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Abstract

N-glycosylation is a common posttranslational modification of secreted and membrane proteins, 

catalyzed by the two enzymatic isoforms of the oligosaccharyltransferase, STT3A and STT3B. 

Missense mutations are the most common mutations in inherited diseases; however, missense 

mutations that generate extra, non-native N-glycosylation sites have not been well characterized. 

Coagulation factor VIII (FVIII) contains five consensus N-glycosylation sites outside its 

functionally dispensable B domain. We developed a computer program that identified hemophilia 

A mutations in FVIII that can potentially create ectopic glycosylation sites. We determined that 18 

of these ectopic sites indeed become N-glycosylated. These sites span the domains of FVIII and 

are primarily associated with a severe disease phenotype. Using STT3A and STT3B knockout 

cells, we determined that ectopic glycosylation exhibited different degrees of dependence on 

STT3A and STT3B. By separating the effects of ectopic N-glycosylation from those due to 

underlying amino acid changes, we showed that ectopic glycans promote the secretion of some 

mutants, but impair the secretion of others. However, ectopic glycans that enhanced secretion 

could not functionally replace a native N-glycan in the same domain. Secretion-deficient mutants, 

but not mutants with elevated secretion levels, show increased association with the endoplasmic 

reticulum chaperones BiP (immunoglobulin heavy chain-binding protein) and calreticulin. Though 

secreted to different extents, all studied mutants exhibited lower relative activity than wild-type 
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FVIII. Our results reveal differential impacts of ectopic N-glycosylation on FVIII folding, 

trafficking and activity, which highlight complex disease-causing mechanisms of FVIII missense 

mutations. Our findings are relevant to other secreted and membrane proteins with mutations that 

generate ectopic N-glycans.

Introduction

N-glycosylation is one of the most common posttranslational modifications of secreted and 

membrane proteins. It involves the covalent attachment of carbohydrate structures to the 

side-chain amide group of the asparagine (N) residue within a consensus acceptor site N-X-

S/T (X≠P), as the substrate protein enters the endoplasmic reticulum (ER) [1]. One of the 

two isoforms of the oligosaccharyl-transferase (OST) complex, STT3A or STT3B, transfers 

the core oligosaccharide en bloc to the N residue. The STT3A complex localizes adjacent to 

the SEC61 translocon and mediates glycosylation by a cotranslational scanning mechanism. 

In contrast, the STT3B complex acts only after translocation of the glycosylation motif is 

completed [2]. In the ER of eukaryotic cells, several major chaperone systems that include 

BiP (immunoglobulin heavy chain-binding protein, also known as GRP78) and calnexin/

calreticulin (CNX/CRT) facilitate proper folding of glycoproteins [3–5]. Cycles of terminal 

glucose trimming and addition, mediated by glucosidase II and UDP-glucose glycoprotein 

glucosyltransferase, modify N-glycans that serve as critical reporters of glycoprotein folding 

status [4,5]. Terminally misfolded glycoproteins undergo mannose trimming, thereby 

committing to the ER-associated degradation (ERAD) pathway. This pathway involves 

dislocation of the glycoprotein from the ER lumen to the cytosol, followed by proteasomal 

degradation. Properly folded glycoproteins are exported from the ER, and further trimming 

and modification of their N-glycans occur in the Golgi, producing fully matured proteins 

with complex, hybrid or high-mannose glycans.

While many studies have interrogated the relationship between native glycosylation and ER 

protein homeostasis, few studies have examined the effects of ectopic gain of N-

glycosylation on intracellular trafficking, secretion and activities of specific glycoproteins 

[6–11]. FVIII (factor VIII) is a large glycoprotein of 2351 amino acids (molecular mass of 

293 kDa) with an A1-A2-B-A3-C1-C2 domain arrangement, from N- to C-terminus [12,13]. 

After synthesis in the ER of endothelial cells, FVIII is processed into a non-covalently 

linked heterodimer of a heavy chain (A1, A2 and B domains) and a light chain (A3, C1 and 

C2 domains) as it traverses the secretory pathway [14]. Outside of its functionally 

dispensable B domain, FVIII contains five N-glycosylation sequences (sequons), of which 

four sites are glycosylated: N41, N239, N1810 and N2118. N-glycosylation appears critical 

for proper processing of FVIII and blocking N-glycosylation inhibits FVIII secretion [15]. 

FVIII interacts with many chaperones and lectins, including BiP [16,17], CNX/CRT [18] 

and the LMAN1–MCFD2 cargo receptor complex [19,20], which mediates the export of 

FVIII out of the ER [21].

Hemophilia A is a debilitating and even fatal bleeding disorder that results from a broad 

spectrum of mutations that occur along the entire length of the FVIII gene [22,23]. Missense 

mutations are the most common type of mutations in hemophilia A, with over 1400 unique 
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mutations identified to date. Although specific FVIII missense mutations correlate with 

defects including decreased secretion or stability [24–27] and specific functional impairment 

of FVIII [10,11,28–30], the mechanisms of the majority of missense mutations are poorly 

understood. In particular, limited knowledge exists on the effects of mutations that introduce 

an ectopic N-glycan into FVIII [10,11]. In this study, we systematically investigated all 

hemophilia A missense mutations that introduce a new N-glycan into FVIII. Our analysis 

revealed differing and mutation site-specific mechanisms through which ectopic N-

glycosylation affects FVIII trafficking, secretion and activity.

Materials and methods

Computational identification of FVIII missense mutations that alter N-glycosylation

Missense mutations were gathered from the Center for Disease Control Hemophilia A 

Mutation Project (CHAMP) F8 Mutation Database and the Factor VIII Variant Database. To 

identify missense mutations that alter N-glycosylation sites, we created a computer program, 

nGlycosylChecker (freely available at https://github.com/MVesuviusC/nGlycosylChecker). 

This program takes the protein sequence and a text file containing information on previously 

identified missense mutations as input. The program compares these to output information 

on any sites at which N-glycosylation may be affected by a mutation (addition or removal of 

an N-glycosylation sequon). The solvent-accessible surface area of each mutation was 

determined by the method of Fraczkiewicz and Braun [31].

Plasmid construction

Individual domains of wild-type (WT) FVIII, with N-terminal signal sequences and FLAG 

tags, were cloned into the pED (A1 and A2) or pZ (A3 and C) expression vectors [27]. 

Missense mutations were introduced into the pED-FLAG-A2, pZ-FLAG-C and the pMT2-

FVIII [30] plasmids using the QuikChange Site-Directed Mutagenesis II XL Kit (Agilent) 

according to the manufacturer’s instructions. Sanger sequencing was used to confirm 

mutations and rule out unintended sequence changes. Nucleotide numbering of FVIII gene 

mutations is based on Human Genome Variation Society recommendations, which designate 

the A of the ATG-translation initiation codon as nucleotide number 1. Amino acid 

numbering is based on convention, under which the first amino acid after signal peptide 

cleavage corresponds to amino acid residue number 1.

Reagents

Monoclonal antibodies against FLAG®, CRT and CNX were purchased from Sigma (St. 

Louis, MO) and monoclonal anti-BiP was from Santa Cruz Biotechnology (Santa Cruz, 

CA). Monoclonal anti-human FVIII was a gift from D. Pittman (Bayer). Tunicamycin (TM) 

was purchased from Sigma. The Peptide-N-Glycosidase F (PNGase F) enzyme was 

purchased from New England BioLabs (Ipswich, MA). Protein A/G Plus-agarose beads 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture, Western blotting and immunoprecipitation

Cell culture conditions, methods of transfection, Western blotting and immunoprecipitation 

protocols were described recently [27]. To control for variations in transfection efficiencies, 
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each experiment was independently performed two to three times. To block N-glycosylation, 

TM (2 μg/ml) was added to cell culture media and incubated for 12 h. PNGase F digestion 

of cell lysate was carried out in digestion buffer at 37°C for 1 h as recommended by the 

manufacturer. Images of chemiluminescent blot signals from horseradish peroxide-

conjugated secondary antibodies (Bio-Rad, Hercules, CA) were acquired by exposure to X-

ray films or through the Amersham Imager 600 (GE Healthcare, Little Chalfont, U.K.) and 

quantified using ImageJ software [31].

FVIII activity and antigen detection

We measured FVIII activity in conditioned media using the Coatest SP4 Factor VIII Kit 

(Chromogenix, Bedford, MA). Pooled WT mouse plasma was used as a standard in activity 

assays. We used the VisuLize FVIII Antigen Kit (Affinity Biologicals, Ancaster, Canada) to 

analyze the antigen levels of FVIII in cell lysates and conditioned media.

Statistical analysis

All data are presented as mean ± standard error of the mean (SEM). Statistical significance 

was calculated using a two-tailed Student’s t-test. P-values <0.05 were considered 

significant for all assays.

Results

Identification of missense mutations that alter the N-glycosylation pattern in FVIII

We developed the computer program nGlycosylChecker to scan a list of all known FVIII 

missense mutations from databases and identify those that disrupt or create an N-X-S/T 

(X≠P) sequence motif. Mutations that introduce new motifs can be classified into two 

subgroups: (a) an amino acid located two residues to the N-terminus of a serine or threonine 

is replaced by asparagine and (b) an amino acid located two residues in the C-terminal 

direction from an asparagine is replaced by serine or threonine. From two databases, we 

identified 19 missense mutations at 17 sites that introduce new N-glycosylation sequons 

(Table 1). These mutations are located in all FVIII domains, except the C2 domain (Figure 

1). Five of the 19 mutations belong to the first group, while 14 mutations belong to the 

second group. Eleven of the mutations are classified as causing severe hemophilia A in the 

databases, while the rest are classified as mild, moderate or ‘not reported’. Except for I566T 

and M1772T, no FVIII gain-of-glycosylation mutations have been characterized previously 

[10,11]. Most of the ectopic glycosylation mutations occur at sites with low surface exposure 

(Table 1), in contrast with the four native glycosylation sites, which are surface-exposed. In 

addition, nGlycosylChecker identified eight mutations that abolish an N-glycosylation 

consensus site. The S241C mutation eliminates the second native glycosylation site in the 

A1 domain. The other seven mutations all disrupt a previously characterized consensus 

sequence within the A2 domain, at N582, that is not natively glycosylated in WT FVIII [27].

Glycosylation status of hemophilia A missense mutations that create new N-glycosylation 
consensus sequences

We expressed individual, N-terminally FLAG-tagged domains of FVIII with missense 

mutations to study the consequences of these mutations for N-glycosylation. Single-domain 
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constructs allow us to readily detect size changes caused by the addition of as little as one 

glycan. A bioinformatic analysis by Petrescu et al. [32] found that the efficiency of N-

glycosylation at a specific sequon is modulated by the local amino acid sequence, but not by 

more distal sequences. Therefore, N-glycosylation detected in the isolated domains should 

report accurately on glycosylation patterns found in full-length FVIII. All of the mutants, 

except Y1979S, exhibited bands of higher apparent molecular mass than WT domains 

without mutations (Figure 2A). For several mutants, varying levels of a band with similar 

mobility as the WT domains were also present, suggesting that these mutant domains were 

incompletely glycosylated (Figure 2A). Incomplete glycosylation is not due to saturation of 

the translocation/N-glycosylation machinery by the overexpressed proteins (Supplementary 

Figure S1). To confirm that the slower migration rate of the proteins is due to N-

glycosylation, we treated cell lysates of A2 and C domain mutants with PNGase F, which 

cleaves all N-glycans from proteins. The natively unglycosylated WT A2 domain was 

unchanged after PNGase treatment, while the WT C domain migrated with a lower apparent 

molecular mass due to removal of the glycan from its native glycosylation site at residue 

N2118 (Figure 2B). The sizes of all mutants shifted to those of the corresponding 

deglycosylated WT species, indicating that slower migration of these mutants (before 

PNGase F treatment) is due to ectopic N-glycosylation (Figure 2B).

STT3A and STT3B differentially glycosylate missense mutants at ectopic sites

We used STT3A and STT3B knockout HEK293 (human embryonic kidney cells) cell lines 

[33] to explore the mechanism of ectopic glycosylation of FVIII mutants. We first tested 

several previously reported missense mutations located near an A2 sequon that is not 

natively glycosylated in the WT protein [27]. These mutations lead to partial glycosylation 

of the A2 domain [27]. In STT3A−/− cells, the glycosylation patterns of these A2 mutants 

were similar to those of WT cells. However, in STT3B−/− cells, ectopic glycosylated bands 

were diminished or absent (Figure 3A), suggesting that glycosylation of these A2 domain 

mutants is primarily mediated by STT3B. We next tested ectopic glycosylation mutants 

located in the A2 and C domains (Supplementary Figure S2). Glycosylation patterns in 

STT3A−/− cells were similar to those in WT cells, except for the appearance of a minor non-

glycosylated band for the M614T mutant. Levels of non-glycosylated A469T and A469S A2 

domain mutants were higher in STT3B−/− cells than in WT cells (Figure 3A). Thus, STT3B 

exclusively glycosylates a subpopulation of the A469T and A469S mutant species. In 

contrast, the I566T and M614T sites can be glycosylated by either STT3A or STT3B.

The C1 domain is natively N-glycosylated at N2118. In contrast with A2 mutants, 

glycosylation patterns of the WT C domain and two C domain mutants, W2062S and 

D2131N, were very similar in WT and STT3B−/−cells (Figure 3B). However, more than half 

of the WT C domain and the D2131N C domain were non-glycosylated in STT3A−/− cells, 

while only a small fraction of the W2062S mutant was present as a singly glycosylated 

species. These results suggest that both the native (WT) sequon and the ectopic sequon in 

the D2131N mutant are primarily glycosylated by the STT3A complex, while the W2062S 

site can be glycosylated by either the STT3A or STT3B complex. Furthermore, efficient 

glycosylation of the W2062S mutant suggests that introduction of an additional N-glycan at 

N2060 causes the WT sequon (N2118) to become a better substrate for STT3B.
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To further investigate the mechanism of this phenomenon, we first tested two other missense 

mutations at W2062 (W2062R and W2062C). The glycosylation patterns of both mutants 

were indistinguishable from that of the WT C domain in WT, STT3A−/− and STT3B−/− cells 

(Figure 3C). This suggests that amino acid changes at residue 2062 do not by themselves 

affect glycosylation of the native site at N2118. Next, we studied two double mutations 

(W2062S + N2118Q or W2062S + D2131N) and a triple mutation (W2062S + D2131N + 

N2118Q) of the C domain. Abolishing N-glycosylation at N2118 (N2118Q) has no effect on 

glycosylation of the W2062S sequon. Introduction of the W2062S mutation into the 

D2131N mutant led to the loss of the three-glycan form in STT3A−/− cells. When the WT 

sequon was eliminated, half of this triple mutant lost one N-glycan in STT3A−/− cells, which 

is similar to that of the WT C domain (Figure 3C). Therefore, the W2062S mutation not 

only introduces an ectopic glycosylation site but also affects how STT3B accesses and acts 

upon the native sequon (N2118), though not how STT3B affects another ectopic sequon 

(N2131).

Varying effects of additional N-glycans on FVIII domain secretion

When expressed as individual domains, the A2, C1 and C (C1 + C2) domains were 

efficiently secreted into conditioned media (Supplementary Figure S3A and Figure 4). 

Therefore, we investigated how missense mutants in the A2 and C domains affect their 

secretion. After transfection into 293T cells, I566T and W2062S mutants were detected in 

conditioned media at levels even higher than the WT domains (Figure 4A). Other mutants 

were either detected at levels much lower than the WT (A469S and G701S), or were 

undetectable (A469T and M614T) (Figure 4A and Supplementary Figure S3B). Thus, A2 

and C domain mutants with ectopic N-glycosylation exhibit a wide range of mutation-

specific secretion phenotypes.

To distinguish the impact of the ectopic N-glycan from that of the underlying amino acid 

change caused by a given mutation, we treated cells that expressed WT or mutants with TM 

to block the initiation of N-glycosylation in the ER. TM treatment markedly decreased 

secretion of I566T and G701S mutant A2 domains (Figure 4A). In contrast, blocking ectopic 

glycosylation boosted the secretion of A469S and A469T mutants (Figure 4A). TM 

treatment had no effect on the M614T mutant. Application of TM to block N-glycosylation 

of the C domain or its W2062S mutant resulted in non-glycosylated forms of both species. 

Secretion of the non-glycosylated C domain was barely detectable (Figure 4A).

To further distinguish effects of ectopic N-glycans from amino acid changes, we studied 

hemophilia mutations of I566 and W2062 that do not create new N-glycosylation sequons 

(Figure 4B). The I566R mutant of the A2 domain was secreted at a level similar to the WT-

A2, rather than at the elevated level of the I566T mutant. W2062R and W2062C mutants of 

the C domain were secreted at markedly decreased levels compared with WT-C. Therefore, 

enhanced secretion of the I566T and W2062S A2 domains was not caused by changes of the 

amino acids but rather by ectopic glycosylation.

The N2118Q mutation, which eliminates the native N-glycan of the C domain, also 

dramatically decreased secretion (Figure 4C), consistent with suppression of C domain 

secretion induced by TM treatment (Figure 4A). These results indicate that the N2118 
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glycan is critical for secretion of the isolated C domain. The W2062S mutation has a net 

positive effect on C domain secretion (Figure 4C). However, introduction of this mutation 

into the N2118Q mutant C domain (e.g. an N2118Q + W2062S double mutant) did not 

rescue the secretion defect induced by the N2118Q mutation alone (Figure 4C). The 

D2131N mutant is also secretion-competent; however, elimination of the native glycan in 

this mutant (N2118Q + D2131N double mutant) abolished secretion of the C domain (Figure 

4C). Therefore, the ectopic N-glycan resulting from the W2062S or D2131N mutation 

cannot functionally replace the role played by native glycosylation of N2118 in C-domain 

secretion.

Increased interactions between FVIII mutants and ER chaperones

To better understand how ectopic glycosylation mutants influence secretion, we investigated 

how A2 mutants with differing secretion levels interact with ER chaperones. Expression of 

all mutants other than I566T increased the intracellular levels of BiP relative to expression of 

the WT A2 domain. However, expression of mutant A2 domains had no effect on protein 

levels of CRT or CNX in cell lysates, relative to WT A2 (Figure 5A). Next, we carried out 

immunoprecipitation to probe the extent to which these ER chaperones associate with the 

A2 mutants. With the exception of I566T, BiP and CRT co-immunoprecipitated more 

strongly with A2 mutants than with WT A2 (Figure 5). Overall, interactions of the A2 

mutants with BiP and CRT correlated inversely with their secretion levels. Unlike BiP or 

CRT, we detected no obvious interactions of WT or A2 domain mutants with CNX.

Secretion and activity levels of full-length FVIII mutants

We introduced missense mutations that were first tested in individual A2 or C domains into a 

full-length FVIII expression plasmid. After transfection into 293T cells, there were no 

significant differences in protein levels between the FVIII mutants and WT FVIII in cell 

extracts (Figure 6A). In contrast, the level of I566T FVIII mutant in conditioned media was 

nearly two-fold greater than the level of WT FVIII. Levels of W2062S and D2131N FVIII 

mutants in conditioned media were comparable to those of WT FVIII. Antigen levels of all 

other FVIII mutants in conditioned media were less than 20% of the WT FVIII level (Figure 

6B). Therefore, secretion levels of these FVIII mutants were largely consistent with the 

results obtained from individual domains, with the exception of the W2062S mutant, which 

was not secreted at a level significantly higher than WT. Surprisingly, secretion of the 

N2118Q mutant was comparable to that of WT FVIII. This contrasted strongly to the greatly 

reduced secretion of the isolated N2118Q C domain (Figure 4C).

We next measured the activity of FVIII mutants in conditioned media of transiently 

transfected 293T cells. With the exception of M614T, the activity levels of FVIII mutants 

were consistent with the mutant phenotypes in hemophilia patients (Figure 6C). M614T 

reportedly leads to mild phenotype of hemophilia, but its activity level was below 1% in our 

study. The D2131N FVIII mutant had an activity of ~30% of WT. The activity level of the 

N2118Q mutant FVIII was comparable to that of WT. By normalizing the activities by the 

corresponding antigen levels, we determined relative activities for each mutant secreted into 

conditioned media. Relative activities of all mutants, with the exception of N2118Q, were 

less than those of WT FVIII. The A469S and D2131N exhibited 20–30% of WT activity, 
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while all other FVIII mutants showed less than 10% of WT activity. Of note, two mutants 

with higher secretion levels, I566T and W2062S, actually showed the lowest relative 

activities (Figure 6D).

Discussion

In the present study, we systematically explored hemophilia A missense mutations that 

potentially lead to ectopic N-glycosylation of FVIII. Our computer program, 

nGlycosylChecker, is a useful tool for detection of mutations that alter N-glycosylation sites 

in other secreted and membrane proteins, including other coagulation factors [8,34]. We 

found that all mutations, except Y1979S, resulted in additional N-glycan, though incomplete 

N-glycosylation was observed for several mutants. The Y1979S mutation creates a poor N-

X-S sequon that is immediately followed by a proline, which is strongly associated with 

sequon skipping [32,35]. In contrast with the mostly mild-to-moderate phenotypes generally 

associated with missense mutations in FVIII, 11 of the 19 ectopic glycosylation mutations 

lead to severe hemophilia A. This suggests that ectopic N-glycosylation has more negative 

effect on the level and activity of FVIII in patients than do single amino acid changes alone. 

N-glycosylation patterns observed in isolated domains likely also occur in the full-length 

FVIII mutants. We recently showed that N-glycosylation patterns of isolated A2 domain 

mutants, including I566T, D580H, N582D and S584T, are identical with those in full-length 

FVIII mutants [27]. In addition, incomplete glycosylation of N1810 in the isolated A3 

domain is also observed in recombinant FVIII [36].

Our recent studies found that certain mutations lead to partial glycosylation of an unused 

sequon at N582 located in a highly stable 310-helical turn of the A2 domain [27]. Here, we 

further demonstrated that glycosylation of these mutants is primarily carried out by STT3B, 

while mutations that add ectopic glycans are mostly STT3A-dependent. These results are 

likely relevant to full-length FVIII. NXT/S sites in nascent polypeptides become accessible 

to the STT3A active site when they are ~65 residues from the peptidyltransferase site on the 

ribosome [37,38]. Therefore, N- or C-terminal domains of FVIII will have no impact upon 

cotranslational glycosylation by STT3A. In addition, unless a glycosylation site is located 

within the C-terminal 50 residues of a protein domain, it is not expected to be STT3B-

dependent in the context of the protein domain, but STT3A-dependent within the context of 

the whole protein [39]. The partial STT3B dependence of A2 domain sites is not explained 

by an extreme C-terminal location. The STT3B dependence of mutants like S584T is more 

likely explained by a protein-folding defect that allows posttranslational glycosylation of the 

cryptic sequon [40]. On the other hand, with the exception of the D2131N mutant, the 

ectopic glycosylation events that we investigated in our study are primarily mediated by 

STT3A. Interestingly, an ectopic glycan generated by W2062S enhances STT3B-mediated 

glycosylation of an endogenous sequon 56 amino acid residues to the C-terminus (N2118), 

but not another mutant sequon just 13 amino acid residues away (generated by D2131N). 

These effects may be caused by a localized structural perturbation due to the ectopic 

glycosylation of a normally buried side chain, rendering the WT sequon more accessible to 

STT3B (Supplementary Figure S1). We also note that mutations preceding the native N1810 

sequon in the A3 domain appear to increase glycosylation efficiency of N1810 (Figure 1A), 

which could be the result of increased access to STT3B due to localized structural 
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perturbation caused by the ectopic glycan. Interdependency of distant glycosylation sites has 

been observed in β-glucuronidase [41]. However, to our knowledge, our study is the first 

report that the addition of one glycan changes the glycosylating enzyme preference or 

compatibility of a distant glycosylation site.

Our results show that TM treatment decreased secretion of surface exposed I566T and 

G701S A2 domain mutants, suggesting that detrimental effects of missense mutations are 

corrected by the ectopic N-glycosylation. Ectopic glycosylation likely also enhanced 

secretion of the W2062S C domain mutant. In contrast, blocking N-glycosylation restores 

secretion of A469S and A469T A2 domain mutants to the WT level, suggesting that the 

ectopic N-glycans destabilize these mutants and perturb proper protein folding, or act 

directly as non-native recognition signals for ER chaperones. Both mechanisms may be 

relevant, since both BiP (which binds to disordered protein segments) and CRT (which binds 

primarily to glycans) associate more strongly with these mutants than with WT-A2. In the 

case of the M614T mutant, the amino acid substitution alone appears sufficient to 

completely disrupt folding in the ER. A469 and M614 sequons are not surface-exposed, and 

their glycosylation may lead to severe perturbation of the A2 domain structure. Full-length 

FVIII with I566T, W2062S and D2131N mutations secrets at levels that are comparable or 

significantly higher than WT FVIII, suggesting that patients carrying these mutations have 

cross-reacting material-positive hemophilia A. Increased secretion of the I566T mutant is in 

agreement with the reported FVIII antigen level (154–200% of normal) for a patient with 

this mutation [10,11]. All other mutants are secreted into conditioned media at less than 20% 

of the level of WT FVIII. These results suggest that the effects of these mutations on full-

length FVIII may be primarily attributed to their impact upon folding and secretability of the 

individual domains, although additional perturbation of adjacent domains cannot be ruled 

out, particularly for ectopic glycans that are located at domain interfaces [42,43]. Variations 

in mutant FVIII secretion suggest that the effects of ectopic N-glycans depend on their 

location, solvent accessibility of the asparagine side chain and the underlying amino acid 

change responsible for the ectopic glycosylation site.

Previous studies determined that elevated binding of BiP to FVIII may contribute to the 

lower secretion of FVIII compared with FV [16,17]. We found that expression of poorly 

secreted A2 domain mutants results in higher BiP expression, potentially due to induction of 

the unfolded protein response pathway. In turn, such mutants also interact with BiP more 

extensively than the WT A2 domain. CRT interactions with secretion defective mutants are 

also increased markedly, suggesting that the CRT cycle is a major quality control system for 

these hyperglycosylated mutants. These results are consistent with our recent report that 

partially glycosylated FVIII A2 mutants robustly engage the CRT cycle [27]. However, A2 

mutants that are secretion competent, including I566T and to a lesser extent G701S, do not 

significantly induce BiP and do not associate more extensively with CRT. Thus, the 

secretion and misfolding severity of A2 mutants correlate inversely with the association of 

ER chaperones. These results suggest that non-secreted FVIII mutants are more strongly 

retained in the ER compared with secretion-competent FVIII variants. We anticipate that 

such ER-retained FVIII mutants are eventually degraded by the ERAD pathway.
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Curiously, the N2118Q mutation, which abolishes secretion of the isolated C domain, has 

little effect on full-length FVIII secretion and activity. The latter observation is surprising, 

given that the N2118 sequon is conserved from mammals to birds, reptiles and fish 

(Supplementary Figure S4). Mutation of another highly conserved sequon, N239, reportedly 

reduced FVIII secretion and activity, while mutations of less conserved N41 and N1810 

sequons had only mild effects [44]. Evolutionary conservation suggests that the N2118 

glycan may play a yet undefined role in FVIII biology. Analysis of the FVIII structure 

potentially explains the observed difference between the secretion of the isolated N2118Q 

mutant C domain and the corresponding full-length protein. Although the N2118 glycan 

helps stabilize the packing between the C1 and A3 domains by interacting with both, these 

domains also engage in direct interactions with each other that likely remain in the absence 

of the glycan (Supplementary Figure S5A). On the other hand, this glycan also helps 

stabilize the orientations of two loops (residues 2110–2125 and 2135–2142) and a 

connecting segment (residues 2017–2022) from the C1 domain itself (Supplementary Figure 

S5B). Without the rest of FVIII and the glycan, these loops may present as particularly labile 

structure and subject the N2118Q C domain mutant to retention by the quality control 

machinery. Ectopic N-glycans introduced by W2062S and D2131N mutations would not be 

in a position to replace the stabilizing role of the native N-glycan at N2118.

All mutations studied decreased FVIII activity. Impaired FVIII function could be due to 

overall perturbation of FVIII structure or due to specific defects in FVIII functions. Removal 

of surface glycans by N-glycanase digestion increases the activities of FVIII I566T and 

M1772T mutants [10,11], supporting the notion that ectopic N-glycans can directly inhibit 

FVIII activity. The I566T mutation is located just outside an FIXa (activated factor IX) 

interaction site (558–565) [45,46] and results in decreased FIXa binding [11]. Therefore, 

even though the ectopic glycan promotes the secretion of I566T mutant, the bulky 

oligosaccharide chain may interfere with its function. The C1 domain is involved in FIXa 

binding [42,47,48] and phospholipid binding [42,49–51]. Although not located in currently 

identified functional regions, the W2062S and D2131N mutations could disturb the C1 

domain structure and disrupt FVIII interaction with FIXa and/or phospholipids, leading to 

reduced activity of the secreted FVIII mutants. Several mutations are localized at interfaces 

between different domains of FVIII (Table 1). Ectopic N-glycans and/or the underlying 

amino acid changes could cause additional disruption of domain packing and alter the 

stability of FVIII [24,26].

In conclusion, we uncovered that a range of hemophilia mutations in FVIII result in ectopic 

N-glycosylation. The different ectopic glycans have varied effects on FVIII folding, stability, 

trafficking/secretion and activity, overall resulting in deficient forms of FVIII compared with 

the WT protein. These mutations all have biochemically similar local consequences, 

primarily the addition of a glycan to a normally unglycosylated position. However, the 

different underlying amino acid changes and different structural contexts of glycosylation 

mediate very different functional effects, and highlight the complex disease-causing 

mechanisms of FVIII missense mutations. Our results are also relevant to other secreted and 

membrane proteins with mutations that generate ectopic N-glycans.
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Figure 1. Overview of mutations in B-domain-deleted FVIII structure
Individual FVIII domains are labeled. Mutated residues that give rise to potential ectopic N-

glycosylation sequons are shown as spheres and labeled. Only oligosaccharides 

(GlcNAc2Man5) present in the crystallized molecule are shown in stick representation. 

Structural co-ordinates taken from PDB ID 2R7E.
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Figure 2. 
Hemophilia A-linked missense mutations that create new N-glycosylation sequons typically 

lead to the addition of an ectopic glycan.(A) 293T cells were transfected with constructs that 

express FLAG-tagged mutants of individual domains (A1, A2, A3 and C) of FVIII. Thirty-

six hours after transfection, cells were lysed and equal amounts of cell extracts were 

immunoblotted with anti-FLAG and anti-β-actin antibodies. Densitometric ratios of the 

lower band vs. upper band are shown. For A1 mutants and the N1952T mutation of the A3 

domain with multiple lower bands, densitometry values of the first band below the upper 

band were used. (B) 293T cells were transfected with constructs that express FLAG-tagged 

mutants of A2 and C domains of FVIII. Thirty-six hours after transfection, cell lysates were 

digested with or without PNGase F and subsequently immunoblotted with an anti-FLAG 

antibody.
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Figure 3. STT3A and STT3B contribute differentially to ectopic N-glycosylation of different 
FVIII mutants
N-glycosylation patterns of (A) previously reported mutants near the unused A2 domain 

sequon (sequence of the 310-helical turn containing the sequon is shown below) and A2 

domain mutants with ectopic N-glycosylation; (B) C domain single mutants; (C) 

combinations of single, double and triple mutants of the C domain. WT, STT3A knockout 

and STT3B knockout cells were transiently transfected with constructs of the indicated 

mutants. Thirty-six hours after transfection, cells were lysed and equal amounts of cell 

extracts were immunoblotted with an anti-FLAG antibody. Arrows denote bands with 

corresponding numbers of N-glycans (gly).
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Figure 4. The effects of ectopic N-glycan on FVIII domain secretion
(A) Secretion of A2 and C domain mutants in the presence or absence of the N-

glycosylation inhibitor TM. (B) Mutations at I566 and W2062 that do not lead to ectopic N-

glycosylation do not enhance secretion of the A2 or C domain. (C) Ectopic N-glycans 

caused by W2062S and D2131N mutations do not replace the function of the native N-

glycan at N2118. For all experiments, 293T cells were transiently transfected with constructs 

that express WT A2 and C domains or the indicated mutants. Twenty-four hours after 

transfection, cells were cultured in fresh medium with or without TM (2 μg/ml) and 

incubated for 12 h. Conditioned media were collected and immunoprecipitated with a mouse 

monoclonal anti-FLAG antibody and analyzed by immunoblotting with a rabbit antibody. 

Cells were lysed and equal amounts of cell extracts were immunoblotted with anti-FLAG 

and anti-β-actin antibodies.
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Figure 5. Expression of FVIII missense mutants induces BiP and increases interactions with BiP 
and CRT
(A) Thirty-six hours after transfection of the indicated mutants, expression levels in input 

cell extracts were analyzed by immunoblotting with the indicated antibodies. Interactions 

between A2 mutants and ER chaperones were analyzed by co-immunoprecipitation (IP). 

Cell extracts were immunoprecipitated with a mouse monoclonal anti-FLAG antibody or 

normal mouse IgG. The immunoprecipitates from anti-FLAG IP and IgG control IP were 

analyzed by immunoblotting with the indicated antibodies. CRT: calreticulin; CNX: 

calnexin. Arrow points to the CRT band in the IP data. The lower band is non-specific as it 

also appears in IgG controls. (B) The amounts of BiP in cell lysates, BiP and CRT that co-

immunoprecipitated with A2 domain mutants were densitometrically quantified and 

expressed as fold changes relative to WT. Data are mean ± SEM, n = 3, *P < 0.05.
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Figure 6. Levels of intracellular and secreted full-length FVIII mutants and their relative 
activities
(A) and (B) Forty-eight hours after transfection into 293T cells with constructs of WT and 

the indicated mutants of full-length FVIII, cell extracts (A) and conditioned media (B) were 

collected. FVIII antigen levels measured by ELISA were plotted as percentages of WT 

FVIII (data are mean ± SEM, n = 3, *P < 0.05). (C) Forty-eight hours after transfection, 

FVIII activity levels in conditioned media were analyzed by a chromogenic assay. Average 

activities of mutants were plotted as percentages of WT FVIII activity (n = 3). Activities of 

all the mutants were significantly reduced compared with WT FVIII (P < 0.05). (D) Relative 

activity for a given mutant was calculated as the ratio of the activity level and the antigen 

level in conditioned media. Relative activities are shown as percentages of the WT FVIII 

relative activity. Relative activities of all mutants were significantly reduced compared with 

WT FVIII (P < 0.05).
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