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Abstract
Activation of steroid receptors results in global changes of gene expression patterns. Recent
studies showed that steroid receptors control only a portion of their target genes directly, by
promoter binding. The majority of the changes are indirect, through chromatin rearrangements.
The mediators that relay the hormonal signals to large-scale chromatin changes are, however,
unknown. We report here that APRIN, a novel hormone-induced nuclear phosphoprotein has the
characteristics of a chromatin regulator and may link endocrine pathways to chromatin. We
showed earlier that APRIN is involved in the hormonal regulation of proliferative arrest in cancer
cells. To investigate its function we cloned and characterized APRIN orthologs and performed
homology and expression studies. APRIN is a paralog of the cohesin-associated Pds5 gene lineage
and arose by gene-duplication in early vertebrates. The conservation and domain differences we
found suggest, however, that APRIN acquired novel chromatin-related functions (e.g. the HMG-
like domains in APRIN, the hallmarks of chromatin regulators, are absent in Pds5). We show that
in interphase nuclei APRIN localizes in the euchromatin/heterochromatin interface and we also
identified its DNA-binding and nuclear import signal domains. Our results indicate that APRIN, in
addition to its Pds5 similarity, has the features and localization of a hormone-induced chromatin
regulator.
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1. Introduction
The ability of cells to undergo proliferative quiescence is critical in development and it
emerged in multicellular organisms [1]. A major component of its regulation is hormonal [2,
3] and it is part of the differentiation program in reproductive tissues [4, 5]. Steroid
hormones play a critical role in differentiation and induce massive changes in gene
expression patterns. Microarray analysis showed that approximately 3.2- 4.3% of the genes
tested were hormone regulated, both in vitro [6] and in vivo [7]; these changes were also
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observed at the protein level [8]. Consequently, androgen regulation may affect a total of ∼
1,200-4,000 genes in the human genome, on the basis of ∼28,000-30,000 coding- and
∼100,000 non-coding genes by recent estimates [9]. In contrast, analyses of receptor-
promoter complexes and confocal microscopy detected only 250-300 androgen receptor
sites per nucleus [10] and only a handful has been characterized [7].

These data together with recent chromatin immune-crosslinking analyses strongly suggest
that steroid receptors control only a portion of the target genes directly [11]. The global
changes in gene expression patterns are mostly the results of indirect mechanisms [12]
including non-genomic membrane receptor effects and chromatin changes. The long-term,
differentiation-related hormonal changes, however, argue against the participation of plasma
membrane-based mechanisms because molecules involved in these pathways reach a peak in
a few minutes and their effects last only for a couple of hours [13]. Chromatin involvement,
on the other hand, was confirmed by receptor localization studies [14, 15], receptor
interaction assays [16] and by detection of global rearrangements of the chromatin
architecture [17]. Hormone-induced chromatin changes, in turn, can regulate the expression
of large sets of genes [18]. The mediators and the mechanisms that translate the hormonal
signals into large-scale chromatin changes are mostly unknown.

To explore these mechanisms, we used the hormone-sensitive LNCaP cell line [19, 20, 21]
in which the transition to hormone-induced proliferative arrest [22, 23] has been shown to
coincide with chromatin changes [17]. We isolated proliferation arrest-specific genes [23]
and showed that a newly identified gene, APRIN (formerly AS3) has a critical role in
proliferative arrest in the G0/G1 phase of cell cycle [24, 25]. We found that loss of
heterozygosity (LOH) in the D13S171 marker within the APRIN genomic sequence [26, 27]
linked this protein to a variety of cancers, including prostate cancer [28-31]. The molecular
mechanisms of the APRIN-mediated proliferative arrest and its association with cancer,
however, remain unknown.

A commonly used approach to assess the molecular mechanisms of proteins is to establish
their functional domains [32, 33]. Phylogenetic sequence analysis is a conservation-based
method to identify functional domains and related proteins [34, 35]. Conservation correlates
with functional significance and identifies biologically relevant structural units [36]. We
cloned and sequenced human and rodent ortholog APRIN cDNAs, computed the local
conservation differences within small subdomains and established putative functional units.
APRIN shares similarities with the ancient Pds5 (precocious dissociation of sister
chromatids) gene lineage. Proteins of this family are involved in chromatid cohesion, so a
cohesion-related function was proposed for APRIN [37]. The physical association of APRIN
with chromatin has been demonstrated, but its cohesin association showed low affinity and a
mechanistic role in cohesion remains to be confirmed [38].

The domain and structural differences we report here, however, turned the APRIN
functional model to a new direction. We show that APRIN is only a paralog, and it diverged
from the Pds5 lineage by gene duplication. The accumulated conservation differences,
domain acquisitions in APRIN and its chromatin localization indicate a new functional
entity that shares features with chromatin architectural regulators.

2. Materials and Methods
2.1. Tissue culture and cell lines

The MCF7-AR1 cell line, a human androgen receptor-transfected MCF7 cell line was
established in this laboratory [39]. This cell line and the LNCaP human prostate cancer cells
were routinely maintained in DMEM (Dulbecco's modified Eagle's medium) medium
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supplemented with 5% fetal bovine serum (FBS). We kept the cells in 5% hormone-stripped
FBS media for 3 days and treated them with 10 nM methyltrienolone (R1881) (NEN Life
Science Products, Boston, MA), a synthetic androgen. For transfection experiments we used
Lipofectamine 2000 following the manufacturer's instructions (Invitrogen, San Diego, CA).

2.2. Computer methodology
For similarity searches we used GenBank softwares (PairwiseBlast, Nucleotide Blast and
Protein Blast) and the GCG program package (Genetics Computer Group, Madison, WI)
including BestFit, GrowTree, Frames and Translate programs; for motif search, the Motifs,
ProfileScan, CoilScan, and the HTHScan programs were used. In the alignment BLASTN
program (version BLASTN 2.2.6), the default values were used in the score calculations: a)
1 and -2 matrix values for match and mismatch, respectively; b) for scoring gap penalties 5
and 2 were used for existence and extension; c) the x_dropoff value was 15 and d) for expect
number and wordsize values we used 10 and 11, respectively. For domain search we used
the HmmerPfam program and other web-based resources (www.sanger.ac.uk/Software/
Pfam/).

2.3. Isolation and cloning of the mouse and rat APRIN cDNAs
We used RT-PCR methodology to isolate the full length mouse and rat APRIN cDNA open
reading frames. Two-step nested primers were designed using mouse-and rat-specific
sequence information generated by our database searches. For amplification of the mouse
APRIN, the following primers were used: mF1: 5′gaggggtacagacatttccatcatg, mF2:
5′atggctcattcaaagacaaggaccaac, mR1: 5′aatagaagttaatgacgtgttcatcg, mR2:
5′gttcatcgtctctctcgtttggag. For rat APRIN amplification the following primers were used:
rF1 (same as mF1), rF2: 5′atggctcattcaaagacaagaaccaacg, rR1:
5′cataaagaaagttaatggcatgttcatc, rR2: 5′gcatgttcatcgtctctctcgtttgg. We used Elongase
(Invitrogen) to amplify Marathon-Ready cDNA preparations from mouse and rat brains,
respectively (Clontech, Palo Alto, CA). The PCR products (4340 bp for the mouse and 4334
bp for the rat) were cloned into the pCRII vector (Invitrogen) and sequenced in the
Automatic Sequencing Core Facility at Tufts University.

2.4. Antibody reagents and expression studies
We generated two affinity purified polyclonal anti-APRIN antibody reagents. The first was
raised against an oligopeptide between positions 1370-1387 (anti-APRIN-1370) [24].
Subsequent functional analyses revealed, however, that the epitope overlapped with the
second HMG-like (High Mobility Group) DNA binding domain (AT-hook) and potentially
interfered with APRIN expression studies and DNA binding assays. The recently developed
second antibody targeted an epitope between positions 1434-1447 and was also affinity
purified (anti-APRIN-1434). Both antibodies recognized their epitopes in both rat [25] and
mouse APRIN proteins. Protein extractions and Western blots were performed according to
standard procedures [25] using ventral and dorsal prostate lobes from 18 week old CD-1
mice. For immunohistochemistry analyses, cell cultures were seeded on coverslips, fixed in
cold 50% methanol-50% acetone for 10 min and permeabilized by 0.1% Triton X100 for 10
min. Formaldehyde-fixed, paraffin-embedded prostate sections were treated for antigen
retrieval using sodium citrate buffer [25] and sequentially reacted with anti-APRIN-1370
antibody (1:100), biotin-conjugated goat anti-rabbit IgG (1:500) (Zymed Laboratories, San
Francisco, CA) and streptavidin-peroxidase conjugate with diaminobenzidine (DAB) as
chromogen (Sigma, St Louis, MO). Harris' hematoxylin was used as counterstain.
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2.5. FLAG-fusion expression studies
The APRIN open reading frame was cloned in frame with the N-terminal FLAG epitope in
the EcoRI-BamHI sites of the pFLAG-CMV vector (Eastman-Kodak, Rochester, NY). The
MCF7-AR1 cells were seeded on coverslips and transfected as described above. A C-
terminal-truncated APRIN protein (a stop codon upstream of the nuclear localization signal
in domain 8, not shown) was also transfected and expressed. Twenty four hours later the
cells were fixed (methanol:acetone, 1:1) and stained using 1:300 dilution of anti-FLAG
monoclonal antibody (Eastman-Kodak, Rochester, NY). Biotin-conjugated anti-mouse
secondary antibody (1:400 dilution) was visualized using FITC-streptavidin for confocal
analyses (propidium iodide counterstain), or Alexa 594-streptavidin for fluorescent
microscopy (Hoechst 33258 counterstain). Fluorescence microscopy (NIKON Eclipse E400)
and confocal analyses (Leica, TCS SP2) were performed at the Tufts University Core
Facility.

2.6. APRIN immunohistochemistry for chromatin localization studies
The MCF7-AR1 cells were grown on coverslips as described above. After 3 days in 5%
hormone-stripped FBS media, the cell were treated with 10 nM R1881 for two days and
harvested. After fixation and permeabilization as above, we used anti-APRIN-1434 in
1:2000 dilution following standard procedures. The staining was developed by using Alexa
488-conjugated anti-rabbit secondary antibody (1:500 dilution) (Invitrogen, Molecular
Probes) and visualized using fluorescent microscopy.

2.7. APRIN expression in human prostate cancer
To study APRIN downregulation and the changes in the nuclear chromatin architecture,
archived paraffin embedded human prostate cancer samples were stained with the anti-AS3
antibodies using standard methodology as described above. The prostate tissue samples were
obtained by the approval of the local Institutional Review Board following Informed
Consent and HIPAA regulations.

3. Results
3.1. Cloning, sequencing and genomic mapping of the mouse APRIN

Conservation analysis of the human APRIN protein required ortholog APRIN sequences
from other species. We identified the mouse APRIN genomic sequence in a PAC clone
(exons 1-11 on pPAC417G6, see Figure 1 panel A) and from a supercontig in the mouse
database (Mm5_WIFeb01_97, Acc # NW_000249). We used the genomic sequence to
design mouse-specific primers and isolated the physical cDNA of APRIN (Figure 1 panel
B). A major open reading frame (between position 147 and the UGA stop codon at position
4491) is indicated. The complete mouse APRIN cDNA sequence is available under
GenBank accession number AY102267.

The PAC417G6 clone also showed a genomic link between the genes for APRIN and Brca2
in the mouse (Figure 1 panel A). Brca2 had been mapped on mouse chromosome 5 [40]. In
our human studies APRIN was mapped between BRCA2 and the KL (Klotho gene) on
(human) chromosome 13 [27, 41], (Figure 1). By using other genes in the region (CDX2,
FLT1), the mouse gene was mapped at the 84 cM or G2 area on the long arm (q) on mouse
chr. 5 and established that this area is syntenic with human chr. 13 (Figure 1 panel C) [42].
By using the cDNA we also identified the correct mouse APRIN exon pattern (Figure 1
panel A and Table 1). In contrast to the highly conserved exons, intron sequences are
significantly reduced in size in the mouse (∼140 kbp v.∼200 kbp in human).
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3.2. Expression and nuclear localization of the mouse APRIN gene product
Western blot analyses with both anti-APRIN antibodies we generated detected a 158-162
kDa polypeptide band from the mouse prostate (Figure 2, panel a), identical in size to the
human [24] and the rat APRIN proteins [25]. Immunohistochemistry on mouse prostate
sections revealed the predominantly nuclear localization of the APRIN protein in epithelial
cells (Figure 2, panels b and c) and in most of the basal and fibromuscular stromal cells.
APRIN expression levels in the normal prostate epithelial cells were uniformly high and
nearly homogeneous.

3.3. Unique high conservation in the polypeptide sequence among ortholog APRIN genes
Sequence comparisons between the human and murine APRIN polypeptide sequences
showed 96 % amino acid identity. The two species diverged about 80-100 million years ago
[43, 44] so the enormous conservation during ∼150 million generations (∼12 weeks per
mouse generation) was intriguing. To assess the general conservation levels between mouse
and human proteins, we calculated the conservation of 38 other proteins representing various
functional groups. The results are depicted in Figure 3 in a tagged graph format. The results
indicate that some of the chromatin-, structural- and differentiation-related proteins are
extremely conserved, in the 95-100% range. These proteins are usually short, in average
200-300 residues. APRIN, however, stands out in this group by its complexity (1447 amino
acids) and shows higher conservation than some of the most ancient histones, tubulins and
cyclophilins. Elements of androgen signaling, prostate specific proteins, cell-cycle,
chromatin remodeling, etc. are typically conserved at the 80-86 % level or less. The extreme
conservation of APRIN, particularly considering its size, may indicate that APRIN has some
fundamental functions beyond its role in androgen signal transduction.

3.4. Conservation differences identified the putative functional domain map of the APRIN
protein

Based on evolutionary considerations [36], a pattern of highly conserved domains reflects
the functional domain pattern of a protein. We aligned the mouse and human APRIN
polypeptide sequences by using the BestFit (GCG) comparison program. To plot the
differences topologically, we divided the sequences into 20 amino acid units (Figure 4). This
helped to achieve high mapping resolution (74 units), while maintained a functionally
meaningful size (that of transmembrane domains, nuclear localization signals, hinge
domains, epitope sizes, alpha helices, etc.). The particular conservation index of each unit
was then individually calculated and expressed as percent similarity in Figure 4.

Although the overall conservation between the mouse and human APRIN was extremely
high, it was not uniform, and areas of variability outlined seven highly conserved major
domains. Three highly conserved smaller units were also identified in the less conserved C-
terminal region. We also analyzed the partial rat APRIN sequence generated in our
laboratory (98% complete, sequencing in progress). It revealed a pattern nearly identical to
the mouse-human arrangement (Figure 4). A similar pattern of variability was also observed
within the rodent group. Superposition of the established variable regions clearly outlined an
evolutionarily conserved domain architecture, as indicated on the top of Figure 4.

The conservation map between APRIN and another APRIN-related human protein, Pds5 is
shown at the bottom of Figure 4 [37]. The human Pds5 and APRIN proteins displayed much
less similarity to each other than the human and rodent APRIN sequences. Our results show
that after the divergence of the Pds5 and APRIN lineages, the two genes evolved
independently. The lack of conservation indicates the lack of functional constraints between
these genes during their evolution. In addition, the unique acquisition of HMG domains by
APRIN (see later) suggests further functional differences between these two proteins.
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3.5. The APRIN conserved domain map is consistent with the ancestral Pds5 domain
pattern in the Pfam database (Protein Families Domain Database)

The Pfam Database contains multiple sequence alignments of common protein domains [45]
(www.sanger.ac.uk/Software/Pfam/). The Pfam-A database includes functional annotations,
while the functions of Pfam-B domains are unknown. Our search of the APRIN protein
(pfam identifier: Q9Y451) resulted in a number of hits in the Pfam-B database and the
alignments are shown in Figure 5. The Pfam domains were consistent with the conservation-
based domain architecture we identified. The core unit in the evolution of the APRIN/Pds5
ancestry is a combination of three domains: Pfam # 3566, #4398 and #8120. They are
observed in extant unicellular eukaryotes, suggesting that they evolved first in ancient
eukaryotes. The domain organization and map positions precisely co-align with the domains
we identified and confirm the validity of our conservation analysis.

3.6. Vertebrate APRIN proteins have three unique C-terminal domains not found in
proteins of the Pds5 lineage

We found that the human and rodent C-terminal ∼250 amino acid region (conserved
domains #8, #9 and #10) was present in all vertebrate APRIN orthologs, but it was missing
from the Pds5 lineage and their ancient forms in invertebrates. In the EST databases all
vertebrate sequences we searched (mammalian, avian, amphibian and fish) contained the
unique C-terminal domains and the arrangements were identical to that of the human (Figure
5). In several vertebrate species we found two AS3-related sequences, consistent with the
pattern of the two human genes (APRIN and Pds5) (not shown).

3.7. The unique C-terminal sequence of APRIN has two HMG box AT-hook domains
A search on the Pfam-A database using the unique C-terminal sequence recognized two AT-
hook type HMG box motifs (High Mobility Group protein domains) [46] (Figure 6). Our
conserved domains #9 and #10 accurately represent AT-hook 1 (positions 1287-1300) and 2
(positions 1372-1385), respectively. The domains show great similarities to known
functional AT-hook sequences (AAC2, SUM1, CPD1 and T11A5, for details see Figure 6
legend). The core of all AT-hook sequences is a glycine-arginine-proline (“GRP”) sequence
flanked by various basic and proline residues. Of the three general classes of AT-hooks [46],
both APRIN AT-hooks belong to Class II and share the features of other known AT-hook
domains. The two AT-hooks are usually separated by >20 amino acids [47], they are
typically on separate exons [48] with a characteristic C-terminal acidic domain [47, 49] and
usually regulated by phosphorylation through protein kinase C (PKC) and casein kinase II
(CKII) target sequences [50] (Figure 6). The kinase targets on APRIN correspond to sites on
the human High Mobility Group A1a protein [51] (data not shown). The amidation and
asparagine glycosylation sites indicate complex post-translational modifications.

Further searches on the PROSITE database [52] (www.expasy.org/tools/scanprosite/)
identified two high-score nuclear localization sequences (NLS). One coincides with
conserved domain 8, while the second is in conserved domain 9, overlapping AT-hook 1
(Figure 6). The bipartite NLS sequences share similarities with the androgen receptor and
DNA polymerase NLS motifs [53, 54]. Notably, both putative NLS motifs are potential
targets for postranslational modifications by CKII or amidation.

3.8. APRIN expression studies established that the putative NLS motifs are functional and
localized APRIN in discrete nuclear compartments

To investigate the putative nuclear localization sequences, we transfected MCF7-AR1 cells
with full length and C terminal (NLS) truncated APRIN variants. Since C-terminal
truncations also eliminate the epitopes for the anti-APRIN antibodies, we expressed FLAG-
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tagged APRIN constructs and used the anti-FLAG antibody for localization.
Immunofluorescence cytochemistry detected nuclear localization of the full construct in
about 25 % of transiently-transfected cells (Figure 2, panels “d”, “e” and “f”). The
expression level and localization of the FLAG-APRIN signal showed variability, but it was
found mostly in discrete nuclear compartments. Truncation of the C-terminal portion
upstream of the NLS sequence in domain 8 eliminated nuclear transport and the FLAG-
APRIN fusion protein accumulated only in the cytoplasm (Figure 2, panels “g”, “h” and
“i”).

3.9. The nuclear pattern of transient APRIN expression showed partial heterochromatin-
association

Confocal microscopy to detect the FLAG-tagged APRIN construct further confirmed that
APRIN was nuclear (Figure 2 panels “j”, “k” and “l”). We found the APRIN construct in
discrete internal compartments and in nuclear membrane-proximal regions. Since the latter
is characteristically occupied by heterochromatin, APRIN appeared to associate with
heterochromatin, but only partially, suggesting that APRIN is not a heterochromatic
structural element. The characteristic punctate, non-random distribution indicated that
APRIN may be specific to particular states of the chromatin and potentially involved in
regulation.

3.10. High resolution fluorescence imaging localized APRIN in the heterochromatin-
euchromatin interface

The specificity of the anti-APRIN-1434 antibody allowed high-resolution fluorescence
localization of APRIN in the interphase nuclei of androgen-treated MCF7-AR1 cells. Figure
2, Panel “m” shows APRIN in a fine, non-randomly distributed punctate pattern in the
interphase nuclei. DAPI is known to bind AT-rich heterochromatin and in combination with
our APRIN antibody (Figure 2, Panel “n”) the localization pattern revealed that APRIN
followed the heterochromatin, but did not appear to be an integrate part of it. This is more
clearly shown in Figure 2, Panel “o”, where a portion of Panel “n” is highlighted. APRIN
localization can be best described as non-random punctate foci at the interface between the
heterochromatin and the euchromatin, with occasional minor populations of larger or
smaller foci within the euchromatin.

3.11. The expression pattern of APRIN in vivo, in the human prostate confirms
heterochromatin localization and its downregulation correlates with lost structural
integrity in the chromatin

To detect the native APRIN protein in a human tissue, human prostate cancer sections were
stained with the anti-APRIN antibody. We found that in neoplastic epithelial cells, APRIN
expression also co-localized with the heterochromatin in the nucleoplasm and at the
periphery of the nucleus. (Figure 2, Panels “p”, “r” and “s”). APRIN expression, however,
was significantly downregulated in about 60% of the cancer samples. We also noticed that
APRIN downregulation coincided with disorganized nuclear structures in enlarged, swollen
nuclei.

4. Discussion
Cell proliferation is stringently controlled in multicellular organisms. Differentiation and
proliferative arrest are largely hormone-regulated in reproductive tissues, but the
mechanisms are poorly understood. Hormone regulation induces global changes in gene
expression patterns, but only a minority of the genes is controlled directly by the hormone
receptors (see INTRODUCTION). The global changes in gene expression patterns,
therefore, are believed to be the results of indirect mechanisms, including chromatin effects.
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Very little is known, however, about the mechanisms that convey the hormonal signals to
the chromatin.

The LNCaP prostate epithelial cell line undergoes proliferative arrest at physiological
androgen concentrations with major changes in chromatin structure. We searched for the
mediators, identified the APRIN protein and showed that it was involved in the regulation of
proliferative arrest. We report here that the basic features of APRIN (lineage, domain
architecture, unique HMG domains and localization) are consistent with a chromatin
regulator.

To study the functional domains of the APRIN protein, we applied a novel conservation-
based approach. We used only basic computational resources that do not require the
complex algorithms of other published protocols [56-58]. The method is based on the
generally accepted principle that in evolution, substitution rate differences within a protein
reflect the differences in selective constraints. Domains of critical functions, therefore, are
more conserved than non-essential regions [36]. To determine the conservation parameters,
we cloned and mapped the mouse APRIN cDNA. Sequence comparisons indicated an
unusually high degree of protein conservation (96 % identity). This conservation is not
uncommon in small proteins with long evolutionary history (histones, tubulins, etc), but
highly unusual for large polypeptides. We also analyzed conservation at the level of the
nucleotide sequence. The silent (synonymous) nucleotide substitutions (Ks) were compared
to the ones that altered the code (Ka) [36]. In areas under functional constraints the code-
altering substitutions are eliminated or suppressed. Therefore, in molecular evolution studies
the Ka/Ks ratio is a key parameter. If Ka/Ks=1, there has been no selective pressure to
eliminate the changed residues, so the domain has no functional constraints. If Ka/Ks < 1,
the altered residues have been purged by “purifying selection”. This is indicative of selective
pressure to maintain a function and the corresponding domain [59]. We found Ka/Ks=0.13 in
the entire coding region (57 code altering changes/420 silent changes). In the highly
conserved first 1200 amino acid area the Ka/Ks value was 0.03 (10 code altering changes/
345 silent changes) and in the first extremely conserved 420 amino acid area the Ka/Ks value
was 0.009 (1 code altering change/112 silent changes). These findings suggest that APRIN
has been under enormous purifying selection in the last 100 million years and implicates that
the protein has a very critical function.

We found that the highly conserved regions were interrupted by short less-conserved
sequences and outlined the conservation-based domain pattern of APRIN. The resulting
domain architecture is in agreement with our earlier computer maps of putative functional
motifs, namely 1-400: coiled-coil; 400-600: ATP-binding, catalytic; 600-1000: low score
DNA-binding motifs [26].

The domain architecture of APRIN is also in agreement with data in the Pfam B domain
database. The core domains of APRIN are identical to an ancient domain pattern. This
pattern is found in unicellular eukaryotic and invertebrate proteins that belong to the Pds5
lineage, namely BimD in Emericella [60], Spo76 in Sordaria [61] and Pds5p in
Saccharomyces [62, 63]. These proteins [63], as well as their human ortholog, the Pds5
protein [37] were shown to form complexes with cohesins. Cohesins prevent sister
chromatid separation after DNA replication [64]. Experimental efforts to demonstrate a role
of APRIN in cohesion, however, have yet to show its function in this process [38].

We found critical differences between the APRIN and the Pds5 proteins. The low
conservation between the APRIN and Pds5 lineages, the presence of the two related
sequence variants (APRIN v. Psd5) in all vertebrate species we tested and the novel HMG
domains in all genes in the APRIN lineage in vertebrates indicate the following evolutionary
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scenario. The data are consistent with the occurrence of a gene duplication event at the time
of early vertebrate divergence, when APRIN branched out from the ancient Pds5p-Spo76-
BimD lineage. In addition, the early ancestor of the APRIN lineage integrated three novel C-
terminal exons. Our results clearly classify APRIN as a paralog of Pds5, with common
ancestry in the Pds5 lineage.

Further analyses of the acquired C-terminal element in APRIN identified two perfect
matches to AT-hook consensus sequences. We show that they are highly conserved in other
vertebrates, suggesting that they are critical for APRIN function. The AT-hook motifs of the
small non-histone nuclear proteins (High Mobility Group proteins, HMGI/Y) bind AT-rich
sequences in the minor groove of DNA [47]. The acidic domains (Figure 6) are believed to
bind and stabilize the core sequences [49, 50]. Minor groove binding enables these proteins
to bind DNA in a nucleosomal complex and participate in opening and remodeling
chromatin [47, 65].

The domain arrangement with C-terminal HMG units is not unprecedented. Some of the
AT-hook domains became integrated by exon acquisitions [46] by several large (>1000
residue) DNA-binding nuclear polypeptides, like the yeast SNF2 protein [66], the C. elegans
lin-15b polypeptide [67], the D. melanogaster TAFII-230 factor [68], the human BR140
protein [69], etc. Notably, these proteins regulate gene expression by controlling
heterochromatin-euchromatin partitioning, chromatin remodeling and they have critical
functions in differentiation, development and proliferation. The inactive heterochromatin is
in densely packed nuclear matrix-associated compartments in the nucleus [70]. The active
euchromatin is arranged in large 50-100 kb loops with clusters of genes which are attached
to the matrix [71]. The sequences that anchor the loops to the matrix consist of AT-rich
elements (S/MAR regions) [71], which are recognized by regulators with AT-hook domains.
These regulators can control global gene expression patterns by affecting the chromatin
architecture. We presented evidence that APRIN shares functional domains and chromatin
localization with these factors.

In summary, the present report turns the APRIN functional model toward a new direction.
Although APRIN emerged from the Pds5 family of cohesin-associated proteins, its
independent evolution, its novel domain architecture and its localization in the interphase
chromatin suggest a new functional entity. In the light of our findings we propose that
APRIN, in addition to its putative Pds5-associated role in the chromosomes, may function as
a chromatin architectural regulator and a candidate mediator of hormone induced chromatin
changes in differentiation and cancer.
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Figure 1.
The chromosomal, contig and exon maps of the mouse APRIN gene. Mouse chromosome 5
is depicted with G-banding, the scale is in centimorgans (cM). Panel A, The full
pPAC417G6 clone map (“mouse BRCA2-APR area” map line), the identified genes are
depicted on a kilobase scale. The arrows indicate the direction of transcription. Exons were
mapped on the mouse genomic supercontig, Mm5_WIFeb01_97. Panel B, APRIN mRNA
and the open reading frame are shown. Panel C, the human and mouse APRIN chromosomal
areas are compared (human chromosome 13 q12.3 and the corresponding mouse
chromosome 5 region, 82-84 cM). The corresponding gene names and positions are
indicated. Positions are given in million base pair units in the human chromosome segment
and in centimorgan units in the mouse chromosome 5 segment
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Figure 2.
APRIN protein expression, nuclear transport and chromatin localization. Panel “a”, Western
blot analysis of mouse prostate proteins using the anti APRIN-1370 antibody. The protein
markers on the right are in kDa, the arrow indicates the mouse APRIN protein band. Panels
“b” and “c”, anti-APRIN-1370 immuno histochemistry of mouse prostate sections,
peroxidase-DAB staining, 100× (“b”) and 400× (“c”) magnifications. Panels “d”-“i”,
expression and nuclear localization of transiently transfected FLAG-tagged APRIN protein.
Panels “d”-“f”, nuclear immunofluorescence of MCF7-AR1 cells, transfected with an N-
terminal FLAG-tag APRIN fusion construct. They were stained with mouse anti-FLAG and
Alexa 594-labeled secondary antibody (red). Hoechst33258 was used as counterstain (blue)
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(2000×). Panels “g”-“i”, transfections with C-terminal truncated APRIN constructs
(cytoplasmic). The host cell line and staining were the same as in the previous panels
(1000×). Panels “j”-“l”, confocal microscopy of MCF7-AR1 cell nuclei transfected with the
N-terminal FLAG-tag APRIN fusion construct. The anti-FLAG/FITC-labelled secondary
antibody staining is green and the DNA counterstaining with propidium iodide is red. The
overlap of FLAG expression and DNA staining indicates co-localization of APRIN with the
nuclear DNA (yellow). The three panels show various compartmentalization patterns of the
APRIN-FLAG fusion protein in the nucleus (2000×). Panels “m”-“o”, high resolution
fluorescence immunohistochemistry of the native APRIN protein using the anti
APRIN-1434 antibody. A single MCF7-AR1 nucleus is shown (6000×). Panel “m”, Anti
APRIN-1434 only (green). Panel “n”, colocalization of APRIN with the chromatin. The
DAPI counter-stain (blue) labels the heterochromatin. Panel “o”, the middle section of panel
“n” is electronically magnified to show APRIN colocalization with the euchromatin/
heterochromatin interface. Panels “p”-“s”, APRIN expression in vivo, in prostate cancer.
The panels depict formaldehyde-fixed, paraffin-embedded human prostate tissue sections in
400×, 1000× and 2000× magnifications, respectively. The sections were stained with anti-
APRIN-1434 and with anti-rabbit peroxydase-DAB, using hematoxylin counter staining.
The left panel shows a disorganized acinus in neoplasia, the middle and right panels show
the same nuclei in increasing magnifications.
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Figure 3.
Protein conservation analysis between mouse and human proteins; APRIN is highly
conserved. The positions of the boxes reflect the percentage of conservation between mouse
and human in a decreasing order. The gene-boxes are aligned with the conservation scale on
the y-axis. The x-axis shows the abbreviations of the names of genes. The boxes also
indicate the sizes of the polypeptides in amino acids and the percent identities between the
murine and human sequences. Groups of genes of particular functions are indicated, APRIN
is highlighted.
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Figure 4.
Conservation-based domain map of the APRIN orthologs. The three large panels represent
the graphic displays of conservational calculations between the species indicated. The
numbered boxes at the top represent the identified conservation domains. The vertical scale
shows protein identity in percents, the horizontal scale represents the amino acid positions
along the APRIN polypeptide, in 20 amino acid units. The dotted lines identify the major
domain or subdomain boundaries. The graph at the bottom (APRIN v. Pds5) represents the
conservation map of the human paralog Pds5. The comparison is based on combined
sequences from the KIAA0648 [72], (Acc#: AB014548) and the SCC-112 [73] (Acc#:
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NP_065015) sequences, which overlap and represent different isolates of the human Pds5
cDNA
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Figure 5.
Comparison of the APRIN conserved domain pattern with APRIN-related sequences in the
Pfam domain database. Genes names (in bold) and organisms (in parentheses) are indicated
on the left. The numbers at the top label the three major Pfam domain families recognized in
the APRIN sequence. The scale and the conserved domains in the AS3 line are the same as
in Figure 4. The boxes below the APRIN domains are EST data representing partial
vertebrate sequences with homology to the human APRIN sequence. (EST accession
numbers from N-terminal to C-terminal direction: bovine, BE756042, AW483768 and
BF043498; chicken: BG712953, BG625340, BG625239 and AJ392316; Xenopus,
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BI448976, BG360016+BG346620, BG016343 and BI095461; zebrafish, BG515319,
AI558326, AW175091, AW128709 and BI472753). The interruptions within the EST
sequences signal regions of low conservation. The dotted lines between the boxes represent
regions where sequence information was not available.
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Figure 6.
AT-hook domains and nuclear localization signals in the unique C-terminal sequence of
APRIN. The C-terminal APRIN polypeptide sequences of the human (top sequence) and the
mouse (bottom sequence) are shown in alignment, the numbers indicate amino acid
positions. Domains #8, #9 and #10 are marked. The identified AT-hook motifs are boxed
and labeled. The boxes also contain sequences of high similarity with other DNA binding
proteins (Dd_AAC2, “AAC-rich mRNA” gene from Dictyostelium discoideum, acc.#
P14196; Sc_SUM1, “suppressor of mar1 mutation” gene from Saccharomyces cerevisiae,
acc # P46676; Dm_CPD1, “chromosomal protein D1” gene from Drosophila melanogaster,
acc # P22058; and Ce_T11A5.1, “protein 1 from region T11A5” from Caenorhabditis
elegans). The two classes of AT-hook domains (Class II and Class III) with close similarity
to the APRIN elements are also shown [46]. The lysine (K) which is critical in Class III
(highlighted) is missing in the APRIN sequence, classifying it to a Class II motif. The acidic
domains adjacent to the AT-hooks are indicated by the ellipses. The sequences indicated by
the bold long lines below and above the alignment represent the two bipartite nuclear
localization signals (NLS1 and NLS2). The two positively charged elements within the
localization signals are underlined. The single arrows above the human sequence indicate
casein kinase II (CKII) and protein kinase C (PKC) targets. The amino acids in the
recognition sequences are in bold. The double arrows indicate putative amidation and
asparagine glycosylation sites.
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