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Understanding regulation of gene expression is crucial not only for developing knowledge of normal gene 
function, but also for understanding how dysregulation leads to disease.  Some regulatory relationships 
have been well described, such as the role of the estrogen receptor on gene transcription in breast cancer 
progression.  However, the role of estrogen signaling in other diseases, including other cancers, is less well 
understood.  To address this question, we used estrogen-mediated gene expression data in conjunction with 
gene expression studies from breast cancer and chronic myeloid leukemia.  Through this integrated ap-
proach, we show that estrogen regulation in a cell line is reproduced in a patient cohort with induced breast 
cancer phenotype, as well as in chronic myeloid leukemia.  We show that the genes involved in leukemia 
that are also regulated by estrogen have a variety of enzymatic functions and are implicated in other cancer 
and disease pathways.  This study will improve understanding of the regulatory role of the estrogen recep-
tor in chronic myeloid leukemia, as well as in other cancers and diseases.  These methods may also be ap-
plied to other gene regulatory systems. 
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1.  INTRODUCTION 
 
The	  estrogen	  receptor	  regulatory	  system	  is	  
a	   model	   of	   hormonal	   regulation	   of	   gene	  
expression	  with	  important	  clinical	  implica-‐
tions	   in	   breast	   cancer,	   cardiovascular	   dis-‐
ease,	  and	  other	  diseases1.	  	  There	  have	  been	  
many	  studies	  demonstrating	  the	  role	  of	  es-‐
trogen	   in	   breast	   cancer	   disease	   progres-‐
sion.	   Carroll	   et	   al	   used	   the	   estrogen-‐
dependent	  breast	  cancer	  cell	  line	  MCF-‐7	  to	  
create	  a	  genome-‐wide	  map	  of	  estrogen	  re-‐
ceptor	   binding	   sites,	   enabling	   the	   discov-‐
ery	   of	   genes	   that	   are	   up-‐	   or	   down-‐
regulated	   immediately	   following	   estrogen	  
exposure2.	   	   In	   this	   way,	   they	   discovered	  
that	   the	   majority	   of	   estrogen	   receptor	  
binding	   sites	   are	   actually	   not	   near	   gene	  
promoters,	   in	   the	   conventional	   sense.	  	  
They	   concluded	   that	   estrogen	   signaling	  
may	   produce	   downstream	   indirect	   effects	  
that	  require	  other	  genes	  acting	  together	  in	  
a	  regulatory	  pathway.	  

Estrogen signaling is also potentially 
important in other diseases besides breast 
cancer.  The estrogen receptor is present in 
two-thirds of ovarian tumors and the pres-
ence of estrogen has been shown to stimulate 
tumor growth3.  There is also strong evidence 
that estrogen plays a pivotal role in progres-
sion of prostate cancer and endometrial can-
cer.  On the contrary, estrogen can protect 
against colon cancer, cardiovascular and neu-
rodegenerative diseases and osteoporosis1.  
Since estrogen levels in women change over 
time, this is an added layer of complexity in 
assessing susceptibility to disease among 
premenopausal and postmenopausal women. 

To understand how estrogen affects dis-
ease processes, we must consider how it acts 
as a transcription factor.  Transcriptional 
regulation is a complex process depending on 
the interaction of many regulatory protein 
complexes as well as the chromatin architec-
ture of nuclear DNA4.  In many cases cellular 
signaling cascades initiate transcription factor 
activity that affects several downstream 



pathways5.  The estrogen receptor is a gene 
transcription regulator that requires the ster-
oid hormone estrogen to bind and activate the 
receptor.  Once ligand binding occurs, the re-
ceptor-ligand complex moves into the nu-
cleus, binds DNA, and can act as an activator 
or repressor of gene transcription.  In this 
way, it can lead to coordinated changes in 
expression of many genes, affecting many 
pathways and biological processes. 

Other studies have investigated the gene 
expression differences that distinguish breast 
tumor tissue from normal healthy tissue, in-
dependent of any regulatory hypotheses.  
Ince et al transformed normal breast tissue 
from premenopausal women into cells ex-
pressing breast adenocarcinomas via retrovi-
ral vectors expressing three genes6.  They 
identified the genes that are significantly dif-
ferentially expressed between normal and 
tumor phenotype, and further showed that the 
expression profile differed depending on the 
origin of the transformed cells.  However, the 
authors did not investigate the effect of estro-
gen, if any, on the gene expression changes 
occurring in conjunction with cell transfor-
mation. 

Despite these studies, to our knowledge, 
there has been relatively less published work 
quantifying the effect of estrogen-mediated 
regulation of gene expression in cancers of 
non-sex-specific tissues (i.e. not in breast, 
ovary, or prostate).  Shen et al previously 
demonstrated that phytoestrogens, which are 
derived from plants and have similar struc-
ture and properties as estrogen, exhibit anti-
proliferative effects on leukemic cancer cells 
especially in combination with chemothera-
peutic drugs7.  However, there is some dis-
pute about findings such as these, and phy-
toestrogen activity is not completely similar 
to that of estrogen.  It is not clear what the re-
lationship is between estrogen-mediated gene 
regulation and the disease mechanism of leu-
kemia or cancers of other non-sex-specific 
tissues.  Since breast and ovarian cancer are 

studied almost exclusively in women, the ef-
fect of estrogen on disease progression in 
men is poorly understood.  Using an integra-
tive approach that combines estrogen recep-
tor binding information with gene expression 
data provides a unique opportunity to assess 
the effect of estrogen in a separate tissue.  
We wished to test the hypothesis that estro-
gen receptor regulates gene expression in 
leukemia, as suggested by Shen et al’s result 
from phytoestrogens. 

Chronic myeloid leukemia (CML) pro-
vides a good framework to address these 
questions.  CML is a cancer of hematopoietic 
stem cells and affects both men and women 
of all age groups.  Its incidence is 1-2 in 
100,000 individuals, and accounts for 15-
20% of adult leukemia cases in the Western 
Hemisphere8.  CML is usually caused by a 
translocation between chromosomes 9 and 22 
resulting in an aberrant fusion protein.  This 
translocation is termed a Philadelphia chro-
mosome and the protein fusion, BCR-ABL, 
encodes a constitutively active tyrosine 
kinase.  The activation of oncogenic path-
ways and buildup of bone marrow progenitor 
cells can be treated with tyrosine kinase in-
hibitors9. A study by Diaz-Blanco et al used 
healthy controls and patients with chronic-
phase myeloid leukemia and found a molecu-
lar signature of CD34+ stem cells9.   

Since the main mechanism of action in 
CML is caused by signal transduction due to 
abnormal phosphorylation activity by the 
kinase, many gene regulatory systems are po-
tentially perturbed.  However, it is unclear 
whether hormonal signaling affects or is af-
fected by this mechanism.  Therefore, we in-
vestigated the effect of estrogen signaling in 
a leukemia disease model incorporating both 
male and female subjects of various age 
groups.  Using an informatics approach, we 
were able to integrate gene expression ex-
periments obtained from different tissues and 
different patient populations.  This made it 
possible to apply estrogen activity informa-



tion obtained from a sex-specific tissue to a 
different tissue.  From this analysis, we found 
the novel association between estrogen regu-
lation and chronic myeloid leukemia. 

 
2.  METHODS 
 
2.1  Data extraction 
 
We obtained estrogen receptor binding site 
data as well as a list of 294 genes found to be 
up- or down-regulated three hours following 
exposure to estrogen in the MCF-7 estrogen-
dependent breast cancer cell line from Carroll 
et al (GSE11324; Affymetrix Human Ge-
nome U133 Plus 2.0 Array; GPL 570)2. 
The breast cancer and CML gene expression 
data were obtained from GEO by searching 

for cancer experiments containing both case 
and control samples.   

Figure 1 shows a pipeline for the analy-
sis described in Sections 2.2 and 2.3.  The 
workflow was essentially the same for both 
the breast cancer and CML experiments. 

 
2.2  Replication of Carroll et al results in a 
separate breast cancer set  
 
The breast cancer samples (GSE6885; Af-
fymetrix Human Genome U133 Plus 2.0 
Array; GPL 570) were taken from breast 
primary epithelial cells (BPECs) in premeno-
pausal women with normal healthy breast tis-
sue.  Half of the BPECs were induced to 
yield tumors closely resembling human 
breast adenocarcinomas6.  There are five 

 
Figure 1.  Overview of Methods.  The starting cancer expression microarray dataset can refer to either the breast 
cancer or CML datasets.  Differential expression analysis was performed using Significance Analysis of Microar-
rays (SAM), probe-to-gene mapping was performed using Array Information Library Universal Navigator 
(AILUN), and gene chromosomal locations were obtained from NCBI. 
	  



control samples and six tumor samples.  
We used Significance Analysis of Mi-
croarrays (SAM) to obtain significantly 
up- and down-regulated genes10 and 
mapped probe identifiers to gene 
identifiers using a tool called Array 
Information Library Universal Navigator 
(AILUN)11.  For the SAM analysis, we 
required significant genes to have a 
median false discovery rate of less than 
10%. A small fraction of probes mapped 
to multiple gene identifiers, and in these 
cases we included all mapped genes.  
We then performed hypergeometric en-
richment analysis of the significant up- 
and down-regulated breast cancer genes 
(separately) in the set of estrogen-
regulated genes from Carroll et al.  Ad-
ditionally, we mapped the significant 
breast cancer genes to their chromoso-
mal locations and performed enrichment 
analysis with the set of estrogen recep-
tor binding sites from Carroll et al.  A 
gene was defined to be near a binding 
site if the binding site is within 50kb of 
the transcription start site of the gene.  
This is consistent with the definition 
applied by Carroll et al2. In both cases 
the background set consists of all 
probes on the array, as both studies 
used the same array. 
 
2.3 Integration of estrogen-regulated 
genes with CML data set 
 
The CML samples (GSE5550; Affymetrix 
Human Genome Focus Array; GPL 201) 
were taken from CML patients and control 
individuals ages 24-69, of both sexes9.  There 
are eight control samples and nine diseased 
samples.  Similar to above, we used SAM to 
obtain significantly up- and down-
regulated genes and AILUN to obtain 
gene identifiers.  For the SAM analysis, 
we required significant genes to have a 
median false discovery rate less than 
0.1% and a fold-change greater than 1.2 

or less than 0.83 (the same thresholds 
applied by the original authors).  We 
performed hypergeometric enrichment 
analysis of these genes with estrogen-
regulated genes as well as estrogen re-
ceptor binding site locations.  We addi-
tionally calculated enrichment sepa-
rately for estrogen up-regulated genes 
and estrogen down-regulated genes. In 
this analysis, the background set con-
sisted of all genes on the CML array.  
The array used by Carroll et al con-
tained all these as well as additional 
genes.  For the CML genes found to be 
regulated by estrogen, we used Onto 
Express to find enriched Gene Ontology 
categories, and Pathway Express to find 
enriched pathways in which the genes 
are implicated (Figure 2).  Both tools 
are from the Onto Tools package12.  We 
required a false discovery rate of less 
than 5% for the ontology and pathway 
enrichment results. 

 
3.  RESULTS 
 
We integrated estrogen receptor regulation 
and binding data with differentially expressed 
genes from breast cancer and chronic mye-
loid leukemia datasets.  Our analysis incorpo-
rated hypergeometric tests of enrichment of 

 
Figure 2.  Venn diagram showing the intersection be-
tween CML significantly differentially expressed 
genes and estrogen-regulated genes. 
	  



differentially expressed genes regulated by 
estrogen receptor. 
 
3.1  Replication of Carroll et al results in a 
separate breast cancer set  
 

At a false discovery rate  < 10%, we found 56 
up-regulated genes and 109 down-regulated 
genes from the breast cancer data set.  After 
joining with the set of estrogen-regulated 
genes, we found that the genes up-regulated 
in breast cancer are enriched for estrogen 

Table 1.  Enrichment of breast cancer disease genes in estrogen-mediated gene set.  BPLER refers to the cells in 
which a breast cancer phenotype was induced.  ER stands for estrogen receptor.  The background set consists of 
all genes on the microarray. 
	  

Gene Set Hypergeometric p-value Percent regulated by ER 

All genes N/A 1.4% 

Up in BPLER 0.0068 5.4%  

Down in BPLER 0.18 1.8% 

	  

Table 2.  Enrichment of CML disease genes in estrogen-regulated gene set. ER stands for estrogen receptor. The 
background set consists of all genes on the CML microarray. A) Enrichment in the set of all estrogen-regulated 
genes. B) Enrichment in the set of genes up-regulated by estrogen only. C) Enrichment in the set of genes down-
regulated by estrogen only. 
 
A) 

Gene Set Hypergeometric p-value Percent regulated by ER 

All genes N/A 1.8% 

Up in CML 0.0078 2.6% 

Down in CML 0.26 1.8% 

 
B) 

Gene Set Hypergeometric p-value Percent UP-regulated by ER 

All genes N/A 0.7% 

Up in CML 1 x 10-6 1.9% 

Down in CML 0.34 0% 

 
C) 

Gene Set Hypergeometric p-value Percent DOWN-regulated by ER 

All genes N/A 1.0% 

Up in CML .86 0.7% 

Down in CML .11 1.8% 

	  



regulation, as expected (Table 1).  The set of 
up-regulated genes in disease was observed 
to be nearly four times more likely to be 
regulated by estrogen than the background 
set, and three times more likely than down-
regulated genes. 

Additionally, we found that only 4% of 
the significant genes are located 50kb from 
an estrogen receptor binding site.  This is in 
agreement with results from Carroll et al2. 

 
3.2  Integration of estrogen-regulated 
genes with CML data set 
 
At a false discovery rate < 0.1% and 
fold-change > 1.2 or < 0.83, we found 
1270 up-regulated genes and 57 down-
regulated genes from the CML data set. 

After joining these genes with the set of 
estrogen-regulated genes, we found that 
genes significantly up-regulated in CML are 
enriched for estrogen regulation (Table 2).  
Interestingly, the enrichment signal comes 
entirely from the genes that are up-regulated 
by estrogen, and not down-regulated by es-
trogen.  The significant CML up-regulated 

genes are nearly three times as likely as the 
background set to be up-regulated by estro-
gen receptor. 

Similar to the breast cancer analysis, we 
found that only 4% of the significant genes 
are located 50kb from an estrogen receptor 
binding site.  

Observing an enrichment between dif-
ferentially expressed CML disease genes and 
estrogen regulation, we sought to annotate 
these enriched genes.  Table 3 shows the re-
sults of applying Onto Express to the list of 
CML up-regulated disease genes that are also 
regulated by estrogen receptor.  There are 34 
genes that fell into this category and we 
found that they are enriched for various en-
zymatic functions such as synthases and 
kinases, crucial to protein translation and cel-
lular homeostasis.  Table 4 shows that this set 
of 34 genes is also highly associated with 
many other cancer and important cellular 
signaling pathways.  Many of these pathways 
would be highly impacted if these genes were 
mutated or dysregulated, as quantified by the 
impact factor associated with each pathway 
result.   The impact factor includes a prob-

Table 3.  Onto Express results for 34 estrogen-regulated CML disease genes.  The categories shown are from the 
Gene Ontology graph expanded to seven levels.  The p-value associated with each category is calculated from 
hypergeometric enrichment and corrected by false discovery rate.  The fourth column shows the number of terms 
associated with the 33 genes that fell into a particular Gene Ontology category. 
	  

Gene Ontology Category P-value Corrected 
p-value Terms Percent 

of total 

Pseudouridine synthase activity 1 x 10-5 9 x 10-4 2 5.9 % 

Adenosylmethionine decarboxylase activity 0.004 0.034 1 2.9 % 

NADPH activity 0.004 0.034 1 2.9 % 

Phosophoribosylaminoimidazole carboxylase activity 0.004 0.034 1 2.9 % 

Pseudouridylate synthase activity 0.004 0.034 1 2.9 % 

Ribonuclease inhibitor activity 0.008 0.058 1 2.9 % 

Adenylate kinase activity 0.02 0.089 1 2.9 % 

Isomerase activity 0.028 0.102 2 5.9 % 

Lyase activity 0.031 0.102 2 5.9 % 

	  



abilistic term that takes into account the pro-
portion of differentially regulated genes in 
the pathway and the relative importance of 
each gene to the pathway’s function12. 
 
4.  DISCUSSION 
 
In this study, we used informatics methods to 
integrate three different datasets using gene 
expression measurements.  Through this 
analysis, we have shown that estrogen-
mediated gene regulation results obtained 
from a breast cancer cell line can be repli-
cated in a separate breast cancer data set with 
actual patients, and moreover can be ex-
tended to a completely different cancer and 
tissue. These techniques can be generalized 
and applied to other diseases and transcrip-
tion factors to find more regulatory relation-
ships implicated in disease progression. 

The first experiment involving the breast 
cancer case-control study validated the ap-
proach of integrating the estrogen regulation 
data with an external data set.  The results we 
obtained are completely consistent with the 
original Carroll et al study.  The genes found 
to be significantly up-regulated in a breast 
cancer phenotype are also significantly en-
riched for estrogen regulation, while the 
down-regulated genes had no such associa-
tion.  This result was expected since estrogen 
presence is associated with more severe dis-

ease progression as well as higher risk for 
developing breast cancer.  It is important to 
note that for this experiment we chose to use 
data from premenopausal women to ensure 
that estrogen levels would be high.  It would 
be interesting to investigate if the same re-
sults hold in postmenopausal women.   

For the SAM analysis of the breast can-
cer data, we chose a liberal false discovery 
rate cutoff of 10% since we were only trying 
to confirm the validity of integrating the two 
data sets.  However, it was surprising that so 
few genes (165 genes) were differentially ex-
pressed at this threshold.  A possible explana-
tion is that these samples were not from dis-
eased tissue, but rather healthy tissue that 
was induced to express a tumor-like pheno-
type using a few genes.  There may be more 
gene expression changes that occur in the 
natural progression of tissue from healthy to 
cancerous. 

Surprisingly, we found a strong estrogen 
signal in a chronic myeloid leukemia data set, 
which we did not expect since CML is 
caused by a chromosomal physical aberration 
that is not known to be affected by estrogen 
signaling.  What is perhaps more surprising is 
that we saw this effect in a patient cohort that 
is very different from the breast cancer and 
estrogen receptor data sets.  The CML patient 
samples came from both men and women, of 

Table 4.  Pathway Express results for 33 estrogen-mediated CML disease genes.  Results are ranked by impact 
factor and FDR-corrected hypergeometric p-value.  All pathways were obtained from KEGG. 
	  

Pathway name Impact 
Factor 

Total genes 
in pathway 

Input genes 
in pathway P-value 

Basal transcription factors 5.16 37 2 0.0057 

Acute myeloid leukemia 4.08 59 2 0.017 

Colorectal cancer 3.36 84 2 0.035 

Circadian rhythm 3.21 13 1 0.04 

Wnt signaling pathway 2.48 152 2 0.084 

Thyroid cancer 2.41 29 1 0.09 

	  



various ages, suggesting that the effect of es-
trogen receptor activity is strong even in men 
and postmenopausal women. 

Here we have shown that CML disease-
associated genes are enriched for being up-
regulated by estrogen receptor, implying that 
estrogen exposure leads to expression of the 
disease.  To our knowledge, there has been 
no previous documentation of the effect of 
estrogen receptor-mediated transcriptional 
regulation on CML disease progression.  Our 
results contradict those from Shen et al 
claiming that estrogen-like compounds slow 
progression of leukemia.  Here we show that 
estrogen up-regulates genes that are associ-
ated with disease phenotype. 

The poor estrogen receptor binding site 
enrichment in both experiments confirms the 
indication in Carroll et al that estrogen has 
most of its effects in downstream pathways 
rather than direct, cis-regulatory effects.  
More work has yet to be done to identify the 
pathways that estrogen affects and how it af-
fects them, the temporal nature of the signal-
ing cascade, and what other regulators need 
to act in concert.  

This work suggests that estrogen may 
have a role in regulating disease phenotype 
not only in breast cancer, but also in other 
diseases not known to be directly affected by 
estrogen receptor activity.  One limitation to 
our and other informatics methods is the re-
quirement for gene expression data measured 
on compatible platforms for integration.  Ad-
ditionally, our results are not a confirmation 
of estrogen activity in chronic myeloid leu-
kemia, but rather present a hypothesis to ini-
tiate an experiment for clinical validation.  
Further investigation into the mechanism by 
which estrogen regulates gene transcription 
in disease can lead to new treatments with es-
trogen receptor as a therapeutic target.   
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