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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
envelope. Chromosomes 
can now attach to spindle 
microtubules via their 
kinetochores and undergo 
active movement.
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METAPHASE3

At metaphase, the 
chromosomes are aligned 
at the equator of the 
spindle, midway between 
the spindle poles. The 
kinetochore microtubules 
attach sister chromatids to 
opposite poles of the 
spindle.

centrosome at 
spindle pole

kinetochore
microtubule

PANEL 17–1: The Principle Stages of M Phase (Mitosis and Cytokinesis) in an Animal Cell980
PROPHASE1

centrosome

forming
mitotic
spindle

condensing replicated chromosome, consisting of
two sister chromatids held together along their length

intact
nuclear
envelope

kinetochore

At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
envelope. Chromosomes 
can now attach to spindle 
microtubules via their 
kinetochores and undergo 
active movement.

centrosome
at spindle
pole

kinetochore
microtubule

chromosome in active motion

fragments of
nuclear envelope

METAPHASE3

At metaphase, the 
chromosomes are aligned 
at the equator of the 
spindle, midway between 
the spindle poles. The 
kinetochore microtubules 
attach sister chromatids to 
opposite poles of the 
spindle.

centrosome at 
spindle pole

kinetochore
microtubule

PANEL 17–1: The Principle Stages of M Phase (Mitosis and Cytokinesis) in an Animal Cell980

• Condensation de la chromatine, les chromosomes deviennent 
visibles


• Les centrioles migrent aux pôles opposés de la cellules


• Le fuseau de microtubules (spindle) se forme suite à la 
réorganisation du cytosquelette
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• Condensation des chromosomes
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complexes. Once this covering has been stripped away, each chromatid can be 
seen in electron micrographs to be organized into loops of chromatin emanating 
from a central sca!olding (Figure 4–60). Experiments using DNA hybridization 
to detect speci"c DNA sequences demonstrate that the order of visible features 
along a mitotic chromosome at least roughly re#ects the order of genes along the 
DNA molecule. Mitotic chromosome condensation can thus be thought of as the 
"nal level in the hierarchy of chromosome packaging (Figure 4–61).

$e compaction of chromosomes during mitosis is a highly organized and 
dynamic process that serves at least two important purposes. First, when conden-
sation is complete (in metaphase), sister chromatids have been disentangled from 
each other and lie side by side. $us, the sister chromatids can easily separate 
when the mitotic apparatus begins pulling them apart. Second, the compaction 
of chromosomes protects the relatively fragile DNA molecules from being broken 
as they are pulled to separate daughter cells.

$e condensation of interphase chromosomes into mitotic chromosomes 
begins in early M phase, and it is intimately connected with the progression of 
the cell cycle. During M phase, gene expression shuts down, and speci"c mod-
i"cations are made to histones that help to reorganize the chromatin as it com-
pacts. Two classes of ring-shaped proteins, called cohesins and condensins, aid 
this compaction. How they help to produce the two separately folded chromatids 
of a mitotic chromosome will be discussed in Chapter 17, along with the details 
of the cell cycle. 

THE GLOBAL STRUCTURE OF CHROMOSOMES
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Figure 4–60 A scanning electron micrograph of a region near one end 
of a typical mitotic chromosome. Each knoblike projection is believed to 
represent the tip of a separate looped domain. Note that the two identical 
paired chromatids (drawn in Figure 4–59) can be clearly distinguished.  
(From M.P. Marsden and U.K. Laemmli, Cell 17:849–858, 1979. With 
permission from Elsevier.)

Figure 4–61 Chromatin packing. This 
model shows some of the many levels 
of chromatin packing postulated to give 
rise to the highly condensed mitotic 
chromosome.
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NET RESULT: EACH DNA MOLECULE HAS BEEN 
PACKAGED INTO A MITOTIC CHROMOSOME THAT

IS 10,000-FOLD SHORTER THAN ITS FULLY
EXTENDED LENGTH

11 nm
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• Migration des centrioles
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the centrosome acts as a device to survey the outlying regions of the cell and to 
position the centrosome at its center. Even in an isolated cell fragment lacking the 
centrosome, dynamic microtubules arrange themselves into a star-shaped array 
with the microtubule minus ends clustered at the center by minus-end-binding 
proteins (Figure 16–49). !is ability of the microtubule cytoskeleton to "nd the 
center of the cell establishes a general coordinate system, which is then used to 
position many organelles within the cell. Highly di#erentiated cells with complex 
morphologies such as neurons, muscles, and epithelial cells must use additional 
measuring mechanisms to establish their more elaborate internal coordinate 
systems. !us, for example, when an epithelial cell forms cell–cell junctions and 
becomes highly polarized, the microtubule minus ends move to a region near the 
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Figure 16–47 The centrosome. (A) The centrosome is the major MTOC of animal cells. Located in the cytoplasm next to the 
nucleus, it consists of an amorphous matrix of fibrous proteins to which the Ȗ-tubulin ring complexes that nucleate microtubule 
growth are attached. This matrix is organized by a pair of centrioles, as described in the text. (B) A centrosome with attached 
microtubules. The minus end of each microtubule is embedded in the centrosome, having grown from a Ȗ-tubulin ring complex, 
whereas the plus end of each microtubule is free in the cytoplasm. (C) In a reconstructed image of the MTOC from a C. elegans 
cell, a dense thicket of microtubules can be seen emanating from the centrosome. (C, from E.T. O’Toole et al., J. Cell Biol. 
163:451–456, 2003. With permission from the authors.)
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Figure 16–48 A pair of centrioles in the 
centrosome. (A) An electron micrograph 
of a thin section of an isolated centrosome 
showing the mother centriole with its 
distal appendages and the adjacent 
daughter centriole, which formed through 
a duplication event during S phase (see 
Figure 17–26). In the centrosome, the 
centriole pair is surrounded by a dense 
matrix of pericentriolar material from which 
microtubules nucleate. Centrioles also 
function as basal bodies to nucleate the 
formation of ciliary axonemes (see Figure 
16–68). (B) Electron micrograph of a cross 
section through a centriole in the cortex of 
a protozoan. Each centriole is composed 
of nine sets of triplet microtubules 
arranged to form a cylinder. (C) Each triplet 
contains one complete microtubule (the 
A microtubule) fused to two incomplete 
microtubules (the B and C microtubules). 
(D) The centriolar protein SAS-6 forms a 
coiled-coil dimer. Nine SAS-6 dimers can 
self-associate to form a ring. Located at 
the hub of the centriole cartwheel structure, 
the SAS-6 ring is thought to generate the 
ninefold symmetry of the centriole. (A, from  
from M. Paintrand, et al. J. Struct. Biol. 
108:107, 1992. With permission from 
Elsevier; B, courtesy of Richard Linck;  
D, courtesy of Michel Steinmetz.)

• centrioles: structures microtubulaires creuses et courtes


• centrosome: deux centrioles entourés de complexes protéiques 
(matière péricentriolaire)


• production du fuseau mitotique lors de la division cellulaire


• importance d’avoir 2 centrioles

Centrioles et Centrosome

Trop de centrioles (>2) 
fuseau mitotique multipolaire
ségrégation aberrante des chromosomes.

Trop peu (<2) de centrioles
fuseau monopolaire
pas de ségrégation des chromosomes.

Centrioles: structures microtubulaires creuses et courtes (cylindre)

Centrosome: deux centrioles entourés de complexes protéiques 
ordonnés (matière péricentriolaire / PCM).

Organisation du cytosquelette microtubulaire (MTOC: centre 
d'organisation des microtubules / microtubule organizing center).

Centre de signalisation et coordination entre différents signaux.

Production de l'aster et du fuseau mitotique lors de la division 
cellulaire.

Division binaire normale Fuseau multipolaire 
anormal
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• Microtubules = Longs cylindres faits de tubuline 
(protéine)


• Ils sont instables (croissance et rétrécissements 
permanents)


• Leur croissance est organisée au centrosome


• Leur régulation est essentielle durant la division 
cellulaire

891

ACTIN FILAMENTS

25 nm

100 nm

Actin filaments (also known as microfilaments) are helical polymers of 
the protein actin. They are flexible structures with a diameter of 8 nm 
that organize into a variety of linear bundles, two-dimensional 
networks, and three-dimensional gels. Although actin filaments are 
dispersed throughout the cell, they are most highly concentrated in the 
cortex, just beneath the plasma membrane. (i) Single actin filament; 
(ii) microvilli; (iii) stress fibers (red) terminating in focal adhesions 
(green); (iv) striated muscle.

100 nm

MICROTUBULES

25 nm

Microtubules are long, hollow cylinders made of the protein tubulin. 
With an outer diameter of 25 nm, they are much more rigid than actin 
filaments. Microtubules are long and straight and frequently have one 
end attached to a microtubule-organizing center (MTOC) called a 
centrosome. (i) Single microtubule; (ii) cross section at the base of three 
cilia showing triplet microtubules; (iii) interphase microtubule array 
(green) and organelles (red); (iv) ciliated protozoan.

100 nm

INTERMEDIATE FILAMENTS

25 nm

Intermediate filaments are ropelike fibers with a diameter of about 
10 nm; they are made of intermediate filament proteins, which constitute 
a large and heterogeneous family. One type of intermediate filament 
forms a meshwork called the nuclear lamina just beneath the inner 
nuclear membrane. Other types extend across the cytoplasm, giving cells 
mechanical strength. In an epithelial tissue, they span the cytoplasm from 
one cell–cell junction to another, thereby strengthening the entire 
epithelium. (i) Individual intermediate filaments; (ii) Intermediate 
filaments (blue) in neurons and (iii) epithelial cell; (iv) nuclear lamina.

Micrographs courtesy of R. Craig (i and iv); P.T. Matsudaira and D.R. Burgess (ii); K. Burridge (iii).

Micrographs courtesy of R. Wade (i); D.T. Woodrow and R.W. Linck (ii); D. Shima (iii); D. Burnette (iv).

Micrographs courtesy of R. Quinlan (i); N. L. Kedersha (ii); M. Osborn (iii); U. Aebi (iv).
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
envelope. Chromosomes 
can now attach to spindle 
microtubules via their 
kinetochores and undergo 
active movement.
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at spindle
pole

kinetochore
microtubule

chromosome in active motion

fragments of
nuclear envelope

METAPHASE3

At metaphase, the 
chromosomes are aligned 
at the equator of the 
spindle, midway between 
the spindle poles. The 
kinetochore microtubules 
attach sister chromatids to 
opposite poles of the 
spindle.

centrosome at 
spindle pole

kinetochore
microtubule
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988 Chapter 17:  The Cell Cycle

plus ends coming from two directions. However, the kinetochores do not instantly 
achieve the correct ‘end-on’ microtubule attachment to both spindle poles. 
Instead, detailed studies with light and electron microscopy show that most initial 
attachments are unstable lateral attachments, in which a kinetochore attaches to 
the side of a passing microtubule, with assistance from kinesin motor proteins in 
the outer kinetochore. Soon, however, the dynamic microtubule plus ends cap-
ture the kinetochores in the correct end-on orientation (Figure 17–32).

Another attachment mechanism also plays a part, particularly in the absence 
of centrosomes. Careful microscopic analysis suggests that short microtubules 
in the vicinity of the chromosomes become embedded in the plus-end-binding 
sites of the kinetochore. Polymerization at these plus ends then results in growth 
of the microtubules away from the kinetochore. !e minus ends of these kineto-
chore microtubules are eventually cross-linked to other minus ends and focused 
by motor proteins at the spindle pole (see Figure 17–28).

Bi-orientation Is Achieved by Trial and Error
!e success of mitosis demands that sister chromatids in a pair attach to opposite 
poles of the mitotic spindle, so that they move to opposite ends of the cell when 
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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.  
(A, courtesy of B.R. Brinkley; C, from  
J.D. Pickett-Heaps and L.C. Fowke, 
Aust. J. Biol. Sci. 23:71–92, 1970. With 
permission from CSIRO.)

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.)

plus end of microtubule

kinetochore(A) (C)(B)
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• Dégradation de l’enveloppe nucléaire


• Assemblage des kinétochores protéiques sur les 
centromères des chromosomes



La metaphase

8

• Chromosomes sont complètement condensés et 
alignés sur la plaque métaphasique


• Les microtubules du fuseau sont liés au 
kinetochores. Ils relient les chromosomes aux 
centrosomes à chaque pôle


• Point de contrôle du fuseau mitotique qui 
assure la division équitable des chromatides 
dans les cellules filles
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• A la transition metaphase-anaphase, APC/C induit la destruction de la securin, qui libère une protéase, qui 
clive la cohésine. Ceci induit la séparation des chromatides-soeurs

  993

binds to and inhibits the activity of a protease called separase. !e destruction 
of securin at the end of metaphase releases separase, which is then free to cleave 
one of the subunits of cohesin. !e cohesins fall away, and the sister chromatids 
separate (Figure 17–38).

In addition to securin, the APC/C also targets the S- and M-cyclins for destruc-
tion, leading to the loss of most Cdk activity in anaphase. Cdk inactivation allows 
phosphatases to dephosphorylate the many Cdk target substrates in the cell, as 
required for the completion of mitosis and cytokinesis.

If the APC/C triggers anaphase, what activates the APC/C? !e answer is 
only partly known. As mentioned earlier, APC/C activation requires binding to 
the protein Cdc20 (see Figure 17–15A). At least two processes regulate Cdc20 
and its association with the APC/C. First, Cdc20 synthesis increases as the cell 
approaches mitosis, owing to an increase in the transcription of its gene. Second, 
phosphorylation of the APC/C helps Cdc20 bind to the APC/C, thereby helping to 
create an active complex. Among the kinases that phosphorylate and thus activate 
the APC/C is M-Cdk. !us, M-Cdk not only triggers the early mitotic events lead-
ing up to metaphase, but it also sets the stage for progression into anaphase. !e 
ability of M-Cdk to promote Cdc20–APC/C activity creates a negative feedback 
loop: M-Cdk sets in motion a regulatory process that leads to cyclin destruction 
and thus its own inactivation.

Unattached Chromosomes Block Sister-Chromatid Separation: 
The Spindle Assembly Checkpoint
Drugs that destabilize microtubules, such as colchicine or vinblastine (discussed 
in Chapter 16), arrest cells in mitosis for hours or even days. !is observation led 
to the identi"cation of a spindle assembly checkpoint mechanism that is acti-
vated by the drug treatment and blocks progression through the metaphase-to-
anaphase transition. !e checkpoint mechanism ensures that cells do not enter 
anaphase until all chromosomes are correctly bi-oriented on the mitotic spindle. 

!e spindle assembly checkpoint depends on a sensor mechanism that 
monitors the strength of microtubule attachment at the kinetochore, possi-
bly by sensing tension as described earlier (see Figure 17–34). Any kinetochore 
that is not properly attached to the spindle sends out a di#usible negative sig-
nal that blocks Cdc20–APC/C activation throughout the cell and thus blocks the 
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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.



L’anaphase

10

• Les protéines du kinétochore qui lient les 
chromatides soeurs sont dégradées, permettant la 
séparation des chromatides


• Les microtubules du fuseau sont raccourcis par 
la dépolymérisation des unités de tubuline


• Les chromatides migrent de part et d’autre de la 
cellule
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ANAPHASE4
At anaphase, the sister 
chromatids synchronously 
separate to form two 
daughter chromosomes, 
and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.

TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
one nucleus.
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(Micrographs courtesy of Julie Canman and Ted Salmon.)
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two sister chromatids held together along their length
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nuclear
envelope

kinetochore

At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
envelope. Chromosomes 
can now attach to spindle 
microtubules via their 
kinetochores and undergo 
active movement.
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chromosome in active motion
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METAPHASE3

At metaphase, the 
chromosomes are aligned 
at the equator of the 
spindle, midway between 
the spindle poles. The 
kinetochore microtubules 
attach sister chromatids to 
opposite poles of the 
spindle.
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spindle pole

kinetochore
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and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.
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somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.
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cytoplasm is divided in two 
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filaments, which pinches 
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
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assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
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orange and microtubules are 
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at the equator of the 
spindle, midway between 
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La télophase
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• La membrane nucléaire se reforme


• La chromatine se décondense


• Le centre de la cellule commence à se contracter
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At anaphase, the sister 
chromatids synchronously 
separate to form two 
daughter chromosomes, 
and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.

TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
one nucleus.
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.
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at the equator of the 
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opposite poles of the 
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At anaphase, the sister 
chromatids synchronously 
separate to form two 
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and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.

TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
one nucleus.
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
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microtubules via their 
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At metaphase, the 
chromosomes are aligned 
at the equator of the 
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the spindle poles. The 
kinetochore microtubules 
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opposite poles of the 
spindle.
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ANAPHASE4
At anaphase, the sister 
chromatids synchronously 
separate to form two 
daughter chromosomes, 
and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.

TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
one nucleus.
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
fluorescence micrograph, 
chromosomes are stained 
orange and microtubules are 
green.

PROMETAPHASE2
Prometaphase starts 
abruptly with the 
breakdown of the nuclear 
envelope. Chromosomes 
can now attach to spindle 
microtubules via their 
kinetochores and undergo 
active movement.
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At metaphase, the 
chromosomes are aligned 
at the equator of the 
spindle, midway between 
the spindle poles. The 
kinetochore microtubules 
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opposite poles of the 
spindle.
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• Le centre de la cellule est complètement 
contracté


• La membrane plasmique se scinde


• Les deux cellules filles sont créées


• Les microtubules se réorganisent pour 
reformer le cytosquelette
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At anaphase, the sister 
chromatids synchronously 
separate to form two 
daughter chromosomes, 
and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
chromosome segregation.

TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
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At prophase, the replicated 
chromosomes, each 
consisting of two closely 
associated sister chromatids, 
condense. Outside the 
nucleus, the mitotic spindle 
assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
two copies of each chromo- 
some present. In the 
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chromosomes are stained 
orange and microtubules are 
green.
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• Formation d’un anneau contractile formé de filaments d’actine et de 
myosine ainsi que de protéines régulatrices


•Le timing et la localisation corrects de l’anneau contractile sont très 
importants et dépendent du réseau mitotique


981

ANAPHASE4
At anaphase, the sister 
chromatids synchronously 
separate to form two 
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and each is pulled slowly 
toward the spindle pole it 
faces. The kinetochore 
microtubules get shorter, 
and the spindle poles also 
move apart; both 
processes contribute to 
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TELOPHASE5
During telophase, the two 
sets of daughter chromo-
somes arrive at the poles of 
the spindle and decondense. 
A new nuclear envelope 
reassembles around each 
set, completing the formation 
of two nuclei and marking 
the end of mitosis. The 
division of the cytoplasm 
begins with contraction of 
the contractile ring.

CYTOKINESIS6
During cytokinesis, the
cytoplasm is divided in two 
by a contractile ring of 
actin and myosin 
filaments, which pinches 
the cell in two to create 
two daughters, each with 
one nucleus.
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consisting of two closely 
associated sister chromatids, 
condense. Outside the 
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assembles between the two 
centrosomes, which have 
replicated and moved apart. 
For simplicity, only three 
chromosomes are shown. In 
diploid cells, there would be 
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some present. In the 
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chromosomes are stained 
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at the equator of the 
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996 Chapter 17:  The Cell Cycle

the proteins that hold the sister chromatids together. APC/C also promotes cyclin 
destruction and thus the inactivation of M-Cdk. !e 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
!e "nal step in the cell cycle is cytokinesis, the division of the cytoplasm in two. 
In most cells, cytokinesis follows every mitosis, although some cells, such as early 
Drosophila embryos and some mammalian hepatocytes and heart muscle cells, 
undergo mitosis without cytokinesis and thereby acquire multiple nuclei. In most 
animal cells, cytokinesis begins in anaphase and ends shortly after the comple-
tion of mitosis in telophase.

!e "rst visible change of cytokinesis in an animal cell is the sudden appear-
ance of a pucker, or cleavage furrow, on the cell surface. !e furrow rapidly deep-
ens and spreads around the cell until it completely divides the cell in two. !e 
structure underlying this process is the contractile ring—a dynamic assembly 
composed of actin "laments, myosin II "laments, and many structural and regula-
tory proteins. During anaphase, the ring assembles just beneath the plasma mem-
brane (Figure 17–41; see also Panel 17–1). !e ring gradually contracts, and, at 
the same time, fusion of intracellular vesicles with the plasma membrane inserts 
new membrane adjacent to the ring. !is addition of membrane compensates for 
the increase in surface area that accompanies cytoplasmic division. When ring 
contraction is completed, membrane insertion and fusion seal the gap between 
the daughter cells. 

Actin and Myosin II in the Contractile Ring Generate the Force for 
Cytokinesis
In interphase cells, actin and myosin II "laments form a cortical network underly-
ing the plasma membrane. In some cells, they also form large cytoplasmic bundles 
called stress "bers (discussed in Chapter 16). As cells enter mitosis, these arrays 
of actin and myosin disassemble; much of the actin reorganizes, and myosin II 
"laments are released. As the sister chromatids separate in anaphase, actin and 
myosin II begin to accumulate in the rapidly assembling contractile ring (Figure 
17–42), which also contains numerous other proteins that provide structural sup-
port or assist in ring assembly. Assembly of the contractile ring results in part from 
the local formation of new actin "laments, which depends on formin proteins that 

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. (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. (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.)

actin and myosin filaments of the
contractile ring

MBoC6 m17.49/17.41
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• Cellules reproductrices (spermatozoïdes, ovules,…) 


• Les gamètes sont haploïdes (= une copie de 
chaque chromosome) et ne contiennent qu’un 
chromosome sexuel

GENES AND PHENOTYPES
Gene:       a functional unit of inheritance, usually corresponding 
                 to the segment of DNA coding for a single protein.
Genome: all of an organism’s DNA sequences.

locus: the site of the gene in the genome

alleles: alternative forms of a gene
Wild-type: the normal,
naturally occurring type

Mutant: differing from the
wild-type because of a genetic
change (a mutation)

GENOTYPE: the specific set of
alleles forming the genome of
an individual

PHENOTYPE: the visible
character of the individual

allele A is dominant (relative to a); allele a is recessive (relative to A)

homozygous A/A heterozygous a/A homozygous a/a

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

A normal diploid chromosome set, as 
seen in a metaphase spread, prepared 
by bursting open a cell at metaphase 
and staining the scattered
chromosomes. In the example shown 
schematically here, there are three 
pairs of autosomes (chromosomes 
inherited symmetrically from 
both parents, regardless of sex) and 
two sex chromosomes—an X from the 
mother and a Y from the father. The 
numbers and types of sex 
chromosomes and their role in sex 
determination are variable from one 
class of organisms to another, as is the 
number of pairs of autosomes.

CHROMOSOMES

centromere

a chromosome at the beginning of the cell 
cycle, in G1 phase; the single long bar 
represents one long double helix of DNA

short “p” arm long “q” arm

a chromosome near the end of the cell cycle, in 
metaphase; it is duplicated and condensed, consisting of 
two identical sister chromatids (each containing one DNA 
double helix) joined at the centromere.

short 
“p” arm

long 
“q” arm

maternal 1

maternal 3

maternal 2

paternal 2

paternal 1 paternal 3

X

Y

pair of
autosomes

sex chromosomes

THE HAPLOID–DIPLOID CYCLE 
OF SEXUAL REPRODUCTION

mother father

DIPLOID

MEIOSIS

HAPLOID

egg sperm

SEXUAL FUSION (FERTILIZATION)

DIPLOID

zygote

For simplicity, the cycle is shown for only 
one chromosome/chromosome pair.

maternal
chromosome

paternal
chromosome

MEIOSIS AND GENETIC RECOMBINATION

paternal chromosome

a b

maternal chromosome

A B

diploid germ cell

genotype AB
ab

A b

a B

site of crossing-over

genotype Ab

haploid gametes (eggs or sperm)

MEIOSIS AND
RECOMBINATION

The greater the distance 
between two loci on a single 
chromosome, the greater is the 
chance that they will be 
separated by crossing over 
occurring at a site between them. 
If two genes are thus reassorted 
in x% of gametes, they are said 
to be separated on a 
chromosome by a genetic map 
distance of x map units (or 
x centimorgans).

genotype aB
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• La méiose d’une cellule somatique diploïde produit 
4 cellules haploïdes (= gamètes), chacune unique 
génétiquement 


• Chaque cellule fille reçoit un de chaque 
chromosome homologue + un chromosome 
sexuel


• La méiose commence par la réplication de l’ADN 
suivie de deux divisions 


• division réductionelle (méiose I)


• division équationelle (méiose II)

GENES AND PHENOTYPES
Gene:       a functional unit of inheritance, usually corresponding 
                 to the segment of DNA coding for a single protein.
Genome: all of an organism’s DNA sequences.

locus: the site of the gene in the genome

alleles: alternative forms of a gene
Wild-type: the normal,
naturally occurring type

Mutant: differing from the
wild-type because of a genetic
change (a mutation)

GENOTYPE: the specific set of
alleles forming the genome of
an individual

PHENOTYPE: the visible
character of the individual

allele A is dominant (relative to a); allele a is recessive (relative to A)

homozygous A/A heterozygous a/A homozygous a/a

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

A normal diploid chromosome set, as 
seen in a metaphase spread, prepared 
by bursting open a cell at metaphase 
and staining the scattered
chromosomes. In the example shown 
schematically here, there are three 
pairs of autosomes (chromosomes 
inherited symmetrically from 
both parents, regardless of sex) and 
two sex chromosomes—an X from the 
mother and a Y from the father. The 
numbers and types of sex 
chromosomes and their role in sex 
determination are variable from one 
class of organisms to another, as is the 
number of pairs of autosomes.

CHROMOSOMES

centromere

a chromosome at the beginning of the cell 
cycle, in G1 phase; the single long bar 
represents one long double helix of DNA

short “p” arm long “q” arm

a chromosome near the end of the cell cycle, in 
metaphase; it is duplicated and condensed, consisting of 
two identical sister chromatids (each containing one DNA 
double helix) joined at the centromere.

short 
“p” arm

long 
“q” arm

maternal 1

maternal 3

maternal 2

paternal 2

paternal 1 paternal 3

X

Y

pair of
autosomes

sex chromosomes

THE HAPLOID–DIPLOID CYCLE 
OF SEXUAL REPRODUCTION

mother father

DIPLOID

MEIOSIS

HAPLOID

egg sperm

SEXUAL FUSION (FERTILIZATION)

DIPLOID

zygote

For simplicity, the cycle is shown for only 
one chromosome/chromosome pair.

maternal
chromosome

paternal
chromosome

MEIOSIS AND GENETIC RECOMBINATION

paternal chromosome

a b

maternal chromosome

A B

diploid germ cell

genotype AB
ab

A b

a B

site of crossing-over

genotype Ab

haploid gametes (eggs or sperm)

MEIOSIS AND
RECOMBINATION

The greater the distance 
between two loci on a single 
chromosome, the greater is the 
chance that they will be 
separated by crossing over 
occurring at a site between them. 
If two genes are thus reassorted 
in x% of gametes, they are said 
to be separated on a 
chromosome by a genetic map 
distance of x map units (or 
x centimorgans).

genotype aB
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each other and become physically linked by the process of genetic recombination. 
!ese pairs of homologs, each containing a pair of sister chromatids, then line 
up on the "rst meiotic spindle. In the "rst meiotic anaphase, duplicated homo-
logs rather than sister chromatids are pulled apart and segregated into the two 
daughter nuclei. Only in the second division (meiosis II), which occurs without 
further DNA replication, are the sister chromatids pulled apart and segregated (as 
in mitosis) to produce haploid daughter nuclei. In this way, each diploid nucleus 
that enters meiosis produces four haploid nuclei, each of which contains either 
the maternal or paternal copy of each chromosome, but not both (Movie 17.7).

MEIOSIS

MEIOSIS(A) (B) MITOSIS

DUPLICATED 
CHROMOSOMES
LINE UP INDIVIDUALLY 
ON THE SPINDLE

DNA REPLICATION
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PAIRING AND CROSSING OVER 
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SEGREGATION OF HOMOLOGS
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SEGREGATION OF
SISTER CHROMATIDS
AT ANAPHASE II

SEGREGATION OF
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AT ANAPHASE
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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.
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each other and become physically linked by the process of genetic recombination. 
!ese pairs of homologs, each containing a pair of sister chromatids, then line 
up on the "rst meiotic spindle. In the "rst meiotic anaphase, duplicated homo-
logs rather than sister chromatids are pulled apart and segregated into the two 
daughter nuclei. Only in the second division (meiosis II), which occurs without 
further DNA replication, are the sister chromatids pulled apart and segregated (as 
in mitosis) to produce haploid daughter nuclei. In this way, each diploid nucleus 
that enters meiosis produces four haploid nuclei, each of which contains either 
the maternal or paternal copy of each chromosome, but not both (Movie 17.7).
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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.

• Prophase I: 


• deux chromosomes homologues, chacun avec deux chromatides 
soeurs identiques s’associent et forment une tétrade


• crossing-overs se produisent et créent la variation génétique


• Métaphase I: 


• les tétrades s’alignent sur la plaque métaphasique
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each other and become physically linked by the process of genetic recombination. 
!ese pairs of homologs, each containing a pair of sister chromatids, then line 
up on the "rst meiotic spindle. In the "rst meiotic anaphase, duplicated homo-
logs rather than sister chromatids are pulled apart and segregated into the two 
daughter nuclei. Only in the second division (meiosis II), which occurs without 
further DNA replication, are the sister chromatids pulled apart and segregated (as 
in mitosis) to produce haploid daughter nuclei. In this way, each diploid nucleus 
that enters meiosis produces four haploid nuclei, each of which contains either 
the maternal or paternal copy of each chromosome, but not both (Movie 17.7).
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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.

• Anaphase I:


• les chromosomes homologues sont ségrégés


• Télophase I et cytokinèse I:


• les deux cellules haploïdes se séparent


• chaque chromosome contient deux chromatides 
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• Echange de matériel génétique entre deux chromatides de chromosomes 
homologues


• l’ADN se recombine aux points de contact (chiasmas)


• Après un seul crossing-over, on obtient quatre chromatides différentes dont 
2 sont nouvelles 

1006 Chapter 17:  The Cell Cycle

Duplicated Homologs Pair During Meiotic Prophase
During mitosis in most organisms, homologous chromosomes behave indepen-
dently of each other. During meiosis I, however, it is crucial that homologs rec-
ognize each other and associate physically in order for the maternal and pater-
nal homologs to be bi-oriented on the !rst meiotic spindle. Special mechanisms 
mediate these interactions.

"e gradual juxtaposition of homologs occurs during a prolonged period 
called meiotic prophase (or prophase I), which can take hours in yeasts, days in 
mice, and weeks in higher plants. Like their mitotic counterparts, duplicated mei-
otic prophase chromosomes !rst appear as long threadlike structures, in which 
the sister chromatids are so tightly glued together that they appear as one. It is 
during early prophase I that the homologs begin to associate along their length in 
a process called pairing, which, in some organisms at least, begins with interac-
tions between complementary DNA sequences (called pairing sites) in the two 
homologs. As prophase progresses, the homologs become more closely juxta-
posed, forming a four-chromatid structure called a bivalent (Figure 17–54A). In 
most species, homolog pairs are then locked together by homologous recombi-
nation: DNA double-strand breaks are formed at several locations in each sister 
chromatid, resulting in large numbers of DNA recombination events between the 
homologs (as described in Chapter 5). Some of these events lead to reciprocal 
DNA exchanges called crossovers, where the DNA of a chromatid crosses over to 
become continuous with the DNA of a homologous chromatid (Figure 17–54B; 
also see Figure 5–54). 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex
"e paired homologs are brought into close juxtaposition, with their structural 
axes (axial cores) about 400 nm apart, by a mechanism that depends in most 
species on the double-strand DNA breaks that occur in sister chromatids. What 
pulls the axes together? One possibility is that the large protein machine, called 
a recombination complex, which assembles on a double-strand break in a chro-
matid, binds the matching DNA sequence in the nearby homolog and helps reel 
in this partner. "is so-called presynaptic alignment of the homologs is followed 
by synapsis, in which the axial core of a homolog becomes tightly linked to the 
axial core of its partner by a closely packed array of transverse !laments to cre-
ate a synaptonemal complex, which bridges the gap, now only 100 nm, between 
the homologs (Figure 17–55). Although crossing-over begins before the synap-
tonemal complex assembles, the !nal steps occur while the DNA is held in the 
complex.

"e morphological changes that occur during homolog pairing are the basis 
for dividing meiotic prophase into !ve sequential stages—leptotene, zygotene, 
pachytene, diplotene, and diakinesis (Figure 17–56). Prophase starts with lep-
totene, when homologs condense and pair and genetic recombination begins. 
At zygotene, the synaptonemal complex begins to assemble at sites where the 
homologs are closely associated and recombination events are occurring. At 
pachytene, the assembly process is complete, and the homologs are synapsed 

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.

replicated 
paternal
chromosome

replicated 
maternal
chromosome

centromere

bivalent

sister 
chromatids

(A) (B) chiasma
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Duplicated Homologs Pair During Meiotic Prophase
During mitosis in most organisms, homologous chromosomes behave indepen-
dently of each other. During meiosis I, however, it is crucial that homologs rec-
ognize each other and associate physically in order for the maternal and pater-
nal homologs to be bi-oriented on the !rst meiotic spindle. Special mechanisms 
mediate these interactions.

"e gradual juxtaposition of homologs occurs during a prolonged period 
called meiotic prophase (or prophase I), which can take hours in yeasts, days in 
mice, and weeks in higher plants. Like their mitotic counterparts, duplicated mei-
otic prophase chromosomes !rst appear as long threadlike structures, in which 
the sister chromatids are so tightly glued together that they appear as one. It is 
during early prophase I that the homologs begin to associate along their length in 
a process called pairing, which, in some organisms at least, begins with interac-
tions between complementary DNA sequences (called pairing sites) in the two 
homologs. As prophase progresses, the homologs become more closely juxta-
posed, forming a four-chromatid structure called a bivalent (Figure 17–54A). In 
most species, homolog pairs are then locked together by homologous recombi-
nation: DNA double-strand breaks are formed at several locations in each sister 
chromatid, resulting in large numbers of DNA recombination events between the 
homologs (as described in Chapter 5). Some of these events lead to reciprocal 
DNA exchanges called crossovers, where the DNA of a chromatid crosses over to 
become continuous with the DNA of a homologous chromatid (Figure 17–54B; 
also see Figure 5–54). 

Homolog Pairing Culminates in the Formation of a Synaptonemal 
Complex
"e paired homologs are brought into close juxtaposition, with their structural 
axes (axial cores) about 400 nm apart, by a mechanism that depends in most 
species on the double-strand DNA breaks that occur in sister chromatids. What 
pulls the axes together? One possibility is that the large protein machine, called 
a recombination complex, which assembles on a double-strand break in a chro-
matid, binds the matching DNA sequence in the nearby homolog and helps reel 
in this partner. "is so-called presynaptic alignment of the homologs is followed 
by synapsis, in which the axial core of a homolog becomes tightly linked to the 
axial core of its partner by a closely packed array of transverse !laments to cre-
ate a synaptonemal complex, which bridges the gap, now only 100 nm, between 
the homologs (Figure 17–55). Although crossing-over begins before the synap-
tonemal complex assembles, the !nal steps occur while the DNA is held in the 
complex.

"e morphological changes that occur during homolog pairing are the basis 
for dividing meiotic prophase into !ve sequential stages—leptotene, zygotene, 
pachytene, diplotene, and diakinesis (Figure 17–56). Prophase starts with lep-
totene, when homologs condense and pair and genetic recombination begins. 
At zygotene, the synaptonemal complex begins to assemble at sites where the 
homologs are closely associated and recombination events are occurring. At 
pachytene, the assembly process is complete, and the homologs are synapsed 

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.
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282 Chapter 5:  DNA Replication, Repair, and Recombination

mutations in their genes lead to a greatly increased frequency of breast cancer. 
Because these mutations cause ine!cient repair by homologous recombination, 
accumulation of DNA damage can, in a small proportion of cells, give rise to a 
cancer. Brca1 regulates an early step in broken-end processing; without it, such 
ends are not processed correctly for homologous recombination and instead are 
repaired inaccurately by the nonhomologous end-joining pathway (see Figure 
5–45). Brca2 binds to the Rad51 protein, preventing its polymerization on DNA, 
and thereby maintaining it in an inactive form until it is needed. Normally, upon 
DNA damage, Brca2 helps to bring Rad51 protein rapidly to sites of damage and, 
once in place, to release it in its active form onto single-strand DNA.

Homologous Recombination Is Crucial for Meiosis 
We have seen that homologous recombination comprises a group of reactions—
including broken-end processing, strand exchange, limited DNA synthesis, and 
ligation—to exchange DNA sequences between two double helices of similar 
nucleotide sequence. Having discussed its role in accurately repairing damaged 
DNA, we now turn to homologous recombination as a means to generate DNA 
molecules that carry novel combinations of genes as a result of the deliberate 
exchange of material between di"erent chromosomes. Although this occasionally 
occurs by accident in mitotic cells (and is often detrimental), it is a frequent and 
necessary part of meiosis, which occurs in sexually reproducing organisms such 
as fungi, plants, and animals. 

Here, homologous recombination occurs as an integral part of the process 
whereby chromosomes are parceled out to germ cells (sperm and eggs in ani-
mals). We discuss the process of meiosis in detail in Chapter 17; in the following 
sections, we discuss how homologous recombination during meiosis produces 
chromosome crossing-over and gene conversion, resulting in hybrid chromosomes 
that contain genetic information from both the maternal and paternal homologs 
(Figure 5–53). Crossing-over and gene conversion are both generated by homolo-
gous recombination mechanisms that, at their core, resemble those used to repair 
double-strand breaks.

Meiotic Recombination Begins with a Programmed Double-Strand 
Break
Homologous recombination in meiosis starts with a bold stroke: a specialized 
protein (called Spo11 in budding yeast) breaks both strands of the DNA double 
helix in one of the recombining chromosomes (Figure 5–54). Like a topoisomer-
ase, Spo11, after catalyzing this reaction, remains covalently bound to the broken 

Figure 5–52 Experiment demonstrating 
the rapid localization of repair proteins 
to DNA double-strand breaks. Human 
fibroblasts were x-irradiated to produce DNA 
double-strand breaks. Before the x-rays 
struck the cells, they were passed through 
a microscopic grid with x-ray-absorbing 
“bars” spaced 1 ȝm apart. This produced a 
striped pattern of DNA damage, allowing a 
comparison of damaged and undamaged 
DNA in the same nucleus. (A) Total DNA in 
a fibroblast nucleus stained with the dye 
DAPI. (B) Sites of new DNA synthesis due 
to repair of DNA damage, indicated by 
incorporation of BudR (a thymidine analog) 
and subsequent staining with fluorescently 
labeled antibodies to BudR (green).  
(C) Localization of the Mre11 complex to 
damaged DNA as visualized by antibodies 
against the Mre11 subunit (red). Mre11 is a 
nuclease that processes damaged DNA in 
preparation for homologous recombination 
(see Figure 5–48). (A), (B), and (C) were 
processed 30 minutes after x-irradiation. 
(From B.E. Nelms et al., Science 280:590–
592, 1998. With permission from AAAS.)

1 µm

MBoC6 m5.60/5.53
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CHROMOSOME
DUPLICATION
AND MEIOSIS

meiosis produces haploid
cells with chromosomes

that have crossed over and
undergone gene conversion

diploid cell with one
pair of homologous

chromosomes

Figure 5–53 Chromosome crossing-over 
occurs in meiosis. Meiosis is the process 
by which a diploid cell gives rise to four 
haploid germ cells, as described in detail 
in Chapter 17. Meiosis produces germ 
cells in which the paternal and maternal 
genetic information (red and blue) has 
been reassorted through chromosome 
crossovers. In addition, many short regions 
of gene conversion occur, as indicated.
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each other and become physically linked by the process of genetic recombination. 
!ese pairs of homologs, each containing a pair of sister chromatids, then line 
up on the "rst meiotic spindle. In the "rst meiotic anaphase, duplicated homo-
logs rather than sister chromatids are pulled apart and segregated into the two 
daughter nuclei. Only in the second division (meiosis II), which occurs without 
further DNA replication, are the sister chromatids pulled apart and segregated (as 
in mitosis) to produce haploid daughter nuclei. In this way, each diploid nucleus 
that enters meiosis produces four haploid nuclei, each of which contains either 
the maternal or paternal copy of each chromosome, but not both (Movie 17.7).
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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.

• Ségrégation des chromatides soeurs (similaire à la mitose) 


• Prophase II


• Métaphase II


• Anaphase II


• Télophase II et cytokinèse II


• 4 cellules-filles génétiquement différentes (grâce aux crossing-overs)
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• Lors de la spermatogenèse, les deux divisions méiotiques sont continues 
(sans pause entre méiose I et II) à partir de la puberté


• Chaque spermatocyte créé par division mitotique des spermatogonies 
produit 4 spermatozoïdes

https://www.lecturio.com/concepts/gametogenesis/
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• Un nombre défini d’ovocytes (oocytes) de premier ordre est produit pendant 
l’embryogenèse. In utero, le développement de ces ovocytes s’arrête en 
prophase de méiose I

https://www.lecturio.com/concepts/gametogenesis/

• La méiose I est complétée lors de l’ovulation après la puberté. Elle résulte en 
un ovocyte de second ordre et un premier corps polaire


• La méiose II n’est complétée que lors de la fécondation. Elle résulte en la 
formation d’un deuxième corps polaire (éliminés ensuite)


• La méiose de chaque ovocyte ne produit qu’un seul gamète (ovule) 
fonctionnel et pas quatre
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• Séparation non-équitable de 
chromosomes (méiose I) ou de 
chromatides (méiose II)


• Cela résulte en un nombre aberrant de 
chromosomes dans les gamètes 
(aneuploïdie)


• Lors de la fécondation, cela mène à des 
trisomies (3 chromosomes homologues) 
ou monosomies (1 chromosome).

https://old-ib.bioninja.com.au/standard-level/topic-3-genetics/33-meiosis/non-disjunction.html

n= number of chromosomes
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• Trisomie 21: Down Syndrome, ~1/1000 naissance 
(Europe), espérance de vie ~60ans


• Les autres trisomies non rares et/ou non viables
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• Trisomie XXX: sexe féminin, phenotype 
normal, 2X inactivés, non-diagnostiqué


• Trisomie XXY: Klinefelter syndrome- sexe 
masculin, phenotype normal, quelques 
manifestations lors de la puberté, non-
diagnostiqué


• XO: Turner syndrome


• YO: Pas de développement

Nondisjonction du chromosome X

fécondation

XO: Turner syndrome
YO: pas de développement

XXX: Trisomie X (Triplo X)
XXY: Klinefelter syndrome

XXX: Trisomie X: sexe féminin; phénotype normal; deux chromosomes X inactivés 
(corpuscules de Barr); habituellement non-diagnostiqué

XYY: sexe masculin; phénotype normal; grands; difficultés d’apprentissage; habituellement 
non-diagnostiqué



XXY - Syndrome de Klinefelter
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• Sexe masculin


•1/1000 naissances


• Symptômes variables: grande taille, 
testicules peu développés, présence 
de poitrine, capacité mentale 
diminuée, stérilité

https://images.nagwa.com/figures/explainers/524183549319/10.svg



XO - Syndrome de Turner
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• Sexe féminin


• ~1/10 000 fécondations (la plupart des foetus meurent)


• 1/2500 naissances


• Symptomes variables: petite taille, poitrine peu 
développée, organes sexuels immatures, absence de 
signes de puberté, problèmes cardiaques, stérilité


• Traitement: hormones de croissance, oestrogènes

https://www.impactguru.com/info/turner-syndrome/



Distribuer les chromosomes correctement
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= Point de contrôle du fuseau mitotique 

• Pendant la métaphase, avant que l’anaphase ne commence


• Vérification que toutes les paires de chromatides soeurs sont attachées au fuseau mitotique et alignées 
sur la plaque métaphasique


➡ Les kinétochores mal attachés génèrent un signal qui empèche la progression de la mitose


➡ Si le point de contrôle est défectueux, des chromosomes peuvent être mal répartis à l’anaphase et 
générer des cellules aneuploïdes


• Vérification que la force de tension appliquée est égale de chaque côté et suffisante pour pouvoir séparer 
les chromatides soeurs



Le contrôle du cycle et de la croissance cellulaire
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• Un oeuf fertilisé de souris ou d’humain a approximativement la même taille … ils produisent pourtant des 
animaux de taille très différente


• Quels sont les facteurs responsables de ces différences de taille?


• La taille d’un organe ou organisme dépend du nombre de cellules et de leur taille


• Le nombre de cellules dépend du nombre de division et mort cellulaires


➡ La taille d’un organe ou organisme dépend donc de la croissance cellulaire (taille des cellules), de la 
division cellulaire et de la mort cellulaire


➡ Ces trois facteurs sont très précisément régulés par des programmes intra- et extra- cellulaires



Le contrôle du cycle et de la croissance cellulaire
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• Les molécules extracellulaires qui régulent la croissance, division et survie cellulaires sont en général soit 
des protéines sécrétées, soit des protéines liées à la surface cellulaire, soit des composants de la matrice 
extracellulaire. Elles peuvent être divisées en 3 classes:


1. Les mitogènes, qui stimulent la croissance cellulaire (activent G1/S-Cdk qui relâchent les contrôles 
négatifs intracellulaires)


2. Les facteurs de croissance, qui stimulent la croissance (augmente la masse cellulaire) en promouvant 
la synthèse de protéines et autres macromolécules, et en bloquant leur dégradation


3. Les facteurs de survie, qui promeuvent la survie cellulaire en bloquant la mort cellulaire programmée 
(apoptose)



Les mitogènes
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• Les organismes unicellulaires ont tendance à se diviser le plus rapidement possible, en fonction des 
nutriments disponibles


• Chez les organismes multicellulaires, la division ne se passe que quand de nouvelles cellules sont 
nécessaires —> pour proliférer les cellules ont besoin de recevoir des signaux externes, sous forme de 
mitogènes (>50 chez les animaux), qui proviennent d’autres cellules, souvent voisines. 


• Un des premiers mitogènes identifié est le platelet-derived growth factor (PDGF)


‣ observation que les fibroblastes en culture cellulaires prolifèrent en présence de sérum (on laisse le 
sang coaguler et on collecte le liquide) mais pas de plasma (on enlève les cellules du sang)


‣ Lors de la coagulation, les plaquettes du sang relâchent le contenu de leur vésicules - celles-ci 
contiennent un mitogène, PDGF



L’état de non-division ou G0
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• Sans signal de mitogène, l’inhibition par Cdk en G1 est maintenue et la progression du cycle est bloquée


• Dans certains cas, les cellules “sortent” du cycle cellulaire pour rejoindre un état de non-division ou G0


• C’est le cas de la plupart des cellules de notre corps mais les mécanismes moléculaires varient en fonction 
du type cellulaire


‣ les neurones et cellules musculaire squelettiques sont en terminally differentiated G0; tout leur 
contrôle du cycle cellulaire est désassemblé, et l’expression des gènes Cdk ou cyclines est off de 
manière permanente


‣ certains types cellulaires sortent du cycle cellulaire de manière transiente. Les cellules de foie, par 
exemple, sont en G0 mais peuvent se diviser si le foie est endommagé


‣ certains types cellulaires comme les fibroblastes ou certains lymphocytes entrent et sortent du cycle 
cellulaire de manière répétée



Les mitogènes stimulent G1-Cdk et G1-S-Cdk
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• De nombreux mécanimes bloquent l’activité Cdk - contrôle du cycle cellulaire


• Les mitogènes relâchent ces freins pour entrer dans un nouveau cycle cellulaire


• Les mitogènes interagissent avec des récepteurs de surface pour activer des voies de signalisation


‣ une voie de signalisation très connue passe par l’activation de la GTPase Ras, qui active la cascade 
mitogen-activated protein kinase (MAP kinase), ce qui induit la production de Myc qui promeut l’entrée 
dans un nouveau cycle cellulaire. 


‣ les complexes G1-Cdk activent les protéines E2F qui lient des séquences d’ADN et assurent la 
production des protéines requises pour avancer dans le cycle cellulaire


‣ ces contrôles transcriptionnels incluent des feedback loops qui assurent que le cycle cellulaire soit 
complet et irreversible



Les mitogènes stimulent G1-Cdk et G1-S-Cdk
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cell cycle is complete and irreversible. !e liberated E2F proteins, for example, 
increase the transcription of their own genes. In addition, E2F-dependent tran-
scription of G1/S-cyclin (cyclin E) and S-cyclin (cyclin A) genes leads to increased 
G1/S-Cdk and S-Cdk activities, which in turn increase Rb protein phosphorylation 
and promote further E2F release (see Figure 17–61).

!e central member of the Rb family, the Rb protein itself, was identi"ed orig-
inally through studies of an inherited form of eye cancer in children, known as 
retinoblastoma (discussed in Chapter 20). !e loss of both copies of the Rb gene 
leads to excessive proliferation of some cells in the developing retina, suggesting 
that the Rb protein is particularly important for restraining cell division in this tis-
sue. !e complete loss of Rb does not immediately cause increased proliferation 
of retinal or other types of cells, in part because Cdh1 and CKIs also help inhibit 
progression through G1 and in part because other cell types contain Rb-related 
proteins that provide backup support in the absence of Rb. It is also likely that 
other proteins, unrelated to Rb, help to regulate the activity of E2F.
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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.
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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.

• Le membre central de la famille des protéines Rb a été identifié car sa 
perte de fonction mène à la prolifération excessive de cellules de la 
rétine - cancers de l’oeil (retinoblastomes) chez l’enfant. 



Les dommages à l’ADN bloquent le cycle cellulaire
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• Le cycle cellulaire est aussi contrôlé par des signaux 
intracellulaires


• Un des plus importants est les dommages à l’ADN


• Les dommages à l’ADN activent une cascade de 
signalisation qui mène à la phosphorylation de p53


• p53 bloque l’entrée dans le cycle cellulaire


• Quand il n’y a pas de dommages à l’ADN, p53 est 
ubiquitinylé et dégradé
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to accumulate mutations more readily. Similarly, a rare genetic disease known as 
ataxia telangiectasia is caused by a defect in ATM, one of the protein kinases that 
are activated in response to x-ray-induced DNA damage; patients with this dis-
ease are very sensitive to x-rays and su!er from increased rates of cancer. 

What happens if DNA damage is so severe that repair is not possible? "e 
answer di!ers in di!erent organisms. Unicellular organisms such as budding 
yeast arrest their cell cycle to try to repair the damage, but the cycle resumes even 
if the repair cannot be completed. For a single-celled organism, life with muta-
tions is apparently better than no life at all. In multicellular organisms, however, 
the health of the organism takes precedence over the life of an individual cell. 
Cells that divide with severe DNA damage threaten the life of the organism, since 
genetic damage can often lead to cancer and other diseases. "us, animal cells 
with severe DNA damage do not attempt to continue division, but instead com-
mit suicide by undergoing apoptosis. "us, unless the DNA damage is repaired, 
the DNA damage response can lead to either cell-cycle arrest or cell death. DNA 
damage-induced apoptosis often depends on the activation of p53. Indeed, it is 
this apoptosis-promoting function of p53 that is apparently most important in 
protecting us against cancer.
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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).
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• Dans plus de la moitié des cancers, on détecte 
des mutations dans p53


• La perte de p53 permet aux cellules cancéreuses 
d’accumuler des mutations 


• Si une cellule ne peut pas réparer son ADN, elle 
commet un suicide cellulaire ou apoptose



Combien de fois une cellule peut-elle se diviser?
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• La plupart des cellules ont un nombre de division limité


• Les fibroblastes, par exemple, se divisent 25-50x et entrent ensuite dans un état de sénescence 
réplicative


• Ceci dépend des télomères (structure aux extrémités des chromosomes). Ces structure d’ADN ne sont pas 
répliquée comme le reste des chromosomes et requièrent une télomérase


• De nombreuses cellules somatiques ne produisent pas de télomérase et leur télomères se 
raccourcissent donc à chaque division


• Ceci est détecté comme un dommage à l’ADN qui active p53


• Les cellules de rongeurs produisent de la télomérase


• Les cellules cancéreuses ont souvent l’habilité de produire leur télomérase, ce qui contribue à leur 
prolifération



Prolifération anormale et cancer
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• Beaucoup des composants décrits dans ce cours ont été identifiés comme gènes promoteurs de 
cancers car leur mutation contribue au développement de cancers


• De manière surprenante, lorsque Ras ou Myc est hyperactif, cela ne mène pas à une surprolifération 
mais à son contraire


• Les cellules peuvent détecter une stimulation excessive de mitogène, ce qui mène à l’arrêt du cycle 
cellulaire ou à l’apoptose
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such as yeasts, both cell growth and cell division require only nutrients. In ani-
mals, by contrast, both cell growth and cell proliferation depend on extracellular 
signal molecules, produced by other cells, which we call growth factors and mito-
gens, respectively.

Like mitogens, the extracellular growth factors that stimulate animal cell 
growth bind to receptors on the cell surface and activate intracellular signaling 
pathways. !ese pathways stimulate the accumulation of proteins and other mac-
romolecules, and they do so by both increasing their rate of synthesis and decreas-
ing their rate of degradation. !ey also trigger increased uptake of nutrients and 
production of the ATP required to fuel the increased protein synthesis. One of the 
most important intracellular signaling pathways activated by growth factor recep-
tors involves the enzyme phosphoinositide 3-kinase (PI 3-kinase), which adds 
a phosphate from ATP to the 3ʹ position of inositol phospholipids in the plasma 
membrane (discussed in Chapter 15). !e activation of PI 3-kinase leads to the 
activation of a kinase called TOR, which lies at the heart of cell growth regulatory 
pathways in all eukaryotes. TOR activates many targets in the cell that stimulate 
metabolic processes , including protein synthesis. One target is a protein kinase 
called S6 kinase (S6K), which phosphorylates ribosomal protein S6, increasing the 
ability of ribosomes to translate a subset of mRNAs that mostly encode ribosomal 
components. TOR also indirectly activates a translation initiation factor called 
eIF4E and directly activates transcription regulators that promote the increased 
expression of genes encoding ribosomal subunits (Figure 17–64).
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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.

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.
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Croissance cellulaire
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• Les cellules ont aussi besoin de grandir


• Les facteurs de croissance extracellulaires se lient 
aussi à des récepteurs de surface et activent des voies 
de signalisation


• Celles-ci mènent à l’accumulation de protéines et 
autres macromolécules (augmentation de la synthèse, 
diminution de la dégradation)


• Celle-ci augmentent aussi la production d’ATP et 
l’internalisation de nutriments


• La plus connue implique l’enzyme phosphoinositide 3-
kinase (PI 3-kinase) qui mène à l’activation de la kinase 
TOR
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Recap: le cycle cellulaire



Belle journée!
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