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Abstract Triple-negative breast cancer (TNBC) is an
aggressive cancer with limited treatment options. Dual
specificity phosphatase 4 (DUSP4) has recently been sug-
gested as a potential marker of chemotherapy resistance for
TNBC. DUSP4 gene expression levels were measured in
breast cancer tissue from 469 TNBC patients aged
20-75 years who participated in the Shanghai Breast
Cancer Survival Study, and their association with recur-
rence/breast cancer mortality and total mortality was
evaluated. Information on breast cancer diagnosis, treat-
ment, and disease progression was collected via medical
chart review and multiple in-person follow-up surveys.
A Cox regression model was applied in the data analyses.
Over a median follow-up of 5.3 years (range:
0.7-8.9 years), 100 deaths and 92 recurrences/breast can-
cer deaths were documented. Expression levels of tran-
script variant 1 (NM_001394) and transcript variant 2
(NM_057158) of the DUSP4 gene were studied and were
highly correlated (r = 0.76). Low DUSP4 expression lev-
els, particularly of variant 1, were associated with both
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increased recurrence/breast cancer mortality and increased
overall mortality. Hazard ratios with adjustment for age at
diagnosis and TNM stage associated with below versus
above the median expression level were 1.97 (95 % con-
fidence interval (CI): 1.27-3.05) for recurrence/breast
cancer mortality and 2.09 (95 % CI: 1.38-3.17) for overall
mortality. Additional adjustment for expression levels of
MKI67 and TP53, common treatment types, breast cancer
subtype, and grade did not materially alter the observed
associations. Low DUSP4 expression levels predict recur-
rence and mortality in TNBC patients independently from
known clinical and molecular predictors.

Keywords DUSP4 - Triple-negative breast cancer -
Recurrence - Mortality - Cohort study

Abbreviations

DUSP4 Dual specificity phosphatase 4

TNBC  Triple-negative breast cancer

ER Estrogen receptor

PR Progesterone receptor

HER2  Human epidermal growth factor receptor 2
Introduction

Approximately 15-20 % of breast cancers in the United
States are classified as triple-negative breast cancer
(TNBC), characterized by minimal or no expression of
estrogen receptors (ER) and progesterone receptors (PR)
and the absence of overexpression of human epidermal
growth factor 2 (HER2) [1]. TNBC is typically an
aggressive cancer type displaying high rates of
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proliferation and metastasis and having generally poorer
prognosis, particularly among those with advanced disease,
as evidenced by increased recurrence and mortality com-
pared with other breast cancer types [2]. Due to the lack of
known therapeutic targets, such as ER, PR, and HER2
receptors, there are no specific therapies for TNBC tumors
[3]. Thus, treatment options are limited. Chemotherapy is
commonly used to treat TNBC, but a pathological com-
plete response only occurs in approximately 30 % of cases;
therefore, residual disease following treatment is common
and accounts for the increased risk of metastatic recurrence
and poorer outcomes [4].

Dual specificity phosphatase 4 (DUSP4) negatively
regulates members of the mitogen-activated protein kinase
(MAPK) superfamily, specifically extracellular-regulated
kinase (ERK) activity, which is involved in cellular pro-
liferation and survival [4-6]. Previous studies have sug-
gested that DUSP4 inactivation and subsequent activation
of the ERK pathway may play a role in tumor cell prolif-
eration and growth [7, 8]. A recent study showed that low
levels of DUSP4 gene expression was associated with
basal-like breast cancer (BLBC), high tumor cell prolifer-
ation after chemotherapy, dampened response to chemo-
therapy, and shorter recurrence-free survival [4].
Conversely, overexpression was correlated with increased
chemotherapy-induced apoptosis. The authors suggested
that the response to MEK inhibitors may be indicated by
low DUSP4 expression [9]. This finding was based on 111
total TNBC cases after neoadjuvant chemotherapy recrui-
ted from a single institute.

In the present study, we evaluated the association
between DUSP4 expression and overall and disease-free
survival (DFS) in a cohort of 469 TNBC patients recruited
into a population-based cohort study, the Shanghai Breast
Cancer Survival Study (SBCSS).

Materials and methods
Study population

The SBCSS, described elsewhere previously, is a longitu-
dinal, population-based cohort study of breast cancer sur-
vival in Shanghai, China [10]. Between March 2002 and
April 2006, 5,042 women with incident breast cancer were
identified from the population-based Shanghai Cancer
Registry (response rate: 80 %). All participants were
between 20 and 75 years of age at cancer diagnosis and
were permanent residents of Shanghai. The study protocol
was approved by the institutional review boards of Van-
derbilt University and the Shanghai Municipal Center for
Disease Control and Prevention, and all participants pro-
vided written informed consent.
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Data collection

Participants were recruited to the study approximately
6 months following breast cancer diagnosis [mean (stan-
dard deviation):6.6 (0.7) months] [10]. In-person inter-
views, with trained interviewers, were conducted and
information obtained included demographic characteristics,
selected lifestyle factors, and clinical and treatment factors.
Medical charts from the initial diagnostic hospital were
reviewed to obtain clinical information, i.e., tumor char-
acteristics, first-line treatments, and ER/PR status. HER2
status was measured in the Vanderbilt Molecular Epide-
miology Lab using rabbit polyclonal antibody recognizing
the HER2 cytoplasmic domain (DAKO, Cat# A0485,
1:100) following the DAKO Envision™ kit protocol
(DAKO, Cat# K4011) (details published elsewhere) [11].
Ten tumor sections (nine tumor sections (slides) in 5
micron and one section (slide) in 15 micron) were collected
from the diagnostic hospitals for 4,036 SBCSS participants
(80 %). Among these subjects, 525 were diagnosed with
TNBC and included in the current study. Participants were
followed up at 18, 36, and 60 months after breast cancer
diagnosis to obtain information on disease progression and
survival status. Survival information for participants lost to
follow up was obtained using annual record linkage with
the Shanghai Vital Statistics Registry.

Gene expression levels were measured in total RNA
isolated from formalin-fixed paraffin-embedded (FFPE)
breast cancer tissues using Nanostring technology. FFPE
tissue sections and the H&E slides were reviewed by a
study pathologist. Tumor tissue was selected and dissected
to ensure that tissues contained >80 % tumor cells for total
RNA extraction. Total RNA were isolated and purified
using Qiagen’s miRNeasy FFPE Kit (Qiagen, Valencia,
CA), a kit specifically for purification of total RNA
including miRNA from FFPE tissue sections, following the
manufacturer’s instructions. The quantity and quality of the
RNA samples were checked by Nanodrop (E260, E260/
E280 ratio, spectrum 220-320 nm) and by separation on an
Agilent BioAnalyzer. We excluded 29 samples from the
gene expression assay either due to the fact that tumor
tissue was too small for RNA extraction (n = 19) or low
RNA concentrations (n = 10), leaving 496 samples for
expression assay.

Expression levels of transcript variant 1 (NM_001394)
and transcript variant 2 (NM_057158) of the DUSP4 gene
were measured as a part of large gene expression effort. A
custom-designed nCounter Gene Expression CodeSet
profiling of 311 selected gene targets using the Nano-
String nCounter technology was performed following the
NanoString standard protocol [12]. The selected gene
panel included PAMS0 genes, drug metabolism genes,
reference genes, and a set of targeted genes based on
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review and analysis of published data. The assay CV for
the 2 DUSP4 isoforms was 7.84 and 10.43 % based on
eight QC samples (duplicated measurements of seven
individual QC samples and ten repeated measurements of
a pooled QC sample). The R package NanoStringNorm
(version 1.1.16), developed for normalization, diagnostics,
and visualization of NanoString nCounter data, was used
for quality assurance and data normalization. Specifically,
quality control and raw data normalization were com-
pleted as follows: (1) adjust each sample’s counts based
on its relative value to the geometric mean of all samples
to reduce technical variation; (2) correct background
count level by subtracting each sample’s count value from
the mean +2 standard deviations of counts of the nega-
tives controls; and (3) normalize for sample RNA content,
i.e., “pipetting” fluctuations using the geometric mean of
the expression levels of 5 pre-specified housekeeping
genes (ACTB, RPLPO, MRPLI19, SF3Al, and PSMCH4).
From 496 samples assayed, samples were excluded from
statistical analysis if they met at least one of the following
conditions: (1) positive normalization factor was outside
of the range (0.3, 3) (N = 6); (2) samples with a back-
ground level > 3 standard deviations from the mean
(N =4); (3) samples with >90 % missing after back-
ground level correction (N = 11); and (4) samples with
RNA content >3 standard deviations from the mean
(N = 6), leaving a total of 469 samples with valid data
for analysis. We applied the calling algorithm developed
by Parker et al. to classify tumors into subgroups most
resembling Basal-like, Luminal A, Luminal B, HER2-
enriched, or Normal-like breast cancer based on PAMS50
genes [13]. Briefly, for each sample, we calculated the
Spearman’s rank correlations between the gene set and the
centroids of the five intrinsic subtypes: Luminal A,
Luminal B, Basal-like, HER2-enriched, or Normal-like.
These correlations were used as the distance metric, and
all samples were then assigned to the subtype that had the
minimum distance to the sample. To maintain the subtype
structure in our study cohort, we did not apply the gene-
wise centering during this calling process.

For the 469 samples included in the study, 418 were
collected prior to chemotherapy [or the patient did not
receive chemotherapy (N = 28)], 34 were collected after
chemotherapy, and for the remaining 17 samples, the time
line relevant to chemotherapy or radiotherapy could not be
determined due to the overlapping of month of surgery and
initiation of chemo- or radiotherapy (information on spe-
cific day of initiation was not collected).

Statistical analysis

The major endpoints for the study were any death for
overall survival (OS) and cancer recurrence/metastasis or

death related to breast cancer for DFS. The date of last in-
person contact or June 2011 (6-months prior to date of
latest record linkage), whichever was more recent, was
used as the censor date for event-free subjects.

Clinical, treatment, demographic, and lifestyle factor
variables were evaluated for their association with DUSP4
expression levels (split at median expression level) using
generalized linear models for continuous variables and x>
tests for categorical variables. Information on TNM stage
was missing for 16 participants.

Using Cox proportional hazards models, the associations
between DUSP4 expression levels, analyzed both as a
continuous variable and using median cutpoints, and
recurrence and mortality were evaluated. The multivariate
analyses were adjusted for age at diagnosis and TNM stage
(five levels: stage O-I (reference), IIA, IIB, II-1V, and
missing). The associations were also examined by tumor
molecular subtype.

Additional analyses stratified by chemotherapy (yes/no),
type of chemotherapeutic drug (for the four most com-
monly used drugs), radiotherapy (yes/no), tamoxifen use,
TNM stage, tumor grade, or use of vitamins C or E were
performed to evaluate whether the relationship between
DUSP4 expression and recurrence and overall mortality
was modified by these factors.

Statistical analyses were performed using SAS software
(version 9.3; SAS Institute, Inc., Cary, NC). The REMARK
guidelines were followed in reporting the results of this
study [14].

Results

The expression levels for the two isoforms for DUSP4 were
highly correlated (r = 0.76, P < 0.0001); the DUSP4
variant 1 (NM_001394) was more predictive of outcome in
this study and was chosen for more in-depth analyses as
presented below. Over a median follow-up of 5.3 years
(range: 0.7-8.9 years), 100 deaths and 92 recurrences/
breast cancer mortalities were documented in this cohort of
TNBC patients from the SBCSS cohort. DFS rate and OS
were inversely associated with advanced stage disease and
receiving radiotherapy (Table 1). Additionally, OS was
inversely associated with menopausal status.

Participants with DUSP4 (variant 1) expression levels
below the median were significantly younger at diagnosis
and were more likely to have a family history of breast
cancer. No association was observed between DUSP4
expression and other demographic and lifestyle factors.
Breast cancer cases with DUSP4 expression levels below
the median were significantly more likely to have a higher
grade tumor as compared to those with DUSP4 expression
levels above the median (P < 0.0001) (Table 2). Tumors

@ Springer



214 Breast Cancer Res Treat (2014) 148:211-220

Table 1 Demographic and Clinical Predictors for Breast Cancer Survival for TNBC Patients in the Shanghai Breast Cancer Survival Study

Characteristics N 5-Year disease-free survival 5-Year overall survival

Recurrences, No. Rate, %* P Deaths, No. Rate, %* P

Age at diagnosis, y

<40 34 9 71.4 0.53 10 70.5 0.08
40-49 168 25 83.3 22 86.7
50-59 126 24 80.1 21 83.2
>60 141 31 76.2 31 78.0

Education
Elementary school or less 71 19 70.6 0.14 18 74.4 0.05
Middle school 156 33 77.4 26 83.3
High or vocational school 168 22 86.0 24 85.5
College or university 74 15 76.9 16 78.1

Income
<500 62 16 71.7 0.12 13 79.0 0.60
500-<700 70 18 72.3 15 78.5
700—<1000 142 26 80.4 26 81.5
1,000-<2000 146 23 82.7 22 84.8
>2000 48 6 85.9 8 83.1

Body mass index
<25 300 55 79.8 0.43 49 83.5 0.39
25-29.99 139 25 80.7 27 80.4
>30 30 9 68.5 8 72.8

Menopausal status
Premenopausal 213 34 82.5 0.27 31 85.3 0.04
Postmenopausal 256 55 76.8 53 79.2

Tamoxifen use
Yes 102 18 81.5 0.63 18 82.4 0.89
No 367 71 78.7 66 81.8

TNM stage
0-1 148 15 88.8 <.0001 15 89.7 <.0001
A 165 24 84.2 22 86.5
1B 93 25 70.0 26 71.8
I-1v 47 22 50.8 19 59.6
Unknown 16 3 80.4 2 87.5

Grade
1 56 6 88.1 0.31 3 94.6 0.02
2 151 29 78.9 27 82.1
3 260 53 77.9 53 79.3

Chemotherapy
Yes 441 81 80.0 0.19 75 82.8 0.19
No 28 8 68.1 9 67.9

Radiotherapy
Yes 129 41 65.9 <.0001 39 69.5 <.0001
No 340 48 84.5 45 86.6

Mastectomy
Yes 447 84 79.6 0.41 80 81.9 0.68
No 22 5 74.4 4 81.8

No. of live births
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Table 1 continued
Characteristics N 5-Year disease-free survival 5-Year overall survival
Recurrences, No. Rate, %* P Deaths, No. Rate, %* P
0 3 1 66.7 0.49 1 66.7 0.06
1 298 50 81.5 45 84.7
2 91 21 75.7 20 78.0
>3 60 15 72.5 15 75.0
Family history of BC
Yes 34 8 73.4 0.28 6 82.2 0.75
No 435 81 79.8 78 81.9

 Survival rate calculated using life table analysis method

Table 2 Clinical and Treatment Factors by DUSP4 (variant 1)
Expression

<Median >Median P
N (%)* N (%)*
DUSP4 (variant 1) Expression
TNM Stage 0.13

0-1 65 (43.9) 83 (56.1)

A 85 (51.5) 80 (48.5)

1IB 53 (57.0) 40 (43.0)

I-1v 28 (59.6) 19 (40.4)

Missing 4 (25.0) 12 (75.0)
Grade <.0001

1 11 (19.6) 45 (80.4)

2 48 (31.4) 105 (68.6)

3 176 (67.7) 84 (32.3)
Chemotherapy 225 (51.0) 216 (49.0) 0.12
Radiotherapy 69 (53.5) 60 (46.5) 0.37
Surgery type 0.32

Mastectomy 227 (50.8) 220 (49.2)

Conservation 3 (37.5) 5 (62.5)

Unknown 4 (30.8) 9 (69.2)

No surgery 1 (100.0) 0 (0.0)
Tamoxifen use (baseline) 44 (43.1) 58 (56.9) 0.11
Subtype classification by <.0001

PAMS0

Basal-like 160 (81.6) 36 (18.4)

Her-2 Enriched 21 (33.3) 42 (66.7)

Luminal A 17 (13.3) 111 (86.7)

Luminal B 17 (40.5) 25 (59.5)

Normal 20 (50.0) 20 (50.0)

 Percentages shown are row percentages

with low DUSP4 expression level were more likely to
possess markers of the BLBC subtype (P < 0.0001).
Overall, the unadjusted 5-year disease-free and OS rates
were 79.3 and 81.9 %, respectively, for this group of
TNBC cases. DUSP4 expression was inversely associated
with the risk of recurrence/breast cancer mortality and total

mortality (HR associated with per unit decrease of log,
transformed DUSP4 expression level = 1.16, 95 % confi-
dence interval (CI): 1.08, 1.25 and HR = 1.19, 95 % CI:
1.10, 1.28, respectively) (Table 3). Categorization of
DUSP4 expression into quartiles suggested that the median
split could serve as an indicator of threshold effect. Com-
pared to those with DUSP4 expression above the median,
those with DUSP4 expression levels below the median had
a 1.97-fold (95 % CI: 1.27, 3.05) increased risk of recur-
rence/breast cancer mortality and a 2.09-fold (95 % CI:
1.38, 3.17) increased risk of mortality. When the lower
median was further categorized into two categories and
compared to the upper median, the association was the
strongest between those with the lowest DUSP4 expression
levels and the upper median for recurrence/breast cancer
mortality (HR = 2.28, 95 % CI: 1.40, 3.72) and overall
mortality (HR = 2.40, 95 % CI: 1.50, 3.84); the HRs for
the upper half of the lower median were 1.66 (95 % CI:
0.97, 2.81) for recurrence/breast cancer mortality and 1.79
(95 % CI: 1.08, 2.95) for overall mortality as compared to
the upper median. Those with the lowest DUSP4 expres-
sion levels also had the lowest disease-free and OS rates
(69.6 and 72.6 %, respectively). Participants with stage 0
tumors (n = 7) had DUSP4 expression levels greater than
the median (mean = 9.72), and the participant with a stage
IV tumor (n = 1) had a DUSP4 expression level below the
median (DUSP4 expression = 6.69). Excluding partici-
pants with stage 0 or stage IV tumors did not materially
change the observed results (HR for the upper median
compared to the lower median was 1.88, 95 % CI: 1.22,
2.90 for recurrence/breast cancer mortality and 1.99, 95 %
CI: 1.31, 3.01 for overall mortality; HR for the continuous
DUSP4 measure was 1.16, 95 % CI: 1.08, 1.25 for recur-
rence/breast cancer mortality and 1.19, 95 % CI: 1.10, 1.28
for overall mortality). Figure 1 shows the Kaplan—Meier
DFS curve by the lower and upper median of DUSP4
expression.

DUSP4 expression was inversely correlated with MKI167
gene expression (r = —0.24, P < 0.0001), an indicator for
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Table 3 Disease-Free and Overall Survival Analysis by DUSP4 (variant 1) Expression

Disease-free survival

Overall survival

5-yr DFS rate, %*

HR (95 % CI)®

Model 1°
DUSP4
Age at diagnosis
Stage ITA
Stage 1IB
Stage III and IV
Stage missing
Model 2¢
DUSP4 (> median)
DUSP4 (< median)
Age at diagnosis
Stage ITA
Stage 1IB
Stage III and IV
Stage missing
Model 3°
DUSP4 (> median)

Upper half of lower median

Lower half of lower median

Age at diagnosis
Stage IIA

Stage 1IB

Stage III and IV
Stage missing

79.3

85.4
73.3

85.4
76.9
69.6

1.16 (1.08, 1.25)
1.01 (0.99-1.03)
1.48 (0.78-2.79)
2.86 (1.51-5.44)
5.93 (3.09-11.39)
2.26 (0.65-7.87)

Reference

1.97 (1.27, 3.05)

1.01 (0.99-1.03)

1.46 (0.77-2.75)

2.76 (1.45-5.27)

5.74 (2.99-11.03)
2.19 (0.63-7.62)

Reference

1.66 (0.97, 2.81)
2.28 (1.40, 3.72)
1.01 (0.99-1.03)
1.44 (0.76-2.73)
2.75 (1.45-5.25)
5.64 (2.93-10.84)
2.19 (0.63-7.63)

P 5-yr OS rate, %* HR (95 % CI)° P
0.0002 81.9 1.19 (1.10, 1.28) 0.00001
0.29 1.02 (1.00 - 1.04) 0.03
0.23 1.47 (0.80 - 2.68) 0.21
0.001 2.95 (1.62 - 5.35) 0.0004
<.00001 5.74 (3.06 - 10.80)  <.00001
0.20 1.46 (0.33 - 6.36) 0.62
88.3 Reference
0.002 75.6 2.09 (1.38, 3.17) 0.0005
0.22 1.02 (1.00-1.04) 0.02
0.25 1.44 (0.79-2.64) 0.23
0.002 2.82 (1.55-5.14) 0.0007
<.00001 5.24 (2.80-9.82) <.00001
0.22 1.40 (0.32-6.10) 0.66
88.3 Reference
0.06 78.6 1.79 (1.08, 2.95) 0.02
0.0009 72.6 2.40 (1.50, 3.84) 0.0003
0.22 1.02 (1.00-1.04) 0.02
0.26 1.43 (0.78-2.61) 0.25
0.002 2.79 (1.53-5.08) 0.0008
<.00001 5.21 (2.78-9.76) <.00001
0.22 1.38 (0.32-6.04) 0.67

* Unadjusted, mean (se)

® Adjusted for age at diagnosis and TNM stage

¢ DUSP4 treated as continuous variable

9 DUSP4 analyzed using median cutpoint, upper median as reference

¢ DUSP4 analyzed using median cutpoint, lower median split, upper median as reference

higher tumor cell proliferation [15]. However, controlling
for MKI67 gene expression level did not alter the associ-
ation between DUSP4 and recurrence and mortality (lower
median compared to upper: HR = 2.00, 95 % CI: 1.28,
3.15 and HR = 2.13, 95 % CI: 1.38, 3.28, respectively).
Furthermore, DUSP4 expression was positively associated
with expression levels of ESRI, PGR, and ERBB2. Con-
trolling for ESRI expression changed the association with
DUSP4 expression for recurrence/breast cancer mortality
to HR = 2.21 (95 % CI: 1.37, 3.55). The DUSP4 associ-
ation was not materially changed when controlling for
expression levels of PRG and ERRB2. DUSP4 expression
was inversely associated with expression level of the MYC
(r=—-0.19, P <0.0001) and positively associated with
expression level of the MAPT (r = 0.37, P < 0.0001),
genes which are both in the ERK pathway; controlling for
these genes did not alter the results materially (data not
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shown). No correlation between DUSP4 and TP53
expression was observed, and controlling for 7P53 did not
alter the observed results.

Despite that tumors with markers of the basal-like sub-
type were more likely to have low DUSP4 expression,
analysis stratified by molecular subtype based on PAMS0
genes showed that DUSP4 expression was associated with
overall mortality and recurrence/breast cancer mortality in
basal-like (HR for continuous DUSP4 measure = 1.22,
95 % CI: 1.05, 1.41 for overall mortality and HR = 1.16,
95 % CI: 1.01, 1.33 for recurrence/breast cancer mortality)
and non-basal-like breast cancer subtypes (HR = 1.16,
95 % CI: 1.05, 1.30 for overall mortality and HR = 1.14,
95 % CI: 1.02, 1.28 for recurrence/breast cancer mortality).

No interactions with TNM stage (0-IIA vs IIB-IV),
tumor grade (1 and 2 vs 3), chemotherapy, radiotherapy,
tamoxifen use, and use of vitamin C or E (ever vs never)
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Fig. 1 Survival time since
diagnosis in years is on the x-
axis and disease-free survival as
a percentage is on the y-axis.
Kaplan—Meier curves,
comparing those with DUSP4 g
(variant 1) expression levels e
above (n = 234) and below g .
(n = 235) the median, show a a | T ey
significantly worse prognosis g B ——___
for patients with DUSP4 3
expression levels below the é 0
median (P = 0.002) g o
A — Above Median
""""" Below Median
60
55
a]il T T T T T
0 1 2 3 4 5

were observed for DUSP4 expression. We evaluated the
most commonly used chemotherapy drugs (5-fluorouracil,
cyclophosphamide, methotrexate, and epirubicin) as
potential effect measure modifiers (Table 4); DUSP4
expression, analyzed continuously, was more predictive of
DFS in patients who received methotrexate (HR for con-
tinuous DUSP4 measure = 1.32,95 % CI: 1.11, 1.58) than
those who did not (HR = 1.10, 95 % CI: 1.01, 1.21)
(P = 0.02 for interaction). We did not find that the DUSP4
associations varied by other common chemotherapy drugs
or radiotherapy.

Discussion

The results from this large, population-based cohort study
show that low DUSP4 gene expression is associated with
increased mortality and breast cancer recurrence among
patients with TNBC. Although low DUSP4 expression was
more common in tumors with BLBC markers and was
inversely associated with MKI67 and MYC gene expres-
sions, its association with breast cancer outcomes was
independent of these factors.

A member of the dual specificity protein phosphatase
family, DUSP4 dephosphorylates the phosphoserine/thre-
onine and phosphotyrosine residues of its target kinase,
resulting in an inactivation of the kinase [16]. DUSP4
regulates cell proliferation and survival by negatively
regulating members of the MAPK superfamily through
inactivation of ERKI1, ERK2, and JNK [6]. DUSP4
downregulation results in Ras—-ERK pathway activation.
The Ras signaling pathways play a substantial role in
controlling normal cell growth and, when activated, lead to
uncontrolled cell growth [17]. Activation of this pathway

Time since diagnosis (years)

may in turn lead to reduced response to chemotherapy [4,
9]. If this hypothesis is correct, DUSP4 gene expression
quantification may be useful in predicting activity of the
Ras-ERK pathway [9]. MEK inhibitors could be used in
combination with chemotherapy agents to potentially
improve response to chemotherapy [9].

In a recent study using Nanostring technology to profile
49 breast cancer tissue samples, primarily TNBC, surgically
resected after neoadjuvant chemotherapy, Balko et al. found
that low DUSP4 expression correlated with high tumor cell
proliferation following neoadjuvant chemotherapy and
BLBC tumors [4]. Pathological response to chemotherapy
was inversely associated with DUSP4 expression, and the
authors concluded that the Ras—ERK pathway may be acti-
vated by downregulation of DUSP4 in BLBC, resulting in an
attenuated response to chemotherapy. The authors further
demonstrated that treatment with a MEK inhibitor enhanced
sensitivity to the chemotherapeutic drug, docetaxel, in vivo.
The authors concluded that DUSP4 may be a potential
marker of resistance to chemotherapy drugs.

Similarly, in our study, low DUSP4 expression was
more common in BLBC tumors and was associated with
increased recurrence/breast cancer mortality and increased
total mortality. Tumors with BLBC subtype markers had
increased recurrence/breast cancer mortality and total
mortality compared with tumors without these markers.
However, adjustment for DUSP4 expression attenuated,
but did not completely eliminate, the survival disadvantage
for BLBC tumors, suggesting that DUSP4 down regulation
may only be one of the mechanisms responsible for the
aggressive clinical behavior of BLBC. In our study,
DUSP4 expression was inversely related to MKI67 and
MYC expression and positively associated with ERSI, PR,
ERBB2, and MAPT expression, but not TP53 expression.
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Additionally, adjustment for TP53, MKI67, ESRI, PGR,
and ERBB2 gene expression level did not change the
association. These results suggest that the association of
DUSP4 with recurrence/survival is independent of the
molecular subtypes of breast cancer as defined by PAMS50
and the known molecular prognostic markers for TNBC.

While our study only involved TNBC, deregulation of
DUSP4 on cancer prognosis may not be confined to TNBC.
Aberrations in many of the above-mentioned DUSP4-cor-
related genes are commonly seen in other types of breast
cancer [18-20]. In our study, DUSP4 expression was
associated with breast cancer outcomes for non-basal-like
TNBC, including those that expressed luminal A or B
signature genes. Using the publicly available Dutch Cancer
Institute (NKI) breast cancer dataset (https://www.synapse.
org/#!Synapse:syn4517), we found that DUSP4 expression
was associated with outcomes of ER + tumors (HR asso-
ciated with per unit decrease of log, transformed DUSP4
expression level = 1.45, 95 % CI: 1.12, 1.86 for recur-
rence and HR = 1.57, 95 % CI: 1.13, 2.18 for overall
mortality, after adjustment for age at diagnosis and tumor
grade) [21]. These results call for more investigation on the
role of DUSP4 in other major breast cancer subtypes.

It is important to note the differences in populations used
in our study compared with the previous study by Balko et al.
The previous findings were observed in breast cancer tissue
taken from European-ancestry women, whereas our finding
of a similar association in an Asian-ancestry population
suggests that the DUSP4 association is independent of race
and ethnicity. Furthermore, all patients in the study by Balko
et al. were treated with the chemotherapy drug, docetaxel,
before tumor resection. The percentage of patients who
received docetaxel in our population was low (3.4 %), and
the majority of patients received other chemotherapy agents
or combinations of agents, including 5-fluorouracil
(75.5 %), cyclophosphamide (71.9 %), epirubicin (54.2 %),
and methotrexate (21.3 %). Additionally, the majority of
participants in our study had not received chemotherapy
prior to surgery when the tissue sample for gene expression
quantification was resected.

Our data show that DUSP4 expression was predictive of
outcomes among many different groups, including those
whose DUSP4 expression level was quantified prior to
chemotherapy treatment and those who did not receive
chemotherapy treatment at all (although the sample size for
the latter group was small). There were some indications
that DUSP4 expression was more predictive of outcome
among those who received certain types of chemotherapy;
however, the interaction was only significant for those who
took methotrexate. Taken together, our study suggests that
DUSP4 expression may predict breast cancer outcomes
beyond its association with response to chemotherapy as
previously suggested.

The present study has several strengths. The data come
from a large, population-based cohort study with compre-
hensive information collected on potential covariates.
Information on clinical and disease factors was verified
through medical chart review, which increased the validity
of the data. A limitation of our study is that the timing of
biological sampling with respect to chemotherapy treat-
ment could not be determined for 17 patients. However, the
significant association between DUSP4 gene expression
and recurrence/breast cancer mortality and overall mor-
tality was similar when only those with tumor tissue
samples taken prior to chemotherapy initiation were
included in the analyses.

Further research is needed to better understand the bio-
logical mechanism(s) underlying the association of DUSP4
expression with TNBC outcomes and to investigate the role
of DUSP4 in the prognosis of various molecular subtypes of
breast cancer. The gene—drug interaction, in particular the
role of DUSP4 expression on chemotherapy resistance, may
be better evaluated in a randomized clinical trial.

In summary, our study confirmed that low DUSP4
expression was associated with increased recurrence/breast
cancer mortality and increased total mortality among
TNBC patients. This association was independent of
markers of BLBC and other known clinical and molecular
predictors.
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