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Abstract The discoidin domain receptors, DDR1 and
DDR2, have been linked with numerous human cancers.
We sought to determine expression level and distribution
of DDRs in human breast cancer, and investigate prog-
nostic determinates to determine whether levels of DDRs
could predict survival. Tumor samples from 122 breast
cancer patients were analyzed for relative expression of
DDRs. An additional 24 matched tumor and normal tissues
were tested for differential expression of DDR1 and DDR?2.
DDR2 was found to be significantly increased by 6-fold
(P = 0.0005) and DDR1 decreased (P = 0.0001) in tumor
vs. normal breast tissue. DDR1 expression was not pre-
dictive for patient survival; however, DDR2 expression
was significantly associated with disease-free (HR = 0.55,
95 % CI = 0.24-0.78, P = 0.026) and overall survival
(HR = 0.46, 95 % CI = 0.35-0.84, P = 0.019). Multi-
variate analysis revealed DDR2 is an independent favor-
able predictor for prognosis independent of tumor stage,
histology, and patient age. The present research provided
the first evidence that increased DDR2 mRNA expression
in primary human breast cancer might be a powerful,
independent predictor of recurrence and outcome.
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Introduction

The discoidin domain receptors (DDRs) family which is
composed of DDR1 and DDR2 are receptor tyrosine kinases
(RTKSs) belonging to the same enzyme family as EGFR.
Compared to other RTKs, DDRs are quite unique because
they bind different types of collagen as their ligands rather
than growth factor-like peptides [1, 2]. Evidence from in vitro
and in vivo studies suggests that DDRs can regulate cell
proliferation and matrix metalloproteinase (MMP)-mediated
ECM remodeling [3-6]. The DDRs are associated with a
growing number of human diseases, including fibrotic dis-
eases of the lung, kidney, and liver; atherosclerosis; as well as
osteoarthritis [3, 5-8]. DDRs have also been shown to exhibit
altered expression patterns in several kinds of human cancers,
including esophageal, ovarian, brain, and lung tumors [9]. To
our knowledge, no correlations of DDRs with relapse and
prognosis has not been addressed in breast cancer yet.

Here, we sought to extensively explore the association
of DDRs with human breast cancer by determining their
expression levels in a larger cohort of primary breast
tumors. We further demonstrated a significant increase in
DDR2 expression and a decreased expression level of
DDR1 in breast tumor tissue compared with matched
normal tissues from the same patients; importantly our
results proved that DDR2 expression was a good prog-
nostic marker for early-stage breast cancer patients.

Materials and methods
Study cohort and tissue samples

A total of 122 primary breast tumor samples and an inde-
pendent set of 24 matched tumor and adjacent normal
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breast tissues were harvested from breast cancer patients
treated by surgical resection without adjuvant chemother-
apy at Xijing Hospital, Fourth Military Medical University.
This study was approved by the ethics committee of the
Fourth Military Medical University.

RNA extraction and quantitative real-time PCR (qRT-
PCR)

Total RNA from all the samples were purified as recom-
mended by the manufacturer using Trizol reagent (Invit-
rogen). cDNA synthesis was done using approximately
5 mg RNA per 20 mL with a cDNA reverse transcription
kit (Fermentas). Real-time PCR was done on an ABI 7500
system (Applied Biosystems), using SYBR Green I
(TAKARA). gqPCR analysis was performed as described
elsewhere [10].

Immunohistochemistry

Immunohistochemistry was performed using the avidin—
biotin—peroxidase method [10]. Slides were incubated
with antibody of DDRI1 (1:50, Santa Cruz) or DDR2
(1:50 R&D). Biotinylated goat anti-rabbit and goat anti-
mouse IgG (1:1,000, Sigma) was incubated with the sec-
tions for 1 h at room temperature and detected with a
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streptavidin—peroxidase complex. Negative and positive
controls were conducted in each run of immunohisto-
chemistry.

Statistical analysis

Matched ¢ tests were used to determine differential
expression of DDRs. The Spearman’s correlation, Kruskal—
Wallis, and Wilcoxon test were used to assess association
within and between molecular indices and the pathological
or clinical factors. The Cox proportional hazards model
was used to test the association of survival and DDR2
expression, where DDR2 expression was treated as a
continuous variable. The Cox proportional hazards model
was employed for the multivariate analysis. Differences
with a P value of 0.05 or less were considered to be sta-
tistically significant.

Results

Differential expression patterns of DDR1 and DDR2
in human breast cancer tissues

We firstly examined the expression of DDRs by immuno-
staining of tumor tissue in situ. The observation showed

Sample 3

Fig. 1 Serial sections for DDR1 and DDR2 immunostainings in breast cancer tissues. Two proteins’ immunostainings were both mainly
expressed in the cytoplasm of tumor cells in breast tissues with brown yellow
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that diffuse-positive staining for DDR2 was definitely seen
in breast cancer specimens and detected primarily in the
membrane and cytoplasm of tumor epithelial cells. Con-
versely, strongly positive staining of DDR1 was barely
noticeable in tumor cells (Fig. 1).

Given the suggested role of DDRs in breast cancer pro-
gression, we next determined their mRNA levels in 122
breast tumor patient samples. The characteristics of the 122
breast cancer patients involved in the study cohort are
shown in Table 1. Relative DDR1 and DDR2 mRNA levels

Table 1 Comparative clinical and pathological features of the full
cohort of breast cancer patients. Patients were dichotomised using the
median level of DDR2 expression, whereas patients with undetectable
DDR1 were considered low expressors

were given as differences in RQ values as compared to
mRNA levels for the housekeeping genes B-actin (Fig. 2).
Expression levels of DDR2 were significantly higher in
breast carcinoma (ductal carcinoma and lobular carcinoma)
than in benign tumor (cystic hyperplasia and fibroadenoma)
(Mann—Whitney U, P < 0.001, P < 0.01, P < 0.05, and
P < 0.01, respectively). The difference between mucinous
carcinoma and cystic hyperplasia or fibroadenoma were nei-
ther statistically significant (P = 0.6723 and P = 4,285),
nor were there any differences between the two subtypes of
benign tumor (P = 0.8124). Interestingly, cystic hyperpla-
sia and fibroadenoma displayed significantly higher DDR1
expression than the other histological subtypes (Mann—
Whitney U, P < 0.01, P < 0.01, P < 0.01 and P < 0.001,
respectively). Furthermore, we analyzed a cohort of 24

All patients  Elevated DDR2 ~ Reduced or absent samples from breast cancer patients, which included mat-
(122) expression (93)  DDRI expression (83) ched normal tissue for each tumor sample. DDR2 was

Histology shown to be increased by 2.6-fold (P < 0.001), and DDR1
Ductal 84 (69 %) 68 (73 %) 62 (75 %) decreased by an equiValent amount (21-f01d, P < 0001) in
Lobular 21 (17 %) 18 (19 %) 14 (17 %) tumor tissue compared with matched normal samples
Other 17 (14 %) 7 (8 %) 7 (8 %) (Fig. 3). . )

Pathological stage The average RQ of DDR2 mRNA in breast carcinoma
Stage I 30 (25 %) 16 (17 %) 24 (29 %) samples was 5.7, whereas the relative DDR2 mRNA
Stage I 74 (61 %) 60 (65 %) 50 (60 %) expression detected in benign tumor was 0.95. Also, relative
Stage 18 (14%) 17 (18 %) 911 %) DDR2 mRNA expression in 24 cases of adjacent normal
M-IV tissues was 1.103. The difference among the 3 groups of

T stage specimens was statistically significant (P < 0.001). In par-
Tl 43 (35 %) 17 (18 %) 33 (40 %) allel, we found that the average RQ of DDR1 mRNA in
™ 72 (59 %) 70 (75 %) 46 (55 %) breast carcinoma samples was 1.29, whereas the relative
T3_T4 76% 67 % 4(5%) DDR1 mRNA level detected in benign tumor was 4.83.

N stage Besides, relative expression of DDR1 mRNA in 24 cases of
NO 7763 %) 50 (54 %) 55 (66 %) adjacent normal tissues was 11.26, and the difference
NI 3327 %) 3103 %) 2126 %) among the 3 groups of specimens was also statistically
N2 1210 %) 12 (13 %) 78 %) significant (P < 0.001). These results indicated that DDR1

M stage expression was downregulated in breast carcinoma while
M o 119 99 %) 91 (98 %) 82 (99 %) there is a striking increase in DDR2 level, whereas they

(4 0 (9 . . . .
M 301 %) 202 %) 1 (1 %) showed a diametrically opposed expression pattern in
benign tumor of breast.
Fig. 2 Expression pattern of DDR1 DDR 2
DDRs mRNA levels in a cohort c =
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Fig. 3 Accumulated plot of DDRs qPCR data demonstrating the
relative expression of DDR1 and DDR2 in normal and cancerous
tissues from breast cancer patients. DDR2 was significantly upreg-
ulated by sixfold (P < 0.001), and DDR1 was significantly down-
regulated by 3.74-fold (P < 0.001) in tumor tissues when compared
to normal tissues from breast cancer patients

Table 2 Association of DDR1 with clinical factors of breast cancer
patients and breast carcinoma characteristics

Variable Correlation coefficient (r) P

Age at diagnosis 0.065 0.480
Depth of invasion 0.029 0.754
Lymph node metastasis 0.046 0.618
Distant metastasis 0.131 0.149
TNM stage 0.098 0.284
HER2/neu —0.198 0.209
Estrogen receptor 0.028 0.762
Progesterone receptor —0.035 0.699

Association between expression of DDRs
and clinicopathologic characteristics of breast cancer

On the basis of the gPCR results, no statistically significant
correlations were observed between DDR1 mRNA expres-
sion and age at diagnosis, depth of mammary gland invasion,
lymph node metastasis, metastases to distant tissues, or the
TNM staging. However, statistically significant correlations
between the high level of DDR2 mRNA expression were
found with high degree of lymph node metastasis (P <
0.001), distant metastasis (P = 0. 005), and advanced TNM
staging (P < 0. 001). Correlation coefficient was shown in
Tables 2 and 3.

Moreover, our findings also suggest that the negative
impact of altered expression of DDRs 1 on prognosis is
independent of other prognostic markers (Table 2, 3).

@ Springer

Table 3 Association of DDR2 with clinical factors of breast cancer
patients and breast carcinoma characteristics

Variable Correlation coefficient (r) P

Age at diagnosis —0.015 0.869
Depth of invasion 0.187* 0.040
Lymph node metastasis 0.474%%* <0.001
Distant metastasis 0.252%* 0.005
TNM stage 0.452%* <0.001
HER2/neu 0.018 0.846
Estrogen receptor 0.135 0.140
Progesterone receptor 0.039 0.667
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Fig. 4 Kaplan—-Meier analysis of disease-free survival, according to
DDRI1 (a) and DDR2 (b) expression levels. Patients were dichoto-
mised based on the median level of DDRI1 or DDR2 expression

Thus, increased expression of DDR2 appears to define a
previously unrecognized particularly aggressive subset of
breast cancers.

Association between expression of DDRs and disease-
free survival of breast cancer patients

The Kaplan—Meier analysis was used to evaluate the dis-
ease-free survival of patients with breast cancer and DDR2
mRNA expression. Results showed that patients with
negative DDR2 expression in breast tumor tissues had
better disease-free survival than those with elevated DDR2
expression (Fig. 4a, log-rank test: P = 0. 003). Breast
cancer patients with elevated DDR2 expression had a
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Table 4 Univariate and multivariate significance for the expression of DDRs in disease-free and overall survival

Univariate analysis

Multivariate analysis

Disease-free survival Overall survival

Disease-free survival Overall survival

P HR (95 % CI) P HR (95 % CI) P HR (95 % CI) P HR (95 % CI)
DDR2 0.026 0.55 (0.24-0.78) 0.019 0.46 (0.35-0.84) 0.04 0.5 (0.27-0.85) 0.05 0.47 (0.32-0.93)
DDRI1 333 0.78(0.21-1.16) 0.09 0.69 (0.34-1.31) 0.54 0.82 (0.46-1.77) 0.71 0.94 (0.31-1.82)

HR Hazard ratio
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Fig. 5 Kaplan—Meier analysis of overall survival, according to
DDRI1 (a) and DDR2 (b) expression levels. Patients were dichoto-
mised based on the median level of DDR1 or DDR2 expression

higher risk to relapse than in those with reduced DDR2
expression. In contrast to DDR1 whose expression level
was not prognostic (Table 4), low expression of DDR2 was
significantly associated with greater disease-free survival
in this cohort of patients (HR = 0.55, 95 % CI = 0.24-
0.78, P = 0.026) (Fig. 4).

Association between expression of DDR2 and overall
survival of breast cancer patients

A statistically significant association between poor overall
survival and elevated DDR2 mRNA level was found in
patients with breast cancer. The Kaplan—Meier analysis for
postoperative overall survival showed that breast cancer
patients with reduced DDR2 expression had longer overall
survival than patients with increased expression of DDR2
(Fig. 5a, log-rank test: P = 0.002). In contrast to DDR1

whose expression level was not prognostic (Table 4), low
expression of DDR2 was associated with significantly
favorable overall survival in this cohort of patients (HR =
0.46, 95 % CI = 0.35-0.84, P = 0.019) (Fig. 5).

Discussion

In the present study, we firstly observed a novel expression
pattern of DDR1 and DDR2 in breast cancer tissues. We
further discovered that DDR2 expression is significantly
increased compared with its reduction in nonneoplastic
breast tissues. Additionally, the expression levels of DDR2
were significantly correlated with advanced TNM stage and
lymph node metastasis, suggesting that DDR2 expression
might be of clinical relevance in the aggressiveness of
breast carcinoma. Moreover, the impact of DDR2 expres-
sion on clinical outcome was assessed by the univariate and
multivariate analyses; the results of which clearly demon-
strated that DDR2 expression was a statistically significant
risk factor affecting disease-free survival and overall sur-
vival of patients with breast tumor and were independent
favorable prognostic marker for early-stage breast cancer
patients.

Although DDR1 was first discovered in breast cancer cells
and has been previously discussed in mammogenesis [11,
12], a direct link between breast tumorigenesis and DDRs
especially the DDR2 has not yet been established. This work
therefore represents the first study to extensively explore and
quantify the expression levels of these unique RTKs in a
large clinical cohort of breast cancer patients. Indeed, in our
study, the DDRs expression pattern was more profound. The
results detailing differences in DDRs expression level are of
interest in that the preferential expression in tumor epithelial
cells is DDR2 rather than DDR1, which is inconsistent with
the preceding reports. It has long been considered that DDR1
and DDR2 were exclusively expressed in tumor cells and
tumor stoma, respectively [13]. However, our current study
clearly demonstrated that in breast cancer, DDR2 was pre-
dominantly localized in the tumor cells rather than in the
stromal cells. Several explanations exist for the contradic-
tory phenomenon. Breast cancer encompasses a broad range
of clinical subtypes, and the scope and makeup of the two
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cohorts of eligible patients differed. In addition, we were not
sure if the differences were owing to the methodology. In
contrast to northern blot which does not allow precise
quantification, our gPCR and analysis methods were robust
and results repeatable. More interestingly, Maeyama and
colleagues have reported that a striking increase in the DDR2
expression and a reciprocal decrease in the DDR 1 expression
were found in the mesenchymally transformed cells [14]. We
therefore hypothesize that in the different periods of tumor
progression, DDRs expression may appear to be flexible and
distinct, which remains a future direction of study.
Although DDRI1 appeared to be protective in our cohort,
there were ultimately too few cases with quality expression
data to make a firm conclusion. Intriguingly, DDR1 was
used to be considered to associate with cancer malignant
progression [15], however in fact, this kind of RTK was
also reported to be a direct p53 transcriptional target, and
essential for the pro-survival functions of p53 [16].
A possible explanation for this disparity is that the
pS53-dependent manner of DDR1 induction may be in the
cells exposed to cellular stresses, which upregulate p53.
In conclusion, our data suggest that DDR2 might play an
important role in the regulation of aggressiveness in human
breast cancer. This is the first study to show a strong
association of the collagen binding RTK, DDR2 with
human breast cancer. We have conclusively shown that
DDR?2 is significantly more expressed in tumor as opposed
to normal tissues from breast cancer patients. The upreg-
ulation of DDR2 might be closely associated with poor
clinical outcome of patients with breast carcinomas, which
demonstrated that it can be a strong prognostic indicator.
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