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Abstract
Background: Human Dachshund homologue 1 (DACH1) is involved in carcinogenesis with opposite roles reported in different tumor types. Four alternatively
spliced transcripts encoding different DACH1 isoforms were described but their specific role in human cancers is still unknown. Prostate cancer (PCa) is a
heterogeneous disease with a very wide variability, so there is yet a relevant need to find new diagnostic and therapeutic biomarkers to make a safe clinical
evaluation. It is well known that the differential expression of protein isoforms can induce distinct transcriptional programs with opposing effects on tumor
progression and therapy. Thus, in this study we aimed to correlate the functional role of DACH1 with its splicing variants expression in PCa.
Methods: The expression and functional role of DACH1 splicing variants in PCa were investigated using tumor (PC3) and normal (RWPE-1) cell lines, patient
biopsies and TCGA dataset. Flow-cytometry, western blots and RT-qPCR were used for in vitro molecular characterization; invasion, adhesion, clonogenic
assays and cell cycle analysis for functional characterization. Immunohystochemistry and western blot were performed on human PCa biopsies.
Results: RT-qPCR and Western Blot revealed that DACH1-positive PC3 cells predominantly expressed DACH1 variant 4 (DACH1-v4), whereas RWPE-1 cells
mostly expressed DACH1 variant 3. Stable DACH1-v4 overexpression enhanced the transformed phenotype of PC3 cells by inducing proliferation, colony
formation, invasion ability, epithelial to mesenchymal transition. Given its intrinsic radioresistance, PCa frequently recurs after radiotherapy. Of note, DACH1v4-overexpressing PC3 cells displayed higher radioresistant behavior. Overexpression of DACH1-v4 also transformed RWPE-1 cells to oncogenic phenotype,
suggesting a pro-oncogenic role for this specific isoform. PCa biopsies analysis showed DACH1 nuclear staining enhanced throughout the increase of the
tumor grade. Remarkably, tumor glands were found to express a long DACH1 variant, while normal prostate tissue expressed the short DACH1 isoform, in line
with data from TCGA-PRAD analysis and our data in RWPE-1 cells.
Conclusions: Our findings highlight the oncogenic role of DACH1-v4 in PCa and suggest that the longer DACH1 variants could be associated to pro-tumor
function, while the shortest DACH1 variant would perform tumor suppression. The expression of specific DACH1 isoforms could represent a novel
diagnostic/prognostic marker in PCa.

Background
Prostate cancer (PCa), the second leading form of cancer-related death in men worldwide [1], is a heterogeneous disease with a very wide variability. Thus,
nowadays, new diagnostic and therapeutic biomarkers are urgently needed to better stratify the tumor risk level and choose the most personalized therapy.
Active surveillance, surgery, and radiation therapy (RT) are the standard therapeutic choices for men with PCa. Particularly, radiotherapy, more frequently
delivered with external beam radioactive sources (EBRT), has been shown to offer cure rates similar to surgery, with fewer long-term sexual side effects and
little effects on urinary continence [2]. However, PCa local and distant recurrence frequently occurs and treatment failure is attributable to the intrinsic
radioresistance of cancer cells. Furthermore, acquisition of radioresistance has been reported during cancer treatment with fractionated irradiation [3]. Notably,
the mechanisms underlying intrinsic or acquired radioresistance remain unclear. RT kills cancer cells by means of ionizing radiations (IR) that damage DNA
both directly, by inducing DNA single (SSB) or double (DSB)-strand breaks, and indirectly, through the formation of reactive-oxygen-species (ROS) [4]. This
results in cell cycle arrest and the activation of DNA repair mechanisms to protect genomic integrity even though, upon irreversible DNA damage, the apoptotic
response is activated. Nevertheless, cancer cells often activate several mechanisms to overcome the therapeutic efficiency of EBRT including the aberrant
expression of anti-apoptotic genes, the activation of the epithelial-mesenchymal transition program (EMT), the enhanced DNA repair system and the increased
intracellular levels of ROS [5, 6]. These mechanisms are finely regulated and identifying the upstream molecules orchestrating these systems could permit the
identification of new patient-based radiosensitizing strategies.
The Human Dachshund homologue 1 (DACH1) is a key component of the Retinal Determination Gene Network (RDGN), originally identified in Drosophila

Melanogaster eye specification. In mammals DACH1 governs morphogenetic processes at early growth stages, cell differentiation and tissue homeostasis [7]
and participates in physiological functions of the liver [8], kidney [9], and mammary gland development, where DACH1 also enhanced mammosphere
formation in the LA-7 rat mammary gland stem cells and promoted mammary gland ductal branching during mammary gland development in transgenic mice
[10]. Recent studies demonstrated that aberrant expression of RDGN members is involved in the tumorigenic process of different human cancers. The
molecular mechanisms governing the RDGN have been investigated in order to identify potential therapeutic targets in different cancer types [11, 12].
DACH1 expression was reduced in human breast tumors, correlating with poor prognosis [13] and breast cancer cell lines enriched in cancer stem cells (CSC)
also showed a reduction in DACH1 expression, while DACH1 over-expression reduced the percentage of CSC in an in vivo murine model [14]. DACH1 restrained
breast cancer invasion and metastasis via interleukin-8 [15]. Furthermore, the high levels of DACH1 expression seen in normal lung tissues were reduced in
lung adenocarcinoma, and DACH1 over-expression inhibited lung cancer cell proliferation, invasion, colony formation in vitro and tumor growth in vivo
involving p53 [16] and pro-inflammatory chemokines CXCL5, CXCL1 and CXCL8 [17–19]. Furthermore, DACH1 was target of the oncogenic miR-194 in
pancreatic cancer, consistent with a tumor suppressor role [20], and DACH1 reduced cell proliferation and migration and functioned as a sensitizer to
docetaxel in different colorectal cancer cell lines [21, 22].
However, the role of DACH1 in cancer onset and progression is controversial. In contrast with a tumor suppressor role, DACH1 knockdown inhibited cell
proliferation and invasion in Capan-1 pancreatic cancer cells [23]. In ovarian cancer, DACH1 protein levels increased with tumor invasiveness and was highly
expressed in metastatic ovarian cancer compared with that of normal, benign, and borderline ovarian tissues [24]. Hu et al. reported that DACH1 was
expressed in intestine crypt basal cells and that DACH1 was necessary for the formation of tumor organoids, which were considered by the authors to serve as
a functional assay of tumorigenesis. Moreover, high expression of DACH1 in colorectal cancer at all stages of tumor progression correlated with poor
prognosis [25].
Collectively this evidence suggests that DACH1 may act a tumor suppressor or oncogene in different kinds of cancer and tumoral microenvironment [19, 26].
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Four alternatively spliced transcripts encoding different isoforms have been described for human DACH1 gene [27], even though no studies have been
conducted so far on the role of different DACH1 isoforms in human cancers. It is well known that alternative splicing changes are frequently observed in
cancer and are starting to be recognized as important signatures for tumor progression and therapy [28]. It was also shown that the expression of different
isoforms of specific proteins can induce distinct transcriptional programs with opposing effects on clinical outcome [29, 30]. Although DACH1 is considered a
tumor-suppressor for PCa where it has been reported to restrain the transformed phenotype in cell lines [31, 32], the specific DACH1 isoform responsible for the
antitumor function was not determined. Notably, no studies have been yet performed to dissect the different role of DACH1 isoforms in PCa onset, progression
and radioresistance.
In this study, we aimed to correlate the functional role of DACH1 with its splicing variants expression in the androgen-independent metastatic prostate cancer
PC3 cell line and in primary prostate normal and tumor tissues of PCa patients. In particular, we asked whether the specific DACH1variant 4 (DACH1-v4) plays
a role in enhancing or rather abating radioresistance, which most PCa patients develop after first-line radiation treatment.

Methods

Cell culture
PC3 and RWPE-1 cells were purchased from the American Type Culture Collection (ATCC, Manassan, VA). PC3 cells (ATTC n. CRL-1435 Lot n. 61777391) were
routinely checked for mycoplasma were maintained in RPMI-1640 (Sigma, Saint Louis, MO, USA) supplemented with 2 mM L-glutamine (Sigma), 200 U/ml
penicillin–streptomycin (Sigma), sodium pyruvate 1 mM (Sigma), Hepes 10 mM (Sigma) and 10% fetal bovine serum (FBS) (Life Technologies-Gibco Eugene,
OR, USA). RWPE-1 cells were maintained in Keratinocyte serum-free medium (Gibco, Grand Island, NY) supplemented with bovine pituitary extract, 10 ng/mL
epidermal growth factor (EGF), and 0.5% Gentamicin (Invitrogen).
Cells were maintained at 37°C in a humidified incubator with 5% CO2. Corning T25 ultra low attachment flasks were used to culture the cells in anchorageindependence conditions in basal growth medium.

Bacterial Transformation And Cell Transfection
Plasmids used are: CMV10 expression vector encoding an N-terminal FLAG peptide linked to DACH1-v4 isoform (1 ng of this vector was subjected to PCR with
primers shown in Supplementary Fig. 1 and Supplementary Table 1, where the pair of primers 1 and 5 significantly produced an amplicon compared to PCR on
the CMV empty vector); DACH1 shRNA pGIPZ vector and the respective empty vectors (kind gifts from Dr. Richard Pestell, Pennsylvania Cancer and
Regenerative Medicine Research Center, Baruch S. Blumberg Institute, Pennsylvania Biotechnology Center, Wynnewood, PA, 19096, USA).
For the transfection, 3x105 PC3 and 2.5x105 RWPE-1 cells were plated in 6-well plates on the day prior to transfection in RPMI complete medium with 10% FBS
and Opti-MEM medium (Gibco), respectively. After 24 hours, cells reaching the 80% confluence were transfected with 1 µg vector expressing DACH1-v4 isoform
or the empty vector by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). To obtain stable cell lines, the previous vectors were cotransfected with 0.5
µg of pcDNA3.1 carrying puromycin resistance (kind gift from Prof. Lorenzo Puri), as selection marker. 24 h after transfection, complete medium was
substituted and puromycin (2µg/ml) was added, repeating this passage every day until all the non-transfected cells, used as control, died. The fold effect of
expression vector was determined by comparison to the effect of the empty vector and statistical analyses were performed using a t-test.

Cell Proliferation Assay And Cell Cycle Analysis
For proliferation assay, 3x105 PC3 cells and 2x104 RWPE-1 cells, transfected or not with DACH1-v4 vector, were seeded into Corning flask T-25 and Corning 12
well plate respectively, and cells were counted daily for three days using a Thoma cell counting chamber. Sh DACH1-v4 cells were plated in 96-well plates at a
seeding density of 4x103 cells/well, crystal violet-stained daily for three days, diluted with acetic acid 10% and then a spectrophotometer was used to measure
the absorbance of solutions at 550 nm.
To analyze cell cycle, 2x105 cells were plated in Corning flask T-25 in complete growth medium and after 48h, all samples except the controls were treated with
a 4 Gray (Gy) dose of IR. At 24h and 48h after radiation treatment, both untreated and treated cells were trypsinized, fixed with 70% ethanol and incubated in a
solution containing 20µg/ml Propidium Iodide and 100 µg/ml DNase-free RNAseA (Sigma) for 3 h at room temperature. Samples were analyzed by CyAn ADP
flow cytometer (Beckman Coulter, Brea, CA, USA). When cell DNA content was lower than 2N (sub-G1 cell population), cells were considered apoptotic.

Radiation Treatment And Colony Formation Assay
Radiation treatment was delivered at room temperature using an x-6 MV photon linear accelerator.
For colony formation assay, 5x105 cells were plated in Corning flask T-25 in complete growth medium and after 48h, all samples except the controls were
treated with different doses of IR (from 2 to 6 Gy). 3h after radiation, all treated and untreated cells were trypsinized and counted. 400 untreated cells were
plated for the controls, while 400 irradiated cells for each dose of Gy were plated to determine their ability to undergo cell division after treatment and
maintained at 37°C in a humidified incubator with 5% CO2. After ten days, the colonies were visualized after fixation with 4% paraformaldehyde at room
temperature for 15 minutes and stained with 0.05% crystal violet for 1h. Only colonies of at least 50 cells were counted. The Surviving Fraction was calculated
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as the ratio between the number of colonies formed after treatment and the number of colonies formed without treatment. The same procedure was
performed for clonogenic assay in basal condition both on PC3 and RWPE-1 cells.

Immunohistochemistry
Tumor samples obtained for diagnostic purposes were used after personal consent, following consent procedures approved by International Review Board of
Department of Clinical and Molecular Medicine, Sant’Andrea Hospital, Sapienza University of Rome (Prot. n. 228 SA_2016, 12.12.2016 RIF. CE: 4208_2016).
Immunohistochemistry was performed on formalin fixed, paraffin included biopsies from 30 patients with clinically localized prostate cancers, representative
of the 5 differentiation group grades as classified by ajcc 2017, 6 cases for each group grade.
5 µm sections were deparaffinized, antigen retrieved using a pH6 DAKO Retrievier solution and immunostained by a DAKO autostainer using EnVisionTM
FLEX + revelation system (Dako, Colorado Inc, Fort Collins, Colorado, USA). Anti-Human DACH1 primary antibody (NBP2-04080, Novus Biological) was used at
the optimal dilution 1:1000. The immunogen recognized by this antibody maps to a region between residue 720 and 740 of human DACH1, that is included in
all isoforms.

Western Blot
PC3 and RWPE-1 cells were collected and lysed with a buffer containing a protease and phosphatase inhibitors cocktail (Lysis Buffer, Cell Signaling
Technology CST, MA, USA) for total protein extraction. Lysates were sonicated, centrifuged at 1400 RPM for 15 minutes at 4°C and boiled for 10 minutes.
Primary biopsies protein extraction was performed first by mechanical mince with sterile scissors and tweezer for tissue dissociation and then in lysis buffer
with a potter to lyse and homogenize samples. They were kept on ice for 15 minutes and then centrifuged at 1400 RPM for 15 minutes at 4°C. Cell lysates,
normalized for protein content, were resolved by SDS-PAGE on 10–15% polyacrylamide gels (Invitrogen), transferred to nitrocellulose membranes (Amersham
Bioscience, Little Chalfont, UK) and immunoblotted. Rabbit polyclonal anti-DACH1 antibody (NBP2-04080) was purchased from Novus Biologicals (Centennial,
Colorado, USA).
Anti-PCNA (rabbit pAb #ab 2426, abcam, Cambridge, UK). Anti-E-cadherin (24E10 mAb #3195), anti-Snail (C15D3 mAb #3879), anti-cleaved Notch1 (D3B8
mAb #4147), anti total-β-catenin (rabbit pAb #9562), anti total-AKT (rabbit mAb #4961), anti phospho-AKT (ser 473 rabbit mAb #9271), anti phospho-GSK3β
(rabbit pAb #9336), anti total GSK3β (rabbit mAb #9315), anti-Vimentin (Rabbit mAb #5741) antibodies were purchased from Cell Signaling Technology (CST,
MA, USA). Anti-Cytokeratin 18 (DC-10 #sc6259), anti-N-cadherin (H-2 #sc393933) anti-phospho H2AX (ser 139 #sc517348), total H2AX (C-20 #sc54606), antiKu70 (A-9 #sc5309), anti-Bax (2D2 #sc20067), anti-c-Myc (9E10 #sc40), anti-cyclin D1 (DCS-6 #sc20044), anti-p27 (F-8 #sc1641) antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Primary antibody incubations were followed by peroxidase-conjugate secondary antibody (Goat anti-Rabbit and goat anti-mouse IgG HRP-conjugated from
Bio-Rad Laboratories (Berkeley, CA). The blots were re-probed with α-Tubulin or α-Actin (Sigma-Aldrich) for normalization of protein content. Precision Plus
Protein All Blue Standards (Bio-Rad) was used and the intensity of western blot bands was visualized with ECL (Western nova 2.0, Cyanagen, Italy) and
quantified by Chemidoc Gel Imaging System Image Lab 5.2.1. software (Bio-Rad) from three independent experiments. Densitometric analysis of
immunoblots was performed by ImageJ.

Flow Cytometry
1x105 cells were trypsinized, washed with PBS 0,1% BSA and incubated with: anti-human EpCAM antibody (clone: EBA-1, BD PE-mouse anti-human), antihuman CD44 antibody (clone: G44-26, BD Pharmingen PE-Cy TM 7-mouse anti-human), polyclonal anti-DACH1 antibody (SC-398706, from Santa Cruz
Biotechnology).
For intracellular antigen detection, cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature and permeabilized with 0.1% Triton X-100/
PBS for 3 minutes at room temperature before incubation with the specific antibody. After 45 minutes of incubation at 4°C, cells were washed twice in PBS 0.1
% BSA and incubated with the secondary antibody (PE-labeled Goat anti-mouse IgG (H + L) (Invitrogen) for DACH1 staining.
Cells were washed again and unfixed cells were stained with Sytox Blue Dead Cell (Life Technologies, Eugene, OR, USA) to exclude dead cells. The analysis
was performed using a CyAn ADP flow cytometer (Beckman Coulter, Brea, CA, USA).

Rna Extraction And Rt-qpcr Analysis
Total RNAs were purified from cells by using TRIzol reagent (Invitrogen, USA) and quantified by NanoDrop 2000 spectrophotometer (Thermo Scientific,
Pittsburgh, PA, USA). cDNA synthesis was obtained using SuperScript™ II Reverse Transcriptase kit (Thermo Scientific, Pittsburgh, PA, USA) following the
manufacturer's instructions. RT-qPCR was performed using Luna® Universal qPCR Master Mix (New England Biolabs) in a QuantStudio5 and QuantStudio7
Fast Real-Time PCR Systems (Applied Biosystems). The 2−ΔΔCT method for relative quantitation of gene expression was used to determine mRNA expression
levels. Beta-actin and H3 histone gene expression was used as endogenous controls to standardize mRNA expression. p-values were calculated with twotailed Student's t-test from at least three experiments. Statistically significant results are indicated by a p-value < 0.05.
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Ros Detection
1x105 cells were seeded into T-25 Corning flask in complete growth medium. After 48 hours, cells were detached with trypsin/EDTA (Sigma), washed with PBS
0,1% BSA and incubated at 37°C for 30 minutes with the cell permeant reagent 2’,7’– dichlorofluorescein diacetate (DCFDA) (Sigma), a fluorogenic dye that
measures hydroxyl, peroxyl and other reactive oxygen species (ROS) activity within the cell. ROS value has been detected by flow cytometry analysis using a
CyAn ADP flow cytometer (Beckman Coulter, Brea, CA, USA) and data were analyzed employing FlowJo express Software.

Adhesion And Invasion Assay
Adhesion assay was performed using Corning 12-well plates pre-coated with 10 µg/ml of type1 collagen and seeding 2x105 PC3 cells. After 90 minutes at
37°C, adherent cells were washed with PBS for 3 times, fixed in 4% paraformaldehyde at room temperature for 15 minutes and stained with 0,05% crystal
violet for 1 hour. The plates were left to dry overnight and after 24 h stained cells were re-suspended with 10% acetic acid to solubilize Crystal Violet. The
absorbance at 550 nm was read by a spectrophotometer.
Invasion assay was performed by using transwell inserts of 8 µm pore size membrane (Falcon) coated with Corning Matrigel. 2x105 cells were re-suspended in
1% FBS complete medium and seeded in the upper chamber, while 20% FBS medium was added to the bottom chamber. 48 hours after plating, the membrane
was cut away to fix and to stain the invasive cells adhering to the bottom surface of the membrane with 4% paraformaldehyde and 300 µM DAPI
(ThermoFisher Scientific, Waltham, MA, USA).
Five random fields per well were acquired by fluorescence microscope and DAPI-stained nuclei were counted and values averaged.

Tcga Patient Analysis
GEPIA2 (http://gepia2.cancer-pku.cn/#index) is an interactive web resource and database for analyzing cancer transcriptome and patients’ survival. In this
study, we utilized this online tool to analyze DACH1 expression isoforms associated with normal and cancer tissues. In the box-plot analysis, the method for
differential analysis is one-way ANOVA. A t-test was used to compare the expression difference between tumor and normal tissue; p < 0.05 was considered
statistically significant. *p < 0.05 based on the Student's t test. Values are mean ± SEM. TPM, transcript per million.

Statistical Analysis
All experiments were repeated at least three times. All numerical data are reported as mean ± SEM. Data were analyzed by using the two-tailed student t-test or
Anova test. A probability value less of 0.05 was considered significant.

Results

DACH1 variant 4 (DACH1-v4) increases proliferation and clonogenic potential in PC3 cells
Flow cytometry analysis performed to investigate the expression level of DACH1 in PC3 cells showed that DACH1 is expressed in a cell population, accounting
for about 37% of cells (Fig. 1A).
To further study which isoform of DACH1 was expressed in PC3 cells, we analyzed DACH1 gene annotations in Santa Cruz (UCSC) Genome Browser
http://genome-euro.ucsc.edu/cgi-bin/hgTracks?
db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr13%3A71437966%2D71867
In the Supplementary Figure S1, we reported the structure of DACH1 gene where ENSEMBL ID of DACH1 transcripts are indicated. We designed specific
oligonucleotides to discriminate the expression levels of each DACH1 isoform, as indicated by red arrows, by RT-qPCR analysis (Suppl. Fig. S1 and Suppl.
TABLE 1). Real-Time PCR revealed that PC3 cells predominantly express DACH1 variant 4 (DACH1-v4) (Fig. 1B). To explore the role of DACH1-v4-positive cells
in this metastatic cell line, we stably over-expressed and down-regulated DACH1-v4 in PC3 cells. (Fig. 1C and 1E). Firstly, we analyzed the effects of DACH1-v4
stable over-expression and down-regulation on the proliferation rate and colony formation. Compared to control cells (PC3EV), DACH1-v4-transfected PC3 cells
(PC3DACH1-v4) showed an increased proliferation rate and a greater ability to form colonies (Fig. 1D), while DACH1 knockdown (PC3sh DACH1) reduced
proliferation rate and colony number (Fig. 1F). Western blot analysis showed that the variant knocked-down after shDACH1 was the variant 4 (Fig. 1E). These
results strongly suggest that DACH1-v4 expressed in PC3 cell line is involved in oncogenic activities such as hyper-proliferation and clonogenic ability.

Dach1-v4 Over-expression Induces Radioresistance In Pc3 Cell Line
The potential correlation between DACH1-v4 expression and response to ionizing radiations (IR) was investigated by colony formation assay. PC3EV and
PC3DACH1 − v4 cells were treated with increasing doses of IR and the value of the surviving fraction calculated. DACH1-v4 over-expression significantly induced
radioresistance as indicated by the increased surviving fraction in PC3DACH1 − v4 cells irradiated with 4 and 6 Gy (Fig. 2A). To characterize DACH1-v4-induced
radioresistance, the cell cycle distribution after a single radiation dose of 4 Gy was investigated by flow cytometry. As shown in Fig. 2B, contrary to PC3EV cells
that underwent a persistent G2 phase arrest, no significant arrest in G2 phase was observed in PC3DACH1 − v4. The expression of PCa radioresistance markers

Page 5/21

EpCAM [33], cyclin D1 [34] and c-myc [35] was then investigated. As shown in Fig. 3, compared to PC3EV, PC3DACH1 − v4 showed an increased expression of
EpCAM (Fig. 3A), cyclin D1 and c-myc (Fig. 3B). Altogether, our evidence indicates that DACH1-v4 over-expression enhances PC3 cells radioresistance.

Oncogenic Phenotype Is Enhanced In Pc3 Cells
Since an increased radioresistance generally parallels a more aggressive phenotype, we analyzed the effects of DACH1-v4 stable over-expression on the
activation of epithelial to mesenchymal transition (EMT). In comparison with PC3EV, PC3DACH1 − v4 expressed lower levels of E-cadherin and cytokeratin-18,
known to be epithelial markers, lower N-cadherin and higher Snail, mesenchymal markers. No modulation of vimentin expression was found (Fig. 4A). These
results are in accordance to the literature data [36], that state that suppression of E-cadherin and the loss of the cell to cell contact markers, such as Ncadherin, are the prerequisite for EMT. Based on this data, cell invasion assay was performed and showed that DACH1-v4 induced a 5-fold increase in PC3 cell
invasion ability (Fig. 4B).

Moreover, PC3DACH1 − v4 showed a reduced ability to adhere to type-1 collagen (Fig. 5A) associated to reduced levels of membrane protein CD44, the receptor
of hyaluronic acid which is the main component of extracellular matrix (Fig. 5B). This evidence suggests that increasing DACH1-v4 expression enhances the
transformed phenotype of PC3 cells.

DACH1-v4 over-expression promotes oxidative stress and DNA damage in PC3 cells
Oxidative stress promotes DNA damage, genetic instability and chemoresistance [37, 38]. We therefore evaluated endogenous ROS levels as well as the
expression levels of the DNA damage marker p-H2AX, a known biomarker of DNA double-strand breaks (DSBs). Compared to PC3EV, PC3DACH1 − v4 showed
increased endogenous ROS levels (Fig. 6A) and phosphorylation of H2AX (Fig. 6B). Notably, DACH1-v4 over-expression down-regulated the expression levels
of Ku-70, indicating a weaker ability of PC3DACH1 − v4 to activate DNA repair machinery (Fig. 6B). Nevertheless, DACH1-v4 over-expression did not affect the
basal apoptosis (Fig. 6C), rather PC3DACH1 − v4 cells inhibited Bax expression (Fig. 6D), over-expressed the cell cycle promoter PCNA and down-regulated the
cell cycle inhibitor p27 (Fig. 6E). Altogether, these findings indicate that DACH1-v4 seems to increase oxidative stress-mediated genomic instability of PC3
cells.

Dach1-v4 Induces Downstream Pro-oncogenic Signaling
Notch1 signaling promotes onset, progression and radioresistance of several cancers, including PCa [39–44]. It has been further reported that AKT signaling
can act as a parallel and synergic pathway with Notch1 as well as downstream target of Notch1 [45–47]. As shown in Fig. 7A, DACH1-v4 over-expression
increased the active cleaved form of Notch1 and enhanced the activation of AKT pathway, by both upregulating total AKT expression and its phosphorylation
(Fig. 7B). Furthermore, DACH1-v4 over-expression increased GSK3β phosphorylation with consequent stabilization of total β-catenin levels (Fig. 7C). Thus,
DACH1-v4 increased expression seems to enhance oncogenic phenotype of PC3 cells by activating pro-oncogenic signals.
Restoring DACH1-v4 expression in normal prostate RWPE-1 cells triggers a pro-oncogenic phenotype
DACH1 expression levels were investigated in RWPE-1 cells, a cell line derived from luminal epithelium of normal human prostate. Flow cytometry analysis
showed that DACH1 is more expressed in RWPE-1 cells in comparison with PC3 cells (85% vs 37% DACH1-positive cells) (Fig. 8A and 1A). However, the
analysis of different DACH1 isoforms by quantitative PCR (Fig. 8B) and western blot analysis (Fig. 8C) showed that RWPE-1 cells mostly expressed DACH1
variant 3 (DACH1-v3), while PC3 cells only expressed DACH1-v4 (Fig. 8C).
In order to evaluate the functional effect of DACH1-v4 in a normal prostate cell line, we transfected DACH1-v4 vector in RWPE-1 cells. After confirming DACH1v4 over-expression by western blot analysis (Fig. 9A) and by Real-Time PCR (Fig. 9B), we observed that DACH1-v4 behave as dominant negative on the
DACH1-v3 isoform increasing the expression of proliferation marker PCNA in RWPE-1 cells (Fig. 9A and 9B), according to a higher proliferation rate (Fig. 9C), a
higher ability to form colonies and an increase in colony size (Fig. 9D). In order to mimic the anchorage-independence of intravascular condition, we cultured
RWPEEV and RWPEDACH1−v4 cells in ultra-low attachment flasks with growth basal medium. After three days, only RWPEDACH1−v4 cells were able to form
spheroids as opposed to RWPEEV (Fig. 9E). We also found that this isoform induced activated AKT through its phosphorylation (Fig. 9F). Taken together, our
results indicate that over-expression of DACH1-v4 in normal prostate cells induces some features of malignant cells.

Dach1 Isoforms In Prostate Adenocarcinoma Patients (Prad)
In order to correlate the in vitro data obtained in PC3 cells with clinical data, we interrogated TCGA dataset analyzing the expression of DACH1 isoforms in 492
prostate adenocarcinoma tissues from patients (PRAD). The analysis, shown as violin plot, highlighted that the variants expressed in healthy and tumor
prostate are different, being DACH1-v1(long variant) significantly higher in tumor tissue and DACH1-v3 (short variant) in normal prostate. The other long
isoform, DACH1-v4, differs from DACH1-v1 only for the presence of exon 4 (Fig. 10). We confirmed that also DACH1-v1 has oncogenic potential by analyzing
the rectal cancer TCGA dataset (READ), in line with the data previously published where DACH1 was found to be overexpressed in all stages of human
colorectal cancer (CRC) and its high expression predicted a poor prognosis in CRC patients [25]. Interestingly, rectal cancer tissues (T = 92) expressed high
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levels of both long isoforms of DACH1, DACH1-v1 and DACH1-v4, and very low levels of DACH1-v2 and DACH1-v3 (short isoforms) (Supplementary Fig. 2).
Furthermore, DACH1-v1 and DACH1-v4 are significantly associated with tumoral tissues compared to their expression in normal prostate samples
(Supplementary Fig. 2). Collectively, these analysis in colorectal tissues suggested that Hu and colleagues have brought to light oncogenic activities that were
attributable to both DACH1-v1 and DACH1-v4 long variants [25]. In light of these data, the PC3 cell line preferentially expresses DACH1-v4 and PRAD patients
DACH1-v1, however both isoforms have oncogenic potential.
To further address the oncogenic role of DACH1-v1 in PRAD patients, we analyzed its expression in the iClusters by TCGA dataset [48]. We reported that
DACH1-v1 expression was significantly higher in the iCluster2 and iCluster3 which represents the groups including the gene signatures most associated with
the aggressive phenotype (Fig. 10). In particular, iCluster3 gene signature is associated with EMT-related pathways, genomic instability and poor prognosis of
the patients. On the contrary, DACH1-v3 variants was significantly associated with normal prostate tissues (Fig. 10).
Normal and tumor prostate tissues show a different sub-cellular distribution of DACH1 and different DACH1 splicing variants expression
In order to investigate DACH1 expression and distribution in cancer prostate tissue, we performed immunohistochemical analysis of PCa specimens from 30
patients. The analysis of the normal and tumor prostate tissues examined showed that DACH1 expression was limited to the epithelial compartment. In
normal tissue the expression was more evident in the nuclei of the luminal cells while basal cells were frequently negative or faintly positive (Fig. 11 panel A).
As reported in Table 1, almost all the tumor tissues present a nuclear positivity although we found a great variability of nuclear staining intensity among the
cases of the same group. Two cases in group grade 1 were completely unstained. Normal nuclei may be more (Fig. 11 panel B) or less (Fig. 11 panel C)
intense than the tumor counterpart. Moreover, the intensity of the nuclear staining was basically enhanced throughout the increase of the tumor grade,
reaching the highest score in Group Grade 5 (Table 1). Interestingly, the increase of the tumor grade of differentiation is associated with the tendency to gain a
cytoplasmic expression (Fig. 11 panels D and E), particularly intense in tumors with invasion of the periprostatic fat (Fig. 11 panel F shows a representative
section).
Based on these data, we decided to analyze some of these primary tumor and normal samples by western blot to identify the presence of different DACH1
splicing variants. We found that a ~ 100-kDa DACH1 protein was strongly expressed in tumor glands (Fig. 11). In line with our data in RWPE-1 cells, we also
observed that normal glands mostly expressed a ~ 65 kDa DACH1 isoform, and that we can observe also in the tumor samples because of the mixed nature of
tumor specimens (Fig. 11).
Table 1
Expression of DACH-1 protein in prostate cancer tissues.
N°of cases

Gleason score

Group Grade

Tumors

Normal parenchima

Nuclei
N°positive

Cytoplasm

Score

N°positive

Mean ± SD
6

5(2 + 3)

Nuclei

Score

N°positive

Mean ± SD

1

4

1.5 ± 1.4

0

Cytoplasm

Score

N°positive

Mean ± SD
6

4.8 ± 3.3

0

6(3 + 3)
6

7(3 + 4)

2

6

3.5 ± 2

2

1 ± 1.5

6

4 ± 2.2

0

6

7(4 + 3)

3

6

6.8 ± 2,3

4

2.16 ± 2

6

4.3 ± 1.8

0

6

8(3 + 5)

4

6

7.0 ± 2.9

5

3.9 ± 3.3

6

4.8 ± 2.5

0

5

6

9±0

6

5.8 ± 3.6

4/4

4.7 ± 1.2

0

(4 + 4)
6

9(4 + 5)
10(5 + 5)

DACH expression was evaluated in tumor and normal peritumoral gland using immunohistochemistry on formalin fixed prostate biopsies. Multiple biopsies
(from 1 to 4) were stained for each of the patients and reported as number of cases with of positive nuclear and cytoplasm staining.
Tumors were considered positive when more than 10% of the epithelial cells showed a consistent nuclear staining and % positive cells was evaluated as
follows: 11-30% = 1; 31-60% = 2 and >61 = 3. Stain intensity was determined as low (1), medium (2), high (3) and protein expression score from 1 to 9 as %
positive cells x Stain intensity. Group Grade as classified by ajcc 2017.

Discussion
DACH1 is a key master regulator of tumorigenesis [11, 12, 49] even though its role remains still controversial. DACH1 has been considered to function as a
tumor suppressor in lung [17, 18], breast [15, 50], prostate [31, 32], pancreas [20], colon [21, 22], whereas other studies suggest DACH1 as an oncogene in
pancreas [23], colon [25] or ovary [24]. However, despite the availability of databases reporting variant sequences and molecular weights of DACH1 isoforms,
no study so far has mentioned any possible different role of DACH1 isoforms in human cancers. We investigated herein the role of DACH1 splicing variant
expression in prostate cancer cells. We used an in vitro cellular model of castration-resistant PCa, the PC3 cell line derived from bone metastasis, which is very
aggressive and also insensitive to the anticancer effect of immunomodulators [51, 52]. Data herein collected show that DACH1-positive PC3 cells (~ 37%)
predominantly express DACH1 variant 4 (DACH1-v4). Stably DACH1 v4-transfected PC3 cells (PC3DACH1 − v4) more efficiently proliferated, also in low density
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condition, and were more able to form colonies compared to control cells. Confirming these results, DACH1-v4 knockdown reduced proliferation rate and
colony number in PC3 cells.
PC3 DACH1−v4 also showed increased radioresistance and expression of a more aggressive phenotype and related-markers, such as EpCam, c-myc and cyclin
D1, known to sustain oncophenotype and radioresistance of PCa cells [33–35].
We observed that DACH1-v4 over-expression in PC3 cells increased the endogenous reactive oxygen species (ROS) levels and DNA damage, inhibited DNA
repair thereby escaping the physiological apoptotic response to the ROS increase, indicating the presence of radioresistance traits. Our data are in accordance
with published evidence, showing that ROS represent an endogenous source of DNA-damaging agents that promotes genetic instability, therapies resistance
and pro-tumorigenic signaling [37, 38]. Cancer cells have higher ROS compared to normal cells and an even higher level of ROS and antioxidants are detected
in radioresistant PCa [6].
In accordance with evidence showing that acquiring a more aggressive phenotype frequently parallels the activation of an epithelial to mesenchymal
transition (EMT) program [53], PC3DACH1 − v4 showed a mesenchymal-like phenotype molecularly characterized by the reduction of E-cadherin and cytokeratin18 expression and increased Snail-1 levels, while decreasing N-cadherin expression. This is in accordance with several data supporting the notion that
suppression of E-cadherin and the loss of the cell-cell contact markers such as N-cadherin are the prerequisite for EMT [36]. Moreover, evidence demonstrated
that Snail-1 is a key regulator of EMT in PCa with low E-cadherin and it controls stemness, invasiveness and metastasis [54, 55]. In vitro invasion assay
showed that DACH1-v4 induced a 5 fold- increase in invasion ability, hence our results suggest that these mesenchymal and invasiveness traits could unable a
subpopulation of bone metastasis to enter the blood system and metastasize again. Moreover, the loss of E-cadherin is associated with radioresistance by
attenuating radiation-induced DNA damage [56]. Conversely, DACH1 has been also described as negative regulator of CSC markers, such as CD44, Klf4 and
Myc, and EMT markers in Met-1 breast cancer cells line [57], while DACH1 knockdown induced EMT in MCF-7 breast cancer cells by repressing E-cadherin, cellcell contact and by inducing cell migration and invasion [15, 50].
PC3DACH1 − v4 cells also showed a lower ability to adhere to type-1 collagen and to hyaluronic acid, consistent with the reduction in CD44 expression.
Detachment of epithelial cells from matrix usually induces an apoptotic response known as anoikis, which prevents metastasis. However, many scientific data
showed that cellular sensitivity to anoikis is compromised in cancer cells and during the oncogenic EMT, both by directly regulating apoptotic genes and by
suppressing E-cadherin expression, confirming that EMT confers anoikis resistance[58, 59].
To clarify the oncogenic signaling pathways involved in DACH1-v4-induced radioresistance and aggressiveness traits, we investigated Notch-1 and AKT
pathways, known to be key regulators of EMT, radioresistance, apoptosis inhibition and cancer survival, by acting in parallel or in synergistic way [39–42, 44,
46, 47]. Consistent with previous outcomes, DACH1-4 over-expression in PC3 cells results in increased Notch-1 and induction of AKT pathway with
phosphorylation/inactivation of GSK3β and consequent increased levels of free β-catenin into the cytoplasm, which can move to the nucleus, where it binds to
target genes responsible for cell proliferation and survival, such as c-Myc and cyclin D1 [60, 61].
We have also performed immunohistochemical analysis of PCa specimens from 30 patients and we found a positive correlation between DACH1 nuclear
staining in tumor cells and grade group. Interestingly, only high grade primary tumors acquired also a cytoplasmic DACH1 positivity compared to normal
tissue. In line with our results, DACH1 cytoplasmic localization directly correlates with proliferation and angiogenesis in osteosarcoma [62] for which the
authors hypothesized that cytoplasmic and nuclear DACH1 proteins might be one the mutant form of the other, playing different roles in cell proliferation and
angiogenesis. Moreover, ovarian cancers over-express DACH1, preferentially localized in the cytoplasm when compared to normal tissues [24]. Therefore, this
line of evidence strongly suggests that DACH1 could move from the nucleus to the cytoplasm to play its oncogenic role.
Interestingly, Real-Time PCR and western blot analysis showed that normal RWPE-1 cells mostly expressed the short DACH1 variant 3, while the longer
variants 1/4 were expressed at low levels. When RWPE-1 cells were transfected with DACH1-v4, they displayed oncogenic traits, such as increased
proliferation rate, propensity to form spheroids in anchorage-independent culture and higher ability to form colonies. These results confirm that DACH1 variant
4 plays an oncogenic role when overexpressed in normal prostate cells and suggest that it could be critically involved in the origin of PCa as well as its
progression. This hypothesis is sustained by our analysis of PCa patient specimens, showing for the first time that normal and tumor prostate tissues differ in
DACH1 splicing variants expression: notably, tumor tissues strongly express a ~ 100 kDa protein, while normal tissues mostly express a ~ 65 kDa protein, that
we can presume to be respectively DACH1-v1 and DACH1-v3 as suggested by the TCGA-PRAD analysis. This assumption is further corroborated by the
expression analysis that we conducted in colorectal cancer patients, where Hu and colleagues demonstrated that DACH1 was associated with cancer and
poor prognosis of CRC patients [25]. We observed that both the long DACH1 isoforms, DACH1-v1 and v4, are significantly associated with READ cancer tissues
and with aggressive features of this kind of tumor.
Taken together, our results indicate that the longer DACH1 variants (DACH1-v1 and v4) are associated to pro-tumor function, while the shortest DACH1 variant
(DACH1-v3) could act as tumor suppressor. The preferential expression of DACH1-v4 and DACH1-v1 in bone metastatic and primary tumors remains to be
elucidated. One significant difference between the isoforms is the loss in DACH1-v2 and DACH1-v3 of the region including amino acids S439/S441
representing phosphorylation sites, that may play different crucial roles in governing tumor growth, the epithelial to mesenchymal transition (EMT) program
and the metastatic process, depending on specific signaling pathways activated into the tumor microenvironment [63].
In conclusion, the present results definitely open a completely new research field in which the longer variants DACH1-v1 and DACH1-v4 could eventually be
established as new diagnostic and therapeutic markers in PCa patients: the use of specific antibodies against different DACH1 isoforms during the diagnostic
phase in PCa patients would represent a useful novel tool for a clinical approach.
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Figure 1
DACH1-v4 over-expression and downregulation in PC3 cell line. (A) Representative dot plot of FACS analysis for DACH1 expression in PC3 cells. (B) Expression
analysis of DACH1 variants by RT-qPCR in PC3 cell line. Specific oligonucleotides shown in the Supplementary Table 1 are used in the PCR reactions. **p=103, ***p=10-4 Western blot analysis showed DACH1-v4 increase and down-regulation respectively in the DACH1-v4 vector-transfected PC3 cells (DACH1-v4) (C)
and in the short hairpin DACH1 vector-transfected PC3 cells (sh DACH1) (E), compared to PC3 cells transfected with the empty vector (EV). β-actin was used
as control for equal amounts of proteins loaded. The histograms are densitometric analysis of western blot and data represent the mean ± SEM derived from
three independent experiments; **p < 0.01, Student’s paired t-test. (D) Analysis of proliferation rate through cell count at 24, 48 and 72 hours after plating
(upper panel) and colony formation assay by crystal violet staining (bottom panel) in PC3Dach1-v4 cells. Data represent the mean ± SEM of three independent
experiments. **p < 0.01, ***p < 0.005, Student’s paired t-test. (F) Time course proliferation (upper panel) and colony formation assay (bottom panel) assessed
by crystal violet staining in PC3sh DACH1 cells. Data represent the mean ± SEM of three independent experiments. **p=10-5, ***p=10-6, Student’s paired t-test.
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Figure 2
Role of DACH1-v4 in radiation therapy of PC3 cells. (A) Surviving fraction of PC3 cells after 2, 4, and 6 Gy was evaluated by means colony formation assay,
determined as described in Materials and Methods. Data represent the mean ± SEM derived from three independent experiments. (B) Representative images of
cell cycle analysis by propidium staining at 24h and 48 h after 4 Gy treatment. Histogram represents the G2 phase after IR treatment in PC3Dach1-v4 cells
compared with PC3EV cells. Data are from three independent experiments. *p < 0.05, **p < 0.01, Anova test.
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Figure 3
Analysis of radioresistance markers in PC3Dach1-v4. (A) Representative dot plot of flow cytometry analysis for EpCAM expression in PC3Dach1-v4 and
PC3EV cells (left panel). (B) Representative Western blot for c-Myc and Cyclin D1 expression. β-actin or tubulin were used as control for equal amounts of
proteins loaded (left panels). Data shown in the right panels represent the mean ± SEM derived from three independent experiments; *p < 0.05, **p < 0.01, ***p
< 0.005, Student’s paired t-test
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Figure 4
EMT markers and invasion ability in PC3Dach1-v4. (A) Representative Western blots for the indicated proteins (left panels), β-actin or tubulin were used as
control for equal amounts of proteins loaded. Densitometric analysis of three separate experiments is shown (right panels). (B) Representative images of
DAPI-stained nuclei of invading cells acquired by fluorescence microscopy (left) and relative increase in cell number assessed by nuclear counts performed in
five microscopic fields for each sample of three independent experiments (right) **p < 0.01, ***p < 0.005, Student’s paired t-test.
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Figure 5
Adhesion ability to extracellular matrix of PC3Dach1-v4. (A) Representative image of crystal-violet stained cells adhering on type-1 collagen matrix (left) and
the relative absorbance read by a spectrophotometer (right). (B) Representative flow cytometry histogram of CD44 expression (left) and statistical analysis of
three independent experiments (right). **p < 0.01, ***p < 0.005, Student’s paired t-test.
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Figure 6
Analysis of ROS levels and DNA damage in PC3Dach1-v4 (A) Representative histogram of flow cytometry analysis for ROS endogenous levels (left) and
graphic showing fold increase of ROS level in PC3Dach1-v4 cells (right). (B) Western blot analysis for total and phosphorylated-H2AX and Ku70 expression (D)
Bax, (E) PCNA and p27. β-actin or tubulin were used as control for equal amounts of proteins loaded. Graphic representation of densitometric analysis of three
separate experiments is shown for each blot. (C) Time course of basal apoptosis in cultured PC3Dach1-v4 and PC3EV cells. Histograms represent the mean ±
SEM derived from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.005, Student’s paired t-test.
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Figure 7
Signal transduction pathways triggered by DACH1-v4 overexpression Representative Western blots for the indicated proteins (left panels). β-actin or tubulin
were used as control for equal amounts of proteins loaded. Densitometric analyses of three separate experiments are shown (right panels). *p < 0.05, **p <
0.01, ***p < 0.005, Student’s paired t-test.

Figure 8
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DACH1 expression in normal RWPE-1 cell line. (A) Representative flow cytometric dot plot for DACH1 expression in RWPE-1 cells (left) and statistical analysis
for DACH1 positive cells in RWPE-1 cells compared to PC3 cells in three independent experiments (right). ***p < 0.005, Student’s paired t-test. (B) Expression
analysis of DACH1 variants by RT-qPCR in RWPE-1 cell line. Specific oligonucleotides shown in the Supplementary Table 1 are used in the PCR reactions *p =
0.01, **p = 10-3, ***p=10-4 (C) Representative western blot analysis for expression of different DACH1 isoforms in PC3 and RWPE-1 cells. β-actin was used as
control for equal amounts of proteins loaded.

Figure 9
Malignant traits induced by DACH1-v4 over-expression in RWPE-1 cells. (A) Western blot analysis for DACH1 and PCNA in RWPE-1 cells stably transfected with
DACH1-v4 expression vector (DACH1-v4) RWPEDACH1-v4 cells or empty vector (EV). β-actin was used as control for equal amounts of proteins loaded. (B)
Expression analysis of DACH1-v4 and PCNA by RT-qPCR in RWPEDACH1-v4 cells and RWPEEV. Specific oligonucleotides shown in the Supplementary Table 1
are used in the PCR reactions (C) Analysis of proliferation rate through cell count at 24, 48 and 72 hours after plating of RWPEDACH1-v4 cells or RWPEEV. (D)
Representative images of colony formation by crystal violet staining (left) and evaluation of colony formation ability as fold induction, setting as 1 the number
of colonies in RWPEEV (right). (E) Spheroids formed by RWPEEV compared to RWPEDACH1-v4 cells after 3 days in anchorage-independent conditions. (F)
Representative Western blot analysis for p-AKT expression in RWPEDACH1-v4 cells or RWPEEV. β-actin was used as control for equal amounts of proteins
loaded. In the right histogram densitometric analysis of three separate experiments was shown.
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Figure 10
Gene expression analysis of DACH1 variants in prostate adenocarcinoma (PRAD TCGA) patients. Gene expression analysis of DACH1 variants in prostate
adenocarcinoma (PRAD TCGA) patients using GEPIA2 based on the TCGA and GTEx database. (Upper panel) Violin plots represent log2(TPM+1) of DACH1
variants in 492 prostate cancer tissue samples. (Bottom panel) Box plots, in terms of log2(TPM+1), represent the gene expression level of oncogenic variant 1
and the less expressed variant 3 in the tumor (red) and normal (grey) samples, respectively, analyzing the iCluster2 and 3 that are associated with clinical and
molecular features of patients with invasion and metastases and who showed poor prognosis. Normal tissues are matched TCGA adjacent tissue and GTEx
data. The method for differential analysis is one-way ANOVA. A t-test was used to compare the expression difference between tumor and normal tissue; p <
0.05 was considered statistically significant. *p < 0.05 based on the Student's t test. Values are mean ± SEM. TPM, transcript per million.
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Figure 11
DACH1 expression in normal and tumor prostate specimens. (A-F) Immunohistochemical staining for DACH1 in human prostate specimens. (A) DACH-1
expression in prostate cancer sample with normal tissue showing positive nuclei of luminal cells (blue arrow) and negative nuclei of basal cells (red arrow).
DACH-1 expression in normal cells (blue asterisk) may be higher (B), or lower (C) than in tumor cells (red asterisk). B and C represent sections of group grade 1
and 2, respectively. (D) The expression of DACH-1 appears limited to the nucleus in a group grade 2 tumor; (E) a group grade 4 tumor displays nuclear and
cytoplasm positivity; (F) tumor invasion of peri-prostatic fat (star). Immunohistochemistry: anti-human DACH1 primary antibody with EnVisionTM FLEX+
revelation system brown staining. H&E Counterstaining: 400x enlargement. (G) Western blot analysis for DACH1 expression in 3 specimens enriched (T) or not
(N) in tumor tissue. #1, Gleason 4+4; #2, Gleason 4+4; #3, Gleason 4+5. β-actin was used as control for equal amounts of proteins loaded.
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