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A number of poorly characterized genetic modifiers contribute to
the extensive variability of von Willebrand disease, the most
prevalent bleeding disorder in humans. We find that a genetic
lesion inactivating the murine ST3Gal-IV sialyltransferase causes a
bleeding disorder associated with an autosomal dominant reduc-
tion in plasma von Willebrand factor (VWF) and an autosomal
recessive thrombocytopenia. Although both ST3Gal-IV and
ST6Gal-I sialyltransferases mask galactose linkages implicated as
asialoglycoprotein receptor ligands, only ST3Gal-IV deficiency pro-
motes asialoglycoprotein clearance mechanisms with a reduction
in plasma levels of VWF and platelets. Exposed galactose on VWF
was also found in a subpopulation of humans with abnormally low
VWF levels. Oligosaccharide branch-specific sialylation by the
ST3Gal-IV sialyltransferase is required to sustain the physiologic
half-life of murine hemostatic components and may be an impor-
tant modifier of plasma VWF level in humans.

Von Willebrand factor (VWF) is a multimeric plasma sialogly-
coprotein that stabilizes coagulation factor VIII and plays an

essential role in hemostasis by mediating platelet aggregation to
subendothelium at sites of vascular injury (reviewed in refs. 1 and
2). VWF levels in plasma vary widely among the human population,
with particularly low VWF levels or dysfunctional VWF resulting in
von Willebrand disease (VWD). VWD is the most common
inherited bleeding disorder in humans. Inheritance is typically
autosomal dominant with incomplete penetrance and highly vari-
able expressivity. There are also a number of distinct variants of the
disease, each with a specific qualitative functional defect, leading to
a complex classification scheme (reviewed in ref. 3). A large number
of mutations within the VWF gene have been identified in VWD
individuals, particularly in patients with qualitative variants of
VWD; however, the genetic basis for the wide variation in plasma
VWF levels among both normal and VWD individuals remains
largely unknown. VWF function appears conserved among mam-
malian species, indicating that animal models may be useful in
identifying the molecular mechanisms and underlying genetic fac-
tors modifying VWF homeostasis and the severity of VWD (re-
viewed in ref. 4).

The glycosylation of VWF comprises a posttranslational
mechanism capable of modulating VWF stability and function in
circulation. Enzymatic elimination of multiple glycan structures,
including sialic acid linkages, has been shown to alter VWF
proteolytic degradation, platelet aggregation function, multim-
erization, and half-life in plasma (5–10). These findings suggest
the possibility that inherited genetic lesions in the pathways of
glycan synthesis could modify the severity of VWD and may be
directly responsible for VWD in some cases. However, such
lesions would likely be less severe in altering glycan structure,
otherwise viability could be affected in mammalian gestation
and postnatal development (11). Some of the variance in normal
plasma VWF levels has been associated with the ABO blood
group determinants, because humans with blood type O due to

homozygosity for null alleles in the H-locus glycosyltransferase
generally have reduced VWF levels (12, 13). The remarkable
finding of an inherited genetic mutation altering cell type-
specific expression of the Galgt2 glycosyltransferase in the
RIIIS�J mouse, which resulted in an autosomal dominant VWF
deficiency, revealed that enzymes in the glycosylation pathway
could also play a dominant role in VWF homeostasis (14).

Sialic acids are negatively charged molecules existing in either
�2–3, -6, or -8 linkages on various glycan types and are generated
by a family of 18 sialyltransferase genes differentially expressed
among tissues (15–18). Sialic acids are most commonly linked to the
penultimate galactose (Gal) or N-acetylgalactosamine (GalNAc)
on glycan branches and can be essential in the formation of ligands
for endogenous sialic acid-specific lectins such as the Siglecs
(reviewed in ref. 19), the Selectins (reviewed in ref. 20), or pathogen
receptors (21). However, they can also mask ligands involving Gal
or GalNAc recognition by the galectins and asialoglycoprotein
receptors (ASGPRs) (reviewed in refs. 22 and 23).

The majority of sialic acids attached to plasma components are
�2–3 linked and produced by up to six different ST3Gal genes
encoding sialyltransferases ST3Gal-I–VI. Only the ST6Gal-I sialyl-
transferase has been implicated in hemostatic regulation, by pro-
ducing �2–6 sialic acid linkages that can block recognition of VWF
by ASGPRs (9). However, ST6Gal-I-deficient mice exhibit a B
lymphocyte defect but otherwise appear normal (24). Studies
herein of mice bearing distinct sialyltransferase lesions identify
ST3Gal-IV as a modulator of hematologic components and provide
mechanistic insights regarding sialic acid linkage-specific function
in hemostasis.

Methods
Gene Targeting and Mutant Mouse Production. Mouse ST3Gal-IV
genomic DNA was isolated for use in gene-targeted mutagenesis
procedures as previously described (25). In screening for homolo-
gous recombinants, the wild-type allele was detected by using PCR
primers adjacent to the deleted region (W5�: 5�-GACGCCATC-
CACCTATGAG and W3�: 5�-GGCTGCTCCCATTCCACT-3�),
resulting in a 260-bp fragment. The mutant allele was detected
by using W5� and a primer from the loxP region (M3�:
5�-GGCTCTTTGTGGGACCATCAG-3�), yielding a 450-bp
fragment.

RNA Analysis. Total RNA from indicated tissues was isolated and
analyzed with a mouse ST3Gal-IV cDNA probe containing the
entire protein-coding sequence, by procedures described (25).
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Hematology. Blood from the tail vein of methoxyfluorane-
anethesized mice was collected into EDTA-containing polypro-
pylene microtubes (Becton Dickinson). Analyses were carried out
with a CELL-DYN 3500 (Abbott Labs, Abbott Park, IL) calibrated
with normal mouse blood and microscopic examination with
Wright–Giemsa stain. For clotting assays, plasma samples were
prepared from whole blood collected by cardiac puncture in
one-tenth of volume buffered citrate anticoagulant (0.06 mol�liter
of sodium citrate�0.04 mol�liter of citric acid, pH 7.4).

Bleeding Time. Mice were anesthetized and restricted horizontally.
The tail was severed 2 mm from the tip with a razor blade and
immersed vertically 1 cm below the surface of 37°C saline. Time
until bleeding stopped was recorded. The tail was cauterized when
bleeding times exceeded 10 min.

Coagulation Factor Analyses. VWF levels were measured by an Elisa
approach by using the anti-VWF antibody (DAKO), as previously
described (14). Factor VIII and other coagulation factors were
assayed as described (26).

Multimer Analysis. Mouse plasma samples were diluted 1:25 and
separated by SDS-agarose electrophoresis in standard SDS�PAGE
running buffer by using a miniProtean II apparatus (BioRad). Gel
and loading buffer conditions were as described (27). Gels were
blotted onto Immobilon P membranes (Millipore) by capillary
transfer overnight in PBS. Multimers were detected by incubating
the membrane with horseradish peroxidase labeled anti-human
VWF antibody (DAKO) at a 1:500 dilution and visualized by
enhanced chemiluminescence (Amersham Pharmacia).

Lectin Binding. Plates coated with anti-VWF antibodies (DAKO)
and blocked with BSA were prepared. Plasma was added at 1:8 to
1:100 dilution. After washing, biotinylated Ricinus communis ag-
glutinin-1 (RCA-I), Erythrina cristagalli (ECA), Sambucus nigra
(SNA), or peanut agglutinin (PNA) lectins (Vector Laboratories)
at 1 �g�ml was added. For VWF antigen determination in parallel
anti-VWF, horseradish peroxidase-conjugated antibodies were
added. Lectin binding was detected by using an avidin and biotin-
ylated-horseradish peroxidase (ABC) detection system and devel-
oped with 3,3�,5,5� tetramethylbenzidine (TMB, Bio-Rad). Binding
was analyzed at 655 nm on a spectrophotometric plate reader
(Molecular Devices) with SOFTMAX software. For VWF desialyla-
tion and lectin-binding analysis, whole plasma pooled from more
than 20 wild-type mice was treated with 0.3 units Arthrobacter
ureafaciens neuraminidase (Sigma) in the supplied buffer, pH 6.0,
at 37°C for 90 min. Serial dilutions of 100 �l were analyzed as above.

VWF Clearance Measurements. Blood was obtained by cardiac
puncture into citrate from three to six wild-type or ST3Gal-IV�/�

mice. Plasma proteins were biotinylated in fresh EDTA-
anticoagulated plasma by using biotin-N-hydroxylsuccinimide
(Calbiochem), followed by i.v. injection of 200 �l per mouse.
Blood was collected from the tail vein at 0, 2, 4, and 6 h. VWF
in these fractions was captured on anti-VWF antibody-coated
plates, and biotinylated VWF was detected by using ABC�TMB
as above. In experiments to detect ASGPR involvement, plasma
obtained from ST3Gal-IV�/� mice was similarly injected with or
without tissue-culture grade pyrogen-free fetuin preparations.
Asialofetuin was prepared by mild acid hydrolysis as described
(28). All fetuin preparations were tested for potential pyrogenic
activity and contamination by a modified version of a blood
mononuclear cell IL-6 secretion assay (29).

Platelet Cytometry and Clearance. Whole blood from the tail vein
was collected in EDTA microtubes and diluted in Tyrode’s buffer.
Platelets were stained with anti-CD41 FITC (Becton Dickinson)
and RCA-I biotin (Vector Laboratories) followed by streptavidin-
cytochrome (Becton Dickinson). Data from 10,000 platelet events
determined by anti-CD41 binding as well as forward- and side-

scatter were analyzed on a FACScan flow cytometer by using
CELLQUEST software (Becton Dickinson). In clearance studies,
ST3Gal-IV�/� mice were injected i.p. with 10 mg of fetuin or
asialofetuin at 0, 4, and 8 h. Blood was collected from the tail vein
at 0, 4, 8, and 12 h into EDTA tubes and analyzed for platelet levels
as above.

Statistical Analysis. Data were analyzed by ANOVA and Scheffé’s
t test for unpaired samples.

Results
ST3Gal-IV Sialyltransferase Structure and Mutagenesis. The murine
ST3Gal-IV sialyltransferase is a type II transmembrane protein
localized to the Golgi apparatus and encoded by a gene spanning
10 kb containing 10 exons (16). A genomic clone encompassing the
first 9 exons was isolated and characterized for producing a mutant
allele in embryonic stems cells by Cre-loxP gene-targeting ap-
proaches (Fig. 1A). All sialyltransferases share structural features

Fig. 1. ST3Gal-IV mutation in the germline of mice ablates the large sialyl motif
and results in loss of RNA. (A) An ST3Gal-IV genomic isolate in germline config-
uration was used in conjunction with the pflox vector to construct a targeting
vector in which exons 5–7 containing the large sialyl motif (16) were flanked by
loxP sites for deletion (ST3Gal-IVF[tkneo]). Restriction enzyme sites indicated are
BamHI (B) AvrII (A), EcoRI (E), Hind III (H), KpnI (K), NotI (N), SalI (Sa), and SpeI (Sp).
(B) Transient Cre expression in ST3Gal-IV gene-targeted R1 embryonic stem cells
produces subclones heterozygous for the � (systemic deleted) or F (conditional)
mutations illustrated. (C) Southern blot analysis of AvrII- and SpeI-digested em-
bryonic stemcellDNAprobedwitha loxPprobeconfirmedtheexpectedgenomic
structures. Three loxP sites are present in a targeted parental clone (21–6),
whereas one loxP site is present in each of two ST3Gal-IV�/wt subclones (21-F1 and
21-D1), and two loxP sites are present in the ST3Gal-IVF/wt subclones (21-A3 and
21-E1). (D) Tail DNA derived from offspring of parents heterozygous for the �
allele was digested with HindIII and probed with the indicated genomic probe to
reveal the 6.8-kb wild-type allele and the 5.3-kb deleted (�) allele. (E) ST3Gal-IV
RNA expression in normal wild-type mouse tissues. (F) ST3Gal-IV RNA expression
is deficient among ST3Gal-IV�/� mice.
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that include the large sialyl motif shown to be essential for nucle-
otide sugar binding and enzymatic activity (30); therefore, we
mutagenized ST3Gal-IV by flanking exons 5–7 containing the large
sialyl motif with loxP sites (F allele), resulting in the deletion of these
sequences on Cre recombination (� allele) (Fig. 1B) and a trans-
lational frameshift within exon 8 (data not shown). Targeted
embryonic stem cells bearing the expected allelic structures (Fig.
1C) were used to generate mice as described (25). Mice homozy-
gous for the � allele were produced in Mendelian ratios among
heterozygous matings with both male and female mice fully fertile
and appearing normal (Fig. 1D and data not shown).

ST3Gal-IV RNA expression is widespread among tissues and cell
types, with highest levels in the small intestine and colon (Fig. 1E).
In mice homozygous for the � allele, ST3Gal-IV RNA levels were
below detection by Northern blot analysis, indicating that the
deletion of genomic sequences including exons 5–7 destabilizes
ST3Gal-IV � RNA (Fig. 1F). The ST3Gal-IV � allele was bred into
the C57BL�6 strain for more than five generations for the following
studies.

An Autosomal Dominant Bleeding Disorder Associated with Reduced
VWF and Factor VIII. A determination of bleeding time after tail
transection indicated a significant increase among mice bearing the
ST3Gal-IV � allele (Fig. 2A). In contrast, mice lacking the
ST6Gal-I sialyltransferase (24) exhibited normal bleeding times
(Fig. 2A). Measurements of blood coagulation factor levels revealed
a deficiency in plasma VWF in mice heterozygous and homozygous
for the ST3Gal-IV � allele (Fig. 2B). VWF mRNA expression
among various tissues was unaltered compared with wild-type
littermates (data not shown).

Factor VIII levels in plasma were reduced similarly compared
with its carrier molecule VWF (Fig. 2C). Other coagulation factors
were, however, present at normal levels in plasma (Fig. 2D), and
analyses of serum chemistry indicated normal hepatic and renal
function (data not shown). The cause of the increased bleeding
times is not known but is not likely due to the degree of VWF
deficiency observed, and analysis of VWF function in a collagen-
binding assay indicated no change in this activity (data not shown).

Deficient Sialylation of VWF in ST3Gal-IV and ST6Gal-I Deficiency with
Normal VWF Multimer Formation. Loss of either ST3Gal-IV or
ST6Gal-I sialyltransferase activity would be expected to increase
exposure of subterminal �-linked Gal on various glycan branches.
Reactivity of the �-Gal-binding lectin RCA-I (ref. 31) to VWF was
increased in ST3Gal-IV mutant plasma samples (Fig. 3A). Unex-
pectedly, reduced RCA-1 binding to VWF was observed in
ST6Gal-I deficiency (Fig. 3A). The reason for this reduction is
unclear but may reflect uncharacterized influences of other termi-
nal glycan structures in RCA-1 binding. Analyses after neuramin-
idase (sialidase) treatment to remove all �2–3 and -6 sialic acids
linkages indicated that sialic acids remained on VWF in the absence
of either ST3Gal-IV or ST6Gal-I (Fig. 3A).

Fig. 2. Increased bleeding time with decreased levels of VWF and Factor VIII
occurs with ST3Gal-IV deficiency but not with ST6Gal-I deficiency. (A) Bleeding
times were analyzed among 6- to 12-wk-old littermates of the indicated geno-
types. Results are from over 30 mice of each ST3Gal-IV genotype and 11 of each
ST6Gal-I genotype are expressed as means � SEM. Significantly increased bleed-
ing times for ST3Gal-IV� heterozygotes and homozygotes were observed (P �
0.05 and P � 0.001, respectively). (B) VWF levels in plasma were measured from
over 30 mice of each genotype and plotted as a percentage of the mean value
obtained from ST3Gal-IV wild-type littermates. A significant reduction in plasma
VWF was observed in both heterozygous and homozygous ST3Gal-IV-deficient
mice to a mean of 57 and 50%, respectively (P � 0.001). No decrease in plasma
VWF levels was observed in mice lacking ST6Gal-I. (C) Factor VIII (F VIII) levels were
also reduced in mice analyzed in B (P � 0.001). ST6Gal-I deficiency had no effect
on F VIII levels in circulation (not shown). (D) Levels of blood coagulation factors
wereanalyzedfrom40miceof indicatedgenotypes.Noalterationsofhemostatic
significance were observed.

Fig. 3. VWF glycosylation deficiencies and multimer formation. Alterations in
lectin binding are compared with results obtained by using purified sialidase
treatment (*; see Methods). (A) RCA-I lectin binding to plasma-derived VWF from
wild-type and ST3Gal-IV mutant mice indicates increased exposure of terminal
�-linked Gal on VWF from both heterozygous and homozygous mutant samples.
Reduced Ricin binding to VWF from ST6Gal-I-deficient mice was observed. (B)
ECA-I lectin binding to Gal�1–4GlcNAc- termini on VWF is increased in mice
heterozygous or homozygous for ST3Gal-IV gene mutation. Absence of ST6Gal-I
also results as expected in increased ECA binding to VWF. (C) SNA lectin binding
to VWF is eliminated in ST6Gal-I deficiency, as expected, but increased in
ST3Gal-IV deficiency. (D) PNA lectin binding to Gal�1–3GalNAc- is unaltered on
VWF glycans from ST3Gal-IV mutant mice. (E) Possible N-glycan branch termini
structures of wild-type and mutant VWF. Wild-type VWF bears highly sialylated
N-glycan branches with both �3- and �6-linked sialic acids. Absence of ST6Gal-I
eliminates only �6-linked sialic acid, although a partial compensation by
ST3Gal-IV may occur (lightly shaded sialic acid). Separately, ST3Gal-IV deficiency
exposes ECA-reactive Gal�1–4 GlcNAc termini and may also expose the Gal�1–
3GlcNAc- disaccharide. Partial compensation (shaded sialic acid linkage) by
ST6Gal-I occurs, whereas no sialyltransferase exists that can add �6 linkages to
Gal�1–3GlcNAc-. However, some degree of �3 sialylation of Gal�1–3GlcNAc- may
occur (shaded sialic acid). No changes occur in the sialylation of the Core 1
O-glycan Gal�1–3GalNAc-. (F) Multimer analysis of plasma VWF from wild-type
and ST3Gal-IV mutants indicates normal multimer formation in mutant samples.
Data are representative of three separate experiments. Lectin binding in A–C was
quantitated by ELISA and plotted as the ratio of lectin binding per unit of VWF
antigen (see Methods). Data in A–C are means � SEM as derived from analyses of
12 or more mice of each genotype in each assay. Saccharide symbols: GlcNAc,
black square; GalNAc; open square; Gal, black circle; sialic acid, black diamond.

10044 � www.pnas.org�cgi�doi�10.1073�pnas.142005099 Ellies et al.



Gal exposure on the type II branch structure Gal�1–4GlcNAc-
was detected by using ECA-I (refs. 32 and 33). An increase in
ECA-I binding to VWF was observed among plasma samples from
both ST3Gal-IV- and ST6Gal-I-deficient mice (Fig. 3B). ECA
binding after sialidase treatment was greatly increased, suggesting
that sialic acid linkages to the type II glycan branch structure
remained with either sialyltransferase deficiency. Further evidence
of ST6Gal-I sialylation of VWF was obtained by using the SNA
lectin, which specifically binds to the sialylated type II glycan
(Sia�2–6Gal�1–4GlcNAc-; ref. 34). Complete loss of SNA binding
to VWF was observed in mice lacking the ST6Gal-I sialyltrans-
ferase or VWF treated with sialidase. However, increased SNA
binding to VWF was evident among ST3Gal-IV-deficient mice
suggesting compensation by ST6Gal-I (Fig. 3C). PNA lectin binds
specifically to the unsialylated O-glycan Core 1 branch structure:
Gal�1–3GalNAc- (35). No change in PNA binding to VWF oc-
curred in mice deficient in either ST3Gal-IV or ST6Gal-I (Fig. 3D).

Lectin-binding profiles to VWF are consistent with the presence
of glycan terminal branch sequences indicated in Fig. 3E (Left).
These branches may also be modified in some cases by �1–2-linked
fucose on the penultimate Gal, by �1–3-linked fucose on the
N-acetylglucosamine proximal to the �-linked Gal, or in the mouse
by terminal �1–3 Gal (not shown). In ST6Gal-I-deficient mice, a
fraction of type II branch termini may be sialylated by other
sialyltransferases bearing overlap in substrate specificity, such as
ST3Gal-III, -IV, or -VI (Fig. 3E Center). However, such compen-
sation would be incomplete as ECA-I binding to VWF is increased
in ST6Gal-I-deficient mice. In contrast, VWF in ST3Gal-IV-
deficient mice may have exposed Gal on types II and I (Gal�1–
3GlcNAc-) glycans, should both chains be present on mouse VWF
(Fig. 3E Right). Compensation by ST6Gal-I is evident from the
increased SNA binding to VWF. However, this compensation is
incomplete, as indicated by increased ECA-I binding. These alter-
ations in glycan sialylation in ST3Gal-IV deficiency do not, how-
ever, result in a defect in VWF multimerization (Fig. 3F).

ST3Gal-IV Mutation Alters VWF Trafficking and Half-Life by ASGP
Recognition and Clearance Mechanisms. Elimination of sialic acids
can reduce the half-life of some glycoproteins in circulation by
ASGP clearance mechanisms (reviewed in ref. 36). ASGPRs exist
among hepatocytes and macrophages in organs including the liver
and spleen. We observed a significant increase in VWF antigen
levels in the liver of ST3Gal-IV mutant mice (data not shown) and
investigated whether the reduction in plasma VWF was due to
ASGPR recognition and clearance.

Mouse plasma samples were biotinylated before i.v. injection into
wild-type mice in the presence or absence of coinjected fetuin
glycoprotein preparations. The levels of biotinylated VWF in
plasma were measured over a time course to obtain the half-life of
VWF in circulation (Fig. 4A). Wild-type VWF has a half-life of 4.5
h, whereas VWF from ST3Gal-IV homozygous mutant mice ex-
hibits a half-life of 1.9 h. A half-life of 2.7 h was observed for
heterozygote-derived VWF (data not shown). No change in VWF
half-life was observed among ST6Gal-I-deficient plasma samples
(Fig. 4A). Injection of native sialylated fetuin did not alter the rate
of glycoprotein clearance from plasma (data not shown); however,
coinjection of asialofetuin, which saturates ASPGRs, resulted in the
restoration of normal half-life in circulation for VWF in ST3Gal-IV
deficiency.

Autosomal Recessive Thrombocytopenia Corrected by Blocking ASGPR
in Vivo. Both ST3Gal-IV and ST6Gal-I mutant mice were subjected
to an extensive hematologic examination. No remarkable findings
were noted among ST6Gal-I null mice; however, ST3Gal-IV defi-
ciency resulted in a marked decrease in platelets to 30% of normal
with a substantial increase in platelet volume among homozygotes
(Table 1). This could reflect sequestration and degradation of
platelets in the spleen; however, splenomegaly was not present, and

no increase in platelet numbers occurred on splenectomy (data not
shown). Megakaryocytes were not diminished among the bone
marrow and spleen; in fact, there was a trend toward an increase in

Fig. 4. Decreased VWF half-life and platelet homeostasis corrected by blocking
ASGPR. (A) Plasma fractions from mice of indicated genotypes were biotinylated
and injected into wild-type mice in the presence or absence of 10 mg of pyrogen-
freeasialofetuin.BiotinylatedVWFlevels inbloodwereanalyzedat the indicated
times. Data are derived from three mice per treatment group and are represen-
tative of two separate experiments. In additional experiments that included
native fetuin, only asialofetuin was able to block ASGP clearance and increase
half-life (data not shown). (B) RCA lectin binding to platelets was increased
among blood samples from mice homozygous for the ST3Gal-IV mutation as
detected by flow cytometric analysis. A slight increase in RCA-I binding to plate-
lets is seen in heterozygous samples. Data are representative of three separate
experiments. (C)Micehomozygous for theST3Gal-IVgenedeletionwere injected
with asialofetuin or fetuin at 0, 4, and 8 h. Platelet levels were analyzed by flow
cytometry of whole blood at the timepoints indicated. Data are the means � SEM
from 10 mice per group.

Table 1. Hematology

Wild type ST3Gal-IVwt/� ST3Gal-IV�/� ST6Gal-I�/�

WBC, cells per �l 6,239 � 161 5,568 � 542 5,455 � 407 5,856 � 235
RBC, m��l 9.0 � 0.07 8.9 � 0.08 8.5 � 0.09 8.8 � 0.08
HGB, g�dl 14.1 � 0.11 13.9 � 0.13 13.3 � 0.12 14.3 � 0.12
HCT, % 45.7 � 0.36 44.5 � 0.55 42.5 � 0.45 45.0 � 0.41
PLT, k��l 1,026 � 56 1,117 � 43 363 � 25* 1,012 � 52
MPV, fl 4.8 � 0.18 5.6 � 0.26 8.4 � 0.39* 4.6 � 0.20
Sample size, n 33 31 49 23

Values are presented as means � SEM. WBC, white blood cells; RBC, red
blood cells; HGB, hemoglobin; HCT, hematocrit; PLT, platelet; MPV, mean
platelet volume. *, P � 0.001 between wild-type and ��� genotypes.
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megakaryocyte numbers with normal cellular morphology (data
not shown). We suspected that the thrombocytopenia results from
an increase in platelet clearance by ASGPRs expressed among
nonsplenic tissue.

A significant increase in �-linked Gal exposure was observed on
the platelet cell surface of homozygous mutants in ST3Gal-IV
measured by RCA-I binding in flow cytometric analyses (Fig. 4B).
Platelets from heterozygotes had very slightly increased levels of
�-linked Gal exposure. To determine whether ASGPRs were
involved, i.p. injections of asialofetuin or sialylated fetuin were
administered. ST3Gal-IV mutant mice receiving native sialylated
fetuin continued to exhibit thrombocytopenia, whereas those re-
ceiving asialofetuin responded with an increase in circulating
platelets to normal levels within 12 h (Fig. 4C).

Gal Exposure on VWF in a Patient Subpopulation with Abnormally Low
VWF Levels. RCA-I lectin binds to VWF antigen from wild-type
mice with an RCA-I�VWF ratio of 1.25:1. A substantial increase in
this ratio to more than 2 SD above the mean occurs in mice lacking
ST3Gal-IV (Fig. 5A). However, variation remained from 3:1 to
11:1, suggesting the presence of other genetic and stress modifiers
that may contribute to VWF plasma levels.

Plasma from patients referred to the Special Coagulation Lab-
oratory at the University of California at San Diego Hillcrest
Hematology Clinic over a 2-yr period for a real or suspected
bleeding disorder were analyzed for RCA-I�VWF ratios. VWF
levels were expressed as a percentage of the value obtained from a
pooled normal human plasma standard. Of 136 human patient
samples analyzed, 117 contained VWF levels at 50% or more of the
pooled normal human plasma standard. However, 19 patients were
deficient in VWF by 50% or more. The VWF from 5 of these 19
patients had RCA-I�VWF ratios of more than 2–8 SD above the

mean value. Moreover, four of those five patients had the lowest
VWF levels recorded among all 136 patient samples (Fig. 5B). In
no case did an increase in RCA-I�VWF ratio above 2 SD from the
mean occur in human plasma samples bearing 50% or more of the
normal level of VWF. These data reveal that a subpopulation of
humans with abnormally low plasma levels of VWF have unusually
high �-linked Gal or GalNAc exposure that may target VWF for
ASGPR recognition and clearance.

Discussion
The ST3Gal-IV sialyltransferase is distinct from ST6Gal-I in the
ability to modulate hemostasis by differential sialylation of VWF
in the mouse. Previous studies of the stabilizing role of sialic
acids in VWF homeostasis used ‘‘global’’ desialylation ap-
proaches in vitro followed by recombinant ST6Gal-I expression.
Although sialic acids contributed by sialyltransferases other than
ST3Gal-IV may also be involved in modulating VWF homeosta-
sis, ST6Gal-I does not perform this function independently.
Further, it is unlikely that asialo-VWF molecules with half-lives
of a few minutes are produced in vivo, because this would require
the absence of multiple sialyltransferases, a deficit of sialic acid
in the Golgi that can be lethal, or perhaps abnormal induction
of an endogenous or pathogen-derived sialidase. For these
reasons, the physiologic properties ascribed to sialic acid linkages
and their regulation by sialyltransferases cannot be empirically
investigated by available desialylation schemes. By using a ge-
netic approach to investigate sialyltransferase function in vivo, a
high degree of functional specificity can be observed that
identifies the ST3Gal-IV sialyltransferase as a discrete modifier
of hemostasis that acts by concealing ASGPR ligands and
thereby contributing to VWF homeostasis.

Most naturally occurring or experimentally derived genetic de-
fects in the mouse yield autosomal recessive phenotypes.
ST3Gal-IV mutations, however, result in an autosomal dominant
phenotype with reductions in plasma VWF levels apparently due to
haploinsufficiency. It is possible that the ST3Gal-IV mutation
produced herein leads to the production of a truncated polypeptide
bearing a dominant-negative function. This appears unlikely, how-
ever, as the catalytic deletion engineered destabilizes the RNA to
the extent that no expression is observed. In addition, the throm-
bocytopenia is an autosomal recessive phenotype due to similar
ASGPR clearance mechanisms without a significant increase in
�-linked Gal exposure or a decrease in platelet levels in the
heterozygote.

Sialyltransferases in Hemostasis. VWF is a highly glycosylated and
sialylated protein. Analyses in humans show that VWF contains
approximately 24 glycosylation sites with 14 involved in N-glycan
modification leading to various multiantennary N-glycan branch
structures (37). In addition, VWF contains O-glycans that have
sialic acid linked to the Core 1 Gal and the peptide-proximal
GalNAc (38). Together, this glycan diversity encompasses two sialic
acid linkage types (�2–3 and -6) distributed on at least five different
glycan branch structures. Our data indicate that multiple sialyl-
transferases modify VWF in vivo. Besides ST6Gal-I and ST3Gal-
IV, seven others may act, including ST3Gal-I, -III, -VI, and
ST6GalNAc-I-IV. Discerning which may modulate VWF ho-
meostasis has been unclear as all these exhibit substrate specificities
for Gal and GalNAc linkages detected on human VWF, and their
expression may overlap in VWF-producing endothelium.

A reproducible, quantitative, and low RCA�VWF ratio exists
among most human plasma samples. However, a small subpopu-
lation of individuals was identified with both abnormally low VWF
levels and abnormally high Gal exposure detected by RCA-I lectin
binding. Aberrantly low VWF levels in the presence of high RCA-I
binding suggest the possibility of a defect in a sialyltransferase such
as ST3Gal-IV, or perhaps a mutation in VWF that alters confor-
mation and attenuates sialylation of VWF in the Golgi. The degree

Fig. 5. RCA�VWF ratios in ST3Gal-IV deficiency are similar to those in a sub-
population of humans bearing abnormally low plasma VWF levels. (A) Ratios of
RCA-I binding to VWF antigen level in mouse plasma consist of low values in
wild-type littermates. In ST3Gal-IV mutant mice, ratios are almost always in-
creasedtogreaterthan2SDabovethemean,as indicatedbythedottedline.Data
reflect more than 15 mice of each genotype. (B) A subpopulation of humans
bearing abnormally low VWF levels shows increased RCA�VWF ratios more than
2 SD from the mean. No examples of similarly increased RCA�VWF ratios were
found among samples bearing more than 50% the normal level of VWF.
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of plasma VWF deficiency in four of the five cases found was severe
and only slightly higher than the VWF levels characteristic of type
3 VWD. However, the thrombocytopenia noted among ST3Gal-IV
homozygous null mice is not a feature of human type 3 VWD.
Although thrombocytopenia is characteristic of type 2B VWD, this
variant exhibits enhanced VWF affinity for platelets leading to
spontaneous platelet aggregation and a defect in circulating VWF
multimers (39).

Systemic glycosyltransferase deficiencies may be expected to
affect many different glycoproteins. Indeed, the inherited gly-
cosyltransferase deficiencies responsible for the severe child-
hood syndromes termed the Congenital Defects in Glycosylation
(CDG) include diagnostic blood coagulopathies involving mul-
tiple glycoproteins with reduced levels of antithrombin-III,
Factors VII, XI, XII, and protein C (40). CDG type I is due to
abnormal processing of N-glycans in the endoplasmic reticulum,
which can widely attenuate glycoprotein folding, maturation, and
expression. In a mouse model of CDG type II, the presence of
a typical blood coagulopathy likely reflects widespread and
essential roles involving multiple N-glycan branches on glycop-
roteins that are produced early in the biosynthetic process in the
Golgi apparatus (26).

In contrast, sialyltransferase deficiencies yield less extensive
structural changes and may involve fewer substrates dictated by
expression patterns, substrate specificity, access to substrate, and
access to substrate in the Golgi glycan biosynthetic pathway. In fact,
the steady-state plasma levels of blood coagulation factors pro-
duced in the liver were unaltered in ST3Gal-IV deficiency. These
glycoproteins may not be modified by ST3Gal-IV. Alternatively,
Gal exposure per se may be insufficient to comprise an ASGPR
ligand in vivo.

The Genetic Basis of ASGPR Ligand Masking in Vivo. Multivalency
and conformation appear as important elements of ASGPR
function and lectin binding in general (reviewed in ref. 41).
Although both ST6Gal-I and ST3Gal-IV sialylate VWF in vivo,
ST6Gal-I prefers type II glycan branches residing on the �1–3
linked mannose of N-glycans (42). ST3Gal-IV, however, can
sialylate both types II and I glycan branch termini without such
preference for a subset of type II branches. Therefore, ST6Gal-I

deficiency may not result in the exposure of multiple closely
spaced �-linked Gal residues, which may be more important than
the molecular abundance of types I or II branches. In these
considerations, the different branch substrate specificity of
ST3Gal-IV in vivo may effectively mask multivalent Gal-bearing
glycan branches that comprise an ASGPR ligand.

ST3Gal-IV conceals ligands for multiple ASGPRs in altering
ASGPR-dependent clearance of both VWF and platelets. The
hepatic ASGPR can bind and initiate the phagocytosis of particles
less than 8 nm in diameter (43). Large particles such as platelets
could be bound and processed by the macrophage ASGPR, which
differs in molecular weight, membrane anchorage, and receptor
arrangement (43, 44). In particular, the arrangement of macro-
phage ASGPRs in clusters on the cell surface is thought to be
critical for the binding and endocytosis of particulate ligands such
as platelets. The identification of ASGPRs that modulate VWF and
platelet levels in ST3Gal-IV deficiency should provide information
useful in understanding further this endogenous hemostatic lectin-
ligand system.

Plasma VWF levels are highly variable in normal mamma-
lian physiology, as well as among human patients with VWD.
This variability appears to be a major determinant of bleeding
severity in VWD. We find that ST3Gal-IV acts as a limiting
component in the masking of ASGPR ligands, achieving an
equilibrium involving VWF and platelet levels in circulation
that is susceptible to modulation. Intriguingly, reductions in
sialic acid abundance on VWF and Factor VIII have been
reported in some cases of VWD (45–47). Endogenous mech-
anisms that limit plasma expression of VWF may also be vital.
High levels of VWF and Factor VIII appear to be a major risk
factor for thrombosis in humans (48). Our findings suggest that
complex interactions among glycosyltransferases are a critical
factor in regulating the steady-state level of plasma constitu-
ents, including VWF and platelets, and identify the ST3Gal-IV
sialyltransferase as an attractive candidate for a major VWF
modifier gene in humans.
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