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Motivation and Review



Styles of Machine Learning

Background: interpolation is easy, extrapolation is hard

» Urs Holzle keynote talk at NIPS 2005.
» Emphasis on massive data sets.
> Let the data do the work—more data, less extrapolation.
» Alternative paradigm:
» Very scarce data: computational biology, human motion.
» How to generalize from scarce data?

» Need to include more assumptions about the data (e.g.
invariances).



General Approach

Broadly Speaking: Two approaches to modeling

data modeling mechanistic modeling




General Approach

Broadly Speaking: Two approaches to modeling

data modeling mechanistic modeling

let the data “speak”




General Approach

Broadly Speaking: Two approaches to modeling

data modeling mechanistic modeling

let the data “speak” impose physical laws




General Approach

Broadly Speaking: Two approaches to modeling

data modeling mechanistic modeling

let the data “speak” impose physical laws
data driven




General Approach

Broadly Speaking: Two approaches to modeling

data modeling

let the data “speak”
data driven

mechanistic modeling

impose physical laws
knowledge driven




General Approach

Broadly Speaking: Two approaches to modeling

data modeling

let the data “speak”
data driven
adaptive models

mechanistic modeling

impose physical laws
knowledge driven




General Approach

Broadly Speaking: Two approaches to modeling

data modeling

let the data “speak”
data driven
adaptive models

mechanistic modeling

impose physical laws
knowledge driven
differential equations




General Approach

Broadly Speaking: Two approaches to modeling

data modeling

let the data “speak”
data driven
adaptive models
digit recognition

mechanistic modeling

impose physical laws
knowledge driven
differential equations




General Approach

Broadly Speaking: Two approaches to modeling

data modeling

let the data “speak”
data driven
adaptive models
digit recognition

mechanistic modeling

impose physical laws
knowledge driven
differential equations

climate, weather models




Dimensionality Reduction

» Linear relationship between the data, X € £"*P, and a
reduced dimensional representation, F € ™9, where g < p.

X =FW +¢,

e~N(0,X)

» Integrate out F, optimize with respect to W.
» For Gaussian prior, F ~ N (0,1)
» and X = ol we have probabilistic PCA (Tipping and Bishop,

1999; Roweis, 1998).
» and X constrained to be diagonal, we have factor analysis.



Dimensionality Reduction: Temporal Data

» Deal with temporal data with a temporal latent prior.

» Independent Gauss-Markov priors over each fi(t) leads to :
Rauch-Tung-Striebel (RTS) smoother (Kalman filter).

» More generally consider a Gaussian process (GP) prior,

q
p(F’t) = HN (fhi’O’ Kf:,i»f:,i) :

i=1

» Given the covariance functions for {f;(t)} we have an implied
covariance function across all {x;(t)}—(ML: semi-parametric
latent factor model (Teh et al., 2005), Geostatistics: linear
model of coregionalization).

» Rauch-Tung-Striebel smoother has been preferred

» linear computational complexity in n.

» Advances in sparse approximations have made the general GP
framework practical. (Titsias, 2009; Snelson and Ghahramani,
2006; Quifionero Candela and Rasmussen, 2005).



Gaussian Distribution

Zero mean Gaussian distribution

» A multi-variate Gaussian distribution is defined by a mean and
a covariance matrix.

1 f—p) K1 (f -
N (Flu,K) = ——5— exp _(F—p) ¢ UsTORY
(2m)2 [K|2
» We will consider the special case where the mean is zero,
1 fTKIf
N(f]0,K) = —x—Fexp (— ) :
(2m)7 |K]2 2



Sampling a Function

Multi-variate Gaussians

» We will consider a Gaussian with a particular structure of
covariance matrix.

» Generate a single sample from this 25 dimensional Gaussian
distribution, f =[f, ... fa5].

» We will plot these points against their index.



Gaussian Distribution Sample
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-1

(a) A 25 dimensional correlated ran- (b) colormap showing correlations
dom variable (values ploted against between dimensions
index)

Figure: A sample from a 25 dimensional Gaussian distribution.
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Covariance Function

The covariance matrix
» Covariance matrix shows correlation between points f; and f; if
i is near to j.
» Less correlation if i is distant from j.

» Our ordering of points means that the function appears
smooth.

» Combine covariance function with training data by
conditioning on one point given the other.

» Let's consider the marginal density for variables indexed by 1
and 2.
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Prediction of f5 from £,

demGpCov2D([1 5])
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Figure: Covariance for [ ;1 ] is Ki5 = [
5
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Covariance Functions

Where did this covariance matrix come from?

Exponentiated Quadratic Kernel Function (RBF, Squared
Exponential, Gaussian)

2
N =
k(t,t)-aexp( Te

» Covariance matrix is built
using the inputs to the
function t.

» For the example above it
was based on Euclidean
distance.

» The covariance function is
also know as a kernel.




Covariance Samples

demCovFuncSample

Figure: Exponentiated quadratic kernel with ¢ = 1072, a=1



Covariance Samples
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Figure: Exponentiated quadratic kernel with / =1, a =1



Covariance Samples

demCovFuncSample

Figure:  Exponentiated quadratic kernel with £ =0.3, a« = 4



Covariance Samples

demCovFuncSample

Figure: Ornstein-Uhlenbeck (stationary Gauss-Markov) covariance
function =1, a =4



Mechanical Analogy

Back to Latent Force Models!

» These models rely on the latent variables to provide the
dynamic information.

» We now introduce a further dynamical system with a
mechanistic inspiration.

» Physical Interpretation:

» the latent functions, f;(t) are g forces.
» We observe the displacement of p springs to the forces.,
» Interpret system as the force balance equation, XD = FS + €.
» Forces act, e.g. through levers — a matrix of sensitivities,
S € RI*P.
» Diagonal matrix of spring constants, D € RP*P.
» Original System: W = SD~ 1.



Extend Model

» Add a damper and give the system mass.
FS = XM + XC + XD +e.

» Now have a second order mechanical system.
» It will exhibit inertia and resonance.

» There are many systems that can also be represented by
differential equations.

» When being forced by latent function(s), {fi(t)}{_,, we call
this a latent force model.



Second Order ODE



Gaussian Process priors and Latent Force Models

Driven Harmonic Oscillator

» For Gaussian process we can compute the covariance matrices
for the output displacements.

» For one displacement the model is

q

myXe(t) + cexi(t) + dixi(t) = br + Z sikfi(t), (1)
i=0

where, my is the kth diagonal element from M and similarly
for ¢, and dk. sj is the i, kth element of S.

» Model the latent forces as g independent, GPs with
exponentiated quadratic covariances

(t—t)?
keh(t,t)) = exp (—2—&2 Oil-



Covariance for ODE Model

» Exponentiated Quadratic Covariance function for f (t)

- t .
30 = 1 S srenl-at /0 () exp(ay) sin(wj(t — 7))dr

mjwj =

()

» Joint distribution
for xq (t), x2 (),
x3 (t) and £ (t).
Damping ratios:
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» Analogy
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» Joint distribution
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Joint Sampling of x (t) and f (t)

» lfmSample

Figure: Joint samples from the ODE covariance, black: f (t), red:
x1 (t) (underdamped), green: x> (t) (overdamped), and blue: x3 (t)
(critically damped).
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» lfmSample
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Figure: Joint samples from the ODE covariance, black: f (t), red:
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Joint Sampling of x (t) and f (t)

» lfmSample

2% 55 60 65 70

Figure: Joint samples from the ODE covariance, black: f (t), red:
x1 (t) (underdamped), green: x> (t) (overdamped), and blue: x3 (t)
(critically damped).



Covariance for ODE

» Exponentiated Quadratic Covariance function for f (t)
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Motion Capture Example
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Example: Motion Capture

Mauricio Alvarez and David Luengo (Alvarez et al., 2009)

» Motion capture data: used for animating human motion.
» Multivariate time series of angles representing joint positions.
» Objective: generalize from training data to realistic motions.

» Use 2nd Order Latent Force Model with mass/spring/damper
(resistor inductor capacitor) at each joint.



Prediction of Test Motion

Model left arm only.

3 balancing motions (18, 19, 20) from subject 49.

18 and 19 are similar, 20 contains more dramatic movements.
Train on 18 and 19 and testing on 20

Data was down-sampled by 32 (from 120 fps).

Reconstruct motion of left arm for 20 given other movements.

vV V.V vV VvV VY

Compare with GP that predicts left arm angles given other
body angles.



Mocap Results

Table: Root mean squared (RMS) angle error for prediction of the left
arm’s configuration in the motion capture data. Prediction with the
latent force model outperforms the prediction with regression for all apart
from the radius's angle.

Latent Force | Regression

Angle Error Error
Radius 4.11 4.02
Wrist 6.55 6.65

Hand X rotation 1.82 3.21
Hand Z rotation 2.76 6.14
Thumb X rotation 1.77 3.10
Thumb Z rotation 2.73 6.09




Mocap Results Il

1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9

(a) Inferred Latent Force (b) Wrist (c) Hand X Rotation

l

° 1 2 3 4 5 6 7 8 © 1 2 3 4 5 6 7 8 9 © 1 2 3 4 5 6 7 8 9

(d) Hand Z Rotation (e) Thumb X Rotation  (f) Thumb Z Rotation

Figure: Predictions from LFM (solid line, grey error bars) and direct
regression (crosses with stick error bars).
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Example: Transcriptional Regulation

» First Order Differential Equation

dx; (¢)

T Bt Sif (t) — Djx; (t)

v

Can be used as a model of gene transcription: Barenco et al.,
2006; Gao et al., 2008.

xj(t) — concentration of gene j's mMRNA

v

v

f(t) — concentration of active transcription factor
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2006; Gao et al., 2008.
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Example: Transcriptional Regulation

» First Order Differential Equation
dx; (t)
— = B S0 -Dx()

v

Can be used as a model of gene transcription: Barenco et al.,
2006; Gao et al., 2008.

xj(t) — concentration of gene j's mMRNA
f(t) — concentration of active transcription factor
Model parameters: baseline B}, sensitivity S; and decay D;

Application: identifying co-regulated genes (targets)

vV vVv.v. v Y

Problem: how do we fit the model when f(t) is not observed?



Covariance for Transcription Model

RBF covariance function for f (t)

. t
xi (t) = % + Sjexp (—D,-t)/0 f (u)exp (Dju)du.

» Joint distribution
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Covariance for Transcription Model

RBF covariance function for f (t)

. t
xi (t) = % + Sjexp (—D,-t)/0 f (u)exp (Dju)du.

» Joint distribution
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Joint Sampling of f (t) and x (t)

> simSample

1 2 3 4 5

Figure: Joint samples from the ODE covariance, black: f (t), red:
x1 (t) (high decay/sensitivity), green: x; (t) (medium
decay/sensitivity) and blue: x3 (t) (low decay/sensitivity).
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p53 “Guardian of the Cell”

Responsible for Repairing DNA damage
Activates DNA Repair proteins
Pauses the Cell Cycle (prevents replication of damage DNA)

vV v v Yy

Initiates apoptosis (cell death) in the case where damage can't
be repaired.

v

Large scale feeback loop with NF-xB.



p53 DNA Damage Repair

Figure: p53. Left unbound, Right bound to DNA. Images by David S.
Goodsell from http://www.rcsb.org/ (see the “Molecule of the Month”
feature).


http://www.rcsb.org/

Figure: Repair of DNA damage by p53. Image fromGoodsell (1999).



Response of p53 to lonizing Radiation

» Experiment by Barenco et al. 2006.

» Human leukemia cell line (MOLT4) containing functional p53
and harvested protein and RNA at regular intervals after
irradiation.

» The time course was performed in triplicate, and mRNA
concentrations measured using Affymetrix UL33A microarrays.



Modelling Assumption

» Assume pb3 affects targets as a single input module network
motif (SIM).

Figure: p53 SIM network motif as modelled by Barenco et al. 2006.
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Ordinary Differential Equation Model

» First Order Differential Equation

dx; (t)
dt

= Bj + §jf (t) — Djx; (t)

» Proposed by Barenco et al. (2006).
> xj(t) — concentration of gene j's mMRNA

» f(t) — concentration of active transcription factor
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» First Order Differential Equation
dx; (t)
T =B+ Sf () - D(t)

Proposed by Barenco et al. (2006).
xj(t) — concentration of gene j's mMRNA
f(t) — concentration of active transcription factor
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Ordinary Differential Equation Model

» First Order Differential Equation
dx; (t)
T =B+ Sf () - D(t)

Proposed by Barenco et al. (2006).

xj(t) — concentration of gene j's mMRNA

f(t) — concentration of active transcription factor

Model parameters: baseline B;, sensitivity S; and decay D;
Application: identifying co-regulated genes (targets)

Problem: how do we fit the model when f(t) is not observed?



p53 Results with GP

Pei Gao

Inferred ps3 protein gene TNFRSF20b mRNA gene DDB2 MRNA

ol 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
gene p21 mRNA gene BIK mRNA gene hPA26 mRNA

B=022518
D=08

s=1




Cascade Differential Equations



Cascaded Differential Equations

Antti Honkela

» Transcription factor protein also has governing mRNA.
» This mRNA can be measured.

» In signalling systems this measurement can be misleading
because it is activated (phosphorylated) transcription factor
that counts.

» In development phosphorylation plays less of a role.



Drosophila Mesoderm Development

Collaboration with Furlong Lab in EMBL Heidelberg.
» Mesoderm development in Drosophila melanogaster (fruit fly).

» Mesoderm forms in triplobastic animals (along with ectoderm
and endoderm). Mesoderm develops into muscles, and
circulatory system.

» The transcription factor Twist initiates Drosophila mesoderm
development, resulting in the formation of heart, somatic
muscle, and other cell types.

» Wildtype microarray experiments publicly available.

» Can we use the cascade model to predict viable targets of
Twist?



Cascaded Differential Equations

Antti Honkela

We take the production rate of active transcription factor to be

given by
d’;gt) oy (t) - 0F (1)
d(t) g . o o
dr Bj + Sif (t) — Djx; (t)

The solution for f(t), setting transient terms to zero, is

f(t) = oexp(—dt) /Oty(u) exp (0u)du .



Covariance for Translation/Transcription Model

RBF covariance function for y (t)

f(t)y = aexp(—ét)/oty(u)exp(éu)du

) t
xi(t) = %—l—S,-exp(—D;t)/0 f (u)exp(Dju)du.

» Joint distribution

for x1 (t), x2 (t), w)\\ \ |
f(t) and y (). ﬁ)\ \ \

» Here:
[5O[S [0 [ 5] NN\
[1] 5[5 ]05]05| 20

"

o w0 w0



Joint Sampling of y (t), f (t), and x (t)

» disimSample

0.8

0.6

0.4

0.2

0% 1 2 3 s 5

Figure: Joint samples from the ODE covariance, blue: y (t) (mRNA
of TF), black: f (t) (TF concentration), red: x; (t) (high decay
target) and green: x; (t) (low decay target)
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Joint Sampling of y (t), f (t), and x (t)

» disimSample

1 2 3 4 5

Figure: Joint samples from the ODE covariance, blue: y (t) (mRNA
of TF), black: f (t) (TF concentration), red: x; (t) (high decay
target) and green: x; (t) (low decay target)



Twist Results

» Use mRNA of Twist as driving input.

» For each gene build a cascade model that forces Twist to be
the only TF.

» Compare fit of this model to a baseline (e.g. similar model
but sensitivity zero).

» Rank according to the likelihood above the baseline.

» Compare with correlation, knockouts and time series network
identification (TSNI) (Della Gatta et al., 2008).



Results for Twi using the Cascade model

Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn0002526.



Results for Twi using the Cascade model

x107° Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn0003486.



Results for Twi using the Cascade model

Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn0011206.



Results for Twi using the Cascade model

Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn00309055.



Results for Twi using the Cascade model

Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn0031907.



Results for Twi using the Cascade model
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Figure: Model for flybase gene identity FBgn0035257.



Results for Twi using the Cascade model

Inferred twi protein Driving Input
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Figure: Model for flybase gene identity FBgn0039286.



Results of Ranking

In-situ validation: twi
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Figure: Percentage enrichment for top N targets for relevant terms in
Drosophila in situs.



Results of Ranking

ChIP validation: twi (10 kb)
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Figure: Percentage enrichment for top N targets for ChIP-chip confirmed
targets.



» Cascade models allow genomewide analysis of potential
targets given only expression data.

» Once a set of potential candidate targets have been identified,
they can be modelled in a more complex manner.

» We don't have ground truth, but evidence indicates that the
approach can perform as well as knockouts.



Discussion and Future Work



Discussion and Future Work

» Integration of probabilistic inference with mechanistic models.
» Ongoing/other work:

» Non linear response and non linear differential equations.

» Scaling up to larger systems Alvarez et al. (2010); Alvarez and
Lawrence (2009).

» Robotics applications.

» Applications to other types of system, e.g. spatial systems.

» Stochastic differential equations Alvarez et al. (2010).
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PDE Example



Partial Differential Equations and Latent Forces

Mauricio Alvarez

» Can extend the concept to latent functions in PDEs.

» Jura data: concentrations of heavy metal pollutants from the
Swiss Jura.

» Consider a latent function that represents how the pollutants
were originally laid down (initial condition).

» Assume pollutants diffuse at different rates resulting in the
concentrations observed in the data set.

d
axq Z"iqa xq(x t) ,

» Latent function f,(x) represents the concentration of
pollutants at time zero (i.e. the system’s initial condition).



Solution to the PDE

Mauricio Alvarez

» The solution to the system (Polyanin, 2002) is then given by

R
Xq(x, t) = Z Srq /Rd fr(x') Gg(x, X', t)dx’
r=1

where Gg(x,x’, t) is the Green's function given as

1 (x5 — )’
/ _ _ J
Gq(x, X, t) = odd/2 -,-5//2 exp [ Z 4T, ’

with Ty = Kqt.



Covariance Function

Mauricio Alvarez

» For latent function given by a GP with the RBF covariance
function this is tractable.

R
5rpSrq||-r|1/2

kxx ) lvt =
P q(x X ) ; ‘Lrp+qu+Lr|1/2

X exp [—% (x — x’)T (Lip+Lg+ L)t (x—x)|,

where L, L,q and L, are diagonal isotropic matrices with
entries 2k,t, 2kqt and 1/£2 respectively. The covariance
function between the output and latent functions is given by
L

ks, ’ ,7t =
qfr(x X ) ’qu+Lr’1/2

X exp —% (x — x’)—r (Lg+L,)" (x —x')



Prediction of Metal Concentrations

Mauricio Alvarez

» Replicate experiments in (Goovaerts, 1997, pp. 248,249):
» Primary variable (Cd, Cu, Pb, Co) predicted in conjunction
with secondary variables (Ni and Zn for Cd; Pb, Ni, and Zn for
Cu; Cu, Ni, and Zn for Pb; Ni and Zn for Co).!
» Condition on the secondary variables to improve prediction for
primary variables.
» Compare results for the diffusion kernel with independent GPs
and “ordinary co-kriging” (Goovaerts, 1997, pp. 248,249).

!Data available at http://www.ai-geostats.org/.


http://www.ai-geostats.org/

Jura Results

Mauricio Alvarez

Table: Mean absolute error and standard deviation for ten repetitions of
the experiment for the Jura dataset. IGPs stands for independent GPs,
GPDK stands for GP diffusion kernel, OCK for ordinary co-kriging. For
the Gaussian process with diffusion kernel, we learn the diffusion
coefficients and the length-scale of the covariance of the latent function.

Metals IGPs GPDK OCK
Cd 0.5823+0.0133 | 0.4505+0.0126 | 0.5
Cu 15.935740.0907 | 7.16774+0.2266 | 7.8
Pb 22.9141+0.6076 | 10.1097+0.2842 | 10.7
Co 2.07354-0.1070 | 1.75464-0.0895 | 1.5




Efficient Approximations



Convolutions and Computational Complexity

Mauricio Alvarez

» Solutions to these differential equations is normally as a
convolution.

x,-(t):/f(u)k,-(u— £y du+ by ()

x,-(t):/o f(u)gi(u)du+ h; (1)

» Convolution Processes (Higdon, 2002; Boyle and Frean, 2005).
» Convolutions lead to N x d size covariance matrices
0 (N3d3) complexity, O (N2d2) storage.

» Model is conditionally independent over {x; (t)}f-fz1 given

f(t).



Independence Assumption

Mauricio Alvarez

k

» Can assume conditional independence given given {f (t;)}_;.
(Alvarez and Lawrence, 2009)

>

Result is very similar to PITC approximation (Quifionero
Candela and Rasmussen, 2005).

Reduces to O (N3dk?) complexity, O (Ndk) storage.
Can also do a FITC style approximation (Snelson and
Ghahramani, 2006).

Reduces to O (Ndk?) complexity, O (Ndk) storage.



Tide Sensor Network

Mauricio Alvarez

» Network of tide height sensors in the solent — tide heights are
correlated.

» Data kindly provided by Alex Rogers (see Osborne et al.,
2008).

» d =3 and N = 1000 of the 4320 for the training set.

» Simulate sensor failure by knocking out onse sensor for a given
time.

» For the other two sensors we used all 1000 training
observations.

» Take k = 100.



Tide Height Results
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Cokriging Jura

Mauricio Alvarez

» Jura dataset — concentrations of several heavy metals.

» Prediction 259 data, validation 100 data points.

» Predict primary variables (cadmium and copper) at prediction
locations in conjunction with some secondary variables (nickel

and zinc for cadmium; lead, nickel and zinc for copper)
(Goovaerts, 1997, p. 248,249).



Swiss Jura Results

Mauricio Alvarez
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Figure: Mean absolute error. IGP stands for independent GP, P(M)
stands for PITC with M inducing values, FGP stands for full GP and CK
stands for ordinary co-kriging.



Non-linear Response



MAP-Laplace Approximation

Laplace’s method: approximate posterior mode as Gaussian

p(F|x) = N(f,A—l) o exp <—% (f—f)TA<f—f))

where f = argmaxp(f | x) and A = —VVlogp (f | y) l¢_¢ is the
Hessian of the negative posterior at that point. To obtain fand A,

we define the following function 9 (f) as:

log p(fx) oc ¥(F) = log p(x | f) + log p (f)



MAP-Laplace Approximation

Assigning a GP prior distribution to f(t), it then follows that
1 1 n
logp(f) = —=f K™ — - log|K| — - log2
ogp(f)=—3 5 log [K| — 7 log 2m

where K is the covariance matrix of f(t). Hence,

Vi (f) = V log p(x|f) — K71f
VVi(f) = VV log p(x|f) — K™t = -W — K™!



Estimation of (f)

Newton's method is applied to find the maximum of (f) as

£ = f — (VYo ()1 V(f)
= (W + K1)~ (WF — Vlog p(x|f))
In addition, A = —VV(#) = W + K~ where W is the negative

Hessian matrix. Hence, the Laplace approximation to the posterior
is a Gaussian with mean f and covariance matrix A~la

p(f %) = N(F,A™Y) = N(f, (W +K)™)



Model Parameter Estimation

The marginal likelihood is useful for estimating the model
parameters 6 and covariance parameters /

p(xi6,6) = [ p(xIf.0)p(fl0) of = [ exp (v ()
Using Taylor expansion of (f),
2 L1 1
log p(x|0, @) = log p (x|f,0,¢) - Ef K™ f — 3 log [I + KW]|
The parameters n = {6, ¢} can be then estimated by using

Ologp (xln) _ dlogp(xin) | 0log p (x|n) OF
on = on explicit of on




SOS Response

» DNA damage in bacteria may occur as a result of activity of
antibiotics.

» LexA is bound to the genome preventing transcription of the
SOS genes.

» RecA protein is stimulated by single stranded DNA,
inactivates the LexA repessor.

» This allows several of the LexA targets to transcribe.

» The SOS pathway may be essential in antibiotic resistance
Cirz et al. (2005).

» Aim is to target these proteins to produce drugs to increase
efficacy of antibiotics Lee et al. (2005).



LexA Experimental Description

» Data from Courcelle et al. (2001)

» UV irradiation of E. coli. in both wild-type cells and lexAl
mutants, which are unable to induce genes under LexA
control.

» Response measured with two color hybridization to cDNA
arrays.



Khanin et al. Model

Given measurements of gene expression at N time points
(to, t1,...,tny—1), the temporal profile of a gene 7, x; (t), that
solves the ODE in Eq. 1 can be approximated by

B; + f .
x; (t) = xPe Dt 1 D + S;e_D't/O g(f (u))ePdu.

i B' - i 1 - F. F.
Xi (t) = lee_D't + EI + S;e Dig_ = Z g(ﬁ) (eD,tJ+1 _ eD’tJ)
i 2RSS e

- fle:)+F(t: .
where f; = M on each subinterval
(tj,ti+1),j=0,...,N—2. This is under the simplifying
assumption that f (t) is a piece-wise constant function on each
subinterval (tj, tj + 1). Repression model: g(f(t)) = ﬁ



Khanin et al. Results

- 10— PEa—
2| e
H

E g
=
3
o
E]
a4
H

o 10 20 30 40 50 60

Time.

TFA

04 06 08 10
L L L L

Figure: Fig. 2 from Khanin et al. (2006): Reconstructed activity level of
master repressor LexA, following a UV dose of 40 J/m2.



Khanin et al. Results
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Figure: Fig. 3 from Khanin et al. (2006): Reconstructed profiles for four
genes in the LexA SIM.



Repression Model

Pei Gao

» We can use the same model of repression,

1

g (f(t) = 5+ ef®

In the case of repression we have to include the transient term,

B; t
5 (0) = e+ Z e s [P g(f (w)au
J



Results for the repressor LexA

Pei Gao

Inferred LexA Activity recN mRNA dinl MRNA
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Figure: Our results using an MLP kernel. From Gao et al. (2008).



Use Samples to Represent Posterior

Michalis Titsias

» Sample in Gaussian processes

p (f[x) o< p (x|f) p ()

» Likelihood relates GP to data through
pt, B ‘ —D;(t—u)
xj(6) = aje Pt 4 2t [ e P Dg(f (u))du
J 0

» We use control points for fast sampling.



MCMC for Non Linear Response

The Metropolis-Hastings algorithm
» Initialize £(©)

» Form a Markov chain. Use a proposal distribution
Q(F(H1)|£(t)) and accept with the M-H step

p(x|f(t+1))p(f(t+1)) Q(f(t)|f(t+1))
min | 1
p(x|F®)p(F(B)  Q(F(t+1)|f(1))

» f can be very high dimensional (hundreds of points)
» How do we choose the proposal Q(f(t+1)|f(t))?

» Can we use the GP prior p(f) as the proposal?



p53 System Again

» One transcription factor (p53) that acts as an activator. We
consider the Michaelis-Menten kinetic equation

by(t) o o on(f(1))

dt 7 Texp(f(t)) + — D)

» We have 5 genes
» Gene expressions are available for T = 7 times and there are 3
replicas of the time series data
» TF (f) is discretized using 121 points
» MCMC details:
» 7 control points are used (placed in a equally spaced grid)
» Running time 4/5 hours for 2 million sampling iterations plus

burn in
» Acceptance rate for f after burn in was between 15% — 25%



Data used by Barenco et al. (2006): Predicted gene

expressions for the 1st replica

DDB2 Gene - first Replica

BIK Gene - first Replica

TNFRSF10b Gene - first Replica

) 2 4 6 8 0 12

Clp1/p21 Gene - first Replica

2

4 6 8

p26 sesnl Gene - first Replica
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Data used by Barenco et al. (2006): Protein concentrations

Inferred p53 protein Inferred ps3 protein Inferred ps3 protein

2 4 6 8 10 12

Linear model (Barenco et al. predictions are shown as crosses)

Inferred protein Inferred protein Inferred protein
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0.6 0.6 25
05 AN 05|

RN 2|
0.4 A 0.4
0.3| J N, 0.3
02r S e ON e 0.2)
o AT el T 0.1 .

0 2 2 6 B 10 12 0 2 4 6 B 10 12

Nonlinear (Michaelis-Menten kinetic equation)



p53 Data Kinetic parameters

Basal rates Decay rates

s 4

4 4

N 4
Bk ooz 526 sesni TNFRSFL05 Ciptip21 Bk

b2esesni | TNFRSFioh | Cipupal

Sensitivities Gamma parameters

wﬂmL%ﬁﬁm

Our results (grey) compared with Barenco et al. (2006) (black).
Note that Barenco et al. use a linear model




Results on SOS System

» Again consider the Michaelis-Menten kinetic equation
dx;(t) 1
2 = B: —  — D:x:(t
it I ey, 20

We have 14 genes (5 kinetic parameters each)
Gene expressions are available for T = 6 time slots
TF (f) is discretized using 121 points

MCMC details:

» 6 control points are used (placed in a equally spaced grid)

» Running time was 5 hours for 2 million sampling iterations plus
burn in

» Acceptance rate for f after burn in was between 15% — 25%

vV v v Yy



Results in E.coli data: Predicted gene expressions
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Results in E.coli data: Predicted gene expressions
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Results in E.coli data: Predicted gene expressions

yebG Gene yjiw Gene




Results in E.coli data: Protein concentration

Inferred protein




Results in E.coli data: Kinetic parameters
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Results in E.co

[i data: Genes with low

sensitivity value
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Results in E.coli data: Confidence intervals for the kinetic

parameters
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Multiple TF Models



Multiple TFs

» We can generalize the Gaussian process sampling framework
to estimate from gene expression data multiple and possibly
interacting TFs.

» For linear response, this is tractable, but for nonlinear
response (in general) we use sampling.



Learning multiple TFs

» General form of the multiple TF model

dx;(t)
dt

= Bi + Sjg(A(t), ..., fi(t);w;) — Dixi(t), (2)

where the /-dimensional vector w; stores the interaction
weights between the jth gene and the / TFs. There may be
also some bias weight wp; for each gene.



Sigmoid model

» Choose the joint activation function g(u) to be the sigmoid
(Mjolsness et al., 1991)

I
hj =Y wifi(t) + wjo,
i=1

1

g(hj) = T+ ep(—h)’

» For single TF the above activation function gives rise to
Michaelis-Menten when we fix w; = 1.

» For the repressor case we set w; = —1, which however doesn’t
give rise to the exact Michaelis-Menten repressor equation



Bayesian model

» Likelihood:

N T
T I pCxieldfi(t < p < P)Y_1, {A;, B, Dy, Sj} Wi, 07),
j=1t=1

3)
where these terms are Gaussians and aj? is gene-specific
variance

» Prior
» Kinetics {A;, Bj, D;j, S;} are positive and are represented in the
log space: Gaussian priors are used
» {f}._, are the log of the TFs: GP rbf priors with separate
timescales
» {w;} take real values: Gaussian priors are used

> Noise variances and GP lengthscales {o7,(7}: Gamma priors



MCMC

Component-wise M-H algorithm. lteratively sample from
conditional posteriors:

1.

o kL

Fori=1,...,1 sample f; from the conditional posterior based
on the approach of Titsias et. al [2009]

For j =1,..., N sample the kinetic parameters {A;, B;, D;, 5;}

For j=1,..., N sample the interaction weights w;
For j =1,..., N sample the gene-specific noise variance UJ?.
For i =1,...,I sample the lengthscale f,? of the rbf kernel

function.



Side Information

Learning the real TFs that produced the gene expression is not
easy because of identifiability problems in parameter space and
limited amount of data. Side information obtained from ChiP data
can be useful.

» Side information involves the weights W that represent the
interactions between genes and TFs. W is N x | matrix where
N the number of genes and / the number of TFs.

» Side information can be expressed as a binary N x | matrix X.
When x;; = 0, there is no interaction between the j gene and
the / TF, thus wj; = 0. When x;; = 1, the value wj; can take a
positive or negative value which must be inferred by MCMC.

» This scheme can be generalized to probabilistically expressed
side information where each x;; is drawn from some probability
mji that expresses our prior belief that the j gene has been
regulated by the i TF.



Artificial data

» We consider a toy example with two TFs, that can regulate 20
genes.

» We assume that we have deterministic side information for 8
out of 20 genes. i.e. we know which weights wj; and wj, are
zero for these 8 genes, say j =1,...,8.

» We also assume that the initial conditions in the differential
equations are all zero and also that we know the initial (at
t = 0) activation of the TFs. The number of non-zero
elements in the 20 x 2 matrix W is 25.



Artificial data

L L L L L L L L
1 2 3 4 5 6 7 8 9 10

Figure: The inferred profiles of the two TFs (in the log space). With red
solid lines are the ground-truth TFs used to generate the toy data. With
blue lines shaded error bars are the inferred TF profiles.



Artificial data

Figure: The predicted gene expressions. Red crosses represent the actual
gene expression and the blue line with shaded error bars are the
prediction found by MCMC.



Artificial data

Figure: The predicted gene expressions. Red crosses represent the actual
gene expression and the blue line with shaded error bars are the
prediction found by MCMC.



Artificial data
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Figure: The inferred basal rates for the 20 genes.



Artificial data

Sensitivities
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Figure: The inferred sensitivities for the 20 genes.
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Artificial data

Decay
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Figure: The inferred decays for the 20 genes.



Artificial data
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Figure: The inferred interaction weights W. (left) show the interaction
weights between the first TF and the 20 genes. (right) show the
corresponding weights for the second TF.



Spelman et. al. yeast data

We selected 30 genes regulated by 3 TFs. The 3 TFs are MBP1,
FKH2 and STE12. The selection was done based on the ChiP data

avalaible so that only the genes that are regulated exclusively by at
least one of these 3 TFs were selected.



Yeast data

Figure: The predicted gene expressions. Red crosses represent the actual
gene expression and the blue line with shaded error bars are the
prediction found by MCMC.



Yeast data

Figure: The predicted gene expressions. Red crosses represent the actual
gene expression and the blue line with shaded error bars are the
prediction found by MCMC.



Yeast data

Figure: TF profiles



Sigmoid model

>

The sigmoid model is perhaps less biologically plausible.
Particularly it assumes that all TFs (activators and repressors)
are combined by multiplication

1
1+ [Tp=a[exp(f(2))] ™" exp(—wjo)
recall that exp(f,(t)) is the TF.

sigmoid =

» This does not look so intuitive.

» Can we define activation functions where the combination is

done by addition?
Saturation and the ability of repressors to turn off the gene
expression must be incorporated.

Next we discuss such a model which can be viewed as a
generalization of the Michaelis-Menten model for the single
TF case.



Michaelis-Menten multiple TF model

dx;(t)
dt

= B+ Sig(A(t).. ... fi(thw)) — Dpxi(e).  (4)

> Let P ={1,...,P} be the set of all TFs

> A; be the set of TFs that are activators for jth gene and R;
the set of repressors.

» A;UR; CP. That is some of the TFs may not regulate the
jth gene

» The activation function takes the form
g 2ier Wi T 2ica, Wip p(fi(t))
1+ icr, wi exp(fi(t)) + Xica, wii exp(fi(t))

where wj; are now non-negative and can be thought as relative
sensitivities




Michaelis-Menten multiple TF model

D ier; Wi T 2ica, Wi exp(fi(t))
1+ ZieRj wji exp(fi(t)) + ZieAj wji exp(fi(t))

g(fi(t),... fi(t);w)) =

» Michaelis-Menten equation for a single TF can be obtained as
a special case

» Activation: A; = {1}, R, =0,
wjfi(t) f(t)
fi(t);wj) = . =
g( 1( ) WJ) l—i—lefl(t) ’Yj+f1(t)
» Repression: A; =0, Rj = {1}

_ w1 _ 1
T+ wah(t) %+ A0

g(f(t); w;j)

where ~; = ;-
J



MCMC

» Similar to the sigmoid model. But the set of the activators A;
and the set of repressors R; are sampled based on Gibbs
sampling by taking all possible combinations.



Artificial data

» We consider a set of 30 genes regulated by 3 TFs.

» Side information: We assume we know which TFs regulate
each gene, but we do not know whether a TF activates or
represses a certain gene

» We wish to estimate the TF profiles, kinetic parameters, etc

» and to predict which TFs are activators and which are
repressors for each gene



Artificial data

Figure: The inferred profiles of the three TFs. With red solid lines are the
ground-truth TFs used to generate the toy data. With blue lines shaded
error bars are the inferred TF profiles.



Artificial data

Figure: The predicted gene expressions. Red crosses represent the actual
gene expression and the blue line with shaded error bars are the
prediction found by MCMC.



Artificial data

Total classfication error regarding which TFs are activators and
which are repressors for each gene

0.2447 £ 0.0617
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