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Abstract: Osteosarcoma (OS) is a highly aggressive mesenchymal malignancy and the most common primary bone
tumor in the pediatric population. OS frequently presents with or develops distal metastases. Patients with meta-
static disease have extremely poor survival rates, thus necessitating improved molecular insights into OS metastatic
biology. Utilizing our previously characterized genetically engineered mouse model (GEMM) of metastatic OS, we
identified enhanced differential expression of Transglutaminase-2 (TGM2) in metastatic 0S. However, the role of
TGM2 in sarcoma development and metastatic progression remains largely undefined. To further investigate the
role of TGM2 in OS metastasis, we performed both gain- and loss-of-function studies for TGM2 in human and mouse
0S cell lines. Our data provide evidence that enhanced expression of TGM2 in metastatic OS contributes to migra-
tory and invasive phenotypes. Besides the effects on metastatic phenotypes, we also observed that TGM2 contrib-
utes to OS stem-like properties. In addition, treatment with transglutaminase inhibitors had analogous effects on
proliferation and migration to TGM2 knockdown. Finally, in vivo xenograft studies demonstrated that TGM2 function-
ally alters metastatic potential and survival outcome. Together, these data highlight TGM2 as a pro-metastatic factor
in OS and a potential avenue for future therapeutic intervention to inhibit metastatic disease.
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Introduction

Osteosarcoma (0S) is the most prevalent pri-
mary malignant bone cancer that arises from
mesenchymal origins [1-4]. This lineage is evi-
denced by the prevalence of osteoid-an im-
mature bone matrix deposited by 0S. Long-
term outcomes have improved over the past
several decades for patients with localized OS,
with five-year survival rates approaching 70%.
However, in patients with evidence of metas-
tatic disease there have been no significant
improvements in mortality, with overall survi-
val rates of less than 25% [5-8]. In addition to
signifying more aggressive disease, metastatic
OS has also been associated with increased
chemoresistance [9]. Despite the significant
differential survival rates and mounting evi-
dence that distal OS metastases are dissimi-
lar to primary OS, most standard protocols for

treating metastatic OS today are essentially
the same as those for localized disease [10].
OS treatment typically includes surgical resec-
tion and high dose chemotherapy, which fre-
quently includes combinations of methotrexa-
te, doxorubicin, cisplatin and ifosfamide [6, 10-
12]. This severe deficiency in tailored treatment
options for patients with metastatic disease is
secondary to a lack of insights into the molecu-
lar mechanisms underlying sarcoma metasta-
sis and identification of viable new therapeutic
targets.

We have previously developed and character-
ized a tissue-specific genetically engineered
mouse model (GEMM) of metastatic osteosar-
coma in order to perform basic molecular and
translational investigations of OS [13]. Using
this GEMM, we were able to identify significant
differentially-expressed genes within a de novo
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model of osteosarcoma metastasis. From am-
ong these differentially expressed genes, we
identified Transglutaminase-2 (TGM2) to be
significantly elevated in lung and other distal
metastatic OS lesions, compared to the bone
tumors at the primary site of tumor deve-
lopment.

Transglutaminase-2 is a multifunctional prote-
in involved in several developmental, tissue-
specific and homeostatic processes. TGM2 has
undergone extensive clinical investigation as
an autoantigen and clinically relevant enzyme
in celiac disease [14-16]. TGM2 has recently
been associated with metastatic phenotypes
for several carcinomas, including ovarian, co-
lorectal, prostate, and breast [17-22]. In many
of these carcinomas, TGM2 is particularly no-
table in enhancing the so-called epithelial-
mesenchymal transition (EMT) properties [17,
23]. However, whether similar functions would
be present in a mesenchymal-derived sarcoma,
such as 0S, has not yet been investigated.

Our results from complementary gain- and
loss-of-function in vitro and in vivo studies,
along with pharmacological targeting, demon-
strate TGM2 has the ability to drive metastatic
progression and stem cell-like properties in OS.
Overall, our examinations indicate that target-
ing TGM2 in OS might prove to be viable thera-
peutic target.

Materials and methods
Cell culture

Sa0S2 and LM7 human cell lines were gener-
ously donated by Dr. Chris Tsz-Kwong Man (Te-
xas Children’s Hospital Cancer & Hematology
Centers). HOS and 143B human osteosarcoma
cell lines were obtained from ATCC (CRL-1543
and CRL-8303). Primary paired mouse OS lin-
es (CR175, RF891, RF1142) were establish-
ed from GEMM as previously described [13]. All
cells were grown and maintained in a humidi-
fied culture incubator at 37°C and 5% CO,.
Unless otherwise noted, primary and estab-
lished cells were grown in Dulbecco’s Modifi-
ed Eagle Medium (DMEM, Gibco), which was
supplemented with 10% FBS (Hyclone) and 1%
penicillin/streptomycin (Sigma). This media was
also used for puromycin selection, with the on-
ly difference being the addition of puromycin
(Gibco) to concentrations of either 5 ug/mL or
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20 pg/ml. Following initial selection, cells were
maintained at lower antibiotic concentrations,
typically 1 pg/mL. Established cell lines were
authenticated at the MD Anderson Authen-
tication Core (https://www.mdanderson.org/
research/research-resources/core-facilities/
characterized-cell-line-core-facility.html). Cell li-
nes were continuously tested and maintained
free of mycoplasma.

Transfection of siRNA, shRNA, and TGM2 over-
expression plasmid

Flexitube siRNA (Qiagen) against TGM2 was
introduced to the cell lines using RNAimax li-
pofectamine according to the manufacturer’s
standard protocol. Maximal knockdown was
typically reached between 48 and 72 hours.
Scramble siRNA or siRNA to GFP was concur-
rently and identically transfected as a nega-
tive control. Multiple shRNA clones based on
the GIPZ backbone were obtained in-house
through the Cell Based Assaying and Screen-
ing service (C-BASS) at Baylor College of Me-
dicine. Transfection using Lipofectaimine 2000
was successful using the manufacturer’s gui-
delines. Following transfection and 48 hours
normalization period, selection with puromycin
was initiated for 48 hours at 20 yg/ml. This was
followed by several weeks in puromycin (5 pg/
ml) selection media, resulting in an enriched
population that was then sorted using fluores-
cence-activated cell sorting (FACS), retaining
the top 10% GFP-expressing population con-
ferred by the GIPZ vector. Cells transfected with
blank GIPZ vector were used as a negative
control.

Full-length FLAG-tagged human TGM2 cons-
titutive-expression constructs (pENTR1A) were
created that resulted in significant full-length
TGM2 overexpression. A blank vector lacking
the TGM2 gene was used as a negative control.
Stable cell lines were established in puromy-
cin (5 pg/ml) selection media. All stable cell
lines were maintained in puromycin mainte-
nance media (1 pg/mL) following initial sele-
ction.

RNA isolation, cDNA reverse transcription, and
gPCR

To extract RNA, tissue was homogenized me-

chanically in Trizol (Invitrogen/Thermo Fisher
Scientific). Cells were lysed in Trizol without
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mechanical homogenization. For each, chloro-
form-extraction was performed, followed by
separation of the upper aqueous phase and
subsequent precipitation with 100% isopropa-
nol then purified using 75% ethanol. RNA qu-
antification was conducted using standard sp-
ectrophotometer and/or nanodrop.

cDNA was created from 500 ng-1 ug of RNA
using qscript cDNA supermix (Quanta) stan-
dard protocol on a Multigene 60 Thermal Cy-
cler (Labnet). cDNA was used to quantify gene
expression via qPCR. qPCR was conducted
using Fast SYBR (Life Technologies) or iQ SYBR
Green Supermix (Biorad).

Protein isolation and western blot

Whole cell lysate (WCL) was isolated through
mechanical disruption on ice in RIPA lysis buf-
fer (supplemented with complete protease and
phosphatase inhibitor). Following a 30-minute
incubation on ice, cells were centrifuged at
12,000 x g for 15 min. The WCL supernatant
was collected and either utilized immediately
or stored at -20°C for short-term storage or
-80°C if held longer. Protein concentration was
quantified using the Pierce BCA colorimetric
assay (Thermo Fisher Scientific), reading on a
Multiscan plate imager at 550 nM and quanti-
fied against known BSA standards. Primary
and secondary antibodies used were from Cell
Signaling Technologies and Thermo. Antibo-
dies were typically diluted in 5% BSA/TBST.

For western blot protein quantification, equal
amounts (actual concentration depending on
sample pair) of protein were supplemented
with Milli-Q water to a final volume of 25 l, to
which 7.5 yl of LDS sample buffer with 5% be-
ta-mercaptoethanol was added. Samples were
boiled at 100°C for 10 minutes, followed by a
brief cool-down and then loaded onto a 4-12%
bis-tris gradient gel (Thermo Fisher Scientific)
and run at ~150 V until appropriate ladder
band (SeeBlue Plus2, Thermo Fisher Scientific)
separation was achieved. For TGM2 western
blots, a positive control of purified TGM2 pro-
tein (Sino Biological) was used to gauge appro-
priate band size. Transfer to nitrocellulose me-
mbrane was accomplished via standard proto-
col (iBlot, Thermo Fisher Scientific). Incubation
with antibodies was either in a traditional man-
ner (block 5% BSA 1 hr room temp, PBS-T wash
x 3, Primary antibody overnight at 4°C, PBS-T
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wash x 3, Secondary Antibody at room tempe-
rature x 1 hr or overnight at 4°C) or via iBind
(Thermo Fisher Scientific) standard protocol for
TGM2. Membranes were washed (3 x) and in-
cubated with Western Lightening ECL (Perkin-
Elmer), then imaged using either Kodak film
development or the my ECL imaging system
(Thermo Fisher Scientific). Capture settings de-
termined by machine were always kept identi-
cal for paired samples. Paired samples were
always run side-by-side, next to each other and
amount loaded was identical between samp-
le pairs. Blots were incubated with RESTORE
stripping buffer (Thermo Fisher Scientific) for
15 minutes and re-probed as described above
with Actin as endogenous control to ensure
consistency.

Proliferation assay and chemosensitivity

Proliferation was evaluated using a tetrazo-
lium salt-based colorimetric assay (Dojindo,
CCK-8), in which colorimetric change is dire-
ctly proportional to viable cell counts. Briefly,
100 ul of cells were seeded at 4 x 10* cells/
mL. An additional 100 ul of drugs/inhibitors
or media were added for experimental and con-
trol wells, respectively. To ensure uniform seed-
ing in all wells, CCK-8 was immediately added
to the wells corresponding with the initial time
point (day O). Plates were read 3 hours follow-
ing introduction of the CCK-8 substrate. Fresh
CCK-8 was introduced to untested triplicate
wells for each condition/cell type on each sub-
sequent day/time point.

Transwell migration and invasion assays

Migration and invasion were assessed utiliz-
ing the transwell Boyden chamber assay as
previously described [13]. Briefly, transwell
inserts (Corning) were placed into 24-well
plates. For invasion, 100 pl of collagen (10 ug/
mL) was introduced to the upper chamber and
allowed to cure overnight at 37°C. OS cells
which had been serum starved for 24 hours
were then introduced to the upper chamber
and allowed to migrate for 24 to 36 hours,
depending on the cell line and treatment.
Following this incubation at 37°C with 5% CO,,
the top side of the upper chambers were gently
swabbed with cotton-tipped applicators and
the underside was fixed with formalin for 15
minutes, followed by crystal violet staining.
After washing and drying, transwells were im-
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Figure 1. Identification of enhanced TGM2 expression in metastatic OS. A: Schematic demonstrates technical meth-
od to compare altered gene expression in primary and metastatic samples of both tissue and corresponding iso-
lated cell lines. B: qPCR validation of number of GEMM sample pairs (Primary vs. metastatic) from individual mouse
which demonstrated Tgm2 upregulation of statistical significance (black fill) or not (empty). C: qPCR of established
cell line pairs human 0OS. 143B and LM7 are metastatic versions of HOS and Sa0S2, respectively. D: Western blots
from paired GEMM-derived cell lines for TGM2. Right panel is western blot for paired human cell lines Sa0S2 and
LM7. Paired lines were run side-by-side. B-Actin used as loading control. Error bars represent 95% CI. *P < 0.05.

aged using the EVOS XL Core microscopy sys-
tem and quantified using Image J.

Stem-cell sphere-forming assay

The sphere-forming assay to assess stem-like
ability to re-populate independent of anchor-
age or attachment was performed by seeding
10* cells at a concentration of 10° cells/ml
onto an ultra-low attachment 6-well plate (Co-
rning) and cultured for up to 7 days, imaging
multiple times. The ability to form initial and
secondary spheres was assessed using the
Image ProPremiere (Media Cybernetics) soft-
ware suite.

Tail vein in vivo xenograft

In vivo studies were performed in athymic nu-
de mice (nu/nu, Jackson labs). Following tryp-
sinization and inactivation, cells were washed
with PBS and re-suspended to a final concen-
tration of 1 x 107 live cells/ml as determined
by Countess automated cell counter (Invitro-
gen). Mice (n=10/cohort) were anesthetized
using isofluorane and 100 pL was injected into
each nude mouse via the lateral tail vein.
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Following injection, mice were followed to en-
sure no adverse effects prevented eating or
tasks of daily living. Animal procedures were
conducted in compliance with approved IUC-
UC protocols and in accordance with the prin-
ciples of animal care set forth by AALAC, as
required by Baylor College of Medicine and
Texas Children’s Hospital (Baylor College of
Medicine Animal Protocol AN-5225).

Statistical analysis

Statistical analyses included student’s t-test,
paired t-test, or ANOVA where applicable. An-
alyses were performed in Excel and GraphPad
Prism. P values < 0.05 were considered statisti-
cally significant.

Results

To facilitate investigation of mechanisms driv-
ing osteosarcoma metastasis, we have previ-
ously developed and characterized genetically
engineered mouse models (GEMM) of meta-
static osteosarcoma [24-27]. Briefly, our model
utilized an osteoblast-specific promoter for con-
ditional induction of Cre-recombinase in con-
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Table 1. Highlighted differential gene expres-
sion in distal metastatic OS

Fold-change (Distal Metastasis/

Gene ldentifier Primary Lesion)

CLDN18 5.059371
MuC1 4.231578
GATAG 3.582778
TACSTD2 3.501185
HDC 3.454002
ALDH1A1 3.36582
ITGB6 3.353894
TGM2 2.838189
UPK1B 2.774326
ICAM1 2.774323
RAB27A 2.758716
GPNMB 2.753676
GRB7 2.685492
CCL6 2.677191
CLDN3 2.647733
ARHGAPS8 1.504133
WNT2 1.502982
PDGFC 0.652597
LRRC15 0.534254
CAPNG 0.370261

Paired tissue samples (Primary, Metastasis) extracted
from each GEMM mouse. (n=7 pairs) (P < 0.05 for all
genes shown).

junction with heterozygous or homozygous fl-
oxed Trp53 alleles, or knock-in of a gain-of-
function missense p53 [13]. Gene expression
profiles from paired primary bone and distal
metastatic tumors and established GEMM-
derived OS paired cell lines were performed
(Figure 1A). Comparisons from both paired tis-
sue and paired cell lines identified several ge-
nes that were significantly differentially ex-
pressed between the primary tumor and distal
metastatic disease. These data are publically
available at the Gene Expression Omnibus
(GEO accession #: GSE43281) [13].

Transglutaminase-2 is significantly elevated in
distal metastatic osteosarcoma

Genes with consistently altered expression
between primary lesions and their correspon-
ding distal metastases were scored for magni-
tude of alteration (Table 1), compared for sta-
tistical significance and investigated for bio-
logical relevance. Using this narrowed list ba-
sed on scoring thresholds, bioinformatic ana-
lysis yielded several biologically-relevant path-
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ways germane to metastasis. GSEA, Ingenuity
Pathway Analysis, and publically-available data-
bases were used to identify and prioritize genes
with potential for metastatic function in key
pathways. After validation of cDNA microarray
with gPCR analysis, we identified TGM2 as sig-
nificantly upregulated in distal metastatic os-
teosarcoma lesions.

Analysis of several samples of paired mouse
tumor tissue and cell lines from the primary
bone and the distal metastatic sites via qPCR
analysis showed marked upregulation of Tgm2
(Figure 1B). We subsequently checked TGM2
expression levels by gPCR in human OS cell
lines, including HOS and Sa0S2 that have low
metastatic potential, and their respective met-
astatic counterparts, 143B and LM7 [28, 29].
TGM2 was significantly upregulated in the met-
astatic LM7 and 143B lines (Figure 1C). Protein
levels via Western Blot demonstrated enhanc-
ed TGM2 protein expression, which corroborat-
ed the qPCR findings (Figure 1D). Overall, this
data demonstrates through multiple model sys-
tems that TGM2 is upregulated in metastatic
osteosarcoma.

Knockdown and inhibition of TGM2 in OS de-
creases proliferation, migration, and invasive
potential

To assess the functional significance of TGM2
in 0S, we performed loss-of-function studies
via knocked down of TGM2 in both mouse
(Figure 2) and human OS cell lines (Figure 3).
gPCR analysis confirmed siRNA knockdown of
TGM2 expression, compared to controls for
mouse and human cell lines (Figures 2A, 3A).
Downregulation of TGM2 levels demonstrated
decreased proliferation, with both transient
and stable knockdown (Figures 2B, 3A). Be-
sides assessing effects on OS proliferation, we
investigated the effects of decreased TGM2
levels on osteosarcoma migratory and invasive
potential. TGM2 knockdown in both mouse and
human OS cells demonstrated significantly
reduced migration and decreased invasion in
transwell assays (Figures 2C, 3B).

Complementing our molecular studies, we per-
formed small-molecule inhibition of TGM2 with
the transglutaminase inhibitor cystamine, whi-
ch demonstrated similar phenotypes to biolo-
gical knockdown. Specifically, using paired met-
astatic murine and human cell lines demon-
strated that cystamine preferentially inhibits
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Figure 2. Altered phenotype with TGM2 knockdown in GEMM-derived OS cell line. A: qPCR of TGM2 levels in murine
0S following knockdown with either siRNA or shRNA to TGM2. B: Cell proliferation changes resulting from TGM2
knockdown. C: Quantified transwell migration and collagen invasion changes with TGM2 knockdown and represen-
tative images. D: Cell proliferation changes resulting from TGM2 inhibition with cystamine for mouse primary and

metastatic cell lines. ***P < 0.005.

the proliferation of the high TGM2-expressing,
distal metastatic-derived cell lines (Figures 2D,
3C). Furthermore, cystamine also significantly
decreased the migratory ability of LM7 cells
(Figure 3D). Whereas up to this point, the hu-
man cell lines displayed congruous results to
GEMM mouse lines, we proceeded with human
lines to maximize relevance to future transla-
tional work.

Overexpression of TGM2 in human cell lines in-
creases metastatic and tumorigenic properties

To demonstrate the corresponding gain-of-fu-
nction role for TGM2, we stably overexpressed
full-length TGM2 in the low-metastatic human
OS cell line, Sa0S2. Increased TGM2 expres-
sion was corroborated by qPCR and Western
Blot (Figure 4A), which mirrored the parental
protein expression differences seen between
Sa0S2 and LM7. Though TGM2 overexpression
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did result in a slight increase in proliferative
potential, it was not as large a divergence as
previously seen with knockdown (Figure 4B).
Compared to blank vector counterparts, incre-
ases in TGM2 enhanced metastatic pheno-
types by demonstrating increases in migration
and invasion (Figure 4C). Further analysis of
tumorigenicity, as assessed by soft agar for-
mation in soft agar, demonstrated increased
foci with TGM2 overexpression (Figure 4D). This
demonstrates that TGM2 might not only func-
tion in augmenting relocation to the lung from
the primary tumor, but also that increased
expression of TGM2 within the lung might help
foci colonization and progression at that distal
site. Overall, both the human and mouse data
demonstrate that enhanced TGM2 expression
augments metastatic properties in 0OS and
abrogating TGM2 function can reverse these
phenotypes.

Am J Cancer Res 2018;8(9):1752-1763
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TGM?2 expression enhances stem cell markers
and properties

Previous studies in squamous cell carcinoma,
breast cancer, glioma, and prostate cancer ha-
ve demonstrated that TGM2 influences stem
cell-like properties, which may be critical for
the tumor cell’s ability to successfully dissemi-
nate and initiate metastatic colonization [23,
30]. To determine if TGM2 expression affects
tumor-initiation potential in osteosarcoma, we
analyzed the expression of Nanog, OCT4,
SOX2, and c-MYC, all of which have been identi-
fied as or associated with stem cell markers.
While c-MYC was not significantly altered (data
not shown), the other three stem cell markers
were observed to be significantly elevated wi-
th increased TGM2 expression (Figure 5A).

To further assess stem cell phenotype, we per-
formed a sarcosphere assay. The sarcosphere
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assay is a surrogate used to evaluate stem cell
properties by assessing the ability of the sar-
coma cells to form three-dimensional spheres
after single cell suspension under low-adherent
conditions [31]. Overexpression of TGM2 sig-
nificantly increased the number of sarcosp-
heres, while knockdown in the metastatic lung
cell line LM7 significantly decreased sphere
forming capabilities (Figure 5B). While TGM2
affected tumor sphere-forming capabilities, si-
ze of individual spheres were not significantly
altered. These data demonstrate that TGM2
contributes towards OS tumor-initiating pro-
perties.

TGM2 knockdown decreases OS metastatic
potential in vivo

To investigate the in vivo effects of TGM2 on

metastatic potential we used the LM7 shTGM2
knockdown stable cell line and performed tail

Am J Cancer Res 2018;8(9):1752-1763
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vein injection into athymic nude mice. Mice that care as defined by our IACUC protocol) were
reached endpoint (death or evidence of dis- subjected immediate necropsy. Subsequently
ease state incompatible with humane animal gross metastatic lesions were identified and
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survival plot of nude mice following tail vein xenograft of LM7 stable transfected cell lines (shScramble or shTGM?2).
B: Number of mice with evidence of metastatic disease at time of death. C: Number of gross macroscopic lesions
per mouse at time of death. D: Representative lung and liver images of gross lesions and fluorescence (GFP).

quantified. All animals that did not reach end-
point were sacrificed by nine weeks and sub-
jected to necropsy. We observed the vector
control cohort demonstrated significantly wor-
se overall survival compared to TGM2 knock-
down cohort (Figure 6A). At the time of sacri-
fice, a comprehensive necropsy of the mice
demonstrated more widespread parenchymal
disease in control LM7 injected mice compared
to those injected with TGM2 knockdown cells
(Figure 6B-D), which could be verified by direct
GFP visualization of labeled OS cells (Figure
6D). Overall, our findings provide strong evi-
dence that TGM2 significantly contributes to
the aggressive nature and metastatic potential
for osteosarcoma.

Discussion

Metastatic disease is an imperative cancer
characteristic to investigate and treat, as ap-
proximately 90% of cancer-related deaths are
secondary to the successful dissemination of
tumor cells [12, 32]. However, minimal prog-
ress has been made over the past several de-
cades towards improving long-term outcom-
es for patients with metastatic disease.

Osteosarcoma is a highly aggressive mesen-
chymal malignancy with long term outcomes of
less than 25% survival for patients with meta-
static disease. Unfortunately, it is extremely
difficult to obtain pre-treated, chemotherapy-
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naive metastatic tumors, which further com-
plicates our ability to understand the molecu-
lar traits of metastatic disease at time of diag-
nosis. Thus, use of innovative model systems
that mimic the spontaneous initiation and pro-
gression of OS have the ability to provide es-
sential insights into the molecular pathogene-
sis of the metastatic disease.

Comprehensive molecular analysis of these
spontaneous models allowed for the identifica-
tion of genetic perturbations associated with
metastatic osteosarcoma. Specifically, one per-
turbation we identified was enhanced expres-
sion of TGM2 in the distal lung and liver meta-
static lesions. When it was first brought to the
forefront as a prognostic antigen for celiac dis-
ease, several mechanisms of action corresp-
onding to inflammation and immune response
were identified as biologically relevant to dis-
ease progression [15, 16, 18, 33]. More recent-
ly, these functions are being investigated in
tumorigenesis and cancer, with less common
functions being discovered. These include act-
ing as a signaling molecule, scaffolding pro-
tein, and transcriptional enhancer [23, 33].
Downstream targets and pathways of TGM2
are actively being investigated and may inclu-
de PTEN, integrin-mediated signaling path-
ways, TGF- networks and many other pro-met-
astatic or pro-motility roles [30, 33-35]. An
additional aspect is the influence TGM2 may
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have in the metastatic process by enzymati-
cally altering the extracellular matrix (ECM).
This is particularly intriguing, given recent stud-
ies in OS and other cancers linking ECM com-
ponents such as fibulins, fibrillins, proteogly-
cans and TGM2 [36-39].

Our studies provide significant evidence that
TGM2 contributes to metastatic phenotypes
for OS, including enhancing invasive potential.
Interestingly, we also observed that TGM2 can
enhance molecular and physical features asso-
ciated with stem cell properties and have pre-
liminary evidence that TGM2 can further en-
hance mesenchymal stem cell signatures. Whi-
le TGM2 enhances metastatic and stem-like
properties in OS, further detailed studies are
necessary to determine additional molecular
mechanisms underlying these contributions
secondary to perturbations in TGM2.

Our in vivo results indicate that TGM2 expres-
sion significantly contributes to the establish-
ment of metastatic lesions in the lung, inde-
pendent of any benefit that might be present in
escaping the primary tumor site. This is clear,
because when we eliminate the invasive step
and introduce the cells via tail vein injection, we
see decreased metastases with TGM2 knock-
down. In addition, due to the previously report-
ed enzymatic functions of TGM2, we are acti-
vely interested in pursuing how alterations in
TGM2 levels, and subsequent activity, can po-
tentially dictate the interactions required for
successful establishment of metastatic lesions
within the distal metastatic tissues. Specifical-
ly, we are investigating how TGM2 levels can
influence the three-dimensional interactions
between the sarcoma cells and lung parench-
yma. Using co-culture experiments with OS
cell and lung fibroblast-specific fluorescent la-
beling we are investigating the effects of TGM2
expression on nodule formation. Such studies
could provide additional insights into whether
inhibition of TGM2 can specifically disrupt met-
astatic foci formation and/or integrity.

Our investigation into small molecule inhibitors
of TGM2 was not exhaustive, given the large
number of non-specific transglutaminase and
TGM2-specific inhibitors available. However, it
does provide valuable insights into the possi-
bility that targeting TGM2 activity could dimin-
ish the metastatic potential for osteosarcoma.
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Though cystamine was quite effective at inhi-
biting several of the metastatic properties as-
sociated with TGM2, further investigation into
more specific TGM2 inhibitors could yield sig-
nificant advances in treating the disease clini-
cally. It is particularly interesting that through-
out our studies, cells with increased levels of
TGM2 (WT vs. knockdown or OE vs. blank) were
more sensitive to the cystamine. A TGM2 inhibi-
tor that augments treatment specifically in met-
astatic lesions that harbor stem-like cells would
be a significant advancement in treating meta-
static OS.
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