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Abstract 

Epidermal growth factor receptor (EGFR) has been used as the target in drug design for cancer 
treatment including the liver cancer. Men and women have different levels of EGFR expression 
during the life. The whole genome expression profiles of livers of recombinant inbred (RI) strains 
derived from C57BL/6J (B6) X DBA/2J (D2) were used to compare three major molecular aspects 
of Egfr gene: the relative expression levels, gene network and eQTLs that regulate the expression 
of Egfr between female and male mice. Our data suggest that there is a significant difference in the 
expression levels in the liver between female and male mice. Several important genes in the gene 
network of Egfr are differentially expressed between female and male mice. The regulatory 
elements for the expression levels of Egfr between female and male mice are also different. In 
summary, our data reveals an important sex difference in the Egfr pathways in the liver of the mice. 
These data may have substantial impact on drug development and dosage determinant for women 
and men in the clinical trials. 
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Introduction 
Epidermal growth factor receptor (Egfr) is 

involved in tissue development and in a variety of 
cellular functions, such as cell proliferation, 
differentiation, motility, and survival [1]. Most 
importantly, it has a significant role in cancer 
development [2]. It is highly expressed in liver and 
also regulated by estrogen [3]. Therefore, it is 
important to understand its molecular pathways in 
liver and similarities and differences between men 
and women. 

There are considerable reports on the role of Egfr 
in the cancer development. Recently, Lanaya et al. [4] 
reported that the presence of Egfr-positive liver 
macrophages in Hepatocellular carcinoma patients is 
associated with poor survival. Accompanied is the 
fact that men and women have different levels of Egfr 

during life [5-6]. Mouse models have also suggest that 
accelerates hepatocellular carcinoma progression in a 
sex-dependent manner in a mouse model of 
hepatocarcinogenesis [7-8]. These data indicated that 
gender difference may affect the cancer development, 
cancer treatment, and cancer survival.  

Several drugs for the treatment of 
hepatocarcinomas have been developed by targeting 
the Egfr. For example, erlotinib, an epidermal growth 
factor receptor and tyrosine kinase inhibitor, is a 
targeted drug that was approved for the treatment of 
hepatocellular carcinomas [9]. Lapatinib is an 
inhibitor of both epidermal growth factor receptor 
and HER2/NEU, whereas both of which are 
implicated in hepatocarcinogenesis [10]. While the 
drugs based on anti Egfr are in development and in 
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clinical trials, its gender specificity should have been 
thoroughly investigated. In order to obtain 
meaningful data, the study of sex-specific molecular 
pathways needs samples of populations of both sexes 
of the same age, genomic background, and 
environment. It is extremely difficult to collect such a 
population from humans. Therefore, utilizations of 
animal models have been as the alternative approach 
for the study of the gender difference of humans [11].  

 The purpose of this work is to systematically 
investigate the sex differences of Egfr using high 
quality data from the liver of a mouse population of 
recombinant inbred (RI) strains derived from 
C57BL/6J (B6) X DBA/2J (D2) [12-13].  

Materials and Methods 
Data sets for analysis of gene expression 
profiles 

UNC Agilent G4121A Liver Database (Jul04) was 
used for this analysis (http://www. 
genenetwork.org/webqtl/main.py). The data set 
includes gene expression in livers of naive mice of 
both sexes from C57BL/6J, DBA/2J, B6D2F1, and 37 
BXD strains using Agilent G4121A [12-13 ]. The data 
sets at GeneNetwork are publically available and they 
were validated using sex specific probe sets such as 
Xist and Dby. In general, sex-balanced samples (one 
array from male cases, one array from female cases) 
from RI strains derived from C57BL/6J (B6) X 
DBA/2J (D2) and parental strains were used. While 
they are collected at the similar age, performed with 
the same microarray platform, and grown in the same 
environment, most of them are from different RI 
strains. However, these RI strains are all derived from 
the same two progenitors. Also, the gene expression 
profiles of both female and male of two progenitors 
are generated separately. Additional details regarding 
animals, microarrays, data acquisition, processing, 
and analyses can be found at WebQTL.org 
(http://webqtl.org/dbdoc/LV_G_0106_B.html).  

Collections of data on expression levels of Egfr 
and associated genes 

For the expression data of Egfr and its associated 
genes we collected the expression data of Egfr axis 
from two sets of data, the male and the female sets. 
We used the Actin beta as controls for the Egfr. When 
multiple probes were presented for the gene, the 
probe with the highest expression level was chosen 
for the analysis while the others were used as 
reference.  

The association of the expression levels of Egfr 
between female and male mouse populations  

We conducted the association analysis using the 

method reported previously [14]. R values were 
compared between the association of female and male 
mice. We followed the standard criteria for the strong, 
correlation, and none correlation. When R value is 
equal or more than 0.7 or -0.7, we regard the 
correlation as strong positive or negative. When R 
value is between 0.35 and 0.69 or -0.35 and -0.69, the 
correlation exists but not strong. Any R values 
between 0 and 0.35 or 0 and -0.35 will be treated as 
none correlation [14]. The gene networks were 
constructed using tools in the GeneNetwork. We 
constructed the gene network based on the Network 
Graph. Network graph is often used to visualize 
multiple sets of interactions. It consists of nodes and 
edge connecting nodes. In addition, the network 
graph can represent the strength of the interaction by 
the thickness of the edge—that is, the higher the 
number of interactions between the two nodes, the 
thicker the edge becomes.  

Mapping transcriptomic loci (eQTL) that 
regulates the expression level of Egfr in female 
and male mice  

Transcriptome mapping with GeneNetwork was 
conducted to identify the chromosomal regions that 
affect the expression of Egfr in female and male mice. 
After we obtained the transcriptome maps, we 
compared them to see whether there is a difference 
between maps of female and male mice and among 
different tissues. We focused on the loci that have LRS 
score equal to or higher than the significant levels. If 
we did not find the loci at the significant levels, we 
then looked at the loci at the suggestive levels [14-15].  

 For the loci showing sex difference, we 
examined the candidate genes that regulate the Egfr 
expression level. We focused on the genes under the 
peak region of the eQTL, which usually is the 
chromosome region with LRS scores at the significant 
or suggestive levels [14]. 

 After we identified the genes in the chromosome 
region under the peak region of eQTL, we searched 
the literature report to see whether any of these genes 
have been reported to regulate or functionally 
associate with Egfr. We used the PGMapper to 
conduct such a search [16]. It is a software tool for 
automatically matching defined functional terms to 
genes from a defined genome region by combining 
the mapping information from the Ensembl database 
and gene function information from the OMIM and 
PubMed databases. 

Additional Statistical Analysis 
The top 50 associated genes in each dataset on 

the basis of Pearson correlation were used for plotting 
Network Graphs in GeneNetwork. T–test was 
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performed to test the levels of gene expression levels 
between the male and female mice. P value of 0.05 
was regarded as the largest value of indication of 
significant difference between the two populations.  

Results 
Expression levels of Egfr between female and 
male in the Liver 

We conducted statistical analysis using data of 
gene expression of livers from a total of 39 strains, 
which have both the data from Actin β (beta) and Egfr 
in both sexes. There is one probe for Actin β on the 
Agilent G4121A chip. Figure 1A and 1B showed the 
expression levels of Actin β in female and male mice 
of different strains. For Actin B, the P value for T test 
between female and male is 0.88. The R value from the 
correlation analysis is 0.60. These data indicated that 
there is a high correlation in the expression levels of 
Actin β between male and female mice. Similarly, we 
obtained one probe for Egfr on the UNC Agilent 
G4121A chip. Figure 2A and 2B showed the 
expression levels of Egfr in the female and male mice 

of different strains. We also conducted the same 
statistical analyses on the levels of Egfr expression 
between the male and female mice. For Egfr, the P 
value for T test between the female and male is 
1.07488E-17. The R value from the correlation analysis 
is 0.31. Therefore, there seems a difference in the 
expression levels between the male and female mice. 
Thus, there is no difference in the expression level of 
Actin β between the female and male populations 
while there is a significant sex difference in the Egfr 
expression levels. Therefore, further analyses were 
conducted as shown in the next several sections.  

Gene network of Egfr between female and 
male in moue liver 

Using the data on the expression level of probe 
named A_51_P392242, the probe for Egfr and whole 
genome expression profiles in the livers of female RI 
strains, we identified the top 50 probes of genes with 
their expression levels mostly correlated to that of Egfr 
(Supplementary Table S1).  

 

 
Figure 1. Expression levels of Actin β in the liver between the female and male mice 
in the BXD strains. Numbers on Y-axis are for the relative levels of the expression of 
Actin β. The information of strains and names of standard inbred strains are listed 
under the X-axis. A. The expression levels of Actin β  in the liver of the female mice. 
B. The expression levels of Actin β in the liver of the male mice.  

 

 
Figure 2. Expression levels of Egfr in the liver between the female and male mice in 
the BXD strains. Numbers on Y-axis are for the relative levels of the expression of 
Egfr. The information of strains and names of standard inbred strains are listed under 
the X-axis. A. The expression levels of Egfr in the liver of the female mice. B. The 
expression levels of Egfr in the liver of the male mice.  
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As shown in Figure 3A, Egfr is positively and 
negatively correlated to several genes in the female 
mice. The expression of mouse Egfr is strongly 
positively correlated to translocating 
chain-associating membrane protein 1 (Tram1), 
RIKEN cDNA 1190006C12 gene (for Sec61b); Both 

Tram1 and Sec61b then have strong connections to 
multiple genes. Egfr is strongly negatively correlated 
to dedicator of cytosolic acyl-CoA thioesterase 1 
(Cte1). Cte1 has negative impact on several other 
genes.  

 
Figure 3. Gene network of top 50 genes that are closely associated to Egfr in the male mouse liver and their network in the female liver. The 50 nodes in the graph below show 
the selected traits. Only nodes with the edges are displayed. The graph's canvas is 40.0 by 40.0 cm; the node labels are drawn with a 18.0 point font, and the edge labels are drawn 
with a 18.0 point font. A. Gene network in the female liver. The 684 edges between the nodes, filtered from the 1225 total edges and drawn as curves, show Pearson correlation 
coefficients greater than 0.5 or less than -0.5. B. Gen network in the liver of the male mice. The 366 edges between the nodes, filtered from the 1225 total edges and drawn as 
curves, show Pearson correlation coefficients greater than 0.5 or less than -0.5.  
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 We then constructed a gene network in the liver 
of the male mice using the same probes from female 
gene expression profiles of liver. As shown in Figure 
3B, Egfr has even a stronger connection to C8b in 
female than that in male mice. It has no significant 
influence on the expression levels of Tram1, Cte1, and 
Sec61b in female. In addition, in male mice, Egfr has 
strong positive influence on the expression levels of 
E2F transcription factor 4 (E2f4); Forkhead box B1 
(Foxb1); heterogeneous nuclear ribonucleoprotein K 
(Hnrnpk); IK cytokine (Ik); RAN binding protein 1 
(Ranbp1); RIKEN cDNA 2700085A14 gene (Sas); CD2 
antigen family, member 10 (Slamf9); small acidic 
protein (Smacp); Trk-fused gene (Tfg); and zinc finger 
protein 339 (Zfp339). In female there is no strong 
association between Egfr and these genes.  

The expression levels of key genes correlate 
with Egfr differently between female and male 
in the moue liver 

Based on these differences, we constructed 
second level of gene network between male and 
female mice. Figure 4A shows the positive and 
negative connections of these 15 genes to Egfr. The 
expression level of Egfr is connected to the expression 
level of each of these genes in the male liver. In 
female, as shown in Figure 4B, the expression of Egfr 
is not correlated with the expression level of any 
except the C8b.  

We further examined the correlation between the 
expression level of Egfr and several genes in the male 
and female mice. Specifically, in the male, the 
expression levels of Egfr is strongly positively 
correlated to the expression levels of E2f4 (Figure 5A) 
and Hnrnpk (Figure 5B) among the RI strains, while in 
the female there is no such a strong connection. In the 
male, the expression level of Egfr is strongly 
negatively connected to the expression of Cte1 (Figure 
5C) and inhibitor of kappaB kinase gamma (Ikbkg) 
(Figure 5D) while in the female there is no such a 
connection. These data confirm a significant 
difference in the Egfr pathways between male and 
female mice. 

Gene regulation of the expression of Egfr in 
the female and male liver 

We finally examined the genetic factors that 
regulate the expression of Egfr in the livers of female 
and male mice. With 5000 permutation test, we 
detected eQTLs for the regulation of Egfr from female 
liver on chromosome 5 and 6 (Figure 6A). The eQTL 
on chromosome 5 is significant. The significant 
threshold is 18.48, and the suggestive threshold is 
10.87. The eQTL on chromosome 5 reached the level of 
19. We did not detect an eQTL on either chromosome 

5 or 6 from the data of male liver. The eQTL for male 
mice are on chromosome 7 and 8, but all suggestive. 
Thus, the level of Egfr expression is differently 
regulated between male and female mice. 

 

 
Figure 4. Genes positively and negatively connected to the expression of Egfr in the 
mouse liver. The 16 nodes in the graph below show the selected traits. All the nodes 
are displayed. The graph's canvas is 40.0 by 40.0 cm; the node labels are drawn with a 
16.0 point font, and the edge labels are drawn with a 16.0 point font. A. Genes 
positively and negatively connected to the expression of Egfr in the male liver. The 69 
edges between the nodes, filtered from the 120 total edges and drawn as curves, 
show Pearson correlation coefficients greater than 0.5 or less than -0.5. B. Gene 
network based on the expression level in the female liver for genes that are positively 
and negatively connected to the expression of Egfr. The 35 edges between the nodes, 
filtered from the 120 total edges and drawn as curves, show Pearson correlation 
coefficients greater than 0.5 or less than -0.5.  

 
 Figure 6B shows the peak region of the eQTL on 

chromosome 5. The region between 141.00 and 142.50 
contains 12 genetic elements, including 10 known 
genes and two probes for other genetic components 
(Table 1). In order to explore the possibility of any of 
these 12 genes as the causal gene, we investigated two 
aspects of these genes. We first examined the 
correlations between the expression levels of these 
genes and that of Egfr. Gene network indicated that 
there is no connections between the expression level 
in any of these 12 genes and that of Egfr (Figure 6C). If 
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we concentrated on the very top of peak region of the 
eQTL on chromosome 5, which is located between 
141.5 and 142.5 Mbp (Figure 5B), we obtained only 3 
genetic elements as candidate genes. These candidates 
are sidekick homolog 1 (Sdk1), RIKEN cDNA 
3200001G23 gene (3200001G23Rik), and KDEL 
(Lys-Asp-Glu-Leu) endoplasmic reticulum protein 
retention receptor 2 (Kdelr2).  

We next examined the polymorphisms of these 
three candidate genes between strains of B6 and D2 
based on the Jackson laboratory database of Mouse 
Genome Informatics (http://www.informatics. 
jax.org/). We searched all the polymorphisms within 
each gene and 2 kb upstream and downstream of the 
gene. There are 23 polymorphic sites in Kdelr2 but 
none of them are different between D2 and B6. There 
are three polymorphisms in 3200001G23Rik 
(transcript for unknown gene) between D2 and B6. 
They are all located in the intron regions. There are 
309 polymorphisms in Sdk1, all of which are SNPs. 
Most of these SNPs are within the intron while 4 of 
these are in the coding region. Three of these are 
synonymous while one is nonsynonymous 
polymorphism. The ID of the one nonsynonymous 
polymorphism is rs29564987. It is C/T missense 
polymorphism, where D2 codes for a “C” and B6 
codes for a “T”. Accordingly, the Sdk1 is the most 
favorite candidate gene for the regulation of 
expression of Egfr in the liver of the mouse.  

 
Figure 5. Correlation between the expression levels of Egfr and four key genes in the male mice. A. Egfr is strongly positively correlated to the expression of E2f4. B. Egfr is 
strongly positively correlated to the expression of Hnrnpk. C. Egfr is strongly negatively correlated to the expression of Cte1. D. Egfr is strongly negatively correlated to the 
expression of Ikbkg. 
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Discussion 
Our data showed that there are significant 

differences in the molecular pathways of Egfr in the 
liver between female and male mice. The data agree 
with the fact that the Egfr is regulated by estrogen [3, 
17]. Our data further indicated that the sex differences 
exist not only in the molecular pathways in which Egfr 
regulates and interacts with other genes but also in 
the regulation mechanisms of Egfr by other genes. On 

the other hand, our eQTL analysis did not map the 
loci for Egfr onto the position where the estrogen 
locates. Future studies may reveal whether this is 
because that in the liver the estrogen does not play a 
major role for the sex differential expression. The 
significant difference in the molecular pathways of 
Egfr between the female and male mice in these 
strains has laid a foundation for this important study.  

 
Figure 6. eQTL map of Egfr based on the whole genome expression profiles of the liver of the female population. A. EQTL map of whole genome showing the loci on 
chromosome 5, 6, and 18. B. The peak region of eQTL on chromosome 5. C. Gene network of 12 candidate genes of eQTL on chromosome 5 and Egfr derived from the liver 
of the female mice. The 13 nodes in the graph below show the selected traits. All the nodes are displayed. The 15 edges between the nodes, filtered from the 78 total edges and 
drawn as curves, show Pearson correlation coefficients greater than 0.3 or less than -0.3. The graph's canvas is 40.0 by 40.0 cm; the node labels are drawn with a 16.0 point font, 
and the edge labels are drawn with a 16.0 point font. 
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Table 1. Information of candidate genes for eQTL of expression level of Egfr in male mice. 

Symbol Mb Start Length (Kb) SNP 
(count) 

SNP Density Avg.Expr Gene Description 

Chst12 140.9816 19.63 2 0.101885 1.287 Carbohydrate sulfotransferase 12 
Grifin 141.0391 1.879 0 0 0.681 Galectin-related inter-fiber proteinprovided 
Lfng 141.0833 8.205 0 0 0.077 LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase 
Ttyh3 141.0966 28.385 1 0.03523 - Tweety homolog 3 (Drosophi... 
Iqce 141.1395 38.874 7 0.180069 -- IQ motif containing E 
AA881470 141.181 14.31 2 0.139762 -- EST AA881470 
Amz1 141.2001 29.186 4 0.137052 -- Archaelysin family metallopeptidase 1 
Gna12 141.2359 70.488 21 0.297923 0.691 Guanine nucleotide binding protein, alpha 12 
Card11 141.349 127.598 24 0.188091 -- Caspase recruitment domain family, member 11 
Sdk1 141.7175 972.258 605 0.622263 -- Sidekick homolog 1 (chicken)... 
3200001G23Rik 142.0698 1.197 0 0 -- RIKEN cDNA 3200001G23 gene 
Kdelr2 142.5 0.05 0 0 1.070 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention 

receptor 2 

 
 
Most of the sex differentially regulated genes in 

this study have not been investigated for liver cancer. 
However, a notable feature of these genes is their 
critical roles in the pathways of gender specific 
cancers. For example, E2f4 have been reported to 
regulate liver cancer cell survival and risk for breast 
cancer [18-20]; Hnrnpk has been linked to the 
neuroendocrine differentiation signaling in prostate 
cancer cells [21] as well as to the development of 
breast cancer [22]. In brain cancer the expression of 
Hnrnpk has been linked to the Egfr [23]. The increased 
transcription level of Ranbp1 has been linked to the 
decreases taxol sensitivity in RKO colon carcinoma 
cells [24]. Remarkably, Ikbkg has been linked to several 
cancers and its cytokine network has been the target 
for drug development for breast cancer [25]. 
Furthermore, Ikbkg and Egfr have been reported to 
upregulate PKM2 expression and promote 
tumorigenesis [26]. Understanding the gender 
differences of their functions in the cancer genetics 
and responses to drug treatment will greatly enhance 
the future drug development and therapeutic 
application. 

Remarkably, the regulation of the Egfr 
expression level between female and male mice 
showed much difference. In the male, there was no 
significant loci for the regulation of the expression 
level of Egfr, while in the female, there were at least 
two loci being identified. According to our data, Sdk1 
is the most favorite candidate for the regulation of 
expression level of Egfr in the female mice. Although 
some researches on the molecular pathways of Sdk1 
have been done, it has not been directly linked to 
cancer. It is possible that it may play a secondary role 
in the cancer development by regulation of expression 
level of Egfr differentially between female and male. 
On the other hand, the data may indicate that there is 
a complicated regulation of Egfr expression between 
the female and the male, in some cases, there may be 
different in binding sites in the regulation of Egfr 

expression. Although the differential expression 
levels of Egfr between the female and the male mice 
apparently is not regulated by estrogen, the difference 
in the gene network of Egfr between the female and 
the male are mainly caused by genes in the estrogen 
pathway. For example, E2f4 and Hnrnpk are well 
known by their interactions with estrogen. In 
addition, Lasarte et al. reported that estradiol 
downregulates NF-κb translocation by Ikbkg 
transcriptional repression in dendritic cells [27]. 
Furthermore, the relation between estrogen and Sdk1 
has not been studied. There is a possibility that Sdk1 
has a role in the estrogen pathway. Nevertheless, 
further study is necessary before any conclusion is 
reached.  

In humans, although there is no intensive 
investigation on the gender difference of anti EGFR 
therapy for the liver cancer, there are few reports 
showing the potential gender difference. For example, 
there is apparently a gender difference in hazard ratio 
(HR) in patients in a phase III, randomized, 
double-blind, placebo-controlled trial of sorafenib 
plus erlotinib [9] in patients with advanced 
hepatocellular carcinoma [28]. While the HR of overall 
survival (OS) in the female patients is 1.135 
(0.708-1.821), the male patients is 0.926 (0.762-1.126). 
Brivanib is an ATP-competitive inhibitor against 
VEGFR2, moderate potency against VEGFR-1 and 
FGFR-1. In a study using brivanib as adjuvant therapy 
to transarterial chemoembolization in the patients 
with hepatocellular carcinoma, Kaplan-Meier's curves 
for OS in the female patients is 1.71 (0.78-3.74), but in 
the Male patients is 0.79 (0.56-1.11) [29]. The evidences 
and the data from animal studies again emphasize the 
importance of gender difference not only in disease 
incidence but also in response to drug treatment and 
overall survival in the liver cancer patients.  

 One limitation of this study is that our data is at 
one time point. Future studies at different age stages 
may lead to different results and comprehensive 
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understanding of the sex difference in the molecular 
pathways of Egfr axis. In addition, our study is based 
on the RI strains that were derived from two mouse 
strains. Mouse strain specific pathways have been 
known [30-31]. Nevertheless, the two parental strains, 
C57BL/6J and DBA/2J, are the strains that have been 
widely used in the biomedical research. We feel 
confident on the reliability and accuracy of the data. 
The raw data in this study were from multiple 
homozygous RI strains [12-13]. Gene expression 
profiles from each strain were generated from 
multiple mice. Mice of both sexes were from the same 
strain with the same genomic background except that 
they differed by sex. All the animals were kept in the 
same animal facility with the same environment. The 
none-difference of the expression levels of Actin B 
between female and male mice in these strains 
demonstrated the reliability of the data. 

 We are aware that notable differences between 
the mouse models and humans have been found [32]. 
The differentially expressed Egfr between the female 
and male mice may not be differentially expressed 
between men and women in humans. However, our 
data will serve as a reminder that it is important to 
keep in mind on the gender difference in the drug 
development targeting EGFR and its family members.  

Supplementary materials 
Supplementary Tables. 
http://www.jcancer.org/v07p0671s1.xlsx  
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