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Abstract
Galectin-9 is a widely expressed protein that is involved in immune regulation and tumor-

pathogenesis and serves as a marker of a poor prognosis in various types of cancers. How-

ever, the clinical impact and the precise mechanism by which this protein contributes to

colon tumor progression are unclear. In the present study, we detected the expression of

galectin-9 and CD56 cells using immunohistochemistry. Spearman's rank correlation was

used to clarify the association between galectin-9 expression and natural killer (NK) cell infil-

tration. The influence of galectin-9 on NK-92 cell migration was evaluated in vitro using

transwell chemotaxis assays. The role of rh-galectin-9 in F-actin polarization in NK-92 cells

was investigated using laser scanning confocal microscopy. We showed that galectin-9

was expressed in 101 (78.91%) colon tumor tissues and that was expressed at lower levels

in these tissues than in para-tumor tissues. Low levels of galectin-9 expression were posi-

tively correlated with a poor histological grade and lymph node metastasis (P<0.05). A

Kaplan-Meier method and Cox proportional hazards regression analysis showed that over-

all survival was longer in patients with high galectin-9 expression in an 8-year follow-up

(P<0.05). Spearman's rank correlation indicated that there was a linear correlation between

galectin-9 expression and CD56+ NK cell infiltration (R2 = 0.658; P<0.0001). Galectin-9

stimulated migration in human NK-92 cells by affecting F-actin polarization through the Rho/

ROCK1 signaling pathway. These results suggest that galectin-9 expression potentially rep-

resents a novel mechanism for tumors to escape immune surveillance in colon tumors.
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Introduction
Each year, approximately 1.2 million patients develop colorectal cancer (CRC)and 600,000
individuals die from this disease around the world [1]. Despite the fact that there have been
positive improvements in surgical and pharmaceutical strategies, CRC remains far from thera-
peutic control[2]. The present dearth of knowledge regarding the immunological and molecu-
lar underlying causes of CRC is a major obstacle to improving treatments for this disease.
Hence identifying new biomarkers is necessary to the future development of targeted CRC
therapies.

The development of cancer is a multi-step process that is governed not only by numerous
cell intrinsic factors but also by extrinsic factors in the tumor microenvironment[3, 4]. As
important components of the tumor microenvironment, certain types of leukocytes influence
tumor progression and prognosis[5–7]. Natural killer (NK) cells are one of the major cell types
in the innate immune system. In CRC, extensive intratumoral infiltration by NK cells is associ-
ated with a better prognosis, depending on their cytotoxic effects on cancer cells[8, 9]. How-
ever, a recent study found that NK cells are generally scarcer in the CRC microenvironment
than in adjacent normal mucosa despite the presence of relatively high levels of NK cell-
responding chemokines in tumor tissues [10]. This contradiction suggested that chemokines
alone might not be sufficient to recruit NK cells to the tumor.

Galectins are soluble members of the lectin superfamily that are characterized by the pres-
ence of a carbohydrate recognition domain and β-galactoside binding affinity. A total of 15
mammalian galectins have been so far identified[11]. Among these galectins, galectin-9 exhib-
its immunoregulatory effects through which it interferes with the function and biological
behaviors of various types of immune cells, including T cells, dendritic cells and NK cells[12,
13]. In tumor-bearing mice, galectin-9 increased the number of NK cells in the peritoneal exu-
date[14], indicating that it plays a potential regulatory role that involves NK cells during tumor
progression. In particular, lower levels of galectin-9 have been observed in most types of cancer
cells, including oral squamous cell carcinoma[15], melanoma[16], breast cancer [17] and gas-
tric cancer[18], than in their normal counterparts. Given the close association between galec-
tin-9 expression and NK cell numbers, it is reasonable to speculate that a reduced level of
galectin-9 in a tumor contributes to the poor infiltration of NK cells into the tumor microenvi-
ronment. However, because the presence and significance of galectin-9 expression has not yet
been demonstrated in colon cancer tissues, it remains unclear whether this association occurs
in colon cancer and what regulatory mechanisms are involved, if any.

In the present study, we found that galectin-9 expression was reduced in colon tumor tis-
sues, which is associated with poor prognosis in these patients. We also provide evidence using
in vitro studies that galectin-9 enhances NK cell migration by exerting effects on F-actin polari-
zation via the Rho/ROCK1 signaling pathway. These results represent a potentially novel
mechanism through which tumors might escape from immune surveillance.

Materials and Methods

Patients and tissues
Our study included data that was obtained from 128 patients with histologically confirmed
colon cancer who underwent surgery at the Qilu Hospital of Shandong University from Janu-
ary 2004 to December 2011 (Jinan, Shandong, China),This including one group of 38 patients
in which we compared para-tumor with tumor tissue and another group of 90 patients were
included in the survival analysis. The collection and use of tissue samples complied with the
relevant guidelines and institutional practices of the Ethics Committee of Qilu Hospital of
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Shandong University, and written approval was obtained in each case before tissue sample col-
lection. The ethics committee of Qilu Hospital of Shandong University approved this study
(KYLL-2013-069). The key clinicopathological data are shown in Table 1 and the Supplemen-
tary Materials and methods (S1 File).

Immunohistochemistry and Evaluation
Sections (4 μm) of formalin-fixed paraffin-embedded colon tumor tissue samples were
dewaxed, rehydrated, and incubated with the following primary antibodies: rabbit polyclonal
anti-human galectin-9 (sc-366141, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and mouse monoclonal anti-human CD56 (3576, 1:50; Cell Signaling Technology, Beverly,
MA,USA). The sections were subsequently stained with the corresponding secondary antibod-
ies. Two independent pathologists who were blinded to the clinical data, evaluated the immu-
nohistochemical results. The method used to evaluate the tissues is described in the
Supplementary Materials and methods (S1 File).

Cells and treatments
Cells were incubated according to the standard procedures described in the ATCC culture
guide. The human colon tumor cell lines SW480, SW620 and HT29 were grown in Dulbecco's
modified Eagle’s medium (DMEM) (Invitrogen, USA) supplemented with 5% fetal bovine
serum (FCS) (Bio International, USA). The human NK92 cell line was a gift from The Second
Military Medical University (Shanghai, China) [19] and cultivated with Alpha Minimum
Essential medium (Gibco, USA) containing 2 mM L-glutamine and 1.5 g/L sodium bicarbonate

Table 1. Demographic parameters of patients who participated in the present study.

No. of Patients N%

Assessable

Entered 128 100%

To compare para-tumor and tumor tissue 38 29.69%

For the survival analysis 90 70.31%

Gender

Male 65 50.78%

Female 63 49.22%

Age (years)

Median (range) 66.5 (24~90)

ECOG PS

0 70 54.69%

1 16 12.50%

2 42 32.81%

Tumor differentiation

Well 20 15.63%

Moderate 63 49.22%

Poor 45 35.15%

Stage of disease at diagnosis

I 11 8.59%

II 66 51.56%

III 45 35.16%

IV 6 4.69%

doi:10.1371/journal.pone.0152599.t001
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but without ribonucleosides and deoxyribonucleosides, and various components were added to
obtain complete growth medium: 0.2 mM inositol (17508, Sigma, USA); 0.1 mM 2-mercap-
toethanol (ES-007E, Merck Millipore, Germany); 0.02 mM folic acid (F8758, Sigma, USA);
100–200 U/mL recombinant IL-2; and adjustment to a final concentration of 12.5% horse
serum (16050, Gibco, USA) and 12.5% fetal bovine serum. All cells were incubated at 5% CO2

according to the standard procedures in the ATCC culture guide.

Isolation of human NK cells
Peripheral blood mononuclear cells (PBMCs) were obtained after centrifugation with Ficoll-
Paque Plus (Amersham Biosciences, Sweden). NK cells were isolated using NK Cell Isolation
Kits (MiltenyiBiotec, Germany) according the manufacturer’s instructions. The purity of
CD3-CD56+ cells was consistently over 95%, measured through flow cytometric analysis.

RNA interference
We transiently transfected of siRNA against human galectin-9 (siRNA #378 and siRNA #690,
GenePharma, Shanghai, China) or scramble siRNA into HT-29 cells using Lipofectamine 2000
(11668–019, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The
knockdown efficacy of the siRNAs targeting galectin-9 was examined using RT-PCR, western
blot analysis and ELISA at 36 h post-transfection. The following siRNA sequences targeting
human galectin-9 were used:

siRNA378: sense, 5’-GGAAGACACACAUGCCUUUTT-3’; antisense, 5’-AAAGGCAUGU
GUGUCUUCCTT-3’; and siRNA 690: sense, 5’-CCAUUACCCAGACAGUCAUTT-3’; anti-
sense, 5’-AUGACUGUCUGGGUAAUGGTT-3’.

Migration assay
We used transwell chambers with a 5-mm pore membrane (Costar, Corning, NY, USA). NK-
92 cells or primary NK cells were plated in the top chambers. Colon tumor cell culture superna-
tant or varying concentrations of rh-galectin-9 (2045-GA-050, R&D, Minneapolis, MN, USA)
were added to the bottom chamber. NK-92 cells or primary NK cells were permitted to migrate
into the bottom chamber for 4 h at 37°C, They were then harvested and counted using cell-
count boards. Because NK cells have a relatively high rate of spontaneous migration, we used
the following the migration index (MI) to evaluate the results: migration index = the number
of cells migrated/the number of randomly migrating cells (no chemokine)[20]. Y-27632 dihy-
drochloride (20 μM) (ab120129, Abcam, Cambridge, Massachusetts,UK) and C3 transferase
(2.0 μg/mL) (CT04-A, Cytoskeleton, Denvor, CO, USA) were added to test the role of Rho/
ROCK signaling in NK migration. IL-12 (7.5 ng/mL) was used as a positive control for NK cell
chemoattraction (200-12P80, Peprotech, Chicago, USA)[21].

Western blot analysis
Cell lysates were resuspended in a small volume of lysis buffer as previously described and then
subjected to western blot analysis[22]. The details of the western blotprocedure are described
in the Supplementary Materials and Methods (S1 File).

Total RNA isolation, cDNA synthesis and quantitative real-time PCR
Total RNA was extracted from cultured/transfected cells using TRIzol reagent (15596026, Invi-
trogen, USA) and then stored at -20°C. Using aReverTra Ace qPCR RT Kit (FSQ-101, Toyobo,
Japan), we reverse transcribed 1 μg of total RNA into DNA in a one-step reaction.This was
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followed by PCR to amplify the transcripts of the corresponding target molecule. The RT reac-
tions and PCR steps were performed according to the manufacturer’s instructions. Table 2 lists
the primer sequences that were obtained from Primer Bank. The target gene expression levels
were normalized to GAPDH levels that were run during the same reaction.

ELISA
The supernatants of HT29 tumor cells were collected at 36h post-transfection. Each superna-
tant was centrifuged and stored at -80°C.Ahuman galectin-9 ELISA kit(Cusabio, WuHan,
HuBei Province, China) was used according to the manufacturer’s instructions to measure
galectin-9 production in each supernatant.

Confocal analysis for F-actin in NK cells
NK-92 cells treated with or without rh-galectin-9 for 4 h were added to anti-off slides, fixed in
4% paraformaldehyde and permeabilized using 0.2% Triton X-100 (X100, Sigma-Aldrich,
USA). The cells were then incubated with rhodamine-labeled phalloidin (PHDR1, Cytoskele-
ton, USA) and DAPI (C1002, Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s instructions. Image capturing and processing were performed using a laser
scanning confocal microscope (LSM710, ZEISS, Germany).

Statistical analyses
Survival was measured as the number of months from resection to the last review. The Kaplan-
Meier method was used to calculate survival curves, and the log rank test was used for the sta-
tistical analyses. The statistical analyses were conducted using Pearson’s χ2 tests, Fisher’s exact
tests, t tests and Spearman's rank correlation. A Cox proportional hazards model was used for
the univariate and multivariate analyses to evaluate the prognostic value of clinicopathological
factors. All tests were two-sided, and P�0.05 was considered to indicate statistical significance.
All statistical analyses were performed using SPSS 17.0 software (IBM Corporation, Armonk,
NY, USA).

Results

Expression of galectin-9 in CRC tumor tissues
First, we explored galectin-9 expression in colon cancer by analyzing 128 biopsies from colon
tumors spanning stages I-IV according to TNM. Among these samples, 101 (78.91%)tested

Table 2. Primer sequences.

mRNA Forward Primer Reverse Primer

GAPDH CCGATGCCTTTCATCACCACC CACCTTGAGGCAGTGAGCTTC

RhoG ACTAACGCTTTCCCCAAAGAG GTGTACGGAGGCGGTCATAC

RhoQ CCACCGTCTTCGACCACTAC AGGCTGGATTTACCACCGAGA

RhoH ATGCTGAGTTCCATCAAGTGC TCTGCCTGCTGGTAGGACA

RhoT1 AAGGTAACAAGTCGATGGATTCC TCAGGTTTTTCGCTGAACACT

RhoA GGAAAGCAGGTAGAGTTGGCT GGCTGTCGATGGAAAAACACAT

RhoB ATCCCCGAGAAGTGGGTCC CGAGGTAGTCGTAGGCTTGGA

RhoC GGAGGTCTACGTCCCTACTGT CGCAGTCGATCATAGTCTTCC

RhoF CCCCATCGGTGTTCGAGAAG GGCCGTGTCGTAGAGGTTC

Galectin-9 GGTGGTCTCCTCTGACTTCAACAG GTTGCTGTAGCCAAATTCGTTGT

doi:10.1371/journal.pone.0152599.t002
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positive for galectin-9 expression, and immunization scores of 1, 2, 3, and 4 were observed in
31.25% (40 out of 128), 18.75% (24 out of 128), 19.53% (25 out of 128) and 9.38% (12 out of
128) of the cases, respectively.

Our evaluation of tumor and para-tumor tissue samples that were obtained from 38 patients
revealed that galectin-9 was expressed primarily in the cytoplasm on both tumor and normal
glandular cells but was not expressed in the nucleus or on cells urfaces(Fig 1A–1C). However,
the level of galectin-9 expression between the two tissue types was significantly different. In the
normal colonic mucosal samples, galectin-9 was expressed in the cytoplasm of normal colon
glandular epithelia in all cases. Among the positive cases, 7 had a score of 1 (18%), 4 had a
score of 2 (11%), 14 had a score of 3 (37%), and 13 had a score of 4 (34%) (Fig 1D). However,
in the corresponding tumor tissue samples, only 58% (22 out of 38 cases) were positive for
galectin-9 expression. Moreover, the median immunohistochemistry score for galectin-9 was
lower in the colon carcinoma samples than in in the normal mucosal samples (P<0.001,
Fig 1D).

Fig 1. Galectin-9 expression in human CRC.Galectin-9 expression in colon tumor and para-tumor tissue samples was detected using
immunohistochemistry using an isotype control (A) or an anti-galectin-9 antibody (B). (C), Representative galectin-9high (left) and galectin-9low (right)
expression in tumor and para-tumor tissues. (D), Graphical illustration of the statistical distribution of galectin-9 expression levels in 38 colon cancer tissues
and their corresponding normal mucosal samples. The expression intensity was represented as a histological score (∑pi), where p is the percentage of
galectin-9 positive cancer cells (scored as 1, 1–10%; 2, 11–50%; 3, 51–80%; or 4, 81–100%) and i represents the staining intensity (scored as 0, no staining;
1, weak staining; 2, moderate staining; or 3, strong staining). Strong (++++), moderate (+++), mild (++), weak (+) and negative (-) staining were 10–12, 7–9,
4–6, 1–3 and 0, respectively.

doi:10.1371/journal.pone.0152599.g001
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Galectin-9 expression and clinical outcomes in colon cancer patients
We explored the prognostic value of galectin-9 in colon cancer. A total of 90 colon cancer cases
and their associate clinical and survival information were analyzed to determine the role of
galectin-9 expression. Based on the median of the observed levels of galectin-9, the colon
tumor patients were divided into low (0–1, n = 39) and high (2–4, n = 51) expressing groups.
Significant differences were found in galectin-9 expression was according to TNM stage,
lymph node metastasis, and histological grade but not gender, age, ordistant metastasis
(Table 3).

Univariate analysis of the clinicopathological factors indicated that early TNM stage (I/II)
and no lymph node metastasis (N-) were significantly associated with good outcomes
(P = 0.001and P = 0.001, respectively). In particular, high galectin-9 expression was signifi-
cantly associated with good survival (hazard ratio (HR): 0.483; 95% confidence interval (CI):
0.269–0.867; P = 0.015) (Table 4). The median survival times in patients with galectin-9high

and galectin-9low were 87 and 34 months, respectively. The survival curves are shown in Fig 2A
(log-rank test, P = 0.012). The results of the Kaplan-Meier analyses were consistent with the
univariate analysis (Fig 2B and 2C). In addition, overall survival was better in patients with
well to moderate differentiation was better than in poorly differentiated cases, but this associa-
tion did not reach significance (Fig 2D, P = 0.051).

Moreover, the independent parameters that were found to be significant in the univariate
analysis, including TNM stage and galectin-9 expression, were then used in another multivari-
ate analysis. The results suggested that galectin-9 expression in colon tumor tissues (HR: 0.549,

Table 3. Association between galectin-9 expression and clinicopathological features in colon cancer.

Galectin-9 expression

n High (51) Low (39) P

Gender

Male 47 29 18 0.314

Female 43 22 21

Age Miss 2

<70 42 25 17 0.488

�70 46 24 22

TNM Miss 2

I-II 54 37 17 0.005

III-IV 34 13 21

Lymph node metastasis

+ 34 13 21 0.006

- 56 38 18

Distant metastasis Miss 1

+ 2 0 2 0.189

- 87 50 37

Histological grade 0.022

I 8 4 4

II 47 33 14

III 35 14 21

Note: Pearson’s χ2 and Fisher’s exact tests were used to compare gender, age, TNM stage, lymph node

metastasis, distant metastasis and histological grade between patients with and without high galectin-9

expression at tumor sites. Significant correlations (P<0.05) are indicated in bold.

doi:10.1371/journal.pone.0152599.t003
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95%CI: 0.303–0.995, P = 0.048) and TMN stage (HR: 2.371, 95%CI: 1.306–4.304, P = 0.005)
were independent prognostic markers, demonstrating that galectin-9 expression in colon
tumor tissues is a positive prognostic factor for overall survival (Table 4).

Relationship between the density of CD56+ NK cells and galectin-9
expression in CRC tumor cells
We next investigated the infiltration of CD56+ NK cells in colon cancer tissues and its associa-
tion with galectin-9 expression. CD56+ cells were detected within colon cancer cell nests, colon
glands and the stroma(Fig 3A). The median number of CD56+ cells was 0.3 (range: 0.0~26.6)
per single high-power field (HPF) in colon tumor tissue and 16.25 (range: 0.0–42.4) in para-
tumor tissues.

Then we analysis the clinical significance of NK cells in 38 colon cancer patients. Based on
the median of the NK cells infiltration, the colon tumor patients were divided into negative and
positive groups. Significant differences were found in NK cells infiltration according to TNM
stage (Table 5).

The amount of CD56+ cell infiltration was significantly higher in para-tumor tissues than in
tumor tissues (P<0.001, Fig 3A). Moreover, the percentage of intratumoral infiltration by CD56+

cells was significantly higher in galectin-9high tissues than in galectin-9low tissues (as the numbers
of CD56+ cells in cancer nests and para-tumoral tissues, median 7.6 vs. 0; range 0–42.4 vs. 0–0.8;
P<0.0001) (Fig 3B and 3C). Galectin-9 expression was significantly correlated with CD56+ NK
cell infiltration in colon cancer and para-tumor samples (P<0.0001, R2 = 0.658, Fig 3D)

Galectin-9 increased chemotaxis in human NK cells
The above results suggest an association between galectin-9 expression and NK cell infiltration
in colon cancer tissue. The effects of galectin-9 on NK cells were next examined in vitro. We
first explored whether the secretion of galectin-9 from tumor cells had a chemotactic effect on
migration in NK cells. In these experiments, we determined the level of galectin-9 expression
in 3 colon cancer cell lines, including SW480, SW620 and HT29, using qRT-PCR and western
blot analysis. The results showed that HT29 cells had the highest galectin-9 expression level
among these 3 cell lines (Fig 4A and 4B) and these cells were therefore selected for the follow-
ing test. We designed siRNA to knock down galectin-9 expression in HT29 cells. As shown in
Fig 4C–4E, galectin-9 mRNA, and protein levels and the concentration of galectin-9 in the cul-
ture supernatant were significantly decreased by two different siRNA sequences, siRNA #378
and siRNA #690. Interestingly, the HT-29 culture supernatants induced significantly enhanced

Table 4. Prognostic predictors for OS in the univariate andmultivariate analyses.

Variables Univariate analysis Multivariate analysis

HR 95%CI P HR 95%CI P

Age (years) (�70 vs.<70) 0.591 0.322–1.084 0.089

Sex (female vs. male) 0.758 0.423–1.358 0.352

TNM (III-IV vs. I-II) 2.635 1.466–4.736 0.001* 2.371 1.306–4.304 0.005*

Histological grade (III vs. I-II) 1.764 0.987–3.155 0.056

Galectin-9 (high vs. low) 0.483 0.269–0.867 0.015* 0.549 0.303–0.995 0.048*

Ulcerative type (Yes vs. No) 0.606 0.330–1.113 0.106

Abbreviation: OS: overall survival, HR: hazard ratio, CI: confidence interval

*Significance value P<0.05.

doi:10.1371/journal.pone.0152599.t004
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chemotaxis in NK-92 cells, which are CD56+ human NK cells [19]. These effect of the HT-29
supernatants on NK-92 chemotaxis was significantly reversed by the addition of the galectin-9
siRNAs#378 and #690 groups (Fig 4F).Then by using another colon carcinoma cell line
SW620, we consistently found that galectin-9 secreted from SW620 also had a chemotactic
effect on NK-92 cells migration (S1 Fig).

Next, we examined whether galectin-9 is a chemoattractant for NK cells. In these experi-
ments, different doses of rh-galectin-9 were analyzed to determine galectin-9’s chemotactic

Fig 2. Overall survival curves generated by Kaplan-Meier analysis. Kaplan-Meier curves are shown to describe the relationship between galectin-9
expression and overall survival (A), lymph node metastasis and overall survival (B), TNM stage and overall survival (C), and histological differentiation and
overall survival (D). Test sample (n = 90). Galectin-9high expression, no lymph node metastasis and TNM stage (I/II) were found to predict longer survival
times (P<0.05, log-rank test).

doi:10.1371/journal.pone.0152599.g002
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effect on NK-92 cells. The results showed that 25 and 50 ng/mL rh-galectin-9 induced chemo-
taxis in NK-92 cells but that the difference was not significant. At a concentration of 100 ng/
mL, NK-92 cell migration was specifically increased across the transwell membrane by approx-
imately 2-fold (P<0.001, compared to the control, Fig 4G).

Galectin-9 promotes F-actin rearrangements in NK cells by enhancing
Rho family expression in NK cells
Lymphocytes undergo dramatic cytoskeletal rearrangements during cell migration.The small
GTPase Rho is a pivotal regulator of the actin cytoskeleton, and Rho kinase, which is also
known as Rho-associated coiled coil kinase (ROCK), is a Rho effector protein. To assess the
involvement of Rho/ROCK in the transmigration of NK cells, chemotaxis assays were per-
formed in the presence of the well-characterized ROCK inhibitor, Y27632, and another Rho-
specific inhibitor, C3 transferase. The results showed that Y27632 and C3 transferase signifi-
cantly inhibited NK-92 cell migration (Fig 5A).

The above results showed that galectin-9 regulates NK cell migration. Therefore, we next
examined the effects of rh-galectin-9 on Rho family-related molecules in NK cells. The results
showed that rh-galectin-9 significantly increased the expression of multiple members of the
Rho family, including RhoA, RhoB, RhoC, RhoF, RhoG, RhoH, and RhoT1 (Fig 5B). As shown
in Fig 5C, ROCK1 protein levels were significantly up-regulated in NK cells that were

Fig 3. The distribution of CD56+NK cells in human CRC tumors is associated with galectin-9 levels. (A), CD56 expression was detected in colon tumor
and para-tumor tissue samples (38 cases) using immunohistochemistry with an anti-CD56 antibody or an isotype control. The arrow indicates NK cells;
Panels show the numbers of CD56+ NK cells that were observed in every microscopic field in the tumor and para-tumor tissues. (B), Representative images
from tumors expressing high or low amounts of galectin-9 (top) and CD56 (below) at the same site. (C), Panels showing the numbers of CD56+ NK cells that
were observed in every microscopic field in galectin-9high or galectin-9low tissue samples. (D), The correlation between galectin-9 and CD56 expression in the
tissue samples.

doi:10.1371/journal.pone.0152599.g003

Table 5. Association between NK infiltration and clinic-pathological features in 38 colon cancer.

CD56 expression

n positive(21) negative(17) P

Gender

Male 18 8 10 0.3275

Female 20 13 7

Age

<59 18 10 8 1.000

�59 20 11 9

TNM

I-II 21 16 5 0.0079

III-IV 17 5 12

Lymph node metastasis

+ 16 6 10 0.0990

- 22 15 7

Histological grade Miss 1

Low 9 5 4 0.9905

Moderate 16 9 7

High 12 7 5

Note: Fisher’s exact tests were used to compare gender, age, TNM stage, lymph node metastasis and histological grade between patients with and

without high NK cells infiltration at tumor sites. Significant correlations (P<0.05) are indicated in bold.

doi:10.1371/journal.pone.0152599.t005
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Fig 4. Galectin-9 enhances NK-92 cell chemotaxis.Galectin-9 expression was examined in colon tumor cell lines (HT29, SW480, and SW620) using
qRT-PCR (A) and western blot analysis (B). HT29 cells were divided into 5 groups: a control group (cultured with only medium), a lipo group (treated with
Lipofectamine 2000), an NC group (transfected with the negative controlsiRNA), a galectin-9-siRNA (#378) group and a galectin-9-siRNA (#690) group. The
knockdown efficacies of siRNAs targeting galectin-9 were examined using qRT-PCR (C) and western blot analysis (D). * P<0.05 vs. control. (E), Galectin-9
secretion levels were measured in different groups using galectin-9 ELISA kits. All results are shown as the mean and SEM of quadruplicate experiments.*
P<0.05 vs. control.(F), Chemotaxis of NK-92 cells in response to HT29 supernatants treated with galectin-9 siRNA; * P<0.05 vs. control, and # P<0.05 vs.
NC. We analyzed chemotaxis in NK-92 cells in response to varying concentrations of galectin-9 (G). A migration index (MI) was used to account for the high
amount of randommigration that occurred in the NK cells. IL-12 was used as a positive control for initiating chemotaxis in NK-92 cells. * P<0.05 vs. control,
** P<0.001 vs. control. Representative data are shown from at least 3 experiments.

doi:10.1371/journal.pone.0152599.g004
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stimulated with rh-galectin-9 for 24 h.These results suggested that galectin-9 regulates a variety
of Rho family molecules in NK cells.

We next examined whether galectin-9 influences rearrangements in the F-actin cytoskeleton
in NK-92 cells. NK-92 cells were treated with rh-galectin-9 at a concentration of 100 ng/mL for
4 h, and changes in F-actin polymerization in NK-92 cells were subsequently examined. In the
control group, the F-actin in NK-92 cells formed a distinct phalloidin-stained ring around the
cell membrane. After treatment with rh-galectin-9, the F-actin became aggregated at one end
of the cell, as shown in Fig 5D.

Galectin-9 enhances primary NK cell chemotaxis
In order to further validate our results, we perform the main experiments with primary NK
cells. The results show that the migration of primary NK cells can be influenced by both galec-
tin-9 secreted by HT29 (Fig 6A) or rh-galectin-9 (Fig 6B). Rho and ROCK inhibitors inhibit

Fig 5. Galectin-9 promotes F-actin rearrangement by enhancing the expression of Rho family members and ROCK1. (A), Chemotaxis was inhibited
by Rho and ROCK inhibitors in NK-92 cells. NK-92 cells were stimulated using medium alone for 4 h or medium containing Y27632 (20 μM) or C3 transferase
(2 μg/mL) for 1.5 h. A migration index (MI) was used to account for the high randommigration that was observed in NK cells. * P<0.05 vs. control. (B), The
expression of RhoA, RhoB, RhoC, RhoF, RhoG, RhoH, RhoQ and RhoT1 mRNA using RT-PCR in NK-92 cells that were incubated in the presence or
absence of rh-galectin-9 at a concentration of 100 ng/mL for 4 h; * P<0.05 vs. control. (C), The expression of ROCK1 protein in NK-92 cells that were
incubated in the presence or absence of rh-galectin-9 at a concentration of 100 ng/mL for 24 h. (D), Representative micrographs of NK-92 cells that were
incubated in the presence or absence of rh-galectin-9 at a concentration of 100 ng/mL for 4 h. F-actin was stained with rhodamine-labeled phalloidin (red),
and cell nuclei were labeled with DAPI (blue) (630×). Representative data are shown from at least 3 experiments.

doi:10.1371/journal.pone.0152599.g005
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the chemotaxis of primary NK cell (Fig 6C). In addition, rh-galectin-9 also increase the expres-
sion of Rho family (Fig 6D) and ROCK1(Fig 6E).

Discussion
In the present study, we demonstrated that galectin-9 expression is lower in colon tumor tissue
than in corresponding normal tissues and galectin-9 levels are associated with NK cell infiltra-
tion and patient survival. The in vitro studies showed that galectin-9 increased NK cell recruit-
ment by exerting effects on Rho/ROCK1 expression and F-actin polarization. We have
therefore identified a new mechanism by which galectin-9 influences NK cell recruitment

Fig 6. Galectin-9 enhances primary NK cell chemotaxis by increasing Rho family expression.Chemotaxis of primary NK cells in response to HT29
supernatants treated with galectin-9 siRNA(A) or varying concentrations of galectin-9(B). A migration index (MI) was used to account for the high amount of
randommigration that occurred in primary NK cells. IL-12 was used as a positive control for initiating chemotaxis primary NK cells. * P<0.05 vs. control. And
# P<0.05 vs. NC. (C), Chemotaxis was inhibited by Rho and ROCK inhibitors primary NK cells. Primary NK cells were stimulated using medium alone for 4 h
or medium containing Y27632 (20 μM) or C3 transferase (2 μg/mL) for 1.5 h. * P<0.05 vs. control. (D), The expression of RhoA, RhoB, RhoC, RhoF, RhoG,
RhoH, RhoQ and RhoT1 mRNA using RT-PCR in primary NK cells that were incubated in the presence or absence of rhGalectin-9 at a concentration of 100
ng/mL for 4 h; * P<0.05 vs. control. (E), the expression of ROCK1 protein in primary NK cells that were incubated in the presence or absence of rhGalectin-9
at a concentration of 100 ng/mL for 24 h. Representative data are shown from at least 3 experiments.

doi:10.1371/journal.pone.0152599.g006
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during colon tumor development, and this increases our current knowledge of the molecular
involvement of galectin-9 in tumor immunity.

Galectin-9 has been observed to be down-regulated in various tumor types, such as mela-
noma[16], cervical squamous cell cancer[23], breast cancer[24]and hepatocellular carcinoma
[25], and it potentially serves as a clinically significant biomarker for predicting outcomes in
these patients. However, little is known about the details relating to the expression of galectin-9
in colon cancer tissues. Our results show that although the majority of colon cancer cells
express galectin-9, both the positive rate and the level of expression are lower in these tissues
than in normal colon tissues. In tumors, higher galectin-9 expression is associated with early
TNM stage, no lymph node metastasis, good histological differentiation, and longer overall
survival times. Importantly, these results suggest that this protein might be a promising bio-
marker for survival in patients with colon tumors.

The effects of galectin-9 in tumors are complex which are implicated in several aspects
including tumor cell adhesion [15], apoptosis and cell cycle [16], migration [26], and angiogen-
esis [27]. Furthermore, it has been reported that galectin-9 exerted immunoregulatory roles in
tumor microenvironment. Results showed that galectin-9 induced macrophages to differentiate
into plasmacytoid dendritic cell-like macrophages[14, 28], which increased Tim-3+ dendritic
cells and CD8+ T cells[29]. However, others studies demonstrated that galectin-9 played
immunosuppressive roles by regulating immunosuppressive cells such as MDSC [30] and
Tregs[31]. Lymphocyte infiltration into colorectal tumors has been associated with good prog-
noses[32, 33]. NK cells recognize and kill tumor cells, and they play an important role in tumor
immune surveillance. Insufficient NK cell trafficking to tumor site might therefore be a novel
mechanism for tumor escape[8, 34–36]. In the present study, we observed that significantly
fewer CD56+ NK cells infiltrated colon tumor than adjacent normal tissues, and these results
were consistent with the result of previous reports[10]. In addition, we also observed that the
distribution of NK cells was correlated with galectin-9 expression. Previous studies using
tumor-bearing mice showed that administrating galectin-9 increased the numbers of NK cells
in the intraperitoneal exudate and enhanced the cytotoxic activity of NK cells[14]. Together
with our findings in colon cancer tissues, these data suggest that galectin-9 might be involved
in the recruitment of NK cells. The role of galectin-9 as a chemoattractant for NK cells was par-
tially demonstrated by our in vitro transwell studies, which showed that both colon cancer cell-
derived galectin-9 and rh-galectin-9 enhanced the migratory properties of NK cells, whether
they are NK-92 or primary NK cells. Interestingly, these experimental conditions had no signif-
icant effect on the viability and proliferation of NK cells (data not shown). In addition,it is
inconsistent regarding the role of galectin-9 in regulating NK cell activity [37–40]. These stud-
ies suggested that the effects of galectin-9may be dependent on the microenvironment. We
found galectin-9 can recruit NK cells to colon tissues in this paper. However, the functions and
activities of recruited NK cells have not yet been well described and will need to explore in the
future.

It has been shown that galectin-9 regulated NK cells activity via Tim-3 signal pathway. Tim-
3(+) NK cells/NK-92 cells significantly increased IFN-γ production in response to soluble rh-
galectin-9[37]. Moreover, galectin-9 can trigger Tim-3 downregulation on NK cells and lead to
enhanced NK cell activity in HIV infection[41]. And at the maternal-fetal interface, the galec-
tin-9/Tim-3 pathway is also involved in the regulation of NK cell function[39, 42].These results
suggest that galectin-9/Tim-3 is an important pathway involved in NK cells activities. How-
ever, whether this pathway is involved in the regulation of NK cell recruitment and activation
in colon cancer still needs to be confirmed in the future.

Notably, studies have suggested that posttranscriptional splicing may affect galectin-9 pro-
tein function. So far, 6 splice variants of galectin-9 have been identified based on exclusion of
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exons 5, 6 and 10[43, 44]. Splice variants lacking exon 5 or/and 6 displayed altered length of
the linker domain between the two carbohydrate recognition domains (CRDs), which influ-
ences the rotational freedom of both CRDs and increase gal-9 valency[45, 46].Furthermore,
other studies have reported splice variants that lack exon 10, such as gal-9Δ10, gal-9Δ5/10 and
gal-9Δ5/6/10do not appear to be secreted[47]. As with our findings, further research is needed
to explore what types of variant are involved in NK cells recruiting in colon cancer.

The coordinated reconstitution of the actin cytoskeleton is required for cell migration. The
actin cytoskeleton senses and integrates chemical and physical signals into force-generating
structures to control motility. Rho GTPase family proteins are key regulatory molecules that
link surface receptors to the organization of the actin cytoskeleton in all the eukaryotic cells
[48, 49].Rho/ROCK signaling is necessary for many cytoskeleton-dependent processes, includ-
ing the regulation of the cytoskeleton by the phosphorylation of downstream substrates,
increases in actin filament stabilization and the generation of actin-myosin contractility[50].In
the current study, we demonstrated that galectin-9 can modulate Rho GTPase signaling in NK-
92 cells or primary NK cells by increasing the expression of Rho family members and ROCK1.
We also found that the F-actin cytoskeleton in NK-92 cells that were treated with galectin-9
appeared to undergo rearrangement, and to show no F-actin ring formation. Instead,in these
cells, F-actin was aggregated at one end of the cell. The results suggested that galectin-9 regu-
lates the F-actin cytoskeleton in NK cells. Similarly, galectin-8, another tandem-repeat galectin
similar to the galectin-9 protein, induces cytoskeleton rearrangement in Jurkat T cells[51].
However, to our knowledge, this study is the first study to demonstrate that galectin-9 induces
F-actin rearrangement in NK cells.Specific mechanism for this process needs to be further
explored in a future study.

In conclusion, these data provided the first evidence that galectin-9 is down-regulated in
colon tumor tissue and suggests a poor outcome. Furthermore, we found that galectin-9 has a
novel function in immunological surveillance by regulating F-actin polarization in NK cells, and
this regulation is associated with the activation of Rho/ROCK1 signaling.These results provide a
foundation for the future exploration of a potential role for galectin-9 in the regulation of NK cell
trafficking, potentially representing a new target for the immune treatment of colon cancer.

Supporting Information
S1 Fig. Galectin-9 secreted by SW620 enhances NK cell chemotaxis.
(TIF)

S1 File. Supplementary Materials and methods (DOC).
(DOCX)

S2 File. Supplementary Figure legend.
(DOCX)

Author Contributions
Conceived and designed the experiments: YW JS XQ. Performed the experiments: YWWG BS
YZ QS JL. Analyzed the data: CM HXWC XC XWHWMY. Contributed reagents/materials/
analysis tools: QW LZ YZ. Wrote the paper: YW JS XQ.

References
1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer

in 2008: GLOBOCAN 2008. International journal of cancer Journal international du cancer. 2010; 127
(12):2893–917. doi: 10.1002/ijc.25516 PMID: 21351269

Galectin-9 as a Prognostic Factor for Colon Cancer

PLOS ONE | DOI:10.1371/journal.pone.0152599 March 30, 2016 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152599.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152599.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152599.s003
http://dx.doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269


2. Board RE, Valle JW. Metastatic colorectal cancer: current systemic treatment options. Drugs. 2007; 67
(13):1851–67. PMID: 17722954

3. Markman JL, Shiao SL. Impact of the immune system and immunotherapy in colorectal cancer. Journal
of gastrointestinal oncology. 2015; 6(2):208–23. doi: 10.3978/j.issn.2078-6891.2014.077 PMID:
25830040

4. Steeg PS. Metastasis suppressors alter the signal transduction of cancer cells. Nature reviews Cancer.
2003; 3(1):55–63. PMID: 12509767

5. Koelzer VH, Lugli A, Dawson H, Hadrich M, Berger MD, Borner M, et al. CD8/CD45RO T-cell infiltration
in endoscopic biopsies of colorectal cancer predicts nodal metastasis and survival. Journal of transla-
tional medicine. 2014; 12:81. doi: 10.1186/1479-5876-12-81 PMID: 24679169

6. Pages F, Berger A, Camus M, Sanchez-Cabo F, Costes A, Molidor R, et al. Effector memory T cells,
early metastasis, and survival in colorectal cancer. The New England journal of medicine. 2005; 353
(25):2654–66. PMID: 16371631

7. Ling A, Edin S, Wikberg ML, Oberg A, Palmqvist R. The intratumoural subsite and relation of CD8(+)
and FOXP3(+) T lymphocytes in colorectal cancer provide important prognostic clues. British journal of
cancer. 2014; 110(10):2551–9. doi: 10.1038/bjc.2014.161 PMID: 24675384

8. Coca S, Perez-Piqueras J, Martinez D, Colmenarejo A, Saez MA, Vallejo C, et al. The prognostic signif-
icance of intratumoral natural killer cells in patients with colorectal carcinoma. Cancer. 1997; 79
(12):2320–8. PMID: 9191519

9. Tartter PI, Steinberg B, Barron DM, Martinelli G. The prognostic significance of natural killer cytotoxicity
in patients with colorectal cancer. Archives of surgery. 1987; 122(11):1264–8. PMID: 3675190

10. Halama N, Braun M, Kahlert C, Spille A, Quack C, Rahbari N, et al. Natural killer cells are scarce in colo-
rectal carcinoma tissue despite high levels of chemokines and cytokines. Clinical cancer research: an
official journal of the American Association for Cancer Research. 2011; 17(4):678–89.

11. Barondes SH, Castronovo V, Cooper DN, Cummings RD, Drickamer K, Feizi T, et al. Galectins: a fam-
ily of animal beta-galactoside-binding lectins. Cell. 1994; 76(4):597–8. PMID: 8124704

12. Madireddi S, Eun SY, Lee SW, Nemcovicova I, Mehta AK, Zajonc DM, et al. Galectin-9 controls the
therapeutic activity of 4-1BB-targeting antibodies. The Journal of experimental medicine. 2014; 211
(7):1433–48. doi: 10.1084/jem.20132687 PMID: 24958847

13. Meggyes M, Miko E, Polgar B, Bogar B, Farkas B, Illes Z, et al. Peripheral blood TIM-3 positive NK and
CD8+ T cells throughout pregnancy: TIM-3/galectin-9 interaction and its possible role during preg-
nancy. PloS one. 2014; 9(3):e92371. doi: 10.1371/journal.pone.0092371 PMID: 24651720

14. Nobumoto A, Oomizu S, Arikawa T, Katoh S, Nagahara K, Miyake M, et al. Galectin-9 expands unique
macrophages exhibiting plasmacytoid dendritic cell-like phenotypes that activate NK cells in tumor-
bearing mice. Clinical immunology. 2009; 130(3):322–30. doi: 10.1016/j.clim.2008.09.014 PMID:
18974023

15. Kasamatsu A, Uzawa K, Nakashima D, Koike H, Shiiba M, Bukawa H, et al. Galectin-9 as a regulator of
cellular adhesion in human oral squamous cell carcinoma cell lines. International journal of molecular
medicine. 2005; 16(2):269–73. PMID: 16012760

16. Kageshita T, Kashio Y, Yamauchi A, Seki M, Abedin MJ, Nishi N, et al. Possible role of galectin-9 in cell
aggregation and apoptosis of human melanoma cell lines and its clinical significance. International jour-
nal of cancer Journal international du cancer. 2002; 99(6):809–16. PMID: 12115481

17. Irie A, Yamauchi A, Kontani K, Kihara M, Liu D, Shirato Y, et al. Galectin-9 as a prognostic factor with
antimetastatic potential in breast cancer. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2005; 11(8):2962–8.

18. Yang J, Zhu L, Cai Y, Suo J, Jin J. Role of downregulation of galectin-9 in the tumorigenesis of gastric
cancer. International journal of oncology. 2014; 45(3):1313–20. doi: 10.3892/ijo.2014.2494 PMID:
24919464

19. Li J, Liu H, Li L, Wu H, Wang C, Yan Z, et al. The combination of an oxygen-dependent degradation
domain-regulated adenovirus expressing the chemokine RANTES/CCL5 and NK-92 cells exerts
enhanced antitumor activity in hepatocellular carcinoma. Oncology reports. 2013; 29(3):895–902. doi:
10.3892/or.2012.2217 PMID: 23292657

20. Starnes T, Rasila KK, Robertson MJ, Brahmi Z, Dahl R, Christopherson K, et al. The chemokine
CXCL14 (BRAK) stimulates activated NK cell migration: implications for the downregulation of CXCL14
in malignancy. Experimental hematology. 2006; 34(8):1101–5. PMID: 16863917

21. Allavena P, Paganin C, Zhou D, Bianchi G, Sozzani S, Mantovani A. Interleukin-12 is chemotactic for
natural killer cells and stimulates their interaction with vascular endothelium. Blood. 1994; 84(7):2261–
8. PMID: 7919344

Galectin-9 as a Prognostic Factor for Colon Cancer

PLOS ONE | DOI:10.1371/journal.pone.0152599 March 30, 2016 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17722954
http://dx.doi.org/10.3978/j.issn.2078-6891.2014.077
http://www.ncbi.nlm.nih.gov/pubmed/25830040
http://www.ncbi.nlm.nih.gov/pubmed/12509767
http://dx.doi.org/10.1186/1479-5876-12-81
http://www.ncbi.nlm.nih.gov/pubmed/24679169
http://www.ncbi.nlm.nih.gov/pubmed/16371631
http://dx.doi.org/10.1038/bjc.2014.161
http://www.ncbi.nlm.nih.gov/pubmed/24675384
http://www.ncbi.nlm.nih.gov/pubmed/9191519
http://www.ncbi.nlm.nih.gov/pubmed/3675190
http://www.ncbi.nlm.nih.gov/pubmed/8124704
http://dx.doi.org/10.1084/jem.20132687
http://www.ncbi.nlm.nih.gov/pubmed/24958847
http://dx.doi.org/10.1371/journal.pone.0092371
http://www.ncbi.nlm.nih.gov/pubmed/24651720
http://dx.doi.org/10.1016/j.clim.2008.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18974023
http://www.ncbi.nlm.nih.gov/pubmed/16012760
http://www.ncbi.nlm.nih.gov/pubmed/12115481
http://dx.doi.org/10.3892/ijo.2014.2494
http://www.ncbi.nlm.nih.gov/pubmed/24919464
http://dx.doi.org/10.3892/or.2012.2217
http://www.ncbi.nlm.nih.gov/pubmed/23292657
http://www.ncbi.nlm.nih.gov/pubmed/16863917
http://www.ncbi.nlm.nih.gov/pubmed/7919344


22. Chabot S, Kashio Y, Seki M, Shirato Y, Nakamura K, Nishi N, et al. Regulation of galectin-9 expression
and release in Jurkat T cell line cells. Glycobiology. 2002; 12(2):111–8. PMID: 11886844

23. Liang M, Ueno M, Oomizu S, Arikawa T, Shinonaga R, Zhang S, et al. Galectin-9 expression links to
malignant potential of cervical squamous cell carcinoma. Journal of cancer research and clinical oncol-
ogy. 2008; 134(8):899–907. doi: 10.1007/s00432-008-0352-z PMID: 18264727

24. Yamauchi A, Kontani K, Kihara M, Nishi N, Yokomise H, Hirashima M. Galectin-9, a novel prognostic
factor with antimetastatic potential in breast cancer. The breast journal. 2006; 12(5 Suppl 2):S196–200.
PMID: 16959001

25. Zhang ZY, Dong JH, Chen YW,Wang XQ, Li CH, Wang J, et al. Galectin-9 acts as a prognostic factor
with antimetastatic potential in hepatocellular carcinoma. Asian Pacific journal of cancer prevention:
APJCP. 2012; 13(6):2503–9. PMID: 22938412

26. Nobumoto A, Nagahara K, Oomizu S, Katoh S, Nishi N, Takeshita K, et al. Galectin-9 suppresses
tumor metastasis by blocking adhesion to endothelium and extracellular matrices. Glycobiology. 2008;
18(9):735–44. doi: 10.1093/glycob/cwn062 PMID: 18579572

27. Fainaru O, Almog N, Yung CW, Nakai K, Montoya-Zavala M, Abdollahi A, et al. Tumor growth and
angiogenesis are dependent on the presence of immature dendritic cells. FASEB journal: official publi-
cation of the Federation of American Societies for Experimental Biology. 2010; 24(5):1411–8.

28. Kadowaki T, Arikawa T, Shinonaga R, Oomizu S, Inagawa H, Soma G, et al. Galectin-9 signaling pro-
longs survival in murine lung-cancer by inducing macrophages to differentiate into plasmacytoid den-
dritic cell-like macrophages. Clinical immunology. 2012; 142(3):296–307. doi: 10.1016/j.clim.2011.11.
006 PMID: 22177847

29. Nagahara K, Arikawa T, Oomizu S, Kontani K, Nobumoto A, Tateno H, et al. Galectin-9 increases Tim-
3+ dendritic cells and CD8+ T cells and enhances antitumor immunity via galectin-9-Tim-3 interactions.
Journal of immunology. 2008; 181(11):7660–9.

30. Dardalhon V, Anderson AC, Karman J, Apetoh L, Chandwaskar R, Lee DH, et al. Tim-3/galectin-9 path-
way: regulation of Th1 immunity through promotion of CD11b+Ly-6G+myeloid cells. Journal of immu-
nology. 2010; 185(3):1383–92.

31. Oomizu S, Arikawa T, Niki T, Kadowaki T, Ueno M, Nishi N, et al. Cell surface galectin-9 expressing Th
cells regulate Th17 and Foxp3+ Treg development by galectin-9 secretion. PloS one. 2012; 7(11):
e48574. doi: 10.1371/journal.pone.0048574 PMID: 23144904

32. Laghi L, Bianchi P, Miranda E, Balladore E, Pacetti V, Grizzi F, et al. CD3+ cells at the invasive margin
of deeply invading (pT3-T4) colorectal cancer and risk of post-surgical metastasis: a longitudinal study.
The Lancet Oncology. 2009; 10(9):877–84. doi: 10.1016/S1470-2045(09)70186-X PMID: 19656725

33. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type, density,
and location of immune cells within human colorectal tumors predict clinical outcome. Science. 2006;
313(5795):1960–4. PMID: 17008531

34. Imai K, Matsuyama S, Miyake S, Suga K, Nakachi K. Natural cytotoxic activity of peripheral-blood lym-
phocytes and cancer incidence: an 11-year follow-up study of a general population. Lancet. 2000; 356
(9244):1795–9. PMID: 11117911

35. Ishigami S, Natsugoe S, Tokuda K, Nakajo A, Che X, Iwashige H, et al. Prognostic value of intratumoral
natural killer cells in gastric carcinoma. Cancer. 2000; 88(3):577–83. PMID: 10649250

36. Villegas FR, Coca S, Villarrubia VG, Jimenez R, Chillon MJ, Jareno J, et al. Prognostic significance of
tumor infiltrating natural killer cells subset CD57 in patients with squamous cell lung cancer. Lung can-
cer. 2002; 35(1):23–8. PMID: 11750709

37. Gleason MK, Lenvik TR, McCullar V, Felices M, O'Brien MS, Cooley SA, et al. Tim-3 is an inducible
human natural killer cell receptor that enhances interferon gamma production in response to galectin-9.
Blood. 2012; 119(13):3064–72. doi: 10.1182/blood-2011-06-360321 PMID: 22323453

38. Golden-Mason L, McMahan RH, Strong M, Reisdorph R, Mahaffey S, Palmer BE, et al. Galectin-9 func-
tionally impairs natural killer cells in humans and mice. Journal of virology. 2013; 87(9):4835–45. doi:
10.1128/JVI.01085-12 PMID: 23408620

39. Sun J, Yang M, Ban Y, GaoW, Song B, Wang Y, et al. Tim-3 Is Upregulated in NK Cells during Early
Pregnancy and Inhibits NK Cytotoxicity toward Trophoblast in Galectin-9 Dependent Pathway. PLoS
One. 2016; 11(1):e0147186. doi: 10.1371/journal.pone.0147186 PMID: 26789128

40. de Kivit S, Lempsink LJ, Plants J, Martinson J, Keshavarzian A, Landay AL. Modulation of TIM-3
expression on NK and T cell subsets in HIV immunological non-responders. Clinical immunology.
2015; 156(1):28–35. doi: 10.1016/j.clim.2014.10.009 PMID: 25450337

41. Jost S, Moreno-Nieves UY, Garcia-Beltran WF, Rands K, Reardon J, Toth I, et al. Dysregulated Tim-3
expression on natural killer cells is associated with increased Galectin-9 levels in HIV-1 infection. Retro-
virology. 2013; 10:74. doi: 10.1186/1742-4690-10-74 PMID: 23866914

Galectin-9 as a Prognostic Factor for Colon Cancer

PLOS ONE | DOI:10.1371/journal.pone.0152599 March 30, 2016 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/11886844
http://dx.doi.org/10.1007/s00432-008-0352-z
http://www.ncbi.nlm.nih.gov/pubmed/18264727
http://www.ncbi.nlm.nih.gov/pubmed/16959001
http://www.ncbi.nlm.nih.gov/pubmed/22938412
http://dx.doi.org/10.1093/glycob/cwn062
http://www.ncbi.nlm.nih.gov/pubmed/18579572
http://dx.doi.org/10.1016/j.clim.2011.11.006
http://dx.doi.org/10.1016/j.clim.2011.11.006
http://www.ncbi.nlm.nih.gov/pubmed/22177847
http://dx.doi.org/10.1371/journal.pone.0048574
http://www.ncbi.nlm.nih.gov/pubmed/23144904
http://dx.doi.org/10.1016/S1470-2045(09)70186-X
http://www.ncbi.nlm.nih.gov/pubmed/19656725
http://www.ncbi.nlm.nih.gov/pubmed/17008531
http://www.ncbi.nlm.nih.gov/pubmed/11117911
http://www.ncbi.nlm.nih.gov/pubmed/10649250
http://www.ncbi.nlm.nih.gov/pubmed/11750709
http://dx.doi.org/10.1182/blood-2011-06-360321
http://www.ncbi.nlm.nih.gov/pubmed/22323453
http://dx.doi.org/10.1128/JVI.01085-12
http://www.ncbi.nlm.nih.gov/pubmed/23408620
http://dx.doi.org/10.1371/journal.pone.0147186
http://www.ncbi.nlm.nih.gov/pubmed/26789128
http://dx.doi.org/10.1016/j.clim.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25450337
http://dx.doi.org/10.1186/1742-4690-10-74
http://www.ncbi.nlm.nih.gov/pubmed/23866914


42. Li YH, ZhouWH, Tao Y, Wang SC, Jiang YL, Zhang D, et al. The Galectin-9/Tim-3 pathway is involved
in the regulation of NK cell function at the maternal-fetal interface in early pregnancy. Cellular & molecu-
lar immunology. 2016; 13(1):73–81.

43. Spitzenberger F, Graessler J, Schroeder HE. Molecular and functional characterization of galectin 9
mRNA isoforms in porcine and human cells and tissues. Biochimie. 2001; 83(9):851–62. PMID:
11698107

44. Heusschen R, Freitag N, Tirado-Gonzalez I, Barrientos G, Moschansky P, Munoz-Fernandez R, et al.
Profiling Lgals9 splice variant expression at the fetal-maternal interface: implications in normal and
pathological human pregnancy. Biology of reproduction. 2013; 88(1):22. doi: 10.1095/biolreprod.112.
105460 PMID: 23242525

45. Earl LA, Bi S, Baum LG. Galectin multimerization and lattice formation are regulated by linker region
structure. Glycobiology. 2011; 21(1):6–12. doi: 10.1093/glycob/cwq144 PMID: 20864568

46. Bi S, Earl LA, Jacobs L, Baum LG. Structural features of galectin-9 and galectin-1 that determine dis-
tinct T cell death pathways. The Journal of biological chemistry. 2008; 283(18):12248–58. doi: 10.1074/
jbc.M800523200 PMID: 18258591

47. Lipkowitz MS, Leal-Pinto E, Cohen BE, Abramson RG. Galectin 9 is the sugar-regulated urate trans-
porter/channel UAT. Glycoconjugate journal. 2004; 19(7–9):491–8. PMID: 14758072

48. Hall A. Rho GTPases and the actin cytoskeleton. Science. 1998; 279(5350):509–14. PMID: 9438836

49. Chircop M. Rho GTPases as regulators of mitosis and cytokinesis in mammalian cells. Small GTPases.
2014; 5.

50. Amano M, Nakayama M, Kaibuchi K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and cell
polarity. Cytoskeleton. 2010; 67(9):545–54. doi: 10.1002/cm.20472 PMID: 20803696

51. Yamamoto H, Nishi N, Shoji H, Itoh A, Lu LH, HirashimaM, et al. Induction of cell adhesion by galectin-
8 and its target molecules in Jurkat T-cells. Journal of biochemistry. 2008; 143(3):311–24. PMID:
18024965

Galectin-9 as a Prognostic Factor for Colon Cancer

PLOS ONE | DOI:10.1371/journal.pone.0152599 March 30, 2016 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/11698107
http://dx.doi.org/10.1095/biolreprod.112.105460
http://dx.doi.org/10.1095/biolreprod.112.105460
http://www.ncbi.nlm.nih.gov/pubmed/23242525
http://dx.doi.org/10.1093/glycob/cwq144
http://www.ncbi.nlm.nih.gov/pubmed/20864568
http://dx.doi.org/10.1074/jbc.M800523200
http://dx.doi.org/10.1074/jbc.M800523200
http://www.ncbi.nlm.nih.gov/pubmed/18258591
http://www.ncbi.nlm.nih.gov/pubmed/14758072
http://www.ncbi.nlm.nih.gov/pubmed/9438836
http://dx.doi.org/10.1002/cm.20472
http://www.ncbi.nlm.nih.gov/pubmed/20803696
http://www.ncbi.nlm.nih.gov/pubmed/18024965

