Networking genes with proteins: finding relations between proteomic and gene expression datasets using topology of the
global protein interaction network.
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Abstract

Relating proteomic and gene expression data obtained under the same conditions is a
notoriously hard problem. It had been often demonstrated that there is very little direct
overlap between two sets. We suggest that cell responses on gene expression and protein
levels should be related on a subtle mechanistic level rather than exhibit direct overlap. To
test this hypothesis, we applied our novel network analysis algorithm to sets of gene
expression and proteomic data obtained from androgen-treated prostate cancer cell lines
(LNCaP cells). The algorithm evaluates whether the nodes from two sets occupy mutually
significant positions on the network of protein interactions. The algorithm builds a network
starting with a condition-specific set of genes or proteins and then assigns importance
scores to individual “interior” nodes for providing connectivity in this network. We show that
in the network based on the set of the androgen treatment-specific proteins most of the
significant nodes correspond to differentially expressed genes. Thus we detect strong
network correlation between two sets, though there is no direct overlap between them.
Additional functional analysis of these significant nodes gives further insight into the role of
androgen in prostate cancer. We suggest that our approach can be applied for uncovering
new, higher-quality drug targets, validation of existing targets, and cross-validation of
genomic, proteomic, or other types of data. [Supported in part by MTTC grant GR-687 to
Michigan Proteomics Alliance for Cancer Research.]

Data collection

Proteomics and gene expression data are from LNCaP cell line (control
and 48 hrs after R1881 treatment),

Proteomic data obtained from MudPIT experiment. Whole cell proteome was subjected to online
2D (SCX and RP)-LC coupled to LTQ mass-spectrometry. The tandem ms/ms spectra were
analyzed through Mascot and further validated by Trans-proteomics Pipeline that incorporates
Peptide and Protein Prophet algorithms.

Gene expression data are assayed by a 2-channel cDNA array with ~10,000 probes. 4 repeats
for treated and control samples. T-test was performed to identify differentially expressed genes

Androgen-specific proteins:

The androgen-specific proteins are those that are present only in the androgen treated sets and
present at least in two replicates and one of them should have a minimum protein probability of
0.9. 77 proteins are Androgen-specific under these criteria.

Differentially expressed genes:

Differentially expressed genes selected as follows:

Pass False Discovery rate test with significance level 0.01

Fold change between average treated and untreated expression levels is > 2.0
1025 genes are differentially expressed under these criteria.

Set overlap:
12 genes are commonly identified in expression and proteomic sets

Defining topological significance

Topologically significant Not topologically significant

4 out 6 under nodes regulated by B are in “Androgen-
specific” list: more than random share = significant

Only 1 out of 6 nodes regulated by C is in “Androgen-specific”
list: could be due to random event
= not significant

In reality algorithm also considers nodes beyond first-degree neighbors

‘ In “Androgen-specific” list Q Not in “Androgen-specific” list

Figure 1 Topological significance of a node is defined by its role in connecting
proteins/genes of interest on the global network of interactions
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Evaluation of topological significance:

~ W

.Let K be a set of experimentally-derived nodes of interest (e.g. nodes representing

differentially expressed genes). K is the subset of the global network of size N.

. Calculate shortest path network S by building directed paths from each node in K to other

nodes in K, wherever possible. S is a subset of N and may contain nodes in addition to K.
Also some nodes from K may become part of S.

. Lets consider node i € (S) and one of the nodes of the experimental set | € K.
. Calculate the shortest path networks between j and every other node in the global network

(N-1 pairs) and count how many of them contain i. This number is Nij <N-1.

. Calculate the shortest path networks between j and all other nodes in the experimental set

and count how many of them contain node i This number Kij <K-1.

. The probability that node i would be present Kij-times or more in the shortest path networks

of i by chance follows a hyper-geometric distribution p(K;, N;, K-1, N-1)

. Repeat the procedure for all nodes (j) in the subset, calculating K p-values for node i (p;),

each of these values showing relevance of node i to individual members of the set K. As we
want to identify the nodes which are statistically significant to at least one or more members
of the experimental set we define the p-value associated with node i as the minimum of the
p; values.

Figure 2 Set of experimentally-derived nodes K is
colored red. We connect them by shortest path
network S (blue nodes). The rest of the global
network is represented by black nodes. In this
example the size of the global network N=10, K=4
and S=3. The number of possible shortest path
networks between node A and each of the other
nodes in the global network is 9 (N-1). The
number of such networks which also contain node
D is 8 (N,p=8). On the other hand, the number of
shortest paths networks containing D, among
those connecting only nodes from the set K is 3
(Kyp=3). Significance (p-value) for node D with
respect to node A and set K can be calculated as
Poa = P(N-1,Npp,K-1,K5p)  Similarly, we can
calculate the other three p-values for D with
respect to B,G and H, then pick the smallest value
and assign it as the significance of node D in the
sub-network defined by the nodes of interest (red
nodes).

Topological significance correlates with differential expression

P-value related to differential expression

P-value related to topological significance

Figure 3 Using procedure described above we have identified a list of network nodes
topologically significant for connecting Androgen-specific proteins. The global network of
protein interactions was obtained from MetaCore™. No gene expression information was
used in identification of these nodes. Nevertheless, the result shows strong correlation
between topological significance and differential expression — there is a high fraction of
genes with low expression t-test p-values among topologically significant nodes. Dashed red
line indicates that among Androgen-specific proteins themselves only 19% and 34%
correspond to genes with p-values below 0.001 and 0.01 respectively.
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Figure 4 Mapping of datasets onto canonical maps in MetaCore™:

a) Distribution of relative enrichment shows that topologically significant nodes
tend to be associated with regulatory processes, while proteomic and gene
expression sets are enriched in “core” processes such as metabolism

b) Map for regulation of enzymes involved in lipid metabolism: key transcription

factors activated by Androgen are identified based on topological significance

Topologically significant nodes
revealed by the new algorithm

O Significant nodes

Up and down regulated genes have
red or blue circles on upper right

Figure 5 We use network-building tools in MetaCore™ to further analyze
topologically significant nodes. Use of “Analyze networks (transcription factors)” tool
builds networks connecting targets of transcription factors and possible regulatory
mechanisms. Analysis reveals that activation of Insulin Receptor by PBEF (Visfatin)
IS a common motif shared by many such networks and connected to key regulatory
elements such as c-Myc, CREB1, ESR1 and others. This connection is either via
Ras-Raf-Erk or PI3K cascades.

Figure 6 Same algorithm from MetaCore™ applied to the whole set of differentially
expressed genes and androgen-specific proteins. Result confirms involvement of PBEF
and insulin receptor as a major regulatory mechanisms of key transcription factors in
these datasets.

Possible regulation of PBEF by AR

Figure 7 PBEF occurs in both, expression and proteomic datasets. We hypothesized
that it could be activated by androgen receptor via HIF1 or HNF4 and built putative
mechanisms of its activation.

Figure 8 By activating Ras-Raf—Erk and PI3K cascades via Insulin Receptor PBEF could
potentially contribute to androgen-independent activity of Androgen Receptor — possible
novel mechanism of switching to androgen-independence in prostate cancer model.

Conclusions

Topologically significant nodes help to reveal regulatory mechanisms, while
gene expression and proteomic data themselves have more relevance to the
core “end-point” pathways

PBEF — Insulin receptor signaling is a recurring pattern on many networks
involving topologically significant genes.

PBEF is a possible element in switching to Androgen-independent mode in
prostate cancer cells?
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