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Metastasis is the primary cause of cancer patient death and the elevation of

SLC2A5 gene expression is often observed in metastatic cancer cells. Here we

evaluated the importance of SLC2A5 in cancer cell motility by silencing its gene.

We discovered that CRISPR/Cas9-mediated inactivation of the SLC2A5 gene

inhibited cancer cell proliferation and migration in vitro as well as metastases in

vivo in several animal models. Moreover, SLC2A5-attenuated cancer cells

exhibited dramatic alterations in mitochondrial architecture and localization,

uncovering the importance of SLC2A5 in directing mitochondrial function for

cancer cell motility and migration. The direct association of increased

abundance of SLC2A5 in cancer cells with metastatic risk in several types of

cancers identifies SLC2A5 as an important therapeutic target to reduce or

prevent cancer metastasis.
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Introduction

Metastasis, which is defined as the development of secondary tumors, remains the

major cause of death for patients with cancer (Steeg, 2006). The process of metastasis

depends on enhanced cancer cell motility, proliferation, and subsequent colonization of a

new microenvironment. Melanomas and pancreatic cancers are particularly metastatic if

not caught early during the course of the disease (Chaffer & Weinberg, 2011; Budczies

et al., 2015).
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Fructose is transported across membranes by SLC2A5/

GLUT5, a member of the facilitative glucose transporter

family. SLC2A5 was first identified in the intestine (Douard &

Ferraris, 2008), and exhibits high specificity for fructose, and

does not transport glucose nor galactose (Uldry & Thorens,

2004). Notably, increased abundance of SLC2A5 mRNA and

protein in cancer cells is associated with cancer progression,

increased frequency of metastasis, and an unfavorable prognosis

for many cancers (Zamora-Leon et al., 1996; Chen et al., 2016; Bu

et al., 2018; Hamann et al., 2018;Weng et al., 2018; Jin et al., 2019;

Lin et al., 2021). SLC2A5 expression is higher in metastatic liver

lesions than in normal liver; and elevated in primary lung

tumors; as well as in brain, colon, testis, and uterine cancers,

including breast carcinoma cell lines (Uldry & Thorens, 2004).

Moreover, recent studies have shown that fructose serves as an

efficient energy source for lung cancer cells (Chen et al., 2020)

and facilitates tumor cell proliferation (Liang et al., 2021).

Many strategies that target metastasis have been studied and

explored (Steeg, 2016), however, the role SLC2A5 plays in

promoting metastasis and metastatic progression remains

unknown. Here we show that silencing of the

SLC2A5 fructose transporter by gene editing in cancer cells

inhibited cell motility and proliferation in vitro as well as

inhibited cancer cell invasion and metastasis in chicken

embryo, mouse, and zebrafish models of human cancer

progression. Moreover, attenuation of SLC2A5 function

caused a reduction in the number of mitochondria, alteration

of their morphology as well as their localization in cancer cells,

underscoring the importance of mitochondrial function in cell

motility.

Experimental procedures

Ethics. All methods were carried out in accordance with

relevant guidelines and regulations and approved by Biosafety

Officers in the Department of Environment, Health and Safety, at

the University of Alberta. All animal experiments were carried

out according to the University of Alberta Animal Policy and

Welfare Committee and the Canadian Council on Animal Care

Guidelines. The approval for use of mice in research was granted

by the Animal Care and Use Committee for Health Sciences, a

University of Alberta ethics review committee (Permit AUP297).

CRISPR/Cas9 Gene Editing and Cell Culture. MIA-PaCa-2

(ATCC# CRM-CRL-1420), MDA-MB-231 (ATCC# CRM-HTB-

26), HeLa (ATCC# CRM-CCL-2) were obtained from ATCC

(Manassas, VA) and HT1080 (ATCC# CCL-121) through

Thermo Fisher Scientific. MIA-PaCa-2 cancer cells were

isolated from a male patient (Yunis et al., 1977). HT1080

fibrosarcoma cells, originally isolated from a male patient

(Rasheed et al., 1974), expressing the red fluorescent protein

tdTomato (cells referred to hereafter as HT1080tdT) (Leong et

al., 2014) were used in this study. For CRISPR/Cas9 gene editing,

the sequence of the guided RNA was identified using the WTSI

Genome Editing website (www.sanger.ac.uk). The two following

ssDNA guide oligonucleotides were targeted to Exon 3 of human

SLC2A5: 5′-GATCCGATAAACCCTCCAAA-3′; 5′-
GAAGTCTTCCATGAATTCAC-3′. The ssDNA guide

oligonucleotides were annealed with their complement and

cloned into the PX459 plasmid containing the gRNA scaffold

and the Cas9 nickase. Cells for targeted gene editing were grown

under standard culturing conditions (5% CO2; 37°C) and

standard cell culture medium (DMEM; Gibco Cat# 11995073)

plus 10% fetal bovine serum. Positive clones were selected with

puromycin for 24 h and seeded onto a 96 well plate to generate

single cell colonies. Clones were cultured and genomic DNA

harvested using the DNeasy Blood and Tissue kit (Qiagen) with

genomic DNA utilized for PCR, with the PCR product gel

purified (Qiagen) and sequenced using SLC2A5 specific

primers. Positive clones were identified by aligning with the

SLC2A5 gene sequence. Clones carrying an edited SLC2A5 allele

(identified with the suffix -ε2A5) were determined to have 62

base pairs removed, leading to an early stop codon 14 amino

acids after the second oligonucleotide sequence. Off-target effects

were monitored by sequencing ALDH1b1 and HADHB genes,

which were identified as potential off-target genes.

Full-length cDNA encoding human SLC2A5 was subcloned

into the pCMV6 expression vector using restriction enzymes

AsiSI (also called Sgf1) and MluI using following DNA primers:

SLC2A5-Sgf1 forward primer: 5′-CGCGCGATCGCATGGAGC
AACAGGATCAGAG-3′ and SLC2A5-Mlu1 reverse primer: 5′-
CGCACGCGTCTGTTCCGAAGTGACAGGTG-3′. SLC2A5

E401A mutant was generated using Q5® High-Fidelity 2X

Master Mix (New England Biolabs). Primers used were as

follows: SLC2A5-E401A forward primer, 5′-GCTCATCAC
TGCTATCTTCCTGCAGTCCTC-3′, and SLC2A5-E401A

reverse primer, 5′-AGCGCGGGTATGGGACTG-3′. Cells

were transfected with the assembled expression vector

encoding either human wild-type SLC2A5 or the non-

functional SLC2A5-E401A mutant (Nomura et al., 2015).

Scratch test, proliferation assay and mitochondria imaging

were carried out after the times indicated in the Figure legend.

Immunoblot Analysis and Flow Cytometry. Protein assay,

SDS-PAGE, and immunoblotting analysis were carried out as

described (Groenendyk et al., 2014). Anti-β-tubulin antibodies

were from Thermo Fisher (Cat# MA5-16308) and used at a

dilution of 1:2000; anti-GAPDH antibodies (Cat# Ab8245) and

anti-mitofusin-1 antibodies (Cat# ab129154) were purchased

from Abcam and used at the dilution of 1:1000. Anti-SLC2A5

antibodies were purchased from Boster (Cat# PA 2064) and used

at 1:500 dilution. Anti-Flag tag antibodies were from Thermo

Fisher (Cat# 740001) and used at 1:100 dilution.

Secondary antibodies, IRDye® 680RD donkey anti-mouse

IgG secondary (Cat# 925–68072) and IRDye® 800CW donkey

anti-rabbit IgG secondary antibodies (Cat# 926–32212) were

from LI-COR and were used at a dilution of 1:10000.

Frontiers in Cell and Developmental Biology frontiersin.org02

Groenendyk et al. 10.3389/fcell.2022.896297

http://www.sanger.ac.uk/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.896297


Densitometry was performed using ImageJ software (NIH) and

plotted in Excel. For Flow Cytometry analysis MIA-PaCa-

ε2A5 or MIA-PaCa-ε2A5 transfected with expression vector

encoding wild-type SLC2A5 or SLC2A5 E401A mutant were

grown to 80% confluency and harvested with TrypLE (Thermo

Fisher). Cells were pelleted and incubated in the Fixation Buffer

(Invitrogen) for 10 min followed by pelleting and

permeabilization with Permeabilization Buffer (Invitrogen) for

10 min. To block non-specific interactions, cells were pelleted

and incubated for 30 min in the Permeabilization Buffer

containing 1% BSA. Cells were incubated at 4°C for 16 h with

mouse anti-Flag antibodies (1:100 dilution; Pierce, Cat# MA1-

91878) in Permeabilization Buffer containing 1% BSA. Cells were

washed 3 times with Permeabilization Buffer containing 1% BSA

followed by addition of anti-mouse Alexa Fluor 488 secondary

antibody (1:100 dilution; Thermo Fisher), washed 3 times with

Permeabilization Buffer containing 1% BSA and resuspended in

PBS for Flow Cytometry using an LSRFortessa™ X-20 Flow

cytometer (BD Biosciences Pharmingen). Data analysis was

performed using FlowJo™ vX for PC (TreeStar).

qPCRAnalysis. RNAwas isolated fromMIA-PaCa-2 andMIA-

PaCa-ε2A5 cells, HT1080tdT cells and SLC2A5-deficient

HT1080tdT-ε2A5 cells using the RNeasy Kit (Qiagen) according

to the manufacturer’s protocol. Quantitative PCR (qPCR) analysis

was used for determination of the mRNA abundance using a

RotorGene Q rapid thermal cycler system (GE Life Sciences)

according to the manufacturer’s instructions. Total RNA (200 ng)

was used to synthesize cDNA (BioRad) according to manufacturer’s

protocol then the resulting cDNAwas diluted 5-fold, and 2 μL of the

diluted sample was used in qPCR reactions with primers targeting

the mRNA of interest (see below). qPCR reactions were conducted

in duplicate on three separate occasions. The Ct values for selected

targets were normalized to the Ct value of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). The following primers were

used for qPCR analyses:

GAPDH 5′-AATGTGTCCGTCGTGGATCTGA-3′; 5′-AGT
GTAGCCCAAGATGCCCTTC-3′

NRF1 5′- GCCACAGCCACACATAGTATAG-3′; 5′- CGT
ACCAACCTGGATAAGTGAG-3′

SLC2A1 5′-GTGCTCCTGGTTCTGTTCTT-3′; 5′-CTC
GGGTGTCTTGTCACTTT-3′

SLC2A2 5′-GGGACTTGTGCTGCTGAATA-3′; 5′-CCT
GGCCCAATTTCAAAGAAG-3′

SLC2A4 5′-CTGGACGAGCAACTTCATCA-33′; 5′-CAG
GAGGACCGCAAATAGAA-3′

SLC2A5 (targeted to Exon 12) 5′- CCTCACCACCATCTA
CATCTTC-3′, 5′-GGGTACACTTCAGACACCTTATT-3′

ALU 5′-GGTGAAACCCCGTCTCTACT-3′; 5′-GGTTCA
AGCGATTCTCCTGC-3′

MFN1 5′-GGGCCCTAGAAATGCTCAAA-3′; 5′-GCA
GTGGGAGTAGAAGCTAAAG-3′

NCAD 5′-GACAGTTCCTGAGGGATCAAAG-3′; 5′-CGA
TTCTGTACCTCAACATCCC-3′

VIM 5′-GCTGTGGATGTGAGGTGAGC-3′; 5′-GCTAAA
ATCAAGGCAAACCCTAAGTC-3′.

Scratch Test, Proliferation Assay, and Colony Formation

Assay. Scratch tests were performed with MIA-PaCa-2 and

SLC2A5-deficient MIA-PaCa-ε2A5 cells, HT1080tdT and

HT1080tdT-ε2A5 cells, MDA-MB-231 and MDA-MB-231-

ε2A5, HeLa and HeLa-ε2A5 cells. Cells were plated at equal

cell numbers in a 12-well dish and grown to confluency. The cell

layer was scratched with a P200 pipet tip straight down the

middle of the well. The wells were washed with 2 ml of

phosphate-buffered saline (PBS) and then fresh cell culture

medium was added. Each scratch was photographed at times

indicated in the Figure legend. The width of the scratch was

measured at three locations along the length of the scratch using

ImageJ then the results were compiled and analyzed in GraphPad

Prism.

Cell viability was assessed using the 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay. Cells (1 × 103 or

2 × 103) were seeded in triplicate into 96-well plates and

grown in standard culture medium. The next day, the growth

medium was replaced with fresh standard culture medium

supplemented with MTS (1:10 dilution of a 10% MTS)

(Promega; Cat# G3582), incubated for 2 h at 37°C, then

samples of the culture medium was taken from each well

for determination of absorbance at 490 nm was measured

using a 96-well plate reader.

MIA-PaCa-2 and MIA-PaCa-ε2A5 (clone B3 or F11) cells

were plated at a density of 1.0 × 104 cells/well into 96-well plates

and maintained in regular growth medium. HT1080tdT and

HT1080tdT-ε2A5 cells were plated at a density of 5.0 × 103 cells/

well into 96 well plates and maintained in regular growth

medium. Fructose was added to the media at 1 and 10 mM

concentrations and MIA-PaCa-2 and MIA-PaCa-ε2A5 cells

(clones B3 or F11) were incubated for 48 h and HT1080tdT

and HT1080tdT-ε2A5 for 24 h. Cell proliferation in the absence

or presence of added fructose was determined using the MTS

assay as described above.

For soft agar colony assays, cells (3 × 103) were plated in

triplicate in 0.35% low melting point agarose layered on top of

0.7% agarose in 6-well plates and covered with standard culture

medium (Chen et al., 2016). Colonies were counted and

photographed after 2 weeks. For the colony formation assay,

cells (1 × 103) were seeded in triplicate into 6-well plates and

grown in standard culture medium. Colonies were fixed with

70% ethanol and stained with 1% trypan blue (Sigma-Aldrich)

(Figure 3B), rinsed with water and dried. Plates were

photographed, colonies counted and analyzed by the

OpenCFU software. For agarose colony assay (Supplementary

Figure S3) MIA-PaCa-2 and MIA-PaCa-ε2A5 cell lines (1 ×

104 cells/well) were mixed with 0.6% agarose in normal growth

media and plated on top of the 1% agarose layer (Weng et al.,

2018). Cells were grown for 3 weeks with media changed every
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3 days. Plates were photographed and colonies counted and

analyzed by OpenCFU software. Experiments were performed

on at least three independent occasions.

Transmigration Assay. Cell migration was assayed in 24-well

Transwell plates (8.0-μm pore size; BD Pharmingen). Cells (1 ×

104 cells/insert) were cultured for 24 h on the upper side of the

filter with 100 µl of serum-free medium. The lower chambers

were filled with 700 µl of DMEM supplemented with 10% FBS.

After 24 h, non-migrating cancer cells on the upper surface of the

membrane were removed using a Q-tip® and migrated cancer

cells on the undersides of the Transwell membranes were fixed

with cold methanol then stained for 60 min with a solution

containing 1% Coomassie brilliant blue dye, 50% methanol, 10%

glacial acetic acid. The cell chamber was washed 3 times with 45%

methanol and 10% glacial acetic acid, dried, and photographed.

The cell number was determined by counting cells using

ImageJ. Cells that dropped from the membrane to the well

below were stained with Alamar Blue according to the

manufacturer’s protocol (Thermo Fisher Scientific).

FITC gelatin degradation assay. FITC gelatin degradation

assay was performed as previously described (https://bio-

protocol.org/e997). Briefly, FITC gelatin coated 18 mm cover

slides were prepared using glutaraldehyde fixation and dropped

into 12 well tissue culture plates. HT1080tdT or HT1080tdT-

ε2A5 cells (2 × 104) were seeded on the top of the FITC gelatin

coated 18 mm cover slides and incubated for 10 h. Cells were

fixed using formaldehyde and stained with Alexa Fluor

568 Phalloidin (to detect actin) and DAPI (to visualize

nuclei). Images were acquired using Nikon A1 confocal

microscope and analyzed using ImageJ. Data are displayed as

degraded FITC gelatin area fraction (arbitrary units).

Experiments were performed in triplicates.

Electron Microscopy and Confocal Imaging. Transmission

electron microscopy experiments were performed by plating

MIA-PaCa-2 and MIA-PaCa-ε2A5 cells on special coverslips

with a Cu-300 mesh (Maxtaform) for use in a Hitachi HT-7650

electron microscope with a bottom mount AMT camera (4864 ×

3264 pixel fixed bottom). Cells were only allowed to grow to 30%

confluency to prevent crowding. Coverslips were fixed, negative

stained, and then imaged using a Hitachi H-7650 transmission

electron microscope at 60 kV. Twenty images (3,000x

magnification) were taken of two samples for each cell line.

Mitochondria were hand traced and the mitochondria length and

diameter were determined using ImageJ. Confocal imaging was

performed on living cell cultures for each cell line as previously

described (Prins et al., 2011).

Staining and Quantitation of Mitochondria. MitoTracker®

Green FMmitochondria staining was carried out as described by

manufacturer (Invitrogen). Briefly, a working solution

containing 10 nM MitoTracker® Green FM and 0.1 μg/ml in a

standard complete medium prewarmed to 37°C was applied to

live cells cultured in a 4-well Nunc Lab Tek chamber slide.

Chamber slides were sealed, and cells were allowed to recover at

37°C for 30 min. Mitochondria were visualized using Nikon

A1 microscope equipped with 10x (for localization) or 63×

(for number and length) objectives. Mitochondria length was

quantified manually using Nikon Elements length measurement

module.

Ex Vivo Chick Embryo Cancer Xenograft Model and Mouse

Spontaneous Metastasis Model. Fertilized White Leghorn

chicken eggs were purchased from the University of Alberta

Poultry Research Centre and incubated in a humidified

chamber at 38°C. At Day 4, embryos were removed from

their shells using a cutting wheel and maintained in a

covered dish at 38°C and 60% humidity. On Day 10 of

development, the chicken embryos were injected

intravenously with 2.5 × 104 of HT1080tdT or HT1080tdT-

ε2A5 cells, and metastatic colonies were allowed to grow for

6 days. For time lapse imaging of metastatic colonies, sterilized

coverslips were applied on top of the embryos that contained

metastatic colonies by 24 h post tumor cell application.

The tumor xenograft study in mice was carried out in 8-

week-old female BALB/c-nude mice housed in a pathogen-free

environment. HT1080tdT cells or HT1080tdT-ε2A5 cells (2 ×

106) were injected subcutaneously in the bilateral rear flank. After

5 days of injection, the tumor volumes were measured every day.

Mice were euthanized after 12 days of cell injection. The

xenograft tumors were removed for weighing and

photographing, and the lungs were taken to observe

metastasis using 2-photon microscopy (Zeiss) as previously

described (Stoletov et al., 2018). For the microscopic imaging

of mouse lungs, freshly excised lungs were washed twice with PBS

and placed under the cover glass and into the humidified

chamber. Nikon A1 microscope equipped with 10× objective

was used for imaging.

To quantify metastatic HT1080-derived cancer cells, the

murine lung tissue was removed, followed by extraction of

genomic DNA (Stoletov et al., 2018). Metastasis was

quantified using qPCR with primers directed at human Alu

elements and normalized to the mouse GAPDH gene copy

number (Stoletov et al., 2018). Mouse lung tissue was

collected, homogenized in sterile sample tubes and genomic

DNA was extracted using SYBR® Green Extract-N-Amp

Tissue PCR Kit (Sigma-Aldrich). Human Alu element

sequences were detected and quantified by qPCR (PCR

profile: 95°C for 3 min followed by 40 cycles of 95°C for 30 s,

60°C for 30 s, 72°C for 30 s). Data are displayed as 2ΔΔCt.
Injection of Cancer Cells into Zebrafish Embryos. Two days

post fertilization transgenic zebrafish embryos Tg (fli1:EGFP)

were anesthetized using 1.2 mM tricaine and transferred to a

Petri dish coated with 1% agarose. Fibrosarcoma cells were

trypsinized and collected as a single cell suspension in a 15 ml

collection tube. After 5 min of centrifugation at 6,000 g, the

supernatant was removed, and the pellet was resuspended in PBS.

After a second centrifugation, the supernatant was removed. The

pellet was resuspended in 20 μL 2% polyvinylpyrrolidone (PVP)
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in PBS and held at room temperature before implantation.

Approximately 300 HT1080tdT cells or HT1080tdt-ε2A5 cells

in a volume of 5 nL were injected into the pre-cardiac sinus of

zebrafish embryos using the microinjector (PV820, World

Precision Instruments). After the injection, the embryos were

removed from the agarose plate, placed into the 10 cm Petri dish

containing fresh water and incubated at 33°C for 3 and 5 days.

Three days post injection embryos were randomly selected for

fluorescent imaging. Fluorescent images were taken using a

LEICA M165 FC stereo fluorescence microscope. Confocal

imaging was performed at 5 dpi using a LEICA SP8 confocal

microscope. Prior to confocal imaging, zebrafish embryos were

immobilized using 1.2 mM tricaine and then embedded into a

thin layer of low-melting point agarose to maintain the fish in a

lateral position. Fluorescent and confocal images were analyzed

using ImageJ software.

FIGURE 1
Editing of the SLC2A5 gene. (A). Inactivation of the SLC2A5 gene in human MIA-PaCa-2 and HT1080tdT cells using CRISPR/Cas9-mediated in
situ gene editing. Guide RNAs were targeted to Exon 3. Genomic DNA of edited cells was sequenced, and positive clones were identified as having a
62 base pair disruption, leading to an early stop codon 14 amino acids downstream of the disruption point. (B). qPCR analysis of SLC2A5 mRNA
abundance in MIA-PaCa-2 and MIA-PaCa-ε2A5 cells (clones B3 and F11) (n = 3). DNA primers were designed to amplify Exon 12 of the
SLC2A5 gene. Immunoblot analysis was carried out with antibodies directed at the C-terminus of SLC2A5. Anti-β-tubulin or anti-GAPDH antibodies
were used to assess amounts of loaded protein samples. (C). qPCR analysis of SLC2A5 mRNA abundance in HT1080tdT and HT1080tdT-ε2A5 cells.
DNA primers and control antibodies were as described above. (D). qPCR analyses of SLC2A1, SLC2A2, and SLC2A4 mRNA abundance in MIA-PaCa-
2 and MIA-PaCa-ε2A5 cells (n = 3). (E). qPCR analyses of SLC2A1, SLC2A2, and SLC2A4 mRNA abundance in HT1080tdT and HT1080tdT-ε2A5 cells
(n = 3). All data in the Figure is representative of more than 3 biological replicates. NS, not significant.
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Statistical analysis. Statistical analysis was performed using

GraphPad Prism with a Student’s t-test used to compare the

mean of two independent groups or one-way ANOVA used to

compare the mean of three or more independent groups with the

difference determined to be significant if the p < 0.05.

Results

Attenuation of SLC2A5 function inhibits cancer cell

migration. Increased expression of SLC2A5 has been

associated with disease progression, increased metastasis, and

an unfavorable prognosis of several types of cancers including

cervical cancer, renal carcinoma, lung carcinoma, hepatocellular

carcinoma, endometrial cancer cells, and pancreatic cancer

(Zamora-Leon et al., 1996; Chen et al., 2016; Bu et al., 2018;

Hamann et al., 2018; Weng et al., 2018; Jin et al., 2019; Lin et al.,

2021) (Supplementary Figure S1A). Increased abundance of

SLC2A5 is also associated with reduced survival in pancreatic

adenocarcinoma and hepatocellular carcinoma (Supplementary

Figure S1B).

To test directly if deletion of the SLC2A5 gene impacts cancer

progression andmigration, we used CRISPR/Cas9 gene editing to

inactivate the SLC2A5 gene in a highly metastatic pancreatic

ductal adenocarcinoma MIA-PaCa-2 cell line, and fibrosarcoma

HT1080tdT cells (Figure 1A). Editing of the SLC2A5 gene in

MIA-PaCa-2 cells (hereafter referred to as MIA-PaCa-ε2A5 cells;
Figure 1B) or HT1080tdT cells (hereafter referred to as

HT1080tdT-ε2A5 cells; Figure 1C) had no effect on the

abundance of mRNA encoding other members of the

SLC2 family of solute transporters, namely SLC2A1, SLC2A2,

SLC2A4 (Figures 1D,E). Editing of the SLC2A5 gene also did not

alter the expression of N-cadherin and vimentin, markers of the

mesenchymal phenotype (Supplementary Figure S2).

Two independent clones of MIA-PaCa-2 cells with edited

SLC2A5 genes (referred to as clones MIA-PaCa-ε2A5 B3 and

MIA-PaCa-ε2A5 F11) were established (Figure 1B). First, MIA-

PaCa-2 and MIA-PaCa-ε2A5 cells were grown to confluency and

subjected to a scratch test assay. After 48 h, only a small portion

of the scratch remained for MIA-PaCa-2 cells (Figures 2A,B).

Strikingly, the majority of the scratch remained for MIA-PaCa-

ε2A5 cells d since they were unable to migrate efficiently during

the same time period (MIA-PaCa-ε2A5 clone B3, Figure 2A and

MIA-PaCa-ε2A5 clone F11, Figure 2B). Furthermore, both

clones of MIA-PaCa-ε2A5 cells exhibited reduced average

colony count (Figure 2C) and reduced proliferation

(Figure 2D) compared to MIA-PaCa-2 cells. Addition of

fructose to the culture medium of MIA-PaCa-2 cells increased

proliferation (Figure 2D) whereas neither clone of MIA-PaCa-

ε2A5 responded (Figure 2D). As well, MIA-PaCa-ε2A5 cells

showed inhibited colony formation in the soft agar

transformation assay (Supplementary Figure S3) (Borowicz

et al., 2014). We also used CRISPR/Cas9 gene editing to

silence the SLC2A5 gene in HeLa cervical cancer cells

(Supplementary Figure S4A) and in breast cancer MDA-MB-

231 cells (Supplementary Figure S4B). Similar to MIA-PaCa-

ε2A5 cells (Figure 2B), attenuated SLC2A5 gene expression in

HeLa-ε2A5 or MDA-MB-231-ε2A5 cells rendered these cells

unable to close the scratch by 48 h (Supplementary Figure S4).

The HT1080tdT fibrosarcoma cells display higher metastatic

potential than MIA-PaCa-2. Similar to MIA-PaCa-ε2A5 cells,

HT1080tdT cells with attenuated SLC2A5 gene expression

(HT1080tdT-ε2A5) were also delayed in closing the scratch

(Figure 3A). In addition, these cells showed a 20% reduction

in colony formation on plastic compared to the HT1080tdT cells

(Figure 3B). Proliferation of HT1080tdT-ε2A5 cells was reduced,
and as expected, in response to fructose supplementation

(Figure 3C). Interestingly, although we observed reduced

proliferation of HT1080tdT-ε2A5 compared to HT1080tdT in

response to fructose supplementation, the difference was not

statistically significant (Figure 3C). Next, we carried out a series

of experiments to analyze SLC2A5 function in cell invasion and

migration using a FITC-gelatin degradation assay. Compared to

HT1080tdT, HT1080tdT-ε2A5 cells exhibited reduced

invasiveness (Figure 4A). In transmigration experiments,

HT1080tdT-ε2A5 cells were unable to migrate efficiently

across an 8 µm pore membrane, and had a reduced ability to

drop to the lower chamber (Figures 4B,C). These results

demonstrate that limiting SLC2A5 gene expression in a

variety of cancer cells has an inhibitory effect not only on

proliferation but also on cell migration.

To determine if the alterations in cellular proliferation and

migration of SLC2A5 gene-edited cells were caused by the

inhibition of the SLC2A5 gene, expression vectors encoding

wild-type or mutant SLC2A5 were created and introduced

into MIA-PaCa-ε2A5 and HT1080tdT-ε2A5 cells. Trans-

expression of wild-type SLC2A5 restored cellular proliferation

of MIA-PaCa-ε2A5 and HT1080tdT-ε2A5 and motility

increased to a level similar to that seen for the unedited cell

lines (Figures 5A–D, respectively). The glutamic acid residue at

position 400 of the rat SLC2A5 protein (corresponds to E401 in

the human SLC2A5 protein) forms a critical inter-bundle salt

bridge with the rat E151 (E152 in human SLC2A5) to enable

fructose binding and transport, and replacement of this glutamic

acid residue with alanine reduces D-fructose binding to the

transporter by 90% (Nomura et al., 2015). To test whether

fructose binding/transport activity is involved in the enhanced

motility of cancer cells, we introduced the E401A mutant of the

human SLC2A5 into SLC2A5 gene-edited MIA-PaCa-2 or

HT1080tdT cells. Expression of the E401A SLC2A5 mutant in

MIA-PaCa-ε2A5 cells or HT1080tdT-ε2A5 had no effect on cell

proliferation (solid vs. dashed orange lines, Figures 5A,C,

respectively) nor motility of MIA-PaCa-ε2A5 cells in the

scratch test (Figure 5B). FACS analysis of MIA-PaCa-

ε2A5 cells transfected with transgenes encoding Flag-tagged

wild-type or E401A mutant of SLC2A5 confirmed the

Frontiers in Cell and Developmental Biology frontiersin.org06

Groenendyk et al. 10.3389/fcell.2022.896297

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.896297


FIGURE 2
Attenuation of the SLC2A5 gene expression in pancreatic cancer cells. (A). Images of scratch test (left panel) and quantitative analysis of closure
(right panel) for MIA-PaCa-2 and MIA-PaCa-ε2A5 cells (clone B3; **p = 0.002, n = 3). Scale bar 10 µm. (B). Scratch test analysis for MIA-PaCa-2 and
MIA-PaCa-ε2A5 cell lines clone F11 (**p = 0.001, n = 3). Scale bar 10 µm. (C). Colony formation images and colony number for MIA-PaCa-ε2A5 cells,
clone B3 (left panel; 1000 cells/well plated at time 0 h; *p = 0.0001; n = 3) and clone F11 (right panel; 500 cells/well plated at time 0 h; *p =
0.001; n = 3). (D). Fructose-dependent proliferation of the MIA-PaCa-2 and MIA-PaCa-ε2A5 cells. MIA-PaCa-2 and MIA-PaCa-ε2A5 (clones B3 and
F11) cells were plated at a density of 1.0 × 104 cells/well of a 96 well plates. Fructose was added to the culture medium as indicated in the figure. The
absorbance at 490 nm (OD490) of the culture medium after MTS assay at time 0 and 48 h in culture are shown. Experiments were performed a
minimum of three times in triplicates. *p = 0.0002; n = 3.
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production and cell membrane localization of the re-introduced

SLC2A5 proteins (Supplementary Figure S5). Collectively, these

trans complementation experiments demonstrated that

enhanced proliferation and motility of MIA-PaCa-2 and

HT1080tdT cells require the full activity of wild-type SLC2A5.

Inhibition of SLC2A5 limits HT1080tdT fibrosarcoma cancer

cell invasion andmetastasis in vivo. We used three animal models

to evaluate the importance of SLC2A5 in cancer metastasis in

vivo: the chicken embryo chorioallantoic membrane (CAM)

(Willetts et al., 2016), xenograft murine model and the

zebrafish. For these experiments, we used HT1080-derived

cells due to the highly metastatic nature of the parental cell

line (Stoletov et al., 2007). First, in the chicken CAM model,

intravenous injection of red fluorescent protein labelled

HT1080tdT fibrosarcoma cells robustly formed colonies

within 3–5 days, and these cells formed extended contacts

with the CAM vasculature (Figure 6A and Supplementary

Video S1). Strikingly, attenuation of the SLC2A5 gene

expression led to decreased contacts with the CAM

vasculature (Figure 6B) and ~50% reduction in metastatic

colony size (Figure 6C). Moreover, HT1080tdT-ε2A5 cells

displayed rounded morphology with a significant decrease

both in cancer cell-blood vessel wall contact length and

number of blood vessel contacting cells (Figures 6D,E).

FIGURE 3
Attenuation of the SLC2A5 gene expression in fibrosarcoma cells. (A). Images of scratch test (left) and quantitative analysis of closure (right) as a
function of time for HT1080tdT and HT1080tdT-ε2A5 fibrosarcoma cells (n = 3). Scale bar 10 µm. (B). Images of colonies formed by HT1080tdT and
HT1080tdT-ε2A5 cells and analysis of colony number (500 cells/well plated at time 0 h). *p = 0.007; n = 3. Colonies were fixed with 70% ethanol and
visualized by staining with 1% trypan blue. (C). Proliferation assay of HT1080tdT and HT1080tdT-ε2A5 cells. HT1080tdT and HT1080tdT-ε2A5
cells were plated at a density of 5.0 × 103 cells/well of a 96well plates. Fructose was added to themedia as indicated in the Figure. Cells were cultured
for 48 h followed by MTS assay (n = 3). All data in the Figure is representative of more than 3 experiments with 3 biological replicates.
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FIGURE 4
Migration of the HT1080tdT-ε2A5 fibrosarcoma cells. (A). An FITC-gelatin degradation assay for invasiveness of HT1080tdT and HT1080tdT-
ε2A5 cells. Samples were co-stainedwith DAPI and actin. *p < 0.0001, n = 3. (B). Transwell migration of HT1080tdT and HT1080tdT-ε2A5. Cells were
fixed in 100% methanol and stained with Coomassie blue (n = 3). (C). Transmigration of HT1080tdT and HT1080tdT-ε2A5 across an 8 µm pore
membrane. *p < 0.0001, n = 3. The images are representative of more than 3 biological replicates.
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Furthermore, intravital time-lapse analysis of HT1080tdT-ε2A5
cells showed markedly less cell directionality, and often changed

their movement direction (Figures 6F,G). However, attenuation

of the SLC2A5 gene expression had no apparent influence on

cancer cell migration velocity (Figure 6H). Second, we employed

a xenograft murine model of spontaneous metastasis to the lungs

to test for HT1080 metastasis. Human HT1080tdT cells or

HT1080tdT-ε2A5 cells were injected into the flank of nude

mice, followed by monitoring of tumor formation and lung

metastasis using quantitative PCR assay of human Alu

elements and confocal microscopy. As expected,

HT1080tdT cells robustly metastasized and formed

multicellular metastatic lesions with visible protrusions

extending into the mouse lung tissue as compared to

HT1080tdT-ε2A5 (Figure 7A). In contrast, HT1080tdT-ε2A5
cells grew slower and the metastatic lesions formed by the

HT1080tdT-ε2A5 cells were reduced in volume and

comprised of fewer cells (Figures 7B,C). Third, we used the

zebrafish to assess the ability of HT1080tdT cells to survive in

the blood circulation and establish secondary metastatic colonies.

HT1080tdT or HT1080tdT-ε2A5 cells were injected into the

pericardium of transgenic zebrafish that express GFP throughout

their vasculature and then analyzed 3–5 days after injection.

Zebrafish that were injected with HT1080tdT cells developed

large tumors as well as metastatic lesions in the tail segments

(Figures 8A,B) whereas the zebrafish injected with HT1080tdT-

ε2A5 cells developed fewer and smaller tumors (Figure 8C).

Collectively, these results illustrate that decreased

SLC2A5 function resulted in substantially impaired efficiency

of HT1080 cells to form metastases in vivo.

Reduced SLC2A5 function alters distribution and morphology

of mitochondria in cancer cells. Mitochondrial dynamics are linked

to cancer cell migration (Desai et al., 2013; Zhao et al., 2013; Landry

et al., 2014; Schuler et al., 2017; Sun et al., 2018; Denisenko et al.,

2019; Furnish & Caino, 2020). Thus, we analyzed the impact of

SLC2A5 inhibition on mitochondrial localization and morphology

inMIA-PaCa-2 andHT1080tdT cells. InMIA-PaCa-2 cells, electron

microscopy analysis showed clusters of mitochondria localized

adjacent to the nucleus in parental cells (Figure 9A, encircled in

the left image). InMIA-PaCa-ε2A5 cells, however, themitochondria

were dispersed throughout the cell body (Figure 9A, right), and

increased in both total surface area and length (elongated) (Figures

9B,C). We carried out qPCR and immunoblot analyses of the

abundance of MFN-1 (mitofusin-1) mRNA and protein, a

FIGURE 5
Restoration of SLC2A5 function via SLC2A5 transgene expression. Proliferation assay (A) and scratch test assay (B) of MIA-PaCa-2, MIA-PaCa-
ε2A5 (clone F11) and MIA-PaCa-ε2A5 cells expressing wild-type SLC2A5 or the non-functional SLC2A5-E401A mutant (Nomura et al., 2015) (*p =
0.002; n = 3). In (A), fold change in cell number is shown at day 0 to day 3. In (B), the percentage of open scratch is shown at time 0 and 48 h.
Proliferation assay (C) and scratch test assay (D) of HT1080tdT, HT1080tdT-ε2A5 cells transfected with expression vectors encoding wild-type
SLC2A5 or the non-functional SLC2A5-E401A mutant (*p = 0.001, n = 3). In (C), the absorbance at 490 nm (OD490) of the culture medium after MTS
assay from time 0 and 7 h in culture is shown. In (D), the percentage of open scratch is shown at time 0 and 7 h. NS, not significant. All data in the
Figure is representative of more than 3 experiments with 3 replicates.
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mediator of mitochondria fusion (Legros et al., 2002). Although the

MFN-1 mRNA abundance in MIA-PaCa-ε2A5 cells only tended to
be higher compared to MIA-PaCa-2 cells (Supplementary Figure

S6A), the MFN-1 protein abundance was clearly increased as a

consequence of SLC2A5 attenuation (Supplementary Figure S6B).

Analysis of HT1080tdT-ε2A5 cells revealed a similar pattern

of changes in mitochondrial distribution andmorphology as seen

in MIA-PaCa-ε2A5 cells (Figure 9D). Mitochondria in

HT1080tdT-ε2A5 cells were also dispersed throughout the cell

(Figure 9D), decreased in number (Figure 9E) and became

elongated (Figure 9F). Importantly however, trans-expression

of wild-type SLC2A5 in HT1080tdT-ε2A5 cells restored the

perinuclear distribution as seen in HT1080tdT cells

(Figure 9D). In the time-lapse video of HT1080tdT cells

grown in cell culture, we observed mitochondrial trafficking

from the central cell body to the leading edge of cells

migrating toward each other (Supplementary Video S2,

arrowhead). In contrast, HT1080tdT-ε2A5 cells showed loss of

directional movement of mitochondria, and the mitochondria

remained dispersed throughout the cell body (Supplementary

FIGURE 6
Analysis of metastatic behaviour of the HT1080tdT and HT1080tdT-ε2A5 using the chicken embryo chorioallantoic membrane (CAM)
technique. (A) and (B). Images of HT1080tdT (A) and HT1080tdT-ε2A5 cells (B) in chicken embryo CAM vasculature. The corresponding time-lapse
video is shown in the Supplementary Video S1. (C–H) Quantitative analyses of cell number per colony (C); cell to blood vessel contacts (D,E); cell
protrusion (F); cell directionality and cell velocity (H). *p < 0.0001; n = 3; NS, not significant. The images shown are representative of more than
3 biological replicates.
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Video S2). Cancer cell extravasation drives tumor cell

protrusions across the endothelium from the vessel lumen

into tissue and it is a key step in cancer metastasis (Strilic &

Offermanns, 2017). Therefore, we injected HT1080 cells into the

chicken CAM vasculature to observe extravasation.

Extravasating HT1080tdT cells exhibited prominent

concentration of mitochondria in the leading invadopodium

(Figures 10A,B, upper panels). Time-lapse video of

extravasating HT1080tdT cells revealed directional movement

of mitochondria towards the leading edge of migrating cells

(Supplementary Video S3). In contrast, HT1080tdT-ε2A5 cells

caused both dispersed localization and loss of directional

movement of mitochondria, and formation of multiple

invadopodia pointing to random directions (Figures 10A,B,

lower panels). Migration of HT1080tdT-ε2A5 cells also lacked

defined directionality (Supplementary Video S3). Importantly,

the loss of SLC2A5 resulted in attenuation of extravasation in

vivo (Figures 10A,B and Supplementary Video S3). Taken

together, our data showed that SLC2A5 function is necessary

for polarization of mitochondrial distribution and directional

cancer cell migration, which impact on cancer cell motility and

extravasation.

Discussion

Cell motility and migration is crucial for organism

development, including organogenesis, normal growth, and

FIGURE 7
Xenograft murine model of spontaneous metastasis. (A). Fluorescence stereomicroscopy images of lungs from mice bearing tumors derived
from fibrosarcomaHT1080tdT cells or HT1080tdT-ε2A5 cells injected into the flank of nudemice. HT1080-derived cells are visible as red cells due to
stable expression of the tdTomato transgene (Leong et al., 2014). Arrows indicate the location of twoHT1080tdT-ε2A5 cells identified in lung of mice
injected with HT1080tdT-ε2A5 cells. (B). Reduced tumor volume in HT1080tdT-ε2A5 injected mice (n = 3). (C). Quantitation of the metastatic
lesions, as identified by presence of human Alu elements, formed by the HT1080tdT and HT1080tdT-ε2A5cells. *p < 0.0001, n = 3.
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repair such as wound healing. However, in inappropriate

contexts, such as cancers, cell motility and migration can have

devastating consequences. Metastasis constitutes the primary

cause of death for >90% of patients with cancer (Steeg, 2006).

Understanding the molecular players involved in this process

should help identify targets for molecular therapies that can halt

or even prevent cancer metastasis. The gene encoding SLC2A5, a

fructose-specific transporter, is highly expressed in cancers

whereas it is tightly regulated in healthy tissues (Douard &

Ferraris, 2008). Specifically, increased abundance of both

SLC2A5 mRNA and protein have been associated with cancer

progression and increased frequency of metastasis of many

cancers (Zamora-Leon et al., 1996; Chen et al., 2016; Bu et al.,

2018; Hamann et al., 2018; Weng et al., 2018; Jin et al., 2019;

Chen et al., 2020; Liang et al., 2021; Lin et al., 2021). In this study,

we assessed the importance of the SLC2A5 gene on cancer cell

proliferation, migration, extravasation, and colony formation.

We found that CRISPR/Cas9-mediated inactivation of the

SLC2A5 gene reduced cancer cell proliferation and inhibited

motility in a variety of cancer cell lines. Specifically, the

attenuation of the SLC2A5 gene expression inhibited cancer

cell invasion and metastasis in vivo as we demonstrated in

chick embryo, mouse, and zebrafish models. Furthermore, we

discovered that suppression of the SLC2A5 gene in cancer cells

resulted in notable changes in mitochondrial architecture and

distribution, which substantially altered cell migration. Finally,

our trans complementation experiments demonstrated that full

activity of SLC2A5 is necessary for the enhanced proliferation

and motility exhibited by cancer cells since the re-introduction of

a mutant SLC2A5 defective for fructose binding/transport was

unable to restore the phenotype of SLC2A5-attenuated cancer

cells to that observed for cancer cells with wild-type SLC2A5.

Fructose can enter several important metabolic pathways

critical for cancer growth including the hexosamine biosynthetic

pathway (Chiaradonna et al., 2018), the pentose phosphate

pathway (Stincone et al., 2015), and de novo lipogenesis

(Ameer et al., 2014). Fructose can be metabolized to fatty

acids and triglycerides, providing components essential for the

synthesis of membrane lipids to sustain cancer growth and

proliferation (Ter Horst and Serlie, 2017). Recent studies have

also shown that fructose supplementation stimulates lung cancer

cell proliferation in vivo (Chen et al., 2020; Liang et al., 2021).

FIGURE 8
HT1080tdT cells extravasation in zebrafish embryos. (A) and (B). Representative fluorescent (left) and confocal (right) images of transgenic
zebrafish embryos Tg (fli1:EGFP) injectedwith HT1080tdT cells (A) or HT1080tdT-ε2A5 cells (B). Fluorescent imageswere taken 3 days post injection,
whereas confocal images were taken 5 days post injection. White arrows indicate the position of migrated HT1080tdT cells. (C). Quantification of
migrated HT1080tdT cancer cells at 3 days post injection; HT1080tdT, n = 16; HT1080tdT-ε2A5, n = 24, ***p < 0.0001. The images in the figure
are representative of more than 3 biological replicates.
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FIGURE 9
Mitochondria localization and dynamics in SLC2A5-deficient cancer cells. (A). Electron microscopy analysis of MIA-PaCa-2 cells shows that
mitochondria were localized in the center of these cells in the perinuclear space (encircled). In MIA-PaCa-ε2A5 cells, mitochondria were spread
throughout the cell towards the cell periphery, and appeared elongated (arrows) (n = 3). (B). and (C). Mitochondria area (B) and length (C) analyses in
MIA-PaCa-2 and MIA-PaCa-ε2A5 cells. *p < 0.0006; **p < 0.0001 (n = 3). (D). Confocal images of mitochondria stained with MitoTracker

®

Green in red fluorescent protein-labelled HT1080tdT cells,HT1080tdT-ε2A5 cells or HT1080tdT-ε2A5 cells expressing wild-type SLC2A5. Time-
lapse video is shown in the Supplementary Video S2 (arrowhead). (E). Mitochondria number and (F). mitochondria length in fibrosarcoma
HT1080tdT cells, HT1080tdT-ε2A5 or HT1080tdT-ε2A5 cells expressing wild-type SLC2A5. ***p < 0.0002 (n = 3).
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Accordingly, we found that supplementation of the cell culture

medium with fructose robustly stimulated MIA-PaCa-2 cell

proliferation while inactivation of the gene encoding

SLC2A5 abolished this response. Curiously however, we

observed that HT1080tdT cells, a fluorescently-tagged

derivative of the highly tumorigenic and metastatic

HT1080 fibrosarcoma (Gupta et al., 2001; Zuber et al., 2008;

Castoria et al., 2013), did not respond to fructose

supplementation as expected (Figure 3C). Although there was

a tendency towards higher growth rate in response to fructose

supplementation, the increment was not statistically significant.

It is possible that HT1080 cells harbor additional pathways that

enable them to grow more aggressively than other cancer cell

lines. Regardless, inactivation of SLC2A5 did significantly

decrease the HT1080 growth rate, suggesting that these cells

can and do utilize fructose as a fuel source. Given that SLC2A5 is

responsible for the import of fructose, our finding suggests that at

least some of the fructose endogenously produced by

HT1080 cells leave the cell and must re-enter via

SLC2A5 before it can be used. The attenuation of cell

proliferation as a consequence of SLC2A5 gene editing further

supports the idea that HT1080 cells depend on fructose as a fuel.

One consequence of SLC2A5 inactivation common to both

MIA-PaCa-2 and HT1080 cells relates to the remarkable

alteration of mitochondrial distribution and morphology.

Mitochondria are dynamic organelles that supply the energy

required to drive the key cellular processes involved in metastasis,

including proliferation and migration (Trotta & Chipuk, 2017).

Critical to cancer cell proliferation and migration are changes in

mitochondrial architecture, fusion, fission, and networking

(Trotta & Chipuk, 2017). Mitochondria localize to the cell

migratory front edge where they participate in podosome

formation, and cell migration, invasion, and subsequently

establish the metastatic site (Han et al., 2013; Landry et al.,

2014; Leong et al., 2014; Stoletov & Lewis, 2015; Caswell & Zech,

2018; Denisenko et al., 2019; Furnish & Caino, 2020). During

cancer cell migration, cells form directional invadopodia that

ultimately penetrate the vascular wall (Stoletov et al., 2010;

Stoletov et al., 2018). It is thought that mitochondria localized

to these cellular protrusions provide the energy required for

cellular movement and traversal of the vascular wall (Zhao et al.,

2013; Caino et al., 2015; Caswell & Zech, 2018). The inhibition of

the SLC2A5 gene resulted in changes in mitochondrial

distribution and morphology that affected cellular migration.

In SLC2A5-deficient cancer cells, mitochondria became

elongated, increased in number, and dispersed throughout the

cell, which prevented efficient cellular extravasation. This

indicates that SLC2A5 function is required for mitochondrial

polarization towards the cell protrusions and directional

migration of cancer cells.

In conclusion, we demonstrated that limiting the function of

the SLC2A5 (GLUT5) fructose transporter inhibited cell

proliferation, motility and cancer cell metastasis. We also

unexpectedly discovered that the localization and structure of

mitochondria in cancer cells with attenuated SLC2A5 function

contribute a role in the metastatic potential of cancer cells. Based

FIGURE 10
SLC2A5 function is necessary for polarized localization of mitochondria in HT1080tdT human fibrosarcoma cells in vitro and in vivo. (A)
mitochondria (green) localization in HT1080tdT or HT1080tdT-ε2A5 (vasculature, grey; blue, DAPI) cells that are extravasating out of the chicken
CAM vasculature (in vivo). Right panels show all three channels: red fluorescent protein (red), mitochondria (green), nuclei (blue) and vasculature
(grey). Time-lapse video is shown in the Supplementary Video S3. (B). Fluorescent channel intensity along the line scans (dashed arrows in (A)
(right panel) indicate the direction of the scan). Green line depicts mitochondria localization. The short arrows in (A) and (B) indicate vascular
membrane breaches.
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on our findings, inhibition of SLC2A5 is a useful strategy for

reducing the risk of metastasis, a deadly aspect of human cancers.
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