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Course Information

Meet on Mondays and Wednesdays, 2:30pm—3:45pm, D&DS 240.
Office hours: By appointment.

Course website: http://bioinformatics.cs.vt.edu/~murali/
teaching/2025-spring-cs5854/

Consult this website regularly. Course schedule is subject to change.

I may use Canvas to post some lectures and some papers.

Discussions on Piazza: check if you are enrolled. Can you reach it
from the Canvas page for the course?
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Course Pre-requisites

e Conditioned on your background.
@ Computer science or a quantitative science

» Expect you to be proficient in algorithms and programming.

» Taking "Biological Paradigms in Bioinformatics” will be very helpful.
o Life science

» Expect you to be proficient in genetics, molecular and cell biology.

» Taken “Computation for the Life Sciences” or an equivalent course

that has taught basic programming.
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Discuss state-of-the-art research papers.
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oo ntroduction to CSB Genomesto Networks  Focus  Papes
Course Structure

Discuss state-of-the-art research papers.
Lectures
Student presentations (group)

Class participation

Final project (group)
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Grading

@ Presentation: 30%
@ Class participation: 30%
o Final project: 40%
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Grading

Presentation: 30%

Class participation: 30%

Final project: 40%

Class participation is very important.

Class participation # attendance!

T. M. Murali January 22, 27, 2025



Introduction to CSB Genomes to Networks

Paper Presentations

@ Each presentation group has two students but you are welcome to
work in larger groups to read, understand, and discuss papers.

@ Each group will present one—two papers.
o | will propose a slate of papers. Groups can vote on top choices.

@ Many papers will require two full classes, i.e., a total of 150 minutes,
including time for questions.

@ Time: present for 45 minutes and expect 30 minutes of questions and
discussion during the presentation. Be prepared for some discussions
to take over your presentation.

@ Prepare your presentation well in advance. Practise multiple times.

@ Please give me PDF copies of slides (no Microsoft PowerPoint) to
post on the course web page.

@ Papers can be complex: prepare reading notes for the other students
to guide them through the papers you are presenting.
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___IntroductiontoCSB______ GenomestoNetworks ______Focus ____ Papers
Student Groups For Projects

@ Each group has 2-3 members.

@ You can form your own groups.

@ Try to form groups with students with different backgrounds.
@ | am happy to help you with creating groups.

T. M. Murali January 22, 27, 2025
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Final Research Project

Software + analysis project.

We will define a project inspired by the papers you present.
| will discuss list of projects in the first few weeks.

You can propose a project to me.

| will meet each group once a month to monitor progress.

You can use any programming language.
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Final Research Project

Software + analysis project.

We will define a project inspired by the papers you present.
| will discuss list of projects in the first few weeks.

You can propose a project to me.

| will meet each group once a month to monitor progress.

You can use any programming language.

If a life science student is part of a software project, biological
analysis of the results must play a major role.

T. M. Murali January 22, 27, 2025
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Introduction to CSB Genomes to Networks Papers

Sources of Information

@ | do not use a textbook for the course but there are several useful /related
books:

@ Computational Molecular Biology series, MIT Press.

@ Analyzing Network Data in Biology and Medicine: An Interdisciplinary
Textbook for Biological, Medical and Computational Scientists 1st Edition,
NataZa Przulj (Editor), Cambridge University Press, 2019

@ Systems Biology: A Textbook, Edda Klipp, Wolfram Liebermeister,
Christoph Wierling, Axel Kowald, Wiley-Blackwell, 2016

@ Protein Interaction Networks: Computational Analysis, Aidong Zhang,
Cambridge University Press, 2009

@ Biological Modeling and Simulation: A Survey of Practical Models,
Algorithms, and Numerical Methods, Russell Schwartz, MIT Press, 2008

@ Networks: From Biology to Theory, Jianfeng Feng, Jiirgen Jost, and
Minping Qian, Springer-Verlag, 2007.

@ The Regulatory Genome: Gene Regulatory Networks In Development And
Evolution, Eric H. Davidson, Academic Press, 2006.

@ Computational Modeling of Genetic and Biochemical Networks, James M.
Bower and Hamid Bolouri, MIT Press, 2001

T. M. Murali January 22, 27, 2025



Introduction to CSB Genomes to N

More Sources of Information

@ Conferences: ICSB, RECOMB, ISMB, PSB, KDD, machine learning
conferences, discrete algorithms conferences.

@ Journals (CS-oriented): Nature Methods, Cell Systems,
Bioinformatics, PLoS Computational Biology, Journal of
Computational Biology, BMC Bioinformatics, TCBB, TKDE.

e Journals (biology-oriented) Nature, Science, Molecular Systems
Biology, Nature Reviews Drug Discovery, Nature Biotechnology,
Nature Reviews Cancer, Drug Discovery Today, PNAS, NAR, Genome
Biology, Genome Research, PLoS series.

T. M. Murali January 22, 27, 2025
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The Human Genome Project
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The Human Genome Project

Before: human genome has about 100,000 genes.
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The Human Genome Project

Before: human genome has about 100,000 genes.

After: human genome has about 30,000 genes.
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Shock and Dismay

@ The New York Times: Genome Analysis Shows Humans Survive on Low
Number of Genes The two teams report that there are far fewer human
genes than thought—probably a mere 30,000 or so—only a third more than
those found in the roundworm. ... The impact on human pride is another
matter.
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Shock and Dismay

@ The New York Times: Genome Analysis Shows Humans Survive on Low
Number of Genes The two teams report that there are far fewer human
genes than thought—probably a mere 30,000 or so—only a third more than
those found in the roundworm. ... The impact on human pride is another
matter.

@ Washington Post: It also raises new and difficult questions, such as how
human beings—with all their passions and fears, their capacity for art,
music, culture and war—can be all that they are with just 30,000 or so
genes, only five times as many as in baker's yeast.
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Course Structure Genomes to Networks

Shock and Dismay

The New York Times: Genome Analysis Shows Humans Survive on Low
Number of Genes The two teams report that there are far fewer human
genes than thought—probably a mere 30,000 or so—only a third more than
those found in the roundworm. ... The impact on human pride is another
matter.

Washington Post: It also raises new and difficult questions, such as how
human beings—with all their passions and fears, their capacity for art,
music, culture and war—can be all that they are with just 30,000 or so
genes, only five times as many as in baker's yeast.

USA TODAY: Perhaps the biggest surprise since the code was deciphered in
June is that it takes just 30,000 to 40,000 genes to make, maintain and
repair a human. ... "If you're judging the complexity of an organism by the
number of genes it has, we've just taken a big hit in the pride department,”
says the National Genome Research Institute’s director, Francis Collins, who
also heads the U.S. arm of the International Human Genome Project.

T. M. Murali January 22, 27, 2025



Course Structure Genomes to Networks

Genome size comparison

Focus Papers

Species Chromosomes  Genes Base pairs
Human 46 28-35,000 3.1 billion
(Homo sapiens) (23 pairs)
Mouse 40 225-30,000 2.7 billion
(Mus musculus)
Puffer fish 44 31,000 365 million
(Fugu rubripes)
Malaria mosquito 6 14,000 289 million

(Anopheles gambiae)

- Fruit fly 8 14,000 137 million
(Drosophila melanogaster)
Roundweorm 12 19,000 97 million
(C. elegans)
Bacterium* 1 5,000 4.1 million
(E. coli)

*Baclerial chromosomes are chromonemes, not true chromosomes

Joun BrancHArD [ The Chronicle

T. M. Murali January 22, 27, 2025
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Chimps vs. Humans
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Chimps vs. Humans
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Course Structure Genomes to Networks Focus Papers

Chimps vs. Humans

Chimp and chump genomes are only about 1.2% different!

T. M. Murali January 22, 27, 2025
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@ Genes are different (only dogs have the submaxillary mucin genes).
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@ Genes are different (only dogs have the submaxillary mucin genes).

e Patterns of gene activity (gene expression) are different.
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What Factors Differentiate Various Species?

@ Genes are different (only dogs have the submaxillary mucin genes).
e Patterns of gene activity (gene expression) are different.

@ Ways in which proteins interact with and regulate each other and
other molecules are different.
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Course Structure

What Factors Differentiate Various Species?

@ Genes are different (only dogs have the submaxillary mucin genes).
e Patterns of gene activity (gene expression) are different.

@ Ways in which proteins interact with and regulate each other and
other molecules are different.

@ ‘It is the evolution of the regulatory networks and not the genes
themselves that play the critical role in making organisms different
from one another,” The Digital Code of DNA, Hood and Galas,
Nature, vol 421, 2003.

T. M. Murali January 22, 27, 2025
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Keith Haring, Untited, 1986 Urs Wehr||, T/dy/ng Up Art, 2003
@ Molecular biology: what are the parts of the cell? what functions
does each part perform?
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Course Structure Genomes to Networks

BRTY to the System
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Keith Haring, Untited, 1986 Urs Wehrli, Tidying Up Art, 2003

@ Molecular biology: what are the parts of the cell? what functions

does each part perform?

@ Systems biology: how do the parts make up the whole? how do genes

and their products collectively carry out complex cellular functions?

@ We need to understand how genes, proteins, and other molecules

interact with other in different cell states, different tissues, and under
different external conditions.

o7
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Biological
knowledge and
contradictory

issues

e Modular cell biology (rather
than molecular).

@ Discovery-driven and
hypothesis-driven.

@ Driven by high-throughput and
accurate biological
measurements.

@ Uses and needs sophisticated computational, mathematical, and
statistical ideas.

@ Requires close collaboration between life and quantitative scientists.

@ Computational analysis can suggest or prioritize wet-lab experiments.

Kitano, Computational Systems Biology, Science, 1999.

T. M. Murali January 22, 27, 2025



Cells in the Human Body

www.thetahealth.com
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Cellular Communication: Neuron Firing

neuron cell body

nucleus

P
synapse N electrical
signal

dendrites

www.jasonshen.com
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Cellular Communication: Hunger Response

Secreted by the stomach

wall, ghrelin is one of the
signals that triggers feelings
of hunger as mealtimes
approach. In disters who lose
weight, ghrelin levelz increase,
which may be one reason

Produced by adipose (fat) A it's so hard to stay on a diet

tissue, leptin suppresses
appetite as its level increases
When body fat decreases,
leptin levels fall, and appetite
increases.

Acrisein blood sugar level
after & meal stimulates

the pancreas to secrete
insulin (see Figure 41 .3)

In addition to its other
functions, insulin suppresses
appetite by acting on the brain.

The hormone PYY,
secreted by the small
intestine after meals,

acts as an appetite

suppressant that
counters the appetite
stimulant ghrelin

www.barbellmedicine.com

nuary 22, 27, 2025



Cellular Communication: Wound Healing

Cutaneous wound Epithefial cell

Production of CXCLS.
IL-1o, IL-1B, CCL2,
VEGF, TGF-f and TNF

Nature Reviews | Immunology

Glaser and Kiecolt-Glaser. Stress-induced immune dysfunction: implications for health. Nature Reviews Immunology 2005.
T. M. Murali January 22, 27, 2025
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Cellular Signaling
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https://www.youtube.com/watch?v=89W6uACEb7M&list=PL9A3232A723DC4175
https://www.youtube.com/watch?v=h3b9ArupXZg

Introduction to 3 Focus

Whnt Signaling

WNT > —> Disheveled
GSK-3p
4

TCF

Al;c
Cells > (E-Cadherin) ———  f—> B-Catenin # p-Catenin:TCF

/>Cdc42—>P1+3K———> Rac ———«

ECM - (_Integrins ) FAK »

Growth Factors __ >3 > Ras - Raf > MEK—> MAPK —> MAPK ~—> EIK—>Fos >

Changes
(e.9. TGFa) /ﬂ} k’ \M_qu:fo—> in Gegne |
/bl MEKK > Myc:Max > (Expression
Hormones: ! CdC42 —>Rac»Rho ———————————— = O
R —r T [ _/' il
(e.g. Bombesin) > (Z-TMR) ——> G-IProl—>Ad Cycl > PKA—————> CREB H
1 I

Hanahan and Wienberg. Hallmarks of cancer. Cell, 2000.
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In the Presence of Extracellular Wnt
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In the Presence of Extracellular Wnt

Degraded

Qe” B-Catenin /
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Wnt Pathway in the KEGG Database
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Course Structure Introduction to CSB Focus Papers

GraphSpace

GraphSpace Graphs Help  AboutUs Login  Create Account

Welcome to GraphSpace!

The interactive graph sharing website.

@ Public Graphs &, Upload Graph

If you don't have an account right now, you can check out public graphs or upload a new graph.

Upload Graphs Interact with graphs Share graphs
« Import graphs created in Cytoscape directly * View a graph, customize layouts for a graph, « Create groups and add collaborators
into GraphSpace and save layouts for graphs * Share graphs among all members of a group
« Create graphs and upload it via the Web « Sequentially step through subgraphs of the « Share layouts between collaborators
Interface or through the REST API entire graph * Share graphs with the world

Please contact T. M. Murali at murali@cs.vt.edu if you have any questions about GraphSpace.

@ Click on “Public Graphs”.

M. Mura uary 22, 27, 2025



GraphSpace

GraphSpace  Graphs  Help  AboutUs

Login  Create Account

Public Graphs 264 Upload New Graph

Search for networks Search | Clear Search

somen o () (D R TR (AT

Documentation on Searching in GraphSpace

s o
Graph Name Tags Graph Owner Last Modified v
Wt Reconstruction with Compartments (2017-10-01 10:52:59.770899) aritz@reed.edu 4 days ago
testing network structure ategge@vt.edu 21 days ago
Attribute Order: Shape Then Color ariz@reed.edu 23 days ago
Attribute Order: Color Then Shape aritz@reed.edu 23 days ago
Filtering by K Example [z | aritz@reed.edu amonth ago
ECZMEMA ‘anywaycrack111@gmail.com 2months ago
Graph 02:45PM on August 16, 2017 skrieger@email arizona.edu 2months ago
docker test 1201701 toxcast family-w0_20-p1 251 Anonymous User 2months ago
Visual Style [Visual | sandeepmahapatra5@gmail.com 2months ago

@ Click on "Public Graphs”.

@ Search for "KEGG Wnt ranks”.
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GraphSpace

[ xkeso) xwmt)[xranks | ] Search | Clear Search
Search Examples: (5T} (D! [osoer wie:xu Documentation on Searching in GraphSpace
c B
Graph Name Tags Graph Owner Last Modified

[ eogrnetworks | mmurali@acm.org ayear ago

‘Showing 1t0 1 of 1 rows

@ Click on “Public Graphs".
@ Search for “KEGG Wnt ranks”.
© Click on "KEGG-Whnt-signaling-pathway-with-ranks”.

T. M. Murali January 22, 27, 2025



Introduction to

Wnt Pathway on GraphSpace

GraphSpace  Graphs Help  AboutUs Login  Create Account
Wht signaling pathway in the KEGG database & Export »
org / KE gnaling-path: h-ranks #
Graph Visualization Graph Information Nodes 52 Edges 66
“ »

AXIN1/2

Search fornodesande Q

SFRP

V74
/ /

[ TSH

CSNK1E..‘ l o7 ’% °\TNB{ and edges

i 7 d .
DDA
; Prrsc NN
‘}NGLIIZ ,'i\§\‘ BXW11 ’4\\7‘ CcHD8
L W N \“\\‘
S S

K2 FE

>

AV
K38

cTBP

@ Open the "Filter nodes and edges” panel on the right.
@ Set the “Current rank” to “1” and then “Exit".

T. M. Murali January 22, 27, 2025



Introduction to

Wnt Pathway on GraphSpace

GraphSpace Graphs Help  AboutUs Login  Create Account
Whnt signaling pathway in the KEGG database & Export »
.org / KE ignaling-pathy h-ranks #
Graph Visualization Graph Information Nodes 52 Edges 66
o 2\
+ \
TCF7/LEF1
- — }Fc Current rank: 1
| —

CTNNBT WNT

Gsusa.\
DvL

@ Set the “Current rank” to “1” and then “Exit”.
@ Move the nodes in the network so that you can arrange them similar to the

presentation.

T. M. Murali January 22, 27, 2025



Cell

In the absence of Wnt In the presence of Wnt

"Destruction
Complex"

Degraded @ s -
B-Cgatenin Cell NSRSz >|Cyclin D1
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Interpreting the Wnt Pathway

Wnt signaling pathway in the KEGG database
WNT What do the arrows mean?

/ Black arrowhead | Wnt activates LRP5/6

Red blunt head | DVL inhibits GSK3B
i . Dashed blue Fzd indirectly binds to DVL

Black no head | DVL binds to Axinl/2
D\!/L

AXIN1/2 ——APC

GSK3B

CTNNB1

|

TCF7/LEF1

T. M. Murali January 22, 27, 2025



Interpreting the Wnt Pathway

Wnt signaling pathway in the KEGG database
WNT What do the arrows mean?

/ Black arrowhead | Wnt activates LRP5/6

Red blunt head | DVL inhibits GSK3B
i . Dashed blue Fzd indirectly binds to DVL

Black no head | DVL binds to Axinl/2

@ What may happen if the cell makes lots of
DVL, e.g., due to a mutation?

!
DVL

AXIN1/2 ——APC

GSK3B

CTNNB1

|

TCF7/LEF1
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Interpreting the Wnt Pathway

Wnt signaling pathway in the KEGG database
WNT What do the arrows mean?

/ Black arrowhead | Wnt activates LRP5/6

Red blunt head | DVL inhibits GSK3B
i . Dashed blue Fzd indirectly binds to DVL

Black no head | DVL binds to Axinl/2

DVL

@ What may happen if the cell makes lots of
DVL, e.g., due to a mutation?
> [-catenin constantly activates TCF/LEF.
\. » Cell behaves as if the Wnt pathway is always
activated. Can lead to cancer.

AXIN1/2 ——APC

GSK3B

CTNNB1

|

TCF7/LEF1

T. M. Murali January 22, 27, 2025
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Interpreting the Wnt Pathway

Wnt signaling pathway in the KEGG database
WNT What do the arrows mean?

/ Black arrowhead | Wnt activates LRP5/6

Red blunt head | DVL inhibits GSK3B
P! . Dashed blue Fzd indirectly binds to DVL

Black no head | DVL binds to Axinl/2

DVL

@ What may happen if the cell makes lots of
DVL, e.g., due to a mutation?
> [-catenin constantly activates TCF/LEF.
\. » Cell behaves as if the Wnt pathway is always
activated. Can lead to cancer.

AXIN1/2 ——APC

GS-K3B
@ Now suppose you want to develop a drug that

binds to the Frizzled (FZD) protein. Should
the drug activate or inhibit FZD?

CTNNB1

TCF7/LEF1
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Course Structure Introduction to CSB

Interpreting the Wnt Pathway

Wnt signaling pathway in the KEGG database
T What do the arrows mean?

/ Black arrowhead | Wnt activates LRP5/6

Red blunt head | DVL inhibits GSK3B
P! . Dashed blue Fzd indirectly binds to DVL

Black no head | DVL binds to Axinl/2

DVL

@ What may happen if the cell makes lots of
DVL, e.g., due to a mutation?
> [-catenin constantly activates TCF/LEF.
\. » Cell behaves as if the Wnt pathway is always
activated. Can lead to cancer.

AXIN1/2 ——APC

GSK3B
@ Now suppose you want to develop a drug that
binds to the Frizzled (FZD) protein. Should

the drug activate or inhibit FZD?
» It should activate FZD.
» Then FZD will bind to DVL and prevent DVL
from inactivating GSK3B.

CTNNB1

TCF7/LEF1

T. M. Murali January 22, 27, 2025
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Imagine the Difficulty of Interpreting this Network!
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Cellular Response to External Signals
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Hanahan and Wienberg. Hallmarks of cancer: the next generation. Cell, 2011.
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A Cell is Like
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A Cell is Like

YOU DON'T

Wom3au epos ayy
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A Cell is Like

Motility Circuits Cytostasis and

Proliferation
Circuits
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Facebook helps you connect and share with
the people in your life.
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Course Structure Introduction to CSB

Sea Urchin (Strongylocentrotus purpuratus)

T. M. Murali January 22, 27, 2025



Course Structure Introduction to CSB Papers

Sea Urchin (Strongylocentrotus purpuratus)

@ Very important in developmental biology.

@ Many principles of embryo development were discovered in the sea
urchin.

T. M. Murali January 22, 27, 2025
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A Cell is a Modular
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A Cell is a Modular
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A Cell is a Modular Network
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A Cell is a Modular Network

A — 100bp
Bp

(-2300) G F E DC B

/] il
[ .| @ 00SpGCF1
ogo 80

CG
B (-216) (-200) (-180) (-160) (-140) (-120) (-116)
CGi P Ox Z CGg
(-115) (-100) (-80) (-60) (-40) (20) (18)

CG4  SpGCF1 SpGC TATA

sssmmEEEn A : Bp amas

C Module A functions:

Vegetal plate expression in early development: &
. . - Gm,f\vr)

Synergism with modules B and G enhancing endoderm expression in later development:

Repression in ectoderm (medules E and F) and skeletogenic mesenchyme ( DC):  } F/E/_?\ ql

Modules E, F and DC with LiCl treatment: I Fﬁ?uq )
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I ar
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A Cell is a Modular Network that Computes

B

if(F=1orE=1orCD=1)and (Z=1)
a=1

else =0

if(P=1and CG,=1)
p=2

else p=0

if (CG,=1and CG,=1and CG, = 1)
T=2

else y=1

5(t) = B(t) + G(t)

£(t) = p*a(t)

if (e(t) = 0)
E(t) = Otx(t)

else E(t) = £(t)

if (a=1)
n(t)=0

else  n(t)=E()

o(t) = y*n(t)

Repression functions of modules F, E, and
DC mediated by Z site

Both P and CG, needed for synergistic link
with module B

Final step up of system output

Positive input from modules B and G

Synergistic amplification of module B
output by CG,-P subsystem

Switch determining whether Otx site in
module A, or upstream modules (i.e.,
mainly module B), will control level of
activity

Repression function inoperative in
endoderm but blocks activity elsewhere

Final output communicated to BTA

T. M. Murali
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Network is Complex
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Network is Complex
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Network is Complex but Very Poorly Understood

Q ° L]

Arlind Nocaj, Untangling Networks: Focus on Less to See More® Ph.D. thesis, Universitit Konstanz, 2015.
M. M January 22, 27, 2025
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Network is Complex but Very Poorly Understood

Costanzo et al., Cell, 2019.

M. Murali January 22, 27, 2025



Challenges with Molecular Interaction Networks

Biological data sets and networks are large.
They are intricate and of very diverse types.

They are noisy: experiments are error-prone.

They are highly incomplete. We barely know which genes interact, let
alone the detailed kinetics of each interaction.

T. M. Murali January 22, 27, 2025



Continuum of Models in Systems Biology

Abstracted Specified
High-level models (L1) Low-level models (L2)

Statistical mining

Bayesian networks

Boolean models
"

Markov chains

Differantial equations
A

'
i
'
1
]

Mechanisms {Including
structura)

TRENDS in Bioteehnalogy

Components
and connections

From Building with a scaffold: emerging strategies for high- to low-level cellular modeling, ldeker

and Lauffenburger, Trends in Biotechnology Volume 21, Issue 6 , June 2003, Pages 255-262.

January 22, 27, 2025
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Goals of the Course

Abstracted Specitied
High-level models (L1) Low-level models (L2)
Statistical mining
Baydsian networks
Boolean models
}
Markov chains
Differential equations
i
Components fluer Mechanisms (Including
and connections T structure)

Emphasise a data-driven approach to systems biology.

Integrate massive quantities of different types of data

Stress methods that can prioritise experiments.

Learn techniques from clustering, data mining, and graph theory and
apply them to solve specific biological questions.

Focus on foundation models for molecular and cell biology. Use these
models to learn about different types of computational problems.

T. M. Murali January 22, 27, 2025



___ Course Structure ______Introduction to CSB______ Genomes toNetworks _____Focus _____________
Papers to be Presented

One broad topic and several specific topics:
o Foundation models for biology
@ Cell type annotation
© Prediction of reponses to genetic perturbations
@ Gene network inference
© Gene module inference

@ and several other topics

T. M. Murali January 22, 27, 2025



Course Structure o : Genomes

Foundation Models

© Transfer learning enables predictions in network biology,
Theodoris et al., Nature, 618, 616-624, 2023.

@ scBERT as a large-scale pretrained deep language model for cell-xtype
annotation of single-cell RNA-seq data, Yang et al., Nature Machine
Intelligence, 4, 852-866, 2024

© scGPT: toward building a foundation model for single-cell multi-omics
using generative Al, Cui et al., Nature Methods, 21, 1470-1480, 2024.
@ Large-scale foundation model on single-cell transcriptomics,
Hao et al., Nature Methods, 21, 1481-1491, 2024.

@ Universal Cell Embeddings: A Foundation Model for Cell Biology,
Rosen et al., bioRxiv, 2024.

T. M. Murali January 22, 27, 2025
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https://www.biorxiv.org/content/10.1101/2023.11.28.568918v2
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