
Abstract. Background: Human U2OS osteosarcoma cells
were first derived from a tibial osteosarcoma of a teenage
girl. They are a good cell model for osteosarcoma research
in vitro. We compared the expression profiles of
osteosarcoma cells after they were treated with estradiol and
glucocorticoid, respectively. Materials and Methods: We used
published microarray data to compare the expression profiles
of human osteosarcoma cells treated with estradiol and
glucocorticoid. We investigated their differences and
similarities with various bioinformatics tools. Oncogenes and
tumor-suppressor genes differentially expressed after the
hormone treatments were identified using online databases.
The expression levels of cellular markers for proliferation
and apoptosis were also compared before and after treatment
with estradiol or glucocorticoid. Results: Genes in human
osteosarcoma cells differentially expressed after treatment
with estradiol or glucocorticoid were detected. Our analysis
showed that their similarity is more functionally prominent
than their difference. Both estradiol and glucocorticoid can
inhibit purine metabolic and biosynthetic pathway in human
osteosarcoma cells. We also identified oncogenes and tumor-
suppressor genes among the differentially expressed genes.
The functional enrichment analyses of the identified cancer-
associated genes suggests that estradiol has antagonistic
effects on regulation of cell proliferation, while
glucocorticoid can both arrest the cell cycle and prompt
apoptosis. The effect of estradiol or glucocorticoid treatment

on expression levels of cellular markers for proliferation and
apoptosis support this argument. Conclusion: Our study
suggests that glucocorticoid is more efficient in controlling
osteosarcoma cell proliferation and apoptosis than estradiol.

Osteosarcoma is the most common form of malignant bone
tumor (1). It develops from mesenchymal cells and thus is a
type of bone sarcoma (2). Due to the high rate of bone
growth in children and teenagers, osteosarcoma is normally
found in pediatric patients and is the eighth most common
pediatric cancer in the United States and the fourth most
common type of pediatric cancer in China between 2000 and
2010 (1, 3, 4). Surgical resection and chemotherapy are both
successfully used in the treatment of osteosarcoma. However,
the long-term survival rate for patients with osteosarcoma is
not very optimistic. The average 5-year survival rate of
patients diagnosed with osteosarcoma is about 60% (2, 5).

Hormone therapy is an important auxiliary therapy in
cancer treatment (6). Exogenously administered specific
hormones, and hormone antagonists can influence the gene-
expression pattern of certain cancer cells and may further
stop cancer cells from growing or even induce apoptosis of
cancer cells. It is reported that certain female patients with
cancer with a high level of estrogen receptor-alpha usually
have a favorable prognosis (7), which implies the therapeutic
value of estrogen for certain patients. Transdermal estradiol
therapy has been used to treat the men with advance prostate
cancer (8). Another steroid hormone, glucocorticoid, has
been used as a curative agent for lymphoid cancer treatment
for decades (9). Glucocorticoid can induce massive apoptosis
of certain human lymphoid cell lines (10). Glucocorticoid is
also employed in treating prostate cancer and other solid
tumors, although glucocorticoid therapy is usually associated
with concomitant negative effects such as reducing the
immune responses of patients (11). These studies and
practices suggest that besides surgical resection and
chemotherapy, estrogen- or glucocorticoid-based therapy
might have some value in osteosarcoma treatment.
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Many studies have been dedicated to identifying various
hormone target genes in osteosarcoma cells (12-17). Some
of them were based on microarray technology and produced
the information resources for expression profiles of
osteosarcoma cells after hormone treatment. However, due
to the daunting amount of information or researchers’ limited
interest, these microarray data resources are not fully
utilized. The expression profiles of osteosarcoma cells after
hormone treatment are especially worthy of further
investigation because they may contain the expression
information of certain oncogenes or tumor-suppressor genes
which can serve as target genes in future osteosarcoma
treatment.

In this study, we used published microarray data to
compare the expression profiles of U2OS osteosarcoma
cells after treatment with 17-β-estradiol and glucocorticoid
(16, 18). First, we detected the differentially expressed
genes in U2OS osteosarcoma cells after treatment with 17-
β-estradiol or glucocorticoid and then compared the
differences and similarities between four differentially
expressed gene groups through functional enrichment
analysis. Secondly, we identified oncogenes and tumor-
suppressor genes among the differential expressed genes
and focused on their possible biological roles in
oncogenesis. 

Materials and Methods

Microarray data. The microarray data used in this study were
retrieved from GEO DataSets hosted by the http://
www.ncbi.nlm.nih.gov/gds, which is a well-known repository of
gene expression data. The microarray dataset with the reference
series number GSE2292 contains the gene-expression information
for U2OS osteosarcoma cells before and after 17-β-estradiol
treatment (16). The microarray dataset with the reference series
number GSE6711 contains the gene-expression information of
U2OS osteosarcoma cells before and after 24-hour glucocorticoid
treatment (18). The dataset GSE2292 was collected using
Affymetrix Human HG-Focus Target Array (GPL201) and the
dataset GSE6711 was collected using Agilent-012391 Whole
Human Genome Oligo Microarray G4112A (GPL708) (16, 18).
Both microarray datasets are not normalized.

Statistical methods for detecting differentially expressed genes. In
order to detect genes differentially expressed after hormone
treatment, we first needed to normalize gene-expression counts for
each microarray dataset. By doing so, we made different samples
comparable within each dataset. We used the mean-value
normalization method to adjust the counts in each microarray
sample because we only needed to compare the expression value
within each dataset. The paired t-test was employed to compare the
mean expression for each gene between hormone untreated and
treated osteosarcoma cell samples. R Package version 3.0.2
(https://cran.r-project.org/bin/windows/base/) was used to perform
statistical analysis and a p-value smaller than 0.01 was viewed as
statistically significant in detecting differentially expressed genes.

Functional enrichment analysis for differentially expressed genes.
The differentially expressed genes were categorized into four
groups: estradiol down-regulated genes, estradiol up-regulated
genes, glucocorticoid down-regulated genes and glucocorticoid up-
regulated genes. We used the DAVID online resource to perform the
gene–Gene Ontology (GO) term enrichment analysis for these four
gene groups (19, 20).

Functional module network construction. The differentially
expressed genes were also used for building a functional module
network. BiNGO was used to cluster and map these genes into
functional modules and build the biological network based on these
modules (21). MCODE was used to extract the highly
interconnected subnetworks (22).

Searching for oncogenes and tumor-suppressor genes in the group
of differentially expressed genes. Online databases were used to
identify oncogenes and tumor-suppressor genes in the differentially
expressed genes. Using the differentially expressed genes as queries,
we searched the Network of Cancer Genes database (NCG4.0,
http://ncg.kcl.ac.uk/) for oncogenes and Tumor Suppressor Gene
database (TSGene, http://bioinfo.mc.vanderbilt.edu/TSGene/) for
tumor-suppressor genes (23, 24).

Cellular markers of proliferation and apoptosis. Cellular markers
of proliferation and apoptosis were identified through literature-
based searches. The cellular markers used in this study were antigen
Ki-67 (MKI67), MYB-related protein B (MYBL2), apoptosis-
inducing factor 1 (AIFM1), tumor necrosis factor (TNFA) and the
caspase gene family. The expression values of the identified cellular
markers were extracted from the normalized microarray data. We
used the paired t-test to compare the expression values of cellular
markers before and after treatment with estradiol or glucocorticoid
and a p-value smaller than 0.05 was viewed as statistically
significant in comparing the expression values of these markers.

Results

Detection of genes differentially expressed in U2OS
osteosarcoma cells after 17-β-estradiol or glucocorticoid
treatment. We used the paired t-test to compare the normalized
gene counts within the two microarray datasets. A total of
1,359 genes were found to be differentially expressed in dataset
GSE2292 after 17-β-estradiol treatment (p<0.01): 697 of them
were down-regulated and 662 of them were up-regulated by
17-β-estradiol. There were 10,215 genes found differentially
expressed in dataset GSE6711 after glucocorticoid treatment
(p<0.01): 5,582 of them were down-regulated and 4,633 of
them were up-regulated by glucocorticoid.

DAVID analysis and functional module network analysis of
differentially expressed genes. In order to understand the
possible functions of four gene groups above, we used the
DAVID online resource to perform the gene-GO term
enrichment analysis for differentially expressed genes. The
DAVID functional enrichment analysis results for four
differentially expressed gene groups are shown in Figure 1.
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The biological processes affected by genes down-regulated
by 17-β-estradiol mainly involve the regulation of cell
proliferation and the affected cellular components are mainly
the cytosol, while those affected by up-regulated genes
mainly involve the response to organic substances and the
insoluble cell fraction (Figure 1A and B). The biological
processes affected by genes down-regulated by
glucocorticoid similarly mainly involve the cell cycle and the
affected cellular components are mainly non-membrane-
bound organelles, while those affected by up-regulated genes
mainly involve the regulation of transcription (Figure 1 C
and D). Phosphoproteins were present in all four groups of
differentially expressed genes.

Genes down-regulated by 17-β-estradiol genes and by
glucocorticoid share a similarity in their biological process
(cell proliferation and cell cycle) (Figure 1A and C). We
extracted the genes common to these two groups. A total of
356 genes were found to be down-regulated by both 17-β-
estradiol and glucocorticoid in osteosarcoma cells. We
constructed the functional module network for these
overlapping genes. Due to the over-complexity of the
network, we reduced it to several highly interconnected
subnetworks. The most interconnected and meaningful
subnetwork mainly involves the biological pathway of
nucleotide (purine) metabolic and biosynthetic processes
(Figure 2).

We similarly also extracted the genes common to those
up-regulated by 17-β-estradiol and by glucocorticoid. Their
functional module network analysis produced no statistical
meaningful results and thus is not shown.

Identification of oncogenes and tumor-suppressor genes in
the four groups of differentially expressed genes. Using the
differentially expressed genes as queries, we searched
NCG4.0 for oncogenes and TSGene for tumor-suppressor
genes in the four groups of differentially expressed genes.
The search results show that some genes were identified as
both oncogenes and tumor-suppressor genes by the two
databases. We removed these genes from our results in order
to make our work more clear and explicable.

The number of identified oncogenes and tumor suppressor
genes in the four groups is shown in Table I. These
oncogenes and tumor-suppressor genes are naturally
separated into eight subgroups.

We performed the DAVID functional enrichment analysis
for each oncogene/tumor suppressor gene subgroup. Four
subgroups yielded statistically meaningful DAVID results
(Tables II-V). The other four subgroups yielded no statistically
meaningful DAVID results (data not shown). For 17-β-
estradiol-related subgroups, the biological processes for down-
regulated oncogenes mainly involve the positive regulation of
cell proliferation (Table II); on the other hand, those for down-
regulated tumor-suppressor genes involve the negative

regulation of cell proliferation and the regulation of cell death,
and the Kyoto Encyclopedia of Genes and Genomes pathway
of this subgroup shows that p53 signaling pathway is down-
regulated by 17-β-estradiol (Table III). For glucocorticoid-
related subgroups, the biological processes for down-regulated
oncogenes mainly involve the cell cycle and mitosis, and their
molecular function includes transcription factor binding and
transmembrane receptor protein tyrosine kinase activity (Table
IV); the biological processes of up-regulated tumor-suppressor
genes involve regulation of the cell cycle, regulation of
apoptosis and cell death, and their molecular function is
primarily transcription regulatory (Table V).

Expression of cellular markers for proliferation and
apoptosis before and after the treatment of 17-β-estradiol or
glucocorticoid. Antigen KI-67 and MYBL2 are cellular
markers for proliferation (25). KI-67 protein is strictly
associated with ribosomal RNA transcription and thus its
gene is a standard marker for cellular proliferation (26).
MYBL2 is a member of the MYB family of transcription
factor genes which are involved in cell-cycle progression
(27). Our results show that expression of both markers was
significantly down-regulated after the treatment with
glucocorticoid, but they showed no sign of down-regulation
after the treatment with 17-β-estradiol (Figure 3A and B).

AIFM1, TNFA and the caspase gene family are cellular
markers for apoptosis. AIFM1 encodes a flavoprotein
essential for nuclear disassembly in apoptotic cells (28).
TNFA is a cell-signaling protein (cytokine) responsible for
systemic inflammation and acute-phase reaction (29). AIFM1
was significantly up-regulated in glucocorticoid-treated
osteosarcoma cells, but not in estradiol-treated osteosarcoma
cells (Figure 3C). TNFA was significantly up-regulated in
both glucocorticoid- and estradiol-treated osteosarcoma cells
(Figure 3D). The caspase gene family is a family of cysteine
proteases which is essential for apoptosis (30). Caspase
genes can be divided into two types: initiator caspases and
effector caspases, the former activating the latter, while the
latter cleaving other protein substrates within the cell (30).
The expression level of different members of the caspase
family before and after hormone treatment is shown in Table
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Table I. The number of oncogenes and tumor-suppressor genes (TSGs)
in osteosarcoma cells regulated by 17-β-estradiol and glucocorticoid.

17-β-Estradiol Glucocorticoid

Down-regulated oncogenes 68 360 
Up-regulated oncogenes 88 287 
Down-regulated TSGs 47 111 
Up-regulated TSGs 26 102 



VI. In osteosarcoma cells, one initiator caspase (CASP9) was
up-regulated by estradiol, while two initiator caspases
(CASP2 and CASP9) were down-regulated by glucocorticoid;
both caspase 3 (CASP3) and caspase 7 (CASP7) were up-
regulated by estradiol and glucocorticoid, but caspase 6
(CASP6) was down-regulated only by estradiol.

Discussion

Human U2OS osteosarcoma cells were originally derived
from the tibial sarcoma of a 15-year-old girl and are used
widely in different biomedical research areas (31). We found
1,359 genes to be differentially expressed in U2OS
osteosarcoma cells after 17-β-estradiol treatment and 10,215
after glucocorticoid treatment. Apparently, the number of
differentially expressed genes in the 17-β-estradiol dataset is
significantly less than that in glucocorticoid dataset. We
conclude that the difference in the number of differentially
expressed genes is more likely attributed to different
microarray platforms used to generate these data than the
effect of the different hormones. The dataset generated with

the Agilent-012391 Whole Human Genome Oligo Microarray
G4112A is much larger than the dataset generated with the
Affymetrix Human HG-Focus Target Array (GPL201) since
the former contains 44,291 genes, while the latter contains
only about 8,800 genes. This study would be more
informative if two datasets were generated with the Agilent-
012391 Whole Human Genome Oligo Microarray G4112A.

17-β-Estradiol and glucocorticoid are both steroid
hormones which share a similar basic chemical structure.
The functional-enrichment analyses of the genes
differentially expressed after treatment with 17-β-estradiol
or glucocorticoid show that these genes share differences and
similarities in their expression profiles. The similarity is that
17-β-estradiol can inhibit the expression of genes involved
in cell proliferation and glucocorticoid can inhibit the
expression of genes involved in the cell cycle. This suggests
that both hormones could halt osteosarcoma cell growth at
least in vitro. Our further analyses show that 17-β-estradiol
and glucocorticoid share many target genes in osteosarcoma
cells, especially among the down-regulated ones. The
number of genes down-regulated by both 17-β-estradiol and
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Figure 1. A: Pie charts of the seven most significant Gene Ontology (GO)-terms for genes down-regulated by 17-β-estradiol genes (A), up-regulated
by 17-β-estradiol genes (B), down-regulated by glucocorticoid (C), and up-regulated by glucocorticoid (D). The numbers in the pie chart are the
number of genes in that GO category.
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Figure 2. The most interconnected subnetwork found in the functional module network analysis. Circles indicate modules and arrows indicate
network flows.

Figure 3. The expression levels of marker of proliferation ki-67 (MKI67) (A), v-myb avian myeloblastosis viral oncogene homolog-like 2 (MYBL2)
(B), apoptosis-inducing factor mitochondrion-associated 1 (AIFM1) (C) and tumor necrosis factor (TNFA) (D) in osteosarcoma cells before and
after estradiol or glucocorticoid treatment. Error bar indicates the standard deviation and p-values are shown. 



glucocorticoid is almost twice many as the number of genes
up-regulated by both (356 vs. 182). The functional module
network built on the down-regulated genes common to both
shows that these genes are mostly associated with the
nucleotide (purine) metabolic and biosynthetic sub-network.
This further suggests that 17-β-estradiol and glucocorticoid
could halt osteosarcoma cell growth through down-regulating
the genes in charge of nucleotide (purine) metabolic and
biosynthetic processes.

In our study, we were very interested in oncogenes and
tumor-suppressor genes that would be influenced by 17-β-
estradiol and glucocorticoid in osteosarcoma cells. They can
foretell the probable performance of 17-β-estradiol or
glucocorticoid in osteosarcoma treatment. We searched
NCG4.0 and TSGene for oncogenes and tumor-suppressor
genes among the differentially expressed genes (23, 24). Due

to the significant difference in the number of differentially
expressed genes found in the two datasets, we identified more
oncogenes and tumor suppressor genes regulated by
glucocorticoid than those regulated by 17-β-estradiol. 17-β-
Estradiol up-regulates more oncogenes than it down-
regulates, while glucocorticoid down-regulates more
oncogenes than it up-regulates. This suggests that
glucocorticoid might be more effective than 17-β-estradiol in
suppressing oncogenesis. The functional enrichment analyses
of the oncogenes down-regulated by 17-β-estradiol or
glucocorticoid show that these oncogenes are involved in the
same biological processes, i.e. regulation of cell proliferation
and cell cycle. Both 17-β-estradiol and glucocorticoid down-
regulate more tumor suppressor genes than they up-regulate.
Only 17-β-estradiol down-regulated tumor-suppressor genes
and glucocorticoid up-regulated tumor suppressor genes
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Table II. DAVID functional annotation result of oncogenes down-regulated by 17-β-estradiol.

Gene Ontology category Term Benjamini-corrected FDR

Biological process Regulation of cell proliferation 5.6×10–4*

Enzyme linked receptor protein signaling pathway 6.8×10–4*

Transmembrane receptor protein tyrosine kinase signaling pathway 1×10–3*

Positive regulation of cell proliferation 1.8×10–3*

Positive regulation of DNA replication 0.04*
Cellular component Plasma membrane part 0.36

Integral to plasma membrane 0.32
Molecular function Transmembrane receptor protein tyrosine kinase activity 0.046*

Protein tyrosine kinase activity 0.086
KEGG pathway Pathways in cancer 1.7×10−4*

Prostate cancer 0.0067*
ERBB signaling pathway 0.043*
MAPK signaling pathway 0.089

*Benjamini-corrected false-discovery rate (FDR) is statistically significant.

Table III. DAVID functional annotation result of tumor suppressor genes down-regulated by 17-β-estradiol.

Gene Ontology category Term Benjamini-corrected FDR

Biological process Negative regulation of cell proliferation 1.81×10–4*

Regulation of cell death 5.92×10–4*

Regulation of programmed cell death 7.14×10–4*

Regulation of apoptosis 8.65×10–4*

Regulation of cell proliferation 0.001*
Negative regulation of signal transduction 0.0025*
Negative regulation of cell communication 0.004*

Cellular component Endoplasmic reticulum 0.22
Extracellular space 0.25

Molecular function Identical protein binding 0.66
Transcription co-repressor activity 0.79

KEGG pathway P53 signaling pathway 0.018*

*Benjamini-corrected false-discovery rate (FDR) is statistically significant.
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Table IV. DAVID functional annotation result of oncogenes down-regulated by glucocorticoid.

Gene Ontology category Term Benjamini-corrected FDR

Biological process Cell-cycle process 1.23×10–5*

Cell cycle phase 1.24×10–5*

Mitotic cell cycle 1.30×10–5*

Cell cycle 3.07×10–5*

Maintenance of protein location in cell 4.32×10–4*

Nuclear division 5.53×10–4*

Cellular component Intracellular non-membrane-bounded organelle 0.0018*
Non-membrane-bounded organelle 0.0019*

Hemidesmosome 0.0096*
Cytoskeleton 0.0117*

Plasma membrane part 0.014*
Cell junction 0.016*

Molecular function Actin binding 0.01*
Transcription factor binding 0.039*

Transmembrane receptor protein tyrosine kinase activity 0.047*
Sequence-specific DNA binding 0.039*
Transcription activator activity 0.039*

KEGG pathway Cell cycle 0.035*

*Benjamini-corrected false-discovery rate (FDR) is statistically significant.

Table V. DAVID functional annotation result of tumor-suppressor genes up-regulated by glucocorticoid.

Gene Ontology category Term Benjamini-corrected FDR

Biological process Regulation of cell cycle 6.88×10–7*

Regulation of cell proliferation 4.70×10–5*

Regulation of apoptosis 2.24×10–4*

Regulation of programmed cell death 1.94×10–4*

Regulation of cell death 1.63×10–5*

Cellular component Cytosol 0.68
Molecular function Transcription regulator activity 0.0014*

Protein complex binding 0.02*
Transcription activator activity 0.059

KEGG pathway Apoptosis 0.86

*Benjamini-corrected false-discovery rate (FDR) is statistically significant.

Table VI. The expression values (normalized counts, mean±SD) of caspase genes in osteosarcoma cells before and after estradiol or glucocorticoid
treatment.

Estradiol Glucocorticoid

Type Caspase Before After p-Value Before After p-Value

Initiator CASP2 0.15±0.03 0.15±0.05 0.808 7.2±0.26 6.1±1.1 0.001
CASP8 0.3±0.09 0.29±0.05 0.78 4.1±0.99 4.3±0.89 0.5
CASP9 0.4±0.11 0.54±0.15 0.01 9.2±0.36 8.9±0.4 0.019

CASP10 0.1±0.04 0.14±0.06 0.075 5.8±0.8 5.4±1 0.22
Effector CASP3 0.33±0.09 0.42±0.05 0.002 10.9±0.1 12.2±0.6 2×10–7

CASP6 0.3±0.1 0.2±0.09 0.018 9.9±0.2 9.8±1.7 0.95
CASP7 0.64±0.2 1.5±0.68 0.0005 9.7±0.35 11±0.45 2×10–9

Significant up- or down-regulation of caspase genes is shown in bold.



yielded statistically meaningful results in the functional
enrichment analyses. The DAVID result showed tumor-
suppressor genes down-regulated by 17-β-estradiol are
associated with the negative regulation of cell proliferation.
Because 17-β-estradiol both down-regulates and up-regulates
cancer-associated genes regulating cell proliferation, we infer
that 17-β-estradiol might be inefficient in controlling
osteosarcoma cell growth. The DAVID result showed that
tumor suppressor genes up-regulated by glucocorticoid are
associated with the regulation of apoptosis. Glucocorticoid
not only down-regulates oncogenes associated with cell cycle
and mitosis but also up-regulates the tumor-suppressor genes
in charge of apoptosis. Thus, we argue that glucocorticoid is
a more efficient hormone than estradiol in controlling
osteosarcoma cell proliferation and apoptosis.

In order to support or refute this argument, we examined
the expression levels of cellular markers for proliferation
and apoptosis in osteosarcoma cells before and after
treatment with 17-β-estradiol or glucocorticoid. Two
cellular markers (MKI76 and MYBL2) of proliferation were
significantly down-regulated in glucocorticoid-treated
osteosarcoma cells, but not in estradiol-treated ones. This
implies that glucocorticoid is more effective in controlling
cell proliferation. AIFM1 was also significantly up-
regulated in glucocorticoid-treated osteosarcoma cells.
AIFM1 induces cell death which is independent from the
caspase pathway (32). Two effector caspases, CASP3 and
CASP7, were significantly up-regulated in both
glucocorticoid- and estradiol-treated cells. The analyses
based on the cellular markers of apoptosis showed that
glucocorticoid not only induces apoptosis through the
caspase pathway but also through a caspase-independent
pathway, while estradiol is only engaged in the caspase
pathway. The evidence based on cellular markers supports
our argument instead of refuting it.

Our study proposes that glucocorticoid is more efficient
in controlling osteosarcoma cell growth than 17-β-estradiol.
It seems to suggest that glucocorticoid is an effective
hormone therapeutic agent for osteosarcoma treatment.
However, there is evidence that glucocorticoid drugs have a
wide range of side-effects such as immunodeficiency and
osteoporosis (33, 34). Some side-effects can do more harm
than good for patients with osteosarcoma. Therefore, we
argue that more research and evaluations of glucocorticoid
are needed before it can be used clinically in osteosarcoma
treatment.
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