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Abstract: (1) Background: Congenital factor (F) VII deficiency is caused by mutations in the F7 gene.
Patients with modest differences in FVII levels may display large differences in clinical severity. The
variant p.A354V-p.P464Hfs is associated with reduced FVII antigen and activity. The aim of the study
was to investigate the clinical manifestation of this variant and the underlying molecular mechanisms.
(2) Methods: Analyses were conducted in 37 homozygous patients. The recombinant variant was
produced in mammalian cells. (3) Results: We report a large variation in clinical phenotypes, which
points out genetic and acquired components beyond F7 mutations as a source of variability. In
contrast, patients displayed similarly reduced FVII plasma levels with antigen higher than its activity.
Comparative analysis of the recombinant variant and of plasma samples from a subset of patients
indicated the presence of an elongated variant with indistinguishable migration. Treatment of cells
with the chemical chaperone 4-phenylbutyrate (4-PBA) improved the intracellular trafficking of the
variant and increased its secretion to the conditioned medium up to 2-fold. However, the effect of
4-PBA on biological activity was marginal. (4) Conclusions: Chemical chaperones can be used as
biochemical tools to study the intracellular fate of a trafficking-defective FVII variant.

Keywords: factor VII deficiency; chemical chaperones; mutations; protein misfolding; endoplasmic
reticulum; trafficking

1. Introduction

Factor (F) VII is a vitamin K-dependent glycoprotein synthesized in the liver that
undergoes extensive post-translational modifications prior to secretion [1–3]. It is secreted
into the blood where it circulates at a concentration of roughly 0.5 µg/mL (10 nM) [4].
The FVII protein contains an amino-terminal γ-carboxyglutamic acid domain followed
by two epidermal growth factor (EGF)-like domains and a carboxy-terminal protease
domain [5]. The single-chain native FVII is a zymogen that, upon binding to its cofactor,
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tissue factor (TF), becomes activated, resulting in a two-chained activated molecule (FVIIa).
The TF/FVIIa catalytic complex, which is considered the key initiator of blood coagulation,
activates downstream clotting factors leading to the production of thrombin, the key
effector for the final formation of the clot [6,7].

Congenital FVII deficiency (OMIM #227500) is a rare, autosomal recessive bleeding
disorder caused by mutations in the F7 gene resulting in a concomitant deficiency of
plasma FVII protein (FVII antigen, FVII:Ag) and FVII procoagulant activity (FVII:C) (Type
I deficiency) or in low FVII:C levels with normal, near-normal, or reduced FVII:Ag (Type
II deficiency) [8]. In FVII deficiency, the spectrum of bleeding symptoms is widely vari-
able [9,10]. Most patients exhibit mild symptoms such as mucocutaneous bleeds, whereas
10–15% of patients may experience potentially life-threatening hemorrhages such as central
nervous system (CNS) or gastrointestinal (GI) bleeds [11–13]. The F7 p.A354V-p.P464Hfs
compound variant is caused by the p.A354V missense change, with pleiotropic effects in the
FVII catalytic domain [14], and a cytosine deletion causing a frameshift at the C-terminal
codon 464, which produces an elongated protein [15]. This variant represents the most
frequent F7 alteration in Central Europe [13,16–18] reported in the FVII variant database
(https://f7-db.eahad.org/, accessed on 1 May 2021) [19] and is associated with a bleeding
phenotype due to severely reduced FVII:C and FVII:Ag in plasma [16,20].

We previously reported minimal FVII secretion in cells expressing the recombinant
(r) FVII p.A354V-p.P464Hfs (rFVII-354V-464Hfs) variant [21,22], resembling the patient
phenotype. Our data suggested that the combined protein alterations were associated with
a defective folding and that the misfolded state led to impaired trafficking, endoplasmic
reticulum (ER) retention and ER stress. Very few studies on the clinical manifestations of the
p.A354V-p.P464Hfs variant have been performed with a small number of patients [13,16],
and detailed studies on the residual activity of this variant are hampered by the low levels
of FVII in plasma and very reduced secretion after recombinant expression [13]. The
relatively high frequency for a symptomatic mutation in a rare bleeding disorder, as well
as the presence of small amounts of residual activity of this variant, provides a unique
opportunity to investigate, in a constant F7 mutation background, the poor consistency
between FVII levels and the clinical manifestations, a key issue in FVII deficiency [23]

In the present study, we collected and analyzed data on FVII plasma activity and
bleeding phenotype in 37 p.A354V-p.P464Hfs homozygotes as a means to deepen our
knowledge on the genotype–plasma and clinical phenotype relationships. The rFVII-
354V-464Hfs was produced in Chinese hamster ovary (CHO) K1 cells and compared to
patient phenotypes and plasma FVII from a subset of patients. We recently demonstrated
that the chemical chaperone 4-phenylbutyrate (4-PBA) could improve the secretion and
biological activity of another recombinant FVII variant characterized by impaired secretion
and triggering of ER stress [24]. Thus, we aimed to increase the expression of rFVII-354V-
464Hfs and also to investigate the effect of chemical chaperones on intracellular processing
and secretion, as well as on the catalytic activity of the secreted variant.

2. Materials and Methods
2.1. Nomenclature

Amino acid positions are reported in accordance with the Human Genome Varia-
tion Society (HGVS) nomenclature, whose numbering begins with the AUG translation
initiation codon as position +1 [25,26].

2.2. Patients

The Seven Treatment Evaluation Registry (STER) prospectively collected data on
bleeding episodes, surgery or prophylaxis in patients with FVII deficiency following strictly
controlled data collection procedures established by the International FVII Deficiency Study
Group [11]. We used the detailed data captured in STER to investigate the plasma and
bleeding phenotypes of the p.A354V-p.P464Hfs variant in patients. At enrolment, a blood
sample was drawn for centralized plasma inhibitor determination [27].

https://f7-db.eahad.org/
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2.3. Cell Lines and Transfection

CHO-K1 cells (CCL61, American Type Culture Collection, Manassas, VA, USA) were
cultured in Dulbecco’s modified Eagle medium (DMEM, Lonza Group Ltd., Basel, Switzer-
land) supplemented with 10% fetal bovine serum (Hyclone FBS, GE Healthcare, Boston,
MA, USA), 1% penicillin/streptomycin (Lonza Group Ltd., Basel, Switzerland) and 0.07 g/L
L-Proline (Sigma Aldrich, Saint Louis, MO, USA) in a humidified atmosphere at 5% CO2.
The day before transient transfection, cells were seeded at an appropriate density to reach
50–80% confluency at the time of transfection on CELLBIND plates (Corning Incorpo-
rated, Kennebunk, ME, USA) or chambers slides (Ibidi GmbH, Gräfelfing, Germany). The
plasmid vectors (pcDNA 3.1, Thermo Fisher Scientific, Rockford, IL, USA) containing F7
cDNA coding for wild-type (wt) or p.A354V-p.P464Hfs FVII were generated as previously
described [13,28]. The empty vector without insert was used as negative control in the ex-
periments. Plasmid DNA was introduced into the cells by lipid transfection (Lipofectamine
LTX, Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer’s protocol.
CHO-K1 cells with stable expression of rFVIIwt or rFVII-354V-464Hfs were generated as
previously described [24].

2.4. Treatment with Chemical Chaperones

CHO-K1 cells with stable or transient rFVII expression were treated with 0, 5, 7.5 or
10 mM 4-PBA (SML0309, Sigma Aldrich, Saint Louis, MO, USA) or 0, 25 or 50 µM binding
immunoglobulin protein (BiP) protein inducer X (BIX;SML1073, Sigma Aldrich, Saint Louis,
MO, USA) diluted in DMEM with 1% FBS and 10 µg/mL Vitamin K (V3501, Sigma Aldrich,
Saint Louis, MO, USA) for 48 h.

2.5. Gene Expression Analysis

Total RNA was isolated from cells using the MagMAX-96 Total RNA Isolation Kit
(Thermo Fisher Scientific, Rockford, IL, USA) on a MagMAX particle processor (Thermo
Fisher Scientific, Rockford, IL, USA). cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Rockford, IL, USA). Taqman
quantitative reverse transcriptase PCR (qRT-PCR) was performed using the following
Taqman assays: Hs01551992_m1 (F7), Rn99999125_m1 (BCL-2), Hs99999001 (BAX) and
Hs99999901_s1 (18S) (all from Thermo Fisher Scientific, Rockford, IL, USA). To determine
the mRNA levels of spliced and unspliced X-box binding protein 1 (sXBP1 and uXBP1,
respectively), SYBR green primers were designed as previously described [22]. Eukaryotic
18S ribosomal RNA (18S) (forward primer: 5′-CGGACAGGATTGACAGATTG-3′, reverse
primer: 5′-CAAATCGCTCCACCAACTAA-3′) was used as endogenous control. SYBR
green qRT-PCR was performed using the Power SYBR Green PCR Master Mix (Thermo
Fisher Scientific, Rockford, IL, USA) on a 7900HT Fast Real-Time PCR system.

2.6. ELISA

After treatment with chemical chaperones, the conditioned medium was harvested
from cells. The cells were then washed briefly with ice-cold phosphate-buffered saline (PBS)
before lysis in RIPA buffer (Sigma Aldrich, Saint Louis, MO, USA) supplemented with
1x Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford,
IL, USA). The conditioned medium and the lysates were precleared by centrifugation
(15 min/18.200 rcf and 10 min/8000 rcf, respectively). FVII antigen (FVII:Ag) in the
conditioned medium and in the cell lysates was measured using the VisuLize FVII ELISA
(detection limit: <0.01 IU/mL (5 ng/mL; <1%)), Affinity Biologicals, Ancaster, ON, Canada)
on a SpectraMax Plus spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Total
protein in cell lysates was assessed using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, Rockford, IL, USA).
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2.7. SDS-PAGE and Western Blot Analysis

Plasma or cell lysates were diluted 1:40 in HEPES-buffered saline (Sigma Aldrich). For
analysis of ER chaperone proteins, an equal amount of protein from the cell lysates was di-
luted in RIPA buffer. The proteins were denatured for 4 min at 95 ◦C using the Lane Marker
Reducing Sample Buffer (DTT, 5 x concentrate, Thermo Scientific). The samples were sepa-
rated on 10% Mini-PROTEAN TGX gels (Bio-Rad, Hercules, CA, USA) and transferred onto
Sequi-Blot PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked
with nonfat dry milk (Bio-Rad, Hercules, CA, USA) before incubation overnight at 4 ◦C with
primary antibodies against FVII (goat polyclonal; R&D systems, Minneapolis, MN, USA),
BiP (rabbit monoclonal; Cell Signaling Technology, Danvers, MA, USA), glucose-regulated
protein 94 (GRP94) (rabbit polyclonal; Cell Signaling Technology, Danvers, MA, USA) or
β-actin (rabbit polyclonal; Cell Signaling Technology Danvers, MA, USA). The membranes
were briefly washed with Tris-buffered saline containing 1% Tween-20 before incubation for
1 h with the appropriate HRP-linked secondary antibodies (donkey anti-goat, Santa Cruz
Biotechnology, Dallas, TX, USA, or goat anti-rabbit, Cell Signaling Technology, Danvers,
MA, USA). Membranes were visualized by the addition of a chemiluminescent substrate
(Radiance Plus, Azure Biosystems, Dublin, CA, USA), and images were acquired on a
biomolecular imager (ImageQuant LAS 4000 Mini, GE Healthcare, Chicago, IL, USA). The
rFVIIwt or normal plasma from a healthy donor were used as controls for the expressed
rFVII-354V-464Hfs variant or patient plasma samples, respectively.

2.8. Generation of Activated FX in Medium

Cells with stable expression of rFVIIwt or rFVII-354V-464Hfs were seeded onto 15 cm
dishes (Thermo Scientific, Rockford, IL, USA) and treated with ± 10 mM 4-PBA. Con-
ditioned medium was harvested and concentrated approximately 30 times through the
Amicon Ultra Centrifugal Filter devices (cut-off 10 kDa, Millipore, Carrigtwohill, Country
Cork, Ireland). Generation of activated factor X (FXaG) was performed in FVII-deficient
plasma (HemosIL®, Instrumentation Laboratory, Bedford, MA, USA) added with the con-
centrated medium from transfected cells. The assay was performed in an HBS buffer
(Hepes, 20 mM; NaCl, 150 mM; PEG-8000, 0.1%; pH 7.4) as previously described [29].
Briefly, after incubation for 3 min at 37 ◦C, FXaG was triggered by 50 pM Tissue Factor
(Innovin, Dade Behring, Marburg, Germany) and evaluated by adding a specific FXa
fluorogenic substrate (Spectrafluor FXa, American Diagnostica, Stamford, CT, USA). FXaG
was also evaluated by inhibition of tissue factor pathway inhibitor (TFPI) by anti-TFPI
RNA aptamer (5′-GGAAUAUAdCUUGGdCUdCGUUAGGUGdCGUAUAUAidT-3′), as
previously described [30,31].

2.9. Immunostaining and Confocal Microscopy

Immunostaining was performed by using antibodies against FVII (rabbit polyclonal,
Novus biologicals, Centennial, CO, USA, or goat polyclonal, R and D Systems), the ER
marker protein disulfide isomerase (PDI; Enzo Life Sciences, Farmingdale, NY, USA), the
Golgi marker GM130 (BD Biosciences, San Jose, CA, USA), the trans-Golgi network marker
TGN46 (Novus biologicals, Centennial, CO, USA), Golgi reassembly stacking protein
(GRASP) 55 (Santa Cruz Biotechnology, Dallas, TX, USA), GRASP 65 (Novus biologicals,
Centennial, CO, USA), ras-related protein (Rab)-11 (BD Biosciences), Rab-8 (LifeSpan Bio-
Sciences, Seattle, WA, USA), coat protein (COP) II (Thermo Fisher Scientific, Rockford,
IL, USA), ER-Golgi intermediate compartment (ERGIC)-53 (Santa Cruz Biotechnology,
Dallas, TX, USA), LC3 (MBL Woburn, MA, USA) and Golgi subfamily B member 1 Giantin
(BioLegend, San Diego, CA, USA). The Alexa Fluor® 488 donkey anti-goat (Thermo Fisher
Scientific, Rockford, IL, USA), Alexa Fluor® 488 donkey anti-rabbit (Thermo Fisher Scien-
tific, Rockford, IL, USA), Alexa Fluor® 568 donkey anti-mouse (Thermo Fisher Scientific,
Rockford, IL, USA), or Alexa Fluor® 568 donkey anti-rabbit (Thermo Fisher Scientific,
Rockford, IL, USA) were used as secondary antibodies. The cells were imaged as previ-
ously described [24]. Negative controls with only secondary antibodies, as well as double
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negative controls using one of the primary antibodies and both secondary antibodies,
were included.

2.10. Data Analysis

The statistical analyses were performed using GraphPad Prism 8.0.1 (Graphpad Hold-
ings, LLC, San Diego, CA, USA). Comparisons were performed using one-way ANOVA or
Welch’s t-test. A p-value of ≤0.05 was considered statistically significant. FXaG parameters
were extrapolated from the first derivative of relative fluorescence units (RFU) as a function
of time (minutes) [29].

3. Results
3.1. Bleeding and Plasma Phenotypes in Patients

First, the most relevant information about symptoms and clotting phenotypes in
the 37 selected individuals was analyzed. The type and prevalence of symptoms in the
35 symptomatic p.A354.p.P464Hfs homozygotes are summarized in Figure 1A together
with age at first symptom, a parameter contributing to defining the degree of bleeding
severity in patients. The group includes patients ranging from asymptomatic (n = 2) to
patients who experienced hemarthrosis (n = 6). This variability is also supported by the
age at first symptom (Figure 1A, left panel). Whereas the median age of the first symptom
(six years) defines a moderate to mild condition, two patients experienced bleeding before
reaching one year, which is a frequent observation in severe FVII deficiency (Figure 1A,
right panel). Figure 1B summarizes the plasma phenotype in terms of FVII:C and FVII:Ag
for this mutation. These data define a potentially severe defect with a median FVII:C value
slightly exceeding 1% of normal levels. The distribution of FVII:Ag and FVII:C/FVII:Ag
(C/Ag) ratio, from a proportion of the patients (n = 28, Figure S1), indicates that the
p.A354.p.P464Hfs activity was more reduced than its antigen levels in most patients, with
a median FVII:Ag value and C/Ag ratio of approximately 1.8% and 0.6, respectively.
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Figure 1. Clinical presentation in homozygous patients for the p.A354.p.P464Hfs mutation. (A) Age
at first symptom and prevalence of type of hemorrhage in patients homozygous (n = 37, females
n = 26) for the compound p.A354.-p.P464Hfs mutation. Symptom prevalence is reported in relation
to the number of symptomatic homozygotes (n = 35). Menorrhagia prevalence is indicated in
relation to female homozygotes. (B) FVII activity (n = 37) and FVII antigen (n = 28) values in the
p.A354.p.P464Hfs homozygotes. Data are presented as box plots. FVII:Ag, FVII antigen; FVII:C, FVII
procoagulant activity.

3.2. Comparison of Plasma and Recombinant FVII Variants

The FVII p.A354V-p.P464Hfs variant is characterized by a missense change (A354V)
and a cytosine deletion at the C-terminal codon 464 resulting in a frameshift and the
production of an elongated protein (Figure 2A). We compared the protein variant from
patients’ plasma with that expressed in eukaryotic cells (Figure 2B). Plasma samples from
unrelated patients were compared with normal plasma or rFVIIwt from cell lysates by
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SDS-PAGE followed by Western blotting analysis using a polyclonal anti-FVII antibody.
The FVII variant in plasma migrated slightly slower than rFVIIwt and FVII from normal
plasma, confirming the presence of the elongated protein with a higher molecular weight.
The plasma variant migrated similarly to rFVII-354V-464Hfs.
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Figure 2. FVII protein forms in patients’ plasma and upon recombinant expression. (A) Schematic
representation of the FVII p.A354V-p.P464Hfs variant. (B) Western blot analysis (image adjusted for
brightness/contrast) of FVII in plasma from the four patients (Pt 01–04), a healthy volunteer (normal
plasma, NP) or cell lysates from cells with stable expression of rFVIIwt or rFVII-354V-464Hfs.

3.3. The Effect of Chaperone Treatment on FVII Variant Biosynthesis and Secretion

FVII:Ag levels were measured in conditioned medium and in cell lysates from cells
treated with chemical chaperones. In cells treated with 4-PBA, the secreted amounts of
rFVII-354V-464Hfs increased ~2.5-fold, while intracellular levels of the rFVII-354V-464Hfs
were increased ~2-fold compared to untreated cells (Figure 3A). Treatment with BIX had
a modest although statistically significant effect on secretion of the rFVII-354V-464Hfs
(approximately 1.3-fold at the highest concentration), whereas the intracellular levels of the
variant were increased up to ~2.3-fold at the highest concentration (Figure 3B). Because we
observed that treatment with the chemical chaperones also increased the FVII:Ag levels in
cell lysates, a ratio between secreted (conditioned medium) and intracellular (lysates) FVII
was calculated. The secreted/intracellular ratio in cells treated with 4-PBA was increased
up to 2-fold compared to untreated cells (Figure 3C). However, the ratio was decreased
0.7-fold and 0.6-fold in cells treated with 25 or 50 µM BIX, respectively, compared to
untreated cells (Figure 3D). We found no significant effect of BIX on rFVIIwt secreted to the
conditioned medium, but a small increase of rFVIIwt was measured in cell lysates at the
highest BIX concentration (Figure S2).
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rFVII-354V-464Hfs were treated with 4-PBA or BIX for 48 h. (A,B) FVII:Ag levels in medium (white bars) or cell lysates
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3.4. The Effect of Chaperone Treatment on the ER Folding Machinery

Because the chaperone treatment increased the levels of the rFVII variant, its effect
on the ER folding machinery was assessed. Protein expression of the ER chaperones BiP
and GRP94 was analyzed by Western blot. In cells treated with 4-PBA, the protein levels
of BiP and GRP94 were increased up to approximately 30-fold and 3-fold, respectively,
at the highest concentration (Figure 4A,B). In cells treated with BIX, the levels of BiP
were increased approximately 5-fold at the highest concentration, whereas no statistically
significant differences in the levels of GRP94 were observed (Figure 4C,D). Moreover,
the levels of spliced (s) X-BOX binding protein (XBP1) mRNA, a transcription factor that
regulates ER chaperone genes, were increased approximately 1.5-fold in cells treated with
the highest concentration of 4-PBA and BIX, respectively (Figure 4E,F). An overload of the
folding machinery and ER stress can induce apoptosis, and we therefore investigated the
effect of different doses of the chaperones on the expression of the pro- and antiapoptotic
genes BAX and BCL-2. We measured a >50% reduction in the ratio of proapoptotic BAX
versus antiapoptotic BCL-2 mRNA in cells treated with 4-PBA, whereas in cells treated
with BIX an increased ratio was observed (Figure S4A,B). There was no dose–response
with either chaperone.
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with 4-PBA for the detection of BiP and GRP94. β-actin was used as loading control. (B) Densito-
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tive Western blot analysis (cropped image adjusted for brightness/contrast) of lysates from cells 
treated with BIX for the detection of BiP and GRP94. β-actin was used as loading control. (D) Densi-
tometric analysis of bands from (C), representing BiP or GRP94 normalized to β-actin. (E,F) mRNA 
levels of sXBP1 and uXBP1 were assessed by SYBR green qRT-PCR. Quantitation was performed 
using the comparative CT method with 18S as the endogenous control gene and untreated cells as 
the calibrator. Values are shown as mean ± SD of fold change relative to untreated cells from three 
independent experiments. **** p ≤ 0.0001, * p ≤ 0.05 (one-way ANOVA). 
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calization of the rFVII-354V-464Hfs with TGN46 in cells treated with 4-PBA compared to 
untreated (control) cells, whereas the correlation coefficient for COPII did not reach sta-
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Figure 4. The effect of chaperone treatment on the ER folding machinery. (A) Representative Western blot analysis (cropped
image adjusted for brightness/contrast) of lysates from cells treated with 4-PBA for the detection of BiP and GRP94. β-actin
was used as loading control. (B) Densitometric analysis of bands from (A), representing BiP or GRP94 normalized to β-actin.
(C) Representative Western blot analysis (cropped image adjusted for brightness/contrast) of lysates from cells treated with
BIX for the detection of BiP and GRP94. β-actin was used as loading control. (D) Densitometric analysis of bands from
(C), representing BiP or GRP94 normalized to β-actin. (E,F) mRNA levels of sXBP1 and uXBP1 were assessed by SYBR
green qRT-PCR. Quantitation was performed using the comparative CT method with 18S as the endogenous control gene
and untreated cells as the calibrator. Values are shown as mean ± SD of fold change relative to untreated cells from three
independent experiments. **** p ≤ 0.0001, * p ≤ 0.05 (one-way ANOVA).

3.5. Intracellular Localization Studies

Because a net effect on secretion of the FVII variant could only be observed in cells
treated with 4-PBA, we next investigated whether the treatment with this compound could
have an impact on intracellular trafficking. Cells were stained with markers for different
organelles and vesicles and analyzed by immunofluorescence. After treatment with 4-PBA,
we observed an increased colocalization with the trans-Golgi network marker TGN46 and
the vesicle marker COPII, but not with the Golgi marker GM130 (Figure 5A). Analysis of
Pearson’s correlation coefficient demonstrated a significantly increased colocalization of the
rFVII-354V-464Hfs with TGN46 in cells treated with 4-PBA compared to untreated (control)
cells, whereas the correlation coefficient for COPII did not reach statistical significance
(Figure 5B,C). We also observed an increased but not statistically significant colocalization
of FVIIwt with TGN46 and COPII after treatment with 4-PBA (Figure S5). No colocalization
with other markers, such as the Golgi reassembly stacking proteins GRASP55 or GRASP65,
the endosomal markers Rab-8 or Rab-11 or the autophagosomal marker LC3II was observed
(Figure S6).
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Figure 5. The effect of 4-PBA treatment on intracellular localization of the rFVII-354V-464Hfs variant. (A) Confocal images
from cells treated with 4-PBA costained with FVII and membrane organelle markers GM130, COPII or TGN46. Cells with
transient expression of rFVII-354V-464Hfs were treated with 4-PBA for 42 h. Confocal images from cells stained with FVII
(green, b, e, h) and membrane organelle marker (GM130, COPII or TGN46, red, c, f, i). Colocalized green and red pixels are
shown in yellow color (a, d, g). Bar: 5 µm. (B) The colocalization of FVII with TGN46 (B) and COPII (C) was calculated by
Pearson’s correlation coefficient in untreated (control) cells and cells treated with 4-PBA. Results are presented as the mean
± SD of four independent experiments (t-test). * p < 0.05).
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3.6. The Effect of 4-PBA Treatment on Biological Activity of FVII

The evaluation of the biological activity of the secreted FVII variant after treatment
was restricted to the samples from cells treated with 4-PBA. Considering the pivotal role of
activated FVII in coagulation initiation, as well as in the conversion of zymogen FX into
activated FX (FXa), the ability of the FVII variant to generate FXa (FXaG) was measured.
Measurements were performed in FVII-deficient plasma with the addition of concentrated
medium from cells treated or untreated with 4-PBA. The FVII:Ag measured in media after
the concentration procedure was 73.8 ng/mL. A high concentration (50 pM) of TF, the
essential FVII cofactor, was used to magnify the modest residual activity of the rFVII-354V-
464Hfs variant. We evaluated the peak parameter of FXaG, which reflects FVIIa activity
(Figure 6) [29]. Upon treatment, the peak was much higher than in the absence of 4-PBA
(44 RFU/s vs. 15.5 RFU/s, respectively). The time needed to reach the peak of fluorescence
(time to peak) was also shortened (315 s vs. 375 s, respectively) (Figure 6).
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Figure 6. FXa generation in medium from cells treated with 4-PBA. FXa generation activity in FVII-deficient plasma added
with medium from 4-PBA treated cells (continuous black line) and untreated (continuous gray line) cells, or in the presence
of anti-TFPI aptamer (+Apt) in medium from 4-PBA treated (dotted black line) and untreated (dotted gray line) cells. RFU/s,
relative fluorescence units/second. Inset: curves obtained with diluted (0.1%) medium containing rFVIIwt (black line),
vector alone (dotted line) or FVII-deficient plasma alone (gray line).

To deepen our knowledge on FXaG by rFVII-354V-464Hfs, we inhibited tissue factor
pathway inhibitor (TFPI), the main physiological inhibitor in the TF-initiated coagulation
pathway, using an anti-TFPI aptamer (Figure 6). TFPI inhibition is expected to magnify
FXaG. Accordingly, inhibition of TFPI increased FXaG activity of the 4-PBA-induced FVII
variant and in medium from untreated cells.

4. Discussion

The p.A354V-p.P464Hfs variant represents a paradigmatic model mutation in FVII
deficiency, both on studies of bleeding phenotype and on the molecular mechanisms
underlying FVII deficiency. Among the large number of coagulation protein variants, only
protein C Nagoya, a thrombophilic mutation, can be compared with F7 p.A354V-p.P464Hfs,
both in terms of molecular mechanisms (translation frameshift and elongated protein)
and frequency [32]. In addition, a novel homozygous F11 frameshift mutation resulting
in an extended FXI carboxyl-terminus, ER retention and reduced secretion was recently
identified in a Japanese patient [33].
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The analysis of clinical phenotypes in 37 homozygotes for the p.A354V-p.P464Hfs
variant significantly extends previous information about variability in bleeding severity in
FVII-deficient patients. The small range of FVII:C in a group of patients with the same F7
genotype supports the notion that a large variation in clinical phenotypes is detectable with
relatively small variations in FVII activity, a major open question in FVII deficiency [3]. The
investigation of FVII:Ag in plasma revealed that the antigen levels were clearly higher than
the activity levels, suggesting a Type-II defect. The difference concerning the assay methods
is relevant as the ELISA is indeed more sensitive and precise than the coagulation assay.
However, both measurements display the same variability, suggesting a true variation
between the studied individuals. Overall, findings in patients indicated that the elongated
p.A354V-p.P464Hfs variant circulated in plasma at low but detectable concentrations. Its
activity in plasma was reduced but detectable. Our study clearly suggests that yet unknown
genetic and acquired components beyond F7 mutations play a role in producing variability
in clinical manifestations in this deficiency.

The recombinant expression of the p.A354V-p.P464Hfs variant was aimed at providing
the molecular basis underlying these observations. The Western blot analysis of patient
plasma demonstrated a band with a migration pattern that was slower than that of normal
plasma FVII. This pattern, indicating a protein larger in size, is in agreement with the base-
pair deletion at position 464, producing a frameshift mutation that results in additional 28
residues at the protein carboxyl-terminus [16]. In fact, the FVII in plasma from patients
homozygous for the p.A354V-p.P464Hfs variant migrated in a comparable manner to that
of rFVII-354V-464Hfs, suggesting a similar processing of this protein variant in the CHO-K1
cells. When FVII is overexpressed in CHO cells, it undergoes similar post-translational
modifications as plasma-derived FVII, which makes these cells the best option for the
production of rFVII [34].

Chemical chaperones are known to prevent misfolded protein aggregation and al-
leviate ER stress, thereby improving the biosynthesis of misfolded proteins [35,36]. We
explored the possibility that the chaperone-based approach could potentiate folding and
secretion of p.A354V-p.P464Hfs variant. This would unravel biological pathways that
could participate in the secretion of small amounts of the variant, which is of utmost
importance to modulate bleeding phenotypes in patients. Treatment with the chemical
chaperones 4-PBA and BIX increased the levels of rFVII-354V-464Hfs in cell lysates and in
the medium. However, a net effect on secretion could only be observed in cells treated with
4-PBA. We previously reported an effect of 4-PBA on the secretion of the FVII p.Q160R
variant [24] and on a protein C variant [37], and similar results were reported for FIX in
a cellular model of hemophilia B [38]. In the present study, we observed an increased
colocalization with the trans-Golgi network marker TGN46 and with the vesicular marker
COPII. The export of cargo out of the ER is mediated by COPII-coated vesicles that bud
from the ER at ER-exit sites (reviewed in [39] and [40]), and the trans-Golgi network is a
distinct membranous compartment at the trans face of the Golgi apparatus thought to be
involved in the sorting of secretory proteins [41]. This could indicate that treatment with
4-PBA might facilitate transport out of the ER and into the secretory pathway, as reported
for other FVII variants [24].

Our previous studies demonstrated increased ER stress in cells expressing rFVII-
354VHfs and upregulation of the unfolded protein response [22]. In our model, 4-PBA and
BIX increased the expression levels of the ER chaperone BiP, which can bind to exposed
hydrophobic residues of unfolded proteins and plays a key role in protein folding and
quality control in the ER [42]. In a recent study by Vitale et al., it was shown that inadequate
BiP expression upon bulk expression of secretory immunoglobulin M heavy chain caused
proteotoxicity [43]. The authors argued that pharmacological intervention against pro-
teotoxicity should primarily be aimed at promoting a favorable level of BiP versus the client
protein. For 4-PBA, the increase in BiP was accompanied by a reduced ratio of BAX/BCL-2,
suggesting an antiapoptotic state in the cells supporting this hypothesis. In addition to
increasing the levels of BiP, 4-PBA also increased the expression of the ER chaperone GRP94
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and both chaperones increased the levels of the transcription factor sXBP1, which is known
to increase the transcription of key ER chaperones. Based on these observations, we might
hypothesize that the enhanced folding capacity of the ER following chaperone treatment
contributes to the increased levels of the FVII variant in the cell lysates. Even small changes
of folding capacity in the patients’ hepatocytes would be candidates to produce the small
differences observed in plasma p.A354V-p.P464Hfs levels among patients, which in turn
could potentially contribute to producing differences in bleeding symptoms.

Both 4-PBA and BIX are reported to have antiapoptotic effects [44–46]. We observed a
decreased rate of apoptosis upon treatment with 4-PBA, whereas BIX treatment resulted
in a slightly increased rate of apoptosis. A possible explanation for the increased rate of
apoptosis seen in BIX-treated cells could be the intracellular accumulation of rFVII-354V-
464Hfs causing proteotoxicity. This is supported by the net negative effect on secretion
following BIX treatment and the lack of GRP94 induction and relatively low BiP induction
compared to 4-PBA. Of note, the only known effects of BIX are as a molecular chaperone
inducer, whereas 4-PBA is reported to have many effects, including working both as a
chemical chaperone and reducing ER stress [35].

Despite the similarities that we report between the plasma and the recombinant
protein, the latter was characterized by very low levels of FXa generation activity. Even the
residual function of 4-PBA-induced rFVII-354V-464Hfs was very reduced (0.1% of rFVIIwt),
compared to in vivo, where the residual FVII coagulant activity has a median value of
approximately 1%. In the stable cell lines used in this study, the FVII:Ag in the conditioned
medium was also severely reduced, and no FXaG could be measured in the conditioned
medium unless concentrated several folds. The low secretion and clotting activity of this
variant in vitro, observed in independent experiments and in different laboratories [13],
and even after chaperone treatment, appears to be a feature of the p.A354V-p.P464Hfs
variant. In comparison, more than 30 missense changes and 5 nonsense changes have
been recombinantly expressed previously with FXaG activity in the conditioned medium
comparable to, or even higher, than the FVII coagulant activity measured in circulating
plasma. We cannot exclude that there might be unknown factors missing from our artificial
system based on overexpression in cells not normally expressing FVII that could stabilize
this particular variant.

5. Conclusions

In summary, we provide detailed insights into the variability of the clinical mani-
festations in patients homozygous for the p.A354V-p.P464Hfs FVII variant, highlighting
that genetic components beyond F7 mutations, together with acquired conditions, may
play a key role in this variability. We demonstrate that chemical chaperones can be used
as biochemical tools to study the intracellular fate of a Type-II FVII variant with severe
clinical manifestations. Even though plasma FVII and rFVII-354V-464Hfs are comparable
in size, the latter is characterized by a lower biological activity. Introducing this variant
into induced pluripotent stem cells through genome editing followed by differentiation
into hepatocytes would constitute a relevant cell model to study the processing of this
variant in a context mimicking the natural expression.
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10.3390/app11135762/s1, Figure S1: Ratios between FVII:C/FVII Ag, Figure S2: Effect of BIX on
rFVIIwt, Figure S3: BAX and BCL-2 mRNA. Figure S4: Colocalization of rFVIIwt after treatment
with 4-PBA. Figure S5: Confocal images from cells treated with 4-PBA costained with FVII and Golgi
proteins Giantin, GRASP55 or GRASP65, Figure S6: Confocal images from cells treated with 4-PBA
costained with FVII and membrane organelle markers Rab8, Rab11 or LC3.
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