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ABSTRACT

The protein crosslinking enzyme tissue transglutaminase (tTG) is an 
acyltransferase which catalyzes transamidation reactions between two proteins, or 
between a protein and a polyamine. It is frequently overexpressed in several different 
types of human cancer cells, where it has been shown to contribute to their growth, 
survival, and invasiveness. tTG is capable of adopting two distinct conformational 
states: a protein crosslinking active (“open”) state, and a GTP-bound, crosslinking 
inactive (“closed”) state. We have previously shown that the ectopic expression of 
mutant forms of tTG, which constitutively adopt the open conformation, are toxic 
to cells. This raises the possibility that strategies directed toward causing tTG to 
maintain an open state could potentially provide a therapeutic benefit for cancers in 
which tTG is highly expressed. Here, we report the identification of a small molecule, 
TTGM 5826, which stabilizes the open conformation of tTG. Treatment of breast and 
brain cancer cell lines, as well as glioma stem cells, with this molecule broadly inhibits 
their transformed phenotypes. Thus, TTGM 5826 represents the lead compound for a 
new class of small molecules that promote the toxicity of cancer cells by stabilizing 
the open state of tTG.
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INTRODUCTION

Protein-glutamine γ-glutamyltransferase 2, more 
commonly referred to as tissue transglutaminase or type-
2 transglutaminase (tTG, EC = 2.3.2.13), is a member of 
the transglutaminase family of proteins. These proteins 
catalyze the crosslinking of a variety of substrates, in which 
a glutamine residue of one polypeptide chain is covalently 
linked to either the lysine of another peptide sequence, or to a 
non-peptidic amine-bearing small molecule, resulting in the 
formation of an amide bond and the release of ammonia [1]. 

tTG has been implicated in a number of aspects 
of cancer progression [1–5]. For example, it was shown 
to play an important role in growth factor-stimulated 
cancer cell migration. Specifically, epidermal growth 

factor (EGF) treatment of HeLa cervical carcinoma cells 
caused tTG to localize to leading edges where it catalyzed 
protein crosslinking events necessary for EGF-stimulated 
cell motility [6]. Recent evidence has also revealed an 
interesting connection between tTG and the maintenance 
of cellular pH, as it was shown that the inhibition of tTG 
crosslinking activity in highly aggressive cancer cells 
caused a decrease in extracellular pH and resulted in 
growth inhibition and increased apoptosis [7]. Moreover, a 
good deal of effort has been directed toward examining the 
roles played by tTG when it is released by cancer cells into 
the extracellular environment via non-classical secretory 
vesicles called microvesicles. The protein crosslinking 
activity of the microvesicle-associated tTG was shown to 
promote the ability of these vesicles to activate signaling 
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pathways in target cells that increased their growth and 
survival [8, 9]. 

tTG is capable of guanine nucleotide-binding and 
GTP hydrolytic activity. The binding of guanine nucleotides 
to tTG inhibits its enzymatic protein crosslinking activity. 
tTG is comprised of four domains: an N-terminal β-barrel 
domain, the crosslinking catalytic domain, and two additional 
β-barrel domains (Figure 1A) [10, 11]. When bound to GDP 
or GTP, tTG adopts what is referred to as the closed state 
conformation (pdb ID 1KV3, Figure 1A, left side). In this 
state, the binding of nucleotide (the nucleotide binding 
domain is colored red) causes the two C-terminal β-barrel 
domains (colored green) to fold over and block substrate 
access to the catalytic site (colored yellow). However, in 
the presence of excess Ca2+, tTG has a reduced affinity for 
guanine nucleotides (i.e. GTP or GDP), causing the two 
C-terminal β-barrel domains to move away from the catalytic 
domain. This allows substrate access to the crosslinking 
active site, and represents the open state conformation of tTG 
(pdb ID 2Q3Z, Figure 1A, right side). Since the cytosolic 
levels of Ca2+ (~100 nM in resting cells) are much lower than 
the cellular levels of guanine nucleotides (GTP and GDP 
combined are in the low mM range), it is generally assumed 
that tTG is bound to GDP or GTP in cells and predominantly 
exists in the closed state [1, 12–14]. 

We and others have demonstrated that mutant forms 
of tTG, which are defective in their ability to bind guanine 
nucleotides (e.g. the tTG R580K mutant), constitutively 
adopt the open state. When these mutants were ectopically 
expressed in cells, they induced cell death [15, 16]. 
Interestingly, this occurred even if the guanine nucleotide-
binding-defective forms of tTG were further mutated such 
that they were no longer capable of protein crosslinking 
activity (e.g. tTG R580K/C277V) [15]. In contrast, 
wildtype tTG, or tTG mutants that are defective in their 
enzymatic crosslinking activity but retain their ability to 
bind guanine nucleotides, primarily adopt a closed state 
conformation and promote cell survival. Taken together, 
these findings suggest that the ability of tTG to exist in 
the open state for extended periods of time is detrimental 
to cell viability [17]. These diametrically opposed effects 
of the open and closed states of tTG may be due to their 
ability to selectively bind different proteins. For example, 
we have shown that tTG, when in the closed state, is 
able to bind c-Cbl and prevent it from catalyzing the 
ubiquitylation and lysosomal degradation of the epidermal 
growth factor receptor (EGFR). As a result, the build-up 
of EGFRs on the surfaces of cancer cells promotes cell 
growth and survival [17]. However, the mechanism by 
which open state tTG elicits cytotoxic effects in cells is 
still not understood.

tTG expression has been shown to be highly up-
regulated in a large number of cancers. This is especially 
the case in the most aggressive and high grade cancers, 
such as triple negative breast cancer and glioblastoma [5, 
18, 19]. It is also frequently expressed in cancer initiator or 

stem cells (CSCs), which are thought to be responsible for 
driving tumor progression [20, 21]. Indeed, tTG has been 
shown to be important for the proliferation and survival of 
several different types of CSCs [22–26], including glioma 
stem cells (GSCs) [27, 28]. We and others have recently 
demonstrated that many GSCs express tTG and are 
sensitive to tTG inhibition [5, 25, 29–31]. These findings, 
combined with the fact that tTG knockout mice are 
predominantly healthy, make tTG a potentially promising 
therapeutic target both for differentiated cancer cells and 
CSCs [32, 33].

Several classes of small-molecule inhibitors have 
been described that target the protein crosslinking activity 
of tTG [34, 35]. Some of these are alternative substrate 
inhibitors such as monodansylcadaverine (MDC) or 
cystamine (Figure 1B, blue shaded area), while others, 
such as LDN-27219, block crosslinking activity by binding 
to the nucleotide binding site and stabilizing tTG in the 
closed conformation (Figure 1B, red shaded area) [36–38]. 
Irreversible inhibitors, such as the peptidomimetic Z-Don or 
the non-peptidic compound T101 (Figure 1B, green shaded 
area), have also been extensively investigated [34, 39–45]. 
In general, the alternative substrates are not highly selective, 
and the peptidomimetic inhibitors tend to show poor cell 
permeability, while irreversible inhibitors can potentially 
lead to protein/inhibitor complex immunogenicity and have 
slow rates of clearance should toxic effects arise [44, 46, 47].  
Because of these limitations, no tTG inhibitor has yet been 
approved for clinical use. 

Given that constitutively maintaining tTG in 
the open state is cytotoxic, we set out to identify cell 
permeable molecules that stabilize the enzyme in this 
conformation. Here we report the identification and 
characterization of one such molecule, TTGM 5826, 
which not only enables tTG to maintain the open state, but 
also functions as a competitive inhibitor of tTG-mediated 
crosslinking activity. Treating cancer cell lines, as well as 
GSCs, that express tTG with TTGM 5826 induced cell 
death at concentrations that were not harmful to non-
transformed cells. Thus, this compound potentially opens 
the way to the development of new strategies for targeting 
cancer cells exhibiting high levels of tTG expression.

RESULTS

To identify candidate molecules that could potentially 
stabilize the open state conformation of tTG, we performed 
a virtual screen to search for molecules that preferentially 
bound at the crosslinking active site (Figure 2A, boxed 
region). A library containing ~30,000 small molecules 
was obtained from the ZINC online database and docked 
onto tTG using Autodock Vina (Figure 2B). Twenty-four 
chemically diverse small molecules were identified and 
selected for further biochemical analysis (Supplementary 
Figure 1). One of these, TTGM 5826 (Figure 2C), became 
our lead compound. 
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Figure 1: Structures of tTG and some common tTG inhibitors. (A) tTG adopts two distinct conformational states. In each tTG 
structure, the nucleotide-binding sites are in red, and the crosslinking active sites are in yellow. On the left is the closed state of tTG (pdb 
ID 1KV3). The bound nucleotide is in blue. Upon addition of Ca2+, tTG is converted to the open state (pdb ID 2Q3Z, right). A covalently 
bound peptidomimetic inhibitor is shown in orange. The open state can be converted to the closed state via addition of guanine nucleotide. 
(B) Inhibitors of tTG fall into three major categories: 1) alternate substrates, such as monodansylcadaverine [36] and cystamine [37] 
(shaded blue), which replace the intended glutamine donor substrate, 2) reversible inhibitors such as LDN-27219 [38] (shaded red), which 
directly competes with nucleotide for binding, or 3) irreversible inhibitors, such as T101 [43], Z-Don [44], ZED1227 [34], and KCC009 
[45] (shaded green), which directly compete with crosslinking substrates, by forming a covalent bond with the active site cysteine residue. 
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TTGM 5826 stabilizes the open state of tTG

We set out to determine if any of the small molecules 
identified in our screen were capable of stabilizing the 
open conformation of tTG using a trypsin digestion assay. 
For these experiments, we took advantage of earlier 
findings that showed tTG was more susceptible to trypsin 
digestion when it is in the extended, open conformation, 
compared to the more compact, closed conformation 
[17]. Recombinant tTG was incubated with either DMSO 
(vehicle control), the different small molecules (1 mM 
final concentration), or with 20 mM CaCl2 (which 
stabilizes the open conformation) as a positive control. The 
samples were then treated without or with trypsin prior 
to being subjected to SDS-PAGE and Coomassie blue 
staining. Figure 2D shows that tTG, when predominantly 
in the closed state (i.e. in the absence of Ca2+), was 
resistant to trypsin digestion (compare lanes 1 and 2), 
whereas, in the presence of 20 mM Ca2+, approximately 
half of the tTG was digested (lane 3). Figure 2E shows 
the results of a similar assay, where some of the candidate 
small molecules identified in our screen were examined 
for their ability to cause tTG to become sensitive to trypsin 
digestion. Only one compound, TTGM 5826 (last lane), 
made tTG significantly susceptible to trypsin digestion, 
suggesting that this compound is capable of inducing and/
or stabilizing its open state conformation.

We next read-out the ability of TTGM 5826 to 
convert tTG from the closed to the open state, by assaying 
the guanine nucleotide-binding capability of tTG, using 
the environmentally sensitive, fluorescent guanine 
nucleotide analog bodipy-GTP-γS. Bodipy-GTP-γS binds 
to and stabilizes the closed state of tTG [17]. However, the 
guanine nucleotide binding site of tTG is not accessible in 
the open state, and so incubating tTG with CaCl2 prevents 
the binding of bodipy-GTP-γS. Figure 3A shows that the 
addition of increasing amounts of CaCl2 decreases the 
ability of tTG to bind bodipy-GTP-γS (white circles), 
as monitored by changes in its fluorescence emission. 
However, when the same experiment was repeated using 
TTGM 5826 instead of CaCl2 (black circles), bodipy-
GTP-γS binding was unaffected. These findings suggest 
that TTGM 5826, at sub-millimolar concentrations, is 
unable to induce tTG to adopt an open state conformation. 

We then examined whether TTGM 5826 might 
function by helping to stabilize the open state conformation 
once it has been induced. Thus, tTG was initially incubated 
with CaCl2, to induce the open state conformation, and then 
TTGM 5826 was added. Ca2+ was chelated with EDTA, and 
the samples were assayed for their abilities to bind bodipy-
GTP-γS. Figure 3B shows that, under these conditions, 
TTGM 5826 significantly reduced bodipy-GTP-γS binding, 
yielding an EC50 value of 20 µM.

We next determined whether TTGM 5826 affected 
the protein crosslinking activity of tTG. tTG was incubated 
with TTGM 5826, N,N-dimethyl casein (NNDC), and 

biotinylated pentylamine (BPA), which represented the 
amine acceptor and donor substrates of tTG, respectively, 
with the amount of BPA incorporated into NNDC then 
serving as a readout of tTG crosslinking activity. Figure 3C 
shows that TTGM 5826 is able to inhibit the tTG-mediated 
crosslinking of BPA to NNDC, and that the extent of 
inhibition was dependent upon the levels of NNDC being 
assayed. For example, even at concentrations as high as 
300 µM, TTGM 5826 was unable to substantially inhibit 
the enzymatic activity of tTG when incubated with  
125 ng/µL of NNDC (top panel). However, when 25 ng/µL  
of NNDC was used, 300 µM TTGM 5826 inhibited 
crosslinking by ~80% (middle panel), while the inhibitor 
was even more effective when only 7.5 ng/µL of NNDC 
was assayed (~80% inhibition with just 75 µM TTGM 
5826, bottom panel). These findings were quantified in 
Figure 3D, and are consistent with TTGM 5826 acting 
as a competitive inhibitor (versus NNDC) of the protein 
crosslinking activity of tTG.

TTGM 5826 inhibits cancer cell growth

We next examined whether TTGM 5826 affects 
the growth of transformed cells. We began by using 
mouse embryonic fibroblasts (MEFs) that stably express 
an inducible form of oncogenic-Dbl (for diffuse B-cell 
lymphoma; onco-Dbl), a potent activator of Rho GTPases 
[48, 49]. MEFs cultured with doxycycline did not express 
onco-Dbl (Figure 4A, top panel), and thus were not 
transformed, as indicated by their inability to form colonies 
in soft agar (Figure 4B, left panel). However, upon the 
removal of doxycycline from the culturing media, the cells 
expressed onco-Dbl (Figure 4A, top panel) and exhibited 
anchorage-independent growth by forming large colonies 
in soft agar (Figure 4C), consistent with previous results 
[49]. The induction of onco-Dbl also resulted in a marked 
increase in tTG expression (Figure 4A, middle panel) and 
crosslinking activity, compared to non-transformed MEFs 
(Figure 4C). 

Since tTG plays important roles in oncogenic 
transformation, this inducible model system provided us 
with the opportunity to compare the effects of TTGM 5826 
on the growth of non-transformed versus transformed 
cells in a well-defined manner. Control (non-transformed) 
MEFs, or MEFs induced to express onco-Dbl, were treated 
for 6 days with either DMSO (vehicle control), TTGM 
5826, or the tTG crosslinking inhibitors Z-Don or MDC. 
Figure 5 shows that TTGM 5826 (30 µM) exhibited a 
much more potent inhibition of the growth of transformed 
MEFs (white bar), compared to control MEFs (black bar). 
The conventional tTG inhibitors Z-Don (100 µM) and 
MDC (90 µM) also inhibited the growth of the transformed 
MEFs (white bars), although the differences between the 
non-transformed versus onco-Dbl-transformed cells were 
not as great when these conventional tTG inhibitors were 
examined.
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We went on to examine the effects of TTGM 5826 
on the growth of triple-negative MDA-MB-231 breast 
cancer cells. Treatment with either MDC or TTGM 5826 
resulted in a significant reduction in cell growth, with 
TTGM 5826 having an IC50 that was roughly half that of 
MDC (Table 1). Four additional cancer cell lines were 
also analyzed, specifically LN229, T98G, and U-87 MG 
glioblastoma cells, and Mia-PaCa-2 pancreatic cancer 
cells. The ability of either MDC or TTGM 5826 to 
inhibit the growth of most of these cell lines was similar 
(Table 1). However, U-87 MG cells were resistant to MDC 
treatment, and T98G cells, which exhibit very low levels 

of tTG expression (Figure 6A, second to last lane), were 
resistant to both drugs. 

To further confirm that TTGM 5826 blocks the 
growth of cancer cells by binding tTG and causing it to 
adopt an open-state conformation, we treated T47D breast 
cancer cells and a human mammary epithelial cell line 
(HME-1 cells) with TTGM 5826. Both of these cell lines 
lacked detectable levels of tTG expression (Figure 6B), 
and so we expected them to be relatively insensitive to 
the drug. Indeed, Figure 6C shows that this is the case. 
The growth of T47D cells and HME-1 cells treated with 
30 μm TTGM 5826, a concentration of drug that strongly 

Figure 2: The identification of TTGM 5826 as a potential modulator of tTG conformation. (A) For screening purposes, 
molecules were docked to the substrate binding site (boxed) of the open state of tTG (green, pdb ID: 2Q3Z). Shown is TTGM 5826 
(space filling, white) docked to tTG. (B) Enlarged view of TTGM 5826 (white) docked to the crosslinking active site of tTG (green, pdb 
ID: 2Q3Z). The phenyl ring of TTGM 5826 projects into a deep pocket formed around the catalytic Cys 277, while the barbiturate ring 
is predicted to engage in hydrogen bonds with Trp 241, Gln 276, and Asn 333. The flexible linker allows the molecule to wrap around a 
‘hump’ in the binding site, while the phthalamide projects into a second deep hydrophobic pocket. (C) The chemical structure of TTGM 
5826 is composed of four moieties: a phenyl ring (lower left), a barbiturate (upper left), a tolyl ring (upper right), and a phthalamide (lower 
right). (D) tTG was incubated on ice with or without 20 mM CaCl2 for 5 minutes, and then each sample was incubated without (lane 1) or 
with trypsin (lanes 2 & 3) for 3 hours. The samples were resolved by SDS-PAGE and stained with Coomassie blue. Lighter bands indicate 
that a greater amount of tTG was digested. Lanes of samples where lower concentrations of CaCl2 were used were spliced out for clarity, 
and are indicated by the red line. (E) tTG was incubated on ice with the indicated small molecule (TTGM #), or DMSO, for 5 minutes, 
at which point trypsin was added, as indicated, and the reactions were processed as described in (C). TTGM molecules are labeled by the 
last four digits of their ChemBridge catalog number. Densiometric quantitation was performed with ImageJ. Band densities are reported as 
fractional density of the trypsin-free control band.
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blocked the growth of tTG expressing cancer cells (i.e. 
MDA-MB-231 cells), was largely unaffected, compared 
to control cells.

The effects of TTGM 5826 were not strictly 
correlated with tTG expression, perhaps because the 
relative amount of tTG in a crosslinking-active open 
state, rather than its total expression level, is the main 
factor determining the extent to which cancer cells are 
susceptible to this inhibitor. However, increasing the 
expression of tTG can enhance the susceptibility of some 
cancer cell types to TTGM 5826 inhibition. For example, 
this was the case for T98G cells, which express low basal 
levels of tTG and are relatively insensitive to TTGM 5826 
(Figure 6A and Table 1). We previously showed that these 
cells became sensitized to MDC when tTG expression 

levels were upregulated, and so we examined whether the 
same would be true for TTGM 5826 [7]. T98G cells were 
treated with retinoic acid (RA), a well-known inducer 
of tTG expression [7, 36]. Compared to the cells treated 
with just DMSO (vehicle), cells treated with 50 µM 
RA exhibited increased expression of tTG (Figure 6A, 
compare last two lanes). These cells were then treated with 
or without TTGM 5826 for 6 days. Figure 6D shows that 
the DMSO-treated T98G cells were relatively insensitive 
to the drug, as a maximum growth inhibition of 20-30% 
was observed when the cells were exposed to different 
concentrations of TTGM 5826. However, the growth of 
cells treated with 50 µM RA was inhibited by TTGM 
5826 in a dose dependent manner, with an IC50 similar 
to the other cancer cell lines examined, and a maximum 

Figure 3: Characterization of TTGM 5826. (A) tTG (0.4 µM) was incubated with the indicated amounts of TTGM 5826 (black 
circles) or CaCl2 (white circles) at room temperature for 5 minutes, after which bodipy-labeled GTPγS was added to the reactions. The 
fluorescence of the bodipy label was measured (ex: 504 nm, em: 520 nm), and the percentage of closed state tTG determined. (B) tTG (0.4 
µM) was incubated with 10 mM CaCl2 and the indicated amount of TTGM 5826 for 5 minutes, after which bodipy-labeled GTPγS and 20 
mM EDTA were added. The reaction was incubated for an additional 10 minutes and then analyzed as described in (A). (C) Recombinantly 
expressed tTG (43 nM) was incubated at room temperature for 15 minutes with 10 mM CaCl2, 10 mM DTT, 62.5 µM BPA, and the 
indicated amounts of NNDC and of TTGM 5826. The proteins were resolved by SDS-PAGE and the extent that BPA was incorporated 
into NNDC was determined by probing the resulting blot with HRP-conjugated streptavidin. (D) Quantification of the data shown in (C). 
Band density was determined using ImageJ, and was calculated with respect to the DMSO control from each experiment. The error bars in 
panels (A), (B), and (D) represent the SD from three independent experiments. The lowest concentration data point for each series in (A) 
and (B) is a control experiment (no TTGM 5826 or CaCl2), and is assigned a low, non-zero value to allow plotting on a logarithmic axis.
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observed growth inhibition of 80% when treated with  
40 µM TTGM 5826. 

TTGM 5826 inhibits other common phenotypes 
of transformed cells

tTG has been found to contribute to several 
different transformed phenotypes in addition to cellular 
proliferation, including enhanced cell migration, loss of 
contact inhibition, and survival [4–6, 50–53]. Thus, we 
tested the ability of TTGM 5826 to inhibit these different 
transformed activities, beginning with cell migration. As 
shown in Figure 7A and 7B, TTGM 5826 was able to 
significantly slow the migration of MDA-MB-231 triple-
negative breast cancer cells, as read-out by wound healing 
assays, under conditions where MDC showed little effect. 
Similar results were obtained when assaying the ability of 
TTGM 5826 to block the migration of the U-87 MG and 
LN229 brain tumor cell lines (Figure 7B). MDC had little 
effect against U-87 MG or LN229 cell migration. 

We then conducted focus-forming assays, which 
reflects the ability of transformed cells and cancer cells to 
exhibit a loss of contact inhibition. We first tested MDA-

MB-231 cells and found that they were unable to form foci 
when treated with as little as 15 µM TTGM 5826 (Figure 8, 
top panel), whereas under the same conditions, high doses 
(i.e. 60 µM) of MDC were needed to see the same effect. We 
then performed similar assays on LN229 brain cancer cells 
and found that the ability of this cell line to form foci was 
highly sensitive to TTGM 5826 (Figure 8, bottom panels).

Finally, we examined whether TTGM 5826 was 
capable of inhibiting the ability of U-87 MG or LN229 
brain cancer cells to exhibit anchorage-independent 
growth [54, 55]. For each of these cell lines, we found 
that TTGM 5826 strongly blocked their abilities to form 
colonies in soft agar (Figure 9A and 9B). MDC was 
relatively ineffective at preventing colony formation under 
these conditions for either cell line.

TTGM 5826 synergizes with standard of care 
drugs

Inhibition of tTG has been shown to greatly enhance 
the sensitivity of a number of different cancers to various 
classes of chemotherapeutic compounds [5]. Furthermore, 
drug cocktails are commonly used to treat cancer patients. 

Figure 4: Characterization of onco-Dbl expressing MEFs. (A) Lysates from uninduced control MEFs, and MEFs induced to 
express onco-Dbl by removal of doxycycline from the culturing medium, were analyzed by Western blot using HA, tTG, and vinculin 
(loading control) antibodies. (B) Soft-agar colony formation assays were performed on uninduced MEFs, and on MEFs induced to express 
onco-Dbl. The cells were cultured for four weeks, and the colonies formed in each condition were counted. (C) tTG crosslinking assays 
were conducted on the same cell lysates used in (A). An equal amount of each cell lysate was incubated with 10 mM CaCl2, 10 mM DTT, 
and 62.5 µM BPA for 15 minutes, and then resolved by SDS-PAGE. The resulting blot was probed with HRP-streptavidin, and the band 
densities were quantified with ImageJ. Error bars in (B) and (C) represent the SD from three independent experiments.
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This led us to examine whether TTGM 5826 could 
synergize with standard of care agents (SOCAs) for 
glioblastoma: temozolomide (a DNA alkylating agent), 
carmustine (a DNA crosslinking agent), or vincristine 
(a tubulin binding agent that prevents chromosome 
separation during metaphase). To determine drug synergy, 
we utilized the method developed by Chou and Talalay 
[7, 56]. Briefly, this method involves the calculation of 
a combination index (CI), which determines whether 
two drugs function additively (CI = 1), synergistically 
(CI < 1), or antagonistically (CI > 1). Cell proliferation 
experiments were performed to determine dose curves 
for U-87 MG cells treated with each of the SOCAs (IC50 
values are reported in Table 2). We then tested each SOCA 
in combination with TTGM 5826 or MDC at concentrations 
of 1×, 0.5×, or 0.25× their relative IC50 values. In the U-87 
MG brain cancer cell line, TTGM 5826 was synergistic with 
each SOCA, strongly inhibiting cell growth when using low 
concentrations of both inhibitors. For example, Figure 10 
shows the results of experiments where U-87 MG cells 
were treated with different combinations of TTGM 5826, 
MDC, and temozolomide. When treated with 15 µM TTGM 
5826, 50 µM MDC, or 15.5 µM temozolomide (half of the 
respective IC50 concentration for each inhibitor), only 10-
30% inhibition of cell growth was observed (first four bars).  
However, when TTGM 5826 and temozolomide were 
combined, about 80% inhibition of growth was achieved 
(second to last bar). A smaller effect was observed upon 
combining MDC with temozolomide (last bar). Table 2 
shows the resulting combination index values for each drug 
combination.

Glioma stem cells are sensitive to growth 
inhibition by TTGM 5826

Thus far, we have examined the effects of TTGM 
5826 on various cancer cell lines, and found that it was 
able to inhibit multiple cancer-cell phenotypes. Since 
TTGM 5826 was generally more effective than the 
classical alternate substrate MDC in each of these cases, 
we became interested in determining its potential for 
treating GSCs. GSCs are thought to be one of the major 
contributing factors for the therapy resistance and tumor 
recurrence of glioblastoma [20, 25, 26]. They are highly 
resistant to radiation or pharmacological intervention, 
but have been shown to be sensitive to traditional tTG 
inhibitors such as Z-Don and MDC [25, 29–31]. Two 
different GSC cell lines, GSC374 and GSC267, with 
moderate or high levels of tTG expression, respectively 
(Figure 11A), were incubated with increasing amounts 
of TTGM 5826, MDC, or a DMSO vehicle control. 
Figure 11B and Table 1 show that TTGM 5826 potently 
inhibited the growth of these GSCs in a dose dependent 
manner, with IC50 values nearly half of those for the 
traditional cancer cell lines examined. Interestingly, while 
GSC267 cells were also highly sensitive to MDC, GSC374 
cells were somewhat resistant to that drug (Figure 11B, 
white circles), suggesting that using TTGM 5826 to 
stabilize the open conformation of tTG in GSCs with only 
moderate amounts of tTG might be more effective than 
using alternate substrate inhibitors.

tTG has been shown to be important for the ability 
of CSCs to form spheres, a hallmark of “stemness”  

Figure 5: TTGM 5826 selectively inhibits the proliferation of onco-Dbl expressing MEFs. Uninduced control MEFs (black), 
or MEFs induced to express onco-Dbl (white), were incubated for 6 days with the indicated amounts of TTGM 5826, Z-Don, or MDC. The 
cells were then counted, and the inhibition of cell growth, relative to DMSO treated control cells, was determined. Error bars represent the 
SD of three independent experiments.
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[5, 22, 23, 57]. As such, we tested the ability of the 
GSC374 and GSC267 lines to form spheres when treated 
with either TTGM 5826, or MDC, for 3 days. As shown 
in Figure 11C–11E, TTGM 5826 was able to substantially 

inhibit the number of spheres that formed in each of these cell 
lines in a dose-dependent manner. Under the same culturing 
conditions, MDC was far less effective at causing this effect 
(Figure 11C), even at concentrations well above its IC50. 

Figure 6: Expression levels of tTG in cancer cells and the effect of TTGM 5826 upon increasing tTG expression.  
(A) Western blot analysis, using tTG and vinculin (loading control) antibodies, was performed on various cancer cell lines treated without 
or with RA, as indicated. (B) Western blot analysis, using tTG and vinculin (loading control) antibodies, was performed on the indicated 
cell lines. (C) HME-1 (black), T47D (white), and MDA-MB-231 (gray) cells were split into 12-well dishes, and then treated with 30 µM 
TTGM 5826 for 6 days. The cells were counted for each condition, and the percent growth inhibition was determined relative to the DMSO 
treated control. (D) T98G cells incubated for 48 hours with 0 (black) or 50 (white) µM RA were split at a low density into 12-well dishes 
and cultured for 6 days in the presence of the indicated amounts of TTGM 5826. The cells were counted for each condition, and the percent 
growth inhibition was determined relative to the DMSO treated control. Error bars in (C) and (D) represent the SD of three independent 
experiments.

Table 1: The effects of MDC and TTGM 5826 on the growth of several different cancer cell lines

IC50 (µM)
Cell Line Tissue MDC TTGM 5826
MDA-MB-231 breast 60 26
Mia-PaCa-2 pancreas 50 30
LN 229 brain 66 24
T98G brain 140 >50
U-87 MG brain 100 30
GSC374 brain 83 16
GSC267 brain 18 11

The indicated cells were cultured for 6 days in the presence of 8 different concentrations of either MDC or TTGM 5826. 
On the final day, the cells were counted, and the IC50 for each drug was determined. 
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Figure 7: Cancer cell migration is inhibited by TTGM 5826. (A) Wounds were struck through confluent monolayers of MDA-
MB-231 cells treated with DMSO, 60 µM MDC, or 15 µM TTGM 5826. Twelve hours later the cells were fixed and photographed to 
show the extent of wound closure for each condition. Representative images of the experiments are shown. The black lines trace the width 
of the original wound. (B) Quantification of the migration of the indicated cell lines treated with MDC (60 µM, black) or TTGM 5826  
(15 µM, white), compared to a DMSO control. The extent of wound closure for each was determined using ImageJ. Error bars represent 
the SD from three independent experiments.

Figure 8: Clonogenic focus formation is inhibited by TTGM 5826. The indicated cells were plated at low density and exposed to 
the indicated amounts of MDC or TTGM 5826 for 10 days. The cells were then stained with crystal violet and photographed. Representative 
images of each condition are shown. The experiment was performed three different times.
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Figure 9: TTGM 5826 inhibits colony formation in soft agar (A) LN229 or (B) U-87 MG cells were grown in soft agar for 2 weeks, 
with the indicated amount of either MDC or TTGM 5826. The resulting colonies that formed for each condition were photographed (only 
representative images of the LN229 cells are shown) and counted. Error bars represent the SD from three separate experiments. P-values 
were calculated using a two-tailed Student’s T-test. 
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DISCUSSION

Through a combination of virtual screening and 
biochemical analysis, the small molecule TTGM 5826 
was shown to stabilize the open conformation of tTG. 
The ability of TTGM 5826 to selectively target the tTG 
open state could hold clinical significance, given the high 
expression and activity of tTG in a number of cancers, and 
the cytotoxic nature of tTG when maintained in an open 
state conformation. TTGM 5826 was predicted during the 
docking simulations to bind to the crosslinking active site 
of tTG (Figure 2B), and indeed, we found that it exhibits 
a competitive inhibition versus the substrate NNDC 
(Figure 3C and 3D). 

It seems likely that the majority of intracellular tTG in 
cancer cells exists in a closed state conformation, although 
the ability to use MDC as a tTG substrate to label tTG 
glutamine-donors with a fluorescent dansyl group suggests 
that there is at least a basal level of tTG crosslinking activity 
[50, 58, 59]. This would suggest that a small amount of 
tTG exists in the open state conformation at any given 
time, such that even a relatively minor perturbation to its 
conformational dynamics, as might be induced by TTGM 
5826, could be sufficient to trigger a cytotoxic event. 
Indeed, when comparing the relative effectiveness of the 
well-known tTG inhibitor MDC, versus the newly identified 
TTGM 5826, at inhibiting the growth of cancer cell lines 
(Table 1), we found that TTGM 5826 was typically about 

Figure 10: TTGM 5826 synergizes with temozolomide to inhibit the growth of U-87 MG cells. U-87 MG cells were treated 
with various combinations of either 15 μm TTGM 5826 (TTGM) or 50 μm MDC and 15.5 μm temozolomide (Temoz) for 6 days, at which 
point the cells were counted. Error bars represent the SD from three different experiments.

Table 2: The combination index (CI) determined for either TTGM 5826, or MDC, and the indicated standard of care 
agent in U-87 MG glioblastoma cells

Combination Index at Fraction of IC50

 TTGM 5826 MDC
Drug IC50 1X 0.5X 0.25X 1X 0.5X 0.25X
Temozolomide 31 µM 0.04 0.20 0.50 0.05 0.70 1.66
Carmustine 50 µM 0.28 0.52 0.46 0.29 0.84 1.17
Vincristine 0.4 nM 0.15 1.12 1.86 0.16 1.29 19.70

The CI is calculated at the indicated ratio of the IC50 of each drug, and the IC50 value used for each standard of care agent 
for each cell line is indicated.
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Figure 11: TTGM 5826 inhibits the growth and sphere forming abilities of GSCs. (A) Western blot analysis using tTG 
and vinculin (loading control) antibodies was carried out on the indicated GSCs. (B) Growth inhibition of GSC374 cells by TTGM 5826 
(black circles) or MDC (white circles). The cells were incubated with the indicated amounts of either drug for 6 days, and then counted. 
The percent growth inhibition was determined, relative to the DMSO control. The lowest concentration data point from either series is the 
DMSO control, assigned an arbitrary low value to allow plotting on a logarithmic axis. (C) Representative images of spheres that were 
formed by GSC374 or GSC267 cells treated for three days with the indicated amounts of MDC or TTGM 5826. (D) Average number of 
spheres formed by GSC374 cells treated with the indicated amounts of TTGM 5826. (E) Average number of spheres formed by GSC267 
cells treated with the indicated amounts of TTGM 5826. Data in (D) and (E) were normalized to DMSO controls. Error bars in in (B), (D), 
and (E) represent the SD from three separate experiments. 
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twice as potent as MDC. The one exception was U-87 MG 
cells, where TTGM 5826 was able to inhibit their growth 
but MDC was ineffective until very high concentrations 
were used. Additionally, the IC50 values determined for 
TTGM 5826 in blocking the growth of the different cell 
lines were comparable to the EC50 value for stabilizing the 
open state conformation of recombinant tTG. 

The ability of this small molecule to specifically 
stabilize the cytotoxic open state of the enzyme was 
supported by our experiments showing how TTGM 
5826 affects the growth of T98G glioma cells expressing 
varying amounts of tTG. Specifically, we found that these 
cells express little tTG and are relatively insensitive to 
TTGM 5826. However, after treatment with RA, which 
significantly increased tTG expression levels, the cells 
became substantially more sensitive to TTGM 5826 
(Figure 6D). Further support for tTG as the primary target 
of the small molecule comes from its ability to inhibit 
cell migration, clonogenic focus formation, and colony 
formation in soft agar, three cancer cell phenotypes in 
which tTG has been strongly implicated [4–6, 50–53]. 
It is also worth noting that the IC50 values for TTGM 
5826 were generally under 30 µM, a concentration that 
strongly inhibits the growth of onco-Dbl-transformed 
MEFs, while having no measureable effect on non-
transformed (control) MEFs. Collectively, these results 
are consistent with a model in which the small molecule 
stabilizes the open state conformation of tTG in cells, 
and for most cancer cell lines, the concentrations of 
TTGM 5826 that inhibits their growth should not effect 
their non-transformed counterparts. Moreover, TTGM 
5826 was able to synergize with three different SOCAs 
(temozolomide, carmustine, and vincristine) in U-87 MG 
brain cancer cells to inhibit their growth. 

Perhaps most exciting, we found TTGM 5826 to 
be effective at blocking the growth and sphere forming 
capabilities of two tTG-expressing GSCs, which are 
typically resistant to radiation and pharmacological 
intervention [25, 27, 28]. While TTGM 5826 and MDC 
were both able to inhibit the proliferation of GSCs, only 
TTGM 5826 significantly reduced sphere formation. These 
findings raise the interesting possibility that stabilizing 
the open state of tTG is more important than inhibiting its 
catalytic activity, as it pertains to GSC sphere formation. 
Given that sphere formation is a conserved characteristic of 
stem and stem-like cells, this suggests that TTGM 5826 is 
able to inhibit the stem-like characteristics of GSCs, which 
could be of value in inhibiting their unique oncogenic 
characteristics. Moreover, our results closely correlate with 
those of Kerr et al., who recently showed that irreversible, 
peptidomimetic tTG inhibitors were able to inhibit 
epidermal CSCs, and proposed that this was accomplished 
by maintaining tTG in the open state [22]. Much like our 
findings, they showed that their inhibitors, alone, were 
ineffective at shifting tTG from a closed to an open state. 
However, once tTG adopted an open state, the drugs were 

able to bind and stabilize the open state. In contrast to our 
own study, however, Kerr et al. were able to elicit this effect 
only with irreversible, peptidomimetic inhibitors, which 
tend to have poor cell permeability [44, 46, 47]. 

In conclusion, we have identified a novel small 
molecule tTG inhibitor, TTGM 5826, that targets and 
stabilizes the open state conformation of tTG. TTGM 5826 is 
able to effectively inhibit the growth of a number of different 
cancer cells characterized by high tTG expression, as well as 
difficult to treat glioma stem cells. Furthermore, TTGM 5826 
is able to strongly synergize with standard of care treatment 
drugs. Thus, with further development, reversible compounds 
which stabilize the cytotoxic open state conformation of tTG 
could offer new therapeutic strategies.

MATERIALS AND METHODS

Reagents

TTGM 5826, and other small molecules tested 
against tTG, were obtained from ChemBridge (San Diego, 
CA). GSCs were obtained as previously described [60, 61]. 
All other cell lines used in the study were purchased 
from the ATCC (Manassas, VA). RPMI 1640, DMEM, 
DMEM-F12, Penicillin/Streptomycin, Fungizone, B27 
supplement, heparin, bFGF, EGF, Trip-LE, trypsin-EDTA, 
bodipy-GTP-γS, horse serum (HS), and fetal bovine 
serum (FBS) were purchased from Invitrogen (Waltham, 
MA). MEGM was obtained from Lonza (Allendale, NJ). 
Recombinant tTG was prepared as previously described 
[51]. HRP-conjugated streptavidin and BPA were obtained 
from Pierce Biotechnology (Waltham, MA), and the human-
specific tTG antibody (MS-300-P, used for human-derived 
cancer cells) was from Neomarkers (Fremont, CA). The 
mouse-specific TG antibody (A033, used for MEFs) and 
Z-Don were from Zedira GMBH (Darmstadt, Germany). 
The anti-rabbit IgG-HRP (7074S), anti-mouse IgG-HRP 
(7076S), and HA antibodies (3724S) were from Cell 
Signaling (Danvers, MA). The vinculin antibody (V9131), 
purified trypsin, soybean trypsin inhibitor, temozolomide, 
vincristine, carmustine, MDC, DMSO, and NNDC were 
obtained from Sigma Aldrich (St. Louis, MO). 

Virtual screening

Libraries of commercially available compounds 
from ChemBridge (San Diego, CA) were downloaded 
from the ZINC database. The tTG crystal structure 
2Q3Z was prepared using Autodock Tools [62]. The 
compounds (~30,000 in total) were docked to tTG using 
Autodock Vina [63]. The top scoring compounds were 
manually analyzed to eliminate molecules with common 
pan-assay interference (PAINS) functionalities, and the 
most promising remaining molecules were obtained for 
screening (Supplementary Figure 1) [64]. All molecules 
were dissolved in DMSO prior to further analysis.
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tTG crosslinking assays

Recombinantly expressed tTG (43 nM) was 
combined with the indicated amounts of the different 
drugs, or DMSO (as a control), for 5 minutes at room 
temperature in reaction buffer (10 mM Tris, 100 mM 
NaCl, pH 7.4). The crosslinking reaction was initiated 
by the addition of 10 mM DTT, 10 mM CaCl2, 62.5 µM 
biotinylated pentylamine (BPA), and the indicated amount 
of N,N-dimethyl casein (NNDC). In some cases, whole 
cell lysates (15 μg total protein) were used instead of 
recombinant tTG and NNDC in the assay. The reactions 
were incubated for 15 minutes at room temperature, at 
which point Laemmli buffer was added. The samples were 
boiled for 5 minutes, and then resolved by SDS-PAGE. 
The proteins were transferred to PVDF membranes, 
blocked with 10% bovine serum albumin (BSA) in 
BBST (20 mM sodium tetraborate, 100 mM boric acid, 
80 mM sodium chloride, and 1.5% Tween-20, pH 8.5) at 
4° C overnight, and probed with 1:4000 HRP-conjugated 
streptavidin and 5% BSA in BBST. 

Trypsin digestion assays

Recombinant tTG (2.1 µM) was combined with 
the indicated amounts of drug or CaCl2 in 10 mM Tris, 
100 mM NaCl, pH 7.4, for 5 minutes, followed by the 
addition of trypsin to a final concentration of 2 μg/mL.  
The reaction was incubated for 3 hours on ice, and 
then 2.5 μg/mL of soybean trypsin inhibitor was added. 
Laemmli buffer was immediately added to each reaction, 
and the samples were boiled for 5 minutes and resolved by 
SDS-PAGE. The gels were stained with Coomassie blue to 
visualize the proteins.

Bodipy-GTP binding assays

Recombinant tTG (0.4 µM) was incubated with 
the indicated amounts of TTGM 5826, GTP, or CaCl2 in 
reaction buffer (10 mM Tris, 100 mM NaCl, pH 7.5) at 
room temperature for 5 minutes. Bodipy-GTP-γS (0.5 µM 
final concentration) was then added to each sample, and 
the reactions were incubated at room temperature for 
10 minutes. In some cases, samples were incubated with 
10 mM CaCl2, along with the indicated amounts of drug, 
and then following the 5 minute incubation, 20 mM EDTA 
was added to each sample along with bodipy-GTP-γS. 
The fluorescence emission of each sample was measured 
(excitation = 504 nm; emission = 520 nm) using a 5 nm 
bandpass. 

Cell growth assays

The indicated cell lines were maintained at 37° C, 
5% CO2, in RPMI 1640 supplemented with 10% FBS 
(for MDA-MB-231, T47D, and U-87 MG cells), DMEM 
supplemented with 10% FBS (for T98G, LN229, and 

MEFs), DMEM supplemented with 10% FBS and 2.5% 
HS (for Mia-PaCa-2 cells), MEGM (HME-1 cells), or 
DMEM-F12 plus Glutamax supplemented with 2% B27 
supplement, 2.5 μg/mL heparin, 20 ng/mL bFGF, and  
20 ng/mL EGF (for GSCs). 

For each adherent cell line assayed, 2 × 104 cells 
were plated in each well of a 12-well dish. Twenty-four 
hours later, the cells were treated with culturing media 
containing the indicated amounts of drug, or DMSO. 
The media on the cells was exchanged every 2 days, 
and after 6 days of growth, the cells were counted using 
a hemocytometer. Percent inhibition of cell growth was 
determined for each drug concentration relative to the 
DMSO control, which was considered as 100% cell 
growth. Dose curves were calculated in Sigma Plot 
11.0, using the built-in 4 parameter logistic function. All 
experiments were performed in triplicate.

For the GSCs, 1 × 104 cells were plated in each 
well of a 12-well dish. Culturing medium containing the 
indicated amounts of drugs, or DMSO, were added to 
these cultures every other day for 6 days, and the spheres 
that formed for each condition were either counted, or 
dissociated and then counted. 

Focus formation assays

Cells were plated in each well of a 6-well dish at 
a density of 1 × 103 cells per well. The following day, 
the medium was replaced with fresh culturing medium 
containing the indicated concentration of drug. The 
medium on the cells was replaced every 3 days, and 
after 15 days of growth, the cells were fixed with 3.7% 
formaldehyde. The fixed cells were stained with 0.4% 
crystal violet in methanol, followed by extensive washing 
with water to remove background staining.

Soft agar assays

Cells (1 × 103 cells per well for U-87 MG cells;  
5 × 103 cells per well for LN229 or onco-Dbl MEF cells) 
combined with soft agar (0.3% 2-hydroxyethylagarose, 
10% serum, 1× penicillin-streptomycin, and 1× anti-
mycotic in RPMI-1640 or DMEM for U-87 MG or 
LN229 cells respectively) were plated on top of a 
hard layer of agar (0.6% 2-hydroxyethylagarose in the 
appropriate complete culturing medium). Every other 
day for 14 days, the cells were re-fed with soft agar 
medium containing the indicated amount of drug. The 
colonies were then counted.

Migration assays

Cells were grown in 6-well dishes. Wounds were 
generated in the cells using a 200 µL pipette tip. The 
medium was then replaced with fresh medium containing 
the indicated amount of drug, or DMSO. When the DMSO-
treated control cells had nearly closed the wound (generally 
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12–36 hours later), all of the cells cultured under the 
different conditions were fixed with 3.7% formaldehyde, 
and the wounds were photographed. The extent that the 
cells migrated into the wound was determined by measuring 
the open space remaining in each wound in ImageJ. 

Sphere formation assays

GSC cells were plated at a density of 1 × 103 in 12-
well dishes, and treated with drugs as described for the 
proliferation assays above. After 3 days of treatment, the 
total number of spheres in each well was determined by 
manual counting.

Western blotting

Western Blot analysis was performed as previously 
described, using the specific antibodies detailed above [17]. 

Data workup

Standard deviations (SDs) and p-values were calculated 
using Excel. Band densitometry was determined using 
ImageJ. For graphs in which multiple cell lines or Western 
blots were measured and reported with a single y-axis (e.g. 
% Inhibition of cell growth), all values were calculated with 
respect to the controls for that specific cell line or blot. Docking 
conformations were inspected using PyMol.
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