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Figure 2 (a) Expression of albumin (ALB), @
tryptophan  2,3-dioxygenase (TDOZ) and & 0
FOXAZ2 at day 3 (D3) pretreatment with fibro- Do D3
blast growth factor [FGFJ4 and Activin A)and
day 6 (D6} (3 days of pretreatment with FGF4  § FOXAZ
and Activin A, and 3 days of treatment with &5 350 -
hepatocyte growth factor [HGF), FGF1, FGF4, ~ 200
oncostatin M [OsM], dexamethasone [Dex], §
insulin-transferrin-selenium  [ITS}, dimethyl 9.. 250
sulfoxide [DMSO), and nicotinamide) ().  § 200
Undifferentiated adipose-derived stem cells 13 *
(ASC) (DO} (E3). Data were analyzed by the 5 150 -
Pair Wise Fixed Reallocation Randomization s 100 ]
Test®, n=3. *P<0.05). {b) Morphological 2
features of ASC-derived hepatocyte-like cells g b0 -
of ASC derived from Donor #1, Donor #2, and & 0 - - B
commercially available ASC012202. Do D3 D6

in Figure 3(a), changes in the morphology of ASC-derived
hepatocyte-like cells (Donor #2) at days 0, 4, 9 and 16 of hepato-
genic induction indicate hepatocyte maturation. At day 13, ASC-
derived hepatocyte-like cells expressed albumin (Fig. 3b), which
was detected by immunostaining, using anti-human specific anti-
body. Undifferentiated ASC, however, did not express albumin
(data not shown). We also checked the functionality of ASC-
derived hepatocyte-like cells. Figure 3(c) represents the albumin
production at days 3, 6 and 9 of the induction process. ASC-
derived hepatocyte-like cells also revealed an ability to uptake
low-density lipoprotein (LDL) and store glycogen (Fig. 4).

Transplantation of ASC-derived hepatocyte-like
cells into mice with liver injury

To address whether ASC reveal therapeutic abilities to regenerate
an injured liver, we transplanted ASC-derived hepatocyte-like cells
of Donors #! and #2 into nude mice with acute liver failure. CCly

Journat of Gastroenterology and Hepatology 24 (2009) 70-77 © 2008 The Authors

injury generated oxidative stress and hepatocyte necrosis. Twenty-
four hours after CCly injection, mice revealed serious liver injury.
Biochemical parameters such as ALT, AST, UA and ammonia were
increased in mice with CCly injury compared with non-injured
mice (Fig.5). We transplanted 1.5x 10° cells of ASC-derived
hepatocyte-like cells into a CCls-injured mouse. After transplan-
tation, ALT and AST were significantly decreased to a value
more than 50% lower than in non-transplanted and injured mice
(Fig. 5). Likewise, ammonia concentration was significantly
decreased after ASC-derived hepatocyte-like cell transplantation.
UA, a marker of oxidative stress, was significantly decreased up to
a normal level after transplantation of ASC-derived hepatocyte-
like cells (Fig. 5). Hematoxylin-eosin staining revealed that the
level of injury was the same in the injured, non-transplanted mice
(Fig. 6b,e) as well as in the injured transplanted mice (Fig. 6¢,f), in
contrast to the non-injured non-transplanted mice (Fig. 6a,d).
Significant morphological changes between those mice, however,
were detected in the hepatocytes of the non-necrotic area. The
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livers of injured, transplanted mice revealed less vacuolar degen- Discussion

eration caused by dilatation of mitochondria and rough endoplas-
mic reticulum. These observations reflect the data of the decrease
of ALT and AST levels in injured transplanted mice. Therefore,
transplantation of ASC-derived hepatocyte-like cells provided pro-
tection against CCls-induced hepatic injury. The above results
indicate that ASC-derived hepatocyte-like cells generated within
13 days reveal hepatocyte-specific markers and functions in vitro,
and improve liver function in vivo.
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Transplantation of hepatocytes generated from stem cells might
become an easier, more efficient, and safer way than whole organ
transplantation to cure patients suffering from liver disease. ASC
can be very easily obtained with minimal invasiveness from a
patient’s own adipose tissue. Such a possibility sidesteps the
obstacles regarding the risk of rejection, ethical issues, and
availability of stem cells. We have already demonstrated mouse

Journal of Gastroenterology and Hepatology 24 (2009) 70-77 © 2008 The Authors

Journal compilation © 2008 Journal of Gastroenterology and Hepatology Foundation and Blackwell Publishing Asia Pty Ltd



A Banas et al.

o
-
5
&)
<
=
o
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embryonic stem cell®* and human adult ASC" hepatogenic
differentiation.

In the present study, we presented induction within a very short
time of human ASC into hepatocyte-like cells. Thirteen days is
sufficient to generate in vitro cells, which reveal hepatocyte-
specific morphology, marker profile, and functionality. This is first
time for such a short hepatogenic differentiation protocol to be
presented. At the beginning we treated the cells with Activin A

Journal of Gastroenterology and Hepatology 24 (2009) 70-77 © 2008 The Authors

together with FGF4, which are important factors at early stages of
endoderm formation in mouse liver development. Afterwards we
used a number of factors essential for hepatogenic specification
and hepatocyte morphology maintenance. We compared the
hepatocyte-like cells obtained by a new rapid protocol with the
hepatocyte-like cells of an original protocol,'® and have found that
they reveal all the analyzed functions, albeit much earlier. We
observed that 24 h of in vitro cocktail treatment (HGF, FGF1,
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FGF4, OsM, Dex, ITS, nicotinamide, and DMSO) induces a dra-
matic change in morphology followed by little production of
albumin at day 6 and a significant increase in the albumin level at
day 9. However, using a previous protocol, albumin production
was detected at days 30-50.

Prior to in vivo transplantation, it is important to induce hepatic
fate within a short period of time and transplant the cells as fast as
possible back into the patient with liver disease. Such a short
period of time does not require large quantities of growth factors
and may save much on expenses. Additionally, it will serve as hope
and a great chance for a patient’s total recovery. Significant
morphological changes and albumin production as early as within
9 days suggest that it may be possible to even shorten the hepatic
fate prior to transplantation. In the context of future clinical usage,
a short period of stimulation to induce hepatic fate may be suffi-
cient, because cells after transplantation may undergo further
maturation in a regeneration environment,

Transplantation of in virro-generated hepatocyte-like cells into
CCl-injured nude mice resulted in the improvement of liver func-
tion in vive. Interestingly, in vivo liver functions illustrated by the
concentrations of ALT, AST, UA and ammonia were significantly
decreased after ASC-derived hepatocyte-like cell transplantation
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Figure 6 Hematoxylin-eosin staining  of
liver sections from f{a,d) non-injured non-
transplanted, (administered with olive oil and
phosphate-buffered saline [PBS} [-}) mice
{n=3); {b.e} injured non-transplanted (admin-
istered with CCls and PBS [-}) mice {n=3);
{c.f) injured transplanted {administered with
CCls, 1 day after 1.5x10° ASC-derived
hepatocyte-like cells transplantation) mice
(n=4). Panels a-c lower magnification 100 x,
panels d-f higher magnification 400 x. CV,
central vein; PV, portal vein. Scale bars repre-
sent 50 pm.

(Fig. 5). The functional benefits of ASC-derived hepatocyte-like
cell transplantation may be because of the functional support of the
transplanted cells. It is still not clear by which mechanisms the
transplanted cells improve the functioning of the liver. Fusion with
host hepatocytes is not excluded. Likewise, the support and
activation of endogenous progenitors are possible. Further studies
examining the in vivo mechanism of homing, engraftment, and
liver regeneration need to be conducted. It has been reported that
in recipient liver, partial portal embolization, not partial portal
ligation, improves engraftment of transplanted hepatocytes in a
monkey primate preclinical model.*’ This provides new possibili-
ties and strategies for future cell transplantation. It is essential to
exclude any post-transplantation complications prior to any clini-
cal trials. A long-term course experiment as well as safety issues
should be carefully evaluated. Interestingly, in another study, we
observed that parameters such as ALT, AST, UA and ammonia
were also decreased after undifferentiated ASC transplantation
and we postulate that undifferentiated ASC per se compose a very
attractive tool for the establishment of successful therapy for
the liver.” We also speculate that the therapeutic potential of ASC
may be due to the trophic activity of ASC.*? These findings
require additional studies with respect to safety issues post-
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transplantation; however, they give great promise for future
clinical applications.

Short-term hepatogenic induction methods may also have great
usage in drug metabolism studies and toxicological analyses. In
fact, we have already observed that ASC-derived hepatocyte-like
cells reveal cytochrome activities (data not shown).

In conclusion, our study revealed that ASC have a special affin-
ity towards hepatocyte differentiation in vitro and hepatocyte
regeneration in vivo. Thus, ASC may be a superior choice for the
establishment of therapy for an injured liver.
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The mdm2 and mdmx oncogenes play essential yet nonredundant roles
in synergistic inactivation of p53. However, the biochemical mechanism
by which Mdmx synergizes with Mdm2 to inhibit p53 function remains
obscure. Here we demonstrate that, using nonphosphorylatable
mutants of Mdmx, the cooperative inhibition of p53 by Mdmx and
Mdm2 was associated with cytoplasmic localization of p53, and with
an increase of the interaction of Mdmx to p53 and Mdm2 in the
cytoplasm. In addition, the Mdmx mutant cooperates with Mdm2 to
induce ubiquitination of p53 at C-terminal lysine residues, and the
integrity of the C-terminal lysines was partly required for the cooper-
ative inhibition. The expression of subcellular localization mutants of
Mdmx revealed that subcellular localization of Mdmx dictated p53
localization, and that cytoplasmic Mdmx tethered p53 in the cytoplasm
and efficiently inhibited p53 activity. RNAi-mediated inhibition of
Mdmx or introduction of the nuclear localization mutant of Mdmx
reduced cytoplasmic retention of p53 in neuroblastoma cells, in which
cytoplasmic sequestration of p53 is involved in its inactivation. Our
data indicate that cytoplasmic tethering of p53 mediated by Mdmx
contributes to p53 inactivation in some types of cancer cells. (Cancer
Sci 2009; 100: 1291-1299)

The P53 tumor suppressor plays a central role in the prevention
of tumorigenesis.""? p53 exerts its function as a tumor
suppressor by transcriptionally activating numerous target genes
that are involved in inducing a variety of biological outcomes.®
It is increasingly becoming evident that two related oncogenes,
mdm2 and mdmx, play central roles in the regulation of pS3
activity. 6"

Analyses of knockout mice revealed that mdmx and mdm2
suppress p53 in a nonredundant yet synergistic manner.® Mdmx
and Mdm2 functionally cooperate to inhibit p53®'9 and these
inhibitors form a heterodimer complex through their RING finger
domains.""'» Thus, Mdmx and Mdm2 play distinct yet coopera-
tive functions for p53 inactivation, presumably via their physical
interaction.

Mdm? inactivates p53 by targeting it for ubiquitin-mediated

proteasomal degradation and by promoting its transport from the

nucleus into the cytoplasm,"® and it is likely that inhibition of
p33 by Mdm?2 is attributed to these functions. Both functions of
Mdm?2 require the RING finger domain, which possesses E3 ubi-
quitin ligase activity. Indeed, Mdm2 functions as an E3 ubiquitin
ligase for p53“¥ although it has been reported that Mdm?2 inhibits
p53 via other mechanisms.!'>

In contrast to Mdm2, Mdmx lacks robust activity of an E3 ubi-
quitin ligase for p5379 although Mdmx possesses a RING finger
domain with high sequence similarity to that of Mdm?. In accord-
ance with its inability to ubiquitinate p53 by itself, Mdmx-
dependent inhibition of the transcriptional activity of pS53 is
independent of p53 degradation.!” Recently, it was reported that
Mdmx can complement the E3 activity of C-terminal mutants of

doi: 10.1111/].1349-7006.2009.01180.x
© 2009 Japanese Cancer Association

Mdm?2, suggesting that Mdmx contributes to p53 suppression in a
manner distinct from Mdm?2 (1819

In the present paper, by using nonphosphorylatable Mdmx
mutants that are resistant to degradation by Mdm2, we showed that
Mdmx and Mdm?2 synergistically induce the cytoplasmic retention
of p53 in DNA transfection assays. We demonstrated that cyto-
plasmic Mdmzx, but not nuclear Mdmx, efficiently cooperates with
Mdm2 to keep p53 in the cytoplasm and inhibits p53 activity.
Further, RNAi-mediated inhibition of Mdmx or introduction of
nuclear localization mutants of Mdmx reduced cytoplasmic retention
of p53 in neuroblastoma cells. It has been documented that p53
is sequestered in the cytoplasm in some types of cancer, such
as neuroblastoma, and the sequestration of p53 is likely to con-
tribute to its inactivation. We will discuss how Mdmx and Mdm?2
contribute to cytoplasmic sequestration of p53, and its implication
during development of some types of cancer.

Materials and Methods

Cell lines. H1299 and U20S cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum.

Antibodies. Anti-Flag antibody (M2) was purchased from Sigma.
Anti-p53 monoclonal antibody (DO-1) was purchased from
Calbiochem. Anti-HA antibody was purchased from Roche
(F Hoffmam-La Roche Ltd, Basel, Switzerland). Anti-myc-tag
antibody (9E10), anti-GFP antibody (B-2), anti-topoisomerase
I antibody (C-2), anti~y tubulin antibody (D-10), and anti-Mdmx
antibody (D-19) were purchased from Santa Cruz (Santa Cruz, CA).

DNA transfection. In DNA transfection experiments, 2 jig
DNA and 4 uL Lipofectamine 2000 reagent (Invitrogen) were
introduced per 2.0 X 10° cells. Transfected cells were then
incubated for 20 h before harvesting. In experiments in which the
subcellular localization mutants of Mdmx were transfected to
determine localization of endogenous p53, Lipofectamine LTX
(Invitrogen, Carlsbad, CA) was used instead according to the
manufacturer’s protocol.

Luciferase assay. Twenty hours after transfection, cells were lysed
and luciferase activity was measured using the Dual-Luciferase
Assay System (Promega, Madison, WI). Mean values (£SD) from
three independent experiments were determined. Basal promoter
activity expressed in the absence of HA-p53 was measured and
subtracted in each experiment.

Immunostaining. Cells were fixed in 4% paraformaldehyde in
PBS for 10 min, washed with 1x PBS, and permeabilized in 100%
methanol for 30 min at ~20°C. The fixed cells were then used
for immunostaining as previously described.@®

*Present address: Cancer Science institute of Singapore, National University of
Singapore, Singapore 117456.

To whom correspondence should be addressed. E-mail: kojokamo@ncc.go.jp;
nmiyt@nus.edu.sg

CancerSci | July2008 | vol. 100 | no.7 | 1291-1299



a

Cenke> Cehia 2>
|

|

321 FRCWALRKDW YSDCSKLTHS LSTSDITAIP EKENEGNDVP DCRRTISAPV 370
7

342

J

371 VRPKDAYIKK ENSKLFDPCN SVEFLDLAHS SESQETISSM GEQLDNLSEQ 420
403

421 RTDTENMEDC QNLLKPCSLC EKRPRDGNII HGRTGHLYTC FHCARRLKKA 470

RING-finger domain

471 GASCPICKKE IQLVIKVFIA 491

‘ b —— W7
—O— §367A
Mdmx-2A
—O— Mdmx-3A
+Mdm2 - Mdm2
o 104 1.0
E
£
-]
83
§ % 05 - PP S
£3
=
-
0 } + 0 + +
o 0.2 0.4 [ 0.2 0.4
Mdmx {n9) Mdmx {ug)

C = wio Mdmx
—— WT
1 —O— 8367A
o —CO— Mdmx-3A
» 104
N
bl
-1
T
E < 0.5
53
3
0 t———e
0 0.1 0.2
Mdm2 {na}
{fold)
< 16 St
=
[3
5 ;ﬂ 12 frmemeee
3¢
(]
>0 8l
36
o
3
2 4
o
0
Mdmx
Mdm2 + %+ + -
p53 - + + + +

Fig. 1. Non-phosphorylatable Mdmx cooperates with Mdm2 to suppress p53. (a) Schematic representation of the positions of the Mdmx mutations.
The serine residues phosphorylated after DNA damage are shown in red. The RING finger domain is shown in blue. {b,c) Inhibition of the transcriptional
activity of p53 by the nonphosphorylatable mutants of Mdmx. (b) The indicated amounts of the wild-type Flag-Mdmx or Mdmx mutants were transfected
into H1299 cells together with 0.15 pg HA-p53, 0.1 g AlP-lug, and Renilla luciferase in the presence (left panel) or absence (right panel) of 0.2 ug myc-
Mdm2. The total amount of transfected DNA was adjusted to 2 pg with pBluescript. Luciferase activity was measured 20 h after transfection. The numbers
represent mean values = standard deviations from experiments carried out in triplicate. The presented values were calculated as follows: value of cells
transfected with the indicated amount of Mdmx/value of cells transfected without Mdmx, (c) The indicated amounts of myc-Mdm?2 were transfected into
H1299 cells together with 0.15 pg HA-p53, AlP-luc, Renilla luciferase, in the presence of 0.4 ug control vector, wild-type Flag-Mdmx, or the indicated Mdmx
mutant. Luciferase assays were carried out as described in (b). (d) H1299 cells were cotransfected as described in (b). Total RNA prepared from transfected
cells was used to measure the levels of endogenous p21 RNA by real-time RT-PCR using Tagman probe (Applied Biosciences, Foster City, CA). Levels of p21

were normalized with those of B-Actin.

shRNA infection. SH-SYSY cells or IMR-32 cells were infected
with lentiviruses as previously described.®? Cells were infected
with the control lentiviruses or the viruses that expressed the
specific Mdmx shRNA overnight, incubated for an additional
2 days, and used for western blot analyses or immunostaining.

Additional information on Materials and Methods is provided
in the Supporting Information.

Results

Non-phosphorylatable Mdmx effectively cooperates with Mdm2 to
suppress p53 activity in H1299. Cellular stresses such as DNA
damage cause degradation of Mdmx, via its phosphorylation by
damage-induced kinases.® Serine 367 (S367) of Mdmx is phos-
phorylated after DNA damage, and alanine substitution of S367
(S367A), which mimics the nonphosphorylated form, promotes the
cooperation between Mdmx and Mdm?2 to inhibit p53 activity.*”
In addition to S367, two other serine residues comprise the major
phosphorylation sites of Mdmx after DNA damage.”? One of these
sites, serine 403 (S403), is phosphorylated by ATM kinase,®
whereas its downstream kinases, Chk1 or Chk2, phosphorylate
serine 342 (S342) and $367, and facilitate the binding of 14-3-3

1292

to Mdmx©@22+29 (Fig, 1a). Phosphorylation of each site stimulates
the proteasome-mediated degradation of Mdmx via its ubiquiti-
nation by Mdm?2.%2232%

Assuming that the phosphorylation of S342 and S403, in addi-
tion to S367, also compromises p53 suppression by Mdmx, we
speculated that additional alanine substitution of $342 and S403
would allow Mdmx to inhibit p53 more effectively. We created
the Mdmx mutants with the alanine substitution at S342 (Mdmx-
2A) or at $342 plus S403 (Mdmx-3A) in addition to S367A, and
introduced each mutant into p53-deficient H1299 cells together
with p53 and the p53-responsive luciferase reporter (AIP-luc), in
the presence or absence of the transfected Mdm?2. Subsequently,
the inhibitory effect of each Mdmx mutant on p53 activity was
examined (Fig. 1b,c). Low amounts of Mdm2 were transfected
so that introduction of Mdm?2 alone did not inhibit p53 activity
(Fig. 1c). As we reported previously,® the S367A mutation aug-
mented the inhibition of p53 activity by Mdmx in the presence
of transfected Mdm?2 (Fig. 1b,c). The additional alanine substitu-
tion at $342 and S403 enhanced the ability of Mdmx to suppress
p53 (Fig. 1b,c). In contrast, none of these mutants showed an
inhibitory effect on p53 activity in the absence of the transfected
Mdm?2 (Fig. 1b). We observed similar Mdm?2-dependent inhibition
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of p53 activity by Mdmx-3A on another p53-responsive promoter
(Bax-luc) (Supporting Information Fig. S1a). Wild-type Mdmx
had an inhibitory effect that was comparable to that of Mdmx-
3A in the presence of a chk2 inhibitor (Supporting Information
Fig. SIb), suggesting that wild-type Mdmx is capable of inhibiting
p53 in the absence of inhibitory phosphorylation.

Cotransfection of Mdm2 with these mutants suppressed the
inhibitory effects of p53 on cell growth (Supporting Information
Fig. Sl¢). In accordance with the inhibition of cell growth, Mdmx-
3A, but not wild-type Mdmx, inhibits RNA expression of endog-
enous p21, which is a crucial target of pS3 and inhibits cell cycle
progression (Fig. 1d). Taken together, these data suggest that non-
phosphorylated forms of Mdmx effectively cooperate with Mdm?2
to inhibit pS3 function.

Ohtsubo et al.

Non-phosphorylatable Mdmx cooperates with Mdm2 to induce
cytoplasmic localization of p53 in H1299. It has been demonstrated
that low levels of Mdm2 inhibit p53 by inducing nuclear export.®?
In order to determine whether the nonphosphorylatable mutants
of Mdmx cooperate with Mdm2 to inhibit p53 activity by stimu-
lating cytoplasmic localization of p53, we next examined the
subcellular localization of p53 after cotransfection of Mdmx,
Mdm2, and p53 under the same conditions described in Figure 1(b).
Introduction of Mdm2 alone did not significantly affect nuclear
localization of p53 (Fig. 2a,b). Although cointroduction of Mdm?
and wild-type Mdmx had only a marginal effect on enhancement
of cytoplasmic localization of p53 (Fig. 2b), cointroduction of
Mdm2 and Mdmx-3A markedly enhanced a fraction of transfected
cells with cytoplasmic p53 staining (Fig. 2a,b). Cytoplasmic
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localization of p53 induced by Mdmx-3A alone was much less
striking if compared to that induced by Mdm2 and Mdmx-3A
(Fig. 2b), indicating that the effect of Mdmx-3A on the subcellular
localization is largely dependent on the cointroduced Mdm2.
Of note, there was a gradual enhancement of the cytoplasmic
localization of p53 as Mdmx harbored an increasing number
of alanine mutations at the phosphorylation sites (i.e. Mdmx-
wt < §367A < 2A < 3A) (Fig. 2b), indicating that the extent of
the stimulation of the cytoplasmic localization by the nonpho-
sphorylatable mutations parallels their inhibitory effect on p53
activity (Fig. 1b). The cooperative effect of Mdmx-3A and Mdm?2
to stimulate cytoplasmic localization of p53 was also observed
in U20S cells (Supporting Information Fig. S2a).

Cellular stresses such as DNA damage cause degradation of
Mdmx via its phosphorylation by damage-induced kinases.??%
Mdmx was highly phosphorylated at S367 in transfected H1299%%
(K. Okamoto, unpublished data). In the presence of a chk2
inhibitor, wild-type Mdmx is capable of inducing cytoplasmic
localization of p53 to an extent comparable to that of Mdmx-3A
(Supporting Information Fig. S2b), indicating that in the absence
of the inhibitory kinase, wild-type Mdmx is capable of inhibiting
p53 activity (Supporting Information Fig. S1b) and inducing
cytoplasmic localization of p53. These observations suggest
that Mdmx phosphorylation may occur during the procedure of
DNA transfection, and that the nonphosphorylatable Mdmx
mutation facilitates clear observation of the cooperative effects
of Mdmx and Mdm2 on p53 inhibition, by negating the inhibitory
effects of Mdmx phosphorylation. »

Mutation at the C-terminal lysines of p53 partially compromises the
inhibitory effects of Mdmx-mediated enhancement of ubiquitination
and inhibition of p53. It has been documented that Mdm2 ubiqui-
tinates p53 at the six C-terminal lysines, the integrity of which are
required for its nuclear export.®>* In addition to ubiquitination,
some of these lysines are targeted for other types of modification,
including neddylation, acetylation, and methylation.®"*? Recent
publications have indicated that Mdmx rescues the catalytic activity
of Mdm2 mutants for ubiquitination and neddylation of p53
in vivo.181939 In order to determine whether Mdmx-3A enhances
Mdm?2-dependent p53 ubiquitination, we examined whether Mdmx
enhances Mdm?2-mediated ubiquitination in transfected H1299.
Indeed, Mdmx-3A synergized with Mdm? to induce p53 ubiquitina-
tion (Supporting Information Fig. $2¢). In order to determine
whether cooperative ubiquitination targets the C-terminal lysines
of p53 by Mdmx and Mdm2, we created a mutant p53 in which
all six lysines at the C-terminal domain were substituted with
arginine (p53-K6R). In vivo ubiquitination assays confirmed that
the K6R mutation eliminates the majority of pS3 ubiquitination
in transfected H1299 (data not shown). The K6R mutation partially
inhibited Mdmx-3A-mediated cytoplasmic localization of p53
(PFig. 2¢) and transcriptional inhibition of p53 (Supporting Infor-
mation Fig. $2d). Thus, modification of the six lysines is partly
required for Mdmx-dependent cytoplasmic localization and inacti-
vation of p53, yet there exist other mechanisms by which Mdmx
and Mdm2 cooperate to suppress p53 function.

Non-phosphorylatable mutations of Mdmx increase levels of the
association of Mdmx to Mdm2 and p53. Next we determined whether
the nonphosphorylatable mutations of Mdmx affect the levels of
transfected p53, Mdm?2, and Mdmx as well as the interaction
among them (Fig. 2d). Mdmx-2A or Mdmx-3A expression did not
markedly decrease the levels of p53 (Fig. 2d). In contrast, both the
Mdmx-2A and Mdmx-3A mutations clearly increased the levels
of introduced Mdmx (Fig. 2d). The levels of wild-type Mdmx and
the Mdmx mutants were comparable in the presence of a pro-
teasomal inhibitor MG132 (Supporting Information Fig. S2e),
suggesting that the nonphosphorylatable mutations render Mdmx
less sensitive to Mdm2-dependent proteasomal degradation.®?
In accordance with increased levels of Mdmx-2A and Mdmx-3A,
the Mdmx mutations led to increased levels of the association of
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Mdmx to Mdm2 and p53 (Fig. 2d). These results indicate that
the nonphosphorylatable mutations, by protecting Mdmx from
Mdm?2-dependent degradation, increase levels of the association
of Mdmx to Mdm?2 and p53.

Mdmx-3A mutation stimulates the association of Mdmx with Mdm?2
and p53 predominantly in the cytoplasm. In order to examine whether
the Mdmx-3A mutation affects subcellular localization of Mdmx
and/or Mdm?2 as well as p53, we next carried out immunostaining
analyses of transfected Mdm2 and Mdmx. In agreement with a
previous report,® transfected wild-type Mdmx was predominantly
localized to the cytoplasm (Fig. 3a). Both wild-type Mdmx and
Mdmx-3A mainly remained in the cytoplasm either in the presence
or absence of cotransfected Mdm?2 (Fig. 3a). Mdm2 predominantly
localized to the nucleus in the absence of transfected Mdmx
(Fig. 3b). Cotranfection of wild-type Mdmx mildly enhanced cyto-
plasmic localization of introduced Mdm?2, and the extent of the
cytoplasmic localization was markedly augmented by the Mdmx-
3A mutation (Fig. 3b). Thus, the Mdmx-3A mutation facilitates
cytoplasmic localization of cointroduced Mdm?2.

The positive effects of Mdmx-3A mutation on the levels of the
Mdmx-Mdm?2 complex (Fig. 2d) and on the cytoplasmic locali-
zation of Mdm?2 (Fig. 3b) suggest that the mutation leads to an
increase of the Mdmx-Mdm2 complex in cytoplasm. Therefore,
we next examined the extent of their interaction in each sub-
cellular compartment after subcellular fractionation. In agreement
with the results of the immunostaining (Fig. 3a,b), both Mdmx-
3A and Mdm?2 were mainly localized to the cytoplasm, and the
Mdmx-3A-Mdm2 complex was predominantly formed in the
cytoplasm (Fig. 3¢). Cytoplasmic Mdmzx-3A clearly colocalized
with not only Mdm?2 (data not shown) but also with p53 (Fig. 3d).
Analyses of the subcellular localization of Mdmx-3A and p53 or
of Mdmx-3A and Mdm2 in individual cells revealed that locali-
zation of Mdmx-3A in the cytoplasm was clearly associated with
cytoplasmic localization of p53 (Supporting Information Fig. S3a)
and Mdm2 (Supporting Information Fig. S3b). These data indicate
that the Mdmx-3A mutation leads to an increase in the associa-
tion of Mdmx with p53 and Mdm?2 in the cytoplasm.

Cytoplasmic Mdmx is responsible for p53 localization in cytoplasm.
In order to determine whether cytoplasmic Mdmx-3A induces
localization of p53 to the cytoplasm, we generated Mdmx mutants
in which either a peptide that corresponds to a nuclear localization
signal of SV40 large T antigen (PKKKRKYV) or a nuclear export
signal of Rev of human immunodeficiency virus type-1
(LQLPPLERLTL) was connected to Mdmx-3A (NLS-Mdmx-3A
or NES-Mdmx-3A). Subsequently, we introduced these Mdmx
mutants together with Mdm2 and p53, and evaluated the effect
of subcellular localization of Mdmx-3A on Mdm2 and p53. As
expected, NLS-Mdmx-3A and NES-Mdmx-3A showed predo-

- minant localization to nuclei and cytoplasm respectively (Fig. 4a,b).

Clear cytoplasmic localization of Mdm2 (Fig. 4c) and p53 (Fig. 4d)
was induced by NES-Mdmx-3A, but not by NLS-Mdmx-3A.
Inhibition of transcriptional activity of p53 by Mdmx-3A was
enhanced by NES-Mdmx-3A and rather reduced by NLS-Mdmx-
3A (Fig. 4¢). Thus, cytoplasmic Mdmx-3A tethers p53 to the
cytoplasm, whereas it effectively inhibits p53 activity in transfected
H1299 cells.

Mdmx in the cytoplasm promotes cytoplasmic retention of endo-
genous p53. Next we examined whether subcellular localization
of Mdmx-3A dictates localization of endogenous p53. Wild-type
Mdmx, Mdmx-3A, NES-Mdmx-3A, or NLS-Mdmx-3A was intro-
duced into U20S cells, in which wild-type p53 is expressed pre-
dominantly in nuclei,® and we determined whether the mutants
affect the subcellular localization of endogenous p53. The Mdmx-
3A mutants were expressed at comparable levels (Fig. 4f). As
we observed in H1299, NLS-Mdmx-3A and NES-Mdmx-3A
predominantly localized to nuclei and cytoplasm respectively (data
not shown). Introduction of wild-type Mdmx did not significantly
affect nuclear localization of p53. In contrast, introduction of the
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Mdmx-3A mutants induced localization of p53 to the cytoplasm,
and a striking enhancement of cytoplasmic localization of p33
was observed in the presence of NES-Mdmx-3A (Fig. 4f). Taken
together, these data indicate that cytoplasmically located Mdmx,
presumably by tethering p53, induces localization of endogenous
p33 to the cytoplasm.

Both Mdmx and Mdm2 predominantly localize to the cytoplasm of
neuroblastoma cells. Inactivation of pS53 via its cytoplasmic locali-
zation is frequently observed in some types of cancer such as
neuroblastoma,®” and yet the precise mechanism by which p53
is sequestered in cytoplasm remains obscure. It was reported that
Mdm2 mediates the cytoplasmic retention of p53 in neuroblas-
toma.®**? In order to examine whether Mdmx as well as Mdm?2
is involved in p53 inactivation via cytoplasmic sequestration in
neuroblastoma, we analyzed SH-SY5Y and IMR-32 cells that, like
most other neuroblastoma cells, harbor wild-type p53 with cyto-
plasmic localization (Fig. 5a; Supporting Information Fig. S4a).
Expression levels of Mdmx in SH-SY5Y were much higher than
those in normal human fibroblasts, and even higher than those
in MCF-7 (data not shown), breast cancer cells in which the mdix
gene is amplified and Mdmx is expressed at high levels.®® Both
Mdmx and Mdm2 predominantly localized to the cytoplasm in
SH-SY5Y cells (Supporting Information Fig. S4a). The extent of
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5367 phosphorylation in SH-5YSY cells was much lower than that
in the transfected H1299 cells (Supporting Information Fig. S4c¢).
These observations suggest that Mdmx is expressed, probably in
nonphosphorylated forms, at high levels in the cytoplasm in
unstressed SH-SY5Y cells.

Nuclear Mdmx inhibits cytoplasmic retention of p53 in SH-SYSY.
In order to determine whether subcellular localization of Mdmx-
3A dictates localization of endogenous P33 in neuroblastoma cells
as well as in U20S cells, the effects of subcellular localization
of wild-type Mdmzx or the Mdmx mutants on endogenous p53
localization were evaluated as described in Figure 4(f). The Mdmx-
3A mutants were expressed at comparable levels (Fig. 5b). In
accordance with cytoplasmic localization of endogenous Mdmx
(Supporting Information Fig. S4a), Mdmx-3A and wild-type Mdmx
exclusively localized to the cytoplasm (Fig. 5b), As expected,
the majority of NLS-Mdmx-3A localized to nuclei (87%) and
NES-Mdmx-3A totally localized to the cytoplasm. Immunostaining
of transfected SH-SY5Y cells revealed that the expression of
NLS-Mdmx-3A, but not NES-Mdmx-3A, reduced cytoplasmic
localization of p53 (Fig. 5b), indicating that nuclear expression
of Mdmx-3A inhibits cytoplasmic retention of p53 in SH-SY5Y.

Mdmx is required for inactivation of p53 in neursblastoma cells.
In order to further examine the role of Mdmx in p53 inactivation
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in neuroblastoma cells, we inhibited Mdmx expression by infecting  and reduced the cytoplasmic localization of p53 (Fig. 5d,e). The
cells with the lentiviruses expressing Mdmx shRNA. Mdmx inhibi- positive role of Mdmx in cytoplasmic localization of p53 was
tion by the specific shRNA, while not significantly affecting levels  confirmed by western blot analyses of nuclear and cytoplasmic
of p53, induced expression of p2l, a crucial p53 target (Fig. 5¢)  lysates prepared from the infected cells. Depletion of Mdmx
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decreased p53 levels in the cytoplasm and increased those in
nuclei, while the depletion did not significantly affect cytoplasmic
localization of Mdm?2 (Fig. 51).

Similarly, inhibition of Mdmx by the specific shRNA led to
induction of p21 expression and inhibition of cytoplasmic local-
ization of p53 in IMR-32, another neuroblastoma cell line (Fig. 5g,h;
Supporting Information Fig. S4c). Thus, Mdmx contributes to
cytoplasmic retention of p53 in neuroblastoma cells.

Discussion

Genetic evidence indicates that mdmx is a crucial inhibitor of
p53 and that mdmx and mdm2 cooperatively function to inhibit
p53. However, the mechanical basis of the cooperation of the
oncogenes is not clearly established. In an attempt to recapitulate
synergistic inhibition of p53 by Mdmx and Mdm2, we took advant-
age of our observation that the nonphosphorylatable mutations
confer Mdmx resistance against Mdm2-mediated degradation.
We demonstrated that nonphosphorylatable mutations of Mdmx
markedly enhance the ability of Mdmx to cooperate with Mdm2
for inhibition of p53, suggesting that the stress-induced phosphory-
lation of Mdmx is important for its ability to suppress p53. The
importance of the Mdmx phosphorylation was further supported
by the functionality of wild-type Mdmx on p53 suppression in
the presence of a chk2 inhibitor (Supporting Information Figs Sib
and 2b).

Through the analyses of the function of the Mdmx mutants, we
found that the nonphosphorylatable mutant of Mdmx effectively
cooperates with Mdm2 to induce p53 ubiquitination. The ability
of the nonphosphorylatable mutations of Mdmx to inhibit p53
activity was associated with enhanced cytoplasmic retention of
p53 and with increased levels of the interaction of Mdmx to ps3
and Mdm? in cytoplasm. A causal role of cytoplasmic Mdmx to
induce localization of p53 in the cytoplasm was demonstrated
using the Mdmx mutants that harbor autonomous subcellular
localization signals. :

p53 is sequestered in the cytoplasm in some types of cancer,
and it is assumed that the sequestration of p53 contributes to p53
inactivation.®*® Mdm? is essential for inhibition and cytoplasmic
sequestration of p53 in neuroblastoma cells,**” and the co-

operative function of Mdmx and Mdm?2 to induce p53 retention -

in the cytoplasm may contribute to its inactivation in some of
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cancer cells. We found that, in addition to Mdm2, Mdmx is also
required for cytoplasmic sequestration of pS3 in neuroblastoma
cells. Considering that Mdm?2 enhances the interaction between
p53 and Mdmx in the transfected H1299 cells, Mdmx and Mdm?2
may cooperate by stimulating the formation of a complex with p53.
Of note, Mdmx stabilizes p53 via a formation of a complex with
Mdm2,%® and formation of such a stable complex may account
for cytoplasmic sequestration of p53.

In addition to the cytoplasmic tethering via physical interaction,
regulation of post-translational modification of the C-terminal of
P53 is likely to contribute to the cooperative inhibition of p53 by
Mdm?2 and Mdmx, because mutations in the six C-terminal lysines,
which are targets for the regulatory modification, partly abol-
ished the cooperative inhibition of p53 (Supporting Information
Fig. $2d). Mdm2 promotes cytoplasmic translocation of p53 via
its ubigiutination at the same lysine residues,**#® and accumu-
lating data®'®? as well as ours (Supporting Information Fig. 2c)
indicate that Mdmx promotes Mdm2-dependent p53 ubiquitina-
tion. Hence, it is likely that enhancement of Mdm2-dependent
ubiquitination of p53 by Mdmx also contributes to the coopera-
tive inhibition of p53 activity by these oncoproteins. In fact, the
cytoplasmic retention of pS3 in neuroblastoma is in part attri-
buted to multimono-ubiquitination of p53 due to defective func-
tion of HAUSP, a de-ubiquitinating enzyme for p53 and Mdmx and
Mdm?2.644142 However, we did not observe a significant change
in the pattern of p53 laddering, which presumably represents
ubiquitinated p53, in neuroblastoma cells after knock down of
Mdmx (data not shown). The two mechanisms that mediate cyto-
plasmic localization of p53, namely cytoplasmic tethering and
ubiquitin-dependent translocation, are not mutually exclusive, and
presumably contribute to cytoplasmic retention of p53 by Mdmx.
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ABSTRACT

Background. Transglutaminase 2 (TGM2) plays a role in
cell growth and survival through the antiapoptosis signal-
ing pathway.

Methods. We analyzed TGM2 gene expression in 91 paired
cases of colorectal cancer (CRC) and noncancerous regions
and seven CRC cell lines to demonstrate the importance of
TGM?2 expression for the prediction of prognosis of CRC.
TGM?2 expression was higher in CRC tissue than in corre-
sponding normal tissue by real-time reverse transcriptase—
polymerase chain reaction (P = .015).

Results. Patients in the high TGM2 expression group
showed a poorer overall survival rate than those in the low
expression group (P = .001), indicating that the increase in
TGM?2 expression was an independent prognostic factor.
TGM?2 was also expressed in the seven CRC cell lines. The
in vitro proliferation assay showed that TGM2 expression is
involved with tumor growth.

Conclusions. The present study suggests that TGM2 is
useful as a predictive marker for patient prognosis and may
be a novel therapeutic target for CRC,

Cancer is a major public health problem in developed
countries, while the incidence of colorectal cancer (CRC)
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has greatly increased in Japan in recent years as a result of
lifestyle changes." CRC is now one of the most important
causes of death from neoplastic disease in Japan.'! There-
fore, identification of the genes responsible for the
development and progression of CRC and understanding
the clinical significance are critical for the diagnosis and
adequate treatment of the disease.

Transglutaminase 2, TGM2, is a family of enzymes that
catalyzes the formation of an amide bond between the y-
carboxamide groups of peptide-bound glutamine residues
and the primary amino groups in various compounds.??
Several studies have reported that that increased expression
of TGM2 indicates prolonged cell survival and the pre-
vention of apoptosis.*™

We analyzed TGM2 in seven human gastrointestinal
cancer cell lines and 91 paired cases of CRC and non-
cancerous regions to identify the importance of TGM2
expression for prognosis and to suggest that it be a can-
didate novel marker for the prognosis with functional
relevance in CRCs.

MATERIALS AND METHODS
Clinical Tissue Samples

From 1992 to 2002, 91 patients (62 men, 29 women)
with CRC underwent surgery at the Medical Institute of
Bioregulation at Kyusyu University. Primary CRC speci-
mens and adjacent normal colorectal mucosa were obtained
from patients after receiving informed consent in accor-
dance with the institutional guidelines. Every patient was
definitively identified with CRC on the basis of clinico-
pathological findings. Tissues were extracted immediately
after surgical resections. The specimens were immediately
fixed in formalin, processed through graded -ethanol,
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embedded in paraffin, and sectioned with hematoxylin and
eosin stain and elastica van Gieson stain, and the degree of
the histological differentiation, lymphatic invasion, and
venous invasion was examined. All specimens were frozen
in liquid nitrogen immediately after resection and stored at
—80°C until RNA extractions were performed.

None of the patients received chemotherapy or radio-
therapy before surgery. After the surgery, the patients were
followed up with a blood examination that included the
tumor markers carcinoembryonic antigen and cancer anti-
gen, and imaging modalities such as abdominal ultrasound,
computed tomography, and chest x-ray every 3 to 6 months.
Clinicopathological factors were assessed according to the
criteria of the tumor node metastasis classification of the
International Union Against Cancer.'®

Cell Lines and Culture

Seven cell lines derived from human CRC (Caco2, DLD-
1, HCT116, HT-29, KM12SM, LoVo, and SW480) were
obtained and maintained in Dulbecco modified Eagle med-
jum containing 10% fetal bovine serum and antibiotics at
37°C in a 5% humidified CO, atmosphere. For the siRNA
knockdown experiment, double-stranded RNA duplexes
targeting human TGM2 (5-UAGGAUCCCAUCUUCAA
ACUGCCCA-3'/5'-UGGGCAGUUUGAAGAUGGGAUC
CUA-3', 5'-AUCCCAUUGUAGCUGACGGUGCGGG-3'/
5'.CCCGCACCGUGAGCUACAAUGGGAU-3, and 5'-UG
UAGUUGGUCACGACGCGGGUAGG-3'/5'-CCUACCCG
CGUCGUGACCAACUACA-3") were purchased (Stealth
RNAI) from Invitrogen (Carlsbad, CA). Negative control
siRNA (NC) was also purchased from Invitrogen. CRC cell
lines were transfected with siRNA at a concentration of
20 pumol/L. with lipofectamine (RNAIMAX, Invitrogen),
incubated in glucose-free Opti-MEM (Invitrogen) for the
time indicated, and analyzed by the proliferation assay. All
siRNA duplexes were used together as a triple transfection.
siRNA knockdowns were performed in seven CRC cell lines
to evaluate proliferation under TGM2 suppression. Each cell
line with siRNA was compared with the negative control.
The values are presented as mean = standard deviation (SD)
from independent experiments conducted in triplicate.

RNA Preparation and Quantitative Real-Time Reverse
Transcriptase-Polymerase Chain Reaction

Total RNA was prepared by using a modified acid guani-
dium-phenol-chloroform procedure with DNase.'' Reverse
transcription was performed from 2.5 pg of total RNA as
previously described.'> A 143-bp TGM2 fragment was
amplified. Two human 7GM2 oligonucleotide primers for the
polymerase chain reaction (PCR) reaction were designed as

follows: 5-ATAAGTTAGCGCCGCTCTCC-3' (forward);
5'-CCAGCTCCAGATCACACCTC-3' (reverse). The for-
ward primer is located in exon 1 and the reverse primer in exon
2. The PCR assay with primers specific to the glycer-
aladehyde-3-phosphate dehydrogenase (GAPDH) gene was
performed to evaluate expression. The GAPDH primers, 5'-
TTGGTATCGTGGAAGGACTCA-3 (forward) and 5'-
TGTCATCATATTGGCAGGTT-3 (reverse), produced a
270-bp amplicon. ¢cDNA from the Human Reference Total
RNA (Clontech, Palo Alto, CA) was studied concurrently as a
positive control. Real-time monitoring of the PCRs was per-
formed with the LightCycler FastStart DNA Master SYBR
Green I kit (Roche Diagnostics, Tokyo, Japan) for cDNA
amplification of 7GM2 and GAPDH. The amplification pro-
tocol consisted of 35 cycles of denaturation at 95°C for
10 seconds, annealing at 60°C for 10 seconds, and elongation
at 72°C for 10 seconds. The products were then subjected to a
temperature gradient from 55°C to 95°C at 0.1°C per second
with continuous fluorescence monitoring to produce product
melting curves. The expression ratio of mRNA copies in
tumor and normal tissues was calculated and normalized
against GAPDH mRNA expression.

Proliferation Assays

In CRC cell lines transfected with siRNA, 1 x 10° cells
were seeded in 12-well dishes and cultured for 96 hours to
determine proliferation. The cell growth rate was measured by
counting cells with a CellTac kit (Nihon Koden, Tokyo, Japan).

Statistical Analysis

Continuous variable data were expressed as mean %
SD. The relationship between mRNA expression and
clinicopathological factors were analyzed by the «” test and
Student’s t-test. Kaplan-Meier survival curves were plotted
and compared with the generalized log rank test. Univari-
ate and multivariate analyses to identify prognostic factors
for overall survival were performed by the Cox propor-
tional hazard regression model. All tests were analyzed by
JMP software (SAS Institute, Cary, NC). P values of <.05
were considered statistically significant.

RESULTS
TGM2 mRNA Expression in Clinical Tissue Specimens

Reverse transcriptase-polymerase chain reaction (RT-
PCR) of 91 paired clinical samples showed that 65 (71.4%)
of the 91 cases exhibited higher levels of TGM2 mRNA in
tumors than paired normal tissues (Fig. 1). The mean
TGM?2 mRNA expression value in tumor tissues was
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significantly higher than that for corresponding normal
tissues (P = .015; Student’s #-test).

TGM2 Expression and Clinicopathological
Characteristics

The experimental samples were divided into two groups
according to expression status for the clinicopathological
evaluation. Patients with tumors that had more than the
median TGM2/GAPDH expression (median .329) were
assigned to the high expression group (n = 46); the others
were assigned to the low expression group (n = 45,
Table 1). The number of cases that were based on histolog-
ical grade was 37, 47, 4, and 3 in the well, moderate, poor,
and mucinous adenocarcinoma categories, respectively.
TGM2 expression was correlated with twumor type (P =
-002), tumor invasion (P < .001), lymph node metastasis
(P = .041), lymphatic invasion (P = .010), metastasis
(P = .040), and International Union Against Cancer stage
(P < .001).

Relationship Between TGM2 Expression and Prognosis

Postoperative overall survival rate was statistically sig-
nificantly lower in patients with increased TGM2
expression (Fig. 2). The median follow-up was 4.12 years.
Table 2 provides the univariate and multivariate analyses
of factors related to patient prognosis. Univariate analysis
showed that histological grade (P = .040), tumor type

(P =.003), tumor size (P =.004), tumor invasion
TGM2 Mrna
Expression
2 . p=0015*
26 . .
24 . "
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- . L
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FIG. 1 Transglutaminase 2 (TGM2) mRNA expression in clinical
lissue specimens. Quantitative real-time reverse transcriptase—poly-
merase chain reaction of 91 paired clinical samples showed that 65
(71.4%) of the 91 cases exhibited higher levels of TGM2 mRNA in
tumors than in paired normal tissues. The mean TGM2 mRNA
expression in tumor tissues (normalized by GAPDH gene expression)
was significantly higher than that of the corresponding normal tissues
(P = .015; Student’s r-test)

TABLE 1 Clinicopathological factors and TGM2 mRNA expression
in 91 colorectal cancers

Factor High expression Low expression P value
(n = 46) (n = 45)

Age (¥)
<68 25 (54.3%) 17 (37.8%) 12
>68 21 (45.7%) 28 (62.2%)

Sex
Male 31 (67.4%) 31 (68.9%) .878
Female 15 (32.6%) 14 (31.1%)

Histological grade
Wel/Mod 41 (89.1%) 43 (95.6%) 242
Others 5 (10.9%) 2 (4.4%)

Tumor type
0-2 0-2 3 (6.5%) 14 (31.1%) .002*
3-4 3-4 43 (93.5%) 31 (68.9%)

Tumor size
<30 mm 39 (84.8%) 35 (77.8%) .391
>30 mm 7 (15.2%) 10 (22.2%)

Tumor invasion
Tis 0 (0%) 5(11.1%) <.001*
T1 2 (4.3%) 6 (13.3%)
T2 3 (6.5%) 12 (26.7%)
T3 28 (60.9%) 18 (40.0%)
T4 13 (28.3%) 4 (8.9%)

Lymph node metastasis
NO 22 (47.8%) 31 (68.9%) .041*
Ni1-2 24 (52.2%) 14 (31.1%)

Lymphatic invasion
Absent 24 (52.2%) 35 (77.8%) .010*
Present 22 (47.8%) 10 22.2%)

Venous invasion
Absent 38 (82.6%) 40 (88.9%) 392
Present 8 (17.4%) 5(11.1%)

Metastasis
MO 29 (63.0%) 37 (82.2%) .040*
Ml 17 (37.0%) 8 (17.8%)

UICC stage
0 0 (0%) 5(11.1%) <.001*
1 5 (10.9%) 12 (26.7%)
IIA 11 (23.9%) 11 (24.4%)
1B 2 (4.3%) 12.2%)
HIA 0 (0%) 5(11.1%)
1B 8 (17.4%) 3(6.7%)
1Ic 3(6.5%) 0 (0%)
v 17 (37.0%) 8 (17.8%)

Wel well differentiated adenocarcinoma, mod moderately differenti-
ated adenocarcinoma, others poorly differentiated adenocarcinoma
and mucinous carcinoma, UICC International Union Against Cancer

* Statistically significant
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FIG. 2 Overall survival curves of colorectal cancer patients based on
TGM2 mRNA expression status, The postoperative overall survival
rate was significantly lower among patients in the high TGM2
expression group (P = .001, log rank test) than the low expression
group. The median follow-up was 4.12 years

(P < .001), lymph node metastasis (P < .001), lymphatic
invasion (P = .006), venous invasion (P = .001), and
TGM2 mRNA expression (P = .003) were significantly
related to overall survival. Multivariate analysis indicated
that inclusion in the TGM2 mRNA high expression group
(relative risk, 2.40; 95% confidence interval, 1.03-6.11;
= .041) was an independent predictor of postoperative
overall survival, as was metastasis (M1/MO, relative risk,
5.86; 95% confidence interval, 2.49-15.12; P < .001).

In Vitro Assessment of TGM2 Expression Knockdown

Seven CRC cell lines were used for the proliferation
study because TGM2 expression was higher than the

median value of GAPDH in the primary CRC specimen by
RT-PCR. A reduction in TGM2 by siRNA was observed by
quantitative real-time RT-PCR in all the cell lines exam-
ined (negative control [NC] and TGM2 siRNAs; P < .05,
Student’s t-test). A reduction in TGM2 expression was
confirmed in the HT-29, HCT116, KM12SM, and LoVo
cell lines (Suppl. Fig. S1). In proliferation assay, there were
differences in cell numbers of HT-29 between NC and
TGM?2 siRNA (P < .05) (Fig. 3). There was no statistically
significant difference in the number between the NC and
TGM2 siRNA in the other cell lines.

DISCUSSION

Previous reports showed that TGM2, also known as
TG?2, is expressed in breast and pancreatic cancer cells and
is associated with drug resistance and metastasis.*'®
TGM2 promotes a stable interaction with extracellular
matrix protein components in association with some f
members of the integrin family of proteins, which induce
cell survival signaling pathways.'” Other reports suggest
that TGM2 regulates activation of NF-xB by forming a
ternary complex with NF-xB/IxBa, and inhibition of
apoptosis through transamidation and GTP-binding
activity.*>1®

Seven distinct transglutaminases have been descri-
bed.'®22 TGM2 is ubiquitously expressed as a single/
polypeptide protein that exhibits Ca**-dependent protein
cross-linking activity.?*

We assessed TGM2 gene expression and found that it
was a statistically significant independent prognostic fac-
tor, simnilar to the well-known important predictive factor.?*
To our knowledge, the present study is the first report

TABLE 2 Univariate and multivariate analyses for overall survival (Cox proportional hazard regression model)

Factor Univariate analysis Multivariate analysis

RR 95% CI P value RR 95% C1 P value
Age (y), <68/>68 147 0.70-3.11 .298
Sex, male/female 1.40 0.64-3.38 401
Histological grade, por—others/well-mod 3.66 1.06-9.64 .040* 2.52 0.68-7.45 .148
Tumor type, 3-4/0-2 8.27 1.76-147.44 .003* 1.80 0.22-40.49 615
Tumor size, >30 cm/<30 cm 2.82 1.30-11.91 .004* 1.26 0.45-6.02 697
Tumor invasion, T3-4/Tis-2 7.60 2.27-47.16 <.001* 1.13 0.36-2.68 .802
Lymph node metastasis, N1-2/NO 5.42 2.43-13.74 <.001* 2.06 0.83-5.74 119
Lymphatic invasion, present/absent 2.80 1.34-5.89 .006* 1.32 0.53-3.22 532
Venous invasion, present/absent 420 1.81-9.03 .001* 2.24 0.85-5.80 099
Metastasis, M1/MO 8.93 4,14-20.84 <.001* 5.86 2.49-15.12 <.001*
TGM2 mRNA expression, >median/median> 3.08 1.43-7.18 .003* 240 1.03-6.11 041*

RR telative risk, 95% CI 95% confidence interva, wel well-differentiated adenocarcinoma, mod moderately differentiated adenocarcinoma, por
poorly differentiated adenocarcinoma, others poorly differentiated adenocarcinoma and mucinous carcinoma

* Statistically significant
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FIG. 3 Proliferation assay and siRNA inhibition in 4 colorectal
cancer cell lines. The proliferation assay showed a difference in
growth of colorectal cancer cell line HT-29. There were significant
differences between NC and TGM2 siRNA. In the other 3 cell lines,

showing that TGM2 is upregulated in CRCs, suggesting
that it could be a novel predictive marker for the prognosis
of CRCs that may contribute to further clinical cancer
diagnosis.

Recently, the necessity of intensive follow-up and
adjuvant therapy for CRC has been proposed to predict
recurrence and metastasis in curative surgical resected
cases.”>? In addition, there have been many recent reports
on the use of less invasive surgery for CRC such as lapa-
roscopic and endoscopic surgery.28"3' For these cases, a
predictive marker of tumor invasion, lymph node metas-
tasis, and distant metastasis would play a very important
role in cancer diagnoses and treatments, especially as a
novel marker independent from the traditional tumor, node,
metastasis factors. Thus, the TGM2 expression profile
could contribute to the predictive diagnosis of CRCs.

TGM?2 plays an important role in antiapoptotic signaling
pathways and several cancer cell lines that exhibit high
TGM?2 expression levels and have been selected for resis-
tance to chemotherapeutic drugs.'’”*** Downregulation of

there was no significant difference between NC and TGM2 siRNA (a
HT-29; b HCT116; ¢ KM12SM; d LoVo). Values are mean & SD for
three independent experiments. WT, wild type; NC, negative contro}

TGM?2 expression by siRNA rendered the cancer cells
sensitive to chemotherapeutic drugs.'”

The present in vitro study showed that TGM2 expression
is associated with tumor growth, and the inhibition of
TGM2 may lead to a reduction in CRC proliferation. TGM2
is expressed in several cancers.'*'® Our results suggest a
rationale for further study of TGM2 as a possible novel
target for clinical cancer therapy such as anticancer agents
and the sensitizer in addition to the novel marker of
prognosis and prediction about the susceptibility of anti-
cancer agents,
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