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Abstract Hyaluronan content is a powerful prognostic

factor in many cancer types, but the molecular basis of its

synthesis in cancer still remains unclear. Hyaluronan syn-

thesis requires the transport of hyaluronan synthases

(HAS1-3) from Golgi to plasma membrane (PM), where the

enzymes are activated. For the very first time, the present

study demonstrated a rapid recycling of HAS3 between PM

and endosomes, controlled by the cytosolic levels of the

HAS substrates UDP-GlcUA and UDP-GlcNAc. Depletion

of UDP-GlcNAc or UDP-GlcUA shifted the balance

towards HAS3 endocytosis, and inhibition of hyaluronan

synthesis. In contrast, UDP-GlcNAc surplus suppressed

endocytosis and lysosomal decay of HAS3, favoring its

retention in PM, stimulating hyaluronan synthesis, and

HAS3 shedding in extracellular vesicles. The concentration

of UDP-GlcNAc also controlled the level of O-GlcNAc

modification of HAS3. Increasing O-GlcNAcylation

reproduced the effects of UDP-GlcNAc surplus on HAS3

trafficking, while its suppression showed the opposite

effects, indicating that O-GlcNAc signaling is associated to

UDP-GlcNAc supply. Importantly, a similar correlation

existed between the expression of GFAT1 (the rate limiting

enzyme in UDP-GlcNAc synthesis) and hyaluronan content

in early and deep human melanomas, suggesting the asso-

ciation of UDP-sugar metabolism in initiation of

melanomagenesis. In general, changes in glucose metabo-

lism, realized through UDP-sugar contents and O-GlcNAc

signaling, are important in HAS3 trafficking, hyaluronan

synthesis, and correlates with melanoma progression.

Keywords 4MU � Mannose � Glucosamine � GNPDA �
UGDH � OGT

Introduction

Hyaluronan is a non-sulfated linear glycosaminoglycan

made up of repeating –GlcUAb1,3–GlcNAcb1,4– disac-

charide units. It is secreted by many animal cell types, and

is involved in various cellular functions like proliferation,

adhesion, migration, and apoptosis—processes associated

to multiple aspects of normal cell and tissue physiology [9,

37, 40, 52, 55]. Hyaluronan can adopt multiple roles

depending on its content, location, size (fragmentation) and

the type of cells synthesizing it [47, 50], and is particularly

important in inflammation [12, 18] and cancer [41, 49].

Hyaluronan is synthesized in plasma membrane by a

family of hyaluronan synthases (HAS1-3), utilizing

cytosolic UDP-glucuronic acid (UDP-GlcUA) and UDP-N-

acetyl glucosamine (UDP-GlcNAc) as substrates, and is

simultaneously extruded into the extracellular space [57].

HASs are normally active only when present in plasma
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membrane [36], and are strongly dependent on the

cytosolic concentrations of UDP-GlcNAc and UDP-GlcUA

[19, 33]. Therefore, these two factors, the supply of UDP-

sugars, and the transport of HAS to plasma membrane, are

crucially important for the rate of hyaluronan synthesis.

Indeed, the only known chemical agents specifically

inhibiting HAS activity work by limiting the availability of

UDP-GlcUA [28] or UDP-GlcNAc [19]. Accordingly,

experimental augmentation of the UDP-sugar contents

enhances hyaluronan synthesis [19]. The depletion of

UDP-GlcUA is achieved by 4-methyl umbelliferone

(4MU), the facile glucuronidation of which leads to a rapid

depletion of the cellular UDP-GlcUA pool [21, 23].

Feeding cells with high concentrations of mannose reduces

cellular UDP-GlcNAc content. The target of mannose

influence appears to be glucosamine-6-phosphate deami-

nase (GNPDA), an enzyme that can either deplete or

increase the most important intermediate (glucosamine-6-

phosphate) in the UDP-GlcNAc synthesis pathway [6, 19].

UDP-GlcNAc and to some extent UDP-GlcUA is increased

by feeding cells with glucosamine [19, 54]. It enters the

cells through glucose transporters, and is directly phos-

phorylated to glucosamine-6-phosphate, thus bypassing the

rate-limiting step in UDP-GlcNAc biosynthesis, catalyzed

by the enzymes glutamine fructose-6-phosphate amido-

transferase (GFAT) and GNPDA. Suppression of the UDP-

sugar supply can also be accomplished by knockdown of

key enzymes in their biosynthesis pathway, i.e. GFAT and

GNPDA for UDP-GlcNAc, and UDP-glucose-6-dehydro-

genase (UGDH) for UDP-GlcUA. An illustration of the

UDP-sugar biosynthesis pathways, and its interference by

chemicals, and by siRNA suppression of enzymes, are

shown in Fig. 1.

While it is obvious that UDP-sugars have a strong impact

on hyaluronan synthesis, it is not only due to a direct effect

as a substrate in the enzymatic reaction. Published reports

have shown that alterations of UDP-sugar levels by treating

cells with 4-methyl umbelliferone (4MU), mannose and

glucosamine also change the transcriptional activity of

HAS2 gene [20, 53] and the turnover of HAS2 protein [54].

Our recent work showed that the vesicular traffic to/from

plasma membrane is highly important for HAS3 enzymatic

activity, since blocking the reverse traffic of HAS3 from

plasma membrane to endosomes by Rab10 siRNA

increased HAS3 level in plasma membrane, and hyaluronan

synthesis as a consequence [8]. Nothing is known about the

interplay between UDP-sugar supply and HAS transport to

plasma membrane, while there is indirect evidence sug-

gesting that the trafficking of HAS is integrated with the

metabolism of UDP-sugars [36].

Hyaluronan synthesis has turned out to be a crucial

determinant in carcinogenesis [48] and cancer progression

[41, 46]. However, while knowledge of the molecular basis

of hyaluronan influences on cell behavior has accumulated

during the years [46, 51], the ways of hyaluronan synthesis

activation in cancer have remained obscure. A particular

puzzle has been that increased HAS gene expression has

not been reported in many cancers with elevated levels of

hyaluronan [29, 30]. We therefore hypothesized that post-

translational effects are involved, and that the enhanced

glucose uptake in many cancers due to aerobic glycolysis

[56], could increase the metabolic flux of glucose to UDP-

sugars, and thus influence hyaluronan synthesis, as

schematically presented in Fig. 1. This work showed that

hyaluronan synthesis was affected especially by UDP-

GlcNAc, which (1) acts as an immediate precursor in

hyaluronan synthesis, (2) increases the O-GlcNAc modifi-

cation of HAS3 protein, (3) controls HAS3 lysosomal

degradation and (4) increases HAS3 residence time in

plasma membrane. UDP-sugars could thus have a major

influence on hyaluronan synthesis in malignant tumors, as

suggested by analysis of human skin melanomas.

Materials and methods

Cell culture

MV3 and C8161, human melanoma cell lines and COS1, a

monkey fibroblast-like kidney cell line were cultured in

Dulbecco’s minimal essential medium with high glucose

(4500 mg/l) (Euroclone, Milan, Italy), 10 % fetal bovine

serum (FBS) (Hyclone, Logan, UT, USA), 4 mM L-glu-

tamine (Sigma), 50 lg/ml streptomycin sulfate, and

50 units/ml penicillin (Sigma). HEMa, a human primary

melanocyte cell line (Thermo Scientific) was cultured in

MGM-4 growth medium with the supplements (MGM-4

BulletKit, Lonza), as directed by the manufacturers.

MV3 cells with EGFP-HAS3 overexpression

The MV3 cells stably overexpressing doxycycline-in-

ducible EGFP-HAS3 [45] were sorted by FACS following

induction to obtain a homogenous population with optimal

EGFP fluorescence and maintained in 50 lg/ml

hygromycin.

Treatments

Mannose was used at 20 mM final concentration, 4MU at

0.5 mM, glucosamine at 0.5–2.0 mM, and ThiametG at

20 lM, all from Sigma. The treatments were for 6 h at

37 �C in 2.5 % FBS unless indicated otherwise. Pericel-

lular hyaluronan was removed with 1 TRU/ml of

Streptomyces hyaluronidase (Seikagaku Co, Tokyo, Japan),

added to medium 0.5–1 h before analysis.
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Materials

EGFP-HAS3 and Dendra2-HAS3 plasmids, expressing

human HAS3, were described previously [33, 35]. Rabbit

polyclonal anti-EEA1 (Cell Signaling, Danvers, MA,

USA), rabbit polyclonal anti-GFP (Invitrogen, Life Tech-

nologies Ltd, Paisley, UK), goat polyclonal anti-rabbit and

anti-mouse Dylight 680 (Thermo Scientific), mouse mon-

oclonal RL2 anti-O-GlcNAc (ab2739, Abcam, Cambridge,

UK), Rabbit anti-Actin (Sigma), Mouse monoclonal anti-

golgin 97 (Cell Signaling), Mouse monoclonal anti-CD44

(Hermes 3; gift from Prof. Sirpa Jalkanen, University of

Turku, Finland), Rabbit polyclonal anti-GFAT1 (Catalog

No: 14132-1-AP, Protein Tech, Chicago, IL 60612, USA)

and Texas red-labelled anti-rabbit antibodies (Vector

Laboratories, CA, USA) were also used. TurboFect

(Thermo Scientific) was used for plasmid transfection. For

confocal and TIRF imaging, cells were grown in eight-well

l-slides (ibiTreat, ibidi, GmbH, 82152 Planegg/Martin-

sried, Germany). For TIRF, the glass bottom slides were

coated with rat tail type I collagen (BD Biosciences).

Dynabeads� Protein G, Dynabeads� M-280 Streptavidin,

EZ-LinkTM Sulfo-NHS-SS-Biotin, and Deep mask red

plasma membrane stain were purchased from Invitrogen

(Life technologies). MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) was purchased from

Sigma.

SiRNA transfection

SiRNAs against GFAT1 (40 nM), GNPDA1 ? 2 (25 nM

each), UGDH (40 nM) and OGT (40 nM) were from

Eurogentec (Seraing, Belgium), scrambled (control) siRNA

(40 nM) from Origene (Rockville, MD, USA), and pre-

designed siRNA against CD44 (30 nM) from Ambion

(Thermo Scientific) (Table 1). SiRNAs were transfected

using Lipofectamine RNAiMAX (Invitrogen). The media

with the siRNAs were removed 6 h later and replaced with

medium containing 2.5 % serum. 24 h later, EGFP-HAS3

was induced with 0.05 lg/ml doxycycline, and 48 h post-

siRNA transfection the cells were used for experiments.

The primers used for analyzing specific genes are listed in

Table 2. The silencing efficiencies (*50–90 %) are shown

in Suppl. Figure 1A.

Fig. 1 Schematic illustration of

the synthesis of UDP-sugars and

their influence on HAS3, its

traffic, and hyaluronan

synthesis. The target sites of the

chemical agents:

4-methylumbelliferone (4MU),

mannose and glucosamine,

known to modify hyaluronan

synthesis by reducing or

enhancing the levels of UDP-

sugars, are indicated. Likewise,

the key enzymes in UDP-sugar

biosynthesis, UDP-glucose-6-

dehydrogenase (UGDH),

glucosamine-6-phosphate

deaminase 1 and 2 (GNPDA1,

GNPDA2), and glutamine

fructose-6-phosphate

aminotransferase 1 (GFAT1),

subjected to siRNA-mediated

depletion to reduce UDP-sugars,

are also shown. Additionally,

O-GlcNAcylation of HAS3,

enhanced by ThiametG and

reduced by knockdown of

O-GlcNAc transferase (OGT),

is presented
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HPLC analysis of UDP-sugars

250,000 MV3-EGFP-HAS3 cells were plated in six-well

plates, transfected with the siRNAs and induced with

0.05 lg/ml doxycycline for 24 h. Treatments with 4MU,

mannose, glucosamine, and ThiametG were for 6 h. Cells

were then scraped off in PBS, sonicated, and analyzed for

UDP-sugars as previously described [31].

Confocal microscopy and live cell imaging

Fluorescent 512 9 512 pixel images were taken with 409

(NA 1.3) and 639 (NA 1.4) oil objectives on a Zeiss Axio

Observer equipped with a Zeiss LSM 700 confocal module

(Carl Zeiss Microimaging) and a Zeiss XL-LSM S1 incu-

bator with temperature and CO2 control. DRAQ5 nuclear

staining (2 lM, Biostatus Ltd., Leicestershire, UK) was

used to evaluate the transfection efficiency.

Analysis of HAS3 traffic

For the analysis of forward traffic, MV3 parental cells

transfected with Dendra2-HAS3 plasmids were treated

with the chemical modifiers or siRNAs. Just before imag-

ing a Deep mask red indicator was added, and a region of

interest (ROI) was drawn around PM. A second ROI was

drawn around the perinuclear region, corresponding to

Golgi, and a 405 nm laser pulse (10 % laser power, 10

iterations for 1 s) was applied there to convert part of the

green Dendra2-HAS3 to red. The red intensities of the two

ROIs were tracked for 1 h with 10 min intervals. The red

fluorescence at PM ROI in each time point was divided by

the fluorescence of the PM dye, and expressed as fold

change of time point ‘‘0’’. The disappearance of red HAS3

from the peri-nuclear ROI was measured in the same way.

For retrograde traffic, photoconversion ofDendra2-HAS3

was done in ROI drawn with the PM marker as reference,

images of this ROI were collected at 2 min intervals for

16 min, and results expressed as for anterograde traffic.

Imaging HAS3 by total internal reflection

fluorescence (TIRF) microscope

A Zeiss cell observer spinning disc confocal microscope with

a 1009 oil objective (NA 1.46) and a TIRF unit was used for

488 nmexcitation ofEGFP-HAS3vesicles in the cytoplasmic

side of plasma membrane in MV3 cells. Images were col-

lected at 0.5 s intervals for 2 min and analyzed with ImageJ

program. Using a 25 arbitrary units threshold value and a ROI

to exclude background and Golgi area, the number of EGFP-

positive vesicles was counted in each time point and nor-

malized to the initial number of vesicles. Based on the fold

change of vesicle numbers in each time point, a linear

regression (‘‘trend’’) linewas calculated and from the equation

(y = mx ? c) standarddeviation (SD) for each timepointwas

calculated as follows: SD = (actual value - theoretical

value of vesicle number), where theoretical value of vesicle

number = (m 9 vesicle number in the ‘nth’ time

point) ? c. The mean SD value for each treatment, repre-

senting the fluctuation of the number of vesicles, was

calculated and expressed as fold change to control.

Analysis of HAS3 degradation

Dendra2-HAS3 was photoconverted in the whole cell and

the disappearance of red HAS3 was analyzed for 5 h at

Table 1 Sequences of siRNA oligonucleotides used in this study

siRNA Sequence (50–30)

Scrambled (control) Origene (ref no: SR30004)

GFAT1 (NM_002056.2) GAGGAAGAGUCAACUUUGA (sense)

UCAAAGUUGACUCUUCCUC

(antisense)

GNPDA1

(NM_005471.4)

GAGAGGUGAUGAUCCUUAU (sense)

AUAAGGAUCAUCACCUCUC

(antisense)

GNPDA2

(NM_138335.1)

CGGGAAUGCUGCAGAUUUA (sense)

UAAAUCUGCAGCAUUCCCG

(antisense)

UGDH (NM_003359.3) GGACACUGGUGAUACAAGA (sense)

UCUUGUAUCACCAGUGUCC

(antisense)

OGT (NM_181672.2) GCCAAGGCAUGUUAUUUGA (sense)

UCAAAUAACAUGCCUUGGC

(antisense)

CD44 (NM_000610.3) Ambion (catalog no: 16708A)

Table 2 Sequences of Q-PCR primers used in this study

Q-PCR primers Sequence (50–30)

RPLPO (NM_001002.3) For: AGATGCAGCAGATCCGCAT

Rev: GTGGTGATACCTAAAGCCTG

GFAT1 (NM_002056.2) For: GGATATGATTCTGCTGGTGTG

Rev: CCAACGGGTATGAGCTATTC

GNPDA1 (NM_005471.4) For: GACCTTCAACATGGATGAGT

Rev: TGTGGGTGTTTTCTGGGT

GNPDA2 (NM_138335.1) For: TTTGTATGCGATGAAGATGC

Rev: TGAATTTTGCTCCAGTCTCC

UGDH (NM_003359.3) For: TCTGTTGCATCGGTGCAGGCT

Rev: TCAGATCTGCTGCCCGGCCT

OGT (NM_181672.2) For: GCTGAGAGGCACGGCAACCT

Rev: ACACGCAGCCGACCATCACT

CD44 (NM_000610.3) For: CATCTACCCCAGCAACCCTA

Rev: CTGTCTGTGCTGTCGGTGAT
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20 min intervals. DIC images were used to correct for

possible drift in optical focus.

Analysis of HAS3-positive extracellular vesicles

5000 MV3-EGFP-HAS3 cells suspended in 150 ll of a

collagen mix (2.9 mg/ml of type I collagen in EBSS with

0.1 % acetic acid, 0.24 % of sodium bicarbonate, and

21 mM sodium hydroxide) were plated in a eight-well l-
slide and incubated for 1 h at 37 �C. Culture medium was

added on top of the solidified matrix and 24 h later EGFP-

HAS3 expression was induced for 24 h. The cells were

fixed with 4 % paraformaldehyde in 100 mM phosphate

buffer (PB) and immunostained for CD44 (1:250 in 1 %

BSA-PB). Confocal 1028 9 1028 pixel images were taken

as stacks of optical sections of 1 lm thickness with a 639

objective and compressed into a single image. EGFP-

HAS3-positive extracellular vesicles were counted using

ImageJ and normalized to cell numbers in the field.

Cell lysis and analysis of HAS3 O-GlcNAcylation

MV3-EGFP-HAS3 cells were plated in T75 culture flasks,

treated with siRNAs (scrambled, OGTi) as described above

and induced with 0.25 lg/ml doxycycline for 24 h. Later in

some of the groups, cells were treated with or without

chemical mediators (control, 20 mM mannose, 1 mM

glucosamine and 20 lM ThiametG) for 6 h. Additionally,

MV3 cells were also transiently transfected with EGFP and

grown for 24 h. All the steps in cell lysis, described below,

were done in ice-cold condition or ?4 �C (centrifugation).

The cells were scraped and pelleted in 19 phosphate buf-

fered saline (PBS), washed thrice in PBS, lysed in 1 ml of

Tris-Triton X buffer pH 7.8 [25 mM Tris, 150 mM NaCl,

1 mM CaCl2, 0.1 % SDS, 0.5 % Triton X-100 with 1:200

protease inhibitor cocktail (Sigma)] by sonication, and

spun down at 1000 and 2500 rpm to remove any intact

cells and nuclear debris, respectively. The resulting

supernatant was saved and protein concentration in the

lysate was measured using BCA kit (Pierce, Thermo Sci-

entific). 1 lg of anti-GFP antibody was conjugated to 25 ll
of Dynabeads� Protein G magnetic beads and EGFP-HAS3

from 1 mg of lysate was immunoprecipitated according to

manufacturer’s instructions. In case of EGFP immunopre-

cipitation, the GFP antibody was first conjugated to the

magnetic beads with 2.5 mM BS3 crosslinker (Thermo

Scientific) prior addition of lysate. The immunoprecipitated

EGFP-HAS3 was eluted using 20 ll of 49 SDS sample

buffer and in case of EGFP, elution was done with 15 ll of
0.1 M glycine–HCl (pH 3.0), followed by immediate

addition of 5 ll of 1 M Tris–0.5 M NaCl (pH 8.0) and 7 ll
of 49 SDS sample buffer. The immunoprecipitated frac-

tions were boiled at 65 �C for 15 min and tested for

O-GlcNAcylation using RL2 anti-O-GlcNAc antibody in

western blot.

Biotinylation of cell surface HAS3 and recycling

assay

COS1 cells at 50–70 %confluency inT75 culture flaskswere

transfected with EGFP-HAS3. The cultures were treated

with control and OGT siRNAs for 48 h and with 4MU,

mannose, glucosamine and ThiametG for 6 h in fresh 2.5 %

FBSmedia. Recycling of EGFP-HAS3 in plasma membrane

was studied as described [44], with minor modifications.

Culture dishes on ice were washed with ice-cold PBS and

incubated with 1 mM of freshly prepared EZTM-link Sulfo-

NHS-SS-biotin in PBS for 30 min and washed thrice with

ice-cold PBS. Unreacted biotin was quenched with 50 mM

Tris in ice-cold PBS for 10 min and washed thrice with ice-

cold PBS. To allow internalization of biotinylated EGFP-

HAS3, the cells were incubated at 37 �C for 30 min and then

cell surface biotin was cleaved with 100 mM DTT in ice-

cold PBS for 15 min, preceded and followed by three ice-

cold PBS washes. Then incubation was continued at 37 �C
for 30 or 60 min, which brought intracellular biotinylated

EGFP-HAS3 back to plasmamembrane. TheDTT-treatment

was repeated and cell lysates were prepared. EGFP-HAS3

was immunoprecipitated by an EGFP antibody with the final

elution using 30 ll of 0.1 Mglycine–HCl (pH 3.0), followed

by immediate addition of 5 ll of 1 M Tris–0.5 M NaCl (pH

8.0) and resuspension in 1 ml of ice-cold PBS. A second

immunoprecipitation was performed with 75 ll of Dyn-

abeads� M-280 Streptavidin magnetic beads, as per the

manufacturer’s instructions. Biotinylated EGFP-HAS3 was

eluted with 49 SDS sample buffer, heated at 65 �C for

15 min and western blotted for EGFP detection.

Western blotting

Immunoprecipitated EGFP-HAS3 and EGFP samples were

subjected to 10 % SDS-PAGE and the proteins were

transferred to nitrocellulose membranes (Protran, What-

man), blocked with 3 % bovine serum albumin (BSA) in

Tris buffered saline containing 0.1 % Tween 20 (TBST) or

5 % skimmed milk-TBST for 1 h at room temperature and

then incubated overnight with anti-GFP (1:2000, in 1 %

BSA-TBST) or RL2 anti-O-GlcNAc (1:2000, in 3 %

skimmed milk-TBST) or anti-Actin (1:2500, in 1 % BSA-

TBST) antibodies. The blots were then washed thrice with

TBST and incubated with anti-rabbit Dylight 680 (1:5000,

in 1 % BSA-TBST) or anti-mouse Dylight 680 (1:5000, in

2 % milk-TBST) antibodies for 1 h at room temperature,

and washed thrice with TBST. The stained blots were then

imaged using LI-COR Odyssey Infrared imagining system

(LI-COR Biosciences, Lincoln, NE, USA).
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Hyaluronan assay

80,000 cells/well of MV3-EGFP-HAS3 cells were plated

in 12-well plates, transfected with siRNAs (scrambled,

GFATi, GNPDAi, UGDHi and OGTi) and induced with

0.05 lg/ml doxycycline for 24 h before collection of

media. Culture medium was also collected after 24 h

treatment with 4MU, mannose and glucosamine, and after

6 h treatment with ThiametG. When the incubations were

terminated, cells were lysed in 250 ll of ice-cold Tris-

Triton X buffer with 1:200 protease inhibitor cocktail

(Sigma)] by sonication and protein estimation was done.

In some cases, cell numbers were also counted. The cul-

ture media were stored at -20 �C before hyaluronan (HA)

assay by an enzyme-linked sorbent assay [14]. The results

were calculated as HA (in ng) per total protein (in lg) and
expressed as fold change to control or control siRNA. In

some cases results were expressed as HA (ng)/10000

cells.

Immunofluorescence and early endosome antigen 1

(EEA1) staining

20,000 cells/well of MV3 were grown in eight-well l-
slides and transiently transfected with EGFP-HAS3 for

24 h. In some cases, after transfection, cells were treated

with 1 TRU/ml of Streptomyces hyaluronidase for 1 h at

37 �C to remove the pericellular coat of hyaluronan. Cells

were then fixed with 4 % paraformaldehyde in 0.1 M

sodium phosphate buffer, pH 7.4 (PB) for 15–20 min and

washed five times with PB. 10 min incubation at room

temperature (RT) with 0.1 % Triton X-100 in 1 % bovine

serum albumin (BSA) was used for permeabilization, and

20 min incubation at RT with 1 % BSA in PB for blocking.

The cells were incubated with anti-EEA1 antibody (1:100

in 1 % BSA in PB), overnight, washed five times with PB

and stained with Texas red-labelled anti-rabbit secondary

antibody (1:500 in PB) for 1 h. After washing the stained

cells, the plates were stored at 4 �C until use.

Cell proliferation assay

2500 cells/well of MV3-EGFP-HAS3 cells were plated in

96-well plates and treated with siRNAs and chemical

mediators, as explained before. Later, 2.5 % growth media

with 0.05 lg/ml doxycycline was replaced on a daily basis

for 1–3 days. In groups with chemical mediators, the

respective chemicals were also supplied along with doxy-

cycline. Cells were then fixed, washed and permeabilized

as above, and stained with 2 lg/ml of DAPI (40,6-di-
amidino-2-phenylindole) in PB for 15 min at 37 �C, and
washed two times with PB. The nuclear DAPI fluorescence

was measured in a plate reader equipped with a UV laser

and 355/460 nm excitation/emission filters (Victor multil-

abel plate reader, Perkin Elmer).

Cell adhesion to type I collagen

Cell adhesion assay to type I collagen, described previously

[8], was followed with slight modifications. Briefly, MV3-

EGFP-HAS3 cells were induced with 0.1 lg/ml doxycy-

cline for 24 h, with the cells treated with siRNA

transfection and chemical mediators, as described before.

These cells were trypsinized and applied as 40,000/well in

96-well plates pre-coated with 0.25 mg/ml of type I col-

lagen (BD Biosciences) using a medium containing 10 lg/
ml of cycloheximide and no phenol red. After 30 min the

unattached cells were washed away, the wells were incu-

bated with 0.5 mg/ml of MTT in phenol-free medium for

2 h at 37 �C, and the incubation continued in DMSO for

5–10 min with gentle shaking. Absorbance values were

measured at 540 and 620 nm (the latter for background).

The results were calculated as absorbance values at 540

minus absorbance at 620 nm and expressed as fold change

to control or control siRNA.

Cell migration assay

MV3-EGFP-HAS3 cells were plated as 160,000 cells/well

in 12-well plates, and induced with 0.05 lg/ml doxycy-

cline for 24 h. A scratch wound was introduced in the

growth area in the wells using a pipette tip and the media in

the wells were replaced with the ones containing chemicals

(Control, 4MU, mannose and glucosamine) and doxycy-

cline. The wound closure before (0 h) and after 24 h was

imaged and analyzed using ImageJ. The wound closure

area of 24 h images was normalized to that of 0 h and the

results were expressed as fold change to control.

Image analysis

ZEN 2012 (grey), ZEN 2012 (blue) and ImageJ programs

were used to analyze confocal microscopy images. Adobe

Photoshop elements 11 and Adobe illustrator were used for

presentation of the images. Images were brightness/con-

trast adjusted and, in some cases, non-linear adjustment

was applied, all done uniformly across the control and

treated groups to better visualize the cellular features of

interest.

Tissue samples

Paraffin-embedded diagnostic tissue samples included

benign nevi (n = 8), dysplastic nevi (n = 9), in situ mel-

anomas (n = 8), superficial melanomas (n = 7, Breslow

\1 mm) and deep melanomas (n = 9, Breslow[4 mm).
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The Ethics committees of Kuopio University Hospital and

The Finnish National Supervisory Authority for Welfare

and Health (VALVIRA) have approved the study protocol.

Immunohistological staining of GFAT1

and evaluation

After deparaffinization, sections were boiled in 10 mM

citrate buffer (pH 6.0) in a pressure cooker for 15 min and

washed with 0.1 M phosphate buffer (PB; pH 7.0), kept in

1 % H2O2 for 5 min, washed, blocked with 2 % BSA in PB

for 30 min at 37 �C, and incubated with the GFAT1 anti-

body (1:100) in 1 % BSA in PB overnight at 4 �C. After
rinsing with PB, biotinylated anti- rabbit secondary anti-

body (1:300, Vector Laboratories, Irvine, CA, USA) in PB

with 1 % BSA was added for 1 h at room temperature.

After washes, visualization was done with avidin–biotin-

peroxidase (1:200, Vector Laboratories,) and 0.05 % DAB

(Sigma) and Mayer’s hematoxylin counterstaining.

Hyaluronan staining was done as described previously

[39]. The intensities of the staining were estimated as

follows; negative (0), weak (1), moderate (2) or strong (3).

Statistical analysis

Statistical analyses were done in GraphPad Prism 5.0 for

Windows. One-way ANOVA with Tukey’s post hoc test

and Student’s t test were used, with a p value\0.05 con-

sidered significant.

Results

Manipulation of cellular UDP-GlcNAc and UDP-

GlcUA content influences hyaluronan synthesis

The MV3 melanoma cell cultures with inducible expres-

sion of EGFP-HAS3 (control) showed *twofold increase

in the cellular content of UDP-GlcNAc, when compared to

uninduced cells (Fig. 2a). However, a *50 % reduction in

the cellular content of UDP-GlcNAc was seen in MV3

cells with EGFP-HAS3 expression, when treated with the

previously established optimum concentration (20 mM) of

mannose [19] (Fig. 2a). 4MU, known to deplete UDP-

GlcUA [16], tended to reduce also UDP-GlcNAc [23]

(Fig. 2a). Accordingly, silencing of UDP-GlcUA biosyn-

thesis by UGDH siRNA showed a similar effect on UDP-

GlcNAc (Fig. 2c), indicating that there is a connection

between the productions of the two UDP-sugars. About

50 % reduction of UDP-GlcNAc was also obtained by

siRNA for GFAT1, considered as a rate-limiting enzyme in

the biosynthesis of UDP-GlcNAc (GFAT2 was not

expressed in these cells). The siRNAs against the two

GNPDAs also reduced UDP-GlcNAc (Fig. 2c), a finding

suggesting that they also contribute to the biosynthesis of

UDP-GlcNAc. Glucosamine is taken up by the cells and

phosphorylated to glucosamine-6-phosphate, thus bypass-

ing the rate-limiting GFAT/GNPDA step, and resulting in a

marked increase of cellular UDP-GlcNAc. The maximum

increase (19–24-fold) was reached with 1.0–1.5 mM glu-

cosamine (Fig. 2b). Thus, changes ranging *0.5–20 times

of control level were obtained in the cellular concentration

of UDP-GlcNAc.

Similar to the cellular UDP-GlcNAc content, EGFP-

HAS3 expression increased UDP-GlcUA by *twofold

when compared to uninduced cells (Fig. 2e). With the

commonly used 0.5 mM concentration of 4MU, the content

of UDP-GlcUA decreased to *40 % of the control level

(Fig. 2e). UDP-GlcUA was also decreased by siRNA

against UGDH, the enzyme responsible for its synthesis

(Fig. 2g). On the other hand, mannose, supposed to target

mainly UDP-GlcNAc, decreased also UDP-GlcUA

(Fig. 2e) and a tendency to reduction of UDP-GlcUA was

also seen with siRNAs against GFAT1 (Fig. 2g), offering

additional evidence for a coupling between the contents of

the two UDP-sugars. Furthermore, addition of glucosamine

increased also the content of UDP-GlcUA, although

markedly less than UDP-GlcNAc (Fig. 2f). In summary,

with these manipulations depletion of UDP-GlcUA down

to 0.4 times of control was obtained, while *threefold

upregulation was obtained by glucosamine.

The induced EGFP-HAS3 expression dominated

hyaluronan synthesis over that of the endogenous

hyaluronan production in uninduced MV3-HAS3 cells

(Fig. 2i). The observed effects on hyaluronan synthesis

thus reflect changes that take place post-transcriptionally.

The data showed that 4MU and mannose both reduced

hyaluronan secretion, correlating with the depletion of the

UDP-sugar substrates (Fig. 2i). Also, knockdown of

GFAT1, both GNPDAs, and UGDH showed reduced

hyaluronan secretion (Fig. 2k). Glucosamine, on the other

hand, increased hyaluronan secretion, which peaked at

1.0–1.5 mM concentration, corresponding to the highest

cellular contents of UDP-GlcNAc and UDP-GlcUA

(Fig. 2j). Overall, the data show that UDP-sugars, acting as

the building blocks for hyaluronan synthesis, strongly

control hyaluronan synthesis at post-transcriptional level.

O-GlcNAc modification of HAS3 and regulation

of hyaluronan synthesis

Besides a building block for the construction of hyaluro-

nan, UDP-GlcNAc serves as a substrate for the dynamic

regulation of protein functions by O-GlcNAcylation. We

first studied whether the contents of the cellular UDP-

sugars were affected by inhibition of enzymes that add (O-
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GlcNAc transferase, OGT) and remove (O-GlcNAcase,

OGA) O-GlcNAc moiety in the proteins. SiRNA silencing

of OGT is supposed to reduce O-GlcNAcylation, while

ThiametG, an inhibitor of OGA, is expected to move the

dynamic equilibrium of O-GlcNAcylation towards higher

substitution levels. As shown in (Fig. 2d, h), interference in

the activity of these enzymes did not influence the cellular

content of the UDP-sugars. However, the synthesis of
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hyaluronan was significantly increased and decreased with

higher and lower O-GlcNAcylation, respectively (Fig. 2l).

These effects were similar to those obtained by manipu-

lation of the UDP-GlcNAc, but since they took place

without changes in UDP-GlcNAc, O-GlcNAcylation could

be involved in the effects of UDP-GlcNAc content. We

therefore studied whether HAS3 contains this modification,

and whether it is affected by the fluctuation of the cellular

UDP-GlcNAc content. Western blots of immunoprecipi-

tated EGFP-HAS3 with an antibody against the O-GlcNAc

moiety showed a signal that responded to increasing

(Fig. 2m, n: GlcN) and decreasing UDP-GlcNAc contents

(Fig. 2m, n: Man). Inhibition of OGA by ThiametG

(Fig. 2m, n: Tg) enhanced HAS3 O-GlcNAcylation, while

OGT knockdown suppressed it (Fig. 2m, n: OGTi). There

was no response to decreasing UDP-GlcUA content

(Fig. 2m, n: 4MU), and plain EGFP was not modified

(Suppl. Figure 1B), supporting the specificity of the signal.

Dynamic changes in cellular UDP-GlcNAc level thus

influenced HAS3 O-GlcNAcylation, which is likely to

account for the changed hyaluronan synthesis.

Photo-converted Dendra2-HAS3 as a tracer

for the traffic between Golgi and cell surface

Our hypothesis was that UDP-sugar contents associate with

the vesicular traffic and plasma membrane abundance of

HAS3, with consequent changes in hyaluronan synthesis.

This traffic was analyzed in MV3 cells by transfection of

Dendra2-HAS3, which can be photoconverted from green

to red in specific subcellular sites, followed by time-lapse

series to locate and quantify its subsequent movements.

Dendra2-HAS3 in the perinuclear region was colocalized

with the Golgi marker—golgin 97—confirming that these

HAS3 deposits were in Golgi (Suppl. Figure 1C). A part of

Dendra2-HAS3 also colocalized with the Deep Mask Red

plasma membrane marker (Suppl. Figure 2A).

Untreated control cultures showed relatively slow dis-

appearance of HAS3 from Golgi, its half-life exceeding 1 h

(Suppl. Figure 2B). The increase in plasma membrane of

HAS3, photoactivated in Golgi, was also slow during the

1 h observation time (Suppl. Figure 2C). The effects of

UDP-sugar depletion and surplus, and changing the level of

O-GlcNAcylation, were rather unexpected as all treatments

tended to increase HAS3 outflow from Golgi, and reduce

its appearance in cell surface. The result suggests that there

is a large amount of stored HAS3 in Golgi, only a small

part of which is normally mobilized towards plasma

membrane. The data also suggest that control of this traffic

is complex and may even involve recycling back to Golgi

area. Moreover, the apparently slow overall flow of Den-

dra2-HAS3 from Golgi to cell surface, compared to the

relatively faster endocytosis (Fig. 3), suggests that it is

difficult to specifically determine the Golgi to cell surface

flux rate of HAS3.

Control of HAS3 endocytosis by UDP-sugars

As a next step, the kinetics of photoconverted HAS3

moving away from cell surface was assayed (Fig. 3a).

Deep Mask Red dye was used as a plasma membrane

marker in MV3 cells and the corresponding region of

interest (white line) was chosen to photo-convert Dendra2-

HAS3 present in plasma membrane (Fig. 3a). The signal of

photo-converted Dendra2-HAS3 (pseudo-colored as white,

Fig. 3a, ‘‘Post’’ panels) in plasma membrane was measured

over a time frame of 16 min with an interval of 2 min

between the images and the trafficking kinetics was ana-

lyzed (Fig. 3b). This retrograde traffic (endocytosis) of

HAS3 from plasma membrane was analyzed following the

same treatments used above to modulate the UDP-sugar

contents and O-GlcNAcylation in MV3 cells. As compared

to control, HAS3 endocytosis rate in 4MU- and mannose-

treated cells was significantly increased (Fig. 3b). In con-

trast, 2 mM glucosamine strongly inhibited HAS3

endocytosis. Reduction of the UDP-GlcNAc and UDP-

GlcUA levels by silencing of GFAT1, GNPDAs, and

UGDH resulted in an increased endocytosis of HAS3,

similar to the effects of 4MU and mannose. Whether

O-GlcNAcylation is involved in the cell surface retention

of HAS3 was checked by increasing and decreasing

O-GlcNAcylation by ThiametG and OGT siRNA. They

bFig. 2 UDP-sugar levels influence hyaluronan synthesis and

O-GlcNAcylation of HAS3. MV3-HAS3 cells induced for 24 h with

0.05 lg/ml doxycycline to overexpress EGFP-HAS3 were assayed for

UDP-sugars, hyaluronan and O-GlcNAcylation. These dox-induced

MV3-HAS3 cells otherwise untreated were used as controls. MV3-

HAS3 cells without induction of EGFP-HAS3 (uninduced) were used

as negative controls for the effect of induction. The siRNAs (GFATi,

GNPDAi, UGDHi, OGTi and Ci, the control siRNA) were introduced

at the time of induction. The concentrations were normalized to total

cell protein. (I) Fold changes in the concentration of UDP-GlcNAc

compared to induced cultures (control, set as 1.0) are indicated.

a–d 4-Methylumbelliferone (4MU), mannose (Man), glucosamine

(GlcN), and ThiametG (Tg) were added at 0.5 mM, 20 mM,

0.5–2.0 mM, and 20 lM final concentrations, respectively, 6 h before

analysis. (II) The concentrations of UDP-GlcUA in cells subjected to

treatments as above, shown in e–h. (III) Hyaluronan in the growth

medium was assayed after 24 h treatments, except the effect of

ThiametG which was assayed after a 6 h treatment, as shown in

i–l. (IV) O-GlcNAcylation of HAS3: MV3-HAS3 cells induced with

0.1 lg/ml doxycycline for 24 h and treated as for the UDP-sugar

assays. Cell homogenates were immunoprecipitated with an anti-

EGFP-antibody and divided in two identical samples, which were

blotted and probed with antibodies against EGFP and O-GlcNAc,

shown in m. The level of HAS3 O-GlcNAcylation was quantitated by

the fluorescence ratio of O-GlcNAc to total EGFP, shown in n. The
data represent mean ± SEM from 3–4 independent experiments.

*p\ 0.05, **p\ 0.01, ***p\ 0.001 (one-way ANOVA, Tukey’s

test)
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reduced and enhanced, respectively, HAS3 disappearance

from plasma membrane (Fig. 3b). The results thus suggest

that both UDP-GlcNAc and UDP-GlcUA contents influ-

ence the level of HAS3 in plasma membrane by controlling

its endocytosis, and O-GlcNAcylation accounts for at least

a part of the effect of UDP-GlcNAc. The O-GlcNAcyla-

tion-dependent retention of HAS3 in plasma membrane is

in line with the finding that O-GlcNAcylation enhances

hyaluronan synthesis (Fig. 2l). During its processive syn-

thesis, and even after it, hyaluronan chain remains tightly

bound to HAS3. To probe the role of the hyaluronan chain

in the retention of HAS3 in plasma membrane, we stripped

away cell surface hyaluronan with Streptomyces hyalur-

onidase. This resulted in a significantly enhanced

endocytosis of Dendra2-HAS3 (Fig. 3b).

Since CD44was abundant on the surface of these cells, we

checked whether it was involved in HAS3 endocytosis. As

shown in Suppl. Figure 3, siRNA suppression of CD44

expression did not affect endocytosis ofDendra2-HAS3. The

above results suggest that hyaluronan chain under produc-

tion, but not one attached with CD44, is a major determinant

in the plasma membrane retention and kinetics of HAS3.

Fig. 3 Plasma membrane retention of HAS3 is regulated by UDP-

sugar levels and O-GlcNAcylation. a Dendra2-HAS3 was photocon-

verted (pseudocolored as white) in plasma membrane, marked by

deep mask red (magenta), and shown by the white region of interest.

The disappearance from plasma membrane of the photoconverted

Dendra2-HAS3 was monitored. Representative images are shown for

the treatments. b Time lapse data of the photoconverted Dendra-

HAS3 remaining in plasma membrane was compiled to compare the

disappearance rates between the treatments. Cntrl control, 4MU

4-methylumbelliferone, Man mannose, GlcN glucosamine, Hyal

hyaluronidase, Ci control siRNA, GFi GFAT siRNA, GNi GNPDA1

and 2 siRNAs, UGi UGDH siRNA, OGTi OGT siRNA, Tg ThiametG.

The data represent mean ± SEM values from five independent

experiments, with ten images/group; *p\ 0.05, **p\ 0.01,

***p\ 0.001 (one way ANOVA, Tukey’s test). Scale bar 20 lm
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Reduced HAS3 degradation by glucosamine

and O-GlcNAcylation

The endocytosed Dendra2-HAS3 can be routed either to

degradation or recycling. It was therefore important to check

whether the UDP-sugars also influence overall degradation

rate of HAS3. This was studied in MV3 cells by Dendra2-

HAS3 photoconversion in the entire cell, and examination

of the disappearance rate of the red signal (Fig. 4a). The

half-life of Dendra2-HAS3 in control cells was *3 h

(Fig. 4b). Blocking lysosomal function with chloroquine

markedly slowed down the degradation, while the

Fig. 4 UDP-GlcNAc surplus and O-GlcNAcylation prevent lysoso-

mal degradation of HAS3. Dendra2-HAS3 was photoconverted

(pseudocolored as white) in whole cells and its disappearance was

monitored for 5 h. a Representative images from different treatments

show the signal before photoconversion (Pre), immediately after

(Post), and following 3–5 h chase. b The signal intensity of

photoconverted Dendra2-HAS3, plotted as function of time, and

related to the post-conversion value. ClQ, chloroquine (0.1 mM), an

inhibitor of lysosomal degradation; MG, MG132 (2.5 lM), an

inhibitor of proteasomal degradation; other abbreviations as in

Fig. 3. The data represent mean ± SEM from five independent

experiments, with 5–7 images/group; ***p\ 0.001, **p\ 0.01 (one

way ANOVA, Tukey’s test). Scale bar 20 lm
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proteasome inhibitor MG132 had no effect, indicating that

Dendra2-HAS3 is degraded in lysosomes (Fig. 4). Cells

treated with glucosamine showed a strong, dose-dependent

reduction of Dendra2-HAS3 decay. Dendra-HAS3 degra-

dation was also blocked by enhanced O-GlcNAcylation by

ThiametG. The decay rate was not affected by mannose, or

siRNAs for the enzymes in the UDP-sugar biosynthesis

pathways (GFAT1, GNPDA1 and 2, and UGDH), while

4MU slightly reduced Dendra2-HAS3 degradation

(Fig. 4b). The data thus suggest that elevated O-GlcNAc

signaling increases the overall half-life of HAS3.

UDP-sugar depletion and blocked O-GlcNAcylation

increases HAS3 in early endosomes

A significant fraction of EGFP-HAS3 in MV3 cells was

colocalizedwith early endosome antigen 1 (EEA1), amarker

for early endosomes (Fig. 5a). This finding substantiates the

rapid kinetics of Dendra2-HAS3 endocytosis from plasma

membrane. Lowering the levels of UDP-GlcUA (4MU,

UGDH siRNA) and UDP-GlcNAc (mannose, GFAT1 and

GNPDA1 and 2 siRNA) further increased the colocalization

of EGFP-HAS3 with EEA1, obviously reflecting the

Fig. 5 UDP-sugar contents and O-GlcNAcylation affect HAS3 level

in early endosomes and recycling to plasma membrane. a Represen-

tative images of MV3 cells, showing the doxycycline-induced EGFP-

HAS3 (green) and EEA1 (an early endosome marker, red), and their

colocalizations (yellow). In the ‘‘merge’’ column of images, a small

region of interest with illustrative vesicular structures (white box) is

shown enlarged in the adjacent inset. Arrowheads point to EGFP-

HAS3 and EEA1 colocalized in vesicles, enlarged by treatments that

deplete UDP-sugars, O-GlcNAcylation, or cell surface hyaluronan.

Abbreviations are as in Figs. 3. and 4. Scale bar 20 lm. b Cell

surface proteins of COS1 cells transfected with EGFP-HAS3 were

biotinylated. Biotinylated EGFP-HAS3 was detected by western

blotting from cell lysates first immunoprecipitated (IP) with an EGFP

antibody and then with streptavidin-coated magnetic beads. Follow-

ing biotinylation EGFP-HAS3 was allowed to be endocytosed for

30 min, and whatever remained on cell surface or was recycled back,

was treated with DTT to remove biotin. Cells analyzed at this time

therefore showed only intracellular biotinylated EGFP-HAS3. After

this clearing of the cell surface biotinylated EGFP-HAS3, the

incubation was continued for 30 or 60 min to allow the intracellular

EGFP to return to plasma membrane, then stripped by DTT again, and

analyzed for the intracellular signal. To facilitate visual comparison

of the recycling rates, copies of the control lanes were pasted on the

left side of the 30 and 60 min second DTT stripping of the treated

cells (all bands originate from a single gel). The same result was

obtained in two independent experiments
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enhanced endocytosis noted with Dendra2-HAS3. In con-

trast, by increasing the levels of UDP-GlcNAc with

glucosamine, the colocalization of EGFP-HAS3 with EEA1

was decreased (Fig. 5a). Moreover, the EGFP-HAS3-posi-

tive vesicular structures were enlarged in cells with depleted

UDP-sugars, while those in glucosamine-treated cells were

small, and reduced in numbers, as compared to controls

(Fig. 5a). Reduced numbers and sizes of the EGFP-HAS3-

positive early endosomes were also found when O-GlcNA-

cylation was increased by ThiametG, while larger EGFP-

HAS3- and EEA1-positive endosomes were noted in cells

treated with OGT siRNA. Hyaluronidase, another stimulator

of HAS3 endocytosis, also increased EGFP-HAS3 colocal-

ization with EEA1 in large endosomes (Fig. 5a), and

accumulation of photoconverted Dendra2-HAS3 near

plasma membrane (Suppl. Figure 4). The abundance of

HAS3 in early endosomes thus closely correlates with the

rate ofHAS3 endocytosis and the EEA-positive vesicles thus

receive HAS3 not retained in plasma membrane.

Regulation of HAS3 recycling by UDP-sugars

The short half-life of HAS3 in plasma membrane (min), as

compared to total degradation (h) suggested that after

endocytosis not all of the HAS3 in early endosomes is

routed to lysosomes, but could be recycled back to plasma

membrane. To demonstrate this, we used COS1 cells, since

this cell line, unlike MV3, tolerates the rapid changes in

temperature needed in this assay. We labeled the extra-

cellular domains of EGFP-HAS3 with a dithiothreitol

(DTT)-cleavable biotin, and detected the label in

immunoprecipitated EGFP-HAS3. Immediately after

labeling, all biotin on EGFP-HAS3 was susceptible to

cleavage by extracellular DTT (Fig. 5b). During a 30 min

chase, a large part of the labeled EGFP-HAS3 was endo-

cytosed, and became resistant to DTT (see the left lanes

marked with ‘‘Cntrl’’ in Fig. 5b). Following another

30–60 min chase, and a second DTT treatment, more

EGFP-HAS3 had disappeared, indicating that it had

returned to plasma membrane and be cleaved. When cul-

tures subjected to the above protocols were treated with

4MU or mannose, a larger part remained uncleaved, indi-

cating that less of it had returned to plasma membrane. In

contrast, cultures treated with glucosamine or ThiametG

showed less biotinylated EGFP-HAS3 after the treatments,

indicating that more of the biotinylated EGFP-HAS3 had

returned to plasma membrane, and got cleaved with DTT.

As shown above, there is a continuous flux of HAS3-

positive vesicles fusing into plasma membrane, and a

simultaneous flux of HAS3 that end up in early endosomes.

TIRF microscopy was applied to study the appearance and

disappearance of these EGFP-HAS3-positive vesicles in

MV3 cells in the cytoplasmic zone 100–200 nm under

plasma membrane. Images of the TIRF zone vesicles,

changing with time and location, are shown in Fig. 6. The

activity of this vesicular traffic was quantitated with 70 s

recordings of the vesicle numbers in the TIRF zone. The

amplitude of the changes in the vesicle numbers was

considered to reflect the recycling activity (Fig. 7a–d).

Depletion of the UDP-sugars by 4-MU, mannose, and the

siRNAs targeting their synthesis, reduced the rate of

recycling, as indicated by the HAS3 traffic under plasma

membrane (Fig. 7e). In contrast, a glucosamine-induced

surplus of UDP-GlcNAc increased the sub-membrane

HAS3 traffic. Increasing cellular O-GlcNAcylation by

ThiametG and its reduction by OGT siRNA, enhanced and

Fig. 6 UDP-sugar levels and O-GlcNAcylation regulate vesicular

traffic of HAS3 at plasma membrane. Illustration of the changes in the

numbers and locations of the EGFP-HAS3-positive vesicles in the

TIRF zone under the plasma membrane of MV3 cells. An enlarged

part of the cell is shown here for the clarity of vesicles in each of the

time points between 0–120 s. Scale bar 10 lm. The data shows

representative images from 3–5 independent experiments, with 7–10

images/group. There were on the average 60–80 vesicles per image at

the beginning of the recording, and the treatment groups did not differ

from each other in this respect. Abbreviations are as in Figs. 3 and 4
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blocked, respectively, the vesicular traffic of HAS3 under

plasma membrane (Fig. 7e). The findings suggest that a

high level of the UDP-sugar substrates and/or O-GlcNA-

cylation push HAS3 vesicles towards plasma membrane,

while UDP-sugar depletion suppresses this traffic to plasma

membrane.

UDP-sugars control HAS3 shedding

into extracellular vesicles

We have noted previously considerable amounts of HAS3 in

HA-coated extracellular vesicles (EVs) [34]. EVs are recently

recognized vehicles for intercellular communication sug-

gested to favor cancer development, for example. MV3

melanoma cells, induced to overexpress EGFP-HAS3, were

cultured in a 3D collagen matrix that allows retention and

imaging of the EVs in cell vicinity (Fig. 8a). Quantitation of

the EVs showed that decreasing UDP-GlcUA (Fig. 8b: 4MU

and UGi) or UDP-GlcNAc (Fig. 8b: Man, GFi and GNi)

significantly reduced the shedding of EGFP-HAS3-positive

EVs, while increased UDP-GlcNAc levels (Fig. 8b: GlcN)

enhanced their shedding. These data thus indicate that the flux

of HAS3 into EVs is directly correlated with the level of the

cytosolic UDP-sugars, the presence of HAS3 in plasma

Fig. 7 Dynamics of HAS3

vesicles under plasma

membrane in MV3 cells. a–
d The number of EGFP-HAS3

vesicles in the TIRF zone (see

Fig. 6) was counted at 0.5 s

intervals for 72 s. A linear

regression (trend) line was

calculated for the data points,

indicated in the graphs. Based

on the equation obtained from

the regression line, standard

deviation (SD) was calculated

for each data point (see

‘‘Materials and methods’’ for

detailed explanation). e The

mean values of the SDs were

considered to represent the rate

of HAS3 traffic under plasma

membrane (TIRF zone). The

means of the SDs thus obtained

were normalized to control or

control siRNA and shown as

fold change. Cntrl control, 4MU

4-methylumbelliferone, Man

mannose, GlcN glucosamine, Ci

control siRNA, GFi GFAT

siRNA, GNi GNPDA1 and 2

siRNAs, UGi UGDH siRNA,

OGTi OGT siRNA, Tg

ThiametG. The data represent

mean values (a-d) or

mean ± SEM (e) from 3–5

independent experiments, with

7–10 images/group.

***p\ 0.001, **p\ 0.01,

*p\ 0.05 (one way ANOVA,

Tukey’s test)
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membrane, and hyaluronan synthesis. Shedding of HAS3-

positive EVs was also significantly increased with elevated

O-GlcNAcylation (Fig. 8b: Tg), and decreased with reduced

O-GlcNAcylation (Fig. 8b: OGTi). Since HAS3 overexpres-

sion and hyaluronan synthesis result in mitotic spindle

misorientation, disturbed epithelial cell polarity [35],

enhanced shedding of EVs [34], and cancer progression [24],

we wanted to know whether the UDP-sugars, could also be

involved in cellular functions related to carcinogenesis.

UDP-sugars affect basic cellular functions

We checked whether UDP-GlcUA and UDP-GlcNAc

levels, and the consequent changes in hyaluronan synthesis

and O-GlcNAc signaling, affect some basic functions in

HAS3 expressing MV3 cells. With suppressed UDP-

GlcNAc synthesis (GFATi and GNPDA1 and 2i) the pro-

liferation of MV3-HAS3 cells was slightly increased, while

4MU, mannose and 1 mM glucosamine inhibited prolifer-

ation (Fig. 9a). Increased O-GlcNAcylation with ThiametG

showed a tendency to enhance cell proliferation, though

statistical significance for an effect was not reached

(Fig. 9a: Tg). However, decreased O-GlcNAcylation with

OGTi (Fig. 9a: OGi), and decreased UDP-GlcUA synthesis

with UGDHi (Fig. 9a: UGi) had no influence. Adhesion of

MV3-HAS3 cells to type I collagen was enhanced in cells

with decreased levels of UDP-GlcNAc or UDP-GlcUA,

and faster adhesion was also noted with suppressed

O-GlcNAcylation (OGT siRNA) (Fig. 9b: OGTi). Unex-

pectedly, faster adhesion was also found in cells with

glucosamine-induced increase of UDP-GlcNAc (Fig. 9b:

GlcN). In a scratch-wound assay 4MU and 1 mM glu-

cosamine strongly inhibited, while mannose stimulated

migration (Fig. 9c).

In summary, while interference with UDP-sugar meta-

bolism showed strong effects on many cellular functions,

these effects were apparently not associated just with

hyaluronan synthesis, but probably reflected also multiple,

divergent targets in cellular O-GlcNAc signaling and

energy metabolism, the sum effect of which was unpre-

dictable considering the many factors that eventually

determine proliferation, adhesion and migration.

Fig. 8 Shedding of HAS3-

positive extracellular vesicles is

controlled by UDP-sugar levels

and O-GlcNAcylation. a MV3-

EGFP-HAS3 cells, grown in a

type I collagen-based 3D matrix

were induced for 24 h with

0.25 lg/ml doxycycline to

express EGFP-HAS3.

Representative images of

cultures with different numbers

of the extracellular vesicles

(arrowheads) in the adjacent

matrix are shown, with the

hyaluronan receptor CD44 (red)

as a marker for plasma

membrane. Scale bar 20 lm.

b Extracellular vesicle counts

per cell, calculated from

compressed stacks of confocal

images. Abbreviations as in

Figs. 3, 4, 5 and 6. The data

represent mean ± SEM from

three independent experiments,

with 10–15 images/group;

***p\ 0.001, **p\ 0.01 (one

way ANOVA, Tukey’s test)
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Enzymes related to UDP-sugar metabolism

in human melanoma

As changes in UDP-sugar content influenced the above

mentioned cellular functions and since hyaluronan is con-

sidered a major player in different malignancies, we wanted

to know how UDP-sugar metabolism changes in cancer.

While little data are available on UDP-sugar content in any

cancer, information on the expression of enzymes involved

in UDP-sugar biosynthesis is available (OncomineTM

Research Edition; http://www.oncomine.org). For example,

mRNA levels of GFAT1 and UGDH are elevated in breast

cancer, while GNPDA1 and UGDH are decreased in kidney

cancer. Unfortunately there are no studies on the protein

levels of these enzymes in tumors, or data on possible

correlation between hyaluronan content and UDP-sugars.

For a pilot exploration of these issues we chose melanoma,

a tumor showing stage-dependent changes in hyaluronan

Fig. 9 Effect of UDP-sugar levels and O-GlcNAcylation of HAS3 on

basic cellular functions. a MV3-EGFP-HAS3 cells in 96-well plates

were induced with 0.05 lg/ml doxycycline for 24 h, treated with

chemicals and siRNAs (as explained in ‘‘Materials and methods’’),

and the cells were grown in the presence of chemicals in fresh media

or just in fresh media in case of siRNA treatment. The cell

proliferation was estimated 1–3 days later by fluorescence of DAPI

incorporated in the nuclei. b MV3-EGFP-HAS3 cells were induced

with 0.1 lg/ml doxycycline for 24 h, treated with chemicals and

siRNAs as mentioned above, trypsinized and allowed to adhere for

30 min to 96-well plates coated with type I collagen. After washing,

the number of cells attached was analyzed by MTT reactions as

described in ‘‘Materials and methods’’. c MV3-EGFP-HAS3 cells

were induced with 0.05 lg/ml doxycycline for 24 h, treated with

chemicals as mentioned above, and the cells were grown in the

presence of chemicals in fresh media. A scratch wound assay was

performed to measure cell migration. Cntrl control, 4MU 4-methy-

lumbelliferone, Man mannose, GlcN glucosamine, Ci control siRNA,

GFi GFAT siRNA, GNi GNPDA1 and 2 siRNAs, UGi UGDH

siRNA, OGTi OGT siRNA, Tg ThiametG. The data represent

mean ± SEM from 3–5 independent experiments; *p\ 0.05,

**p\ 0.01, ***p\ 0.001 (one way ANOVA, Tukey’s test)
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content, i.e. compared to benign nevus, hyaluronan content

first increases in in situ melanoma, and then decreases in

invasive melanomas [22, 39]. Since tissue samples were not

available for biochemical analysis of UDP-sugars, we used

cultured cell lines and paraffin blocks originally used for

diagnostic purposes, representing different stages of

melanomas. The relative mRNA levels of the two rate

limiting enzymes in UDP-sugar biosynthesis, i.e. GFAT1

and UGDH, declined from the normal primary melanocyte

(HEMa) through MV3 to C8161, reflecting increasing

aggressiveness (Fig. 10a) and correlating with declining

hyaluronan synthesis (Fig. 10b). The immunohistochemical

Fig. 10 Expression of GFAT1, UGDH and hyaluronan in human

melanocytic cells and tissue biopsies. a GFAT1 and UGDH mRNA

levels were quantitated by real-time Q-PCR in a primary melanocytic

cell line (HEMa) and two melanoma cell lines (MV3 and C8161) with

different metastatic capacity (mean ± SEM from three independent

experiments). b Hyaluronan content per cell in the growth medium of

the cell lines after 24 h incubation (mean ± SEM from three

independent experiments). Examples of c GFAT1 and d hyaluronan

(HA) reactivity (brown) with hematoxylin (blue) counterstaining for

nuclei, in human skin tissue sections expected to represent different

stages of melanoma progression. Tumor area is marked with dash

lines in in situ melanoma and in\1 mm melanoma. Asterisk points to

melanin in dysplastic nevus. e, f Scoring of GFAT1 and hyaluronan

staining intensities in the same stages as above. Individual patient

samples are indicated as circles, means and SEM as horizontal and

vertical bars. The data represent mean ± SEM from 7–9 patient-

s/group. ***p\ 0.001, **p\ 0.01 (one way ANOVA, Tukey’s test).

Scale bar 50 lm
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staining intensity of GFAT1 was significantly increased in

dysplastic nevi and in situ melanoma, when compared to

benign nevi, while its expression gradually declined in

invasive melanomas (\1 and[4 mm invasion) (Fig. 10c,

e). This GFAT1 staining pattern in different melanoma

stages corresponded to that of hyaluronan (Fig. 10d, f) [39],

suggesting that UDP-sugar metabolism closely follows the

synthesis of hyaluronan, and perhaps initiates and supports

the progression of melanoma in its different stages.

Discussion

The synthesis of hyaluronan, as other bulky cell surface

polysaccharides like chitin and cellulose, takes place in

plasma membrane in order to deliver the product directly

into extracellular space [47]. This implies that the enzymes

responsible must be transported from Golgi to plasma

membrane for activation. The transport of the enzymes is

therefore an integral part of the polysaccharide synthesis,

but has received little attention. The present study shows

for the first time that the vesicular traffic of the HAS3

enzyme is subject to strict regulation by the cytoplasmic

availability of UDP-GlcNAc and UDP-GlcUA, the pre-

cursors of hyaluronan, and substrates of the HAS3 enzyme.

Roles of UDP-sugars on hyaluronan synthesis

and other cell functions

The influence of the UDP-sugars on HAS3 transport, and

hyaluronan synthesis as a consequence, means that

hyaluronan synthesis is subject to regulation by the meta-

bolic state of the cell, since glucose has a strong impact on the

concentration of UDP-sugars [33]. However, the cytoplas-

mic level of UDP-GlcNAc is not only important for

hyaluronan synthesis, but acts as a general indicator of glu-

cose supply, and metabolic status of the cell [5]. It controls a

number of vital functions through O-GlcNAcylation of

cytoplasmic, nuclear [11], and even mitochondrial proteins

[2, 11]. The important role of the UDP-sugars in the cellular

phenotype was demonstrated here by the diversity of their

effects in proliferation, adhesion and migration, many of

which are known to be dependent on hyaluronan [1, 8, 26,

45]. Therefore, two cellular functions, hyaluronan synthesis

and the O-GlcNAc signaling, are particularly sensitive to

changes in the cellular content ofUDP-GlcNAc. It is actually

surprising how little is known about UDP-GlcNAc associa-

tions with various phenotypic features of cells.

Comparison of UDP-GlcUA and UDP-GlcNAc

effects on HAS3 traffic

The present study shows that the trafficking of HAS3

depended on both UDP-GlcNAc and UDP-GlcUA,

probably present in limiting concentrations for full activity

of HAS3. Previous studies have suggested that their cel-

lular concentrations roughly match the Km values of HAS3

for these substrates [16]. However, while UDP-GlcUA

affected the plasma membrane presence of HAS3, i.e. its

endocytosis and recycling, unlike UDP-GlcNAc it did not

influence the lysosomal decay of HAS3 (Fig. 11). It is

therefore concluded that UDP-GlcNAc had additional

functions in HAS3 trafficking besides a substrate of HAS3.

These functions were obviously mediated by stimulation of

O-GlcNAcylation, since increasing O-GlcNAcylation with

ThiametG reproduced the effect of high UDP-GlcNAc

supply (see Fig. 2d, m).

Traffic of HAS3 from Golgi to plasma membrane

The effects of UDP-sugars on the forward traffic from

Golgi to plasma membrane were difficult to interpret. The

relative content of HAS3 was very high in the Golgi,

suggesting that it served as a maturation and/or storage site

for the enzyme. Perhaps therefore the proportional disap-

pearance rate of HAS3 from Golgi area was slow, as

compared for instance to the traffic at cell surface. The

residence time of HAS3 in the Golgi area is probably

controlled by several different and contradictory processes

as suggested by the findings that the depletion of HAS3

from Golgi area was enhanced by most treatments—whe-

ther UDP-sugars and O-GlcNAcylation were increased or

decreased. It became also clear that assays of the slow

arrival of Golgi-labeled HAS3 in cell surface, which was

reduced by almost all treatments, was muddled by the rapid

kinetics of HAS3 vesicular traffic at plasma membrane.

These data actually favor the idea that HAS3 did not travel

directly from Golgi to plasma membrane, but that there

was an intermediate, probably endosomal compartment in

the traffic of HAS3 between Golgi and plasma membrane.

A similar indirect route to plasma membrane has been

shown for other cargos like interleukin 6 (IL6) and tumor

necrosis factor a (TNFa) [25, 27].

Endocytosis and plasma membrane recycling

of HAS3

The present findings indicated that a large proportion of

HAS3 arriving at plasma membrane is rapidly endocytosed

back into cytoplasm and localized in early endosomes. An

important result was that UDP-GlcNAc surplus stimulated

the rate of HAS3 vesicular traffic adjacent to plasma

membrane, with a net effect of reduced endocytosis rate. In

contrast, depletion of UDP-GlcNAc and UDP-GlcUA

reduced the cortical traffic of vesicles containing HAS3,

resulting in decreased plasma membrane half-life of HAS3

and its accumulation in the enlarged early endosomes
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(Fig. 11). Details of the HAS3 uptake need to be further

explored, but we have previously shown that Rab10 is a

component of the HAS3 endocytosis machinery [8].

Another important result was that once endocytosed,

HAS3 could be recycled back to plasma membrane. This

was shown by the return to plasma membrane of endocy-

tosed HAS3 that was originally biotinylated on cell surface.

The strong influence of UDP-sugars was also demonstrated

in the recycling experiment. A larger proportion of recy-

cled HAS3 was on the surface of cells with a surplus of

UDP-GlcNAc, while less of the recycled HAS3 was pre-

sent in plasma membrane following depletion of either

UDP-GlcUA or UDP-GlcNAc. It can be concluded that

recycling increases the constant feed of new HAS3 to

plasma membrane.

Recycling of HAS3 and stochastic initiation

of hyaluronan chains

The rapid traffic of HAS3 at plasma membrane appears

incompatible with the data available on the time required

for the production of an intact hyaluronan chain, which has

a molecular mass above 2 9 106 Da, with [10,000

monosaccharide units [4, 36]. However, it is likely that the

Fig. 11 Illustration of HAS3 traffic regulated by UDP-sugar levels

and O-GlcNAcylation of HAS3. a HAS3 present in plasma membrane

synthesizes hyaluronan (pink chain) into extracellular space. When

there is a shortage of UDP-sugars as substrates, or hyaluronan is

degraded, endocytosis of HAS3 is enhanced. On the other hand,

surplus of UDP-sugar supply increases the residence of HAS3 in

plasma membrane. Increased and decreased O-GlcNAcylation of

HAS3 due to excess UDP-GlcNAc supply also respectively inhibits

and accelerates the endocytosis of HAS3 from plasma membrane.

With increased endocytosis of HAS3 due to shortage of supply of

UDP-sugars and reduced O-GlcNAcylation, HAS3 is accumulated in

early endosomes. b The internalized HAS3 is actively recycled back

to plasma membrane when there is an increased supply of UDP-

sugars and enhanced O-GlcNAcylation of HAS3. In contrast, there is

relatively less recycling of HAS3 if the level of UDP-sugars and

O-GlcNAcylation of HAS3 is reduced. c Abundant cellular levels of

UDP-GlcNAc and increased O-GlcNAcylation increase the half-life

of HAS3 by inhibiting its lysosomal degradation. d Shedding of

HAS3-containing extracellular vesicles is triggered by abundant

UDP-sugar levels and increased O-GlcNAcylation of HAS3. On the

other hand, reduced UDP-sugar levels and O-GlcNAcylation of HAS3

curtails that. SV secretory vesicles, EE early endosomes, RE recycling

endosomes, LE late endosomes, HAS3-EV HAS3-derived extracellu-

lar vesicles
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average half-life measured here mainly reflects the

majority of HAS3 that rapidly recycles at plasma mem-

brane, and tends to overwhelm those HAS3 molecules

involved in hyaluronan synthesis.

HAS3 is a processive enzyme tightly attached to the

growing polymer [15, 57]. A hyaluronan chain protruding

into the extracellular space may initially reduce the likeli-

hood of HAS3 endocytosis, and later chain growth

completely prevents it. The idea that attached hyaluronan

retains HAS3 in plasma membrane was supported by the fact

that cleavage of the hyaluronan by hyaluronidase increased

the average rate of HAS3 endocytosis, and increased HAS3

localization in early endosomes. The effects of the UDP-

sugars on HAS3 endocytosis can thus be understood by

assuming that the concentration of these substrates determi-

nes the probability of hyaluronan chain initiation during the

normally short visit of HAS3 in plasma membrane.

While hyaluronan chain keeps HAS3 in plasma mem-

brane, the present findings suggest that the chain does not

need to be anchored to CD44 for the retention of the

HAS3-hyaluronan complex in plasma membrane, since

HAS3 endocytosis was not affected by CD44 knockdown.

Termination of hyaluronan chain synthesis

and HAS3 shedding in extracellular vesicles

The mechanism of hyaluronan chain termination is not

known. Our present and previous work has shown that

sometimes hyaluronan synthesis is not actually terminated at

all in the sense that it would be detached fromHAS3. Instead,

both HAS3 and the attached hyaluronan are shed together on

extracellular vesicles [34]. The present study indicated that

UDP-sugar contents and O-GlcNAcylation also controlled

the shedding of these HAS3-positive and hyaluronan-coated

vesicles (Fig. 11), the shedding rate being directly correlated

with the abundance of HAS3 in plasma membrane, and

hyaluronan synthesis. The proportion of HAS3 endocytosed

versus that is shed in extracellular vesicles is difficult to

quantitate. However, the overall HAS3 disappearance rate in

cells was slower with high UDP-GlcNAc content and

O-GlcNAcylation, speaking against a significant extracellu-

lar loss in these conditions that enhanced vesicular shedding.

Since the release of extracellular vesicles and their cargos are

often associated with tumor progression and metastasis in

several cancers [3, 32, 59], regulation of HAS3 shedding in

extracellular vesicles by cytosolic UDP-sugar levels can be

speculated to have an impact on cancer progression.

O-GlcNAcylation

O-GlcNAcylation or O-GlcNAc signaling was tightly

involved in all aspects of the transport of HAS3, including

its rate of subcortical trafficking, shedding in extracellular

vesicles, endocytosis, and lysosomal degradation. In all

these aspects, increased O-GlcNAcylation reproduced the

effects of UDP-GlcNAc surplus (Fig. 11). Indeed, it is

difficult to make a distinction between the roles of UDP-

GlcNAc as a substrate of HAS3, and as a stimulator of

O-GlcNAc signaling, but the current experiments favor the

importance of O-GlcNAcylation. O-GlcNAcylation was

recently found also in HAS2, another member of the

hyaluronan synthase family [54]. The modification was

associated with increased overall half-life of the enzyme,

and we are currently exploring the trafficking of HAS2 in

more detail. It has been found that O-GlcNAcylation of

cargo proteins influences their recruitment to transport

vesicles [7, 10, 60]. This could be the case also with HAS3.

UDP-sugars and hyaluronan in cancer

While the synthesis and metabolism of hyaluronan are

known to have a major impact on different aspects of many

malignancies [13, 17, 38, 42, 43, 58], there is still little

understanding on the molecular machineries leading to the

changes in tumor hyaluronan synthesis. We raised the

hypothesis thatUDP-sugarmetabolism is associatedwith the

changes in tumor hyaluronan content and took skin mela-

noma as an example to test the hypothesis, since hyaluronan

level correlates with the stage (grade) of the tumor: elevated

levels are found in the early phase (in situ melanoma), fol-

lowed by a clear reduction of hyaluronan in the more

invasive stages of the malignancy [22, 39]. The hypothesis

was supported in the present study by the immunohisto-

chemical analysis of GFAT1, the rate-limiting enzyme in the

biosynthesis of UDP-GlcNAc, as its staining intensity cor-

related with that of hyaluronan. The levels of GFAT1 and

UGDH mRNA from cell lines representing different stages

in melanoma development were also correlated with

hyaluronan synthesis.

In summary, the present study describes novel regula-

tory mechanisms governed by UDP-sugars in hyaluronan

synthesis, i.e. the intracellular trafficking and extracellular

shedding of HAS3. The control mechanisms reveal the

significance of these glucose metabolites in hyaluronan

synthesis, which is particularly important in the interac-

tions of malignant cells with their microenvironment, and

hence the progression of tumors, like melanoma.
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