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A Welcome Letter From The Team At:

]
m MED STUDENT NOTES.COM

Congratulations on your purchase!!

Studying medicine or any health-related degree can be stressful; believe us, we know

from experience! (Yes, we are a team of doctors, so we’ve been there, done that! Now we want
to pay it forward by building the greatest educational resource for our junior medical student
upstarts). Our goal is not to make a profit; we simply aim to cover our costs, which is why our
notes and resources are so very affordable! (...and always will be! © )

Here are just a few things you need to know to get the most out of your purchased notes:

1.

Your notes are yours for life! (Yay!) We do not charge any recurring subscriptions or
hidden fees etc. Also, any updates we make to your purchased notes in the future are
provided free of charge and you will receive an email notification if/when this occurs.

. Our hosting website charges us a fee each time a file is downloaded, so we

allocate a download allowance (per file) for each of your purchases. Don’t worry if
you exceed this though -- you will simply get a notification and be prompted to request a
download extension from us at admin@medstudentnotes.com .

. Therefore, we encourage you to SAVE your files onto your personal computer (or

hard drive/device) for future access. Once saved to one of your devices, it is very easy
to transfer your files to all of your personal/mobile devices without the need to re-
download all of your files.

. All of our study notes are delivered in PDF format. This is the most reliable and

universal computer format available. We have double checked all of our files and they all
functional and virus free. Please do not open any medstudentnotes documents
shared to you by another person as we cannot guarantee those files will be virus-
free.

. If you are having trouble downloading your files or your files are not displaying

properly on your device, please consider the following remedies:
a. Try updating your PDF viewer software to the latest version

b. If you are using a mac, try opening the files with ‘Preview' instead of Adobe.

c. Try an alternative PDF viewer software. For a list of free PDF readers, click this
link:




d. If you are attempting to download on a phone or tablet, we suggest downloading
first onto a computer, then transferring files to your mobile devices. This is
because some files are quite large - sometimes over 100MB - and might be too
much for a mobile device to handle.

. If none of these solutions work for you, please let us know by emailing us at
admin@medstudentnotes.com

. If you have any further queries, feel free to check out our FAQ page:
https://www.medstudentnotes.com/pages/fags or email us at
admin@medstudentnotes.com

. Please ensure you use the SAME Email address for any future purchases. That
way, all of your files will be visible in the one place on your account page. (Accounts are
free and optional; if you do not wish to create an account, you can simply open and save
your files directly from your order-confirmation email).

. Feel free to use the discount code “TAKE200FF” for 20% off any future purchases
you make with us. This code MUST be applied PRIOR to submitting payment for the
discount to take effect.

. We understand the desire to share your purchased notes with your friends,
HOWEVER, we encourage you to instead consider signing up to our free Affiliates
program . That way you can share your unique referral code with your friends, they
get 15% off their purchase, and YOU earn 30% commission on any sales you refer
to us.

For more info, visit: https://affiliates.medstudentnotes.com/?ref=r2cuusbruqt

From everyone here at MedStudentNotes.com, thankyou
once again for your purchase! We wish you every
success in your studies and career ahead!! ©
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DNA, RNA, Protein Synthesis

DeoxyriboNucleic Acid — The Basics:
» DNA contains the genetic blueprints for proteins of a cell/organism.
» DNA is replicated before cell division.
> Genetic blueprints are encoded in the nucleotide sequence

Constituents:
DNA (and RNA) are nucleic acids — DeoxyriboNucleic Acid
A DNA molecule = 2 complimentary polynucleotide chains (DNA Chains/Strands)
Within each polynucleotide chain, there are thousands of genes (which each encode a certain
protein) made up of a specific sequences of nucleotides.
Each nucleotide contains:
o 1x Deoxyribose (5C sugar ring) (has a hydroxyl group on the 3’ carbon)
o 1x Phosphate Group (on the 5’ carbon of the deoxyribose)
o 1x Nitrogen-containing Base - Either:
= Adenine (A)
= Guanine (G)
=  Thymine (T)
= Cytosine (C)

[
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group ot (A)

sugar (ribose) oH

(Purine -00)
(Purine -00)
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Nucleotide Pairing Arrangement:
-Each chain of DNA is held together by hydrogen bonds between the base pairs.
-Only specific pairs of nucleotides can bond to each other:
= A=T (2Hbonds—>lower mtp) [Tis replaced by U in RNA]
= G=C (3Hbonds>higher mtp)
NOTICE: double-ringed bases always bond to single-ringed bases (keeps strands equidistant)
-These H-bonds can be broken (and the DNA denatured) by raising the temperature or the pH
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Mutations:
-Any change in the nucleotide sequence of DNA = mutation

Normal hemoglobin DNA Mutant hemoglobin DNA

ity @t

Normal hemoglobin Sickle-cell hemoglobin

-DNA can be damaged (mutated) by various mutagens in 2 ways:
a) Substitution of a nucleotide. (results in changes to the amino acids in proteins)
b) Insertion/Deletion of a nucleotide. (causes a ‘frameshift’ = changes protein)
Mutagens: UV / lonising Radiation (Gamma & X-Rays) / chemicals (carcinogens)

UV NAQUEGAJAJGRURUUGEGC G JCRA
WU AQUEGRAJAJGRUBUUGEGEC G JCRA

) Protein Met Lys Phe Gly Ala
Protein [ TF Lys Phe Gly Ala

(a) Base substitution (b) Nucleotide deletion ‘ .

[}
[ ]
AJuBclalallcBuBululaBclclclicla AJURGEARANGRURUEGHGECHGRCRARY

Met Lys Phe [NSERNN Ala Mot | _ Lou | Al | His

Polarity & Antiparallel:
e Every DNA chain has Polarity:
o Has a5’ Phosphate (key)
o And a 3’ Hydroxyl (keyhole)
e The 2 chains in a DNA molecule are antiparallel and are wound into a double helix.

Genes To Proteins:
e An organism’s genotype is the sequence of nucleotides in its DNA.
e A specific gene (nucleotide sequence) dictates production of a specific protein.
e Protein synthesis happens through 1. Transcription, then 2. Translation

i\ LN
|
N N Gen:\ {E(i){/ 4,9

DNA strand

- |

RNA

|
Protein w Polypeptide —.—‘+.—
Cytoplasm

Amino acid

Nucleus
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Transcription —in the Nucleus - converts DNA to RNA. (more specifically, hnRNA [heteronuclear] — the
primary transcript)
Before entering cytosol, the hnRNA is processed by nuclear enzymes:
o Introns Removed (non-coding regions of the hnRNA)
o Splicing Exons Together (coding regions)
o Addition of a GTP-Cap (Gcap) and a Poly-A-Tail
-Produces mRNA (messenger RNA) which then leaves the nucleus into the cytosol.

Translation — in the cytosol — a ribosome converts mRNA into an Amino Acid Sequence
(polypeptide/protein)
> The amino acids (and sequence) within the protein are determined by triplets of bases (Codons)
» Each codon (sometimes multiple) relates to a specific Amino Acid.

» Protein synthesis always starts with AUG (methionine), a ‘start codon’
Second base

orPoc|lodoc|o>»o0c

e P> 0OC
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DNA Organisation/Storage Inside Nucleus:
1. DNA helices are long, thin and delicate and must be tightly packed in order to fit within the nucleus.

2. Portions of DNA helices are wrapped twice around special proteins called histones, forming circular

nucleosomes.
Nucleosomes are packed tightly into a “thread”, forming a fibre known as chromatin.

This fibre is then coiled again. “string”
This chromatin “string” is then coiled again and again into a “rope” known as a Chromosome seen

under light microscope.

LM www:FreeSciencelLectures.com il www:FEreeSciencelLectures.com

Wl www:FreeSciencelecturesicom www:FreeSciencel.ecturesicom www:FreeSciencelectures:com

www.FreeSciencellecturesicom
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DNA Replication:

e When a cell is getting ready to divide (Interphase), its DNA replicates.

1. Chromosomes uncoil from their structure into paired DNA strands.

2. The two strands are separated by an enzyme called Helicase at the Origin of Replication (ORI).

3. Each nucleotide is then bound by a Single-Stranded DNA Binding Protein which keeps the strands
from re-anhealing. (coming back together)
One of the DNA strands encodes the “leading strand” (new strand), which is laid down continuously
from its 5’ to 3’ end (towards the Helicase). This is done by an enzyme called DNA Polymerase Il
which moves towards the helicase.
The other DNA strand (which runs in the opposite direction) encodes the “lagging strand” (other new
strand), which must also be laid down from its 5’ to 3’ end (this time away from the Helicase).
This is first initiated by RNA Primase which lays down an RNA Primer.
Another DNA Polymerase lll then attaches to the RNA Primer and lays down a short length of DNA
(away from the Helicase) called an Okazaki Fragment (100 - 200 Nucleotides long) until it reaches
another RNA Primer further down the line. Once the DNA Polymerase Ill reaches the 2" RNA Primer
it dissociates.
DNA Polymerase | then replaces the RNA Primer (between the 2 Okazaki fragments) with DNA.
DNA Ligase then links the 2 Okazaki fragments together.

**Note: DNA Polymerase proofreads as it adds new nucleotides**
A
Single-stranded DNA
/ binding proteins

DNA . & Helicase

[iwww:FireeScienceLectures.comiii. & | www.FreeSciencellectures.com Ml www.FreeScienceLectures.com _____| www.FreeScienceLectures.com
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**2x Helicases can bind at one ORI and unzip the DNA in both directions, forming a ‘replication bubble’**

¢ Qverall direction of replication Leading Lagging

7
Lagging Leading
DNA pol IIl strand OVERVIEW strand

Leading
strand

DNA ligase

Primase

Parental DNA : , DNA pol llI
Primer

**There can be multiple ORIs, and therefore multiple replication bubbles. (increases replication rate)**

Origin of Origin of
replication replication
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Transcription:
Transcription is the process of making RNA from a DNA template.

Requires DNA (containing a particular gene, aka transcription unit)
Transcription Factors
RNA polymerase
ATP
Begins with a strand of DNA (made up of different important regions)

a. Transcription unit (The gene/length of DNA for the desired protein)

b. TATA box - a DNA sequence found in the promoter region of a gene (usually the binding site

of transcription factors [or in DNA packing; histones])

Several complexes known as transcription factors bind to the TATA box (allow the successful binding
of RNA polymerase to the DNA)
Initiation Phase: RNA polymerase binds to the DNA @ the promoter & other transcription factors
complete the mature transcription complex.
Energy must be added to the system (Via ATP) for transcription to begin.
RNA polymerase then splits the DNA into 2 strands along its own length. (most transcription factors
are released after transcription has begun)
Elongation Phase: RNA polymerase then moves along the transcription unit, synthesising an RNA
Template from the strand of DNA. As it moves along, it constantly unzips forward DNA and rezips
DNA strands left behind.
Termination Phase: When the terminator region is reached, the RNA Polymerase dissociates from
the DNA and the newly formed strand of RNA is released.

www.MedStudentNotes.com



Translation:
Proteins are long chains of Amino Acids
There are 20 common kinds of amino acids.
The sequence of amino acids in the chain determines the function of that protein.
The instructions for making proteins are ‘coded’ in DNA - transcripted to mRNA —>translated into
proteins.
Each amino acid is specified by a group of 3 bases on the mRNA called codons.
In addition to mRNA, there are other crucial components:
o mRNA
o Twisted strands of RNA called transfer-RNA (tRNA) match specific amino acids to
corresponding base codons on the mRNA.
= The 3 bases on the tRNA = anticodon
= Anamino acid is first bound to the 3’ end of the tRNA by an AminoAcyl Synthetase.
Ribosomes made of ribosomal-RNA (rRNA) + protein = the workbench for protein synthesis.
-Protein synthesis also occurs from the 5’ end of the mRNA to the 3’ end.
= Small subunit
= large subunit

f Large
ribosomal
subunit

@@
IE] @ [Q— Anticodon

5 ==

ribosomal

Codon subunit

Initiation: Formation of the initiation complex begins when the small r-subunit recognises and binds
to a sequence of bases in the leader sequence on the mRNA.
A tRNA carrying the anticodon of the start codon (AUG - carrying methionine) binds to the mRNA.
The initiation complex is completed when the large r-subunit covers the ‘start’ tRNA by joining to the
small r-subunit and the mRNA. The ‘start’ tRNA fits snugly into the ‘P-Site’ of the complex. The other
site (‘A-Site’) is empty.

. Elongation: -Begins when a 2" tRNA (matching the mRNA codon) and its attached amino acid settles
into the A-Site.
The 1% amino acid is transferred from its tRNA onto the 2" amino acid via enzyme forming a peptide
bond between them.
The pair of amino acids are now attached to the 2" tRNA. The 1% tRNA leaves the P-site.
The ribosome moves down the mRNA to a 3" codon. The tRNA bearing the di-peptide now occupies
the P-Site.
The empty A-Site then attracts another tRNA (bearing another amino acid). The di-peptide is then
transferred to the 3™ amino acid and the 2" tRNA is released. The ribosome then continues down
the mRNA, increasing the length of the polypeptide.

. Termination: Translation is terminated when the ribosome encounters one of three stop codons
(UAA, UAG or UGA) at the end of the gene.

. A Release Factor recognises the stop codon, and settles into the A-Site.
. An enzyme releases the polypeptide chain from its tRNA via hydrolysis. This causes everything,

including the ribosome, to dissociate from the mRNA.

www.MedStudentNotes.com



Initiation

( complex

Leader sequence

=N

M@ﬁ@@u fff&';n 4 T2] JE— Anticodon

3 8 § e

EIEIEEM 8 .00 ek MNEM}EIG}NN&.MJE

Proteins

@l-ah-En-a.-C

Resulting Polypeptide (protein) Ribosome moves along mRNA
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Chromosomes & Disease: Genetic Cockups!

Human Chromosomes:
e What are they?
o Highly compacted linear pieces of DNA
Contain many different genes

o
o Only visible during M-Phase once the replicated chromosomes have condensed.
o Vary in size; 50-250Mbase-pairs

Sister chromatids

1. DNA

Chromosomes only
appear in M-phase

e Chromosome Number:
o Varies between species
o Similar species have similar chromosome numbers
= Eg.Chimps—48, Humans — 46
o Chromosome number # sophistication
e Cell Function:
o Normal people are born with 2x sets of 23 chromosomes
= 1setfrom mum

= 1 setfromdad ¥ ( ( \MLE FEMALE
o 2Sex Chromosomes: 1 ’-

= X&Y

!

= XX =Female
e Xfrom Dad
e Xfrom Mum
= XY =Male .
e Xfrom Mum IR R T D VIR TR |
e Y from Dad O I O TR TR VS I TR TR Y
o 44 Autosomes (all others): S | S
o Genes:
= Sequences of DNA that encode proteins.
= Different genes have different functions.
e Some genes are expressed in all cell types.
e Most cells only express genes relevant to their function.
o Pairs of identical chromosomes are paired & numbered by length & banding patterns

Sister chromatids

AUTOSOMES (ALL OTHERS)* f SEX-CHROMOSOMES (X & Y)

——Telomeres -
7

¥ >~ Heterochromatin ~<
(dark)

Centromere

- Euchromatin —
(light)

Telomeres

www.MedStudentNotes.com



Human Sex Determination:

G svem &
N\
I/ nyfgotes
(offspring)
Q

1. The X-Y system

Female

Chromosome Nomenclature:
e Bands
o Chromosomes show distinct banding patterns
o Due to gene rich and gene poor regions
o Regions = heterochromatin (dark) and euchromatin (light)
= Heterochromatin (Dark):
e Genes that have been turned off and packed away
e Genes that the cell doesn’t need for its specific functions
=  Euchromatin (Light):
e Genes that are unpacked and readily transcribed into proteins
e These genes are critical to the cell’s specific function.

Interphase nucleus
(Embryonic pluripotent cell) (Adult differentiated cell)

Type of Chromatin Physical State Tyvpe of Genes Replicates During
Euchromatin More relaxed Active Early S-Phase
Heterochromatin More condensed  Silent Late S-Phase

e Chromosome Charting: /T N
o Arms /f
* long=‘q :
=  Short="‘p’
Regions
= 2 regions/arm
= Divided evenly
Bands
= Centromere = Band 10 |
=  Counts upward both ways toward the centromere
Centromere
=  Where the 2 sister chromatids are anchored
together
Telomere
= Repeated sequences of non-coding DNA at the Very
ends of each chromosome arm.

SHORT ARM

By Convention
Centromere = band 10
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e Chromosome Shapes:
1. Metacentric:

=  Arms of similar length
Submetacentric:

= Centromere at approx 1/3
Acrocentric:

= Centromere very close to telomere
Telocentric:

= Centromere at the telomere

Chromatids ~__

~Short arms/’%

Centromere
Long arms

e  Writing Chromosomes:
o 46, XX =normal Female

46, XY = normal Male
47, XX, +10 = abnormal Female - extra 10" chromosome.
45, XY, -22 = abnormal Male — missing 22" chromosome.
More:

+ Gain

- Loss

cen Centromere

del Deletion

der Derivative chromosome

dup Duplication

ins Insertion

inv Inversion

invins Inverted insertion

mar Marker chromosome

mat Maternal

pat Paternal

r Ring

rob Robertsonian translocation

t Translocation
tel Telomere
ter Terminal (chromosome end)
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Extracting Chromosomes — G-Banding Ideogram:
Extract cells
Centrifuge - Collect cells
Grow cells in culture — amplify numbers
Treat with spindle-inhibitor = arrests cells in metaphase
Treat with Protease and stain with Giemsa.
Drop cells onto slide — flattens cell 2 spreads chromosomes
Analyse by computer — pair identical chromosomes.
Result: Human Karyotype

CENTRIFUGE
_—

TO COLLECT CELLS | Cousocns '

GROW THF CELLS
IN CULTURE Ml:DlUM

FEMALE

FOR DAYS /

TREAT WITH
COLCHICINE
| (SPINDLE INHIBITOR)
Faw FOR SEVERAL HOURS
. - —
g DROP CELLS ONTO
» 2 SLIDE TO “SPREAD”
g CHROMOSOMES

('nxw

AUTOSOMES (ALL OTHERS)

SEX-CHROMOSOMES (X & Y)

Origins of Abnormal Karyotypes:
e Errors in Cell Division
o During Meiosis of Mitosis
Gains/losses of parts of chromosomes
Rearrangements between chromosomes
Gains/losses of whole chromosomes
2 Classes:
=  Constitutional Chromosome Abnormalities
e During Gametogenesis
e Found in every cell of the body
= Acquired Chromosome Abnormalities
e During Embryogenesis
e Found only in clusters of cells
e Individuals are a ‘mosaic’ of normal & abnormal cells
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5 Main Causes of Abnormal Karyotypes:
1. Anaphase Lag
During anaphase
One chromosome fails to migrate to the pole of the spindle
That chromosome then fails to be enclosed by the new nuclear envelope
Chromosome is lost and gets degraded
Results in 1x normal cell + 1x cell with a missing/extra chromosome
Leads to monosomies & trisomies

-
¥

2. Chromosome Mis-Segregation (Nondisjunction)
=  Error during meiosis
=  Where chromosomes aren’t divided equally among the gametes.
= Results in either: gametes with extra or missing chromosomes.
= |f such gametes are fertilized > mosomies & trisomies

Meiosis | <

"-*‘__/

y ;\..
\ 7/
)

>

\ '/"

VL2

| ===

| '\\*_/J
(o )
&/

/,

Meiosis |l y

"/‘*\, / :\\ (
‘\\”‘/

ot C‘?
/\;: {
L )
%/
|
)

/._\_/- \/l\/1

ﬁ/\l/\b W/ /\ /\I/

/
ga::l

N

3. Replication Failure (Meiotic/Mitotic)..and..
4, Dispermy
= Results in polyploidy.
=  How this can happen:
e Errorin Gametogenesis
o Chromosomes duplicate but the germ cell fails to divide = diploid gamete.
e Error at Fertilisation
o Eg. Dispermy = 2 sperm simultaneously fertilise egg. 2 triploid embryo
e Errorin Embryogenesis
o Errors during early mitotic cell divisions
o Chromosomes duplicate by the embryonic cell/s fail to divide 2> triploid
mosaic embryo
5. Incorrect DNA Repair
= Cellular DNA damage happens regularly
= Usually DNA repair mechanisms work well
=  Sometimes, DNA damage is incorrectly repared.
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Classes of DNA Damage:

Translocations:
Insertional:

O

(@]

O

Area 7 ;:
Lnsened
rea

2
nsert Chromosome 20 ‘

Chromosome 20
Chromosome 4

Chromosome 4

This is an Insertional Translocation

Reciprocal:

Before translocation After translocation

Derivative
Chromosome 20 Chromosome

=>

Derivative
Chromosome 4

Chromosome 4

Robertsonian:
(Centric Fusions of Acrocentric Chromosomes)

(Inapp1opu'ate repair)

o0 !
N
<= Centromere
14

1414 2121 1414 2121

(Normal Acrocentric (DNA Damage)
Chromosomes) /

Di-Centr 1c
Acentric == + (but so 4
(unstable) close that Balanced
Heterochromatin functionally Translocation
with no genes they act as one) (mitotically

stable)
rob(14,21) 14 21

Inversions:
A segment of the chromosome has been flipped

No gain / loss of genetic material

If breakpoints don’t disrupt genes > no abnormality
2 Kinds:

o

@)
@)
@)

Pericentric
Paracentric

RIs

Pericentric Inversion Paracentric Inversion
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e Deletions:
o Avregion of a chromosome is deleted
o Deletion size: proportional to: Severity of abnormality.
o Eg. William’s syndrome = DNA loss on Chr. 7

Deleted area ?/

Before After
deletion deletion

e Duplications:
o Aregion of a chromosome is doubled
o If duplication occurs outside a coding region & doesn’t result in a frameshift > no abnormalities.

Duplicated area }

Before
duplication

After
duplication
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Aneuploidy Vs. Polyploidy

e Aneuploidy:
o The addition/loss of a chromosome from the normal (euploid) 23pairs.
o Common cause: Nondisjunction — failure of chromosomes to separate properly during meiosis
o Generally manifests as a trisomy - 3 sets of a chromosome.
=  Most trisomies are lethal except on the small chromosomes.
e Eg. Chr.21 - Down’s Syndrome;
e Chr.18 — Edward’s Syndrome.
Rarely as a monosomy — loss of a chromosome.
= All embryonically lethal — except on sex chromosomes.

Aneuploidy of Sex Chromosomes:
Males must cope with a single X-chromosome.
Evolution developed a mechanism: dosage compensation
Females only use one of their X-chromosomes.
One X-chromosome in each cell is randomly hypercondensed (inactivated) - Barr Bodies.
Therefore all females are mosaics. (eg. Dermal dysplasia)
e Barr Bodies: areas of heterochromatin

J d Nt

b

Early embryo

\‘ i ' IS4
o
A
: ; L
< v CUTANEOUS MOSAICISM
e Polyploidy:

o Addition of whole sets of chromosomes.

o Eg. 3 copies of every chromosome (or 4, or 5, etc)
o Almost always embryonically lethal & results in spontaneous miscarriage.

> Spontaneous miscarriage/abortion:
o Most of early miscarriages are due to genetic abnormality

Overview of Common Genetic Diseases

47, XY, +18: Edward’s Syndrome
e Trisomy 18
e Rarely survive beyond infancy

Most common features: 118
® Heart defects A A A
<)

* Low birth weight
* Finger flexion deformity L
* Severe developmental
impairment
* Prominent occiput

Variable features: Clenched fists
* Spina bifida with 2 2nd 5
overlapping
3 and 4
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47, XY, +21: Down’s Syndrome
e Trisomy 21
e Risk of Down’s syndrome increases exponentially with maternal age.

Most common features: A A A T21 Brachydactyly

; Bth finger (short fingers)
F
el Epicanthal fold clinodactyly \'

g
Single transveree __ \N-'- - ¢
palmar crezse " /
Variable features: | General
* Congenital heart defect hypotonia
(especially AY canal)

* ncreased risk of leukaemia —)
*» Duodenal atresla N/~ Space between

s Hirsghprung dissse \;7‘) 18t and 2nd toes 5 % % 4 4
* Hypothyroidism & Age of mother (years)

incidence of Down syndrome per number of births

Klinefelter’s Syndrome 47, XXY

X 47, XXY

Most common features:

Gynaecomastia

Elongated forearms
and lower legs

Small testes,
azoospermia

Variable features:
* Learning disabilities

Diplo-Y (Super-Male) 47,XYY.
=y +} Your XYY Son

. Tallis cool.

. Acne is easy and safe to treat.

. The 1@ range for XYY's is the same as for XY men.

. Like all boys, he needs a clean-living, effective
dad or dad-substitute.

. Like all boys, he needs to be allowed to find his
own worthwhile interests and activities,
according to his abilties and talents.

. Despite decades of bad science and media hype,
XYY is at most a minor risk factor for
antisocial and criminal mishehavior.

. If he's "a little different” -- hey, who isnt?

-
k. p
Vst
apEEE Ty,

gmn  © Txmea®
o Nempmmer

@

. You made the right choice.

Turner’s Syndrome:
e Most die during gestation
e Survivors are mostly mosaics

Most common
features:

Low hairline

\ Webbed neck
™ Widely epaced nipples
Primary ovarian failure

Short stature

Variable features:
¢ | earning disabilities
* Coarctation of aorta
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Autosomal Recessive Disorders

Autosomal Recessive
Inheritance

Carrier Carrier
Far,hmw Mothm”
Rr

Rr\

Is a Mutation Dominant Or Recessive?

e Broad Generalisations: D O . O
o Dominant |J_']__‘
= Affect structural proteins

) Rec;SSivGeain—of—function tl 6 i tl i (5 i |j

= Affect enzymes
* Loss-of-function RECESSIVE DOMINANT

What Determines The Effect of a Mutation? Mutations in the Coding Region

Alter or truncate amino acid sequence

e Coding Regions:
o Alter/truncate amino acid sequence
o Therefore altering protein shape & function.

° Regulatory Sequences: =] EXON | INTRON | EXON | INTRON | EXON —

o Change quantity or pattern of expression.
o May even stop expression completely.

Mutations in Regulatory Sequences
change quantity or pattern of expression

Notation for Mutations:

e (@ DNA Level: Eg. (76 A>T)
o Capitals
o Number = first nucleotide affected

e @ RNA Level: Eg. (76 a>u)
o Lower-case
o Number = first nucleotide affected

e @ Protein Level: Eg. (T.26.P)
o Capitals
o Letter 1: first amino acid changed.
o Number: position of amino acid in mature protein (codon number)
o Letter 2: what the 1* amino acid changed to.
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Classes of Gene Mutations:

e Single Base Substitutions:
o Errors in DNA replication/repair
=  Synonymous Mutations 2 (silent — change occurs in wobble position. le. Same amino acid)

GAT ATG AGG TGG GGG TTA CAC TTT TGT AAT ..
Met Arg Trp Gly Leu His Phe Cys Asn ..

GAT ATG AGG TGG GGG GTA CAC TTT TGT AAT .. SYNONYMOUS (SILENT)
Met Arg Trp Gly Leu His Phe Cys Asn .. SUBSTITUTION
(116T>G)

77
\/

] Cysteine (Cys)

v
uuu

uGu

Phenylalanine (Phe) | v }TyrosineiTyr)
Serine (Ser)

3 letter
code

UUA
uuG

|
cuu ] ccu
|

Leucine (Leu) “stop” UGA  “stop”
“stop” UGG Tryptophan (Trp)

S Histidine (His) P

cun [ Leucine (Lew) Proline (Pro) Con [ Arsinine (Arg)
cuG

Glutamine (Gln)
CGG

AUU
AUC 1 Isoleucine (Ile}
AUA

AUG  Methionine (Met)
and “start”™

ine (Asn) o Serine (Ser
Asparagine (Asn) | " Serine (Ser)
- AGA P
Lysine (Lys) aoG [ Arsinine (Arg)

Threonine (Thr)

eor»o0c|lorne |a>0a

auy Asparticacid (Asp) | S50
partic acid (Asp
gﬂ: Valine (Val) Alanine (Ala) C8 M @iy

GUG Glutamic acid (Glu) GGG

o> 0c

Missense Mutations = (change not in wobble position. le. Codes for different amino acid)
e Conservative: The new amino acid is chemically similar to its predecessor.
o May preserve protein function
e Non-Conservative: The new amino acid is chemically different to its predecessor.
o Generally screws protein function

Example: C77Y
) ) ) position 77
The codon for the amino acid cysteine

(Cys = C 1n single letter code) at o — WSTSTCPGGRHR —
position 77 in the mature protein has ;... - WSTSTYPGGRHR —
been changed to a Tyrosine (Tyr =Y).

This produces a protein with an

altered amino acid sequence.

Non-polar
hydrophobic

Polar and
hydrophilic

Single
letter

Acidic Basic
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= Nonsense Mutations = (Code for a stop codon. le. Can truncate protein)
U C A

Example: K385X

STOP CODONS

@r0c apaoc arpraoc e 0 da

. ) position 385
The codon for the amino acid

lysine (Lys = K in single letter somue— MGHSTKSTTAAW —

code) at position 385 in the wors— MGHSTXSTTAAW —
mature protein has been changed

to a stop codon (STOP = X).
This produces a truncated protein.

e Insertions:
o One or more extra nucleotides
o May alter splicing if in introns.
o May cause frameshift

Example: 5385insC

position 5385
a C 1s inserted at nucleotide
position 5385 in the genomic DNA.
This can cause a shift to the reading
frame of the mRNA, producing a
truncated protein.

vomur — CCTATTTTAATC —
wrast — CCTATCTTTAATC -

e Deletions:
o Total erasure of 1 or more bases.
o Up to millions of BP’s
o May encompass multiple genes.
o May cause frameshift

Example: 6174delT

position 6174

a T 1s deleted at nucleotide 7
position 6174 in the genomic vomur— GCAATTCATGAC ~

DNA. This can cause a shift to e — GCAATCATGAC -
the reading frame of the mRNA,
producing a truncated protein.

e Dynamic Mutations:
o Tandem repeats that change size each cell cycle
o Either increase/decrease

5’ -GAT-ATG-AGG-CAG-CAG-CAG-CAG-CAG->>>-3" NORMAL
3’ -CTA-TAC-TCC-GTC-GTC-GTC-GTC-GTC-GTC-TTA-5’ REPLICATION
(Asp-Met-Arg-Gln-Gln-Gln-Gln-Gln-Gln-Leu)

GC
F %
3’ -CTA-TAC-TCC-GTC-GTC-GTC-GTC-GTC-GTC-TTA-5' INCREASES REPEATS

5’ -GAT-ATG-AGG-CAG CAG-CAG-CAG->>>-3' BACKWARD SLIPPAGE

5’ -GAT-ATG-AGG-CAG-CAG-CAG-CAG-CAG->>>-3" FORWARD SLIPPAGE
3’ -CTA-TAC-TCC-GTC GTC-GTC-GTC-GTC-TTA-5’ DECREASES REPEATS

c'4"’cc;‘6"
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Levels of Gene Function 2 Disease:
Some have a high threshold — only show symptoms with significant loss of gene function.
Some have a low threshold — show symptoms with little loss of gene function
Some symptoms vary in severity (proportional to amount of loss of gene function)
Some effect different body systems @ different thresholds.

Level of residual gene function ———»
50% 0%

NO EFFECT DISEASE

NO EFFECT DISEASE

NO EFFECT

EFFECT ON EFFECT ON

NO EFFECT SYSTEM A SYSTEMS A & B

Classic Autosomal Recessive Disorders:
Cry,

. Phenylketonuria L"’Er,,eo
'ZJSM

. Thalassemia B,

. Sickle Cell DiseagcCELL ,
N,

. @
. Haemochromatosis 2my,

Yz,
- = . Eyn B
. Cystic fibrosis ’Vcr,gi}@

e Metabolism:
o Phenylketonuria: (similar to Maple-Syrup Urine Disease)
=  Enzyme that breaks down phenylalanine isn’t functioning.

e Normally converts phenylalanine to another amino acid & tyrosine
Phenylalanine & its breakdown chemicals (from other enzyme routes) accumulate in blood.
Symptoms:

e Mousy odour to urine

e Vomiting

e Rashes

e Irritability

e Small head

e Severe brain damage - if left too long untreated.

Diagnosis:

e Heel-prick test — newborn screening
Management:

e Manage diet — avoid high protein foods

e Maintain blood-phenylalanine levels (some is needed for normal growth)

o Offspring of affected mothers — mental retardation — elevated phenylalanine inhibits

foetal neural development.
Compound Heterozygotes:

e Patients with 2 different defective alleles, both contributing to the disease

phenotype.

e Compound heterozygotes of recessive disorders are usually

affected.
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e Blood Cell Function:
o Thalassemia:
= Absence of synthesis of one of the globin chains
=  Usually via deletions that block globin protein production
= Alpha-thalassemia = absence of alpha-globin (more common in Asians)
= Beta-thalassemia = absence of beta-globin (more common in Caucasians)
Symptoms:
e Babies become anaemic
e Become pale
e Don’tsleep well
No appetite
If untreated — usuaIIy fatal (usuaIIy die between 1 & 8yrs)

LEWIS FIG 11.1 (6/e & 7/e)

o Sickle Cell Disease:
= Mutant allele codes for faulty beta-chain haemoglobin subunit.
=  Mis-shapen red blood cell
= More common areas affected by malaria — malarial parasites grow poorly in homozygous &
sickle cell carriers.

o Haemochromatosis:
= Jron Overload — hyperabsorption of iron.
= Caused by mutations in the HFE Gene.
= Iron builds up in organs (particularly: heart/liver/pancreas) and cause failure.
=  Symptoms: (usually men age 30-50 / women 50+)
e Joint pain
e Fatigue
e Abdominal pain
e Heart problems
e Symptoms often occur after irreversible organ damage.
Long-Term Effects:

e Arthritis/Liver disease/Heart abnormalities/Impotence/Early menopause/Bronze or
grey complexion/Possible diabetes
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e Membrane Function:
o Cystic Fibrosis:
= Defective CI Transporter in some cells (mostly exocrine glands)
= Defective gene = CFTR
= Qarm of Chromosome 7
=  Lungs:
e Thicker mucus secretion
e C(Ciliated cells can’t move mucus up trachea
e  Mucus + dust + particles + bacteria >trapped in lungs 2frequent lung infections.
Pancreas:
e Pancreatic duct clogs up — formation of cysts — eventually become fibrous
e Hinders proper digestion (no pancreatic enzymes >duodenum)
Intestine:
e Not enough digestive enzymes — mainly for fats
e Malnourishment
e Fatty stools
Reproductive Ducts: I
e Male vas-deferens blocks = sterility [ ] " gesdbive
Sweat Glands:
e Secrete salt to induce H,0 flow but salt isn’t actively
reabsorbed.
e Results in salt-residue on skin & salt deficit in body.
Treatment:
e Enzyme tablets with meals
Electrolyte fluid — replenish lost NaCl
Vitamin supplements
Percussion — clear lungs

+— intestines

Gene Therapy:
e Using a genetically modified vector (viruses) to insert therapeutic genes into cells with defective genes.

Viral New Viral
DHNA Gene DHA

s |
into v

@  Modified DNA injected

Vector binds to

cell membrane .
" ,&;\ y % Vector injects new
"Iy gene into nucleus

4 Y' .. v =

Vesicle breaks
down releasing

(adenowvirus)

Sy — % :
o %

Cell makes protein
using new gene

U.S. National Libran Gl EG =T
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utosomal Vominant
Inheritance

"',_ ma B
Mother 2 '_]

Father

Autosomal Dominant Disorders with

Condition

Expression & Penetrance:
e Expression:
o Severity/mildness of the phenotype
o Influenced by environmental factors & mutations in other genes.
e Penetrance:

o The chance that someone with the abnormal genotype will develop the
abnormal phenotype.
o Some diseases are 100% penetrant, others may only manifest in a fraction of carriers.

Anticipation:
e The increasing disease severity or decreasing age of onset from generation to generation.
e Anticipation OCCURS ONLY IN diseases associated with NUCLEOTIDE-REPEAT-EXPANSION.
e Paternal Transmission:
o Anticipation generally occurs through paternal transmission
o Arises from instability of the CAG repeat during spermatogenesis.

4 Types of Alleles:
e Hypomorphs
o Anallele that produces a reduced level/activity of a protein
Hypermorphs
o An allele that produces an increased level/activity of a protein
Neomorphs
o An allele with a new activity or novel protein product

e Antimorphs
o An allele whose activity or product antagonises the activity of the normal gene product.

Consider a protein in a cell ...

ﬁ*%_’ﬁﬁ

Allele A

Normal
Full Activity
Allele A

Hypomorph

Decreased Activity

G X
ﬁfﬁﬁ

Allele A Allele a

Active Enzyme

Hypo-active Enzyme

Neomorph

New Activity

X -

Allele a

ﬁ Active Enzyme
-

Antimorph

Hypermorph

Increased Activity

e
%52

Active Enzyme

Hyper-active
Enzyme

Allele a Allele A

No Activity

. T

Allele a Allele A

Inactive
Enzyme

NB: Most mutant alleles are dominant. Except: Hypomorphs
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Examples of Autosomal Dominant Disorders:
e Growth-Factors:
o Achondroplasia:
=  “No Chondrocyte Proliferation”
= Aform of inherited dwarfism
=  Phenotype:
e Abnormal bone growth — short stature + limb/cranial/facial disproportions.
e Normal intelligence & lifespan
Mutation in the ‘fibroblast growth-factor receptor’ gene:
e Normal function: negative regulator of bone growth.
e Mutated function: Hypermorphic — too much negative regulation = puts the
‘handbrake’ on bone growth.
Most (80%+) dwarfs have normal parents — ie. Their dwarfism is due to new mutation.
Genotype: Aa
e AA Genotype — not compatible with life.
o Affectedyeterozygous + Affectedyeterorygous = 2/3 chance of affected offspring.
o Affectedueterozygous + Normal = % chance of affected offspring.

A A a

Aa| aa

fa| a2 Aa | aa

2x Affected Normal x Affected

v o

.“x:‘ A "'
P \’.J
. :

L

: .
O r. L :

- »
- > - -

o Hypochondroplasia:
=  “Low Chondrocyte Proliferation”
=  Phenotype:
e Similar to, but milder than achondroplasia
e Short stature
e Disproportionate limbs
e Normal facial features
e Phenotype only becomes noticeable at toddler/school-age ﬂ\
=  Mutation: <
e Also in the ‘fibroblast growth-factor receptor’ gene:
e Same gene — but different mutation
e Normal function: negative regulator of bone growth.
e Mutated function: Hypermorphic — too much negative regulation = puts the
‘handbrake’ on bone growth.
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e Neural Function:
o Huntington’s Disease:
= Degenerative brain disease.
=  Mutation:
e A Dynamic Mutation
e Defective Gene: Huntington Protein
o Huntington protein is widely expressed & vital for normal function
o On Chromosome 4
o An expansion of a run of glutamine repeats in the protein.
o Highly expressed in brain.
Normal: 10-26 repeats
e Intermediate: 27-35 repeats (offspring is at risk due to ‘slippage’)
o Affected: 36-121 repeats
e Onset age depends on # of repeats in mutation.
=  Phenotype:
e Onset age generally between 30-50yrs (*well after reproductive age*)
e Intellectual decline
e Unsteady gait
¢ Involuntary movements
e Slurred speech
e Impaired judgement
o Difficulty swallowing.
=  Perpetuation:
e Offspring of affected parent = 50% chance of inheritance:
e Penetrance: 100% - ie. If you have enough repeats, you WILL get the disease.
e Expression: Age of onset decreases as # of repeats increases.
= However — severity of symptoms (post-onset) is constant.

5’ =GAT-ATG-AGG-CAG-CAG-CAG-CAG-CAG->>>-3’ NORMAL
3’/ =CTA-TAC-TCC-GTC-GTC-GTC-GTC-GTC-GTC-TTA-5’ REPLICATION
(Asp-Met-Arg-Gln-Gln-Gln-Gln-Gln-Gln-Leu)

GC

&F
(&

5’ -GAT-ATG-AGG-CAG

3’ -CTA-TAC-TCC-GTC-GTC-GTC-GTC-GTC-GTC-TTA-5’ INCREASES REPEATS

CAG-CAG-CAG->>>-3’ BACKWARD SLIPPAGE

57 -GAT-ATG-AGG-CAG-CAG-CAG-CAG-CAG->>>-3' FORWARD SLIPPAGE

3/ -CTA-TAC-TCC-GTC_  GTC-GTC-GTC-GIC-TTA-5' DECREASES REPEATS
e

No. Repeats Median age of onset

A

39 repeats 66 yrs
40 repeats 59 yrs
41 repeats 54 yrs

42 repeats 49 yrs Aa
43 repeats 44 yrs
44 repeats 42 yrs
45 repeats 37 yrs Aa
46 repeats 36 yrs R

47 repeats 33 yrs et .
48 repeats 32yrs Brain section from a patient with

Huntington's disease showing
49 repeats 28yrs NOI'mal X Affe CtEd dilatation of ventricles and atrophy
50 repeats 27 yrs of caudate nucleus, [Image credit:
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Myotonic Dystrophy
= Also a repeat-sequence mutation.
= Affects skeletal & smooth muscle/eyes/heart/endocrine system/central nervous system.
=  May be mild/classical/congenital (severity)
=  Mutation: Expansion of CTG trinucleotide repeat in the DMPK gene on chromosome 19.

Myotonic Dystrophy
_— Frontal balding
Halchet laces

due to atrophy of
temporabs muscle

- Ptosis and

jue o woakness
of tacial muscles

Wasting of
sternocledomastod
muscle

Gyngcomastia

e Tumour-Suppression:
o Retinoblastoma
= Malignant Tumour in the retina of one/both eyes. (unilateral/bilateral)
= Arises from inactivation of both alleles for the RB1 gene (tumour suppressor gene)
=  Can have multiple foci in the one eye.
Onset: Infancy / early childhood.
1/3 cases are due to inherited predisposition:
e Autosomal dominant
e Generally only the ‘predisposition’ is inherited, & the other functional allele makes
up for the deficiency.
However, when a mutation in the functional allele occurs, the tumour/s develop.
This is known as The 2 Hit Hypothesis:

Tumor suppressor gene

Eamilial containing a germline
mutation in one allele .
heterozygous for the
mutation

Somatic
‘/ mutation

in other allele

0O W O B O MmO

Multiple tumors
bilateral,
early-aonset

o 23t - t P . * two mutations (two hits) are reqguired for loss of tumor suppressor function
hits) are required for loss of Rppresse « the first “hit” is inherited and the second “hit” is somatic
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o Neurofibromatosis
=  Formation of benign lumps around neural tissues.
= Is an example of “Pleiotrophy”:
e When a single gene mutation influences multiple phenotypic traits.
e Tumours can grow anywhere on the body — can affect other bodily tissues.
= 2 Types:
e Type 1 NF (NF1 Protein):
o ‘Common’ type
o Neurofibromas under skin
o Enlargement/deformation of bones
O
O

Scoliosis
Tumours in brain/on cranial nerves/on spinal cord
o Learning disabilities are common.
e Type 2-Acoustic-NF (NF2 Protein):
o Veryrare
o Multiple tumours on cranial+spinal nerves
o Hallmark: tumours on auditory nerves = hearing loss in teens.
= NF1 & NF2 are different proteins of different genes of different chromosomes.
e However they are both tumour-suppressor genes.
e Mutations in either — cause partial/complete loss of protein function.
= Inherited Predisposition:
e Autosomal dominant
e Generally only the ‘predisposition’ is inherited, & the other functional allele makes
up for the deficiency.
However, when a mutation in the functional allele occurs, the tumour/s develop.
This is known as The 2 Hit Hypothesis:

Tumor suppressor gene
containing a germline
mutation in one allele
heterozygous for the
mutation

Familial

Somatic
mutation

Somatic in other allele
/ mutation

0O W O T =

Single tumars Muftiple tumors
unilateral Dilateral

o

| ater onget early-onset

« two mutations (two hits) are reguired for loss of tumor suppressor function
- two Mtations (Pwo equr tumer SLPPT function \
hRe)arer edfor loss of . peaaad « the first “hit” is inherited and the second “hit” is somatic
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Mendelian Genetics |

Genetic Nomenclature:
e Gene
o Unit of hereditary that occupies a locus (specific position in the genome) & conveys a phenotype.
Locus
o The position of a gene within a genome
o le. What chromosome & relative to other genes?
o Loci = plural
Alleles
o Different forms of a gene that result in observable differences in phenotype
Dominant
o Anallele that fully manifests its phenotype in an individual with 2 different alleles at the
corresponding loci of homologous chromosomes.
Recessive
o An allele that only manifests its phenotype when both the corresponding loci of homologous
chromosomes contain that allele.
Homozygous
o Having a pair of identical alleles at the corresponding loci of homologous chromosomes.

Heterozygous GENOTYPE PHENOTYPE

o Having a pair of dissimilar alleles at the %

corresponding loci of homologous chromosomes.

Genotype

o The genetic makeup of an organism

o The combination of alleles present .
Trait (Phenotype) (Tall)

o The visible characteristics of an organism HETEROZX GOTE

(short)

resulting from its Genotype. (Tall)

o The observable properties of the heritable character of an organism

Austrian monk
Discovered the universal laws of heredity
Crossed different varieties of pea plants with discrete traits.
Mendel’s Logic:
o Everyone has 2 parents
o Therefore everyone receives a ‘factor’ from each parent.
o (today we call these ‘factors’ genes)

Mendel’s Laws of Inheritance:
1. Law of Segregation:
a. Alternative versions of genes (alleles) are responsible for variations in inherited traits.
i. Eg.Each human has genes for eye-colour, but there are variations as to the specific colour.
b. An organism inherits 2 alleles for each physical trait — one from each parent.
i. During fertilisation, one allele comes from each parent.
ii. May be two of the same alleles — Homozygous
iii. May be two different alleles - Heterozygous
c. The 2 alleles for each trait segregate during gamete production.
i. During gametogenesis, each gamete only contains one allele for each gene.
ii. Itis up to chance which allele ends up in which gamete.
2. Law of Independent Assortment: (Inheritance Law)
a. Different traits are inherited independently of each other.
b. Exception: some genes are linked to each other & some are ‘sex-linked’
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Mendel’s Experiments:
e Dominance:
o Pure-breeding Tall plants + pure-breeding short plants = All hybrids were tall
o It didn’t matter which parent contributed which gamete >the ‘Tall’ allele isn’t sex-linked.

DOMINANCE

(Parental Generation = P) (F1 interCl‘OSS)
o However: Tall-Short Hybrid + Tall-Short Hybrid = 3:1 Mixture of Tall:Short offspring.

~

(F2 generation exhibited a 3: 1 ratio)

T |

Tall Only 3Tall:1Short Short Only

o F2 Gens were self-pollinated:
=  Plant 1: Produced only tall plants
= Plant 2: Produced a 3:1 Mixture of Tall:Short offspring
= Plant 3: Produced a 3:1 Mixture of Tall:Short offspring
=  Plant 4: Produced only short plants
o Mendel’s Conclusion:
= There are genes in gametes that determines physical characteristics
= There are variations of these genes (alleles) that result in different traits.
= Some of these variations (alleles) are dominant over others.

PARENTAL
GENERATION
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Exceptions to Mendel’s Laws:
Some phenotypic traits are determined by 2 or more genes.
Many genes have multiple alleles
Many alleles exhibit a seemingly identical phenotype, but are subtly different.
Some allele combinations show incomplete dominance
Some allele combinations show co-dominance.
o Multiple Alleles:
= There can be 3, 4, 5 or more different forms of a gene (alleles).
= However, there can only ever be 2 alleles/organism
= Eg.Blood type:
e There are 3 different alleles for blood @ the ABO Locus:
o I*(type A), I° (Type B), and i (Type O)
» |* Codes for enzyme that attaches the ‘A’ sugar to the Red Blood Cell
= 1% Codes for enzyme that attaches the ‘B’ sugar to the Red Blood Cell.
= | Codes for an inactive enzyme

genotype RBC phenotype

Ay # A Sugar
N A
1%1® ﬁ B
1% ﬁ B
e B¢ AB
i ¥ o
o Codominance:

= Eg.Blood Type:

e The ‘i’ allele is recessive — only expressed when homozygous.

e The ‘A’ allele is dominant over ‘i’ allele.

e The ‘B’ allele is dominant over ‘i’ allele.

e But neither ‘A’ or ‘B’ are dominant over each other.

e When ‘A’ and ‘B’ are heterozygous, they are both expressed equally.

o Imcomplete Dominance:
= Blending of traits.
= Eg.Plants:
e Homozygous RED + Homozygous WHITE = Heterozygous PINK
e Heterozygous PINK + Heterozygous PINK = 1WHITE : 2PINK : 1RED
e Heterozygous PINK + Homozygous WHITE = 1PINK : 1IWHITE

rr RR
White Red

—

T T T
Rr Rr Rr Rr Rr
h

Pink Pink Pink White

r \\‘/ \\T/

T !
rr Rr RR R

r |
Rr rr
K\ I\ K\ A
o ¢ éé

Vs White V2 Pink Y4 Red V2 Pink V> White
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SideNOTE: Sex Linked Genes:
Genes located on one of the sex chromosomes (X or Y) but not the other.
Since, typically the X chromosome is longer, it bears a lot of genes not found on the Y chromosome, thus
most sex-linked genes are X-linked genes.
Typically, X-linked traits show up more in males than females because typical XY males only have one X
chromosome, so if they get the allele on their X chromosome, they show the trait.
If a typical XX female is a carrier, 50% of her sons will get that X chromosome and show the trait.
In order for an XX female to exhibit one of these X-linked traits, most of which are recessive mutations, she
would have to have two copies of the allele (X'X'), which would mean that her mother would have to be a
carrier and her father have the trait so she could get one allele from each of them.

Punnet’s Squares:

F1 Hybrid ; XandY
Cross between 4 3 chromosomes
Heterozygotes g ' in humans

2 TYPES 2 TYPES 2 TYPES
OFEGGS = ~__— OF SPERM . OF SPERM

TT :Tt:tt
1:2:1 XX XY
This is called e "GENGTYPIC RATIO 1:1

Punnett’s Square Tall - short GENOTYPIC RATI

3:1 Boys : Girls

PHENOTYPIC RATIO 1 1

When eggs and sperm unite, there are 4 possible ALLELE combinations

Ss YY vy II 11

‘S’ POLLEN ‘s’ OVUM Y’ POLLEN ‘y’ OVUM ‘" POLLEN ‘i’ OVUM
(OROVUM) (ORPOLLEN)  (OR OVUM)(OR POLLEN) (OR OVUM) (OR POLLEN)

V'

Ss Ss

PHENOTYPIC RATIO

PUNNETT
SQUARE :

1:2:1

GENOTYPIC RATIO GENOTYPIC RATIO GENOTYPIC RATIO

3 Smooth : I rough 3 Yellow : 1 green 3 Inflated : 1 constricted

www.MedStudentNotes.com



Mendelian Genetics 2

Mendel’s Laws of Inheritance: (from last week)
1. Law of Segregation:
a. Alternative versions of genes (alleles) are responsible for variations in inherited traits.
i. Eg. Each human has genes for eye-colour, but there are variations as to the specific colour.
b. An organism inherits 2 alleles for each physical trait — one from each parent.
i. During fertilisation, one allele comes from each parent.
ii. May be two of the same alleles — Homozygous
iii. May be two different alleles - Heterozygous
c. The 2 alleles for each trait segregate during gamete production.
i. During gametogenesis, each gamete only contains one allele for each gene.
ii. Itis up to chance which allele ends up in which gamete.
2. [This week] Law of Independent Assortment: (Inheritance Law)
a. Different traits are inherited independently of each other.
b. le. Alleles at multiple loci separate independently.
c. Exception: some genes are linked to each other & some are ‘sex-linked’

What Happens With 2 or More Characterists?
Di-Hybrid Cross:
o Across between two F1 offspring of two individuals that differ in two traits
Eg. Pure-breeding Tall & Yellow plant (dominant) + Pure-breeding Short & Green plant.
All F1. Offspring would be heterozygous, and exhibit the Tall & Yellow phenotypes.
However, when heterozygous F1 plants were interbred = Di-hybrid cross produced:
o 9xTall & Yellow
o 3xTall & Green
o 3xShort & Yellow
o 1xShort & Green

X ,,r»

Y
P) (F1 intercross)

Di-hybrid cross L - *
produced ‘ »
Tall Yellow :
Tall Green P e Yoo Slclﬁfef
Short Yellow g _2;: ‘
Short Green ) L "4
but NOT in =
equal numbers

(F2 generation exhibited a 9:3:3:1 ratio)

According to Mendel’s 2" law, given 2 characteristics, the following gametes are equally likely:
TY
Ty
ty
o ty
e Therefore there are 16 possible allele combinations
o Butonly 4 different possible phenotypes.
= Tall & Yellow
= Tall & Green
=  Short & Yellow
= Short & Green
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e Multiple Allele Punnett Square

Y 9:3:3:1 ratio
showed that
alleles assort

independently

4TYPES — T
— Ty
OF EGGS ~ .

N
ty

PE—
Tall |, Short Short
PHENOTYPIC Yellow f < ¢ f Yellow f ¢ Green
RATIO Ie—

9 3 1

e On average, the 4 phenotypes occurred in a 9:3:3:1 ratio.
o This 9:3:3:1 ratio proved that:
o Both alleles showed simple dominant/recessive relationships
o Both alleles separated independently in meiosis (gametogenesis).

BUT HANG ON!!!
If a chromosome has hundreds (or thousands) of genes, it’s not possible for all alleles to assort
independently.
Turns out Mendel didn’t get it quite right.
Genes don’t always assort independently:
o Many alleles show linkage due to their location on the same chromosome.
o Gene pairs only assort independently if:
= They are located on different chromosomes
= They are located far apart on the same chromosome.
But what about those alleles on the same chromosome that don’t show linkage?
o Answer: Meiotic Recombination:
=  Phenomenon of ‘crossing over’ in Meiotic Prophase
= Ensures chromosomes in gametes are a unique combination of genes.
o However: Gene pairs on a chromosome located close to each other are less likely to assort
independently.
= Because the chance of a ‘cross-over’ between them is lower.
Allelesa & b

\
are frequently

inherited together

(A

GO P NG )

2

e R

e B RRIRRA M S SR

Alleles A & B
are frequently
inherited together

i)

&
e EREioa] o

Gametes

AllelesB & C
have equal chance
of being inherited
together or not

G [EmendEiy
xR TS
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Gene Mapping:
The probability of crossing over between 2 genes is roughly proportional to their distance apart on the
chromosome.
The greater the distance between the genes, the higher the probability of a cross-over between them.
The Distance is measured in genetic map units (m.u.) or centimorgans (cM)
1mu = the distance between genes that give a 1% probability of meiotic recombination.
A Recombinant Frequency (RF) of 1% = 1m.u.
Linked Genes = those < 50cM apart. (ie. Less than 50% chance of recombination)

Deviations from Simple Dominant/Recessive Relationships:
e Last Week:
o Codominance:
= Equal expression of both phenotypes
= Eg.Blood Type:
e The ‘i’ allele is recessive — only expressed when homozygous.
e The ‘A’ allele is dominant over ‘i’ allele.
e The ‘B’ allele is dominant over ‘i’ allele.
e But neither ‘A’ or ‘B’ are dominant over each other.
e When ‘A’ and ‘B’ are heterozygous, they are both expressed
equally.

genotype RBC phenotype

1*1*

o Imcomplete Dominance:
= Blending of traits.
= Eg. Plants:
e Homozygous RED + Homozygous WHITE = Heterozygous PINK
e Heterozygous PINK + Heterozygous PINK = 1IWHITE : 2PINK : 1RED
e Heterozygous PINK + Homozygous WHITE = 1PINK : 1WHITE

e This Week:
o Epistasis:
=  Where alleles in one gene masks the phenotypic effects of another gene.
= Eg. Coat colourin Labradors:
e Atlocus 1: Black (B) is dominant over brown (b)
e Atlocus 2: Normal coat colour (brown/black) (E) is dominant over yellow (e).
=  When locus 2 is homozygous yellow (e), it masks the effects of the “black” gene at locus 1.
e ‘e’ issaid to be ‘epistatic’ over ‘B’
GENOTYPE PHENOTYPE y
eeBB Yellow SR
eeBb = Yellow A w
Eebb Chocolate ?i)f’

-
EEbb Chocolate
EeBb Black
EEBDb Black
EeBB Black
EEBB Black
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Mutated Alleles:
e Allele Mutations happen in 1 of 3 places:

o Inthe Coding Region of a Gene:
= Results in an altered protein sequence
=  May or may not retain some function

o Inthe Non-Coding (Intronic) Region:
= Results in incorrect splicing of hnRNA > mRNA

o Inthe Regulatory Sequences:
= Results inincorrect or failure of gene expression

Gene Testing:
- Paternity Testing/Forensic Testing/etc.

e VNTRs (Variable Number of Tandem Repeats)
o Short DNA sequences repeated in a head-to-tail fashion.

Many different VNTRs are found throughout the human genome.
Different people vary as to the numbers of repeats at specific VNTR loci.
This variability is used for DNA fingerprinting.
Some alleles will be the same amongst some people.
However, a complete DNA fingerprint looks at up to 13 different loci.
This ensures the probability of a profile matching by chance is very low.

Son Mother Father
BIE BIF CIE Mary  Bob  Larry Child

e N

A
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Complex Medical Genetics 1
NB: Complex Genetics is about determining the chances (risk) of developing a trait.

Key Terms:

Alleles: 2 or more variations of a gene that convey different phenotypes

Dominant: An allele that will result in phenotype

Recessive: An allele that will only result in phenotype if homozygous

Linkage: Where 2 genes are located close together on the same chromosome and are inherited together.
Recombination: Process of gene swapping (re-assortment of traits) that occurs in meiosis.

Segregation: The separation of the two members of a chromosome pair from each other at meiosis

Two Locus Traits:

Eg. Coat Colour in Labradors:

o 3 Colours:
=  Yellow
= Chocolate
= Black

o Atlocus 1: Black (B) is dominant over brown (b)

o Atlocus 2: Normal coat colour (brown/black) (E) is dominant over yellow (e).

o But: When locus 2 is homozygous yellow (e), it masks the effects of the “black” gene at locus 1.
= ‘e’ issaid to be ‘epistatic’ over ‘B’
= NB: Epistasis: Where alleles in one gene masks the phenotypic effects of another gene.

GENOTYPE PHENOTYPE

Phenotype

eeBB = Yellow St e el o
eeBDb Yellow : |

YELLOW

Eebb Chocolate

EEbb = Chocolate 7hg k
EeBb Black re -

EEBb = Black
EeBB Black

/
& il
EEBB — BlaCk wm CHOCOLATE

(o] o]
(o] [oy]

NB: Q: What parental genotype could produce a Labrador litter containing all 3 coat colours?
A: Both parents must be heterozygous at both Loci. (one parent may be homozygous ‘e-e’)

Multilocus Traits:

Phenotypes that are controlled by more than 2 genes.

Some are controlled by so many genes, that the effects of individual genes are very small.

Sometimes, effects of individual genes are so small that they can’t be demonstrated individually — must be
measured using statistics.

Gene/Environment Interactions:

Where the phenotype/trait is only apparent in a certain environment.
Eg. Phenylketonuria:
o Asingle gene mutation resulting in:
= lack of phenylalanine hydroxylase
=  Extreme sensitivity to phenylalanine
= Phenylalanine intake - severe retardation = ie. A ‘Genetic Cause/Diease’
o Butin a phenylalanine-free environment, the mutation has no phenotype!
= Phenylalanine intake = poisoning = ie. An ‘Environmental Cause’
A Genetic or Environmental “Cause”: Will result in increased expression of the trait (all else being equal)
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Complex Genetic Traits:
e Traits resulting from the interplay of multiple factors (genetic & environmental) that each have relatively
small effects.
Either Quantitative: his week
o Metric
o Atrait that is continuous & measurable in infinitesimal increments.
= Height
= Weight
= Blood pressure
= Enzyme Levels
Qualitative:yex: week
Categorical
A trait that is ‘all or nothing’ — ‘it either is or it isn’t’

NB: Complex Genetics is about determining the chances (risk) of developing a trait.
Risk of Developing a Trait — 2 Parts:
o Susceptibility:
= The Genetic Component
= One’s innate (genetic) tendency (predisposition) to develop a trait.
= Eg. Type 2 Diabetes: 98% heritability — but is also triggered by environmental factors.
o Liability:
= The Total Risk
= Incorporates all sources of variation, including environmental (ang other external) factors.

Sources of Variation in Phenotype:
o Genetic
o Environmental Factors
o Stochastic Factors (chance)

THIS WEEK: Complex QUANTITATIVE Traits:

Metric
A trait that is continuous & measurable in infinitesimal increments.

o Height

o Weight

o Blood pressure

o Enzyme Levels
Genetic Transmission: Absence of clear-cut segregation & Mendelian ratios.
Distribution of Phenotypes = Normal Distribution:

Eg. Blood Pressure

60

N
T 9

)
?

Frequency (#)
w
?

—
° 2

72 84 96 108 120
Diastolic BP (mmHg)

o Therefore, statistical approaches are used in Predicting Traits.
o However, there are problems with using a statistical approach:
= Eg. Regression to the Mean...
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e Regression To The Mean:
o The tendency of values at the ‘extreme’ ends of a data set to be more mediocre upon
remeasurement.
o Why?
o Explanation 1: Remeasuring Extreme Values:
= All measurements consist of 2 components:
e The “Real” Value:
e The Error
Extreme measurements occur because both components are acting in the same direction.
However, when remeasured, the “real” value won’t change, but the Error is unlikely to be as
extreme again.
= Therefore the result will more likely be more mediocre than the initial measurement.
o Explanation 2: Statistical Artefact:
= Any distortion in a recorded graph/dataset that is not present in the corresponding studied
population. Artefacts can be introduced inadvertently by hardware or software, or by an
operator (eg. Measuring/Graphing techniques).

o Eg. Graphing Techniques: Height of Children Vs. Mean Height of Parents
= This graph shows that tall children most frequently have tall parents.
= However, the distribution of children of tall parents is not symmetrical — It is skewed towards
the mean — lowering the mean. (same with children of short parents)
Why?:
e Problems of remeasuring extreme values.
e Limits of the biological system —ie. A 18ft tall body isn’t possible due to bone
strength & gestation.

190

Height of adult children (cm)

165 170 175
Mid-parental Height (cm)
(Female heights multiplied by 1.08)

Dashed Line = Expected Values: Where Children should = Mean of Parents’ heights.
Full Line = Line of Best Fit: Children are less exceptional than their parents at both ends = Regression to the Mean.

= However, If we plot the same data on a graph where the X & Y axis are swapped, we get a

different ‘line of best fit’.
190 +

Mid-parental Height (cm)
(Female heights multiplied by 1.08)

165 170 175
Height of adult children (cm)

= THIS HAS TO BE A STATISTICAL ARTEFACT.
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Height of adult children (cm)

Mid-parental Height (cm)
(Female heights multiplied by 1.08)

165 170 175 po
Mid-parental Height (cm)
(Female heights multiplied by 1.08) Height of adult children (cm)

=  Why does this happen?
e Because the graphing program that produces the line of best fit assumes the X-axis
(dependent variable) is correct = only takes into account errors on the Y-axis.
= Therefore: To Accurately “FIT” Graph Values that Regress to the Mean:
e The ‘theoretical trend’ actually lies between the 2 fit-lines from each data set.
e le. The result of a 2Dimensional Line Fit.

Phenocopies:
e The production of a phenotype, which closely resembles a phenotype that normally results from a specific
gene mutation.
e Causes:
o Environmental:
= Depends on phenotype.
= Eg. Height:
e Nutrition
e Infection
e Trauma
o Stochastic (Chance):
= Luck of the draw.
o Genetics:
= Eg. Short Stature:
e Turner’s Syndrome
e Noonan Syndrome
e Silver-Russel Syndrome
e Achondroplasia
= All have the same phenotypes.

Predicting the Adult Height of Children:
e Boys:
o Average of Parents’ Heights + 6cm
Error: +/- 10cm

Average of Parents’ Heights — 6cm
Error: +/- 8.5cm

Eugenics:
e The ‘improvement’ of humanity by altering its genetic composition.
e By encouraging breeding of those that have ‘desirable’ traits/genes & discouraging breeding between those
with ‘undesirable’ traits/genes.
o Just know: It wouldn’t work because most of the time, ‘desirable’ traits/genes are the result of
complex genetic combinations which can’t be selected for by breeding. — And it is morally wrong.
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Complex Medical Genetics Il

Complex Genetic Traits:
e Traits resulting from the interplay of multiple factors (genetic & environmental) that each have relatively
small effects.
Either Quantitative: ,q: week
o Metric
o Atrait thatis continuous & measurable in infinitesimal increments.
= Height
= Weight
= Blood pressure
= Enzyme Levels
Qualitative:rhis week
Categorical
A trait that is ‘all or nothing’ — ‘it either is or it isn’t’

NB: Complex Genetics is about determining the chances (risk) of developing a trait.
Risk of Developing a Trait — 2 Parts:
o Susceptibility:
= The Genetic Component
= One’s innate (genetic) tendency (predisposition) to develop a trait.
= Eg. Type 2 Diabetes: 98% heritability — but is also triggered by environmental factors.
o Liability:
= The Total Risk
= Incorporates all sources of variation, including environmental (ang other external) factors.

e Sources of Variation in Phenotype:
o Genetic
o Environmental Factors
o Stochastic Factors (chance)

Heritablity:
e The proportion of a trait’s phenotypic variation that’s attributable to genetic factors

e le. The contribution of genetics to a trait.
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Complex QUALITITIVE Traits:

Definition:
e Phenotypes that are discontinuous in nature & distribution.
e Genetic transmission preserves classes, but don’t segregate according to typical Mendelian Ratios.
e Examples:
o Diabetes
Multiple Sclerosis
Asthma
Neural Tube Defects (eg. Spina Bifida)
Cancer

Explanation for Non-Mendelian Inheritance of Complex Genetic Traits:
e If multiple genetic factors contribute to the trait, each factor must be inherited discretely (Mendelianly).
e However, because there are multiple factors, the overall ‘trait’ itself doesn’t follow “genetic rules”

Sources of “Complexity” in Genetic Traits:
e More than One Genetic Factor contributing to the Trait.
e Environmental Factors can have the same effect as Genetic Factors.

Assessing Risk of Complex Genetic Diseases:
e Because there are multiple factors at play, a statistical approach is required to assess risk of disease.
e Falconer’s Threshold Model:
o Liability (tot. Risk) is normally distributed in the general population.
o A threshold exists, above which disease appears.
o The area under the curve beyond threshold shows Incidence.
o)

This model can predict the risk of complex qualitative diseases, using a statistical approach.

Incidence = 30%

| 1 1 1 1
-4 -3 -2 -1 0 +1 +2 +3
Scale of liability (standard deviations from threshold)

Heritablity:
e The proportion of a trait’s phenotypic variation that’s attributable to genetic factors

e le. The contribution of genetics to a trait.
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Calculating Heritability & Risk:

Heritability:

O

Need:

Incidence of the trait in the general population (%)....&
Incidence of the trait in nth°degree relatives (%)

The ‘r’ values for the nth°degree relatives.

Falconer’s Tables (used to find ‘X, ‘X,” & ‘@’ values)
These 2 Equations:

b = (X,-X,)/a h? = b/r

AND

From the statistics, find the 2 incidences of the trait:
e General Population eg. 0.3%
e nth°degree relatives  eg.30.0% (aka: Concordance)
of affected people
Using Falconer’s Tables, Determine the ‘X’ values for both of the above:
o X,=2.748 T % z a
-o030 2748 3050

PN oty -y ANAN
[5)
7% x a

l» 30°0 ©'524 I'159

210 _0ra0h

e X, =0.524

Threshold

—
|
1

<1 \ Incidence (qg) =0.3%

Incidence (qr) = 30%

Mean (G)

Mean (R)
L 1 1 1 1 1 1 1 1 1 1

-6 -5 -4 -3 -2 -1 0 +1 +2 +3 +
Scale of liability (standard deviations from threshold)

NB: ‘X’ values = distance between Threshold & the Mean (in standard deviations)

Using Falconer’s Tables, Determine the ‘a’ values for the Incidence of the General Population
e ‘3a’=3.050 7% z a
-o0'30 2748 3050

A oy sy oy SemAN

Using the First Equation, Determine ‘b’ (the regression coefficient)
o b=(Xg—X/)/a
=(2.748 - 0.524)/3.050
=0.784
Determine the ‘r’ value for the specific nth°degree relative:
e Genetically Identical:  Monozygotic Twins 2>r=1
e 1% Degree: Siblings OR Children 2r=05
o« 2M Degree: Grandchildren 2>r=0.25
Using the ‘b’ & ‘r’ values found, determine heritability:
e h’=b/r
=0.784/1 = 0.784 = 78.4% heritability
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e Risk: (ie. finding the incidence of the disease in nth°degree relatives...from...)
o Need:
= Incidence of Disease in General Population eg. 0.3%
Heritability of the disease eg. 30.0%
Falconer’s Tables
The ‘r’ values for nth°degree relatives. Eg.r=1

Using the Figure for Heritability, and the ‘r’ value for the nth°degree relative, find ‘b’:
e Eg. h?=b/r
0.784 =b/1
1x0.784=b=0.784
Using the ‘b’ value, the ‘X;’ value, and the ‘a’ value, calculate the ‘X" value:
o b=(Xg—X/)/a
0.784 = (2.748 — X;)/3.050
3.050 x 0.784 = 2.748 - X,
X, =2.748 — (3.050 x 0.784)
X, =0.466
3. Using the ‘X, Value and Falconer’s Tables, determine the incidence (ie. The risk):
e X, =0.466 7% x a
Therefore q% (ie. Incidence) =32% | 300 o'g24 1°150
le. If you are an identical twin of 310 0496 1-138
Someone affected with this disease, 320 0468 1118
You have a 32% risk of getting the Sesees
Disease.
NB: the +2% is probably due to rounding errors and is very close to the original 30%

Questions from the Clinic

7. My identical twin sister has got SLE. What are the odds that | will get it too?
(Heritability is 70%, prevalence in the community is 0.3%).

10. What is the heritability of type 1 diabetes? (Risk in first degree relatives
6%, prevalence in community 0.3%).

www.MedStudentNotes.com



Genetics of Development & Sex Determination

Human Development:
Begins at fertilisation
During embryogenesis, Mitosis is essential for development.
During Mitosis, the daughter cells are identical copies of the parent cell.
So: How do the cells in a developing embryo become the many different & specialised cells of the body?

Genetically Controlled Developmental Processes:
e Cell Proliferation
o Cell reproduction/division
e Cell Specialisation/Differentiation
o The gain/loss of specialised functions/characteristics of a cell.
e Cell-Cell Interactions
o Coordinating the action of cells relative to their neighbours
e Cell Movements
o Rearrangement of cells into structured tissues/organs

Cell Determination & Differentiation:
e Takes Totipotent cells = turns them into Terminally Differentiated cells with specific functions.
e Require a complicated series of alterations in gene expression.

Cell Lineage:

e Plays an important role in Germ Layer Formation

e Embryonic stem cells take many different paths of “lineage” that will lead to different specialised cell types.
o Eg.Early embryogenesis — before morulla stage, cells can become any human cell-> totipotent
o -at the morulla stage, the cells are determined to become either a primary germ layer or

trophoblasts; but have not yet differentiated.

o The primary germ layers are pluripotent=determined, but for multiple possible pathways.

e All cells express the genes necessary for compatibility with life.
o However, different cells express only the genes relevant to their function.

Pancreas cell  Eye lens cell Nerve cell

(in embryo)

- o

Glycolysis
enzyme I
genes

Crystallin I

ig 2.22

”

Lewis F

gene

Insulin
gene

Hemoglobin
gene

Key:

Active Inactive
gene gene

the outermost germ layer develops into:
SKin, nervous system, eye lens

Mesoderm
the middle germ layer develops into:

Muscle, connective tissue, blood vessels, kidneys

the innermost germ layer develops into:
lining of GI tract, liver, pancreas, thymus

Electronmicrograph of germ layers.
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HOWEVER: Lineage isn’t the only thing.
o And it doesn’t account for differentiation of an embryo at 4 weeks
o By week 4 of development: all partitions of cells are set aside and are in their final positions.

e So HOW do the GERM LAYERS (wk 2) transform into the EMBRYO (wk 4)
o Ans—-MORPHOGENS:

MORPHOGENS - Transmission of ‘Spatial Information’:
e Substances that influences differentiation & growth of embryonic cells
¢ 3 Modes of Transmission: - via -
o 1. Diffusible Molecules
= Ligand secreted by inductor = binds to receptor on reacting cell.
o 2. Extracellular Matrix Signalling
= Ligand travels along the extracellular matrix = binds to reacting cell
o 3. Direct Contact — Gap Junctions
= Ligand travel from inductor cell 2 reacting cell via Gap Junctions

Chemistry of Differentiation in Cells:

e Cell Receives a Signal — either:
o Positional cues
o Hormones
o Cell-Cell interactions (morphogens)

e Signals result in activation/inactivation of specific TRANSCRIPTION FACTORS:
o Results in expression of different subsets of genes by cells.
o Such genes expressed will be relevant to that cell’s function.

e Once Differentiated, How does a cell (& its daughter cells) remember what it is?
o Answer: Modifications of ‘tails’ on the histones ‘opens’/‘closes’ that part of the genome.
o During Mitosis half of the histones in the genome are passed to each daughter cell.

= Therefore a cell’s ‘job’ is heritable.

Repertoire of transcription factors expressed
by specific cell types (heritable)

general
transcription  RNA polymerase Il gene
gene regulatory proteins factors regulatory
proteins

b '-é 2-QX »

[ S—
regulatory spacer DNA

sequence promoter

the gene control region for gene X

H2B tall
H2A tail H3 tail

H2A tail
H4 tail

H2E tall

Mediator

H3 il
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Morphogens are Proteins Secreted by Populations of ‘ORGANISER’ Cells:
o ‘Organiser’ cells act in a Paracrine manner — secrete morphogens into the Extra-Cellular-Matrix.

o Stem Cells (targets) are sensitive to:
=  Morphogen Concentration
e le. The cellis determined by reaching a certain threshold of morphogen.

Each cell has the potential to develop
as blue, white, or red

R

< =

Position of each cell is defined by the
concentration of morphogen

Concentration
of morphogen

N

Positional value is interpreted by the cells
which differentiate to form a pattern

Concentration thresholds
of morphogen J

e z

=  Morphogen Combinations
e le. Stem cells may receive multiple different morphogens from different ‘organisers’
e This can result in a completely different cell fate.

Other Signals Controlling Cell Identity:
e Cellular Induction:
o The prompting of a cell to differentiate into a specific cell type — seen above.
Time Restriction:
o Thetime window when a reactant cell is receptive to the inductor’s signal. — after which it follows a
default/other pathway.
Space Restriction:
o The Paracrine nature of cellular induction ensures inductor & reactant cells must be very close.
Reciprocal Inductions:
o When the ‘Inductor’ is induced to differentiate due to a signal from the reactant cell.
Sequential Inductions:
o Aseries of reactions where the Reactant differentiates into an Inductor, and induces other reactant
cells — etc. etc.
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Induction Error — Cyclopia
Genetic origin

One cause: mutation in the ‘Sonic Hedgehog’ gene = encodes the morphogen responsible for the
development of 2 cerebral hemispheres.
Therefore, only 1 cerebral hemisphere develops, along with a single optic lobe.

Genetics of Development:

| 1. HOMEOTIC GENES

1y

‘ 2. MASTER CONTROL GENES )

N,

iy, SExey
S Lo)f‘L

S’[S

| 3. SEX DETERMINATION GENE

e Body Plan & Master Control Genes are highly conserved across vast evolutionary distances — even prehistoric

1. Body Plan Formation — The Homeobox (HOX) Genes:
o ‘Body Plan’
= The fundamental layout for all living things is laid down early in development.
= Ultimately determined by the many Homeobox Genes.
o ‘Homeobox (HOX) Genes’
= The genetic component of ‘body plan’ formation.
=  Mammals have 39 HOX genes
o Segmentation:
= Early human embryos are hard to distinguish from other vertebrates.
= The embryo is ‘segmented’ according to the basic ‘body plan’. (similar to fly larva).
= These ‘segments’ consist of cell masses — somites — which develop into the Ribs, Vertebrae
& Back Muscles.
Specific ‘segments’ are determined by unique combinations of Homeobox Gene Expression.
e le. Cells exposed to different combinations of Homeobox Proteins differentiate
differently.
How: Hox Gene Transcription—>Hox Protein (a transcription factor) Binds DNA >
This controls the transcription of Tissue-Specific Genes > Cells Differentiate into
Specific Tissues.

u O
giant  hunchback ruppe HOX gene transcription

¥

Homeobox Protein
(transcription factor
Binds DNA)

¥

Developmental control
of tissue-specific genes

e 1] 1=
/N 3
\ \ \ o
] || |l “ |‘ || N Cells differentiation
I L1
\ /

1] 1) 'z in correct location
1213

l|||
123456783 0M

and form normal tissues
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Eg. Hox D Expression in Limb Development:
o Different Hox Genes begin expression at different times are expressed for
different durations.
le. HoxD9 & D10 are expressed earliest + continue throughout development.
However, HoxD13 is expressed later in the development of digits.

RANIAL — -
v Gene BExprassion in the Foreimb

CAUDAL

Egs. Of Hox D Mal-Expression in Limb Development:
o 1.If a ‘knockout’ (deletion/mutation) occurs in one of the Hox D genes, the
part of the limb under its control will fail to develop completely.
o 2.Slight errors in the Hox D genes responsible for finger development may
lead to one of many forms of ‘Syndactyly’.

Hox Knockout Mutants Lead fo Abnormal Uimb
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2. Organogenesis — Master Control Genes:
o Anorgan = many different types of cells organised in a specific fashion for optimum function.

o Organogenesis is tightly controlled by genetic factors during embryogenesis.
o These Genetic Factors: Master Control Genes
o Master Control Genes:
= Trigger a cascade of gene expression = directs cells in a coordinated program of
proliferation and differentiation.
= Eg. The Master Control Gene of the Eye:
e Pax6
e The master control gene of ocular and neural tube development across all species.
e Mutation in this gene = complete loss of iris (Aniridia)
o In mice, (loss of function) mutations in both alleles = no eyes at all!
o Therefore, in humans, there must be a 50% reduction in function.
= AKA - Haploinsufficiency
Insertion of this gene into tissue = formation of extra eye tissue
Pax6 is expressed in the Foetal Eye during development.

; g » < B-h R
- r'tcccl_jzkxncx TTTGCC[COAlGArAGA

Pseudo-iris HETEROZYGOUS NORMAL
contact lens AFFECTED
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Sex Determination — The SRY Gene:
Gender Genotypes:
o Male =XY
o Female =XX
However:
o XXY individuals are Male.
o And XO individuals are Female
Therefore:
o There must be a dominant gene on the Y Chromosome that confers the Male Phenotype.
o This gene is known as the SRY Gene and encodes the ‘testis determining factor’ (a transcription
factor protein).
In early development, the presence of the ‘testis determining factor’ instructs the gonads to develop
into testes. Testes then secrete Testosterone > development of male secondary characteristics.
Without this transcription factor (testis determining factor) the default pathway is female.

XY XX

Coelomic
Epithelium

SRY on
P2

Lhx9, Wt1, Sf1,
Dax1, Gata4, Dmrt1,
Sox9, etc ...

Spermato-  Sertoli Leydig
gonia cells cells

¥ ¥

NO NO

T
2

)} 7

ANTIMULLERIAN ANDROGENS
HORMONE
A\ J

Y

Male Genital Tract

ANTIMULLERIAN ANDROGENS
\_ HORMONE ]

~

Female Genital Tract

& Male Genitalia

J
// - & Female Genitalia

a 1

e Anomalies in Sex Determination:
o XY Females & XX Males
o How?:
= Chromosome rearrangement — where the SRY gene translocates from the Y-Chromosome to
the X-Chromosome.

SRY (Sex determining Region on the Y) Recombination

4 \ SRY ' ’
\
\

Y SRY
A}
\
!

«

1)

=1
w
X y X

T Normal sex
chromosomes

<~ @LX
(S 00 SNE
(S 40 SN )

O T TR e

~ fEImmMin

X X

3 sexofindividuals with
SRY recombination

ol

2 sex chromosomes after
SRY recombination event
Regions of homology on
the short and long arms of
the X and Y are referred to
as pseudoautosomal
regions

http://learn.genetics.utah.edu/units/disorders/karyotype/images/SRY _recombination.gif

o NB: The SRY gene sits near the top of the Y Chromosome next to the pseudoautosomal region
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Causes of Birth Defects:

Multifactorial
42%

Teratogens
10%

Monogenic
8%

Unknown -

Chromosomal
37%

3%

Teratogens:
e Agents that disrupt normal cellular development during embryogenesis:
Drugs
Thalidomide limb defects
Cocaine stroke, nervous system
Cigarettes poor growth, low birth weight
Alcohol fetal alcohol syndrome (FAS)
Nutrients
folic acid deficiency neural tube defects
vitamin C excess scurvy, immune effects
Viral infection
rubella deafness, cataracts, heart

herpes death, CNS damage, skin lesions
HIV HIV infection, prematurity

Eg. Foetal Alcohol Syndrome:

Congenital Malformations:
e Anatomical/structural abnormalities
e Result of abnormal embryogenesis
e Due to either genetic / environmental factors

Critical Periods in Development:
e Organs develop at different stages during embryogenesis.
e Different organs are at their most vulnerable at different stages of embryogenesis.
e Organs are most vulnerable to teratogens during organogensis — ie. Elevated cell division.
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Population Genetics & Evolution

Darwin’s Theory of Evolution:
e Observation of species changing in appearance & behaviour over time.
e Process in which Genetic Variation in a Population Changes Over Time.
e Darwin provided an mechanism as to how evolution it happens:
o ‘Natural Selection’

The Theory of Natural Selection & Evolution:
e Based on 3 Premises:
o L Individuals in a population are Unique (Vary from one another)
o . The Variation between Individuals is Heritable.
Number of Offspring of Individuals is More Than The Environment Can Support
e le. Inevitably many will die.

o

e The Result:
o Only a selection of offspring survive to reproduce
o Survival (“Reproductive Fitness) depends on inherited traits
=  Those with traits best suited to the environment survive. (have a ‘high reproductive fitness’)
Unequal survival & reproduction = Favourable traits passed to subsequent generations.

o Mutations which impair survival and/or reduce reproductive fitness reduce in frequency.
o Mutations which increase survival and/or improve reproductive fitness increase in frequency.
o Neutral Mutations randomly drift in frequency by chance.

Evolution By Natural Selection:
e When All Phenotypes have similar Reproductive Fitnesses, the Phenotype distribution will be static:

>

oA

REPRODUCTIVE
FITNESS
NUMBER OF

PHENOTYPE > PHENOTYPE

e When the Reproductive Fitness Favours a Specific Phenotype, the Phenotype distribution will shift towards
that Phenotype over a consecutive Generations:

REPRODUCTIVE
FITNESS
NUMBER OF
INDIVIDUALS
REPRODUCTIVE
FITNESS
NUMBER OF
INDIVIDUALS

>
PHENOTYPE PHENOTYPE > PHENOTYPE

PHENOTYPE

TQ'
v

NUMBER OF
INDIVIDUALS
NUMBER OF
INDIVIDUALS

PHENOTYPE > PHENOTYPE
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Eg. Light & Dark Moths:
o Pre-Industrial Revolution:

= Dark Moths more visible against light Lichen-covered Trees — Lower Reproductive Fitness

= Light Moths prevailed. — Pop. Increased
o Post-Industrial Revolution:

= Light Moths more visible against dark sooty-covered Trees — Lower Reproductive Fitness

= Dark Moths prevailed. — Pop. Increased

PRE-INDUSTRIAL
REVOLUTION

INDUSTRIAL
REVOLUTION

FITNESS

NUMBER OF
INDIVIDUALS

REPRODUCTIVE

(soot & pollution)

N\
PHENOTYPE g MOTH COLOUR

REPRODUCTIVE

FITNESS

NUMBER OF
INDIVIDUALS

aYy,

PHENOTYPE

MOTH COLOUR

Eg. Antibiotic Resistance:

o Bacterial infections contain a spectrum of low-resistance & high-resistance.

When a person takes antibiotics, the drug selects out the vulnerable bacteria.

O
o If the full course of antibiotics isn’t taken, the highly resistant bacteria that are left repopulate.
O

Any subsequent antibiotics will be ineffective.

Intermociate
organisms

organsms

L/

Antibiotic
- Resistance

Highly
resstant
omganisms

Mapping Evolution:

Now with DNA analysis, we don’t need to look at specific traits

Instead, we can just look at gene sequences & how they have changed over time/across species.

le. Genes of similar species have similar genotypes.
Allows us to form “gene-trees”:

bCRSP-1 ACNTATCMTHRLAGWLSRSGSMVRSNLLPTEMGFKIENGP -cooa
cCRSP-1 SCNSATCVAHWLGGLLSRAGSVANTNLLPTSMGFEVYN-cocs
eCGRP-1 SCNTASCLTHRLAGLLSSAGSMANSNLLPTEMGFEVS -2
pCRSP-1 SCNTATCMTHRLVGLLSRSGSMVRSNLLPTEMGFEVEG-xa:
pCEGRP SCNTATCVTHRLAGLLSRSGCMVESNFVPTDVGSEAF - w2

Bacteria
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Population Genetics & Evolution:
e le. How changes in ALLELE FREQUENCIES vary under the influence of:
o Systematic Forces (Eg. Natural Selection)
o Random Forces (Eg. Neutral Mutation)
NB: Selection occurs at the level of the PHENOTYPE, not the GENOTYPE
NB: When talking about Allele Frequency, we look at the GENOTYPE and include the incidence of recessive
alleles as well as dominant alleles.
There is a Mathematical Relationship between Allele Frequencies & Genotype Frequencies:
o AKA: The Hardy Weinberg Principle:

Hardy Weinberg Equilibrium:
e Let ‘p’ =The Frequency of ‘T’ in a population.  (as a %age)
e Let ‘g =The Frequency of ‘t’ in a population.  (as a %age)
o Inthe next generation, the GENOTYPE Frequencies Ratio will be:
TT . Tt : tt

p’:2pq:q’

e For 2 Alleles:
o Frequencies (%) of Alleles: p+qgq=1
o Therefore: (p+q)=1"=1
o Therefore: (p+q)°=(p*+2pq+q’)=1

e For 3 Alleles:

o Frequencies (%) of Alleles: p+q+r=1
o Therefore: (p+q+r)?=1*=1
o Therefore: (p+q+r)’=(p’+2pq+2pr+2qr+g°+ri)=1

2TYPES 2 TYPES
OFEGGS = _— OF SPERM

INA N, T \T _ INA
POPULATION POPULATION

t t
“p”: frequency of T @@ TT - Tt - tt
“q”’= frequency of t S A,
1o P~:2pq:q-

in a population

GENOTYPE FREQUENCY

e 5 Conditions:

o 1. The population is large
(reduces genetic ‘drift’)
2. Mating is random
(no preference for type of ‘mate’)
3. No mutation of alleles
(no spontaneous mutations)
4. No migration occurs
(Immigration/Emmigration)
5. No selection
(all genotypes have same reproductive fitness)
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e Hardy Weinberg Equilibrium:
o Allele Frequencies created at Fertilisation will be preserved in the next generation.
o Allele Frequencies will remain unaltered, generation after generation.
o Useful for: estimating the Genotype Frequencies from Allele Frequencies in different populations.

e Eg. HWE Demonstration:
Consider the following genotype frequencies at the M-N blood type locus:

BLOOD TYPE GENOTYPE NUMBER OF PEOPLE
M LMLM 1787
MN LMLN 3039
N LNLN 1303

Q: If the assumptions of the Hardy Weinberg Equation are met by this population, what will
be the Genotype Frequencies of the Next Generation? (If population size remains static)

1. | Total number of alleles 1s 2x (1787+3039+1303) = 12258
¢ Total number of LM alleles is 2x (1787) + 3039 = 6613

* Frequency of the LM allele is 6613/12258 = 0.5395

¢ Total number of LN alleles is 2x (1303) + 3039 = 5645

* Frequency of the LN allele is 5645/12258 = 0.4605

Because LN and LM are the only two alleles of this gene,
Frequency of the LM + frequency of the LN =1

(0.5395) + (0.4605) =1
p + q =1

the genotypic ratios in the next generation :
[M[M - [M[N-]N[N
2. - A2
(P°:2pq : q°)
A: Genotype Frequencies:

(0.5395)%: 2(0.5395x 0.4605) : (0.4605)>
0.2911 : 04968 : 0.2121

LM LM: 0.2911 x Population Size = 0.2911 x 6129 = 1784.2
LM LM: 0.4968 x Population Size = 0.4968 x 6129 = 3044.8
LM LM: 0.2121 x Population Size = 0.2121 x 6129 = 1300.0

BLOOD TYPE GENOTYPE NUMBER OF PEOPLE EXPECTED
M LMLM 1787 1784.2
MN LMLN 3039 3044.8
8 N LNLN 1303 1300.0

-Results are'very close to initial population: Pop. Is in Hardy Weinberg Equilibrium.

* Examples of Populations comprised of 10,000
individuals that are in H-W equilibrium:

(Freq A=p; Freq a=q) AA : Aa

1. p=09,qg=0.1 8100
p=0.8,q=0.2 6400
p=0.6,q=04 3600
p=0.5,9=0.5 2500
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Consider the metabolic disorder PKU.
Approximately 1/10,000 people are affected

Homozygous affected individuals occur at a frequency
of 0.0001

Call the frequency of all disease alleles in the population = q,

then g> = 0.0001,

therefore q =0.01

andasp+q=1,p=0.99
So we would expect that the frequency of heterozygous carriers
of a defective PKU allele to be:

(freq “Pp” genotype) =2pq=2x0.01x0.99 =0.0198

or approximately 1 in 50

Exceptions to Hardy Weinberg Equilibrium:
o Non-Random Mating:

= Assortive Mating:
e Couples usually don’t know the genotype of their mate.
e However, some phenotypic traits are often a major influence when choosing a mate.

o (eg. Hair colour, skin colour, intelligence)

= Consanguineous Mating:
e Marriage between related individuals
e le. Narrows the ‘gene pool’.

o Unequal Survival:
= Different Phenotypes have different survival rates.
= Je. Natural Selection
= By either: Selective Advantage/Selective Disadvantage

Eg. Heterozygote Advantage: Sickle Cell Allele & Malaria Resistance:
e If Homozygous — Sickle Cell disease causes Selective Disadvantage.
e If Normal — Susceptible to Malaria 2 Mild Selective Disadvantage
e |f Heterozygous — Resistant to Malaria = Mild Selective Advantage

Sickle
Sickle Cell

Norma Trait Disease

1-.1.1.
+ Y ¢

08 1.0 0

RELATIVE REPRODUCTIVE FITNESS

=  Mutation-Selection Balance:
e Sometimes Deleterious Alleles are maintained simply by Dynamic Equilibrium.

e le.The allele is being lost at the same rate that it is being maintained via
spontaneous mutation.

] Introduction
of a by mutation

atrate =u
\4

[] Elimination of
allele a by

V selection
atrate = sq’
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o Population Subdivision:

PANMICTIC Populations: Where any member is able to mate with any other.
HOWEVER — most populations aren’t PANMICTIC — in reality, they’re subdivided by:

Geographical Factors
Ecological Factors
Economic Factors
Cultural Barriers

Age Barriers

Other Social Barriers

=  Founder Effect:

When a small sub-population of people become isolated
Can produce a special type of genetic drift: The Founder Effect
Where genetic diversity is much reduced compared to original population.

= Random Genetic Drift:

o Migration:

When Population sizes get small, the random nature of Mendelian segregation leads
to random drifting of population allele frequencies.
Eg. Cosider 2 ‘Cc’ individuals that produce 2 children:

o The pop. Frequency of ‘¢’ =%

o Although the chance of the 2 offspring maintaining the allele frequency has

the highest probability, the combined probability that it will be altered, is
much higher.

Hence, ‘drift’ occurs:

STARTING
Cc Cc  FREQ of

_. =05

FREQ of cin
next generation

7 7

FREQ ¢ Genotypes Probability of combination
0 cc,cc (s

025 CC,Cc

- Jece,CCl
0.5 1. Ce,CcJ I el
075 Cc,cc

1.0 cc,cc 1/16

=  Movement of people = movement of genes.

If the allele frequencies differ between locations, H-W. Eq. will be disrupted.
However, if migration stops, H-W. Eq. will be restored within One Generation.

Migration

POPULATION!
STARTS WITH
c=0ull

Allele frequency for ¢ will
not be maintained in equilibrium.
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Tools of Molecular Biology

Manipulation of DNA:

Cutting
¢ Endonucleases/Restriction Nucleases/Restriction Enzymes
o Enzymes that cleave the sugar-phosphate backbones of double-stranded DNA.
= Found in bacteria — defends it from viruses by chopping up the foreign DNA.
Cut within a stretch of 4, 5, 6 & 8 base-pairs.
These stretches of DNA are called Recognition Sequences/sites.
= The length of a recognition sequence determines its scarcity. (a 6 base pair recognition
sequence will occur once every 4° bases simply by probability.)
= Such endonucleases are therefore rarer than 4base pair endonucleases
= |soschizomer are endonucleases have the same recognition site as each other.
Produce sticky ends (overhangs) that are either 5’ or 3’
o OR blunt ends (no overhang).

Recognition Sequences Sticky Ends

Recognition . 5
Sequence Bam H1 -A-T-G G-R-T-C-C-RA-A-
EE— (N 111

GGATCC
BamH I CCTAGE -T-A-C-C-T-RA-G 5 G-T-T-

Enzyme

GCGGCCGC

Wies U CGCCGGLE
3.

GATC Kpn 1 -G-A-G-G-T-A-C c-C-T-
San3d A I
CTAG — 111 L1

GAGCTC -C-T-C 3.C-1—T—G-G—G—ﬁ—
CTCGAG

sac I

GAGCTC Blunt Ends

CTCGAG

Sstl

. GANTC
Hinf I CTHAG

FUGATCPyY
Xho IT PyCTAGPu

e Exonucleases
o Enzymes that cleave nucleotides one at a time from a terminus of a polynucleotide chain
o l.e. can remove overhanging nucleotides from sticky ends produced by endonucleases.

o Produce blunt ends

Rejoining (ligating)

e DNA Ligase
o Enzymes seen in DNA synthesis — reseal the gaps in DNA backbone between okazaki fragments.
o Can be used to insert fragments of DNA into host DNA to form recombinant DNA molecules.
o Seals the gap between annealed compatible sticky-end overhangs OR blunt-ends. *(Uses ATP)*
o A host cell containing recombinant DNA molecules will obliviously replicate & transcribe the DNA.
o This can be exploited when cloning DNA for protein synthesis.
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Extraction & Separation
e Extraction of mRNA for Plasmid Cloning or PCR.
Lyse eukaryotic cells that are responsible for producing desired protein (Contain desired gene)
Solution will contain DNA, RNA, mRNA, Proteins & membrane
Centrifuge to get rid of membrane & other insolubles.
Add Phenol — dissolves proteins. Then decant phenol-protein solution.
Add DNAse to break down any DNA.
Isolate mRNA from RNA by adding metal ‘poly-T-beads’. Poly-A tail of mRNA sticks to beads.
Magnetise beads and wash away residual RNA.
Add hot water to break H-bonding between poly-T-beads and poly-A-tails, and pour off solution
Solution now contains the mRNA coding sequence for a protein. (without introns or junk DNA)
e Convert mRNA gene to cDNA (complimentary-DNA)
o Convert to DNA (cDNA) using reverse transcriptase — creates an mRNA/cDNA hybrid molecule.
o Then add RNAse, which chews up the mRNA strand, leaving a single cDNA strand
o Then add DNA Polymerase, which synthesises the 2ns strand of cDNA.
o Clone using plasmids, or PCR
o Extraction of DNA for Sequencing
Agueous extraction of DNA, RNA & Proteins from lysed cells + buffer & EDTA
Centrifuge to get rid of membrane & other insolubles.
Add Phenol — dissolves proteins. Then decant phenol-protein solution.
Add RNAse to break down any RNA
EtOH causes DNA to precipitate = then centrifuge.
e Gel Electrophoresis
o After a DNA molecule has been cleaved using a restriction nuclease, the fragments may need to
be separated.
Separates DNA fragments of different lengths by applying a voltage across the gel.
In the gel, shorter molecules move faster than longer ones.
DNA is negatively charged = migrate towards positive electrode.
The samples are labelled with ethidium bromide, a UV-florescent die so bands are visible.
The DNA bands can then be transferred onto a piece of nitrocellulose, for safekeeping.

Convert mRNA gene to cDNA Gel Electrophoresis
l Electrode

Samples
mRNA 3

AAAA,
l Anneal primer

Larger
mRNA frag merN_

AR DA
RAAAR

N

15y Ir i
Il 1 =

- Gel

7 Electrode

dTTT1T15
l Reverse transcriptase

mRNA fragments

AAAA,

cDNA Plastic

Alkali frame

I feeeei

IR =Y

L L] dTT T s
cDNA
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DNA Sequencing

What can it tell us?:

Location & length of genes
Identify specific gene sequences
Start & stop codons

Protein binding domains
Splicing domains

Predict amino acid sequence
Protein structure & function

Methods

o Pyrosequencing

Coupling each DNA synthesis reaction to a reaction that produces ATP. Presence of ATP
causes an enzyme (luciferase) to give off a burst of light which is then read by a computer.
This involves alternating the addition & degradation of each of the 4 nucleotides for each
reaction until a burst of light is detected.

DNA+d(A/T/G/C)TP > DNA,, + PP;

PP; + AMP + PEP -> Pyruvate + ATP + P;
ATP+Luciferase = light

o Using DiDeoxyRiboNucleotides

Single stranded DNA used as a template for synthesis.
DNA synthesis is started by adding a primer
The DNA is mixed with free dNTPs (deoxyribonucleoside triphosphates) which become the

complimentary strand.

However, it is also mixed with traces of fluorescently labelled ddNTPs
(dideoxyribonucleoside triphosphates) — [don’t have the 3’ hydroxyl group]
Therefore, once a ddNTP has been incorportated into the cDNA strand, DNA synthesis

stops.

This occurs randomly, with different ddNTPs being incorporated in different places,
resulting in millions of terminated cDNA strands of different lengths.

These strands are separated by size by electrophoresis, read by a laser, and sequenced by
a computer.
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DNA Amplification/Cloning

Plasmid/Vector cloning
e Transformation
o Some bacteria can take up small, circular DNA molecules (plasmids) through ‘transformation’.
o Plasmids are only a few thousand nucleotides long.
o 5 characteristics of plasmids:
Has an ORI (origin of Replication)
Has a selectable marker (often an antibiotic resistance gene)
Has a polylinker/multiple cloning site (MCS)
Must be transformable
Must be isolatable from chromosomal DNA

Insertion

o Astrand of DNA (gene) can be inserted into a laboratory plasmid.

o First, the plasmid & the gene are ‘cut’ with the same endonucleases.

o This forms compatible sticky ends and both the DNA & plasmid can hybridize via H-bonding.

o DNA ligase then reseals the backbone, forming a recombinant plasmid.

o The recombinant plasmid is then mixed with bacteria & is taken up into the bacteria.

Replication

o The bacteria are put on an agar plate containing antibiotics.

o Those that don’t contain the antibiotic resistance gene (plasmid) will die, leaving those that do.

o These plasmids are replicated autonomously & are distributed to each daughter cell in mitosis.

o Therefore, recombinant DNA can be easily copied inside rapidly dividing bacteria.

Extraction & Purification — To check for mutations in replicated genomic DNA

o Some bacteria are then lysed and plasmid DNA is extracted from the rest of the cell contents.

o The inserted DNA fragments are removed from the plasmids using restriction enzymes.

o The mixture of fragments and plasmid DNA is separated by size via gel electrophoresis.

o This leaves the purified genomic DNA to be screened for mutations.

Protein Synthesis:

o If there are no mutations in the genomic DNA (eg. The gene that translates insulin), the colony of
cells where the plasma DNA was extracted will be scaled up and used for commercial protein
(insulin) manufacture.

Genomic DNA

letracycline resistance

1b

+

ampicillin resistance

eJeYeo
AR
T
. 00
~ 0

plasmid

cloned genomic DNA
g s

I

by S—

linearized plasmid agar plate

@RP e R0

liquid culture
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Polymerase Chain Reaction
e Things Required for PCR:
Small template of DNA containing target sequence.
2 specific oligonucleotide primers for each 3’ end of the 2 target strand sequences.
Tag-Polymerase: A heat-stable DNA polymerase
dNTPs : Deoxynucleotide triphosphates.
A solution of buffer containing MgCI*.
e Pre-Steps:
o Extract mRNA gene from cells.
o Convert mRNA gene to cDNA (complimentary-DNA)
e Steps:
o Denaturation
= 2 strands of template DNA are separated at 94°C
= During this stage, the tag-polymerase is added.
= Tag-polymerase isn’t denatured as it is thermostable.
o Annealing of a primer
= Solution is cooled to 40-65°C and the primers bind to the 3’ ends of the 2 DNA strands.
o Extension via heat-resistant DNA Polymerase
= Solution temp is increased to 74°C, and the tag-polymerase adds dNTPs from the primers
ina 5’ - 3’ direction.
o Repeating these steps for 20-30 cycles yields about 1 billion template strands, which will be
visible on an agarose gel.
Extraction of Target Sequence Strands.
o The target strands are separated from the remaining longer-strands via gel-electrophoresis.
o What for?
= |nsertion into bacteria = protein synthesis
= Pathology screening — identifying species & even strains of pathogens
= Forensic & Paternity DNA analysis & testing.
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Genomic DNA

) Denaturation:
Heat briefly
to separale DNA
strands

€ Annealing:
Cool to allow
primers to form
hydrogen bond
with ends of
target sequence

€) Extension:
DNA polymerase
adds nucleotides to
the 3" end of each
primer

Cycle3
yields 8
molecules;
2 molecules ¢
(in white boxes)
match target

sequence
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Future Genetic Therapies & Technologies

Knowing The Enemy:
e Inthe past: Immunisation was the method of disease control.
e In the future, Analysis of Pathogen (& Host) Genomes will lead to:
o New Insecticides (Vector Control) — eg. Making the vector incapable of carrying the parasite/germ.
o New Drug Therapies: ie. Drugs that target metabolic enzymes of that Pathogen - dies
o New Vaccines

mMosquito — T
release of sucks blood ¢

~ sporozoites and injects /[ B
anmmguanm-.\‘ sporozoites [ /

to salivary gland y licati \
’ ” | in liver \
4 \ . . » ED ‘
2 L )l <
= infection of red

invasion of blood cells |
MOSQUITO
gut and growth " HUMAN /
b HOST HOST /
\ | replication

zygote
mosquito / 4
/

fortilizatior’ Sols oo 4 production of
and picks up 1 gnmeles{ _
gametocytes =

Replacement Parts:

e Made-to-order body parts g —
e Made of your own cells = genetically identical to you = No rejection %) M

e Organ Donation will become Archaic Or"qan DOn})rs >
e Stem Cells: (from embryos/cord blood/adult stem cells) S;lve Lives!

Cultured Plaripotent
Stem Cells

v

Tissues/Cells for Therapy

v

f

Nerve Cells Heart Muscie Parcreatic
Cells Isket Cells

e Tissue Engineering:
o Biomaterial Scaffolding:
= Convey signals to surrounding tissues to promote regeneration.
o Cells Alone:
=  Without a biomaterial > form tissues
o Cells Grown on a Biomaterial Scaffold:
= Scaffold acts as a framework for developing tissues.

INVITRO INEIVO
CULTURE IMPLANTATION
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Gene Therapy:
Ways of Correcting Gene Defects

Recessive disorders (eg. Haemophilia / Cystic Fibrosis) are good candidates.
Dominant disorders are more difficult to treat with gene therapy — because you need to remove alleles.
Germline Gene Therapy:

o Corrections/extra genes added to germ cells

o Currently ethically unacceptable.

Somatic Gene Therapy:

o Involves inserting a ‘normal’ gene into cells = cells produce the missing gene-product

o - alleviate/eliminate symptoms

o How:

=  Mechanical/Chemical:
e Liposomes — (soap bubbles)

o Small manufactured vesicles containing the gene to be expressed
o Cells fuse with them, and their contents (genes) are released
o Some of this DNA may be integrated into a chromosome and expressed

water
Wikigy
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e Microprojectiles:
o Tinyinert metal spheres coated in DNA (the needed genes) are ‘shot’ into
living tissues.
o Some of this DNA may be integrated into a chromosome and expressed

e siRNA (Small Interfering RNA):
o Good for Dominant Traits or any disease associated with ‘gain of function’
mutations.
—are small 21-23bp RNA molecules that bind to any synonymous mRNA
strand, and cleaves it in two. (similar concept to endonucleases)
Cleavage of ‘mutated’ mRNA - less synthesis of mutated proteins.

ATF

+ P 1—/
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1 olROUA-medioted taraet recogmili
l mRNA cieavage
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= Viral Vectors:
e The desired gene is inserted into a virus’s genome
e The host is then infected with the virus
e The virus’s DNA enters the nucleus = produces the desired proteins.

Gene Therapy

e Administration Methods:
o ExVivo: Cells a removed, cultured in the lab with a Vector, then reinserted.
o In Situ: Affected Tissue is Directly exposed to the Vector.
o InVivo:Vector is introduced generally & the Vector hones in on affected cells

/ 2. Tumour
Vector §
hd
Blood
Cell

LA
b\‘o;‘

s

Ex Vivo In Situ In Vivo

e Problems with Viral Vectors:
o Repeat administration builds up an immune response
o Infection of the virus itself must be contained
o Viralinsertion into Oncogenes (tumour suppressor genes) can cause

oncogenesis (cancer)

Human Artificial Chromosomes:
Replacement Chromosomes are being developed to treat specific genetic conditions
Will be stably passed down during cell division

Very promising off-the-shelf gene therapy.
The biggest problem at the moment is introduction into cells. (but it will come!)

Telomere Centromere DNA
caps bridge containing
genes

Adificial chromosome /
y
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Prevention Better Than Cure:

All Diseases have a genetic component

Such ‘predisposition’ alleles for almost any trait will be identified

The effectiveness of some treatments is influenced by genetic factors also.

Therefore, in order to prevent and/or treat a disease effectively, the Patient’s Genome must be known.
Therefore, soon it will be commonplace for everyone to know their Genome Sequence.

Screening For Predisposition Alleles:
o —As opposed to sequencing someone’s entire genome —(not cost effective yet)
How:
o The Old-Fashioned Way = ‘Blotting’:
= Southern Blotting (DNA) — Looking for a single known DNA sequences in a genome.
= Northern Blotting (MRNA) — Looking for specific gene expressions of DNA sequences.
=  Western Blotting (Protein) — Looking for

DNA Blotted DNA Separated by Gell RNA RNA Protein Blot on SDS Polyacrylamide
onto Nitrocellulose  Electrophoresis DN Blotted  DXsCSeparated by Gel Nitrocellulose Gel Electrophoresis
nto Nitrocellulose Electrophoresis

Lt LTS
\ v

Specific DNA Detected Probe Label with Specific

~ i Specific DNA Detected Probe ;
Probe (on X-ray film) P Probe (on X-ray film) Antibody Detect Antibody

N
E P
L P 9
7\]: * 7\; =

Reveals DNA Reveals RNA Reveals Protein
of Interest of Interest of Interest

Southern Blotting Northern Blotting Western Blotting

o The New Way = DNA MicroArray Technologies:
= Slides with its surface covered with thousands of pieces of immobilised DNA
= DNA pieces laid out in rows & columns
= (typically glass/nylon/silicon)

How: DNA Hybridisation:
e The fundamental mechanism in which 2 complementary single strands of DNA
anneal to each other (under the right thermal conditions).

3’CTGTCAGTCAGTCAGTCA 5*
+
5/ GATCGTCGATTACCAAATGCAGTCAGACAGTCAGTCAGTGAGTCCAGTCCCCATTCAG

* Incubate DNA fragments together

3/CTGTCAGTCAGTCAGTCA 5°
[ Y I I unstable complex

5/ GATCGTCGATTACCAAATGC AGTCAGACAGTC AGTCAGTGAGTCCAGTCCCCATTCAG

3 /CTGTCAGTC AGTCAGTCA
[ e Tl unstable complex
5/ GATCGTCGATTACCAAATGC AGTCAGACAGTC AGTCAGTGAGTCC AGTCCCCATTCAG

3’CTGTCAGTCAGTCAGTCA !

ARRARRRRARARNY stable complex
5/ GATCGTCGATTACCAAATGC AGTCAGACAGTC AGTCAGTGAGTCC AGTCCCCATTCAG
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So What Happens on a Microarray?:
e Each square of an array contains known sequences of DNA bound to the surface.

These may correspond to:

o Known Genes that are on human chromosomes

o  mMRNA transcripts known to be produced in human cells.

o Known (disease-causing) mutations in genes on human chromosomes
Then a mashed mixture of a person’s cells (of a specific tissue) is purified for DNA.
This mixture of DNA is fluorescently marked,
Then it is washed across the surface of the array at a temperature ideal for 100%
homologous sequence pairing.

Finally, the end result is scanned for the fluorescent markers on each square
e The presence of the marker on a specific square indicates the presence of that
sequence in the patient’s original sample.

When the temperature of
hybridization is carefully
controlled - only 100%
homologous sequences
will bind one another
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=  Applications:

e Expression Profiling:
o Analysing which known Genes are being expressed in particular tissues:

mRNA extracted from a patient’s tissue of interest.

mRNA is converted to cDNA & then fluorescently labelled.
The Labelled cDNA is washed across the array (Containing the
normal expression profile of that tissue type)

Any abnormalities in expression will be detected.

o Analysing the difference in expression between Cancerous & Normal Cells:

RNA Isolation

Reverse
Transcriptase
Labeling

Combine Targets

Hybridize to
Microarray

Cancer Cells Normal Cells g?!l

BLACK = No Expression in either sample
= Equal expression in both

RED = Overexpressed in cancer cells

Green = Underexpressed in cancer cells

e Mutation Profiling:
o See if there are any known disease-causing-Mutations in particular tissues.

The Array contains synthetic strands of normal genes and common
mutations of those genes.
Nucleic DNA extracted from a patient’s cells is fluorescently marked.
The labelled DNA is washed across the array.
Any mutations in the patient’s genome will fluoresce the ‘mutant’
column and any normal genes will fluoresce the ‘normal’ column.

e Fluorescence of a single column suggests homozygosity.

e Fluorescence of multiple columns suggests heterozygosity.

EXAMINATION OF DNA FOR SPECIFIC SEQUENCES

When the temperature of
hybridization is carefully
controlled - only 100%
homologous sequences
will bind one another

Gene 3

Gene 2

Gene 1

Mutant Allele Normal Allele (Sharp kinks represent

Sequence

Sequence sequence differences)

WWW.
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System: Genetics

Classic Autosomal Recessive Disorders:

Phenylketonuria: (similar to Maple-Syrup Urine Disease)
e Enzyme that breaks down phenylalanine isn’t functioning.

o Normally converts phenylalanine to another amino acid & tyrosine

Phenylalanine & its breakdown chemicals (from other enzyme routes) accumulate in blood.

Symptoms:
o Mousy odour to urine, Vomiting, Rashes, Irritability
o Severe brain damage — if left too long untreated.

Diagnosis:
o Heel-prick test — newborn screening

Management:
o Manage diet — avoid high protein foods
o Maintain blood-phenylalanine levels (some is needed for normal growth)
o Offspring of affected mothers — mental retardation — elevated phenylalanine inhibits foetal neural

development.

Compound Heterozygotes:
o Patients with 2 different defective alleles, both contributing to the disease phenotype.
o Compound heterozygotes of recessive disorders are usually affected.

Thalassemia:
Absence of synthesis of one of the globin chains
Usually via deletions that block globin protein production
Alpha-thalassemia = absence of alpha-globin (more common in Asians)
Beta-thalassemia = absence of beta-globin (more common in Caucasians)
Symptoms:

o Babies become anaemic

Become pale

Don’t sleep well

No appetite

If untreated — usually fatal (usually die between 1 & 8yrs)

o
(¢]
o
o

Sickle Cell Disease:

e Mutant allele codes for faulty beta-chain haemoglobin subunit.
e Mis-shapen red blood cell

e More common areas affected by malaria — malarial parasites grow poorly in homozygous & sickle cell
carriers.

Haemochromatosis:
e Iron Overload — hyperabsorption of iron.
Caused by mutations in the HFE Gene.
Iron builds up in organs (particularly: heart/liver/pancreas) and cause failure.
Symptoms: (usually men age 30-50 / women 50+)
o Joint pain
o Fatigue
o Abdominal pain
o Heart problems
o Symptoms often occur after irreversible organ damage.
Long-Term Effects:
o Arthritis/Liver disease/Heart abnormalities/Impotence/Early menopause/Bronze or grey
complexion/Possible diabetes
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Cystic Fibrosis:

Defective CI Transporter in some cells (mostly exocrine glands)
Defective gene = CFTR
Q arm of Chromosome 7

Lungs:
o Thicker mucus secretion
o Ciliated cells can’t move mucus up trachea
o Mucus + dust + particles + bacteria >trapped in lungs 2> frequent lung infections.
Pancreas:
o Pancreatic duct clogs up — formation of cysts — eventually become fibrous
o Hinders proper digestion (no pancreatic enzymes > duodenum)
Intestine:
o Not enough digestive enzymes — mainly for fats
o Malnourishment
o Fatty stools
Reproductive Ducts:
o Male vas-deferens blocks = sterility
Sweat Glands:
o Secrete salt to induce H,0 flow but salt isn’t actively reabsorbed.
o Results in salt-residue on skin & salt deficit in body.
Treatment:
o Enzyme tablets with meals
o Electrolyte fluid — replenish lost NaCl
o Vitamin supplements
o Percussion —clear lungs
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Examples of Autosomal Dominant Disorders:

Achondroplasia:
“No Chondrocyte Proliferation”
A form of inherited dwarfism
Phenotype:
o Abnormal bone growth — short stature + limb/cranial/facial disproportions.
o Normalintelligence & lifespan
Mutation in the ‘fibroblast growth-factor receptor’ gene:
o Normal function: negative regulator of bone growth.
o Mutated function: Hypermorphic — too much negative regulation = puts the ‘handbrake’ on bone
growth.
Most (80%+) dwarfs have normal parents — ie. Their dwarfism is due to new mutation.

Hypochondroplasia:
e “Low Chondrocyte Proliferation”
e Phenotype:
o Similar to, but milder than achondroplasia
o Short stature
o Disproportionate limbs
o Normal facial features
o Phenotype only becomes noticeable at toddler/school-age
e Mutation:
o Alsoin the ‘fibroblast growth-factor receptor’ gene:
o Same gene — but different mutation
o Normal function: negative regulator of bone growth.
o

Mutated function: Hypermorphic — too much negative regulation = puts the ‘handbrake’ on bone
growth.

Huntington’s Disease:
e Degenerative brain disease.
e Mutation:
o Defective Gene: Huntington Protein
=  Huntington protein is widely expressed & vital for normal function
= On Chromosome 4
= An expansion of a run of glutamine repeats in the protein.
= Highly expressed in brain.
e Phenotype:
o Onset age generally between 30-50yrs (*well after reproductive age*)

o Intellectual decline, Unsteady gait, Involuntary movements, Slurred speech, Impaired judgement,
Difficulty swallowing.

e Perpetuation:
o Offspring of affected parent = 50% chance of inheritance:
o Penetrance: 100% - ie. If you have enough repeats, you WILL get the disease.
o Expression: Age of onset decreases as # of repeats increases.
e However —severity of symptoms (post-onset) is constant.

Myotonic Dystrophy
e Also a repeat-sequence mutation.
Affects skeletal & smooth muscle/eyes/heart/endocrine system/central nervous system.
May be mild/classical/congenital (severity)
Mutation: Expansion of CTG trinucleotide repeat in the DMPK gene on chromosome 19.

Retinoblastoma
e Malignant Tumour in the retina of one/both eyes. (unilateral/bilateral)
e Onset: Infancy / early childhood.
e 1/3 cases are due to inherited predisposition:
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Neurofibromatosis
e Formation of benign lumps around neural tissues.
e Is an example of “Pleiotrophy”:
o When a single gene mutation influences multiple phenotypic traits.
o Tumours can grow anywhere on the body — can affect other bodily tissues.
e 2Types:
o Type 1 NF (NF1 Protein):
‘Common’ type
Neurofibromas under skin
Enlargement/deformation of bones
Scoliosis
Tumours in brain/on cranial nerves/on spinal cord
Learning disabilities are common.
o Type 2-Acoustic-NF (NF2 Protein):
= \Veryrare
=  Multiple tumours on cranial+spinal nerves
= Hallmark: tumours on auditory nerves = hearing loss in teens.
e NF1 & NF2 are different proteins of different genes of different chromosomes.
o However they are both tumour-suppressor genes.
o Mutations in either — cause partial/complete loss of protein function.
¢ Inherited Predisposition:
o Autosomal dominant

o Generally only the ‘predisposition’ is inherited, & the other functional allele makes up for the
deficiency.
However, when a mutation in the functional allele occurs, the tumour/s develop.
This is known as The 2 Hit Hypothesis:
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X-Linked Disorders

Colour Blindness:
e X-Linked Recessive
e Commonest Form: Red-Green Colour Blindness
e Caused by unequal crossover of the Red & Green Opsin Genes (on the X-chromosome) during
GAMETOGENESIS.

Muscular Dystrophy:
X-Linked Recessive
Dys-trophy = “Faulty Nourishment”
o It was thought that to be a malnourishment problem.
Muscles weaken & waste away
Caused by mutations in the Dystrophin Gene
Duchenne Muscular Dystrophy:
o Gower’s Manoeuvre to get off the floor
Waddling gait
Enlarged Calves
Scoliosis
Eventually — wheelchair
Reduced pulmonary function by 20yrs — usually fatal.
= Cardiacfailure ... or
= Respiratory failure

e Milder Form: Becker Muscular Dystrophy:
o Onsetin20’s
o Immobility by 20" year of onset.
o Hypertrophy of calves
o Toe-walking

Haemophilia:
X-Linked Recessive
Inability to form blood clots
Caused by no Clotting Factor 8 (80%, severe) or Factor 9 (20%, mild)
Generally affects Males
o Females exhibit very mild symptoms.
Results in severe Haematomas:

e Treatment:
Old: Blood Transfusions
Infusions of blood-derived clotting factors
Heat-treated blood-derived clotting factors
Recent: Recombinant clotting factors
Approx. Once every 3 weeks.
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Kennedy’s Disease:
e  AKA: Spinal & Bulbar Muscular Atrophy (SBMA)
e X-Linked DOMINANT...but...Sex-Limited — Phenotype seen mainly in males.
o *Most sources say X-linked Recessive....
e Cause: expansion of triplet-repeats in the Androgen Receptor Gene.
e Symptoms:
o Progressive neuromuscular disease
Onset: 30-50yrs
Muscle cramps
Twitching of muscles
Weakening of muscle.
Wasting of muscle
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GENETICS Pathology:
ACHONDROPLASIA & HYPOCHONDROPLASIA

Examples of Autosomal Dominant Disorders:

e Growth-Factors:

o Achondroplasia:

Autosomal Dominant
“No Chondrocyte Proliferation”
A form of inherited dwarfism
Phenotype:
e Abnormal bone growth — short stature + limb/cranial/facial disproportions.
e Normalintelligence & lifespan
Mutation in the ‘fibroblast growth-factor receptor’ gene:
e Normal function: negative regulator of bone growth.
e Mutated function: Hypermorphic — too much negative regulation = puts the
‘handbrake’ on bone growth.
Most (80%+) dwarfs have normal parents — ie. Their dwarfism is due to new mutation.
Genotype: Aa
e AA Genotype — not compatible with life.
o Affectedyeterozygous + Affectedpeterozygous = 2/3 chance of affected offspring.
o Affectedyeterozygous + Normal = % chance of affected offspring.

LY A| a

Aa | aa

fa| 2 Aa | aa

2x Affected Normal x Affected

4

e T
~ 2R

o Hypochondroplasia:

“Low Chondrocyte Proliferation”
Phenotype:
Similar to, but milder than achondroplasia
Short stature
Disproportionate limbs
Normal facial features
Phenotype only becomes noticeable at toddler/school-age
Mutation:
e Alsoin the fibroblast growth-factor receptor’ gene:
e Same gene — but different mutation
¢ Normal function: negative regulator of bone growth.
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e Mutated function: Hypermorphic — too much negative regulation = puts the
‘handbrake’ on bone growth.
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GENETICS Pathology:
MYOTONIC DYSTROPHY

o Myotonic Dystrophy
= Also a repeat-sequence mutation.
= Affects skeletal & smooth muscle/eyes/heart/endocrine system/central nervous system.
= May be mild/classical/congenital (severity)
= Mutation: Expansion of CTG trinucleotide repeat in the DMPK gene on chromosome 19.

Myotonic Dystrophy

_~Frontal balding

Hatchet laces
due to atrophy of
temporalis muscle

Ptosis and
drocping mouth
due o woaknoess
of facial muscles

Wasting of
sternocledomastoid
muscle

Gynecomastia

www.MedStudentNotes.com



GENETICS Pathology:
RETINOBLASTOMA

Clinical Features:

- Whatis it?

o
o
o

Malignant Tumour of the Retina.
NB: If the Tumour travels down the Optic Nerve, the prognosis is poor.
Occur Unilaterally OR Bilaterally

Pathogenesis — “2 Hit Hypothesis”:

O

Arises from inactivation of both alleles for the RB1 gene (tumour suppressor gene)
= One Inactivation is Inherited (Autosomal Dominant) = Predisposition
=  The other is Acquired (Random Hit) 2 Cancer

Typically Begins to form During Foetal Development (When Retinoblasts are rapidly dividing)

o
o

However, the disease usually manifests in Infancy/Early-Childhood.
Almost always evident by 5yrs of age.

Clinical Manifestations:

O

O

O

Often, a hyper-reflective retina (“Leukocoria”) in flash photography is diagnostic.

Tumour may also cause Strabismus (Eyes don’t look in the same direction).
= NB: Hirschberg test — check for the ‘reflection dot’ in the centre of the pupil.

e e ®

Esotropia

Right eye Hypertropia ‘@ @

(Hirschberg test)
Other Less Common Signs Include:
= Vision Problems
= Eye Pain
= Redness of the Sclera (white part of the eye)
= Pupil is Unreactive to Bright Light = Photophobia

- Hereditary RB Patients are at Higher Risk for Other Cancers:

o
o
o
o
o

Osteosarcoma (Bone)

Soft Tissue Sarcomas (Muscles/Tendons/Ligaments/Fatty Tissue)

Melanoma (Melanocytes:skin)

Why? — Because every cell of their body has already lost 1x RB-Allele (le. Already had the 1* ‘Hit’)
Therefore — Regular Screening required for early detection.

- Diagnosis:

o
o
o

Opthalmoscope
Ultrasound
MRI/CT

Single Focus Multiple Foci

- Pathology:

o
o

Histopathology — Presence of ‘Homer Wright Rosettes’. (In both familial & sporadic)
Molecular Pathology — le. Genetic Testing for sporadic or familial.
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Treatment:
o If Unilateral:
= Enuculation & Prosthesis (Removal of the eye)

o If Bilateral:
= Radiation
= Photocoagulation/Laser Ablation (small tumours)
= Cryotherapy (Freezing — for small peripheral tumours)
= Chemotherapy (if high risk of metastasis)

Prognosis:

* 5 year survival
>90% if tumour is intraocular at diagnosis
<10% if tumour is extraocular at diagnosis

+ Sporadic (~60%)
— 5% will develop another Ca by age 50

+ Familial / germline (~40%)
— 50% risk of Ca by age 50
— additional tumours in eye and elsewhere
— ~10% cases show family history

Prevention?
o NO Way
o Genetic Testing for Families Affected - Early Detection
o To Prevent Passing Defective Genes to the Next Generation, Pre-Implantation Genetic Diagnosis or
Amniocentesis may be considered. 2 Abort affected foetuses.

Genetics of Retinoblastoma:
- Retinoblastoma = Mutation in the ‘RB1’ gene on Chromosome 13.
o ‘RB1 Gene’ = A Tumour Suppressor Gene.

o RB Normally Functions to: control the Cell-Cycle transition from G1 to S-Phase.
DNA damage

d_[ s M phase
AP Y entry

: ;-» CDKI -/V,:A
Cell cycle

arrest in

S or G2 phase

N\

DNA repair  Apoptosis Cell cycle
arrest in
Gl phase

— Activating signal Z
— Inhibitory signal DNATepsit  ‘Apoptos

- Inheritance: 30% of Retinoblastoma are due to an Inherited Disposition:
o At The Genetic Level — The Predisposition is Inherited Autosomal-Dominantly:
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= |e. You only need to be Heterozygous to be Predisposed.
o At The Cellular Level — The Disease is Autosomal-Recessive:
= |e. You need to be Homozygous for defective RB-Gene;
=  OR Exhibit “Loss of Heterozygosity’ in favour of the Mutated RB-Gene.

Typical Manifestations of Inherited Retinoblastoma:
o Bilateral Retinoblastomas (Early Onset);
o And/Or Multiple Foci in One Eye (Early Onset).
o NB: Single Foci cases are typically sporadic, and have (Late Onset).

Single Focus

Multiple Foci

Knudson’s 2-Hit Hypothesis for Tumour-Suppressor Genes: Applies to Retinoblastoma:

- Sporadic — 2 Mutations (‘Hits’) are required for Retinoblastoma.
- Familial — All Retinoblasts already have the 1* hit = only require 1 more ‘Hit’ for Retinoblastoma.
- NB: One of the “Hits” can be a “Loss of Heterozygosity” in Favour of the Mutated Gene.

Normal
Sporadic tumor

suppressor
gene

(O 70 |

inone allele

Somatic
/ mutation
|ﬁ d) i é in other allele

Single tumors,
unilateral,
later-onset

« two mutations (two hits) are required for loss of tumor suppressor function

Tumor suppressor gene
containing a germline

Familial mutation in one allele -
heterozygous for the
mutation

Somatic
mutation
in other allele

O MmO

« two mutations (two hits) are required for loss of tumor suppressor function
« the first “hit” is inherited and the second “hit” is somatic

Multiple tumors,
bilateral,
early-onset

GAMETE

SPORADIC

GAMETE
FROM__, ‘
MOTHER HIT
+ 3
FROM Cl
FATHER AN
GAMETE

INHERITED

NONHEREDITARY RETINOBLASTOMA

occasional cell inactivates
one of its two good Rb genes

the second copy of
Rbis very rarely
inactivated in the
same line
of cells

excessive cell
proliferation leading
to retinoblastoma

RESULT: ONLY ABOUT 1 IN 30,000
NORMAL PEOPLE DEVELOP TUMOR
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to retinoblastoma
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GENETICS Pathology:
PHENYLKETONURIA

Phenylketonuria: (similar to Maple-Syrup Urine Disease)

O

Enzyme that breaks down phenylalanine isn’t functioning.
= Normally converts phenylalanine to another amino acid & tyrosine
Phenylalanine & its breakdown chemicals (from other enzyme routes) accumulate in blood.
Symptoms:
=  Mousy odour to urine
Vomiting
Rashes
Irritability
Small head
Severe brain damage — if left too long untreated.
Diagnosis:
= Heel-prick test — newborn screening
Management:
= Manage diet — avoid high protein foods
= Maintain blood-phenylalanine levels (some is needed for normal growth)
= Offspring of affected mothers — mental retardation — elevated phenylalanine inhibits foetal
neural development.
Compound Heterozygotes:
= Patients with 2 different defective alleles, both contributing to the disease phenotype.
= Compound heterozygotes of recessive disorders are usually affected.
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GENETICS Pathology:
DOWNS TRI-21

47, XY, +21: Down’s Syndrome
e Trisomy 21
e Risk of Down’s syndrome increases exponentially with maternal age.

Most common features: A A A T21 Brachydactyly

h fi
Flat facial Sth finger (e or’t ngers)

Epicanthal fold clinodactyly _\q

Variable features: | General

* Congenital heart defect hypotonia
{especially AV canal)

* Increased risk of leukaemia

* Duodenal atresla

Single transveree _
palmar crease

iy \__ﬁ_,, Space between

¢ Hirschprung disease \_’;7‘) LS e
* Hypothyroidism

ncidence of Down syndrome per numbder of Dirths

Age of mother (years)
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GENETICS Pathology:
CHROMOSOMAL - EDWARDS TRI-18

47, XY, +18: Edward’s Syndrome
e Trisomy 18
e Rarely survive beyond infancy

Most common features:

e Heart defects

® Low birth weight

* Finger flexion deformity _¢*

* Severe developmental
impairment

* Frominent occiput

Variable features: Clenched fists
* Spina bifida with 2 and 5
overlapping
2 and 4
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GENETICS Pathology:
KLINEFELTERS XXY

Klinefelter’s Syndrome 47, XXY

i

LA Most common features:

== Gynaecomastia
Elongated forearms
and lower legs
| Small testes,

azoospermia

Yariable features:
* Learning disabilities
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GENETICS Pathology:
SUPERMALE XYY

Diplo-Y (Super-Male) 47,XYY.

=~ “1  Your XYY Son
i

{

\\ 1. Tallis cool.

‘,ﬁ 'E { 2. Acneis easy and safe to treat.

L J . S 3. Thel@range for XYY's is the same as for XY men.

2 2 E & | 4. Like all hoys, he needs a clean-living, effective
dad or dad-substitute.

5. Like all hoys, he needs to be allowed to find his
own worthwhile interests and activities,
according to his abilties and talents.

. Despite decades of bad science and media hype,
XYY is at most a minor risk factor for
antisocial and criminal mishehavior.

. If he's "a little different” -- hey, who isn't?

. You made the right choice.

www.MedStudentNotes.com



Turner’s Syndrome:

Most die during gestation
Survivors are mostly mosaics

features:

f\oz-\ Most common
SR
49 ™~ Low hairline

N

™ Widely spaced nipples

Webbed neck

Frimary ovarian failure

Short stature

Variable features:
¢ Learning disabilities
» Coarctation of aorta

GENETICS Pathology:

www.Med
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X-Linked & Mitochondrial Disorders

Fundamentals:
e Females have 2 ‘X’-Chromosomes
e Males have 1 X’ & 1 ‘Y’-Chromosome.
e Unlike Autosomes, X & Y Chromosomes share no common sequence & carry completely different genes.

X-Linked Traits:
e X-Chromosome contains both Dominant & Recessive alleles
o InFemales:
= Dominant/recessive rules apply
= & can be either heterozygous/homozygous
=  Females may be mildly affected — By:
e Mosaicism
e Random Inactivation of the ‘Good-X’
e Spontaneous mutation
e Etc...
o In Males:
= Allinherited X-linked alleles are expressed (due to having only 1 X-chrmomosome)
= Therefore all X-Linked alleles act ‘dominantly.’
= Males are neither Homozygous nor Heterozygous for X-linked traits.
e Instead they are Hemizygous.

X-Linked Inheritance:

e Differs from autosomal inheritance — Sex of the individual determines their phenotype.
o Maternal:
= Carrier Mother + Non-Carrier Father: rl:'
e 25% chance of having an affected child

o =0% of daughters likely to be affected
e 50% of daughters likely to be carriers . m ‘& : .

e 50% of sons likely to be affected - -

o Paternal: CARRIER MOTHER
=  Non-Carrier Mother + Affected Father:

e =0% chance of having an affected child
e =0% of daughters likely to be affected O -
e 100% of daughters likely to be carriers |
e =0% of sons likely to be affected o 0 .
e NB: The only form of inheritance that ‘Skips a Generation’.
o From Grandfather 2 Grandson (through a carrier mother) AFFECTED FATHER

faulry 151 5! o non oA ~ affecred
gene - carrier : father
carrier [} \ | S father

morher .
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Sex-Specific Genetic Terms:

e Sex LINKED Traits:
o Any Alleles on the sex chromosomes.
o May be Dominant/Recessive (in females)
o Eg. Colour Blindness

e Sex LIMITED Traits:
o Alleles may be X-Linked/Autosomal
o Phenotype is only expressed in one of the sexes.
o Eg. Kennedy’s Disease

o Sex INFLUENCED Traits:
o Alleles may be X-Linked/Autosomal
o Alleles are dominant in one sex, but recessive in the other.
o Eg.Baldness

Examples of Human X-Linked Disorders:
e Colour Blindness:
o X-Linked Recessive
o Commonest Form: Red-Green Colour Blindness
o Caused by unequal crossover of the Red & Green Opsin Genes (on the X-chromosome) during
GAMETOGENESIS.

'T‘

Color<blindness: X4 inked Recessive

' Grandfather to Grandson
Ishihara test Transmission thru a Female

== Hed opsin gene I

== Green opsin gene Abnorma
‘ oocyles

3 Misalignment of
homologous
chromosomes

Crossing over
X X X &R

. O (@)
Nommal Normal ¥ Normal ¥
d sperm |

Homologous chromosomes
after crossing over
- S - gl

o St ~7
Normal O Color blind O
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Hypophosphatemic Rickets:
o X-Linked DOMINANT
o Can be passed on from either parent = offspring
=  But: Affected father can’t pass it to the son.
Heterozygosity/Homozygosity/Hemizygosity males) = Affected
Females have 2x the chance of getting it than Males
= Je. By having 2 ‘X’ chromosomes, they effectively ‘line up’ twice.

: 4 o o
1L Eﬁl ﬁlﬁl L‘E ﬁl E £+1 o

o Main Causes:
=  #1. Insufficient Vit. D:
e Poor dietary intake
e Inadequate UV light exposure
e Malabsorption of Calcium, Phosphate & Fat-Soluble Vitamens (ADEK)
= #2. Abnormal Vit. D Metabolism:
e Liver & Renal Disease
e Heriditary
e Unresponsiveness to Vit. D.
=  #3. Abnormal Renal-Tubular Absorption of Phosphate:
e Genetic Hypophosphatemic Rickets
e Tumour-related

SIGNS OF RICKETS

O pot on
Baby's head s
slow 1o ¢loge

DOony mc kiace

5 J‘gu'ui baner
>

ME. lumpy
ointy

\ (/’“"_}‘f.‘ legs

\) brees Dent 0w
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Muscular Dystrophy:
o X-Linked Recessive
o Dys-trophy = “Faulty Nourishment”
= |t was thought that to be a malnourishment problem.
Muscles weaken & waste away
Caused by mutations in the Dystrophin Gene

Duchenne Muscular Dystrophy:
=  Gower’s Manoeuvre to get off the floor
=  Waddling gait
= Enlarged Calves
= Scoliosis
Eventually — wheelchair
Reduced pulmonary function by 20yrs — usually fatal.
e Cardiacfailure ... or
e Respiratory failure
Females almost always have at least one good dystrophin gene.
e Even with random x-inactivation, it’s usually not a problem
e However —female carriers can have heart problems — must have regular checkups.

o Milder Form: Becker Muscular Dystrophy:
= Onsetin 20’s
= Immobility by 20" year of onset.
= Hypertrophy of calves
= Toe-walking

Toe Walking Muscle Hypertrophic Regular falls and poor strength
= especially the calves leads to full time wheel chair use

o The Dystrophin Gene:
= Longest gene in the body
= Mutations in this gene cause BMD & DMD
= Dystrophin= a thin sheath just under a striated muscle cell’s membrane

e Isthought to play a role in preventing membrane damage during contraction
wholelmuscle

bundie of
blood vessel g %5, o musche fibers
A

\ musche fiber membrane
musche fiber  [location of dystrophing
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e Haemophilia:
o X-Linked Recessive

o Inability to form blood clots
o Caused by no Clotting Factor 8 (80%, severe) or Factor 9 (20%, mild)
o Generally affects Males
=  Females exhibit very mild symptoms.
Results in severe Haematomas:

o Treatment:
= Old: Blood Transfusions
] Infusions of blood-derived clotting factors
] Heat-treated blood-derived clotting factors
= Recent: Recombinant clotting factors
=  Approx. Once every 3 weeks.

o Factor 8 Deficiency — more severe due to where it interferes with the Blood Clotting Cascade:

Contact Factor Pathway Tissue Factor Pathway
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*don’t need to know this cascade*

Kennedy’s Disease:
o AKA: Spinal & Bulbar Muscular Atrophy (SBMA)
o X-Linked DOMINANT...but...Sex-Limited — Phenotype seen mainly in males.
=  *Most sources say X-linked Recessive....
o Cause: expansion of triplet-repeats in the Androgen Receptor Gene.
o Symptoms:
=  Progressive neuromuscular disease
= Onset: 30-50yrs
=  Muscle cramps
=  Twitching of muscles
Weakening of muscle.
Wasting of muscle
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Mitochondrial Genetics:
e Mitochondria:
o Power-stations of the cell
o Thought to have evolved from endosymbiotic bacteria.
o Encode their own Ribosomes + tRNAs
o Make their own Proteins
= However they import some nuclear proteins
=  Such proteins have mitochondrial signal peptides — targets mitochondria.
= Therefore — many defects are result from nuclear mutations.
e (not exclusively inherited maternally)
Replicate ‘clonally’ by Binary Fission
Each cell contains many mitochondria:
= Not all are of the same lineage
= |e. Different strains
= Therefore —there may be ‘good’ mitochondria...& mutated mitochondria.

e Mitochondrial Genome: “Extranuclear DNA”:

o Not affiliated with the ‘human-nuclear-genome’.

o Single Circular Chromosome

o Codes for specific mitochondrial enzymes.

o Mutations in the mitochondrial genome sometimes occur.
= Often involve brain — due to high energy demands.
= Only tissues with high %age of diseased mitochondria will be impaired.
= Disease often results in the accumulation of acids (metabolic intermediates) i body.

e Lactic acid is a big one.
The mitochondrial chromosome is inherited almost exclusively from the MOTHER.

=  Vary rarely do sperm contribute mitochondria to an egg.

Mrochondnal

o}
i

e Mitochondrial Disease Inheritance:
o Heteroplasmy: Some ‘good’ & some ‘bad’ (mutated) mitochondria
o Homoplasmy: All ‘good’ OR all ‘Bad’ (mutated) mitochondria.

8

Affected

HETEROPLASMY

) Affected

HOMOPLASMY
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GENETICS Pathology:
XLINKED REC - COLOUR BLINDNESS

e Colour Blindness:
o X-Linked Recessive
o Commonest Form: Red-Green Colour Blindness
o Caused by unequal crossover of the Red & Green Opsin Genes (on the X-chromosome) during

GAMETOGENESIS.
Tl T

Color-blindness: X4 inked Recessive

Grandfather to Grandson
Transmission thru a Female

== Hed opsin gene
== Green opsin gene

4 { Misalignment of
\ homologous

chromosomes

Homologous chromosomes
after crossing over

Color blind &'
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GENETICS Pathology:
XLINKED REC - HYPOPHOSPHATAEMIC RICKETS

Hypophosphatemic Rickets:
o X-Linked DOMINANT

o Can be passed on from either parent = offspring
= But: Affected father can’t pass it to the son.
Heterozygosity/Homozygosity/Hemizygositymales) = Affected
Females have 2x the chance of getting it than Males
= |e. By having 2 ‘X’ chromosomes, they effectively ‘line up’ twice.

L. '
R

o Main Causes:
= #1. Insufficient Vit. D:
e Poor dietary intake
e Inadequate UV light exposure

e Malabsorption of Calcium, Phosphate & Fat-Soluble Vitamens (ADEK)
= #2. Abnormal Vit. D Metabolism:

e Liver & Renal Disease
e Heriditary
e Unresponsiveness to Vit. D.
=  #3. Abnormal Renal-Tubular Absorption of Phosphate:
e Genetic Hypophosphatemic Rickets
e Tumour-related

SIGNS OF RICKETS

slow to close.
Doy meckiae
curved bones

g lumpy
wointy

—owed legs
(nees Dent owt)
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Introduction to Neoplasia

Terminology of Cancer:
- Oncology:
o “The study of tumours or neoplasms”
o NB: “Oncos” = Tumour (in Greek)

- Tumour:
o NB: Originally meant “Swelling due to inflammation”;
o However, today it is associated with any Neoplasia/Cancer/Growths, and includes both Malignant
& Benign neoplasms.

- Neoplasia (Neoplasm) — (NB: Phil Summers prefers “Neoplasm” to “Tumour”):
o “New Growth” (in Greek)
=  “Neo” =New
= “Plasia” = Growth
“An Abnormal Mass of Tissue which grows faster than normal tissues, & then maintains growth
rate even after cessation of the stimuli which evoked the change”
Consist of 2 Basic Components:
= 1. Proliferating Neoplastic Cells (Make up the cellular component of the neoplasm)
= 2. Supportive Connective Tissue & Blood Vessels (Non-Cellular components of neoplasms)
Arise from the Clonal Expansion of a single cell that has undergone Neoplastic Transformation:
= le. Loss of Some/All Specialised Functions; or Acquisition of New Biological Functions.
Neplastic Transformation can be Caused By:
= Chemical Agents (Eg. Carcinogens/Free Radicals/Etc)
= Physical Agents (Eg. UV Light/lonising Radiation/etc)
= Biological Agents (Eg. Viruses/Chronic Inflammation/etc)

- Cancer:
o A common term for all MALIGNANT Tumours.
o Cancers = A Collection of diseases Characterised by Uncontrolled Growth of Cells |leading to Invasion
of Surrounding Tissues & Spread (Metastasis) to other parts of the body.

- Anaplasia:
o le. Highly De-Differentiated
o Exhibit Pleomorphism:
=  Variation in Size & Shape of Cells & Their Nuclei.
= Large Cells of Irregular Size
o Abnormal Nuclear Morphology:
= Disproportionately Large
= Abundant Chromatin = Dark-Staining (Hyperchromic) Nuclei
=  Multinucleated Cells
o Loss of Polarity:
= The Orientations of Anaplastic cells are Disturbed (le. The lose polarity)
= Cells grow in a Disorganised Pattern
o Formation of ‘Tumour Giant Cells’:
= Very Large Cells
= Huge Polymorphic Nucleus (Sometimes multiple)
e Have a Low Cytoplasm:Nuclear Ratio.
= (Not to be confused with Langhan’s Giant Cells derived from macrophages)
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Metastasis:
o le. Metastases are 2° Neoplasms which are Anatomically Discontinuous with the Primary Neoplasm,
but consist of Cells which Originated in the Primary Neoplasm.

= NB: Only certain subclones of the 1° Tumour possess the right combination of Gene Products
to be Metastatic.

o Maechanisms of Invasion & Metastasis:
= 1. Progressive Infiltration/Invasion of Extracellular Matrix:
e Detachment of Neoplastic Cells

e Can produce Collagenase > Destruction of Extracellular Matrix & Surrounding
Tissues = Necrosis.

e Don’t Recognise Anatomical Boundaries.

e Invasiveness = A Reliable Indicator of Malignancy.
= 2. Vascular Dissemination (Intravasation):

e Malignant cells make it to the bloodstream.

e Expression of Adhesion Molecules for attachment to endothelium.
= 3, Adhesion to Basement Membrane = Extravasation:

e Cell adheres to Basement Membrane of Vessels & Migrates out into surrounding
tissue.

e Some preferentially spread to certain sites (eg. Prostatic Carcinoma often goes to
bone; Lung Carcinomas end up in Brain & Adrenals)
o Pathways of Spread/Metastasis:
1. Direct Seeding — of body cavities & surfaces. (Cells fall off & spread)
2. Via Lymphatics — (Often results in secondary tumours in Lymph Nodes)
3. Via Blood Vessels (Haematogenous Spread) — (Liver, Lungs & Kidneys are most at risk)
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Classification & Naming of Neopla

sms:

- NB: Neoplasms are classified on the basis of whether they are Benign or Malignant:

- Benign:
o Naming:
= Cell-of-Ori

Eg.
Eg.
Eg.
Eg.
Eg.
Eg.

Eg.

° Eg

gin + Suffix: “-oma”:

Benign Neoplasm of Fibroblasts - Fibroma

Benign Neoplasm of Chondrocytes (Cartilage) - Chondroma

Benign Neoplasm of Osteoblasts - Osteoma

Benign Neoplasm of Smooth Muscle — Leiomyoma

Benign Neoplasm of Striated Muscle - Rhabdomyoma

Benign Neoplasm of Glandular Epithelium — Adenoma

o (le. Sweat-Gland Adenoma, Hepatic Adenoma, Renal Adenoma, Etc.)

Wart-like/Finger-like Projections — Papilloma

o (Eg. On Skin —the common wart)

. Benign Neoplasm Projecting above Mucosal Surface — Polyp
o (Eg. Gastric Polyp, Colonic Polyps)

= Exceptions to the “oma” rule:
e Lymphoma — Malignant carcinoma of Lymphoid Cells
e  Melanoma — Malignant carcinoma of Melanocytes in the skin (Also in skin & eye).
e Seminoma — Malignant carcinoma of Testicular Germ Cells
e Teratomas — Can be Malignant or Benign; Can Consist of a Variety of Cell Types.
o Histological Features of Benign Neoplasms:
= -Show Low Levels of Anaplasia:
e Maintain a Near-Normal level of Differentiation
= -Slow Growth Rate:
e Slow (Months-Years)
= - NOT Metastatic:
e Neoplasms Remain Localised as a Discrete Lesion.
e Often encased in Fibrous Capsule.

* e

Still obey Anatomical Boundaries.
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- Malignant:
o Naming:
= Cells of Mesenchymal (Connective) Tissue or Soft Tissue + Suffix: “-Sarcoma”:
e Eg. Malignant Neoplasm of Fibrous Tissue — Fibrosarcoma
e Eg. Malignant Neoplasm of Smooth Muscle — Leiomyosarcoma
= Cells of Epithelial Tissue + Suffix: “-Carcinoma”:
e Eg. Malignant Neoplasm of Glandular Epithelia — Adenocarcenoma
e Eg. Malignant Neoplasm of Squamous Cells — Squamous-Cell Carcinoma.
o Histological Features of Malignant Neoplasms:
= - Are Highly Anaplastic:
e le. Highly De-Differentiated
e Exhibit Pleomorphism:
o Variation in Size & Shape of Cells & Their Nuclei.
o Large Cells of Irregular Size
Abnormal Nuclear Morphology:
o Disproportionately Large
o Abundant Chromatin = Dark-Staining (Hyperchromic) Nuclei
o Multinucleated Cells
Loss of Polarity:
o The Orientations of Anaplastic cells are Disturbed (le. The lose polarity)
o Cells grow in a Disorganised Pattern
Formation of ‘Tumour Giant Cells’:
o Very Large Cells
o Huge Polymorphic Nucleus (Sometimes multiple)
= Have a Low Cytoplasm:Nuclear Ratio.
o (Not to be confused with Langhan’s Giant Cells derived from macrophages)
= - Rapid Growth Rate:
e Weeks
e Frequent Mitosis = Many Histologically-visible Mitotic Figures in a High-Power Field.
= - Are Metastatic:
e le. Metastases are 2° Neoplasms which are Anatomically Discontinuous with the
Primary Neoplasm, but consist of Cells which Originated in the Primary Neoplasm.
o NB: Only certain subclones of the 1° Tumour possess the right combination
of Gene Products to be Metastatic.
e Mechanisms of Invasion & Metastasis:
o 1. Progressive Infiltration/Invasion of Extracellular Matrix:
= Detachment of Neoplastic Cells
= Can produce Collagenase = Destruction of Extracellular Matrix &
Surrounding Tissues = Necrosis.
= Don’t Recognise Anatomical Boundaries.
= Jnvasiveness = A Reliable Indicator of Malignancy.
o 2. Vascular Dissemination (Intravasation):
= Malignant cells make it to the bloodstream.
=  Expression of Adhesion Molecules for attachment to endothelium.
o 3. Adhesion to Basement Membrane = Extravasation:
= Cell adheres to Basement Membrane of Vessels & Migrates out into
surrounding tissue.
=  Some preferentially spread to certain sites (eg. Prostatic Carcinoma
often goes to bone; Lung Carcinomas end up in Brain & Adrenals)
e Pathways of Spread/Metastasis:
o 1. Direct Seeding — of body cavities & surfaces. (Cells fall off & spread)
o 2. Via Lymphatics (Often results in secondary tumours in Lymph Nodes)
o 3. ViaBlood Vessels (Liver, Lungs & Kidneys are most frequent victims)
= (AKA: Haematogenous Spread)
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Summary of Differences Between Benign and Malignant Neoplasms:

Comparisons between Benign & Malignant Tumours

Characteristics:

Benign:

Malignant:

Naming (Suffix)

Suffix: “-Oma”

Suffix: “-Sarcoma”

Differentiation/
Anaplasia

Well Differentiated

(le. Near-Normal level of Differentiation)
Structure is often Typical of Original Tissue.
(le. Only Mildly Anaplastic)

Lack of Differentiation

(le. Are De-Differentiated)

Structure is often Atypical of Original Tissue
(le. Highly Anaplastic)

Growth Rate

Grow slowly over Months-Years

Grow Quickly and Erratically

Local Invasion

Usually a Cohesive, Well-Demarcated Mass.
(le. Remain localised as a Discrete Lesion)
Often Encased in a Fibrous Capsule

DO NOT Invade/Infiltrate surrounding tissue.

Locally Invasive

Infiltrates Surrounding Tissue

Some Produce Collagenase = Destruction of
Surrounding Tissue = Necrosis.

Don’t respect anatomical boundaries

Metastasis No Metastasis.

Metastasis
(Most likely: Large, Undifferentiated Neoplasms)

Naming Tumours:

- Exceptions to the “oma” rule:

o Lymphoma — Malignant carcinoma of Lymphoid Cells

o Melanoma — Malignant carcinoma of Melanocytes in the skin (Also in skin & eye).
o Seminoma — Malignant carcinoma of Testicular Germ Cells

o Teratomas — Can be Malignant or Benign; Can Consist of a Variety of Cell Types.

fw e of Origin

'TABLE 7-1 Nomenclature of Tumors

Benign

Malignant

b

COMPOSED OF ONE PARENCHYMAL CELL TYPE
umors of Mesenchymal Origin

onnective tissue and derivatives

Endothelial and Related Tissues

Blood vessels
'Lymph vessels
Synovium
Mesothelium
Brain coverings

lood Cells and Related Cells

lematopoietic cells
ymphoid tissue

Muscle

S mooth
Striated

umors of Epithelial Origin

tratified squamous

asal cells of skin or adnexa
pithelial lining of glands or ducts

espiratory passages

enal epithelium

ver cells

finary tract epithelium (transitional)
acental epithelium

esticular epithelium (germ cells)

ors of Melanocytes

Fibroma
Lipoma
Chondroma
Osteoma

Hemangioma
Lymphangioma

Meningioma

Leiomyoma
Rhabdomyoma

Squamous cell papilloma

Adenoma

Papilloma

Cystadenoma

Bronchial adenoma

Renal tubular adenoma
Liver cell adenoma
Transitional-cell papilloma
Hydatidiform mole

Fibrosarcoma
Liposarcoma
Chondrosarcoma
Osteogenic sarcoma

Angiosarcoma
Lymphangiosarcoma
Synovial sarcoma
Mesothelioma
Invasive meningioma

Leukemias
Lymphomas

Leiomyosarcoma
Rhabdomyosarcoma

Squamous cell carcinoma
Basal cell carcinoma
Adenocarcinoma
Papillary carcinomas
Cystadenocarcinoma
Bronchogenic carcinoma
Renal cell carcinoma
Hepatocellular carcinoma
Transitional-cell carcinoma
Choriocarcinoma
Seminoma

Embryonal carcinoma

Malignant melanoma
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Understanding Grading & Staging of Tumours:
- Why?
o Assessment of Prognosis
o Assessment of likely response to treatment.
o Provides a basis for communication between treatment centres worldwide.

- Grading Malignancy of Neoplasms:
o NB: Classification is based on Histological Appearance:
= Level of Anaplasia (De-Differentiation)
= Level of Mitosis (le. Number of Mitotic Bodies in a High Power Field.)
o =—Gradel:
=  Well Differentiated (Low Anaplasia)
= Few Mitosis (<1 Mitotic Body per High-Power Field)
o -—Grade 2/Grade 3:
= |ntermediates.
o -—Grade4:
= Poorly Differentiated (Highly Anaplastic)
=  Abundant Mitosis (>6 Mitotic Bodies per High-Power Field)

- Staging Neoplasms:
o NB: Criterion Vary for each Specific Form of Neoplasm, but Typically Include:
=  Size of Primary Lesion
=  Extent of Spread to Regional Lymph Nodes.
=  Presence/Absence of Blood-Borne Metastases.
o The ‘TNM’ System:
= T-(Size of Primary Tumour):
TO = In Situ Lesion
T1 = Less than 5¢cm Diameter
T2 = More than 5cm Diameter
T3 = Bigger
T4 = Even Bigger
= N - (# of Regional Lymph Nodes Involved):
e NO=No Lymph Node Involvement
e N#=4# number of Lymph Nodes Involved.
= M - (Metastases?):
e MO = No Metastases
e M1, M2, M3 = Presence of Metastases.

- Combining Grading & Staging:
o Expressed in the following Format:
= Eg.Grade 1-T1 (=2cm), NO, MO. (le. Relatively Benign)
= Eg.Grade 4—-T3 (=7cm), N2, M1. (le. Highly Malignant)

www.MedStudentNotes.com



Laboratory Diagnosis of Cancer:
- Immunohistochemistry: The use of specific antibodies identify cell products or surface markers of
Neoplasms:
o Categorization of De-differentiated Malignant Tumors:
= |n many cases, different malignant tumors resemble each other because of dedifferentiation.
e However, they must be accurately identified because often their treatment and
prognosis are different.
=  Tumors that can’t be distinguished by routine Hematoxylin-&-Eosin (H&E)-Stained Tissue
Sections often have the same Intermediate Filaments as their Original Tissue, which can be
distinguished by Specific Antibodies.
e Eg. Cytokeratins, (detected by immunohistochemistry), point to an epithelial origin

(carcinoma) (Fig. 7-49)
\ -5, cp it

o Detection of molecules that have prognostic or therapeutic significance:
= Eg. Immunohistochemical detection of Estrogen & Progesterone receptors in breast cancer
cells is of prognostic and therapeutic value because these cancers are susceptible to anti-
estrogen therapy.

- Flow Cytometry: Used in conjunction with Immunohistochemistry - To Identify Cell Characteristics:
o Eg. Cell Surface (Membrane) Antigens
o Eg. DNA Content of Tumour Cells.

- Molecular Diagnosis:
o For Diagnosis & Prognosis of Malignant Neoplasms:
= Eg. FISH (Fluorescence In-Situ Hybridisation)
= Eg. PCR (Polymerase Chain Reaction) & DNA Analysis to check for Genomic Mutations.
o NB: Also useful for Diagnosis of Hereditary Predispositon to Cancer.
= (Eg. BRCA1/2 & RB Gene Mutations)

- Tumour Markers:
o Biochemical Assays for Tumour-Associated Enzymes, Hormones & Other Tumour Markers IN THE
BLOOD can Contribute (But not definitively) to the Diagnosis of Cancer in some instances.
o Common Markers Include:
= CEA - Carcino-Embryonic Antigen (many neoplasms)
= PSA & PSMA - Prostate Specific Antigen (Prostate Cancer)
=  HCG - Human Chorionic Gonadotropin (In some Testicular Cancers)
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GLS Questions

— Regarding: NON-Histological Detection of Neoplasms:
1. Sometimes, poorly differentiated malignant neoplasms are difficult to categorize based on histological
examination (in haematoxylin and eosin-stained tissue sections).
What substance present in neoplastic cells and detected using immuno-histochemical methods identifies
the neoplasm as being of epithelial origin?
e (Certain characteristics from the cell of origin are preserved
- Intermediate filaments are often characteristics of their cell of origin = cytokeratins are
intermediate filaments of epithelial cells

FIGURE 7-49 Anti-cytokeratin immunoperoxidase stain of a tumor of epithelial origin (carcinoma).

2. One well- studied gene that is a common target for genetic alterations in human tumours is the p53 gene.
What is the function of p53 and how do mutations of this gene potentially lead to the development of
neoplasms?

e Function: tumour suppressor gene
- p53 accumulates when DNA is damaged = arrests cell cycle
- Prevents mutated cells from replicating
= allows time to repair
= triggers apoptosis (via caspases)
e Acts through cell cycle inhibitor (p21)
e If absent = potential for damaged/ mutated cells to replicate - I in oncognes
(Robbins 292, 31)
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Cancer, Cell Death & Cellular Ageing

Growth Characteristics of Normal Cells:
Subject to contact inhibition
Limited lifespan
Anchorage dependant
Growth-factor dependant
Able to apoptose.

Growth Characteristics of Tumour & Cancer Cells:
Not subject to contact inhibition
Unlimited lifespan
Anxhorage Independant
Unresponsive to growth-inhibitors
Unable to apoptose.
Differentiate independently.
o Differentiated tumours = teratomas.
o May form teeth, hair, bone, nails, toes, brain matter etc.

General Characteristics of BENIGN TUMOUR CELLS:
Lower mitotic index than cancerous tissue.
Well-defined capsule
NOT INVASIVE

Well differentiated — still exhibit characteristics of their normal cells of origin.
NOT METASTATIC

P Transformed
PRIMARY o Ans Clonal expansion,

General Characteristics of METASTATIC CANCERS: . —orowih. diversification,
Abnormally high mitotic rate =\*) 7=
Show signs of de-differentiation Baseimont e v
o have features of primordial stem-cells : : peaanasien fo S«
Disordered growth patterns : pd;:::::";qh
o Grow as a chaotic mass in all directions ) SN2 sraseliniar mnty
Can be Metastatic (Colonise distant tissues) intravasaton
o Cells can break away from primary
tumour & travel through blood/lymph.
o Establish new tumours (secondaries) i g

Interaction with host
lymphoid cells

A,
— Tumor cell

called metastases. Piatolors A W o s o
Show gross genetic abnormalities. Extracalular
o Aberration in chromosome number g ) A,:’;fji?;‘,,‘l°
o Deletions, translocations in genome , 7 RO
Grow in the absence of growth factors. P s \_ Extravasation
Are Immortal L v ' Motastatic
o Escape cellular ageing (senescence)
o Many also don’t apoptose L
Malignant phenotype is heritable. R Growth
o Cancer cells propagate through many —
mitotic divisions without losing cancerous features.

Angiogenesis
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Cause of Cancer
e Genetic mutations that are non-lethal to the cell.
e Results from mutagens:
o Chemicals
o Radiation
o Carcinogens
o Free-Radicals
o Microbes (viruses)
o Inherited.
e DNA damage = dysregulated growth patterns > uncontrolled proliferation.
o Damage to regulatory genes:
= Results in loss / gain of function of:
o DNA repair Genes
e Cell Ageing Genes
e Protooncogenes
e Growth-inhibiting (anticancer) Genes
o Apoptosis Genes
e Clonal expansion: cancers arise from a single cell with uncontrolled proliferation.

Normal O Normal cell
cell

TRANSFORMATION Carcinogen-induced change

Tumor cell

PROGRESSION Tumor cell

variants

30 doublings PROLIFERATION
OF GENETICALLY
l S UNSTABLE CELLS

1 gm - 10? cells
Smallest clinically
detectable mass

Microscopic
metastases
10 doublings

1 kg~ 102 cells 3 Clonal expansion
Maxm’)um mass N of surviving cell Nonantigenic
compatible with life S variants

- Invasive

Metastatic
Metastases

Human solid Requiring fewer
malignancy growth factors

Defects in DNA Repair Genes:

e Genetic mutations happen all the time.

e However, DNA is repaired by the cell.

e Defective DNA repair can lead to uncorrected mutations = cancer

Defects in Cell Ageing Genes:

e Cellular age is determined by the number of divisions.

e When cells age, they enter senescence: a terminal non-dividing state.
e Mutations that enable the cell to avoid senescence = cancer.
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Gain of Function in a Proto-oncogene:

(Proto-oncogene: a normal gene that can become an oncogene due to mutations or increased
expression. An oncogene is a protein encoding gene, which — when deregulated — participates in the
onset and development of cancer. Proto-oncogenes code for proteins that help to regulate cell growth
and differentiation = such as Ras)

inactive growth activated growth inactivate growth

— factor receptor

inactive
intracellular
signaling
proteins

nucleus

inactive gene

A:iregulatory protein

growth
factor

)

L

- factor receptor

“ne

\' activated

intracellular
signaling
proteins

activated gene

|r’egulamry protein
W
¥ -
y e
oo MR L
transcription

-~ factor receptor

inactive
.intracellular
signaling protein

abnormally active
intracellular
signaling protein

activated gene
regulatory protein
Wy
) >,
-
Moo o e
o —
transcription

" gene required
for cell proliferation

quiescence . N
proliferation in the

absence of growth factor

regulated cell
proliferation

Alherte otal Fecential coll hinlnm)

Oncogenic activation of Ras:
e Active Ras protein loses its hydrolysing ability and cannot be turned off.

e Results in over-transcription of proteins required for proliferation.
Growth factor "

Famesyl!

Growth factor receptor membrane anchor

Bridging  Activates
protein
hydrolysis of GTP

Phosphate @

BLOCKED IN

MUTANT RAS RO o)

MAP kinase pathway

Activation of transcription

)

Cell cycle progression «——— myc protein
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Abnormal Expression of Apoptosis-Regulating Genes: (Bcl-2)

e Over-expression of anti-apoptotic regulators

e Under-expression of pro-apoptotic regulators (Bax & Bak) - initiates the CASPASE CASCADE
o Leads to abnormalities in regulation of cell proliferation.

CELL ACCUMULATION

APOPTQOSIS

NORMAI

Cell Ageing
Progressive alterations in structure = loss of functional capacity (senescence) ending in death.

e On a Cellular Basis:
o Changes in Structure & Function:

= Decreasein:
e rate of mitochondrial oxidative phosphorylation
e nucleic acid synthesis
e synthesis of proteins (structural/enzymes/receptors/transcription factors)
o effectiveness of DNA repair mechanisms

= |ncrease in:
e incorrectly folded proteins
e irregularly shaped nuclei.

= Changes in organelle structure & function

e Senescence:

o lrreversible arrest of cell division in G1 phase.
Non-responsive to mitogens
Abnormalities in morphology, metabolism & functions
Increased resistance to apoptosis
Correlation between # of divisions & senescence.

= Suggests that # of divisions is limited &
decreases with age.
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e Cellular Clocks (the cause of senescence??):
o Telomere Replication:
= Telomere: The non-coding end-region of a chromosome-protects the start of the
coding sequence from shortening during successive replications.
However, each time DNA replication takes place, the telomere itself gets shorter.
Telomerase counters this by adding repeats to the template strand, allowing telomere
elongation on the new DNA strand.
Unfortunately, telomerase activity decreases with # of cell divisions.

- — template strand ———
5[ ek

3 5
l incomplete newly RNA

synthesized primer
lagging strand

5 [ S ] ]l ] ] ] ]
- I T 57
3 5 telomerase adds
l additional repeats to

the template strand

51 EEEEEE]|
3'_:.]‘:-1-:-1-:-:-1:'5'

l DNA REPAIR

DNA synthesis from RNA primer
completes lagging strand

5 NS ] ] N N ] ]y ] 3’
kd ___________ E EEEEEEEEELY
replicated chromosome end

Cell Death:
e Apoptosis
- Cells that undergo apoptosis shrink & condense, dying neatly without damaging neighbours.
o Normal process

Regulated
Energy dependent
Enzyme dependent (requires gene expression)
Ordered disassembly
Minimal inflammation
Minimal scarring
Apoptotic bodies attract phagocytes (eg. Macrophages) and are engulfed/phagocytosed.
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Regulated by CASPASES:

= Proteolytic enzymes that cut up proteins & nuclear laminin. (nuclear envelope)
Initially caspases are created as inactive enzymes called procaspases.
The activation of procaspases is regulated by the Bcl-2 protein family (Bax & Bak).
Bax & Bak increase outer-mito-membrane permeability - releases cytochrome-C into cytosol
Cytochrome-C then binds to adapter proteins—>activates procaspases—>acitive caspases
Active caspases activate other procaspases = causes an explosive chain reaction (cascade).
Caspase cascade -2 is destructive, self-amplifying, and irreversible.

cytochrome ¢ (in intermembrane space)
adaptor protein

aggregation
of adaptor activated
and binding of caspase
procaspase

& > ereTeTen & Q, . CASPASE
, cytochromec | TITY ‘ " CASCADE
| d
rt?i sgffgat% F‘ﬁ activation of
mitochondrion ,  @daptor inactive procaspase

% procaspase

channel formed
by Bax or Bak

(A) procaspase activation
active

NH, [h caspase X large
T subunﬁ

activation ) ; _small
e

by cleavag - subunit

COOH :
prodomain

inactive active
procaspase Y caspase Y

(B) caspase cascade

H
[l one molecule of active caspase-X
. cleavage of
LI L. \_l cytosolic protein

many molecules of active caspase-Y ‘
PN T NN o~

[ e Py —— Copmseet
(mlaln s

even more molecules of active caspase-Z
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e Necrosis
- Cells that die from acute injury typically swell & burst, spilling their contents.
o Abnormal process (pathophysiological)
Unregulated
Energy independent
Enzyme independent (doesn’t require gene expression)
Chaotic destruction
Activates inflammatory response
Results in scarring.

mitochondrial morphological membrane breakdown

chromatin pattern conserved |

normal reversible swelling irreversible swelling  lysis/disintegration
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Review Of Carcinogenesis:
- Cancer Cells are “Clonal”:

o Cancer cell populations arise from a Single Progenitor Cell

ONCOLOGY Pathology:

CANCER PATHOGENESIS

solf-renewing
stem cell

daughter cell with
fimited pr oure ation

AN

@@@@

Zd NN
(@@ @) (®
//I\ //l\ /!\\ /H\

epithelial cells
rowing on
CELL PROLIFERATION

(P

VIER

cell with 2 mutations
00D00B0D0 5000 oot
[csu. PROLIFERATION

cell with
3 mutations - e

ANV TN TN

WWen| - Ry

nondividing colls

‘eventually discarded {C) DAUGHTER CELLS FAIL TO

DIFFERENTIATE NORMALLY AND
THEREBY PROLIFERATE TO FORM
A TUMOR

(B) STEM CELL FAILS TO PRODUCE ONE
NON-STEM-CELL DAUGHTER IN EACH
DIVISION AND THEREBY PROLIFERATES
TO FORM A TUMOR

(A} NORMAL PATHWAY

Cancer is a Genetic Disease at its Fundamental Level, But with an Environmental Component:
o Results from an Accumulation of Mutations in DNA.

Accumulated muhllous in DNA

{ CHEMICALS |

RADIATION
VIRUSES
Cancer Metastasis ‘

Involves Activation of Proto-Oncogenes and/or Inactivation of Tumour-Suppressor Genes:
LOST or MUTATED

‘XTUMOUR SUPPRESSOR
GENES
PSS ACTIVATED (utated)

++++  ONCOGENES

Multi-step Carcinogenesis
Model:

‘ Normal HPrecancer

TUMOUR SUPPRESSOR

4_/ GENES
\ PROTO-ONCOGENES

Cancer Cells
Uncontrolled growth &
malignant transformation

Normal Cells
Controlled cell growth
& proliferation

- 1. Gatekeepers (AKA: PROTO-ONCOGENES):
o (Genes that Control Cellular Proliferation)
= Normal Functions of Proto-Oncogenes:
e Growth Factors Production
e  Growth Factor Receptors
e Cell Cycle & Apoptotic Proteins
e Transcription Factors
o However, in Tumours, Proto-Oncogenes are Mutated to ‘Oncogenes’:
= Oncogenes = Uncontrolled Cell Division.
o ACT DOMINANTLY - (only 1 mutated Proto-oncogene is required for cancer)
- 2. Caretakers (AKA: TUMOUR-SUPRESSOR GENES):

o (Genes that Maintain Genome Integrity)
= Normal Functions of Tumour Suppressor Genes:

o DNA-Damage Sensing Pathways (P53 & RB)
DNA-Repair Pathways (BRCA1 & 2)
Cell Cycle Regulation
Apoptosis (if DNA damage is irreparable)
Telomere Shortening (le. Limits number of possible divisions)
le. The Brakes of the Cell Cycle.
o However, in Tumours, Tumour Suppressor Genes are Mutated.
= - No Brakes on the cell cycle = Cancer-Cell Division is Unopposed.
o ACT RECESSIVELY (KNUDSON’S 2-HIT) — (Requires 2 “Hits” OR Loss of Heterozygosity for Cancer).
(NB: Abnormal P53 Function (** The Most Common Feature of Cancer Cells) = Cancer):
= NB:50-60% of ALL Tumours Show Loss of P53 Function.
= Cells with Abnormal P53 cannot Arrest the Cell Cycle if DNA Damage is present.
e > Cells Replicate with Damaged Chromosomes.

o
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3. Landscapers:

o (Cell-Cell Interaction Genes = le. Genes involved in Cell-Cell Adhesion & Cell Movement)
o NB: If Defective — Enables cancer cell to Metastasise to other tissues.
Knudson’s 2-Hit Hypothesis:
Sporadic — 2 Mutations (‘Hits’) in a Tumour Suppressor Gene are required for Cancer.
- Familial — All Body Cells already have the 1* hit = only require 1 more ‘Hit’ for Cancer.
NB: One of the “Hits” can be a “Loss of Heterozygosity” in Favour of the Mutated Tumor Suppressor Gene.

" Normal
Sporadlc tumor Tumor suppressor gene

o taining a germline

Familial containing
suppressor mutation in one allele -
gene

heterozygous for the
Somatic mutation

mutation

in one allele

Somatic
/ mutation
Somatic

0O m 0 . |

Single tumors, Multiple tumors,
unilateral, bllalteral, .
later-onset early-onse

« two mutations (two hits) are required for loss of tumor suppressor function
- two mutations (two hits) are required for loss of tumor suppressor function + the first “hit” is inherited and the second “hit” is somatic

GAMETE ZYGOTE

>q

SPORADIC

INHERITED
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The Genetic Basis of Cancer

Why do people die of Cancer ?
- Cancer cells Infiltrate Organs/Tissues = Prevent organs from functioning normally.
- Cancer is a disease of misbehaving cells that grow in the wrong place and the wrong time.
- Stats — For your interest only:
o Mortality:
= ~10% caused by the 1° tumour
= ~90% attributable to metastasis and only
= (Depends on type of cancer)
o Inabout ~50% of surgically removed cancers reappear on average.
o Metastatic disease is only curable in around ~10% of cases. (by Chemotherapy/Radiation Therapy)

Cancer - A Game of Probabilities?:
- Fact: Millions of Cells Divide every Second:
o Therefore billions of DNA bases are copied every second.
o Therefore, even with a low mutation rate, Many Mutations WILL Occur.
- So Why Doesn’t Everybody have Cancer?:
o Cancer Requires at least 4 Consecutive Mutations AND only in Certain Genes.
o Therefore, the chance of this happening to any 1 cell is almost Zero %.
- So How Does Cancer Defy the Odds?
o Cancer is common because of the Combination of the following 2 Factors:
= A) Some Mutations Enhance the rate of Cell Proliferation:
e > Expanded Population of Cells in which Mutation is More Likely.
= B) Some Mutations cause Genome Instability:

e > Acceleration in Mutation Rate
nomal tissue

OOOOO?OO

first change

OOOOQ%@O
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Carcinogenesis is a Multi-Step, Multi-Factorial Process:
- Typically occurs over long periods of time - Hence, Cancer Risk increases with AGE.

140

120

100

80

incidence rate per 100,000

60

40

20

9 10 20 30 40 50 60 70 80

age

- Cancer has an Environmental Component:
o Agents that increase Mutation Rates = Increase risk of Cancer.
o NB:Some agents (eg. Tobacco & Alcohol) are Synergistic.

30

Legend

Tobacco

Diet
Occupation
Family history
Alcohol

Parity

Sexual activity
Sunlight
Drugs
Radiation

Population Aftributable Risk (%)

EEEEN NN

- Viruses are also known to Cause Cancer:
o NB: Viruses typically infect Resting Cells (le. Those which aren’t dividing)
=  But the cell needs to be replicating DNA for the Virus to Reproduce.
o Therefore, Viruses produce proteins which Inhibit RB = Force the Cell to divide.
= However, the P53 protein can ‘sense’ disrupted RB-Pathway and Induce Apoptosis.
o Therefore, Viruses also produce proteins which Inhibit P53 - Avoid Apoptosis.

VIRUS ONCOGENE FUNCTION

Human Papilloma E6.E7 Inactivate p53 & Rb
Adenovirus EIA.EIB Inactivate p53 & Rb
Simian Virus 40 (SV40) | Large T antigen Inactivate p53 & Rb
Epstein-Barr BZLFI, EBNAS Binds p53, activates myc
Hepatitis B HBX Binds p53

L — |
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- Cancer Cells are “Clonal”:
o Cancer cell populations arise from a Single Progenitor Cell
= Either: Stem Cells fail to produce Daughter Cells in each division = Tumour.
= OR: Daughter Cells Differentiate Abnormally = Tumour
= (NB: May be a combination of both)

accidental epithelial cells
production growing on
self-renewing of mutant cell basal lamina
stem cell X, i
[000000C00000000000000
daughter cell with | / / \ \ l OSCBIRSOE DRI ON
Iimlle;le;;v:;li::rntion cell with 2 mutations
0000000001 00000000000
\ //J\ //l /! \\ /j l\ / / \ CELL PROLIFERATION
cell with

3 mutations

terminal differentiation

U

it e (B) STEM CELL FAILS TO PRODUCE ONE
eventually discarded
Y NON-STEM-CELL DAUGHTER IN EACH Rl i
DIVISION AND THEREBY PROLIFERATES THEREBY PROLIFERATE 76 FORM

(A} NORMAL PATHWAY TO FORM A TUMOR ATUMOR

tumor

- Cancer Cells Undergo Selection for Specific Traits:
o Traits Include:
= Increased Proliferation Rates = *Mutation Rate
= |ncreased genome instability 2 Mutation Rate
= Tissue invasion & Metastasis
o NB: Cancer cells that are Too Genetically Unstable aren’t compatible with life = are Selected Out.
=  Conversely, mutations causing faster growth will ‘Out-Compete’ normal cells.

(A) normal cells (B) cells with optimum  (C) cells with too much
genetic instability genetic instability

€ O
/ N\ / N\
. . @
AN

ANANNANEA! Mutation creates
o)(0)(e)(e . RS variation

’/ \‘ Unfavorable mutations

e : P selected against
two successive "selection barriers / \ /\

encountered in the evolution of
a cancer . . . . Reproduction and
\ ANRAREANNA] mutation occur
-0 { CRL ]

Favorable mutations
more likely to survive

5 3
’f \‘ 7/ \
CANCER i ... and reproduce
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Cancer is a Genetic Disease at its Fundamental Level:
- Typically results from an Accumulation of Mutations in DNA.
o Most cancers often require 4 or more Sequential Somatic Mutations of Several Particular Genes.
Accumulated mutations in DNA

Multi-step Carcinogenesis ‘=
Model:

Normal Precancer Cancer Metastasis

- May be Hereditary (Inherited Genetic Predisposition) or Non-Inherited (Spontaneous/Sporadic):
. Sporadic Familial

(0O U0 |0+—0 O

0O m /O W

Involves Activation of Proto-Oncogenes and/or Inactivation of Tumour-Suppressor Genes:

Normal Cells TUMOUR SUPPRESSOR Cancer Cells LOST or MUTATED

GENES ( ‘ ‘ \ AX TUMOUR SUPPRESSOR
Controlled cell growth Uncontrolled growth & GENES

T
e Tiforafi ‘ malignant transformation
& proliferation ) V\ L y \ ACTIVATED (mutated)
4+ PROT

0-ONCOGENES ++++ ONCOGENES

o Knudson’s 2-hit hypothesis for Tumour Suppressor Genes:

" Normal
Sporadm tumor Tumor suppressor gene

P containing a germline
suppressor Familial mutation in one allele -

gene heterozygous for the

Somatic mutation
s || OO WO
in one allele Somatic
/ mutation
/ Somatic
« two mutations (two hits) are required for loss of tumor suppressor function

in other allele
« two mutations {two hits) are required for loss of tumor suppressor function| | *the first “hit” is inherited and the second “hit” is somatic

mutation

o || B LT B

Single tumors, Multiple tumors,
unilateral, bilateral,

later-onset early-onset

o Loss of Heterozygosity for Tumour Suppressor Genes:
HEALTHY CELL WITH ONLY 1 NORMAL Rb GENE COPY

mutation at normal Rb gene
Rb locus in paternal chromosome
in maternal
chromosome

POSSIBLE WAYS OF ELIMINATING NORMAL Rb GENE

nondisjunction nondisjunction mitotic gene deletion point
{chromosome and recombination conversion mutation

loss) duplication LOSS OF HETEROZYGOSITY
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- *P53is the Gene Most Frequently Mutated In Cancer:
o Normal Function of P53:
= “The Guardian of the Genome”
= Function of P53 is to ‘Sense’ any DNA Damage or Potentially DNA-Damaging Stimuli. (NB:
DNA Damage activates ATM or ATR, which activate P53):
- P53 Arrests Cell-Cycle (By triggering P21 Transcription, which Inactivates S-Cyclin-CDK -
Stops DNA Replication)

Viral ITonising | | UV light | | Genotoxic | | Endogenous
Perturbation | | Radiation Chemicals sources of
of Rb N ‘ s DNA
pathway l ) damage

\ DNA damage

[P C

/@"

\ ACTIVATION OF
Q * PROTEIN KINASES THAT
CBrReaL) PHOSPHORYLATE p53
,, Stable,
Q —l—» %-active p53
l ACTIVE p53 BINDS TO
lREGULATORY REGION OF p21 GENE

APOPTOSIS CELL CYCLE 753"%%(1;’222332?
ARREST b p21gene

e
[————]
TRANSCRIPTION |

|A) p21 mRNA
TRANSLATION +
p21 (Cdk
ionizing damage ” inhibitor protein)
radiation repaired PR normal cell L
OR

DNA division
= @ § @ @?
— g

induction of 1l
p53 causes cell damaqe too % ACTIVE INACTIVE
cycle arrest extensive G1/S-Cdk G,/S-Cdk and S-Cdk
to repair apoptosis | ) and S-Cdk  complexed with p21

linlame Dla (@ 20NA

o Abnormal P53 Function = Cancer:
= NB: 50-60% of ALL Tumours Show Loss of P53 Function.
= Cells with Abnormal P53 lose the ability to Arrest the Cell Cycle even if DNA Damage is
present. = Cells Replicate Damaged Chromosomes.

mutant p53 § X-Ray
DNA damage = failure tojP53

}

cell can replicate
with damaged DNA

more mutations
accumulate

cancerous cell

(B). .. massive mitotic failure
lonizing and cell death

radiation
cell division TUMOR
with damaged REGRESSES
chromosomes
—_—

/)

4
tumor cell no cell 77 ke CANCER
lacking p53 cycle arrest h

continued mutation, selection,
and tumor evolution
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Chromosome Instability — “The Chromosome Breakage-Fusion-Bridge Cycle”:
o (le. Defective P53 also contributes to Generation of Abnormal Karyotypes) — (In addition to being
unable to arrest the cell cycle if DNA damage occurs)
o If DNA Repair Mechanisms are Defective:
= |f Defective P53 Doesn’t Recognise Random DNA Strand Break = Cell Replicates with
Defective Chromosomes.
o > Accelerates Accumulation of Mutations in Cancer Cells:
= Daughter Cell Inherits a Chromosome without a Telomere.
=  When the Daughter Cell enters S-Phase, the ends of the replicated Chromosomes Fuse
Together = Forming a ‘Bridge’.
When the Sister Chromatids are pulled apart by the spindle fibres in Anaphase, a Different
Random DNA Break occurs due to mechanical force.
Now BOTH Daughter Cells inherit chromosome without telomeres.

SELF-RENEWAL OF EPITHELIAL
CELL POPULATION BY REPEATED
CELL DIVISION

l telomeres shorten and uncap

:

normal p53 and cell cycle loss of p53 and cell cycle
checkpoint control checkpoint control

} .

mutant cell survives and proliferates

normal senescent cells

stop dividing ‘

chromosome fusion
CHROMOSOME
chromosome BREAKAGE-
bridge FUSION-BRIDGE
V4 CYCLE
chromosome breakage

chromosome
translocation

cell dies due to
catastrophic genomic e massive chromosomal damage
instability and DNA damage ‘

telomerase reactivated

'

chromosomes are partially stabilized
and cell survives with many mutations

|

AV L
% !

telomere mitotic

spindle
fibers
centromere
detached
chromosome

gene A fragment

—~strand break

LL telomere

1 2

cell enters S phase
and replicates its
DNA despite
unrepaired strand
break

one daughter cell
inherits chromosome
lacking telomere

cell enters S
phase and
replicates its
DNA

4 5
sister chromatid
ends that lack
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fused sister
chromatids are
pulled apart at
mitosis, creating
breakage at new
site

L

7
one daughter cell
inherits chromosome
with duplicated genes
but again lacking
telomere

BREAKAGE-FUSION-BRIDGE CYCLE
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Cell-Cycle Checkpoints & Cancer:
- Cyclin-CDK Complexes:
o = Kinases which Phosphorylate (& activate) Cellular Machinery required for the process of Cell
Division.

M PHASE

f

trigger mitosis machinery

active MPF
1

. O%D

Y

mitotic _ degraded
cyclin mitotic cyclin

mitotic

Cdk S phase

Cdk

degraded
S phase cyclin interphase

oS ~ :
Q ) M phase
Q \& S phase cyclin
D

: 9 @
active S phase cyclin-Cdk comple: . MITOSIS CYTOKINESIS »
‘ chromosome prophase
replication prometaphase .
nucleus

trigger DNA replication machinery metaphase

‘ anaphase
cytoplasm telophase
S PHASE

Functions of the Cell Cycle Checkpoints:
o G1-S Phase Checkpoint:
=  Should the Cell Commit to Cell Division?
= |sthe Environment Favourable?
= NB: This is the most commonly Dysregulated Checkpoint in cancer.
o G2-M Phase Checkpoint:
= |s All the DNA Replicated Properly?
= |sthe Environment Still Favourable?
Is all DNA replicated? VT | et e
Is environment favorable? attached to the spindle?
G2 CHECKPOINT METAPHASE CHECKPOINT

_’.
- N

YT YT
G1 CHECKPOINT GROWTH DIVISION

Is environment favorable? COMMITMENT

o Hence, Dysregulation of the Cell-Cycle is KEY to Tumour Formation.
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The TWO Cell-Cycle Checkpoints Most Commonly Dysregulated in Cancer:
- The G1/S-Phase >

= Should the Cell Commit to Cell Division?

= |sthe Environment Favourable?

= NB: This is the most commonly Dysregulated Checkpoint in cancer.

o Normal Function:

= If DNA is Good: Active S-Cyclin-CDK Phosphorylates & Removes the Inhibitory Cdc6-Protein

on DNA-Replication Machinery
e - le. Triggers DNA Replication.

= If DNA is Damaged — S-Cyclin-CDK is Inactivated by P21(Inhibitor Protein) as a product of P53

- Delays DNA Replication until it is repaired.

ORC (origin recognition complex)

LI DNA
ORC-bind/ing site

@dc?{ Cdcé
@, ag
Ug\nﬂgf\{
cm @ pre-replicative
ACTIVATION OF g complex (pre-RC)

PROTEIN KINASES THAT @—
PHOSPHORYLATE p53 r S-Cdk TRIGGERS DEGRADATION OF

.., Stable, Cdc6 PHOSPHORYLATED Cdcé
) 4 b@iéwi p53 S PHASE DAQDQ

l ACTi‘\;E p53 BINDS TO
IREGULATORY REGION OF p21 GENE PHOSPHORYLATION

p53 DEGRADATION
IN PROTEASOMES |®:p p21gene S—
. = ]

. _____________-— ]
TRANSCRIPTION | W\ -
== p21 mMRNA
TRANSLATION + - N——)@
p21 (Cdk ) assembled
o inhibitor protein) replication fork COMPLETION

OF DNA

@? L % REPLICATION

ACTIVE INACTIVE z?
i

G1/S-Cdk G,/S-Cdk and S-Cdk
and S-Cdk complexed with p21

linlao: ln (@ 2004

o Dysfunction: **Defective P53 is the Most Common Feature of Cancer Cells:
= Defective P53 = Loss of ‘DNA Damage Sensor’ = No Transcription of P21 Inhibitory Protein
- No Inhibition of S-Cyclin-CDK = Inappropriate DNA Replication (damaged DNA).

$ X-Ray (B). o massive mitotic failure
fonizing and cell death
DNA damage =—p failure tofP53 radiation
cell division TUMOR
with damaged REGRESSES
cell can replicate chromosomes
with damaged DNA

more mutations tumor cell no cell 77 e CANCER
accumulate lacking p33 cycle arrest i

continued mutation, selection,
cancerous cell and tumor evolution

NB: Many Viruses ‘Capture’ Oncogenes which function to Inactivate P53 (& RB):
VIRUS ONCOGENE FUNCTION

Human Papilloma E6.E7 Inactivate p53 & Rb
Adenovirus EIA E1B Inactivate p53 & Rb
Simian Virus 40 (SV40) | Large T antigen Inactivate p53 & Rb
Epstein-Barr BZLFI, EBNAS Binds p53, activates myc
Hepatitis B HBX Binds p53
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- The G2/M-Phase 2>
= |s All the DNA Replicated Properly?
= |sthe Environment Still Favourable?
o Normal Function:

= If DNA is Good: Active M-Cyclin-CDK Phosphorylates & Removes the Inhibitory Rb-Protein on

E2F (A Gene-Regulatory Protein) responsible for Protein Synthesis.
e - le. Triggers Transcription/Translation of Genes required for Cell Division.

= If DNA is Damaged — M-Cyclin-CDK is Inactivated by P16(Inhibitor Protein) = Prevents

Inactivation of RB.

NORMAL CELLULAR ROLE ...

. tumour
J- suppressor

cyclin D1-Cdk4
complex oncogene

NON-PROLIFERATING PROLIFERATING
CELL p16 inactive
active p16 or absent
tumour Q0 active
suppressor | inactive 1 ¢ ~ cyclin D1} protein

cyclin D1 | protein : kinase
kinase complex

complex

oncogene @ 1 ® inactive Rb
active Rb x
transcription of L active E2F —,.l :

target genes that : [
: expres: of S-phase
control entry into xggn ess'?: inhibiged expression of S-phase
S phase genes is activated

L FbJ
@ Cdk4
y

o Dysfunction: Defective RB is a Common Feature of Cancer:
= Defective RB = Constantly Phosphorylated (inactivated) RB-Protein = NO Inhibition of E2F
- Inappropriate Expression of S-Phase Genes = Cell Divides before DNA has replicated
properly.
= NB: Many Viruses ‘Capture’ Oncogenes which function to Inactivate RB (& P53):
VIRUS ONCOGENE FUNCTION
Human Papilloma E6,E7 Inactivate pS3 & Rb
Adenovirus EIA.EIB Inactivate p53 & Rb
Simian Virus 40 (SV40) | Large T antigen Inactivate p53 & Rb
Epstein-Barr BZLFI, EBNAS Binds p53, activates myc
Hepatitis B HBX Binds p53
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Category Descriptions of Genes Altered in Cancer:

- 1. Gatekeepers (AKA: PROTO-ONCOGENES):

o (Cancer-Susceptibility Genes = le. Genes that Control Cellular Proliferation)

o NB:If Defective — Directly predisposes cell to cancer by Triggering Clonal Expansion & Tumorigenesis.
- 2. Caretakers (AKA: TUMOUR-SUPRESSOR GENES):

o (Genome-Maintenance Genes = le. Genes involved in Maintaining the Integrity of the Genome)

o NB: If Defective — Indirectly predisposes cell to cancer due to M Chance of Mutation of Gatekeepers.
- 3. landscapers:

o (Cell-Cell Interaction Genes = le. Genes involved in Cell-Cell Adhesion & Cell Movement)

o NB: If Defective — Enables cancer cell to Metastasise to other tissues.

Cancer Mutations Fall into 2 Categories:
- 1. Inappropriate Activation of Proto-Oncogenes (AKA: GATEKEEPERS):
o (le. A “Gain of Function’ Mutation)
o Normal Functions of Proto-Oncogenes:
= Secretion of Growth Factors
=  Growth Factor Receptors
= Cell Cycle & Apoptotic Proteins
=  Nuclear Transcription Factors
o However, in Tumours, Proto-Oncogenes are Mutated to ‘Oncogenes’:
= Oncogenes = Uncontrolled Cell Division.
o Maechanisms of Mutation:
= DNA Point Mutations (Single base-pair Changes) = Change critical amino acids.
= Gene Amplifications (le. Duplicating a gene)—> Increase Expression Levels
e (Eg. “Double Minute Chromosomes” & “Homogenously Staining Regions”)
Virus = ‘Capture’ Oncogenes = Turn them on - Inactivate P53 / RB.
Chromosome Abnormalities (Deletions/Inversions/Translocations) = Cause Mis-Expression.
e (Eg. The Philadelphia Chromosome = Most Leukaemias)

proto-oncogene

/ \|
DELETION OR
POINT MUTATION

IN CODING
SEQUENCE

CHROMOSOME
REARRANGEMENT

GENE
AMPLIFICATION

RNA

eg Double Minutes & HSRs

DNA— 1+ — — - OI’___ DNA

| | |

hyperactive
protein made in

normal protein greatly
overproduced

eg Philadelphia Chromosome

| |

e RNA
= C—

fusion to actively
transcribed gene

nearby
regulatory

normal amounts

DNA sequence

causes normal
protein to be

overproduced

greatly
overproduces
fusion protein;
or fusion
protein is
hyperactive

e NB: The “Philadelphia Chromosome” Translocation is associated with Leukaemias:
o The Bcr-Gene from Chr-22 fuses with the Abl-Gene from Chr-9.
o Bcr-Gene (A Promoter Gene) + Abl-Gene (A Proto-Oncogene) = Oncogene.

Normal
chromosome 9

Normal
chromosome 22

—q11.2 (ber)

[ —— q34.1 (c-abl)

Translocation
1(9:22)

+

C

(abl)

Philadelphia
chromosome

(ber)
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o NB: Proto-Oncogene Amplifications are also associated with many other cancers:
o 1) “Double-Minute” Chromosomes:
= Hundreds of Small Independant ‘Mini-Chromosomes’ (usually
containing proto-oncogenes) which are due to Gene Amplification.
o 1l) “Homogenously Staining Regions”:
= A Greatly Lengthened segment of a chromosome (usually containing
proto-oncogenes) due to Gene Amplification.
= NB: These regions are fluorescently stainable. See below.

) 1)
o ACT DOMINANTLY - (only 1 mutated Proto-oncogene is required for cancer)

Proto-oncogene

Normal cell growth

(A) overactivity mutation (gain of function)
W\,

™~ ~
- —
7~

l Mutated proto-oncogene

has become oncogene single mutation event
| fe ¢ e Te Te e ) I | creates oncogene |

Normal cell growth

-

normal cell /1 \

activating mutation
enables oncogene to
stimulate cell

Loss of growth control proliferation

- 2. Loss of Tumour Suppressor Genes (AKA: CARETAKERS):
o (le. A ‘Loss of Function’ Mutation)
o Normal Functions of Tumour Suppressor Genes (as Defence Pathways against Cancer):
= DNA-Damage Sensing Pathways (P53 & RB)
= DNA-Repair Pathways (BRCA1 & 2)
=  Protein Degradation
= Cell Cycle Regulation
= Apoptosis (if DNA damage is irreparable)
=  Telomere Shortening (le. Limits number of possible divisions, then causes Senesce)
o Genes involved in the above processes = Tumour Suppressor Genes = The Brakes of the Cell Cycle.
o However, in Tumours, Tumour Suppressor Genes are Mutated.
= - No Brakes on the cell cycle = Cancer-Cell Division is Unopposed.
o Maechanisms of Mutation:
= DNA Point Mutations (Single base-pair Changes) = Loss of gene function.
= Deletion of Genes/Chromosome-Region
= Chromosome Mis-Segregation = Loss of Whole Chromosome
Abnormal DNA Methylation = Loss of Gene Expression
o ACT RECESSIVELY - (Requires 2 “Hits” OR Loss of Heterozygosity for Cancer).

Mutated tumor-suppressor gene (B) underactivity mutation (loss of function)
)& second
mutation mutation

Normal cell growth event event
_— —_—

Copies of the tumor- inactivates inactivates

_ suppressor gene tumor second gene /
2& o bo‘mhlgggglog”es normal cell SUPPIessor nq effect of  COPY

9ene  mytation in one

/
\
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Tumour-Suppressor Genes Act Recessively: (Knudson’s 2-Hit Hypothesis & Loss of Heterozygosity):

Knudson’s 2-H

it Hypothesis:

o Sporadic — 2 Mutations (‘Hits’) in a Tumour Suppressor Gene are required for Cancer.
o Familial - All Body Cells already have the 1* hit = only require 1 more ‘Hit’ for Cancer.

o NB: One of the “Hits” can be a “Loss of Heterozygosity” in Favour of the Mutated Tumor Suppressor

Gene.

Sporadic

Normal

tumor

suppressor

gene
Somatic
mutation
in one allele

0O m O

« two mutations (two hits) are required for loss of tumor suppressor function

Somatic
/ mutation

in other allele

Single tumors,
unilateral,
later-onset

Familial

O m [

Tumor suppressor gene
containing a germline
mutation in one allele -
heterozygous for the
mutation

Somatic
/ mutation

in other allele

Multiple tumors,
bilateral,
early-onset

« two mutations (two hits) are required for loss of tumor suppressor function
« the first “hit” is inherited and the second “hit” is somatic
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“Loss of Heterozygosity”:
o Loss of Heterozygosity in a Particular Gene/Chromosome-Region = One Allele has been Lost:
= |e. A Person who was previously Heterozygous (1x normal & 1x mutated) for a specific allele
‘Loses’ the normal allele = Sole Expression of the Mutated Allele.
= This is a problem if the remaining allele is a Non-Functional Tumour-Suppressor Gene.
o Alleles can be ‘Lost’ by any of the following:
=  Chromosome Loss
= Chromosome Loss & Duplication of Abnormal Chromosome.
=  Mitotic Recombination
= Gene Conversion
Gene Deletion
NB: Point Mutations in the Normal Chromosome Also eliminates the normal Rb Gene, but
Heterozygosity is preserved. (Since both genes are mutated differently)
HEALTHY CELL WITH ONLY 1 NORMAL Rb GENE COPY

mutation at normal Rb gene
Rb locus in paternal chromosome
in maternal
chromosome

POSSIBLE WAYS OF ELIMINATING NORMAL Rb GENE

nondisjunction nondisjunction mitotic gene deletion point
{chromosome and recombination conversion mutation

loss) duplication LOSS OF HETEROZYGOSITY

Polymorphic — Al 4
marker A e

] Loss of maternal
+—————— allele of polymorphic
marker A

Paternal Maternal Normal Tumour
origin orgin tissue tissue
from Wilms’ from Wilms'

patient patient
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Cancer Stem Cells — The New Theory in Cancer:
- What are Cancer Stem Cells?
o Rare tumour cells with the Ability to Self-Renew & give rise to Phenotypically Diverse Tumour.
o —> Drive Tumourigenesis
- Similarities between Cancer Stem Cells & Normal Stem Cells:
o ‘Asymmetric Division’:
= One Daughter cell is for Self-Renewal, & Maintains its capacity for Unlimited Proliferation.
= The Other Daughter cell Differentiates into Phenotypically-Diverse Mature Cells, & Loses its
capacity for Unlimited Proliferation.
o Self-Renewal is Regulated by Similar Pathways:
= However, these pathways are Dys-Regulated in some Cancer Stem Cells.
= 1. The “Wingless” Pathway
= 2.The “Hedgehog” Pathway
= 3. The “Notch” Pathway
o SCs & CSCs Divide Infrequently.

Stem/progenitor cell self-renewal

Haematopoiatic Epidermal Gut
Colon

‘ Iy @x carcnoma

Q a Epidermal

- tumeurs

Haematopoletic Neural Germ hine

R0.0%
‘ J Medulloblastoma
@ 7 0 Basal cell
\ A% carcinoma

Haematopoletic

200 ®s
af X
‘ 3 3 Leukaemia )
o
@ ) Mammary
@ 2 K tumours

- Where do Cancer Stem Cells Come From?
o CSCs are thought be the result of Multiple Mutations = Transformation of Normal Stem-Cells.

gless/
-cafenin

Win
p

Hedghog/
Patched

b Restricted progenitor/

Benign cancer cells with imited
profi‘erative potential
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- Differences between the Classical Theory of Cancer & the Cancer Stem-Cell (CSC) Theory:

Old Model (Classical): Cancer Stem-Cell Theory:
Hypothesis: Cancer is a Hyper-Proliferative Disease | Cancer is a Stem-Cell Disorder

Cause of Unregulated Accumulation of Genetic Changes: Disruption in the regulation of Stem-Cell
Growth: = Proto-Oncogene Activation Renewal.

=>» Inhibition of Tumour-Supp’s.
=>» Inhibition of Cell Death
Proliferative Ability: All tumour cells are Equally Only a Subset of Cancer Cells are CSCs,
Tumourigenic. with the ability to proliferate indefinitely.

- Therapeutic Implications of the Cancer Stem-Cell Theory:
o Most current drugs target Tumour Cells, but Not Cancer Stem-Cells.
o Current drugs also target Rapidly Dividing Cells, but Not quiescent Cancer Stem Cells.
o New Drugs — Should target Cancer Stem Cells, removing the tumour’s ability to generate new cells.

Drugs that

kill tumour Tumour loses its

ability to generate
new cells

Drugs that kill

tumour cells

but not cancer e,
/ our

stem cells Tum
degenerates

Tumour shrinks
but grows back

- Metastases = Migratory Cancer Stem Cells:
o Metastasis is a selective process for cells that can Invade, Embolize, Survive in Circulation, Adhere to

Distal Capillary, Migrate into Distant Organ & Survive/Proliferate in Distant Organ.
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Summary of KEY GENETIC CHANGES in Cancer Cells:
1) Genome Instability:
a. le. Loss of checkpoint (Gatekeeper-Genes) & DNA repair (Caretaker-Genes) functions.
i. Eg. Failure of P53 or P21 to Inhibit S-Cyclin-CDK @ the G1-S Phase Checkpoint.
b. Also, Chromosome Instability is a hallmark of cancer.
i. Eg. The “Chromosome Breakage-Fusion-Bridge Cycle”.
Self-Sufficiency in Growth-Signalling:
a. le. Permanent activation of Cell-Cell Growth-Signalling Cascades.
Failure of Anti-Growth Signalling:
a. le. Inactivation/Failure of Tumour Suppressor Genes.
i. Eg. Failure of Rb Pathway to Inhibit M-Cyclin-CDK @ the G2-M Phase Checkpoint.
Tissue Invasion & Metastasis:
a. le. Loss of Cell-Adhesion Gene (Landscaper Genes) Function.
b. ->Migration from site of Primary Tumour & Invasion of Normal Tissue.
Limitless Replicative Potential:
a. le. Reactivation of Telomerase > Cell Avoids Senescence = Cell Becomes Immortal.
Sustained Angiogenesis:
a. le. Secretion of Angiogenic Growth Factors (VEGF - Vascular Endothelial Growth Factor)
b. - Enables the cancer to support itself.
Evasion of Apoptosis
a. le. Inactivation of Pro-Apoptotic Genes AND/OR Activation of Anti-Apoptotic Genes.

Genome
Instability

Self-sufficiency in
growth signals

AR
(\)
Evading T RN Insensitivity
apoptosis & 22 SRS A to antigrowth
¢ % . . % ' signals
v -~ Acquired - "\ @ i
) Functional
L 4" Capabilities of
o Cancer Cells
Sustained U8 & Tissue
angiogenesis ** SN A invasion and
o e s metastasis

o

Limitless potential
for replication

www.MedStudentNotes.com



EMERGING DIAGNOSTICS AND THERAPIES FOR CANCER:

3 Emerging Technologies:
- 1. Rational Drug Design:
o Eg. Taylor-Made Drugs that have been Chemically Engineered to act specifically on its target.

o Eg. Monoclonal Antibodies that have been Chemically Engineered to act specifically on its target:
= Attach to Antigen = Stop its function (Eg. Prevent Growth-Factor Receptor Function)
= Attach to Antigen = Provoke an Immune Response (Eg. Destroy Growth-Factor Receptor)
= Conjugated MABs > Abs joined to Chemotherapy/Radioactive Drug = Direct Drug Delivery.

tyrosine
kinase

- 2.Gene Therapies:
o Potential Aims:
= General:
e Selective Killing of Ca. Cells
e Stimulation of Immune System to kill Ca. Cells.
e Protect surrounding (normal) tissues to harmful effects of Chemo/Radio.
= Oncogene Inactivation:
e Selectively Inhibit the Expression of an Activated Oncogene in Tumour Cells.
=  Tumour Suppressor Gene Reactivation:
e Replace Mutated TS-Genes with Functional Genes.
o Potential Methods:
= Gene-Therapy Vectors:
e le. Getting the DNA into cells.
e Liposomes/Microprojectiles/Viral-Vectors.
=  Stimulation of the Immune System:
e Introduction of a gene into tumour cells causing them to express a foreign protein =2
Alerts Immune System - Cell-Mediated Immune Response.

—— Liposome

— Gene for producing
HLA-B7 protein

s Tumor cell

Foreign protein
b attracts T cells,
B, which attack
4 abnormal tissue
o

- 3. Microarray Assay Diagnostics:
o A Screening tool for Billions of Possible Gene-Mutations associated with Thousands of Cancers.

= |e. Will be able to screen everybody for every heritable cancer in 1 simple test.
o How does it work?
= 1. Each micro-well on a Micro-Array Card is filled with a Different Mutation.
= 2. mRNA from a tissue of interest is converted to cDNA & then Fluorescently Labelled.
= 3. The mixture of cDNA is washed over the DNA Micro-Array, allowing complimentary

sequences to pair up.
= 4. Each well is then examined for fluorescence = Indicates presence/absence of mutation.
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Cancer Epidemiology

General Cancer Epidemiology:
- What is Epidemiology?
o Study of Health and Disease in populations — distribution and determinants of disease in populations.
- What is Unigue about Cancer Epidemiology?:
o Cancer is a Chronic Disease — (Epi. In the past has been reserved for Acute, Infective Diseases)
o Cancer has a Long Latency Period — (Many are asymptomatic — alters statistics)
o Relatively speaking, Cancer is a Rare Disease (<5%)

Patterns of Disease:
- Sporadic:
o Random cases of Disease.
- Endemic:
o The base-line incidence rate of disease in a population.
- Epidemic:
o When the incidence rate rises above the Endemic Rate.
- Pandemic:
o When an Epidemic Crosses Continents.

Clinical Epidemiology:
- Clincical Epidemiology:
o = Using Statistics, Probability & Population-Based Data to Inform Medical Decisions.
- Important Terms:
o Incidence:
= General Incidence:
e New Cases/Population over a Period of time.
= |Incidence Proportion — (‘Cumulative’ Incidence):
e New Cases/‘At-Risk’ Population over a Period of time.
=  ‘True’ Incidence:
e New Cases/Average number At-Risk over a Period of time.
e (le. Takes into account Dynamic Populations
o (NB: Average Number At-Risk is measured in “Person-Years” — le. 1 person living
through 1 year = 12 people living Imth each)
Average Number @ Risk = (#At Risk at Start + #At Risk at End)/2

Prevalence:
= General Prevalence:
e Total Cases/Population @ a Point in Time.
e (NB: More useful in Chronic Disease because incidence rates are low)
= ‘Period’ Prevalence:
e Proportion of population who Have/Had the disease during a period of time.
Mortality:
= Deaths from Specific Disease/Population.
Survival:
= Expressed as a 5-year survival rate.
= = How many people with the disease survive past 5yrs.
Lifetime Risk:
= = Likelihood that someone who lives to 90 will develop the disease.

www.MedStudentNotes.com



Types of Study - (Used to calculate Relative-Risk/Attributable Risk/Odds Ratio):
- Observational:
o Cohort Study:
= Start with 2 Groups of People — With and Without Exposure to a Risk Factor.
=  Prospective — See who gets the disease.
o Case-Control Study:
= Start with 2 Groups of People — With and Without Disease.
= Retrospective — See proportion of those with Disease & the Risk Factor.
- Experimental:
o Animal Model - (le. Not ethical to purposely expose humans to possible risk factors)
o Following Disasters — (le. Taking advantage of Incidental Exposure to a specific risk factor and
monitoring for disease)

Causal Relationships:
- 2Types of Causes:
o Primary Causes:
= Necessary for disease, but not always sufficient (Eg. Genetics/Smoking/Radiation)
o Secondary Causes:
= Predisposing/Enabling/Reinforcing Factors — le. Anything that T Risk. (Eg. Age)
- 3 Types of Causal Relationships:
o Direct:
= ‘A’ Causes ‘B'.

o Casual Network:
= ‘AN +‘B’+‘C’ Causes ‘D’
A+B+C—D
= ‘A’& ‘B’ both Cause ‘C’

=
B
o Modified:
= ‘A’is Modified by ‘C’, Causing ‘B’.
TB
C
- Criteria for Causal Relationship:
o Dose Dependency
Consistency
Specificity
Time Sequence
Coherence
Analogy
- Common ‘Causes’ in Cancer:
Geography
Environment
Occupation
Diet
Gender
Race
Culture
o Genetics
Non-Causal Relationships:
Correlation
Confounding Factors — (Independent Variables with an Actual Variable AND the Outcome)
Chance
Selection Bias
Incidentals
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Measuring the Strength of an Association:
- Risks:

o Risk:
= =The Incidence Rate x Duration of Disease.

o Relative Risk:
= =Strength of the Relationship between a Risk Factor and the Disease.
=  How? — (Ratio of Risk of disease in People With the Risk Factor : People Without the Risk

Factor)

= (Given as a Ratio — le. 5:1 = 5x more likely)

o Attributable Risk:
= = How much of the Disease in the Population is Attributed to the Risk Factor.
= How? — (Incidence with risk Factor — Incidence without risk Factor)
= (Given as a Difference)

o Odds Ratio:
= = How much More Likely you are to get the Disease if You've been Exposed to a Risk Factor.
= How? — (Ratio of Odds of Disease in Those Exposed : Those Not Exposed)

- Probabilities:
o Sensitivity Vs. Specificity:
=  Sensitivity — The ability of a test to Indicate Disease when it is present.
e Gives a probability of False Negative.
=  Specificity — The ability of a test to Indicate Non-Disease when no disease is present.
e Gives a probability of False Positives.
o Positive Predictive Value (PPV):
= - Often used to compute Probability Of Disease in a Positive Test Result.
e If Result +ve: Person probably has Disease.
e If Result -ve: Person probably has No Disease.
= Calculating PPV:
e 1.You are visited by a 65 year-old man who is worried about cancer of the prostate.
His fear arises from the fact that his best mate recently died from the disease. The
man reports no signs or symptoms.
o Prevalence =0.5% in men over 60yrs (le. 1 in 200 asymptomatic men).
o Assume DRE sensitivity of 69%.
o Assume DRE specificity of 97%.
e  Whatis the likelihood that you would detect prostate cancer in this man?

TEST RESULT Present Absent Total
Positive 69 597 666

Negative 31 19303 19334
Totals 100 19900 20000

PPV =69/666 = .10 = 10%

e 2. The man was still not convinced and requested a PSA. Let’s assume that PSA has:
o  Prior Probability (calculated above) = 10%.
o Assume PSA sensitivity of 80%.
o Assume PSA specificity of 95%.
TRUE DISEASE STATUS

Present Absent
TEST RESULT
Positive 80

Negative 20

Totals 100 900 1000
PPV =80/125 = .64 = 64%

(le. If both DRE & PSA are Positive, PPV is =64% - le. Pt has a 64% chance of having Prostate Cancer.)
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Cancer Prevention:
- Queensland Cancer Council’s Objectives:
o Objective 1:
= Reduce Smoking — (Incl. Passive Smoking)
Objective 2:
=  Promote Healthy Behaviours:
e Reducing Overweight/Obesity
e  Optimising Nutrition
e Increasing Physical Activity
Objective 3:
=  Promote Sun-Safe Behaviours
Objective 4:
= Reduce Alcohol Consumption
Objective 5:
= Strengthen the role of Doctors in reducing cancer in the population through Enhanced
Prevention.

(SS) Specific Cancers — (Incidence/Mortality/Risk Factors/Age-Ranges/Gender Differences):
- Lung Cancer:
o Risk Factors:
= Smoking (30% lifetime risk)
= TB
= Asbestos
= Radiation
= Air-Pollution
o Incidence:
Higher in Males
Higher in Low-SES
Higher in Rural/Remote
Higher in Indigenous
Peaks at =70yrs

Incidence of Lung cancer,
by Age Group and Sex, Queensland,
Five Year Average, 1998 to 2002

Rate per 100,000 population

e 3 » k4 3 - o i 4 ;| T T
5 10 15 20 25 30 35 40 4 §0
Age group (years)

S o S8 omale

- Oesophageal Cancer:

o Risk Factors:
= Dietary — Nitrosamines
= Smoking/Alcohol
=  Pre-Cancerous Lesions

o Incidence:
=  Mostly from 70-80yrs
= 3xin Males
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Lymphomas:
o Hodgkins Lymphoma:

= Risk Factors:
e (Possibly Epstein-Barr Virus)
Incidence:
e Bimodal — Highest in Young & Elderly.

Incidence of All Leukaemias,
by Age Group and Sex, Queensland,
Five Year Average, 1998 to 2002

Rate per 100,000 population

Age group (years)

Male @ =@ -® fomale

o Non-Hodgkins Lymphoma:
= Risk Factors:
e Immunosuppression
e Comorbidity
Incidence:
e Increases with age (highest in 70%)

Incidence of Non Hodgkins Lymphoma,
by Age Group and Sex, Queensland,
Five Year Average, 1998 to 2002

Rate per 100,000 population

Age group (years)
== xS Fonas

Bladder Cancer:

o Risk Factors:
= Aniline Dye (used in Textile/Rubber industries)
= Smoking
= Chronic UTl’s
= Calculus Disease
= Schistosomiasis

o Incidence:
=  Mostly from 60-70yrs
= 2xin Males

Incidence of Bladder cancer,
by Age Group and Sex, Queensland,
Five Year Average, 1998 to 2002

Rate per 100,000 population

Age group (years)
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Breast Cancer:
o Risk Factors:
Age
Living in Developed Country
Previous Benign Disease
Cancer in Other breast
Early Menarche/1* Child @ 40yrs".
Genetics
o Incidence:
= Highestin Women (Possible in men)
= Increases with age
o Benefits of Early Detection:
= Lower risk of Advanced Disease = *Chance of Survival
= Less Radical Surgery — (More treatment options)
=  Better Post-Diagnosis Quality of Life.
o Disadvantage of Early Detection:
=  Women living longer with Knowledge of the disease, but not necessarily living longer overall
- Un-Necessary Distress = |, Quality of Life.
Prostate Cancer:
o Risk Factors:
= Age
= Environmental/Occupational
= Familial
= High-Fat Diet
o Incidence:
= Has been steadily increasing — (Due to men living longer = more at higher risk)
o Calculating PPV:
= 1. You are visited by a 65 year-old man who is worried about cancer of the prostate. His fear
arises from the fact that his best mate recently died from the disease. The man reports no
signs or symptoms.
e Prevalence = 0.5% in men over 60yrs (le. 1 in 200 asymptomatic men).
e Assume DRE sensitivity of 69%.
e Assume DRE specificity of 97%.
=  What s the likelihood that you would detect prostate cancer in this man?

TEST RESULT Present Absent Total
Positive 69 597 666

Negative 31 19303 19334
Totals 100 19900 20000

PPV =69/666 = .10 = 10%

2. The man was still not convinced and requested a PSA. Let’s assume that PSA has:
e Prior Probability (calculated above) = 10%.
e Assume PSA sensitivity of 80%.
e Assume PSA specificity of 95%.
TRUE DISEASE STATUS

Present Absent
TEST RESULT
Positive 80

20

Negative

Totals 100 900 1000
PPV =80/125 = .64 = 64%

(le. If both DRE & PSA are Positive, PPV is =64% - le. Pt has a 64% chance of having Prostate Cancer.)
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Colorectal Cancer:
o Risk Factors:
=  Environmental (Cultural/Socia/Lifestyle) — Estimated 70-80%.
e Dietary/Nutritional Habits:

o High Fat

o High Meat

o Low Fibre

o Low Fruit

=  Genetics:
e  Familial Adenomatous Polyposis,
e Inflammatory Bowel Disease (Ulcerative Colitis & Crohn’s Disease)
e Heriditary Non-Polyposis Colon Cancer
=  Mortality is highest in Low-SES — (Poor access to care)
o Incidence:
= Steadily rising over time.
= Highest in Westernized Countries.
o Screening:
=  Faecal Occult Blood Test is most effective.

Melanoma:
o Risk Factors:
Sun Exposure (UV Radiation)
Fair Skin/Red Hair
Family History
Moles
Geographic Location
Occupation
o Incidence:
» 4™ most common cancer in Aus.
= 4xIncidence in Aus than rest of world.
=  11% Lifetime Risk

Non-Melanoma Skin Cancer (BCC/SCC):

o Risk Factors:
= Age
= UV Radiation
= Sun Exposure
= Fair Skin/Red Hair

o Incidence:
= BCC-66%
= SCC-33%
=  66% Lifetime Risk of Skin Cancer.

Kidney Cancer:
o Risk Factors:

= Smoking
= High Protein Diet
= QObesity
= Hypertension
= Asbestos/Petroleum Product/Heavy Metal Exposure.
o Incidence:
= Renal Cell Carcinoma = Most Common Kidney Cancer. (85%)
= 2xrisk in Males
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- Stomach Cancer — (Gastric Adenocarcinoma):
o Risk Factors:
= Diet:
o Preservatives
e Smoked/Salted food
e Lack of Fruit/Vet.
=  LowSES
=  Family History
= H.Pylori Infection
=  Smoking
o Incidence:
=  Mostly Men over 40yrs.
= 2xrisk in Males

- Brain Cancer:

o Risk Factors:
Age
Family history
Genetic
Immune system disorders
Environmental:

e Cell Phone Use

e Exposure to lonising Radiation
e Exposure to Vinyl Chloride (Plastic, Pipes, Tobacco smoke)
= Metastatic Disease
o Incidence:
=  Australia — Highest in the world

= Higher in Developed countries
= Bimodal Age Distribution — (Onset common in Kids under 12 & Adults over 55yrs)

- Cervical Cancer:

o Risk Factors:
HPV — Human Papillomavirus Infection
Smoking
Immunocompromise
Sexual History
Long Term Oral Contraceptives
Multiple Children

o Incidence:

* 5" most deadly cancer in women

- Uterine Cancer:

o Risk Factors:
Age
No/Few Pregnancies
History of Irregular Menstruation
Overweight
Endometrial Hyperplasia
HRT (Oestrogen only)
Family History

o Incidence:

= Highest in Post-Menopausal Women (60-70yrs)
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- Ovarian Cancer:

o Risk Factors:
=  Age
=  Family History
= (Many births & Use of Contraceptive Pill — Are Protective)

o Incidence:
* 9" most common cancer in women (2.7% of all female cancers)
=  Most common in Elderly (over 60yrs)

- Testicular Cancer:
o Risk Factors:
= Un-descended testes
= Previous Testicular Cancer
=  Previous Male Infertility
=  Family History
= (NB: No evidence supporting physical injury or lifestyle risk factors)
o Incidence:
=  Majority occur between 25-35yrs
=  More common in Caucasian Populations.
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Intro to Clinical Oncology:

Aim of Clinical Oncology:
- To cure the cancer if possible, and if not curable, control symptoms & improve QOL & length of life.
- NB: Some cancers are curable, however most metastatic disease is incurable. Depends on the stages & the
type of cancer.

Managing Cancer Patients:
- Medical Oncologist:

o Chemotherapy
o Hormonal therapy

Radiation Oncologist:
o External Beam
o Brachytherapy — (Where the radiation source is placed inside/next to the area requiring treatment.)
o Systemic radiation

Oncological surgeons:
o Definitive
o Palliative

Allied Health:
o Dietician
o Physio
o Occupational
o Social work

Palliative Care Doctors:
o Symptom Control (not necessarily terminal cases)
o Terminal care

Overall approach to management:
1. What type of cancer — Imaging:
o Chest x-rays — obsolete
Ct-Scans
Bone Scans — (Highlights areas where there is osteoblastic activity)
PET scans — (Uses radiolabelled glucose — so detects metabolically active tissues)
MRI = (Mainly used in Neural cancers

O
O
O
O

2. Staging
o To assess the extent of the disease (early or locally advanced or metastatic)
o Different staging systems. (eg. TNM system)
o Requires:
= History
= Examination
=  Tumour markers (Some are specific to specific cancers, some aren’t) — most useful in
monitoring progression of disease, not diagnosis.
e Eg. A-feto protein
e B-HCG
e CEA
e PSA
Tests: FBC, LFTs bone marrow
CT scans, MRI, bone scans, pet scans.

3. Isit curable? — Prognostic markers:
o Size of primary
o Histological differentiation
o Node Involvement
o Metastasis
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4. |Ifitis Curable:

o Surgery

o Chemotherapy:
= Drugs that inhibit cancer cell proliferation by inhibiting DNA synthesis & Apoptosis:

e Platinum
Alkylating Agents
Microtubule formation
e Topoisomerase inhibitors
=  Side Effects:
e Nausea vomiting
e Alopecia, myelosuppression
e Infertility
e 2" malignancy
e Other organs
= Curative:
e Leukaemia, Lymphoma, germ cell tumours etc.
=  Adjuvant:
e Breast, colon, ovarian
o Biological Agents — specific for site of action:
=  Monoclonal Antibodies:
e Her2 positive breast cancer
e EGFR positive cancers
e (D20 (Lymphoma)
e (Abs work by either blocking specific receptors, or immune mediated killing of cancer
cells)
= Anti-Angiogenic Factors:
e VEGF (Vascular endothelial growth factor) Antibodies
e (Starves the cancer)
=  Small Molecules (Eg. Tyrosine kinase inhibitors)
e Eg. Glivec —used in CML or Gl-stromal tumours.
e  Work by blocking tyrosine kinase on the intracellular domain of EGFR receptors.
o Hormonal Agents:
=  Tamoxifen — blocks oestrogen/prog receptors
= Aromatase inhibitor — blocks oestrogen production from androgen conversion in tissues.
=  Prostate Cancer treatment.
o Radiotherapy
=  Curative, Adjuvant & Palliative.
= External Beam Vs Brachytherapy:
e local effect on cancer by DNA damage.
e Side Effects are local as well.
e Normally is given in fraction
e External Beam:
o Focussed radiation exposure (non invasive)
Brachytherapy:
o Injection of radioactive meds into the cancer
= Palliative care:
e By shrinking the cancer, then chemotherapy or radiotherapy
e In addition to analgesics, nausea meds, physio, nutrition etc.

www.MedStudentNotes.com



5. IfitlIsn’t Curable:
o Aim of treatment = prolong survival
o Improve and maintain QOL by symptom control
o How can chemo or radio-therapy improve qol?
=  Reduces size of metastases = can be good for symptomatic treatment.
= Decreasing the need for sedative effect of analgesics
= By living longer

NB: “Median” survival rates:
- Important when discussing prognosis
- How long the mid-person statistically who has that cancer survived.
- NB: This time differs with/without treatment.

Questions for the patients:
1. Greeting and introduce yourselves — Establish rapport
2. What cancer:
a. Melanoma
b. Metastasised to the lung (4.5x3x3cm) = removed half of L-Lung.
c. 2008 - 9mths later, found a lump on her back (size of Tennis ball) — was the melanoma.
How was it diagnosed — presenting symptoms, investigations/Scans/Biopsy
a. Picked up by physical examination by dermatologist because she had some sunspots on her nose.
When was it diagnosed
a. 2006
How did you and the family feel when you got the diagnosis.
a. Didn’t know much about melanoma, was unaware that it might come back.
b. Husband finds it hard to cope with the news.
c. Both daughters have depression
d. Sonisfine.
What stage was it:
Curable or incurable:
a. Incurable
Prognosis — (Timeframe):
a. Doctors are surprised that she’s still alive.
b. Originally didn’t get a definitive prognosis — just said she didn’t have long.
What treatments:
a. Surgery
b. CAT scans every 3 months — but now every 6 months.
c. Nochemo —apparently doesn’t help with melanoma.
. Side effects of treatment:
a. Restriction Physically & shortness of breath (had lung removed)
. How are you coping and quality of life:
a. Used to be fit. Now not so.
b. Used to be very busy.
. Impact of this illness on life, family, etc.
a. Outlook on life — living more in the moment.
. What support systems have you used? (Commonly Cancer council of Queensland)
a. Just family.
b. Not afan of support groups
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