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Abstract

UbiA prenyltransferase domain-containing protein-1 (UBIADL1) is responsible for the biosynthesis
of menaquinone-4 (MK-4), a cofactor for extrahepatic carboxylation of vitamin K-dependent
(VKD) proteins. Genetic variations of UBIAD1 are mainly associated with Schnyder corneal
dystrophy (SCD), a disease characterized by abnormal accumulation of cholesterol in the cornea.
Results from /n vitro studies demonstrate that SCD-associated UBIAD1 mutations are defective
in MK-4 biosynthesis. However, SCD patients do not exhibit typical phenotypes associated with
defects of MK-4 or VKD carboxylation. Here, we coupled UBIAD1’s biosynthetic activity of
MK-4 with VKD carboxylation in HEK293 cells that stably express a chimeric VKD reporter
protein. The endogenous Ubiadl gene in these cells were knocked out by CRISPR-Cas9-mediated
genome editing. The effect of UBIAD1 mutations on MK-4 biosynthesis and VKD carboxylation
were evaluated in UbiadI-deficient reporter cells by determining the production of MK-4 or by
measuring the efficiency of reporter-protein carboxylation. Our results show that the hot-spot
mutation N102S has a moderate impact on MK-4 biosynthesis (retained ~82% activity) but

does not affect VKD carboxylation. However, the G186R mutation significantly affected both
MK-4 biosynthesis and VKD carboxylation. Other mutations exhibit varying degrees of effects
on MK-4 biosynthesis and VKD carboxylation. These results are consistent with /in vivo results
obtained from gene knock-in mice and SCD patients. Our findings suggest that UBIAD1’s

MK-4 biosynthetic activity does not directly correlate with the phenotypes of SCD patients. The
established cell-based assays in this study provide a powerful tool for the functional studies of
UBIADL1 in a cellular milieu.
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Introduction

Schnyder corneal dystrophy (SCD) is a rare autosomal dominant inherited disorder
characterized by an abnormal accumulation of cholesterol and phospholipids in the cornea
leading to progressive vision loss [1]. However, the SCD phenotype does not directly
correlate with the patient’s serum cholesterol or lipids levels [2-4]. Rather, it is a local
metabolic defect of cholesterol and lipids in the cornea [4, 5]. Genetic studies have shown
that SCD is associated with mutations in the gene encoding of UbiA prenyltransferase
domain-containing protein-1 (UBIAD1) that is mapped to human chromosome 1p34.1-p36
[5-7]. The UbiA superfamily of prenyltransferase catalyzes the transfer of hydrophobic
polyprenyl groups to a variety of aromatic acceptor molecules to generate ubiquinones [8],
menaquinones [9], vitamin E [10], and structural lipids [11]. To date, near thirty UBIAD1
mutations have been identified in SCD patients [12-16].

UBIAD1-mediated cornea cholesterol accumulation has been proposed to occur via
insufficient removal of cholesterol from the cornea [5]. Mutations of UBIAD1 altered its
interaction with apolipoprotein E, a protein that is involved in cholesterol metabolism [17-
19], resulting in decreased cholesterol removal from the cornea. An alternative explanation
for UBIAD1-associated SCD is the overproduction of cholesterol. Recent studies suggest
that SCD-associated UBIADZ1 mutations bind to HMG-CoA reductase (HMGCR), the rate-
limiting enzyme in cholesterol biosynthesis, which protects it from endoplasmic reticulum-
associated degradation (ERAD) [20-24]. Thus, the stabilization of HMGCR in the ER by
UBIAD1 mutations results in increased production of cholesterol in the cornea.

UBIADL is also the prenyltransferase responsible for the biosynthesis of menaguinones
(vitamin K3) [25]. K vitamins are a group of 2-methyl-1,4-naphthoquinone derivatives,
which include phylloguinone (vitamin Ky), menaquinones (vitamin K5), and menadione
(vitamin K3) [26, 27]. Menaguinones differ from phylloquinone in that the side chain at
the 3-position comprises a number of repeating isoprenyl units (referred to as MK-n) rather
than the semi-saturated phytyl chain. Vitamin K is a cofactor for the posttranslational
modification of vitamin K-dependent (VKD) proteins involved in blood coagulation,
vascular calcification, bone metabolism and other important physiological processes [28,
29]. It is generally accepted that vitamin K is responsible for the carboxylation of
coagulation factors in the liver, while vitamin Ky is essential for the extrahepatic
carboxylation of other VKD proteins, such as matrix Gla protein and osteocalcin. Defects of
VKD carboxylation have been associated with both bleeding and non-bleeding disorders.

Genetic studies show that homozygous knockout of the Ubjadl gene (UbiadZ™'") in mice
caused embryonic lethality, and the UbiadZ™'~ embryonic stem cells failed to synthesize
MK-4 [30]. Oral administration of MK-4 was unable to rescue the Ubiad™~ mouse
embryos; however, their embryonic lifespans were extended to term, suggesting that
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UBIADL1 plays a pivotal role in embryonic development by synthesizing vitamin K,. Using
an Ubiadl mutant zebrafish model, Hegarty et al. reported that UBIADL1 is required to
generate MK-4 for the maintenance of vascular endothelial cell survival and development
[31]. Cell-based studies show that UBIAD1 and MK-4 play an essential role in vascular
cell differentiation and calcification [32]. Results from in vitro studies demonstrate that all
naturally occurring SCD-associated UBIAD1 mutations are defective in MK-4 biosynthesis
[24, 33, 34]. Nevertheless, gene knockin mice expressing SCD-associated UBIAD1
mutations were born at expected Mendelian ratios and appear normal [21, 35]. Additionally,
results from the homozygous deletion of the UbjadZ gene in knockin mice expressing
ERAD-resistant HMGCR suggest that the embryonic lethality of Ubiadl deficiency results
from the interruption of the mevalonate pathway rather than from the reduced synthesis

of MK-4 [20]. These studies raise questions of how SCD-associated UBIAD1 mutations
affect MK-4 biosynthesis and VKD carboxylation, and whether they contribute to SCD
pathogenesis.

In this study, we coupled the biosynthesis of MK-4 by UBIAD1 with VKD carboxylation

in human embryonic kidney 293 (HEK293) cells to explore the effect of genetic variation
of UBIAD1 on MK-4 production and VKD carboxylation. First, we compared the efficiency
of K vitamins in supporting VKD carboxylation in HEK293 cells expressing a chimeric
coagulation factor as a reporter protein. We then knocked out the endogenous UBIAD1
gene in the reporter cells by CRISPR-Cas9-mediated genome editing and explored how
UBIAD1 mutations affect MK-4 supported VKD carboxylation. As an alternative approach,
we determined the production of MK-4 directly from UBIAD1-deficient cells that express
different UBIAD1 mutations using the conventional HPLC assay. Furthermore, by blocking
the mevalonate pathway with statins, we studied how UBIAD1 mutations affect MK-4
biosynthesis using geranylgeranyl diphosphate (GGPP). Our results suggest that UBIAD1
mutations differentially affect MK-4 biosynthesis and VKD carboxylation.

Vitamin K-dependent carboxylation supported by different forms of vitamin K

Vitamin K exists in three main forms (Figure 1A). Vitamin K;, presented in green leafy
vegetables, is the main dietary source of vitamin K. Vitamin K5 is found in fermented

food or produced by intestinal microbiota, while vitamin Kj is the synthetic form of the
vitamin. To evaluate the efficiency of K vitamins as cofactors for VKD carboxylation in

the native milieu, we determined the carboxylation efficiency of a chimeric reporter protein
FIXgla-PC in HEK293 cells [36] using different forms of vitamin K as the substrate. Our
results show that when menaquinone-4 (MK-4), the most common form of vitamin K, in
animal products, was used as vitamin Ky, all three forms of vitamin K can efficiently support
VKD carboxylation of the reporter protein (Figure 1B). Next, we compared the efficiency of
VKD carboxylation supported by menaquinones with different isoprenyl side chains. Results
in Figure 1C show that both MK-4 and MK-7 can efficiently support VKD carboxylation.
However, menaquinone, which harbors less than 4 isoprenyl units, has a lower capability for
reporter-protein carboxylation. In general, these results agreed with previous results obtained
from an /n vitro study, except that vitamin K3 was unable to support VKD carboxylation
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in the /in vitro assay [37]. We reasoned that the carboxylation activity of vitamin Kz in our
cell-based study results from the conversion of vitamin K3 to MK-4 by UBIAD1 [25].

Contribution of UBIADL1 to vitamin K-dependent carboxylation

To confirm the above hypothesis, and to assess the contribution of UBIAD1 to VKD
carboxylation, we coupled UBIAD1’s MK-4 biosynthetic activity with VKD carboxylation
in HEK?293 cells for reporter-protein carboxylation using vitamin Kz as the substrate (Figure
2A). We assumed that vitamin K3 would not be able to support VKD carboxylation when
UBIADL1 is knocked out in HEK293 cells. To test this hypothesis, we deployed CRISPR-
Cas9-mediated genome editing to knockout the Ubiadl gene in FIXgla-PC/HEK293 reporter
cells. We first tested the genome-editing efficacy of the 6 optimized gRNAS sequences

from the GeCKO library [38] (Figure 2B). The plasmid carrying Cas9 and gRNA was
transiently expressed in FIXgla-PC/HEK?293 cells, and the UBIAD1 knockout was evaluated
by measuring the carboxylation of FI1Xgla-PC using vitamin K3 as the substrate. Results

in Figure 2C show that compared with the non-targeting gRNA (control), these UBIAD1
specific gRNAs knocked down 50% - 95% activity. The most efficient gRNA (gRNA-3)

was selected for establishing the UBIAD1-knockout stable cell line. The selected positive
UBIAD1-knockout cell colony expressed an undetectable UBIAD1 protein (Figure 2D) and
was unable to carboxylate the reporter-protein when incubated with vitamin K3 (Figure

2E). Exogenous expression of UBIAD1 in UBIAD1-knockout cells restored carboxylation
activity (Figure 2E), suggesting that UBIADL1 is required for vitamin Kz-supported
carboxylation. Compared with the endogenous UBIAD1, exogenously expressed UBIAD1
displayed a similar efficiency for supporting VKD carboxylation (Figure 1B and Figure 5B
as shown below). Together, these results suggest that the coupled VKD carboxylation system
in the UBIAD1-knockout cells was intact; only the function of UBIAD1 was specifically
ablated.

Functional study of UBIAD1 using VKD carboxylation reporter assay

It has been shown that both vitamin K; and Ky, but not K3, can directly function as cofactors
for VKD carboxylation [37], and that vitamin K3 can be converted to MK-4 by UBIAD1
[25]. To explore the possibility of using vitamin Ks-supported carboxylation in HEK293
cells as a readout for the functional study of UBIAD1, we incubated UBIAD1-deficient
reporter cells with increasing concentrations of different forms of vitamin K, and determined
the reporter-protein carboxylation. Consistent with our previous observation [39], results in
Figure 3A show that both vitamin K4 and MK-4 can efficiently support VKD carboxylation
in the absence of UBIADL. However, vitamin Ks fails to carboxylate the reporter protein

in UBIAD1-knockout cells. These results support the notion that vitamin K, and MK-4

can directly function as cofactors for VKD carboxylation, while vitamin K3 needs to be
converted to MK-4 by UBIADL1 in order to be active.

To further clarify the effect of the side chain of menaquinones on VKD carboxylation,

we compared the carboxylation efficiency of different menaquinones in UBIAD1-deficient
cells, as was done in the intact HEK293 cells (Figure 1C). Our result showed that the
carboxylation efficiency of menaquinones increases with an increase of side chain isoprenyl
units at the 3-position (Figure 3B). It is worth noting, that in contrast to the result shown
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in Figure 1C, MK-1 was unable to support VKD carboxylation in UBIAD1-deficient
cells, even at higher concentrations, suggesting that the carboxylation activity of MK-1
in Figure 1C results from the conversion of MK-1 to MK-4 [40] in the intact HEK293
cells. Additionally, MK-7 appears to display improved efficiency for supporting VKD
carboxylation than vitamin K; (ECsg 2.3 nM vs 7.6 nM) (Figure 3C).

When UBIAD1 synthesizes MK-4 from vitamin K, it uses GGPP as the source for the
geranylgeranyl side chain at the 3-position [25] (Figure 2A). Since GGPP is a product of
the mevalonate pathway, inhibitors of the mevalonate pathway are supposed to affect the
production of MK-4 [34, 41]. Results in Figure 4A show that simvastatin and atorvastatin
(mevalonate pathway inhibitors) have a dose-response inhibition of VKD carboxylation
when vitamin Ks is used as the substrate. This dose-response inhibition of the mevalonate
pathway is similar to warfarin, an oral anticoagulant that inhibits the redox cycling of
vitamin K. The inhibition appears to be specific to the conversion of vitamin K3 to MK-4, as
these inhibitors do not affect vitamin K4-supported carboxylation (Figure 4B). Additionally,
when the mevalonate pathway is blocked by simvastatin or atorvastatin, UBIAD1 can
employ the exogenously added GGPP in the cell culture medium to synthesize MK-4 and
thus support VKD carboxylation (Figure 4C). Furthermore, UBIAD1 can use GPP, FPP, or
GGPP as the side chain source to synthesize MK-2, MK-3 or MK-4, respectively, and in
turn support VKD carboxylation (Figure 4D), which agrees with results from previous /n
vitro studies [34, 37]. We assumed that the activity difference between GPP, FPP, and GGPP
results from the capability of different menaquinone-supported VKD carboxylation (Figure
3) mechanisms rather than the capability of UBIAD1 using different isoprenyl side chains
for synthesizing menaquinones. Together, these results suggested that our cell-based VKD
carboxylation reporter system would be a useful tool for assessing the biological functions
of UBIADL.

Effect of UBIAD1 mutations on MK-4 biosynthesis and VKD carboxylation

In vitro studies show that SCD-associated UBIAD1 mutations dramatically affect MK-4
biosynthesis [24, 33, 34]. However, no obvious phenotypes of MK-4 deficiency have

been associated with SCD patients. To explore the effect of UBIAD1 mutations on

MK-4 biosynthesis and VKD carboxylation, we selected naturally-occurring mutations
and alanine-scanning mutations in the three conserved domains in UBIAD1 as used in
previous studies [33, 34, 42]. We transiently expressed the selected mutants in the UBIAD1-
deficient reporter cells and determined their efficiency for supporting reporter-protein
carboxylation using vitamin K as the substrate. Our results showed that, at a fixed vitamin
K concentration, most UBIAD1 mutations have a comparable activity to the wild-type
enzyme (Figure 5A). However, the R54A, L67Q, G186R, D236A, and D240A mutants
decreased UBIAD1 activity to 30% - 85%. Interestingly, several UBIAD1 mutants even
displayed a higher activity than the wild-type enzyme.

To better understand how UBIAD1 mutations might affect MK-4 biosynthesis and VKD
carboxylation, we determined the half-maximal stimulation concentration (ECsgq or apparent
Km) of vitamin K3 for the selected UBIAD1 mutations. Results in Figure 5B show

that except for R54A, L67Q, G186R, D236A, and D240A, most mutant proteins can
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reach equivalent wild-type UBIADL activity at higher vitamin K3 concentrations, which

is consistent with the results seen in Figure 5A. However, the ECsq of vitamin K3 varies
significantly among these mutations (Figure 5C and Table 1). For example, compared
with the wild-type enzyme, the D236E mutant is fully active at a saturated vitamin K
concentration. However, the ECgq value of vitamin Kg for D236E increased 6-fold (3.7
nM vs. 22.6 nM, Table 1). While the G186R mutant retained ~57% activity, the ECsg
value of vitamin K3 increased 60-fold (3.7 nM vs. 221 nM), suggesting that this mutation
significantly decreased the affinity of vitamin K3 with respect to the enzyme. Additionally,
our results showed that mutating residue G177 to either a positively charged residue
(G177R) or a negatively charged residue (G177E) does not affect the enzymatic activity
or the ECsq value of vitamin Kg, suggesting that this residue may not be involved in MK-4
biosynthesis.

It has been reported that UBIAD1 mutants are stabilized and intracellularly accumulated,
which protects the ERAD of HMGCR [33]. To explore how this might affect MK-4
biosynthesis and VKD carboxylation, we transiently expressed the selected UBIAD1
mutations in our reporter cell line and examined the protein levels of UBIAD1 and HMGCR
by western blot analysis. Results in Figure 5D show that, compared with the wild-type
enzyme, most UBIAD1 mutations were dramatically stabilized and inhibited ERAD of
HMGCR. However, this intracellular accumulation of UBIAD1 mutants appears not to be
directly correlated with their VKD carboxylation activities or the ECsgq of vitamin K. For
example, the G177R mutant has a significantly higher protein level than that of G177E.
However, these two mutants exhibit a comparable VKD carboxylation activity and ECs
value to vitamin Kz (Figure 5 and Table 1). On the other hand, the D236A and D236E
mutants have similar intracellular protein accumulations. However, the D236E mutant is
fully active, while D236A only displays 32% activity. Additionally, the ECs value of
vitamin K3 for the D236E mutant is 4-fold lower than that of D236A (Table 1).

Next, we directly determined the production of MK-4 by the UBIAD1 mutants in UBIAD1-
deficient cells using the conventional HPLC assay [39] (Figure 6A and 6B). Our results
showed that, compared with their effect on VKD carboxylation (Figure 5A), several
UBIAD1 mutations exhibited a dramatic effect on MK-4 biosynthesis (Figure 6C). For
example, the K181A, D236E, and D240N mutants had no effect on VKD carboxylation
activity at a saturated vitamin K concentration; however, they decreased MK-4 biosynthesis
activity by 40-80%. This suggests that the residual MK-4 biosynthetic activities of these
UBIAD1 mutants are sufficient to support VKD carboxylation. Nevertheless, the MK-4
biosynthesis activity of these mutants seem not to have a direct correlation to their
intracellular protein accumulation (Figure 5D).

Effect of UBIAD1 mutations on GGPP binding

It has been proposed that residues N102, D112, K181, D236, and D240 mediate the binding
of Mg?*/isoprenyl phosphate groups to UBIAD1 for MK-4 synthesis, and that residue G186
is located in close proximity to the proposed active site [11, 33, 34, 43]. To explore whether
our cell-based assays could be used for quantitative evaluation of the binding of GGPP to
UBIAD1, we determined the ECsq value of GGPP for the selected UBIAD1 mutations.
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We transiently expressed these UBIAD1 mutations in UBIAD1-deficient reporter cells and
inactivated the cell’s mevalonate pathway by simvastatin. Results in Figure 7 show that
compared with the wild-type enzyme, most UBIAD1 mutations have a minor effect on the
ECsq values of GGPP. However, the ECsq values of GGPP for K181A and G186R mutants
increased 5-fold. Taken together with results seen in Figure 5, this demonstrated that the
K181A mutation significantly affects GGPP binding, but has a minor effect on vitamin K3
binding. Whereas, the G186R mutant dramatically decreased the binding of both GGPP and
vitamin K3 to UBIADL. These results are consistent with the previous observations that
K181 is involved in the isoprenyl phosphate group binding, and that G186 is located near the
proposed active site.

Discussion

UBIAD1 is a prenyltransferase that is responsible for the biosynthesis of vitamin K,
[25], the cofactor for extrahepatic carboxylation of VKD proteins. Defects of vitamin K,
have been linked to osteoporosis and cardiovascular diseases [44-46]. However, genetic
variations of UBIAD1 are mainly associated with SCD, a disease characterized by the
abnormal accumulation of cholesterol in the cornea. Additionally, SCD patients do not
exhibit typical phenotypes of vitamin K deficiency [14, 24]. Therefore, the connection
between the biological function of UBIAD1 and the clinical consequences of UBIAD1
mutations remains elusive. The purpose of this study was to clarify the effect of UBIAD1
mutations on MK-4 biosynthesis and VKD carboxylation in a cellular milieu.

We utilized HEK?293 cells that not only expressed a chimeric VKD reporter-protein, but
also had the endogenous Ubradl gene knockout, to study the function of UBIAD1. As the
main function of UBIADL is to synthesize vitamin K, first, we compared the efficiency
of different forms of vitamin K for supporting VKD carboxylation. Our results showed
that vitamin Ky, especially MK-4 and MK-7, has a comparable capability as vitamin Ky in
supporting VKD carboxylation (Figure 3). Therefore, we surmised that the preference and
efficacy of vitamin Ky and K for hepatic and extrahepatic carboxylation was mainly due
to their bioavailability in different tissues [47]. It is also possible that vitamin K; and K,
have different efficiencies in the carboxylation of structurally distinct VKD proteins [48] in
the liver and extrahepatic tissues. Nevertheless, our results showed that the carboxylation
efficiency of MK-7 is about 3-fold higher than that of MK-4. Despite the longer half-life
of MK-7 in serum [49], results from our cell-based study are consistent with previous
observations from healthy adults showing that MK-7 has a better efficacy than MK-4 for
extrahepatic carboxylation of osteocalcin [50-52].

Next, we sought to evaluate how UBIAD1 mutations might affect MK-4 biosynthesis and
VKD carboxylation. Results of this study indicate that most SCD-associated UBIAD1
mutations have a negligible effect on both MK-4 biosynthesis and VKD carboxylation
(Figure 6 and Figure 5). For the hot-spot mutations at positions N102 and G177, only
N102S had a moderate effect on MK-4 biosynthesis (retained 82% activity). These results
are consistent with clinical observations that typical signs of vitamin K deficiency in SCD
patients is not observed. It is also in line with results obtained from the homozygous Ubiadl
N100S (corresponding to N102S in human) knock-in mice showing that the production
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of MK-4 reduced by 50% compared with the wild-type animal [21]. As vitamin K can

be efficiently recycled via the vitamin K cycle enzymes for VKD carboxylation [53], the
moderate effect of the N102S mutation on MK-4 production appeared not to affect the
final production of functional VKD proteins (Figure 5A). This is true for other UBIAD1
mutations, such as K181A, D236E, and D240N. This observation is in line with a recent
clinical study highlighting that the VKD carboxylation of matrix Gla protein (extrahepatic
carboxylation supported by MK-4) is normal in the cornea of SCD patients bearing the
N102S mutation [54].

It is worth noting that our results reveal that mutations L67Q and G186R dramatically
decreased VKD carboxylation (Figure 5) and MK-4 production (Figure 6), suggesting
possible consequences for individuals bearing these two mutations. The L65Q mutation
(equivalent to L67Q in humans) was identified in zebrafish that displayed cranial vascular
hemorrhages [31]. Treatment of the mutant zebrafish with MK-4 rescued 58% of the
vascular phenotype, whereas vitamin Ky treatment rescued only 6%, suggesting a pivotal
role of MK-4 produced by UBIAD1 in zebrafish. The G186R mutation is a missense
mutation found in an early-onset SCD family [55]. It has been reported, that in contrast to
the homozygous UbiadZ N100S knock-in mice, the homozygous Ubiadl G184R (equivalent
to G186R in humans) knock-in mice are embryonic lethal [22]. The authors concluded
that the G184R mutation affects MK-4 synthesis more profoundly than that of N100S.
This observation agrees with our results that G186R mutant dramatically affects both
MK-4 production and VKD carboxylation compared with the N102S mutation (Table 1).
Overall, results from our cell-based study agree with results from /7 vivo studies, and

it is reasonable to assume that patients bearing the G186R mutation could have clinical
phenotypes associated with the defects of MK-4.

Statins are the most common cholesterol-lowering medications to reduce the risk of
cardiovascular diseases [56, 57]. They function by blocking the production of mevalonate,
an essential intermediate in the synthesis of GGPP utilized in MK-4 production. Consistent
with the previous study [34], our results showed that statins have a dose-response inhibition
of VKD carboxylation (Figure 4A). Nevertheless, the inhibition potency of statins is

about 30-fold lower than that of warfarin. As statins mainly target the biosynthesis of
MK-4, it is reasonable that no bleeding disorders (defects of vitamin K4 associated with
carboxylation of coagulation factors) have been reported in statin therapy [56, 58]. However,
this result raises a concern of whether statin therapy could have side effects associated

with MK-4 deficiency. It has been reported that MK-4 production was reduced by ~45%

in the kidneys of atorvastatin-treated mice [59]. A clinical study showed that frequent

statin users exhibit accelerated vascular calcification compared with less frequent users
[60]. This statin-associated vascular calcification has been confirmed and associated with
MK-4 deficiency only very recently [41]. The authors demonstrated that uncarboxylated
osteocalcin (extrahepatic carboxylation supported by MK-4) was significantly elevated in
statin users and positively correlated with coronary artery calcification in the group of statin
users, but not in statin non-users. These results taken together suggest that statin therapy
could result in MK-4 deficiency, and it could be beneficial to supplement treatment with
MK-4 during the therapy.
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The effect of SCD-associated UBIAD1 mutations on MK-4 biosynthesis has been
extensively investigated [24, 33, 34]. Results from these studies suggest that all SCD-
associated UBIAD1 mutations dramatically reduced MK-4 synthetic activity. These results
differ from results obtained in our current study. Our explanation for this discrepancy is
that previous studies normalized UBIAD1’s MK-4 biosynthetic activity by protein levels.
As UBIADL1 is a multi-organelle localized protein and most UBIAD1 mutant proteins
accumulated inside the cells [24, 33, 34], without knowing the linear response range of
UBIAD1’s MK-4 biosynthetic activity to the protein levels, normalization of UBIAD1
activity by protein levels could artificially affect MK-4 biosynthetic activity. In this study,
we determined the overall impact of UBIAD1 mutations on MK-4 production and VKD
carboxylation without normalization by UBIADL1 protein levels. Our results are consistent
with results obtained from /n vivo studies, as discussed above. It also agrees with the

in vitro data from previous studies prior to the data being normalized. Normalization of
VKD carboxylation activity (Figure 5A) and MK-synthetic activity (Figure 6C) with protein
levels (Figure 5D) significantly changed the overall impact patterns of these mutations
(Supplementary Figure 1), as previously reported. Nevertheless, these results suggest

that the effect of SCD-associated UBIAD1 mutations on MK-4 biosynthesis and VKD
carboxylation does not directly correlate with the clinical phenotype of the visual loss in
SCD patients.

A potential limitation of this study is that MK-4 biosynthesis and VKD carboxylation was
measured using a coagulation factor as the reporter protein in HEK293 cells. Studies have
shown that MK-4 is synthesized locally in different tissues by UBIAD1 using the precursor
menadione, which is converted from dietary K vitamins during intestinal absorption and
circulated to targeted tissues [25-27, 61, 62]. Additionally, extrahepatic VKD proteins

are carboxylated locally in different tissues [63], which differ in vitamin K uptake and
utilization [64, 65]. These tissues also have different abundances of vitamin K recycling
enzymes [66]. Therefore, further studies are needed on the effect of UBIAD1 mutations
on MK-4 biosynthesis and the VKD carboxylation of structure distinct extrahepatic VKD
proteins in different cell types. The impact of UBIAD1 mutations on MK-4 biosynthesis
in different cell types could have clinical consequences related to the extrahepatic
carboxylation of VKD proteins, such as abnormalities in skeletal muscle and bone as
observed in UBIAD1 knockout mice [20], which could be due to the uncarboxylation

of osteocalcin or matrix Gla protein. The availability of clinical phenotypes associated
with defects of MK-4-dependent extrahepatic carboxylation in SCD patients would be
beneficial for clarifying the molecular mechanism of UBIAD1 mutations and their clinical
consequences.

Materials and Methods

Reagents and cell lines —

Warfarin, vitamin K1, menadione, menaquinone-4 (MK-4), MK-7, MK-4 epoxide,

geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate
(GGPP), polyethoxylated castor oil (Cremophor EL) and simvastatin were obtained from
Sigma-Aldrich (St. Louis, MO). MK-1, MK-2, MK-3, and cyclooctatetraene (COT) derived
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vitamin K were synthesized based on previously described methods [39, 67, 68]. Stock
solutions of K vitamins were prepared by using polyethoxylated castor oil. Atorvastatin
was obtained from MedChemExpress LLC (Monmouth Junction, NJ). Xfect transfection
reagent was obtained from Clontech Laboratories, Inc. (Mountain View, CA). Mouse
anti-carboxylated factor 1X gla domain (FIXgla) monoclonal antibody was acquired from
Green Mountain Antibodies (Burlington, VT). The anti-HMGCR monoclonal antibody and
anti-UBIAD1 polyclonal antibody were sourced from ThermoFisher Scientific (Waltham,
MA), and the anti-GAPDH mouse monoclonal antibody from Proteintech Group, Inc.
(Rosemont, IL). Horseradish peroxidase-conjugated sheep anti-human protein C (PC) was
obtained from Affinity Biologicals, Inc. (Ancaster, ON, Canada). The ABTS (2,2’-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) peroxidase substrate kit for the
enzyme-linked immunosorbent assay (ELISA) was purchased from KPL Inc. (Gaithersburg,
MD).

Human embryonic kidney 293 (HEK293) cells were acquired from ATCC (Manassas,
VA). HEK293 cells stably expressing the reporter-protein FIXgla-PC (protein C with its
Gla domain exchanged with that of factor 1X) (FIXgla-PC/HEK?293) were obtained, as
previously described [36]. FIXgla-PC/HEK?293 cells with their endogenous Ubiadl gene
knocked out were obtained by CRISPR-Cas9-mediated genome editing [38, 69]. HEK293
cells were cultured in DMEM/F12 medium (Gibco, Grand Island, NY) supplemented with
10% fetal bovine serum (Avantor, Radnor, PA).

DNA Manipulations and plasmids construction —

The cDNA encoding Ubiad1 was cloned into the mammalian expression vector pCl-neo

(Promega, Madison, WI). The resulting vector pCl-neo-UBIAD1 was used as a template
for the site-directed mutagenesis of UBIAD1 mutations. Naturally occurring and alanine
scanning mutations of UBIAD1 were created by QuickChange site-directed mutagenesis.
The nucleotide sequences of all the constructs were verified by DNA sequencing at Eton
Bioscience Inc. (Research Triangle Park, NC).

VKD carboxylation as supported by different forms of vitamin K —

To determine the efficiency of VKD carboxylation supported by different forms of vitamin
K, we cultured FIXgla-PC/HEK?293 cells with a fixed concentration or with increasing
concentrations of K vitamins for 24 hours. To explore the contribution of UBIAD1 to VKD
carboxylation, we used FIXgla-PC/HEK?293 cells with their Ubiad gene knocked out. The
efficiency of FIXgla-PC carboxylation was determined by ELISA, as previously described
[36]. When the serial dilution of K vitamins was used in the assay, we plotted the data
using GraphPad software and determined the half-maximal stimulation concentration (ECgg
or apparent Km).

Cell-based functional study of UBIAD1 and its mutants —

Functional analysis of UBIAD1 and its mutants were performed in FIXgla-PC/HEK293
cells with their endogenous Ubiad gene knocked out. This assay is based on the ability
of the exogenously expressed UBIAD1 or its mutants to convert vitamin K3 to MK-4
in HEK293 cells to support the carboxylation of FIXgla-PC. Briefly, plasmid DNA of
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pCl-neo containing the cDNA of wild-type or mutant UBIAD1 was transiently expressed
in the UbiadI-deficient FIXgla-PC/HEK?293 cells using the Xfect transfection reagent. At
five hours post-transfection, the transfection medium was replaced by a complete culture
medium containing 1 uM vitamin K3 or increasing concentrations of K vitamins as
described in Figure legends. After incubation for 24 hours, the cell culture medium was
collected and directly used for ELISA to determine the level of carboxylated FIXgla-PC,
as previously described [36]. UBIAD1 activity was expressed as normalized carboxylated
FIXgla-PC. Wild-type UBIADLI activity was normalized to 100%. The ECgq values of
vitamin K3 were determined when the serial dilution of vitamin K3 was used in the assay.

UBIADL1 activity assay using geranyl pyrophosphate as the substrate —

To determine the activity of UBIADL1 using different geranyl pyrophosphates as the
substrate, we first incubated FIXgla-PC/HEK?293 reporter cells with 10 uM atorvastatin
or simvastatin to inhibit the production of the endogenous geranyl pyrophosphate. After
incubation for 12 hours, we added a fixed concentration or increasing concentrations of
isoprenyl side chain substrates to the cell culture medium. To determine the effect of
UBIAD1 mutations on GGPP binding, we transiently expressed wild-type UBIAD1 or
its mutants in UBIAD1-deficient FIXgla-PC/HEK293 cells. After 24 hours, we incubated
the transfected cells with a medium containing 10 uM atorvastatin for 3 hours. We then
incubated the cells with a medium containing 1 M vitamin Ks, 10 uM atorvastatin,
and increasing concentrations of GGPP. The carboxylation efficiency of FIXgla-PC was
determined by ELISA after 24 hours incubation.

MK-4 production determined directly from HEK293 cells using the conventional HPLC
assay —

To determine the effect of UBIAD1 mutations on MK-4 production, we transiently
expressed wild-type UBIADL or its mutants in UBIAD1-deficient FIXgla-PC/HEK?293 cells.
Transfected cells were incubated with 1 uM COT-vitamin K for 24 hours. Cells were washed
by PBS before harvest, and K vitamins were extracted from the cell pellet. The production
of MK-4 and MK-4 epoxide were determined using the conventional HPLC assay, as
previously described [39]. In this assay, we used COT-vitamin K instead of vitamin K3 as the
substrate, because COT-vitamin K is more efficient and has less cytotoxicity than vitamin
K3, as observed previously [39].

Detection of UBIAD1 and its mutant proteins by immunoblotting —

Wild-type UBIADL1 or its mutant proteins were transiently expressed in UBIAD1-deficient
HEK?293 cells. Forty-eight hours post-transfection, cells were harvested and lysed in RIPA
lysis buffer with 1X Roche cOmplete™ protease inhibitor cocktail. Proteins in the cell lysate
were separated by SDS-PAGE and transferred onto the PVDF membrane. After blocking
the membrane with 5% non-fat milk for 1 hour, protein bands were detected by the primary
antibodies (anti-UBIAD1, anti-HMGCR, or anti-GAPDH) and the corresponding secondary
antibodies conjugated with HRP. The protein bands were then visualized using Amersham
ECL western blotting detection Kit.
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Figure 1. Vitamin K-dependent carboxylation in HEK293 cells supported by different forms of
vitamin K

(A) Core structures of K vitamins. K1, vitamin K; (phylloquinone); K», vitamin K,
(menaquinones); Kz, vitamin K3 (menadione). (B) VKD carboxylation in FIXgla-PC/
HEK293 reporter cells supported by K1, menaquinone-4 (MK-4), and K3. FI1Xgla-PC/
HEK?293 reporter cells were incubated with a cell culture medium containing increasing
concentrations (0.015 nM to 1000 nM) of K vitamins for 24 hours. Carboxylation activity
was evaluated by determining the carboxylated reporter-protein FIXgla-PC using ELISA.
(C) VKD carboxylation supported by menaquinones in FIXgla-PC/HEK293 reporter
cells. FIXgla-PC/HEK?293 reporter cells were cultured with increasing concentrations of
menaquinones with 1 (MK-1), 2 (MK-2), 3 (MK-3), 4 (MK-4), or 7 (MK-7) isoprene
units as the side chain at the 3-position. Reporter-protein FIXgla-PC carboxylation was
determined as described in the legend of Figure 1B.
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Figure 2. Characterization of CRISPR-Cas9-mediated UBIAD1 knockout in HEK293 reporter
cells

(A) Schematic diagram of coupling the conversion of vitamin K3 to MK-4 by UBIAD1

and VKD carboxylation of FIXgla-PC. Statin, the mevalonate pathway inhibitor, blocks the
availability of GGPP and therefore inhibits MK-4 production. Warfarin, the most commonly
prescribed oral anticoagulant, blocks vitamin K redox cycling and therefore inhibits VKD
carboxylation. (B) The gRNA sequences targeting Ubiad and the corresponding targeting
regions for CRISPR-Cas9-mediated UBIAD1 knockout. (C) The efficiency of UBIAD1
knockout by different gRNAs in HEK293 reporter cells. Cas9 and individual gRNA

were transiently co-transfected into FIXgla-PC/HEK293 reporter cells. Transfected cells
were incubated with a cell culture medium containing 1 uM vitamin Kz for 48 hours.
Reporter protein carboxylation was determined as described in the legend of Figure 1B. The
carboxylation activity of the control (non-targeting) gRNA was normalized to 100%. Data
are presented as mean + SD of three independent experiments (n=3). (D) Immunoblotting
analysis of wild-type HEK293 cells and HEK293 cells with UBIAD1 knocked out. The
whole-cell lysate was loaded to SDS-PAGE for immunoblotting assay. GAPDH was used

as the loading control. The endogenous UBIAD1 band is indicated by an arrowhead. (E)
VKD carboxylation activity of UBIAD1 knockout cells (control) and the cells transiently
expressing exogenous UBIADL. The carboxylation activity of cells transiently expressing
exogenous UBIAD1 was normalized to 100%. Data are presented as mean + SD of three
independent experiments (n=3).
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Figure 3. Vitamin K-dependent carboxylation in UBIAD1-deficient HEK293 reporter cells
supported by different forms of vitamin K

(A and B) VKD carboxylation in UBIAD1-deficient FIXgla-PC/HEK?293 reporter cells
using (A) vitamin K1, MK-4, and vitamin K3 or (B) menaquinones as the substrates.
Reporter cells were incubated with a cell culture medium containing increasing
concentrations of K vitamins. Reporter-protein carboxylation was determined as described

in the legend of Figure 1B. (C) The half-maximal stimulation concentration (ECsg) of K
vitamins as determined from Figure 3A and 3B using GraphPad software. Data are presented
as mean + SD.
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Figure 4. Effect of mevalonate pathway inhibitors on VKD carboxylation
(A and B) Inhibition of VKD carboxylation by simvastatin (Sim), atorvastatin (Ato), or

warfarin (Warf) in FIXgla-PC/HEK293 reporter cells when vitamin K3 (A) or vitamin Ky
(B) were used as the substrate. Warfarin was used as a control for the inhibition of VKD
carboxylation. Reporter cells were incubated with a cell culture medium containing 1 uM
vitamin K3 (A) or 5 uM vitamin K; (B) and increasing concentrations of the inhibitors

for 24 hours. (C) The dose-dependent response of GGPP to VKD carboxylation when the
endogenous GGPP production is blocked by simvastatin (Sim) or atorvastatin (Ato). FIXgla-
PC/HEK?293 reporter cells were incubated with cell culture medium containing increasing
concentrations of GGPP and 10 uM atorvastatin (Ato) or simvastatin (Sim). (D) Conversion
of vitamin K3 to MK-2, MK-3, and MK-4 by UBIAD1 using GPP, FPP, and GGPP as

the side chain substrates, respectively. FIXgla-PC/HEK293 cells were incubated with cell
culture medium containing 1 uM vitamin Kz, 10 uM atorvastatin or simvastatin, and 20

UM GPP, FPP, or GGPP. Reporter-protein carboxylation was determined as described in the
legend of Figure 1B. Carboxylation activity of GGPP was normalized to 100%. Data are
presented as mean + SD of three independent experiments (n=3).
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Figure 5. Effect of UBIAD1 mutations on VKD carboxylation
(A and B) UBIADL or its variants was transiently expressed in UBIAD1-deficient FIXgla-

PC/HEK?293 reporter cells. Transfected cells were incubated with a cell culture medium
containing 1 uM vitamin K3 (A) or increasing concentrations of vitamin Kz (B) for 24 hours.
Wild-type UBIADLI activity was normalized to 100%. Data are presented as mean + SD

of three independent experiments (n=3). * T-test, P<0.001, compared with the wild-type
UBIAD1 (WT). (C) The ECsq values of vitamin K3 for UBIADL variants were determined
using GraphPad software. Data are presented as mean + SD. * T-test, P<0.01, compared with
the wild-type UBIADL. (D) Protein expression levels of UBIADL1 variants and HMGCR
were determined by western blot analysis. GAPDH was used as the loading control.
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Figure 6. Effect of UBIAD1 mutations on MK-4 biosynthesis
(A and B) UBIADL or its variants was transiently expressed in UBIAD1-deficient FIXgla-

PC/HEK?293 reporter cells. Transfected cells were incubated with a cell culture medium
containing 1 uM COT-vitamin K for 24 hours. K vitamins were extracted from the treated
cells for the conventional HPLC assay. Pure MK-4 and MK-4 epoxide were used as
standards to define the retention time of these compounds in the HPLC chromatogram. (C)
MK-4 biosynthetic activity of UBIAD1 and its variants were determined from peak areas of
MK-4 and MK-4 epoxide in Figure 6A and 6B. Wild-type UBIAD1 activity was normalized
to 100%. Data are presented as mean + SD of three independent experiments (n=3). * T-test,
P<0.01, compared with the wild-type UBIAD1 (WT).
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Figure 7. Effect of UBIAD1 mutations on GGPP recognition
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(A) UBIADL1 or the selected UBIAD1 mutants was transiently expressed in UBIAD1-
deficient FIXgla-PC/HEK293 reporter cells. Transfected cells were incubated with a

cell culture medium containing 10 uM atorvastatin, 1 UM vitamin K3, and increasing
concentrations of GGPP for 24 hours. Reporter protein carboxylation was determined as
described in the legend of Figure 1B. The ECsgq values of GGPP for UBIAD1 variants were
determined from Figure 7A using GraphPad software (B). Data are presented as mean + SD.

* T-test, P<0.01, compared with the wild-type UBIAD1 (WT).
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Table 1
Effect of UBIAD1 mutations on VKD carboxylation and MK-4 biosynthesis

Vitamin K-dependent carboxylation

MK-4 synthesis, % SCD-associate mutation [24]
Activity £ SD, %  ECsp = SD, nM

WT 100+ 2.4 3.7+04 100 -
R54A 79.8+2.6 84+116 473+5 -
L67Q 40.7%2 3.8+0.8 27.9+23 -
N102S 98.2+3 39%0.3 822+ 17 Yes
D112G 104.8+3 51+0.8 925+3.3 Yes
D112N 109.6 +5.2 6.4+0.6 110.3+10.8 Yes
C147S 100.5+3.7 3.7+0.6 106.1 +11.2 -
G177E 117.1+45 3.7+05 123.3+10.9 Yes
G177R 119.8+1.2 3.0+0.3 1259+12.9 Yes
K181A 101.7+3 11.9+04 62.3+4.8 -
G186R 57.1+11 221.1+154 82+6.1 Yes
D236A 325+0.9 90+17.6 33%19 -
D236E 107.1+49 226+22 26.6 £5.4 Yes
D240A 85.6+1.4 64 +10.5 26+23 -
D240N 107.8+25 11.2+15 269+8.1 Yes

Note: The activity of vitamin K-dependent carboxylation was obtained at 1 pM vitamin K3. The EC5( value was obtained using vitamin K3
concentrations from 0.015nM to 1000 nM. MK-4 synthetic activity was determined using 1 pM COT-vitamin K.
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