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Drug Target Discovery by Gene Expression Analysis: Cell Cycle Genes
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Abstract: Gene expression microarrays and gene expression databases provide new
opportunities for the discovery of drug targets and for determination of a drug’s
mode of action. We review gene expression analysis methods and describe studies
that have identified cell cycle genes using differential expression analysis and co-
expression analysis. We present an example of the identification of previously-
unrecognized human cell cycle genes, CDCA1 through CDCAS8, that are co-
expressed with known cell cycle genes including CDC2, CDC7, CDC23, cyclin,

MCAK, mki67a, topoisomerase Il, and others.

GENE EXPRESSION DATABASES AND
ANALYSIS TOOLS

Gene expression microarrays and gene
expression databases are widely available. These
databases provide new opportunities for the
discovery of drug targets and for determination of
a drug’s mode of action. However, we need
computational tools to extract this information.
The two most widely-used expression analyses
methods are differential expression and co-
expression. We will examine applications of these
methods to find genes involved in the cell cycle.

DIFFERENTIAL EXPRESSION

Differential expression is based on a
comparison of gene expression levels before and
after a treatment or on differences in expression
between different cell types. A common approach
is to apply a compound known to induce or halt
cell cycle to a cell culture and then to observe what
genes change expression. The genes that change
expression significantly can indicate the mode of
action of a compound and in some cases we can
identify genes not previously recognized as
participants in the cell cycle. Several recent
publications, which we examine next, describe
applications of this method to find or characterize
cell cycle genes.
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Coller and colleagues studied the effects of c-
MYC on gene expression in fibroblasts [1]. MYC
affects normal and neoplastic cell proliferation, but
the mechanism is not understood. They studied
the effects of c-MYC activation in primary human
fibroblasts on 6,416 genes, and found it affected
the expression of 38 genes previously known to
participate in cell growth, cell cycle, adhesion, and
cytoskeletal organization.

Shaffer and colleagues studied changes in gene
expression by BCL-6, a transcriptional repressor
involved in B cell differentiation and inflammation
[2]. They found that inhibition of BCL-6
decreased expression of c-MYC and increased
expression of the cell cycle inhibitor p27kipl.

Chang and Laimins studied gene expression
changes induced by human papillomaviruses,
which infect keratinocytes and induce proliferation
[3]. They compared the expression of 7,075
known genes and EST’s in papillomavirus type 31
(HPV31) cells compared to normal human
keratinocytes, and found that the downregulated
genes included several involved in the regulation of
cell growth and several whose expression increases
in response to interferon.

Mariadason and colleagues studied the effects
of butyrate on gene expression in cell cycle arrest,
differentiation, and apoptosis [4]. Butyrate is a
regulator of colonic epithelial cell maturation. They
treated SWG620 colonic epithelial cells with
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butyrate and/or trichostatin A, sulindac, and
curcumin, and examined changes in expression of
8,063 gene sequences. They found that the
expression pattern of butyrate-treated cells was
most similar to that of a Caco-2 cell line that had
spontaneously undergone a GO-G1 arrest and least
similar to the G2-M arrest induced by curcumin.

Han and colleagues studied the potential
oncogene hepatities B viral protein (HBx) [5].
They compared the expression levels of 588 genes
in a HepG2 cell line expressing HBXx versus
untransformed control cells. Their study identified
a variety of genes with differential expression,
among which was p55cdc.

Simbulan-Rosenthal and colleagues studied a
gene implicated in maintenance of genomic
integrity, Poly(ADP-ribose) polymerase (PARP)
[6]. They compared the expression levels of
11,000 genes in PARP(-/-) mice versus their wild-
type littermates. Their study showed that loss of
PARP downregulates several genes involved in cell

cycle progression or mitosis, among other
functions.
Differential  expression analysis requires

treatments that alter the cell cycle, or cells that a
priori differ in expression of cell cycle genes. Its
use is usually restricted to cell lines or model
organisms such as yeast.

CO-EXPRESSION

In  co-expression analysis we look for
previously-uncharacterized genes that mimic the
expression patterns of known cell-cycle genes
(with or without the types of treatment used in
differential expression). The assumption in co-
expression is that if the expression of one gene is
very similar to the expression of another gene, then
it is likely that they are related in their function.
Highly similar expression, like highly similar
sequence, suggests similar function. In the
literature, this approach is called correlation
analysis or co-expression analysis.

Spellman and colleagues examined changes in
yeast gene expression after synchronizing cultures
using alpha factor arrest, elutriation, or arrest of a
cdcl5 temperature sensitive mutant. They
followed changes in gene expression at several time
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points, and identified those genes whose
expression patterns were most similar to the
patterns of genes known to be expressed at G1, S,
G2, M, and M/G1, using standard Pearson linear
correlation. They defined a threshold score that
was exceeded by 91% of known cell-cycle
regulated genes, and found 800 genes that met or
exceeded that score. These researchers also
examined the promoter regions of co-expressed
genes (as identified by cluster analysis), looking
for conserved regulatory motifs. They found
known cell-cycle regulator binding sites and novel
candidate regulatory motifs. Other groups have
performed similar analyses on the same data using
different statistical methods, and have identified
additional candidate regulatory motifs [7, 8].

Coller and colleagues in the research cited
previously examined genes co-expressed with c-
MYC, and found significant overlap with the genes
identified by differential expression, but with
differences between the methods [1]. While
Pearson linear correlation and Spearman rank
correlation are often successful, we have found
cases in which they perform poorly. When applied
to gene expression data from the Inctye LifeSeq
database, these methods identified some known
relationships, particularly among
stoichiometrically-related  proteins, such as
components of immunoglobulins or ribosomes, but
often failed to detect known relationships. We
speculate that the reason for their frequent failure
is that many, and perhaps most, genes do not
show the linear or monotonic correlation assumed
by these methods, but rather have more complex
(non-linear) associations and respond to multiple
interactions among regulatory proteins. In
addition, these correlation methods are relatively
sensitive to errors in measurement; expression
measurements are not as reproducible as we might
wish, and may contribute to their relative
difficulty. Finally, most genes are not expressed in
most tissues; when two genes have no measured
expression in hundreds of libraries, and non-zero
values in a handful of libraries, the genes can show
high correlation regardless of the lack of true
biological association. One then faces the problem
of distinguishing spurious correlation from
biologically meaningful correlation. In the next
section, we present an alternative method that is
complementary to linear and rank correlation
methods.
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GUILTY-BY-ASSOCIATION (GBA) ME-
THOD FOR CO-EXPRESSION ANALYSIS

A common statistical approach to avoiding the
assumptions and weaknesses of linear statistics is
to use a non-parametric statistical analysis. One
non-parametric method of co-expression analysis
is Guilt-by-Association (GBA); we have used
GBA previously to identify genes that are co-
expressed with prostate cancer genes [9] and with
neurotransmitter genes [10]. We describe here the
GBA method of co-expression analysis and give an
example of its use to identify previously-
unrecognized human cell cycle genes. For GBA
analysis, we consider a gene to be present
(expressed) in a library if cDNA corresponding to
that gene is detected inthe sample taken from that
library. We consider a gene to be absent (not
expressed) in a library when no cDNA for that
gene is detected in the library. Table 1 shows an
example of the occurrences of two hypothetical
genes, A and B, in 30 cDNA libraries. A “1”
indicates that the gene was detected in the library;
a “0” indicates that it was not detected. For a given
pair of genes, the expression data in Table 1 can by
summarized in a two-by-two contingency table.
Table 2 presents such a co-expression contingency
table for the hypothetical genes A and B in 30
libraries; Table 3 presents the same data as
variables that we will use shortly.

Table 1. Expression of Two Hypothetical Genes A and
B
A hypothetical example of the occurrences of
genes A and B in 30 libraries. A “1” indicates
that the gene was detected in the library; a
“0” indicates that it was not detected

Gene Library 1 Library 2 Library 30
A 1 1 0
B 1 0 0

We determine the probability that the co-
expression shown in Table 2 occurs by chance
using a Fisher Exact test [11]. The chi-square test,
which is an approximation to the Fisher Exact test,
is commonly used to analyze contingency tables
such as Table 2. However, the chi-squared
approximation is unsuitable when the expected
number of counts in any cell in the table is small
(less than 10). For many genes in our database, the
expected number in at least one cell is less than 10;
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hence we use the more computationally expensive
but more accurate Fisher Exact test.

Table 2. Contingency Table Summary of co-
Expression of Genes A and B
This contingency table summarizes the
occurrence data from Table 1 as counts of
the number of libraries in which the two
genes are present or absent
Number of Gene A Gene A Total
libraries present absent
Gene B 8 2 10
present
Gene B 2 18 20
Absent
Total 10 20 30

In the Fisher Exact test, we take as our null
hypothesis that there is no association between
gene A and gene B. Under the null hypothesis, the
marginal counts in Tables 2 and 3 are fixed, the
expected count in each cell is a function of the
marginals, and deviations from the expected count
are random. The number of ways that k
occurrences of a gene can be distributed in r
libraries is (r C k), that is, the combinatoric choose
function. From Table 3, we can calculate the
probability of observing n1l counts count in the
cell {Gene A present and Gene B present} using
the hypergeometric distribution. From the
hypergeometric distribution, the probability of
observing exactly n1l counts is p(n1l) = (nl1. C
nll) x (n2. C n21)/(n.. C n.1).

Table 3.  Variables Representing Counts of Gene
Occurrences
In this table, we represent the counts from
Table 2 as variables to be used in the Fisher
Exact test to calculate the probability that
co-expression is due to chance
Number of Gene A Gene A Total
libraries present absent
Gene B present nll ni2 ni.
Gene B absent n21 n22 n2.
Total n.l n.2 n.?

To determine if there is association (lack of
independence) between the genes, we calculate the
sum of all the (hypergeometric) probabilities for
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outcomes at least as extreme as the observed
outcome. As a concrete example, consider in Table
2 the n11 count of 8 co-occurrences of gene A and
gene B. We calculate the probability of observing a
count of exactly 8 using the hypergeometric
distribution, that is, p(n11is8)=(10C 8) x (20 C
2) /(30 C 10). To test the null hypothesis, we are
interested not only in the case in which we observe
a count of exactly 8 in the cell, but also the cases in
which we observe more extreme values of nll,
subject to the constraints of the marginals. Hence,
we sum the probability of the observed count and
of the more extreme possible counts (n11 = 8, 9,
and 10) to determine the total probability of
counts at least as extreme as those observed. In the
case of Table 2, the probability that the observed
co-expression is due to chance is p = 0.0003.

HUMAN CELL CYCLE GENES IDENTIFIED
BY GBA

To find cell-cycle gene using GBA, we
examinedthe expression of genes in 1176 human
cDNA libraries. These libraries were from diverse
anatomic and pathologic states, mainly from
surgery, biopsy, or post-mortem samples, or were
prepared from cell lines, and include all the
libraries that were in the LifeSeq database at the
time of the analysis. Approximately 5000 cDNA’s
from each library were sequenced by gel
electrophoresis, assembled, and aligned against
known genes. Sequences that were significantly
different from known gene sequences were
assigned new identification numbers. All genes that
were detected in at least five of the 1176 libraries
were included in the analysis described here, which
yielded 37,071 known and novel genes, gene
fragments, or splice variants.

In this dataset, we observed the co-expression
of many known cell cycle genes which are listed in
Table 4. Table 5 shows the co-expression of these
known genes with each other. Other known cell
cycle-associated genes were also co-expressed with
this set, but not so closely. In addition, we
observed eight previously-uncharacterized genes
(CDCAL, CDCA2, CDCA3, CDCA4, CDCAS,
CDCAG6, CDCA7, CDCAS8) that are the most
closely co-expressed with these known cell-cycle
genes. The co-expression of the eight novel genes
with the known cell cycle genes is shown in Table
6. Each of the eight novel genes is co-expressed
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with one or more of the known genes with a p-
value of 1.0 e-8 or better, and has p-values for
association comparable to the p-values among the
known genes. The eight genes all show regions of
sequence similarity to uncharacterized EST and
genomic sequencesin Genbank, but do not show
significant similarity to genes with known
function.

Several aspects of the library selection and
preparation in this GBA study are likely to affect
the results of the analyses, because they violate
one or more assumptions. Specifically, because
more than one library may be obtained from a
single patient (for example, multiple organs, or
matched tumor and non-tumor tissue, or
normalized and non-normalized), libraries are not
completely independent. Libraries were, in many
cases, normalized or subtracted to enrich the
proportion of genes expressed at low levels; this
alteration will make more difficult the detection of
associations between genes expressed at different
levels. Some libraries in which many novel genes
were found were sampled to greater depth, leading
to an inconsistent measure of presence or absence.
Because of the random sampling, genes that are
expressed at low levels may not be detected. The
cDNA libraries used in this analysis were prepared
at different times and with different methods. The
effect of different cDNA library samples, different
normalization, different preparation methods, or
preparation at different times is most likely to be
to obscure true relationships. Such differences will
make the calculated probability of association less
accurate. However, it is unlikely that a pattern that
is consistent across 1176 libraries, has good p-
values, and is consistent with known biological
relationships would be introduced by the random
effects of such differences. With a Bonferroni
correction for multiple comparisons, the genes
identified here show significant association with
many, but not all, of the known cell cycle-
associated genes.

GBA is better able to detect nonlinear
relationships and is more robust against errors in
expression measurement than is linear correlation.
However, for genes whose expression is linearly or
monotonically associated with other genes,
correlation analysis may provide good results,
possibly with smaller sample sizes than are
required for GBA.
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Table 4. Co-Expressed Cell-cycle Genes

These cell cycle genes are co-expressed with each other with extreme p-values (Fisher Exact test) in 1176
cDNA libraries

Gene name Description and Citations

CDC2 CDC2 Cell division cycle protein 2 / Cyclin B1
Activation of the mitotic kinase CDC2 triggers entry into mitosis. CDC2 binds chromatin prior to S-phase, and is
displaced during DNA replication [12, 13].

CDC7 CDCY7 Cell division cycle protein 7
CDCY7 kinase is conserved in eukaryotes from yeast to humans. It is essential for initiation of DNA replication and
entry into S-phase[14-16].

CDC23 CDC23 Cell division cycle protein 23
CDC23 is a component of the anaphase-promoting complex (APC) that regulates mitosis by catalyzing the formation
of cyclin B-ubiquitin conjugates, targeting cyclin B for degradation [17-19].

Cyclin B Cyclin B
Cyclin B is a subunit of the cyclin-dependent kinase 1 (Cdkl). Degradation of cyclin B by the anaphase-promoting
complex (APC) is required for inactivation of the kinase and exit from mitosis. Cyclin-dependent kinases (CDKs) are
regulators of cell cycle progression, and alterations and deregulation of CDK activity are characteristic of neoplasia.
CDK inhibitors and modulators alter cell cycle and induce apoptosis and tumor regression [19-21].

hBubl hBubl mitotic checkpoint kinase
hBubl is a kinetochore protein that monitors chromosome attachment to the spindle in mitotic cells and controls exit
from mitosis and chromosome segregation. The mitotic checkpoint ensure proper chromosome segregation by
delaying anaphase until chromosomes are aligned on the spindle. Following spindle damage, cells exit mitosis and
undergo apoptosis. hBubl is required for the checkpoint response to spindle damage; mutations in hBubl disrupt
the mitotic checkpoint allowing cells to escape apoptosis and continue cell cycle progression, despite spindle
damage, potentially leading to aneuploidy and contributing to neoplasia [22-27].

hKSP hKSP kinesin-like spindle protein (alternate name HsEgQ5)
A spindle-associated protein found with centrosomal microtubles during prophase and prometaphase centrosome
separation, and associated with post-mitotic centrosome movement[28].

hp55cdc hp55cdc cell division cycle protein / CDC20
p55cdc is a kinetochore and spindle microtuble-associated protein that mediates association of the spindle
checkpoint protein Mad2 with the cyclosome/anaphase promoting complex, and appears to be essential for cell
division. Over expression of p55dcd induces apoptosis. hp55cdc is also associated with the mitotic spindle protein
kinase Aik (g.v.) [29-34].

MCAK MCAK mitotic centromere-associated kinesin
MCAK is a microtubule motor protein recruited to the centromere at prophase that participates in anaphase
chromosome segregation[33, 35-38].

mitosin mitosin (CENP-F kinetochore protein)
Mitosin is a nuclear protein that associates with centromeres and spindle poles during M phase. Overexpression of]
N-terminally truncated mitosin blocks cell cycle progression. Mitosin is correlated with clinical outcome in node-
negative breast cancer [39-41].

mki67a mki67a (MIB-1) cell proliferation marker
Expression of mKi67a is strictly associated with cell proliferation. It is widely use in pathology as a cell
proliferation marker to measure the growth fraction of cells in human tumors [42-45] .

MKLP-1 MKLP1 mitotic kinesin-like protein 1 (CHO1)
MKLP1 is a spindle-associated protein required for mitotic progression [46-48].

myb b-myb

B-myb is a member of the myb family of cell-cycle regulated transcription factors, expressed in G1 and S phase.
Activity of b-myb is stimulated by cyclin A/Cdk2-dependent phosphorylation [49-52].
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(Table 4). contd.....

Gene name Description and Citations

NLK1 NLK1 NIMA-like protein kinase 1
NLK1 is a human mitotic kinase, similar to the NIMA cell-cycle regulatory protein kinase in Aspergillus that is
essential for entry into and progression through mitosis[53-55].

P1-CDC21 P1-CDC21
Member of the family of minichromosome maintenance proteins essential for DNA replication [56, 57].

PRC1 PRC1 protein regulating cytokinesis 1
PRC1 is a human mitotic-spindle associated CDK substrate protein required for cytokinesis [58].

prkAik2 protein kinase Aik2 / Aurora2
Localized to mitotic spindle poles; involved in regulating chromosome segregation and maintaining genomic
stability. Associated with p55cdc/cdc20 [34, 59, 60].

survivin survivin apoptosis inhibitor gene
Survivin is expressed in the G2/M phase of the cell cycle. At the beginning of mitosis it associates with microtubules
of the mitotic spindle. It inhibits apoptosis, and is hypothesized to overcome the apoptotic checkpoint, allowing
cancer cells to survive [61, 62].

topo 1l topoisomerase Il
Topo Il is required for chromosome condensation and segregation during DNA replication. It's expression is cell
cycle dependent, with protein levels and catalytic activity peeking in G2/M. It is hypothesized to be part of
regulatory checkpoints at the entry and progression of mitosis and thus to regulate apoptosis. Topo Il poisons
induce carcinogenic chromosomal alterations [63-68].

UbcH10 UbcH10 cyclin-selective ubiquitin carrier protein

Destruction of mitotic cyclins by ubiquitin-mediated proteolysis is required for cells to complete mitosis and enter,
anaphase of the next cell cycle. This process is catalyzed by UbcH10/E2-C. Mutant UbcH10 inhibits the destruction
of cyclins, arrests cells in M phase, and inhibits the onset of anaphase [69, 70].

Table 5. Co-expression of Known Cell-cycle Genes

This table shows the probability, for each pair of genes, that their observed co-expression in 1176 cDNA
libraries is due to chance. The p-values are expressed as the negative log (- log p) from the Fisher Exact

Test.

N N~ ™ om c — o [} 2 = ] il — | N c = o

slalgls|s|2|9|8 3|8 |%|a|2|8|8|=|%]|z2]z

aMEE NN NN
CDC2 13 3 12 8 6 6 5 10 12 7 0 0 |11] 7 7 11 23 6
CDC7 13 6 7 8 6 5 7 5 6 5 6 4 715 8 7 11 6
CDC23 3 6 10 0 5 6 9 7 8 518 0 71 6 3 9 13 4
CyclinB | 12 7 10 5 10 12 14 14 7 4 [13] 0 |10] 15| 11 11 17 12
cyclin 8 8 0 5 5 6 6 12 7 7|1 6] 10| 6]10] 5 9 11 8
hBub1 6 6 5 10 5 7 8 7 6 5 6 4 6|12 | 7 9 15 12
HKSP 6 5 6 12 6 7 11 13 8 9 |19] 4 |14]116 ] 9 18 19 15
hp55cdc | 5 7 9 14 6 8 11 12 11 4 18] 5 912 | 7 11 14 9
MCAK | 10 5 7 14 | 12 7 13 12 13 7 113 8 |12] 13| 8 18 24 12
mitosin | 12 6 8 7 7 6 8 11 13 7 120 4 |21]13] 11 9 15 12
mki67a 7 5 5 4 7 5 9 4 7 7 7 4 6| 5 5 10 6 6
MKLP-1] 0O 6 8 13 6 6 19 18 13 20 7 0 [10] 9 8 11 18 16
NLK1 0 4 0 0 10 4 4 5 8 4 4 0 6| 7 4 6 8 6
CDC21 | 11 7 7 10 6 6 14 9 12 21 6 |10]| 6 15| 7 11 19 9
PRC1 7 5 6 15 | 10 | 12 16 12 13 13 5 9 7 |15 10 8 18 8
Aik2 7 8 3 11 5 7 9 7 8 11 5 8 4 7 |10 10 11 15
survivin | 11 7 9 11 9 9 18 11 18 9 10 [11] 6 11| 8 | 10 23 16
topo Il | 23 | 11 13 17 11 15 19 14 24 15 6 |18 8 |19] 18 | 11 23 11
UbcH10 | 6 6 4 12 8 12 15 9 12 12 6 |16| 6 91 8 |15 16 11
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Table 6. Co-expression of CDCAL to CDCAS8 Genes with Known Cell-cycle Genes
This table shows the probability, for each known gene versus each novel gene, that their observed co-expression in
1176 cDNA libraries is due to chance. The p-values are expressed as the negative log (- log p) from the Fisher Exact
test.
Gene name CDCAl CDCA2 | CDCA3 | CDCA4 CDCA5 CDCA®6 CDCA7 CDCAS8
CDC2 8 7 6 5 9
CDC7 4 5 12 5 7 0 10 3
CDC23 6 5 5 5 10 6 4 10
Cyclin B 5 8 10 13 7 10 7
cyclin 9 7 5 5 6 0 8
hBubl 7 8 5 5 4 9
HKSP 6 9 8 8 12 8 9 17
hp55cdc 8 7 10 10 11 8 5 10
MCAK 8 5 7 11 9 5 9 8
mitosin 9 7 10 8 12 5 9 4
mki67a 8 9 3 4 0 4 6 4
MKLP-1 7 4 10 7 11 7 10 0
NLK1 9 4 0 4 4 0 5 4
CDC21 9 10 11 6 15 4 9 8
PRC1 9 12 9 6 16 6 10 8
Aik2 6 7 11 11 8 5 6
survivin 6 5 8 8 8 9
topo 11 16 11 11 7 14 9 13 15
UbcH10 10 7 11 13 11 6 12 6
DISCUSSION genes that participate in the cell cycle, and thus

A difficulty in expression studies is that a given
stimulus often has quite different effects in
different cell lines. Genes that change expression in
one cell line in response to a stimulus are often
unchanged in another, closely related cell line,
dependent, presumably, on the differences in
receptors, transcription factors, and other proteins
present in each cell type. Thus, it is difficult to
determine how much of a regulatory pathway we
may have found, and what the exact, quantitative
connections are among the genes. In the current
state of the art, it is almost impossible to predict
what effects a compound will have on gene
expression in a previously-untested cell type.
Pursuit of a better understanding of alterations of
gene expression and the connections among
regulatory genes is likely to remain an active
research area for some time. However, the methods
available today are sufficient to identify many

can provide candidate targets for new cancer drugs.
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Gene name | Genbank Accession # | DbEST identifier
CDCA1 BG354574 8402074
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CDCA4 BG354577 8402077
CDCA5 BG354578 8402078
CDCA6 BG354579 8402079
CDCA7 BG354580 8402080
CDCAS8 BG354581 8402081
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