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Abstract: Raf Kinase inhibitory protein (RKIP) is a well-established metastasis suppressor that is frequently down-
regulated in aggressive cancers. The impact of RKIP and its phosphorylated form on disease-free survival (DFS) and
other clinicopathological parameters in breast cancer is yet to be discovered. To this end, we examined RKIP expres-
sion in 3 independent breast cancer cohorts. At the Protein level, loss or reduced total RKIP expression was associ-
ated with large-sized tumors characterized by high proliferative index, high-grade and diminished estrogen (ER) and
progesterone receptor expression. Loss or diminution of RKIP expression was significantly associated with shorter
DFS in all cohorts. Moreover, the complete loss of p-RKIP was an independent prognostic factor using multivariate
analysis in operable invasive ductal breast cancer. We show for the first time that ER, partly, drives RKIP expression
through MTA3-Snail axis. Consistent with this finding, we found that, at the mRNA level, RKIP expression varied sig-
nificantly across the different molecular subtypes of breast cancer with the Luminal (ER+) subtype expressing high
levels of RKIP and the more aggressive Claudin-low (ER-) subtype, which depicted the highest epithelial to mesen-
chymal transition (EMT) registered the lowest RKIP expression levels. In conclusion, loss of expression/diminution
of RKIP or its phosphorylated form is associated with poor diseases-free survival in breast cancer. Determining the
expression of RKIP and p-RKIP adds significant prognostic value to the management and subtyping of this disease.

Keywords: RKIP, PEBP1, ERK, estrogen receptor, aggressive cancer, breast cancer, Luminal, claudin-low, ERBB2,
basal, prognosis, disease-free survival

Introduction significant impact on prognosis and treatment
[1-4].

Breast cancer, and in particular invasive ductal

carcinoma, remains the most common cancer
inflicting women in the Western world.
Treatment of advanced breast cancer remains
challenging, and its heterogeneity, both at the
cellular and molecular levels, continues to be at
the realm of this challenge. Genomic and
expression profiling have established five major
breast cancer intrinsic subtypes and a normal
breast cancer-like group that appear to have

It is becoming increasingly evident that the acti-
vation of the Raf/mitogen-activated and extra-
cellular signal-regulated kinase (MEK)/extracel-
lular signal-regulated kinase (ERK) cascade
(RAS-Raf-MEK-ERK) plays key role in breast
cancer progression and resistance to hormonal
and chemotherapeutic drugs [5], and that the
deregulation of the Raf-MEK-ERK protein
expression, rather than kinase mutations, is
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Table 1. Clinicopathological characteristics of the breast cancer cohort. N=421

Clinicopathological characteristics Number of patients (%) Number of missing patients
Age (£50/>50 years) 115 (27)/306 (73) 0
Size (£20/21-50/>50 mm) 240 (57)/168 (40)/11 (3) 2
Grade (I/11/111) 84 (20)/180 (43)/155 (37) 2
Nodal status (negative/positive) 233 (56)/182 (44) 6
Oestrogen receptor status (ER-/ER+) 128 (31)/289 (69) 4
Progesterone receptor status (PR-/PR+) 208 (50)/206 (50) 7
HER2 (HER2-/HER2+) 348 (84)/68 (16) 5
Ki67 (£15/>15) 310 (75)/102 (25) 9
TUNEL (£0.33/>0.33) 229 (57)/174 (43) 18
Necrosis (absent/present) 192 (47)/217 (53) 12
Chemotherapy (no/yes) 247 (59)/172 (41) 2
Radiotherapy (no/yes) 237 (57)/182 (43)

Endocrine therapy (no/yes) 97 (23)/317 (77) 7

more critical in breast cancer progression,
especially in triple negative breast tumors [6-8]
Given that RKIP is the only known physiological
inhibitor of the Raf-MEK-ERK pathway [9],
detailed RKIP expression profiling in breast
cancer may be of significant clinical value.

RKIP is a master modulator of pivotal intracel-
lular signaling pathways. RKIP binds either to
Raf-1 or MEK and exerts its inhibitory effect by
interfering with Raf-1 phosphorylation at resi-
dues S338 and T340/341 [10, 11]. This pro-
cess subdues downstream ERK kinase signal-
ing [12].

The PKC isoenzymes -a, -BI, -BlI, -y, and atypical
PKC&—mediate the phosphorylation of RKIP at
residue S153 [13], shifting RKIP from Raf-1 to
G protein-coupled receptor kinase 2 (GRK2),
therefore blocking its inhibitory activity on the
G-protein coupled receptors (GPCR) signaling
cascade resulting in its activation [14].

Loss or silencing of metastasis suppressor
genes play key roles in modulating key process-
es involved in cellular growth, EMT, invasion
and metastasis. RKIP silencing has been shown
to destabilize GSK3f3 and to activate its down-
stream targets, which culminates in the stabili-
zation of cyclin D1; cyclin D1 induces cell cycle
progression, and the expression of (B-catenin,
SNAIL and SLUG, which are molecules known
to promote EMT, cellular invasion and metasta-
sis [15, 16]. Current data suggest that RKIP is a
cardinal metastasis suppressor that is sub-
dued in almost all cancer types especially in
more aggressive and metastatic ones [17].
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However, regarding breast cancer, there is obvi-
ous lack of information in the current literature
pertaining to the effects of RKIP expression
and its phosphorylated form on patients’ sur-
vival and their association with clinicopatho-
logical characteristics. In this paper, we report
a new role for RKIP in breast cancer prognosis,
as well as a new model depicting how estrogen
receptor induces the expression of RKIP
through MTA3. The present data suggest that
reduced expression of total RKIP and its phos-
phorylated form have significant influence on
shorter Disease-free survival in breast cancer
patients. More interestingly, was that RKIP
expression level varied across the different
subtypes of breast cancer with Luminal A
breast cancer subtype (a subtype that largely
express estrogen receptor), registered the high-
est RKIP expression, while Claudin-low (that
show high EMT and estrogen receptor negativi-
ty), had the lowest RKIP expression. Therefore,
our paper illuminates, for the first time, impor-
tant and novel niches pertaining to the role
RKIP and its phosphorylated form in breast
cancer pathophysiology.

Materials and methods
Patients used for total RKIP expression

Patients presenting between 1995 and 1998
with primary invasive breast cancer at the Royal
and Western Infirmaries and Stobhill Hospital,
Glasgow were studied in the first cohort
(n=421). Each tumor was printed in triplicate on
the tissue microarray. Clinicopathological data
were determined in most cases (Table 1). The
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Figure 1. Specificity of human RKIP and p-RKIP monoclonal antibodies. RKIP immunohistochemistry performed on
formalin-fixed paraffin-embedded human brain tissue (A) and p-RKIP detected in human liver (B). Note the intense
cytoplasmic and nuclear staining. Western blotting detection of 23kDa RKIP in 4 different cell lines (C) and p-RKIP
(S153) in HelLa cells before - and after + treatment with calyculin A, the pp1 and pp2 phosphatases’ inhibitor (D).

Courtesy of Epitomics.

Research Ethics Committees of North Glasgow
University Hospitals and Kuwait University
approved the use of human tissue in this study.

Immunohistochemistry

ER and PR status was determined by immuno-
histochemistry in the CPA-accredited diagnos-
tic pathology laboratory, Glasgow Southern
General, with the inclusion of appropriate posi-
tive and negative controls. Dako ER-a antibody
(clone 6F11/2, mouse anti-human, 1:50; Dako,
Glostrup, Denmark), Leica PR antibody (clone R
636, mouse anti-human, 1:400). Immunohisto-
chemistry for Epitomics’ monoclonal RKIP anti-
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body (clone EPR2875Y, rabbit anti-human,
1:500; Epitomics, CA, USA) and Epitomics’
monoclonal p-RKIP antibody (clone, EP2845Y,
rabbit anti-human, 1:250; Epitomics, CA, USA)
were performed manually with DAKO Envision
detection system in Glasgow Western Infirmary.
The monoclonal anti-RKIP and anti-p-RKIP anti-
bodies specificity was confirmed using immu-
nohistochemistry and western blotting (Figure
1).

Slide scanning and scoring

Stained slides were scanned at an objective
maghnification of 40 x using a Hamamatsu
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Figure 2. Correlation between nuclear and cytoplasmic RKIP expression in breast cancer. Red dashed lines indicate
the median H-Score staining values for RKIP expression and the thin blue dashed lines demarcate the quartiles
shown above for cytoplasmic and to the right for nuclear expression. Dark blue rectangle indicate samples with
diminished or loss of RKIP expression in the cytoplasm and nuclei, dark pink square demarcates samples with
intermediate expression and pink square shows those samples that expressed RKIP strongly in their nuclei and

cytoplasm.

NanoZoomer scanner (Hamamatsu, Welwyn
Garden City, UK). Visualization and automated
assessment were carried out with the Slidepath
Tissue IA system version 1.0 (Slidepath, Dublin,
Ireland). Staining intensities for ER-a, PR and
total RKIP for all cores were assessed visually
using the weighted histoscore (H-score) quanti-
tative method as previously described [18, 19].
The H-score method takes into account both
the area and intensity of staining to generate
values between 0-300 using the following for-
mula: X (1 x % cells staining weakly positive) +
(2 x % cells staining moderately positive) + (3 x
% cells staining strongly positive).

Seventy-six cores were independently scored
by two observers blinded to patients’ data for
RKIP and p-RKIP (L.B and J.E). L.B. then scored
all slides for analysis.
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Quatrtile assignment of total and p-RKIP H-
scores

For statistical comparisons, p-RKIP cytoplas-
mic expression was categorized into 4 quartiles
depending on the obtained H-score values; the
first quartile, contained tumors, which H-score
values were <5, the second quartile p-RKIP
expression was determined between 5-30, the
third between 31-54 and the fourth quartile
>54. Nuclear expression data were similarly
categorized. For total RKIP the values of the
H-Scores quartiles are shown in Figure 2.

Tissue culture, in vitro transfection assays and
western blotting

The preparation of rabbit anti-RKIP antibody
was reported previously [9]. Mouse monoclonal

Am J Cancer Res 2013;3(5):446-464



Raf kinase inhibitory protein in breast cancer

Table 2. All subtyped breast cancer cell lines

Index Cell Line Cohort Subtype
1 600MPE E-TABM-157 Luminal
2 AU565 E-TABM-157 Luminal
3 BT20 E-TABM-157 Basal-A
4 BT474 E-TABM-157 Luminal
5 BT483 E-TABM-157 Luminal
6 BT549 E-TABM-157 Basal-B/Claudin-Low
7 CAMA1 E-TABM-157 Luminal
8 HBL100 E-TABM-157 Basal-B/Claudin-Low
9 HCC1007 E-TABM-157 Luminal
10 HCC1143 E-TABM-157 Basal-A
11 HCC1187 E-TABM-157 Basal-A
12 HCC1428 E-TABM-157 Luminal
13 HCC1500 E-TABM-157 Basal-B/Claudin-Low
14 HCC1569 E-TABM-157 Basal-A
15 HCC1937 E-TABM-157 Basal-A
16 HCC1954 E-TABM-157 Basal-A
17 HCC202 E-TABM-157 Luminal
18 HCC2157 E-TABM-157 Basal-A
19 HCC2185 E-TABM-157 Luminal
20 HCC3153 E-TABM-157 Basal-A
21 HCC38 E-TABM-157 Basal-B/Claudin-Low
22 HCC70 E-TABM-157 Basal-A
23 HS578T E-TABM-157 Basal-B/Claudin-Low
24 LY2 E-TABM-157 Luminal
25 MCF10A E-TABM-157 Basal-B/Claudin-Low
26 MCF12A E-TABM-157 Basal-B/Claudin-Low
27 MCF7 E-TABM-157 Luminal
28 MDAMB134VI  E-TABM-157 Luminal
29 MDAMB157 E-TABM-157 Basal-B/Claudin-Low
30 MDAMB175VIl  E-TABM-157 Luminal
31 MDAMB231 E-TABM-157 Basal-B/Claudin-Low
32 MDAMB361 E-TABM-157 Luminal
33 MDAMB415 E-TABM-157 Basal-B/Claudin-Low
34 MDAMB435 E-TABM-157 Basal-B/Claudin-Low
35 MDAMB436 E-TABM-157 Luminal
36 MDAMB453 E-TABM-157 Basal-A
37 MDAMB468  E-TABM-157 Basal-A
38 SKBR3 E-TABM-157 Luminal
39 SUM1315M02 E-TABM-157 Basal-B/Claudin-Low
40 SUM149PT E-TABM-157 Basal-B/Claudin-Low
41 SUM159PT E-TABM-157 Basal-B/Claudin-Low
42 SUM185PE E-TABM-157 Luminal
43 SUM190PT E-TABM-157 Basal-A
44 SUM225 E-TABM-157 Basal-A
45 SUM44PE E-TABM-157 Luminal
46 SUMb52PE E-TABM-157 Luminal
a7 T47D E-TABM-157 Luminal
450

antibodies specific for a-tubulin and actin
antibody were purchased from Sigma.
Rabbit snail and e-cadherin polyclonal
antibodies were from Abcam and Cell
Signaling Technology, respectively. Rabbit
MTA3 and ERa« polyclonal antibodies were
generous gifts from Drs. Paul Wade and
Manohar Ratnam, respectively.

T47D, MCF7 and MDA-MB231 cells were
cultured in Dulbecco’s modified Eagle’s
medium with 10% FBS. Cells were grown
in a humidified tissue culture incubator at
37°Cin 5% CO,.

3 x 10° cells were transfected with a total
of 2 pg of plasmid DNA using
LipofectAMINE Plus Reagent (Invitrogen).
Forty to 48 h after transfection, cells were
collected for immunoblot analyses.

Total cell extracts were prepared as
described previously [12], and protein
concentrations of lysates were deter-
mined using the Bradford assay kit (Bio-
Rad). Proteins (10-50 ug) were separated
by SDS-PAGE and electrophoretically
transferred from the gel to immobilin
membranes (millipores). Proteins recog-
nized by the antibodies were detected by
enhanced chemiluminescence reagents
(Pierce) with the BioRad ChemiDoc EQ
system.

Preparation of knockdown cells

To silence expression of estrogen
receptor-a (ERa) in MCF7 cells, we infect-
ed cells with retroviruses encoding a ERa-
specific shRNA or a scramble siRNA as
control in the retroviral shRNA expression
vectors kindly provided by Dr. Brian Rowen
at the Tulane University. The retroviruses
were prepared as previously described
[20].

Data preprocessing of Affymetrix micro-
array gene expression

Microarray gene expression data of
human breast cancer on Affymetrix
U133A or U133Plus2 platforms were
downloaded from Array Express and Gene
Expression Omnibus (GEO). For this study,
we included all of publicly available data-

Am J Cancer Res 2013;3(5):446-464
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48 UACC812 E-TABM-157 Luminal

49 ZR751 E-TABM-157 Luminal

50 ZR7530 E-TABM-157 Luminal

51 ZR75B E-TABM-157 Luminal

52 BT20(1) GSE15026 Basal-A

53 BT20(2) GSE15026 Basal-A

54 BT474(1) GSE15026 Luminal

55 BT474(2) GSE15026 Luminal

56 BT483(1) GSE15026 Luminal

57 BT483(2) GSE15026 Luminal

58 BT549(1) GSE15026 Basal-B/Claudin-Low
59 BT549(2) GSE15026 Basal-B/Claudin-Low
60 CAMA1L(2) GSE15026 Luminal

61 HCC1143(2) GSE15026 Basal-A

62 HCC1428(2) GSE15026 Luminal

63 HCC1806(2) GSE15026 -

64 HCC38(2) GSE15026 Basal-B/Claudin-Low
65 HS578T(2) GSE15026 Basal-B/Claudin-Low
66 MCF7(1) GSE15026 Luminal

67 MCF7(2) GSE15026 Luminal

68 MDAMB157(2) GSE15026 Basal-B/Claudin-Low
69 MDAMB231(1) GSE15026 Basal-B/Claudin-Low
70 MDAMB231(2) GSE15026 Basal-B/Claudin-Low
71 MDAMB361(1) GSE15026 Luminal

72 MDAMB361(2) GSE15026 Luminal

73 MDAMB435(1) GSE15026 Basal-B/Claudin-Low
74 MDAMB435S(2) GSE15026 Basal-B/Claudin-Low
75 MDAMB453(2) GSE15026 Basal-A

76 SKBR3(1) GSE15026 Luminal

77 SKBR3(2) GSE15026 Luminal

78 T47D(1) GSE15026 Luminal

79 T47D(2) GSE15026 Luminal

80 ZR75(1) GSE15026 -

81 ZR751(2) GSE15026 Luminal

normalization was performed on each
dataset. The normalized data was com-
bined and subsequently standardized
using ComBat [22] to remove batch
effect.

Similarly for breast cancer cell line panel,
it was established using two large datas-
et on Affymetrix U133A or U133plus2
platform: GSE15026 (n=30 samples cor-
responding to 19 cell lines) and
E-TABM-157 (n=51 samples correspond-
ing to 51 cell lines). The data was sub-
jected to the same pre-processing as the
clinical samples. The RMA-normalized
and ComBat-standardized breast cancer
cell line panel consists of 81 samples
corresponding to 70 cell lines (Table 2).

Identification of breast cancer subtypes

To obtain the molecular subtype of breast
cancer for the clinical samples, we
employed Single sample Gene Set
Enrichment Analysis (ssGSEA) [23] to
compute for each sample, enrichment
scores of breast cancer subtype signa-
ture (Basal, Claudin-low, Luminal-A,
Luminal-B, ERBB2, or Normal-like) [24].
Each clinical sample was then assigned
as the subtype it has the highest enrich-
ment. On the other hand, subtype of
breast cancer cell lines was taken from
Neve et al. [25] based on the cell line
name. Basal-B subtype in the original
paper [25] was labeled as Claudin-low in
this study.

set at the time the analysis was initiated. This
panel of data comprises 3,992 human breast
tumor samples from 26 cohorts, including
E-TABM-158 (n=130), GSE11121 (n=200), GSE-
12276 (n=204), GSE1456 (h=159), GSE1561
(n=49), GSE19615 (n=115), GSE20181 (n=
176), GSE2034 (n=286), GSE21653 (n=266),
GSE23177 (n=116), GSE23593 (n=50), GSE-
23988 (n=61), GSE25066 (n=508), GSE26639
(n=226), GSE31519 (n=67), GSE3494 (n=251),
GSE3744 (n=47), GSE4922 (n=40), GSE5327
(n=58), GSE5460 (n=127), GSE5764 (n=10),
GSE6532 (n=414), GSE6596 (n=24), GSE7390
(n=198), GSE9195 (n=77), and HESS cohort
(n=133) [21]. Robust Multichip Average (RMA)
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Epithelial-mesenchymal transition sig-
nature

An Epithelial-Mesenchymal Transition (EMT)
signature was developed by comparing expres-
sion profiles of CDH1 with CDH2 expressing
ovarian carcinomas cell lines using Binary
Regression method [26]. The BinReg ovarian
cancer EMT signature was then applied to pre-
dict the EMT status of breast cancer tumors or
cell lines. Subsequently, the top 5% (~100
breast cancer tumor samples or ~10 breast
cancer cell lines) with the highest probabilities
for epithelial or mesenchymal phenotype were
used to obtain the epithelial or mesenchymal
specific gene list for the breast cancer tumor or

Am J Cancer Res 2013;3(5):446-464
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Figure 3. Representative immunohistochemical staining for RKIP in breast cancer tissue microarray. Top panel
shows cytoplasmic RKIP expression while lower panel shows nuclear RKIP expression. The bar charts depict the
frequencies against the H-Scores obtained in 421 cases of breast cancer samples with the means, medians and
percentiles shown in the inset. A and D show negative, B and E intermediate and C and F strong RKIP expression in

cytoplasm and nuclei respectively.

cell line (EMT signature) using Significance
Analysis of Microarray (SAM) g-value=0 and
Receiver Operating Curve (ROC) value of 0.85.

To obtain EMT score of a breast cancer clinical
sample or cell line, the enrichment scores of
the breast cancer tumor-specific or cell line-
specific epithelial and mesenchymal gene list
were computed using single sample GSEA [23].
EMT score is defined as the normalized sub-
traction of the mesenchymal from epithelial
enrichment score. A higher or lower EMT score
indicate that a breast cancer tumor/cell line
exhibits a more mesenchymal or epithelial phe-
notype respectively.

Statistical analysis

For immunohistochemistry and clinicopatho-
logical correlations were assessed with using
the chi-squared or Fisher’s exact tests for trend
as appropriate. DFS indicates the time period
between the operation date and disease reap-
pearance in the form of local or distant meta-
static recurrence. Differences in DFS were test-
ed using the Log-rank test in univariate analysis
and displayed using Kaplan-Meier curves. Cox
proportional-hazards model was used to calcu-
late the hazard ratio. Analysis was performed
with SPSS version 17 (SPSS, Chicago, IL, USA).
For Affymetrix expression data, differences in
the means/medians values were evaluated
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using Mann-Whitney test and Spearman corre-
lations were computed using Matlab®. This
study complied with the Reporting recommen-
dations for tumor marker prognostic studies
(REMARK) criteria [27]. A level of P<0.05 was
considered to be significant.

Results

Clinicopathological correlations of total RKIP
expression in invasive ductal breast cancer

421 primary invasive ductal breast carcinomas
in triplicate tissue microarrays were utilized in
the assessment of total and 153-phosphory-
lated form of RKIP (p-RKIP) expression and
their correlation with known clinicopathological
parameters. The clinicopathological character-
istics of the cohort are shown in Table 1.

Total RKIP was expressed in the cytoplasm
and/or in nuclei of breast cancer cells.
Consequently, the cytoplasmic or nuclear stain-
ing was scored independently of each other
and was categorized into 4 quartiles (Figures 2
and 3). There was a statistically significant and
direct correlation between nuclear and cyto-
plasmic expression of total RKIP (Figure 2).

Our data show that loss or reduced total nucle-
ar RKIP expression (Table 3) or combined
nuclear and cytoplasmic staining (Table 4) was

Am J Cancer Res 2013;3(5):446-464
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Table 3. Correlations between nuclear RKIP expression and the patients’ clinicopathological characteristics

RKIP expression H-Score quartile

Clinico-pathological characteristics Patients (n=421) p value

1 (n=107) 2 (n=104) 3 (n=106) 4 (n=104)
Age (<50/>50 years) 115/306 25/82 31/73 33/73 26/78 0.736
Size (£20/21-50/>50 mm) 240/168/11 m2 53/51/3 52/48/2 m2 59/44/3 76/25/3 0.002
Grade (I/11/111) 84/180/155m2 11/34/61 m1l 15/50/39 21/54/31 37/42/24 m1 <0.001 (7.98 x 10°®)
Nodal status (negative/positive) 233/182 m6 59/47 m1 54/49 m1 53/52 m1 67/34 m3 0.101
Oestrogen receptor status (ER-/ER+) 128/289 m4 53/52 m2 34/69 m1 23/83 18/85 m1 <0.001 (4.68 x 10%)
Progesterone receptor status (PR-/PR+) 208/206 m7 73/32 m2 49/54 m1 45/59 m2 41/61 m2 <0.001 (2.51 x 10%)
HER2 (HER2-/HER2+) 348/68 m5 79/26 m2 82/21 m1 93/12 m1 94/9 m1 <0.001 (4.40 x 10%)
Ki67 (£15/>15) 310/102 m9 68/37 m2 74/30 84/20 m2 84/15 mb <0.001 (2.50 x 10%)
TUNEL (£0.33/>0.33) 229/174 m18 63/40 m4 58/45 m1 58/44 m4 50/45 m9 0.262
Necrosis (absent/positive) 192/217 m12 41/65 m1 39/60 m5 46/57 m3 66/35 m3 <0.001 (2.58 x 10%)
Chemotherapy (no/yes) 247/172 m2 53/53 m1l 48/55 m1 65/41 81/23 <0.001 (5.25 x 10°%)
Radiotherapy (no/yes) 237/182 m2 69/37 m1 50/53 m1 63/43 55/49 0.080
Endocrine therapy (no/yes) 97/317 m7 37/69 m1 21/81 m2 21/82 m3 18/85 m1 0.013
DFS (months) n=104 m3 n=98 m6 n=100 m6 n=96 m8 Overall 0.074
Mean (95% Cl) 82.4 (76.3-88.5) 89.7 (83.4-96.0) 88.7 (83.0-94.4) 96.0 (90.4-101.6) Quartile 1 vs 4 (p=0.01)

m (number of patients) denotes missing cases.

453 Am J Cancer Res 2013;3(5):446-464
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Table 4. Clinicopathological characteristics correlated with categorical low, intermediate and high RKIP expression both in the nucleus and
cytoplasm

RKIP expression
Low RKIP nuclear &  Intermediate RKIP High RKIP nuclear &

Clinico-pathological characteristics Patients (n=310) . . . p value

cytoplasmic expres- nuclear & cytoplasmic  cytoplasmic expres-

sion (n=158) expression (n=41) sion (n=111)

Age (£50/>50 years) 77/233 39/119 11/30 27/84 0.994
Size (£20/21-50/>50 mm) 177/122/10 m1 81/71/5 m1 21/18/2 75/33/3 0.031
Grade (I/11/111) 69/130/109 m2 24/63/70 m1 7/19/15 38/48/24 m1 <0.001 (2.9 x 10%)
Nodal status (negative/positive) 172/134 m4 81/75 m2 24/17 67/42 m2 0.290
Oestrogen receptor status (ER-/ER+) 89/217 m4 61/94 m3 6/35 22/88 m1 <0.001 (1.7 x 10%)
Progesterone receptor status (PR-/PR+) 151/154 m5 92/63 m3 14/27 45/64 m2 0.001
HER2 (HER2-/HER2+) 257/49 m4 122/33 m3 35/6 100/10 m1 0.008
Ki67 (£15/>15) 224/79 m7 104/52 m2 28/12 m1 92/15 m4 0.001
TUNEL (£0.33/>0.33) 167/132 m11 93/62 m3 24/17 50/53 m8 0.089
Necrosis (absent/present) 155/147 m8 70/83 mb 20/21 65/43 m3 0.067
Chemotherapy (no/yes) 194/115 m1 85/72 m1 28/13 81/30 0.005
Radiotherapy (no/yes) 176/133 m1 94/63 m1 27/14 55/56 0.113
Endocrine therapy (no/yes) 74/233 m3 44/113 m1 5/35 m1 25/85 m1 0.002
DFS (months) n=152 m6 n=39 m2 n=101 m10 Group 1 vs. Group 2 p=0.023"
Mean (95% ClI) 83.7 (78.6-88.8) 81.9 (76.2-87.6) 96.6 (91.6-101.6)

m (number of patients) denotes missing cases. “p value for disease free survival pooled over strata (for the whole graph) is 0.072.
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Figure 4. Loss or diminished total RKIP expression is associated with reduced disease-free survival in breast cancer.
A: Total RKIP expression in nuclei divided into 4 quartile using the weighted H-Score. B: Total RKIP expression scores
combined for both the nuclei and cytoplasm. C: Box-plot showing that Loss or diminished RKIP expression at the
mRNA level is associated with metastatic breast cancer. D: Low mRNA (Smedian) RKIP expression is associated with
reduced disease-free survival in breast cancer compared to high RKIP expression (>median). The Log-Rank test was
used to compare the statistical difference in disease-free survival.

significantly associated with large-sized tumors
having high Ki-67 index, high tumor grade, and
the presence of extensive necrosis. A recipro-
cal trend between loss or diminished total RKIP
expression and lymph nodes metastasis was
evident in this cohort. However, the association
was not statistically significant (Table 3). Using
univariate analysis, patients whose tumors
showed loss or diminished total nuclear RKIP
expression (quartile 1; Q1) had significantly
shorter DFS compared to high expressors
(quartile 4; Q4) (Table 3 and Figure 4A). Similar
clinicopathological correlative scores were
obtained when the expression patterns were
categorized into Q1 (negative-low), Q2-3 (inter-
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mediate) or Q4 (high) total RKIP expression in
both the nuclei and the cytoplasm (Table 4 and
Figure 4B). In multivariate analysis, the pres-
ence of lymph node metastasis, necrosis, high
Ki-67 proliferative index and the absence of
progesterone receptors, but not total RKIP
expression, were independent prognostic fac-
tors (Table 5).

Further experiments were conducted to exam-
ine the impact of RKIP loss or diminution on
patients’ DFS at the mRNA level. We analyzed a
publicly available breast cancer gene expres-
sion microarray data set from 115 women pub-
lished previously [28]. Figure 4C shows that
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Table 5. Multivariate Cox-regression analysis of RKIP ex-
pression and established prognostic markers in operable

invasive ductal breast cancer

including the presence of lymph node
metastasis (Table 6). However, in uni-
variate analysis, the estimated DFS

Clinico-pathological characteristics

HR (95% C.I)

p value was 95.4 months (95% C.I of 89-101.7

Nodal metastasis

Negative 1

positive 2.25(1.3-3.8)
Progesterone receptor status

PR- 1

PR+ 0.39(0.22-0.7)
Necrosis

Negative/mild 1

Extensive 2.27 (1.24-4.1)
Ki-67

<15 1

>15 1.92 (1.15-3.2)
HER2

HER2- 1

HER2+ 1.8 (1.04-3.1)

0.001

months) for patients overexpressing
(group 2 or Q4) p-RKIP, while DFS was

0.002 77.6 months (95% C.I of 70-80

months) for group 1 (or Q1) patients
(Figure 6B). Multivariate analysis using
a Cox-regression model, predicted a
significantly reduced hazard ratio (HR)
for disease recurrence in tumors over-
expressing p-RKIP (HR= 0.625; 95%

0.01 C.I 0.435-0.899), independent of

tumor size, grade, presence of lymph
node metastasis, ER, PR and Her-2

0.012 amplification status (Table 7).

Estrogen receptor and RKIP are con-
nected

0.044

Table 3 depicts a significant linear

RKIP mRNA levels were significantly lower in
metastatic compared to non-metastatic prima-
ry breast cancers. In this public set, DFS was
available for 97 patients. As shown in Figure
4D, patients with low RKIP expressing breast
cancer had significantly shorter DFS compared
to those whose tumors expressed high RKIP
MRNA levels. These data, independently, con-
firm the relationship between diminished RKIP
expression and reduced DFS in breast cancer.

Absence of phosphorylated raf kinase inhibito-
ry protein (pRKIP) is an independent predictor
of bad prognosis in primary operable breast
cancer

p-RKIP staining was informative in 373 cases.
Of these 81.0% (302/373) expressed p-RKIP in
the cytoplasm and 62.5% (233/373) expressed
p-RKIP in the nucleus (Figure 5). There was a
significant and direct correlation between
p-RKIP cytoplasmic and nuclear staining
(Figure 6A). For example, 74/373 (21%) were
negative (quartile 1) for both cytoplasmic and
nuclear expression (termed group 1), while
59/373 (15.8%) expressed p-RKIP strongly
(quartile 4) in both the nuclei and cytoplasm
(termed group 2). We focused our analysis on
comparing these two polarized groups. p-RKIP
expression levels were not significantly associ-
ated with any clinicopathological parameters,
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relationship between the percentage

of breast cancer cases expressing
estrogen receptor and their RKIP expression

levels. Therefore, in relation to quartiles 1 to 4
of total nuclear RKIP expression, 48.5%, 66%,
78.3% and 82% of tumors expressed estrogen
receptor respectively (p=4.68 x 10°®). A similar
trend was also observed with progesterone
receptor (Table 3). Furthermore, this associa-
tion was confirmed at the mRNA level using
Van't Veer et al. data (Figure 7). Intriguingly,
total RKIP dosage in breast cancer had the
opposite linear trend with respect to Her-2/neu
gene amplification (Tables 3 and 4). Our data
suggest that ER may be involved in the tran-
scriptional regulation of RKIP. We next tested
this hypothesis in vitro.

RKIP is a downstream target of the ER-MTA3-
Snail transcription regulatory pathway

To investigate the molecular mechanism(s) con-
necting ER to RKIP expression, we determined
the basal levels of ER, RKIP and Snail in 3 well-
characterized breast cancer cell lines. MDA-
MB231, which is ER negative, expressed high
level of Snail, and consequently low RKIP and
e-cadherin (Figure 8A). Conversely, ER express-
ing MCF7 and T47D cell lines expressed low
levels of Snail protein resulting in higher RKIP
and e-cadherin expression compared to the
MDA-MB231 cell line. Previous work has estab-
lished that MTA3, a component of the Mi-2/

Am J Cancer Res 2013;3(5):446-464
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NuRD complex and an avid repressor of Snail is
transcriptionally induced by ER [29]. Our data
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show that MTA3 protein level was lower in ER
negative MB231 cell line. Further experiments
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Table 6. Clinicopathological characteristics correlated with categorical low and high p-RKIP expres-

sion both in the nucleus and cytoplasm

pRKIP expression

Clinico-pathological characteristics Patients (n=133) PRKIP low in PRKIP high in nu- p value
nucleus and cyto- cleus and cytoplasm
plasm (n=74) (n=59)
Age (£50/>50 years) 34/99 19/55 15/44 0.974
Size (£20/21-50/>50 mm) 78/49/6 47/25/2 31/24/4 0.140
Grade (I/11/111) 27/58/47 m1 11/33/30 16/25/17 m1 0.154
Nodal status (negative/positive) 68/63 m2 36/37 m1 32/26 m1 0.505
Oestrogen receptor status (ER-/ER+) 39/92 m2 24/50 15/42 m2 0.450
Progesterone receptor status (PR-/PR+) 71/60 m2 41/33 30/27 m2 0.753
HER2 (HER2-/HER2+) 115/17 m1 61/13 54/4 m1 0.070
Ki67 (£15/>15) 96/33 m4 51/21 m2 45/12 m2 0.296
TUNEL (£0.33/>0.33) 73/52 m8 42/28 m4 31/24 m4 0.683
Necrosis (absent/present) 69/62 m2 37/37 32/25 m2 0.485
Chemotherapy (no/yes) 78/55 41/33 37/22 0.395
Radiotherapy (no/yes) 74/59 42/32 32/27 0.771
Endocrine therapy (no/yes) 29/103 m1 16/57 m1 13/46 0.987
DFS (months) n=68 m6 n=56 m3 0.009

Mean (95% Cl)

77.6 (70.1-85.1)

95.4 (89.0-101.8)

m (number of patients)=missing.

Table 7. Multivariate Cox-regression analysis of p-RKIP
expression and established prognostic markers in oper-
able invasive ductal breast cancer

respectively). A model of the ER-MTA-
Snail-RKIP axis is shown in Figure 8E.

RKIP expression and breast cancer

Clinico-pathological characteristics HR (95% C.I) p value
p-RKIP expression
Quartile 1 (negative) 1 0.01
Quartile 4 (high expression) 0.625 (0.4-0.89) '
Size (mm)
<50 1
0.003
>50 3.1(1.46-6.5)
Nodal metastasis
Negative 1
. 0.006
positive 4.23 (1.5-11.7)
Oestrogen receptor status
ER- 1
0.001
ER+ 0.23 (0.1-0.53)

molecular subtypes

Based on our ER finding, we hypothe-
sized that ER negative breast cancers,
like the Basal-like tumors and especial-
ly Claudin-low tumors (that exhibit high
EMT phenotype) should express lower
levels of RKIP compared to ER positive
tumors.

To test this hypothesis, we downloaded
and reanalyzed microarray mMRNA
expression data of human breast can-
cer performed using Affymetrix U133A

were conducted to examine the impact of mod-
ulating ER expression on MTA-Snail-RKIP pro-
tein levels in these cells. Silencing of ER in
MCF7 cells induced the expression of Snail and
the concomitant reduction of RKIP and e-cad-
herin proteins (Figure 8B). Conversely, overex-
pressing ER or MTA3 in MDA-MB231 cell line
reduced Snail expression with the subsequent
induction of RKIP expression (Figure 8C and 8D
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or U133Plus2 platforms. The data com-
prised of information from 3,992 human

breast tumor samples from 26 cohorts and 81
samples corresponding to 70 different breast
cancer cell lines (See materials and methods
and Table 2). An EMT signature was developed
to assess the EMT phenotypic status of a clini-
cal sample or cell line (See Materials and
Methods). The breast cancer subtype was pre-
dicted using signature from Prat et al., 2010
[24], and ssGSEA [23] (Materials and Methods).
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Figure 7. Box plot analysis depicting RKIP expres-
sion levels in relation to ER status in breast cancer
samples obtained by reanalyzing published microar-
ray data.

In both cell lines (Figure 9A) and clinical sam-
ples (Figure 9B), Luminal A breast cancer sub-
type had the highest RKIP expression levels fol-
lowed by Luminal B subtype. Claudin-low
subtype had the lowest levels of RKIP expres-
sion, followed by Her2-enriched, Basal-like and
near normal subtypes (Figure 9A and 9B).
Intriguingly, an inverse relationship was attain-
able between RKIP levels and EMT scores in
both the cell lines (Figure 9C) and the clinical
samples (Figure 9D). Figure 9E shows that a
direct linear and significant correlation exists
between ER and RKIP positivity. ER positive
breast cancer expressed significantly higher
RKIP compared to ER negative tumors (Figure
9F). Consistent with the previous cohorts, low
RKIP had significantly shorter DFS compared to
high-RKIP expressors (Figure 9G).

Discussion

Our data represent an important advance in
understanding the role of RKIP in breast cancer
progression. At the protein level, we show that
the absence or diminution of RKIP, but not
p-RKIP is associated with increased tumor size
and proliferative index, high tumor grade, and
increased necrosis in invasive ductal carcino-
ma. Our data are reminiscent of earlier reports
depicting RKIP as a significant modulator of cel-
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lular growth and cell cycle kinetics [16, 30]. In
ovarian cancer, reduced RKIP expression has
been associated with poor differentiation and
increased cellular proliferation [31].

Hagan et al., were the first to study and report
on RKIP expression in breast cancer using
immunohistochemistry [32]. The authors
observed no significant correlation between
RKIP expression and histological type, tumor
grade, size, or estrogen receptor status.
However, they demonstrated that reduced or
diminished RKIP expression was prevalent in
lymph node metastases. Similarly, another
study reported on the reduction of RKIP expres-
sion in breast cancer lymph node metastases
but offered no indication on its influences on
tumor size or proliferation [33]. These data are
consistent with the metastasis suppression
function of RKIP.

Using three independent cohorts, we show, by
mean of univariate analysis, that RKIP expres-
sion loss or diminution is associated with
reduced DFS in breast cancer. Obtaining highly
congruent data from 3 independent studies
undoubtedly support a genuine role for RKIP in
breast cancer progression. We have previously
identified RKIP as a useful prognostic marker,
particularly in identifying patients with early-
stage colorectal cancer at risk of metastatic
relapse [34]. Moreover, loss or diminution of
RKIP has been linked to poor survival in many
cancer types (reviewed in Al-Mulla et al. [17]).
Therefore, our data add breast cancer to the
panoply of evidence linking RKIP expression
loss to metastatic disease and poor survival. In
addition, we show that the complete absence
of p-RKIP in both the nucleus and the cyto-
plasm constitutes an independent prognostic
indicator of poor DFS in multivariate analysis.
The role of p-RKIP in cancer is not well estab-
lished. However, our data harmonize with a
recent report from patients with lung cancer
and melanoma [35, 36]. Overall, these results
indicate the importance of assessing both
p-RKIP and RKIP expression levels to delineate
RKIP role in different types of cancer.

We presented the only comprehensive analysis
to date linking ER status to RKIP expression. At
protein level, 82.5% of high nuclear and 80% of
high cytoplasmic and nuclear RKIP expressing
tumors were ER positive. This significant asso-
ciation was confirmed at mRNA level using two

Am J Cancer Res 2013;3(5):446-464
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Figure 8. (A) Representative western blot analysis of ERa, e-cadherin, MTA3, Snail, RKIP and Tubulin in metastatic,
triple negative (MDA-MB231) and non-metastatic (MCF7, T47D) breast cancer cell lines. Tubulin expression was
served as a loading control. (B) Protein expression of RKIP and Snail in MCF7 cells expressing ERa specific or
scramble control siRNA. (C) Representative western blot analysis of Snail and RKIP expression in protein lysates
derived from MDA-MB231 cells expressing the ERa (C) or MTA3 (D) proteins. EVC: Empty vector control. Actin expres-
sion was used as a loading control. The experiments have repeated at least three times with very similar results. (E)
A representative model depicting the mechanism through which RKIP expression is induced by ER.

independent cohorts. 5a-Dihydrotestosterone
has been shown to bind Androgen response
elements on the RKIP promoter and to drive its
expression in the prostate [37]. However, we
found little evidence of ER binding consensus
DNA sequences in the RKIP gene (data not
shown). Moreover, Carroll et. al., have mapped
all estrogen receptor and RNA polymerase I
binding sites in MCF-7 cells using a genome-
wide approach, and found no evidence for ER
binding sites in the RKIP gene [38]. Therefore,
we proposed that ER may indirectly influence
RKIP expression. Indeed, the ER-MTA3-Snail
axis has been previously described in relation
to e-cadherin transcriptional silencing and EMT
phenotype [29]. Our data includes RKIP as an
additional key molecule in the aforementioned
signaling dependent pathway in breast cancer.
Our in vitro studies offer further support to this
notion. ER-MTA3 appears to play only a part in
RKIP activation since 48% of ER positive tumors
had diminished RKIP expression indicating the
existence of ER-independent RKIP silencing
mechanisms in breast cancer. Equally, other
factors may activate RKIP expression in ER
negative tumors. This is not surprising given
that RKIP expression is controlled at the tran-
scriptional level by Snail [39, 40]. Although
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Snail can be repressed transcriptionally by
MTAS3 [29], its transcription and stability can be
modulated by NFkB [41] and GSK3B [42]
respectively, while both can be modulated by
RKIP [15, 43]. Such important circuitry may
explain the intricate molecular machinery con-
trolling cancer growth, EMT, invasiveness and
metastasis, especially in ER negative breast
cancetr.

The mitogenic effect of ER on breast tissue is
well documented [44]. The wide use of selec-
tive ER modulators, particularly Tamoxifen, in
the management of hormone receptor-positive
breast cancer, has improved patients’ survival
significantly. Moreover, 40% of Tamoxifen treat-
ed patients suffer from disease relapse. It
would be of significant interest to examine if
RKIP loss or diminution may be responsible for
therapeutic resistance [45]. This proposition is
not unrealistic given the existence of a large
body of evidence linking the activation of Ras-
Raf-MEK-ERK pathway with hormone therapy
resistance [46, 47] and the ability of signal
transduction inhibitors in enhancing endocrine
sensitivity [48]. The activation of the MAPK
pathway in ERx positive breast cancer cells has
been shown to induce molecular phenotypes
reminiscent of ER negative breast cancer [49].
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Figure 9. Association between RKIP expression, EMT, molecular subclasses, ER and DFS of breast cancer. Median
RKIP expression levels obtained from 81 samples (Table 2) from 70 different breast cancer cell lines. (A) and 3992
clinical breast cancer cases (B) after appropriate molecular subclassification. (C and D) Show the inverse correlation
between RKIP expression and EMT scores obtained in cell lines and clinical breast cancer samples respectively.
(E) Direct and linear correlation between RKIP and ER expression in breast cancer samples. (F) Shows the median
values and distribution of RKIP mRNA levels in ER+ and ER- breast cancer samples. (G) Shows Kaplan-Meier’'s
disease-free survival curves between high (>median) and low RKIP (€median) expressing breast cancer samples.
The p values compare each subclass with the rest of subclasses. Rho statistic was used to establish the linear cor-
relation between RKIP expression and EMT. The Log-Rank test was used to compare the statistical difference in

DFS for this cohort.

RKIP expression appears to vary across differ-
ent breast cancer subtypes with the highest
expression observed in Luminal A, and the low-
est in Claudin-low subtype. Interestingly, the
claudin-low subtype is characterized by low
expression of tight junction proteins (claudin 3,
4, 7 and e-cadherin) with stem-cell like and
intense EMT phenotypic features. This subtype
expresses ZEB1, twist and Snail, which are
markers for EMT and poor survival [1, 24].

RKIP loss is highly permissive for (-catenin,
Snail, SLUG, and vimentin expression, which
are molecules constitutively expressed in EMT
and ones that encourage cellular invasion and
metastasis [15, 16]. Therefore, our data offer
additional leverage for the panoply of evidence
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pointing towards an intimate relationship
between ER negativity, EMT [50] and their poor
clinical outcome in breast cancer [51].

ERBB2-enriched breast tumors ranked second
lowest in terms of RKIP expression after
Claudin-low subtype. Independently, at protein
level, we observed a similar reciprocal associa-
tion between HER-2 overexpression/amplifica-
tion and RKIP positivity at the protein level.
These data are reminiscent of an earlier report
confirming that RKIP was among 15 proteins
downregulated in HER-2/neu positive com-
pared to HER-2/neu negative breast cancer tis-
sues [52]. We are currently actively investigat-
ing the prognostic efficacy of RKIP expression
within each breast cancer subtype.
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Future studies will be needed in order to deci-
pher the particular functional significance of
the many pathways modulated by RKIP or its
phosphorylated form. Nevertheless, one may
envision a therapeutic intervention aimed at
inducing RKIP and its phosphorylated form in
the treatment of Claudin-low or ERBB2-enriched
breast cancer. Indeed, one study has shown
that RKIP induction inhibited the in vitro growth,
invasiveness and metastatic capability of
human triple negative MDA-MB-231 cells [53].
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