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Transglutaminase-1 (TGase-1) is a Ca2�-dependent enzyme
capable of cross-linking a variety of proteins and promoting
wound healing in the skin. In this study, we examined the role of
TGase-1 in proliferation of renal proximal tubular cells
(RPTC). TGase-1, but not TGase-2, -5, and -7, was expressed in
RPTC. Treatment with monodansylcadarevine (MDC), a selec-
tive TGase inhibitor or down-regulation of TGase-1 with small
interfering RNA (siRNA) decreased RPTC proliferation. Prolif-
eration of RPTC was accompanied by activation of Akt and
Stat-3 (signal transducer and activator of transcription-3).
Treatment with MDC or TGase-1 siRNA decreased Stat-3 but
not Akt phosphorylation. Further studies showed that the
Janus-activated kinase 2 (JAK2) mediates phosphorylation of
Stat-3, and knockdown of either JAK2 or Stat-3 by siRNA
decreased RPTC proliferation. However, inhibition of TGase-1
decreased phosphorylation of Stat-3 but not JAK2. Overexpres-
sion of Stat-3, JAK2, and/or TGase-1 in RPTC revealed that
JAK2 is indispensable for TGase-1 to induce Stat-3 phosphoryl-
ation and TGase-1 potentiates JAK2-induced Stat-3 phospho-
rylation. Consistentwith these observations, we found that inhi-
bition of TGase-1 and the JAK2-Stat-3 signaling pathway
decreased the transcriptional activity of Stat-3 and expressionof
the Stat-3-targeted genes, cyclin D1 and cyclin E. Conversely,
overexpresssion of TGase-1 enhanced the JAK2-dependent
transcriptional activity of Stat-3. Finally, TGase-1 was found to
interact with JAK2, and this interaction was inhibited by MDC.
These results demonstrate that TGase-1 plays an important role
in regulation of renal epithelial cell proliferation through the
JAK2-Stat-3 signaling pathway.

The transglutaminases (TGases)2 are a Ca2�-dependent
enzyme family composed of nine members (TGase-1 to -7,

coagulation factor XIII�, and band 4.2) (1–4). All of the TGases
retain similar sequence and structural homology and exert their
functions through post-translational protein modification (1).
They catalyze the formation of �-(�-glutamyl)lysine cross-links
between peptide-bound glutamine residues and the primary
amine group of various amines. Such cross-links are required
for stabilizing proteins, via polymerization, against chemicals,
proteolytic enzymes, and physical disruption (1, 5). In addition
to their cross-linking activity, the TGases have intrinsic kinase
activity. For example, TGase-2 has been identified as a serine/
threonine kinase that is responsible for phosphorylation of
insulin-like growth factor-binding protein-3 and focal adhesion
kinase (6, 7). It is also able to phosphorylate p53, histone pro-
teins H3 and H1, and retinoblastoma protein (8–10).
TGases are involved in a wide variety of biological events,

such as fertilization, development, differentiation, apoptosis,
and coagulation (11). Recent studies have provided evidence
that TGases also participate in tissue repair and regeneration.
For example, healing of punch biopsy skin wounds was delayed
in TGase-2�/� mice and mouse embryonic fibroblasts from
TGase-2�/� mice migrated more slowly than fibroblasts
derived from wild-type counterparts (12). Using TGase-1
knock-out mouse skins, Inada et al. (2) have examined the role
of TGase-1 in wound healing. They found that TGase-1 is acti-
vated during the early stage of skin injury, and regeneration of
the epidermis was markedly delayed in TGase-1�/� grafted
skin, suggesting that activation of TGase-1 is essential for facil-
itating epidermal regeneration. Although TGase-1 has also
been identified in the kidney (3), the physiological role of
TGase-1 in renal cells and signaling mechanisms that mediate
actions of TGase-1 are not known.
Like cutaneous tissues, the kidney also has the remarkable

ability to restore the structural and functional integrity of the
proximal tubule after acute injury. During the recovery process,
the surviving epithelial cells dedifferentiate, proliferate, and
migrate to denuded areas and then redifferentiate to restore the
integrity of the epithelium (13, 14). Since proliferation of renal
proximal tubular cells (RPTC) is a critical step during renal
regeneration, we have recently studied the signaling mecha-
nisms in this process.Our results showed that phosphatidylino-
sitol 3-kinase/Akt, but not the extracellular signaling-regulated
kinase 1/2, pathway in part mediates RPTC proliferation (15),
suggesting that other signaling pathways may also play a role in
transducing mitogenic signal in renal epithelial cells.
Several studies have demonstrated that activation of Stat-3

(signal transducer and activator of transcription-3) is also
required for cell proliferation in some epithelial cells (16–18).
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Stat-3 is a member of the Janus-activated kinase (JAK)/STAT
signaling pathway and is a cytoplasmic transcription factor that
contains the DNA-binding domain and a Src-homology 2
domain (19). It is activated in response to cytokines and growth
factors through phosphorylation of a single tyrosine residue
(Tyr705) by JAKs (20). JAKs are a family of structurally related
tyrosine kinases composed to four members (JAK1 to -3 and
TYK2 (tyrosine kinase 2) (21, 22)). JAKs bind specifically to
intracellular domains of cytokine and growth factor receptor
signaling chains and catalyze ligand-induced phosphorylation
of themselves and of intracellular tyrosine residues on the
receptor, creating docking sites for recruiting Stat-3 and other
STAT proteins (21, 22). The phosphorylated Stat-3 then forms
homo- or heterodimers and translocates into the nucleus,
where they interact with specific DNA response elements and
regulate the expression of target genes, such as cyclin D1 (23)
and cyclin E (24). It has been reported that activation of the
JAK2-Stat-3 signaling pathway protects renal epithelial cells
from death following oxidant injury (25). However, the role of
this pathway in renal epithelial proliferation and its relevance to
the TGases are not known.
Expression of TGases varies with tissues and cell types.

Among nine isoforms of TGases, TGase-1, -2, -5, and -7 are
expressed in most of epithelial tissues, including kidney (1–4).
The purpose of this study was to identify the TGase(s) respon-
sible for growth and proliferation of renal epithelial cells and to
elucidate the associated signaling pathways in immortalized
mouse RPTC.

MATERIALS AND METHODS

Chemicals and Antibodies—Antibodies to phospho-Stat-3,
Stat-3, phospho-Akt, andAktwere purchased fromCell Signal-
ing Technology (Danvers, MA). Antibodies to TGase-1,
TGase-2, cyclin D1, and cyclin E were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies to
TGase-5 and TGase-7 were purchased from Abcam (Cam-
bridge, MA). AG490 and 5-(biotinamido)pentylamine were
obtained fromBiomol (PlymouthMeeting, PA) andGEHealth-
care, respectively. CyQUANT cell proliferation assay kit and
the siRNA specific for TGase-1, JAK2, or Stat-3, were pur-
chased from Invitrogen. All other chemicals and reagents were
purchased from Sigma. Plasmid encoding the mouse TGase-1
gene, pCMV6-TGase-1, was purchased from Origene (Rock-
ville, MD). Plasmids expressing mouse JAK2 and Stat-3, pEF-
mJak2, and pcDNA3-c-myc-Stat-3 were obtained from Dr. Y.
Eugene Chin.
Cell Culture—Immortalized mouse RPTC were kindly pro-

vided byDr. Elsa Bella-Reuss andwere cultured inDMEM/F-12
with 5% FBS at 37 °C in 5% CO2. This cell line, which expresses
P-glycoprotein and has a brush border and a conserved epithe-
lialmorphology (26), has beenwell characterized. For theRPTC
proliferation study, 30–40% confluent cells were serum-
starved in DMEM/F-12 without FBS for 24 h and then incu-
bated with the same medium with 5% FBS for the remaining
time in the absence or presence of various pharmacological
inhibitors. Control cells were treated with an equivalent
amount of vehicle.

Transfection of siRNA and Plasmids into Cells—The siRNA
oligonucleotides targeted specifically to mouse TGase-1, JAK2,
or Stat-3 were used in this experiment. siRNA (500 pmol) was
transfected into RPTC (5 � 105) using the Nucleofector Kit V
and the Amaxa Nucleofector device according to the manufac-
turer’s instructions (Gaithersburg, MD). In parallel, 500 pmol
of scrambled siRNA was used to control for off-target changes
in RPTC. After transfection, cells were plated and cultured for
24–48 h inDMEM/F-12with 0.5% serum and then switched to
the same culture medium with 5% FBS for an additional 24-
48 h before cell proliferation was measured or cell lysates were
prepared for immunoblot analysis.
For transfection of plasmids, plasmid DNA and Lipo-

fectamine (Invitrogen) were diluted separately in serum-free
medium and incubated at room temperature for 5 min. After
incubation, the diluted DNA and Lipofectamine were mixed
and incubated at room temperature for 20 min. Aliquots of the
transfection mixture were added to each well of the cell culture
plate. 5–7 h after transfection, mediumwas replaced with fresh
culture medium and cultured for 12–16 h. The cells were then
starved with DMEM/F-12 with 0.5% serum for 24 h before
treatment. At the end of various treatments, cells were har-
vested, and the lysates were used for further analysis.
Determination of Cell Proliferation—Cell proliferation was

assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, counting cell numbers, and eval-
uation of histone H3-positive cells. For the MTT assay, MTT
was added (final concentration, 0.5 mg/ml) to individual cul-
tures for 2 h. Tetrazolium was released by dimethyl sulfoxide,
and the optical density was determined with a spectrophotom-
eter at 570 nm reader (Molecular Devices Corp., Sunnyvale,
CA). For counting cell numbers, cells were trypsinized at the
end of various treatments and then stained with 0.4% trypan
blue. Viable cells were counted by using a Neubauer hemocy-
tometer under the microscopy. For histone H3 staining, cells
were fixed and stained with an antibody to phosphohistone H3
(Ser10). Both phosphohistone H3-positive and total cell num-
bers were counted in five random fields of each sample.
In Situ Transamidation Assays—TGase transamidation

activity was evaluated by determining the incorporation of
5-(biotinamido)pentylamine (BP) using horseradish peroxi-
dase-conjugated streptavidin (GE Healthcare) according to the
procedures described by Shin et al. (27). Briefly, RPTC were
labeled with 1 mM BP for 1 h prior to harvesting, and the cell
extracts were prepared by brief sonication, followed by centrif-
ugation at 13,000 rpm for 10 min at 4 °C. Immunoblot analysis
was performed by subjecting 20 �g of cell extracts to SDS-
PAGE using a 10% gel, and the proteins were transferred to the
polyvinylidene difluoride membrane. The proteins incorpo-
rated with BP were probed with horseradish peroxidase-conju-
gated streptavidin, followed by chemiluminescence detection.
Immunoblot Analysis—After various treatments, cells were

washed oncewith ice-cold PBS andharvested in cell lysis buffer.
Proteins (20 �g) were separated by SDS-PAGE and transferred
to nitrocellulose membranes. After incubation with 5% skim
milk overnight at 4 °C, membranes were incubated with a pri-
mary antibody for 1 h at room temperature and then incubated
with appropriate horseradish peroxidase-conjugated second-
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ary antibody for an additional 1 h. Bound antibodies were visu-
alized by chemiluminescence detection.
Immunoprecipitation—RPTC were washed once with ice-

cold PBS and then suspended in lysis buffer (50 mM Tris-HCl
(pH 8.0), 150mMNaCl, 1%Nonidet P-40, 1mMPMSF, protease
inhibitor mixture). The primary antibody (2–5 �g) was added
to the precleared cell lysates. After incubation for 1 h at 4 °C, 50
�l of ProteinA/GPlus-agarose (Santa Cruz Biotechnology) was
added and incubated overnight at 4 °C. At the end of incuba-
tion, the pellets were washed 3–5 times in ice-cold cell lysis
buffer and resuspended in 1� loading buffer. The immunopre-
cipitates were analyzed by SDS-PAGE. Immunodetection was
performed by using the enhanced chemiluminescencemethods
(Amersham Biosciences).
Immununochemistry—RPTCwere fixed with 3% paraforma-

dehyde for 20 min at room temperature. Fixed cells were
washed with PBS, permeabilized in 0.1 Triton X-100 for 5 min,
and exposed to blocking buffer (5% bovine serum albumin in
PBS) for 30 min. Cells were incubated with anti-TGase-1
(1:200) and E-cadherin (1:100) for 1 h. After washing with PBS
three times, cells were incubated with Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (1:200), Texas Red goat anti-rabbit
IgG (1:200), respectively, and DAPI for an additional 1 h and
then washed for an additional three times. RPTC were visual-
ized by fluorescent microscopy.
Luciferase Reporter Assay—RPTC were plated in 0.5 ml of

growth medium without antibiotics per well (24-well plate).
Cells in each well were transiently transfected with 0.2 �g of
p-IRF1 (interferon-regulatory factor 1)-SIE (sis-inducible ele-
ment)-Luc construct, a luciferase plasmid containing the con-
sensus DNA Stat-3 binding sequence for the SIE fragment of
the promoter region of the mouse Irf1 gene (Eugene Chin,
Brown University) using Lipofectamine 2000 (Invitrogen) in
serum-free medium (Opti-MEM; Invitrogen). Four hours after
transfection, the medium was replaced with 0.5 ml of serum-
free DMEM/F-12 (Invitrogen) and serum-starved for 24 h.
Then cells were cultured for an additional 24 h in the DMEM/
F-12 with/without FBS plus various agents. At the end of the
experiments, cells were washed with PBS and lysed in 250 �l of
passive lysis buffer (Promega), and luciferase activity was eval-
uated using the dual luciferase reporter assay (Promega)
according to the manufacturer’s introduction.
Statistical Analysis—Data are presented asmeans� S.D. and

were subjected to one-way analysis of variance.Multiplemeans
were compared usingTukey’s test, and differences between two
groups were determined by Student’s t test. p � 0.05 was con-
sidered statistically significant.

RESULTS

TGaseActivity Is Required for RPTCProliferation—Todeter-
mine whether TGase activation was required for the prolifera-
tion of renal epithelia cells, RPTC were incubated in the
medium with 5% FBS in the presence or absence of monodan-
sylcadarevine (MDC) for 48 h, and cell proliferation was meas-
ured by the MTT assay and counting cells. MDC is a
pseudosubstrate inhibitor of TGases and is extensively used for
inhibition of TGase activity by competing with polyamines for
transglutamination and prevents their incorporation into pro-

teins (28). Exposure of the cells to MDC resulted in a decrease
in RPTC proliferation at 50 �M and 100 �M (Fig. 1, A and B).

To confirm these observations, the effect of MDC on RPTC
proliferation was examined by immunofluorescent analysis of
phosphohistoneH3 at serine 10. Phosphorylation of histoneH3
at this site is necessary in chromosome condensation and cell
cycle progression and has been used for a specific marker of
cells undergoingmitosis (29, 30). Fig. 1,C andD, shows that the
number of phospho-H3 positive cells was significantly
increased in RPTC-treated 5% FBS and decreased to control
levels in the presence of MDC.
To determine the effect ofMDCon theTGase activity, RPTC

were incubated with the biolabeled primary amine 5-(bioti-
namido)pentylamine for 1 h prior to harvesting (31), and then
we analyzed the cross-linked products by immunoblotting and
horseradish peroxidase-conjugated streptavidin. Fig. 2 shows
that endogenous TGase activity (i.e. the amount of biotin-la-
beled proteins in RPTC) was significantly increased following
exposure to 5% FBS. This reaction was suppressed concen-
tration-dependently by MDC, and 100 �M MDC blocked the
TGase activity. Therefore, TGase activity is increased in
response to serumand inhibited byMDC treatment, suggesting
that TGase activity is necessary for RPTC proliferation.
TGase-1, but Not TGase-2, -5, and -7, Is Expressed in RPTC—

The requirement of TGase activity in RPTC proliferation
prompted us to identify the TGase(s) involved. Because
TGase-1, -2, and -5 were reported to be expressed in the kidney
and TGase-7 is widely expressed inmammalian tissues (1, 3, 4),
we conducted immunoblot analyses using specific antibodies to
each of those enzymes in mouse RPTC. Actin was used as a
loading control. We found that TGase-1 was highly expressed
in this cell type, whereas TGase-2, -5, and -7 were not detected

FIGURE 1. Concentration-dependent inhibition of cell proliferation by
MDC in cultured RPTC. RPTC were cultured for 24 h in the presence of 5% FBS
and then treated with MDC for an additional 48 h at the indicated concentra-
tions (A and B). Cell proliferation was assessed by the MTT assay (A) or by
counting cell numbers (B). RPTC were starved for 24 h and then incubated in
the presence of 5% FBS with 100 �M MDC for an additional 48 h (C and D). Cells
were stained with DAPI and anti-phospho-H3 antibody, and photographs
were taken (�600 magnification) (C). Cell proliferation was evaluated by per-
centage of cells with phospho-H3-positive nuclei. D, data are means � S.D. of
three independent experiments conducted in triplicate and expressed as the
percentage of control or total cell number. *, p � 0.05.
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(Fig. 3A). TGase-1 antibody recognized two isoforms of
TGase-1, �106 and �92 kDa, which are consistent with a pre-
vious observation in normal human bronchial cells (4). The
�92 kDa band is considered to be the membrane-associated
TGase, whereas the �106 kDa band is the soluble/cytosolic
form of the proteins (4).
We also examined the subcellular distribution of TGase-1 in

different areas of cultured RPTC using immunofluorescent
microscopy. As shown in Fig. 3B, in the nonconfluent areas of
RPTC, TGase-1 was localized in the cytosol with most being
perinuclear. In RPTC confluent areas, TGase-1 was associated
with the plasma membranes with significant concentration at
junctional regions, where it was co-localizedwith E-cadherin. A

small amount of TGase-1 remained
in the cytosolic components. These
results illustrate that TGase-1 is
expressed in mouse RPTC, and its
subcellular distribution is depend-
ent on cell confluent status.
TGase-1 Mediates RPTC Proli-

feration—Since TGase-1 is expressed
in RPTC, the effect of MDC on cell
proliferation shown in Fig. 1 may be
due to inhibition of TGase-1. To
specifically determine the role of
TGase-1 in RPTC proliferation,
RPTC were transfected with the
siRNA targeting TGase-1. As a con-
trol, RPTC were transfected with
scrambled siRNA. TGase-1 siRNA
transfection depleted the mem-
brane form of TGase-1 (92 kDa) and
decreased expression of its soluble/

cytosolic form (106 kDa) (Fig. 4A). Down-regulation of
TGase-1 resulted in decreased RPTC proliferation, as demon-
strated by a decrease in cell numbers and phospho-H3 positive
cells (Fig. 4, B and C). We suggest that TGase-1 is critically
involved in regulation of RPTC proliferation.
Inhibition of TGase-1 Blocks Phosphorylation of Stat-3 but

Not Akt—Recently, we showed that the phosphatidylinositol
3-kinase/Akt, but not the extracellular signaling-regulated
kinase, pathway is required for proliferation of RPTC (15). A
study has also demonstrated that Stat-3 mediates cell prolifer-
ation in intestinal epithelial cells (32). To dissect the signaling
pathways that mediate the proliferative effect of TGase-1 in
RPTC, we examined the role of TGase-1 in activation of these
signaling molecules in response to serum. Activation of these
pathwayswasmeasured by immunoblot analysis using antibod-
ies that recognize phosphorylated Akt (a target of phospha-
tidylinositol 3-kinase) or Stat-3, respectively. Total Akt and
Stat-3 content were measured using immunoblot analysis and
antibodies that recognize the Akt and Stat-3 independent of
their phosphorylation state. Akt and Stat-3 were activated in
response to serum (Fig. 5A). Inactivation of TGases with MDC
did not affect serum-induced phosphorylation of Akt but
blocked serum-induced Stat-3 phosphorylation. In addition,
MDC also decreased Stat-3 phosphorylation at 4 and 8 h after
serum treatment (Fig. 5B).
To confirm these observations, we further examined the

effect of TGase-1 siRNA on phosphorylation of these two
kinases in RPTC treated with serum. In agreement with the
effect of MDC, expression of TGase-1 siRNA decreased phos-
phorylation of Stat-3 but not Akt (Fig. 5C). In contrast, trans-
fection of scrambled siRNA had no effect on Stat-3 phospho-
rylation (Fig. 5C). Therefore, these data suggest that TGase-1 is
required for activation of Stat-3 in RPTC in response to mito-
gen stimulation.
Activation of the JAK2-Stat-3 Pathway Is Required for Prolif-

eration of RPTC—It has been documented that Stat-3 activa-
tion is induced by JAK-catalyzing phosphorylation of Stat-3 at
tyrosine residue 705 (32), and JAK2-dependent activation of

FIGURE 2. Effect of MDC on serum-induced TGase activity in cultured RPTC. RPTC were cultured in the
medium containing 5% FBS in the absence or presence of MDC for 24 h at the indicated concentrations, and
then 1 mM (5-(biotinamido)pentylamine) BP was added to the culture and incubated for an additional 1 h. Cells
were harvested for analysis of TGase transamidation activity, as described under “Materials and Methods.” A
representative blot from three independent experiments is shown (A). The biotin-labeled proteins were quan-
tified by densitometry and normalized to actin B, data are means � S.D. of three independent experiments and
expressed as percentage of expression level relative to control. *, p � 0.05.

FIGURE 3. Expression of TGases in RPTC. RPTC were cultured to 60 –70%
confluence. Then cell lysates were prepared and subjected to immunoblot
analysis using antibodies to TGase-1, TGase-2, TGase-5, TGase-7, or actin (A).
RPTC were fixed and then stained using antibodies against TGase-1 and
E-cadherin followed by Alexa Fluor 488-conjugated anti-rabbit IgG, or Texas
Red goat anti-rabbit IgG and DAPI (B). Representative photographs were
taken from a nonconfluent (upper row) and a confluent area (lower row).
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Stat-3 is required for protecting renal epithelia cells from death
in mouse RPTC (25). To understand the role of the JAK2 and
Stat-3 in RPTC proliferation, we treated cells with AG490,
a selective inhibitor of JAK2 (33), or specific siRNA for JAK2 or
Stat-3 and measured cell proliferation by the MTT assay. As
shown in Fig. 6, 5–10 �M AG490 inhibited proliferation of
RPTC and Stat-3 phosphorylation induced by serum. Similarly,
down-regulation of either JAK2or Stat-3 by siRNAsignificantly
decreased RPTC proliferation (Fig. 6, C–F). Notably, transfec-
tion of JAK2 siRNA blocked Stat-3 phosphorylation (Fig. 6D).
We suggest that JAK2 may be the major kinase responsible for
activation of Stat-3 in RPTC, and the JAK2-Stat-3 signaling
pathway is required for RPTC proliferation.

TGase-1 Facilitates JAK2-dependent Phosphorylation of
Stat-3—Since the above results illustrate that both TGase-1
and JAK2 are involved in the phosphorylation of Stat-3 and
required for RPTC proliferation, we further analyzed whether
TGase-1 induces Stat-3 phosphorylation through amechanism
involving JAK2. For this purpose, RPTCwere transiently trans-
fected with expression vectors for TGase-1, Stat-3, and JAK2
(see “Materials and Methods”), and then Stat-3 was immuno-
precipitated using an anti-Stat-3 antibody. The resultant
immunoprecipitates were subjected to immunoblot analysis
with antibodies against each of those proteins and phospho-
Stat-3 at tyrosine residue 705. As shown in Fig. 7, the phospho-
rylated Stat-3 was clearly detected in RPTC co-transfectedwith
JAK2 and Stat-3 (lane 2), and this phosphorylation was further
enhanced by cotransfection with TGase-1 (lane 4). In contrast,
the phosphorylated Stat-3 was not detected in RPTC co-trans-
fected with Stat-3 and TGase-1 without JAK2 (lane 3). In addi-
tion, JAK2 but not TGase-1 was detected in the Stat-3 immu-
noprecipitates (compare lanes 2 and 4 with lane 3). Expression
of TGase-1 did not affect interaction of JAK2 with Stat-3. As
controls, we also examined the expression levels of exogenous
Stat-3, JAK2, and TGase-1 by immunoblot analysis of cell
lysates and showed that all of these proteins were expressed in
RPTC. Endogenous Stat-3, JAK2, and TGase-1 were not
detected in either Stat-3 immunoprecipitates or cell lysates
under this experimental condition. These data are consistent
with the above observation that JAK2mediates Stat-3 phospho-
rylation in RPTC and further suggest that TGase-1 induces
Stat-3 phosphorylation in a JAK2-dependent manner.
TGase Cross-linking Activity Is Required for Interaction of

TGase-1 with JAK2 but not JAK2 Phosphorylation—To deter-
mine whether TGase-1 directly interacts with JAK2, RPTC
were transiently transfected with TGase-1 and JAK2 and then
treated with serum in the presence or absence of MDC.
TGase-1 was immunoprecipitated with an anti-TGase-1 anti-
body, and the resulting complex was subjected to immunoblot
analysis using anti-JAK2 antibody. Reverse immunoprecipita-
tion was performed in which JAK2 was immunoprecipitated,
and the resulting complex was subjected to immunoblot anal-
ysis for TGase-1. As shown in Fig. 8A, JAK2 was detected in
TGase-1 immunoprecipitates, and treatment with MDC
decreased the amount of JAK2 associated with TGase-1.
TGase-1 was also detected in JAK2 immunoprecipitates, and
MDC treatment disrupted TGase-1 binding to JAK2 (Fig. 8B).
Thus, we suggest that TGase-1 interacts with JAK2 in cultured
RPTC, and this interaction is regulated by the TGase cross-
linking activity.
To determine whether TGase-1 regulates JAK2 phosphoryl-

ation, RPTC were treated with either MDC or TGase-1 siRNA,
and cellswere harvested for immunoblot analysis of JAK2phos-
phorylation using an anti-phospho-JAK2 (Tyr1007/1008) anti-
body. As shown in Fig. 8,C andD, treatment withMDCdid not
affect JAK2 phosphorylation. Similarly, TGase-1 siRNAdid not
alter the phosphorylation level of JAK2 even if it effectively
caused TGase-1 down-regulation (Fig. 4A). Collectively, these
data reveal that although TGase-1 is directly associated with
JAK2, it is unable to regulate JAK2 phosphorylation.

FIGURE 4. Effect of siRNA specific to TGase-1 on RPTC proliferation. RPTC
were transfected with scrambled siRNA or siRNA specific to TGase-1 and then
cultured for 48 h in DMEM with 0.5% FBS. A, cells were stimulated with 5% FBS
for 1 h in the presence of 1 mM BP. TG transamidation activity was analyzed as
described in the legend to Fig. 2. B, cells were incubated for an additional 48 h
in the presence of 5% FBS, and cell number was counted. C, cells were incu-
bated for an additional 48 h in the presence of 5% FBS and cell proliferation
was evaluated by counting cells with phospho-H3 staining. Data are means �
S.D. of three independent experiments conducted in triplicate and expressed
as the percentage of cells treated with scrambled siRNA or total cell number.
*, p � 0.05.

FIGURE 5. Effect of MDC on phosphorylation of Akt, and Stat-3 in RPTC.
A, RPTC were serum-starved for 24 h and then stimulated with 5% FBS for 1 h
(A) or 4 and 8 h (B) in the presence or absence of 100 �M MDC. Cell lysates were
analyzed by immunoblot analysis with antibodies against phospho-Akt, Akt,
phospho-Stat-3, or Stat-3. C, RPTC were transfected with scrambled siRNA or
siRNA specific to TGase-1 and then cultured for an additional 48 h in the
presence of 0.5% FBS. After stimulation with 5% FBS for 1 h, cell lysates were
analyzed by immunoblot analysis with antibodies against phospho-Akt, Akt,
phospho-Stat-3, or Stat-3. Representative immunoblots from three or more
experiments are shown.
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TGase-1 Is Required for Nuclear Accumulation of Stat-3 and
Stat-3 Transcriptional Activity—It has been reported that acti-
vated Stat-3 forms homo- or heterodimers and then translo-
cates into the nucleus, where they bind to specific DNA
response elements and regulate the expression of target genes.
To investigate the ability of TGase-1 to regulate the transcrip-

tional activity of Stat-3, we first
examined the effect of TGase-1
inhibition on Stat-3 nuclear trans-
location by immunofluorescent
microscopy. In the presence of
serum, Stat-3 accumulated in
nuclei, although a small amount of
Stat-3 was also observed in the
cytosol (Fig. 9A). Incubation of cells
with MDC resulted in a decrease in
nuclear Stat-3 and an increase in
cytosolic Stat-3. These data suggest
that TGase-1 activity is required for
nuclear accumulation of Stat-3.
Next, we examined the effect of

MDC on the transcriptional activity
of Stat-3 in RPTC by transfection
with p-IRF1-SIE-Luc, a luciferase
plasmid containing the consensus
DNA Stat-3 binding sequence for
the SIE fragment of the promoter
region ofmouse Irf1 gene. As shown
in Fig. 9B, the basal transcriptional

activity of Stat-3 was detectable in RPTC without serum treat-
ment, but the addition of 5% FBS increased the transcriptional
activity. Treatment with MDC caused a significant decrease in
Stat-3 transcriptional activity. As expected, inhibition of Stat-3
activation with AG 490 also decreased this response. We sug-
gest that TGase-1 mediates activation of the Stat-3 signaling
pathway.
Finally, we examined the effect of TGase-1 overexpression

on the transcriptional activity of Stat-3. RPTCwere transfected
with p-IRF1-SIE-Luc and Stat-3, together with JAK2 or/and
TGase-1. RPTC co-transfected with JAK2 and Stat-3 exhibited
an increase in transcriptional activity of Stat-3 compared with
those transfectedwith Stat-3 alone.Overexpression of TGase-1
in combination with JAK2 and Stat-3 further increased this
response. In contrast, overexpression of both TGase-1 and
Stat-3 without JAK2 did not alter Stat-3-dependent transcrip-
tional activity. These data are agreement with the above obser-
vations that TGase-1 induces activation of Stat-3 through a
JAK2-dependent mechanism, whereas TGase-1 itself does not
induce Stat-3 activation.
Inhibition of TGase-1 and Stat-3 Decreases Expression of

Cyclin D1 and Cyclin E in RPTC—Activated Stat-3 induces
genes that are involved in the control of cell cycle progression
and proliferation, such as cyclin D1 and cyclin E (34). If
TGase-1 induces cell proliferation via Stat-3 signaling, TGase-1
activity should be necessary for expression of these two cyclins.
Indeed, serum increased cyclinD1 andE levels and inhibition of
TGases with MDC decreased cyclin D1 and cyclin E in RPTC
(Fig. 10A). As a positive control, AG490 treatment also
decreased the expression of these two proteins in RPTC (Fig.
10B). To ensure the role of Stat-3 inmediating this response, we
also examined the effect of down-regulation of Stat-3 on
expression of these cell cycle proteins. As shown in Fig. 10C,
transfection of Stat-3 siRNA resulted in suppression of cyclin
D1 and cyclin E. Thus, the TGase-1-JAK2-Stat-3 signaling

FIGURE 6. Effect of the JAK/Stat-3 pathway inhibition on RPTC proliferation. RPTC were cultured for 24 h in
the presence of 5% FBS and then treated with AG490 at the indicated concentrations for an additional 24 h (A)
or 1 h (B). A, cell proliferation was assessed by the MTT assay. Data are means � S.D. *, p � 0.05, compared with
control group. B, cell lysates were subjected to immunoblot analysis with antibodies against phospho-Stat-3
and Stat-3. Representative immunoblots from three or more experiments are shown. RPTC were transfected
with scrambled siRNA or siRNA specific to JAK2 or Stat-3 and then cultured for 48 h in DMEM with 0.5% FBS
(C–F). Cells were incubated for an additional 48 h in the presence of 5% FBS, and cell proliferation was evaluated
by the MTT assay (C and E). Cells were stimulated with 5% FBS for 1 h, and cell lysates were analyzed by
immunoblot analysis with antibodies against phospho-Stat-3, JAK2 (D), Stat-3, or actin (F).

FIGURE 7. TGase-1 coexpression enhances JAK2-dependent phosphoryl-
ation of Stat-3. RPTC were transiently transfected with plasmids encoding
wild types of TGase-1, JAK2, or Stat-3, either alone or in different combina-
tions as indicated. After 48 h, the cells were harvested and Stat-3 was immu-
noprecipitated (IP) with an anti-Stat-3 antibody. Immunoprecipitates and cell
lysates were analyzed by immunoblotting with the indicated antibodies. Rep-
resentative immunoblots from three experiments are shown.
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pathway may regulate cell cycle progression and proliferation
through expression of cyclin D1 and cyclin E.

DISCUSSION

TGase-1 is one of the TGases that are involved in polymeri-
zation and aggregation of proteins via cross-linking glutamine
residues. Although it has been reported to be essential for epi-
dermal barrier formation, differentiation, and acceleration of
wound healing in the skin (2, 35), the functional significance of

this enzyme in other tissues is poorly understood. In this study,
we examined the role of TGase-1 in renal epithelial cell prolif-
eration and found that TGase-1 is uniquely expressed in renal
epithelial cells, and its inactivation/down-regulation decreased
the cell proliferation. Furthermore, we demonstrated that
TGase-1 regulates renal epithelial proliferation via a JAK2-Stat-
3-dependent mechanism.
The distribution and expression of TGases are tissue- and

cell type-specific (1). Since our preliminary data showed that
inhibition of TGase activity with MDC suppressed RPTC pro-
liferation and TGase-2 has been reported to be expressed in a
proximal tubular epithelial cell line derived from opossum kid-
ney (OK cells) (36), we initially thought that TGase-2 would be
the TGase that mediates RPTC proliferation. However, immu-
noblot analysis using three antibodies against TGase-2 failed to
detect TGase-2 in cultured RPTC. The reason for distinct
expression of TGase-2 in RPTC derived from different species
is not clear. To search for the MDC-responsive TGase(s) in

FIGURE 8. Inhibition of TGase-1 disrupts the interaction of TGase-1 with
JAK2 but does not affect serum-induced JAK2 phosphorylation. A and
B, RPTC were transiently transfected with plasmids encoding TGase-1 and
JAK2. TGase-1 was immunoprecipitated (IP) with an anti-TGase-1 antibody
and then analyzed with antibodies against JAK2 or TGase-1 (A). JAK2 was
immunoprecipitated with an anti-JAK2 antibody and then analyzed with anti-
bodies against TGase-1 or JAK2 (B). RPTC were treated with MDC (100 �M) for
1 h (C) or TGase-1 siRNA for 48 h (D) and then harvested for immunoblot
analysis with antibodies to phospho-JAK2 or JAK2. Representative immuno-
blots from three experiments are shown.

FIGURE 9. The role of TGase-1 in serum-stimulated nuclear accumulation
of Stat-3 and Stat-3 transcriptional activity. A, RPTC were cultured for 24 h
in DMEM/F-12 with 5% FBS in the presence or absence of 100 �M MDC and
then stained with anti-Stat-3 antibody and DAPI. B, RPTC were transfected
with p-IRF1-SIE-Luc and serum-starved for 24 h and then incubated with
DMEM alone, DMEM plus 5% FBS, or DMEM plus 5% FBS containing 100 �M

MDC or 10 �M AG490 for an additional 24 h. C, RPTC were transfected with
plasmids encoding wild types of TGase-1, JAK2, or Stat-3, either alone or in
different combinations as indicated and then incubated for 24 h with DMEM
plus 5% FBS. Cells were lysed, and equal amounts of protein were used to
evaluate the luciferase activity by dual luciferase reporter assay as described
under “Materials and Methods.” Data are means � S.E. of three independent
experiments conducted in triplicate and expressed as -fold increase relative
to controls. *, p � 0.05.

FIGURE 10. Effect of MDC, AG490, and Stat-3 siRNA on cyclin D1 and cyclin
E expression. A and B, RPTC were serum-starved for 24 h and then incubated
with 5% FBS for an additional 24 h in the presence or absence of 100 �M MDC
(A) or 10 �M AG490 (B). C, RPTC were transfected with scrambled siRNA or
siRNA specific to TGase-1 and then cultured for 48 h in DMEM with 5% FBS.
Cell lysates were subjected to immunoblot analysis with antibodies against
cyclin D1 and cyclin E. Representative immunoblots from three or more
experiments are shown.
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mouse RPTC, we examined the expression of TGase-1, -5, and
-7 using immunoblot analysis, because TGase-1 and -5 have
been identified in the kidney andTGase-7 iswidely expressed in
mammalian tissues (1, 3, 4). However, we only detected
TGase-1 in mouse RPTC. TGase-1 is expressed in two forms
(106 and 92 kDa). Because the 106 kDa band corresponds to the
soluble/cytosolic form of the protein and the 92 kDa band is a
membrane-anchored form (37, 38), our results suggest that in
renal epithelial cells, TGase-1 is present as both soluble and
membrane-anchored form. In agreement with this finding,
immunofluorescent staining displayed TGase-1 in both the
cytosol and the plasma membrane compartments in the same
culture, depending on the confluent status of RPTC.
Using specific siRNA targeting to TGase-1, we confirmed

that TGase-1 is the enzyme responsible for RPTC proliferation.
Since our and other studies (32, 39–41) have shown that phos-
phatidylinositol 3-kinase/Akt and Stat-3 pathways are neces-
sary for cell proliferation in epithelial cells, we also examined
the role of TGase-1 in activation of these signalingmolecules in
RPTC.We found that either inhibition of TGase-1 activity with
MDC or down-regulation of TGase-1 levels with siRNA
decreased phosphorylation of Stat-3, but phosphorylation of
Akt was not affected by these treatments.We therefore suggest
that TGase-1 regulates RPTC proliferation through a mecha-
nism involving activation of Stat-3 signaling pathway. In sup-
port of this idea, our data revealed that knockdown of Stat-3
with siRNA inhibited RPTCproliferation. Furthermore, inhibi-
tion of TGase-1 activity with MDC suppressed transcriptional
activity of Stat-3 and expression of Stat-3 target genes, cyclin
D1 and cyclin E, two cyclins that are critically involved in cell
cycle progression (34, 42). Conversely, overexpression of
TGase-1 enhanced Stat-3 transcriptional activity.
JAKs play an important role in activation of STAT proteins.

Activated JAK proteins can phosphorylate their associated
receptors to create docking sites for STAT proteins, including
Stat-3 (22). In this study, we demonstrated that inhibition of
JAK with AG490 or knockdown of JAK2 with siRNA blocked
phosphorylation of Stat-3 at Tyr705, a critical step for dimeriza-
tion and activation of Stat-3. Furthermore, overexpression of
JAK2 induced Stat-3 phosphorylation.We suggest that JAK2 is
critically involved in activation of Stat-3. However, it appears
that JAK2 is not sufficient to fully activate Stat-3, because co-
expression of TGase-1 was able to potentiate JAK2-dependent
Stat-3 phosphorylation and increase Stat-3 transcriptional
activity. On the other hand, JAK2 is indispensable for TGase-1
coupling to the Stat-3 pathway, because overexpression of
TGase-1 alone did not affect Stat-3 phosphorylation as well as
not altering the Stat-3 transcriptional activity. Furthermore,
our co-immunoprecipitation experiments revealed that
TGase-1 is directly associated with JAK2 but not with Stat-3.
Therefore, TGase-1 may act with JAK2 in activation of Stat-3
rather than function as a direct activator of Stat-3. Cooperation
between TGase-1 and JAK2 may be required for full activation
of Stat-3.
How TGase-1 interplays with JAK2 to activate Stat-3

remains unclear. Although it has been reported that TGase-2
has intrinsic kinase activity, being able to phosphorylate intra-
cellular proteins (7, 9), inhibition of TGase-1 by MDC or

TGase-1 siRNA did not affect phosphorylation of JAK2. Fur-
thermore, overexpression of TGase-1 did not alter serum-in-
duced JAK2 phosphorylation. These data suggest that TGase-1
cannot regulate JAK2 phosphorylation. Since TGase-1 is a
transmidating acyltransferase that cross-links glutamine with
lysine residues in other proteins, resulting in protein cross-link-
ing, and with lysine residue in the same proteins, resulting in
the formation of dimers or polymers (5, 11), it is possible that
TGase-1 regulates JAK2 function by modulating its association
with proteins that mediate activation of Stat-3. For example,
TGase-1 may mediate and/or stabilize the association of JAK2
with growth factor receptors, facilitating its actions to create
the docking sites for recruitment of Stat-3. TGase-1 resides in
the plasmamembrane, thereby being able to direct access to the
receptors (2). Another possibility is that TGase-1 may mediate
the cross-linking of JAK2 itself or with other JAK proteins,
resulting in formation of homodimers and/or heterodimers
and, in turn, increasing its stability. Both cross-linking and
ubiquitination use lysine residues for post-translational modi-
fications; it is possible that cross-linking of JAK2 by TGase-1 at
a specific lysine residue(s) prevents ubiquitin binding, thereby
avoiding or decreasing its degradation. In support of this
hypothesis, it has been reported that JAK2 degradation is reg-
ulated by the ubiquitin-proteasome pathway (43). Additional
studies are needed to test these hypotheses.
A recent study showed that the TGase-1 gene is activated at a

very early stage of wound healing following skin injury, and
deletion of the TGase-1 gene significantly delays wound repair
and recovery in grafted skin (2). Cutaneous wound healing is a
complex process involving cellmigration, proliferation, and tis-
sue remodeling. Renal recovery after injury follows a similar
process. During this process, renal epithelial cells capable of
surviving the initial injury transiently dedifferentiate and
migrate into the region of the denuded tubular basementmem-
brane, where they proliferate and redifferentiate, eventually
reconstituting a functional tubular epithelium (13, 14). Our
data showed thatTGase-1was expressed in renal epithelial cells
and mediated cell proliferation. In addition, TGase-1 cross-
linking activity has also been reported to be necessary formain-
tenance of the structural integrity of simple epithelial cells (3).
Therefore, TGase-1 may play an important role in facilitating
renal regeneration.
In summary, our data demonstrate for the first time that

TGase-1 is expressed and activated in cultured RPTC, and its
activation is required for cell proliferation. TGase-1-mediated
RPTC proliferation occurs through the JAK2-Stat-3 signaling
pathway,with JAK2 serving as the target forTGase-1 to activate
Stat-3. Since renal epithelial cell proliferation is a critical step
for renal regeneration, this study provides a new insight into the
mechanism of renal recovery following injury.
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