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In this document we provide detailed results of Application 4: Preservation of cortical modules between
male and female samples.

It is not known whether the large-scale transcriptional organization in human cortex is the same in men
and women. To answer one aspect of this question, we studied whether gene co-expression modules found in
networks based on male cortical samples are preserved in networks based on female cortical samples. We used
microarray gene expression data from a recent publication [1] in which we constructed coexpression networks
and modules in different human brain regions. In [1] we found that many of the resulting co-expression modules
are biologically meaningful, for example some are enriched with cell type specific genes for major cell classes
(neurons, oligodendrocytes, astrocytes and microglia). In our original analysis we disregarded sex differences
and analyzed brain samples from both men and women together.

To identify sex-specific modules one must ensure that the modules tested for preservation are robust since
modules may arise due to technical artifacts and array outliers. To counter the concern of technical artefacts, it
is useful to show that co-expression modules are microrray platform independent, i.e., that they are preserved
between data sets generated with different microarray chips. Fortunately, we had two independent data sets
of cortical samples from [1]: the first data set (labelled CTX) used Affymetrix HGU133a microarrays and
contains 48 male and 19 female samples, and the second data set (labelled CTX95) used Affymetrix HGU95av2
microarrays and contains 31 male and 11 female samples. Using a cross-tabulation based approach, we found
that modules identified in the CTX network are highly preserved in the CTX95 network (and further in a
network constructed from Illumina microarrays [1]). Given this high extent of module preservation between the
CTX and the CTX95 data, we constructed a ”consensus” network based on male CTX and CTX95 samples [2]
whose modules are referred to as consensus modules. Roughly speaking, the consensus modules are comprised of
genes that are tightly co-expressed in both male samples from the CTX and CTX95 data sets. By construction,
consensus modules across the CTX and the CTX95 data should exhibit a high preservation between the two
networks. Our results discussed below show that this is indeed the case.

The male consensus module construction identified 14 modules in the male network comprising a total of
1735 genes, while 6289 genes were not assigned to a module. The clustering dendrogram and module assignment
is shown in Figure 1A. The female CTX network analysis identified 16 modules containing a total of 2770 genes.
The 14 male and 16 female modules show strong overlap with the modules found in the original analysis [1] that
combined both sexes. The corresponding overlap tables are shown in Figures 3 and 4. The contingency table
of male and female modules in Figure 1B shows that there is relatively high agreement between the male and
female module assignments. However, there are 3 male modules (labelled 6, 20, 23) that, based on the table,
appear to be not preserved in females since most of their genes are classified as unassigned (label 0 or grey color)
in the female network. The p-values of their overlaps with other modules are not significant (the best p-value is,
after Bonferroni correction, 0.05). Were one restricted to cross-tabulation measures, one would conclude that
the male modules 6, 20, 23 are absent in the female cortical network. However, network module preservation
statistics suggest that the modules are in fact preserved in the female network, and could perhaps be found
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using a different module identification. For example, for the male module 6 we find high density preservation
statistics ZmeanAdj =11 (pmeanAdj =1.5x 10725)7 Zp'mpVa'rEzpl =4.7 (ppropVarE':rpl =11x 1076)7 ZmeanKME =
13 (Pmeankme = 6.4 x 1073, Zcancor = 31 (Pmeancor < 1072°0) and overall somewhat lower, but still
significant connectivity preservation statistics Zeor.cor = 12 (Deor.cor = 5 X 10732), Zeor ks = 4.2 (Peor-kivr =
1.2 x 107°), Zeoromte = 3.0 (peorkme = 0.0015), Zeor kmrgatr = 41 (Peorimpan < 107290). Scatter plots of
intramodular correlations (Figure 1C), intramodular connectivities kIM (Figure 1D), and eigengene-based
connectivities (Figure 1E) provide a visual confirmation that connectivity patterns in male module 6 are indeed
preserved in the female CTX network. The composite preservation statistic iS Zsummary = 8 (Dsummary = 3.4 X
10~19), indicating a moderate to strong evidence for module preservation. The preservation statistics for male
modules 20 and 23 are qualitatively similar, with summary statististics Zsummary = 5.4 (Dsummary = 4.5 X 10_10)
for module 20 and Zsymmary = 6.2 (Psummary = 2.8 X 10712) for module 23. A table summarizing the values of
all preservation statistics is provided in Supplementary Table S2.

Recall that the modules 6, 20, 23 do not have corresponding modules in the female CTX network. However,
overall the network preservation statistics for the modules 6, 20, and 23 suggest that the modules are in fact
preserved between the male and female samples, and their apparent absence in female data can be attributed
to the particular choice of module identification parameters. This application illustrates that cross-tabulation
based preservation statistics can be inferior to network based preservation statistics when it comes to making
statements about module non-preservation.

The composite preservation statistic Zsummary provides a convenient summary of the findings described
above. Figure 2 shows Zsummary for with the male CTX set as reference, and all other data sets as test sets.
Panel A indicates that consensus modules across the male CTX and CTX95 data sets are preserved in the
two data sets, which is expected given the consensus module construction method. Panels B and C present
the preservation of male consensus modules in the female CTX and CTX95 data sets. These panels address
our original biological question: do male cortical networks exhibit strong sex-specific modules, that is modules
strongly non-preserved in the female samples? The answer is negative: all male consensus modules show at
least weak to moderate evidence of preservation (Zsummary > 2) in the female network. Conversely, we have
also studied the preservation of female modules in the male network. But since far fewer female array samples
were available, module detection in the female network is less reliable and we relegate the corresponding results
to Supplement Supplementary text S3.

Overall, we find no evidence for sex specific co-expression modules in human cortical co-expression networks.
Limitations of our study include the low sample size and the focus on cortical tissue. In other tissues, there may
be more pronounced differences, e.g., stronger evidence of co-expression module differences were found in mouse
liver tissues [3]. We only studied relatively large co-expression modules whose biological function is described
in [1]. Many of these human brain modules correspond to cell types and it would be very surprising to find
a strong sex effect. In mouse brain, co-expression modules were also found to be roughly preserved across sex
which is congruent with our findings [3]. It is beyond our scope to investigate differences in mean gene expression
levels between the sexes but we refer the interested reader to several microarray papers that report lists of genes
that are differentially expressed between men and women in whole brain or part of brain [4-6]. Most human
studies are poorly powered, which may explain why relatively few genes have been identified. A recent relatively
large study involving mice yielded much larger estimates of the percentage of sexually dimorphic genes (70%
in mouse liver but only 15% in brain) but the mean size of the sex difference in level of expression was only
about 8% [3]. Only a small number of genes reached 2 fold higher expression in one sex in brain or any tissue
disregarding gonads, since they are different tissues in males and females [7].

Comparison to other methods

As mentioned above, cross-tabulation methods suggest that modules 6, 20, and 23 are not preserved be-
tween the male and female samples. Separability statistics suggest module 6 is separated from other modules
(Zseparavitity = 4.8) but modules 20 and 23 are not (Zseparavitity = 0.5 and —0.5, respectively). The In-Group
Proportion [8] permutation p-values are shown in Figure 2, panels D-F, for the three tests sets Male CTX95,
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female CTX, and female CTX95. Although the IGP permutation p-values suggests results broadly similar
to those found by network preservation statistics, there are some discrepancies. For example, IGP suggests
that the consensus module 23 is in fact very weakly preserved in the male CTX95 data (permutation p-value
p = 0.045). The corresponding network preservation statistic is Zsummary = 9.4 (p = 2.6 x 10738), indicating
fairly strong preservation. Similarly, IGP indicates that module 19 is very weakly preserved in the female CTX
data (permutation p-value p = 0.049), while the network preservation summary statistic iS Zsymmary = 6.4
(p = 3.7 x 1071%), indicating moderate to strong preservation. Module 19 is associated with the gene ontology
terms Membrane/signal transduction with p-value 7 x 1078 [1]. Since this is a basic biological function that is
common to males and females, it is reasonable to expect that this module should be preserved between male
and female samples. For module 5, the IGP permutation p-value in the female CTX data is p = 0.038, also in-
dicating very weak preservation. This module is highly enriched in immune response genes (enrichment p-value
10~41) [1], and both cross-tabulation and network preservation statistics suggest this module is preserved. Since
the separability of this module is relatively low, it is likely that the significant permutation p-value obtained by
IGP reflects that IGP combines aspects of density and separability.

Plots of selected Z statistics

A complete table of results can be found in the accompanying Supplementary Table S2. This is a flat comma
separated value (CSV) text file that can be viewed in most standard spreadsheet software such as MS Excel and
OpenOffice Calc. The columns indicate the reference set, test set, module, module size, observed preservation
statistics, and their Z scores.

In Figures 6-14 we present the Z scores of quality statistics, while Figures 15-23 show the Z scores of
preservation statistics. We note that although module quality in principle does not depend on the test network,
in our implementation the module quality is only measured on genes that are also present in the test network.
This makes the quality measures comparable the corresponding preservation measures. However, this also means
that module quality statistics in a given reference network vary with the test set.

In each figure, we plot the module quality and preservation Z scores (y-axis) as a function of module size
(z-axis). The reference and test data sets are indicated in the title of each plot. Modules are labeled by their
numeric labels. Modules that could be matched (using the function matchLabels in the WGCNA R package) to
the CTX modules presented in Oldham et al [1] are also labeled by the color of the corresponding CTX module
in Oldham et al. The dashed blue and green lines indicate the thresholds Z = 2 and Z = 10, respectively.
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Figure 1. Network analysis in male and female cortical samples and an example of preserved
modules. A. Hierarchical clustering tree (dendrogram) based on consensus gene dissimilarity across male
CTX and CTX95 samples. Each “leaf” (short vertical line) corresponds to one gene. The color rows below the
dendrogram indicate module membership in the consensus modules (defined by cutting branches of this
dendrogram) and in the female CTX modules (defined by branch cutting of an analogous dendrogram based
on the female CTX samples). The color rows show that some male consensus and female modules overlap (for
example, the brown module), but other appear to be sex-specific. B. Cross-tabulation of male consensus
modules (rows) and female CTX modules (columns). Each row and column is labelled by the corresponding
numeric module label, the total number of genes in the module, and the module color. In the table, numbers
give counts of genes in the intersection of the corresponding row and column module. The table is color-coded
by —log(p), the Fisher exact test p value, according to the color legend on the right. C. Scatter plot of
gene-gene correlations based on the male CTX samples (z-axis) and the female CTX samples (y-axis) within
male consensus module 6. Each point corresponds to a gene-gene pair. The scatter plot exhibits a significant
correlation (cor.cor and p-value displayed in the title), indicating that the connectivity of male consensus
module 6 is preserved in the female CTX samples. D. Scatter plot of intramodular connectivities of genes in
male consensus module 6, in the male CTX samples (z-axis) and in the female CTX samples (y-axis). Each
point corresponds to one gene. The scatter plot exhibits a significant correlation (cor.kIM and p-value
displayed in the title), indicating that the hub gene status in male consensus module 6 is preserved in the
female CTX samples. E. Scatter plot of eigengene-based connectivities of genes in male consensus module 6,
in the male CTX samples (2-axis) and in the female CTX samples (y-axis). Each point corresponds to one
gene. The scatter plot exhibits a significant correlation (cor.kME and p-value displayed in the title),
indicating that the hub gene status in male consensus module 6 is preserved in the female CTX samples.
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Figure 2. Preservation of modules between male and female cortical networks and comparison
to IGP. Panels A-C present the summary preservation statistics Zgymmary for module preservation (y-axis),
as a function of the module size (z-axis). The dashed blue and green lines indicate the thresholds

Zsummary = 2 and 10, respectively. We used the male CTX data set as the reference; the corresponding test
set is indicated in the title of each plot. Panels D—F present the IGP permutation p-values in the same test
data sets. The dashed blue and red lines represent thresholds p = 0.05 and 0.0033 (Bonferroni correction for
the number of modules). The male modules were identified using a consensus module analysis of the CTX and
CTX95 data sets. This is reflected in the high preservation statistics in panels A and D. Overall, the male
consensus modules are preserved in the female data, indicating that this analysis does not find strong
sex-specific modules. Each module is labelled by its numeric label. If a module can be matched to one of
Oldham et al’s modules [1], the circle is colored by the corresponding color in Oldham et al.
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Overlap of CTX-CTX_95 consensus modules and CTX modules of Oldham et al
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Figure 3. Overlap of male CTX-CTX95 consensus modules with the CTX modules in Oldham et al [1].
Each row corresponds to a male CTX-CTX95 consensus module, and each column corresponds to a CTX
module presented in Oldham et al. Each module is labeled by its numeric and color label; we also indicate the
total number of genes in the module. Because we have collapsed Oldham et al's probeset-level expression data
to gene-level, Oldham et al's modules in this comparison are smaller than those published in [1]. Within the
table, numbers indicate the number of genes in the overlap of the corresponding row and column modules.
The significance of the overlap, quantified by Fisher’s exact test, is indicated by the color. Darker red
indicates more significant overlap; the color legend is based on —log19(p). The table shows that many of the
consensus modules can be matched to their corresponding CTX modules in Oldham et al.
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Overlap of female CTX modules and CTX modules of Oldham et al

0: 1150 49 4 11 3 8 31 15 10 13218 73 58 1 5 23 127224 8 180 89 o5
1: 15 06 000 0O0OO0 2 3 11000100 0 1
2:72 3 050000012 1000 0 5 140 . 0
4:13 0000 41000711100 1200 2 0 20
5: 44 0 00 00O . 0 000 1 3 00O 4 8 0 4 0
9: 258 1.0 00 00 0 1 0 8 2 0 0 0 3 11 0 17 0
10:270.3000000.027 2 0 2 65625127 0 15
12: 42 2 00 00 1000 4 0 0 . 0 05 30 20
13: 16 100 0 0 1 0 0 1 3 000 3 2 0 30 2 0
14: 49 2 0001 00 0 0 4 9 3 00 8154 1 2 0 — 10
15: 240 3 00 0 011 0 1 1 13 8 4 1 0 1 13 0 2 3
16: 102 100 00 00 0O 3 1 1 0 0 3 13 0 5 0
18: 228 5 0 0 0 0 0 0 0 1 4943 4 0 0 0 23 13 3 1 — 5
19: 49 000 0O0OT1O0TU0UO0O3200T0UO0 1 40 3
20: 6 0O 00 0OO0OUOT OO 400O0O0UO0TO0 10 1 0
21: 4 000 0O0OOU OO OO OZ=2U0T0UO0UO0TUO0TI1IT1TQO0TUO0O0 — 0

H B R N B B
Q«Qx@%@(b'bb({b%/\?o oi\rbbq)\zéo;%&\ /\Q»q:\ @b‘b‘%‘:{bo"q '\‘)9

Figure 4. Overlap of female CTX modules with the CTX modules in Oldham et al [1]. Each row corresponds
to a female CTX module, and each column corresponds to a CTX module presented in Oldham et al. Each
module is labeled by its numeric and color label; we also indicate the total number of genes in the module.
Because we have collapsed Oldham et al’s probeset-level expression data to gene-level, Oldham et al’s modules
in this comparison are smaller than those published in [1]. Within the table, numbers indicate the number of
genes in the overlap of the corresponding row and column modules. The significance of the overlap, quantified
by Fisher’s exact test, is indicated by the color. Darker red indicates more significant overlap; the color legend
is based on —logio(p). The table shows that many of the female CTX modules can be matched to their
corresponding CTX modules in Oldham et al.
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Overlap of CTX-CTX_95 consensus modules (rows)
and female CTX modules (columns)
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Figure 5. Overlap of female CTX modules with the male CTX-CTX95 consensus modules. Each row
corresponds to a male CTX-CTX95 consensus module, and each column corresponds to a female CTX
module. Each module is labeled by its numeric and color label; we also indicate the total number of genes in
the module. Within the table, numbers indicate the number of genes in the overlap of the corresponding row
and column modules and the Fisher exact test p-value. The Fisher test p-value is also indicated by the color.
Darker red indicates more significant overlap; the color legend is based on —logio(p). The table shows that
most male CTX-CTX95 modules have a female counterpart with which they have a very significant overlap.
However, modules 6, 20, and 23 do not have a significant female counterpart.
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Figure 6. Module quality

Zsummary.qual
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in the male CTX reference data set with the male CTX95 test set.
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Figure 7. Module quality

in the male CTX reference data set with the female CTX test set.
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Figure 8. Module quality in the male CTX reference data set with the female CTX95 set as the test network.
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Figure 10. Module quality in the male CTX95 reference data set with the female CTX set as the test
network.
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Figure 11. Module quality in the male CTX95 reference data set with the female CTX95 set as the test
network.
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Figure 12. Module quality in the female CTX reference data set with the male CTX set as the test network.

Figure 13. Module quality in the female CTX reference data set with the male CTX95 set as the test

network.
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Figure 14. Module quality in the female CTX reference data set with the female CTX95 set as the test
network.
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Figure 15. Module preservation between the male CTX reference data set and the male CTX95 test set.
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Figure 16. Module preservation between the male CTX reference data set and the female CTX test set.
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Figure 17. Module preservation between the male CTX reference data set and the female CTX95 test set.
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Figure 18. Module preservation between the male CTX95 reference data set and the male CTX test set.
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Figure 19. Module preservation between the male CTX95 reference data set and the female CTX test set.
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Figure 20. Module preservation between the male CTX95 reference data set and the female CTX95 test set.
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Figure 21. Module preservation between the female CTX reference data set and the male CTX test set.
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Figure 22. Module preservation between the female CTX reference data set and the male CTX95 test set.
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Figure 23. Module preservation between the female CTX reference data set and the female CTX95 test set.



