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Phosphatidylinositol-4-kinase Il (PI4KIIIe) is an essential host cell factor for hepatitis C virus (HCV) replication. An N-ter-
minally truncated 130-kDa form was used to reconstitute an in vitro biochemical lipid kinase assay that was optimized for small-
molecule compound screening and identified potent and specific inhibitors. Cell culture studies with PI4KIIl« inhibitors dem-
onstrated that the kinase activity was essential for HCV RNA replication. Two PI4KIII« inhibitors were used to select cell lines
harboring HCV replicon mutants with a 20-fold loss in sensitivity to the compounds. Reverse genetic mapping isolated an NS4B-
NS5A segment that rescued HCV RNA replication in PIK41IIa-deficient cells. HCV RNA replication occurs on specialized mem-
branous webs, and this study with PIK4III« inhibitor-resistant mutants provides a genetic link between NS4B/NS5A functions
and PI4-phosphate lipid metabolism. A comprehensive assessment of PI4KIIlx as a drug target included its evaluation for phar-
macologic intervention in vivo through conditional transgenic murine lines that mimic target-specific inhibition in adult mice.

Homozygotes that induce a knockout of the kinase domain or knock in a single amino acid substitution, kinase-defective
PI4KIIIe, displayed a lethal phenotype with a fairly widespread mucosal epithelial degeneration of the gastrointestinal tract.
This essential host physiologic role raises doubt about the pursuit of PI4KIIl« inhibitors for treatment of chronic HCV

infection.

bout 2.4% of the human population, corresponding to about
160 million individuals, is infected with hepatitis C virus
(HCV). The vast majority are chronically infected, with sequelae
that often lead to serious liver diseases such as cirrhosis and hep-
atocellular carcinoma (42). The new gold standard therapy for
chronic genotype 1 HCV infection is an NS3/4A protease inhibi-
tor (boceprevir or telaprevir [36, 48]) in combination with pegy-
lated alpha interferon and ribavirin (PegIFN/RBV). This new
standard of care still has limited efficacy, particularly among treat-
ment-experienced patients who previously failed to respond to
PegIFN/RBV therapy, and is associated with several adverse reac-
tions. Research into more effective antiviral therapies has, in part,
focused on host targets that may lead to broadly active drugs with
pangenotype activity. These may also provide greater barriers to
drug resistance. The availability of multiple new therapeutic op-
tions could lead to regimens that are free of PegIFN and/or RBV.
Several groups have performed screens to identify cellular co-
factors involved in HCV replication and infection. A common
target identified in the various screens is phosphatidylinositol-4-
kinase ITIa (PI4KIII) (10, 15,43, 50, 59, 63, 64). PI4KIIIa is one
of four mammalian phosphatidylinositol 4-kinases that catalyze
the first step in phosphoinositide synthesis (5). PI4KIIla is a 230-
kDa protein (58) that is primarily localized in the endoplasmic
reticulum (67) and apparently contributes to the formation of
endoplasmic reticulum exit sites (14, 24) as well as the mainte-
nance of plasma membrane phosphoinositide pools (6).
PI4KIIIx associates with NS5A in infected cells (11, 44, 50, 61).
By use of a yeast two-hybrid approach, PI4KIIla was found to
interact with NS5A in a proteome-wide mapping of interactions
between HCV and human proteins (20). In another yeast two-
hybrid study, using a portion of the HCV NS5A protein as a bait,
the region of amino acids (aa) 1799 to 1916 of PI4KIIla was pro-
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posed to interact with domains IT and III of NS5A (aa 300 to 447
[1]), while coimmunoprecipitation experiments demonstrated
that a reduction in the interaction between NS5A and PI4KIIla
was observed only by deleting domain I and not by deletions of
domain II or IIT (50). Deletion mutants of PI4KIIIa and NS5A
map the interaction domain of PI4KIIIa to amino acids 401 to 600
and domain I of NS5A (44).

Genetic (11, 50, 61) and pharmacological (12) approaches
have also been used to demonstrate that the enzymatic activity is
essential and PI4KIIIo is required for the integrity of the membra-
nous web and PI4-phosphate (PI4P) levels are enriched on these
membranes. Additionally, NS5A stimulates the enzymatic activity
of PI4KIIla (11, 50). PI4KIIIa may therefore be recruited by
NS5A to sites where it is needed for formation of the membranous
web replication complex. Targeted inhibition of this host function
may offer the opportunity for more broadly effective anti-HCV
therapies.

In this study, we constructed a modified derivative of PI4KA
that encoded an N-terminally truncated 130-kDa form of the en-
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zyme, expressed and purified the product, and reconstituted an in
vitro biochemical lipid kinase activity that was optimized for the
screening of a large compound library to identify inhibitors of
PI4KIIla. To further validate the role of the kinase activity in HCV
replication, several of the identified inhibitors that represent dif-
ferent chemotypes were used in subsequent cell culture studies.
Two potent compounds from one of the chemotypes were used
for HCV replicon resistance studies to identify regions of the HCV
nonstructural proteins that may be linked to PI4P metabolism.
Furthermore, extensive mouse genetic studies were performed to
determine the likely effect of efficient PI4KIll« inhibition in vivo
and to assess the consequence of targeting PI4KIIIa for pharma-
cologic inhibition. We generated tamoxifen-inducible mouse
transgenic mice in which PI4KIIIa can be conditionally knocked
out (KO) through a deletion or knocked in (KI) with an amino
acid-substituted derivative that codes for a kinase-defective
PI4KIIa. Induction studies were performed, and phenotypes
were analyzed in detail.

MATERIALS AND METHODS

Chemicals and reagents. Phosphatidylinositol (sodium salt) was pur-
chased from Avanti Polar Lipids. PtdIns-(1,2-dioctanoyl) sodium salt
(PI-diC8) was purchased from the Cayman Chemical Company. GloPIP
Bodipy TMR phosphatidylinositol 4-phosphate (PI4P-Bodipy-TMR) was
purchased from Echelon Biosciences Inc. Triton X-100 (10.8% solution)
was from Calbiochem. ATP (100 mM solution, pH 7.5) was purchased
from GE Healthcare. The Kinase-Glo Luminescent Kinase assay kit was
purchased from Promega. Compounds A and B were synthesized as pre-
viously described (16, 17) (Fig. 1). All other chemicals were of analytical
grade.

Expression, production, and purification of PI4KIIle, PI4KIII(3,
and SidC proteins. The PI4KA and PI4KB genes with codons optimized
for expression in Sf21 insect cells were ordered from DNA 2.0 (Menlo
Park, CA). The PI4KA gene portion encoding the N-terminally truncated
130-kDa PI4KIII« protein (aa 875 to 2044) and the full-length PI4KB
gene were subcloned and expressed using pFastBacl in which glutathione
S transferase (GST) had been cloned to express N-terminally tagged GST
proteins. Each protein was produced by infecting exponentially growing
Sf21 cells diluted to 1 X 10° cells/ml in SF-900I1 SFM medium (Invitro-
gen) at a multiplicity of infection (MOI) of 1 and incubating for 66 h at
27°C. The infected cell pellet was obtained by spinning at 500 X g for 5
min and then frozen at —80°C prior to purification. The GST-130-kDa
PI4KIIIo and PI4KIIIB proteins were purified according to the following
procedure: 1 liter of insect cell culture was resuspended in 25 ml of phos-
phate-buffered saline (PBS) containing one-half of a cOmplete, EDTA-
free Protease Inhibitor Cocktail tablet (Roche), 1 mM Pefabloc, and 2 mM
EDTA. The resuspended cells were processed in a Dounce homogenizer
for 50 strokes and then diluted with 25 ml of PBS. Nuclei were removed by
centrifugation, and the cytosolic fraction (33 to 37 ml) was incubated on
ice for 1 h with glutathione (GSH)-Sepharose 4B resin (GE Healthcare).
The resin was pelleted at 500 X g for 5 min and then washed with 40 ml of
PBS. This cycle was repeated 4 times. The protein was eluted by incubating
the washed resin with 4.0 ml of elution buffer (50 mM Tris [pH 8.0], 20
mM reduced glutathione) for 20 min prior to centrifugation. The elution
step was repeated twice, and eluates were pooled and spun at 800 X g for
5 min to remove residual resin. The eluate was concentrated in Amicon-
Ultra 15 with a 30-kDa cutoff membrane. Glycerol (10%) was added, and
aliquots were frozen and stored at —80°C.

Two major contaminants that copurified were identified by mass spec-
trometry as the baculovirus envelope protein VP25 and the heat shock
protein Hsp70, both of which are commonly copurified with GSH-Sep-
harose resins. The total protein concentration of the pooled GSH eluate
was 0.5 to 0.7 mg/ml with ~20% GST-PI4KIIIa or GST-PI4KIIIB, ~50%
VP25, and ~30% Hsp70. VP25 and Hsp70 could be removed with addi-
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tional purification steps, but screening was performed using the GST-
Sepharose-purified material. The specificity of the enzymatic activity and
lack of interference by VP25 and Hsp70 were demonstrated by the lack of
activity for variants in which an active-site residue was changed (see Re-
sults). In all cases, similar PI4KIIl« yields were obtained. In addition, the
same two proteins were also bystanders in the counterscreen because they
were also copurified in the PI4KIIIB preparation.

The SidC protein, which binds to PI4P (66), was produced to develop
the assay that detects the PI4P lipid product. A codon-optimized gene
encoding an N-terminally truncated 39-kDa SidC protein (aa 582 to 917)
was obtained from DNA2.0, subcloned, and expressed in Escherichia coli
BL21 as an N-terminally GST-tagged 67-kDa protein using pGEX4T1.
The GST-SidC protein was produced by transforming E. coli BL21 with
the pGEX4T1-SidC plasmid. Two-liter cultures were inoculated with 20
ml of an overnight culture grown at 37°C. The cultures were incubated for
9 h at 25°C (optical density at 600 nm [ODg,,], ~0.5 to 0.7) and then
cooled to 15°C for 1 h before the addition of 0.5 mM isopropyl-B-p-
thiogalactopyranoside. The cultures were incubated for another 16 to 17 h
and then harvested. The cells were resuspended in PBS and disrupted by
two successive passages through a French press operated at 12,500 1b/in”
and 4°C. The cell debris was removed by centrifugation at 27,000 X g for
30 min. The supernatant was carefully isolated, and the subsequent steps
of the purification were performed using the GSH-Sepharose 4B resin (GE
Healthcare) as described for PI4KIIIo and PI4KIIIB.

PI4KIII« and PI4KIIIf assays for the detection of PI4P formation
and ATP consumption. A fluorescence polarization (FP) assay that mon-
itored the formation of PI4P was developed for high-throughput screen-
ing (HTS) using the soluble lipid PI-diCy as a substrate. This assay was
based on a previously reported format (22) with adjustments to the spe-
cific assay components. A basal FP signal was obtained with the high-
affinity binding of PI4P-Bodipy-TMR probe to SidC, which is subject to
PI4P competitive displacement produced by PI4KIIIa or PI4KIIIB (coun-
terscreen). Two microliters of compound dissolved in 1 X assay buffer (20
mM HEPES [pH 7.5], 10 mM MgCl,, 0.075% Triton X-100) containing
3% dimethyl sulfoxide (DMSO) was first added to a black Corning 384
Well Low Volume Polystyrene NBS Microplate 3676. Two microliters of
the enzyme (1/32 dilution of stock for PI4KIIIa and 1/80 dilution of stock
for PI4KIIIB) premixed with 300 uM PI-diCg in 1X assay buffer was then
added using a MultiDrop Combi (Thermo Fisher). The positive-control
wells did not contain inhibitors, and the negative-control wells did not
contain enzyme. The plates were incubated without mixing at room tem-
perature for 5 min prior to the addition of 2 ul of 15 WM ATP in 1 X assay
buffer using a MultiDrop Combi. The plates were then incubated at room
temperature for 1 h. Six microliters of 100 mM EDTA, 30 nM PI4P-
Bodipy-TMR, 300 nM SidC protein, 10% glycerol in 1X assay buffer was
then added to quench the reaction and detect the amount of PI4P pro-
duced. The plates were then incubated at room temperature for 1.5 h and
processed on an Envision reader (Perkin-Elmer) with an excitation wave-
length of 531 nm and emission wavelength of 595 nm. This assay format
provided an assay window of ~100 millipolarization units (mP) with
<1.5% coefficient of variation (CV) and robust assay statistics (Z' > 0.7).

A Kinase-Glo assay format (Promega) was developed for the routine
testing of inhibitors. In this format, consumption of the ATP substrate
was monitored, and a PI substrate extracted from natural sources was
used (Avanti Polar Lipids). A PI-enzyme solution was prepared by first
dissolving the PI in chloroform. The appropriate quantity was then trans-
ferred using a Gastight syringe (Hamilton Company) followed by evapo-
ration of the chloroform under a flow of nitrogen. The PI was then dis-
solved to homogeneity in 2X assay buffer (40 mM HEPES [pH 7.5], 20
mM MgCl,, 0.15% Triton X-100), the diluted enzyme (1/30 dilution of
stock for PI4KIIIa and 1/75 dilution of stock for PI4KIIIB) was added,
and the solution was diluted to 1X assay buffer (20 mM HEPES [pH 7.5],
10 mM MgCl,, 0.075% Triton X-100) with water to obtain a concentra-
tion of 600 wM PI and the diluted enzyme. Three microliters of test com-
pound dissolved in assay buffer containing 6% DMSO (final concentra-
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FIG 1 Schemes for the synthesis of compound A and compound B as described in U.S. patent 2007/0238746 Al (16) and U.S. patent 2007/0238730 Al (17).

tion) was first added to a white OptiPlate-384 (Perkin-Elmer), and then 3
pl of the PI/enzyme stock solution was added. The positive-control wells
did not contain inhibitors, and the negative-control wells did not contain
enzyme. The plates were then incubated for 30 min at room temperature
followed by the addition of 3 pul of 3 WM ATP to start the reaction in a total
volume of 9 pl. The plates were incubated for 1 h at room temperature,
followed by the addition of 9 .l of Kinase-Glo. After a 30-min incubation,
the plates were read using a TopCount or Envision reader (Perkin Elmer).
The Kinase-Glo format also provided for a consistent assay signal, mini-
mal well-to-well variability (CV < 12%), and robust assay statistics with
7' values of >0.7.

The formation of PI4P could also be monitored using a low-through-
put but highly sensitive radioactive-assay format. The same assay condi-
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tions as those of the Kinase-Glo format were used, except that the reaction
was supplemented with [y->>P]JATP (maintaining the same final ATP
concentration). PI4P extraction was performed as previously described
(47) and followed by liquid scintillation counting.

Cultures, cell lines, and viral replication assays. Cultures and assays
with the viral subgenomic replicons were performed as previously de-
scribed (64). Transient-transfection assays and stable PI4KA knockdown
HuH-7 and HuH-7.5 clones have been previously described (64).

Selection of HCV subgenomic replicons resistant to PI4KIII« inhi-
bition by compounds A and B. The $22.3 cell line derived from the Con-1
sequence was used to select resistant clones (3). Cells were trypsinized and
resuspended in fresh medium (Dulbecco’s modified Eagle’s medium
[DMEM], 10% fetal calf serum) containing 1 mg/ml G418 (Invitrogen).
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Approximately 150,000 cells were plated into 1 well of a 6-well plate. The
following day (day 0), fresh medium containing compound A at 1.6 uM
or compound B at 0.16 pM and 1 mg/ml G418 was added to the well. On
day 3, cells were trypsinized and transferred to a 10-cm plate. Medium
(containing fresh inhibitor and 1 mg/ml G418) was changed on day 6. At
day 10, the medium was changed, with fresh medium harboring the same
concentration of inhibitors and only 0.5 mg/ml G418. Fresh medium with
inhibitor and 0.5 mg/ml G418 was replaced every 3 to 4 days. Only a few
colonies were visible after a minimum of 30 days of selection. The colonies
were isolated and expanded into cell lines for further analysis.

The total cellular RNA, containing the HCV subgenomic replicon
RNA, was isolated from resistant clones using the Qiagen RNeasy proto-
col. HuH-7.5 cells (13) were electroporated with 10 pg of total RNA and
seeded into two 10-cm dishes with fresh medium; 72 h later, the medium
was supplemented with G418 (0.5 mg/ml) and compound A or B at the
same concentrations as described above. Colonies that were visible after 4
weeks were isolated. Long-term resistant replicon selection was main-
tained for cell expansion, and the total cellular RNA, containing the HCV
subgenomic replicon RNA, was isolated as described above. HCV se-
quences were amplified by reverse transcriptase PCR (RT-PCR), and the
DNA product was sequenced with HCV-specific primers. Quantitative
RT-PCR (qRT-PCR) of the HCV replicon and PI4KA were performed as
described previously (64).

Genetic mapping and HCV RNA replication rescue in a PI4KIIIa
knockdown cell line. DNA products from a reverse transcriptase PCR
obtained from HCV replicon RNA isolated from cell lines resistant to
compound A were digested with restriction enzymes. Specifically, Fsel
and Pacl digestion generated an NS4B-NS5A fragment that was trans-
ferred to an R3-derived luciferase reporter HCV subgenomic replicon. An
Srfl-Mlul subfragment encoding the last 67 amino acids from NS4B and
the first 91 amino acids from NS5A was also subcloned in the same repli-
con. The NS4B S258P and NS5A R70S point mutations were introduced
using the QuikChange Lightning site-directed mutagenesis kit from Strat-
agene.

Vector construction for the generation of Pidka conditional KO
mice. The targeting vector was based on a 10.2-kb genomic fragment from
the Pi4ka gene encompassing exons 44 to 55 and surrounding sequences.
This fragment, obtained from the C57BL/6] RP23 BAC library, was mod-
ified by inserting a loxP site and an FLP recognition target (FRT)-flanked
neomycin resistance (NeoR) gene in intron 45 and a loxP site in intron 52
as well as a ZsGreen cassette at its 3" end.

ES cell culture for the generation of Pi4ka conditional KO mice. The
quality-tested C57BL/6NTac embryonic stem (ES) cell line was grown on
a mitotically inactivated feeder layer comprised of mouse embryonic fi-
broblasts (MEF) in high-glucose DMEM containing 20% fetal bovine
serum (FBS) (PAN Biotech GmbH) and 1,200 U/ml leukemia inhibitory
factor (ESG 1107; Millipore). Cells (1 X 10”) and 30 wg of linearized
DNA-targeting vector were electroporated (Gene Pulser; Bio-Rad) at 240
V and 500 wF. Positive selection with G418 (200 pg/ml) started on day 2
after electroporation. Nonfluorescent resistant ES cell colonies with a dis-
tinct morphology were isolated on day 8 after transfection and expanded
in 96-well plates. Correctly recombined ES cell clones were identified by
Southern blot analysis using several restrictions and external and internal
probes and were frozen in liquid nitrogen. The probe A was amplified by
PCR using the primers CCAAACCAAACTAAAACCTTCC and AGCAG
AGGAGGCTATGGTGG.

Generation of Pi4ka conditional KO mice. The animal study proto-
col was approved by the local authority according to the German Animal
Welfare Act (TierSchG, article 8, section 1). Mice were kept in the animal
facility at TaconicArtemis GmbH in microisolator cages (Tecniplast Seal-
save). Feed and water were available ad libitum. Light cycles were on a
12:12-h light/dark cycle with the light phasing starting at 0600 h. Temper-
ature and relative humidity were maintained between 21 and 23°C and 45
and 65%.

After administration of hormones, superovulated BALB/c females
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were mated with BALB/c males. Blastocysts were isolated from the uterus
at 3.5 days postcoitum (dpc). For microinjection, blastocysts were placed
in a drop of DMEM with 15% fetal calf serum (FCS) under mineral oil. A
flat-tip, piezo-actuated-microinjection pipette with an internal diameter
of 12 to 15 m was used to inject 10 to 15 targeted C57BL/6NTac ES cells
into each blastocyst. After recovery, 8 injected blastocysts were transferred
to each uterine horn of 2.5-dpc, pseudopregnant NMRI females. Chime-
rism was measured in chimeras (G0) by coat color contribution of ES cells
to the BALB/c host (black/white). Highly chimeric mice were bred to
C57BL/6-Tg(CAG-Flpe)2Arte females with mutations of the presence of
the Flp recombinase gene. This allowed detection of germ line transmis-
sion by the presence of black, strain C57BL/6, offspring (G1) and creation
of selection marker-deleted conditional mice by Flp-mediated removal, in
one breeding step.

Genotyping of Pi4ka conditional KO mice by PCR. Genomic DNA
was extracted from 1- to 2-mm-long tail tips using the NucleoSpin Tissue
kit (Macherey-Nagel). Genomic DNA (2 pl) was analyzed by PCR in a
final volume of 50 wlin the presence of 2.0 mM MgCl,, 200 M dinucleo-
side triphosphates (ANTPs), 100 nM each primer, and 2 U of Tag DNA
polymerase (Invitrogen) with primers 1264_27, CTCCACAGAGAGGCA
CTAACC, and 1264_28, GGAGTGCTTGCCCTCGCTTGC, detecting
the presence of the wild-type allele (191 bp) and the conditional allele (305
bp). Following a denaturing step at 95°C for 5 min, 35 cycles of PCR were
performed, each consisting of a denaturing step at 95°C for 30 s, followed
by an annealing phase at 60°C for 30 s and an elongation step at 72°C for
1 min. PCR was finished by a 10-min extension step at 72°C. Amplified
products were analyzed using 2% standard Tris-acetate-EDTA (TAE)
agarose gels.

Selection of amino acid substitution for the generation of Pi4ka con-
ditional KI mice. Several catalytic site variants were generated, purified,
and tested in the biochemical assays. The S1884A, D1899A, R1900A,
R1900K, and N1904N variants were generated and tested in the radioac-
tive-assay format. All variants were inactive (<0.06% of wild-type [WT]
activity) except the S1884A variant, which demonstrated 25% of the WT
activity. Given its level of conservation and location in the mouse genome,
the R1900K substitution was the best candidate for the generation of a
conditional KI mouse.

Vector construction for the generation of Pi4ka conditional KI
mice. The first targeting vector was based on a 13.6-kb genomic fragment
from the Pi4ka gene encompassing exons 44 to 55 and surrounding se-
quences. This fragment, obtained from the C57BL/6] RP23 BAC library,
was modified by inserting a loxP site in intron 47, a human growth hor-
mone polyadenylation signal (hGHpA), a loxP site, and an FRT/F3-
flanked cassette expressing the thymidine kinase (TK) and NeoR genes
downstream of exon 55. hGHpA was inserted to prevent transcriptional
read-through into the duplicated region of Pi4ka and thus precluded the
expression of the mutated protein in the absence of Cre activity.

The second targeting vector was based on a 3.5-kb genomic fragment
from the Pi4ka gene encompassing exons 48 to 55 and surrounding se-
quences. This fragment, obtained from the C57BL/6] RP23 BAC library,
was modified by inserting an FRT site and an attB/attP-flanked puromy-
cin resistance (PuroR) gene in intron 48 and an F3 site downstream of
exon 55. It also carries the point mutation (PM) R1900K in exon 51.

ES cell culture for the generation of Pi4ka conditional KI mice. The
quality-tested C57BL/6NTac ES cell line was grown on a mitotically inac-
tivated feeder layer comprised of MEF in high-glucose DMEM containing
20% FBS (PAN Biotech GmbH) and 1,200 U/ml leukemia inhibitory fac-
tor (ESG 1107; Millipore). Cells (1 X 107) and 30 p.g of linearized DNA
from the first targeting vector were electroporated (Gene Pulser; Bio-Rad)
at 240 V and 500 pF. Positive selection with G418 (200 pg/ml) started on
day 2 after electroporation. Resistant ES cell colonies with a distinct mor-
phology were isolated on day 8 after transfection and expanded in 96-well
plates. Correctly recombined ES cell clones were identified by Southern
blot analysis using several restrictions and external and internal probes
and were frozen in liquid nitrogen. Two of these clones were selected and
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cotransfected with the second targeting vector and a plasmid expressing
the Flpe recombinase. The transfection was performed via lipofection
with Lipofectamine 2000 (Invitrogen). Puromycin selection (1 pg/ml)
started on day 2 after electroporation. Counterselection with ganciclovir
(2 wM) started on day 5 after electroporation. Resistant ES cell colonies
with a distinct morphology were isolated on day 7 after transfection. Cor-
rectly recombined ES cell clones were identified by Southern blot analysis
using several restrictions and external and internal probes and were frozen
in liquid nitrogen. The probe B was amplified by PCR using the primers
AAGTACCTGCAGCGCCACAAGCTG and TAGACAGCCTGGACCCT
GTTCGC.

Generation of Pi4ka conditional KI mice. The animal study protocol
was approved according to the German Animal Welfare Act, as noted
above, by the local authority. Mice were kept in the animal facility as
described above in “Generation of Pi4ka conditional KO mice.”

After administration of hormones, superovulated BALB/c females
were mated with BALB/c males. Blastocysts were isolated from the
uterus at dpc 3.5. For microinjection, blastocysts were placed in a drop
of DMEM with 15% FCS under mineral oil. A flat tip, piezo-actuated-
microinjection pipette with an internal diameter of 12 to 15 wm was
used to inject 10 to 15 targeted C57BL/6NTac ES cells into each blas-
tocyst. After recovery, 8 injected blastocysts were transferred to each
uterine horn of 2.5-dpc, pseudopregnant NMRI females. Chimerism
was measured in chimeras (G0) by coat color contribution of ES cells
to the BALB/c host (black/white). Highly chimeric mice were bred to
C57BL/6-Rosa26(C31)Arte females with mutation of the presence of
the phiC31 recombinase gene. This allowed detection of germ line
transmission by the presence of black, strain C57BL/6 offspring (G1)
and creation of selection marker-deleted conditional mice by phiC31-
mediated removal, in one breeding step. Chimeric mice and condi-
tional KI mice were bred to Gt(ROSA)26Sortm9(creESR1) mice
expressing a tamoxifen-inducible Cre recombinase to obtain experi-
mental animals with the targeted allele 2 (Cre heterozygous [Cre het])
or the conditional KI allele (Cre het) genotypes.

In order to obtain a sufficient number of animals homozygous for the
Pi4ka targeted allele 2 (Cre het) genotype, two males of this genotype were
used for to perform a rapid expansion by in vitro fertilization (Charles
River Laboratories, Wilmington, MA). One hundred thirty animals were
derived, and one subsequent round of breeding was required to obtain the
desired homozygous Pi4¢ka (Cre het) animals. This model is available at
TaconicArtemis (Taconic Emerging Model 11694).

Genotyping of Pi4ka conditional KI mice by PCR. Genomic DNA
was extracted from 1- to 2-mm-long tail tips using the NucleoSpin
Tissue kit (Macherey-Nagel). Genomic DNA (2 wl) was analyzed by
PCR in a final volume of 50 pl in the presence of 2.0 mM MgCl,, 200
uM dNTPs, 100 nM each primer, and 2 U of Tag DNA polymerase
(Invitrogen) with appropriate primers. Following a denaturing step at
95°C for 5 min, 35 cycles of PCR were performed, each consisting of a
denaturing step at 95°C for 30 s, followed by an annealing phase at
60°C for 30 s and an elongation step at 72°C for 1 min. PCR was
finished by a 10-min extension step at 72°C. Amplified products were
analyzed using a Caliper LabChip GX device. The primers 2100_50,
GTATGCCAGCACCACCTAGCG, and 2100_48, CTGGGCTACAAGTT
TCCCTAGG, detect the presence of the wild-type allele (246 bp), the
conditional KI allele, and targeted allele 2 (327 bp), as well as the consti-
tutive KI allele (432 bp). The primers 1242-1, CCATCATCGAAGCTTC
ACTGAAG, and 1242-2, GGAGTTTCAATACCCGAGATCATGC, detect
the presence of the creESRI transgene (310 bp). The primers 1260_1,
GAGACTCTGGCTACTCATCC, and 1260_2, CCTTCAGCAAGAGCTG
GGGAC,were used as internal control (585 bp).

Tamoxifen induction studies. The animal study protocols were ap-
proved by the local institutional animal care and use committee (IACUC)
and performed according to the Association for Assessment of and Ac-
creditation of Laboratory Animal Care (AAALAC) guidelines. Tamoxifen
was prepared as a 50-mg/ml solution in corn oil and was administered via
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oral gavage (200 mg/kg of body weight). The formulations were prepared
fresh daily for 5 consecutive days. Healthy animals were sent for necropsy
after 30 days. Animals in a moribund state were euthanized earlier. Tissues
were collected upon euthanasia, half sections were snap-frozen in liquid
nitrogen, and the remainder of the tissue was placed in 10% neutral buff-
ered formalin.

For the Pi4ka conditional KO mice model, two tamoxifen induction
studies were performed. In total, seven Pi4ka homozygous (Cre het) ani-
mals were induced together with nine Pi4ka heterozygous (Cre het) ani-
mals. The following control animals were also included in the study and
treated with tamoxifen: 4 Pi4ka Ho, Cre WT; 5 Pi4dka WT, Cre Het; and 4
Pi4ka WT, Cre WT. In each group, an extra 1 to 4 animals were included
and treated only with vehicle.

For the Pi4ka conditional KI mice, a tamoxifen induction study was
performed with four Pi4ka animals homozygous for the targeted allele 2
(Cre het), one Pi4ka animal homozygous for the conditional allele (Cre
het), and four Pi4ka heterozygous (Cre het) animals. The following con-
trol animals were also included in the study and treated with tamoxifen: 2
Pi4ka WT, Cre Het; and 2 Pi¢ka WT, Cre WT. In each group, an extra 1 or
2 animals were included and treated only with vehicle.

Quantification of RNA and protein levels in induced mice. RNA and
proteins were extracted using the Paris kit (Ambion), and the BioMasher
device (Nippi Inc.) was used to grind tissue samples, followed by a DNase
treatment (DNA-free; Ambion) of the total RNA. The WT, KO, and KI
RNAs were analyzed using different PCR protocols. For the conditional
KO, RNA was quantified with Ribogreen and analyzed by qRT-PCR using
a real-time PCR System model 7500 (Applied Biosystems, Foster City,
CA) and the primers and probe of the TagMan Gene Expression Assay ID
Mm01344904_m1 for the quantification of total Pi4ka RNA (exon
boundary 43 to 44) and the TagMan Gene Expression assay ID
MmO01344908_m1 for the quantification of WT Pi4ka RNA levels only
(exon boundary 47 to 48, AExons 46 to 52 in KO). Relative Pi4ka levels
were determined in comparison to NIH 3T3 total RNA. For the condi-
tional KI model, the same extraction protocol was used. The total RNA
was used in RT-PCR products that were extracted from agarose gels with
the Illustra GFX DNA purification kit (GE Healthcare). Quantification
was done using a Nanodrop system, and similar amounts of DNA were
analyzed with a Custom TagMan single nucleotide polymorphism (SNP)
genotyping assay (Applied Biosystems, Foster City, CA) and allelic-dis-
crimination qPCR. The following unlabeled PCR primers and TagMan
MGB probes (6-carboxyfluorescein [FAM] and VIC dye labeled) were
used to detect the WT and KI sequences: forward primer, 5'-CCTATAG
CCTCCTGCTGTTCCT-3'; reverse primer, 5'-CCTTCTTGTCCAGCAT
GATGTTG-3'; WT probe, 5-ATCAAGGACAGGCACAAT-3" (VIC-
labeled); KI probe (FAM-labeled), 5'-ATCAAGGACAAGCACAAT-3’
(underlining indicates the base that differs between the WT and KI se-
quences); all were directly supplied by the Assay-by-Design service from
Applied Biosystems. The levels of WT and KI were verified by sequencing
with a forward primer localized in exon 50 and 120 bp from the mutant
base pair (G5699A in Mm_NM_001001983) using the ABI PRISM
7900HT Sequence Detection system. Protein concentrations were deter-
mined using the Bio-Rad protein assay reagent with bovine serum albu-
min (BSA) standard and were quantified by Western blotting using a
custom rabbit polyclonal antibody (Cambridge Research Biochemicals)
generated with a peptide corresponding to the region of amino acids 966
to 983 of human PI4KIII« that is also conserved in the mouse sequence.
The levels of B-actin were also determined as internal controls. SuperSig-
nal West Femto substrate (Promega) or ECL Plus (GE Healthcare) was
used for visualization.

Histopathology analyses. Formalin-preserved tissues were trimmed,
processed, embedded in paraffin, sectioned at 5 wm, and stained with
hematoxylin and eosin (H&E). The H&E-stained tissues were examined
via light microscopy by one veterinary pathologist, and a peer review was
conducted by a second veterinary pathologist.
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FIG 2 (A, B) Schematics of activity assays developed to identify inhibitors of PI4KIIIa: fluorescent polarization (FP) assay to detect the formation of PI4P by
PI4KIIIa (A) and Kinase-Glo assay to detect the consumption of ATP by PI4KIIla (B). (C, D) Correlation of PI4KIIla in vitro potency (ICs,) with HCV
replication inhibition (replicon ECs,) obtained with chemotype 1 (slope of the observed correlation, 0.43; R* = 0.49; P < 0.05; 57 compounds tested) (C) and
with chemotypes 2 (squares) and 3 (diamonds) (slope of the observed correlation, 0.99; R* = 0.75; P < 0.05; 51 compounds tested) (D).

RESULTS

PI4KIIla expression, purification, assay development, and
screening. An N-terminally truncated 130-kDa form (aa 875 to
2044) of the PI4KIIla enzyme known to be highly active (33) was
expressed in Sf21 insect cells as a GST-tagged protein and purified
on the GST-Sepharose resin. The specificity of the active enzyme
preparation was demonstrated by site-directed substitution of two
different single-amino-acid active-site residues (D1899A or
R1900K), which generated inactive PI4KIIla variants. The yields
of the R1900K and D1899A PI4KIllx variants were similar to
those of the wild type, and the enzymatic activity of both variants
was no greater than background activity.

A PI4KIIIa lipid kinase assay was developed using the SidC
protein, which specifically binds PI4P. The PI4P lipid product is
quantified by a competitive displacement of a fluorescent analog
of PI4P using fluorescence polarization (Fig. 2A). An advantage of
the FP assay format is that it used a more soluble PI substrate with
a shorter lipid chain (PI-diC8), which prevented the formation of
suspended insoluble aggregates often observed in the Kinase-Glo
assay format (see below), which used longer lipid chains. Conse-
quently, the FP assay was used to perform a high-throughput
screen (HTS) with the BI compound library. A hit rate of 0.64%
was obtained for >500,000 compounds screened. Individual
compounds within the hit list were triaged on the basis of an overall
profile that included physicochemical properties, PI4KIIla potency
as determined by concentration-response behavior, counterscreen-
ing against PI4KIIIB, cytotoxicity testing, and cell culture activity in
the HCV subgenomic replicon assay (9, 45). The selected compounds
that fulfilled the profiling criteria clustered into three separate inhib-
itor families.
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The Kinase-Glo assay format amenable for multiwell, plate-
based screening of inhibitors was used to measure enzymatic ac-
tivity on a routine basis. In this assay format, PI4KIIIa-catalyzed
depletion of ATP is indirectly quantified by the luminescence gen-
erated from the ATP-dependent luciferase oxidation of luciferin
to oxyluciferin (Fig. 2B). Luminescence is directly proportional to
the remaining ATP concentration.

PI4P product is an essential factor for HCV replication. Re-
sults for the three inhibitor families (chemotypes) identified by
the HTS provided a remarkably good correlation between inhibi-
tion of HCV replication (50% effective concentration [ECs,]) and
PI4KIIIa activity (50% inhibitory concentration [ICs,]) (Fig. 2C
and D). Representatives of each chemotype were profiled for off-
target activity against other kinases. The three chemotypes dem-
onstrated “off-target” profiles that were clearly distinct. Chemo-
type 1 potently inhibited type I phosphoinositide 3-kinases.
Compound A inhibited phosphoinositide 3-kinase «, B, 8, and vy
with ICs, of 1,400 nM, 30 nM, 630 nM, and 1.2 nM, respectively.
Compound B inhibited phosphoinositide 3-kinase «, 3, 8, and vy
with ICs, of 180 nM, 140 nM, 35 nM, and 0.6 nM, respectively.
Compounds from chemotypes 2 and 3 inhibited distinct classes of
protein kinases without any observed lipid kinase inhibition. No-
tably, no correlation was observed between inhibition of HCV
replication and the activity against any other kinase. This cross-
chemotype correlation provides additional support for an impor-
tant role for local PI4P lipid production in HCV RNA replication.

Isolation and characterization of HCV replicons resistant to
PI4KIII« inhibitors. Compounds A and B from chemotype 1
(Fig. 1) were used to select for drug-resistant HCV replicon cell
lines. Compound A had a PI4KIIIa IC;, of 450 nM and an EC5, of
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TABLE 1 Potency of PI4KIIl« inhibitors of different chemotypes against parental and resistant retransfected replicons”

ECs (WM)
hemotype 1 h 2 hemot
Chemotype Chemotype Chemotype 3 NSSB pol
HCV replicon Cmpd A Cmpd B Cmpd C Cmpd D Cmpd E Cmpd F inhibitor
Parental S22.3 0.30 0.060 1.9 2.2 1.0 1.1 0.012
Cmpd A-resistant clone 7.4 >1.1 >10 >22 >11 >10 0.023
Cmpd B-resistant clone >3.0 >1.1 >10 >22 11 >10 0.020

“ Presence of the “ >” sign in front of a value indicates that <50% inhibition was observed at the highest concentration tested. Cmpd, compound; pol, polymerase.

170 nM in the HCV replicon cell-based assay. Compound B had a
PI4KIIa IC5, 0of 27 nM and an ECs,, of 23 nM in the cellular HCV
replicon. Both compounds demonstrated acceptable selectivity
indices (>10), with HuH-7 cytotoxicity based on CCs, (concen-
tration of compound that reduced cell viability by 50% compared
to the untreated controls) of 10,000 nM and 1,000 nM for com-
pounds A and B, respectively. Moreover, both compounds dem-
onstrated a 15- to 20-fold PI4KIIIa selectivity with corresponding
ICss for PI4KIIIB of 8,000 nM and 440 nM for compounds A and
B, respectively. The selection experiment was performed using the
§22.3 cell line, which harbors a replicon based on the Con-1 ge-
notype 1b sequence (3). EC5s of 300 nM and 60 nM were deter-
mined for compounds A and B, respectively, in this line (Table 1).
In order to minimize cytotoxic effects in this study, the com-
pounds were incubated at a concentration 2.5- to 5-fold above
their EC5,s and 6- to 9-fold below their corresponding CCs, to
provide a sufficient window to select for resistant HCV replicons.

In contrast to standard selection with NS3 or NS5B direct act-
ing antivirals (DAAs) (39,41), relatively few colonies were selected
after a minimum incubation of 30 days with the compounds.
Clonal lines obtained by expansion of these colonies were con-
firmed to be less sensitive to compounds A and B, as well as to
compounds from the unrelated chemotypes 2 and 3. The levels of
PI4KA mRNA were unchanged in the different clones. Serial pas-
saging of HCV replicon RNA by extraction of total RNA, followed
by transfection into naive HuH-7.5 cells, confirmed that the resis-
tance phenotype was linked to HCV replicon RNA rather than cell
adaptation and also conferred broad resistance against the other
two chemotypes (Table 1). The phenotype of these serially pas-
saged replicon-resistant clones showed an ~20-fold shift in sen-
sitivity to PI4KIIla inhibition but no major shift in sensitivity
(<2-fold) to a potent HCV polymerase inhibitor (Table 1) or
other classes of DAA that were tested, including the NS5A inhib-
itor daclatasvir (BMS-790052) (data not shown).

Fifteen amino acid changes were identified in the HCV repli-
con sequence isolated from the clonal line resistant to compound
A. These were distributed throughout the nonstructural region
(Fig. 3A). In order to identify which of these changes specifically
confer resistance to compound A, we used a luciferase derivative
of our Con-1b-adapted clone R3 (40) to construct chimeric sub-
genomic replicons containing defined fragments from the resis-
tant clone.

In order to facilitate these genetic mapping experiments, we
established HuH-7.5 clones that stably expressed small hairpin
RNA (shRNA) targeting PI4KIIIa (Fig. 4). The resulting HuH-
7.5-shPIK4A cell line was confirmed to have significantly reduced
PI4KIIIa levels and could not support the replication of our Con-
1-adapted R3 clone, which replicates with high efficiency in HuH-
7.5 cells. Our experimental strategy was to isolate the minimal
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contiguous replicon-resistant restriction fragment (RRRF) from
the compound A-resistant replicon clone, which in an R3 replicon
chimera would rescue HCV RNA replication in the HuH-7.5-
shPIK4A cell line. The RRRF-I spanning NS4B-NS5A was used to
generate a luciferase R3-derived chimeric replicon that rescued
replication in HuH-7.5-shPIK4A cells, and for which a 1-log re-
duction in replication was observed in HuH-7.5 cells (Fig. 3A and
B). The RRRF-II region encoding the last 67 amino acids of NS4B
and the first 91 amino acids of NS5A was the minimal functional
segment able to restore a low level of replication in the HuH-7.5-
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FIG 3 Resistance study using PI4KIIl« inhibitors. (A) Genetic mapping of the
region involved in resistance. Fifteen amino acid changes (red arrows) were
identified in the HCV replicon sequence isolated from the clonal line resistant
to compound A. These were distributed throughout the nonstructural region
with 3 changes in NS2 (L33P, I86T, and F103S), 3 in NS3 (G262S, M4701, and
N556S), 1 NS4A (T2A), 1 NS4B (S258P), 6 in NS5A (R70S [G70 in Con-1],
S107T, G267E, D358N, L419P, and G421R), and 1 in NS5B (I585V). The
Fsel-Pacl replicon-resistant restriction fragment I (RRRF-I) and the Srfl/Mlul
replicon-resistant restriction fragment II (RRRF-II) were obtained from the
RT-PCR DNA product of the clonal line resistant to compound A. (B) Lucif-
erase levels obtained after transient transfection of the chimeric replicon RNA
in HuH-7.5 cells (left panel) and in the stable PI4KA knockdown cell line
(HuH-7.5-shPIK4A; right panel). Luciferase levels were determined at 4, 72,
and 96 h posttransfection. Values are corrected for transfection efficiency by
measuring the signal at 4 h and expressing all luciferase levels as a percentage of
this value. Luciferase levels of the baseline replicon (R3-derived replicon) with
the Fsel/Pacl region of the §22.3 parent replicon are shown in blue (closed
diamonds); with the RRRF-I region of the compound A-resistant clone, in red
(open diamonds); and with the RRRF-II region of the Cpd A-resistant clone, in
green (closed triangles). As a negative control, a replication-incompetent rep-
licon (NS5A deletion of residues 55 to 60) was used (purple, open squares).
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FIG 4 Stability of PI4KA RNA transcript suppression observed in a stable
HuH-7.5 shRNA PI4KA knockdown clone. The levels of PI4KA in the control
HuH-7.5 cell line are represented by open diamonds, and the levels of PI4KA
in the HuH-7.5 PI4KA stable knockdown clone that expresses an sShRNA tar-
geting the PI4KA gene are represented by open squares.

shPIK4A cells and encoded the NS4B S258P and NS5A R70S sub-
stitutions (Fig. 3A and B). Site-directed mutagenesis to generate
individual single and double mutants confirmed that both the
NS4B S258P and NS5A R70S substitutions were required to rescue
a low level of replication in PI4KIIIa-deficient cells.

PI4KIIl« (Pi4ka) conditional KO mice. In order to determine
the suitability of PI4KIIIx as a target for pharmacologic interven-
tion in vivo, a conditional KO transgenic murine line was gener-
ated. A targeting vector was constructed in order to generate a
conditional KO mouse line for the Pi4ka gene via homologous
recombination in embryonic stem cells. Given the size of the Pi4ka
gene, exons 46 to 52 of Pi4ka encoding the kinase domain were
flanked by loxP sites. The conditional KO allele was obtained after
Flp-mediated removal of the selection marker. The constitutive
KO allele was obtained after Cre-mediated recombination. Dele-
tion of exons 46 to 52 removed an essential part of the C-terminal
kinase domain of this large gene and generated a frameshift from
exon 53 to exon 55, resulting in a loss-of-function Pi4ka trunca-
tion (Fig. 5).

Two tamoxifen induction studies were performed to generate
an appropriate number of animals for histopathology analysis. In
the first study, three homozygous Pi4ka animals were induced.
One died 7 days after the initiation of tamoxifen induction, and
the other two were euthanized within 2 days due to their mori-
bund state. In the second study, four homozygous Pi4ka animals
were induced, and one animal was found dead 8 days postinduc-
tion while the other three were euthanized within 2 days due to
their moribund state. Necropsy identified anomalies in the gastro-
intestinal (GI) tract with distended intestines that were filled with
a yellowish clear fluid. The stomach was also distended and filled
with food (Fig. 6A). In each study, five heterozygous mice were
also induced. All were healthy and did not show any anomalous
phenotype. Tissues were collected for RNA and protein level anal-
ysis. Histopathology analysis of induced heterozygous mice was
not performed. Control animals did not show any anomalous
phenotype.

H&E-stained sections of liver, heart, kidney, lung, brain, pan-
creas, and GI tract of the induced Pi4ka homozygous/Cre
heterozygous mice were analyzed. The heart, kidney, lung, and
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brain sections were normal in all animals. The most affected or-
gans were tissues of the GI tract with widespread degeneration and
necrosis of mucosal epithelial cells in the mucosae of the stomach
and the small and large intestines (Fig. 6B, C, and D).

RNA and proteins were isolated from the liver, stomach, ileum,
heart, and brain tissues of induced homozygous animals. Reliable
quantification of RNA levels in the stomach and ileum of induced
homozygous animals was not possible, likely due to the tissue
condition. RNA levels could be obtained only from the brain,
liver, and heart of induced homozygous animals. A 20% WT RNA
knockdown was observed in the brain, probably due to the low
distribution of tamoxifen, and WT RNA knockdown levels of 85%
and 60% were observed in the liver and heart, respectively. Similar
or slightly greater knockdown levels were also observed in West-
ern blots, and the truncated protein could not be detected in any of
these organs despite the presence of mRNA at the expected level.
The PI4KIIIa protein could be detected in the tissues of control
animals, although protein levels were variable.

PI4KIIl« (Pi4ka) conditional KI mouse. In order to assess the
phenotype caused by specific abrogation of kinase activity without
affecting protein levels, an inducible Pi4ka kinase-inactive trans-
genic mouse was designed to further evaluate the target. The
R1900K PI4KIIIc variant with 0.03% of the WT activity was cho-
sen as the basis for this model.

A first targeting vector was constructed in order to flank exons
48 to 55 with loxP sites and introduce docking sites (FRT and F3
recombination sites) into intron 47 and downstream of exon 55 of
Pi4ka via homologous recombination in ES cells. The docking
sites were then used to duplicate the region of Pi4ka encompassing
exons 48 to 55 and insert the point mutation encoding R1900K in
exon 51 via recombination-mediated cassette exchange (RMCE)
with the second targeting vector. The conditional KI allele was
obtained after phiC31-mediated removal of the selection marker
and expressed the wild-type Pi4ka gene product (Fig. 5). Both the
targeted allele 2 (which still carried the puromycin resistance
gene) and the conditional KI allele were used to induce the expres-
sion of the site-specifically mutated Pi4ka gene (constitutive KI
allele) by Cre-mediated recombination.

A tamoxifen induction study was performed to assess the effect
of the PI4KIIIa R1900K substitution. Four heterozygous and four
homozygous adult mice (two males and two females in each case)
with the targeted allele 2 were induced. One female mouse ho-
mozygous for the conditional allele was also included in the study.
Induced homozygous animals were euthanized for tissue collec-
tion 10 to 11 days postinduction due to unresolved diarrhea and
inactivity to touch. Although the distended intestine phenotype
was not observed, intestine contents were loose or discolored in
most cases. Animals were also thin and hunched and had a poor
coat condition. All induced male heterozygous animals were eu-
thanized 12 days postinduction because they had lost 25 to 30%
weight, were becoming inactive and hunched, and had a poor coat
condition. Female heterozygotes were healthy, did not show any
anomalous phenotype, and were euthanized 30 days postinduc-
tion together with the controls. One of the induced heterozygous
female had a black focal mild discoloration of the spleen. None of
the control animals showed anomalous phenotype.

RNA and proteins were isolated from the liver, stomach, ileum,
and brain tissues of induced homozygous animals. Quantification
of RNA levels in the unhealthy stomach and ileum was possible in
only a few cases, for which a level of ~75% KI was observed. As
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FIG 5 Generation of Pi4ka conditional KO and KI mice. (A, B) Targeting strategies used to generate Pi4ka conditional KO (A) and KI (B) mice. (C) Southern
blot analysis of KO homologous recombinant (HR) ES cell clones using a BamHI digest and probe A. W, wild-type signal; Targ, targeted signal. (D) PCR analysis

of heterozygous conditional (cond) KO and wild-type (W

) mice. (E) Southern blot analysis of KI homologous recombinant ES cell clones using a BsrGI (B) and

Pvul (P) digest and probe B. Clone 1 is a homologous recombinant ES cell clone derived from the transfection with the first targeting vector. Clone 2 is derived
from clone 1 and has undergone the recombination-mediated cassette exchange with the second targeting vector. W, wild-type signal; Targ 1 and Targ 2, targeted
signals. (F) PCR analysis of heterozygous conditional (cond) KI mice. W, wild-type sample; C, internal control.

expected, background KI levels (5 to 10%) were observed in the
brain. Surprisingly, the KI levels were slightly lower than 50% in
the liver. The percentages of KI obtained were in good agreement
with the relative fluorescence obtained in the electropherograms
from sequencing of RNA transcript amplified by qRT-PCR. West-
ern blot analysis revealed normal PI4KIIla protein levels in the
brain. PI4KIIIa could not be detected accurately in the ileum. The
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PI4KIIIa protein levels in the liver and stomach were variable in
both homozygous KI animals and controls.

H&E-stained sections of liver, heart, kidney, pancreas, and GI
tract were analyzed. The significant microscopic findings were
present only in mice that were sacrificed early because of their
moribund condition. All tissues from the other animals in the
histopathology analysis, including the induced Pi4ka heterozy-
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FIG 6 Gross phenotype and histopathology analysis of induced homozygous conditional Pi4ka KO mice. (A) Distended GI tract gross phenotype observed at
necropsy. (B) Histopathology analysis of stomach lesions: ulceration of nonglandular mucosa (left panel) and parietal cell degeneration of glandular mucosa
(right panel). (C) Histopathology analysis of small intestine lesions: mucosal epithelial degeneration of duodenal mucosa. (D) Histopathology analysis of large

intestine lesions: mucosal epithelial degeneration of cecal mucosa.

gous females, were essentially normal. Similar to what was seen in
the conditional Pi4ka KO mice, tissues of the GI tract were the
most affected organs in the KI Pi4ka homozygous animals that
were induced (Fig. 7). Again, there was fairly widespread mucosal
epithelial degeneration, especially in the small and large intestines,
butless in the stomach. In the small intestines the villous epithelial
cells were swollen from excessive vacuoles, and in the large intes-
tines the surface epithelial cells were also swollen and basophilic.
In some areas of the large intestines, there was loss of mucosal
crypts. Focal atypical hyperplasia of mucosal crypts was occasion-
ally seen in the small intestines. Focal atypical hyperplasia was
characterized by the presence of small clusters of enlarged atypical
crypts that were lined by tall dysplastic basophilic epithelial cells.
Overall, similar observations were found in the induced Pi4ka
heterozygous males, but with a lower severity.

DISCUSSION

Recent advances in somatic cell genetics have facilitated the iden-
tification of host cell genes required to support virus replication.
The gene encoding PI4KIIIa was one of the first such genes to be
identified. As a kinase, PI4KIIla represented a potential target for
drug development, though it posed substantial technical chal-
lenges, particularly in obtaining sufficient active enzyme for large-
scale screening. We initiated a PI4KIIIa drug discovery project by
cloning and expressing a highly active 130-kDa N-terminally
truncated form (33). Shorter truncations of 97 kDa or less are
known to be inactive (33, 58). Two different assay formats were
developed to monitor the enzymatic activity of PI4KIIIa. Both of
these formats were very sensitive, and robust assay performance
was obtained with very low ATP concentrations (5 wM for the
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SidC assay and 1 uM for the Kinase-Glo assay). These ATP con-
centrations were well below the apparent K,,, for ATP of 200 to 300
uM (29, 60), and consequently, the assays were very sensitive to
ATP-competitive inhibitors. In addition, the availability of two
different assay formats monitoring two different components of
the kinase reaction (ATP substrate and PI4P product) of PI4KIII
and PI4KIIIB allowed the unequivocal identification of PI4KIIIa
inhibitors.

The identification of compounds from three distinct chemo-
types that inhibited both PI4KIIlx catalysis and replicon activity
confirms an essential role for the enzymatic activity in HCV RNA
replication. Similar findings from studies using the unrelated
4-anilino quinazoline chemotype have recently been reported
(12). Our findings are also in agreement with genetic studies in
which HCV replication in HuH-7.5-based cell lines with a knock-
down of PI4KIIla could be rescued only by expression of shRNA-
resistant wild-type PI4KIlla and not the catalytically inactive
K1792L or D1899A or D1957A variants (11, 50, 61).

The inhibitor resistance studies provided additional insight
into the potential role of PI4KIIla and its product in the HCV life
cycle. In contrast to standard replicon resistance studies with
DAAs that rapidly select for mutants, the selection experiments
with the PI4KIlI« inhibitors required considerable time and re-
sulted in a few viable colonies. A similar observation was made in
a resistance study with inhibitors of cyclophilins, another class of
host targets (21, 49).

Resistance to PI4KIIla inhibitors was mapped in part to the
replicon RNA, and amino acid residues in both the C terminus of
NS4B and the N terminus of NS5A are genetically linked to a lower
HCV dependence on functional PI4KIIIw, as they rescued repli-
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FIG 7 Histopathology analysis of induced homozygous conditional Pi4ka KI mice: stomach lesions showing degeneration of glandular mucosa (A), small
intestine lesions showing mucosal epithelial degeneration of duodenal mucosa (B), large intestine lesions showing mucosal epithelial degeneration of cecal
mucosa (C), and small and large intestine lesions showing focal atypical hyperplasia of crypt (D).

cation in a PI4KIIIa knockdown cell line. The R70S NS5A mutant
is specifically notable as we have previously characterized G70R as
an adaptive mutant in Con-1b wild type that enhances replication
in HuH-7 cells (3). HuH-7 cells may limit the metabolism of a
number of key components that are required for HCV replication,
and in retrospect it may not be surprising that we have found
distinct changes in adapted Con-1 replicons that are associated
with overcoming a PI4KIlIa deficiency and conversely may alter
replication fitness in other HuH-7 backgrounds. Our genetic
mapping strategy that screened for functional rescue in a PI4KIIIa
knockdown cell line was necessitated by the inability to rescue the
replication of mutants in wild-type HuH-7 cells. Consequently, a
detailed assessment of the isolated NS4B and NS5A amino acid
substitutions and resistance to compounds in wild-type Huh-7
cells was not possible. NS4B induces alterations to produce mem-
branous webs (23, 30) that provide distinct vesicles (26, 50), and
others have suggested that NS5A has an essential role in membra-
nous web integrity by activating PI4KIIlw, leading to an accumu-
lation of PI4P at sites of HCV replication (11, 50). Alteration of the
subcellular distribution of NS5A was demonstrated by the inhibi-
tion of PI4KIIIa with the 4-anilino quinazoline chemotype (12).
The association of genetic alterations in both NS4B and NS5A that
in part compensate for PI4KIIla deficiency supports this model.
In order to assess the broader physiologic effect of inhibiting
PI4KIIIc, a tamoxifen-inducible mouse conditional KO and con-
ditional KI were generated. Upon induction, a lethal effect on the
GI tract was observed. This essential host physiologic role raises
doubt on the pursuit of PI4KIlla inhibitors for HCV therapy,
especially because of the rapid onset as well as the conditional
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nature of both of these models, whereby residual levels of WT
protein are still detectable in tissues and therefore represent a
good model for pharmacologic inhibition. This GI tract pheno-
type is significantly different from the phenotype observed in the
only other reported phosphatidylinositol 4-kinase mouse trans-
genic model (PI4KIIa encoded by Pi4k2a), in which the kinase
catalytic domain was KO by gene trapping (57). In that case, no
significant development abnormalities or GI effects were ob-
served; a late onset of degeneration of spinal cord axons leading to
a progressive neurological disease and reduced life span of the
animals was observed, with an earliest onset of 4 months. These
very different results are consistent with the very different cellular
functions of the four respective phosphatidylinositol 4-kinases,
which are likely not redundant.

The GI tract defects we observed suggest that PI4KIIIa may
play an essential role in intestinal tissue renewal and potentially
cell division, since intestinal cells are renewed every 3 to 5 days in
the mouse (18). Two pools of multipotent intestinal stem cells give
rise to hundreds of millions of cells each day. Fast-cycling Lgr5-
positive stem cells are present mostly at the crypt base, and the
slower-cycling Bmil-positive stem cells reside mostly above the crypt
base (7, 8, 53). PI4Klll« is likely not functioning only on the Lgr5-
positive stem cells because their loss is known not to result in a pro-
found outcome, given that the Bmi-positive stem cells may com-
pensate for the loss and give rise to Lgr5-expressing stem cells (62).
PI4KIIIo may therefore play a role directly on the overall pool of
stem cells and in the generation of the daughter cells or subsequent
differentiation and division. In good agreement with this hypoth-
esis, the downregulation of Pi4ka using morpholino oligonucle-
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otide-based gene silencing in the zebrafish demonstrated that a
reduction of Pi4kalevels during zebrafish development leads to an
imbalance between proliferation and apoptosis. A major develop-
mental defect marked by a decreased proliferation was observed in
the pectoral fin (46). In a Drosophila genetic screen aiming to
identify genes required for oocyte polarization, mutations that
lead to premature stop codons in CG10260 (which encodes
PI4KIIIa) led to the identification of oocyte polarization defects
similar to mutations in the Hippo pathway. In addition, muta-
tions in CG10260 were also shown to lead to a Notch signaling
defect and failure of oocyte repolarization (68). Notably, Notch is
well known to play a key role in intestinal homeostasis and to be
active in intestinal stem cells (27, 28, 65).

In addition to HCV, which requires PI4KIIla (see above) and
PI4KIIIRB (15, 19, 35, 63, 70), several other viruses are also known
to require lipid kinase activity and phosphoinositides. For exam-
ple, enteroviruses that are members of the Picornaviridae family
appear to recruit PI4KIIIB to the RNA replication site to yield
PI4P-enriched organelles (4, 35), whereas the Aichi virus, a Kobu-
virus that is also part of the picornavirus family, appears to use an
analogous but slightly different mechanism also requiring
PI4KIIIB for genome RNA replication (31, 55). PI4KIII also ap-
pears to play a role in the entry of the severe acute respiratory
syndrome coronavirus (69). The matrix domain of the HIV and
the equine infectious anemia virus Gag proteins have been shown
to interact with P14,5P2 (25, 52), whereas the NS1 protein of in-
fluenzavirus was demonstrated to directly interact with the p85
protein of a phosphoinositide 3-kinase (32). Interestingly, several
human-pathogenic Gram-negative bacteria are also known to
subvert host phosphoinositides or lipid kinases to their own
advantage. For example, Francisella tularensis, a highly infec-
tious facultative intracellular Gram-negative bacterium, re-
quires PI4KA for proliferation within the cytosol (2). Legionella
pneumophila, enteropathogenic Escherichia coli, Pseudomonas
aeruginosa, and Yersinia pseudotuberculosis all use distinct
phosphoinositide-related mechanisms during infections (34,
37,54, 56, 66). The type 111 secretion system of Shigella flexneri
encodes a phosphoinositide 4-phosphatase to manipulate host
metabolism (38), and a parasitic protist encoding its own es-
sential PI4KIIIB enzyme is also known (51).

These findings suggest that lipid kinase inhibitors could be
useful for treatment of many infectious diseases, in cases for which
the enzyme required by the infectious agent is not required by the
host. Unfortunately, PI4KIIIa has an essential host physiologic
role, raising doubt on the pursuit of PI4KIIIa inhibitors for treat-
ment of chronic HCV infection.
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