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Most human genes undergo alternative splicing, but aberrant
splice forms are hallmarks of many cancers, usually resulting
from mutations initiating abnormal exon skipping, intron
retention, or the introduction of a new splice sites. We have
identified a family of aberrant splice variants ofHAS1 (the hya-
luronan synthase 1 gene) in some B lineage cancers, character-
ized by exon skipping and/or partial intron retention events that
occur either together or independently in different variants,
apparently due to accumulationof inherited andacquiredmuta-
tions. Cellular, biochemical, and oncogenic properties of full-
length HAS1 (HAS1-FL) and HAS1 splice variants Va, Vb, and
Vc (HAS1-Vs) are compared and characterized. When co-ex-
pressed, the properties of HAS1-Vs are dominant over those of
HAS1-FL.HAS1-FL appears to be diffusely expressed in the cell,
but HAS1-Vs are concentrated in the cytoplasm and/or Golgi
apparatus. HAS1-Vs synthesize detectable de novoHA intracel-
lularly. Each of the HAS1-Vs is able to relocalize HAS1-FL pro-
tein from diffuse cytoskeleton-anchored locations to deeper
cytoplasmic spaces. This HAS1-Vs-mediated relocalization
occurs through strong molecular interactions, which also serve
toprotectHAS1-FL from its otherwisehigh turnover kinetics. In
co-transfected cells,HAS1-FLandHAS1-Vs interactwith them-
selves and with each other to form heteromeric multiprotein
assemblies. HAS1-Vc was found to be transforming in vitro and
tumorigenic in vivo when introduced as a single oncogene to
untransformed cells. The altered distribution and half-life of
HAS1-FL, coupled with the characteristics of the HAS1-Vs sug-
gest possible mechanisms whereby the aberrant splicing
observed in human cancer may contribute to oncogenesis and
disease progression.

About 70–80% of human genes undergo alternative splicing,
contributing to proteomic diversity and regulatory complexi-
ties in normal development (1). About 10% of mutations listed

so far in the Human Gene Mutation Database (HGMD) of
“gene lesions responsible for human inherited disease” were
found to be located within splice sites. Furthermore, it is
becoming increasingly apparent that aberrant splice variants,
generated mostly due to splicing defects, play a key role in can-
cer. Germ line or acquired genomic changes (mutations)
in/around splicing elements (2–4) promote aberrant splicing
and aberrant protein isoforms.
Hyaluronan (HA)3 is synthesized by three different plasma

membrane-bound hyaluronan synthases (1, 2, and 3). HAS1
undergoes alternative and aberrant intronic splicing inmultiple
myeloma, producing truncated variants termed Va, Vb, and Vc
(5, 6), which predicted for poor survival in a cohort of multiple
myeloma patients (5). Our work suggests that this aberrant
splicing arises due to inherited predispositions and acquired
mutations in the HAS1 gene (7). Cancer-related, defective
mRNA splicing caused by polymorphisms and/or mutations in
splicing elements often results in inactivation of tumor sup-
pressor activity (e.g. HRPT2 (8, 9), PTEN (10), MLHI (11–14),
and ATR (15)) or generation of dominant negative inhibitors
(e.g. CHEK2 (16) and VWOX (17)). In breast cancer, aberrantly
spliced forms of progesterone and estrogen receptors are found
(reviewed in Ref. 3). Intronic mutations inactivate p53 through
aberrant splicing and intron retention (18). Somatic mutations
with the potential to alter splicing are frequent in some cancers
(19–25). Single nucleotide polymorphisms in the cyclin D1
proto-oncogene predispose to aberrant splicing and the cyclin
D1b intronic splice variant (26–29). Cyclin D1b confers
anchorage independence, is tumorogenic in vivo, and is detect-
able in human tumors (30), but as yet no clinical studies have
confirmed an impact on outcome. On the other hand, aberrant
splicing of HAS1 shows an association between aberrant splice
variants and malignancy, suggesting that such variants may be
potential therapeutic targets and diagnostic indicators (19,
31–33). Increased HA expression has been associated with
malignant progression of multiple tumor types, including
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breast, prostate, colon, glioma, mesothelioma, and multiple
myeloma (34). The three mammalian HA synthase (HAS)
isoenzymes synthesize HA and are integral transmembrane
proteins with a probable porelike structural assembly (35–39).
Although in humans, the three HAS genes are located on dif-
ferent chromosomes (hCh19, hCh8, and hCh16, respectively)
(40), they share a high degree of sequence homology (41, 42).
HAS isoenzymes synthesize a different size range of HA mole-
cules, which exhibit different functions (43, 44). HASs contrib-
ute to a variety of cancers (45–55). Overexpression of HASs
promotes growth and/or metastatic development in fibrosar-
coma, prostate, and mammary carcinoma, and the removal of
the HA matrix from a migratory cell membrane inhibits cell
movement (45, 53). HAS2 confers anchorage independence
(56). Our work has shown aberrant HAS1 splicing in multiple
myeloma (5) andWaldenstrom’smacroglobulinemia (6).HAS1
is overexpressed in colon (57), ovarian (58), endometrial (59),
mesothelioma (60), and bladder cancers (61). A HAS1 splice
variant is detected in bladder cancer (61).
Here, we characterize molecular and biochemical character-

istics of HAS1 variants (HAS1-Vs) (5), generated by aberrant
splicing. Using transient transfectants and tagged HAS1 family
constructs, we show that HAS1-Vs differ in cellular localiza-
tion, de novo HA localization, and turnover kinetics, as com-
pared with HAS1-FL, and dominantly influence HAS1-FL
when co-expressed. HAS1-Vs proteins form intra- and inter-
molecular associations among themselves and with HAS1-FL,
including covalent interactions and multimer formation.
HAS1-Vc supports vigorous cellular transformation of
NIH3T3 cells in vitro, and HAS1-Vc-transformed NIH3T3
cells are tumorogenic in vivo.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—HeLa, HEK293, and KMS-12BM
(multiple myeloma line) cells were originally obtained from the
American Type Culture Collection (Manassas, VA). The cells
were grown at 37 °C in 5% CO2 in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, strepto-
mycin, and penicillin. Monoclonal antibodies against hemag-
glutinin epitopes, anti-mouse horseradish peroxidase, anti-rab-
bit horseradish peroxidase, and protein A-Sepharose were
obtained from Sigma; protease inhibitor mixture was from
Roche Applied Science; and transfection reagent Lipo-
fectamine 2000, TRIzol reagent, reverse transcriptase III, and
HiFi Taq were from Invitrogen. The GFP-fused murine Has3
(GFP-mHAS3) construct was a gift from Prof. Markku Tammi
(Kuopio University, Finland).
Plasmid Construction—pCDNA3 were engineered to

express different 10-amino acid epitope tags at the BamHI and
EcoRI sites by ligation of annealed oligonucleotides, and
cDNAs were inserted at the EcoRI site to express N-terminally
tagged proteins. The 10 amino acid tags were hemagglutinin
epitope (HE) and A2 (monoclonal antibody against A2 was a
kind gift of Prof. Greg Matlashewski, McGill University, Que-
bec, Canada) (62). To clone HAS1-FL and HAS1-Vs, first-
strand cDNAs were synthesized from KMS-12BM cells using
Superscript-III from Invitrogen following the manufacturer’s
protocol withminormodifications as follows. 4�g of total RNA

were used for the reverse transcription reaction (20 �l) where
oligo(dT)25, 10%DMSO, and 1 unit of Pfu (Fermentas, Burling-
ton, Canada) were used. All RNA preparations were made
DNA-free before subsequent experiments. PCRs were per-
formed with 6% DMSO with HiFi Taq, where primers were
made for two-step PCR cycles (94 and 68 °C annealing/exten-
sion) spanning the respective genes’ start to stop codons. All of
the tagged cDNAs were also subcloned in the HindIII and NotI
site of pCEP4-puro, a vector derived from pCEP4 (Invitrogen),
where the hygromycin resistance gene was replaced with a
puromycin resistance gene. All plasmids were prepared with
Qiagen (Mississauga, Canada) Maxiprep columns.
Enzyme Capture Assay of Active HAS1 and Its Variants—

This procedure was designed and standardized based on a pro-
cedure described in Ref. 63. 2� 106HeLa cells were transfected
for 40 h and incubated with fresh medium 2 h prior to harvest-
ing cells and lysis in 1.2ml of lysis buffer (25mMHEPES, pH7.4,
150 mM NaCl, 5 mM MgCl2, 0.5% Nonidet P-40, and protease
inhibitor mixture) on the plate. Lysis was performed at room
temperature for 30 min with mild vortexing every 5 min and
microcentrifugation at 8,000 rpm for 8 min, and supernatants
were collected and incubated with 0.6 �g/ml biotinylated HA-
binding protein (bHABP; Seikagaku America, Cape Cod, MA)
for 1 h at room temperature on a tube rotor. Each sample was
divided into two equal parts, and the enzyme-elongating HA-
bHABP complex was precipitated with streptavidin-Sepharose
beads (GEHealthcare) at room temperature for 1 h andwashed
twice (3 min each) with lysis buffer, followed by two washes
with phosphate-buffered saline (PBS). Samples were incubated
either with 100 �l of hyaluronidase (HAase; type 4 from bovine
testes; Sigma) (500 units/ml PBS) or with 100 �l of PBS for 1 h
or overnight at 37 °C followed by three washes with PBS. The
protein was extracted with 4� SDS-PAGE sample buffers,
heated for 10 min at 85 °C, and immunoblotted with tag-spe-
cific antibody to detect proteins associatedwith elongatingHA.
Immunofluorescence Microscopy—For immunofluorescence

experiments, cells (105 in 1 ml of medium in 12-well plate)
grown on coverglasses were transfected for 40 h, ringed with
PBS twice, and fixed in 3.7% formalin in medium (without any
supplements) for 20 min at room temperature. Cells were
rinsed two times, for 5 min each, with PBS with 2% glycine
(w/v). The cells were then permeabilized with PBS supple-
mented with 0.1% Triton X-100, blocked for 1–2 h at room
temperature with 10% milk in PBS supplemented with 0.1%
TritonX-100. Cells were incubated overnight with anti-epitope
monoclonal antibody in blocking solution at 4 °C with gentle
rocking. Following three washes with PBS supplemented
with 0.1% Triton X-100, cells were incubated with secondary
antibody and/or phalloidin conjugated to Alexa Fluor Dyes
(Molecular Probes, Inc., Eugene, OR) in blocking solution
for 1–2 h at room temperature. After staining with 4�,6-
diamidino-2-phenylindole (0.5 �g/ml) in PBS supplemented
with 0.1% Triton X-100 and three washes, coverglasses were
mounted with PermaFluor aqueous mountant (Thermo Sci-
entific via Fisher). The slides were viewed with a Zeiss 100M
laser-scanning microscope.
For HA staining, HeLa cells were grown on collagen-coated

(10 �g/cm2) 8-well chamber slides (Nalge Nunc). Cells trans-
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fected for 40 h were chilled on ice and stained for membrane
with FM-4–64FX dye (Molecular Probes) according to the
supplier’s protocol followed by fixing with 3.7% formaldehyde
in HBSS for 15 min on ice. Cells were treated without or with
HAase (100 units/mlHBSS at 37 °C for 30min) following exten-
sive washes with HBSS before or after permeabilization with
PBS supplemented with 1% BSA � 0.1% Triton X-100. Cells
were blocked with 3% BSA in PBS and incubated with bHABP
(4�g/ml) and anti-tag antibodies in PBS supplementedwith 1%
BSA� 0.1%Triton X-100 overnight at 4 °C. Avidin-Alexa-633-
and Alexa-594-conjugated secondary antibodies were incu-
bated in PBS supplemented with 1% BSA � 0.1% Triton X-100
for 1–2 h at room temperature.
Relative Measurement of HA via a Competitive Enzyme-

linked Immunosorbent Assay-like Method—2 � 106 HEK293
cells were transfected with pCEP4-puro constructs for 40 h,
followed by incubation in 1 ml of serum-free medium for 6 h.
Supernatants and cells (in 2 ml of fresh medium, manually
lifted) were harvested and divided equally into two parts. Cells
were incubated with or without HAase (1000 units/ml) in
serum-freemedium for 1 h at 37 °Cwith inverting tubes every 5
min, followed by washing three times with fresh medium and
resuspension in 1 ml of PBS. Similarly, supernatants were
treated. All of the samples were digested with protease K (final
50 �g/ml) (Invitrogen) at 60 °C for 2 h with mixing every 15
min. Cold (�20 °C) absolute ethanol was added into digested
product to a final concentration of 77% ethanol, mixed vigor-
ously, and incubated at �30 °C overnight following centrifuga-
tion at 14,000 rpm for 30min at 4 °C. The precipitate was again
washed in �20 °C absolute ethanol in a centrifuge for 15 min,
air-dried and digested with DNase and RNase at 37 °C over-
night in PBS. HA was precipitated again and dissolved in 100
and 50 �l of PBS for cell and supernatant compartments,
respectively, making the final concentration 10 times the orig-
inal volume of harvested materials. Control HA (10 �g/ml in
PBS) was precipitated twice similarly. 5 �l of each extracted
sample were assayed per well (total 35 �l in 6% BSA plus an
equal volume of bHABP). The enzyme-linked immunosorbent
assay-like method followed exactly a procedure described pre-
viously (64) with two changes; we used 0.5 �g/ml bHABP for
preincubation and a 1:5000 dilution of avidin-horseradish per-
oxidase (Sigma). Relative abundance of HA in 10� samples was
expressed as the percentage of saturating 10 �g/ml HA as fol-
lows, ({(APBS � Asample)/(APBS � A10 �g/ml HA)} � 100). Assays
were performed in triplicate.
Western Blot (WB) and Immunoprecipitation Analysis—The

transferred nitrocellulose membranes were blocked for 1–2 h
in 10% milk in PBS plus 0.1% Tween 20 (PBS-T), treated with
primary antibody overnight at 4 °C in the blocking solution,
washed three times with PBS-T, and finally incubated with
horseradish peroxidase-conjugated secondary antibodies. The
image was developed using a luminol-based chemilumines-
cence reaction. For immunoprecipitations, cells (HeLa, 106
cells, 40 h post-transfection)werewashed twicewith cold (4 °C)
PBS and lysed in 1 ml of RIPA buffer (25 mM Tris (pH 7.5), 150
mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, and
protease inhibitor mixture) on ice for 15–20 min. Cell debris
was discarded after centrifugation at 16,000 � g for 10 min.

Cleared lysate was incubated at 4 °C for 2 h to overnight with
antibody, followed by protein A-Sepharose (GE Life Sciences)
for 1 h. Immunoprecipitates were washed four times with cold
RIPA buffer and subjected to PAGE followed by Western blot
analysis.
Multimers and Intermolecular Bond Formation Assay—To

detect multimer formation, HeLa cells (�106 cells) were trans-
fected with the indicated plasmids, divided into three aliquots
at 18 h post-transfection, and allowed to grow for a further 12 h,
followed by treatment with protein cross-linker disuccinimidyl
suberate (DSS; Thermo Scientific via Fisher) according to the
manufacturer’s instructions. In brief, cells from two aliquots
were lifted with PBS-EDTA, washed twice with PBS, and
treated with or without 10 mM methyl-�-cyclodextrin (Sigma)
inmedium (without fetal bovine serum) at 37 °C for 1 h, washed
three times with PBS, and subjected to the cross-linking reac-
tion using�0.33� 106 cells in 50�l, with final concentration of
5mMDSS (from freshlymade 100mM stock in DMSO) at room
temperature for 30 min. The reaction was quenched by the
addition of amino groups to the concentration of 50 mM Tris.
For another aliquot, cells were first lysed in RIPA buffer (0.33�
106 cells in 100 �l), and then cleared lysates were subjected to a
cross-linking reaction as above. After quenching reactions, the
cells or the lysate were mixed with 4� SDS loading dye (0.25 M

Tris, pH 6.8, 6% SDS, 20% glycerol, 10% �-mercaptoethanol)
following WB analysis. For detecting intermolecular bond
(disulfide bond) formation, transfected HeLa cells were har-
vested directly from plates using extraction buffer (50 mM Tris,
pH 7.5, 137.5 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 10%
glycerol, protease inhibitor mixture) on ice, pipetting up and
downmany times, using 300�l for 1� 106 seeded cells followed
by clearing with centrifugation at 2000 rpm for 10 min at 4 °C.
The extracts were thenmixed and boiled in 4� SDS loading dye
with or without 10% �-mercaptoethanol, followed by native
PAGE and WB analysis.
Subcellular Fractionation—For subcellular fractionation, the

Qproteome Cell Compartment kit (Qiagen) according to the
supplier’s instructions, using a protocol scaled down to 106
transfected HeLa cells at 40 h post-transfection. The extracted
proteins were acetone-precipitated according to the supplier’s
instructions, followed by WB analysis.
Anchorage-independent Transformation and in Vivo Tumor-

igenicity Assay—NIH3T3 cells were transfected with the indi-
cated plasmids and selected with 2 mg/ml Geneticin (Invitro-
gen) for 3 weeks to generate selected colonies. Pools of selected
colonies weremaintained in the selectionmedium, periodically
tested for the expression of the transfected gene products by
reverse transcription-PCR, and evaluated in an in vitro soft agar
transformation assay and an in vivo tumorigenicity assay in
NOD-SCID mice. Early (3 weeks) and late passage (10 weeks)
NIH3T3 transfectants were used to determine cellular growth
in semisolid medium. 3% low melting agarose (Invitrogen) was
autoclaved in water and kept at 40 °C in a water bath. Medium
was preheated in the same bath. In a 6-well plate, 1.5 ml/well
agarose/medium mixture (0.6% agarose final) was layered and
left to solidify at room temperature for 40 min, followed by a
layer of 2 ml/well cell/medium/agarose mixture (total of 105
cells in 0.3% agarose inmedium) and kept at room temperature
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for 1 h. The semisolid medium was overlaid with 1.5 ml of
selectionmedium and incubated at 37 °C for 3 weeks, changing
overlaying medium every 4 days. Images of soft agar colonies
were captured on day 22. For the tumorigenicity assay, female
NOD-SCID (5–6 weeks old) mice (Charles River Laboratories,
St. Constant, Canada) were subcutaneously injectedwith stable
NIH3T3 transfectants at 1� 106 cells/animal in a 50-�l volume
in their right flanks. Tumor volume was measured by Vivarium
staff.

RESULTS

Expression of Full-length HAS1 and Its Variants—Human
HAS1-FL and HAS1-Vs cDNAs were cloned from KMS-12BM
(amultiple myeloma cell line) (Fig. 1), PCR-amplified, and sub-
cloned into the mammalian expression vector pCDNA3,
already engineered to express different small (10-amino acid)
fusion tags at the N terminus of the expressed protein for dif-
ferential detection and capture experiments using highly spe-
cificmonoclonal antibodies. Fig. 2A shows a representativeWB
analysis of transfectants expressing HAS1-FL or each of the
HAS1-Vs in HeLa cells. As seen in Fig. 2A, HAS1-Vb transfec-
tants produce two protein bands, because the 59-base intronic
sequence of HAS1-Vb (Fig. 1) was spliced out in almost half of
the transcripts, confirmed by reverse transcription-PCR and
subsequent sequencing (data not shown). This 59-base
sequence of the retained partial intron resides between a strong
pair of splice donor/acceptor sites (3� of exon-3 and 5� of exon-
5). To obtain HAS1-Vb protein with the expected size (about
�38 kDa), we replaced the last nucleotide of the 59-base intron
(cag3 caa, code Gln) to maintain the in frame coding for Gln
while inhibiting the unwanted splicing. As expected, this silent
point mutation prevented loss of the 59-base partial intron
encoded in HAS1-Vb cDNA and produced a single HAS1-Vb

protein of the expected size (Fig. 2A). This mutated construct
was used for transfection of HAS1-Vb in all subsequent
experiments.
DifferentHASs differ in enzyme stability, kinetics, and length

of HA produced (43). Thus, it is important to evaluate enzy-
matic activity of the HAS1-Vs and HAS1-FL cDNA constructs
used. To examine this, HeLa cells were transfected with the
indicated plasmids, and an enzyme capture assay was designed
to determine enzymatically active HAS1s bound to elongating
HA (Fig. 2B); an active HAS1 is expected to be bound to its
polymerizing end of HA and thus can be captured with bHAPB
(63), pulled down with streptavidin beads, and, as a control,
treated with PBS or with HAase to remove bound enzyme from
the bead complex. As demonstrated in Fig. 2B, HAS1-FL and
HAS1-Vs were precipitated in association with elongating
HA. Treatment with hyaluronidase prevented the precipita-
tion of HAS1-FL and HAS1-Vs, indicating that the active
enzymes continue to be bound on the elongating end of syn-
thesizing HA. This demonstrates that all of the cDNA con-
structs (HAS1-FL and HAS1-Vs) synthesize de novo HA
when expressed.
The Localizations of HAS1-Vs Differ from That of HAS1-FL—

HASs are integral membrane proteins with an active site
located on the cytoplasmic face and a predicted porelike struc-
ture for HA extrusion through the plasma membrane (65).
HAS1-Vs retain only two transmembrane domains (TMDs) in
comparison with HAS1-FLs, which contain seven TMDs (Fig.
1), and there is no signal sequence yet identified in the N-ter-
minal part of HAS1-FL/Vs (see the GeneCards and UniProtKB
sites on the World Wide Web). Using transfectants, we identi-
fied differential localization patterns for HAS1-FL and
HAS1-Vs and compared them with that of mHAS3. HeLa cells

E1 E2 E3 E4 E5

i 3-4 i 4-5

FL

Va

Vb

Vc

gDNA

59 bp

cDNA

FIGURE 1. HAS1-FL and HAS1-Vs constructs. This drawing illustrates the
cDNA constructs of HAS1-FL and all the variants (HAS1-Va, HAS1-Vb, and
HAS1-Vc) with genomic sequence (gDNA) (top bar) (5). E1–E5 are exons, and
i3-4 and i4-5 are the introns joining E3 to E4 and E4 to E5, respectively. Thick
black bars under E2 and E5 show positions coding transmembrane domains
(not scaled). Filled triangles on cDNAs point to stop codons, half-arrows indi-
cate PCR primer positions for reverse transcription-PCR, and open circles indi-
cate the position of 10 amino acid tags when subcloned in the expression
vector. HAS1-Va results from skipping of E4, which leads to formation of a
frameshift generated a premature termination codon (fg-PTC) at 56 bp down-
stream of the deletion. HAS1-Vb results from skipping of E4 and partial reten-
tion of the last 59 bp of the 3� part of i4-5 joining to the 5�-end of E5 and thus
formation of an fg-PTC at 93 bp downstream of E5. HAS1-Vc results from
retention of first 26 bp of the 5� part of i4-5 joining to the 5�-end of E5 without
any exon skipping and thus formation of an fg-PTC 1 bp downstream of the
retained 26-bp partial intron.

FIGURE 2. Aberrantly spliced human HAS1 variants are translated to pro-
tein and synthesize HA. A, WB analysis of N-terminally 10-amino acid tagged
HAS1-FL and HAS1-Vs, 40 h post-transfection in HeLa cells. Lane C, control
plasmid (pCDNA3); lane FL, HAS1-FL; lane Va, HAS1-Va; lane Vb, HAS1-Vb; lane
Vc, HAS1-Vc. Lane Vb*, expression of original cDNA of HAS1-Vb showing two
protein bands as the 59-base intron (Fig. 1A) was spliced out in almost half of
the mRNAs; lane Vb, the reconstructed plasmid where one silent point muta-
tion was introduced to prevent unwanted splicing, thereby producing the
expected size single band. Upper and lower panels indicate expression indi-
vidual proteins with N-terminally fused 10-amino acid tags A2 and HE, respec-
tively, as indicated on the left, and protein molecular mass markers in kDa are
marked on the right of each panel. B, enzyme capture assay of HAS1 and
HAS1-Vs to determine enzymatic activity to detect de novo synthesis of HA
associated with HeLa cell transfectants. The pulled down enzyme-HA-bHABP-
streptavidin-Sepharose complex was treated with (�) or without (�) hyalu-
ronidase followed by WB with tag-specific antibody as described under
“Experimental Procedures.” An unrelated protozoan protein (Lm2415) with
the same tag was used as control. The top and middle panels indicate hyalu-
ronidase treatment for 1 and 16 h, respectively. The bottom panel represents
straight WB of total cell lysate (0.1% input) in duplicates for the middle panel
experiment. The results shown are representative of at least four independ-
ent experiments. Protein molecular weights are marked on both sides of the
panel.
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were transiently transfected with tagged HAS1-FL or HAS-Vs,
GFP-mHAS3, and GFP constructs and subjected to immuno-
fluorescence with tag-specific monoclonal antibodies. Using
analysis of confocal microscopic three-dimensional Z stacks
(Fig. 3),HAS1-Vswere shown to localize predominantly as con-
centrated patches in cytoplasmic spaces in contrast to HAS1-
FL, which has a diffuse cellular localization similar to that of
mHAS3. The analysis of Fig. 3 lacks the resolution to allow
determination of whether or not HAS1 is localized to the
plasma membrane. Transient expression of HAS1-Va and
HAS1-Vb was concentrated around the nucleus; HAS1-Vc
localized to organelle-shaped concentric foci in cytoplasm. In
KMS-12BM cells, transfected HAS1-Vs had a similar cytoplas-
mic localization (supplemental Fig. 1). To determine the
organelle association(s) of HAS1-FL and each of the HAS1-Vs,
HeLa and KMS-12BM cells were co-transfected with different
organelle-specific markers fused with the fluorescent tag
mCherry;most of theHAS1-Vs proteins and a part of HAS1-FL
were shown to be expressed in association with the Golgi appa-
ratus (supplemental Fig. 2). Different subcellular localization
patterns of HAS1-Vsmay result from the loss of five TMDs and
different C-terminal peptide sequences acquired because of
aberrant splicing (Fig. 1).
The Localizations of de Novo HA Synthesized by HAS1-Vs

Differ from That of HAS1-FL—Results of enzyme capture assay
and localization of HAS1-Vs infer the intracellular localization
of de novo HA synthesized by them. To directly determine rel-
ative abundance of intracellular and cell surface HA produced
by these cDNA constructs, competitive enzyme-linked immu-
nosorbent assay-like analysis (ELISA-LA) (Fig. 4A) and detailed
fluorescence microscopy for HA staining (Fig. 4, B and C) were
performed using bHAPB. This representative ELISA-LA result
is a qualitative assessment for the relative abundance of HA
present in a sample; the linear relationship ofHAconcentration
determined by ELISA-LA is consistently valid for only a win-
dow of HA concentrations from 20 to 80 ng/ml (64). To detect

the synthesis of extracellular HA byHAS1 transfectants, super-
natants were collected over a 6-h period, followed by HA
extraction and treatment with or without HAase, as shown in
Fig. 4A (top). This analysis, although not quantitative, shows
that HAS1-FL, GFP-mHAS3, and HAS1-Vs transfectants pro-
duce extracellular HA. The ELISA-LA results also indicate the
presence of newly synthesized HA on the outer surface of the
cellmembrane forHAS1-FL andGFP-mHAS3 transfectants, as
defined by its loss after digestion of intact cells withHAase. Cell
surface HA was not detected on HAS1-Vs transfectants (Fig.
4A, bottom). HAS1-Vs-expressing cells appear to synthesize de
novo HA inside cells, based on the observation that only mini-
mal amounts of cellular HA were lost after digestion of intact
cells with HAase (Fig. 4A, bottom).
To directly detect cell surface and intracellular HA, we used

confocal microscopy and bHABP staining to confirmHA local-
ization. HAS1 transfectants were stained with bHABP with or
withoutHAase treatment to detect surface-boundHA (Fig. 4B).
Afterwashing to remove extracellularHA,HAS1-FL- andGFP-
mHAS3-transfected cells were stained by bHABP, and this
staining was lost when treated with HAase, indicating the pres-
ence of cell surfaceHA (Fig. 4B, top andmiddle left). In contrast,
washed, intact HAS1-Vs transfectants remained brightly
stained even after HAase treatment, indicating that intracellu-
lar HA was present (Fig. 4B, bottom left and right).

To further confirm the synthesis of de novo intracellular HA
by HAS1-Vs transfectants, washed cells were permeabilized,
followed by treatment with HAase, and stained with bHABP
(Fig. 4C). This treatment will remove both surface and intracel-
lular HA. In contrast to the HAase-resistant staining of “intact”
HAS1-Vs transfectants shown in Fig. 4B, staining of permeabi-
lized cells resulted in the loss of all bHABP binding byHAS1-Vs
transfectants, indicating that the only de novo HA synthesized
by HAs1-Vs is intracellular.
Fig. 4 shows that in both biochemical and microscopic anal-

yses, intracellular HA remained detectable in all of the
HAS1-Vs after removing cell-surface/extracellular HA by
HAase treatment. In contrast, HA signals were significantly
diminished by HAase in GFP-mHAS3- and HAS1-FL-trans-
fected cells with intact membranes. These results confirm that
newly synthesized HA in HAS1-FL, like GFP-mHAS3, was
exposed on the outer surface of the cell membrane, and
HAS1-Vs expressing cells appear to synthesize de novoHA pri-
marily inside cells.
PlasmaMembrane Translocation of HAS1-FL andmHAS3 Is

Inhibited byHAS1-Vs—In patient cells,HAS1-Vs andHAS1-FL
are almost always coexpressed in various combinations (5).
Since localization patterns between HAS1-FL/mHAS3 and
HAS1-Vs vary widely, we evaluated the influence, if any, of
HAS1-Vs on HAS1-FL/mHAS3 or vice versa. HeLa and KMS-
12BM cells were transiently co-transfected with HAS1-FL and
each of the HAS1-Vs, followed by immunostaining and confo-
cal analysis. As shown in Fig. 5A, in transfectants co-expressing
any of theHAS1-Vs with either HAS1-FL (top) ormHAS3 (bot-
tom), the latter were relocated to the inner cytoplasmic space.
Both HAS1-FL and co-expressed HAS1-Vs proteins were
closely associated (yellow staining) in the cytoplasmat locations
characteristic of individual HAS1-Vs, in both HeLa and KMS-

FIGURE 3. Differential localization of HAS1 and its variants. Upper panels, a
virtual vertical plane (position indicated as a white line on the lower panel) of
cells obtained by three-dimensional Z-stacking confocal analysis showing
localization pattern of HAS1-FL and HAS1-Vs in HeLa cells (colored red) as
indicated on the panel. GFP and GFP-mHAS3 are pseudocolored red.
Expressed N-terminally tagged proteins were tracked using tag-specific
monoclonal antibody and Alexa594-conjugated secondary antibody. Actin
filaments were stained with Alexa dye-conjugated phalloidin (green) to visu-
alize the overall shape of cells, and the nucleus was stained with 4�,6-dia-
midino-2-phenylindole (blue). Lower panels represent the respective middle
horizontal plane of cells of the Z stacks used in the upper panel.
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12BMcells (Fig. 5A and supplemental Fig. 3, respectively). Like-
wise, mHAS3 was also closely associated with co-expressed
HAS1-Vs proteins, as shown in Fig. 5A (bottom).
The dominant relocalization of HAS1-FL by HAS1-Vs may

be governed by their intermolecular interactions. HeLa cells
were co-transfected with differentially tagged HAS1-FL and
each of theHAS1-Vs in different combinations, as shown in Fig.
5B. Cleared lysates were subjected to immunoprecipitation
with monoclonal antibody specific to one tag followed by WB
with the other tag-specific monoclonal antibody. Analysis of
the RIPA-stable protein association pattern detected homo-
multimers of each of the HAS1-Vs with themselves (e.g.HE-Va

with A2-Va) and heteromultimers consisting of HAS1-Vs with
each other (e.g.HE-Va with A2-Vb or A2-Vc) and of HAS1-FL
with each of the HAS1-Vs (Fig. 5B). This work indicates active
biochemical/biophysical associations of expressed HAS1-Vs
with each other and with HAS1-FL, remaining stable when
lysed in RIPA buffer, which dissociates all but strong non-co-
valent or covalent intermolecular associations.
HAS1-Vs Form Multimers and Intermolecular Bonds—To

further characterize biochemical/biophysical properties of the
multimolecular associations among individual HAS1-FL and
HAS1-Vs, transiently transfected HeLa cells were treated with
protein cross-linker DSS, a homobifunctional, non-cleavable,

FIGURE 4. Localization of de novo HA produced by each of the transfected cDNAs. A, competitive enzyme-linked immunosorbent assay-like analysis with
bHABP. Top, HA extracted from supernatant harvested from a 6-h incubation of indicated HEK293 transfected cells were treated with (�) or without (�) HAase.
10 �g/ml HA and PBS were used as saturating (100) and zero concentration (0) against limited bHABP used, where free bHABP competes for coated HA on the
plate. Bottom, live transfected HEK293 cells with the indicated plasmids were incubated in medium with (�) or without (�) HAase to remove cell surface-bound
HA molecules followed by extraction of HA. HAase treatment for 1 h resulted in lysis of at least 8% cells, as determined by microscopic observations, which may
reflect a diminished signal. This assay is a qualitative indicator for the presence of HA; it is not quantitative for the full range of HA concentrations. All of the
samples were tested in triplicates, and S.E. values are indicated. B, fluorescence microscopy for HA staining. HeLa cells were transfected with the indicated
plasmids (marked on the left and right side of the respective panels), fixed, and treated with (�) or without (�) HAase to remove cell surface-bound HA
molecules (as marked in the space between the two panels) before permeabilizing and staining. Photographs presenting HA staining by bHABP, N-terminal tag
immunostaining, phase-contrast, and membrane/nucleus staining (HA, HAS-protein, Cell, and Mem � Nu, respectively) are indicated at the bottom of each
column of photographs. Staining for GFP-mHAS3 appears as green, whereas for other plasmids, membrane and nucleus staining appear as green and blue,
respectively. C, similar HA staining was performed as above (B), except in this case, transfected cells were fixed and permeabilized first before treatment with
(�) or without (�) HAase to remove both cell surface-bound and intracellular HA molecules.
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and membrane-permeable linker that cross-links protein mol-
ecules associated within the 11.4-Å space arm distance. Cells
were cross-linked as follows: 1) cross-linking performed on
intact transfected cells followed byWB analysis (Fig. 6A) and 2)
detergent-extracted (RIPA) lysates from transfected cells, fol-
lowed by DSS cross-linking and WB analysis (Fig. 6B). Others
have shown that murine Has3 localizes to lipid rafts in trans-
fected MCF7 cells (67). To exclude the possibility that an arti-
factual association results from physical accumulation of these
proteins in lipid rafts when overexpressed, transfected cells
were treated with or without methyl-�-cyclodextrin prior to
DSS cross-linking (Fig. 6A). Methyl-�-cyclodextrin treatment
disrupts lipid rafts by removing cholesterol from themembrane
and thus diffuses non-interacting lipid raft-associated mono-
mers. HeLa cells were transfected with the indicated plasmids
and divided into three aliquots. For two aliquots, cells were
treated with or without methyl-�-cyclodextrin, followed by
DSS cross-linking (Fig. 6A). The third aliquot was extracted
with RIPA buffer, followed by DSS cross-linking (Fig. 6B). As
shown in WB analysis (Fig. 6, A and B), cross-linking of either
intact cells or RIPA-extracted lysate indicated strong interac-
tions among expressed proteins (for each of HAS1-Vs) forming
multimeric complexes, which were not influenced by mere
physical accumulation of monomers in lipid rafts. HAS1-FL

transfectants expressed less protein than did transfectants with
HAS1-Vs. After cross-linking, most of the HAS1-FL protein
and a portion of each HAS1-V were excluded from the resolv-
ing gel (Fig. 6, A and B), raising the possibility of their associa-
tion with other higher order complexes.
To determinewhether theseHAS1multiprotein associations

were due to intermolecular disulfide bond formation, cellular
extracts were treated with or without disulfide-reducing agent.
As shown in Fig. 6C, post-transfection HeLa cell extracts were
treated with or without 10% �-mercaptoethanol, followed by
native PAGE and WB analysis. Results indicated that complex
associations and multimeric patterns of expressed HAS1-FL
and HAS1-Vs were disrupted when disulfide bonds were
reduced. The smears in the untreated lanes represent multim-
ers. Monomers were released upon treatment with �-mercap-
toethanol, confirmingHAS1-FL and each of theHAS1-Vs form

FIGURE 5. HAS1-Vs influence the localization of HAS1-FL and mHAS3.
A, HAS1-Vs dominantly relocate HAS1-FL (top). As indicated in these confocal
images, HeLa cells were transfected with GFP-mHAS3 or HAS1-FL alone or in
combination with differentially tagged HAS1-Va, HAS1-Vb, and HAS1-Vc and
stained. Green, HAS1-FL; red, all HAS1-Vs; blue, nucleus. Areas of coexpression
appear as yellow. HAS1-Vs also dominantly relocate mHAS3 (lower panel). GFP
alone and GFP-mHAS3 in combination with tagged HAS1-FL, HAS1-Va, HAS1-
Vb, and HAS1-Vc were expressed and stained in red. B, biochemical associa-
tion of HAS1-FL with each of the HAS1-Vs and among HAS1-Vs HE-tagged (V)
HAS1-Vs co-transfected with A2-tagged (F) HAS1-FL or HAS1-Vs and mock
transfection (M), as indicated in the panel. The samples were immunoprecipi-
tated (IP) with anti-HE monoclonal antibody and immunoblotted (WB) with
anti-A2 monoclonal antibody. The white asterisks represent the full-length
protein on the blot. On the right of the panel, IgH and IgL represent heavy and
light chain, respectively; the position of the 37-kDa size standard is indicated.

FIGURE 6. HAS1-Vs form homo- and heteromultimers and have differen-
tial cytoskeleton-anchoring patterns. A, top, WB analysis of HeLa transfec-
tions (with (�) or without (�) methyl-�-cyclodextrin (M�C) treatment on
intact cells), which were subsequently DSS-cross-linked, run on 4 –20% SDS-
PAGE, and immunoblotted with tag-specific monoclonal antibody. Bands of
monomer, dimer, and trimer are indicated as one, two, and three dots marked
under the respective bands in the far right lane as an example; many higher
order bands are also seen. Bottom, WB analysis of corresponding methyl-�-
cyclodextrin-treated but non-cross-linked portion of cells, run on 10% SDS-
PAGE. Lane C, vector DNA transfection. The numbers on the right mark protein
molecular masses in kDa. B, WB analysis showing DSS cross-linking following
RIPA lysis of transfected cells with the indicated plasmids, run on 4 –20%
SDS-PAGE and immunoblotted with tag-specific monoclonal antibody.
Bands of monomer, dimer, and trimer are indicated as one, two, and three dots
marked under the respective bands in the far right lane as an example. C, for-
mation of cross-molecular disulfide bonds within individual HAS1-FL and
HAS1-Vs Cell extracts treated with (�) or without (�) �-mercaptoethanol
(�ME) and run on 6% native PAGE followed by WB analysis with tag-specific
antibody. The black dots under the bands indicate monomers released after
disulfide bond-reduced protein when �-mercaptoethanol was added (�).
Dark smears of higher protein assembly appear in (�)-lanes when disulfide
bonds were not reduced. On the right, protein molecular masses in kDa are
marked. D, association of HAS1-FL and HAS1-Vs with different subcellular
fractionations. Transfected HeLa cells were fractionated to four portions: sol-
uble cytoplasmic proteins (lane C); total solubilized non-nuclear membranes
as well as lumen proteins of those organelles (lane M); total solubilized
nuclear proteins (lane N), and insoluble cytoskeletal proteins (lane S). The frac-
tions were subjected to WB analysis. Top, fractions from HAS1-FL and HAS1-
Va. Middle, a separate WB analysis with anti-glyceraldehyde-3-phosphate
dehydrogenase; glyceraldehyde-3-phosphate dehydrogenase is used as a
representative soluble cytoplasmic protein. G, analysis on the same cellular
fractions obtained from HAS1-FL- and HAS1-Va-transfected cells. Bottom,
fractions from HAS1-Vb and HAS1-Vc. The arrowheads on the right mark the
37 kDa position.
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intermolecular disulfide bonds. To authenticate reducing
reagents, mouse IgG was reduced to separate heavy and light
chains (supplemental Fig. 4) using the same reagents as in Fig.
6C. Although predicted by some, to our knowledge, this is the
first demonstration that HAS1 family members multimerize,
form heteromultimers, and are linked by intermolecular disul-
fide bonds.
Differential Cytoskeletal Association of HAS1-FL and HAS1-

Vs—HA is abundant in extracellular matrix as well as being
associated with intracellular structural elements. Although
localized expression ofmouseHASs on cellular protrusionswas
demonstrated in previous reports (67), underlying cytoskeleton
association-driven remodeling was not investigated. To inves-
tigate possible cytoskeletal associations of human HAS1-FL
and HAS1-Vs, cellular fractionation was performed on tran-
siently transfected HeLa cells followed by WB analysis. The
first fraction (Fig. 6D, lane C) consisted of soluble cytoplas-
mic proteins; the second fraction (lane M) consisted of sol-
ubilized plasma membrane, non-nuclear organelle mem-
brane, and lumen proteins of those organelles; the third
fraction (lane N) consisted of soluble, membrane-bound,
and chromatin-bound nuclear proteins; and the last fraction
(lane S) consisted of mainly insoluble cytoskeletal proteins.
Membrane-bound (plasma and non-nuclear organelle) pro-
teins were fractionated by solubilizing membranes, which
liberates all but cytoskeleton-anchored membrane proteins.
As demonstrated in Fig. 6D, HAS1-FL was found exclusively
in the insoluble cytoskeleton fractions. In contrast, each of
the HAS1-Vs distributes between cytoskeleton and non-cy-
toskeleton membrane-bound fractions, with HAS1-Vb
showing much wider distributions (minor proportions were
seen in nuclear and possibly in soluble cytoplasmic por-
tions). This work supports the idea that human HAS1 is
tightly associated with the cellular cytoskeletal network.
Differential Turnover Rates of HAS1-Vs Influence HAS1-FL—

HA in extracellular matrix has a high turnover rate (half-life of
�6 h), and plasmamembrane-associated HASs are reported to
have extremely short half-lives (68–71). Moreover, turnover

kinetics has been found to alter
when proteins and/or their variants
relocate to different cell compart-
ments (72, 73). Since each of the
HAS1-Vs dominantly relocates
HAS1-FL to the cytoplasm, thereby
disrupting the normal trafficking of
HAS1-FL, its turnover kinetics may
be altered. To determine individual
turnover kinetics, each HAS1-FL or
HAS1-Vs plasmid was transfected
into HeLa cells, followed by cyclo-
heximide (50 �g/ml in medium)
treatment for 3, 6, or 9 h and har-
vested in SDS-loading dye for WB
analysis. Untreated cells at 3 and 9 h
were used as untreated and natural
degradation controls, respectively.
Cycloheximide interferes with the
translocation step in translation and

thus stops de novo protein synthesis. As shown in Fig. 7A,
HAS1-FL band intensitywas reduced to less thanhalf within 3 h
of cycloheximide treatment, whereas each of the HAS1-Vs was
found to be resistant to degradation, even if treated for as long
as 9 h. This demonstrates that HAS1-Vs have much slower
turnover rates than does HAS1-FL. Furthermore, it is impor-
tant to analyze the influence of co-expressionwithHAS1-Vs on
HAS1-FL, since HAS1-Vs associate with and dominantly relo-
cate HAS1-FL (Fig. 5). As indicated in Fig. 7B, HeLa cells were
co-transfected with HAS1-FL and each of the HAS1-Vs and
later exposed to cycloheximide for the indicated period of time.
Our experiments reproducibly demonstrated that co-expres-
sion of each of theHAS1-Vs individually or in amixture (HAS1-
Va, -Vb, and -Vc) protect HAS1-FL protein and dramatically
prolong its cellular life as comparedwith control HAS1-FL pro-
tein co-expressed with GFP. Transcripts of HAS1-Vs and
HAS1-FL are coexpressed in various combinations and ratios in
clinical samples (5). It is thus important to examine the influ-
ence of HAS1-Vs and HAS1-FL on each other at different plas-
mid input combinations and ratios. Turnover kinetics were
found to be similar in cotransfection experiments using either
equal (1:1; data not shown) or lower ratios of HAS1-FL to
HAS1-Vs (HAS1-FL/HAS1-Vs ratio of 7:3 or HAS1-FL/HAS1-
Va/HAS1-Vb/HAS1-Vc ratio of 7:1:1:1) plasmid inputs, imply-
ing that HAS1-FL was protected in the presence of a very low
relative abundance of HAS1-Vs, as shown in Fig. 7B. Slightly
faster turnover kinetics of HAS1-Vc, alone or in combination
with HAS1-FL, were observed in comparison with HAS1-Va or
HAS1-Vb. Nevertheless, HAS1-Vc increased the stability of
HAS1-FL when compared with HAS1-FL/GFP co-expressors.
This indicates that co-expressed HAS1-Vs not only predomi-
nantly relocate HAS1-FL proteins to cytoplasm, thereby dis-
rupting normal trafficking of HAS1-FL, but also dominantly
alter turnover kinetics by protecting HAS1-FL from degrada-
tion. Relocalization and increased stability of HAS1-FL may
have a significant influence on hyaluronan dynamics and cell
cycle regulation.

FIGURE 7. Differential turnover kinetics of HAS1-FL and HAS1-Vs singly and together. A, 106 HeLa cells
were transfected and divided into five equal parts, which were exposed to medium with (�) or without (�)
cycloheximide (Chx) for different time periods in hours (Hr), harvested in an equal volume of 4� SDS-loading
dye, run on 10% SDS-PAGE, and immunoblotted with tag-specific monoclonal antibody. B, essentially same
experimental design was followed as for A except for transfection, where mixtures of HAS1-FL with different
plasmids (Vs) were used in different ratios and combinations, as indicated. Top, level of HAS1-FL proteins in the
sample. The membrane was stripped and reblotted using �-tubulin antibody, as shown in the middle. Bottom,
stripping and reblotting of the same membrane with tag-specific monoclonal antibody to show the level of
either HAS1-Va, HAS1-Vb, or HAS1-Vc proteins.
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HAS1-Vc Mediates Cellular Transformation and Tumori-
genicity—Overexpression of HASs has been associated with
malignant transformation (45, 53, 56). Elevated expression of
HAS genes accompanies oncogenic viral transformations (44)
or inflammatory stimuli (74), and aberrant endogenous synthe-
sis of HA or treatment with exogenous HA in vitro has been
shown in multiple model systems to promote cancer cell
growth and malignant behavior (35). To evaluate transforming
potential of HAS1-FL and HAS1-Vs in vitro and in vivo, non-
transformed anchorage-dependent murine fibroblast NIH3T3
cells were used to select stable transfectants, as described under
“Experimental Procedures.” Pools of selected colonies were
maintained in selection medium for several generations, with
periodic monitoring for chromosomal insertion and HAS1
family mRNA expression by genomic and reverse transcrip-
tion-PCR, respectively (data not shown). Anchorage-indepen-
dent growth of cell lines was monitored in soft agar for 22 days.
As shown in Fig. 8A, anchorage-independent growth was
observed in only HAS1-Vc-transfected cells, with similar
results in four independent experiments, using both early and
late passage transfectants. NIH3T3 transfectants harboring
HAS1-FL, HAS-Va, HAS1-Vb, or pCDNA3 showed no or very
weak colony formation. We next tested whether late passage
cell lines tested in the soft agar in vitro transformation assay
were also able to form subcutaneous tumors in NOD-SCID
mice. Consistent with the above in vitro assay results, all of the
animals (n � 5) inoculated with HAS1-Vc transfectants devel-
oped subcutaneous tumors within 21 days, as shown in Fig. 8B.
Harvested tumors (D30) from mice inoculated with HAS1-Vc
transfectants contained the HAS1-Vc cDNA insert in their
genome, as identified by genomic PCR (data not shown).

DISCUSSION

In previous studies (5, 6), we identified three novel splice
variants of the human HAS1 gene in multiple myeloma and
Waldenstrom’s macroglobulinemia, produced as a result of
exon skipping and/or a combination of unique intronic splicing
events (5). Here we analyzed molecular and cellular behaviors
of transfectants constitutively expressing HAS1-Vs and/or

HAS1-FL. The N-terminally tagged
HAS1-FL and HAS1-Vs constructs
were enzymatically active and syn-
thesized HA molecules outside and
inside the plasma membrane,
respectively. In transfected cells,
HAS1-FL and mHAS3 have a dif-
fuse localization in the cell, but
HAS1-Vs had a more discrete local-
ization in deeper cytoplasmic
spaces. The enzymatic activities of
murine HAS2 and HAS3 were cou-
pled to their plasma membrane res-
idence, where a latent pool of intra-
cellular inactive HAS continually
replenishes the plasma membrane
supply of active enzyme (65). Simi-
lar behaviors for HAS1 or human
HASs have yet to be established.

The combination of enzyme capture assay and localization data
reported here suggests that HAS1-Vs are enzymatically active
although they are not translocated to the plasma membrane
and contain only twoof seven transmembrane domains as com-
pared with HAS1-FL.
In patient cells, HAS1-FL and HAS1-Vs appear always to be

coexpressed in varying combinations (5, 6). AlthoughHAS1-FL
mRNA is always the dominant species, our work suggests that
HAS1-FL protein is usually less abundant than are HAS1-Vs
(Figs. 2,A and B, and 6A). This may reflect the high turnover of
HAS1-FL relative to HAS1-Vs, as reported here. We examined
the localizations, associations, and turnover rates in transfected
cells coexpressing HAS1-FL or mHAS3 with HAS1-Vs, either
singly or in combination. Provocatively, in all cases, the
HAS1-Vs relocated HAS1-FL andmHAS3 to discrete accumu-
lations in the cytoplasm, in patterns characteristic of each
HAS1-V. Furthermore, coexpression with HAS1-Vs, which
have slow turnover rates, prolonged the stability of intracellu-
larly delocalized HAS1-FL. The ability of HAS1-Vs to protect
HAS1-FL protein from degradation and to inhibit its plasma
membrane translocation may disrupt intracellular HA dynam-
ics and extracellular HA production and contribute to cellular
dysfunction, including cellular transformation. The localiza-
tion of HAS1-Vs to intracellularmembranes, a fraction of these
possibly anchored to the cytoskeleton,would serve to keep their
enzymatically active site out of the organelle lumen, thus
increasing the diffusion of synthesized HA within the cyto-
plasm. Moreover, the loss of five C-terminal TMDs may topo-
logically locate the large active sites of HAS1-Vs farther away
from lumen. Because they contain only two N-terminal TMDs,
HAS1-Vsmay be unable to pass de novoHAmolecules through
membrane into lumen. On the other hand, cytoplasmic
HAS1-FL delocalized by HAS1-Vs and acquiring a prolonged
half-lifemay again contribute to changes in cellularHAdynam-
ics if, unlike mHAS3, relocalized HAS1-FL remains active.
Mouse-HAS3 is active only at plasma membrane (65). This in
turn may increase the concentration of HA in the cytoplasm,
where it is predicted to have an impact on mitotic spindle
assembly by neutralizing HA-binding proteins, which are oth-

FIGURE 8. HAS1-Vc is transforming in vitro and tumorigenic in vivo. A, assay of anchorage-independent
growth of HAS1-FL- and HAS1-Vs-transfected NIH3T3 cells in soft agar. Only HAS1-Vc-transfected NIH3T3 cells
show colony formation. B, subcutaneous tumor volume (mm3) on the right flanks of female NOD-SCID mice
(n � 5 in each group) measured to assess tumor progression caused by inoculation of stable NIH3T3 transfec-
tants, as indicated. All tumor masses were genotyped to verify that they contained the expected insert.
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erwise also known to associate with the cell division apparatus
(e.g. RHAMM) (66, 75–79). This may be a significant contribu-
tor to oncogenesis and disease progression, consistent with the
association between human cancers and aberrant HAS1 splic-
ing (5, 6).
Although functional activities of many membrane- and

cytoskeleton-bound proteins are regulated by formation and
disassembly of multimeric units, this has not been previously
reported formammalianHASs. Here, we have shown that HAS
family members are associated with the cytoskeleton as mul-
timers of HAS1-FL and/orHAS1-Vs, formed by intermolecular
disulfide bonds. Previous reports for GFP fusion constructs of
HAS2 and HAS3 (68) (see the GeneCards and UniProtKB sites
on the World Wide Web) demonstrated a non-homogenous,
patchy localization of HASs, as confirmed here, but the bio-
chemical properties of these enzymatically active multiprotein
assemblies were not analyzed. In transfected MCF7 cells, GFP-
HAS3 associated with lipid rafts, mainly in membrane protru-
sions (67), and previous reports of enzymatic activity of murine
HASs (43, 44) using crude membrane extracts of transfected
cells were essentially contaminated with insoluble cytoskeleton
precipitated through a sucrose cushion. The work reported
here suggests that human HAS1-FL and HAS1-Vs were found
to form a covalently linked “protein island” assembly, where all
of the HAS1-FL and a part of intracellular HAS1-Vs are
anchored to the cytoskeletal network. Splice variant isoform-
dependent regulation is influenced by either differential reloca-
tion, change in activity by association, shift in turnover kinetics,
differential post-translational modifications, or a combination
of these. To our knowledge, this report provides the first exam-
ple of splice variant isoform-dependent differential behavior
among glycosaminoglycan-synthesizing enzymes.
There are very few instances where aberrant splicing, specif-

ically intronic splicing, appears to lead to enhanced oncogenic
potential rather than inactivation of tumor suppressor function
(73). The work reported here suggests that HAS1-Vc may be
able to transform independently of other known oncogenes. In
contrast, HAS1-FL, HAS1-Va, and HAS1Vb did not initiate
anchorage-independent growth and significant tumorigenesis
as single agent transfectants, suggesting that they may require
heteromeric interactions within the HAS1 family and/or with
other oncogenic agents for their observed clinical impact. Our
observation of heteromultimeric associations indicates that the
HAS1 family members are unlikely to act individually in
patients and that themechanismswherebyHAS1 andHAS1-Vs
influence the malignant process will be complex and likely to
involve intermolecular interactions within and outside the
HAS1 family. In turn, intracellular HA is predicted to regulate
the activities of proteins such as RHAMM (75), which is known
to confer a poor clinical outcome (76), is important in mitotic
spindle assembly (77), and binds to centrosomes via a region
that overlaps its HA binding domain (78). The work reported
here characterizes the intermolecular interactions within the
HAS1 family, confirms the oncogenic properties of HAS1-Vc,
and provides the tools for further analysis of mechanistic inter-
actions that promote and/or maintain malignancy.
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