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An increase in the number of cells growing in cell culture is the result of two opposing 

effects: an increase in the number of cells that traverse the cell cycle and divide into two 

daughter cells (mitosis), or a decrease in the number of cells that die, principally through 

programmed cell death (apoptosis), or both. 

Insulin and IGF-I are both capable of facilitating cell progression through the cell cycle, 

and of inhibiting apoptotic mechanisms. 

In this section we will review the mechanisms that control the cell cycle, while apoptosis 

will be discussed in another section. 

Growing cells go through four successive phases (1,2) (Fig. 1): 

- G1 (Gap1) where they get committed to grow and ribosomal biogenesis occurs, 

- S, where they synthesize DNA and chromosomes replicate, 

- G2 (Gap2) where they prepare to divide, and 

- M (mitosis), where they divide. 

Figure 1: The cell cycle and its regulation. The various phases of the cell cycle are 

shown below as well as the various activators and inhibitors. See text for explanation. 
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The phases before M are collectively known as "interphase". Cells not actively dividing are 

in a resting or quiescent state called G0, from which they enter into G1 under appropriate 

growth stimuli. The transitions most tightly regulated by IGFs are G0/G1 and G1/S. 

Much of what we know about the workings of the cell cycle is through the work of Sir Paul 

M. Nurse (born 1949) and Sir Timothy ("Tim") Hunt (born 1943), two British yeast 

biologists, and Leland H. Hartwell (born 1939), am American biologist working with sea 

urchin eggs. They won the Nobel Prize in Physiology and Medicine in 2001. 

They showed that cellular processes required for cells to successfully replicate and divide 

are driven by the sequential activation and inactivation of a family of cyclin dependent 

kinases (CDKs). These form bipartite complexes with different cyclins (1,2). Activation is 

driven predominately by the periodic expression of the cyclin subunit and requires 

activating phosphorylation of the kinase subunit. Inactivation is controlled by inhibitory 

phosphorylation of the kinase subunit, by ubiquitin-mediated degradation of the cyclin 

subunit and by interaction of the complex with small inhibitory proteins (1-3). 

A detailed description of the complex regulation of the cell cycle is beyond the scope of this 

brief review. A clever minimization of this complex machinery has shown that basic control 

of the eukaryotic cell cycle is a CDK oscillator that acts as the primary organizer of the cell 

cycle, imposing timing and directionality to a system of two CDK activity thresholds that 

define independent cell cycle phases (4). 

The cell cycle is also negatively regulated by several CDK inhibitors that are in fact tumor 

suppressors (5): retinoblastoma (Rb) protein, the INK4 family of proteins, p21cip1 and 

p27kip1(Fig. 1). 

The way the IGF-I receptor signalling system is involved in the regulation of the cell cycle 

has been thoroughly reviewed by Dupont et al. (5). The PI3K/Akt pathway and the 

MAPK/ERK1/2 pathways are involved to variable degrees depending on the cell type (5). 

Early work on chick embryo fibroblasts compared the effect of insulin with that of serum 

on confluent chick embryo fibroblasts (6). The authors found that the total cell population 

that is stimulated by insulin or serum to enter S and G2 is comparable initially (within 15 



 

hours). However, serum-stimulated cells entered S later than insulin-stimulated cells, and 

had a shorter residence time in S and G2. They therefore divided earlier than insulin-

stimulated cells. Insulin stimulated only part of the cell population to divide. These 

observations together with others suggested that insulin has a "permissive" role that is 

additive to other growth factors. 

Further work from the lab of W. Jackson Pledger at University of North Carolina showed 

that human serum contains two sets of growth factors that function synergistically to 

promote cell growth through the G0-G1 traverse (7-9). "Competence factors" such as 

platelet-derived growth factor or fibroblast growth factor commit cells to enter the division 

cycle, and render them competent to respond to "progression factors" contained in 

platelet-poor plasma such as IGF-I (or its substitute insulin at high concentrations) or 

epidermal growth factor (EGF), up to a growth arrest point in mid Go/G1 termed the V 

point. In addition, IGF-I mediated the traverse from the V-point to the S-phase (9). 

More recent work has worked some of the details of the components of the cell cycle 

affected by IGFs (for review see ref. 5). These include increase in D-type cyclins, 

hyperphosphorylation of Rb, release of the transcritption factor E2F, generation of cyclin E 

which then binds to CDK2 and leads to G1/S phase progression. 

IGFs also regulate the CDK inhibitors (CDKIs). P27 transcription is downregulated 

through phosphorylation-dependent inhibition of FOXO-1 as well as post-transcriptionally 

(5). 

In addition to its actions at the G1/S transition, IGF-I also affects the duration of G2 and 

the timely progression through G2/M phases, in synergy with estrogens (5). 

More recently, a role for IGFs and insulin in regulating the cell cycle inhibitor cyclin G2 

has been unravelled by the De Meyts group (10-12). Cyclin G2 is an unconventional cyclin 

highly expressed in postmitotic cells (13, 14). Unlike classical cyclins that promote cell 

cycle progression, cyclin G2 causes cell cycle arrest at the G1/S transition, not by 

associating with a CDK, but by associating with the phosphatase PP2A, thereby altering the 

activity of PP2A (15, Fig. 1). Cyclin G2 is markedly downregulated by insulin, insulin 



 

analogues and IGF-I in L6 myoblasts overexpressing the insulin receptor (10, 11), as well as 

in several other cell types (16). Overexpression of cyclin G2 inhibited cell proliferation 

induced by insulin, insulin analogues and IGF-I (11,12). 

In summary, insulin-like growth factors (mimicked by high insulin in cell culture) play an 

important permissive role in the progression of cells through the cell cycle once the cells 

have been committed to grow by competence factors such as FGF. Such factors are 

probably provided by many cell lines in an autocrine fashion, explaining why insulin is 

capable of promoting the growth of so many cell lines without addition of other growth 

factors. 
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