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Abstract We study a genetic interaction network of 1637 unique genes discovered through synthetic gene array (SGA) analysis using association rule mining and set-theoretic techniques in order to find modular structure and/or hierarchies in the gene network. Since both the scale and the structure of this problem have not been previously addressed, we develop an original methodology to address this problem. Our study represents the first report on a genetic interaction network that is at least two orders of magnitude larger in terms of the number of interactions evaluated than any previous work. The first portion of our work constitutes a first report on the basic graphtheoretic properties of the interaction network. Our approach reduces the problem of discovering cliques of genetic interactions to a transaction basket scenario, which can be effectively mined using association analysis. We use the Apriori algorithm to discover the most prominent sets of genes that share k neighbors and validate our methodology by showing that the support of various protein complexes previously known to exist in this interaction network is much higher than random and is statistically similar to high support motifs that our algorithm finds.
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Introduction



Genetic interactions (epistasis) occur when one gene interferes with the expression of another. These interferences lead to a diversity in protein structure and function and result in the development of interesting phenotypes. Prior work [2, 3] has shown that genetic interactions 1



are significantly associated with physical interactions, but that the statistical correlation is weak and that superior methods are required to filter out the high levels of noise in the data. Advances in microarray technology has made it possible to procure very high throughputs of genetic interaction data, the scale of which renders traditional experimental validation techniques redundant. In our case, we find ourselves in possession of a data set containing experimental results for pairwise genetic interactions between O(103 ) yeast genes. By rejection sampling after thresholding the genetic interaction value by a constant multiple of the corresponding standard deviation, we may obtain a binary matrix of ‘significant interactions’ between genes. However, in this case, the sign of the interaction is retained, as it is posited to be significant in inferring the gene’s functional neighborhood. Specifically, • Significantly positive interactions provide strong evidence of epistasis and suggest that the pair of genes belong to a serial pathway. • Significantly negative interactions provide strong evidence of synthetic lethality and suggest that the pair of genes may belong to a parallel pathway.



Figure 1: Protein complexes [6]



Given this data, in this paper, we propose to use rule-mining approaches to find sets of genes that correspond to protein complexes in the dataset. Prior work [4, 5] has already established much of the theoretical motivation behind finding modular structure in genetic interaction networks by showing strong correlations of modules with functional behavior. Prior approaches to solving this problem have been driven using clique-finding and clustering based methods.
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Our graph-theoretic motivation is best depicted visually in Fig. 1. Note that the green lines which represent serial connections will ideally correspond to significant positive interactions. Thus, finding protein complexes would appear to be equivalent to finding regions that evidence significant ‘clique-like’ behavior in their functional neighborhood. We show that this assumption need not hold in the case of genetic interactions, and that a more principled approach that considers directly the similarity of neighborhoods of member genes without taking module membership into account results offers better results.
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Results Network statistics and observations



(a) Positive interactions



(b) Negative interactions



Figure 2: Degree distribution in gene-gene interaction network The degree distribution of both positive (Fig. 2(a)) and negative (Fig. 2(b)) interactions appears to follow an exponential curve which is not a particularly informative observation. The first evident approach in trying to detect cliques is to use clique-finding algorithms or clustering techniques. However, simple Markov clustering does not give us very interpretable results. The reason is not far to seek. The scatter plot of clustering coefficients versus node degree for both positive (Fig. 3(a)) and negative (Fig. 3(b)) interactions show very little heterogeneity with respect to clustering coefficients. In fact, it is easily seen that the highest value of the clustering coefficients is about 0.35, which is far too low to allow good clustering performance. However, it is significant to note in Fig. 3(a) that there exist a significant number of genes that have a high node degree and low clustering coefficients which, from a purely graph-theoretic perspective, may be characterized as hub nodes, and argue in favor of the existence of modularity in the network. 3



(a) Positive interactions



(b) Negative interactions



Figure 3: Scatter plot of clustering coefficients vs node degree
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Motifs and their neighborhoods



An implicit assumption made in using cliques to isolate modules in gene-gene interaction networks is that the relationship of genes inside the protein complex with genes outside the complex is irrelevant. This assumption need not be justifiable, and in fact, from the evidence of the modest clustering coefficients we find in the network, is definitely incorrect in our case viz. there are complexes where genes may be loosely connected with each other. Stepping back, recall that the basic hypothesis for predicting functional modularity, in the case of genetic networks, suggests that genes that share the same neighbors will be likely to share the same function. Clustering is merely one method of arriving at such genes. We suggest that a more direct, and in this more principled method would be to use rule-mining algorithms to find motifs comprising of sets of genes that recur with a certain frequency in the interaction network. To further motivate this approach, consider a clique of size 10 in a network. The absolute support of a subset of 3 genes in this clique can be no less than 7, since all genes are connected to each other. Furthermore, this method captures the direct intuition that neighborhood similarity is predictive of functional similarity, independent of module membership, which the clique-dependent method does not. Thus, we find that even though MCL and traditional clustering methods do not perform very well on this data set, our rule-mining approach finds gene motifs in an unsupervised manner that are highly correlated with protein complexes. We use a standard version [1] of the Apriori algorithm to find frequent itemsets in the gene-gene interaction network. In this Section, we present a qualitative evaluation of the results. Specifically, since protein complexes are assumed to be at least 10-12 genes or more in size and focus our attention on finding motifs with moderate support (0.5%) and high confidence (80%). While subsequent sections will describe validation methodologies on 4



summary results, in Table 2.2 we describe some examples of interesting motifs found in this section to present a qualitative view of their significance. Motifs



Biological significance YOR069W YOR036W intra-cellular YJL154C YJL036W transport YDL020C YGL020C YDR456W YJR099W



YPL084W protein deubiquitination



YDR495C YOR068C YGL095C YGL020C YBL101C YCR028C YGL095C YNL079C YDR456W YJR099W



YOR036W vacuolar YAL002W port YIL076W



trans-



Molecular significance phosphatidylinositol 3-phosphate binding ubiquitinspecific protease activity -



p-value O(10−7 )



O(10−5 )



O(10−6 )



YMR272C vesicle-mediated YAL002W transport YBL007C



cyto-skeletal protein binding



O(10−4 )



YPL084W protein deubiquitination



ubiquitinspecific protease activity -



O(10−5 )



YCR077C YGR231C YOR132W YGL173C YJR099W YJL124C



mRNA catabolic process



O(10−5 )



Table 1: Motifs corresponding with significant GO terms
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Protein complex analysis



Validation of our rule-mining methodology is difficult for two reasons 1. Lack of substantial ground truth viz. the network structure of the gene-gene interaction network appears to be largely unknown making it difficult to compute classification accuracies. 2. Degeneracy in motifs will lead to biases in accuracy predictions.
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While the second concern may be handled with adequate precautions, the first one is more serious. Specifically, we possess existing annotations for 536 protein complexes, whereof 271 have no intersections with the set of 1637 genes studied in the SGA dataset. Of the ones that remained, 202 shared at least two genes with the SGA gene list (87 had exactly two). Our validation procedure consists of calculating the support of existing protein complexes and showing that the deviation of this quantity for protein complexes is from that of arbitrary gene combinations in the network. We hypothesize that a high level of support would demonstrate non-randomness in the selection, thereby validating our gene selection procedure.



(a) Expected value for support of 2-cliques in a random network of size 1637 and average degree 110.



(b) Histogram of support for 87 known protein complexes of size 2.



Figure 4: Validation using existing protein complexes. Note the enormous difference between the expected value of support between a random network of degree equal to the SGA network and the actual average value for known protein complexes. First, we calculate the expected support for random gene pairs. We know that the average degree of the positive interaction network is 109.72 ≈ 110. Then, combinatorially, it follows that for any random gene pair,    1637 − k 1636 − k   1637 110 − k 110 − k    , P r(Support = k) = 1636 1637 k 110 110 ! Qk   2 (110 − i) 1637 i=1 = . Qk k (1527 + i)(1526 + i)(1636 − i)(1637 − i) i=1 While an analytical form for the expectation is not tractable, observing the graph in Fig. 4(a) for this probability distribution immediately suggests that this value is nearly zero. On the other hand, the average value of support for protein complexes (see Fig. 4(b)) is 34.47, 6



with a median value of 24. This is several orders of magnitude larger than the expected value under random behavior. This provides conclusive evidence for the fact that protein complexes are likely to correspond with regions of high support in the gene-gene interaction network.
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Discussion



To conclude, we have demonstrated the applicability of rule-mining approaches in finding protein complexes given epistasis data for a set of genes. We have shown that this method works well even in the absence of well-defined cliques and is hence preferable over Markov clustering and other clique-finding algorithms in this regard. We have presented some gene motifs predicted to be members of individual protein complexes (a larger set of results are available as a text file) and shown that our hypothesis regarding the high support of gene neighborhoods in protein complexes is borne out by known biologically validated protein complexes. There are three significant points to be made concerning avenues for future research. Firstly, while we have established that rule-mining is an efficient method in extracting modularity and hence finding protein complexes in gene-gene interaction networks, it is not clear how the results from the process may be best presented. It is decidedly impractical to simply present long exhaustive lists of gene motifs suggesting possible avenues of validation. At the same time, simply presenting statistical evidence of the interestingness of the motifs found does not much advance our cause either. An open question, therefore, remains regarding the form in which evidence of the existence of predicted protein complexes is to be presented. Secondly, term enrichment of the motifs discovered in our rule-mining approach results in some interesting observations. While it is extremely rare (at a p-value threshold of p = 0.01) to find a complete match for a motif in the gene ontology annotation, if partial matches (2 × overlap with GO > motif length) at low p-value scores are considered to be true positives, the results are uniformly interesting. Since the motifs that we find are shown to be non-random, it remains to be seen whether partial matches with GO annotations suggest functional connections as yet undiscovered. In simpler terms, if, of a motifs ABCDEFG, the term BCDG has a known GO annotation with significant p-value, can we conclude that A,E and F have a relatively high probability of being associated with the known GO term in some hierarchical or parallel way? Such a conclusion seems plausible, but further research is required for us to be able to settle this issue definitively. Lastly, we have seen that negative interactions do not appear to show clustered behavior (Fig 3(b)). Even so, clustering experiments have shown that negative interactions improve functional prediction to some extent and hence, are informative to a degree with respect 7



to specifying gene function. We have preliminarily explored a two-stage classifier wherein modules predicted using positive interactions that share a partial match with a GO term are explored as follows: taking the previous example (motif ABCDEFG/GO match BCDG), we define a Jaccard measure based solely on negative interactions and find the metric similarity between the term BCD and the negative interaction feature vector corresponding with the individual genes A,D,E and F. We find that the similarity metric generally allows us to pick the gene D out of the four candidates. However, a better statistical characterization of this algorithm is an avenue for future work.



References [1] Christian Borgelt’s Apriori, http://www.borgelt.net/apriori.html [2] Tong AH, Lesage G, Bader GD, Ding H, Xu H, et al. (2004) Global mapping of the yeast genetic interaction network. Science 303: 808-813. [3] Kelley R., Ideker T. Systematic interpretation of genetic interactions using protein networks. 2005 Jan, Nat. Biotechnol., 23(5):561-566. [4] Segre D., Deluna A., Church G.M., Kishony R. Modular epistasis in yeast metabolism. 2005 Jan, Nat. Genet., 37(1):77-83 [5] Collins S. R., Miller K. M., Maas N. L., Roguev A.,et al. Functional dissection of protein complexes involved in yeast chromosome biology using a genetic interaction map. 2007 Apr, Nature, 446(7137):806-810. [6] Myers C.L. (2007) CSCI5980 presentation slides.
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