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Abstract

Background

In breast cancer, gene signatures that predict the risk of metastasis after surgical tumor
resection are mainly indicative of early events. The purpose of this study was to identify
genes linked to metastatic recurrence more than three years after surgery.

Methods

Affymetrix HG U133A and Plus 2.0 array datasets with information on metastasis-free, dis-
ease-free or overall survival were accessed via public repositories. Time restricted Cox
regression models were used to identify genes associated with metastasis during or after
the first three years post-surgery (early- and late-type genes). A sequential validation study
design, with two non-adjuvantly treated discovery cohorts (n = 409) and one validation
cohort (n = 169) was applied and identified genes were further evaluated in tamoxifen-
treated breast cancer patients (n = 923), as well as in patients with non-small cell lung
(n=1779), colon (n =893) and ovarian (n = 922) cancer.

Results

Ten late- and 243 early-type genes were identified in adjuvantly untreated breast cancer.
Adjustment to clinicopathological factors and an established proliferation-related signature
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markedly reduced the number of early-type genes to 16, whereas nine late-type genes still
remained significant. These nine genes were associated with metastasis-free survival
(MFS) also in a non-time restricted model, but not in the early period alone, stressing that
their prognostic impact was primarily based on MFS more than three years after surgery.
Four of the ten late-type genes, the ribosome-related factors EIF4B, RPL5, RPL3, and the
tumor angiogenesis modifier EPN3 were significantly associated with MFS in the late period
also in a meta-analysis of tamoxifen-treated breast cancer cohorts. In contrast, only one
late-type gene (EPN3) showed consistent survival associations in more than one cohort in
the other cancer types, being associated with worse outcome in two non-small cell lung can-
cer cohorts. No late-type gene was validated in ovarian and colon cancer.

Conclusions

Ribosome-related genes were associated with decreased risk of late metastasis in both
adjuvantly untreated and tamoxifen-treated breast cancer patients. In contrast, high expres-
sion of epsin (EPN3) was associated with increased risk of late metastasis. This is of clinical
relevance considering the well-understood role of epsins in tumor angiogenesis and the
ongoing development of epsin antagonizing therapies.

Introduction

Breast cancer survival time is closely linked to distant metastatic recurrence. The absence of
metastasis within the first years after diagnosis and primary therapy generally indicates a good
long-term prognosis, but late metastatic events do still occur more than five years after diagno-
sis, however with a slowly decreasing risk [1-3]. As breast cancer survival is closely linked to
distant metastatic recurrence, accurate prediction of late metastasis is therefore of high clinical
relevance. For one, a patient’s long-term distress would be alleviated if it was possible to pre-
dict a low probability of late metastatic recurrence. Moreover, while unnecessary treatment of
patients with a low risk of late metastasis could be avoided, high-risk patients could benefit
from extended adjuvant endocrine therapy [4].

Clinicopathological factors, such as positive nodal status, large tumor size and positive
estrogen receptor (ER) status, have been linked to late metastasis [3, 5-11]. On the other hand,
gene signatures, primarily based on genes involved in proliferation, were successful in particu-
lar for prediction of early metastatic events [12]. In a prospective study of estrogen receptor-
positive, node-negative patients, treated with anastrozole or tamoxifen [6], both the Oncotype
DX 21-gene recurrence score [13] and the IHC4 immunohistochemistry panel (ER, PR,
HER?2, and Ki67) [14] contributed little to the prediction of late distant disease recurrence,
whereas the PAM50 signature-based risk-of-recurrence (ROR) score [15] was shown to pro-
vide predictive power for late recurrence independent of clinical parameters. Also the breast
cancer index (BCI) assay component HOXBI13:IL17BR, originally identified in patients treated
with tamoxifen monotherapy by comparing the gene expression profiles of recurrent and non-
recurrent tumors [16,17], has been shown to identify high-risk patients 5-10 years after diag-
nosis, independent of conventional factors [18,19].

A number of explorative studies using transcriptome-wide search strategies to identify sig-
natures specifically associated with tumor dormancy and late metastatic recurrence have been
performed in breast cancer [11,20,21]. However, no study comprehensively analyzed a large
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number of breast cancer cohorts to identify and validate single genes with prognostic power
for late metastasis, including FDR adjustment for multiple testing of the large number of can-
didate genes. Furthermore, it is not clear, to what extent genes associated with late metastatic
recurrence in breast cancer can be extrapolated to other cancer types.

Using publicly available gene expression microarray data and a discovery-validation set
approach, the aim of this study was to identify genes associated with metastatic recurrence (i)
during the first three years after surgery (‘early-type genes’) and (ii) in the time period three
years after surgery and later (‘late-type genes’), i.e. in patients who were metastasis-free during
the first three years after surgery. In contrast to previous studies that mainly comprised adju-
vantly treated patient populations with mixed nodal-status, only node-negative patients that
were untreated in the adjuvant setting were included to avoid the potential difficulty of differ-
entiating between the spontaneous course of the disease and treatment response. Genes associ-
ated with late metastatic recurrence were in a second step further validated in the today
clinically more relevant group of ER positive breast cancer patients treated with adjuvant
tamoxifen. Finally, we investigated whether genes associated with late metastatic recurrence in
breast cancer showed the same association in non-small cell lung, ovarian and colon cancer.

Material and Methods
Datasets and data preprocessing

Affymetrix GeneChip HG U133A gene expression microarray data, and a study design with
two discovery sets and one validation set (Fig 1), was applied to identify late-type and early-
type genes in ER positive, adjuvantly untreated, node-negative breast cancer. The Rotterdam
(n =208) (GSE2034) [22] and Transbig (n = 201) (GSE6532 and GSE7390) [23,12] datasets,
accessed via the Gene Expression Omnibus (GEO) data repository [24], were used for gene
discovery. Probe sets were defined as candidates if they were significantly associated with MFS
in both cohorts (p<0.05) and showed hazard ratio agreement between the two cohorts (i.e.
HR<1 or HR>1 in both cohorts). The association with late, or early, metastasis was then vali-
dated in the Mainz dataset (n = 169) (GSE11121) [25]. Frozen robust multiarray analysis
(fRMA) [26] was used for normalization, since fRMA does make the expression values of dif-
ferent datasets more comparable. Clinicopathological characteristics for all patients, and for
the subset of patients who did not develop a metastasis during the first three years after sur-
gery, are summarized in SIA-S1F Table for all cohorts.

To extend the analysis to a currently clinically more relevant patient group (S1 Fig), seven
datasets (GSE12093, GSE17705, GSE26971, GSE2990, GSE3494, GSE6532, GSE9195), includ-
ing a total of 923 ER positive breast cancer patients treated with tamoxifen monotherapy in
the adjuvant setting and with available information on MES (793 patients when discarding
observed times shorter than three years), were downloaded from GEO and manually curated.
To further extend the analysis to other cancer types (S1 Fig), ten non-small cell lung cancer
(NSCLC) datasets with information on overall survival (GSE14814, GSE19188, GSE29013,
GSE30219, GSE31210, GSE3141, GSE37745, GSE4573, GSE50081, Shedden), totaling 1779
patients (1070 patients when discarding patients with observed times shorter than three years),
eight ovarian cancer datasets with information on overall survival (GSE14764, GSE18520,
GSE19829, GSE26193, GSE26712, GSE30161, GSE9891, Duke), totaling 922 patients (395
patients when discarding observed times shorter than 3 years), and four colon cancer datasets
with information on disease-free survival (GSE14333, GSE17537, GSE39582, GSE41258), com-
prising 893 patients (486 patients when discarding patients with observed times shorter than
three years) were downloaded from GEO and manually curated. For a summary of included
datasets, see S1 Supporting Information.
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Identification of early- and late-type genes

ER+ node-negative untreated breast cancer

Discovery set

Validation set

Rotterdam
(GSE2034) 208 patients

Transbig
(GSE6532 & GSE7390) 201 patients

Mainz

(GSE11121) 169 patients

w05

w05

1

2 Probe sets that showed a significant association with MFS in both training cohorts plus Hazard Ratio (HR)
agreement between the two cohorts (i.e. HR>1 or HR<1 in both cohorts)

3Unadjusted p-value, univariate Cox analysis of 613 early-type probe sets and 87 late-type probe sets identified in

the training set

4FDR adjusted p-value, univariate Cox analysis, and HR agreement with training set (i.e. HR>1 or HR<1 in all cohorts)

5 Multivariate Cox analysis, adjusted for age, stage, histological grade, and HER2 status

Early-type Late-type Early-type Late-type Early-type Late-type
HR>1 (2542) HR>1 (991) HR>1 (1201) HR>1 (666) HR>1 (291) HR>1 (5)
HR<1 (3432) HR<1 (821) HR<1 (722) HR<1 (479) HR<1 (61) HR<1 (14)

probe set overlap? ‘ adj p<0.054 ‘ Table 1

Early-type Late-type Early-type Late-type

HR>1 (460) HR>1 (44) HR>1 (242) HR>1 (1)

HR<1 (156) HR<1 (44) HR<1 (43) HR<1 (11)

multivariate p<0.05°% ‘ Table 2

Early-type Late-type

HR>1 (77) HR>1 (0)

' - . ) HR<1 (29) HR<1 (11)

1 Unadjusted p-value, univariate Cox analysis of 22,283 probe sets, Affymetrix HG U133A array

Fig 1. Identification of early- and late-type genes. Study design for identification and validation of early-type and late-type genes in node-negative,
systemically untreated, ER-positive breast cancer. The number of probe sets identified in each step is given within parentheses.

doi:10.1371/journal.pone.0167585.9001

Statistical analysis

To identify early-type and late-type genes, given a fixed cutoff of ¢ years, Cox models were fit-
ted with adjusted times to metastasis. For the early-type analysis, times larger than c years were
censored at ¢ years, in order to neglect later events. For the late-type analysis, times smaller
than c years were discarded, and from the remaining times c years were subtracted, in order to
move the starting point to c years. For all cohorts and cancer types, the cutoff ¢ = 3 years was
used. For the node-negative untreated breast cancer cohorts, ¢ = 5 was additionally used.
Metastasis-free survival (MFS) was computed from the date of diagnosis to the date of distant
metastasis. Patients who died of a non-tumor related cause were censored at the date of death.
Univariate and multivariate Cox models adjusted for the available clinicopathological parame-
ters were calculated using the R package ‘survival’ version 2.38 [27]. Survival rates were fitted
with the Kaplan-Meier estimator. Survival functions were compared with the log-rank test.

ER and HER?2 status were for the node-negative, untreated cohorts derived from the
bimodally distributed mRNA levels of the corresponding genes (probe sets: ESR1 205225_at
and ERBB2216836_s_at) based on RMA normalized expression values, as stated in [28]. Cate-
gorization of clinical variables for the breast cancer cohorts was performed as follows: age:
<50 vs. >50 years; grade: GI+GII vs. GIII; tumor size: <2cm vs. >2cm; HER2: negative
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vs. positive. For the NSCLC cohorts, clinical variables were categorized as follows: histology:
squamous cell carcinoma vs. adenocarcinoma vs. large cell carcinoma vs. other; pTNM stage: I
vs. II-IV; age: <70 vs. >70 years; sex: male vs. female; smoking status: never vs. current/ex-
smoker. Clinical variables for the ovarian cancer cohorts were categorized as follows: age: <65
vs. >65 years; stage: I+1I vs. III+IV; grade: GI+GII vs. GIII; histology: serous vs. other. The cut-
off for the dichotomization of age was retrieved from [29], the corresponding publication to
one of the included ovarian cancer cohorts. Categorization of clinical covariables for the colon
cancer cohorts was performed as follows: age: <67 vs. >67 years; sex: male vs. female; grade:
GI+GII vs. GIII; stage: 0+I+1I1 vs. III+IV; tumor localization: distal vs. proximal vs. rectum.
The cutoff for age was here determined by the median over all colon cancer cohorts.

Meta-analysis was performed with random effects models based on parameter estimates of
log hazard ratios in univariate Cox models and corresponding standard errors. For combining
single estimates into one pooled estimate inverse variance weighting was used. Results were
visualized with forest plots, in which parameter estimates of all single studies and the pooled
estimates along with their confidence intervals are plotted on top of each other. All analyses
were performed using R version 3.2.1 [30] and the R package ‘meta’ version 4.3-0 [31].

Results

Identification of late-type genes

The analysis pipeline and a stepwise summary of the results are shown in Fig 1. Eighty-eight
probe sets (81 genes) were significantly associated with late metastasis in both discovery cohorts,
with a hazard ratio that was either increased or decreased in both cohorts (hazard ratio agree-
ment) (S2A-S2C Table). In the second step, the association with late metastasis could be validated
for 19 probe sets (16 genes) in the Mainz cohort, of which 12 (10 genes) were significant after
FDR adjustment and showed hazard ratio agreement between all three cohorts (Table 1) (S2D
Table). Examples of Kaplan-Meier plots for validated late-type genes are presented in Fig 2A.

In the next step, the validated late type genes were adjusted to age, stage, grade, and HER2 sta-
tus. Eleven probe sets (9 genes) remained significant in the multivariate Cox analysis (Table 2),
indicating that most late-type genes are associated with time to metastasis independent of clinical
parameters. Previously, proliferation, estrogen receptor and immune (T- and B-cell) metagenes

Table 1. Late-type genes that predict metastasis-free survival three years after primary treatment and later.

Affy ID

200081_s_at
200715_x_at
200725_x_at
200858_s_at
200937_s_at
205542_at

209134_s_at
211073_x_at
211938_at

215963_x_at
217877_s_at
220318_at

Gene symbol

RPS6
RPL13A
RPL10
RPS8
RPL5
STEAP1
RPS6
RPL3
EIF4B
RPL3
GPBP1L1
EPN3

Rotterdam cohort Transbig cohort Mainz cohort

HR p HR p HR p p (fdr)
0.32 0.010 0.30 0.017 0.09 0.005 0.037
0.20 0.011 0.38 0.035 0.15 0.003 0.037
0.08 0.003 0.09 0.026 0.03 0.007 0.044
0.17 0.004 0.17 0.004 0.07 0.007 0.044
0.34 0.012 0.28 0.001 0.15 0.003 0.037
0.74 0.046 0.68 0.013 0.51 0.004 0.037
0.27 0.045 0.11 0.009 0.03 0.005 0.037
0.10 0.001 0.19 0.046 0.02 0.002 0.037
0.26 0.007 0.25 0.002 0.13 0.003 0.037
0.10 0.001 0.17 0.019 0.04 0.001 0.037
0.31 0.029 0.24 0.023 0.03 <0.001 0.030
2.31 0.036 2.07 0.024 2.56 0.005 0.037

Genes significant in the Rotterdam and Transbig cohorts were validated in the Mainz cohort (Fig 1). HR: hazard ratio; p: p-value; p (fdr): p-value after false
discovery rate correction.

doi:10.1371/journal.pone.0167585.t001
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A. Late-type genes in ER+ node-negative untreated breast cancer
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B. Early-type genes in ER+ node-negative untreated breast cancer

IGF1
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1
Metastasis free survival time (years) Metastasis free survival time (years)

early late

(5500

early late

30

proliferation metagene non-time restricted

Fig 2. Validated early- and late-type genes. Kaplan-Meier plots representing validated late-type (A) and
early-type (B) genes, for each showing one examples of one gene associated with better prognosis and one
gene associated with worse prognosis. The median was used to differentiate between patients with low and
high expression. Overlap between early-type and late-type genes with the previously described proliferation
metagene (C). Overlap between early-type and late-type genes with genes associated with MFS in a
conventional Cox model that considers the entire follow-up period (‘non-time restricted’) (D).

doi:10.1371/journal.pone.0167585.9002
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Table 2. Multivariate analysis of the ten late-type probe sets in the Mainz cohort.

Affy ID
200081_s_at
200715_x_at
200725_x_at
200858_s_at
200937_s_at
205542_at
209134_s_at
211073_x_at
211938_at
215963_x_at
217877_s_at
220318_at

Gene symbol
RPS6
RPL13A
RPL10
RPS8
RPL5
STEAP1
RPS6
RPL3
EIF4B
RPL3
GPBP1L1
EPN3

3 year cutpoint: multivariate analysis adjusted to

clinical factors clinical factors + metagenes
HR p HR P
0.10 0.015 0.10 0.031
0.12 0.005 0.11 0.009
0.04 0.036 0.03 0.028
0.06 0.012 0.05 0.014
0.16 0.012 0.16 0.026
0.54 0.013 0.56 0.022
0.04 0.024 0.03 0.036
0.03 0.008 0.01 0.003
0.17 0.018 0.10 0.005
0.05 0.009 0.03 0.004
0.04 0.001 0.02 <0.001
2.73 0.079 2.33 0.160

Validation of late-type probe sets. Multivariate analysis in the validation cohort (Mainz) adjusted to (i) clinical factors age, stage, grade and HER2 status (ji)
age, stage, grade, HER2 status and additionally to the proliferation, estrogen receptor, B-cell and T cell-associated metagenes. HR: hazard ratio; p: p-value.

doi:10.1371/journal.pone.0167585.t002

were described and shown to represent biological motifs with a strong impact on breast cancer
prognosis [25]. Therefore, the analysis was in addition adjusted to the proliferation metagene,
estrogen receptor metagene and immune cell metagenes. The multivariate analysis demonstrated
that 11 of 12 late-type probe sets (9 genes) were still independently associated with MES after
adjustment to the clinical factors and additionally to the metagenes (Table 2).

We then asked whether the identified late-type genes were associated with MFS also after
five years, so a Cox model starting at five years after surgery was fitted, discarding event times
shorter than five years and subtracting five years from the remaining times. All but one late-
type probe set were significantly associated with MFS also after five years (S3 Table). Analysis
of even later time periods was not feasible due to the small number of metastatic events.

Information about the functions of the validated late-type genes is briefly summarized in
Table 3. Six of the ten late-type genes encode components of ribosomal 40S and 60S subunits
(RPL3, RPL5, RPL10, RPL13A, RPS6, RPS8) and one encodes a binding partner of the 40S ribo-
somal subunit (EIF4B). The function of GPBPILI is not well-known, but it has been reported
to interact with eukaryotic translation initiation factor 3 (EIF3B). In addition to functioning as
ribosomal components, ribosomal proteins have been implicated in for instance stress signal-
ing, apoptosis, regulation of replicative life span, and translational silencing (Table 3). Epsin 3
(EPN3), reported to mediate epithelial cell migration, was the only validated late-type gene
associated with shorter MFS.

While not the main focus of this investigation, it is also worth noting that when the entire
analysis pipeline described above was repeated for ER negative breast cancers (Rotterdam
n = 78; Transbig n = 79; Mainz n = 31), no late-type gene was identified (data not shown),
probably due to power restrictions because of low case numbers and few late events (Rotter-
dam n = 52; 2 events, Transbig n = 62; 10 events, Mainz n = 24; 5 events).

Identification of early-type genes

The same analysis pipeline was then applied to identify early-type genes (Fig 1). 616 probe
sets (494 genes) were significantly associated with early metastasis in both discovery cohorts
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Table 3. Summary of known biological functions for the validated late-type genes.

Gene
symbol

RPL3

RPL5

RPL10
RPL13A

RPS6

RPS8
EIF4B
GPBP1L1

STEAP1

EPN3

Gene name

Ribosomal Protein L3

Ribosomal Protein L5

Ribosomal Protein L10
Ribosomal Protein L13a

Ribosomal Protein S6

Ribosomal Protein S8

Eukaryotic Translation Initiation Factor
4B

GC-Rich Promoter Binding Protein
1-Like 1

Six Transmembrane Epithelial Antigen
Of The Prostate 1

Epsin 3

Function

Component of the 60S ribosomal subunit; RPL3-mediated p21 upregulation induces G1/S cell
cycle arrest or apoptosis in the absence of p53 [37]; Essential for response to 5-FU and oxaliplatin
and involved in DNA repair [43]

Component of the 60S ribosomal subunit; Involved in p53 stress signaling [40,41]; Upon stress,
RPLS5 binds to MDM2, thereby activating p53 [44]; Found to be mutated in glioblastoma and T-cell
acute lymphoblastic leukemia (T-ALL), as well as in Diamond Blackfan anemia (DBA), a
ribosomopathy connected with an increased lifetime risk of cancer [45]

Component of the 60S ribosomal subunit; Involved in replicative life span regulation in yeast [42];
Mutated in a subset of T-ALL patients [46]

Component of the 60S ribosomal subunit; Part of the IFN-gamma-activated inhibitor of translation
(GAIT) complex [47]; Involved in translational silencing [48]

Component of the 40S ribosomal subunit; Promotes lipogenesis via the AKT—mTORC1-RPS6
pathway [38]; A mediator of mTOR-inhibitor anti-tumoral activity in renal cell cancer [49]; Hypoxia
inhibits translation by suppression of RPS6, independent of HIF [39]

Component of the 40S ribosomal subunit; Interacting partner of CDK11p46, regulates translation
and sensitizes cells to Fas ligand-induced apoptosis [36]

Required for the binding of mRNA to ribosomes; Phosphorylated and activated by Ras-MAPK and
PIBK-mTOR; depletion is linked to lower proliferation and promotion of apoptosis [50]

Function unknown; Possible transcription factor; Experimental evidence (two hybrid assay) for
interaction with eukaryotic translation initiation factor 3 (EIF3B) [51]

Metalloreductase; Upregulated in cancers and a possible target forimmunotherapy [52];
Correlates with tumor grade and inversely with estrogen receptor immunoreactivity and tumor in
breast cancer [53]

Endocytic adaptor; Overexpression of epsins induces migration [54,55]

Official gene symbol, gene name and summary of known biological functions for validated late-type genes, based on information from Entrez Gene, UniProt

and literature.

doi:10.1371/journal.pone.0167585.t003

and showed hazard ratio agreement between the two discovery cohorts (S2A-S2C Table).
The association with early metastasis could be validated for 352 probe sets (291 genes) in the
Mainz cohort, of which 285 (243 genes) were significant also after FDR adjustment and
showed hazard ratio agreement between all three cohorts (S2D Table). Examples of Kaplan-
Meier plots for validated early-type genes are presented in Fig 2B. Of the 285 validated

probe sets, 106 (87 genes) remained significant after adjustment to age, stage, grade, and
HER2 status (S4 Table). After additional adjustment to the proliferation, estrogen receptor
and immune cell metagenes previously identified by [25], only 17 probe sets (16 genes)
remained significant (54 Table). A relatively large fraction of the 285 validated early-type
probe sets overlapped with the probe sets included in the proliferation metagene (Fig 2C).
The proliferation metagene has been shown to be associated with worse prognosis in a non-

time restricted model [25] and most of these genes are also associated with early metastasis
in the here performed Cox model restricted to the first three years after surgery.

Overlap of late- and early-type genes with genes identified by a non-time
restricted model

The separate analysis of late-type and early-type genes indicated that these genes upon first
sight appeared to belong to different categories: a small number of late-type genes, mostly asso-
ciated with longer MFS, and a much larger number of early-type genes, primarily associated
with proliferation and mostly associated with shorter MFS. To further understand whether
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late-type genes are associated with MFS exclusively in the period three years after surgery and
later, correspondingly, if early-type genes are associated with MFS exclusively in the first three
years after surgery, the overlap with genes associated with MFS in a non-time restricted model
was determined. When the same analysis pipeline was applied to identify genes associated with
metastatic recurrence using a non-time restricted model, 626 probe sets (519 genes) were sig-
nificantly associated with metastasis in both discovery cohorts and showed hazard ratio agree-
ment between the two discovery cohorts (S2A-S2C Table). The association with metastasis
could be validated for 277 probe sets (233 genes) in the Mainz cohort, of which 204 (174
genes) were significant also after FDR adjustment and showed hazard ratio agreement between
all three cohorts (52D Table). Only one probe set (EIF4B) was found in the overlap of early-
and late-type genes and genes significant in the non-time restricted model (Fig 2D). All but
one late-type probe set (11 probe sets; 9 genes) and 38% of the early-type probe sets (110 probe
sets; 100 genes) were also associated with metastatic recurrence considering the entire follow-
up period (Fig 2D). One probe set was associated with MES in the late period only, whereas
175 probe sets were associated with MFS in the early period only (Fig 2D).

Analyzing the identified late-type genes in the early and complete time period in each cohort
separately, 17-75% (range of the three cohorts) of late-type genes were found to be associated
with MFS also in the early period and 92-100% in the non-time restricted analysis (S5A-S5C
Table). Correspondingly, 13-18% of early-type genes were found to be associated with MFS in
the late period and 66-85% in the non-time restricted analysis (S6A-S6C Table). In conclusion,
this complex scenario suggests a concept where prognostic genes are primarily influential dur-
ing an early period after diagnosis, but major differences exist regarding to which degree their
influence is maintained after three years and later. The majority of genes lost their prognostic
influence after longer time periods (‘early-only genes’), whereas a small number of genes main-
tained their significance also after three years (late-type genes). One probe set (STEAPI) was
associated with MFS in the late period only, whereas 175 probe sets were associated with MFS
in the early period only (Fig 2D). While the existence of ‘early-only genes’ is unquestionable,
we hesitate to claim the existence of ‘late-only genes’ based on one probe set only.

Validation of late-type genes in ER positive breast cancer treated with
adjuvant tamoxifen

We then tested if the identified late-type genes showed a prognostic impact in the time period
three years after surgery also in a today more clinically relevant situation, as ER positive breast
cancer patients currently often are treated with tamoxifen after surgical removal of the primary
tumor. Eight cohorts, including a total of 923 ER positive patients treated with tamoxifen in
the adjuvant setting, were analyzed. Discarding event times shorter than three years, 793
patients remained (S1 Fig). Three late-type genes, EIF4B, RPL5 and RPL3, were found to be
significantly associated with late metastasis in two or more cohorts (S7A Table), all associated
with longer MFS in the univariate Cox analysis, in agreement with findings in the node-nega-
tive, untreated breast cancer cohorts. Including all cohorts in a meta-analysis, EIF4B, EPN3,
RPL13A and RPL5 were significantly associated with late metastasis and corresponding forest
plots are visualized in Fig 3.

Prognostic influence of late-type genes in non-small cell lung, ovarian
and colon cancer
We then aimed to determine if late-type genes identified in breast cancer are relevant also in

other cancer types. The association with overall survival (OS) or disease-free survival (DFS) in
patients who were still alive or disease-free three years after primary surgery was therefore
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Fig 3. Validation of late-type probe sets in tamoxifen-treated cohorts. Forest plots for the late-type probe sets that
were significantly associated with prognosis in the meta-analysis of ER-positive breast cancers treated with adjuvant

tamoxifen.

doi:10.1371/journal.pone.0167585.g003

analyzed in non-small cell lung cancer (OS), ovarian cancer (OS) and colon cancer (DES) (S1
Fig). Results are comprehensively reported for each cohort in S7B-S7D Table and briefly sum-
marized below.

Ten NSCLC cohorts, including in total 1070 patients when discarding event times shorter
than three years, were analyzed. One late-type gene (EPN3) was significantly associated with
shorter OS, and two late-type genes (RPL3, EIF4B) with longer OS, in more than one cohort
(S7B Table), in agreement with findings in breast cancer. Additionally, four late-type genes
(RPL13A, RPL5, RPL8, GPBP1LI) showed a significant association with OS in one cohort only.
In the analysis of eight ovarian cancer cohorts, including in total 395 patients when discarding
event times shorter than three years, only one late-type gene (RPS6) showed a significant asso-
ciation with OS and only in one cohort (S7C Table), higher gene expression being associated
with better outcome, in agreement with the observed association with longer MFS in breast
cancer. Finally, in the analysis of four colon cancer cohorts, comprising 486 patients when dis-
carding event times shorter than three years, only one gene (RPLI13A) was significantly associ-
ated with longer DES in one cohort (S7D Table), also here higher gene expression being
associated with better outcome in agreement with the observed association with longer MES in
breast cancer.

Overall, findings in breast cancer were poorly reproducible in other cancer types. Further-
more, as evident from S7B-S7D Table, several late-type genes showed a significant, but
opposite, association with prognosis in one or more cohorts compared to the initial analysis
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of breast cancer, exemplified by RPL10, EIF4B, GPBP1LI in NSCLC and RPL3, RPS6 and
STEAPI in ovarian cancer.

Discussion

Relatively little is still known about factors that promote, or protect against, late-occurring dis-
tant metastasis in breast cancer and there is a need to further outline if the expression patterns
of specific genes are linked to early and late metastatic recurrence. In this study, genes associ-
ated with early and late metastasis were identified in a transcriptome-wide manner based on
time restricted Cox regression models and a sequential validation approach. Gene identifica-
tion and validation was performed using publicly available gene expression microarray data
from node-negative, adjuvantly untreated, breast cancer patients with positive ER status.
Genes associated with late metastasis were then further evaluated in ER positive breast cancer
patients treated with adjuvant tamoxifen. The adjuvant untreated cohort will harvest genes
associated with the spontaneous progression of breast cancer, while the tamoxifen-treated
cohort will additionally lead to identification of genes associated with response to tamoxifen.
Nevertheless, this sequential rationale is justified, since the discovery cohort of untreated
patients reduces the number of genes for validation in the tamoxifen-treated cohort and
thereby ameliorates the multiple testing problem. Since validation is performed in the tamoxi-
fen-treated cohort, the confirmed genes are of clinical relevance, because anti-estrogenic ther-
apy of breast cancer represents a clinical standard. Moreover, the analysis was extended to
non-small cell lung, ovarian and colon cancer to determine if the prognostic impact could be
validated across diverse cancer types.

Ten late-type and 243 early-type genes were identified. After adjustment to clinicopatholog-
ical factors and previously established proliferation- and immune-related signatures, all but
one late-type gene was independently associated with MES while the number of significant
early-type genes was reduced to 16. Late-type genes were previously reported to play a role in
processes such as apoptosis, stress signaling, and hypoxia (Table 3), and higher expression was
associated with reduced risk of late metastasis, with one exception (EPN3). Early-type genes
were on the other hand dominated by proliferation-associated factors. However, the indication
that different gene sets might be related to early and late metastasis must be interpreted in light
of the large overlap between both late- and early-type genes with genes identified using a non-
time restricted model. In fact, with one exception (Fig 2D), all identified late-type genes were
also associated with MFS in the non-time restricted model, in agreement with the concept that
no additional metastasis-associated genes are identified when restricting the analysis to the
patient population who did not experience metastatic recurrence during the first three years
after surgery.

The difficulties in predicting long-term breast cancer prognosis are underscored by the fact
that only ten late-type genes were significantly associated with MFS in the patient population
that was metastasis-free for the first three years after surgical tumor resection. Also, other stud-
ies using a transcriptome-wide strategy to identify genes associated with late metastatic recur-
rence in breast cancer have yielded different lists of candidate genes [11,20,21]. This could be
due to different statistical approaches, analysis of dissimilar patient populations, or a combina-
tion of both. From a methodological perspective, any high-dimensional analysis, such as that
of transcriptome-wide gene expression data, requires a strategy that controls the number of
false positive discoveries. One strategy to address the problem of multiple testing is sequential
validation, where significant genes identified in a discovery set enter as candidates in a valida-
tion set. We previously recommended an optimized order for such a stepwise procedure,
where the datasets with the largest sample size (and the lowest measurement variance) are
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used for discovery steps and the datasets with the smallest sample size for validation steps [32].
Based on this approach, the Rotterdam and Transbig cohorts were here used for gene discov-
ery and the Mainz cohort for validation. As an alternative, a meta-analysis was performed for
the three untreated, node-negative breast cancer cohorts and all probe sets on the Affymetrix
HG U133A array to first consider the association in each cohort independently and then com-
bine them into one measure. Also with this approach, the ten late-type genes were identified
(S8 Table) and the overlap between the three cohorts for probe sets associated with MFS in the
early and late time period is illustrated in S2 Fig.

One limitation of the present study was the number of metastatic events in long-term breast
cancer survivors. Due to a low number of events, late metastasis could only be analyzed in the
time period beyond three and five years after primary diagnosis and not for an even later time
period (17 events after ten years, as compared to 98 and 53 after three and five years, respec-
tively, and hence insufficient statistical power). The fact that more early-type genes (n = 243)
were identified compared to the number of late-type genes (n = 10) can, however, not be
explained by statistical power, as a similar number of metastatic events occurred within
the first three years after surgery (n = 74) compared to the time period beyond three years
(n = 98). However, it is perhaps not surprising that most genes associated with MFS identified
in the analysis of primary tumor tissue predict early metastasis, since the probability of the
tumor acquiring additional mutations, and thereby changes in metastatic capacity, increases
with time during tumor evolution.

Previous studies focussed on associations of clinicopathological parameters with late metas-
tasis [3,5,7-10]. Estrogen receptor status has long been discussed as a factor that influences the
timing of metastatic recurrence [3,9,10]. However, based on a meta-analysis of our three
untreated, node-negative cohorts, ESR1 expression was not significantly associated with late
metastasis (p = 0.24). Focusing on genes involved in a pre-defined pathway, a 158-gene signa-
ture associated with c-Src activity, proposed by Zhang and colleagues, was shown to be associ-
ated with late-onset bone metastasis in breast cancer [33]. There was no overlap between the
genes included in the c-Src signature and the ten late-type genes identified in our multi-cohort
analysis pipeline. Extending the analysis to include also estrogen receptor-negative patients, in
analogy to the Zhang et al. study cohort, and using a genome-wide meta-analysis approach,
1558 out of 22283 probe sets were associated with late metastasis (unadjusted p<0.05). No sig-
nificant over-representation of late-type genes in the c-Src signature (14 out of 158 genes)
compared to the genome-wide fraction of late-type genes was observed (p = 0.216, Fisher test)
(S9 Table).

Recently, a study in 252 breast cancer patients has been published which aimed to identify
genes predicting late distant metastasis in adjuvantly untreated, ER-positive, HER2 negative
patients [11]. Considering the similarity of the study population and the common goal, it is
surprising that we could not confirm a single gene of the 241-gene signature for late distant
metastasis of Mittempergher and colleagues. Upon thorough analysis and application of
the statistical methods of [11] to our patient cohorts we found that the different statistical
approach explains the discrepancy: As additional inclusion criteria, Mittempergher et al.
required HER2 negativity and MammaPrint low-risk status, based on the assumption that
processes unique to late metastatic events are likely to be different from those captured by pre-
dictors of high risk of early recurrence, such as MammaPrint. Prediction Analysis for Microar-
rays (PAM) identified 241 probe sets (corresponding to 230 genes) predictive of late metastasis
comparing the late relapse group (5-15 years) with a control group who did not experience
disease recurrence during ten years of follow-up. There was no overlap between these 230 late
distant metastasis associated genes and our ten late-type genes, while three of the 230 genes
were among our identified early-type genes. Additionally, the authors evaluated the association

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 12/18



@° PLOS | ONE

EPN3 and Ribosome-Related Genes Are Associated with Late Events in ER+ Breast and Lung Cancer

to late metastasis for individual genes with time to event as a continuous variable. For this
analysis the expression values of each probe set were dichotomized using the median as cut-
point. To evaluate if the hazard ratios in the corresponding patient groups differed, the authors
used a test that puts more weight on late differences (Fleming and Harrington’s G-rho test
with rho = -1). This test weights differences between hazard rates with the inverse of the
Kaplan-Meier estimate at every time point. Based on this procedure, two genes were identified:
cholesterol 25-hydrolase (CH25H) and follistatin-like 4 (FSTL4), the first of which was vali-
dated in three publicly available data sets (non-overlapping with the datasets analyzed in our
study). Neither CH25H nor FSTL4 were among the late-type genes identified by our analysis
strategy. Using the statistical methods of [11] in our analysis pipeline, two other genes were
identified: Fts] RN A methyl transferase homolog 2 (FTSJ2) and epidermal growth factor recep-
tor pathway substrate 15-like 1 (EPSI5L1). Two methodical reasons explain this discrepancy.
The PAM analysis requires a dichotomization of the disease recurrence time which implies

an information loss compared to Cox regression analysis. Furthermore, the additional weight
for late differences in the G-rho test depends heavily on the proportion of censored observa-
tions. If the proportion of late-censored observations is high, this approach is similar to an
unweighted log-rank test. However, when only few late censored times are available, only very
late events are considered for testing differences. In contrast, the approach of our study either
focusses on events during the first three years, ignoring later events, or ignores the first three
years and considers all events thereafter. This relatively simple approach is robust, allows dif-
ferentiation of early and late type genes and avoids the bias that may be caused by censored
observations in the G-rho test.

Extending our analysis to breast cancer patients adjuvantly treated with tamoxifen, four
late-type genes (EIF4B, RPL5, RPL3, EPN3), identified using our sequential validation strategy,
were validated to be significantly associated with MFS in a meta-analysis including eight
tamoxifen-treated breast cancer cohorts, when restricting the analysis to patients who were
metastasis-free during the first three years after surgery. In contrast, few late-type genes
showed consistent survival associations in other cancer types, with the exception of epsin 3
(EPN3), which was associated with late metastatic recurrence in adjuvantly untreated and
tamoxifen-treated breast cancer as well as with worse outcome in the period three years after
surgery and later in two non-small cell lung cancer cohorts. EPN3 belongs to the epsin family
of endocytic adaptor proteins, originally described to be involved in clathrin-mediated inter-
nalization of cell surface receptors and lately reported to play a role in angiogenesis as well as
tumor cell migration and invasion [34]. Interestingly, endothelium-specific epsin deficiency
has been shown to block tumor progression in murine models by disrupting tumor angiogene-
sis. Epsins recognize ubiquitinated VEGFR?2, support its degradation and reduce VEGF signal-
ing. As a therapeutic strategy, a synthetic peptide that blocks epsin-VEGFR2 interactions has
been shown to result in dysfunctional vasculature unable to support the growing tumor [35].
The present study reports for the first time that expression of a member of the epsin family is
associated with poor outcome in two common human cancers.

While the role of epsin in tumor progression has already been established, the association
of ribosome-related genes with better prognosis remains difficult to understand. Two of the
ribosomal proteins, RPS8 and RPL3 have been reported to be involved in modulation of apo-
ptosis sensitivity [36,37]. RPS6 and RPL5 are involved in stress signaling or hypoxia response
[38-41]. RPL10 has been shown to be involved in replicative life span regulation [42]. Whether
these mechanisms are sufficient to explain the here observed role of ribosomal proteins in late
metastasis remains to be studied.

In summary, we presented a comprehensive study of breast cancer cohorts regarding iden-
tification of single genes with prognostic power for late metastasis. We rigorously adjusted for
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multiple testing of the large number of candidate genes with the FDR (false discovery rate)
approach. Ten genes were significantly associated with MFS in the patient population that

was metastasis-free during the first three years after tumor resection. This was true also after
adjustment for clinicopathological parameters. We identified ribosomal proteins associated
with better prognosis. Their role in suppression of metastasis remains to be elucidated. On the
other hand high expression of epsin (EPN3) with its well-established role in tumor angiogene-
sis, conferring worse prognosis in breast and lung cancer, is of high clinical relevance consider-
ing the ongoing development of epsin antagonizing therapies.

Supporting Information

S1 Fig. Number of observations in the validation datasets. Genes associated with late meta-
static recurrence were further validated in ER-positive patients treated with adjuvant tamoxi-
fen and investigated in non-small cell lung, ovarian and colon cancer.

(PPTX)

S2 Fig. Venn diagrams for the number of probe sets significantly associated with MFS in
the early and late period.
(PPTX)

$3 Fig. Correlation between late-type genes and clinical parameters. Beanplots of expression
values of the validated late-type genes in association with age, stage, histological grade and
HER2 status.

(PDF)

S1 Supporting Information. Summary over all analyzed datasets (ER-positive, tamoxifen-
treated breast cancer, non-small cell lung cancer, ovarian cancer and colon cancer) and the
data curation process.

(DOCX)

S$1 Table. Summary of clinicopathological characteristics of the node-negative, untreated
breast cancer cohorts. Clinicopathological characteristics for all patients and for the subset of
ER-positive patients included in the late analysis for the Mainz (A-B), Rotterdam (C-D), and
Transbig (E-F) cohort.

(DOCX)

S2 Table. Identified late- and early-type genes. Late- and early-type genes identified in the
Rotterdam cohort (A), Transbig cohort (B), overlap of Rotterdam and Transbig cohorts (C),
and validated in the Mainz cohort (D). Additionally, results of a conventional Cox model with-
out time restriction are shown (A-D). Affymetrix probe set IDs and official gene symbols are
given. HR: hazard ratio; p: p-value unadjusted; fdr: false discovery rate adjusted.

(XLSX)

§3 Table. Univariate analysis of the late-type probe sets in the period beyond five years
after surgery in the validation cohort (Mainz).
(DOCX)

$4 Table. Validated early-type genes. Multivariate analysis of the validation cohort (Mainz)
adjusted to age, stage, grade and HER2 status, and additionally to the proliferation, estrogen
receptor, B-cell and T-cell associated metagenes. Affymetrix probe set ID numbers and official
gene symbols are given. HR: hazard ratio; p: p-value; fdr: false discovery rate adjusted.

(XLSX)

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s008

@° PLOS | ONE

EPN3 and Ribosome-Related Genes Are Associated with Late Events in ER+ Breast and Lung Cancer

S5 Table. Summary of the ten late-type genes in the node-negative untreated cohorts. Sum-
mary of the ten late-type genes in the Mainz (A), Rotterdam (B) and Transbig (C) cohort, with
results of the univariate Cox analysis are shown for both the early (up to three years) and the
late period (from three years), as well as for a conventional model without time restriction.
HR: hazard ratio; CI: confidence interval.

(XLSX)

S6 Table. Summary of the 243 early-type genes in the node-negative untreated cohorts.
Summary of the 243 early-type genes in the Mainz (A), Rotterdam (B) and Transbig (C)
cohort, with results of the univariate Cox analysis are shown for both the early (up to three
years) and the late period (from three years), as well as for a conventional model without time
restriction. HR: hazard ratio; CI: confidence interval.

(XLSX)

S7 Table. Validation of the ten late-type genes in other cancer datasets. Validation of the
ten late-type genes in eight ER-positive breast cancer patients treated with adjuvant tamoxifen
monotherapy (A), in ten non-small cell lung cancer cohorts (B), in eight ovarian cancer
cohorts (C), and in four colon cancer cohorts (D). Results of the univariate and multivariate
Cox analysis, adjusted for the available clinical covariables in each cohort, for the late period
(from three years) are shown. HR: hazard ratio; CI: confidence interval.

(XLSX)

S8 Table. Validated late-type genes that predict metastasis-free survival three years after
primary treatment and later in the three node-negative, untreated breast cancer cohorts
and in a meta-analysis of all three cohorts.

(DOCX)

§9 Table. c-Src associated genes. Genes from the c-Src signature identified by Zhang et al.
(2009) were analyzed in the cohort of 766 node-negative breast cancer patients using a meta-
analysis approach with random effects to identify late-type genes. Significant genes (p<0.05)
are indicated by red color. HR: hazard ratio; raw p: p-value without adjustment for multiple
testing; adj. p: p-value adjusted for multiple testing; rank: rank of probe set according to p-
value.

(XLSX)

Author Contributions

Conceptualization: BH JGH JR.

Formal analysis: BH KM KE.

Funding acquisition: JGH JR.

Methodology: BH KM KE JGH JR.

Resources: AH KA AL IS MJB MS.

Software: BH KM.

Supervision: PM MS JGH JR.

Writing - original draft: BH KM KE JGH JR.

Writing - review & editing: BH KM KE RM CC PM MS JGH JR.

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167585.s013

@° PLOS | ONE

EPN3 and Ribosome-Related Genes Are Associated with Late Events in ER+ Breast and Lung Cancer

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Karrison TG, Ferguson DJ, Meier P. Dormancy of mammary carcinoma after mastectomy. J Natl Can-
cer Inst. 1999; 91:80-5. PMID: 9890174

Demicheli R, Abbattista A, Miceli R, Valagussa P, Bonadonna G. Time distribution of the recurrence
risk for breast cancer patients undergoing mastectomy: further support about the concept of tumor dor-
mancy. Breast Cancer Res Treat. 1996; 41:177-85. PMID: 8944336

Saphner T, Tormey DC, Gray R. Annual hazard rates of recurrence for breast cancer after primary ther-
apy. J Clin Oncol. 1996; 14:2738-46. PMID: 8874335

Cianfrocca M. Overcoming recurrence risk: extended adjuvant endocrine therapy. Clin Breast Cancer.
2008; 8:493-500. doi: 10.3816/CBC.2008.n.059 PMID: 19073503

Brewster AM, Hortobagyi GN, Broglio KR, Kau SW, Santa-Maria CA, Arun B, et al. Residual risk of
breast cancer recurrence 5 years after adjuvant therapy. J Natl Cancer Inst. 2008; 100:1179-83. doi:
10.1093/jnci/djn233 PMID: 18695137

Sestak |, Dowsett M, Zabaglo L, Lopez-Knowles E, Ferree S, Cowens JW, et al. Factors predicting late
recurrence for estrogen receptor-positive breast cancer. J Natl Cancer Inst. 2013; 105:1504—11. doi:
10.10983/jnci/djt244 PMID: 24029245

Nishimura R, Osako T, Nishiyama Y, Tashima R, Nakano M, Fujisue M, et al. Evaluation of factors
related to late recurrence—later than 10 years after the initial treatment—in primary breast cancer.
Oncology. 2013; 85:100-10. doi: 10.1159/000353099 PMID: 23867253

Chia SK, Speers CH, Bryce CJ, Hayes MM, Olivotto IA. Ten-year outcomes in a population-based
cohort of node-negative, lymphatic, and vascular invasion-negative early breast cancers without adju-
vant systemic therapies. J Clin Oncol. 2004; 22:1630-7. doi: 10.1200/JC0.2004.09.070 PMID:
15117985

Kennecke HF, Olivotto IA, Speers C, Norris B, Chia SK, Bryce C, et al. Late risk of relapse and mortality
among postmenopausal women with estrogen responsive early breast cancer after 5 years of tamoxi-
fen. Ann Oncol. 2007; 18:45-51. doi: 10.1093/annonc/mdI334 PMID: 17030545

Takeuchi H, Tsuiji K, Ueo H. Prediction of early and late recurrence in patients with breast carcinoma.
Breast Cancer. 2005; 12:161-5. PMID: 16110285

Mittempergher L, Saghatchian M, Wolf DM, Michiels S, Canisius S, Dessen P, et al. A gene signature
for late distant metastasis in breast cancer identifies a potential mechanism of late recurrences. Mol
Oncol. 2013; 7:987-99. doi: 10.1016/j.molonc.2013.07.006 PMID: 23910573

Desmedt C, Piette F, Loi S, Wang Y, Lallemand F, Haibe-Kains B, et al. Strong time dependence of the
76-gene prognostic signature for node-negative breast cancer patients in the TRANSBIG multicenter
independent validation series. Clin Cancer Res. 2007; 13:3207-14. doi: 10.1158/1078-0432.CCR-06-
2765 PMID: 17545524

Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, et al. A multigene assay to predict recurrence of
tamoxifen-treated, node-negative breast cancer. N Engl J Med. 2004; 351:2817—-26. doi: 10.1056/
NEJMoa041588 PMID: 15591335

Cuzick J, Dowsett M, Pineda S, Wale C, Salter J, Quinn E, et al. Prognostic value of a combined estro-
gen receptor, progesterone receptor, Ki-67, and human epidermal growth factor receptor 2 immunohis-
tochemical score and comparison with the Genomic Health recurrence score in early breast cancer. J
Clin Oncol. 2011; 29:4273-8. doi: 10.1200/JC0.2010.31.2835 PMID: 21990413

Dowsett M, Sestak |, Lopez-Knowles E, Sidhu K, Dunbier AK, Cowens JW, et al. Comparison of
PAMSO0 risk of recurrence score with oncotype DX and IHC4 for predicting risk of distant recurrence
after endocrine therapy. J Clin Oncol. 2013; 31:2783-90. doi: 10.1200/JC0.2012.46.1558 PMID:
23816962

Ma XJ, Wang Z, Ryan PD, Isakoff SJ, Barmettler A, Fuller A, et al. A two-gene expression ratio predicts
clinical outcome in breast cancer patients treated with tamoxifen. Cancer Cell. 2004; 5(6):607—16. doi:
10.1016/j.ccr.2004.05.015 PMID: 15193263

Ma XJ, Salunga R, Dahiya S, Wang W, Carney E, Durbecq V, et al. A five-gene molecular grade index
and HOXB13:1L17BR are complementary prognostic factors in early stage breast cancer. Clin Cancer
Res. 2008; 14:2601-8. doi: 10.1158/1078-0432.CCR-07-5026 PMID: 18451222

Zhang Y, Schnabel CA, Schroeder BE, Jerevall PL, Jankowitz RC, Fornander T, et al. Breast cancer
index identifies early-stage estrogen receptor-positive breast cancer patients at risk for early- and late-
distant recurrence. Clin Cancer Res. 2013; 19:4196-205. doi: 10.1158/1078-0432.CCR-13-0804
PMID: 23757354

Sgroi DC, Sestak I, Cuzick J, Zhang Y, Schnabel CA, Schroeder B, et al. Prediction of late distant recur-
rence in patients with oestrogen-receptor-positive breast cancer: a prospective comparison of the

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 16/18


http://www.ncbi.nlm.nih.gov/pubmed/9890174
http://www.ncbi.nlm.nih.gov/pubmed/8944336
http://www.ncbi.nlm.nih.gov/pubmed/8874335
http://dx.doi.org/10.3816/CBC.2008.n.059
http://www.ncbi.nlm.nih.gov/pubmed/19073503
http://dx.doi.org/10.1093/jnci/djn233
http://www.ncbi.nlm.nih.gov/pubmed/18695137
http://dx.doi.org/10.1093/jnci/djt244
http://www.ncbi.nlm.nih.gov/pubmed/24029245
http://dx.doi.org/10.1159/000353099
http://www.ncbi.nlm.nih.gov/pubmed/23867253
http://dx.doi.org/10.1200/JCO.2004.09.070
http://www.ncbi.nlm.nih.gov/pubmed/15117985
http://dx.doi.org/10.1093/annonc/mdl334
http://www.ncbi.nlm.nih.gov/pubmed/17030545
http://www.ncbi.nlm.nih.gov/pubmed/16110285
http://dx.doi.org/10.1016/j.molonc.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/23910573
http://dx.doi.org/10.1158/1078-0432.CCR-06-2765
http://dx.doi.org/10.1158/1078-0432.CCR-06-2765
http://www.ncbi.nlm.nih.gov/pubmed/17545524
http://dx.doi.org/10.1056/NEJMoa041588
http://dx.doi.org/10.1056/NEJMoa041588
http://www.ncbi.nlm.nih.gov/pubmed/15591335
http://dx.doi.org/10.1200/JCO.2010.31.2835
http://www.ncbi.nlm.nih.gov/pubmed/21990413
http://dx.doi.org/10.1200/JCO.2012.46.1558
http://www.ncbi.nlm.nih.gov/pubmed/23816962
http://dx.doi.org/10.1016/j.ccr.2004.05.015
http://www.ncbi.nlm.nih.gov/pubmed/15193263
http://dx.doi.org/10.1158/1078-0432.CCR-07-5026
http://www.ncbi.nlm.nih.gov/pubmed/18451222
http://dx.doi.org/10.1158/1078-0432.CCR-13-0804
http://www.ncbi.nlm.nih.gov/pubmed/23757354

@° PLOS | ONE

EPN3 and Ribosome-Related Genes Are Associated with Late Events in ER+ Breast and Lung Cancer

20.

21.

22,

23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

breast-cancer index (BCl) assay, 21-gene recurrence score, and IHC4 in the TransATAC study popula-
tion. Lancet Oncol. 2013; 14:1067-76. doi: 10.1016/S1470-2045(13)70387-5 PMID: 24035531

Cheng Q, Chang JT, Gwin WR, Zhu J, Ambs S, Geradts J, et al. A signature of epithelial-mesenchymal
plasticity and stromal activation in primary tumor modulates late recurrence in breast cancer indepen-
dent of disease subtype. Breast Cancer Res. 2014; 16(4):407. doi: 10.1186/s13058-014-0407-9 PMID:
25060555

Kim RS, Avivar-Valderas A, Estrada Y, Bragado P, Sosa MS, Aguirre-Ghiso JA, et al. Dormancy signa-
tures and metastasis in estrogen receptor positive and negative breast cancer. PLoS One. 2012; 7(4):
€35569. doi: 10.1371/journal.pone.0035569 PMID: 22530051

Wang Y, Klijn JGM, Zhang Y, Sieuwerts AM, Look MP, Yang F, et al. Gene-expression profiles to pre-
dict distant metastasis of lymph-node-negative primary breast cancer. Lancet. 2005; 365:671-9. PMID:
15721472

Loi S, Haibe-Kains B, Desmedt C, Lallemand F, Tutt AM, Gillet C, et al. Definition of clinically distinct
molecular subtypes in estrogen receptor-positive breast carcinomas through genomic grade. J Clin
Oncol. 2007; 25:1239—-46. PMID: 17401012

Gene Expression Omnibus. http://www.ncbi.nlm.nih.gov/geo/. Accessed June 2015.

Schmidt M, Béhm D, von Térne C, Steiner E, Puhl A, Pilch H, et al. The humoral immune system has a
key prognostic impact in node-negative breast cancer. Cancer Res. 2008; 68:5405—13. doi: 10.1158/
0008-5472.CAN-07-5206 PMID: 18593943

McCall MN, Bolstad BM, Irizarry RA. Frozen robust multiarray analysis (fRMA). Biostatistics. 2010; 11
(2):242-53. doi: 10.1093/biostatistics/kxp059 PMID: 20097884

Therneau T. A Package for Survival Analysis in S. 2015, R package version 2.38. URL: http://CRAN.R-
project.org/package=survival.

Schmidt M, Hellwig B, Hammad S, Othman A, Lohr M, Chen Z, et al. A comprehensive analysis of
human gene expression profiles identifies stromal immunoglobulin k C as a compatible prognostic
marker in human solid tumors. Clin Cancer Res. 2012; 18(9):2695-703. doi: 10.1158/1078-0432.CCR-
11-2210 PMID: 22351685

Konstantinopoulos PA, Spentzos D, Karlan BY, Taniguchi T, Fountzilas E, Francoeur N, et al. Gene
expression profile of BRCAness that correlates with responsiveness to chemotherapy and with outcome
in patients with epithelial ovarian cancer. J Clin Oncol. 2010; 28(22):3555—61. doi: 10.1200/JC0O.2009.
27.5719 PMID: 20547991

R Core Team (2015). R: A language and environment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria. URL: http://www.R-project.org/.

Schwarzer G. meta: General Package for Meta-Analysis. 2015, R package version 4.3-0. URL: http://
CRAN.R-project.org/package=meta.

Lohr M, Kélimann C, Freis E, Hellwig B, Hengstler JG, Ickstadt K, et al. Optimal strategies for sequential
validation of significant features from high-dimensional genomic data. Journal of toxicology and environ-
mental health A. 2012; 75(8—10):447-60.

Zhang XH, Wang Q, Gerald W, Hudis CA, Norton L, Smid M, et al. Latent bone metastasis in breast
cancer tied to Src-dependent survival signals. Cancer Cell. 2009; 16:67—78. doi: 10.1016/j.ccr.2009.05.
017 PMID: 19573813

Tessneer KL, Cai X, Pasula S, Dong Y, Liu X, Chang B, et al. Epsin Family of Endocytic Adaptor Pro-
teins as Oncogenic Regulators of Cancer Progression. Can Res Updates. 2013; 2(3):144-150.

Dong Y, Wu H, Rahman HN, Liu Y, Pasula S, Tessneer KL, et al. Motif mimetic of epsin perturbs
tumor growth and metastasis. J Clin Invest. 2015; 125(12):4349-64. doi: 10.1172/JCI80349 PMID:
26571402

Hao Y, Kong X, Ruan Y, Gan H, Chen H, Zhang C, et al. CDK11p46 and RPS8 associate with each
other and suppress translation in a synergistic manner. Biochem Biophys Res Commun 2011; 407
(1):169-74. doi: 10.1016/j.bbrc.2011.02.132 PMID: 21371428

Russo A, Esposito D, Catillo M, Pietropaolo C, Crescenzi E, Russo G. Human rpL3 induces G4/S arrest
or apoptosis by modulating p21 (waf1/cip1) levels in a p53-independent manner. Cell Cycle. 2013;
12:76-87. doi: 10.4161/cc.22963 PMID: 23255119

Calvisi DF, Wang C, Ho C, Ladu S, Lee SA, Mattu S, et al. Increased lipogenesis, induced by AKT-
mTORC1-RPS6 signaling, promotes development of human hepatocellular carcinoma. Gastroenterol-
ogy. 2011; 140:1071-83. doi: 10.1053/j.gastro.2010.12.006 PMID: 21147110

LiuL, Cash TP, Jones RG, Keith B, Thompson CB, Simon MC. Hypoxia-induced energy stress regu-
lates mRNA translation and cell growth. Mol Cell. 2006; 21:521-31. doi: 10.1016/j.molcel.2006.01.010
PMID: 16483933

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 17/18


http://dx.doi.org/10.1016/S1470-2045(13)70387-5
http://www.ncbi.nlm.nih.gov/pubmed/24035531
http://dx.doi.org/10.1186/s13058-014-0407-9
http://www.ncbi.nlm.nih.gov/pubmed/25060555
http://dx.doi.org/10.1371/journal.pone.0035569
http://www.ncbi.nlm.nih.gov/pubmed/22530051
http://www.ncbi.nlm.nih.gov/pubmed/15721472
http://www.ncbi.nlm.nih.gov/pubmed/17401012
http://www.ncbi.nlm.nih.gov/geo/
http://dx.doi.org/10.1158/0008-5472.CAN-07-5206
http://dx.doi.org/10.1158/0008-5472.CAN-07-5206
http://www.ncbi.nlm.nih.gov/pubmed/18593943
http://dx.doi.org/10.1093/biostatistics/kxp059
http://www.ncbi.nlm.nih.gov/pubmed/20097884
http://CRAN.R-project.org/package=survival
http://CRAN.R-project.org/package=survival
http://dx.doi.org/10.1158/1078-0432.CCR-11-2210
http://dx.doi.org/10.1158/1078-0432.CCR-11-2210
http://www.ncbi.nlm.nih.gov/pubmed/22351685
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://dx.doi.org/10.1200/JCO.2009.27.5719
http://www.ncbi.nlm.nih.gov/pubmed/20547991
http://www.R-project.org/
http://CRAN.R-project.org/package=meta
http://CRAN.R-project.org/package=meta
http://dx.doi.org/10.1016/j.ccr.2009.05.017
http://dx.doi.org/10.1016/j.ccr.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19573813
http://dx.doi.org/10.1172/JCI80349
http://www.ncbi.nlm.nih.gov/pubmed/26571402
http://dx.doi.org/10.1016/j.bbrc.2011.02.132
http://www.ncbi.nlm.nih.gov/pubmed/21371428
http://dx.doi.org/10.4161/cc.22963
http://www.ncbi.nlm.nih.gov/pubmed/23255119
http://dx.doi.org/10.1053/j.gastro.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21147110
http://dx.doi.org/10.1016/j.molcel.2006.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16483933

@° PLOS | ONE

EPN3 and Ribosome-Related Genes Are Associated with Late Events in ER+ Breast and Lung Cancer

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Macias E, Jin A, Deisenroth C, Bhat K, Mao H, Lindstrdom MS, et al. An ARF-independent c-MY C-acti-
vated tumor suppression pathway mediated by ribosomal protein-Mdm2 Interaction. Cancer Cell. 2010;
18:231-43. doi: 10.1016/j.ccr.2010.08.007 PMID: 20832751

Lindstrém MS, Nistér M. Silencing of ribosomal protein S9 elicits a multitude of cellular responses inhib-
iting the growth of cancer cells subsequent to p53 activation. PLoS One. 2010; 5:€9578. doi: 10.1371/
journal.pone.0009578 PMID: 20221446

Chiocchetti A, Zhou J, Zhu H, Karl T, Haubenreisser O, Rinnerthaler M, et al. Ribosomal proteins Rpl10
and Rps6 are potent regulators of yeast replicative life span. Exp Gerontol. 2007; 42:275-86. doi: 10.
1016/j.exger.2006.11.002 PMID: 17174052

Esposito D, Crescenzi E, Sagar V, Loreni F, Russo A, Russo G. Human rpL3 plays a crucial role in cell
response to nucleolar stress induced by 5-FU and L-OHP. Oncotarget. 2014; 5(22):11737-51. doi: 10.
18632/oncotarget.2591 PMID: 25473889

Dai MS, Lu H. Inhibition of MDM2-mediated p53 ubiquitination and degradation by ribosomalprotein L5.
J Biol Chem. 2004; 279(43):44475-82. doi: 10.1074/jbc.M403722200 PMID: 15308643

Goudarzi KM, Lindstrém MS. Role of ribosomal protein mutations in tumor development (Review). Int J
Oncol. 2016; 48(4):1313-24. doi: 10.3892/ij0.2016.3387 PMID: 26892688

De Keersmaecker K, Atak ZK, Li N, Vicente C, Patchett S, Girardi T, et al. Exome sequencing identifies
mutation in CNOT3 and ribosomal genes RPL5 and RPL10 in T-cell acute lymphoblastic leukemia. Nat
Genet. 2013; 45(2):186-90. doi: 10.1038/ng.2508 PMID: 23263491

Mukhopadhyay R, Jia J, Arif A, Ray PS, Fox PL. The GAIT system: a gatekeeper of inflammatory gene
expression. Trends Biochem Sci. 2009; 34(7):324-31. doi: 10.1016/.tibs.2009.03.004 PMID:
19535251

Mazumder B, Sampath P, Seshadri V, Maitra RK, DiCorleto PE, Fox PL. Regulated release of L13a
from the 60S ribosomal subunit as a mechanism of transcript-specific translational control. Cell. 2003;
115(2):187-98. PMID: 14567916

Knoll M, Macher-Goeppinger S, Kopitz J, Duensing S, Pahernik S, Hohenfellner M, et al. The ribosomal
protein S6 in renal cell carcinoma: functional relevance and potential as biomarker. Oncotarget. 2016; 7
(1):418-32 doi: 10.18632/oncotarget.6225 PMID: 26506236

Shahbazian D, Parsyan A, Petroulakis E, Hershey J, Sonenberg N. elF4B controls survival and prolifer-
ation and is regulated by proto-oncogenic signaling pathways. Cell Cycle. 2010; 9:4106-9. doi: 10.
4161/cc.9.20.13630 PMID: 20948310

Rual JF, Venkatesan K, Hao T, Hirozane-Kishikawa T, Dricot A, Li N, et al. Towards a proteome-scale
map of the human protein-protein interaction network. Nature. 2005; 437(7062):1173-8. doi: 10.1038/
nature04209 PMID: 16189514

Moreaux J, Kassambara A, Hose D, Klein B. STEAP1 is overexpressed in cancers: a promising thera-
peutic target. Biochem Biophys Res Commun. 2012; 429:148-55. doi: 10.1016/j.bbrc.2012.10.123
PMID: 23142226

Maia CJ, Socorro S, Schmitt F, Santos CR. STEAP1 is over-expressed in breast cancer and down-reg-
ulated by 17beta-estradiol in MCF-7 cells and in the rat mammary gland. Endocrine. 2008; 34:108-16.
doi: 10.1007/s12020-008-9113-7 PMID: 18958632

Coon BG, Burgner J, Camonis JH, Aguilar RC. The epsin family of endocytic adaptors promotes fibro-
sarcoma migration and invasion. J Biol Chem. 2010; 285:33073—-81. doi: 10.1074/jbc.M110.124123
PMID: 20709745

Coon BG, Direnzo DM, Konieczny SF, Aguilar RC. Epsins’ novel role in cancer cell invasion. Commun
Integr Biol. 2011; 4(1):95-7. PMID: 21509192

PLOS ONE | DOI:10.1371/journal.pone.0167585 December 7,2016 18/18


http://dx.doi.org/10.1016/j.ccr.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20832751
http://dx.doi.org/10.1371/journal.pone.0009578
http://dx.doi.org/10.1371/journal.pone.0009578
http://www.ncbi.nlm.nih.gov/pubmed/20221446
http://dx.doi.org/10.1016/j.exger.2006.11.002
http://dx.doi.org/10.1016/j.exger.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17174052
http://dx.doi.org/10.18632/oncotarget.2591
http://dx.doi.org/10.18632/oncotarget.2591
http://www.ncbi.nlm.nih.gov/pubmed/25473889
http://dx.doi.org/10.1074/jbc.M403722200
http://www.ncbi.nlm.nih.gov/pubmed/15308643
http://dx.doi.org/10.3892/ijo.2016.3387
http://www.ncbi.nlm.nih.gov/pubmed/26892688
http://dx.doi.org/10.1038/ng.2508
http://www.ncbi.nlm.nih.gov/pubmed/23263491
http://dx.doi.org/10.1016/j.tibs.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19535251
http://www.ncbi.nlm.nih.gov/pubmed/14567916
http://dx.doi.org/10.18632/oncotarget.6225
http://www.ncbi.nlm.nih.gov/pubmed/26506236
http://dx.doi.org/10.4161/cc.9.20.13630
http://dx.doi.org/10.4161/cc.9.20.13630
http://www.ncbi.nlm.nih.gov/pubmed/20948310
http://dx.doi.org/10.1038/nature04209
http://dx.doi.org/10.1038/nature04209
http://www.ncbi.nlm.nih.gov/pubmed/16189514
http://dx.doi.org/10.1016/j.bbrc.2012.10.123
http://www.ncbi.nlm.nih.gov/pubmed/23142226
http://dx.doi.org/10.1007/s12020-008-9113-7
http://www.ncbi.nlm.nih.gov/pubmed/18958632
http://dx.doi.org/10.1074/jbc.M110.124123
http://www.ncbi.nlm.nih.gov/pubmed/20709745
http://www.ncbi.nlm.nih.gov/pubmed/21509192

