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We have demonstrated previously that the Myc oncoprotein
blocks cancer cell differentiation by forming a novel transcrip-
tional repressor complex with histone deacetylase and inhibit-
ing gene transcription of tissue transglutaminase (TG2). More-
over, induction of TG2 gene transcription and transamidase
activity is essential for the differentiating effects of retinoids in
cancer cells. Here, we show that two structurally distinct TG2
protein isoforms, the full-length (TG2-L) and the short form
(TG2-S), exert opposing effects on cell differentiation. Repres-
sion of TG2-L with small interfering RNA, which did not affect
TG2-S expression, induced dramatic neuritic differentiation in
neuroblastoma cells. In contrast, overexpression of TG2-S or a
GTP-binding-deficient mutant of TG2-L (R580A), both of
which lack the GTP-binding Arg-580 residue, induced neuro-
blastoma cell differentiation, which was blocked by an inhibitor
of transamidase activity. Whereas N-Myc repressed and reti-
noid activated both TG2 isoforms, repression of TG2-L, but not
simultaneous repression of TG2-L andTG2-S, enhanced neuro-
blastoma cell differentiation due to N-Myc small interfering
RNAor retinoid.Moreover, suppression of vasoactive intestinal
peptide (VIP) expression alone induced neuroblastoma cell dif-
ferentiation, and VIP was up-regulated by TG2-L, but not
TG2-S.Taken together, our data indicate thatTG2-L andTG2-S
exert opposite effects on cell differentiationdue todifferences in
GTP binding and modulation of VIP gene transcription. Our
findings highlight the potential importance of repressing the
GTP binding activity of TG2-L or activating the transamidase
activity of TG2-L or TG2-S for the treatment of neuroblastoma,
and possibly also other Myc-induced malignancies, and for
enhancing retinoid anticancer effects.

Neuroblastoma, which originates from precursor neuro-
blasts of the sympathetic nervous system, is the commonest

solid tumor in early childhoodwith a cure rate of only 40%, even
with intensive chemoradiotherapy, retinoid differentiation
therapy, surgery, and autologous bonemarrow transplant (1, 2).
N-Myc oncogene amplification and consequent overexpression
of N-Myc mRNA and protein are seen as a clonal feature in
25–30%of tumors and correlatewith poor prognosis in patients
with neuroblastoma (3). The N-Myc oncoprotein exerts its
effects by direct binding to cognate DNA sequences and mod-
ulating gene transcription (4), leading to a cell differentiation
block, proliferation, malignant transformation, and tumor pro-
gression (3, 5).
Conventional therapy for neuroblastoma patients now

includes a retinoid differentiation agent (1, 2). Unlike con-
ventional chemoradiotherapy, differentiation therapy demon-
strates minimal side effects on normal cells. However, resis-
tance to retinoids eventually develops in more than 50% of
neuroblastoma patients. Thus, a better understanding of tumor
cell sensitivity and resistance to this type of agent may provide
novel therapeutic targets for drug discovery.
One of the key factors involved in the neuroblastoma cell

response to retinoids is tissue transglutaminase (TG2).2 Induc-
tion of TG2 transcription and its transamidase (protein cross-
linking) activity is essential for retinoid-induced cell differenti-
ation in neuroblastoma and other malignant cells (6–8). We
have shown that Myc oncoproteins block tumor cell differenti-
ation by recruiting histone deacetylase 1 protein to the gene
promoter of TG2 and repressing TG2 gene transcription (9).
TG2 is a multifunctional enzyme with both GTP binding and
Ca2�-activated transamidase (transglutaminase) activities (for
review, see Refs. 10, 11). Importantly, GTP binding inhibits
transamidation, and conversely, transamidation due to Ca2�

binding repressesGTPbinding (12, 13). The biological function
of TG2 is, therefore, dependent on whether transamidation or
GTP binding is switched on, in amutually exclusive way.Muta-
tion of the critical GTP-binding residue Arg-580 to Ala
increases the sensitivity of TG2 to calcium activation and
results in disinhibition of intracellular transamidase activity
(14, 15).
Two isoforms of TG2mRNA and protein have been charac-

terized (16, 17). Through exon skipping and intron retention,
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TG2 precursor mRNA is alternatively spliced to generate a
short form (TG2-S) mRNA (16, 18), in addition to a full-length
(TG2-L) mRNA. At the protein level, whereas the N-terminal
538 amino acids are shared, TG2-S contains 10 unique amino
acids, and TG2-L contains 149 distinctive amino acids at the C
terminus. Structurally, both TG2-L and TG2-S contain the
transamidase active site catalytic triad (Cys-277, His-355, and
Asp-358) (10, 19, 20); however, compared with TG2-L protein,
TG2-S protein lacks the GTP-binding Arg-580 residue.
Because different isoforms of a single gene due to alternative
splicing may have similar or opposite functions (for review, see
Ref. 21) and TG2-L and TG2-S exert opposite effects on cell
viability (17), we carried out a series of experiments to define
the roles of TG2-L and TG2-S in neuroblastoma cell differen-
tiation and the mechanisms through which TG2-L and TG2-S
exerted their effects.

EXPERIMENTAL PROCEDURES

Cell Culture—Human neuroblastoma BE(2)-C cell line was
generously supplied by Dr. J. Biedler (Memorial Sloan-Ketter-
ing Cancer Center, New York, NY). Human neuroblastoma
LAN-1 and LAN-2 cell lines were obtained from the American
Type Culture Collection (Manassas, VA). All cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with L-glutamine and 10% fetal calf serum. All-trans-retinoic
acid (atRA) (Sigma) was solubilized in ethanol.
siRNA Transfection—The target sequence of the TG2-L

siRNA corresponding to exon 11 of TG2 gene, which was spe-
cific for TG2-L, was 5�-AAAUACCGUGACUGCCUUA-3�.
The target sequence ofTG2-Total (TG2-T) siRNA correspond-
ing to exon 7, which was shared by TG2-L and TG2-S, was
5�-GCAACCUUCUCAUCGAGUA-3�. The target sequence
of vasoactive intestinal peptide gene (VIP) siRNA was 5�-
CCCUAUUAUGAUGUAUCCA-3�. The siRNAs were custom
synthesized by Applied Biosystems and transfected into cells
with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions (22).
Plasmid Transfection—Plasmid expressing empty vector,

human TG2-L cDNA or transamidation-deficient C277S
mutant TG2-L cDNA was provided by Prof. G. Johnson (7).
Plasmid expressing human GTP-binding-deficient R580A
TG2-L mutant was generated by site-directed mutagenesis as
described (23) using TG2-L cDNA cloned into the EcoRI-NotI
sites of pcDNA3.1 as template, and plasmid expressing human
TG2-S cDNA or VIP cDNA was purchased from GeneCopoeia
(Germantown, MD) and OriGene (Rockville, MD), respec-
tively, and confirmed by sequencing. A TG2-L-siRNA-resistant
TG2-L expression construct was generated by site-directed
mutagenesis as described (23) by mutating the siRNA target
region to AAGTATCGCGATTGTCTCA. A VIP-siRNA-re-
sistant VIP expression construct was similarly generated by
site-directed mutagenesis by mutating the siRNA target region
to CCATACTACGACGTCTCGA. Transient transfection was
performed using Lipofectamine 2000 reagent according to the
manufacturer’s instructions (Invitrogen).
Semiquantitative Competitive RT-PCR—Semiquantitative

competitive RT-PCR has been described previously (9). It
involved determining a ratio between the expression level of a

target gene and that of the housekeeping gene �-actin in total
RNA samples. Fold induction or repression of a target gene was
calculated by ascribing the ratio as 1.0 for control samples.
Immunoblot Analysis—Cells were lysed, and protein was

extracted and analyzed by SDS-PAGE. Membranes were
probed with polyclonal rabbit anti-TG2 (1:1000) (Thermo Sci-
entific), monoclonal mouse anti-TG2 (1:300) (Santa Cruz Bio-
technology), or mouse anti- VIP antibody (1:200) (Santa Cruz
Biotechnology) followed by horseradish peroxidase-conjugated
anti-rabbit or anti-mouse antiserum (1:2000) (Pierce), respec-
tively.Membraneswere finally reprobedwith anti-�-actin anti-
body (Pierce) as a loading control.
Cell Growth and Differentiation Assays—Cell growth was

analyzed by counting the number of live cells under the micro-
scope, after cells were stained with trypan blue and loaded into
a hemocytometer. Cell differentiation was assessed by analyz-
ing neurite outgrowth. Cell images were captured under phase-
contrast microscopy and stored, and neurite outgrowth was
quantified with the method we have described (9).
Statistical Analysis—All data for statistical analysis were cal-

culated as means � S.E. Differences were analyzed for signifi-
cance using a t test between two groups or analysis of variance
among groups. A probability value of 0.05 or less was consid-
ered significant.

RESULTS

TG2-L and TG2-S Gene Expression Is Repressed by N-Myc
Oncogene and Reactivated by Retinoid Differentiation Therapy—
Through RT-PCR analysis using primers that targetTG2 exons
4 and 6, which are shared by TG2-L and TG2-S, we have dem-
onstrated previously thatN-Myconcoprotein represses expres-
sion of this mRNA sequence, which we called TG2-Total
(TG2-T, TG2-L plus TG2-S) (9). Induction of TG2-T transcrip-
tion and transamidation activity has been reported to be essen-
tial for retinoid-induced differentiation in neuroblastoma and
leukemia cells (6–8). We therefore examined whether N-Myc
oncoprotein and retinoid differentiation therapy modulated
gene expression of both TG2-L and TG2-S. As indicated in Fig.
1A, the TG2-S mRNA contains 164 nucleotides after the
5�-splicing site of exon 10 that encodes 10 amino acids followed
by a pre-mature stop codon. TG2-L mRNA contains a shorter
exon 10 than TG2-SmRNA, but it has three extra downstream
exons. We therefore designed specific reverse primers for
TG2-L and TG2-S that target exon 11 of TG2-L and the 3�-end
region of exon 10 of TG2-S, respectively (Fig. 1A). Consistent
with our previous report, N-Myc siRNA reduced N-Myc
mRNA and protein expression by about 80% (9). Semiquanti-
tative competitive RT-PCR (Fig. 1B) and immunoblot (Fig. 1C)
analysis revealed that transfection with N-Myc siRNA or treat-
ment with 1 �M atRA up-regulated mRNA and protein expres-
sion of both TG2-L and TG2-S in the N-Myc-amplified neuro-
blastoma BE(2)-C cells.
Neuroblastoma Cell Differentiation Is Repressed by TG2-L

Expression—Different isoforms of a single gene due to alterna-
tive splicing can exert similar or opposite functions (for review,
see Ref. 21). To assess the functional relevance of transcrip-
tional modulation of TG2-L and TG2-S by N-Myc oncoprotein
and retinoid differentiation therapy, we first examinedwhether
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endogenous TG2-L and TG2-S exert similar or opposite func-
tions in neuroblastoma cells. We designed a TG2-L siRNA spe-
cifically targeting exon 11 of TG2-L and aTG2-T siRNA target-
ing exon 7 that was present in both TG2-L and TG2-S mRNA
(Fig. 1A). Design of siRNA specifically targeting TG2-Swas not
successful due to the very small number of nucleotides unique
to TG2-S and the unsuitability of the nucleotides for siRNA
designing. As shown in Fig. 2,A andB, TG2-T siRNA repressed
mRNA and protein expression of both TG2-L and TG2-S,
whereas TG2-L siRNA repressed mRNA and protein expres-
sion of TG2-L but not TG2-S. Consistent with our published
results (9), simultaneous repression of both TG2-L and TG2-S
with TG2-T siRNA had no significant effect on differentiation
of neuroblastoma BE(2)-C cells. However, TG2-L siRNA in-

FIGURE 1. N-Myc oncoprotein represses, whereas the differentiation
agent retinoid up-regulates, gene expression of TG2-L and TG2-S in neu-
roblastoma cells. A, schematic representation of human TG2 pre-mRNA
shows the generation of TG2-L and TG2-S mRNA through the use of an alter-
native 5� splice junction (donor site) in exon 10 leading to a change in the 3�
boundary of the exon. Arrows indicate the target exon to which a forward or
reverse primer for TG2-T, TG2-L, or TG2-S was designed; arrowheads point to
the target exon where siRNA against TG2-T or TG2-L was designed. Vertical
bar indicates an exon, and a horizontal line indicates an intron. B and C, BE(2)-C
neuroblastoma cells were transfected with scrambled control or N-Myc siRNA
(left panels) or treated with vehicle control or 1 �M atRA (right panels) for 48 h.
B, effect of N-Myc siRNA or atRA on the expression of TG2-L, TG2-S, or TG2-T
mRNA was analyzed by semiquantitative competitive RT-PCR using PCR prim-
ers targeting TG2-L alone, TG2-S alone, or TG2-T together with primers tar-
geting the housekeeping gene �-actin as a loading control. C, effect of N-Myc
siRNA or atRA on the expression of TG2-L and TG2-S protein was analyzed by
immunoblotting with a monoclonal anti-TG2 antibody together with an anti-
actin antibody as a loading control.

FIGURE 2. Repression of TG2-L induces dramatic neuroblastoma cell dif-
ferentiation. Neuroblastoma BE(2)-C cells were transfected with scrambled
control (Cont) siRNA, TG2-T siRNA, TG2-L siRNA, and/or an siRNA-resistant
TG2-L expression construct, followed by mRNA expression (A), protein
expression (B and D), or cell differentiation studies (C and D). A, TG2-L and
TG2-S mRNA expression was examined 48 h after siRNA transfection by com-
petitive RT-PCR with primers specifically targeting TG2-L or TG2-S together
with primers targeting the housekeeping gene �-actin as a loading control.
B, TG2-L and TG2-S protein expression was examined 48 h after siRNA trans-
fection by immunoblotting with a monoclonal anti-TG2 antibody together
with an anti-actin antibody as a loading control. C, 48 and 96 h after transfec-
tion with scrambled control or TG2-L-specific siRNA, cell differentiation was
assessed by analyzing neurite outgrowth. Cell images were captured under
phase-contrast microscope and stored, and neurite outgrowth was quanti-
fied. D, BE(2)-C cells were co-transfected with scrambled control siRNA or
TG2-L siRNA together with a construct encoding TG2-L siRNA-resistant
(siRNA-R) TG2-L or a construct encoding empty vector. TG2-L protein expres-
sion was analyzed by immunoblotting, and cell differentiation was assessed
by analyzing neurite outgrowth 96 h after transfections. ***, p � 0.001.
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duced neurite outgrowth by 30-fold at 48 h after siRNA trans-
fection and 60-fold another 48 h later (Fig. 2C). To confirm that
the effect of TG2-L siRNA was not due to an off-target effect,
we mutated six nucleotides of the TG2-L expression construct
at the site of the TG2-L siRNA target region so that the mutant
construct gives rise to a protein that is the same as endogenous
TG2-L but is resistant to TG2-L siRNA. Immunoblot analysis
showed that transfection of the siRNA-resistant TG2-L expres-
sion construct resulted in overexpression of TG2-L protein,
even when co-transfected with TG2-L siRNA (Fig. 2D). Cell
differentiation assays confirmed that transfection with the
siRNA-resistant TG2-L expression construct reduced neuro-
blastoma cell differentiation due to TG2-L siRNA by �40%
(Fig. 2D). These data suggest that TG2-L represses neuroblas-

toma cell differentiation and that
TG2-S induces differentiation.
Opposing Role of TG2-L and

TG2-S on Neuroblastoma Cell Dif-
ferentiation Is Due to the GTP-
binding Arg-580 Residue—Because
TG2-L contains, but TG2-S lacks,
the GTP-binding Arg-580 residue
that is required for maintaining the
intracellular transamidase activity
of TG2 latent (13, 14), we tested
whether the Arg-580 residue is crit-
ical for the opposite effects of
TG2-L and TG2-S on neuroblas-
toma cell differentiation. Neuro-
blastoma BE(2)-C cells were trans-
fected with constructs encoding
empty vector, TG2-S, TG2-L, trans-
amidase-deficient mutant TG2-L
(C277S), GTP-binding-deficient mu-
tant TG2-L (R580A), or mock-
transfected. Immunoblot analysis
confirmed that transfection with
the constructs led to overexpression
of the target proteins (Fig. 3A).
Analysis of neurite outgrowth
showed no effect of TG2-L or
TG2-L C277S overexpression in
inducing cell differentiation. In con-
trast, overexpression of TG2-L
R580A or TG2-S induced neurite
outgrowth bymore than 5-fold (Fig.
3B). Treatment of the transfected
cells with the transamidation inhib-
itor, cystamine, blocked the neurite
outgrowth induced by overexpres-
sion of TG2-L R580A (p � 0.05) or
TG2-S (p � 0.01) (Fig. 3, B and C).
These data indicate that the trans-
amidase activity of TG2-S or TG2-L
R580A induces neuroblastoma cell
differentiation and that repression
of cell differentiation by TG2-L is
due to Arg-580-mediated inhibition

of transamidase activity.
TG2-L Blocks NeuroblastomaCell Differentiation by Activat-

ing the Expression of VIP—We have recently shown that TG2
modulates gene transcription by cross-linking and, conse-
quently, inactivating the transcription factor Sp1 (24). To iden-
tify the downstream target responsible forTG2-L-inducedneu-
roblastoma cell differentiation block, we reviewed the
published cDNA microarray data that compared gene expres-
sion in neuroblastoma SY-5Y cells stably transfected with a
TG2-L expression construct or control empty vector (25).
Among the genes significantly modulated by TG2-L in SY-5Y
cells, VIP was confirmed to be up-regulated bymore than 100%
in BE(2)-C cells transfected with a construct encoding TG2-L
compared with cells transfected with a construct encoding

FIGURE 3. Arg-580 GTP-binding residue of TG2 is critical for repressing neuroblastoma cell differentia-
tion. BE(2)-C neuroblastoma cells were transfected with empty vector (EV), constructs encoding wild type
TG2-L, transamidase-deficient mutant TG2-L (C277S), GTP-binding-deficient mutant TG2-L (R580A) or wild
type TG2-S, or mock transfected. A, 72 h after transfection, protein was extracted and subjected to immunoblot
analysis of TG2-L and TG2-S with an anti-TG2 antibody together with an antibody against �-actin as a loading
control. B and C, 8 h after transfection with the different constructs, cells were treated with vehicle control (all
images in B) or the transamidase inhibitor cystamine (20 �M) (all images in C) for 4 days. Cell images were
captured under phase-contrast microscope and stored, and cell differentiation was assessed by analyzing
neurite outgrowth. *, p � 0.05; **, p � 0.01.
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empty vector (Fig. 4A). RT-PCR and immunoblot analyses also
showed that in BE(2)-C cells, the expression of VIPwas reduced
by �80% after repression of TG2-L expression by TG2-L
siRNA, but not after simultaneous repression of TG2-L and
TG2-S expression by TG2-T siRNA (Fig. 4A). Further, repres-
sion of VIP gene expression with siRNA specifically targeting
VIP (Fig. 4B) also induced marked neuritic differentiation (Fig.
4C). To confirm that the effect of VIP siRNA was not due to an
off-target effect, we mutated six nucleotides of the VIP expres-
sion construct at the site of the VIP siRNA target region so that
the mutant construct gives rise to a protein that is the same as
endogenous VIP but is resistant to VIP siRNA. Immunoblot
analysis showed that transfection of the siRNA-resistant VIP
expression construct resulted in overexpression of VIP protein,
evenwhen co-transfectedwithVIP siRNA (Fig. 4D). Cell differ-
entiation assays confirmed that transfection with the siRNA-
resistant VIP expression construct reduced neuroblastoma cell
differentiation due toVIP siRNAby�60% (Fig. 4D). These data
indicate that activation of VIP gene expression is at least partly
responsible for TG2-L-induced differentiation block in neuro-
blastoma cells.

Transcriptional Repression of
TG2-L Inhibits N-Myc-induced Cell
Differentiation Block—We have
previously reported that N-Myc
expression blocked neuroblastoma
cell differentiation by transcrip-
tional repression of TG2-T (9).
Because N-Myc repressed mRNA
and protein expression of both
TG2-L and TG2-S (Fig. 1, B and C),
we examined the effect of transcrip-
tional repression of TG2-L or
TG2-S onN-Myc-induced differen-
tiation block in neuroblastoma cells.
Consistent with our previous re-
port, N-Myc siRNA induced neuro-
blastoma cell differentiation, and
simultaneous repression of TG2-L
and TG2-S expression with TG2-T
siRNA partly blocked N-Myc
siRNA-induced neuritic differentia-
tion (9). In contrast, co-transfection
ofTG2-L siRNAwithN-Myc siRNA
co-operatively enhanced neuroblas-
toma cell differentiation (Fig. 5).
This result suggests that transcrip-
tional repression of TG2-L inhibits
N-Myc-induced cell differentiation
block and that transcriptional
repression ofTG2-S is at least partly
responsible for N-Myc oncogene-
induced cell differentiation block.
Transcriptional Activation of

TG2-L Causes Resistance to the
Anticancer Effects of Retinoid in a
Range of Neuroblastoma Cells—Be-
cause retinoid differentiation ther-

apy induced gene expression of both TG2-L and TG2-S in neu-
roblastoma cells (Fig. 1, B and C), we next tested whether
transcriptional activation of TG2-L rendered neuroblastoma
cells resistant to the anticancer efficacy of retinoid. Whereas
atRA, TG2-T siRNA, and a combination of atRA and TG2-T
siRNA showed minor effects on cell differentiation, TG2-L
siRNA induced neurite outgrowth by about 20-fold at 2 days
(Fig. 6, A and left panel of B) and by about 40-fold at 4 days
(supplemental Fig. 1) after treatment. Combining TG2-L
siRNA and atRA treatment was even more effective in the
induction of neuronal differentiation: inducing neurite out-
growth by 50–60-fold at both time points (p � 0.05) (Fig. 6, A
and left panel of B, and supplemental Fig. 1). To assess whether
the observation in BE(2)-C cells was a general feature of other
neuroblastoma cell lines, we transfected N-Myc-amplified
LAN-1 and LAN-2 cells with scrambled control, TG2-T siRNA
or TG2-L siRNA, followed by treatment with vehicle control or
1.0 �M atRA for 4 days. Transfection of TG2-T siRNA had only
limited effects on cell differentiation, whereas atRA induced
neuritic outgrowth by about 4-fold. Importantly, TG2-L siRNA
induced neurite outgrowth by 7-fold in LAN-1 and 14-fold in

FIGURE 4. TG2-L blocks neuroblastoma cell differentiation by up-regulating VIP gene expression.
A, BE(2)-C neuroblastoma cells were transfected with empty vector, a TG2-L-encoding construct, scram-
bled control siRNA, TG2-T siRNA, or TG2-L siRNA, followed by RNA or protein extraction. The effect of the
siRNAs on the expression of VIP mRNA and protein was analyzed by competitive RT-PCR and immuno-
blotting, respectively, with the housekeeping gene �-actin as a loading control. B and C, BE(2)-C cells were
transfected with scrambled control or VIP-specific siRNA. B, repression of VIP gene expression by VIP siRNA
was confirmed by semiquantitative competitive RT-PCR. C, cell images were captured under phase-con-
trast microscope and stored, and the effect of VIP siRNA on cell differentiation was assessed by analyzing
neurite outgrowth. D, BE(2)-C cells were co-transfected with scrambled control siRNA or VIP siRNA
together with a construct encoding VIP siRNA-resistant (siRNA-R) VIP or a construct encoding empty
vector. VIP protein expression was analyzed by immunoblotting, and cell differentiation was assessed by
analyzing neurite outgrowth. *, p � 0.05; ***, p � 0.001.
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LAN-2 cells, respectively (Fig. 6B), and a combination ofTG2-L
siRNA and atRA co-operatively induced cell differentiation by
about 19-fold in LAN-1 and 32-fold in LAN-2 cells.
Retinoids exert anticancer effects by induction of cell differ-

entiation and growth arrest; thus, we tested whether the com-
bination of TG2-L siRNA and atRA co-operatively repressed
cell growth. As shown in Fig. 6, A and C, treatment with 1.0 �M

atRA for 4 days decreased the number of viable BE(2)-C,
LAN-1, and LAN-2 cells by 60–70%. TG2-T siRNA decreased
the growth of BE(2)-C cells but increased the growth of LAN-1
and LAN-2 cells. The combination of atRA and TG2-L siRNA
further decreased cell growth by about 50% in all three cell lines
compared with TG2-L siRNA alone (p � 0.05). These data sug-
gest that transcriptional activation of TG2-L renders neuro-
blastoma cells resistant to the anticancer effects of retinoid.
Finally, we tested whether overexpression of TG2-L partly

blocked atRA-induced cell differentiation and growth inhibi-
tion. As shown in supplemental Fig. 2, transfection of a TG2-L
expression construct reduced atRA-induced cell differentiation
by �70% and atRA-induced cell growth arrest by �40% in
BE(2)-C cells (p � 0.05). These data confirm that overexpres-
sion of TG2-L renders neuroblastoma cells resistant to atRA-
induced anticancer effects.

DISCUSSION

The induction of TG2 gene transcription and transamidase
activity is essential for tumor cell differentiation due to N-Myc
oncogene repression (9) or retinoid differentiation therapy
(6–8) in neuroblastoma andothermalignant cells. In this study,
we have shown that the twomajor protein isoforms of TG2 exert
opposite effects:TG2-S induces,whereasTG2-L represses, neuro-
blastoma cell differentiation. This finding has important implica-
tions for studies of the role of TG2 expression in human cancer
and for TG2 as an anticancer treatment target.

FIGURE 5. Transcriptional repression of TG2-L inhibits N-Myc-induced
cell differentiation block. Neuroblastoma BE(2)-C cells were transfected
with scrambled control siRNA (A), N-Myc siRNA (B), TG2-L siRNA (C), or TG2-L
siRNA plus N-Myc siRNA (D). Cell images were captured under phase-contrast
microscope and stored 4 days after transfection, and cell differentiation was
assessed by analyzing neurite outgrowth. ***, p � 0.001.

FIGURE 6. Combination of atRA and TG2-L siRNA, but not TG2-T siRNA,
co-operatively induces neuroblastoma cell differentiation and conse-
quently growth arrest in a range of neuroblastoma cells. A–C, neuroblas-
toma cell lines BE(2)-C (A and left panels in B and C), LAN-1 (middle panels in B
and C), or LAN-2 (right panels in B and C) were transfected with scrambled
control siRNA, TG2-T siRNA, or TG2-L siRNA, followed by treatment with vehi-
cle control or 1.0 �M atRA. A, 2 days after treatment, representative images of
BE(2)-C cells were captured under phase-contrast microscope and stored for
quantification of neurites. B, cell differentiation was assessed by analyzing
neurite outgrowth 2 days after treatment in BE(2)-C cells or 4 days after treat-
ment in LAN-1 and LAN-2 cells. C, 4 days after treatment with control or atRA,
BE(2)-C, LAN-1, and LAN-2 cells were stained with trypan blue and loaded into
a hemocytometer. Cell growth was analyzed by counting the number of live
cells under microscope. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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Although the transamidase catalytic triad and transition state-
stabilizing residue are present in bothTG2-L andTG2-S proteins,
TG2-S lacks the Arg-580 residue that is critical for GTP binding
and inhibition of transamidase activity (13–15). Our current data
show that TG2-L with an Ala mutation of the Arg-580 residue
induces, whereas wild-type TG2-L blocks, neuroblastoma cell dif-
ferentiation and that inhibition of transamidase activity with a
chemical inhibitor blocks the cell differentiation induced by both
TG2-S and the R580A mutant TG2-L. Taken together, our data
indicate that TG2-L blocks neuroblastoma cell differentiation
through Arg-580-mediated GTP binding and inhibition of trans-
amidation and that TG2-S induces cell differentiation through its
transamidase activity not being inhibited due to the lack of Arg-
580-mediated GTP binding.
We have recently found that TG2modulates gene transcrip-

tion by cross-linking the transcription factor Sp1 (24). Our cur-
rent study reveals that repression of VIP with siRNA induces
neuroblastoma cell differentiation and that repression of
TG2-L, but not simultaneous repression of TG2-L and TG2-S,
reducesVIP gene transcription. These data suggest that TG2-L
blocks neuroblastoma cell differentiation at least partly by
inducing VIP gene expression and provide the foundation for
drug discovery of small molecule inhibitors of VIP for the treat-
ment of neuroblastoma.
The N-Myc oncoprotein induces the initiation and progres-

sion of neuroblastoma, in part, by inhibiting cell differentiation
(3), and N-Myc blocks neuroblastoma cell differentiation
through recruiting histone deacetylase 1 protein to TG2 gene
promoter and repressing TG2-T gene transcription (9). Our
current study shows that repression of N-Myc gene expression
reactivates the transcription of both TG2-L and TG2-S, that
repression of TG2-L enhances N-Myc siRNA-induced cell dif-
ferentiation, and that overexpression of TG2-S induces cell dif-
ferentiation. These data suggest that transcriptional repression
ofTG2-L inhibitsN-Myc-induced cell differentiation block and
that N-Myc blocks neuroblastoma cell differentiation at least
partly through transcriptional repression of TG2-S.

Treatment with retinoid improves event-free survival rate in
neuroblastoma patients when it is administered after chemo-
therapy (2). However, most patients eventually develop resis-
tance. In this study, we have demonstrated that treatment with
retinoid induces gene expression of bothTG2-L andTG2-S and
that simultaneous repression of both TG2-L and TG2-S has a
minor effect on retinoid-induced cell differentiation and
growth inhibition, whereas repression of TG2-L significantly
enhances retinoid-induced cell differentiation and growth
arrest in all three neuroblastoma cell lines tested. These data
suggest that retinoid-induced transcriptional activation of
TG2-L renders neuroblastoma cells resistant to, whereas tran-
scriptional activation of TG2-S contributes to, retinoid-in-
duced anticancer effects. Our findings suggest that specific
small molecule inhibitors of GTP binding by TG2-L or small
molecule activators of transamidation by TG2-L or TG2-Smay
have therapeutic benefit in neuroblastoma, and possibly other
cancer types, characterized by resistance to retinoid therapy.
In summary, neuroblastoma cell differentiation is repressed

by maintaining the latency of transamidase activity through
GTP binding to the Arg-580 residue of TG2-L. This in turn

leads to the activation of VIP expression. Conversely, neuro-
blastoma cell differentiation is induced by the transamidase
activity of TG2-S, which is not latent due to its lack of Arg-580.
Furthermore, transcriptional repression of TG2-L by N-Myc
inhibits, yet transcriptional repression of TG2-S by N-Myc is at
least partly responsible for, N-Myc oncoprotein-induced cell
differentiation block, and transcriptional activation of TG2-L
by retinoid counteracts retinoid anticancer effects. Our find-
ings highlight repression of the GTP binding activity of TG2-L
or activation of the transamidase activity of TG2-L or TG2-S as
novel drug development directions for the treatment of cancers
overexpressing Myc oncoproteins and for overcoming cancer
cell resistance to retinoid differentiation therapy.
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