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GENE EXPRESSION: specifies the nature and the properties of

proteins and functional molecules that the organism is able to
produce

Create a global picture of cellular function

U

Gene Expression Profiling
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The dynamics of biological systems are not completely known

!

Identify mathematical models to derive the structure and/or unknown
parameters from experimental data

Definition of a methodology for the inference of
genetic networks

[Formal Methods (Model Checking) ]

| PRISM |




BIOLOGICAL AND IN SILICO
NETWORKS

(A) Biological application (B) In silico benchmark
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In Silico Network: networks obtained by a process of reverse
engineering which obtains possible expression data from a given
network.




APPROACH

- Discretized Biological Properties
Data expressed in PRISM
logic (PCTL¥*)

Multiple Time course experiments l l

PRISM Model

Model - Checker
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MODEL

"~ Gene ert. 0 | Pert. 1 | Pert. 2
A B D B
. . . ° perturb_num
C B B U

[] perturb_num=n -> 1/n:(perturb_num'=0)
+ 1/n:(perturb_num'=1)
+ L
+ 1/n:(perturb_num'=n-=1);

[st@] perturb_num=0 -> (A_state_p'=Basal)
& (B_state_p'=Basal)
& (C_state_p'=Basal);







Gene A
Pert. 0 Pert. 1 Pent. 2
Gene [ O 1T 210 1T 270 1 27
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B/ B B B|D D D D D D
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module GENE_A
A_state : int;
time_TS : [0..3] init 0;
// PERT. -> @
// Initial state PERTURBATION @
[st@] A_state=Init & perturb_num=@ -> (A_state's=Down) & (time_TS'=1);
[st1] A_state=Down & time_TS=1 & perturb_num=0 -> (A_state'=Basal) & (time_TS'=2);
[st2] A_state=Basal & time_TS=2 & perturb_num=0 -> (A_state'=Up) & (time_TS'=3);
// PERT. => 1

// Initial state PERTURBATION 1
[st@) A_state=Init & perturb_num=l -> (A_state'=Down) & (time_TS'=1);

[st1] A_state=Down & time_TS=1 & perturb_num=1 -> (A_state'=Down) & (time_TS'=2);
[st2] A_state=Down & time_TS=2 & perturb_num=1 -> (A_state'=Down) & (time_TS'=3);
// PERT., => 2
// sas

endmodule




Edges of a gene regulatory network

Activator Inhibitor
X>Y X Y
Increasing l ”’l Increasing Increasing l b > D | l Decreasing
expression I I expression expression expression
Edges Properties

* Activator Edge: given two genes X and Y, whenever X becomes
high also Y becomes high and does not return low;

* Inhibitor Edge: given two genes X and Y, whenever X becomes
high Y becomes low and does not return high.



Edges of a gene regulatory network

Activator Inhibitor
X->Y XY
Increasing l ,,,l Increasing Increasing l ”’ l Decreasing
expression expression

I expression expression '

Edges Properties

« Activator Edge: P=? [(A_state <= Init U (A_state = Up)) U
(A_state = Up & (F (G C_state = Up)))|

* Inhibitor Edge: P=? [(A_state <= Init U (A_state = Up)) U
(A_state = Up & (F (G C_state = Down)))|



Edge Properties WEAK

* Activator Edge: given two genes X and Y, whenever X becomes

high also Y becomes high-and-dees-not-returntows:

 Inhibitor Edge: given two genes X and Y, whenever X becomes

high Y becomes low-and-deesnotretaraiigh.

Properties

Overexpression Knockout




Other Checks

* A gene becomes high and then does not return low;
* A gene is always at the high logic level,;

* The 1nitial state of a gene is at high logic value.

Properties

results
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Checks
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PROPOSED METHODOLOGY
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PROPOSED METHODOLOGY
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PROPOSED METHODOLOGY
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STEPS OF THE ALGORITHM

Checks:1 & 2 & 3 =
TRUE

Edge Properties:
Overexpression &
Knockout

Edge Properties:
Strong & Weak

Select the highest
grouping of edges
with maximum
probability

0

—

Strong Genes

Deleting Edges with
Overexpression and
Knockout greater
than epsilon

N\

Deleting Edges with
Strong and Weak
greater than a
certain threshold

N\

Final Network

-

Deleting Edges
with the strong
gene at the right




EXPERIMENTAL RESULTS

Edges identified by
ProFoGRN

True
Positives

False
Positives

False
Negatives

Real Network’s

Edges
. True_Positives True_Positives
Precision = — — Recall = m— :
True_Positives + False_Positives True_Positives + False _Negatives

Precision-Recall

F —measure=2- —
Pr ecision + Re call




EXPERIMENTAL RESULTS (2)

State of
the Art

ARACNE 1.00- —— ARACNE —- TD—Aracne

CLR
TD-Aracne
TSNIF
BANJO
FormalM

F-measure

0.00- )
4 56 10 20 30 50 70 1
No. of genes




IN SILICO RESULTS

wfi== FOormalM === ProFoGRN

F-Measure
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E. coL1I SOS RESULTS

Method Graph Pr Rc Fm
ARACNE Undirected 044 0.57 0.50
CLR Undirected 0.35 1.00 0.52
TD-Aracne Undirected 0.22 1.00  0.36
FormalM Undirected 0.25 1.00 0.40
TSNIF Undirected 0.21 043 0.29
BANJO Undirected 036 0.71 048
ProFoGRN  Undirected 1.00 1.00 1.00
TD-Aracne Directed 0.12 088 0.22
FormalM Directed 0.14 1.00 0.25
TSNIF Directed 0.12 025 0.17
BANJO Directed 026 0.62 0.37
ProFoGRN  Directed 1.00  1.00 1.00
FormalM Signed 0.04 025 0.06
TSNIF Signed 0.12 025 0.17
BANJO Signed 005 0.12 0.07
ProFoGRN  Signed 0.14 0.13 0.14




IRMA RESULTS

Method Graph Pr Rc Fm
ARACNE Undirected 0.60 043 0.50
CLR Undirected 0.75 0.86 0.80
TD-Aracne Undirected  0.61 1.00  0.76
FormalM Undirected 0.70 1.00 0.82
TSNIF Undirected 1.00  0.86 0.92
BANJO Undirected 0.67 086 0.75
ProFoGRN Undirected 086 086 0.86
TD-Aracne Directed 032 075 044
FormalM Directed 040 1.00 0.57
TSNIF Directed 0.71  0.62 0.67
BANJO Directed 045 062 0.53
ProFoGRN Directed 0.71 086 0.78
FormalM Signed 0.25 0.62 0.36
TSNIF Signed 043 038 0.40
BANJO Signed 036 050 042
ProFoGRN  Signed 0.50 050 0.50




S. CERVISIAE RESULTS

Method Graph Pr Rc Fm
ARACNE Undirected 024 020 0.22
CLR Undirected 026 045 0.33
TD-Aracne Undirected 036 0.85 0.51
FormalM Undirected 036 1.00 0.53
TSNIF Undirected 0.23 0.25 0.24
BANJO Undirected 032 0.35 0.33
ProFoGRN  Undirected 030 0.18 0.23
TD-Aracne Directed 0.21 0.61 0.31
FormalM Directed 0.21 1.00  0.35
TSNIF Directed 0.16 0.17 0.17
BANJO Directed 0.21 026 0.23
ProFoGRN  Directed 020 0.09 0.12
FormalM Signed 0.18 087 0.30
TSNIF Signed 0.08 0.09 0.08
BANJO Signed 0.17 022 0.19
ProFoGRN  Signed 0.20 0.09 0.12




We have introduced a novel Methodology
Model & Properties
Model Checking

Performance Analysis

Speed Performance Improvement
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WORK IN Scalability

PROGRESS cher .regl.llatory pattern

COMING SOON! Investigation

e o Integration of our tool into existing
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