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Key Points

•Most substitutions of
R338 increase the
specific activity of hu-
man or canine FIX and
the Padua substitution
is one of the most
active.

• These data suggest an
evolutionary pressure
to limit, rather than
maximize, factor IX
activity.

The high-specific-activity factor IX (FIX) variant Padua (R338L) is the most promising

transgene for hemophilia B (HB) gene therapy. Although R338 is strongly conserved in

mammalian evolution, amino acid substitutions at this position are underrepresented in HB

databases. We therefore undertook a complete 20 amino acid scan and determined the

specific activity of human (h) and canine (c) FIX variants with every amino acid substituted

at position 338. Notably, we observe that hFIX-R338L is the most active variant and cFIX-

R338L is sevenfold higher than wild-type (WT) cFIX. This is consistent with the previous

identification of hFIX-R338L as a cause of a rare X-linked thrombophilia risk factor.

Moreover, WT hFIX and cFIX are some of the least active variants. We confirmed the

increased specific activity relative to FIX-WT in vivo of a new variant, cFIX-R338I, after gene

therapy in an HB dog. Last, we screened 232 pediatric subjects with thromboembolic disease

without identifying F9 R338 variants. Together these observations suggest a surprising

evolutionary pressure to limit FIX activity with WT FIX rather than maximize FIX activity.

Introduction

The hyperactive factor IX (FIX) variant R338L (FIX Padua) has emerged as an attractive transgene for
hemophilia B (HB) gene therapy.1 We initially identified this variant as the cause of a rare X-linked
thrombophilia, which was associated with an eightfold increase in FIX specific activity compared with
wild type (WT).2 The high specific activity of FIX-R338L has successfully been used to enhance the
potency of gene therapy vectors for mice, dogs, and humans, which has helped address vector-
dose–dependent safety limitations.1,3,4

Before our identification of FIX-R338L, 2 earlier studies investigated amino acid substitutions at the
R338 position in FIX. In an analysis of HB-causing mutations focusing on CpG dinucleotides that are hot
spots for base pair changes, Bottema et al5 recognized that R338 was unique within FIX as an
evolutionary conserved amino acid where the predicted most likely missense variant (R338Q) did not
cause HB, although a nonsense variant did (Table 1). The authors speculated that missense variants at
this position might cause only a very mild hemophilia or even thrombophilia.5 Subsequently, Chang et al,6

in an alanine-screening study of FIX, identified FIX-R338A as having a threefold increased specific
activity compared with FIX-WT in vitro, which was subsequently confirmed in vivo after gene transfer in
HB mice by Schuettrumpf et al.7

These disparate observations suggested the hypothesis that the evolutionary conservation of R338 in
mammalian FIX was to constrain, rather than optimize, FIX activity. To test this hypothesis, we
investigated the effect of all amino acid substitutions at 338 position in FIX orthologs from the 2 most
studied mammalian species: human (h) and canine (c). Canine HB is a naturally occurring large animal
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model that faithfully recapitulates the spontaneous bleeding
phenotype of the clinical disease and has predicted doses for
a number of new therapeutics for HB.8-10 Our results confirm our
hypothesis, inform on the evolutionary pressures on mammalian FIX,
and may advise bioengineering strategies for new HB therapeutics.

Materials and methods

Molecular biology and cellular studies

Amino acid substitutions were introduced into hFIX-WT or cFIX-WT
cDNA containing plasmids with QuikChange II site-directed
mutagenesis kit (Agilent) per the manufacturer’s instructions and
verified by sequencing. Confluent human embryonic kidney (HEK)
293, HepG2, Huh7, or SKHep cells in 6-well plates were
transfected with 10 mg of plasmid DNA with Lipofectamine 2000
(ThermoFischer). After 1 day, the medium was changed to an
expression medium consisting of Dulbecco’s modified eagle medium
(Nutrient Mixture F-12) augmented with 10 mg/mL vitamin K; after
an additional day, conditioned media were collected, and expressed
FIX was assayed.

Clotting and FIX assays

The whole blood clotting time, FIX inhibitor titer, FIX activity and
antigen levels, and FIX inhibitor titers were determined as previously
described.11-13 FIX activity was determined with an activated partial
thromboplastin time–based clotting assay using the TriniCLOT
silica activated partial thromboplastin time reagent (TCoag). FIX
antigen was determined using either hFIX or cFIX commercial
enzyme-linked immunosorbent assay (Affinity Biologics). Commer-
cial recombinant hFIX-WT (Benefix; Pfizer) produced in Chinese
hamster ovary cells or recombinant cFIX-WT produced in HEK293
cells in our laboratory were used as standards for the transfections,
whereas dilutions of pooled normal canine plasma were used as
a standard for the in vivo dog experiments.

Evaluation of F9 R338 variants in pediatric

thrombophilia cohort

The Institutional Review Board at Children’s Hospital of Philadel-
phia (CHOP) approved this study (08-005949). Samples from
CHOP patients with thrombotic disease received consent, and
blood was obtained in conjunction with clinical laboratory
evaluation, typically at an outpatient hematology appointment.
Screening for F9 R338 variants was performed as described
previously.2 DNA was isolated with Qiagen’s QIAamp DNA Blood
Mini Kit per the manufacturer’s instructions. Exon 8 of F9 was

amplified by polymerase chain reaction assay using previously
published forward (59-GCCAATTAGGTCAGTGGTCC-39) and
reverse (59-GATTAGTTAGTGAGAGGCCCTG-39) primers. Changes
at the R338 codon (cga) were screened for by digestion of the
polymerase chain reaction product with TaqI endonuclease.

HB dog experiments

Recombinant adeno-associated virus (AAV) vector derived from
serotype 6 (AAV6) was produced by triple transfection using an
expression cassette containing the cytomegalovirus promoter/
enhancer.14,15 Vector was administered via transvenular delivery
to an isolated limb as described previously.7,12 The Institutional
Animal Care and Use Committees at CHOP and University of North
Carolina at Chapel Hill approved all animal experiments. Complete
blood counts, serum chemistries, and liver and kidney function were
serially monitored for systemic toxicity.12

Data and statistical analysis

Graphical production and statistical analysis were performed with
the OriginPro Software package. The Tukey multiple comparison
test was used to compare the means of the specific activities of the
FIX variants. The frequency of FIX variants was based on the variant
table of F9 (ENSG00000101981).

Results

R338 of FIX is conserved in mammalian evolution (Figure 1A) and
is located on the periphery of the protease domain (Figure 1B).
Based on previous identifications of gain-of-function variants with
amino acid substitutions at FIX R3382,6,7 and the observation that
missense variants at this position are underrepresent as causative
mutations in HB,5 we hypothesized that selective pressures
conserved R338 in mammalian FIX to limit, rather than maximize,
FIX activity.

Most amino acid substitutions for R338 increase the

activity of hFIX

To test this hypothesis, we evaluated the specific activity of hFIX
variants with all encoded amino acid substituted for R338
(Figure 2A). We initially used HEK293 cells to express the FIX
variants; HEK293 cells are frequently used to study FIX,6,16,17 as
well as manufacturing commercial FIX products for HB.18 In this 20
amino acid scan, we find the hFIX-R338L, the previously identified
thrombophilia causing Padua variant,2 has the highest specific
activity. hFIX-WT is one of the least active variants with more than

Table 1. Predicted and observed R338 variants (X:139561835-7)

Codon Amino acid Type of DNA change Phenotype Frequency* References

gga G Transversion Predicted to be mild hyperactive/wild type This work

tga Stop Transition Severe HB 9.46746E-6 38

aga R Transversion Synonymous 5.45625E-5

cga R Wild type

caa Q Transition FIX Shanghai 23

cta L Transversion FIX Padua 2

cca P Transversion Mild HB 5

*Variant table hF9 ENSG00000101981.
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two thirds of the substitutions at R338 increasing the specific
activity of hFIX. Interestingly, hFIX-R338K, which is evolutionary
conserved at the equivalent position in nonmammalian vertebrate
FIX orthologs (Figure 1), also has low specific activity compared
with most of the other FIX variants.

Most of the hFIX variants display similar antigen levels (less than
twofold difference) compared with hFIX-WT; as such, there is an
increase in the total FIX activity relative to hFIX-WT for most
variants (Figure 2D). The variants hFIX-R338L, hFIX-R338Q, and
hFIX-R338E have the highest total activity. The variant hFIX-
R338W has a decreased antigen level but a fourfold increase in
specific activity, consistent with previous descriptions of this
variant.17 The only known HB-causing variant, hFIX-R338P, has
decreased specific activity, total activity, and antigen consistent
with the clinical description.19 These results highlight that hFIX-
WT is not optimized for specific or total FIX activity, which
supports our hypothesis that R338 in mammalian FIX was

conserved through evolution to constrain, rather than increase,
FIX activity.

Most amino acid substitutions for R338 increase the

activity of cFIX

To further evaluate this hypothesis, we completed a similar amino
acid scan at position R338 in cFIX expressed in HEK293 cells
(Figure 2B,E). Although the ordering of the variants is not identical
between hFIX and cFIX, there is a linear correlation of the specific
activities (Figure 2C). Moreover, the same qualitative pattern is
apparent with most amino acid substitutions increasing the specific
activity and total activity relative to cFIX-WT. Homology modeling of
the hFIX and cFIX variants suggest overall similar structures,
although there are larger differences between the species than
within the amino acid substituted variants (supplemental Figure 1).
As with hFIX, cFIX-WT, cFIX-R338N, and cFIX-R338K are the least
active variants. These results indicate that R338 in cFIX limits FIX

R338
human
pig
rat
rabbit
mole-rat
mouse
bat
yak
dog
cat

sea turtle
penguin
cuckoo
hummingbird
mousebird
bustard
seriema
swift

A

B

Figure 1. Amino acid sequences surrounding R338 of

FIX orthologs and FIXa structure. (A) R338 is indicated.

Red-hued amino acids are evolutionary conserved, whereas

positions highlighted by blue background are identical. (B)

Ribbon rendering of partial structure of FIXa-WT (Protein Data

Bank code: 1RFN) showing the protease domain in the stan-

dard orientation. R338 is highlighted in blue. The amino acids

of the catalytic triad (H221, D269, S365) that form the enzy-

matic active site are shown in green.
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activity rather than maximizes it, which further supports the
hypothesis that R338 was likely evolutionarily selected to limit FIX
activity.

Amino acid substitutions for R338 increase the

activity of hFIX in multiple human cell lines

To certify that our results were not specific to the HEK293 cell line,
we expressed the hFIX variants in 3 different human cell lines able to
efficiently express functional recombinant FIX: HepG2,20 Huh7,21

and SK-Hep22; all 3 cell lines are derived from liver tumors and have
been ascribed similar properties to hepatocytes.20-22 In all 3 human
cell lines, most amino acids substitutions at R338 in hFIX increase
the specific activity and total activity compared with hFIX-WT
(Figure 3A-F). hFIX-R338L consistently has the highest or near-
highest specific activity across all cell lines. We also observe that in
addition to L, the E, Q, A, S, M, and H substituted variants also
mostly have high specific activity and total activity compared with
FIX-WT. Conversely, hFIX-R338P, the HB causative missense
variant, consistently has low specific activity and total activity; hFIX-
WT, hFIX-R338N, and hFIX-R338K also consistently have low
specific activity and total activity. These qualitative groupings of high
and low specific and total activity across cell lines are illustrated in
Figure 3G-H, respectively. For clarity, we also grouped hFIX-
R338G, hFIX-R338C, hFIX-R338Y, hFIX-R338I, and hFIX-R338D
in an intermediate group, whereas we note that hFIX-R338F,

hFIX-R338W, hFIX-R338V, and hFIX-R338T had variable specific
activity across the cell lines evaluated. We observe that most amino
acid substitutions at R338 increase the specific activity and total
activity of hFIX-WT across human cell lines, further supporting the
hypothesis that R338 was evolutionarily favored to restrain FIX
activity.

Comparison of FIX expressed in HEK293 cells and

in vivo studies

To determine the in vivo relevance of our in vitro studies, we compared
the FIX activity and antigen expressed in HEK293 cells against the
clinical description of a range of FIX variants (supplemental Table 1)
including FIX Padua (R338L), the FIX Malmo polymorphism (A148T),
and 4 HB missense mutations with a range of FIX antigen levels. In
supplemental Figure 2, we observe that these FIX variants expressed
from HEK293 recapitulate both the total activity and antigen level
of the clinical description. These data further support the biological
relevance of our in vitro results.

Likewise, we observe that our in vitro cFIX results (Figure 2) are
consistent with cFIX expressed after AAV gene therapy (Table 2).
Here, we compare the cFIX-specific activity of cFIX-R338I with our
previous published experience with cFIX-WT (R338)12 and cFIX-
R338L.14 We used that same AAV expression cassette (supple-
mental Figure 3A), vector dose (3 3 1012 vg/kg), delivery method
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Figure 2. Amino acid screen at FIX position 338. Specific activity of hFIX variants (A) and cFIX-variants (B) relative to hFIX-WT (R338) and cFIX-WT (R338), respectively.

FIX-WT (R338) is highlighted in in blue, and R338L (Padua) is highlighted in red. Variants expressed in HEK-293 cells. cFIX-R338I is highlighted in black in 2B. *Statistically

significant difference in specific activity from FIX-WT at the .05 level. (C) Scatter plot of specific activities of hFIX and cFIX R338 substituted variants (green letters). Line is

linear correlation (y 5 (0.9 6 0.2)x – (0.5 6 0.2); Pearson’s r 5 .62). Total activity and total antigen hFIX variants (D) and cFIX variants (E) relative to hFIX-WT (R338) and

cFIX-WT (R338), respectively. Bars or square points represent the mean specific activity of 3 to 8 independent transient transfections, and errors bars represent 6 standard

error of the mean.
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Figure 3. Specific activity, total activity, and

total antigen of hFIX variants expressed in

different cell lines. Specific activity (A,C,E) and

total activity and antigen (B,D,F) FIX variants

expressed in the specified liver cell line. Bars or

square points represent the mean specific activity of

$3 independent transient transfections, and errors

bars represent 6 standard error of the mean. For

clarity, variants are grouped as (1) high specific

activity and total activity across all cell lines (L, E, Q,

A, S, M, H; red and pink, respectively), (2) low

specific activity and total activity across all cell lines

(R, K, N, P; blue), (3) medium specific activity and

total activity across all cell lines (C, Y, G, I, D;

black), and (4) variable specific activity and total

activity across all cell lines (F, W, V, T; green).

Summary of specific activity (G) and total activity

(H) across cell lines with each letter represents the

average of $3 independent transient transfections.
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(transvenular delivery to an isolated limb), and HB dog model.12,14

Delivery of AAV6-cFIX-R338I resulted in increased cFIX activity and
antigen levels (supplemental Figure 3B) with plateau levels of 0.95
6 0.01% and 0.226 0.05% normal, respectively. The cFIX specific
activity was 4.4, which is intermediate between cFIX-WT and cFIX-
R338L (Table 2) and consistent with our in vitro data (Figure 2B).
As expected with these FIX activity levels, the whole blood clotting
time decreased from the HB range (supplemental Figure 3C).
These observations support the relevance of our in vitro results.

Screening pediatric thrombosis patients for FIX

R338 substitutions

Our hypothesis that the evolutionary conservation of R338 in
mammalian FIX was to constrain, rather than optimize, FIX activity,
suggests that high-specific activity FIX variants may be a prothrom-
botic risk factor. Consistent with this concept is FIX-R338L (Padua)
being initially identified as a strong thrombophilia risk factor,
because this substitution is the most active (Figures 2 and 3).
Recently, hFIX-R338Q has also been implicated as an X-linked
thrombophilia, termed FIX Shanghai.23 The specific activity in the
clinical description of hFIX-R338Q was fivefold higher than hFIX-
WT, consistent with our studies. Table 1 shows that potential
consequences of single-base pair changes in the R338 codon and
their measured frequencies.

Based on our results with multiple amino acid substitutions at R338
resulting in hyperactive FIX variants, it is possible that other
substitutions at FIX R338 may be eventually identified as thrombotic
risk factors. To evaluate this hypothesis, we screened 232 pediatric
thrombosis patients for missense variants at FIX R338. Patient
characteristics of this cohort are shown in supplemental Table 2.
This is the first assessment FIX R338 substitutions in pediatric
subjects. Subjects were recruited mostly during hematology
outpatient visits and are therefore probably enriched for clinical
cases that required ongoing management or follow-up; they skew
older and have a higher prevalence of inherited thrombophilias
compared with thrombosis patients identified through administra-
tion databases24 but are similar to other studies with similar
recruitment.25

However, none of the 333 X-chromosomes screened had FIX R338
substitutions. These results extend previous reports of FIX R338
substitutions not being identified in 1214 cumulative subjects

including 767 adult patients with venous thromboembolism and
447 adult controls (supplemental Table 3).2,26-28

Discussion

Herein, we demonstrate that most amino acid substitutions at R338
in hFIX or cFIX increase the specific activity compared withWT.We
found that hFIX-R338L is the most active hFIX variant across
multiple cell lines, which supports its ongoing use in current gene
therapy clinical trials for HB.1,3,4 These data also resolve the
apparent paradox why R338 is strictly conserved during mammalian
evolution, but missense mutations at this hot spot are underrepre-
sented as causes of HB. Our results support our hypothesis that the
evolutionary conservation of R338 was likely to limit, rather than
optimize, FIX activity. We speculate that FIX-WT has evolved to
have a finely calibrated procoagulant activity with too much activity
leading to thrombosis and too little activity leading to bleeding, as
exhibited by hFIX-R338L and hFIX-R338P, respectively.

Our results are consistent with previous descriptions of these FIX
variants. We observe the specific activity of hFIX-R338A is fivefold
higher than FIX-WT, consistent with previous in vitro6,29,30 and
in vivo gene therapy studies.7,31 Likewise, hFIX-R338Q has
intermediate specific activity between hFIX-WT and hFIX-R338L,
as has been observed previously in vitro32 and in vivo gene therapy
studies.23,31 hFIX-R338E also has increased specific activity
compared with hFIX-WT, as has been reported.33 Combined, the
consistency of our results with clinical descriptions,2,19 biochemical
characterization of purified recombinant FIX,6,29,30,34 and in vivo
gene transfer experiments17 all supports the validity of these results.

We find that R338 substitutions (L, E, Q, A, S, M, H) in hFIX and
cFIX have the highest total activity in both orthologs. Interestingly,
amino acids in this high activity group occur in the analogous
position (170 by chymotrypsin numbering) in other cofactor-
dependent serine proteases involved in coagulation: Q for FVII; L
for FX; and E for activated protein C. We speculate that limiting the
activity of FIX may have been evolutionarily more important than for
these other proteases because of the positioning of FIX at the top of
the coagulation cascade where small increases in FIX activity are
amplified to large increases in fibrin formation.

It is difficult for us speculate on the role of antigen levels on the
evolution of FIX, as the antigen levels of most variants is less than
a twofold difference with WT, although exceptions include the

Table 2. Summary of results of transvenular delivery of AAV6-cFIX at 3 3 10
12

vg/kg gene transfer to skeletal muscle of severe hemophilia

B dogs

HB dog cFIX variant

Plateau cFIX expression* Spontaneous bleeds/mo

Activity, % Antigen, % Specific activity Before After

M13† WT (R338) 5.2 6 3 5.5 6 0.8 1.0 0/12

M20† WT (R338) 6.2 6 3 4.1 6 0.2 1.5 0/12

N40 R338I 0.95 6 0.01 0.22 6 0.05 4.4 6/45 2/9

M55‡ R338L 8.7 6 3 1.4 6 0.3 7.4 0/7 0/101

M59‡ R338L 3.5 6 1 0.52 6 0.2 7.7 0/6 0/101

N07‡ R338L 5.7 6 2 0.60 6 0.3 10.6 2/6 0/79

*Mean values after plateau 6 standard deviation.
†Previously reported.12

‡Previously reported.14,15
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HB-causing variant hFIX-R338P. Theoretically, there could be an
antigen threshold below which the FIX could be meaningful
depleted during normal hemostasis, despite normal FIX activity
initially caused by high specific activity. This is unlikely the
scenario for FIX-R338L based on our observation that expres-
sion of only 1% normal FIX activity after cFIX-R338L gene
therapy was sufficient to prevent bleeding in a HB dog.15

We and others have recently demonstrated that the high specific
activity of FIX-R338L requires FVIIIa cofactor activity.16,35 Addition-
ally, very high FIX activity levels .700% normal also leads to
defective fibrinolysis mediated through thrombin activatable fibrino-
lysis inhibitor activation.36 The observation that most amino acid
substitutions at R338 of hFIX or cFIX increase the specific activity
suggests that R338, at a molecular level, likely forms a suboptimal
interaction with FVIIIa that is relieved by most substitutions.

Because hFIX-R338L is the most active human variant, it is not
surprising that this substitution was first described as an X-linked
thrombophilia risk factor.2 Recently, hFIX-R338Q was identified as
the etiology of recurrent deep vein thrombosis despite anti-
coagulation, named FIX Shanghai.23 The FIX activity:antigen ratio
in this subject and the specific activity of recombinant hFIX-R338Q
protein was fivefold WT, consistent with our results. Likewise, hFIX-
R338Q and hFIX-R338L have been directly compared in a limited
study after AAV gene therapy in HB mice with hFIX-R338L
displaying modestly higher levels compared with FIX activity
levels,23,31 consistent with our results across different cell lines.

The variant hFIX-R338G is the only nonsynonymous single base-
pair change that has not yet been clinically identified; our data
suggest it would likely be asymptomatic because it has similar total
activity and specific activity to hFIX-WT. Two substitutions (R338K
and R338N) were consistently associated with decreased
specific activity in both hFIX and cFIX. These loss-of-function
substitutions likely have not been identified in HB patients
because they would require 3 base pair changes, which is unlikely to
spontaneously occur.

Our results are the largest screening of thrombosis subjects and the
first of pediatric subjects for FIX R338 variant thrombophilias
(supplemental Table 3). Given the cumulative negative screening of
767 thrombosis subjects and 3 positive cases of FIX Padua2 and
Shanghai,23 we estimate an upper limit of prevalence among
thrombosis subjects as 0.4%. This value is consistent with the
observed frequencies of single base-pair changes at this codon
and the approximately 50-fold enhancement in prevalence seen in
thrombosis subjects with strong inherited thrombophilias.37 Nota-
bly, all 3 affected male patients developed venous thrombosis
without any other identified risk factors. It is possible that the
combination of FIX-R338L (Padua), and to a lesser extent FIX-
R338Q (Shanghai), with other prothrombotic risk factors may not
be compatible with life.

Our results confirm the hypothesis that R338 is suboptimal for FIX
activity in at least 2 mammalian FIX orthologs. Amino acid
substitutions at 8 additional positions in FIX have also been
identified as increasing FIX specific activity,3 albeit to a lesser extent
than R338L. This suggests that hFIX-WT (and cFIX-WT) at other
amino acid positions is also not optimized for maximal FIX activity,
and additional activity-enhancing amino acid substitutions may be
located in the future. If such additional positions are identified, it is
likely worthwhile to screen multiple amino acids because our data
suggest that there may be a range of hyperactive variants. Thus,
new hyperactive FIX variants may allow for further enhancements of
protein- or gene-based therapy for HB. This approach also may be
applicable to other proteins that have evolved to limit biological
activity.
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