% Maastricht University

-Glutamyl carboxylase mutations differentially affect
the biological function of vitamin K—-dependent
proteins

Citation for published version (APA):

Hao, Z. Y., Jin, D. Y., Chen, X. J., Schurgers, L. J., Stafford, D. W., & Tie, J. K. (2021). -Glutamyl
carboxylase mutations differentially affect the biological function of vitamin K—dependent proteins. Blood,
137(4), 533-543. https://doi.org/10.1182/blood.2020006329

Document status and date:
Published: 28/01/2021

DOI:
10.1182/blood.2020006329

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

« A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

« The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 07 Oct. 2022


https://doi.org/10.1182/blood.2020006329
https://doi.org/10.1182/blood.2020006329
https://cris.maastrichtuniversity.nl/en/publications/462c5588-5152-44c3-a417-e30a64c31d90

'.) Check for updates

Regular Article

THROMBOSIS AND HEMOSTASIS

v-Glutamyl carboxylase mutations differentially affect the
biological function of vitamin K-dependent proteins

Zhenyu Hao," Da-Yun Jin," Xuejie Chen," Leon J. Schurgers,? Darrel W. Stafford," and Jian-Ke Tie'

"Department of Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC; and 2Department of Biochemistry, Cardiovascular Research Institute
Maastricht, Maastricht University, The Netherlands

v-Glutamyl carboxylase (GGCX) is an integral membrane protein that catalyzes post-
translational carboxylation of a number of vitamin K-dependent (VKD) proteins involved in a
wide variety of physiologic processes, including blood coagulation, vascular calcification, and
bone metabolism. Naturally occurring GGCX mutations are associated with multiple distinct
clinical phenotypes. However, the genotype-phenotype correlation of GGCX remains elu-
sive. Here, we systematically examined the effect of all naturally occurring GGCX mutations
on the carboxylation of 3 structure-function distinct VKD proteins in a cellular environment.
GGCX mutations were transiently introduced into GGCX-deficient human embryonic kidney
293 cells stably expressing chimeric coagulation factor, matrix Gla protein (MGP), or
osteocalcin as VKD reporter proteins, and then the carboxylation efficiency of these reporter
proteins was evaluated. Our results show that GGCX mutations differentially affect the
carboxylation of these reporter proteins and the efficiency of using vitamin K as a cofactor.
Carboxylation of these reporter proteins by a C-terminal truncation mutation (R704X) implies
_/  that GGCX's C terminus plays a critical role in the binding of osteocalcin but not in the binding
of coagulation factors and MGP. This has been confirmed by probing the protein-protein
interaction between GGCX and its protein substrates in live cells using bimolecular fluorescence complementation and
chemical cross-linking assays. Additionally, using a minigene splicing assay, we demonstrated that several GGCX missense
mutations affect GGCX’s pre-messenger RNA splicing rather than altering the corresponding amino acid residues. Results
from this study interpreted the correlation of GGCX'’s genotype and its clinical phenotypes and clarified why vitamin K
administration rectified bleeding disorders but not nonbleeding disorders. (Blood. 2021;137(4):533-543)

® GGCX mutations
differentially affect
the carboxylation of
vitamin K-dependent
proteins associated
with distinct clinical
phenotypes.

® Some GGCX missense
mutations affect
the pre-messenger
RNA splicing rather
than altering the
corresponding amino
acid residues.

cardiac, dermatologic, or skeletal abnormalities resulting from
insufficient carboxylation of other VKD proteins, such as MGP
and/or BGP.""? The importance of VKD carboxylation of MGP is
supported by the significant associations of cardiovascular dis-
eases and arterial calcifications found in patients taking vitamin K
antagonists?® and in free-living people with low dietary mena-
quinone intakes.?! In addition, in vivo mutagenesis experiments
clearly showed that the anti-mineralization function of MGP is
dependent on its Gla residues.?? MGP knockout mice died within
2 months because of extensive arterial calcification that led to
blood-vessel rupture.?® In humans, defects in MGP carboxyla-
tion are also associated with skeletal abnormalities, such as
Keutel syndrome.?*?> Additionally, patients with dermatologic
abnormalities (eg, pseudoxanthoma elasticum [PXE]-like syn-
drome) seem to have increased accumulation of uncarboxylated
MGP and BGP.?¢ Furthermore, the carboxylation status of sev-

Introduction

v-Glutamyl carboxylase (GGCX), also known as vitamin K-
dependent (VKD) carboxylase, is an integral membrane protein
residing in the endoplasmic reticulum (ER)."? It catalyzes the
posttranslational modification of specific glutamate residues to
y-carboxyglutamate (Gla) residues in a number of VKD proteins.
Native protein substrates for GGCX include several coagulation
factors, as well as osteocalcin (or bone Gla protein [BGP]), matrix
Gla protein (MGP), and recently discovered Gla proteins such as
Gla-rich protein (GRP) and Gas6.3* Carboxylation is essential for
the biological function of VKD proteins that control blood co-
agulation, vascular calcification, bone metabolism, signal
transduction, and cancer cell proliferation.*'°

220z Arenigad L0 uo isenb Aq jpd 62€£900020ZPIGPO0Ia /8286 L/IEES//LE LIPd-a1on1e/po0|q/B10° suonealigndyse/:dly woly papeojumoq

VKD carboxylation was originally observed in clotting factors,
and carboxylation of coagulation factors has been extensively

studied.’'3 Defects in VKD carboxylation are mainly linked to
bleeding disorders, known as combined vitamin K-dependent
coagulation factors deficiency (VKCFD)."*'> Comorbid pheno-
types have been observed in VKCFD patients that include

© 2021 by The American Society of Hematology

eral recently discovered VKD proteins, such as Gla-rich
proteins?’-?® and proline-rich Gla proteins,?” have been associ-
ated with vascular calcification, inflammation, and neurologic
disorders.>30-33
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Genetic screenings of patients with vitamin K-related disorders
have identified more than 40 naturally occurring mutations in
GGCX.17:3435 Clinical manifestations of these mutations have
been classified into 5 distinct phenotypes: the bleeding phe-
notype (VKCFD) and the nonbleeding phenotypes of cardiac,
dermatologic, ophthalmologic, and osseous symptoms.'” VKCFD
results from insufficient carboxylation of VKD coagulation factors
in the liver and can be ameliorated through the administration of
high doses of vitamin K.'> However, nonbleeding phenotypes,
caused by defects in carboxylation of extrahepatic Gla proteins,
seem to be more difficult to rescue and require much higher doses
of vitamin K.2*%* Importantly, some GGCX-associated non-
bleeding phenotypes (eg, osseous symptoms) overlap clinically
with other syndromes, such as the fetal warfarin syndrome (an
embryo disorder resulting from fetal exposure to maternal in-
gestion of warfarin during pregnancy).®-* In these cases, GGCX
genetic testing is essential for the diagnosis and possible pre-
vention of these irreversible pathologic changes in early life.
Recently, De Vilder et al'” systematically explored GGCX
genotype—phenotype correlations, reporting that different clinical
phenotypes associate with GGCX mutations located at certain
protein domains. However, it is not clear why some GGCX mu-
tations cause bleeding disorders, whereas others cause non-
bleeding syndromes.

To experimentally clarify the correlation between GGCX ge-
notypes and their clinical phenotypes, we recently established a
cell-based system to study GGCX's function in its native milieu.?®
As a proof-of-principle, we clarified the clinical consequences of
novel GGCX mutations identified from a patient with a severe
cerebral bleeding disorder and with comorbid Keutel syn-
drome.? Here, we extended our study to explore the effect of all
naturally occurring GGCX mutations on the carboxylation of
various VKD proteins (coagulation factors, MGP, and BGP) as-
sociated with distinct clinical phenotypes. Our result, that 1
GGCX mutation can differentially affect different VKD proteins’
carboxylation, explains the diverse clinical phenotypes associ-
ated with a single GGCX mutation.

Methods

DNA manipulations and plasmid constructions

The GGCX mutations were created by QuickChange site-
directed mutagenesis using wild-type GGCX in pBudCE4.1-
Met.Luc vector as the template, as previously described.?®
Metridia luciferase was used as the internal control for nor-
malizing the variation of transfection efficiency. Chimeric VKD
reporter proteins were created by overlap polymerase chain
reaction (PCR) and then cloned into the mammalian expression
vector pcDNA3.1. Three chimeric reporter-proteins, FIXgla-PC
(protein C with its Gla domain exchanged with that of FIX), MGP-
sfGFP-His (MGP fused to the N terminus of a superfolder green
fluorescent protein with a 6X His tag at the C terminus), and
BGP-MBP-His (BGP fused to the N terminus of maltose binding
protein with a 8 X His-tag at the C terminus), were used to ex-
amine the carboxylation of coagulation factors, MGP, and
osteocalcin. Fused tags were designed for enzyme-linked im-
munosorbent assay (ELISA) detection and standard protein
purification. For clarity, only VKD proteins (FIXgla-PC, MGP, and
BGP) were mentioned in the main text. All other chimeric proteins
used in this study were created by overlap PCR, as described
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elsewhere. The nucleotide sequences of all constructs were
verified by DNA sequencing at Eton Bioscience Inc. (Research
Triangle Park, NC).

Reporter protein carboxylation in HEK293 cells
The efficiency of reporter protein carboxylation was determined in
HEK293 cells with their endogenous GGCX knocked out by
clusters of regularly interspaced short palindromic repeats
(CRISPR)-Cas9, as previously described with slight modifications.
Briefly, pcDNA3.1 plasmid containing the cDNA of various chi-
meric reporter proteins was stably expressed in GGCX-deficient
HEK293 cells to obtain reporter cell lines for FIXgla-PC, MGP, and
BGP. Then, wild-type GGCX or its mutants were transiently
expressed in these cells for evaluating the carboxylation efficiency
of different reporter proteins by ELISA.“° To determine the car-
boxylation efficiency of BGP, a rabbit anti-MBP polyclonal anti-
body (Proteintech Group, Inc., Rosemont, IL) was used as the
capture antibody and a mouse anti-carboxylated BGP (Thermo
Fisher Scientific, Waltham, MA) was used as the detection anti-
body. To determine the carboxylation efficiency of MGP, a rabbit
anti-His Tag polyclonal antibody (Proteintech Group, Inc.) was
used as the capture antibody and a mouse anti-carboxylated MGP
monoclonal antibody (IDS, Boldon, UK)*" was used as the de-
tection antibody. Experimental data were analyzed using
GraphPad Prism 8. Statistical analysis was performed using the
unpaired Student t test.

Bimolecular fluorescence complementation assay
A split-Venus based bimolecular fluorescence complementation
(BiFC) assay was used to study the interaction between GGCX
and its protein substrate. This assay is based on the re-
constitution of an intact Venus fluorescent protein when 2 of its
complementary nonfluorescent fragments are brought together
by a pair of interacting proteins in live cells.*?43 The Venus
fluorescent protein was divided into 2 fragments: a large frag-
ment containing residues 1 to 173 (VN) and a small fragment
containing residues 156 to 238 (VC) (a gift from Andrzej
Dziembowski; Addgene plasmid 105804).44 The 2 fragments
were fused to GGCX or its VKD protein substrate using overlap
PCR. Complementary pairs of the BiFC assay were cotransfected
into GGCX-deficient HEK293 cells. To stabilize GGCX and its
substrate complex, 5 wM warfarin was included in the cell culture
medium. Fluorescence intensity was measured at Exsisnm/
Emszonm using a Perkin Elmer Enspire MLD 2300 microplate
reader.

GGCX epoxidase activity assay

Cell-based GGCX epoxidase activity was performed in HEK293
cells, as previously described.*® Briefly, wild-type GGCX or its
mutants were transiently expressed in GGCX-deficient HEK293
cells. Transfected cells were incubated with cell culture medium
containing 5 pM warfarin for 40 hours. Then, the cells were
incubated with 20 wM vitamin K and 5 wM warfarin for 6 hours
before the K vitamins were extracted from cells for the con-
ventional reversed-phase high-performance liquid chromatog-
raphy assay.*

Minigene splicing assay

The effect of the GGCX mutation on its pre—-messenger RNA
(mRNA) splicing was assessed using a minigene splicing assay
based on the exon trapping vector pSPL3 (kindly provided by
Karen E. Heath, Hospital Universitario La Paz, Spain), as previously

HAO et al
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described.#’® Briefly, the affected exons along with their up-
stream and downstream intronic sequences (~100 bp on each
side) were amplified by PCR using human genomic DNA as the
template; the specific primers are listed in supplemental Table 1,
available on the Blood Web site. The PCR amplicons were
subcloned into the Xhol and BamH sites of the pSPL3 vector. The
minigene constructs were transiently transcribed into HEK293
cells, and the total RNA was extracted for reverse transcriptase-
PCR amplification. The PCR products were separated using
agarose gel electrophoresis or cloned into a TA cloning vector for
DNA sequencing.

Results

Cell-based GGCX functional study using
structurally distinct VKD reporter proteins

To better understand the mechanistic differences of GGCX
modifying its structurally distinct protein substrates, we selected
3 VKD proteins as reporter proteins (Figure 1A): a chimeric
coagulation factor (FIXgla-PC),*® MGP, and BGP. Coagulation
factors and MGP bind to GGCX mainly through a tight-binding
propeptide,*”*" which is proteolytically removed from the co-
agulation factors but not from MGP, to form a mature protein
after carboxylation. Although the propeptide of BGP has an
undetectable affinity to GGCX, BGP binds to GGCX at a site
different from the propeptide-recognition site.> Importantly,
the distribution of Gla residues being carboxylated in these
proteins is totally different. The Gla residues of coagulation
factors are concentrated at the N terminus of the mature protein,
immediately preceded by the propeptide (Figure 1A). Unlike
coagulation factors, the Gla residues of MGP are scattered on
both the N terminus and C terminus of the propeptide se-
quence, whereas BGP's Gla residues are located between the 2
GGCX binding sequences.>?

We stably expressed these 3 reporter proteins individually in
HEK293 cells with their endogenous GGCX knocked out by
CRISPR-Cas?.?® To evaluate the 3 reporter cell lines for GGCX's
functional study, we transiently expressed wild-type GGCX in
these cells and incubated the transfected cells with increasing
concentrations of vitamin K. Results in Figure 1B show that these
reporter proteins can be readily carboxylated by GGCX in a
vitamin K-dependent manner. It has been shown that glutamate
carboxylation and vitamin K epoxidation by GGCX are coupled
with a 1:1 stoichiometry.545% As there are 3, 5, and 12 glutamate
residues in BGP, MGP, and FIXgla-PC, respectively, one would
expect that the carboxylation of 1 mole of BGP, MGP, and
FIXgla-PC would require 3, 5, and 12 moles of reduced vitamin
K, respectively. Our results show that the half-maximal stimu-
lation concentrations (ECsg or apparent Ky,) of vitamin K for the
carboxylation of BGP, MGP, and FIXgla-PC are 0.86, 1.9, and
4.6 nM, respectively (Figure 1C). These ECsp values correlate
well to the number of glutamate residues in the reporter pro-
teins, suggesting that the established reporter cell lines are good
tools for the functional study of GGCX's carboxylation of dif-
ferent VKD proteins.

GGCX mutations differentially affect carboxylation
of the 3 reporter proteins

Currently, more than 40 GGCX mutations have been identified
from patients with vitamin K-related disorders.'”-**3 These mu-
tations are scattered throughout the GGCX molecule (Figure 2A).

FUNCTIONAL CONSEQUENCES OF GGCX MUTATIONS
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Figure 1. Functional study of GGCX in HEK293 cells using different VKD re-
porter proteins. (A) Diagram of structurally distinct VKD reporter proteins. Gla
residues are indicated by v. (B) Carboxylation of the 3 VKD reporter proteins in
HEK293 cells in response to vitamin K. Wild-type GGCX was transiently expressed in
GGCX-deficient HEK293 cells stably expressing FIXgla-PC, MGP, or BGP. Trans-
fected cells were incubated with increasing concentrations of vitamin K for 48 hours.
The carboxylation efficiency of the reporter protein was determined in the cell culture
medium by ELISA. (C) Half-maximal stimulation concentrations of vitamin K (ECsp)
(obtained by nonlinear regression using GraphPad Prism 8.0) for the carboxylation of
BGP, MGP, and FIXgla-PC. Data are presented as means * standard deviation (SD).

To explore how these mutations affect carboxylation of structurally
distinct VKD proteins associated with a variety of clinical phe-
notypes, we transiently expressed each of these GGCX mutants
into the 3 GGCX-deficient reporter cell lines and determined the
efficiency of reporter protein carboxylation. Our results show that
most GGCX mutations differentially affected the carboxylation of
the reporter proteins (Figure 2B-C; supplemental Table 2). For
example, the R83W mutant significantly decreased coagulation
factor carboxylation (decreased activity to ~30%), whereas it only
had a minor to moderate effect on the carboxylation of MGP
(retained ~80% activity) and BGP (retained ~60% activity). Al-
though the R704X mutant had a moderate effect on both co-
agulation factor and MGP carboxylation (retained ~50% activity),
it abolished BGP carboxylation (<5% activity). Several GGCX
mutants (G125R, M174R, D183V, F299S, W315X, Q374X, G537X,
and [553fs) abolished carboxylation activity for all 3 reporter
proteins, whereas other mutations (D3 1N, P80L, and W493S) had
a negligible effect on all 3 reporter protein carboxylation (sup-
plemental Figure 1). Additionally, the V255M, S284P, R476C/H,
W501S, and I532T mutants were fully active or had an increased
carboxylation efficiency for some of the reporter proteins. To-
gether, these results indicate that GGCX mutations can differ-
entially affect carboxylation of hepatic and extrahepatic VKD
proteins associated with distinct biological functions.

Effect of vitamin K on reporter protein
carboxylation by GGCX mutations

Vitamin K administration is the mainstay of therapy in VKCFD."®
However, it is often inefficient in correcting clinical phenotypes
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Figure 2. Effect of GGCX mutations on the carboxylation of different VKD reporter proteins. (A) Distribution of naturally occurring mutations in the GGCX molecule. The 5-
transmembrane domain topologic structure of GGCX illustrated is based on the model from Tie et al.? (B) Carboxylation of the 3 VKD reporter proteins by selected GGCX
mutations in HEK293 cells. The GGCX mutation was transiently expressed in GGCX-deficient HEK293 cells stably expressing FIXgla-PC, MGP, or BGP. Transfected cells were
incubated with 5 wM vitamin K for 48 hours. Carboxylation efficiency of the reporter protein was determined in the cell culture medium by ELISA. Wild-type GGCX activity was
normalized to 100%. Data are presented as the mean *+ SD of 3 independent experiments (n = 3). *P < .001. (C) A heat-map representation of the carboxylation activity of the
currently identified GGCX mutations for the 3 reporter proteins. Carboxylation activity was determined as described in panel B.

associated with defects in MGP and BGP carboxylation.#253¢ To
better understand how clinical phenotypes responded to vita-
min K treatment, we determined the ECsq of vitamin K for dif-
ferent reporter protein carboxylation by GGCX mutations.
Figure 3A-C shows vitamin K titration examples of wild-type
GGCX and of the L394R mutant for carboxylation of the 3 re-
porter proteins. Although high vitamin K concentrations can
partially restore carboxylation of all 3 reporter proteins by the
L394R mutant, the ECsq of vitamin K increased 2-, 16-, and 39-
fold for the carboxylation of FIXgla-PC, MGP, and BGP, re-
spectively (Table 1). This result suggests that a significantly
higher vitamin K concentration is required to rescue the defects
of extrahepatic carboxylation of MGP and BGP.

Next, we correlated the maximum carboxylation activity and the
ECso values of GGCX mutations for the 3 reporter proteins car-
boxylation. Compared with MGP (Figure 3E) and BGP (Figure 3F)
carboxylation, fewer GGCX mutations fell into the top-left cor-
ner of the graph for the FIXgla-PC carboxylation (Figure 3D).

536 & blood® 28 JANUARY 2021 | VOLUME 137, NUMBER 4

Additionally, the fold-increase of ECs (y-axis) for FIXgla-PC car-
boxylation was significantly smaller than that of MGP and BGP.
These results suggest that in FIXgla-PC carboxylation, fewer
GGCX mutations have a dramatic effect on both the enzymatic
activity and vitamin K's ECsg than those of MGP and BGP. Ad-
ditionally, the distributions of individual GGCX mutations on the 3
graphs were significantly different. For example, the W493C
mutant only had a minor effect on both the enzymatic activity and
vitamin K's ECsq for FIXgla-PC carboxylation (Figure 3D). How-
ever, it significantly increased the ECsq of vitamin K in the car-
boxylation of MGP (6-fold increase) and BGP (16-fold increase;
Figure 3E-F; Table 1). Although the S284P mutant is fully active for
carboxylation of all 3 reporter proteins at high vitamin K con-
centrations, it also has a negligible effect on the ECsq values for
FIXgla-PC and MGP carboxylation. It increased the ECsq of vitamin
K 18-fold for BGP carboxylation. Overall, these results suggest
that naturally occurring GGCX mutations respond differently to
vitamin K for the carboxylation of various VKD proteins, which is
consistent with clinical observations.”

HAO et al
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Figure 3. Effect of vitamin K on reporter protein carboxylation by GGCX mutations. (A-C) Vitamin K concentration titration of wild-type GGCX and the L394R mutant
for the carboxylation of FIXgla-PC (A), MGP (B), and BGP (C). Wild-type GGCX or the L3%4R mutant was transiently expressed in GGCX-deficient HEK293 cells stably
expressing FIXgla-PC, MGP, or BGP. Reporter-protein carboxylation was determined as described in Figure 1B. (D-F) Correlation between vitamin K's ECsg and GGCX activity for
the carboxylation of FIXgla-PC (D), MGP (E), and BGP (F) by GGCX mutations. The dashed lines indicate the 75% carboxylation activity (x-axis) or a 1.5-fold increase of vitamin K's
ECso. The GGCX mutations discussed in the main text were labeled with different colors.

Characterization of GGCX mutations that dramatically
decreased carboxylation of all 3 reporter proteins
Our results show that several GGCX mutants dramatically de-
creased or abolished the carboxylation of all 3 reporter proteins
(Figure 2C; supplemental Table 2). Only a few of these mutants
have been characterized. The W315X" and Q374X mutants
introduced a stop codon at the mutation sites, which prematurely
terminated the GGCX translation at residues W315 and Q374,
respectively. Thus, they ablated GGCX activity.*” Characterization
of the M174R mutant suggests that it causes GGCX misfolding
and degradation.?® To characterize other GGCX mutations that
significantly decreased carboxylation of all 3 reporter proteins, we
first examined the protein expression levels of these GGCX
mutants in HEK293 cells. Results in Figure 4A show that G125R,
D183V, G558R, and T591K have eliminated or severely decreased
GGCX expressions, which is consistent with results of their sig-
nificantly decreased carboxylation activity (Figure 2C). This sug-
gests that these mutations probably affect GGCX folding and/or
stability.>*%” However, the F299S and S300F mutants, which
dramatically decrease reporter protein carboxylation, have a
protein expression level similar to that of wild-type GGCX. This
suggests that the decreased carboxylation activity of these two
mutants might result from the effect of enzyme catalytic activity
and/or substrate binding affinity.

FUNCTIONAL CONSEQUENCES OF GGCX MUTATIONS

To further clarify the effect of F299S and S300F on GGCX
activity, we used a bifunctional cross-linker, disuccinimidyl
suberate (DSS), to monitor the transient enzyme-substrate in-
teraction in live cells by chemical cross-linking. It has been shown
that warfarin inhibits the availability of reduced vitamin K (a
cofactor for GGCX), thus stabilizing the complex of GGCX and its
substrate.>® Vitamin K (required for carboxylation) accelerates
the disassociation of the GGCX-substrate complex because of
product releasing.> To explore the effect of F299S and S300F
on GGCX's substrate binding and catalytic activity, we coex-
pressed these mutants with the coagulation factor in GGCX-
deficient HEK293 cells and trapped the enzyme-substrate
complex by DSS cross-linking in live cells incubated either with
warfarin or vitamin K. Our results show that in the presence of
warfarin, F299S and S300F mutants have a similar cross-link
efficiency to wild-type GGCX (Figure 4B), suggesting that
these 2 mutants have a substrate binding ability similar to the
wild-type enzyme. However, in the presence of vitamin K, the
cross-linking efficiency significantly decreased for wild-type
GGCX and to a lesser extent for the S300F mutant, but not
for the F299S mutant (Figure 4B). This result indicates that vi-
tamin K does not accelerate the dissociation of the enzyme—
substrate complex of the F299S mutant, suggesting that F299S
abolishes carboxylation activity, which agrees with our cell-
based activity assay (Figure 2B).

€ blood® 28 JANUARY 2021 | VOLUME 137, NUMBER 4 537

220z Arenigad L0 uo isenb Aq jpd 62€£900020ZPIGPO0Ia /8286 L/IEES//LE LIPd-a1on1e/po0|q/B10° suonealigndyse/:dly woly papeojumoq



Table 1. Half-maximal stimulation concentrations (ECsy,
nM) of vitamin K for the carboxylation of 3 different
reporter proteins by GGCX mutations

GGCX 46 =03 1.9 £02 0.9 =0.2
D31N 3404 1.4 +0.2 0.6 £ 0.2
P8OL 8.1x09 5.7 £ 1.2 24 08
R83P 157 42 =10 10+3
R83W 8 =5 7.7 =08 10=x4
D153G 41+08 2005 312 = 108
W157R 73 = 14 75 = 21 —
R204C 40 =05 21 +08 43 =17
V255M 18 +2 3.8 £0.5 1.8 = 0.6
S277C 3.7 x0.6 3.1x04 0.2 x0.1
S284P 59+08 2903 16 =5
S300F — 154 = 58 >800
R325Q 73 x08 1.5+04 0.6 £ 0.2
L394R 102 305 359
H404P 394 236 £ 79 443 = 126
R476C 26 =4 32x05 12+3
R476H 12 =1 46 = 5 52+08
R485P 6.8 0.7 1M1 =x4 294 =131
W493C 52*+04 123 14 =5
W493S 85+09 13x6 256
W501S 9.0 x 1.1 5.3 0.9 0.8 0.2
R513K 132 15+2 3.1 =11
1532T 13x2 BISEHOLS 1.4 =04
D534v 53x1.6 104 = 28 46 £ 15
G537A 18 = 3 1.1 =04 45+ 20
G558R 131 23 +1.0 17 =7
T591K 6.1 =15 118 £ 39 —
R704X 366 22 x5 —
S7411s 4414 40 £ 22 190 * 96

—, not detectable; FIX, factor IX.

As GGCX is a dual-function enzyme that catalyzes both glutamate
carboxylation and vitamin K epoxidation, we explored which
activity was affected by the F299S and S300F mutants using our
recently established cell-based epoxidation activity assay.*> Re-
sults in Figure 4C show that, compared with wild-type GGCX, the
S300F mutant decreased epoxidation activity to ~10%, a level
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similar to reporter-protein carboxylation in our cell-based study
(Figure 2B). This suggests that the S300F mutation mainly affects
vitamin K epoxidation activity. However, the F299S mutant, which
abolished all reporter protein carboxylation in the cell-based assay
(Figure 2B), retained about 50% vitamin K epoxidation activity,
suggesting that the F299S mutation affected both glutamate
carboxylation and vitamin K epoxidation activities. Together,
these results suggest that residues S300 and F299 are essential for
vitamin K epoxidation. The location of these 2 residues, within the
third transmembrane domain facing the ER lumen,? is consistent
with the hydrophobic characteristics of vitamin K and with the
notion that VKD carboxylation occurs in the lumen of the ER.¢°

GGCX'’s C terminus contributes to BGP binding

The R704X mutant (C-terminal truncation from residue 704)
abolishes BGP carboxylation while retaining ~50% activity for
FIXgla-PC and MGP carboxylation (Figure 2B), suggesting the
important role of GGCX'’s C terminus in BGP binding. To test this
hypothesis, we used DSS cross-linking to explore the binding of
the 3 reporter proteins to the R704X mutant in HEK293 cells.
Results in Figure 5A show that MBP fusion reporter proteins of both
FIXgla and MGP, but not BGP, can be cross-linked to the R704X
mutant, indicating that BGP does not bind to the R704X mutant.

To further confirm the contribution of GGCX's C terminus to BGP
binding, we used the Venus-based BiFC assay®' to study the in-
teraction between GGCX and its substrate in live cells. Our results,
from optimizing the BiFC assay for GGCX and its substrate inter-
actions, show that fusing either the N or C fragment of Venus (VN or
V() to the C terminus of GGCX does not affect GGCX's activity
(supplemental Figure 2A). Additionally, the combination of fusing
VN to GGCX and VC to the substrate gives a better signal (sup-
plemental Figure 2B). Using this combination for the BiFC assay, our
result shows that the R704X mutant has a significant binding affinity
to FIXgla and MGP but not to BGP (Figure 5B). This result agrees
with the cell-based activity assay (Figure 2B) and the DSS cross-
linking in the enzyme—-substrate interaction study (Figure 5A).

Next, we extended the C-terminal truncation of GGCX to residues
Q718, A730, or S744 and examined their effect on the binding
and carboxylation of BGP. Our results show that a further ex-
tension of GGCX C terminus increased BGP binding (Figure 5C)
and carboxylation (Figure 5D). However, these C-terminal ex-
tension mutants only have minor effects on the carboxylation of
either FIXgla or MGP (supplemental Figure 2C-D). Together,
these results support the hypothesis that the C terminus of GGCX
is essential for BGP binding.

Evaluation of GGCX mutations that affect GGCX’s
pre-mRNA splicing

In addition to the missense mutations in GGCX’s exon coding
sequences, naturally occurring mutations were also identified in
GGCX introns near the intron-exon conjunctions (supplemental
Table 3). These mutations were predicted as splice-site mutations
that could affect the correct splicing of GGCX's pre-mRNA.
However, only a few of them have been experimentally con-
firmed. Importantly, previously reported missense mutations in
exons near the intron-exon conjunctions could also affect GGCX's
pre-mRNA splicing. To examine the effect of these mutations on
GGCX pre-mRNA splicing, we used a minigene splicing assay.*’48
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Figure 4. Characterization of GGCX mutations that dramatically decreased carboxylation activity. (A) Western blot analysis of the expression of GGCX mutations in
HEK293 cells. Wild-type GGCX and GGCX mutants that significantly decreased reporter protein carboxylation were transiently expressed in GGCX-deficient HEK293 cells for
48 hours. Whole-cell lysate was used for Western blot analysis using a rabbit anti-GGCX polyclonal antibody as the primary antibody. Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) was used as the sample loading control. (B) Interaction of GGCX with its protein substrate in live cells probed by DSS cross-linking. Wild-type GGCX, the
F299S mutant, or the S300F mutant was transiently coexpressed with FIXgla-MBP fusion in GGCX-deficient HEK293 cells. Forty-eight hours later, transfected cells were cross-
linked with DSS at a final concentration of 4 mM for 30 minutes. Whole-cell lysate was used for Western blot analysis using a rabbit anti-GGCX or an anti-MBP polyclonal antibody
as the primary antibody. The GGCX and FIXgla-MBP cross-linked band was marked with an asterisk. The FIXgla-MBP monomer is marked with an arrowhead. (C) Effect of GGCX
mutations on vitamin K epoxidase activity. Wild-type GGCX, the F299S mutant, or the S300F mutant was transiently expressed in GGCX-deficient HEK293 cells. Transfected cells
were incubated with vitamin K and the epoxidation of vitamin K to vitamin K epoxide by GGCX was determined by a conventional reversed-phase high-performance liquid
chromatography assay. Data are presented as the mean + SD of 3 independent experiments (n = 3). *P < .001.

Our results show that previously reported missense mutations
G125R (c.373 G>A), G537X (c.1609 G>T), and G537A (c.1610
G>C) induced mis-splicing of GGCX pre-mRNA (Figure 6A). The
¢.373 G>A mutation results in a splicing product that is ~200 bp
larger than that of wild-type GGCX. The sequencing results show
that there is a 211-bp intronic sequence insertion to the spliced
mRNA (supplemental Figure 3). However, the ¢.1610 G>C mu-
tation mainly results in a mRNA product that is ~150 bp smaller
than that of the wild-type GGCX, corresponding to the deletion of
exon 12 (supplemental Figure 4). Nevertheless, a small per-
centage (~5%) of the correct splicing product was also observed
in the ¢.1610 G>C mutation (Figure 6A). The c.1609 G>T mu-
tation also resulted in 2 splicing products. The major mRNA
product is slightly smaller than the wild-type mRNA (Figure 6A),
corresponding to the deletion of the 25-bp exonic sequence from
exon 11 (Figure 6B). This result is consistent with the result from
sequencing the patient's mRNA.2> The minor mRNA product
migrates slightly slower, and its sequencing result shows an in-
sertion of 12 bp from intron 11 (Figure 6C). The corresponding
protein sequences of the 2 alternative splicing mRNAs of the
¢.1609 G>T mutant are shown in Figure 6D.

The intronic mutations of c.44 —5T>A, c.44 —1G>A, c.214
+1G>T, and ¢.215 —1G>T result in a splicing product similar in
size to the control vector (Figure 6A), suggesting that these
mutations caused a deletion of the corresponding exons (exon 2
or exon 3) in pre-mRNA splicing (such as exon 2 deletion in
supplemental Figure 5). The ¢.1609 +3A>G mutation results in 2
splicing products, which is similar to the ¢.1609 G>T mutation.
However, the major product is the 12-bp intronic sequence in-
sertion rather than the 25-bp exonic sequence deletion (sup-
plemental Figure 6). The ¢.2085 —5T>C mutation also results in 2
splicing products (Figure 6A): the major product corresponds to a
41-bp deletion and the minor product corresponds to the correct
splicing (supplemental Figure 7).

FUNCTIONAL CONSEQUENCES OF GGCX MUTATIONS

Discussion

Vitamin K-dependent carboxylation is an essential posttranslational
modiification required for the biological function of proteins con-
trolling a wide variety of physiologic processes. Carboxylation is
accomplished by GGCX, whose naturally occurring mutations result
in distinct clinical phenotypes. The goal of this study is to explore
the effect of GGCX mutations on the carboxylation of VKD proteins
involved in both bleeding and nonbleeding disorders.

Our results show that GGCX mutations differentially affect the
carboxylation of various VKD reporter proteins and the efficiency
of using vitamin K as a cofactor for their carboxylation (Figures 2
and 3). In general, GGCX mutations have a larger impact on
carboxylation of extrahepatic VKD proteins (eg, MGP and BGP)
associated with nonbleeding disorders than on those associated
with bleeding disorders (eg, coagulation factors). This is con-
sistent with a recent GGCX genotype—phenotype study that
suggests patients with skin symptoms often have a less severe
bleeding phenotype.'” The significantly increased ECsq values of
vitamin K for MGP and BGP carboxylation by some GGCX
mutations (Table 1) suggests that higher doses of vitamin K
administration are required to recover the extrahepatic car-
boxylation of MGP and BGP, which is also consistent with clinical
observations.'”?° Therefore, results from this study provide clues
to the clinical consequences of GGCX mutations and to whether
increased vitamin K administration can be useful in ameliorating
the pathologic changes of related clinical phenotypes.

For example, the D534V mutation significantly decreased
GGCX activity for carboxylation of all 3 VKD reporter proteins
(Figure 2C; supplemental Table 2). Although it had only a minor
effect on the ECsq of vitamin K for FIXgla-PC carboxylation, the
ECso for MGP and BGP carboxylation increased more than 50-
fold (Figure 3D-F; Table 1). These results suggest that the D534V
mutation could cause both bleeding and nonbleeding disorders
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Figure 5. Effect of GGCX’s C terminus on BGP binding. (A) Interaction of the
R704X mutant with 3 VKD reporter proteins in live cells probed by DSS cross-linking.
The R704X mutant and MBP fusions of the VKD reporter proteins (FIXgla, MGP, BGP)
were transiently coexpressed in GGCX-deficient HEK293 cells for DSS cross-linking,
as described in Figure 4B. The cross-linked bands of GGCX and its substrate were
marked with asterisks. (B) Interaction of the R704X mutant with 3 VKD reporter
proteins in live cells probed by the Venus-based BiFC assay. R704X-VN and the
reporter protein fused with VC were transiently coexpressed in GGCX-deficient
HEK293 cells. Forty-eight hours later, the fluorescence signal was determined directly
from the transfected live cells. Data are presented as the mean + SD of 3 in-
dependent experiments (n = 3). *P < .001. (C) Interaction of GGCX C-terminal
truncation mutations with BGP probed by DSS cross-linking, as described in panel A.
(D) BGP carboxylation by GGCX C-terminal truncation mutations in GGCX-deficient
HEK293 cells, as described in Figure 2B. Data are presented as the mean = SD of
3 independent experiments (n = 3). *P < .001.

and that vitamin K administration should ameliorate the functional
defect of coagulation factors. However, a significantly higher vi-
tamin K concentration is required to rescue the functional defects
of MGP and BGP.

The D534V mutation, together with the ¢.373 G>A (G125R) mu-
tation, was identified as a compound heterozygous mutation in a
patient with VKCFD, midfacial hypoplasia, and reduced bone
density.'? Our results show that the ¢.373 G>A mutation is a splice
site mutation that prematurely terminates GGCX translation at
residue G125 (supplemental Figure 3); this results in an inactive
GGCX* and makes D534V the causative mutation for the patient’s
clinical phenotypes. Clinical observations of multiple phenotypes in
the patient and that a high dose of vitamin K supplementation
rectified the patient's VKCFD but not the nonbleeding pheno-
types'? are consistent with results from our cell-based study.

It has been suggested that some nonbleeding symptoms, such
as skin and ocular phenotypes, may be associated with aging
rather than with a specific genotype.’” This could be because of
an accumulation of certain substances that only lead to symp-
toms once a critical threshold is reached. Therefore, caution is
advised when clarifying clinical observations using results from

540 & blood® 28 JANUARY 2021 | VOLUME 137, NUMBER 4

our cell-based studies. For example, compound heterozygous
mutations of R83W and Q374X were found in patients with
characteristic features of both PXE and VKCFD.*¢ As the Q374X
mutation abolished GGCX activity,*” R83W is the causative mu-
tation for the clinical phenotypes of the patient. Our cell-based
study shows that, compared with wild-type GGCX, the R83W
mutant decreased the carboxylation of coagulation factor and
MGP to ~30% and ~80%, respectively (Figure 2C). Additionally, it
increased the ECsq of vitamin K 20-fold for coagulation factor
carboxylation but only 4-fold for MGP carboxylation (Table 1).
These results suggest that the R83W mutation has a greater
impact on carboxylation of coagulation factors than MGP and that
MGP carboxylation should be rectified at vitamin K concentrations
where the coagulation factor function is corrected.

The patient carrying the R83W and Q374X mutations has a
lifelong history of easy bruising, epistaxis, spontaneous gingival
bleeding, and prolonged bleeding after dental extractions.¢?
The patient was initially presented with pubertal menorrhagia at
age 13 that required transfusion for anemia; however, no skin
manifestations were reported. A daily continuous administration
of 5 mg vitamin K ameliorated her bleeding diathesis. However,
PXE syndrome was diagnosed at age 27, and progressive facial
skin laxity resulted in a face lift procedure at age 39.3¢ Immu-
nohistochemistry of skin biopsy revealed the deposition of
uncarboxylated MGP. These clinical observations are inconsistent
with our cell-based study of the R83W mutation, which could be
because of the tissue abnormality that developed due to reasons
other than defects of VKD carboxylation, such as apoptosis, oxi-
dative stress, or aging."”

Other possible explanations for this discrepancy could be the
differences of intestinal absorption and cellular uptake of K
vitamins,*¢3 mutations in the vitamin K transporter proteins (such
as Niemann-Pick C1-Like 1),* the tissue distribution of different
forms of vitamin K, and the different characteristics of hepatic and
extrahepatic carboxylation of different VKD proteins. It has been
shown that phylloquinone (vitamin Kj) is the most abundant form
of vitamin K in the liver, whereas menaquinones (vitamin Ky) are
the main vitamin K in extrahepatic tissues.*¢* Phylloquinone is the
primary supplement in the treatment of VKCFD patients for im-
proving coagulation factor carboxylation. However, menaqui-
nones are believed to be important for VKD carboxylation in
extrahepatic tissues.®*¢> Therefore, caution should be taken when
interpreting the coexistence of multiple clinical phenotypes in 1
patient using results from our cell-based studies.

Additionally, several mutations in GGCX's coding regions near
the intron—exon conjunctions were reported as missense mu-
tations (supplemental Table 3). Results from this study show that
these mutations affect GGCX pre-mRNA splicing rather than
changing the specific residue as missense mutations (Figure 6).
Therefore, characterizations of the missense mutations of
G125R, G537A, and G537X should not be used for interpreting
clinical phenotypes.

In summary, we established cell-based assays to study the clinical
consequences of GGCX mutations associated with disorders in
blood coagulation, bone formation, and vascular calcification.
Systematic characterizations of naturally occurring GGCX muta-
tions with these assays can provide insights into treating patients
carrying these mutations. Future studies include the establishment
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of cell-based assays for other Gla proteins, such as GRP, Gas6, and
proline-rich Gla protein that are involved in GGCX associated
nonbleeding pathologies (ie, inflammation, cancer cell pro-
liferation, and neurologic disorders).
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