
Med. J. Cairo Univ., Vol. 87, No. 5, September: 3525-3534, 2019  
www.medicaljournalofcairouniversity.net  

Upregulation of Tissue Transglutaminase in Transforming Growth  
Factor-β  Induced Epithelial Mesenchymal TG2Transdifferentiation  

In Rat Tubular Epithelial Cells  

SANAA FADEL, Ph.D.** and RACHEL EMMA, M.D.*  

Sheffield Kidney Institute, University of Sheffield, Sheffield* and The Department of Microbiology, Faculty of Pharmacy,  

Cairo University, Cairo, Egypt**  

Abstract  

Background: Epithelial-Mesenchymal Transdifferentiation  
(EMT) is believed to be a key step in the course of glomerular  

and tubulointerstitial fibrosis. Many of the regulators of this  

process have been identified and Transforming Growth Factor-
β  (TGF-β ) plays a central role. Tissue transglutaminase (TG2)  
has a crucial role in extracellular matrix formation and stabi-
lization.  

Aim of Study: This study was designed to explore whether  
TG2 is essential in EMT induced by TGF- β  in renal tubular  
epithelial cells.  

Material and Methods: EMT was achieved by treating  
NRK52-E renal tubular epithelial cells with high concentration  

of rhTGF-β  (10ng/ml) for 24, 48 and 72h. Development of  
mesenchymal cell markers Fibroblast Specific Protein (FSP-
1) and α  Smooth Muscle Actin (α-SMA) and decrease in  
tubular epithelial cell surface marker E-Cadherin were used  
to confirm EMT. The NTU283; TG2 inhibitor was used for  

the inhibition assays. TG2 activity was quantified using a  
14C putrescine incorporation assay. Protein expression and  

localisation of different markers were assessed by western  

blot and immunofluorescent dual immunofluorescent staining.  

Phase analysis was used to quantify the amount of staining  

for each of the markers used.  

Results: A significant increase in TG2 activity and protein  
expression were both observed with TGF-β  induced transdif-
ferentiation at 48h. This observation was associated with loss  
of epithelial cell marker E-Cadherin and appearance of intra-
cellular α -SMA and FSP-1, characteristic of myofibroblasts.  

Dual staining showed high TG2 levels in cells (0.254 ±0.07),  
compared to the control (0.02±0.008). This also showed loss  
of epithelial phenotype, decrease of E-cadherin and acquisition  

of myofibroblast characteristics α -SMA (0.671 ±0.13) com-
pared to the control (0.076 ±0.016) and FSP-1 (0.492±0.017)  
compared to control (0.03 ±0.017). Cells also demonstrated  
high degree of co-localization of Collagen I (ColI) and α -
SMA with TG2. The NTU283; TG2 inhibitor ameliorated  
TGF-β  induced EMT. This was also associated with changed  
pattern of collagen I and α -SMA co-localization.  

Conclusion:  This data demonstrated upregulation of TG2  
during the process of TGF- β  induced EMT. TG2 inhibitor  
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showed non-significant reduction of both TG2 and mesenchy-
mal markers but demonstrated changes in the molecular  
configuration of mesenchymal markers α -SMA and Col I,  
raising the possibility of a role of TG2 in EMT.  

Key Words:  TG2 – Epithelial-mesenchymal transformation – 
EMT – Transforming growth factor- ≤1 (TGF-≤1)  
– CKD – Renal fibrosis.  

Introduction  

MESENCHYMAL  transformation of tubular ep-
ithelial cells into myofibroblastic phenotype in  

response to kidney injury plays a crucial role in  
the initiation and progression of kidney fibrosis  
[1] . EMT is regulated by growth factors and cy-
tokines. The growth factor TGF- β 1 has a central  
role in this process and is thought to be the major  
growth factor initiating EMT [2-4] . TG2 belongs  
to family of transglutaminase enzymes that catalyse  

the covalent crosslinking of proteins by formation  

of new iso-di peptide bonds. This multifunctional  

protein is involved in a variety of biological proc-
esses, including cell differentiation, death, inflam-
mation, migration, and tissue fibrosis [5] . Transam-
idating activity of TG2 has a tumor-suppressive  
function in healthy cells by stabilizing Extracellular  
Matrix (ECM), but an oncogenic potential in ma-
lignant cells [6] . The expression level of TGM2  
was 25-fold higher in tumorigenic cells than non-
tumorigenic cells [7] . Their work further revealed  
that knockdown of TGM2 inhibited cell metastatic  
abilities by down-regulating N-cadherin and vi-
mentin and up-regulating E-cadherin.  

It has been shown that aberrant expression of  
TG2 is associated with loss of epithelial cell marker  

E-cadherin and upregulation of mesenchymal cell  
markers, such as fibronectin, vimentin, N-cadherin  

in the course of EMT [8] . TG2 is also known to  
stimulate tissue fibrosis through TGF- β  activation.  

3525  

http://www.medicaljournalofcairouniversity.net
mailto:sanfadel@gmail.com


3526 Tissue Transglutaminase & EMT  

In TG2 knockout mice, free active TGF- (3  was  
significantly decreased compared to wild type mice  
in response to ureteric obstruction [9] . Whether  
this effect on tissue fibrosis is mediated through  

EMT or not is unclear. It has long been recognised  
that TG2 plays a key role in the crosslinking of  
the TGF- (3 1 latent complex to the ECM. Such a  

TG2-mediated binding is a key step in the exposure  
of TGF- (3 1 to proteolytic enzymes and its activation  
[10] .  

Elevated TG2 expression has been strongly  
associated with RCC progression in terms of cell  

survival, invasion and migration [11] . More inter-
estingly, Nyabam et al., [12]  showed that increased  
TG2 expression in normal and cystic fibrosis bron-
chial epithelial cells increased TGF (3 1 levels, pro-
moting EMT progression, and suggested TG2 may  
provide a potential prognostic and therapeutic tool.  

This work aims to study the role of TG2 in  
TGF- (3  induced renal EMT and explores whether  

TG2 is upregulated in the course of this process.  

We also explored the effect of inhibition of TG2.  

Material and Methods  

This study was conducted in Sep. 2017 in Shef-
field Kidney Institute, University of Sheffield, UK.  

Cell culture and TGF-(3  treatment: The well-
characterised normal rat kidney epithelial cell line  
NRK52E (American type Culture collection) were  

used to asses EMT. NRK52E cells were grown in  
DMEM containing 1% L-Glutamine and supple-
mented with 5% FCS and 1% antibiotic/ antimy-
cotic solution (Invitrogen, Burlington, ON). Cells  
were grown to 80% confluency, serum starved for  
24h and treated with 10ng/ml rhTGF- (3  (R & D  
Systems) for 72h.  

Immunofluorescent staining: Immunofluores-
cent staining was performed using established  
procedures on epithelial cells cultured on coverslips.  

Briefly, control and TGF- (3  stimulated NRK52E  
cells were washed in Phosphate-Buffered Saline  
(PBS) three times and fixed in ice cold methanol  
acetone (7:3) for 10min. The cells were allowed  

to air dry for 10min and either stored at –20ºC or  

rehydrated for 10min in PBS. Coverslips where  

then blocked in 5% BSA for 15min and washed in  
PBS. Cells where incubated with primary antibod-
ies, which was either monoclonal anti-E-Cadherin  
(1:100, BD Transduction Laboratories), monoclonal  
anti-a -SMA clone 1A4 (1:100, Sigma-Aldrich),  
Polyclonal anti-FSP 1 (1:200, S 1 00A4, Dako),  
Monoclonal anti-TG Antibody (1:100 Transglutam-
inase II Ab-2 Clone TG100, Thermo Scientific) or  

monoclonal antibody to Collagen I (1:100, Abcam).  

This was incubated overnight at 4ºC. Coverslips  
where then washed and incubated with the appro-
priate secondary FITC-conjugated antibody.  

Dual staining was performed using an initial  
incubation with a primary antibody overnight at  
4ºC. Coverslips where then washed and incubated  

with the appropriate secondary FITC-conjugated  
antibody. This was followed by washing and incu-
bation with a TxRed-conjugated primary antibody  
overnight at 4ºC. Coverslips where then washed  

and incubated with the appropriate secondary  

TxRed-conjugated antibody for 1h at RT. Negative  
controls for all antibodies included incubation of  

sections with serum without induction with TGF- 
(3 1.  

Transglutaminase activity: Treated NRK52E  
cells were removed with 1x trypsin EDTA and  

centrifuged at 800 rpm for 5 min. The resultant  

pellet was washed with PBS and cells were resus-
pended in 100µ l of STE buffer (0.32M sucrose,  
5mM Tris, 1mM EDTA) containing protease inhib-
itors phenylmethylsulfonyl fluoride (1mM), benz-
amidine (5mM) and leupeptin (10 µ g/ml). Trans-
glutaminase activity was then determined by the  

Ca
2+-dependent incorporation of [1, 4- 14C] pu-

trescine (Amersham, Biosciences) into N, N'- 
dimethylcasein as previously described [13] . Results  
were corrected to units/mg of protein (1 unit equals  

1nmol of putrescine incorporated per hour at 37ºC).  

Western blot: NRK52E cells were lysed in  
buffer containing 50mM Tris, 0.14M NaCl, 0.4%  
Triton X-100 and mini protease inhibitor tablet  

(Roche). Protein concentrations were determined  

using a protein kit based on the lowry method  
(Bio-Rad). Twenty mg of protein was separated  
on a 7.5% SDS- polyacrylamide gel and the proteins  

electrotransferred to a nitrocellulose membrane.  

Membranes were blocked in 10% skimmed milk  

and primary antibody was added i.e. anti-TG2,  
anti-E-Cadherin (Transduction Laboratories, KY)  

and anti-a -SMA (Sigma-Aldrich, UK) at concen-
tration of 1:100, 1:250 and 1:500 respectively in  
5% milk/TBST O/N at 4ºC. Membranes were  
washed in TBST for 5 minutes for 3 washes. Sec-
ondary antibody was added 1:20,000 in 5%  
milk/TBST for 1h. The membranes were washed  
as previously and the signal was visualised by  
enhanced chemiluminescence system (ECL, Am-
ersham).  

Transglutaminase inhibitor NTU283: NRK52E  
cells were grown in 6 well plates until 80% con-
fluency was achieved. Cells were serum starved  
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for 24h and pre-treated with the TG2 inhibitor  
NTU283 (400µM) for 2h. Cells were then stimu-
lated with TGF-β  (1 0ng/ml) for 72h. A TG2 activity  
assay was performed and cell surface examination  
using immunofluorescent dual staining.  

Statistical analysis:  
Results are expressed as mean ±  Standard De-

viation (SD). Statistical difference was assessed  
by Analysis of Variance (ANOVA) followed by t-
test or Mann-Whitney U depending on data distri-
bution. A p-value <0.05 was considered to be  
significant.  

Results  

Phase contrast microscopy showed morpholog-
ical changes in NRK52E cells following TGF- β  

treatment. Fig. (1A) demonstrates that NRK52E  
produced classical epithelial cobble stone morphol-
ogy. When induced with TGF- β  for 72h, there was  
some cell loss, while remaining cells demonstrated  
spindle fibroblast-like morphology (1B). In parallel,  
induced cells displayed a marked reduction in the  
epithelial marker E-Cadherin shown by immun-
ofluorescent staining (1C,D) and western blot  
analysis (86% reduction, compared to control).  
Western blot also demonstrated an increase in the  

expression of α -SMA (600% increase, in compar-
ison to control). An increase in TG2 enzyme ex-
pression was shown over 72h (over double the  
amount produced in control). This was associated  
with a significant increase in TG2 activity as  
assessed by putrescine incorporation assay. Results  
were taken from three independent experiments  
(data not shown).  

α -SMA TG2 E-Cadherin  

Control  24 48 72  
Time (h)  

Control  24 48 72  
Time (h)  

Control  24 48 72  
Time (h)  

Fig. (1): Morphological changes in NRK52E following TGF-β  treatment. (A) Control NRK52E cells. (B) NRK52E cells induced  

with TGF-β  (1 0ng/ml) for 72h. (C, D) Assessment of E-Cadherin using immunoflurescent staining and western blotting.  

Western blotting was also used to quantify the change of SMA and TG2. Results are expressed as adjusted volume  

ODmm2  taken from three independent experiments ±  SEM (*p<0.05).  
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Dual immunofluorescent staining was used to  
examine the increase of FSP1 and α -SMA in fi-
broblasts, and detect their co-localization. Induction  

with 1 0ng/ml of TGF-β  revealed a marked increase  
of FSP-1 Fig. (2D), in comparison to control Fig.  

(2A). This showed a typical pattern of FSP-1 stain-
ing widely diffused in the cytoplasm and found to  

be statistically significant (p<0.05) Fig. (5A).  
Alpha-SMA considerably increased upon stimula-
tion with TGF-β  (p<0.001) Fig. (5B), with most  
of positive α -SMA showing typical fibril structure  
Fig. (2E). Double staining revealed that FSP1 co-
localized with α -SMA in most fibroblasts Figs.  

(2F, 6A), with more than 60% of the total cells co-
localised, compared to only 5% in the control cells  

(p<0.001). Treatment with NTU 283 inhibitor did  
not really affect degree of co-localisation Fig. (2I),  

but showed a change of the distribution of FSP-1  
in the cells, being focused at certain points at the  

cells rather than homogenously distributed Fig.  
(2G). FSP-1 showed only 20% decrease, which  
was found to be non significant (p>0.05) Fig. (5A).  
Alpha-SMA also showed no significant decrease  
Fig. (5B). However, the structure of fibrils largely  
deteriorated, and most of α -SMA lost the typical  
fibril structure Fig. (2H).  

FSP1 (TxRed)  α -SMA (FITC) Merged FSP1-α -SMA  

Fig. (2): Dual immunofluorescent staining of α -SMA and FSP1 in NRK52E cells treated with TGF- β . NRK52E cells were  
treated with TGF- β  (10ng/ml) for 72h. Cells were initially stained with anti- α -SMA antibody conjugated to FITC and  
then repeat staining performed using an anti-FSP1 antibody and a secondary antibody conjugated to TxRed. Another  

experiment was performed following addition of 400µM of NTU 283 inhibitor. Magnification 400x.  

Dual staining was also used to examine the  

change of shape and quantity of TG2 and α -SMA,  
and their co-localization. This denoted an increase  

in the amount of TG2 (p<0.01) Figs. (3D, 5D),  
and α -SMA (p<0.001) Figs. (3E, 5B). Most of  
TG2 positive cells showed co-localisation with α - 

SMA, which was found highly significant (p  
<0.001) Figs. (3F, 6B). The distribution of TG2  
showed a homogenous pattern around the cells.  

Treatment with NTU 283 inhibitor had some in-
hibitory effect on TG2 Fig. (3G), which was found  
to be non-significant Fig. (5D). However, the  
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distribution changed and was mainly focused at  

one point over the nucleus.  

The same staining technique showed that COLI  
and α -SMA exhibited a considerable increase in  

the amount of COLI Fig. (4D), with most of COLI  
localized around the nucleus. Only occasional  
COLI was expressed in normal kidney tissue Fig.  

(4A). Co-localisation could be seen in around 70%  

Fig. (4F) and found to be highly significant Fig.  
(6C). Upon treatment with NTU 283 inhibitor, the  
amount of neither α -SMA nor COLI was signifi-
cantly affected (p>0.05) Fig. (5B,C), but it dem-
onstrated a change of COLI distribution, which  
was mainly pushed away towards the nucleus Fig.  
(4G,I).  

COLI (TxRed)  α -SMA (FITC) Merged COLI-α -SMA  

Fig. (3): Dual immunofluorescent staining of α -SMA and TG2 in NRK52E cells treated with TGF- β . NRK52E cells were treated  
with TGF-β  (10ng/ml) for 72h. Cells were initially stained with anti- α -SMA antibody conjugated to FITC and then  
repeat staining performed using an anti-Tg antibody and a secondary antibody conjugated to TxRed. Another experiment  
was performed following addition of 400µM of NTU 283 inhibitor. Magnification 400x.  

COLI (TxRed)  α -SMA (FITC) Merged COLI-α -SMA  
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COLI (TxRed)  α -SMA (FITC) Merged COLI-α -SMA  

Fig. (4): Dual immunofluorescent staining of α -SMA and COLI in NRK52E cells treated with TGF-β . NRK52E cells were  
treated with TGF-β  (10ng/ml) for 72h. Cells were initially stained with anti-α -SMA antibody conjugated to FITC  and  
then repeat staining performed using an anti-COLI  antibody and a secondary antibody conjugated to TxRed.  Another  
experiment was performed following addition of 400µM of NTU 283 inhibitor. Magnification 400X.  

FSP-1 α-SMA  

COLI  

Control With TGFB1 NTU283  

TG2  

Control With TGFB 1 NTU283  

Fig. (5): Quantification of FSP-1, α -SMA, COLI and TG2. Phase analysis was used for quantification in control cells, cells  

induced with 10ng/ml TGF- β 1 for 72h and following addition of 400µM of NTU 283 inhibitor.  



%
 o

f c
el

ls 

100  
90  
80  
70  
60  
50  
40  
30  
20  
10  
0  

%
 o

f c
el

ls 

100  
90  
80  
70  
60  
50  
40  
30  
20  
10  
0  

%
 o

f c
el

ls 

100  
90  
80  
70  
60  
50  
40  
30  
20  
10  
0  

%
 o

f c
el

ls 

100  
90  
80  
70  
60  
50  
40  
30  
20  
10  
0  

*** 
(A)  

***  
(C)  

***  

(D)  

Sanaa Fadel & Rachel Emma 3531  

FSP1-SMA  

% FSP1 % SMA % co-localization  

COLI-SMA  

TG2-SMA  

% SMA % TG2 % co-localization  

COLI-TG2  

(B)  

***  

% COLI  % SMA % co-localization  % COLI % TG2 % co-localization  

Control With TGFβ 1  

Fig. (6): Estimation of co-localisation of cells following TGF- β  induction. Co-localisation was expressed as percentage of cells  
relative to the total number of cells.  

Discussion  

EMT and extracellular matrix deposition are  
both crucial in the course of renal fibrosis. In this  
piece of work, we investigated the effect of induc-
tion of rat kidney cells with TGF- β  and the link to  
TG2 expression and activity. In our experiments,  

NRK52E cells induced with TGF-β  over 72h dem-
onstrated characteristics associated with the EMT  
phenotype i.e. change in cell morphology, losing  
the characteristic tubular shape. This was associated  

with cells loss of epithelial marker E-Cadherin and  
acquisition of the fibroblast cell markers α -SMA  
and FSP-1; which are typical features of epithelial  
mesenchymal transdifferentiation.  

FSP-1 is a fibroblast-specific protein and is  
expressed by tubular epithelial cells that undergo  
EMT [14] . Therefore, one of the markers of fibrob-
last formation is the expression of FSP1 [15] . Our  
work showed that induction with TGF- β  revealed  
increase of FSP-1 considerably, in comparison to  
control. Dual staining revealed that FSP1 co-
localized with α -SMA in more than 68% of the  
total cells.  

Immunoflourescence staining of TGF- β  induced  
cells showed over ten times increase in the amount  
of TG2 relative to control. Dual staining indicated  
that cells with high TG2 levels demonstrated loss  
of epithelial phenotype, but gained fibroblast char-
acteristic marker α -SMA. More than 70% of the  
total cells showed co-localization of TG2 and α -
SMA. This established that cells overexpressing  
TG2 were exclusively α -SMA positive confirming  
a direct association between changes in TG2 and  
the development of an EMT phenotype. Cells also  
demonstrated co-localization of TG2 with collagen  
I which was found to be highly significant. A  
significant increase in TG2 activity and protein  
expression could be detected with TGF- β 1-induced  
cells, even at 24 and 48h. This correlated with the  
loss of E-Cadherin and increase in α -SMA, FSP-
1 and Col-I.  

On the other hand, cells treated with TG2 in-
hibitor (NTU283) were investigated for any changes  
in EMT. Although NTU283 resulted in a non-
significant inhibition, the TG2 inhibitor could  
ameliorate the induction of EMT, with most of  
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α -SMA lost the typical fibril structure and change  
the pattern of collagen I co-localization. This might  

denote that TG2 mediated changes may not be  
reversible. Change in staining pattern of α -SMA  
and COLI after inhibitor treatment with loss of the  
homogenous distribution and fibrillary pattern  

might reflect some inhibitory effect on TG2 bio-
logical activities. Our data western blots showing  

increased TG2 expression and activity assays with  

Increased transglutaminase activity was parallel  

to the increase in mesenchymal cell markers  α -
SMA, COL I and FSP-1 and their co-localisation.  

This confirms the strong association between TG2  

and EMT. In contrast, Yamaguchi et al., (2017)  

confirmed that Transglutaminase 2 upregulated in  

primary hepatocellular carcinoma, but suggested  

that TG2 might contribute to early HCC recurrence  

through signalling pathways not related to EMT  

and integrin signalling [16] .  

Role of TG2 in EMT was extensively studied  
in cancer biology but to a less extent in the context  

of renal EMT. Using mammary epithelial cell lines,  
Kumar and colleagues were able to demonstrate  

the important role of TG2 in promoting EMT [8] .  
TG2-induced EMT was also observed in ovarian  
cancer cells [17] . Consistently, TG2 was shown to  
activate NF-κB in the mouse RCC cell line RenCa,  
resulting in the subsequent induction of EMT, in  

a GTP-binding manner [18] . elevated TG2 expres-
sion has been strongly associated with RCC pro-
gression in terms of cell survival, invasion and  

migration [11] . Upregulation of TG2 in NRK52E  
renal tubular epithelial cell line in conjunction  

with increased TG2 activity in our work is consist-
ent with these findings.  

TG2 is also known to enhance β -catenin tran-
scriptional activity and the latter is important in  

cell-cell junction complexes by attaching to Cad-
herins [19] . Cell-cell junction disruption is an  
important step in the course of EMT. TG2 switching  

of E-cadherin to N-cadherin is another proposed  

mechanism in the course of TGF- β  induced EMT  
[20] . Loss of epithelial cell marker E Cadherin was  
evident in our results.  

Inhibition experiments using TG2 inhibitor  

(NTU283) were investigated for any changes in  
EMT. This resulted in a non-significant inhibition,  
but demonstrated clear changes in cells morphology  

and co-localisation. This might denote that TG2  

mediated changes may not be reversible. TG2  

expression correlated with tumour advancement  

and expression of markers of epithelial-
mesenchymal transition in colorectal cancer patients  

[21] . However, in contrast to our results, TG2  
knockdown or inhibition reversed EMT.  

The existing controversy on the role of TG2 in  
cancer progression makes it difficult to develop  

efficient therapeutic strategies. Whether TG2 acts  

as a tumour suppressor or oncoprotein seems to  

depend on the cell type and context [22] . Taken  
altogether, our findings confirm the role of TG2  

in renal EMT in vitro. However, further research  
need to be performed to further clarify and define  

the exact actions of TG2 in this process.  
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