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ABSTRACT 
Clinically determined Ki-67 is a well-established marker for assessing 
proliferation potential in breast and other cancers. However, Ki-67 
and the recommended thresholds for clinical decision-making vary 
systematically across breast cancer subtypes. In this study, an analysis 
of published gene expression data against Ki-67 in ER+/HER2- and 
Luminal A ductal carcinomas identified 127 of 14,997 protein-coding 
genes (elastic-net coefficient ≠ 0). The most upregulated genes 
associated with high Ki-67 are involved in cancer proliferation and 
were known in breast cancer studies, while the downregulated genes 
are involved in diverse signaling transduction processes. Application 
of the identified gene signature to ER+/HER2- and Luminal A ductal 
carcinomas consistently stratified two independent, population-based 
breast cancer cohorts. Although the ER+/HER2- clinical and the Luminal 
A intrinsic subtypes typically show good prognosis, one subpopulation 
identified by the signature showed an elevated risk of disease 
recurrence (hazards ratios 1.59 [95% CI 1.02, 2.47] and 3.80 [95% 
CI 0.83, 17.27] in two independent application cohorts). The present 
study identifies a proliferation gene signature specific to ER+/HER2- 
and Luminal A ductal carcinomas, provides biological insight into the 
more proliferative cancers, and could be a basis for future therapeutic 
development. 
Keywords: Gene signature, Ki-67, ER+/HER2-, Luminal A, invasive 
ductal carcinoma, survival 
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INTRODUCTION 
Elevated cellular proliferation is a hallmark 

of cancer. Unchecked proliferation prevents cells 
from responding to programmed cell death signals 
and contributes to carcinogenesis as well as cancer 
metastasis1. One of the most well-studied 
proliferation biomarkers is Ki-67, a multi-functional 
protein and positive regulator of the cell cycle2,3. In 
the breast tissue context, Ki-67 expression is 
minimal in non-cancer cells but elevated in tumors. 
High Ki-67 expression predicts poorer survival but 
a positive response to neoadjuvant hormonal 
therapy and cytotoxic chemotherapy2,3. The Ki-67 
level also varies greatly across breast cancer 
subtypes, and as a result, the recommended 
threshold for clinical decision-making based on Ki-
67 varies2. For example, Ki-67 of 10% to 20% is 
recommended for hormone receptor-positive cases, 
while a 30% or higher threshold is recommended 
for the more aggressive triple-negative cases2–4. 

The ER+/HER2- subtype, defined based on 
the presence of estrogen receptor (ER) and the 
absence of human epidermal growth factor 2 
(HER2), accounts for the largest fraction of breast 
cancer cases. The prognostic value of Ki-67 is well-
known in this tumor subtype. Most ER+/HER2- cases 
are also classified as the Luminal (LumA and LumB) 
intrinsic subtype based on gene expression5–7. 
Although typically treatable by hormonal endocrine 
therapies and shows favorable prognosis, this tumor 
subset still accounts for the largest fraction of breast 
cancer cases and is therefore an urgent health-care 
need. 
While the utility of Ki-67 is well established, the 
level of this biomarker is not always available. The 
rise of “omics” data represents new opportunities to 
develop biomarkers for precision medicine. 
Transcriptomic datasets have shown their potential 
in helping to identify biomarkers in many diseases 
and subtypes7. For example, The Cancer Genome 
Atlas Breast Cancer (TCGA-BRCA) and Molecular 
Taxonomy of Breast Cancer International 
Consortium (METABRIC) projects comprehensively 
profiled and integrated breast cancer “omics” with 

clinical features at the population scale, providing 
the research community with new biological 
knowledge and clinical insight into the disease as 
well as rich data resources5,6. 

Since Ki-67 level and gene expression 
profiles differ between the more proliferative 
tumors and their less proliferative counterparts, a 
gene signature that indicates cellular proliferation 
potential likely exists. However, a breast cancer 
subtype-specific gene signature for tumor 
proliferation remains under-explored. This could 
partly be because of the concurrent lack of clinical 
measurement of biomarkers such as Ki-67 and high-
quality transcriptomic profiles. Because of the 
heterogeneity in Ki-67 levels across breast cancer 
subtypes, there is a need for subtype-specific 
analyses. The present work presents a 
transcriptome signature identified by a supervised 
re-analysis of clinically measured Ki-67 in invasive 
ductal carcinoma (IDC) having both the ER+/HER2- 
clinical and the LumA intrinsic subtypes, together 
referred to as “ER+/HER2-/LumA IDCs”. When 
applied to two independent, population-scale 
breast cancer cohorts, the gene signature 
consistently revealed two major subpopulations. In 
each application cohort, one subpopulation 
displayed distinct clinical characteristics and worse 
disease-free survival. The identified gene signature 
revealed biological processes underlying a benign 
breast cancer subset, which could have clinical utility. 
 
METHODS 
Study design. The workflow of this study is 
summarized in Figure 1A. Briefly, a set of 
ER+/HER2-/LumA IDCs with both RNA-seq gene 
expression and clinically measured Ki-67 staining 
from Wu et al.8 was used to identify the 
proliferation gene signature. Subsequently, 
hierarchical clustering of the expression of the 
identified gene set was used to stratify two 
population-scale breast cancer cohorts5,6 for clinical 
knowledge discovery, including the comparison of 
patient covariates and survival outcomes. 

https://esmed.org/MRA/index.php/mra/article/view/3160
https://esmed.org/MRA/mra
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Figure 1. Identification of the proliferation gene signature specific to ER+/HER2-/LumA IDCs. (A) 
Workflow summary. (B) Rank-ordered distribution of the gene signature elastic-net regression 
coefficients; related to Supplemental Table 2. (C) Hierarchical clustering of the 127 genes 
differentially expressed between Ki-67 strata in the discovery cohort. 
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Selection and processing of the 
background gene set. A three-way intersection was 
performed on the discovery and application cohorts’ 
gene expression data to obtain a background gene 
set. The selected background genes were further 
filtered to contain only protein-coding genes from 
the Hugo Nomenclature annotation (available at 
www.genenames.org). Each cohort had 14,997 
shared protein-coding genes, which were 
subsequently mean-centered and standard 
deviation-scaled. The transformed expression data 
distribution was inspected and then constrained 
within the ±3.50 range. 

Identification of the gene signature. An 
elastic-net logistic regression model 
(hyperparameter alpha = 0.5, representing a 
50:50 mix of L1 and L2 regression penalties; glmnet 
R package version 4.1-4)9 was built using the 
background genes of the discovery cohort as the 
input and the binary Ki-67 strata as the target. The 
optimal model had the minimum lambda parameter 
(= 0.009). The gene signature was defined as the 
panel of genes whose elastic-net regression 
coefficients were non-zero in the optimal model. 
Putative functions of the most differential genes 
were determined by querying the GeneCards 
database10. 

Stratification of the application cohorts by 
the identified gene signature. The processed gene 
expression of the application cohorts was restricted 
to ER+/HER2- clinical, LumA intrinsic, and IDC 
histological subtypes. Hierarchical clustering of the 
identified gene signature with Euclidean distance 
and Ward D linkage was used for binary 
stratification (base R function dist and hclust; 
visualization by pheatmap). Cluster membership 

(Cluster 1 and Cluster 2) was automatically 
assigned using the cutree base R function at the first 
tree split (hyperparameter k = 2). 
Statistical analysis. All statistical tests were two-
sided. Welch t-tests and Fisher’s exact tests were 
performed in R 4.2.1 (www.rproject.org). The 
comparison of clinical characteristics was 
performed by R package tableone 0.13.2. All 
survival analyses were censored at the ten-year 
mark and implemented in R packages survival 3.3-
1 and survminer 0.4.9. The covariate-adjusted Cox 
proportional hazards model of recurrence-free 
survival was performed on the subset of 
application-cohort cases with complete age, tumor 
stage, recurrence-free interval and status. 

Data availability. All datasets used in this 
study are publicly available, as shown in Table 1. 
High-quality transcriptomic profiles and patient 
covariates of Wu et al. were downloaded from 
Gene Expression Omnibus accession GSE176078 
and the original publication, respectively8. TCGA-
BRCA gene expression and clinical annotation were 
downloaded from the Synapse database 
(https://doi.org/10.7303/syn300013, accession 
syn2320114) and National Cancer Institute 
Genomic Data Commons 
(https://gdc.cancer.gov/about-
data/publications/pancanatlas), respectively. 
METABRIC gene expression and clinical annotations 
were downloaded from cBioPortal 
(www.cbioportal.org)6,11. Only samples with gene 
expression data were included.  
Code availability. The code for statistical analysis 
and data visualization can be found in the GitHub 
repository https://github.com/ydavidchen/ki67-
pilot-signature.  

 
Table 1. Datasets with transcriptomic-wide gene expression used in this study. ER+/HER2-, estrogen 
receptor-positive and human epidermal growth factor 2-negative breast tumors; LumA, Luminal A intrinsic 
subtype; IDC, invasive ductal carcinoma. 

 Publication 
Expression 

assay 
n (%), IDC 

n (%), 
ER+/HER2- 

n (%), 
LumA 

n (%), ER+/HER2-/LumA 
IDC with gene expression 

Discovery 
Cohort 

Wu et al.  
(Nature Genetics 2021) 

RNA-seq 22 (84.6) 12 (46.2) 5 (19.2) 5 (19.2) 

Application 
Cohort 1 

METABRIC 
(Curtis et al. Nature 2012) 

Microarray 1,810 (72.9) 1,382 (55.1) 
700 

(27.9) 
444 (17.7) 

Application 
Cohort 2 

TCGA-BRCA 
(Cancer Genome Atlas 
Network, Nature 2012) 

RNA-seq 779 (71.9) 585 (54.0) 
499 

(46.1) 
232 (21.4) 

RESULTS 
The rationale for Ki-67 stratification and 

case selection for supervised gene signature 
identification. A systematic difference in Ki-67 was 
observed across breast cancer molecular subtypes 
among patients and samples published by Wu et al. 
(the discovery cohort)8. Although ER+/HER2- tumors 
show a wide range of Ki-67 levels (3-75%, median 

12.5%), the LumA ER+/HER- subset and low (< 
10%) Ki-67 expression were significantly 
associated suggesting potential confounding by 
intrinsic subtype (Fisher’s exact test p < 0.05; 
Supplemental Figure 1 table inset). This finding 
was corroborated by Ki-67 mRNA expression in 
two population-scale breast cancer cohorts, 
METABRIC and TCGA-BRCA (the application 

https://esmed.org/MRA/index.php/mra/article/view/3160
https://esmed.org/MRA/mra
http://www.genenames.org/
http://www.rproject.org/
https://doi.org/10.7303/syn300013
https://gdc.cancer.gov/about-data/publications/pancanatlas
https://gdc.cancer.gov/about-data/publications/pancanatlas
http://www.cbioportal.org/
https://github.com/ydavidchen/ki67-pilot-signature
https://github.com/ydavidchen/ki67-pilot-signature
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cohorts)5,6, where ER+/HER2- tumors that were also 
LumA showed significantly lower expression than 
their LumB counterpart (both Welch t test p < 2.2e-
16 and both mean difference in expression < 0; 
Supplemental Figure 1). The observed systematic 
difference in Ki-67 levels across subtypes 
motivated downstream analyses restricting to 
ER+/HER2- cases that are also LumA. 

Supervised identification of a 
proliferation gene signature specific to 
ER+/HER2-/LumA tumors. Restricting to the 
ER+/HER2- invasive ductal carcinomas (IDCs) that 
were also LumA (hence referred to as “ER+/HER2-
/LumA IDCs”), five patients from the discovery 
cohort were identified (Table 2). These tumors were 
assigned to “High Ki-67” and “Low Ki-67” groups 
using a 10% threshold. The strata showed a similar 

distribution in age, tumor grade, and tumor stage 
(Table 2). Applying an elastic-net logistic regression 
model to the background gene set of the discovery 
cohort, 127 genes showed non-zero coefficients 
indicating their differential expression between Ki-
67 strata (hence referred to as the “gene signature”; 
Supplemental Table 1). Hierarchical clustering of 
this gene signature perfectly segregated Ki-67 high 
vs. low tumors in the discovery cohort (Figure 1C). In 
addition, the identified gene signature did not show 
an overlap with genes currently used in the 
established breast cancer diagnostic tests 
(Prosigna/PAM50, OncotypeDx, Mammaprint, 
MammoStrat, and Breast Cancer Index)7, while up 
to 80% of the diagnostic-test genes were included 
in the background gene set (Supplemental Table 2). 

 
 
 
Table 2. Characteristics of the discovery cohort. All subjects had the ER+/HER2- clinical, LumA intrinsic, and 
IDC histological subtypes as well as bulk-tumor RNA-seq data. 

Subject Original ID Age > 50 Grade T Stage Ki-67 (%) Ki-67 group 

H1 3941 No II T1c 10 High 

H2 3948 Yes III T2 10 High 

H3 4290 Yes II T4b 10 High 

L1 4067 Yes II T2 ≤4 Low 

L2 4530 No II T3 5 Low 

 
Potential clinical utility of the identified 

gene signature. To determine its potential 
prognostic utility, the gene signature was applied to 
the two population-based application cohorts, 
METABRIC and TCGA-BRCA, “the application 
cohorts”. Restricting to the ER+/HER2-/LumA IDCs, 
the identified gene signature stratified each 
application cohort into two subpopulations (Figure 
2A). The cluster structure of each cohort showed 
striking similarities, hinting at the commonality of the 
identified gene signature. A comparison of clinical 

characteristics revealed that patients in Cluster 1 
were significantly younger (both cohorts’ Welch t 
test p < 0.01; Table 3). There was also a significant 
relationship between menopause status and cluster 
membership (both cohorts’ Fisher’s exact test p < 
0.01;  

Table 4). In application cohort 2 where 
race is available, the association between cluster 
membership and race was significant (Fisher’s exact 
test p < 0.05; Table 3). 

 

https://esmed.org/MRA/index.php/mra/article/view/3160
https://esmed.org/MRA/mra
https://doi.org/10.6084/m9.figshare.21187843.v1.
https://doi.org/10.6084/m9.figshare.21187843.v1
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Figure 2. Application of the proliferation gene signature to ER+/HER2-/LumA IDCs to population-
based breast cancer cohorts. (A) Hierarchical clustering for cluster identification. (B) Disease free 
survival on subset of cases with complete survival, age at diagnosis, and tumor stage. HR, hazards 
ratios; CI, confidence interval. 
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Table 3. Comparison of clinical characteristics of ER+/HER2-/LumA IDCs in the application cohorts 
stratified on the gene-signature clusters. *p < 0.05, **p < 0.01, ***p < 0.001. 
 Application Cohort 1  

(METABRIC) 
Application Cohort 2  

(TCGA-BRCA) 

Cluster by gene signature Cluster 1 Cluster 2 p Cluster 1 Cluster 2 p 

n 197 247   146 86  

Age at diagnosis (mean (SD)) 66.32 (11.87) 60.24 (13.11) ***4.72E-7 59.47 (13.58) 54.27 (13.38) **0.005 

Tumor mutational burden (mean (SD))  7.39 (4.21)  6.81 (3.94) 0.14  1.45 (2.18)  4.07 (19.47) 0.11 

Tumor stage (%)   0.23   0.56 

I-II   137 (69.5)    185 (74.9)      118 (80.8)     68 (79.1)   

III-IV     4 ( 2.0)      8 ( 3.2)       27 (18.5)     16 (18.6)   

Not available    56 (28.4)     54 (21.9)        1 ( 0.7)      2 ( 2.3)   

Menopause status (%)   **0.002   **0.003 

Pre     25 (12.7)     61 (24.7)       29 (19.9)     32 (37.2)   

Peri 0 ( 0.00) 0 ( 0.00)       4 ( 2.7)      7 ( 8.1)   

Post   172 (87.3)    186 (75.3)      100 (68.5)     42 (48.8)   

Not available 0 ( 0.00) 0 ( 0.00)      13 ( 8.9)      5 ( 5.8)   

Race category (%) 

(Data not available) 

  *0.049 

White   110 (75.3)     59 (68.6)   

Black or African American    15 (10.3)     18 (20.9)   

Asian     5 ( 3.4)      5 ( 5.8)   

Not available    16 (11.0)      4 ( 4.7)    

 
Table 4. Multivariate Cox proportional hazards regression model for recurrence-free survival with 
respect to the gene signature-driven clusters in the application cohort. All tumors are ER+, HER2-, LumA, 
and IDC. Only the cases with complete survival, age, or stage data were included. HR, hazards ratio; CI, 
confidence interval. *p < 0.05, †p < 0.1. 

Covariates 

Application Cohort 1 
(METABRIC, n = 334) 

Application Cohort 2 
(TCGA-BRCA, n = 202) 

HR (95% CI) p HR (95% CI) p 

Age at diagnosis 1.00 (0.98, 1.02) 1.00 0.98 (0.94, 1.02) 0.26 

Tumor stage      

I-II (reference)   (reference)  

III-IV 1.32 (0.48, 3.64) 0.59 1.95 (0.52, 7.33) 0.32 

Cluster by gene signature     

Cluster 2 (reference)   (reference)  

Cluster 1 1.59 (1.02, 2.47) *0.041 3.80 (0.83, 17.27) †0.084 

 
In both application cohorts, Cluster 1 

showed worse five-year disease-free survival in the 
univariate Kaplan-Meier analysis (Figure 2B). An 
age- and tumor stage-adjusted Cox proportional 
hazards model revealed a consistent, elevated risk 
of disease recurrence in Cluster 1 cases (hazards 
ratios 1.59 [95% CI 1.02-2.47] and 3.80 [95% CI 
0.83-17.27] in the application cohorts 1 and 2;  

Table 4). In addition, Cluster 1 also showed 
worse five-year overall survival (hazards ratios 
1.30 [95% CI 0.86-1.95] and 1.87 [95% CI 0.59-
5.90] in the application cohorts 1 and 2; 
Supplemental Figure 2 and Supplemental Table 3). 
 
DISCUSSION 

In this study, an ER+/HER2-/LumA IDC-
specific gene signature with an expression profile 
that was differential between high and low Ki67 
strata was identified by a supervised re-analysis. 
When applied to two large-scale, population-
based cohorts, the gene signature stratified 

ER+/HER2-/LumA IDCs into two major sub-
populations, one of which showed worse survival. 
The finding here suggests that even among cancers 
with a good prognosis, subsets with differential 
clinical outcomes might still exist. Because 
ER+/HER2- and Luminal tumors account for the 
largest fraction of breast cancer cases, 
identification of clinically relevant cancer subsets 
within this subset is valuable. 

Elevated cellular proliferation is a hallmark 
of cancer and aggressive cancer. Identifying 
molecular biomarkers for cancer proliferation is an 
important first step in precision medicine. In breast 
cancer, Ki-67 is an excellent proliferation 
biomarker due to a minimal expression in non-
cancer tissue and elevated levels by subtype. For 
example, Ki-67 levels and thresholds for clinical 
decision-making differ between the more treatable 
ER+/HER2- subtype and the more aggressive 
triple-negative/basal-like subtype2–4. In the 
discovery cohort, Ki-67 varied systematically across 

https://esmed.org/MRA/index.php/mra/article/view/3160
https://esmed.org/MRA/mra
https://doi.org/10.6084/m9.figshare.21187843.v1
https://doi.org/10.6084/m9.figshare.21187843.v1
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breast cancer subtypes. On average, Ki-67 was 
indeed lower in ER+/HER2- while elevate in triple-
negative cases. Furthermore, Ki-67 was lower in 
LumA than other intrinsic subtypes8. 

Despite its prognostic utility, clinically 
measured Ki-67 is not available in every setting. 
Nevertheless, transcriptome-wide gene expression 
is often collected in breast cancer studies to 
investigate various endpoints. A gene signature for 
cellular proliferation could be developed using a 
dataset with both transcriptomics and Ki-67 
measurements. In a subtype-specific manner, the 
present study leveraged elastic net logistic 
regression supervised by Ki-67 levels to identify a 
gene signature from transcriptome-wide expression 
data. 

The gene signature identified in this study 
likely has biologically and clinical relevance. The 
five genes most positively associated with Ki-67 
had known involvement in cancer cell proliferation 
and were specifically studied in breast cancer. 
HSPB8, SMARCE1, and NET1 had established roles 
in promoting cellular invasiveness specifically in the 
breast cancer context12–14. NME1, the gene with the 
fourth largest coefficient, targets two genes 
(OSGEPL1 and BRMS1) whose expression is 
associated with favorable survival outcomes15. The 
downregulated gene set had more diverse cellular 
functions. Four genes most negatively associated 
with Ki-67 (LEMD1, INSL4, PROCR, and ADRA2C) 
are broadly involved in diverse intra- and inter-
cellular signal transduction processes10. 

Interestingly, the Fanconi Anemia-family 
gene FANCA involved in homologous recombination 
DNA repair showed the eighth largest effect size 
among the 112 downregulated genes. Tumors 
incapable of homologous recombination cannot 
repair DNA double-stranded breaks, resulting in 
genomic instability, a hallmark of aggressive 
cancers1,16. Protein-changing mutations and variants 
in FANCA were associated with an increased risk of 
breast cancer16,17. Although the consequence of 
FANCA loss might not be as high as other related, 
higher-penetrance genes including FANCD1 
(BRCA2) and FANCO (RAD51C)17, the observed 
downregulation in FANCA expression could be 
biologically and clinically relevant. On the one hand, 
FANCA downregulation might hint at the similarity 
between the highly proliferative cells and 
genomically unstable, more aggressive tumor cells 
lacking homologous recombination. On the other 
hand, FANCA downregulation could be an 
alternative mechanism leading to elevated cellular 
proliferation potential through genomic instability, 
another hallmark of cancer1. Typically, ER+/HER2- 
cancers display less extensive genomic 

perturbations5,6, but recent evidence suggests some 
ER+/HER2- cases display genomic signatures 
similar to homologous recombination-deficient 
cancers18,19. 

Applying the gene signature to two large-
scale breast cancer cohorts identified 
subpopulations (Clusters 1 and 2). The cluster 
structure was similar between the application 
cohorts, revealing the commonality of the gene 
signature in breast cancer. Cluster 1 subjects 
showed older age and differential menopause 
status. The observed differences in clinical features 
between clusters highlight the importance of the 
differentially expressed genes associated with 
cellular proliferation.  

Compared to other breast cancer subtypes, 
the ER+/HER2- clinical and LumA intrinsic subtypes 
both display good prognosis and survival 
outcomes5,6. However, within these benign tumors, 
Cluster 1 showed elevated risk of disease 
recurrence in the univariate and covariate-adjusted 
multivariate models. There was also evidence of 
slightly worse overall survival in Cluster 1. This 
finding highlights the biological heterogeneity 
within a known cancer subtype. 

This study has limitations and observations 
it cannot explain. First, Ki-67 was assumed to be an 
accurate reflection of cellular proliferation. This 
might not always be true because of the intra-
tumoral heterogeneity as well as measurement 
errors and subjectivity of the evaluators3. Second, 
although all samples in the discovery cohort were 
from treatment-naïve patients, this was not the case 
for the application cohorts. The diversity in drug, 
surgical, and/or radiation therapy may impact the 
expression profile of the gene signature. Finally, the 
survival outcome of the application cohort 2 did not 
reach a statistical significance threshold p-value of 
0.05. This was most likely due to the nearly 30% 
smaller sample size in the second application cohort 
especially after restricting to cases with complete 
survival and potential confounders. There might be 
alternative explanations, such as the fact that 
ER+/HER2- and Luminal A subtypes are associated 
with favorable survival and recurrence in general 
as well as the known heterogeneity in molecular and 
clinical profiles across datasets. 
 
CONCLUSION 

In this study, a supervised analysis of a 
published transcriptome-wide gene expression and 
Ki-67 level identified a 127-feature gene signature 
specific to ER+/HER2-/LumA IDCs. Based on the 
putative biological function of the genes, this gene 
signature may have biological relevance. 
Application of the identified gene signature to two 

https://esmed.org/MRA/index.php/mra/article/view/3160
https://esmed.org/MRA/mra
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independent, population-based breast cancer 
cohorts shows evidence of differential survival 
outcomes. These findings revealed the biological 

and clinical heterogeneity within a benign tumor 
subset and could be used as a basis for developing 
future therapeutic strategies. 
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