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A B S T R A C T   

Introduction: Villous cytotrophoblast (vCTB) cells fuse to generate and maintain the syncytiotrophoblast layer 
required for placental development and function. Krüppel-like factor 6 (KLF6) is a ubiquitous transcription factor 
with an N-terminal acidic transactivation domain and a C-terminal zinc finger DNA-binding domain. KLF6 is 
highly expressed in placenta, and it is required for proper placental development. We have demonstrated that 
KLF6 is necessary for cell fusion in human primary vCTBs, and in the BeWo cell line. 
Materials and methods: Full length KLF6 or a mutant lacking its N-terminal domain were expressed in BeWo cells 
or in primary vCTB cells isolated from human term placentas. Cell fusion, gene and protein expression, and cell 
proliferation were analyzed. Moreover, Raman spectroscopy and atomic force microscopy (AFM) were used to 
identify biochemical, topography, and elasticity cellular modifications. 
Results: The increase in KLF6, but not the expression of its deleted mutant, is sufficient to trigger cell fusion and to 
raise the expression of β-hCG, syncytin-1, the chaperone protein 78 regulated by glucose (GRP78), the ATP 
Binding Cassette Subfamily G Member 2 (ABCG2), and Galectin-1 (Gal-1), all molecules involved in vCTB dif-
ferentiation. Raman and AFM analysis revealed that KLF6 reduces NADH level and increases cell Young’s 
modulus. KLF6-induced differentiation correlates with p21 upregulation and decreased cell proliferation. 
Remarkable, p21 silencing reduces cell fusion triggered by KLF6 and the KLF6 mutant impairs syncytialization 
and decreases syncytin-1 and β-hCG expression. 
Discussion: KLF6 induces syncytialization through a mechanism that involves its regulatory transcriptional 
domain in a p21-dependent manner.   

1. Introduction 

Villous cytotrophoblast (vCTB) differentiation into the syncytio-
trophoblast (STB) layer implies two related events. One, characterized 
by cell aggregation, merging of plasma membranes with mixing of cell 
contents termed morphological differentiation, and other characterized 

by the expression of genes involved in hormone synthesis, and substrate 
transport, among others, known as the biochemical differentiation. STB 
is maintained by the continuous fusion of vCTBs with the overlying 
syncytium in a regenerative process [1]. The multinucleated syncytium 
protects the fetus from exposure to harmful materials and it is the pri-
mary site for maternal-fetal exchange of nutrients, gases, and waste 
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E-mail addresses: gpan@fcq.unc.edu.ar, gmpanzetta@unc.edu.ar (G.M. Panzetta-Dutari).  

Contents lists available at ScienceDirect 

Placenta 

journal homepage: www.elsevier.com/locate/placenta 

https://doi.org/10.1016/j.placenta.2021.12.006 
Received 18 August 2021; Received in revised form 11 November 2021; Accepted 1 December 2021   

mailto:gpan@fcq.unc.edu.ar
mailto:gmpanzetta@unc.edu.ar
www.sciencedirect.com/science/journal/01434004
https://www.elsevier.com/locate/placenta
https://doi.org/10.1016/j.placenta.2021.12.006
https://doi.org/10.1016/j.placenta.2021.12.006
https://doi.org/10.1016/j.placenta.2021.12.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.placenta.2021.12.006&domain=pdf


Placenta 117 (2022) 139–149

140

products, and for the synthesis of important pregnancy-associated pro-
teins. Impaired STB differentiation, renewal, or function are associated 
with preeclampsia, the principal cause of maternal morbidity and 
mortality, and with other pregnancy-associated disorders including 
chronic disease in the adult life of the offspring [2–5]. 

Various signaling pathways, proteins, growth factors, cytokines, as 
well as extracellular matrix components and mechanical forces are 
involved in the syncytialization process [1,6,7]. Among them, the two 
fusogenic membrane glycoproteins, syncytin-1 and syncytin-2, play a 
major role [8–10]. Human chorionic gonadotrophin (hCG), composed of 
the specific β-subunit and a common α-subunit, as well as its hyper-
glycosylated variant display several paracrine-autocrine functions 
essential for pregnancy including syncytium formation and renewal [11, 
12]. Other proteins involved in biochemical and/or morphological dif-
ferentiation of the villous trophoblast include GRP78, the endogenous 
and xenobiotic substrate transporter ABCG2, and Gal-1, a soluble 
member of the mammalian β-galactoside-binding proteins [13–16]. 
KLF6 is one of the transcription factors that have a demonstrated or 
suggested function in the syncytialization process [17,18]. KLF6 is 
highly expressed in placenta and Klf6− /− mice die at day E12.5 showing 
impaired placental development [19,20]. We have previously demon-
strated that KLF6 is present throughout the in vitro differentiation of 
human vCTB with an early and transient increase in its expression before 
syncytium formation. In addition, it transactivates promoter constructs 
of the chorionic gonadotropin subunit beta 5 (CGB5), PSG3, and PSG5 
genes [21]. KLF6 knockdown impairs cell-cell fusion and reduces the 
expression of genes encoding syncytin-1 and p21, its overexpression 
leads to increased transcript levels of the genes encoding hCG, PSG, 
syncytin-1, syncytin-2, connexin 43 (Cx43) and zona occludens (ZO-1) 
in the JEG-3 cell line, as well as those for Syn-2 and Cx43 in CTB cells 
undergoing spontaneous in vitro syncytialization [21,22]. However, 
whether KLF6 triggers human trophoblast cell-cell fusion, and which is 
the mechanism involved remain unknown. Herein, BeWo choriocarci-
noma cell line, a standard model to mimic syncytialization of human 
placental villous trophoblast, and cultures of human placental vCTBs, 
were used as in vitro systems to evaluate whether increased KLF6 
expression induces cell-cell fusion and to address the implicated 
mechanism. 

2. Materials and methods 

2.1. Placenta collection, cytotrophoblast isolation, and cell culture and 
differentiation 

Human placentas were obtained after cesarean sections from 
mothers with uncomplicated pregnancies. The study was performed 
with the ethics approval of the local Advisory Committee of Biomedical 
Research in Humans, Córdoba, Argentina (RePIS No. 1202, HP 4-112), 
and written informed consent was required. Placentas were processed 
within 30 min after delivery and vCTB cells were purified, cultured, and 
differentiated as previously described [22]. 

BeWo (ATCC No. CCL98) cell line and BeWo cells stably transfected 
with expression vectors carrying the full length KLF6 (KLF6-B), the 
amino-terminal deleted KLF6 mutant (KΔac-B), or with the empty 
cloning vector (EV-B) were grown in DMEM-F12 (Invitrogen) supple-
mented with antibiotics (100 U/mL penicillin/0.1 mg/mL streptomycin) 
and 10% (v/v) FBS (Internegocios S.A). 

2.2. Lentiviral plasmid constructs 

The pLenti-KLF6 plasmid, containing the human KLF6 (NM_001300) 
full-length cDNA sequence (852 bp), and pLenti-KΔac plasmid, lacking 
the sequence encoding for the first 103 amino acids, were constructed. 
The KLF6 sequences were amplified from the pXJ-KLF6 recombinant 
plasmid [23] and subcloned into the BamHI/XbaI cloning sites of the 
pLenti CMV/TO puro empty (w175-1) expression vector (Addgene 

#17482). Construct identities were verified by DNA sequencing (Mac-
rogen, Korea). 

2.3. Generation of stable transfected cells and transduction of BeWo and 
vCTB 

pLenti-KLF6, pLenti-KΔac, and pLenti CMV/TO puro empty vector 
(pLenti-EV) were cotransfected with pMD2.G and psPAX2 vectors in 
293T cells using Jet Prime (Polypus Transfection) according to the 
manufacturer protocol. Viral supernatants were collected 48 and 72 h 
later. BeWo cells (2 × 105 cells/well) plated in 6-well plates were 
transduced with 50% (v/v) viral supernatants supplemented with 8 μg/ 
mL polybrene (Sigma-Aldrich). Twenty-four hours later, cells were 
washed and cultured for 24 h in fresh supplemented culture medium. 
Stable transfected KLF6-B, KΔac-B, and EV-B cells were selected with 2 
μg/mL of puromycin (Sigma-Aldrich) for 2 weeks. All the experiments 
were performed with stable BeWo cells with less than 5 passages. 

Placental purified vCTBs (1.8 × 105 cells/well) were washed twice 
with PBS 4 h after plating and transduced with pLenti-KLF6, pLenti- 
KΔac, or pLenti-EV as described above. 

2.4. Small interfering RNA transfections 

KLF6-B cells (1.5 × 105 cells/well) seeded in 6-well plates were 
cultured for 24 h and transfected with 25 nM of KLF6-specific small 
interfering RNA (siK) (Ambion Silencer Select siRNA, ID # 9700, 
ThermoFisher) (sense 5′-GGAAGAUCUGUGGACCAAAtt-3′, antisense 5′- 
UUUGGUCCACAGAUCUUCCtg-3′) or 50 nM of p21-specific small 
interfering RNA (sip21) (Sigma-Aldrich, ID # 870; SASI_Hs01 
00025256) or with the control scrambled siRNA (SCR) (Ambion Silencer 
Negative Control #1 siRNA, ThermoFisher) using 4 μL of Lipofectamine 
RNAiMAX reagent (Invitrogen) in 1 mL of serum and antibiotic-free 
OPTI-MEM. Four hours later, 1 mL of DMEM-F12 supplemented me-
dium was added and cells analyzed 72 h later. 

2.5. Cell fusion and immunofluorescence assays 

Wild type or stably transfected BeWo cells were seeded in a 6-well 
plate (1.5 × 105 cells/well) in DMEM-F12 supplemented medium. 
Freshly purified vCTB cells were seeded in 96-well plates (1.8 × 105 

cells/well) in KGM supplemented culture medium and transduced with 
the lentiviral particles. Cell fusion was evaluated after 72 h, unless 
indicated. 

Immunofluorescence assays were performed as previously described 
[21] with mouse anti-desmoplakin (1:100; ab16434, Abcam Co.) and 
mouse monoclonal anti-cytokeratin 7 (Clone OV-TL 12/30, N1626, 
Dako) primary antibodies, and Alexa Fluor 594-conjugated F(ab)2-goat 
anti-mousse IgG (A11020, ThermoFisher) as the species-specific sec-
ondary antibody in a 1:720 final dilution. Nuclei were counterstained 
with Hoechst 33342 dye (Molecular Probes, Cat. H-21492). Slides were 
mounted in aqueous mounting media (Mowiol 4-88, Sigma Aldrich) and 
images were recorded using Leica DMI8 microscope equipped with 
LASX software or Nikon optical microscope with NIS software (Nikon 
eclipse TE2000-U, USA). The number of syncytia, nuclei in syncytia, and 
total nuclei from at least 7 randomly chosen microscopic fields for each 
condition were counted using FIJI software. Fusion index was calculated 
as (N-S)/T, where N is the number of nuclei in the syncytia, S the number 
of syncytia, and T the total number of nuclei. 

2.6. Cell flow cytometry 

Cells were detached with trypsin-EDTA 0.05% (w/v) (Thermo-
Fisher), trypsin was inactivated with DMEM-F12 supplemented medium 
plus 5 mM EDTA (final concentration), cells were fixed with 2% (w/v) 
paraformaldehyde 2% (w/v) sucrose for 15 min and maintained at 4 ◦C 
until analysis by flow cytometry using a BD FACS Canto II cytometer (BD 
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Biosciences). A total of 40000 events per analysis were collected. The 
data were analyzed by FlowJo vX.0.7 software as described in Ref. [24]. 

2.7. Western blotting 

Total protein samples, separated on a 10% or 14% (w/v) SDS–PAGE, 
were transferred to a Hybond-ECL nitrocellulose (GE Healthcare) as 
previously described [21]. Antibodies used were: mouse monoclonal 
anti-KLF6 (1:1000; 2c11) whose specificity was previously determined 
[25], mouse monoclonal anti-α-tubulin (1:3000; T9026, Sigma-Aldrich), 
rabbit polyclonal anti-KLF6 (1:50; R-173, Santa Cruz Biotechnology), 

rabbit polyclonal anti-syncytin-1 (1:500; z-25, Santa Cruz Biotech-
nology), rabbit monoclonal anti-p21 (1:1000, Cell Signaling), rabbit 
polyclonal anti-β-hCG (1:500; A0231, Dako), rabbit polyclonal 
anti-GRP78 (1:1000, Cell Signaling) and mouse monoclonal anti-β-actin 
(1:1000; A2228, Sigma-Aldrich). After washing, blots were revealed 
with IRDye 800CW donkey anti-rabbit IgG (Li-Cor Biosciences, cat no: 
926-32213), IRDye 680RD donkey anti-mouse IgG (Li-Cor Biosciences, 
cat no: 926-68072) or IRDye 800CW Donkey anti-mouse IgG (Li-Cor 
Biosciences, cat no: 926-32212) secondary antibodies (1:10000). 
Membranes were visualized and quantified using the Odyssey Infrared 
Imaging System (LI-COR, Inc) and the Image Studio software. 

2.8. Real-time quantitative RT-PCR (qRT-PCR) 

RNA purification, cDNA synthesis, primer design, qRT-PCR quanti-
fication, amplification efficiency, and specificity were performed and/or 
calculated as described in Ref. [22]. Primer sequences and concentra-
tions are indicated in Table 1. 

2.9. Proliferation assays 

Cell proliferation was evaluated by bromodeoxyuridine (BrdU, 
B5002, Sigma-Aldrich) incorporation into DNA during its synthesis as 
previously described [26]. Cells were cultured for 72 h and incubated 

Table 1 
Oligonucleotides used for qRT-PCR assays.  

Transcript Primer name Sequence (5′-3′) Conc.(nM) 

Syncytin-1 ERVW1-F GCAACCACGAACGGACATC 200 
ERVW1-R GTATCCAAGACTCCACTCCAGC 

ABCG2 ABCG2-F CAATGGGATCATGAAACCTG 250 
ABCG2-R CATTTATCAGAACATCTCCAGA 

Gal1 Gal1-F CCTGGAGAGTGCCTTCGAGTG 400 
Gal1-R CTGCAACACTTCCAGGCTGG 

Cx43 Cx43-F ACTTGCCTTTTCATTTTACTTC 200 
Cx43-R CCTGGGCACCACTCTTTT 

PPIA PPIA-F GTTTTGCAGACGCCACCG 100 
PPIA-R GCAAACAGCTCAAAGGAGACG  

Fig. 1. KLF6 promotes BeWo cell-cell fusion. A- KLF6-B and EV-B cells immunostained with desmoplakin and nuclei counterstained with Hoechst. White dotted 
lines demarcate syncytial-like structures. The insets show a magnified image of the boxed regions in the main panels. Scale bar = 100 μm. The bar graph represents 
the relative fusion index in KLF6-B setting spontaneous fusion of EV-B cells as 1 (mean ± SEM, *p < 0.05, one sample t-test, n = 3). B- Fusion index of wild-type (wt) 
and EV-B cells treated or not with forskolin (FSK), as well as KLF6-B relative to the fusion observed in EV-B. Cells were seeded in 96-well plates (5 × 103 cells/well), 
treated or not with 30 μM FSK to induce fusion for 72 h and fusion index was analyzed by immunofluorescence. The mean ± SEM is shown (*p < 0.05, ANOVA, post- 
test Tukey’s multiple comparison, ns: not significant, n = 3). C- Flow cell cytometry analysis of KLF6-B (blue) and EV-B (red) cell granularity and size determined by 
side-scatter area (SSC-A) and forward-scatter area (FSC-A). D- Side-scatter width (SSC-W) plotted against forward-scatter width (FSC-W) of KLF6-B and EV-B cells. E- 
Western blot analysis of KLF6 in KLF6-B and EV-B cells, α-tubulin was included as loading control and one representative blot is shown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with 20 μM BrdU for the last 4 h. 

2.10. Cell fusion evaluated through atomic force microscopy (AFM) 

BeWo cells (2 × 105 cells/well) plated over glass coverslips were 
transiently transduced with the pLenti-EV or pLenti-KLF6. Seventy-two 
hours later, cells were PBS-washed and fixed with 0.5% glutaraldehyde 
in PBS (v/v) for 5 min, washed again and dried at room temperature. 
Cellular morphology images and elasticity measurements were obtained 
using a standard AFM setup as described in Ref. [27]. Cell topography 
was imaged (256 × 256 pixels) in tapping mode with a scan rate of 
0.3–1 Hz. The AFM experiments were performed, images processed, and 
local mean Young’s modulus calculated as described in Ref. [27], except 
that the maximum indenting force for the cantilever was set at 30 nN. 
Force-displacement curves of 50 random cells from three different ex-
periments were acquired for each group of cells. 

2.11. Raman spectroscopy measurements and data analysis 

BeWo cells were processed and fixed as described for AFM. Raman 
spectra were measured on mononuclear cells or syncytium-like struc-
tures in the spectral range of 600–1800 cm− 1. Raman spectra were ob-
tained using a XploRA spectrometer (Horiba, Japan) coupled to an 
optical microscope (BXFM, Olympus, Japan) and equipped with a 532 
nm laser that was focused on the cell nucleus through a 60× oil im-
mersion objective (NA = 1.4). The frequency calibration was established 
by reference to the vibratory band of 520 cm− 1 of a silicon sheet. A 785 
nm diode laser that operated at 113 mW/line was used for excitation. A 
low power irradiation at the sample surface was used, around 5 mW (3s 
laser exposure for 5 accumulations). The diffraction grating was 1200 
lines/mm and yielded a spectral resolution of 1.5 cm− 1. All spectra were 
smoothed, background-adjusted, and normalized using an algorithm 

implemented in MatLab software, before conducting the spectral anal-
ysis (Mathworks, Naticks, MA, USA), to suppress the external noises and 
enhance the useful information about the biochemical composition. 
Principal Component Analysis (PCA) was performed to evaluate the 
spectral variability in the dataset. Each cell group was subjected to 2D- 
and 3D-PCA. 

2.12. Statistical analysis 

Comparisons between groups were performed using the Student’s t- 
test or Mann-Whitney test. One-way analysis of variance (ANOVA) with 
a Tukey’s or Dunnett’s post-test was performed for multiple compari-
sons. A one-sample t-test was used to determine whether values were 
significantly different from the control value set as 1. Multivariate sta-
tistical analyses were implemented in MatLab software. Statistical ana-
lyses were performed using the GraphPad Prism 5.0 software. A 
probability value of p < 0.05 was considered statistically significant. 

3. Results 

3.1. KLF6 promotes BeWo cell-cell fusion 

To prove whether KLF6 overexpression promotes human trophoblast 
cell-cell fusion we first analyzed the effect of KLF6 on the morphological 
differentiation of BeWo cells, a useful cell model to study molecular 
aspects of human placental trophoblast syncytialization [18]. Cells sta-
bly transformed with KLF6 or the empty vector (KLF6-B and EV-B, 
respectively) were immunostained with anti-desmoplakin and with 
Hoechst. Immunofluorescence microscopy revealed an increase in the 
relative fusion index of KLF6-B compared to EV-B cells (Fig. 1A). KLF6-B 
fusion was comparable to that observed in wild type or EV-B cells treated 
with 30 μM forskolin for 72 h (Fig. 1B). Morphological differentiation 

Fig. 2. KLF6 upregulates the expression of molecules involved in vCTB differentiation. Representative WB images for syncytin-1 (Syn-1) (A), β-hCG (B), and 
GRP78 (C) proteins in KLF6-B and in EV-B cells, α-tubulin was used as loading control. Bar graphs show the densitometric quantification of protein levels normalized 
to the α-tubulin signal and expressed relative to the control condition in each experiment. The bars represent the mean ± SEM (*p < 0.05, one sample t-test, n = 3). 
Transcript levels of Syn-1 (D), Cx43 (E), ABCG2 (F) and Gal-1 (G) were determined by qRT-PCR from total RNA. Bars represent the mean ± SEM of the relative level 
of each transcript in KLF6-B normalized to cyclophilin A with respect to the control condition (EV-B) (*p < 0.05, one sample t-test, n = 3). 
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Fig. 3. KLF6 changes topography, elasticity and generates biochemical modifications in BeWo cells. Mononuclear or fused BeWo cells transiently transduced 
with pLenti-KLF6 or pLenti-EV were analyzed by AFM and Raman spectroscopy. A- Representative three-dimensional AFM images and the height profiles from 
mononuclear (left panel) and fused cells (right panel). B- Media of force-displacement curves and Young’s modulus measured in 50 cells of each type. The gray 
vertical line in the force-displacement graph represents the reference stiff glass surface. Ind: indentation. C- Average Raman spectra of 40 mononuclear cells of each 
condition. D- Average Raman spectra of 20 fused cells of each type. E- PCA and PC loadings from mononuclear cells. The first three PC explained 50% of the variance 
of the original data set. The contribution of each PC is shown in the figure. F- PCA and PC loadings from fused cells. The first three PC explained 52% of the variance 
of the original data set. The contribution of each PC is shown in the figure. G- Raman intensity of individual peaks that showed significant difference in mononuclear 
(1101 and 1679 cm− 1) and fused (1679 cm− 1) cells. Mean ± SEM, (*p < 0.05, Mann-Whitney test). 
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was also demonstrated by cell flow cytometry analysis revealing higher 
granularity and size in KLF6-B than in EV-B cells (Fig. 1C), consistent 
with cell fusion [28,29]. In addition, KLF6-B cell population showed a 
linear increase in side-scatter width (SSC-W) versus forward-scatter 
width (FSC-W) as compared to EV-B cells (Fig. 1D), confirming an in-
crease in cell fusion [24,30]. Western blot assays verified KLF6 over-
expression (Fig. 1E) detected as a double band corresponding to the 
hyper and hypophosphorylated forms as previously described [23]. 

Fusion index increase was likewise observed in BeWo cells tran-
siently transduced with pLenti-KLF6 compared to cells transduced with 
pLenti-EV (Supplemental Fig. 1A). Moreover, downregulation of KLF6 
expression in KLF6-B cells with a specific siRNA against KLF6 (siK) 
abrogated the increase in cell fusion, revealing that morphological dif-
ferentiation is specifically related to the overexpression of KLF6. EV-B 
and wild type cells showed similar basal fusion index, indicating that 
transformation with the empty vector does not alter BeWo’s cell fusion 
(Supplemental Fig. 1B). These results indicate that KLF6 overexpression 
increases spontaneous BeWo cell fusion and suggest that KLF6 promotes 
trophoblast syncytialization. 

3.2. KLF6 upregulates the expression of molecules involved in trophoblast 
syncytialization 

In agreement with the increase in cell fusion, syncytin-1 protein and 
transcript were higher in KLF6-B compared to EV-B cells (Fig. 2A&D). 
Moreover, β-hCG (Fig. 2B) and GRP78 (Fig. 2C) protein levels as well as 
transcripts coding for Cx43, ABCG2 and Gal-1 were also upregulated 
(Fig. 2E–G). These results indicate that KLF6 enhances the expression of 
molecules involved in STB differentiation. 

3.3. KLF6 changes topography, elasticity, and generates biochemical 
modifications in BeWo cells 

AFM, a non-invasive, label free, high-resolution imaging technique, 
was used to compare cell surface topography and biomechanical elas-
ticity between BeWo cells transiently transduced with pLenti-KLF6 or 
with the control pLenti-EV. Mononuclear cells in the KLF6 group were 
more elongated than in the control condition, while fused cells were 
morphologically similar in both conditions presenting as large cells with 
prominent nucleoli (Fig. 3A). The biomechanical elasticity through cell 
indentation was analyzed without discrimination between mononuclear 
and fused cells. Quantification of Young’s modulus revealed a 16.72% 
increase in the KLF6 group compared to EV (p < 0.05), which represents 
increased stiffness (Fig. 3B). 

Raman spectroscopy was employed as a novel approach to explore 
BeWo cellular biochemical modifications induced by KLF6 over-
expression. The average spectra from 40 mononuclear (Fig. 3C) and 20 
fused cells (Fig. 3D) from the EV and KLF6 groups were recorded and 
analyzed. Principal component analysis (PCA) was used for classifica-
tion of the different groups and interpretation of the spectral data. 
Three-dimensional plots constructed with combinations of sets of scores 
of the first three PCs as well as plots of the PC1, PC2 and PC3 loadings 
are shown (Fig. 3E&F). This information was used for the determination 
of the differentiation capability of PCA and the identification of signif-
icant Raman features. Regarding the PCA from mononuclear cells, the 
first three PC explained 50% of the variance of the original data set, and 
based on the PCA mixed distribution, mononuclear cells from the KLF6 
and EV groups could be distinguished amid each other, indicating sig-
nificant variability between them (Fig. 3E). Regarding the PCA of fused 
cells the first three PC explained 52% of the variance of the original data 
set, although the PCA mixed distribution showed the KLF6 and EV 
groups cannot be characterized as different (Fig. 3F). Mononuclear cell 
loadings indicated positive correlation of Raman bands at 1445, 1657, 
786, 1679, and 1101 cm− 1, and negative correlation at 1437 and 813 
cm− 1 (Fig. 3E). Fused cell loadings showed positive correlations at 1445, 
1657, 1490, 1679, 946, 1642, and 1756 cm− 1, and negative at 1490, 

1573 and 1460 cm− 1 (Fig. 3F). Raman band assignments of the most 
prominent variances identified by PCA were supported on published 
literature and used for spectral features interpretation (Table 2) 
[31–36]. Only two peaks had significant intensity differences between 
mononuclear cells of the KLF6 and EV groups. The 1101 cm− 1 peak, 
assigned to O-P-O backbone stretch from A-DNA, was increased in the 
KLF6 group (p < 0.036), while the 1679 cm− 1 peak, assigned to C––O 
stretch with two contributors NADH and amide I, had reduced intensity 
in the KLF6 group (p < 0.0008). This peak was also reduced in fused cells 
of the KLF6 group (p < 0.0001). Indeed, it was the only peak with sta-
tistically different intensity found in the analysis of fused cells (Fig. 3G). 

3.4. KLF6 decreases BeWo cell proliferation and promotes their fusion in 
a p21-dependent manner 

Trophoblast differentiation has been associated with cell cycle arrest 
and upregulation of p21 expression [37], and KLF6 inhibits cellular 
growth in different cell contexts in part activating p21 [38,39]. There-
fore, we hypothesized that KLF6 overexpression could reduce cell pro-
liferation by upregulating p21. Indeed, incorporation of BrdU into newly 
synthesized DNA was reduced and p21 protein expression was increased 
in KLF6-B compared to EV-B cells (Fig. 4A&B). Moreover, when p21 
expression was silenced in KLF6-B cells (Fig. 4C) the formation of 
syncytium-like structures was reduced compared to KLF6-B cells trans-
fected with the control SCR siRNA (Fig. 4D&E). These results suggest 
that KLF6 reduces cell proliferation and promotes BeWo cell fusion, at 
least in part, by upregulating p21. 

Table 2 
Raman band assignments.  

Raman peak 
position 
[cm− 1] 

Band Assignment Contributions 

725 Ring breathing 
modes 

Adenine 

786 O-P-O backbone DNA 
813 C5′- O-P-O - C3′

phosphodiester band 
RNA 

940 υ(C-C) Polysaccharides 
946 δoop(C–OH) 

[COOH] 
Hyaluronan (sugar-specific) 

1005 Ring breathing 
modes 

Phenylalanine 

1038 υ(C-N) Fatty acids, Polysaccharides 
1099 PO2 Nucleotides backbone 
1101 O-P-O backbone 

stretch 
DNA 

1251 NH2 Guanine, Cytosine 
1325 ωCH3CH2 Purines, CoA 
1437 αCH3, αCH2 Fatty acids, Sphingomyelin 
1445 δCH2, δCH3 Proteins, Fatty acids 
1452 δCH2, δCH3 Valine, Proteins 
1460 δCH2, δCH3 Lipids 
1490 δN-H DNA, Amide II 
1573 Ring breathing 

modes 
Adenine, Guanine 

1581 υ(C-C) Phenylalanine 
1642 β(NH3) Amide I 
1657 υ(C––C) Membrane lipids 

(Phosphatydylethanolamine and 
Phosphatydylcholine), Fumarate 

1665 υs(C––O) Amide I (β-sheet) 
1679 υ(C––O) NADH, Amide I 
1756 υ(C––O) Cortisone 

α-scissoring, β-bending, δ-deformation, oop-out of plane, τ-twisting, ω-wagging, 
υ-stretching, υs- symmetric stretching. 
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3.5. The N-terminal acidic domain of KLF6 is necessary for BeWo cell 
fusion 

We next evaluated the importance of the N-terminal acidic domain of 
KLF6 in BeWo cell fusion. As shown in Fig. 5A, KLF6 has a C-terminal Zn- 
finger DNA-binding domain and a N-terminal domain, rich in acidic 
amino acids, regarded as the transcription regulatory domain [19,40, 
41]. BeWo cells were stably transfected with the pLenti-KΔac construct 
lacking the N-terminal domain (Fig. 5A) and cell differentiation was 
analyzed. Syncytium-like structures were not increased in KΔac-B, 
instead fusion index was slightly downregulated compared to EV-B cells, 
suggesting that KΔac interferes with basal spontaneous cell fusion 
(Fig. 5B). Accordingly, protein levels of β-hCG and syncytin-1 were 
reduced (Fig. 5C). Moreover, cell fusion in KLF6-B was diminished when 
they were transiently transduced with pLenti-KΔac, although high levels 
of the full-length KLF6 were maintained (Fig. 5D). These results suggest 
that KLF6 requires its N-terminal domain to promote cell fusion by 
activating or repressing the expression of target genes. Since the KΔac 
mutant conserves the DNA-binding domain it seemingly behaves as a 
negative dominant of KLF6 that interferes with KLF6 function, since it 
can bind to consensus sequences in target genes but cannot regulate 
them. 

3.6. The N-terminal acidic domain of KLF6 is required for vCTB 
syncytialization 

Despite BeWo cell line is the most widely used cell model to study 
vCTB differentiation they are derived from choriocarcinoma and may 
not be fully representative of normal human trophoblasts. Instead, 
vCTBs isolated from placental tissue better reproduce what occurs in the 

placenta in vivo [18]. 
To confirm the role of KLF6 on syncytialization, vCTB from normal 

human term placentas were transduced with KΔac, KLF6, or EV lenti-
virus particles and cell fusion as well as protein expression were eval-
uated. As expected, untreated vCTB cells fuse into large syncytium-like 
structures when they were cultured in serum-containing media. Cell 
fusion was similar in cells transduced with the EV lentivirus, instead 
larger syncytium-like structures appeared in cells transduced with KLF6 
and decreased in vCTB transduced with the KΔac construct (Fig. 6A). 
Fusion index quantification in each condition revealed a small but sig-
nificant increase upon KLF6 overexpression and confirmed that KΔac 
impairs cell fusion (Fig. 6B). Syncytin-1 was undetectable in early cul-
tures of untreated vCTB but was detected in all the experimental con-
ditions after 72 h. Its expression level was slightly higher in CTBs 
overexpressing KLF6 and lower in CTBs expressing the KΔac mutant 
compared to EV-CTB cells (Fig. 6C). Western blot assay verified KLF6 
and KΔac expression (Fig. 6D). These results reveal that KLF6 enhances 
vCTB in vitro differentiation through a regulatory mechanism that re-
quires its N-terminal domain. 

4. Discussion 

Herein, we show that increased KLF6 expression triggers the differ-
entiation of BeWo cells and increases primary human vCTB fusion in 
vitro. This is supported by the fact that KLF6 overexpression in BeWo 
cells leads to an increase of transcript and/or protein of syncytin-1, 
β-hCG, GRP78, Cx43, ABCG2, and Gal-1. Moreover, vCTB KLF6- 
induced fusion correlates with a rise in syncytin-1 protein levels. Pre-
sent results further extend those previously reported [22]. Altogether, 
they demonstrate that KLF6 promotes the expression of proteins that 

Fig. 4. KLF6 decreases BeWo cell proliferation and promotes their differentiation in a p21-dependent manner. A- Percentage of BrdU positive cells in each 
condition expressed as the mean ± SEM (*p < 0.05, t-test, n = 2). For each condition, at least 1000 cells from randomly selected fields were counted. B- Repre-
sentative western blot images for p21 and α-tubulin in KLF6-B and EV-B cells. Bar graphs represent p21 expression level in KLF6-B relative to EV-B defined as 1. 
Values are expressed as the mean ± SEM (*p < 0.05, one sample t-test, n = 3). C- Western blot analysis of p21 and KLF6 proteins in KLF6-B cells transfected with a 
specific siRNA for p21 (sip21) or with the scramble sequence (SCR), α-tubulin was included as loading control. D- Fusion index of KLF6-B cells transfected with sip21, 
SCR, or non-transfected cells expressed relative to the fusion induced in KLF6-B defined as 1. The mean ± SEM is shown (*p < 0.05, ANOVA, post-test Tukey’s 
multiple comparison, ns: not significant, n = 3). E- Representative images of desmoplakin immunodetection and nuclei staining with Hoechst of KLF6-B cells 
transfected with SCR or sip21. White dotted lines demarcate syncytial-like structures. Scale bar = 100 μm. The insets show a magnified image of the boxed regions. 
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participate in different stages of the biochemical or morphological dif-
ferentiation process. Importantly, KLF6 has been shown to be an early 
response in carcinogenesis [42], wound healing [43], fibrosis [44], 
differentiation of pre-adipocytes to adipocytes [45], endothelial denu-
dation [46], and in trophoblast differentiation where KLF6 expression 
rises 2 h after BeWo treatment with forskolin and 2 h after seeding vCTBs 
[21,22]. This early peak precedes cell fusion and β-hCG expression; and 
would be responsible for inducing the transcription of genes necessary 
for trophoblast differentiation. 

Trophoblastic cells have a high proliferative capacity, which de-
creases as differentiation progresses, like in other cell types [47,48]. 
Here, we show that KLF6 overexpression decreases cell proliferation and 
raises p21 expression. These data agree with our previous report 
showing increased p21 levels during vCTB syncytialization and 
forskolin-treated BeWo cells [22]. Upregulation of p21 was also reported 
in cell fusion induced by the ENV gene of human endogenous 
retrovirus-3 or with TGFβ1 [49,50]. Interestingly, one of the mecha-
nisms described by which KLF6 inhibits cell growth is the transcriptional 

Fig. 5. The N-terminal acidic domain of KLF6 is required for BeWo cell differentiation. A- Schematic representation of KLF6 N-terminal deletion mutant 
(KΔac). The numbers on the top of the scheme indicate the amino acid positions. A representative western blot with the expression of KΔac and α-tubulin as loading 
control in EV-B and KΔac-B cells is shown below. The band corresponding to KΔac overexpressed protein is indicated by an arrow. An unspecific band with higher 
mobility is detected in EV-B and KΔac-B cells. B- Representative images of desmoplakin immunodetection and nuclei staining with Hoechst of EV-B and KΔac-B cells. 
Scale bar = 100 μm. White dotted lines demarcate syncytial-like structures. The insets show a magnified image of the boxed regions. The bar graph shows the mean 
± SEM of the cell fusion index in KΔac-B cells relative to the spontaneous fusion of the control (EV-B) set as 1 (*p < 0.05, one sample t-test, n = 3). C- Protein 
expression of β-hCG and syncytin-1 in KΔac-B and EV-B. The bar graphs show the mean ± SEM of the densitometric quantification of protein levels normalized to 
α-tubulin or β-actin relative to expression in EV-B (*p < 0.05, one sample t-test, n = 3). D- Protein expression of KLF6 and KΔac in KLF6-B cells transduced or not with 
pLenti-EV or pLenti-KΔac virus particles as indicated. The bar graph shows the mean ± SEM of the relative fusion index of KLF6-B in the absence or presence of KΔac 
protein relative to EV-B. (*p < 0.05 vs EV-B,±p <0.05 vs KLF6-B, ANOVA, Dunnett’s multiple comparison test, n = 3). 
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activation of TGFβ1 and CDKN1A genes [23,41,51]. Herein, p21 
silencing in KLF6-B cells reduced the cell-cell fusion induced by KLF6. 
Several reports have shown that p21 is involved in normal and tumor 
cell differentiation with opposing effects depending on its expression 
level, post-translational modifications, and cellular microenvironment 
among other factors [52]. In the placenta, trophoblast syncytialization 
requires cell cycle arrest and it depends, at least in part, on the expres-
sion of p21, which interacts with GCM1 activating the expression of the 
fusogenic protein Syn-2 [37]. Therefore, present results are consistent 
with the participation of KLF6 as an inducer of vCTB fusion, at least in 
part, by increasing p21 expression. 

AFM analysis revealed small topography differences but a decreased 
elasticity in BeWo cells transformed with KLF6. Only few data on 
trophoblast cell elasticity have been published. They demonstrate 
Young’s Modulus increases in porcine trophoblast stem-like cells and 
mouse trophoblast stem cells upon differentiation [53,54]. Increased 
stiffness is widely reported in stem cell differentiation [55–57]. Our 
results agree with these reports since KLF6 overexpression increased 
BeWo cell stiffness and fusion. 

Herein, we report the first Raman biochemical signature of BeWo 
cells. PCA analyses revealed a slight increase in the 1101 cm− 1 peak and 
a reduction in the intensity of the 1679 cm− 1 peak in mononuclear cells 
of the KLF6 group compared to control. The 1101 cm− 1 peak is associ-
ated to the PO2 stretch of DNA, particularly useful to determine the 
structure of DNA [58]. This suggests KLF6 could induce conformational 
changes in DNA structure before cell differentiation. Intensity of the 

1679 cm− 1 peak, assigned to amide I and NADH, was reduced in 
mononucleated as well as in fused cells transduced with KLF6, sug-
gesting protein structure modifications and reduced NADH amount in 
the presence of KLF6. Interestingly, NADH is involved in multiple 
enzymatic activities and the NAD(H) redox couple plays crucial roles in 
maintaining cellular redox state and regulating cellular metabolism 
[59]. Moreover, NADH has been proposed as an inhibitor of sirtuin-1 
[60], that is required for proper trophoblast differentiation and 
placental development [61]. Future work investigating the role of KLF6 
on NADH/NAD balance might prove important for further comprehen-
sion of the biochemical control of trophoblast differentiation. 

The high fusogenic capacity of KLF6-B cells was accompanied by an 
increase in GRP78 expression. Interestingly, GRP78 participates in 
BeWo and vCTB cell differentiation; moreover, the unfolded protein 
response is not only activated but appears as a trigger for BeWo syncy-
tialization [13,14]. Therefore, KLF6 could induce BeWo cell differenti-
ation in part by activating UPR through the GRP78 chaperone. 

The effect of KLF6 on cellular processes is carried out mainly through 
the activation or repression of target genes [40]. Its regulatory function 
requires the DNA-binding domain and the amino-terminal acidic 
domain. Present results show that KΔac reduces the fusion index of 
human vCTB and BeWo cells, the expression of syncytin-1 and β-hCG, 
and the fusogenic capacity of the KLF6-B cells, indicating that KLF6 
requires its transcriptional regulatory domain to promote vCTB differ-
entiation. The results suggest that KΔac could act as a negative dominant 
by blocking KLF6 recognition sites in target genes preventing their 

Fig. 6. vCTB syncytialization is promoted by full-length KLF6 and hindered by KLF6 lacking the N-terminal regulatory domain. A- Representative images of 
desmoplakin (red) and nuclei (Hoechst, blue) staining of vCTB primary cell cultures that were untreated (wt) or transduced with the empty vector (EV), KLF6 or KΔac 
viral particles. The dotted lines delimit syncytial structures. Scale bar = 100 μm. B- Fusion index of vCTB cells in the indicated conditions relative to the fusion index 
of the EV-CTB cells defined as 1. The mean ± SEM is shown (*p < 0.05; n = 3, ANOVA, post-test Tukey’s multiple comparison, ns: not significant). C- Syn-1 protein 
level measured by western blot in vCTB cells maintained for 12 h (vCTB C12h) and in vCTB cells untreated or transduced with the EV, KLF6 or KΔac viral particles 72 
h after plating. The values of the densitometric quantification normalized to the loading control (α-tubulin) relative to the level in EV-CTB are shown. D- KLF6 and 
KΔac proteins expression in the corresponding transduced cells confirmed by western blot analysis. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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regulation by wild-type endogenous KLF6. 
Overall, present results support that KLF6 not only participates but is 

a key transcription factor that triggers villous trophoblast syncytializa-
tion through its classic function as a transcription factor in a p21- 
dependent manner. 
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