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Cell Cycle

-Cells must replicate their DNA (& organelles)- S phase
-Cells must segregate the DNA equally to the progeny
cells in mitosis (& organelles)- Mitosis

Mitosis Time-scaled diagram
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Experimental Systems used in Cell Cycle Research

Drosophila melanogaster

-
Xenopus laevis

Schizosaccharomyces pombe

Cdc mutants

Could be rescued by a human gene .
Wee mutai  CDKI1! Highly conserved in eukaryotes! == &

Gel Lee, M. G. and P. Nurse (1987). Nature 327: 31-35.

One common kinase
Cdc28=cdc2
Genes necesséfy" i
for G1/S -

Nurse’s lab in 70's Hartwell’s lab in 70’s
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ol Vl. 33,380-395, June, 1983, Gopyright 51083 by Call Pess

Cyclin: A Protein Specified by Maternal
mRNA in Sea Urchin Eggs That Is mitosis  mitosis  mitosis
Destroyed at Each Cleavage Division 1

abcdefghi]

Tom Evans,” Eric T. Rosenthal,
Jim Youngblom, Dan Distel and
“Tim Hunt

Marine Biological Laboratory
Woods Hole, Massachusatts 02543

Protein
Level

cyclin A cyclin B

fqure 8. Proteins A and B Spisuia Are G

were taken for analysis on 4is In xSy the same way as the sea urchin
experiments. Lane a shows lo taken 45 min aftr fertization, and

Fist cloavage occured at bbout lano o.

Time

Cyclin + CDK (MPF) - induce entry into meiosis in frog eggs

Maller and Lohka, 1988

Cyclin Cyclin: regulatory component @
dependent
Cdk: catalytic component

Kinase

®
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The Nobel Prize in Physiology or Medicine, 2001

“for their discovery of key regulators of the cell cycle”

il v
Leland H. R. Timothy Sir Paul M.
Hartwell (Tim) Hunt Nurse

Cyclin/Cdk complexes drive the cell cycle: different cyclins
specify kinase function & different times

CDC28/cdc2/Cdkl

Gl-cyclins S-phase Mitotic
cyclins cyclins

Stage specific control based on:

- Multiple oscillatory cyclins

- Cdk inhibitors

- Additional regulation at the level of Cyclin/Cdk complexes
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Multiple Cdks contribute to cell cycle regulation in
metazoans
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Are they all needed?
What gives direccionality to the cell
cycle?

Vol 448/16 August 2007|doi10.1038/nature06046 nane

Cdk1 is sufficient to drive the 1

David Santamaria'*, Cédric Barriére'**, Antonio Cerqueira’, Sar
Javier F. Caceres’, Pierre Dubus?, Marcos Malumbres' & Marianc

<t Eppridcale

Paneatic bt o
Unicellular organisms such as yeasts require a single cyclin- Pt becoshs
dependent kinase, CdkI, to drive cell division'. In contrast, mam-
malian cells are thought to require the sequential activation of at 3 +Gae: Gomosta
least four different cyclin-dependentkinases, Cdke, Cdk3, Cdkd and
Cdke, to drive cels through interphase, as well as CdKI to proceed

itosis?. This model has been challenged by recent genetic

"
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obtained on ablation of some of
suchas the D-type and E-typ s
embryos lacking all interphase Caks (Cdic Calc, Cdkd and Cdk6)
undergo organogenesis and develop to midgestation. In these
embryos, Cdkl binds to ll cyclins, resulting in the phosphorylation
of the retinoblastoma protcin pRb and the expression of genes that
mnscription fct e e T dopn i el 0 o

blasts derived from these embryos proliferate in vitro, albeit with an ks it D ype o Esype cdlins
cxtended call cyele due to nehiclnt inactivation o Rb proteins
However, they become immortal on continuous passage. We also
report that embryos fail to develop to the morula and blastocyst
1. These results indicate that Cdkl isthe

only essential cell cycle Ca. Moo, they show that in the
absence of interphase Cdks, Cdkl can execute all the events that
are reauired to drive cell i
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Protein degradation provides directionality
Cyclin synthesis

Interphase

Cyclin degradation

Figure 1. The Or Based Model for the Cell Cycle
The simplest possible model for the cell cycle based on the discov-
ety of cyclin. See text for details.

How do cyclins die?
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Figure 5. Reguating Protein Destructon in the Gell Oycle

Gkt and other Knases.
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@ normal cell cycle progression

Is regulating the activity of one CDK enough?

ARTICLE

«differential expression,
degradation

Driving the cell cycle with a minimal and subcellular localization of

CDK control network CDK subunits, attainment of

specific

-Exogenous promoter- -Only one cyclin  -activity regulated by ratios of cyclin to CDK, and

not cell cycle regulated & not degraded &  kinase inhibitor cyclin-mediated changes in
Pugt o fused with kinase | - substrate

cdc1308. “ gt 3UTR specificity are not essential for
cell cycle progression.

cde2(r84G)

CDK oscillator provides
g and directionality to a
The ancestral cell cycle? le
it of two activity
| ¢ holds that define
osciltion Te [ f o independent cell cycle
‘ — Phases
M GI 8 G2
Time

[The reversibility of mi exit in vertebrate cells

 Perspectives on the Cell Cycle + Perspectives on the Cell Cycle

* CDKs play an important role- a single one may rule the process, . = o
but tissue specificity is ensured by others Imp_ortanc_e of centrioles:
their functions

» Protein degradation is an important way of ensuring irreversibility
- —_— . : + Centrioles & Cancer
+ Is there a minimal cell cycle? Manipulating the activity of a single
CDK is able to drive it! Synthetic biology approaches may help us
in these questions! Also comparative genomics. » Centriole Biogenesis & Number

Control
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Diversity of cell shapes and functions

The cytoskeleton

A Cellmembrane ~ Actin Network ~F network B
~ MT network (@l Centrosome @) Nucleus

Mreg F-Actin ParM

/-i W &
¢ A o
P

"l v v
250m 10nm 7om
Intermediate
Microtubule elmediate  Microfilament

eculated th

icrofilaments (EM
ments. B. MreB forms stra

sraphs adapted from (Metzler, 2001),
 filaments, whereas F-actin is right-
JCG and 1YAG). ParM fo handed double helix (PDB identifier IMWM) (adapted from

h with GDP trapped in the middle (PDI ifier, 1IFF). FisZ assem
bles from free A and B subunits, producing an altemating protofilament (PDB

(Lowe and Am
identical monor

identifier, 1BTQ) (adapted from (Lowe and Amos, 2009)).

The Tubulin cytoskeleton

Cdk2

(Morgan, 1997; Musacchio & Salmon, 2007)

Centrioles and Cell Proliferation

Proliferation

Centrosome =p

Centrosome

C. Rieder
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The centriole has a variety of different functions

¥ 1

Centrosome Cilia/Flagella

The centriole is an ancient eukaryotic feature

3

B

tal 1052010

Centrosome & Centrioles

PCM

Distal

Daughter
appendages

centriole
—

Mother
centriole

—

Microtubule

Centriole ¢ e
wg ngage

Subdistal
appendages

Bettencourt-Dias & Glover, 2007, NRMCB

Control of centriole fate and number

Y) 2-One centriole per
mother

3-Different generations
of centrioles
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Centriole Number

y Y
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r, JCB, 1971

Concerning the origin of malignant tumors

Theodor Boveri (1914) Galeotti, 1893; Hansemann, 1890

Aneuploidy induced by multipolar mitosis could have a

causative role in tumorigenesis

Zyss & Gergely, 2009

‘Table 1. Cantrosome human cancers®

Centrosome Changes in Human Tumors
|

Multiple centrioles
in cancer

Coneor e Controsome snaas  Gertrosomn Gy oo Goralian  Pragnome e
Sonormaities
b nethod PR
E==r b HC W )
Breast invasive) Contin meEM N, x [
ieast 0CiS) N . x 021
ereas v s ]
NS v v e
NS * x 1
NS ‘ 133
ns . usa
Breast,prostat, lung, colon NS x 381
Sicast cavix, prosiate ro-nvasivel s . i
N v v sl
scu x  x 21,130
cn NS v v 131
aw i KC s 22l
Non Hodgiin's ymphama n e s B @i
Percantin
cubidn e ws x % o)

4 ONA

BE adenocarcinoma cell lines

%.. 4]

unha, Craves
ncoiogy nsiee) 8
BetencountOas

The centriole has a variety of different functions

¥ 1

Centrosome Cilia/Flagella
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Prollferatlun

Motility

CELL MOTILITY:
PROPULSION

Centrioles and Cell Motility

B

Mouse Sperm- Marquez Trypanosome (Sleeping sickness)

Centrioles and Cell Motility

Proliferation
Motility

CELL MOTILITY:
PROPULSION

=

Trypanosome (Sleeping sickness)

Mouse Sperm- Marquez

FIXED CELL
MOTILITY:
MOVEMENT OF
MUCUS

Gy 301 WoHD oo

Proliferation
Motility
Sensing

Reiter

Centrioles & Cell Sensing

-Sense Fluid Flow
Most of Our -Sense whether we have eaten
Cells enough
-Determine what is Left/Right

Cilia/Flagella formation

>
L4
n

Motile

Non-motile

9+2 9+0

/N Cellmembrane @ Outer MT doublets
@@ Central MT pair  / Nexinlink %, Axonemal spokes
¢ Inner dyneinarm ) Outer dynein arm

o (Sate and Chistensen, 2007) and et/ idneyesearchcenterrg). Note hat

primary cls. €. xamples of mammalian cllated cels and thes sxonemsl configurstion. Top
panels represent cals beaing morlecila, ncuding ependymal cel, sperm and the node of

2000 Zita Carvalho-Santos
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Motile Cilia/Flagella formation

# Cellmembrane @ Outer MT doublets

@@ Central MT pair / Nexin link / Axonemal spokes
» Outer dynein arm hd

# Inner dynein arm

Dynein

(

Cilia/Flagella formation

A Cellmembrane @ Outer MT doublets

@@ Central MT pair / Nexin link / Axonemal spokes
3 Outer dynein arm

# Inner dynein arm

Cilia/Flagella formation: many links with other cellular processes

o
'\/.‘\J.

Centrosome

1971; Sorokin, 1962;

kin, 1968).C.
L,1990; Tamm and Tamm, 1988).D.

Zita Carvalho-Santos

T dependent manner

Cilia/Flagella formation

c S
P —
= =)

IFT complex A-1FT144_ FT complex B- 7172

Wit 188
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o

174

157

152
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2

20

A Cell membrane @ Outer MT doublets
@@ Central MT pair / Nexin link / Axonemal spokes T

particles

# Inner dyneinarm 1 Outer dynein arm

-Diffusion Barriers?
-Pores at tranzition area?

Zita Carvalho-Santos
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Cilia Number & Structure & Human Disease

> Skeletal malformations.

Max Nachury
Bardet-Bied| Syndrome

Polycystic Kidney disease and cilia

Chlamydomonas IFT88 and Its Mouse Homologue, Polycystic Kidney
Disease Gene 7g737, Are Required for Assembly of Cilia and Flagella
Gregory J. Pazour,* Bethany L. Dickert,* Yvonne Vucica," E. Scott Secley, Joel L. Rosenbaum,
George B. Witman,* and Douglas G. Cole®

“Department of Cel Biology. University of Massachusetts Medical School, W

‘Department of Molecular, Celular, and Developmental Biology. Yale University, New Haven, Connecticut 06520;
i hemistry, University of Idaho, Moscow, Idaho 83544

and “Department of M

ly after passing through the
al

Pazour et al, 2000, JCB

Link between polycystic disease & Cilia

Figure 6. Primary cilia in the
kidney of Tg737 mutant mice
are shorter than normal. (a)

Pazour et al, 2000, JCB

Cilia Number & Structure & Human Disease

key: ‘

[0 involved in Wit signalling

Bettencourt-Dias et al, TIGS, 2011

11
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Centrioles have a diversity of cellular functions

What is the role
of centrosomes in ”
cell division? I I 1
\ £
~— e
—
AN
i X Stem Cell
Proliferation Maintenance/ Sensing
Polarity Regeneration; Motility
Fertility; S
General
Homeostasis

Are centrioles needed for cell division?

Higher
Plants

in several branches )

‘ ,Centrioles were lost I
of eukaryotes

Are centrioles needed for cell division?

Female meiosis

-

Loses Centriole

ARodrigues-Martins

Are centrioles needed for cell division?

Rebollo et al, 2004

12
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Are centrioles needed for cell division?

Flies without Centrioles

Renata Basto,” Joyce Lau," Tatiana Vinogradova,* Alejandra Gardiol, C. Geoffrey Woods,"*
Alexey Khodjakov,>* and Jordan W. Raff'*

K Tennis Court Road, L

2Wadsworth Center, New York State Department of Health, Albany, NY 12201, USA

*Department of Biomedical Sciences, State University of New York, Albany, NY 12222, USA|

“Department . Cambridge Research, C: UK
“Contact: raff@gurdon.cam.ac.uk

DOI 10,1016/ cel.2006.05.025

Other ways of nucleating microtubules

(Dinarina et al, 2009 )

Chromatin beads and xenopus extracts

Other ways of nucleating microtubules

Golgi, etc

Stearns 2007, NRMCB

What are centrioles needed for?

Flies without Centrioles

Renata Basto,' Joyce Lau," Tatiana Vinogradova,>® Alejandra Gardiol,’ C. Geoffrey Woods,*
Alexey Khodjakov,>® and Jordan W. Raff"*

The Gurdon Institute, Tennis Court Road, Cambridge CB2 1QN, UK

2 , New . Albany, NY 12201, USA

i New York, Albany, NY 12222, USA
“Department of Medical Genetics, Medical Research, LUK
“Contact: aff@gurdon.cam.ac.uk
DOI 10.1016/j.cell2006.05.025
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» Importance of centrioles:
their functions- Perhaps most
important function is to make
flagella/cilia- more to discuss in
conference talk

Perspectives on the Cell Cycle

Importance of centrioles: their
functions

Centrioles & Cancer

Centriole Biogenesis & Number
Control

Centrosomes are dominant when present

g
2
2
]
=
T
5
]
2
23

14
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Centrosomes are dominant when present

Centrosomes

(Sluder et al. 2004)

600T “[¢ 19 0yuIPOD ‘wduen)

DNA

Kwon, Godinho et al, 2008

Centrosome Clustering

Molecular players /
~)
— /
T 7?& j!{(

l |

catastrophe
Cell death

Proliferation

Ring et al., 1982;
Lingle and Salisbury, 1999;
Duensing, 2005; Brinkley, 2001;
Nigg, 2002

Quintyne et al., Science, 2005

Mechanisms of Centrosome Clustering

.1. Spindle assembly
checkpoint ' &
\\ &\\}/
B . T

\&j?\“

2. Spindle pole
clustering forces

3. Actin/cell adhesion

Kwon* Godinho* et al., Gen & Dev, 2008
Reviewed in Godinho et al., Cancer&Metastasis Rev., 2009

(2]

Centrosome De-Clustering can target cancer cells

N1E-115

Colony number/area

Relative cell number (%)

NHTI_MCF7_tMMECS MDA-231 NHO2A _BTS40

>
controsomes 8% W% s%  4ve 5% 45w Control -HSET

- HSET is not essential in normal cells

- Depletion of HSET leads to cell death proportionally to the percentage of
cells with extra centrosomes

-And high levels of HSET associated with bad prognosis in breast cancer
(Jose Pereira-Leal’s group)

Kwon* Godinho* et al., Gen & Dev, 2008

15
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How could extra centrosomes lead to aneuploidy?

Colon cancer cell line
Godinho et al, 2008

Ganem, Godinho et al, 2009

How could extra centrosomes lead to cancer?

( Merotelic attachment Lagging chromosome

Chromosome
instability

Dias et al. 2011)

Extra Centrosomes Can Generate Tumors in Flies

7
2

-3
a
E
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How could extra centrosomes lead to cancer?

Merotelic attachment

Lagging chromosome

OHEE)
IO

ganglion mother cell

@ 4
~_

Chromosome
instability

Defects in
Asymmetric
cell division

Dias et al. 2011)
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Centrioles & cancer hypotheses

Neuroblast neuroblasts overproliferation
A ” Defects in
. Asymmetric
> — cell division
ganglion mother cell . .
» Centrioles & Cancer: Jury is
B. Chromosome
T —_— instability
Merotelic attachment Lagging chromosome
Signaling through
C. — centrosomes.
— and cilia

multiple ciia

Summary

» Perspectives on the Cell Cycle and the ancestral
machinery

» Importance of centrioles: their functions- ancestral
function is likely to be flagella but more to discuss

EMBQ FCT Fundagio para a Ciéncia e a Tecnologi
s

CIENCIA, TECNOLOGIA
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