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Class I: d/s DNA

Closs |1: 8/8 DNA
-39 oL R—

Viruses
classified
according
to their
nucleic acid
. eno
Tumor Virology 7.012 genomes
ey Let’ s look at these one at a time.
classified {ciass 1 a/s ona | Class 11: 6/s DNA Many dsDNA
according — viruses
to the (T e WG @) (replication
i MERA Y } 4 (Cetular Protews) similar to that
structures : “a
; mRNA o of host genome;
Of their Ll Proteins \‘mﬂ'.NA s !
\ | & Class I viruses)
genomes - e %
k3 n
| |

Keep in mind that most viruses like to minimize the number of enzymes
and proteins they encode and maximize their use of host-cell enzymes and

proteins.
X 7

\/

| These viruses also replicate in the nucleus and. like the
| Class I viruses, rely on the host for all of their
' synthetic functions. Why do they make dsDNA?

| Example: feline parvovirus,

These viruses replicate in the nucleus. They rely on the host for DNA
polymerase, RNA polymerase, and protein synthesis. Example:SV40 virus

j—
[
~ (Gt Proten)
Class I11: d/s RNA Class |Va: s/s s'!RNA
oo R (o D — (Ee)
¥ i
=) = T/
Class IVb: s/s8 sQRNA Clogs V: 8/s S‘JBEQ
oremro [Firsen sryes]
D — () e
i T |
@D ——— i a7
] / |
D
Class VI: /s RNA + DNA Class VII: d/s DNA + RNA
—4 —F
m‘/ mRNA
il Dy
— T ) +— (o, )
e DNA
virus
;‘--IV-L coat protein
'ENTRY INTO CELLAND'
_UNCOATINGOFDNA
cell

Py
TRANSCRIPTION REPLICATION
/
——"——RNA

L N DNA
I'TRANSLATION

protein

ASSEMBLY OF PROGENY
VIRUS PARTICLESAND
EXITFROMCELL

Figure 3.3 The Blology of Cancer (© Garland Science 2007)

In these class of
viruses, there is
almost total
parasitism on the
host cell for DNA,
RNA and protein
synthesis.




Viruses l:tnss 11- d/5 RNA I Class 1Vo: s/s (+)RNA Viruses Iciass 111: d/s rRuAl Class IVa: 5/5 (+JRNA
classified [rmoesdeds classified 7
according EVM)*OH.H.A-& {A;, otedag I —“'—’ according 1_{!21:_"::}“" > p‘Ch;:;lrm )
to the (o) D — [ to the (G —— [
structures | ' structures | >
of their {Progeng Virus s of their Progesy Vir
genomes : ' genomes “ wai
These viruses use no DNA in their life cycle and also replicate in
the cytoplasm. Their genomes are (+) strand, i.e., of the same
polarity as mRNA. Like Class III viruses, they must encode their
own polymerase, Because they make a single strand (+) genomic g -
RNA that also serves as an mRNA, and because translation These viruses do not use DNA at all in their life cycle and replicate m.the _
initiates at only one site on mRNA, they make viral polyproteins. cytoplasm. Like all viruses, they use host-cell ribosomes to make their proteins.
Why? Example: poliovirus, most cold viruses (rhinoviruses) Why do the viruses need to encode their own RNA polymerases? Example:reovirus
. . Class IVbh: s/5 (+)RNA s 1888 V575 (RNA
Viruses Ictoss 111 a7s rual Closs IVa: s/s (+)RNA Viruses f e,
classified (en weames] o, classified Gy — [”M;:;::‘;:;NJ FIERERNR) + niin >
. LomTrree—, § Yiruz " e
according k?‘_:',:iE!_'_c?"'*m‘W*[ provwnt @ RHA) — according (mim.] ]
7““'!‘ ’ 1 4 ) e A )
to the (o } to the 1 g ]
ssemb o
structures P ] e structures (Pragemy Virog «— | E"nx‘u;:(]
of their  (Brogens ires) Fovny V) of their = |
genomes s genomes
<

These viruses have (-) RNA genomes, Le., of the strand
complementary to viral mnRNA. Like Class III and IV viruses,
they must encode their own polymerase. Because their (-) strand
RNA genome cannot be translated, they must carry an RNA-
dependent RNA polymerase in their virions and bring it into the

infected cell (virion enzymes). Why? Examples: rabies, measles

viruses

the cytoplasm. Their genomes are (+) strand, i.e., of the same

'{%‘ j These viruses use no DNA in their life cycle and also replicate in

polarity as mRNA. Like Class III viruses, they must encode their
own polymerase. Because they make a single strand (+) genomic
RNA that also serves as an mRNA, and because translation
initiates at only one site on mRNA, they make viral polyproteins.
Why? Example: poliovirus, most cold viruses (rhinoviruses)




. Class VI: s/s RNA + DNA Class VIl- d/6 DNA + RNA
classﬁed ST —» Gooeii?)
according .
to the ,mmt\
structures g 4
of their Fragem vires) <  guiems )
genomes l

“reverse transcription” = copying RNA into DNA

These viruses, like the Class IV viruses, have (+) genomes. However, they dispatch

their RNA genomes into the nucleus, where it is reverse-transcribed into dsDNA, which

then serves as the template for RNA pol II, making progeny genomes. Example: HIV

The basic scheme: a viral Iytic cycle. 2 things: (1) “Iytic” means
that the viruses lyses (kills) the cell. (2) the size of the virus relative to the cell is

f illustration.

A cytopathic effect

t=*irus attaches
The progenyVirus particles (virions) 10 2 cell.
may then progeed to infect other
cells.

Nucleic acid (DNA or RNA)

2, Virus penetrates cell

a [ # membrane and injects
I_' = ?r’ nucleic acid (DNA or
s é RNA) into cell.
p L : I ‘
~ é

G & I A
4. New viral %
leic acids are

pEkaged into viral particles

released from the cell,
Thehosk colemey bemess  smm—

destroyed in the process.

S—

el

i 3. V\ral nucleic acid
! ?mates using host
lular machinery.

The basic scheme: a viral Iytic cycle. 2 things: (1) “Iytic” means
that the viruses lyses (kills) the cell. (2) the size of the virus relative to the cell is
exaggerated here for the sake of illustration.

1. Virus attaches
The progeny virus particles (virions) ~ to acell.
may then proceed to infect other
cells.

Nucleic acid (DNA or RNA)

2.Virus penetrates cell
membrane and injects
nucleic acid (DNA or
RNA) into cell.

s

h

f»“ﬂ%zw
4. New viral

: ‘Q_h
nucleic acids are MP/K
packaged into viral particles
and released from the cell.
The host cell may be 3 '¢1ral nucleic acid

destroyed in the process. |l°6‘@$ using host
lular machinery.

Use of the cytopathic effect to quantify virus concentrations:

uncountable

10x dilution This biological

assay
generates
plaque-
forming units
per ml.
(PFU/mL.)

countable

Viral lytic cycles make possible plaque assays: Infect a cell monolayer with a

solution (a “viral stock”) of virus particles. Then overlay the infected monolayer with some agar, to
ensure that the progeny particles from an initially infected cell can only infect nearby cells (and not
spread to infect distant cells in the monoalyer. Each resulting plaque is the consequence of a single
virus particle infecting a cell and the progeny of this infection infecting and killing nearby cells,
thereby eroding a hole in the cell monolayer that eventually becomes visible to the naked eye.

This plaque assay is a way of quantifying the number of infectious virus particles
(virions) in the initial stock. Plaque assays are often done by serially diluting the
virus stock (e.g., by factors of 10) so that at one dilution or another there will be a
countable number of plaques (e.g., the middle wells here).



Peyton Rous
~1965, when he got his Nobel

When he did his expts. ~1910

The original Plymouth Barred Rock fowl bearing the tumor
presented to Rous and held by somewhat arthritic hands

.Rous, P. 1910. A transmissible avian neoplasm (sarcoma of the common fowl).
J. Exp. Med. 12:696-705.

Figure 3.1 The Biology of Cancer (© Garland Science 2007)

This is Rous’ s experiment. (By the time he did this in 1909/10, it was In fact, certain tumor viruses, like Rous sarcoma virus (RSV)

known that bacteria were infectious agents that did not pass through fine- instead of rapidly killing host cells (via a cytopathic effect/CPE)
pored filters whereas viruses would; indeed this ability to pass through a instead transform them into tumor cells.
filter represented the operational definition of a virus (since neither

bacteria nor viruses were visualizable at the time).

T

Q
Oft — & 3

I
remove sarcoma grind up B
chicken with a?:tgr:r:tll:p “s".a:;‘c::; collect filtrate inject filtrate observe sarcoma
sarcoma in chunks of that has passed into young ininjected i o ; :
breast muscle pre) through fine-  chicken chicken At 3 e -l
pore filter i 4 i \’%‘r
virulent interaction with temperate interaction with
(Only subcellular host: cytopathic effect, cell host (l.e.,cells survive), in
; death addition:cell become
particles pass through - transformed into cancer cells
filter.)

Figure 3.2 The Biology of Cancer (© Garland Science 2007) Figure 3.10b The Biology of Cancer (© Garland Science 2007)
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actions between a virus and

In addition to budding progeny virus particles from an infected cell,
Rous sarcoma virus canAransform an infected cell, i.e. convert it
from a normal growtly'state to a transformed state, yielding a colony

5 7S

By implication, the virus establishes » : : ) : 95’5{;',«;/ NS %"‘

a chronic infection in a cells (rather VDS (UGN A 52%:;’&," I Tt
N SR Adv Wi

than killing it). SNESUSF Vo I N

By implication, the virus establishes
a chronic infection in a cells (rather
than killing it).

A focus of transformed cells: A focus of transformed cells:
These cells will form tumors if implanted These cells will form tumors if implanted
in proper host in proper host

Figure 3.5 The Biology of Cancer (© Garland Science 2007) Figure 3.5 The Biology of Cancer (© Garland Science 2007)

These normal cells
fill up the bottom

of the plate and stop
growing when they
touch one another,
forming a “confluent
monolayer”.

Schematically, a focus looks like this: The
normal cells in the Petri dish fill up the plate
and stop growing once they touch each other,
forming a cell monolayer. The transformed
cells continue to proliferate even after

they' ve touched one another, and therefore
pile up on top of one another.

All the transformed cells in a focus
are the descendants of an initially

infected, transformed cell.

A focus of transformed cells

These transformed cells continue to grow after they
touch one another and consequently pile up into a layer
of cells many cells thick




Schematically, a focus looks like this: The
normal cells in the Petri dish fill up the plate
and stop growing once they touch each other,
forming a cell monolayer. The transformed
cells continue to proliferate even after

they' ve touched one another, and therefore
pile up on top of one another.

All the transformed cells in a focus are the
descendants of an initially infected,
transformed cell.

This fact indicates that there is a
stable heritability of the transformed
phenotype, i.e., the descendants of the
initially transformed cell are also
transformed.

How does the viral genome (which was responsible
for transforming the initially infected cell) perpetuate
itself in all of the lineal descendantg of the initially
Infected, tranformed cell?

(Chromosomes are transmitted systematically to both daughter cells
during mitosis, but how do viral genomes become systematically

passed from mother to daughter cell at mitosis??)
Figure 3.5 The Biology of Cancer (© Garland Science 2007)

\

vell monolayer i
/

All the transformed cells in a focus are the

descendants of an initially infected,

transformed cell.

This fact indicates that there is a stable

heritability of the transformed phenotype,

i.e., the descendants of the initially

transformed cell are also transformed.

If an infecting virus uses a viral gene
~  to transform an infected cell (such a

viral transforming gene is often called
an oncogene), and the oncogene is

infectwith
RSV particle

petf dsh

required not only to induce the
7 transformed cell phenotype but all to
maintain it, this dictates that the viral

genome (containing a viral oncogene)
must be transmitted to and
perpetuated by the descendants of the
initially transformed cell.

Sv40
genomic
DNA

The descendants of an SV40 transformed cell continue to be transformed.
How does the viral genome, which ostensibly carries
the viral oncogene responsible for cell transformation,

persist in the descendant cells? The SV40 viral genome,
seen here, has no connection with the mitotic apparatus that is specialized
to allocate chromosomes to both daughter cells during mitosis.

Figure 3.11 The Biology of Cancer (© Garland Science 2007)



The descendants of an SV40 transformed cell continue to be transformed.
How does the viral genome, which ostensibly carries
the viral oncogene responsible for cell transformation,

persist in the descendant cells? The SV40 viral genome,
seen here, has no connection with the mitotic apparatus that is specialized

to allocate chromosomes to both daughter cells during mitosis.

SV40
genomic
DNA

As a consequence, this non-chromosomal DNA (=episomal)
will be lost sooner or later during successive rounds of cell

growth and division.
Figure 3.11 The Biology of Cancer (© Garland Science 2007)

Prepare DNA from an SV40 transformed
cell and centrifuge it under alkaline
conditions (under which all non-covalent
bonds are broken).

high low
molecular molecular
ight ight
Use radioactive SV40 e P bl
DNA as a probe to Wh°|;:‘i"""" n:gfesc‘:;:os
analyze the various st Since SV40
fractions of the P sequences
centrifuge tube to o :
determine where inthe ¥ f co-sediment
tube the s w. cell DNA,
complementary SV40 <« ~SV40DNA |! 1" they must be
DNAis located. This & in virus- hvsicall
analysis indicates that g "a"Sf?l"“e" PRysICally
it co-sediments with a cons linked to
the high mol. wt. cell DNA;
cellular DNA, not the L
low mol. wt. viral DNA. 7)} W, fherefore are
integrated.

Bottom of tube <+—direction of sedimentation
Top of tube

Figure 3.15 The Biology of Cancer (© Garland Science 2007)

The descendants of an SV40 transformed cell continue to be transformed.
How does the viral genome, which ostensibly carries
the viral oncogene responsible for cell transformation,

persist in the descendant cells? The SV40 viral genome,
seen here, has no connection with the mitotic apparatus that is specialized

to allocate chromosomes to both daughter cells during mitosis.

SV40
genomic
DNA

As a consequence, this non-chromosomal DNA (=episomal) will be lost
sooner or later during successive rounds of cell growth and division.
How does the SV40 genome hang on and perpetuate itself
in the lineal descendants of a cell that was initially infected
by and transformed by an SV40 virus particle??

Figure 3.11 The Biology of Cancer (© Garland Science 2007)

This suggests physical linkage of viral to cellular DNA, suggesting
A model of how SV40 viral DNA becomes transmitted to the

progeny of an initially infected, transformed cell

i
viral INTEGRATION
"OFDNA COPY

INTO HOST
' CHROMOSOME ‘:jra'
Linear viral DN_E integrated DNA
dsDNA DNA
linearization host cell i
chromosomal ga
DNA
{
circular
viral dsDNA “integration”
genome




i » . |
Now, following integration, whenever th¢ host cell chromosomal
DNA undergoes replication and then distribution during mitosis,
thelintegrated viral genomejcan “go along for the ride”!

This suggests physical linkage of viral to cellular DNA, suggesting
A model of how SV40 viral DNA becomes transmitted to the
progeny of an initially infected, transformed cell

viral
\:{;EGRA‘HON .
NACOPY

INTO HOST =
CHROMOSOME ‘3"
TFEN DNA integrated DNA
dsDNA DNA

linearization T

host cell
“chromosomal
DNA

circular

viral dsDNA & (The process of integration involves “illegitimate”

gerdima recombination, in which the viral genome recombines
with sequences in the host-cell chromosome with which
it has limited if any sequence homology.)

The illegitimate recombination between the
SV40 genome and the genome of an infected
rodent cell is a rare event that occurs in 1 in
103 or 10* infected cells. It is not part of the

virus' s growth cycle,
But the problem is even more complex in
the case of RNA tumor viruses, e.g., the
Rous sarcoma virus discovered by Peyton
Rous.

How does a virus with a
ssRNA genome perpetuate
itself in the descendants
of an initially infected,
transformed cell?

Figure 3.6 The Biology of Cancer (© Garland Sclence 2007)

But the problem of transmitting the genomes of Rous
Sarcoma Virus (RSV) is even more complex:
its genome is constructed of sSRNA.

o
R *?35-

T

remove sarcoma grind up

' d break up sarcoma .
chickenwith 7 collect filtrate injectfiltrate observe sarcoma
sarcoma in h;‘m sk“s"al: with sand that has passed into young ininjected
breastmuscle ~ ©nolKs0 through fine- chicken chicken
vssie pore filter

(Only subcellular
particles pass through
filter.)

Figure 3.2 The Biclogy of Cancer (© Garland Sclence 2007)

As a graduate student, Howard Temin,
then a graduate student at Caltech,
wrestled with the problem. He came up
with an unorthodox solution that landed
him in the scientific wilderness.

Howard Temin ca. 1970

A focus of
RSV-transformed

How does a virus with a
ssRNA genome perpetuate
itself in the descendants

of an initially infected cell?

Figure 3.6 The Blology of Cancer (© Garland Science 2007)



The essence of the idea: that RSV perpetuates itself by : _ p L
making a dsDNA copy of its ssRNA genome. This copy All RNA tumor viruses tumor viruses go through this replicative cycle.

" 2 [ ” -
Temin' Sweird was then mtc_grated into tl?e host c_e}l genome, Because they go “backward” from RNA to DNA, they are called retroviruses.
inTecRAvighyafforded it the ability to be INTEGRATION
|dea:reverse OFDNACOPY  transmitted to the descendants of ' OF DNA COPY
T INTOHOST PR INTO HOST
Transcription! Chiromosome an initially infected host cell. oMo
DNA integrated DNA (= provirus) DNA Integrated DNA (= provirus)
DNA PrA
__________ l Note this term: t Transcription b
_ —— " TREVERSETRANSCRIPTASE | _ RNA . “provirus” = i RNA /RNA 5 IIJII Yy
’ MAKESDNA/RNAAND | === chromosomally / MAKES DNA/RNA AND DNA ) °
o THEN DNA/DNA . X dyiral N THEN DNA/DNA
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_________ RNA i B aiannail RNA P
RNA RN RNA" == ;
RNA coples e RNA copies e
envelope reverse : ATION l @ envelope reverse ; o
transcriptase RASHIEANI transcriptase TRANSLATION
capsid Vo s capsid L
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T * PR NEW VIRUS PARTICLES, * " NEW VIRUS PARTICLES,
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Figure 3.17 The Biology of Cancer (© Garland Science 2007) Figure 3.17 The Blology of Cancer (© Garland Science 2007)

Analysis the genomes of chicken retroviruses revealed the organization of the
common ALV chicken virus (ALV), which had three genes: gag (encodes
capsid); pol (encodes reverse transcriptase & integrase), and env (encodes
glycoprotein spikes).

All RNA tumor viruses twmor viruses go through this replicative cycle.
Because they go “buckward™ from RNA 1o DNA, they are called retroviruses.

Genome of widespread avian leukosis virus (ALV)
cannot transform infected cells

gag pol env

AAAAAA....3'

Flwwd17 The Balogr of Cancw (© Garland Sclemce 2007)

ThisI tells us how the viral genome (with its cancer-inducing
oncogene)is perpetuated in the genome of the descendants of
an initially infected cell.

But it still doesn’ t tell us how the viral oncogene transforms
these CCllS, Figure 3.19 The Blology of Cancer (© Garland Sclence 2007)

difference,
apparently
encoding the viral
transforming

Genome of Rous sarcoma virus
can transform infected cells

activity.



ALV (avian leukosis virus) is common in chicken coops.
RSV (Rous sarcoma virus) has been isolated only once over a
period of 100 years! Therefore RSV is the outlier/exception.

Genome of widespread avian leukosis virus (ALV)
cannot transform infected cells

| gag pol env

AAAAAA....3’

NS
Genome of Rous sarcoma virus \The genetic
can transform infected cells difference
apparently

encoding the viral

i i . transformin
Question: Where did RSV get its src oncogene? | oo 9
Figure 3.18 The Blology of Cancer (© Garland Science 2007) activity.
Question: Where wild-type viral RNA
. . N
did RSV get its src
oncogene? P lm"""m (to make (4 strand GDNA)
Make a sre-specific e
DNA probe: ldmum with alkall

o ——

S— -t
The segment of the cDNA that is )

hvbndx.ld to
complementary to the src gene cannot find viral RNA of
u mutant, Which lacks src gene

its complement in the RNA genome of a
td (transformation defective) mutant 7 M
(whose genome has deleted the sre gene. v Il

(src gene

Therefore, the cDNA against the src gene - h hybrics
remains unhybridized and can be retrieved srespecific
from all the other cDNA segments that proba
have indeed formed DNA:RNA hybrids. Uied Lo datect
¢ sequences in
roﬂm NAS
4 ""'m“wun

Strategy: Make a radiolabelled DNA |——__ "~ —~
probe that is specific for the src gene fonsortedtor

Analysis the genomes of chicken retroviruses revealed the organization of the
common ALV chicken virus (ALV), which had three genes: gag (encodes
capsid); pol (encodes reverse transcriptase & integrase), and env (encodes
glycoprotein spikes).

Genome of widespread avian leukosis virus (ALV)
cannot transform infected cells

| gag pol env

AAAAAA....3’

gag pol env /Sré:

RSV 5’ AAAAAA....3’
Genome of Rous sarcoma virus \The genetic
can transform infected cells difference,
apparently

encoding the viral

K y : : transforming
Question: Where did RSV get its src oncogene? i
Figure 3.19 The Blology of Cancer (© Garland Science 2007) y.
: Wt RSV
Question: Where %
did RSV get its src
reverse
OnCOgene? ik lvcnwnpuun (to make (-) strand cDNA)
RS T ——
Make a sre-specific lmun
destroyed with alkall

DNA probe:

/——-‘—‘N

“"'l-..._-"

The segment of the cDNA that is complementary to
the sre gene cannot find its complement in the RNA mg::d ofm
genome of a td (transformation defective) mutant td mutant, which lacks src gene
(whose genome has deleted the sre gene. Therefore, Ye P
the cDNA against the src gene remains unhybridized e —pe Sl - ‘9 mutant
and can be retrieved from all the other cDNA 4% all . ( l‘: = transformation
segments that have indeed formed DNA:RNA hybrjds, (src gene hybrics Defective)
L, discarded
If this src cDNA is radiolabeled, i€, was ' _srespadtic
2 . . . . probe
synthesized in the presence of radioactive
. undmdotm
dNTP precursors, it can be used as a nces in
probe to detect complementary DNA °'h o
sequences in other DNAs of interest. /_":‘-'MNN
W
DNAS to be tested for
presence of sr¢ sequences

This probe can then be used to search for the
presence of src sequences in other DNAs.



Wt RSV

Question: Where Wikgpa el vtk
& . W
did RSV get its src lm
oncogenc? ONA transcription (to make (-) strand cDNA)
Y e
Make a sre-specific I,m s
DNA probe: e — e
viral RNA dw
This probe can then be used to S e
search for the presence of src = =" RSVtd mutant
sequences in other DNAs. GE‘E hlslm.mu (D ;cr!ec;l \:;a)nsformation
missing) o
In fact, the RSV src probe g
hybridizes to normal chicken s
. . oe uences in
DNA, i.e., DNA of chicken otherbiuss
cells that have never been P
infected by RSV, N, T
DNAs to be tested for
presence of src sequences
What does melting temperature extentof  meglting
indicate? The more mismatched hybridization ~jemp.
the hybrid is, the lower the 2SV-rat 70% I 829
temperature at which the hybrid £vr ,75 5
denatures -- i.e., a less heating is Py 16% 1 |
required to pull apart the two \ I .
strands in the hybrid (the Probc L uail 48% | 78°
DNA strand and the genomic | I
DNA strand to which it is thicken  54% 80°
hybridized/annealed). I ;
——————turkey 53% | 78°'
|
duck 46% | 767
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Figure 3.21 The Biology of Cancer (© Garland Science 2007)

Question: can the src-specific cDNA probe
recognize related sequences in the cellular
DNAs of various species?

Result: a src proto-oncogene

is present in the DNA of chickens,

other birds and mammals, indeed

all animal

1 1 1 1 1

100 80 60 40 20 O

years X 10°6

Figure 3.21 The Blology of Cancer (© Garland Science 2007)

extentof  melting
hybridization temp.

RSV-rat 70% 82°
emu 16% 75.5°
quail 48% 78°
chicken  54% 80°
turkey 53% 78°
duck 46% 76°

Use the src DNA probe to

hybridize w. various bird

DNAs

and mammals, indeed all animals!

Answer: a src proto-oncogene is present in the DNA of chickens, other birds

]

4

extentof  melting

hybridization temp.
RSV-rat 70% 82°
emu 16% 75.5°
quall 48% 78°
chicken  54% 80°
turkey 53% 78°
duck 46% 76°

1 1 1 1 ] J
100 80 60 40 20 O

years X 10-6

' This cellular version of src came to be called “c-src” to distinguish it
from the version of src carried by RSV, which was called “v-src”.

The behavior of c-sr¢ was reminiscent of -- indeed identical to -- the behavior of a
normal cellular gene, whose sequence is largely conserved over large evolutionary

time periods, but which slowly diverges with the passage of time -- over millions of

years.
Figure 3.21 The Biology of Cancer (© Garland Science 2007)



Answer: a src proto-oncogene is present in the DNA of chickens, other birds and mammals,
indeed all animals!

This cellular version of src came to be called “c-src” to distinguish it

from the version of src carried by RSV, which was called “v-src”.

extentof melting
hybridization temp,

RSV-rat 70% 82°
emu 16% 75.5°
quail 48% 78°
chicken  54% 80°
b turkey 53% 78°
duck 46% 76°

1 1 1 1 1 1
100 80 60 40 20 O
years X 10-6
The behavior of c-src was reminiscent of -- indeed identical to -- the behavior of

a normal cellular gene, whose sequence is largely conserved over large
evolutionary time periods, but which slowly diverges with the passage of time.

Figure 3.21 The Blology of Cancer (© Garland Science 2007)

Answer: a sz¢ proto-pngogene is present in the DNA of chickens, other birds and mammals,
indeed all animals!

This cellular version of sr¢ came to be called “c-yr¢™ to distinguish it

from the version of sr¢ carried by RSV, which was called “v-sre”.

extentofl  melting
hybridization temp.

RSV-rat  70% 82

amu 16% 75.5*
e QuAT 48% 78*
chicken  54% 80"
turkey 53% 78
duck 46% 76*

R S S S S S |
100 80 60 40 20 O
ycnnKlU‘

The behavior of c-gr¢ was reminiscent of - indeed identical to -- the behavior of
a normal cellular gene, whose sequence is largely conserved over large
evolutionary time periods, but which slowlv diverges with the passage of time.

This suggests that the c-src gene is a normal cellular gene
that was kidnapped by RSV and used by RSV to transform infected
cells.

Genome of widespread avian kuknsis, virus (ALVY)
cannot transform infected cells

l gag pol env

7
L)
Gcnomc\nf Roys sarcoma virus \The genetic
\ can transform infected cells difference,

l Question: Where did RSV get its sr¢ ongpgeng? iactiv'ny.

Now we know the answer: the gene was copied/stolen
from the genome of a normal chicken cell!

Answer: u gre proto-ongogene is present in the DNA of chickens, other birds and mammuls,
indeed all animals!

This cellular version of sz came to be called “c-src” to distinguish it

from the version of src carried by RSV, which was called “v-sr¢”.
extentof  melting
hybridization temp.

RSV-rat  70% 8

emu 16% 75.5°
quail 43% 78"
chicken  54% 0"
b turkey  53% 78*
duck 46% 78"

i e
100 80 60 40 20 0
years X 1078
‘The behavior of c-yr¢ was reminiscent of -- indeed identical to -- the behavior of

a normal cellular gene, whose sequence is largely conserved over large
cvolutionary time periods, but which slowly diverges with the passage of time.

This suggests that the c-src gene is a normal cellular gene

that was kidnapped by RSV and used by RSV to transform infected cells.
This suggests, in turn, that c-src has a role in normal cell/
organismic physiology -- it’ s called a proto-oncogene.



In fact, a variety of other retroviruses in a variety of How does the src-encoded oncoprotein function biochemically?
mammalian and avian species have picked up host cell

proto-oncogenes. (Homologues of each of these proto-oncogenes is How does the Src oncoprotein (made by the RSV src oncogene)
present in the genomes of all vertebrates, i.e.,as part of the shared function biochemically? It functions as a tyrosine kinase (like the
genetic repertoire of vertebrates. Jo kL tyrosine kinases that are part of various growth factor receptors).
- L transfer of
phosphate to
substrate )\,/
7 ’ ﬂs::
ATP i / antibody
ADP (‘
high-energ
phosphate

Abbreations. cf.m«ﬂ-um\uwm g factor; EGE, epidarmal geowth factor; G, GTP inging: POGF, platelet-
derived - 'lm Tyrosine kinase; seeithe, I:M"ﬂlh\ﬁmwm wgmant; TK,
i

While the anti-Src antibody molecule can bind and immunoprecipitate
o e hat e ikt oo’ e B . the Src protein, it can, as it happens, also serve as a substrate for
Fornaieg EE—

el
of the mammalian fes oncogene.

e e ol ro ancuers phosphorylation by the Src tyrosine kinases.

*Ortholog of the avian mil oncogene.

e
Table 3.3 The Blology of Cancer (© Garland Science sur u‘;".:-':;;.'n %E;ﬁg lm Krug a1 al, Mincipls of Weology Washingion, DC: ASM Fress, Figure 6.5a The Biology of Cancer (© Garland Science 2007)
AT (One type of antibody Cells are lysed and then their
sospliatey is termed an 1gG. proteins are resolved by gel
ot This autoradiogram shows the electrophoresis.
anti-Sre used here to . wb
(.m_' J A antibody precipitate Src and spectrum of proteins that are e fo
ADP then bccam}t’»2 its phosphorylated on tyrosine ,,,3’ ;.;90,&
% B . . . A
hlgh-energy bsraeg P residues in plain NIH3T3 L5
phosphate labeled ATP was — . T T
added to Src here and mouse cells or in NIH3T3 'i' LS
the resulting mouse cells that have been i Ear
b gaCiolaheled proteing transformed by the introduction 75—
were resolved by P Thi £
Gel electrophoresis electrophoresis. 0 .a e or.1co'gene. 15 83— :
followed b evidence indicates (1) that Src ‘e
o el IgG phosphorylated : : . 62— '
radioautography by pp60V-5'¢ functions as a tYI'OSII'lC kmase; :
35K ilioaciiie phoaphate and (:’Z) that is phosphorylgtes 48—
label, i.e., 32P) multiple substrates within a ; |
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markers
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Figure 5.5b The Biology of Cancer (© Garland Science 2007) Figure 5.7a The Biology of Cancer (© Garland Science 2007)



A growth factor receptor growth factor arrives from elsewhere

extracellular space

}) ectodomain of
"\ GF receptor

Cytoplasmic
domain of GF
receptor

growth factor receptor responds
by releasing signals into cytoplasm

cytoplasm

Figure 5.12b The Biology of Cancer (® Garland Science 2007)

Comparison of a typical growth factor receptor, e.g., the epidermal
growth factor (EGF) receptor, with Src shows that there is a region
of homology between the two.

transmembrane C-terminal
ectodomain d°"|'ai" cytoplasmic domain t?"
EGF
receptor : ! {
ligandbinding i regionof |
plasma 1 homology. s
membrane

Structural homology suggests functional similarity; therefore,
it is likely that the EGF receptor signals via its Src-homologous
domain, i.e., via its tyrosine kinase domain.

Figure 5.9a Thae Biology of Cancer (© Garland Science 2007)

Comparison of a typical growth factor receptor, e.g., the epidermal
growth factor (EGF) receptor, with Src shows that there is a region
of homology between the two.

= signal-emitting

domain
transmembrane C-ternpinal
ectodomain d°"|"a'“ cytoplasmic domain t?"

T e =l
receptor Lo s - ! )
£ 4 ] . ]
. e 1 regionof
gand binding B \ I pdieiogy, . |
plasma H i

membrane

= growth factor

Homology = sequence relatedness -- therefore evolved from a
common (evolutionary) ancestral gene.

Figure 5.9a The Biology of Cancer (@ Garand Science 2007)

Actually, there are quite a few kinases in the mammalian genome -- almost 500!
Of these, a small clade (90) are tyrosine kinases (TKs).

This tree plots different kinases
as a function of their sequence
similarity (closer) or lack of
similarity (farther). The fact
that all the TKs can be located
on one branch of this tree
indicates that they all descend
from a common, ancestral TK
gene that underwent repeated
cycles of duplication and then
divergence. Indeed, almost all
of the remaining kinases in our
cells (=ser & thr kinases) also
appear on this tree indicates a
common ancestral kinase for all
of these various enzymes.

Figure 16.12 The Biology of Cancer (© Garland Sciance 2007)



growth factor arrives from elsewhere

: Both the Src protein & the
transmembrane C-terminal signal-emitting domain of

ectodomain dor:\ain cytoplasmic domain ta," the GF receptor are

EGF L L] 1l 1 c 1
N’ TP RSE Ly | signal-emitting tyrosine
receptor =7 , ) .g ! gty : ‘
ligand binding L i regionof | kinases. (derived evolutionarily
7 pnl'a's';-ﬁa i homology i from a common ancestral

EGF membrane  gy¢ - gene/protein)

These similarities suggest another idea: Perhaps the way by 2

which an oncoprotein like Src signals is to mimic the growth- v-]
promoting signals that are released by a growth factor receptor.

Perhaps the Src oncoprotein releases a steady stream of these growth-
promoting signals, in contrast to the normal EGF receptor, which only
releases such signals once it is stimulated to do so by binding its ligand, EGF.

growth factor receptor responds
by releasing signals into cytoplasm

cytoplasm

Figure 5.9a The Biology of Cancer (© Garland Science 2007) Figure 5.12b The Biology of Cancer (© Garland Science 2007)

But Rous sarcoma virus doesn’ t cause human cancer.
How are proto-oncogenes and oncogenes involved in
Human cancer? It’ s best to backtrack to the beginnings of
the cancer research field!
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What is cancer?

Cancer Part 1. 7.012

Normal tissue -- well ordered A tumor - chaos

What is cancer? What is cancer?
FIGURE 1.1 500
normal behavior ~_Annual rate of death from
colon cancer lir the United
| States. (From.J. Cairns,- -
Cancer: Sclence.and Society, 400
@ cancerous behavlor 1978.) ' X
3
I
All the cancer cells in a tumor descend § -
from a normal cell ancestor that Cancer takes a long gﬁ 256
underwent transformation and, through time to develop. <<
repeated cycles of growth and division,
spawned the billions of cells in a o0
tumor.
0 2.0 40 60 . 80 100

Years of Age T



Cancer (here in the colon) develops through a sequence
of changes of increasingly aberrant tissues

BESORALY AT GO

What causes
Cancer??

1st clues:

1795, London:

Chimney
sweeps

get (otherwise
rare) scrotal
cancer.

(In modern
Terms:
hence,coal
tars are
carcinogens

‘What is cancer?

Scientific American

colon tumor
mets in liver

What is cancer?

breast tumor
mets in brain

Invasive cancer cells in a primary tumor often metastasize (spread)

to seed new tumor colonies in distant tissues (metastases).

Katsusaburo Yamagiwa, Tokyo, 1915

Figure 2.21a The Biology of Cancer (© Garland Science 2007)

Painted coal tars on
the ears of rabbits and
got skin cancer after 6
months. First time
that cancer was

experimentally with a
chemical carcinogen.



Figure 2.21b The Biology of Cancer (© Garland Science 2007)

1950: tobacco use, and thus tobacco tars implicated in lung

cancer.

Tobacco Use in the US, 1900-1999

5000 -
4500
4000
3500 4

Per capita cigarefis consumplion
3000 -

2500 4
2000 <
1500 4
1000 4

500 -

Male lung cancer death rate

Per Capita Cigarette Consumption

x =§P @60@

1) %Q‘:
FELE LS

Year

6,0 & O 4o
°q R ca"'.\:a@,@ o, o}‘

*Age-adjusted to 2000 US standard population.

Source: Death rates: US Mortality Public Use Tapes, 1960-1999, US Mortality Volumes,
1930-1959, National Center for Health Statist|
Prevention, 2001. Cigarette consumption: Ug Department of Agriculture, 1900-199 ’/

el

-+ 100
T80 .
+80 3
170 8

c
60§

23
o 5

E
L30 3

o
Lo

j=1]
10 <
-0
They subsidize
tobacco!

1930s: tar constituents are purified and identified chemically

008 obl’ 0of ofd

7,12-dimethylbenz[a]-
anthracene

Hic 9

3-methylcholanthrene

qu

2-naphthylamine

dibenz[a,hlanthracene benzola]pyrene

2+,3-dimethyl-4-amino- estrone

azobenzene

N,N-dimethyl-4-amino-
azobenzene

Figure 2.22 The Biology of Cancer (© Garland Science 2007)

Bruce Ames: Develop a test
to quantify the mutagenic

rat liver potency of various chemical
homogenized
1 Compounds
o
L Sukss
::-:.:.".% (liver contains enzymes that
. L e can activate chemicals to a
t oun .
e metabolicactivation  reactive state)
of test compound
by rat liver enzymes

metabolically
activated
compound

add to Salmonella bacteria unable
to grow without added histidine
in culture medium

count number of bacterial colonies
that have undergone mutation
enabling them to grow without
added histidine

Figure 2.24 The Biology of Cancer (© Garland Science 2007)



Causes of cancer: compounds that are more mutagenic
are also more carcinogenic!
102 e

L

P

5 Compounds
Miie in tobacco

¥ smoke
Potent 3 : condensates
carcinogeng 10"

102 10- AP0 102
#g per 100 Salmonella revertants

More potent mutagen ~Results of Ames test

(Donor cells) (Regipient cells) Note that this
time the focus
of transformed
cells has not been
- = B RCREEEES
ol = - -caused by a

chemically
transformed
mouse fibroblasts

normal formation of a I'etI'OViI'US
mouse focus of morphologic
fibroblasts  transformed cells infection. Instead
it' s been caused
by introduction
of DNA from

a cancer cell.
(no viruses around)

transfection using
calcium phosphate
co-precipitation procedure

< Infect with =l
RSV particle
cellmonolayer

7
Petridish l transformation of a cell

Cells transformed

by a mutagenic .
coal tar carcinogen CL

Figure 4.2 The Biology of Cancer (© Garland Science 2007)

Logic:

1. If mutagens act as carcinogens, then cancer cells are

likely to be mutant cells.

2. If cancer cells are able to transmit their phenotype from

one cell to its descendants, then they are likely to carry mutant

genes that are responsible for their mutant phenotype.
Compounds
W in tobacco
smoke
Potent condensates
carcinogen

|

mgkpiday ghdng S0% tumor induction in 24 manths

10 0 10 T 1 1
19 par 100 Sdmonalta revertants

“— More potent mutagen ~Results of Ames test

Inference: cancer cells are likely to carry mutant genes.

Descendants of a normal recipient cell that received DNA
(via transfection) from a chemically transformed donor cell

LN AR R

Figure 4.3 The Biology of Cancer (© Garland Science 2007)



Goal: prove that the cells in a focus of transformed
cells in a Petri dish are really cancer cells!

donor DNA
e

formation of a

mouse focus of morphologically injection of
fibroblasts transformed cells morphologically
transformed cells into
(recipient cells) mouse host

tumor 1
T

Proceed to clone the “oncogene” within the
donor DNA that is responsible for the transformation

of the recipient cells
donor DNA\%

Figure 4.2 (part 2 of 2) The Blology of Cancer (© Garland Science 2007)

=
i sty
normal formation of a
mouse focus of morphologically
fibroblasts transformed cells

Find that the cloned oncogene is closely related to

a gene present in the normal human genome.

Call the normal gene a “proto-oncogene”.

(Indeed, the two genes are almost identical in sequence.)

Proceed to clone the gene within the
donor DNA that is responsible for the transformation
of the recipient cells

normal formation of a
mouse focus of morphologically
fibroblasts transformed cells

Normal cellular gene that is
related to cloned
transforming gene

t""“‘*d fails to transform
roto-oncogene
P T . =] / CelIS

SR

cloned oncogene

transforms cells

Gene responsible for transforming
normal recipient cells into cancer
cells

Where is the critical difference between the two genes??



cloned foci detected
fecti after transfectl

prot g

e
cloned oncogene

[ ] -

+
+ +

+
Sequence both genes e sor
to determine differences

+
t

[
sso‘l-:l:fu gment

i
-] subjected to sequence analysis
[ ine mutation responsible for activity

CCCGGA CCal
proto-oncogene

gec gly val gly lys ser ala leu thr
GTC GGT GTG GGC AAG AGT GCG CTG ACC

oncogene splice

met thr glu tyr lys leu val val val gly ala
ATG ACG GAA TAT AAG CTG GTG GTG GTG@ GGC GCC

ile gln leu ile gln asn his phe val asp glu tyr asp pro thr ile glu
ATC CAG CTG ATC CAG AAC CAT TTT GTG GAC GAA TAC GAC CCC ACT ATA GAG GTGAGCCTGC

GCCGCCGTCC AGGTGCCAGC AGCTGCTGCG GGCGAGCCCA GGACACAGCC AGGATAGGGC TGGCTGCAGC
CCCTGGTCCC CTGCATGGTG CTGETGGCCCT GTCTCCTGCT TCCTCTAGAG GAGGGGAGTC CCTCGTCTCA

GCACCCCAGG AGAGGAGGGG GCATGAGGGG CATGAGAGGT ACC
Figure 4.10 The Biclogy of Cancer (@ Garland Science 2007)

Product of the ras gene:
A G protein!

NJ’

Figure 5.31 The Blology of Cancer (© Garland Science 2007)

Actually, this proto-oncogene was already known,
since it was picked by a retrovirus, just like the
src gene of RSV. This proto-oncogene is called ras.

CCCGGE CCGCAGGCCC TTGAGGAGCG

proto-oncogene

gly val gly lys ser ala leu thr
GGT GTG GGC AAG AGT GCG CTG ACC

oncogene

gly
met thr glu tyr lys leu val val val gly ala ;Iri-:
ATG ACG GAA TAT AAG CTG@ GTG GTG GTG GGC GCC GTIC

val .
splice

ile gln leu ile gln asn his phe val asp glu tyr asp pro thr ile glu
ATC CAG CTG ATC CAG AAC CAT TTT GTG GAC GAA TAC GAC CCC ACT ATA GAG GTGAGCCTGC

GCCGCCGTCC AGGTGCCAGC AGCTGCTGCE GGCGAGCCCA GGACACAGCC AGGATAGGGC TGGCTGCAGC
CCCTGGTCCC CTGCATGGTG CTGTGGCCCT GTCTCCTGCT TCCTCTAGAG GAGGGGAGTC CCTCGTCTCA

GCACCCCAGG AGAGGAGGGG GCATGAGGGG CATGAGAGGT ACC
Figure 4.10 The Biology of Cancer (© Garland Science 2007)

(INPUT)

-

|

i

||

I 1

|

~

\ . .
Si gﬁ' &l Ras is involved in signal transduction -- receiving
transduction A signal from upstream in a signaling pathway,

[ (INPUT), processing the signal, and then releasing
= a signal to a downstream target (OUTPUT).

|
|
3l
v

(OUTPUT)



(INPUT)(upstream) In fact a ligand-activated growth factor
{ul receptor is the usual source of upstream
:: | signals.
|
&
% 7
Si gl; al Ras is involved in signal transduction -- receiving
transduction A signal from|upstream in a signaling pathway)
[ (INPUT), processing the signal, and then releasing
| i a signal to a downstream target (OUTPUT).
[}
<
v
(OUTPUT)(downstream)

Ras operates like a - INPUT
binary switch l_OF F upstream stimulatory
INACTIVE sig/naiand Ras
. ctivation
GTP hydrolysis 26>
P, <
Ras operates
like an
ON-OFF
Binary Switch GDP (GTP)
However, Ras E\\t\
Turns itself i e dow}\s\t{eam
OFF after a ACTIVE signéj_iﬁg
w50 o Sy Bt S ooy | ON OUTPUT

upstream sti l"l"lllﬁgtg’lry

INPU ,
( - . INACTIVE signal @nd Ras
il o activtofl
: i / y <
! OFF @&
! : TN | GDP is jettisoned
T'\v Y
Signal
transduction
[
| ll (GTP)
| |
W .
v GTP is bound
ON § S in its place
(OUTPUT) 1\\ P
" downstream
ACTIVE signalihg
Y OUTPUT
[prp— INPUT
What happens in OFF
many cancers? &
-
(L1
, upstreant = -
INACTIVE signaf
GTP hyfi:olysis 4 ' actlvat;;;(

In many cancer

cells \

mutation
(No longer e
can turn itself =¥ downstreant~,_> OUTPUT
OFF) ACTIVE signaling
Figure 5.30 The Biology of Cancer (© Garland Science 2007) ON




peass b INPUT

S|gnaf‘?md Ras

In many cancer cells
Ras is trapped in its
signal-emitting

state
(GTP)

blockage
caused by s e iy
oncogenic 3
mutation \ <

(Nol t &

o longer
can turn itself dOW}lS‘N‘eam
OFF) ACTIVE sngné__l_ng
Figure 5.30 The Blology of Cancer (© Garland Science 2007) ON OouTPUT

GSK-38  PKB/Akt

[3-catenin

O_EEJI upstream stimulatory

‘OFF INPUT

| upstream stimulatory

proto-oncogene Slgna"@n as

no: t.br glu ;y:- lys leu val val val gly ala q:l.y vll gly 1ys ;a; ;é; %-:8 :u CtIVQIIOn

AT AAG CTG GTG GTG GTG GIC GCC ’
on:ogane splice

/
-
ro thr ile glu
ACT ATA GAG GTQAAGCCTGC

51- leu ile gln asa his phe val asp glu tyr fs
SMCTGATC AAC CAT manggu'rxc
GCCGCCOTCC AGGTGCCAGC AGCTGCTGCA GGCAAGCCCA CACAGCC AGGATAGGGC TGACTGCAGC
CCCTGUTCCC CTGCATGGTA CTUTGACCCT TCCTCTAGAG GAGGGGAGTC CCTCGTCTCA

GCACCCCAGG AGAGGAGGGA GCATGAGGGA CATOAGAGHT ACC

GDP (GTP)

blockage
caused by I/
oncogenic 4{3
mutation N

(Nol &

o longer
2 dowhstream
can turn itself ACTIVE ign3l
OFF) sign \iﬂg
Figure 5.30 The Blology of Cancer (© Garland Science 2007) ON OU,-[‘PU'I‘

Table 4.2 A list of point-mutated ras oncogenes carried by a variety
of human tumor cells

Proportion (%) of tumors carrying a
point-mutated ras gene?®

Tumor type

Pancreas
Thyroid (paplilary)

3H, K, and N refer to the human H-RAS, K-RAS, and N-RAS genes, respect:vely
Adapted from J. Downward, Nat. Rev. Cancer 3:11-22, 2003.

Table 4.2 The Biology of Cancer (© Garand Science 2007)



familial [genotypeof |

Mutations that affect the Rb (retinoblastoma gene) kill the gene
(see these deletions) rather than potentiating its function.

mutant =
N 5 Rb allele
| )

41 _( ~200 kb ~_first somatic mutation

9~
i 4—>dclctions

—_— mutant -+
mutant Rb allele

28 : { Rbgene

copies

3

_ Imagine, therefore that the mutant
43 : Retinoblastoma susceptibility allele
' is a recessive allele within a cell

bilateral [disease |

Figure 7.7 The Biology of Cancer (© Garland Science 2007)

sporadic

retinoblastoma fertilized egg retinoblastoma

N

smaﬂﬁ%
imutation.

'

mutant
Rb gene
copies

unilateral




Mutant null allele passed through sperm or egg,
i.e., a mutant germ-line allele

familial
retinoblastoma

maternal —————
chromosome mutant —»
Rb allele

N ___ paternal
5 chromosome

Genotype of organism at conception.
Therefore, genotype of all cells
throughout the body, including all
cells in the retina are heterozygous

at Rb locus.
familial genotype of sporadic
retinoblastoma fertilized egg retinoblastoma
: 1 :
;

5 !
L

mutant -

Rbalicle U U
|
o2
i a
4 &
3 g
Non-familial “mutant
Rb gene

retinoblastoma, copies
i.e., sporadic

(random) form

of disease.

two ]
mutant
Rbgene
coples

bilateral gg}suang unilateral

Figure 7.7 The Biology of Cancer (© Garland Science 2007)

Wild type
genotype _
at conception

Mutant allele passed through sperm or egg,
i.e., a mutant germ-line allele

familial
retinoblastoma

maternal —— —
chromosome mutant =
Rb allele

paternal
chromosome

"1 Now imagine that a
somatic mutation

in a retinal cell

alters the 2nd,

previously wild-type
gene copy, creating a 2nd
null allele

Now, that retinal cell has two mutant copies of Rb
gene. If both alleles are null alleles, total loss of Rb function.

plasma membrane

c‘yitl'tibl—-—-o
RE—0 o
EJ2'F' L. .
1 //'-'?F—“le

DNA damage
g cell |, sensor
e = proliferation o9
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2nd cancer lecture

To review:

Product of the ras ge
A G-protein!

Nl

Figure 5.31 The Biology of Cancer (© Garland Science 2007)

initiating mutation

oooooodbooooooooo@oooo

second mutation

efelefelclelc il I R GGO00000

~106 cells ————
SECOND CLONAL EXPANSION

third mutation

ooooeeas@do ------- ;rﬁeooooo
g "THIRD CLONAL EXPANSION
fourth mutation
0000668 EE66

Figure 11.12 The Biology of Cancer (© Garland Science 2007)

(INPUT)

Ras is involved in signal transduction -- receiving
A signal from upstream in a signaling pathway,
(INPUT), processing the signal, and then releasing
a signal to a downstream target (OUTPUT).

Slgnal
transduction

1
9
<b
(OUTPUT)

wE
-l



(INPUT)(upstream) In fact a ligand-activated growth factor
& receptor is the usual source of upstream
: I signals.
|
)
4
\
Si gr:al Ras is involved in gignal transduction -- receiving
transduction A signal from|upstream in a signaling pathway
[ (INPUT), processing the signal, and then releasing
| : a signal to a downstream target (OUTPUT).
|
2
v
(OUTPUT)(downstream)

Ras operates like a [pp— INPUT
binary switch OFF upstream stimulatory
INACTIVE sig/nai/and Ras
. activation
GTP hydrolysis L~
P; —<
Ras operates
like an
ON-OFF
Binary Switch GTP
However, Ras \
Turns itself - dowhstyeam
OFF after a  ACTIVE signalifjg
From 530 10 S5 B o ooy | ON OUTPUT

NPU ae |
¢ i R [INACTIVE signgl @nd Ras
[ activﬁ;im(i
i \ A
: I L=
! : GDP is jettisoned
'{‘\f/f
Signal
transduction
[
|| @m
|[ﬁ |
ﬂvl/ GTP is bound
ON < in its place
(OUTPUT) Vo
_— downstream
ACTIVE signa@g
b )
Y OQUTPUT
N INPUT
What happens in OFF
many cancers? Py
______ upstream ‘;;‘-7' o
'INACTIVE signat

GTP hydrolysis

In many cancer

ol \

oncogenic
mutation

(No longer
can turn itself
OFF)

Figure 5.30 The Biology of Cancer (© Garland Science 2007)

ACTI

upstream stln'nll.lﬁgt{cj;rry

activatio

rF~
\ YEae
; downstream~,_> OUTPUT
E signaling
ON




o INPUT
OFF upstream stimulatory
INACTIVE s:gn.aiand Ras
In many cancer cells acth;tmn
Ras is trapped in its
signal-emitting
state
@D
blockage
caused by I/
oncogenic 4’{_:
mutation N
Y
(No longer N
can turn itself _ dowhs\(eam
OFF) ACTIVE.  signlifjg
Figure 5.30 The Biology of Cancer (© Garland Science 2007) ON OUI]. I)UTI‘

Table 4.2 A list of point-mutated ras oncogenes carried by a variety
of human tumor cells

Proportion (%) of tumors carryinga
point-mutated ras gene?®

Tumor tj(pé

‘Thyroid (follicular)
Colorectal

~ Seminoma
Myelodysplasia
Lung (non-small- cell)
Acute myelogeno leuk
~ Liver
Melanoma
Bladder

3H, K, and N refer to the human H-RAS, K-RAS, and N-RAS genes, respectively.
Adapted from J. Downward, Nat. Rev. Cancer 3:11-22, 2003.
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Recurring mutations in codon 12 of RAS in human tumors.
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Children who are not cured of the disease cannot however
reach adulthood and reproduce.
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An entirely different kind of genetic mutation: the case of retinoblastoma




familial genotypcof 4 sporadic
retinoblastoma fert!ltzed egg retinoblastoma

| PR PR A

Mutations that affect the Rb (retinoblastoma gene) Kill the gene l | i

(see these deletions) rather than potentiating its function.

mutant =
Rb allele

N
|4 1 ~200 kb

9 : 5
44 — ~deletions § mutant-ﬁ
t
. m:::m U Rb allele

28 { Rb gene
copies
3

: : Imagine, therefore that the mutant
43 _ Retinoblastoma susceptibility allele
is a recessive allele within a cell

mutant
Rb gene
copies
bilateral [disease’ unilateral
Figure 7.7 The Biology of Cancer (@ Garland Science 2007)
Mutant null allele passed through sperm or egg, Mutant allele passed through sperm or egg,
i.e., a mutant germ-line allele i.e., a mutant germ-line allele
familial familial
retmoblastoma retinoblastoma
maternal —— paternal maternal ——— paternal
chromosome  mutant -- : chromosome chromosome mutant - chromosome
Rb allele Rb allele

Now imagine that a
somatic mutation

in a retinal cell

alters the 2nd,
previously wild-type
gene copy, creating a 2nd
null allele

Genotype of organism at conception.
Therefore, genotype of all cells
throughout the body, including all
cells in the retina are heterozygous
at Rb locus.

Now, that retinal cell has two mutant copies of Rb
gene. If both alleles are null alleles, total loss of Rb function.



familial genotype of sporadic Therapy 320
retinoblastoma fertilized egg retinoblastoma 300
ittt
[ o THE PROBLEM: a5 heart disaaso
it U SO Mortality from heart disease 260
Rballele .- SeNoLR :
I e R 1 ‘ at conception has plummeted while that g 240
| L | from cancer has hardly 5 a0
B N i changed g 20
Jf‘ 3{(‘ 0 0 g 180 cancer
H\MO’H mutant- E _8_: 160
Non-faminal Y atant” Rb allele ) i 140
finoblast Rb garie Age-adjusted death rates the rate at ~ § 50
Fe 100Dias (?ma, Ll which people of a certain age <
i.e., sporadic die in a population -- which Loy
(random) form 0 g compensates for the facts that 5
: | 60
of disease. i E (1) Many diseases occur at %
two ] different rates at different ages
mutant 20
Rbgene (2) Different populations have i - g
— o e -
A—— it differing distributions of old EESR38R8588588
bilateral | disease unilateral et Al sl e
7 and young people. year of death

Figure 7.7 The Biology of Cancer (© Garland Science 2007)
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rate per 100,000 popuiation

Incidence of disease is very hard to interpret, i.e., we don't
really know how often certain diseases strike.

The case of melanoma incidence
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The more you look, the more you find!

The better you can search, the more you find
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Superficially similarly appearing tumor behave very differently
w if one stratifies them (segregates) them into subclasses based
fo A "_ expression profiles

Under the microscope,
they all look like this

genas highly

1.0 EEeE
expressed in :zl:f‘h‘r;l
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EO‘G PMBL  64%
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0.2 ABC
genes highly 0%
expressed in 0.0 Ve
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Since the survival rates are so
different, these are likely to be

very different diseases that need
to be treated differently.
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Alternative: Develop drugs that inhibit oncoproteins

anti-ErbB (HER2)
receptor Mabs
{trastuzumab, 2C4, C225,

Abx, etc)

anti-HER1, HER2, HER4
tyrosine kinase inhibitors
{ZD1839, O51-774, EKB-569
GW-2016, CI-1033, AEE788)

outside cell

plasma memb.

cytoplasm

inhibitors (BM5-214662,
R115777)

RAF inhibitors
{BAY 43-9006)

mTOR
inhibitors ——{ .ﬁ i:}i
(RADOO1) :

2 — MEK inhibitors
{C1-1040)

cyclin D1

cell cycle progression  survival proliferation

Note that monoclonal antibodies can only be used to perturb
proteins that are expressed on the outside of the cell

+— different —
tumors

- ,
; :

O
1 RNA
n.mi EE E i (Northern blot)

o B
p185 L ,protein
B 3 (immunoprecipitation)

1.5 kb

HER gene is amplified ——

DNA
(Southern blot)

HER?2 protein is overexpressed— "% «

immunochistochemistry

Figure 4.6c The Biology of Cancer (@ Garland Science 2007)

Misfiring receptors found in many types of cancer

ectodomain

of HER2/Neu Normal mammary epithelial

cell surface

Surface of ~30% of
breast cancer cells

- I Sahag e - Eee N B » Sessainasssses
J b s 8

They delude the cell into thinking that it has received
mitogenic signals from its neighbors, when in fact none
has been received.

= 1.0
g = 08 HER2/Neu not
55 amplified (n=52)
g _‘g 0.6
& a
s g 04 = :
g — i HER2/Neu amplified (n=11) >5 copies
T

0

0 12 24 36 48 60 72 84
months after diagnosis

Figure 4.6b The Blology of Cancer (© Garland Science 2007)



Monoclonal antibody

Figure 15.35b The Biology of Cancer (© Garland Science 2007)
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Figure 15.37c The Biology of Cancer

r;diatlon

HER2

(extracellular domain
of receptor)

Herceptin potentiates
X-ray killing of cancer
cells

Ectodomains of EGF-R and its cousin HER2/Neu

cetuximab
(Erbitux)

trastuzumab

pertuzumab
(Herceptin)

(Omnitarg)

HER2/Neu plasma

membrane

HER2/Neu

Figure 15.38b The Biology of Cancer (© Garland Science 2007)

Figure 3. Frequency of efficacy end point events In the Herceptin(R) Adjuvant (HERA) trial [8]
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Take the case of chronic myelogenous leukemia auas Aedy :
ey Want about inhibiting intracellular oncoproteins?

The case of chronic myelogenous leukemia

! Large numbers
of abnormally
appearing cells

¢ in the circulation

myelogenous --
arising in the
bone marrow

2q-

(Pnh

Reciprocal translocation between chromosomes 9 and 22, which
depends upon non-homologous recombination between these two chromosomes.

The reciprocal translocation causes the Let’ s focus on the Ber-Able fusion protein made in

fusion of two previously unaffiliated s i
chronic myelogenous leukemia (CML
% s Philadalphia genes, one from chr. 22, the other from Y g ( )

a chr. 9,resulting in the formation of a
n fusion gene that encodes a novel fusion
protein It has a number of funct1onally distinct domams labeled here.
p210 -_ ‘ : [ H
n (actually 3 alterative fusion proteins, oD PST Dbl-like PH "—[—' NLS NLS NLS E“g ﬂ‘_’-""i’,
depending on where the fusion (SH2-binding) TK domaln e

ABL-9328  between the 2 genes occurs.) \

The tyrosine kinase domain
(TK) is most critical, since it

is involved in emitting oncogenic
signals to the CML cell.

If one can make a drug that inhibits

firing by the TK domain, one can
shut down Ber-Abl signaling

'l cnL  (chronic neutrophilic leuk.)

P-SIT Dbl-like PH CaIB Gip"‘ NLS N!.S NLS DNA  actin
(SH2-binding) binding binding



But there' s a major problem, since the Abl tyrosine
kinase domain is only one of many TK’ s encoded in human genome.
A drug that shuts down the Abl TK may shut down many others. This

lack of specificity may cause many undesired side-effects.

Figure 16.13a The Biology of Cancer (® Garland Science 2007)

Here' s an example of another tyrosine kinase, in this
case used as the signal-emitting domain of the EGF
(epidermal growth factor) receptor; yet another TK
is the Src oncoprotein of Rous sarcoma virus.

(A)
transmembrane C-terminal
ectodomain dormain cytoplasmic domain il
EGF . : :
N ‘ ¢
receptor
] )
ligand binding | fegionof
plasma | homology !
We saw these other tyrosine L aaast

kinases (TKs) before

tyrosine kinase
domains

In fact, the human genome
encodes almost 600
structurally related kinases,
obviously evolved from a
single evolutionary ancient
Kinase (through the process of

repeated gene duplications followed L
by sequence divergence of

duplicated genes).

The tyrosine kinase branc

of the “kinome tree” contains
almost 100 distinct,

structurally related TK' s.

(The remainder are threonine/serine
kinases that attach phosphate

groups to those amino-acid residues.)

Here' s a small sampling of growth factor receptors that use
their tyrosine kinase domains to release growth-stimulatory signals

immunoglobulin-
like domain

fibronectin type Hi-
like domain

EXTRACELLULAR
SP.

b
EGF insulin NGF

receptor rec receptor tor receptor
Li IE?.?‘ P ooee P vear 2
receptor recaptor, recaptor
M-CSF
receptor



In fact, by screening many structurally related drug compounds,
a drug molecule called “Gleevec” was developed that specifically

inhibits the TK of the Ber-Abl molecule CH,
|

N

ﬂ

Gleevec®
(imatinib mesylate)

Figure 16.10a The Biology of Cancer (© Garland Science 2007)

Gleavac®
(imatinib masylate)

Note that the interaction
of Gleevec with the
catalytic cleft involves
the formation of a
number of
stereo-specific
hydrogen bonds with
amino-acid residues
lining the wall of the
cleft.

Catalytic cleft of the Abl TK domain
of the Ber-Abl fusion protein

Gleevec fits into the catalytic cleft of the Ber-Abl tyrosine kinase
domain, preventing ATP from entering into the catalytic site

N-terminal
lobe

catalytic Gleevec

cleft o
activation
loop

C-terminal
lobe

3D structure of the TK domain of the Ber-Abl fusion protein

Figure 16.10b The Biclogy of Cancer (© Garland Science 2007)

TK tlclomain
The Ber-Abl protein ——
2o [EED ) [ TE 1 | G

s"Hsst SH1
i

Note that the interaction
of Gleevec with the
catalytic cleft involves
the formation of a
number of
stereo-specific
hydrogen bonds with
amine-acid residues
lining the wall of the
cleft.

Catalytic cleft of the Abl TK domain
of the Ber-Abl fusion protein



Gleevec achieves a 50% inhibition of the firing of the Abl (= c-Abl) TK at a concentration
of ~01. uM, whereas other TK' s are only inhibited at much higher (100x)concentrations!

Hence, Gleevec should work against Abl when applied at al concentration that does not
affect the other kinases.

% 100
@
2
£ ;
i<
®
s
o
=
]
-
=
ES
-25
0.001 0.01 0.1 1 10 100
UM Gleevec
Various tyrosine “““-E‘ftﬂ_g]-o‘; llf:: _ :(?FR R?‘Im :1{.;4 "
P TK) s >0 Pa— >10p K of Rous
e ) — c-Fms 4.6 uM e €-STC>10 pM sarcoma virus

W Resist inhibition by Gleevee
100
% ——

Note: the concentrations given after each TK are those required
to achieve 50% inhibition of firing by this TK.

After a while, some patients’ tumors become resistant to

Gleevec inhibition(and their CML reappears. . When they do so,

often the Ber-Abl proteins in the reappearing CML cells show amino-acid
replacements that sterically block Gleevec binding!

Mutant Ber-Abl proteins

151 mutant (modal)

Unmutated Ber-Abl
fusion proteins
continue to be
inhibited by Gleevec

Here the threonine-to-isoleucine
Replacement introduces a sterically
bulky a.a. side-chain that blocks
Gleevec binding

leukemic cells O

@)

In fact, amino-acid
substitutions in a

number of sites in the

TK domain of Ber-Abl
generate Gleevec-resistant
mutant proteins. These
residues are shown here
as red balls.

Since Gleevec was
developed, pharmaceutical

companies have developed a number
of additional drugs that shut down
Gleevec-resistant Ber-Abl proteins

Normal granulocytes

Use PCR to quantify how many
leukemic cells in the blood before
and after treatment of CML patient

Ber-Abl RNA template coples
in blood after treatment

Ber-Abl RNA template coples
in blood before treatment

i
I
i
4 8 12 16 20 24 28
PCR cyde number

32 36 40 44

—

Cycle no. ~29 ~39
Therefore 2!° -fold reduction in
leukemic cells.

I
1
I
I
[}
1
1
1
1
I
I
I
I
]
]

and succeed in causing remission of disease.



A major problem with Gleevec and similar drugs:
they kill the transit-amplifying cells in a CML cell
population but fail to kill the cancer stem cells.

Self; renewing

\ before treatment effects of treatment

cancer stem cells

relapse after treatment

AE ) o—o—9 e ——o—@
} } i | } i
o o o o o) o
A A A A A A
o0 00 @@ 00 90 9¢
A A SN N
00000000000 000000000000
et etc. et etc. etc. etc.

transit-amplifying cells

Hence, the moment that Gleevec treatment is halted,
the tumor grows back.

A number of other TK inhibitors
Have also been developed or are

- In the process of being developed
By nding — R SR -- stay tuned!

C-terminal
lobe

C-terminal
lobe

e.g., the drug

Tarceva knocks out

the EGF (epidermal
growth factor) reeeptor
that is activated in many
lung cancers.

In fact, Gleevec actually shuts down 3 distinct tyrosine kinases -- those
associated with Ber-Abl, the PDGF (platelet-derived growth factor) receptor,
and the Kit growth factor receptor. Kit is mutated and constitutively activated
in gastrointestinal stromal tumors (GISTs), an otherwise untreatable abdominal
tumor.

before Gleevec 1 month later

normal
bladder

In many patients, Gleevec treatment produces astounding results.
(Unfortunately, after some months, their tumors become resistant to Gleevec.)

1€G-001

Yet other drugs are in the
works.




And only small corners of “chemical space” -- which defines
the total universe of drugs molecules that might be synthesized
(perhaps as many as 10'6) have been explored to date!
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This image presents a 3-dimensional
depiction of “chemical space”. In fact,
real chemical space has many dozens of dimensions, each defined by the presence of a
distinct functional group in a complex organic molecule made by synthetic organic chemistry
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7.012 Recitation 18 - 2012
Summary of Lecture 29 & 30:
Viruses: Viruses are particles that consist of a protein coat surrounding a genome. This genome encodes
the few proteins that a virus needs, such as the coat proteins and any other proteins necessary to get
inside the host cell and make copies of its genome. Viruses that have no lipid bilayer surrounding their
coats typically dock onto some protein on the surface of cells and inject their genomes into the host.
Viruses that have a lipid bilayer surrounding their coats typically fuse their own membranes with the
host membrane, such that the entire viral particle is absorbed into the host cell. Once a virus is inside its
host, it can create many new viral particles. To this end, a virus takes over the host machinery and uses it
to make lots of coat proteins and lots of viral genomes. The genomes are then packaged into the coats and
the new viral particles escape from the host cell. The viruses escape either by lysing the cell or budding
off from the cell.

Viral genomes can be single-stranded RNA, single-stranded DNA, double-stranded RNA, or double-
stranded DNA. The DNA viruses use the host cell DNA polymerase to replicate their genome and show
a much lower mutation rate. The RNA viruses can either have a plus (+) stranded RNA genome or a
minus (-) stranded RNA genome. The genome of the plus stranded RNA viruses has the same polarity as
the mRNA of the host cell unlike the genome of the minus (-) stranded RNA viruses which has the
opposite polarity. Therefore the genome of the plus stranded RNA virus can be directly translated by the
host cell translation machinery to make the viral proteins that can be used for the replication of viral
genome and making new viral particles. In comparison, the minus stranded RNA viruses need to bring in
their own viral proteins at the time of infection that are used to read the minus strand viral RNA genome
as a template to make a complementary plus strand RNA that can be then translated by the host cell
translation machinery to make the viral proteins. RNA viruses in general show a higher mutation rate
compared to the DNA viruses.

Retroviruses: These are viruses whose genomes are RNA strands that are converted to DNA upon entry
into the cell. Retroviral genomes contain a gene that encodes the enzyme Reverse Transcriptase (RT).
Reverse transcriptase is a DNA polymerase that reads a strand of RNA as a template, and synthesizes the
complementary strand of DNA. Retroviruses use RT to convert their RNA genomes into DNA such that
these pieces of DNA can now randomly integrate into the host cell’s genome. In this way, the virus hides
out in a chromosome and gets replicated and passed on to all daughter cells of the original cell it infected.

Tumor suppressors genes and proto- oncogenes: These are normal genes that work in a regulated
fashion in a normal cell to properly control the cell cycle. The wild-type function of a tumor suppressor
gene is to inhibit the cell cycle in any cell that is not supposed to be actively growing and dividing. Both
homologous versions of a tumor suppressor gene must loose their function to transform a normal cell to a
cancerous type. The wild-type function of an oncogene is to promote the cell cycle in any cell that is
supposed to be actively growing and dividing. One of the two homologous versions of an oncogene
must gain a function or increase its function for a cell to become cancerous. Normal cellular counterparts
of the oncogenes are called the proto- oncogenes. Some of these genes are carried by oncogenic viruses
and are designated as v-oncogenes. The v-oncogenes can be linked to potent promoters that lead to their
inappropriate and high level expression, leading to deregulated cell division. One example is the Rous
sarcoma virus (RSV). This retrovirus infects the chickens, thereby causing them to acquire tumors. Here
the viral genome contains a gene that it has stolen at some point from a host cell. This gene is an
oncogene called src that is involved in cell signaling. The virus carries a mutant version of src that
produces an overactive form of the normal cellular kinase src. When RSV infects a cell, the mutant src is
transcribed and translated, creating an overactive cell signaling protein that promotes growth and
division in chicken cells to form tumors. Other examples include the avian leukemia virus that causes
leukemia and human papilloma virus responsible for cervical cancer.

Cancer Viruses: Viruses can also cause cancer. RSV is a type of retrovirus that infects chickens, thereby
causing them to acquire tumors. The way that RSV causes tumors is that the viral genome contains a gene
that it has stolen at some point in history from a host cell. This gene is an oncogene called src and it is
involved in cell signaling. The virus carries a mutant version of src that produces an overactive form of
the normal cellular kinase src. When RSV infects a cell, this mutant src is transcribed and translated,



creating an overactive cell signaling protein that tells the chicken’s cells to grow and divide. Thus the
chicken’s cells form tumors.

Questions:
1. Why do some people think that viruses are alive and some people don’t?

2. The following sequence is a short viral gene from a double-stranded DNA virus that actually encodes
three different proteins. The sequence shown is from the transcription start site to the transcriptional end
site. The upper strand of this gene is used as a template in transcription.

5’-TACTCTATCGCTTTAGCGGTATGCTATCAGAGCCATGCATGCATC-3'

3’ -ATGAGATAGCGAAATCGCCATACGATAGTCTCGGTACGTACGTAG-5"
i.  How do you know that it is true that these three short proteins are not produced from alternative
splicing of a single transcript?

ii.  How many amino acids long would each of the three proteins be that are produced from this
gene?

iili. ~ What is a major advantage for the virus to using this strategy?
iv.  What is a major disadvantage for the virus to using this strategy?

3. Influenza virus is an RNA virus that does not replicate via a DNA intermediate. The virus typically
infects vertebrate epithelial cells. The following is a schematic of the influenza virus.

Hemagglutinin
Neuramipidase
Matrix Protein

Lipid Bllayer&\\

RNA

Influenza virus is unable to make more viral RNA within the host cells using exclusively the host cell
proteins.

a) Explain why this is so.
b) Explain how the virus overcomes this issue and replicates its genome in the host.

4. Based on your answer to question 3 above, would you classify Influenza virus as a plus stranded /
minus stranded RNA virus?

5. Viruses can also cause cancer. One such example is the Rous sarcoma virus (RSV) that causes sarcoma,
a cancer of connective tissues. The virus does so by inserting itself near the cellular c-Src gene, a non-
receptor tyrosine kinase.

i. How does RSV convert the c-src to its mutated form?

ii. How does the conversion of c-src to its mutated form help the virus?
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Viruses
a. Viral Life Cycles
i. Lytic
1. Lysogenic

b. Structure

i. Membrane present

ii. No Membrane

c. Genomes & Viral Replication
i. dsDNA

Samin Houshyar 2/ ('{

R27 & R28 [2
December 4, 2012 Q



iii.

vi.

1. Cancer

ssDNA

(+)ssRNA

(-)ssRNA

dsRNA

Retroviruses

a. Cancer Progression

i

1i.

Angiogenesis

Samin Houshyar
R27 & R28
December 4, 2012

Normal tissue = hyperplasia < neoplasia = primary cancer =
metastasis



Samin Houshyar
R27 & R28

December 4, 2012
b. Cancer Types

i. Carcinoma

il. Sarcoma

iii. Blood cancers
1. Leukemia

2. Lymphoma

c. Genetic Alterations
i. Chromosomal Abnormalities: Duplications, Deletions, Translocations
ii. Genetic Mutations: Substitutions, Deletion/Addition

[I. Carcinogenicity Assay

III. Mutagenicity Assay: Tests for potency of a mutagen

a. Revertant Mutation

b. Standard Ames Test

c. Modified Ames Test



Samin Houshyar
R27 & R28
December 4, 2012

[V. Cancer Genes

a. Tumor Suppressor Genes (Loss of Function)

b. Oncogenes (Gain of Function)

. Proto-oncogenes

V. Viral Cancer
a. RSV -retrovirus carrying oncogene.

i. Src tyrosine kinases: c-src & v-src

ii. What was the origin of that oncogene?

b. HPV - causes cervical cancer in women.
i. E7--|pRB
ii. E6--|p53

VI. Examples

a. RB -TSG, causing retinoblastoma; has sporadic and familial forms. What is the

difference between these two?



Samin Houshyar
R27 & R28
December 4, 2012

b. Ras - Oncogene, found mutated in 80% of all human tumors.

is

ii.

.

c. BCL-2
d. p53
e. Apc
f. Brca
g. CML

Weinberg's Experiment: Start with immortal cell lines. Isolate genes
from bladder cancer cells and transfect their genes into these cells.
Abnormal cells were observed and they had the ability to cause cancer
in nude mice. [solated gene and determine sequence: Ras!

Was the Ras normal?

How did Ras transform cells?

h. Her-2 mutations causing breast cancer



Samin Houshyar
R27 & R28
December 4, 2012

VII. Therapy
a. Drugs

i. Directly (ex. Taxol)

ii. Indirectly (ex. Anti VEGF)

b. Gene Therapy - delivery problems
¢. RNAI - delivery problems

d. Immunotherapy, ex. Herceptin
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This cell begins

This cell remain proliferating

: . These cells remain
quiescent e Antigenic

deteuMwescent

Population of
specific B cells

TO REVIEW

. N 1
Preferential expansion |
of a single clonal ‘
population |

This scheme

Is simplistic.
Antibody-producing

cell\
Plasma cells Memory cells

fry T AT AP, A

~—Mntibodies

Let’ s see
what
REALLY
HAPPENS!

Meanwhile, and_independent of this, B cells have been developing

their own sets of antibody molecules, each that recognizes a

specific oligopeptide antigen. Initially, these antibody molecules are displayed
on the surface of the B cell (as IgM molecules), and if they encounter a cognate
antigen on some virus particle (an antigen bound by their cell-surface IgM molecule), thi:
results in the_internalization of the antigen (by endocytosis), its degradation into
oligopeptides, it introduction into the endoplasmic reticulum (ER), its loading on
MHC class II molecules, and transport back to the surface of the B cell.

el || Antigen internalized and | | Fragments bind to MHC
~ degraded to peptide | | class Il and are transported
- fragments ~ tocell suface

\ MHC Class 1]

N (QJ\

| Aoy /ER

Figure 1-29 part 2 of 2 Immuncbiology, 6/e. (€ Garland Science 2005)

~ Antigenbound by
B-cell surface receptor -

‘ __—virus parfig:
& «

antibody

B cell

B S
& e
® *
Population of é-
upecific B cells %
> *

This process of stimulating the clonal
Jexpansion of a B cell and the subsequent
differentiation of the descendant B cells

into antibody-secreting plasma cells

really involves multiple steps and

multiple cell types,

-h-,p’rk-ﬁ*

~—-YAntibodies

P

dendritic cell

antibody

B cell

JEE— i
activation A

dendritic cell

plasma call




Remember, there will be thousands of different kinds of B cells,
each displaying (via its surface MHC class II molecules) an
antigenic fragment of something it captured earlier with its
cell-surface antibody molecule

MHC cl:

W
@ ®

P
T MHC |y MHC ck
e d B

B cell

The activated/aroused Ty, cell will wander among these thousands
of B cells, looking for one that happens to display a peptide
recognized by its T-cell receptor (TCR).

© @ @@ — Variousoligopeptide antigens displayed by
MHC Class II molecules of B cells.

Note an important difference between the oligopeptide antigens

displayed by B cells via their MHC Class 11 molecules
Antgentound by | | mmumm Mfm
LR LIS fragments 1o cell suace
8 U N
antibedy ; ‘ s
B cell /,_\ \‘,

and the oligopeptide antigens displayed by dendritic cells
via their MHC Class TT molecnles

dendritic cetl——— e 7
£ £ P A g
ol gopeptide MHC cass I

The dendritic cells display any piece of garbage that they’ ve
picked up; the B cells will only display fragments of particles
recognized by their cell surface antibodv (IeM) receptors

(Just for clarification, each B cell will have generated its own
antigen-recognizing IgM cell-surface molecule -- the initial

protein product of the antibody gene rearrangement process. Each

B cell will therefore display hundreds, even thousand of identical
IgM molecules on its surface. There will be thousands, even millions

of B cells, each having its own IgM species on it surface.) ﬁ-mx "
z i *a"T MHC cli —
8 cell | Beel ﬂv N-. - )
B cell .
LA
®© 000 — Various oligopeptide antigens displayed by

MHC Class II molecules of B cells.

These cells remain

® Antlgemc

Population of
specific B cells

So now we return to

this figure that we
encountered much
earlier. Now we realize
That the stimulation of
the red B cell shown here
is really much more
complicated!

Antibody-producing

ce”\ =

/ dete

uiescent
rmin

Preferential expansion
of a single clonal
population

Plasma cells

’f\\‘ﬂ“ ﬁmtgod:ea ﬂ‘

Memc;ry cells
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This process of stimulating the clonal
:xpansion of a B cell and the subsequent
differentiation of the descendant B cells

To summarize/recapitulate the whole process:

1. Dendritic cell scavenges particles and carries them to the lymph node

=
L
I

Population of

apecific B cells .

into antibody-secreting plasma cells

really involves multiple steps and
multiple cell types,

/ |
T
Plasmna cells !:i-.'mcwcells
T e Ay
"5‘--—%":‘1»«::'- + _A
Tacell - i
/— : PR ‘ \
antibody
molecules
TCR 31 secreted
'i/ O activation », .
i Mucu/ ’i:} H & y |
\._:'sr‘;'l: ng ?rf MHC class
dendritic cell
B cell TR
 differemistion
B-celi plasma cell
sctivation
@ o e
) Activation phase ® CELLULAR RESPONSE
Activation phase
sl niraathn, 18 E Clasa IMHC
Antigen
\,
Usually :
a dendritic | Ty cells
cell N can also aid
in the
development
of Tc cells.
Effector phase Vi

Effector phase

Plasma  Endoplasmic
cel]\ reticulum

dendritic cell

where it presents oligopeptide fragments via its MHC Class II to helper T
cells

2.1f a helper T cell recognizes the presented oligopeptide antigen, it becomes
activated and looks around for a B cell that may also display the same
oligopeptide antigen (via MHC class II) on its surface.

3. If it finds such a B cell, it causes the B cell to become activated, causing
the B cell to mature into a plasma cell and to release large amount of soluble

antibody molecules -- the humoral immune response!

Ty cell

.
N ;
™ antibody

e S activating
signals

dendritic cell 2.0

1. &

B-call 3 plasma cell
activation .

HUMORAL RESPONSE

(@
Activation phase
Class IIMHC~.__
protein

Antigen
\

resting macrophage

" This macrophage has been provoked
into a state of out-of-control rage by the
Ty cell. Hence, it goes and attacks
anything suspicious in the
neighborhood, including antibody-
coated cells/bacteria.

Effector phase l

THF activated macrophage

Phs:m Endoplasmic \
m.imlmn
Attack & engulf Infectious agents &

\ ) -—*-‘: "“' kill antibody-coated cells
/)

an I odles




This means that the helper T cells (Ty) actually do at least 3

2. Stimulate T¢. (cytotoxic 3. Stimulate macrophages

things;

1% (S}:[mulat:i B cells ; T-cells (cellular (another humoral
umoral response
m% onse response)
Adtivation phase w Another type of
Adtivation phase

CELLULAR RESPONSE

Clase HAIHC <
profan 2

Effector phase
l Effecior phase

J’I.um Endeplasnic

reticulum
w Q‘i
I[f-‘ “"————

For example,

el L

fs

resling macrophage

'!his macrophage has|
nto a state of out-of-cc
THecell. Hence, it goe:
anything suspicious in
neighborhood, includin
coated cels/bacteria,

activated macrophage

Atack & engulf infectious agents &
il antibody-coated cels

germ-line inactivation of specific genes has either

limited or wide-ranging effects on immune function.
(SCID = severe combined immunodeficiency)

Lymphocyte
phenotype
T B NK Type of SCID
= + = X-linked IL-2Ry—chain def' c:ency
' JAK-3 deficiency
CD45 deficiency
= + + IL-7R a-chain deficiency
CD3 8-chain deficiency
- - - Adenosine deaminase (ADA)
deficiency
= = + RAG1 or RAG2 deficiency
Artemis deficiency

© 2007 ¥i.H Freeman and Company

These are some of the inborn (i.e., inherited) immunodeficiency syndromes,
which contrasts to the Acquired Immunodeficiency Syndrome (AIDS)

Congenital
ogranulotylosis \

Chrenis —.
granulomatous Mono:yt-
disease Neutrophil
Xlinked
Le to-adh
d .';.l:‘:(; ridind lgumi;hlr

Syndrome = a
constellation of traits that
are encountered together
as the multiple
manifestations of a single Yolinked
disease process.

§
-Iold lympl’uld i
:Lpnhnr progonllnr {scio)

byper-ight !ym.flum

e R

o Wiskott-Aldrich
Selesth

Im-nlughlwlm dnﬂqu

. Reticular dysgenesls

Srom ull

evere combined
immunodeficiency

Severe
combined

Immuno- .
deficlency .' .‘*' ‘
3 syndrome
'l'hymus J, Bare-lymphosyle
. syndrome

Mature T cell

Plxsmcll Memory B cell
Figure 20-1
Kuby IMMUNOLOGY, Sixth Edition
© 2007 W.H. Freeman and Comparry
Infections ‘Malignancies
Toxoplasma spp. Kaposi's sarcoma - HHV8
AL Crypf"osparidfﬁ;g spp. Non-Hodgkin's lymphoma, including
Leishmania spp. EBV-positive Burkitt's lymphoma
Microsporidium spp. Primary lymphoma of the brain

Intracellular || Mycobacterium tuberculosis

bacteria Mycobacterium avium
ntracellulare

Salmonellaspp.

AN

Fungl Pneumocystis carinii
Cryptococcus neoformans
Candida spp.

Histoplasma capsulatum
Coccidioides immitis

The clinical manifestations of AIDS

indicate defects in multiple arms of
the immune system.

Herpes simplex
Cytomegalovirus
Varicella zoster

Viruses

A

Figure 11-30 Immunobiology, 6/e.(C Garland Science 2005)



These infections are largely “opportunistic infections”, i.e., infections
by agents with which we normally co-exist, which are normally kept

under control,

and that take the “opportunity” to launch full-fledged

infectious cycles when immune defenses are compromised.

800 Bacterial skin infections;
Herpes simplex, Herpes zoster;
g oral and skin fungal infections
= Swollen | h
= ymp
% 600 |- nodes
;“_E Kaposi’s sarcoma
? /
;:j 400 /Tubercu]osis
2 Pneumocystis carinii
2 pneumonia \
W ke
. 20 Cytomegalovirus
b infection; \
lymphoma
0 | i 1
2 years 6 years 10 years

GLOBAL TOTALS
+ People living with HIV/AIDS, December 2005: 40.3 million
 New infections in 2005: 4.8 million . 4
« Deaths due to HIV/AIDS: In 2005: 3.1 million @

Cumulative: More than 25 million

Male: female
proportions

R4

Figure 20-8
Kuby IMMUNOLOGY, Sixth Edition
© 2007 W, H.Freeman and Company

Western Europe
720,000

- -:v:r.a_r}ﬂjno_‘g_. S

350,000 <.

Gﬁ" Oceania

& D 74,000

i k' s"b;?;:‘:;:‘i:?" Australia/New Zealand'
SapiAmarich < ! . 15000 |
1.8 million — Lo 5\.-’

- R

These various clinical manifestations of AIDS (largely opportunistic infections)
are the consequences of the breakdown of multiple components of the immune
response. (This indicates how important Ty cells are.)

cytokine =
A growth factor
Like protein
That signals
Between
Various types
Of immune cells

UITITRTFE  Immunologic abnormalities assoclated with HIV infection

Stuge of
infoction Typical shnormalities obsorved

LYMPH NODE STRUCTURE
Earty Infection and d¢ on of dendriti up
Late andtl f folicular dendritic cells and germinal o

support activation of Tand B calls.

T HELPER (T, CELLS
Early Na ln vitro p dific antigen
Leke B T,~<ell numb d ding helper activh toT- loanth

ANTIBODY PRODUCTION
Rarly 19G and IgA productk duced IgM synthesis
Late No prolifaration of B cells specific for HIV-1: no detectable anti-HIV antibodies in some patiants; increased numbers

of B calls with low CD21 and enhanced Ig tecretion.

CYTOKINE PRODUCTION
Eady Incraaied leveli of soma cytokines
Late Shift In cytokine preduction from T, 1 subset to T, 2 subset

DELAYED-TYPE HYPERSENSITIVITY

Early ighty signif prolif pacity of T, calls e sk ity
Late of OTH tete abs: of 3ki;

T CYTOTOXIC (T,) CELLS
Early Normal reactivity
Late Reduction but not elimination of CTL activity due 10 impaired ability to geneats CTLs from T, cells
Table 20-4
Kuby IAMUNOLOGY, Sixth Edition

© 2007 W. H.Freeman and Company

AIDS in hemophiliacs receiving HIV-contaminated blood:
An important source of infection early on and a demonstration of the fact
that the infectious agent is blood borne.

Percentage of 100 '
persons
without AIDS 5, | HIV= hemophiliacs
significantly 601
longer
incubation 4 HIVF hemophiliacs
E]mes in born after 1943
¥ ‘f’s"' E = HIVF hemophiliacs
n;l .t;;te as born before 1943
children or
adolescents 0
2 4 6 8 10 12 14 16
Time after infection (years)

Figure 11-19 Immunoblology, 6/e. (© Garland Science 2005)




Development of anti-HIV .
i bt Cha+ X cellsiant largely Ty A retrovirus that resembles HIV except that it’ s much

antibodies) %
cells (=Helper T cells) more complicated
\\ /’
Infection | Seroconversion Death
i 7 epletion of
CD4
T cellf
W 0004 ) CD4* PBL
500
200
0 7/
2-6 weeks mean of ~10 years
'Flu-like
disease Asymptomatic phase sy"‘ﬂt"“‘“"‘ AIDS
(50-50% of cases) phase
Figure 11-20 Immunobiology, 6/e. (© Garland Sclence 2005)
“PBL” = peripheral blood lymphocytes
Note that if the proviral transcription Note that the integrated provirus may either
provirus is repressed, the immune system has be transcribed or be regressed (l.e., not
no way of knowing that a cell harbors transcribed).
| mm | an HIV infection (since no viral INTEGRATION
q . K proteins are being made). Intagrated DNA
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HIV originated in monkeys and
was carried via inter-species
transmission into humans
50-70 years ago somewhere in
Central Africa.

How can one know how these
viruses are related to one another?
By sequencing their genomes and

HIV-1 M group

& HIV-1 O group

@ SIV chimpanzee

0 SIV mandrill

{ SIV Sykes” monkey

{0 SIV African green monkey
SIV sooty mangabey

O HIV-2

determining how similar their genomes are.

Figure 25-38. Molecular Biology of the Cell, 4th Edition.

Figure 25.8 Phylogenetic Tree of Immunodeficiency Viruses

Another way of depicting the relationships between the various SIVs

& HIVs

Virus transferred from simian host to humans  HIV-1 (humans)
¢ = S |\/CDZ
(chimpanzees)
|

SIVhoest
EL’ Hoest monkeys)

SIVsun (sun-
Eaiied monkeys)

élend
(mandrills)
Common

ancestor élVagm (African

: _green monkeys)

éIVsm
sooty mangabeys)

’__'HIV-Z (humans)

|
SIVsyk,
G NSV kos' monkeys)

LIFE 8e, Figure 25.8

LR THE SOMNGE OF BIOLOTY, Bighth Bation (© J00T Sevste Assccistes, V6. 3l . M. Frawman B Co

_~HIV-2 is a relatively non-pathogenic
~ strain that progresses very slowly

HIV originated in monkeys and
was carried via inter-species
transmission into humans
50-70 years ago somewhere in
Central Africa.

How can one know how these
viruses are related to one another?
By sequencing their genomes and
determining how similar their genomes are.

HIV-1 M group

@ HIV-1 O group

@ SIV chimpanzee

& SIV mandrill

@ SIV Sykes’ monkey

@ SIV African green monkey
SIV sooty mangabey

@ HIV-2

Figure 25-38. Molecular Biology of the Cell, 4th Edition.

dendritic cell in skin CD4+ T cells =

Figure 11-22 Immunobiology, 6/e. (© Garland Science 2005)

After dendritic cells encounter a pathogen within an epithelium (a layer of cells
forming the skin or the lining of tubes such as the gut), they will move to the lymph
nodes to present their cargo of captured pathogens to the Ty cells.



CD4+ T cells = Helper T cells = 'I‘H cells

Intraepithelfal dendritic cells
" bind HIV using DC-SIGN

Figure 11-22 Immunabiclagy, 6/e. {0 Garland Sclence 2005)

After dendritic cells encounter a pathogen within an epithelium (a layer of cells forming the
skin or the lining of tubes such as the gut), they will move to the lymph nodes to present their
cargo of captured pathogens to the Ty cells.

Note that here, however, the dendritic cell, rather than acting to present
oligopeptide antigens to the Ty cell, functions to present HIV virions to the
CD4+ Ty cells. Oops.

fi-chemokine
_ receptor (CCR5)

u-chemokine
receplor {(CXCR4)

B-chemokine & wu§if

{Rantes, Mip-1a,

or Mip-1p)
macrophage T cell

or dendritic cell
Figure 25-21. Molecular Biology of the Cell, 4th Edition.

Like other viruses, HIV adsorbs to the surface of host cells by attaching to

normal host host cell-surface proteins such as growth factor receptors . The CD4
protein is used by T cells to recognize and bind the MHC Class II proteins used

by the professional antigen-presenting cells -- the dendritic cells, macrophages and B
cells.

CD4+ T cells = Helper T cells = Ty, cells

Figure 11-22 Immunobiclogy, 6/¢. (O Garland Sclnce 2005)

After dendritic cells encounter a pathogen within an epithelium (a layer of cells forming the
skin or the lining of tubes such as the gut), they will move to the lymph nodes to present their

cargo of captured pathogens to the Ty cells.
Note that here, however, the dendritic cell, rather than acting to present oligopeptide

antigens to the Ty, cell, functions to present HIV virions to the CD4+ Ty cells.

Since the infected dendritic cell serves to convey/carry the
infectious virus to other cells in the body, the dendritic cell serves

as a vector for this pathogen. (pathogen = disease-causing agent)

T, cell

- : ’5“ Mch/

activating
signals

'CD4

™«

dend:itic cell

Or, to look at an earlier figure, when the T-cell receptor (TCR)
recognizes an oligopeptide antigen @ presented by the
dendritic cell, the CD4 protein, which is physically aligned
with the TCR, is used by the Ty cell to recognize the basic
MHC Class II structure (independent of whateve® oligopeptide
antigen may happen to be bound to the MHC Class II protein).




Another more detailed view of the viral genome:

p160
pol precursor

p15|| p1o| poess | p32 |
/ viral enzymes \

protease rewverse integrase
transcriptase

core structural
proteins Z proteins
extra intra

cellular cellular

ccz2!95

How is transcription of the provirus controlled?  provirus

INTEGRATION |
OF DNA COPY
INTO

HOST
DHA CHROMOSOME  Integrajed DNA
O e o

’ DHA
RNA
_——
DNa
RNA
.
RNA
emvelope | o erse
trarscuiptase
capdd
¥
ENTRY INTO
CELL AND LOSS ervel protein
(OF ENVELOPE on
+
reverse trarscriptase

{A) early HIV synthesis

Rev and other
early viral
proteins
synthesized

r*“/ o

integrated viral DNA

unspliced / \

RNAs * —
¥ Sy as— :
———— = B W g

} spliced < T = For example,

nuclear
retention and
eventual degration

mANAS among other functions,

the virus can control

NUCLEUS CYTOSOL
which of its mRNAs is
5 I HAetnilie e selectively exported from the
integrated viral DNA nucleus to the cytoplasm and
/ \ = ——-i— which is retained in the
L S nucleus.

“= proteins
= synthesized

NUCLEUS CYTOSOL

Figure 7-97. Molecular Biology of the Cell, 4th Edition.

=
plasma membrane

—-\

A e o Tal
> o — O Rev

cytoplasm

=

NF-kB = host-cell transcription factor

Figure 11-25 Immunoblology, 6/e. (C Garland Science 2005)



Actually the HIV glycoprotein
spike binds to the CD4 protein as
the primary anchoring site (primary
cell-surface receptor) and then to a
2nd “co-receptor”, in this case a
receptor for a growth factor-like

molecule termed a chemokine.

HIV

membrane

HIV fusion
protein

Gp 120 EXTRACELLULAR
SPACE

i 1} :
chemokine receptor @ CYTOSOL
CD4 CHEMOKINE MEMBRANE FUSION
ATTACHMENT RECEPTOR INSERTION
BINDING

Previously we termed this entire process the “adsorption” of the virion to the cell surface.
Figure 13-16. Molecular Biology of the Cell, 4th Edition.

The HIV 1 RNA encodes many viral proteins

vpr rev

| Group-specific antigen Core proteins and matrix proteins

RT &
protease

Reverse transcriptase, protease, and
Integrase enzymes

Transmembrane glycoproteins.gp120 binds CD4
and CCRS5; gp41 Is required for virus
fusion and Internalization

Polymerase

Envelope (yiral glycoprotein)

| Transactivator Positive regulatorof transcription

Allows export of unspliced and partly spliced
transcripts from nucleus

Affects particle Infectivity

Regulator of viral expression

Viral Infectivity

Transport of DNA o nucleus. Augments
virion production, Cell cycle arrest

Promotes intracellular degradation of CD4 and
enhances release of virus from cell membrane

Viral protein R

vpa | Viral proteinU

Augments viral replication In vivo and In vilro.

nef Negative-regulation factor Decreases CD4, MHC class | and Il exprassion

Figure 11-24 Immunoblology, 6/e. (0 Garland Sclence 2005)

In fact, the virion glycoprotein spike, in the case of HIV germed “gp120”

(gp = glycoprotein), not only mediates attachment to the CD4 receptor + the co-
receptor but also mediates the subsequent fusion between the virion
membrane and that of the plasma membrane of the infected cell.

Viral erivelope fuses with| [ Reversa transcriptase

cell m.%g'hmm%mgng’ copies vi

Figure 11-23 Immunobiology, 6/¢.(© Garland Science 2005)

gag pol env

ALV 5'H

Compare the genomic complexity of the ALV retrovirus (the precursor of Rous
sarcoma virus (RSV) which makes essentially three proteins (some of which are
cleaved subsequently to generate several distinct proteins).

Much of the complexity
of the HIV mRNA
comes from alternative

Group-specific antigen Core proteins and matrix proleins

ST \ranscriptase, and
sp'immg of t;:e HIV . = Reverse anscripase, prolesse,
rim RNA transcript. 7 b teins, gp120 binds CD4
B p i T Al o T 8
fusion and rnallzat
Transactivator Positive regulator of transcription

Regulator of viral expression :::%m:"z:ml and partly spliced

Viral Infectivity Affects particle infectivity
Transport of DNA to nucleus. Augments
Viral protein R virion production. Cell cycle arest

Promotes Intracellular degradation of CD4 and
enhances release of virus from cell membrane

Augments viral replication in vivo and in viiro.
Decreases CD4, MHC class | and Il expression

Viral proteinU

Negative-regulation factor

Figure 11-24 Immunoblology, 6/e. (© Garland Science 2005)



Note that the state of

physiologic activation of the host
T-cell determines whether or not
NF-kB is made and therefore whether

{ ld no evidence of being infected) |

Note that the state of
physiologic activation of the host
T-cell determines whether or not
NF-xB is made and therefore whether
the provirus is transcribed.

latent HIV infection (and give:

may begin to release virus |
particles only when that T cell

Figure 11-25 part 1 of]

NF-xB is a host cell transcription factor
that becomes activated when a T-cell is
stimulated by certain normal (physiologic) stimuli. |

of viral RNA. |

orlis o mm

Virus-
encoded
regulatory
proteins

> cytoplasm

=

. — @ Pol
A —

AN — F 9p160

becomes activated/simulated
N by certain immunologic

-

The transcriptional promoter of the HIV provirus
- has been evolved to be bound and become activated
Figure 1125 part1of] [y the host-cell NF-xB transcription factor.

Progeny virus particles budding from HIV-infected cell



HIV virions emerging via budding from a virus-infected cell

ure 20-10

Figt
Kuby IMMUNOLOGY, Sixth Edition
2007 W.H. Freeman and Company
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escape neutralization by
f existing antibodies,

infection forcing the immune

system to develop new v
Figure 25-37. Molecular Biology of the Cell, &t ones.

Immune evasion
through periodic
changes in the HIV
envelope glycoprotein

Note that the only viral protein that
protrudes from the membrane-coated
virion is theyenvelope glycoprotein

log scale

fa—
(A} x1000  VSGC©

(B)
Figure 25-37, Molecular Biology of the Cell, 4tk Qnes.

CTL = cytotoxic T cells - T¢
(attack HIV-infected cells) p24 = gag
\ -nucleoprotein

HIV-specific CTL

0-1

4-8 weeks 2-12 years 2-3 years years

Figure 11-29 Immuncbiology, 6/e. (© Garland &Tn:l 2005)

1
Note cyclic appearance and disappearance of
viral titers -- a seesaw battle between the virus
and immune system

expression
site

Immune evasion through periodic
changes in the HIV envelope glycoprotein:
Because the HIV reverse transcriptase
(encoded by the viral pol gene) is “sloppy”
and makes frequent copying mistakes,
the viral glycoprotein sequences
(encoded by the viral env gene) are

continually changing.
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For example, drugs can be developed to antagonize the
viral reverse transcriptase

The viral reverse transcriptase enzyme

5 RNA template strand

polymerase active site
synthesizes DNA strand

3'

“fingers”

“"thumb”

direction of RNAse H

enzyme
movement

new DNA

RNAse H active site . y Sirand

degrades DNA strand
(A) (B)

Figure 5-74. Molecular Biology of the Cell, 4th Edition.

IS IEN  Some anti-HIY drugs in clinical use

Generi¢ namoe (other names) Typical dosage Some potentlal side effects

REVERSE TRANSCRIPTASE INHIBITORS: NUCLEOSIDE ANALOGUE

N diarrhes, p e Infl
peripheral neuropathy

Headache, diarrhea, nausea, rash

Usually none

Didanosine (Videx, ddl}

2 pills, 2 times a day on empty
stomach

Emtricitabine (Emtriva, FTC)
Lamivudine {Epivir, 3TC)

1plll, 1 time a day
1 pill, 2 times a day

Stavudine (Zerit, d4T) 1 pill, 2times a day Peripheral neuropathy

Zalcitabine (HIVID, ddC) 1 plll, 3 times a day Peripheral neuropathy, mouth infi |
pancreatic inflammation

Zidovudine (Retrovir, AZT, ZDV) 1 pill, 2 times a day headache, anemia, penia (reduced
levels of neutrophil white blood cells), weakness,
insomnia

Pill containing lamivudine and ~ 1plil, 2 times a day Same as for zidovudine

zidovudine (Comblvir)

Abacavir(Zlagen) Nausea, vomiting, dlarrhea, lactic acidosis

(severe liver disease)

2 plils, 1 time a day

Nausea, vomiting, Increased risk of bone breakage

Tenafvir (Viread) 1 pill, 1 time a day

Table 20-5 part 1
Kuby IMMUNOLOGY, Sixth Edition
©2007 W. H.Freeman and Company

HIV protease together with irfhibitory drug at
active site.

Generlc name (other names)

Typilcal dosage

Some potential side effets

irIR IR  Some anti-HIV drugs in clinical use

PROTEASE INHIBITORS

Indinavir (Crixivan)

Nelfinavir (Viracept)

Ritonavir (Norvir)

Saquinavir (Invirase, a hard-
gel capsule; Fortovase,
a soft-gel capsule)

Atazanavir (Reyataz)

Fosamprenavir calclum? (Lexiva)

2 plils, 3 times a day on empty
stomach or with a low-fat
snack and not within 2 hours
of didanosine

3 pllis, 3 times a day with
some food

6 pills, 2 times a day (or 4 pills.
2 times a day If taken with
saquinavir) with food and not
within 2 hours of didanosine

6 pills, 3 times a day (or 2 pills,
2 times a day if taken with
ritonavir) with a large meal

2pllls, 1 time a day
2 pills, 2 times a day

Kidney stones, nausea, headache, blurred vision,
dizziness, rash, metallic taste In mouth, abnormal
distribution of fat, elevated triglyceride and

Diarrhea, abnormal distribution of fat, elevated

trigly ol le ose e
N 1ol 9 dlareks () 1 ‘Nh
haadache, prickling In skin, hepatitis,

¢ - rar jon of fat, elevated
triglyceride and chol llevels, g ey

Nausea, diarrhea, headache, abnormal distribution
of fat, elevated triglyceride and cholesterol
levels, glucose intolerance

Must be used with at least two other drugs

Appﬂit.a loss, malaise, diarrhea, nausea, vomiting

FUSION INHIBITORS

Enfuvirtide (Fuzeon, T-20)

Subcutaneous injection
2 times daily

Soreness at Injection site, dizziness, loss of sleep,
numbness in feet and legs

Table 20-5part3
Kuby IMMUNOLOGY, Sixth Edition
© 2007 W.H.Freeman and Company




log scale

CTL = cytotoxic T cells - T

(attack HIV-infected cells) p24 = gag
-nucleoprotein
\ core /

immune response to BV ]

Antibodies against HIV Env

HIV-specific CTL

of

Antibodies against HIV

0-1
years

4-8 weeks \

Figure 11-29 Immunobiclogy, 6/e. (© Garland S:r\n 2005)

2-12 years 2-3 years

T
Note cyclic appearance and disappearance of
viral titers -- a seesaw battle between the virus
and immune system

Here is a more quantitative rendering of the time course of the disease.
Note that the anti-HIV antibody is antibody against all viral proteins, and that
“AIDS” only occurs clinically when the immune system becomes totally crippled.

Ty cells - helper T cells

T cell concentration HIV concentration

HIV and T cell concentration

Years
Eventually the continued cycles of infection into helper T
cells results in their depletion and the resulting increase
in viral titer in the serum as the immune system loses its
ability to suppress viral replication.

These of the viral life cycle represents potential points for
therapeutic intervention. Accordingly, each of these represents a
drug target.
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Death
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Figure 20-13
Kuby IMMUNCLOGY, Slath Editian

© 2007 W.H Freeman and Company
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Inhibit reverse

transeription
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Reverse
transcriptase

Inhibit
integrase

Maturation
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protease

Figure 20-16
IMMUNOLOGY, Sixth Edition
© 2007 W. M. Freeman and Company



Effects of the use of combination drug therapy on the

Effects of combination anti-HIV drug therapy on the no. of viral . . i i
death rate and infectious complication rate of HIV-infected

RNA molecules in the plasma of a virus-infected individual -
. _ : Individuals.
(One of these drugs may shut down the viral reverse transcriptase, while
another may shut down the viral protease needed for the post-translational Deaths per 40 -100 Therapy with
processing of the viral Gag polyprotein that cleaves it into the individual nucleocapsid 190 pemorkysark e ik
proteins.) 9+ |70 drugs
L go (% of patient
. 5o days)
Phased1 || = Phasez || = Phase3d = 2
h=zdays||h =2 weaksl T S Evetyilond '3
Viral RNA molecules 108 Lh 20
per ml of plasma o Use of combination therapy L 10
0 T T 0

1895 1996 1997
A\ M. avium complex

104
Number of 20 -

103
opportunistic

102 Infections per

PO N F e~ SRR R limit of detection 1iipaseosipeny =

1 10

10-14 Tem—

10-2 ch

= r T T T T T T T T T P. carinii pneumonia
0 1 2 3 4 5 6 7 8 9 10
0 T
Months on treatment 1994 ' 1995 199 1997
Figure 11-26 Immunobiology. 6/e. [© Garland Sclence 2005) Figure 1128 pe—TTS 200%)
Or, to put this into perspective, for a population of young Why AIDS does not fit the paradigm
TABLE 20-6 A 3
. for classic vaccine development
People:

Classic vaccines mimic natural immunity against reinfection

40 generally seen in individuals recovered from infection; there
are no recovered AIDS patients.

35 Unintentional Most vaccines protect against disease, not against infection; HIV

injuries infection may remain latent for long periods before causing AIDS.

Most vaccines protect for years against viruses that change very
little over time; HIV-1 mutates at a rapid rate and efficiently
selects mutant forms that evade immunity.

Cancer Most effective vaccines are whole killed or live attenuated
organisms; killed HIV-1 does not retain antigenicity,and the
use of a live retrovirus vaccine raises safety issues.

Deaths /100,000 population

20 - Heart disease
Most vaccines protect against infections that are infrequently
encountered; HIV may be encountered daily by individuals at
15 Suicide high risk.
— Most vaccines protect against infections through mucosal
10 surfaces of the respiratory or gastrointestinal tract; the great
Homicide majority of HIV infection is through the genital tract.
5 S — SE‘;:‘;';':IW“ Most vaccines are tested for safety and efficacy in an animal
T SR 5 ——————  Stroke model before trials with human volunteers; there is no suitable
Diabetes animal model for HIV/AIDS at present.
T [0 M (PO | S O A Y Y JO [ [ 0
1987 1989 1991 1993 1995 1997 1999 2001 SOURCE: Adapted from A.S. Fauc], 1996, An HIV vaccine: breaking the para-
digms, dings of the Association of American Physicians 108:6.
Year
Figure 20-7 Table 20-6
Kuby IMMUNOLOGY, Sixth Edition

IMMUNOLOGY, Slxth Edition

© 2007 W.H.Freeman and Company © 2007 W.H. Freeman and Company
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Name m E(’/&M( p((/v,g;()/ Section .? \Z TA H &/\K/L:m/
2012 7.012 Problem Set 7

Please print out this problem set and answer the questions on the printout.
Answers to this problem set are to be turned in at the box outside 68-120 by 4.00 PM, Thurs

Question 1

You are studying the following four different viruses.
* Type Ais an enveloped, minus stranded RNA virus.
* TypeBis an enveloped, plus stranded RNA virus (no viral proteins are packaged in the virion).
* Type Cis an enveloped, plus stranded retrovirus, reverse transcriptase is packaged in the virion
* TypeDisa non-enveloég_c_l_g_lu@ble stranded DNA virus.

a) Which of these viruses (Type A/ B/ C/ D) is likely to have the lowwaﬁ%@? Explain why you
selected thls option. | T ) |
R P 8 |
+ ok 22

f - " ta _‘l-' W Y7
P, 0 C“’" &75‘/ L UA'((WJ:, L\u ;i! ) bri fAvIwe (‘_, w_'{»\'_
i ] ‘1{, )i { £ 04 44 r _r,_- !r ‘,/

b) You analyze the genome of each virus and are sur(pnsed to fmd that each ha_s_?_?i@_adenme (A)in its
genome.

i.  Based on this information, you can predict the % of remaining bases (T/ G/ C/U) in the genome
for which virus(es)? (9

e 0 33%T 11"}(6 l e BB:C Mo, Gnie v P 02 O

ii.  In the table below, give the percentage of each appropriate base (T/ G/ C/ U) found in the
genome of the virus(eLs) you selected in part (i).

“0A "/ = 7 ] n

VirusType Base A T G / c/ u / bvl«wft (
% in the viral genome - a9 r 17/ ¢ _ T ‘

D 0 32 |3 [IY s |0 S sily!

¢) You successfully transduce a eukaryotic cell line with each of t é above /n-uses in four separate
plates. You isolate the viruses from the infected cells in each plate/dnd use them to infect fresh
eukaryotic cells that ar a_g_hemg—l__r_l_t’ﬁbated with actinomycin D (inhibits transcription by blochn the

RNA polymerase) or anisomycin (host ribosome inhibitor). Complete the following table for each of
e treatments.

Treatment Virus Virus formed (Yes/No)?
Actinomycin D Type A \/r,n,

Type B Yos

Type C \JDs

Type D N0
Treatment Virus Virus formed (Yes/ No)?
Anisomycin Type A f\lo

Type B iyjo

Type C

TypeD I

d) Which of the above virus(s) (Type A/ B/ C/ D) must integrate its genome in the host cell? Give all
possible options and explain why you selected each.
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Question 2
The discovery that cancer could be caused by a virus was a major one. However, the subsequent
discovery that Rous Sarcoma Virus (RSV), a cancer-causing virus discovered in chickens, encoded
a mutant form (¥-src) of a normal cellular gene (c- src)was even more surprising. Rous sarcoma
virus (RSV) is a retrovirus that also has a + stranded RNA genome that encodes four genes; gag
(encodes the capsid protein), pol (encodes the reverse transcriptase), env (encodes the envelope
glycoprotein) and src (encodes a tyrosine kinase enzyme).

S

a) Given the information, reverse transcriptase is considered which of the following?

* A DNA directed RNA polymerase
A RNA directed DNA polymerase
. irected RNA polymerase

b) Why is it essential that the RSV encodes Reverse transcriptase?

y H can mik e of Lo b chld cn ale Cary
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c) What are two major classes of genes involved in the development of cancer? For each, describe
the type of mutation that is associated with cancer, and how this mutation would promote tumor
formation.
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d) The Human papllloma virus (HP has been implicated as a n@k factor for cervical cancer. The E7
protein of HPV binds to pRB protein pr preventing 135:& binding to the host transcription factor E2F,

which is now free to bind to the promoters of genes that promote cell cycle. In contrast, another HPV
protein, namely E6 binds to p53 targeting it for destruction by proteosomes thus removing the block on
the host cell's entry into the cell cycle.

Would you classify E7 as an oncogene or a tumor suppressor gene? Explain why?

Oncogg it dlows E2F Yo panose e ¢l cycle
(dwé,/.rf} CQ“ @/@ y.,-)“z,‘

ii.  Would you classify E6 as an oncogene or a tumor suppressor gene? Explain why?
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Question 2 continued

e) Each of the five genes given below, when mutated, can result in a transformed phenotype in the
mutant cells. In the final column, give the phenotype (nﬁ]rmal or transformed) of a diploid cell that
ha_s’tm@ given. Note: A description of each gene is given.

ras: encodes a protein, which is active in its GTP bound form and inactive in its GDP bound form. When active it
promotes cell division. T =

cyclin D: encodes a protein that interacts with a CDK (cyclin dependent kinase), and promotes cell division.
erb-B2: encodes an epidermal growth factor receptor which is active when dimerized. It promotes cell division
when activated. S v % Bh e

pl6: encodes a protein that inhibits cyclin-dependent kinase. - /n h ‘b/‘} § LR [ ) (G

WT1: encodes a protein that inhibits progression through the cell cycle.

Gene Class Status of allele 1 Status of allele 2 Phenotype
ras Proto-oncogene Mutation such that protein Wild-type A L]
cannot hydrolyze GTP to GDP | (RS 07EC
Cyclin D Proto-oncogene Mutation that results in Wild-type ol
deletion of entire gene N ot
erb-B2 Proto-oncogene Mutation such that the receptor | Mutation that results in

protein constitutively d_i_rl-xgrizes the deletion of 120 base _T(U n«!(ﬂ ({
pairs in intron 5 ' _

plée Tumor suppressor Point mutation that results in Wild-type
truncated protein of 20 amino
acids
WT1 Tumor suppressor Mutation in promoter that Mutation that results in | p
prevents RNA polymerase from |  the deletion of 4 base ’T (1 oot ¢
binding pairs in the coding region '
20 base pairs after the

start codon

Question 3
Cancer is caused by the accumulation of two or more mutations in the same cell that affects its

proliferation and survival.

a) Why does a person’s chance of having cancer increase with age?
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@ l { " b) Cell lines are often used to test the oncogenic potential of viruses. If cancer is a multi
49, M fjpi step process, why can the introduction of a single active viral oncogene transform these cells?
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Question 3 continued X :

d) Briefly describe what an Ames test is and how it may be used to evaluate the mutagenic potential of
a chemical agent. Do you think you can evaluate the mutagenic potential of any carcinogen using
Ames test (Yes/ No)? Justify your answer.
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Question 4

The following human pedigree shows the mode of inheritance of the predisposition to colon cancer.
Please note: The shaded squares and circles represent the individuals who eventually develop cancer.

ol I
Hom O

e o R st |

4

a) Looking only at the pedigree, the predisposition to this disease appears to have what mode of

e 5 . : -

imhestiance? — \vi@hordd  Jonipgrt

b) If you check the genotype of the tumor cells from individual 3, you find that they are homozygous
for the disease allele (-/-). However, if you check the genotype of the blood cells from this individual,
you find that they are heterozygous for the disease allele (+/-). Explain why the genotype with respect
to the disease allelg__iz the blood cells is different from that in the tumor cells isolated from individual 3.
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@ For individual 4, the blood samples are heterozygous, carrying both the wild-type allele and a
utant allele of the gene associated with this type of cancer. However, this individual did not develop

cancer. Explain why. Fl Tu‘md( (QH& lflﬁ/ﬁ d { ,;,'E(ng a (’/ { ﬁ“f'?fa’}'j ;-.{/3}: (/f . ,‘;:"’rf-?f:'iﬁ(

be C}Oﬂl{ hﬂ"? &tﬁ ‘b/ éjﬁfpj }’V&M(‘/ {o‘/: }4{,*1{/‘}/"5“.

d) One example of a tumor suppressor gene is the Retinoblastoma (Rb) gene . The wild-type pRB
protein binds and inhibits the activity of the transcription factor E2F. At the appropriate time in the cell
cycle, pRB is phosphorylated (inactive state) and E2F becomes available to act as a transcription factor
that stimulates cell division. If a cell has lost the functional pRB and E2F proteins, would you expect
cell division (Yes/ No)? Explain your choice.
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Question 5

a) Radiation therapy can be used to treat tumors. Briefly explain how radiation therapy works to treat a
tumor. [

:,I\ﬁuil\ﬂ‘f\;('.‘r M‘“G 60\/“5 b"f; (_{(,{r/f- :_/I -h,:..,« l//ﬁ 89 ﬁuv] S/{ﬂ/)
d(did@/‘j O« \;l\gQ

b) Chemotherapeutic drugs often have side effects such as diarrhea, constipation, mouth sores, hair
loss, iausea, and blood-related side effects.

i. Chemotherapeutic drugs have a wide range of structures and functions, yet many elicit the same
side effects. Explain why the side effects are the same for a variety of different drugs.

u |A.g_/{rl5 ‘(@{(5 T\a-l_' Jide apidly, Al affet el duisen or (VA

Cuwindl J L ina
MATAAS 1S T Tl in Gone Wiy,

ii. Describe what is meant by the “therapeutic window” ofa drug used in chemotherapy, and how it
relates to the side effects seen in a patient. " 7
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iii. Prior to being used for treatment, each chemotherapeutic drug is extensively screened. During
drug screening you identify two compounds A and B that have the potential to kill cancer cells
and normal cells as shown by the following graph. Which compound (A/B) is a better candidate
for cancer treatment? Explain why you selected this option.

100% | #1: Cancer cells + Compound A
"""" ——_ #2: Cancer cells + Compound B
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iv.  Explain how the use of following drugs may prevent cancer cell growth and /or cell
proliferation.

Drug Target of drug How is cancer cell growth and / or proliferation
prevented?

P(PW/\L (0 H‘: ({C‘ﬁ’i 4[1'}{' /“,} - &o {’\Cr.'{!z(

Vincristine | Microtubule inhibitor

VEGF Inhibits blood vessel formation ; _ TR T F T
inhibitor p/(fv(ifﬂ_a biﬁfﬂ Vi f(Own (0 k-mu, ‘f./mcr

lo 44 "/ IR
c) Her-2 reeeptor is encoded by the Her-2 proto-oncogene and is a member of the epidermal growth leti 7 I */ﬁ(ff
factor (EGF) family of receptor tyrosine kinases. Her=2 gene amplification is correlated with aggressive Q(/{(i td
forms of breast cancer that respond better to treatment with herceptin than other non-aggressive forms
of breast cancer. Explain why this is so.
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Question 6 (This question is optional and will NOT be graded)

Human immunodeficiency virus (HIV) is a retrovirus. Its genome is a single (+) stranded RNA that is
packaged with the reverse transcriptase enzyme within a protein capsid. This is further packaged into
an envelope that is derived from the plasma membrane of the host cell in which the virus had
replicated. The surface of the envelope is covered with the envelope glycoprotein, called gp120.

a) HIV specifically infects the T- helper (Ty) cells of the human immune system. If HIV enters the host
cell by means of host receptor recognizing a viral protein, what would be the most likely interacting
proteins during HIV infection?

b) Why the HIV infected cells remain undetected by the host immune system for several years?

c) Some individuals are resistant to HIV infection even after repeated exposure. Assuming that these
individuals express a normal level of the functional receptor that you have recognized above, how can
you explain their resistance to HIV?

d) In recent years, therapies have been developed to fight AIDS using nucleotide analogs. The drug
used to combat AIDS is Azidothymine (AZT). The structure of AZT is very similar to thymidine.
However, in AZT the 3’-OH group on the deoxyribose sugar is replaced by an azido (N;) group. Which
process of the life cycle of HIV do you think is inhibited by AZT?



Solution key- 2012 7.012 Problem Set 7

Question 1
You are studying the following four different viruses.
* Type A is an enveloped, minus stranded RNA virus.
* TypeBis an enveloped, plus stranded RNA virus (no viral proteins are packaged in the virion).
* Type Cis an enveloped, plus stranded retrovirus, reverse transcriptase is packaged in the virion)
* TypeD is a non-enveloped double stranded DNA virus.

a) Which of these viruses (Type A/ B/ C/ D) is likely to have the lowest mutation rate? Explain why you
selected this option.

Type D. This is the only type of virus from the list that depends solely on host DNA polymerase for replication.
DNA polymerase, but not RNA polymerase, has proofreading capacity (3" -> 5’ exonuclease activity) that would
lower the rate of mutation.

b) You analyze the genome of each virus and are surprised to find that each has 33% adenine (A) in its
genome.

i.  Based on this information, you can predict the % of remaining bases (T/ G/ C/U) in the genome
for which virus(es)?
Type D.

ii.  Inthe table below, give the percentage of each appropriate base (T/ G/ C/ U) found in the
genome of the virus(es) you selected in part (i).

Virus Type Base A T G C u

D % in the viral genome |33% | 33% | 17% | 17% | 0%

¢) You successfully transduce a eukaryotic cell line with each of the above viruses in four separate
plates. You isolate the viruses from the infected cells in each plate and use them to infect fresh
eukaryotic cells that are being incubated with actinomycin D (inhibits transcription by blocking only the
host RNA polymerase) or anisomycin (host ribosome inhibitor). Complete the following table for each of
the treatments.

Treatment Virus Virus formed (Yes/No)?
Actinomycin D Type A Yes
Type B Yes
Type C No

Type D No, this virus uses the host RNA polymerase
to express the viral genes

Treatment Virus Virus formed (Yes/ No)?
Anisomycin Type A No

Type B No

Type C No

TypeD No

d) Which of the above virus(s) (Type A/ B/ C/ D) must integrate its genome in the host cell? Give all
possible options and explain why you selected each.

Type C. This virus brings in its own reverse transcriptase at the time of infection. This reverse transcriptase is
used to make a cDNA copy of the viral genome, which gets integrated into the host genome and stays as a
provirus.



Question 2

The discovery that cancer could be caused by a virus was a major one. However, the subsequent
discovery that Rous Sarcoma Virus (RSV), a cancer-causing virus discovered in chickens, encoded
a mutant form (v-src) of a normal cellular gene (c-src) was even more surprising. Rous sarcoma
virus (RSV) is a retrovirus that also has a + stranded RNA genome that encodes four genes; gag
(encodes the capsid protein), pol (encodes the reverse transcriptase), env (encodes the envelope
glycoprotein) and src (encodes a tyrosine kinase enzyme).

a) Given the information, reverse transcriptase is considered which of the following?

* A DNA directed RNA polymerase
¢ A RNA directed DNA polymerase
* A RNA directed RNA polymerase

b) Why is it essential that the RSV encodes Reverse transcriptase?

This enzyme is used to make a cDNA copy of the viral genome that can integrate into the genome of the host cell.
The host cell will not have an viral RNA directed RNA polymerase enzyme that can carry out these functions. So
the virus needs to bring it during infection.

c) What are two major classes of genes involved in the development of cancer? For each, describe
the type of mutation that is associated with cancer, and how this mutation would promote tumor
formation.

Oncogenes: Mutations that activate or maintain growth/ division promoting properties of a protein.
Mutations that increase expression of a growth/division promoting proteins.

Tumor Suppressors: Mutations that inactivate proteins that restrict cell growth/division. Mutations that
prevent expression of proteins that restrict cell growth/division.

d) The Human papilloma virus (HPV) has been implicated as a risk factor for cervical cancer. The E7
protein of HPV binds to pRB protein preventing it from binding to the host transcription factor E2F
which is now free to bind to the promoters of genes that promote cell cycle. In contrast, another HPV
protein, namely E6 binds to p53 targeting it for destruction by proteosomes thus removing the block on
the host cell's entry into the cell cycle.

i.  Would you classify E7 as an oncogene or a tumor suppressor gene? Explain why?
It is an oncogene since it binds to and inhibits the function of the RB tumor suppressor gene product.

ii. ~ Would you classify E6 as an oncogene or a tumor suppressor gene? Explain why?
It is an oncogene since it binds to and inhibits the function of the p53 tumor suppressor gene product.



Question 2 continued

e) Each of the five genes given below, when mutated, can result in a transformed phenotype in the
mutant cells. In the final column, give the phenotype (normal or transformed) of a diploid cell that
has the two alleles given. Note: A description of each gene is given.

ras: encodes a protein, which is active in its GTP bound form and inactive in its GDP bound form. When active it
promotes cell division.

cyclin D: encodes a protein that interacts with a CDK (cyclin dependent kinase), and promotes cell division.
erb-B2: encodes an epidermal growth factor receptor which is active when dimerized. It promotes cell division
when activated.

pl6: encodes a protein that inhibits cyclin-dependent kinase.

WTT1: encodes a protein that inhibits progression through the cell cycle.

Gene Class Status of allele 1 Status of allele 2 Phenotype
ras Proto-oncogene Mutation such that protein Wild-type transformed
cannot hydrolyze GTP to GDP
Cyclin D Proto-oncogene Mutation that results in Wild-type Normal
deletion of entire gene
erb-B2 Proto-oncogene Mutation such that the receptor | Mutation that results in Transformed

protein constitutively dimerizes | the deletion of 120 base
pairs in intron 5

plé Tumor suppressor Point mutation that results in Wild-type Normal
truncated protein of 20 amino
acids
WT1 Tumor suppressor Mutation in promoter that Mutation that results in Transformed
prevents RNA polymerase from the deletion of 4 base
binding pairs in the coding region
20 base pairs after the

start codon

Question 3
Cancer is caused by the accumulation of two or more mutations in the same cell that affects its
proliferation and survival.

a) Why does a person’s chance of having cancer increase with age?

Cancer is a multi- step process that involves accumulation of many mutations in both tumor suppressor genes
and oncogenes in the same cell. These mutations accumulate throughout the life of a cell, either spontaneously
or by exposure to carcinogens, by replication mistakes or by chromosomal translocations. Since the chances of
accumulation of these mutations increase over time, the chances of an individual having cancer also increases
with age.

b) Cell lines are often used to test the oncogenic potential of viruses. If cancer is a multi-

step process, why can the introduction of a single active viral oncogene transform these cells?

Unlike the normal cells, the cell lines are immortal i.e. they can divide indefinitely and they are made so through the
accumulation of mutations. Therefore the introduction of a single viral oncogene into a cell line essentially reflects the
addition of one more mutation to a series of mutations that were preexisting in the cell line. Hence the transformation
of a cell line by adding a single active viral oncogene does not contradict the statement that “cancer is a multi- step
process”.



Question 3 continued

d) Briefly describe what an Ames test is and how it may be used to evaluate the mutagenic potential of
a chemical agent. Do you think you can evaluate the mutagenic potential of any carcinogen using
Ames test (Yes/ No)? Justify your answer.

The test employs a specific histidine minus (his-) strain of bacteria. A mutation in a gene(s) required for synthesis
of the amino acid histidine prevents this strain from growing on solid media that lacks histidine. However, a
compensatory mutation in this gene(s) may cause the His- bacterial strain to “revert” to a his+ strain that can
grow on a medium lacking histidine. In Ames test you incubate the His- bacteria suspension with the test
compound for a specified time interval. You then plate the bacteria on a petri-plate that contains solid culture
medium lacking histidine. Only those bacteria that have undergone reversion from his- to his+ will grow and
form colonies. The number of His+ colonies formed represents the mutagenic potential of the test compound. This
test will not be able to pick up those cancer causing compounds that are non- mutagenic in their native state but
are converted to mutagenic intermediates by different enzymes in the body. Such compounds are often called pro-
mutagens and remain undetected by standard Ames test.

Question 4

The following human pedigree shows the mode of inheritance of the predisposition to colon cancer.
Please note: The shaded squares and circles represent the individuals who eventually develop cancer.
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a) Looking only at the pedigree, the predisposition to this disease appears to have what mode of
inheritance?
Autosomal dominant

b) If you check the genotype of the tumor cells from individual 3, you find that they are homozygous
for the disease allele (-/-). However, if you check the genotype of the blood cells from this individual,
you find that they are heterozygous for the disease allele (+/-). Explain why the genotype with respect
to the disease allele in the blood cells is different from that in the tumor cells isolated from individual 3.
This indicates that this cancer results from the loss of both alleles of a tumor suppressor gene, not the acquisition
of an oncogene. Thus the apparent autosomal dominant mode of inheritance represents the inheritance of
predisposition to this type of cancer. The cancer phenotype is correlated with being a carrier of the disease allele
as the chance of a subsequent mutation in the good copy of the disease allele is very high. The retinal cells have
undergone a loss-of heterozygosity (LOH) of the tumor suppressor gene and therefore they show the development
of cancer. In comparison, the blood cells are still having one functional copy of the Rb gene and hence are
heterozygous.

c) For individual 4, the blood samples are heterozygous, carrying both the wild-type allele and a
mutant allele of the gene associated with this type of cancer. However, this individual did not develop
cancer. Explain why.

This individual was lucky enough and did not have the 2" mutation that would have resulted in the LOH of the
tumor suppressor gene and therefore the development of cancer. In other words it means that the pedigree is
showing incomplete penetrance. This individual may get the disease later.



Question 4 continued

d) One example of a tumor suppressor gene is Retinoblastoma (Rb) gene . The wild-type pRB protein
binds and inhibits the activity of the transcription factor E2F. At the appropriate time in the cell cycle,
PRB is phosphorylated (inactive state) and E2F becomes available to act as a transcription factor that
stimulates cell division. If a cell has lost the functional pRB and E2F proteins, would you expect cell
division (Yes/ No)? Explain your choice.

PRB inhibits cell division by binding and inactivating E2F which otherwise promotes cell division. Therefore a
loss of function of both pRB and E2F in the same cell would not increase cell division and hence would not lead to
tumor growth.

Question 5

a) Radiation therapy can be used to treat tumors. Briefly explain how radiation therapy works to treat a
tumor.

Radiation therapy works by massively damaging the DNA of the rapidly dividing cancer cells. With extensive
DNA damage, cells will often initiate a pathway for apoptosis or programmed cell death.

b) Chemotherapeutic drugs often have side effects such as diarrhea, constipation, mouth sores, hair
loss, nausea, and blood-related side effects.

i. Chemotherapeutic drugs have a wide range of structures and functions, yet many elicit the same

side effects. Explain why the side effects are the same for a variety of different drugs.

Most of these chemotherapeutic agents target the cancer cells since they are actively dividing cells compared to the
normal cells. However, normal cells that are actively dividing, such as hair cells, blood cells and gut cells, are also
targeted by these treatments resulting in hair loss and nausea. Therefore, they all result in very similar side-
effects.

ii. Describe what is meant by the “therapeutic window” of a drug used in chemotherapy, and how it
relates to the side effects seen in a patient.
The therapeutic window is a measure of the difference between the concentration of a drug that is required to kill
the cancer cells (effective dose) and the concentration of the drug that affects normal cells. A drug with a wider
therapeutic window will have fewer side effects at the effective dose.

i. Prior to being used for treatment, each chemotherapeutic drug is extensively screened. During
drug screening you identify two compounds A and B that have the potential to kill cancer cells
and normal cells as shown by the following graph. Which compound (A/B) is a better candidate
for cancer treatment? Explain why you selected this option.

Compound A will be a better

100% #1: Cancer cells + Compound A Cchoice since it has a larger
_ #2: Cancer cells + Compound B  therapeutic index i.e. The
% cell ~. #3: Normal cells +Compound B  effective concentration of
alive ! #4: Normal cells + Compound A compound A that is required to
_ L kill the cancer cells is far less
50% #a'~. compared to the concentration
needed to kill the normal cells.

‘s

Compound concentration >

ii.  Explain how the use of following drugs may prevent cancer cell growth and /or cell

proliferation.
Drug Target of drug How is cancer cell growth and / or proliferation
prevented?
Vincristine | Microtubule inhibitor Prevents the formation of mitotic spindle and hence inhibits cell
proliferation
VEGF Inhibits blood vessel formation Prevents supply of nutrients and removal of waste thus
inhibitor contributive to cell death.




Question 5 continued

¢) Her-2 receptor is encoded by the Her-2 proto-oncogene and is a member of the epidermal growth
factor (EGF) family of receptor tyrosine kinases. Her-2 gene amplification is correlated with aggressive
forms of breast cancer that respond better to treatment with herceptin than other non-aggressive forms
of breast cancer. Explain why this is so.

Some less aggressive forms of breast cancer are not associated with an overexpression of the Her-2 gene, so they
are not sensitive to Herceptin. Often the aggressive forms of breast cancer are associated with an amplification of
the Her-2 gene. The amplification of the Her-2 gene correlates with the increased expression of receptor on cell
surface, which increases the proliferation signal that is critical for tumor development. Herceptin is a monoclonal
antibody that works on both the extracellular and the intracellular domains of the HER-2 receptor. It does so by
binding to the Her-2 receptors that are expressed on the surface of cancerous cells thereby flagging these cells for
destruction by the immune system. At the same time Her-2 blocks the downstream signaling by the Her-2
receptors thereby preventing tumor proliferation.

Question 6 (This question is optional and will NOT be graded)

Human immunodeficiency virus (HIV) is a retrovirus. Its genome is a single (+) stranded RNA that is
packaged with the reverse transcriptase enzyme within a protein capsid. This is further packaged into
an envelope that is derived from the plasma membrane of the host cell in which the virus had
replicated. The surface of the envelope is covered with the envelope glycoprotein, called gp120.

a) HIV specifically infects the T- helper (Ty) cells of the human immune system. If HIV enters the host
cell by means of host receptor recognizing a viral protein, what would be the most likely interacting
proteins during HIV infection?

The gp120 protein on the surface of HIV envelop binds to the CD4 receptor on the surface of T helper cells and
this ligand-receptor binding event is the first step of infection. However an additional interaction between the
gp41 protein of HIV and chemokine receptor (CCR 4 or 5) on the surface of host cell is needed for the virus to
enter the host cell.

b) Why do HIV infected cells remain undetected by the host immune system for several years?
The viral genome gets converted into cDNA that integrates into the host genome and stays as a provirus. In this
dormant form it is not detected by the immune system.

c) Some individuals are resistant to HIV infection even after repeated exposure. Assuming that these
individuals express a normal level of the functional receptor that you have recognized above, how can
you explain their resistance to HIV?

The gp41 protein on the surface of virus binds to a chemokine receptor (CCR) on the surface of T helper cells. If a
person shows a homozygous mutation for the CCR gene (CCR-/ CCR-) he/she will not have the chemokine
receptor and will not contract AIDS even after repeated exposure to HIV.

d) In recent years, therapies have been developed to fight AIDS using nucleotide analogs. The drug
used to combat AIDS is Azidothymine (AZT). The structure of AZT is very similar to thymidine.
However, in AZT the 3'-OH group on the deoxyribose sugar is replaced by an azido (N;) group. Which
process of the life cycle of HIV do you think is inhibited by AZT?

AZT is a thymidine analogue (a nucleotide used in the synthesis of DNA. Therefore AZT interferes with the
synthesis of DNA from RNA by reverse transcriptase. This enzyme incorporates AZT more effectively into the
growing DNA chain and this blocks the further elongation of the chain because the growing end has no 3’-OH
group on the deoxyribose sugar. So the viral concentration decreases over time with response to the treatment.



7.012 Recitation 19 - 2012
Summary of Lecture 31 & 32:
Cancer: This is a disease of old age. This is caused by the accumulation of multiple mutations over time
in a cell. Most of these mutations are the somatic mutations and hence not passed by the affected person
to the next generation. But there are some familial forms of cancers too.

Tumor suppressors genes and proto- oncogenes: These are normal genes that work in a regulated
fashion in a normal cell to properly control the cell cycle. The wild-type function of a tumor suppressor
gene is to inhibit the cell cycle in any cell that is not supposed to be actively growing and dividing. Both
homologous versions of a tumor suppressor gene must loose their function to transform a normal cell to a
cancerous type. The wild-type function of an oncogene is to promote the cell cycle in any cell that is
supposed to be actively growing and dividing. One of the two homologous versions of an oncogene
must gain a function or increase its function for a cell to become cancerous. Normal cellular counterparts
of the oncogenes are called the proto- oncogenes. Some of these genes are carried by oncogenic viruses
and are designated as v-oncogenes. The v—oncogenes can be linked to potent promoters that lead to their
inappropriate and high level expression, leading to deregulated cell division. One example is the Rous
sarcoma virus (RSV). This retrovirus infects the chickens, thereby causing them to acquire tumors. Here
the viral genome contains a gene that it has stolen at some point from a host cell. This gene is an
oncogene called src that is involved in cell signaling. The virus carries a mutant version of src that
produces an overactive form of the normal cellular kinase src. When RSV infects a cell, the mutant src is
transcribed and translated, creating an overactive cell signaling protein that promotes growth and
division in chicken cells to form tumors. Other examples include the avian leukemia virus that causes
leukemia and human papilloma virus responsible for cervical cancer.

Retinoblastoma: This is a cancer of the retina. In Familial retinoblastoma, multiple tumors in the retinas
of both eyes occur in the first weeks of infancy when the fetus inherits from one of its parents a
chromosome that has its RB locus deleted or otherwise mutated. So in this form of the disease, a germline
mutation plus a somatic mutation of the second allele leads to the disease. In sporadic retinoblastoma a
single tumor appears in one eye sometime in early childhood before the retina is fully developed and
mitosis in it ceases. In this form, both inherited RB genes are normal and a single cell must be so unlucky
as to suffer a somatic mutation (often a deletion) in both in order to develop into a tumor. Such a double
hit is an exceedingly improbable event, and so only rarely will such a tumor occur.

Cancer therapy: Most cancer patients are treated with some combination of surgery, radiation,
chemotherapy or immunotherapy. Radiation and chemotherapy have the disadvantage of destroying
healthy as well as malignant cells and thus can cause severe side- effects. Drug design is a very expensive
process. Drugs must be specific (i.e. they can’t inhibit other proteins in addition to their targets or else
they will cause side effects), must work at a low concentration (so that the amount that needs to be taken
by the patient is feasible), and must not be metabolized by the patient either too quickly (so that taking
the drug is ineffectual), too slowly, or into toxic byproducts.

Questions:
1. Why is cancer predominantly a disease of old age? What about the usual cause of cancer makes it more
common in older people?

2. Why are the mutations that cause cancer generally not passed on to one’s offspring? Why are almost all
cancers sporadic as opposed to familial/inherited?)

3. Describe the basic principal behind the standard Ames test. How is this different from modified Ames
test?

4. What does it mean that a tumor is almost always clonal (or monoclonal)?

5. Why is it that cancer cells containing mutations in genes encoding ECM (extracellular matrix) proteins
are more dangerous than cancer cells with normal ECM genes?



6. Weinberg’s famous experiment: Ras was the first oncogene to be discovered. Ras is part of a cell
signaling pathway. The input for this pathway is an extracellular protein growth factor, and the output is
to induce transcription of genes necessary for the cell cycle to occur. Ras is a GTPase that is active in the
GTP-bound form but inactive in the GDP-bound form. Ras was discovered in the Weinberg lab via the
following experiment. Human tumor DNA was cut into pieces, and each different piece was put into a
different mouse cell. The mouse cells were then grown in Petri plates. Only the mouse cell that took up
the mutant allele of the oncogene couid grow and divide enough to form a colony of cells.

i. Do you think that the mouse cells had their own versions of Ras before the experiment began? If
yes, do you think that the mouse versions of Ras were wild-type or mutant?

i. In this experiment, it seems that there was only one mutation necessary to make the mouse cells

over-proliferate. We know, however, that cancer results from an accumulation of mutations.
Why then did this experiment work?

ii. If a patient had a tumor that was caused in part by mutations in Ras, do you think it would be a
good therapeutic decision to treat the cancer patient with a drug that targets and inhibits Ras?
iii. Do you think it would be a good therapeutic decision to provide this cancer patient with a wild-

type copy of the Ras gene?

iv. Do you think that this experimental technique would work to identify tumor suppressor genes?
Why or why not?

7. Retinoblastoma is caused by a mutation in the retinoblastoma tumor suppressor gene. There are
several mechanisms, which can cause a cell to lose its normal gene and thus be predisposed to develop
into a tumor. These may result in a "loss of heterozygosity" or "LOH".

i.  What do you mean by LOH?

ii. ~ Many clinicians and scientists are currently trying to develop cancer treatments that are more
specific and targeted than chemotherapy. If a patient had a tumor that was caused in part by
mutations in Rb do you think it would be a good therapeutic decision to provide this cancer
patient with a wild-type copy of the Rb gene?

8. Consider a patient who has CML, and answer the following questions.

i.  Would the Philadelphia chromosomal translocation be present in all of the cells in the patient’s
body?

ii. Would the Philadelphia chromosomal translocation be present in all of the cells in the patient’s
blood system?

iii. How many independent times did the Philadelphia chromosomal translocation occur in the
patient?

iv. Could the patient pass CML onto his/her kids?

9. For each of the following medicines/ treatments, answer these three questions:

i.  Which disease/condition does this treatment work for?
ii. ~ What is the target of this treatment?
iii. ~ Why does this treatment work?
* Herceptin (an antibody directed against the Her2 growth factor receptor expressed in breast
cells):

*  Gleevec:
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7.012 Lecture 34 Online subject evaluations are now open
12/7/12
PRIONS

By
Diviya Sinha

Email: dsinha@mit.edu
Building 68-120c

http://web.mit.edu/subjectevaluation

You have until Monday, Dec 17 at 9 AM.
Please evaluate ALL subjects in your list.
Please write comments.

Your feedback is read and valued!

PRIONS (PrP>¢)- infectious pathogens

1. They cause brain/ neurodegenerative diseases in multiple species with similar TSE and their implications for Human health
histopathology.

2. These diseases can spread between individuals of the same species and also from one
species to other.

3. These diseases are classified as transmissible spongiform encephalopathy or TSE and they
are all fatal. o e

G, ) vl YT

BSE or mad cow disease

BSE (cow)

Fipure shows similar neuropathologies in TSE of different species




I ———— Transmissible Spongiform Encephalopathies
updaie 05 PM EDT, Tu pr . 2012

[ b“lﬂr - Why Peotong airport won't fly res_

i

Scrapie

Bovine Spongiform Encephilopathy

Mad cow case confirmed In
Brain allmlnt a mystel'v California

Origins, link to cows
debated by scientists

Healthy cow's brain on left, infected on right.
The USDA said it remains confident in the
health of the national herd and the safety of Creutzfeld-
beef and dairy products. FULL STORY Jacob

Disease (CJD)

Discovery ot TSE

Reflection of prion diseases in media

1. Kuru discovered in 1950 in the Fore tribe of Papua New Guinea.

Symptoms: The affected individual showed violent
shivering, uncontrolled laughing sickness, loss of

coordinated movement, dementia followed by
death.

Cause: ritualistic cannibalism

Researched further by Gajdusek & Bloomberg who showed its interspecies transfer and were
awarded the Nobel Prize in 1976.

Causative agent: The disease was thought to be caused by a slow growing virus that could
cross species barrier.

7

8



Results from Stanley Prusiner’ s experiment

1. Prions spread between members of the same species (faster) and
also from species to species (slower). Prion pathogens reside in the
brain tissue of the affected species. All affected species show the
same histopathology.

2. Prions are not live pathogens. They are are resistant to UV
treatment unlike conventional pathogens. So they are no nucleic
acids. Instead they are infectious protein particles (PrPSc).

4. Replication of PrPs“

Prions (PrPSC) can replicate within the host cell to increase their number
by binding to and altering the conformation of PrP<.

DNA — — PrP¢
Uq—-—-— RNA ? PrPSC
PrPS

Infected tissue showing accumulation of PrP5¢

11

3. Comparing PrP5¢ with PrP¢

1. Both PrPSC and PrPC have identical primary structure.

2. They are encoded by the same gene, PrNP.

3. The PrPs¢ js UV and protease resistant and represents a highly stable
pathogenic form unlike its normal cellular counterpart.

4. They both have different conformations.

Prpe

PipPac

PK
Sensitive Resistant

10

The Prion Hypothesis (Stanley Prusiner)

Scrapie and other TSEs are caused by a protein-only infections
agent (a “prion”). The disease-causing protein is an altered form
of a cellular protein, which can cause the cellular protein to
adopt the altered conformation. In this way, the prion can
“replicate.”
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HOME NEWS OPINION ARTS SPORTS CAMPUS LIFE PHOTOS  BLOGS

[Volume 117 >> lasue 48 ¢ Tuesday, October 7, 1997 "~ PDF of This lssue 2 |

U.S. Neurologist Wins Nobel Prlzefor Discovery of
Prions

By Rick Weiss
The Washington Post
WASHINGTON

Stanley B. Prusiner, a maverick American scientist who for two decades endured derision from his
peers as he tried to prove that bizarre infectious proteins could cause brain discases like "mad cow
disease” in people and animals, Monday was awarded the ultimate in scientific vindication: the Nobel
Prize in Medicine or Physiology.

Prusiner, a 55-year-old neurologist at the University of California San Francisco, was cited by the
Swedish Nobel committee "for his pioneering discovery of an entirely new genre of discase-causing
agents and the elucidation of the underlying principles of their mode of action."

=

| QUESTION MORE.

@& + News + Cannibals survived brain disease epidemic thanks to a mutation +

Cannibals survived brain disease epidemic thanks to a
mutation

Published: 20 Novembar, 2008, 17:40
Edited: 5 October, 2010, 23:25

In§1 survivors of the epidemic and their descendants, they've discovered a previously-unknown variant of a section of
PRNP. None of the viclims had the mutation. Moreover, the bloadiines of the mutation carriers suffered from kuru about six
imes less than bloodiines of those without it

In their work, published in The New England Joumal of Medicine, Mead and colleagues say thal the mutation is an
acquired prion disease resistance factor, which undenwent positive selection during the decades of epidemlc.

"l hope i wil become a textbaok example of how evolution happens,” said Mead.

15

Pathogenetic Features of Prion Diseases

Disease Host Mechanism of Pathogenesis

Kuru Fore people in Infection through ntualistic cannibalism
New Guinea

Creutzfeldt-Jakob discase

Iatrogenic Humans Infection from prion-contantinated human

growth hormione, dura mater grafts, and so forth
New vanant Humans Infection from bovine prions?
Familial Humans Genn-line mutations i the PrP gene
Somatic mutation or spontancous conversion

of PrP* into PrP*?

Sporadic Humans

Note: latrogenic means transmission of the disease through PrPSC contaminated surgical/

hospital instruments.
14

The PrP knock-out mouse

PrP knock-out
Inject scrapie agent mouse

No disease!!!

PrPC knock out mice are
phenotypically normal reflecting
that PrP¢ does not play a crucial
role.

PrPs (mouse)

PrPs (mouse)



MITnews

ongineering  science

St Lineuint sccmss bow Moo sl Mo of Scbrce bom
Priedet Ooama, Novemtar 300

Reconfigurable robot a sisp
toward somathing that can
become almost anything.

Precisely engineering

3-D brain tissues
MNovernber 33, 2012

managuement

T O e 8

Prions play key role in yeast survival and

evolution

For the first time, researchers find prions in wild strains of yeast, and
show they can help the organisms withstand stress.

Anne Troflon, MIT News Office

Fobmary 16, 212

Misfoided proteins calied
prions are best known for
causing nsurodegenarative
disorders such as
Croutztaldt-Jakob diseass
and mad cow disease.
However, 8 naw study by
scientists at MIT's Whitehead
Institute finds that they can
also play a much more
beneficial roie.

The research leam, led by
Susan Lindquist, has shown
thaot in yeast, prions owaken
dormant streichas of gones
that can heip the yeast
survive environmental
stressas. Furthammore, those
new trails can be passec on
o offspring, contributing o

Sciontists discover

evolution in an ur way.

raguantly beneficlal. A wing strain of yeast that
in this

casn formed by a particular
he presencs of an aalifungal

ung
a 1o tha drisg whan the prions
ot aflect growtn in b

8. K. Jones, A Chang, A K.

search
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related
Susan Lindquist

Whitehead Institute for
Blomedical Research

ARCHIVE: “Scientists ID
secrot {o Infectious
protein®

D e

tags

biclogy

evolution

gonotics
research
whitehead instilute

pricns

yeast

1. Find a compatible donor that has a mutation
in the acquired prion disease resistant factor use
his cells for gene therapy.

2. Find a compatible donor that is PrPS/PrP¢-
and use his cells for gene therapy.
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Table 25.1 Eight Vertebrates Ordered According to Unique Shared Derived Traits (Part 2) : Figure 25.3 Inferring a Phylogenetic Tree

How are organisms related to one another? (Phylogeny)
The traditional way of determining how organisms are related to one
another is to group them according to shared traits (phenotypes).

Eight Vertebrates Ordered According to Unique Shared
Derived Traits (Part 2)
DERIVED TRAIT?
MAMMARY KERATINOUS

TAXON FEATHERS FUR GLANDS SCALES
Lamprey (outgroup) - - = =
Perch - - - -
Salamander - - - -
Lizard - - - +
Crocodile - - - +
Pigeon + - - +
Mouse - + + -
Chimpanzee - + + -

2 A plus sign indicates the trait is present, a minus sign that it is absent.

LIFE 8, Table 25.1 (Part 2) B A B s S B Ak, M K P 8

B Coding DNA But there is another way! It depends on
the fact that more closely related organisms have
more recent common ancestors!

Vo, |

[ ]JunkDNA

Most of the DNA in the genome has no known function
Figure 1.4 The Biology of Cancer (© Garland Science 2007)

Lamprey

Common — — (__outgroup)
ancestor Perch
Salamander

Lizard

Crocodile

N
<)
Unad
*
-5
@

nails
Feathers !
Pigeon
Fur, mamma
glands ;
Continuously
growing incisors Chimpanzee |
LIFE 38, Flgure 25.3 LIFE: THE SCIENCE OF BIOLOOY, Bighths Edition © 2007 Sewuer Absooutes, e, and W H. Frasman L

Imagine that the sequences for the coding DNA are the result of hundreds of

oy %1

millions of years of evolutionary optimization. In that case, the great majority of mutations
affecting the sequence of the coding DNA and the structure of its encoded proteins are likely
to be deleterious -- deviations from the already-optimized. (i.e. you can’ t get any better than
the best!) Hence, mutations affecting coding DNA are likely to compromise the fitness of an
organism and will be selected against.

=
=
_ Coding DNA =
[ ] JunkDNA
optimized
Remember that mutations
strike the genome randomly.
Figure 1.4 The Biology of Cancer (© Garland Science 2007) (\J‘
—\-_._":



selected mutation

ujunku DNA coding
sequence

TN P e

v N e N

MUTATION

defective allele

LN

- <t

defective phenotype

inability of organism carrying
mutant allele to compete

loss of allele from gene pool

(hence, coding sequences do not evolve

rapidly and are therefore highly “conserved”

‘\_4/_/4""‘:'".;_‘ ..--‘ﬁ’/’

W\

neutral mutation

njunku DNA coding

sequence

NN
N

l MUTATION

AN

.

.\\\

no effect on phenotype

no reduction in ability
to compete

|

retention in gene pool

(formation of a genetic “polymorphism”
that does not affect phenotype)

setLrcTI!VE
DISADUANTAGE
&+ P1SAPPEARANCE

Tof mutant allele

DEFECTIVE
ORGANISM
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A oiavs ) GENE

ANDO M
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S EQUENCE
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over long evolutionary time periods.)

7, Sewencesofprochencodig DN EXISmeeximpif evoluiony cnsrvaton e sane st
e sequences evolve at different rates g g p S P
§ &9 é‘? Koy eyes look entirely different!) i
S LN, @Q:;@ . ! /Twm of Eyeless/Pax-6
¥ oo @ | 1. Detailed structures of many of its domains | Fl
& CLfad e ! - . a y Mouse
& 6”8&9 &9 | are not critical for function '
& ' Therefore, rapid change over >107 years eyeless/Pax—6

eyes absent/eya 1-4 <« sine oculis/six

N

dachshund/dach

—_
[
o

1. Structure of this one was optimized i
a long time ago. 2. All of its domains
\

[+2]
(=]

amino acid changes
per 100 amino acids

e
(=]

are critical for interacting with other
proteins.

Therefore, no change over >10° years
(extreme conservation)!

200 400 600 800 1000

millions of years since
divergence of species

Figure 5-1. Molecular Biology of the Cell, 4th Edition. 600 million years

Figure 1.7a The Biology of Cancer (© Garland Science 2007)



Express the mouse Pax6 gene (which specifies eye formation
in mammals) on the leg of a fly --> get a fly eye!
(in this case, expressed at an ectopic site on one of the legs)

(ectopic = a biologically
or anatomically
inappropriate site)

Figure 1.7b The Biology of Cancer (© Garland Science 2007)

T EEMNERITION OoFF
SEQ JENCE DIVERES 1 TY
By =aAnvDoM MUTATIONS

= o x  ji
Je R MO AGGATTGACT AGCCTA ARG
o Ace CTAAACT

\
.

Ty

Of course in this instance the non-coding sequences
Will diverge more rapidly than the coding sequences.

L L=~ o or P -~

/

/
s | BASE
SUBS’T’T‘U FTIoOMN
PR MiLLION YEARS

AGGe TTAACT

Over the course of time, due to random mutations, gene sequences randomly

drift apart (diverge) unless sequence changes compromise fitness.
Therefore, a comparable (homologous) DNA sequence in two organs

will be more divergent in more distantly related organisms.

Cr EAETRATION & F
SEQ@ UENCE DIVER S TY
By =anvboM MUT_HTJON.S

cATGAACT

~G AGGATTGACT
& AcCe CTAAACT
N
\\ o
N /
\
\
AGG A"f’r!—lﬁcr :‘-}GC"’-;\*'Q"’HCT

i

;
s I BASE
suBsTITO TION
PR MitLioN YEARS

AGGC TTAACT

Over the course of time, due to random mutations, gene sequences randomly
drift apart (diverge)_ unless sequence changes compromise fitness.

Therefore, a comparable (homologous) DNA sequence in two organs

will be more divergent in more distantly related organisms.

26.11 Two Domains: A Brief Overview

Compare the ribosomal RNA/DNA sequences of all
cellular organisms on the planet Le., study the divergence
of a gene that is present in the cells of all organisms.

Spirochetes

~ Chlamydias

; ~ High-GG
I BAGTERIA Gram-positives

Common
ancestor
of all living
organisms

~ Low-GC
Gram-positives

Proteobacteria

LIFE 8e, Figure 26.11 e i B
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Phylogenetic Tree of Life

. Tree of life with
Bacteria Archaea Eucarya 3,000 species!
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Or just
sequence
whole

Several ————, genomes!

inches
wide

Compare the sea anemone with other animals and see what the genome of their last common ancestor
looked like, even though such creatures have been extinct for 600 or 700 million years.

The sea anemone, for example, has about 18,000 genes, while humans have about 20,000, This implies that
the common ancestor had about the same number of genes, between 18,000 and 20,000. Many of the
anemone's genes lie on its 30 chromosomes in patterns similar to the patterns of related genes on the 46
chromosomes of humans.

Roughly 80 percent of eumetazoan genes even further back in time to before the origin of animals
(since related genes are found in fungi, plants, slime molds and other non-animals). Only 20
percent of the ancestral eumetazoan genes seem to be unique to animals, I.e., were “invented”
when multi-cellular animals arose. .

Cambrian and pre-cambrian (edicaran) fossils

And metazoan evolution started long before we imagined!

ofsio e
L T I
Teme 1 mions of years (Ma)

- - ™

How can you study the divergence of DNA sequences
within a species (e.g., ours) if the 2 copies of a gene are
continually swapping sequence information?

' maternal
Mom and Dad have - €hremes
different polyvinorphic ({
DA markers® on their
chromosomes (autosomes)
But analyses of descent
over long periods of time Continual Solution: simplify!
is complicated by the fact crossing- Study the
that these autosomes can ® over i .

: o . evolution of
recombine. Recombination
mixes up sequences, complicating
analysis. ®

sequences that

. sant
*Polymorphisms are slightly ‘ M recombine!

different nucleotide sequences that i
generally do not affect function o

Figure 1.6 The Blology of Cancer (© Garland Science 2007)

human (or other)DNA



The partial skeleton of a female who lived 4.4 million years ago
| is the culmination of 17 years of excavation and research. Ardi

-nicknamed for her species, Ardipithecus ramidus - stood about
-4 feet tall, weighed 110 pounds, and was less like a chimpanzee
- than many scientists had expected.

Shu inhabited then- e
wooded regions of If e
Ethiopia. Her :

skeleton raised |
surprising questions about |
how key human traits
evolved.

| They eventually unc.arlh-..d 47 b(mca ul a skclcton - nf:.lrl)

| 40% of a hominid, or humanlike creature, that lived around

2 million years ago. Based on its small size. and pelvic Hh‘lpc
.they concluded it was female and named it 'Lucy”.

Homo habilis

A By three million years ago, the world of Lucy

and Australopithecus afarensis had vanished.
Hidden forces were transforming the Earth's
climate, with devastating consequences for the
African landscape.

!
{? j} In addition, three million years ago:
1 { In East Africa, a hominid called Paranthropus boisei became

/| specialised so that it could eat tough-to-chew but more abundant
| plant foods such as nuts, roots and tubers.

By two million years ago, a new
species of Homo appeared - the first
species we would truly recognise as
human. Homo ergaster evolved during
an accelerated period of global cooling
and drying that cleared more and more
tropical rainforest from Africa and
created a desert in the northern half

| of the continent.

She mhab1ted then-
wooded regions of
Ethiopia. Her
skeleton raised

surprising questions about ,

how key human traits
evolved.

The partial skeleton of a female who lived 4.4 million years ago
| is the culmination of 17 years of excavation and research. Ardi

-nicknamed for her species, Ardipithecus ramidus - stood about
-4 feet tall, weighed 110 pounds, and was less like a chimpanzee
- than many scientists had expected.

| | They eventually unearthed 47 bones of a skeleton - nearly

| | 40% of a hominid, or humanlike creature, that lived around

' 3.2 million years ago. Based on its small size, and pelvic shape
i |, they concluded it was female and named it 'Lucy”.

Neanderthals -- we wiped them out ~30,000 years ago
the remains of the oldest human ever found in Europe - a
/ partial skull belonging to a young male who lived 780,000

years ago.

By 500,000 years ago, another
_ |group of humans had reached Boxgrove
in West Sussex, England. Homo heidelbergensis

was not afraid to tackle big animals.



How can we learn about our distant ancestors by studying

Contemporary/modern DNA?

Study mitochondria and their DNA (mtDNA)
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In mammals, 99.99% of mitochondrial DNA (mtDNA) is inherited from the mother

Mitochondria have their own DNA, which is related to that

of certain modern bacteria. Similar organisms colonized the
cytoplasm of the first eukaryotlc cells ~1.5 billion years

=~ Othér a-prolecbactaria

ir oF MoFochondvio

a;,—h‘ lernall  Ori
i 2 = —ﬁga—rﬂj—“—e e ~hondeind DI

= E
£
‘.Q" A
o
Mt-DNA Inheritance Descendants Chart (Maternal Line)

Most Recent

|:| ~mate [l =overtsmona [ —r—4 . »
{MRCA) Direct
Female Line

meal. ® ;‘:"i:':‘ FoIoA

o[ B O
55 o2 o5 bhag ot

V dtt." 2@
(=)
@ ©

Op0

0

s 4.

fb

In mammals, 99.99% of mitochondrial DNA (mtDNA) is inherited from the mother



Human mtDNA
16569 bp

all descended from the mother of each humané therefore identical

i
: : : . ATPE
This compares with 2 copies (& 2 versions) of most 16.6 kb circular double-stranded DNA molecule, '~ g'-,uc,‘
nuclear genes.(Much easier to get many mtDNA copies for sequence {RNA Tyr
analyses.)

Analyze how different mtDNAs in different human populations

Human mtDNA encodes 13 polypeptides involved

are I'CIath FTDNA's mtDNA Migrations Map (used with permission)
in respiration and oxidative phosphorylation, 2 A
2 rRNAs and a set of 22 tRNAs that are essential AL )
for protein synthesis in the mitochondria T . '
EURDPE . |t

"his region does not
encode mitochondrial LB
proteins; therefore pLilidr :
san evolve rapidly (because ' -
it’ s 1ess subject to selection)

ROATH
AMERIGA

AFRICA - o , \“\“:*wr—"{@
N/ We'llget back fﬂ“}mswmap/s’i'lortly!
b)) s (=]} (xeo)

AUSTRALIA SOUTH

MELAS 3243

LHON 3460

ADPD 4338

The rest of th

genome evolves EXPANSION TIMES {years ago)

more slow]y because Africa 120,000 - 150,000

. e Qul of Africa 55,000 - 75,000

it encodes critical e 0,000 76,000

enzymes involved in Australia/PNG 40,000 - 60,000
i . Europa 35,000 - 50,000

energy metabolism Wak traueas; srirlan moe Americas 15,000 - 35,000

Ha-Dene/Esi/Aleuts 8,000 - 10,000



How are mtDNA and

. S ] 5, - .
Yet another human DINA sequence that does not recombine! Y Lhr.nm(?bome ¥ chromosome maslens Mitochondrial
inheritance—, ‘ inhaiitad? A s hekitance

High mutation rates have driven extensive structural
polymorphism among human Y chromosomes

B Xetransp & A nF
a i £ Xedegunarsio £ Hoterochromatic
Mﬂl—'o'dh:r.glan[lﬂ&\'?———-——%
weR s \e:‘- .\ :;}
B T |

Pt e
: - (lengin vanaten)
TSPVTSPY . vosvaas
(08, 00) TSPy aray tdels. dups, invs]
tgcl

N ook -/

Four regions show great polymorphic variability

Y chromosome is only transmitted from father to son.
Fig. 2 15 1£ 1 1R

Neither Y chromosome markers nor mtDNA is subject to recombination

How distantly related Some mtDNA is preserved in the bones of Neanderthals. One possible
are we to Neanderthals? artifact: Contamination of Neanderthal mtDNA by DNA of modern humans,
e.g., paleontologists who have handled the bones!
Solution: How different Degree of contamination of Neanderthal bone DNA by modern human
is their mtDNA from DNA (l.e., mitochondrial DNA). Therefore choose sample w. minimum
ours? amount of modern human mtDNA.
modern human Neandertal
mtDNA g%) mtDNA (%e)
10080 60 40 20 0O 20 40 60 £9100
Mitochondria to the rescue! ' :
Mitochondrial
Energy
Optimizer
Defy
the mechanisms

of aging

" _-.E*"""'“' B s




Neandertal

p+h=10,167 n=3,447 2
(10,208 corr.) {422 corr.) (48224(3,?,-)

Answer: we’ re about 5-6 million years away from our
common ancestor w. chimps* and about 400,000 years
from our common ancestor with Neanderthal.

*known mostly from paleontology

Max Planck Institute for Evolutionary Anthropology

Denisovan molar! (also found
knuckle bone, toe bone

juvenile female who lived

about 41,000 years ago,

found in the remote Denisova

Cave in the Altai Mountains

A new hominid species!

Currently, the bone that yielded the Denisovan genome, and a
single molar from the same cave, are their only known fossil
remains, but other archaic human fossils from Asia could bear
traces of this group.

6% of the DNA of Melanesians and Australian aborigines derive
from Denisovans

.
.
-‘I\\:‘\-“‘»\
chimp Neandertal n s~ | human
p+h=10,167 n=3,447 =
(10,208 corr) (422 corr.) .{45224003;1&)

Answer: we' re about 5-6 million years away from our
common ancestor w. chimps* and about 400,000 years

from our common ancestor with Neanderthal.
*known mostly from paleontology

outside Africa owe up to 4% of their DNA to Neanderthals. One
explanation might be that humans migrating out of Africa mated
with Neanderthals, probably resident in the Middle East, before
their offspring fanned out across Europe and Asia.
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If, for some reason, only a small
number of individuals in an existing
species become the ancestors

(= founders) of a successor species,
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Non-adaptive evolutionary events: sampling effects

You might think that all evolutionary processes are by their very
nature adaptive, but that is not the case.

Accidents can "select" a small subset of organisms from the larger population.
Founder effects and evolutionary bottlenecks occur when a new population

is based on a small, randomly selected group of individuals.

Bottleneck

|
genetically genetically
diverse @ simplified
original M population
population

O
TIME

o

These individuals become the “founders” of the

new, descendant population

Although humans seem to vary a great deal in physical
appearance, we are actually a genetically homogeneous
species. Chimpanzees, our nearest evolutionary relatives,
exhibit variation in 1 of § mitochondrial control region
nuclectides, whereas humans exhibit variation in only 1 of
17.7 Similary, chimpanzees show considerably more varia-
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The age of a species can be
measured since the time of the
last bottleneck.

i.e. how much genetic diversity
has accumulated in a species’
gene pool since the last

bottleneck?

eTic DIVERS reicaTION

BorrceENEC K

isf, for some reason, only a small
number of individuals in an existing
species become the ancestors of a
successor species, most of the
previously accumulated genetic
hetero}fnegy , will be lost

S PEC1ES

As aspecies ages, random mutations
make the species genetically more

diverse/heterogeneous

to the genetic diversity of a species?

What happens during an evolutionary bottleneck

For example, what happens to the preexisting

genetic diversity of the mtDNA or the Y chromosomes
in small populations of interbreeding inviduals?




In a population of constant size:

1O B0 B0 E70
Hence, if the population size of a species stays

l —1 (1) Constant and

(2) small for a number of generations,

a,1 b,2||b,2 @ L @ everyone will have

the same Y chromosome and the same mtDNA!

“c “ Y chr. lost

“2" mtDNA lost ' :
(because of random genetic drift)!
1/4 of mtDNA genotypes 1/4 of Y DNA genotypes
are lost in a single generation  are lost in a single generation

=Y chromosome O =mt DNA

Therefore, the loss in n generations is 0.75"

On average, after about 4 generations, only 1 of the 4 (0.237)
mtDNASs will survive and 1 of the 4 Y DNAs will survive!
After 8 generations, only 5.6% of mtDNAs and Y DNAs will survive!

(98.5 percent similarity between humans and nonhuman primates)

; ﬁ\ b = /{_—_;
./ lr S el ~ cHmMPs | o
The average protein differs by only two amino acids, and 29% of
proteins are identical. The work also reveals that a surprisingly
large amount of genetic material has been inserted or deleted since
humans and chimps went their separate evolutionary ways 6 million

(98.5 percent similarity between humans and nonhuman primates)

I _
f_ _] GERE ; CHIMPS

L

& Arrican years ago.
D NON AFRICAN PEOCPLE L NON AFRICAN PEOPLE '—[ JUMANS | &
B CHIMPANZEES BE CHIMPANZEES 1“' 11(1_"
(] PYGmMy CHIMPANZESS [0 PYGMY CHIMPANZEES [“‘_—

: - — 12

., Humans are genetically very similar

., Humans are genetically very similar 1o &
INA s was to one another; therefore, young species

:Ef‘e to one another; therefore, young species i~ ve o
Frec. " (100-150 thousand year old).

" (100-150 thousand year old). -
~ Chimps are very different from one Chimps are very different from one
another; therefore old species (~1.5?7 million years old). <--time

another; therefore old species (~1.57
million years old). when chimps last went through a bottleneck




Genetic distances of
human populations
across the globe
e.g., mtDNA

Measurements — |
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The amount of mtDNA sequence diversity (pi)
among Africans (3.7 times 10-3 nucleotide
differences per site) is more than twice that

among non-Africans (1.7 times 10-3)

Out of Africa 40-50 K y.a. ____{\

= 24 Bk (Central Asia))
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{ e e
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s —(Paraguayan Indians)
‘Jmla

Cwkemba TN
e 36 Bamilake
> Africa
43-Ibe
_Cmﬁ'?‘“‘"‘
M!tOChOﬂdria| —{;i ‘ff:::nnb
Eve 150Ky.a. e
514&”:5532-8-5: -//
- ArS === Chimp
!
Waw! Look.; a Genetic diversity
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distances! s e g
) Africans

Far greater genetic
diversity in Africa --
Therefore the human
race has resided in
Africa far longer than
elsewhere (resulting
in the accumulation
of far more
intraspecies genetic
variability in Africa).
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The amount of mtDNA sequence diversity (pi)
among Africans (3.7 times 10-3 nucleotide
differences per site) is more than twice that
among non-Africans (1.7 times 10-3)

Out of Africa40-50 Kya.—___
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Khoisan
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Recent estimates: last
common ancestor of
some Khoisan
populations and the rest
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migralion

6,000
years ago

A, B, C .. miDNA haplogroups

; Aleut
Inuit {Eskimo)

3 Na-Dené Amerinds

Amerinds
1 Palaeoamerinds
: (Patagonians, Fuegians) migration of
20,0007-13,000
HJW years ago

In Finland, the earliest known settlement of Homo sapiens is 10,000 years old, located in Korpilahti swamp
at Antrea, Karelia. These post-Ice Age settlers from Eastern Europe followed the retreating continental glacier
that covered all of Finland.
Y-DNA studies of Finland's male gene pool point to two founding populations:
* an Asiatic population whose ancestors moved west across the Ural Mountains in what is now
western Russia and

* a European population whose ancestors retreated to Iberia during the Ice Age and afterward

migrated northeast into the Netherlands, Germany, Scandinavia, and Finland.
The descendants of the Asiatic population, who carry the Y-DNA N3 haplotype (also called Tat and M46),
account for 59% or more of the current male gene pool in Finland. The descendants of the Iberian population,
who carry the Y-DNA I1a haplotype (also called M253), account for about 29% of the current male gene
pool in Finland.
Scientists are debating whether Finland was populated by a continuous migration or two founding m
igrations. Although it is generally believed that the Asiatic migrants were the first to arrive, there is little
agreement on the time-frame for the populating migrations. One two-migration theorist argues that the early
Asiatic migration from the east peaked around 4000 years ago and the Iberian migration from the west and
south peaked about 2000 years ago.
Y-DNA Frequency The I1a and N3 haplotypes are not uniformly distributed across Finland, nor are they the
only haplotypes represented. In western Finland about 40% of the male population carry I1a and about 41%
carry N3. In eastern Finland about 19% carry I1a and about 71% carry N3. Two other haplotypes --
Rlal and R1b -- are represented at 7% and 4% respectively.

méé&&&éééé&éé

Distribution of Y-chromosome haplotypes across the globe

This pattern echoes the pattern of spread of mtDNA across the globe..
(A haplotype is a constellation of polymorphisms that segregate together.)
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Linguistic analytis

Spread of human languages
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Phylogenetic trees for Pacific human populations. (Top) Tree derived from linguistic data by
Gray et al. (Bottom) Tree based on DNA analysis of the bacterium H. pylori by Moodley et al.

Molecular Evolution of Pediculus humanus and the Origin of Clothing
Divergence of body lice (live in clothes) from head hair lice.

A molecular clock analysis indicates that body lice originated not more than about
72,000 = 42,000 years ago; the mtDNA sequences also indicate a demographic expansion
of body lice that correlates with the spread of modern humans out of Africa. These result
suggest that clothing was a surprisingly recent innovation in human evolution.

Geographic origin
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ow often have various species been domesticated
from wild animal populations?
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Harding dogs

“Here we show that dog breeds share a Highcr proportion of multi-locus haplotypes unique to
grey wolves from the Middle East, indicating that they are a dominant source of genetic diversity
for dogs rather than wolves from east Asia, as suggested by mitochondrial DNA sequence data

Nature 464, 898-902, 2010

Different modern depictions of the High Priest in Jerusalem
(Details of clothing given in Exodus) ; priest = cohen

9

(In addition to the High Priest, there were many other
priests (Cohanim) helping in the Temple in Jerusalem.)

Exodus 28:1 The Lord says to Moses, "Then bring near to yourself Aaron your brother,
and his sons with him, from among the sons of Israel, to ministers as priests
to Me--Aaron, Nadab and Abihu, Eleazar and Ithamar, Aaron's sons."

Moses appointed Aaron as the first priest = (Cohen)

Aaron  Elisheva

Nadav Avihu Eleazar  Ithamar

Only the naturally born son of a Cohen can become a Cohen.

Reconstructed

Arch of Titus
in Rome

In the year 70, the Romans destroy the Temple in Jerusalem.

No more High Priest! Out of work.
No jobs for the other priests (Cohanim)



The Y chromosome is inherited in the male line, just like
the traditional family name

]

B vae

. Female

The Y chromosome is inherited in the male line, just like the traditional family name

Non-patemity! ! |

The Y chromosome is inherited in the male line, just like the traditional family name

N. African Priests Central European
1928 years Middle Eaxt T
later _ \ In the Ashkefazic and
o Sephardic Cohanim, the modal_haplotype
Origins of Old (cluster) frequencies are 0.449({0.694))and
Testament priests 0.561( respectively. For comiparison,

According to Jewish tradition, following the
Exodus from Egypt, males of the tribe of
Levi, of which Moses was a member, were
assigned special religious responsibilities,
and male descendants of Aaron, his brother,
were selected to serve as Priests (Cohanim).
To the extent that patrilineal inheritance has
been followed since sometime around the
Temple period (roughly 3,000-2,000 years
before present), Y chromosomes of present-
day Cohanim and Levites should not only
be distinguishable from those of other
Jews', but — given the dispersion of the
priesthood following the Temple’s destruc-
tion — they should derive from a common
ancestral type no more recently than the
Temple period. Here we show that although

1“8 NATURE | VOL 394 ]9 JULY 1998

among the Ashkenazic and Sephardic

sraelites, the frequencies are 0.13
and (}.09 respectively. '
Commoners

Assuming a mutation rate of 0.0021
(ret. 4), this gives an estimate of 106 genera-
tions, which for a generation time g
(30) vears gives an estimate o 0)
years before present, dating the coalescence
of the Cohanim chromosomes to between
the Exodus and the destruction of the first
Temple in 586 BC.

Cohens/Cohanim = ~3% of modern Jewish populations)



Y Chromosomes Traveling South: The Cohen Modal Haplotype
and the Origins of the Lemba—the "Black Jews of Southern Africa”

The Lemba are a traditionally endogamous group speaking a variety of Bantu languages
who live in a number of locations in southern Africa. They claim descent from Jews who
came to Africa from "Sena." "Sena" is variously identified by them as Sanaa in Yemen,
Judea, Egypt, or Ethiopia. ......

..... Interestingly, one of the Lemba clans carries, at a very high frequency, a
particular Y-chromosome type termed the "Cohen modal haplotype,” which is
known to be characteristic of the paternally inherited Jewish priesthood and

is thought, more generally, to be a potential signature haplotype of Judaic origin.

“Here, using complete sequences of the maternally inherited
mitochondrial DNA (mtDNA), we show that close to one-half

of Ashkenazi Jews, estimated at 8,000,000 people, can be

traced back to only 4 women carrying distinct mtDNAs that
are virtually absent in other populations, with the important
exception of low frequencies among non-Ashkenazi Jews.

We conclude that four founding mtDNAs, likely of Near Eastern ancestry, underwent
major expansion(s) in Europe within the past millennium.”

“Finnish Y-haplotype diversity was even lower than the Native American populations.

...... A limited number of closely related founding males may have contributed
to the low number of paternal lineages in the Finnish population. In

contrast, high levels of genetic diversity for mtDNA and autosomal STRs

may be the result of sex-biased gene flow and recent immigration to urban
areas from established internal isolates within Finland.

Female gene flow stratifies Hindu castes

Marriages between individuals of equal status are preferred. Matings between a man from a
higher varna and a woman from a lower varna are permissible under certain circumstances,

in which case the offspring tend to attain a status similar to that of their father. In contrast,
marriage of a woman from a higher varna to a man of a lower varna is strongly discouraged.

This suggests that women have limited but upward social mobility, whereas men have very little.

Genetic affinities among the lower castes
and tribal groups of India: inference fromy

chromosome and mitochondrial DNA.
Y-SNP data provides compelling genetic evidence for a tribal origin
of the lower caste populations in the subcontinent......... The Indo-

Europeans established themselves as upper castes among this
already developed caste-like class structure within the tribes.

Can you drink milk? Here's why!

2006 study of polymorphisms in the lactase gene (whose product breaks down milk:
“ A new study suggests that tribes from the Asian steppes (blue circle)

migrated to the Ural mountains, where they mixed with locals (red circle),
generating a gene variant endowing lactose tolerance that Ural farmers later spread.”



The Peopling of the Pacific

Ann Gibbons Many markers present in startling high percentages--> small founder populations
Archaeologists, linguists, and geneticists struggle to Toble 1 Soms Ashkenax] Jewish dissases
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Nature Genetics volume 9 february 1995 99

Enjoyed meeting you all!
Nice to know you!
See you around campus!



7.012 Recitation 20 - 2012
Summary of Lectures 33-35:

HIV: HIV is a retrovirus that infects the Ty, cells of our immune system. HIV gets into our T} cells by
docking onto a protein called CD4 that our T}, cells have on their surface. Our T, cells have CD4 on their
surfaces because CD4 helps Ty, cells recognize the MHC class Il molecules on the surface of macrophages,
which is the job of a Ty, cell. However the HIV virus has evolved to have a glycoprotein on its surface
that binds to CD4, thus targeting HIV to Ty, cells. This glycoprotein also has the ability to fuse the lipid
bilayer of HIV to the cell membrane of our Ty cells, thus dumping the contents of the HIV virus into our
Ty cells. The HIV virus harms our Ty cells, thereby depleting our immune system and therefore our
ability to fight the virus. HIV also mutates very quickly due to it having a reverse transcriptase that is
highly mutagenic. This allows the HIV to be constantly changing the amino acid makeup and the shape
of its viral proteins so that our immune system cannot gain immunity to the HIV.

Prions: These are the infective proteinaceous particles. The diseases caused by prions are caused by the
defective proteins. The defects arise not from the mutations in the genes that express these proteins, but
from errors in the folding of these proteins into the proper three dimensional conformation. The protein
with the altered conformation then seems to induce a change in the conformation of the normal protein
counterpart so that it also becomes abnormal. The altered proteins have profound effects on its function
in the cell. There is a long period of several years between the onset of the disease and the manifestations
of the disease symptoms. Prions unlike the bacteria, viruses or nucleic acids cannot be altered or killed
through UV irradiation. The transmissible spongiform encephalopathies (TSE), scrapie, kuru, mad cow
disease and chronic wasting disease are some examples of prion related diseases.

Molecular evolution: Phylogeny is a branch of biology that explains how are organisms related to one
another. The traditional way of determining how organisms are related to one another is to group them
according to shared traits (phenotypes). However, another way is to look at the mutations in the coding
and non-coding regions between the genome of different organisms: organisms that are closely related
will have mutations predominantly in the non-coding regions and will have preserved coding regions
since the mutations in the coding regions are deleterious. Over the course of time, due to random
mutations, gene sequences randomly drift apart (diverge) unless sequence changes compromise fitness.
Therefore, a comparable (homologous) DNA sequence in two organisms will be more divergent in more
distantly related organisms. The non-coding sequences will diverge more rapidly than the coding
sequences. One can also create an evolutionary tree based on comparative sequencing of 165 or 185
ribosomal RNA. The evolutionary distance between groups of organisms in the tree is proportional to the
cumulative horizontal distance between the end of a branch and the node that joins the two groups.

The genetic distance of the human population across the globe can be measured by comparing the
sequence of the mitochondria DNA that is always derived from the mother and has a minimum chance of
recombination. Similarly the migration of males can be tracked by analyzing the Y chromosome.

Questions

1. HIV can lie dormant in a person’s body for many years without causing any noticeable symptoms.
Explain how an unrelated infection that activates the humoral response pathway may lead to the
development of a full — blown HIV infection.

2. The polymerase that copies the genome of the HIV virus is very error-prone. Why does this make it
difficult for the body to mount an immune response against HIV?

J. Diseases can either be inherited or caused by infections by different pathogens. However
prions are the exception. What are prions?

4. Do these mutations in genome contribute to progression of prion diseases?



5. A black African tribe, called the Lemba, has an oral history that traces the Lemba lineage to one of the
“Lost” tribes of Israel. Explain how and why you might be able to use the Y chromosome of Lemba males
to confirm whether the Lemba are of Jewish descent.

o
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