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Transforming growth factor-β (TGF-β) is a multifunctional cytokine that affects not only the survival 
and growth of cancer cells but also the activity of immune cells. Although it has been generally 
accepted that cancer cell-derived TGF-β could promote the survival and growth of early cancer cells 
and have immunosuppressive roles, it has been known that TGF-β has differential effects according 
to the type or stage of cancer cells. Therefore, it is hard to clearly define its role in cancer progression 
and immune responses. This study investigated the effects of TGF-β signaling on the expression of 
five NKG2D ligands and the NK cell-mediated anticancer immune response in the primary colon 
cancer cell line KM12C and its two metastatic cell lines, KM12SM and KM12L4A. At the surface 
protein level, exogenous TGF-β decreased the expression of MICA, MICB, ULBP1, and ULBP2, 
and galunisertib increased the expression of MICA, MIAB, ULBP1, ULBP2, and ULBP3 in KM12C. 
However, KM12SM and KM12L4A showed no significant changes in the expression of NKG2DLs 
after treatment with TGF-β or galunisertib. TGF-β signaling inhibition via galunisertib improved the 
NK cell-mediated anticancer immune response against KM12C but did not show a significant response 
to KM12SM and KM12L4A. Therefore, the suppression of TGF-β signaling could improve the NK 
cell-mediated anticancer immune response against KM12C. However, an increase in NKG2DLs ex-
pression and an enhanced NK cell-mediated cancer immune response is hard to expect due to the 
alteration of TGF-β signaling in KM12SM and KM12L4A.
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Introduction

Colon cancer is caused by obesity, heredity, eating habits, 
etc. and the incidence is increasing due to changes in wester-
nized eating habits in South Korea [1]. It is mainly treated 
with surgical removal, radiotherapy, chemotherapy or their 
combination. Since immunotherapy has been showed limited 
effect to suppress the growth of colon cancer until now, it 
has been used as adjuvant therapy [5, 24].

Transforming growth factor-β (TGF-β) is produced in al-

most all cells of the human body and was known to stimulate 
interferon-gamma (IFN-γ) production, which can induce T 
and B lymphocyte proliferation as well as regulate the differ-
entiation or activity of NK cells, dendritic cells, macrophages, 
and granular cells [10, 12, 16]. In addition, TGF-β contributed 
to the activity of cells such as regulatory T cells which had 
various immunosuppressive actions and T helper 17 cells 
which were related to inflammation and autoimmune [14, 29]. 
It is generally accepted that TGF-β derived from cancer cells 
can promote cancer growth and malignant progression through 
immune evasion during cancer progression. However, since 
there are reports that it had differential effects depending on 
the stage of cancer progression, it is hard to define clearly 
its role in cancer progression [22, 23]. These various func-
tions of the TGF-β signaling occur through the SMAD-de-
pendent pathway that is the major transporter of TGF-β sig-
naling and the SMAD-independent pathways such as the 
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MAP kinase pathway, the Rho-like GTPase signaling path-
way and the phosphatidylinositol-3-kinase/AKT pathway [18, 
31]. 

Natural killer cells (NK cells) are lymphocytes belonging 
to the innate immune system that recognize and eliminate 
abnormal cells such as cancer cells or virus-infected cells, 
and have various inhibitory and activating receptors that regu-
late immune responses. Among them, NKG2D is a potent 
activation receptor expressed as surface proteins in NK cells, 
γδ T cells, and CD8+ αβ T cells, and combines with NKG2D 
ligands (NKG2DLs), which are expressed by response to ex-
ternal stimuli such as viral infection and genetic damage in 
target cells and several cytokines on target cells. These 
NKG2DLs include MHC class I polypeptide related chain 
proteins A and B (MICA and MICB), UL16 binding protein1 
(ULBP1), ULBP2, ULBP3 and ULBP4 [9, 17, 20].

In previous studies, TGF-β has been reported to inhibit 
the expression of NKG2DLs in lung cancer cell lines and 
reduce cytotoxicity of NK cells, but its effect on metastatic 
cancer is not yet investigated [11].

In this study, we investigated the effect of TGF-β signal 
on the expression of NKG2DLs in primary KM12C colon 
cancer cell line and its metastatic KM12SM and KM12L4A 
cell lines, and ultimately, on the susceptibility of NK cells 
to these target cells.

Materials and Methods

Cell lines and reagents

Human colon cancer cell lines, KM12C, KM12SM and 
KM12L4A, were obtained from the Korean Cell Line Bank 
(Seoul, Korea). These cell lines were maintained in DMEM 
medium which was supplemented with 10% fetal bovine se-
rum (FBS) (Gibco, Grand Island, NY, USA), 2 mM L-gluta-
mine, 100 mg/ml streptomycin, and 100 U/ml penicillin. The 
NK-92 cell line was obtained from the American Type 
Culture Collection (Rockville, MD, USA) and cultured in an 
α-minimum essential modified medium supplemented with 
12.5% (v/v) fetal bovine serum, 12.5% (v/v) horse serum, 
2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 200 U/ml 
recombinant human interleukin-2, 100 µg/ml streptomycin 
and 100 U/ml penicillin. Cells were cultured in a humidified 
atmosphere at 37℃ and 5% CO2. Recombinant human TGF-β 
was purchased from R&D system, Inc. (Minneapolise, MN, 
USA) and galunisertib were purchased from Selleckchem 
(Houston, TX, USA). 

Total RNA Extraction and Multiplex Reverse Tran-

scription PCR (RT-PCR)

Total RNA extraction and reverse transcription PCR were 
performed according to previous study [19]. Total RNA was 
extracted from the cells using the RNeasy® Mini kit (Qiagen, 
Hilden, Germany), according to the manufacturer's instruc-
tions. cDNA was synthesized from 1 μg extracted total RNA 
using 100 pmol of random primers (Takara Bio Inc., Otsu, 
Japan) and 100 U M-MLV reverse transcriptase (Promega 
Corporation, Madison, WI, USA). The synthesized cDNA 
was subjected to PCR using the QIAGEN Multiplex PCR 
kit (Qiagen, Hilden, Germany). Seven pairs of primer were 
used to investigate the mRNA expression levels of NKG2D 
ligands : MICA, MICB, ULBP1, ULBP2 and ULBP3. β-actin 
(ACTB) and RPL19 were used as the loading control and 
the degradation marker, respectively (Bioneer Corporation, 
Daejeon, Korea). PCR analysis was separated and quantified 
by MultiNA (Shimadzu, Tokyo, Japan).

Flow Cytometry

Colon cancer cells were incubated with mouse anti-MICA, 
anti-MICB, anti-ULBP1-3 (R&D systems, Minneapolis, MN, 
USA), rabbit anti-TGF-β receptor1 (Rockland Immunochemi-
cals, Inc., Limerick, PA, USA) and rabbit anti-TGF-β re-
ceptor2 monoclonal antibodies (Abcam, Cambridge, UK). 1 
μg of the monoclonal antibodies (mAbs) and isotype control 
were sufficient to determine the surface expression of 
NKG2DLs and TGF-β receptor1 (TGF-βR1) and TGF-βR2. 
These were followed by the addition of goat anti-mouse 
PE-conjugated antibody and FITC goat anti-rabbit IgG (BD 
Phamingen Inc., San Diego, CA, USA). The analysis was 
performed using BD FACSCANTO II (Becton Dickinson and 
Company, Franklin Lakes, NJ, USA) and FlowJo software 
(BD Biosciences, Franklin Lakes, NJ, USA), the cell surface 
expression levels were quantified by the value of mean fluo-
rescence intensity (MFI).

Western Blot Analysis

Western Blot Analysis was used to confirm the expression 
of TGF-βR1. Cells were lysed in a lysis buffer, and the cel-
lular debris was removed by centrifugation at 15,000 rpm 
for 10 mins. The proteins were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis, transferred onto a 
nitrocellulose membrane Hybond-ECL (GE Healthcare, Chal-
font Saint Giles, UK), blocked with 5% skimmed milk, and 
incubated with anti-TGF-βR1 antibodies (Rockland Immuno-
chemicals, INC. 1:1,000 dilution) and an anti-β-actin antibody 
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(Novus Biologicals, 1:10,000 dilution). Membranes were then 
incubated with horseradish peroxidase-conjugated goat anti- 
rabbit IgG secondary antibody (Enzo Life Science Inc. 
Bucharest, Romania, 1:5,000 dilution) for 1 hr at room tem-
perature and illuminated by enhanced chemiluminescence 
(Perkin-Elmer Life Science, Waltham, MA, USA). Expression 
levels were measured using an Amersham Imager 680 (GE 
Healthcare).

Flow Cytometry Analysis of the NK Cell-Mediated

Cytotoxicity Assay

The colon cancer cell lines were labeled with 1 µM carbox-
yfluorescein succinimidyl ester (CFSE) (Invitrogen, Eugene, 
OR, USA) for 15 mins at 37℃ in a humidified incubator at 
5% CO2 and then washed three times. The NK-92 cells were 
co-cultured with CFSE-labeled colon cancer cell lines in 
round-bottomed 96-well plates for 4 hr and at appropriate 
NK-92 cells-to-cancer cells count ratios (5:1, 10:1). Propidium 
iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA) was added 
to the co-cultured samples to distinguish dead cells. Dead 
cells were determined using FC500 flow cytometer (Beckman 
Coulter, CA, USA). All experiments were performed in tripli-
cate.

Statistical Analysis

The mean folds of gene expressions and the standard errors 
were calculated to evaluate altered gene expression. A paired 
Student’s t-test was performed to evaluate the significance. 
p<0.05 indicates a statistically significant value in all experi-
ments.

Results

The mRNA expression of NKG2DLs after treat-

ment with galunisertib in primary and metastatic co-

lon cancer cell lines

The primary colon cancer cell line KM12C and its two 
metastatic colon cancer cell lines KM12SM and KM12L4A 
were treated with galunisertib, a TGF-β inhibitor, at 10 uM, 
and then the change in NKG2DLs mRNA expression over 
time was analyzed. The expressions of MICA, MICB, ULBP1, 
and ULBP3 were increased in KM12C, and in particular, the 
expression of MICA and ULBP1 was markedly increased 
(Fig. 1A). However, in metastatic cells KM12SM and 
KM12L4A, there was no significant change in the expression 
of NKG2DLs, except ULBP1 which decreased transiently in 
KM12SM (Fig. 1B, Fig. 1C). Since it was reported previously 

that the expression of NKG2DLs were increased in primary 
lung cancer, no responses in metastatic cell lines were inter-
esting finding. It was predicted that TGF-β signaling which 
is involved in NKG2DLs expression has functional differ-
ences between primary and metastatic cancers, and that these 
differences may affect anticancer immune responses.

The expression of NKG2DLs surface protein after

treatment with galunisertib in primary and metastatic

colon cancer cell lines

The changes in surface protein expression of NKG2DLs 
were analyzed after 24 hr of treatment with TGF-β and galu-
nisertib in colon cancer cell lines using flow cytometry. In 
KM12C, MICA, MICB, ULBP1 and ULBP2 tended to de-
crease after TGF-β treatment, and all five NKG2DLs surface 
proteins increased after galuniseritb treatment (Fig. 2A). This 
was nearly consistent with changes in the mRNA expression 
of NKG2DLs in KM12C treated with galunisertib. However, 
there was no significant change in the surface protein ex-
pression of NKG2DLs after treatment with TGF-β or galuni-
sertib in KM12SM and KM12L4A (Fig. 2B, Fig. 2C). Since 
surface protein level is dependent on the level of transcription 
as well as protein stability, the differential effects of TGF-β 
on the expression of NKG2DLs was shown more clearly in 
the primary and metastatic cell lines.

Surface expression of TGF-βR1-2 and total pro-

tein level of TGF-βR1 in primary and metastatic colon

cancer cell lines

We measured the surface proteins of two TGF-β receptors, 
TGF-βR1 and TGF-βR2, using flow cytometry to find wheth-
er differences in the expression of TGF-β receptors in primary 
and metastatic colon cancer cell lines could affect TGF-β 
signaling. There was no significant difference in TGF-βR1 
and TGF-βR2 expression among three cell lines (Fig. 3A - 
Fig. 3C). Since TGF-βR1 were hardly detected the cell sur-
face, the total amount of TGF-βR1 protein was checked again 
using Western blot. There was also no significant difference 
in the total amount of TGF-βR1 protein among three cell 
lines (Fig. 3D). It was found that different patterns of 
NKG2DLs expression did not result from the difference of 
TGF-βR1 and TGF-βR2 expression between primary and 
metastatic cell lines.

The NK cell-mediated immune response in primary

and metastatic colon cancer cells after TGF-β and

galunisertib treatment
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Fig. 1. The mRNA levels of NKG2DLs in primary and metastatic colon cancer cell lines after galunisertib treatment. The mRNA 
levels of NKG2DLs were analyzed using RT-PCR in colon cancer cell (A) KM12C, (B) KM12SM and (C) KM12L4A. 
Each colon cancer cells were treated with galunisertib 10 uM for 12, 24, 36 and 48 hr. The mRNA levels were normalized 
by ACTB and mRNA levels changes were presented as the mean fold in comparison to the controls.

In KM12C, galunisertib increased the surface expression 
of NKG2DLs and increased NK cell-mediated cytotoxicity 
by increasing NK cell sensitivity (Fig. 4A). Although the rea-
son is unclear, there was no decrease in sensitivity to NK 
cells despite a decrease in NKG2DLs expression by TGF-β 

treatment. On the other hand, in KM12SM and KM12L4A, 
there were no significant changes in NK cell sensitivity after 
galunisertib and TGF-β treatment (Fig. 4B, Fig. 4C). These 
results showed that NK cell-mediated immune responses were 
different against to primary and metastatic colon cancer cell 
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Fig. 2. The surface expression of NKG2DLs is altered by TGF-β and galunisertib in KM12C, but with different patterns in the 
two metastatic cancer cell lines. This histogram shows the surface expression of NKG2DLs in colon cancer cells (A) 
KM12C, (B) KM12SM, and (C) KM12L4A. They were treated with TGF-β 10 ng/ml and galunisertib 10 μM for 24 
hr : Filled gray, dotted black, gray solid line and black solid line represent the isotype control, media-treated control, 
TGF-β and galunisertib treated samples, respectively.
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Fig. 3. TGF-βR1/2 protein expression in colon cancer cell lines. The TGF-β receptor surface protein expression of colon cancer 
cells was analyzed by flow cytometry using specific antibodies for TGF-βR1 and TGF-βR2 in (A) KM12C, (B)KM12SM 
and (C)KM12L4A. Filled gray represent the isotype control, Solid line represent TGF-βR1 or TGF-βR2. (D)The total 
amount of TGF-βR1 protein in each colon cancer cells were measured by Western Blot using anti-TGF-βR1 monoclonal 
antibodies and ACTB was used as the loading control.

A B

C

Fig. 4. Selective cell apoptosis by NK cell cytotoxicity of three 
colon cancer cell lines with TGF-β and galunisertib 
treatment. The colon cancer cells (A) KM12C, (B) 
KM12SM and (C) KM12L4A were treated with TGF-β 
10 ng/ml or galunisertib 10 μM for 24 hr and then 
stained with CFSE. The stained cancer cells were 
co-cultured with NK-92 for 4 hr at effector-to-target 
ratios of 5:1 and 10:1. After staining dead cells with 
PI, the proportion of PI-positive cells was analyzed by 
flow cytometry.
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lines after modulation TGF-β signaling.

Discussion

TGF-β is an obscure cytokine that promotes apoptosis in 
primary cancer, helps cells proliferation and migration in 
metastatic cancer, and regulate the immune response differ-
entially depending on the degree of tumor progression [22, 
23]. The mechanism of action of TGF-β according to the 
tumor stage is not clear and further study is needed. In normal 
cells or early cancer cells, TGF-β induced cyclin-dependent 
kinases inhibitors such as p16INK4A, p15INK4B and p27KIP1 and 
arrest the cell cycle in the G1 phase. It induced transcription 
factors such as c-myc, NF-κB, and ID1, and promoted cell 
growth and apoptosis also [7, 8, 21, 28]. Whereas, in late 
cancer cells, inhibition of TGF-β signaling results suppressed 
cell cycle and tumor growth through the overexpression of 
cyclin D and c-myc. The anticancer immune responses were 
altered by TGF-β signaling. In early cancer, TGF-β sup-
pressed T cell differentiation and inhibited myeloid cell pro-
liferation and differentiation through reduction of IFN-γ 
secretion. In late cancer, TGF-β suppressed the differentiation 
and activity of immune cells such as cytotoxic T lympho-
cytes, regulatory T cells, NK cells and B cells. The TGF-β 
also induced IL-17 secretion which might be involved in can-
cer growth, metastasis and angiogenesis [2, 30]. 

Previously it was reported that TGF-β decreased the ex-
pression of NKG2DLs and NKp30 in lung cancer cells and 
NK cells, respectively [4, 6]. It was presumed that TGF-β 
helped the evade immune responses by suppression of NK 
cells mediated immune responses in cancer cells. Based on 
these previous reports, it was necessary to investigate whether 
TGF-β inhibition could regulate NK cell activity in metastatic 
cancer cells as if in primary cancer cells. 

In this study, it was showed the changes in mRNA tran-
scription and surface protein expression levels of five 
NKG2DLs and NK cell-mediated anticancer effects upon the 
presence of TGF-β inhibitors only on primary, not on meta-
static cell lines. Similar to previous studies, exogenous TGF-β 
inhibited the surface expression of NKG2DLs (MICA, MICB, 
ULBP1 and ULBP2), and galunisertib increased surface ex-
pression of mRNA and NKG2DLs in primary colon cancer 
cell line. However, there was no significant change in the 
expression of NKG2DLs when TGF-β or galunisertib was 
treated in two types of metastatic colon cancer cell lines de-
spite no difference of the expression of TGF-βR1 and TGF-β
R2 among primary and metastatic colon cancer cell lines. 

There are several reports that established cancer cells 
themselves were insensitive to TGF-β [3, 25]. Most human 
colon cancer cells had defects to transduce TGF-β signaling, 
therefore resistant to TGF-β apoptosis or TGF-β-mediated 
growth inhibition. These defects often result by deletion or 
mutation of receptors such as TGF-βR1 and TGF-βR2, or 
downstream molecules such as SMAD2 or SMAD4 [13, 15, 
26, 27].

In order to elucidate the difference in TGF-β signaling that 
affects NKG2DLs expression differently depending on the 
degree of cancer cells progression, it was thought that further 
study might be needed to find defects of downstream mole-
cules of TGF-β signaling in metastatic cell lines.
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초록：원발성 및 전이성 대장암에서 TGF-beta가 NKG2D 리간드 발현과 NK 세포 매개 면역반

응에 미치는 영향
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Transforming growth factor-β (TGF-β)는 암세포의 생존과 성장뿐만 아니라 면역세포의 활성에도 영향을 

미치는 다기능 사이토카인이다. 일반적으로 암세포에서 유래된 TGF-β는 초기 암세포의 생존과 성장을 

촉진하고 면역억제 효과가 있다고 받아들여지고 있지만 TGF-β는 세포의 종류나 단계에 따라 다른 효과를 

가진 것으로 알려져 있다. 따라서 암 성장에 미치는 TGF-β의 작용기전은 아직 명확하게 정의하기 어렵다. 
이 연구에서는 원발성 대장암 세포주인 KM12C와 이들의 두 전이성 세포주인 KM12SM과 KM12L4A에서 

TGF-β 신호전달이 5개의 NKG2D 리간드 발현과 NK 세포 매개 항암 면역 반응에 미치는 영향을 조사했다. 
외인성 TGF-β에 의해 KM12C의 MICA, MICB, ULBP1 및 ULBP2의 표면 단백질 발현 수준이 감소하였고 

TGF-β 억제제인 galunisertib에 의해 MICA, MIAB, ULBP1, ULBP2 및 ULBP3의 발현이 증가하였다. 그러나 

KM12SM과 KM12L4A에서는 TGF-β 또는 galunisertib에 의한 유의성 있는 NKG2DLs의 변화를 보지못하였

다. Galunisertib를 통한 TGF-β 신호전달 억제는 KM12C에 대한 NK 세포 매개 항암 면역 반응을 개선했지만 

KM12SM과 KM12L4A에 대한 유의성 있는 반응을 나타내지 않았다. 따라서 TGF-β 신호 전달을 억제하면 

KM12C에 대한 NK 세포 매개 항암 면역 반응은 개선할 수 있지만 KM12SM 및 KM12L4A에서는 TGF-β 
신호 전달 억제를 통한 NKG2DLs 발현의 증가 및 향상된 NK 세포 매개 암 면역 반응을 기대하기는 어려울 

것으로 생각된다.


