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High-Throughput Differentiation and Screening of
a Library of Mutant Stem Cell Clones Defines New
Host-Based Genes Involved in Rabies Virus
Infection
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ABSTRACT

We used a genomic library of mutant murine embryonic stem cells (ESCs) and report the meth-
odology required to simultaneously culture, differentiate, and screen more than 3,200 heterozy-
gous mutant clones to identify host-based genes involved in both sensitivity and resistance to
rabies virus infection. Established neuronal differentiation protocols were miniaturized such that
many clones could be handled simultaneously, and molecular markers were used to show that
the resultant cultures were pan-neuronal. Next, we used a green fluorescent protein (GFP)
labeled rabies virus to develop, validate, and implement one of the first host-based, high-con-
tent, high-throughput screens for rabies virus. Undifferentiated cell and neuron cultures were
infected with GFP-rabies and live imaging was used to evaluate GFP intensity at time points cor-
responding to initial infection/uptake and early and late replication. Furthermore, supernatants
were used to evaluate viral shedding potential. After repeated testing, 63 genes involved in
either sensitivity or resistance to rabies infection were identified. To further explore hits, we
used a completely independent system (siRNA) to show that reduction in target gene expres-
sion leads to the observed phenotype. We validated the immune modulatory gene Unc13d and
the dynein adapter gene Bbs4 by treating wild-type ESCs and primary neurons with siRNA;
treated cultures were resistant to rabies infection/replication. Overall, the potential of such in
vitro functional genomics screens in stem cells adds additional value to other libraries of stem
cells. This technique is applicable to any bacterial or virus interactome and any cell or tissue
types that can be differentiated from ESCs. STEM CELLS 2015;33:2509–2522

INTRODUCTION

One of the most powerful tools developed for
understanding mammalian gene function is the
genetically engineered mouse. Indeed, mouse
models have revolutionized the study of gene
function and their relationship to disease. A
mutant murine embryonic stem cell (ESC) line
has already been created for virtually every
protein coding gene in the mouse genome
through either high-throughput gene trapping
or targeting [1–3]. While these ESC lines were
created through the Mouse Knockout Project
for the purpose of developing and phenotyp-
ing mice, these ESC libraries can also be used
to conduct genome-wide high-throughput in
vitro screens to define host genes that are crit-
ical for infection. Unlike siRNA or the use of
traditional cell lines, the advantages to screen-
ing mutant ESCs and libraries include their
unlimited capacity for expansion, stability of
the mutation, nonmalignant transformation,

normal karyotypes, expression of developmen-
tal signaling pathways, and capacity to model
complex physiological endpoints. In fact, there
have been numerous reports of screening
wild-type, undifferentiated murine ESCs [4–7].
However, the fact that ESCs are pluripotent is
one of the most advantageous characteristics
as it means that the cell lines can be differen-
tiated into specific target cell types while still
maintaining the mutation(s) of interest. Libra-
ries of mutant ESCs have never been differen-
tiated and screened in vitro for multiple
reasons. First, the heterozygous nature inher-
ent to the mutations in mutant libraries makes
it questionable whether it is possible to define
robust phenotypes. Second, the simultaneous
culture and differentiation of hundreds or
even thousands of independent clones is a
herculean task.

Rabies virus (RABV) kills at least 55,000
people every year. It is a negative strand RNA
virus belonging to genus Lyssavirus that causes
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inflammatory reaction in its host [8]. While RABV is known
for its neurotropism, it is able to infect other cell types as
well. The RABV genome encodes only five genes and this
small coding capacity demands that virus use host cell
machinery for many aspects of its life cycle. As host path-
ways play such a key role for RABV, this provides a good
model system to evaluate host-based targets that modulate
the susceptibility and resistance to rabies infection. There is
a need for new paradigms for screening as known host-
based targets for RABV are limited. Focusing on host-based
factors involved in viral infection is important because viral
targets may mutate quickly and develop resistance. However,
the identification of host targets remains challenging and lit-
tle is known. As summarized in several reviews [8–10], RABV
enters the host cell through host-based cell surface receptors
including NGFR, NCAM, and CHRNA, among other as yet
unidentified receptors. Viral presence is sensed by the host
cell via RIG1. RIG1 is able to detect the RABV 50-pppRNA.
Viral detection leads to the stimulation of interferon (INF)
pathways. In fact, this innate immune response is the first
defense in virtually all cell types upon recognition of viral
molecular patterns and is not specific to RABV. As INF plays
such a crucial role in preventing most viral infections, RABV
has developed specific mechanisms to subvert this process
(reviewed in [10]). Specifically, RABV P protein targets at
least three host proteins to block INF response. P inhibits
the phosphorylation of IRF3, prevents the nuclear localiza-
tion of STAT1 and STAT2, and binds PML and retains it in the
cytoplasm. All these negatively impact INF signaling. Outside
of this basic, nonspecific process, only a few other host-
based binding partners have been identified. P also binds
Dynein LC8 which affects viral transcription [11]. RABV M
binds host-based eIF3h and inhibits its role in translation of
cellular mRNAs and effectively down regulates the host cell
whole protein production system [9]. Finally, G mRNA inter-
acts with PCBP2 to promote transcript stability and may also
affect INF signaling [12].

Possible approaches to identify additional host-based fac-
tors typically include: transcriptome studies such as microar-
ray or RNA-Seq analysis; proteomics via two-dimensional
differential gel electrophoresis and mass spectrometry;
searching for binding partners through yeast two-hybrid (Y2H)
and other protein-protein interaction screens; and evaluation
of siRNA libraries. While RNA-Seq whole transcriptome analy-
sis has yet to be reported for host cells infected with RABV,
several other array-based and proteome studies have been
performed with RABV. Of the four transcriptome studies per-
formed, they all have identified increased expression of genes
involved in immune regulation [13–16]. Profiling protein
expression identifies factors involved in ion homeostasis and
synaptic physiology [17]; cytoskeletal, antioxidative stress, reg-
ulatory, and protein synthesis genes [18]; and cell regulation
and calcium homeostasis [19]. Unfortunately, while both tran-
scriptome and proteome approaches were developed to iden-
tify differentially expressed genes and proteins, once these
have been identified, their “functional relevance to rabies
pathogenesis is unclear [16].” Most of the products identified
in these studies have little direct effect on viral infection/rep-
lication. Hence, they lack specificity as they do not necessarily
identify host-based targets with a measurable phenotypic
effect on infection. Approaches to identify host-based viral

protein binding partners including Y2H and a newer technique
that uses a cell-free protein synthesis (CFPS) method have
also been used with RABV. Unfortunately, they yield very few
targets as by their very nature, they only identify those host-
based targets that directly interact with viral proteins, mean-
ing that most host-based factors involved in infection are not
evaluated. For example, Y2H using RABV P as bait has identi-
fied three RV targets (STAT1, IRF3, and FAK) [20]. Y2H systems
are further limited in that they require a transcriptional
reporter to localize to the nucleus, complicating analysis of
membrane proteins; and lack post-translational modifications
which contributes to the decreased detection rate of about a
fourth of all estimated interactions (reviewed by [21]). The
very recently developed CFPS method has only identified one
target: ABCE1 [22].

Screening mutant libraries of stem cells has advantages
over these technologies as stem cells have stable mutations
and knockdown of targets and provide all necessary intracellu-
lar localizations and mammalian post-translational modifica-
tions. In addition, stem-cell-derived neurons represent
relevant model systems as they form functional networks of
synaptically coupled cells that have electrophysiological and
biochemical properties almost indistinguishable from primary
cultures of embryonic central nervous system neurons [23].
While differentiated neurons have already been screened to
discover new drug compounds [24]; the creation and screen-
ing of a large panel of differentiated mutant neurons has not
been described.

Thus, in order to evaluate the potential for screening
mutant libraries for host-based targets, we develop a green
fluorescent protein (GFP)-based rabies infection assay and
demonstrate that the heterozygous nature of the gene trap
mutation is not a limitation as it provides a robust, repro-
ducible phenotype. In addition, we are able to shift the cul-
turing and differentiation processes into multiwell plates
such that they can be performed simultaneously for hun-
dreds or thousands of clones, making the task routine. To
evaluate the robustness of the phenotype, we chose control
clones with mutations known to play a role in infection and
differentiated them into neurons and assayed them for sen-
sitivity to rabies infection. A Mavs (Mitochondrial antiviral
signaling protein) mutant showed increased viral activity in
our assay; silencing of Mavs expression is known to permit
viral replication [25]. In contrast, Ncam and Ngfr (RABV
receptors) indicate decreased viral activity as does a Dynll2

(dynein light chain LC8-type 2) mutant clone. Hence, the het-
erozygous mutations in our library yield robust and expected
phenotypes. Next, we defined a subset of more than 3,200
gene-trap clones, optimized methods to culture and differen-
tiate them into neurons simultaneously, and assayed them
by high-content analysis for sensitivity to GFP-labeled RABV
over time. After all the cell lines were screened, 63 host tar-
gets were identified. We used siRNA knockdown of Unc13d

and Bbs4 in wild-type ESCs and primary cultures of embry-
onic spinal cord neurons to validate that reduction of gene-
expression is indeed the mechanism through which hits
result in altered sensitivity to RABV. Hence, this technique
was effective in discovering host-based genes involved in the
infection process and these protocols have wide applicability
for a variety of agents (viral, bacterial, toxin, or drug) and
endpoint assays.
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MATERIALS AND METHODS

ESC Expansion

Library clones were pulled from liquid nitrogen freezers and
grown on 24-well plates coated with mouse embryonic fibro-
blasts (MEFs) in media containing leukemia inhibitory factor
(LIF) to prevent differentiation. Media consisted of Dulbecco’s
modified eagle media (DMEM) supplemented with L-glutamine
(200 nM in 85% NaCl solution), 1003 nucleotides, nonessen-
tial amino acids (1003), penicillin/streptomycin (10,000 U
Pen/ml, 10,000 mg Strep), sodium pyruvate (100 mM), and LIF
(10 mg in 1 ml sterile H2O). Media were changed daily, and
the plates were passaged every other day. When cells were
85% confluent, they were trypsinized and frozen in quadrupli-
cate in barcoded 0.5 ml screw-cap tubes in Freeze media
overlaid with mineral oil. Upon rethaw, cells were passaged
two to three times on MEFs and once on gel prior to plating
at approximately 10,000 cells per well into two adjacent wells
of 96-well optical plates coated with gelatin for assays.

Differentiation into Embryonic Stem-Cell-Derived
Neurons

Cells were thawed and passaged two to three times on MEFs
and two to three times on gel to remove feeders. Cells were
then trypsinized, counted, and suspended in mouse embryonic
stem cell serum replacement media (MES/SR) media (DMEM/F-
12 supplemented with 15% knockout serum replacement, non-
essential amino acids [1003], sodium pyruvate [100 mM], 2-
ME [1,0003], and penicillin/streptomycin [1/23]) on ultra-low
attachment 24-well plates at a confluence of 250,000 cells per
1.5 ml media. The plates were incubated at 37�C and left on a
rotary shaker to allow for the formation of cellular aggregates.
On days 2 and 5, plates were tilted at an approximate 45�C
angle for 5 minutes to allow aggregates to settle by gravity and
media were exchanged with fresh MES/SR containing 1 ml reti-
noic acid per ml (5 mM final concentration) to encourage neu-
ronal differentiation. Then, on day 6, media were aspirated and
aggregates dissolved with 0.5 ml Accutase and resuspended in
Neurobasal-A media supplemented with B27 (503), cAMP
(1 mM), GDNF (10 mg/ml), and penicillin/streptomycin (1/23

or 5,000 U Pen/ml, 5,000 mg Strep). Aggregates were broken
up by trituration with a 5 ml serologic pipet. We found that
the large bore was necessary for further culture. Cells were
strained, counted, and plated at a confluence of 100,000 cells/
well on 96-well plates previously coated with a 1:10 Matrigel
dilution in NS media. The media were changed after 16–24
hours. Cultures were allowed to differentiate for 9 days prior
to infection and fed every 3–4 days.

Neuron Characterization and Immunocytochemistry

Following differentiation, neurons were stained with cell-type
and protein-specific antibodies. Briefly, cells were rinsed with
phosphate buffered saline (PBS), fixed in 4% paraformalde-
hyde for 20 minutes at RT, rinsed with PBS, permeabilized for
5–10 minutes in 0.1% Triton X-100 in PBS, rinsed in PBS,
blocked with goat serum for 30 minutes at RT, incubated with
primary antibody overnight at 4�C. The following day, excess
primary antibody was rinsed off with PBS and fluorescent sec-
ondary antibody was incubated at 1:1,000 dilution for 30
minutes at RT in the dark. Cells were rinsed in PBS, stained

with Hoechst at 1:20,000 for 5 minutes and rinsed with PBS
prior to imaging. Cells were stored indefinitely at 4�C in PBS.
The following primary antibodies were used at respective dilu-
tions: vGlut-2 from Synaptic Systems (Goettingen, Germany;
www.sysy.com) at 1:500, TH from Millipore (Darmstadt, Ger-
many; www.emdmillipore.com) at 1:100, glial fibrillary acidic
protein from Millipore at 1:100, PSD95 from Millipore at
1:100, Synaptophysin from Millipore at 1:500, SERT from Milli-
pore at 1:500, ChAT from Millipore at 1:200, GAD65/67 from
Millipore at 1:500, GATA at 1:100, GABA(A) from Millipore at
1:500, NGFR p75 from Millipore at 1:250, Ncam from Milli-
pore at 1:250, Chrna7 from Abcam (Cambridge, MA; www.
abcam.com) at 1:250, Tuj-1 from BD Pharmingen (Piscataway,
NJ; www.bdbiosciences.com) at 1:500, Map2 from Synaptic
Systems at 1:200, and anti-rabies Glycoprotein from Millipore
at 1:250. Fluorescent secondary antibodies include: anti-
rabbit, anti-mouse, and anti-goat diluted 1:1,000.

Clone Selection

Because most genes that are represented in the gene-trap
library have more than one clone, we designed a bioinfor-
matics method to select a representative subset of clones for
screening. All the clones were ranked based on relevant char-
acteristics to identify the top clone for each gene in the
library. Clones were first selected that mapped to consistent
genomic coordinates based on sequencing of PCR products
adjacent to both ends of the insertion vector. Then a Blast
search was used to determine which matches were statisti-
cally significant (E-value< 1e-20), and to rule out clones that
mapped ambiguously to repetitive regions. As many genes
have alternative transcripts due to alternative start sites and
alternative splicing, we selected traps that are predicted to
disrupt at least 60% of possible transcript (variant) forms
from a gene. Finally, we required traps to occur within the
first half of the coding region (exons) of the gene of interest.
The clones meeting these criteria were then ranked based on
proximity of the insertion site to the start codon.

A total of 3,200 clones were selected for screening. Approxi-
mately one-third of the clones were prioritized based on rele-
vant functional classifications, and the other clones were chosen
on a random basis for coverage of the genome. Gene ontology
terms associated with gene annotations were used to select
1,150 genes with functions plausibly relevant to rabies infection
or activity, including: GTPase activity (GO:0003924), regulation of
neurotransmitter levels (GO:0001505), endocytosis/exocytosis
(GO:0006897), cytoskeletal structure (GO:0044430), receptor or
kinase activity (GO:0004872, GO:0016301), vesicle-mediated
transport (GO:0016192), endosome to golgi retrograde transport
(GO:0042147), neuron homeostasis (GO:0070050), neuron apo-
ptosis (GO:0051402), neurotransmitter uptake (GO:0001504), cell
surface receptor linked signaling pathway (GO:0007166), vesicle
activity (GO:0031982), immune response (GO:0006955), and
response to virus (GO:0009615). An additional 2,050 clones
were selected at random among the remaining genes in the
mouse genome to create an unbiased sample, with the
constraint that at most one clone (the one closest to the start
codon) was selected per gene.

Rabies Infection/Replication Time Course Assay

Both undifferentiated cells and neurons were infected and
assayed. We used the attenuated SPBN-Nfu-GFP labeled RABV
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(a kind gift of Dr. Mattias Schnell) which was labeled with
green fluorescent protein for imaging purposes. Undifferenti-
ated cells were plated at 10,000 cells cell per well on a 96-well
optical plate coated with gelatin and neural precursor cells
were plated at 100,000 cells per well on a 96-well optical plate
coated with 1:10 Matrigel. Undifferentiated cells were infected
16–24 hours after plating and neurons were infected 9 days
after plating to allow for differentiation. We infected cells with
1 multiplicity of infection (MOI) of virus, let them incubate for
an hour, then aspirated the virus, and added fresh virus-free
media. The cells were then returned to the incubator and
imaged at 24, 48, and 72 hours, with one-quarter volume fresh
media added at the 48-hour mark. After 72 hours, the media
were collected and used in the viral shedding assay. All cells
were fixed and nuclei stained with Hoechst (1:20,000) for imag-
ing. Neurons were also stained with fluorescent Tuj-1.

Rabies Viral Shedding Assay

Media from the time course assay were collected after 72
hours and transferred to new wild-type ESCs to evaluate
shedding. Fresh ESCs were plated at 10,000 cells per well on
96-well optical plates coated with gelatin 3–6 hours prior to
infection. Media were allowed to infect the cells for 48 hours,
after which cells were fixed with 4% paraformaldehyde,
stained with Hoechst 1:20,000 and imaged.

Screening Strategy and Data Analysis for
Undifferentiated ESCs

After the initial round of screening for the 2,680 ESC clones,
mean Z and B-scores were calculated on a per plate basis to
normalize for plate-to-plate variability and to adjust for plate-
specific biases [26]. Z-scores were calculated using the follow-
ing equation: Z 5 (v 2 m)/r where v 5 the intensity of the
clone of interest, m5 the mean intensity of the population,
and r 5 the SD of the intensity of the population. For first
pass analysis, a normalized value for each plate imaged was
created. Clone’s individual Z-scores were the result of their
value divided by this normalized value. We also used a B-
score to normalize data. It is calculated as the residual
(defined as the difference between the observed value and
the fitted value) divided by the median absolute deviation
[26]. It is a robust analog of the Z-score that is more resistant
to the presence of outliers and more robust to differences in
the measurement error distributions of the clones. Cut-off val-
ues for the definition of hits for the first round of screening
were as follows: 24-hour time point: Z<21.5 or Z> 3 and
B<21.5 or B> 6; 48 hours time point: Z<21.75 or Z> 2.5
and B<22 or B> 6; 72-hour time point: Z<22 or Z> 2.3
and B<22.4 or B> 4.91. These criteria resulted in 114
unique clones being selected. Shedding hits were defined by
criteria of Z<21.3 or Z> 3. This involved 43 unique clones.
All assays were repeated during a second round of screening
for these hits. Again, mean Z scores were calculated; however,
secondary screening analysis differed from primary analysis in
that the normalized Z-score values for each plate were
obtained from infected wild-type cells; individual clone values
were then compared to this normalized wild-type Z score to
generate a final Z score used to determine levels of sensitivity
and/or resistance. Cut-off values for mean Z score were as
follows: 24-hour time point: Z<21.5 or Z> 2.8; 48-hour

time point: Z<21.73 or Z> 1.54; 72-hour time point:
Z<21.29 or Z> 1.54. Secondary screen shedding hits were
defined by criteria of Z<21.5 or Z> 1.97.

Screening Strategy and Data Analysis for Neurons

After the initial round of screening for the 1,870 differenti-
ated neurons, mean Z and B-scores were calculated on a per
plate basis. Cut-off values for the definition of hits for the
first round of screening were as follows: 24-hour time point:
Z<21.5 or Z> 3; 48-hour time point: Z<21.75 or Z> 3;
72-hour time point: Z<21.75 or Z> 3. Shedding hits were
defined by criteria of Z<21.4 or Z> 3.0. All assays were
repeated during a second round of screening for these hits.
Again, mean Z scores were calculated; however, secondary
screening analysis differed from primary analysis in that the
normalized values for each plate were obtained from infected
wild-type cells; individual clone values were then compared
to this normalized wild-type Z score to generate a final Z

score used to determine levels of sensitivity and/or resistance.
Cut-off values for the second round of screening were as fol-
lows: 24-hour time point: Z<22.5 or Z> 1.5; 48-hour time
point: Z<23.0 or Z> 1.5; 72-hour time point: Z<23 or
Z> 2.2. Shedding hits were similarly defined and Z> 3.8.

High-Content Imaging and Analysis

Rabies infection/replication time course assays and shedding
assays were evaluated by intracellular fluorescence of the GFP-
labeled virus using a GE 2000 High-Content Analysis System.
We used FITC, DAPI (40,6-diamidino-2-phenylindole), Texas Red,
and Brightfield settings. Brightfield was used view cells, FITC to
identify the GFP-virus, DAPI for nuclei, and Texas red for the
Tuj-1 (Fluro555-conjugated Tuj-1 from BD Pharmingen) stained
neurons. Images were captured for 12 randomized fields of
view per well for all plates and assays using the 203 high NA
objective. For undifferentiated cells and neurons, we quanti-
tated FITC intensity as a function of density multiplied by area.

Gene Ontology Analysis

Gene ontology (GO), the de facto standard in gene functional-
ity description, is used widely in functional annotation and
enrichment analysis. We used the GO terms associated with
hits to look at functional enrichment. For each positive clone
and its GO term, we assessed the counts and percentages of
genes matching each GO term within the main pool of genes
and the subset of hits for each screen. “Height” gives a sense
of how high (close to the root) a particular GO Term is; with
smaller values indicating closeness to the root. The closer to
the root/beginning of the hierarchy, the more general the GO
terms (e.g., molecular—function, or biological process); thus,
Height< 3 were excluded. We calculated a Z-score based on
expected versus observed counts, and a p-value. Sorting
based on Z-score shows the GO terms with the biggest differ-
ences; however, this Z-score could be very high for GO terms
with small relative number of matches. Hence, those with
only one match were excluded. Next, we sorted based on per-
centage of the Hits with highest percentage on top and
defined groups of genes where we see enrichment.

Secondary Assays for RABV

Dose response assays were also performed on hits. We used
MOIs of 0.1, 0.5, 1, 5, and 10 for infection of both
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undifferentiated cells and neurons and imaged plates at 24,
48, and 72 hours. We also performed cell replication studies.
ESCs for each clone were thawed and passed two times on
MEFs and two times on gel prior to plating on gel at 30,000
cells per 24-well. Cells were trypsinized and counted at 24,
48, and 72 hours to compare growth rates.

siRNA Validation

Predesigned siRNA duplexes to specific targets were obtained
from Integrated DNA Technologies (San Jose, CA; www.idtdna.
com) and 30 nM of each duplex was transfected into cells
(wild-type ESC or primary embryonic spinal cord neurons)
with Lipofectamine RNAiMAX (Invitrogen) (Grand Island, NY;
www.lifetechnologies.com) according the manufacturer’s
directions at least 48 hours prior to RABV infection. RABV
assays for infection, replication, and shedding were performed
as described above. RNA was extracted from some wells using
a Qiagen RNEasy Kit and knockdown of gene expression was
evaluated using predesigned gene-specific Qiagen (Venlo, Lim-
burg; www.qiagen.com) QuantitTect primer assays and Q-RT-
PCR. Transcript quantities were determined using the ddCt
method and compared to Hprt as the housekeeping gene.

RESULTS

Selection of Clones, Expansion, and Differentiation
into ESC-Derived Neurons

A subset of 3,200 mutant ESCs was assembled [2]. We applied a
multitiered computational filter that selected one clone with
high quality sequence tags per gene. Gene-traps were required
to disrupt at least 60% of the transcripts predicted for the gene
and to occur within the first half of the coding region (exons) of
the gene of interest. Approximately one-third (1,150 genes) of
the set were prioritized based on relevant functional classifica-
tions using GO terms, such as response to virus, receptor, or
immune response (see Materials and Methods for all specific GO
terms). An additional 2,050 clones were selected at random
from the remaining genes to create an unbiased sample.

Initial clone recovery was asynchronous; however, it was
clear that recovery, expansion, and synchronization were criti-

cal to simultaneous differentiation and subsequent assay per-
formance. Hence, we worked with sets of 196 clones and
staggered thaw dates to allow for weekly processing. When
cells were expanded and 85% confluent, they were frozen in
quadruplicate. Clones (2,680) were viable and readily
expanded. Upon rethaw, these clones were more efficiently
recovered and synchronized by two to three passages on
MEFs to prevent differentiation, followed by one passage on
gel for subsequent use in assays. We used published differen-
tiation protocols that have successfully generated neurons
from murine ESCs [27, 28]. We modified protocols by reducing
culture sizes to optimize throughput. Cells were plated in sus-
pension with retinoic acid and without serum on a rotary
shaker to form cellular aggregates. After 6 days, aggregates
were dissolved and neuronal precursors were plated and
allowed to differentiate for 9 days prior to assays. Figure 1A–
1C shows cells that are positive for the neuron-specific maker
B-III tubulin and rabies receptors (NGFR p75, Ncam, and
Chrna7) which are highly expressed in neurons. Furthermore,
cells demonstrate structural morphology typical of neurons.
Supporting Information Figure S1 shows that resultant cultures
are pan-neuronal and positive for the following neuron-specific
immunohistochemical markers: Tuj-1, Map2, vGlut-2, PSD95,
Synaptophysin, SERT, ChAT, and GAD65/67. These markers are
typically used as controls to verify neuron identity. A total of
1,870 clones were readily differentiated and screened.

Assay Development and Screening Strategy

First, a high-content, high-throughput assay for RABV was
developed. Using viruses expressing GFP and other visual
markers such as luciferase for various detection and high-
content assays to measure viral infection and/or replication is
a well-established method. More specifically, GFP-rabies and
the resultant GFP levels have been used to measure titers of
virus-neutralizing antibodies in serum samples [29]. Khawplod
et al. explicitly showed that GFP levels directly correlate to
virus levels as titers based on GFP quantitation have a direct
linear correlation to titers determined by the gold-standard
rapid fluorescent focus inhibition test approved by WHO. We
used the attenuated SPBN-Nfu-GFP labeled RABV (a kind gift
of Dr. Mattias Schnell) [30]. To develop our high-content live

Figure 1. Characterization of differentiated neurons. (A–C): Immunocytochemistry on wild-type embryonic stem cells that were differ-
entiated into neurons showing expression of B-III tubulin (A–C) (FITC-green) and known rabies virus receptors Chrna7 (A), Ncam (B), and
Ngfr (C) (Texas Red). Yellow signals indicate colocalization of green and red markers. The scale bar represents 30 mm.
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imaging assay, we first showed that there is a direct correla-
tion between GFP expression intensity and anti-Rabies glyco-
protein expression intensity. PC-12 neuronal cells were
infected with various MOIs of GFP-virus and fixed and stained
with anti-rabies Glycoprotein 48 hours later. Image analysis
using a GE INCell 2000 high-content imager to quantitate
both GFP intensity and anti-glycoprotein intensity indicated a
direct correlation (Fig. 2A). Next, we showed that GFP inten-
sity follows time and dose course trends by infecting ESCs
with various MOIs of virus and performing live imaging over
time (Fig. 2B). Live GFP intensity levels were assessed at 24
hours to get a sense of initial infection and again at 48 and
72 hours to assess time points corresponding to intracellular
replication. We tracked the same fields of cells over time.
Additionally, as a measure of the viral shedding process,
supernatants from 72-hour cultures were transferred to fresh
wild-type ESCs which were evaluated for GFP-expression after
an additional 48 hours. Even though this final shedding assay
analysis occurs 5 days after the initial infection, we see quan-
titative dose response correlation based on the initial MOI.
Furthermore, the dose response assays allowed us to deter-
mine that an MOI of 1 is appropriate for our assay. MOIs of 5
and 10 showed potential to saturate the cultures by 72 hours
and an MOI of 0.5 was not easily detectable at 24 hours.
Evaluation of live time course images indicates that changes
in GFP intensity over time are a result of GFP-virus spreading
to new cells (Fig. 2C). Approximately three cells are expressing
high levels of GFP at 24 hours, by 48 hours a cluster of sev-
eral dozen cells is expressing GFP at high levels and by 72
hours, hundreds of cells are expressing GFP. Live time-lapse
imaging was used throughout the screen and we were able to
visualize the same fields of view over the 24, 48, and 72
hours time course.

Four mutant clones with known roles in rabies or viral
infection were selected as controls to validate the assay:
Mavs (mitochondrial antiviral signaling protein), Ncam (neural
cell adhesion molecule), Ngfr (nerve growth factor receptor),
and Dynll2 (dynein light chain LC8-type 2) (Fig. 2D). Silencing
of Mavs expression is known to permit viral replication [25].
Indeed, after RABV infection, the Mavs mutant clone showed
increased viral activity and a Z-score of GFP-fluorescence of
8.78 in comparison to wild-type clones indicating sensitivity
to intracellular replication at 72 hours. Ncam and Ngfr are
known RABV receptors [9]. Subsequent to infection, Ncam
and Ngfr mutant clone Z-scores are as low as Z 5 25.68 and
25.89, respectively. Decreased GFP intensity can be inter-
preted as a partial decrease in viral activity, although not
absolute resistance. Finally, the RABV phosphoprotein contains
a dynein light chain 8 binding motif that promotes efficient
viral transcription [11]. When Dynll2 mutant clones are
infected, they are relatively resistant with Z 5 26.09. Hence,
results with these known clones that yield the anticipated rel-
atively sensitive and resistant phenotypes indicate that the
assay works and, most importantly, that the heterozygous
mutations in our library yield robust phenotypes.

In order to evaluate cell-type specificity of the interac-
tome, cells were screened in two states of differentiation: plu-
ripotent undifferentiated ESCs and neurons. Screening began
with more than 2,680 pluripotent ESC lines and 1,870 differ-
entiated neuron cultures. After the initial screen, Z-scores
were calculated to identify the most divergent 5% of clones

demonstrating maximum and minimum resistance (150 ES
and 120 neuron clones; see Materials and Methods for
detailed cut-off values). Figure 3 and Supporting Information
Figure S2 depict neuron and undifferentiated ESC clones,
respectively, showing sensitivity and resistance to GFP-RABV
infection at 24, 48, 72 hours, and in the shedding assay. All
hits were retested in a second round of screening that
repeated all assay time points in both cell types. Table 1 lists
gene-traps which repeatedly showed phenotypes after two
rounds of assays. Genes are listed by time point and segre-
gated based on relatively sensitive or resistant phenotypes.
For example, the mutant Cib1 (calcium and integrin binding
protein 1) clone confers resistance at both 48 and 72 hours.
CIB1 is implicated in Kaposi’s Sarcoma-associated herpes virus
entry and macropinocytosis [31]. Conversely, the Pick1 (pro-
tein interacting with C kinase 1) clone is sensitive to infection;
and Pick1 binds coxsackie B virus and adenovirus receptors
[32].

Secondary assays were performed to further characterize
clones and the platform. Viral dose response data indicated
that the degree of infection correlates with the initial MOI;
Figure 4A–4D. As these assays were performed on both sensi-
tive and resistant clones, there was considerable clone-to-
clone variability; although resistant clones have lower levels
of infection than sensitive clones, especially at the originally
tested MOI of 1. This data support the reproducibility of the
high content analysis assay. We also noticed saturation of
response in neurons by 72 hours, as increasing MOI no longer
increased infection (Fig. 3D). Cell replication studies in undif-
ferentiated cells showed variability in doubling rates, but
there was no trend in correlation between doubling rate and
Z-scores for rabies sensitivity, thus eliminating this as a pri-
mary confounding variable (Fig. 4E).

Platform Validation

siRNA duplexes were used as a confirmatory assay. A subset
of 10 genes was selected to represent a cross-section of the
hits such that there was broad coverage between clones
showing relatively high levels of sensitivity and resistance in
each of the cell types and each of the multiple assays (Sup-
porting Information Table S1). To expedite validation, cells
were treated with the various siRNAs, rescreened for sensitiv-
ity for RABV, and knockdown of target was verified by Q-RT-
PCR. The first clones to both repeat the phenotype after one
round of siRNA transfection and demonstrate loss of gene
product were immediately prioritized; other clones have been
set aside for further development at a later time. Unc13d and
Bbs4 siRNA were found to induce resistance to RABV infection
in both wild-type ESCs and primary spinal cord neurons.
Unc13d was originally identified as a clone of interest at both
the 24 and 72 hours time points in ESCs. When Unc13d siRNA
was added to wild-type ESCs, it resulted in 41%, 70%, and
65% less fluorescence at 24 hours, 48 hours, 72 hours, respec-
tively, and 45% less in the shedding assay. Up to 80% knock-
down was observed based on qRT-PCR. The assay was
repeated a second time and similar results were obtained.
When primary spinal cord neurons were transfected, up to
60% knockdown of the transcript was achieved, and 92%,
30%, and 45% reduction in fluorescence was observed at 24
hours, 48 hours, 72 hours, respectively, and 69% less in shed-
ding. Bbs4 (Bardet-Biedl syndrome 4) was originally identified
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as a clone of interest at both 24 and 48 hours in neurons.
When siRNA was added to primary spinal cord neurons up to
58% knockdown was obtained based on qRT-PCR and 37%,

57%, and 74% less fluorescence was observed at 24 hours, 48
hours, and 72 hours, respectively. The assay was repeated and
similar results were obtained. These assays confirm that

Figure 2. Development of GFP-RV high content analysis assay. (A): Direct correlation between GFP-RV-intensity and anti-rabies Glycopro-
tein expression. PC-12 cells were infected with various indicated MOIs of GFP labeled rabies virus. Cells were fixed after 48 hours and
stained with primary anti-rabies glycoprotein. Image analysis for both GFP intensity and anti-Glycoprotein intensity indicates a direct corre-
lation between anti-rabies glycoprotein and GFP expression. (B): RV-GFP intensity follows time and dose response trends in embryonic
stem cells (ESCs). Cells were infected with various MOIs (0.5, 1, 5, and 10). Live GFP levels were assessed at 24 hours to get a sense of ini-
tial infection and again at 48 and 72 hours to assess time points corresponding to intracellular replication using a GE INCell 2000 high-
content imager, to track the same cells over time. Additionally, as a measure of the viral shedding process, supernatants from 72-hour cul-
tures were transferred to fresh wild-type ESCs which were evaluated for GFP-expression after an additional 48 hours. (C): Time lapse imag-
ing data support that increasing GFP intensity is due to virus spread. Live time-lapse imaging was used throughout the screen and we
were able to visualize the same fields of view over the 24, 48, and 72 hour time course. The number of GFP-positive cells increases over
time. The scale bar represents 30 mm. (D): Performance (Z-scores; compared to wild type) of control clones mutant for genes known to be
involved in rabies virus infection in assays. Abbreviations: GFP, green fluorescent protein; MOI, multiplicity of infection.
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decreased expression of host targets is indeed involved in
sensitivity to RABV infection.

DISCUSSION

Of the 63 host-based genes identified, all are novel RABV tar-
gets, as they have not been associated with RABV infection.
At least 19 of these have little or no known function, that is,

cDNAs or predicted genes. Nine targets that modulate host
cell response to rabies have documented roles in viral infec-
tion. These genes and their roles are detailed in Table 2 and
include: Pick1 [32], Aqr [33], Rab5 [34], Cib1 [31], Dapk1 [35,
36], Cux1 [37, 38], Fbxw7[39], Rb1[39], and E2f4 [39–41]. Of
the remaining 44 genes, targets include cell surface receptors
(Tm231); genes involved in innate immunity (Cort and
Unc13d); transcription factors (Cux1, E2f4, Rcor2, and Olig2);
intracellular trafficking genes (Rab5b); members of critical

Figure 3. Example images of neurons defined as hits showing sensitivity and resistance to green fluorescent protein (GFP)-Rabies virus
infection at 24, 48, 72 hours, and in a shedding assay. Examples of WT clones are shown in the middle column for comparison. Resistant
clones are in the left column and sensitive clones are in the right column. Clone names are indicated beneath each image. Images show
relative GFP intensity and are indicative of the amount of infection. Cells shown in shedding assays are WT ESCs infected with virus
shed into supernatant from clone-specific neuron cultures. The scale bar represents 30 mm. Abbreviation: WT, wild type.
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Table 1. Hits which repeatedly showed phenotypes after two rounds of screening assays

Resistant Sensitive

Symbol Gene Z-score Cell Symbol Gene Z-score Cell

24 hours
Cux1 Cut-like homeobox 1 22.00 ES Tmem231 Transmembrane protein 231 3.69 ES
Unc13d Unc-13 homolog D

(Caenorhabditis

elegans)

21.55 ES 2310004I24Rik RIKEN cDNA 3.75 ES

Iws1 Iws1 homolog
(Saccharomyces

cerevisiae)

22.35 ES Morc1 Microrchidia 1 4.53 Neuron

Gm11630 Predicted gene 11630 22.32 Neuron Fbxw7 F-Box and WD40 Domain Protein 7 9.64 Neuron
1810013L24Rik RIKEN cDNA 23.19 Neuron 4930432O21Rik RIKEN cDNA 6.75 Neuron
Cisd2 CDGSH iron sulfur

domain 2
22.50 Neuron E2f4 E2F transcription factor 4 9.38 Neuron

Bbs4 Bardet-Biedl
syndrome 4

22.19 Neuron

1810022K09Rik RIKEN cDNA 23.84 Neuron
48 hours
Dtx3 Deltex 3 homolog

(Drosophila)
21.93 ES Pfdn2 Prefoldin 2 2.84 ES

Rnf121 Ring finger protein 121 21.83 ES Aaas Achalasia, adrenocortical
insufficiency, alacrimia

2.66 ES

Gnai3 Guanine nucleotide
binding protein (G
protein), alpha
inhibiting 3

26.09 Neuron Gm12258 Predicted gene 12258 2.84 ES

Cib1 Calcium and integrin
binding 1 (calmyrin)

22.33 Neuron Lyrm7 LYR motif containing 7 4.73 ES

Fn3krp Fructosamine 3 kinase-
related protein

21.81 Neuron Rcor2 REST corepressor 2 5.24 ES

1700055D18Rik RIKEN cDNA 23.74 Neuron Fam173b Family with sequence similarity 173,
member B

4.26 ES

Ccdc124 Coiled-coil domain
containing 124

25.81 Neuron Usp1 Ubiquitin-specific peptidase 1 3.82 Neuron

Mrps15 Mitochondrial ribosomal
protein S15

23.62 Neuron Ufc1 Ubiquitin-fold modifier-conjugating
enzyme 1

4.03 Neuron

Gm9631 Predicted gene 9631 24.58 Neuron Rb1 Retinoblastoma 1 3.97 Neuron
2310003C23Rik RIKEN cDNA 23.59 Neuron Rab5b Ras-associated protein Rab5b 3.94 Neuron
Gm11630 Predicted gene 11630 26.30 Neuron Pick1 Protein interacting with C kinase 1 6.80 Neuron
1810013L24Rik RIKEN cDNA 26.58 Neuron Plce1 Phospholipase C, epsilon 1 8.97 Neuron
Aqr Aquarius 26.26 Neuron 9430023L20Rik RIKEN cDNA 4.01 Neuron
9130208E07Rik RIKEN cDNA 27.40 Neuron
Bbs4 Bardet-Biedl syndrome 4 24.09 Neuron
Cisd2 CDGSH iron sulfur

domain 2
22.62 Neuron

Rpa2 Replication protein A2 23.43 Neuron
Smtn Smoothelin 23.39 Neuron
1810022K09Rik RIKEN cDNA 26.88 Neuron

72 hours
Rad51l3 RAD51 homolog D 22.10 ES 1700017B05Rik RIKEN cDNA 2.48 ES
Dtx3 Deltex 3 homolog

(Drosophila)
22.03 ES 2610001J05Rik RIKEN cDNA 2.29 ES

Dapk1 Death-associated protein
kinase 1

22.14 ES Rcor2 REST corepressor 2 2.84 ES

Unc13d Unc-13 homolog D (C.

elegans)
22.81 ES Sap30bp SAP30 binding protein 3.73 ES

Gnai3 Guanine nucleotide
binding protein (G
protein), alpha
inhibiting 3

26.04 Neuron Usp1 Ubiquitin-specific peptidase 1 6.59 Neuron

Brcc3 BRCA1/BRCA2-containing
complex, subunit 3

24.67 Neuron Ufc1 Ubiquitin-fold modifier-conjugating
enzyme 1

4.30 Neuron

Cib1 Calcium and integrin
binding 1 (calmyrin)

22.30 Neuron Rab5b Ras-associated protein Rab5b 4.69 Neuron

Fn3krp Fructosamine 3 kinase-
related protein

22.04 Neuron Pick1 Protein interacting with C kinase 1 5.23 Neuron

1700055D18Rik RIKEN cDNA 23.70 Neuron Plce1 Phospholipase C, epsilon 1 11.11 Neuron
Ccdc124 Coiled-coil domain

containing 124
25.74 Neuron

Mrps15 23.62 Neuron
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signaling pathways (Gnai3, Pick1, and Plce1); and genes that
play a role in membrane fusion (Dnm2). The wide variety of
functions represented by the targets indicates that we identi-
fied targets that affect all stages of viral infection. While gene
ontology enrichment analysis (See Materials and Methods)
defines some pathways that would be anticipated, such as
induction of apoptosis (GO: 0006917) and G-protein coupled
receptor binding (GO:0001664), other unanticipated pathways
such as perinuclear region of cytoplasm (GO:0048471) and
ubiquitin-specific protease/thioesterase activity (GO: 0004843
and GO:0004221) were also enriched (Table 3). Interestingly,
none of the nine genes previously associated with viral infec-
tion are represented by the GO term “response to virus”
(GO:0009615), explaining why we did not enrich for this GO
term.

Comparison of hits identified between assays and cell
types indicates that, while there is overlap between time
points within a given differentiation state, there is no overlap
of hits between differentiation states. For example, 20 of the
neuron clones overlap multiple time points, especially at 48
and 72 hours, such as Rab5b. Three undifferentiated clones
overlap multiple time points including Dtx3, Unc13d, and
Rcor2. Potentially, this difference is due to the replication of
pluripotent cells; as neurons are postmitotic. Furthermore,
the shedding hits, such as Cort, do not overlap with other
time course assays; arguing for the specificity between the
two assays. Finally, there is no overlap of targets between cell

types, possibly due to differences in gene expression based
on developmental stage.

We were able to independently validate that reduction of
Unc13d or Bbs4 leads to resistance to RABV. These genes
work through independent pathways as reduction in Unc13d

affects IFN-c production as part of the innate immune
response; whereas, reduction in Bbs4 destabilizes the micro-
tubular cytoskeleton and negatively alters dynein-directed
viral transport and/or replication inside the cell. Further inde-
pendent studies of each pathway would be required to con-
firm these hypotheses.

Unc13d is a signaling protein that works through the
innate immune system. Unc13d has been shown to localize
with cytotoxic granules at the immunologic synapse [42]. It is
essential for the priming step of cytolytic granule secretion
preceding vesicle membrane fusion. Jinx mice (Unc13d ENU
mutants) are sensitive to infection by mouse cytomegalovirus
[43, 44]. Natural killer cells and cytotoxic T lymphocytes fail
to degranulate; and Jinx mice produced high levels of IFN-c
and IFN-a=IFN-b after infection. Increases in IFN-c have
repeatedly been shown to increase in vitro and in vivo resist-
ance to RABV [10].

Bbs4 contributes to the microtubular cytoskeleton that is
used for viral transport inside the cell. Bbs4 localizes to the
centriolar satellites of centrosomes and functions as an adap-
tor of the p150(glued) subunit of the dynein transport
machinery [45]. Silencing of BBS4 induces deanchoring of

Table 1. Continued

Resistant Sensitive

Symbol Gene Z-score Cell Symbol Gene Z-score Cell

Mitochondrial ribosomal
protein S15

Sept1 Septin 1 21.78 Neuron
4833418A01Rik RIKEN cDNA 22.07 Neuron
Gm9631 Predicted gene 9631 25.04 Neuron
Tmprss12 Transmembrane (C-

terminal) protease,
serine 12

26.54 Neuron

2310003C23Rik RIKEN cDNA 23.62 Neuron
Gm11630 Predicted gene 11630 26.40 Neuron
Aqr Aquarius 25.14 Neuron
9130208E07Rik RIKEN cDNA 27.02 Neuron
Cisd2 CDGSH iron sulfur

domain 2
22.34 Neuron

Rpa2 Replication protein A2 24.47 Neuron
1810022K09Rik RIKEN cDNA 28.68 Neuron

Shed
Tpm3 Tropomyosin 3, gamma 22.10 ES Mrpl28 Mitochondrial ribosomal protein

L28
5.04 ES

Usp33 Ubiquitin-specific
peptidase 33

21.87 ES Galntl1 UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 1

5.17 ES

C77080 Expressed sequence
C77080

21.77 ES Sesn1 Sestrin 1 5.19 ES

Wdr12 WD repeat domain 12 21.58 ES Cort Cortistatin 5.83 ES
Lias Lipoic acid synthetase 21.56 ES Zfp324 Zinc finger protein 324 5.63 ES

Olig2 Oligodendrocyte transcription
factor 2

6.49 ES

Dnm2 Dynamin 2 3.88 Neuron
Gm11974 Predicted gene 11974 3.83 Neuron

Abbreviation: ES, embryonic stem.
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centrosomal microtubules, arrest in cell division, and apoptotic
cell death. Dynein is involved in the axonal transport of RABV
along microtubules through neuron cells [46]. The RABV phos-
phoprotein has a dynein light chain 8 (LC8) binding domain
that is required for the infectivity of the virions, as it is involved
in early transcription and replication in neurons [11]. Host-
based dynein LC8 binds the viral phosphoprotein, and facilitates
microtubule-directed minus-sense axonal transport and spread
of the virus throughout the host nervous system [46, 47]. Fur-
thermore, the capacity to bind LC8 and the binding domain are
well conserved in the Lyssavirus genus arguing its importance
for viral function [48]. Hence, targeting Bbs4 provides a mecha-
nism to destabilize the microtubular cytoskeleton and to nega-
tively alter dynein-directed viral transport and/or replication
inside the cell. Further research into this target could have
implications for all viruses that use dynein-directed transport.

While confirmation of the two targets, Unc13d and Bbs4,
through the utilization of siRNA supports the validity of the

63 hits identified in this novel screening platform, there are
complications inherent to using siRNAs that may explain why
other targets were not validated in this manner. The single
siRNA used to target each gene may not have efficiently
knocked down expression either due to inefficient transfec-
tion, lack of target specificity, or the target gene product may
be so stable that it decreases too slowly for the loss-of-
function phenotype to be assayed even though its mRNA is
efficiently depleted. Treatment with lipofectamine can be
cytotoxic, especially to neurons. Toxicity may have confounded
the effects of the knockdown. More complete loss of gene
function via siRNA may induce either toxicity or other
unknown compensatory cell mechanisms. Finally, duration
time for the knockdown of expression of targets is variable
when using siRNAs. This is especially important to consider
because our assays extend out at least 5 days past when
siRNA was transfected into the cells. Hence, knockdowns
might not be sufficiently stable to be observed at later time

Figure 4. Secondary assays. Example dose response curves showing relative fluorescence (representative of the extent of rabies virus
[RABV] infection due to green fluorescent protein-rabies) versus MOI for specific RABV hits at multiple time points (A–D). Hits are
named by the gene that has been disrupted. Individual graphs represent one cell type (undifferentiated ESCs or neurons) and one time
point. Specific clones have been categorized as sensitive (S) or resistant (R) to RABV based on previous screening. (E): Depicts the lack
of correlation between undifferentiated clone growth rates plotted as cell number versus Z-score at specific time points for RABV hits.
Abbreviations: ES, embryonic stem; MOI, multiplicity of infection.
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points especially in the shedding assays and could explain
why the hits that were validated using this method include
those that affect early time points.

As a screening platform, utilization of a library of mutant
ESCs performed well in regard to capacity for differentiation,
cell type specificity, and reproducibility. First, more than 70%
of the viable clones were able to differentiate into neurons.
Some attrition of clones is anticipated as they have highly
variable growth rates. Those with radically altered cell division
rates would still be able to differentiate if allowed varied time
for aggregate formation and/or differentiation. Furthermore,
many genes are required for proper neuronal differentiation
and maintenance. For example, Chrna7 (Neuronal acetylcho-

line receptor) is a putative RABV receptor and has a known
role in neuronal differentiation. However, despite more than
five repeated attempts, Chrna7 mutants did not reliably pro-
duce satisfactory neurons in our hands. In terms of reproduci-
bility, the results of the secondary dose response assays
support the idea that once a phenotype is defined in a cer-
tain clone, it is reproducible.

CONCLUSION

Overall, we demonstrated the potential for using libraries of
defined stem cell mutants and high-content assays as a high-

Table 2. Hits with known associations with viral infection

Clone Virus from literature Notes Reference

Screen

phenotype Discussion

Pick1 Coxsackie B virus Pick1- binds coxsackie B virus
(another ssRNA virus) and
adenovirus receptor

Sensitive Coxsackie B virus is a ssRNA
virus

Adenovirus may affect cell-cell adhesion and
growth

[32] May affect cell-cell adhesion
and growth

Aqr Murine hepatitis
virus

Aqr shares some sequence
homology to RNA-dependent
RNA polymerase of murine
hepatitis virus

[33] Resistant Murine hepatitis virus is a
ssRNA virus

Loss of host RNA polymerase
could affect viral transcription

Rab5 Hepatitis C Rab5 may play a role in HCV
genome replication; reduction
of Rab5 expression HCV RNA
synthesis

[34] Sensitive Loss of Rab5 appears to have
differential effects for rabies
and HCV

Cib1 Kaposi’s
Sarcoma-associated
herpesvirus

CIB1 plays a role in KSHV entry
and macropinocytosis and
synergizes with Ephrin2A-
mediated signaling

[31] Resistant Loss of Cib1 may result in
reduced viral infection and
reduced EphA2, Src, and
ERK1/2 activation

Dapk1 Epstein Barr virus cell-death serine/threonine
kinase that serves as a
positive mediator of
apoptosis

Resistant Loss of Dapk1 could lead to
decreased apoptosis and
resistance

Dapk transfection also increases
cellular response to apoptotic
stimuli.

[35]

Dapk1 is known to be
stimulated by EBV infection
resulting in cell death

[36]

Cux1 Papillomavirus Cux1 negatively regulates
Papillomavirus promoters

[37] Resistant Loss of Cux-1 could result in
changes in viral replication

Cytomegalovirus binds the human
cytomegalovirus promoter to
repress gene expression
essential for viral replication

[38]

Fbxw7 Simian virus 40 Fbxw7/Rb1/E2f4 complex binds
SV40 LT proteins

[39] Sensitive Loss of Fbxw7 could alter
transcription of genes
relevant for viral infection

Rb1 Simian virus 40 Fbxw7/Rb1/E2f4 complex binds
SV40 LT proteins

[39] Sensitive Loss of Rb1 could alter
transcription of genes
relevant for viral infection

E2f4 Simian virus 40 Fbxw7/Rb1/E2f4 complex binds
SV40 LT proteins

[39] Sensitive Loss of E2f4 could alter
transcription of genes
relevant for viral infectionE2f4 may also play a role in

Simian Immunodeficiency
Virus encephalitis

[40]

Adenovirus DNA binding protein required
for transcription of the
adenovirus E2A promoter

Mice homozygous for a
knockout gene had increased
susceptibility to bacterial
infection

[41]
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throughput screening platform to define host-pathogen inter-
actomes. Until now, no studies have focused specifically on
host-based screens that evaluate sensitivity to RABV. Hence,
this is the first screen implemented to identify host-based tar-
gets that directly affect RABV pathogenesis. This required
development of novel ESC growth and differentiation proto-
cols, high-content assays, and image analysis protocols. Sixty-
three host-based genes involved in sensitivity to RABV were
identified. Nine genes are known be involved in viral infection
in general, but are novel to rabies infection. Two targets,
Unc13d and Bbs4, were further validated using a completely
independent method, siRNA. We did not exclude or disprove
any of the other 61 genes that we identified. We have taken
the known host factors involved in rabies infection from
approximately 13 (NGFR, NCAM, CHRNA, RIG1, IRF3, STAT1,
STAT2, PML, dynein LC8, eIF3h, PCBP2, FAK, and ABCE1; as
discussed in Introduction) to 63. Hence, we increased the pos-
sible targets by fivefold. In comparison, when siRNA screens
were completed for HIV, influenza, and West Nile, they also
enriched the possible host-based targets by approximately
fivefold [49]. However, siRNA screens for RABV have yet to be
reported. Arguably, this study is a substantial contribution;
and as a method it is extremely encouraging. These results
indicate that this is a justifiable strategy and adds additional
value to generation and characterization of libraries of defined
stem cells as they can be used to quickly identify high impact,
clinically relevant targets for development of biomarkers, diag-

nostics, and drugs. These protocols are relevant for screening
additional Knock-out Mouse Project resources or even panels of
defined patient-specific human induced pluripotent stem cells.
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