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Housekeeping (HK) genes fulfill the basic needs for a cell to survive and function properly. Their ubiquitous expression,
originally thought to be constant, can vary from tissue to tissue, but this variation remains largely uncharacterized and it
could not be explained by previously identified properties of HK genes such as short gene length and high GC content. By
analyzing microarray expression data for human genes, we uncovered a previously unnoted characteristic of HK gene
expression, namely that the ranking order of their expression levels tends to be preserved from one tissue to another.
Further analysis by tensor product decomposition and pathway stratification identified three main factors of the observed
ranking preservation, namely that, compared to those of non-HK (NHK) genes, the expression levels of HK genes show a
greater degree of dispersion (less overlap), stableness (a smaller variation in expression between tissues), and correlation of
expression. Our results shed light on regulatory mechanisms of HK gene expression that are probably different for different
HK genes or pathways, but are consistent and coordinated in different tissues.
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Introduction

Housekeeping (HK) genes are defined as genes that are
permanently activated throughout the life cycle of the cell [1].
As they constitute the basic transcriptome for maintaining cellular
functions for cell survival, HK genes are also called maintenance
genes [2]. In general, genes that participate in essential cellular
processes can be considered to have HK functions. These include
genes involved in transcription [3], translation [4,5], energy
production and transmission [6,7], and maintaining cell organi-
zation, shape, and motility [8]. HK genes were initially discovered
in experiments involving RNA blot hybridization [9] and
immunological detection [4], when certain genes were found to
be expressed not only constitutively, but also at fairly constant
levels under all conditions tested [9]. On the basis of this stable and
ubiquitous expression, they have frequently been used as
endogenous references for various mRNA quantification experi-
ments [10-12]. However, studies have shown that the expression
of the HK genes actually fluctuates from tissue to tissue and often
from person to person [13,14]. Furthermore, in disease states, such
as liver and breast tumors, HK genes can exhibit very different
expression patterns from those observed in normal tissues [15].

While the assumption of constant expression may not be valid,
HK genes are useful references so long as their expression patterns
are characterized under the same conditions as those in which the
experiments are conducted [16,17]. For example, a stable
expression ratio of two HK genes [18,19] and stable mean value
of the expression of several HK genes [11,20,21] have been
proposed as internal controls in mRNA quantification experi-
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ments. However, these propositions are not without flaws, because,
for example, the expression ratio of the RPL32 and GAPDH
transcripts, two commonly used internal controls in RNase
protection assays, is found to fluctuate in mitogen-stimulated
mononuclear cells [18]; likewise, a stable mean expression of
multiple HK genes in breast tumors is no guarantee that it will be
stable in other tissue types [21]. To control for these context-
dependent effects, in-advance characterization of HK genes is
required, but these characterizations are laborious and time-
consuming, so the possibility of finding other common properties
of HK genes is of significant interest.

In surveying several large-scale transcriptomics studies in the
literature, we noticed that HK genes seemed to follow a similar
ranking order in terms of their level of expression in different
tissues, even though the actual level might vary from one tissue to
another. For example, using data from a study report by Lisowski
et al. [22], which investigated stability of gene expression in cattle
tissues, we found that, although the expression of six common HK
genes, ACTB, GAPDH, HPRTI, SDHA, TBP, and YWHAZ,
differed in the kidney, liver, pituitary, and thyroid, the same
ranking order of level of expression was seen in all four tissues
(Figure S1). In the present study, by performing a statistical
analysis of microarray expression data for human genes, we
substantiated this observation and showed that an expert-curated
set of human HK genes indeed tended to exhibit a preserved
tissue-wide expression ranking. Furthermore, we identified the
main factors responsible for the preserved ranking and discussed
possible underlying mechanisms.
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Results

As detailed in the Methods, based on a manual curation for HK
genes [23] and an index for tissue specificity for T'S genes [24], we
divided the human genes into the two sets of HK and non-HK
(NHK) genes, and from the NHK set we selected tissue-specific
(TS) genes and assigned the rest as middle-ranged (MR) genes. For
the Affymetrix’s GSE2361 dataset (Methods and Table S1) used to
illustrate the analysis below, this resulted in 388 HK genes and
12,687 NHK genes, and of the NHK genes 734 were T'S genes
and 11,953 were MR genes. We then computed Kendall’s tau [25]
for each of the three (HK, MR and T'S) gene sets to measure and
compare the extent to which the ranking order of gene expression
was preserved across tissues. Kendall’s tau (1) can be computed
either on pairs of tissues (T;») or on pairs of genes (T4¢'); the two are
often used interchangeably below, since, in our case, they were
essentially identical (see Methods).

Preservation of expression ranking

Figure 1 shows that, as measured by Kendall’s tau, the
expression ranking order of HK genes in the 36 human tissues
of the GSE2361 dataset (Methods and Table S1) was more
concordant than those of the MR and TS genes. The 7, for all
pairs of tissues sampled was 0.77 for HK genes, 0.59 for MR
genes, and 0.41 for TS genes (Figure 1; Table 1). The non-zero
Kendall’s tau for the MR genes and, to a lesser extent, for the T'S
genes suggests some degree of preserved ranking in the expression
of the selected genes; in fact, even a randomly sampled set of genes
will exhibit a non-zero Kendall’s tau (Figure 2A). In general, there
was a significant correlation between the expression levels of the
same gene in any two tissues, because genes with high expression
levels, which are more likely to rank high than low, in one tissue
tend to have high expression levels in another tissue (e.g.
Figure 2B). Consequently, only when rankings were randomly
assigned were truly random (close to zero) Kendall’s taus produced
(Figure 2A). Compared to MR genes or a randomly selected group
of genes, the expression ranking of T'S genes varied more between
tissues, i.e. producing a smaller 7,/, owing to their expression in a
specific tissue and no, or little, expression in most other tissues
[24].

Similar results using the same analysis procedures were obtained
using two other Affymetrix and one Illumina datasets of human
gene expression (Table 1). Thus, in all the three Affymetrix
nucleotide microarray datasets and the one Illumina’s next-
generation RNA sequencing dataset analyzed (Table S1), it was
evident that the expression ranking of the selected HK genes
across tissues was much more preserved than would be expected if
the genes were picked randomly or if the genes were in the NHK
set (either the MR or TS set), although the mean value of their
Kendall’s taus can differ in different expression datasets (T'able 1).

Contributions of the three factors of co-expression,
stableness, and dispersion

To investigate what produced the observed preservation of
expression ranking of the three gene sets, we considered three
factors, co-expression, stableness, and dispersion (Figure 3) and
carried out a tensor product analysis of a gene pair’s Kendall’s tau,
Tge', as described in the Methods. Intuitively, when the expression
of two genes is highly correlated, the order of their expression
levels across tissues will be preserved (Figure 3A). Additionally,
when the expression levels of two genes are very stable (Figure 3B)
or are highly dispersed (i.e. do not overlap) (Figure 3C), their
expression ranking order will also have a high probability of being
preserved. As presented in Figure 4, all three factors contributed
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Figure 1. HK genes exhibited a significantly more preserved
expression ranking order than MR or TS genes. Frequency is the
percentage of tissue pairs with the indicated Kendall’s tau (z,/). Each
distribution is a compilation of Cév’=3(’ =630 Kendall’s tau (t,,; Equation
(3)), where each t,, was for a pair of tissues sampled from a 36-tissue
pool and the frequency of 7, at a particular value was computed on a
histogram using a bin width of 0.1. The average value (7,/) of the 7,/
distribution for the HK, MR, and TS gene sets was 0.77, 0.59, and 0.41,
respectively, and the standard errors were all small, mostly less than
0.01.

doi:10.1371/journal.pone.0029314.g001

significantly to the Toy observed for the three gene sets, but their
total contribution decreased on going from HK (96.4%) to MR
(85.7%) to TS (53.7%); in the case of the TS genes, factors other
than the three considered contributed almost as much (46.3%) to
their Tger value of 0.41. Of the three factors, dispersion contributed
the most, followed by stableness, then co-expression, except in the
TS set in which co-expression contributed somewhat more than
stableness (17.9% vs. 12%). However, the stableness value showed
the largest difference between sets, in that its contribution to the
HK set (70%) was more than twice that to the MR set (33.8%) and
five times that to the T'S set (12%). A joint contribution of two or
three factors was particularly marked for the HK genes, suggesting
that their expression profiles depended on multiple characteristics
to a greater degree than the other two gene sets.

Stratification by Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways

To investigate whether the preserved ranking order of gene
expression resulted from biological regulation, we mapped the
genes to KEGG pathways, in which genes performing related
functions as categorized by biological pathways are grouped [26].

Of the 198 human pathways annotated in the KEGG, we
removed 37 belonging to the disease class and 6 with no more than
2 genes, leaving 155 pathways for analysis. Two hundred and
seventy-four of the 388 HK genes were annotated to belong to
these pathways, and the vast majority (264, or 96.4%) of these was
distributed in 7 pathways; these included 47 genes that were also
found in one or more of the remaining 148 pathways. As shown in
Table 2, the 7 pathways were enriched in HK genes from the
manually curated set, the percentage of HK genes in each of the 7
pathways ranging from 34% to 100%, considerably higher than
would be expected from an unbiased sampling of all genes (p
values for these percentages were statistically significant, ranging
from 0.04 to 0.006; see Table 2). Furthermore, the 7 HK-enriched
pathways link molecular biology’s central processes, i.e. from gene
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Table 1. Kendall’s tau computed for the HK, MR, and TS
genes, for four datasets.
Dataset Data type Kendall’s tau (z,)

HK 0.77£0.00
GSE2361 [24] MR 0.59+0.00

TS 0.41+0.00

HK 0.69+0.00
GSE1133 [50] MR 0.47£0.00

TS 0.34£0.00

HK 0.79%+0.01
GSE803 [51] MR 0.62+0.01

TS 0.26+0.00

HK 0.77+0.00
Human BodyMap 2.0 data [53] MR 0.59=0.00

TS 0.42+0.00
doi:10.1371/journal.pone.0029314.t001

transcription (Basal Transcription Factors and RNA Polymerase
II) to mRNA processing (Spliceosome) to protein translation
(Ribosome and Aminoacyl-tRNA Biosynthesis) and degradation
(Ubiquitin Mediated Proteolysis and Proteasome). In comparison,
of the 12,687 NHK genes (see Methods), only 176 were found in
the 7 HK-enriched pathways, while 3,602 were found in the
remaining 148 pathways. The enrichment of HK genes in the 7
pathways was not surprising, since KEGG, along with Reactome
[27], was used to identify genes with essential cellular functions
[23].

Table 2 shows that, except for the Proteasome pathway
(0.59%0.00), the Kendall’s taus (Tgy) of expression ranking of
the HK genes within their respective pathway (0.65%0.00 to

Preserved HK Gene Expression Ranking

0.75%0.00) were all significantly higher than that (0.58%=0.00) of
the 3,602 NHK genes in the other 148 pathways, again revealing a
statistically significant difference in the preservation of their
expression ranking. Furthermore, co-expression correlation (Fger)
in these HK-enriched pathways was mostly moderate, about 0.2 or
0.3, in accordance with the observation made earlier that co-
expression was a smaller contributing factor than either stableness
or dispersion to expression ranking (Figure 4). The exception was
the Ribosome pathway, which exhibited a high 7g (0.7020.00)
and, as a result, a high T,e (0.75%0.00). A high 7, (0.75%0.00)
was also obtained for HK genes sampled from different pathways
(one from each pathway), which can be attributed to the much
larger range of expression levels exhibited between different
pathways than within a single pathway (Figure S2).
Decomposing Tge into the three contributing factors for the 7
HK-enriched pathways showed a distribution that was similar to
that observed for the 388 HK genes (Figure 4), in that both
dispersion and stableness contributed significantly (~70-80%),
while co-expression was a relatively minor factor, with only a
~20-30% contribution (Figure 5). The high contribution of co-
expression in the Ribosome pathway, resulting from a high co-
expression correlation, as mentioned above, and the comparatively
low contribution of stableness for the Basal Transcription Factors
pathway are notable departures that merit further investigation.
Figure 6 shows that the expression levels of HK genes were
generally higher than those of NHK genes, an observation also
made by others [28]. Stratification of the results into the 7 HK-
enriched pathways revealed that, of these HK genes, those in the
Ribosome pathway had the highest expression levels and those in
the Basal Transcription Factors pathway the lowest. This explains
the corresponding highest and lowest contribution of stableness in
these two pathways (Figure 5), since high expression levels can
withstand expression variation more than low expression levels.
During transcription, the transcription factors of the Basal
Transcription Factors pathway mediate the binding of RNA
polymerase II to trigger initiation of transcription. Given that
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Figure 2. Ranking preservation of HK genes was not a random event. (A) Kendall's tau computed for the manually partitioned HK and MR
genes (circles) compared to those generated from two different random distributions: the triangles show the results when the GSE2361 expression
data were randomly divided into two sets containing the same number of HK (N,=388) and MR (N,=11,953) genes, while the squares show the
results when expression levels were ignored and rankings were randomly created (see Methods). Each data point is a combination of the two 7,
computed for the two gene groups (Ng =388 and N, =11,953) for a particular pair of tissues. (B) The expression of all the genes in any two human
tissues (heart and thymus are shown as an example) always has an elliptical shape, resulting in a substantially preserved ranking order with a non-
zero T,y (>0.4) even for randomly grouped genes (triangles in (A)). In contrast, randomly assigned rankings would yield a 7,, value very close to zero
(squares in (A)). Gene expression levels were log2 transformed and were denoted by xg.

doi:10.1371/journal.pone.0029314.g002
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Initiation is a rapid step in transcription [29], and, as shown in
yeast, the transcription of some genes is not dependent on basal
transcription factors [30], genes in this pathway may not need to
be expressed at high levels. In contrast, the ribosome is necessary
for translating all protein-coding genes, and, because translation is
a time-consuming process and relies greatly on the cooperation of
multiple ribosomal proteins [31], high expression levels of genes in
this pathway would be expected. However, interestingly, the 79
HK genes in the Ribosome pathway (Table 2) exhibited different
levels of expression in tissues of different embryonic origin
(Figure 7), their mean expression levels in tissues with an ectoderm,
mesoderm, or endoderm origin being 10.24+0.16, 10.80%0.15,
and 10.90%0.08, respectively. Most of the ectoderm-derived
tissues constitute the mature nerve system, in which fewer gene
products are expressed continuously [32] and transcription of the
ribosomal genes need not be as active as in, say, bone marrow, a
mesoderm-derived tissue that is a factory generating blood cells,
thus requiring continual activation of the ribosomal genes, or the
endoderm-derived saliva gland, in which the production of
salivary amylase requires high utilization of ribosomes. Conse-
quently, the expression levels of these HK genes in the Ribosome
pathway are highly correlated across tissues of different develop-
mental origins, leading to the observed high co-expression
correlation (0.70%0.00) (Table 2).

Finally, we can consider what could be responsible for the low
Tge (0.59%0.00) for the Proteasome pathway (Table 2), despite a
typical contribution distribution from the three factors (Figure 5)
and typical expression levels of HK genes (Figure 6) in this
pathway. Further stratification of the Kendall’s tau results by the

HK (T, =0.77) MR (7, =0.59)
Dispersion (85.1%) Dispersion (74.3%)
S 6.1% 39.6%
- '\-{. - /’___‘_\49%
ofy ; R
43:6% 716.5% 1) % 889
e R ~ \ ¢ 35 i3 3.5%
663 = R3 30 i W
Stableness — Co-expression | Stableness™ (E'o-eoxpression
(70.0%) (27.3%) (33.8%) (18.8%)

subcomplexes of the proteasome (Figure 8) indicated that the 7
HK genes producing the B subunit of the 20S proteolytic core
particle were the culprit. It appears that the expression of not all
the proteins in the subcomplexes of proteasome is coherently
regulated [33]. For example, while the 7 gene products of the o
subunit are needed in equal amounts to form heptamer rings [34],
the 7 gene products of the B subunit cannot form rings by
themselves [35]. In fact, the 7 B-subunit proteins tend to remain in
the monomer state and often exhibit TS expression [36]; as a
result, there was a reduced preservation of the ranking order of
their expression across tissues, which, in turn, resulted in a
decrease in the Ty¢ for the Proteasome pathway (Table 2 and
Figure 8).

Discussion

Activation or modulation of regulatory events triggered by
different stimuli, such as hormones, transcription factors, or other
environmental changes, results in different levels of expression of
the same gene in different cells or tissues and, therefore, one would
not necessarily expect tissue-wide gene expression profiles to
exhibit a preserved ranking order. However, in this study, we
showed that the ranking order for the expression levels of the HK
genes was significantly more preserved than that of the NHK
genes in human tissues (Figure 1; Table 1). This observation was
substantiated by wusing data obtained from different gene
expression technologies (oligonucleotide microarray and short-
read RNA sequencing; Table 1), as well as an alternative set of HK
genes [37] (Figure S3).
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.
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Figure 4. The contributions to the ranking preservation of the HK, MR, and TS genes. The three contributing factors were dispersion (solid
line), stableness (dashed line), and co-expression (dotted line). For each factor, its contribution (in parenthesis) was the sum of the individual
contributions calculated using tensor product decomposing equations, such as Equation (11)-(13). The contribution of factors other than these three

is given in the black box in the upper right corner of each panel.
doi:10.1371/journal.pone.0029314.g004
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Table 2. Kendall's tau (7,4) and co-expression (Fyq

;) computed for the HK genes in KEGG pathways.

Preserved HK Gene Expression Ranking

KEGG pathway (number of genes; % in the 388 HK gene set)?

Expression ranking®7,, (mean=SE)®

Co-expression‘f“ﬂ (mean=SE)¢

Basal Transcription Factors (33; 69.7%)
RNA Polymerase Il (11; 100.0%)
Spliceosome (113; 46.9%)

Ribosome (84; 94.1%)

Aminoacyl-tRNA Biosynthesis (30; 63.3%)
Ubiquitin-Mediated Proteolysis (117; 34.2%)
Proteasome (42; 92.9%)

0.69+0.00 0.22*0.01
0.70*0.01 0.20*0.01
0.67=0.00 0.30=0.01
0.75%0.00 0.70=0.00
0.660.00 0.25*0.01
0.65+0.00 0.23%0.01
0.59+0.00 0.33%0.01

9SE: standard error.
doi:10.1371/journal.pone.0029314.t002

Tensor product analysis further revealed that dispersion, which
results from minimal overlaps due to, for example, a wide range of
expression levels, and stableness, a previously recognized hallmark
of HK genes, were two major factors underlying the observed
expression ranking preservation, whereas, perhaps unexpectedly,
co-expression made a relatively minor contribution (Figures 3 and
4). However, closer examination showed that, in certain pathways,
such as the Ribosome pathway (Table 2), or in the highly
collaborative expression of the proteins in a subcomplex of a
protein complex, such as the o subunit subcomplex (see Figure 8)
of the proteasome (Fgg =0.66+0.03, data not shown), co-
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Figure 5. The contributions to the ranking preservation of the
HK genes in seven HK-enriched KEGG pathways. Shown is the
percentage contribution of the three factors, stableness, co-expression,
and dispersion to the expression ranking (Kendall’s tau, 7,,) computed
for the HK genes found in each of the seven HK-enriched KEGG
pathways. The black bars are the contributions of other unknown
factors.

doi:10.1371/journal.pone.0029314.g005
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?Based on the distribution of the percentage of HK genes for each of the 155 KEGG pathways, the p value for a 34% was calculated to be 0.04, and 0.006 for 100%.
PWith the exception of the Proteasome pathway, these values are statistically significant (p value<10~2° by the paired two-sample Student’s t test) compared to the
value of 0.58+0.00 obtained for the NHK genes mapped to the remaining 148 KEGG pathways. The p value for the Proteasome pathway was 7.67 x10 .

CAll these values are statistically significant (p value<10~2° by Student’s t test) compared to the alternative hypothesis of no correlation.

expression was indeed prominent. Furthermore, to a large extent,
the HK genes exhibited preserved tissue-wide expression rankings
with contributions from all three factors, especially dispersion and
stableness (Figure 4). Together, these results suggest that,
compared to NHK genes, HK gene expression 1s regulated more
consistently from tissue to tissue and that different mechanisms
may be involved in the regulation of different functional groups of
HK genes.

It has been shown in various studies that, compared to NHK
genes, HK genes tend to have a shorter coding sequence [37],
fewer exons and shorter exons [37], and a higher GC content [38].
However, while these observations are statistically significant as a
whole, these properties are poor measures for distinguishing
between HK and NHK genes due to the large overlap between the
two in terms of these properties (Figure S4). Moreover, it is difficult
to reconcile how these static properties of genes could confer the
differences in expression level from one tissue to another, let alone
the ranking preservation. In this study, we have uncovered a new
property of preserved expression ranking in different tissues, in
which grouped HK genes and NHK genes show a significant
difference. However, some overlaps between HK and MR genes
in their expression ranking were also evident (Figure 1), suggesting
that, to identify a gene as an HK gene by computational methods,
a composite index comprising multiple properties is probably
required. Regardless of whether or not the genes considered are
HK genes, the use of rank-invariant genes extracted from multiple
experiments as normalization references could reduce systemic
distortions in microarray data more than conventional treatments
[39,40]. While it may not be practical to use a global rank-
invariant set of gene transcripts, which numbers in thousands [40],
as references for real-time PCR experiments, a few of highly rank-
invariant genes, those within the same pathway (e.g. Ribosome) in
particular, may prove to improve the current protocol of such
experiments, but validation of this proposition requires experi-
mental investigations. Furthermore, the tensor structure of human
HK gene expressions uncovered in this work (Figure 4) can be
useful features for machine learning techniques to develop a
classification scheme for discovering novel HK genes (work in
progress).

The differences in HK gene expression in different tissues may
arise for a number of reasons. One is that the specific function of
tissues may dictate the level at which a HK gene needs to be
expressed. For example, and as shown in Figure 7, ribosomal
genes are expressed at a higher level in bone marrow cells,
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doi:10.1371/journal.pone.0029314.g006

presumably due to the demand to constitutively refill new blood
cells, than in mature nerve cells, which undergo no, or little,
regeneration [32]. A second is that many HK genes are among the
~90% of human genes that are processed by alternative splicing
[41], resulting not only in the HK transcript, but also in TS
transcripts with TS functions. Consequently, it is possible that, in
tissues in which TS transcripts of the HK gene are needed, there
exists a distinct regulatory mechanism to balance the expression of
the two types of transcripts. A third reason is that mRNA decay
rates can vary significantly in different tissues [42].

Nevertheless, our analysis indicated that, despite fluctuations,
the HK genes exhibited a high stableness in their expression
profiles (Figure 4). This is, in part, due to the relatively high
expression levels of HK genes (Figure 6), which, for the same
stableness value, can have a larger variation. Intricate regulatory
processes may also be at work. As support for this, cell-to-cell noise
in the expression of genes encoding protein complexes or with
essential biological roles has been shown to be minimized [43]. In
addition, many HK genes play a role in gene regulation, with
some regulating their own expression. Examples include (i) over 30
proteins in the spliceosome complex have known, or putative, roles
in various steps in gene expression [44], (i) RNA polymerase II

@ PLoS ONE | www.plosone.org
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transcribes miRINAs to silence gene expression [45] and, through a
Rpb4/7 heterodimer in the cytoplasm of yeast, is involved in the
mRNA decay pathway [46], (iii) the expression of the constitutive
() form of the glucocorticoid receptor (GR) is inhibited or
enhanced, respectively, by the expression of the alternative GR-3
or GR-P transcript by the activation of alternative promoters [47],
and (iv) the alternative transcripts of some ribosomal protein genes,
e.g. RPL3 and RPLIZ2, are natural targets for nonsense-mediated
mRNA decay [48], which can negatively autoregulate their
overproduction.

In this study, we have uncovered a novel property of human
HK genes, i.e. their significantly preserved expression ranking
order in different tissues. Unlike some of the previously identified
properties of HK genes, which are static DNA composition and
structure of a single gene [21,37,49] (Figure S4), the property of
expression ranking discovered here is a collective property of a
group of genes preserved in different tissues and thus reflects a
consequence of tight regulations. Although many HK genes, in
addition to their HK functions, have been shown to play a role in
various aspects of gene regulation, the exact molecular mecha-
nisms involved in coordinating the apparently tight-regulated
expression of HK genes require further studies.

Materials and Methods

Human gene expression datasets

We used publicly available Affymetrix microarray data. The
oligonucleotide microarray series matrix files derived from Su et
al. [50] (GSE1133), Yanai et al. [51] (GSE803), and Ge et al. [24]
(GSE2361) were downloaded from GEO (Gene Expression
Omnibus) depositories [52]. Unless otherwise noted, GSE2361
was used as the example to describe the procedures of the analysis.
The other two datasets, GSE803 and GSE1133, were analyzed by
the same procedures to rule out any potential bias of using a single
dataset. For an examination on the effect of using data from a
different gene expression technology platform, a Human Body-
Map 2.0 RNAseq dataset from Illumina recently added to
Ensemble release 62 [53] was also analyzed. These four sets of
human gene expression data are summarized in Table S1.

Data processing

Each Affimatrix dataset was processed following the default
preprocessing and normalization setups as described in the original
articles [24,50,51]. Transcripts were then mapped to genes. For
example, the expression profiles of the 22,283 transcripts of the
GSE2361 and GSE1133 datasets were reduced to a set of 13,075
non-redundant genes by mapping using the Entrez Gene ID [54].
In the case of GSE803, 63,174 transcripts were mapped to 18,592
genes. During the mapping, the expression levels of probe sets, 1.c.
transcripts, with the same Entrez Gene ID were averaged to
represent the expression level of the gene.

The Illumina’s sequences were mapped to Refseq genes (i.e.
Entrez Gene ID [54]) using RNASEQR, a new short-read RNA
sequence mapping tool, and expression levels in RPKM (reads per
kilo per million) were calculated (Leslie Chen, personal commu-
nication).

Division of the genes into three groups

In this study, a gene was designated as either HK or NHK, and
the NHK genes were subdivided into MR or TS, using the
following partitioning procedures. First, the 13,075 non-redundant
genes of GSE2361 were divided into two groups, a HK set and a
NHK set, based on a study [23] in which 408 genes were found to
have well-documented HK functions as annotated in Reactome
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Figure 7. The ribosomal HK genes are expressed at different levels in tissues of different embryonic origins. Shown are boxplots of
expression levels on a log2 scale (xg,) for 79 ribosomal HK genes (94.1% of the 84 ribosomal genes, Table 2) in each human tissue. Each box is
bounded by the 25" and 75™ percentile of the data, the solid line within the box marking the median. The two short horizontal bars indicate the 90™
and 10" percentile of the data, while the crosses mark the 95 and the 5™ percentile of the data. The tissues are grouped according to their

embryonic origin.
doi:10.1371/journal.pone.0029314.g007
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Figure 8. A less coherently regulated subcomplex (p) reduced the overall expression ranking preservation of proteasomal genes.
Shown are gene expression rankings (7,,) computed for HK genes coding for proteins involved in different subcomplexes of the proteasome. The 7,
value is shown in parenthesis at the bottom of the box. * indicates that the value is significantly different from 7,, computed from random sampling

using the same number of genes.
doi:10.1371/journal.pone.0029314.9g008
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[27] and the KEGG [26]. Of these 408 manually annotated HK
genes, 388 were found in GSE2361 and were placed in the HK
set, while the remaining 12,687 genes were placed in the NHK set.
The 734 genes of the NHK set that satisfied four criteria for TS
genes [24] were then designated as TS genes and the remaining
11,953 NHK genes were placed in the MR set. The same
procedure was followed for the other expression datasets analyzed.

Preservation of gene expression ranking as measured by
Kendall’s tau

Kendall’s tau [25], defined below, was used to measure the
extent of concordance in the ranking order of expression levels for
a group of genes in different tissues.

Let x denote the log2 transformed expression level of gene g in
tissue t, where g = 1,2,...,Gand ¢t = 1,2,...,T for a total of G genes in
a total of T tissues. x, thus represents an element in the GXT
matrix. For any two genes g and ¢’ in tissues ¢ and ¢, whether their
expression levels are concordant or discordant can be computed

by:

/

8t 1
Xg/, —xg, ( )

I= xg/t/ —X

The pair of genes g and g’ show concordance in the ranking
order of their expression levels in tissues ¢ and ¢’ if >0 and are a
discordance pair if /<<O. Their ranking orders are identical in
tissue ¢ if /=0 or in tissue ¢ if /—. Collecting the number of all
the >0, I<0, =0, and [ cases, denoted by Ny, Nj<g, Ni= 9,
and Nz, respectively, Kendall’s tau () can be computed as
follows:

= NI>O_NI<0 (2)
V(Nr=0+Nr<o+Nr—o) X (Nr=0+Nr<o+Nrooo)

For a group of N, genes in WV, tissues (2=N,=G and 2=N=T), 1
can be computed by summing Equation (2) either over tissue pairs
(Equation (3)) or over gene pairs (Equation (4)) and taking the
average. Note that, for two tissues only, 7 is bounded by —1 and 1,
with 1 and —1 representing a perfectly preserved ranking order in
the same (1) or opposite (—1) direction, and 0 a completely
random ordering. However, as the number of tissues increases,
mathematically, the lower boundary would increase from —1 to
—0.0286 for the case of N,= 36.

| V=l M

Tyt = N § § 7 (3)
2 t=1 fJ=¢+1
| Nesl Mg

Ted = TNy Z E e/ “)

CZ g=1 g'=g+1

Strictly speaking, T,» and Tgy are not identical unless there are
no identical rankings (i.e. both N7 =y and N;_, are zero). However,
in the expression datasets analyzed, there was no gene pair with an
identical ranking in the HK set, and very few (less than 0.5% of
gene pairs) in the MR and TS sets, making 7, identical, or almost
identical, to Tgg.
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We computed both 7, and Tgy for the three gene sets (HK,
MR, and TS), using T,/ to test the hypothesis that HK genes, as
compared to MR or TS genes, tend to have a preserved ranking
order of expression levels in different tissues, and Tge, which is
easier to decompose, to identify the factors that contribute to the
ranking preservation (see the next section).

As a control for comparison, we generated two randomly
distributed gene expression rankings. In the first, we randomly
sampled N, genes from the expression dataset, e.g. GSE2361, and
calculated 7,y (Equation (3)) for this group of genes (N, =388 when
the comparison was made with HK genes, N,=11,953 with MR
genes and N,=734 with TS genes). This was repeated 100,000
times, and the 100,000 7, generated were averaged and
compared to the 7;,# computed from the HK set (or the MR and
the TS set). In the second, the sampling procedure was identical,
but, instead of using the expression data to produce ranking
orders, we created a matrix of randomly assigned rankings with
the same dimension of the expression dataset (e.g. 13,075 genes
%36 tissues for the GSE2361 set), in which each column of the
matrix, 1.e. tissue, contained a randomly assigned string of integers
ranging from 1 to the total number of genes (13,075 for the
GSE2361 set), and 7,# was calculated from this integer matrix.

Factors involved in ranking preservation

We analyzed three factors that might play a role in preserving/
disturbing the ranking order of gene expression in different tissues:
these were co-expression, stableness, and dispersion and are
schematically illustrated in Figure 3. Below, we devised three
measures, all made to range from 0 to 1, for the three factors,
respectively.

Co-expression (rg.). As shown in Eguation (5), the absolute
value of the Pearson correlation (1) [55,56] was used, since both
positive and negative correlations contribute to the ranking order
of gene expression. More correlated expressions, i.e. a larger 7y,
will generally have a more preserved ranking order.

Ny Ny Ny
N 32 XgiXely— D0 Xgt 22 Xgly
t=1 t=1 t=1
Vool = (5)

“ Nt N 2 Nt Nt 2
2 2
M (T 8 B (B
1= = ‘= =

Stableness (S,,). Let CV, and CV, be the two coefficients of
variation for the expression of genes g and g', respectively, and
PCYV, (or PCVy) be the percentage of genes for which €T does not
exceed CV, (or CVy), as defined by Equation (6), then stableness is
defined by Equation (7).

number of genes with CV < CV,
total number of genes (N)

PCV,= (6)

See =1-max{ PCV,, PCV, } (7)

Equation (7) dictates that a pair of genes showing very stable
expression in different tissues (i.e. a very small (1) will have a
stableness measure, Sy, close to 1.

Dispersion (D). Let the highest and lowest expression
levels for genes g and ¢’ in T tissues be Max, = max (7, Xy2, ..., Xg
oo X7)y Ming=min (Xy7, Xgo, .5 Xgy +--,

xq7), Maxy = max (xg 7, Xy 2,

December 2011 | Volume 6 | Issue 12 | e29314



.y Xg7) and Ming =min (xy 7, X2, - s Xg7)-
Supposing that Max, is greater than Mavx,, the dispersion measure
is defined as:

s Xepy cos Xg'ts

0 if Maxg > Max, > Miny > Ming
MaxglfMing . . .
Dyy=1q 1— Masg iy if Max,>Maxy > Ming > Miny (8)
1 if Max, > Ming > Maxy > Miny

In general, a larger Dy, meaning less overlap between the
expression profiles of the two genes, will tend to yield a similar
relative ranking order, with D, =1 providing a guarantee of a
perfectly preserved ranking order.

Venn diagram decompositions

To dissect the intertwined relationships between the aforemen-
tioned three factors and the observed ranking of gene expression,
we employed the concept of tensor products, which has
increasingly been applied to diverse research fields in which
multiway data analysis is needed [57,58].

As illustrated by the Venn diagram [59] shown in Figure 9, the
universal set (represented by unity) consists of a composite of 16
components (A1-A16), which relate T, and the three factors. The
16 components can be computed by operations of tensor products
(Equation (9)), where wy go (Equation (10)) is either WZ eo' O Wi gors
representing the presence or absence of a contributing factor £,
and Iy,; is an identity vector which, when used in the inner
product operation (the big black dot), leads to the separation of the
16 components. Note that, since the theoretical lower boundary of
Tge Was very close to zero for the data analyzed in our study, as
mentioned above we can assume ‘c;;,, Tee (Equation (4)) and
define 7, =1—1/, to represent the absence of expression ranking
for components A9 —A16. Below, for clarity, we have often omitted
the symbol (overhead bar) used for the average of all gene or tissue
pairs.

1= (tgg/®w,’gg/®ws’gg/®wD’gg/)oIgX1 (9)

:([ng gg}®[wrgg W g | @Y S,gg’w»;,gg/]®[Wg,gg’wl;,gg/]).lgx1

+

+ +
, X X X ;X
wi D! + rg w o We S.gg XW

o xwt  xw
g reg’ S.gg’ D.gg
Al A2
+ - + - - +
X ;X XV ;X X X
+ rgg, W, o/ Ws,gg Dgg, +1 W, oo wg. ! w D2’
A3 A4
+ - + + + -
T XWX w XWwp, r XWX w X W
T Tyt X Wrge! X W ot o T rge’ 7 S.ge! 7 M Dgg
AS A6
+ + - - -
T XWX W, X Wy T oxwT  xw X W
+ 74 r.eg’ S.g¢' o T gg r.gg' S.g¢' D.gg'
A7 A8
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X X X X XWeq, s X
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T Tag! X Wrge! X Ws ggf XWp get T Tagt X W, gt X Wg ot XWp gt
All Al2
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T XWX w X W T XWX W X W
T Tey r.gg’ S.gg’ Deg T Tee! r.gg’ S.gg’ D.gg'
Al3 Al4
_ i _ _ _ _ _ _
T XWX w X W T XWX W X W
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Expression ranking (z_,) Dispersion (D;,)

Stableness (S;,) Co-expression(r,,.)

Figure 9. The relationships of the contributing components of
gene expression rankings. The four-circle Venn diagram is used to
illustrate the intertwined relationships between gene expression
ranking (t},) and the three contributing factors of co-expression (-}
Equation (5)), stableness (S;,, Equation (7)), and dispersion (Dgg,,
Equation (8)). The rectangular box represents the universal set, its 16
components can be deduced from tensor computations (Equation (9)),
e.g., A8={tTNw, Nwg Nwp}, A10={t~Nw, Nwg Nw}}, and
Al6=1—{ttNw}Nws Mw} }. The equations for computing these
components are described in the Methods (Equation (11-13)). Note that
each of the four elements (r;}, ;;,Sggﬂ, and D;g,) is a composite of eight
components.

doi:10.1371/journal.pone.0029314.g009

L
w ro Or S, or D,
kgg' g 2¢ 2g
Wi o =| "5 | = " k=r,S,D (10)
88 wo o, 1—w
k.gg kgg

Thus, for example, component Al consists of the concurrent
contributions of co-expression (r,,), stableness (S,,), and dispersion
(Dgg) to Tge, while A2, with the absence of contribution from
stableness, consists only of contribution from co-expression and
dispersion to Tgg'.

For a given set of genes, such as those in the designated HK set
(or MR and TS set), the contribution of a particular factor, say
w},, to the observed ranking (™) of the expressions of these genes
can be computed from Equation (11).

whiNet
{WD|T+} { IET+} }
Ng—1 Ng
>3 (+ Dggx > (WG g X W) (11)
. g=1 g/=g+1 m=+or—
- Ng—1
E Z (T /)
g=1 g/=g+1

Likewise, the joint contribution of any two factors, say wj and
w;f, and of the three factors, to T+ are:
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Supporting Information

Figure S1 Expression ranking preservation of HK genes
in cattle tissues. The thresholds (C,) for the cycle numbers of
real-time PCR experiments for six HK genes in cattle tissues
showed rank preservation. In general, C, is negatively correlated
with gene expression level. Data from Lisowski et al. [22].

(PDF)

Figure S2 HK genes selected from different pathways
span a wider range of expression levels. The expression
ranges of HK genes in each of the 7 HK-enriched pathways for two
tissues are shown by mean value (small solid circles) and standard
errors (error bars) of their expression levels in log2 scale. The
Kendall’s tau, Tgy for HK genes selected from different pathways
was computed to be 0.75£0.00 for 100 runs of random sampling of
7 HK genes, each from one of the 7 HK-enriched pathways.

(PDF)

References

1. Watson JD, Hopkins NH, Roberts JW, Steitz JA, Weiner AM (1965) The
functioning of higher eucaryotic genes. Molecular biology of the gene. 1 ed.
Menlo Park, California: Benjamin/Cummings. 704 p.

2. Tu Z, Wang L, Xu M, Zhou X, Chen T, et al. (2006) Further understanding
human disease genes by comparing with housekeeping genes and other genes.
BMC Genomics 7: 31.

3. Li B, Reese JC (2000) Derepression of DNA damage-regulated genes requires
yeast TAF(II)s. Embo J 19: 4091-4100.

4. Giallongo A, Yon J, Fried M (1989) Ribosomal protein L7a is encoded by a gene
(Surf-3) within the tightly clustered mouse surfeit locus. Mol Cell Biol 9:
224-231.

. Yamada H, Chen D, Monstein HJ, Hakanson R (1997) Effects of fasting on the
expression of gastrin, cholecystokinin, and somatostatin genes and of various
housekeeping genes in the pancreas and upper digestive tract of rats. Biochem
Biophys Res Commun 231: 835-838.

6. Petersen BH, Rapaport R, Henry DP, Huseman C, Moore WV (1990) Effect of
treatment with biosynthetic human growth hormone (GH) on peripheral blood
lymphocyte populations and function in growth hormone-deficient children.
J Clin Endocrinol Metab 70: 1756-1760.

7. Kagawa Y, Ohta S (1990) Regulation of mitochondrial ATP synthesis in
mammalian cells by transcriptional control. Int J Biochem 22: 219-229.

8. Choi JK, Holtzer S, Chacko SA, Lin ZX, Hoffman RK, et al. (1991) Phorbol
esters selectively and reversibly inhibit a subset of myofibrillar genes responsible
for the ongoing differentiation program of chick skeletal myotubes. Mol Cell Biol
11: 4473-4482.

9. Williams T, Yon J, Huxley C, Fried M (1988) The mouse surfeit locus contains a
very tight cluster of four “housekeeping” genes that is conserved through
evolution. Proc Natl Acad Sci U S A 85: 3527-3530.

o

@ PLoS ONE | www.plosone.org

10

Preserved HK Gene Expression Ranking

Figure S3 Kendall’s tau (7,,) of expression rankings
computed for various groupings of genes. Kendall’s tau for
genes unique to the HK gene set curated by Zhu et al. [23] was
higher than that for genes unique to an alternative set [37] (0.73
vs. 0.66), but both were considerably higher than that for a
randomly selected set of MR genes (0.58) and Kendall’s tau was
the highest (0.79) for genes common to both HK sets. Standard
errors for these Kendall’s taus were all small, mostly less than 0.01.
(PDF)

Figure $4 Kendall’s tau (7,,) for expression rankings as
a function of four gene properties. The four properties
examined are coding sequence (CDS) length (A), number of exons
(B), average exon length (C), and GC content (D). The plots for the
HK, MR, and TS sets are labeled. Pearson correlations (ryg, rvg,
and rrg) for each property are given at the bottom right of each
panel. The three horizontal dashed lines represent the average
Kendall’s tau computed for 100 genes chosen randomly from each
of the three gene sets; from top to bottom, these correspond to the
HK, MR, and TS sets. Note that, although the correlations for
HK genes are high, a threshold cannot be established for any of
the four properties to separate HK genes and NHK genes.
(PDF)

Table S1 The three Affymetrix oligonucleotide micro-
array datasets and a Human BodyMap 2.0 RNAseq
dataset.

(PDF)

Acknowledgments

We thank Dr. U. C. Yang of the National Yang-Ming University, Taiwan,
for helpful discussion, Dr. Leslie Chen of the Institute for Systems Biology,
USA, for providing us with the mapping results of Human BodyMap 2.0
RNAseq data, and Dr. T. Barkas for English editing.

Author Contributions

Conceived and designed the experiments: GTWS ESCS M-JH. Performed
the experiments: GTWS. Analyzed the data: GTWS C-HC. Wrote the
paper: GTWS M-JH.

. Gibson UE, Heid CA, Williams PM (1996) A novel method for real time
quantitative RT-PCR. Genome Res 6: 995-1001.

. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, et al. (2002)
Accurate normalization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes. Genome Biol 3: RESEARCHO0034.

. Nishida Y, Sugahara-Kobayashi M, Takahashi Y, Nagata T, Ishikawa K, et al.
(2006) Screening for control genes in mouse hippocampus after transient
forebrain ischemia using high-density oligonucleotide array. J Pharmacol Sci
101: 52-57.

. Hsiao LL, Dangond F, Yoshida T, Hong R, Jensen RV, et al. (2001) A
compendium of gene expression in normal human tissues. Physiol Genomics 7:
97-104.

. Warrington JA, Nair A, Mahadevappa M, Tsyganskaya M (2000) Comparison
of human adult and fetal expression and identification of 535 housekeeping/
maintenance genes. Physiol Genomics 2: 143-147.

5. Rubie C, Kempf K, Hans J, Su T, Tilton B, et al. (2005) Housekeeping gene
variability in normal and cancerous colorectal, pancreatic, esophageal, gastric
and hepatic tissues. Mol Cell Probes 19: 101-109.

. Lemay S, Mao C, Singh AK (1996) Cytokine gene expression in the MRL/Ipr
model of lupus nephritis. Kidney Int 50: 85-93.

. Herrera F, Martin V, Antolin I, Garcia-Santos G, Rodriguez-Blanco J, et al.
(2005) Standard curve for housekeeping and target genes: specific criteria for
selection of loading control in Northern blot analysis. J Biotechnol 117: 337-341.

. Thellin O, Zorzi W, Lakaye B, De Borman B, Coumans B, et al. (1999)
Housckeeping genes as internal standards: use and limits. Journal of
Biotechnology 75: 291-295.

. Rogler CE, Tchaikovskaya T, Norel R, Massimi A, Plescia C, et al. (2004) RNA

expression microarrays (REMs), a high-throughput method to measure

December 2011 | Volume 6 | Issue 12 | e29314



20.

21.

22.

23.

24.

28.

29.

30.

31.

37.

38.

39.

differences in gene expression in diverse biological samples. Nucleic Acids Res
32: ¢120.

Dent AL, Shaffer AL, Yu X, Allman D, Staudt LM (1997) Control of
inflammation, cytokine expression, and germinal center formation by BCL-6.
Science 276: 589-592.

Szabo A, Perou CM, Karaca M, Perreard L, Quackenbush JF, et al. (2004)
Statistical modeling for selecting housekeeper genes. Genome Biol 5: R59.
Lisowski P, Pierzchala M, Goscik J, Pareek CS, Zwierzchowski L (2008)
Evaluation of reference genes for studies of gene expression in the bovine liver,
kidney, pituitary, and thyroid. J Appl Genet 49: 367-372.

Zhu J, He F, Song S, Wang J, Yu J (2008) How many human genes can be
defined as housekeeping with current expression data? BMC Genomics 9: 172.
Ge X, Yamamoto S, Tsutsumi S, Midorikawa Y, Thara S, et al. (2005)
Interpreting expression profiles of cancers by genome-wide survey of breadth of
expression in normal tissues. Genomics 86: 127-141.

5. Kendall MG (1938) A new measure of rank correlation. Biometrika 30: 81-93.
. Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF, Itoh M, et al. (2006) From

genomics to chemical genomics: new developments in KEGG. Nucleic Acids
Res 34: D354-357.

. Vastrik I, D’Eustachio P, Schmidt E, Joshi-Tope G, Gopinath G, et al. (2007)

Reactome: a knowledge base of biologic pathways and processes. Genome Biol
8: R39.

Castillo-Davis CI, Mekhedov SL, Hartl DL, Koonin EV, Kondrashov FA (2002)
Selection for short introns in highly expressed genes. Nat Genet 31: 415-418.
Hawley DK, Roeder RG (1987) Functional steps in transcription initiation and
reinitiation from the major late promoter in a HeLa nuclear extract. J Biol Chem
262: 3452-3461.

Holstege FC, Jennings EG, Wyrick JJ, Lee TI, Hengartner CJ, et al. (1998)
Dissecting the regulatory circuitry of a eukaryotic genome. Cell 95: 717-728.
Freienstein C, Blobel G (1974) Use of eukaryotic native small ribosomal subunits
for the translation of globin messenger RNA. Proc Natl Acad Sci U S A 71:
3435-3439.

. Hengst U, Jaffrey SR (2007) Function and translational regulation of mRNA in

developing axons. Semin Cell Dev Biol 18: 209-215.

. Collins GA, Tansey WP (2006) The proteasome: a utility tool for transcription?

Curr Opin Genet Dev 16: 197-202.

. Zwickl P, Kleinz J, Baumeister W (1994) Critical elements in proteasome

assembly. Nat Struct Biol 1: 765-770.

. Grziwa A, Maack S, Puhler G, Wiegand G, Baumeister W, et al. (1994)

Dissociation and reconstitution of the Thermoplasma proteasome. Eur J Biochem

223: 1061-1067.

. Tengowski MW, Feng D, Sutovsky M, Sutovsky P (2007) Differential expression

of genes encoding constitutive and inducible 20S proteasomal core subunits in
the testis and epididymis of theophylline- or 1,3-dinitrobenzene-exposed rats.
Biol Reprod 76: 149-163.

Eisenberg E, Levanon EY (2003) Human housekeeping genes are compact.
Trends Genet 19: 362-365.

Vinogradov AE (2003) Isochores and tissue-specificity. Nucleic Acids Res 31:
5212-5220.

Li C, Wong WH (2001) Model-based analysis of oligonucleotide arrays: model
validation, design issues and standard error application. Genome Biol 2:

RESEARCHO0032.

@ PLoS ONE | www.plosone.org

1

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

Preserved HK Gene Expression Ranking

Pelz CR, Kulesz-Martin M, Baghy G, Sears RC (2008) Global rank-invariant set
normalization (GRSN) to reduce systematic distortions in microarray data. BMC
Bioinformatics 9: 520.

Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, et al. (2008)
Alternative isoform regulation in human tissue transcriptomes. Nature 456:
470-476.

Yang E, van Nimwegen E, Zavolan M, Rajewsky N, Schroeder M, et al. (2003)
Decay rates of human mRNAs: correlation with functional characteristics and
sequence attributes. Genome Res 13: 1863-1872.

Fraser HB, Hirsh AE, Giaever G, Kumm J, Eisen MB (2004) Noise
minimization in eukaryotic gene expression. PLoS Biol 2: e137.

Zhou Z, Licklider LJ, Gygi SP, Reed R (2002) Comprehensive proteomic
analysis of the human spliccosome. Nature 419: 182-185.

. Lee Y, Kim M, Han J, Yeom KH, Lee S, et al. (2004) MicroRNA genes are

transcribed by RNA polymerase II. Embo J 23: 4051-4060.

Harel-Sharvit L, Eldad N, Haimovich G, Barkai O, Duek L, et al. (2010) RNA
polymerase II subunits link transcription and mRNA decay to translation. Cell
143: 552-563.

Russcher H, Dalm VA, de Jong FH, Brinkmann AO, Hofland L], et al. (2007)
Associations between promoter usage and alternative splicing of the glucocor-
ticoid receptor gene. ] Mol Endocrinol 38: 91-98.

Cuccurese M, Russo G, Russo A, Pietropaolo C (2005) Alternative splicing and
nonsense-mediated mRNA decay regulate mammalian ribosomal gene expres-
sion. Nucleic Acids Res 33: 5965-5977.

Chiaromonte I, Miller W, Bouhassira EE (2003) Gene length and proximity to
neighbors affect genome-wide expression levels. Genome Res 13: 2602-2608.
Su AlI, Wiltshire T, Batalov S, Lapp H, Ching KA, et al. (2004) A gene atlas of
the mouse and human protein-encoding transcriptomes. Proc Natl Acad
Sci U S A 101: 6062-6067.

Yanai I, Benjamin H, Shmoish M, Chalifa-Caspi V, Shklar M, et al. (2005)
Genome-wide midrange transcription profiles reveal expression level relation-
ships in human tissue specification. Bioinformatics 21: 650-659.

Edgar R, Domrachev M, Lash AE (2002) Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic Acids Res 30:
207-210.

. TFlicek P, Amode MR, Barrell D, Beal K, Brent S, et al. (2011) Ensembl 2011.

Nucleic Acids Res 39: D800-806.

. Maglott D, Ostell J, Pruitt KD, Tatusova T (2005) Entrez Gene: gene-centered

information at NCBI. Nucleic Acids Research 33: D54.

. Luo F, Yang Y, Zhong J, Gao H, Khan L, et al. (2007) Constructing gene co-

expression networks and predicting functions of unknown genes by random
matrix theory. BMC Bioinformatics 8: 299.

Williams EJ, Bowles DJ (2004) Coexpression of neighboring genes in the genome
of Arabidopsis thaliana. Genome Res 14: 1060-1067.

Alter O, Golub GH (2005) Reconstructing the pathways of a cellular system
from genome-scale signals by using matrix and tensor computations. Proc Natl
Acad Sci U S A 102: 17559-17564.

Zanardi P, Lidar DA, Lloyd S (2004) Quantum tensor product structures are
observable induced. Physical review letters 92: 60402.

Venn J (1880) On the diagrammatic and mechanical representation of
propositions and reasonings. Philosophical Magazine Series 5 10: 1-18.

December 2011 | Volume 6 | Issue 12 | e29314



