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Tissue-specific disallowance of housekeeping genes:
The other face of cell differentiation

Lieven Thorrez,'%3 llaria Laudadio, Katrijn Van Deun,? Roel Quintens, >
Nico Hendrickx,'-®> Mikaela Granvik,'> Katleen Lemaire, '3 Anica Schraenen,’-3
Leentje Van Lommel,'-? Stefan Lehnert,"-* Cristina Aguayo-Mazzucato,”

Rui Cheng-Xue,® Patrick Gilon,® Iven Van Mechelen,? Susan Bonner-Weir,”
Frédéric Lemaigre,* and Frans Schuit'->”

"Gene Expression Unit, Department of Molecular Cell Biology, Katholieke Universiteit Leuven, 3000 Leuven, Belgium; 2ESAT-SCD,
Department of Electrical Engineering, Katholieke Universiteit Leuven, 3000 Leuven, Belgium; Center for Computational Systems
Biology, Katholieke Universiteit Leuven, 3000 Leuven, Belgium; “Université Catholique de Louvain, de Duve Institute, 1200 Brussels,
Belgium; 3 Section of Islet Transplantation and Cell Biology, Joslin Diabetes Center, Harvard University, Boston, Massachusetts 02215,
USA; Unité d’Endocrinologie et Métabolisme, University of Louvain Faculty of Medicine, 1200 Brussels, Belgium

We report on a hitherto poorly characterized class of genes that are expressed in all tissues, except in one. Often, these
genes have been classified as housekeeping genes, based on their nearly ubiquitous expression. However, the specific
repression in one tissue defines a special class of “disallowed genes.” In this paper, we used the intersection-union test to
screen for such genes in a multi-tissue panel of genome-wide mRNA expression data. We propose that disallowed genes
need to be repressed in the specific target tissue to ensure correct tissue function. We provide mechanistic data of
repression with two metabolic examples, exercise-induced inappropriate insulin release and interference with ketogenesis
in liver. Developmentally, this repression is established during tissue maturation in the early postnatal period involving
epigenetic changes in histone methylation. In addition, tissue-specific expression of microRNAs can further diminish these
repressed mRNAs. Together, we provide a systematic analysis of tissue-specific repression of housekeeping genes,
a phenomenon that has not been studied so far on a genome-wide basis and, when perturbed, can lead to human disease.

[Supplemental material is available online at http:// www.genome.org. The microarray data have been submitted to the
NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession nos. GSE24207 and GSE24940.]

Expression of housekeeping genes is generally believed to be re-
quired for the maintenance of general tasks that are common to all
cells. For example, all living cells continuously need to produce
sufficient ATP to stay alive. Most ATP is produced via oxidative
phosphorylation in the mitochondrial inner membrane, a process
requiring oxygen. When oxygen supply is low, such as during is-
chemia, cells can survive through ATP production via anaerobic
glycolysis, which depends on lactate dehydrogenase (LDHA) (re-
ducing pyruvate to lactate) and members of the monocarboxylic
acid transporter (MCT) protein family to transport lactate and
pyruvate across the plasma membrane. A remarkable exception is
found in pancreatic insulin-producing beta-cells, in which gly-
colysis is exclusively aerobic (Schuit et al. 1997). Biochemically,
beta-cells have vanishingly low expression levels of both the lac-
tate/pyruvate transporter MCT1 (Zhao et al. 2001) and lactate de-
hydrogenases (Sekine et al. 1994; Schuit et al. 1997). Despite this
tissue-specific repression, lactate dehydrogenase A (Ldha), for ex-
ample, appears in many published lists of housekeeping genes
(Warrington et al. 2000; Hsiao et al. 2001; Eisenberg and Levanon
2003; Tu et al. 2006). Inappropriate activation of a tissue-specifi-
cally repressed gene was previously demonstrated to be associated

’Corresponding author.

E-mail frans.schuit@med.kuleuven.be; fax 32-16-345995.

Article published online before print. Article and publication date are at
http://www.genome.org/cgi/doi/10.1101/gr.109173.110. Freely available online
through the Genome Research Open Access option.

with human disease (Otonkoski et al. 2007). Gain-of-function
mutation of the Mct1 promoter leads to uptake of lactate and py-
ruvate by the beta-cells and disruption of correct glucose sensing.
When large amounts of lactate and pyruvate are generated by
muscles during physical exercise, insulin is secreted, resulting in
hypoglycemia and potential brain dysfunction (Otonkoski et al.
2003, 2007).

In this study, we investigated whether tissue-specific re-
pression of genes such as Mctl (Sic16al) and Ldha is a typical
phenotypic trait of the differentiated beta-cell or whether this
phenomenon can be extended to other tissues. Therefore, we
assessed gene transcription in various differentiated tissues and
integrated bioinformatics and statistical methods to identify these
tissue-specifically repressed genes. Furthermore, we investigated
how this repression is established and when this occurs during
tissue development. In this study, we show for the first time that
a developmentally regulated process in pancreas and in liver in-
volves the cell-selective inactivation of genes that are expressed
everywhere else, a phenomenon we call “disallowance.”

Results

Identification of repressed genes

A multi-tissue mRNA expression panel was generated with Affymetrix
MOE 430 2.0 microarrays and used to assess gene expression in 21
differentiated mouse tissues. In a first analysis, for each transcript,
we compared its mRNA abundance in pancreatic islets versus each
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of the other tissues in the panel by t-tests. A sum score can then be
calculated genewise by addition of the number of pairwise t-tests
where expression in islets is significantly lower (—1) or higher (+1)
as compared to the other tissues. In addition to the expected ex-
istence of islet-specific genes (significantly higher in islets than in
each of the other tissues), we found evidence for genes whose
expression was significantly lower in islets than in each of the
other tissues, although they were fewer in number than the tissue-
specific genes (Fig. 1A). This phenomenon was not restricted to
islets, but was also observed with other tissues, as illustrated by
comparing liver (baseline) to the panel of other tissues (Fig. 1A).
We next established a statistical framework to screen systemati-
cally for genes that are specifically lower in one tissue as compared
to each of the others (Fig. 1B). Both ANOVA and multiple com-
parison procedures (e.g., Dunnett or Bonferroni) are unsuitable
because a significant result means that at least one pair of tissues
differs significantly in expression, while we wanted evidence
that expression in the baseline tissue is lower than in all other
tissues. Therefore, we applied the intersection-union test (Berger
1982; Berger and Hsu 1996; Van Deun et al. 2009) (explained in
greater detail in Methods). We did so for each of the 17,334 unique
genes that are represented in the mRNA expression analysis and
with each of the 21 tissues, in turn, acting as the baseline. This
analysis largely confirmed the genes that were found repressed in
pancreatic islets and liver in the sum score analysis (Fig. 1A), ex-
cluding the possibility that the outcome was an artifact of the fil-
tering strategy. We used information from redundant probe sets
(present for more than 7750 genes) to reduce genes found re-
pressed due to a probe set downstream from an alternative poly-
adenylation site. The distribution of the total number of 1074
repressed genes over the 21 mouse tissues is shown in Figure 1C,
and a full list is provided in Supplemental Table S1. Testis accounts
for about half of the genes that were selected as being tissue-
specifically repressed. We performed a leave-one-out analysis; i.e.,
we assessed the effect of leaving one tissue out of the data set on the
extra number of genes found disallowed in the other tissues. Based
on this, we generated a tissue association profile (Supplemental
Table S2). The baseline tissues are listed in rows, and the tissues left
out of the analysis in columns. Omitting one tissue has the greatest
effect on testis, which is not surprising as testis already represents
the largest set of disallowed genes. A strong association is found
between skeletal muscle and heart, which are functionally closely
related as tissues composed mostly of striated muscle fibers and
between components of the immune system (spleen and bone
marrow). We tested this set of 1074 repressed genes for associations
with cellular and molecular functions (Fig. 1D) and found signifi-
cant enrichment for genes involved in processes determining tis-
sue development and function.

Cross-platform validation

With the Affy MOE430 2.0 array, transcripts with a shorter 3'-
untranslated region (UTR) isoform or subject to alternative splicing
might be falsely detected as disallowed (example in Supplemental
Fig. S1). For an independent confirmation, we performed a new
analysis based on a different microarray platform for which we
sampled new RNA from a mouse tissue panel. The Affymetrix
GeneChip Mouse Gene 1.0 ST Array has each gene represented by
a median of 27 probes spread across the full length of the gene,
providing a complementary view of gene expression to that gen-
erated with 3'-based expression array designs. As a result, this array
can more accurately detect the presence of transcripts even when
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Figure 1. Tissue-specific repression of housekeeping genes. (A) Fre-
quency distribution of the sum score for islets (green) and liver (brown) as
baseline. Sum score numbers are calculated genewise and are the addition
of the number of pairwise t-tests where expression in baseline is signifi-
cantly lower (—1) or higher (+1) as compared to the other tissues. Liver-
and islet-specific genes reside in the category with the highest possible
sum score (right), whereas genes of which expression is specifically re-
pressed inislets and liver are found in the category with the lowest possible
sum score (left). (B) Strategy to identify genes that are selectively repressed
in one tissue, based on MRNA profiling of 21 mouse tissues. Expression of
a gene in a baseline tissue was compared to expression of that gene in all
other tissues. When significantly lower compared to all other tissues, this
gene was termed repressed in that tissue. This procedure was applied to all
genes and repeated for all tissues in the panel. Statistical testing methods
are described in Methods. (C) Pie-chart distribution of the number of
specifically repressed genes in tissues. (D) Significant associations of spe-
cifically repressed genes (in all tissues) with molecular and cellular func-
tions. The Benjamini-Hochberg-corrected P-value threshold of 0.05 is
indicated by a dashed line.
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alternative splicing or termination occurs. We examined a set of 13
tissues (each n = 3-5 replicates) on this platform. Since not all 21
tissues from the first analysis were represented, we could only test
900 out of 1074 repressed genes. Out of the 900, 560 (62%) were
also confirmed on this platform, and genes passing this additional
test were indicated in Supplemental Table S1. We based further
studies only on genes that were found repressed on both platforms.
As an example, mRNA expression data on both platforms are
shown for genes repressed in islets (Supplemental Fig. S2). When
adding a second criterion for strong repression in the target tissue
(at least 30-fold lower compared to the mean of the tissue panel),
we identified 13 deeply repressed genes in three tissues (Table 1).

Next, we analyzed the Novartis mouse Gene Atlas (which
contains data from 91 tissues and cell lines in duplicate) with our
method. This resulted in 280 genes that are repressed in one of 28
tissues (Supplemental Table S3). Since the Novartis set has a small
number of replications, the standard error on probe-set signal is
relatively high as compared to our data set (Supplemental Fig. S3).
Also, the selection of tissues affects which genes are being found as
disallowed (many samples are different parts of the same tissues or
even time series of the same cell type). For the few tissues that can
be compared, a good overlap is observed. We find six genes re-
pressed in liver for the Novartis set, of which three (Oxct1, Lass$,
and Slc15a36) appear in our set. When using MING6 cells as a sur-
rogate for islets, we still see three genes (out of seven repressed in
the Novartis set) in common (Ldha, Cat, Oat). Interestingly, for
testis, 71 out of 97 (73%) genes found repressed in the Novartis
set also appear in our analysis.

Disallowance in islets of Langerhans

One of the deeply repressed genes in islets of Langerhans is Mct1,
encoding the monocarboxylate transporter MCT1, which medi-
ates the transport of lactate and pyruvate across cell membranes
and is present in all tissues except adult beta-cells (Otonkoski et al.
2007; Quintens et al. 2008). Inadvertent expression of MCT1 in
beta-cells results in hypoglycemia after physical exercise due to
inappropriate insulin release (Otonkoski et al. 2003). This example
illustrates that loss of metabolic control can be caused by a failure
of specific repression of a housekeeping gene in the beta-cell.

Table 1. Subset of 13 tissue-specifically repressed genes with fold change >30 versus tissue

Therefore, we propose to name these specifically repressed
housekeeping genes “disallowed.” Besides Mct1, Ldha was the most
strongly repressed gene in islets. LDHA catalyzes the conversion of
lactate to pyruvate, and repression in beta-cells is an additional
safeguard to ensure insulin release exclusively in response to glu-
cose (Fig. 2B).

Cellular heterogeneity affects detection of disallowed genes

Because pancreatic islets are composed of several endocrine and
non-endocrine cell types, the possibility exists that the data ob-
tained from whole islets even underestimate the degree of re-
pression in the beta-cell (Schuit et al. 1999). This was further in-
vestigated by comparing mRNA abundance of Mct1 in whole islets
versus acinar cells and FACS-purified beta-cells (>99% pure beta-
cells) (Supplemental Fig. S4A,B). Expression of Mctl was deter-
mined by microarray (Supplemental Fig. S4A) and qPCR (Supple-
mental Fig. S4B). An even lower expression can be observed in
purified beta-cells versus whole islets. This indicates that for a
number of repressed genes, a low-level expression may be due to
contaminating cell types in which the gene is not repressed. This
contamination is on the order of 1%-5%, consistent with our
observation that the expression of the acinar transcription factor
Ptfla in isolated islets is at 2% of expression in isolated acini
(Supplemental Fig. S4C).

Disallowance in liver

We further examined repression of 2-oxoacid CoA transferase
mRNA (OxctI) in mouse liver. The encoded protein is an enzyme
that plays a key role in ketone body degradation, which provides
an alternative energy source to many tissues during fasting (Fig.
2D). Disallowance in liver seems appropriate as this tissue is spe-
cialized in ketone production in the fasted state to support me-
tabolism of other tissues (Cahill and Veech 2003). In fact, the
specific repression of Oxctl in the mouse adult liver mirrors the
expression of 3-hydroxy 3-methylglutaryl-CoA synthase 2 (Hmgcs2),
which is required for ketogenesis and is highly expressed in adult
liver, even in the fed state (Fig. 2C). Other enzymes necessary for
ketogenesis (such as Acat1-3 and Hmgcl) were also highly expressed
in adult liver (data not shown).

Disallowance is established during
tissue maturation

panel

Gene Affymetrix Expression in Expression in Fold Next.,‘we.analyzed whether the tissue-
Repressed in symbol ID baseline tissue other tissues change  Specific disallowance of Mct1, Ldha, and

Oxct1 was linked to the development of
Pancreatic islets ~ Mct] 1415802_at 19 1206 63 islets and liver. As is shown in Figure 34,
Pancreatic islets Maf 1456060_at 23 1142 49 neonatal rat islets progressively induce
P_ancreatlc islets Ldha 1419737_a_at 81 2692 33 expression of typical beta-cell genes dur-
Liver Oxct1 1449059_a_at 45 1837 41 . . . .
Liver Scd? 1415822 at 44 2275 57 ing the first month after birth. For in-
Liver Enah 1424800 at 18 916 50 stance, the expression of insulin (Ins2) as
Liver Slc25a4 1424562_a_at 80 3395 42 well as pyruvate carboxylase (Pc) rises
_||—_'Vetf EPIW; ;3 13} g?gg_at . g; ;—;2; ; 2 fivefold to 10-fold. In contrast, during
estis ala _s_a .

Testis Lpl 1415904 _at 52 3464 67 neonatelil beta-cell maturation the mRNA
Testis Atrx 1433537 _at 14 571 40 expression of both Mctl and Ldha de-
Testis Stag2 1421849_at 26 857 33 creases progressively (Fig. 3B). Also the
Testis Birc4 1437533_at 25 787 31

third deeply repressed gene in pancrea-

Data show average mRNA expression signals of the 13 mouse genes that are selectively and most
deeply repressed in one target tissue. The mean expression signal averaged over the other 20 tissues in
the panel is at least 30 times higher than in the tissue in which the gene is repressed (data from MOE

430 2.0 arrays). Fold change was calculated based on linear scale data.

tic islets, c-Maf (also known as Maf), dis-
plays a similar neonatal time-dependent
down-regulation (Supplemental Fig. S5A).
The same time course for establishing
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Figure 2. Allowed and disallowed genes. (A) Microarray expression profiles of pyruvate carboxylase
(Pcx) versus lactate dehydrogenase A (Ldha), which are, respectively, highly expressed and deeply re-
pressed in adult mouse pancreatic beta-cells. Mean mRNA expression signals +SEM of three to five
biological replicate microarray experiments. (B) Glucose levels in the blood are measured by the beta-
cell through conversion of glucose to pyruvate, which is further metabolized in the mitochondria for ATP
generation and anaplerosis. Downstream signals lead to insulin secretion. In many other cells, pyruvate
does not necessarily come from glucose uptake. Extracellular pyruvate can be directly taken up by
monocarboxylate transporter 1 (MctT1), or lactate can be converted to pyruvate by Ldha. However, when
this happens in beta-cells, the glucose-sensing mechanism is disrupted, leading to inappropriate insulin
release (Otonkoski et al. 2007). (C) Microarray expression profiles of 3-hydroxy 3-methylglutaryl-CoA
synthase 2 (Hmgcs2) versus 2-oxoacid CoA transferase (OxctT), which are, respectively, highly expressed
and deeply repressed in adult liver. Mean mRNA expression signals *=SEM of three to five biological
replicate microarray experiments. (D) In the fasted state, ketone bodies are generated in the liver. The
first and rate-limiting enzyme for ketogenesis is Hmgcs2. Ketone bodies are transported in the blood and
can be used by many organs as an alternative energy source. Oxct1 plays a central role in extrahepatic
ketone body catabolism by catalyzing the reversible transfer of coenzyme A from succinyl-CoA to
acetoacetate.

the tissue-specific repression is also observed in liver. In mouse em-
bryonic and neonatal liver, we observed a parallel pronounced up-
regulation of Hmgcs2 and progressive loss of expression of Oxct1 (Fig.
3C,D), again suggesting that during differentiation cell-specific genes

are turned on while repressed housekeep-
ing genes are turned off. The reduction of
Hmgcs2 mRNA in rat liver after weaning
(Fig. 3C) has been reported before in ro-
dents (Serra et al. 1996).

Mechanisms for disallowance

Epigenetic mechanisms have been de-
scribed to establish tissue-specific gene
expression through chromatin modifica-
tion and remodeling (Li 2002; Missaghian
et al. 2009), and histone modifications
are well known to be stably introduced
during cellular differentiation (Li 2002;
van Arensbergen et al. 2010) and to pro-
foundly alter the transcriptional activity
of genes. Therefore, we tested whether
the differentiation-dependent repression
of certain housekeeping genes is simi-
larly dependent on changes in chromatin
structure. Histone H3 trimethylation at
lysine 27 (H3K27me3) is associated with
dense packaging of the nucleosome and
low transcriptional activity, while acety-
lation at lysine 9 (H3K9ac) is associated
with loosely packaged DNA and enhanced
transcriptional activity. To examine a re-
lationship between nucleosome structure
and tissue-specific repression, we tested
H3K9ac and H3K27me3 of the Mct1 and
Ldha promoter regions in chromatin from
adult mouse islets and liver. As is shown
in Figure 4, A and B, the H3K27me3 con-
tent of chromatin associated with the
Mctl and Ldha genes was higher in islets
than in liver. For the Mct1 gene in islets, we
found a gradient of H3K27me3 along the
length of the gene, with the highest level
around the promoter (data not shown). In
contrast, the signal for H3K9ac was sig-
nificantly higher in liver than in islets
for both genes. Therefore, the low Mct1
and Ldha mRNA levels in mature islets
correlate to epigenetic silencing that is
expected to be established when beta-cells
mature postnatally. Also, c-Maf was asso-
ciated with dense packaging (H3K27me3)
in pancreatic islets, in contrast to liver,
where an open nucleosome structure
(H3K9ac) was predominant (Supplemen-
tal Fig. SSB). To gain insight into the tem-
poral pattern of epigenetic modification,
we examined histone modifications of
immature pancreatic progenitors and em-
bryonic stem (ES) cells versus mature is-
lets, the MIN6 beta-cell line, and other
mature tissues (Supplemental Fig. S6). In

immature pancreatic progenitors, no enrichment of H3K27me3
was detected for these genes. On the contrary, in whole islets,
beta-cells, and MING6 cells, a clear H3K27me3 mark was detected.
Moreover, in ES cells, either the inactivation mark was not present
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Figure 3. Tissue-specific gene expression and repression of certain housekeeping genes during
maturation of rat islets (4,B) and mouse liver (C,D). (A) mRNA expression level in extracts from rat
pancreatic islets from age 1 d (P1) to 4 wk (P28) after birth measured by real-time qPCR; data were
normalized for signal in islets of adult animals (10 wk; dashed line). Maturation-dependent up-regu-
lation of genes that are important for beta-cells, such as insulin 2 (Ins2) and pyruvate carboxylase (Pc),
was observed during this period. (B) In parallel we observed maturation-dependent repression of
monocarboxylate transporter 1 (Mct1) and lactate dehydrogenase (Ldha), genes that are profoundly
repressed in adult mouse islets (Table 1). (C,D) mRNA expression level in extracts from mouse fetal and
neonatal liver between embryonic day E15.5 and 6 wk after birth. A progressive up-regulation (linear
increasing trend P < 0.001) of Hmgcs2 (C) mirrors a progressive loss (linear decreasing trend P < 0.001)
of expression of Oxct1 (D). Data in panels A-D are means + SEM of three to four individual experiments.
Statistical significance of the difference between postnatal and adult expression signal was calculated by
one-way ANOVA with a Dunnett post-hoc test. *P < 0.05; **P < 0.01; ***P < 0.001.

(Mct1 and Ldha) or a bivalent mark was observed (Maf’), which
serves to poise key developmental genes for lineage-specific ac-
tivation or repression (Mikkelsen et al. 2007). This indicates a
striking overlap between the acquired epigenetic inactivation in
primary beta-cells and our observation of disallowance in adult
islets.

We next looked at the Oxctl gene, which is repressed in the
liver and highly expressed in many other tissues such as heart,
kidney, muscles, and brain (Fig. 2C). In line with the results found
in islets, nucleosomal chromatin around the promoter of OxctI
was more trimethylated and less acetylated in liver than in brain
(Fig. 4C). In isolated livers from mice of age 1, 14, and 42 d, we
found that H3K27me3 histone modification of the Oxct1 promoter
increases during the neonatal period, whereas H3K9ac initially
follows the rise, reminiscent of bivalent genes, but then decreases
again at day 42. These data further support the idea that histone
modifications correlate with gene repression in the postnatal pe-
riod when tissues mature. Together, these data show that epige-
netic changes in chromatin structure are associated with the selec-
tive disallowance of housekeeping genes in specialized cell types.

Do other levels of control, besides epigenetic suppression,
exist to induce disallowance? A possible mechanism could occur
via microRNAs, short noncoding RNAs with widespread influence
on mRNA stability and mRNA translation (Baek et al. 2008; Selbach

Pancreatic islets

P15 P21 P28

0
E155 E175 P1 P14 P42

et al. 2008). In line with this idea, the 3’
UTR of mouse Oxct] mRNA is a predicted
target for miR-122, which is specifically
expressed in mouse liver and which is the
most abundant liver microRNA species
(Supplemental Fig. S7; Lagos-Quintana
et al. 2002; Landgraf et al. 2007). During
the course of mouse embryonic liver
differentiation, miR-122 expression in-
creased 12-fold between embryonic day
15.5 (E15.5) and birth (Fig. 5A). In paral-
lel, Oxct1 expression gradually decreased
from E15.5 until 2 wk after birth (Fig. 3D).
In order to assess whether the expression
of miR-122 is responsible for repression of

W Ldha
M Met1

Liver Oxct] mRNA, we performed experiments
with a bipotential mouse embryonic liver
B Oxct1 (BMEL) cell line, which is derived from

E14.5 hepatoblasts and can be differentiated
to hepatocyte-like cells (Strick-Marchand
et al. 2004). During differentiation of cul-
tured BMEL cells, miR-122 expression in-
creased ninefold. Expression of miR-122
could be inhibited by the addition of miR-
122 antagomir (Fig. 5B), which was spe-
cific since a mutated antagomir abolished
the inhibition (Fig. 5B) and a non-target
microRNA (miR-20) was not affected by
either antagomir (data not shown). In dif-
ferentiated BMEL cells, Oxct] expression
increased 1.6-fold by adding miR-122
antagomir, while the mutated control
antagomir did not alter Oxctl expression
(Fig. 5B). To verify if miR-122 represses
OXCT1 expression in vivo, we compared
RNA and protein levels in wild-type and
transgenic mouse livers at E15.5. The
transgenic embryos overexpressed miR-
122 specifically in the liver under control of alpha-fetoprotein
and albumin regulatory sequences (data not shown). A 1.7 £ 0.07-
fold overexpression of miR-122 (mean = SEM) was associated
with repression of Oxctl RNA and protein, as determined by qRT-
PCR and Western blotting (Fig. 5C). miR-124 increases during
differentiation of beta-cells (Baroukh et al. 2007) and is highly
expressed in MING6 cells (Supplemental Fig. S8A) and mature islets
(Supplemental Fig. S8B). This microRNA has multiple predicted
target sites on the 3’ UTR of Mct1 that are conserved among hu-
man, rat, mouse, dog, and chicken. Down-regulation of Mct1 by
miR-124a has been experimentally validated by overexpression
experiments (Lim et al. 2005; Wang and Wang 2006). In addition,
other microRNAs abundant in islets (e.g., miR-27b, miR-29a) are
also predicted to recognize the Mctl 3’ UTR. This also indicates
that for Mct1 an additional layer of post-transcriptional control is
present to ensure an appropriate repression in islets. More gener-
ally, if repressed genes are down-regulated by microRNAs, we ex-
pect to find binding sites for microRNAs in the 3’ UTRs of these
genes. We would then expect these binding sites to correspond to
microRNAs that are abundant in the specific tissue. Therefore, we
checked for overrepresentation of tissue-specific microRNA bind-
ing sites in the 3’ UTRs of the repressed genes for the particular
tissue (where such information was available). For several tissues,
we found such strong overrepresentation (Table 2), indicating that
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Figure 4. Epigenetic mechanism for islet- and liver-specific silencing of repressed genes. Histone H3

lysine9-acetylation (green bars) and lysine27-trimethylation (red bars) of chromatin around promoter
region of repressed genes were compared in adult mouse tissues with and without observed repression.
(A,B) For Ldha and Mct1, a high level of H3 lysine27-trimethylation is seen in islets but not in liver,
whereas H3 lysine9-acetylation is more extensive in the liver. This difference parallels differences be-
tween liver and islets for mRNA expression (see also Fig. 2). (C) Histone modifications during postnatal
liver maturation (age 1, 14, and 42 d and adult). Histone H3 trimethylation in the Oxct! promoter
increases during liver development and is significantly higher in adult liver than in adult brain, while
acetylation at the lysine9 residue is lower for all liver time points versus brain. (D) Nucleosomes of the
beta actin (Actb) promoter, which is active in all tissues, display a high level of histone H3 lysine9
acetylation and a low level of histone 3 lysine 27 trimethylation in islets, brain, and liver. (Black bars) IgG
immunoprecipitation control. Data are means + SEM of three to four QPCRs.

at least a subset of the repressed genes can be down-regulated by
tissue-specific and abundant microRNAs.

Evolutionary conservation

We verified the expression of the most strongly repressed mouse
genes in human tissue microarrays. A data set was used encom-
passing 17 human tissues equivalent to the murine tissues. Of the
genes we find deeply repressed in liver and testis (islets are not
present in the human set), six (out of 10) had the lowest expression
in the same human tissue as the murine tissue in which it was
found to be repressed (including OxctI). Additionally, detection
of protein by immunohistochemistry confirmed the absence of
OXCT1 in human liver, and MCT1 and LDHA in human pancreatic
islets (Human Protein Atlas-MCT1 2010, http://www.proteinatlas.
org/normal_unit.php?antibody_id=3324&mainannotation_id=
506755; Human Protein Atlas-LDHA 2010, http://www.proteinatlas.
org/normal_unit.php?antibody_id=15336&mainannotation_id=
1473283; Human Protein Atlas-OXCT1 2010, http://www.proteinatlas.
org/normal_unit.php?antibody_id=12047&mainannotation_id=
1169580). In the NCBI Gene Expression Omnibus (GEO), we did
not find data from adult islets or pancreas in comparison to other
tissues for species other than human and rodents. As for liver,
data in pig and zebrafish (Supplemental Fig. S9) illustrate that
Oxctl is also disallowed in the liver of these species. Taken to-
gether with a similar repression of MctI and Ldha in rat islets (Fig.
3B), these results suggest that tissue-specific repression of many
of the genes identified in this study is evolutionarily conserved.

Discussion

Unlike what is sometimes claimed, expression of housekeeping
genes can differ widely among different tissues (Thorrez et al.
2008). In this study, we propose that profound repression of cer-
tain housekeeping genes in specialized tissues is possible and
necessary and that this repression is the opposite of expression of

tersection-union test (Berger 1982; Berger
and Hsu 1996; Van Deun et al. 2009) on a
set of mouse tissue microarrays, we iden-
tified genes with significantly lower ex-
pression in one tissue versus all other (20)
tissues. To avoid false-positives due to
(3'-biased) microarray design, we used an-
other microarray platform to confirm gene
repression. Many of these genes are asso-
ciated with tissue development and func-
tion. We show that this type of repression
is conserved in several mammalian species such as mice, rats, and
human. A limitation of our screen is based on mRNA extracts from
whole tissues that are composed of a number of different cell types.
This mixed population may result in the situation that genes that
are specifically repressed in a certain cell type are not detected in
the screen because other cell types in the same tissue do express the
gene(s) and thus mask the repression. If this phenomenon were re-
examined at the level of primary differentiated cell types, a more
extensive degree of repression may be found, as was previously
shown for hexokinase I in rat beta cells (Schuit et al. 1999). The
fact that we have underestimated the repression of some of the
islet genes is illustrated by the analysis of FACS-purified mouse
beta-cells, which shows that the residual expression signal of dis-
allowed genes in pancreatic islets derives from non-beta-cells.

To demonstrate the functional relevance of the specific re-
pression, we further focused on a few examples of disallowed genes
related to metabolism in two different tissues. In pancreatic islets,
lactate dehydrogenase (Ldha) and the lactate/pyruvate transporter
Mct1 are disallowed since the inadvertent uptake of lactate or py-
ruvate would interfere with the glucose sensing by the beta-cells. In
liver, the key enzyme for ketone body utilization (Oxct1) is strongly
repressed since the liver needs to synthesize and export ketone
bodies, which serve as an alternative energy source during starva-
tion. A known example of a human disease illustrates that ignoring
this disallowance can destroy specific tissue function (Otonkoski
et al. 2007). However, association of disallowed genes with (hu-
man) disease is challenging since redundant mechanisms may be
in use to protect the cell against inadvertent disallowed gene ex-
pression and because a clinical phenotype may only be observed in
certain stress conditions. Indeed, exercise-induced hypoglycemia
caused by the Mct1 promoter mutation only occurs during physical
exercise, and it is conceivable that Oxctl mutations may only
manifest in starvation conditions.

Other examples of disallowed genes outside the realm of
metabolism likely exist. For instance, in spleen, a lymphoid organ,
ring finger protein 128 (Rnf128), also known as “gene related to
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Figure 5. MicroRNA 122 (miR-122) contributes to liver-specific silenc-
ing of Oxctl expression. (A) Time course of miR-122 expression in vivo
during liver maturation as measured by gqPCR. miR-122 increases with
a linear trend, P = 0.01. Statistical significance of the difference between
P42 and other time points was calculated by one-way ANOVA with
a Dunnett post-hoc test. (B) Treatment of in vitro differentiated BMEL cells
with antagomiR-122 («-miR-122) or a mutated antagomiR (a-miR-122
mut) control. Changes in miR-122 expression (left) and Oxct1 expression
(right) were measured by Q-PCR. MiR-122 expression decreases sixfold
by treatment with antagomiR-122 (a-miR-122). A mutated antagomiR
(a-miR-122 mut) control did not significantly influence miR-122 ex-
pression. Oxct1 expression is increased by miR-122 knockdown with
antagomiR-122, indicating that miR-122 inhibits Oxct1 expression.
A mutated antagomiR did not significantly alter Oxct1 expression. Data
are means *= SEM of three individual experiments. (C) Oxct1 RNA and
protein expression in livers at E15.5 of wild-type versus liver-specific miR-
122 overexpressing transgenic mice. A 1.7 = 0.07-fold overexpression of
miR-122 (mean = SEM; n = 4 [wild-type] and n = 6 [transgenic]) was as-
sociated with a significant (t-test, P < 0.05) repression of Oxct! RNA and
protein, as determined by Q-RT-PCR (n =4 or 6 for wild-type or transgenic,
respectively) and Western blotting (n=3). *P< 0.05; **P< 0.01; ***P< 0.001.

anergy in lymphocytes” (GRAIL), is deeply repressed. Rnf128
encodes a ubiquitin ligase and is associated with T-cell suppression
(Kostianovsky et al. 2007; MacKenzie et al. 2007). Disallowance of
Rnf128 in spleen and expression in other tissues may help to shape
the balance in central and peripheral T-cell reactivity. In testis, Lp!
(lipoprotein lipase) is repressed, and a lack of LPL protein in Sertoli
and Leydig cells has been described (Nielsen et al. 2010), which
might be due to interference with a distinct function of LIPG,
another (endothelial) lipase. Another example in testis is Stag2,
which is a component of cohesin complexes and is described to be
mutually exclusive with other STAG proteins (STAG1 and STAG3)
(Uniprot 2010, http://www.uniprot.org/uniprot/Q8N3U4). STAG3,

a subunit of the meiotic cohesin complex, is expressed specifically in
testis (Pezzi et al. 2000); therefore, it is not surprising to find Stag2
repressed in testis. Summarized, disallowed genes display the ob-
served expression profile because the presence of the gene product
would interfere with correct tissue function. The physiological rel-
evance of disallowance of individual tissue-specifically repressed
genes might be explored further by transgenic mouse models.

In the pancreas, the beta-cells expand rapidly in the first
month of life (Bonner-Weir 2000) and only become truly func-
tional in their response to glucose about weaning, when insulin
release becomes controlled by oral food intake. Therefore, we
might expect that establishment of pathways that mediate tissue-
specific processes occurs at this time. Indeed, by means of qRT-
PCR time series, we demonstrate that tissue-specific genes (such as
insulin in the pancreatic islets and HMG CoA synthase 2 in liver)
become highly up-regulated in the late fetal/early postnatal period
and reach mature expression levels at 1-1.5 mo. In parallel, ex-
pression of the disallowed genes is shut down during this phase
of tissue maturation, and repression is subsequently maintained
through adulthood.

Immature cells that are the direct precursors of the studied
differentiated cells have not fully exercised the level of disallow-
ance; therefore, specific elements that are induced during the de-
velopmental program are responsible for repression in the differ-
entiated cell. Chromatin condensation and the resulting gene
silencing play a key role in differentiation. A hallmark for tran-
scriptional silencing is trimethylation of lysine27 on histone H3
(H3K27me3), a process that is catalyzed by the methyl transferase
activity of the Polycomb complex PCR2 (Vire et al. 2006; Shen et al.
2008) and antagonized by the demethylases UTX and JMJD3
(Agger et al. 2007; De Santa et al. 2007; Lan et al. 2007; Lee et al.
2007). The group of tissue-specifically repressed genes we present
in this paper is expressed in embryonic stem cells and is distinct
from the genes associated with Polycomb complexes in embryonic
stem (ES) cells (Boyer et al. 2006). Cell-specific combinations of
transcription factors might activate the PCR2 complex specifically
to repress expression of disallowed genes during tissue differenti-
ation. We checked histone modifications at the promoter regions
of Mctl, Ldha, and Oxct]l and found them to be associated with
H3K27me3 in the tissues where they are disallowed. Additionally,
acetylation of histone H3 at lysine9 (H3K9ac), a mark of tran-
scriptional activation, was found to be significantly lower around
the promoter of these genes in the tissue of disallowance. Certain
promoters in ES cells carry a bivalent mark, with large regions of
H3K27me3 harboring smaller regions of H3 lysine 4 methyla-
tion (Bernstein et al. 2006). This mark serves to poise key de-
velopmental genes for lineage-specific activation or repression
(Mikkelsen et al. 2007). Most promoters of the repressed genes in
this paper were found to be negative for H3K27me3 in ES cells
(Mikkelsen et al. 2007). These data fit with our observations that
the expression of the disallowed genes is turned off only during late
fetal liver maturation and early postnatal islet maturation. Indeed,
in immature pancreatic progenitors, no enrichment of H3K27me3
was detected for the genes we found deeply repressed in pancreatic
islets. In addition, we observed an increase of H3K27me3 in the
promoter of Oxctl during postnatal liver development.

In a tissue in which transcription is low and mRNA is scarce,
further repression by miRNAs could add additional control of
disallowance. The most abundant microRNA in liver, miR-122,
(Lagos-Quintana et al. 2002; Landgraf et al. 2007) is predicted to
target Oxctl. We showed by Q-PCR that during the same time
when Oxctl is down-regulated, miR-122 is up-regulated. When
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Table 2. Overrepresentation of repressed genes in predicted target gene sets of microRNAs most abundant in tissues.

Abundant No. of No. of Specificity
Tissue microRNA(s) genes targeted  repressed genes Overlap P-value evidence
Brain miR-9 742 48 7 0.004 Second most abundant miR in mouse brain;
in human brain-specific (Sood et al. 2006)
Liver miR-122 83 29 2 0.008 miR-122 most abundant in mouse and
human liver
Muscle miR-1 436 13 2 0.041 miR-1 and miR-133a are specific miRs in
human heart and muscle (Sood et al. 2006)
Testis miR-16, miR-143, 690, 155, 428 31, 8, All <0.05 Next to the let-family (which are not specific),
miR-26a, miR-21 516, 143 30,9 the five most abundant miRs in mouse testis
miR-204 284 428 19 0.0001 Specific in human testis
miR-464, miR-470, 84, 115, 428 7,8,5 All <0.05 Mouse testis-specific (Ro et al. 2007)
miR-741 60
Thymus miR-16 689 7 2 0.027 Second most abundant miR in mouse thymus

We used only those tissues for which we obtained information on the most abundant microRNAs and had more than five repressed genes on both
microarray platforms (seven tissues). For five of these tissues, we found a significant overrepresentation of repressed genes within the set of predicted
target genes for the most abundant microRNAs. The P-value was calculated with the hypergeometric test. MicroRNA specificity information was obtained

via http://www.microrna.org or literature, as specified in the last column.

miR-122 was inhibited by miR-122 antagomir, Oxctl expression
increased 1.6-fold. In a transgenic mouse model where miR-122
is overexpressed in liver, a similar decrease of Oxctl mRNA and
protein is observed at E15.5. Although this is only a modest effect,
it is exactly what can be expected for the impact of a single
microRNA (Baek et al. 2008; Selbach et al. 2008) and confirms that
reduced protein output is mainly caused by destabilization of tar-
get mRNAs (Guo et al. 2010). This modest degree of repression may
function as a secondary control level to further inhibit translation
of mRNA that is strongly repressed by a first layer of epigenetic
repression. When we generalized this analysis to other tissues,
we found strong overrepresentation of tissue-specific microRNA
binding sites in the 3’ UTRs of the genes repressed in that tissue,
which indicates that tissue-specific microRNAs provide an addi-
tional level of control. We also investigated whether certain (tissue-
specific) transcription factors might be responsible for down-reg-
ulation of a subset of the repressed genes by network analysis and
detection of common regulatory promoter elements, but could
not find any evidence for such a mechanism in any of the tissues.

Two studies previously reported on disallowance in islets
(Quintens et al. 2008; Pullen et al. 2010), but this study is the first
to analyze the phenomenon in a broad set of tissues and provide
mechanistic insights. In summary, we propose that tissue-specific
disallowance of housekeeping genes is required for the specialized
function of differentiated tissues. Profound repression is main-
tained through a multi-tier mechanism comprising chromatin
remodeling and microRNAs. We propose that this phenomenon
has widespread consequences in cell biology and can lead to dis-
ease when disrupted.

Methods

Preparation of tissues and purified cells

All experiments based on laboratory animals were approved by
committees for animal welfare at the Katholieke Universiteit
Leuven and Harvard University. The following tissues were hand-
dissected from 10- to 12-wk-old C57Bl6 mice: liver, gastrocnemius
muscle, brain, heart, adrenal gland, eye, small intestine, thymus,
epidydimal adipose tissue, pituitary gland, kidney, parotid gland,
spleen, lung, bone marrow, testis and seminal vesicles (males), and
ovary and placenta (females). Fetal tissue was isolated at day 16.
Tissues were rinsed in phosphate-buffered saline, frozen in liquid

nitrogen, and stored at —80°C. Islets of Langerhans were isolated
from the male and female adult (12 wk) mouse pancreata after
injecting collagenase solution into the pancreatic duct. For adult
rats, islets from one pancreas were used as a sample. For liver time-
series experiments, livers were isolated from CD1 mice, stored
overnight at 4°C in RNAlater (Ambion), and then stored at —80°C.
Mouse pure beta-cells were purified from islets of RIPYY mice
expressing EYFP under the rat insulin promoter, i.e., specifically
in beta-cells (Quoix et al. 2007). Additional details on tissue prep-
aration and RNA extraction are provided in the Supplemental
Material.

mRNA expression analysis via microarray

For the Affymetrix mouse MOE 430 2.0 arrays, 2 pg of total RNA
was used to prepare biotinylated cRNA with an IVT labeling kit
(Affymetrix) according to the Genechip Expression Analysis Technical
Manual 701025 Rev. 5, except for islets, adrenal gland, and pituitary
gland, where 1 ng of total RNA was used. For the Affymetrix mouse
Gene Arrays 1.0 ST, 100 ng of total RNA was used according to the
manufacturer’s manual 701880Rev4 (Affymetrix). The concentra-
tion of labeled cCRNA was measured using the NanoDrop ND-1000
spectrophotometer, and quality was analyzed using the Agilent
bioanalyzer 2100. Fragmented cRNA was hybridized to the arrays
during 16 h at 45°C. The arrays were washed and stained in a flu-
idics station (Affymetrix) and scanned using the Affymetrix 3000
GeneScanner.

The MOE 430 2.0 (69 arrays) and Gene Array (40 arrays) sets
consist of 21 and 13 different murine tissues, respectively, with
three to five replicates for each tissue. Quality controls of the arrays
were according to manufacturer’s criteria. All CEL files were ana-
lyzed using GCOS (Affymetrix GeneChip Operating Software) and
the affy library (Gautier et al. 2004) of the BioConductor project
(Gentleman et al. 2004). Data were processed with the robust
multichip average (RMA) algorithm with default parameters (RMA
background correction, probe-level quantile normalization, and
average difference summarization). We independently applied the
MASS algorithm using global scaling to 150. All data were log,-
transformed for normalization, and all further data analysis was
performed on log,-transformed data. The data files are accessible
through the NCBI Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/) with accession numbers GSE24207 (430 2.0 ar-
rays) and GSE24940 (1.0 ST gene arrays). For the human data, we
selected 69 arrays from GSE7307, representing 17 human tissues
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(3-5 arrays/tissue) equivalent to the mouse tissues. Other GEO
accession numbers of data sets used are GSE10246 (Novartis data
set), GSE10898 (pig), and GSE11107 (zebrafish).

Statistical analysis

To reduce multiple testing, we defined a core of 17,334 probe sets,
each corresponding to a unique gene symbol, where only the
probe set with the highest average expression was selected when
multiple probe sets were targeting the gene. To find those genes
that are significantly repressed in a particular baseline tissue com-
pared to each of the 20 other tissues, we initially used a sum score,
which is the summation of the number of times the gene is more
(+1), less (—1), or equally (0) expressed in the baseline tissue versus
the 20 other members in the tissue panel, using unpaired Student’s
t-tests and P < 0.001 as a threshold for significance. To control the
type I error, we improved this test statistic by applying the testing
procedure described by Berger (1982), also known as the in-
tersection-union test (Berger and Hsu 1996). This tests the null
hypothesis that at least one other tissue scores lower than or equal
to the baseline against the alternative that expression in each of
the other tissues is larger than in the baseline tissue (see Supple-
mental material). When available, we used redundant probe sets as
an additional control by also requiring the redundant probe sets to
have the lowest expression in baseline tissue when not in back-
ground range. For significance testing in time-course experiments,
we used one-way ANOVA with Dunnett post-hoc testing. *P < 0.05;
**P<0.01; ***P<0.001. We also used contrasts to test for increasing
or decreasing trends. The remaining comparisons were based on
t-tests with the standard error from ANOVA. All statistical analysis
was performed in SAS 9.2.

Bioinformatics

Benjamini-Hochberg-corrected P-values for associations with mo-
lecular and cellular functions were calculated with Ingenuity
Pathway Analysis. Prediction of microRNA targets in 3’ UTRs was
based on context scoring (Grimson et al. 2007) performed with
TargetScanMouse 5.0. We identified the most abundant micro-
RNAs in various mouse tissues via a public microRNA expression
database (Betel et al. 2008) or literature (Sood et al. 2006; Ro et al.
2007). Overrepresentation of repressed genes in the target list was
assessed with the hypergeometric test.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed according
to a modified protocol of Upstate (Millipore) EZ-ChIP. The detailed
method is provided in the Supplemental material. Precleared
chromatin was incubated overnight at 4°C using rabbit anti-acetyl-
histone H3 (Lys9), rabbit anti-trimethyl-histone H3 (Lys27), or
normal rabbit IgG (Upstate). Antibody—-chromatin complexes were
collected by adding blocked protein A-TSK beads for 1 h at 4°C and
washed. Immune complexes were eluted in 1% SDS, 0.1 M
NaHCOs; at room temperature. Samples were treated with RNase A
and RNase T1 (Fermentas) for 30 min at 37°C and 0.6 U of pro-
teinase K (Fermentas) for 1.5 h at 45°C. DNA was purified using
spin columns (Geneclean Turbo; Qbiogene) and eluted in 60 pL of
DNase-free water. ChIP samples were analyzed with probe-based
quantitative PCR (Rotor-Gene 3000; Corbett). PCRs were carried
out in a 25-pL reaction volume containing ABsolute QPCR mix
(Abgene), 1.5 pL of DNA, 300 nM or 900 nM forward and reverse
primer, and 50 nM dual-labeled fluorogenic probe. Primers and
probes were obtained from Sigma-Aldrich. The amplification
conditions were 15 min at 95°C and 45 cycles of 20 sec at 95°C and

45 sec at 60°C. Enrichment of DNA was calculated using the
equation: 2(CtInPut — CtAb) ‘yyhere Ct is the mean threshold cycle of
PCR done in triplicate. Input is 1% input sample, and Ab is the
specific antibody or IgG sample.

Cell culture and antagomir treatment

BMEL cells were cultured as previously described (Plumb-Rudewiez
etal. 2004), plus glutamine and hepatocyte-like differentiation was
obtained by inducing the formation of floating aggregates of BMEL
cells (Strick-Marchand et al. 2004). For miR-122 inhibition, we
used antagomirs (Eurogentec). Antagomir sequences are in the
Supplemental material. BMEL cells cultured in aggregates were
exposed to 10 pg/mL antagomirs, and RNA was extracted after 3 d.

Western blot

Proteins were extracted from embryonic livers at E15.5 with Tri-
Pure reagent (Roche) according to the manufacturer’s protocol.
For Western blot analysis, protein extracts were subjected to elec-
trophoresis on 7.5% polyacrylamide gels (SDS-PAGE) and trans-
ferred onto a nitrocellulose Hybond-C membrane (Amersham).
The membrane was revealed with anti-OXCT1 antibody (Protei-
Tech Group; 1:1000 dilution in TBS/0.1% Tween, 5% BSA), or anti-
beta actin (Santa Cruz; 1:1000) overnight at 4°C. The membrane
was incubated with HRP-anti-rabbit (Santa Cruz; 1:5000) or HRP-
anti-goat (Santa Cruz; 1:10,000) antibodies for 2 h at room tem-
perature. Signals were visualized by chemiluminescence. The
OXCT1 signals were quantified using Scion Image software and
normalized for the beta-actin signals.

Reverse transcription and qRT-PCR

Rat islets

Reverse transcription was done in 25 pL containing 500 ng of total
RNA, 5 pL of superscript buffer, 0.1 M dithiothreitol (DTT), 50 ng
of random hexanucleotide primers, 10 mM dNTP, 200 units of
RNasin, and 200 U of Superscript II reverse transcriptase (Invi-
trogen); incubated for 10 min at 25°C, 50 min at 42°C, and 15 min
at 72°C. cDNA was diluted to 3 ng/pL in nuclease-free water and
stored at —20°C. qRT-PCR was performed using the ABI7000 (Ap-
plied Biosystems). Primers were synthesized by MWG-Biotech, and
specificity was confirmed by dissociation curve analysis. The re-
action mix contained 10 pL of SYBR green master mix (Applied
Biosystems), 1 pL of each 5’ and 3’ oligonucleotide (10 pmol/nL),
and 1 pL of cDNA. The reaction conditions for PCR were 15 sec at
95°C, 30 sec at 55°C-58°C (depending on the primers), and 30 sec
at 72°C for 40 cycles. After normalization of the gene of interest to
a control gene (525), the comparative CT (threshold cycle) method
was used to calculate relative gene expression levels for the selected
genes.

Mouse islets

Quantitative RT-PCR was performed as earlier described (Otonkoski
et al. 2007). mRNA expression levels were normalized using poly-
merase II alpha (RNA Pol II).

Mouse liver

Reverse transcription on total RNA was performed in 10-25 pL
containing 1X First Strand Buffer (Invitrogen), 10 mM DTT, 200 U
of M-MLV reverse transcriptase (Invitrogen), 20-40 U of RnaseOUT
(Invitrogen), 4 mM dNTPs (Amersham Pharmacia Biotech), and
200-400 ng of random hexamers (Roche) for 10 min at room
temperature and 2 h at 37°C (mRNA) or 1 h at 37°C and 5 min at
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85°C (18S RNA). For miR-122, 50 nM stem-loop RT primer
(CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAAACAC)
was used instead of random hexamers, and incubation was 30 min
at 16°C, 30 min at 42°C, and 5 min at 85°C. QPCR was performed
with SYBR Green Master Mix Reagent (Invitrogen) on an IQ cycler
(Bio-Rad). Oxct1 and Hmgcs2 were normalized to beta-actin and miR-
122 to 185 RNA.
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