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ABSTRACT

NET family members have recently emerged as important players in the development of multiple structures, from the trachea of fly larvae to
the vertebrate eye and human breast cancers. However, their mechanisms of action are still poorly understood, and we lack a detailed
characterization of their functional domains, as well as gene expression patterns—particularly in adult mammals. Here, we present a
characterization of human NLZ1/ZNF703 (NocA-like zinc finger 1/Zinc finger 703), one of the two human NET family member genes. We
show that the gene is ubiquitously expressed in adult human and mouse tissues, that three mRNA species with the same coding sequence
are generated by alternative polyadenylation, and that the encoded protein contains six evolutionarily conserved domains, three of which
are specific to NET proteins. Finally, we present functional evidence that these domains are necessary for proper subcellular distribution of and
transcription repression by the NLZ1 protein, but not for its interaction with Groucho family co-repressors. J. Cell. Biochem. 114: 120-133,
2013. © 2012 Wiley Periodicals, Inc.
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|\ /I embers of the recently identified NET (for nocA, Nlz, elB,

TLP-1) protein family [Nakamura et al., 2004] have been
emerging as crucial for a variety of developmental processes.
Drosophila’s nocA (no ocelli) has been implicated in the develop-
ment of the flies’ embryonic brain [Cheah et al., 1994], larval trachea
[Dorfman et al.,, 2002] and adult ocelli [Ashburner et al., 1982],
wings and legs [Weihe et al., 2004] and its homologue elB (elbow B)
has also been implicated in Drosophila’s leg and tracheal
development [Ashburner et al., 1982; Dorfman et al., 2002]. In

C. elegans, the single NocA/EIB known homologue, TLP-1, is
involved in male tail morphogenesis, where it controls asymmetric
cell fate and cell fusion [Zhao et al., 2002]. In vertebrates, the Nlz1
(also known as Znf703) and Nlz2 (Znf503) paralogues have been
shown to participate in developmental processes such as brain
patterning, limb formation and optic fissure closure [Andreazzoli
et al., 2001; Sagerstrom et al., 2001; Chang et al., 2004; Runko and
Sagerstrom, 2004; McGlinn et al., 2008; Brown et al., 2009; Ji et al.,
2009].

Abbreviations: NLZ1, NocA-like zinc finger 1; NLZ2, NocA-like zinc finger 2; GRG5/AES, Groucho-related gene 5/
amino-terminal enhancer of split; EST, expressed sequence tag; HDAC, histone deacetylase; UTR, untranslated region;
RACE, rapid amplification of cDNA ends.
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Computational analyses have shown that the NET family proteins
are related to the Sp/Buttonhead family of transcription factors, with
which they share three conserved domains: Sp, buttonhead box (Btd
box) and a C,H, zinc finger [Philipsen and Suske, 1999; Suske,
1999]. Apart from this similarity, several lines of evidence indicate
that NET proteins regulate gene expression, primarily as transcrip-
tion repressors [Dorfman et al., 2002; Runko and Sagerstrom, 2003;
Nakamura et al., 2008; Ji et al., 2009; Slorach et al., 2011]: several
NET proteins have been shown to interact with members of the
Groucho family of co-repressors or Histone Deacetylases (HDAC) 1
and 2 [Dorfman et al., 2002; Runko and Sagerstrom, 2003; Runko
and Sagerstrom, 2004; Ji et al., 2009]; Gal4-Nlz1 and Gal4-Nlz2
fusions repress transcription from Gal4-responsive promoters, both
in cell lines and zebrafish embryos [Nakamura et al., 2008; Ji et al.,
2009]; NLZ1 has been shown to repress TGFBR2 [Holland et al.,
2011] and E-cadherin expression, as well as TCF/LEF-dependent and
TGFR reporter activation [Slorach et al., 2011].

In humans, two NET family members, NLZ 1/ZNF703 (also known
asFLJ14299, AK024361, Zeppo1 and henceforth referred to as NLZ 1
for NocA-like zinc finger 1) and NLZ2/ZNF503 (NLZ2), have been
identified [Dorfman et al.,, 2002; Zhao et al., 2002; Runko and
Sagerstrom, 2003; Gerhard et al., 2004; Ota et al., 2004; Slorach
et al., 2011]. They are located respectively on chromosomes 8
(8p11.23) and 10 (10g22.2) in regions which arose by duplication of
the ancestral 8p11 region, around 730 million years ago [Vienne
et al., 2003]. Several studies have associated gene amplification of
the 8p11-12 chromosomal region with human breast cancers,
predominantly of the luminal B subtype, and two recent indepen-
dent studies have identified NLZ1 as the associated oncogene [Ray
et al., 2004; Garcia et al., 2005; Gelsi-Boyer et al., 2005; Yang et al.,
2006; Adelaide et al., 2007; Bernard-Pierrot et al., 2008; Kwek et al.,
2009; Holland et al., 2011; Sircoulomb et al., 2011]. Furthermore,
overexpression of Niz1/Zeppo1 has been associated to breast cancer
progression and metastasis in mice [Slorach et al., 2011].

Despite the growing interest in NET family members, the role of
human NLZ1 in non-pathological processes is still unknown. It is
therefore crucial to provide new information in order to better
understand the function of this protein in normal cellular contexts.
Herein, we provide the first molecular characterization of human
NLZ1. We show that the gene is ubiquitously expressed in adult
human and mouse tissues and subject to alternative polyadenyla-
tion; demonstrate that the NLZ1 protein contains six evolutionarily
conserved domains, three of which have not been previously
described and are specific of NET proteins. Finally, we show that
human NLZ1 interacts with a Groucho family co-repressor, is a
transcriptional repressor and present evidence that the NET protein-
specific domains are necessary both for proper subcellular
distribution of the protein and for its function as a transcription
repressor.

NLZ1 EXPRESSION STUDIES

Total RNA from human normal tissues was obtained from the
FirstChoice®™ Human Total RNA Survey Panel (Ambion, Austin, TX).
Total RNA from human cell lines and mouse normal tissues was

isolated using the TriPure isolation reagent (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from 3 pg of
total RNA using 100U of SuperScript™ II Reverse Transcriptase
(Invitrogen, San Diego, CA) and 100 ng of random hexamer primers,
following the manufacturer’'s protocol, in a 20 pl reaction. PCR
amplifications of human and mouse NIzl were performed as
described [Pereira-Castro et al., 2012]. Primer sequences (5'-3') used
were: human and mouse NizI ATGAGCGATTCGCCCGCTG (F) and
TGCCGGTCTGCGAGCAGGTC (R); human GAPDH CCAGCCGAGC-
CACATCG (F) and GGTCATGAGTCCTTCCACG (R) and mouse Gapdh
AATGGTGAAGGTCGGTGTG (F) and GGCAGTGATGGCATGGAC
(R). Samples were amplified for 30 cycles at 95°C for 30s, 62°C
for 60s, and 72°C for 45s, after an initial denaturation at 95°C for
5min and followed by a final extension step of 5min at 72°C in a
MyCycler thermocycler (Bio-Rad Laboratories, Richmond, CA).

3’-RAPID AMPLIFICATION OF cDNA ENDS (RACE) AND
3’-EXPRESSED SEQUENCE TAG (3’-EST) ANALYSES

3'-RACE cDNA synthesis was made with the SMARTer™ RACE
Amplification Kit (Clontech, Palo Alto, CA) using 1 ug of human
placenta total RNA (Clontech) or 1png of human muscle, liver,
intestine or brain RNA (Ambion) according to the manufacturer’s
protocol. The 3’-RACE PCR was performed as described [Lopes-
Marques et al.,, 2012] using the NLZI-specific primer (5'-GG-
CCTAAGCCGGTACCACCCCTATG-3') for hybridization on NLZ1’s
exon 2. Amplification conditions were as indicated in the
SMARTer™ RACE Kit protocol. 3'-RACE PCR products were gel
purified, cloned into an in-house developed TA cloning plasmid
(pUAmp5-TA) and three clones of each were sequenced using the
following vector primers TA-F (5'-GATTTTTGTGATGCTCGTCAG-3’)
and TA-R (5-GGGTTCCGCGCACATTTC-3’). We confirmed the
chromosomal location of the NLZ1 3'-RACE transcript sequences
by running a local copy of the Basic Local Alignment Search Tool
(BLAST) implemented on the Geneious v5.3 program [Drummond
et al, 2009] with a custom database including the reference
sequence of the human chromosome 8 (NC_000008).

We also collected all 3’-Expressed Sequence Tags (3’-EST)
available at the UniGene database (http://www.ncbi.nlm.nih.gov/
unigene) corresponding to the NLZ1 3’-end (Hs.726062). From
these, we selected the sequences (n=56) that contained a
polyadenylation signal or tail for 3’-ESTs analysis in order to
guarantee mRNAs with the 3’-end. The location of all 3'-ESTs on
NLZ1 mRNA was determined using BLAST as described above.

IDENTIFICATION OF CONSERVED DOMAINS IN NLZ1 HOMOLOGUES
The sequences of all proteins related to NLZ1 were retrieved from
the Ensembl (http://www.ensembl.org) and NCBI (http://www.
ncbi.nlm.nih.gov) databases. The combination of suggested ortho-
logues in Ensembl with a BLASTP search against the NCBI database
(non-redundant protein sequences), using the human NLZ1
sequence as query, allowed us to recover a total of 48 protein
sequences. All complete protein sequences were aligned using the
default settings of the MUSCLE 3.6 software [Edgar, 2004] running
on the Geneious program v5.3.
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PLASMID CONSTRUCTION

Plasmids were generated by subcloning the relevant human cDNA
fragments (e.g., coding for residues 280-532 of NLZ1 in the case of
NLZ1,g0_53,) into yeast two-hybrid bait (AS3, an AS2 (Clontech)
derivative with a single EcoRI restriction site) or prey (ACT2, Clontech)
plasmids and the mammalian expression vectors pPCMV-Myc, pCMV-
HA (Clontech), and pCMV-G4BD (generates fusion proteins with the
Gal4-DNA binding domain). For the 15UTSV-Luc reporter plasmid,
15 copies of the Gal4 upstream activation sequences (UAS), generated
by concatamerization of the 5 Gal4 UAS present in UASg-Bgal
[da Costa et al., 1996], were cloned into an SV40-driven luciferase
reporter upstream of the SV40-promoter (from P5 [da Costa et al.,
1996]). All plasmids were sequenced using the Big Dye Terminator
Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA) and the ABI
Prism 3130XL Sequencer (Applied Biosystems) to ensure that they had
the correct sequence. Additional details of plasmid construction are
available upon request.

YEAST TWO-HYBRID ASSAYS

For the yeast two-hybrid interaction assays, the AHI109 yeast
reporter strain (with copies of Ade and His3 reporter genes under the
control of Gal4-dependent promoters) was transformed with
pACT2-NLZ1, pACT2-NLZ134;_590 0r pACT2-NLZ1,_53, bait plas-
mids and the pAS3-GRG5 prey plasmid as described previously
[Gietz and Woods, 2002]. Yeast growth in synthetic complete (SC)
media lacking leucine (-Leu) and tryptophan (-Trp) was used to
verify the transformation efficiency. Interaction between GRG5/AES
and full-length NLZ1 protein was tested using selective medium also
lacking histidine (SC-His-Leu-Trp) and the strength of the
interaction assessed by using increasing concentrations (up to
12 mM) of 3-Amino-1,2,4-triazole (3-AT; Sigma) in the medium. In
the case of the interaction between NLZ1 domain deletion plasmids
and GRG5/AES, yeast transformants were selected for their ability to
grow in SC-Ade-Leu-Trp medium, determined after 5 days at 30°C.

CELL LINES

HEK293 and HeLa cell lines were maintained in DMEM (Dulbecco’s
modified Eagle medium; Invitrogen) and the MCF7 cell line in
RPMI 1640 with GlutaMAX™ (Invitrogen), all supplemented with
10% FBS (fetal bovine serum) (Invitrogen), and 1% of a solution
containing 10,000 units/ml of penicillin and 10,000 pg/ml of
streptomycin. Cells were incubated at 37°C in a 5% CO, atmosphere
and split every 3 days to maintain subconfluency.

CO-IMMUNOPRECIPITATION

Prior to transfection, HEK293 cells were grown on T25 flasks
at standard culture conditions to 40-60% confluency. Cells were
transiently transfected by the calcium phosphate precipitation method
using 1 pg of each expression plasmid. The total amount of transfected
DNA was adjusted in all cases to 10wg by addition of the
correspondent backbone vector. In each case, 200 ul of 2xHBSP
(280 mM NaCl, 10 mM KCl, 50 mM Hepes, 1.6 mM Na,HPO, - H,0 and
10mM glucose) and 200 pl of 250mM CaCl, were added to the
plasmid DNA mixture. This solution was incubated for 40 min at room
temperature and then added to each T25 flask. The medium was
replaced 24 h later and the cells were harvested 48 h after transfection.

Briefly, cells were washed twice with cold 1x PBS and lysed in 400 .l
of lysis buffer (140mM NaCl, 2.7mM KCl, 10mM Na,HPO,,
1.8mM KH,PO,, 1% Triton X-100, 1% Nonidet P-40, 1mM
phenylmethylsulfonyl fluoride, 20 mM NaF, 3 mM sodium vanadate,
10 pg/ml aprotinin and 10 pg/ml leupeptin). The supernatant was
collected by centrifugation at 14,000g for 5 min and 500 pg of total
protein extracts were incubated for 2 h with rotation at 4°C with 2.5 pg
of a mouse monoclonal anti-c-Myc antibody (Clontech). Immuno-
precipitates were incubated for 30 min with Protein G-Sepharose
beads 4 Fast Flow (GE Healthcare, Waukesha, WI). After the
incubation, the beads were washed three times with 1ml of lysis
buffer and boiled in sample buffer. For the total protein lysates 20 pug
of protein was loaded per case. Proteins were separated by SDS-PAGE,
transferred onto a Hybond nitrocellulose membrane (GE Healthcare)
and subjected to Western blot analysis. Briefly, membranes were
blocked for 30 min with 5% non-fat milk in PBS + 0.5% Tween-20
(Sigma) and incubated for 2h with a rabbit polyclonal anti-HA
antibody (Clontech; 1:1,000 dilution). HA epitope-tagged GRG5/AES
was detected using a horseradish peroxidase-conjugated goat anti-
rabbit (Santa Cruz Biotechnology, Santa Cruz, CA) secondary antibody
(1:2,000 dilution) followed by ECL detection (GE Healthcare).

IMMUNOFLUORESCENCE

Cells were plated in 24-well plates on top of glass coverslips at a
density of 1 x 10° cells per well and incubated to 50% confluency.
Transfections of expression plasmids were performed using 2.5 .l of
Lipofectamine™ 2000 reagent (Invitrogen) and 0.5pg of each
plasmid. The total amount of transfected DNA was adjusted in all
cases to 1 g per well by addition of an irrelevant (backbone)
plasmid. Lipofectamine™/DNA mixtures were incubated for 20 min
at room temperature prior to addition to the cells. The media were
replaced 12 h after transfection and cells were collected 48 h post-
transfection. For immunofluorescence, cells were washed twice with
cold PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich) for
20 min, incubated in 50 mM NH,Cl (Sigma-Aldrich) for 10 min
and permeabilized for 5min with 0.2% Triton X-100 in PBS.
Thereafter, cells were blocked with 4% bovine serum albumin for
30min and incubated with a mouse monoclonal anti-c-Myc
antibody (Clontech; 1:100 dilution) for 1h at room temperature
followed by incubation for 45 min in a dark chamber with a rabbit
anti-mouse IgG conjugated with FITC (fluorescein isothiocyanate;
Dako, Copenhagen, Denmark) secondary antibody (1:100 dilution).
Cells were mounted in Vectashield Mounting Medium with DAPI
(Vector Labs, Burlingame, CA) and visualized under a Laser
Scanning Confocal Microscope Leica SP2 AOBS SE (Leica, Wetzlar,
Germany) using the 40x objective. Images were edited using the
Leica LCS Lite image editor (version 2.61).

LUCIFERASE AND B-GALACTOSIDASE ASSAYS

For luciferase assays, cells were plated the day before transfection at
a density of 1 x 10° cells per well in a 24-well plate. Transfections
were done in triplicate with Lipofectamine™ 2000 (Invitrogen) as
described above, using 0.65 g of the effector plasmids and 0.25 p.g
of the 15UTSV-Luc reporter plasmid in the case of the Gal4-reporter
assay, and 1 g of the Myc-Nlz1 full length or Myc-Nlz1 fragments,
0.1 pg of pCMV-B-catenin and 0.1 pg of the TCF-Luc or TCF*-Luc
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[da Costa et al., 1999] for the TCF/B-catenin reporter assay. In each
case, 0.1 ug of the CMV-B-galactosidase plasmid (Clontech) was
co-transfected to normalize for transfection efficiency. The medium
was replaced 12h after transfection and cells were collected to
determine luciferase and P-galactosidase activities 24 h later.
Luciferase assays were performed according to the protocol
recommended by the manufacturer (Promega, Madison, WI1). Briefly,
cells were washed in cold PBS and lysed with 100 .l of Reporter
Lysis Buffer (Promega) per well. Scraped cells were centrifuged at
14,0009 for 2 min and the supernatant was collected. An aliquot of
20 ul of each cell lysate was added to 100 pl of Luciferase Assay
Reagent (Promega), and the luciferase activities were determined
using a 1450 TriLux MicroBeta luminescence counter (Wallac,
PerkinElmer, MA). The B-Galactosidase assays [da Costa et al., 1996]
were performed in 96-well plates using 5 .l of each cell lysate and
45 pl of Z buffer with B-mercaptoetanol. Reactions were initiated by
addition of 10wl ONPG (Sigma-Aldrich, St. Louis, MO) substrate,
incubated at 37°C and stopped by addition of 25wl Na,COs.
B-Galactosidase activity was measured at a wavelength of 415 nm in
a Model 680 Microplate Reader (BioRad). Luciferase activities were
normalized against the B-galactosidase values. To determine the
statistical significance of differences between average luciferase
activity values, we used a two-tailed Student’s #-test considering a
statistically significant difference when P-value <0.05.

NLZ1 1S UBIQUITOUSLY EXPRESSED IN HUMANS AND MICE

Since NET family members have generally been studied in the
context of development, it is not surprising that no attempts to study
their patterns of expression in adult animals have been reported. As
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for human genes, the only reports are those related to NLZIs role in
breast cancer, mainly its overexpression [Ray et al., 2004; Yang
et al., 2006; Holland et al., 2011; Slorach et al., 2011; Sircoulomb
et al., 2011]. As part of our effort to characterize NLZ 1, we therefore
investigated its pattern of expression in normal adult tissues and
cancer cell lines. A total of 37 samples— 13 human normal tissues,
10 human tumor cell lines, and 14 mouse normal tissues—were
studied by RT-PCR analyses, with primers designed using human
(NM_025069.1) and mouse (NM_001101502.1) NLZ1 cDNA
sequences retrieved from the NCBI database. Since there is 78.9%
sequence identity between the two transcripts, primers were
designed to be used for both species. We selected the NLZ1 region
between the initiation codon and the beginning of exon 2 (Fig. 1A)
for amplification, in order to circumvent a stretch of repetitive
sequence motifs present in the middle of the transcript in exon 2 and
to avoid the potential amplification of contaminant genomic DNA.
As shown in Figure 1, NLZ 1 displays a ubiquitous expression pattern
in normal human tissues (Fig. 1B) and human tumor cells (Fig. 1C),
as well as in adult mouse tissues (Fig. 1D).

NLZ1 IS SUBJECT TO ALTERNATIVE POLYADENYLATION

Given that no information was available about human NLZI’s 3'-
untranslated region (3’-UTR), we sought to map the end(s) of NLZ1
transcript(s) by performing 3’-RACE analysis. Three different
amplification products were always obtained from placenta
(Fig. 2A), as well as muscle, liver, intestine and brain (not shown).
Cloning and sequencing of these products showed that they
correspond to three different classes of NLZ1 mRNA 3’-ends, which
were named according to their size (Fig. 2A,B). The shortest, mRNA1,
has a 3'-UTR of 204 nucleotides (Fig. 2B) that matches the 3’-UTR of
NLZ1 mRNA reported at the NCBI database (NM_025069). As for
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Fig. 1. NLZ1is ubiquitously expressed in humans and mice. A: Schematic representation of the NLZ1 transcript. The position of the primers used in the RT-PCR is indicated by
arrows. UTRs are shown in gray and coding sequence in black, F and R represent the forward and reverse primers. B: Amplification of the NLZ1 transcript by RT-PCR (302 bp) in a
panel of 13 normal human tissues and (C) 10 human cancer cell lines. D: RT-PCR analysis of Niz1 expression (315 bp) in 14 mouse tissues. GAPDH was used in the RT-PCRs as an

internal control for cDNA.
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Fig. 2.  NLZ1 transcripts are subject to alternative polyadenylation. A: Three PCR products with different lengths were identified by NLZ1 3'-RACE analysis. The amplicons were
named mRNA1, mRNA2, and mRNA3 according to their different size in a 1% agarose gel. B: Schematic representation of the three alternative polyadenylated NLZT mRNAs. The
arrows indicate the location of the 3'-RACE primer. The length of the different 3'-UTRs is shown below the lines. The untranslated regions are shown in gray and the coding
sequence in black. C: Electropherogram depicting the alternative 3'-ends. The polyadenylation signal is shown for mRNA1 and mRNA3 sequences. The distance between the
polyA signal and the polyA tail is indicated. mRNA2 does not have a conventional polyA signal.

mRNA2 and mRNA3, they also contain the full 3’-UTR sequence of
mRNA1, but extend for an additional 62 and 1,140 nucleotides
respectively (Fig. 2B). Curiously, it is the mRNA with the longest 3'-
UTR (mRNAB3) that is deposited in the Ensembl database as reference
NLZ1 mRNA (ENST00000331569). It should be noted that some
heterogeneity was observed in the length of mRNA1 and mRNA2
clones, corresponding to transcripts that differ at the 3’end, by 2-
3 nucleotides in mRNA1 and 10-30 nucleotides in mRNA2. This is
in agreement with previous reports that heterogeneity at the
cleavage site is a frequent occurrence in mammalian mRNAs [Pauws
et al., 2001; Lopes-Marques et al., 2012]. Importantly, the 3'-UTR
sequences are all collinear with the genomic sequence and only
differ in their lengths. This indicates that the three different NLZ1's
3/-UTRs are the result of alternative 3’-end formation at different
positions along the pre-mRNA (alternative polyadenylation).

To confirm that the sequences identified by RACE correspond to
actual mRNA species, we started by searching for the presence of
polyadenylation (polyA) signals in the three mRNA species. As
shown in Figure 2C, only mRNA3 contains the canonical
polyadenylation signal AATAAA (known to be present in 60% of
all human mRNAs 3’-ends [Beaudoing et al., 2000]), located 21
nucleotides upstream the polyA tail. The mRNA1 sequence contains
a less frequent polyA signal, AATATA (which is only present in
about 2% of the human mRNAs [Beaudoing et al., 2000; Tian et al.,
2005]), located 20 nucleotides upstream the polyA tail. As for
mRNA2 transcript, it does not have any conventional polyA signal
in its 3’-end region (Fig. 2C), though it has an AT rich region around

13-29 nucleotides upstream the polyA tail, differing from the
canonical AATAAA hexamer sequence only by a single nucleotide
(Fig. 2Q).

Additionally, we analyzed all 56 NLZI 3’-EST sequences
deposited at UniGene database that included a polyA tail or a
polyA signal. Interestingly, 53 of them fully match the sequence of
mRNA3, only three of them correspond to the mRNA1 transcript and
none matches the mRNA2 sequence. Together with the sequence
data, these results confirm the existence of alternative polyadenyla-
tion of NLZI and suggest preferential usage of the canonical
AATAAA polyA site of mRNA3 over the alternative AATATA
sequence present in mRNA1, favoring formation of the longer
transcript. However, tissue-specific variations in the three isoforms’
relative expression levels remain a possibility (see Discussion).

THE NLZ1 PROTEIN FAMILY HAS SIX CONSERVED DOMAINS, THREE
OF THEM UNIQUE TO NET PROTEINS

It is widely believed that protein motifs and domains with high level
of sequence conservation among species have important structural
and/or functional roles. Also, certain sequence motifs are signatures
of protein families and can be used for the prediction of protein
function. We therefore searched for conserved sequence block
within NLZ1 by performing an in silico comparative analysis of all
complete vertebrate NET protein sequences retrieved from public
databases. As shown in Figure 3, six segments have a total pairwise
identity of no less than 80% in the alignment of NLZ1 homologous
protein sequences (accession numbers in Table S1) from 24 different
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vertebrate species. Three of these conserved domains were
previously described in NET family proteins (Sp, Btd box
and C,H, zinc finger domains [Nakamura et al., 2004]), and the
remaining were named according to the most abundant conserved
amino acids in each of them: LP, PY, and YL (Fig. 3). The Sp and Zinc
finger domains show the highest levels of conservation (91.5% and
89.6%, respectively) in vertebrates. The other domains present
pairwise identity values of 82% (PY), 87.8% (LP), 84.8% (Btd box
domain), and 80% (YL; Fig. 3B).

The confirmation that the LP domain is specific of the NET family,
and not part of the adjacent Sp domain, was accomplished by
performing a BLAST analysis. By using the LP domain as query in a
BLASTP search, we only retrieved proteins belonging to the NET
family (data not shown). If the Sp domain was in fact larger than the
previously defined consensus sequence (SPLAL/MLAA/QTC) and
included what we defined here as the LP domain, we would expect to
have retrieved other proteins in the search, such as those from the Sp
family of transcription factors [Suske, 1999]. Searching for the LP
domain in the Pfam [Finn et al., 2010] and InterProScan [Quevillon
et al., 2005] databases confirmed that this domain is not present in
other proteins, indicating that it is in fact specific of the NET family
and not part of an extended Sp domain. Similar searches were
performed using the PY and YL domains as queries and in both cases
only NET proteins were recovered (not shown) showing that they are
also specific of this protein family. Furthermore, all the six domains

identified in vertebrate NET proteins (including the NET-specific
ones) were also recognized, though with a lower degree of
conservation, in invertebrate species, such as C. elegans (TLP-1),
D. melanogaster (NocA and Elbow) and Ciona intestinalis (ZNF503;
see Fig. S1).

The six domains are found both in NLZ1 orthologues and
paralogues, despite the different lengths of the proteins from the two
groups (e.g., 590 and 630 amino acids in human NLZ1 and NLZ2,
respectively). Moreover, the high level of domain conservation was
maintained even after the duplication event that originated the
NLZ1 and NLZ2 paralogue groups, more than 730 million years ago,
after the separation of the urochordate and vertebrate lineages
[Vienne et al., 2003], suggesting functional constraints. The
identification of the same domains on both the NLZ1 and NLZ2
groups is consistent with the observation that both zebrafish
proteins are necessary for hindbrain rhombomere 4 formation
[Runko and Sagerstrom, 2004; Nakamura et al., 2008] and in
agreement with previous observations of partial functional overlap
in other types of paralogues [Greer et al., 2000; Qian et al., 2010].

NEITHER OF THE NET-SPECIFIC DOMAINS IS NECESSARY FOR NLZ1
BINDING TO GROUCHOS

Having identified three NET-specific domains (LP, PY, and YL), we
tried to explore what their functional roles might be. We started by
considering the possibility of NET-specific domains being involved
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in protein-protein interactions, as these are frequently mediated by
conserved protein regions. Human NLZ1 homologues have
previously been shown to bind to both class I Histone deacetylases
(HDAC1 and HDAC2) [Runko and Sagerstrom, 2003, 2004;
Nakamura et al., 2008], and proteins of the Groucho family
[Dorfman et al., 2002; Runko and Sagerstrom, 2003, 2004;
Nakamura et al., 2008; Ji et al., 2009; Slorach et al., 2011], making
them attractive candidates to test this possibility. However, available
data indicate that the interaction with HDACs does not require any
of the NET-specific domains but instead the region between the Btd
box and Zinc finger domains [Runko and Sagerstrom, 2003, 2004;
Nakamura et al., 2008]. The requirements for binding to Groucho
and its homologues, on the other hand, are still controversial, with
different regions of the NET proteins being suggested by studies in
fly [Dorfman et al., 2002], zebrafish [Runko and Sagerstrom, 2003,
2004] and chicken [Ji et al., 2009]. We therefore decided to focus on
interactions with Groucho family members. First, we determined, by
both yeast two-hybrid (Fig. 4A) and co-immunoprecipitation from
human cells (Fig. 4B), that NLZ1 interacts with the human “short
Groucho” GRG5/AES (Groucho-related gene 5/Amino-terminal
enhancer of split). This interaction is strong since we observed
yeast growth on a selective histidine-lacking medium even in the
presence of relatively high concentrations of 3-Amino-1,2,4-
triazole (3-AT), an inhibitor of histidine biosynthesis (Fig. 4A).
Next, we tested fragments of NLZ1 lacking NET-specific domains
for their ability to bind human GRG5/AES in a yeast two-hybrid

NLZ1+ GRGS/AES

~His -Leu -Trp
+4 mM 3-AT

-His -Lew -Trp
+0mh 3-AT

~His -Leu-Trp
+ 8 mM 3-AT

NLZ134;.550+ GRGS/AES

-Leu -Trp

-Ade -Leu -Trp

assay. As shown in Figure 4, deleting either the LP and PY domains
(NLZ134;_590-Fig. 4C) or the YL domain (NLZ1,_s3,-Fig. 4D) has no
effect on the interaction of NLZ1 with GRG5/AES, given that we
observe yeast growth in the selective medium. This indicates
that, like other NET proteins [Dorfman et al., 2002; Runko and
Sagerstrom, 2003, 2004; Nakamura et al.,, 2008; Ji et al., 2009;
Slorach et al., 2011], NLZ1 indeed interacts with Groucho family
members, but neither of the NET-specific domains (LP, PY or YL) is
required for the interactions.

THE PY AND YL DOMAINS ARE IMPORTANT FOR PROPER NLZ1
NUCLEAR LOCALIZATION

Previous studies have demonstrated that human NLZ1 homologues
in zebrafish (Nlz1 and Nlz2) [Runko and Sagerstrom, 2003, 2004],
fruit fly (Elbow and NocA) [Dorfman et al., 2002], rat (Zfp503)
[Chang et al., 2004], and mouse (Zeppo1/Znf703) [Slorach et al.,
2011] have a nuclear localization. To test whether the same held
true for human NLZ1, we generated an expression vector encoding
an N-terminally Myc-tagged full-length human NLZ1 (NLZ1,_s5q0;
Fig. 5A) and used it to transfect the HEK293 human cell line. As
observed in Figure 5B, human NLZ1 indeed has a nuclear
distribution, with small amounts of dot-like structures dispersed
throughout the nuclei (Fig. 5B—first panel). However, no nuclear
localization signal (NLS) is easily discernible in NLZ1 (or its
homologues) and searches using two different programs, predictNLS
[Cokol et al., 2000] and NucPred [Brameier et al., 2007] failed to

WEB: anti HA

p—
23KDa

IP: anti Myc

~His -Leu -Trp
+12 mM 3-AT

NLZ1, 53, + GRGS/AES

-Ade -Leu -Trp

-Leu-Trp

Fig. 4. The NET-specific domains LP, PY, and YL are not required for interaction between human NLZ1 and GRG5/AES. A: NLZ1 and GRG5/AES interact in a yeast two-hybrid
assay. Plasmids pACT2-NLZ1 and pAS3-GRG5 were used as prey and bait vectors, respectively. Growth in SC-Leu-Trp medium was used to assess the transformation efficiency.

Interaction was evaluated by growth in a His-lacking selective medium (SC-His-Leu-Trp). The strength of the interaction was evaluated using progressively high concentrations
of 3-AT. B: NLZ1 and GRG5/AES interact in vivo in HEK293 human cells. Total protein extracts from HEK293 cells transfected with Myc-NLZ1 and HA-GRG5/AES expression
plasmids were immunoprecipitated using a anti-Myc antibody followed by western blot analysis with an anti-HA antibody. As a negative control, total protein extracts from
HEK293 cells transfected only with Myc-NLZ1 were used. C and D: The NET-specific domains LP, PY, and YL are not necessary for NLZ1-GRG5/AES interaction. Plasmids
encoding fragments of NLZ1 lacking the LP and PY domains (pACT2-NLZ1341-590) or YL domain (pACT2-NLZ1,_s3,) were used as prey vectors together with the bait vector
pAS3-GRG5. Selection for interaction was made using an adenine-lacking selective medium (SC-Ade-Leu-Trp). Transformant yeast colonies grew despite the absence of NET-

specific domains, indicating that none of these domains is required for the interaction with GRG5/AES.
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Fig. 5. The NET-specific PY and YL domains are important for NLZ1 nuclear localization. A: Schematic representation of the human NLZ1 protein showing the six conserved
domains present in NET proteins: the three NET-specific domains (LP, PY, and YL) and the three domains also present in other protein families (Sp domain [Spl, Buttonhead box
[Btd] and C,H, Zinc finger domain [ZnF]). The numbers indicate the domains' limits in human NLZ1 protein. B: Localization of NLZ1's domain-deleted variants in the human
HEK293 cell line using a confocal microscope. The localization of the different Myc-tagged NLZ1 (green) constructs was determined using an anti-Myc antibody. Nuclei were
counterstained with DAPI (red). Full length NLZ1 protein (NLZ1,_s90) has a nuclear localization. PY (NLZ1 »py) or YL (NLZ1,_s3,) domain deletion leads to an alteration of the
normal subcellular localization of the NLZ1 protein. However, nuclear exclusion is observed only when the YL domain is absent. The results were confirmed using the DLD-1

human cell line (not shown).

detect any NLS in the human protein. This suggests that correct
subcellular localization of NET proteins depends on mechanisms
other than the classical nuclear import pathway [Nigg, 1997; Lange
et al., 2007].

Since the NET-specific NLZ1 domains are not required for
protein-protein interactions with Groucho or HDAC1 and HDAC2
(our results and [Runko and Sagerstrom, 2003, 2004; Nakamura
et al., 2008]), we investigated if those domains participate in other
processes, such as subcellular targeting of the protein. We therefore
generated expression constructs encoding truncated forms of NLZ1
lacking the different NET-specific conserved domains and used

fluorescence microscopy to evaluate their subcellular distribution.
As shown in Figure 5B (second panel), deleting the first 279 amino
acids of the protein (NLZ1,g9_s590), which includes the LP as well as
the Sp domain, did not affect its nuclear localization. However,
we observed a slight modification of the protein’s distribution
compared to that of full-length NLZ1, with less dispersion of the
protein throughout the nucleus and an increase in the concentration
of the dot-like structures resembling nuclear bodies. On the other
hand, in cells transfected with the NLZ1,py construct, which
express a protein lacking the PY domain, part of protein remains in
the cytoplasm (Fig. 5B—third panel), though nuclear import and
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distribution are maintained. This shows that the PY domain
contributes for NLZ1’s targeting to the nucleus, though its absence
does not completely block the protein’s nuclear transport,
suggesting that other elements present in the protein might
also be involved in the process. Indeed, when we deleted the YL
domain (NLZ1,_s3,), the protein remained in the cytoplasm, with
complete nuclear exclusion (Fig. 5B—fourth panel). Similar results
were obtained using a protein simultaneously lacking the LP, Sp and
YL domains (NLZ1,g0_53,) (Fig. 5B—last panel). These results
strongly suggest that the NET-specific conserved PY and YL
domains are both required for correct targeting of human NLZ1 to
the nucleus. However, the presence of the PY domain per se is not
enough to promote nuclear localization, as absence of the YL
domain alone results in complete nuclear exclusion of the protein
(Fig. 5).

NET-SPECIFIC DOMAINS ARE REQUIRED FOR FULL TRANSCRIPTION
REPRESSION BY NLZ1

Former studies in Drosophila [Dorfman et al., 2002], zebrafish
[Runko and Sagerstrom, 2003; Nakamura et al., 2008], chicken [Ji
et al., 2009], and mouse [Slorach et al., 2011] have shown that
human NLZ1 homologues can act as transcription repressors. To
investigate potential functional roles for NET-specific domains,
other than proper nuclear localization of the protein, we therefore
investigated the effects of different NLZ1 constructs on two different
transcription reporter systems. First, we measured the transcrip-
tional activity of a reporter plasmid containing 15 copies of the
Gal4-binding site (UAS) upstream of a strong promoter (15UTSV-
Luc; Fig. 6A) in the presence of fusions of the Gal4’s DNA-binding
domain (Gal4-DBD) to full length NLZ1 or NLZ1 domain-deletion
fragments. In both MCF7 and HeLa cell lines, co-transfection of
15UTSV-Luc and the Gal4DBD-NLZ1 fusion constructs produces a
marked reduction in the luciferase activity (~6-fold in MCF7 and
~3-fold in HeLa cells—Fig. 6B), confirming that human NLZ1 can
act as a transcriptional repressor. Co-transfection with the
Gal4DBD-NLZ1 A py plasmid, lacking the NET-specific PY domain,
had a similar effect, showing that the PY domain is not required for
transcriptional repression. However, both the Gal4DBD-NLZ1,5¢_59¢
(lacking the LP and Sp domains) and Gal4DBD-NLZ1,_s3, (lacking
the C-terminal YL domain) constructs, were unable to repress
transcription as efficiently as their full-length counterpart (sixfold
in FL vs. fourfold for both LP/Sp and YL domain-deletions in MCF7;
and threefold vs 1.8 in HeLa, these differences being statistically
significant). This suggests that these domains might be involved in
NLZ1-mediated transcriptional repression. Importantly, it is
unlikely that the effect observed with the YL domain-deletion
construct is attributable simply to this domain’s role in nuclear
localization, as the fusion proteins carry an NLS in the Gal4DBD
moiety.

Next, we tested whether any of the NET-specific domains is
involved in Nlz1-mediated repression of the Wnt signaling pathway
(which was recently reported for mouse Nlz1 [Slorach et al., 2011]),
using reporter plasmids carrying three copies of a TCF/LEF-binding
site upstream of a luciferase gene. As expected, co-transfection of
the HEK293 cell line with B-catenin and the TCF-Luc reporter
plasmid resulted in a remarkable increase of luciferase activity

compared to TCF-Luc alone (Fig. 6C). Consistent with Slorach
et al. results, co-transfection of NLZ1 strikingly reduced TCF/B-
catenin-mediated transcriptional activation (14-fold reduction).
A similar result was observed with the PY (18-fold reduction)
domain-deletion construct, indicating no role in repression.
However, with the YL and LP/Sp domain-deletion constructs,
repression decreased to 10-fold and 3.3-fold, respectively (Fig. 6C),
suggesting a possible role in Wnt signaling repression. Unsurpris-
ingly, co-transfections with the control reporter TCF*-Luc (with
mutated TCF/LEF-binding sites) resulted in no alterations in
luciferase activity (Fig. 6C).

NLZ1 mRNA EXPRESSION IN THE ADULT

Virtually all previously existing data on the expression of NET
family genes refers to immature animals, probably as a result of the
genes having primarily been identified through their roles in
development [Cheah et al., 1994; Davis et al., 1997; Andreazzoli
et al.,, 2001; Dorfman et al., 2002; Zhao et al., 2002; Runko and
Sagerstrom, 2003, 2004; Chang et al.,, 2004; Hoyle et al., 2004;
Nakamura et al., 2004, 2008; McGlinn et al., 2008; Brown et al.,
2009; Ji et al., 2009]. As for the human genes, no expression studies
have been reported, except for those dealing with breast cancer
[Garcia et al., 2005; Gelsi-Boyer et al., 2005; Yang et al., 2006;
Melchor et al., 2007; Bernard-Pierrot et al., 2008; Kwek et al., 2009;
Holland et al., 2011; Slorach et al., 2011; Sircoulomb et al., 2011].
We have therefore studied NLZ1 expression in adult human tissues
as part of our effort to characterize this important protein. Our
results show that NLZ1 is ubiquitously expressed in adult tissues
(Fig. 1). This pattern of expression was demonstrated by RT-PCR and
RACE analyses of both human and mouse tissues, and is supported
by detailed inspection of available EST data, suggesting that it might
be a general phenomenon, at least in mammals. The ubiquitous
expression of NLZI is somewhat surprising, given the highly
restricted pattern of expression displayed by NET genes during
development in multiple species [Cheah et al., 1994; Davis et al.,
1997; Andreazzoli et al., 2001; Dorfman et al., 2002; Zhao et al.,
2002; Runko and Sagerstrom, 2003, 2004; Chang et al., 2004; Hoyle
et al., 2004; Nakamura et al., 2004, 2008; McGlinn et al., 2008;
Brown et al., 2009; Ji et al., 2009]. However, this might be only an
apparent contradiction, as it is possible that the developmentally
restricted expression of NET genes might be mirrored, in the
adult, by expression in specific cell types in different organs. On
the other hand, it suggests that NLZI intervenes in cellular
processes other than the developmental ones it has been associated
with. For example, recent evidence that NLZI behaves as an
oncogene for the luminal B subtype of human breast cancer
[Holland et al.,, 2011; Sircoulomb et al., 2011] points to its
involvement in cell identity specification in the mammary ducts.
This is supported by the findings that NLZ1 is a Wnt signaling
repressor, downregulates E-cadherin and TGFB expression [Holland
et al.,, 2011; Slorach et al., 2011] and is implicated in the regulation
of the estrogen receptor (ER) and the E2F1 transcription factor
[Sircoulomb et al., 2011].
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Fig. 6. Transcription repression by human NLZ1 involves NET-specific domains. A: Schematic illustration of the plasmids used in the Gal4-reporter assay. The 15UTSV-Luc
reporter plasmid contains 15 GAL4 binding sites (UAS) upstream of an SV40 promoter and the luciferase reporter gene. The Gal4DBD-NLZ1 constructs were generated by fusing
Gal4's DNA binding domain (DBD) to the N-termini of full length or domain-deleted human NLZ1. B: NLZ1 “intrinsic" transcriptional repression activity. The Gal4DBD-
NLZ1,g0-590 (lacking the LP and Sp domains) and the Gal4DBD-NLZ1,_s3, (lacking the C-terminal YL domain) fusions repress less efficiently than Gal4DBD-NLZ1 (full length)
in both MCF7 and Hela cells. These differences are statistically significant. Gal4DBD-Grg5 was used as a control for repression activity [Ren et al., 1999]. C: NLZ1 repression of
TCF/B-catenin-mediated transcription. HEK293 cells were transfected with the TCF-Luc reporter plasmid (with three TCF/LEF binding sites) or the TFCF*-Luc reporter plasmid
(with mutant TCF/LEF binding sites) and with a B-catenin expression plasmid to simulate activation of the Wnt signaling pathway. Addition of NLZ1 full-length or NLZ1 xpy
(PY deletion) constructs resulted in repression of TCF/B-catenin-mediated transcription. Lower repression (statistically significant) was observed with the LP/Sp and YL deletion
constructs, suggesting a role for these domains in Wnt signaling repression by NET-family proteins. As expected, no effect was observed with the control TCF*-Luc reporter
plasmid. In (B) and (C), graphics asterisks indicate Student's t-test significant values (P-value < 0.05) when compared with NLZ1 full length constructs.

ALTERNATIVE POLYADENYLATION GENERATES DIFFERENT NLZ1
ISOFORMS

In this study, three human NLZ 1 mRNA species have been identified,
that we have named mRNA1 to mRNA3, according to their size
(Fig. 2). Comparison of their sequences shows that they differ only in
the lengths of their 3/-UTRs, indicating they are generated by

alternative polyadenylation, a process estimated to occur in half of
the human coding genes [Tian et al., 2005; Yan and Marr, 2005]. It
has been shown previously that when 3’-UTR sequences contain
more than one polyadenylation signal, there is a preferential use of
one of them [Tian et al., 2005; Yan and Marr, 2005]. This seems to be
the case with NLZ1, as 53 of the 56 human ESTs containing 3'-ends
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available in the UniGene database correspond to the longest
transcript (nRNA3), whereas only three of them match mRNA1 and
none correspond to mRNA2. A bias towards mRNA3 is consistent
with the fact that only mRNA3 contains the canonical polyadenyla-
tion signal AATAAA (21 nucleotides upstream of the cleavage site),
which is a stronger signal, present in 60% of all human mRNAs
3’-ends [Beaudoing et al., 2000]. In contrast, mRNA1 seems to be
generated through the use of the AATATA alternative signal (located
20 nucleotides upstream of the cleavage site), which occurs only in
2% of the human mRNAs [Beaudoing et al., 2000; Tian et al., 2005]
(Fig. 2). Though mRNA2 has no recognizable polyadenylation signal
within the 10-30 nucleotide interval upstream of the cleavage site,
this does not completely exclude its existence in human cells.
Indeed, although polyadenylation signals are particularly important
as binding sites for the Cleavage and Polyadenylation Specificity
Factor (CPSF), it is known that no conventional polyadenylation
signal is detectable in 20 to 30% of human 3’-UTRs [Beaudoing et al.,
2000; Tian et al., 2005]. Furthermore, the alignment of the human
mRNAs 3’-ends with the homologous region in 12 representative
mammalian species reveals a high degree of sequence conservation,
including the polyadenylation signals and cleavage sites (Fig. S2).
The 3’-end of mRNA2 displays a degree of conservation in mammals
comparable to those found surrounding the ends of mRNA3 and
mRNA1, suggesting that it might be functionally important
(Supplementary Fig. S2).

The existence of multiple 3'-UTRs potentially interacting with
different sets of RNA binding proteins or miRNAs, might have
important implications on NLZ1 mRNA stability, localization and
translation efficiency [Mazumder et al., 2003]. Because the different
mRNAs share the same coding region, this will not affect protein
structure, but nevertheless might be important for the generation of
developmental stage, cell-type or tissue differences in NLZ1 mRNA
species or protein levels [Yan and Marr, 2005]. In the absence
of tissue-specific data on protein expression and distribution,
differential regulation of NLZ1 protein levels thus remains an
interesting possibility. In this regard, it is also interesting that, of the
three mRNA1 EST detected, two are from pancreas and the third is
from an unspecified tissue, raising the possibility of an mRNA1 bias
in pancreatic tissue.

IDENTIFICATION AND FUNCTION ANALYSIS OF THE NET-SPECIFIC

CONSERVED DOMAINS

A combination of functional studies with in silico evolutionary
analyses was used to identify and validate conserved regions of
NLZ1 homologues. We found that all NET vertebrate proteins have
three additional conserved domains besides the Sp, Btd Box
and C,H, Zinc finger domains previously identified in both NET
proteins [Dorfman et al., 2002; Nakamura et al., 2004; Runko and
Sagerstrom, 2004] and members of the Sp-family of transcription
factors [Athanikar et al., 1997; Suske, 1999; Schaeper et al., 2010].
The novel conserved domains identified here were named LP, PY,
and YL, according to the most commonly conserved amino acids in
each, and were found to be present only in NET proteins, suggesting
that they might be essential elements for their specific cellular
functions (Figs. 3 and 5A). Apart from the six generally conserved
domains, several low complexity amino acid stretches display a

certain degree of conservation within the NLZ1 or NLZ2
orthologues, or even between the two groups, though the domain
sizes are not conserved. For instance, in the majority of the NLZ1
orthologues, alanine-rich and serine-rich motifs are present
between the Sp and PY domains, whereas in the NLZ2 group a
glycine-rich region is detectable between the same domains. In
addition, between the zinc finger and the YL domains an alanine-
rich motif is evident for NLZ1 and NLZ2 orthologues in the majority
of the species.

The three novel NET specific-domains (LP, PY, and YL) display a
high degree of conservation (>800%) in both paralogue groups of
NET vertebrate proteins (Fig. 3), suggesting they might be important
for these proteins’ physiological functions, such as transcription
repression [Dorfman et al., 2002; Runko and Sagerstrom, 2003;
Nakamura et al., 2008; Brown et al., 2009; Ji et al., 2009; Holland
et al.,, 2011; Slorach et al., 2011]. To explore this possibility, we
started by assessing their role on binding to co-repressors of the
Groucho family, since previous studies indicated different regions of
the NET proteins as mediating the interactions [Runko and
Sagerstrom, 2003, 2004]. However, our experiments demonstrate
that neither the LP, PY or YL domains are required for human NLZ1’s
interaction with the Groucho family member GRG5 (Fig. 4).

Next, we tried to determine if any of the NET-specific domains are
important for subcellular targeting of human NLZ1, as the protein
was found to have a nuclear localization but no canonical NLS has
been identified in any of the NET family members. Although NLZ1
has an essentially homogeneous nuclear distribution (Fig. 5B), a
small number of dot-like structures were observed with the NLZ1
full-length construct (this study and [Sircoulomb et al., 2011]).
Intriguingly, when the region that included the Sp and the LP
domains was deleted (NLZ1,50_590), @ considerable increase in the
density of nuclear dots was observed, leading to a predominantly
punctuate distribution (Fig. 5). This observation could indicate that
the LP or Sp domains are necessary for the normal distribution of the
protein inside the nucleus. Several nuclear proteins are located in
nuclear bodies, like Promyelocytic leukaemia bodies (PML) or
Oncogenic domains (PODs) [Matera, 1999] but this seems not to be
the case of NLZ1, according to a recent study [Sircoulomb et al.,
2011]. Even so, the punctuate nuclear distribution observed could
have implications in the proteins’ normal functioning, by prevent-
ing it from reaching some chromatin areas and affecting its
repressor activity. More striking results were obtained with the PY
and YL domain-deletion constructs: they clearly demonstrate that
both domains are important for proper NLZ1 nuclear localization
because deleting either of them leads to retention of NLZ1 in the
cytoplasm (Fig. 5B). However, only the C-terminal YL domain seems
essential for the process, as its deletion causes complete nuclear
exclusion of NLZ1. These results are consistent with a previous
study in zebrafish showing that the 498-566 C-terminal residues of
Nlz1 are essential for nuclear localization [Runko and Sagerstrom,
2003].

Finally, we investigated potential functional roles for NET-
specific domains in transcription repression, using two different
assays. First, we used Gal4-DBD fusions to test the intrinsic ability of
different human NLZ1 fragments to repress a promotor to which
they were tethered. We confirmed that human NLZ1 is a
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transcription repressor, and showed that full repression activity
requires both the YL domain and a region that includes the LP and Sp
domains (Fig. 6). Importantly, the effects of YL domain deletion on
repression and nuclear localization are likely to be independent, as
all the fusions tested contain Gal4’s nuclear localization signal.
Second, we assessed the effect of NLZ1 domain deletions on the
protein’s ability to specifically repress TCF/B-catenin-mediated
transcription, which is activated by Wnt signaling. The Wnt pathway
plays a crucial role in a variety of developmental processes in all
animal species [Logan and Nusse, 2004] and there is evidence
linking it to NET proteins in both Drosophila [Weihe et al., 2004] and
mouse [Slorach et al., 2011]. Full-length NLZ1 was able to
specifically repress transcription from a TCF/Bcatenin-responsive
promoter and, as in the previous experiment, full activity required
the YL domain and especially the region encompassing both the LP
and Sp domains. Interestingly, deletion of the YL domain had a
smaller impact on repression, even though it prevents nuclear
translocation of the protein. These results further suggest a role for
NET-specific domains in NLZ1’s activity as a transcription repressor,
but also that the mechanisms of repression by NET proteins are
complex, likely involving direct effects on promoters as well as
cytoplasmic functions. Given recent evidence for NLZ1’s involve-
ment in breast oncogenesis [Holland et al., 2011; Slorach et al,,
2011; Sircoulomb et al., 2011], our results also suggest the NET-
specific domains as interesting targets for breast cancer genetic
research or therapy. Our domain-deletion constructs simulate loss-
of-function mutations, rather than the “increased function”
(through amplification) observed in human tumors, but nevertheless
suggest protein domains whose function might be enhanced
through specific mutations. Perhaps more importantly, one can
envisage that drugs capable of disrupting the function of NET-
specific domains (e.g., in NLZ1 nuclear translocation or Wnt
signaling) might constitute new and specific weapons against breast
cancers.

In conclusion, we present here the first detailed analysis of human
NLZ1 under non-pathological conditions. We show that NLZ1 is
ubiquitously expressed, that its mRNA is subject to alternative
polyadenylation and that NLZ1 and its NET homologues share six
conserved domains, three of which are novel and NET-protein
specific. Importantly, this is the first report that links nuclear
localization of a NET protein to two different regions: the centrally
located PY domain and the C-terminal YL domain. The mechanisms
involved are unknown, but it is possible that both the PY and YL
domains mediate interactions with other proteins that assist in
targeting NLZ1 to the nucleus, since NET proteins lack a
conventional NLS. Finally, we present evidence that NET-specific
domains are also important for NLZ1’s function as a transcription
repressor. These results imply that further studies concerning NET
proteins should take into account the repercussions that potential
mutations may have in normal functioning of the newly identified
domains.

Beyond the longstanding association of its homologues with
embryonic development, human NLZ1 has recently gained rele-
vance as a breast oncogene and potential key player in human breast
cell differentiation. By furthering our understanding of human
NLZ1, and pointing specific questions to be addressed regarding its

function, our results should help shed light on its roles both in
normal development and tumourigenesis.
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