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Current methods to analyze gene expression measure steady-state
levels of mRNA. To specifically analyze mRNA transcription, we
have developed a technique that can be applied in vivo in intact
cells and animals. Our method makes use of the cellular pyrimidine
salvage pathway and is based on affinity-chromatographic isola-
tion of thiolated mRNA. When combined with data on mRNA
steady-state levels, this method is able to assess the relative
contributions of mRNA synthesis and degradation/stabilization. It
overcomes limitations associated with currently available methods
such as mechanistic intervention that disrupts cellular physiology,
or the inability to apply the techniques in vivo. Our method was
first tested in serum response of cultured fibroblast cells and then
applied to the study of renal ischemia reperfusion injury, demon-
strating its applicability for whole organs in vivo. Combined with
data on mRNA steady-state levels, this method provided a detailed
analysis of regulatory mechanisms of mRNA expression and the
relative contributions of RNA synthesis and turnover within dis-
tinct pathways, and identification of genes expressed at low
abundance at the transcriptional level.

newly transcribed RNA � posttranscriptional regulation �
RNA degradation/stabilization

In response to environmental changes, cells alter their gene
expression program. Eukaryotic gene expression is a complex

process that is fine-tuned at different levels, such as transcrip-
tion, turnover, and translation of mRNAs. Microarray-based
measurements of steady-state mRNA levels do not distinguish
between different regulatory processes. Both transcriptional and
posttranscriptional regulation, however, can profoundly influ-
ence steady-state mRNA levels (1–4). To evaluate de novo
transcription and the relative contributions of mRNA transcrip-
tion and turnover, nuclear transcription run-on and its modifi-
cations have long been the methods of choice (4–6). These
methods, however, are either inherently cell-invasive and/or are
not compatible with the assay formats currently used to analyze
global gene expression. To avoid mechanistic intervention that
disrupts cellular physiology for example by cell permeabilization,
we modified a method in which we take advantage of the cellular
pyrimidine salvage pathway. Pyrimidine ribonucleotides may be
de novo synthesized from simple molecules by energetically
expensive multistep pathways. Alternatively, ribonucleotide
pools are sustained by recycling of the basic components derived
from their catabolism during normal RNA turnover, the so-
called salvage pathway, a mechanism that is energetically less
expensive. By this more favorable pathway, it is possible to label
and selectively enrich newly transcribed (nascent) RNA mole-
cules (NT-RNA; refs. 7–9) in vivo by incorporation of exogenous
4-thiouridine (s4U) and subsequent RNA purification by affinity
chromatography. The RNA can then be further processed by
standard protocols for hybridization to oligonucleotide microar-
rays. We refer to our method with the acronym NIAC-NTR
(noninvasive application and capture of newly transcribed

RNA). We have established this protocol in a mouse embryonal
fibroblast serum-response model. Fibroblasts are ubiquitous
mesenchymal cells in the stroma of epithelial organs playing
important roles in development, wound healing, inflammation,
and fibrosis. The genomic response of fibroblasts to serum, the
soluble fraction of coagulated blood, represents a coordinated
‘‘wound-healing program,’’ including regulation of hemostasis,
cell cycle progression, epithelial cell migration, inflammation,
and angiogenesis (10–11). We then applied NIAC-NTR to
analyze mRNA synthesis in a murine renal ischemia reperfusion
injury (IRI; refs. 12 and 13). The murine IRI is a model for the
ischemia/reperfusion-induced acute renal failure, which is a
common clinical problem associated with high morbidity and
mortality. IRI is associated with a depletion of energy-rich
phosphates in renal epithelial cells, thereby activating systems
leading to (i) disruption of the cytoskeleton and cell polarity, and
(ii) cell death, either in form of necrosis or apoptosis (14). Our
studies have demonstrated the potential use of our method for
the analysis of mRNA transcription in living organisms.

Results
Thiolated RNA Can Specifically Be Isolated by an Organomercurial
Affinity Matrix. Successful isolation of thiolated RNA can be
achieved by exploiting the strong chemical interaction between thio
groups and mercury. Therefore, an agarose-based organomercurial
affinity matrix [Bio-Rad (Hercules, CA) Affi-Gel 10-modified
p-aminophenylmercuric acetate agarose, mercury content 10 �mol/
ml] was tested for its efficiency to bind thiolated RNA molecules
synthesized in vitro. Synthetic mRNA molecules of different lengths
were generated either in the absence or presence of 4-thiouridine-
5�-triphosphate. Capillary gel-electrophoresis data demonstrated
that thiolated RNA of �200 bases length was bound to the matrix
and was elutable by addition of 20 mM 2-mercaptoethanol [sup-
porting information (SI) Fig. 3 and SI Table 1]. Because the binding
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efficiency of thiolated molecules to the organomercurial matrix
strongly depends on salt concentration and pH (7), optimal binding
and wash buffer combinations were evaluated (SI Methods and
Protocols).

s4U Is Efficiently Incorporated into Cellular RNA and Can Be Specifi-
cally Isolated. In the next experiment, we labeled serum-starved
primary mouse embryonal fibroblast cells with s4U and 3H-
cytidine (to follow s4U incorporation into newly transcribed
cellular RNA) at the time serum was added to the medium. s4U
(200 �M) for 2 h was chosen based on time-dose-response
analyses (data not shown). Two hours after s4U addition, total
RNA (T-RNA) was isolated, and s4U-incorporation efficiency
was checked by OD measurement based on the specific absorp-
tion of s4U at �330 nm. Successful incorporation into total RNA
leads to a characteristic pattern when compared with control
RNA (Fig. 1a). Based on these data, the average approximate
incorporation rate was calculated to be 4–5 s4U/1000b (9).
T-RNA was then loaded onto the organomercurial affinity
matrix for capture of thiolated RNA with total RNA from
non-s4U-treated cells as control RNA. NT-RNA in serum-
starved and -induced cells was determined by measuring 3H-
cytidine incorporation. As demonstrated in Fig. 1b Upper, there
was no binding of NT-RNA to the affinity matrix in the absence
of s4U. In contrast, labeling with s4U leads to retention of
NT-RNA (Fig. 1b Lower). Electrophoretic analysis of NT-RNA
showed a broad size distribution, indicating an enrichment of
heteronuclear RNA and mRNA compared with steady-state
RNA (Fig. 1c Center and Left, respectively). This pattern may be
regarded as a characteristic fibroblast ‘‘signature’’ for early (2-h)
serum response, demonstrating the power of our method for
enrichment of newly transcribed RNA. Background binding of
RNA to the organomercurial matrix was minimal (Fig. 1c Right)
and is most likely because of RNA thiolation in the absence of
exogenous s4U rather than from nonspecific molecular interac-
tions. s4U naturally occurs in prokaryotic cells, and 2-thiouri-
dine, a chemically related base, is found in eukaryotic cells. Both
bases are incorporated into tRNA of the respective cells. Thus,
to minimize contamination by serum-containing thiolated nu-
cleotides produced by nanobacteria (15), only dialyzed serum
(cutoff 10,000) was used. In fact, standard qualitative HPLC
analysis that was performed on RNase-treated samples showed
the presence of two closely located peaks, one of them indicative
for s4U (SI Fig. 4). Because s4U labeling depends on the length
of the target RNA molecules, we analyzed the fibroblast RNA
labeling efficiency of all expressed genes [Affymetrix (Santa
Clara, CA) P-calls] for NT-RNA and steady-state RNA samples.
Data showed that with the s4U conditions used, we were able to
efficiently label and isolate RNA molecules independent of their
lengths (SI Fig. 5). To test whether the presence of s4Us, using
our labeling conditions, had any toxic influence on the fibro-
blasts, a cell viability assay was performed, and no impact on cell
viability could be observed (SI Fig. 6). Similarly, we analyzed a
potential s4U impact on the global fibroblast transcriptional
profile and found only a moderate differential expression of
eight genes attributable to s4U (SI Fig. 7 and SI Table 2).
Importantly, a 2-h labeling period with s4U had no significant
influence on decay rates of RNAs (SI Figs. 8 and 9).

Identification of Fibroblast NT-RNA in Response to Serum. A total of
five biological replicates were analyzed by Affymetrix MG-U74Av2
microarrays, as described (16) (SI MIAME checklist). Data mining
was performed with the SAS MicroArray Solution v1.0 software
package (SAS Institute, Cary, NC) by using the loglinear mixed
model strategy (17). Functional analysis of differentially expressed
genes was performed by differential pathway analysis [based on
Gene Set Enrichment Analysis (GSEA); ref. 18], coupled with
functional group analysis by using the Ingenuity Pathways Analysis

Program. Analysis of steady-state RNA (T-RNA) showed changes
in gene expression of 50 genes, whereas analysis of NT-RNA
identified 247 genes changing in expression after serum stimulation,
with most of them (205) down-regulated. Detailed quantitative
PCR (qPCR) analyses of exemplary genes indicated that changes in
T-RNA levels resulted either predominantly from altered transcrip-
tion (20 genes, Fig. 1 d-I and d-II; SI Fig. 10) or predominantly from
mRNA turnover and altered stability, thereby masking transcrip-
tional regulation [30 posttranscriptionally regulated genes, Fig. 1 d-I
and d-IV; SI Fig. 10]. NT-RNA data also identified a total of 227
newly transcribed genes, the transcripts of which were not altered
in steady-state RNA (Fig. 1 d-I and d-III; SI Fig. 10). Thus, our data
indicated that (i) NT-RNA genes were predominantly regulated by
de novo transcription with minimal contributions of mRNA deg-
radation, (ii) genes detected in both NT-RNA and T-RNA were
also predominantly regulated by de novo transcription with partial
contribution of mRNA degradation/stabilization, and (iii) posttran-
scriptionally regulated genes were predominantly regulated by
mRNA degradation, masking transcriptional regulation (SI Fig. 10
and SI Tables 3 and 4). These data and additional qPCR analyses
thus were in good agreement with microarray data (SI Fig. 11). Our
results indicated that the early transcriptional response to serum is
characterized mainly by transcriptional down-regulation of the
majority of genes involving pathways controlling (i) energy gener-
ation (Krebs cycle, fatty acid degradation), (ii) cell cycle and
proliferation, and (iii) DNA damage and repair signaling. Genes
which were found to be either predominantly transcriptionally
up-regulated or predominantly regulated by mRNA degradation/
stabilization could be allocated to (i) immediate-early transcription
factors, (ii) clusters involved in epithelialization and vascular de-
velopment, and (iii) clusters involved in basic processes of fibro-
blasts including reprogramming of cytoskeletal properties and stem
cell-related pathways such as wnt-signaling (SI Tables 5–7). These
results fit with the current knowledge about the biology of fibro-
blasts (10) and their potential predictive role for cancer (11). But
NIAC-NTR adds more detailed information, because it enriches
for newly transcribed RNA and reveals information about the
regulatory mechanism of each gene.

Analysis of Newly Transcribed RNA in Vivo in Intact Animals. The
previous results demonstrated that our method may potentially
be useful for expression analysis of newly transcribed RNA in
cell culture. We next applied our method in vivo in intact
animals. A renal IRI model was chosen because the kidney has
an active salvage pathway, and its catabolism of pyrimidine
molecules is rather low (19–22). We have restricted analysis to
early changes in RNA synthesis in the contralateral (nonin-
jured) kidney of IRI-treated mice (23) compared with control
mice. The contralateral kidney was chosen because the injured
kidney may undergo substantial changes of internal nucleotide
pools (24) early in the reperfusion phase, resulting in a massive
incorporation of s4U and 3H-cytidine. Optimal doses of s4U
were evaluated and injected i.p., mice were killed, and kidney
RNA was isolated and analyzed (Fig. 2a). Labeling efficiency
and potential s4U toxicity were analyzed (SI Fig. 12 and SI
Tables 8 and 9) and revealed similar results as for the fibroblast
study. T-RNA analysis showed 405 genes to be differentially
expressed (100 up- and 305 down-regulated). NT-RNA anal-
ysis revealed 1,219 differentially expressed genes (642 up- and
577 down-regulated). Combinatorial analysis indicated that
272 genes were preferentially regulated by mRNA degrada-
tion/stabilization rather than transcription (Fig. 2b). qPCR
validation data of genes found transcriptionally controlled
(Cebpb and Hmox1) and unchanged (Socs6 and Senp2) were in
good agreement with chip data (Fig. 2b). Gene Set Enrichment
Analysis-based analysis (SI Tables 10–13) demonstrated that
detection of many functional gene clusters involved in the
disease response was possible only when NT-RNA data were

Kenzelmann et al. PNAS � April 10, 2007 � vol. 104 � no. 15 � 6165

BI
O

CH
EM

IS
TR

Y

http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1
http://www.pnas.org/cgi/content/full/0610439104/DC1


Fig. 1. NIAC-NTR allows for detailed analysis of RNA synthesis and turnover. (a) Efficiency of s4U incorporation into mouse embryonic fibroblast RNA. At 330 nm,
thiolated RNA exhibited an absorption difference compared with control RNA. Approximate s4U incorporation rate can be calculated (9). C/CT � substitution level;
�A330 � A330 (thiolated RNA) A330 (control RNA). (b) Graphs illustrating specific retention and enrichment of thiolated RNA. Specific activities (cpm/�g RNA) are shown
for initial T-RNA, FT-RNA, and E-RNA. Ten percent FBS, serum-induced condition; 1% FBS, serum-starved condition; FT, flow-through RNA (not matrix-bound); E, pooled
elution fractions. The specific activity of the E fraction indicates the fold enrichment of NT-RNA (12� on average). Upper Left, 1% FBS, control RNA; Upper Right, 10%
FBS, control RNA; Lower Left, 1% FBS, thiolated RNA; Lower Right, 10% FBS, thiolated RNA. (c) Electrophoretic pattern of fibroblast NT-RNA (Center) compared with
T-RNA (Left). Background binding (Right) is minimal. Note the different scaling of the y axis indicated by the assay-intrinsic leftmost constant marker peak. (d) I, Venn
diagram illustrating the regulation of mRNA expression; II-IV, qRT-PCR analyses of the contributing actions of mRNA transcription, degradation, and stability for
exemplary mRNAs. (Left) Time-resolved expression differences in serum-induced samples. (Right) Differences of stability of serum-induced samples (red bars) within
an evaluated time frame of 90 min plotted as percentages relative to the stability of serum-starved controls (yellow bars). II, NT-RNA and T-RNA; III, NT-RNA; IV,
posttranscriptionally regulated RNA. For more details, refer to the main text (Identification of Fibroblast NT-RNA in Response to Serum) and to SI Figs. 10 and 11 and
SI Tables 3 and 4.
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analyzed (Fig. 2c). For example, steady-state data of differ-
entially expressed genes in the contralateral kidney between
IRI and control mice did not attribute any significance to the
androgen and estrogen metabolism or to genes involved in
mediating cell-to-cell information by gap junctions. Analysis of
NT-RNA data, however, revealed the striking importance of
these pathways because most of their genes were expressed
differentially at the transcriptional level. Comparisons of
genes predominantly regulated either by mRNA turnover or
mRNA synthesis demonstrated their relative contribution to
distinct pathways: some pathways most probably were prefer-
entially regulated by mRNA turnover (e.g., arginine/proline
metabolism), and others (glutamate and butanoate metabo-
lisms, IGF-1 signaling) were preferentially regulated by
mRNA synthesis (Fig. 2d).

Discussion
Cellular RNA metabolism is tightly regulated at different levels.
For a detailed analysis of these processes, however, it is necessary
to find methods to dissect and measure them separately. mRNA
synthesis can be analyzed by nuclear run-on strategies (4–6);
however, because of the nature of these techniques, they cannot
be applied in vivo and are not suitable for fluorescence-based
microarray techniques. Here we present a strategy, NIAC-NTR,
that is compatible with fluorescence-based microarray analysis
and that can be applied in vivo in intact animals, as evidenced by
analysis in the reperfused mouse kidney. Our method is based on
the incorporation of exogenous s4U into cellular RNA by using
the pyrimidine salvage pathway. We showed that s4U is effi-
ciently incorporated into nascent RNA. Albeit the potential

toxicity of s4U (8, 9), we evaluated that an exposition to s4U for
2 h did not significantly change the RNA expression profile
compared with nontreated cells. We demonstrated that s4U-
labeled RNA can efficiently be isolated and enriched by an
organomercurial affinity matrix. Furthermore, we presented
evidence that the observed background binding depends on
thiolated molecules rather than on unspecific molecular inter-
actions. Background binding may be mediated mainly by the
presence of cross-contaminating thiolated bases such as 2-
thiouridine, which may be misincorporated into hnRNA. Exog-
enous s4U is processed intracellularly by the pyrimidine salvage
pathway. The in vivo application of our method is therefore
favored by organs with an active salvage pathway, such as the
kidney. Based on comparative analyses, the relative contribution
of mRNA synthesis and turnover to gene expression regulation
could be demonstrated in the contralateral kidney between IRI
and control mice. This enabled us to categorize canonical
pathways and functionally related gene clusters according to
preferentially synthesis-regulated or turnover-regulated. At
present, very little is known about the role of posttranscriptional
control, although mounting evidence supports its importance,
e.g., under stress conditions (25–27). Based on this and our own
data, it may be hypothesized that under certain conditions,
posttranscriptional control may be favored to keep pace with
specific needs such as timely and energetically economic control
of (specifically localized) gene expression (28). It seems plausible
that members of distinct pathways or functional groups may
therefore be controlled by a similar mechanism. Strikingly, the
enrichment of NT-RNA by our method allowed for the detection
of a plethora of genes predominantly regulated at the transcrip-

Fig. 2. NIAC-NTR can be applied in vivo. (a) Graphs show the specific activity (cpm/�g of RNA) of contralateral kidney control RNA (black bars) compared with
thiolated RNA of the pooled elution-fractions (gray bars) for control (Left) and IRI-treated mice (Right) after 3 h. *, No cpm measured in the absence of s4U. (b)
(Left) Venn diagram illustrating the regulation of mRNA expression. (Right) qPCR validation results of transcriptional regulation. Array and qPCR results are given
back to back for each gene. Two independent qPCR validation experiments were performed with technical duplicates each. (c) Percentage of differentially
expressed genes in a given functional group for NT-RNA (blue bars) and NT-RNA only (orange bars). *, Pathways significantly changed because of analysis of
NT-RNA. (d) Relative contribution of mRNA synthesis and turnover of genes involved in specific pathways because of IRI-treatment. Genes regulated by mRNA
turnover (posttranscriptionally regulated RNA) in steady-state analysis (see b; dark red bars) were compared with NT-RNA genes (gray bars). Pathways shown
were significantly changed (P value on x axis). The order of pathways from top to down shows increasing contribution of mRNA turnover to the respective
pathway. *, Pathways significantly changed because of mRNA transcription;1, statistical significance threshold (P � 0.05).
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tional level, which would normally have escaped detection by an
analysis of steady-state mRNA alone, because of dilution in the
pool of total RNA.

The brain may serve as well as a target for NIAC-NTR,
because exogenous uridine passes the blood–brain barrier and
may be sufficiently incorporated into brain RNA, in specific
brain areas such as cerebellum and cerebral cortex (29–32).
Organs exhibiting a limited use of the pyrimidine salvage path-
way such as liver and intestine (19–22, 33) may be less suited for
s4U-based NIAC-NTR application. The analysis of organs with
a low level salvage pathway, however, may be performed with
thiolated orotic acid rather than with s4U because orotic acid is
the precursor molecule of uridine in the de novo biosynthesis
pathway. Such a ‘‘bypass’’ could further increase the potential of
NIAC-NTR applications in vivo. Our technique may represent a
potentially useful approach to specifically analyze RNA de novo
synthesis, a goal also aimed at by nuclear run-on techniques
(4–6) and a technique that has recently been published describ-
ing the use of animal cells, which have been infected with the
parasite Toxoplasma gondii expressing uracil phosphoribosyl-
transferase (34). This method, however, is useful only to distin-
guish between parasite RNA from animal RNA. In contrast to
the nuclear run-on, our method can potentially be applied in vivo
and to current microarray formats and enables specific isolation
of predominantly newly transcribed animal RNA without the
need for transgene experiments.

In summary, our method provides a potentially useful tool to
discriminate between the relative contributions of mRNA syn-
thesis and turnover. It may therefore allow a more detailed
understanding of basic molecular mechanisms in gene expres-
sion in vitro and in whole organs in vivo. Analysis of NT-RNA in
whole organs may be especially useful for testing (side) effects of
chemicals intended for medical disease treatments.

Materials and Methods
Labeling and Preparation of RNA. RNAs of different lengths were
synthesized in vitro either in the absence or presence of 4-
thiouridine-5�-triphosphate (TriLink BioTechnologies, San Di-
ego, CA) using pGEM Express Positive Control Templates
(Promega, Madison, WI) and RNA Century Marker Templates
(Ambion, Austin, TX). RNA was generated by T7-mediated in
vitro transcription by using the Ampliscribe T7 high-yield tran-
scription kit (Epicentre; Biozym, Hess Oldendorf, Germany),
supplemented with [5-3H] CTP (20 Ci/mmol, Amersham, Buck-
inghamshire, U.K.). This yielded RNAs of the following lengths:
0.2, 0.3, 0.4, 0.5, 0.75, 1.065, and 2.346 kb. RNA was purified by
using the GeneChip Sample Cleanup Module (Affymetrix),
precipitated with PelletPaint and 7.5 M ammonium acetate and
quality analyzed by the RNA6000 Nano assay (Bioanalyzer 2100,
Agilent Technologies).

Primary mouse embryonic fibroblast cells (embryonic day
14.5, ATF1�/�) were grown using high-glucose DMEM (Invitro-
gen, Karlsruhe, Germany) with 1% penicillin/streptomycin (In-
vitrogen) and 10% dialyzed FBS (cutoff, 10,000 Da; Sigma, St.
Louis, MO) to near confluency. Cells were serum-starved for
48 h with 1% dialyzed FBS and then incubated for 2 h with media
containing: (i) 1% FBS (serum-starvation control), (ii) 1% FBS,
200 �M s4U (Sigma) and 1 �Ci 3H-cytidine (20 Ci/mmol;
BIOTREND, Köln, Germany); (iii) 10% FBS (stimulation con-
trol), and (iv) 10% FBS/200 �M s4U/1 �Ci 3H-cytidine.

RNA was isolated according to the RNeasy Midi protocol
(Qiagen, Valencia, CA), yield and quality were assessed as
described above. Incorporation efficiencies were measured by
UV/VIS wavescanning and approximate incorporation rates
calculated according to ref. 9.

NT-RNA Isolation by Organomercurial Affinity Matrix. Organomer-
curial matrix manufacture was made on request by Squarix

Biotechnology (Marl, Germany). For a detailed protocol, see SI
Methods and Protocols. Briefly, 100 �g of RNA was diluted in
binding buffer and loaded onto �150 �l of packaged volume of
the equilibrated organomercurial matrix loaded to a Small Spin
Column (Qiagen). After 4-h incubation under constant gentle
rotation and light protection at 4°C, nonbound RNA was elim-
inated by sequential washing steps. Bound (thiolated) RNA was
eluted using binding buffer supplemented with 20 mM 2-mer-
captoethanol and ethanol-precipitated. Specific activity of
eluted RNA was calculated by 3H-cytidine measurement on a
Beckman Coulter (Krefeld, Germany) LS6500.

GeneChip Hybridization. RNA was reverse-transcribed, linearly
amplified, and biotin-labeled with a T7-based strategy as de-
scribed (16) and hybridized to MU74Av2 or MOE430A Gene-
Chips (Affymetrix), according to manufacturer’s instructions.

Statistical Analysis and Data Mining. Statistical analysis and data
mining were performed with the SAS MicroArray Solution 1.0,
by using standard settings except the following: consistence
within experimental groups (stimulus and labeling combination)
was determined by array group correlation. Log-linear mixed
models (17) with Bonferroni corrections were fitted for values of
perfect matches, only with stimulus (10% FBS or IRI treatment)
and labeling (s4U or no s4U) considered to be constant and the
chip-ID as random. To identify pathways and functional groups
exhibiting increased numbers of significantly expressed genes
(based on Gene Set Enrichment Analysis; ref. 18), Kolmogorov–
Smirnov or Fisher’s exact tests were performed comparing genes
from given (Kyoto Encyclopedia of Genes and Genomes, Gene
Ontology, and Biocarta) or self-curated pathways. For Fisher’s
exact test, the overall number of significantly/nonsignificantly
expressed genes per chip was cross-tabulated against the number
of significantly/nonsignificantly expressed genes of a pathway.
Analysis was performed with SAS procedure PROC FREQ.
Canonical pathway and gene network analyses were performed
by the Ingenuity pathways analysis software package (Ingenuity
Systems, Redwood City, CA).

Analysis of qPCR-Based Time-Resolved mRNA Transcription, Degrada-
tion, and Stability. For a detailed protocol, see SI Methods and
Protocols. Briefly, RNA of serum-starved cells treated with 10%
FBS at t � 0 was harvested at different time points. To follow the
half-life of mRNAs, serum-induced cells were treated with 2
�g/ml Actinomycin D (ActD) at t � 15 min and RNA harvested
at t � 30, 45, 75, 105, and 120 min. To determine changes in
mRNA stability, serum-starved cells were treated with 2 �g/ml
ActD, and total RNA was harvested at t � 90 min. To follow
mRNA stability after serum induction, cells were induced with
10% FBS (t � 0) for 15 min before addition of 2 �g/ml ActD (t �
15min) and RNA harvested at t � 105 min. Two micrograms of
RNA each was used for qRT-PCR analyses.

In Vivo NIAC-NTR. Surgical methods have been described (23).
Brief ly, C57/Bl6 mice (males, �20 g body weight) were anes-
thetized with diethylether. After f lank incision, the renal
artery and vein of the left kidney were occluded by a vascular
clamp for 45 min. The clamp was removed, and the organ was
allowed to reperfuse (time 0). Animals were allowed to recover
with free access to nutrition. At time 0 � 1 h, 200 �M s4U
(bidistilled water as control) together with 34 �Ci 3H-cytidine
(20 Ci/mmol; 1 Ci � 37 GBq; American Radiolabeled Chem-
icals, St. Louis, MO) were injected i.p. in a total volume of 1
ml of 0.9% NaCl solution. At time 0 � 2 h, injection was
repeated. At time 0 � 3 h, mice were killed and kidneys
removed for histopathologic examination and RNA isolation.
Total RNA (150 �g) was processed by organomercurial affin-
ity matrix capturing. All experiments were done with permis-
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sion of the local university and government commission for
animal experiments.
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