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Abstract

The D-type cyclins (D1, D2 and D3) are components of the cell cycle machinery and govern

progression through G1 phase in response to extracellular signals. Although these proteins are

highly homologous and conserved in evolution, they contain distinct structural motifs and are

differentially regulated in various cell types. Cyclin D1 appears to play a role in many different

types of cancer, whereas cyclins D2 and D3 are less frequently associated with malignancy. In this

study, we transiently expressed cyclin D1, D2 or D3 in hepatocytes and analyzed transcriptional

networks regulated by each. All three D-type cyclins promoted robust hepatocyte proliferation and

marked liver growth, although cyclin D3 stimulated less DNA synthesis than D1 or D2.

Accordingly, the three D-type cyclins similarly activated genes associated with cell division.

Cyclin D1 regulated transcriptional pathways involved in the metabolism of carbohydrates, lipids,

amino acids, and other substrates, whereas cyclin D2 did not regulate these pathways despite

having an equivalent effect on proliferation. Comparison of transcriptional profiles following 70%

partial hepatectomy and cyclin D1 transduction revealed a highly significant overlap, suggesting

that cyclin D1 may regulate diverse cellular processes in the regenerating liver. In summary, these

studies provide the first comparative analysis of the transcriptional networks regulated by the D-

type cyclins and provide insight into novel functions of these key cell cycle proteins. Further study

of the unique targets of cyclin D1 should provide further insight into its prominent role in

proliferation, growth and cancer.
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Introduction

The cell cycle is controlled by protein kinase complexes consisting of cyclins and cyclin-

dependent kinases (cdks) which are sequentially activated at different stages of

proliferation.1-4 A key component of cdk activity is binding to the appropriate cyclin

partners, which are induced in different phases of the cell cycle. Extracellular mitogenic

signals promote the expression of one or more D-type cyclins (D1, D2 or D3) that bind to

cdk4 and cdk6 and control the transition through key checkpoints in G1 phase, after which

the cell cycle can proceed autonomously. This is followed by the induction of cyclins E, A

and B which regulate progression through late G1, S, G2 and M phases. Key targets of

cyclin/cdk complexes during proliferation include the retinoblastoma (Rb) and related p107

and p130 proteins, which inhibit the cell cycle through their interaction with E2F

transcription factors. Phosphorylation of Rb leads to activation of E2F target genes that

drive proliferation.

The D-type cyclins, particularly cyclin D1, have been the focus of significant attention

because of their pivotal role in normal and malignant cell proliferation.1-5 Cyclin D1 has

been proposed to be a key link between mitogenic signaling and the cell cycle machinery

during physiologic cell division. In addition, overexpression of cyclin D1 occurs in many

cancers through constitutive activation of upstream signaling pathways, gene amplification,

or gene rearrangement. This leads to a diminished requirement for mitogenic signals during

proliferation, which is a key feature of malignant cells.6 Although cyclins D2 and D3 can

similarly activate cdk4/6 and promote Rb phosphorylation, they are less frequently

implicated in human cancers.1,7

The cause of the disproportionate role of cyclin D1 in cancer (relative to D2 and D3) has not

been established, but possible explanations include distinct regulation by oncogenic

signaling events, tissue-specific expression patterns, and the propensity for chromosomal

abnormalities involving the cyclin D1 gene. In addition, the D-type cyclins may regulate

normal and malignant cell physiology differently because they can affect unique

downstream targets. For example, cyclin D1 regulates the activity of numerous transcription

factors in a cdk-independent manner through motifs that are not shared by cyclins D2 and

D3.7,8 However, relatively little is known about the distinct targets of the D-type cyclins.5

Significant insight into the role of cyclins D1, D2 and D3 has been provided by transgenic

mouse models in which one or more of these genes have been deleted (reviewed in refs. 2–

5). Knockout of individual D-cyclins leads to varied phenotypic effects including reduced

body size and neurological abnormalities (cyclin D1), impaired pancreatic beta-cell and

gonadal function (cyclin D2), and alterations in immune cell development (cyclin D3).

Combined knockout of all 3 D-type cyclins (or both cdk4 and cdk6) leads to embryonic

lethality, although development of most organs does occur and cell cycle progression is not

strictly dependent on their expression.9,10 Interestingly, knock-in of either cyclin D2 or
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cyclin E into the cyclin D1 locus led to correction of most, but not all, of the abnormalities

seen in cyclin D1–/– mice.11,12 In these knock-in mice, organ morphology was normal,

suggesting that growth and proliferation proceeded normally. However, subtle defects in

mammary, retinal and neurological function suggested that cyclin D1 has specific effects on

cell physiology that cannot be replaced by other cyclins.11,12 Furthermore, the effect of gene

ablation in knockout mice can be masked by compensatory expression of other genes during

development,1-5 and thus it is possible that cyclin D1 normally regulates a broader range of

cellular functions. Prior studies have indicated that cyclin D1 can affect diverse processes

(including invasiveness, motility, angiogenesis, resistance to chemotherapeutic drugs,

centrosome duplication and mitochondrial function),7,8,13,14 but the extent to which these

functions are shared by cyclins D2 and D3 are unknown.

Unlike many other types of differentiated cells, quiescent hepatocytes retain a near-limitless

capacity for replication, a property that underlies the remarkable ability of the liver to restore

mass and function after injury.15,16 In addition to the induction of cell proliferation and

growth, the liver undergoes a broad range of metabolic adaptations during this process.

Although it is not expressed in quiescent liver, cyclin D1 is markedly induced in hepatocyte

proliferation and liver regeneration and is thought to play a pivotal role in these

processes.16-18 However, the role of cyclin D1 in regulating functions beyond cell cycle

control in the liver has not been examined in detail.

In this study, we took an alternative approach to examine the cellular effects of the D-type

cyclins. Using the well-established system of adenovirus transduction, we transiently

expressed each D-type cyclin in hepatocytes in vivo and examined proliferation, growth and

global gene expression using high density microarray analysis. As previously shown for

cyclin D1,18 cyclins D2 and D3 promoted liver growth and hepatocyte proliferation,

although with varying efficiency. As expected, these cyclins similarly induced genes

associated with cell proliferation. Interestingly, a large number of genes regulated by the D-

type cyclins were involved in functions distinct from the cell cycle, and there were marked

differences in the transcriptional pathways modulated by each. Furthermore, the gene

expression patterns seen after cyclin D1 transfection in vivo and 70% partial hepatectomy

overlapped substantially, suggesting that this protein may regulate diverse physiologic

processes in the regenerating liver. These results indicate that the D-type cyclins have broad

effects on cell physiology when expressed in the adult animal, and provide further insight

into the unique functions of these proteins.

Results

Induction of hepatocyte proliferation by the D-type cyclins

Overexpression of cyclin D1 is sufficient to trigger Cdk4 activation and hepatocyte

proliferation in culture and in vivo.17,18 To determine whether each of the D-type cyclins

had similar effects, hepatocytes were transduced with recombinant adenoviruses encoding

each of these proteins (or a control adenovirus) (Fig. 1). Adenoviral vectors have been used

extensively to study the effect of single-gene expression in the liver, and primarily target

hepatocytes when injected intravenously.19 As previously shown for cyclin D1,17 cyclins D2

and D3 promoted cell cycle progression in cultured primary rat hepatocytes (as measured by
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DNA synthesis) in the absence of mitogens, although cyclin D3 was less than 50% as

effective as cyclins D1 and D2. Expression of each of the D-type cyclins also induced

substantial hepatocyte proliferation (Fig. 1B) and liver growth (Fig. 1C) in vivo. Similar to

the effect seen in culture, cyclin D3 promoted less hepatocyte DNA synthesis in vivo than

cyclins D1 and D2. Each of the transgenes was readily detectable in the liver after

transduction, and induced expression of downstream cell cycle proteins including cyclin A

(Fig. 1D), as previously shown for cyclin D1.18 These data indicate that transient expression

of each of the D-type cyclins causes robust hepatocyte proliferation and marked liver growth

in the absence of other stimuli. Cyclin D3, which is expressed at a low level in quiescent

liver and other non-replicating tissues,20-22 was less mitogenic than cyclins D1 and D2 but

had a similar effect on liver growth.

Identification of cyclin D-regulated gene expression profiles in the liver

In addition to regulating the cell cycle, the D-type cyclins (especially cyclin D1) have been

implicated in other cellular processes.3,7,8,13,14 To gain further insight into their role(s) in

cellular physiology, we performed microarray analysis using RNA isolated from liver one

day after transduction with cyclins D1, D2, D3, or the control vector. This analysis is unique

because we studied the effect of acute transgene expression in differentiated cells in vivo

that are highly responsive to the expression of these proteins (Fig. 1). For each condition,

four different livers were separately evaluated to provide statistical power for the analysis.

As is shown in Table 1, a large number of transcripts were up or downregulated at least 3-

fold by each D-type cyclin. Cyclin D1 and cyclin D3 regulated the expression of a similar

number of transcripts, in contrast to cyclin D2, which regulated half as many genes. The

majority of affected genes showed increased expression, although a substantial number were

downregulated.

The Venn diagrams in Figure 2 illustrate the overlap between the transcriptional profiles

induced by the D-type cyclins at different expression levels (3-, 5- and 10-fold cutoffs).

Notably, cyclins D1 and D3 altered the expression of substantially more unique genes (30%)

than did cyclin D2 (13%). The majority of genes regulated by cyclin D2 were similarly

controlled by all three D-type cyclins, suggesting that shared mechanisms (e.g., cdk4/6

activation and sequestration of cdk-inhibitor proteins) were responsible for many of the

effects of cyclin D2. In contrast, the majority (58%) of transcripts regulated by cyclins D1 or

D3 were not similarly affected by cyclin D2. These patterns were more pronounced when

higher levels of gene expression were used for the analysis. These data suggest that cyclin

D2 plays a more limited role in regulating gene expression in vivo than cyclins D1 and D3.

The D-type cyclins bind and activate cdk4/6, which can phosphorylate Rb and trigger E2F-

dependent transcription of cell cycle genes.1-5 Since their expression in hepatocytes

triggered a robust proliferative response (Fig. 1), we expected that these proteins would

activate downstream cell cycle genes. A list of representative cell cycle genes upregulated in

the arrays, shown in Table 2, demonstrates marked induction by all three D-type cyclins.

Interestingly, there was not a clear correlation between the induction of cell cycle genes and

the degree of proliferation as measured by DNA synthesis, since cyclin D3 induced the

highest expression of several genes despite having a lower proliferative effect. This may be
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due to differences in post-transcription regulation of the cell cycle proteins, which plays an

important role in the control of cell division.1-5

Unexpectedly, the genes showing the greatest degree of up or downregulation by each D-

type cyclin were not classical cell cycle genes (Table 3). Markedly induced genes common

to all three arrays included Lcn2 (lipocalin 2) and MT2 (metallothionein 2), which are

multifunctional iron-binding proteins.23-25 Highly downregulated transcripts shared by each

include Clec4f (C-type lectin domain family 4, member F) and Tm9sf2 (transmembrane 9

superfamily member 2), which are poorly characterized genes putatively involved in

carbohydrate binding and endosome function, respectively.26,27 Notably, a number of highly

regulated genes were differentially affected by the D-type cyclins. For example, Lgals3

(lectin, galactoside-binding, soluble, 3) was markedly induced by cyclin D3 but not cyclins

D1 and D2. Similarly, Car3 (carbonic anhydrase 3) expression was substantially inhibited by

cyclin D1 but not cyclin D2. A complete list of genes regulated by cyclins D1, D2 and D3 is

presented in Tables 1–3 (Suppl. Material). The data suggest that in vivo expression of these

cyclins distinctly regulate genes involved in a broad range of cellular processes.

Identification of biological functions and pathways regulated by the D-type cyclins

To further explore the potential biological functions of each D-type cyclin, we performed

pathway analysis. The most highly regulated molecular and cellular functional categories are

listed in Table 4. As expected, cell cycle and DNA replication were among the most

significantly affected functions for the three D-type cyclins. Each of these proteins also

markedly regulated functions related to cell death and cellular assembly and organization.

Surprisingly, cyclin D1 significantly regulated several different metabolic functions

including carbohydrate, lipid and amino acid metabolism. In contrast, genes differentially

regulated by cyclin D2 did not significantly associate with these metabolic functions.

The canonical pathways that were significantly regulated (p < 0.05) in the analysis are listed

in Table 5. This again revealed that cyclin D1 modulated pathways involved in diverse

metabolic processes involving energy utilization, amino acid metabolism and bile acid

biosynthesis. The combined results of the analysis indicate that the D-type cyclins regulate

genes associated with cell division in a similar manner, but have diverse and distinct effects

on transcripts involved in other cellular processes. Cyclin D1 in particular appears to play a

significant role in metabolism-related gene expression in hepatocytes in vivo. Further

exploration of these novel functions may provide insight in the role of the D-type cyclins in

normal physiology and cancer.

Discrete functions regulated by the D-type cyclins

The large number of genes and pathways regulated by the D-type cyclins precludes a

thorough analysis in this manuscript. In Figure 3, we focused on several discrete functions

identified by the pathway analysis. Of the genes associated with cell cycle progression, most

were commonly activated by all three D-type cyclins. RT-PCR of selected key genes, p21

and Ccne1 (cyclin E1) revealed similar induction in all three groups as predicted from the

gene array analysis. In contrast, many of the genes involved in metabolic functions

(carbohydrate, lipid, amino acid and tryptophan metabolism) were differentially expressed
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in the three groups. As shown in the Venn diagrams and RT-PCR figures, cyclin D1

substantially regulated a variety of metabolic genes, and these gene sets overlapped with

cyclin D3 to a much greater degree than cyclin D2. Notably, cyclin D3 appeared to regulate

genes associated with cell movement to a greater degree than cyclins D1 or D2. These data

further suggest that the D-type cyclins have discrete effects on cell physiology in vivo.

Comparison of transcriptional profiles induced by cyclin D1 and partial hepatectomy

Compensatory hepatocyte proliferation occurs after a wide variety of liver injuries and is an

important adaptive response.15,16 In the best-studied model of liver regeneration, 70%

partial hepatectomy (PH) in rodents, most of the remaining hepatocytes enter the cell cycle

in a relatively synchronous manner, and liver mass is restored within 1–2 weeks. In addition

to promoting cell cycle progression and tissue growth, PH also markedly regulates hepatic

metabolism, presumably to maintain metabolic homeostasis in the setting of diminished

functional liver mass.15,16 Previous studies have suggested that the induction of cyclin D1

plays an important role in liver regeneration by regulating cell cycle progression and

growth.16-18,28 However, the influence of cyclin D1 on other functions in the regenerating

liver has not been examined.

To explore this further, we compared our data to a prior study examining transcriptional

networks regulated in regenerating mouse liver at 40 hours after PH, a time point at which

cyclin D1 is abundantly expressed and cyclin D1/cdk4 activity is induced.20,29 The previous

study in regenerating liver used a different gene chip,29 however 6637 discrete genes were

common to both platforms. Strikingly, 32% of the genes that were upregulated and 25% of

the genes that were downregulated after PH were similarly regulated by cyclin D1 (Table 6),

and the association was highly significant (p < 0.000001). In Table 7, the top 15 up and

downregulated genes at 40 hours after PH are listed. Notably, the most highly regulated

transcripts after PH are not classical cell cycle genes.29 With few exceptions, these genes

were similarly up or downregulated by cyclin D1 in the liver (Table 7). In Figure 4, we

examined the expression of some of the metabolic genes shown in Figure 3, which had not

been previously known to be regulated by cyclin D1. PH regulated transcripts associated

with lipid and amino acid metabolism in a manner similar to cyclin D1. These data suggest

that the induction of cyclin D1 in the regenerating liver not only promotes cell cycle

progression and growth, but regulates genes involved in broad aspects of hepatic

physiology.

Discussion

In this study, we showed that transient expression of cyclin D1, D2 or D3 was sufficient to

trigger hepatocyte proliferation and liver growth in vivo, which supports the concept that

these proteins regulate the Rb-E2F pathway in a similar manner.2-5 Analysis of global

transcript expression in the transduced livers demonstrated a surprisingly large number of

genes regulated by the D-type cyclins, suggesting that they may modulate a broader range of

cellular processes than previously appreciated. Furthermore, each D-type cyclin induced

unique transcriptional profiles that point to distinct biological activities in vivo. Cyclin D1
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regulated genes involved in diverse metabolic pathways that may contribute to its prominent

role in proliferation, growth and cancer.

Previous studies in cell culture systems have established a link between cyclin D1 and

several different metabolic functions, in part through regulation of nuclear receptors such as

PPARγ and the estrogen, androgen, and thyroid hormone receptors.7,8 Cyclin D promotes

growth in a variety of organisms (including plants, fruit flies and mice), and this may be its

primary function in some settings.3,28,30-32 Since growth requires significant metabolic

adaptations, cyclin D1 must have the capacity to regulate metabolism.3 More direct evidence

that cyclin D1 regulates metabolic function in vivo has recently been provided by Pestell

and colleagues, who showed that expression of antisense cyclin D1 led to significant

changes in genes associated with mitochondrial function and lipolysis in the mammary

gland of transgenic mice with tissue-specific overexpression of oncogenic Erb2.33 In

addition, cyclin D1–/– mice have hepatic steatosis at baseline,34 although it is not clear

whether this is due to direct effects in hepatocytes or signaling from other tissues, since

cyclin D1 is not significantly expressed in quiescent adult mouse liver.18,28 The current data

suggest that transient induction of cyclin D1 in hepatocytes induces a pattern of gene

expression consistent with decreased fatty acid production, and thus supports the hypothesis

that this protein plays a role in lipid homeostasis.7,33,34 Conditions associated with fatty

liver have a significant impact on liver regeneration, although the underlying mechanisms

remain unclear.16,35,36 Further studies will be required to unravel the links between cyclin

D1, lipid metabolism, proliferation and growth in the liver.

Our analysis found that cyclin D1 regulated a large number of transcripts involved in energy

and substrate utilization (amino acid, carbohydrate and lipid metabolism), whereas cyclin

D2 regulated substantially fewer of these genes. Cyclin D2 is not expressed in quiescent or

regenerating adult liver.37,38 However, it caused robust proliferation, growth and

upregulation of cell cycle genes, indicating that hepatocytes readily respond to its

expression. The current data suggest that cyclin D2 may have fewer effects on metabolic

functions than the other D-type cyclins. Cyclin D2–/– mice have pancreatic and gonadal

dysfunction,39,40 but this appears to be the result of decreased beta and granulosa cell

proliferation rather than direct metabolic regulation. Our data suggest that the regulation of

metabolic pathways by cyclin D1 is not merely the result of activation of the Rb-E2F

pathway, because cyclin D2 induced proliferation and growth had distinct effects on these

other pathways.

Although cyclin D3 is induced in some types of replicating cells, it is distinct from the other

D-type cyclins insofar as it is expressed in most adult tissues even in the absence of

proliferation,21,22 suggesting a role in the physiology of quiescent cells. Indeed, induction of

cyclin D3 has been associated with differentiation and cell cycle withdrawal in myocytes

and adipocytes.41-43 Cyclin D3 is expressed in quiescent liver tissue and only modestly

induced after PH.20 In the livers of aged mice, cyclin D3/cdk4 phosphorylates the

transcription factor C/EBPα, enhancing its anti-proliferative effect.44 In our current studies,

we find that overexpression of cyclin D3 in the livers of young adult mice leads to

hepatocyte proliferation, although less effectively than cyclins D1 and D2. The cumulative

data suggest that cyclin D3 plays a complex role in hepatocytes and other cells, and can
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either promote or inhibit proliferation depending on the cellular context. Of interest,

transient cyclin D3 expression regulated genes associated with unexpected functions

including cell movement and cell-to-cell interactions. Additional study of these findings

may provide insight into the role(s) of cyclin D3 in non-replicating cells.

The current data suggest that induction of cyclin D1 may be responsible for some of the

broad metabolic alterations seen during liver regeneration. Using data from a prior study by

members of this group,29 we now show that a large percentage of genes up or

downregulated in the regenerating liver are similarly regulated by activation of cyclin D1

alone. This was true not only for cell cycle genes, but also for transcripts involved in

metabolic processes. The finding that cyclin D1 expression and PH produce overlapping

effects on gene expression has several implications. First, this supports previous data

suggesting that cyclin D1 plays a pivotal role in liver regeneration.16-18,28 Secondly, it

suggests that some of the changes in hepatic metabolism seen after PH may not simply be a

response to a deficit in functional liver mass, but may be the direct result of the induction of

cyclin D1. Future studies to examine the effect of liver-specific ablation of cyclin D1 in the

regenerating liver will be of significant interest.

The findings presented here are novel in several regards. This is the first study to examine

the effects of the three D-type cyclins on global gene expression using a single model

system, and demonstrated unique patterns of transcriptional regulation. The rapid induction

of cyclin D following adenoviral transfection is comparable to that which occurs after

mitogenic stimulation, and in fact led to hepatocyte proliferation similar to that seen after

PH. This model was intended to mimic the induction of D-type cyclins in mitogen-

stimulated cells under physiologic conditions, and thus provides a different perspective than

transgenic knockout and overexpression models in which phenotypes can be muted by

compensatory changes in gene expression during development. The current data

demonstrate that cyclin D1 regulates a broader array of transcriptional pathways in

differentiated hepatocytes than previously reported in a breast cancer cell line,45 possibly

because the latter system cannot reproduce the tissue microenvironment and integrated

physiology of the intact animal. We recognize that our study has several limitations,

including: (i) The level of protein expression induced by adenoviral transduction is greater

than that observed during physiologic proliferation; (ii) the effect of cyclin D expression on

hepatocytes is likely to be distinct from other cell types, and thus some of these results may

not apply to other systems; and (iii) transcript expression does not necessarily correlate with

functional protein expression. Despite these limitations, the current study provides novel

insight into the effects of the D-type cyclins in the intact animal.

In summary, our studies demonstrate that cyclins D1, D2 and D3 regulate genes involved in

diverse functions when expressed in a single cell type in vivo, suggesting that these proteins

play a more extensive role in cell physiology than previously recognized. As expected,

genes associated with cell proliferation were regulated similarly, indicating that activation of

the canonical Rb-E2F pathway occurs with each. However, the D-type cyclins differentially

regulated transcriptional networks involved in metabolism and other cellular functions.

These results provide further evidence that the effects of cyclins D1, D2 or D3 are

determined not only by the tissue-specific expression patterns of these genes,3 but also by
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distinct biological activities of their cognate proteins. These data also indicate that cyclin D1

modulates key events in liver regeneration that are not limited to cell cycle progression. We

anticipate that further study of the processes regulated by the D-type cyclins in vivo will

provide insight into their role in development, organ function and cancer.

Materials and Methods

Animal procedures

All animal studies were completed following IACUC-approved techniques and National

Institutes of Health guidelines. 8 week-old male BALB/c mice were injected with 5–6 × 109

plaque forming units via tail vein injection of recombinant adenoviruses encoding either

cyclin D1, D2, D3 or β-galactosidase (control) as previously described,18 and livers were

harvested at the indicated time points. 70% partial hepatectomy (PH) followed by liver

harvest at 42 hours was performed as described.18,46 Primary rat hepatocytes were isolated

and cultured in the absence or presence of EGF and insulin as previously described.17 Cells

cultured in the absence of EGF/insulin were transduced with the indicated adenoviruses, and

DNA synthesis was measured by 3H-thymidine uptake at 72 hours as previously

described.17

Adenoviruses

Adenoviruses encoding cyclin D1 and β-galactosidase were prepared as previously

described.17,18 An adenovirus encoding human cyclin D2 was constructed using the Bam

H1-Xba1 fragment of the Rc-cyclin D2 plasmid, provided by Philip Hinds.47 The

adenovirus encoding cyclin D3 was provided by Sanjoy K. Das.48 CsCl purification and

viral titers were performed as previously described.17,18

Western blot and DNA synthesis studies

Protein isolated from liver tissue was used for western blot analysis as described

previously.19 Antibodies used for western blot include cyclin D1 (UBI, Temecula CA),

cyclins A and D2 (Santa Cruz Biotechnology, Santa Cruz CA), cyclin D3 (Lab Vision/

Neomarkers, Fremont CA) and actin (Sigma, St. Louis, MO). DNA synthesis was

determined by bromodeoxyuridine (BrdU) immunohistochemistry of hepatocyte nuclei

following a 2-hour pulse of BrdU as described previously.19

RNA isolation, microarray expression profiling and data analysis

Livers from four mice transfected with D1, D2, D3 or three mice expressing β-gal for one

day were harvested and snap frozen. Total liver RNA was extracted from frozen liver

samples on the same day to minimize experimental error using the Qiagen RNeasy midi kit

(Valencia, CA). Total RNA content was determined by measuring absorbance at 260 nm and

purity assessed by an Agilent bioanalyzer (Agilent Biotechnologies, Inc., Palo Alto, CA). 5

ug of total liver RNA from mice expressing cyclin D1, D2, D3 or β-gal was used for cRNA

target preparation. RNA from each mouse (15 total) was analyzed separately.

For microarray profiling cRNA was labeled with biotin and fragmented (Enzo Life Sciences,

Inc., Farmingdale, NY). Labeled and fragmented cRNA was hybridized to the Affymetrix
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(Santa Clara, CA) mouse 430A gene chip by the Biomedical Genomics Center at the

University of Minnesota (Minneapolis, MN). A total of 15 chips were used (one for each

animal).

Affymetrix data were normalized using GCRMA in the R open source language

environment for statistical computing (http://www.r-project.org/). The data were filtered to

remove genes with expression levels flagged absent in both the control and the test condition

for each comparison. Significant differential expression was determined using SAM

(Significance Analysis of Microarrays, version 3.2, which determines false discovery rates

(FDR) using the Q-value method.20 Genes were considered significantly differentially

expressed with a FDR ≤10% and a fold change ≤-3 or ≥3 (Suppl. Tables 1–3).

The data used for differential gene expression following PH have been described

previously.29 The data from this study were reanalyzed and the statistical analysis repeated

to allow comparison with the Affymetrix data. In outline, median Cy5 (red) and Cy3 (green)

intensities of each element on the array were normalized by the print tip Loess method using

the BioConductor package “marray”.22 All statistical analysis of the array data was

performed using the normalized M values for all non-control elements on the array. This M

value represents the normalized ratio of the test sample over the reference sample. Direct

comparisons were made between each time point (2 h, 16 h and 40 h) and the 0 h control

samples, using SAM. Genes from the PH experiment were considered significantly

differentially expressed with a FDR ≤20% and a fold change ≤-1.5 or ≥1.5, as had been

experimentally validated previously.29 A comparison analysis of the overlap between genes

differentially expressed following partial hepatectomy and cyclin D1 overexpression (fold

change ≤-2 or ≥2) was performed using gene lists of probes common to the Mouse PancChip

5 (8,906 probes) and the Affymetrix MOE430_2 chip (22,005 probes). 6,637 genes were

common to the two platforms. The gene list for the 182 overlapping genes is provided in

Supplementary Table 4.

Pathway analysis

Biologically relevant molecular and cellular functions and canonical pathways affected by

D-type cyclin over-expression were identified using Ingenuity Pathways Analysis (IPA;

Ingenuity.com) associates biological functions and metabolic and signaling pathways based

on input data. Genes with an expression value of ≤-3 or ≥3 above control were included in

the D-type Cyclin input datasets and ≤-1.5 or ≥1.5 -fold for the partial hepatectomy dataset.

Of the differentially expressed genes, 946 (cyclin D1), 538 (cyclin D2) and 1053 (cyclin D3)

were associated with functional annotations in the IPA knowledge base and thus available

for functions and pathways analysis. Top Molecular and Cellular Functions and Pathways

are presented in order of p-value, by right-tailed Fisher's Exact Test, which represents the

likelihood that an association between a set of Functional Analysis or Pathway molecules in

the experiment and a given process or pathway is due to random chance.

Quantification of mRNA by Real Time RT-PCR

Total RNA from each liver was isolated and quantified as previously described.28 RNA (5

μg) was treated with DNase I (DNA-free™, Ambion) according to the manufacturers’
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instructions. cDNA was synthesized from 5 μg of each RNA sample with a Taqman reverse

transcriptase reagent kit (Applied Biosystems) primed with oligo-dT. Primers were

purchased from Integrated DNA Technologies. Primer sequences are listed in

Supplementary Table 5. Real-time PCR was performed using the Light Cycler DNA Master

SYBR Green I kit (Roche Applied Sciences). Primers were used at a concentration of 0.5

μM and MgCl2 at 2.4 mM. Samples were denatured for 10 min at 95°C and then 40 cycles

of 95°C for 20 s, 60°C for 20 s and 72°C for 20 s. Results were normalized to GAPDH. The

RT-PCR data for each figure represents 3–4 samples, and a separate experiment using

different specimens provided similar results (data not shown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cyclins D1, D2 and D3 trigger hepatocyte proliferation and liver growth. (A) DNA synthesis in cultured rat hepatocytes. Cells

were infected with recombinant adenoviruses (ADV) encoding cyclin D1, D2 or D3 (or a control vector) and 3H-thymidine

uptake was determined at 72 hours. Cells treated with EGF and insulin were used as a positive control for proliferation. (B)

Hepatocyte DNA synthesis in vivo. Mice were transduced with the indicated vectors and DNA synthesis was determined by

BrdU immunohistochemistry at 1–6 days. (C) Liver mass as a percentage of body mass. (D) Western blot analysis of liver

lysates.
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Figure 2.
Venn diagram showing the distribution of differentially expressed genes regulated by D-type cyclins. The number of genes with

unique identifiers were counted and displayed as a Venn diagram to highlight relationships among differentially expressed

genes. Venn diagrams depicting the distribution of three, five and ten-fold-regulated genes highlights differences in the

proportions of these relationships.
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Figure 3.
Cyclins D1, D2 and D3 regulate distinct molecular and cellular functions. Venn diagrams associated with highly regulated

molecular and cellular functions were created from lists of genes generated by Ingenuity Pathways Analysis. mRNA was

measured by real-time RT-PCR for select genes from untreated normal livers or livers overexpressing cyclins D1, D2, D3 or β-

gal control. Data is expressed as relative change compared to untreated livers. P21, cyclin-dependent kinase inhibitor 1A (P21);

Ccne1, cyclin E1; Pklr, pyruvate kinase liver and red blood cell; Slc2a1, solute carrier family 2 (facilitated glucose transporter),

member 1; Aldh3a2, aldehyde dehydrogenase family 3, subfamily A2; Akr1c19, aldo-keto reductase family 1, member C19;

Cxcl10, chemokine (C-X-C motif) ligand 10; Cd44, CD44 antigen; Prodh, proline dehydrogenase; Psat1, phosphoserine

aminotransferase 1; Afmid, arylformamidase; Inmt, indolethylamine N-methyltransferase.
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Figure 4.
Cyclin D1 and partial hepatectomy similarly regulate metabolic genes. RNA was prepared from livers harvested from normal

mice and livers from mice 42 hours after partial hepatectomy. RT-PCR was performed for representative metabolic genes

similar to Figure 3. The data are expressed as fold-change compared to normal mice.
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Table 1

Differentially-expressed genes

Total Upregulated Downregulated

Cyclin D1 1,520 1,132 388

Cyclin D2 806 699 107

Cyclin D3 1,359 1,069 290
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Table 2

Cell cycle genes

Gene Symbol Fold changes

Cyclin D1 Cyclin D2 Cyclin D3

Cyclins

Ccna2 10.24 20.96 28.93

Ccnb1 6.55 19.42 54.99

Ccnb2 20.26 62.13 92.99

Ccne1 53.90 26.38 21.89

Ccne2 59.51 36.89 23.11

Ccnf 18.64 12.72 25.34

Ccng1 4.l0 3.97 3.76

Cyclin-dependent kinase inhibitors

Cdkn1a 94.95 39.87 87.98

Cdkn2c 8.00 15.52 11.58

Cdkn3 3.25 6.61 12.01

DNA replication

Cdc6 7.00 3.38 4.42

Cdc20 70.82 131.24 174.25

Cdc2a 70.04 101.41 121.44

Cdca5 23.30 31.61 22.93

Cdca8 40.37 76.06 92.48

Mcm2 49.91 23.30 34.78

Mcm3 53.52 16.92 17.86

Mcm4 53.71 27.86 25.94

Mcm5 84.57 60.39 88.22

Mcm6 138.82 77.23 64.14

Mcm7 26.93 12.97 19.53
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Table 3

Top 15 genes regulated by cyclin D1, cyclin D2 or cyclin D3

Upregulated Downregulated

Gene symbol Fold change Gene symbol Fold change

Cyclin D1

Lcn2 751.18 D0H4S114 −121.77

Mt2 266.69 Hsd3b5 −71.91

D17H6S56E-5 247.97 Mup1 −70.33

Pap 220.87 Inmt −55.84

S100a8 190.16 Clec4f −39.18

Mcm6 138.82 AU018778 −36.26

Cdt1 138.34 Cenpa −29.70

S100a9 130.42 Cml4 −28.73

Tubb6 123.56 Tm9sf2 −26.38

Rrm2 114.73 Dct −26.31

MGC73635 104.84 Agxt2l1 −26.20

Orm2 99.46 Grem2 −26.00

LOC677168 96.61 Car3 −25.04

Cdkn1a 94.95 2810007J24Rik −24.31

Mcm5 84.57 Slco1a1 −23.63

Cyclin D2

Lcn2 466.27 Clec4f −36.51

7H6S56E-5 195.10 Socs2 −29.25

Mt2 153.39 Tm9sf2 −25.78

MGC73635 144.01 Ugt2b38 −23.37

Cdc20 131.24 D0H4S114 −22.76

Ube2c 129.43 Grem2 −20.60

Birc5 121.61 Vsig4 −20.15

2610305J24Rik 111.20 5830411G16Rik −18.68

Mki67 /// LOC638774 106.45 Cd5l −13.23

Orm2 101.83 Onecut1 −12.16

Cdc2a 101.41 Csf1r −11.40

Rrm2 99.67 Slc25a30 −10.72

Esco2 87.86 Dct −8.25

Mcm6 77.23 AV025504 −7.93

Cdca8 76.06 D930010J01Rik −7.62

Cyclin D3

Lcn2 562.62 Ugt2b38 −62.47

Sprr1a 367.86 D0H4S114 −49.22

Afp 277.63 Clec4f −38.70

D17H6S56E-5 223.02 Dct −36.99

Ube2c 219.49 Tm9sf2 −36.08
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Upregulated Downregulated

Gene symbol Fold change Gene symbol Fold change

Mt2 184.96 Mup1 −29.01

Cdc20 165.20 Cenpa −27.86

Birc5 160.12 Dio1 −24.82

Lgals3 147.75 Grem2 −24.58

Tubb6 143.12 Socs2 −23.82

Mki67 /// LOC638774 131.97 Vsig4 −21.44

Cdc2a 121.44 Serpina4-ps1 −20.80

Egr1 120.77 Cml4 −20.51

MGC73635 98.23 Pdk1 −19.74

Anxa2 93.58 5830411G16Rik −19.73
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Table 4

Top molecular and cellular functions regulated by cyclins D1, D2 and D3

Cyclin D1 Function p-value Cyclin D2 Function p-value Cyclin D3 Function p-value

1 Cell cycle <0.001–0.049 Cell cycle <0.001–0.035 Cell cycle <0.001–0.035

2 Cell death 0.001–0.044 DNA replication,
recombination, repair

<0.001–0.035 Cellular growth and
proliferation

<0.001–0.035

3 Cellular assembly and
organization

0.001–0.044 Cellular assembly and
organization

<0.001–0.035 Cellular movement <0.001–0.034

4 Carbohydrate metabolism 0.002–0.046 Cellular movement <0.001–0.042 Cellular assembly and
organization

<0.001–0.034

5 Lipid metabolism 0.002–0.048 Cell death <0.001–0.040 DNA replication,
recombination, repair

<0.001–0.034

6 Molecular transport 0.002–0.023 Cell signaling 0.002 –0.027 Cell death 0.001–0.035

7 Small molecule biochemistry 0.002–0.048 Cellular growth and
proliferation

0.002–0.038 Cell-to-cell signaling and
interaction

0.002–0.034

8 Amino acid metabolism 0.003–0.023 Post-translational modification 0.003–0.023 Cellular development 0.002–0.034

9 DNA replication,
recombination and repair

0.003–0.048 Cellular development 0.037–0.042 Lipid metabolism 0.005–0.030

10 Cell morphology 0.007–0.026 Small molecule biochemistry 0.012–0.023 Small molecule biochemistry 0.005–0.030
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Table 5

Top canonical pathways regulated by cyclins D1, D2 and D3

Pathway p-value

Cyclin D1

Butanoate metabolism 0.002

p53 signaling 0.002

Fatty acid metabolism 0.003

Valine,leucine, isoleucine degradation 0.004

Tryptophan metabolism 0.005

Arginine and proline metabolism 0.013

Bile acid biosynthesis 0.018

Interferon signaling 0.019

Ascorbate and alderate metabolism 0.023

Propanoate metabolism 0.025

Metabolism of xenobiotics by cytochrome P450 0.030

Glycerolipid metabolism 0.040

Cyclin D2

Cell cycle: G2/M DNA damage checkpoint regulation 0.0003

p53 signaling 0.0004

Antigen presentation pathway 0.012

Pyrimidine metabolism 0.016

Nicotinate and nicotinamide metabolism 0.019

Sonic hedgehog signaling 0.035

cAMP-mediated signaling 0.043

Cyclin D3

Cell cycle: G2/M DNA damage checkpoint regulation 0.014
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Table 6

Comparison of genes regulated in regenerating liver and cyclin D1

Expression after PH Total Similarly regulated by cyclin D1

Upregulated 425 137 (32%)

Downregulated 110 28 (25%)
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Table 7

Top 15 genes regulated by PH and cyclin D1

Upregulated Downregulated

Gene symbol PH Cyclin D1 Gene symbol PH Cyclin D1

Saa2 84.8 33.6 Car3 −15.7 −25.0

Lcn2 50.3 751.2 Cyp2f2 −6.9 −3.8

Fgl1 9.3 4.5 2810007J24Rik −5.6 −24.3

Snrpb2 9.2 2.3 Acsl1 −3.6 −12.7

Ezh2 8.1 20.1 Grb2 −3.2 2.3

Anxa1 6.8 3.4 Ces6 −2.5 −2.5

Wwp1 6.5 −3.3 Scd5 −2.5 −6.8

Tuba2 5.5 4.7 Serpina6 −2.3 −9.8

Med28 5.4 3.6 Gsta3 −2.3 −10.1

Krt18 5.3 2.7 Cyb5b −2.3 −2.6

Wdr40a 4.7 2.5 Alas2 −2.3 −3.1

Mt2 4.7 266.69 Rbm39 −2.1 2.6

Cdc2a 4.5 70.0 Ces3 −2.0 −14.1

Top2a 4.4 47.9 Tsc22d1 −2.0 2.2

Mt1 4.1 77.6 Scp2 −1.9 −2.1
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