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Stromal fibroblasts perform important roles in can-
cer development and progression. Overexpression of
Twist1, a basic helix-loop-helix transcription factor,
is often associated with aggressive behavior in many
tumors. In this study, we investigated Twist1 expres-
sion patterns in gastric stromal fibroblasts and cancer
cells using a monoclonal Twist1 antibody after vali-
dating the effectiveness of four commercial Twist1-
specific antibodies. Twist1 expression was more
frequently observed in gastric cancer-associated fi-
broblasts (CAFs) than in other cancer cells but was
otherwise rarely expressed in noncancerous tissue.
In laser capture microdissection of stromal fibro-
blasts, Twist1 immunopositive fibroblasts exhibited
significantly increased Twist1, fibroblast-specific pro-
tein 1, and CXCL14 mRNA expression. Furthermore,
Twist1 mRNA expression showed a significant linear
correlation with that of platelet-derived growth factor
receptors � and �. We found that conditioned media
from Twist1-expressing skin and lung fibroblasts sig-
nificantly promote invasion of gastric cancer cells in
vitro. In 195 gastric cancer samples, CAF Twist1 ex-
pression was associated with tumor size, invasion
depth, and lymph node metastasis. Twist1 was also
associated with poor prognosis in patients with gas-
tric cancer, particularly in those with the diffuse type.
In conclusion, CAFs in gastric cancer frequently have
altered Twist1 expression, and increased Twist1 ex-
pression in fibroblasts contributes to the progression
of cancer cells and poor patient survival. (Am J Pathol

2011, 179:1827–1838; DOI: 10.1016/j.ajpath.2011.06.032)

Fibroblasts are one of the most common connective tis-
sue cell types, and their main function is to maintain the
extracellular matrix microenvironment and connective tis-
sue structural integrity. Fibroblasts are also important in

the regulation of epithelial differentiation through epithe-
lial and stromal cross-talk.1 Fibroblasts have also been
shown to have a profound influence on the development
and progression of carcinomas.2,3

Fibroblasts exhibit a wide range of activation. On one
end of the spectrum, normal fibroblasts show thin, wavy,
and small spindle cell morphologic features, whereas
fully activated fibroblasts, sometimes referred to as myo-
fibroblastic cells, are large and plump spindle-shaped
mesenchymal cells that often express �-smooth muscle
actin (SMA).2,4 Of these myofibroblastic cells, fibroblasts
that are found in association with cancer cells are known
as cancer-associated fibroblasts (CAFs).2 Such stromal
fibroblasts may contain an abundance of prognostic in-
formation and are a source of many potential new tumor
biomarkers, which are useful in evaluating the prognosis
for a given tumor.5

Twist1 is a transcription factor that belongs to the basic
helix-loop-helix transcription factor family. Initially, Twist1
was shown to be essential in the development of meso-
dermally derived tissues, including muscle and osteo-
genic cell lineages.6,7 During development, Twist1 plays
a key role in the cellular transdifferentiation process,
known as the epithelial-mesenchymal transition (EMT). A
recent report showed that Twist1 is overexpressed in a
variety of human tumors.8 In addition, Twist1 was re-
ported to promote cancer metastasis and was correlated
with poor prognoses.9,10

There have been few studies on the role of Twist1
expression in gastric cancer. Rosivatz et al11 reported
that Twist1 mRNA was overexpressed in diffuse-type ad-
enocarcinoma, as assessed by quantitative real-time
PCR analysis of 48 formalin-fixed paraffin-embedded
(FFPE) gastric cancer tissues. Yan-Qi et al12 found that
Twist1 protein expression was increased in diffuse-type
gastric carcinoma and was correlated with lymph node
metastasis in 76 cases of gastric cancer using immuno-
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histochemistry. However, the cellular location of Twist1
protein expression has been described differently in var-
ious studies; it was reported to be cytoplasmic in some
studies12,13 and nuclear in others.14–16 In addition, stud-
ies investigating Twist1 expression in gastric cancer us-
ing the same antibody (H81) showed mostly cytoplasmic
staining. As such, the reported clinical significance and
expression patterns of Twist1 vary, depending on the
antibody that was used in a particular study. Furthermore,
little is known about the prognostic significance of Twist1
expression in gastric cancer due to small-scale patient
cohorts. Therefore, in this study we first thoroughly vali-
dated four different commercially available antibodies for
Twist1. We then used the best-performing antibody to
study Twist1 expression in gastric cancer tissues and
found, unexpectedly, that Twist1 expression was more
abundant in CAFs than in the cancer cells themselves.
Finally, we evaluated the prognostic significance of
Twist1 expression in gastric cancer cells, as well as in
CAFs, in a larger cohort of patients with gastric cancer.

Materials and Methods

Cell Lines

Thirteen gastric cancer cell lines (SNU5, SNU16,
SNU216, SNU484, SNU601, SNU620, SNU638, SNU719,
MKN1, MKN28, MKN74, KATOIII, and AGS), HeLa, and
two human fibroblast cell lines (skin fibroblast CCD986sk
and lung fibroblast IMR90) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with high glucose
(Life Technologies, Grand Island, NY) supplemented with
10% heat-inactivated fetal bovine serum (Life Technolo-
gies), 100 mg/mL of penicillin G, and 50 �g/mL of strepto-
mycin (Life Technologies) at 37°C in a humidified atmo-
sphere containing 5% CO2. All cell lines were purchased
from the Korean Cell Line Bank (Seoul, Korea).

RNA Extraction and Quantitative Real-Time
RT-PCR

Total RNA was extracted by standard phenol-chloroform
extraction and isopropanol precipitation methods. The
cDNA was synthesized from 2 �g of total RNA using
Superscript II RNA Reverse Transcriptase (no. 11904-
018; Invitrogen, Carlsbad, CA), according to the manu-
facturer’s protocol.

Table 1. Characteristics of Twist1-Specific Antibodies

Catalog no. Type Dilution (WB)
Cellu

localiz

H81 Rabbit polyclonal 1:50 (1:1000) NA

Ab50887 Mouse monoclonal 1:100 (1:1000) Nucl
Ab50581 Rabbit polyclonal 1:100 (1:1000) Nucl
4119S Rabbit polyclonal 1:100 (1:1000) NA
ChIP, chromatin immunoprecipitation; Dot, dot blot; ELISA, enzyme-linked imm
IHC-P, immunohistochemistry-formalin/paraformaldehyde-fixed paraffin-embedde
Real-time RT-PCR was performed using the ABI 7900
HT Fast Real Time PCR system (Applied Biosystems,
Foster City, CA). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal loading con-
trol. PCR was conducted using the SYBR Green PCR
master mix (Applied Biosystems). Thermal cycling con-
ditions were as follows: 1 step for 10 minutes at 95°C
followed by 40 cycles at 95°C for 15 seconds and at 60°C
for 1 minute. Each reaction was performed in duplicate.
PCR product quality was monitored using post-PCR melt-
curve analysis. CT, the fractional cycle number at which
the amount of amplified target reached a fixed threshold,
was determined. The Twist1 concentration ratio was cal-
culated using 2��Ct (�Ct � �CTwist1 -�CGAPDH). The prim-
ers used were as follows: Twist1, forward primer (5=-GGCT-
CAGCTACGCCTTCTC-3=) and reverse primer (5=-
TCCTTCTCTGGAAACAATGACA-3=); osteopontin, forward
primer (5=-CTCCATTGACTCGAACGACTC-3=) and reverse
primer (5=-CAGGTCTGCGAAACTTCTTAGAT-3=); SMA, for-
ward primer (5=-CAGGGCTGTTTTCCCATCCAT-3=) and re-
verse primer (5=-ACGTAGCTGTCTTTTTGTCCC-3=); CXCL14,
forward primer (5=-CGCTACAGCGACGTGAAGAA-3=) and
reverse primer (5=-TTCCAGGCGTTGTACCACTTG-3=);
Fibroblast Activation Protein (FAP), forward primer (5=-
ACGGCTTATCACCTGATCGG-3=) and reverse primer
(5=-AATTGGACGAGGAAGCTCATTT-3=); fibroblast-spe-
cific protein 1 (FSP1), forward primer (5=-GATGAGCA-
ACTTGGACAGCAA-3=) and reverse primer (5=-CTG-
GGCTGCTTATCTGGGAAG-3=); platelet-derived growth
factor receptor (PDGFR) �, forward primer (5=-AACCGT-
GTATAAGTCAGGGGA-3=) and reverse primer (5=-GCA-
TTGTGATGCCTTTGCCTT-3=); PDGFR�, forward primer
(5=-TGATGCCGAGGAACTATTCATCT-3=) and reverse pri-
mer (5=-TTTCTTCTCGTGCAGTGTCAC-3=); and GAPDH,
forward primer (5=-GCACCGTCAAGGCTGAGAA-3=) and
reverse primer (5=-AGCATCGCCCCACTTGATT-3=).

Western Blotting Analysis

Cell lysates were prepared using an SDS lysis solution.
Protein concentration was measured using a bicin-
choninic acid protein assay kit (Pierce, Rockford, IL).
Equal amounts of protein were separated by electropho-
resis on a 12.5% SDS-PAGE gel. The proteins were elec-
trotransferred from the gel to a nitrocellulose membrane,
which was then blocked with a 5% nonfat milk solution for
1 hour and then incubated with primary Twist1-specific
antibodies (Table 1), including ab50887 (mouse mono-

Company Recommend for applications

Santa Cruz Biotechnology,
Santa Cruz, CA

WB, IP, IF, ELISA

Abcam, Cambridge, UK ChIP, Dot, ICC/IF, IHC-P, WB
Abcam ICC/IF, IHC-P, WB
Cell Signaling Technology,

Beverly, MA
WB, IP
lar
ation

ear
ear
unosorbent assay; ICC, immunocytochemistry; IF, immunofluorescence;
d tissue; IP, immunoprecipitation; NA, not applicable; WB, Western blot.
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clonal, clone: Twist2C1a; Abcam, Cambridge, UK),
ab50581 (rabbit polyclonal; Abcam), 4119S (rabbit poly-
clonal; Cell Signaling Technology, Beverly, MA), and H81
(rabbit polyclonal; Santa Cruz Biotechnology, Santa
Cruz, CA) for 2 hours at room temperature. �-Actin–spe-
cific antibody (1:1000; Santa Cruz) was used as an inter-
nal loading control. The membrane was incubated with
goat anti-rabbit secondary antibodies that were detected
by an enhanced chemiluminescence detection system
(Amersham Biosciences Europe, Freiburg, Germany) ac-
cording to the manufacturer’s instructions.

Transient siRNA Transfection

The ablation of Twist1 was performed by transient trans-
fection of cells with small interfering RNA (siRNA) duplex
oligos synthesized by SamCheonLee Ltd. (Seoul, Korea).
Control siRNA (Scrambled RNA; Genolution, Seoul, Ko-
rea) and Twist1-specific siRNA (sense: 5=-GAUG-
GCAAGCUGCAGCUAUTTdTdT-3= and antisense: 5=-
AUAGCUGCAGCUUGCCAUCTTdTdT-3=) were trans-
fected using G-Fectin reagent (Genolution). Three days
after transfection, the cells were collected for Western
blotting analysis.

DNA Extraction and Sodium Bisulfite
Modification

Cultured cells were placed in a 1.5-mL Eppendorf tube
containing 540 �L of lysis buffer with 10 mmol/L Tris (pH
8), 0.1 mmol/L EDTA, 2% SDS, and 60 �L of 20 mg/mL of
proteinase K (Promega, Madison, WI). The samples were
incubated for 20 hours at 60°C. DNA was then isolated by
standard phenol-chloroform extraction and isopropanol
precipitation methods. Bisulfite conversion was per-
formed with an EpiTect Bisulfite Kit (Qiagen) as de-
scribed by the manufacturer. For each conversion reac-
tion, 1 �g DNA was used, and after conversion and
purification, DNA was eluted in 20 �L of distilled water.

MSP Analysis

The methylation status of the Twist1 gene was deter-
mined using a methylation-specific nested PCR (MSP)
method. Primer sequences used in the first amplification
were as follows: for methylated DNA, forward 5=-CGT-
TAGGGTTCGGGGGC-3= and reverse 5=-ACCTAAC-
CCGAACGACCG-3=; and for unmethylated DNA, forward
5=-GTTGTGTTAGGGTTTGGGGGT-3= and reverse 5=-AC-
CTAACCCGAACGACCG-3=. Primer sequences used in
the second amplification were as follows: for methylated
DNA, forward 5=-GGGGCGTTGTTCGTATGTTTC-3= and
reverse 5=-CACCCGCCTCCTAACCG-3=; and for un-
methylated DNA, forward 5=-TTTGGGGGTGTTGTTTG-
TATGTTTT-3= and reverse 5=-TCCACCCACCTCCTA-
ACCA-3=. The first and second amplification PCR
conditions consisted of one cycle for 5 minutes at 94°C
followed by 35 cycles of 94°C (30 seconds), 58°C (30
seconds), and 72°C (1 minute) with a final elongation for

7 minutes at 72°C using a Hot-start PCR premix (Intron,
Seoul, Korea). Amplified PCR products were resolved in
a 2% agarose gel using ethidium bromide for detection.

Bisulfite-Modified DNA Sequencing Analysis

For amplification and sequencing of bisulfite-modified
DNA to determine methylation status, primers were de-
signed as follows: forward 5=-TGTGTAGAAGTTGTTGT-
TATTGTTG-3= and reverse 5=-TACAAACTTAAAAACTCT-
TATACCTCC-3=. These primers were designed to amplify
both methylated and unmethylated DNA. The PCR con-
ditions consisted of an initial denaturation for 4 minutes at
94°C followed by 40 cycles of 94°C (30 seconds), 60°C
(30 seconds), and 72°C (30 seconds), with a final elon-
gation for 7 minutes at 72°C using the Hot-start PCR
premix (Intron). Amplified PCR products were cloned into
the pGEM-T Easy vector (Promega) and directly se-
quenced using a Taq dideoxy terminator cycle sequenc-
ing kit using an ABI 3730 DNA sequencer (Applied Bio-
systems).

Cell Pellet Array of Gastric Cancer Cell Lines

Cells were trypsinized, fixed for 1 hour in 4% formalin,
and then centrifuged and resuspended in 0.8% agarose.
Gel plugs containing fixed tumor cells were then pro-
cessed through gradient alcohols before being cleared in
xylem and washed multiple times in molten paraffin.
Once processed, the cells were embedded in paraffin
and then arrayed in 0.6-mm cores using a manual tissue
arrayer (MTA-1; Beecher Instruments, Sun Prairie, WI).

Tissue Specimens and Tissue Microarray
Construction

A total of 332 FFPE gastric tissue samples (from 195
gastric cancer patients, 23 healthy individuals, 17
chronic gastritis patients, 47 intestinal metaplasia pa-
tients, 25 low-grade dysplasia patients, and 25 high-
grade dysplasia patients) were included in this study.
Gastric cancer cases were divided into three subtypes
by the Lauren classification, and 84 diffuse types, 100
intestinal types, and 11 mixed types were identified. A
cylindrical core (3 mm in diameter) was removed from
each FFPE tissue block to construct the tissue microar-
ray. All samples were obtained from January 1994 to
December 2006 from the Chungbuk National University
Hospital and the Samsung Medical Center. All patients
provided written informed consent according to institu-
tional guidelines. None of the patients had preoperative
chemotherapy or radiotherapy. Clinical and pathological
reports were reviewed for age, sex, tumor size, histologic
grade, Lauren classification, invasion depth (pT), and
nodal status (pN). pTNM classifications were designated
according to the 2002 American Joint Committee on Can-

cer staging manual guidelines.17
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Immunohistochemical Analysis

Microslide sections were deparaffinized with xylene, hy-
drated using a diluted alcohol series, and immersed in
0.3% H2O2 in methanol to quench endogenous peroxi-
dase activity. Sections were then treated with TE buffer
(10 mmol/L Tris and 1 mmol/L EDTA, pH 9.0) for antigen
retrieval. To reduce nonspecific staining, each section
was treated with 4% bovine serum albumin in PBS with
0.1% Tween 20 for 30 minutes. Sections were then incu-
bated with primary antibodies in PBS with 0.1% Tween 20
containing 3 mg/mL of goat globulin (Sigma) for 1 hour at
room temperature, followed by three successive rinses
with a wash buffer. Sections were then incubated with an
anti-mouse/rabbit polymer kit (Envision Plus; Dako,
Carpinteria, CA) for 30 minutes at room temperature. The
chromogen used was 3,3=-diaminobenzidine (Dako).
Sections were counterstained with Meyer’s hematoxylin.
Primary antibodies used were Twist1-specific antibodies,
pancytokeratin-specific antibody (1:500, Dako), and
SMA-specific antibody (1:1000; Dako). Dual immunohis-
tochemical staining was performed with 2 primary anti-
bodies: mouse Twist1-specific monoclonal (ab50887,
stained brown) and rabbit polyclonal SMA-specific anti-
body (stained red). We evaluated Twist1 expression in
epithelial cells and stromal fibroblasts separately in 332
FFPE gastric tissues.

Laser Capture Microdissection of Stromal
Fibroblasts

Stromal fibroblasts were selectively procured from H&E-
stained slides using a laser microdissection device (ION
LMD-II; JungWoo International Co., Seoul, Korea). Five
cases with Twist1 immunopositive fibroblasts and 9
cases with Twist1 immunonegative fibroblasts were in-
cluded. Then, total RNA was extracted and cDNA was
synthesized to evaluate mRNA expression level as de-
scribed previously.

Lentivirus Transduction and Preparation of
Conditioned Media

IMR90 (lung fibroblast) and CCD986sk (skin fibroblast)
cells were transduced with lentivirus expressing human
Twist1 and a Green fluorescent protein (GFP) control
vector. Vector packaging was obtained by transfection of
293T cells. CCD986sk and IMR90 cells were infected
with lentiviral vectors and were selected with hygromycin.

IMR90 and CCD986sk cells were grown to 70% to 80%
confluence in 6-well plates in DMEM/10% fetal calf se-
rum. The medium was changed to serum-free DMEM and
cells were cultured for 48 hours. Media were collected
and centrifuged at 1000 � g for 10 minutes, and the
supernatant was collected.

Invasion and Migration Assay

In vitro Matrigel invasion assays were performed using

6.5-mm Costar Transwell chambers (8-Am pore size; Co-
star, Corning, NY). Transwell filters were coated with the
appropriate Matrigel (1 mg/mL) (Becton Dickinson,
Franklin Lakes, NJ), and after solidification at 37°C, 1 �
105 MKN28 cells were seeded onto the Matrigel. After
incubation with conditioned media for 2 days, the filter
was gently removed from the chamber, and noninvasive
cells on the upper surface were removed by wiping with
a cotton swab. Cells that invaded the Matrigel and at-
tached to the lower surface of the filter were fixed with
methanol and stained with H&E solution. The number of
cells attached to the lower surface of the polycarbonate
filter was counted at 10 high-power fields under a light
microscope. The migration assay was conducted in the
same manner as the invasion assay, except for Matrigel
coating. Medium containing either 10% fetal bovine se-
rum or no serum was used for the positive and negative
controls, respectively. Each cell type was assayed in
triplicate.

Statistical Analysis

Correlations were examined using Pearson’s �2, Fisher’s
exact, Mann-Whitney U, or Spearman’s tests, as appro-
priate. Overall survival was determined using the Kaplan-
Meier method, and survival curves were compared using
the log-rank test. Survival was measured from the date of
surgery. The Cox proportional hazards model was used to
evaluate the association between clinicopathologic factors
and survival. The hazard ratio and its 95% confidence in-
terval were assessed for each factor. All tests were two-
sided, and P � 0.05 was considered statistically significant.
Statistical analysis was performed using SPSS statistical
software, version 17 (SPSS Inc, Chicago, IL).

Results

Twist1 Expression in Cell Lines and Validation of
Twist1 Antibodies

Within the 14 cancer cell lines and 2 normal human fibro-
blast cell lines tested, quantitative real-time RT-PCR re-
vealed that a high expression of Twist1 mRNA was pres-
ent only in the SNU484 gastric cancer cell line (Figure
1A). Therefore, SNU484 was used as a positive control
for all other assays to assess Twist1 expression. Of the
four Twist1 antibodies used for immunostaining in FFPE
tissues using a cell pellet array of available cell lines, only
the ab50887 antibody selectively stained in the cell block
section of SNU484 cells with nuclear staining (Figure 1B).
The other antibodies (ab50581, 4119S, H81) stained not
only the cell block section from SNU484 but also sections
from all other cell lines with mainly cytoplasmic staining,
with or without additional nuclear staining.

Western blot analysis revealed that all four antibodies
recognized Twist1, but nonspecific bands appeared
when ab50581 and H81 antibodies were used, and de-
pletion of Twist1 by siRNA transfection led to the weak-
ening or disappearance of Twist1 bands for all four anti-

bodies (Figure 1C).
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Considering that all cell lines other than SNU484 were
negative for Twist1 mRNA and that Western blotting
showed Twist1 protein expression only in SNU484 cells
(Figure 1D), the ab50581, 4119S, and H81 antibodies are
considered to show nonspecific immunostaining in FFPE
tissues; on the basis of these results, it was concluded
that use of any of these three antibodies for immunostain-
ing of FFPE tissue of gastric cancer was inappropriate
and that the ab50887 antibody was the only suitable
choice for use in further studies.

Twist1 Overexpression in Gastric Cancer Cell
Lines Is Associated with Hypomethylation of Its
Promoter

To identify the Twist1 expression status in gastric cancer
cell lines and to reveal the regulating mechanism of
Twist1 expression, MSP and bisulfite-modified sequenc-
ing were performed. MSP showed that the Twist1 pro-

moter was unmethylated in SNU484 cells but was meth-
ylated in all other cancer cell lines (Figure 1E). Bisulfite-
modified sequencing was performed to identify the
methylation status of each of the 33 CpG dinucleotides
covering the promoter region of Twist1 in SNU484 and
SNU601 cell lines. More than 70% of CpG dinucleotides
in this region were unmethylated in SNU484 cells,
whereas almost all CpG dinucleotides (up to 97%) of the
same region were methylated in SNU601 cells (Figure
1F). These results are highly consistent with RT-PCR and
Western blot results.

Twist1 Is Rarely Expressed in Gastric Cancer
Cells and Is Associated with Patient Survival

We examined Twist1 expression in 332 FFPE gastric tis-
sue samples by immunohistochemistry using the
ab50887 Twist1-specific antibody. We evaluated Twist1
expression in epithelial cells and stromal fibroblasts of
these tissues separately. In both epithelial cells and stro-

Figure 1. Twist1 expression in cell lines. A: Real-time RT-PCR
revealed that only SNU484 cells showed a high level of Twist1
mRNA among the 13 gastric cancer cell lines. GAPDH was
used as the internal control. B: Of the four Twist1 antibodies
(ab50887, ab50581, 4119S, H81) used for immunostaining of
FFPE tissues from cell pellets of gastric cancer cell lines, only
the ab50887 antibody selectively stained SNU484 cell nuclei.
C: Western blot analysis revealed that all four antibodies rec-
ognized Twist1, but nonspecific bands appeared in the
SNU484 cell line when ab50581 and H81 were used. Depletion
of Twist1 by siRNA led to the weakening or disappearance of
Twist1 bands for all four antibodies. D: Western blot analysis
revealed that only the SNU484 cell line showed a high level of
Twist1 protein expression. E: Methylation-specific PCR analysis
showed that Twist1 was unmethylated in the SNU484 cell line,
whereas all other cell lines showed only methylated products. F:
Bisulfite DNA sequencing performed on a region composed of 33
CpG dinucleotides in the SNU484 and SNU601 cell lines demon-
strated that SNU484 cells had more than 70% CpG dinucleotides
unmethylated in this region, whereas the same region in SNU601
cells was highly methylated.
mal fibroblasts, Twist1 staining was predominantly nu-
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clear, whereas cytoplasmic staining was almost absent.
Overall, Twist1 expression was generally uncommon in
the epithelium, even in the carcinoma, and was detected
in 57 of 195 gastric cancer tissues (29.2%) and in 2 of 47
intestinal metaplasia tissues (4.3%). Twist1 was com-
pletely absent in the normal epithelium, chronic gastritis,
and low- and high-grade dysplasia (Figure 2, A and B).
The diffuse-type gastric cancers showed more frequent
Twist1 expression than the intestinal type; however, the
difference was not significant (34.5% versus 24.0%, P �
0.116). When it was correlated with major clinical param-
eters, Twist1 expression in carcinoma cells was signifi-
cantly associated with tumor size (P � 0.004), differenti-
ation (P � 0.007), and lymph node metastasis (P �
0.001) (Table 2). In addition, Twist1 expression in carci-
noma cells was significantly associated with poor overall
survival (P � 0.0011, Figure 2C).

Twist1 Is More Frequently Expressed in Gastric
Cancer Stromal Cells and Is Associated with
CAF

In contrast to the epithelium, Twist1 was more abundantly
expressed in stromal fibroblasts. The expression rate of
Twist1 in stromal fibroblasts (cases showing �1/200
power field in the highest count area) was 73.3% (143/

Figure 2. Twist1 expression in gastric tissues and in survival profiles. A: Tw
of Twist1 in cancer cells and their stromal cells but no expression in other n
Twist1 expression was detected in 57 of 195 gastric cancer tissues (29.2%) an
epithelium, chronic gastritis, and low- and high-grade dysplasia, were negativ
195 gastric cancer patients defined by Twist1 expression status in cancer ce
195) for gastric cancer tissue, 16% (4/25) for high-grade
dysplasia, 8% (2/25) for low-grade dysplasia, 6.4% (3/47)
for intestinal metaplasia, 5.9% (1/17) for chronic gastritis,
and 0% (0/23) for normal gastric tissue. In all 56 tumors
expressing Twist1 in cancer cells, Twist1 expression was
also noted in their stromal fibroblasts. Stromal fibroblasts
expressing Twist1 had mainly large, plump, and spindle-
shaped cytoplasms with vesicular nuclei, which were lo-
cated in the immediate vicinity of intestinal-type (Figure
3A) and diffuse-type (Figure 3B) cancer cells. These ac-
tivated fibroblasts were negative for cytokeratin (Figure
3C) and showed dual expression of SMA and Twist1
(Figure 3D). To quantify Twist1 protein expression in stro-
mal fibroblasts, we counted the number of Twist1-positive
stromal fibroblasts per 200� power field in each gastric
lesion. It was observed that the average number of stromal
fibroblasts showing Twist1 immunopositivity significantly in-
creased in cancerous compared with noncancerous le-
sions (P � 0.001, Figure 3E). However, there was no
significant difference of Twist1 expression between diffuse-
type and intestinal-type tissues (P � 0.121).

To identify the relationships between Twist1 expres-
sion and CAF, cancer stromata were classified into three
groups based on the morphologic features of the stromal
fibroblasts. An inactive stroma was defined as a stroma
that was composed of predominantly (�75%) thin, wavy,
and inactive normal fibroblasts, whereas an activated

unostaining in human gastric tissues. The figures show nuclear expression
rous tissues. B: Topography of Twist1 expression in each case showed that
7 intestinal metaplasia tissues (4.3%), whereas other cases, including normal
ist1. C: Kaplan-Meier survival curves demonstrate the overall survival among
nts with Twist1 expression in cancer cells show poor prognosis.
ist1 imm
oncance
d 2 of 4
stroma was composed of predominantly (�75%) large
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and plump fibroblasts. A stroma falling between these
groups was classified as an intermediate stroma. We
found that the category of cancer stroma and the number
of Twist1-positive stromal fibroblasts were positively cor-
related (Figure 3F). The number of Twist1-positive fibro-
blasts significantly increased as more fibroblasts sur-
rounding the cancer were activated (P � 0.001, Figure
3G). These findings indicate that Twist1 expression oc-
curs mainly in CAFs.

To study the mRNA expression pattern of Twist1-pos-
itive fibroblasts, stromal fibroblasts around the cancer
cells were collected using laser capture microdissection,
and mRNA levels were quantitatively determined by real-
time RT-PCR. As a result, Twist1 mRNA expression in
fibroblasts showed a significant linear correlation with
PDGFR� mRNA expression (P � 0.002, correlation coef-
ficient � 0.741, Figure 3H) and PDGFR� mRNA expres-
sion (P � 0.013, correlation coefficient � 0.643, Figure
3I). Furthermore, Twist1 immunopositive fibroblasts
showed significantly enhanced levels of Twist1 mRNA
(P � 0.003) and other known CAF markers, including
FSP1 (P � 0.009) and the CXCL14 chemokine (P �
0.020) (Figure 3J). Osteopontin, SMA, and FAP mRNA
levels were also elevated in Twist1-positive fibroblasts
but without statistical significance.

Fibroblasts Expressing Twist1 Promote Invasion
and Migration of Gastric Cancer Cells and Are
Associated with Patient Survival

We investigated the expression of Twist1 in the

Table 2. Relationship between Twist1 Expression of 195 Gastric

Characteristic Total

Twist1 expressio

Negative,
no. (%)

Po
n

Age, years
�60 87 62 (71.3) 25
�60 108 76 (70.1) 32

Sex
Female 122 86 (70.5) 36
Male 73 52 (71.2) 21

Size, cm
�5 86 70 (81.4) 16
�5 109 68 (62.4) 41

Differentiation
WD 37 34 (91.9) 3
MD 63 42 (66.7) 21
PD 63 38 (60.3) 25
Other types* 32 24 (75.0) 8

Lauren classification
Intestine 100 76 (76.0)) 24
Mixed or diffuse 95 62 (65.3) 33

pT classification
T1-T2 90 67 (74.4) 23
T3-T4 105 71 (67.6) 34

Lymph node metastasis
Negative 71 60 (84.5) 11
Positive 124 78 (62.9) 46

*Other types included signet ring cell carcinoma and mucinous carci
MD, moderately differentiated; PD, poorly differentiated; WD, well diff
CCD986sk and IMR910 human fibroblast cell lines using
Western blot analyses and found that neither of the two
cell lines expressed Twist1. To study the effects of
Twist1-expressing fibroblasts on gastric cancer cells, we
infected CCD986sk and IMR90 cell lines with lentiviral
vectors containing the Twist1 gene. We confirmed that
the two cell lines expressed Twist1 after infection and that
Twist1 was not expressed in the control gene (GFP) in-
fected cell lines (Figure 4A). We then obtained condi-
tioned media from these cells and cultured the MKN28
gastric cancer cell line with this conditioned medium for 2
days and compared the invasion and migration abilities
of MKN28 cells treated with these various conditioned
media. In the invasion assays, we identified that condi-
tioned media from Twist1-expressing skin fibroblasts
(P � 0.018, Figure 4B) and lung fibroblasts (P � 0.019,
Figure 4C) significantly promoted gastric cancer cell in-
vasion. Migration assays also showed more frequent gas-
tric cancer cell migration when treated with conditioned
media from Twist1-expressing skin (Figure 4D) and lung
(Figure 4E) fibroblasts; however, these findings were not
statistically significant.

Then, to identify the prognostic significance of Twist1
expression in stromal fibroblasts in patients with gastric
cancer, the cases were regarded as positive when the
case showed that the number of Twist1-positive stromal
fibroblasts was one or more per 200� power field in the
highest stained area. Twist1 expression in stromal fibro-
blasts was significantly associated with tumor size (P �
0.001), invasion depth (P � 0.001), and lymph node
metastasis (P � 0.001) (Table 2). Twist1 expression in
stromal fibroblasts was significantly associated with poor

rs and Various Clinicopathologic Factors

ancer cells
Twist1 expression in cancer associated

fibroblasts

P value
Negative,
no. (%)

Positive,
no. (%) P value

0.891 24 (27.6) 63 (72.4) 0.794
28 (25.9) 80 (74.1)

0.912 30 (24.6) 92 (75.4) 0.397
22 (30.1) 51 (69.9)

0.004 34 (39.5) 52 (60.5) �0.001
18 (16.5) 91 (83.5)

0.007 12 (32.4) 25 (67.6) 0.263
15 (23.8) 48 (76.2)
13 (20.6) 50 (79.4)
12 (37.5) 20 (62.5)

0.099 26 (26.0) 74 (74.0) 0.829
26 (27.4) 69 (72.6)

0.296 34 (37.8) 56 (62.2) 0.001
18 (17.1) 87 (82.9)

0.001 32 (45.1) 39 (54.9) �0.001
20 (16.1) 104 (83.9)

ed.
Cance

n in c

sitive,
o. (%)

(28.7)
(29.6)

(29.5)
(28.8)

(18.6)
(37.6)

(8.1)
(33.3)
(39.7)
(25.0)

(24.0)
(34.7)

(25.6)
(33.4)

(15.5)
(37.1)
overall survival (P � 0.0095, Figure 4F). When all cases
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were stratified by Lauren classification, Twist1 expression
in stromal fibroblasts was associated with poor prognosis
in diffuse-type (P � 0.0203, Figure 4G) gastric carcinoma
but not in the intestinal type (P � 0.1167, Figure 4H). In
multivariate analysis, invasion depth (P � 0.001), lymph
node metastasis (P � 0.004), sex (P � 0.044), and Twist1
expression in carcinoma cells (P � 0.045) were variables
of independent prognostic significance; however, Twist1
expression in stromal fibroblasts was not an independent
prognostic factor (Table 3).

To identify the relationship between Twist1 expression
in fibroblasts and carcinoma cells, patients were classi-
fied into three groups as follows: group 1, Twist1 negative
in both fibroblasts and carcinoma cells; group 2, Twist1
positive in fibroblasts but negative in carcinoma cells;
and group 3, Twist1 positive in both fibroblasts and car-
cinoma cells. Overall survival rates were worse in group
3, better in group 2, and best in group 1 (P � 0.0018,
Figure 4I). Lymph node metastasis occurred most fre-
quently in group 3, followed by group 2 and group 1 (P �
0.001 for trend, Figure 4J). These findings suggest a
synergistic impact of Twist1 expression in fibroblasts and
carcinoma cells on gastric cancer patient survival.

Discussion

In this study, we demonstrated that Twist1 is more fre-
quently overexpressed in CAFs than in gastric adenocar-
cinoma cells and that its expression is also associated
with poor prognoses. Our study revealed that the expres-
sion rate of Twist1 in gastric cancer was 29.2%, and in
those cases Twist1 expression was limited to a small
subset of cancer cells. This expression rate was signifi-
cantly lower than that reported by Yan-Qi et al,12 who
found diffuse Twist1 staining in 46.1% of 76 gastric can-
cer cases. In addition, the reported subcellular location of
Twist1 also varied greatly. Specifically, the intracellular
location of Twist1 was mostly nuclear in our study,
whereas it was mainly cytoplasmic and occasionally nu-
clear in a previous report.12 This discrepancy can be
explained by the difference in antibody used for the de-
tection of Twist1. For example, most studies using the
H81 Twist1-specific antibody showed both cytoplasmic
and nuclear expression with predominantly cytoplasmic
staining in various human cancer tissues,11–13,18–21

Figure 3. Twist1 expression versus expression of other factors in cancer
tissues and stroma. Strong Twist1 nuclear expression was seen in stromal
fibroblasts associated with intestinal-type (A) and diffuse-type (B) gastric
cancer, which showed large and plump spindle-shaped cell morphologic
features (arrows). Plump activated fibroblast cells were negative for pancy-
tokeratin (C) and showed dual expression for SMA and Twist1 (D, arrow).
E: Fibroblasts in cancer tissues showed significantly increased expression of
Twist1 protein compared with fibroblasts of noncancerous lesions (P �
0.001, Mann-Whitney U-test) (NL, normal; CG, chronic gastritis; IM, intestinal
metaplasia; LG, low-grade dysplasia; HG, high-grade dysplasia; CA, cancer).
F: In the histologic classification of cancer stroma, an inactive stroma was
predominantly composed of thin and wavy inactivated fibroblastic cells
(inset, H&E stain, original magnification �400), which showed mostly neg-
ative Twist1 immunostaining. An intermediate stroma was composed of a
mix of inactive (box) and activated (circle) fibroblasts, which correlated with
Twist1 expression. An activated stroma was predominantly composed of
activated fibroblasts showing large and plump spindle-shaped cells (inset,
H&E stain, original magnification �400) and usually expressed Twist1 pro-
tein. G: Correlation between cancer stroma classification and the number of
Twist1-positive stromal fibroblasts showed that the number of Twist1-posi-
tive fibroblasts increased according to gain of activation in the surrounding
stroma (P values were calculated by Spearman’s test). Twist1 mRNA expres-
sion in fibroblasts showed significant linear correlation with PDGFR� (H)
and PDGFR� (I) mRNA expression. Twist1 immunopositive fibroblasts
showed significant Twist1 mRNA expression level (P � 0.003), FSP1 (P �
0.009), and CXCL14 (P � 0.020). J: Although osteopontin, SMA, and FAP

were also elevated in Twist1-positive fibroblasts, these were not statistically
significant.
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whereas a study by Valdés-Mora et al22 that used the
same ab50887 Twist1-specific antibody that was used in
this study showed predominantly nuclear staining in colo-
rectal cancers.

To solve this problem, we attempted to validate the
specificity of antibodies for Twist1. As a result, we found
that the H81 antibody was partly nonspecific, especially
in FFPE tissues. We also found that the ab50887 antibody
specifically bound to Twist1 in both Western blot and
immunostaining procedures. In addition, this antibody
maintained its specificity even in FFPE tissue. This differ-
ence in specificity may stem from antibody recognition

epitopes. Specifically, antibodies recognizing the pri-
mary sequence may only work in Western blot analyses,
whereas antibodies recognizing specific three-dimen-
sional structures may work in immunohistochemistry. On
the basis of our results, the ab50887 antibody (clone:
Twist2C1a) is considered to be the only one that recog-
nizes a specific Twist1 three-dimensional structure. Fur-
thermore, nuclear localization for Twist1 is functionally
reasonable because Twist1 is a known transcription fac-
tor. According to Yuen et al,20 the nuclear expression of
Twist1 may play a more positive role in promoting metas-
tasis in prostate cancer.

There were some minor discrepancies regarding the

Figure 4. Fibroblasts expressing Twist1 pro-
mote invasion and migration of gastric cancer
cells and are negatively associated with patient
survival. CCD986sk and IMR90 cell lines infected
with lentiviral vectors containing the Twist1
gene reveal that both cell lines expressed Twist1
after infection, and Twist1 was not expressed in
control gene (GFP) infected cell lines (A). Using
conditioned medium from Twist1-infected fibro-
blasts and control gene infected fibroblasts,
Twist1-expressing skin fibroblasts (B) and lung
fibroblasts (C) showed an increased number of
invading gastric cancer cells (arrows) in the
invasion assay. Twist1-expressing skin fibro-
blasts (D) and lung fibroblasts (E) showed an
increased number of migrating gastric cancer
cells (arrows) in the migration assay. Kaplan-
Meier survival curves demonstrate that the
Twist1 expression in stromal fibroblasts was sig-
nificantly associated with poor overall survival
(F). When all cases were stratified by Lauren
classification, Twist1 expression in stromal fibro-
blasts was associated with poor prognosis in the
diffuse-type (G), but not in the intestinal-type
(H), gastric carcinoma. Kaplan-Meier estimates
of overall survival for 195 patients with gastric
cancer from the combined data sets according to
the expression patterns of Twist1 in stromal fi-
broblasts and cancer cells. Overall survival rates
were worst in the group showing Twist1 posi-
tivity in both fibroblasts and carcinoma cells (I).
Lymph node metastasis occurred most fre-
quently in the group showing Twist1 positivity
in both fibroblasts and carcinoma cells, followed
by the group that was Twist1 positive in fibro-
blasts but negative in carcinoma cells (P � 0.001
for trend) (J).
expression of Twist1 in gastric cancer cell lines. Twist1
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was reported to be up-regulated in MKN28 and AGS cells
by Yan-Qi al12; however, in other studies Twist1 expres-
sion was found to be down-regulated in MKN28
cells.21,23 In this study, we found that Twist1 expression
was down-regulated in MKN28 and AGS cells, of a total
of 14 cell lines examined, at both the mRNA and protein
levels. This discrepancy can be explained by differences
in culture conditions because Twist1 expression can be
induced in hypoxic conditions.24 In the current study, our
results were supported by MSP and bisulfite sequencing,
which confirmed our finding that Twist1 was expressed
only in SNU484 cells where the CpG island of the Twist1
promoter was unmethylated. The CpG island was domi-
nantly methylated in all other cell lines that did not ex-
press Twist1. Furthermore, the paucity of Twist1 expres-
sion in gastric cancer cell lines (1/14) was consistent with
the infrequent expression of Twist1 in cancer cells of
gastric cancer tissues.

Unexpectedly, we found that Twist1 expression was far
more frequent in the stromal cells of gastric cancer than
in the cancer cells themselves. In addition, Twist1 ex-
pression was rare in the stromal cells of noncancerous
gastric tissues. A similar expression pattern of Twist1 was
reported in the stromal cells of colorectal cancer in a
report by Valdés-Mora et al.22 Interestingly, they used the
same ab50887 Twist1-specific antibody that we used in
the current study and found that staining was predomi-
nantly nuclear. The stromal cells with Twist1 expression
were large and plump spindle-shaped cells and were
negative for cytokeratin and, at times, positive for SMA. In
addition, Twist1-positive fibroblasts showed significantly
elevated FSP1 expression, and Twist1 mRNA levels
showed a linear correlation with PDGFR� and PDGFR�
mRNA. Recently, FSP1 and PDGFR� have been reported
as CAF markers,25,26 and stromal PDGFR� expression in
some cancers, including prostate and breast, is associ-
ated with poor patient survival.27,28 Histologic morphol-
ogy of Twist1-expressing fibroblasts and the results pre-
sented here suggest that Twist1 should be considered a
CAF marker in gastric cancer. This concept is also sup-
ported by the fact that Twist1 expression in stromal fibro-
blasts was found predominantly in cancer tissues but

Table 3. Multivariate Cox Proportional Hazards Model
Predicting Survival in 195 Gastric Cancer Patients

Characteristic
Overall survival

HR (95% CI) P value

Age 1.063 (0.676–1.673) 0.791
Sex 1.590 (1.013–2.496) 0.044
Tumor size 1.222 (0.710–2.104) 0.470
Differentiation 0.925 (0.713–1.199) 0.554
Lauren classification 0.972 (0.641–1.475) 0.893
Invasion depth 2.179 (1.453–3.269) �0.001
Lymph node metastasis 3.288 (1.464–7.385) 0.004
Twist expression in

cancer cells
1.702 (1.012–2.862) 0.045

Twist expression in
stromal cells

0.928 (0.477–1.802) 0.825

CI, confidence interval; HR, hazard ratio.
rarely in other noncancerous lesions.
The source of CAFs is unclear; however, it is likely to
include recruitment of circulating fibroblast precursors,
the transdifferentiation of epithelial cells into fibroblasts
(EMT), and proliferation and activation of resident gastric
stromal fibroblasts. Twist1-positive cancer cells are al-
most always accompanied by Twist1-positive CAFs. The
overexpression of Twist1 in CAFs was significantly asso-
ciated with poor survival in the diffuse-type gastric can-
cer. Because diffuse-type gastric cancer displays many
features of EMT, such as cancer cell dyscohesion, and
Twist1 is a major transcription factor regulating EMT,
Twist1-positive CAFs can be related to EMT in diffuse-
type gastric cancer. Considering all these data, at least a
subset of Twist1-positive CAFs was likely to derive from
carcinoma cells through EMT. However, the exact origin
of Twist1-positive CAFs remains to be clarified and may
be of multiple origins instead of a single one.

Regardless of their origins, our study showed that ac-
tivated stromal fibroblasts frequently expressed Twist1
and that these Twist1-positive CAFs were significantly
associated with poor prognosis, advanced invasion, and
frequent lymph node metastasis. We also confirmed that
Twist1-expressing fibroblasts promoted gastric cancer
cell invasion and migration using an in vitro assay. Fur-
thermore, we demonstrated that the patient group with
Twist1 expression in both cancer cells and fibroblasts
had the most unfavorable prognosis, followed by the
patient group with Twist expression in only fibroblasts but
not cancer cells. The patient group without Twist1 ex-
pression in both fibroblasts and cancer cells had the
most favorable prognosis. However, in the multivariate
Cox analysis, Twist1 expression in fibroblasts was not an
independent prognostic factor, but Twist1 expression in
cancer cells was an independent prognostic factor.
These findings suggest that Twist1 expression in stromal
fibroblasts plays an important role in the progression and
aggressive behavior of gastric cancer cells with cross-
talk between cancer cells and fibroblasts. There may be
synergistic effects between cancer cells and CAFs, and
CAFs expressing Twist1 may promote the progression
and metastasis of Twist1-positive gastric cancer cells.

According to our study, conditioned media from
Twist1-expressing fibroblasts significantly increased the
invasion, but not migration, of gastric cancer cells. These
findings suggest that invasion factors may be included in
the conditioned media from Twist1-expressing fibro-
blasts. As an example, matrix-degrading enzymes, such
as matrix metalloproteinase, may be considered. In fact,
extracellular matrix degradation has been reported to be
involved in Twist1 signaling,29 and activated fibroblasts
are known to be a source of matrix metalloproteinases.2

Recently, many studies have shown that altered fibro-
blasts can contribute to cancer initiation and progression.
Various mechanisms that may explain how stromal cells
affect cancer cell progression include angiogenesis and
stimulation of tumor growth or metastasis by CAF chemo-
kines or growth factors.2,25–28,30,31 Indeed, Šošić et al32

reported that Twist genes are induced by tumor necrosis
factor � in an NF-�B–dependent manner, and Twist reg-
ulates cytokine gene expression in fibroblasts. In this

study, Twist1 expression was significantly associated
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with CXCL14 and PDGFR expression in fibroblasts. Re-
cently, Eckert et al29 revealed that Twist1 induced
PDGFR expression. These findings suggest that regula-
tion of Twist1 expression is related to chemokines and
PDGFR signaling, and Twist1-positive fibroblasts affect
progression of cancer cells through chemokines, such as
CXCL14, or PDGFR signaling in gastric cancer. It has
been demonstrated that paracrine activation of PDGF
receptors on fibroblasts acts as a potent signal for tumor
stroma recruitment,27,33–35 and chemokines, such as
CXCL14 and CXCL12, were shown to bind to receptors
on epithelial cells, causing enhanced proliferation and
invasion.31

Regarding Twist1 and fibroblasts, only one study has
investigated the up-regulation of Twist1 in fibroblasts.36

In this study, Bridges et al36 demonstrated that Twist1
expression in fibroblasts promoted the survival and ac-
cumulation of fibroblasts in fibrotic lung disease. Twist1
was also reported to be highly expressed in mesenchy-
mal stem cells.37 In their study, Twist1 enhanced the
proliferation of mesenchymal stem cells by the induction
of Id-1 and Id-2. Most studies of Twist1 in cancer have
focused on its role in EMT of cancer cells; however, there
are no studies regarding Twist1 in CAFs. Therefore, to our
best knowledge, this is the first study investigating Twist1
in CAFs in gastric cancer. Twist1 expression in fibro-
blasts requires further study to reveal the more detailed
mechanism.

In conclusion, our study demonstrates that CAFs in
gastric cancer frequently have altered Twist1 expression
and that increased Twist1 expression in fibroblasts con-
tributes to the progression of cancer cells and poor pa-
tient survival. Twist1 should also be considered a molec-
ular marker of altered fibroblasts in gastric cancer, and
focusing on CAFs with altered Twist1 expression may
improve our understanding of cancer development and
the effectiveness of gastric cancer treatment.
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