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Derivation of the Gaussian Process Model. The linear system of or-
dinary differential equations underlying our model is

dpðtÞ
dt

¼f ðtÞ−δpðtÞ; [S1]

dmjðtÞ
dt

¼BjþSjpðtÞ−DjmjðtÞ; [S2]

where f ðtÞ denotes the TF mRNA, pðtÞ the transcription factor
(TF) protein and mjðtÞ the target gene mRNA concentration.
Assuming steady-state initial conditions pð0Þ ¼ 0 and mjð0Þ ¼
Bj∕Dj, the solution of the system is

pðtÞ¼expð−δtÞ
Z

t

0

f ðvÞexpðδvÞdv; [S3]

mjðtÞ¼
Bj

Dj
þSjexpð−DjtÞ

Z
t

0

expðDjuÞexpð−δuÞ
Z

u

0

f ðvÞexpðδvÞdv du: [S4]

Both of these are linear operators on f ðtÞ. Hence, placing a Gaus-
sian process prior on f ðtÞ implies a joint Gaussian process model
over all ½f ðtÞ; pðtÞ; mjðtÞ� (1, 2). This Gaussian process is comple-
tely characterized by its mean and covariance functions. Assum-
ing E½f ðtÞ� ¼ 0, the above solutions (Eqs. S3 and S4) imply
E½pðtÞ� ¼ 0, E½mjðtÞ� ¼ Bj∕Dj.

What remains is to determine the covariance functions. These
can be evaluated as expectations

kxyðt;t0Þ¼E½fxðtÞ−E½xðtÞ�gfyðt0Þ−E½yðt0Þ�g�; [S5]

where x; y ∈ ff ; p;mjg. Assuming the squared exponential covari-
ance* for f ðtÞ,

kf f ðt;t0Þ¼aexp
�
−
ðt−t0Þ2

l2

�
; [S6]

all the required covariance functions can be derived in closed
form by repeated application of the identity

Z
t

0

expðDuÞerfðu∕lþEÞdu¼ 1

D

�
expðDtÞerfðEþt∕lÞ−erfðEÞ

þexp
��

Dl
2

�
2

−EDl
�
½erfðE−Dl∕2Þ−erfðE−Dl∕2þt∕lÞ�

�
:

[S7]

Covariance function kf p. The covariance of the TF mRNA and TF
protein kfp is the same as the cross-covariance derived in ref. 2. In

our model, this is needed only for inference of the protein con-
centration (such as in Figs. 1 and 2). The covariance is

kfpðt;t0Þ¼expð−δt0Þ
Z

t0

0

expðδuÞkf f ðt;uÞdu

¼
ffiffiffi
π

p
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2
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��
δl
2

�
2
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�
ferfðδl∕2þt∕lÞ

−erf½δl∕2þðt−t0Þ∕l�g: [S8]

Covariance function kfmj
.The covariance of the TF mRNA and tar-

get mRNA kfmj
is

kfmj
ðt;t0Þ¼Sjexpð−Djt0Þ

Z
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0

exp½ðDj−δÞu�
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Z

u

0

expðδvÞkf f ðt;vÞdv du

¼Sj

ffiffiffi
π

p
al

2ðδ−DjÞ
exp½−ðDjþδÞt0Þ�

�
exp

��
Djl

2

�
2

þDjtþδt0
�

×ferfðDjl∕2þt∕lÞ−erf½Djl∕2þðt−t0Þ∕l�g

−exp
��

δl
2

�
2

þδtþDjt0
�

×ferfðδl∕2þt∕lÞ−erf½δl∕2þðt−t0Þ∕l�g
�
: [S9]

Covariance function kpp. Again following ref. 2, the covariance of
the TF protein kpp is

kppðt;t0Þ¼exp½−δðtþt0Þ�
Z
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This is needed only for inference of the protein concentrations.

Covariance function kpmj
.The covariance of the TF protein and tar-

get mRNA kpmj
is

*The form used here differs from standard squared exponential by reparametrization
2l2 → l2 that makes the arguments of erfs simpler.
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This is needed only for inference of the protein concentrations.

Covariance function kmjmk
. The final covariance between target

genes kmjmk
is

kmjmk
ðt;t0Þ¼SjSkexpð−Djt−Dkt0Þ
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where
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��

Dxl
2

�
2
�
expð−Dxt−Dkt0Þ
ðDxþδÞðDj−δÞ

×
��

exp½ðDk−δÞt0�−1
Dk−δ

þ 1

DkþDx

�
½erfðDxl∕2−t∕lÞ

−erfðDxl∕2Þ�þ
exp½ðDkþDxÞt0�

DkþDx
ferfðDxl∕2þt0∕lÞ

−erf½Dxl∕2−ðt−t0Þ∕l�g
�
: [S13]

Gaussian Process Inference. Denoting all the observations of repli-
cate r by yr and a diagonal matrix with their measurement var-
iance parameters by Σr ¼ diagðσ21f ;…; σ2nf ; fσ21jm;…; σ2njmgÞ, the
full kernel is Kr ¼ K þ Σr , where K can be evaluated using the
above formulas.

Based on standard Gaussian process regression (1), the poster-
ior distribution of a vector x consisting of values of f , p andmj, not
necessarily at times of observations, is Gaussian with

xjyr∼NðμxþKxyK−1
r ðyr−μyÞ;Kxx−KxyK−1

r KyxÞ; [S14]

where μx and μy are the means of x and y, respectively. Kxy and Kxx

can again be evaluated using the above formulas.

1. Rasmussen CE, Williams, CKI (2006) Gaussian Processes for Machine Learning (MIT

Press, Cambridge, MA).

2. Lawrence ND, Sanguinetti G, Rattray M (2007) Advances in Neural Information Pro-
cessing Systems, eds Schölkopf B, Platt JC, Hofmann T (MIT Press, Cambridge, MA),
Vol 19, pp 785–792.
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Fig. S1. The fraction of top 100 and top 250 predicted targets having a ChIP-chip binding site (cis-regulatory module, CRM) within x base pairs as a function of
x in the different ChIP-chip evaluations used in the paper. Binding sites within an intron of a gene are considered to have a distance 0.
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Fig. S2. Evaluation results of different rankings including a variant of the TSNI (time series network identification) method of Della Gatta et al. (1) using TF
expression levels as a proxy for TF protein measurements. The plots show the relative frequency of positive predictions among N top-ranking targets, similar
to Fig. 3 in the main text. The dashed line denotes the frequency in the full population and the dash-dotted line within the population considered in the
focused evaluation. The first row shows the frequency of targets with ChIP-chip binding within 2,000 base pairs of the gene, whereas the second row shows
the frequency of predicted targets with significant differential expression in TF knockouts. p values of results statistically significantly different from random
are denoted by ***: p < 0.001, **: p < 0.01, *: p < 0.05. Comparison to knockout ranking is obviously omitted for knockout validation.

1. Della Gatta G, et al. (2008) Direct targets of the TRP63 transcription factor revealed by a combination of gene expression profiling and reverse engineering. Genome Res 18:939–948.
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Table S1. The results of 100,000-fold bootstrap resampling of the dataset of observed genes to assess statistical significance of
differences in ranking method performance

Twist global ChIP-chip

Top 20 Top 100 Top 250

ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO

ST * . + *** ST * *** *** ST ** . *** ***
MT ** MT *** *** MT *** ***
QR . ** QR + *** *** QR + *** ***
CO * CO ** CO ***
KO KO KO
Twist global knockouts

Top 20 Top 100 Top 250
ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO

ST + * − ST . *** − ST * *** −

MT . − MT *** − MT *** −

QR ** ** *** − QR . + *** − QR . * *** −

CO − CO − CO −

KO − − − − − KO − − − − − KO − − − − −

Twist focused ChIP-chip
Top 20 Top 100 Top 250

ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO
ST . * ST + . *** ** ST *** *** *** ***
MT + MT *** * MT *** *
QR . . *** . QR *** ** QR *** *
CO CO CO
KO + KO + KO **
Twist focused knockouts

Top 20 Top 100 Top 250
ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO

ST . *** − ST * + *** − ST * ** *** −

MT *** − MT *** − MT + −

QR *** − QR . *** − QR ** −

CO − CO − CO −

KO − − − − − KO − − − − − KO − − − − −

Mef2 global ChIP-chip
Top 20 Top 100 Top 250

ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO
ST . . . ** ST + + ST *** ***
MT ** MT . MT *
QR * QR + QR *** ***
CO * CO * ** * *** CO ** *** ** ***
KO KO KO
Mef2 global knockouts

Top 20 Top 100 Top 250
ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO

ST * * − ST + *** − ST ** ** −

MT * * − MT ** − MT ** * −

QR − QR − QR −

CO − CO * − CO −

KO − − − − − KO − − − − − KO − − − − −

Mef2 focused ChIP-chip
Top 20 Top 100 Top 250

ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO
ST + ST * * ** ST ** ** *
MT * . MT . MT
QR QR . QR
CO . . CO * ** *** *** CO *** *** *** ***
KO KO KO
Mef2 focused knockouts

Top 20 Top 100 Top 250
ST MT QR CO KO ST MT QR CO KO ST MT QR CO KO

ST + . − ST . ** − ST ** * −

MT − MT * *** *** − MT *** * −

QR − QR + − QR −

CO − CO − CO −

KO − − − − − KO − − − − − KO − − − − −

The methods studied are ST, single-target GP method; MT, multiple-target GP method; QR, single-target quadrature method; CO, ranking by correlation;
KO, ranking by q value in knockouts. For each pair of methods, the marks in the tables show how often the method on the corresponding row dominated
the one on the corresponding column. The marks are interpreted as follows: .: >70% dominance, þ: >80% dominance, *: >90% dominance, **: >95%
dominance, ***: >99% dominance, −: comparison not applicable.
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