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Cell Cycle

* The term cell cycle describes the events that lead to completion of phasesdJ!¢” o LLs cell cycled

cell division and formation of two daughter cells as a result of mitosisd! Jis erels osf L Ly sk
mitosis.

. : , J I GO WS U S de L s 4
* The Resting phase (G )(i.e. Gap zero) represents the time spent by a

cell prior to preparation for active division. L staP muscle cellsdismerve
celldl 4, /..;4_.1@\_.1,‘(\.—23' Ve
* Some cells will enter the G, and may even remain in this phase, a SMoresting phasedy ‘,L@ < cycle
state in which the cells are viable functional but are non- interphaseJ' J? 4.2 » o
proliferative e.g. neuronal cells. |
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T h e Ce ll Cyc le phases 2¢* L Ls cell cycled!
1asSe i _~a_intermediarye” |

The cell grows and copies its DNA
s ® G1: Cell growth

DNA@UG"\’J)/.,Q . . |

b nbor o Dol A, 5F = s ] DNA Syntheii growthdf”(‘?ﬂuﬁ—‘tw(;]wﬁ

... ® G2: More growth’ S phaseJ' dolif U DNA

- . /J:EJOMJJ,UL@‘?(‘,J‘;
preparation for mitosis

subphases & c}/ als 1o

—_

The cell divides its DNA and
cytoplasm, forming two new cells
e Prophase

s ® Metaphase

suk subdivisions¢. @ Anaphase

"% Telophase

LB g0

G : Resting state where the cell
performs its functions and is not
preparing to divide
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Cell Cycle

The cell cycle is divided into 2 main phases:
1. Mitotic phase (M phase) mitos¢¥ I threads orB 65wt cells 2J1osEsmitosisd) L O Camals M S0 s

2. Interphase which is subdivided into:
* Gap 1 (G1 phase)
 Synthesis phase (S phase)
* Gap 2 (G 2 phase)

* The high variability of cell cycle times is due to the variability of the G 1 phase of the L Ol s \:&' (VJ phase "b/
cycle. GlJlas b;f SN b G~ g~V phase A

77,

61 phase has a significant impact on the overall time it takes for a cell to complete the entire cell cycle.

NN
Variability in 61 phase duration contributes to the overall variability in cell cycle times \\‘
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Cell Cycle Phases

- * (g ‘ . ‘ * ‘
In rapidly dividing cells, the cell cycle takes about 24 hours e.g. el §¢ 2 St cell cycled o Lo e ‘:‘J'“Vf
(hematopoietic & cancer cells. g i L3 c}\,(ﬁ

Hematopoietic cells are cells that form the various blood cell types in the body

Vad _ o
‘ * ° ‘ = ﬂ .
“*Events for each phase: @ cutewios vt a5 Lewd 4~ 18d1e” J«»\,vﬁ liver cellsJ! Mo e 2+~ s

»>G1 phase: LB ey
* The duration of this phase is about 6-12 hours.
* During this phase, RNA and proteins needed for cell division are

synthesized. sk phased*1ad Gl phased
* Active RNA & protein synthesis. WY S0 ey

N\
d'i’,lf'f'g‘y/..ﬁd:) Proteins;RNAdg"duc}Jrqé . mitosis Ow‘w%ﬁb’@f&-‘g}&}w‘af\qcm PhaseJ!dts_»J s

sdosts o cell cycle
functiond sregulationd Ls AV ok Foagi P S regulationdl s L) Olra I G L s
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Cell Cycle Phases

RNAJUDNA Y g8 o 2 Lrior . ol 81607 L 510224k Jo¥1 JLS-Phase S
st L) U 5 tetraploid obws O e g £-&* .DNA Ureplication ~& ¢ I Sk

s~ g~ S-Phase ) 41f S diploid g“i’; b S 23 (pairs 23) 46 ke oL 0

* The duration of this phase lasts about 6 to 8 hours. S o Mim I 857 s tetraploid Lo .23 23,23 23 e d g ¢ Sreplication

* DNA is replicated (chromosomes are duplicated to become tetraploid).

 These events result in the formation of two sister chromatids attached at the centromere.

» G2 phase:

* The duration of this phase lasts about 4 to 5 hours.

* Itis a preparatory phase for M phase. So, DNA repair occurs in this phase.

 Also, RNA & protein synthesis are taking place as well as cytoplasmic enlargement. Most
of the proteins synthesized are cytosolic proteins (needs to synthesize enough proteins for ' S

2 cells).

. mitosisJ' U@&-ﬁ;“ ils I g”; Skl ot iL_J—" AL ils A 12 G2-phase
LA Gl s fF w5 sDNA repaird L uL proteins JURNA Y £ Le_rg 9 ol I 6l
e
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Cell Cycle Phases

Sisterd) ez oo a NS 3. o Lusbrdels S dls s g~ & M phased' i imitosis phasead Ls phase i
P T ol e o et Iess! G e B9 s P S22 Aeas QUL st 3 ol oS L W g-2Chromatids

» M phase: d il e

* Itis the shortest phase taking about one hour.

 During this phase, the 2 sister chromatids segregate and move to the
opposite poles of the mitotic spindle i.e. segregating one of the two
sister chromatids to each daughter cell.

* The later cells either enter into G, (Resting, undividing, dormant or gab
zero phase) or reenter the cell cycle again when there is need for cell

growth & repair. N

S35z cell Cycled‘Wc}dﬁ,:@;:l,u( "gUt Lt a1
4 .43 A viable s functional €z ad GOJL &t B boe o (GO
division L »eg 4/ g" Y ‘
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AP LSS VI O s L5 2 g_Lprodl
Ly 2
centrioled! sy e s gy &,u-{ }“e“.az L}HL oV olsL Obr'/;/ﬁt,

g centriole # anaphasedi
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76 - ;C /; centrioles 2L~ ~ g centrioleJ' - o+ centromered! iz o ¢ s
Lo JLLs o222 o Minuclear envelopdi-§

ization J o* da i~ . T ' ' Lcti
organizationd' o s phased GO, G A g interphase cell pinching (constriction)

of the microtubules
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cell cycleJ' erdls_»J

Interphase Prophase Metaphase Anaphase Telophase

#ap ol s Hmetaphasedy :en~ ¢ telophase b Uad Mimitosisdlerass AL

v b 0% centromeres Il A b ok A, AL AL Bpinchingd FE 1 vdwos e ey oLin g

proteinsS nucleus Ji 413
F 5. mitosisd 4 Ly A g ¢V spindle fibersd! # attachment '

= Winucleus envelopd' -§ Sl O

e, s 81 I 1 G2 S ebons Lot 0107

s C‘f’ nucleusJ! 12 g’t o2 M centriolesJ e el
o) o &= f-prophased' il s structure

(aggregated together) e
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Vs (ﬁ\ffa Y mitosisd =L

Mitosis, or somatic cell division

— centricles centromere

nucleus

duplicated
chromosome

nucleolus - A spindle fibre

Prior to mitosis, each chromosome In early prophase the centrioles, In late prophase the centrioles and  The doubled chromosomes—
makes an exact duplicate of itself.  which have divided, form asters asters are at opposite poles. The their centromeres attached to the
The chromosomes then thicken and move apart. The nuclear nucleolus and nuclear membrane spindle fibres—line up at mid-cell
and coil. membrane begins to disintegrate. have almost completely disappeared. in metaphase.

cell membrane

In early anaphase the centromeres In late anaphase the chromosomes  The cell membrane completes At mitosis completion, there are

split. Half the chromosomes move have almost reached their respective constriction in telophase. Nuclear two cells with the same structures

to one pole, half to the other pole. poles. The cell membrane begins to membranes form around the and number of chromosomes
pinch at the centre. separated chromosomes. as the parent cell.
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Control of cell cycle
(The molecular basis for cell cycle regulation)

» A family of proteins called cyclins governs the transitionofa PGl der g J’interp‘r%asedl,}b e
cell from one phase to another. ‘/""'JZ:‘-%.'-’ Ol 0L GOY DS
Jsd zf* scell cyclePregulation

* The concentration of different cyclins increases & decreases G Olfs N das oS Zscyclins SLf)
during different phases of the cell cycle, and hence their name. oS 2055 phasedi Cyclin E it s
Loy S GUL A e

* The cyclins act by activating certain cyclin-dependent protein

kinases (CDKs) that phosphorylate substrates essential for the LA 10k ey clins ) dad
passage of the cell from one phase to another.

proteina? W e OlFsJ activation
A~ > (7/ lerskinases

s~ substancesd phosphorylation
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Cyclin Expression Cycle

Concentration

S Phase G2 Phase M Phase '



Cyclin

Cyclin binds to CDK

Cyclin

Cyclin/CDK complex
is phosphorylated

Cyclin

Activated CDK/cyclin complex
phosphorylates target protein

Cyclin

Activated protein advances
the cell cycle

b

v

CDK

- ._.

-f_
S
2\
- k!
Al
NG =
\ ¥y
o v

Phosphate-donating
protein

Target protein

Lo~ cyclind! S s o,
CDK (protein kinases)J! #
phosphorylation ~¢s ¢z
JIoos complexdi L)
phosphorylated complex
Jphosphorylation J

target protein




Control of cell cycle

* The cell cycle is initiated by the binding of a growth factor to growth
factor receptor on the plasma membrane of the cell.

* The growth factor receptor undergoes autophosphorylation on tyrosine
residues (have intrinsic protein-tyrosine kinases (TRKSs) in their cytosolic
domains) and becomes active protein tyrosine kinase that can catalyze
phosphorylation of certain target proteins (receptor substrates) on
tyrosine residues.

* Phosphorylated target proteins mediate an intracellular signal that
finally induces the production of cyclins.

cyclinsJ g+ 8 df"; _ W as cascade of phosphorylation J!
Y g- L pnosphory

Tyrosine kinase activity plays a crucial role in cell cycle regulation when growth factors hind to cell surface receptors. Upon binding, the receptors undergo

autophosphorylation, activating their intrinsic tyrosine kinase activity. This triggers a cascade of intracellular signaling events, ultimately influencing key regulators of

the cell cycle, such as cyclins and cyclin-dependent kinases (CDKs). These signaling pathways help regulate cell proliferation, differentiation, and survival.

R AN b p SN s s O b

§ cell cycle J A It oS Lol

& ¢ 42-91 &7 Growth Factordiar? Lt -LoA
J! uJ SuLolzsatd f’ & »»2»dlreseptor & a3
cell cycle

~& g-receptord! & GF Jy-r U
reseptor Jureseptor Y autophosphorylation
d~¢ U Tyrosine kinase activity o.cs 4.

-z p_tyrosine kinaseJ phosphorylation

JuLssubstrates phosphorylation °

activationJ'¢¥abl cascade —
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Control of cell cycfe

ggzlin D) increases late in the G1 phase. It activates and forms a complex with CDK4 and

rfl“het de 2hFosphorylated Rb protein binds to & inactivates a protein called transcription
actor E2F.

Thetcyclin D-CDK4/CDK6 complex catalyzes phosphorylation of the retinoblastoma (Rb)
protein.

When the Rb protein is phosphorylated by CDK4 or CDKG6 it becomes separated from E2F
which becomes now active.

E2F is required for the transcription of genes that code for proteins needed for progression
from G1 to S phase (traverse the G1-S restriction point).

K6 (these two kinases are also synthesized during G1 in cells undergoing active division).

hase gy phase ¢l oV ;(Vfu oS L;"/ Jeyclinsd eV g

Cycline Dependent # L:~= activation bl £~ Cyclin-D
Juis =& p_Kinases 2J/Js.9CDK-6 »CDK-4 ('lf Kinases
i 54 DL RNA » Ol £80 . GT L a I LG Lals GT )
(V-’u J KinasesJ' Js.9.

osk 1)1 W Retinoplastoma proteinas e ke

E2FJ o D E2F (‘V‘ 'transcription factors ¢ L2~

S UL b S G1 1w S ulze Active 15 oE A5

Inactive e e4e R2FJ! # Retinoplastoma protein

J sl Wl dephosphorelated ™ complex

& Cyclin-Dyi_ s, o2 cell cycled! 4.5‘” oles E2F

e eLARbF phosphorylation LY 12 s_ kinases !

activated ez GLIE2F JL 2 UE2FJI &2 s Active

b5 S phased Gl phased er iz v Lf 3 sli_ a2 s
it I s O G0 Ol A sld L |\

SHYG1J e
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late G1JLs#2» s Cyclin EJ' et cyclins ke

AE AL L A0 A CDK2J) & b2 05k Cyclin EJ

Control of cell cycle

Lire o cyclin Edb.... db ¢FLLgLs oo CDK2J1wv Gl Llo

L2 s oty JEL L) release L. CDK2J' »degradation

* Other cyclins CDKs are involved in different aspects of cell . i COK2Y iy (@ F £t 575 A L g0 L

cycle progression.

* Cyclin E & CDK2 forms a complex in late G1. atcomplexd L 4scyclin Adg”
» Cyclin E rapidly degraded, and the released CDK2 then forms DNA 57 P gl 006yl AU
d complex with CycC in A. S phased' Ssynthesis
* This sequence is necessary for the initiation of DNA synthesis .
in S phase. S o ke G2U! ALask! acyclin Bes? M cyclinolf
* The B cyclins are produced late in the G2 phase. mitosisd!dls S G2J
“* A complex between cyclin B & CDK1 is rate limiting for the Fasled complex i 93 CDK 1 & Lo gocyclin B
G2/M transition in eukaryotic cells. s Ly 5 09 265 L s mitosis Vs S G2 o 25 I

olze & Al dees_ BLsinterphase J! e Loy b mals

rate limitingJ' e complex J! o9 2= eld

Cyclin E joins with CDK2 to activate it. This activation of CDK2 is like a key unlocking a door, allowing the cell cycle to progress

from one phase to another. Although cyclin E is eventually degraded, its initial binding with CDK2 is necessary for the cell to

.move forward in its cycle. It's a regulated process ensuring that cell division happens at the right time and in the right way
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& LGy s L A olzs cell cyclediast LG

Re StriCtion P Oint J§ beascaded e a3 f’ ¢ astreceptord

phosphorylation

JIL cell cycledL agss 3

G1JI ALY » restriction point

U o 0K GFU wipa 1o S

Growth Factors S Hapg )l S L reseptor

act Prior to .
the Restriction Point g~ L cell cycle Jazl g £~k

e Wles) AL

cell! g e sVl bzt S0 azer eld olze
ook Ao G2 0 i cycle

* In the cell cycle there is a restriction point
(in late G1) at which the cells become
committed to enter the S phase and to
complete the cycle independent on the
presence of growth factors.

e If cultured mammalian cells are removed
from medium containing growth factors to
one lacking growth factors before they have
passed the restriction point, the cells donot |
enter the S phase.

(

. - 7
GF L b acb i) s o s GF L i ey Lits G 4 1l cell cycled'al’ ~gip L Lorol L UL

Srestriction pointd Lze LE A G0 GFLAL M i s Pls i ™) L Lo S

I
cell cycled! ;Vg& GFJl Lz ¥ sle \\ ‘
P12 UGF iz el olzs GT phasedl Vb osze LoV e 11 L i \\

S phase 1AL s cell cycled! ‘;VC(‘V“" bde@//GFd'v‘wrestﬂction point
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Cell cycle check points

* DNA, chromosome, chromosome segregation integrity is continuously monitored 2T (me s s
throughout the cell cycle in 4 check points. cell cycle JLA# Ll i

* DNA damage is detected in G1 & G2 phases. repairdf"" @AJJ;XQ}DNA damage 31 S G2UL 8w Gl JLow s

* Completeness of replication is detected late in the S phase. replicationd er S SdL

* Proper chromosomal segregation machinery is detected in the M phase. .y £ Centromeresdi LA spindlesJ s Ob s dlgzsh o2 S ML

* Cells will not progress through the phase of the cycle in which defects are detected. In
some cases, if the damage cannot be repaired, such cells undergo programmed cell death
(apoptosis).

g a1 144 check pointsd Wi cell cycledl Lo Lud Zf/
apoptosis (programed cell death) JLiL o2 il s Y

N




G2M
checkpoint:
Cell size
DNA replication

-

ONA Damoge + Cyclin A

Intra S-phase checkpoint:

Gz JI)G' J\,’ob)\'\‘_s"’;"& DNA damage
J\é\f_‘fi;; ‘q,()’qp @_,_, o DNA replication
DNA DMNQQ

Spindle assembly checkpoint:
Chromosome attachment
to spindle

G1 checkpoint:
Cell size
Nuntrients
DNA damage
Growth factors

VLS UL Sl L

G1 check pointdL
GFJer Sz




How’s our DNA?

Did all the chromosomes
get replicated correctly?
Is the DNA damaged?

Sl =212 Wis o)

Mitotic phase

|

G, checkpoint
\

G, checkpoint
(restriction)

M checkpoint I—» Formation
of 2 daughter

cells
How’s our chromosomal alignment?
* Did all the chromosomes line up in
the center of the cell, ready to be
pulled apart?

Are we ready to divide?
* |s the cell big enough?

1* Are there enough energy and other reserves?
* |Isthe DNA damaged?




Apoptosis — e Deodt

* Apo = off, ptosis = falling ,
genetic programsls L2 | ieds L

5 67 L Ls i v an ™ cell death

* The cells carry in their nucleus genetic program for cell death.d!
s« b «guicide that can be turned on to get rid of a specific |
cell, so it is called cell suicide or programmed cell oldturning ond” Lz addsl
death. LUself death 7 a1 45 (M1 th
A
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A-P OptO SiS Yapoptosisd! Lo b

dvfc a! Lz sreceptor mediated apoptosisL/~lai b s

It can be induced by several stimuli as follows:

“*Receptor mediated apoptosis results from the interaction of a
ligand with a specific transmembrane receptor, the most important Pezio-tiedl sigeling e ersendly oo sulbsiii:
are the Fas receptor and tumor necrosis factor receptor 1 (TNFR). | _.isuapoptosisdt ~esactivation of apoptotic proteins

Jas Lo~ INFR ' Fas receptors (‘l/d Icelld' ¢ reseptor

— L e SV ool
» Radiation, hypoxia, free radicals and chemical agents as
chemotherapy produce DNA damage. S i se s b ot o apoptosisd Lt AU
* These changes produce activation of p53 which produces arrest of
cell cycle and allows for DNA repair or activate the apoptotic
pathway through activation of the apoptotic gene i.e. Bax gene. w \‘

CDKsJ! Lig- SYIp21 2 g~ activationalrg v pd3 92 pd3 Hactivation ¢ £-DNA damage ¢ U

|

£~ damageJ o 19 repair M7 olze a5 <l SV 0B cell cycled) cad s~ elds skl phase o saw olzs by A LK (U Q ‘

bax genea~! Y Apoptotic gened e SV s )Zf"’z;#/damage Jog i b




BaxJ v cancer developmentdJgl s9 2 s mutation sl c— V122~ A bax gened v

A P O P tO S i S repair I ~sdamaged ¥ ¥ b damaged 4 ot BaskS~apoptosisJlsapoptosisJ 44

Il 15 cancerJislsdamaged cellsd Az £ ko bax Le by

* Loss of protein Bax function as a result of gene mutaftion is associated with

cancer development e.g. gastric adenocarcinoma.

. : : : 1 . : o4t B2 U s apoptosis ) Lt olf s SBax o
* Bcl-2 is an antiapoptotic protein that acts through binding with protein- * Pop '

Bax and produces its inactivation. inactivation a*sBaxd &

* Increased level of Bcl-2 is associated with cancer development.

vV

cancerH A~ 19 CE/ Bcl2 Ji ok -

* In normal cells, both Bax and Bcl-2 are present in balance (the ratio of

apoptosis inhibitors to apoptosis stimulators makes death decision). -l Bel2 1 sBaxd eV ork o Ui,

fytwﬁw%laaxwdi&apoptosisw L1 b ds N
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Apoptosis

Mechanism of apoptosis:

 Apoptosis is initiated by activation of certain proapoptotic protein factors that
results in the following cascade:

1. Release of cytochrome c from the mitochondria to the cytosol.

2. The release of cytochrome c produces an activation cascade that leads to
activation of caspases (group of enzymes that split cellular proteins).

—
* They derive their name from the “c” from cysteine amino acid present in the

catalytic site of the enzyme and caspase refers to their unique ability to cleave the
substrate after aspartic acid residue.

Q A S0 o L5 o LA

S =& ¢f-apoptosisdl S

J l,,..'f e release e bl

s - L4 *
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Apoptosis

. s : endonucleasesJ! 1225 #_ caspases !
3. Caspases produce activation of endonucleases that split & easp

DNA, termed caspase activated Dnase (CAD). caspases activated Dnase ﬂ/ﬂ)
DNAJI Aer oV y

* CAD produces a series of DNA fragments varying in length by
approximately 200 bp (nucleosomal fragments and their
multiplies), these fragments have characteristic ladder
appearance on gel electrophoresis (it is a diagnostic test).

200 LLeaeks S DNA fragments PR
§ A dE e s U0 5 5L EBP
¢ldas sl g gel electrophoresisd
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INTRINSIC PATHWAY OF APOPTOSIS

(Mitochondria Mediated Programmed Cell Death Pathway)

0
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apoptotic Factors
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Apoptotic Factors

Release o

Cytochrome ¢

Bax Mitochondrial membrane

Pro-caspase-9

Activation
f Procaspase-9
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Caspase-3

Pro- caspase

Activation of Caspase-3 by Caspase-9

-
S
::.C)/tachromec \""“‘§L @
O e APOPT().S’OM/ by by
x

Caspase@Le =
J Qbﬂb»b

’ f\; )X\

Vs>l bl
§ T Quprsss e
B ) \»ﬁﬂ"s‘-lk-" o
Copaas®

T

J

Sp\\'h'(\a ob P(o’n’e'l\& @
+

Newbis
endonucleases
Sp\\‘\—\-«'r\ta ob DNA

-




