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Abstract

Frizzled 6 (FZD6) encodes an integral membrane protein that functions in multiple signal

transduction pathways, for example, as a receptor in Wnt/planar cell polarity (PCP) signaling

pathway for polarized cell migration and organ morphogenesis. Mutations in FZD6 have

been identified in a variety of tumors. In this study, the full-length cDNA of Sus scrofa FZD6

(Sfz6) was cloned and characterized. Nucleotide sequence analysis demonstrates that the

Sfz6 gene encodes the 712 amino-acid (aa) protein with seven transmembrane domain.

Tissue distribution analysis showed that Sfz6 mRNA is ubiquitously expressed in various tis-

sues, being highest in kidney, moderate in jejunum, ileum, colon, liver, and spleen. How-

ever, FZD6 protein is highly expressed in the heart and there was no significant difference in

other tissues. The relative abundance and localization of FZD6 protein in jejunum along the

crypt-villus axis was determined by Western blot and immunohistochemical localization.

The results show that in the jejunum, FZD6 protein is highly expressed in the villus and less

in the crypt cells. Cellular proliferation and viability assays indicate that knockdown of FZD6

with small interfering RNAs (siRNA) significantly reduced the cell viability of the intestinal

porcine enterocyte cells (IPEC-J2). Furthermore, qPCR and Western blot analysis revealed

that expressions of ras-related C3 botulinum toxin substrate 1 (Rac1); ras homolog gene

family member A (RhoA) and c-Jun N-terminal kinase 1 (JNK1), some components of PCP

signaling pathway were upregulated (P < 0.05) by knockdown of FZD6 in IPEC-J2 cells. In

conclusion, these results showed that FZD6 abundance in the villus was higher than that in

crypt cells and knockdown of FZD6 induces PCP signal pathway components expression in

IPEC-J2 cells. Our findings provide the foundation for further investigation into porcine

FZD6 gene.
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Introduction

Wnts, a family of evolutionarily conserved, cysteine-rich, secreted glycoproteins, functions as

central mediators of vertebrate and invertebrate development, influencing cell proliferation,

differentiation, and migration [1, 2]. In mammals, the Wnt gene family consists of at least 19

members encoding secreted glycoproteins functioning as ligands for receptors [3, 4]. Wnts

bind cell surface Frizzled receptors and activate at least one of the three distinct signaling path-

ways, which include β-catenin-dependent Wnt/β-catenin pathway, β-catenin-independent

Wnt/planar cell polarity (PCP) and Wnt/calcium pathway[5]. Frizzled (FZD), a family of

seven transmembrane domain proteins, have extracellular cysteine-rich domain (CRD) at the

amino terminus that have been implicated as the Wnt binding domain [5]. Previous studies

have classified FZD as G-protein-coupling receptors (GPCR) [6, 7]. In addition to FZD, the

Wnt/β-catenin pathway requires the low-density lipoprotein receptor related proteins 5 and 6

(Lrp5/6) as co-receptor [8].

Ten members of the FZD receptor family (FZD 1–10) have been identified in mammals.

FZD6 is the largest protein in the FZD family[9]. FZD6 mainly transduces PCP signaling, serv-

ing as a mediator of polarized cell movement (cell migration) and organ morphogenesis[10],

as well as of cytoskeletal pathways, such as the small GTPases RhoA and cdc42, Rho kinase,

protein kinase C (PKC) and JNK1[9–11]. Miyakoshi et al showed that Wnt-4 can activate the

β-catenin-dependent Wnt pathway and binds the FZD6 CRD in kidney epithelial cells [12].

More interesting to us is that the β-catenin-dependent Wnt signaling cascade plays a crucial

role in driving the proliferation of the intestinal epithelial cells and FZD6 has previously been

detected in the crypt and differentiated epithelial cells of the mouse small intestine and colon

[13]. In addition, FZD6 was highly expressed in intestine mucosal layer of adult human

patients with ulcerative colitis (UC) and Crohn’s disease, however, the precise function of

FZD6 in the small intestine is not clear[14].

At present, the Homo sapiens FZD6 (Hfz6), Mus musculus FZD6 (Mfz6) and Bovine FZD6
(Bfz6) have been cloned. However, the sequence and molecular mechanism of Sfz6 remains

unknown. In this study, we set out to study the role of Sfz6, cloned and characterized a full-

length Sfz6 cDNA and investigated expression of FZD6 at both mRNA and protein levels in

various tissues and along the crypt-villus axis of the jejunum. In addition, we also analyzed the

effects of FZD6 knockdown on proliferation and apoptosis in IPEC-J2 cells.

Material and methods

Animal breeding and sample collection

For this study, six 5-month-old pigs (Duroc × Landrace × Yorkshire) were purchased from the

Hunan Ground Biological Science and Technology Co., Ltd. (Changsha, China). All pigs were

sacrificed by jugular puncture under general anesthesia via intravenous injection of 4%

sodium pentobarbital solution (40 mg/kg BW), and then immediately eviscerated [15]. The

small intestines were separated and cleaned several times with ice-cold phosphate-buffered

saline (PBS). Samples of the jejunum, ileum, colon, liver, heart, pancreas, spleen, and kidney

were collected from each animal, immediately frozen in liquid nitrogen, and stored at −70C

until subsequent analysis.

Additional jejunal segments were collected for epithelial cells isolation and immunohis-

tochemistry analyses. The sequential isolation of pig small intestinal epithelial cells along the

crypt-villus axis was based on the method of Fan et al, which was developed to quantify the

specific activities of several major digestion- and absorption-related enzymes in differentiated

enterocytes [16]. Briefly, the divided mid-jejunum segments were rinsed thoroughly with ice-
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cold physiological saline solution and incubated at 37˚C for 30 min with oxygenated PBS. The

fluid contents of the intestinal segments were drained and discarded. The jejunum segments

were then filled with 15–30 mL isolation buffer (5 mM Na2EDTA, 10 mM HEPES pH 7.4, 0.5

mM dithiothreitol [DTT], 0.25% bovine serum albumin [BSA], 2.5 mM D-glucose, 2.5 mM L-

glutamine and 0.5 mM DL -β-hydroxybutyrate sodium salt, oxygenated with an O2/CO2 mix-

ture [19:1, v/v]) and incubated for 20 or 30 min in a shaking water bath incubator at 37˚C.

After incubation, the contents of the jejunum segment, which included buffer and isolated

cells, were transferred to a 250 mL conical centrifuge bottle. This procedure was repeated six

times to yield six “cell fractions” (F1 to F6). Each of the first three cell fractions (F1 to F3) was

collected after separate 10 min incubations (total incubation time, 30 min), whereas each of

the last three fractions (F4 to F6) was collected after separate 20 min incubations (total incuba-

tion time, 30 min). The cell fractions were washed twice as follows: each cell fraction was cen-

trifuged at 400 × g for 4 min at 4˚C, the supernatant was discarded, and the cell pellet was

dispersed in 15–30 mL oxygenated cell resuspension buffer (10 mM HEPES, 1.5 mM CaCl2,

and 2.0 mM MgCl2, pH 7.4). The cells were immediately frozen at −80˚C for enzyme marker

assays and western blot analysis.

The experimental design and procedures used in this study were carried out in accordance

with the Chinese Guidelines for Animal Welfare and Experimental Protocols, and approved

by the Animal Care and Use Committee of the Institute of Subtropical Agriculture at the Chi-

nese Academy of Sciences. All institutional and national guidelines for the care and use of lab-

oratory animals were followed; and all efforts were made to minimize animal suffering.

RNA extraction and cDNA synthesis

Total RNA was extracted from the samples using TRIzol1 Reagent (Invitrogen-Life Technolo-

gies, Carlsbad, CA, USA) following the manufacturer’s protocol, and was dissolved in DEPC-

treated water. The quality and concentration of the extracted RNA were checked by 1.2% aga-

rose gel electrophoresis and spectrophotometry using a NanoDrop1 ND2000 (NanoDrop

Technologies Inc., Wilmington, DE, USA). Then, 1.0 μg total sample RNA was incubated with

DNase I (Fermentas, St Leon-Rot, Germany) and reverse-transcribed using the Reverse Tran-

scription System (Promega Corporation, Madison, WI, USA). Finally, the cDNAs were stored

at −80˚C until further processing [17].

Cloning of the Sfz6 gene

Primers to recognize the Sfz6 cDNA sequence were designed with Primer 5.0 version (PRE-

MIER Biosoft International, Palo Alto, CA) based on the conserved nucleotide acid sequences

of the mouse and human FZD6 cDNA sequences. The full-length cDNA of Sfz6 was amplified

using mixed cDNA from several tissues (jejunum, ileum, colon, and liver) as a template. The

primers used for cloning were—50—CTC CTG AGG TGG CTG AAA T—30 as the forward

primer and 50—GAG GGT GGT ATG TGG TTG TC—30 as the reverse primer. The PCR mix-

ture (25 μL total volume) contained 12.5 μL 2X Taq PCR master mix (Tiangen, Beijing,

China), 8.5 μL ddH2O, 2 μL mixed cDNA, and l μL (10 nM) each primer. The PCR reaction

was performed using an Eppendorf Mastercycler (Hamburg, Germany) with the following

parameters: initial denaturation at 94˚C for 5 min; 35 cycles of denaturation at 94˚C for 60 s;

annealing at 55˚C for 60 s, and elongation at 72˚C for 60 s; and a final elongation at 72˚C for

10 min. PCR products (4 μL) were identified by electrophoresis at 120 V for 50 min on a 1%

(m/v) agarose gel. The amplification products were extracted from the gel using the Promega

Wizard SV Gel and PCR Clean-up Systems, and the purified PCR products were cloned into
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the PMD18TM vector (TaKaRa, Dalian, China) and the resultant constructs were sequenced

at Invitrogen (Guangzhou, China).

Quantitative real-time PCR (qPCR) analysis

The expression profile of mRNA was determined by real-time PCR analysis. Primers were

designed with Primer 5.0 based on the gene sequence of pig to produce an amplification prod-

uct (Table 1). GAPDH was used as a housekeeping gene to normalize target gene transcript

levels. Quantitative PCR was performed on the ABI PRISM 7900 HT platform (Applied Bio-

systems, Inc., Foster City, CA, USA) using SYBR1 Premix Ex TaqTM II (TaKaRa) following

the suggested protocol. The results were analyzed by ABI 7900 SDS software (version 2.3).

Bio-informatics analysis

BLAST was used to identify homologous sequences in the GenBank databases. Sequences were

aligned in the multiple alignment program CLUSTAL V [18]. The neighbor-joining method

was used to construct the phylogenetic tree. The transmembrane domain of the protein was

predicted using a Transmembrane Hidden Markov Model (Version 2.0) [19].

Enzyme activity and western blot analysis

Alkaline phosphatase activities in isolated cell fractions were determined using an enzyme

assay kit, according to the manufacturer’s protocol (Nanjing Jiancheng Bioengineering Insti-

tute, Nanjing, China). Western blot analysis was performed as described by Xiong et al.[20].

Ice-cold RIPA lyses buffer (Biyuntian Biotech Co., Ltd., Shanghai, China) containing 0.1 mM

phenylmethylsulfonyl fluoride (PMSF) was used to extract the total protein fraction from the

tissue and cells. The sample was then centrifuged, and the protein concentration of the result-

ing supernatant was assessed prior to western blot detection of target proteins. The following

Primary antibodies used were as follow: Santa Cruz: N-terminal extracellular domain of FZD6

(1:500; goat polyclonal, sc-32148), RhoA (1:3000; mouse monoclonal, sc-418), Rac1 (1:3000;

rabbit polyclonal, sc-217); Abcam: pan-cadherin (1:1000; rabbit monoclonal, ab51034), JNK

(1:2000; mouse monoclonal, ab201624), GAPDH (1:5000; mouse monoclonal, ab8245).

Immuno-histochemical localization

Immunohistochemistry (IHC) was performed as previously described [21]. Jejunal segments

from 5-month-old pigs were fixed overnight in 10% neutral buffered formalin and embedded

in paraffin. After dewaxing and hydration, 5 μm sections were incubated in methanol with 3%

Table 1. Primers used for real-time PCR analysis.

Gene Primer sequences (5’-3’) Size,bp Tm,˚C

FZD6 F: GAAGGATAAGAGCCGAGTGC 159 59

R: TGAACAAGCAGTGATGTGGAG

RhoA F: GATGAGCACACAAGGCGTGA 114 61

R: TGCTGAACACTCCATGTACC

Rac1 F: ACCATTGTCCCAACACTCC 162 62

R: GGCTTCGTCGAACACTGTCT

JNK1 F: CGCTACTACAGAGCACCTGAG 116 57

R: ACCTGGGAACAAAACACCAC

GAPDH F: ATGGTGAAGGTCGGAGTGAA 154 61

R: CGTGGGTGGAATCATACTGG

https://doi.org/10.1371/journal.pone.0179421.t001
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H2O2 for 30 min at room temperature and then treated for antigen retrieval by boiling in cit-

rate antigen retrieval solution for 30 min. The sections were blocked with 5% BSA in PBS and

incubated with primary antibodies (anti-Frizzled 6: 1:50 dilution) overnight at 4˚C. After

washing with 0.1 M PBST, pH 7.4 for 5 min each, thrice. Antibodies were detected using the

Polink-2 plus Polymer HRP detection system for goat primary antibodies (PV-9003, ZSGB-

Bio, Beijing, China) according to the manufacturer’s instructions. The reaction was visualized

with a 3-30-diaminobenzidine tetrahydrochloride (DAB) kit (ZLI-9017, ZSGB-Bio). Then, the

sections were counterstained with Harris hematoxylin, differentiated using hydrochloric acid

ethanol (75% alcohol and 1% hydrochloric acid), and blued using water. After dehydration in

a graded alcohol series (70%, 85%, 95% and 100%) and clearing with dimethylbenzene, the

slides were mounted with neutral gum. Densitometry was quantified with the Image-Pro Plus

analytical imaging system (Media Cybernetics, Bethesda, MD, USA) as described previously

[22]. Briefly, 6 digital images at 400 fold magnifications were captured by the CH-9435 CCD

camera (Leica, Switzerland) coupled to a Leica DM 3000 microscope. A total of five fields

selected from hot-spot areas were acquired in villus or crypt region per slide. Integrated optical

density (IOD) of all the positive staining in each field and area of interest (AOI) was measured.

The IOD was used to evaluate the area and intensity of the positive staining. The mean density

(IOD/AOI) represented the concentration of specific protein per unit area.

Cell culture and siRNA transfection

IPEC-J2 Cells were cultured in DMEM supplemented with 10% FBS, 100 units/mL penicillin,

and 100 ug/ml streptomycin and incubated in a humidified atmosphere at 37˚C with 5% CO2.

Using the small interfering RNA (siRNA) designer (Invitrogen, Inc.), three siRNA sequences

of sfz6 gene were found (Table 2). The siRNA or negative control were transfected using

Lipo2000 (Thermo, USA) by the standard protocol. Cells only transfected with Lipo2000 were

used as blank group. After 48 hours, transfected cells were collected and processed for qPCR,

Western blot.

Cell proliferation assay

Cell proliferation was assessed by CCK-8 (Dojindo, Japan). Briefly, 6 × 103 cells were seeded in

each 96-well plate for 24 h and then transfected with FZD6 siRNA (30nm, 50nm and 100nm)

using Lipo2000 incubated for 24, 48 and 72 hours, respectively. CCK-8 reagent was added to

each well at 1 hour before the endpoint of incubation. The absorbance at 450 nm of each well

was recorded by microplate reader (Bio Tek, USA).

Table 2. The small interfering RNA sequences of porcine FZD6 gene.

siRNA-FZD6-1 Sense strand 5'-GCAAUAGUACAGCCUGCAATT-3'

Antisense strand 5'-UUGCAGGCUGUACUAUUGCTT-3'

siRNA-FZD6-2 Sense strand 5'-GCUGGCAUUAUUUCCUUAATT-3'

Antisense strand 5'-UUAAGGAAAUAAUGCCAGCTT-3'

siRNA-FZD6-3 Sense strand 5'-CCAUUGUCGUCAGUACCAUTT-3'

Antisense strand 5'-AUGGUACUGACGACAAUGGTT-3'

Negative Control (N.C) Sense strand 5'-UUCUCCGAACGUGUCACGUTT-3'

Antisense strand 5'-ACGUGACACGUUCGGAGAATT-3'

https://doi.org/10.1371/journal.pone.0179421.t002
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Annexin V/ Propidium Iodide (PI) staining assay

Further apoptotic effects of FZD6 against IPEC-J2 cells after 48 h was examined using an

Annexin V FITC Apoptosis Detection Kit I (BD Pharminge™, USA). 1×106 cells were treated

with 30nm, 50nm and 100 nm FZD6 siRNA-1 for 48 hours. Then, the cells were collected by

centrifuging at 400 × g for 3 minutes. The supernatant was discarded, and the cell pellet was

washed twice with cold PBS and then suspended in 100 μl of binding buffer. Next, the cells

were incubated for 15 minutes at room temperature (25˚C) in the dark with a mixture of 5 μl

of FITC Annexin V and 5 μl PI. Then, 400 μl of binding buffer were loaded, and the analysis

was completed using a BD FACSCanto™ II Flow Cytometer (BD Bioscience, San Jose, CA,

USA). Untreated cells were considered a negative control. Cells were gated to exclude cell

debris, cell doublets, and cell clumps.

Statistical analysis

All results of are presented as the means ± SEM. The data of DAB signal quantified were com-

pared using Student’s t-test. The other data were analyzed by SPSS 19.0 statistical package

(SPSS, Chicago, IL, USA). Data for multiple comparisons were subjected to one-way ANOVA

followed by Duncan test and a value of P< 0.05 was considered statistically significant.

Results

Sfz6 cDNA cloning and homology analysis

The Sfz6 cDNA sequence was obtained from mixed tissue RNA using PCR. The resulting PCR

product was 2575 bp. National Center for Biotechnology Information (NCBI) BLAST analysis

of the cDNA nucleotide sequence (http://www.ncbi.nlm.nih.gov/BLAST) revealed that the

fragment was not homologous to any of the known porcine genes. The sequence was then sub-

mitted to the GenBank database (Genbank accession number: KJ808827). Translation of the

nucleotide sequence was carried out using the open reading frame (ORF) Finder (http://www.

ncbi.nlm.nih.gov/gorf/gorf.html) and an ORF of Sfz6 cDNA was identified constituting 2139

bp in length and encoding a predicted 712 amino acid (aa) SFz6 protein, which is similar in

size to that of other mammalian counterparts: 706 aa (human), 709 aa (murine), and 714 aa

(bovine). Hydrophobicity analysis of the aa sequence showed that the hypothetical protein

possesses seven transmembrane domains with a cysteine-rich domain at the N-terminal extra-

cellular region, and two cysteine residues in the second and third extracellular loops (Cys 260

and Cys 357). In addition, the putative Sfz6 protein harbors a Lys-Thr-X-X-X-Trp motif at the

C-terminal cytoplasmic region (Fig 1).

Phylogenetic analyses of the gene and aa sequences were performed, and the resulting

neighbor-joining tree showed that Sfz6 had a closer relationship to Bfz6 than Hfz6 and Mfz6
(Fig 2). Analysis of gene homology indicated that Sfz6 was 91% similar to Bfz6, 90% similar to

Hfz6, and 82% similar to Mfz6. Analysis of protein homology indicated that Sfz6 was 92% sim-

ilar to Bfz6 protein, 91% similar to Hfz6 protein, and 82% similar to Mfz6 protein. Protein sec-

ondary structure prediction was carried out using the Garnier program. The result indicated

that the human, pig, cow, and mouse FZD6 proteins share similar secondary structures.

Tissue expression pattern of Sfz6 mRNA and protein

The tissue distributions and the relative abundance of Sfz6 mRNA by qPCR are shown in

Table 3. The results show that the pig FZD6 gene was highly expressed in the kidney (P<0.05)

and that there was no significant difference of FZD6 expression in the jejunum, ileum, colon,

liver, and spleen. Moreover, there was no significant difference FZD6 expression in the
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Fig 1. Amino acid sequences alignment of FZD6 from Sus scrofa, Bos Taurus, and Homo sapiens. Differential amino

acids are denoted by asterisks. Deletions (-) are introduced in the sequences to maximize the homology. Amino acid numbers

are shown on the right of the alignment. The signal peptides are shown in boxes. Cysteine-rich domains (CRD) of the FZD6

receptor are boxed in black. “Lys-Thr-X-X-X-Trp” motifs are shaded in gray.

https://doi.org/10.1371/journal.pone.0179421.g001
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jejunum, ileum, spleen and heart. In addition, FZD6 exhibited only weak expression in the

pancreas. The expression of FZD6 protein in different tissues is shown in Fig 3. The results

showed a high amount of variability with higher expression in the heart, kidney, liver and

colon, moderate levels in the ileum and pancreas and lower levels in the jejunum and spleen

(Fig 3).

Validation of tissue fractionation and western blot analysis of FZD6

We isolated six jejunal epithelial cell fractions along the crypt-villus axis with the method of

Fan et al. and validated the fractionation efficiency by the measurement of alkaline phospha-

tase activity, a villus cell marker enzyme. The present study showed that alkaline phosphatase

specific activity increased significantly (P<0.05) from F6 to F1 (S1 Fig). On the basis of the dis-

tribution pattern of the villus cell marker, the 6 cell fractions were grouped as the upper villus

(F1-F2), middle villus (F3-F4) and crypt cells (F5-F6). In addition, FZD6 protein showed

higher expression in villus epithelial cells than in crypt cells in the jejunum, and F3 exhibited

the highest expression of all the cell fractions (Fig 4).

Fig 2. Unrooted phylogenetic tree depicting the evolutionary relationships of FZD6. The unrooted tree was constructed using the neighbor-joining

method based on the alignments of the complete gene (A) and aa sequences (B) of known mammalian FZD6 homologues. Scale bar represents

substitutions per site; numbers at node points indicate the branch length.

https://doi.org/10.1371/journal.pone.0179421.g002

Table 3. Expression levels of Sfz6 mRNA in various tissues.

Tissues (n = 6) Expression level SEM

Jejunum 0.039613bcd 0.005017

Ileum 0.048043bcd 0.006388

Colon 0.095525b 0.011816

Liver 0.090091b 0.010492

Spleen 0.07101bc 0.013726

Kidney 0.276563a 0.037673

Heart 0.019745cd 0.004177

Pancreas 0.000022d 0.000009

Values represent means ± SEM, n = 6. Values not sharing common superscripted letters are significantly

different at P < 0.05.

https://doi.org/10.1371/journal.pone.0179421.t003
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IHC localization of FZD6 along the jejunal crypt-villus axis

The immunostaining pattern of FZD6 along the jejunal crypt-villus axis is shown in Fig 4C.

The IHC image was processed and analyzed with Image-Pro Plus software. The density analy-

sis of FZD6 revealed higher expression in the villus than in the crypt compartment (Fig 4D),

which is consistent with the results of western blot analysis of FZD6 in these regions. ‘

Fig 3. The relative abundance of FZD6 protein expression in the jejunum, ileum, colon, liver, heart, pancreas, spleen, and kidney were analyzed

by western blot. Order of Western Blot result has the same as the quantified data. FZD6 protein expression level was analyzed by ratio of FZD6 to pan-

cadherin. Values are means ± SEM, n = 6. Values not sharing common letters are significantly different at P < 0.05.

https://doi.org/10.1371/journal.pone.0179421.g003

Cloning and expression analysis of Frizzled 6 in pigs

PLOS ONE | https://doi.org/10.1371/journal.pone.0179421 June 14, 2017 9 / 17

https://doi.org/10.1371/journal.pone.0179421.g003
https://doi.org/10.1371/journal.pone.0179421


Effect of FZD6 knockdown on cell proliferation

To preliminarily evaluate the impact of FZD6 knockdown in IPEC-J2 cells, qPCR and Western

blot was performed to determine the FZD6 expression 48h after transfection. The data showed

that the mRNA and protein expression level of FZD6 in FZD6 siRNA-1 group was significantly

decreased compared with siRNA-2 group, siRNA-3 group, the control group and mock group

(S2 Fig). Therefore, FZD6 siRNA-1 was chosen as the interference fragment for the further

experiments. FZD6 siRNA-1 on cell viability of IPEC-J2 cell was measured by CCK-8 assay.

The number of cells decreased significantly (P<0.05) in FZD6 siRNA-1 treat group after 48 h

and 72h transfection compared with control group (Fig 5A), which indicated that knockdown

of FZD6 expression had an inhibitory effect on the cell proliferation.

Knockdown of FZD6 expression induced apoptosis in IPEC-J2 cells

An Annexin V/ PI double staining assay was used to investigate the apoptotic effects of FZD6
on IPEC-J2 cells. Flow cytometer analysis revealed that FZD6 siRNA-1 treatment promoted

both early and late apoptosis at 48 hours following transfection in the IPEC-J2 cell lines (Fig

5B). Statistical analysis also confirmed that apoptosis was induced in a dose-dependent man-

ner (Fig 5C).The percentage of early apoptotic cells determined by Annexin V-FITC binding

Fig 4. Protein expression of FZD6 along the jejunal crypt-villus axis was analyzed by western blot (A) and immunohistochemical localization

(C). FZD6 protein expression level was analyzed by ratio of FZD6 to pan-cadherin (B). Quantitative immunohistochemistry analysis of FZD6 staining (D).

Values are means ± SEM, n = 6. Values not sharing common letters are significantly different at P < 0.05.

https://doi.org/10.1371/journal.pone.0179421.g004
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Fig 5. The roles of FZD6 in cell viability of siRNA treated cells. (A) CCK-8 results of IPEC-J2 cells at

different time points. NC = Negative Control; Data are expressed as the mean ±SEM, n = 6. (B) Flow

cytometric analysis of Annexin V/PI in IPEC-J2 cells. IPEC-J2 cells were treated with 30nm, 50nm and 100nm

FZD6 siRNA-1 for 48h, respectively. Untreated cells were considered a negative control. (C) Relative

apoptosis rate of cells in each group; Data are expressed as the mean ±SEM, n = 3. Values not sharing

common letters are significantly different at P < 0.05.

https://doi.org/10.1371/journal.pone.0179421.g005
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cells was significantly increased from 1.82% in untreated cells to 3.62% (30nm), 7.10% (50nm),

and 10.44% (100nm) (P<0.05), Fig 5C). The percentage of late apoptotic cells (positive for

both Annexin V and PI) was significantly increased from 2.62% in untreated cells to 4.95%

(30nm), 5.45% (50nm) and 8.94% (100nm) (P<0.05, Fig 5C).

FZD6 knockdown regulated expression of RhoA, Rac1 and JNK1 in

IPEC-J2 cells

The effects of FZD6 siRNA on the mRNA and protein expression of RhoA, Rac1 and JNK,

which are closely related to cell PCP signal pathway, were investigated and the results are pre-

sented in Fig 6. The mRNA expression level of FZD6 significantly decreased (P<0.05) com-

pared with control group (Fig 6A). However, the mRNA expression level of RhoA (Fig 6B),

Rac1 (Fig 6C) and JNK1 (Fig 6D) significantly increased (P<0.05) in FZD6 siRNA-1 (50nm

and 100nm) treatment compared with control group. The expression of mRNA reached the

highest level at FZD6 siRNA-1 (100nm) treatment group. Western blot analysis showed that

the protein expression trends are consistent with mRNA (Fig 6E). The protein expression level

of RhoA, Rac1 and JNK significantly increased (P<0.05) in FZD6 siRNA-1 (100nm) treatment

compared with control group (Fig 6F).

Discussion

We have cloned and characterized Sfz6, which encodes a seven-transmembrane-spanning

receptor (7TMR) with a CRD at the N-terminal extracellular region and the Lys-Thr-X-X-X-

Trp motif at the C-terminal cytoplasmic region. The CRD at the N-terminal extracellular

region has been implicated in the binding of the receptor cognate ligands, which are proteins

of the Wnt family of lipoglycoproteins [4]. The C-terminal cytoplasmic Lys-Thr-X-X-X-Trp

motif is thought to mediate Wnt/β-catenin signaling [23]. Taken together, these structural

analyses suggest that Sfz6 protein is one of the GPCR protein families. Phylogenetic analysis

revealed that FZD6 proteins are highly conserved, structurally and functionally, in mammals.

Interestingly however, Sfz6, Hfz6 and Mfz6 all lack the Ser/Thr-X-Val motif, a motif present in

some Frizzled family members, and a putative binding site for cytoplasmic proteins containing

the Psd-95/disc large/Zo-1 homologous (PDZ) domain [3]. Thus, it is logical to speculate that

two divergent signal transduction pathways might exist that functioning through Frizzled sub-

families with or without the C-terminal Ser/The-X-Val motif [3].

Mfz6 mRNA has been detected by RNase protection assays in the tissues of the adult mice

[24]. Comparatively, Hfz6 has also been detected in various fetal and adult human tissues [3].

In the present study, Sfz6 mRNA and protein were detected in the jejunum, ileum, colon, liver,

heart, pancreas, spleen, and kidney by qPCR and Western blot. Our results showed that Sfz6 is

differentially expressed in different tissues. The Sfz6 mRNA was found to be highly expressed

in the kidney, whereas the Sfz6 protein was highly expressed in the heart. In general, it has

been well recognized that translational control is important and the most common determi-

nant through which eukaryotic cells regulate gene expression and control target gene protein

levels [25]. The absence of mRNA-protein correlationship for the investigated genes suggests

that the relation between mRNA and protein is not strictly linear, but has a more intrinsic and

complex dependence. The reason maybe that mRNA levels have come down after interven-

tion, or the expression of protein is regulated higher by intracellular activation factor, or the

expression of protein is lag [26, 27].

Pig is an excellent model for human nutritional and medical studies, and the pig gastro-

intestinal tract is very similar to that of human [28]. The intestinal epithelium represents an

experimental model for the study of integrated key cellular process such as proliferation and
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Fig 6. The effect of FZD6 siRNA on mRNA and protein expressions of FZD6, RhoA, Rac1 and JNK1 in IPEC-J2 cells. After 48 h of FZD6 siRNA-1

(30nm, 50nm and 100nm) and negative control (100nm) treatment, the mRNA expressions of FZD6 (A), RhoA (B), Rac1 (C) and JNK1 (D) in cells were

analyzed by qPCR. The mRNA levels were normalized to the expression of GAPDH and plotted as relative mRNA expression. Western blot was

performed to identify the protein levels of FZD6, RhoA, Rac1 and JNK1, and GAPDH was used as the control of sample loading (E and F). All results

represented as mean ± SEM, n = 3. Values not sharing common letters are significantly different at P < 0.05.

https://doi.org/10.1371/journal.pone.0179421.g006
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differentiation. This tissue is subjected to a rapid and perpetual self-renewal along the crypt-

villus axis [29, 30]. Previous study showed that Wnt-2b, Wnt-4, Wnt-5a, Wnt-5b, FZD4 and

FZD6 are also expressed in differentiated epithelial cells of the small intestine and colon

[10]. Furthermore, the high expression of Mfz6 mRNA in mouse crypt cells is higher than

that in differentiated cells [10]. In the present study, we identified the expression of the Sfz6

protein in villus differentiated cells (F1-F5) and in crypt cells (F6), and demonstrated that

the expression of Sfz6 was comparatively down-regulated in the latter. The result is different

from previous reports in mice or humans, the reason maybe that there exists a cycle interval

of differentiation and development of small intestinal epithelial cells. However, there is a

need to further clarify the lower expression of Sfz6 in the villus F1 compared to F3. IHC

analysis also revealed that FZD6 protein has higher expression in the villus than in the crypt

compartment, which suggests that FZD6 may play a different role in villus cells and crypt

cells. Meanwhile, no significant differences were observed between the Sfz6 mRNA expres-

sion levels in the jejunum, ileum, and colon. However, the expression of the Sfz6 protein in

the jejunum was lower than that in the ileum and the colon. We speculate that the noted sig-

naling discrepancies might be due to differences in the various villous morphologies and the

need for proliferation in the ileum and colon at this time point of intestinal development

[31].

The PCP signaling cascade plays a crucial role in the establishment of cell polarity and

cell migration [32]. It can activate small GTPases Rac1 and RhoA. The pathway also includes

protein kinases rho-associated, coiled-coil-containing protein kinase (ROCK) and JNK that

in turn induce cytoskeletal remodeling or elicit a transcriptional response, respectively [33].

Previous studies have revealed that Nitric oxide (NO) inhibits enterocyte migration through

activation of RhoA [34]. Recently, it has been shown that the PCP pathway is an important

signal cascade for gastrulation via activation of JNK-pathway [35]. Meanwhile, Rac1 also can

mediate apoptosis via JNK and plays a key role in proapoptotic pathways in intestinal epithe-

lial cells [36]. Our results show that, after the inhibition of FZD6 expression, the apoptosis

rate of IPEC-J2 cells in siRNA knockdown group was significantly increased compared with

the control group (P<0.05) and the downstream key genes of PCP pathways (RhoA, Rac1
and JNK1) have been significantly up-regulated. Similarly to our finding, previous study

showed that there was significant up-regulation of some genes involved in PCP pathway of

FZD6− BEAS-2B cell such as RhoA, RAC1, DVL1, and Mitogen-activated protein kinase 9

(JNK2) [37]. Therefore, our results indicate that knockdown of Sfz6 results in an inhibition

of cell viability and up-regulated expression of PCP signaling pathway components in

IPEC-J2 cell.

We anticipate that further characterization of Sfz6 will benefit the study of both pig and

human intestinal diseases.

Conclusion

In summary, this is the first report of the cloning and characterization of Sfz6 gene and neces-

sary analysis of expression level in different tissue. The relatively high level of FZD6 mRNA

was detected at kidney when compared with jejunum, ileum, colon, liver, and spleen, which

indicated that the biological function of FZD6 gene may be regulated by differential expres-

sion. IHC analysis of FZD6 revealed that there was higher expression in the villus than in the

crypt compartment, which suggests that FZD6 is related to the cell renewal and migration of

the crypt-villus axis. In addition, in vitro studies have showed that knockdown of FZD6
resulted in decreased IPEC-J2 cell viability and increased PCP signaling pathway components

expression.
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Supporting information

S1 Fig. Validation of cell fractions isolated from the porcine small intestinal crypt-villus

axis. Alkaline phosphatase (ALP) activity was measured at the jejunum along the crypt-villus

axis for fractions F1-F6. Values are represented as means ± SEM, n = 8. Values not sharing

common letters are significantly different at P< 0.05.

(TIF)

S2 Fig. Confirmation of FZD6 siRNA interference efficiency. (A) After 48 h of FZD6 siRNAs

(50nm) and negative control (50nm) treatment, the mRNA expressions of FZD6 in cells were

analyzed by qPCR. (B and C) Western blot was performed to identify the protein levels of

FZD6, and GAPDH was used as the control of sample loading. All results represented as

mean ±SEM (n = 3). Values not sharing common letters are significantly different at P< 0.05.

(TIF)
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