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We have cloned proteins that interact with the nuclear orphan receptor RZRS using the yeast two-hybrid
system. We identified, amongst a number of other genes, the nucleoside diphosphate kinase (NDPK)-2 aso
known as Nm23-2, c-myc regulatory factor PuF and differentiation inhibitory factor. RZR3 specifically
interacts with Nm23-2 but not with the closely related tumor metastasis suppressor candidate gene product
Nm23-1. In contrast, RORa interacts with both Nm23 proteins. These findings were corroborated by in
vitro interaction assays based on GST-pulldown experiments. With n-myc we propose a candidate gene
regulated by RORa/RZRS and Nm23, based on the finding that the respective DNA binding sites in the
first intron are conserved in several mammalian species. © 1996 Academic Press, Inc.

The receptors for steroids, vitamin D, thyroid hormone, and the retinoids are prominent
members of the nuclear receptor superfamily [e.g., 1]. More members of this superfamily have
been identified by homology cloning. They are known as orphan receptors, referring to the
fact that their ligands are unknown [2,3]. The nuclear orphan receptors ROR«a, RZRS and
RORYy constitute a small subfamily identified independently by several groups [4-7]. ROR«
isexpressed in avariety of organs with highest levels of specific MRNA detected in leukocytes
[4]. Recently, it was found that the mouse mutation staggerer is caused by a disruption of the
RORa gene [8]. Expression of the RZRS gene appears to be restricted to the central nervous
system. Its anatomical distribution suggests a role in sensory input integration and circadian
biology [9,10]. RORYy is expressed at highest levelsin muscle tissue [ 7] and might be involved
in differentiation processes [A. Jetten, personal communication].

To learn more about the molecular mechanisms of ROR/RZR function, we performed a
yeast two-hybrid screen with the aim to identify proteins that interact with these receptors. In
this study we report the identification of Nm23 as a binding partner specific for RORa and
RZR3. We will discuss possible implications of our findings.

MATERIALS AND METHODS

Srains, plasmids, media, and microbiological techniques. The yeast strain Y190 (MATa gal4 gal80 his3 trp1-901
ade2-101 ura3-52 leu2-3,112, GAL1-lacZ@URA3, GAL1-HIS3@LYS2 cyh') was obtained from S. Elledge [11]. The
mouse brain cDNA library in vector pGAD10 was from Clontech (Cat. No. ML4003AB, mouse strain BALB/c; Palo
Alto, CA). Plasmid pRTH10 was constructed using pY TH9 as basic vector. A PCR-generated DNA fragment encoding
the ligand-binding domain of rat RZRS (Ser”® - end) was cloned between the EcoRI and Bglll sites thus fusing it

1 To whom correspondence should be addressed.

Abbreviations: AD, activation domain; BD, DNA-binding domain; GST, glutathione-S-transferase; LBD, ligand-
binding domain; NDPK, nucleoside diphosphate kinase; Nm23, non-metastatic 23; PCR, polymerase chain reaction;
ROR, retinoid acid receptor related orphan receptor; RT-PCR, reverse transcription PCR; RZR, retinoid Z receptor.
In nucleotide sequences. D = A, G, or T; N = any nucleotide; R = A or G; W = A or T.
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downstream of the Gal4p DNA-binding domain (Gal4-BD). Plasmid pRTH15 was constructed in a similar way using
a PCR-generated DNA fragment encoding the ligand-binding domain of human RORa (Ser™ - end) and pGBT9 as
parent plasmid (Clontech, Palo Alto, CA). yeast and bacterial strains were propagated using standard methods. YPD
and SD media have been described [12]. Yeast transformations were performed by the lithium acetate method as
described [13]. For GST-pulldown experiments fusions between glutathione-S-transferase (GST) and the respective
cofactor were constructed in the plasmid pGEX-4T1 (Pharmacia, Sweden).

Library screening. Plasmid pRTH10 was cut with Xbal and integrated at the TRP locus in the Gal 1-lacZ and Gal1-
HIS3 reporter strain Y190 leading to Trp prototrophy. This strain was then transformed to Leu prototrophy with a
library of plasmid pGAD10 containing mouse brain cDNAs fused to the Gal4 activation domain (AD; amino acids
768-881). Aliquots were taken from each transformation mix before plating and used to determine the transformation
efficiency on medium lacking trp and leu. The transformation mix was then plated on 20x20 cm petri dishes containing
SD medium lacking trp, leu, and his but including 30 mM 3-AT (Sigma), and incubated at 30°C for 3-5 days. His"
colonies were then screened for S-galactosidase activity using a filter lift assay [14]. Colonies were transferred onto
nylon filters (Hybond N, Amersham), permeabilized by freezing at —80°C (20 min.), and thawed at room temperature.
Filters were then overlaid on Whatman 3MM paper saturated with an X-gal solution and incubated at 37°C overnight.
Positive colonies were picked from the SD-trp,-leu,-his,+3-AT plates and grown overnight in 10 ml of YPD medium.
DNA prepared from these cultures was transformed into E. coli to isolate and amplify the appropriate library plasmids.
cDNA inserts were sequenced using flanking primers and cycle sequencing with fluorescent terminators (Applied
Biosystems).

[-Galactosidase assays. 3-galactosidase assays on plates were essentially carried out as described previously [14].
Briefly, cells were transferred from the selective media (SD-his-leu-trp+30mM 3AT) onto a nylon filter (Hybond N,
Amersham), the filter was placed at —80 °C for approx. 20 min. and was then placed on a piece of filter paper soaked
in a solution of 100 mg/l X-gal in 0.1 M NaPO, buffer pH 7.0 and incubated for the appropriate period of time. For
[-galactosidase assays in liquid media, strains carrying the two-hybrid plasmids were grown to mid-log phase in
selective SD-trp-leu medium. Cultures were diluted into YPD medium and incubated for 4-5 hr at 30°C before
preparation and assayed for 3-galactosidase as described previously [15,16]. Typically, four individual transformants
of each plasmid combination were selected for liquid assay.

Interaction assay. GST-fusions were expressed in E. coli and purified on glutathione Sepharose 4B beads according
to the manufacturer (Pharmacia, Sweden). The in vitro translation reactions were performed in the presence of
[*S]methionine (Amersham) using TNT extracts from Promega and the recombinant expression vector pSG5 encoding
the human RZRa (the fourth N-terminal splicing variant of RORa) or rat RZRS. Purified GST-fusion protein bound
to glutathione Sepharose beads was incubated with aliquots of in vitro-translated RORa or RZRS at room temperature
for 30 min. Repeated washings with phosphate-buffered saline / 1% Triton X-100 at room temperature and incubation
with 10 mM glutathione in 100 mM Tris-HCI (pH 8.0) released specifically bound protein which was detected by
polyacrylamide gel electrophoresis and autoradiography of the dried gel.

RESULTS AND DISCUSSION
Isolation of Cofactors of RZRS3

Tofind proteins interacting with ROR/RZR, atwo-hybrid screen was performed as described
[17] using reagents as published [11]. Approximately 10° transformants were spread on SD-
his, -leu, -trp, +30 mM 3-AT plates, selecting for the transcriptional activation of the Gall-
HIS3 reporter construct. After selection, transformants were screened for their ability to produce
[-galactosidase using a filter lift assay [14]. Since strain Y190 carrying the integrated RZRS
bait fusion alone generated some background -galactosidase activity, only colonies displaying
a positive signal after a maximum of 30 min. were isolated and further analyzed. A tota of
60 colonies was subjected to further tests.

The library-derived plasmids from these colonies were extracted and recovered in E. cali.
The inserts of the isolated plasmids were partially sequenced using primers derived from
flanking sequences. The cDNAs encoding proteins strongly interacting with RZRg fell into five
classes. One class contained cDNASs encoding the mouse Nm23-2 (also known as nucleoside
diphosphate kinase-2, NDPK-2), a second class contained the previoudly identified TRIP1
protein [18], and the cDNAs in the remaining three classes showed no obvious homology to
any known segquence in the database.

Highly conserved homologues of Nm23 have been found in all eukaryotic organisms exam-
ined including prokaryotes, plants, insects and vertebrates where the geneisinvolved in normal
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FIG. 1. Nm23 and RORa/RZRg interact in the yeast two-hybrid system. S-Galactosidase assays reveal protein-
protein interactions in vivo between Gal4BD-ROR« or -RZRg fusion products and Nm23-H1- or Nm23-M2-Gal4AD
fusion products, respectively.

organogenesis and differentiation. There are two Nm23 genes, nm23-1 and nm23-2. They
encode proteins of about 17 kD which are about 90% identical at the level of peptide sequence.

To characterize in more detail the interactions between Nm23 and ROR/RZR, several fusion
constructs were created: the N-terminal 60 amino acids of mouse Nm23-2 predicted to be
important for biological activity [19] were fused to Gal4p-AD; the human Nm23-1 was cloned
by RT-PCR and was fused to Gal4p-AD; the ROR« ligand-binding domain (LBD) was fused
to the Gal4p DNA binding domain (BD; amino acids 1-147). The plasmids encoding the BD-
ROR/RZR and AD-Nm23 fusions were introduced into yeast strain Y190 and tested for
interaction using liquid S-galactosidase assays. Figure 1 shows that mouse Nm23-2 was inter-
acting with RZRg and even more strongly with ROR«, while human Nm23-1 was specifically
interacting only with ROR«. Moreover, the N-terminal 60 amino acids of mouse Nm23-2
retaining the putative I-factor activity [19] were sufficient to generate a signal clearly above
background with both RORa and RZR3. We aso tested other, related, nuclear receptors for
their ability to interact with Nm23 (thyroid hormone receptor 3, retinoic acid receptor f3);
however, there were no specific interactions with these nuclear receptors (data not shown).
We propose, therefore, that the interaction between Nm23 and the ROR/RZR’s is unigque
amongst the members of the nuclear receptor superfamily.

In Vitro Binding Assays

To show physical protein-protein interactions between the ROR/RZR’s and the Nm23's we
performed GST-pulldown experiments. Recombinant GST-Nm23’s bound efficiently in vitro-
translated [S*®]methionine-labeled RZR's (Fig. 2). The interactions were strongest between
RORa and the GST-fusions of mouse Nm23-2 and human Nm23-1. RZRS only weakly
interacted with the human Nm23-1 while it bound much more efficiently to the murine Nm23-
2. The N-terminal 60 amino acid portion of Nm23-2 conferred significant binding to both
GST-ROR/RZR fusion proteins. The interactions were robust enough to persist in the presence
of 1% Titron X-100. Taken together the in vitro binding assays essentialy confirm the yeast
two-hybrid transcription assays.

What s the Function of the RZR/Nm23 Interaction?

The nm23 gene was originadly identified in differential colony hybridization experiments
performed on low and high metastatic murine melanoma cell sublines [20]. Nm23 RNA levels
correlated inversely with metastatic potential [21]. Moreover, transfection of nm23 cDNA has
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FIG. 2. Nm23 and ROR/RZR physically interact in vitro. The ability of various GST-Nm23 fusion proteins to
interact with [S®*]methionine-labeled in vitro-translated RORa and RZRj was evaluated in GST-pulldown assays.

been reported to suppress malignant progression in Drosophila and mammalian cells. There-
fore, the nm23 gene has been proposed as a tumor metastasis suppressor gene. However,
exceptions to this rule have been found in colonic neoplasms [22,23] and in advanced neuro-
blastoma tumors that are associated with N-myc oncogene amplification and metastasis [24].

The biochemical mechanism is unknown by which Nm23 and its homologues confer the
modulation of metastatic processes and differentiation programs in various organisms and
tissues. The product of the nm23 genes is an enzyme that catalyzes the transfer of a phosphate
residue from NTPto NDP, hence its other designation: nucleoside diphosphate kinase (NDPK).
It has been questioned whether this enzymatic activity is responsible for the various biological
effects of nm23-1 and nm23-2 but no evidence was found supporting such a correlation
[reviewed in 25]. Rather the phosphorylation state of a certain serine residue of Nm23-1
appears to correlate with the tumor metastasis suppression potential [26].

A number of additional functions has been proposed including a role for Nm23-2 as a
cofactor modulating the transcriptional activity of certain promoters, like e.g., that of the c-
myc gene [27]. Repeats of pyrimidine-rich DNA binding motifs (CCCACCC) have been
reported as binding site of Nm23-2 in the promoter of the c-myc gene [28]. Moreover, it was
shown that the NDPK activity is irrelevant for the DNA binding and in vitro transcriptiona
activity of Nm23-2. This parallels the finding that the differentiation inhibitory effect of Nm23-
2 is not linked to the kinase activity either [19] as well as our finding that the first 60 amino
acids are sufficient to encode significant binding activity to ROR/RZR. It is, therefore, tempting
to speculate that the interaction between Nm23 and ROR/RZR is part of the mechanism
underlying the biological activities of Nm23. It would be interesting to see whether point
mutations of Nm23-H1 described in neuroblastomas [29] or the phosphorylation state of its
Ser,, residue correlating with tumor metastasis suppression better than expression levels [26]
affect the interaction with RORa.

We performed transient transfection experiments using a variety of cell lines to test whether
Nm23-1 or Nm23-2 can augment or influence the transcriptional transactivation of either
RORa or RZRS. However, we could not see any effect, possibly because Nm23/NDPK is a
ubiquitous factor present in saturating amounts with respect to ROR/RZR. In a computer-
assisted search of the DNA sequence data base we identified in the first intron of the N-myc
gene a putative response element for ROR/RZR as well as three putative binding sites for
Nm23-2. Interestingly, these elements are conserved between human, mouse, and rat (Fig. 3).
Again, in transient transfection assays using parts of this first intron sequence engineered
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Mmnmyc 2175 gtgcgtcCCCACCCcaagctggggttctec. . .aaaaggtgccgcggggaaagaaggaaaa.ggggttaggcgaagettaggtaggtgectgagtgatAATGTAGGTCACggCtge 2217

PEPEPTPRLE TR TEVEEEER et e anne i il Il PEETEEEE i b1l [ Ll LT

Hsnmyc 2361 gtgcgtcCCCACCCcaggetggggttettctccaaagggtgecectggaggaagaagagggggggattaggcagggcy.-aggecgecgegy. - - LegcAATCTGEATCACggetge 2406

PELPTITTLTLLT T T FECEE T TR R T el I [ et

Rnnmyc 1456 gtgogtcCCCACCCCaagetyy. . . . Cttegctaaaaggtgecyc . ggggaaggaaggaaaaggggttaggegaaget . . . .acggtgct tgagtgat AATGTAGGTCAC .gctec 1496
Nm23-2 . ROR/RZR
Manmye 2735 gecacaccacccectgcatctgcaagececctCCCACTCecagtectagacagettgtacacaaaaggag. - . . ggagtaggggagacget . . . . caactttctCCCACCTtccag 2842

F PR TP PEVPEEEE L s e LEE FEEEEPEE TR R [ FEVEEE L =TT
Hsnmyc 3016 tcgocaccaccccctgeatetgeatgececctCCCACCCactgtegtagacagettgtacacaaaaggagggcgggagggagggagegagaggcacaactt .ccTCCACCTEeggg 3130
PEVLE TEEE TR LERELE T FEE LTI

I FECTEE 00 T T FEEET TEEEE T
Rnnmyc 2129 gecacacca.ccectgcat . tgcaagcecccctCCCACCCecagtettagacagettgtaccacacaaaaggacgggagtaggg. . . .gagaggetcaacttt . cTCCACCTEccag 2237
Nm23-2 Nm23-2
FIG. 3. Sequence comparison of part of the first intron of the mouse, human and rat N-myc genes. The numbers
indicate the positions as deposited in the GenBank (Accession No. M12731, Y 00664, X63281). The dinucleotide gt
marks the 5’ splice site of the intron. The conserved putative binding sites for ROR/RZR (RORE: DAWNTRGGTCA)
and Nm23-2 (CCCACCC) are highlighted in boldface letters.

upstream of the SV40 minima promoter driving the expression of a reporter gene we were
unable to see synergistic effects when both factors were over-expressed. We reason, therefore,
that the cellular systems we used may hide the Nm23 effect on ROR/RZR because of high
endogenous levels of the cofactor Nm23.

It isalso conceivable, however, that ROR/RZR modul ates the biological activity of Nm23 by
binding to this enzyme and thereby influencing its DNA-binding behavior or other interactionsit
might have with cellular components leading to the biological phenomena observed. This
would be reminiscent of the interaction of some disease-related proteins that contain stretches
of polyglutamine (e.g., huntingtin) with glyceral dehyde-3-phosphate dehydrogenase (GAPDH;
[30]) rendering GAPDH and its role in energy metabolism the cause of the observed disease
phenomena.
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