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Increase of network complexity has a major impact
on gene essentiality changes.

Mechanism of gene essentiality changes



Young genes quickly become essential by gaining new functions

But it is unclear how this event occur.

Ancestral Species D

Origin of a new gene X

Species A Species B Species C Species C mutant Species D

Genotype
(Gene X activity) No No Yes No No
Phenotype . ) . . .
(Viability) Viable Viable Viable Lethal Viable (infered)
Essentiality of . , i .
the new gene X  Not essential  Not essential Essential Not essential

Chen et al., Science 2008
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Gene essentiality varies across species, which is one of the most dramatic phenotypic changes of a gene (Liao and Zhang 2008). It was shown that drosophila young genes as essential as old genes, suggesting that new genes became essential in a short evolutionary time.


Gene essentiality often changes during evolution

MapZk1 (nonessential in yeast but essential in mouse)

o "Map2ki-/- embryos die at mid-gestation from abnormal development

and hypovascularization of the placenta.” (Vickram Bissonauth, et al. Development
2006)

* ’In the mouse, loss of MapZk1 function causes embryonic lethality.”
(Valérie Nadeau, et al. Development 2009)

It is unclear how nonessential genes become essential in more complex organism


발표자
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Here is an another example. Deletion of MAP kinase kinase1 (MAP2K1) did not affect the fitness of yeast, but its loss of function caused the embryonic lethality in mouse (Bissonauth et al. 2006; Nadeau et al. 2009). 
Orthologs often considered delivering the same functions in different species, then why and how gene essentiality changes between species?


Rewiring of interactions

Link rewiring

—-

T. Yamada and P. Bork, Nat. Rev. Mol. Cell biol. 2009

Interaction rewiring can reconfigure molecular systems without a

gain or loss of gene.
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controversy over the centrality-lethality rule

Centrality-lethality rule

« The most highly connected proteins in the cell are the most important for its
survival.

« But the weak correlation has been a problem.
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The topology of PPI network has been successfully explained the cause of gene essentiality. Under the centrality-lethality (C-L) rule, highly connected proteins in the network are more likely essential for cell viability (Jeong et al. 2001) but a weak correlation between network hubs and essential genes made controversies over the C-L rule (Coulomb et al. 2005; Batada et al. 2006; Gandhi et al. 2006). Understanding the mechanism for gene essentiality changes will firmly reestablish the C-L rule and help discover target genes to control key biological processes. Here, we investigated the change of gene essentiality in the framework of network biology approach.


Genes essentiality changes between species

Essential Essential
in yeast In mouse

9Sno\

Non-Essential MNon-Essential
in yeast iIn mouse
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We analyzed gene essentiality differences between yeast and mouse genomes and found that a significant portion of yeast orthologs changed their essentialities in mouse. 
Of 750 yeast essential genes, 659 are nonessential in mouse. And of 1,394 yeast nonessential genes, 246 are essential in mouse.

우리는 yeast와 mouse 사이에서 essentiality가 변한 gene들이 많다는 것을 발견했다.
750개의 essential gene 중에서 91개만이 essential한 성질을 유지하고 나머지 659개는 nonessential해졌다.
그리고 1394개의 yeast nonessential gene중에서 659개의 gene은 mouse에서 essential해졌다.



Network Evolution
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Increase of network degree is responsible for gene essentiality changes

between yeast and mouse.

Yeast PPl network
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One possible explanation for these gene essentiality changes is that network evolution drove the change of gene essentiality.
(We found that network evolution significantly contributed to the gene essentiality changes.) We indeed found that increases of network connections were highly correlated with gene essentiality changes.

우리는 이러한 gene essentiality의 변화의 원인이 network complexity의 evolution에 따른 것이라 생각했다.
connectivity가 높은 gene일수록 essential할 확률이 높다는 관찰이 기반하면 N2E gene들이 interaction을 많이 늘렸을 것이라 생각할 수 있고 반대로 E2N gene들은 interaction을 상대적으로 적게 늘렸을 것이라 생각할 수 있다.


Increase in network connections and gene essentiality changes
between yeast and mouse
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Next, we measured the fold increase of the network connections of each ortholog between yeast and mouse and found that the increase was most significant in N2E genes.

그러나 degree 증가의 rate를 비교했을 때 N2E가 나머지 그룹의 gene들에 비해 interaction을 빠르게 증가시켰고 E2N은 가장 느리게 증가시켰다.
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We found that the network connections of genes gradually increased during evolution. Especially, N2E genes have increased their network connections most rapidly.
These results indicate that the increase of network connection is an important driving force for a gene to become essential.


Network connections of MapZk7 in yeast, worm, chicken, and mouse
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an N2E gene, Map2k1 has only eight interaction partners in yeast PPI network, but network connections increased to 23 in mouse PPI network (Fig. 2E).  Deletion of Map2K1 gene is not lethal in yeast, but in mouse that causes embryonic lethal due to its important role in placentogenesis (Bissonauth et al. 2006; Nadeau et al. 2009). 


Protein complex membership and evolution of gene essentiality changes

Fraction of genes newly
involved in complexes (%)
0 5 10 15
Control i

| p=0.24
26 [

| p = 3.565X10°10
N2E =

' =0.21
E2N P

- -6

N2N p=1.43X10

b

Control
E2E
N2E
E2N

N2N

Evolutionary rate (dN/dS)

0 0.05 0.1
- p= 567X1072
By —
p=279X10""
p=0.82



발표자
프레젠테이션 노트
We found that essential genes tend to involve more in protein complexes than non-essential genes both in yeast and mouse.

complex에 속한 gene이 더 essential할 가능성이 높다는 것은 yeast에서 알려져 있었는데 우리는 이러한 현상이 yeast와 mouse에 공통적이라는 것을 발견했다.
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Old genes became essential by participating into vital pathways.
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We found that new interactions of N2E genes contributed toward the integration of N2E genes into vital pathways. We investigated the biological processes of the interaction partners of four phenotypic groups and discovered that in mouse, N2E genes share similar biological processes with E2E genes, while in yeast, E2N genes were more involved in the biological processes with E2E genes. Specifically, in mouse, N2E genes showed highest agreement of 74% with the biological processes of E2E gene interactions although in yeast, E2N genes showed highest agreement of 77% with the biological processes of E2E genes. 
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N2E genes often bridge functional modules and control information flow in
the PPl network.
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우리는 N2E gene들이 protein interaction network에서 information flow를 control하거나 module들을 연결하는 위치를 차지하는 경향이 있다는 것을 발견했다. Proteins with high betweenness connect different functional clusters (Dunn R, Sanderson CM 2005) and control the flow of information across a network (Jeong et al. 2000; Wagner and Fell 2001).
degree가 높을 때 N2E gene들은 E2N, N2N gene들에 비해서 높은 betweenness 값을 가졌다.


controversy over the centrality-lethality rule

Centrality-lethality rule

« The most highly connected proteins in the cell are the most important for its
survival.

« But the weak correlation has been a problem.
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The topology of PPI network has been successfully explained the cause of gene essentiality. Under the centrality-lethality (C-L) rule, highly connected proteins in the network are more likely essential for cell viability (Jeong et al. 2001) but a weak correlation between network hubs and essential genes made controversies over the C-L rule (Coulomb et al. 2005; Batada et al. 2006; Gandhi et al. 2006). Understanding the mechanism for gene essentiality changes will firmly reestablish the C-L rule and help discover target genes to control key biological processes. Here, we investigated the change of gene essentiality in the framework of network biology approach.


The C-L rule dramatically improved for the genes keeping their essentiality
both in yeast and mouse
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Gene essentiality와 network degree 사이의 correlation이 weak하게 관찰된 이유는 gene essentiality가 진화과정에서 변할 수 있다는 것을 고려하지 않았기 때문일 가능성이 크다.  Evolution을 통한 gene essentiality의 변화와 network의 rewiring을 고려했을 때, gene essentiality와 network degree 사이에 strong한 relationship이 보인다는 것을 발견했다.  Evolution에 의한 gene essentiality의 변화를 고려하기 위해서는 essentiality를 유지한 gene들에 (E2E, N2N) 대해서는 degree와의 관계를 분석하고, essentiality가 변한 gene들에 (N2E, E2N) 대해서는 degree 자체가 아니라 degree의 변화량과의 관계를 분석해야 한다. Previously observed weak correlation between hubs and essential genes was entirely due to the lack of proper consideration of essentiality-changing genes, therefore confirm that the centrality-lethality rule is truly valid as a mechanism of gene essentiality, and prompt new approach to study relationships between phenotype changes and network evolution by rewiring of interactions.


Centrality-lethality rule이 다소 뚜렷하지 않았던 것에는 essentiality가 진화 과정에서 변화한다는데 그 원인이 있을 것이다.

예를 들어, yeast에서 essential하다가 mouse에서 nonessential해진 gene들은 높은 degree를 가지기 때문에 centrality-lethality rule의 명확성을 감소시키는 effect를 가질 것이다.  마찬가지로 yeast에서 nonessential하다가 mouse에서 essential해진 gene들은 낮은 degree를 가지기 때문에 centrality-lethality rule의 명확성을 감소시키는 effect를 가질 수 있는 가능성이 있다.




Conclusions

1. Increase of network complexity has a major impact on gene essentiality
changes.

2. Young genes quickly become essential by gaining new functions.

3. Essential genes integrated into vital pathways via interaction rewiring.
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