HG-supplemented, 
GSK864-treated fibrosarcoma secretome ap- 
proximately doubled over that treated with the 
GSK864-treated fibrosarcoma secretome and 

Figure 2. Representative images and quantification of vascular-endothelial tube formation in the cancer secretome 
and a small molecule (SM)-treated cancer secretome. A: Abundant vascular-endothelial tubes induced by the fibro-
sarcoma secretome. B: Substantial reduction in vascular-endothelial tubes induced by the GSK864-treated fibrosar-
coma secretome. SM: small molecule, GSK864; Scale bars: 400 μm. C: Quantification of vascular-endothelial tube 
lengths in the fibrosarcoma secretome and a small molecule (SM)-treated fibrosarcoma secretome. SM: GSK864. 
Rel.: relative; s.e.: standard error; pos.: positive; ctrl.: control; n=3 independent biological samples per group; ***: 
P < 0.001.
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was even ~38% more than the fibrosarcoma 
secretome (P < 0.001) (Figure 3D). These sur-
prising findings suggest that 2HG, as an onco-
metabolite of IDH-mutant malignancies, stimu-
lates oncogenic angiogenesis and potentially 
metastasis in a paracrine manner by activating 
multiple angiogenic factors.

2HG alone stimulated vascular-endothelial 
genesis on a par with the fibrosarcoma secre-
tome

To follow up on the surprising finding of 2HG 
reversal of GSK864 attenuation on cancer sec-
retome-induced vascular-endothelial tube for-
mation, and to address another postulate of 
whether 2HG alone may stimulate oncogenic 
angiogenesis, we added 2HG to endothelial 
basal medium, devoid of any influence from the 
fibrosarcoma secretome. Strikingly, 2HG alone 
directly stimulated vascular-endothelial tube 
formation (Figure 4B), on a par with the fibro-
sarcoma secretome (Figure 4A). The 2HG dos-
age at 12 μmol was exactly the same as in the 
experiment with exogenous 2HG added to the 
GSK864-treated fibrosarcoma secretome in 
the experiment as described in Figure 3. 
Quantitatively, the average total length of vas-
cular-endothelial tubes induced by 2HG alone 
in basal medium showed a lack of statistically 
significant differences from that induced by the 
fibrosarcoma secretome (Figure 4C). These 
novel findings suggest that 2HG alone, inde-
pendent of IDH-mutant malignant cells from 
which 2HG is produced, enhances oncogenic 
angiogenesis by acting directly on vascular-
endothelial cells in cancer stroma.

Proliferation of human fibrosarcoma cells was 
affected by 2HG and GSK864

Given 2HG’s effects to stimulate oncogenic 
angiogenesis, we conducted another experi-
ment to determine to what degree 2HG may 
further stimulate the proliferation of human 
fibrosarcoma cells beyond its proliferative 
baseline [8]. Indeed, 2HG significantly aug-
mented the proliferation of human fibrosarco-
ma cells in a dose dependent manner, with an 
average increase in proliferation rates by 50% 
to 70% (Figure 5A). Although 2HG concentra-
tion at 3 μmol began to show pro-proliferative 
effects on human fibrosarcoma cells, we 
selected 12 μmol to determine its effects on 
vascular-endothelial tube formation in our 
experiments above (Figures 3 and 4), because 
12 μmol represented the mid-range plateau. As 
elucidated in Figure 3, 2HG indeed stimulated 
vascular-endothelial tube formation and even 
reversed GSK864’s inhibitory effects on primi-
tive oncogenic angiogenesis.

GSK864 is a potent small-molecule allosteric 
inhibitor of IDH1 mutant, intracellular 2HG pro-
duction [24, 28]. Given our observation that 
GSK864 reduced vascular-endothelial tube for-
mation (Figure 3), we followed up with another 
experiment to determine whether GSK864 
would attenuate the proliferation of stromal 
fibroblasts, such as those found in cancer stro-
ma, along with fibrosarcoma cells. Indeed, 
GSK864 attenuated the proliferation of both 
fibrosarcoma cells and normal fibroblasts with 
a similar trend (Figure 5B). Despite their differ-
ent proliferation rates, GSK864 significantly 
reduced the proliferation of fibrosarcoma cells 

Figure 3. Representative images and quantification of vascular-endothelial tube formation in the fibrosarcoma sec-
retome, a small molecule (SM)-treated fibrosarcoma secretome, and 2HG supplemented and SM-treated fibrosar-
coma secretome. A: The fibrosarcoma secretome induced abundant vascular-endothelial tube formation. B: The 
GSK864-treated fibrosarcoma secretome reduced tube formation. C: 2HG supplemented in the SM-treated fibro-
sarcoma secretome enhanced tube formation. Scale bars: 400 μm. D: Quantification of vascular-endothelial tube 
lengths in the fibrosarcoma secretome, a small molecule (SM)-treated fibrosarcoma secretome (by GSK864) and 
the 2HG supplemented, GSK864-treated fibrosarcoma secretome. Rel.: relative; s.e.: standard error; pos.: positive; 
ctrl.: control; n=6 independent biological samples per group; ***: P < 0.001.
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and normal fibroblasts at doses of 0.8, 1.6 and 
2 μmol, relative to control and at doses of 0.2 
and 0.4 μmol (Figure 5B). These findings sug-
gest that GSK864 not only attenuated the pro-
liferation of IDH1 mutant cancer cells, but also  
fibroblasts such as those found in cancer stro-
ma. Thus, GSK864 attenuation of vascular-
endothelial tube formation (Figure 3), revers-
able by IDH mutant 2HG to which GSK864 
inhibits, may represent a novel me-chanism by 

alone stimulates vascular-endothelial tube  
formation, and may directly activate angioge- 
nic pathways in cancer stromal cells (Fig- 
ure 6). These findings enrich previous work  
that established the concept of the tumor 
microenvironment and metastasis via va- 
scular invasion [5, 32, 38], and provide clues 
that the IDH mutant tumors may undergo 
metastasis by augmenting oncogenic angio- 
genesis.

Figure 4. Representative images and quantification of vascular-endothelial tube formation in the fibrosarcoma sec-
retome and 2HG in endothelial basal medium. A: Abundant vascular-endothelial tube formation induced by the 
fibrosarcoma secretome. B: 2HG in endothelial basal medium induced similar vascular-endothelial tube formation. 
Scale bars: 400 μm. C: Quantification of vascular-endothelial tube lengths in the fibrosarcoma secretome and 2HG 
in endothelial basal medium. Rel.: relative; s.e.: standard error; pos.: positive; ctrl.: control; n=3 independent biologi-
cal samples per group; n.s.: no (statistical) significance.

Figure 5. Cell proliferation. A: 2-hydroxyglutarate (2HG) stimulated human 
fibrosarcoma cell (HT-1080) proliferation beyond its baseline in a dose-
dependent manner. s.d.: standard deviation. n=5 independent biological 
samples. B: GSK864 inhibited the proliferation of both human fibroblasts 
and human fibrosarcoma cells (HT-1080) in a dose-dependent manner. s.d.: 
standard deviation. Proliferation of human fibrosarcoma cells (HT-1080) and 
fibroblasts at 0.8, 1.6 and 2 μmol GSK864 concentrations were significantly 
lower than control (ctrl) and 0.2 and 0.4 μmol (P < 0.001; n=5 independent 
biological samples per group).

which GSK864 or other small 
molecules may be harnessed 
to target cancer stromal cells.

Discussion

The present data, as summa-
rized in Figure 6, are novel 
and absent in literature. Our 
findings provide experimental 
evidence, for the first time, for 
how IDH mutant cancer secre-
tome and/or oncometabolite 
impacts cancer stromal cells. 
An IDH mutant oncometabo-
lite, 2-hydroxyglutarate (2HG), 
is shown to stimulate vascu-
lar-endothelial genesis in con-
junction with the fibrosarco-
ma secretome, despite pre- 
emptive inhibition of IDH1 
mutation with GSK864, a 
small-molecule IDH1 inhibitor, 
suggesting that 2HG may  
augment oncogenic angiogen-
esis via paracrine signaling 
(Figure 6). In parallel, 2HG 
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These findings suggest that 2HG’s paracrine 
effects to stimulate oncogenic angiogenesis 
and its direct effects are not mutually exclu-
sive. The greater capacity of vascular-endothe-
lial genesis by 2HG supplemented in the 
GSK864-treated fibrosarcoma secretome than 
2HG alone in basal medium is likely due to 1) 
greater 2HG concentration that is derived from 
both exogenous 2HG added (12 μmol) plus 
endogenous 2HG produced by fibrosarcoma 
cells. Equivalent vascular-endothelial tube for-
mation induced by the cancer secretome and 
2HG alone in basal medium provides experi-
mental evidence that 2HG may stimulate onco-
genic angiogenesis by directly acting on vascu-
lar-endothelial cells and/or through multiple 
angiogenic pathways that may include HIF1α 
and/or VEGF. HIF1α signaling was proposed to 
promote angiogenesis by IDH mutant cancer 
cells [30], and recently 2HG was shown to acti-
vate aerobic glycolysis and glutamate metabo-
lism through HIF1α [26]. VEGF is a pivotal 
angiogenic factor in tissue development and 
multiple malignancies [5, 32, 38], but its roles 
in IDH mutant tumors are elusive [30]. Whether 
2HG directly activates VEGF signaling, via 
HIF1α or other paracrine factors secreted from 
stromal cells warrants new investigations 
(Figure 6). Additionally, the chemokine receptor 

ing therapeutics that, for example, targets vas-
cular-endothelial cells. Our finding of GSK864 
inhibition of vascular-endothelial genesis pro-
vides additional clues for targeting cancer stro-
mal cells. GSK864 inhibits both wild-type  and 
mutant IDH1 isoforms of cancer cells [24, 28]. 
IDH mutations are heterozygous and involve 
arginine substitution to histidine, yielding a 
wild-type and mutant heterodimer [17, 21, 33, 
45]. GSK864 is an allosteric IDH1 inhibitor that 
attenuates intracellular 2HG production by 
inactivating wild-type and mutant IDH1s [24, 
28]. GSK864’s half life in human and mouse 
liver cells is in the range of 20-70 min [24, 42]. 
Hence, most of the supplemented GSK864 in 
the fibrosarcoma secretome must have lost its 
bioactivity during the time course of vascular-
endothelial tube formation for 24 hrs. Thus, 
2HG’s efficacy in stimulating vascular-endothe-
lial genesis in the GSK864-treated cancer sec-
retome is likely due to its own merit, and prob-
ably not substantially affected by GSK864. 
However, the mechanisms by which 2HG or 
GSK864 affects vascular-endothelial cells or 
other cancer stromal cells are elusive and war-
rant investigations.

Several anti-2HG small molecules have been 
FDA-approved for the treatment of gliomas and 

Figure 6. Summary of the present data and future studies. A: IDH mutant 
cancers produce 2HG, an oncometabolite that transforms normal cells into 
malignant cells via histone demethylation and epigenetic dysregulation. 
However, whether 2HG or IDH mutations impact cancer stroma is elusive. 
Our data show that 2HG alone or in the cancer secretome stimulates vas-
cular-endothelial tube formation, as a surrogate model for in vivo oncogenic 
angiogenesis and metastasis. B: Vascular sprouts: vertically oriented cancer 
blood vessels via oncogenic angiogenesis. C: Horizontal blood vessel: native 
host vasculature. 2HG may activate HIF1α and/or VEGF signaling.

CXCR7 was immuno-localized 
to vascular endothelium of 
clinical IDH-mutant glioma 
samples, implicating CXCR7 
as another potential pathway 
for IDH mutation induced 
oncogenic angiogenesis [3].

Cancer cells are genetically 
unstable and undergo repeti-
tive mutations [33, 40, 43], 
which underscores the diffi-
culty in developing novel ther-
apeutics against malignant 
cells, and accounts for some 
of cancer treatment relapse 
and tumor recurrence. For 
example, IDH mutant tumors 
have begun to show resis-
tance to some of the novel 
small-molecule inhibitors de- 
veloped such as ivosidenib 
(AG-120) [11]. Contrastingly, 
cancer stromal cells possess 
relative genetic stability [33, 
40, 43], and therefore are 
attractive targets for develop-
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acute myeloid leukemia [43]. However, there  
is no effective biological treatment for sarco-
mas including fibrosarcoma that is the current 
model system. The insight unveiled by our find-
ings regarding 2HG stimulation and GSK864 
inhibition of vascular-endothelial tube forma-
tion in the fibrosarcoma secretome serves as a 
model system for investigating molecular path-
ways and for developing novel sarcoma thera-
peutics via small molecules and/or vaccines. 
Further understanding of how T cells respond 
to IDH mutant fibrosarcoma may also aid in the 
development of enhanced tumor surveillance 
and novel therapeutics. For example, 2HG 
accumulation in the IDH mutant glioma activat-
ed CD8+ T lymphocytes via the HIF1α pathway, 
and enhanced in vivo cancer cell proliferation 
[41]. In immortalized human astrocytes and 
syngeneic mouse glioma models, IDH1 muta-
tion or 2HG impaired CD8+ T cell accu- 
mulation and CXCL10 chemotaxis [16, 41]. 
Novel peptides activated IDH mutation-specific 
CD4(+) T-helper-1 cell responses in patient 
samples of IDH1-mutant gliomas [36]. Little is 
known in literature regarding biological thera-
pies for sarcomas.

The present study has a number of limitations. 
A total of three well-established cell lines were 
utilized. Although these cell lines are broadly 
adopted in cancer biology, patients’ primary 
tumor cells would be of interest for devising 
patient-specific therapeutics via, for example, 
CRISPR/Cas9 or other gene editing tools. 
Stromal cells utilized in the present study are 
dermal fibroblasts and vascular-endothelial 
cells that have been commonly adopted in can-
cer biology, rather than from the patients’ pri-
mary cancer stroma cells. Our future work will 
profile patients’ cancer stromal cells via 
RNASeq and single-cell RNASeq, followed by 
utilization of patient’s cancer stromal cells for 
the development of patient-specific molecular 
therapeutics. Our future experiment will also 
profile the proteome of the fibrosarcoma secre-
tome in complement to RNASeq analysis. 
Within these constraints, our findings have 
unveiled several novel features of vascular-
endothelial response to the cancer secretome 
and to 2HG, an IDH mutant oncometabolite. 
These data serve as an in vitro surrogate model 
for manipulating oncogenic angiogenesis for 
the benefit of understanding cancer biology 

and developing novel therapeutics, especially 
by targeting the cancer microenvironment.
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