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Multiple Comparisons and Inappropriate Statistical
Testing Lead to Spurious Sex Differences in Gene
Expression

To the Editor:

The substantial differences in the incidence and symptoms of
stress, depression, and addiction between males and females
havemotivated studies of sex differences in the brain’smolecular
responses to environmental stimuli. In a study of three mouse
brain regions from theNestler laboratory,Walkeret al. (1) reported
sex-specific transcriptional responses to cocaine and baseline
sex differences. They further examined the impact of social
isolation on these brain gene expression patterns. However, the
transcriptome data (RNA sequencing) and analysis in this study
do not support the authors’ conclusions. Here, I describe two
critical errors that invalidate the statistical analyses: lack of
correction for multiple comparisons and drawing positive con-
clusions from negative (inconclusive) statistical results. I further
show how a valid analysis could be performed for these data.

It is well established that transcriptome-wide analyses of
gene expression must account for multiple statistical com-
parisons to avoid a high rate of false discoveries (2,3). Walker
et al. defined differentially expressed (DE) genes using a
nominal p-value threshold (p , .05) and fold change.1.3, with
no adjustment for multiple comparisons. With these criteria,
around 5% of the w16,000 genes that they tested would be
called DE, even if no true expression differences are present.
Thus, around 800 genes could be expected to contribute false
positive detections. Importantly, the arbitrary fold-change
threshold does not control the risk of false detections. It is
standard to report DE genes with adjusted p value smaller than
a threshold (e.g., .05 or .1), which controls the false discovery
rate (,5% or 10%, respectively). Using these criteria, most
(71%) of the genes reported to be DE are not significant
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(adjusted p . .1) (Figure 1A). For 39 of the 48 reported com-
parisons (pairs of conditions), over 95% of the reported DE
genes are not significant (Figure 1B).

To illustrate the problem, Figure 2E in Walker et al. shows 252
genes that are enriched in males versus females in the prefrontal
cortex region of group-housed mice treated with acute cocaine.
However, only 12 genes survive the multiple-comparison correc-
tion, of which 11 are Y-linked genes (Gm29650, Eif2s3y, Ddx3y,
Uty,Kdm5d) orX-linkedgenes involved inX-inactivation (e.g.,Xist).
These sex-linked genes are trivially differential and should be
excluded from such analysis. Inclusion of sex-linked genes may
account for the overall significant overlap in gene lists that the
authors report using rank-rank hypergeometric overlap analysis.

If the sex differences are genuine, they should appear in
both control groups: acute and chronic saline. However,
,3.7% of the reported DE autosomal genes replicate in these
conditions using the authors’ own criteria (Figure 2). It is not
plausible that sex differences in gene expression are pro-
foundly different in animals treated with acute versus chronic
saline. Instead, this is consistent with the conclusion that most
of the reported genes are false positives. Given the lack of
statistical significance, it is invalid to describe the genes shown
in Figures 1F–H and Figures 2E–G as DE. Notably, many of the
pathway analysis results (using MEGENA) in the article are also
based on uncorrected p values.

Although correcting for multiple comparisons increases the
risk of false negatives, this can be mitigated by excluding genes
with a low mean expression level, or using iterative hypothesis
weighting (4). These approaches can reduce the burden of
multiple comparisons and improve the power for subsequent DE
gene analysis while still controlling false detections.

The second critical error concerns the interpretation that
transcriptional responses to cocaine are vastly different be-
tween males and females. The evidence offered for this claim is
that there was very little overlap (in the DE genes) between
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Figure 1. (A) The number of differentially
expressed genes reported in each of 48 compari-
sons (blue) compared with the number of differen-
tially expressed genes that survive an analysis
adjusting for multiple comparisons (orange). (B) The
fraction of invalid genes. F, female; FC, fold change;
FDR, false discovery rate; GH, group housed; M,
male; NAc, nucleus accumbens; PFC, prefrontal
cortex; SI, social isolation; VTA, ventral tegmental
area.
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Figure 2. Using information from Table S2 in Walker et al. (1), the overlap
was calculated between autosomal genes reported as having a sex differ-
ence in expression (p , .05, fold change .1.3) in mice treated with chronic
vs. acute saline (gray and white circles, respectively). The observed number
of genes in the intersection is shown along with the expected overlap based
on a null hypothesis of completely random gene sets (shown in italics). GH,
group housed; NAc, nucleus accumbens; PFC, prefrontal cortex; SI, social
isolation; VTA, ventral tegmental area.
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males and females across all three brain regions. However, the
low degree of overlap is an expected result of the lack of
control for false discoveries. Because the uncorrected test is
expected to yield w800 false positives for each group of ani-
mals, around 40 (5%) of these genes should overlap between
the males and females. This is very close to the average
overlap that was actually observed (39.1 genes, using the
mean of the intersections shown in Figure 1F, G and Figure
2E–G). These low levels of overlap do not provide evidence for
sex-specific transcriptional responses in gene expression, but
rather merely reflect the fact that most of the putative DE genes
are likely false positives.

More generally, it is not appropriate to draw conclusions from
negative results of a statistical test (i.e., failure to reject a null
hypothesis): absence of evidence is not evidence of absence. For
example, a gene that has a statistically significant difference in
expression between treatment groups in one sex but fails to
reach significance in the other sex cannot, by virtue of those tests
alone, be described as having a sex difference in transcriptional
response. Instead, the hypothesis of a sex difference in response
should be directly tested using a multifactor design, which is
supported by popular RNA sequencing analysis software pack-
ages [e.g., edgeR (5), DE-Seq2 (6), limma (7)]. A generalized linear
model can test for an interaction between sex and treatment, e.g.,

RNA w 11Sex1Treatment1Sex : Treatment
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A low adjusted p value for the interaction term in this
model would justify rejecting the null hypothesis and would
support the authors’ interpretation of a sex difference in the
treatment response. Importantly, this procedure would ac-
count for the evidence from all experimental groups and
provide a valid statistical measure of the significance of the
interaction.

The absence of statistically sound evidence for sex differ-
ences in transcriptional responses in this study is not evidence
for the absence of an effect and does not disconfirm the au-
thors’ hypotheses. Instead, the lack of statistically significant
differential expression in many of the comparisons may be due
to a lack of sufficient power. However, the conclusions of this
and other studies that use uncorrected p values and/or negative
DE test results are not supported by the data. Unfortunately,
these are not isolated instances and instead reflect widespread
practices in the field. Editors, reviewers, and researchers must
raise the standards of statistical rigor in neurogenomics
research to ensure that published findings are reproducible.

Eran A. Mukamel
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