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echanisms of Disease

Session 1: Genetic Diseases
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Introductions

 Name (correct me if | butcher it)
* Grade you will be in the fall
* What disease interests you the most
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TB IS THETOP INFECTIOUS

IN2016

1.7 MILLION PEOPLE
DIED FROM TB

INCLUDING NEARLY 400 000 PEOPLE Lo o
WITH HIV-ASSOCIATED TB oy
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4700 PEOPLE LOSE THEIR LIVES AND
28,500 PEOPLE FALL ILL DUE T0 T8
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auses of Death in the World

WORLDWIDE

(@) St VECTOR-BORNE DISEASES |
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® Malwia @® Lleishmasiasis  (® Yellow fever
@® Oeaque ©® lmedseass  (© Jopanese escephalitis

Diseases spread by vectors Kill @ million people every year and

MEASLES & RUBELLA

MOVE FAST

Measles @ Rubella/CRS

-
“ Brain Damage
Pnieumonia ) ‘

Failure to vaccinate /%
children against et
measles & rubella
puts them at risk

of severe health
complications, such as

Q Deafness

Diarrhea

Blindness

1 0 0 00 0 § @® A pregnant woman unvaccinated
babi ’ 3 against rubella who is infected during
a .Ies are born N her first trimester has up to a 90%
with CRS | chance of giving birth to a baby with
each year globally congenital rubella syndrome (CRS)
N ~that s if the baby survives.
N
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Vaccination prevents mothers from giving birth to babies with CRS

14.1 MILLION

NEW CANCER CASES ARE DIAGNOSED EACH YEAR

57% or 8 MILLION ARE IN
LESS DEVELOPED REGIONS
IN THESE REGIONS, THE MOST COMMON TYPES ARE

COLORECTAL
624,000
CASES,
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A SNAPSHOT: BLOOD PRESSURE IN THE U.S.
Make Control Your Goal
High blood pressure is a major risk factor for heart disease and stroke, the first and fourth leading causes of death for all Americans.

¢ HIGH BLOOD PRESSURE BASICS »

High blood pressure
1 IN 3 contributes to
2 ~1,000
\ g r
n'n

American adults have
DEATHS/DAY

high blood pressure

When your blood pressure is high:

You are 4x more likely
1o die from a stroke

- \"D HAVE
_ HIGH

ofpeople of paoplewho  of people with BLOOD
whohavea  haveafist  chronic heart
V«u_m3x more ikely (AR first heart stroke... failure. . PRESSURE
to die from heart disease W attack....

Annual estimated costs associated with high blood pressure:

\ $41.5 BILLION ‘=
- $51 BILLION S22 Ea

< BLOOD PRESSURE CONTROL »

Reducing average population systolic blood pressure by
only 12-13 mmHg could reduce:
37%

" nw D%

| 13%
| e
D\ ONLY ABOUT HALF © _ ‘ | |
3 of people with high blood pressure W @ 7 [ o
3 have their condition under control v 4
Stroke Coronary  Deathsfrom  Deaths from
heart  cardiovascular all causes
disease disease

< MAKE CONTROL YOUR GOAL, EVERY DAY »

Check your blood pressure 2
Quit smoking—or don't start
regularly—at home, at a doctor’s 4 ,
?@? office, or at a pharmacy 1B SENE IO ox Savabutone v

Eat a healthy diet with Adults should limit alcohol to no more than:
> More fruits, vegetables, potassium, and whole grains

> Less sodium, saturated fat, trans fat, and cholesterol
- " Yhﬁmk per day YYZdrmksyar
a ,b o for women day for men

Read nutrition labels and lower your Getactive and maintain  “Pe.
Nutrition Facts | sodium intake a healthy weight ;}
= ~ » Mostof the sodium we eat comes
from processed and restaurant foods Aim for 2 hours and 30 minutes of M
——| > About 0% of Americans eattoo maderate physical activity every week C o
much sodium

Source: Cortrs e Disese Corto d Prevation, 014

millionhearts.hhs.gov/abouthds/blood_pressure.html 50810 prevent 1 milisn Beart nwch and svokas by 2017.

Images courtesy of the CDC and WHO



Figure 4. Age-adjusted death rates for the 10 leading causes of death: United States, 2016 and 2017

- 165.5
Heart disease 165.0
155.8
Cancer 1152 5
Unintentional injuries
Chronic lower respiratory
diseases
Stroke
Alzheimer disease
Diabetes
Influenza and pneumonia 12:;"‘;33
' Bl 2016
Kidney disease ga e 2017
Suicid 13.5
uicide 2140
| | | ] ] | | | |
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Deaths per 100,000 U.S. standard population

Statistically significant decrease in age-adjusted death rate from 2016 to 2017 (p < 0.05).

“Stalistically significant increase in age-adjusted death rate from 2016 to 2017 {p < 0.05).

MOTES: A total of 2,813,503 resident deaths were registered in the United States in 2017. The 10 leading causes accounted for 74.0% of all deaths in the
United States in 2017. Causes of death are ranked according to number of deaths. Rankings for 2016 data are not shown. Data table for Figure 4 includes the
number of deaths for leading causes. Access data table for Figure 4 at: hitps://www.cdc.gownchs/data/databriefs/db328_tables-508 pdf#d.

SOURCE: NCHS, National Vital Statistics System, Mortality.



Top 10 global causes of deaths, 2016

Deaths (millions)

Ischaemic heart disease
Stroke
Chronic obstructive pulmonary disease

Lower respiratory infections

Alzheimer disease and other dementias

Cause Group
Trachea, bronchus, lung cancers

- Communicable, matamal, neonatal

Diabetes mellitus and nutritional conditions

Road injury - Noncommunicable diseases

- Injuries

Diarrhoeal diseases

Tuberculosis

Source: Global Heaith Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 2000-2016. Genevs, World Health Organization; 2018.



Why care about mechanisms?



Chemotherapy-Non targeted treatment

* Chemotherapy is basically poison
* |t kills rapidly dividing cells like Cancer

* Understanding the mechanism of a
particular cancer can allow the use
of more targeted and less toxic
therapies.

* Without mechanisms we can only
guess

Image Courtesy of Healthline



Pharma cares about mechanisms

\"

TOP Pharma Drugs @

. Revhmtd.:
By Sal es In 2 01 8 (fenalidomide) ;{?
@E liquis

In Billions of US Dollars
aplxaban

Herceptirg*" -
trastuzumab _ . ;
MabThera 70 77 oewa’u‘mlag
Rituximab | (TWUD\
x ® izumab)
Q)EXLEA %AVASTIN

imbruvica: %,

(ibrutinib) 6.4 65 xqr%&!o?
) SSE?'E‘@D _ 6.2 C) Remlcade

5.2 5'8 ) Prevesuar «73 x

www.pharmacompass.com



Review of Biology and Genetics



Pop Quiz

* What is the “Central Dogma” (ie core principle) of Biology?
A. All living things must maintain homeostasis
B. DNA->RNA->Protein
C. The transmission of genetic information via DNA
D. Natural Selection

 What macromolecule stores genetic information?
DNA

RNA

Proteins

Lipids

0O wre



Pop Quiz: Part 2

 What macromolecule transfers genetic information?
A. DNA
B. RNA
C. Proteins
D. Carbohydrates

* What macromolecule carries out most cellular functions?
DNA

RNA

Proteins

Cofactors

0O wre



Central Dogma of Biology (Review)

Replication
6 DNAI
l Transcription

RNA

l Translation

Protein

>

Function



Interactive Questions

* What are some things that “break” the Central Dogma?

* What other molecules have chemical functionality in biology?



Central Dogma of Biology (Review)

Repllcatlon
Non coding DNA

( DNA E———)  (~99% of human genome)

Reverse Transcription
(Retroviruses)

l Transcription

Regulation of Transcription
R N A by proteins

(Transcription Factors)
Translation

N Protem Lipids

gRNA
miRNA é

Function e=——— Sugars



Codons: Taking Nucleic Acids to Amino Acids

First letter

Second letter

uuU ucu)l  |uau UGU u
uue JPMe | ued e Uac ) lugeres |
UUAY, o, | UCA UAA Stop|UGA Stop| A
UuG UCG _ UAG Stop|UGG Trp |G
CUU) ccu’ CAU}HiS CGU u
cug | |ecel.. . |cac €6C | | €
CUA CCA }Gln CGA [M9 | A
CUG _ cee CAC €66 G
AUU ) ACUY |AAU> AGU U
AUC file |ACC |- A 1N [Age Jser |
AUA | ACA AAAY g |AGA LA | A
AUG Met [ACG] |AAG. AGG G
GUU GCU)  [GAUY Ao, |GGU u
cuc [, [6cc |, [6Act™P |Gac ay |C
GUA GCA GAAY ,, |GGA A
GUG GCG] |GAG. GGG G

Third letter

H
|

H—N-—

AmMIino
Group

|9
C—C—0H

I Carboxyl
Group
Side Chain



A GUIDE TO THE TWENTY COMMON AMINO ACIDS

AMINO ACIDS ARE THE BUILDING BLOCKS OF PROTEINS IN LIVING ORGANISMS. THERE ARE OVER 500 AMINO ACIDS FOUND IN NATURE - HOWEVER, THE HUMAN GENETIC CODE
ONLY DIRECTLY ENCODES 20. ‘ESSENTIAL AMINO ACIDS MUST BE OBTAINED FROM THE DIET, WHILST NON-ESSENTIAL AMINO ACIDS CAN BE SYNTHESISED IN THE BODY.

&Y

Chan’l{ey.- . ALIPHATIC @ AROMATIC . ACIDIC . gasic 8 HYDROXYLIC ‘ SULFUR-CONTAINING . AMIDIC ONON-ESSENTIAL .: :. ESSENTIAL

L, D D
Vg A Y Vg N Vg N
Chemical & 1 92 N / S | / S
Structure i \/\/U\OH I i \KY‘]\OH f i on |
single fetter \ NH, J \ NH, 7 \ NH, 7
coge \ 4 \ N 7’
~ ~ -~
NAME ALANINE @) BLYCINE @) ISOLEUCINE @D LEuciNe @ PROLINE @ vALNE @D
three ietter code Alo Gly lte Lev Pro Val
Ao GCT, GCC, GCA, GCG GGT, GGL, GGA, GGG ATT, ATC, ATA CITOICCIA CIG, TTA TTG CCT, OCC, CCA, CCG GTY, GIC, GTA, GIG

- . - - - =N
’ \ 2 \ / N
/ o\ / 3 \ / o 3\
, it , P i (er\(u\ou |
\ pi il | 3 ! L G B
\ 7 \ ¥ \ ’
- Ny S
PHENYLALANINE € TRYPTOPHAN () ASPARTIC ACID {1 6LUTAMIC ACID 3 ARGININE ) HISTIDINE )
Phe Trp Asp Glu Arg His
TIT, TTC 1GG GAT, GAC GAA. GAG CGT, CGC. CGA, (GG, AGA, AGG CAl, CAC
- — - -~ — . oo " o ™ o
/ S V4 S / /’ .
/ o \ f a \ ¢ T F N / o \
i “‘N\N\(B\oﬂ 'I HO/\(lkOH ? ¢ /’\‘/U\OH K i /S\/\‘)kcm !
\ I | ’\.\ H, ‘,’«“. \ NH, / \ NH, J
N\ ; 4 \ ’/
- \-,5_,_.;»/ - 3 d -
LYSINE €D SERINE £ THREONINE CYSTEINE (D METHIONINE () ASPARAGINE () GLUTAMINE )
Lys Ser Thr Cys Met Asn Gin
AAR, AAG TCT, TCC, TCA, TCG, AGT, AGC ACT, ACC, ACAACG TG 1GC AlG AAT, AALC CAA CAG

‘Note: This chart only shows those amino acids for which the human genetic code directly codes for. Selenocysteine is often referred to as the 21st amino acid, but is encoded in a special manner.
In some cases, distinguishing between asparagine/aspartic acid and glutamine/glutamic acid is difficult. In these cases, the codes asx (B) and glx (Z) are respectively used.

0 © COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @compoundchem | Facebook: www.facebook.com/compoundchem
Shared under a Creative Commons Attribution-NonCommercial-NoDervatives licence
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Hydrophobic Effect



Types of Disease we’'ll cover

Physiological Diseases Infectious Diseases

Genetic Diseases Nutritional Diseases




Genetic Diseases

* Occur when one or both alleles of an essential gene(s) is/are mutated
* Types of mutations

. GENETIC DISEASES _—_—_ —
e Silent Transmission of a gene individual

genetic disease
* Indels
cathe, wothe, cather wothe,

i Mlssense Affected 5 ‘ ‘ % Healthy S ‘ / ’ g
° Nonsense father parents ‘

Autosomal Autosomal
e Germ line vs. Somatic mutations

| dominant \ \ recessive \
* Heritable TONE | DO 1O L N S O 1 R |

Image courtesy of www.institut-biotherapies.fr/en/biotherapies/genetic-
diseases-and-rare-diseases/genetic-diseases/



Questions!

* What is generally worse a missense or a nonsense mutation?
* Missense
* Nonsense
* |t depends

 If | go out in the sun too long, there’s a good chance the UV light may
cause a mutation in my skin. Can | pass this on to my (hypothetical)
kids?
* Yes
* No



Recessive/Dominant on a molecular Level

e “Loss of Function” mutations
* Function of a protein is destroyed in 1 allele
* |f there is still a functional copy, the organism will appear normal
e Often give rise to recessive phenotypes

e “Gain of Function” mutations
* Function of a protein is changed in 1 allele (ie always on)
* If there is a normal copy, the organism will still have that gained function
* Often give rise to dominant phenotypes



Quick Side Note on Proteins

o Score 2369 of 7900

You can DRAG SIDECHAINS with the mouse.
Tell' me more

e Structure is important in determining function
* Protein databank

* PyMol

* Fold it

o2 — — 166301 Biological
Save: Please wait —- writing session file. ) — ) Macromolecular Structures n
srenlinet e ek oot 2 = ) Enabling Breakthroughs in 5 = 7 s

Save: wrote "/Users/plotr/sesbrane.pse”. - —
PYMOLsray 2440, 1300 PROTEIN DATA BAN K Researchand Education Advanced Search | Browse Annotations

Ray: render time: 208.91 sec. = 17.2 frames/hour (208.91 sec. accum.).
PyMOL> fﬁ-pDB Resource n[[j] e ien E’.T":" é. Bk m
A Structural View of Biology July Molecule of the Month

This resource is powered by the Protein Data Bank archive-information about the
3D shapes of proteins, nucleic acids, and complex assemblies that helps
students and researchers understand all aspects of biomedicine and agriculture,
from protein synthesis to health and disease.

A Actions > Undo > Modes > Menu

B
5]
<]
|5}
15
8
B

Deposit

As a member of the wwPDB, the RCSB PDB curates and annotates PDB data.

Q search ! !
The RCSB PDB builds upon the data by creating tools and resources for

research and education in molecular biology, structural biology, computational
L4 Visualize biology, and beyond.

Analyze

CORONAVIRUS

& Download

WLeam

ssociated Glycoprotein




Sickle Cell Anemia

e Autosomal Recessive

* Caused by a single base pair
missense mutation in beta globin
subunit of hemoglobin

* GAG -> GTG causes a glutamate to
valine single amino acid change

* This mutation causes hemoglobin
molecules to stick together and
form rigid rods which deform red
blood cells

Clancy, S. (2008), PDB 6KYE



Possible treatments?



Treatments

* Blood Transfusions
* Bone marrow transplant

* Medication
* Hydroxyurea: Increases production of fetal hemoglobin

* Pain relievers
* L-glutamine: Modulates chemical redox balances, decreases sickle cells sticking to
vessels
* https://www.youtube.com/watch?v=G1lboPRrUu0lI
* Voxelotor: Inhibits polymerization of sickle cell hemoglobin
* https://libproxy.mit.edu/login?url=https://www.nejm.org/do/10.1056/NEJMdo005560/full/
* Crizanlizumab: Blocks P-selectin a protein expressed on the surface of the
endothelium (blood vessel cells) which sickle cells adhere to.
e https://www.youtube.com/watch?v=CWTWS5pDPPDQ

Agrawal et al (2014), Mayo Clinic: Sickle Cell anemia, Niihara et al (2018), Vichinsky et al (2019), Ataga et al (2017)


https://www.youtube.com/watch?v=G1boPRrUu0I
https://libproxy.mit.edu/login?url=https://www.nejm.org/do/10.1056/NEJMdo005560/full/
https://www.youtube.com/watch?v=CWTW5pDPPDQ

Huntington’s Disease

Autosomal Dominant
Rare neurodegenerative disease

Caused by mutations in the Huntingtin protein
* Extra CAG repeats (encoding glutamine) at the end of the first exon

Exact mechanism is unknown but

. I&I_ealthy individuals have 10-35 CAG repeats and more CAG repeats cause earlier development of the
isease

* These repeats are cut by proteases and form toxic clumps that bind other proteins like CBP which
affects gene regulation. Eventually cause neuronal cell death.

Healthy neuran Healthy brain

F
o — s

degeneration e CisBio, Cohen-Carmon (2012), Frank (2014)



Possible Treatments?



Treatments @m'“”z
HO

OH
* Treatment of symptoms (no cure)
* This is the case for most neurodegenerative disorders

* Tetrabenazine (TBZ): Depletes dopamine to treat excessive
movements

* Dopamine signaling disrupted in Huntington’s with possible loss of inhibitory
neurons.

* Haloperidol: Blocks effects of dopamine (anti-psychotic)
* Anti-depressants
* Mood stabilizing agents

Paleacu (2007), Mayo Clinic, Chen et al (2014)



Other Genetic Disorders

* Several metabolic genetic disorders can be treated with “enzyme
replacement therapy”

THAT'S 1IN 10°

|Ep

RARE DISEASES
ARE KNOWN
TO EXIST TODAY”

RARE DISEASES BY THE NUMBERS

RARE DISEASES AFFECT 30 MILLION AMERICANS-

8ARa22843

]

* Many have no treatment

The FDA has approved

770 ORPHAN DRUGS

since the passage of the Orphan Drug Act”

There is still tremendous unmet need,

with approved treatments available for

OF ALL RARE
DISEASES"

10X

PRMA

PROMISE IN

THE PIPELINE:

i ‘
=
more than

560

RARE DISEASES:
MORE COMMON THAN YOU THINK?

Rare diseases are defined as those affecting a small percentage of a population - fewer than 200,000
in the U.S. and fewer than 1 in 2,000 in Europe

7,00
DISEASES ARE
CLASSIFIED

AS RARE

o
MORE THAN %

80°%

OF RARE DISEASES ‘s
ARE CAUSED BY o
FAULTY GENES' ¢ .

‘..’
!, NOVARTIS

CHILDREN
ACCOUNT FOR

%....

MORE THAN
300 MILLION

PEOPLE

WORLDWIDE
HAVE A RARE

DISEASE

057 &
8880888888
Uaaaoaaga

‘3 p
ISCREATED
TRUYMENTS FOR
. R.-\'iDS ~\ S B>

ARTS INSTITUTES FOR
8’\‘ EOJ«‘ ‘?iSEA"&P‘ ARE WORKING ON
TREATMENTS FOR MORE THAN

40 RARE DISEASES

February 28 is World Rare Disease Day



Questions??

* Gene editing resources:

* CRISPR:
* https://en.wikipedia.org/wiki/CRISPR
* https://www.broadinstitute.org/research-highlights-crispr
* https://www.sciencemag.org/news/2017/02/how-battle-lines-over-crispr-were-drawn
* https://en.wikipedia.org/wiki/He_Jiankui_affair
* CAR-T

* https://www.cancer.gov/about-cancer/treatment/research/car-t-cells

* Enzyme replacement therapy resources:

* https://www.stanfordchildrens.org/en/topic/default?id=medical-genetics-
treatment-with-gene-and-enzyme-replacement-therapy-90-P02162

* https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6128977/



https://en.wikipedia.org/wiki/CRISPR
https://www.broadinstitute.org/research-highlights-crispr
https://www.sciencemag.org/news/2017/02/how-battle-lines-over-crispr-were-drawn
https://www.stanfordchildrens.org/en/topic/default?id=medical-genetics-treatment-with-gene-and-enzyme-replacement-therapy-90-P02162
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6128977/

