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Metal elements are essential components of approximately half
of all cellular proteins, and approximately one-third of all
known enzymes thus far are metalloenzymes. Several cellular
proteins and enzymes undoubtedly impact the transduction ef-
ficiency of recombinant adeno-associated virus (AAV) vectors,
but the precise role of metal ions in this process has not been
studied in detail. In the present studies, we systematically eval-
uated the effects of all 10 essential metal ions (calcium, cobalt,
copper, iron, magnesium, manganese, molybdenum, potas-
sium, sodium, and zinc) on the transduction efficiency of
AAV vectors. We report herein that five essential metal ions
(iron, magnesium, manganese, molybdenum, and sodium)
had little to no effect, and calcium strongly inhibited the trans-
duction efficiency of AAV2 vectors. Whereas copper and potas-
sium increased the transduction efficiency by �5-fold and
�2-fold, respectively, at low concentrations, both essential
metals were strongly inhibitory at higher concentrations. Cal-
cium also inhibited the transduction efficiency by �3-fold.
Two metal ions (cobalt and zinc) increased the transduction ef-
ficiency up to�10-fold in a dose-dependent manner. The com-
bined use of cobalt and zinc resulted in more than an additive
effect on AAV2 vector transduction efficiency (�30-fold). The
transduction efficiency of AAV serotypes 1 through 6 (AAV1–
AAV6) vectors was also augmented by zinc. Similarly, the
transduction of both single-stranded (ss) and self-complemen-
tary (sc) AAV3 vectors was enhanced by zinc. Zinc treatment
also led to a dose-dependent increase in expression of a thera-
peutic protein, the human clotting factor IX (hF.IX), mediated
by scAAV3 vectors in a human hepatic cell line. This simple
strategy of essential metal ion-mediated enhancement may be
useful to lower the dose of AAV vectors for their optimal use
in human gene therapy.

INTRODUCTION
Recombinant adeno-associated virus (rAAV) vectors have revolu-
tionized the field of gene therapy owing to their low immunogenicity
and long-term therapeutic gene expression. AAV vectors have been
or are currently being used in 215 clinical trials for a wide variety
of human diseases.1 During the past decade and a half, AAV vectors
have also shown clinical efficacy in a number of phase I, II, and III
clinical trials for several diseases such as Leber’s congenital amau-
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rosis,2–5 lipoprotein lipase deficiency,6 hemophilia B,7–10 hemophilia
A,11,12 aromatic L-amino acid decarboxylase deficiency,13 choroider-
emia,14 Leber’s hereditary optic neuropathy,15 and spinal muscular
atrophy type 1.16 Thus far, three AAV therapeutics—Glybera (alipo-
gene tiparvovec), Luxturna (voretigene neparvovec), and Zolgensma
(onasemnogene abeparvovec-xioi)—have been approved (Glybera in
the European Union, and Luxturna and Zolgensma in the United
States).

Despite this remarkable progress, there is a dearth of knowledge on
how AAV vectors navigate the host cell machinery in order to deliver
therapeutic genes to the nucleus and mediate transgene expression.
There is little doubt that following entry into target cells, AAV vectors
must encounter cellular macromolecules, including proteins. Since
metal ions are known to be essential components of nearly half of
all cellular proteins, and approximately one-third of all cellular en-
zymes are known to be metalloenzymes,17,18 we reasoned that it is
important to evaluate the role of essential metal ions in AAV vec-
tor-mediated transduction.

Herein, we describe the results of a systematic study that was carried
out to evaluate the effect of all 10 essential metal ions (calcium, cobalt,
copper, iron, magnesium, manganese, molybdenum, potassium, so-
dium, and zinc) on the transduction efficiency of both single-stranded
(ss) and self-complementary (sc) AAV2 vectors expressing a reporter
gene in various human cell lines. We observed that of the 10 essential
metal ions, only cobalt and zinc significantly enhanced the transduc-
tion efficiency of AAV2 vectors in a dose-dependent manner. How-
ever, significantly higher concentrations of cobalt were needed to
achieve the similar level of increase in the transduction efficiency
that was observed with relatively low concentrations of zinc, and
the combination of the two led to an additive effect. We also extended
these studies to include five additional AAV serotype vectors, AAV1
through AAV6, and observed a similar increase in their transduction
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Figure 1. Effect of Various Concentrations of 10 Essential Metal Ions on the

Transduction Efficiency of AAV2 Vectors

HeLa cells were grown in DMEM supplemented with serum KO for at least

three passages before being plated in a 96-well plate and transduced with

scAAV2-CBA-EGFP at an MOI of 200 vg/cell. (A–J) Cells treated 1 h after

transduction with various concentrations of each of the 10 essential metal

ions separately in triplicate (A, calcium; B, cobalt; C, copper, D, iron; E,
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efficiencies. In addition, we also examined the effect of zinc on the
transduction efficiency of AAV3 vectors expressing a therapeutic
gene, the human clotting factor IX (hF.IX), and observed a similar
dose-dependent increase in the expression of hF.IX protein as
measured by quantitative western blots.

These studies suggest that essential metal ion-mediated enhancement
is a simple and useful strategy to further reduce the need for the high
doses of AAV serotype vectors, which has implications in the optimal
use of these vectors in human gene therapy.

RESULTS
Differential Effects of Essential Metal Ions on the Transduction

Efficiency of AAV2 Vectors

The effects of various concentrations of each of the 10 essential metal
ions were examined using scAAV2-EGFP vectors at a multiplicity of
infection (MOI) of 200 vector genomes (vg)/cell in HeLa cells. To
minimize any possible influence of metal ions present in fetal bovine
serum (FBS), preliminary experiments were carried out using the
KnockOut (KO) serum replacement growth medium, as described
under Materials and Methods. However, it was observed that the
use of DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with FBS had a negligible effect in the transduction efficiencies of
AAV2 vectors in HeLa cells treated with essential metal ions. Thus,
all subsequent studies were performed with HeLa cells grown in
DMEM supplemented with FBS.

As shown in Figure 1, of the 10 essential metal ions, 4 enhanced the
transduction efficiency of AAV2 vectors (cobalt, copper, potassium,
and zinc), 5 had little to no effect (iron, magnesium, manganese,
and sodium), and 1 was inhibitory (calcium). Although potassium
showed an �2-fold increase at the lowest concentration of 1 mM,
at higher concentrations, potassium inhibited the transduction effi-
ciency due to cytotoxicity (Figure 1H). Magnesium and sodium
affected the transduction efficiency by <1-fold across all concentra-
tions tested (Figures 1E and 1I). Interestingly, calcium was the only
essential metal ion that inhibited the AAV2 vector transduction,
but without causing any cytotoxicity in HeLa cells (Figure 1A).

Of the six trace essential metal elements tested, iron, manganese, and
molybdenum did not affect the transduction efficiency (Figures 1D,
1F, and 1G). Copper increased the transduction efficiency by up to
�4-fold at concentrations ranging from 2.5 to 5 mg/mL before a sharp
decrease due to cytotoxicity (Figure 1C).

Cobalt and zinc significantly enhanced (�10-fold) the transduction
efficiency of AAV2 vectors in HeLa cells in a dose-dependent manner
magnesium; F, manganese; G, molybdenum; H, potassium; I, sodium; J,

zinc). Transgene expression was determined 48 h post-transduction as

described under Materials and Methods. Values represent fold increase in

mean AFU, gathered 48 h post-transduction, compared to controls.

Means ± SD are plotted. *p < 0.05, **p < 0.005, ***p < 0.0005, based on

Student’s t test of the means.
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Figure 2. Effect of Cobalt and Zinc, and the Combination of Both, on the

Transduction Efficiency of AAV2 Vectors

(A) HeLa cells transduced with scAAV2-CBA-EGFP vectors at an MOI of 200 vg/cell

and either mock treated or treated with 80 mg/mL of CoCl2, 30 mg/mL ZnCl2, or a

combination of both. Values represent mean AFU levels gathered 48 h post-

transduction by fluorescencemicroscopy. (B) Flow cytometric analysis of Huh7 cells

transduced with scAAV3-CBA-EGFP vectors at a MOI of 500 vg/cells treated with

various concentrations of zinc. Cells were washed with PBS twice before being

resuspended in a mixture of PBS and 2% FBS. Values represent the mean per-

centage of live cell populations expressing EGFP. Each sample was run until the live

cell gate reached 10,000 events. Means ± SD are plotted. *p < 0.05, **p < 0.005,

***p < 0.0005, based on Student’s t test of the means.

Figure 3. Effect of Zinc on Cell Viability

Transduction efficiency of scAAV2-EGFP vectors was evaluated as a function of viable

cell numbers in various cell lines (HeLa, Huh7, HepG2) treated with increasing con-

centrations of zinc. (A–C) HeLa cells were transducedwith scAAV2-CMV-EGFP vectors

(A), and Huh7 (B) and HepG2 (C) cells were transduced with scAAV3-CBA-EGFP

vectors at an MOI of 200 vg/cells, and transgene expression was evaluated 48 h post-

transduction. CCK-8 solution was added 48-h post transduction before fluorescence

imaging and incubated for an additional 2.5 h. Absorbance readings were recorded

using CLARIOstar Plus plate reading at a wavelength of 450 nm. Total viable cell

numbers were determined using standard curves previously established for each cell

line.Cell count averagesareplotted.AFUmeans±SDareplotted. *p<0.05, **p<0.005.
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(Figures 1B and 1J). Cobalt increased the transduction efficiency at
the peak concentration of 100 mg/mL, although signs of cytotoxicity
were observed at concentrations ranging from 90 to 100 mg/mL. Simi-
larly, at the highest concentration (32.5 mg/mL) of zinc, the highest
increase in the transduction efficiency was achieved, but cytotoxicity
was also observed at 30–32.5 mg/mL.

Additive Effect of Cobalt and Zinc on the Transduction Efficiency

of AAV2 Vectors

In order to determine which of the two essential metal elements (cobalt
and zinc) was more effective in enhancing transduction efficiency of
AAV2 vectors, a side-by-side comparison was performed under iden-
tical conditions as described above, except that cobalt and zinc concen-
trations usedwere 80 and 25mg/mL, respectively. These concentrations
were used at which no signs of cytotoxicity were observed. The results
are shown in Figure 2A. Consistent with the data shown above, cobalt
increased the transduction efficiency by �3-fold, and zinc enhanced
the transduction efficiency of AAV2 vectors by�17-fold. Furthermore,
when cobalt and zinc were used in combination, the enhancement in
transduction efficiency wasmore than additive (�30-fold) (Figure 2A).
Because zinc was the most effective essential metal ion in increasing the
transduction efficiency of AAV2 vectors and showed high reproduc-
ibility and overall consistency compared with cobalt, all subsequent
studies were carried out with zinc. Since all previous data were obtained
using fluorescence microscopy, we also wanted to corroborate these re-
sults using flow cytometry, as described under Materials and Methods.
As shown in Figure 2B, zinc increased the transduction efficiency of
AAV2 vectors in a dose-dependent manner by up to �10-fold.

Determination of the Safe and Effective Dose of Zinc

Since all of the data above were obtained with one cell line, we next
wanted to evaluate the efficacy as well as cytotoxicity of zinc in addi-
Molecular The
tional human cell lines. Thus, in addition to HeLa cells, two human
hepatocellular carcinoma cell lines, Huh7 and HepG2, were used to
determine the 50% cytotoxic concentration (CC50) of zinc. HeLa cells
and AAV2 vectors were used as controls. Huh7 and HepG2 cells were
transduced with AAV3-EGFP vectors at an MOI of 200 vg/cell. All
transductions and transduction efficiency assays were performed, fol-
lowed by a cell viability assay, prior to fluorescence microscopy, as
described under Materials and Methods. Preliminary studies were
conducted to ensure that the Cell Counting Kit-8 (CCK-8) solution
does not interfere with cell viability or fluorescence imaging. In
HeLa cells, the peak transduction efficiency was observed a concen-
tration of at 22.5 mg/mL of zinc and CC50 at 30–32.5 mg/mL of zinc
(Figure 3A). The peak transduction efficiency of AAV3 vectors in
rapy: Methods & Clinical Development Vol. 18 September 2020 161
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Figure 4. Effect of Zinc on the Transduction Efficiency of AAV Serotype

Vectors 1 through 6

(A and B) HeLa cells were transduced with (A) AAV1, AAV2, AAV3, and AAV6

vectors, and (B) with AAV4 and AAV5 vectors driving a CMV promoter, with and

without treatment with 30 mg/mL of ZnCl2. Transgene expression was evaluated

48 h post-transduction. Values represent fold increase in mean AFU. Means ± SD

are plotted. *p < 0.05, based on Student’s t test of the means.
Figure 5. Effect of Zinc on the Transduction Efficiency of ssAAV3 and

scAAV3 Vectors

Huh7 cells were transduced with either ssAAV3-EGFP or scAAV3-EGFP in 96-well

plates followed by zinc treatment 1 h post-transduction. Values represent fold in-

crease inmean AFU, gathered 48 h post-transduction. Means ±SD are plotted. *p <

0.05, **p < 0.005, based on Student’s t test of means versus control treatment.
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Huh7 cells was at a concentration of 15 mg/mL of zinc, and a CC50

ranging from 22.5 to 25 mg/mL (Figure 3B). Out of the three cell lines
tested, HepG2 cells showed the greatest increase in overall transduc-
tion efficiency (�14-fold) at a concentration of 20 mg/mL of zinc and
CC50 at �25 mg/mL of zinc (Figure 3C). Furthermore, a significant
increase in the transduction efficiency was observed at a low concen-
tration of zinc (5 mg/mL) compared with HeLa and Huh7 cells. Over-
all, HepG2 cells displayed an optimal range (5–15 mg/mL) of zinc con-
centrations that enhanced the transduction efficiency (�5-fold) with
no signs of cytotoxicity.

Effect of Zinc on the Transduction Efficiency of AAV Serotypes

Vectors 1 through 6

In addition to AAV2 and AAV3 serotype vectors, we also evaluated
whether zinc could enhance the transduction efficiency of AAV1,
AAV4, AAV5, and AAV6 serotype vectors. HeLa cells were transduced
with AAV serotype vectors 1 through 6 expressing EGFP at anMOI of
500 and a final concentration of 30 mg/mL of zinc. Zinc-mediated
enhancement of AAV transduction efficiency was observed across all
serotypes. AAV2 vectors had a similar level of relative increase (�5-
fold) as AAV6 vectors, but differed only in terms of control signals
due to differences in transducibility of these vectors (Figure 4A). Zinc
enhanced the transduction efficiency of AAV1 andAAV3 serotype vec-
tors inHeLa cells by�3- and 9-fold, respectively. AAV4andAAV5vec-
tors transduce HeLa cells poorly, especially at low MOIs. Thus, few
transduced cells were observed in control HeLa cells. However, HeLa
cells treated with zinc displayed EGFP-positive cells transduced with
from AAV4 and AAV5 serotype vectors (Figure 4B). Thus, the under-
lyingmechanismof zinc-mediated enhancement of the transduction ef-
ficiency of AAV serotype vectors appears to be similar.

Effect of Zinc on the Transduction Efficiency of ssAAV Vectors

Since all of the data described above were obtained using scAAV vec-
tors, we next examined whether a zinc-mediated increase in the trans-
duction efficiency could also be achieved with ssAAV vectors. In a
162 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
side-by-side transduction assay, Huh7 cells were transduced with
ssAAV3-EGFP and scAAV3-EGFP vectors at MOIs of 200 vg/cell fol-
lowed by treatment with various increasing concentrations of zinc un-
der identical conditions. As shown in Figure 5, a zinc-mediated
maximal increase in the transduction efficiency was observed with
both ssAAV3 (�7-fold) and scAAV3 (�29-fold) vectors at a zinc
concentration of 15 mg/mL. Since scAAV vectors obviate the require-
ment for the rate-limiting step of the viral second-strand DNA syn-
thesis,19–22 these results suggest that the zinc-mediated increase in
the transduction efficiency by ssAAV vectors is independent of viral
second-strand DNA synthesis.

Effect of Zinc on the Expression of a Human Therapeutic Gene

Finally, studies were designed to determine whether zinc-mediated
enhancement in the transduction efficiency could also be achieved
with an AAV vector expressing a human therapeutic gene. HepG2
cells, known for their ability to produce and secrete hF.IX,23,24 were
either mock transduced or transduced with scAAV3 vectors express-
ing the hF.IX gene under the control of a synthetic liver-specific pro-
moter25 at an MOI of 500 vg/cells, with and without treatment with
increasing concentrations of zinc. Total cellular proteins were har-
vested and equivalent amounts were analyzed on western blots using
anti-hF.IX antibodies as described under Materials and Methods.
These results are shown in Figure 6. As can be seen, in HepG2 cells
transduced with scAAV3-hF.IX vectors in the absence of zinc, there
was an �4-fold increase in hF.IX protein expression compared with
the endogenous levels in mock-transduced HepG2 cells. HepG2 cells
treated with 10 mg/mL of zinc showed a an�1.5-fold increase in hF.IX
expression compared with control levels, and an �6-fold increase
compared with endogenous levels. Treatment of cells with 15 mg/
mL of zinc led to an �2-fold increase in hF.IX protein expression
mber 2020



Figure 6. Effect of Zinc on Levels of hF.IX Protein Expression

HepG2 cells plated in a six-well plate were either mock transduced or transduced

with scAAV3-TTR-hF.IX.Padua vector. Cells were treated with 0, 10, or 15 mg/mL of

ZnCl2 1 h post-transduction. Cells were harvested 48 h post-transduction using

RIPA lysis buffer. Samples were centrifuged and supernatant was saved. Protein

concentrations were determined using a BCA protein assay kit and absorbance

reading. (A) Equal concentrations of each protein were loaded and analyzed on

western blots using polyclonal anti- hF.IX antibody as described underMaterials and

Methods. (B) Quantitation of the data from (A).
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compared with control levels, and an�8-fold increase compared with
endogenous levels. The zinc concentrations used were based on pre-
vious cell viability data documenting little to no cytotoxicity. These
data suggest that the observed increase in the transgene expression
is independent of the promoter used, and that it is indeed possible
to achieve a zinc-mediated increase in expression of therapeutic
genes.
DISCUSSION
One of the well-documented approaches to augment the transduction
efficiency of AAV vectors is by modifying the cellular environment to
induce cellular stress.26–28 For example, DNA synthesis and topo-
isomerase inhibitors,29 heat shock,30 hydroxyurea,31,32 UV light,33,34

and X-rays26 have all been reported to enhance AAV transduction
through activation of cellular stress pathways. Major components of
all cellular environments that still remain to be explored in augment-
ing AAV transduction efficiency are essential metal ions. To date,
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there are only two studies that have begun to address the role of metal
ions in AAV vector biology. In the first, arsenic trioxide, a heavymetal
chemotherapeutic agent, was shown to enhance the transduction ef-
ficiency of multiple AAV serotype vectors by inducing the release of
reactive oxidative species (ROS) that stabilize perinuclear accumula-
tions of AAV capsids.35 In the second, sodium chloride was shown to
improve production of various AAV vectors in a serum-free suspen-
sion manufacturing platform.36 Given that essential metal ions play a
major role involving half of all known proteins and one-third of all
enzymes, we undertook the present studies and carried out a system-
atic evaluation of the effect of each of the 10 essential metal ions on
AAV vector-mediated transduction.We observed that peak transduc-
tion levels for AAV vectors were achieved as essential metal ion con-
centrations reached cytotoxic levels. Since all of the experiments were
performed using relatively low MOIs of AAV vectors, it remains
possible that cobalt and zinc increased the vector entry, which led
to increased transgene expression. Although the precise underlying
mechanism of the transduction enhancements of AAV remains un-
known, a cellular stress pathway may be a contributing factor, but
it is also clear that the observed increase is independent of promoter
function as well as the viral second-strand DNA synthesis. It also re-
mains a possibility that specific metal ions, such as zinc and cobalt,
also influence signaling pathways that lead to augmented transgene
expression.

One limitation of our current studies is that we did not evaluate the ef-
ficacy of essential metal ions in an animalmodel in vivo. Further studies
are warranted regarding the delivery of essential metal ions to target tis-
sues and may need to be investigated prior to administration of AAV
vectors. Various parameters such as route of essential metal ion admin-
istration, their retention, and the optimal time for administration are all
questions that we hope to address in our future studies. This limitation
notwithstanding, the simple strategy of essential metal ion-mediated
enhancement of AAV vector transduction efficiency may further
reduce the doses needed for therapeutic purposes. This is particularly
relevant in the context of all current clinical trials being performed
for the potential gene therapy of hemophilia, where relatively large vec-
tor doses are required to achieve clinical efficacy.7–9,11,12

There is overwhelming evidence that the immune response to AAV
vectors correlated directly with the vector dose.37–43 Current AAV
clinical trial practices consist of treating patients prophylactically
with immunosuppressant steroids, such as prednisolone, prior to
AAV vector administration.7–12, However, while this practice has
improved the outcomes of some clinical trials, it could be argued
that decreasing the vector dose would also reduce the likelihood of
the host immune response. The use of essential metal ions, either
via systemic administration, or through dietary supplementation,
could be a possible approach to augment AAV transduction effi-
ciency, especially since our data corroborate that low levels of zinc
can augment the expression of hF.IX from an AAV3 vector. Thus,
the combined use of zinc and the more efficient capsid-modified
AAV3 vectors44–47 have implications in the potential gene therapy
of hemophilia B.
rapy: Methods & Clinical Development Vol. 18 September 2020 163
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MATERIALS AND METHODS
Cells and Cell Cultures

HepG2, HeLa, and Huh7 cell lines were purchased from ATCC
(Manassas, VA, USA). All cells were maintained in DMEM (Gibco,
Waltham, MA, USA) supplemented with 10% FBS (Gibco, Waltham,
MA, USA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad,
CA, USA), as described previously.48 Cultures were grown in incuba-
tors at 37�C and 5% CO2. HeLa cells were passaged three times and
maintained in Dulbecco’s modified Eagle’s minimal essential medium
(MEM; Thermo Fisher Scientific, Waltham,MA, USA) supplemented
with KO serum replacement (Thermo Fisher Scientific) prior to treat-
ment with essential metal ions.
Recombinant AAV Vectors

Highly purified and concentrated stocks of recombinant scAAV2-
EGFP, scAAV3-EGFP, and ssAAV3-EGFP vectors expressing the
EGFP reporter gene under the control of a chicken b-actin (CBA)
promoter and scAAV3-FIX vectors expressing the hF.IX gene driven
by transthyretin (TTR) promoter were custom generated by SAB
Technology (Philadelphia, PA, USA). Recombinant scAAV1-EGFP,
scAAV2-EGFP, scAAV3-EGFP, scAAV4-EGFP, scAAV5-EGFP,
and scAAV6-EGFP vectors expressing a cytomegalovirus (CMV)
promoter-driven EGFP gene were generated by triple transfection
of HEK293T cells as previously described with modifications.49–51

Quantification of genome titers were carried out by treating 10 mL
of rAAV stocks with Benzonase supplemented with MgCl2 for 1 h
at 37�C, and NaOH for an additional 30 min at 65�C. Plasmid stan-
dard concentrations were quantified by a Thermo Scientific Nano-
Drop light spectrophotometer, and extracted rAAV genomes were
then purified using Zymo-Spin columns (Zymo Research, Irvine,
CA, USA). Genome copy numbers were quantified with qPCR primer
ITR2 forward (50-GGAACCCCTAGTGATGGAGTT-30) and ITR2
reverse (50-CGGCCTCAGTGAGCGA-30). Titers were determined
by running standards and unknowns in triplicate in a Bio-Rad
CFX96 qPCR system.
Reagent Preparation

Metal ion stock solutions were made by weighing reagents by differ-
ence and dissolving in double-distilled H2O (ddH2O) under sterile
conditions. Stock solutions for manganese chloride, iron chloride, co-
balt chloride, copper chloride, zinc chloride, and molybdenum chlo-
ride were prepared at a concentration of 2mg/mL, and stock solutions
for sodium chloride, potassium chloride, magnesium chloride, and
calcium chloride were prepared at a concentration of 1 M.
AAV Vector Transduction Assay

96-well plates were seeded with 1.2� 104 cells per well and incubated
at 37�C overnight. Growth medium was removed and replaced with
37�C serum-free medium containing AAV vectors or a mock treat-
ment at a specifiedMOI followed by incubation for 1 h at 37�C. Treat-
ments of various metal ion concentrations and KO serum replace-
ment or FBS-enriched DMEM was added in triplicate and
incubated for 48 h.Wells were washed with phosphate-buffered saline
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(PBS) and imaged with a Leica fluorescence microscope. Wells were
imaged in triplicate using a �5 visual field, and total fluorescence
was calculated as integral density of EGFP fluorescence or arbitrary
fluorescence units (AFU) using NIH ImageJ software.

Flow Cytometric Analysis

12-well plates seeded with 1.2 � 105 Huh7 cells per well were trans-
duced with scAAV3-CBA-EGFP vectors at an MOI of 500 vg/cell or
mock transduced. Cells transduced with AAV3-EGFP vectors were
exposed to three concentrations of ZnCl2 (0, 10, and 15 mg/mL) in
triplicate after 1 h. Cells were then trypsinized 48 h later and washed
with PBS before being resuspended in PBS enriched with 2% FBS.
Samples were run on a BDAccuri C6 flow cytometer for flow analysis.
Gates were set for live cells and EGFP (488 nm) to evaluate the per-
centage of EGFP-positive cells versus live cell counts. Samples were
run until the live cell gate reached 10,000 events, and analysis was
conducted using FCS Express 6 software.

Cell Viability Assay

Standard curves were generated by performing serial dilutions in trip-
licate of HeLa, HepG2, and Huh7 cell lines in a clear 96-well plate.
Cells were incubated for less than 24 h (until adherence) in growth
medium before adding 20 mL of CCK-8 (Sigma, St. Louis, MO,
USA) solution into each well. Plates were left to incubate for 2.5 h
and cooled for 15 min before inserting into a CLARIOstar Plus plate
reader recording absorbance at a wavelength of 450 nm. Absorbances
were recorded as averages minus the backgrounds recorded by blanks.
A standard curve equation was generated by plotting absorbance
readings versus number of cells.

For cell viability as a function of transduction efficiency experiments,
a transduction assay was performed until cells were removed from in-
cubators after 48 h. Cell numbers were determined by adding CCK-8
solution directly into the growth medium and running a cell viability
assay. After recording absorption levels, cells were washed with PBS
and imaged with a fluorescence microscope.

Western Blotting Assay

HepG2 cells were transduced with rAAV3-TTR-hFIX.padua vectors
at an MOI of 500 vg/cell in a six-well plate. Treatments of mock, con-
trol, low zinc (10 mg of ZnCl2/mL), and high zinc (15 mg of ZnCl2/mL)
were tested. Cells were harvested directly from plates chilled on ice us-
ing radioimmunoprecipitation assay (RIPA) lysis buffer (G-Biosci-
ences, St. Louis, MO, USA). Harvested samples were then vortexed
twice at 13,000� g for 15min at 4�C. The supernatant was then trans-
ferred to a clean tube, and protein concentrations were quantified us-
ing a Pierce bicinchoninic acid (BCA; Thermo Scientific, Waltham,
MA, USA) protein assay kit. Samples were stored at �20�C until
use. Polyacrylamide gels were cast in-house using 1-mm glass spacers
and 12% resolving gel, and 4% stacking gel mixtures. Loaded gels were
run at 80–120 V for 1.5 h before being removed and transferred onto a
nitrocellulose membrane at 0.35 A for 45 min. Once transferred, the
membrane was blocked for 2 h at room temperature using a 5% Om-
niblok (AmericanBio, Canton, MA, USA) solution. Diluted rabbit
mber 2020
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polyclonal anti-hF.IX (diluted 1:2,000; Thermo Fisher Scientific) anti-
body was added to the membrane and shook overnight at 4�C. The
membrane was then washed with Tris-buffered saline with Tween
20 (TBST) three times before adding goat anti-rabbit secondary anti-
body (American Research Products, Waltham, MA, USA). After the
second antibody, the membrane was washed three more times with
TBST and then treated with a Thermo Fisher chemiluminescent assay
kit. Relative protein concentrations were analyzed using the Amer-
sham Imager 680 to image and evaluate volumes of each signal.

Statistical Analysis

Results are presented as a mean ± SD. Differences between treatments
were evaluated using a two-tailed Student’s t test, with significance be-
ing established at p % 0.05.
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