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Alternative titles

m The power of models, the perils of programs
m A plea for shorelines of tractability
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Each character is gained exactly
once in the tree.

Set of rules
Set of constraints
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Input: a binary matrix M
Output: a tree T explaining M, if it exists
each edge of T corresponds to a character gain



Perfect Phylogeny Problem
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Multi state character evolution

(Tooth Induction in Chick Epithelium: Expression of Quiescent Genes for Enamel Synthesis; Kollar, Fisher; Science 1980)
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Multi state character evolution
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Progression of states Transitions 012 model
0: Absent m

1: Present 1]

2: Dormant

(Tooth Induction in Chick Epithelium: Expression of Quiescent Genes for Enamel Synthesis; Kollar, Fisher; Science 1980)
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Multi state character evolution
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(Tooth Induction in Chick Epithelium: Expression of Quiescent Genes for Enamel Synthesis; Kollar, Fisher; Science 1980)
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 Braoke.Cole - Thomssn Lesming

Ring-tailed lemur spider monkey Rhesus monkey Chimpanzee Human

Loss of opposable
thumb on foot

Loss of tail
Downward-po

Central eye area
for more acute vision

Four kinds of teeth
Moveable head and front-facing eyes
Large brain
Omnivorous

ts on hand and foot,
with oppos: mbs

Each character can be lost (once).
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illustration of convergent evolution by craigpemberton is marked with CC BY-SA 2.0.
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Characters and States




Models of Evolution




Models of Evolution




Models of Evolution




Models of Evolution




Models of Evolution




Models of Evolution




Dollo

Losing a character is easier than gaining a character.
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clonal fractions at initial diagnosis
-

AML1 / UPN933124

Different clones — different fractions of the tumor
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Tumor Evolution




Tumor Evolution




“Our results refute the general validity of the infinite sites assumption”

“6 childhood acute lymphoblastic leukemia (ALL) patients ... Our test returns
extremely high BFs' in the range of 10° to 10 ... for all samples apart from
patient 5, the recurrent mutation is a back mutation”

From: A statistical test on single-cell data reveals widespread recurrent mutations
in tumor evolution, Kuipers et al., BioRxiv, 2016

'BF: Bayes Factor. It is the ratio of the likelihoods of seeing the actual data given the infinite
site assumption and the finite site assumption
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“infer the phylogeny for individual patients using the Dollo parsimony method
and a for the best phylogenetic
reconstruction”

“In genomically unstable cancers, deletion of large chromosomal segments is
common”

“large deletions on several branches of a tree can span a shared locus, and
thus a given mutation may be deleted independently multiple times”

From: Brown, D. et al. Phylogenetic analysis of metastatic progression in breast
cancer using somatic mutations and copy number aberrations. Nat. Commun. 8,
14944 doi: 10.1038/ncomms14944 (2017)
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Persistent Phylogeny




Red-black graph: trimming choices
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ILP approaches

Variables

Linear constraints

Linear objective function
Excellent tools

Exploration vs. Exploitation
Always finds the optimal solution

Gianluca Della Vedova Computational Aspects of Models of Evolution 23/38



ILP approaches

Variables

Linear constraints

Linear objective function

Excellent tools

Exploration vs. Exploitation

Always finds the optimal solution if you have a lot of time
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Perfect Phylogeny: ILP approach

max whatever subject to
B(p,q,0,1) > M(c,q) — M(c,p) VYceC,p,qe S
B(p,q,1,0) > M(c,p) —M(c,q) VceC,p,ge S
B(p,qg,1,1) > E(c,p)+ E(c,q)—1 VceC, p,qe$S
B(p,q,0,1)+B(p,q,1,0)+ B(p,q,1,1) <2 Vp,ge S

N

A~ N/~ /~
A W
~— ~— ~— ~— ~—

(9]
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conjugate characters ¢, ¢~

extended matrix M,

M[s,c]=1= M[s,cT] =1, Mg[s,c] =0

M[s,c] =0 = Mg[s,ct] = Me[s, c7]

M has a persistent phylogeny iff there exists M, with perfect phylogeny
(Bonizzoni et al., Theor. Comp. Sci., 2012)

ILP for perfect phylogeny (Gusfield et al., COCOON, 2007)

ILP for persistent phylogeny (Gusfield, ACM BCB, 2015)
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Persistent Phylogeny: ILP approach

max whatever subject to
I(c,m)=E(c,m")—E(c,m)¥ceC,meM
B(p,q,0,1) > E(c,q) - E(c,p) VYceC,p,qe M
B(p,qg,1,0) > E(c,p) —E(c,q) VceC,p,qge I
B(p,q,1,1) > E(c,p)+ E(c,q)—-1 VceC, p,ge M
B(p,q,0,1)+B(p,q,1,0) + B(p,q,1,1) <2 Vp,ge M*
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maxZ Z log w(c, m), subject to

ceC meM
F(c,m)=E(c,m") - Z E(c,m7)¥YceC,meM
i<k
w(c,m)=(1-a)F(c,m)+p(1-F(c,m)) ifllc,m)=1
w(c,m)=aF(c,m)+(1-8)(1-F(c,m)) ifllc,m)=0
B(p,q,0,1) > E(c,q) - E(c,p) VceC,p,qe M
B(p,q,1,0) > E(c,p) — E(c,q) VYceC,p,qe I
B(p,q,1,1) = E(c,p) + E(c,q) — 1
B(p,q,0,1)+B(p,q,1,0)+ B(p,q,1,1) <2 Vp,qe M*
B(-, ), F(--), E(-,-) € {0, 1}
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Tumor Evolution




SASC — Simulated Annealing




Reattach
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Single-cell RNA-seq enables
comprehensive tumour and immune
cell profiling in primary breast cancer.

Chung et al., Nature Communications,

2017.

Ciccolella et al., Inferring Cancer
Progression from Single-cell
Sequencing while Allowing Mutation
Losses, Bioinformatics, 2020.
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Find a Persistent Phylogeny with minimum number of backmutations in
polynomial time

Efficiently compute a Persistent Phylogeny explaining a set of samples
Efficiently compute a Dollo(k) Phylogeny explaining a set of samples
Compare different phylogenies

Amalgamate different phylogenies
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THANKS!
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Attributions

Some material has been taken from:

m Trevor Pugh (https://bioinformatics.ca/workshops/2016/
bioinformatics-cancer-genomics-2016)

m “File:Simplex-method-3-dimensions.png” by User:Sdo is marked with CC
BY-SA 3.0.

This work is licensed under a Creative Commons “At- @
tribution 4.0 International” license. -
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