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Proto-oncogenes vs. Tumor suppressor genes
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Proto-oncogenes vs. Tumor suppressor genes

 Some are altered in a restricted set of tumor types

— e.g., the APC (adenomatous polyposis coli) tumor suppressor
in colorectal carcinoma

e Others are altered in a broad spectrum of tumor types
— e.g., p53 tumor suppressor and the Ras proto-oncogenes

* The importance of tumor gene “pathways”
— the Rb and p53 pathways



Proto-oncogenes vs. Tumor suppressor genes

A proto-oncogene promotes cancer when its
function is malignantly activated

— An activated proto-oncogene contributes to
tumorigenesis by "gain-of-function”

— Thus, an activated proto-oncogene is genetically
dominant at the cellular level
* an activated oncogene can elicit a new phenotype

(tumorigenesis) even in the presence of the
corresponding wild type allele



Proto-oncogenes vs. Tumor suppressor genes

Methods of Oncogene Activation in Cancer

Transformation
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* c-Myc gene translocation in Burkitt’s lymphoma



Proto-oncogene mutations in Melanoma

Estimated New Cases

Prostate 288,300 29%

Lung & bronchus 117,550 12%

Colon & rectum 81,860 8%

Urinary bladder 62,420 6%
Melanoma of the skin 58,120 6%
Kidney & renal pelvis 52,360 5%
Non-Hodgkin lymphoma 44,880 4%
Oral cavity & pharynx 39,290 4%
Leukemia 35,670 4%

Pancreas 33,130 3%

All Sites 1,010,310 100%

Cancer statistics, 2023

Females

Breast 297,790 31%
Lung & bronchus 120,790 13%
Colon & rectum 71,160 8%
Uterine corpus 66,200 T%
Melanoma of the skin 39,490 4%
Non-Hodgkin lymphoma 35,670 4%
Thyroid 31,180 3%
Pancreas 30,920 3%
Kidney & renal pelvis 29,440 3%
Leukemia 23,940 3%
All Sites 948,000 100%

Cutaneous Melanoma: TCGA
n=331

Unknown KIT: 8%
SF3B1: 7%

BRAF
52%

NRAS
28%

Nassar et al., 2020



BRAF V600 mutation in melanoma cells
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BRAF V600 mutation in melanoma cells

Normal cells
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Normal cell
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BRAF mutation Treated with BRAF inhibitor
(Response rate >50%; Response duration: ~6 months)
RTK 38-year-old man with BRAF-mutant melanoma
(RAS)

BRAFV6E  |— BRAFi
- Vemurafenib

- Dabrafenib

MEK1/2 ) = MEKi
- Cobimetnib
(ERK12)

- Trametinib

~ Wagle et al., 2011
(CDK4/6)

@S/clin f)/)
About 40% of patients develop resistance
to BRAF/MEK inhibitor within a year.



RAS is one of the most frequently mutated genes in human cancers

Diverse RAS mutants:

~ o OI cancers D.
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Colorectal £ G12v
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Amanda R. M., et al., 2020



Proto-oncogenes vs. Tumor suppressor genes

A tumor suppressor gene promotes cancer
when its function is malignantly inactivated

— A tumor suppressor contributes to tumorigenesis
by "loss-of-function

— In most instances, an inactivated tumor suppressor
gene is genetically recessive at the cellular level.

* |t will not promote tumorigenesis in diploid cells unless
the other (wildtype) allele is also lost or inactivated

* Some exceptions:
— dominant-negative p53 mutations
— “haploinsufficient” tumor suppressor genes



Proto-oncogenes vs. Tumor suppressor genes

* |n this lecture we will focus on...

— the retinoblastoma susceptibility (Rb) gene

— the p53 tumor suppressor gene
* Genetic properties
* Biochemical functions of their protein products

* the p53 and Rb tumor suppressor “pathways”



Pitolli et al., 2017

po3 is the most frequently mutated gene in cancer
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The p53 gene

p53: A TUMOR SUPPRESSOR GENE ? (VI)
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http://p53.fr/

Retinoblastoma cancer

* Retinoblastoma is a rare type Healthy eye Retinoblastoma
of eye cancer that primarily . i
affects young children,
usually before the age of 5.

Fovea
v centralis

\

4 \
Blind spot

* |t originates in the retina, the
light-sensitive lining on the
inside of the eye.



The Retinoblastoma (Rb) gene

* Cytogenetic abnormalities of chromosome 13:
— interstitial deletions of variable length
— always involve material from chromosome band 13q14
— Sporadic patients: deletions in tumor cells only
— Familial patients: deletions in both tumor & normal cells

* |s Rb susceptibility due to genetic loss at 13g147

O If so, then the two mutations required for retinoblastoma might
represent inactivation of both alleles of a single gene at 13q14



sporadic
retinoblastoma

genotype of
fertilized egg
mutant =» : .
Rb allele
| [
first somatic mutation
- mutant =
Rb allele
mutant
Rb gene
alleles

two

mutant
Rb gene
alleles

unilateral
disease
Copyright © 2023 W. W. Norton & Co., Inc.




Mechanisms for inactivation of the second Rb allele

in familial patients
de novo
Rbm1@ i Rpm2 mutation

gene
Rb™ conversion

Rbm1

chromosome
/> Rpm1 loss
Rbm1
chromosome
chromosome 13 \ Iogfs
1 1
maternal Rb™ Rb™ reduplication
&
paternal
homologues

aXP4 (XX




E2F transcription factors

 The E2F family is a group of transcription factors that play
an important role in regulating the cell cycle.

* G1/S transition is mediated by the E2F family of
transcription factors

* E2F binds the promoters of genes required for cell cycle
progression (G1/S transition and S phase).

E2F ) ON

Expression of cell-cycle proteins



Some S phase genes regulated by E2F

S phase gene

Function

* thymidine kinase

* DHFR (dihydrofolate reductase)
 DNA polymerase o

* ORC1

* histone H2A

 cyclinE

e cyclin A

nucleotide synthesis

o o

DNA replication
o (o
chromosome assembly

cell cycle progression

o o o



Quiescent cells

 Hypophosphorylated Rb binds promoter-bound E2F

Rb inactivates transcription by E2F
* S phase genes are repressed
G1/S transition is blocked




Rb is regulated by phosphorylation

p-Rb
(S807/811)

Rb

Merge

B-actin

Time since mitogen stimulation (hr)
0 6

Kim et al., 2022



CDK4/6 phosphorylates Rb, liberating E2F

* CDK4/6-cyclin D phosphorylates Rb
 Hyperphosphorylated Rb dissociates from E2F
e E2F activates transcription of S phase genes

e Cells enter S phase

- FoY”
OFF %\\c EZF%E)O

AV aan Y1,



The G1/S checkpoint in cell-cycle entry

A window of mitogen requirement in G1
(The restriction poin)

Mitogens |

DNA synthesis

Pardee et al., 1974



Bistability in cell-cycle entry?

Monostable system Bistable system

Output

~——  Proliferation

Output

A—— Quiescence

Time Time

Cell-cycle entry

GO/Early G1 Late G1 S

Q6
Mitogens —p»—p- (cyclin D) — @ Ro @ —] cyclin E  —»—» DNA synthesis
CDK4 TH0 CDK2

L |

Hinds et al., 1992; Lundberg et al., 1998; Harbour et al., 1999; Yao et al., 2011,



Bistability in cell-cycle entry?

R point
Mitogens
CDK4 | -
) 4
CDK2

DNA synthesis




Fluctuation of cyclins

cyclin B nuclear D1 cyclin E cyclin A

IDONENNOEDE 6 IO oNam>»

R point



Cyclin B protein expression

Cyclin Expression Cycle

T =00:00 (hr:min)

N

Cyclin B1

Concentration
@
8
)

G1 Phase S Phase G2 Phase M Phase

From “Control of the cell cycle: Figure 2”




Diverse signaling pathways regulate CDK4/6 activity

Diverse signaling pathways

JS

(Cokase ) PP

cyclm D P P
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Diverse signaling pathways regulate CDK4/6 activity

Hormone
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CDK inhibitor proteins

(A)

p16INK4A Cj p27Kip1
15|NK4B
18/NK4C h—

p19INK4D o p21Cip1

I
L 1
d DD

D-CDK4/6 E-CDK2  A-CDK2




CDK inhibitor proteins

INK4 (Inhibitors of CDK4) Family:
p15, p16, p18, p19
These proteins are composed of multiple ankyrin repeats
and bind only to CDK4/6

(Inactive) (Active)
cokae MO CDK4/6

| cyclin D

e

7))

el

(@]

|



CDK inhibitor proteins

CIP/KIP (CDK interacting protein/Kinase inhibitory protein) Family:
 p21, p27, pd7
*  Members of the CIP/KIP family bind to and inhibit the active
cyclin/CDK complex

(Inactive) _ (Active) (Inactive)
CDKA4/6 Mitogens ‘cpka/g:  €-9- Stress, eic CDK4/6
cyclin D cyclin D

P21



Regulation of CDK4/6 by cyclin D and p21

Stoichiometric competition
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Mltogens Stress
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Competing mitogen and stress signaling control cell-cycle entry

(Inactive)
CDK4 Proliferation Quiescence
Cyclin D (CDK on) (CDK off)
P27
iT Cell density Pack et al., 2019; Fan and Meyer., 2021
(Inactive) (Active)
Mitogens

—) (CDK4/6 ) .
( R h t
CDK4/6 — b —>-> - CDK2 ->-> S phase entry

Ti Stress

(Inactive)

CDK4/6




The role of CDK4/6 in cell-cycle entry

Cell-cycle entry

GO/Early G1 Late G1 S

Q6
Mitogens —p—)- — @ Rb @ — ‘cyclinE' > DNA synthesis
TP ook
T |

Hinds et al., 1992; Lundberg et al., 1998; Harbour et al., 1999; Yao et al., 2011;
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The role of CDK4/6 in cell-cycle entry

Chung et al., 2019
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The role of CDK4/6 in cell-cycle entry

Time since mitogen release
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Direct inactivation of Rb in tumors

— Rb gene deletion (occurs in retinoblastoma)
— point mutations in the Rb pocket (in retinoblastoma)

— occupancy of the Rb pocket by early proteins of DNA
tumor viruses

* human papilloma virus (HPV), the main etiological agent
of human cervical carcinomas

* HPV encodes two proteins required for tumorigenesis
e E7 binds the pocket of hypophosphorylated Rb
* Deregulation of E2F (and the G1/S transition)



Indirect inactivation of Rb in tumors

e overexpression of cyclin D1
— breast cancer, B cell lymphoma

* |oss of p16, an inhibitor of Cdk4

— many human cancers

* inherited point mutation in Cdk4 that renders it
insensitive to inhibition by p16

— familial melanoma

» Inactivation of the Rb pathway occurs in many
human tumors!



Rb-dependent and -independent cell-cycle entry

Melanoma (WM858)

Cervical cancer (HelLa)
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CDK4/6 is a promising target in breast cancer

Cyclin D overexpression
in >50% breast cancer Cell proliferation

*
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Live-cell sensor to monitor individual cell proliferation

Cell proliferation

M|togens
CDK2
CDK4/5 , Kinase Translocation Reporters (KTRs)
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Individual cell tracking

Live cell imaging in
Highthroughput manner

Cell tracking & Classification of cell behavior

Time 0
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Drug-tolerant persister cells

Drug-tolerant
Drug-naive cells persister cells

Rapid adaptation

Drugs (non-genetic)
e e
—

Reversible

—
—
Reversible

Resistant clones




Drug-tolerant persister cells

Drug-naive cells Drug-tolerant persister
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Drug-tolerant persister cells
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Alternative pathway for Rb inactivation

Kim et al. 2023; Zhang* and Kim* et al. 2023

Canonical pathway Non-canonical pathway
CDK4/6i
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CDK4/6 inhibitor treatment results in Rb-protein reductions

MCF-7 MDA-MB-231
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Rb-protein reductions are reversible in established CDK4/6i
resistance

. Proliferation Drug-tolerant

persister cells Resistant clones

MCF-7 MDA-MB-231
Drug- Palpo- Drug- Palbo-
naive  resist ! naive resist
RD | p— Rb |ppe— g

GAPDH | GAPDH |y ‘Sy—




Reduced Rb protein levels in a breast cancer mouse model

Drug-naive MCF-7
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Rb-protein reduction in patient samples

Rb staining
Pre-teatment

Post-treatment

Rb protein
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Sequential regulation of E2F activation

o ([ CDK2 Cell proliferation
CDK4/6 ’Cyclin E/A"' > (Drug resistance)
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Upregulation of
mitogenic signaling
(e.g. ESR1 and PIK3CA mutations,
PTEN loss, and FGFR amplification)



Induction of c-Myc expression facilitates CDK4/6i-tolerant persisters

MCF-7 + c-Myc
CDKA4/6 activity CDK2 activity Cdt1 degron
Palbo 0.1 04 0.7 Palbo 02 10 1.8 Palbo 0 250 500
| e | Bl EE ]

x10° Y.

Control

Number of cell

R —— —
0 12 24 36 48 0 12 24 36 48 O
Time since drug addition (hr)

12 24 36 48

Non-persisters (66%) Persisters (34%)

MCF-7 + c-Myc
Palbo CDK4/6 activity Palbo CDK2 activity pPalbo  Cdt1 degron
+Dox 01 04 0.7 +Dox02 1.0 1.8 +Dox O 250 500
)

x10° Y. Y, —

(e}

c-Myc induction

Number of cell

\V]

________________

04— = =
0 12 24 36 48 0 12 24 36 48 0 12 24 36 48
Time since drug addition (hr)

Non-persisters (24%) Persisters (76%)



Rb and c-Myc levels in pre-treatment samples and PFS
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c-Myc High

Rb Low
c-Myc Low
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c-Myc amplification status in pre-treatment samples and PFS

100 +
80
S Adjusted by hormone therapy alone
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Basic cell-cycle regulation

Kim et al. 2023; Zhang et al. 2023;

. Mitogenic
cmf/ei Non-canonical pathway signaling
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Continuing CDK4/6i beyond progression?

Percent alive and progression-free
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The benefits of CDK4/6i maintenance beyond disease progression
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The benefits of CDK4/6i maintenance beyond disease progression
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The benefits of CDK4/6i maintenance beyond disease progression

Cell-cycle phase sensor (Cdt1 degron)
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The benefits of CDK4/6i maintenance beyond disease progression
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The role of CDK4/6 beyond the restriction point

Article

Loss of CDK4/6 activity inS/G2 phaseleads
tocellcyclereversal

Received: 9 September 2022

https://dol.org/101038/541586-023-06274-3  James A. Cornwell’, AdrijJana Crncec', Marwa M. Afifl', Kristina Tang', Ruhul Amin' &

Steven D. Cappell'™

Cornwell et al. 2023
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The role of CDK4/6 beyond the restriction point

CELL CYCLE

CDK4/6 activity is required during
G, arrest to prevent stress-induced
endoreplication

Connor McKenney, Yovel Lendner, Adler Guerrero Zuniga, Niladri Sinha,
Benjamin Veresko, Timothy J. Aikin, Sergi Regot*
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Whole-genome duplication

Kim et al. 2025
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Consequences of WGD
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Targeted therapeutic strategies for TNBC

100,000 Women, SEER 21 2013-2017

HR+, HER2- : ~70%

HR+, HER2+ (~10%)

HR-, HER2+ (~4%)

Receptors

HR: Hormone receptors
(Estrogen, Progesterone)
HER2: Human epidermal
growth factor receptor 2

Unknown (~6%)



Targeting RNA polymerase |l activity

Mitogenic
Non-canonical pathway signaling
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Lin et al., 2012; Nie et al., 2012; Rahl et al., 2010;



Targeting RNA polymerase |l activity by CDKY inhibitors
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Dual targeting CDK4/6 and CDKY activity (TNBC cell lines)
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Dual targeting CDK4/6 and CDKY activity (patient-derived organoids)
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Upregulation of immune-related pathways
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Dual targeting CDK4/6 and CDKY activity (in vivo models)

P <0.01, ** P <0.001, *** P < 0.0001
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Impact on the tumor microenvironment
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Impact on the tumor microenvironment
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Impact on the tumor microenvironment
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Impact on the tumor microenvironment
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Impact on the tumor microenvironment
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New Therapeutic strategy based on basic cell-cycle studies

Kim* and Son* et al., 2025
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Hallmarks of cancer
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Cell cycle regulation

CDK4/6-dependent pathway
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Any questions?
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