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Cancer Research:
Sequencing the Human
Genome

BEODEZHMBICIE
RENATO DULBECCO ’7"‘/.&2%’2%}%]&6;2\;75?&,5 o

If we wish to learn more about cancer, we must now concentrate on the cellular genome.” Nobel laureate Renato
Dulbecco penned those words more than 20 years ago in one of the earliest public calls for what would become
the Human Genome Project. "We are at a turning point,” Dulbecco, a pioneering cancer researcher, declared in
1986 in the journal Science. Discoveries in preceding years had made clear that much of the deranged behavior of
cancer cells stemmed from damage to their genes and alterations in their functioning. ”“We have two options,” he

wrote.
"Either try to discover the genes important in malignancy by a piecemeal approach, or ... sequence the whole

genome.” U
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Table 3.3 Acutely transforming retroviruses and the oncogenes that they have acquired?

Name of virus

Rous sarcoma src
Y73/Esh sarcoma yes
Fujinami sarcoma fpsP
UR2 ros
Myelocytomatosis 29 myc
Mill Hill virus 2 mild
Avian myeloblastosis E26 myb
Avian myeloblastosis E26 ets
Avian erythroblastosis ES4 erbA
Avian erythroblastosis ES4 erbB
3611 murine sarcoma raf®
SKV770 ski
Reticuloendotheliosis rel
Abelson murine leukemia abl
Moloney murine sarcoma mos
Harvey murine sarcoma H-ras
Kirsten murine sarcoma K-ras
FBJ murine sarcoma fos
Snyder-Theilen feline fesf
sarcoma

McDonough feline sarcoma fms
Gardner-Rasheed feline fgr
sarcoma

Table 3.3 (part 1 of 2) The Biology of Cancer (© Garland Science 2014)

Viral oncogene

Species
chicken
chicken
chicken
chicken
chicken
chicken
chicken
chicken
chicken
chicken
mouse

chicken
turkey

mouse
mouse

rat, mouse
mouse
mouse

cat

cat
cat

Major disease

sarcoma
sarcoma

sarcoma

sarcoma

myeloid leukemia®
myeloid leukemia
myeloid leukemia
myeloid leukemia
erythroleukemia
erythroleukemia
sarcoma
endothelioma (?)

immature B-cell
lymphoma

pre-B-cell lymphoma

sarcoma,
erythroleukemia

sarcoma
sarcoma
osteosarcoma
sarcoma

sarcoma
sarcoma

Nature of oncoprotein
non-receptor TK
non-receptor TK
non-receptor TK

RTK; unknown ligand
transcription factor
ser/thr kinase
transcription factor
transcription factor
thyroid hormone receptor
EGF RTK

ser/thr kinase
transcription factor
transcription factor

non-receptor TK
ser/thr kinase

small G protein
small G protein
transcription factor
non-receptor TK

CSF-1 RTK
non-receptor TK
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Table 4.1 Examples of retrovirus-associated oncogenes that have been discovered in altered form in human cancers

Name of virus Species Oncogene  Type of oncoprotein Homologous oncogene found in
human tumors

Rous sarcoma chicken src non-receptor TK colon carcinoma?
Abelson leukemia mouse abl non-receptor TK CML
Avian erythroblastosis mouse erbB receptor TK gastric, lung, breast®
McDonough feline sarcoma  cat fms receptor TK AML*
H-Z feline cat kit receptor TKd gastrointestinal stromal
Murine sarcoma 3611 mouse raf ser/thr kinase® bladder carcinoma
Simian sarcoma monkey sis platelet-derived growth many types

factor (PDGF)
Harvey sarcoma mouse/rat H-ras9 small G protein bladder carcinoma
Kirsten sarcoma mouse/rat K-ras9 small G protein many types
Avian erythroblastosis chicken erbA nuclear receptor” liver, kidney, pituitary
Avian myeloblastosis E26 chicken ets transcription factor leukemia'
Avian myelocytoma chicken myd transcription factor many types
Reticuloendotheliosis turkey rel transcription factor lymphoma

Table 4.1 The Biology of Cancer (© Garland Science 2014)
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Table 7.1 Examples of human tumor suppressor genes that have been cloned

Name of gene

SDHB
CHD5

HRPT2

FH
FHIT

BAP1

RASSF1A
TGFBR2

VHL
hCDC4
APC

NKX3.1
miR-124a®
pl 6INK4A c

p14ARFd

PTC

let 7a (miRNA)®
TsC1

BMPR1

ANXA7

PTEN9

wri1
MEN1

BWSICDKN1C

SDHDM

CBL

RB

miR-15a/16-1

Chromosomal
location

1p36.1
1p36.31

1q25-32

1q42.3
3p14.2

3p21.1

3p21.3
3p2.2

3p25-26
4932
5q21-22

8p21.2
8p23.1
9p21
9p21

99223

9922.32
9934
10921-22
10q21
10923.3

11p13.5-6
11p13

11p15.5

11923.1

11923.3

13q14.2

13q14.3

Familial cancer syndrome

paraganglioma
cutaneous melanoma
parathyroid tumors, jaw
fibromas

familial leiomyomatosis®

mesothelioma, melanoma

HNPCC

von Hippel-Lindau syndrome

familial adenomatous
polyposis coli

familial melanoma

nevoid basal cell carcinoma
syndrome

tuberous sclerosis

juvenile polyposis

Cowden’s disease, breast and
gastrointestinal carcinomas
Wilms tumor

multiple endocrine neoplasia
Beckwith-Wiedemann
syndrome

paraganglioma,
pheochromocytoma

juvenile myelomonocytic
leukemia

retinoblastoma, osteosarcoma

Sporadic cancer

many types
parathyroid tumors

many types

mesothelioma, uveal
melanoma

many types

colon, gastric, pancreatic
carcinomas

renal cell carcinoma
endometrial carcinoma
colorectal, pancreatic,
and stomach carcinomas;
prostate carcinoma
prostate carcinoma
many types

many types

all types

medulloblastomas

many types

breast, prostate, stomach

glioblastoma; prostate,
breast, and thyroid
carcinomas

Wilms tumor

pheochromocytoma

adult myelomonocytic
leukemia

retinoblastoma;
sarcomas; bladder, breast,
esophageal, and lung
carcinomas

B-cell lymphoma

Function of gene product

succinate dehydrogenase

histone reader,
transcriptional inducer

chromatin protein

fumarate hydratase

diadenosine triphosphate
hydrolase

ubiquitin hydrolase

multiple functions

TGF-f receptor

ubiquitylation of HIF
ubiquitin ligase

B-catenin degradation

homeobox TF
suppresses CDK6
CDK inhibitor

p53 stabilizer

receptor for hedgehog
GF

suppresses Ras, Myc
inhibitor of mTORf
BMP receptor
endocytosis

PIP3 phosphatase

TF

histone modification,
transcriptional repressor

p57KiP2 CDK inhibitor

mitochondrial protein

SH2-containing ubiquitin
ligase

transcriptional
repression; control of
E2Fs

suppresses Bcl-2, Mcl-1,
cyclin D1, Wnt3a

Table 7.1 Examples of human tumor suppressor genes that have been cloned

Name of gene

miR-127
CYFIP1

T75C2

CBP

CYLD
CDH1
BHDIFLCN

TP53

NF1

PRKARTA

DPC4k

LKB1/STK11

RUNX1
SNF5!

NF2

WTX

Chromosomal

location
1493231
15911.2

16p13.3
16p13.3
16q12-13
16922.1
17p11.2

17p13.1

17q11.2

17q22-24

18921.1

19p13.3

21q22.12
22q11.2

22q12.2

Xq11.1

Familial cancer syndrome

tuberous sclerosis
Rubinstein-Taybi syndrome
cylindromatosis

familial gastric carcinoma

Birt-Hogg-Dube syndrome

Li-Fraumeni syndrome

neurofibromatosis type 1

multiple endocrine neoplasial
juvenile polyposis
Peutz-Jegher syndrome

familial platelet disorder

rhabdoid predisposition
syndrome

neurofibroma-predisposition
syndrome

Sporadic cancer

many types

lung, breast, colon,
bladder carcinomas

AML!

invasive cancers

kidney carcinomas,
hamartomas

many types

colon carcinoma,
astrocytoma, acute
myelogenous leukemia

multiple endocrine
tumors

pancreatic and colon
carcinomas

hamartomatous colonic
polyps

AML

malignant rhabdoid
tumors

schwannoma,
meningioma;
ependymoma

Wilms tumor

Function of gene product

suppresses Bcl-6

actin cytoskeleton
organization

inhibitor of mTOR?

TF co-activator
deubiquitinating enzyme
cell-cell adhesion

regulator of mTORf

§tE

Ras-GAP

subunit of PKA

TGF-B TF
serine/threonine kinase

TF

chromosome remodeling

cytoskeleton-membrane
linkage

B-catenin degradation

3Familial leiomyomatosis includes multiple fibroids, cutaneous leiomyomas, and renal cell carcinoma. The gene product is a component of the

tricarboxylic cycle.

bmiR124a-1 genes are also located at 8q12.3 and 20q13.33I.

©Also known as MTS1, CDKN2, and p16.

d4The human homolog of the murine p7194%F gene.

€There are altogether 11 loci encoding let7 miRNAs in the human genome.
fmTOR is a serine/threonine kinase that controls, among other processes, the rate of translation and activation of Akt/PKB, TSC1 (hamartin), and
TSC2 (tuberin), thereby controlling both cell size and cell proliferation.
9Also called MMAC or TEPT.
hSDHD encodes subunit D of the succinate dehydrogenase (succinate-ubiquinone oxidoreductase) enzyme, a component of the mitochondrial
respiratory chain complex II.
'The CBP gene is involved in chromosomal translocations associated with AML. These translocations may reveal a role of a segment of CBP as an
oncogene rather than a tumor suppressor gene.
JAlso termed Carney complex.
kEncodes the Smad4 TF associated with TGF-B signaling; also known as MADH4 and SMADA.
IThe human SNF5 protein is a component of the large Swi/Snf complex that is responsible for remodeling chromatin in a way that leads to
transcriptional repression through the actions of histone deacetylases. The rhabdoid predisposition syndrome involves susceptibility to atypical
teratoid/rhabdoid tumors, choroid plexus carcinomas, medulloblastomas, and extra-renal rhabdoid tumors.

Adapted in part from E.R. Fearon, Science 278:1043-1050, 1997; and in part from D.J. Marsh and R.T. Zori, Cancer Lett. 181:125-164, 2002.
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Regimen

MDM 2= inhibitory small molecules
Idasanutlin plus xazomib

Citrate plus dexamethasone
KRT-232 plus chemotherapy
KRT-232 MT

Idasanutlin plus radiotherapy
KRT-232 plus radiotherapy

Idasanutlin plus atezolizumab
APG-115 plus pembrolizumab

Milademetan plus venetoclax plus cytarabine

KRT-232 MT

KRT-232 MT

APG-115 MT

KRT-232 plus avelumab
ASTX295

Idasanutlin plus chemotherapy or venetoclax

Siremadlin plus ruxolitinib
KRT-232 plus cytarabine or decitabine
HDM201 plus ribociclib

KRT-232 plus cytarabine plus idarubicin
APG-115 MT/APG-115 plus azacitidine or

cytarabine

APG-115 MT or APG-115 plus 5-azacitidine

KRT-232 plus ruxolitinib

APG-115 MT or APG-115 plus APG-2575

KRT-232 plus acalabrutinib
Idasanutlin MT

KRT-232 plus TL-695

KRT-232 plus TL-895

APG-115 plus toripalimab
KRT-232 plus dasatinib or nilotinib
KRT-232 MT

Milademetan MT

Milademetan MT

Indication n Trial ID
MDM2 Bﬂiﬁﬁa\?{ ES1

Multiple myeloma Phase I/l 12 NCTO2633059
Multiple myeloma Phase | 40 NCTO3031730
Glioblastoma, glinsarcoma Phase| 1] NCTO3107 780
Glioblastoma Phase /11 350 NCTO3158380
Soft tissue sarcoma Phase | 46 MCTO3217266
Colorectal carcinoma Phase /11 182 MCTD3555149
Multiple cancers Phase I/ 203 MNCTO3611B868
AML Phase I/1l 58 NCTO3634228
Myelofibrosis Phasell/lll 385  NCTO3662126
Polycythaemia vera Phase ll 20 NCTO3669965
Salivary gland cancer Phase 1111 14 NCTO3781986
Merkel cell carcinoma Phase 1111 115  MWCTO3787602
Solid tumaours Phase /11 191 MNCTO3975387
AML. ALL, neurcblastoma, Phase /11 183 NCTO4029658
solid tumours

Myelofibrosis Phase /11 243 NCTD4097821
AML Phase I/1l Bh NCTO4113616
Solid tumours Phase ll 100  NCTO4116541
AML Phase | 4 NCTO4190550
AML, MD5 Phase | a0 NCTO4275518
AML, CMML, MDS Phase 1411 69 NCTO4358393
Myelofibrosis Phase 41l 30 MNCTO44585260
T-prolymphocytic leukaemia ~ Phasell 36 MCTO4496349
DLBCL, CLL, NHL Phase /11 B4 NCTO4502 504
Solid tumours Phase ll 770 NCTO4589845
Myelofibrosis Phase 1711 116 NCTO4640532
AML Phase 171l 58 NCTO4669067
Liposarcoma, solid tumours Phase I/ a2 NCTO4785196
CML Phase I/1l 133 NCTD4835584
Myelofibrosis Phase Il 52 MCTO4878003
Liposarcoma Phase lll 160 NCTO4979442
Solid tumours Phase 65 NCTO5012397

p53(CBAY % ERPR AR

Regimen Indication Phase n Trial ID
Dual MDM2-MDM# inhibitory small molecules MDM2-MDMA4PEER S F{ILESH
Al RM-6924 MT or ALRN-6924 plus cytarabine Leukaemia, brain tumours, Phase | i NCTO3654716
solid tumours, lymphoma
Al RM-6924 plus paclitaxel Multiple tumaurs Fhase|l 45 NCTO3725436
ALRN-6924 plus carboplatin plus pemetrexed or  Lung cancer Phase | 60 NCTO4022876
ALRN-6924 plus topotecan
s g— N
TET— EET AR
SGT-53 plus gemcitabine/nab-paclitaxel Pancreatic camcer Phase Il 28 MNCTOZ340117
Ad-p53 plus immunotherapy Solid tumaours, lymphoma Phase I 40 NCTO3544723
p53 immune-based therapy ﬁ’t :-L\ﬁ
b=y
MVApS3 plus pembrolizumab Multiple cancers Phase | 19 NCTDIJ:]-EEIEE'
MWApS53 plus pembrolizumab Multiple cancers Phase I 28 NCTO3113457
DC=p53 plus ipilimumakb or nivolumab Lung cancer Phase Il 14 MNCTO34067 15
Tedopi plus nivolumab and docetaxel NSCLC Phase ll 105  NCTO4884282
p53 RMNA vaccine THBC Phase | NCTO2316457
. oh
Mutant ps3-targeting small molecules ZEpb3zIERME L 7"- ESFILED
Arsenic trioxide plus decitabine MDS, AML Phaszel MCTO3855371
Arsenic trioxide MT Orarian cancer, endometrial ~ NA 20 MCTO44589706
cancer
PC14586 Solid tumours Phase 1111 130 MCTO4585750
Arsenic trioxide MT Multiple tumours Phasell 30 NCTO46495223%
Arsenic trioxide MT Solid tumours Phasell NCTO4869475
Restoring p53 structure p53*§ a) @1§
APR-246 plus azacitidine MDS Phase il 154 MCTO3745716
APR-246 plus pembrolizumab Multiple cancers Phase I/11 37 NCTO4383938
APR-246 plus acalabrutinib or APR-246 plus MHL, CLL, mantle-cell Phase 1111 100 MCTO4419380
venetoclax and rituximab lymphoma
APR-548 plus azacitidine MDS Phasel 46 MCTO4638309
Sodium stibogluconate MT MDS, AML Phase Il 5 NCTO4906031

Ad, adenovirus: AML, acute myeloid leukaemia; CLL, chronic lymphocytic beukaemia: CML, chronic myeloid leukaemia; CMML, chronic
myelomonocytic leukaemia: DC, dendritic cell: DLCBL, diffuse large B cell ymiphoma: GEM, glioblastorma: MDS, myelodysplastic
syndrome:; MT, monotherapy; MVA, modified vaccinia virus ankara: NHL, non-Hodgkin lymphoma; NSCLC, non-small-cell lumg cancer;
THMBLC, triple-negative breast cancer.
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