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Abstract 
AIM: To analyze the effect of the 3D-arrangement on the expression of epithelial-to-mesenchymal transition markers in pancreatic adenocarcinoma (PDAC) cells. 

METHODS: HPAF-III, HPAC and PL45 PDAC cells were cultured either in 2D-monolayers or in 3D-spheroids. Ultrastructure was analyzed by transmission electron microscopy. The expression of E-cadherin, β-catenin, N-cadherin, collagen type I (COL-I), vimentin, α-smooth muscle actin (αSMA) and podoplanin was assayed by confocal microscopy in cells cultured on 12-mm diameter round coverslips and in 3D-spheroids. Gene expression for E-cadherin, Snail, Slug, Twist, Zeb1 and Zeb2 was quantified by real-time PCR. E-cadherin protein levels and its electrophoretic pattern were studied by Western blot in cell lysates obtained from cells grown in 2D-monolayers and 3D-spheroids. 

RESULTS: The E-cadherin/β-catenin complex was expressed in a similar way at the cell boundaries on the plasma membrane in 2D-monolayers in the 3D-spheroids. E-cadherin was increased in lysates obtained from 3D-spheroids, while cleavage fragments were more evident in 2D-monolayers. By contrast, N-cadherin expression was observed in very few PDAC cells grown in 2D-monolayers but more evident in 3D-spheroids, and some cells expressing COL-I were observed in 3D-spheroids. Podoplanin, expressed in collectively migrating cells, and αSMA were similarly expressed in both experimental conditions. The concomitant maintenance of the E-cadherin/β-catenin complex at cell boundaries supports the hypothesis of a collective migration for these cells, consistent with podoplanin expression.

CONCLUSION: We show that a 3D-cell culture model could provide deeper insight into the understanding of the biology of PDAC, allowing the detection of marked differences in the phenotype of PDAC cells grown in 3D-spheroids. 
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Core tip: The functions of living tissues can be mimicked by three-dimensional (3D) cell cultures and this provides a key to the information encoded in the tissue architecture. We aimed at analyzing the effect of the 3D-arrangement on the expression of some key markers of epithelial-to-mesenchymal transition in pancreatic adenocarcinoma (PDAC) cells cultured in either 2D-monolayers or in 3D-spheroids. Our results show that a 3D-cell culture model could provide deeper insight into the understanding of the biology of PDAC, allowing the detection of marked differences in the phenotype of PDAC cells grown in 3D-spheroids. 
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INTRODUCTION
Pancreatic Ductal Adenocarcinoma (PDAC) is one of the most aggressive and lethal tumors, representing the fourth most common cause of cancer death in the Western world, with an estimated incidence of more than 40000 cases per year in the United States. The 5-year survival for all stages of the disease remains < 5%[1,2], due to the high incidence of recurrence and metastases dissemination[3]. 
During carcinogenesis the “phenotypic switch” of pancreatic epithelial cells to mesenchymal cells, the so-called epithelial-to-mesenchymal transition (EMT), plays a pivotal role in PDAC progression, rendering tumor cells invasive and able to metastasize distant organs[4]. The EMT-related phenotype is characterized by the loss of epithelial features, including cell adhesion and polarity, following down-regulation of E-cadherin, cytoskeleton reorganization by expressing vimentin and α-smooth muscle actin (αSMA), and motile properties and secretion of matrix metalloproteinases (MMPs)[5]. Several inducers of EMT transcription factors were described, such as Snail, Slug, Twist and Zeb, repressing E-cadherin expression in vivo and in various cancer cell lines, including lung, breast, colorectal and ovarian cancer, thus inducing tumor malignancy[6-8]. It was demonstrated that Snail and Slug could increase invasion of breast, squamous, and pancreatic cancer cells[9-12]. The loss of E-cadherin is known as a pivotal event, although experimental evidence demonstrates that 6 out of 7 PDAC commercial cell lines maintain E-cadherin expression on the cell membrane. Moreover, the similar expression of EMT markers in PDAC and in benign pancreatic ducts[13] increases the relevance of studies aimed at definitively clarifying the role of EMT in PDAC development and progression, with particular attention to the expression of E-cadherin. 
It is generally recognized that plastic or glass substrates that are commonly used for cell culture are not representative of the cellular environment found in organisms. Cells cultured as monolayers do not reproduce the structural organization or functional differentiation of the epithelium in vivo[14] and sometimes signaling pathways are fundamentally differently regulated than in polarized structures[15]. In vitro three-dimensional (3D) culture systems reduce the gap between 2D cell cultures and physiological tissues, thus offering the possibility to investigate aspects of tumor biology and pathophysiology by maintaining a 3D cancer cell arrangement that reflects the in vivo situation in tissue and tumors in relation to cell-cell interaction and differentiation patterns[16]. Therefore, 3D cultures, such as the well-established spheroid culture system, could better reflect the in vivo behavior of cells in tumor tissues[17].
As PDAC still represents one of the most lethal cancers, the comprehension of the biology of PDAC development and progression remains crucial for making inroads into this devastating human disease. The aim of this study was to investigate the expression of the main EMT markers in HPAF-II, HPAC and PL45 PDAC cell lines, grown in either 2D-monolayers or in 3D-spheroids. Our goal was to use 3D cultures to bridge the gap between traditional cell cultures and in vivo settings with a method that mimics the 3D structure of the living tissue, in order to better characterize the phenotype of PDAC cells and, therefore, their behaviour. In particular, we were interested in understanding if the expression of E-cadherin is affected by these two different cell arrangements, in order to obtain new information on the effective role of this marker in PDAC.

MATERIALS AND METHODS
2D-monolayer cell culture and 3D-spheroid preparation
Three human pancreatic cancer cell lines (HPAF-II, HPAC and PL45) from pancreatic ductal adenocarcinoma (PDAC) (American Type Culture Collection, ATCC) were studied. PDAC cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mmol/L glutamine, antibiotics (100 U/mL penicillin, 0.1 mg/mL streptomycin), and 0.25 μg/mL amphotericin B. Cell viability was determined by trypan blue staining.
To obtain 3D-spheroids, PDAC cells (5 x 103 cells) were seeded in 24-well multiwell plates coated with 1% agarose in DMEM.
Spheroid integrity was verified by phase-contrast imaging after 3 d, one week and two weeks, and cell viability in 3D-spheroids was determined by calcein fluorescence. For this purpose, 3D-spheroids were incubated with calcein-AM (3 µg/mL in PBS) for 30 min at 37 °C, 5% CO2 and observed under a fluorescence inverted microscope. In live cells the nonfluorescent calcein AM is converted to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular esterases. For morphological and molecular evaluations, spheroids were harvested after 10 d. Duplicate samples of PDAC cells grown in 2D-monolayers and in 3D-spheroids were analyzed.
To understand the invasive behavior of 3D-spheroids, HPAF-II spheroids were seeded in basement membrane extract (BME) (Geltrex, Life Technologies), following manufacturer’s instructions. Briefly, single 3D-spheroids suspended in 2% BME in complete DMEM were seeded in a 96-well multiwell plate coated with a thick layer of BME. 3D-spheroids were observed under an inverted microscope at different time points, and monitored for a 14- day period to detect if they were able to invade the surrounding environment.

Ultrastructural characterization by transmission electron microscopy
HPAF-II, HPAC and PL45 cells were grown as 2D-monolayers on Petri dishes. At confluence, cells were fixed with a solution containing 2% of freshly prepared paraformaldehyde and 2% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (pH 7.4). 3D-spheroids were harvested and fixed in the same fixative. Both 2D-monolayers cultures and 3D-spheroids, after fixation for 2-4 h at 4 °C, were rinsed twice in cacodylate buffer for 20 min, post-fixed in 1% osmium tetroxide in the same buffer at 0 °C for 30 min, washed in distilled water and stained en bloc with 2% aqueous uranyl acetate. After dehydration in graded ethanols, 2D-monolayer cultures (in situ, on Petri dishes) and 3D-spheroids were embedded in Epon-Araldite resin. 
Semithin sections 0.5 µm thick were stained with 0.5% toluidine blue in 1% sodium borate and examined using the light microscope (Zeiss Axiophot) for preliminary observations. Ultrathin sections, cut by a Leica Supernova ultramicrotome, were stained with lead citrate and observed under a Zeiss EM10 electron microscope.

Immunofluorescence and confocal microscopy 
HPAF-II, HPAC and PL45 cells were cultured on 12-mm diameter round coverslips into 24-well culture plates. When at the desired confluence, cells were washed in phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde in PBS containing 2% sucrose for 10 min at room temperature, post-fixed in 70% ethanol and stored at –20 °C until use. 3D-spheroids were fixed for 3 h in the same conditions. Cells grown in 2D-monolayers and 3D-spheroids were then washed in PBS three times and incubated overnight at 4 °C with the primary antibodies anti-E-cadherin (1:2500, Becton Dickinson), anti β-catenin (1:500, Novocastra), anti-N-cadherin (1:200, Santa Cruz), anti-collagen type I (COL-I) (1:2000, Sigma Aldrich), anti-vimentin (1:200, Novocastra), anti- αSMA (1:400, Sigma Aldrich), anti-podoplanin (15 µg/mL, Sigma Aldrich). Secondary antibodies conjugated with Alexa 488 (1:500, Molecular Probes, Invitrogen) were applied for 1 h at room temperature in PBS containing 25 µM rhodamine-phalloidin in PBS and 0.2% triton X-100 in the dark. Negative controls were incubated omitting the primary antibody. Finally, cells on coverslips and 3D-spheroids were incubated for 15 min with DAPI (1:100.000, Sigma Aldrich) and mounted onto glass slides using mowiol. PDAC cells grown in 2D-monolayers or in 3D-spheroids were analyzed by confocal microscopy (Olympus FV1000).

Real-time PCR 
Total RNA was isolated by a modification of the acid guanidinium thiocyanate-phenol-chloroform method (Tri-Reagent, Sigma, Italy). One µg of total RNA was reverse-transcribed in 20 µL final volume of reaction mix (Biorad, Segrate-Milan, Italy). mRNA levels for E-cadherin, Snail, Slug, Twist, Zeb1 and Zeb2 were assessed. GAPDH was used as endogenous control to normalize the differences in the amount of total RNA in each sample. The primer sequences were the following: GAPDH: sense CCCTTCATTGACCTCAACTACATG, antisense TGGGATTTCCATTGATGACAAGC; E-cadherin: sense GAACGCATTGCCACATACAC, antisense GAATTCGGGCTTGTTGTCAT; Snail: sense CTTCCAGCAGCCCTACGAC; antisense CGGTGGGGTTGAGGATCT; Slug: sense TGTTTGCAAGATCTGCGGC; antisense TGCAGTCAGGGCAAGAAAAA; Twist: sense AGCAAGATTCAGACCCTCAAGCT; antisense CCTGGTAGAGGAAGTCGATGTACCT; Zeb1: sense GAAAGTCATCCAGCCAAATGG; antisense ACTTGGTTCTCAGCTTGGGGAATCA; Zeb2: sense GCTACACGTTTTGCCTACCGC; antisense CGATTACCTGCTCCTTTGGGTT.
Amplification reactions were conducted in a 96-well plate in a final volume of 20 µL per well containing 10 µL of 1x SYBR Green Supermix (BioRad, Italy), 2 µL of template, 300 pmol of each primer, and each sample was analyzed in triplicate in a Bioer LineGene 9600. The cycle threshold (Ct) was determined and gene expression levels relative to that of GAPDH were calculated.

Western blot 
Cell lysates were prepared in Tris-HCl 50 mmol/L pH 7.6, 150 mmol/L NaCl, 1% Triton X-100, 5 mM EDTA, 1% SDS, proteases inhibitors and 1 mM sodium orthovanadate. Lysates were incubated on ice for 30 min and centrifuged at 14000 xg, for 10 min, at 4 °C to remove cell debris. Cell lysates (40 µg of total proteins) were diluted in SDS-sample buffer, loaded on 10% SDS-polyacrylamide gel, separated under reducing and denaturing conditions at 80 V according to Laemmli, and transferred at 90 V for 90 min to a nitrocellulose membrane in 0.025 mol/L Tris, 192 mmol/L glycine, 20% methanol, pH 8.3. After electroblotting, the membranes were air dried and blocked for 1 h. 
For E-cadherin evaluation on cell lysates, membranes were incubated for 1 h at room temperature in monoclonal antibody to E-cadherin (1:2500, Becton Dickinson) and, after washing, in HRP-conjugated rabbit anti-mouse serum (1:40000 dilution, Sigma, Italy). To confirm equal loading, membranes were reprobed by monoclonal antibody to α-tubulin (1:2000 dilution, Sigma Aldrich). Immunoreactive bands were revealed using the Amplified Opti-4CN or the Opti-4CN substrate Bio Rad.

Analysis of results
Data are expressed as mean ± SD.  Since the number of samples in each experimental group was low, we did not analyze our data by inferential statistics; rather, we aimed at measuring differences between cells grown in 2D-monolayers or in 3D-spheroids by calculating the size effect according to Cohen[18].

RESULTS
3D-spheroid morphology and viability
When seeded in agarose-coated wells, PDAC cells formed 3D aggregates evident after 40-72 h. HPAF-II, HPAC and PL45 cells cultured in 2D-monolayers were characterized by an epithelial morphology (Figure 1A). Inverted microscope observation of the 3D-spheroids at different time points showed that after one week cell density was increased and that the spheroid exhibited a compact structure, with different morphology in the different cell types (Figure 1B). The size of the 3D-spheroids was approximately 300-500 µm. No evident differences were observed after two weeks, and therefore spheroids were harvested for molecular and morphological evaluations after 10 d. To assess eventual necrosis in the inner part of the spheroids possibly due to reduced delivery of nutrients, cells were stained with calcein-AM. Observation using the fluorescent microscope revealed that all the cells were metabolically active since they were all fluorescent (Figure 1C). Cell integrity in 3D-spheroids was also confirmed by TEM (Figures 2-4).

Ultrastructural characterization by transmission electron microscopy
HPAF-II cultured in 2D-monolayers grew as flat layers in which in which light or small dark cells were partially overlapped and arranged with the basolateral membrane adhering to plastic dishes. Cells contained organelles and showed apical microvilli facing the culture medium (Figure 2A). HPAF-II 3D-spheroids showed a compact structure consisting of multiple cell layers, with microvilli extensively covering the apical surfaces of outer cellular layer (Figure 2B-D). Cells had variable shape and amount of cytoplasm, sometimes containing mucin granules and small autophagic vacuoles. They frequently exhibited a pale and markedly segmented nucleus (Figure 2B); adjacent cells in the outer layer were connected by junctional complexes located in the apical-lateral domain, and by numerous interdigitations and desmosomes in their lateral domains (Figure 2C, D), consistent with cell polarity. In the inner part of 3D-spheroids adjacent cells, separated by an evident intercellular space, were linked by interdigitations. Moreover, some cells were arranged to delimit lumen-like structures (Figure 2B).
HPAC cells appeared as flat layers of light and dark cells only partially overlapping and in some cases interdigitated and connected by junctions. They exhibited short microvilli on the surface facing the culture medium. Cells contained organelles, autophagosomes, and showed other morphological similarities with HPAF-II (Figure 3A). HPAC grown in 3D-spheroids showed a compact organization consisting of multicellular layers (Figure 3B, C). Epithelial cells of the outer layer presented their apical domain towards the culture medium, extensively covered with microvilli (Figure 3C-E). Cell polarity was also evident as Golgi complexes and numerous mitochondria were present in the apical compartment (Figure 3C, D); moreover, cytoplasm occasionally exhibited mucin granules at the apical pole (Figure 3D). Nuclei were located at the opposite side, characterized by widely dispersed chromatin and sometimes markedly irregular shape (Figure 3D). HPAC cells in 3D-spheroids exhibited the junctional complex consisting of tight junctions (zonulae occludentes), adherens junctions (zonulae adhaerentes) and desmosomes (maculae adhaerentes) in the apical-lateral domains (Figure 3E). In the internal region of 3D-spheroids, adjacent cells were separated by a more evident intercellular space and were interdigitated with neighbouring cells by finger-like projections, without any evident junctional specializations (Figure 3C). Notably, both in the outer and inner region of 3D-spheroids numerous autophagosomes were present in the cytoplasm (Figure 3C, D), according to the description of elevated basal autophagy of PDAC cells[19]. In the internal part of HPAC spheroids some adjoined cells, linked by junctional specializations, were arranged in lumen-like structures and appeared polarized with numerous microvilli projecting into the lumen (Figure 3F).
PL45 cells cultured in 2D-monolayers showed a light or darker cytoplasm similar to HPAF-II and HPAC cells. Unlike HPAF-II and HPAC grown in 2D-monolayers, some cells showed protrusions of the plasma membrane similar to invadopodia of about 6 µm in length, projecting toward the culture medium (Figure 4A).
PL45 grown in 3D-spheroids were arranged in multiple layers (Figure 4B and C) and frequently had markedly irregular nuclei (Figure 4C). In the cytoplasm, lipid droplets, autophagosomes and numerous mitochondria were mainly located close to the nucleus. Interestingly, small groups of cells linked to each other by desmosomes (Figure 4C, inserts C1 and C2) seemed partially detached from the peripheral area of the spheroid (Figure 4B and C). 

E-cadherin and β-catenin expression and actin arrangement
Immunofluorescence analysis revealed that E-cadherin and β-catenin were strongly expressed at cell boundaries in both PDAC 2D-monolayers and 3D-spheroids, suggesting the presence of functional adherens junctions (Figures 5-7). In 2D-monolayers actin filaments were arranged just beneath the plasma membrane, forming the cortical actin, although actin fibers were also found the cytoplasm. In HPAC and PL45, the presence of actin fibers is even more evident, and suggests focal adhesions which attach to the plastic substrate. In contrast, in 3D-spheroids the cortical actin filaments were much more present, as observed in differentiated epithelial cells (Figure 5A, 6A, 7A). Gene expression analysis revealed that E-cadherin mRNA levels were highly expressed in 2D-monolayers compared to 3D-spheroids. This difference was evident since the size effect was > 2 (5.68 and 7 in HPAC and PL45 cells, respectively) (Figure 8A). In contrast, Western blot analysis showed that full-length E-cadherin (120 KDa) was expressed to a higher extent in 3D-spheroids (Figure 8B and C). In fact, lysates of HPAF-II, HPAC and PL45 cells grown in 3D-spheroids contained evident higher E-cadherin expression compared to the relative 2D-monolayers (size effect 6.15, 6.91 and 36.28, respectively), consistent with stronger cell adhesion. Moreover, in cells grown in 2D-monolayers the lower full-length E-cadherin levels were paralleled by the increase of E-cadherin degradation fragments, consistent with cell junction disruption and lower cell adhesion. The molecular weight of some E-cadherin fragments was consistent with CT1, CT2 and CT3 previously described[20,21].

Mesenchymal-related phenotype marker expression
Using immunofluorescence we analyzed the expression of EMT markers related to the acquisition of a mesenchymal phenotype suggestive of EMT. N-cadherin was almost undetectable in PDAC cells grown as a 2D-monolayers, and the immunoreactivity was mostly diffuse in the cytoplasm. N-cadherin immunoreactivity was more frequent in 3D-spheroids, mostly in the cytoplasm. In HPAC spheroids N-cadherin was sometimes detected at cell boundaries, consistent with the presence of functional adherens junctions containing this “mesenchymal” transmembrane protein. COL-I was expressed by very few scattered PDAC cells grown in 2D-monolayers, but the expression seemed more frequent in 3D-spheroids, in particular in HPAC cells (Figure 5B, 6B, 7B). αSMA was evident in both conditions (Figure 5B, 6B, 7B) in the three considered cell lines. Vimentin was undetectable (data not shown). 
The EMT markers Twist, Snail, Zeb1 and Zeb2 were almost undetectable in both experimental conditions (data not shown). Slug was expressed at very low levels in HPAF-II and PL45 2D-monolayers and 3D-spheroids, and was detected in HPAC at higher degree in cells grown in 2D-monolayers compared to HPAC in 3D-spheroids (Figure 8D). Low or undetectable mRNA levels of these EMT markers are consistent with high expression of E-cadherin under both experimental conditions.

Podoplanin expression and 3D-spheroid matrix invasion
Podoplanin was expressed in the cytoplasm of PDAC cells grown in either 2D-monolayers or in 3D-spheroids (Figure 9A). Since podoplanin expression was described in cells undergoing collective migration, HPAF-II 3D-spheroids were placed in BME to monitor their morphology during invasion of the surrounding matrix. We did not observe evident spindle-like projections extending in the BME, but small clusters of cells seemed to detach from the spheroid surface to invade the surrounding environment (Figure 9B). These findings were confirmed by TEM analysis. In these experimental conditions we analyzed phalloidin stained cells to detect invadopodia. Confocal microscopy revealed the presence of isolated invadopodia, mostly located in the perinuclear region of HPAF-II 3D-spheroids grown without BME. Interestingly, invadopodia seemed more evident in the 3D-spheroids grown in BME (Figure 9C).

DISCUSSION
EMT is described as a complex step-wise process characterized by the loss of epithelial adhesion properties following changes in E-cadherin expression patterns and adherens junction disruption, induction of MMPs leading to the disruption of basement membranes, and enhanced migration and invasion[4]. Loss of intercellular adhesion and increased motility promote tumor cell invasion, allowing tumor cells to acquire the capacity to infiltrate surrounding tissue and metastasize at distant sites[22].
An early essential event of EMT is the loss of epithelial phenotype and cell-cell adhesion driven by the down-regulation of E-cadherin, a well characterized adhesive junction protein expressed in differentiated and polarized epithelial cells. The graded loss of E-cadherin correlates with the aggressiveness of numerous carcinomas and the worsening of prognosis, whereas the forced expression of E-cadherin suppresses tumor development in various in vitro and in vivo tumor experimental models[23]. E-cadherin down-regulation leads to the release of the E-cadherin/β-catenin complex from the plasma membrane, the disruption of cell-cell junctions[24] and to β-catenin nuclear translocation, where it may function as a transcriptional co-activator[25].
It was also shown that pancreatic cancers display a reduced expression of E-cadherin, and an increased expression of N-cadherin which, in primary tumors, are significantly related to the histological grade[26] and to the invasive and undifferentiated phenotype[27]. However, in 6 out of 7 PDAC commercial cell lines the expression of E-cadherin was maintained on the cell membrane[13], increasing the relevance of studies aimed at characterizing the phenotype of PDAC cells in relation to the expression of EMT markers, in order to define the role of EMT in PDAC development and progression. 
Our data on the immunofluorescence analysis show that HPAF-II, HPAC and PL45 cells grown in 2D-monolayers and in 3D-spheroids are characterized by a strong E-cadherin and β-catenin immunoreactivity at the cell-cell boundary, suggesting that the adherent junctions are retained by PDAC cells under both experimental conditions. Gene expression analysis showed that E-cadherin mRNA levels tended to increase in HPAF-II cells grown in 3D-spheroids, whilst were decreased in HPAC and PL45 spheroids, compared to 2D-monolayers. Conversely, E-cadherin was upregulated in PDAC 3D-spheroids at the protein level, suggesting that PDAC cells grown in 3D-spheroids have stronger cell adhesion. The electrophoretic pattern revealed cleavage fragments of E-cadherin in PDAC grown in monolayers, suggesting that in these conditions the protein underwent partial digestion and therefore was less effective in providing a strong cell-cell adhesion. In contrast, in 3D-spheroids the full length E-cadherin was detected, supporting a stronger cohesion, which probably allows and favors collective migration[28]. The presence of E-cadherin degradation fragments may explain the apparent discrepancy between E-cadherin mRNA and protein levels, since they can be generated by posttranslational modifications.
The epithelial differentiated phenotype of HPAF-II, HPAC and PL45 was strongly confirmed using the transmission electron microscope, in particular in 3D-spheroids. In fact, PDAC cells grown in 3D-spheroids maintain junctional complexes and the cell polarity typical of the columnar simple epithelium lining pancreatic secretory ducts, and they exhibit many microvilli on the apical surface. This finding is not in contrast with the behavior of these cells: as previously demonstrated, PDAC cells, even if characterized by a well differentiated phenotype, are highly malignant and invasive[29].
Our results point to new important information to understand the phenotype of these cancer cells in relation to the expression of mesenchymal markers. We showed that PDAC cells in 3D-spheroids retain the expression of the E-cadherin/β-catenin complex at cell boundaries while N-cadherin is occasionally expressed at the plasma membrane. This finding suggests not only that PDAC cells in 3D-spheroids have undergone the “cadherin switch” typical for EMT, but also that E-cadherin-mediated cell adhesion is retained and probably strengthened by functional adherens cell junctions containing N-cadherin, especially in HPAC cells.
Confocal microscopy confirmed that HPAF-II, HPAC and PL45 exhibit a differentiated epithelial phenotype, as previously suggested[30,31], but some differences in the expression of EMT markers were detectable. In particular, mesenchymal markers seem more evident in HPAC and PL45 cells, PL45 being the least differentiated. This different profile could be responsible for a different behavior, but a relationship between differentiation grade, cell migration and invasion potential has not yet been defined[32].
The concomitant expression of mesenchymal markers such as αSMA in both 2D-monolayers and 3D-spheroids supports the hypothesis that PDAC cells underwent EMT. The expression of the EMT markers such as Twist, Snail, Zeb1 and Zeb2 was almost undetectable, in line with the high expression of E-cadherin and the maintenance of adherens junctions. Slug was detected in PDAC cells at low levels, in particular in HPAC cells, in both 2D-monolayers and 3D-spheroids. An inverse correlation between Snail and E-cadherin at the mRNA level in pancreatic cancer cells was previously reported; in contrast, Slug expression in pancreatic cancer was reported to show no evident relation to a decreased expression of E-cadherin[7]. To explain this apparent inconsistency, it was suggested that the transient expression of Snail might be involved in inducing the invasion process, whereas Slug might be involved in the maintenance of the migratory invasive phenotype[7]. 
Some cells in 3D-spheroids expressed COL-I, a protein typical of mesenchymal-like cells. We feel this is an interesting finding that demonstrates the relevance of the 3D arrangement in determining cell phenotype and, therefore, supporting the importance of 3D experimental models in cancer research.
E-cadherin expression and functional adherens junctions seem more evident in 3D-spheroids, suggesting that higher cell adhesion could favor collective cell migration in PDAC cells by linking them together and ensuring tissue integrity during collective cell migration. The hypothesis of PDAC cells moving cohesively in a collective migration is also supported by the observation that no single invading cells were previously detected in 3D reconstructed models, indicating that single cell invasion does not occur in PDAC. Moreover, increased E-cadherin was shown in the leading edge of migrating epithelial sheets[33], supporting collective migration for these cancer cells. In contrast with individually migrating cells, during collective migration, the rear of the front cell retains intact cell–cell junctions to the successor cell, thereby mechanically holding the cells together and augmenting the efficiency of paracrine cell–cell signaling and multicellular coordination[34,35].
Podoplanin is a small mucin-like protein up-regulated in a number of different cancers, suggesting a role for podoplanin in tumor progression[36-39]. Although, the physiological function of podoplanin is still unknown and the functional contribution of podoplanin to tumor progression has remained elusive, podoplanin expression was observed in cells invading by collective migration[40]. Our results from the immunofluorescence analysis show podoplanin expression in HPAF-II, HPAC and PL45, according to the hypothesis of collective invasion of PDAC cells. This is consistent with the evidence of small clusters of cells detaching from spheroid surfaces observed at TEM, and with the results of the behavior of HPAF-II spheroids in BME, showing that spindle-like projections extending in the BME were not evident, but small groups of cells detached from the spheroid surface to invade the surrounding matrix. Furthermore, we detected frequent invadopodia, known as specialized podosomes, which release matrix metalloproteinases and characterize collectively invading cancer cells[41]. These invadopodia were more evident in the presence of BME, and were evident also at TEM.
Considered as a whole, our data could contribute to clarify the role of EMT in PDAC progression, providing additional correlative evidence that PDAC cells express EMT markers, and pointing to relevant differences in the phenotype of PDAC cells grown in 3D-spheroids. In fact, under these experimental conditions, PDAC cells are characterized by functional adherens junctions and by the concomitant expression of mesenchymal markers, such as N-cadherin, COL-I, which are almost undetectable in PDAC cells grown in 2D-monolayers. 
Our results support the use of 3D cultures in biomedical research to bridge the gap between traditional cell cultures and in vivo settings, in order to more clearly understand the biology of PDAC[14-17,42]. Since 3D cultures seem to provide powerful information on PDAC cell phenotype[43,44], they could represent a pre-clinical model to identify and validate tumor markers and to study new therapeutic tools for PDAC. 
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COMMENTS
Background
The functions of living tissues can be mimicked in three-dimensional (3D) cell cultures and this provides a key to the information encoded in the tissue architecture. The authors analyzed the effect of the 3D-arrangement on the expression of some key markers of epithelial-to-mesenchymal transition (EMT) in pancreatic adenocarcinoma (PDAC) cells cultured in either 2D-monolayers or in 3D-spheroids.

Research frontiers
3D cell cultures represent a well-established experimental condition to study the effect of 3D arrangement on cell phenotype in different cell types, but few studies have been performed previously using 3D cell cultures of PDAC cells. Some discrepancies were described in the expression of E-cadherin in PDAC commercial cell lines and tissue fragments, increasing the relevance of studies aimed at characterizing the phenotype of PDAC cells in relation to the expression of EMT markers.

Innovations and breakthroughs
The overall information provided by this study supports the use of 3D-cultures in biomedical research to bridge the gap between traditional cell cultures and in vivo settings. This approach places cultured cells in an environment that more closely represents and mimics the complex 3D structure of living tissues, in order to more clearly understand the biology of PDAC. These results show that a 3D cell culture model could provide deeper insight into the understanding of the biology of PDAC, allowing the detection of important differences in the phenotype of PDAC cells grown in 3D-spheroids. This study contributes to a clarification of the role of EMT in PDAC progression, and provides additional correlative evidence of EMT marker expression in PDAC cells. 

Applications
3D cultures offer a potential pre-clinical model to identify and validate tumor markers and to study new molecular tools to inhibit signaling pathways and to target EMT transcription factors. 

Peer-review
This manuscript describes EMT phenomena in 3D cell culture, using 3 kinds of pancreatic cancer cell lines. The authors investigated ultrastructural characterization of EMT with transmission electron microscopy and expression of EMT-associated protein such as α SMA and E-cadherin. A marked EMT phenomenon was observed in 3D cell culture, compared to 2D culture. The results are very interesting.
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Figure 1 Morphology pancreatic adenocarcinoma cells and of 3D-spheroids. A: Micrograph at the inverted microscope showing the epithelial morphology of HPAF-II, HPAC and PL45 cells grown in 2D-monolayers. Original magnification: 20 x; B: 3D-spheroids observed at the inverted microscope after 3, 7 and 14 d. HPAF-II spheroids were more rounded and uniformly dense; by contrast, HPAC and PL45 spheroids displayed an irregular shape. Original magnification: 10 x; C: Representative 3D-spheroid at the inverted microscope and after incubation with calcein-AM. Original magnification: 10 x.
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Figure 2 HPAF-II ultrastructure. A: Electron microscopy of HPAF-II culture grown in 2D-monolayer showing two cells partially overlapped and exhibiting microvilli (Mv). Scale bar = 1 µm; B-D: Ultrastructural features of HPAF-II cells grown in 3D-spheroids. Adjacent cells located at the periphery of the spheroid show microvilli (Mv) in the apical domain and junctional complexes (jc) [In B some cells exhibit a pale and markedly irregular nucleus (N). Some adjacent cells delimit a lumen-like structure (L). Scale bar = 1.5 µm. C, D: Adjoined cells are connected by junctional complexes (jc) in their apical-lateral domains, and by numerous adherens junctions (arrowheads) in their lateral domains. In D microvilli are densely packed; at their core actin microfilaments can be seen extending into the apical cytoplasm. C, D - scale bar = 1.5 µm]. 
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Figure 3 HPAC ultrastructure. A: Electron microscopy of a HPAC 2D-monolayer. Two cells having dark and light cytoplasm, respectively, are partially overlapped and interdigitated by finger-like projections (arrow); sparse and short microvilli (Mv) in the domain facing the culture medium and some autophagosomes (a) can be seen. Scale bar = 2 µm; B: Light microscopy of a semithin section showing a representative area of a multilayered 3D-spheroid. The asterisk indicates a lumen-like structure. Ultrastructural features of the boxed area are shown in C. Scale bar = 20 µm; C: Electron microscopy of the thin section immediately adjacent to the semithin one, and corresponding to the boxed area in Figure B, showing cellular polarity and numerous microvilli (Mv) in the apical domain facing the culture medium. Several autophagosomes (a) can be observed in the cytoplasm. Cells of the lower region exhibit interdigitating finger-like processes (arrows) in the interstitial space. Nuclei (N) are euchromatic and frequently display more or less deep invaginations. Scale bar = 5 µm; D: Micrograph showing a cell with a markedly irregular nucleus (N) and several mucin granules (m) in the apical cytoplasm. Scale bar = 2 µm; E: Thin section of two adjacent cells located at the periphery of the spheroid and facing the culture medium. Microvilli (Mv) in the apical domain and a junctional complex, consisting of tight junction (Tj), adherens junction (Aj) and desmosome (D) in the lateral domain can be observed. Scale bar = 0.5 µm; F: Micrograph of the inner part of a spheroid in which some adjacent interdigitated (arrows) cells delimiting a lumen-like structure exhibit numerous microvilli in their apical domains and junctional specializations (arrowheads). Scale bar = 2 µm.
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Figure 4 PL45 ultrastructure. A: Electron microscopy of two PL45 cells grown in 2D-monolayers that exhibit protrusions consistent with invadopodia (ip) originating from their surface and projecting toward the culture medium. N= nucleus. Scale bar = 1 µm; B: Light microscopy of a semithin section showing a multilayered spheroid with 2 small groups of cells partially detached from the periphery of spheroid (arrows). Scale bar = 40 µm; C: Electron microscopy of a thin section adjacent to the semithin one showing a group consisting of 3 cells joined to each other. The outlined areas are shown at greater enlargement in the insets C1 and C2; arrowheads indicate desmosomes. N = nucleus. Scale bar = 5 µm. Inset scale bar = 0.25 µm.
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Figure 5 Expression of epithelial-to-mesenchymal transition-related markers in HPAF-II cells. Micrographs using the confocal microscope showing epithelial markers (A) and mesenchymal markers (B) in HPAF-II cells grown in 2D-monolayers and in 3D-spheroids. Original magnification: 60 x.
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Figure 6 Expression of epithelial-to-mesenchymal transition-related markers in HPAC cells. Micrographs using the confocal microscope showing epithelial markers (A) and mesenchymal markers (B) in HPAC cells grown in 2D-monolayers and in 3D-spheroids. Original magnification: 60 x.
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Figure 7 Expression of epithelial-to-mesenchymal transition-related markers in PL45 cells. Micrographs using the confocal microscope showing epithelial markers (A) and mesenchymal markers (B) in PL45 cells grown in 2D-monolayers and in 3D-spheroids. Original magnification: 60 x.
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Figure 8 E-cadherin gene and protein expression, and Slug mRNA levels. Bar graphs showing E-cadherin gene (A) and protein expression (B) analyzed by real-time PCR and Western blot, respectively. Data are means ± SD of duplicate samples run in duplicate experiments; C: Representative Western blot showing the electrophoretic pattern of E-cadherin in lysates obtained from HPAF-II, HPAC and PL45 cells grown in 2D-monolayers or in 3D-spheroids; D: mRNA levels for Slug in PDAC cells assayed by real time PCR. Data are mean ± SD of duplicate samples run in duplicate experiments. a: Cohen's d > 2.
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Figure 9 Podoplanin expression and actin cytoskeleton. A: Micrographs with the confocal microscope of PDAC cells grown in 2D-monolayers and in 3D-spheroids, showing the expression of podoplanin. The punctuate immunoreactivity is located in the cytoplasm. Original magnification: 60 x; B: HPAF-II 3D-spheroid grown in basement membrane extract (BME) monitored at different time points; C: HPAF-II 3D-spheroids grown in absence or in presence of BME, stained using rhodamine-phalloidin to detect actin filaments. Invadopodia are evident boxed in the Figures a and b. Original magnification: 60 x.
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