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Abstract

The early stages of carcinogenesis are linked to defects in the cell cycle. A series of cell cycle
checkpoints are involved in this process. The G1/S checkpoint that serves to integrate the control
of cell proliferation and differentiation is linked to carcinogenesis and the mitotic spindle
checkpoint with the development of chromosomal instability. This paper presents the outcome of
systems biology studies designed to evaluate if networks of covariate cell cycle gene transcripts
exist in proliferative mammalian tissues including mice, rats and humans. The GeneNetwork
website that contains numerous gene expression datasets from different species, sexes and tissues
represents the foundational resource for these studies (www.genenetwork.org). In addition,
WebGestalt, a gene ontology tool, facilitated the identification of expression networks of genes
that co-vary with key cell cycle targets, especially Cdc20 and Plk1 (www.bioinfo.vanderbilt.edu/
webgestalt). Cell cycle expression networks of such covariate mRNAs exist in multiple
proliferative tissues including liver, lung, pituitary, adipose and lymphoid tissues among others but
not in brain or retina that have low proliferative potential. Sixty-three covariate cell cycle gene
transcripts (MRNAs) compose the average cell cycle network with p = e™13 to €736, Cell cycle
expression networks show species, sex and tissue variability and they are enriched in mRNA
transcripts associated with mitosis many of which are associated with chromosomal instability.
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Introduction

The cell cycle serves critically important roles in the control of cell proliferation and cell
differentiation (Kasperbauer et al., 1990; Krawisz and Scott, 1982; Scott et al., 1982a,
1982b; Wilke et al., 1988; Wille et al., 1985, 1984). Advances in addressing the integration
of regulatory information through systems biology strategies can provide valuable insight
into both the biology and pathology of cell cycle control (de Oliveira Dal’Molin et al., 2015;
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Hartmann and Schreiber, 2014; Mason and Watt, 2015; Oberhardt and Gianchandani, 2014;
Petrey et al., 2015; Roy and Singer, 2015; Tortolina et al., 2014; Yang et al., 2015; Zhu et
al., 2015). Integration of regulatory activities that mediate cell cycle and cell growth control,
as well as proliferation with competency for expression of phenotype, are fundamentally
important for biological processes and cancer (Aguilar et al., 2014; Asghar et al., 2015;
Datla et al., 2014; Dudakovic et al., 2014; Faulknor et al., 2015; Fu et al., 2015; Gordon et
al., 2014; Jongsma et al., 2014; Kapinas et al., 2015; Lamerton, 1974; Lopez-Camacho et al.,
2014; Lopez-Mejia and Fajas, 2014; Meadows and Millar, 2015; Mundade et al., 2014;
Schwanbeck, 2015; Sharma et al., 2014; Stachowiak et al., 2015; Stumpff et al., 2014; Sun
et al., 2015; Vadia and Levin, 2015; VVoskas et al., 2014; Weber and Ryan, 2014).
Dysfunction in the cell cycle linked integrated control of both cell proliferation and cell
differentiation is involved in the early stages of carcinogenesis (Scott and Florine, 1982;
Scott and Maercklein, 1985; Scott et al., 1988; Sparks et al., 1986; Weinstein, 2000; Wier
and Scott, 1985; Wille and Scott, 1986; Wille et al., 1982). This conclusion is strongly
supported by Hanahan and Weinberg in their classic hallmarks of cancer review (Hanahan
and Weinberg, 2000). In addition, a signature of 70 mRNAs for chromosomal instability
(CIN) that is involved in the early stages of carcinogenesis was defined in 2006 by Carter et
al.; they functionally linked 29 signature CIN mRNAs to the cell cycle, specifically mitosis
(Carter et al., 2006).

Cell cycle gene products commonly function as complexes; over 60 cell cycle complexes
have been characterized (de Lichtenberg et al., 2005). An important mechanism that serves
to influence the function of such cell cycle complexes is the relative expression of various
cell cycle proteins. Protein stoichiometry control involving changes in the expression of
groups of proteins by as little as two fold have been reported to influence cellular behavior
by modifying the normal stoichiometry of protein complex subunits, such as those required
for competency to proliferate (Blagosklonny and Pardee, 2002; Ford and Pardee, 1999;
Pardee and Qiao, 2008; Pardee, 2002; Pardee et al., 2004), initiation of S-Phase and histone
gene expression (Aziz et al., 1998; Ghule et al., 2014; Liu et al., 2011; Miele et al., 2005;
Mitra et al., 2007; Stein et al., 2006; Vaughan et al., 1998, 1995; Xie et al., 2009, 2001), cell
cycle progression and mitosis (Bertoli et al., 2013; Ferrell, 2013; Hanahan and Weinberg,
2011; Herrup, 2013; Lim and Kaldis, 2013; London and Biggins, 2014; Torres et al., 2008;
Williams and Fuchs, 2013; Yang and Ferrell, 2013; Zaidi et al., 2013).

This perspective is affirmed by the fact that differences in the dosage of cell cycle mRNAs
and thereby in protein stoichiometry have been reported to result in aneuploidy that is linked
to CIN. Microarray-based expression analyses indicate that gene copy number variants of
aneuploid cells correlate with gene transcript levels. In addition, diploid yeast strains that
contain different chromosome numbers show a corresponding change in protein transcript
levels (Pollack et al., 2002; Torres et al., 2007; Tsafrir et al., 2006). The disruption of
normal cell cycle control mechanisms associated with aneuploidy causally leads to
carcinogenesis (Ricke and van Deursen, 2013). In addition, the transcript levels of genes
encoded on chromosome 21 parallel the increase in gene copy number in patients with
Down’s syndrome (Mao et al., 2003).
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Systems biology analysis performed using microarray databases and GeneNetwork
represents a very useful approach to evaluate the expression of covariate cell cycle mMRNAs
that form networks. In the proliferative tissues and cells studied, distinct expression
networks of cell cycle mRNAs that are covariate with Cdc20 or PIk1 have been discovered
and such cell cycle expression networks show species, sex, and tissue variability. The
composition of the average cell cycle expression network includes 63 cell cycle transcripts
and the observed cell cycle expression networks are enriched in cell cycle genes associated
with mitosis. These cell cycle expression networks are envisioned to have the potential to
facilitate stabilization of the control of normal cell proliferation and differentiation and to
antagonize development of CIN and cancer. Thereby such networks have the potential to be
of importance in the emergence of precision medicine (Curtis, 2015; Desautels et al., 2014;
Glade Bender et al., 2015; Jorgensen, 2015; Kummar et al., 2015; Marquet et al., 2015;
Rubin, 2014) wherein therapeutic strategies need to be aligned with specific properties of
tumors.

GeneNetwork and WebGestalt

GeneNetwork is an open access, online data analysis resource for systems biology and
systems genetics. It contains a large number of microarray datasets from multiple tissues of
male and female rats, and mice of multiple strains and strain combinations in addition to
human datasets. These dataset have been deposited in GeneNetwork from investigators
around the world using a vast spectrum of microarray platforms as described
(www.genenetwork.org).

Using GeneNetwork it is possible to extract sets of transcripts that co-vary tightly with a
target transcript(s) across genetically diverse populations. This was specifically achieved by
searching for covariates that showed correlation coefficients >0.5 with the expression of
Cdc20 or Plk1 across the genetically diverse population studied in each database. Then
multiple types of analysis were performed including: 1) correlation matrix / principal
components analysis and 2) network analysis and graphing that enables the examination and
depiction of the network of associations among large groups of traits.

To facilitate the identification of transcripts that co-vary with cell cycle probes, such as,
Cdc20 and PIk1, the WebGestalt gene ontology system was used
(www.bioinfo.vanderbilt.edu/webgestalt). WebGestalt is a "WEB-based GEne SeT
AnaLysis Toolkit" designed for functional genomic, proteomic and large-scale genetic
studies in which large number of gene lists are to be evaluated. In these studies sets of
transcripts covariate with Cdc20 or Plk1 were sent to WebGestalt for analysis wherein
WebGestalt defined those members of the submitted transcript set that had functions in the
cell cycle. WebGestalt also designated the probability of occurrence of the observed set of
cell cycle covariates relative to predicted occurrence levels. Probability (p) values for the
various cell cycle expression networks presented in this paper represent these values.
Thereby cell cycle expression networks were identified.

We have used the following GeneNetwork datasets in the present study:
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a. Human lymphoblast panel [UTHSC CEPH B-cells lllumina (Sep09) Both Sexes] -
180 individuals; Cdc20 probe: ILMN_1663390; normalization system is RankInv.

b. BXD female mouse liver panel [UNC Agilent G4121A Liver LOWESS Stanford
(Jan06) Females] - 41 strains including 38 BXD strains plus BXD parent and an F1
progeny (C57BL/6J, DBA/2J, B6D2F1, and BXDs 01, 02, 05, 06, 08, 09, 11,12,
13,14, 15, 16, 19, 21, 23, 24, 28, 29, 31, 32, 34, 36, 38, 39, 40, 42, 43, 44, 45, 48,
51, 60, 62, 69, 73, 77, 85, and 86); Cdc20 probe: A 51 P361022; normalization
system is Lowess.

c. BXD male mouse liver panel [UNC Agilent G4121A Liver LOWESS Stanford
(Jan06) Males] - 41 strains including 38 BXD strains plus BXD parents and an F1
progeny (C57BL/6J, DBA/2J, B6D2F1, and BXDs 01, 02, 05, 06, 08, 09, 11,12,
13,14, 15, 16, 19, 21, 23, 24, 28, 29, 31, 32, 34, 36, 38, 39, 40, 42, 43, 44, 45, 48,
51, 60, 62, 69, 73, 77, 85, and 86); Cdc20 probe: A_51 361022; normalization
system is Lowess.

d. BHHBF2 mouse liver panel [UCLA BHHBF2 Liver (2005) Mlratio, Male] - 141
strains; Cdc20 probe: 10024401435; normalization system is Miratio.

e. Mouse diversity panel [Harrill-Rusyn MDP Liver Acetaminophen Tox Study
(G4121A, 2009)] - 36 strains; PlIk1 probe: A_51 P344566; normalization system is
Lowess.

f.  HXBBXH Rat liver panel [MDC/CAS/UCL Liver 230v2(Dec08) RMA] - 31
strains; Cdc20 probe: 1370294 a_at; normalization system is RMA.

g. BXD mouse lung [HZI Lung M430v2 (Apr08) RMA] - 57 strains: 47 BXD stains
plus 9 additional strains including the BXD parents; Cdc20 probe: 1439377_X_at;
normalization system is RMA

h. BXD mouse pituitary [INIA Pituitary Affy MoGene 1.0ST (Jun12) RMA] - 52
stains - 48 BXD strains plus 4 strains including the BXD parents and F1 progeny;
Cdc20 probe: 10515744; normalization system is RMA.

i. HBXXBH male mouse adipose tissue [UCLA BHHBF2 Adipose Male Only] - 152
mouse groups, Cdc20 probe: 10023301435; normalization system is Miratio.

j.  HBXXBH female mouse adipose tissue [UCLA BHHBF2 Adipose Female Only] -
141 mouse groups, Cdc20 probe: 10024401435; normalization system is Miratio.

Using GeneNetwork combined with WebGestalt, covariate expression sets of cell cycle
transcripts were found in proliferative tissues and cells. Such enriched sets of genes with
common functions (cell cycle) are designated cell cycle expression networks. When these
networks are illustrated in graphic form in various figures of this paper, the color of the lines
connecting the genes indicates the degree to which their expression co-varies among the
strains that were evaluated (red = positive correlation coefficient >0.7, orange = positive
correlation coefficient >0.5, blue = negative correlation coefficient >0.7, green = negative
correlation coefficient >0.5).
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Initial studies searched for the presence of cell cycle expression networks in a BXD mouse
liver database by looking for covariate networks of the following cell cycle mRNAs using
GeneNetwork and WebGestalt to evaluate the following probes: Cdc20, Aurka, Prcl, PIk1,
Bric5, Mki67, Nuf2, Aurkb, Rb1, Cenpe and Nek2. Of these Rb1, Cenpe and Nek2 showed
no network characteristics. In contrast, the other eight probes identified networks consisting
of between 70 to 95 cell cycle mRNAs. Follow-up studies in other tissues established Cdc20
as the most robust probe to detect cell cycle expression networks. In this regard, all but one
set of data presented herein was derived using Cdc20 as the key cell cycle mRNA
covariance probe.

I. What are the characteristics of liver cell cycle expression networks in rodents?

The first GeneNetwork dataset that was investigated was that of BXD female mouse liver
(UNC Agilent G4121A Liver LOWESS Stanford (Jan06) Females). All the mRNAs that
were covariate with Cdc20 that had correlation coefficients >0.5 were exported to
WebGestalt to secure gene ontology classification data. Thereby it was established that in
the liver of BXD female mice, 75 cell cycle mRNAs showed significant covariant
expression with Cdc20 with p = 8.68e2. Figure 1a and its legend present the characteristics
and composition of that cell cycle expression network.

Next, a comparison was made concerning the cell cycle expression network to determine if
sexual dimorphism exists in the liver of female and male BXD mice derived from identical
strain populations. Figure 2 presents such results for BXD male mouse liver (UNC Agilent
G4121A Liver LOWESS Stanford (Jan06) males). All the mRNAs that were covariate with
Cdc20 that had correlation coefficients >0.5 were exported to WebGestalt to secure gene
ontology classification data. Thereby it was established that in the liver of BXD male mice,
44 cell cycle mRNAs showed significant covariant expression with Cdc20; p = 4.07e719,
Figure 2 shows that the cell cycle expression network of these mMRNAs and the legend to this
figure presents lists of genes that comprise this network.

The third GeneNetwork database that was investigated with respect to the cell cycle
expression network was BHHBF2 mouse liver (UCLA BHHBF2 liver (2005) Miratio -
male). Cdc20 was again used to search for cell cycle mRNA covariates and its use again
identified an impressive cell cycle expression network. Figure 3 illustrates and lists the 70
cell cycle mRNAs comprising the cell cycle expression network for which WebGestalt gave
ap=141e 2,

The fourth GeneNetwork database investigated for the existence of a cell cycle expression
network was a mouse diversity panel [Harrill-Rusyn MDP Liver Acetaminophen Tox Study
(G4121A, 2009)]. The search for a cell cycle expression network in this dataset was
challenging because a robust network could not be identified using Cdc20, Cenpe or Tpx2 as
covariate bait. However, when Plk1 was used Figure 4 shows cell cycle network of 29 cell
cycle genes was evident with a p = 8.90e712,
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Further analyses showed that all four murine liver cell cycle expression networks are
enriched in mitosis genes by 2.1 fold relative to the ratio of mitosis genes to cell cycle
mMRNAs in the WebGestalt murine gene ontology resource (Table 1).

To confirm that the cell cycle expression network is evident in the liver of a different rodent,
studies evaluated HXBBXH rat liver database that includes specimens of both sexes
[MDC/CAS/UCL Liver 230v2 (Dec08) RMA]. The cell cycle expression network in rat
liver is composed of 77 cell cycle mRNAs that were detected to be covariate with Cdc20
with a p = 2.95¢714 (Figure 5). The composition of the cell cycle network in rat liver is
distinct from mouse liver and from lung, adipose tissue and pituitary shown below. Distinct
rat liver mRNAs include: Apbb2, Cdkn2c, Cenpk, Cenpm, Cenpf, Pim3, PIk3, Brca2, Mdc1,
Ccndl, Cdcl6, Csk2, CLk4, Dactl, Rrm2, Dynltl, E2f1, Fancd2, Map4, Gadd45g, Hmgh2,
Itgh3bp, Kifcl, Cenpw, Mphosph10, Myc, Pttgl, Ddx11, Dgkz, Rassf4, Tafl, Top2a,
Trafdafl, Tsc2, Cdc37, Cdca7, Usp2, and Znf655. This analysis is important because it
documents that cell cycle networks show variability not only on the basis of mouse strain
and sex characteristics but also species variability.

II. Can cell cycle expression networks be identified in other mouse tissues?

a. Lung cell cycle expression network—The GeneNetwork lung database includes
microarray results based on analysis of 45 BXD mouse strains and 12 additional strains that
include the BXD parents. Analysis of this database revealed a cell cycle expression network
of 102 cell cycle mRNAs that are Cdc20 covariates with correlation coefficients >0.5 and a
p = 4.75e736, Figure 6 illustrates this 102 cell cycle network and its composition. This
network of 102 cell cycle mRNAs show a 2.1 fold enrichment in mitosis MRNAs and
contains a subset of 20 CIN signatures. These include: Cdc20, Ube2c, Cep55, Melk, Cdc45l,
Tripl3, Aurkb, Ncaph, Ccnb2, Mcm7, Ect2, Ezh2, Mad2l1, Prcl, Cdca3, Ccnbl, Tpx2,
H2afx, Espll and Foxm1.

b. Pituitary cell cycle expression network—Analysis of the GeneNetwork pituitary
database consisting of the results based on 45 BXD mouse strains and 7 additional strains
that include the 2 parental BXD strains documents an expression network of 32 cell cycle
mRNASs that are Cdc20 covariates with correlation coefficients >0.5. This network shows
2.0 fold enrichment in mitosis mMRNAs and within this group of 32 network genes are 6
genes that are members of the CIN signature (Fig. 7). These include Ube2c, Cep55, Cdca3,
Ncaph, Prcl, Cdc45l and Cdc20. The significance of the existence of this network hasa p =
4.08e713,

c. Adipose cell cycle expression network—Analysis of the male and female
BHHBF2 mouse adipose tissue microarray database provides important additional evidence
that the cell cycle expression network shows sex and tissue specificity. To simplify this
analysis Cdc20 covariates with correlation coefficients >0.7 were studied instead of
covariates with >0.5. Figure 8 shows the female adipose network that consist of 42 cell cycle
mRNAs that are Cdc20 covariates with a p = 6.18e736,

Female and male adipose cell cycle gene expression networks share 34 mRNAs in common
and each have an additional 8 mMRNAS that shows sex specificity. The common mRNAS are:
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Cdc20, Exol, Clspn, Cit, Ccnb2, Cdca8, Csk2, Kifll, Fanci, Ccna2, Sgoll, Nuf2, Psrcl,
Cdk1, Utfrl, Aurka, Tacc3, D2Ertd750e, E2f8, Melk, PIk1, Rad51, Cdca5, Birc5, Cdca3,
Cenpe, Rcgapl, Dbf4, Expll, Ccdc99, Trip13, Aspm, Fignl1 and Cenpa. Female specific
network mRNAs are: Kif18, Ncaph, Cascb, Sgol2, Mki67, Kntcl, Skal, and Kif20b. Male
specific network mRNAs are Aifl, Mcm5, Mcm6, Gmnn, Mcm4, Mcm2, Ptpn6, and Cenph.

These results show that female and male adipose tissues cell cycle expression networks
contain different compositions of mMRNAs. This further establishes the sex variability of cell
cycle expression networks.

Adipose cell cycle expression networks from tissues of both sexes also contain CIN
signatures. There are ten female adipose CIN signature mRNAs that include: Cdc20, Cit,
Ncaph, Ccnb2, Cdca8, Csk2, Melk, Cdca3, Trip13, and Expll1. There are also nine male
adipose CIN signatures that include: Cdc20, Ccnb2, Cdca8, Csk2, Melk, Cdca3, Tripl3,
Mcmz2, and Espl1.

Ill. Does the existence of cell cycle networks translate to humans?

To establish that a cell cycle expression network exists in humans, lymphoblasts from 180
individuals (UTHSC CEPH B-cells Illumina (Sep09) Ranklnv) database were evaluated for
covariates with Cdc20. Figure 9 shows a network of 59 such cell cycle mRNAs with
correlation coefficients >0.50. This network showed p = 1.19e719 according to WebGestalt.
This human lymphoblast network contains a subset of cell cycle mRNAs not typically
observed in the various rodent networks described previously in this paper. There include:
Hjurp, Tubb4b, Dynlt3, Smarca4, Rcc2, Setd8, Tnfaip3, Rps271, Pole, Suv39hl and others.
This observation establishes not only that the discovery of cell cycle expression networks
translates to humans but also that human networks can show variability.

In summary, Table 2 presents the results of an analysis of the cell cycle mRNAs that are the
most common constituents of cell cycle expression networks in multiple tissues that show
species, sex and tissue variability. A total of between 1067 to 1295 cell cycle mRNAs that
exist mice, rats and humans according to WebGestalt averaging 1128. Those involved in the
cell cycle expression networks described in the nine studied tissue numbers 242. Table 2
emphasizes that of the 60 most common or core network constituents, Cdc20, PIk1, Birc5,
Cenpe, Ccnbl, Mki67 and Aurka represent the top eight cell cycle expression network
members. Therefore an average cell cycle expression network can be envisioned to be
composed of approximately 65% core cell cycle network mRNASs and 35% species, sex or
tissue specific MRNAs. It is of note that of those mMRNAs listed in Table 2, 17 represent CIN
signatures and 10 of these are CIN mitosis signatures: Cdc20, Ccnb2, Ube2c, Cdca8, Prcl,
Espll, Aurkb, Ect2, Nek2, and Cep55.

IV. Are cell cycle expression networks evident in the adult central nervous system that
does not have prominent proliferative potential?

Finally, it is important to state that the cell cycle expression networks are not evident in
tissues that lack significant proliferative potential, i.e., the adult central nervous system. The
adult human whole brain database (GSE5281 Human Brain Normal (Jul09) RMA) showed
no evidence of a cell cycle expression network by analysis of the top 500 expression
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covariates with Cdc20. In addition, the adult BXD whole brain database (UCHSC RMA,
Nov 06), the adult BXD cerebellum database (SJUT MASD5, Oct 03) and the adult BXD
hippocampus database (Consortium RMA, Nov 06) also showed no evidence of cell cycle
expression networks as determined by analysis of the top 100 and 500 expression covariates
with either Cdc20 or Aurka. In addition, no cell cycle expression network was detected in
evaluations of the microarray database of non-proliferative adult BXD retina (Normal HEI
Retina (April 2010) RanklInv) that was searched for Cdc20, PIk1 and Tpx2 covariates.

Discussion

The results establish that cell cycle expression networks exist in multiple proliferative
tissues and that the characteristics of these networks show species, sex and tissue variability.
These cell cycle expression networks are distinct from all previously described cell cycle
pathways and complexes. The existence of these networks of genes in proliferative tissues
argues strongly for a previously unrealized mechanism of transcription control. Without
such a unique genetic-based transcription control system, how else might it be possible to
explain the fact that the lung of BXD mice, for example, 94% of the top 65 mRNAs that are
covariate with Cdc20 are other cell cycle MRNAS? To begin to evaluate how the coordinate
control of cell cycle mRNA might be mediated, preliminary study are investigating the
characteristics of quantitative trait loci (QTL) for cell cycle networks. Initial QTL mapping
studies suggest the existence of comparable species, sex and tissue variability. If these
genetic regulators can be identified, they hold the potential to represent not only a new
paradigm for the genetic control of transcription but also personalized targets for drug
develop for cancer prevention and therapy.

An intriguing possibility is that the three dimensional organization of regulatory machinery
in nuclear matrix-associated microenvironments may account for such transcriptional
regulatory plasticity and complexity. The temporal and spatial organization of nuclear
matrix microenvironments make it possible for threshold concentrations of genes and
cognate factors to exist and facilitate functional interactions. This type architectural
organization of regulatory machinery for gene expression suggests that matrix
configurations may account for different aspects of biological control. More specifically,
localized scaffolding of regulatory macromolecules at strategic promoter sites and focal
compartmentalization of genes, transcripts, and regulatory factors within intra-nuclear
microenvironments provides an infrastructure for combinatorial control of transcription that
reflects the complex three-dimensional structure of nuclear architecture (Stein et al., 2004;
Zaidi et al., 2007, 2005). Regulatory complexes are retained at target gene loci during
mitosis and are distributed symmetrically to progeny cells at the completion of cell division
providing additional dimensions to epigenetic control (Pande et al., 2009; Stein et al., 2009,
2006; Young et al., 2007, 2004; Zaidi et al., 2010). It has also been proposed that
abnormalities in nuclear matrix organization may account for changes in gene expression
patterns in cancer (Stein, 2007).

The >2fold enrichment of mitosis MRNAs with cell cycle expression networks is also
important. This finding links the cell cycle expression networks to the findings of Carter et
al, on the existence of a chromosomal instability (CIN) signature of mRNAs that is
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recognized to be a characteristic of most cancers that commonly develops early in the
process of carcinogenesis (Carter et al., 2006). Of the 70 gene CIN signatures Carter et al
described, those most mechanistically linked to CIN were 29 genes functionally linked to
mitosis. Of these, 69% are represented as components of the cell cycle expression networks
in the tissues evaluated in this study. This strongly suggest that when additional tissues are
analyzed, even more functional CIN mitosis signatures will be found to be components of
cell cycle expression networks. Thereby the possibility can be envisioned wherein
aberrations in the control of cell cycle networks would lead to aberrations in mitosis as a
step in the early stages of carcinogenesis that are linked to the development of CIN.

It will be informative to evaluate from the perspective of the cell cycle expression networks
herein described, the expression of mitotic genes that epigenetically exhibit mitotic
bookmarking where transcription factors remain associated with target genes during cell
division (Stein et al., 2011; Zaidi et al., 2014, 2012, 2011). It will also be important to
evaluate the importance of cell cycle expression networks in human embryonic stem cells
that exhibit unrestricted proliferation, while retaining stringent cell cycle control. These cells
have a dramatically reduced G1 period establishing competency for initiation of DNA
replication, rapidly following emergence from mitosis (Ghule et al., 2008; Kapinas et al.,
2013; Medina et al., 2012). Equally important could be an evaluation of cell cycle
expression networks with gene regulatory characteristics that are operative in cancer stem
cells that exhibit a prolonged G1 period (Cabrera et al., 2015; D’Angelo and Wicha, 2010).

The cell cycle is of seminal importance in the process of carcinogenesis (Hanahan and
Weinberg, 2011; Scott and Florine, 1982; Scott and Maercklein, 1985; Scott et al., 1988;
Wier and Scott, 1985; Wille and Scott, 1986; Wille et al., 1982). The central mechanism of
the early stages of carcinogenesis involves the sequential accumulation of mutations that
activate oncogenes and disrupt suppressor genes combined with multiple rounds of clonal
selection and clonal evolution. More specifically, the early stages of carcinogenesis are
associated with the progressive generation and selection of aberrant cell clones that express
the following biological characteristics: First, dysregulated cell proliferation resulting from
cell cycle and mitosis defects and the production of auto-regulatory growth stimulation to
expand the proliferative pool of aberrant cells to support further clonal selection; Second,
decreased cell cycle-linked cellular differentiation and cellular senescence that normally
cause the loss of cells from the proliferative pool. This allows the proliferative pool of
aberrant cells to expand and support further clonal selection. Third, increased cell survival
and decreased apoptosis to expand and maintain the proliferative pool of aberrant cells to
support further clonal selection.

Cell-to-cell and cell-to-environment communication pathways that are linked to the control
of the cell cycle are the most important biological targets of genetic mutations and
epigenetic changes that initially lead to aberrant cell proliferation, differentiation, and
survival characteristics that are the hallmarks of the early stages of carcinogenesis. These
include acquisition of the ability of emerging cancer cells to auto-stimulate their own
proliferation.
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Another dimension to control of cell proliferation that is emerging is the relationships
between sequential and simultaneously integrated regulatory networks that contribute to cell
cycle and growth control. Here there are lessons to be learned about the role and scope of
regulatory factors that are being identified by genomic and proteomic strategies. The extent
that genetic predispositions and epigenetic mechanisms are operative can be highly
informative. The static and dynamic components to cell cycle machinery from architectural
as well as regulatory perspectives are becoming increasingly evident. Cyclic remodeling of
chromatin structure and nucleosome organization in relation to DNA replication and the
coupling of histone biosynthesis with DNA synthesis are linked relationships that require
further understanding. The sequence of regulatory processes that are obligatory for the
fidelity of mitotic apparatus assembly and activity, engagement of a mitotic cycle that
supports chromosome organization and distribution to progeny cells without compromising
chromosome/chromatin integrity or genome stability are being actively pursued. Insight is
accruing into conditions when regulatory events that occur during the G1/S, G2 and mitotic
phase in the cell cycle are modified in a physiologically responsive manner and as a
consequence of pathology. The cyclic organization and reconfiguration of chromosomal
territories during the proliferation cycle (both interphase and mitosis) to support cell cycle
progression and tissue specific gene expression during interphase is being actively
investigated. The mitotic distribution of regulatory information to progeny cells during
mitosis is emerging as a novel and powerful dimension to epigenetic control. The
boundaries that define regulatory pathways and focally organized regulatory machinery
within the cell nucleus is providing a basis for relating the temporal and spatial parameters
of cell cycle control with dynamic modifications required to sustain the structural and
functional properties of cells and tissues in an in vivo context.

The current findings provide the foundation for new perspectives on how it might be
possible to develop personalized cancer prevention drugs. If the genetic regulators of various
cell cycle expression networks can successfully be identified in a large sex and tissue
specific human populations via GWAS SNP analysis, the genes linked to such GWAS SNPs
have the potential to represent a new class of targets for personalized cancer prevention
drugs. It is envisioned that such drugs could be used to perhaps stabilize the integrity of the
cell cycle expression networks and thereby antagonize the development of the early stages
of cancer development.
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Figure 1. BXD female mouse liver
Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The

75 cell cycle mRNAs that comprise this network are: Cdc20, Ligl, Ube2c, Mapre3, Cdca8,
Casc5, 9930021A08Rik (Ubr2), Fancm, Sgol2, Jtb, Ptpdal, 2410004L17Rik (Esco2),
Pkmytl, Sgoll, Mcmb5, Cryaa, Psrcl, Ccng2, Chtf18, 5830426105Rik (Ncapg2), Ska3,
1500003022Rik (Rrp8), Melk, PIk1, Mastl, Birc5, Cdca5, Nek2, Rec8, Sept9,
4930563F16Rik (Dixdcl), Ncapg, Trip13, Aurkb, Ncapd2, Cenpe, Mcm2, Sept5, Kif20b,
Npm1, BC027246 (Rfwd3), 1700022L09Rik (Dsnl), Cit, Ccnb2, Incenp, Spag5, Cdc25c,
Cdknlc, BC025462 (Fanci), Zwilch, Ccna2, Mcm7, Mki67, Stmnl, Nuf2, Ect2, Cdk1,
Anapc2, Uhrfl, Ckap2, Aurka, Cenpf, Nusapl, Zfp318, Prcl, Plk4, Cenph, Ccnbl, Tpx2,
Cdca2, Fignll, Racgapl, Ptpn6, Pml, and 7330406P05Rik (Appll1). In the following network
graph and in subsequent graphs, the various mRNA transcripts of the network can show an
either positive (red and orange) or negative (blue and green) covariance. Correlation
coefficients for these cell cycle gene transcript interactions are: red + >0.7, orange + >0.5
and blue - >0.7, green - >0.5.
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Figure 2. BXD male mouse liver

Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The
44 cell cycle mRNAs that comprise this network are: Cdc20, Ube2c, Ccnb2, Spagb,
120008012Rik (Cep55), Cdca8, Cdc25¢, D1Ertd8e (Sgol2), Ccna2, Culda, Mki67, Stmnl,
Nuf2, Sgoll, Mcmb5, Ect2, Cdc2a (Cdk1), Psrcl, Uhrfl, Aszl, Aurka, Cenpf, Nusapl, Plk1,
Prcl, Rbl1, Dsccl, PIk4, Birc5, Cdcab, Nek2, Tpx2, Cenph, Ncapg, Fignll, Aurkb, Mcm4,
Cenpe, Racgapl, Mcm2, Fem1b, Kif20b (Mphoshl), Cyp26b1, and Sept11.
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Figure 3. BHHBF2 male mouse liver
Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The

70 cell cycle mRNAs that comprise this network are: Cdc20, Ligl, Exol, Cep192, Ube2c,
Cdca8, Cascb, Sgol2, Pkmytl, Sgoll, Psrcl, Mcm6, Chtf18, Tacc3, Kntc2 (Ndc80), Melk,
PIk1, Anin, Rad51, Aspm, Kif2c, Cdca5, Birc5, Nek2, Ncapg, Tripl13, Ncapd2,
2810433K01Rik (Skal), Cenpe, Mcm2, Mphosphl (Kif20b), Cdcc99, 3000004001Rik
(Kif18b), 1700022L09Rik (Dsnl), Clspn, E2f1, Ccnb2, Kifll, BC025462 (Fanci), Ccna2,
Zwilch, Mki67, Stmn1, Nuf2, Ect2, Cdc2a (Cdk1), 2310007D09Rik (Fam83d), Uhrfl,
Ckap2, Aurka, Prkce, D3Ertd750e, 2610040C18Rik (Apitdl), Ercél, Nusapl, Cdc7,
Mad?2I1, Bcecip, UNg2 (Ccno), Mx1, Cdca3, Ccnbl, Fignll, Racgapl, Anapch, Cenpa,
1700007E06Rik (Syce3), Dbf4, Espll, and Fgf10.
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Figure 4. Mouse Diversity Panel Liver
Cell cycle expression network for PIk1 covariates with correlation coefficients >0.50. The

29 cell cycle mRNAs that comprise this network are: PIk1, Ligl, Pard6g, Nusapl, Cenpf,
Exol, Cdc20, 2600017H08Rik (Spc25), Prcl, Ube2c, Spags, Kif2c, Cdca8, Cdc25c, Cdcas,
Birc5, Tgfa, Ccna2, Tpx2, Mki67, Gpsm2, 241994117Rik (Esco2), Nuf2, Sgoll, Aurkb,
Cenpe, Cdk1, Hmg20b, and Mcmé.
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Figure5. Rat HXBBXH Liver
Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The

93 cell cycle mRNAs that comprise this network are: Cdc20, Apbb2, Aspm, Cdkn2c,
Cdkn3, Cdt1, Cenpk, Cenpm, Aurka, Aurkb, BG377427 (Cenpf), Pim3, Plk1, PIk3, Bric5,
Brca2, Bubl, Ccdc5, Ccdc99, Cenb2, Mcm7, Mdcl, Melk, Mki67, Ccndl, Cdcl6, Cdc2,
Ckap2, Cks2, Clk4, Dactl, Digap5, Dsccl, Rrm2, Smc2, Sox4, Spagb, Dynltl, E2f1, Ect2,
Espll, Ezh2, Fancd2, Foxm1, Ligl, Mad211, Map4, Mcm2, Gadd45g, Gmnn, Hmgb2,
Itgb3bp, Kifll, Kif20b, Kif23, Kif2c, Kifcl, LOC689399 (Cenpw), Mcm4, Mcm5, Mcmé,
Mphosph10, Myc, Ncaph, Cdc451, Cdca2, Nuf2, Nusapl, Prcl, Pttgl, Racgapl, Rad51,
Ddx11, Dgkz, Rassf4, Rbl1, Spc25, Tacc3, Tafl, Top2a, Ccna2, Cenbl, Trafdafl, Tripl3,
Tsc2, Ube2c, Ufdll, Cdc37, Cdca3, Cdca7, Usp2, Znf655, and Zwilch.
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Figure 6. BXD lung
Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The
102 cell cycle mRNAs that comprise this network are: Cdc20, C120rf32 (Rhnol), Cdk2,
Kif23, Spc25, Ube2c, Cdca8, Cep55, C79407 (Mis18bpl), Sgol2, Gpsm2, Esco2, Sgoll,

‘Zi_> Mcmb5, Chek1, 5830416105Rik (Ncapg2), KIhl13, Tacc3, Ndc80 (Kntc2), Melk, Slbp,

= Casp3, E2f7, PIk1, Anin, Mastl, 8430435B07Rik (Gas213), Rad51, Aspm, Kif2c, Gsg2,

S Birc5, Cdca5, D030034H08 (Iqgap3), Cdc45, Mapre2, 5730507H05Rik (Ncapg), Tripl3,

QZJ Aurkb, 2810433K01Rik (Skal), Cenpe, Kif20b, Cpebl, Cdkn3 2600001J17Rik (Ccdc99),

g 2810047L0O2Rik (Dtl), Usp2, 3000004C01Rik (Kif18b), Rfwd3, Adam17, Clspn, Ncaph

@ (Brrnl) Ccnb2, Incenp, Spagb, Fbxo5, Ckslb, Kifll, Ccna2, Mki67, Mcm7, Stmnl, Abl1,

ﬁ' Cdcal (Nuf2), Sox4, Ect2, Cdc2a (Cdkl), Smc2, Uhrfl, Rblccl, Marveldl, Ckap2, Aurka,
D2Ertd750e, Brcal, 4432406C08Rik (E2f8), Ezh2, BC004701 (Ercc61), Mad2l1, Nusapl,
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Cenpf, Prcl, 2610036L11Rik (Cenpw), PIk4, Weel, 2410030K01Rik (Spc24), Cdca3,
Ccnbl, Tpx2, E2f3, H2afx, Pole, Cdca2, Fignll, Racgapl, Bubl, Ccnf, Cenpa, Hells, Espl1,
Mapk12, and Foxm1.
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Figure 7. BXD pituitary
Cell cycle expression network for Cdc20 covariates with correlation coefficients >0.50. The

32 cell cycle mRNAs that comprise this network are: Cdc20, Kif18b, Kif23, Spc25, Ube2c,
Ncaph (Brnnl), Ube2s, Cep55, C79407 (Mis18bpl), Sgol2, Mki67, Kntcl, Mcmb5, Ect2,
Cdk1, Anapc2(Affy_10342641), Aurka, Pmf1, PIk1, Wfs1, Prcl, Katnbl, Digap5, Cdc4b5,
Cdca3, Cenpe, Cdtl, Mcm2, Bubl, Cenpa, Ddb1, and Dtl.
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Figure 8. BHHBF2 mouse adipose tissue
a. Cell cycle expression network in females for Cdc20 covariates with correlation

coefficients >0.70. The 42 cell cycle mRNAS that comprise this network are: Cdc20,
300004C01Rik (Kif18b), Exol, Clspn, Cit, Ncaph, Ccnb2, Cdca8, Cascb, Csk2, Sgol2,
BC025462 (Facni), Kif11, Ccna2, Mki67, Kntcl, Cdcal (Nuf2), Sgoll, Cdk1, Psrcl, Uhrfl,
Aurka, D2Ertd750e, Tacc3, E2f8, Melk, Plk1, Rad51, Aspm, Cdca5, Birc5, Cdca3, Cenph,
Tripl3, Fignll, 2810443K01Rik (Skal), Cenpe, Racgapl, Kif20b (Mphosphl), Ccdc99,
Dbf4, and Espl1.

b. Cell cycle expression network in males for Cdc20 covariates with correlation coefficients
>0.70. The 42 cell cycle mRNAs that comprise this network are: Cdc20, Exol, Clspn, Cit,
Ccnb2, Cdca8, Csk2, Kifll, BC025462 (Fanci), Ccna2, Sgoll, Aifl, Nuf2 (Cdcal), Mcmb5,
Psrcl, Cdk1, Mcm6, Uhrfl, Aurka, Tacc3, D2Ertd750e, E2f8, Melk, Plk1, Rad51, Aspm,
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Cdcab, Birc5, Gmnn, Cdca3, Cenph, Trip13, Fignll, Mcm4, Cenpe, Racgapl, Mcmz2,
Cenpa, Ptpn6, Ccdc99, Dbf4 and Espl1.
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Figure 9. Human lymphoblasts
Cell cycle expression network of 57 Cdc20 covariates with correlation coefficients >0.50.

These mRNAs include: Cdc20, Casp3, Pdcd6ip, Hjurp, Tubb4b, Dynlt3, Cenpf, Cdca8,
Tpx2, Smarca4d, Kif23, Gsg2, Gpsm2, Kif2c, Spag5, Ckap5, Rcc2, Ccna2, Setd8, Prcl,
Kif22, Ppm1la, Kntcl, Cdc25b, Uhrfl, Trip13, Tacc3, Hcfcl, PIk1, Cenpa, Tnfaip3, Rps27I,
Kif20a, Aspm, Pbk, Miki67, Cdca2, Kif20b, Pbrm1, Aurkb, Pole, Birc5, Rbl1, Tfdpl,
H2afx, Hdacl, Aurka, Cenpe, Ube2s, Nup37, Ube2c, E2f2, Ccnb2, Espll, Ctbpl, Suv39hil,
and Melk.
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Table 2

Core cell cycle expression network of Cdc20 covariates.

9 of 9 representations

Cdc20, PIk1

8 of 9 representations

Birc5, Cenpe, Ccnb2, Mki67, Aurka

7 of 9 representations

Ube2c, Cdca8, Melk, Trip13, Kif20b, Uhrfl, Racgapl

6 of 9 representations

Sgoll, Sgol2, Cdca5, Mcm2, Ccna2, Nuf2, Prcl, Fignll, Tacc3, Aspm, Espll

5 of 9 representations

Mcmb5, Psrcl, Aurkb, Spag5, Ect2, Kifll, Rad51, Ccdc99

4 of 9 representations

Fanci, Stmn1l, Ckap2, Nusap1, Ccnb1l, Cdca2, Clspn, D2Ertd750e, Tpx2

3 of 9 representations

Ligl, Casc5, Nek2, Ncapg, Cit, Zwilch, Mcm7, Cdk1, Cenpf, Plk4, Cep55, Cenph, Kif23, Cenpa, Exol, Csk2, Cdca3,
Ddf4, Mcm6

Data are based on an analysis of a set of nine databases that include: BXD female liver, BXD male liver, BHHBF2 male liver, BXD lung, BXD
pituitary, BHHBF2 female adipose tissue, BHHBF2 male adipose tissue, HXBBXH rat liver, and human lymphoblasts.
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