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Forms of colorectal cancer

hereditary

Germline mutation in a
tumour suppressor gene



with polyps

no polyps

major hereditary colorectal cancer syndromes

Reminder:

Familial adenomatous

polyposis (FAP)

Attenuated FAP
MYH polyposis

HNPCC or Lynch
syndrome

APC

MYH

MSH?2 or

MLH1 or
MSH6 or
PMS2

>100 polyps (adenomas) in the colon detectable in
second decade of life;
autosomal dominant inheritance

20-100 polyps in the colon,

~10 polyps in the colon, recessive inheritance of
mutated DNA glycosylase in Base Excision Repair

- no polyps formed;

- high frequency of DNA sequence mutations;

- most common hereditary colon cancer syndrome,
- can also cause endometrial or ovarian cancer;




Forms of colorectal cancer

A heterogeneous disease:
challenge and opportunity



Anatomical stages of colorectal cancer ‘

Treatment by surgical removal

Treatment by surgery with partial
colectomy after neoadjuvant
chemotherapy (to shrink tumor size)

Excision djiring
Serosa colonoscopy

Muscle wall

Mucosa == partial colectomy followed

by adjuvante chemotherapy

Stages of colorectal tumour development



‘ Chemotherapy options for colorectal cancer ‘

commonly used regimens:

Side effects
FOLFOX (leucovorin, 5-FU, and oxaliplatin)

FOLFIRI (leucovorin, 5-FU, and irinotecan) l

CAPEOX (capecitabine and oxaliplatin)

Targeted therapy or
Precision medicine or

FOLFOXIRI (leucovorin, 5-FU, oxaliplatin, irinotecan)

5-FU: (5-fluorouracil- anti-metabolite) Personalized medicine

decreased dTTP levels lead to FAUTP
incorporation during DNA replication Oxaliplatin: DNA alkylating
agent (DNA damage)

Leucovorin: Folinic acid, stabilizes 5-FU
binding to thymidylate synthase Irinotecan: Topoisomerase |
inhibitor (DNA replication)

Capecitabine: 5-FU precursor

(Check 14 min-video animation- DNA damage exploited by chemotherapy agentes from lecture 7-DNA repair)



90% sporadic

targeted therapy design:
based on understanding the molecular
subtypes of sporadic colorectal cancer




The classical model of clonal selection
In colorectal tumorigenesis

Gene 1 Genes 2,3 Genes 4-6

MUucCOoSa S adenoma carcmoma “:> metastasis

o

eloolelo/olelo)

Accumulation of genetic changes in a cell



In the early days...

. . DNA
in sporadic CRC and FAP hypamethylation
activation loss of
of K-ras 18q TSG ?7?
loss of APC l l loss of p53
normal hyperplastic _V_~ early—intermediate + late l R Ear o invasion &
epithelium epithelium adenomas metastasis

Fearon and Vogelstein, A Genetic Model for Colorectal Tumorigenesis, Cell 61, 759-767|(1990)

BO
L2 [J 0 Alterations
N 1 Alteration
E o [ 2 Alterations
08 601 B 3 Alterations
2 g I 4 Allerations
£ -E‘ 3 2
“...Thus, most colorectal 2o a0
carcinomas probably arise §§ -
from a minimum of five s 11
. . o0 = HE
genetic alterations.... &= HHE
N B 3 g
Early intermediate Late Carcinoma
Adenoma Adenoma Adenoma 10

Figure 11.10 The Biology of Cancer (© Garland Science 2007) Type of Tumor




APC tumor supressor gene controls the transcriptional cofactor p-catenin

a Wnt OFF b Wnt ON

Important in adult colon
(wnt)  stem cell niche

Wnt signaling

Wnt/B-catenin
pathway

-Catenin
Cytoplasm /

B-Catenin
CF. CFl ¢-MYC c-Jun CCND1 EGFR
LEF LEF LGR5 CD44 CD133
Nucleus y
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B-catenin/Wnt signalling and colon crypt organization with stem cells:

xion
Goblet Ende - “SiO‘ma
Apoptotic i .‘ "xa
ceII shedding ma\‘g“a“
fov 0 .
Surface / ( ;> \b\e °g Differentiated cell types
[D " SusceSnpt::uon kl]\/ I]\ DTD
“\,\m\’\‘“ sone e e B
CQ\\U\a‘ < \ / ! Proliferative
Transit N Vi progenitor
amplifying cells
compartment '\ /‘
Crypt Stem cell
niche __\\iN ""“/L{l Stem cell
B NN S‘ na Paneth-like WNT signallin
\NN niche cell . :

Pereira et al. (2016) Cell. Mol. Life Sci 73, 3971-89
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Hans Clevers lab- Utrecht

The Intestinal Crypt:

APC Loss and Adenoma Formation




STEM CELL highly
COMPARTMENT transit-amplifying  differentiated cell
cells cells death

—>t — @ Stem cell biology and cancer stem cells
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beyond APC...

molecular subtypes
of sporadic colorectal cancer-



Genetic heterogeneity In sporadic CRC

@ kit MicroSatellite Instability

Microsatellites are
Colorectal

cancer non-coding genome regions

enriched in mono- or di-
MSS or

8o%  MSI-L ™ nucleotide repeats

prone to slippage errors during
replication

Adapted from Brenner et al Lancet 2014



Mismatch error recognition

base-base| [; == . —
insertion - deletion mispair

dT

1 base loop 2-4 base loop

Error repair

TR — |

l MSH2-MSH6 , MLH1-PMS2
Exol. RPA

_/—
T N —

l Polymerase

Y a——————————
DNA MMR gene T\ —— —

l Ligation and Re-replication

mmmsm) Mutated in hereditary colon cancer

mmmm) Gene silenced in sporadic MSI-CRC ) _
L
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.what happens in microsatellites also happens genome-wide,
therefore also in coding sequences of some tumor supressor genes

Nucleotide repeats:
GGG- Gly
CCC- Pro
AAA- Lys

p.E384fs

BAX

MSHE

TCF7LZ

-AATGGEGGEGGEAGSE-- (G)8
l +1 base
~AATGEGEGEGEEEGAGG-

—ATACCCCCCCCTTC-- (C)8
l -1 base
—~ATACCCCCCCTTC--

—~GAGAAAAAAAAAGT G- (A)S
l, -1 base

-~-GAGAAAAAAAAGT 5--

p.E125fs

TGFBRI

~-AGGAAAAAAAAAAGCC— (A)10

l —1 base
--AGGAAAAAAAAAGCC--

TGF- is a growth-inhibitory
signal for normal epithelial cells
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Designations

Normal counterpart:

Microsatellite instability (or MSI), Microsatellite stability (or MSS),
Mismatch repair deficiency (dMMR), Mismatch repair proficiency (pMMR),
DNA sequence instability, DNA sequence stable

Mutator phenotype,

High tumour mutation burden > 10 mut/mb Low tumour mutation burden ~1 mut/Gb

19



Microsatellite instability (or MSI)

in ~15% of CRC

Colorectal cancer subtype

HNPCC or Lynch
syndrome

Gene —MSHZ
mutation [MLH1

39 MSHG6
(Lyn:i 1e) 0 -PMSZ Stable
SLCEC 12% karyotype
{(MLHT hypermethylation) M I_H 1
Promoter
methylation
Chrom.
Loss of gains/
tumour suppressor | [FREEEES CIN
o (5q, 18q’ Chromosomal
gene expression 17p) instability
MMR Type of MMR Karyotype

status deficiency
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CIN and chromosomal alterations affecting gene dosage

Whole chromosomal Segmental
aneupI0|dy aneuploidy

c.iem!_III II II II
A B B

duplication translocation Chromosome loss

CNV



15% %
> MSI-H— 2
| 12%
84%
Colorectal 4
cancer
MSS or
85% MSI-L | CIN
1% FAP

- - --a
-

Molecular genetics of colorectal cancer subtypes

adapted from : Brenner et al Lancet 2014

Partial overlap
of MSI and CIMP
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CIMP- CpG island methylator phenotype
© Methylated

ﬁ Gene Expression
CpG Island Gene I |

* Gene Expression Repressed

CpG Island

CIMP= Genome-wide epigenetic imbalance;
Eventually affects promoters of tumour supressor genes,
such as p16INK4a, hMLH]1, ...

23



15% % Lynch syndrome
> MSI-H— 3 A A
‘ 12% Sporadic
84% Sporadic
Colorectal 4 Po
cancer
‘ MSS or
85% MSI-L | CIN
1% FAP

N )

Oncogene

mutations
I

- - -- “h M-
-

Molecular genetics of colorectal cancer subtypes

adapted from : Brenner et al Lancet 2014

Correlation with
mutated oncogenes
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activation of
KRAS and BRAF oncogenes
in colorectal cancer



KRAS and BRAF oncogenes encode proteins
of the MAP kinase pathway

Cell membrane

receptor

Tyrosine kinase
GE

Cytosol P MAP protein kinase cascade

Small GTPase
“Molecular Switch”

T

nucleus

Cell proliferation
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Major oncogenic mutations affecting MAPK signalling in CRC

Oncogene

Mutated mutations

Gene effect ——
in % CRC BRAF KRAS

KRAS | 32-40% |Activating KRAS mutation in codons 12, 13 or 61 . Tl M
that activate the MAPK and PI3K pathways.

BRAF 15% | Activating BRAF mutations (V600E in 95%) activate 1

MAPK but not PI3K pathway

KRAS mutations are mutually exclusive with BRAF mutation!

Lancet Oncol 2011; DOI:10.1016/S1470- 2045(10)70209-6



CRC classification:

Localization
in colon

d
Polyp
of orgin —

- Pathology

= Genome

= @Genes

RAS/RAF KRAS
mutatio 1

[ T ‘

0 50 100 %

Matos 2016, BBA-Rev Cancer 1866:51-63 percentage of all sporadic CRC cases
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Adenomatous polyp

Sessil serrated polyp

29



Localization
in colon

Polyp
of origin

Karyotype

DNA sequence

stability

CpGisland
methylation

CRC classification:

d

RAS/RAF
mutation

proximal

stable

Matos 2016, BBA-Rev Cancer 1866:51-63

100
percentage of all sporadic CRC cases

Pathology

Genome

Genes

%



Personalized therapy in sporadic CRC:

Routine genetic testing of tumours for
KRAS and BRAF mutations
to indicate primary resistance against EGFR therapy




EGFR group (cetuximab) KRAS group BRAF group
~10% Anti- ~30% ~15%

(f\ \/R’ \/\/

membrane

membrane

receptor @ &
EGFR

Kinase
Inhibitors

(gefitinib)




The RAS GTPase cycle

GEFs

=P signalling s
Mutant RAS BRA to MAPK

Inactive . actlve

GAPs

Most frequent mutations:
Gly12 — Val, Asp — impair GAP-binding ~ Cell
and subsequent GTP hydrolysis proliferation
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KRAS group
KRAS mutations in CRC ~30%

KRAS mutations in "'3(I)% of sporadic CRC cases Anti-
EGFR

\d

membrane

’ per Codon:
G12: 70%, G13 (25%) and Q61 (1%)

In Codon 12:
G12D (36%), G12V (28%) , G12C (5%)

KRAS inhibition:

G12S

-No general inhibitors
found or approved;
-Recently mutation-specific
drugs were identified

Colorectal cancer

https://www.mdpi.com/2072-6694/13/23/5956
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https://www.mdpi.com/2072-6694/13/23/5956

* Inhibitors that form a covalent bond with cysteine, locking KRAS in
the inactive state; approved in lung cancer with G12C mutant;
* Inclinical trials: G12D inhibitor MRTX1133 in pancreatic cancer

AMG-510= Sotorasib,
MRTX849= Adagrasib

Others

in codon 12 mutated CRC cases:

G12D=36%, G12C = 5%

G12R Others

G12S
G13D

G13C

NSCLC Colorectal cancer Pancreatic cancer

https://www.mdpi.com/2072-6694/13/23/5956



https://www.mdpi.com/2072-6694/13/23/5956

Response rate to monotherapy
with KRAS G12C-inhibitors
in patients with lung cancer

30-40%
with approximately 6-month
progression-free survival

then:
Resistance developed

Cancer Discov 2021;11:1913-22
doi: 10.1158/2159-8290.CD-21-0365

C RTK Observed genetic changes
| after resistance

nsa o
KRAS Y96D NRAS Q61L
Cis*
KRAS G12F*
_— BRAF V600E
KRAS G12V
KRAS G13D

MAP2K1 K57N
MAP2K1 Q56P

Evolutionary concepts: MAP2K1 E102_1103 del

Selective pressure,
Survival of the fittest

v

Proliferation and Survival

36



YV V

Resistance to anticancer drugs

Primary resistance:

tumour-intrinsic, i.e. resistance factor already present prior to treatment:
inherent genetic mutations

tumor heterogeneity
presence of cancer stem cells

Acquired resistance:

adaptive response induced during the treatment of tumours that were initially
sensitive

Activation of alternative genes or cellular pathways to overcome inhibitor action;
Expression of drug-eliminating transport channels (multi-drug resistance ABC
transporter proteins) or drug-oxidizing enzymes (cytochrome P450)

o

AZ,\"/,\"/,\

wcleus
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~— . BRAF group
oogere | BRAF mutations ~15%
BRAF_KRAS Kol

i-‘ * 90% are BRAF-V600E mutation; \/

membrane

* presentin ~15% of CRC (frequent
in melanoma and thyroid);

e activates catalytic kinase domain
independent from KRAS

BRAF kinase inhibitors
* Promising as monotherapy in
melanoma




Ag 2 A 38+earold man with BRA~
mutant melanoma and miliary, subcutane-

ous metastatic deposits. Photographs were
taken (A) before inmtiation of PLX4032, (B)
after 15 weeks of therapy with PLX4032,
and (C) after relapse, after 23 weeks
of therapy.

before treament week 15 weak 23 .



o BRAF
BRAF mutations . e

Anti-
EGFR

Ny

membrane

W

doi:10.1038/nature10868

eedback
reactivation
via CDC25
phosphatase
ahibition

s
BRAF kinase inhibitors
* Promising as monotherapy in MEK inhibitors
melanoma, but not in CRC; MEK
* Feedback reactivation of EGFR ERK

occurs in CRC;

* Currently combination therapy NZN\YZ\7.\
with anti-EGFR and MEK inhibitor = e

40




Oncogene

mutations
NG

N

27

No mutations in
KRAS or BRAF

41



HER?2 group

504 Anti- ErbB-1= epidermal growth factor receptor (EGFR)

: trastuzumab
EGFR (cetuximab) ( ) ErbB-2= HER2 (neu in rodents)

Anti-
HER?2 ErbB-3= HER3
ErbB-4= HER4

HER?2 HER2 overexpression/gene
amplification in CRC:

membrane

@ERZ
Receptor

heterodimer |_|

Receptor
homodimer

(lapatinib)
RTK * 3-5% of sporadic MSS
inhibitors distal CRC;

* Increased affinity to EGF

oy forming EGFR-HER?2

neterodimers;

* Escape from standard
anti-EGFR therapy

Doi: 10/1016/j.currproblcancer.2023/100960 42




““mabs” “tinibs” Ras-MAPK Pathway inhibition

Cetuximab (Erbitux) N \/ Ex. Erlotinib

(" 40-80% Lung Cancer
14-91% Non-small cell Lung Cancer EGFR
27-77% Colorectal Cancer

b 30-50% Pancreatic Cancer

G =

1
f90% Pancreatic Cancer |
60% Thyroid Cancer (Papillary) \ H-Ras

50% Colon Cancer, Endometrial Cancer ~  K-Ras
30% Lung Adenocarcinomas il
\_30% Myeloid Leukemias l -Ras

[ 70% Melanoma — B-Raf __ vemurafenib

50% Thyroid Cancer (Papillary) (V600E) (Zelboraf)
10% Colon Cancer “fenibs”

- / Binimetinib

ERK1/2

~ /
Y -

i SIS

8-min video animation MAPK Pathway and Cancer https://www.youtube.com/watch?v=NIFDea3ig7A



Understanding
signalling to

develop targeted
therapy for
colorectal cancer

MAPK
Pathway

‘4
« @& \.

PI3K has a

I Y Y
fuarz) i
l 1 i
.\ 4 4

Cell growth, proliferation and survival
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Oncogenic mutations affecting PI3K signalling in CRC

Gene

Mutated
in % CRC

effect

PIK3CA

15-18%

PIK3CA =p110a isoform; Gain-of-function mutations

- either exon 9 (60—-65%) (E542K, E545K), affect helical domain,

require activation by direct interaction with RAS-GTP, but no longer by the p85
regulatory subunit;

- orexon 20 (20-25%) (H1047R); activates kinase domain,

require activation the p85 regulatory subunit, but do not respond to RAS-GTP

PTEN

19-36%

PTEN tumour suppressor lost through:

- mutations in PTEN (5%), especially in tumours with MSI high),

- Deletions of chromosome 10923 (23%),

- hypermethylation of the PTEN promoter (9% in CRC with MSI high vs-2% in
MSI low).

Loss of PTEN has been found to co-occur with KRAS, BRAF and PIK3CA mutations

KRAS

32-40%

Activating KRAS mutation in codons 12 or 13 can directly activate PI3Ka.

Lancet Oncol 2011; DOI:10.1016/S1470- 2045(10)70209-6
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Using gene expression profiles to classify colorectal cancer
four consensus molecular subtypes (CMSs)

CMS1 CMS2 CMS3 CMS4
MSI immune Canonical Metabolic Mesenchymal

14% 37% 13% 23%
MSI, CIMP high, , Mixed MSI status, :
hypermutation SGNA h'ghsomaﬁc SCNA lew—CIMP low SGNAhigh
o ' ' ' copy-number ' S Q
BRAF mutations al?grglt:\lons= KRAS mutations
Immune infiltration WNT and Metabolic S_,rtglr:n g';g::t;?it:;n’
and activation MYC activation deregulation . g
PG, angiogenesis
Worse survival prived Worse relapse-free
after relapse and overall survival

+ Mixed features
13%

doi:10.1038/nm.3967
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Using gene expression profiles to classify colorectal cancer
Four consensus molecular subtypes (CMSs)

Cancer Cell
14% frame sh[i)f':,:nutations A\[MYA
MSI| CIMP high, —.Neoantigen formation e N AV A A AN AT YA
hypermutation RNA QC: NMD ANNY //\ MAAY i
BRAF mutations Neoantigens are tumour- WY ap,
. o . . FS tail, often unfolded P % 0P, ‘d e,
Immune infiltration specific antigens derived proteinc: Ups 7 | 5PN,  cagiagaie
and activation from mutated proteins T \\
........ NOTSRI—_
_ H FS epitope ﬁ — ﬁ .....
Good prognosis except when frame-shift cmesncisg) \
after relapse mutations occur in the -
. . DNA of tumor cells |
High tumour mutation burden %P %2%  WT protein O®  WT epitope
Protein with FS tail O@ FS epitope

=) immunotherapy
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Molecular/genetic subtypes
of sporadic colorectal cancer
exist and offer
an opportunity
for patient-tailored targeted therapy

Compare to breast cancer:
ER/PR-positive, HER2 positive, Triple negative BC



