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ABSTRACT

Using the rat insulinoma cell line INS-1 we generated
b-cell clones that are most efficient for gene transfer,
as they contain an FRT site for Flp recombinase-
mediated, site-directed integration of a single copy
transgene. Therefore, the gene-of-interest can be
introduced by DNA transfection without the need to
select individual cell clones. Additionally, the clones
contain the tetracycline repressor allowing tetracy-
cline induction of the transgene. By oligonucleotide
microarray we define the b-cell specific phenotype of
the Flp-In T-REx cell clones. Using a clone expressing
the HNF6, HNF4a and HNF1b transcription factors at
a limited level, we introduced the expression vectors
encoding these factors. We show efficient tetra-
cycline induction of these transcription factors by
western blots and immunocytochemistry. Micro-
arrays reveal that these three factors affect a similar
number of genes with only few genes regulated in
common. Statistical analysis reveals that the three
transcription factors affect genes categorized to
different biological processes. Furthermore, we
document the usefulness of these Flp-In T-REx cells
for the functional analysis of mutated HNF1b tran-
scription factors found in human MODY5 patients.
We show that the expression of the mutant
P328L329del and A263insGG affects only very few
transcripts and these are predominantly distinct
from those induced by wild-type HNF1b.

INTRODUCTION

Pancreatic b-cells represent a highly differentiated cell type
with specific properties, most notably regulated secretion of
insulin. Analysis of specific gene activities in b-cells within
the entire organism is difficult, as b-cells are one of the four
principal endocrine cell types of the islets of Langerhans.
Furthermore, these endocrine cell clusters are scattered
throughout the pancreas requiring purification for detailed
biochemical analysis (1).

As an alternative, several cell lines have been established
that retain b-cell specific properties (2). These homogeneous
cell populations are a most useful model to analyze the func-
tion of specific genes in differentiated b-cells. In addition,
these differentiated b-cell lines are also a most valuable sys-
tem to analyze b-cell renewal, since it has been shown recently
that b-cell lineage renewal may involve mature b-cells and not
only undifferentiated pancreatic stem cells as previously sug-
gested (3). As disturbed renewal of b-cells in the pancreas may
be a major step leading to diabetes mellitus, differentiated
b-cells are a valid model to study b-cell dysfunction. The
functional analysis of MODY genes whose dysfunction in
b-cells causes maturity onset diabetes of the young is of spe-
cial interest. Five of the six MODY genes identified are the
transcription factors, HNF4a (MODY1), HNF1a (MODY3),
PDX1/IPF1 (MODY4), HNF1b (MODY5) and NeuroD1/
Beta2 (MODY6) (4–6). These transcription factors are
assumed to affect the activity of many genes in the pancreatic
b-cells, the majority of which have not yet been identified.
Most recently, a systematic analysis has been reported in
human pancreatic islets using chromatin immunoprecipitation
combined with promoter microarrays (7). This study revealed
several hundred gene promoters occupied by the HNF1a,
HNF4a and HNF6 transcription factors. However, this
approach is limited, as it does not give any information on
whether a transcription factor acts positively or negatively on
the corresponding promoter.

So far, functional analysis of gene regulation has relied
mainly on the description of the expression level of a few
selected genes. Recently, microarray techniques have been
developed that allow a genome-wide analysis of gene function
by the simultaneous measurement of thousands of RNA tran-
scripts (8). Thus, the influence of a given transcription factor
on the activity of thousands of genes can be analyzed. Further-
more, it allows the comparison of gene expression patterns
induced by different transcription factors. However, this ana-
lysis requires a cell population of high purity to get a sensitive
and meaningful assay.

Stable integration of transcription factors into cells is a
widely used approach to analyze gene function in mammalian
cells. As the introduction of genes by DNA transfection or
viral transduction targets usually only a minority of the cells,
the selection of cell lines with stably integrated transgenes is
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required to get a pure cell population. There are several major
drawbacks to this technique. First, the expression of a gene
may inhibit cell multiplication, precluding the establishment
of stable cell lines. This can be circumvented by the use of
conditional systems, whereby the gene is introduced in a silent
state and activated after the establishment of the cell line (9).
Second, using standard techniques of DNA transfection, a
heterogenous population of cells is obtained that differs in
the amount of integrated copies and thus in the level of trans-
gene expression (10). This disadvantage can be overcome by
using retroviral vectors that result in single-copy integration,
but this approach involves more work. Third, DNA transfec-
tion as well as retroviral transduction result in random inte-
gration of the transgene and the chromosomal sites differ from
cell to cell (10). Since the chromosomal context of the inte-
gration site largely defines the activity of the integrated gene,
cell clone dependent activity of the introduced gene is
observed. Therefore, in many applications the analysis of sev-
eral cell clones is needed to get significant data resulting in a
most labour intensive study. This major drawback can be
overcome by using the Flp-In method, an Flp recombinase-
mediated, site-directed transgene integration (Invitrogen). In
this approach an FRT site sequence is integrated into the host
cell that is recombined by Flp recombinase with the FRT site
of the vector containing the gene to be inserted.

INS-1 is a frequently used pancreatic b-cell line that has
been isolated from a rat insulinoma. This cell line has retained
many properties of b-cells including glucose induced insulin
secretion (11). The cell line has been used extensively to
introduce specific genes under the control of the tetracycline
repressor allowing conditional expression of the gene-of-
interest (GOI) (12–19). However, as the transgenes were
inserted by DNA transfection at random, extensive clonal
differences occur. To improve the value of the INS-1 cells
for functional gene assays, we have established the Flp-In
system in the insulinoma cell line INS-1. We generated
four independent cell clones containing a single FRT site
and representing highly differentiated b-cells. One of these
cell clones was used for the conditional expression of tran-
scription factors known to play a role in b-cells. By microarray
analysis we compared the pattern of genes affected by the
HNF6, HNF4a and HNF1b transcription factors in pancreatic
b-cells. In addition, we explored the effect of two HNF1b
mutations on the gene expression pattern.

MATERIALS AND METHODS

Plasmid constructs

The Flp expression vector used (pCSFLPe) has been described
previously (20), whereas the pFRT/lacZeo2, pcDNA6/TR and
pcDNA5/FRT/TO vectors were obtained from Invitrogen.

To assay the tetracycline repressor activity in the Flp-In cell
clones the luciferase gene was taken from the pGL3-Basic
vector (Promega) as NheI/XbaI fragment and cloned into
the HindIII and BamHI sites of pcDNA5/FRT/TO using as
intermediate a multiple cloning site vector containing BglII
and HindIII sites. This FRluc plasmid was used in transient
transfection assays and the luciferase activity was measured
as described previously (21).

For the site specific integration of the genes encoding the
HNF6, HNF4a and HNF1b transcription factors the corre-
sponding open reading frame (ORF) of the human cDNA
was inserted into the pcDNA5/FRT/TO vector. The human
HNF6 ORF was amplified by PCR from cDNA made on
HepG2 RNA using the oligonucleotides 50-CCCAAGCTTT-
GATAGACATGAACGCGCAGCTGAC-30 and 50-ATAGT-
TTAGCGGCCGCAAGCTTTTCCACCGAGG-30 as forward
and reverse primers, respectively. Subsequently, the ORF was
cloned as a HindIII fragment into the pcDNA5/FRT/TO vector
containing a histidine tag. The histidine tag was inserted as a
DNA linker by two oligonucleotides (50-AGCTATCGATAC-
CATGCGGGGTTCTCATCATCATCATCATCATGGTGA-
30 and 50-AGCTTCACCATGATGATGATGATGATGAGAA-
CCCCGCATGGTATCGAT-30) that recreated a HindIII site at
the C-terminus of the tag exclusively. The sequence of the final
construct was verified by sequencing.

For HNF4a, the human cDNA representing the splice var-
iant a2 (22) was derived as NotI fragment from the pOP-
mycHNF4a expression vector (23) and cloned into the NotI
site of the pcDNA5/FRT/TO vector to produce the myc tagged
HNF4a.

For HNF1b, the human cDNA sequence was first inserted
as EcoRI/XbaI fragment from the myc-Rc/CMV expression
vector (24) into the pCS2+MT expression vector (25). Sub-
sequently, the myc tagged HNF1b sequence was cloned as
BlnI/XbaI fragment into pBluescript II SK+ (Stratagene) and
the NotI/BamHI fragment inserted into the pDNA5/FRT/
TO vector. The vectors encoding the P328L329del and the
A263insGG mutations of HNF1b were prepared correspond-
ingly using the myc-Rc/CMV expression vectors (24,26).

Establishment of the INS-1 Flp-In T-REx cells

The INS-1 cell line was obtained from Andreas Pfeiffer and
grown at 37�C in RPMI-1640 medium supplemented with
10% heat inactivated fetal calf serum, penicillin (100 U/ml),
streptomycin (100 U/ml), 1 mM sodium pyruvate, 10 mM
HEPES, 2 mM glutamine and 50 mM mercaptoethanol. The
method to establish the cell clones was essentially done as
described in the user’s manual of the Flp-In T-REx Core Kit
(Invitrogen Catalog no. K6500-01) using transfection with lipo-
fectamine (Invitrogen). pFRT/lacZeo2 was linearized with ScaI
and ZeocinTM selection was done at 200 mg/ml. pcDNA6/TR
was linearized with SapI and blastidin selection was done at
10 mg/ml in the presence of ZeocinTM (200 mg/ml). Flp-
mediated integration of the pcDNA5/FRT/TO vector was
selected with hygromycin at 150 mg/ml in the presence of
blastidin (10 mg/ml) and in the absence of ZeocinTM.

Western blots and immunofluorescence

For Western blots the anti-myc tag antibody (9E10) and
the anti-His tag antibody (27) was used for myc and
histidine tagged proteins, respectively. Peroxidase coupled
sheep anti-mouse immunoglobulin antibody (Amersham,
HRP-linked whole Ab, NXA931) was used as secondary
antibody and detected using the ECL system (Amersham).
For immunofluorescence the Cy3-conjugated rat anti-mouse
antibody [Dianova, F(ab0)2-fragment, #415-166-166] or the
FITC-conjugated donkey anti-mouse antibody [Dianova,
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F(ab0)2-fragment, #715-096-151] were used. To detect
insulin, the guinea pig anti-insulin antibody (DAKO,
A0564) was used together with the donkey anti-guinea pig
Cy3 F(ab0)2-fragment (Dianova, #706-166-148).

Oligonucleotide microarray analysis

For microarray analysis, we used the Affymetrix GeneChip
platform employing a standard protocol for sample preparation
and microarray hybridization that has been described in detail
previously (28). Briefly, total RNA was extracted by means of
Trizol and converted into double-stranded cDNA using an
oligo-deoxythymidine primer containing the T7 RNA poly-
merase binding site [50-GCATTAGCGGCCGCGAAATTAA-
TACGACTCACTATAGGGAGA-(dT)24-30] (MWG Biotech,
Munich, Germany) for first strand synthesis. After generation
of double-stranded cDNA from the first-strand cDNA, bioti-
nylated cRNA was synthesized by in vitro transcription
using the BioArray High Yield RNA Transcript Labeling
Kit (Enzo Diagnostics, New York, NY). Labeled cRNA
was purified on RNeasy columns (Qiagen, Hilden, Germany),
fragmented and hybridized to RAE230A microarrays
(Affymetrix, Santa Clara, CA). The arrays were washed and
stained according to the manufacturer’s recommendation
and finally scanned in a GeneArray scanner 2500 (Agilent,
Palo Alto, CA).

Arrays images were processed to determine signals and
detection calls (present, absent, marginal) for each probeset
using the Affymetrix Microarray Suite 5.0 software (MAS 5.0;
statistical algorithm). Scaling across all probesets of a given
array to an average intensity of 1000 was performed to com-
pensate for variations in the amount and quality of the cRNA
samples and other experimental variables of non-biological
origin. Pairwise comparisons of induced versus uninduced
samples were carried out with MAS 5.0, which calculates
the significance (change P-value) of each change in gene
expression based on a Wilcoxon ranking test. For each tran-
scription factor introduced into the INS-1 cell line two inde-
pendent cell lines were analyzed. To limit the number of false
positives, we restricted further target identification to those
probesets which received at least one present detection call in
the uninduced/induced sample pair. Probesets exhibiting a
signal log2 ratio >1.32 and a change P-value <0.001 or a signal
log2 ratio <�1.32 and a change P-value >0.999 (correspond-
ing to 2.5-fold upregulation or downregulation) were identi-
fied by filtering using the Affymetrix Data Mining Tool 3.0
and only those passing these cut-offs in both independent cell
lines were considered as targets. The microarray data has been
submitted to the GEO repository (http://www.ncbi.nlm.nih.
gov/geo/) and the accession numbers are GSE1589,
GSE1590 and GSE1591.

Real-time RT–PCR

TaqMan probes for the rat HNF6, HNF4a and HNF1b
transcripts were Rn00575362_m1, Rn00573309_m1 and
Rn00447453_m1, respectively, from the TaqManR Gene
Expression Assays (Applied Biosystems) and used under
standard condition according to the manufacturer’s recom-
mendation using the ABI PRISMR 7900HT Sequence Detec-
tion System (Applied Biosystems). cDNA was made with
random primers using the High Capacity cDNA Archive

Kit (Applied Biosystems, P/N 4322171) using 1 mg RNA in
a 20 ml reaction volume. Real-time PCR were measured in
four dilutions in triplicate. At all dilutions a significant
increase was observed except for HNF1b probes where
only the lowest dilution (1:2.5) gave a response.

RESULTS

Generating inducible INS-1 Flp-In T-REx host cell lines

To generate pancreatic b-cells with stable, inducible expres-
sion of defined genes we established the Flp-InTM T-RExTM

system from Invitrogen in the rat insulinoma cell line INS-1.
As the integration of the GOI is mediated by Flp recombinase
at the FRT site of a defined genomic location, cell clones are
highly identical and thus there is no need to pick individual cell
clones. Furthermore, the presence of the tetracycline repressor
in the host cell allows tetracycline induction of the GOI.

To establish the INS-1 Flp-In T-REx cell lines expressing a
defined transcription factor, three rounds of stable transfection
were required (Figure 1). In a first step, we introduced the
plasmid containing the FRT site (pFRT/lacZeo2) using Zeocin
selection. We screened 25 individual Zeocin resistant cell
clones for a single integrated FRT site by Southern blot ana-
lysis as shown in Figure 2A. Nine cell clones containing a
single copy integration (marked by an asterisk) were analyzed
for expression of the transfected lacZ–Zeocin fusion gene by
the b-galactosidase assay to select clones with a highly and
uniformly active integration site (data not shown). Further-
more, we selected clones with high insulin expression to retain
the differentiated b-cell phenotype (see below). Using both
these criteria we chose clone #1-1 and #5-3 to integrate the
tetracycline repressor using the expression vector pcDNA6/
TR (step 2 in Figure 1). Cell clones were now selected with
blasticidin, and individual clones were screened for tetra-
cycline repressor activity by a luciferase reporter (FRluc) con-
taining a Tet operator in the promoter. As shown in Figure 2B,
most clones had an increased luciferase activity upon tetra-
cycline induction. Four clones (#1-1.2, #1-1.16, #5-3.14 and
#5-3.19; marked by asterisks in Figure 2B) that showed a high
tetracycline-inducible luciferase activity and retained high
insulin expression comparable to the original INS-1 cell
line were chosen (see below). We refer to these cell clones
as INS-1 Flp-In T-REx cells.

To compare the gene expression profiles of the four differ-
ent INS-1 Flp-In T-REx cell clones (#1-1.2, #1-1.16, #5-3.14
and #5-3.19) and the parental INS-1 cell line, we performed
an oligonucleotide microarray analysis using the Affymetrix
GeneChip RAE230A containing >15 000 probesets. Compar-
ing the expression pattern of the four INS-1 Flp-In T-REx cell
lines and the parental INS-1 cells, a similar expression profile
was observed. However, clustering of the gene expression data
showed that the clones #1-1.2 and #1-1.16, arising from the
same INS-1 Flp-In cell clone #1-1, showed a high degree of
similarity as well as the clones #5-3.14 and #5-3.19, derived
from the INS-1 Flp-In #5-3 clone (data not shown). To validate
the four INS-1 Flp-In T-REx cell lines with respect to their
properties as differentiated pancreatic b-cells, we have listed
in Table 1 the expression of some transcription factors (upper
part) and of some other genes (lower part) in these cell
lines and the original INS-1 cell line. All cell lines showed

PAGE 3 OF 12 Nucleic Acids Research, 2004, Vol. 32, No. 19 e150

http://www.ncbi.nlm.nih


significant expression levels of the transcription factors Cdx2,
Foxa2 (HNF3b), Foxa3 (HNF3g), Isl1, NeuroD1 (BETA2),
Nkx6a, Pax6, Pdx1 (IPF1) and TCF1 (HNF1a), whereas the
genes encoding Foxa1 (HNF3a), Ngn3, Pax4, Ptf1a and TCF2
(HNF1b) were not expressed. In case of HNF4a, probeset- and
cell clone-dependent differences were observed with consis-
tent activity in clones #5-3.14 and #5-3.19. The expression of

onecut1 (HNF6) transcription factor was low with some sig-
nificant activity detected in #1-1.16 and #5-3.19. Analyzing
the expression of genes encoding proteins distinct from tran-
scription factors, no large qualitative differences between the
various cell clones were observed. Although genes known to
be expressed in b-cells (Abcc8, Cpe, Gcg, Gck, Glp1r, Ins1,
Ins2, Kcnj11 and Slc2a2) were reliably detected, genes known

Figure 1. Generating stable, inducible INS-1 cell lines by Flp recombinase-mediated integration. The generation of the Flp-In T-REx cells involves three integration
steps that are schematically illustrated. In the first step, the Flp recognition target (FRT) is integrated by transfection of the FRT/lacZeo2 plasmid. The use of the
lacZ–Zeocin fusion gene allows selection for Zeocin resistant cell clones and the lacZ portion is used to characterize the integration site by scoring theb-galactosidase
activity. In the second step, an expression vector (pcDNA6/TR) encoding the tetracycline repressor (TetR) is introduced using blasticidin resistance. In the third step,
the GOI (gene-of-interest) is introduced by Flp recombinase activity from the pCSFLPe plasmid using the pcDNA5/FRT/TO vector containing the GOI. This
construct contains an FRT site in front of the hygromycin ORF that will generate hygromycin resistance only, if a site-directed integration occurs at the FRT site
downstream of the ATG of the lacZ–Zeocin cassette. By this recombination, the GOI present in the pcDNA5/FRT/TO vector is integrated downstream of the FRT
integration site. As the GOI is driven by the tetracycline operator controlled CMV promoter (PCMV/2TetO2), tetracycline regulation can be obtained. PSV40 (SV40
promoter), Amp (ampiciline resistance), pUCori (bacterial origin of replication), PCMV (CMV promoter), SV40pA (SV40 polyadenylation), BGHpA (bovine growth
hormone polyadenylation site). For further details see Flp-InTM system manual (Invitrogen).
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to be expressed in exocrine cells of the pancreas (amy1, Prss1,
Prss2) or in d-cells (somatostatin) were not active. However,
we noticed substantial quantitative differences in the extent of
expression of some genes between the various cell clones, e.g.
glucagon (Gcg) and insulin 2 (Ins2). Considering the absolute
transcript level, the expression of the insulin 1 (ins1) gene was
the highest of all genes analyzed and similar to the ribosomal
protein S23. This illustrates the strong b-cell phenotype of the
INS-1 Flp-In T-REx cell lines. In conclusion, all cell clones
have retained a b-cell specific expression pattern, but there are
clone-specific differences.

As the aim of our work was to introduce the HNF6 (onecut1),
HNF4a and HNF1b (TCF2) transcription factors into the INS-1
cell line, we verified the amount of expression of these three
factors using real-time RT–PCR. As summarized in Figure 2C,
the level of these three transcription factors differs in the various
cell clones as already suggested by the microarray analysis
(Table 1). As the cell clone #1-1.2 has the lowest levels for
all three transcription factors (Figure 2C), we chose this clone
for the introduction of the transcription factors. A second reason
to choose the #1-1.2 cell clone is our observation that this cell
clone has the lowest level of glucagons (up to 12-fold compared
to #5-3.19, see Table 1), and the highest insulin 1 and 2 level
(Table 1). Therefore, this cell clone can be considered as the cell
clone most close to the normal b-cell phenotype (29).

HNF6, HNF4a and HNF1b affect a distinct pattern
of target genes in INS-1 cells

To identify target genes of the transcription factors HNF6,
HNF4a and HNF1b in the insulinoma INS-1 cells, expression
plasmids encoding these transcription factors were con-
structed. To allow Flp-mediated integration, we inserted the
ORF of these transcription factors into the expression vector
pcDNA5/FRT/TO (Figure 1) that contains the tetracycline
inducible promoter (CMV 2xTetO2). In the case of the
HNF4a factor we chose the splice variant HNF4a2 that has
predominantly been investigated and is known to be more
active on most promoters (30–32). We ignored the splice
variant HNF4a8 that has been reported to be predominantly
expressed in b-cells in some reports (33,34), as this exclusivity
has been challenged by others (31). The pcDNA5/FRT/TO
vectors containing the transcription factors HNF6, HNF4a
or HNF1b were introduced into the #1-1.2 cell line by cotrans-
fection with the expression vector pCSFLPe that encodes Flp
recombinase. Using hygromycin we selected the cell clones
that had properly integrated the pcDNA/FRT/TO vector by Flp
recombination downstream of the chromosomal FRT site
(step 3 in Figure 1). For each transcription factor two inde-
pendent pools of cell clones were established. As the integra-
tion of the GOI disrupts the SV40 promoter-ATG sequence
from the remaining ORF of the lacZ–Zeocin gene (Figure 1),
successful site-directed integration was verified by the absence
of blue cells after b-galactosidase staining.

The two independent cell lines for each transcription factor
were induced by tetracycline to monitor the induction of the
corresponding transcription factor. As exemplified for HNF6,
a tetracycline dose dependent induction of HNF6 was observed
in western blots 24 h after induction (Figure 3A). By immuno-
fluorescence we observed that >90% of the cells contained
nuclear HNF6 24 h after induction with tetracycline (Figure 3B).
Notably, in the two independent cell lines the kinetics and
extent of HNF6 induction was most similar. Identical results
were found for the cell lines expressing HNF4a or HNF1b
conditionally (data not shown). To illustrate the homogenous
insulin expression in the INS-1 Flp-In cell clones, Figure 3C
depicts the double immunostaining of the clone #1-1.2/
HNF1b(2b) 24 h after tetracycline induction. The green nuclear
staining reflects the induced HNF1b protein in cells that show
extensive red staining of the cytoplasmic insulin store.

To monitor the genes affected by the expression of these
three transcription factors, each cell line was treated with

Figure 2. Southern blot analysis and tetracycline regulation of Flp-In cell lines.
(A) DNA of cell clones obtained after transfection of the FRT site (step 1 in
Figure 1) was digested with NcoI and analyzed by Southern blot using a probe
specific for FRT/lacZeo2. Clone numbers are given and the INS-1 parental cell
line and the Flp-InTM T-RExTM HEK293 cell line (Invitrogen) are included as
negative and positive control, respectively. (B) Individual clones containing
the tetracycline repressor gene (step 2 in Figure 1) were transfected with a
luciferase reporter gene (FRluc) driven by the tetracycline operator controlled
CMV promoter (PCMV/2TetO2). The value given represents the fold-activation
observed at the addition of tetracycline. Clones, derived from the two inde-
pendent clones #1-1 and #5-3 from step 1, were analyzed. (C) The abundance of
RNA encoding HNF6, HNF4a ad HNF1b in the INS-1 Flp-In cell clones. Using
TaqMan probes the amount of RNA was quantified. 18S RNA was used as
standard between the various samples.
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tetracycline (1000 ng/ml) for 24 h and the RNA was assayed
by oligonucleotide microarrays (Affymetrix RAE230A) using
the RNA of untreated cells as a reference. For each transcrip-
tion factor the hybridization data of the two independent cell
lines were analyzed and the probesets showing a >2.5-fold
change in both cell types and at least one present detection
call either in the induced or uninduced state were scored (for
further details see Materials and Methods). Using these filter
criteria we obtained 222, 338 and 292 changed probesets for
HNF6, HNF4a and HNF1b, respectively. Based on the infor-
mation given by Affymetrix (http://www.affymetrix.com/
analysis/index.affx) �50% of the probesets can be annotated
to specific genes. The Venn diagram given in Figure 4A
documents that only a limited overlap of the genes affected
by these transcription factors exists. Sixteen probesets were
affected by all three transcription factors and the correspond-
ing values are given in Table 2. The fold change seen for these
16 probesets was quite similar between the two independent
cell lines of each transcription factor. This was a common
finding throughout our analysis (data not shown), indicating
the reproducibility of the two independent cell lines. Analyz-
ing the targets regulated by all three transcription factors
shows that three transcripts (Pzp, Ugt2b12 and probeset ID
no. 1375934) were upregulated, whereas 12 probesets were

downregulated and only one gene (Cyp4f14) was down or up
regulated depending on the transcription factor induced. The
numbers of probesets affected by two transcription factors
were 19, 25 and 47 for HNF6/HNF4a, HNF4a/HNF1b and
HNF1b/HNF6, respectively (Figure 4A). Analyzing the up and
down regulated transcripts (Figure 4B), the majority of genes
was affected in the same direction by the different transcrip-
tion factors. To reveal the biological processes affected by
these three transcription factors, we have listed in Table 3,
the distribution of the probesets to the various categories as
defined by the gene ontology annotations (35). The transcrip-
tion factors influence many different processes including dis-
tinct metabolic pathways, cell proliferation, transport
mechanism, signaling cascades between cells, cell differentia-
tion and morphogenesis. Analyzing the distribution of the
genes to the various categories, we found in several categories
a statistically significant overrepresentation that depended on
the transcription factor (Table 3). Whereas HNF4a affects
predominantly some specific metabolic processes (energy
pathway, amino acid and derivative metabolism, organic
acid metabolism, amine metabolism and alcohol metabolism),
HNF6 and HNF1b rather influence the activity of genes
involved in development. This indicates that the three
transcription factors have distinct properties concerning

Table 1. b-cell-specific phenotype of the INS-1 Flp-In T-REx cells

Gene symbol Probeset ID INS-1 # 1-1.16 # 1-1.2 # 5-3.14 # 5-3.19

Cdx2 (Cdx3) 1387726_at 253 P 278 P 278 P 265 P 370 P
Foxa1 (Hnf3a) 1369834_at 5 A 21 A 14 A 5 A 11 A
Foxa2 (Hnf3b) 1368711_at 4459 P 3385 P 3095 P 3328 P 2892 P
Foxa3 (Hnf3g) 1387506_at 204 P 436 P 313 P 410 P 498 P
Hnf4a (MODY1) 1382496_at 186 M 38 A 139 A 244 P 134 P

Hnf4a (MODY1) 1369289_at 433 P 121 A 150 A 404 P 362 P
Isl1 1369681_at 2544 P 1148 P 1987 P 3029 P 2036 P
Neurod1 (BETA2/MODY6) 1387288_at 8773 P 2790 P 6927 P 6392 P 5773 P
Ngn3 (neurogenin) 1369853_at 28 A 17 A 10 A 7 A 27 A
Nkx6a 1368998_at 2220 P 1599 P 1053 P 1031 P 2158 P
Onecut1 (HNF6) 1387760_a_at 99 A 84 A 97 A 39 A 49 A

Onecut1 (HNF6) 1371034_at 94 M 157 P 51 A 76 A 82 P
Pax4 1370140_a_at 103 A 91 A 105 A 107 A 120 M
Pax6 1369242_at 8395 P 4132 P 7043 P 8947 P 9168 P
Pdx1 (IPF1/MODY4) 1375877_at 1458 P 1518 P 1063 P 1624 P 1641 P

Pdx1 (IPF1/MODY4) 1369516_at 2830 P 1454 P 2343 P 2845 P 2185 P
Ptf1a (p48) 1369803_at 69 A 180 A 45 A 136 A 96 A
Tcf1 (HNF1a/MODY3) 1369148_at 481 P 604 P 585 P 479 P 826 P
Tcf2 (HNF1b/MODY5) 1369682_at 23 A 30 A 43 A 20 A 44 A
Abcc8 (SUR1) 1369632_a_at 2573 P 1999 P 3012 P 2355 P 2474 P
Amy1 (amylase) 1370359_at 34 A 55 A 9 A 42 A 13 A

Amy1 (amylase) 1369502_a_at 5 A 9 A 12 A 5 A 23 A
Amy1 (amylase) 1369503_at 57 A 62 A 78 A 58 A 64 A

Cpe (carboxypeptidase H) 1386921_at 24769 P 19940 P 24475 P 23725 P 23733 P
Gcg (glucagon) 1369888_at 6875 P 17772 P 2064 P 20550 P 24434 P
Gck (GK/MODY2) 1387312_a_at 1165 P 767 P 787 P 635 P 1101 P
Glp1r 1369699_at 567 P 562 P 644 P 886 P 776 P
Ins1 (insulin 1) 1387815_at 37360 P 34381 P 42217 P 37973 P 37190 P
Ins2 (insulin 2) 1370077_at 28816 P 5381 P 30224 P 3953 P 4303 P
Kcnj11 (KIR6.2) 1387698_at 1963 P 1792 P 2557 P 2891 P 2524 P

Kcnj11 (KIR6.2) 1391007_s_at 3414 P 3042 P 3789 P 4442 P 4118 P
Kcnj11 (KIR6.2) 1369782_a_at 1293 P 992 P 1329 P 1635 P 928 P

Prss1 (trypsin1) 1369030_at 85 A 80 A 81 A 75 A 83 A
Prss2 (trypsin2) 1370126_at 7 A 7 A 6 A 5 A 7 A
Slc2a2 (GLUT2) 1387228_at 8926 P 6485 P 5338 P 4153 P 10531 P
Sst (somatostatin) 1367762_at 83 A 30 A 13 A 15 A 72 A

P, present; M, marginal; A, absent.
Absolute signal values of a selection of genes expressed in the parental INS-1 cells and the four Flp-In T-Rex cell clones are given. The official gene symbols and
in some cases aliases are given in brackets. The probeset IDs are the reference number for the probes of the Affymetrix oligonucleotide microarray (RAE230A).
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their biological role. The entire list of probesets affected by the
transcription factors is included as Supplementary Material
(Table SI–SVI). The data are arranged according to the
area of the Venn diagram in Figure 4A and the fold-induction
refers to the average of the two independent cell lines for
each transcription factor. The original microarray data have
been deposited in the GEO data repository (http://
www.ncbi.nlm.nih.gov/geo/).

In conclusion, our data shows that HNF6, HNF4a and
HNF1b affect a similar number of genes with HNF6 affecting
the lowest number. The overlap of genes affected is restricted
and the extent of overlap between the three transcription fac-
tors is similar, with 63, 82 and 70% probesets restricted to
HNF6, HNF4a and HNF1b, respectively.

The gene pattern affected by HNF1b transcription
factor mutants from MODY5 patients

In previous experiments, we have characterized the different
properties of mutated HNF1b transcription factors present in

human patients with MODY5 and renal defects (26). Analyz-
ing the effect of these mutated transcription factors on kidney
formation in Xenopus embryos, we identified two distinct
types of mutations. One group led to a reduced pronephric
size, whereas the other group resulted in an enlargement of
the pronephros. We have introduced a member of each group
into the INS-1 Flp-In T-REx cell clone #1-1.2 using Flp-
mediated integration. The mutation P328L329del that leads
to a reduced pronephric size retains all sequences required for
specific DNA binding (Figure 5A), whereas the mutation
A263insGG that leads to an enlarged pronephros lacks part
of the POUH domain (Figure 5A) and thus cannot bind to
DNA. Western blots of cell lines stably containing genes
encoding these mutated transcription factors, revealed the
tetracycline-dependent expression of truncated proteins of
the expected size (Figure 5B). The amount of protein induced
within 24 h was quite similar for the two HNF1b derivatives as
well as for the wild-type HNF1b protein. The amount of
induced HNF1b derivative was also identical between the two
independent cell lines produced for each construct (data not
shown). To monitor the effect of these two mutants on the gene
expression profile, we performed an oligonucleotide micro-
array analysis using RNA of the two independent cell lines for

Figure 3. Tetracycline induction of HNF6. (A) Two independent cell lines
containing the histidine tagged HNF6 transcription factor as GOI were treated
for 24 h with tetracycline with the concentrations given. Total protein extracts
were probed by western blots using a histidine tag specific antibody.
(B) Immunofluorescence of untreated cells or cells treated for 24 h with
1000 ng/ml tetracycline using a histidine specific antibody. Phase contrast
(left) and fluorescence pictures (right) are given. Counting the immuno-
positive cells in the two independent cell lines for each transcription factor
gave the following values (untreated/tetracycline treated): HNF6: <1%,
<1%/95%, 91%. HNF4a: 3%, 5%/92%, 93%. HNF1b <1%, <1%/95%,
98%. (C) Immuno fluorescence of INS-1 cells expressing HNF1b upon 24 h
tetracycline induction (1000 ng/ml). HNF1b was detected using a myc-tag
specific primary antibody and a FITC-coupled secondary antibody (green),
whereas insulin was detected with a primary insulin antibody and a
Cy3-coupled secondary antibody (red).

Figure 4. Pattern of genes affected by HNF6, HNF4a and HNF1b. (A) Venn
diagram showing the probesets affected by the transcription factor HNF6,
HNF4a or HNF1b after 24 h of tetracycline induction. Numbers in the
overlapping segments refer to the common probesets and numbers in
brackets indicate the total number of probesets affected for each
transcription factor. (B) Cross table showing the overlaps between up and
down regulated targets of the three different transcription factors.
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each mutated HNF1b construct. Using the same filter criteria
as for the wild-type HNF1b protein, we identified only 15 and
4 changed signals for P328L329del and A263insGG, respec-
tively. This is a much smaller number compared to the wild-
type HNF1b transcription factor that affected 292 probesets.
As illustrated in Figure 5C, only three probesets between
P328L329del and wild-type HNF1b were in common, and
the four probesets identified by A263insGG were not affected
by wild-type HNF1b. Comparing the probesets between the
P328L329del and the A263insGG mutant, two probesets were
in common. Table 4 lists the probesets affected by the mutated
HNF1b proteins with the corresponding induction levels
obtained for the two independent cell lines. In all three
cases where the mutated HNF1b transcription factor affected
a probeset that was also targeted by wild-type HNF1b, the
direction of response was the same.

DISCUSSION

We have established b-cell derived cell clones (INS-1 Flp-In
T-REx) that allow the site-directed integration of any GOI into
differentiated b-cells. This novel approach reduces the varia-
bility of transgene expression that is observed using the tradi-
tional transfection or transduction protocol leading to random
gene integration. Furthermore, the INS-1 Flp-In T-REx cells
contain the constitutive active tetracycline repressor allowing
the conditional expression of the transgene. The INS-1 Flp-In
T-REx cell clones have been selected for high insulin expres-
sion to maintain a differentiated b-cell phenotype (Figure 3C).
From hybridization analysis using microarrays we confirmed
the b-cell phenotype by the presence of transcripts specific
for b-cells (Table 1). Most notably, many b-cell-specific
transcription factors were expressed, including HNF4a,
HNF1a, Pdx1 and NeuroD1 encoded by the MODY1,
MODY3, MODY4 and MODY6 genes, respectively. In all
four clones analyzed as well as in the parental INS-1 cell
line, HNF1b (MODY5) was expressed only at a low level
consistent with reports in adult islets (36,37). Nevertheless,
the INS-1 cells are highly differentiated and this is consistent

with the report that HNF1b predominates in early pancreatic
precursor cells (37). Similarly, high HNF6 expression is also
restricted to early stages of b-cell differentiation (38,39). The
microarray analysis revealed a substantial difference between
the four cell clones and the original INS-1 cell line (Table 1). It
seems unlikely that this reflects the integration of the FRT
site (step 1 in Figure 1) at different chromosomal sites. We
rather assume that it represents heterogeneity within the INS-1
cell line.

Analyzing the probesets affected by the three transcription
factors, a pattern of induced and decreased transcripts was
observed that differs extensively between the three transcrip-
tion factors. This possibly reflects the completely distinct
DNA elements recognized by these three transcription factors
(40–42). Although HNF4a and HNF1b affect a similar num-
ber of probes (338 and 292, respectively), HNF6 influences a
slightly lower number (222). This differs from a recent report
analyzing the target genes of HNF6, HNF1a and HNF4a
by chromatin immunoprecipitation (ChIP) combined with
promoter microarrays (7). Based on this study, HNF4a was
bound to �5- to 10-times more promoters (1323) than HNF6
(189) and HNF1a (106). This analysis was done on human
cells purified from pancreatic islets and thus species-
specific differences, the purity of the cell types or changes
inherent to the establishment of cell lines could contribute to
the different result. However, we assume that the difference
mainly reflects the differential assay to score target genes. In
the ChIP assay any bound transcription factor will be identi-
fied, whereas in our functional expression system the change
in promoter activity is recorded. It is most likely that within
promoters, that are bound by several transcription factors,
the introduction of an additional transcription factor has no
effect on promoter activity, as the promoter activity may be
saturated or the newly added transcription factor replaces a
preexisting factor without altering promoter activity. There-
fore, ChIP assays and microarray analysis reveal different
patterns of regulated genes and are two complementary
approaches. A major advantage of the measurement of tran-
scripts induced by a transcription factor by microarrays is that
this assay also reveals the direction of response. Since all three

Table 2. Probesets affected by HNF6, HNF4a as well as HNF1b

Gene symbol Probeset ID HNF6_1 HNF6_2 HNF4a_1 HNF4a_2 HNF1b_1a HNF1b_2b

Pzp 1370547_at 41.9 93.7 16.2 25.8 3.3 3.7
Ugt2b12 1368397_at 10.7 8.9 9.1 14.4 52.0 34.1
— 1375934_at 4.6 4.2 3.2 2.7 4.3 3.9
Cyp4f14 1368467_at 0.35 0.31 4.8 3.2 14.4 14.1
— 1377404_at 0.30 0.31 0.24 0.31 0.18 0.18
Amigo2 1373345_at 0.29 0.28 0.19 0.19 0.16 0.17
Cyp4a12 1368607_at 0.20 0.18 0.23 0.27 0.16 0.15
— 1371541_at 0.18 0.25 0.20 0.34 0.16 0.16
— 1371731_at 0.17 0.18 0.12 0.12 0.20 0.18
— 1379380_at 0.16 0.16 0.09 0.19 0.25 0.26
Kcnj11 (KIR6.2) 1391007_s_at 0.14 0.15 0.33 0.31 0.09 0.07
Isl1 1369681_at 0.13 0.12 0.34 0.32 0.39 0.31
— 1388598_at 0.13 0.18 0.11 0.10 0.26 0.26
Idb4 1375120_at 0.13 0.25 0.16 0.09 0.17 0.15
— 1372308_at 0.10 0.15 0.13 0.14 0.27 0.23
Ngfr 1368148_at 0.08 0.11 0.05 0.05 0.11 0.06

The fold change for the probesets affected by all three transcription factors (see Figure 4A) is listed. For each transcription factor the values obtained for the two
independent cell lines are given. The probeset IDs are the reference number for the probes of the Affymetrix oligonucleotide microarray (RAE230A). Where available
(Affymetrix, release April 2004) the official gene symbols and in some cases aliases are given in brackets. — indicates that no gene symbol is available.
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transcription factors are known as positive regulators, it is
quite surprising that �30% of the transcripts are downregu-
lated (Figure 4B). This might either reveal a property of these
transcription factors that has not been observed previously or
the fact that each gene is part of a complex regulatory network.
This includes mutually exclusive binding of transcription fac-
tors to promoters as well as the activation of regulatory cas-
cades. The presence of such regulatory cascades is supported
by our finding that the expression of other transcription factors
is affected (see Table 2 and Tables in Supplementary Material).

The three transcription factors downregulated the transcription
factor Isl1 and Idb4 (Table 2), but nevertheless the common
targets affected are limited to 16 probesets. Similarly, HNF1b
and HNF6 downregulated Pax6 and Pdx1 (Table SVI), but the

Figure 5. Pattern of genes affected by HNF1b mutants. (A) Schematic drawing
of the structure of the HNF1b protein and of the two truncated proteins encoded
by the MODY5 mutants. The dimerization domain (dim), the domains involved
in DNA binding (POUS, POU specific domain; POUH, homeodomain) and
transactivation are given. The black boxes indicate the additional amino
acids present in the truncated protein due to the frame shift mutation. The
numbers refer to the amino acid position in HNF1b. P328L329del is
P328L329delCCTCT and contains a 5 bp deletion (47) and A263insGG
contains a 2 bp insertion (52). (B) Western blots of cell extracts from
untreated or treated (18 h, 1000 ng/ml tetracycline) cell lines. (C) Venn
diagram of the probesets affected by wild-type HNF1b, P328L329del and
A263insGG. Numbers in the overlapping segments refer to the common
probesets and numbers in brackets indicate the total number of probesets
affected for each construct.

Table 3. Distribution of the probesets to categories of the GO biological

processes

HNF6 HNF4a HNF1b RAE230A

Probesets with annotated
biological processes

60 95 91 2652

Metabolism 28 50 46 1257

Protein metabolism 7 14 12 456
Transcription 11* 5 12 265
Phosphorus metabolism 6 6 5 183
Energy pathway 3 8** 2 59
Amino acid and derivative

metabolism
1 7* 4 70

Organic acid metabolism 1 11** 4 116
Electron transport 1 6 3 91
Amine metabolism 1 7* 4 70
Alcohol metabolism 4 7* 1 75
Biosynthesis 4 9 6 268
Carbohydrate metabolism 2 6 1 86
Catabolism 1 12 7 222
Organismal physiological

process
6 10 9 371

Response to stimulus 5 10 10 328
Cellular physiological process 27 34 44* 1022

Cell motility 5** 2 4 59
Cell proliferation 6 5 6 185
Transport 11 21 26 583
Cell organization and

biogenesis
2 6 2 151

Regulation of cellular process 6* 3 6 118
Cell communication 19 26 20 807

Intracellular signaling cascade 7 7 9 235
Cell surface receptor linked

signal transduction
12 10 10 331

Cell adhesion 0 6 3 118
Development 22*** 17 27** 452

Cell differentiation 6* 2 6 97
Morphogenesis 17*** 12 21** 318
Neurogenesis 10** 8 10* 145

Based on the ‘Gene Ontology Standard Vocabulary’ the probesets were sorted
according to the ‘Biological Process’ into the various categories. Probesets
corresponding to the same gene were counted only once. The number of
probesets with annotated biological processes is given and corresponds to
�30% of the probesets affected. All categories that contained at least five
probesets for either of the three transcription factors are listed in the table.
Categories are given in bold face, if they are above the following categories.
Note that the sum of the probeset number does not equal to the number of
individual probesets, as probesets can be members of different categories
and categories with less than five probesets are not shown. As a reference
the distribution of all probesets of the Affymetrix microarray RAE230A to
the categories listed is given. Probesets representing the same gene were deleted
before categorization. For details see the Affymetrix Gene Ontology Mining
Tool Manual (https://www.affymetrix.com/support/technical/manual/go_
manual.affx). To analyze whether in some categories genes are overrepresented
to what would be expected by chance from a randomly selected group of genes,
we made a hypergeometric distribution (http://genome-www5.stanford.edu/
help/GO-TermFinder/GO_TermFinder_help.shtml). Values that represent an
overrepresentation are indicated with *, ** and *** for P-value cut-offs of
P < 0.05, P < 0.01 and P < 0.001, respectively.
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common genes affected by these two transcription factors is
limited to 47 probesets (Figure 4A). These findings imply the
existence of a most complex combinatorial network control-
ling gene expression, whose changes upon the activation of a
specific transcription factor cannot be predicted yet.

Several reports have analyzed specific promoters of genes
expressed in pancreatic b-cells by transient transfection
assays. For instance the insulin promoter was shown to be
regulated by HNF4a (43), but based on our analysis no
increase of the endogenous transcription of the insulin 1
and 2 transcript was found. Furthermore, we have shown
that the P2 promoter of HNF4a is activated by HNF6 and
HNF1b (33), but neither transcription factor led to an induc-
tion of HNF4a expression. These examples illustrate that
reporter assays in transient transfections are not sufficient to
predict the outcome of the introduction of a transcription
factor on the activity of chromosomal genes. In the case of
HNF4a the activation of the endogenous genes encoding
Glut2 (Slc2a2), L-PK (Pklr), aldolase B (Aldob), 2-oxogluta-
rate dehydrogenase E1 subunit (OGDH E1 subunit) and
HNF1a (TCF1) has been reported in INS-1 cells (15). We
can confirm the induction of Glut2 (Slc2a2, 2.6-fold in
Table SII) and aldolase B (aldob, 8.9-fold in Table SIII),
whereas L-PK (Pklr) and 2-oxoglutarate dehydrogenase E1
subunit (OGDH E1 subunit) are not induced although both
are expressed. The transcription factor HNF1a (TCF1),
expressed in both cell lines, is activated by a factor of 1.4
in one clone and therefore does not meet our filter criteria. The
differences between our data and the results described
previously (15) possibly reflect the selection process in estab-
lishing the INS-1 Flp-In T-REx cells.

The list of probesets affected by all three transcription
factors includes Kcnj11 (KIR6.2) that is downregulated by

HNF6, HNF4a and HNF1b. The membrane protein Kcnj11
is part of the ATP-sensitive potassium channel that plays a
crucial role in insulin secretion in b-cells. Interestingly, muta-
tions and polymorphisms in this gene have been proposed to
contribute to the susceptibility to type II diabetes in human
populations (44,45). Since activating mutations in the Kcnj11
gene have been associated with permanent neonatal diabetes
(46), the negative effect of HNF6, HNF4a and HNF1b on
Kcnj11 expression could play a crucial role for regulated
insulin secretion.

We used the INS-1 Flp-In T-REx cell line to define the
properties of two mutated HNF1b transcription factors we
have extensively described in previous reports (24,26). Both
mutations, P328L329del (47) and A263insGG (48), have been
described in MODY5 patients and are believed to deregulate
insulin secretion in b-cells. In fact, mice with b-cell restricted
inactivation of the HNF1b gene show a reduced glucose-
stimulated insulin release (49). However, both mutations
also lead to kidney malformations (47,48). Although the muta-
tion P328L329del retains all domains required for DNA
binding (Figure 5A) and acts in transfection assays as a
gain-of-function mutation (24), the mutation A263insGG
has lost part of the POUH domain essential for DNA binding
(Figure 5A) and acts either as a loss-of-function mutation (26)
or even as a dominant-negative factor (48,50), depending on
the cell type or reporter used. The analysis in the INS-1 Flp-In
T-REx cell lines shows that both mutated transcription factors
affect only very few genes compared to the wild-type factor
(Figure 5C), implying that they both are loss-of-function muta-
tions. As our novel assay measures endogenous genes, we
assume that it comes closer to the in vivo function in b-
cells. In the case of A263insGG, a competition with the
low level of the endogenous HNF1b (Figure 2C) is possible,
but it could also compete with the endogenous HNF1a, as
HNF1a and HNF1b are known to readily heterodimerize (4).
Therefore, the poor effect by A263insGG cannot be easily
explained. The mutant A263insGG down-regulates four pro-
besets, whose identities are not yet known and thus are not
informative. In contrast, the mutant P328L329del increases
three and decreases twelve transcripts. However, most of
these probes are not affected by the wild-type factor, implying
that P328L329del affects a distinct set of genes. This conclu-
sion is supported by the fact that the three probes, affected by
P328L329del as well as the wild-type factor, are changed to a
similar level, but all the other probes affected by the wild-type
protein (up to a factor of 160-fold, see Table SV, Supplemen-
tary Material) are not affected by P328L329del. Compared to
wild-type, both mutated HNF1b proteins could be classified as
loss-of-function mutations. However, this conclusion contrasts
with our recent data that revealed the performance of both
mutations in the developing Xenopus kidney. Whereas
P328L329del led to a reduced size of the embryonic kidney
(pronephros), A263insGG resulted in an enlarged kidney (26),
excluding a loss-of-function phenotype. Furthermore, kidney-
specific overexpression of A263insGG in transgenic mice
generated polycystic renal dysplasia (51). All these data reveal
some distinct functional properties of the mutated HNF1b
proteins, but these differences could be restricted in its func-
tion to renal cell types.

From a series of experiments we know that tetracycline on
its own has no effect on gene expression (data not shown).

Table 4. Probesets affected by the MODY 5 mutant P328L329del and

A263insGG

Gene Probeset ID del5a del6a mut3b mut4a wt1a wt2b

Gsta1 1367774_at 6.1 5.4 9.4 17.2
— 1374812_at 2.6 3.0 4.8 4.6
Cyp4a12 1368607_at 0.31 0.28 0.16 0.15
— 1389496_at 0.33 0.26 0.39 0.36
— 1374657_at 0.23 0.37 0.33 0.33
— 1376989_at 3.4 3.7
Myc 1368308_at 0.22 0.18
Bmp3 1369773_at 0.34 0.29
— 1372380_at 0.32 0.30
— 1373625_at 0.40 0.38
— 1375898_at 0.39 0.25
Ddc 1368064_a_at 0.13 0.14
— 1374932_at 0.21 0.04
Pklr 1387263_at 0.37 0.37
— 1393221_at 0.18 0.37
— 1389066_at 0.35 0.38
— 1368289_at 0.39 0.31

The fold change for the probesets affected by the mutants (Figure 5C) are listed.
For each transcription factor the values obtained for the two independent cell
lines are given. del5a and del6a express P328L329del, mut3b and mut4a express
A263insGG, whereas wt1a and wt2b correspond to the HNF1b clones used
in Figure 4. The probeset IDs are the reference number for the probes of the
Affymetrix oligonucleotide microarray (RAE230A). Where available
(Affymetrix, release April 2004) the official gene symbols (gene) are given.
— indicates that no gene symbol is available.
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Consistent with this finding, the present study shows that none
of the 16 probesets affected by all the three transcription
factors (Table 2) is influenced by the expression of the
MODY5 mutant A263insGG (Table 4). Therefore, we exclude
that tetracycline treatment induces any gene activity.

The INS-1 Flp-In T-REx cell line we have established will
be of great value to dissect the function of defined genes in the
context of b-cell-specific differentiation. Although the identity
of �50% of the Affymetrix rat microarray probesets is not
known at the moment, the available rat genome sequence will
improve this within a short period of time.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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