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Abstract

Purpose Not only is the expression of CXCR4 on breast
cancers a key determinant of tumor metastasis, CXCL12
exhibiting peak levels of constitutive expression in organs
representing the first destinations of cancer metastasis, but
is proposed to be also essential for the organ-specific meta-
static process.

Methods In this study, the expressions of CXCR4 and
CXCLI12 were investigated using quantitative RT-PCR and
immunohistochemistry in samples of 63 primary breast
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carcinomas and 20 normal breast tissues. Using methyla-
tion-specific PCR, we also analyzed the methylation status
of CXCL12.

Results  Both up-regulation of CXCR4 and down-regula-
tion of CXCL12 were observed in primary breast carcino-
mas. Over-expression of CXCR4 mRNA was significantly
related to lymph node metastasis status and strong Her-2
expression, while decreased expression of CXCL12 mRNA
was significantly associated with positive lymph node
metastasis and estrogen receptor negativity. Methylation-
specific PCR showed that 52.4% of breast tumors were
hypermethylated in the CXCL12 promoter region. The
expression levels of DNA methyltransferase (DNMT) 1
and DNMT3B were significantly higher in the CXCL12-
methylated breast carcinomas than in the CXCL12-unme-
thylated ones.

Conclusions In summary, DNA hypermethylation of
CXCL12 plays an important role in the down-regulation
of CXCL12 expression in breast carcinomas. Cancer
cells lacking expression of CXCL12, but maintaining
over-expression of CXCR4, can selectively spread to
target organs in which the ligand is highly secreted.
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Cancer - CXCR4 - Metastasis

Abbreviations
Cr Threshold cycle
CXCR4  CXC chemokine receptor-4

CXCL12 CXC chemokine ligand-12

DNMT DNA methyltransferase

ER Estrogen receptor

GPCR G-protein coupled receptor

MSP Methylation-specific polymerase chain reaction
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PR Progesterone receptor
SDF-1 Stromal cell-derived factor-1

Introduction

Chemokines are small, secreted chemotactic proteins which
are now the largest known cytokine family. All scientists
and clinicians in oncology-related fields are now aware of
their crucial roles at all stages of neoplastic transformation
and progression (Arya et al. 2007). Among chemokines and
their receptors, the CXCL12/CXCR4 system has been dem-
onstrated to regulate several key processes in a wide variety
of cancers. Particularly, studies have identified its pivotal
role in the directional migration of cancer cells during the
metastatic process (Arya et al. 2007; Zlotnik 2006). As we
know, primary breast carcinoma is characterized by a dis-
tinctive pattern of metastases, which does not correlate with
patterns of blood-flow, but suggests preferential homing,
adhesion, survival, and proliferation in specific organs and
tissues (Luker and Luker 2006). CXCL12, formerly known
as stromal cell-derived factor-1 (SDF-1), exhibits peak lev-
els of expression in a variety of tissues representing the first
destinations of breast cancer metastasis such as lung, liver,
lymph node, bone marrow, and adrenal gland (Miiller et al.
2001). On the other hand, its exclusive receptor CXCR4, a
seven-membrane-spanning G-protein coupled receptor
(GPCR), is highly expressed in human breast cancer cells,
malignant breast tumors, and metastases (Miiller et al.
2001; Shim et al. 2006). CXCR4 signaling in response to
CXCL12 mediates actin polymerization and pseudopodia
formation, and subsequently induces chemotactic and inva-
sive responses. In vivo, neutralizing the interactions of
CXCL12/CXCR4 significantly impairs metastasis of breast
cancer cells to regional lymph nodes and lung (Miiller et al.
2001). These data have identified the key function of the
CXCLI12/CXCR4 signaling axis in the metastatic process
of breast cancer.

However, it has been recently demonstrated that CXCL12
is absent in several colonic cancer cell lines and primary car-
cinoma tissues (Wendt et al. 2006). Furthermore, re-estab-
lishing endogenous expression of CXCL12 in colonic
carcinoma cells profoundly reduced in vivo metastatic tumor
formation (Wendt et al. 2006). Wendt et al. first proposed
that silencing the ligand arm of this signaling axis changes
the homeostatic autocrine and paracrine CXCL12/CXCR4
signaling to a strictly endocrine communication arc that facil-
itates metastasis of colonic carcinomas (Wendt et al. 2006).
They also found similar results in breast carcinoma cell lines
(Wendt et al. 2008). However, the expression patterns of the
CXCL12/CXCR4 signaling axis and their relationship with
clinicopathological data in primary tumors, especially in
breast carcinoma, is largely unknown.
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In primary human breast cancer, aberrant methylation has
been revealed to be associated with the inactivation of criti-
cal tumor suppressor and growth regulatory genes, such as
cell cycle regulating (p16, 14-3-30), steroid receptor (ERq,
PR, RARp2), tumor susceptibility (BRCA1), carcinogen
detoxification (GSTPI1), cell adhesion (E-cadherin) and
inhibitors of matrix metalloproteinases genes (TIMP-3)
(Yang et al. 2001). But few findings have been obtained on
proto-oncogenes. An online search for CpG islands in the 5’
region of the CXCL12 gene revealed a typical CpG island
on the start site of the transcription. Importantly, this region
of CXCL12 lacks a true TATA-box. It indicated that hyper-
methylation of the promoter regions of CXCL12 likely plays
an important role in the regulation of their mRNA levels in
malignant cancers. Wendt et al. (2006, 2008) demonstrated
that hypermethylation of the CXCL12 promoter region was
evident in 62% of 21 colonic carcinomas, 40% of 15 breast
carcinomas, but not in any of normal corresponding tissues.
In the present study, we enlarged the group of detected sam-
ples, and emphasized on their relationship analysis of
CXCL12 expression/methylation status with clinicopatho-
logical features in primary breast carcinomas. In addition,
given that over-expression of the enzymes catalyzing DNA
methylation may be a prerequisite for abnormal DNA
methylation (Robertson 2001), we have also determined the
correlation of DNA methyltransferases (DNMTs) expres-
sion levels, especially DNMT1, 3A, and 3B, with CXCL12
methylation status in primary breast carcinomas.

Materials and methods
Clinical tissue samples

Primary breast carcinoma samples (n=63) and normal
breast tissues (n =20) were obtained from patients diag-
nosed with T1-T3, NO-N2 (stage I-IITA) breast carcinoma,
treated with curative resectional surgery between June 2004
and March 2006 in Shandong Cancer Hospital and Institute
(Jinan, China). Nine patients had stage I, 25 had stage IIA,
13 had stage 1IB, and 16 had stage IIIA disease. They were
classified according to the WHO classification (World
Health Organisation 1981). These patients had neither che-
motherapy nor radiotherapy before operation. The mean
age of the patients was 53.0 years (range 32-80). There
were 34 node-negative and 29 node-positive patients (12
with one to three positive nodes, and 17 with more than
three positive nodes). Histological subtypes included 43
invasive ductal, 6 invasive lobular, 6 mixed type (ductal/
lobular), 7 mucinous carcinomas and 1 ductal in situ carci-
noma. All the breast tissue samples were collected with the
informed consent of all patients and approval of the ethics
committee of Shandong Cancer Hospital. The specimens
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collected were snap-frozen in liquid nitrogen and kept at
—80°C.

RNA extraction and reverse transcription

Total RNA was extracted from frozen tissues using the Tri-
zol reagent (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. RNA was treated with DNase
and purified using the RNeasy mini kit (Qiagen, Hilden,
Germany). cDNA synthesis was conducted using the high
capacity cDNA archive kit (Applied Biosystems) according
to the manufacturer’s instructions.

Semi-quantitative RT-PCR

Primer sequences for CXCL12, CXCR4 (Kim et al. 2006),
DNMTs (Girault et al. 2003; Kwon et al. 2007) and the
other primers used in this study, annealing temperatures,
and the expected PCR product sizes are summarized in
Table 1. GAPDH, as an internal control, was also amplified
in the same PCR reactions. Cycling conditions where dena-
turation at 94°C for 5 min, then 35 cycles of PCR (94°C,
30s; 60°C, 30 s; and 72°C, 30 s), followed by a final exten-
sion of 72°C for 10 min. The amplification products were
resolved by 3% agarose gel electrophoresis and visualized
by ethidium bromide staining.

Quantitative real-time PCR

Quantitative real-time RT-PCR was carried out using the
specific primers as mentioned in Table 1. GAPDH mRNA
was also amplified as an internal control. Briefly, 2 ul of
cDNA was used to determine gene expression levels by the
ABI PRISM® 7000HT Sequence Detection Systems
(Applied Biosystems, USA). It was amplified in the 25 pl

reaction including 2xSYBR Premix Ex Taq™ 12.5 ul
(Takara, Japan), 10 uM of each primer 0.5 pl, 50xROX
Reference Dye 0.5 pl and H,O 9 pl. Cycling conditions
included a hot start (95°C, 15 s), followed by 40 cycles of
95°C, 10s and 60°C, 40 s. After control for equal PCR
efficiency of target genes and internal controls, relative
gene expressions were presented with the comparative Ct
method of quantification (Livak and Schmittgen 2001).

DNA preparation and sodium bisulfate treatment

Genomic DNA was prepared from frozen tumor tissues by
standard SDS/proteinase K digestion followed by phenol/
chloroform extraction and ethanol precipitation. For DNA
methylation analysis, sodium bisulfite modification of
genomic DNA was performed, as described previously with
minor modifications (Grunau et al. 2001; Jiang et al. 2006).
Briefly, 1 pg of genomic DNA was at 42°C for 30 min, in a
total volume of 50 pl containing NaOH (final concentration
0.2 M). After the addition of 30 pl freshly prepared 10 mM
hydroquinone (Sigma, USA), and 520 pl of 3 M sodium
bisulfite (Sigma, USA) at pH 5.0, the samples were incu-
bated for 16 h at 55°C in the dark. Afterward, modified
DNA was purified using Wizard DNA clean-up resin
(Promega A7280, Madison, USA), and DNA was desulfo-
nated in 0.3 M NaOH at 37°C for 15 min. The converted
DNA was precipitated at —20°C, overnight in ice-cold
100% ethanol containing ammonium acetate (final concen-
tration, 3 M) and 10 pg of glycogen.

Methylation-specific PCR
Bisulfite-modified DNA was amplified with primers spe-

cific for methylated or unmethylated sequences. The meth-
ylated- and unmethylated-specific primers (Wendt et al.

Table 1 Summary of primer sequences, used for MSP, real-time PCR, and RT-PCR

Application Template Forward primer (5'-3") Reverse primer (5'-3") Product  Annealing
and specificity DNA size temperature
(bp) O
MSP
1 CXCL12-M BSDNA GGAGTTTGAGAAGGTTAAAGGTC TTAACGAAAAATAAAAATACGACGAT 242 63
2CXCL12-U BSDNA GAGTTTGAGAAGGTTAAAGGTTGG TAACAAAAAATAAAAATACAACAAT 241 57
Quantitative real-time PCR or semi-quantitative RT-PCR
3 CXCL12 cDNA GGTCGTGGTCGTGCTGGT CGGGCTACAATCTGAAGGG 174 60
4 CXCR4 cDNA GGAGGGGATCAGTATATACA GAAGATGATGGAGTAGATGG 145 60
5 DNMT1 cDNA CCCCTGAGCCCTACCGAA CTCGCTGGAGTGGACTTGTG 142 60
6 DNMT3A cDNA TATTGATGAGCGCACAAGAGAGC GGGTGTTCCAGGGTAACATTGAG 111 60
7 DNMT3B cDNA GGAAGTTCTCCGAGGTCTCTG TGGTACATGGCTTTTCGATAGGA 113 60
8 GAPDH cDNA GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC 226 60

BS DNA bisulfite-converted genomic DNA, MSP methylation-specfic PCR, M specfic for methylated bisulfite-converted DNA, U specific for un-

methylated bisulfite-converted
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2006) covered the transcription start site of CXCLI2
(Table 1). The PCR mixture contained 2x GC buffer 5 pl
(Takara, Japan), 4 x 10 mM dNTP 0.4 pl, 10 pM of each
primer 0.5 pl, 5 U/ul (Takara, Japan), LA Tag DNA poly-
merase 0.1 pl (Takara, Japan), and 2 pl bisulfite-modified
DNA. Amplification was carried out as follows: after initial
denaturation at 95°C for 5 min, 40 cycles of amplification
at 95°C for 30s, 63°C (methylated) or 57°C (unmethy-
lated) for 30 s, and 72°C for 30 s, followed by a final exten-
sion of 72°C for 10 min. 10 pl of each PCR reaction were
loaded and run onto 3% agarose gels stained with ethidium
bromide and visualized under UV illumination. The PCR
for all samples demonstrating methylation status of the
CXCL12 gene was repeated to confirm these results.

Immunohistochemical analysis

Standard immunohistochemical detection was performed on
sections from archival paraffin embedded breast tumor tis-
sues and corresponding nonmalignant breast tissues. Protein
expression in malignant and nonmalignant breast tissues
were detected with specific antibodies against CXCL12
(anti-CXCL12, clone 79018, R&D systems, Minneapolis,
MN; incubated for 2h at 37°C), CXCR4 (anti-CXCR4,
clone 44716, R&D systems, Minneapolis, MN; incubated
for 2 h at 37°C), the estrogen receptor (ER) (Zymed, San
Francisco, CA, USA; prediluted monoclonal mouse anti-
human estrogen receptor clone 1D5, incubated for 18 h at
4°C), the progesterone receptor (PR) (Zymed, San Fran-
cisco, CA, USA; prediluted monoclonal mouse anti-human
progesterone receptor clone PR-2C5, incubated for 18 h at
4°C), Her-2 (Zymed, San Francisco, CA, USA; prediluted
monoclonal mouse anti-human Her-2 clone TAB250, incu-
bated for 30 min at 37°C), p53 (Zymed, San Francisco, CA,
USA,; prediluted monoclonal mouse anti-human p53 protein
clone BP53.12, incubated for 1h at 37°C), and Ki-67
(Zymed, San Francisco, CA, USA; prediluted monoclonal
mouse anti-human Ki-67 antigen clone 7B11, incubated for
1 h at 37°C). In addition, positive and negative controls for
each marker were routinely performed during experiments.
Sections were then processed using the Histostain-SP kits
according to the manufacturer’s recommendations (Zymed,
San Francisco, CA, USA). Interpretation of the staining was
carried out according to the usual criteria (Caldeira et al.
2006) by two independent blinded observers. If any discrep-
ancies between classifications of samples arose, they were
reviewed and the final results reached by consensus. In brief,
scoring of CXCL12 and CXCR4 immunoreactivities were
categorized into four semi-quantitative classes based on the
rate of stained tumor cells: absence of staining, <10% posi-
tive cells (low), 10-50% positive cells (moderate), and
>50% positive cells (high). We decided that the specimen
should be regarded as CXCL12 or CXCR4 positive when
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the immunohistochemical staining was moderate or high,
and negative when its staining was absent or low. ER, PR,
and p53 were scored as follows: weak (1+), moderate (2+),
and strong (3+) staining in >10% of the tumor cells or
absent (0). Levels of Her-2 protein expression were evalu-
ated semi-quantitatively using Zymed evaluation guidelines
as follows: no staining or membrane staining in less than
10% of the tumor cells (0), weak, incomplete membrane
staining in more than 10% of the tumor cells (1+), weak or
moderate complete membrane staining in more than 10% of
the tumor cells (2+), and strong, complete membrane stain-
ing in more than 10% of the tumor cells (3+). Further, for
Ki-67 expression we evaluated the percentage of cells
stained. The immunohistological markers were defined into
dichotomous variables on the basis of the staining index
such as negative expression levels (scores 0, 1, and 2), and
positive staining (score 3) for ER, PR, Her-2 proteins. To
p53 protein, the expression level was categorized as nega-
tive (scores 0 and 1) or positive (scores 2 and 3).

Statistical analysis

Descriptive statistics, such as mean, standard deviation, and
percentage were used to summarize a patient’s data and
gene expression or hypermethylation status. The correla-
tions of the methylation alterations of the CXCL12 gene
with clinicopathological parameters were analyzed by >
test. The distribution of categorical data between CXCL12
or CXCR4 immunostaining in breast cancers and clinico-
pathological characteristics were also assessed by i” test.
The CXCL12 and CXCR4 mRNA expression levels among
various subgroups were evaluated by using the Kruskal-
Wallis test. The comparison of CXCL12, CXCR4 and
DNMTs mRNA levels between different teams were calcu-
lated using the Mann—Whitney test. The Spearman rank
correlation test was used to determine the links between
continuous mRNA values of each DNMT. It was also used
to determine the correlations between CXCL12 mRNA
expression and CXCLI12 methylation/protein expression,
whereas correlation between CXCL12 methylation and
CXCLI12 protein expression was analyzed by 7 test. Statis-
tical significance was assumed for P < 0.05. The statistical
tests were performed using the statistical software package
SPSS, version 12.0 (LEAD Technologies, USA).

Results

Correlation of CXCL12 and CXCR4 mRNA levels with
clinicopathological parameters in primary breast carcinoma

We first examined CXCL12 and CXCR4 mRNA expres-
sions in all of the 63 primary breast carcinomas and the 20
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normal breast tissues by semi-quantitative RT-PCR. A tran-
script of 145 bp corresponding to CXCR4 mRNA was
detected in all tumor samples, whereas CXCR4 mRNA
expression was only observed in 12 (60%) normal breast
samples (Fig. 1a). The ligand CXCL12 mRNA amplification
products were not observed in 18 (28.6%) breast carcino-
mas; the other 45 of 63 (71.4%) tumors expressed detectable
levels of CXCL12 mRNA (Fig. 1b). All the 20 noncancer-
ous tissues exhibited detectable CXCL12 mRNA products.
To confirm whether a loss of CXCL12 mRNA expression
actually existed, all analyses were repeated at least twice.
GAPDH mRNA expression was detected in all samples.
Correlation of real-time RT-PCR quantification of
CXCR4 and CXCLI12 genes with clinical data in the 63
breast carcinomas are shown in Tables 2, 3. The results
showed that CXCR4 mRNA in primary breast carcinomas
(1.22 £ 0.80, Mean + SD) was over-expressed as compared
to normal breast samples (0.65 &+ 0.59, P =0.001). CXCR4
over-expression in primary breast carcinomas was signifi-

A NI N2 N3 N4 NS N6 NT N8 N9

TI TI0O Ti8 TI9 T28 T42 T57 T60 Tél

GAPDH
150bp CXCR4
B N1 N2 N3 N4 N5 N6 N7 NE N9
250bp GAPDH
150bp CXCLI12

TI Tio Ti8

TI9 T28 T42 T57 Te0 Tél

+ + -
250bp T -— pr—
150bp

—

Fig. 1 Expression and methylation analyses of CXCL12/CXCR4 in
primary breast carcinomas and normal breast tissues. a, b Representa-
tive expression of CXCR4 and CXCL12 mRNA in primary breast car-
cinomas (7) compared to the normal breast tissues (N) by semi-
quantitative RT-PCR. ¢ Methylation analysis of CXCL12 in normal
breast tissues (N) and primary breast carcinomas (7) by methylation-
specific PCR. Lane U unmethylated, Lane M methylated. Data in (a—
c¢) are representative of two independent experiments

cantly related to lymph node metastasis (P =0.013), and
strong Her-2 expression (P = (0.031). In contrast to CXCRA4,
quantitative analysis of the CXCL12 transcript revealed sig-
nificantly (P =0.031) lower levels in breast carcinoma tis-
sues (1.41 £1.18) than in normal mammary tissues
(2.02 £ 0.71). Furthermore, significantly (P = 0.017) lower
expression levels of CXCL12 were found in tumors with >3
positive lymph nodes metastasis. A significant difference
(P=0.047) in CXCL12 mRNA levels were also found
between estrogen receptor negativity and positive group.

Immunohistochemical expression of CXCR4 and CXCL12
and their correlation with clinical-pathological data
in primary breast carcinoma

In our series, the predominant staining pattern of CXCR4
or CXCL12 was cytoplasmic staining, which was in consis-
tence with previous reports (Andre et al. 2006; Koshiba
et al. 2000). Out of 63 breast carcinoma specimens tested,
50 (79.4%) stained positive for CXCR4. The positive cases
were divided into two score classes according to their stain-
ing: moderate in 31 (62.0%) (Fig.2b), and high in 19
(38.0%) (Fig. 2c). All normal breast specimens resulted in
negative staining for CXCR4 (Fig. 2a). Table 3 summarizes
the relationship between CXCR4 protein expression and
clinicopathological features of the 63 breast cancers. y>
analysis indicated a significant correlation (P = 0.035)
between aberrant CXCR4 expression and lymph node
metastasis, recorded as positive staining in all the 17
tumors (100%) with >3 positive lymph nodes metastasis
compared with 33 of 46 tumors (71.7%) with <3 or no pos-
itive lymph nodes metastasis. Positive protein expression of
CXCR4 appeared to be more frequent in Her-2 positive
tumors (94.7%) than in Her-2 negative tumors (72.7%),
although it did not reach the statistical significance (P = 0.101).

All normal breast specimens exhibited positive staining
for CXCR4 (Fig.2d). Only 24 breast cancers (38.1%)
showed CXCLI12 staining of moderate to high intensity
(Fig. 2e). The remaining 39 tumors (61.9%) showed a com-
plete absent or low staining of CXCL12 protein (Fig. 2f).
There was no significant correlation between the expression
of CXCLI12 protein and the clinicopathological variables
examined (Table 2). In tumors with >3 positive lymph nodes
metastasis, negative staining of CXCL12 was observed in 14
cases (82.4%), which tended to be high in comparison to
groups with <3 or no positive lymph nodes metastasis, but
the difference was not statistically significant (P = 0.120).

The methylation status of CXCL12 and their correlation
with clinical-pathological data in primary breast carcinoma

Methylation status of CXCL12 was detected in the 63
resected primary breast carcinomas of different clinical
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Table 2 Alterations of CXCL12 gene in relation to clinicopathological parameters of the 63 primary breast carcinomas

Number CXCL12 mRNA expression CXCL12 protein expression CXCL12 methylation
Mean =% SD P —€ +4 Pe + —t Pe

Age 0.317* 0.103 0.751
<50 26 1.58 £ 1.07 13 (50.0%) 13 (50.0%) 13 (50.0%) 13 (50.0%)

>50 37 1.28 £1.25 26 (70.3%) 11 (29.7%) 20 (54.1%) 17 (45.9%)
Menopausal status 0.110* 0.098 0.904
Premenopausal 31 1.65 + 1.18 16 (51.6%) 15 (48.4%) 16 (51.6%) 15 (48.4%)
Postmenopausal 32 1.17 £ 1.15 23 (71.9%) 9 (28.1%) 17 (53.1%) 15 (46.9%)
Lymph node status 0.017° 0.120 0.032
0 34 1.69 £ 1.23 18 (52.9%) 16 (47.1%) 13 (38.2%) 21 (61.8%)

1-3 12 1.55 £1.20 7 (58.3%) 5 (41.7%) 7 (58.3%) 5 (41.7%)

>3 17 0.72 £ 0.77 14 (82.4%) 3 (17.6%) 13 (76.5%) 4 (23.5%)
Histological grade 0.065? 0.623 0.811
I-11I 45 1.21+£1.14 27 (60.0%) 18 (40.0%) 24 (53.3%) 21 (46.7%)

I 18 1.90 £ 1.15 12 (66.7%) 6 (33.3%) 9 (50.0%) 9 (50.0%)
Tumor type 0.514* 0.730 0.409
Ductal 43 1.47 £1.18 26 (60.5%) 17 (39.5%) 21 (48.8%) 22(51.2%)

Others 20 1.26 £1.20 13 (65.0%) 7 (35.0%) 12 (60.0%) 8 (40.0%)
Tumor diameter 0.705° 0.680 0.794
<2cm 15 1.22 £ 1.16 8 (53.3%) 7 (46.7%) 9 (60.0%) 6 (40.0%)

>2 cm, <5 cm 38 142 +£1.25 24 (63.2%) 14 (36.8%) 19 (50.0%) 19 (50.0%)

>5 cm 10 1.63 £ 1.01 7 (70.0%) 3 (30.0%) 5 (50.0%) 5 (50.0%)
Immunohistochemical

ER 0.047% 0.062 0.011
Negative (0, 1+, 2+) 25 1.04 £0.92 19 (76.0%) 6 (24.0%) 18 (72.0%) 7 (28.0%)

Positive (3+) 38 1.64 £ 1.28 20 (52.6%) 18 (47.4%) 15 (39.5%) 23 (60.5%)

PR 0.776* 0.881 0.145
Negative (0, 1+, 2+) 27 1.36 £ 1.19 17 (63.0%) 10 (37.0%) 17 (63.0%) 10 (37.0%)

Positive (3+) 36 144 £1.19 22 (61.1%) 14 (38.9%) 16 (44.4%) 20 (55.6%)

Her-2 0.980° 0.893 0.601
Negative (0, 1+, 2+) 44 141 +£1.17 27 (61.4%) 17 (38.6%) 24 (54.5%) 20 (45.5%)

Positive (3+) 19 1.40 £ 1.23 12 (63.2%) 7 (36.8%) 9 (47.4%) 10 (52.6%)

p53 0.332° 0.735 0.874
Negative (0, 1+) 52 1.34 £ 1.16 33 (63.5%) 19 (36.5%) 27 (51.9%) 25 (48.1%)

Positive (2+, 3+) 11 1.72 £ 1.30 6 (54.5%) 5 (45.5%) 6 (54.5%) 5 (45.5%)

Ki-67 0.750* 0.535 0.905
<25% 50 143 +1.22 32 (64.0%) 18 (36.0%) 26 (52.0%) 24 (48.0%)

>25% 13 1.31 £1.05 7 (53.8%) 6 (46.2%) 7 (53.8%) 6 (46.2%)

& P value obtained from the Mann—Whitney test

b P value obtained from the Kruskal-Wallis test

¢ Negative expression (—) defined as absent to low immunohistochemical staining

4 Positive expression (+) defined as moderate to high immunohistochemical staining
¢ P value obtained from »? test

T «“4> indicates methylated cases

& “—” indicates unmethylated cases

stages and in the corresponding nonmalignant breast sam-  in the CXCL12 promoter region whereas, hypermethylation
ples (Fig. 1c). Methylation-specific PCR showed that 33  of CXCLI12 was not observed in any of the 20 normal
(52.4%) of 63 primary breast tumors were hypermethylated  breast tissues. Among methylated tumors, we observed sig-
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Table' 3 Alt.erations.o'f CXCR4 Number CXCR4 mRNA CXCR4 protein
gene in relation to clinicopatho- expression expression
logical parameters of the 63
primary breast carcinomas Mean + SD P +0 _c P
Age 0.068 0.688
<50 26 1.45 £ 0.87 20 (76.9%) 6 (23.1%)
>50 37 1.06 £ 0.71 30 (81.1%) 7 (18.9%)
Menopausal status 0.833 0.707
Premenopausal 31 1.24 £0.78 24 (77.4%) 7 (22.6%)
Postmenopausal 32 1.20 £ 0.83 26 (81.3%) 6 (18.8%)
Lymph node status 0.013 0.035
<3 46 1.07 £0.75 33 (71.7%) 13 (28.3%)
>3 17 1.63 £0.79 17 (100.0%) 0 (0.0%)
Histological grade 0.466 0.883
I-1I 45 1.18 £ 0.76 35 (77.8%) 10 (22.2%)
I 18 1.34 £ 0.89 15 (83.3%) 3 (16.7%)
Tumor type 0.614 0.675
Ductal 43 1.19 £ 0.82 33 (76.7%) 10 (23.3%)
Others 20 1.30 £ 0.76 17 (85.0%) 3 (15.0%)
Tumor diameter 0.464 1.000
<5cm 53 1.26 £ 0.83 43 (79.6%) 11 (20.4%)
>5 cm 10 1.05 £ 0.57 8 (80.0%) 2 (20.0%)
Immunohistochemical
ER 0.329 0.170
Negative (0, 1+, 2+) 25 1.35£0.82 22 (88.0%) 3 (12.0%)
Positive (3+) 38 1.14 £ 0.79 28 (73.7%) 10 (26.3%)
PR 0.626 0.787
Negative (0, 1+, 2+) 27 1.17 £ 0.68 21 (77.8%) 6 (22.2%)
Positive (3+) 36 1.26 £ 0.88 29 (80.6%) 7 (19.4%)
Her-2 0.031 0.101
Negative (0, 1+, 2+) 44 1.05 £ 0.61 32 (72.7%) 12 (27.3%)
* P value obtained from the Positive (3+) 19 1.63 + 1.03 18 (94.7%) 1(5.3%)
Mann—Whitney test
b Positive expression (+) defi- p33 0.535 0.850
ned as moderate to high immu- Negative (0, 1+) 52 1.25£0.79 42 (80.8%) 10 (19.2%)
nohistochemical staining Positive (2+, 3+) 11 1.08 + 0.85 8 (72.7%) 3(27.3%)
¢ Negative expression (—) defi- Ki-67 0.224 0.363
ned as absent to low immunohis-  _55q, 50 1.15 + 0.76 38 (76.0%) 12 (24.0%)
tochemical staining
>25% 13 1.50 £ 0.92 12 (92.3%) 1(7.7%)

4 P value obtained from 2 test

nificant heterogeneity because both methylated and unme-
thylated products were present in 20 of 33 (60.6%)
CXCL12-methylated tumors. The correlations of methyla-
tion frequencies with clinical, pathological, and biologic
parameters were shown in Table 2. CXCL12 methylation
was significantly associated with >3 positive lymph nodes
metastasis (P =0.032), and estrogen receptor negativity
(P =0.011). Of the 17 cases with >3 positive lymph nodes
metastasis, 13 (76.5%) were methylated. Conversely, of the
34 cases with no or less than 3 positive lymph nodes metas-
tasis, only 13 (38.2%) were methylated. CXCL12 methyla-
tion was also more frequently observed in tumors with

estrogen receptor negativity with 72.0% (18/25) of the
estrogen receptor negative cases identifies as CXCL12-
methylation. None of the other factors including tumor
grade, age, menopausal status, and histological type
revealed a correlation with CXCL12 methylation.

Correlations between mRNA expression, protein
expression, and DNA methylation in primary breast

carcinoma

These 63 breast tumors were examined with all of the
analyses, including protein, mRNA expression, and DNA
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Fig. 2 Immunohistochemical
analysis of CXCR4 and
CXCLI12 protein in primary
breast carcinomas and normal
breast tissues. a A normal breast
sample showing negative
CXCR4 expression. b A breast
tumor sample showing moderate
CXCR4 expression. ¢ A breast
tumor sample showing high
CXCR4 expression. d A normal
breast sample showing positive
CXCL12 expression. e A
CXCL12-unmethylated breast
tumor showing positive
CXCL12 expression. f A
CXCL12-methylated breast tu-
mor showing negative CXCL12
expression. Panels a—f, x400

methylation. These data were then cross-referenced to
investigate the correlations between these three parameters.
CXCR4 and CXCL12 protein expressions were significantly
associated with their mRNA expressions (P =r=+0.511,
1.9 x 107 r = +0.534, 6.6 x 107°, respectively).
Statistical analysis revealed that CXCL12 mRNA levels in
primary breast tumors with hypermethylation (0.75 &+ 0.71)
were significantly (P = 4.6 x 10~7) lower than those without
hypermethylation (2.12 & 1.19). Of the 33 tumors exhibiting
hypermethylation on the start site of the CXCL12 transcrip-
ton, 29 (87.9%) showed low expression (<1.69-fold), 2
(6.1%) showed similar expression (1.69-2.35), and 2 (6.1%)
showed high expression levels of CXCL12 (>2.35-fold)
compared to the mean of all the 20 normal breast samples
(2.02-fold, with 95% confidence interval 1.69-2.35). Con-
versely, of the 30 tumors where the promoter region of

@ Springer

CXCL12 was unmethylated, 10 (33.3%) showed no or low
expression, 5 (16.7%) showed expression levels similar to
the normal samples, and 15 (50.0%) had high CXCL12
expression levels compared to the mean of normal breast tis-
sues. The Spearman rank correlation test revealed a signifi-
cant inverse relationship between CXCL12 methylation
status and their mRNA levels (r= —0.568, P=1.2 x 107°).
A strong relationship between CXCL12 methylation and
protein expression was also observed (P = 0.001).

DNMT enzymes are over-expressed in primary breast
carcinoma and their association with clinical, pathological,
and biological parameters in primary breast carcinoma

To define the mechanism leading to CXCL12 hypermethy-
lation in primary breast carcinomas better, we determined
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and quantified the DNMTs expression status in these 63
breast cancers by semi-quantitative RT-PCR (Fig. 3a, b). In
mammals, DNA methylation patterns are established and
maintained by mainly three known functional DNMTs
genes, namely DNMT1, 3A, and 3B, so we focused on
these three genes. Furthermore, we sought links between
CXCL12 methylation status and DNMTs mRNA expres-
sion levels from quantitative real-time PCR. Using the
Spearman rank correlation test, we found that mRNA levels
of the three DNMTs correlated strongly with each other, as
follows: DNMT1 with DNMT3A (r=+0.272, P = 0.031),
DNMT1 with DNMT3B (r=+0.303, P =0.016), and
DNMT3A with DNMT3B (r = +0.389, P = 0.002). Consis-
tent with the hypothesis that over-expression of the
enzymes catalyzing DNA methylation may be a prerequi-
site for abnormal DNA methylation (Robertson 2001), we
determined that the expression levels of DNMTI
(1.57+1.11, P=0.012) and DNMT3B (1.66 % 1.10,
P =0.026) were significantly higher in the CXCL12-meth-
ylated primary breast carcinomas than in the CXCL12-
unmethylated ones (0.96 £ 0.69, 1.05 4+ 0.99, respec-
tively). But no significant difference (P =0.185) of
DNMT3A was observed between the CXCL12-methylated
(1.63 £ 1.25) and CXCLI12-unmethylated (1.22 + 1.19)
breast carcinomas. In addition, the levels of DNMT1, 3A,
and 3B transcripts in the CXCL12-methylated astrocyto-
mas were significantly higher than normal breast tissues
(P=0.008, 0.002, 14 x 1073, respectively). Significant
differences of DNMT3A (P =0.025) and DNMT3B
(P =0.011) were also found between the CXCL12-unme-
thylated carcinomas and normal breast tissues. But no
difference of DNMT1 (P =0.475) was found between the
CXCL12-unmethylated carcinomas and normal breast tis-
sues (Fig. 3c).

Discussion

Formation of metastases requires several distinct steps,
including intravasation from primary tumor into vascular or
lymphatic circulation, resistance to apoptosis, trafficking to
secondary organs, and proliferation of cancer cells in target
organs and tissues (Chambers et al. 2002). CXCL12 bind-
ing to CXCR4 activates almost all of these key events
(Luker and Luker 2006). Data has shown that over-expres-
sion of CXCR4 alone can significantly increase breast can-
cer metastasis to bone (Kang et al. 2003). In the present
study, we found over-expression of both the transcript and
protein levels of CXCR4 in primary breast carcinomas.
Importantly, CXCR4 over-expression was significantly
related to lymph node metastasis. Similar results were also
observed by Kato et al. (2003). According to studies with
cultured cells, it appears that CXCR4 is regulated by sev-

eral genetic or biochemical agents at multiple levels includ-
ing transcription, translation, and protein degradation
(Luker and Luker 2006).

In blood-flow pattern of metastasis, mechanical factors
determine the initial fate of cancer cells after leaving their
primary tumor. The target organ is dictated by which the
cells travel to first. Distinct from blood-flow pattern, some
types of tumors show an organ-specific pattern of metasta-
sis. There, both ‘seed’ (the cancer cell) and ‘soil’ (factors in
the organ environment) contribute to this organ specificity
(Chambers et al. 2002). As in the CXCL12/CXCR4 signal-
ing axis, not only is the expression of CXCR4 a key deter-
minant of tumor metastasis, but CXCL12 is also essential
for site-specific metastatic process. CXCL12 exhibits peak
levels of constitutive expression in organs representing the
first destination of cancer metastasis (Miiller et al. 2001).
Nevertheless, contrary to the comprehensive assessment of
CXCR4 expressions and regulatory mechanisms in primary
tumors, studies defining CXCL12 expressions in various
carcinomas are more limited. Previous studies have demon-
strated that recombined human SDF-1 could stimulate the
proliferation, migration, and invasion of a variety of tumor
cells in vitro (Barbero et al. 2003; Sutton et al. 2007). Re-
expression of CXCL12 increased mammary carcinoma cell
proliferation and orthotopic primary mammary tumor
growth (Wendt et al. 2008). Given the evidence demon-
strating the pro-metastatic roles of CXCR4-CXCL12 sig-
naling in tumor progression, one may have expected over-
expression of CXCL12 in tumor cells to result in increased
proliferation and metastasis (Kang et al. 2005; Koshiba
et al. 2000; Scotton et al. 2002). However, our data have
shown that primary breast carcinoma tissues had low levels
of CXCL12 mRNA and protein expression as compared
with normal mammary tissues. Furthermore, CXCLI12
mRNA levels in >3 positive lymph nodes metastasis
tumors were significantly lower than tumors with <3 or no
positive lymph nodes metastasis. Similar results were also
reported from colonic and mammary carcinoma cell lines
(Wendt et al. 2006, 2008). CXCL12 transcript expression
was undetectable in highly aggressive cells such as the
MDA-MB-231 and MDA-MB-435s, whereas restricted
expression of CXCL12 was only detected in the less
aggressive carcinoma lines MCF-7 and MDA-MB-134
(Wendt et al. 2008). Also in gliomablastomas, CXCR4 was
expressed in all nine tumor tissues, while CXCL12 is
expressed in only one-third of tumors analyzed (Barbero
et al. 2003). Herein, we propose that silencing of CXCL12
in metastatic cancer cells changes CXCL12-CXCR4 signal-
ing from the autocrine and/or local paracrine loop to the
endocrine loop. Metastatic cancer cells, lacking expression
of CXCL12 but maintaining expression of CXCR4, patho-
logically follow the chemotactic signaling-endocrine
CXCLI12 gradients, enter the vascular or lymphatic circula-
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Fig. 3 Over-expressions of DNA methyltransferase enzymes in
CXCL12-methylated breast carcinomas as compared with in CXCL12-
unmethylated ones. a Representative mRNA expressions of DNMT],
DNMT3A, and DNMT3B in the CXCL12-methylated (Lanes 1-6)
and CXCLI12-unmethylated (Lanes 7-12) breast carcinomas by
semi-quantitative RT-PCR. GAPDH served as endogenous control.
b Semi-quantification of expression levels of DNMT1, 3A and 3B rel-
ative to GAPDH in these 12 breast carcinoma samples. ¢ Quantitative

tion, survive in the vessels, actively invade ectopic tissues,
and finally settle down in appropriate cellular niches. In
light of this hypothesis, it is no surprise that re-expression
of endogenous CXCL12 in colorectal or breast carcinoma
cells dramatically reduced metastatic tumor formation in
mice (Wendt et al. 2006, 2008).

Structural changes in the genome of tumors have been
studied for decades of years and a series of candidate genes
has been identified. Recently, there is increasing evidence
that altered methylation patterns of tumor-associated genes
are present in a variety of tumors, suggesting that DNA
hypermethylation is also a major event in the stages of
tumor progression (Waha et al. 2005). Previous studies
have regarded CXCL12 as mainly regulated through degra-
dation (Davis etal. 2005; Valenzuela-Ferndndez et al.
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real-time PCR analysis of gene expression levels of DNMT1, 3A and
3B in the CXCL12-methylated and CXCL12-unmethylated breast car-
cinoma samples, as well as normal breast tissues. Statistically signifi-
cant differences are denoted by brackets with P values. In addition, the
transcript levels of DNMT3A (P = 0.025) and DNMT3B (P =0.011)
in the CXCL12-unmethylated astrocytomas were significantly higher
than normal breast tissues

2002). However, recent evidence has identified DNA
hypermethylation also involved in the silencing of
CXCLI12 in colonic and mammary cancer cells (Wendt
et al. 2006, 2008). Herein, we focused on the correlation of
promoter methylation of CXCL12 with clinical data in pri-
mary breast carcinomas. We detected the promoter regions
of CXCL12 were hypermethylated as high as 52.4% in the
63 primary breast tumors, whereas hypermethylation of
CXCLI12 was not observed in any of the 20 normal breast
tissues. Tumors with hypermethylated CXCL12 showed
significantly lower expression levels of CXCL12, suggest-
ing that hypermethylation down-regulates the transcription
of this gene. More importantly, CXCL12 methylation
was significantly associated with >3 positive lymph
nodes metastasis. This might explain our observation
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that significantly lower expression levels of CXCL12
mRNA were found in cases with >3 positive lymph nodes
metastasis.

As is known, physiologic DNA methylation is mainly
achieved by three functional DNMT genes, namely
DNMT1, 3A, and 3B. Over-expression of these enzymes is
regarded as a prerequisite for abnormal DNA methylation
(Robertson 2001). In the present study, over-expression of
DNMT1 and DNMT3B mRNA was observed in the
CXCL12-methylated group as compared with the
CXCL12-unmethylated one. Previous reports have
described DNMT1 mainly involved in maintaining the pre-
existing methylation pattern during replication, whereas
DNMT?3A and 3B mainly involved in de novo methylation
(Bestor 2000). But as more studies reveal, there is a consid-
erable level of cooperation and functional overlap among
them (Siedlecki and Zielenkiewicz 2006). RNA interfer-
ence-mediated knockdown of DNMT1 or DNMT3B
induced CXCL12 expression in MCF-7 and AsPC1 cancer
cells, while the demethylating agent 5-aza-dC exhibited the
strongest effect on these cells (Sowinska and Jagodzinski
2007). In addition, previous study (Lapidus et al. 1998) has
reported that over-expression of DNMTs can also inacti-
vate the estrogen receptor gene. This might explain the cor-
relation, found in this study, between CXCL12
hypermethylation and estrogen receptor negativity.

Conclusions

We have shown that epigenetic alteration plays an impor-
tant role in the down-regulation of the expression levels of
CXCL12 mRNA in breast cancers. Our results, together
with recent findings emphasize the importance of the
CXCL12/CXCR4 signaling axis in organ-specific pattern
of metastasis. Cancer cells, lacking expression of CXCL12
but maintaining expression of CXCR4, pathologically fol-
low the chemotactic signaling-endocrine CXCL12 gradi-
ents, shedding from a primary tumor, arresting in a
particular new organ, and finally settling down in appropri-
ate tissues. Both the ‘seed’ and the ‘soil’ contribute to this
organ specificity.
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