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ABSTRACT
Background Adjuvant tamoxifen therapy approximately halves the risk of estrogen receptor-positive
(ERþ) breast cancer recurrence, but many women do not respond to therapy. Observational studies
nested in clinical trial populations suggest that overexpression or nuclear localization of p21-activated
kinase 1 (Pak1) in primary tumors predicts tamoxifen failure.
Material and methods We measured the association between Pak1 expression and breast cancer
recurrence in a Danish population-based case-control study. Pak1 cytoplasmic expression level and
nuclear positivity were determined by immunohistochemical staining of primary breast tumors from
recurrence cases and matched controls from two breast cancer populations; women diagnosed with ER-
positive tumors who received at least one year of tamoxifen therapy (ERþ/TAMþ), and women diag-
nosed with ER-negative tumors who survived for at least one year (ER�/TAM�). Pak1 staining was
assessed by a single, blinded pathologist, and associations were estimated with conditional logistic
regression models.
Results We included 541 recurrence cases and 1:1 matched controls from the ERþ/TAMþ group and
300 recurrence cases and 1:1 matched controls from the ER�/TAM� group. Pak1 cytoplasmic intensity
was not associated with breast cancer recurrence in either group (ERþ/TAMþORadj for strong vs. no
cytoplasmic staining¼ 0.91, 95% CI 0.57, 1.5; ER�/TAM�ORadj for strong vs. no cytoplasmic
staining¼ 0.74, 95% CI 0.39, 1.4). Associations between Pak1 nuclear positivity and breast cancer recur-
rence were similarly near null in both groups.
Conclusion Pak1 positivity in primary breast tumors was neither predictive nor prognostic in this pro-
spective, population-based study.
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Tamoxifen is a selective estrogen receptor (ER) modulator
that binds and stabilizes ERa to prevent estradiol (E2)-medi-
ated transactivation and tumor promotion [1]. Five years of
adjuvant tamoxifen therapy approximately halves the risk of
breast cancer recurrence among women diagnosed with ER-
positive (ERþ) disease [2]. Current guidelines specify tamoxi-
fen as adjuvant hormonal therapy for premenopausal
ERþbreast cancer patients [3]. Unfortunately, some tamoxi-
fen-treated women experience a breast cancer recurrence.
Identification of biomarkers that predict tamoxifen failure is
therefore an urgent research and clinical objective.

P21-activated kinase 1 in breast cancer

P21-activated kinase 1 (Pak1) is a serine/threonine kinase
involved in signaling cascades with endpoints in cell migra-
tion, survival, and proliferation [4]. Pak1 directs normal mam-
mary tissue development [5], and deregulation of its activity
results in breast tumor formation in mice [6]. Laboratory evi-
dence also implicates deregulated Pak1 activity in loss of

tamoxifen sensitivity. In the absence of E2, Pak1-mediated
phosphorylation of serine-305 in ERa (ERaS305-P) precipitates
auto-phosphorylation on serine-118 (ERaS118-P) and leads to
E2-independent transactivation and increased transcription of
estrogen responsive genes [7,8].

The impact of Pak1 amplification on tamoxifen effective-
ness was studied in a Stockholm-based, tamoxifen trial-nested
cohort of 224 postmenopausal women with breast tumors
that had either metastasized to lymph nodes or that
were>30 mm in diameter [9]. Among women without Pak1
gene amplification, tamoxifen reduced the recurrence rate
compared with untreated women [hazard ratio (HR)¼ 0.53,
95% confidence interval (CI) 0.32, 0.88] [9]. Among women
with Pak1 gene amplification, recurrence rates were similar
between women in the tamoxifen and control arms (recur-
rence HR¼ 1.6, 95% CI 0.47, 5.6) [9].

Among premenopausal women with ERa-positive stage II
breast cancer who participated in a second Swedish trial
(SBII:2a) of two years of adjuvant tamoxifen therapy, tamoxi-
fen treatment was associated with a lower recurrence rate in
the stratum of patients whose tumors had low cytoplasmic
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Pak1 staining (HR for tamoxifen-treated compared with
untreated women¼ 0.50, 95% CI 0.33, 0.76) [10]. Tamoxifen
treatment was not substantially associated with recurrence
rate in the stratum of patients whose tumors had either high
cytoplasmic Pak1 staining (HR¼ 0.89, 95% CI 0.42, 1.9), or any
nuclear Pak1 staining (HR ¼ 0.96, 95% CI 0.41, 2.3) [10]. In the
same trial population, similar associations were observed
when nuclear ERaS305-P was evaluated as a predictive bio-
marker: tamoxifen was associated with a lower recurrence
rate among women whose tumor nuclei were free of
ERaS305-P (HR¼ 0.53, 95% CI 0.32, 0.86), but was not protect-
ive among women whose tumor nuclei were positive for
ERaS305-P (HR¼ 1.0, 95% CI 0.33, 3.1) [11].

In another study—also nested in the Stockholm trial popu-
lation—the combination of nuclear Pak1 and nuclear
ERaS305-P resulted in no recurrence benefit of tamoxifen
therapy (HR¼ 1.33, 95% CI 0.42, 4.19), whereas tamoxifen was
protective against recurrence among women whose tumors
lacked both markers (HR¼ 0.43, 95% CI 0.30, 0.62) [12]. A
similar pattern was observed in another study that evaluated
both a Dutch metastatic breast cancer case series and partici-
pants in the SBII:2a trial [13].

Given the combined evidence, a commentator suggested that
Pak1couldbeadoptedinclinicalpractiseasapredictivebiomarker
of tamoxifen resistance [14]. As the evidence base upon which this
recommendation rested is relatively sparse, we conducted a
Danish population-based study of tamoxifen resistance to exam-
ine the potential association between breast tumor Pak1 and
ERaS305-P cytoplasmic staining intensity, Pak1 nuclear localiza-
tion,andbreastcancerrecurrence[15].

Material and methods

Study population

A detailed report of the source population, sampling of cases
and controls, and exclusion criteria is given in an earlier publi-
cation [15]. Briefly, the source population consisted of all
female residents of Denmark’s Jutland Peninsula between
1985 and 2001 who were diagnosed with non-metastatic
invasive breast cancer between the ages of 35 and 69, and
whose diagnoses were reported to the Danish Breast Cancer
Cooperative Group (DBCG) Registry [16]. Members of this
source population were divided into two groups: women who
were diagnosed with ERþ tumors and were treated with tam-
oxifen for at least one year (ERþ/TAMþ), and women who
were diagnosed with ER-negative tumors and were not
treated with tamoxifen, but survived for at least one year
after primary therapy (ER�/TAM�). Women meeting neither
group definition were excluded. We included the ER�/
TAM�group to evaluate whether Pak1 expression was prog-
nostic for breast cancer recurrence in the absence of ER
expression and tamoxifen treatment. Absence of a prognostic
effect in the ER�/TAM�group would allow attribution of a
non-null association in the ERþ/TAMþgroup to a tamoxifen/
ER-dependent mechanism, and would demonstrate the pre-
dictive utility of the biomarker.

Cases were women who were diagnosed with a contralat-
eral tumor or local, regional, or distant recurrence within 10

years, as recorded in the DBCG Registry [17]. We then ran-
domly selected one control who matched the case on follow-
up time, group membership (ERþ/TAMþ or ER�/TAM�),
menopausal status at diagnosis (pre- or postmenopausal),
date of breast cancer surgery (caliper matched 612 months),
county of residence at diagnosis, and Union for International
Cancer Control (UICC) stage at diagnosis (I, II, or III).

Data collection from Danish registries

The DBCG Registry provided data on patients’ demographics
(age, menopausal status, county of residence, hospital of
diagnosis), tumor (UICC stage, histological grade, ER expres-
sion), and treatment characteristics (type of primary surgery,
receipt of adjuvant radiotherapy and chemotherapy, and
receipt of tamoxifen therapy). Medical history data required
for calculation of Charlson Comorbidity Index (CCI) scores
[18,19] were collected from the Danish National Patient
Registry [20].

Tissue processing, genotyping, and
immunohistochemistry

Details on the collection and processing of archived breast
tumor tissue, extraction and amplification of DNA, and central
re-assay of tumor ER status are provided in an earlier publica-
tion [15]. A commercially available TaqMan kit was used to
determine CYP2D6*4 genotype (rs3892097; Applied
Biosystems kit number C-27102431-D0).

Hematoxylin- and eosin-stained whole tumor slides were
reviewed by a pathologist to identify regions of invasive car-
cinoma. From these regions, up to three 1 mm cores were
removed and placed into tissue microarrays (TMA). Thirty-five
TMAs accommodated all cases and controls. Sections (2.5 lm)
were cut from each TMA block and placed on glass slides for
immunohistochemical assays. Mounted sections were incu-
bated at 60 �C for one hour before paraffin removal with
Tissue-Clear reagent (Sakura Finetek Europe B.V., The
Netherlands) and serial ethanol baths. Antigen retrieval was
accomplished by incubating the sections with pH 9 Tris/EDTA
buffer (VWR-Bie & Bertsen, Denmark) in a microwave oven.
The sections were stained in one batch on a LabVision
Autostainer (ThermoFisher Scientific, Fremont, CA, USA) using
the EnVisionþ detection system (Dako Corporation, Denmark).
The sections were enhanced with copper sulfate and visual-
ized with diaminobenzidine chromogen. Pak1 was detected
with a monoclonal antibody (Millipore clone #EP795Y, Lot
#DAM1498518) at a 1:300 dilution. ERaS305-P detection was
attempted with three phosphorylation site-specific antibodies
(Millipore catalog numbers 05-922 and 07-962, and Bethyl
catalog number A300-598A) at varying dilution factors and
under several automated and manual staining protocols.

Pak1 and ERaS305-P expression were evaluated by a single
pathologist blinded to the case/control status of the tissue
cores. For each core, Pak1 cytoplasmic intensity was classified
on an ordinal scale similar to that used by Holm et al. [10].
Pak1 nuclear staining was classified as negative, ambivalent,
or positive, with positivity defined as�10% of tumor nuclei
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exhibiting Pak1 staining. Each subject’s cytoplasmic and
nuclear Pak1 status was defined as the maximum value across
replicate tumor cores.

Definitions of analytic variables

The DBCG defines breast cancer recurrence as any diagnosis
of a new local, regional, or distant lesion following primary
therapy [21]. Ordinal Pak1 cytoplasmic staining intensity was
collapsed into categories of none, light, and strong (Figure 1).
Given the importance of even low levels of nuclear Pak1
reported in earlier studies, we maximized sensitivity by defin-
ing Pak1 nuclear positivity as ambivalent positives plus strong
positives. In sensitivity analyses, alternative definitions of
nuclear positivity included a specific definition (in which
ambivalent cases were counted as negative) and an exclusive
definition (in which nuclear status was set to missing for
ambivalent cases). Cytoplasmic Pak1 intensity was modeled
with design variables representing light staining and strong
staining. Nuclear Pak1 positivity was modeled as a dichotom-
ous variable.

Year of diagnosis (the year in which subjects underwent
breast cancer surgery) was categorized into the following
periods and modeled with design variables: 1985–1993,
1994–1996, and 1997–2001. Menopausal status (pre- or post-)
was defined on the diagnosis date. Age at diagnosis was
modeled as a continuous variable in regression analyses. UICC

stage (I, II or III) was modeled with design variables. Type of
primary surgery was defined dichotomously as receipt of
either a mastectomy or a breast conserving procedure.
Adjuvant chemotherapy and radiotherapy were both defined
dichotomously (received/did not receive). Genotype at the
CYP2D6*4 locus was defined as homozygous wild-type, het-
erozygous, or homozygous variant according to the auto-call
feature of the analytic software (MXPro QPCR version 4.1;
Stratagene), and was modeled with design variables.

Statistical analysis

We tabulated the frequency and proportion of cases and con-
trols according to demographic, clinical and tumor character-
istics within categories of analytic group (ERþ/TAMþ or ER�/
TAM�). Observed CYP2D6*4 genotypes in controls were com-
pared with frequencies expected under Hardy-Weinberg equi-
librium by calculating the v2-test statistic, both overall and
within analytic groups [22].

Within ERþ/TAMþ and ER�/TAM�groups, we fit condi-
tional and multivariate logistic regression models to estimate
associations between Pak1 cytoplasmic intensity, nuclear posi-
tivity and breast cancer recurrence. Multivariate models
accounted for matched factors by modeling them alongside
the following candidate confounders: histological grade, age
at diagnosis, receipt of adjuvant chemotherapy, receipt of

Figure 1. Images of tumor cores representative of the categories used to classify Pak1 cytoplasmic staining intensity and nuclear positivity. A: negative cytoplasmic
and negative nuclear staining; B: light cytoplasmic and negative nuclear staining; C: strong cytoplasmic and negative nuclear staining; D: light cytoplasmic and positive
nuclear staining.
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adjuvant radiotherapy, type of primary surgery and CYP2D6*4
genotype.

We also fit multivariate models in subsets of women with
two normal alleles at the CYP2D6*4 locus, and women whose
tumor ER status was concordant between the original diag-
nostic assay and the centralized re-assay for this study.
Associations are reported as odds ratios (ORs) with accompa-
nying 95% CIs. As controls were sampled from cases’ risk sets,
ORs approximate recurrence rate ratios [23].

Data on histological grade were missing for approximately
42% of cases and controls. We therefore conducted a second-
ary multivariate analysis in which missing grade data were
multiply imputed based on the cumulative logistic regression
of observed grade on age at diagnosis, menopausal status at
diagnosis, stage at diagnosis, tumor ER status, year of diagno-
sis, recurrence status, and receipt of adjuvant chemotherapy
[24]. We performed a total of five imputations, fit multivariate
models separately to each imputed data set, then pooled
association estimates over all imputations [25]. Analyses were
performed with SAS version 9.4 (SAS Institute, Cary, NC, USA);
statistical tests were two-sided (alpha¼ 5%).

This study was approved by the Regional Committee on
Biomedical Research Ethics of Denmark’s Central Region
(record number 1-10-72-16-15), the Danish Data Protection
Board (record number 2012-41-4979), and relevant US
Institutional Review Boards.

Results

Characteristics of cases and controls

In the ERþ/TAMþgroup there were 541 cases of recurrence,
to whom 541 recurrence-free controls were matched. From
the ER�/TAM� group we sampled 300 cases of recurrence,
to whom 300 recurrence-free controls were matched. Within
both the ERþ/TAMþ and ER�/TAM�groups, identical or
similar proportions of cases and controls fell into each cat-
egory of diagnosis year, menopausal status at diagnosis, age
group at diagnosis, UICC stage, type of breast cancer surgery,
receipt of adjuvant chemotherapy and radiotherapy, and
CYP2D6*4 genotype (Table 1).

Genotypes of all controls at the CYP2D6*4 locus were in
Hardy-Weinberg equilibrium (p¼ 0.21). Findings were similar
when we assessed equilibrium among controls within ER/TAM
strata.

Pak1 cytoplasmic intensity and nuclear status in breast
tumors

Table 2 shows the distribution of Pak1 cytoplasmic staining
intensity and nuclear positivity according to other tumor char-
acteristics and clinical/demographic factors. Strong cytoplas-
mic Pak1 staining was more prevalent among ERþ/
TAMþwomen and was associated with lower histological
grade. Histological grade was negatively associated with
nuclear Pak1 status, whereas number of variant alleles at
CYP2D6*4 was positively associated with Pak1 nuclear stain-
ing. Otherwise, staining distributions were similar across levels
of the factors examined.

ERaS305-P cytoplasmic intensity

No combination of antibody and assay protocol yielded vari-
ability in the ERaS305-P staining pattern across tumor cores;
all cores were either completely negative or showed positive
nuclear and/or cytoplasmic staining (Figure 2; details available
from corresponding author). This lack of variability precluded
evaluation of associations between ERaS305-P and breast can-
cer recurrence.

Pak1 cytoplasmic intensity, nuclear localization, and
breast cancer recurrence

Table 3 shows associations between Pak1 cytoplasmic inten-
sity, nuclear localization, and breast cancer recurrence. Results

Table 1. Characteristics of breast cancer recurrence cases and matched breast
cancer controls registered in the DBCG according to patient, treatment, and
tumor characteristics, Denmark’s Jutland Peninsula, 1985–2001.

ERþ/TAMþ, n (%) ER�/TAM�, n (%)

Characteristics
Cases

(n¼ 541)
Controls

(n¼ 541)
Cases

(n¼ 300)
Controls

(n¼ 300)

Year of diagnosisa

1985–1993 235 (43) 234 (43) 107 (36) 100 (33)
1994–1996 113 (21) 112 (21) 81 (27) 83 (28)
1997–2001 193 (36) 195 (36) 112 (37) 117 (39)

Menopausal status at diagnosisa

premenopausal 34 (6.3) 34 (6.3) 121 (40) 121 (40)
postmenopausal 507 (94) 507 (94) 179 (60) 179 (60)

Age group at diagnosis, years
35–44 16 (3.0) 13 (2.4) 68 (23) 58 (19)
45–54 116 (21) 111 (21) 120 (40) 113 (38)
55–64 286 (53) 281 (52) 82 (27) 86 (29)
65–70 123 (23) 136 (25) 30 (10) 43 (14)

Stagea

I 9 (1.7) 9 (1.7) 25 (8.3) 25 (8.3)
II 250 (46) 250 (46) 153 (51) 153 (51)
III 282 (52) 282 (52) 122 (41) 122 (41)

Histological grade
1 108 (25) 144 (35) 27 (11) 23 (10)
2 234 (54) 215 (52) 125 (49) 98 (43)
3 92 (21) 57 (14) 103 (40) 106 (47)
(missing) 107 125 45 73

Type of surgery
breast conserving 58 (11) 71 (13) 47 (16) 56 (19)
mastectomy 483 (89) 470 (87) 252 (84) 244 (81)
(missing) 0 0 1 0

Adjuvant chemotherapy
received 70 (13) 65 (12) 248 (83) 188 (63)
did not receive 471 (87) 476 (88) 52 (17) 112 (37)

Adjuvant radiotherapy
Received 183 (34) 191 (35) 128 (44) 123 (47)
did not receive 358 (66) 350 (65) 166 (56) 137 (53)
(missing) 0 0 6 40

CYP2D6*4 genotype
homozygous wild-type 299 (61) 308 (62) 167 (60) 173 (62)
heterozygous 154 (31) 159 (32) 91 (33) 94 (34)
homozygous variant 41 (8.3) 30 (6.0) 19 (6.9) 13 (4.6)
(missing) 47 44 23 20

Pak1 cytoplasmic intensity
none 135 (30) 130 (28) 95 (36) 102 (41)
light 190 (42) 185 (40) 111 (43) 94 (37)
strong 129 (28) 142 (31) 55 (21) 55 (22)
(missing) 87 84 39 49

Pak1 nuclear localization
negative 260 (55) 278 (57) 164 (60) 163 (60)
positive 215 (45) 209 (43) 108 (40) 108 (40)
(missing) 66 54 28 29

aVariable on which controls were matched to cases.
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did not differ appreciably between conditional models, which
adjusted only for matching factors, and multivariate models,
which adjusted for matching factors and candidate
confounders.

Pak1 cytoplasmic intensity was not associated with breast
cancer recurrence in either the ERþ/TAMþ or ER�/
TAM�groups (in the ERþ/TAMþ group: ORadj, strong cyto-
plasmic Pak1 vs. no cytoplasmic Pak1¼ 0.91, 95% CI 0.57, 1.5;
in the ER�/TAM�group: ORadj, strong cytoplasmic Pak1 vs.
no cytoplasmic Pak1¼ 0.74, 95% CI 0.39, 1.4). Associations
between nuclear Pak1 positivity and breast cancer recurrence
were near null and very similar in both analytic groups (in
the ERþ/TAMþ group: ORadj¼1.3, 95% CI 0.89, 1.8; in the
ER�/TAM� group: ORadj¼1.2, 95% CI 0.72, 1.9). Multivariate
models using multiply imputed values of histological grade
yielded similar results (Table 3).

Associations were also similar when we restricted to
women with two normal alleles at CYP2D6*4 or to
women whose tumor ER status was concordant between
original diagnosis and centralized re-assay for this study

(Table 4). Associations between recurrence and nuclear
Pak1 status were essentially unchanged in models using
the specific and exclusive alternative definitions (data not
shown).

Discussion

We observed no association between primary tumor cytoplas-
mic Pak1 intensity and breast cancer recurrence among both
ERþ, tamoxifen-treated and ER�, tamoxifen-untreated women
diagnosed with non-metastatic breast cancer. Associations
between tumor Pak1 nuclear positivity and breast cancer
recurrence were near null, and very similar in the ERþ/
TAMþ and ER�/TAM�groups. Although it may be tempting
to interpret the association as marginally positive in the ERþ/
TAMþgroup, it was also indistinguishable from that in the
ER�/TAM� group. These findings support neither a predictive
nor prognostic role of nuclear or cytoplasmic Pak1 in primar-
ily postmenopausal early-stage breast cancer patients.

To our knowledge this is the largest study yet (in terms of
the number of recurrence events) of Pak1 and tamoxifen
effectiveness, and the first to report a null association. Study
strengths include virtual immunity to selection bias through
identification of recurrence cases and controls from the pro-
spective and nearly complete population-based DBCG
Registry, and characterization of exposures on the basis of
breast tumor specimens obtained from independent hospital
pathology departments. Furthermore, data were of high qual-
ity: the positive predictive value of the DBCG Registry’s recur-
rence classification was reported to be 99.4% [26], and this
finding was confirmed by medical record review for a subset
of cases in this study [15]. As our study covered a time period
of evolving ER assay methodologies, we centrally re-assayed
ER status for cases and controls using current standard clinical
methods [27]. Our use of TMAs allowed Pak1 and ERaS305-P
to be assayed in one batch with single reagent lots, eliminat-
ing two major sources of staining variability common to
immunohistochemical assays. While TMAs are sometimes
criticized for their potential to misrepresent histological and
molecular characteristics of whole tumors, we were careful to
select regions of invasive breast cancer and included up to
three such cores for each subject. Furthermore, validation
studies indicate that multi-core TMAs closely approximate the
molecular information gleaned from whole tumor breast car-
cinoma slides [28,29]. CYP2D6*4 genotype data were in
Hardy-Weinberg equilibrium, which demonstrates the repre-
sentativeness of our control population and the technical pro-
ficiency of our laboratory.

Of the covariates we evaluated, only histological grade
substantially changed association estimates upon adjust-
ment. For example, the unadjusted association between
strong Pak1 cytoplasmic intensity and breast cancer recur-
rence in the ERþ/TAMþgroup increased by 31% when
grade was added to the model; no other covariate changed
the crude estimate by more than 4% when modeled singly
with Pak1 cytoplasmic and nuclear scores (data not shown).
Directions of estimate displacement upon adjustment for
grade followed expectations based on univariate associations

Table 2. Distribution of Pak1 cytoplasmic and nuclear staining patterns accord-
ing to patient and tumor characteristics, breast cancer controls from Denmark’s
Jutland Peninsula, 1985–2001.

Pak1 cytoplasmic staining
intensity

Pak1 nuclear
status

Characteristic None Light Strong Negative Positive

ER/TAM group
ERþ/TAMþ 130 (28) 185 (40) 142 (31) 278 (57) 209 (43)
ER�/TAM� 102 (41) 94 (37) 55 (22) 163 (60) 108 (40)

Year of diagnosis
1985–1993 73 (27) 112 (41) 90 (33) 157 (54) 134 (46)
1994–1996 44 (27) 70 (42) 51 (31) 96 (53) 84 (47)
1997–2001 115 (43) 97 (36) 56 (21) 188 (66) 99 (34)

Menopausal status
premenopausal 52 (39) 48 (36) 33 (25) 79 (56) 62 (44)
postmenopausal 180 (31) 231 (40) 164 (29) 362 (59) 255 (41)

Age group at diagnosis
35–44 24 (39) 25 (40) 13 (21) 45 (68) 21 (32)
45–54 66 (34) 73 (38) 53 (28) 111 (55) 90 (45)
55–64 97 (32) 121 (40) 87 (29) 190 (58) 139 (42)
65–70 45 (30) 60 (40) 44 (30) 95 (59) 67 (41)

Stage
I 13 (52) 7 (28) 5 (20) 19 (63) 11 (37)
II 92 (28) 145 (44) 95 (29) 203 (57) 156 (43)
III 127 (36) 127 (36) 97 (28) 219 (59) 150 (41)

Histological grade
1 39 (28) 47 (33) 55 (39) 76 (50) 75 (50)
2 97 (36) 114 (42) 59 (42) 179 (63) 105 (37)
3 53 (38) 59 (42) 27 (19) 95 (64) 53 (36)
(missing) 43 59 56 91 84

Type of surgery
breast conserving 33 (31) 47 (44) 26 (25) 75 (64) 43 (36)
mastectomy 199 (33) 232 (39) 171 (28) 366 (57) 274 (43)

Adjuvant chemotherapy
received 71 (34) 88 (43) 48 (23) 128 (57) 95 (43)
did not receive 161 (32) 191 (38) 149 (30) 313 (59) 222 (42)

Adjuvant radiotherapy
received 87 (33) 106 (41) 67 (26) 171 (60) 115 (40)
did not receive 130 (32) 163 (40) 119 (29) 250 (57) 185 (43)
(missing) 15 10 11 20 17

CYP2D6*4 genotype
wild-type 136 (32) 177 (42) 113 (27) 277 (61) 179 (39)
heterozygote 74 (33) 80 (36) 67 (30) 133 (57) 101 (43)
variant 13 (5.8) 15 (39) 10 (26) 21 (51) 20 (49)
(missing) 9 7 7 10 17
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between Pak1 scores, grade, and recurrence status. While
grade data were missing for a substantial proportion of
cases and controls, our secondary analysis using multiply
imputed histological grade—an analytic technique recom-
mended for molecular epidemiology studies [30]—did not
yield different results.

Study limitations include its restriction to primarily postme-
nopausal women (96% in the ERþ/TAMþ stratum), and the
fact that some women in the ERþ/TAMþ stratum received
less than the recommended five-year course of tamoxifen
treatment. About two-thirds of ERþ/TAMþwomen were ini-
tially assigned to one or two years of tamoxifen therapy,

Figure 2. Images depicting staining patterns observed for ERaS305-P using different commercial antibodies and assay protocols. No variability was observed across
tumor cores under any given combination of antibody and assay protocol. A: Negative staining using Millipore antibody #05-922 at 1:20 dilution with manual protocol
and overnight incubation; B: Positive nuclear staining using Millipore antibody #07-962 at 1:50 dilution with manual protocol and 30 minute incubation; C: Weak cyto-
plasmic and nuclear staining using Bethyl antibody #A300-598A at 1:300 dilution with manual protocol and overnight incubation; D: Strong cytoplasmic and nuclear
staining using Bethyl antibody #A300-598A at 1:100 dilution with manual protocol and overnight incubation.

Table 3. Associations between cytoplasmic Pak1 expression level, nuclear Pak1 localization and breast cancer recurrence.

Group Pak1 expression and localization Cases/controls Matched ORa (95% CI) Adjusted ORb (95% CI) Grade imputed adjusted ORc (95% CI)

ERþ/TAMþ Cytoplasmic intensity
None 135/130 1. ref 1. ref 1. ref
Light 190/185 0.91 (0.63, 1.3) 1.0 (0.68, 1.5) 0.87 (0.62, 1.2)
Strong 129/142 0.80 (0.51, 1.3) 0.91 (0.57, 1.5) 0.74 (0.49, 1.1)
Nuclear status
Negative 260/278 1. ref 1. ref 1. ref
Positive 215/209 1.2 (0.88, 1.7) 1.3 (0.89, 1.8) 1.4 (1.0, 1.9)

ER�/TAM� Cytoplasmic intensity
None 95/102 1. ref 1. ref 1. ref
Light 111/94 1.2 (0.79, 1.9) 1.1 (0.69, 1.8) 0.87 (0.73, 1.8)
Strong 55/55 0.94 (0.54, 1.6) 0.74 (0.39, 1.4) 0.92 (0.52, 1.7)
Nuclear status
Negative 164/163 1. ref 1. ref 1. ref
Positive 108/108 1.1 (0.74, 1.7) 1.2 (0.72, 1.9) 1.2 (0.77, 1.9)

aAdjusted for matched factors (year of diagnosis, menopausal status at diagnosis, UICC tumor stage, county of residence at diagnosis, and follow-up time) using
conditional logistic regression;

bAdjusted for UICC stage at diagnosis (I, II, or III, design variables), histological grade (1, 2, or 3, design variables), age at diagnosis (continuous), menopausal status
at diagnosis (pre- or post-), year of diagnosis (1985–1993, 1994–1996, 1997–2001, design variables), receipt of adjuvant chemotherapy (dichotomous), receipt of
adjuvant radiotherapy (dichotomous), type of primary surgery (mastectomy or breast conserving), CYP2D6*4 genotype (2 normal alleles, 1 variant allele, or 2 vari-
ant alleles, design variables), and follow-up time;

cAdjusted for the variables listed in Footnote b in multivariate models fit to 5 data sets in which missing histological grade values were multiply imputed. See
Statistical analysis section for details.
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while one-third of ERþ/TAMþwomen were assigned to five
years of therapy. Our earlier validation study compared ori-
ginal assignment with actual duration of tamoxifen therapy
abstracted from medical records, and estimated that 70% of
women initially assigned to one or two years of tamoxifen
actually received five years of therapy because of evolving
treatment guidelines [15]. Therefore, tamoxifen use in our
study population was likely closer to current guidelines than
tamoxifen use in the previous studies that reported associa-
tions between Pak1 expression and recurrence among tam-
oxifen users [9–13]. We collapsed Pak1 staining categories in
our analyses, which resulted in a reference category of
unequivocal negatives combined with probable negatives
(weak or trace staining). While this had the potential to mis-
classify true Pak1 status and to attenuate association esti-
mates, our findings were similar when we modeled staining
levels individually (data not shown). Finally, we used the
DBCG definition of recurrence as our outcome, which com-
prises local, regional, and distant disease. If Pak1 were associ-
ated only with distant recurrence among tamoxifen users, the
inclusion of local and regional lesions in the composite out-
come would be expected to attenuate that association.
However, all of the earlier studies that found an association
between Pak1 expression and recurrence on tamoxifen used
similar composite definitions of recurrence [9–13], which
argues against outcome misclassification as an explanation
for our null result. Furthermore, Pak1 is a suggested

predictive marker for tamoxifen effectiveness, and as tamoxi-
fen therapy protects against all types of recurrence, our out-
come definition is the most appropriate choice for evaluating
that claim.

Unlike earlier reports [11–13], we detected no variability in
tumor ERaS305-P staining. Previous studies observed a major-
ity of breast tumors to be negative for nuclear ERaS305-P
staining [11–13], and two of these studies used the same
monoclonal antibody that we initially used for our assays
[11,13].

Most previous clinical evidence concerning Pak1 and tam-
oxifen failure comes from studies nested in one of two
Swedish tamoxifen trials. The SBII:2a trial, which began enroll-
ment in 1986, randomized premenopausal stage II breast can-
cer patients to either two years of tamoxifen (20 or 40 mg/
day) or no treatment [31]. A Stockholm-based trial, which
began enrollment in 1976, randomized postmenopausal early-
stage breast cancer patients to either two years of tamoxifen
(40 mg/day) or no treatment [32]. Other published evidence
comes from a relatively small and highly selected case series
(n¼ 142) of women diagnosed with metastatic breast cancer
in The Netherlands [33]. Our study therefore provides import-
ant diversity in the source populations generating evidence
for associations between breast tumor Pak1 status and tam-
oxifen failure. Given our null result, the earlier recommenda-
tion to incorporate Pak1 expression as a predictive biomarker
for tamoxifen merits reconsideration.

Table 4. Association between cytoplasmic Pak1 staining intensity, nuclear localization, and breast cancer recurrence within
strata of women with (a) no variant allele at the CYP2D6*4 locus (rs3892097), and (b) concordant estrogen receptor status
upon centralized re-assay.

Group
Pak1 expression

and localization Cases/controls
Adjusted

ORa (95% CI)

2 normal function
alleles at CYP2D6*4

ERþ/TAMþ Cytoplasmic intensity
None 77/71 1. ref
Light 112/128 0.85 (0.52, 1.4)
Strong 77/79 0.95 (0.51, 1.8)
Nuclear status
Negative 156/179 1. ref
Positive 123/117 1.4 (0.89, 2.3)

ER�/TAM� Cytoplasmic intensity
None 60/65 1. ref
Light 60/49 1.1 (0.58, 2.2)
Strong 31/34 0.67 (0.29, 1.5)
Nuclear status
Negative 94/98 1. ref
Positive 63/62 1.1 (0.57, 2.1)

Concordant ER result ERþ/TAMþ Cytoplasmic intensity
None 118/124 1. ref
Light 182/179 1.0 (0.71, 1.5)
Strong 124/139 0.92 (0.57, 1.5)
Nuclear status
Negative 236/268 1. ref
Positive 203/198 1.3 (0.90, 1.9)

ER�/TAM� Cytoplasmic intensity
None 74/74 1. ref
Light 85/80 0.93 (0.53, 1.6)
Strong 31/30 0.69 (0.31, 1.6)
Nuclear status
Negative 123/123 1. ref
Positive 76/77 1.2 (0.65, 2.1)

aAdjusted for UICC stage at diagnosis (I, II, or III, design variables), histological grade (1, 2, or 3, design variables), age at
diagnosis (continuous), menopausal status at diagnosis (pre- or post-), year of diagnosis (1985–1993, 1994–1996, 1997–2001,
design variables), receipt of adjuvant chemotherapy (dichotomous), receipt of adjuvant radiotherapy (dichotomous), type of
primary surgery (mastectomy or breast conserving), and follow-up time. Analyses in the concordant ER result stratum were
additionally adjusted for CYP2D6*4 genotype (2 normal alleles, 1 variant allele, or 2 variant alleles, design variables).

740 T. P. AHERN ET AL.



Acknowledgements

The authors wish to express their gratitude to Kristina L. Lauridsen for her
laboratory expertise. This study was supported by the Danish Medical
Research Council [DOK 1158859 (T. L. Lash)] US National Cancer Institute
at the US National Institutes of Health [R01 CA118708 and R01 CA166825
(T. L. Lash) and T32 CA09001-35 (T. P. Ahern)]; Danish Cancer Society
[DP06117 (S. Hamilton-Dutoit)]; Karen Elise Jensen Foundation (H. T.
Sørensen); Congressionally Directed Medical Research Programs
[BC073012 (T. P. Ahern)]; and Susan G. Komen for the Cure [CCR13264024
(T. P. Ahern)]; and the Lundbeck Foundation [R167-2013-15861 (D. P.
Cronin-Fenton)]. No author declares a conflict of interest.

Disclosure statement

The authors report no conflicts of interest. The authors alone are respon-
sible for the content and writing of this article.

References

1. Moy B, Lee RJ, Smith M. Natural Products in Cancer Chemotherapy:
Hormones and Related Agents. In: Brunton LL, editor. Goodman &
Gilman’s The Pharmacological Basis of Therapeutics. 12 ed. New
York: McGraw-Hill; 2011.

2. Davies C, Godwin J, Gray R, Clarke M, Cutter D. Early Breast Cancer
Trialists’ Collaborative G. Relevance of breast cancer hormone
receptors and other factors to the efficacy of adjuvant tamoxifen:
patient-level meta-analysis of randomised trials. Lancet
2011;378:771–84.

3. Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M,
Thurlimann B, et al. Personalizing the treatment of women with
early breast cancer: highlights of the St Gallen International Expert
Consensus on the Primary Therapy of Early Breast Cancer 2013.
Ann Oncol 2013;24:2206–23.

4. Kichina J, Goc A, Al-Husein B, Somanath P, Kandel E. PAK1 as a
therapeutic target. Expert Opin Therapeutic Target 2010;14:703–25.

5. Wang RA, Vadlamudi RK, Bagheri-Yarmand R, Beuvink I, Hynes NE,
Kumar R. Essential functions of p21-activated kinase 1 in morpho-
genesis and differentiation of mammary glands. J Cell Biol
2003;161:583–92.

6. Wang RA, Zhang H, Balasenthil S, Medina D, Kumar R. PAK1 hyper-
activation is sufficient for mammary gland tumor formation.
Oncogene 2006;25:2931–6.

7. Rayala SK, Talukder AH, Balasenthil S, Tharakan R, Barnes CJ, Wang
RA, et al. P21-Activated Kinase 1 Regulation of Estrogen Receptor-
alpha Activation Involves Serine 305 Activation Linked with Serine
118 Phosphorylation. Cancer Res 2006;66:1694–701.

8. Balasenthil S, Barnes C, Rayala S, Kumar R. Estrogen receptor activa-
tion at serine 305 is sufficient to upregulate cyclin D1 in breast
cancer cells. FEBS Lett 2004;567:243–7.

9. Bostner J, Ahnstrom Waltersson M, Fornander T, Skoog L,
Nordenskjold B, Stal O. Amplification of CCND1 and PAK1 as pre-
dictors of recurrence and tamoxifen resistance in postmenopausal
breast cancer. Oncogene 2007;26:6997–7005.

10. Holm C, Rayala S, Jirstr€om K, Stål O, Kumar R, Landberg G.
Association between Pak1 expression and subcellular localization
and tamoxifen resistance in breast cancer patients. J Natl Cancer
Inst 2006;98:671–80.

11. Holm C, Kok M, Michalides R, Fles R, Koornstra R, Wesseling J, et al.
Phosphorylation of the oestrogen receptor alpha at serine 305 and
prediction of tamoxifen resistance in breast cancer. J Pathol
2009;217:372–9.

12. Bostner J, Skoog L, Fornander T, Nordenskj€old B, Stål O. Estrogen
receptor-alpha phosphorylation at serine 305, nuclear p21-activated
kinase 1 expression, and response to tamoxifen in postmenopausal
breast cancer. Clinical Cancer Res. 2010;16:1624–33.

13. Kok M, Zwart W, Holm C, Fles R, Hauptmann M, Van’t Veer L, et al.
PKA-induced phosphorylation of ERa at serine 305 and high PAK1

levels is associated with sensitivity to tamoxifen in ER-positive
breast cancer. Breast Cancer Res Treat 2011;125:1–12.

14. Jordan V. Pak up your breast tumor–and grow!. J Nat Cancer Inst
2006;98:657–9.

15. Lash T, Cronin-Fenton D, Ahern T, Rosenberg C, Lunetta K, Silliman
R, et al. CYP2D6 inhibition and breast cancer recurrence in a popu-
lation-based study in Denmark. J Natl Cancer Inst
2011;103:489–500.

16. Blichert-Toft M, Christiansen P, Mouridsen H. Danish Breast Cancer
Cooperative Group–DBCG: History, organization, and status of sci-
entific achievements at 30-year anniversary. Acta Oncol
2008;47:497–505. (Stockholm, Sweden).

17. Møller S, Jensen M, Ejlertsen B, Bjerre K, Larsen M, Hansen H, et al.
The clinical database and the treatment guidelines of the Danish
Breast Cancer Cooperative Group (DBCG); its 30-years experience
and future promise. Acta Oncol 2008;47:506–24.

18. Charlson M, Pompei P, Ales K, MacKenzie C. A new method of clas-
sifying prognostic comorbidity in longitudinal studies: development
and validation. J Chronic Dis 1987;40:373–83.

19. Thygesen SK, Christiansen CF, Christensen S, Lash TL, Sorensen HT.
The predictive value of ICD-10 diagnostic coding used to assess
Charlson comorbidity index conditions in the population-based
Danish National Registry of Patients. BMC Med Res Methodol
2011;11:83

20. Lynge E, Sandegaard JL, Rebolj M. The Danish National Patient
Register. Scand J Public Health 2011;39:30–3.

21. Andersen K, Mouridsen H. Danish Breast Cancer Cooperative Group
(DBCG). A description of the register of the nation-wide pro-
gramme for primary breast cancer. Acta Oncol 1988;27:627–47.

22. Trikalinos T, Salanti G, Khoury M, Ioannidis J. Impact of violations
and deviations in Hardy-Weinberg equilibrium on postulated gene-
disease associations. Am J Epidemiol2006;163:300–9.

23. Rothman KJ, Greenland S, Lash TL. Case-Control Studies. In:
Rothman KJ, Greenland S, Lash TL, editors. Modern Epidemiology.
3rd ed. Philadelphia: Wolters Kluwer; 2008. p. 111–27.

24. Buuren S. Multiple imputation of discrete and continuous data by
fully conditional specification. Stat Method Med Res
2007;16:219–42.

25. The MIANALYZE Procedure. SAS/STAT User’s Guide: The SAS
Institute; 2014.

26. Jensena A, Ewertz M, Cold S, Storm H, Overgaard J. Time trends
and regional differences in registration, stage distribution, surgical
management and survival of breast cancer in Denmark. Eur J
Cancer 2003;39:1783–93.

27. Cronin-Fenton DP, Hellberg Y, Lauridsen KL, Ahern TP, Garne JP,
Rosenberg C, et al. Factors associated with concordant estrogen
receptor expression at diagnosis and centralized re-assay in a
Danish population-based breast cancer study. Acta Oncol
2012;51:254–61.

28. Aaltonen K, Ahlin C, Amini R, Salonen L, Fjallskog M, Heikkila P,
et al. Reliability of cyclin A assessment on tissue microarrays in
breast cancer compared to conventional histological slides. Br J
Cancer 2006;94:1697–702.

29. Camp R, Charette L, Rimm D. Validation of tissue microarray tech-
nology in breast carcinoma. Lab Invest 2000;80:1943–9.

30. Desai M, Kubo J, Esserman D, Terry MB. The handling of missing
data in molecular epidemiology studies. Cancer Epidemiol
Biomarkers Prev 2011;20:1571–9.

31. Ryden L, Jonsson PE, Chebil G, Dufmats M, Ferno M, Jirstrom K,
et al. Two years of adjuvant tamoxifen in premenopausal patients
with breast cancer: a randomised, controlled trial with long-term
follow-up. Eur J Cancer 2005;41:256–64.

32. Rutqvist LE, Johansson H, Stockholm Breast Cancer Study G. Long-
term follow-up of the randomized Stockholm trial on adjuvant tam-
oxifen among postmenopausal patients with early stage breast
cancer. Acta Oncol 2007;46:133–45.

33. Kok M, Linn SC, Van Laar RK, Jansen MP, van den Berg TM,
Delahaye LJ, et al. Comparison of gene expression profiles predict-
ing progression in breast cancer patients treated with tamoxifen.
Breast Cancer Res Treat 2009;113:275–83.

ACTA ONCOLOGICA 741


	Pak1, adjuvant tamoxifen therapy, and breast cancer recurrence risk in a Danish population-based study
	Outline placeholder
	P21-activated kinase 1 in breast cancer

	Material and methods
	Study population
	Data collection from Danish registries
	Tissue processing, genotyping, and immunohistochemistry
	Definitions of analytic variables
	Statistical analysis

	Results
	Characteristics of cases and controls
	Pak1 cytoplasmic intensity and nuclear status in breast tumors
	ER&alpha;S305-P cytoplasmic intensity
	Pak1 cytoplasmic intensity, nuclear localization, and breast cancer recurrence

	Discussion
	Acknowledgements
	Disclosure statement
	References


