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ARTICLE INFO ABSTRACT

Keywords: Introduction: Hemophilia B is an X-linked recessive bleeding disorder caused by coagulation factor IX (FIX) gene
Hemophilia B (F9) mutations. Several F9 synonymous mutations have been known to cause hemophilia B; however, the de-
Splicing abnormality leterious mechanisms underlying the development of hemophilia B have not been completely understood. To

Aberrant 5’ splice site
Signal peptide cleavage defect
Proteasome-dependent protein degradation

elucidate the molecular pathogenesis causing hemophilia B, we investigated the synonymous F9 mutation:
c.87A > G, p.(Thr29=).

Materials and methods: The influence of F9 c.87A > G on mRNA splicing was analyzed by exon-trap assay and in
silico prediction. We prepared FIX expression vectors using mutant F9 cDNA and transfected HepG2 cells to
investigate intracellular transport and extracellular secretion of FIX. Intracellular kinetics of the expressed FIX
was examined by treatment with the proteasome inhibitor MG132.

Results: Exon-trap analysis revealed that F9 c.87A > G resulted in almost (99.1%) aberrant splicing (r.83_88del).
In silico analysis predicted that F9 ¢.87A > G influenced the splicing pattern by generating an available aberrant
5’ splice site. The aberrant F9 mRNA (r.83_88del) was translated to a mutant FIX p.Cys28_Val30delinsPhe with
an in-frame mutation at the signal peptide cleavage site. Simultaneously, a small amount (0.9%) of mutant F9
r.87A > G translating into WT FIX p.Thr29 = was also observed. The mutant FIX was abnormally retained in the
endoplasmic reticulum (ER) and was not extracellularly secreted. It appeared to be intracellularly degraded via
proteasome-dependent degradation machinery.

Conclusion: F9 c.87A > G was found to cause abnormal mRNA splicing, r.83_88del, and produce the mutant FIX
p.Cys28_Val30delinsPhe. The mutant FIX is an abnormal protein with extracellular secretory defects and is
intracellularly eliminated via proteasome-dependent ER-associated degradation.

Abbreviations: A, adenine; Ala, alanine; BSA, bovine serum albumin; bp, base pair; CHX, cycloheximide; Cys, cysteine; DMEM, Dulbecco's modified Eagle's medium;
DNA, deoxyribonucleic acid; EGF domain, epidermal growth factor domain; ELISA, enzyme-linked immunosorbent assay; ER, endoplasmic reticulum; ERAD, ER-
associated degradation; FBS, fetal bovine serum; FVIIa, activated factor VII; FIX, factor IX; FIX:C, FIX activity; FXIa, activated factor XIa; G, guanine; Gla domain,
ycarboxyglutamic domain; Glu, glutamic acid; HB, hemophilia B; HSF, human splicing finder; ICC, immunocytochemistry; IgG, immunoglobulin G; mRNA, messenger
ribonucleic acid; MT, mutant; n.d., not detected; Phe, phenylalanine; PBS, phosphate buffered saline; PCR, polymerase chain reaction; qRT-PCR, quantitative RT-
PCR; R, purine base; RT, reverse transcription; SDS, sodium dodecyl sulfate; SPase, signal peptidase; SRP, signal recognition particle; T, thymine; Thr, threonine; Val,
valine; WT, wild type; 5’ss, 5’ splice site
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1. Introduction

Coagulation factor IX (FIX) is a vitamin K-dependent single chain
glycoprotein that mediates blood coagulation as a major component in
the intrinsic pathway. FIX is encoded by the F9 gene spanning 33.5 kb
on the long arm of X chromosome (Xq27.1) [1]. FIX is primarily syn-
thesized as a precursor FIX, including a signal- and pro-peptide (28 and
18 residues, respectively) in the hepatocytes, and a signal- and pro-
peptide are proteolytically removed prior to secretion. Circulating FIX,
not the activated form, has a Gla domain, two EGF-like domains, an
activation peptide, and a serine protease domain. Activation of FIX is
achieved by either FVIIa/tissue factor complex or FXIa in the presence
of Ca%* [2].

Hemophilia B (HB) is an X-linked recessive bleeding disorder
characterized by quantitative or qualitative defect of FIX. The fre-
quency of HB is 1 in approximately 30,000 male births. Based on FIX
activity (FIX:C), HB is classified as severe (< 1IU/dL), moderate
(1%-51U0/dL), or mild (5%-40 IU/dL) [3]. FIX defect of HB is caused by
various types of F9 mutation, including nonsynonymous mutation (e.g.,
a missense or nonsense mutation) and F9 structure abnormality. Ad-
ditionally, some synonymous mutations could also influence FIX pro-
duction because of an aberrant splicing, mRNA instability, or abnormal
translation [4]. In F9 gene, 16 synonymous mutations have been re-
ported and at least 7 mutations are considered to be the causes of HB
[5]. However, the molecular pathogenesis of these synonymous muta-
tions causing HB have not been fully understood in most cases.

In this study, we identified a F9 mutation c.87A > G in a patient
with moderate HB. The mutation was previously suspected as a sy-
nonymous mutation, p.(Thr29=), and implied to disrupt F9 mRNA
splicing [6-8]; however, the pathogenic mechanism of F9 c.87A > G
has not been assessed. Here we demonstrated that F9 c.87A > G af-
fected F9 mRNA splicing pattern, and the aberrant mRNA was trans-
lated as an abnormal FIX with an in-frame-mutation at the signal
peptide cleavage site. The in-frame mutant FIX had defects in the ma-
turation process and intracellular kinetics, resulting in a diminished FIX
secretion.

2. Patient and methods
2.1. Patient and DNA sample

Patient was a 55-year-old Japanese male who diagnosed with
moderate hemophilia B (FIX:C = 2.51U/dL). Genomic DNA of the pa-
tient was isolated from peripheral blood leukocytes as per a previously
described method [9] after obtaining written informed consent. This
study was approved by the Ethics Committee of Nagoya University
Graduate School of Medicine (Identification number: 2015-0391).

2.2. Polymerase chain reaction (PCR) and direct DNA sequencing

F9 exons and exon/intron boundaries were amplified by polymerase
chain reaction (PCR) using KOD FX DNA polymerase (Toyobo, Osaka,
Japan) and F9 specific primers (Supplementary Table 1). PCR products
were separated by electrophoresis with 1.5% agarose gel and purified
using Fast Gene Gel/PCR Extraction Kit (Nippon Genetics Co. Ltd.,
Tokyo, Japan). Direct sequencing was performed using a BigDye
Terminator v1.1 Cycle Sequencing Kit and ABI Prism 310 Genetic
Analyzer (Applied Biosystems, Waltham, MA, USA). Mutation was de-
scribed according to the nomenclature of Human Genome Variation
Society (http://www.hgvs.org/mutnomen/).

2.3. In silico analysis of mutant molecules
To predict the influence of ¢.87A > G on F9 mRNA splicing, we

conducted in silico analyses using Human Splicing Finder, MaxEntScan
(http://umd.be/HSF3/), and NetGene2 (http://www.cbs.dtu.dk/
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services/NetGene2). Alteration of functional signal peptide cleavage
site in the mutant FIX owing to F9 c.87A > G was analyzed using
SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/).

2.4. Preparation of F9 exon-trap and FIX expression vectors

Cell-based splicing analysis of the mutant F9 was performed using
Exon-trap cloning Vector, pET01, (MoBiTec GmbH, Gottingen,
Germany). To prepare mutant F9 exon-trap vector (pET01-F9 mutant),
F9 PCR fragment of genomic DNA of patients from the middle of exon 1
to intron 3 was amplified using specific primers (Supplementary
Table 1), digested with Dralll (Roche diagnostics, Basel, Switzerland)
and BamHI (New England Bio Labs, Ipswich, MA, USA.), and ligated
into pETO01 (Fig. 1C). To obtain WT F9 exon-trap vector (pET01-F9 WT),
site-directed mutagenesis based on inverse PCR method utilizing highly
accurate PCR enzyme KOD-Plus (Toyobo) was performed. Briefly, in-
verse PCR with KOD-Plus and specific primers (Supplementary Table 1)
was performed using pET01-F9 mutant as a template plasmid. Inverse
PCR product was treated with Dpnl (Toyobo) to remove methylated
template plasmid DNA, phosphorylated by T4 polynucleotide kinase
(Toyobo), and self-ligated by Ligation high Ver.2.0 (Toyobo).

To prepare FIX expression vector with high expression efficiency,
human F9 c¢DNA with a truncated-F9 intron 1 was inserted into
pcDNA3.1 (Thermo Fisher Scientific, Waltham, MA, USA) according to
the method described in a report by Enjolras et al. [10] with some
modifications (pcDNA3.1-FIXwt). Mutant vector, pcDNA3.1-FIXmt, was
prepared by site-directed mutagenesis with a specific primer set (Sup-
plementary Table 1). Each nucleotide sequence of exons, exon/intron
boundaries, and coding sequences in vectors were confirmed by direct
sequencing as described above (Section 2.2).

2.5. Exon-trap analysis

COS-7 cells were cultured in DMEM containing high glucose (Wako,
Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO, USA) and penicillin/streptomycin/amphotericin
B (Wako) at 37 °C with 5% CO,. In addition, pET01-F9 WT and pETO01-
F9 mutant were transfected into COS-7 cells by calcium phosphate
transfection method as previously described [11] and cultured for 16 h,
followed by total RNA extraction using ReliaPrep RNA Cell Miniprep
System (Promega, Fitchburg, WI, USA). Extracted RNA sample was
subjected to reverse transcription (RT)-PCR and direct sequencing
analysis as previously described [12].

2.6. TA cloning

The RT-PCR products derived from pET01-F9 mutant transfection
were inserted into T-vector pMD20 (Takara Bio, Shiga, Japan), which
was used to transform DH5a competent cells. Subsequently, the posi-
tive clone was selected by colony PCR and the inserted nucleotide
alignment was determined by direct sequencing as described above.

2.7. FIX expression

HepG2 cells were cultured in DMEM under the same conditions
described for culturing COS-7 cells and transiently transfected with
pcDNA3.1-FIXwt or pcDNA3.1-FIXmt using Lipofectamine 2000
(Thermo fisher scientific) according to manufacturer's instructions for
5h, followed by culture for additional 19h in DMEM containing 10%
FBS. Next, the culture medium was changed to serum-free medium
supplemented with 5 pug/mL of vitamin K; (Koa Isei Co., 1td, Yamagata,
Japan), followed by additional culture under several experimental
conditions.
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Fig. 1. Cell-based transcript analysis of F9 c.87A > G.
(A) Direct sequencing data of F9 c.87A > G mutation identified in the patient with moderate hemophilia B.
(B) Genomic sequences in the flanking region of F9 exon 1/intron 1 boundary.
Solid and dashed rectangles indicate authentic and aberrant 5 splice site (5’ss), respectively. DNA sequence is referred to NC_000023.11 in the NCBI database.
(C) Cell-based transcription assay using exon-trap vectors. Left panel: PCR amplicons with or without mutation spanning F9 exon 1 to intron 3 were inserted into
pETO1. Right panel: Approximately 439 bp of RT-PCR product was clearly detected in COS-7 transfected with WT and a mutant vector.

(D) DNA sequences of RT-PCR amplicons derived from WT and mutant F9 exon-trap vectors. Six nucleotides on the 3’ side of exon 1 were deleted in the transcript
from the mutant F9 exon-trap vector (F9 r.83_88del).
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Table 1
In silico splicing simulation of F9 ¢.87A > G.

Authentic 5’ splice site Aberrant 5’ splice site

WT Mutant Variation (%) WT Mutant  Variation (%)
HSF* 86.17 81.32 -5.63 65.28 77.44 18.63
MaxEnt" 7.44 3.45 —53.63 —2.22 4.12 285.59
NetGene2”  0.55 n.d. - n.d. 0.30 -

n.d.: not detected.

@ Threshold values for HSF and MaxEnt are 65 and 3, respectively. A score, 0
to 100 for HSF and from —20 to +20 for MaxEnt, above the threshold is
considered to be a splice site. In the case of mutation occurred, if the WT score
is above the threshold and the score variation (between WT and Mutant) is
under —10% for HSF or —30% for MaxEnt, the mutation breaks the splice site.
In the case that the WT score is under the threshold and the score variation is
above +10% for HSF or +30% for MaxEnt, the mutation creates a new splice
site.

> A score ranges between 0 and 1 for a potential splice site.

2.8. Western blot analysis

After 24 h of culture under serum-free conditions, culture media and
cell lysates of the transfected HepG2 cells were collected. Culture media
were centrifuged at 200 xg for 10 min and passed through 0.45-pm
filter (Merck, Darmstadt, Germany) to remove cellular debris. Proteins
in the samples of culture media were concentrated by acetone pre-
cipitation method [13]. Precipitated pellet was dissolved with 1 x
sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% Glycerol). To
prepare cell lysate, cells were lysed with 1 X sample buffer. Cell lysates
or culture medium precipitates were heated at 95 °C for 5 min, and the
protein concentration was determined using Bio-Rad DC™ Protein Assay
Kit (Bio-Rad Laboratories, Hercules, CA, USA). Cell lysates or culture
medium precipitates were subjected to electrophoresis on 10% SDS-
polyacrylamide gel with 850 mM 2-mercaptoethanol and 0.04% bro-
mophenol blue, and blotted onto Immobilon®-P Transfer Membrane
(Merck). After blocking with 2.5% skim milk, the membranes were
incubated with primary antibody against human FIX (B-3, Santa Cruz
Biotechnology Inc., Heidelberg, Germany) or beta-actin (Bio Vision
Inc., Milpitas, CA, USA) overnight at 4°C. Subsequently, the mem-
branes were incubated with horseradish peroxidase conjugated sec-
ondary antibody (Cell Signaling Technology, Danvers, MA, USA) at
room temperature for 90 min. Signals were visualized with an ECL
Select™ Western Blotting Detection Reagent (GE Healthcare UK Ltd.,
Little Chalfont, UK) and Light Capture II (Atto Corporation, Tokyo,
Japan), and then quantified using CS Analyzer Ver. 3.0 (Atto Cor-
poration) as previously described [11].

2.9. Engyme-linked immunesorbent assay (ELISA)

Enzyme-linked immune-sorbent assay (ELISA) for FIX was per-
formed using Factor IX Human SimpleStep ELISA® Kit (Abcam,
Cambridge, UK).

2.10. Immunocytochemistry (ICC)

HepG2 cells were seeded onto coverslip in a 12-well plate and
transfected with pcDNA3.1-FIXwt or pcDNA3.1-FIXmt. After 24h of
culture in DMEM containing 10% FBS and vitamin K; (5ug/mL), the
transfected cells were fixed with 4% paraformaldehyde for 10 min,
permeabilized with 0.5% Triton X-100 in PBS for 10 min at room
temperature, and incubated with an endoplasmic reticulum (ER)
marker, concanavalin A, Alexa Fluor™ 594 Conjugate (25 pg/mL)
(Thermo Fisher Scientific) for 30 min. Subsequently, the cells were
immunologically blocked with blocking reagent (2% goat serum and
3% BSA in PBS) and incubated with anti-FIX antibody (B-3, Santa Cruz
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Biotechnology Inc) overnight at 4 °C, followed by incubation with Alexa
488 conjugated anti-mouse IgG antibody (Thermo Fisher Scientific) for
90 min under conditions devoid of direct light. The coverslips were fi-
nally mounted with VECTASHIELD Antifade Mounting Medium con-
taining DAPI (Vector Laboratories, Burlingame, CA, USA) and mon-
itored using AX-80 (Olympus, Tokyo, Japan).

2.11. Inhibition of mRNA translation or proteasome

To inhibit mRNA translation, transfected HepG2 cells were treated
with cycloheximide (CHX: 10 pg/mL, Sigma) in the serum-free medium
containing vitamin K; (5pg/mL). At each time point (0, 6, 12, and
24 h), cells and culture media were collected and FIX levels were as-
sessed by western blot analysis or ELISA.

To inhibit proteasome, transfected HepG2 cells were treated with
MG132 (10 uM, Abcam) in DMEM containing 10% FBS and vitamin K;
(5pug/mL) for 12h. After MG132 treatment, cells were harvested and
intracellular FIX levels were evaluated by western blot analysis.

3. Results
3.1. Effects of c.87A > G mutation on F9 mRNA splicing pattern

In the patient with moderate HB, we identified a single-base sub-
stitution in F9 exon 1, ¢.87A > G (Fig. 1A), which was previously re-
ported as a splicing mutation [6-8]. Based on a genetic code rule, F9
c.87A > G was implied as a synonymous mutation, p.(Thr29 =). On the
other hand, this mutation is located in a consensus sequence of 5’ splice
site (5’ss), AG/GTRAGT (exon/intron, R indicates a purine base) [15].
We therefore investigated the influence of ¢.87A > G on F9 mRNA
splicing process in silico (Table 1). Several simulations in silico (HSF,
MaxEnt, and NetGene2) suggested that c.87A > G could destroy an
authentic 5’ss at exon 1/intron 1 boundary and made available the
aberrant 5’ss at the position —6 nucleotides from the boundary
(Fig. 1B). These simulations in silico strongly suggested that the aber-
rant 5’ss was dominantly utilized as a splice site rather than authentic
5’ss in the F9 transcript with c.87A > G.

To verify the in silico predictions, we conducted cell-based exon-
trap analysis using pET01-F9 normal and mutant vectors, which re-
sulted in RT-PCR amplicons of almost similar sizes (Fig. 1C). Amplicon
sequencing in the mutant indicated that 6 nucleotides at 3’ side of exon
1 were deleted, which resulted from the aberrant splicing via the
aberrant 5’ss (F9 r.83_88del, Fig. 1D). The frequency of splice variants
was evaluated by TA cloning of the RT-PCR amplicons from the
transfected cells with pET01-F9 mutant vector. Among the 111 clones
tested, 1 clone (0.9%) possessed a normal transcript pattern spliced via
authentic 5’ss (F9 1.87A > G, p.Thr29 =). These findings suggested that
F9 c.87A > G disrupted mRNA splicing balance to predominantly uti-
lize the aberrant 5’ss. The majority of the transcripts originated from
the F9 c.87A > G mutant, r.83_88del, were predicted to be translated
into in-frame variants at the signal peptide cleavage site (p.Cy-
s28_Val30delinsPhe, Fig. 1D). In silico simulation using SignalP de-
noted that signal peptide of wild type (WT) FIX was predicted to be
cleaved between 28 Cysteine and 29 Threonine (C- and Y-scores were
maximum at position 29, Fig. 2A). Alternatively, in-frame mutant FIX
showed an obvious decrease in C- and Y-scores in the in-frame align-
ment (Fig. 2B). These results suggested that the in-frame mutation
disrupted protein processing, particularly signal peptide cleavage.

3.2. Effects of in-frame FIX mutation on extracellular secretion

To investigate abnormality of in-frame mutant FIX, we analyzed the
in-frame mutant FIX molecule expressed in HepG2 cells (Fig. 3). The in-
frame mutant FIX was detected in cells (Fig. 3A Lysate, and Fig. 3B),
and the molecule size was approximately 3 kDa larger than WT FIX. The
increase in size by 3kDa roughly corresponded to the size of signal
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Fig. 2. In silico analysis of the in-frame mutant FIX, p.Cys28_Val30delinsPhe.

Signal peptide cleavage site of WT FIX and in-frame mutant FIX was simulated by an in silico analyzing tool, SignalP4.1. C-score indicates a raw cleavage site score,
which is high at the position immediately after the cleavage site. S-score denotes a signal peptide score, which can distinguish the position of signal peptide from the
position of the mature part of the protein. Y-score is a combined cleavage score, which is calculated from the C-score and the slope of S-score, and is considered to
mark a better cleavage site prediction than the C-score. (A) Simulation results of WT FIX. C- and Y-scores were maximum at position 29 (threonine), indicating that
signal peptide could be cleaved between cysteine at position 28 and threonine at position 29. (B) Simulation results of the in-frame mutant FIX
p.Cys28_Val30delinsPhe. The in-frame phenylalanine is indicated by shading.

peptide, indicating that the in-frame mutant FIX carried the signal hand, the in-frame mutant FIX was stained not only as a diffuse pattern
peptide. In culture medium WT FIX was clearly detected to be of the but also as a punctate pattern. Moreover, the FIX punctate signal was
size of mature FIX (60 kDa); however, in-frame mutant FIX did not detected in a co-localized manner with the ER marked by concanavalin
qualitatively reach detectable levels (Fig. 3A Medium). Quantitative A. These observations suggested that the in-frame mutant FIX remained
analysis by ELISA also showed that FIX secretion was significantly re- in the ER, causing defects in extracellular secretion.

duced in the culture medium from transfectants with in-frame mutant
FIX expressing vector (Fig. 3C).
To further investigate the in-frame mutant FIX, intracellular FIX 3.3. Intracellular elimination via proteasome-mediated degradation of in-
localization was observed (Fig. 3D). In transfectant with WT FIX, in- frame mutant FIX
tracellular FIX was mainly stained as a diffuse pattern. On the other
Considering that the in-frame mutant FIX abnormally accumulated
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Fig. 3. Expression analysis of in-frame mutant FIX in HepG2 cells.

(A) Western blot analysis of intracellular and extracellular FIXs. Herein, 3 ug of protein was loaded in each lane. Cell lysates and culture media from HepG2
transfectants with pcDNA3.1 (Mock), pcDNA3.1-FIXwt (WT), and pcDNA3.1-FIXmt (Mutant) were prepared. Beta-actin was considered as the loading control. (B)
Quantified data of intracellular FIX levels obtained by western blot analysis were normalized to beta-actin. Data were obtained from three independent experiments.
Error bar reflects S.E.M. (C) Secreted FIX levels quantified by ELISA were corrected by total amount of protein in each culture medium. Data were achieved from
three independent experiments. Error bar reflects S.E.M. (D) Representative immunocytochemical images of HepG2 transfectants expressing WT or in-frame mutant
FIX (green). Endoplasmic reticulum (ER) was marked by staining with concanavalin A (red) and nuclei was stained with DAPI (blue). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

in the ER, we examined the intracellular dynamics of this mutant FIX.
We first performed a protein-chasing experiment by treatment with
mRNA translation inhibitor, CHX. At several time points after treatment
with CHX, the amount of intracellular FIX gradually decreased in WT
FIX, whereas that of extracellular FIX proportionally increased in a
time-dependent manner (Fig. 4A, B, and C, WT). These findings in-
dicated that the synthesized WT FIX was readily secreted. Conversely,
the amount of intracellular FIX decreased in the in-frame mutant FIX in

100

a manner similar to that in WT FIX; however, its extracellular FIX level
was not augmented (Fig. 4A, B, and C, mutant FIX). These observations
indicated that the in-frame mutant FIX was disposed through in-
tracellular protein degradation systems.

To investigate this hypothesis, we subsequently performed in-
hibitory experiments on proteasome-dependent protein degradation by
adding a potent non-specific proteasome inhibitor, namely MG132.
Treatment with MG132 intensified intracellular FIX levels in both WT-
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Fig. 4. Effects of the translation inhibitor cycloheximide (CHX) on FIX expression in HepG2 cells.
(A) Western blot analysis of the intracellular and secreted FIXs subjected to CHX treatment. Upper and lower panels show representative western blotting images of
WT and in-frame mutant FIX expressed by each HepG2 transfectant, respectively. Beta-actin was detected as a loading control. (B) Intracellular WT and in-frame

mutant FIX levels under CHX treatment were quantified by western blot analysis.

Band intensity was normalized to beta-actin. Data were obtained from three

independent experiments. Error bar reflects S.E.M. (C) Secreted WT and in-frame mutant FIX levels were quantified by ELISA. Data were corrected by the total

amount of protein in each culture medium.

(A) (B)

Fig. 5. Effects of proteasome inhibitor, MG132, on
FIX expression in HepG2 cells.

WT Mutant wT Mutant (A) Western blot analysis of the intracellular FIXs

under MG132 treatment. Beta-actin was considered

as the loading control. (B) Intracellular WT and in-

frame mutant FIX levels in cells under MG132

treatment were quantified by western blot analysis.

Band intensity was normalized to beta-actin. Data
were achieved from three independent experiments.
Error bar reflects S.E.M.
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and mutant-FIX transfectants (Fig. 5A), and increased the intracellular
FIX of WT FIX by 2.89 *+ 0.66 fold and that of mutant FIX by
7.95 + 1.29 fold, respectively (Fig. 5B). These results showed that in-
frame mutant FIX along with WT FIX was intracellularly degraded via
proteasome-dependent degradation machinery.

+ - +

4. Discussion

In the present study, we demonstrated the molecular pathogenesis
of F9 ¢.87A > G mutation. The F9 c¢.87A > G affected the splicing of F9
mRNA by disrupting the 5’ss consensus sequence at exon 1/intron 1
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Fig. 6. Illustration of the hypothetical mechanism by which
the in-frame mutant FIX is intracellularly eliminated via the
ER-associated degradation (ERAD) system.

In general, signal peptide is recognized by signal recognition
particle (SRP)/SRP receptor, which anchors protein to ER
membrane. Anchored protein is transferred into ER lumen
through a translocation channel. After protein biosynthesis,
mature part of the protein is released by signal peptide clea-
vage mediated by SPase. If protein is not cleaved by SPase
because of abnormal structure or mutation at the signal
peptide, the abnormal protein is trapped by the ER inner
membrane, followed by elimination from the ER lumen via a

)) - Al retrograde transport system. In the case of the in-frame mu-

Q - tant FIX, as the mutant FIX possesses insusceptibility to SPase,

T synthesized mutant FIX could be trapped onto the inner face

// SRP l of the ER membrane and translocated back to the cytoplasm.
teceptor Translocation SPase After retrograde transport, the mutant FIX could be ubiquiti-

channel 6 ?;

FIX p.Cys28_Val30delinsPhe

(probably trapped at inner face of ER membrane)

Retrograde
transport

Cuelp

msusceptlblllty

/

nated by an ubiquitin-conjugating enzyme located on the
cytoplasmic surface of the ER membrane (e.g., Ubc7p/Cuelp
complex) and subsequently degraded via proteasome.

k ER lumen

)

Cytoplasm

Protein-

(e.g., SEC61p)

Proteasome-dependent
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boundary, and induced aberrant mRNA splicing via an aberrant 5’ss.
The aberrant transcript F9 r.83_88del encoded the in-frame mutant FIX
p-Cys28_Val30delinsPhe, a mutant at the signal peptide cleavage site.
The in-frame mutant FIX was intracellularly retained in the ER, re-
sulting in the failure of extracellular secretion. The abnormally accu-
mulated mutant FIX was excluded by a proteasome-dependent protein
degradation system.

F9 ¢.87A > G is a single nucleotide substitution at the 5’ss con-
sensus sequence at the exon 1/intron 1 boundary (Fig. 1A). The con-
sensus sequence (AG/GTRAGT: exon/intron, R = purine base) uni-
versally conserves GT dinucleotides and the other 6 nucleotides affect
the activity of donor site [14]. The WT F9 exon 1/intron 1 boundary
matches six nucleotides to the consensus sequence (AG/GTttGT, mis-
matched nucleotides with the consensus sequence are indicated by
lower case letters). F9 ¢.87A > G is a mutation of the first nucleotide in
the sequence (gG/GTttGT, mutated nucleotides are indicated by letters
in square), creating an effective aberrant 5’ss (At/GTAcGg). Moreover,
the mutation-based aberrant 5’ss could be more accessible with spli-
ceosomes (5’ss is recognized by Ul small nuclear RNA in spliceosomes
[15]) (Tables 1).

The aberrant transcript F9 r.83_88del is translated into a deleterious
FIX, p.Cys28 Val30delinsPhe, which is an in-frame mutation at the
signal peptide cleavage site. Signal peptide generally has tripartite re-
gions: a central hydrophobic core region (h-region), a positively-
charged N-terminal flanking region (n-region), and a polar C-terminal
flanking region (c-region) [16]. Small uncharged amino acids located at

102

translocation pore

position —1 and — 3 of the cleavage site in the c-region are important
for signal peptide cleavage by signal peptidase (SPase). Moreover,
large, aromatic, and charged or polar amino acids are commonly not
observed at the immediate flanking region of cleavage site. In the
present study, the in-frame mutant FIX lacked 3 residues including a
cysteine at position —1, and inserted a newly phenylalanine, which
resulted in insusceptibility to SPase.

Impaired signal peptide cleavage causes abnormal intracellular
protein trafficking, which mostly retains the mutant protein in the ER.
For instance, FX Santo Domingo (FX p.Gly21Arg), a deleterious muta-
tion in the signal peptide at position —3 from the cleavage site, has
been shown to exhibit ER retention and extracellular secretion defect
[17]. ER retention mutant proteins are eliminated via a proteolytic
system called ER-associated degradation (ERAD) or simply ER de-
gradation [18]. In soluble proteins, mutant proteins either trapped on
the inner surface of ER membrane or residing in the ER lumen are re-
cognized by an ER quality control system and transported back to the
cytoplasm, which is referred to as the retrograde transport. Retrograde
transport proteins are ubiquitinated and degraded via a proteasome-
dependent degradation machinery. In the present case, the in-frame
mutant FIX p.Cys28_Val30delinsPhe was retained in the ER and in-
tracellularly degraded in a proteasome-dependent manner (Fig. 3D and
5). We considered that the in-frame mutant FIX was eliminated through
an ERAD system due to abnormal ER retention associated with un-
cleaved signal peptide (Fig. 6).

The patient carrying F9 c.87A > G was diagnosed as having
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moderate HB (FIX:C = 2.51U/dL). The moderate phenotype could be
explained by the frequency of splice variant of F9 c¢.87A > G. Although
abundant transcripts were spliced to an abnormal pattern associated
with the aberrant 5’ss, approximately 1% of transcripts were processed
into normal patterns using authentic 5’ss. The F9 mRNA with a normal
splicing pattern should be able to undergo normal protein processing
and extracellular secretion, resulting in the formation of properly cir-
culating FIX.

5. Conclusion

F9 c.87A > G is a single-base substitution mutation, causing an
aberrant splicing pattern by making an aberrant 5’ss available instead
of the original 5’ss. The nomenclature at RNA and protein levels of F9
c.87A > G should be described as F9 r.[87A > G, 83_88del] and p.
[Thr29=, Cys28_Val30delinsPhe], respectively. Additionally, FIX
p-Cys28_Val30delinsPhe is an in-frame mutant at the signal peptide
cleavage site, which is abnormally retained in the ER and is in-
tracellularly disposed via a proteasome-dependent protein degradation
system. However, the silent mutant FIX p.Thr29 = which is translated
from F9 r.87A > G can contribute to blood coagulation as a proper FIX
and explain the moderate phenotype of the patient.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.thromres.2019.04.022.
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