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Abstract Breast cancer is a heterogeneous disease characterized by diverse molecular signatures and a variable
response to therapy. Clinical management of breast cancer is
guided by the expression of estrogen and progesterone
receptors and HER2 amplification. New prognostic and
predictive markers, as well as additional targets for therapy,
are needed for more effective management of this disease.
Gene expression microarrays were probed with RNAs from
176 primary breast cancer samples and tissue microarrays
immunostained with anti-DDX1 antibody, an antibody to
DEAD box protein DDX1, a putative RNA-RNA and RNADNA unwinding protein normally found in the nucleus. Half
of the patient cohort had experienced early relapse despite
standard adjuvant therapy, but were otherwise matched for
estrogen receptor and HER2 status, stage and duration of
follow-up. Here, we identify DDX1 RNA overexpression as
an independent prognostic marker for early recurrence in
primary breast cancer, with a hazard ratio of 4.31 based on
logrank analysis of Kaplan–Meier curves. Elevated levels
of DDX1 protein in the cytoplasm also independently correlate with early recurrence with a hazard ratio of 1.90. In
conclusion, our data indicate a strong and independent
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association between poor prognosis and deregulation of the
DEAD box protein DDX1. We propose that elevated levels
of DDX1 RNA or the presence of DDX1 in the cytoplasm
could serve as an effective prognostic biomarker for early
recurrence in primary breast cancer.
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Introduction
Breast cancer is the second highest cause of cancer-related
death in women, with approximately 1 million new cases
diagnosed each year worldwide [1]. While there have been
significant advances in the development of endocrine and
chemotherapy-based therapies for the treatment of breast cancer, approximately 30% of women with early stage disease will
eventually relapse [2], and those with distant metastases have
less than a 3% chance of long-term survival [3–6]. The
molecular pathways and events underlying recurrence in breast
cancer are poorly understood. To compound this problem,
breast cancer represents a conglomerate of many different
clinical and pathological diseases characterized by different
genetic alterations, growth properties, and responses to therapy.
A number of clinical and molecular parameters have
traditionally been used to classify breast cancers including
stage, grade (number of mitoses, nuclear architecture and
tubule formation), estrogen receptor (ER) and progesterone
receptor (PR) status, and HER2 (ERBB2) amplification.
Recent molecular profiling based on hormone receptor
status, HER2 amplification, and proliferation rates have
resulted in the widely accepted classification of breast
cancer into four major subtypes: luminal A (ER?ve,
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PR?ve, low proliferation, and HER2-ve); luminal B
(ER?ve, PR?ve, with either a higher proliferative index
or HER2?ve); HER2-amplified (ER-ve, PR-ve and
HER2?ve); and triple-negative or basal-like (ER-ve,
PR-ve, and HER2-ve) [7–10]. Of these four subtypes,
luminal A breast cancers have the best prognosis, with
tumors responding well to adjuvant hormone therapy. In
the absence of a specific target for therapy, triple-negative
tumors have the worst prognosis [11]. While this molecular
classification allows for more precise prognosis and treatment recommendations, there is still considerable response
variation within each subtype [12].
Similarly, genome wide transcriptome analysis has
defined multi-gene signatures reflecting breast cancer subtypes. Several multi-gene signatures with varying prognostic significance have been reported [13–15]. The 21-gene
recurrence score assay and the 70-gene signature MammaPrint are currently being marketed as prognostic tools for
breast cancer [16, 17]. Recent reports suggest that these
multigene assays help identify which patients will benefit
from chemotherapy [18]. In spite of these advances, it is
clear that we need: (i) a better understanding of the events
underlying early relapse in breast cancer, (ii) novel prognostic markers which can independently predict recurrence,
and (iii) new approaches to the treatment of breast cancers
with a poor prognosis.
DEAD box 1 (DDX1) is a member of the D(Asp)-E(Glu)A(Ala)-D(Asp) box protein family of RNA unwinding proteins [19]. DDX1 is amplified and over-expressed in a subset
of retinoblastoma and neuroblastoma tumors [20–23] and has
recently been reported to be involved in the development of
testicular tumors [24]. DDX1 is widely expressed in different
cell types and tissues, albeit at different levels [20], and
appears to be essential for embryonic development as knockout of the DDX1 gene results in early embryonic lethality in
both mice (our unpublished data) and Drosophila melanogaster [25]. A number of roles have been proposed for DDX1
including RNA processing, RNA transport from the nucleus to
the cytoplasm and RNA clearance at sites of double-strand
breaks [26–30]. Although DDX1 is predominantly a nuclear
protein, it is also found in the cytoplasm of DDX1-amplified
neuroblastomas and retinoblastoma cells [31].
Here, we examine DDX1 expression and subcellular
location in gene expression microarrays and tissue microarrays designed to identify biomarkers associated with
early recurrence in primary breast cancer. We show that
over-expression of DDX1 RNA (by as little as 40%) and
elevated levels of DDX1 protein in the cytoplasm can both
serve as prognostic markers of recurrence and death. Correlation of DDX1 with recurrence is independent of the
commonly used breast cancer markers ER, PR, HER2
amplification, grade and stage, thus identifying DDX1 as a
novel prognostic marker.
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Materials and methods
Patient selection
Gene expression microarray analysis was performed on
176 primary, treatment- naive breast cancer samples and 10
normal breast tissue samples acquired from reduction
mammoplasties through the Canadian Breast Cancer
Foundation Tumor Bank. A flow chart depicting patient
selection criteria is presented in Fig. 1. Patient information
was collected under Research Ethics Board Protocol ETH02-86-17. The tumor samples, collected at surgery, were
frozen in liquid nitrogen within 20 min of devitalization.
Evaluation of histology slides from tissue adjacent to the
frozen samples indicated that at least 70% of the cells
present were invasive tumor cells.
Gene expression analysis
Total RNA was isolated from the frozen samples using
Trizol and QIAGEN RNeasy columns. The RNA was
quantified using a NanoDrop 1000 Spectrophotometer and
its integrity evaluated using a Bioanalyzer 2100. RNA
samples with RNA Integrity Numbers (RIN) greater than
7.0 were used.
The RNA was subjected to linear amplification and Cy3
labeling, then hybridized to Agilent Whole Human Genome Arrays using Agilent Technologies kits (One Color
Low RNA Input Linear Amplification Kit Plus, One Color
RNA Spike-In Kit and Gene Expression Hybridization
Kit). The arrays were scanned using an Agilent Scanner.
The data were extracted and quality-evaluated using Feature Extraction Software 9.5, and normalized and analyzed
using GeneSpring GX 7.3 (Agilent Technologies).
Tissue microarray construction
and immunohistochemical analysis
The TMA included three 0.6 mm cores from each of the
samples and was constructed using a TMArrayer (Pathology Devices, Westminster, Maryland). TMAs were deparaffinized in xylene, re-hydrated and microwaved for
20 min in epitope retrieval buffer (10 mM citrate, 0.05%
Tween-20; pH 6). TMAs were immunostained with rabbit
anti-DDX1 antibody (1:2000) (batch 2910) [31] or mouse
anti-Ki67 antibody (clone MIB-1; proliferation marker)
(DakoCytomation, Carpinteria, California).
Scoring and quantification of immunohistochemical
staining
Ki67 scoring to measure proliferative index was performed
by a single pathologist (JH) blinded to outcomes, using the
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intensity and a Cohen’s kappa value of 0.57 (moderate
agreement) with complete agreement in 78% of cases for
nuclear intensity. Acquisition of images was performed
using an Axioskop2 plus microscope with a 209 or 409 lens,
a ZeissAxiocam and AxioVision software, version 4.7.1.0
(Carl Zeiss MicroImaging, Jena, Germany).
Statistical analysis

Fig. 1 Flow chart depicting patient selection for the study. Of the
original population of 988 consented patients with treatment-naı̈ve
primary breast cancer, 88 had suffered an early relapse by September
30, 2009 when the data were locked. The women whose tumors were
selected for this study received standardized guideline-based chemoand hormonal therapies. These treatment guidelines recommend
anthracycline chemotherapy for high risk node-negative disease,
anthracycline with taxane chemotherapy for node-positive disease,
hormonal therapy for all patients with ER?ve disease, and trastuzumab for those with HER2 positive tumors. Two groups of patients
were selected for analysis, the first consisting of 88 patients who
experienced an early relapse (less than 5 years after the initial
treatment), and the second consisting of 88 patients who did not
relapse. The two groups were matched for ER and HER2 status, stage
and time of follow-up. The median duration of follow-up for
surviving patients was 4.5 years. Abbreviation: FFPE, formalin fixed
paraffin embedded

MIB1 antibody and dichotomized at 15% nuclear staining
[10]. DDX1 protein was scored separately for nuclear and
cytoplasmic levels. Each score was based on the average
staining intensity throughout the tumor tissue on a scale of 0–
3. Cytoplasmic staining was considered high if the score was
2–3 and low if the score was 0–1, while nuclear staining was
considered high if the score was 3 and low if the score was 1
or 2 (no tumors were scored 0 as all tumors had some DDX1
in the nucleus). With few exceptions, staining intensity was
consistent in all tumor cells throughout a single core. DDX1
staining was scored by DG with 63 random samples independently scored by JH. The agreement between the two sets
had a Cohen’s kappa value of 0.69 (substantial agreement)
with complete agreement in 85% of cases for cytoplasmic

Statistical analyses were performed using MedCalc for
Windows, version 11.1.0.0 (MedCalc Software, Mariakerke, Belgium). Rank correlation was performed to
determine Spearman’s Rho. Clinical/pathological variables
as a function of DDX1 scores were assessed for both gene
expression microarrays and TMAs using the Students’s
t test (continuous variables), Fisher’s exact test (2 category
variables), and chi-square test (3 or more category variables). Survival and recurrence-free survival were analyzed
using the logrank test on Kaplan–Meier survival curves.
Cox proportional-hazard regression was performed for
univariate analysis using an enter model for survival and
recurrence-free survival. Multivariate analysis was performed using a backward enter model with variable
removal at P [ 0.10 to test statistical significance and
independence of factors shown to be significant by univariate analysis for survival or recurrence-free survival.
This study complies with the Reporting Recommendation
for Tumor Marker Prognostic Studies guidelines [32].

Results
Gene expression analysis of DDX1 in breast cancer
Gene expression microarrays were hybridized using RNAs
isolated from samples obtained from 176 primary treatment-naive breast cancer patients (45 stage I, 117 stage
IIA/IIB, and 14 stage IIIA/IIIB). Eighty-eight of the 176
patients experienced early relapse (recurrence within
5 years) and 57 patients had died when the study was
locked (September 30 2009). Of the 176 tumors analysed,
31 were classified as luminal A, 45 as luminal B, 8 as
HER2?ve and 56 as triple negative. Thirty-six samples
were simply classified as luminal as their Ki67 status was
not available (Table 1).
Relative DDX1 RNA levels in the 176 tumors ranged
from 0.497 to 3.437. In comparison, relative DDX1 RNA
levels in 10 normal breast tissue samples ranged from
0.804 to 1.094. ROC curve analysis in relation to recurrence defined a relative RNA level of more than 1.365 as
the most appropriate cut-off point (sensitivity 23%, selectivity 91%). Of 176 patients, 28 (16%) had relative DDX1
RNA levels of [1.365, with the remaining 148 (84%)
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Table 1 Clinicopathologic features of the patients included in the
gene expression microarray analysis

DDX1 RNA levels correlate with death, recurrence, ER
negative status, PR negative status, and high grade

Univariate analysis

Number of patients

Recurrence

Death

HR

P

HR

P

0.61

0.03

0.35

<0.001

0.55

<0.01

0.43

<0.01

1.02

0.95

0.98

0.96

1.68

0.04

1.84

0.05

176

Age at diagnosis
Median

52 years

Range

26–89 years

Recurrence
Events

88 (50%)

Average time to

818 days

Death
Events

57 (32%)

Average time to

1,056 days

ER status
Positive

112 (64%)

Negative

64 (36%)

PR status
Positive
Negative

94 (53%)
82 (47%)

HER2 status
Amplified

30 (17%)

Non-amplified

146 (83%)

Grade
3

120 (68%)

1–2

56 (32%)

DDX1 protein subcellular localization in breast cancer
tissue

Stage
I

45 (26%)

IIA/IIB

117 (66%)

IIIA/IIIB

14 (8%)

1.17

0.46

1.38

0.21

Subtype
Luminal A

31 (18%)

Luminal B
Luminal undefined

45 (26%)
36 (20%)

HER2 amplified

8 (5%)

Triple negative

56 (32%)

Gene expression microarray score for DDX1
Range

0.497–3.437

B1.365

148 (84%)

[1.365

28 (16%)

2.74

<0.0001

2.09

0.02

P values correspond to univariate Cox regression analysis. Percentages may not equal 100% due to rounding. HR hazard ratio
P values in bold indicate statistical significance (P \ 0.05)

having relative RNA levels of B1.365. Univariate Cox
regression analysis showed a significant correlation to both
recurrence and death for negative ER status, negative PR
status, high grade (defined as grade 3) and elevated DDX1
RNA levels. There was no correlation to death or recurrence for HER2 status or stage (Table 1).
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Fisher’s exact tests, chi square tests or Student’s t tests
were performed to determine if elevated DDX1 RNA levels
correlated with known prognostic indicators and clinical
outcomes. High DDX1 RNA levels were found to correlate
with recurrence, death, negative ER status, negative PR
status, and high grade (Fig. 2a, b). There was no correlation between relative DDX1 RNA levels of [1.365 and
HER2 amplification, breast cancer family history, menopause status, stage, and tumor size (Fig. 2b).
Kaplan–Meier survival curve analysis of high DDX1 RNA
levels showed a higher risk of recurrence with a hazard ratio of
4.31 (95% CI 2.22–9.19, P \ 0.0001) (Fig. 2c) and a higher
risk of death with a hazard ratio of 2.58 (95% CI 1.22–5.61,
P = 0.014) (Fig. 2d). Similar data were obtained upon analysis of recurrence within systemic therapy subgroups (? or adjuvant chemotherapy; ? or - adjuvant hormone therapy).
High DDX1 RNA levels were significantly associated with
recurrence in patients who received chemotherapy, with a
hazard ratio of 8.45 (95% CI 3.38–21.05, P \ 0.0001) and in
patients who received hormone therapy, with a hazard ratio of
14.68 (95% CI 3.49–61.65, P = 0.0002). Although not significant, there was also a trend towards increased recurrence in
patients who did not receive chemotherapy and in patients
who did not receive hormone therapy.

A TMA was generated using breast cancer tissue samples
from 120 (of the original 176) patients, of which seven were
discarded because of insufficient tissue left on the TMA. The
TMA also included cores from six normal breast tissue.
TMAs were immunostained with anti-DDX1 antibody.
Sixty-two of the 113 patients represented in the TMAs had
recurred at the time of analysis, and 32 patients had died
(Table 2).
As different levels of DDX1 protein were observed in
the cytoplasm and nucleus, cytoplasmic and nuclear DDX1
protein were individually scored (Figs. 3b–g). Nuclear
staining was scored on a relative scale of 1–3, while
cytoplasmic staining was scored on a relative scale of 0–3.
There was a non-random distribution of nuclear to cytoplasmic staining intensity (P \ 0.001), with an inverse
relationship between cytoplasmic and nuclear levels
(rho = -0.28, P = 0.0027) (Fig. 3a). Thirty-seven of 113
(33%) tumors had a cytoplasmic score of 2 or 3. In contrast, all six normal breast tissues had cytoplasmic scores of
0 or 1 and nuclear scores of 3 (Fig. 3g).
Univariate analysis of the 113 tumor samples showed
a significant correlation with both recurrence and death

Breast Cancer Res Treat (2011) 127:53–63

57

Fig. 2 a, b Occurrence of clinical/pathological features in patients
with relative DDX1 RNA levels of [1.365 (n = 28) compared to
patients with relative DDX1 RNA levels of B1.365 (n = 148). High
DDX1 RNA levels were found to correlate with recurrence [71% of
cases with elevated DDX1 RNA ([1.365) showed recurrence compared
to 46% of cases with low DDX1 RNA (B1.365)], death (50% compared
to 29%), negative ER status (71% compared to 29%), negative PR status
(71% compared to 42%), and high grade (86% compared to 65%). There
was no correlation between relative DDX1 RNA levels of [1.365 and
HER2 amplification (14% compared to 18%), breast cancer family

history (39% compared to 45%), menopause status (39% pre-, 50%
post-, and 11% peri-menopausal compared to 33% pre-, 59% post-, and
8% peri-menopausal), stage (29% stage I, 61% stage IIA/B and 11%
stage IIIA/B compared to 25% stage I, 68% stage IIA/B, and 7% stage
IIIA/B), and tumor size (average size of 2.8 cm compared to 2.6 cm).
* Indicates P \ 0.05, ** indicates P \ 0.01. P values in bold indicate
statistical significance (P\0.05). c, d Kaplan–Meier survival curves of
patients with relative DDX1 RNA levels[1.365 (n = 28) compared to
patients with relative DDX1 RNA levels B1.365 (n = 148). c Recurrence-free survival. d Survival. HR hazard ratio

for: (i) negative PR status and (ii) elevated levels of DDX1
in the cytoplasm. A significant correlation was also
observed between grade and recurrence, but not grade and
death. A negative ER status was correlated with death only,
whereas decreased levels of DDX1 protein in the nucleus
was correlated with recurrence only (Table 2).

the cytoplasm (defined by a score of 2 or 3) compared to
low levels in the cytoplasm (defined by a score of 0 or 1)
correlated with known prognostic indicators and clinical
outcomes. Elevated levels of DDX1 protein in the cytoplasm were found to correlate with recurrence, death,
negative ER status, negative PR status, and high grade
(Figs. 4a, b). There was no correlation between elevated
levels of cytoplasmic DDX1 protein and HER2 amplification, breast cancer family history, menopause status,
stage, and tumor size (Fig. 4b). Kaplan–Meier survival
curve analysis of cytoplasmic DDX1 localization showed a
higher risk of recurrence with a hazard ratio of 1.90 (95%
CI 1.09–3.34, P = 0.0237) (Fig. 4c) and death with a

Subcellular DDX1 protein localization correlates
with death, recurrence, ER negative status,
and PR negative status
Statistical analysis was performed as described for DDX1
RNA to determine if elevated levels of DDX1 protein in
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Table 2 Clinicopathologic features of the patients included in the
TMA analysis
Univariate analysis

Number of patients

Recurrence

Death

HR

HR

P

P

113

Age at diagnosis
Median

51 years

Range

26–89 years

Recurrence
Events

62 (55%)

Average time to

755 days

DDX1 RNA levels and protein localization predict
recurrence independently of common markers

Death
Events

32 (29%)

Average time to

910 days

ER status
Positive

70 (62%)

Negative

43 (38%)

PR status
Positive
Negative

58 (51%)

0.65

0.10

0.35

<0.01

0.53

0.01

0.42

0.02

0.90

0.77

1.00

0.99

1.88

0.03

2.36

0.06

0.96

0.84

1.41

0.25

55 (49%)

HER2 status
Amplified

21 (19%)

Non-amplified

92 (81%)

Grade
3

78 (69%)

1–2

35 (31%)

Stage
I

29 (26%)

IIA/IIB

74 (65%)

IIIA/IIIB

10 (9%)

Subtype
Luminal A

34 (30%)

Luminal B
HER2 amplified

36 (32%)
6 (5%)

Triple negative

37 (33%)

Cytoplasmic DDX1 intensity
0

28 (25%)

1

48 (42%)

2

28 (25%)

0–1 vs. 2–3

0–1 vs. 2–3

3

9 (8%)

1.79

2.51

0.03

<0.01

Nuclear DDX1 intensity
1

22 (19%)

2

31 (27%)

1 vs. 2 vs. 3

1 vs. 2 vs. 3

3

60 (53%)

0.72

0.75

0.04

0.18

P values correspond to univariate Cox regression analysis. Percentages may not equal 100% due to rounding. HR hazard ratio
P values in bold indicate statistical significance (P \ 0.05)
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hazard ratio of 2.79 (95% CI 1.32–5.89, P = 0.0073)
(Fig. 4d).
There was also correlation between low levels of nuclear
DDX1 protein (score of 1 or 2 in the nucleus) and known
prognostic markers (negative ER status, negative PR status
and high grade) but not clinical outcome based on the
number of events (data not shown). However, we did
observe a non-significant trend between low levels of DDX1
protein in the nucleus and recurrence, but not death, based
on logrank analysis of Kaplan–Meier curves (HR = 1.65,
95% CI 0.99–2.76, P = 0.055) and univariate Cox regression analysis (HR = 1.62, 95% CI 0.99–2.68, P = 0.058).

Multivariate Cox regression analysis of factors shown to be
significant in our univariate analysis (DDX1 RNA levels,
DDX1 localization, ER status, PR status, and grade) was
performed to determine if either DDX1 RNA levels or
protein localization, or both parameters, were independently predictive of death and recurrence (Table 3).
First, we carried out multivariate analysis on the four
variables found to be significantly associated with survival
or recurrence in the 176-patient gene expression microarray
study: relative DDX1 RNA levels, ER status, PR status, and
grade. We used the backward stepwise method to remove
variables at each step based on a 0.1 level of significance.
Only one variable was retained when survival was modeled:
ER status (HR = 0.35 95% CI 0.21–0.60, P = 0.0001).
Upon modelling recurrence-free survival in the same cohort,
all four factors were retained, DDX1 RNA levels (HR =
2.61 95% CI 1.50–4.54, P = 0.0007), ER status (HR = 1.92
95% CI 0.89–4.12, P = 0.10), PR status (HR = 0.43 95%
CI 0.23–0.83, P = 0.01), and grade (HR = 1.67 95% CI
0.96–2.90, P = 0.07). Three of the four variables retained in
our model for recurrence had hazard ratios similar to those
calculated using univariate analysis (DDX1 RNA level, PR
status, and grade) suggesting that they have independent
prognostic value. The hazard ratio for ER status is significantly different in the univariate analysis (0.61) compared to
the multivariate analysis (1.92), suggesting that ER status
does not confer an independent prognostic value. This is
expected as our patient cohort (relapsed vs. non-relapsed)
was controlled for ER status.
Second, we carried out multivariate analysis with the
four variables found to be significantly associated with
survival or recurrence in the 113-patient TMA study:
cytoplasmic DDX1 protein, ER status, PR status, and
grade. Upon modelling survival, only cytoplasmic DDX1
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Fig. 3 DDX1 protein
subcellular location in breast
cancer TMAs. a The intensity of
cytoplasmic DDX1 protein is
plotted against the intensity of
nuclear DDX1 protein. The
distribution of DDX1 nuclear
and cytoplasmic intensities is
non-random with a p value of
\0.001 based on chi square
distribution analysis. b Breast
cancer tissue from patient
MT861 had a nuclear DDX1
score of 1 (N = 1) and a
cytoplasmic DDX1 score of 1
(C = 1). The boxed area is
magnified in the right panel.
c–f The nuclear and cytoplasmic
DDX1 scores for patient GT178
(c), patient MT340 (d), patient
GT226 (e), and patient MT604
(f) are indicated at the bottom
left of each figure. g Normal
breast tissue had a nuclear
DDX1 score of 3 and a
cytoplasmic DDX1 score of 0.
Scale bars = 60 lm

protein (HR = 1.97 95% CI 0.96–4.06 P = 0.067) and ER
status (HR = 0.43 95% CI 0.21–0.89, P = 0.024) were
retained. The model for recurrence-free survival retained
only cytoplasmic DDX1 protein (HR = 1.73 95% CI 1.04–
2.88, P = 0.036) and grade (HR = 1.82 95% CI 1.02–
3.27, P = 0.045). Cytoplasmic DDX1 protein and grade
were retained with hazard ratios similar to those generated
by univariate analysis suggesting that they both provide
independent prognostic significance.

Discussion
Breast cancer is increasingly managed on the basis of
molecular classification. There is widespread consensus
that ER?/PR?/low proliferation tumors are associated
with a good outcome while HER2-positive and triplenegative tumors are associated with a poor outcome.
Adjuvant hormonal therapy in ER?ve breast cancers,

which constitute *70% of breast cancers in developed
countries, reduces the relative risk of death by approximately 22% and the risk of recurrence by 42% [33].
Nonetheless, a significant number of ER?ve tumors will
relapse. At issue are the diverse nature of breast cancer and
the complexity and multitude of events leading to tumor
formation and progression.
Here, we use gene expression and immunohistochemical
analysis to investigate DDX1 expression in 176 primary
breast cancers, half of which were selected for early recurrence. We demonstrate a highly significant correlation
between recurrence and increases in DDX1 RNA levels,
with a hazard ratio of 4.31. We also observe a significant
correlation between recurrence and elevated DDX1 protein
in the cytoplasm, and a non-significant trend between
recurrence and low levels of DDX1 in the nucleus. Furthermore, analysis of systemic therapy subgroups suggests
that elevated levels of DDX1 RNA is a prognostic factor
for all treatment subpopulations. Assessment of DDX1’s
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Fig. 4 a, b Occurrence of clinical/pathological features in patients
with high levels of DDX1 protein in the cytoplasm (DDX1 scores of 2
or 3) (n = 37) compared to patients with low levels of DDX1 in the
cytoplasm (DDX1 scores of 0 or 1) (n = 76). Elevated levels of
DDX1 protein in the cytoplasm were found to correlate with death
(46% of cases with elevated cytoplasmic DDX1 protein levels
compared to 20% of cases with low cytoplasmic DDX1 protein
levels,), recurrence (68% compared to 49%), negative ER status (59%
compared 28%), negative PR status (78% compared to 34%,
P \ 0.0001) and high grade (81% compared to 63%). There was no
correlation between elevated levels of cytoplasmic DDX1 protein and

HER2 amplification (14% compared to 21%), breast cancer family
history (49% compared to 38%), menopause status (32% pre-, 59%
post-, and 8% peri-menopausal compared to 36% pre-, 55% post-, and
9% peri-menopausal), stage (22% stage I, 62% stage IIA/B and 16%
stage IIIA/B compared to 28% stage I, 67% stage IIA/B, and 5% stage
IIIA/B), and tumor size (average size of 3.3 compaired to 2.7 cm).
* Indicates P \ 0.05, ** indicates P \ 0.01. P values in bold indicate
statistical significance (P \ 0.05). c, d Kaplan–Meier survival curves
of patients with cytoplasmic DDX1 scores of 2 and 3 (n = 37)
compared to patients with cytoplasmic DDX1 scores of 0 and 1
(n = 76). c Recurrence-free survival. d Survival. HR hazard ratio

predictive value for treatment outcome in primary breast
cancer will require evaluation of DDX1 in the context of a
randomized clinical trial.
Cox multivariate analysis of high DDX1 RNA levels and
DDX1 cytoplasmic localization indicate that both DDX1
RNA levels and cytoplasmic localization are independent
markers of recurrence. In both cases, the hazard ratio
remained relatively unchanged between univariate and
multivariate analysis, demonstrating that additional factors
(ERa, grade) did not significantly modulate the effect
of DDX1 RNA or protein localization. Cytoplasmic

DDX1 localization, but not DDX1 RNA levels, was also
independently correlated with death. These results suggest
that DDX1 analysis refines prognostic assessments using
standard clinicopathologic parameters (stage, grade, hormone receptor and HER2 status) in a population receiving
guideline-based standardized adjuvant therapy.
It is not clear to what extent increased DDX1 RNA levels
correlates with increased DDX1 protein levels in the breast
cancer tissues analysed. Although there was considerable
overlap between those recurrences characterized by elevated DDX1 RNA levels and those characterized by
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Table 3 Cox multivariate analysis of survival and recurrence-free
survival based on the gene expression microarray data and TMA data
Factor

Survival
HR

95% CI

Recurrence-free survival
P

HR

95% CI

P

Microarray n = 176
DDX1

N/S

N/S

N/S

2.61

1.50–4.54

\0.001

ER
PR

0.35
N/S

0.21–0.60
N/S

0.0001
N/S

1.92
0.43

0.89–4.12
0.23–0.83

0.10
0.01

Grade

N/S

N/S

N/S

1.67

0.96–2.90

0.07

TMA n = 113
DDX1

1.97

0.96–4.06

0.07

1.73

1.04–2.88

0.04

ER

0.43

0.21–0.89

0.02

N/S

N/S

N/S

PR

N/S

N/S

N/S

N/S

N/S

N/S

Grade

N/S

N/S

N/S

1.82

1.02–3.27

0.04

HR hazard ratio, CI confidence interval

elevated levels of DDX1 protein in the cytoplasm, it seems
unlikely that the relatively small increases in DDX1 RNA
levels ([40%) detected by gene expression microarray
analysis could account for the considerable increases in
cytoplasmic DDX1 protein levels observed by TMA analysis We postulate that deregulation of DDX1, be it at the
expression or subcellular distribution level, is at the heart of
its association with recurrence. In support of this idea,
analyses of a wide variety of tissues and cell lines demonstrate that DDX1 is primarily a nuclear protein [26, 31], with
the exception of MYCN/DDX1-amplified retinoblastoma
and neuroblastoma tumor cells which show equal distribution of DDX1 protein in the nucleus and cytoplasm [31].
Furthermore, we have not been able to stably alter DDX1
protein levels in either cell lines or transgenic mice (our
unpublished data), and knock-out of DDX1 in fruit flies
produces an embryonic lethal phenotype [25]. Combined,
these data suggest that levels of DDX1 and its subcellular
distribution are tightly controlled and that it is only when
cells become tumorigenic that this regulation is relaxed.
DDX1 is a DEAD box protein that can bind and unwind
DNA/RNA and RNA/RNA duplexes in vitro [29]. Roles
proposed for DDX1 include RNA processing [26, 34],
transcription regulation [24], DNA double-strand break
repair [29], and RNA transport [27, 28]. While the first three
roles are strictly dependent on the presence of DDX1 protein
in the nucleus, RNA transport involves shuttling of molecules between the nucleus and cytoplasm, and to specific
regions of the cytoplasm. Deregulation of DDX1 could
result in altered subcellular localization of RNAs, which in
turn could affect the availability of specific RNAs for
translation. Thus, breast cancer cells with elevated levels
of cytoplasmic DDX1 protein may exhibit alterations in
their complement of translated proteins. As increases in
cytoplasmic DDX1 protein are associated with a worse

prognosis, reduction of its extraneous cytoplasmic activity
represents an attractive therapeutic option. One possibility is
to target DDX1 with small molecule inhibitors, as reported
for two other DEAD box proteins [35, 36].
The mechanisms of action of several members of the
DEAD box protein family implicated in cancer have been
investigated. For example, p68 (DDX5) and p72 (DDX17)
have been shown to interact with ERa and to alter ERa
transcription activity in breast cancer cells [37, 38].
Expression of p72 in ERa-positive breast cancers is associated with longer recurrence-free survival and overall survival, and is inversely correlated with HER2 expression.
DDX6 (RCK/p54), is over-expressed in colorectal cancer,
and may be deregulating proliferation by activating the Wnt
pathway [39]. Finally, DDX53 (CAGE), normally specific
to the testis, is expressed in a variety of cancers, including
lung, cervical, and colon [40]. The wide spectrum of associations between DEAD box proteins and cancer define this
family of proteins as an attractive target for future therapies.
In summary, we show that increased DDX1 RNA levels
and cytoplasmic localization of DDX1 protein both correlate with increased risk of recurrence in breast cancer,
independently of commonly used markers such as ERa and
grade. Future study will involve determining whether
DDX1 can serve as a prognostic marker for all subtypes
of breast cancer, and to assess DDX1’s potential as a
predictive biomarker and breast cancer therapeutic target.
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