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Murine Nrd4a1 and Herpud1 are up-regulated by Wnt-1, but the homologous
human genes are independent from f-catenin activation
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The Wnt signal transduction pathway regulates morphogenesis
and mitogenesis of cells in multicellular organisms. A major
downstream consequence of Wnt-1 signalling is the activation of
p-catenin/T-cell factor (TCF)-mediated transcription. We com-
pared Wnt-1-transformed murine mammary epithelial cells with
control cells by subtractive hybridization. We found the two
genes Nrdal and Herpudl to be overexpressed in Wnt-1-
transformed cells. Remarkably, the transcription levels of the

two homologous human genes NR4A1 and HERPUDI are
neither activated in cells with activated g-catenin/TCF-mediated
transcription nor can be induced by p-catenin transfection.
These results indicate different regulation mechanisms of the two
genes in murine and human cells.

Key words: C57MG/Wnt-1 cell, Mifl, nur77, suppression sub-
tractive hybridization, Wnt target gene.

INTRODUCTION

Members of the Wnt protein superfamily are secreted glyco-
proteins that regulate cell growth, differentiation, organogenesis
and oncogenesis (for a review see [1]) [2,3]. By binding to a
membrane receptor of the Frizzled family, Wnt activates an
intracellular pathway that leads to the inactivation of the
glycogen synthase kinase 34 (GSK3/). In the absence of the Wnt
signal, GSK3/ phosphorylates the proto-oncoprotein f-catenin
that targets it for ubiquitin-mediated degradation by a multi-
protein complex (for a review see [4]). This complex includes
GSK3p, the tumour-suppressor protein adenomatous polyposis
coli (APC), Axin and a member of the SCF (Skpl1-Cull-F box)
ubiquitin ligase complex, S-TrCP/Slimb [5]. In the presence of
the Wnt signal, the #-catenin level rises in the cytoplasm, reaching
a critical amount that enables it to bind to a protein of the T-cell
factor (TCF)/Lef family of transcription factors [6,7]. This
complex translocates to the nucleus, where it binds to DNA and
activates the transcription of specific target genes [8]. Several
genes activated by the Wnt signal have been identified, including
connexin 43, cyclo-oxygenase-2, the Wnt-1-inducible signalling
pathway protein (WISP) genes and Wrch-1 [9-12]. In addition,
many genes have been identified to be up-regulated by activation
of f-catenin or by inactivation of APC, respectively. These
include the proto-oncogene c-myc, the transcription factors
peroxisome proliferator-activated receptor & (‘PPARGJ’), c-jun
and fra-1, the cell-cycle-regulator protein cyclin D1, the protease
matrilysin and the p-catenin-down-regulating protein axin2
[13-17].

Recent studies revealed that the Wnt signalling pathway
represents a multifaceted pathway, which includes branching
points and feedback loops on several levels, rather than a single
linear hierarchic cascade. First, body-axis determination in
Xenopus during embryonic development is regulated by genes
that are controlled by the p-catenin activation of Lef/TCF
proteins but which are independent of the Wnt signal (for a
review see [18]). The independence of f-catenin activation and

Whnt signalling was also confirmed by the transfection of murine
cells with oncogenic Wnt-1, which led to morphological and
proliferative responses, which could not be induced by trans-
fection of an active f-catenin mutant [19]. Indeed, the murine
homologue of the human basic transcription element-binding
protein 2 (BTEB2) transcription factor has been identified as a
target gene which is responsive to Wnt-1 but independent of /-
catenin activation [20]. Furthermore, a negative feedback loop
was identified by the finding that the negative Wnt signalling
regulator axin2 is up-regulated in colorectal and liver tumours
[21,22].

In order to identify novel Wnt-1-regulated genes, we used the
method of cDNA suppression subtractive hybridization to com-
pare RNA from two cell lines: C57MG/Wnt-1 cells, which are
murine mammary epithelial cells that have been transformed by
stable transfection with the retroviral vector containing the Wnt-
1 gene, and C57MG/PLNCx cells, which have been derived from
the corresponding C57MG mother cell line by transfection with
empty vector [§].

MATERIALS AND METHODS
Cell culture

The colorectal tumour cell lines HCT116 and SW480 and the
colon normal cell line CCD841CoN were purchased from
American Type Culture Collection. The cell lines were cultured
under recommended conditions [23,24]. Total RNA from the
human colorectal normal cell line NCM460 was purchased from
InCell Corporation (San Antonio, TX, U.S.A.) [25]. Murine
mammary epithelial C57TMG cells [26] were grown in Dulbecco’s
modified Eagle’s medium supplemented with 4.5 g/1 glucose,
10 mg/1 insulin and 109, fetal bovine serum. Retroviral trans-
fection with Wnt-1 and morphological features of the Wnt-1-
transformed cells have been described in [8]. In addition to
morphological features of transformed cells, the C57TMG/Wnt-
1 cells show a high level of f-catenin as a result of stable Wnt-1
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expression. We compared the expression profile of Wnt-1-
transfected C57TMG cells with the profile of C57MG/PLNCx
cells. C5TMG/PCLNx cells are cells of the parent cell line
C57MG that have been transfected with empty vector and have
undergone the same selection process as CS7MG/Wnt-1 cells.

TS/A murine mammary adenocarcinoma cells [27] were cul-
tured in RPMI 1640 medium (Invitrogen) supplemented with
10 9, fetal calf serum. For tumour formation 10° TS/A cells were
injected subcutaneously into female SCID/beige mice (Harlan).
Animals were killed at a tumour size of about 1.5 cm in diameter,
and tumours were excised, fixed and analysed [28].

Suppression subtractive hybridization

We screened for Wnt-1-up-regulated genes by a PCR-based
cDNA suppression subtraction hybridization technique [29].
Total RNA was purified from confluent cell layers and incubated
with RNase-free DNase to avoid unspecific results from genomic
DNA. ¢cDNA was synthesized from 2 ug of mRNA with avian
myeloblastosis virus reverse transcriptase for first-strand syn-
thesis and T4 DNA polymerase for second-strand synthesis.
Restriction, adaptor ligation and hybridization steps were per-
formed as described [29]. The differentially transcribed gene
sequences were PCR-amplified, ligated into pCR2.1 (Invitrogen),
cloned and sequenced.

Reverse Northern and Northern blot analysis

Reverse Northern and Northern blot analysis were performed to
confirm the differential expression and to analyse the expression
patterns of the identified genes. The candidate gene sequences
were amplified using plasmid DNA containing the cloned cDNAs
of the candidates as templates. For reverse Northern equal
amounts of each PCR product were transferred directly on to a
pre-wetted nylon membrane using a dot-blot apparatus (Bio-
Rad). After washing, the membrane was dried and the immo-
bilized DNA was cross-linked with UV light. Total RNA from
C57TMG/PCLNx and C57MG/Wnt-1 cells was reverse trans-
cribed into radioactively labelled cDNA using poly(dT)-primed
reverse transcription in the presence of [x-**P]JdCTP. Non-
incorporated nucleotides were removed using a PCR fragment
purification kit (Qiagen). Radioactivities of the labelled cDNAs
were determined by liquid scintillation counting. After heat
denaturation, aliquots of the cDNAs representing equal amounts
of radioactivity were added to each membrane. The differentially
expressed candidate genes that could be confirmed by reverse
Northern blotting were analysed by conventional Northern
blotting. After denaturing agarose gel electrophoresis, the total
RNA was blotted on to nitrocellulose by capillary transfer. To
analyse the tissue- and tumour-specific expression patterns of the
identified genes, pre-made multiple-tissue expression arrays were
hybridized (Clontech Laboratories). The cDNA fragments of
murine and human homologues of the genes Herpudl or Nr4al
were [a-*?P]dCTP-labelled by cyclic labelling or by random-
primed labelling. Hybridizations of reverse Northern and North-
ern hybridizations were done according to standard protocols.

Transfection and immunocytochemical detection

To analyse the induction of transcription, the f-catenin sequence
was PCR-mutagenized to the transcription-activating mutant
Ser-33—Tyr (S33Y). This sequence was cloned into the mam-
malian expression vector pCl-neo (Promega) and transfected
into HEK-293 cells with transfection detergent (Qiagen). The
transcription levels of HERPUD1 and NR4A1 were analysed by
Northern blot and compared with the levels in cells transfected
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with empty vector. The intracellular localization of the
HERPUDI protein was analysed by fluorescence microscopy of
HEK-293 cells that had been transfected with the HERPUDI1
gene fused to the gene for green fluorescent protein. The
intracellular localization of the Nr4al protein was analysed by
immunostaining C57MG/Wnt-1 cells with primary polyclonal
anti-Nr4al antibody (Santa Cruz Biotechnology) and a sec-
ondary Cy3-labelled donkey anti-goat antibody.

Reporter gene assay

Reporter gene assays were performed as described in [30,31].
Rabbit kidney epithelial-like RK 13 cells were grown to 40—70 %,
confluence on 6 cm dishes and then transfected with a total of
10 pug of DNA by the calcium phosphate co-precipitation method.
We used the following vectors and constructs where indicated:
pKS+ /Ltk80-luc (control vector), topflash motif in pKS+/
Ltk80-luc, the Nr4al promotor in pKS+ /Ltk80-luc, the f-
galactosidase expression vector pEQ176 and f-catenin S33Y in
pCl-neo. The topflash promoter is a f-catenin/ TCF-dependent
promoter consisting of the repetitive TCF-binding site
WWCAAAG [31]. We cloned a synthetic oligonucleotide span-
ning four consecutive motifs in the pKS+ /Ltk80-luc vector.
This luciferase reporter gene under the control of the topflash
promoter was used as a positive control. For lithium stimulation
experiments cells were incubated with 20 mM LiCl for 24 h.
After transfection (36 h) cells were harvested and lysed. Lu-
ciferase and f-galactosidase activities were determined and
relative luciferase activity was obtained by normalizing lumin-
escence to f-galactosidase activity.

Accession numbers

The GenBank accession numbers of the nucleotide sequences
used are: Herpud1, NM022331; HERPUD1, XM027736; Nr4al,
NMO010444; NR4A1, D85245.

RESULTS

The transcription levels of Nr4a1 and Herpud1 are elevated in
Wnt-1-transformed C57MG cells

After cloning the library of differentially amplified sequence
fragments, 192 single colonies were picked, the plasmids were
purified and the inserts were amplified using flanking primers.
For reverse Northern analysis equivalent amounts of each PCR
fragment were immobilized on membranes and hybridized with
a cDNA library from C57MG/PLNCx or C57TMG/Wnt-1 cells,
respectively (results not shown). A fragment was regarded as a
putative candidate when it showed at least a 2-fold stronger
signal on the membrane hybridized with cDNA from C57TMG/
Wnt-1 cells compared with the corresponding signal on the
membrane hybridized with control cDNA from C57MG/PLNCx
cells. The mRNA levels of seven candidates were analysed by
conventional Northern blot. The evaluation of the mRNA levels
by Northern blot revealed the increased transcription levels of
two genes in C57TMG/Wnt-1 cells compared with C57TMG/
PLNCx cells (Figure 1). First, we detected a 400 bp sequence
fragment, which is identical with a fragment of the gene Nr4al,
formerly called nur77, which is the murine homologue of the
human TR3 orphan receptor [32-34]. Secondly, we identified a
443 bp gene fragment, which turned out to be a fragment of the
murine homologous gene of human HERPUD1 (‘homocysteine-
inducible, endoplasmic reticulum, stress-inducible, ubiquitin-like
domain member 1°), also called Mifl, which was originally
cloned as KIAA002S in a sequencing project [35,36].
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Figure 1 The transcription of Nr4a1 and Herpud1 is activated in Wnt-1-
transfected C57MG/Wnt-1 cells (Wnt) compared with C57MG/PLNCx
cells transfected with control vector (control)

Northern blots of total RNA were probed with a *2P-labelled fragment of Nra1 (A) or Herpud1
(B). To show the equal loading of RNA, the membranes were also hybridized with a *P-labelled
probe of the ubiquitously expressed gene glyceraldehyde-3-phosphate dehydrogenase (G3PDH).

The transcription of Nrda1 is induced by lithium and the Nr4a1
promoter is activated by lithium and S-catenin

Lithium ions inhibit GSK34 and increase the nuclear f-catenin
protein level, which leads to the activation of f-catenin/TCF-
induced transcription. Lithium is thus able to mimic Wnt
signalling [37]. To test whether Nr4al transcription is activated
by lithium, we analysed lithium-treated C57MG cells for the

Relative luciferase activity
1

transcription level of Nrdal. We found an elevated level in
lithium-treated cells in comparison with untreated cells (Figure
2A). Therefore one could assume that the promoter of a Wnt-
responsive gene is activated indirectly by lithium and directly by
p-catenin/TCF. We cloned the promoter region of Nr4al and
analysed the region for the responsiveness to lithium in a reporter
gene assay. The addition of lithium to the assay activates the
Nr4al promoter 2-fold (Figure 2B). To test whether the Nr4al
promoter is activated by f-catenin, we analysed the activity of
the promoter in the reporter gene assay after transfection of the
constitutively active S33Y mutant of f-catenin. We found a 2-
fold activation in f#-catenin S33Y-transfected cells (Figure 2C).
Since lithium mimics Wnt signalling by GSK3/ inhibition and
Wht signalling is transferred via f-catenin, these results confirm
that Nr4al is a target gene of the Wnt pathway.

The Nrda1 protein is localized in the nucleus independent from
Whnt-1 transformation and tumour progression

In human cancer cells, apoptotic stimuli lead to the activation of
NR4AT1 and the relocalization of the protein from the nucleus to
the mitochondria, where it induces cytochrome c¢ release [38].
Mitochondrial targeting of NR4A1, but not its nuclear DNA
binding and transactivation, is essential for its pro-apoptotic
effect. To get an idea about the intracellular localization of
murine Nr4al in Wnt-1-stimulated cells, we analysed C57TMG/
Wnt-1 cells and sections from murine mammary tumours by
immunocytochemical analysis. Remarkably, the Nrdal protein
was found selectively in the cell nuclei in all analysed cell types:
Nr4al showed nuclear localization in C57MG cells whether the
cells were Wnt-1-transfected or not (Figure 3A). The nuclear
localization was also found in the cells from murine mammary
tumours (Figure 3B). Thus the intracellular localization of the
Nrd4al protein seems to be independent from Wnt-1 trans-
formation or tumour progression.

Regarding the intracellular localization of the Herpudl pro-
tein, we confirmed recent findings [35]. We found the protein
localized around the nucleus and co-localized with the endo-
plasmic reticulum (results not shown).
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Figure 2 The transcription of Nrdat is activated by lithium and the Nr4a1 promoter is activated by lithium and by constitutively active f-catenin

(A) Total RNA from C57MG cells (control) and from C57MG cells that had been treated with LiCl (lithium) were probed with Nrda1. The ethidium bromide-stained agarose gel is shown to demonstrate
equal loading. (B) Luciferase reporter gene assays were performed to measure the Nr4al promoter activity. The Nrdal promoter shows 2-fold activation in the presence of lithium. As a control,
the activation of the /-catenin/TCF-responsive topflash promoter by lithium is shown. (G) Luciferase reporter gene assay to measure the Nr4al promoter activity. The Nr4a1 promoter shows 2-
fold activation in cells transfected with the constitutively active mutant 4-catenin S33Y. As a control, the activation of the /-catenin/TCF-responsive topflash promoter by /-catenin S33Y is shown.
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Figure 3 The Nrda1 protein is located in the cell nuclei

Cultured cells (A) or tumour sections (B) were immunostained with anti-Nrda1 antibody as
primary antibody (left column) and co-stained with the DNA dye DAPI (4,6-diamidino-2-
phenylindole) to visualize the nuclei (right column). (A) The Nrdal protein is localized in the
nuclei of C57MG cells transfected with empty vector (Control) or Wnt-1 (Wnt). (B) In murine
mammary tumour cells the Nr4al protein is localized in the cell nuclei. Scale bars, 20 zm.

Transcription of the human genes NR4A1 and HERPUD1 is not
induced in APC-inactivated or f-catenin-activated human cells

Next we wanted to know whether the results obtained with the
murine genes might be transferable to the homologous human
genes NR4A1 and HERPUDI. Since APC inactivation or f-
catenin activation have similar effects to the Wnt-1 signal, we

speculated that the expression levels of NR4A1 and HERPUDI1
are up-regulated in cells with an inactivating mutation in the
APC gene or an activating mutation in the f-catenin gene. To
test this hypothesis, we chose the colorectal cancer cell lines
SW480 and HCT116, which carry APC-inactivating and p-
catenin-activating mutations, respectively [39,40]. We compared
the transcription levels of the genes NR4A1 and HERPUDI in
these cell lines with the transcription levels in the normal human
colorectal cell lines NCM460 and CCD841CoN, respectively.
NR4A1 showed slightly lower transcription levels in the cell lines
SW480 and HCT116 from colorectal carcinomas compared with
the two cell lines from normal colorectal tissue NCM460 and
CCD841CoN (Figure4). HERPUDI1 showed lower transcription
in HCT116 cells compared with NCM460 cells. In addition, we
analysed the mRNA levels of the genes NR4A1 and HERPUDI1
in HEK-293 cells, after transient transfection with the oncogenic
f-catenin mutant (S33Y). We did not detect any differences in
the expression levels of the two genes in f-catenin-transfected
cells compared with cells transfected with empty vector (Figure
4). As a control experiment we compared the transcription levels
of the p-catenin/TCF-responsive gene cyclin D1 in the two
normal cell lines with the level in SW480 cells. As expected, the
cyclin D1 transcription level was elevated in the tumour cell line.

The genes NR4A1 and HERPUD1 are expressed ubiquitously in
human tissues; NR4A1 shows lower expression levels in most
tumours than in normal tissues

Using multiple tissue expression arrays, we analysed the tissue-
specific transcription patterns of the two human genes NR4A1
and HERPUDI. Both genes showed signals of similar intensities
in all tissues (results not shown). The NR4A1 gene shows only
little higher transcription levels in samples from myogenic tissues
and from endocrine glands compared with other tissues.
HERPUDI shows slightly higher transcription levels in samples
from particular regions of the brain in comparison with other
tissues.

By comparing the transcription levels in 68 human tumours
from different tissues, we found that NR4A1l showed higher
transcription levels in three tumours and lower transcription
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Figure 4 The transcription levels of the human genes NR4A1 and HERPUD1 are not increased in tumour cells and not increased by constitutively active

[-catenin S33Y mutant

The transcription levels of NR4A1 (A) or HERPUD1 (B) were analysed by Northern blots of total RNA from the two normal colon mucosa cell lines NCM460 and CCD841CoN and the two colon
carcinoma cell lines SW480 and HCT116, respectively. In both carcinoma cell lines the APC/-catenin pathway is constitutively activated due to mutations in the APC (SW480) or S-catenin genes
(HCT116). Interestingly, the transcription levels of NR4A1 and HERPUD1 are lower in the two tumour cell lines compared with the normal cell lines. Additionally, HEK-293 cells transfected with
the constitutively active S-catenin S33Y mutant (4 ) do not show increased transcription levels of the two genes in comparison to cells transfected with empty vector (—). The ethidium bromide-
stained agarose gels are shown to demonstrate equal amounts of loading. (€) Control Northern blot to show the increased transcription level of the /-catenin/TCF-responsive gene cyclin D1 in

SW480 cells in comparison with the transcription levels in NCM460 or CCD841CoN cells.
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Figure 5 Pre-made expression arrays of 68 human tumours from different
tissues and of corresponding normal tissues were probed with NR4A1 (A) or
HERPUD1 (B)

The matching tumour and normal tissues are plotted in two parallel rows, whereby the upper
rows represent the normal tissues, and the lower rows represent the tumours. (A) The NR4A1
transcription level is lower in most human tumours compared with the corresponding normal
tissues. Remarkably, the transcription levels of NR4AT were found to be lower in 33 of 68
tumours compared with the levels in the matching normal tissues. Only three tumours (one each
from kidney, uterus and stomach) showed higher transcription levels than the normal tissues.
(B) The HERPUD1 gene shows similar transcription levels in most tumours and normal
tissues. Seven tumours showed higher transcription levels (one from kidney and breast, five from
uterus), and six tumours showed lower transcription levels of HERPUD1 compared with the
corresponding normal tissues (three from kidney, two from colon, one from breast).

levels in 33 tumours compared with the corresponding normal
tissue (Figure 5). In the case of HERPUDI, seven tumours
showed higher transcription levels, and six tumours showed
lower transcription levels compared with the corresponding
normal tissues.

DISCUSSION

An exact knowledge of the genes that are controlled by the Wnt
pathway would enhance our understanding of the regulation of
cell division and differentiation. These genes might serve as novel
targets for anti-cancer therapy or as parameters for analysing
embryonic development. Here we provide data showing that the
two murine genes Herpudl and Nr4al are targets of Wnt-1

activation. Our findings are based on data from different
experimental levels. (i) The genes were identified by subtractive
hybridization, when Wnt-1-transfected C57MG cells were com-
pared with corresponding cells transfected with empty vector. (ii)
The levels of the two gene transcripts are higher in Wnt-1-
transfected cells compared with control cells. (iii) Incubation of
the cells with lithium, which inhibits GSK 3/ analogously to Wnt-
1, increases the Nr4al transcript level. (iv) The Nrdal promoter
is activated by lithium and by a constitutively active mutant of /-
catenin. Since the localization of the Herpudl promoter is not
yet known, we did not perform reporter gene assays with
Herpudl.

Remarkably, the two human genes NR4A1 and HERPUDI
are not up-regulated in cultured tumour cells with inactivated
APC or activated f-catenin. Additionally, the transcription levels
of the two genes are similar or even lower in most human
tumours compared with the corresponding normal tissues. We
could not detect significant levels of the NR4Al protein in
sections from human colorectal tumours (results not shown).
These findings correspond to the results showing that, in contrast
with the transcription level of the murine Nr4al gene, the trans-
cription levels of the two human genes NR4A1 and HERPUD1
are not up-regulated by transfection with constitutively active f-
catenin. These results were unexpected, since most Wnt-1-
responsive target genes reported so far respond to Wnt-1 through
activation of the p-catenin—Lef/TCF transcription activation
complex and are thus up-regulated in cells with inactivated APC
or activated f-catenin (for an overview of Wnt responsive genes
see  http://www.stanford.edu/ 9, 7Ernusse/wntwindow.html).
However, there is already an example of a Wnt-1-responsive gene
with decreased transcription level in human tumours [11]. There
are two possible explanations for the finding that the Wnt
responsiveness of a murine gene does not necessarily include its
up-regulation in human tumour cells with inactivated APC or
activated p-catenin. First, the regulation mechanism of the
murine genes Nrd4al and Herpudl might be different from
the regulation of the homologous human genes. Secondly, the two
genes might be new members of this group of genes, and in fact
be Wnt-1-responsive but f-catenin/TCF-4-independent [20]. In
the case of Nr4al, the second explanation is not very likely, since
its promoter can be induced by constitutively active #-catenin.

NR4A1 has dual intracellular roles. First, NR4A1l is an
immediate early gene induced by growth factors. The nuclear
NR4A1 protein forms heterodimers with the retinoid X receptor
and activates gene transcription [41]. Secondly, apoptotic stimuli
may lead to the increase of the NR4Al protein level in the
cytosol, where it associates with mitochondria resulting in
the release of cytochrome ¢ and cell death [38]. We found the
murine homologue Nr4al in Wnt-1-transfected cells and also in
mammary tumour cells mainly localized in the nuclei, which im-
plies a role in the activation of transcription and of proliferation.
Whnt-1 transformation does not influence the nuclear localization
of Nrdal. Considering our finding that Nr4al transcription is
induced by Wnt-1, one could assume that Nr4al acts as a Wnt-
1-inducible transcription activator. The Nr4al receptor is able to
bind to the long terminal repeat of the mouse mammary tumour
virus, which might lead to the activation of the virus [42].
Proviral integration of mouse mammary tumour virus into the
genome of murine breast epithelial cells leads to the activation of
Wnt-1 [43]. Since we identified Nr4al as a Wnt-1-responsive
gene, our findings suggest an autocrine activation loop resulting
from mouse mammary tumour virus infection.
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