Cancer Biology Course - Introduction



Human beings and other
animals have had cancer
throughout history

Some of the earliest evidence of cancer is
found among fossilized bone tumors,
human mummies in ancient Egypt, and
ancient manuscripts.

Edwin Smith Papyrus from 3000 B.C. is
oldest description of cancer, is part of an
Egyptian textbook on trauma surgery. It
describes 8 cases of tumors or ulcers of the
breast that were removed by cauterization
with a tool called the fire drill. The writing
says about the disease, “There is no
treatment.”









Classical Cell Theory: Cancer
1665 Discovery of Cells

In 1665, Robert Hooke published Micrographia, a book filled with drawings and descriptions of
the organisms he viewed under the recently invented microscope. While looking at cork, Hooke
observed box-shaped structures, which he called “cells” as they reminded him of the cells, or
rooms, in monasteries. This discovery ultimately led to the development of the classical cell
theory.

1839 Cell Theory

The classical cell theory is proposed by Theodor Schwann (and others):
1. All organisms are made of cells.
2. Cells are the basic units of life.
3. Every cell arises from a preexisting cell that has multiplied.

Rudolf Virchow 1821-1902

Famous German Pathologist. His first scientific paper included the pathological description of leukemia,
a term he invented. Contributed to cell theory by proposing that all cells, including cancer
cells, are derived from other cells.




Characteristics of cancer cells and tissues

Used by
pathologists to
determine relative
aggressiveness of
disease

Histological staining:

 Hematoxylin (nucleic
acids, purple)

* Eosin (proteins,
pink)




Breast Cancer:



Breast Cancer:

e Ductal Carcinoma In Situ (DCIS) represents 20 - 25% of
newly diagnosed breast cancers in the United States

* Diagnosis is made by histologic examination of tissue
obtained via needle core biopsy, lumpectomy or
mastectomy



Breast Cancer Grading

Pathologists examine:

e gland formation
* nuclear grade
* mitotic index

Scores are applied to each category
are added up to assign grade:

*If the numbers add up to 3-5, the
cancer is grade 1 (well differentiated).

*If they add up to 6 or 7, it means the
cancer is grade 2 (moderately
differentiated).

«If they add up to 8 or 9, it means the Also staining (IHC) for molecular markers ER/PR, Her2
cancer is grade 3 (poorly differentiated).
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Development of modern knowledge about cancer causes

1. 1700’s — toxic exposures (chimney sweeps)
2.1900’s — viruses




Rous sarcoma virus (RSV) — RNA tumor virus

gag — capsid proteins
pol — reverse transcriptase
env — envelope proteins
v-src — transforming gene — const/act tyrosine kinase
**v-src is mutated form of cellular proto-oncogene c-src
oncogenes cause cancer in animals

http://www.kuleuven.be/rega/mvr/images/RSV-1.jpg



Harold E. Varmus Nobel Lecture on 8 December 1989 at
Karolinska Institutet, Stockholm







Joan S. Brugge




The v-Src mutation relieves autoinhibition of kinase activity



Simian Virus 40 (SV40) — DNA tumor virus .
causes sarcomas in hamsters



Simian Virus 40 (SV40) — DNA tumor virus

Late gene products —
viral structural proteins

DNA genome
Ear\v gene products — activate replication

® SV40 virus encodes no variants of cellular genes — must produce viral proteins
that activate cellular proteins

o\ Host animals infected with SV40 produce antibodies to viral proteins, these
ntibodies can be used to interrogate viral — host protein complexes

9)

iral proteins recognized by host antibodies called tumor antigens

, Small Tumor Antigen (ST-Ag)

Genetic analyses showed required for initiation and maintenance of transformation



1979 | Immunoprecipitation of LT-Ag
from cells infected with SV40

53kD protein co-immunoprecipitated with LT—Ai :

Following excision of both bands from the gel,
and protein extraction and renaturation,

LT-Ag antibody bound to LT-Ag protein (T)

but not 53K —

This shows that the 53K protein bound to LT-Ag
and not the antibody

D. P. LANE*
Department of Zoology,
Imperial College London SW7, UK

L.. V. CRAWFORD
Department of Molecular Virology,
Imperial Cancer Research Fund,
London WC2, UK

Nature Vol. 278 15 March 1979




The expectation was that
p53 might be an oncogene:

* Retroviruses were known to promote tumor
formation by expressing “hijacked” cellular genes.

« p53 expression levels correlated with tumorigenicity
- temperature-sensitive alleles of LT-Ag supported
high p53 expression only at the permissive temperature

- tumors harboring no SV40 expressed higher levels
of p53 than normal tissues



1984| p53 cDNAs promoted tumorigenesis

ras + myc

p53 clonel + ras
p53 clone2 + ras

Conclusion: p53 is an oncogene




p53 cDNAs promoted tumorigenesis

Conclusion: p53 is an oncogene

PNAS April 29, 2008 vol. 105 no. 17 6215-622

IJournal of Undergraduate Research Volume 4, Issue 4 - December 2002Retroviral Transfer of (iDNA Libraries to NIH3T3 Cells; Cloning of Novel Oncogenes from the Leukemic Cell Line HL-60 Lorch, D.



Soft agar assay



p53 is an oncogene

1984

1984

1984

1985

1986

1987

Cell immortalization and transformation by the p53 gene.
Nature. 1984 Dec13-19;312(5995):596-7.

Participation of p53 cellular tumour antigen in transformation of
normal embryonic cells.

Nature. 1984 Dec13-19;312(5995):646-9.

Cellular immortalization by a cDNA clone encoding the transformation-
associated phosphoprotein p53.

Nature. 1984 Dec13-19;312(5995):651-4
The cellular oncogene p53 can be activated by mutagenesis.

Nature. 1985 Oct 31-Nov 6;317(6040):816-8

Expression of the p53 oncogene in acute myeloblastic leukemia.
J Exp Med. 1986 Sep 1;164(3):751-61

p53 in Paris, an oncogene comes of age.
Oncogene. 1987;1(3):241-2.



There was just one problem -



Cell, Vol. 57, 1083-1093, June 30, 1989, Copyright © 1989 by Cell Press

The p53 Proto-Oncogene Can Act as a
Suppressor of Transformation

Cathy A. Finlay, Philip W. Hinds,
and Arnold J. Levine

Princeton University

Department of Biology

Princeton, New Jersey 08540-1014



discovered that p53 is
a tumor suppressor

THE JOURNAL OF BIOLOGICAL CHEMSTR Vol. 271, No. 13, Issue of March 29, pp. 7719-7724, 1996
© 1996 by The American Societyffor Bioche [l Molecular Biology, Inc. Printed in U.SA.
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Michael Overholtzer’ Mark Tomishima 1S 11 the ConsoerVEd
Aromduc Region 01 suvuliit 11 U1 \JyLOChrOme ¢ Oxidase

in Saccharomyces cerevisiae*

(Received for publication, November 16, 1995, and in revised form, January 16, 1996)

Michael H, O /erhe ltzer, Pever S. Yakowec, and Vicki Cameroni

From the Biology Department, Ithaca College, Ithaca, New York 14850




1989 | The p53 gene is inactivated in human cancers

Earlier that year, the Vogelstein group published that both p53 alleles were
disrupted in colorectal carcinomas, one by mutation and one by deletion, fitting
the two-hit model for tumor suppressors put forward by Knudson studying
retinoblastoma

Chromosome 17 Deletions and p53 Gene Mutations
in Colorectal Carcinomas

SuzAaNnNE J. BAKER, Eric R. FEARON, JANICE M. NIGRO,
STANLEY R. HAMILTON, ANN C. PREISINGER, J. MILBURN JESSUP,
PETER VANTUINEN, DAviD H. LEDBETTER, DAVID F. BARKER,
YUSUKE NAKAMURA, RAY WHITE, BERT VOGELSTEIN*

Previous studies have demonstrated that allelic deletions of the short arm of chromo-
some 17 occur in over 75% of colorectal carcinomas. Twenty chromosome 17p
markers were used to localize the common region of deletion in these tumors to a
region contained within bands 17p12 to 17p13.3. This region contains the gene for
the transformation-associated protein p53. Southern and Northern blot hybridization
experiments provided no evidence for gross alterations of the p53 gene or surrounding
sequences. As a more rigorous test of the possibility that p53 was a target of the
deletions, the p53 coding regions from two tumors were analyzed; these two tumors,
like most colorectal carcinomas, had allelic deletions of chromosome 17p and
expressed considerable amounts of p53 messenger RNA from the remaining allele. The
remaining p53 allele was mutated in both tumors, with an alanine substituted for
valine at codon 143 of one tumor and a histidine substituted for arginine at codon 175
of the second tumor. Both mutations occurred in a highly conserved region of the p53
gene that was previously found to be mutated in murine p53 oncogenes. The data
suggest that p53 gene mutations may be involved in colorectal neoplasia, perhaps
through inactivation of a tumor suppressor function of the wild-type p53 gene.

Science. 1989 Apr 14;244(4901):217-21.
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1990

p53 is a tumor suppressor in humans by genetic

criteria

e Li-Fraumeni syndrome (LFS) — dominantly inherited cancer
predisposition syndrome — childhood and adult tumors

o LFS families carry germline mutations in p53

- ~1/2 of tumors lose the remaining wtp53 allele

Germ Line p53 Mutations in a Familial
Syndrome of Breast Cancer, Sarcomas,
and Other Neoplasms

DAviD MALKIN, FREDERICK P. L1, LOUISE C. STRONG, JOSEPH F. FRAUMENI, JR..
CaMILLE E. NELsON, DAviD H. KiM, JAYNE KASSEL, MAGDALENA A. GRYKA,
FARIDEH Z. BISCHOFF, MICHAEL A. TAINSKY, STEPHEN H. FRIEND*

Science 30 November 1990



1992

p53 is a tumor suppressor in mice by genetic

criteria

o ~75% of p53-/-mice develop tumors by 6 months of age
(mostly thymic lymphoma)

¢ >50% of p53+/-mice develop tumors by 18 months of age
with different spectrum: (sarcoma > lymphoma > carcinoma)

- ~1/2 of tumors lose the remaining wtp53 allele

nature genetics volume 5 november 1993



Cancer Signaling Pathways
Discovered through
viruses

Akt
EGFR

- P53
o PI3Kinase

O Raf

Ras

O Src

I | Discovered through
O cancer genetics

OO S

Mdm-2
Myc

O RB

Oncogenes
Tumor suppressors




discovered of the first human oncogene
Ras and the first tumor suppressor gene
Rb

Robert A. Weinberg










Alan Hall
1952-2015

Cell Biology Program Chair
2006-2015




Cancer Signaling Pathways
Discovered through
viruses

Akt
p53
O PI3Kinase
Raf
Ras
Src

O

I | Discovered through
O cancer genetics

Bcl-2
OO Brcal/2
Mdm-2

Myc

O RB

Oncogenes
Tumor suppressors










Some cell types may be easier to transform than others?

B cell: barriers to tumorigenic transformation may primarily
involve proliferation and apoptosis

* Translocations involving MYC are highly characteristic for a type of B cell ymphoma
called Burkitt’s lymphoma (BL).

* Bcl-2 expression has also been found previously in about 10 to 20% of BL cases, and Bcl-2
translocation is a major mechanism for the deregulation of Bcl-2 expression in non-
Hodgkin lymphomas.

* Double-hit lymphomas can also occur at low frequency with MYC/Bcl-2 dysregulation
and these form aggressive diffuse B cell ymphomas

Myc + Bcl-2 (or p53 loss) is sufficient to drive
lymphomagenesis



Some cell types may be easier to transform than others?

B cell: barriers to tumorigenic transformation may primarily
involve proliferation and apoptosis







Myc-driven B cell lymphoma:

e £y (immunoglobulin heavy chain enhancer)-
myc mice — mice overexpress
myc oncogene in B cell lineage

® Mice develop B cell lymphoma by several
months of age, resemble human
Non-Hodgin’s lymphoma

Can isolate hematopoietic stem cells, introduce genes, shRNASs, etc. of interest, transfer
cells in vivo and monitor lymphoma onset — animals develop systemic lymphomas...
Can also perform competition assays by mixing GFP+ cells at defined ratios



E-myc lymphomagenesis

— P53+/-






p53 and Bcl-2 uniquely control treatment responses in vivo

Cyclophosphamide (CTX) treatment

Control tumors completely respond
to treatment

p53-null tumors undergo delayed
response, and ultimately relapse

Bcl2 overexpressing tumors displayed
no response to CTX

...but the mice survive very well

v

Figure 1. Contribution of p53 and Bcl2 to Treatment
Responses (A) Mice harboring ctrl.-MSCV, p53 null-
MSCV, and ctrl.-bcl2 lymphomas were treated at
comparable tumor burdens (day 0) with a single
dose of cyclophosphamide (CTX) and monitored by
whole-body fluorescence imaging. Representative
examples are shown.

Cell, Vol. 109, 335-346, May 3, 2002, Copyright []2002 by Cell Press

A Senescence Program Controlled
by p53 and p16™**2 Contributes
to the Outcome of Cancer Therapy

Clemens A. Schmitt,"* Jordan S. Fridman,’
Meng Yang,? Soyoung Lee,"* Eugene Baranov,?
Robert M. Hoffman,? and Scott W. Lowe'?
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Cell, Vol. 109, 335-346, May 3, 2002, Copyright []2002 by Cell Press

A Senescence Program Controlled
by p53 and p16™* Contributes
to the Outcome of Cancer Therapy

Clemens A. Schmitt,"* Jordan S. Fridman,’
Meng Yang,? Soyoung Lee,"* Eugene Baranov,?
Robert M. Hoffman,? and Scott W. Lowe'?







Some cell types may be easier to transform than others?

B cell: barriers to tumorigenic transformation may primarily
involve proliferation and apoptosis

Myc + Bcl-2 (or p53 loss) drives lymphomagenesis

Mammary epithelial cell: p53 loss
RB loss
Ras
Myc
PI-3-kinase
Matrix?




Primary human mammary epithelial cells
(HMEC) could be rendered tumorigenic
by the introduction of Ras and LT-Ag:

LT o+ + o+ -

hTERT - + + + +
H-ras\12 - - + - +
.- - -
T
B0
HMEC 500
soft agar 400
colonies 300

200
100

0 N I




“Mixing the epithelial tumor cells
with Matrigel or primary human
mammary fibroblasts substantially
increased the efficiency of tumor
formation and decreased the latency
of tumor formation, demonstrating a
significant influence of the stromal
microenvironment on tumorigenicity.”



Some cell types may be easier to transform than others?

B cell: barriers to tumorigenic transformation may primarily
involve proliferation and apoptosis

Myc + Bcl-2 (or p53 loss) drives lymphomagenesis

Mammary epithelial cell: p53 loss
RB loss
Ras
Myc
PI-3-kinase
Matrix?







How many driver mutations does it take?

* Estimations involving epidemiology



How many driver mutations does it take?

* Estimations from epidemiology

* Estimations from sequencing efforts



How many driver mutations does it take?



How many driver mutations does it take?












My PhD Project: chromosomal instability
in osteosarcoma

Tumor Normal Amplified in tumor
DNA DNA Lost in tumor

Balanced



My PhD Project in Levine lab: use (homemade) array CGH
to identify novel oncogenes or tumor suppressors
In osteosarcoma



Homemade array CGH to identify novel oncogenes or tumor
suppressors in osteosarcoma



My PhD Project in Levine lab: use (homemade) array CGH
to identify novel oncogenes or tumor suppressors
In osteosarcoma



Candidate gene ID Functional Assay?



Mapped new candidate oncogenes, but how
to assay for function? 3D

culture?




Joan S. Brugge




A gene called Yap was found to be amplified in a genomic
screen of mouse breast tumors
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Transforming properties of YAP, a candidate oncogene on
the chromosome 11q22 amplicon

Michael Overholtzer, Jianmin Zhang, Gromoslaw A. Smolen, Beth Muir, Wenmei Li,
Dennis C. Sgroi, Chu-Xia Deng, Joan S. Brugge, and Daniel A. Haber.




Yap overexpression transforms mammary epithelial cells
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Transforming properties of YAP, a candidate oncogene on
the chromosome 11q22 amplicon

Michael Overholtzer, Jianmin Zhang, Gromoslaw A. Smolen, Beth Muir, Wenmei Li,
Dennis C. Sgroi, Chu-Xia Deng, Joan S. Brugge, and Daniel A. Haber.




Yap induces EMT in mammary epithelial cells
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Transforming properties of YAP, a candidate oncogene on
the chromosome 11q22 amplicon

Michael Overholtzer, Jianmin Zhang, Gromoslaw A. Smolen, Beth Muir, Wenmei Li,
Dennis C. Sgroi, Chu-Xia Deng, Joan S. Brugge, and Daniel A. Haber.




Transforming functions of Yap were also identified by Scott Lowe’s lab

Yap overexpression promotes liver
tumorigenesis in vivo
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Cell 125,1253-1267, June 30, 2006

Yap is amp[,‘ﬁ'ed in liver tumors from a p53_ Identification and Validation of Oncogenes in Liver Cancer

Using an Integrative Oncogenomic Approach
/' C-myC OVEFEpr'essed mouse mOde/ Lars Zender, Mona S. Spector, Wen Xue, Peer Flemming, Carlos Cordon-Cardo, John

Silke, Sheung-Tat Fan, John M. Luk, Michael Wigler, Gregory ]. Hannon, David Mu,
Robert Lucito, Scott Powers, and Scott W. Lowe.
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Yap is amp[,‘ﬁ'ed in liver tumors from a p53_ Identification and Validation of Oncogenes in Liver Cancer
Using an Integrative Oncogenomic Approach

/' C-myC OverexpreSSEd mouse mOde/ Lars Zender, Mona S. Spector, Wen Xue, Peer Flemming, Carlos Cordon-Cardo, John

Silke, Sheung-Tat Fan, John M. Luk, Michael Wigler, Gregory ]. Hannon, David Mu,
Robert Lucito, Scott Powers, and Scott W. Lowe.




The cellular assays in mammary epithelial cells provided
a platform to dissect the mammalian “Hippo” pathway



Yap-driven transformation is inhibited by Lats and Mst

Mammals

Colonies per plate

1000
800 f
600 p—
400 f—
200 b

Control YAP YAP+ YAP+

LATS1 LATS1

+Mst2

Control YAP

A

YAP+LATS1

YAP+LATS1+Mst2

(human mammary epithelial cells)

Phosphorylated Yap is excluded
from the nucleus

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 9, pp. 5496-5509,
February 29, 2008

Tumor Suppressor LATS1 Is a Negative Regulator of
Oncogene YAP*
[Yawei Hao, Alex Chun, Kevin Cheung, Babak Rashidi, and Xiaolong Yang.




Non-phosphorylatable Yap is not inhibited by expression
of Lats and Mst

Control

Yap S127A is generally a
more potent transformer
than wt Yap

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 9, pp. 5496-5509,
February 29, 2008

Tumor Suppressor LATS1 Is a Negative Regulator of
Oncogene YAP*
[Yawei Hao, Alex Chun, Kevin Cheung, Babak Rashidi, and Xiaolong Yang.




Non-phosphorylatable Yap drives more tissue overgrowth in Drosophila

Genes Dev. 2007 21: 2747-2761

Inactivation of YAP oncoprotein by the Hippo pathway is
involved in cell contact inhibition and tissue growth control.

Bin Zhao, Xiaomu Wei, Weiquan Li, Ryan S. Udan, Qian Yang, Joungmok Kim, Joe Xie,
Tsuneo Ikenoue, Jindan Yu, Li Li, Pan Zheng, Keqiang Ye, Arul Chinnaiyan, Georg
Halder, Zhi-Chun Lai, and Kun-Liang Guan.




Mammals



Yap was originally reported to activate apoptosis:

J Biol Chem. 2001 May 4;276(18):15164-73. Epub 2001 Jan 24.
Physical interaction with Yes-associated protein
enhances p73 transcriptional activity.

Strano S, Munarriz E, Rossi M, Castagnoli L, Shaul Y, Sacchi A, Oren M, Sudol
M, Cesareni G, Blandino G.

Mol Cell. 2005 May 13;1¢
The transcriptio
drives p73 gene
Damage.

Strano S, Monti O, Ped
Damalas A, Citro G, S:@

Yap was shown to bind to p73

Mol Cell. 2003 Jan;11(1):11-23.

Akt phosphorylates the Yes-associated protein, YAP, to
induce interaction with 14-3-3 and attenuation of p73-
mediated apoptosis.

Basu S, Totty NF, Irwin MS, Sudol M, Downward J.

Mol Cell. 2008 Dec 2632 tO enhance apoptosis in
PML, YAP,and [ response to DNA damage
autoregulatory f

ool S L% ® Akt phosphorylated Yap on

S$127 to inhibit apoptosis by
14-3-3-dependent retention
of Yap in the cytoplasm

The significance of this pro-apoptotic pathway is unclear.






