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ARTICLE INFO ABSTRACT

Keywords: PTOV1 is a transcription and translation regulator and a promoter of cancer progression. Its overexpression in
PTOV1 prostate cancer induces transcription of drug resistance and self-renewal genes, and docetaxel resistance. Here
DNA-Binding motif we studied PTOV1 ability to directly activate the transcription of ALDHIA1 and CCNG2 by binding to specific
AT-Hook

promoter sequences. Chromatin immunoprecipitation and electrophoretic mobility shift assays identified a DNA-
binding motif inside the PTOV-A domain with similarities to known AT-hooks that specifically interacts with
ALDHI1A1 and CCNG2 promoters. Mutation of this AT-hook-like sequence significantly decreased the expression
of ALDH1A1 and CCNG2 promoted by PTOV1. Immunohistochemistry revealed the association of PTOV1 with
mitotic chromosomes in high grade prostate, colon, bladder, and breast carcinomas. Overexpression of PTOV1,
ALDHI1A1, and CCNG2 significantly correlated with poor prognosis in prostate carcinomas and with shorter
relapse-free survival in colon carcinoma. The previously described interaction with translation complexes and its
direct binding to ALDHIA1 and CCNG2 promoters found here reveal the PTOV1 capacity to modulate the ex-
pression of critical genes at multiple levels in aggressive cancers. Remarkably, the AT-hook motifs in PTOV1
open possibilities for selective targeting its nuclear and/or cytoplasmic activities.

Aggressive prostate cancer
Chromatin immunoprecipitation
EMSA

unsolved problem in prostate cancer [2,6].
Our previous findings described the action of the oncogenic protein

1. Introduction

Prostate cancer (PCa) is the most frequent neoplasia in men and the
third leading cause of death for cancer in western Countries [1]. The
majority of patients are cured by radical prostatectomy but late-diag-
nosed or aggressive cancers have decreased survival rates of 29% [2].
The mainstay therapy for PCa is androgens deprivation therapy (ADT)
that, although initially very effective, leads the majority of patients to
develop a Castration Resistant Prostate Cancer (CRPC) with poor
prognosis [3,4]. Recently, docetaxel, a taxane that arrests mitotic di-
vision, has been introduced in combination with ADT as first line
therapy in metastatic hormone-naive PCa with improved results [5].
However, the development of resistance remains the most critical

PTOV1 in the progression of PCa to a metastatic disease and docetaxel
resistance [7,8]. Suggestive of a role for PTOV1 in the acquisition of a
more aggressive phenotype, we and others showed that the increased
expression of this protein significantly associated with a higher grade of
malignancy in PCa and numerous other cancer types [7,9-14]. The
structure of the protein consists mainly of two highly homologous se-
quences arranged in tandem identified as PTOV-A and -B domains [15].
PTOV1 is able to shuttle between nucleus and cytoplasm, its over-
expression induces cell proliferation, tumor growth, and increases the
motility of PCa and breast cancer cells in vitro, and metastasis in vivo
[16,17]. In the cytoplasm, PTOV1 was shown to interact with the
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receptor of activated protein C kinase 1 (RACK1), and positively
regulated protein synthesis, in particular c-Jun translation and activity
[16]. In the nucleus, PTOV1 was shown to decrease Notch signaling in
metastatic prostate tumors by repressing the transcription of Notch
target genes HES1 and HEY1, an action that was associated to active
histone deacetylases [18]. In breast cancer cells, PTOV1 was found to
repress the expression of Dickkopf 1 (DKK1), a major secreted Wnt
signaling antagonist that resulted in the activation of downstream Wnt/
B catenin signaling and cancer progression [17].

Recently, PTOV1 was described able to directly bind nucleic acids
through an amino acid sequence with similarities to known AT-hook
motifs [19]. The first AT-hook motif, discovered in the high mobility
group proteins A1 (HMGAL1), confers these proteins a global role as
master regulators of chromatin structure in addition to physically in-
teract with a large variety of different transcription factors [20]. Re-
markably, HMGA1 proteins are over-expressed in virtually every type
of cancer, where their expression levels correlate with tumor malig-
nancy and poor outcome [21]. An AT-hook consensus motif was defined
as composed by a core of arginines (R) and prolines (P) that allows the
amino acid stretch to bind the minor groove of A-T rich sequences of
RNA and DNA [22]. The first 43 amino acids at the N-terminal of
PTOV1 contain a new type of AT-hook motif defined as extended AT-
hook (eAT-hook) that is 10-15 amino acids longer and differs from the
canonical motif [19].

The progression of CRPC PC3 and Dul45cells to a docetaxel re-
sistant phenotype promoted by the overexpression of PTOV1 is asso-
ciated to increased expression of genes involved in resistance to doc-
etaxel and self-renewal (e.g ABCBI, CCNG2 and ALDHI1AI) [8],
suggesting that through the expression of these genes PTOV1 conferred
cells a higher resistance to chemotherapy and higher plasticity
[8,23-26].

Here, we studied whether PTOV1 may directly bind and activate the
promoter regions of these genes in LNCaP androgen-dependent prostate
cancer cells. We report the identification and localization of a novel
DNA-binding motif in PTOV1 that allows the protein to directly and
specifically bind to ALDH1A1 and CCNG2 promoters and it is required
for their full activation.

2. Materials and methods
2.1. Cell cultures

LNCaP androgen dependent prostate cancer cells were obtained
from the American Type Culture Collection (Rockville, MD). Cells were
periodically confirmed free of contaminated cell lines by in house au-
thentication of cell cultures by STR-fingerprints comparing these with
those published by ATCC. LNCaP cells were maintained in RPMI 1640
medium (Life Technologies, Inc., Grand Island, NY) supplemented with
10% heat-inactivated fetal bovine serum (Life Technologies) at 37 °C in
an atmosphere of 5% CO,. Antibodies to PTOV1 antibody were pro-
duced and purified as previously described [15,27]. Wnt3a conditioned
medium was kindly provided by D. Arango (Vall d’Hebron Institute of
Research, Barcelona).

2.2. Plasmid and peptides

The lentiviral HAPTOV1-ires-GFP and GFP-PTOV1 vectors were
previously described [18]. Short-hairpin shRNA sequences 1397 and
1439 (Sigma-Aldrich, St. Louis, MO) targeting the human PTOV1
mRNA were as described [8] and are shown in Supplementary Table 3.
PTOV1 mutant at amino acids 98-100 (the sequence KRRP was
changed to EGGP) was obtained with the plasmid GFP-PTOV1 using the
QuikChange™ Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer's instructions. The primers used for
mutagenesis were: 5-GAGTGGCAGGAGGAGGGCGGACCCTAGTCT
GAC-3’ (Forward) and 5-GTCAGAGTAGGGTCCGCCCTCCTCCTGCCA
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CTC-3’ (Reverse). The eAT-hook-wild type and eAT-hook-mutant pep-
tides were purchased from PepMic (Suzhou, China). The A-domain
peptide was described previously [9].

2.3. Real time gPCR

Total RNA was extracted with the RNeasy mini kit (QIAGEN,
Hilden, Germany), reverse transcribed with the Mooney Murine
Leukemia Virus Reverse Transcription (M-MLV-RT) kit (Promega,
Madison, USA) and real-time qPCR performed with the Universal Probe
Library (Roche, Basilea, Switzerland) on a LightCycler 480 RealTime
PCR instrument (Roche). Primers are shown in Supplementary Table 1.
The AACt method was applied to estimate relative transcript levels.
TBP, IPO8, or HMBS were used as endogenous control genes. Values are
presented as mean * SD.

2.4. Chromatin immunoprecipitation (ChIP)

Chromatin was immunoprecipitated using EZ-chip Chromatin
Immuno Precipitation kit (Millipore, Burlington, USA) according to the
manufacturer, as previously described [16].

Briefly, after a mild formaldehyde crosslinking step, cells were so-
nicated, lysates incubated with primary antibodies and precipitated
with protein A/G-Sepharose. Crosslinking of DNA-protein complexes
was reversed, DNA purified and used as a template for PCR reactions.
Primers used for PCR in ChIP experiments are described in
Supplementary Table 2.

2.5. Electrophoretic mobility shift assay (EMSA)

For binding assays, we used the following double-stranded DNAs
corresponding to regions of: ALDHIAI promoter (from —395- to
—363), CCNG2 promoter (from —269 - to —239) and HES1 gene (from
+45 to +69). The dsDNA probes were formed by mixing 20 pg of each
single-stranded oligodeoxynucleotide in a 150 mM NacCl solution. After
incubation at 90 °C for 5 min, solutions were allowed to cool down
slowly to room temperature. The duplexes were purified in a non-
denaturing 20% polyacrylamide gel electrophoresis and DNA con-
centration was determined by measuring its absorbance (260 nm) at
25 °C in a Nanodrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Barcelona, Spain). Duplexes were 5’-end-labeled with
[y->2P]-ATP (Perkin Elmer, Madrid, Spain) by T4 polynucleotide kinase
(New England BioLabs) in a 10 uL reaction mixture, according to the
manufacturer's protocol. After incubation at 37 °C for 1 h, 90 pL of Tris-
EDTA buffer (1 mM EDTA and 10 mM Tris, pH 8.0; Sigma-Aldrich) were
added to the reaction mixture, which was subsequently filtered through
a Sephadex G-25 (Sigma-Aldrich) spin-column to eliminate the unin-
corporated [y->2P]-ATP. Radio-labeled probes (100.000 cpm, [y->2P]-
ATP) were placed in ice for 30 min with 10 pg of PTOV1 domains or
0.3 ug of peptides using either 5 pg or 0.15 pg poly (dI:dC), respectively,
as unspecific competitor, in the presence of the binding buffer (5%
Glycerol, 0.5 mM DTT, 4 mM MgCl, 36 mM KCl, 0.5 mM EDTA, 25 mM
Tris-HCI pH 8.0; all reagents were purchased from Sigma-Aldrich). The
products of the binding reactions were electrophoretically resolved in
5% polyacrylamide and 5% glycerol native gels at a fixed voltage of
220V and 4 °C. Gels were dried at 80 °C and visualized on a Storm 840
PhosphorImager (Molecular Dynamics, GE Healthcare Life Sciences,
Barcelona, Spain). ImageQuant software v5.2 was used to visualize the
results.

2.6. In vivo growth of prostate cancer cells

LNCaP cells (1 x 10°) in 100 pL mix of PBS and Matrigel (mix 1:1),
were inoculated subcutaneously in the right flank of 6-week-old male
mice (Rj:NMRI—FoxnI““/ "' n=6) (Charles River Laboratories,
Barcelona, Spain). All animal experimental procedures were approved
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by the Vall d’Hebron Hospital Animal Experimentation Ethics
Committee. After tumors reached 1.5 cm in diameter, mice were eu-
thanized and tumors excised. Tumors were fixed in formol, embedded
in paraffin and processed for histopathology. Hematoxylin & eosin
staining to verify the histopathological findings were performed.

2.7. Immunohistochemistry

Four-micron sections from human and mice tumors were used for
antigen retrieval in citrate buffer, as described [18]. After blocking
endogenous peroxidase activities and non-specific labeling, sections
were labeled with PTOV1 antibody for 2h at room temperature. As a
negative control, primary antibody was omitted or replaced with non-
specific rabbit antibody, obtaining clean negative results in all cases
(data not shown). Reaction was revealed by the avidin-biotin complex
and staining with diaminobenzidine (ABC Elite kit, Burlingame, CA,
USA). Nuclei were counterstained with Hematoxylin.

2.8. DNA analyses in human prostate cancer samples

The mRNA expression of PTOV1, ALDHIAI and CCNG2 genes was
analyzed in dataset from human prostate tumors (GSE97284 n = 188)
using the R2 bioinformatics platform (http://r2.amc.nl). The most in-
formative probeset, according to its average present signal (APS) and
average value (Avg) was selected. The presence of DNA amplification,
point mutations and deletions in the genes of interest were analyzed
from publicly available datasets of human prostate tumors using the
cBioPortal platform [28,29]. Correlations between PTOV1, ALDH1AI,
and CCNG2 genes and survival of patients with colon carcinoma were
obtained using the dataset GSE14333 (n=290).

2.9. Western blotting

Western blotting analyses were performed as previously described
[18]. Specific reactivity to antibodies was detected with a chemilumi-
nescent substrate (GE Healthcare). Densitometric analysis of western
blot signals with antibody to PTOV1 was performed using ImageJ
software.

2.10. Statistics

Results are expressed as means * standard deviation of the means.
For statistical analysis, according to whether data were sampled from a
Gaussian distribution or not, unpaired t-test or Mann-Whitney U test
was used to compare two groups. A p value < 0.05 was taken as the
level of significance. These analyses were performed using GraphPad
Prism 5 software.

3. Results

3.1. PTOV1 induces the expression of self-renewal genes in prostate cancer
cells

Our prior studies identified PTOV1, ALDHIA1 and CCNG2 genes as
potential significant markers of metastasis and poor prognosis when
overexpressed in primary androgen dependent prostate tumors [8].
ALDH1A1 is a hallmark of both normal and cancer stem cells (CSCs)
and an enabler of drug resistance in different types of cancers [14,30],
while CCNG2 is a promoter of G2/M cell cycle arrest that contributes to
thiopurine and doxorubicin resistance [31,32]. In metastatic CRPC
Dul45 and PC3 cells, the overexpression of PTOV1 provoked an in-
crease in the expression of these genes (Fig. 1A) [8]. Additionally, in
androgen dependent LNCaP PCa cells PTOV1 also significantly induced
the expression of ALDH1A1 and CCNG2 (Fig. 1B and C). On the other
hand, the knockdown of PTOV1 by short hairpin RNAs provoked a
significant reduction of endogenous PTOVI levels and a parallel
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significant decrease in ALDHIA1 and CCNG2 mRNA expression with
respect to a control shRNA (Fig. 1B and C).

3.2. PTOV1 directly induces the expression of ALDHIA1 and CCNG2 in
PCa cells

We next interrogated the mechanisms by which PTOV1 drives the
transcription of ALDHIAI and CCNG2. Prior work had shown that the
engagement of two signaling networks, Wnt/f-catenin and Jun kinase
(JNK), activate PTOV1-mediated functions [16,17]. Upon inhibition of
these pathways by iCRT14 or JNK inhibitor II, specific inhibitors of Wnt
and JNK signaling, respectively, the expression of ABCBI, driven by
PTOV1, was abrogated (Supplementary Fig. S1). In contrast, the
PTOV1-dependent expression of ALDHIAI and CCNG2 was not af-
fected, suggesting that PTOV1 induced their transcription in-
dependently from these pathways (Supplementary Fig. S1C) [16,17].
Based on these observations, we hypothesized that PTOV1 mediates the
transcription of ALDH1A1 and CCNG2 genes by direct association with
their promoters. We thus performed chromatin immunoprecipitation
(ChIP) in LNCaP cells, and observed a specific binding of PTOV1 to the
chromatin of the ALDHIAI and CCNG2 promoters (Fig. 2A). In con-
trast, the binding of PTOV1 to the ABCB1 promoter resulted in unclear
or non specific, suggesting that ABCB1 transcriptional activation occurs
through other circuits promoted by PTOV1, as suggested above
(Supplementary Fig. S1). As expected, no binding of PTOV1 was ob-
served to internal sequences of the HESI gene [18] .

3.3. PTOV1 directly binds to ALDHIA1 and CCNG2 promoters through a
new motif in its A domain

AT-hook amino acid motifs confer proteins the ability to bind DNA
or RNA. The N-terminal region of PTOV1 contained an extended AT-
hook (eAT-hook) motif [19]. We tested different regions of PTOV1,
including the eAT-hook motif, the A domain, and the B domain for their
ability to bind the promoter sequences of ALDHIAI and CCNG2 genes
using electrophoretic mobility shift assays (EMSA). We synthesized
small DNA probes (32 nucleotides) from the ALDH1A1 and CCNG2
promoters containing putative AT-hook target sequences (Fig. 3), and
from the HESI intron-1 as negative control. These probes were labeled
with [3?P] and used in binding reactions with recombinant glutathione-
S-transferase (GST), full-lenght GST-PTOV1 protein, GST-A domain,
GST-B domain, and two short peptides containing the wild type eAT-
hook or the mutated eAT-hook described previously [19] (Fig. 3). A
specific shifted band is detected when recombinant GST-PTOV1 is in-
cubated with either ALDH1A1 or CCNG2 probes (Fig. 3B). Surprisingly,
the GST-A domain of PTOV1, but not the GST-B domain, showed a
strong binding activity with both ALDHIAI and CCNG2 probes. How-
ever, either the wild-type or the mutated eAT peptides did not generate
any shifted band with these probes, and no shifted band was visible
with the HES1 negative control probe. (Fig. 3B).

The analysis of the amino acids sequence of the A domain revealed a
motif with similarities to a ‘classic AT-hook’ (Fig. 3A) [33]. This se-
quence is not conserved in the corresponding homologous B domain of
PTOV1. Therefore, we synthesized a short peptide of 15 amino acids
that corresponds to the motif present in the A domain (Fig. 3A). In-
terestingly, both labeled probes from ALDH1A1 and CCNG2 produced
light shifted bands in the presence of this short peptide from the A
domain (Fig. 3B), indicating that PTOV1 is able to bind to these pro-
moters through a new amino acid sequence present in the A domain,
but not with the eAT-hook previously described, nor with the B domain
of the protein.

3.4. The new PTOV1 AT-hook-like motif is necessary to modulate
ALDH1A1 and CCNG2 expression

In order to study the functional relevance of the KRRP sequence
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Fig. 1. The ectopic expression of PTOV1 in prostate

A DU145 PC3 cancer cells promotes ALDHIAI and CCNG2 ex-
pression. (A) CRPC Dul45 and PC3 cells transduced
209 301 with a lentiviral vector HAPTOV1-ires-GFP, or a
4 ARk 3 CTL 3 CTL >
18 25 Kok control lentivirus (GFP), were analyzed by real time
T':; 164 Wl HAPTOVI 7:, - Em HAPTOVI qPCR for ALDH1A1 and CCNG2 expression. (B) Left,
2 144 Z 20- LNCaP cells transduced with the lentiviral vector
é 12+ é HAPTOV1, or the control lentivirus (GFP), were
= 12:: = li:: analyzed by real time qPCR for gene expression.
Q ;_ @ *k Right, LNCaP cells transduced with lentiviral vec-
E 34 ek = tors bearing shRNA sequences (sh1397 or sh1439)
& A bt & 27 and a control shRNA (shCTL) for PTOV1 knock-
1- down, were analyzed by real time qPCR.(C)
0- a Immunoblots of LNCaP cells as in B, identify the
PTOV1 ALDHI1A1 CCNG2 PTOV1 ALDH1A1 CCNG2 endogenous or the HAPTOV1 protein. Numbers in
the right panel, express the reduction of PTOV1
protein levels were quantified by densitometric
B analysis of the signal with respect to actin using
ImageJ software. p-value: * < 0.05; ** < 0.01;
LNCaP % < 0.001.
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resembling the core AT-hook (Fig. 3A) present in the peptide that binds
to ALDH1A1 and CCNG2 promoters, we changed the motif to EGGP, by
means of site-directed mutagenesis. This mutant was created in the
GFP-full-length PTOV1 plasmid, so as to study the function of the

575 33
285 bp

protein as a transcription activator. As it is shown in Fig. 4, both wild-
type or mutant GFP-PTOV1 were efficiently expressed in transfected
cells. Importantly, the expression of the mutant caused a moderate but
significant decrease in ALDHIAI and CCNG2 transcript levels when
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Fig. 3. EMSA identify a new AT-hook-like motif in the A domain of PTOV1. (A) Schematic of the protein structure of PTOV1 identifying the AT-hook domains present
at the N-terminal (eAT-hook) and within the A domain (AT-hook-like) (not in scale). Bottom, eAT-hook, the first 43 amino acids from the N-terminal of PTOV1; A
domain, the partial amino acid sequence (85-125) of the A domain; B domain, the partial amino acid sequence of the B domain (amino acid 249 to 292); A domain
peptide, the amino acid sequence of the AT-hook-like motif peptide used for EMSA assays (amino acid 100 to 114); AT-hook consensus, the described AT-hook of
HGMALI1 (amino acid 21 to 31). Bold characters identify amino acids in the ‘core’ of AT-hook motifs. (B) Drawings show the localization of the DNA sequence probes
with respect to the transcription start sites (TSS). Bottom panels: two gel shift assays are shown for each ALDHIA1 and CCNG2 probe: in the left gels, labeled
sequences from ALDHI1A1 promoter were incubated with recombinant GST-PTOV1 (PTOV1), GST-A domain (A dom), GST-B domain (B dom), eAT-hook wild type
peptide (eAT-WT pept) and mutated eAT-hook peptide (eAT-mut pept). In the right gels, labeled sequences from the CCNG2 promoter were incubated with the GST-A
domain (A dom), GST-B domain (B dom), and the A domain AT-hook-like peptide (A dom pept). Arrows indicate the shift provoked by the binding of protein domains
or peptides to labeled DNA. A gel shift assay performed with the HESI probe is shown on the right panel as control.

compared to wild-type PTOV1 (Fig. 4B). The GFP-PTOV1 plasmids
express comparable levels of the exogenous protein, indicating similar
levels of transfection in these experiments (Fig. 4C).

Together with the above demonstration of direct binding to
ALDHI1A1 and CCNG2 promoter sequences, these results lend support to
the hypothesis that the AT-hook-like motif in the A domain of PTOV1 is
critical for the PTOV1 promoted activation of transcription of these
genes.

3.5. PTOV1, ALDHI1A1 and CCNG2 expression levels are associated with
aggressiveness in prostate and colon carcinomas

To understand the significance of the ability of the oncoprotein

162

PTOV1 to directly bind and activate the expression of ALDHIAI and
CCNG2 genes in tumor cells, we interrogated several publicly available
databases containing expression data, clinical and pathological in-
formation of untreated patients with prostate cancer for the association
of expression of these genes. Data derived from micro-dissected un-
treated prostate tumors specimens [34] show that PTOV1, ALDH1A1
and CCNG2 transcript levels are significantly increased in patients with
high Gleason Score (> 8) in comparison to patients with low Gleason
score (< 7) (Fig. 5A) (GSE97284)%*. The transcript levels of these genes
are also significantly higher in prostate adenocarcinomas of patients
who developed regional or distal metastasis after radical prostatectomy,
suggesting their relationship with metastatic progression [8]. In addi-
tion, the expression levels of PTOV1 significantly correlated with the
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expression of ALDH1A1 (Spearman 0.46, p < 0.0001) and CCNG2
(Spearman 0.68, p < 0.0001) (GSE46691). Moreover, in a cohort of
patients with prostate carcinoma including data derived from 10 studies
[35-44], PTOV1, ALDH1A1 and CCNG2 genes also showed a highly
significant co-occurrence of alterations at their DNA (Table 1). These
observations suggest that the expression of PTOV1, ALDHIAI and
CCNG2 genes is associated for a coordinated activity in aggressive
prostate tumors.

Because PTOV1 can strongly and specifically bind to DNA in vitro
and to chromatin in vivo, we searched for PTOV1 association with DNA
in mitotic tumors cells using immunohistochemical analysis in different
types of tumors. In xenografted mice tumors derived from LNCaP cells,
a strong signal for PTOV1 was detected in mitotic cells where the
staining appears associated to condensed chromosomes (Fig. 5B). Si-
milarly, in colon carcinoma tissues immunohistochemical analysis re-
veals a clear accumulation of PTOV1 in the nuclei of mitotic cells,
confirming its strong association with chromatin in aggressive tumor
cells (Fig. 6A). Interrogating publicly available datasets of patients with
colon carcinomas (GSE24551, GSE14333), high levels of PTOVI,
ALDH1A1 and CCNG2 expression correlated with poor relapse-free
survival and event-free survival, although for ALDH1A1 the association
did not reach significance (Fig. 6B). Furthermore,
munohistochemical analyses of high grade urothelial bladder carci-
noma and ductal breast carcinoma, previously shown to express high
levels of PTOV1, also revealed a clear association of the protein with
condensed mitotic DNA (Fig. 7).

im-

4. Discussion

Here, we provide new insights into the mechanisms used by the
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Fig. 4. Mutation of the newly discovered AT-hook-
like ‘core’ motif of PTOV1 reduces the protein
transcription capacity. The plasmid containing
GFP/full-lenght PTOV1 mutated at the AT-hook
(EGGP), or wild-type plasmid, and the control GFP
plasmid were transfected in HEK293T cells. (A)
Cells were analyzed for gene expression by real-time
PCR 72h after transfection. The graph shows the
relative expression of PTOV1, ALDH1A1 and CCNG2
as compared to their endogenous levels (cells
transfected with the GFP plasmid, CTL). (B) The
levels of expression of GFP-PTOV1 (wild-type) was
taken as control to compare to mutated GFP-PTOV1
from the same experiment as in A to show the effect
that mutant exogenous PTOV1 has on the expres-
sion of downstream ALDHIA1 and CCNG2 genes in
comparison to wild-type PTOV1.

(C) Western blot analysis of cells transfected with
wild-type or mutant GFP-PTOV1 plasmids, shows
similar levels of expression of the exogenous
PTOV1, as indicated by the GFP antibody signals.
Vinculin is shown as protein loading control.

Hl PTOVI
BES mut

protein PTOV1 to regulate the expression of ALDHIA1 and CCNG2,
relevant factors involved in tumor progression. Specifically, we show
that PTOV1 is able to directly bind to the promoter sequences of these
genes through a newly unveiled protein motif localized within the A
domain of the protein [45]. This finding impacts on several aspects of
the action of PTOV1 in cancer progression.

First, our findings define PTOV1 as a new nucleic acid binding
protein containing two distinct motifs: one extended (eAT-hook) at the
N-terminal [19] and a second AT-hook-like motif, identified and char-
acterized in this work, within the A domain of PTOV1. The previously
described eAT-hook does not bind to any of the DNA sequences tested
here, in line with previous results that this motif has a higher affinity
for RNA sequences [19]. In contrast, the newly identified AT-hook-like
strongly binds to DNA sequences from the ALDHIAI and CCNG2 pro-
moters but not to ABCB1 promoter or internal HESI gene sequences,
indicating its specificity. Of note, mutations of the ‘core’ sequence in the
AT-hook-like motif, decreases the expression of ALDHIA1 and CCNG2
indicating that this motif is functionally relevant for the transcriptional
activity of PTOV1. Since PTOV1 was shown to function both at specific
promoter sites to regulate transcription [17,18] and at ribosomes [16]
to regulate mRNA translation, our present findings reveal potential new
ways to selectively mitigate the nuclear or cytoplasmic functions of
PTOV1 in cancer cells: the identification of inhibitors of these ‘micro-
handles’ in the protein could prevent its specific binding to either DNA
or RNA, causing functionally diverse consequences on cell fate.

Secondly, we have shown that the transcriptional activation of
ALDHI1A1 and CCNG2 by PTOV1 is independent of the canonical Wnt or
JNK pathways, being instead mechanistically explained by the direct
binding of PTOV1 to specific sequences of these promoters. ALDH1AL1 is
an established hallmark of CSCs and promoter of drug resistance in
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the grade group of <7 n = 83; High grade indicates the grade groups 4 and 5 (Gleason score: 4 + 4,3 + 5,5 + 3,4 + 5,5 + 4,5 + 5 n = 91. (B)
Immunohistochemical stainings of antibodies to PTOV1 in LNCaP tumors formed in immunosuppressed mice. PTOV1 associates to condensed chromatin in aggressive
mitotic cells (arrows). Scale bar: 100 pm. p-value: * < 0.05; ** < 0.01; *** < 0.001.

Table 1 together with the above mentioned findings, indicate a concerted action

Co-occurrence of DNA alterations in prostate tumors. of these genes in cancer progression [14,31,45,49]. These observations

Gene A Gene B log Odds Ratio  Adjusted p-Value  Tendency also suggest that, similarly to HMGA pr.otems, PTOYl bc.>und to

ALDHI1A1 and CCNG2 promoters may function as an epigenetic factor

PTOV1  ALDHIAI >3 < 0.001 Co-occurrence that triggers the recruitment of chromatin regulators and transcription
PTOV1 CCNG2 2.762 < 0.0001 Co-occurrence

factors to activate gene expression.

The expression of CCNG2, increased at G2-M phase, blocks the cell
cycle before mitotic entry and chromosome condensation and is asso-
ciated to thiopurine and doxorubicin resistance [31,32]. In addition,
ALDH1A1 is one of the most overexpressed gene in Solitary Fibrous
Tumors, a rare spindle cell tumor with high mitotic counts [51]. Thus,
PTOV1 action on CCNG2 and ALDH1A1 promoters might occur at mi-
totic stages and, conceivably, its binding to chromatin may be detected
in condensed chromosomes of tumors cells. In fact, we observed posi-
tive PTOV1 staining in mitotic DNA in cells of prostate, colon, bladder
and breast carcinomas. In mice tumors from LNCaP cells, numerous
mitotic cells had a strong chromatin associated PTOV1 staining, al-
though strong reactivity was also observed in the cytoplasm, suggesting
its actions in cytoplasm and nucleus in aggressive tumor stages [27].

Thirdly, the protein structure of PTOV1 shares similarities with
other proteins that interact with nucleic acids, like the -barrel present
in Ku (Ku70/Ku80) heterodimers and the SMRT/HDAC1-associated
repressor protein (SHARP) [52,53]. Ku70/Ku80 are the DNA binding
subunits of the DNA-PK complex necessary for the assembling of the
DNA repair machinery for double strand breaks and are also implicated
in transcriptional regulation [54]. SHARP is an important

different types of cancers, including colon cancer [14,30] and CCNG2 is
an unconventional cyclin whose function in cancer progression remains
to be determined. CCNG2 was first described as a tumor suppressor in
several cancer types [46-48], being significantly upregulated in re-
sponse diverse growth inhibitory stimuli, contributing to induce G2/M
checkpoint and cell cycle arrest in response to doxorubicin [32] and to
thiopurine resistance in lymphoblastoid cells [31]. However, it was also
reported to modulate invasion in glioblastoma cells [49]. In these tu-
mors, CCNG2 is remarkably expressed at hypoxic sites, and was shown
to cooperate with actin-binding proteins providing flexibility to actin
filaments for glioblastoma cell invasion. Consistent with an oncogenic
role, we found that CCNG2 is significantly co-expressed with PTOV1
and ALDHIA1 in aggressive prostate tumors and colon carcinomas,
where overexpression of these genes is linked to progression and de-
creased relapse-free survival (Figs. 5A and 6B). The association of
ALDH1A1 with poor survival was very recently confirmed in colon
carcinomas [50]. Lastly, the significant co-occurrence of DNA altera-
tions in PTOV1, ALDH1A1 and CCNG2 in prostate carcinomas (Table 1)
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Fig. 6. PTOV1 accumulates in the nuclei of mitotic colon carcinoma cells. (A) Immunohistochemistry analyses of aggressive colon carcinoma cells show PTOV1
localized in condensed mitotic nuclei (arrows). Scale bar: 1000 um. (B) The expression of PTOV1 significantly correlates with poor overall survival in colon tumors.
Public datasets (GSE62452, GSE3141, GSE45547, GSE24551, GSE21653, GSE14333) containing information of survival rates in patients with colon cancer were

analyzed using R2 platform.

transcriptional regulator of nuclear receptor-mediated responses,
Notch-mediated transcription, and X-chromosome silencing during de-
velopment [53,55]. Besides sharing characteristics like DNA binding
abilities and transcription regulatory functions, the two tandem do-
mains in PTOV1 are structurally related to the SPOC domain in Ku and
SHARP [52,56]. Similarly to PTOV1, SHARP also contains RNA re-
cognition motifs, but is not known to contain nucleic acid-binding AT-
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hook-like motifs [53]. Members of the HMGA family of proteins also
share structural (presence of several AT-hook motifs) and functional
similarities with PTOV1, e.g. promote transcription [20,21], bind di-
rectly to gene promoters, are overexpressed in cancer, and are asso-
ciated to metastasis and therapy resistance [57-59].

AT-hook variants containing modifications that still allow binding
to the DNA minor groove have been discovered, suggesting that the
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Fig. 7. PTOV1 accumulates in the nuclei of mitotic bladder carcinoma and
breast carcinoma cells. Inmunohistochemical staining of antibodies to PTOV1
in high grade bladder carcinoma (A) and breast carcinoma. Scale bar: 100 pm.
(B) reveal strong staining associated to chromatin of mitotic cells (arrows).
Scale bar: 1000 pm.

consensus core motif based on the HMGA family might not be so strict
[60]. Recently, different unconventional AT-hook motifs were identi-
fied in DNA/RNA binding proteins [61,62]. Similar to the unconven-
tional AT-hook-like motif reported here for PTOV1, an unconventional
AT-hook domain 2 found in MeCP2 with a KRGRK core it is still able to
bind AT-rich DNA sequences [63]. Another example of unconventional,
AT-hook sequence is the TAF1 protein of Drosophila melanogaster that
significantly diverges from the HGMA consensus without losing DNA
affinity [60]. Moreover, Tip5, a subunit of the nucleolar remodeling
complex (NoRC) that provides the link between nucleolar matrix and
rDNA, also contains different AT-hook motifs for interaction with nu-
cleic acids [64], including an extended-AT-hook that preferentially
binds RNA to modulate the association between NoRC and promoter-
associated RNA (pRNA) [65]. Finally, RNA-binding proteins Rrp12 and
Srsfl0 contain AT-hook motifs, suggesting that similarly to PTOV1
these proteins may have roles in DNA and RNA processes [66]. We
propose that the previously identified eAT-hook and the newly unveiled
AT-hook-like motifs have key roles in the functions of PTOV1 in mRNA
translation and transcription, respectively [16-18].

In summary, we report a novel DNA binding motif in PTOV1 that
allows its specific and direct binding to sequences of the ALDH1A1 and
CCNG2 promoters, genes implicated in self-renewal and drug re-
sistance, and their expression is associated with progression of tumors
to aggressive stages and worse patients outcome. The distinct DNA and
RNA-binding AT-hook motifs might direct PTOV1 nuclear and cyto-
plasmic actions. Noteworthy, these motifs reveal specificities poten-
tially useful to screen for inhibitors of distinct oncogenic functions of
PTOV1.
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