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1 A statistical perspective on the impact analysis

The approach proposed here evaluates the strength of the null hypothesis Hy (that the pathway is not
significant), by combining two types of evidence. In a first analysis, a classical over-representation analysis
(ORA) approach provides a p-value defined as the probability that the number of differentially expressed
genes, X, is larger than or equal to the observed number of differentially expressed genes, Ny, just by chance
(when the null hypothesis Hy is true):

pi = P(X > Ngc|Ho) (1)

Next, in a separate perturbation analysis, the impact of topology, gene interactions, and gene fold changes
come into play and are captured thought the pathway perturbation factor:
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where Ng.(P;) is the number of differentially expressed genes on the given pathway P;, PF(g) is the pertur-
bation of the gene g:

PF(u)
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and |AE| is the mean fold change over the entire set of N differentially expressed genes:
S i [AE
[AB] = == (4)

Let PF denote the perturbation factor as a random variable and pf be the observed value for a particular
pathway. The score pf is always positive, and the higher its value, the less likely the null hypothesis
(that the pathway is not significant). Moreover this likelihood decays very fast as pf gets away from zero.
These features point to the exponential distribution as an appropriate model for the random variable PF":
Under the null hypothesis, differentially expressed genes would fall on the pathway randomly, and would not
interact with each other in any concerted way. In other words, in the second term in Eq. 3 (which captures
the influence of the genes upstream) roughly half of those influences will be positives, and half negative,
canceling each other out. In such circumstances, the perturbation of each gene would be limited to its own
measured fold change (due to random unrelated causes):

PF(g) = AE(@)+ Y fuy- m — AE(g) +0 = AE(g) 5)
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Consequently, under the same null hypothesis, the expected value for the perturbation of a pathway (from
Eq. 2) will be:

ppr) < [ zeer PPN (1 e IAEQI _ p (IBEe) (6)
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The last fraction above is the ratio between the mean fold change on the given pathway, P;, and the
mean fold change in the entire data set. Under the null hypothesis, the genes are distributed randomly
across pathways and the two means should be equal. Since this expected value is 1, the distribution of the
random variable PF can be modeled by the exponential of mean 1, exp(1).

If we use the PF score as a test statistics and assume its null distribution is exponential with mean 1,
then the p-value p,f resulting from the perturbation analysis will have the form:

pps = P(PF > pf|Hy) = e P/ (7)

This is the probability of observing a perturbation factor, PF, greater or equal to the one observed, pf,
when the null hypothesis is true.



Let us now consider that for a given pathway we observe a perturbation factor equal to pf and a number
of differentially expressed genes equal to Ng4.. A ‘global’ probability pgiopai, of having just by chance both
a higher than expected number of differentially expressed genes AND a significant biological perturbation
(large PF in the second term), can be defined as the joint probability:

Pgiobal = P(X > Nge, PF > pf|Hy) (8)

Since the pathway perturbation factor in Eq. (2) is calculated by dividing the total pathway perturbation
by the number of differentially expressed genes on the given pathway, the PF will be independent of the
number of differentially expressed genes X, and the joint probability above becomes a product of two single
probabilities:

Pgiobal = P(X > Nge|Hy) - P(PF > pf|Hy) 9)

This pgiovar provides a global significance measure that requires both a statistically significant number of
differentially expressed genes on the pathway, N4, and at the same time, large perturbations on the same
pathway as described by pf. Using equations (1) and (7), the formula (9) becomes:

Pytobal = i - € 7T (10)
We take a natural log of both sides and obtain:

log (Pgiobat) = log (pi) — pf (11)
which can be re-written as:
- log (pglobal) = - log (pz) + p.f (12)
in which we can substitute the definition of pf from (2) above to yield:
—log (pgtobar) = —log (pi) + PF (13)

The right hand side of this expression is exactly our definition of the impact factor:

> gep, [IPF(9)|
M . Nde(Pi)

This shows that the proposed impact factor, IF, is in fact the negative log of the global probability of having
both a statistically significant number of differentially expressed genes and a large perturbation in the given
pathway.

Ignoring the discrete character of the hypergeometric distribution, under the null hypothesis p; = P(X >
Nrp|Hp) has a uniform distribution. By taking negative log, the distribution changes into exponential with
parameter 1, similar to the distribution we assumed for PF, the second term in IF formula.

—log(pi) ~ exp(l); PF ~ exp(1); exp(l) =T(1,1) (15)

IF = —log(p;) + (14)

Then, as the sum of two independent exponential random terms, the IF will follow a Gamma distribution
I'(2,1) (Hogg, 1978). The pdf of this distribution is:

flz)=2e" x>0 (16)

Finally, the p-value corresponding to the observed value i f of the statistic I F' can be easily computed by
integrating the density (16):

p:P(IF>z'f|H0):/foof(m)dx:/:owe_wdx:(if—i—l)*e_if (17)

2 Special cases for the impact analysis

The impact analysis proposed includes and extends the classical approach both with respect to individual
genes and with respect to pathways. We discuss briefly a few interesting particular cases. These cases
illustrate how, when the limitations of the classical approach are forcefully imposed (e.g., ignoring the
magnitude of the measured expression changes or ignoring the regulatory interactions between genes), the
impact analysis reduces to the classical approach and yields the same results.
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Figure 1: The hepatic cell line treated with palmitate - differentially expressed genes on the actin cytoskeleton pathway.
For genes with no measured changes upstream, such as FN1 and CD14, the gene perturbation will be equal to the measured
expression change. The perturbation of genes such as I'TG will be higher in absolute value, reflecting both its own measured
change as well as the fact that the FN1 gene immediately upstream is also differentially expressed.

2.1 Gene perturbations for genes with no upstream activity

In our analysis, the gene perturbation factor for a gene g is defined as:

PF(g)=AE(9)+ ﬁug-i) (18)

PF(u
ueUS, Nds (U)

If there are no measured differences in the expression values of any of the genes upstream of g, PF(u) = 0

for all genes in US,, and the second term becomes zero. In this case the perturbation factor reduces to:

PF(g) = AE (19)

This is exactly the classical approach, in which the amount of perturbation of an individual gene in a
given condition is measured through its expression change AE. Examples could include the genes FN1 and
CD14 in Fig. 1.

2.2 Pathway impact analysis when the expression change is ignored

The pathway analysis framework can also be used in the framework in which the ORA approach is usually
used. If the expression changes measured for the pathway genes are to be ignored (as they are in the ORA
approach), the pathway impact analysis can still be used to assess the impact of a condition upon specific
pathways. This is achieved by setting all measured expression changes AFE(g) = 0 for all genes on the given
pathway g € P;. This will make all gene perturbation factors zero:

PF(g):AE(g)“‘ Z ﬂug'mzo (20)
u€USy s



Assuming that there are at least some differentially expressed genes somewhere in this data set?, (i.e.
|AE| # 0) the pathway impact factor in Eq. 14 becomes:

1 depi PF(g)| - l —— )
m>+mzz|.zvde<m‘l"g< ) +0=testo) (21)

Di
Since the expression now involves a single random variable, the IF values will follow a T'(1,1) = exp(1),
rather than a I'(2,1) distribution, and our p value can be calculated as:

IF(B-)=log<

o0

p=PUIF = —log(p:)|Ho) = /l ( )e’idfﬂ = =€ Ny = €0 =i (22)
—tog(pi

This expression shows that in this particular case, the impact analysis reduces to exactly the classical
approach which measures the impact of a pathway by looking exclusively at the probability of the given
number of differentially expressed genes occurring just by chance, i.e., the p-value yielded by an analysis in
which only the set of genes is considered.

2.3 Impact analysis involving genes with no measured expression change

It is entirely possible that certain genes are in fact changing their expression level but the change is below the
sensitivity threshold of the technology, or below the threshold used to select differentially expressed genes.
It is also possible that the regulation between genes happens at levels other than that of the mRNA (e.g.,
phosphorylation, complex formation, etc.). Hence, signals should be allowed to be propagated around the
pathway even through those genes for which no expression change has been detected at the mRNA level.
The perturbation factor model accounts for these situations. If the measured expression change is zero, the
perturbation of the gene becomes:

PF(g): Z ﬁug]fff‘((/u)

(23)
u€US, s(u)

In this case, the perturbation of a given gene is due to the perturbations of the genes upstream, propagated
through the pathway topology.

2.4 Impact analysis in the absence of perturbation propagation

In certain situations, one might not wish that the analysis propagate the gene perturbations through specific
graph edges or types of graph edges (e.g., for edges corresponding to indirect effects or state changes). This
can be easily achieved by setting 5 = 0 for the desired edges or edge types.
If no perturbation propagations are to be allowed at all, the expression of the gene perturbation in Eq.18
reduces to:
PF(g) = AE (24)

and the impact factor for the pathway becomes:

1\ | Zyep [PF(9)] (1) 1 s AE(g) 1\ | [AEp]
IFP1 =lo —_ +il—:10 — | + —— k=1 =1lo — | + — 25
(Fe) =log <pi) AE|-Noo(P)  °\pi) TAB]  Nao(P) e\p) " aE P

In this case, the impact analysis would assess the pathways based not only on the number of differentially
expressed genes that fall on each pathway but also based on the ratio between the average expression change
on the pathway and the average expression change in the entire set of differentially expressed genes.

2If there are no differentially expressed genes anywhere, the problem of finding the impact on various pathways is meaningless.
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Figure 2: The computation of the PF for a gene and the subsequent propagation of the perturbation according to Eq. 3. The
genes are part of regulation of actin cytoskeleton pathway shown in Fig. 6. Some of the interactions between the genes have
been removed in order to simplify the figure. The labels next to each gene indicate the PF.

3 An example of perturbation factor propagation in a pathway

Fig. 2 illustrates the computation and propagation of the perturbations in a small area of a the actin
cytoskeleton pathway (shown in its entirety in Fig. 6). As already mentioned, in all data shown here the
regulatory efficiency is § = 1 for all genes. In this case, the gene DIAPHS is the input gene with an observed
fold change AE = 1.4841. Since there are no genes upstream of DIAPHS, its second term in Eq. 3 is zero.
Using Eq. 3, the PF of gene DIAPHS is simply its measured expression change:

PF(DIAPH3) = 1.4841 + 0 = 1.4841 (26)

The next step involves the computation of the perturbation for BAIAP2. This gene receives signals from
DIAPHS3 but also from RAC1, RAC1P/, RAC2 and RACS. Using Eq. 3, the PF for the gene BAIAP2 can
be calculated as:

PF(DIAPH3) N PF(RACT) N PF(RAC1P4)
Nas(DIAPH3) = Ngs(RAC1)  Ngs(RAC1P4)
PF(RAC2) PF(RAC3)
Nus(RAC2) ~ Ngs(RAC3)

PF(BAIAP2) = AE(BAIAP2)+

The previously calculated perturbations for RAC1, RAC1P4, RAC2 and RACS are:
PF(RAC1) = PF(RAC1P4) = PF(RAC?2) = PF(RACS3) = —0.251 (27)

Each of these genes signals only to BAIAP2 so for each of them the number of downstream genes, Nys will
be equal to 1. Hence, the PF for the gene BAIAP2 can be calculated as:
—-0.251 —-0.2561 —0.251 —0.251
PF(BAIAP2) =1.4841 + 01 > + 01 > + 01 > + 01 > = 0.4801 (28)

Similarly, using Eq. 3, the PF for the gene DIAPH]I is

PF(BAIAP2) 0.4801
PF(DIAPH1) = AE(DIAPHI) + - BATAPz) =" 3 0.16 (29)

The perturbation of the other two genes, LOC28640/ and WASF2 is analogous and yields the same
numerical value.

3.1 Pathways involving loops

If the pathway includes loops, Eq. 18 becomes recursive, and the computation of the gene PFs will involve
an iterative process. The best way of treating such loops would probably involve modeling the pathways
as dynamical systems and using differential (or difference) equations to study them from the point of view



of stability and convergence. However, at the moment, the expression data generated by the currently
available techniques do not appear to be sufficiently accurate to allow this type of analysis. The very
same biological samples analyzed on various platforms yield numbers that often correlate only around 0.7
(Draghici et al., 2006, Jenssen et al., 2002, Kuo et al., 2002, Tan et al., 2003). Treating the pathways as
dynamical systems with such data runs quickly into stability problems. In order to address this in a feasible
way, we perform the computation of the perturbation factors by going around each loop once. This approach
appears to be a good compromise for the nature of the data: loops are not completely ignored and, at the
same time, stability problems created by noisy data are avoided. The drawback is that the impact factor
can only be interpreted in a probabilistic framework, and cannot be put into any type of quantitative
correspondence with any biochemical product anywhere on the pathway.

4 Some simulations

We also performed a number of simulations in order to study the behavior of the proposed method. The
research hypothesis here is that somewhere in the biological system studied, there is a subgroup of genes
that are behaving in a way that is significantly different from the way they behave in the reference condition
(fold changes different from zero with respect to this reference condition). The null hypothesis is that there
is no such subgroup of genes, but rather that all gene expression changes are only due to random causes.
In order to run simulations that would preserve as much as possible of the characteristics of the real data,
we used one of the data sets already included in the paper, the lung adenocarcinoma data set. In this data
set, we swapped randomly both class labels and the genes (both rows and columns in the gene expression
matrix). The goal here is to see if any of the methods will report any significant pathways which in this case
would be false positives. After swapping both genes and experiments randomly, we used a t-test to select
the top N “differentially expressed” (DE) genes. We then used this set of DE genes with the hypergeometric
and the pathway analysis to identify the “significantly impacted” pathways. Since GSEA does not require
a set of differentially expressed genes, we used the entire (permuted) data set for its analysis. We repeated
this for N=100, 200, 500, 1000, 2000, 3000 and 5000 DE genes out of the pool of 12,000 genes, for each N
repeating the process 20 times on each of the 25 pathways.

Note that this type of simulations does not model very well the null hypothesis because it artificially
divides the genes into DE genes, whose measured fold changes will be provided as input to the pathway
analysis, and non-DE genes, whose measured fold changes will not be provided to the algorithm and hence
will be ignored during the analysis. Because of this, certain pathways might find themselves with an arbitrary
subgroup of genes with substantial fold changes while the remaining genes on the pathway will artificially
be set to zero measured fold change. Even though this experimental setup does not model well the null
hypothesis, this is the way the technique may be used in practice, and hence it is important to assess the
effect of submitted a limited list of DE genes to the algorithm.

Varying the number of DE genes during these simulations, did not affect GSEA because GSEA does not
use a subset of differentially expressed genes. Hence, GSEA yielded an approximately uniform distribution
of raw p-values with a rate of raw false positives close to the expected 5%. The hypergeometric analysis also
provided a similar distribution, approximately uniform and with a false positive rate close to 0.5%.

Fig. 3 shows the number of pathways that appeared to be significant in the pathway analysis, according
to their raw p-values, as the number of DE genes increased from 100 to 5000 at a significance level of 5%. The
figure shows that the practice of submitting a short list of DE genes to this type of analysis might generate
a number of false positives higher than the expected 5%. The more genes are included in the analysis the
better. Fig. 4 shows the distribution of the raw p-values for when submitting non-zero fold changes for 500
out of the 12,000 genes. The figure shows that this practice leads to a slightly non-uniform distribution with
a tendency to generate more p-values lower than 0.5. This is to be expected because having a short list
of genes with fold changes while all the other genes are set to 0 fold change might make certain pathways
appear as locally perturbed. In this simulation, for 500 genes and a = 0.05 the false positive rate was 6.8%
slightly higher than the expected 5%. In all cases, performing a suitable correction for multiple comparisons
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Figure 3: The fraction of false positives (using raw p-values) as a function of the number of genes with
non-zero fold changes used as an input in the simulations performed. The more genes are included in the
analysis the better. Because the pathway analysis considers both the measured fold changes, as well as the
position of all genes on every pathway, the practice of providing the fold changes only for a rather short list
of high confidence DE genes (and implicitely ignoring the measured fold changes of the others) can yield
more false positives than expected by chance (5% in this case).
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Figure 4: Distribution of the raw p-values provided by the pathway analysis when submitting non-zero fold
changes for 500 out of 12,000 genes in 20 random trials. In this simulation, for 500 genes and o = 0.05,
the false positive rate was 6.8%, slightly higher than the expected 5%. After the correction for multiple
comparisons, no false positives are present.
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Figure 5: The main output window of Pathway-Express.

eliminated all false positives.

5 Implementation details

This analysis method has been implemented as a web-based tool, Pathway-Express, freely accessible as part
of Onto-Tools. All data sets discussed here are available at the click of a button, as demo runs. The typical
output window is shown in Fig. 5. The tool uses pathway data from KEGG and implements both the
classical statistical approach (ORA), as well as the impact analysis described above, allowing a side by side
comparison. The tool also allows rapid queries for genes or pathways, visualization of entire pathways (see
Fig. 1), etc.

Currently, all signaling pathways for human, mouse and rat are downloaded from KEGG and stored in
a relational database. In order to calculate the impact factor for a given pathway, the pathway database
is queried to retrieve all genes and gene interactions in the pathway, and a graph data structure for this
pathway is created. The genes are represented as nodes, and the gene interactions as edges of the graph (see
Fig. 6). The user-provided normalized fold changes are mapped on the pathway graph and used to calculate
the gene perturbation factors as described in Eq. 18. Once the perturbation factors of all genes in a given
pathway are calculated, Eq. 14 is used to calculate the impact factor of each pathway. The impact factor of
each pathway is then used as a score to assess the impact of a given gene expression data set on all pathways
(the higher the impact factor the more significant the pathway).

6 Data sets availability
The data sets used in this paper are available for download from the following web addresses:

1. Breat cancer data set - van’t Veer et al. Nature, 415(6871):530-536, January 2002. http://www.rii.
com/publications/2002/vantveer.html
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Figure 6: Regulation of actin cytoskeleton as impacted in breast cancer (van’t Veer et al., 2002): the KEGG pathway diagram
(A) and its internal graph representation (B). Note that the unique symbol GF (blue) in the KEGG diagram A, actually stands
for 25 FGF genes in the internal graph B, only one of which is differentially expressed (1). The colors show the propagation of
the gene perturbations throughout the pathway. The differentially expressed genes are FGF18 (1) and DIAPH3 (2). Changes
from blue/green to yellow/red and viceversa correspond to inhibitory interactions. For instance, since ROCK inhibits MBS,
the negative perturbation of ROCK propagates as a positive perturbation of MBS (3).
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2. Lung cancer data set - Beer et al. Nature Medicine, 8(8):816-824, Jul 2002. http://dot.ped.med.
umich.edu:2000/ourimage/pub/Lung/gene_expression_data_for_all_samples.txt

3. Hepatic cell line data set - Swagell et al. Biochemical and Biophysical Research Communications, 328:
432-441, 2005. The list of differentially expressed genes and their corresponding fold changes were
obtained from table 2 in the manuscript.

The input files used in Pathway-Express for each of these data sets are also available at http://vortex.
cs.wayne.edu/ontoexpress/servlets/pedemoruninfo.html.
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