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Introduction

Figure 17–1 The cell cycle. 

“Where a cell arises, there must be a previous cell, 
just as animals can only arise from animals and 
plants from plants”

Rudolf  Virchow in 1858



1.  How do cells duplicate their contents?

2. How do they partition the duplicated contents and 
split in two?

3. How do they coordinate all the machinery that is 
required for these two processes?

Major questions
OVERVIEW OF THE CELL CYCLE

• Introduction

Introduction

Figure 17–2 The major events of the cell cycle. 

Introduction

Figure 17–3 The events of eukaryotic cell division as seen under a microscope. 



• M phase

• Most dramatic events.

• Nucleus divides (mitosis)
• Cell splits in two (cytokinesis)
• About an hour (only a small fraction of the total cell-cycle time)

• Interphase (period b/w one M phase and the next; it appears as an uneventful 
interlude during which the cell simply increases in size)

• S phase
• S = Synthesis

• Cell replicates its nuclear DNA

• An essential prerequisite for cell division

• G1 phase (interval between the completion of M phase and the beginning of S 
phase)

• G2 phase (interval between the end of S phase and the beginning of M phase)

• Monitors the internal and external environments

• Decide whether to proceed to the next phase or pause to allow 

more time to prepare.

• Generally continues to transcribe genes, synthesize proteins, and 
grow in mass.

• Provide additional time for the cell to grow and duplicate its cytoplasmic 
organelles

• If interphase lasted only long enough for DNA replication 
→ shrink.

• Cleavage division

• The first cell divisions after fertilization serve to divide a giant egg 
cell into many smaller cells

In addition, in interphase...

• Following DNA replication in S phase

• The two copies of each chromosome remain tightly bound together.

• Progressive condensation (the first visible sign that a cell is about to enter 
M phase).

• Visible in the light microscope as long threads.

• Easier to segregate to the two forming daughter cells.



OVERVIEW OF THE CELL CYCLE

• The Eukaryotic Cell Cycle Usually Consists of Four 
Phases

The Eukaryotic Cell Cycle Usually Consists of Four Phases

OVERVIEW OF THE CELL CYCLE

• Cell-Cycle Control Is Similar in All Eukaryotes

OVERVIEW OF THE CELL CYCLE

• Cell-Cycle Progression Can Be Studied in Various 
Ways



Cell-Cycle Progression Can Be Studied in Various Ways

Figure 17–5 Mammalian cells proliferating in culture. The cells in this scanning electron micrograph are rat 
fibroblasts. Cells at the lower left have rounded up and are in mitosis. (Courtesy of Guenter Albrecht-
Buehler.)

Cell-Cycle Progression Can Be Studied in Various Ways

Figure 17–6 The morphology of budding yeast cells. In a normal population of proliferating yeast cells, buds 
vary in size according to the cell-cycle stage. Unbudded cells are in G1. Progression through the Start 
transition triggers formation of a tiny bud, which grows in size during the S and M phases until it is almost the 
size of the mother cell. (Courtesy of Jeff Ubersax.)

Cell-Cycle Progression Can Be Studied in Various Ways

Figure 17–7 Labeling S-phase cells. An immunofluorescence micrograph of BrdU-labeled epithelial cells of 
the zebrafish gut. The fish was exposed to BrdU, after which the tissue was fixed and prepared for labeling 
with fluorescent anti-BrdU antibodies (green). All the cells are stained with a red fluorescent dye. (Courtesy 
of Cécile Crosnier.)

Cell-Cycle Progression Can Be Studied in Various Ways

Figure 17–8 Analysis of DNA content with a flow cytometer.



Summary

Cell division usually begins with duplication of the cell’s contents, 
followed by distribution of those contents into two daughter cells. 
Chromosome duplication occurs during S phase of the cell cycle, 
whereas most other cell components are duplicated continuously 
throughout the cycle. During M phase, the replicated 
chromosomes are segregated into individual nuclei (mitosis), and 
the cell then splits in two (cytokinesis). S phase and M phase are 
usually separated by gap phases called G1 and G2, when various 
intracellular and extracellular signals regulate cell-cycle progres- 
sion. Cell-cycle organization and control have been highly 
conserved during evolution, and studies in a wide range of systems 
have led to a unified view of eukaryotic cell-cycle control. 

THE CELL-CYCLE CONTROL SYSTEM

• The Cell-Cycle Control System Triggers the Major 
Events of the Cell Cycle

The Cell-Cycle Control System Triggers the Major Events of the Cell 
Cycle

Figure 17–9 The control of the cell cycle. 

• The essential processes of the cell cycle, such as DNA 
replication, mitosis, and cytokinesis, are triggered by a cell-
cycle control system (a complex network of regulatory proteins).

• Arrests the cell cycle at specific checkpoints.

• G1 or G2 checkpoints, checkpoint in mitosis.



THE CELL-CYCLE CONTROL SYSTEM

• The Cell-Cycle Control System Depends on 
Cyclically Activated Cyclin-Dependent Protein 
Kinases (Cdks)

The Cell-Cycle Control System Depends on Cyclically Activated Cyclin-
Dependent Protein Kinases (Cdks)

Figure 17–10 Two key components of the cell-cycle control system. When cyclin forms a complex with Cdk, 
the protein kinase is activated to trigger specific cell-cycle events. Without cyclin, Cdk is inactive.

The Cell-Cycle Control System Depends on Cyclically Activated Cyclin-
Dependent Protein Kinases (Cdks)

Figure 17–11 Cyclin–Cdk complexes of the cell-cycle control system. 

The Cell-Cycle Control System Depends on Cyclically Activated Cyclin-
Dependent Protein Kinases (Cdks)



The Cell-Cycle Control System Depends on Cyclically Activated Cyclin-
Dependent Protein Kinases (Cdks)

Figure 17–12 The structural basis of Cdk activation. These drawings are based on three-dimensional structures 
of human Cdk2 and cyclin A, as determined by x-ray crystallography. The location of the bound ATP is 
indicated. The enzyme is shown in three states. (A) In the inactive state, without cyclin bound, the active  
site is blocked by a region of the protein called the T-loop (red). (B) The binding of cyclin causes the T-loop to 
move out of the active site, resulting in partial activation of the Cdk2. (C) Phosphorylation of Cdk2 (by CAK) 
at a threonine residue in the T-loop further activates the enzyme by changing the shape of the T-loop, 
improving the ability of the enzyme to bind its protein substrates (Movie 17.1). 

• The cell-cycle control system governs the cell-cycle machinery by cyclically 
activating and then inactivating the key proteins and protein 
complexes that initiate or regulate DNA replication, mitosis, and cytokinesis.

• Kinases and phosphatases

• The kinases are always present throughout the cell cycle, but 

activated only at appropriate times in the cycle (The 
activity of each of the kinases rises and falls in a cyclical fashion)

• Cyclins have no enzymatic activity, but they have to bind to 
the cell-cycle kinases before the kinases can become enzymatically active.

• Cdks (cyclin-dependent protein kinases) + Cyclins

The abrupt activation of M-Cdk.

• For M-Cdk to be maximally active, it has to be phosphorylated 
at one or more sites by a specific protein kinase, and 
dephosphorylated at other sites by a specific protein 
phosphatase.



THE CELL-CYCLE CONTROL SYSTEM

• Cdk Activity Can Be Suppressed By Inhibitory 
Phosphorylation and Cdk Inhibitor Proteins (CKIs)

Cdk Activity Can Be Suppressed By Inhibitory Phosphorylation and 
Cdk Inhibitor Proteins (CKIs)

Figure 17–13 The regulation of Cdk activity by phosphorylation. The active cyclin–Cdk complex is turned 
off when the kinase Wee1 phosphorylates two closely spaced sites above the active site. Removal of these 
phosphates by the phosphatase Cdc25 activates the cyclin–Cdk complex. 

Cdk Activity Can Be Suppressed By Inhibitory Phosphorylation and 
Cdk Inhibitor Proteins (CKIs)

Figure 17–14 The inhibition of a cyclin–Cdk complex by a CKI. This drawing is based on the three-
dimensional structure of the human cyclin A–Cdk2 complex bound to the CKI p27, as determined by x-ray 
crystallography. The p27 binds to both the cyclin and Cdk in the complex, distorting the active site of the Cdk. 
It also inserts into the ATP-binding site, further inhibiting the enzyme activity. 

THE CELL-CYCLE CONTROL SYSTEM

• Regulated Proteolysis Triggers the Metaphase-to-
Anaphase Transition



Regulated Proteolysis Triggers the Metaphase-to-Anaphase Transition

Figure 17–15 The control of proteolysis by APC/C and SCF during the cell cycle. (A) The APC/C is 
activated in mitosis by association with Cdc20, which recognizes specific amino acid sequences on M-cyclin 
and other target proteins. With the help of two additional proteins called E1 and E2, the APC/C assembles 
polyubiquitin chains on the target protein. The polyubiquitylated target is then recognized and degraded in a 
proteasome 

Regulated Proteolysis Triggers the Metaphase-to-Anaphase Transition

(B) The activity of the ubiquitin ligase SCF depends on substrate-binding subunits called F-box proteins, of 
which there are many different types. The phosphorylation of a target protein, such as the CKI shown, allows 
the target to be recognized by a specific F-box subunit. 

• Proteolysis by APC/C and SCF during cell cycle

• Anaphase-promoting complex, or cyclosome (APC/C) : 
ubiquitin ligase

• SCF (after the names of its three subunits) : ubiquitin ligase

THE CELL-CYCLE CONTROL SYSTEM

• Cell-Cycle Control Also Depends on Transcriptional 
Regulation



• In the simple cell cycles of early animal embryos, 
gene transcription does not occur. 

• Cell-cycle control depends exclusively on post-
transcriptional mechanisms that involve the 
regulation of Cdks and ubiquitin ligases and their 
target proteins.

• In the more complex cell cycles of most cell types, 
however, transcriptional control provides an 
important additional level of regulation. Changes in 
cyclin gene transcription, for example, help control 
cyclin levels in most cells.

THE CELL-CYCLE CONTROL SYSTEM

• The Cell-Cycle Control System Functions as a 
Network of Biochemical Switches

The Cell-Cycle Control System Functions as a Network of Biochemical 
Switches

The Cell-Cycle Control System Functions as a Network of Biochemical 
Switches

Figure 17–16 An overview of the cell- cycle control system. 



Summary

The cell-cycle control system triggers the events of the cell cycle and ensures 
that they are properly timed and coordinated with each other. The control system 
responds to various intracellular and extracellular signals and arrests the cycle 
when the cell either fails to complete an essential cell-cycle process or 
encounters unfavorable environmental or intracellular conditions. 

Central components of the control system are the cyclin-dependent protein 
kinases (Cdks), which depend on cyclin subunits for their activity. Oscillations 
in the activities of different cyclin–Cdk complexes control various cell-cycle 
events. Thus, activation of S-phase cyclin–Cdk complexes (S-Cdk) initiates S 
phase, whereas acti- vation of M-phase cyclin–Cdk complexes (M-Cdk) triggers 
mitosis. The mechanisms that control the activities of cyclin–Cdk complexes 
include phosphorylation of the Cdk subunit, binding of Cdk inhibitor proteins 
(CKIs), proteolysis of cyclins, and changes in the transcription of genes 
encoding Cdk regulators. The cell-cycle control system also depends crucially 
on two additional enzyme complexes, the APC/C and SCF ubiquitin ligases, 
which catalyze the ubiquitylation and consequent destruction of specific 
regulatory proteins that control critical events in the cycle. 

S PHASE

• S-Cdk Initiates DNA Replication Once Per Cycle

S-Cdk Initiates DNA Replication Once Per Cycle

Figure 17–17 Control of chromosome duplication. 

S-Cdk Initiates DNA Replication Once Per Cycle

Figure 17–17 Control of chromosome duplication. Preparations for DNA replication begin in late mitosis 
and G1, when the DNA helicases are loaded by multiple proteins at the replication origin, forming the 
prereplicative complex (preRC). S-Cdk activation leads to activation of the DNA helicases, which unwind 
the DNA at origins to initiate DNA replication. Two replication forks move out from each origin until the 
entire chromosome is duplicated. Duplicated chromosomes are then segregated in M phase. S-Cdk activation 
in S phase also prevents assembly of new preRCs at any origin until the following G1—thereby ensuring 
that each origin is activated only once in each cell cycle. 



S-Cdk Initiates DNA Replication Once Per Cycle

Figure 17–18 Control of the 
initiation of DNA replication. 

S-Cdk Initiates DNA Replication Once Per Cycle

Figure 17–18 Control of the initiation of DNA replication. The replication origin is bound by the ORC 
throughout the cell cycle. In early G1, Cdc6 associates with the ORC, and these proteins bind the DNA 
helicase, which contains six closely related subunits called Mcm proteins. The helicase also associates with a 
protein called Cdt1. Using energy provided by ATP hydrolysis, the ORC and Cdc6 proteins load two copies of 
the DNA helicase, in an inactive form, around the DNA next to the origin, thereby forming the prereplicative 
complex (preRC). At the onset of S phase, S-Cdk stimulates the assembly of several initiator proteins on each 
DNA helicase, while another protein kinase, DDK, phosphorylates subunits of the DNA helicase. As a result, 
the DNA helicases are activated and unwind the DNA. DNA polymerase and other replication proteins are 
recruited to the origin, and DNA replication begins. The ORC is displaced by the replication machinery and 
then rebinds. S-Cdk and other mechanisms also inactivate the preRC components ORC, Cdc6, and Cdt1, 
thereby preventing formation of new preRCs at the origins until the end of mitosis (see text). 

• A cell must solve several problems in controlling the initiation and 
completion of DNA replication

• DNA replication is initiated at the right time and not more 
than once per cycle...

• ‘The cell-cycle control system’

• Initiating Origin firing by S-Cdk

• Origin recognition complex (ORC)
• remains bound to origins of replication throughout the cell cycle. 

• serves as a sort of landing pad for additional regulatory proteins 
(Cdc6, Cdt1. and Mcm) that bind before the start of S phase.

• Cdc6 
• present at low levels during most of the cell cycle.
• its concentration increases transiently in early G1.

• bind to ORC

• promotes the binding of additional proteins to form a ‘pre-
replicative complex’.

• The replication origin is ready to ‘fire’.
• The activation of S-Cdk then ‘pulls the trigger’.



• Preventing re-replication

• Phosphorylation of Cdc6 by S-Cdk
• causing it and other proteins to dissociate from ORC after 

an origin has fired.

• prevents replication from occurring again at the same origin.

• marks it for degradation
• ensuring that DNA replication is not reinitiated 

later in the same cycle.

• Phosphorylation of ORC by S-Cdk
• leads to the inactivation of ORC

S PHASE

• Chromosome Duplication Requires Duplication of 
Chromatin Structure

S PHASE

• Cohesins Hold Sister Chromatids Together

Cohesins Hold Sister Chromatids Together

Figure 17–19 Cohesin. Cohesin is a protein complex with four subunits. (A) Two subunits, Smc1 and Smc3, 
are coiled-coil proteins with an ATPase domain at one end



Cohesins Hold Sister Chromatids Together

(B) two additional subunits, Scc1 and Scc3, connect the ATPase head domains, forming a ring structure that 
may encircle the sister chromatids as shown in (C).

Cohesins Hold Sister Chromatids Together

The ATPase domains are required 
for cohesin loading on the DNA. 

• Sister chromatids
• After the chromosomes have been duplicated in S phase, the two 

copies of each remain tightly bound together.

• held together by protein complex, cohesins.

• assemble along each sister chromatid.

• form protein rings that surround the two sister chromatids, 
keeping them united.

• crucial for proper chromosome segregation.

• broken completely only in late mitosis to allow the 
sister chromatid to be pulled apart by the mitotic spindle.

Summary

Duplication of the chromosomes in S phase involves the accurate 
replication of the entire DNA molecule in each chromosome, as well 
as the duplication of the chromatin proteins that associate with the 
DNA and govern various aspects of chromo- some function. 
Chromosome duplication is triggered by the activation of S-Cdk, 
which activates proteins that unwind the DNA and initiate its 
replication at replication origins. Once a replication origin is activated, 
S-Cdk also inhibits proteins that are required to allow that origin to 
initiate DNA replication again. Thus, each origin is fired once and only 
once in each S phase and cannot be reused until the next cell cycle. 



MITOSIS

• Introduction

Introduction

Introduction Introduction



Introduction Introduction

Introduction



MITOSIS

• M-Cdk Drives Entry Into Mitosis



MITOSIS

• Dephosphorylation Activates M-Cdk at the Onset of 
Mitosis

Dephosphorylation Activates M-Cdk at the Onset of Mitosis

Figure 17–20 The activation of M-Cdk.

• M-Cdk activation
1. Accumulation of M cyclin (cyclin B)

• synthesis of cyclin B starts immediately after S phase
• rise gradually and helps time the onset of M phase

• leads to a corresponding accumulation of M-Cdk (still inactive)

2. Sudden activation
• triggered by Cdc25 at the end of G2

• Cdc25 phosphatase removes the inhibitory phosphates
3. Positive feedback loop
• Indirectly activates more M-Cdk
• Inhibit Wee1(inhibitory kinase), further promoting the activation of M-Cdk

• An explosive increase in M-Cdk activity
• drives the cell abruptly from G2 into M phase

MITOSIS

• Condensin Helps Configure Duplicated 
Chromosomes for Separation



Condensin Helps Configure Duplicated Chromosomes for Separation

Figure 17–21 The mitotic chromosome. 
Scanning electron micrograph of a human 
mitotic chromosome, consisting of two 
sister chromatids joined along their 
length. The constricted regions are the 
centromeres. (Courtesy of Terry D. Allen.)

Condensin Helps Configure Duplicated Chromosomes for Separation

Figure 17–22 Condensin. (A) Condensin is a five-subunit protein complex that resembles cohesin (see 
Figure 17–19). The ATPase head domains of its two major subunits, Smc2 and Smc4, are held together by 
three additional subunits. 

Condensin Helps Configure Duplicated Chromosomes for Separation

(B) It is not clear how condensin catalyzes 
the restructuring and compaction of 
chromosome DNA, but it may form a ring 
structure that encircles loops of DNA 
within each sister chromatid. 

Condensins

• Five-subunit protein complex that resemble cohesin (four subunits).

• help carry out the chromosome condensation

• M-Cdk phosphorylates some of the condensin subunits of five

• M-Cdk triggers the assembly of condensin complexes onto DNA

• makes the mitotic chromosomes more compact

• structurally related to cohesins 

• form ring structure

• configure the related chromosomes for mitosis

• assemble on each individual chromatid at the start of M phase and coil 
up the DNA to condense (cf. cohesins assemble on the DNA in S phase and tie 
together two parallel DNA)



MITOSIS

• The Mitotic Spindle Is a Microtubule-Based Machine

The Mitotic Spindle Is a Microtubule-Based Machine

Figure 17–23 The metaphase mitotic spindle in an animal cell. 

The Mitotic Spindle Is a Microtubule-Based Machine

Figure 17–24 The centrosome. 



• Mitotic spindle
• The mitotic spindle is a microtubule-based machine

• carries out nuclear division (mitosis)

• rapidly disassemble after their tasks

• composed of microtubules + motor proteins

• separates the replicated chromosomes and allocates one copy of 
each chromosome to each daughter cell (The delicate job!)

• Before M phase begins

• DNA must be fully replicated.

• Centrosome must be duplicated.

• Centrosome

• Microtubule-organizing center
• Help form the two poles of the mitotic spindle

• Each daughter cell receive duplicated centrosome
• Proteins containing γ-tubulin rings + a pair of centrioles (each 

made of short microtubules)

MITOSIS

• Microtubule-Dependent Motor Proteins Govern 
Spindle Assembly and Function

Microtubule-Dependent Motor Proteins Govern Spindle Assembly and 
Function

Figure 17–25 Major motor proteins of the spindle. Four major classes of microtubule-dependent motor 
proteins (yellow boxes) contribute to spindle assembly and function (see text). The colored arrows indicate the 
direction of motor protein movement along a microtubule—blue toward the minus end and red toward the 
plus end.



Major motor proteins of the spindle 
 1 Kinesin-5: + end, forces the poloes apart. 
 2 Kinesin-14: - end, pulls the poles together. 
 3 Kinesin-4, 10: + end, push the attached 

chromosome away. 
 4 Dynein: - end, organise microtubuels at 

various cellular locations.

• The movement are generated by motor protein : bind to actin filaments or 

microtubules and use the ATP energy to travel in a single direction.

• Motor proteins also attach to other cell components and thus 
transport the cargo along the filaments.

Kinesins and Dyneins
  -  Kinesins: move toward plus end, 
     Dyneins: move toward minus end
  
  - Two globular ATP-binding head and a tail.
  
  - Heads interact with microtubules
     Tail binds to some cell components.

MITOSIS

• Multiple Mechanisms Collaborate in the Assembly 
of a Bipolar Mitotic Spindle

MITOSIS

• Centrosome Duplication Occurs Early in the Cell 
Cycle



Centrosome Duplication Occurs Early in the Cell Cycle

Figure 17–26 Centriole replication. 

• Centrosome cycle

• Centrosome duplication and separation

• Duplicated during interphase
• Both copies remain together as a single complex.

• As mitosis begins, two centrosomes separate, and each nucleates a 

microtubules (an aster)
• The two aster forms the two poles of the mitotic spindle.

• The spindle captures the chromosome, eventually separating 
them later in mitosis

• Centrosome duplication is triggered by the same Cdks (G1/S-Cdk and 
S-Cdk) that trigger DNA replication

MITOSIS

• M-Cdk Initiates Spindle Assembly in Prophase

MITOSIS

• The Completion of Spindle Assembly in Animal 
Cells Requires Nuclear-Envelope Breakdown



MITOSIS

• Microtubule Instability Increases Greatly in Mitosis

MITOSIS

• Mitotic Chromosomes Promote Bipolar Spindle 
Assembly

• Chromosomes are not just passive passengers in the 
process of spindle assembly.

• By creating a local environment that favors both 
microtubule nucleation and microtubule stabilization, they 
play an active part in spindle formation. 

• For some cells in metaphase, if a single chromosome is 
tugged out of alignment, a mass of new spindle micro- 
tubules rapidly appears around the newly positioned 
chromosome, while the spindle microtubules at the 
chromosome’s former position depolymerize.

• A guanine nucleotide exchange factor (GEF) stimulates a 
small GTPase in the cytosol called Ran, stimulating the 
local nucleation and stabilization of microtubules around 
chromosomes.

Mitotic Chromosomes Promote Bipolar Spindle Assembly

Figure 17–27 Activation of the GTPase Ran around mitotic chromosomes. The Ran protein, like other 
members of the small GTPase family (discussed in Chapter 15), can exist in two conformations depending on 
whether it is bound to GDP (inactive state) or GTP (active state). The localization of active Ran in mitosis was 
determined using a protein that emits fluorescence at a specific wavelength when it is activated by Ran-GTP. 
In the metaphase human cell shown here, Ran activity (yellow and red) is highest around the chromosomes, 
between the poles of the mitotic spindle (indicated by asterisks). (From P. Kaláb et al., Nature 440:697–701, 
2006. With permission from Macmillan Publishers Ltd.) 



Mitotic Chromosomes Promote Bipolar Spindle Assembly

Figure 17–28 Spindle self-organization by motor proteins. Mitotic chromosomes stimulate the local 
activation of proteins that nucleate and promote the formation of microtubules in the vicinity of the 
chromosomes. Kinesin-5 motor proteins (see Figure 17–25) organize these microtubules into antiparallel 
bundles, while plus-end directed kinesins-4 and 10 link the microtubules to chromosome arms and push minus 
ends away from the chromosomes. Dynein and kinesin-14 motors, together with numerous other proteins, 
focus these minus ends into a pair of spindle poles. 

 1 Kinesin-5: + end, forces the poloes apart. 
 2 Kinesin-14: - end, pulls the poles together. 
 3 Kinesin-4, 10: + end, push the attached chromosome away. 
 4 Dynein: - end, organise microtubuels at various cellular locations.

Mitotic Chromosomes Promote Bipolar Spindle Assembly

Figure 17–29 Bipolar spindle assembly without centrosomes in parthenogenetic embryos of the insect Sciara 
(or fungus gnat). The microtubules are stained green, the chromosomes red. The top fluorescence micrograph 
shows a normal spindle formed with centrosomes in a normally fertilized Sciara embryo. The bottom 
micrograph shows a spindle formed without centrosomes in an embryo that initiated development without 
fertilization. Note that the spindle with centrosomes has an aster at each pole of the spindle, whereas the 
spindle formed without centrosomes does not. Both types of spindles are able to segregate the replicated 
chromosomes. (From B. de Saint Phalle and W. Sullivan, J. Cell Biol. 141:1383–1391, 1998. With permission 
from The Rockefeller University Press.) 

• Motor proteins and chromosomes can direct the assembly of a 
functional bipolar spindle in the absence of centrosomes

• In cells without centrosomes

• All plant cells and some animal cell type

• The chromosomes themselves nucleate microtubule 
assembly

• See Fig. 18-26 J. Cell Biol. 141:1383-1391

MITOSIS

• Kinetochores Attach Sister Chromatids to the 
Spindle



Kinetochores Attach Sister Chromatids to the Spindle

Figure 17–30 The kinetochore. (A) A fluorescence micrograph of a metaphase chromosome stained with a 
DNA-binding fluorescent dye and with human autoantibodies that react with specific kinetochore proteins. 
The two kinetochores, one associated with each sister chromatid, are stained red. (B) A drawing of a 
metaphase chromosome showing its two sister chromatids attached to the plus ends of kinetochore 
microtubules. Each kinetochore forms a plaque on the surface of the centromere. (C) Electron micrograph of 
an anaphase chromatid with microtubules attached to its kinetochore. While most kinetochores have a 
trilaminar structure, the one shown here (from a green alga) has an unusually complex structure with 
additional layers.

Kinetochores Attach Sister Chromatids to the Spindle

Figure 17–31 Microtubule attachment sites in the kinetochore.

Kinetochores Attach Sister Chromatids to the Spindle

Figure 17–31 Microtubule attachment sites in the kinetochore. (A) In this electron micrograph of a 
mammalian kinetochore, the chromosome is on the right, and the plus ends of multiple microtubules are 
embedded in the outer kinetochore on the left. (B) Electron tomography (discussed in Chapter 9) was used to 
construct a low-resolution three-dimensional image of the outer kinetochore in (A). Several microtubules (in 
multiple colors) are embedded in fibrous material of the kinetochore, which is thought to be composed of the 
Ndc80 complex and other proteins. (C) Each microtubule is attached to the kinetochore by interactions with 
multiple copies of the Ndc80 complex (blue). This complex binds to the sides of the microtubule near its 
plus end, allowing polymerization and depolymerization to occur while the microtubule remains attached to 
the kinetochore. (A and B, from Y. Dong et al., Nature Cell Biol. 9:516–522, 2007. With permission from 
Macmillan Publishers Ltd.) 

Kinetochores Attach Sister Chromatids to the Spindle

Figure 17-32 Chromosome attachment to the mitotic spindle in animal cells.



Kinetochores Attach Sister Chromatids to the Spindle

Figure 17-32 Chromosome attachment to the mitotic spindle in animal cells. (A) In late prophase of most 
animal cells, the mitotic spindle poles have moved to opposite sides of the nuclear envelope, with an array of 
overlapping microtubules between them. (B) Following nuclear envelope breakdown, the sister-chromatid 
pairs are exposed to the large number of dynamic plus ends of microtubules radiating from the spindle poles. 
In most cases, the kinetochores are first attached to the sides of these microtubules, while at the same time the 
arms of the chromosomes are pushed outward from the spindle interior, preventing the arms from blocking 
microtubule access to the kinetochores. (C) Eventually, the laterally-attached sister chromatids are arranged in 
a ring around the outside of the spindle. Most of the microtubules are concentrated in this ring, so that the 
spindle is relatively hollow inside. (D) Dynamic microtubule plus ends eventually encounter the kinetochores 
in an end-on orientation and are captured and stabilized. (E) Stable end-on attachment to both poles results in 
bi-orientation. Additional microtubules are attached to the kinetochore, resulting in a kinetochore fiber 
containing 10–40 microtubules. 

• Kinetochores

• Attach chromosomes to the mitotic spindle

• Assemble into a large protein complex on the condensed chromosomes 

during late prophase.
• Kinetochore assembly depends on the presence of the centromere DNA 

sequence

• Kinetochore microtubules

• The microtubules eventually attached to the kinetochore.
• The number of microtubules attached to each kinetochore 

varies among species (Human: 20-40; Yeast just one)

• Bi-orientation

• The attachment to opposite poles

• generates tension on the kinetochore

• The cell-cycle control system monitors this tension to ensure correct 

chromosome attachment, another important cell-cycle checkpoint

MITOSIS

• Bi-orientation Is Achieved by Trial and Error



Bi-orientation Is Achieved by Trial and Error

Figure 17–33 Alternative forms of kinetochore attachment to the spindle poles. 

Bi-orientation Is Achieved by Trial and Error

Figure 17–34 How tension might increase microtubule attachment to the kinetochore.

Bi-orientation Is Achieved by Trial and Error

Figure 17–34 How tension might increase microtubule attachment to the kinetochore. These diagrams 
illustrate one speculative mechanism by which bi-orientation might increase microtubule attachment to the 
kinetochore. A single kinetochore is shown for clarity; the spindle pole is on the right. (A) When a sister- 
chromatid pair is unattached to the spindle or attached to just one spindle pole, there is little tension between 
the outer and inner kinetochores. The protein kinase Aurora-B is tethered to the inner kinetochore and 
phosphorylates the microtubule attachment sites, including the Ndc80 complex (blue), in the outer kinetochore 
as shown, thereby reducing the affinity of microtubule binding. Microtubules therefore associate and 
dissociate rapidly, and attachment is unstable. (B) When bi-orientation is achieved, the forces pulling the 
kinetochore toward the spindle pole are resisted by forces pulling the other sister kinetochore toward the 
opposite pole, and the resulting tension pulls the outer kinetochore away from the inner kinetochore. As a 
result, Aurora-B is unable to reach the outer kinetochore, and microtubule attachment sites are not 
phosphorylated. Microtubule binding affinity is therefore increased, resulting in the stable attachment of 
multiple microtubules to both kinetochores. The dephosphorylation of outer kinetochore proteins depends on a 
phosphatase that is not shown here. 

• If unattached chromosomes are separated...

• Spindle assembly checkpoint

• monitor chromosome attachment

• send a negative signal (a ‘STOP’ signal to the cell-cycle control system)

• blocks the activation of the APC



MITOSIS

• Multiple Forces Act on Chromosomes in the Spindle

Multiple Forces Act on Chromosomes in the Spindle

Figure 17–35 Microtubule flux in the metaphase spindle. (A) To observe microtubule flux, a very small 
amount of fluorescent tubulin is injected into living cells so that individual microtubules form with a very 
small proportion of fluorescent tubulin. Such microtubules have a speckled appearance when viewed by 
fluorescence microscopy. 

Multiple Forces Act on Chromosomes in the Spindle

(B) Fluorescence micrograph of a mitotic spindle in a living newt lung epithelial cell. The chromosomes are 
colored brown, and the tubulin speckles are red (C) The movement of individual speckles can be followed by 
time-lapse video microscopy. Images of the thin vertical boxed region (arrow) in (B), taken at sequential 
times, show that individual speckles move toward the poles at a rate of about 0.75 µm/min, indicating that 
the microtubules are moving poleward.

Multiple Forces Act on Chromosomes in the Spindle

(D) Microtubule length in the metaphase spindle does not change significantly because new tubulin subunits 
are added at the microtubule plus end at the same rate as tubulin subunits are removed from the minus end.



Multiple Forces Act on Chromosomes in the Spindle

Figure 17–36 How opposing forces may drive chromosomes to the metaphase plate. (A) Evidence for a polar 
ejection force that pushes chromosomes away from the spindle poles toward the spindle equator. In this 
experiment, a laser beam severs a prometaphase chromosome that is attached to a single pole by a kinetochore 
microtubule. The part of the severed chromosome without a kinetochore is pushed rapidly away from the pole, 
whereas the part with the kinetochore moves toward the pole, reflecting a decreased repulsion. 

Multiple Forces Act on Chromosomes in the Spindle

(B) A model of how two opposing forces may cooperate to move chromosomes to the metaphase plate. 
Plus-end-directed motor proteins (kinesin-4 and kinesin-10) on the chromosome arms are thought to interact 
with microtubules to generate the polar ejection force, which pushes chromosomes toward the spindle equator 
(see Figure 17–25). Poleward forces generated by depolymerization at the kinetochore, together with 
microtubule flux, are thought to pull chromosomes toward the pole. 

MITOSIS

• The APC/C Triggers Sister-Chromatid Separation 
and the Completion of Mitosis

The APC/C Triggers Sister-Chromatid Separation and the Completion 
of Mitosis

Figure 17–37 Sister-chromatid separation at anaphase. In the transition from metaphase (A) to anaphase (B), 
sister chromatids suddenly and synchronously separate and move toward opposite poles of the mitotic 
spindle—as shown in these light micrographs of Haemanthus (lily) endosperm cells that were stained with 
gold-labeled antibodies against tubulin. (Courtesy of Andrew Bajer.) 



The APC/C Triggers Sister-Chromatid Separation and the Completion 
of Mitosis

Figure 17–38 The initiation of sister- chromatid separation by the APC/C.

The APC/C Triggers Sister-Chromatid Separation and the Completion 
of Mitosis

Figure 17–38 The initiation of sister- chromatid separation by the APC/C. The activation of APC/C by 
Cdc20 leads to the ubiquitylation and destruction of securin, which normally holds separase in an inactive 
state. The destruction of securin allows separase to cleave Scc1, a subunit of the cohesin complex holding the 
sister chromatids together (see Figure 17–19). The pulling forces of the mitotic spindle then pull the sister 
chromatids apart. In animal cells, phosphorylation by Cdks also inhibits separase (not shown). Thus, Cdk 
inactivation in anaphase (resulting from cyclin destruction) also promotes separase activation by allowing its 
dephosphorylation. 

• Anaphase

• begins abruptly with the release of the cohesin linkage that 
holds the sister chromatids together

• each chromatid to be pulled to the spindle pole

• Anaphase promoting complex (APC)
• directly triggers the cleavage of the cohesins

• catalyzes the ubiquitylation and destruction of an securin, 
an inhibitory protein

• Securin inhibits the activity of separase, a proteolytic enzyme

• Separase is then free to break the cohesin linkages

MITOSIS

• Unattached Chromosomes Block Sister-Chromatid 
Separation: The Spindle Assembly Checkpoint



Unattached Chromosomes Block Sister-Chromatid Separation: The 
Spindle Assembly Checkpoint

Figure 17–39 Mad2 protein on unattached kinetochores. This fluorescence micrograph shows a 
mammalian cell in prometaphase, with the mitotic spindle in green and the sister chromatids in blue. One 
sister-chromatid pair is attached to only one pole of the spindle. Staining with anti-Mad2 antibodies 
indicates that Mad2 is bound to the kinetochore of the unattached sister chromatid (red dot, indicated 
by red arrow). A small amount of Mad2 is associated with the kinetochore of the sister chromatid that is 
attached to the spindle pole (pale dot, indicated by white arrow). (From J.C. Waters et al., J. Cell Biol. 
141:1181–1191, 1998. With permission from the authors.) 

Unattached chromosomes block sister-chromatid separation

• If unattached chromosomes are separated...

• Spindle assembly checkpoint

• monitor chromosome attachment
• send a negative signal (a ‘STOP’ signal to the cell-cycle control system)

• blocks the activation of the APC

MITOSIS

• Chromosomes Segregate in Anaphase A and B

Chromosomes Segregate in Anaphase A and B

Figure 17–40 The two processes of anaphase in mammalian cells. Separated sister chromatids move toward 
the poles in anaphase A. In anaphase B, the two spindle poles move apart. 



• Once released, daughter chromosomes move at the same speed about 1 
µm per minute

• Anaphse A

• The kinetochore microtubules shorten by depolymerization, the 

attached chromosomes move.

• Motor protein + loss of tubulin.

• Loss of tubulin: catastrophin that uses the energy of ATP hydrolysis to 
remove tubulin subunits from the microtubules

• Anaphse B

• The spindle poles move apart, further contributing to the segregation.

• The overlapping interpolar microtubules elongate and slide past each 
other

• Kinesin + dynein

MITOSIS

• Segregated Chromosomes Are Packaged in 
Daughter Nuclei at Telophase

• Telophase : a nuclear envelope reassembles to form the two daughter nuclei

• The final stage of mitosis

• Mitotic spindle disassemble

• The nuclear pores reassemble.

• The nuclear lamins are dephosphorylated and re-form the nuclear lamina.

• The pores pump in nuclear proteins, the nucleus expands, the 

condensed mitotic chromosomes decondense into their interphase state.

• Gene transcription is able to resume

• A new nucleus has been created, and mitosis is complete



Time-lapse Imaging of Mitosis Summary

M-Cdk triggers the events of early mitosis, including chromosome 
condensation, assembly of the mitotic spindle, and bipolar attachment 
of the sister-chromatid pairs to microtubules of the spindle. Spindle 
formation in animal cells depends largely on the ability of mitotic 
chromosomes to stimulate local microtubule nucleation and stability, 
as well as on the ability of motor proteins to organize micro- tubules 
into a bipolar array. Many cells also use centrosomes to facilitate 
spindle assembly. Anaphase is triggered by the APC/C, which 
stimulates the destruction of the proteins that hold the sister 
chromatids together. APC/C also promotes cyclin destruction and 
thus the inactivation of M-Cdk. The resulting dephosphorylation of 
Cdk targets is required for the events that complete mitosis, including 
the disassem- bly of the spindle and the re-formation of the nuclear 
envelope. 

CYTOKINESIS

• Introduction

Introduction

Figure 17–41 Cytokinesis. (A) The actin–myosin bundles of the contractile ring are oriented as shown, so 
that their contraction pulls the membrane inward. 



Introduction

(B) In this low-magnification scanning electron micrograph of a cleaving frog egg, the cleavage furrow is 
especially prominent, as the cell is unusually large. The furrowing of the cell membrane is caused by the 
activity of the contractile ring underneath it. 

Introduction

(C) The surface of a furrow at higher magnification. (B and C, from H.W. Beams and R.G. Kessel, Am. Sci. 
64:279–290, 1976. With permission from Sigma Xi.) 

• Contractile ring

• carries out cytoplasmic division (cytokinesis)
• rapidly disassemble after their tasks

• Consists mainly of actin + myosin filaments
• Pulls the membrane inward, thereby dividing the cell in two

• Cleavage furrow

• Puckering and furrowing of the plasma membrane during anaphase

• occurs in a plane that runs perpendicular to the long axis of the 
mitotic spindle

• ensures that each daughter cell receives an identical and complete 
set of chromosomes (If the mitotic spindle is deliberately displaced...)

• How the mitotic spindle dictates the position of the cleavage 
furrow remains a mystery



CYTOKINESIS

• Actin and Myosin II in the Contractile Ring 
Generate the Force for Cytokinesis

Actin and Myosin II in the Contractile Ring Generate the Force for 
Cytokinesis

Figure 17–42 The contractile ring. (A) A drawing of the cleavage furrow in a dividing cell. (B) An electron 
micrograph of the ingrowing edge of a cleavage furrow of a dividing animal cell. (C) Fluorescence 
micrographs of a dividing slime mold amoeba stained for actin (red) and myosin II (green). Whereas all of 
the visible myosin II has redistributed to the contractile ring, only some of the actin has done so; the rest 
remains in the cortex of the nascent daughter cells. (B, from H.W. Beams and R.G. Kessel, Am. Sci. 64:279–
290, 1976. With permission from Sigma Xi; C, courtesy of Yoshio Fukui.) 

Actin and Myosin II in the Contractile Ring Generate the Force for 
Cytokinesis

Figure 17–43 The midbody. (A) A scanning electron micrograph of a cultured animal cell dividing; the 
midbody still joins the two daughter cells. 

Actin and Myosin II in the Contractile Ring Generate the Force for 
Cytokinesis

(B) A conventional electron micrograph of the midbody of a dividing animal cell. Cleavage is almost 
complete, but the daughter cells remain attached by this thin strand of cytoplasm containing the remains of the 
central spindle. (A, courtesy of Guenter Albrecht- Buehler; B, courtesy of J.M. Mullins.) 



• Contractile ring

• actin filaments + myosin
• is capable of exerting a force strong enough to bend a fine glass needle 

inserted into the cell before cytokinesis.

• The sliding of the actin filaments against the myosin filaments 
generates the force.

• Transient structure (disassembles completely once the cell is cleaved in 
two ; vs. contractile apparatus in muscle)

CYTOKINESIS

• Local Activation of RhoA Triggers Assembly and 
Contraction of the Contractile Ring

Local Activation of RhoA Triggers Assembly and Contraction of the 
Contractile Ring

Figure 17–44 Regulation of the contractile ring 
by the GTPase RhoA. Like other Rho family 
GTPases, RhoA is activated by a RhoGEF 
protein and inactivated by a Rho GTPase-
activating protein (RhoGAP). The active GTP- 
bound form of RhoA is focused at the future 
cleavage site. By binding formins, activated 
RhoA promotes the assembly of actin filaments in 
the contractile ring. By activating Rho-activated 
protein kinases, such as Rock, it stimulates 
myosin II filament formation and activity, thereby 
promoting contraction of the ring. 

• RhoA

• A small GTPase of the Ras superfamily
• Controls the assembly and function of the contractile ring at the site of cleavage

• Promotes actin filament formation by activating formins

• Promotes myosin II assembly by activating the kinases, including Rock

• Rock phosphorylates the regulatory myosin light chain (RMLC), stimulating bipolar 
myosin II filament formation and motor activity.
• The local activation of RhoA is dependent on RhoGEF
• The microtubules of the anaphase spindle seem to be involved in 

RhoGEF activation



CYTOKINESIS

• The Microtubules of the Mitotic Spindle Determine 
the Plane of Animal Cell Division

The Microtubules of the Mitotic Spindle Determine the Plane of Animal 
Cell Division

Figure 17–45 Three current models of how the microtubules of the anaphase spindle generate signals that 
influence the positioning of the contractile ring. No single model explains all the observations, and furrow 
positioning is probably determined by a combination of these mechanisms, with the importance of the 
different mechanisms varying in different organisms. 

Three current models of how the microtubules of the 
anaphase spindle generate signals that influence the 
positioning of the contractile ring. 

1. Astral stimulation: astral microtubules carry furrow-
inducing signals to the cell cortex (from embryonic 
cells). 

2. Central spindle stimulation: the spindle mid zone 
generates a furrow-inducing signal that specifies the 
site of furrow formation at the cell cortex. The 
overlapping interpolar microtubules associate with 
numerous singling proteins, including proteins (such as 
Cyk4) that may simulate RhoA 

3. Astral relaxation: the astral microtubules promote 
the local relaxation of actin-myosin bundles at the cell 
cortex. The cortical relaxation is minimal at the 
spindle equator, thus promoting cortical contraction at 
that site.

The Microtubules of the Mitotic Spindle Determine the Plane of Animal 
Cell Division

Figure 17–46 An experiment demonstrating the influence of the position of microtubule asters on the 
subsequent plane of cleavage in a large egg cell.



Figure 17–46 An experiment demonstrating the influence of the position of microtubule asters on the 
subsequent plane of cleavage in a large egg cell. If the mitotic spindle is mechanically pushed to one side of 
the cell with a glass bead, the membrane furrowing is incomplete, failing to occur on the opposite side of the 
cell. Subsequent cleavages occur not only at the midzone of each of the two subsequent mitotic spindles 
(yellow arrowheads), but also between the two adjacent asters that are not linked by a mitotic spindle—but in 
this abnormal cell share the same cytoplasm (red arrowhead). Apparently, the contractile ring that produces 
the cleavage furrow in these cells always forms in the region midway between two asters, suggesting that the 
asters somehow alter the adjacent region of cell cortex to induce furrow formation between them. 

The Microtubules of the Mitotic Spindle Determine the Plane of Animal 
Cell Division

The Microtubules of the Mitotic Spindle Determine the Plane of Animal 
Cell Division

Figure 17–47 Localization of cytokinesis regulators at the central spindle of the human cell. (A) At center is a 
cultured human cell at the beginning of cytokinesis, showing the locations of the GTPase RhoA (red) and a 
protein called Cyk4 (green), which is one of several regulatory proteins that form complexes at the 
overlapping plus ends of interpolar microtubules. These proteins are thought to generate signals that help 
control RhoA activity at the cell cortex. (B) When the same three- dimensional image is viewed in the plane of 
the contractile ring, as shown here, RhoA (red) is seen as a ring beneath the cell surface, while the central 
spindle protein Cyk4 (green) is associated with microtubule bundles scattered throughout the equatorial plane 
of the cell. (Courtesy of Alisa Piekny and Michael Glotzer.) 

CYTOKINESIS

• The Phragmoplast Guides Cytokinesis in Higher 
Plants

The Phragmoplast Guides Cytokinesis in Higher Plants

Figure 17–48 Cytokinesis in a plant cell in telophase. In this light micrograph, the early cell plate (between 
the two arrowheads) has formed in a plane perpendicular to the plane of the page. The microtubules of the 
spindle are stained with gold-labeled antibodies against tubulin, and the DNA in the two sets of daughter 
chromosomes is stained with a fluorescent dye. Note that there are no astral microtubules, because there are 
no centrosomes in higher-plant cells. (Courtesy of Andrew Bajer.)



The Phragmoplast Guides Cytokinesis in Higher Plants

Figure 17–49 The special features of cytokinesis in a higher-plant cell.

• Phragmoplast

• The two daughter cells are separated by the construction of a new wall 
inside the cell

• formed by the remains of the interpolar microtubules
• Small membrane-enclosed vesicles (from Golgi) are 

transported to the equator of the phragmoplast

• filled with polysaccharides and glycoproteins
• They fuse to form a membrane-enclosed structure

CYTOKINESIS

• Membrane-Enclosed Organelles Must Be 
Distributed to Daughter Cells During Cytokinesis • Question: When a eukaryotic cell divides, each daughter cells must inherit all of the 

other essential cell components, including mitochondria, endoplasmic 
reticulum (ER), or Golgi apparatus. How are these organelles segregated 
when the cell divides?

• Problems

• Mitochondria (or chloroplast) cannot assemble spontaneously from 
their individual components.

• They arise only from the growth and division of the preexisting 
organelles.

• New ER or Golgi apparatus needs some part of it.



 1 Mitochondria (Chloroplast): are usually present 
in large enough numbers to be safely inherited if, on 
average, their numbers roughly double one each cycle. 

 2 ER: remains largely intact and is cut in two during 
cytokinesis. 

 3 Golgi apparatus: is reorganised and fragmented 
during mitosis. Golgi fragments associate with the 
spindle poles and are thereby distributed to opposite 
ends of the spindle.

CYTOKINESIS

• Some Cells Reposition Their Spindle to Divide 
Asymmetrically

Some Cells Reposition Their Spindle to Divide Asymmetrically

Figure 17–50 An asymmetric cell division segregating cytoplasmic components to only one daughter cell. 

Figure 17–50 An asymmetric cell division segregating cytoplasmic components to only one daughter cell. 
These light micrographs illustrate the controlled asymmetric segregation of specific cytoplasmic components 
to one daughter cell during the first division of a fertilized egg of the nematode C. elegans. The fertilized 
egg is shown in the left micrographs and the two daughter cells in the right micrographs. The cells above have 
been stained with a blue, DNA-binding, fluorescent dye to show the nucleus (and polar bodies); they are 
viewed by both differential-interference-contrast and fluorescence microscopy. The cells below are the same 
cells stained with an antibody against P-granules and viewed by fluorescence microscopy. These small 
granules are made of RNA and proteins and determine which cells become germ cells. They are distributed 
randomly throughout the cytoplasm of the unfertilized egg (not shown) but become segregated to the posterior 
pole of the fertilized egg. The cleavage plane is oriented to ensure that only the posterior daughter cell 
receives the P-granules when the egg divides. The same segregation process is repeated in several subsequent 
cell divisions, so that the P-granules end up only in cells that give rise to eggs and sperm. (Courtesy of Susan 
Strome.) 



CYTOKINESIS

• Mitosis Can Occur Without Cytokinesis

Mitosis Can Occur Without Cytokinesis

Figure 17–51 Mitosis without cytokinesis in the early Drosophila embryo. (A) The first 13 nuclear divisions 
occur synchronously and without cytoplasmic division to create a large syncytium. Most of the nuclei migrate 
to the cortex, and the plasma membrane extends inward and pinches off to surround each nucleus to form 
individual cells in a process called cellularization.

Mitosis Can Occur Without Cytokinesis

(B) Fluorescence micrograph of multiple mitotic 
spindles in a Drosophila embryo before 
cellularization. The microtubules are stained green 
and the centrosomes red. Note that all the nuclei go 
through the cycle synchronously; here, they are all 
in metaphase, with the unlabeled chromosomes seen 
as a dark band at the spindle equator. (B, courtesy of 
Kristina Yu and William Sullivan.) 

CYTOKINESIS

• The G1 Phase Is a Stable State of Cdk Inactivity



The G1 Phase Is a Stable State of Cdk Inactivity

Figure 17–52 The creation of a G1 
phase by stable Cdk inhibition after 
mitosis. 

The G1 Phase Is a Stable State of Cdk Inactivity

Figure 17–52 The creation of a G1 phase by stable Cdk inhibition after mitosis. (A) In early embryonic cell 
cycles, Cdc20–APC/C activity rises at the end of metaphase, triggering M-cyclin destruction. Because M-Cdk 
activity stimulates Cdc20–APC/C activity, the loss of M-cyclin leads to APC/C inactivation after mitosis, 
which allows M-cyclins to begin accumulating again. (B) In cells that have a G1 phase, the drop in M-Cdk 
activity in late mitosis leads to the activation of Cdh1–APC/C (as well as to the accumulation of Cdk inhibitor 
proteins; not shown). This ensures a continued suppression of Cdk activity after mitosis, as required for a G1 
phase. 

Summary

After mitosis completes the formation of a pair of daughter 
nuclei, cytokinesis finishes the cell cycle by dividing the cell 
itself. Cytokinesis depends on a ring of actin and myosin 
filaments that contracts in late mitosis at a site midway between 
the segregated chromosomes. In animal cells, the positioning of 
the contractile ring is determined by signals emanating from the 
microtubules of the anaphase spindle. Dephosphorylation of 
Cdk targets, which results from Cdk inactivation in ana- phase, 
triggers cytokinesis at the correct time after anaphase. After 
cytokinesis, the cell enters a stable G1 state of low Cdk activity, 
where it awaits signals to enter a new cell cycle. 

MEIOSIS

• Meiosis Includes Two Rounds of Chromosome 
Segregation



Meiosis Includes Two Rounds of Chromosome Segregation

Figure 17–53 Comparison of 
meiosis and mitosis.

Figure 17–53 Comparison of meiosis and mitosis. For clarity, only one pair of homologous chromosomes 
(homologs) is shown. (A) Meiosis is a form of nuclear division in which a single round of chromosome 
duplication (meiotic S phase) is followed by two rounds of chromosome segregation. The duplicated 
homologs, each consisting of tightly bound sister chromatids, pair up and are segregated into different 
daughter nuclei in meiosis I; the sister chromatids are segregated in meiosis II. As indicated by the formation 
of chromosomes that are partly red and partly gray, homolog pairing in meiosis leads to genetic 
recombination (crossing-over) during meiosis I. Each diploid cell that enters meiosis therefore produces four 
genetically different haploid nuclei, which are distributed by cytokinesis into haploid cells that differentiate 
into gametes. (B) In mitosis, by contrast, homologs do not pair up, and the sister chromatids are segregated 
during the single division. Thus, each diploid cell that divides by mitosis produces two genetically identical 
diploid daughter nuclei, which are distributed by cytokinesis into a pair of daughter cells. 

Meiosis Includes Two Rounds of Chromosome Segregation
MEIOSIS

• Duplicated Homologs Pair During Meiotic Prophase



Duplicated Homologs Pair During Meiotic Prophase

Figure 17–54 Homolog pairing and crossing-
over. (A) The structure formed by two closely 
aligned duplicated homologs is called a 
bivalent. As in mitosis, the sister chromatids 
in each homolog are tightly connected along 
their entire lengths, as well as at their 
centromeres. At this stage, the homologs are 
usually joined by a protein complex called 
the synaptonemal complex (not shown; see 
Figure 17–55). (B) A later-stage bivalent in 
which a single crossover has occurred 
between nonsister chromatids. It is only when 
the synaptonemal complex disassembles and 
the paired homologs separate a little at the 
end of prophase I, as shown, that the 
crossover is seen microscopically as a thin 
connection between the homologs called a 
chiasma. 

MEIOSIS

• Homolog Pairing Culminates in the Formation of a 
Synaptonemal Complex

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex

Figure 17–55 Simplified schematic drawing of a synaptonemal complex. Each homolog is organized around 
a protein axial core, and the synaptonemal complex forms when these homolog axes are linked by rod-shaped 
transverse filaments. The axial core of each homolog also interacts with the cohesin complexes that hold the 
sister chromatids together (see Figure 9–35). (Modified from K. Nasmyth, Annu. Rev. Genet. 35:673– 745, 
2001.) 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex

Figure 17–56 Homolog synapsis and desynapsis during the different stages of prophase I. (A) A single 
bivalent is shown schematically. At leptotene, the two sister chromatids coalesce, and their chromatid loops 
extend out from a common axial core. Assembly of the synaptonemal complex begins in early zygotene and is 
complete in pachytene. The complex disassembles in diplotene.



Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex

(B) An electron micrograph of a synaptonemal complex from a meiotic cell at pachytene in a lily flower. 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex

(C and D) Immunofluorescence micrographs of prophase I cells of the fungus Sordaria. Partially synapsed 
bivalents at zygotene are shown in (C) and fully synapsed bivalents are shown in (D). Red arrowheads in (C) 
point to regions where synapsis is still incomplete. (B, courtesy of Brian Wells; C and D, from A. Storlazzi et 
al., Genes Dev. 17:2675–2687, 2003. With permission from Cold Spring Harbor Laboratory Press.) 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex

Figure 17–57 A bivalent with three chiasmata resulting from three crossover events. 

Figure 17–57 A bivalent with three chiasmata resulting from three crossover events. (A) Light micrograph of a 
grasshopper bivalent. (B) Drawing showing the arrangement of the crossovers in (A). Note that chromatid 1 
has undergone an exchange with chromatid 3, and chromatid 2 has undergone exchanges with chromatids 3 
and 4. Note also how the combination of the chiasmata and the tight attachment of the sister chromatid arms 
to each other (mediated by cohesin complexes) holds the two homologs together after the synaptonemal 
complex has disassembled; if either the chiasmata or the sister-chromatid cohesion failed to form, the 
homologs would come apart at this stage and not be segregated properly in meiosis I. (A, courtesy of Bernard 
John.) 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex



MEIOSIS

• Homolog Segregation Depends on Several Unique 
Features of Meiosis I

Homolog Segregation Depends on Several Unique Features of 
Meiosis I

Figure 17–58 Comparison of chromosome behavior in meiosis I, meiosis II, and mitosis. 

Homolog Segregation Depends on Several Unique Features of 
Meiosis I MEIOSIS

• Crossing-Over Is Highly Regulated



Crossing-Over Is Highly Regulated

Figure 17–59 Crossovers between homologs in the human testis. In these immunofluorescence micrographs, 
antibodies have been used to stain the synaptonemal complexes (red), the centromeres (blue), and the sites of 
crossing-over (green). Note that all of the bivalents have at least one crossover and none have more than 
four. (Modified from A. Lynn et al., Science 296:2222–2225, 2002. With permission from AAAS.) 

MEIOSIS

• Meiosis Frequently Goes Wrong

• In humans, each meiosis requires that the starting 
cell keep track of 92 chromatids (46 chromosomes, 
each of which has duplicated), distributing one 
complete set of each type of autosome to each of 
the four haploid progeny. 

• Not surprisingly, mistakes can occur in allocating the 
chromosomes during this elaborate process. 

Nondisjunction

• When homologs fail to separate properly, the result is 
that some of the resulting haploid gametes lack a 
particular chromosome, while others have more than 
one copy of it. 

• Upon fertilization, these gametes form abnormal 
embryos, most of which die.

• Some survive, however. Down syndrome in humans, for 
example, which is the leading cause of mental 
retardation, is caused by an extra copy of 
chromosome 21, usually resulting from nondisjunction 
during meiosis I in the female ovary. 



Summary

Haploid gametes are produced by meiosis, in which a diploid nucleus 
undergoes two successive cell divisions after one round of DNA 
replication. Meiosis is dominated by a prolonged prophase. At the start 
of prophase, the chromosomes have replicated and consist of two 
tightly joined sister chromatids. Homologous chromosomes then pair 
up and become progressively more closely juxtaposed as prophase 
proceeds. The tightly aligned homologs undergo genetic 
recombination, forming crossovers that help hold each pair of 
homologs together during metaphase I. Meiosis-specific, kinetochore-
associated proteins help ensure that both sister chromatids in a 
homolog attach to the same spindle pole; other kinetochore-associated 
proteins ensure that the homologs remain connected at their 
centromeres during anaphase I, so that homologs rather than sister 
chromatids are segregated in meiosis I. After meiosis I, meiosis II 
follows rapidly, without DNA replication, in a process that resembles 
mitosis, in that sister chromatids are pulled apart at anaphase.

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Mitogens Stimulate Cell Division

Mitogens Stimulate Cell Division

Figure 17–60 A platelet.

Platelets are miniature cells without a nucleus. They 
circulate in the blood and help stimulate blood clotting at 
the sites of tissue damage, thereby preventing excessive 
bleeding. They also release various factors that stimulate 
healing. Secretory vesicles contain platelet-derived growth 
factor (PDGF).



J Thromb Haemost. 2009 February ; 7(2): 241–246. doi:10.1111/j.1538-7836.2008.03211.x.

A megakaryocyte ("large-nucleus 
cell") is a large bone marrow cell 
with a lobulated nucleus 
responsible for the production of 
blood thrombocytes (platelets).

• PDGF

• one of the first mitogens identified in culture

• PDGF (platelet-derived growth factor)

• involved in blood clotting

• When blood clots form (in a wound), blood platelets incorporated in the clots 
are triggered to release PDGF

• binds to receptor tyrosine kinase in surviving cells at the wound site

• stimulates proliferation and help heal the wound

• Hepatocyte growth factor

• If part of the liver is lost through surgery or acute injury, cell in the liver and 

elsewhere produce a protein called hepatocyte growth factor

• helps stimulates the surviving liver cell to proliferate

Classes

This list is incomplete; you can help by expanding it.
Individual growth factor proteins tend to occur as members of larger families of 
structurally and evolutionarily related proteins. There are many families, some of 
which are listed below:

Adrenomedullin (AM)
Angiopoietin (Ang)
Autocrine motility factor
Bone morphogenetic proteins (BMPs)
Ciliary neurotrophic factor family
Ciliary neurotrophic factor (CNTF)
Leukemia inhibitory factor (LIF)
Interleukin-6 (IL-6)
Colony-stimulating factors
Macrophage colony-stimulating factor (m-CSF)
Granulocyte colony-stimulating factor (G-CSF)
Granulocyte macrophage colony-stimulating factor (GM-CSF)
Epidermal growth factor (EGF)

https://en.wikipedia.org/wiki/Growth_factor



Ephrins
Ephrin A1
Ephrin A2
Ephrin A3
Ephrin A4
Ephrin A5
Ephrin B1
Ephrin B2
Ephrin B3
Erythropoietin (EPO)
Fibroblast growth factor (FGF)
Fibroblast growth factor 1(FGF1)
Fibroblast growth factor 2(FGF2)
Fibroblast growth factor 3(FGF3)
Fibroblast growth factor 4(FGF4)
Fibroblast growth factor 5(FGF5)
Fibroblast growth factor 6(FGF6)
Fibroblast growth factor 7(FGF7)
Fibroblast growth factor 8(FGF8)
Fibroblast growth factor 9(FGF9)
Fibroblast growth factor 10(FGF10)
Fibroblast growth factor 11(FGF11)
Fibroblast growth factor 12(FGF12)
Fibroblast growth factor 13(FGF13)
Fibroblast growth factor 14(FGF14)
Fibroblast growth factor 15(FGF15)
Fibroblast growth factor 16(FGF16)
Fibroblast growth factor 17(FGF17)
Fibroblast growth factor 18(FGF18)
Fibroblast growth factor 19(FGF19)
Fibroblast growth factor 20(FGF20)
Fibroblast growth factor 21(FGF21)
Fibroblast growth factor 22(FGF22)
Fibroblast growth factor 23(FGF23)

Foetal Bovine Somatotrophin (FBS)
GDNF family of ligands
Glial cell line-derived neurotrophic factor (GDNF)
Neurturin
Persephin
Artemin
Growth differentiation factor-9 (GDF9)
Hepatocyte growth factor (HGF)
Hepatoma-derived growth factor (HDGF)
Insulin
Insulin-like growth factors
Insulin-like growth factor-1 (IGF-1)
Insulin-like growth factor-2 (IGF-2)
Interleukins
IL-1- Cofactor for IL-3 and IL-6. Activates T cells.
IL-2 – T-cell growth factor. Stimulates IL-1 synthesis. Activates B-cells and NK cells.
IL-3 – Stimulates production of all non-lymphoid cells.
IL-4 – Growth factor for activated B cells, resting T cells, and mast cells.
IL-5 – Induces differentiation of activated B cells and eosinophils.
IL-6 – Stimulates Ig synthesis. Growth factor for plasma cells.
IL-7 – Growth factor for pre-B cells.

Keratinocyte growth factor (KGF)
Migration-stimulating factor (MSF)
Macrophage-stimulating protein (MSP), also known as hepatocyte growth factor-like protein (HGFLP)
Myostatin (GDF-8)
Neuregulins
Neuregulin 1 (NRG1)
Neuregulin 2 (NRG2)
Neuregulin 3 (NRG3)
Neuregulin 4 (NRG4)
Neurotrophins
Brain-derived neurotrophic factor (BDNF)
Nerve growth factor (NGF)
Neurotrophin-3 (NT-3)
Neurotrophin-4 (NT-4)
Placental growth factor (PGF)
Platelet-derived growth factor (PDGF)
Renalase (RNLS) – Anti-apoptotic survival factor
T-cell growth factor (TCGF)
Thrombopoietin (TPO)
Transforming growth factors
Transforming growth factor alpha (TGF-α)
Transforming growth factor beta (TGF-β)
Tumor necrosis factor-alpha (TNF-α)
Vascular endothelial growth factor (VEGF)
Wnt Signaling Pathway

• Mitogen

• secreted signal proteins

• bind to cell-surface receptors

• activate intracellular signaling pathways

• release the molecular brakes (Rb) that block the G1-S transition

• stimulate cell division



CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Cells Can Enter a Specialized Nondividing State G0

• In the absence of a mitogenic signal to proliferate, Cdk 
inhibition in G1 is maintained by the multiple 
mechanisms, and progression into a new cell cycle 
is blocked. 

• In some cases, cells partly disassemble their cell-
cycle control system and withdraw from the cycle 
to a specialized nondividing state, G0.

Most cells in our body are in G0, but the molecular basis 
and reversibility of this state vary in different cell types.

1. Most of our neurons and skeletal muscle cells, for 
example, are in a terminally differentiated G0 state, in which 
their cell-cycle control system is completely dismantled.

2. Most liver cells, for example, are in G0, but they can be 
stimulated to divide if the liver is damaged.

3. Still other types of cells, including fibroblasts and some 
lymphocytes, withdraw from and re-enter the cell cycle 
repeatedly throughout their lifetime.

• Almost all the variation in cell-cycle length in the adult 
body occurs during the time the cell spends in G1 or 
G0. By contrast, the time a cell takes to progress 
from the beginning of S phase through mitosis is 
usually brief (typically 12–24 hours in mammals).



CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Mitogens Stimulate G1-Cdk and G1/S-Cdk Activities

Mitogens Stimulate G1-Cdk and G1/S-Cdk Activities

Figure 17–61 Mitogen 
stimulation of cell- cycle entry

Figure 17–61 Mitogen stimulation of cell- cycle entry. As discussed in Chapter 15, mitogens bind to cell-
surface receptors to initiate intracellular signaling pathways. One of the major pathways involves activation of 
the small GTPase Ras, which activates a MAP kinase cascade, leading to increased expression of numerous 
immediate early genes, including the gene encoding the transcription regulatory protein Myc. Myc increases 
the expression of many delayed- response genes, including some that lead to increased G1-Cdk activity 
(cyclin D– Cdk4), which triggers the phosphorylation of members of the Rb family of proteins. This 
inactivates the Rb proteins, freeing the gene regulatory protein E2F to activate the transcription of G1/S genes, 
including the genes for a G1/S-cyclin (cyclin E) and S-cyclin (cyclin A). The resulting G1/S-Cdk and S-Cdk 
activities further enhance Rb protein phosphorylation, forming a positive feedback loop. E2F proteins also 
stimulate the transcription of their own genes, forming another positive feedback loop.

Mitogens Stimulate G1-Cdk and G1/S-Cdk Activities

•Rb protein

• molecular brake

• Rb (Retinoblastoma) protein

• Rb was first identified through a rare childhood eye tumor, 
retinoblastoma (망막아세포종 [網膜芽細胞腫]), in which the Rb protein is 
missing or defective

• abundant in the nucleus of all vertebrate cells

• binds to particular gene regulatory proteins

• prevents them from stimulating transcription of genes.



• Rb (Retinoblastoma) 망막아세포종

• Mitogens release the Rb brake

• activate G1-Cdk and G1/S-Cdk

• G1-Cdk and G1/S-Cdk phosphorylate Rb

• Rb releases its bound gene regulatory proteins

• Free gene regulatory proteins activate the genes

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• DNA Damage Blocks Cell Division: The DNA 
Damage Response

DNA Damage Blocks Cell Division: The DNA Damage Response

Figure 17–62 How DNA damage 
arrests the cell cycle in G1.



Figure 17–62 How DNA damage arrests the cell cycle in G1. When DNA is damaged, various protein kinases 
are recruited to the site of damage and initiate a signaling pathway that causes cell-cycle arrest. The first 
kinase at the damage site is either ATM or ATR, depending on the type of damage. Additional protein kinases, 
called Chk1 and Chk2, are then recruited and activated, resulting in the phosphorylation of the transcription 
regulatory protein p53. Mdm2 normally binds to p53 and promotes its ubiquitylation and destruction in 
proteasomes. Phosphorylation of p53 blocks its binding to Mdm2; as a result, p53 accumulates to high levels 
and stimulates transcription of numerous genes, including the gene that encodes the CKI protein p21. The p21 
binds and inactivates G1/S-Cdk and S-Cdk complexes, arresting the cell in G1. In some cases, DNA damage 
also induces either the phosphorylation of Mdm2 or a decrease in Mdm2 production, which causes a further 
increase in p53 (not shown). 

DNA Damage Blocks Cell Division: The DNA Damage Response

• Especially well understood

• ATM/ATR kinase are recruited to the site of damaged and initiate a signaling 
pathway that causes cell-cycle arrest.

• Chk1 and Chk2 are then recruited and activated, resulting in the 

phosphorylation of p53.

• MDM2 normally binds to p53 and promotes its 
ubiquitylation and destruction in proteasomes

• Phosphorylation of p53 blocks its binding to Mdm2

• p53 accumulates to high levels

• stimulates transcription of CKI protein, p21.

• p21 binds and inactivates G1/S-Cdk and S-Cdk complexes

• arrests the cell in G1

When DNA is damaged... (G1 checkpoint)

• G1 arrest gives the cell time to repair the damaged DNA before replicating it.

• If the DNA damage is too severe to be repaired, p53 can induce the cell to 

kill itself by undergoing apoptosis.

• If p53 is missing or defective, DNA may lead to mutation and cancer.

• Mutation in the p53 gene are found in about half of all human cancers.

Meaning... (p53-mediated G1 arrest)



Once DNA replication has begun, another type of checkpoint 
mechanism operates to prevent a cell centering M Phase with 

damaged or incompletely replicated DNA.

When DNA is damaged... (G2 checkpoint)

• The activating protein phosphatase is itself inhibited

• M-Cdk remains inactive and M phase cannot be initiated until 
DNA replication is complete and any DNA damage is repaired.

When DNA is damaged... (G2 checkpoint)

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Many Human Cells Have a Built-In Limitation on 
the Number of Times They Can Divide

Replicative cell senescence

• Many human cells divide a limited number of times 
before they stop and undergo a permanent cell-cycle 
arrest.

• Fibroblasts taken from normal human tissue, for 
example, go through only about 25–50 population 
doublings when cultured in a standard mitogenic 
medium.

• Toward the end of this time, proliferation slows 
down and finally halts, and the cells enter a 
nondividing state from which they never recover. 



• Because human fibroblasts, and many other human 
somatic cells, do not produce telomerase, their 
telomeres become shorter with every cell division, 
and their protective protein caps progressively 
deteriorate.

• Eventually, the exposed chromosome ends are sensed 
as DNA damage, which activates a p53-dependent cell-
cycle arrest.

• Unfortunately, most cancer cells have regained the 
ability to produce telomerase and therefore maintain 
telomere function as they proliferate; as a result, they 
do not undergo replicative cell senescence.

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Abnormal Proliferation Signals Cause Cell-Cycle 
Arrest or Apoptosis, Except in Cancer Cells

Abnormal Proliferation Signals Cause Cell-Cycle Arrest or Apoptosis, 
Except in Cancer Cells

Figure 17–63 Cell-cycle arrest or apoptosis induced by excessive stimulation of mitogenic pathways. 
Abnormally high levels of Myc cause the activation of Arf, which binds and inhibits Mdm2 and thereby 
increases p53 levels (see Figure 17–62). Depending on the cell type and extracellular conditions, p53 then 
causes either cell-cycle arrest or apoptosis. 

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Cell Proliferation is Accompanied by Cell Growth



Cell Proliferation is Accompanied by Cell Growth

Figure 17–64 Stimulation of cell 
growth by extracellular growth 
factors and nutrients.

Figure 17–64 Stimulation of cell growth by extracellular growth factors and nutrients. The occupation of cell-
surface receptors by growth factors leads to the activation of PI 3-kinase, which promotes protein synthesis 
through a complex signaling pathway that leads to the activation of the protein kinase TOR; extracellular 
nutrients such as amino acids also help activate TOR. TOR phosphorylates multiple proteins to stimulate 
protein synthesis, as shown; it also inhibits protein degradation (not shown). Growth factors also stimulate 
increased production of the transcription regulatory protein Myc (not shown), which activates the transcription 
of various genes that promote cell metabolism and growth. 4E-BP is an inhibitor of the translation initiation 
factor eIF4E. PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P3, phosphatidylinositol 3,4,5-
trisphosphate. 

Cell Proliferation is Accompanied by Cell Growth

• Unicellular organism (bacteria and yeast)

• proliferation depends on the nutrients.

• Multicellular organism

• Nutrients are not enough.

• must receive chemical signals from other cells

• Extracellular Signals for cell division

• Survival factors

• Mitogens

• Growth factors

• Cell growth

• depends on signals from other cells

• does not depend on the cell-cycle control system

• Nerve cells and most muscle cells grow after they have 
become specialised and permanently stopped dividing

• Growth Factors

• bind to cell surface receptors
• activate various intracellular signaling pathways
• lead to the accumulation of proteins and other macromolecules
• increase the rate of synthesis and decrease the rate of degradation



• Rapamycin: a macrolide antibiotic; a immunosuppressant used in 
kidney transplantation

• Rapamycin interacts with FKBP12 (FK506-binding protein, 12 kDa)

• Rapamycin-FKBP12 complex inhibits mTOR (mammalian target of rapamycin)

• mTOR controls p70S6K and eIF-4E (eukaryotic translation initiation factor 4E)

p70 S6 kinase participates in regulation of transcription as 
well as translation of mRNA

Here^^

CONTROL OF CELL DIVISION AND CELL 
GROWTH

• Proliferating Cells Usually Coordinate Their Growth 
and Division

Proliferating Cells Usually Coordinate Their Growth and Division

Figure 17–65 Potential mechanisms for coordinating cell growth and division.

Nutrients

Rate of cell division is 
governed by the rate of cell 
growth

Yeast

Some animal cell

Cell size depends on the 
relative levels of the two 
types of factors



Proliferating Cells Usually Coordinate Their Growth and Division

Figure 17–65 Potential mechanisms for coordinating cell growth and division. In proliferating cells, cell size 
is maintained by mechanisms that coordinate rates of cell division and cell growth. Numerous alternative 
coupling mechanisms are thought to exist, and different cell types appear to employ different combinations of 
these mechanisms. (A) In many cell types—particularly yeast—the rate of cell division is governed by the 
rate of cell growth, so that division occurs only when growth rate achieves some minimal threshold; in 
yeasts, it is mainly the levels of extracellular nutrients that regulate the rate of cell growth and thereby the 
rate of cell division. (B) In some animal cell types, growth and division can each be controlled by separate 
extracellular factors (growth factors and mitogens, respectively), and cell size depends on the relative levels of 
the two types of factors.  (C) Some extracellular factors can stimulate both cell growth and cell division by 
simultaneously activating signaling pathways that promote growth and other pathways that promote cell-cycle 
progression. 

Summary

In multicellular animals, cell size, cell division, and cell survival are 
carefully con- trolled to ensure that the organism and its organs 
achieve and maintain an appropriate size. Mitogens stimulate the rate 
of cell division by removing intracellular molecular brakes that 
restrain cell-cycle progression in G1. Growth factors promote cell 
growth (an increase in cell mass) by stimulating the synthesis and 
inhibiting the degradation of macromolecules. To maintain a constant 
cell size, proliferating cells employ multiple mechanisms to ensure 
that cell growth is coordinated with cell division. 


