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Foamy viruses (FVs) (spumaretroviruses) are good alter-
native to retroviruses as gene therapy vector. Despite 
four decades since the discovery of FV, its receptor mol-
ecule is still unknown. FV vector transduction of human 
CD34+ cells was inhibited by culture with fibronectin. 
Because fibronectin contains heparin-binding domain, 
the interactions of fibronectin with heparan sulfate (HS) 
on cells might be inhibitory to FV transduction. These 
observations led us to investigate whether HS is a recep-
tor for FV. Two mutant CHO cell lines (but not parental 
wild type) lacking cell surface HS but not chondroitin 
sulfate (CS) were largely resistant to FV attachment and 
transduction. Inhibition of HS expression using enzymes 
or chemicals greatly reduced FV transduction in human, 
monkey, and rodent cells. Raji cells, which lack HS and 
were largely resistant to FV, were rendered more permis-
sive through ectopic expression of syndecan-1, which 
contains HS. In contrast, mutant syndecan-1-expressing 
cells were largely resistant to FV. Our findings indicate 
that cellular HS is a receptor for FV. Identifying FV recep-
tor will enable better understanding of its entry process 
and optimal use as gene therapy vector to treat inherited 
and pathogenic diseases.

Received 7 September 2011; accepted 10 February 2012; advance online 
publication 20 March 2012. doi:10.1038/mt.2012.41

IntroductIon
Spumaretroviruses, commonly known as foamy viruses (FVs), 
belong to the retrovirus subfamily, Spumaretrovirinae. Their 
name is derived from the formation of highly vacuolating, foamy-
like cytoplasm in productively infected cells and the presence of 
multinucleated syncytia formed by cell fusion. The replication 
pattern of FV is similar to that of Hepadnaviridae, another family 
of reverse-transcribing viruses.1–3

FV vectors have several advantages over other retroviral 
 vectors for gene transfer: wild-type viruses lack pathogenicity, 
and are the largest of all retroviruses, with a packaging capac-
ity of more than 9 kb.1,3 FV vectors have broad host and tissue 
 tropism with a favorable integration profile.4 In contrast, other 
retroviral vectors can have toxicity as well as gene regulation and 

targeting issues. The oncoretroviral vector used in the X-SCID 
gene therapy trial activated the LMO2 proto-oncogene, which 
caused leukemia in treated patients.5,6 FV vector-mediated gene 
transfer of hematopoietic stem cells has been used to successfully 
treat genetic diseases in preclinical animal models such as CD18 
deficiency in a canine model,4 and Fanconi’s anemia in a murine 
model.7 The success of these preclinical studies may stimulate the 
use of FV vectors in future human gene therapy clinical trials.

The FV envelope glycoprotein (gp130) is synthesized as a pre-
cursor protein that is cleaved by cellular proteases into surface, 
transmembrane, and leader peptide subunits.8 The FV receptor–
binding domain of the SU at amino acid (aa) 225 to 396 and aa 
484 to 555, with N-glycosylation at aa 391 plays a crucial role in 
cellular receptor binding.9

Virus particles bind to cellular receptors through an  envelope 
or a capsid to enter cells. Receptors are the primary determinants 
in the early step of virus infection. Although the exact mecha-
nism of uptake of FV into target cells remains unknown, it is 
thought that FV particles bind to a ubiquitous, yet unidentified 
cellular receptor. After attachment and endocytosis, the FV capsid 
can remain in the cytoplasm until uncoating. The viral genome 
migrates toward the cellular nucleus by yet-unknown cellular sig-
naling pathways.10

Identifying FV receptors and understanding the FV–host cell 
interactions are important to elucidate the entry process as well 
as effectively using FV as a gene therapy vector. Interestingly, we 
have found that FV vector transduction of human CD34+ cells 
was inhibited when cells were cultured overnight on fibronectin-
coated plates. Because fibronectin has a heparin-binding domain,11 
it is possible that the interaction of fibronectin with the cell surface 
heparan sulfate (HS) on target cells might inhibit FV transduc-
tion. Moreover, FV can infect a wide variety of human, murine, 
and nonhuman primates cells,1,12 suggesting that it uses a ubiqui-
tous cell surface molecule for transduction. As HS is present on 
numerous cell types and is ubiquitously expressed throughout the 
animal kingdom, we investigated the possibility that FV uses cell 
surface HS to mediate transduction. It has been reported that pro-
teoglycans (PGs) are not absolutely essential for FV susceptibility 
but seemed to contribute significantly to FV infection.13

HSPG consists of a PG core such as syndecan-1 to which HS 
chains are attached.14,15 HS interacts with growth factors and their 
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receptors, extracellular matrix proteins, and cell–cell adhesion 
molecules14–16 and acts as a receptor for viruses, such as adeno-
 associated virus 2,17 herpes simplex virus 1 (HSV-1),18,19 and 
 dengue virus.20

Here, we have provided evidences that HS serves as a recep-
tor for FV attachment and transduction of human, monkey, and 
rodent cells.

results
Fibronectin-inhibited FV transduction through 
downregulation of cell surface Hs
If human CD34+ cells and FV-green fluorescent protein (GFP) 
vector containing a native envelope were added simultaneously 
onto a fibronectin (CH-296)-coated plate, cells were successfully 
transduced (Figure 1a, middle panel, black bar). In contrast, when 
cells were cultured on a fibronectin-coated plate overnight, FV 
transduction was reduced about 93% (Figure 1a, middle panel, 
gray bar). Vesicular stomatitis virus (VSV)-G envelope pseudo-
typed HIV-based lentiviral GFP vector (LV) is routinely used in 
our laboratory to transduce various types of cells. It was interest-
ing to investigate whether LV transduction could be inhibited by 
fibronectin when used in conditions similar to those used for FV. 
After LV transduction of CD34+ cells under both conditions, it 
was found that fibronectin had little but statistically significant 
effect on LV transduction (Figure 1a, right panels, black versus 
gray bars). Because fibronectin has a heparin-binding domain,11 
it raised the possibility that interactions of fibronectin with cell 
surface HS on target cells might inhibit FV transduction. Cell sur-
face expression of HS was found in CD34+ cells after staining with 
anti-HS antibody (Figure 1b, upper graph). However, HS expres-
sion was abolished if cell were grown overnight on fibronectin-
coated plate (Figure 1b, lower graph).

In addition, there is a relationship between FV transduc-
tion and HS expression in several human, monkey, hamster, and 
murine cell lines (Table 1). These findings indicate that cell sur-
face HS is essential for FV transduction.

FV transduction of cells deficient in Hs synthesis 
pathways is strongly reduced
CHO-K1 and its mutant cell lines defective in glycosaminogly-
can (GAG) synthesis were used to define the requirement of 
HS for FV attachment and transduction. The mutant cell line, 
pgsA-745 is deficient in xylosyltransferase, an enzyme neces-
sary for GAG synthesis, and does not produce detectable levels 
of HS or chondroitin sulfate (CS).21 The pgsD-677 cells have a 
single mutation affecting both N-acetyl-glucosaminyltransferase 
and glucuronosyltransferase,which are necessary for the polym-
erization of HS chains, and do not synthesize HS but does pro-
duce three times more CS than wild-type CHO-K1 cells.22,23 We 
confirmed that the mutant cells were deficient in HS expression 
whereas the wild-type CHO-K1 expressed HS, by staining cells 
with anti-HS antibody (Figure 2a). FV vector was used to evalu-
ate the transduction efficiency of CHO-K1 and its mutants. The 
lack of HS expression severely impaired the ability of FV to trans-
duce mutant cells. Compared with wild-type CHO-K1 cells, there 
was a 21 to 36 times reduction in FV transduction in pgsA-745 
cells and 6 to 13 times reduction in FV transduction in pgsD-677 

cells (Figure 2b). Despite overproduction of CS in pgsD-677 cells, 
the poor transduction in mutant cells further demonstrated the 
specificity of FV for HS and not for CS. A few mutant cells express 
residual HS (because of residual xylotransferase activity)21,22 
which allowed FV transduction to a lesser extent. However, much 
higher multiplicities of infections (MOIs) of FV were required to 
obtain a level of transduction similar to that of wild-type CHO-
K1cells. This low HS expression could not be detected by flow 
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Figure 1 Fibronectin-inhibited FV transduction through downregu-
lation of cell surface Hs. (a) Human mobilized peripheral blood CD34+ 
cells were transduced with FV-GFP or VSV-G pseudotyped LV-GFP. Black 
bars (FN−) showed CD34+ cells that were transduced with FV or LV vec-
tor overnight immediately after seeding on fibronectin-coated plates. 
Gray bars (FN+) showed cells were cultured overnight on fibronectin-
coated plates and transduced with FV or LV vector overnight. Cells were 
analyzed for GFP expression by flow cytometry 3–7 days after transduc-
tion. For each FV and LV groups, the transduction of “FN−” cells was 
converted into 100% and the transduction of “FN+” cells was calculated 
according to their proportional percentages. Data represented mean 
and standard error of the mean (SEM) of three independent experi-
ments. * P = 1.6 × 10−5 and **P = 0.03. (b) CD34+ cells were stained 
with anti-HS antibody. Upper graph, HS expression in the absence of 
fibronectin; lower graph, inhibition of cell surface HS expression when 
cells were grown overnight on fibronectin. Light lines, isotype control; 
dark solid area, HS expression detected with anti-HS antibody staining. 
FITC, fluorescein isothiocyanate; FN, fibronectin; FV, foamy virus; GFP, 
green fluorescent protein; HS, heparan sulfate; LV, lentivirial vector; VSV, 
vesicular stomatitis virus.
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cytometric analysis. In contrast, wild-type CHO-K1 cells as well 
as HS-deficient cells were susceptible to LV transduction at simi-
lar efficiencies (Figure 2c).

To investigate FV binding to CHO-K1 and its mutants, cells 
were incubated with 35S-labeled FV. At 4 °C, FV could bind to but 
did not enter cells. Compared with wild-type CHO-K1 cells, 17 to 
20 times and 7 to 9 times reduction in FV binding was found in 
pgsA-745 and pgsD-677cells, respectively (Figure 2d). The poor 
binding and transduction of FV to HS-mutants support that HS is 
a receptor for FV binding and transduction of cells.

Heparinase III digestion of Hs reduced FV 
transduction
We examined the ability of FV to transduce cells after treatment 
with heparinase III which specifically digests HS from cells. FV 
transduction was reduced in heparinase III-treated cells than in 
untreated cells. For NIH3T3 cells, a heparinase III concentra-
tion of 0.01 mIU/ml reduced FV transduction by more than 95% 
(Figure 3b, left panel, black bars). For HT1080 and Cos-7 cells, 
an enzyme concentration of 0.1 mIU/ml reduced FV transduc-
tion by more than 80% (Figure 3a,c, left panels, black bars). LV 
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Figure 2 Hs-deficient cHo-K1 cells were largely resistant to FV transduction. FV and VSV-G LV transduction of wild-type CHO-K1 and mutant cells 
(pgsA-745 and pgsD-677) defective in HS synthesis were assessed. (a) Flow cytometric analyses of wild-type and mutant CHO cells were done to check 
for HS expression. Cells were stained with a monoclonal antibody (F58-10E4) specific for HS or its isotype control. (b) FV transduction of wild-type 
CHO-K1 and mutant cells was done at MOIs of 0, 1, 2, 5, 10, and 20 for 1 hour at 37 °C. Cells were harvested 3–7 days after transduction, and GFP 
analyses were done by flow cytometry. (c) As a control, LV-GFP vector transduction and analyses were done as for the FV group. (d) Binding of 35S-labeled 
FV to wild-type CHO-K1 and mutant lines, pgsA-745 and pgsD-677, was done at MOIs of 0, 1, 2, 5, 10, and 20 for 1.5 hours at 4 °C. After unbound 
virus particles were removed by washing, cells were lysed and radioactivity was counted. Counts of wild-type CHO-K1 cells were converted to 100% and 
counts of pgsA-745 and pgsD-677 cells were assessed according to their proportional percentages. Data represented the mean and standard error of the 
mean (SEM) of three independent experiments. FITC, fluorescein isothiocyanate; FV, foamy virus; GFP, green fluorescent protein; HS, heparan sulfate; LV, 
lentivirial vector; MOI, multiplicities of infection; VSV, vesicular stomatitis virus.

table 1 cell lines tested for FV transduction and Hs expression

cell line species tissues FV transductiona Hs expressionb

CD34+ Human Blood +c +c

HT1080 Human Epithelial +++ +++
A549 Human Lung ++ ++
HeLa Human Cervix ++ ++
Jurkat Human T lymphocyte ++ ++
293T Human Kidney + +
Raji Human B lymphocyte — —
Ramos Human B lymphocyte — —
K562 Human Myeloid ++ ++
Cos-7 Monkey Kidney +++ +++
Vero Monkey Kidney +++ +++
NIH3T3 Mouse Fibroblast +++ +++
CHO-K1 Hamster Ovary +++ +++
Abbreviations: FV, foamy viruses; GFP, green fluorescent protein; HS, heparan 
sulfate; MOI, multiplicities of infection.
a”–“, less than 0.5% transduction; “+”,0.5–5% transduction; “++”, 5–10% 
transduction; and “+++”, more than 10% transduction of cells. FV-GFP vector at 
an MOI of 1 was used for overnight transduction of cells and GFP expression was 
analyzed 3–7 days after transduction.% transduction were expressed as absolute 
values. b”–“, no expression, “+”, poor expression, “++”, good expression, and 
“+++”, very good expression. cVaried with donor.



Molecular Therapy  vol. 20 no. 6 june 2012 1161

© The American Society of Gene & Cell Therapy
Heparan Sulfate Is a Receptor for Foamy Virus

transduction levels were similar for buffer-treated and hepari-
nase III-treated cells (Figure 3, left panels, gray bars). Anti-HS 
antibody (F58-10E4) specifically recognized intact HS in the 
untreated control cells (Figure 3a–c, middle panels). Heparinase 
III specifically digested the HS from PG moieties and thus elimi-
nated the HS epitope recognized by the antibody. Therefore, hep-
arinase III-treated cells had lower HS expression than untreated 
cells (Figure 3a–c, right panels). The reduced susceptibility of 
HT1080, NIH3T3, and Cos-7 cells after enzymatic removal of HS 
indicates that HS plays an important role in FV transduction in 
human, murine, and monkey cells.

sulfation of cellular Hs is essential for efficient FV 
transduction
To test whether sulfated HS is required for FV transduction, cel-
lular adenosine triphosphate sulfurylase (which causes sulfation 
of cellular GAGs or other molecules) was inhibited by adding 
sodium chlorate to cells. Sodium chlorate at 25 mmol/l inhib-
ited FV transduction by 95% in A549 (Figure 4a, black bars) and 
NIH3T3 (Figure 4b, black bars) cells and by 82% in Vero cells 
(Figure 4c, black bars). In contrast, the same concentration of 

sodium chlorate inhibited LV transduction by only 37% in A549 
cells (Figure 4a, gray bars); 61% in NIH3T3 cells (Figure 4b, gray 
bars); and 36% in Vero cells (Figure 4c, gray bars). Compared with 
untreated control cells, there was no significant toxicity in sodium 
chlorate-treated cells. Anti-HS antibody specifically recognized 
sulfated HS in untreated control cells (Figure 4a–c, middle pan-
els). Sodium chlorate inhibited the sulfation of HS and thus elimi-
nated the epitope recognized by the antibody (Figure 4a–c, right 
panels). Therefore, sodium chlorate-treated cells showed reduc-
tion in HS expression compared with untreated control cells. 
The reduced susceptibility of A549, NIH3T3, and Vero cells after 
inhibition of sulfation indicates that the sulfate group of HS plays 
an important role in FV transduction in human, murine, and 
 monkey cells.

ectopic expression of syndecan-1 and Hs permits 
efficient FV transduction
Raji cells do not express HS (Figure 5a, first row, left) and are less 
permissive to FV. Raji cell susceptibility to FV transduction was 
strongly increased through ectopic expression of HS. Raji cells 
transfected with syndecan-1 cDNA (a PG-expressing molecule 
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Figure 3 Heparinase III digestion of cell surface Hs severely reduced FV transduction. Cells were incubated for 1 hour at 37 °C with the indicated 
concentrations of heparinase III. After washing, one group of cells was transduced with FV (black bars) or LV (gray bars) at MOI of 2 for 1 hour at 
37 °C. Unbound virus was removed by extensive washing with PBS. Cells were analyzed for GFP expression 3–7 days after transduction. (a) HT1080, 
(b) NIH3T3, and (c) Cos-7. For each FV and LV groups, the transduction of untreated control cells was converted to 100% and the transduction of 
heparinase III-treated cells was calculated according to their proportional percentages. Data represented the mean and standard error of the mean 
(SEM) of three independent experiments. Another group of cells was fixed with paraformaldehyde and stained with anti-HS antibody to check HS 
expression. Middle and right panels showed the flow cytometric analysis of HS expression of buffer-treated control cells and heparinase III-treated 
cells, respectively. FITC, fluorescein isothiocyanate; FV, foamy virus; GFP, green fluorescent protein; HS, heparan sulfate; LV, lentivirial vector; MOI, 
multiplicities of infection; PBS, phosphate-buffered saline.
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in which HS binds through serine residues) expressed both cell 
surface HS (Figure 5a, first row) and PG (Figure 5a, second row) 
in bulk culture and clones. Compared with mock cells, FV trans-
duction was 20 to 30 times higher in both bulk culture and indi-
vidual clones those expressed HS (Figure 5b, bars 3–8). We also 
investigated whether FV uses either HS or PG to transduce cells. 
Syndecan-1 contains three HS chains that originate from evolu-
tionarily conserved serine residues.24 We obtained a triple dele-
tion mutant (TDM) of syndecan-1 that lacks HS chains because 
of replacement of serines with alanines and therefore HS cannot 
bind to PG (Supplementary Figure S1). Two CS-binding serines 
of the TDM syndecan-1 were not mutated.24 TDM syndecan-1-
transfected cells expressed PG (Figure 5a, fourth row) but not HS 
(Figure 5a, third row). Indeed, cells transfected with wild-type syn-
decan-1 had high levels of HS, whereas cells transfected with TDM 
syndecan-1 expressed HS but not attached to TDM syndecan-1 
(Figure 5a, first versus third row). We also found that FV trans-
duction of cells expressing HS-deficient mutant (TDM) was 20–30 
times lower than that of cells expressing wild-type syndecan-1 both 
in bulk culture and cell clones (Figure 5b, bars 9 to 13 versus bars 3 
to 8). These findings indicate that FV transduces cells through the 
HS chain and not the PG (which acts as binding molecule for HS) 
and that HS but not CS is needed for FV transduction.

Although the same MOIs of FV were used in both wild-type 
syndecan-1 and TDM syndecan-1-transfected cells, the number 
of GFP-positive cell was 20–30 times lower in TDM syndecan-
1-expressing cells than in wild-type syndecan-1-expressing cells. 
The reason for the low percentages of GFP expression in TDM 
syndecan-1-positive cells was clarified by investigating the FV 
provirus DNA in cells. As the wild-type syndecan-1-positive Raji 
cells were vigorously transduced by FV because of expression of 
HS, the amount of FV provirus DNA in these cells were 20–30 
times higher than in TDM syndecan-1-positive cells (Figure 5c, 
lanes 4–6 versus lanes 8–10). These data provide genetic evidence 
that HS is required for FV entry to cells.

dIscussIon
In this study, we have found that cell membrane-associated HS 
serves as a receptor for FV based on the following evidence: 
(i) HS-deficient cells are less permissive to FV whereas wild-type 
cells are permissive, (ii) enzymatic removal of HS or chemical 
removal of the sulfate group from cells greatly reduces FV permis-
siveness, and (iii) induction of HS expression makes cells more 
permissive to FV.

It has been reported that PGs seemed to contribute significantly 
to FV infection,13 but detailed information were not given whether 
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Figure 4 FV transduction was strongly dependent on cellular sulfation of Hs. Cells were cultured in a low-sulfate F12 medium in the presence 
of increasing concentrations of sodium chlorate for 36 hours. One group of cells was transduced with FV (black bars) or LV (gray bars) at MOI of 2 
for 1 hour at 37 °C, and another group of cells was fixed and stained with anti-HS antibody. (a) A549, (b) NIH3T3, and (c) Vero. Left graphs showed 
transduction efficiency. The transduction of untreated control cells was converted to 100% and the transduction of sodium chlorate-treated cells was 
assessed according to their proportional percentages.Data represented the mean and standard error of the mean (SEM) of three independent experi-
ments. Middle and right graphs showed the flow cytometric analysis of HS expression of untreated control cells and sodium chlorate-treated cells, 
respectively. FITC, fluorescein isothiocyanate; FV, foamy virus; HS, heparan sulfate; LV, lentivirial vector; MOI, multiplicities of infection.
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these molecules are receptor for FV. The expression of PGs or HS in 
SOG9 cell and its parental cell was not compared in this study. In 
fact, this mutant cell was still susceptible to FV infection.

Overnight culture of hCD34+ cells in the presence of fibronec-
tin-inhibited HS expression and FV transduction. But FV needs 
fibronectin to transduce hCD34+ cells. Therefore, we seeded 
hCD34+ cells on fibronectin-coated plate during FV transduction 
and immediately added FV so that HS could mediate FV trans-
duction by interacting with fibronectin and no inhibition of HS 
occurred by fibronectin.

Nuclear localization of HS occurs in primary corneal fibro-
blast cultured in the presence of fibronectin. Matrices containing 
the heparin-binding domain of fibronectin but not the integrin-
activating domain show increased nuclear localization of HS 
mediated by protein kinase C signaling pathways.25

Genetic defects in the cellular pathways for HS synthesis can 
make cells less permissive to FV. The requirement of FV for HS 
cannot be fulfilled by other GAGs such as CS commonly found on 
the cell membrane. Mutant CHO cells, pgsD-677, which express 
three times more CS than the wild-type but do not express HS, 
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Figure 5 ectopic expression of Hs in raji cells made them more permissive to FV transduction. (a) Raji cells transfected with syndecan-1 (first 
and second rows), and TDM-syndecan-1(third and fourth rows) expression plasmids were investigated for the cell surface expression of HS (first and 
third rows) and proteoglycan (second and fourth rows). (b) Mock, syndecan-1-, and TDM syndecan-1-transfected bulk cultures and cell clones were 
evaluated for FV transduction. Cells were transduced with FV at MOI of 2 overnight and checked for GFP expression 3–7 days after transduction. Data 
represented the absolute values of mean and standard error of the mean (SEM) of three independent experiments. (c) Southern blot analysis was 
done to check FV provirus DNA entry into the mock (untransfected), syndecan-1-, and TDM syndecan-1-transfected cells of both bulk cultures and 
cell clones. Lane 1, 3, and 7 were untransduced and lane 2, 4, 5, 6, 8, 9, and 10 were transduced with FV-GFP. Genomic DNA was extracted from 
cells and resolved on agarose gel. 32P-labeled FV pol sequence was used to probe the membranes. FITC, fluorescein isothiocyanate; FV, foamy virus; 
GFP, green fluorescent protein; HS, heparan sulfate; MOI, multiplicities of infection; TDM, triple deletion mutant.
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were less permissive to FV attachment and transduction. These 
findings indicate that FV envelope glycoprotein recognizes struc-
tural features of HS that are not present in other GAG molecules 
such as CS. HS composed of repeating disaccharide units of alter-
nating glucosamine and hexuronic acid residues,26 whereas CS 
composed of repeating disaccharide units of alternating galac-
tosamine and hexuronic acid residues.27 Therefore, it is possible 
that FV may have a specific affinity for the glucosamine residues 
of HS.

We found that enzymatic removal of HS molecules from cells 
reduced FV transduction. HS is expressed on the cell surface rapidly 
if heparinase III is removed from cells. To analyze HS expression 
after heparinase III treatment, the cells need to be fixed immedi-
ately. If the cells are stained without fixation, significant amount of 
HS was found in heparinase III-treated cells (Md. Nasimuzzaman 
and D.A. Persons, unpublished observations).

We showed that ectopic expression of HS by transfection with 
syndecan-1 made cells more permissive to FV. Three HS-binding 
serines at positions 37, 45, and 47 in the N-terminal region as well 
as two CS-binding serines at 210 and 220 near the C-terminal 
region has been reported in syndecan-1.24 The syndecan-1 mutant 
protein, TDM lacks all three HS chains, and FV does not trans-
duce cells that express this mutant. Despite the presence of two CS 
chains, the syndecan-1 mutant cells are less well transduced by FV 
than wild-type syndecan-1 cells, indicating the requirement of HS 
for FV transduction.

HS is present almost ubiquitously on cell surfaces but is 
extensively heterogeneous with respect to their compositions and 
quantities among different species, cell types, tissues, and devel-
opmental stages. HS chains are repeating disaccharide units of 
N-acetylglucoseamine and glucuronic/iduronic acid, covalently 
linked to a membrane protein, such as syndecans, β-glycans, and 
glypicans.28 It would be interesting to analyze the affinity of FV to 
the HS of PGs other than syndecan-1. HS moieties derived from 
a variety of sources have high heterogeneity and vary in their 
sequences, and the level of sulfation. Also, there are subtle dif-
ferences in the HS structure for binding to different ligands, for 
example, HSV-1 requires specific sulfation to infect host cells.29 
It is therefore necessary to analyze the type of HS structure that 
interacts with FV.

We found that sodium chlorate inhibited cellular sulfation of 
HS and FV transduction as well as LV transduction. The LV par-
ticles may use an unknown sulfated receptor molecule for trans-
duction. It is reported that dengue virus infection in Vero cell is 
inhibited with sodium chlorate through inhibition of sulfation of 
HS.20 Despite the same concentration of sodium chlorate was used 
under the same cell culture conditions, HS inhibition was variable 
in different cell lines, likely due to heterogeneity in the structure of 
HS chains.14 As low-sulfate F12 medium and sodium chlorate are 
toxic to HT1080 and Cos-7 cells, we used A549 and Vero cells.

The basic amino acids of a viral envelope or capsid protein 
interact with the acidic sulfate group of cell surface HS. For exam-
ple, the feline immunodeficiency virus needs two highly  conserved 
arginine residues, R379 and R389 at the N-terminal side of the V3 
region, for contact between feline immunodeficiency virus enve-
lope glycoprotein and HS;30 adeno-associated virus 2 needs two 
arginine residues, 585 and 588 for binding of the capsid protein to 

HS.31 It would be interesting to analyze the amino acid sequences 
needed for FV envelope binding to HS.

HS and fibroblast growth factor receptor 1 (FGFR1) act in a 
coordinated manner in cellular signaling pathways.32,33 HS acts 
as a primary receptor for HSV-118 and AAV-217; and FGFR1 as 
a co-receptor for HSV-134 and adeno-associated virus 2.35 There 
is a controversy regarding using FGFR1 as a co-receptor for 
HSV- 1.36,37 FGFR1 may not be a co-receptor for FV. Raji cells do 
not express FGFR1.35 We have shown that transfecting Raji cells 
with only syndecan-1 made them more permissive to FV trans-
duction. Moreover, siRNA-mediated downregulation of FGFR1 
in cells did not inhibit FV transduction (Md. Nasimuzzaman and 
D.A. Persons, unpublished observations). It would be interesting 
to investigate whether FV uses any co-receptor as an entry portal.

We have provided biochemical and genetic evidences sup-
porting that HS is a receptor for FV. Although HS is expressed 
in almost all host species and tissues, the transduction of FV to 
human CD34+ hematopoietic cells varies by donor. The induction 
of HS expression in hematopoietic stem cells may increase their 
transduction with FV. Identification of the FV receptor molecule 
will provide information on the entry mechanism of FV and pro-
mote further development of the FV vector to treat inherited and 
pathogenic diseases in clinical human gene therapy trial.

MaterIals and MetHods
Cell culture. Chinese hamster ovary cell lines, CHO-K1, pgsA-745, and 
pgsD-67721,22 were purchased from American Type Culture Collection 
(ATCC) (Rockville, MD) and cultured in F12K medium (Invitrogen, San 
Diego, CA) supplemented with 10% fetal bovine serum (FBS; Invitrogen). 
Raji,38 Jurkat,39 and Ramos cells (a kind gift from Dr Mary Ellen Conley) 
were cultured in RPMI 1640 medium (Invitrogen) supplemented with 
15% FBS. HT1080,40 Vero,41 Cos-7,42 A549,43 NIH3T3,44 and 293T45 
cells were grown in Dulbecco’s Modified Eagle Medium (Invitrogen) 
supplemented with 10% FBS. Human CD34+ cells were either cultured in 
Ex Vivo 10 (Lonza, Walkersville, MD) with cytokine mixtures (SCF, TPO, 
and Flt-3 ligand, each 100 µg/ml) overnight on a fibronectin-coated plate 
(Retronectin, Takara, Shiga, Japan) or seeded on a fibronectin-coated plate 
immediately before vector transduction.

FV vector production. Prototype FV vector plasmid DNA based on 
pHSRV13 (infectious clone of SFVcpz(hu)) was described previously.46 FV 
particles were produced by using the four plasmid system47 by transient 
transfection of 293T cells with polyethyleneimine (PEI). In brief, 293T 
cells were transfected with FV plasmid DNA consisting of 12 µg of pCIGS 
(gag), 1.6 µg of pCIPS (pol), 0.75 µg of pCIES (envelope), and 12 µg of gene 
transfer vector plasmid, pPFV-GFP per 10-cm dish. The PEI-DNA mix-
ture was added to cells and incubated for 60–72 hours. For 35S-labeled FV 
production, transfected cells were washed with phosphate-buffered saline 
(PBS) 24 hours after transfection and cysteine-methionine-free Dulbecco’s 
Modified Eagle Medium (Invitrogen) with 5% FBS was added. Trans-
35S- labeled cysteine-methionine (MP Biomedicals, Solana, OH) was added 
to a final concentration of 100 µCi/ml.48 Both unlabeled and 35S-labeled FV 
particles were concentrated by ultracentrifugation at 50,000g for 2 hours 
at 20 °C. Virus supernatants were stored at –80 °C in 5% DMSO. Titers of 
the vector preparations were determined after transduction of the HT1080 
cell.47 The unconcentrated vector titer was ~107 transduction units (TU)/ ml 
and was concentrated upto 100 times.

VSV-G pseudotyped LV production. 293T cells were transfected with HIV-
1-based plasmid DNA consisting of 6 µg of pCAGkGP1R (Gag/Pol), 2 µg 
of pCAG4-RTR2 (Rev/Tat), and 10 µg of gene transfer vector expressing 
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GFP; and 2 µg of pCAG-VSV-G (VSV-G envelope) plasmid per 10-cm dish 
using the calcium phosphate method.49 The next day, cells were washed 
with PBS and then grown in Dulbecco’s Modified Eagle Medium with 10% 
FBS. After 24 hours, LV supernatants were harvested, cleared using low-
speed centrifugation, and filtered through a 0.2-µm filter. LV supernatants 
were concentrated by ultracentrifugation for 1.5 hours at 50,000g at 4 °C 
(Beckman SW28 rotor), aliquoted, and kept at −80 °C until use. Titers of 
vector preparations were determined by transduction of HeLa cells with 
6 µg/ml of polybrene (Sigma, St. Louis, MO). The unconcentrated vector 
titer was ~5 × 107 transduction units (TU)/ml and was concentrated upto 
100 times.

Development of syndecan-1/HS-positive stable raji cells. Raji cell is less 
permissive to FV transduction and does not express HS. Raji cell was 
separately transfected with syndecan-1 expression plasmid and TDM 
 syndecan-1 (a kind gift from Dr Sanderson, University of Alabama, 
Birmingham, AL).24 These plasmids also contain a neomycin-resistant 
gene. After selecting cells with 500 µg/ml G418, expression of HS and 
syndecan-1 (PG) was checked after staining cells with anti-HS and anti-
syndecan-1 antibodies, respectively. Raji cells transfected with syndecan-1 
expressed both cell surface HS and PG moieties whereas TDM did not 
showed HS. Both bulk culture and cell clones were expanded. Expression 
of HS and PG was checked after staining cells with their corresponding 
antibodies. Both bulk culture and several cell clones expressed high level 
of both HS and PG for wild-type syndecan-1 whereas mutant cells did not 
showed HS. Both bulk culture and cell clones were also checked for FV 
transduction.

FV and VSV-G pseudotyped LV vector transduction of target cells. Cells 
were seeded and cultured at 37 °C in 5% CO2 for at least 18 hours before 
vector transduction. Cells were transduced with FV or VSV-G pseudo-
typed LV-GFP at multiplicities of infection (MOIs) of 1–20, where appli-
cable. Cells were washed extensively with PBS to remove unbound vector 
particles, and GFP expression was analyzed 3–7 days after transduction by 
using a BD FACScan cytometer (BD Pharmingen, San Diego, CA). In indi-
vidual FACS samples, 10,000 events (viable cells) were acquired and the 
absolute values of negative control were 0.1 to 0.5%. (GFP expression lev-
els of FV-GFP and LV-GFP vector-transduced cells were 200–1,000 times 
above the detection limit.)

FV binding assay. Binding of FV vector to the cellular receptor was done 
using 35S-labeled FV particles. Cells were detached, and 3 × 105 cells 
were resuspended in ice-cold virus binding buffer (0.5 mmol/l MgCl2, 
0.5 mmol/l CaCl2, and 0.5 % bovine serum albumin in PBS). FV vector was 
added to the cells at MOIs of 0, 1, 2, 5, 10, and 20. Cells were mixed with 
FV vector and incubated at 4 °C for 1.5 hours with mild shaking. Cells were 
washed extensively with ice-cold PBS to remove unbound virus, lysed in 
1% SDS, and cell-associated radioactivity was counted by a liquid scintilla-
tion counter (Beckman Instruments, Fullerton, CA).

Heparinase III treatment of cells. Heparinase III, also known as hepari-
tinase (E.C. 4.2.2.8), an enzyme that specifically digests cell surface HS,50 
was purchased from Sigma (St. Louis, MO). Heparinase III concentrations 
were used in milli international units (mIU) per milliliter (1 IU is equivalent 
to 600 Sigma units). Cells were seeded 18 hours before enzyme treatment 
and FV transduction. Cells were incubated with various concentrations of 
heparinase III in 20 mmol/l Tris-HCl (pH 7.5), 4 mmol/l CaCl2, and 0.01% 
bovine serum albumin at 37 °C, in 5% CO2 for 1 hour. Cells were washed 
with PBS and immediately transduced with the FV or VSV-G pseudotyped 
LV vectors at an MOI of 2 at 37 °C for 1 hour. Cells were washed extensively 
with PBS to remove unbound vectors. The transduction efficiency of both 
heparinase III-treated and untreated control cells were determined after 
3–7 days. For FACS analysis of HS expression, HT1080, NIH3T3, and Cos-7 
cells were untreated or treated with 1.0, 4.0, and 2.0 mIU/ml heparinase III, 

respectively, for 1 hour at 37 °C. Cells were detached from plate, washed 
with PBS, and fixed with 2% paraformaldehyde for 30 minutes.

Sodium chlorate treatment of cells to inhibit sulfation of HS. To prevent 
sulfation of cell surface HS, cells were cultured for 36 hours in the presence 
of various concentrations of sodium chlorate (Sigma, MO) in F12 medium 
(reduced sulfate) with 5% dialyzed FBS. Cells were washed and transduced 
with FV or LV vector at MOI of 2 at 37 °C for 1 hour. For FACS analysis 
of HS expression, A549, NIH3T3, and Vero cells were untreated or treated 
with 25 mmol/l sodium chlorate. Cells were detached from plates, washed 
with PBS, and fixed with 2% paraformaldehyde for 30 minutes.

Flow cytometric analysis of HS expression in cells. To investigate cell sur-
face expression of HS or PG, 2 × 105 cells were fixed with 2% paraform-
aldehyde for 30 minutes, washed with PBS, and incubated in Fc receptor 
blocking buffer (100 mg/ml human γ globulin, 5% FBS, and 2 mmol/l 
sodium azide) for 10 minutes to prevent nonspecific binding of antibodies. 
Cells were washed and resuspended in primary antibodies; mouse anti-HS 
(F58-10E4; Seikagaku, Japan), mouse anti-syndecan-1 (BD Biosciences, San 
Diego, CA) or isotype control antibody at a dilution of 1:200 for 30 minutes 
and washed to remove the primary antibody. Fluorescein isothiocyanate-
conjugated secondary anti-mouse antibody (Bio Legend, San Diego, CA) 
was added at a dilution of 1:200 for 30 minutes. Finally, cells were washed 
extensively with PBS and analyzed by a flow cytometer, BD FACScan (BD 
Pharmingen, San Diego, CA).

Southern blot analysis. Southern blot analysis was done by a modified 
protocol.49 Genomic DNA was prepared from transduced cells by using 
an Archivepure DNA purification kit (5Prime, Gaithersburg, MD). Five 
micrograms of genomic DNA was digested with EcoNI restriction enzyme 
(which cut at both ends of the provirus, liberating near unit length FV 
provirus). DNA was resolved on a 0.8% agarose gel and transferred onto a 
nylon membrane. A 32P-labeled FV pol sequence (a 551-bp EcoRI-EcoRV 
fragment) was used to probe the membranes in Hibrisol I blocking buffer 
(Millipore, Temecula, CA) overnight at 42 °C on a rotator. The membrane 
was washed at 65 °C for 1 hour in 2× saline-sodium citrate/0.05% SDS, and 
1 hour in 0.2× saline-sodium citrate/0.05% SDS wash buffer. The membrane 
was kept in a Phospho-Image cassette aligned to the grid. The cover was 
placed on the cassette and was scanned after 24, 48, and 72 hours of expo-
sure using a Molecular Dynamic Storm 860 Phosphorimager (Sunnyvale, 
CA). Equivalent loading of each lane was confirmed by ethidium bromide 
staining of the gel.

Statistical analyses. Statistical analyses were done using the Student’s 
two-tailed t-test to determine statistically significant differences between 
mean values of data sets using Microsoft excel and GraphPad Prism soft-
ware (San Diego, CA). A P value of less than 0.05 was considered statisti-
cally significant. Mean and standard error of the mean were calculated by 
using Microsoft Excel.

suPPleMental MaterIal
Figure S1. Schematic maps of syndecan-1 and its mutant, TDM-
syndecan-1.
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