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ABSTRACT

e report a new pathogenic mechanism in von Willebrand disease
-\ ; ; / involving the use of a non-canonical splicing site. The proband,
carrying the homozygous ¢.2269_2270del mutation previously
classified as a type 3 mutation, showed severely reduced plasma and
platelet von Willebrand factor antigen levels and functions, and no factor
VIII binding capacity. A particular von Willebrand factor multimer pattern
emerged in plasma, characterized by the presence of only two oligomers:
the dimer and an unusually large band, with no intermediate components.
There were von Willebrand factor multimers in platelets, but each band ran
more slowly than the normal counterpart. No anti-von Willebrand factor
antibodies were detectable. The proband was classified as having severe
type 1 von Willebrand disease. Seeking the relationship between pheno-
type and genotype, we found the ¢.2269_2270del mutation associated with
three different RNA: r.2269_2270del (RNAI), giving a truncated von
Willebrand factor protein; r.[2269_2270del;2282_2288del] (RNAII), resulting
from activation of a cryptic “AG” splicing site; and
1.[2269_2270del;2281_2282insAG] (RNAII), where the wild-type “AG”
acceptor of exon 18 was retained due to the non-canonical 2279-2280 “CG”
acceptor splicing site being used. The aberrant RNAII and RNAIII caused
the alteration of the furin cleavage and binding sites, respectively, both
resulting in a von Willebrand factor protein characterized by the persistence
of von Willebrand factor propeptide, as confirmed by western blot analysis
of the recombinant mutated von Willebrand factor molecules produced
in vitro. Taken together, these findings explain the residual von Willebrand
factor synthesis, slower-running multimers, and absent factor VIII binding
capacity. The apparently pure gene null mutation ¢.2269_2270del pro-
foundly alters von Willebrand factor gene splicing, inducing a complex RNA
expression pattern.

Introduction

Von Willebrand factor (vWEF) is a multimeric glycoprotein involved in the early
stages of the hemostatic process. Synthesized by endothelial cells and megakary-
ocytes, vWEF has two main functions: (i) it guarantees platelet recruitment and aggre-
gation at the site of vascular injury; and (ii) it transports factor VIII (FVIII) in the blood
circulation."® vWEF function depends on its proper multimeric organization, compris-
ing a set of discrete oligomers ranging from 500,000 to more than 20 million Daltons
in size, the larger forms having the greater hemostatic capacity.* vWF is synthesized
as a monomer of 2,813 amino acids, including a signal peptide of 22 amino acids, a
propeptide of 741 amino acids, and a mature molecule of 2,050 amino acids. After
dimerization in the endoplasmic reticulum (ER), vWF is multimerized in the Golgi
apparatus by an inter-chain disulfide bond forming between cysteine residues 1099
and 1142 of two vWF dimers, thanks to the contribution of vWF propeptide (vWFpp).
The propeptide is then cleaved by furin, and the mature vWF molecule is either
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stored (in o-granules in platelets, or in Weibel-Palade bodies
in endothelial cells) or secreted immediately in the circula-
tion.*” After its secretion, vWF is recognized by the prote-
olytic enzyme ADAMTS13 (a disintegrin and metallopro-
teinase with a thrombospondin type 1 motif, member 13),
which promptly cuts the multimeric molecule, giving rise to
the oligomer pattern characteristic of vVWE*" Reduced lev-
els of vWE or abnormalities in vWFE, are associated with von
Willebrand disease (vWD), the most common inherited
hemorrhagic disorder. vWD is classified as type 1 (a partial
quantitative vWF defect, with a normal or almost normal
multimer organization and function), type 3 (total absence
of vWE), or type 2 (which includes various structural/func-
tional vWF abnormalities and is further classified as types
2A, 2B, 2M or 2N, depending on which vWF domain is
impaired)." VWD is caused by mutations in the vWF gene,"
but many other genetic and environmental factors have a
role in modulating circulating vWF levels, including ABO
blood group, age, infections, stress, and hormone therapy.™
** The increasing use of genetic analysis (VWF gene sequenc-
ing) for diagnostic purposes is improving our ability to char-
acterize VWD, especially in cases of type 1 vWD, which is
the most difficult to diagnose correctly. Numerous muta-
tions have emerged as causes of vWD, along with frequent
cases of multiple vVWE defects, and even more complex
genetic pictures in which both quantitative and qualitative
vWF abnormalities co-exist.”'® vWF c¢DNA sequencing
showed that apparently silent mutations can activate cryp-
tic splice sites or alter regulatory splicing elements, inducing
exon skipping or RNA sequence deletions that often result
in the formation of premature termination codons (PTC)."*®
These aberrant vVWF mRNA can undergo nonsense-mediat-
ed mRNA decay (NMD), a mechanism that triggers the
degradation of mutated transcripts bearing PTC to avoid
the synthesis of truncated proteins potentially deleterious
to the cell.””

The above-described processes all contribute to making
vWD a very complex and heterogeneous disorder, and new
cases often pose a real diagnostic challenge. Here we
describe a very particular YWD phenotype that is due to an
equally particular genetic condition. The causative
€.2269_2270del mutation was found to abolish vWF pro-
duction, acting through a complex mechanism that also
includes the recognition of a cryptic non-canonical splicing
site in the vWF gene. To our knowledge, this is the first
work to study the involvement of this rare, and still poorly
understood, mechanism in the pathogenesis of vWD.

Methods

Patients

The patient investigated (proband) is a 50-year-old male with a
lifelong history of severe bleeding. His 70-year-old mother and 76-
year-old father, and his offspring (an 18-year-old daughter and a
15-year-old son) were also investigated. The subjects’ bleeding
scores (BS) were calculated with the International Society on
Thrombosis and Haemostasis (ISTH) Bleeding Assessment Tool
(BAT).* All subjects gave written informed consent in accordance
with the Declaration of Helsinki.

Hemostatic analysis

Basic hemostatic tests were performed as explained
elsewhere.”?* For more details, see also the Online Supplementary
Methods. The proband’s samples were diluted less than the control
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plasma to adjust for his markedly reduced vWF levels. vWF multi-
mers were analyzed according to previously reported proce-
dures.”” Desmopressin (DDAVP) was administered subcutaneous-
ly at a dose of 0.3 ug/kg ** Anti-vWF antibody detection was per-
formed by ELISA.” ADAMTS13 activity was ascertained using
FRETS-vWE73 (Peptide International, Lexington, KY, USA) as a
substrate. A negative test was defined as a titer <161U/mL.

Genetic analysis

The patients’ genomic DNA was obtained from whole blood;
total RNA was extracted from platelets (see the Ounline
Supplementary Methods for more details). Sequencing reactions
were performed in an ABI3130 XL Genetic Analyzer.

Digital droplet polymerase chain reaction

The digital droplet polymerase chain reaction (ddPCR) assays
were performed with the QX200 ddPCR system (Bio-Rad,
Hercules, CA, USA) using the ddPCR™ Supermix for Probes (Bio-
Rad), with different primer pairs and probes specifically designed
for aberrant mRNA sequences (Ouline Supplementary Methods).
The assay was run in multiplex, starting from 25 ng of the
proband’s cDNA, at T=56°C and adding 2% DMSO to the PCR
mix. cDNA was obtained by retrotranscribing RNA extracted
from the proband’s platelets, as explained above.

In vitro expression experiments

The pRc/CMV-vWE vector containing the wild-type (WT)
human full-length vWF cDNA was mutated by site-directed muta-
genesis using the QUIKCHANGE II XL kit (Stratagene, La Jolla,
CA, USA). The primer sequences used for mutagenesis are listed
in the Omnline Supplementary Methods. The vectors were used to
transiently transfect Human Embryonic Kidney 293T (HEK293T)
cells. Transfections were performed in T25 flasks using the
Lipofectamine 2000 transfection reagent (Life Biotechnology,
Carlsbad, CA, USA) and 4 ug of vector/T25. After 48 hours of
transfection, the media containing the recombinant vWF (rvWEF)
were collected, and the rvWF was quantified with ELISA. The
rvWEF intracellular content was also measured after lysing cells
with a 2% Triton-X-100 solution, as previously reported.”” The
results of each transfection experiment were calculated as the
mean of three replicates.

SDS-PAGE and western blot

rvWF samples were run in reducing conditions using the XCell
SureLock Mini electrophoresis system (Invitrogen, CA, USA) on a
Novex Tris-Glycine 3-8% precast gel (Invitrogen). After blotting,
the membrane was incubated with a polyclonal rabbit anti-vWE
(DAKO, Glostrup, Denmark), and then with a polyclonal anti-rab-
bit-HRP antibody (for further details see the Online Supplementary
Methods).

Results

Characterization of a complex von Willebrand disease
phenotype

The proband’s main symptoms included epistaxis, oral
cavity bleeding, frequent hematomas, and bleeding from
minor wounds. He also reported episodes of hemarthrosis
and severe hemorrhagic complications after tooth extrac-
tions. His BS was 30 (vs. 0-3 in normal males). His mother
and father (who were consanguineous) were almost
asymptomatic, and so were his offspring. Hemostatic tests
on the proband revealed a severely impaired hemostatic
picture, with a very prolonged activated partial thrombo-
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Figure 1. Plasma (A) and platelet (B) von Willebrand factor
(VWF) multimer patterns in the proband and his parents, com-
pared with normal plasma (NP) and platelets (NPI). Proband
multimer pattern was obtained by plasma diluted 1:5 (left) and
1:2.5 (right*), as compared to the 1:20 dilution of the other
samples. Large VWF multimers are at the top, smaller ones at
the bottom. All VWF oligomers were absent except for the pro-
tomer and an ultra-large band in the patient’s plasma, while
both low-molecular-weight and intermediate oligomers are
present (albeit significantly reduced) in his platelets. The
patient’s extra band below the first band of the other samples
represents the non-specific binding of the anti-vWF polyclonal
antibody to proteins other than vWF. This is more evident in the
proband because of the less pronounced dilution of the sam-
ples. The slower running of each platelet vVWF oligomer with
respect to the normal counterpart provides evidence of the

NPI Proband Father Mother

plastin time (aPTT), no PFA100 occlusion, and very low
FVIIL:C and plasma vWF:Ag levels (3.4 U/dL and 1.2 U/dL,
respectively). Platelet vWF content was also severely
reduced (1.7 U/dL), and plasma vWEF was functionally
impaired (vWFRCo 3.8 U/dL and vWE:CB 1.9 U/dL).
vWEEFVIIIB was undetectable (Table 1), suggesting a
defective FVIII carrier function. All hemostatic parameters
were normal, or slightly reduced, in both the proband’s
parents and offspring (Table 1). Analyzing the proband’s
vWEF multimer pattern revealed no circulating oligomers,
apart from two bands: a lower one corresponding to the
vWEF dimer, and an unusually large band significantly
higher than the highest vWF band seen in normal plasma
(Figure 1A). On the other hand, the proband’s platelet
vWEF contained low and intermediate oligomers, albeit in
significantly reduced quantities, but no large vWF multi-
mers. In addition, each oligomer was found to run less
than the corresponding band in normal platelets, a finding
resembling the picture seen when there is a persistence of
vWEFpp* (Figure 1B). DDAVP challenge prompted an
approximately 8-fold maximum increase in plasma
vWE:Ag (120 minutes after injection), associated with a
stronger representation of the two previously-identified
circulating vWF oligomers (the dimer and the ultralarge
band), but no other low or intermediate vWF oligomers

VWFpp persistence.

appeared (Figure 2). No anti-vWF antibodies were detect-
ed in the plasma. The proband’s ADAMTS13 activity level
was normal at 116% (normal range 65-130%), and no
anti-ADAMTS13 antibodies were detected.

Patients’ genetic characterization

vWF gene sequencing revealed that the proband was
homozygous for the ¢.2269_2270del mutation in exon 17,
and the same mutation was found in both his parents and
offspring at heterozygous level. This genetic condition has
been described in the literature as a gene null mutation
predicted to generate a truncated vWF protein.” It has
been associated with type 3 VWD, but such a diagnosis is
incompatible with our patient’s phenotype. He had
severely reduced but still detectable vWEF levels, there
were vWF oligomers in his platelets, and he also respond-
ed to DDAVP: this picture more closely resembles severe
type 1 than type 3 VWD. The proband’s total RNA was
extracted and retrotranscribed, and his vWF cDNA was
analyzed to clarify this apparent genotype-phenotype
contradiction, and the cause of his residual vWEF synthesis.

The finding of a noncanonical splicing site being used in the
vWF gene - Sequencing of the proband’s vWF ¢cDNA con-
firmed the homozygous ¢.2269_2270del mutation, and
revealed a second, unexpected sequence anomaly. Starting
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Figure 2. The proband’s VWF multimer pattern
before (0’) and at various times after desmo-
pressin  (DDAVP) administration. The
proband’s multimer pattern was obtained from
plasma diluted 1:2.5, instead of the 1:20 dilu-
tion used for the normal plasma (NP).
Throughout the test, there was no sign of any
discontinuous oligomers or additional discrete
bands other than the protomer and the
ultralarge band, while the two bands already
seen before administering DDAVP appeared

15’ 30’ 60’

significantly increased. On the other hand,
there was no evidence of any increase in the
aspecific band below the dimer.

120’ 240

Time after DDAVP

from position ¢.2281, at the beginning of exon 18, the
chromatogram became triple, a condition not found in the
patient’s genomic DNA, suggesting the co-existence of
more than one mRNA species. To separate and character-
ize these sequences, the PCR-amplified cDNA fragment
spanning exons 15-18 was cloned into a TA-vector, then
sequenced again. Three vVWF mRNA species were thus
identified: (i) the r.2269_2270del (RNAI), lacking the CT
dinucleotide  at osition  2269-2270; (i) the
1.[2269_2270del;2282_2288del] (RNAII), in which the first
seven nucleotides of exon 18 were also deleted (position
€.2282-2288); and (iif) the
r.[2269_2270del;2281_2282insAG] (RNAIII), where an AG
insertion was found 11 nucleotides downstream from the
CT deletion (Figure 3). The fact that neither the
.2282_2288del nor the ¢.2281_2282insAG mutations had
been found in the patient’s genomic DNA indicates that
they were the result of an altered splicing of exon 18. The
deletion of 7 nucleotides in RNAII could be explained by
the use of the AG nucleotides at position ¢.2287-2288 as
the acceptor site, instead of the WT one. This hypothesis
was confirmed by an in silico analysis with the Human
Splicing Finder 3.1 software, which predicted the ¢.2287-
2288 AG dinucleotide as a potential cryptic acceptor site,
with a consensus of 72.4 (in a range from 1 to 100, where
100 is the score corresponding to the normal splicing
sites). On the other hand, the use of a non-canonical
acceptor splicing site (the CG nucleotide pair at position
€.2282-4_2282-3) might explain the retention of the
€.2281-2282 AG dinucleotide in RNAIIL, a pathogenic
mechanism hitherto never described in vWD. The AG
retention was confirmed by repeating the total RNA
extraction and retrotranscription process twice, using dif-
ferent enzymes.

Genotype-phenotype correlation - Three different vWF
mRNA were thus found associated with the
€.2269_2270del genomic mutation. The RNAI form result-
ed in a truncated vWEF (p.Leu757Valfs*22, indicated as P1
from now on), due to the generation of a premature trans-
lation stop codon as a consequence of the ¢.2269-2270 CT
deletion. In RNAII, deriving from the usage of a cryptic

AG splicing site, the further 7 nucleotide deletion (c.2282-
2288) restored the altered reading frame, producing a
mature vWF slightly shorter than normal, and lacking the
Arg763-Ser764 furin cleavage site
(p.L757_R763delinsVSSQ, named P2 from now on). In
RNAIIL the ¢.2281-2282 AG retention resulting from the
use of a non-canonical CG acceptor splicing site restored
the reading frame lost due to the upstream CT dinu-
cleotide deletion, producing an in-frame, full-length vWF,
but with an altered 757-761 amino acid sequence
(p.L757_761delinsVSSQG, named P3), corresponding to
the consensus binding site of furin.* Assuming no contri-
bution of RNAI to vWEF production (the P1 vWF cannot
dimerize), the patient’s phenotype should be due to the
co-existence of two mutated vWF species (P2 and P3
vWE), both resistant to the enzymatic action of furin. In
our patient, the residual synthesis of mutated vWF, char-
acterized by the persistence of its propeptide, confirms
the presence of these P2 and P3 vWF forms.

Different expression of RNAIL RNAII and RNAIII - A multi-
plex ddPCR assay was performed on the proband’s cDNA,
to examine the levels of expression of the three mRNA.
RNAI was found to be the dominant species (6.3
copies/ng, 83% of the total vWF mRNA), followed by
RNAII (0.96 copies/ng, 12% of the total vVWF mRNA), and
RNAIII (0.37copies/ng, 5% of the total YWE mRNA). That
the RNAI species encoding for the truncated
p-Leu757Valfs*22 vWF accounts for more than 80% of the
patient’s vWF mRNA is consistent with his severe quanti-
tative vWF defect.

In vitro expression experiments - To establish the effect of
the single and combined aberrant mRNA on vWF synthe-
sis and release, we ran in vitro experiments using HEK293T
cells and vectors pRc/CMV-vWE pRc/CMV-vWEF-RNAI,
pRc/CMV-vWE-RNAIl and pRc/CMV-vWE-RNAIII,
encoding for WT, P1, P2 and P3 vWE, respectively.

RNAI - No rvWF was found in the conditioned medium
of HEK293T cells transfected with the pRc/CMV-vWE-
RNAI, while co-transfection of both the WT and the
mutated vector (mimicking a heterozygous condition)
induced a drop in rvWEF production of about 30% (Figure
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4A). Analyzing the intracellular content of the transfected
cells revealed a similar picture, with rvWF totally absent in
the homozygous condition, and 30% lower than normal
vWEF in the heterozygous condition (Figure 4B). The
vWE:CB/vWEF:Ag and vWE:FVIIIB/vWEFE:Ag ratios (respec-
tively indicative of the multimer organization of vVWF and
its capacity for binding FVIII) did not change when RNAI
was co-expressed with the WT, which means that no
functional alterations are associated with P1 vWF (Figure
4A). These results demonstrate that the P1 mutation
behaves like a gene null mutation, inducing a pure quanti-
tative vVWF defect.

RNAII and RNAIII - Transfection of HEK293T cells with
pRc/CMV-vWE-RNAII caused a reduction in rvWF secre-
tion of about 40% or 60%, respectively, if the vector was
expressed with or without the WT counterpart (Figure
4A). Conversely, there was an increase in rvWF intracellu-
lar content in the transfected cells that was more pro-
nounced in the homozygous condition (Figure 4B), a find-
ing suggestive of a partial retention of the P2 rvWE. A sim-
ilar picture was seen for pRc/CMV-vWE-RNAIIL: its
expression was associated with a drop in rvWF secretion
in the conditioned medium (of about 40% and 65% for
the heterozygous and homozygous conditions, respec-
tively), and a corresponding increase in the intracellular
rvWE content (Figure 4B). The vWEF:CB ratios were higher
than normal, for both P2 and P3 rvWF (Figure 4A); in the
homozygous condition, the ratios were 158.1% and

©.2269_2270del
©.2282insAG

NON-CANONICAL

197.3%, respectively, of the WT (taken to be 100%), sug-
gesting the presence of larger than normal vWF multimers.
On the other hand, the vWEF.FVIIIB ratios were lower
when P2 and P3 were expressed at heterozygous level (i.e.
57.83% and 52.0% of the WT, respectively), and vWE.FVI-
[IB was completely undetectable when each mutation was
expressed at homozygous level. The P2 and P3 vWF muta-
tions therefore both cause a partial quantitative defect
associated with a defective FVIII binding capacity of the
mutated vWE

Multimer analysis on the rvWF in the conditioned
media confirmed the above results: oligomers of unusually
high molecular weight were apparent for both P2 and P3
rvWE with an accumulation of vWF oligomers on the
boundary between the stacking and running gel and a rel-
ative representation of vWF multimers shifted towards
the high-molecular-weight forms (Figure 5). All mutated
rvWEF oligomers also showed a delayed migration pattern,
compared with WT (Figure 5), like the one seen in the
patient’s platelet multimers. This picture points to the per-
sistence of vWFpp, a condition associated with vWEF hav-
ing an impaired FVIII carrier capacity.”

Co-transfection with RNAI, RNAII and RNAIII - Co-trans-
fecting HEK293T cells with equal amounts of all vectors
resulted in a 60% reduction in secreted rvWEF, with a cor-
responding approximately 25% increase in intracellular
rvWF content. In the conditioned medium, the rvWF:CB
ratio was higher than normal, while vVWEEFVIIIB levels

WILD TYPE CRYPTIC
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other than WT in P41, P2 and P3 vWF. Chromatograms were aligned with the
p.L757_R763delinsVSSQ; P3: p.L757_761delinsVSSQG.

Figure 3. Schematic representation of the three mRNA associated with the ¢.2269_2270del von Willebrand factor (vWF) gene deletion, and the resulting mutated
VWF proteins. RNAI deriving from the use of the wild-type (WT) donor and acceptor splicing sites encodes for a truncated vVWF protein (P1, 778 amino acids long).
RNAII resulting from the activation of a cryptic AG acceptor site within exon 18 encodes a protein with a 3 amino acids deletion, in which the furin cleavage site is
lost (P2). Finally, RNAIIl originates from the usage of a non-canonical CG acceptor site in intron 17, and results in a full-length VWF protein carrying a partially-altered
furin recognition site (P3). vVWFpp persistence is predicted for both P2 and P3 vWF, while no VWF secretion is expected for P1. The gray area identifies amino acids

SeqMan Pro software (DNASTAR, Madison, WI, USA). P1: p.Leu757Valfs*22; P2:
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were undetectable. rvWF multimer analysis revealed larg-
er than normal oligomers, and a delayed oligomer migra-
tion (Figure 5).

SDS-PAGE and western blot analysis - Analyzing samples
with SDS-PAGE and western blotting in reducing condi-
tions revealed a protein band with a molecular weight cor-
responding to the unprocessed vWE-pp (about 340KDa) in
both P2 and P3 rvWE while a band corresponding to the
mature cleaved vWF (250KDa) was seen in the WT. These
data confirmed the persistence of vWFpp in the P2 and P3
vWEF (Figure 6).

Discussion

We report on a complex splicing alteration associated
with the vWF ¢.2269_2270del mutation that involves the
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use of a non-canonical splicing site in a case of severe type
1 vWD characterized by a lack of multimer organization
in the circulating vWE The ¢.2269_2270del mutation was
described in 2003 as a pure gene null mutation.” Here, we
demonstrate that it alters vWF splicing, and induces the
generation of three different aberrant mRNA species. The
predominant specie, RNAI, encodes for the already-
known truncated p.Leu757Valfs*22 vWF (P1 in the text),
associated with a pure quantitative vWF defect.” The
other two species found, RNAII and RNAIII, account for
less than 20% of the total vWF mRNA expression, and are
produced by the activation of two cryptic acceptor splic-
ing sites (a canonical “AG” and an unusual “CG”) in exon
18 and intron 17 of the vWEF gene, respectively. RNAII
encodes for a mature vWEF characterized by loss of the
furin cleavage site (p.L757_R763delinsVSSQ, P2), while
RNAIII has an altered furin recognition site that impairs its

Table 1. Main hemostatic and genetic findings in the proband and his parents.

PFA100  RIPA  FVIIEC VWFAg VWFCB VWF:CB VWFFVIIB VWFFVIIB PlateletVWWF  BS
sec % U/l U/dL  U/dL ratio  U/dL ratio U/dL
Proband 54.6 >300  0(56)* 34 12 19 158 0 NC 17 30
Mother 2.8 160 729 2006 1143 1049 091 1180 1.03 976 1
Father 310 198 4. 8.1 393 404 103 38 0.97 103.0 0
Son 979 150 65.4 1196 660 614 093 61.1 0.97 44 1
Daughter 93.2 145 723 1082 563 636 LI3 55.0 0.97 83.9 1
Normalrange 2436 94193 712 60160 60160 65150 =075 65150 =0.74 70-140  0-30-5 (WF)

aPTT activated partial thromboplastin time; RIPA: ristocetin induced platelet aggregation at 1.2 mg/mL ristocetin concentration; *RIPA value at 1.5 mg/mL ristocetin concentra-
tion; BS: Bleeding Score, calculated by the ISTH Bleeding Assessment tool (BAT); M/F: male/female; NC: not calculable.

Medium VWF
A 250
2004
150
=
100
50
0_.
N NP1 P1P1 NP2 P2P2 NP3 P3P3 P1P2P3
Intracellular VW F
150 ui
= 100
50 ]
0 T T T T T T T T
N NP1 P1P1 NP2 P2P2 NP3 P3P3 P1P2P3

COVWF:Ag
[ VW F:CB ratio
I FVIII:B ratio

Figure 4. In vitro expression of the P1, P2, and P3 von Willebrand
factor (VWF) mutations. Mean vWF:Ag, VWF:CB and vWF:FVIIIB
ratios, as obtained in the conditioned culture media (A), and VWF:Ag
in cell lysates (B) from HEK293T cells transfected with vectors con-
taining the wild-type (WT) or the P1, P2, and P3 vWF. The gene null
effect of the P1 mutation was demonstrated by the complete
absence of recombinant VWF (rvWF), whereas both P2 and P3
induced the production of VWF protein. P1: p.Leu757Valfs*22; P2:
p.L757_R763delinsVSSQ; P3: p.L757_761delinsVSSQG.
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Figure 5. Multimer analysis of recombinant von Willebrand factor (rvWF). No rvWF was found in the conditioned medium from cells expressing the P1 vVWF mutation.
Both P2 and P3 rvWF were produced instead, and showed: (i) unusually large VWF multimers associated with the accumulation of multimers on the boundary of the
running and stacking gel; (ii) an oligomer pattern that had shifted towards the high-molecular-weight forms; and (iii) oligomers with a slower migration pattern. P1:

p.Leu757Valfs*22; P2: p.L757_R763delinsVSSQ; P3: p.L757_761delinsVSSQG.

enzymatic activity (p.L757_761delinsVSSQG, P3).*
Despite bearing a PTC, RNAI seems to escape the NMD
control mechanism, as it accounts for more than 80% of
total mRNA expression.'””!

The proband was homozygous for the ¢.2269_2270del
mutation, and carried no other mutations in his vWF gene.
He had a very complex and severe phenotype character-
ized by both quantitative and qualitative vWF alterations.
Both plasma and platelet vWF levels were significantly
decreased, leading to a diagnosis of severe type 1 vWD.
The multimer organization of his circulating vWF revealed
a peculiar pattern involving the absence of any oligomers
except for the vWF dimer, and an unusually ultra large
band, without any intermediate components. This pattern
did not change after DDAVP infusion, which increased the
pre-DDAVP oligomers, without any other intermediate
components being observed. On the other hand, the
patient’s platelet vWF showed a multimer organization
(albeit lacking in the large components), with each
oligomer characterized by a delayed migration, a picture
suggestive of a persistence of vWFpp.® A similar vWE
multimer pattern had previously been reported in a
patient with systemic lupus erythematosus, who had the
two above-described circulating vWF oligomers, but a nor-
mal platelet vWF content and multimer pattern in the
presence of an anti-vWF antibody.” In contrast, no anti-
vWEF antibodies were detectable in our patient.

The delayed migration of the proband’s platelet vWEF
oligomers was attributable to the presence of the P2 and
P3 vWF forms, both resistant to the action of furin, and
consequently characterized by the persistence of the
vWEFpp. This was confirmed by our patient’s undetectable
vWEEFVIIIB values, as well as by the P2 and P3 rvWF
forms, which point to his vVWF having an impaired capac-
ity to carry FVIIL® The persistence of vWFpp is known to
disrupt the capacity of vWF to bind FVIII because of a
steric hindrance that makes the FVIII binding site in the
D3 domain of vWF inaccessible.”

The DDAVP-induced release of vWE stored in the
Weibel-Palade bodies, or a drop in ADAMTS13 concentra-
tion in the bloodstream are usually associated with the
appearance of ultra large vVWF multimers in the circulation.
In both cases, all vWF oligomers are still present, however,
whereas this was not so in our patient. There are also vWF
mutations that interfere with the factor’s recognition
and/or binding by ADAMTS13, giving rise to the presence
of unusually large vWF bands®* that are not normally
organized, a picture not seen in our patient either. Indeed,
the multimer pattern of the proband’s circulating vWE
appeared to be more similar to that of vWF inside normal
endothelial cells. We know that the cysteine-linked vWE
dimers grow in a concatemer via the formation of disulfide
bonds at the N-terminal of the vWF molecule, with the
contribution of vWFpp. After its secretion from endothe-
lial cells, vWF remains anchored to the vessel wall and is
then uncoiled by the action of the blood flow. This makes
the Tyr1605-Met1606 bond accessible to ADAMTS13 for
cleavage. The persistence of vWFpp could interfere with
the unraveling of vWF during its release from endothelial
cells;** alternatively, the P2 and P3 vWF forms might be
unable to remain anchored to the vessel wall during their
release. Intriguingly, p-selectin protein (which is known to
anchor vWF to the endothelial vessel wall under normal
conditions) binds vWE in the D’D3 region, very near
where our P2 and P3 mutations occur.”” While circulating
vWF needs dynamic flow conditions for it to be cleaved
by ADAMTS13 after its release, this might not be the case
for vWEF inside alpha-granules, and this would explain the
different multimer organization in the two biological dis-
tricts. A different contribution of aberrant vWF mRNA in
endothelial cells and platelets is less plausible, but mRNA
in endothelial cells would need to be explored to be able
to verify this.

In vitro expression experiments confirmed that the
€.2269_2270del mutation, hitherto considered a type 3
vWEF defect,”* is actually associated with a residual syn-



€.2269 2270del vWF and non-canonical splicing site

— Unprocessed VWF

— Mature VWF

Figure 6. Western blot analysis on wild-type (WT), P2 and P3 recombinant von Willebrand fac-
tor (rvWF). The electrophoresis run was performed in a 3-8% Tris-Glycine gel under reducing
conditions. The bands were detected using the Euroclone LiteAblot Turbo ECL substrate. A sin-
gle 250 kDa band was found for the WT rvWF, in contrast with the about 340 kDa band
observed for both P2 and P3 rvWF. P2: p.L757_R763delinsVSSQ; P3: p.L757_761delinsVSSQG.

WT P2 P3

thesis of vWF due to the presence of RNAII and RNAIII
forms. While RNAI (the prevalent vWF mRNA form) pro-
duced no rvWE, both RNAII and RNAIII produced a rvWE
molecule characterized by the persistence of vWFpp, as
shown by the slower migration of each oligomer, and the
weaker FVIII binding capacity. This finding was con-
firmed by western blot analysis, showing that both P2 and
P3 rvWF were characterized by the presence of only the
unprocessed vWF protein band. The presence of larger
than normal vWF oligomers in the rvWF multimers, and
their being in larger proportions than the low and interme-
diate forms, also confirm that the c.2269_2270del muta-
tion induces ADAMTS13 resistance in vitro, and that vVWF
proteolysis can occur under static conditions (as seen also
in the proband’s platelets), thus explaining the proband’s
discrepant plasma and platelet vVWF multimer patterns in
vivo.

Interestingly, the ¢.2269_2270del mutation generates
RNAII and RNAIII through the activation of two cryptic
splicing sites in exon 18 and intron 17 of the vWF gene,
respectively. The recognition of a cryptic splicing site is a
known, not particularly rare, mechanism in vWD, which
can be responsible for vWF lacking altogether,” or its lev-
els only being reduced.” In our patient, the two new
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