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ARTICLE INFO ABSTRACT

The Coxsackievirus and adenovirus receptor (CAR) is both a viral receptor and cell adhesion protein. CAR has
two transmembrane isoforms that localize distinctly in polarized epithelial cells. Whereas the seven exon-en-
coded isoform (CAR™”) exhibits basolateral localization, the eight exon-encoded isoform (CAR®™®) can localize
to the apical epithelial surface where it can mediate luminal adenovirus infection. To further understand the
distinct biological functions of these two isoforms, CRISPR/Cas9 genomic editing was used to specifically delete
the eighth exon of the CXADR gene in a Madine Darby Canine Kidney (MDCK) cell line with a stably integrated
lentiviral doxycycline-inducible CAR®™® ¢DNA. The gene-edited clone demonstrated a significant reduction in
adenovirus susceptibility when both partially and fully polarized, and doxycycline-induction of CAR™® restored
sensitivity to adenovirus. These data reinforce the importance of CAR™® in apical adenovirus infection and
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provide a new model cell line to probe isoform specific biological functions of CAR.

1. Introduction

Human adenoviruses (AdV) are non-enveloped, dsDNA viruses in
the Adenoviradae family (Berk, 2007). AdV cause a variety of diseases in
humans including upper respiratory tract infections, gastroenteritis,
and keratoconjunctivis (Khanal et al., 2018; Lion, 2014). While AdV
infections are normally considered mild and self-limiting, severe dis-
ease sequelae, such as fulminant pneumonia, occur in im-
munosuppressed hosts (Echavarria, 2008; Florescu and Hoffman, 2013;
Humar et al., 2005; Ison, 2006; Lion, 2014). For example, in the he-
matopoietic stem cell transplant setting, AdV infection prevalence
ranges from 5 to 47% and mortality rates resulting from AdV infection
have been reported to be as high as 80% (Echavarria, 2008).

In order to establish a respiratory infection, AdV must first gain
entry to its primary target cells: the human airway epithelia of the re-
spiratory tract. The primary receptor for all human AdV, except for
group B, is the Coxsackievirus and adenovirus receptor (CAR)
(Bergelson et al., 1997; Bewley et al., 1999; Walters et al., 2002). CAR is
a cellular adhesion protein in the immunoglobulin superfamily that
undergoes homophilic or heterophilic cell-cell adhesion with other CAR
molecules on adjacent epithelial cells or junction adhesion molecule-
like (JAML) expressed on the surface of leukocytes (Excoffon et al.,
2005, 2007; Zen et al., 2005). The CAR-JAML interaction aids in both
leukocyte transepithelial migration and adhesion at the apical surface

of polarized epithelia (Kotha et al., 2015; Zen et al., 2005).

There are two transmembrane isoforms of CAR in airway epithelial
cells: one encoded by the first seven exons of the CXADR gene (CAR™7)
and an alternatively spliced eight-exon encoded isoform (CAR®*®)
(Excoffon et al., 2010, 2014). A cryptic splice site within the 7th exon
allows for alternative splicing to the 8th exon resulting in distinct C-
terminal sequences. These distinct C-termini result in differential lo-
calization in polarized cells (Excoffon et al., 2010, 2014; Kolawole
et al., 2012; Sharma et al., 2017; Yan et al., 2015). CAR® localizes
largely below the tight junctions where it is inaccessible to luminal
AdV. CAR™®, however, is able to localize to the apical epithelial surface
where its expression correlates directly with apical AdV infection
(Excoffon et al., 2010; Kotha et al., 2015). While some of the biological
functions of CAR have been discovered and characterized thanks to the
development of CAR knockout (KO) mice, parsing out functional dif-
ferences between the CAR®™ and CAR®® isoforms remains a challenge
(Chen et al., 2006).

Our group has previously created Madin Darby Canine Kidney
(MDCK) cell lines that stably express the cDNA for human CAR®*® under
a doxycycline-inducible promoter in order to demonstrate the im-
portance of increased apical CAR®™® protein expression for adenovirus
infection and neutrophil adhesion (Kotha et al., 2015). To understand
the effect of isoform-specific knockdown and further investigate the
importance of apical CAR®™® in apical adenovirus entry and infection,
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CRISPR/Cas9 technology was used, for the first time, to specifically
delete the eighth exon of endogenous CXADR. The creation of an iso-
form specific knockdown cell line will allow the dissection of the bio-
logical importance of CAR®™® in viral entry and effects on leuckocyte-
epithelial biology.

2. Materials and methods
2.1. Cell culture

The CAR®® inducible MDCK cell line (MDCK-CAR™®) was devel-
oped using the Lenti-X-Tet-On system (Takara Bio USA) on MDCK II
cells (ATCC) and contains the cDNA for FLAG-tagged CAR™® (Kotha
et al., 2015). Cells are maintained in MEM media containing 5% fetal
bovine serum (FBS) without tetracycline and 1% penicillin/strepto-
mycin, at 37°C in a humidified incubator with 5% CO..

2.2. sgRNA development

sgRNA sequences were designed using the CHOPCHOP v2 software
in conjunction with sequencing data obtained from Genewiz (South
Plainfield, NJ) for the exon 8 region of the MDCK CXADR gene (Labun
et al., 2016; Montague et al., 2014). One sgRNA upstream of exon 8 (
CGAAGGGCAAAATCTTCTAG) and one sgRNA downstream of exon 8 (
GGTTGCCTTGGGGAAAGTTA) were selected for subsequent experi-
ments (IDT, Coralville, lowa). These sgRNAs were unique in the canis
lupus familiaris genome, with possible off target cutting sites being at
least 3 nucleotides different.

2.3. Cloning

sgRNA sequences were cloned into the pspCas9(BB)-2A-GFP
plasmid backbone (Addgene) using a Takara Infusion Cloning Kit
(Mountain View, CA) according to the manufacturer's instructions (Ran
et al., 2013). Briefly, mutagenic primers containing the sgRNA se-
quence to be incorporated flanked by sequence homologous to the
plasmid were suggested using the Takara Primer Design tool. These
primers were used in an inverse PCR reaction using CloneAmp HiFi PCR
Premix (Takara Bio USA, Mountain View, CA) to linearize and in-
corporate each sgRNA sequence into the pspCas9(BB)-2A-GFP plasmid.
For the upstream sgRNA, primer sequences were: F-GAAGGGCAAAAT
CTTCTAGGTTTTAGA GCTAGAAATAGCAAGTT and R- AAGATTTTGC
CCTTCGCGGTGTTTCGTCCT TTCCACAA. For the downstream sgRNA,
primer sequences were: F- GTTGCCTTGGGGAAAGTTAGTTTTAGAGCT
AGAAATAGCAAGTT and R- TTTCCCCAAGGCAACCCGGTGTTTCGTCC
TTTCCACAA. Each linearized plasmid was then purified by treating
with Cloning Enhancer and then re-circularized in an In-Fusion cloning
reaction. Proper integration of each sgRNA was ensured by Sanger se-
quencing (Genewiz, South Plainfield, NJ) using a universal U6 primer.

2.4. Transfection

MDCK-CAR®*® cells were grown to ~60% confluence in 24-well
plates. Cells were double transfected with 0.25 pg of plasmid containing
the upstream and 0.25 g of plasmid containing the downstream sgRNA
using Dreamfect Gold (OZ Biosciences, San Diego, CA) transfection
reagent. Cells were transfected in 100 uL. of Opti-MEM at a ratio of
0.5ug of DNA to 1pL of transfection reagent. Cells were placed in
complete media after 4 h. Optimal transfection efficiency, as measured
by number of cells exhibiting GFP positivity, was reached ~48h after
transfection.

2.5. Fluorescence Activated Cell Sorting (FACS)

Two days after transfection, MDCK-CAR™® cells were lifted using
TrypLE Express (ThermoFisher Scientific, Waltham, MA) and placed in

21

Virology 536 (2019) 20-26

filter sterilized FACS buffer 1 mM EDTA, 25 mM HEPES, 1% FBS in
phosphate buffered saline without calcium or magnesium (PBS—/—).
Cells were sorted at The Ohio State University Analytical Cytometry
Core. Single GFP positive cells were seeded into single wells of a 96-
well plate containing normal growth media using a Becton Dickinson
FACSAria III system (Franklin Lakes, NJ). Cells were maintained,
changing growth media every 3-4 days until colonies could be ex-
panded from individual cells.

2.6. PCR screening

As colonies grew to confluence, they were expanded to larger con-
tainers and total genomic DNA was isolated using a Qiagen DNeasy
Blood and Tissue Kit (Hilden, Germany). Two PCR reactions were then
performed for each clone using Standard Taq Polymerase (New England
Biolabs, Ipswich, MA) to determine if deletion events took place. One
PCR used primers that base paired with sequences outside of the sgRNA
cut sites and should generate a truncated amplicon in exon deleted
clones and (F1-CGGGAGACACTTAGAGATGTTAAA; R1-AGGAGAAAT
AGCAAACGGGATA). The other PCR used primers that base paired with
sequences in the region between both sgRNAs, which should be deleted
in edited clones (F2-GACCCATAAGGGAAGCCTAAC; R2-ATGCCTGGT
GCCACTTTAT).

2.7. Western blot

Cells were placed on ice for 10 min, washed 3X with ice cold
phosphate buffered saline (PBS), and lysed with 30uL lysis buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, and protease in-
hibitors leupeptin (10 mg/mL), aprotinin (10mg/mL), pepstatin
(10 mg/mL), pheynyl-methylsulfonyl fluoride (1 mM)). Lysates were
collected into prechilled tubes, sonicated 5 pulses each, and centrifuged
at maximum speed for 10min at 4°C in a microcentrifuge. Protein
concentrations were determined using a Bradford protein assay
(Hercules, CA). 100 pg of each lysate was mixed with 2X loading dye
(4% (w/v) SDS, 20% (v/v) glycerol, 3.25% (v/v) 2M Tris pH 6.8,
120 uM bromophenol blue, 100 mM dithiothreitol) and incubated at
65°C for 10 min before being subjected to SDS PAGE in 10% poly-
acrylamide gels. Gels were transferred to PVDF membranes (Trans-Blot®
Turbo™ Transfer System, Bio-Rad, Hercules, CA). In order to confirm
equal loading and transfer efficiency, blots were stained with ponceau
stain (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid). Blots were de-
stained with 0.1 N NaOH and washed thoroughly in ddH,O. Blots were
blocked in 5% BSA in Tris Buffered Saline with 0.1% Tween-20 (TBST).
Anti-CAR®*® antibody was generated against the C-terminus of CAR®*®
by GenScript (Nanjing, China) with the 14AA peptide CAR®™® (CFKY-
PYKTDGITVV) was synthesized with an HPLC purity of > 85%. Peptide
was conjugated to KLH via MBS method through the -SH of the N-
terminal Cysteine residue. The peptide-KLH conjugate was used for
rabbit immunization. After pre-immune screening with the peptide, two
rabbits were subcutaneously immunized with 200 pug of the complex
emulsified in Freund's complete adjuvant (CFA). Two boosts with 200ug
each of the complex emulsified in Freund's incomplete adjuvant (IFA)
were given subcutaneously after 2 and 5 weeks. After test bleed (one
week after the 3rd immunization), the two animals were sacrificed for
collection of the final antisera.The anti-CAR™® antibody was purified
from the antisera by peptide affinity column. Anti-CAR®™® was used at a
concentration of 1:3000. Anti-total CAR (1605) antibody was generated
as previously described and used at a concentration of 1:1000 (Excoffon
et al., 2010; Sharma et al., 2012a). As CAR is a differentially glycosy-
lated protein, staining can result in multiple bands (Excoffon et al.,
2007). All images were taken with an Amersham Imager 600 (General
Electric, Boston, MA). Bands were quantified using ImageJ analysis.
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2.8. Epithelial polarization

MDCK cell lines were either semi-polarized by being grown into
confluent monolayers on plastic or fully polarized by seeding on
transwell inserts with 0.4 pm pores (Corning, Corning, NY) and grown
at an air-liquid interface. For transwells, media was removed from the
apical surface and fresh media was added to the basolateral surface
every 3 days during polarization. Epithelia were considered fully po-
larized when the apical surface had no visible liquid and the TER
measurement was above 600 Q-cm? (Excoffon et al., 2010) as measured
using a Volt/Ohm Meter with STX2 “chopstick” electrode (World Pre-
cision Instruments, Sarasota, FL) as previously described (Sharma et al.,
2012b). The addition of doxycycline at the concentrations used in these
experiments (50 and 200 ng/mL) do not prevent epithelial polarization
by day 9 post seeding (Supplemental Fig. 1).

2.9. Adenovirus

Recombinant human adenovirus type 5 containing a (3-galactosidase
reporter gene (AdV5-LacZ) purchased from the University of Iowa Viral
Vector Core with a titer of 2 X 10'° pfu/ml was used in all experiments.
All infections were performed in serum free media for 1 h at 37°C at a
multiplicity of infection (MOI) of ~125. After 1h of incubation, virus
was removed and cells were washed with serum free media before
being placed back in complete growth media. Approximately 24 h later
AdV5-LacZ transduction or viral genomes were measured as outlined
below.

2.10. Quantitation of AdV5 entry and transduction

AdV5-LacZ transduction was analyzed by measuring (3-galactosidase
expression using the Galacto-Light Plus system from ThermoFisher
Scientific (Waltham, MA) in conjunction with a Synergy H1 Microplate
Reader (Winooski, VA) as previously described (Excoffon et al., 2010).
Background luminescence/mg protein obtained from cells that were not
infected with AdV-LacZ is subtracted off of the reported values. Viral
genomes were measured via quantitative PCR (qPCR) after DNA isola-
tion (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Germany) using
SYBR Green with low ROX (Quanta, Gaithersburg, MD) in a Quant-
Studio 7 Flex Real Time PCR System (ThermoFisher Scientific, Wal-
tham, MA) using primers specific to the AdV5 hexon gene (F-ACGCCT
CGGAGTACCTGAG and R-GTGGGGTTTCTGAACTTGT) and MDCK
actin (F- AAGATCTGGCACCACACCTTCTAC and R- ATCTGGGTCATCT
TCTCACGGTTG). Fold-change between samples was calculated using
the 2724¢ method as previously described (Kotha et al., 2015).

3. Results

We previously created a model MDCK cell line, based on Type II
MDCK cells, that stably expresses the cDNA for FLAG-tagged human
CAR®™® under a doxycycline-inducible promoter (MDCK-CAR™®)
(Kotha et al., 2015). The FLAG tag resides at the extracellular N-ter-
minus of the CAR®*® construct, but does not affect adenoviral binding or
transduction (van't Hof and Crystal, 2001; Walters et al., 2001). MDCK
cells offer several advantages as a model system to study epithelial
biology and AdV infection. They have a relatively fast rate of cellular
division, can be cloned from single cells, and have the ability polarize
rapidly into monolayers with tight junctions on plastic, glass, and when
grown on inserts with semi-permeable membranes such as transwells,
and have been well studied in terms of epithelial morphology and
physiology as well as protein expression (Dukes et al., 2011; Price et al.,
2018; Rangel et al., 2019; Sharma et al., 2017). Furthermore, they re-
capitulate many processes, such as differential CAR isoform expression
and localization, that primary human airway epithelial cells exhibit
(Excoffon et al., 2010; Kotha et al., 2015; Sharma et al., 2017). While
much has been learned about the function of the CAR®™® isoform in
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polarized epithelia by using this model cell line, data must be inter-
preted with the understanding that there is endogenous expression of
canine CAR™®, To further understand the functional importance of the
apical CAR isoform, CRISPR/Cas9 technology was used to target
genomic CAR®™® expression, while leaving the doxycycline inducible
insert intact. This was done by specifically targeting the intronic regions
flanking the eighth exon of the MDCK CXADR gene. Using this strategy
leaves the genetic information necessary to encode CAR®™ intact while
deleting approximately 1.3kb of the genome that contains the eighth
exon of CXADR.

3.1. Generation and transfection of sgRNA constructs

In order to ensure the sgRNA targets would base pair properly in our
cells, the region around the eighth exon of the MDCK CXADR gene was
sequenced by Genewiz (South Plainfield, NJ). The resulting sequence
was used to generate a list of potential sgRNAs using CHOPCHOP
software (Labun et al., 2016; Montague et al., 2014). The criteria for
selection included proximity to the eighth exon as well as the quality
score provided by the program that is based on predicted cutting effi-
ciency and potential for off target cutting elsewhere in the genome.
Ultimately, we selected two sgRNA sequences, one upstream and one
downstream of CXADR exon 8, that had at least 3 differing nucleotides
with every other possible sgRNA in the genome. These sgRNA se-
quences were each cloned into the pspCas9(BB)-2A-GFP plasmid
backbone. Both plasmids were double transfected into MDCK-CAR®*®
cells in order to obtain cuts upstream and downstream of CXADR exon 8
to potentially allow exonic deletion.

3.2. Clone generation and screening

Two days post transfection, the pool of double transfected cells was
isolated and subjected to FACS. Single GFP-positive cells were sorted
into single wells of a 96-well plate and clonal populations were ex-
panded and subjected to further analysis. Thirteen clones survived and
were expanded from one round of transfection and FACS. Genomic DNA
was isolated from each clone and subjected to PCR analysis with pri-
mers that recognize intronic sequence inside or outside the region ex-
pected to be deleted (Fig. 1A). To screen for exonic knockout, primers
outside of the expected cut sites were used. Whereas the parental

A F1  sgRNA1 F2
- =
[ —> [ CXADREX6n8
<
R2 sgRNA2 R1
~1.5kb
~650bp
F1 <V
> 7
[ I ]
<
KQS’ R1
~300bp

Fig. 1. CXADR exon 8 knockout screening. (A) Schematic of primers used to
screen for deletion of the eighth exon of CXADR upon sgRNA cleavage upstream
(sgRNA1) and downstream (sgRNA2). Expected fragment lengths for parental
(above) and exon knockout (below) are shown. (B) PCR results with primers
outside the cut sites comparing the untreated parental MDCK-CAR™® cells (Par)
to the knockout clone (KO; JRI1-CAR®™®-K0O) and two potential haploid
knockout clones (Hapl and Hap2). (C) PCR results with primers inside the cut
sites comparing the untreated parental MDCK-CAR™® cells (Par) to the
knockout clone (KO; JR1-CARF*®-KO) and two potential haploid clones (Hapl
and Hap2).
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Fig. 2. Sanger sequencing of the CXADR exon 8
region. Comparison of the parental (Par) and JR1-
CAR®*®.KO (JR1) genomic sequencing around the
sgRNA (green boxes) (A) upstream or (B) down-

Par
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stream of the 8th exon of MDCK CXADR. The red
line indicates the predicted cut sites for the CRISPR/
Cas9-gRNA complex. The blue letters in the JR1
sequence represent the presence of indels that oc-
curred due to Cas9 editing. The blue letters in the
top sequence represent nucleotide sequences that
are distinct between parental and JR1-CAR®™®.KO
cells.
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MDCK-CAR®® cells produced a band at the expected size of ~1.5kb,
only 1 clone had a single truncated band at ~300bp suggesting that a
deletion event had occurred in this clone (Fig. 1B). The other clones
that were subjected to this PCR demonstrated multiple bands at various
sizes, arguing that cutting events took place in at least one allele
(Fig. 1B). As expected, primers recognizing sequence within the site
expected to be deleted produced a band at ~650 bp for the parental
MDCK-CAR®® cells. The single successful clone did not produce any
band (Fig. 1C). The other clones that were subjected to this PCR pro-
duced a single band at ~650 bp similar to the parental MDCK-CAR®*®
cells (Fig. 1C). These results suggested that 1/13 clones had undergone
the desired cutting reactions and this clone was renamed JR1-CAR®*®-
KO and subjected to further analysis. Sanger sequencing revealed the
presence of indels present at the expected cut sites in JR1-CAR®®.KO
cells (Fig. 2).

3.3. JRI-CAR®-KO cells exhibit reduced CAR™® expression

JR1-CAR®™®.KO and MDCK-CAR™® cells exhibited similar mor-
phology and growth characteristics (data not shown). SDS-PAGE and
Western blot analysis with an antibody that can detect both trans-
membrane isoforms of CAR demonstrated that total CAR protein levels
(the majority of which is CAR®7) decreased by 38% with a standard
deviation of 12% (Fig. 3A). However, Western blot analysis with an
antibody specific to the CAR™® isoform demonstrated a pronounced
reduction of CAR®™® by approximately 67% reduction with a standard
deviation of 20% relative to parental MDCK CAR™® cells (Fig. 3B). By
contrast, overnight treatment with 200 ng/mL doxycycline induced
very high and similar protein expression of total CAR and CAR®™® in
both cell lines demonstrating that the lentiviral insert was not affected
by CRISPR editing (Fig. 3A and B).

3.4. JRI-CAR®®.KO exhibit reduced AdV-LacZ entry

Analysis of AdV5 infection was assessed in both partially polarized
cultures on plastic and completely polarized cultures on transwells.
When seeded on plastic and grown into a confluent monolayer, JR1-
CARF*®.KO cells exhibited 2X less AdV5-LacZ transduction, as measured
by B-galactosidase activity per mg protein, than parental MDCK-CAR®™*®
cells (Fig. 4A). Furthermore, the addition of doxycycline enhanced
AdV5-LacZ transduction in both cell lines, providing further evidence
that the lentiviral insert is functional in the JR1-CAR®®-KO and MDCK
CAR®*® parental cell lines (Fig. 4A; the average measurements and

23

Anti-Total CAR

0 Dox 200 Dox
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Fig. 3. Total CAR expression is partially reduced while CAl expression
is largely attenuated in JR1-CAR®™®.KO cells compared to MDCK-CAR®*®
parental cells. MDCK-CAR®*® parental cells (Par) or JR1-CARF*®-KO cells (KO)
were exposed to either 0 or 200 ng/mL doxycycline overnight, lysed and sub-
jected to SDS-PAGE. The blot was stained with ponceau to ensure equal loading
(lower blot). Western blot with a polyclonal antibody which detects (A) both
transmembrane isoforms of CAR (Rabbit-Anti-CAR-1605p) or (B) a polyclonal
antibody which detects CAR®™® (Rabbit-Anti-CAR™®). Western Blots are re-
presentative images from 3 independent experiments.

REXS

standard deviations of each condition (in Luminescence per mg protein)
were 20.2 + 8.3 x 10° for parental cells without doxycycline, 48 +

1.2 x 10° for parental cells with doxycycline, 9.7 * 1.6 x 10° for JR1-
CARE*®_KO cells without doxycycline, and 52.3 = 8.8 x 10° for JR1-
CAR™®.KO cells with doxycycline). To determine differences specifi-
cally in apical AdV5-LacZ entry, both JR1-CARE*®.KO and MDCK-
CAR™® parental cells were seeded on semi-permeable transwell mem-
branes and grown at the air-liquid interface to allow complete epithelial
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Fig. 4. Adenovirus entry is significantly attenuated in JR1-CAR®*®-KO cells
compared to MDCK-CAR®*® parental cells. (A) Cells seeded on plastic and
grown into confluent monolayers were treated with 0 (gray) or 50 ng/mL
(black) doxycycline for ~24 h before AdV-LacZ infection. Data are compiled
from 3 independent experiments each with 4 biological replicates per condition
(Luminescence per mg protein). One way ANOVA followed by Bonferoni post
hoc test was used to determine significance. *** p < 0.0001. (B) TER values
obtained 9 days post seeding on transwell inserts. N =24 biological replicates
per condition. (C) Cells were polarized on transwell inserts for 9 days before
exposure to 0 or 200 ng/mL doxycycline 24 h followed by apical inoculation
with AdV-LacZ (MOI~125). Total DNA was isolated ~24 h later for qPCR for
adenoviral genomes. Values are reported as fold change (24%) from JR1-
CAR™®.KO cells in the absence of doxycycline relative to canine actin. Data are
compiled from 3 independent experiments each with 4 biological replicates
amplified in duplicate per condition. One way ANOVA followed by Bonferoni
post hoc test was used to determine significance. ** p < 0.001. Error bars
represent standard error of the mean.

polarization. When grown at the air-liquid interface on semi-permeable
membranes, both polarized to a similar degree and achieved TER va-
lues > 1200 ohms cm? 9 days post seeding indicating the formation of
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tight junctions (Fig. 4B). After apical AdV5-LacZ inoculation, the apical
surface was washed to remove unbound virus. Total DNA was isolated
from the cells and cell-associated viral DNA, a marker for viral entry,
was measured by qPCR using AdV specific primers 24 h after inocula-
tion. In the absence of doxycycline, JR1-CAR®*®-KO cells exhibited a 3X
reduction in cell associated viral genomes relative to parental cells
(Fig. 4C). Pretreatment with 200 ng/mL doxycycline restored viral
genome entry in JR1-CAR™®.-KO cells to similar levels observed in
parental MDCK-CAR®® cells (Fig. 4C; Ct values with standard devia-
tions for AdV Hexon primers were 30.9 =+ 1.2 for parental, 32.2 =+
1.1 for JR1-CAR®*®.KO without doxycycline, and 30.5 = 0.9 for JR1-
CARF*®.KO with doxycycline; control no virus (background) Ct values
were 35.8 *+ 1.9. Actin Ct values with standard deviation were 19.1
+ 0.4 for parental cells, 18.8 = 0.3 for JRI-CAR®*®.KO cells without
doxycycline, 18.7 + 0.3 for JR1-CAR™®.KO cells with doxycycline
and 18.9 * 0.3 for control no virus cells).

4. Discussion

CRISPR/Cas9 gene editing has made it possible to achieve exon-
specific deletion and therefore isoform specific knockout of proteins
(Bauer et al., 2015; Canver et al., 2014; Hsu et al., 2014). We adopted a
gene editing procedure that relied on double transfection of plasmids
that encode Cas9, sgRNAs that flank the 8th exon of the MDCK CXADR
gene, and GFP. Following transfection, FACS sorting the cells that ex-
hibited the highest degree of GFP positivity into single wells of a 96
well plate allowed for the enrichment of cells that were more likely to
have undergone gene editing and allowed for the establishment of
clonal populations. Clones were then screened for exonic deletion using
PCR. Using this procedure, a polarizable epithelial cell line was ob-
tained that exhibits reduced protein expression of CAR®*®, Expression of
total CAR appears to be less affected. This discrepancy between total
CAR and CAR™® specific staining is expected to be largely due to the
CAR® isoform. These data suggest that endogenous CAR™® expression
is significantly attenuated while CAR®™ expression is largely main-
tained. This makes sense, as CAR™® has been previously reported to
make up a small percentage of total CAR expression in epithelial cells
(Excoffon et al., 2010; Sharma et al., 2017). Furthermore, with the
addition of doxycycline, CAR®™® expression was greatly enhanced in
JR1-CAR™®.KO, indicating that the lentiviral insert is unaffected.

Our PCR results show no amplification of exon 8 in JR1-CAR®*®-KO
cells when using primers that recognize the sequence that should be
deleted and only a single truncated amplicon when using primers that
are outside of the expected cut sites. Given this PCR profile, we were
surprised to find that this cell line still had some CAR™® detectable by
Western blot. There are several possible reasons for this. Although
unlikely, it is possible that one allele could still be intact, but has un-
dergone indel formation so extensively that the primer recognition sites
have been mutated. Alternatively, MDCK cells are known to be hy-
perdiploid and it is possible that there is another allele that could not be
detected or targeted with this approach (Cassio, 2013). While genomic
sequencing of the parental MDCK-CAR™® cells was successful, se-
quencing of JR1-CAR¥®.KO resulted in truncated sequences that re-
vealed extensive indel formation at the expected cut sites, but did not
amplify the region between the cut sites. Although this has not been
observed in other experiments, another possibility is that the CAR®®
antibody was demonstrating non-specific binding. Finally, it is possibly
a leaky doxycycline-inducible lentiviral insert, however, no FLAG-tag
expression is visible via Western blot, even at high loading and long
exposure, in the absence of doxycycline (Supplemental Fig. 2). While
future experiments are aimed at addressing the discrepancy we see
between PCR results and protein expression, it is clear that there is a
significant knockdown of CAR®™® protein expression which allowed us
to successfully test our hypothesis about the importance of CAR™*®
expression for apical AdV5 entry and transduction, particularly in a
polarized epithelium.
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There is approximately 25 kb of DNA between the 7th and 8th exons
of CXADR (Fechner et al., 1999). The data presented here indicate that
this distance can provide a buffer for editing and deleting only the 8th
exon, while leaving the 7th exon, and therefore expression of CAR™’,
intact. The JR1-CAR®*®-KO, cell line provides a model system in which
genomic CAR®™® expression is significantly attenuated, but CAR®™ ex-
pression is largely intact and CAR™® expression can be rescued by a
lentiviral insert that expresses CAR®*® with the addition of doxycycline.
Using this cell line, compared to parental cells, we found a ~2X re-
duction in AdV5-LacZ transduction when cells were seeded on plastic
and a ~3X reduction in AdV5-LacZ genome copies when cells were
polarized on transwell inserts and grown at an air-liquid interface. This
argues that seeding on plastic results in only partial epithelial polar-
ization, and that specific attenuation of the CAR®*® isoform does not
play as large a role in AdV5 transduction when access to basolateral
CAR® is still available. However, when epithelial cells are fully po-
larized, apical infection in these epithelia relies more on CAR™® ex-
pression. This is further corroborated by the addition of doxycycline,
and therefore CAR™® expression, which fully recovered AdV5 viral
genome levels to those seen in parental cells.

The JR1-CAR™®.KO, cell line provides a new model system to study
the effects of knockdown and upregulation of CAR®™*® expression on
epithelial virus infection. Furthermore, future studies are likely to re-
veal new isoform specific cellular functions for CAR¥® such as in epi-
thelial interactions with cells of the innate immune system and re-
sponses to inflammation. Our methods also establish an experimental
pipeline to produce additional genomic CAR®™® knockdown or knockout
MDCK cell lines.

Taken together, our data argue that CA is the primary receptor
for apical AdV5 infection of polarized epithelia. Future studies will
explore the relative effects of AdV co-receptors, methods to manipulate
epithelial AdV infection that rely on, and are independent of, CAR®*®
expression, and test regulation of CAR®™® expression as a potential
clinical mechanism for inhibiting human AdV infections.
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