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Abstract. Transforming growth factor-β (TGF-β) has a signif-
icant role in the response to injury and tissue repair, and it has 
been detected in various cell types. However, the mechanism by 
which it regulates the response to ischemia‑reperfusion injury 
(IRI) and manipulates natural killer (NK) cells is not well 
understood. In the present study, TGF‑β modulated NK cell 
function, thereby promoting recovery from renal IRI. Human 
renal proximal tubular epithelial cells (HK‑2) treated with 
TGF‑β exhibited increased surface and intracellular expres-
sion of the NK group 2 member D (NKG2D) ligand MICA. 
This increased surface expression of MICA inhibited NK cell 
cytotoxicity to the HK‑2 cells. In addition, an enzyme‑linked 
immunosorbent assay revealed that TGF‑β treatment evidently 
increased the amount of soluble MICA released into the culture 
supernatant from HK‑2 cells. Taken together, these findings 
suggest that TGF‑β‑induced release of soluble MICA leads to 
downregulation of NKG2D, thereby preventing NK cell‑medi-
ated cytotoxicity toward renal proximal tubular epithelial cells 
in renal IRI, which in turn improves the survival of these cells.

Introduction

Ischemia‑reperfusion injury (IRI), in particular renal IRI, is 
an unavoidable event and a critical clinical problem in organ 
transplantation. Renal IRI is a major cause of kidney graft 
dysfunction eventually leading to graft loss (1,2). IRI is also 
involved in graft malfunction following transplantation in 
cardiac and aortic surgery (3,4). The physiological response of 
tubular epithelial cells (TECs) has a pivotal role in kidney IRI 
etiology (5‑7), which involves a cascade of events, including 
oxidative stress and inflammation that in turn trigger wound 
healing by restoration of blood flow to the ischemic tissue (6,8). 
Following ischemia, oxidative stress leads to the production of 
tumor necrosis factor‑α and interferon‑γ, cytokines associated 
with TEC injury (9,10). Following exposure to these cytokines, 
TECs trigger kidney malfunction (5,6).

Accumulating evidence suggests that kidney IRI is 
a complex event involving innate and adaptive immune 
cells, including cluster of differentiation 4+ (CD4+) T cells, 
B  cells, resident dendritic cells, natural killer (NK) cells 
and neutrophils (11‑13), although kidney IRI can develop in 
T and B cell‑deficient Rag1‑/‑ mice (14,15). The present study 
focused on the role of innate immune cells, specifically NK 
cells, in renal IRI. Normally, NK cells recognize and lyse 
virus‑infected and tumor cells; however recently, NK cells 
have been shown to be involved in renal IRI through direct 
killing of TECs (16,17). In mice, induced expression of the NK 
group 2 member D (NKG2D) ligand Rae‑1 on TECs has been 
observed during kidney IRI (18). From these observations, NK 
cells appear to be major participants in kidney IRI.

NK cell activity is triggered by its recognition of a target 
cell through integration of signals from inhibitory and acti-
vating receptors (19,20). For example, activation of NK cells 
is dependent on NK cell expression of NKG2D, an activating 
receptor, and tumor cell expression of NKG2D ligands, 
together with the presence of a danger signal, such as cellular 
stress and/or viral infection  (21). In humans, the NKG2D 
ligands major histocompatibility complex class I‑related chain 
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molecules A and B (MICA/B) and UL16‑binding proteins 
(ULBPs), are upregulated in response to various signals, 
including cellular and genotoxic stress, but are not expressed 
under normal conditions. The interaction of MICA/B and 
NKG2D on NK cells triggers the cytotoxic function of NK 
cells. Thus, NKG2D ligands are considered useful therapeutic 
targets for the elimination of tumor and virus‑infected cells 
by NK cells (22,23). Certain studies have reported that tumor 
cells can produce transforming growth factor‑β (TGF‑β) 
leading to a decrease in surface NKG2D expression on NK 
and CD8+ T cells (24,25).

TGF‑β is a well‑characterized cytokine that can induce 
cell apoptosis, proliferation and differentiation (26). Certain 
studies of renal IRI have found that TGF‑β expression is 
strongly induced in renal tubules, as well as in biopsies of 
kidney grafts following ischemic injury (27,28). In addition, 
several studies have reported that TGF‑β detected in TECs was 
a signal indicating recovery in post‑ischemic kidneys (29,30); 
however, the functional implications of upregulated TGF‑β 
expression in TECs during renal IRI are not clear.

Notably, certain previous studies have reported that TECs 
produce TGF‑β following renal IRI, suggesting that TGF‑β 
may inhibit NK cell activation via downregulation of the 
NKG2D receptor. By contrast, other studies have shown that 
NK cells kill TECs through upregulation of NKG2D ligands 
during renal IRI (18,31). On the basis of these observations, 
we hypothesized that TGF‑β regulates NKG2D ligand expres-
sion in renal IRI. In the present study, whether the expression 
of NKG2D ligands on human TECs (HK‑2) is regulated by 
TGF‑β was investigated. The functional consequences of 
TGF‑β‑induced NKG2D ligand expression on TECs during the 
interaction between TECs and NK cells were also evaluated. 
The results of the present study examining TGF‑β modula-
tion of the NK cell‑TEC interaction in renal IRI may lead to 
novel insights and useful therapeutic approaches to treat renal 
inflammatory injury, including renal transplantation.

Materials and methods

Cell culture and reagents. The human renal proximal TEC 
line (HK‑2) was purchased from American Type Culture 
Collection (Manassas, VA, USA) and cultured in Dulbecco's 
modified Eagle medium (Invitrogen, Carlsbad, CA, USA) 
with non‑essential amino acids, 0.05 mg/ml bovine pituitary 
extract, 50  ng/ml human recombinant epidermal growth 
factor, 100  U/ml penicillin, 100  µg/ml streptomycin and 
10% fetal bovine serum (FBS) under a 5% CO2 atmosphere 
at 37˚C. NK92‑MI cells were cultured in α‑modification of 
Eagle's Minimum Essential medium supplemented with 2 mM 
L‑glutamine, 0.2 mM inositol, 20 mM folic acid, 12.5% FBS 
and 12.5% horse serum. Anti‑NKG2D antibodies (#FAB139A) 
and anti‑NKG2D ligand antibodies (#MAB13001, #MAB1380, 
#MAB1298, #MAB1517) were purchased from R&D Systems 
(Minneapolis, MN, USA).

Isolation and culture of human peripheral blood lympho‑
cytes. Peripheral blood lymphocytes (PBLs) from buffy coats 
of healthy donors were prepared by Ficoll‑Hypaque density 
gradient centrifugation (GE Healthcare, Little Chalfont, UK). 
The study was approved by the Institutional Bioethics Review 

Board at the Medical College of Inje University (Busan, Korea), 
and all the donors provided informed written consent prior to 
their participation in the study. Cells were stimulated with 
human interleukin (IL)‑2 (500 U/ml; a quantity commonly used 
to stimulate primary NK cells) for cytokine production (32).

Flow cytometry analysis. Surface antigen fluorescence‑acti-
vated cell sorting (FACS) analysis was performed to detect 
NKG2D ligands on HK‑2 cells. Cells were washed twice with 
ice‑cold phosphate‑buffered saline (PBS), and incubated with 
mouse anti‑MICA antibody  (#MAB13001) or anti‑human 
ULBP monoclonal antibodies [anti‑ULBP1  (#MAB1380), 
anti‑ULBP2  (#MAB1298) and anti‑ULBP3  (#MAB1517); 
R&D Systems} for 30 min on ice. After 2 washes, cells were 
incubated with an appropriate fluorescein isothiocyanate 
(FITC)‑conjugated secondary antibody diluted in PBS 
for 30 min on ice and analyzed using a FACSCalibur flow 
cytometer.

Intracellular FACS analysis was performed to detect intra-
cellular NKG2D ligand protein levels in HK‑2 cells. Cells were 
washed twice with ice‑cold PBS containing 0.05% bovine 
serum albumin (BSA) and 0.02% sodium azide (PBS‑BSA), 
and were fixed in 2% paraformaldehyde in PBS for 15 min 
on ice. The cells were subsequently washed once in cold 
PBS‑BSA, and resuspended in PBS containing 0.1% saponin 
and 0.05% sodium azide (permeabilization buffer) for 15 min, 
followed by incubation with anti‑MICA and anti‑ULBPs 
antibodies for 30 min on ice. Following 2 washes, cells were 
incubated with an appropriate FITC‑conjugated secondary 
antibody in permeabilization buffer for 30  min on ice. 
Samples were analyzed using a FACSCalibur flow cytometer 
(BD Biosciences, Franklin. Lakes, NJ, USA).

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
RNA was isolated from HK‑2 cells using RNeasy (Qiagen, 
Valencia, CA, USA), according to the manufacturer's instruc-
tions, and reverse transcribed into cDNA. The following 
primers were used for PCR amplification: TGF‑β sense, 
5'‑GCC CTG GAC ACC AAC TAT TGC‑3' and antisense, 
5'‑GCT GCA CTT GCA GGA GCG CAC‑3'; and MICA 
sense, 5'‑TGC TTC TGG CTG GCA TCT TC‑3' and antisense, 
5'‑TAG TTC CTG CAG GCA GTC TG‑3'. Cycling conditions 
for MICA and TGF‑β were 1 min at 94˚C, 1 min at 60˚C and 
1 min at 72˚C for 32 cycles. β‑actin was amplified as a control 
using a sense, 5'‑GTG GGG CGC CCC AGG CAC CA‑3' and 
antisense primer, 5'‑CTC CTT AAT GTC ACG CAC GAT 
TTC‑3'; in the RT‑PCR experiments. Cycling conditions for 
β‑actin were 1 min at 94˚C, 1  min at 55˚C and 1 min at 72˚C 
for 25 cycles. The PCR products were analyzed by ethidium 
bromide‑stained 1.2% agarose gel electrophoresis

Small interfering RNA (siRNA) transfection. TGF‑β expres-
sion was blocked by siRNA. Cell transfection was performed 
using Lipofectamine 2000 (Invitrogen) for 48 h. The siRNA 
sequences were as follows: TGF‑β siRNA sense, 5'‑CAG AGU 
ACA CAC AGC AUA U‑dTdT‑3' and antisense, 5'‑AUA UGC 
UGU GUG UAC UCU G‑dTdT‑3'; and non‑related control 
siRNA (GL3‑luciferase) for TGF‑β siRNA transfection sense, 
5'‑AGG GAU ACA UAC GUG CAC G‑dTdT‑3' and antisense, 
5'‑CGU GCA CGU AUG UAU CCC U‑dTdT‑3'. RT‑PCR 
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was performed to determine the level of silencing following 
transfection.

NK cell cytotoxicity assays. NK cell cytotoxic activity was 
determined by calcein‑AM assays, as previously described (33). 
Briefly, target cells were washed twice with PBS and incubated 
with 5 mM calcein‑AM (Molecular Probes, Eugene, OR, USA) 
in serum‑free RPMI‑1640 medium for 10 min at 37˚C. Labeled 
target cells were distributed into U‑bottom microtiter plates 
at a concentration of 2x104 cells/well. Effector cells (PBL or 
the NK92MI NK cell line) were added at various effector 
to target ratios in quadruplicate. Target cells (HK‑2 cells) 
in complete RPMI‑1640 medium alone were used to deter-
mine spontaneous calcein‑AM retention. Maximal lysis was 
determined by solubilizing 3 wells of the target cells in lysis 
buffer (0.1% Triton X‑100). After incubation for 5 h, the assays 
were analyzed using a fluorescence reader. The percentage 
of specific cytotoxicity was calculated as follows: % specific 
release = [(retention of experimental well ‑ retention of spon-
taneous well)/(retention of maximal lysis well ‑ retention of 
spontaneous well)] x100.

Enzyme‑linked immunosorbent assay (ELISA). The concen-
trations of TGF‑β and soluble MICA in culture supernatants 
were determined using human TGF‑β and MICA ELISA kits 
(R&D Systems) following the manufacturer's instructions. 
Briefly, cell culture supernatant was added to microplate 
wells coated with either anti‑TGF‑β or anti‑MICA antibody. 

After incubation with the cultured supernatant for 2 h, the 
wells were washed 4 times with washing buffer. Horseradish 
peroxidase‑conjugated detection antibodies were added for 
2 h, followed by the addition of the substrate solution for 
30 min. Samples were read at 450 nm with an ELISA reader 
(Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism (GraphPad Software, La Jolla, CA, USA). 
Student's t‑test was used for assessing statistical significance 
for comparisons between two groups. Intergroup differences 
were assessed by one‑way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

TGF‑β enhances MICA expression on renal proximal TECs. 
To evaluate NKG2D ligand expression in human renal 
proximal tubular epithelial (HK‑2) cells, surface and intracel-
lular expression of MICA and ULBP was analyzed. HK‑2 cells 
expressed MICA, ULBP2 and ULBP3, but not ULBP1, on the 
cell surface. However, all these NKG2D ligands were detected 
intracellularly (Fig. 1A).

Several studies have reported TGF‑β expression in 
renal proximal TECs (30), and in general, TGF‑β has been 
shown to inhibit NK cell function via downregulation of 
NKG2D (24,25,34). To investigate the association between 
expression of NKG2D ligands and TGF‑β in renal IRI, 

Figure 1. Expression of NKG2D ligands by renal proximal tubular epithelial cell. (A) Surface and intracellular staining of NKG2D ligand proteins. Human 
renal proximal TECs (HK-2) were stained with control normal mouse immunoglobulin G (iso) or anti-MICA, and anti-ULBP1, 2 or 3 antibodies, and analyzed 
by flow cytometry. In the histograms, the gray peak represents the unstained control. (B) TGF-β-induced expression of NKG2D ligands. Renal proximal 
TECs (HK-2) were incubated in the presence of TGF-β (500 pg/ml) for 48 h, and surface and intracellular expression of NKG2D ligands were analyzed by 
flow cytometry. Results are representative of three independent experiments. NKG2D, NK group 2 member D; TECs, tubular epithelial cells; MICA, major 
histocompatibility complex class I-related chain molecules A; ULBP, UL16‑binding proteins; TGF, transforming growth factor.
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NKG2D ligand expression was measured using FACS analysis 
following treatment with exogenous TGF‑β. Treatment with 
exogenous TGF‑β induced the intracellular expression of 
MICA and ULBP2 in HK‑2 cells; however, it did not induce 
the intracellular expression of other NKG2D ligands (Fig. 1B). 
Notably, treatment with TGF‑β induced MICA surface expres-
sion in HK‑2 cells, but induced little or no surface expression 
of ULBP2.

To confirm these findings, the effects of different concen-
trations of TGF‑β on MICA expression in HK‑2 cells were 
evaluated. TGF‑β treatment significantly induced surface 
and intracellular expressions of MICA in a dose‑dependent 
manner (Fig. 2A). Time‑course experiments revealed that 48 h 
of incubation in the presence of TGF‑β was optimal for the 
maximum induction of intracellular and surface expression of 
MICA in HK‑2 cells (Fig. 2B). These results show that MICA 
expression increases in HK‑2 cells following treatment with 
TGF‑β in a dose‑ and time‑dependent manner. Taken together, 
these data suggest that TGF‑β is a regulator of MICA expres-
sion in human TECs.

TGF‑β regulates expression of MICA in renal proximal 
TECs via the ataxia telangiectasia mutated (ATM)/ATM‑ and 
Rad3‑related (ATM/ATR) pathway. Several studies in various 

cell types have revealed that NKG2D ligand expression is 
primarily controlled by the ATM and ATR protein kinase 
pathway (35,36). Kirshner et al (37) reported that TGF‑β is 
involved in the ATM/ATR kinase pathway in response to 
genotoxic stress. To determine which pathway mediates 
the upregulation of MICA in HK‑2 cells, an ATM/ATR 
kinase inhibitor was tested for its ability to block MICA 
expression following treatment with TGF‑β. The ATM/ATR 
kinase inhibitor caffeine significantly blocked the expres-
sion of MICA induced by TGF‑β  (Fig.  3A). Additionally, 
ATM/ATR kinase activity and ATR kinase phosphorylation 
were markedly increased in HK‑2 cells following treatment 
with TGF‑β (Fig. 3B). These results suggest that the ATM/ATR 
pathway has a critical role in controlling the expression of 
MICA following TGF‑β treatment.

Functional consequences of TGF‑β‑induced soluble and 
membrane‑bound MICA expression in HK‑2 cells. To examine 
whether membrane‑bound MICA expression on HK‑2 cells 
influences cytotoxic function in primary NK cells, the cyto-
toxicity of PBL, isolated from healthy individuals, against 
HK‑2 cells treated with or without TGF‑β was evaluated. 
IL‑2‑activated effector cells exhibited significantly higher 
cytotoxicity against HK‑2 cells treated with TGF‑β compared 

Figure 2. TGF-β induces surface and intracellular expression of MICA on renal proximal tubular epithelial cells in a dose- and time-dependent manner. 
(A) Surface and intracellular staining of MICA proteins following treatment of HK-2 cells with various concentrations of TGF-β for 48 h. Human renal 
proximal TECs cells were analyzed for surface and intracellular concentrations of MICA proteins, as described in the Material and methods section. The 
gray shaded area represents the unstained control cells, and the dotted line represents the secondary antibody control. MICA basal expression is represented 
by the thin line. The bold line indicates TGF‑β-enhanced MICA expression in HK-2 cells. These data represent 1 of 3 independent experiments. (B) Surface 
and intracellular staining of MICA proteins. HK-2 cells were incubated with TGF-β (500 pg/ml). At various time-points, the cells were washed with cold 
phosphate-buffered saline, stained with control normal mouse immunoglobulin G (iso) or anti-MICA antibody, and analyzed by flow cytometry. The gray 
shaded area represent the unstained control cells, and the dotted line represents the secondary antibody control. MICA basal expression is represented by 
the thin line. The bold line indicates TGF-β-enhanced MICA expression in HK-2 cells. Results are representative of three independent experiments. TGF, 
transforming growth factor; MICA, major histocompatibility complex class I-related chain molecules A; TECs, tubular epithelial cells.
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with the naïve HK‑2 cells (Fig. 4A). Subsequently, whether 
the observed TGF‑β‑mediated increase in the susceptibility 
of HK‑2 cells to NK cell cytotoxicity directly involves 

NKG2D was examined. Neutralizing NKG2D with an 
anti‑NKG2D antibody moderately reduced PBL cytotoxicity 
against TGF‑β‑treated HK‑2 target cells, while treatment with 

Figure 3. TGF-β promotes surface expression of MICA on renal proximal tubular epithelial cells via the ATM/ATR pathway. (A) Surface staining of MICA pro-
teins following treatment with an ATM/ATR kinase inhibitor and TGF-β (500 pg/ml) for 48 h. Human renal proximal tubular epithelial cells were pretreated with 
or without 2 mM of caffeine (an ATM/ATR kinase inhibitor) for 1 h. Following washing, cells were incubated with or without TGF-β (500 pg/ml) for 48 h. MICA 
expression was subsequently analyzed by surface fluorescence‑activated cell sorting staining with anti-human MICA antibody. (B) ATR kinase immunoblot from 
renal proximal tubular epithelial cells treated with TGF-β (500 pg/ml). Expression levels of phospho-ATR and ATR were evaluated by western blot analysis. 
Results are representative of three independent experiments. TGF, transforming growth factor; MICA, major histocompatibility complex class I-related chain 
molecules A; ATM/ATR, ataxia telangiectasia mutated (ATM)/ATM- and Rad3‑related.

Figure 4. TGF-β treatment increased HK-2 cells susceptibility to NK-mediated lysis via NKG2D mediated pathway. (A) PBL cytotoxicity induced by treat-
ment of HK-2 cells with TGF-β (500 pg/ml) for 48 h. HK-2 cells were incubated with or without TGF-β (500 pg/ml) for 48 h. Target cells were subsequently 
harvested, labeled with calcein-AM for 10 min, washed with phosphate-buffered saline, and loaded at an effector to target cell ratio of 50:1 (black-filled bars), 
25:1 (gray-filed bars), and 10:1 (open bars). After a 4-h incubation period, the specific lysis activity of the PBL was analyzed using a fluorescence reader. 
(B) Cytotoxicity of PBL against HK-2 [treated with TGF-β (500 pg/ml)] was assessed after pre-incubating PBL (5x106 cells/well) with IL-2 (500 U/ml) for 
24 h. PBL cytotoxicity was induced by treatment of HK-2 cells with TGF-β (500 pg/ml) for 48 h. Target HK-2 cells were incubated with TGF-β (500 pg/ml) 
for 48 h. Target cells were harvested, labeled, washed and loaded at an effector to target cell ratio of 50:1, as described above. PBL and target cell mixtures 
were subsequently cultured with the indicated antibodies (1 µg/ml) for an additional 4 h. (C) HK-2 cells were treated with or without TGF-β (500 pg/ml) for 
48 h. The MICA secretion level in culture supernatants was analyzed by an enzyme-linked immunosorbent assay. (D) Cytotoxicity of NK92-MI cells against 
HK-2 [treated with or without TGF-β (500 pg/ml)] was assessed after pre-incubating NK92MI cells (2x106 cells/well) with complete media (untreated) or 
with TGF-β (500 pg/ml) plus HK-2 cells (2x106 cells/well) for 48 h. TGF-β treated and untreated HK-2 cells and NK cells were co-cultured using a Transwell 
system. The HK-2 cells treated or untreated with TGF-β for 48 h were used as the target cells. Results are representative of three independent experiments. 
*P<0.05 vs. control. TGF, transforming growth factor; NKG2D, NK group 2 member D; PBL, peripheral blood lymphocytes; IL, interleukin; MICA, major 
histocompatibility complex class I-related chain molecules A.
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anti‑Fas or isotype control antibodies did not (Fig. 4B). These 
results suggest that TGF‑β enhances NK cell cytotoxicity via 
an NKG2D‑mediated pathway.

As MICA is expressed on the cell surface and released 
by metalloproteases (38, 39), the effect of metalloprotease 
treatment on TGF‑β‑induced MICA surface expression was 
evaluated. ELISA analysis of culture supernatants revealed 
that the shedding of MICA from TGF‑β‑treated HK‑2 cells 
was significantly enhanced at 72 h compared to that of the 
cells treated with media alone (Fig. 4C).

To determine the function of soluble MICA released 
from TGF‑β‑treated HK‑2 cells, whether co‑culture of 
TGF‑β‑treated HK‑2 cells and NK cells affected the cyto-
toxicity of NK cells was evaluated using a Transwell system. 
Co‑cultivation of NK cells with TGF‑β‑treated HK‑2 cells 
resulted in significantly lower NK cell cytotoxicity compared 
with the TGF‑β‑untreated HK‑2 cells (Fig. 4D). Additionally, 
NK cells co‑cultured with TGF‑β‑treated HK‑2 cells, in 
contrast to the NK cells that were not co‑cultured, showed 
reduced NK activity against TGF‑β‑untreated HK‑2 target 
cells. These results suggest that soluble MICA released from 
TGF‑β‑treated HK‑2 cells can reduce NK cell cytotoxicity via 
downregulation of NKG2D expression.

Hypoxia‑induced TGF‑β promotes secretion of soluble MICA 
from renal proximal TECs. To confirm that the secreted soluble 
MICA observed in the HK‑2 cell culture supernatant was due 
to hypoxia‑induced TGF‑β expression, a hypoxia‑mimetic 
chemical [200  µM cobalt chloride (CoCl2)] was added to 
the HK‑2 cells  (40). CoCl2 enhanced expression of TGF‑β 
and MICA, as well as the release of soluble MICA from 

HK‑2 cells (Fig. 5A and B). To elucidate the direct effect of 
TGF‑β on soluble MICA secretion, TGF‑β gene silencing was 
performed using siRNA transfection (Fig. 5C) and confirmed 
by RT‑PCR. Soluble MICA secretion corresponded with the 
level of TGF‑β silencing and was lower in TGF‑β siRNA 
transfected cells compared to the control and negative control 
siRNA‑transfected cells (Fig. 5D). This result indicated that 
hypoxia‑enhanced TGF‑β expression causes an increase in 
soluble MICA secretion, which in turn directly regulates IRI.

Discussion

TGF‑β is a multifunctional cytokine that induces cell apop-
tosis, differentiation and proliferation (26). Previous studies 
have reported that TGF‑β expression is induced throughout the 
kidney following renal IRI (27), and TGF‑β and its receptor 
system have been predominantly detected in local regenera-
tive tubule cells (27,28). Furthermore, several growth factors, 
including epidermal growth factor, platelet‑derived growth 
factor, and basic fibroblast growth factor, have been shown to 
induce TGF‑β production in various renal cell cultures (41,42). 
In addition, auto‑induction of TGF‑β has also been observed 
in renal TECs (43); however, the function of TGF‑β in renal 
injury is not well understood. Recently, expression of TGF‑β 
detected in TECs has been shown to increase TEC survival 
following ischemic injury via upregulation of anti‑apoptotic 
gene expression (30). Lee et al (44) reported that TGF‑β is 
involved in the mechanism of protection against H2O2‑induced 
HK‑2 cells death and the reduction of cellular events associ-
ated with renal IRI. These studies suggest that TGF‑β has a 
critical role in renal protection during renal IRI.

Figure 5. Production of soluble MICA from human renal proximal tubular epithelial cells following treatment with the hypoxia-mimetic chemical (CoCl2) 
and TGF-β gene silencing. (A) HK-2 cells were incubated with or without 200 µM CoCl2 for 48 h, and subsequently the TGF-β and MICA mRNA levels were 
analyzed by RT-PCR. (B) HK-2 cells were treated with or without CoCl2 (200 µM) for 48 h. MICA secretion into the culture supernatants was analyzed by 
ELISA. (C) HK-2 cells were transfected with a control siRNA or TGF-β siRNA, and RT-PCR was performed to determine the levels of TGF-β and MICA. 
(D) HK-2 cells were transfected with a control siRNA or TGF-β siRNA and maintained for 48 h. Following incubation, culture supernatants were harvested, 
and the level of soluble MICA in the culture supernatants was analyzed by ELISA. Results are representative of three independent experiments. *P<0.05 vs. 
control. MICA, major histocompatibility complex class I-related chain molecules A; CoCl2, cobalt chloride; TGF, transforming growth factor; RT‑PCR, reverse 
transcription polymerase chain reaction; ELISA, enzyme‑linked immunosorbent assay; siRNA, small interfering RNA.
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Recently, NK cells have been linked to kidney IRI through 
direct targeting and lysis of TECs (16,17), and induction of 
NKG2D ligand Rae‑1 expression on TECs has been observed 
during kidney IRI (18). The present study shows that TGF‑β 
provides protection against NK cell killing, suggesting 
that TGF‑β modulates NK cell function in kidney IRI. It is 
well known that TGF‑β downregulates surface expression 
of NKG2D in NK cells (24,25). In addition, Park et al (34) 
recently reported that TGF‑β decreased DAP10, which in turn 
led to the downregulation of NKG2D expression. Additionally, 
numerous cancer cells possess the ability to internalize the 
expression of NKG2D through binding of soluble MICA, 
representing another mechanism by which cancer cells can 
evade NK cell cytotoxicity (38,39). Although TGF‑β‑induced 
membrane‑bound MICA expression on HK‑2 cells is critical 
for their susceptibility to NK cells, shedding soluble MICA can 
lead to internalization of NKG2D on NK cells allowing HK‑2 
cell survival (Figs. 4 and 5). Additionally, TGF‑β knockdown 
decreased production of soluble MICA in HK‑2 cells (Fig. 5). 
On the basis of the direct effects of TGF‑β‑induced soluble 
MICA on NKG2D expression, we speculate that TGF‑β has an 
important role in the survival of renal proximal TECs through 
regulation of NKG2D expression in NK cells.

While induction of NKG2D ligands expression on renal 
proximal TECs during renal IRI has been reported previ-
ously in mouse models (17,45), this event has not yet been 
observed in a human model of IRI. In general, kidney recipient 
patients are treated with immunosuppressive agents, including 
cyclosporine A, prior to kidney transplantation. As the immu-
nological responses of kidney recipients are suppressed by the 
immunosuppressive agents, the levels of TGF‑β and soluble 
MICA that are detected within the serum of kidney trans-
plantation patients cannot be considered accurate. However, 
Nakamura et al (40) have reported that the hypoxia‑mimetic 
chemical CoCl2 can directly induce the production of angio-
genic factors in cultured renal proximal tubular epithelial cells 
and that these factors have a critical role in the suppression 
of progressive renal damage. The present study showed that a 
hypoxia‑mimetic chemical directly induced TGF‑β and MICA 
expression and enhanced production of soluble MICA in HK‑2 
cells (Fig. 5A and B). These results suggest that the induction 
of TGF‑β and MICA expression by hypoxia is a critical link 
between hypoxia and immune regulation during IRI.

Expression of NKG2D ligands can generally be induced in 
response to stress‑associated signaling, including viral infection 
and malignant transformation (46,47). Notably, several studies 
have reported that tissue ischemia can lead to upregulation of 
NKG2D ligands (17,18); however, the signaling pathways respon-
sible for this upregulation following renal IRI are only partially 
understood. Numerous studies have shown that NKG2D ligand 
expression can be regulated at the transcriptional and posttran-
scriptional levels (48). Previously, several studies have shown 
that the ATM/ATR pathway is involved in the upregulation of 
NKG2D ligands following the DNA damage response (35,36). 
Zhang et al  (49) reported that ATM and p53 activation by 
TGF‑β occurred during apoptosis of epithelial cells. In addition, 
TGF‑β‑regulated ATM activity in response to genotoxic stress 
has also been reported (37). In the present study, expression of 
MICA was upregulated in renal TECs following treatment with 
TGF‑β, while caffeine, an ATM/ATR kinase inhibitor, strongly 

inhibited this expression (Fig. 3). These findings suggest that 
TGF‑β regulates expression of MICA through activation of the 
ATM/ATR pathway in HK‑2 cells.

Although membrane‑bound MICA is critical for elimina-
tion of MICA‑expressing cells through activation of NKG2D 
on NK, CD8+ T and γδ T cells, numerous types of cell can 
affect survival through shedding of surface MICA by various 
proteases (38,39). TGF‑β enhances the production of extracel-
lular matrix proteins, and certain studies have reported that 
TGF‑β can also promote the expression of various proteases 
in HK‑2 cells  (50,51). In the present study, soluble MICA 
secretion was strongly increased in the culture supernatant of 
TGF‑β‑treated HK‑2 cells (Fig. 4C). Therefore, it is possible 
that TGF‑β triggers the release of soluble MICA from HK‑2 
cells, although this should be investigated further in future 
studies.

In conclusion, TGF‑β induces MICA expression and its 
release from human renal proximal TECs, thereby regulating 
NKG2D expression on NK cells. The stability of MICA cell 
surface expression and the amount of soluble MICA released 
appear to affect the susceptibility of the target cells to NK 
cytotoxicity during renal IRI (Fig. 6). Modulation of surface 
and soluble MICA expression may provide a novel therapeutic 
target to improve graft survival following transplantation 
during renal IRI.
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