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ABSTRACT: Most cancer cells undergo characteristic metabolic changes that are
commonly referred to as the Warburg effect, with one of the hallmarks being a
dramatic increase in the rate of lactic acid fermentation. This leads to the production
of protons, which in turn acidifies the microenvironment surrounding tumors. Cancer
cells have acquired resistance to acid toxicity, allowing them to survive and grow
under these detrimental conditions. Kidney type glutaminase (GLS1), which is
responsible for the conversion of glutamine to glutamate, produces ammonia as part
of its catalytic activities and has been shown to modulate cellular acidity. In this study,
we show that tissue, or type 2, transglutaminase (TG2), a γ-glutamyl transferase that
is highly expressed in metastatic cancers and produces ammonia as a byproduct of its
catalytic activity, is up-regulated by decreases in cellular pH and helps protect cells from acid-induced cell death. Since both TG2
and GLS1 can similarly function to protect cancer cells, we then proceeded to demonstrate that treatment of a variety of cancer
cell types with inhibitors of each of these proteins results in synthetic lethality. The combination doses of the inhibitors induce
cell death, while individual treatment with each compound shows little or no ability to kill cells. These results suggest that
combination drug treatments that simultaneously target TG2 and GLS1 might provide an effective strategy for killing cancer
cells.
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■ INTRODUCTION

Chemical cocktails are now being widely used in treating
cancer, taking advantage of the idea that administering multiple
drugs simultaneously is more effective than treating with the
same drugs individually and/or sequentially.1,2 In developing
such drug combinations, one important factor to consider is
drug cooperativity; specifically, the ability of two or more
compounds to work together to enhance their efficacy beyond
that obtained when either drug is administered alone.3−5 Given
the large number of anticancer drugs available, together with
recent advances in cancer diagnostics, it is becoming
increasingly possible to use minimal doses of specific drug
combinations to maximize their therapeutic benefits.6 One
mechanism by which to determine effective drug combinations
is to identify proteins that have similar functions but are
activated by distinct signaling events.
We have recently reported the discovery of an inhibitor of

glutaminase C (GAC), specifically, a benzophenanthridinone
known as 968 (Figure 1). GAC is a splice variant of kidney-type
glutaminase (GLS1) and is responsible for the conversion of
glutamine to glutamate, an anaplerotic reaction that helps to
satisfy the metabolic requirements imposed by the Warburg
effect in the majority of cancer cells.7,8 968 acts as an allosteric
inhibitor of GAC activity and is effective in blocking the growth
of a wide variety of breast, brain, and pancreatic cancer cells,

including those that are resistant to traditional chemotherapies,
suggesting that antiglutaminase therapy may have broad-
spectrum applicability in the clinic. 968 treatment has been
shown to block a number of glutamine- or glutaminase-
dependent cellular processes, including epigenetic changes in
cells that promote the malignant phenotype.9−11 Because of the
promise of 968 as a potentially important drug for the
treatment of cancer, coupled with the indications that
combination therapies are more effective than single drug
regimens in managing cancer, we set out to examine the
potential use of 968 as part of a targeted chemical cocktail.
While most of the interest in GLS1 is based on its role in
helping cancer cells satisfy the metabolic requirements imposed
by the Warburg effect (i.e., their addiction to glutamine), GLS1
also has a second important function that contributes to cancer
growth, namely, the production of ammonia. As an outcome of
the Warburg effect, most cancer cells undergo an increased rate
of lactic acid fermentation, despite adequate access to oxygen.12

This results in the production of a high concentration of
protons that would be toxic to most cells. However, GLS1

Received: June 6, 2014
Revised: November 21, 2014
Accepted: November 26, 2014
Published: November 26, 2014

Article

pubs.acs.org/molecularpharmaceutics

© 2014 American Chemical Society 46 dx.doi.org/10.1021/mp500405h | Mol. Pharmaceutics 2015, 12, 46−55

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/molecularpharmaceutics
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


produces ammonia as a byproduct of its enzymatic activity,
which has recently been shown to play an important role in
regulating intracellular pH by neutralizing the toxic buildup of
protons.13 Thus, inhibition of GLS1 via 968 prevented cancer
cells from being able to compensate for the acidification of their
culturing media and caused them to become more sensitive to
glutamine withdrawal. Moreover, Wagner and Curthoys
independently showed that GLS1 expression is up-regulated
in mice suffering from chronic acidosis, which is consistent with
earlier findings showing that the mRNA encoding GLS1
contains a pH-responsive element that helps promote the
stability of the transcript when exposed to acidic condi-
tions.14−16

Because acidification of the tumor microenvironment is a
conserved outcome of oncogenesis, we suspected that it might
be possible to target other proteins that generate ammonia as
an outcome of their catalytic activities, as part of a combination
therapy with 968, to make cancer cells more susceptible to their
acidic environment.17,18 One of the most important of these
proteins is tissue, or type 2, transglutaminase (TG2), a member
of the γ-glutamyl transferase family of enzymes. TG2 is a GTP-
binding protein/acyl transferase/deamidase that is capable of
catalyzing the calcium-dependent cross-linking of proteins
through the formation of glutamine-lysine covalent linkages,
the cross-linking of protein glutamine residues to polyamines,
and the hydrolysis of glutamine donor residues. TG2
overexpression is a hallmark of several types of human cancer,
and knocking-down its expression in various cancer cell lines
causes these cells to lose their transformed phenotype.19 Thus,
like GLS1, targeting TG2 might have wide-reaching applica-
tions in the clinic. TG2 generates ammonia as an outcome of its
catalytic activity, in which the NH2 group of a glutamine side-
chain is lost.20,21 A number of TG2 inhibitors have been
generated, with one of the better known being monodansylca-
daverine (MDC, Figure 1).22−28 MDC acts as an alternate acyl
acceptor substrate for TG2 and thus prevents it from
hydrolyzing glutamine or cross-linking glutamine (or other
acyl donors) to biologically relevant acyl acceptor substrates.
Blocking the catalytic activity of TG2 with MDC has been
shown to inhibit the growth of cancer cells and sensitize them
to apoptotic challenges.24,26,29−33

In addition to the possibility that TG2 can regulate cellular
pH levels to promote cancer cell growth, TG2 has also been

implicated in two other cellular events that have been linked to
cancer progression. First, we have found that both TG2 and
GAC contribute to the formation and function of microvesicles
(MVs).34,35 MVs are relatively large vesicles that contain cargo
and are formed and shed from the surfaces of cancer cells, as a
mechanism for communicating with neighboring cells and
promoting tumor growth.36 MV formation and shedding
require the changes in cancer metabolism characterized by
the Warburg effect and the activation of GAC. Thus, MV
production by cancer cells is blocked by 968 treatment.31

Moreover, TG2 is a major component of MVs generated by
aggressive cancer cell lines, and its acyl transferase activity
appears to be essential for the ultimate ability of the MVs to
dock on to recipient fibroblasts and alter their behavior.32

Finally, TG2 is known to promote drug resistance, raising the
interesting possibility that inhibiting TG2 could potentially
reduce cancer cell resistance to GLS1 inhibitors.29,37

Because of the potential roles played by TG2 in various
aspects of cancer progression, including the ability to generate
ammonia, we felt that combining a TG2 inhibitor (e.g., MDC)
with the GLS1 inhibitor 968, could potentially sensitize cancer
cells to changes in pH beyond what can be achieved by
inhibiting either protein alone. Interestingly, we found that
TG2 expression is up-regulated in cancer cells exposed to
acidified culturing media and that dosing an assortment of
cancer cells with the TG2 inhibitor MDC decreased the pH of
cell culturing media. We then went on to test the effects of
combining MDC and 968 on cancer cell growth. Indeed, we
found that the combination of 968 and MDC caused an
increase in the efficacy of the two inhibitors and, somewhat
surprisingly, resulted in a synthetic lethality, such that cancer
cells died when exposed to both compounds simultaneously.
Overall, these findings now raise some exciting possibilities
regarding the combined use of GLS1 and TG2 inhibitors in
cancers that depend upon the activity of these enzymes to
support their transformed phenotypes.

■ EXPERIMENTAL SECTION

Materials. 968 was obtained from Chembridge (San Diego,
CA), while BPTES was a kind gift from Dr. Scott Ulrich (Ithaca
College, Ithaca, NY). MDC and dimethyl-α-ketoglutarate were
purchased from Sigma (St. Louis, MO). T101 and Z-Don were
purchased from Zedira GmbH (Darmstadt, Germany). All of

Figure 1. Inhibitors of GLS1 and TG2. 968 and BPTES are reversible allosteric regulators of GLS1. MDC is a reversible inhibitor of TG2, which
serves as an amine-bearing substrate. T101 and Z-Don are irreversible inhibitors of TG2, which bind at the catalytic site. All inhibitors are cell
permeable except for T101.
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the cell lines used in this study were obtained from the ATCC
(Manassas, VA). Cell culture reagents and SDS-PAGE gels
were obtained from Invitrogen (Carlsbad, CA). Western
Lighting Plus ECL was obtained from PerkinElmer (Waltham,
MA). The anti-TG2 cocktail antibody (MS-300-P) was from
Neomarkers (Fremont, CA), and the antivinculin antibody
(V9131) was from Sigma. The HRP-conjugated antirabbit IgG
(70745) was from Cell Signaling (Danvers, MA), and the HRP-
conjugated antimouse IgG (NA931-1 ML) was from GE
Healthcare Life Sciences (Pittsburgh, PA). All of the other
reagents were obtained from Thermo Fisher Scientific
(Waltham, MA).
Cell Culture. RPMI 1640 supplemented with 10% fetal

bovine serum (FBS) was used to maintain MDA-MB-231,
CAMA-1, U-87 MG, MCF-7, and SK-BR-3 cells. DMEM
supplemented with 10% FBS was used to maintain T98G and
LN-229 cells, while DMEM supplemented with 10% FBS and
2.5% horse serum was used to maintain Mia-PaCa-2 cells. All
cells were maintained using standard tissue culture techniques
and grown at 37 °C in 5% CO2.
Cell Growth Assay. Cell growth assays were conducted as

previously described in Katt et al.8 Cells were plated at densities
of 1 (Mia-PaCa-2 and T98G), 2 (MDA-MB-231, U-87 MG,
LN-229, and MCF-7), 5 (SK-BR-3), or 6 (CAMA-1) × 104

cells per well of a 12-well plate. For the growth assays
performed using acidified media, 2.4 M HCl was titrated into
the growth media until pH 6.15 was reached, and then the
media was added to cells. Three separate experiments were
conducted for each cell growth condition examined. The results
shown represent the total number of cells present in the wells
after 6 days of growth.
Western Blot Analysis. Western blot analysis was

performed using standard protocols as previously described.19

The Western blots shown are representative of at least three
independently performed experiments. The band intensities on
the blots were quantitated by densiometric analysis using the
ImageJ software package.
Measurement of Media Acidity. The indicated cell lines

were cultured in DMEM supplemented with 10% FBS and
various drug combinations, as indicated, for 6 days. The
conditioned media was then probed with an Hi 1131b glass pH
electrode (Hanna Instruments) immediately upon the removal
of the cell cultures from a 5% CO2 atmosphere.
Drug Treatments. For single molecule treatments, an 8-

point dose−response curve was determined for the indicated
cell line, using the growth assay described above as a readout.
The IC50 value for each compound was determined with
SigmaPlot, using its four parameter logistic function. For
combinations of drugs, we followed the method of Chou and
Talalay to generate combination index (CI) values.38 The
relevant growth assays were performed with an 8-point series of
drug combinations, with each drug being used at specific
fractions of its IC50: 0 (no drug), 1/2, 5/8, 3/4, 7/8, 1, 1.5, and
2× the respective IC50 values. Note that because some MDC
IC50 values were sufficiently high (∼100 μM) that off-targets
might have become a concern when that concentration was
doubled, an IC50 of 60 μM for MDC was utilized for this step in
all experiments. CI values were calculated twice for each
combination of drugs, once assuming the drugs were mutually
exclusive and a second time assuming that the drugs were
mutually nonexclusive. CI values less than 1 suggest that the
drugs act synergistically, values of approximately 1 suggest that
they are additive, and values greater than 1 suggest that they are

antagonistic. Analysis of synthetic lethality was conducted using
the same data points. A full derivation of the CI equation and a
sample calculation are provided in the Supporting Information
(“Method of Chou and Talalay” and “Sample CI Calculation”,
respectively).

■ RESULTS
TG2 Influences Cellular pH. Our first step in this

investigation was to determine whether TG2 activity was
important for regulating cellular pH. We approached this by
examining the effects of inhibiting TG2 using MDC (Figure 1)
in a number of different cancer cell lines, specifically, T98G and
U-87 glioblastoma cells and MCF-7 breast cancer cells, and
then monitoring the pH of the culture media. These cells were
grown in identical media to eliminate the influence of media
differences on changes in pH. Figure 2 shows that the pH of the

conditioned media from each of these cell lines decreased upon
treatment of the cells with MDC. The changes in pH occurred
despite the buffered nature of the culture media and the alkaline
nature of MDC.
Given that inhibiting TG2 could influence extracellular (and

thus intracellular) pH, we then examined whether TG2
expression levels could be up-regulated in cancer cells grown
in acidic media.39 We felt that such an effect would be easiest to
detect in cell lines that normally express relatively low amounts
of TG2. Thus, T98G glioma cells and SK-BR-3 breast cancer
cells were cultured in either normal (pH 7.65) or acidic (pH
6.15) growth media for 2 days, with the media being
replenished every 12 h to maintain the pH of the media.
Alternatively, the cells were treated with retinoic acid (RA), a
well-known inducer of TG2 expression, for the same length of
time.31 As anticipated, the expression levels of TG2 in the
T98G and SK-BR-3 cells treated with RA were increased
(Figure 3, compare the first and third lanes in both blots). TG2
expression also increased after culturing the cells in low pH
media (Figure 3, compare the first and second lanes in both
blots). The growth of the T98G cells was only minimally
inhibited by lowering the pH of the media, whereas the growth
of SK-BR-3 cells was strongly inhibited by acidic conditions
(data not shown).

Figure 2. MDC treatment lowers the pH of cancer cell culture media.
T98G cells (black circles), MCF-7 cells (gray triangles), or U-87 MG
cells (white circles) were cultured in DMEM supplemented with 10%
FBS and the indicated amounts of MDC. Six days later, the pH of the
media was determined. Increasing the concentration of MDC caused
the pH of the culturing medium from each of the cell lines to decrease
steadily until a maximum change of 0.3−0.5 pH units was reached.
Error bars represent the standard deviation of three separate
experiments.
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Examining the Effects of Combining TG2 and GLS1
Inhibitors. Since TG2, like GLS1, can modulate cellular pH,
we next examined the effects of combining MDC and 968
(chemical structures shown in Figure 1) on cancer cells. To
better understand how 968 and MDC might work together to
block cancer cell growth, we needed to first determine their
potencies (i.e., the amount of a drug needed to obtain a given
effect) and efficacies (the maximum effect a given drug can
have). To analyze changes in drug potency, which would be a
reflection of a synergistic relationship between 968 and MDC,
we utilized the method of Talalay and Chou.38 This method
allows for the calculation of the amount of one or more drugs
needed to obtain a given fraction of a maximum possible effect
(in this case, the percent inhibition of cancer cell growth). An
example calculation is provided in the Supporting Information,
under “Sample CI Calculation”. Three different dose curves are
required to conduct this measurement, specifically one curve
for each of the drugs alone, and one curve for the two drugs in
combination. This analysis yields a series of combination index
(CI) values that indicate a synergistic effect by a particular drug
combination when the CI values are less than 1 and an
antagonistic effect when the CI values are greater than 1.
Changes in efficacy were determined by examining the ability

of combining two drugs to reduce the number of cells in culture
beyond what can be achieved with either drug alone, even when
used at high concentrations. Here, we took advantage of the
same data set that was used to generate the CI values to also
determine whether the combination of 968 and MDC resulted
in synthetic lethality. Complete (100%) inhibition of growth
was defined as the point at which cells survived a drug
treatment but did not proliferate, whereas a treatment that not
only halted cell growth but actually caused cells to die was
considered to be lethal and thus is presented as a value of
inhibition that exceeded 100%. When used independently on a
wide range of cancer cell lines, both 968 and MDC often
inhibited the growth of the cancer cells, but rarely caused the
cells to die (Table 1).
We began by examining the dose dependency for 968 and

MDC, alone, on the growth of the MDA-MB-231 triple
negative human breast cancer cell line, which we have
previously shown is sensitive to 968 treatment.7 The dose
curve for 968 yielded an IC50 value of 4.2 μM (Figure 4A black
circles), whereas the IC50 value for MDC was 60 μM (Figure
4A white circles). Interestingly, when the two drugs were
combined, we observed a cell death response at concentrations
that did not kill MDA-MB-231 cells when either drug was used

alone. For example, MDA-MB-231 cells proliferated more
slowly than the untreated cells when treated with 8.4 μM 968
or 120 μM MDC for 6 days. However, treating MDA-MB-231
cells with a combination of 8.4 μM 968 and 120 μM MDC
induced a strong cell death response, such that there were 95%
fewer cells than the initial number plated after 6 days of
treatment (Figure 4B). However, the CI value was consistently
greater than 1, suggesting that no synergistic relationship exists
between the compounds (Figure 4C).
We then examined the effects of 968 and MDC treatment on

several additional cancer cell lines that we have previously
shown require GAC activity for their growth. These included
MCF-7 (an estrogen receptor (ER) positive and progesterone
receptor (PR) positive breast cancer cell line), Mia-PaCa-2 (a
pancreatic cancer cell line), CAMA-1 (an ER positive breast
cancer cell line), and SK-BR-3 (a heregulin receptor 2 (HER2)
positive breast cancer cell line). The IC50 values for 968 and
MDC were determined for each of these cell lines (Table 1),
and combination drug treatments were performed, similar to
those carried out on the MDA-MB-231 cell line. Figure 5A
shows that neither 968 nor MDC had a cytotoxic effect on
MCF-7 cells, but when combined they exhibited synthetic
lethality (bars 4 and 7). This trend was also observed with Mia-
PaCa-2 (Figure SI1A, Supporting Information), CAMA-1
(Figure SI1B, Supporting Information), and SK-BR-3 cells
(Figure SI1C, Supporting Information). In terms of synergy,
the drugs showed an antagonistic effect (i.e., CI values >1) in
MCF-7 (Figure 5C), CAMA-1 (Figure SI1G, Supporting
Information), and SK-BR-3 cells (Figure SI1H, Supporting
Information). However, the drugs were synergistic in Mia-
PaCa-2 cells, with most CI values for that cell line falling well
below 1 (Figure SI1F, Supporting Information).
We then turned our attention to three different glioblastoma

cell lines, two of which overexpress TG2.19 Specifically, we
assayed LN-229 cells and U-87 MG cells, which highly express
TG2, and T98G cells, which express relatively low amounts of
TG2.19 Each cell line had a similar sensitivity to 968, but U-87
MG and T98G cells were relatively resistant to MDC (968 and
MDC IC50 values are shown in Table 1). As observed for other
cell lines, when U-87 MG cells were exposed to high
concentrations of 968 or MDC, they were able to proliferate
under those conditions, but when they were exposed to both
drugs simultaneously, they died (Figure 5B, bar 7). This trend
holds true for LN-229 and T98G cells (Figures SI1D,E,
Supporting Information, respectively). The synthetic toxicity of
the drugs was not predictive of a synergistic effect, as the

Figure 3. Media acidification induces TG2 expression. T98G and SK-
BR-3 cells were cultured in standard growth media (pH 7.65),
supplemented with or without 25 μM retinoic acid (RA) or in growth
media at pH 6.15. The relative amounts of TG2 expression detected
for each condition were quantitated with respect to vinculin expression
by densiometric analysis. The vertical line indicates a portion of the
blot that was spliced out.

Table 1. Median Potency Values (IC50) for Growth
Inhibition of the Indicated Human Cancer Cell Lines by 968
(First Column) or MDC (Second Column) and the
Maximum Observed Cell Growth Inhibition Obtained for
Either Inhibitor (Third/Fourth Columns)

IC50 (μM) max inhibition of growth (%)

cell line 968 MDC 968 (30 μM) MDC (120 μM)

MDA-MB-231 4.2 60 103 83
Mia-PaCa-2 6.7 50 92 97
CAMA1 15 70 76 102
SK-BR-3 5.8 50 109 95
MCF-7 12 52 80 66
U-87 MG 4.2 100 88 52
LN-229 6.4 66 77 93
T98G 3.8 >120 93 17
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calculated CI values for U-87 MG cells were consistently above
1 (Figure 5D), as were those for LN-229 cells (Figure SI1I,
Supporting Information), suggesting that 968 and MDC had an
antagonistic effect in those cell lines. In contrast, the CI values
for T98G cells (Figure SI1J, Supporting Information) were
below 1, suggesting a potent synergy occurred between 968 and
MDC in that cell line.

Figure 4. Proliferation of MDA-MB-231 cells in the presence of
different amounts of 968 and/or MDC. (A) MDA-MB-231 cells were
cultured in the presence of 968 (black circles) or MDC (white circles)
for 6 days and then counted. Dose curves were determined using
SigmaPlot. (B) Histogram depicting specific data point from the dose
curves for 968, MDC, or 968 and MDC treatments in MDA-MB-231
cells. The Y-axis represents the number of cells present in the culture
after 6 days of drug treatment, while the X-axis is positioned at the
starting number of cells. Values indicated with * were calculated from
dose curves in panel A, and error bars represent the standard deviation
from the nearest experimental measurement. (C) Combination index
(CI) values calculated for 968 and MDC when used to treat MDA-
MB-231 cells as described above, at a ratio of 4.2 μM 968 to 60 μM
MDC. The CI was calculated at regular intervals that represent a
specific fraction (5%) of normal cell growth. Plots were determined
considering the two drugs as either mutually exclusive (black circles)
or mutually nonexclusive (white circles) in their binding. Error bars in
panels A and B represent the standard deviation of three independent
measurements.

Figure 5. Combining 968 and MDC induces cell death in MCF-7
breast cancer cells and U-87 MG brain cancer cells. (A,B) Histograms
showing key data points collected from dose curves for 968, MDC, or
968 and MDC treatments in MCF-7 (A) or U-87 MG (B) cells. The
Y-axes represent the number of cells in culture after 6 days of drug
treatment, while the X-axes are positioned at the starting number of
cells. Values indicated with * were calculated from dose curves, and
their error bars represent the standard deviation from the nearest
experimental measurement. (C,D) Combination index (CI) values
calculated for 968 and MDC when used to treat MCF-7 (C) or U-87
MG (D) cells, used at a ratio of 12 μM/60 μM for MCF-7 cells and
4.2 μM/60 μM for U-87 MG cells. The CI was calculated at regular
intervals that represent a specific fraction (5%) of normal cell growth.
Plots were determined considering the two drugs as either mutually
exclusive (black circles) or mutually nonexclusive (white circles) in
their binding. Error bars in panels A and B represent the standard
deviation of three independent measurements.
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We wanted to verify that the benefits of the combination
treatments being observed in the cancer cells were in fact due
to inhibiting the effects of glutamine metabolism and TG2
function. Thus, we asked whether similar benefits were
obtained when using the alternative GLS1 inhibitor, BPTES
(chemical structure in Figure 1).40−42 Figure 6A shows that

cotreating MDA-MB-231 cells with BPTES and MDC induces
cell death at drug concentrations that do not kill the cells when
they are treated with either drug alone (compare bars 5 and 6
to bar 7), similar to when using 968 and MDC in combination.
We then examined whether we could rescue the effects of
combining a GLS1 inhibitor (968) with the TG2 inhibitor
MDC by the addition of a downstream metabolite of GLS1. α-
Ketoglutarate is one such metabolite and its dimethyl derivative
is cell permeable and has been shown to be able to rescue the
growth of cancer cells from the effects of GLS1 inhibition.7

When dimethyl-α-ketoglutarate (6.6 mM) was added together
with the combination of 968 and MDC to cultures of MDA-
MB-231 cells, we observed a partial rescue of the cells, with cell
cultures growing to nearly identical extents as would be
expected from MDC treatment alone, until the highest level of
968 (8.4 μM) was used (Figure 6B, compare black bars to
white and gray bars). This can be explained because GLS1
generates two products, glutamate and ammonia. 968, at 8.4
μM, would be expected to fully inhibit GLS1 and starve cells of

ammonia. Therefore, attempts to rescue the cells from these
inhibitory effects with the glutamate-derived metabolite, α-
ketoglutarate, alone would not be expected to fully restore cell
growth.
In a similar fashion, we examined whether a validated,

alternative inhibitor of TG2, Z-Don (chemical structure shown
in Figure 1), would act in a similar manner as MDC in our
experiments.43 Figure 7A shows that Z-Don was able to slow

the proliferation of MDA-MB-231 cells (compare bar 1 to bars
3 and 6), and when used in combination with 968, a dose-
dependent synthetic toxicity occurred (bar 7), comparable to
what we observed with the combination treatment of 968 and
MDC, or BPTES and MDC. Similar results were observed
when LN-229 glioblastoma cells were treated with Z-Don and
968 (Figure SI2, Supporting Information).
Because TG2 functions both within cells and when secreted

from cells, as a component of extracellular vesicles referred to as
MVs, we also performed experiments with the TG2 inhibitor
T101 (chemical structure shown in Figure 1), a cell-
impermeable small molecule that is able to inhibit TG2

Figure 6. Proliferation of MDA-MB-231 cells in the presence of
various concentrations and combinations of MDC, BPTES, and 968.
(A) Histograms showing key data points collected from dose curves
for MDA-MB-231 cells treated with BPTES, MDC, or BPTES and
MDC. The Y-axis represents the number of cells in culture after 6 days
of the indicated drug treatments, while the X-axis is positioned at the
starting number of cells. Values indicated with * were calculated from
dose curves, and error bars represent the standard deviation from the
nearest experimental measurement. (B) Effects of 968 and MDC
(black bars), 968, MDC, and 6.6 mM dimethyl-α-ketoglutarate (white
bars), or MDC alone (gray bars) on the growth of MDA-MB-231 cells.
Cells were treated for 6 days with 968 and/or MDC added at the
indicated fractions of their IC50 values (4.2 μM for 968 and 60 μM for
MDC).

Figure 7. Cancer cells treated with 968 and the TG2 inhibitors Z-Don
and T101. (A) MDA-MB-231 cells were cultured in the presence of
968, Z-Don, or a combination of 968 and Z-Don (at a ratio of 4.2 μM
968/37.5 μM Z-Don) for 6 days and then counted. The Y-axis
represents the number of cells in culture after 6 days of drug
treatment, while the X-axis is positioned at the starting number of cells.
Values marked with * were calculated from dose curves, and error bars
represent the standard deviation from the nearest experimental
measurement. (B) Effects of 968 with or without T101, upon the
growth of Mia-PaCa-2 (black circles, 968; white circles, 968 and T101)
or U-87 MG (gray triangles, 968; white squares, 968 and T101) cells.
Cells were treated with the indicated amounts of 968, with or without
10 μM T101, and after 6 days of growth the cells were counted. Error
bars represent the standard deviation of three independent measure-
ments.
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localized along the outer surfaces of MVs shed from cancer
cells.36 Interestingly, T101 did not inhibit the growth of any
cancer cell lines that we have tested so far (data not shown),
and thus, the method of Chou and Talalay could not be used to
determine whether combining 968 and T101 had synergistic
effects on cancer cell growth. As an alternate approach, we
determined dose curves for 968, with or without 10 μM T101
(an amount of T101 previously demonstrated to block the TG2
activity associated with MVs), in two cell lines that were
sensitive to 968 but for which 968 typically caused less than a
complete inhibition of cell growth, specifically, U-87 MG
glioblastoma cells and Mia-PaCa-2 pancreatic cancer cells.36 A
synthetic lethality would be evident if the maximum inhibition
from the dose curve increased when T101 was added, while a
synergy would be suggested by a substantial horizontal
movement in the 968 dose curve. Figure 7B shows that
addition of T101 did not substantially alter the dose curves for
968 and that cell growth was never completely blocked for
either cell line, suggesting that the synthetic lethality between
968 and MDC or Z-Don is due to targeting intracellular TG2.
We next wanted to further verify that the effect of combining

968 and MDC in cancer cells was due to their ability to lower
intracellular pH. We reasoned that if this were true, then either
968 or MDC treatment should exhibit an increased effect if
used in acidified media. To this end, we treated T98G cells,
which were relatively resistant to acid toxicity, with pH 6.15
media supplemented with either MDC or 968. Reduction of the
media pH sensitized the cells to either drug. This effect was
particularly pronounced for MDC, which in normal media
shows almost no effect on the cells (Figure 8A, black circles),
whereas in acidic media (Figure 8A, white circles) it is almost as

effective at inhibiting the proliferation of T98G cells as it is at
inhibiting the growth of the MDC-sensitive MDA-MB-231 cell
line (Figure 4A, white circles). Although this outcome was less
pronounced with 968, there was still a significant shift in its
IC50, which was reduced from 3.8 μM in normal media to 2.3
μM in acidic media (Figure 8B).

■ DISCUSSION
Here we show that simultaneously inhibiting TG2 and GLS1
resulted in a potent cell death response across a wide variety of
human cancer cell types. Moreover, we demonstrate that the
lethality to cancer cells caused by blocking the functions of
these two proteins appeared to be due to a loss of protective
effects against the damage done by increased cellular acidity.
Treatment of T98G, U-87 MG, or MCF-7 cells with the TG2
inhibitor MDC resulted in a dose-dependent reduction in the
pH of the culture media. This was especially interesting given
the buffering capacity of the culture media and considering that
MDC itself is a Brønsted−Lowry base. It also strongly supports
the idea that the inhibition of TG2 negates the ability of these
cells to limit media acidification.
While many highly aggressive cancer cell lines overexpress

TG2, some cancer cell lines, like T98G and SK-BR-3 cells,
express relatively low levels of TG2. However, culturing T98G
or SK-BR-3 cells in acidified media (pH 6.15) resulted in an up-
regulation in TG2 expression, suggesting that TG2 levels may
increase in some cell lines as a means to help cope with the
stress of an acidic environment. Moreover, T98G cells cultured
in low pH media became sensitive to the TG2 inhibitor MDC,
to which they are otherwise resistant. These findings seem to
indicate that TG2 is able to compensate for cellular acidity.
TG2 expression has been shown to be up-regulated to

protect cells from a wide variety of stresses.29,44−46 The
catalytic activities of TG2 lead to the production of ammonia,
and so it is not surprising that TG2 expression would be up-
regulated in response to acidic conditions (e.g., similar to the
conditions found in the tumor microenvironment). Although it
seems that TG2 may be more enzymatically active outside of
cells, where there are the levels of calcium required to fully
activate TG2, there is evidence suggesting that TG2 can also be
active inside of cells, albeit to a lesser degree. In fact, MDC, as
well as other TG2 substrates, has been used to label TG2
substrates in cell culture.47−51 Additionally, it was shown in
DAOY medulloblastoma cells that reductions in extracellular
pH caused the release of intracellular calcium, as well as the
activation of proton-sensitive calcium channels.39 Indeed,
increased calcium signaling is a hallmark of early apoptotic
signaling in general.52,53 An increase in intracellular calcium
levels would be expected to further activate TG2, thus leading
to an increased production of ammonia to counteract
intracellular acidity. Such an effect could be further accentuated
by the acid-induced increase in the expression of TG2 that we
have demonstrated. In sum, this suggests that TG2 should have
sufficient basal activity in many cell lines to meaningfully alter
cellular pH levels.
At first glance, it might be unexpected that MDC, a primary

amine-bearing alternate substrate for TG2, would be able to
prevent TG2 from reducing cellular acidity. However, our
findings show that it does. We hypothesize that this is an
outcome of MDC having a slower reaction rate in trans-
glutaminase catalyzed reactions than other similar substrates,
such as lysine or water, as well as a tighter binding
constant.54−56 Thus, MDC would be preferentially used by

Figure 8. Increasing the acidity of cell culturing medium enhances the
potency of MDC or 968. T98G cells were cultured in normal (pH =
7.65; black circles) or acidic (pH = 6.15; white circles) media for 6
days in the presence of varying amounts of either (A) MDC or (B)
968 and then counted. Error bars represent the standard deviation of
three independent measurements.
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TG2, and it would slow down the overall rate of TG2 catalysis,
resulting in fewer molecules of ammonia being produced. This
could explain how MDC could both act as a substrate for TG2
and prevent pH changes due to TG2 catalytic activity.
Given the results described here, we propose that the

inhibition of GLS1 starves cancer cells for nutrients but also
results in decreased ammonia production, requiring the cells to
rely to a greater extent upon TG2 enzymatic activity to
compensate for the increasing amounts of acid generated
during lactate production via the Warburg effect. Conversely,
when TG2 activity is inhibited, intracellular acidity increases
and ammonia production from GLS1 becomes more important.
As cellular acidity increases, both TG2 and GLS1 expression
levels are up-regulated to compensate for this stress. However,
if both enzymes are simultaneously inhibited, two independent
mechanisms that help rescue cells from acid toxicity have been
blocked, and cell death ensues (Figure 9). This would explain
why we observe synthetic lethality even in systems where
neither inhibitor alone is lethal.

■ CONCLUSIONS
The goal of these studies was to identify small molecule
inhibitors that might act cooperatively with the GLS1 allosteric
regulator 968. On the basis of recent findings showing that
GLS1 was involved in the regulation of intracellular pH, we
chose to examine the combination of a GLS1 inhibitor with an
inhibitor of TG2, an enzyme that produces ammonia as part of
its catalytic activity and therefore seemed likely to also be
involved in cellular pH regulation.13 Indeed, we show that the
inhibition of TG2 causes cell culture media to acidify
significantly, suggesting that TG2 activity does indeed help
cells to compensate for acid production. Additionally, we

demonstrate that TG2 expression is up-regulated in cancer cells
upon exposure to acidic stress. Finally, we show that
simultaneous inhibition of GLS1 and TG2 results in a synthetic
lethality across a panel of assorted cancer cell lines and that
either inhibitor became more effective when used in acidic
media, further suggesting that both enzymes play key roles in
modulating intracellular acidity. These findings shed new light
on a previously under-appreciated mechanism through which
the multifunctional enzyme TG2 can promote cell survival, as
well as suggest a possible focus for combination drug therapies
for cancer patients.
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