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Transcriptome analysis and kidney research: Toward systems
biology.

An enormous amount of data has been generated in kidney
research using transcriptome analysis techniques. In this review
article, we first describe briefly the principles and major char-
acteristics of several of these techniques. We then summarize
the progress in kidney research that has been made by using
transcriptome analysis, emphasizing the experience gained and
the lessons learned. Several technical issues regarding DNA
microarray are highlighted because of the rapidly increased use
of this technology. It appears clear from this brief survey that
transcriptome analysis is an effective and important tool for
question-driven exploratory science. To further enhance the
power of this and other high throughput, as well as conven-
tional approaches, in future studies of the kidney, we propose
a multidimensional systems biology paradigm that integrates
investigation at multiple levels of biologic regulation toward
the goal of achieving a global understanding of physiology and
pathophysiology.

High throughput analysis of gene expression at the
mRNA level in a genome or near-genome scale (i.e.,
transcriptome analysis) has become one of the most
widely used approaches in the genomic era of biomed-
ical research. The development of these techniques, rep-
resented most prominently by DNA microarray, was
embraced with great excitement and with promises to
revolutionize biomedical research, including kidney re-
search. The rapidly increasing popularity of these tech-
niques is evidenced by more than 2000 PubMed entries
that contained the term “microarray” in the year 2003
alone, less than 10 years after the introduction of DNA
microarray techniques [1, 2].
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While an enormous amount of data has been gener-
ated using transcriptome analysis, how much this data
has meaningfully advanced our understanding of function
and disease remains an open question. It is worthwhile at
this time to reflect on the strengths and the weaknesses
of this approach and how it may be better utilized in fu-
ture studies. In this brief review article, we first describe
the technical principles and characteristics of major tech-
niques used for transcriptome analysis. We then summa-
rize the progress in kidney research that has been made
by using these techniques, emphasizing the experience
gained and the lessons learned. Several technical issues
regarding DNA microarray are highlighted. Finally, ways
in which these techniques can be better applied in future
studies are considered.

It appears clear from this brief survey that transcrip-
tome analysis is an effective and important tool for
question-driven exploratory science [3]. It is apparent,
however, these approaches will be more powerful when
they are appropriately integrated with proteomics, func-
tional measurement, and other approaches into a multi-
dimensional systems biology paradigm for the study of
physiology and pathophysiology.

TRANSCRIPTOME ANALYSIS: WHY?

Biologic function at any given moment is determined
by a myriad of factors such as ions, lipids, and cat-
alytic activity of enzymes, nearly all of which involve,
either directly or indirectly, the expression level of cer-
tain genes. Consequently, alterations of biologic func-
tion, especially sustained ones that occur in many dis-
eases, are often the result of changes in gene expression
levels.

In the simplified biologic axis of DNA-mRNA-protein
function, protein is the final product of gene expression
and the closest determinant of function. Intuitively, pro-
tein analysis would render measurement of mRNA (and
DNA for that matter) unnecessary. Moreover, it is known
that mRNA abundance does not always correspond to
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protein abundance [4–6], which suggests one should be
cautious when extrapolating mRNA to protein. It should
be noted that quantitative estimates of the extent of dis-
crepancy between mRNA and protein abundance based
on high-throughput assays should be interpreted cau-
tiously. This is because substantial noise exists in the mea-
surement at each level, particularly when the abundance
of mRNA and/or protein is low.

Even with some discrepancies between the abun-
dance of mRNA and protein, however, measurements of
mRNA are still very valuable for two major reasons. First,
current techniques for quantifying protein, compared to
mRNA, are more limited in throughput and possibly in
accuracy and sensitivity. In many cases, mRNA levels are
the best surrogates available for protein abundance. Sec-
ond, mRNA analysis could provide mechanistic insights
complementary to protein analysis, which can be signif-
icant not only scientifically, but also clinically. The clear
value of mRNA analysis, however, by no means implies
that mRNA measurement can replace protein measure-
ment. The issue of multilevel analysis will be discussed
later.

Techniques such as Northern blot, ribonuclease pro-
tection assay, and competitive reverse transcription-
polymerase chain reaction (RT-PCR) are very useful for
quantifying the mRNA expression levels of one or a few
genes at a time. The more challenging goals, however,
are to identify unsuspected changes in mRNA abundance
and to obtain a global view of biologic regulation likely
involving hundreds or more genes. Techniques allowing
high-throughput analysis of mRNA levels would obvi-
ously be more appropriate for achieving these goals.

TRANSCRIPTOME ANALYSIS: HOW?

Techniques for high-throughput analysis of mRNA lev-
els can be roughly divided into two categories based on
the outcome of the analysis: those yielding estimates of
absolute or relative levels of mRNA for all genes exam-
ined, and those primarily yielding the identity of a subset
of genes whose mRNA levels differ substantially between
the samples examined. DNA microarray, serial analysis
of gene expression (SAGE), high-throughput real-time
PCR, and sequencing of expressed sequence tags (EST)
belong to the first category. The second category mainly
includes mRNA differential display and subtractive
hybridization.

The basic technical principles for each of these tech-
niques are summarized in Figure 1. References contain-
ing extensive descriptions of these techniques, including
their important variants, are provided in the figure leg-
end.

The major technical advantages and disadvantages of
each of these techniques are listed in Table 1. Some of

these technical characteristics will be further discussed in
the context of application in kidney research.

APPLICATION IN KIDNEY RESEARCH

Cataloging renal transcripts

Generating a comprehensive catalog of the identities
and abundance of mRNA molecules is the most unique
utility of transcriptome analysis. SAGE is most appropri-
ate for generating such catalogs due to its quantitative
nature, potential comprehensiveness, and independence
of prior availability of sequence or cDNA clones. EST
sequencing and DNA microarray could also be used for
this purpose, although their ability to absolutely quantify
may be more limited. DNA microarray is further limited
by the prior availability of sequence or clones.

Several thousand distinct transcripts, including some
previously unknown sequences, have been identified in
mouse kidneys using SAGE [20, 21]. The most abundant
renal transcripts were found to be those related to mito-
chondrial metabolism and tubular transport and primar-
ily associated with the proximal tubule. The latter was
not surprising since proximal tubules constitute the ma-
jority of the kidney mass. mRNA species of lower levels
of abundance may not have been represented in these
mRNA catalogs.

To obtain transcript profiles in specific nephron seg-
ments, a SAGE method using a much smaller amount
of starting mRNA samples was developed and ap-
plied to mouse and human kidneys [21, 22]. Several
hundred transcripts were reported to be differentially
expressed among nephron segments. The grouping of
nephron segments based on the number of shared tran-
scripts appeared consistent with known functional simi-
larities among nephron segments. A 3′-cDNA sequencing
method has also been used to identify and quantify a few
thousand transcripts in the proximal tubule and the inner
medullary collecting duct [23, 24].

Baseline renal mRNA profiles in human and mouse
have also been assessed using DNA microarray [25–28].
Some of these studies emphasized the observation that
renal mRNA levels of many genes varied among “nor-
mal” individuals. This is consistent with the well-known
biologic variability among individuals. However, the re-
ported magnitude of such individual variability might
highly depend on how technical variability was assessed
and accounted for.

Identifying new regulatory mechanisms

The most common use of transcriptome analysis is to
discover new regulatory mechanisms. This is most often
achieved through comparing mRNA profiles between in-
terventions, disease states, or developmental stages to
identify differentially expressed genes.
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